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ABSTRACT
Reverse osmosis is used for the concentration of milk to reduce transportation costs from
farms, and also within dairy factories to concentrate dairy liquids. There are many
components, including salts, proteins, and fat that could potentially foul membranes, and
some of these accumulate at the membrane causing increases in the effective osmotic
pressure and/or resistance to flux. A SEPA flat sheet membrane system with a Dow FT30
polyamide thin film composite membrane, simulating spiral wound membranes, was used to
measure the flux, rejection, fouling and cleaning of model solutions of milk, whole milk and
skimmed milk.

The rejection coefficient of sodium chloride was significantly affected by transmembrane
pressure (TMP) especially at less than 10 bar (81% at 4 bar compared with 99% at 25 bar)
while cross-flow velocity had little or no influence. The rejection coefficient of the membrane
dropped significantly below pH 4.0. The flux of salt solutions was influenced by the pH,
generally with higher fluxes at pH 7 than at pH 3. The rejection coefficient of many salts
(sodium citrate, phosphate, sulphate) was greater than 99% at neutral pH, but sodium nitrate
had a rejection of 93% while both sodium acetate and sodium chloride had a rejection of 97%.
The nitrate ion rejection was measured to be 34% at pH 3 and for a range of solutes, a good
correlation between anion radius and rejection was obtained.

Both whole milk and skimmed milk were found to have similar fluxes with a maximum at
about 14 - 16 bar TMP. The flux decreased below the maximum at higher pressures. A
solution with twice the concentration of simulated milk ultrafiltrate (SMUF) had significant
flux reduction with a maximum flux at 16 bar TMP. Lactose and whey protein isolate had
little or no influence on flux. Altering the mineral content of skimmed milk either up or down
increased the fouling resistance, whereas both increases and decreases in protein content
reduced the amount of fouling. It is thought that high mineral contents led to mineral
precipitation but low mineral contents cause casein micelle disintegration. Flux measurement,
TEM, SEM-EDX, FTIR and FT-Raman analysis consistently showed that casein micelles,
minerals (especially calcium phosphate) and lipids in milk played a major role in fouling
formation while whey protein and lactose has very little influence on fouling. The fouling

II

was found to be greater at higher TMP. FTIR coupled with flux measurement gave a more
comprehensive assessment of membrane fouling and cleaning.

The membranes were cleaned using a standard cleaning cycle of 10 minutes each of 0.5%
w/w NaOH, 0.8% w/w HNO3, 0.5% w/w NaOH with water rinses before each step. One
cleaning cycle was required to restore the pure water flux to its pre-treated flux for runs with
milk at 12 bar TMP, while two cycles or more were required for runs at 24 bar TMP. Each
cycle of cleaning was found to have an additive effect on membrane permeability with lower
chemical concentrations producing less of an effect. It was found that cleaning results from a
fouled membrane must be compared to results from the same cleaning of a similar membrane
but without fouling. The recovery of water permeance for a fouled membrane increased with
increasing cleaning duration, increasing chemical concentration and renewal of cleaning
chemical. Still, two cleaning cycles were required to recover the water permeance to the pretreated permeance.

A polyamide reverse osmosis membrane that had been used industrially was cleaned in a
similar manner in the flat sheet system. The used membrane could not be restored to a high
flux with the standard chemical cleaning cycle. FTIR spectra showed species associated with
milk lipids. Cleaning by solvent extraction using a two-phase mixture of water, isopropanol
and cyclohexane gave a significant flux and rejection improvement. Analysis of the solventextracted material indicated the presence of phospholipids with a relatively higher
concentration of sphingomyelin. FTIR results showed a clear correlation between the lipid
vibration bands and flux before and after cleaning. Alternative cleaning regimes with
chemicals, enzyme and urea were unsuccessful. It is hypothesised that some of the lipids are
able to bind to the polyamide surface of the membrane. The fouling of used membrane could
not be reproduced with 3 hour reverse osmosis runs with lipid enhanced skimmed milk at 24
bar in the laboratory.

Collectively the results show the contribution of the major components of milk in
determining flux decline, rejection, and cleanability of polyamide membranes.
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1 Introduction
1.1 Overview
New Zealand is the world’s largest dairy exporter and the 9th largest dairy producer in the
world with about 2.4% of global milk production (Coriolis, 2014). In terms of New Zealand’s
total goods exports, the dairy industry contributes 25% with exports totaling NZ$ 12.1 billion
in 2011 and this increased to NZ$ 15 billion (29.8%) in 2014 (NZTE, 2012; The Treasury,
2015). Approximately 95% of all New Zealand dairy production is exported. Milk powder
was the largest dairy export in 2012 with about 54% share, followed by butter and fats 16%,
cheese 11%, caseins 7%, whey and natural milk constituents 6% and others (Coriolis, 2014).

Concentration of milk is conventionally done by evaporation that might cause some heat
damage to milk proteins. Reverse osmosis not only produces concentrated milk that has better
storage stability, but also reduces energy consumption as compared to evaporation
(Grandison and Lewis, 1996). Reverse osmosis is a well-established process for the
desalination of sea-water and brackish water to produce drinking water, and it has also been
used by dairy producers to concentrate raw milk near a group of farms to reduce
transportation costs to a factory for further processing, and also within dairy factories to
concentrate dairy liquids (Barbano and Bynum, 1984; Glover, 1971; Grandison and Lewis,
1996; Guirguis et al., 1987; Gupta and Pal, 1993). Reverse osmosis membranes in dairy
applications have been found to foul for unknown reasons, and premature replacement of
membranes has been required.

Reverse osmosis was the first widely commercialized membrane-based liquid-liquid
separation process (Riley, 1991). It makes use of a membrane which is permeable to water
while highly impermeable to colloids, dissolved salts and organics to achieve the desired
separation (Riley, 1991). Owing to its ability to reject most of the particles, colloids, solutes
and ions, reverse osmosis is highly susceptible to membrane fouling. Membrane fouling has
been defined as the performance deterioration that is caused by the attachment, accumulation,
or adsorption of foulant components onto the membrane surfaces (Song and Tay, 2010). The
performance of reverse osmosis membranes in dairy and food processing is dominated by
interactions between membranes and components of milk and cleaning chemicals. There are
many components, including salts, proteins, and fat that could potentially foul membranes,
1

and some of these accumulate at the membrane causing increases in the effective osmotic
pressure and/or resistance to flux. The exact interactions between solutes and the membranes
are not clearly understood yet.

Food components such as proteins can adsorb onto the membrane surface and require
chemical cleaning for their removal. If suitable chemicals are not chosen, there can be a
significant build-up of fouling materials with a corresponding decrease in performance. Thus,
membrane cleaning has important economic and environmental implications for the overall
performance of membrane process. Although previous studies have revealed that some
components in the membrane fouling layer can be removed easily by rinsing and other
components require specific cleaning strategies such as chemical cleaning, there are few
studies on membrane cleaning procedures, and information in their industrial application
particularly in the food and dairy application is scarce.

Rigorous characterizations of membrane properties, including hydrophobicity, membrane
and/or membrane surface charge and membrane morphology, along with information on
characteristics of organic matters and potential foulants need to be performed to gain a better
understanding and prediction of membrane fouling, and to develop appropriate actions for
mitigate membrane fouling.

1.2 Objectives and outcomes
The main objective of this study was to improve the understanding of the mechanisms by
which the components of milk or dairy liquids and chemical cleaning agents interact with
thin-film composite polyamide reverse osmosis membranes, so as to be able to reduce
membrane fouling and enhance cleaning effectiveness. Another objective was to determine
useful characterization techniques for the analysis at various stages of fouling and cleaning. A
membrane that had been used industrially was to be tested in a similar manner to correlate the
apparent fouling developed in the laboratory to the long-term fouling after prolonged
operation and frequent cleaning in industry.

It was hoped that the outcomes of this study would not only have direct benefits to the dairy
industry, but the knowledge gained of the interactions between solutes and the membranes
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might also applicable to other processed liquids, so that reverse osmosis could be applied to a
wider range of applications in food processing.

1.3 Outline of thesis
Literature is reviewed in Chapter 2 and methods are given in Chapter 3.

The knowledge of the behaviour of virgin membranes and the chemical-membrane
interaction are needed before attempting to interpret the results of experiments after fouling
and cleaning. Chapter 4 covers the analysis of the effects of chemical-membrane interaction,
pH, concentration and operating conditions on membrane separation performance.

The fluxes, rejection, fouling and cleaning of components of milk, both as model solutions
and also as whole or skimmed milk, were measured with a SEPA flat sheet membrane system
that simulating the spiral wound element. These experiments and the proposed fouling and
cleaning mechanism are presented in Chapter 5.

Chapter 6 covers the surface and compositional analysis of the membrane at various stages of
fouling and cleaning for reverse osmosis runs with milk and model solutions. The
characterization techniques used include transmission electron microscope (TEM), scanning
electron microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDX),
Fourier transform infrared spectroscopy - attenuated total reflectance (FTIR-ATR), surface
enhanced Raman spectroscopy (SERS), Fourier transform Raman (FT-Raman) spectroscopy
and captive bubble contact angle measurement. A captive bubble contact angle measurement
protocol that is easy to follow and has high reproducibility is developed and presented.

Chapter 7 discusses the possible causes for membrane performance deterioration for a FT30
polyamide reverse osmosis membrane that was used for concentrating raw milk in industry
for several months. Samples of the used membrane were cleaned with various chemicals,
enzymes, urea and solvent extraction in flat sheet system while measuring the flux, rejection
coefficient and FTIR spectra before and after cleaning.

The conclusions and recommendation for future work are summarized in Chapter 8.
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2 Literature Review
2.1 Reverse osmosis
Reverse osmosis (RO) is used to separate dissolved solids from solution using perm-selective
barriers, the reverse osmosis membranes. The membranes retain most of the dissolved solids,
almost completely, while allowing water or solvents to selectively permeate through them
(Kucera, 2010). The separation is governed by the difference in solubility and diffusivity of
solvent and solutes in the feed solution (Judd and Jefferson, 2003).

During the process, a feed solution is applied to one side of a membrane and is usually flows
in a direction parallel to the membrane surface. An applied pressure, in excess of the feed
osmotic pressure, is exerted on the feed channel forcing the solvent (normally water) from the
high concentration feed solution to transfer through the membrane (Fane et al., 2011; Kucera,
2010). The stream that passes through the membrane is termed permeate (or filtrate) while
the remaining components in feed channel is termed concentrate or retentate (Grandison and
Lewis, 1996).

The driving-force for reverse osmosis is the difference between the applied pressure and the
feed osmotic pressure. Osmotic pressure (π) is dependent upon the number of particles and
their molecular weight. It can be determined by using Gibb’s free energy equation:
(2.1)
Here

is the gas constant, J mol-1 K-1;

volume of the solvent, m3 mol-1;

is the absolute temperature, K;

is the activity coefficient of the solvent; and

is the molar
is the mole

fraction of the solvent (usually water). Salt and sugar solutions have a higher osmotic
pressure than solutions consisting proteins and other macromolecules due to their low
molecular weight. The osmotic pressure of milk or whey solution is about 6.9 bar (Grandison
and Lewis, 1996).

There are four basic forms of reverse osmosis membranes modules, namely plate and frame
modules, tubular modules, spiral wound modules and hollow fiber modules. The most
commonly used configurations for reverse osmosis applications are hollow fiber modules and
spiral wound modules (Cui et al., 2010; Fane et al., 2011; Judd and Jefferson, 2003; Kucera,
2010). The operating conditions used in this study were to simulate the spiral wound modules.
4

2.1.1 Membrane material
The reverse osmosis membranes consisting of a polymer network in which the solvent can
permeate through the membrane while retaining almost all other species, although some
dissolved gases and certain organic molecules with low molecular weight are still able to
permeate through the membrane (Fane et al., 2011). The ―dynamic‖ polymer network of the
membranes allows water to penetrate into the membrane, while the transient channels in the
thin film act as ―pores‖. Thus, the transport process through the membrane is often modelled
to be governed by solution and diffusion mechanism (Fane et al., 2011).

The key requirements for an effective commercial membrane system are high water flux and
salt rejection, compaction resistance, oxidizing agents resistant, and storage stability (in
particular dry storage) (Cadotte et al., 1980). Most of the membranes do not meet all the
requirements fully. Early membranes before 1980 were normally made of cellulose acetate
but these are not considered here.

The poly(ether/amide) thin film composite membrane (PA-300) is the product of interfacial
polymerization of polyepiamine, also known as polyetheramine, with isophthaloyl chloride
(Petersen and Cadotte, 1990b; Riley et al., 1976). This membrane exhibits high flux and salt
rejection, and better chemical and compaction resistance as compared to cellulose acetate
membrane. The major drawback is lack of chlorine resistance (Cadotte et al., 1980; Petersen
and Cadotte, 1990b).

The development of FT30 thin-film composite membrane by FilmTec Corporation showed a
great improvement over the above requirements and appeared to be temperature (up to
100 °C) and chemical (broad pH range of 3 – 11) resistance, chlorine resistance (72 hours in
a 100 ppm chlorine water solution), compaction resistance, and high flux with maximum salt
rejection (Cadotte et al., 1980).

The FT30 thin-film composite membrane is a multi-layer membrane consisting of an ultra
thin polyamide barrier layer with thickness about 0.2 μm, supported by a microporous
polysulfone interlayer (about 40 μm thick) and a polyester support web (about 120 μm thick)
(Dow, n.d.-b). The polyamide layer is an all-aromatic rigid-chain polymer derived from
trimesoyl chloride (TMC) and 1,3-phenylenediamine (MPD) by interfacial polymerization
method (Arthur, 1989). The deposited highly cross-linked thin film layer increases the
5

membrane selectivity and water fluxes. The chemical structure of the FT30 polyamide
composite reverse osmosis membrane is shown in Figure 2.1. The polyamide membrane is
negatively-charged at neutral pH (Kucera, 2010).

Figure 2.1 Chemical structure of FT30 polyamide composite reverse osmosis membrane
(Petersen and Cadotte, 1990a).
Polyamide membrane is more susceptible to fouling than cellulose acetate membrane due to
its rough surface, which allows foulants to be captured and trapped by the membrane easily
(Kucera, 2010). Polyamide membranes have limited resistance to free chlorine or any other
oxidizers. The rate of chlorine attack is pH dependent; it is fastest at alkaline pH levels and
slowest at neutral and acidic pH levels. A short-term exposure of a membrane to chlorine
does not destroy it. FILMTEC® FT30 can withstand up to 1000 ppm-hours chlorine exposure.
In other words, degradation of membrane may occur after maximum 1000 hours of
membrane exposure to 1 ppm concentrations of free chlorine (Baker, 1991; Dow, 1998b;
Kucera, 2010).

The temperature and pH tolerance of polyamide membrane elements are up to about 45 °C
and range from pH 2 to pH 11 respectively. These limits are set by the manufacturers and are
partly due to limitations of the glues used in the membrane elements. The rejection and
selectivity of a polyamide membrane are controlled by the highly cross-linked thin film while
the extremely porous support layer offers minimal resistance to permeate flow. The rejection
for some polyamide membranes is reported to be as high as 99.7% for a standard test solution
of 2,000 ppm sodium chloride solution at 1.6 MPa, 25 °C, pH 8 and 15% recovery (Kucera,
2010).

2.1.2 Applications of reverse osmosis
The major application of reverse osmosis in the food industry is for concentrating fluids by
removal of water. It is particularly attractive for the processing of thermal and chemical
sensitive products (food, beverage, and bioproducts) because the separation relies on a
6

physical mechanism (Cui et al., 2010). The relatively low temperature needed for reverse
osmosis prevents a phase change and complete loss of volatiles, and reduces energy
consumption.

Reverse osmosis is used to concentrate full cream milk or skim milk in factories, and to
concentrate raw milk on farms to reduce transportation costs. Reverse osmosis can
concentrate full cream milk up to a factor of 2 - 3 times while retaining all the main
constituents in the concentrate (Glover, 1971). Other possible reverse osmosis applications
that have been investigated include concentrating milk for production of yoghurt and icecream to reduce the usage of expensive skim milk powder while improved the viscosity and
reduced whey separation (Guirguis et al., 1987); for cheese-making to increase the cheese
yield (Barbano and Bynum, 1984); and to recover and/or concentrate whey from the cheese
production (Grandison and Lewis, 1996).

The application of reverse osmosis for the concentration of fruit and vegetable juices
diminishes thermal damage of delicate aroma components, minimizes thermal reactions such
as browning and enables higher retention of juice components, especially volatiles, while
reducing the energy consumption. The use of polyamide membranes for concentration of
apple juice have been found to provide a higher retention of flavours and higher flux (Chua et
al., 1987). A large number of studies have been published on the successful application of
reverse osmosis for concentrating fruit and vegetables juices while preserving the valuable
and/or volatile components (Bánvölgyi et al., 2009; Bowden and Isaacs, 1989; Couto et al.,
2011; Grandison and Lewis, 1996; Gurak et al., 2010; Jesus et al., 2007; Kosikowski, 1986;
Rodrigues et al., 2004). The extent of concentration of clarified juices is up to 25 - 35 °Brix
only (as compared to 45 – 65 °Brix by evaporation) due to its high osmotic pressure, which is
considerably higher than that of milk (Bánvölgyi et al., 2009; Girard and Fukumoto, 2000;
Jiao et al., 2004). Several studies proposed the application of reverse osmosis coupled with
evaporation (Lipnizki, 2011), osmotic distillation (Aguiar et al., 2012; Cassano et al., 2003;
Kozák et al., 2006), pervaporation (Álvarez et al., 2000), ultrafiltration (Cross, 1989) or
nanofiltration (Kiss et al., 2004) to increase the level of juice concentration and reduce the
energy consumption.

Apart from fruit and vegetable juices, reverse osmosis, alone or in combination with other
techniques, has been shown to successfully concentrate coffee extract while providing a
7

better retention of aromatics and little loss of solids (Grandison and Lewis, 1996); green tea
juice (Zhang et al., 1991); sea buckthorn (herd) juice (Vincze et al., 2007); egg white (Mine,
2008); and water soluble flavour compounds such as glutamic acid, glycine, arginine, uridine
5’-mono-phosphate (UMP), succinic acid and glucose, from lobster extract (Jayarajah and
Lee, 1999).

Reverse osmosis has found an application in dealcoholisation due to the high permeability of
alcohol which has a relatively low molecular weight in comparison to other compounds in
beer or wine. Reverse osmosis is able to reduce the alcohol concentration up to 8 – 10 times
or below 0.5% by volume while maintaining the beer flavour (Catarino et al., 2006; Lipnizki,
2011). Wine could be concentrated by reverse osmosis to produce either alcohol-free or
alcohol-adjusted wine (Lipnizki, 2011). The coupling of reverse osmosis with other
membrane separation techniques could be used to correct the must or wine by altering the
concentration of solute such as sugar, alcohol and volatile acids (Massot et al., 2008). Bui et
al. (1986) used ethanol-permeable membranes coupled with selective ethanol-retention
membranes to produce both low alcohol content wine and alcohol enriched wine
simultaneously by reverse osmosis. Reverse osmosis has proven to be an efficient technique
for alcohol removal from apple cider, where about 75% of ethanol is removed while
preserving the major aroma compounds. Apart from ethanol, removal of methanol and acetic
acid (undesirable compounds) is also high (López et al., 2002).

2.1.3 Transport models
Several models have been proposed to describe the mechanism of permeation through reverse
osmosis membranes, include solution-diffusion model, solution-diffusion imperfection model,
preferential sorption-capillary flow model and irreversible thermodynamic model (Fell, 1995;
Kucera, 2010). Detailed descriptions of the various transport models are given in Williams
(2003), Kucera (2010) and Fell (1995).

The solution-diffusion model is the most common model used to describe the reverse osmosis
membrane transport mechanism and was originally described by Lonsdale et al. (1965). It
assumes that the reverse osmosis membrane is nonporous, defect free and no imperfections.
According to this theory, the permeate will ―dissolve in‖ and ―diffuse through‖ the membrane
along the chemical potential gradient (Baker, 2004). The permeate can either be the solvent
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or solute in solution, or both, depending on the differences in their solubility in the membrane
and their rates of diffusion through the membrane (Baker, 2004; Kucera, 2010).

For the solution-diffusion model, solvent and solute permeate through the membrane
independently (Fell, 1995). The equations for solvent and solute flux are given as Equation
2.2 and 2.3 respectively.
̅

(2.2)
(2.3)

Here

is the solvent flux and

of solvent and

bar;

is the concentration of solvent, kg m-3;

is the distribution
is the concentration of

is the concentration of solute in permeate; ̅ is the partial molar volume

of the solvent, m3 mol-1;
thickness, m;

is the diffusion coefficient

is the diffusion coefficient of solute, m2 s-1;

coefficient of solute;
solute in feed;

is the solute flux, kg m-2 s-1;

is the universal gas constant, m3 bar K-1 mol-1;

is the temperature, K;

is the membrane

is the TMP difference between feed and permeate,

is the osmotic pressure difference between feed and permeate; and

is the

permeability coefficient of solvent, kg m-2 s-1 bar-1.

From both equations, it can be seen that the flux of solvent through the membrane is linearly
proportional to the net pressure driving force, (∆P - ∆π), across the membrane while the flux
of solute through the membrane is proportional to the effective solute concentration
difference across the membrane. The rejection coefficient can be calculated using:
(2.4)

Several assumptions are made when the solution-diffusion flux model is defined and are
summarized in Figure 2.2. The first assumption is the gradient in chemical potential is
continuous across the membrane. The absorption and desorption of permeating components
at the membrane interface are faster than their diffusion through the membrane, and this
appears to be true for almost all the membrane processes. The second assumption is that the
pressure throughout a membrane is constant at the highest value when pressure is applied
across the membrane (Baker, 2004). Paul (2004) reformulated the solution-diffusion theory
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of reverse osmosis by taking the coupling effect, either by frictional or convective, between
solvent and solute into consideration.

Figure 2.2 Schematic illustration of the solution-diffusion model (Baker, 2004).
2.1.4 Concentration polarization and cake-enhanced osmotic pressure
Concentration polarization refers to the accumulation of the rejected solute in the membrane
solution interfacial region causing a concentration gradient where the solute concentration
decreases from membrane interface to the bulk solution (Judd and Jefferson, 2003). The feed
components are transported to the membrane surface by convection, while the rejected
solutes diffuse away from the membrane by a combination of molecular diffusion and
turbulent diffusion. Since diffusion is slower than convection, the rejected solutes accumulate
at the membrane surface resulting in the formation of a stagnant film at the membrane
boundary layer. A dynamic equilibrium is established when the convective flow of the solute
to the membrane surface equals the flow of solute away from the surface, either by
permeating through the membrane or diffusing back to the feed (refer to Figure 2.3) (Chen et
al., 2011; Cui et al., 2010; Grandison and Lewis, 1996; Kucera, 2010; Mulder, 1995).

Figure 2.3 Concentration profile under dynamic equilibrium with the present of
concentration polarization (Mulder, 1995).
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Concentration polarization reduces the throughput of the membrane. The back diffusion of
solute from the boundary layer to the feed solution is in the opposite direction to the main
flux and it creates a hydraulic resistance that limits the main flux. The accumulation of
solutes at the membrane boundary layer increases the osmotic pressure at the membrane
surface and eventually reduces the driving force. The higher concentration of solutes on the
membrane surface increases the solute passage than those predicted by the feed concentration
(Chen et al., 2011; Kucera, 2010).
The ―film-model‖ relationship is given as (Mulder, 1995):
(2.5)
(2.6)
Here

is the solvent flux, m s-1;

is the mass transfer coefficient, m s-1;

concentration on the membrane surface;
solute concentration in permeate;

is the solute

is the solute concentration in feed;

is the effective diffusion coefficient, m2 s-1; and

is the
is the

thickness of the boundary layer, m.

The ratio of

⁄

is the concentration polarization modulus and is given by Equation 2.7

for complete solute rejection (

). Concentration polarization increases with increasing

flux, increasing rejection and decreasing mass transfer coefficient (Mulder, 1995).
( )

The mass-transfer coefficient
number (

(2.7)

is normally expressed in dimensionless form as the Sherwood

):
(2.8)

Here

is the Reynolds number (

is the hydraulic diameter, m;
kg m-3;

⁄ ;

is the cross-flow velocity, m s-1;

is the dynamic viscosity, kg m-1 s-1; and

m2 s-1. The parameters of ,

is the Schmidt number (

⁄

);

is the feed density,

is the molecular diffusion coefficient,

and are dependent on the flow regimes (laminar or turbulent

flow) and the physical arrangement such as membrane spacers. Generally, the GraetzLeveque equation for laminar flow and the Deissler equation for turbulent flow are used to
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calculate Sherwood number where

is the length of the membrane (Cui et al., 2010; Judd

and Jefferson, 2003; Mulder, 1995).
Laminar flow conditions:
(

Tube:

)
(

Channel:

(2.9)
)

(2.10)

Turbulent flow conditions:
(2.11)
While the accuracy of these equations is limited they are very useful when determining the
expected effects of operating parameters.

Cake-enhanced osmotic pressure (CEOP) is defined as the osmotic pressure of the solute at
the membrane boundary layer that is significantly enhanced due to the build-up of solute
concentration within the foulant layers. The foulant significant hinders the back diffusion of
solutes into the feed. The cake-enhanced osmotic pressure reduces the flux significantly and
decreases the salt rejection at a constant applied TMP. One equation for cake-enhanced
osmotic pressure is:
(
Here
rejection;
m s-1;

)

(

)

(2.12)

is the effective transmembrane osmotic pressure, bar,
is the steady permeate flux of solute, m s-1;

is the observed solute

is the mass transfer coefficient,

is the osmotic coefficient that converts salt concentrations to osmotic pressure

(Hoek and Elimelech, 2003). Equation 2.1 can also be applied to obtain a more accurate
osmotic pressure.

2.2 Membrane performance characteristics
Membrane performance is closely related to the operating conditions, membrane materials
(age, chemistry, thickness, pore size and charge density), feed composition, feed pH, etc. to
varying degree.

2.2.1 Operating conditions
2.2.1.1 Applied transmembrane pressure
Cadotte et al. (1980) measured the salt rejection of FT30 membranes with 3.5% synthetic
seawater at 25 °C and TMP of 27.6 to 68.9 bar, and 0.5% sodium chloride solution at 25 °C
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and TMP of 6.9 to 41.4 bar. The water flux increased linearly with increasing TMP over the
operating pressure range, and the salt rejection increased rapidly with TMP at low pressure
and reaching a horizontal asymptote of over 99% rejection at high pressure. Similar flux and
rejection behaviour were reported for a spiral wound PA-300 thin-film composite membrane
with 3.5% w/w sodium chloride solution (Riley et al., 1976) and a spiral wound polyamidepolysulfone thin-film composite membrane with 0.1% w/w sodium chloride (1000 ppm)
solution (Panyor and Fabiani, 1996). Zhou and Song (2005) reported that the flux was
recorded although the applied TMP was below the feed osmotic pressure. The flux increased
nonlinearly with TMP at pressure lower than the osmotic pressure, then increased linearly
with pressure at high pressure.

Eriksson (1988) proposed that salt transports through the membrane by three mechanisms:
diffusive flow; convective flow coupled to the solvent flow; and convective flow due to
membrane defects. The increasing salt rejection with increasing TMP at lower pressure is
normally explained by the permeation of water through the membrane at higher rate than the
permeation of salt (Dow, 1998a; Nitto Denko, 2001). Higher water flux dilutes the salt in
permeate stream and increases the rejection coefficient. At high pressure, the salt transport
through the membrane is dominated by convective flow coupled to the solvent flow and thus,
the rejection coefficient remained constant at maximum.

2.2.1.2 Operating temperature
Cadotte et al. (1980) reported that water flux increased significantly while the salt rejection
decreased with increasing feed water temperature from 20 to 60 °C for reverse osmosis with
3.5% synthetic seawater at TMP of 68.9 bar using an FT30 membrane. The temperature
effect on water flux and salt rejection is reversible showing no permanent degradation on the
membrane (Cadotte et al., 1980; Goosen et al., 2010). Naaktgeboren et al. (1988) suggested
that the temperature effect on water flux could be attributed mainly to the water viscosity
which decrease with increasing temperature. The flux values at different temperature can be
corrected by considering the change in viscosity.

Salt rejection dropped slightly at higher temperature due to polyamide membrane swelling
and vice versa due to shrinkage (Naaktgeboren et al., 1988). The authors claimed that the
swelling effect of the cross-linked polyamide top layer at higher temperatures is limited and
only affects the rejection characteristics of monovalent ions. The effect of temperature on the
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rejection of large bivalent salt sodium sulphate was negligible as compared to the rejection of
monovalent salt sodium chloride by using a composite membrane WFC X006 (Naaktgeboren
et al., 1988).

In contrast, Goosen et al. (2010) claimed that the increases in the membrane permeability,
which were not caused by the decrease in viscosity, were not related to the thermal expansion
(swelling) of the membrane at high temperature. The relative increase in pore radius
predicted using a thermal expansion coefficient for a typical polymer could not account for
the large permeability improvement at high temperature. The authors claimed that apart from
water viscosity, the improvement in flux and the reduction in rejection coefficient at high
temperature are because of the increase in membrane porosity due to the increasing
movement of polymer chains at high temperature.

2.2.1.3 Cross-flow velocity
Panyor and Fabiani (1996) reported that the cross-flow velocity had little effect on
permeability and sodium chloride rejection of a spiral wound polyamide-polysulfone thinfilm composite reverse osmosis membranes. Timmer et al. (1993) also showed that the water
flux of a thin-film composite polyamide reverse osmosis membrane (HR95) for a solution
containing 10 g L-1 acetic acid changed slightly with the circulation velocity indicating that
the concentration polarization had a small effect on mass transfer.

Van Wagner et al. (2009) showed that the apparent salt rejection coefficient increased with
increasing cross-flow velocity while the concentration polarization modulus decreased with
increasing cross-flow velocity. The true rejection coefficient (corrected with concentration
polarization effect) was higher than the apparent rejection coefficient. The effect of crossflow velocity on true rejection coefficient was less pronounced than on apparent rejection
coefficient. Apparent salt rejection is the rejection values calculated using the bulk feed
concentration while the true rejection is the rejection values calculated using the salt
concentration at the membrane surface.

2.2.2 Components interaction
2.2.2.1 Membrane material
The properties, composition, chemical nature and structure of a reverse osmosis membrane
have a direct effect on the membrane separation performance. Yang et al. (2010) found that
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the surface properties such as hydrophobicity and surface charge have significant influence
on membrane-foulant adhesion forces. Membranes that were more hydrophobic and had less
surface charge exhibited stronger membrane-foulant adhesion forces and suffered more from
ﬂux decline.

Fujioka et al. (2015) and (2013) stated that the rejection coefficient of a reverse osmosis
membrane for a neutral solute is affected by free-volume hole-radius and its distribution,
free-volume fraction, thickness, surface roughness (surface area) and the hydrophobicity of
the polyamide active layer. The permeability of water and/or neutral solute through the
membrane increased with increasing free-volume hole-radius, increasing free volume
fraction, decreasing thickness and increasing surface area of the polyamide active layer. The
membrane hydrophilicity might induce solute adsorption which subsequently enhanced the
solute permeation.

2.2.2.2 Feed solution chemistry
The rejection coefficient of a solute is found to be governed by multiple factors which
include the solution concentration, molecular weight, size, ion valences (Donnan exclusion
mechanism), structure, inter-particle interaction and/or functional group and the degree of
dissociation and/or solution pH. Fujioka et al. (2015) stated that the rejection coefficient of
charged solutes is influenced by the electrostatic repulsion and size exclusion mechanism
while the rejection coefficient of neutral solutes by the molecular size and steric interaction.
Mukherjee and SenGupta (2006) proposed that electrolytes permeate through the reverse
osmosis membrane in the form of ions rather than neutral solute. The permeation of
negatively charged anion is coupled with the permeation of positively charged cation to
maintain the charge balance in the solution.

Hausmanns et al. (1996) and Laufenberg et al. (1996) suggested that the rejection coefficient
of an organic solutes in binary solution (a mixture of water and chemical) for a spiral wound
aromatic composite polyamide reverse osmosis membrane is influenced by the molecular
weight while in ternary and quaternary solution is influenced by the inter-particle interaction
caused by the functional group. As molecular weight increased, the solute rejection increased
for monocarboxylic acid, and decreased for dicarboxylic acid. All ketonic carboxylic acids
and hydroxycarboxylic acids exhibited high solute rejection except for glycolic acid
(Hausmanns et al., 1996; Laufenberg et al., 1996). The rejection of aromatic carboxylic acids
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depends on both the molecular mass and the numbers of carboxylic groups where higher
rejection was observed for acids with higher molecular mass and with more carboxylic
groups (Laufenberg et al., 1996).

The rejection coefficient of acetic acid can be improved or deteriorated in ternary and
quaternary solution depending on the functionality of the other active substances (Laufenberg
et al., 1996). The alterations of rejection was thought to be due to the interactions between the
organic acids and acetic acid in ternary solutions where monocarboxylic acids tended to
increase the rejection with increasing molecular mass and the opposite for dicarboxylic acid.
Polar groups and branches of the added components reduce the rejection of acetic acid while
aromatic carboxylic acids with no other functional groups increase its rejection (Hausmanns
et al., 1996; Laufenberg et al., 1996).

Schutte (2003) concluded that the rejection coefficient of linear alcohols and phenols by
polyamide composite reverse osmosis membrane is governed by their molecular weight and
structure. The rejection of both linear alcohols and phenols increased with increasing
molecular weight. The rejection of branched isomers was higher than the rejection of linear
isomers for alcohols with same molecular weight (Schutte, 2003). The diffusive solute
transport through a semipermeable membrane depends on the solute-membrane interaction to
a greater extent than the porous structure of the layer. At zero volume flux where no TMP
was applied, the permeation rate of phenols through the membrane layer was decreased in the
order of cellulose acetate membrane, polysulphone membrane and composite polyamide
membrane (Schutte, 2003).

Richards et al. (2010) claimed that the rejection of strong acids (such as nitric acid) is mainly
governed by the charge repulsion and/or shielding effects (Donnan exclusion theory) where a
low rejection coefficient was found at pH below the membrane isoelectric point and the
rejection coefficient remained relatively constant at pH above the membrane isoelectric point.
The latter is probably governed by size exclusion effect as the increasing membrane
negativity at high pH did not affect the rejection coefficient much. Charge shielding effect by
the sodium chloride background solution reduced the nitrate rejection. Similarly, Kezia et al.
(2014) suggested that the rejection coefficient of hydrogen and hydroxide ions is influenced
by membrane surface charge where the ion rejection increased with increasing charge density.
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The effect of convective solute flux coupled to the water flux on rejection coefficient became
more pronounced at higher TMP.

Richards et al. (2010) reported a low rejection coefficient for hydrogen fluoride and boric
acid (weak acids) at pH below their

values due to size and charge difference of the

dissociated and undissociated acid. At pH lower than the

value, the smaller and

uncharged acid reduced the repulsion and steric hindrance with the membrane and eventually
permeated more easily through the membrane than their respective anion. At pH greater than
the

value, the ion rejection increased dramatically with pH due to the increasing charge

repulsion effect between the anion and the negatively charged membrane and the size
exclusion of the larger anion by the membrane. The addition of sodium chloride background
solution caused a charge shielding effect which reduced the rejection of borate at high pH,
but increased the rejection of fluoride at low pH probably because of the preferential
transport of chloride through the membrane as compared to fluoride. Chloride ion has a
smaller hydrated ionic radius than fluoride ion.

The inorganic solute rejection is influenced by the ion valences, hydrated radii and the
transportation rate (Hoang et al., 2010; Lipp et al., 1994). In single salt solution, a higher
solute rejection was reported for sodium and its counter-ion as compared to potassium and
calcium with similar counter-ion (Lipp et al., 1994). The authors claimed that because the
calcium ion is multivalent it provides better shielding for the membrane negative surface
charge than a sodium ion. A decrease in charge repulsion decreased the chloride rejection and
eventually decreased the calcium rejection because of electrical neutrality. In a mixed
electrolyte solution, the rejection coefficient for calcium ion was higher than for sodium ion
due to its higher charge and sterically larger in size (Hoang et al., 2010; Lipp et al., 1994).

Similar observations were reported for anion rejection where Hoang et al. (2010) found that
the ionic rejection for sodium sulphate was higher than for sodium chloride and calcium
chloride solutions using a thin film membrane, while Lipp et al. (1994) found that sulphate
had the highest rejection coefficient, followed by chloride and nitrate for both mixed and
single salt solutions for a FT30 membrane. The authors suggested that the large and divalent
sulphate ion caused a stronger repulsion with the negatively charged membrane while
chloride has a higher hydrated radius than nitrate. However, Nightingale (1959) found that
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both nitrate and chloride ions have similar hydrated radius where the hydrated radius of a
nitrate ion is 335 pm while the hydrated radius for a chloride ion is 332 pm.

The separation performance of a membrane is pH dependent. Water flux increased slightly
with increasing feed pH (3 – 11) and a maximum rejection coefficient at approximately pH 8
was reported for 0.5% sodium chloride solution using a FT30 membrane (Cadotte et al.,
1980). A similar trend was reported for sodium chloride solution using PA-300 membrane
where the maximum rejection was within pH 5 to pH 6 (Riley et al., 1976), and a polyamide
thin film composite membrane (WFC X006) where the maximum rejection was in between
pH 5 to pH 8 (Naaktgeboren et al., 1988). Both Riley et al. (1976) and Naaktgeboren et al.
(1988) reported a slightly decreasing water flux with increasing feed pH (pH 3 to pH 12 and
pH 1 to pH 11 respectively). Kezia et al. (2014) also showed that the water flux was higher at
higher feed pH (from pH 3 to pH 11). In contrast, Van Wagner et al. (2009) showed that the
water flux was independent of feed pH while the rejection coefficient increased with
increasing feed pH over the tested pH range, pH 4.5 to pH 9.5, for 0.2% w/w sodium chloride
solution. Richards et al. (2010) also showed that the permeate flux was independent of feed
pH for reverse osmosis with purified water or an electrolyte solution (consists of 20 mM
sodium chloride as background electrolyte and 1 mM sodium hydrogen carbonate as buffer)
using a BW30 thin-film composite polyamide membrane and a solution pH that was adjusted
with 1 M HCl or 1 M NaOH in the range of pH 3 to pH 12.5. For most of the studies, the
authors did not consider the effect of osmotic pressure on the purified water flux due to the
addition of acid or base for pH adjustment.

For sodium chloride and calcium chloride salt solutions, the cation rejection was comparable
to anion rejection at moderate and high pH (Figure 2.4). A separation point for the rejection
of sodium ion and its counter chloride ions at pH 5 was reported by Hoang et al. (2010)
where the sodium ion rejection increased while chloride ion rejection decreased with further
decreased in feed pH below pH 5. A similar observation was reported for calcium chloride
with a separation point at pH 4.5 but not for sodium sulphate with pH in the range of 3 to 9.
The authors claimed that the membrane might have a lower isoelectric point especially for the
membrane pores.
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Figure 2.4 The effect of feed pH on ion rejection for single salt solutions with concentration
of 0.034 M, crossflow velocity of 2 m s-1, TMP of 800 kPa and temperature of
30 ± 1 °C (Hoang et al., 2010).
Hoang et al. (2010) suggested that at pH greater than the membrane isoelectric point, the
negativity of the membrane surface charge increased with increasing pH because of the
deprotonation of the polyamide carboxylic group and the adsorption of the hydroxide ions on
the membrane surface at high pH. The high rejection of chloride at high pH is due to the
electrostatic repulsion between negatively charged membrane and chloride ions. This is
accompanied by a high rejection of cation because of electrical neutrality. The repulsion of
the anion by a membrane decreases as the pH approach membrane isoelectric point resulting
in a decrease in rejection for both cation and anion.

The membrane became positively charged at pH below the membrane isoelectric point due to
the protonation of polyamide amide group. The positive surface charge as well as the
repulsion between the membrane and the cation increased with decreasing pH (Hoang et al.,
2010). The positively charged membrane favoured the permeation of anion and the charge
balance was maintained by the permeation of hydrogen ions which is smaller in size and has
higher mobility, rather than the cation, and thus, causing a negative rejection of hydrogen
ions at low pH (Figure 2.5) (Hoang et al., 2010; Kezia et al., 2014). Similarly, a negative
rejection coefficient for hydroxide ion at pH above 7 was observed for sodium sulphate but
not for sodium chloride and calcium chloride solution, probably because of the comparable
size and charge of the hydroxide and chloride ions (Hoang et al., 2010).
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Figure 2.5 The rejection of H3O+ for single and mixed salt solutions with concentration of
0.034 M, crossflow velocity of 2 m s-1, TMP of 800 kPa and temperature of
30 ± 1 °C (Hoang et al., 2010).
Naaktgeboren et al. (1988) suggested that feed solutions with low pH (0 to 2) might
hydrolyze the membrane amide bond while feed solution with intermediate pH (3 to 11) is
likely to modify the membrane surface charge. The alteration of membrane surface charge
might influence the rejection of charged solutes and/or cause swelling or shrinking to the
cross-linked polyamide network. The decreased of water flux and rejection coefficient at
pH 11 is because of the reduction in the electrostatic repulsion between the negatively
charged membrane and cation. In contrast, amino group are fully protonated at pH 1 causing
the cross-linked polyamide network to swollen maximally and loses its selectivity despite of
the membrane charge (Naaktgeboren et al., 1988).

Cadotte et al. (1980) claimed that the FT30 membrane is resistant to acid or base hydrolysis
as either no loss or a slight decrease in water flux and rejection coefficient (for runs with
synthetic seawater) was observed for the membrane after its immersion in 1% hydrochloric
acid, 1% sodium phosphate or 1% sodium hydroxide for an hour at the boiling point.

Kezia et al. (2014) suggested that the increasing water permeability at high pH is caused by
the limited membrane swelling. The polyamide thickness and fractional free volume and/or
pore size, which indicates the extent of membrane swelling (solvent uptake), for a BW30
reverse osmosis membrane increased with increasing pH from pH 3 to pH 11. The pore size
expansion might be attributed to the charge repulsion and/or interaction in polyamide layer.
The authors observed a drop in glucose rejection with increasing pH which was explained by
an increase in membrane pore radius from approximately 0.370 nm to 0.391 nm. The
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membrane thickness was measured with ellipsometry and was found to increase for only
about 0.5% from pH 3 to pH 11. Kezia et al. (2014) are the only researchers who measured
the extent of membrane swelling caused by pH for polyamide reverse osmosis membranes
quantitatively.

Similarly, Nilsson et al. (2008) claimed that the improvement in water permeability and
reduction in rejection coefficient (for 20 mM potassium chloride at pH 6) of aromatic
polyamide thin-film composite reverse osmosis membranes after cleaning with alkaline and
acidic cleaning agent at 40 °C and 6 bar with an intermediate system rinsing using potassium
chloride at 40 °C or 60 °C (alkaline-salt-acidic cleaning) can be attributed to membrane
swelling. This is because the alterations in water permeation and rejection coefficient were no
longer observed after a run at higher temperature as the swelled structure was thought to be
relaxed and returned to its original state due to its increasing flexibility at higher temperature.
Acidic cleaning caused greater membrane swelling and hence, led to higher water
permeability and a lower rejection coefficient than alkaline cleaning. The alkaline cleaning
agent used by the authors was 0.5% w/w Divos 108 VM 21® with pH 11.5 while the acidic
cleaning agent used was 0.5% w/w Divos 2 VM 13® with pH 1.7. Divos 2 VM 13® is a
mixture of 15 – 30% nitric acid and 15 – 30% phosphoric acid (Johnson Diversey, 2007) and
Divos 108 VM 21® is a mixture of 5 – 15% potassium hydroxide and < 5% C-13 secondary
alkanesulphonate (Johnson Diversey, 2006). Nilsson et al. (2008) also reported that the
alkaline-salt-acidic cleaned membrane had a minimum rejection coefficient for 20 mM
potassium chloride at pH 5. The rejection coefficient increased with decreasing pH for pH
below 5 and with increasing pH for pH above 5. Water permeability increased slightly with
increasing pH for pH below 5 and remained almost constant for the rest of the pH.

Fujioka et al. (2014) claimed that the improvement in water permeability and surface
hydrophilicity of low pressure polyamide reverse osmosis membranes after immersion in
acids (pH 2.1 hydrochloric acid, pH 2.1 citric acid or pH 3.3 Floclean® MC3) or bases (pH
12.0 sodium hydroxide, pH 11 Floclean® MC11 or pH 10.7 PermaClean® PC98) for 25
hours is likely to be caused by the increase in pore volume and/or pore size rather than the
hydrolysis of the polyamide layer and changes in surface charge, as the membrane cleaning
with acidic chemicals did not alter its zeta potential significantly. No direct pore size
quantification was performed. The flux improvement for bases was more pronounced than for
acids, which is in contrast to Nilsson et al. (2008). The rejection coefficient of low molecular
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weight N-nitrosamines (but not high molecular weight compounds) reduced after membrane
cleaning with bases but was unaffected by acid cleaning (Fujioka et al., 2014).

Other possible mechanisms for the alteration in membrane flux and rejection coefficient
caused by chemical treatment are:
1. Partial fluorination coupled with limited hydrolysis of aromatic polyamide reverse
osmosis membranes by hydrofluoric acid and fluosilicic acid based on X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and captive
bubble contact angle measurements (Kulkarni et al., 1996; Mukherjee et al., 1994).
2. Partial hydrolysis of aromatic polyamide membranes by acids where the acids with
smaller anionic groups such as hydrofluoric acid or hydrochloric acid increased both
the membrane flux and rejection coefficient while acids with larger anionic groups
such as phosphoric acid, nitric acid or sulphuric acid improved only the water
permeability but not the rejection coefficient (Kulkarni et al., 1996).
3. Partial dissolution of small molecular fragments on the polyamide membrane
(removed surface imperfections and/or membrane defects) and pore collapsing of the
membrane active layer (improved membrane porous structure) by alcohol (Kulkarni et
al., 1996; Mukherjee et al., 1996).
4. Compositional changes of the SW30HR membrane active layer caused by the partial
or complete removal of the polyvinyl alcohol (PVA) coating by ethanol based on XPS
analysis (Wang et al., 2013).
5. Adsorption of alkali and/or acid on the membrane modified the membrane surface
charge based on zeta potential measurement (Burns and Zydney, 2000) or the
adsorption of surfactant on the membrane caused a flux recovery of more than 100%
by increasing the membrane hydrophilicity (Chong et al., 1985). However, these
studies were performed using a polyethersulfone ultrafiltration membrane.

Tu et al. (2014) found that the membrane preservative solutions altered the membrane surface
charge and membrane hydrophobicity and their impacts are chemical and pH dependent. A
high-pressure reverse osmosis membrane (SWC5) became less negatively charged (based on
zeta potential measurement) and less hydrophobic (based on static sessile drop contact angle
measurement) after membrane immersion in formaldehyde at pH 3 or pH 7, sodium
metabisulphite at pH 3 or pH 7, or 2,2-dibromo-3-nitrilopropionamide at pH 7. The
preservative chemicals consistently reduced the rejection coefficient for sodium while the
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alteration of water flux depended on the chemical and pH used. The changes in surface
properties might be attributed to the adsorption of preservative chemicals to the membrane
surface and/or dissociation of carboxyl and amine groups in the polyamide active layer. The
FTIR spectra also suggested the hydrolysis of amide groups in the polyamide active layer by
formaldehyde at pH 3, sodium metabisulphite at pH 3 and 2,2-dibromo-3-nitrilopropionamide
at pH 7.

Cadotte et al. (1980) found that the effect of pH on membrane performance is reversible as
the reported water flux and rejection coefficient returned closely to their original values when
the pH of 0.5% sodium chloride solution was decreased from pH 7 to pH 3, then increased to
pH 11 and finally decreased to pH 7 again with hydrochloric acid and sodium hydroxide
while measuring the flux and rejection using FT30 membrane. Similar reversible effect was
reported by Van Wagner et al. (2009) who found that the random order of pH adjustment
during flux and rejection measurement did not affect the general results trend for reverse
osmosis with 2000 ppm carbon and particle filtered salt solution using commercial polyamide
reverse osmosis membranes (LE, XLE and AG); by Fujioka et al. (2014) who showed that
the flux improvement of membrane caused by sodium hydroxide cleaning was reduced by a
subsequent acid cleaning to a level similar to a single acid cleaning; and by Mänttäri et al.
(2006) who found that the membrane properties changes that caused by pH could be
recovered with hours of extensive rinsing for a polyamide nanofiltration membrane.

2.2.2.3 Feed concentration
Cadotte et al. (1980) found that water flux and rejection coefficient decreased with increasing
salt concentration (from 0.5% to 8%) for reverse osmosis with pure sodium chloride or
synthetic seawater at TMP of 1000 psi (68.9 bar) and operating temperature of 25 °C using an
FT30 membrane. A similar observation was reported by Panyor and Fabiani (1996) for a
spiral wound polyamide-polysulfone thin film composite reverse osmosis membrane with
0.1% w/w sodium chloride solution.

Eriksson (1988) and Lipp et al. (1994) reported that increasing the sodium chloride
concentration reduced the water permeability coefficient but did not affect the salt
permeability coefficient for FT30 membranes. The authors suggested that the reduction in
water permeability is probably because of the membrane swelling or shrinkage that resulted
from the increasing interactions between the membrane charged groups and ions in the feed
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solution at increasing solute concentration. Kezia et al. (2014) also showed that the BW30
reverse osmosis membrane swelled significantly with increasing salt concentration where the
polyamide thickness (measured with ellipsometry) increased for about 4% for 170 mM
sodium chloride solution as compared to water at pH 9.5.

Eriksson (1988) suggested that membrane charge shielding by cations also played a role in
determining the salt permeation. The lower sodium chloride rejection at higher concentration
is explained by the increased in shielding of the fixed membrane charge by sodium ions
which is thought to reduce the electrical repulsion between the membrane and chloride ions.

2.3 Membrane fouling in food and dairy industry
Membrane fouling can be defined as the undesirable deposition and accumulation of
contaminants or foulants, including particulate matter, microorganisms, colloids, and solutes
on the surface of the membrane, typically on the feed/concentrate side. Membrane fouling not
only reduces the permeation rate and/or increases solute passage across the membrane with
time, but also increase energy consumption as TMP can increase substantially due to fouling.

2.3.1 Types of fouling
Membrane fouling can be categorized into four types based on the nature of foulants, which
are colloidal fouling, biological fouling, organic fouling and inorganic fouling (Askew et al.,
2008). The nature and formation of fouling layer varies according to feed and operating
conditions. Membrane fouling in the dairy and food industries is likely to be organic based as
most of the feed in these applications consists of organic matter (Askew et al., 2008).

Organic fouling in membrane processes refers to the deposition of natural organic matter
(such as humic and fulvic acids in surface or ground water) or soluble microbial products
(such as proteins, humic acids and polysaccharides) (Askew et al., 2008; Song and Tay,
2010). The tendency of organic fouling is influenced by their affinity for reverse osmosis
membrane, molecular weight and functionality. Organic molecules with negative functional
groups are less likely to deposit on reverse osmosis membranes due to the repulsion effect
with the negatively charged membrane.
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Biological fouling is the deposition and growth of living microorganism on the membrane
surface. A thin fouling layer will form on the membrane when the living microorganism
transported onto the membrane surface, absorb and adhere on the surface. The attached
microorganisms may grow and multiply rapidly with the present of sufficient nutrients in the
feed (Baker, 2004; Song and Tay, 2010).

Inorganic fouling, also known as membrane scaling, is the formation of deposits of sparingly
insoluble minerals due to their increasing concentration beyond their saturation or solubility
limits at the membrane boundary layer (Kraume and Meng, 2012). Inorganic fouling can be
formed by either chemical precipitation or biological precipitation. Chemical precipitation
refers to the deposition of dissolved inorganic minerals such as carbonates and sulfates of
calcium, magnesium, and iron, and some silica minerals at concentration higher than their
solubility limits on a membrane. Biological precipitation occurs when the inorganic particles
are captured by the ionisable groups present in biopolymers such as COO-, CO32-, SO42-, OH-,
etc. to form complexes and/or a rigid network with organic matter (Kraume and Meng, 2012).

2.3.2 Deposit formation
The foulant components that deposit on a membrane are highly dependent on the feed
constituents. Protein was the main component found in the deposit layer formed during runs
with cottage cheese whey using tubular cellulose acetate membrane (Lim et al., 1971). The
observed deposit layer was a compacted gel layer covered by a viscous layer. The viscous
layer could be removed by fluid shear while the compacted gel layer could not. Gel filtration
and gel electrophoresis results indicated that the accumulated protein was casein, αlactalbumin and β-lactoglobulin which distributed almost equally between the compacted and
viscous layers. A similar conclusion was drawn by Fenton-May et al. (1972) where sheet-like
particles of proteinaceous material, composed mainly of casein, were observed when the
tubular cellulose acetate reverse osmosis system was flushed with detergent (1% Kleen-Mor)
after a run with skimmed milk. The permeation rate for runs with whey was higher than with
skimmed milk regardless of the membrane type and configuration indicating the role of
casein in fouling formation (Fenton-May et al., 1972; Morales et al., 1990).

Glover and Brooker (1974) examined the structure of the deposit formed on cellulose acetate
tubular membranes during the concentration of milk by reverse osmosis. Electron micrograph
of the milk deposit shows a thin (11 nm thick) continuous electron-dense layer adjacent to the
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membrane, followed by an electron-lucent zone (10 – 15 nm thick), and finally the main bulk
of the deposit (30 μm thick) which consist mainly electron-dense granules that correspond to
the milk protein or casein granules of normal milk. The deposited layer became less compact
in the direction from the membrane towards the product stream. The main bulk of the deposit
composed largely of countless electron-dense granules with a small amount of milk fat
globules and vesicles in a diffuse matrix. Based on their appearance, size and sensitivity to
pronase (a proteolytic enzyme), Glover and Brooker (1974) suggested that this electron-dense
granules correspond to the milk protein or casein granules of normal milk. It is being
observed that the packing of granules and the electron density of the matrix in a narrow zone
(approximately 1.3 μm thick) immediately adjacent to the membrane experienced an abrupt
increase as compared to the distribution throughout most of the deposit.

Similar electron micrographs observation showing the present of a thin electron-dense layer
immediately adjacent to the membrane were reported by Skudder et al. (1977), who was the
first to describe the mechanism of the initial formation of a deposited layer and its
composition and structure for the reverse osmosis of milk with cellulose acetate tubular
membranes. This thin layer was found to become more noticeable with increasing filtration
time and was composed mainly of milk salts, lactose, phospholipid and fat globule membrane
material. Their further investigation on the electron micrographs of deposits formed by
different feed materials, including whole milk, buttermilk, separated milk and milk
ultrafiltrate, suggested that instead of initiating the deposit formation, fat globules and
phospholipids were caught up in a deposited layer consisting mainly casein micelles and were
of little influence on flux. However, the findings of Glover and Brooker (1974) and Skudder
et al. (1977) did not isolate the effect of filtration time from the effect of feed concentration
as the feed concentration was not kept constant during the experiments (Kulozik and Kessler,
1990b).

Watanabe et al. (1979) reported that the fouling components for mandarin orange juice were
mainly water-soluble pectin and insoluble materials similar to cellulose. Relatively low
molecular weight components such as sugars and amino acids were also present but to a
much lesser extent, probably because of the difference in diffusivity (Watanabe et al., 1979).
Further investigation performed by recirculating the model solution consisting of the major
components of the deposit (pectin and cellulose) in a tubular membrane at 15 °C, 4.9 MPa
outlet pressure and various cross-flow velocity range from 0.08 m s-1 to 0.77 m s-1 identified
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pectin as the major foulant components while cellulose had limited influence on the
resistance. The insolubilization of pectin with calcium chloride reduced the resistance as
compared to pure pectin solution (Watanabe et al., 1979).

This highly compacted deposit layer exhibited a retention property and led to a decline in
permeate flux (Fenton-May et al., 1972; Glover and Brooker, 1974; Kulozik and Kessler,
1990a) as well as the penetration of low molecular weight components (Watanabe et al.,
1979). The retention property of the deposited layer is dependent on the feed nature (Morales
et al., 1990). Higher total solids rejection was observed for the membrane fouled with milk
than with whey. The presence of the macromolecules especially casein in milk solutions led
to the formation of a denser and more impermeable layer, which in turn enhanced the
retention characteristic. Kulozik and Kessler (1988a) claimed that the resistances to
permeation are governed by the laminar flow through the deposit layer and the transport by
diffusion through the membrane. They found that the permeation of dissolved substances was
reduced considerably by the deposited layers of milk proteins or gelatin, especially at high
TMP. The behaviour of this layer was similar to a membrane with selectivity depended on
solubility and mobility of the dissolved substances that deposited in it (Kulozik and Kessler,
1990a).

Similary, Lipp et al. (1994) claimed that the inorganic fouling layer reduced both permeate
flux and salt rejection while the organic fouling layer improved salt rejection. An inorganic
fouling layer hindered the back-diffusion of salt from the membrane boundary layer back to
the bulk solution. The hindrance increased with increasing foulant concentration as thicker
fouling layer was formed. An organic fouling layer (from humic substances) either plugged
the membrane defects or act as a secondary membrane. The rejection coefficient increased for
a compacted organic fouling layer and with increasingly negative surface charge. The fouling
layer formed by both organic and inorganic components compensated the effect caused by
each other and did not alter the solute rejection coefficient significantly (Lipp et al., 1994).

Obermeyer et al. (1993) and Schwab et al. (1993) explored the possibilities of using the
intentionally caused deposited layers as a secondary membrane to improve the rejection
capability of a reverse osmosis system. Two possible behaviours of the deposited layer,
porous layer and deposited layer with solution characteristics, were proposed by Schwab et al.
(1993). Protein layers (formed from the reverse osmosis of protein added apple juice) exerted
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an additional retention effect for higher molecular weight compounds (such as sugars and
acids), but at the same time allowed more compounds with lower molecular weight and fewer
functional groups (such as apple juice flavour compounds) to permeate through the
membrane as compared with the pure apple juice filtration. The porous layer allowed solute
passage (i.e. apple juice flavour compounds) due to the hindered back diffusion characteristic
of the deposited layer. The transport of flavour compounds through the membrane increased
with increasing deposited layer thickness. Meanwhile, the deposited layer with solution
characteristics behaved as a secondary membrane and reduced the solute (i.e. sugars and
acids) concentration at membrane boundary layer and thus, reduced the solute flux. Further
investigation where the deposited layer were formed on the membrane surface prior to the
runs with clear apple juice shown that the gel-like deposited layer improved both the
retention of flavour compounds as well as sugars and acids (Schwab et al., 1993).

2.3.3 Mechanism of deposit formation
Membrane fouling can be generally attributed to adsorption, chemical interactions, cake
formation and pore blocking by particles (Cui et al., 2010). Pore blocking is seldom the main
contributor due to the ―nonporous‖ nature of reverse osmosis membranes. The fouling
mechanism is often associated with the deposition of a dense fouling layer on the membrane
surface that results in an increase in membrane resistance. The formation of a deposited layer
was shown to begin immediately after the concentration process started (Kulozik and Kessler,
1990b). During reverse osmosis of milk, the solutes are transported towards the membrane by
convection and their concentration in the membrane boundary layer is higher than in bulk
solution leading to an enhanced osmotic pressure in the boundary layer. The effective TMP is
further reduced by the enhanced osmotic pressure, causing a decline of permeation rate to a
minimum value. Once the solubility limits of solutes are exceeded, a deposited layer is
formed on the membrane which prevents further convective transport of salts and lactose to
the membrane and at the same time inhibits the back diffusion of salts to the bulk solution
(Hoek and Elimelech, 2003; Kulozik and Kessler, 1990b; Skudder et al., 1977).

Kulozik and Kessler (1990b) observed a flux recovery period after the initial flux drop for
skimmed milk and whey. The authors suggested that the temporary flux recovery was
because of the reduction in osmotic pressure at the membrane boundary layer due to the
permeation of low molecular weight substances that previously accumulated in between the
deposited layer and the membrane. However, no significant flux recovery period was
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observed for skimmed milk and whole milk with spiral wound thin-film composite reverse
osmosis membranes (PA – 99) (Cheryan et al., 1990); hydrochloric acid casein whey with
tubular cellulose acetate membranes (Smith and MacBean, 1978); and whey with FT30
membrane (Madaeni and Mansourpanah, 2004). Kulozik and Kessler (1990b) showed that
the flux recovery period was not observed for runs with low initial permeation rate such as at
low TMP, low cross-flow velocities, high solute concentrations and low temperatures.

2.3.4 Factors affecting deposit formation and permeate flux
There are several factors affecting the ease of formation of fouling layer on a membrane
surface. Processing conditions, such as TMP, cross-flow velocity, temperature and feed
concentration, was shown to have a decisive influence on the kinetics of permeation, the
deposited layer formation and the concentration equilibrium establishment during the initial
process of reverse osmosis of milk and whey solutions (Cheryan et al., 1990; Fenton-May et
al., 1972; Kulozik and Kessler, 1990a, b; Madaeni and Mansourpanah, 2004; Morales et al.,
1990; Skudder et al., 1977). Higher permeation rate (such as at high TMP) leads to higher
concentration of low molecular weight substances at the membrane boundary layer and
greater compression on the growing deposited layer forming a more impenetrable layer
(Fenton-May et al., 1972; Hiddink et al., 1980; Kulozik and Kessler, 1990b; Lim et al., 1971;
Morales et al., 1990; Skudder et al., 1977). An increase in driving pressure will increase the
accumulation of foulant on the membrane surface and reduce the porosity of the fouling layer
by compaction. High membrane flux and low cross-flow velocity increases concentration
polarization which in turn increases membrane fouling. However, most of the studies were
performed using cellulose acetate tubular membranes, so conclusions cannot be made about
the interactions between the deposit and other membranes.

The composition and concentration of both dissolved and suspended solids in feed, ionic
strength, and pH of feed have a significant impact on membrane fouling (Bouzid et al., 2012;
Kulozik, 1998; Kulozik and Kessler, 1990a, b; Rabiller-Baudry et al., 2009). Higher feed
concentration caused greater fouling. The feed composition, ionic strength and pH influence
the membrane-solute and solute-solute interactions and subsequently alter the fouling
tendency and types of fouling formed.

Protein, in particular casein, was the main component found in the deposit that formed on the
membrane surface during reverse osmosis with milk solutions (Fenton-May et al., 1972;
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Glover and Brooker, 1974; Skudder et al., 1977) and cottage cheese whey (Lim et al., 1971)
with tubular cellulose acetate membranes. The role of casein in establishing the resistance to
permeation rate due to deposit formation can also be inferred from the higher permeation rate
of whey than milk during the runs (Fenton-May et al., 1972; Hiddink et al., 1980; Morales et
al., 1990; Schwab et al., 1993) and the similar characteristic shape for permeation curve of
skim milk and pure milk protein solutions (Kulozik and Kessler, 1988a). For solutions
without casein, calcium-phosphate precipitation appeared to cause strong fouling on the
membrane as the decline in permeate flux during reverse osmosis with whey can be
prevented with addition of calcium complexing agents, by removing calcium from the whey
or by acidifying to a pH of about 6 (Hiddink et al., 1980; Smith and MacBean, 1978).

The deposit formation for runs with skim milk is affected by the stability of casein micelle
structure (Kulozik, 1998). The presence of inorganic ions reduces the thickness of the electric
double layer around the casein particles and reduces their repulsion forming a more
compacted deposited layer (Kulozik and Kessler, 1988a, b). The fouling resistance appeared
to increases with the soluble calcium and phosphate fractions in skim milk and particularly
with the free calcium (Ca2+) amount (Bouzid et al., 2012). However, removal of total calcium,
both diffusible and the calcium bound in the casein micelles, in skim milk by means of ion
exchange also resulted in a significant reduction of the permeation rate through tubular
polyamide reverse osmosis membranes. The casein micelles, which were previously held
together by calcium phosphate bridges, disintegrated when calcium was being removed,
causing a dense deposited layer of casein submicelles and protein molecules. The flow
resistance of the deposited protein layer for diafiltered skim milk was less than ion exchanged
skim milk with a similar calcium content. Diafiltration was only able to remove soluble
calcium from skim milk and the casein micelle structure stabilized by calcium phosphate
bridges remained unchanged. A loosely packed deposit structure was formed during reverse
osmosis of diafiltered skim milk as no soluble calcium was available to form bridges between
casein particles in the deposited layer (Kulozik, 1998).

Similarly, the permeation rate of denatured whey was found to be less than that of native
whey, probably due to the enhanced deposit formation of denatured whey resulting from its
aggregation capability which exhibit higher retention properties than native whey
(Obermeyer et al., 1993). In contrast to results presented by Obermeyer et al. (1993), Schwab
et al. (1993) stated that heat damaged whey protein solution exhibited higher flux as
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compared to native whey protein and skim milk protein solution due to the changes in the
tertiary structure resulting from protein denaturation, which was no longer able to stabilize
the deposited layer. The difference in their findings might be caused by the difference in
solution pH used, where Schwab et al. (1993) adjusted the protein solution to pH 3.5 while
Obermeyer et al. (1993) performed the reverse osmosis at pH 6.5.

Bouzid et al. (2012) reported that the flux decline at lower TMP (sub-critical conditions) was
attributed to osmotic effects regardless of feed pH, while the flux decline at higher TMP
(limiting conditions) was attributed to osmotic effects, irreversible fouling and other
reversible phenomena. Fouling resistances are influenced by the casein micelles net charge as
well as the calcium and phosphate soluble fractions in pH modified skim milks. Increase of
the electrophoretic mobility of caseins reduced the fouling resistance by increasing the
porosity of the deposit layer. The concentration variation of calcium and phosphate in nanoclusters form, to stabilize the casein micelles, showed no significant influence on the fouling
resistance. A single alkaline cleaning step was sufficient to restore 90% of the initial
membrane flux for reverse osmosis of skim milk with pH more than 4. Reverse osmosis of
skim milk at acidic pHs led to severe inorganic fouling of membranes by calcium phosphate
precipitation and an additional acid cleaning step with HNO3 (pH 1.6) was needed to restore
the initial membrane flux.

Kulozik and Kessler (1988b) found that non-flushable fouling, which could not be removed
by a rinsing step alone, formed during runs with skimmed milk and was greatly influenced by
TMP, cross-flow velocity, feed temperature and feed composition while the influence of feed
concentration was limited. The fouling formed at low TMP, high cross-flow velocity or low
feed concentration could be flushed away more easily than the fouling formed at high TMP,
low cross-flow velocity or high feed concentration (Hiddink et al., 1980; Kulozik and Kessler,
1988b). A higher cross-flow velocity generated a greater shear rate to remove the fouling
layer while higher TMP created a greater compaction of the fouling layer and caused more
fouling resistance after water rinsing. Kulozik and Kessler (1988b) showed the deposition of
milk protein onto the membrane surface at TMP lower than the osmotic pressure of skimmed
milk, indicating the solute-membrane interaction in the absence of convective transport.
Minimum non-flushable fouling was formed at an operating temperature in between 30 –
40 °C. It increased with either increasing or decreasing operating temperature, probably
because of the structural changes of protein at low temperatures and pH dropping at high
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temperatures (Kulozik and Kessler, 1988b). The level of low molecular weight substances in
the feed solution, such as salt ions and calcium, exert a marked influence on the stability of
the deposit and on the ease of its removal by rinsing. They formed a network with protein
particles within the deposited layer and decreased the rinsing effectiveness.

2.4 Membrane cleaning
Frequent cleaning is needed to restore the membrane permeability. As a guide, membrane
cleaning is usually done when the normalized permeate flow drops by 10% – 15% or when
the pressure drop between feed and retentate increases by 10% – 15% (Dow, n.d.-a; Kucera,
2010). Prolonged operation without proper cleaning can result in irreversible fouling of the
membrane.

Cleaning techniques can be grouped into three categories, including physical, chemical and
physio-chemical methods. Physical cleaning removes foulants by mechanical action while
chemical cleaning relies on chemical reactions (Madaeni and Mansourpanah, 2004).

Part of the fouling developed during reverse osmosis could be removed by water flushing
(flushable fouling). Kulozik and Kessler (1988b) reported that TMP and cross-flow velocity
are the most influential processing parameters that affect the ease of removal, by water
rinsing, of the fouling formed during reverse osmosis with skim milk. The rinsing
temperature and duration had no significant improvement on the deposit removal. The
flushing efficiency was higher when it was performed at the lowest possible TMP or high
cross-flow velocity. The low TMP avoids the compaction of the deposit layer caused by the
water permeation during rinsing (Kulozik and Kessler, 1988b).

The cleaning efficiency of membrane is influenced by the types of cleaning agents, foulant
composition, chemical concentration, cleaning frequency and cleaning duration (Song and
Tay, 2010). A typical cleaning regime consists of a circulation of cleaning chemicals in the
membrane modules, membrane soaking for a period of time to ―loosen‖ the deposit on the
membrane surface and to penetrate biofilm, then followed by a system circulation at higher
flowrate (Baker, 2004; Kucera, 2010).
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Acid cleaning agents, including inorganic acids (sulphuric, nitric and, less commonly,
phosphoric) and organic acids (citric, oxalic, acetic and sulphamic), are generally used for the
removal of inorganic precipitate (Baker, 2004; Judd and Jefferson, 2003). Alkaline cleaners,
primarily sodium hydroxide, are employed for the removal of biofilm fouling, organic fouling,
silica scale, colloidal material fouling and sulfate scale (Kucera, 2010). They have been used
to hydrolyze organic substances such as protein and to saponify fats and oils at warm
temperature (more than 50 °C) (D'Souza and Mawson, 2005). Alkaline cleaners could be
used in combination with a surfactant such as sodium dodecylsulfate, sodium laurel sulphate
or ethylene diamine tetracetic acid to improve the cleaning efficiency (Judd and Jefferson,
2003; Kucera, 2010).

Enzymatic cleaning agents are chemically non-aggressive and are able to remove many
biodegradable organic foulants, such as proteins, effectively. Despite their effectiveness,
enzymatic cleaners are expensive and slow acting (Judd and Jefferson, 2003). The membrane
needs to be cleaned with an alkaline chemical after enzymatic cleaning to remove any residue
as enzymatic cleaners are normally proteins that can adsorb on the membranes. Cheryan et al.
(1990) showed that the enzyme cleaning of a spiral wound thin-film composite reverse
osmosis membrane after milk processing recovered the water flux slightly while the milk flux
was relatively unaffected by the cleaning.

In practice, both inorganic and organic fouling occurs together for reverse osmosis of milk
and thus, two steps of chemical cleaning operation are normally required. Membrane cleaning
usually starts off with an alkaline cleaning followed by an acidic cleaning, with adequate
rinses in between. For whey where the fouling was dominated by minerals, acidic cleaning
has been used as the first cleaning step, followed by alkaline cleaning (D'Souza and Mawson,
2005). Apart from the nature of foulant, the selection of the chemical cleaning agents is also
influenced by the sensitivity and resistance of the membranes to factors such as temperature,
pH, oxidation, membrane surface charge, etc. (Madaeni and Mansourpanah, 2004).

2.4.1 Factors affecting membrane cleaning efficiency
Although reverse osmosis is widely used in food industry for concentration purposes, only a
few works have studied the cleaning procedures and mechanisms for polyamide thin film
composite membranes. D'Souza and Mawson (2005) summarized the key mechanisms
governing membrane cleaning performance in the dairy industry in a review article.
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The choice of cleaning chemical as well as its concentration and pH are greatly influenced by
the nature of foulants and membrane material. Chemical cleaning agents with the ability to
form hydrogen bonds, electrostatic attraction or chemical reaction with foulant components
resulted in better cleaning efficiency as compared to other cleaning agents (Madaeni et al.,
2011). As examples, 0.05% w/w hydrochloric acid (pH = 3) resulted in maximum flux
recovery and complete resistance removal for hydrophilic polyamide FT30 reverse osmosis
membranes fouled by whey which consisted mainly of proteins and minerals such as calcium
phosphate (Madaeni and Mansourpanah, 2004); 15 g L-1 sodium dodecyl sulfate showed the
highest cleaning efficiency for the cleaning of polyamide BW30 reverse osmosis membranes
fouled by apple juice that consisted mainly of carbohydrate components (Madaeni et al.,
2011); and the combination of 0.1% w/w ethylene diamine tetra acetic acid, 0.1% w/w
sodium dodecyl sulfate and 0.1% w/w sodium hydroxide are needed to achieve an optimum
cleaning efficiency for polyamide FT30 reverse osmosis membranes fouled by licorice
aqueous solution which is organic in nature (Sohrabi et al., 2011).

Apart from hydrochloric acid, sodium hydroxide also showed high cleaning efficiency for
membranes fouled by whey, but it may damage the membrane due to its high pH (Madaeni
and Mansourpanah, 2004). Nitric acid and ammonia resulted in high, but incomplete,
resistance removal while other chemical cleaning agents (phosphoric acid, oxalic acid,
ammonium chloride, urea, sodium dodecyl sulphate, cetyltrimethylammonium bromide,
Triton-X100 and ethylene diamine tetra acetic acid) had moderate or low cleaning efficiency
(Madaeni and Mansourpanah, 2004).

Consistent results, where increasing cleaning duration improves the membrane cleaning
effectiveness, were reported by Madaeni and Mansourpanah (2004) for cleaning of FT30
reverse osmosis membranes fouled by whey with hydrochloric acid; Madaeni et al. (2011) for
cleaning of BW30 reverse osmosis membranes fouled by apple juice with sodium dodecyl
sulphate at pH 11.8 or distilled water; and Sohrabi et al. (2011) for cleaning of FT30 reverse
osmosis membrane fouled by licorice aqueous solution with sodium hydroxide.

The cleaning efficiency can be improved by using the cleaning agent at its optimum
concentration, increasing the cross-flow velocity, cleaning temperature and pH (Madaeni et
al., 2011). Madaeni et al. (2011) reported that the cleaning efficiency for BW30 reverse
osmosis membranes fouled with apple juice increased with increasing cross-flow velocity.
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Higher cross-flow velocity created higher turbulence and shear force which improved the
foulants dispersion and the mass transfer of chemical cleaning agent from bulk solution to the
fouling layer and the foulants from the fouling layer back to the bulk solution (D'Souza and
Mawson, 2005).

An increase in cleaning temperature improved the chemical reaction rate between the
cleaning agent and the deposited foulants, reduced the viscosity of the cleaning solution and
enhanced the diffusion and solubility of the foulants which eventually improved the cleaning
efficiency (Madaeni and Mansourpanah, 2004; Madaeni et al., 2011; Sohrabi et al., 2011).
However, the effect of temperature on cleaning efficiency is highly dependent on the nature
of foulants. High temperature might reduce the solubility of some minerals (such as calcium
and magnesium carbonates) or decompose the foulant materials (such as starch) causing the
formation of a gel layer on membrane which increases the fouling (Madaeni et al., 2011).

Madaeni and Mansourpanah (2004) and Madaeni et al. (2011) showed that the membrane
cleaning efficiency increased with increasing chemical concentration until an optimum
concentration is reached, where the optimum concentration was different for different
chemical. Further increases the concentration reduced cleaning efficiency. Increasing the
cleaning agent concentration increased the interaction between chemical and foulants and
eventually altered the fouling layer permeability (increase cake porosity) or enhanced
foulants removal by reducing the structural integrity of the fouling layer (Madaeni and
Mansourpanah, 2004; Madaeni et al., 2011; Sohrabi et al., 2011). Madaeni and
Mansourpanah (2004) and Madaeni et al. (2011) suggested that the drop in efficiency for
concentrations above the optimum level might be because of the decreasing cake porosity at
high chemical concentration; the repulsion between the fouling layer and the dispersed fouled
components (the fouled components such as protein in whey and sucrose in sugar syrup are
fragile and could be destroy by the highly concentrated acid or alkalis); or membrane
swelling resulting from chemical attack.

The behaviour of increasing chemical concentration on flux recovery and resistance removal
is chemical dependent and there might not be an optimum concentration for some of the
cleaning agents in the tested concentration range. In contrast to hydrochloric acid, sulphuric
acid showed a moderate effect at low concentration for the removal of foulants from whey
and the membrane cleaning efficiency decreased with increasing acid concentration (Madaeni
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and Mansourpanah, 2004). Meanwhile, results presented by Sohrabi et al. (2011) for cleaning
of FT30 reverse osmosis membranes fouled by licorice aqueous solution revealed that
increasing concentration of either sulphuric acid, nitric acid, sodium dodecyl sulphate,
ethylene diamine tetra acetic acid or sodium hydroxide showed a positive effect on
membrane recovery.

Sohrabi et al. (2011) found that the cleaning efficiency of an FT30 membrane fouled by
licorice aqueous solution that was cleaned with 0.1% w/w sodium hydroxide in the pH range
of 3 – 10 (adjusted with sodium hydroxide and sulphuric acid) increased with increasing pH.
Similar results was reported by Madaeni et al. (2011) for an BW30 membrane fouled by
apple juice that cleaned with 15 g L-1 EDTA in the pH range of 4.75 – 12 or with 15 g L-1
sodium dodecyl sulphate in the pH range of 8.8 – 11.8. The increased in cleaning efficiency
with increasing pH is probably because of the increasing electrostatic repulsion between the
membrane surface, cleaning chemicals and foulant components at high pH due to charge
alteration (Madaeni et al., 2011; Sohrabi et al., 2011). The fouling and cleaning tendency of a
membrane can be determined by the difference between the hydrophobic attraction and
electrostatic repulsion (Madaeni et al., 2011).

A cleaning efficiency of more than 100% was reported by Madaeni and Mansourpanah (2004)
for the cleaning of whey fouled FT30 membrane with sodium hydroxide, up to 0.1% w/w
which corresponded to pH 12.4. Madaeni and Mansourpanah (2004) and Sohrabi et al. (2011)
claimed that this might be because of the membrane damage by chemicals, removing of pores
material that left from membrane fabrication or the alteration of membrane hydrophilicity.
No supporting evidence was provided by the authors apart from membrane contact angle that
was measured with sessile drop method. Sohrabi et al. (2011) showed that the water contact
angle of the membranes decreased with increasing pH of the cleaning chemical, indicating
the increased in membrane hydrophilicity.

2.5 Characterization of reverse osmosis membranes
The characterization of polymeric membranes can be grouped into three major categories,
namely physical properties (membrane surface morphology), chemical properties (surface
charge, hydrophilicity and elemental composition) and performance attributes (pure water
permeability and salt rejection). The latter provide a direct evaluation for membrane

36

separation performance and cleaning efficiency but give no insight on the changes in surface
properties. Combinations of these techniques provide an overview for membrane behaviour,
such as the transport mechanism, interaction between feed, foulant as well as cleaning agent.

2.5.1 Methods used in the current study
2.5.1.1 Flux and rejection coefficient measurements
Water flux and rejection coefficient measurements are simple, direct and promising methods
to investigate membrane performance, either for virgin, fouled or cleaned thin film composite
reverse osmosis membranes (Bouzid et al., 2012; Kulozik and Kessler, 1988b; Madaeni and
Mansourpanah, 2004; Morales et al., 1990; Singh et al., 2011). They have also been used to
analyze the effect of chlorine degradation on permeability of an SW30 aromatic polyamide
reverse osmosis membrane (Ettori et al., 2011) and to examine the effect of humic acid and
sodium dodecyl sulphate (an anionic surfactant) on flux and salt rejection of thin film
composite polyamide membranes (Childress and Deshmukh, 1998). Over the years, flux
measurement and salt rejection analysis are widely used by researchers especially as a
comparison tool for the performance between virgin and modified membranes (Belfer et al.,
1998; Chen et al., 2008; Gilron et al., 2001; Kang et al., 2007; Konagaya et al., 2000; Zou et
al., 2010).

2.5.1.2 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) can be used to visualize the internal structure of a
thin-film composite polyamide membrane, both modified and unmodified membrane, at high
resolution (Freger et al., 2002). Contrast between different chemical structures was achieved
by selective staining, such as membranes treatment with dilute sodium hydroxide solution
followed by immersion in uranyl nitrate before vacuum drying at 40 °C.

For membrane characterization purposes, TEM has been used almost exclusively to examine
membrane cross-sections (Freger, 2003). Tang et al. (2007) showed the successful application
of TEM to capture the cross-sectional images of the active layer and coating layer for several
types of fully aromatic polyamide thin film composite reverse osmosis membranes. Pacheco
et al. (2010) examined the polyamide nanostructure of reverse osmosis membranes using
both TEM and ―projected area‖ TEM (PA-TEM) to obtain cross sections and whole threedimensional structure of isolated polyamide thin film respectively. PA-TEM does not require
extensive sample preparation as TEM except to remove the polysulfone support from thin37

film composite. A similar technique was employed by Yan et al. (2015) to study the detailed
structure of a commercial fully aromatic polyamide reverse osmosis membrane.
2.5.1.3 Scanning electron microscopy – energy dispersive X-ray spectroscopy (SEM-EDX)
Scanning electron microscopy (SEM) is a high resolution imaging method that provides
topographical, compositional and elemental details on the sample surface based on the
emitted electron signals that produced from the interaction between sample’s atom and a high
energy beam of electrons that scan in a raster scan pattern (MEE, 2014). Energy dispersive
X-ray spectroscopy (EDX) can be used in conjunction with SEM to quantitatively and
qualitatively analyze the chemical composition of a membrane. Mapping of membrane
elemental surface composition is possible for SEM-EDX technique as the characteristic x-ray
intensity is measured relative to lateral position on the sample. Thus, the relative
concentration of an element across the surface is indicated by the variations in x-ray intensity
at its characteristic energy value (MEE, 2014).

By using SEM coupled with EDX, Han and Lin (2009) were able to image the microstructure
of a fouled reverse osmosis membrane surface and inspect the elements of foulant present in
the biofilm. The authors found that the biofilm consisted of microorganisms and organic
macromolecules that mainly lay on its surface, and inorganic crystalloids that were closely
attached to the membrane surface. Rabiller-Baudry et al. (2002) and Rabiller-Baudry et al.
(2012) presented a successful application of SEM-EDX to detect the deposition and removal
(by cleaning) of milk components on polyethersulfone ultrafiltration membranes.

SEM alone has been used by researchers to analyse the microscopic structure of polyamide
thin-film composite membranes (Singh et al., 2011); to investigate the changes in membrane
surface morphology resulting from alcohol sorption (Agrawal and Singh, 2012); to image the
various stages of surface crystallization on aromatic polyamide membranes that had been
polymerized onto quartz crystal microbalance sensors and silicon wafer substrates (Lin and
Cohen, 2011); and to observe the difference between the surface morphologies of both thinfilm composite and cellulose acetate membranes (Elimelech et al., 1997). Meanwhile,
FESEM which has higher resolution than the conventional SEM has been used to analyze the
surface features and morphology of various thin-film composite membranes, including both
cross-linked and linear aromatic polyamides membranes (Kwak et al., 1999).
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2.5.1.4 Fourier transform infrared spectroscopy - attenuated total reflectance (FTIR-ATR)
Fourier transform-infrared spectroscopy (FTIR) is a chemical analysis method used for the
identification of organic, as well as some inorganic, substances based on their chemical bonds
or functional groups (Chan and Chen, 2004). The infrared absorption peaks, which identify
molecular components and structures, correspond to the normal mode frequencies of
vibrations of the molecular bonds in the sample when it is irradiated with infrared radiation.
No identical infrared spectrum is produced for two different compounds as each of the
different material is a unique combination of atoms and molecules. Table 2.1 summarizes the
FTIR vibration bands for polyamide reverse osmosis membranes and milk solution, and their
possible functional group assignment based on past research.

FTIR-ATR has been used to identify the chemical and elemental information for various
commercial thin film composite reverse osmosis membranes due to its different sensitivity at
different wave number. The penetration depth is less than 200 nm (more surface sensitive)
over 4000 – 2600 cm-1 wave numbers, and is greater than 300 nm at wave numbers lower
than 2000 cm-1. Thus, low wave numbers could be used to detect the chemistry information
of both polyamide and polysulfone interlayer for a thin film composite membrane while high
wave number could detect the thin coating layers that may be present on top of the membrane
(Singh et al., 2011; Tang et al., 2009).

Delaunay et al. (2008), Rabiller-Baudry et al. (2002) and Rabiller-Baudry et al. (2012) used
FTIR-ATR to study the deposition and mapping of milk protein fouling on both polyamide
and polyethersulfone membranes quantitatively. Gilron et al. (2001) showed that the
adsorption of surface water foulant components (such as humic acid, silica-organic
compounds, etc.) on a sulfopropylmethacrylate modified thin-film composite aromatic
polyamide reverse osmosis membrane was less than those on an unmodified membrane using
FTIR-ATR.
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Table 2.1 The possible vibration bands assignment for polyamide reverse osmosis membrane
and milk solution.
FTIR bands (cm-1)
3642
~ 3300, 3430 – 3550,
3611

3028
2940 - 2962
2920, 2925, 2955
2872 - 2875
2850, 2872
2800 – 3000, 2849,
2854, 2882, 2925,
2948

Vibration bands assignment
Stretching vibration of Ca(OH)2 and OH
groups.
O-H stretching vibration for water and N-H
stretching vibration for aromatic
polyamide.
C–H stretching vibration of cyclic structure
for cholesterol.
Asymmetric C–H stretching vibration in
methyl group of aliphatic compounds.
Asymmetric CH2 stretching vibration of
methyl and methylene for fatty acids.
Asymmetric C–H stretching vibration in
methyl group of aromatic compounds.
Symmetric CH2 stretching vibration for
fatty acids.
C-H stretching vibration of methyl and
methylene groups (CH3, CH2 and CH) for
fatty acids and cholesterol.

1735, 1742, 1747,
1680 - 1800

C=O rotation and stretching vibration of
ester groups in fat or of carboxylic acid
function.

1609

N-H deformation and C=C ring stretching
vibration for aromatic polyamide.
C=O stretching and/or bending (dominant
contributor), C-N stretching, and C-C-N
deformation vibration in a secondary amide
group for amide I band in aromatic
polyamide and protein.

1558 – 1705, 1630 –
1638, 1650 - 1663

1515
1498
1488, 1504, 1587
1480 – 1613, 1503,
1534, 1537, 1541,
1545, 1553, 1510 –
1570, 1538 - 1548

1468
1450
1443
1438, 1454
1365 - 1385 or 1324
1280 - 1350 or 1106,
1151
1240 - 1245

Tyrosine vibration for amino acid.
Phenylalanine vibration for amino acid.
C-C stretching vibration of aromatic inplane ring for polysulfone.
N-H in-plane bending and N-C stretching
vibration of a -CO-NH- group for amide II
band in aromatic polyamide and protein.

CH2 scissoring vibration.
C=O stretching and O-H bending of
carboxylic acid for aromatic polyamide.
C=C stretching and CH2 (for C-H bond)
bending vibrations for cholestrerol.
Proline vibration for amino acid.
Symmetric C-H deformation vibration of >
C(CH3)2 for polysulfone.
Asymmetric SO2 stretching vibration for
polysulfone.
Asymmetric C-O-C stretching vibration of
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the aryl-O-aryl group for polysulfone.
1219, 1372

1200 - 1280
1145 - 1180 or 1295
1064
1060 – 1100 or 1000 1100
1041
1037, 1045, 1090 –
1094, 1000 - 1120
1037, 1219
943 – 946, 970 – 975,
1120 - 1127
900 - 1150 (909, 991,
1051, 1043, 1069,
1071, 1156)
875
875, 1384, 1418,
1457, 1466, 1636,
1990, 2359
859, 932, 1037
830

820, 1380
725, 1210 - 1212
680, 769, 859

680
632 – 634, 3570 3572
472, 556 – 640, 568,
602, 961
434 - 436

Interaction between O–H bending and C–O
stretching vibrations in C–O–H group for
cholesterol.
Amide III vibration.
Symmetric SO2 stretching vibration for
polysulfone.
C-O vibration for lactose.
O=P-O stretching vibration for phosphate
groups that covalently bound to casein
proteins.
C-OH stretching vibration of lactose.
PO43C–O stretching vibration for cholesterol.
PO43- for β-tricalcium phosphate (β-TCP)
C-O stretching and rotation vibration of
carbohydrate (sucrose, lactose and
maltodextrin).
HPO42CO32-

Weak C–C backbone stretching vibration
for cholesterol.
In-phase out-of-plane hydrogen
deformation vibration of para-substituted
phenyl groups for polysulfone.
NO3P2O74Alkenes C–H out-of-plane bending
vibration for cholesterol (between 650 and
1000 cm-1).
C=C bending vibration for cyclic
compound in cholesterol.
OH- for hydrated compounds.
PO43- for hydroxyapatite (HAp)
PO43- for β-tricalcium phosphate (β-TCP)
or oxyapatite (OAp)
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As FTIR-ATR spectroscopy provides an easy and convenient way for determination of the
relative amounts of different polymeric species present on the membrane surface, it is widely
used for characterization of modified membrane. Zou et al. (2010) used FTIR-ATR to
analyse the chemical structure of the active layer of thin film composite reverse osmosis
membranes prepared by the novel interfacial polymerization approach. Meanwhile, Kang et
al. (2007) used this technique to investigate the chemical composition changes between
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virgin and surface modified, by grafting of hydrophilic poly(ethylene glycol) (PEG), thin film
composite membranes. Other similar researches include Chen et al. (2008), Gilron et al.
(2001), Freger et al. (2002) and Belfer et al. (1998). FTIR-ATR also had been used by
researchers to investigate the changes in chemical or properties of degraded polyamide
membranes resulted from the exposure to hypochlorite solution (Ettori et al., 2011; Kwon and
Leckie, 2006).

Ben-David et al. (2006) analyzed the partitioning of several aromatic compounds, n-alcohols
and urea on the polyamide active layer of reverse osmosis membranes with FTIR-ATR for
quantitative sorption measurements. Similarly, Agrawal and Singh (2012) used FTIR-ATR to
measure the water and alcohol sorption in the polyamide reverse osmosis membrane and the
possible change in surface topography caused by the polymer network aggregation under the
influence of alcohol. The authors found that the sorption of alcohol in the membrane led to a
decrease in characteristic IR band intensities of the polyamide.

2.5.1.5 Fourier transform Raman spectroscopy (FT-Raman) and surface enhanced
Raman spectroscopy (SERS)
Raman spectroscopy is an important analytical method for the investigation of the chemical
species present in a sample. Similar to infrared spectroscopy, Raman spectroscopy looks at
the vibration transitions in a sample whereby each different chemical species gives a unique
fingerprint. This unique fingerprint can be used to identify (and in some cases quantify) the
species present in a sample. When a laser light interacts with sample, most of it will scatter
back at the same wavelength. A small portion of the absorbed light will be inelastically
scattered at a series of different wavelengths due to the change in photon energy, which either
gain from or lose to vibrational excitations (Kneipp et al., 2007). The spectrum of the
inelastically scattered light can uniquely identifying the sample composition down to a
molecular level as different molecules have different vibrational modes (Huh et al., 2009).
For complex mixtures and/or small variations in the chemical composition of a series of
samples, multivariate data analysis methods such as principal component analysis (PCA) are
often employed to simplify and interpret the spectral variation.

In spite of the high specificity, Raman spectroscopy has limited application because of the
low sensitivity and relatively weak signal. The Raman signal can be enhanced by surface
enhancement via the application of metal nanoparticles or a roughened metal surface.
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Surface-enhanced Raman scattering (SERS) is a highly sensitive, selective and nondestructive technique to analyze biological and chemical samples by providing the chemical
and structural information about the sample molecules with the aid of the extremely strong
enhancement generated on the metallic nanoparticles (Cui et al., 2011; Wang and Yang,
2010). In SERS, the target molecule is attached and adsorbed, or in close proximity, to a
specially prepared metallic surface, typically copper, silver or gold (Huh et al., 2009;
Podstawka et al., 2004). A surface plasmon mode is excited when light is incident on the
surface particles. As a result, the electromagnetic energy in the vicinity of the target molecule
is enhanced, which in turn enhances the intensity of the elastically scattered light significantly
(Huh et al., 2009). Enhancement can be associated with surface plasmon resonance, charge
transfer between the molecule and metal conduction band, and resonances within the
adsorbed molecule (Lombardi and Birke, 2009).

Lamsal et al. (2012) were the first to identify the functional groups of organic fouling on
negatively charged thin-film composite nanofiltration membrane by employing SERS.
Normal Raman spectroscopy could characterized polyamide nanofiltration membranes, but
was not sensitive enough to detect the foulants that were deposited on the membrane as it
showed identical peaks for virgin, fouled and cleaned membranes. However, these
membranes samples exhibited markedly different spectra when SERS was employed, with
additional peaks representing the possible deposition of proteinaceous substances,
carbohydrate and nucleic acids on fouled and cleaned membranes.

The main disadvantage of SERS, on the other hand, is the difficulty of spectra interpretation.
The signal enhancement is not only able to detect the previously weak and unnoticeable
Raman bands, but also the trace contaminants. Some strong Raman signal might not be
detected in SERS due to the chemical interactions of the samples with the metal nanoparticles
(Princeton Instruments, n.d.). The use of SERS for quantitative analysis is not appropriate
due to the uncontrollable signal enhancement, and distribution and aggregation of metal
nanoparticles (Podstawka et al., 2004).
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Table 2.2 Assignment of relevant polymer bands obtained from the literature for comparison
with the membrane spectra (Ellis et al., 1991; Kerr et al., 2013; Nishikida and
Coates, 2003; Vico et al., 2003).
Polyamide
364 vw

Assignment

597 vw

Polysulfone
370 w
405 sh
414 w
471 vw
497 vw
517 w
556 m
628 m
659 w
669 sh
700 vw
715 sh
732 w
758 vw
790/795 s

838 vw
928 m
1059 s
1074 sh
1122 s

820 w
C-C=O
stretching

C-C stretch

1165 w
1199 w

Assignment

634 m
υC-S

out-of-plane CH
of benzene
δoop CH

parasubstituted
benzene ring

703 w

794 vw

858 s

OCH2CH2O

1001 w
δip C-H
1097 m
1118 w

C-O-C ester

υsym. SO2
ring -O-stretch

1277 sh

amide III groups

1259 sh

1302 m

CH2 twisting

1292 sh
1300 w
1324 w

υasym. SO2

1365

geminal
dimethyl group

1372 w/b

Assignment

SO2

861 w
1004 sh
1011 w
1073 m
1107 m
1146 vs
1177 sh
1202 w
1229 vw
1242 w

Polyester

1281 sh

terepthalate
features

1294 m

1373 vw
1387

1439 vs
1462 sh

CH2 bending

1632 s

amide I group

2897 b

CH stretch

1411 vw
1491 vw
1499 vw
1581 s
1588 sh
1600 s
2871 w
2928 w
2968 s
3070 m
3157 vw

geminal
dimethyl group
1418 w
υCC

1614 vs
1727 m

benzene ring
C=O

methyl groups
υCH

Abbreviations: b, broad; vw, very weak; w, weak; m, medium; s, strong; vs, very strong; sh,
shoulder; ip, in-plane; oop, out-of-plane.
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Table 2.3 The bands assignment for milk powder constituents and bovine milk fat globules
(Gallier et al., 2011; McGoverin et al., 2010). PC refers to phosphatidylcholine, PI
is phosphatidylinositol and PS is phosphatidylserine.
Raman shift (cm-1)
Assignment
355, 445
Lactose
845 - 895
Phospholipid headgroup (846 cm-1 for inositol residue, 860 cm-1 for
phosphatidic acid and 875 cm-1 for choline)
860 - 920
υ(C-C), υ(C-O), CH3,rock, various amino acid specific modes
1005
Phenylalanine ring breathe for carotenoids
1065, 1063 - 1083
1082, 1121
1125 - 1133
1158
1213
1262

υ(C-C) stretching and symmetric phosphoryl stretching for fatty acid
υ(C-C)
ϕ(C-C) and out-of-phase C-C solid fat for saturated fatty acid
υ(C-C) for carotenoids
Antisymmetric phosphoryl stretching for carotenoids
Amide III

1270

C=C cis unsaturation, C-H in-plane bending of ethylene groups for
PC, PI and PS.
δ(CH2) twisting unsaturation for PC, PI and PS.
Saturated fatty acid δ(CH2) scissoring for cholesterol, PC, PI and PS.
δ(CH2)scissoring
υ(C=C) for carotenoids
υ(C=C) cis unsaturation for PC, PI and PS
Amide I

1303
1443
1455
1526
1654
1665
1745
2715 - 2726
2853
2874
2885 ± 5
2900 - 2910
2927
2935
2960
3007
3060

υ(C=O) of ester for triacylglycerol
υ(C-H) of acyl chains
CH2 symmetric stretching for acyl chains in liquid state
CH3 symmetric stretching for cholesterol and cholesterol ester
Fermi resonance CH2 stretching and CH2 anti-symmetric stretching
for acyl chains in crystalline state
υ(C-H) of acyl chains
υ(C-H)
CH3 symmetric stretching
Out-of-plane and CH3 anti-symmetric stretching for acyl chains
Cis-unsaturated =CH stretching for acyl chains
υ(N-H)

Another limitation of Raman spectroscopy is the interference caused by fluorescence
background, which can be overcome by near-infrared FT-Raman that filters the intense
Rayleigh scattering (elastic scattering) from the inelastic scattering (Raman scattering)
(Chase, 1986). Several studies showed the successful application of FT-Raman for analysis of
polymers (Ellis et al., 1991; Vico et al., 2003); and for identification and/or quantification of
protein, lipid and other constituents in milk powders (McGoverin et al., 2010). Table 2.2

45

summarizes the assignment of relevant polymer bands obtained from literature for
comparison with the polyamide reverse osmosis membrane spectra. Nylon is used as a
reference for polyamide, polyethylene terephthalate (PET) is used as a reference for polyester,
and polyethersulfone is used as a reference for some groups in polysulfone. The presence of
methyl groups in polysulfone gave a strong band at 2968 cm-1, weak absorption methyl bands
at 2928 cm-1 and 2871 cm-1 and germinal dimethyl group absorptions at 1387 cm-1 and 1365
cm-1 for this polymer (Nishikida and Coates, 2003). Table 2.3 summarizes the band
assignments for milk powder and bovine milk fat globules.

2.5.1.6 Matrix-assisted laser desorption/ionization mass spectrometry
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is a soft
ionization technique which allow for the sensitive detection of large, non-volatile
biomolecules, in particular peptides, proteins, oligonucleotides, carbohydrates, natural
products, and lipid without the use of labels (Chan and Chen, 2004; Hillenkamp and Karas,
2007; Lewis et al., 2000). MALDI-MS is also used to study the synthetic polymers of high
molecular weight, such as oligomer spacing, end-group distribution, molecular weight
distribution, and polydispersity, without degrading the polymer (Jagtap and Ambre, 2005;
Zenobi and Knochenmuss, 1998). This technique gives direct mass measurement while
tolerating sample impurities to a relatively high extent and provides very simple mass spectra
without major fragmentation of the analyte.

In MALDI-MS analysis, the analyte is co-crystallized with a matrix compound to prevent
aggregation of the analyte. The commonly used matrix compound is an ultraviolet (UV)absorbing weak organic acid. The co-crystallized analyte molecules that homogenously
dispersed within the matrix molecules are carried by the matrix into vapour phase by laser
radiation, and ionized in positive or negative ionization mode by accepting proton from or
donating proton to the matrix. Among the three types of mass analyzers typically used with
MALDI (linear time-of-flight, time-of-flight reflectron and Fourier transform mass analyzer),
the linear time-of-flight (TOF) mass analyzer is the simplest and most widely used device. A
TOF analyzer separates and identifies components based on the ions’ time of flight. Smaller
ions travel faster than the larger ions due to the mass difference. A TOF mass spectrum is
generated based on the separated ion fractions detected at the end of the drift tube (Jagtap and
Ambre, 2005; Lewis et al., 2000).
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MALDI-TOF-MS has given promising results for detection and quantification of milk
proteins. An accurate prediction of the levels of milk species adulteration can be achieved by
using MALDI-TOF-MS coupled with multivariate techniques such as linear partial least
squares (PLS) and non-linear Kernel PLS (Nicolaou et al., 2011). Chan et al. (2002) showed
a successful application of MALDI-MS to differentiate proteins in fouling deposits formed
during ultrafiltration of protein solutions containing γ-globulin (GG), lysozyme (LYS),
bovine serum albumin (BSA), and ß-lactoglobulin (ßLG). Chan et al. (2004) used a
redissolution MALDI-MS method to analyze fouling of ultrafiltration membranes by binary
protein mixture containing bovine serum albumin (BSA) and β-lactoglobulin (bLG)
quantitatively. The surface coverage of the adsorbed protein could be quantified from the
normalized analyte signals to internal standard signals and using a pre-developed calibration
curve (Chan and Chen, 2004).

In the current project, preliminary analysis for the composition of fouling deposits on
polyamide reverse osmosis membranes after a run with skimmed milk at 24 bar was acquired
using a MALDI time-of-flight mass spectrometer located at the Centre for Protein Research,
Department of Biochemistry, University of Otago, New Zealand. The mass spectrometer was
operated in positive ion linear mode and the matrix solution used was alpha-cyano-4hydroxycinnamic acid (α-CHCA). It was found that the mass accuracy and resolution of the
MALDI TOF/TOF analyzer in intact protein mode was insufficient for species identification
based on the mass measurement for the sample.

2.5.1.7 Fluorescence microscopy
Fluorescence microscopy such as confocal scanning laser microscopy (CSLM) is a wellestablished technique for obtaining high resolution and high contrast images from biological
and other specimens that have been labeled with one or more fluorescent probes. In CSLM,
coherent light emitted by a laser beam is reflected by a dichromatic mirror and scanned
across a fluorescent sample surface. A secondary fluorescence emitted from the specimen and
passes back through the same dichromatic mirror. It is then focused as a confocal point at the
detector pinhole aperture before reaching the photodetector. The confocal aperture serves as
filter for the photodetector and allows CSLM to produce images of a narrow plane of focus
within the sample in a non-destructive manner and reconstruct its 3D structure (Claxton et al.,
2005; Pedley, 1997; Stanciu et al., 2012).
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CSLM could produce thin optical sections serially through fluorescent samples (for sample
thickness up to 50 micrometers or more) and does not require extensive sample preparation
(Claxton et al., 2005). Besides, the use of fluorescent probes enables identification of specific
components that present in the sample, such as the identification of both bacterial cell and
extracellular polymeric substances present in biofilm deposited on polyamide thin-film
composite reverse osmosis membrane (Lee et al., 2010b). Although the resolution achieved
by CSLM is better than conventional wide-field light microscope, but not as great as that in
the transmission electron microscope (0.1 nm) (Claxton et al., 2005). The drawback of CSLM
is the possibility that the protein-labels used may affect the physico-chemical and adsorption
properties of the proteins, and multiple labels are required for identification of multiple
proteins (Chan and Chen, 2004). Ferrando et al. (2005) used CSLM for membrane fouling
characterization during microfiltration of protein solutions, which consist of single and binary
solutions of BSA conjugated with fluorescein and ovalbumin conjugated with Texas red. It
was found that the deposition of BSA–fluorescein and ovalbumin–Texas red conjugates on
and/or in the membrane could be identified and distinguished from one another using CSLM.

In the current project, preliminary analysis for a new polyamide reverse osmosis membrane
and the membranes after a run with skimmed milk were performed with an epifluorescence
microscope (Eclipse 80i, Nikon Instrument) at Biological Sciences, University of Canterbury.
The membrane samples were stained with rhodamine B and nile blue for protein, congo red
for fibril proteins, and nile red for lipids and fat. However, the results did not provide
significant insight for the identification of milk components that preferably bind to the
membrane as the available staining solutions are non-specific. The method was not
investigated further.

2.5.1.8 Contact angle & liquid absorption test
The contact angle of a surface is an indication of the hydrophobicity or hydrophilicity, and
hence wettability of the surface (Van der Bruggen et al., 2002). Contact angle refers to the
angle formed between the outline tangent of a drop on a surface and the surface. It is one of
the most easy, common and reliable methods to determine the tendency for the liquid to
spread on a surface. A decrease of contact angle indicates an increase of the surface
hydrophilicity so water will wet a surface more easily (Kwon and Leckie, 2006).
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Most of the contact angle measurements for membrane characterization have been made by
using the sessile drop method. Studies include the investigation of possible membrane
degradation caused by chemicals (Kwon and Leckie, 2006; Simon et al., 2009), the surface
properties of fabricated and commercially available membranes and their possible correlation
to other characteristics, separation performance and fouling behaviour (Boussu et al., 2005;
Cornelissen et al., 1998; Khan et al., 2011; Pontié et al., 2008; Yang et al., 2010), changes in
membrane properties caused by foulants or contaminants and the cleaning tendency (Ang and
Elimelech, 2008; Kaplan et al., 2002; Xu et al., 2006), membrane surface modification (Nabe
et al., 1997; Sarkar et al., 2010; Zou et al., 2011), and contact angle titration for polyamide
reverse osmosis membranes (Hurwitz et al., 2010). However contact angle measurements of
porous materials such as polymeric membranes used for reverse osmosis and ultrafiltration
are difficult because of the tendency of the membrane to absorb liquid into the pores.

Another measurement method is the captive bubble method where a small bubble, normally
containing air, is placed under a membrane that is immersed in liquid, and the profile of this
bubble is measured (Palacio et al., 1999). Figure 2.6 shows the schematic diagram of contact
angle measurements using both sessile drop and captive bubble methods where θ is the liquid
contact angle. The captive bubble method is promising for analyzing the membrane surface
properties and detecting the presence of additives on the membrane (Zhang and Hallström,
1990). The major difference between captive bubble and sessile drop methods, where the
captive bubble method is found to be superior, is that the captive bubble method preserves the
membrane surface properties during contact angle measurement by keeping the membrane
wet and close to filtration conditions. Therefore, the possibility of irreversible damage to the
morphological structure of some membranes due to drying can be eliminated and the
measured contact angle is more relevant to the application. The properties of fouled
components that might be sensitive to the effects of drying can also be maintained by using
the captive bubble method (Baek et al., 2012; Rosa and de Pinho, 1997; Zhang and
Hallström, 1990). Nonetheless, Kim et al. (2009) claimed that the results from the captive
bubble method did not provide any distinguishable trends compared to those from sessile
drop method when both methods are used to rigorously characterize the static contact angle
for cleaned and cationic surfactant (tetradecyl trimethyl ammonium bromide, TTAB) coated
polyamide thin-film composite membrane.
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Figure 2.6 Diagram of contact angle measurements using the sessile drop and captive bubble
methods.
Norberg et al. (2007) employed a captive bubble method to measure the static contact angle
for twenty commercially available reverse osmosis and nanofiltration membranes. The
measured contact angles, coupled with other characterization methods, were then used to
evaluate and identify the best membranes for high organic brackish surface water treatment.
No detailed description of the measurement methods and conditions was provided by the
authors. Brant et al. (2006) measured the receding contact angles as a function of pH for
commercially available reverse osmosis and nanofiltration membrane using a captive bubble
method to investigate the surface energy of the membranes. The contact angle titration
analysis was performed with doubly deionized water, formamide and bromonaphalene over a
pH range of 1 to 13. Again, no detailed description of the measurement methods was
provided by the authors. The authors commented that the general hydrophilicity of the
membrane surface can be characterized accurately by contact angle measurement.

Mukherjee et al. (1996) and Kulkarni et al. (1996) measured the static contact angle for
untreated and chemically treated thin-film composite reverse osmosis membrane using the
octane-in-water captive bubble method. An octane drop was released using a syringe beneath
the membrane surface that was immersed in a glass observation cell that was filled with
octane saturated deionized water. The image was captured within 1 minute after the drop was
released. The membrane was treated by immersion in binary solutions of water and
hydrofluoric acid, hydrochloric acid, sulphuric acid, phosphoric acid, nitric acid, ethanol or
isopropyl alcohol for various periods of time. It was shown that the membrane treatment with
these chemicals increased the membrane hydrophilicity where a membrane immersion in
15% w/w hydrofluoric acid for 7 days increased the static contact angle by more than 10°.
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Significantly different contact angles for various types of reverse osmosis membrane have
been reported in literature and were summarized by Baek et al. (2012). The captive bubble
appears to be a more appropriate method for membrane surface analysis than the sessile drop.
The sessile drop method gave inconsistent static contact angles that varied with different
measurement times, drop volumes and membrane sample preparation. The inconsistency was
thought to be due to the continuous spreading of the liquid drop on the membrane surface,
adsorption of the liquid drop onto the dried membrane surface (which altered the surface
nature by exposing more hydrophilic components) and evaporation of the liquid. The captive
bubble method was found to have higher reproducibility, and was not greatly affected by
measurement time, drop volumes and the liquid used for the measurement. The captive
bubble static contact angles increased slightly with drop volume because of the greater
buoyancy force for larger drop volume.

A two-liquid immersion system consists of a drop of carbon tetrachloride (CCl4), which is
water immiscible and heavier than water, placed on the membrane surface that is immersed in
an aqueous solution is adopted by Rosa and de Pinho (1997) to determine relative
hydrophilicity and acidity/basicity of membranes. The carboxylic group contributes to the
membrane acidity while amine group to the membrane basicity. The membrane is basic in
nature at low pH (positively charged) and its acidity increased with increasing negative
charge at high pH. The two-liquid immersion system has high reproducibility, with maximal
deviation of 5%, and is sensitive to the changes in hydrophilicity and acidity/basicity of the
membrane. Besides, the measurements can be performed with membranes immersed in their
natural wet operating environment while avoiding potentially damaging and time consuming
drying processes (Rosa and de Pinho, 1997).

The advancing and receding contact angles for a surface are the contact angles when the
three-phase contact line begins to move in a wetting or de-wetting process. Theoretically,
they shall be considered as, or approaching, the maximum and minimum experimental
contact angles for the surface (Ruiz-Cabello et al., 2011; Xue et al., 2014). Both advancing
and receding contact angles are needed to evaluate a membrane’s hydrophobicity. For a
heterogeneous surface such as polymeric membrane, the water advancing and receding
contact angles represent the low and high wettability phases respectively, and the difference
between advancing and receding contact angles is termed contact angle hysteresis (RuizCabello et al., 2011; Zhang and Hallström, 1990). Generally, the water advancing contact
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angle for the captive bubble method corresponds to the contact angle that remains constant
while the diameter of the baseline decreases with decreasing bubble volume. A similar
description can be drawn for water receding contact angle where the contact angle remains
constant when the diameter of the baseline increases with increasing bubble volumes. Zhang
and Hallström (1990) suggested that the polymer molecules at the membrane surface
restructure when the surrounding environment is changed causing the advancing and receding
contact angles to be time dependent. The stronger polarity of water molecules, as compared
to air, speeds up the equilibrium process and thus, the water advancing angle is less time
dependent than the water receding angle (Zhang and Hallström, 1990).

Contact angle hysteresis was shown to have a reasonably good correlation with membrane
flux behaviour for both cellulose triacetate and polysulfone ultrafiltration membranes (Gekas
et al., 1992). A membrane with higher receding contact angle and larger contact angle
hysteresis exhibited lower relative flux during ultrafiltration with 5 g L-1 whey protein
concentrate or 5 g L-1 Dextran T1374, and lower flux recovery after membrane rinsing with
water.

In contrast, Nabe et al. (1997) shows that the hysteresis between advancing and receding
contact angles for chemically modified polysulfone membranes increased with membrane
hydrophilicity. The contact angle measurement was performed using a captive drop of octane
in water and a sessile drop of octane in air. The authors suggested that the contact angle
hysteresis could be caused by membrane surface reorientation and surface roughness. Surface
reorientation is thought to be more likely with hydrophilic membranes, especially when
exposed to hydrophobic interfaces, and thus causing the observed contact angle hysteresis.
Air or liquid penetration and local swelling also might occur when moving an air bubble over
a previously wet or dry surface causing hysteresis (Ruiz-Cabello et al., 2011).

The incorporation of needle as part of the air bubble during advancing and receding contact
angle measurement might cause bubble deformation and interfere the contact angle
measurement as it creates another three-phase boundary between needle, liquid and air
(Lander et al., 1993). Xue et al. (2014) claimed that the captive bubble contact angle
measurement with a needle attached tends to overestimate the water advancing contact angle
and underestimate the water receding contact angle. The bubble shape during enlargement
and reduction is distorted by the upward pushing force (due to the hydrophilic surface of the
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needle) and downward pulling force (due to the low surface tension of the air cushion on the
needle opening), respectively, that are created by the needle during the measurement. In
contrast, Drelich et al. (1996) suggested coating the liquid delivery needle, for the sessile
drop method, with a more hydrophobic material to avoid liquid climbing on the needle which
subsequently affect the contact angle measurement by distorting the circular shape of the
drop. However the extent of interference depends on the software used for measurement
and/or calculation of the angle.

Xue et al. (2014) proposed a modified captive bubble method to measure the advancing and
receding contact angles for a series of surface modified aluminium plates with different
hydrophilicity. The samples were placed in a pressure chamber and the size of the air bubble
was altered by pressurized or depressurized the chamber instead of using a needle. This
modified method overcame the limitation of the original captive bubble method by giving
highly reproducible results, eliminated needle interference, and reduced the measurement
errors, but it was not suitable for analyzing a superhydrophobic surface, i.e. the surface with
advancing and receding angle higher than 130° (Xue et al., 2014). However, the applicability
of this modified method to porous surface such as polymeric membrane is still not known as
the pressurizing and depressurizing cycles might compress and decompress the membrane
and subsequently changes the surface properties.

The contact angle could also be done dynamically using a Wilhelmy plate method. Gilron et
al. (2001) used this method to measure the contact angle of surface modified and unmodified
polyamide reverse osmosis membrane to relate the fouling resistance offered by the surface
modified membrane to the membrane hydrophilicity. A change in membrane contact angle
could be related to the adsorption of organic or inorganic compounds onto a membrane
surface. Palacio et al. (1999) modified the Wilhelmy plate method to analyze the initial and
final adsorption processes of protein onto an aromatic polyamide composite membrane by
measuring the receding then advancing contact angles. This method is similar to dynamic
hysteresis analysis. The receding contact angle refers to the angle where the membrane
(membrane was rolled around a rod) was pulled from the protein solution while the
advancing angle is the angle where the membrane was pushed into the protein solution.

The physical (surface roughness) and chemical (composition, surface charge, re-orientation
and mobility of functional groups or adsorbed molecules) heterogeneity of reverse osmosis
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membrane surface can be investigated with dynamic hysteresis analysis (using the Wilhelmy
plate method), which represents the difference between the advancing and receding forces
when the membrane is pushed into or pulled from the a solution (Kim et al., 2012; Lee et al.,
2010a; Lee et al., 2011). Dynamic hysteresis analysis gives surface charge distribution of a
membrane rather than an average surface charge as those measured by zeta potential (Lee et
al., 2011).

2.5.2 Other potential methods
A number of other methods have been used to characterize membranes, but none of the
following were used in the current study.

2.5.2.1 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM) where a
small probe is scanned in a raster pattern across the membrane surface to obtain information
about the surface topography, and the physical, magnetic, or chemical properties of the
membrane. The AFM makes use of cantilever deflection that is caused by the interatomic
forces between the sharp probing tip (usually less than 10 nm diameter) and the membrane
surface to map the surface topography (or other properties of interest). AFM can be used in
either an ambient or liquid environment and no special sample preparation is required
(Boussu et al., 2005; Khulbe et al., 2008).

Gizli (2011) used AFM to analyze the morphological characterization of different cellulose
acetate based reverse osmosis membrane. The membrane surfaces were compared in terms of
roughness parameters, roughness average (
skewness (

) and surface kurtosis (

), root mean square roughness (

), surface

). Other surface morphology and roughness studies

include the analysis of several types of reverse osmosis membranes such as cellulose acetate
membranes, cross-linked and linear aromatic polyamide thin film composite membrane and
aromatic polyamide-urea thin film composite membranes in order to establish a correlation
between surface morphology and membrane performance (Al-Jeshi and Neville, 2006;
Elimelech et al., 1997; Freger, 2003; Kwak et al., 1999; Singh et al., 2011); identify the
alteration of surface characteristics of aromatic thin film composite reverse osmosis
membranes when exposed to solutions with different level of total dissolved solids by using
liquid phase AFM imaging (Yang et al., 2009); identify the changes of membrane surface
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structure resulted from alcohol sorption (Agrawal and Singh, 2012); analysis of the surface
modified membranes (Chen et al., 2008; Freger et al., 2002; Kang et al., 2007); analysis of
hypochlorite degraded polyamide membranes (Kwon and Leckie, 2006); and surface
roughness investigation of polyamide surface that interfacially polymerized onto quartz
crystal microbalance sensors and silicon wafer substrates by a layer-by-layer self-assembly
method (Lin and Cohen, 2011).

Freger (2004) used AFM imaging to determine the thickness, interfacial morphology, and
dimensional changes caused by solvent uptake (swelling effect) of a polyamide active layer.
The image of a wet sample is captured under liquid by using a fluid cell. Vrijenhoek et al.
(2001) found that AFM images of fouled membranes could be used to investigate the
colloidal fouling mechanism that strongly correlated with membrane surface roughness. The
AFM images showed that colloidal particles preferentially accumulate in the valleys of rough
membranes than in smooth membranes at the initial stages of colloidal fouling on thin-film
composite membranes. Fouling behavior due to membrane-foulant and foulant-foulant
interactions between organic foulant and various commercial polyamide thin-film composite
reverse osmosis membranes can be investigated using atomic force microscopy for
interaction force measurement (Lee and Elimelech, 2006; Yang et al., 2010).

2.5.2.2 X-ray photoelectronic spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), could be used to estimate the elemental composition and chemical state of
the elements that exist on the surface of a material. XPS spectra are obtained by irradiating a
beam of X-rays onto the surface of a material while measuring the kinetic energy of
photoelectrons emitted from areas up to 10 nm depth from the surface. The kinetic energy of
the peaks is characteristic of each element and the elemental identity, chemical state, and
quantity of the particular element can be determined from the intensity of its photoelectron
peak (Merrett et al., 2002; Smart et al., 2014).

Tang et al. (2009) and Tang et al. (2007) utilized this technique to identify the chemical and
elemental information for various commercial thin film composite reverse osmosis
membranes as well as the coating or modifying agent present on the membrane surface. It has
also been widely used by researchers to analyze the chemical composition of the modified
and unmodified reverse osmosis membranes (Kang et al., 2007; Zou et al., 2010; Zou et al.,
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2011); chemical composition changes of a hypochlorite degraded polyamide membrane
(Ettori et al., 2011; Kwon and Leckie, 2006); and atomic concentrations of titanium for TiO2
self-assembled aromatic polyamide thin-film composite membranes both before and after
exposure to various cleaning and harsh reverse osmosis operating conditions (Kwak et al.,
2001b). Beverly et al. (2000) found that XPS analysis of fouled membranes could identify the
composition of fouling layers and the surface structure of the membranes, as well as the
fouling mode, i.e. by chemical interaction or deposition.

2.5.2.3 Rutherford backscattering spectrometry (RBS)
Ion distribution or partitioning of heavy element solutes in polyamide thin film composite
reverse osmosis membrane can be investigated by soaked the membranes in aqueous salt
solutions, and freeze drying them to remove water without disturbing the ion distribution
prior to Rutherford backscattering spectrometry (RBS) analysis (Zhang et al., 2007). The
depth resolution is approximately 50 nm and it is influenced by the scattering geometry,
detector resolution, and ion stopping power. The atomic concentration of elements in both the
active layer and support layer is then analyzed by simulation software based on resulted RBS
spectrum.

RBS has a higher penetration depth, which can be more than one thousand nanometers, than
XPS and can be used to determine the depth profile of elemental composition for a thin film
composite membrane. RBS is also able to determine the thickness and roughness of the
membrane active layer (Mi et al., 2006). Coronell et al. (2008) showed the successful
application of RBS to quantify the concentration of protonated amine and deprotonated
carboxylic acid functional groups in the polyamide active layer of FT30 reverse osmosis
membrane using the silver and tungstate ions for probing.

2.5.2.4 Quartz crystal microbalance (QCM)
A quartz crystal microbalance (QCM) is a piezoelectric based mass sensing device with
resolution in the nano scales and is label-free (Hauck et al., 2002; Marx, 2003). Marx (2003)
provided a detailed review on the theory of QCM and its application in studying surface
chemistry and solution-surface interaction for thin polymer films and biochemical system
(Marx, 2003). QCM is generally configured with metal electrodes, which are used to
establish an electric field across the crystal, on both sides of a thin AT-cut quartz wafer with a
diameter of a few tenths in mm (Martin et al., 1991; Marx, 2003). The crystal can be
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electrically excited and will oscillate at its resonant frequency, normally between 5 to 20
MHz, when an alternating electric field is applied between the metal electrodes (Marx, 2003).
The mass changes, as a result of sorption or deposition of solid mass onto the device surface
from a contacting liquid phase, are correlated to frequency changes by Sauerbrey equation
(Lin and Cohen, 2011).

Mineral fouling could be quantified with QCM measurements where the polyamide
membrane ﬁlm was formed by direct interfacial polymerization onto the QCM surface (Lin
and Cohen, 2011). The quantification is based on the crystal surface density of the deposited
mineral and the crystallization rate. Zhang et al. (2009) used QCM in combination with a
frequency counter to measure the mass of absorbed water in the active layer of commercial
thin-film composite polyamide reverse osmosis membrane. The active layers of the
membrane was bonded to a QCM sensor by using polyimide as an adhesion layer while the
polysulfone support layer was removed by dimethylformamide.

2.5.2.5 Surface plasmon resonance (SPR)
Surface plasmon resonance (SPR) is a non-invasive and label-free method to observe the real
time binding interactions (adsorption rate and thickness of adsorbed layer) between an
injected solute and a surface due to its sensitivity towards the changes in the optical
properties of the medium close to the metal surface (Green et al., 1999; Stenberg et al., 1991).
SPR measurement makes use of the shifting in an SPR angle (critical angle of incident light
that reduced the intensity of internally reflected light) when a monochromatic laser light
source is focused onto the metal-coated glass slide (normally 50 nm in thickness) through a
glass prism to observe the adsorption process of components onto the metal surface. The
deposition of components within few hundred nanometers from the metal surface could be
detected (Besenicӑr et al., 2006; Green et al., 1997; Green et al., 1999).

The SPR measurement needs only a small amount of sample due to its high sensitivity to the
changes in refractive index (Besenicӑr et al., 2006; Stenberg et al., 1991). Servoli et al. (2008)
and Sigal et al. (1998) found that SPR could be used to quantify the protein or detergents
adsorption to self-assembled monolayers of alkanethiolates on gold. Stenberg et al. (1991)
proposed a method for the quantification of protein surface concentration from SPR response
and concluded that the change in SPR angle increased linearly with increasing surface
concentration. SPR has also been used for the study of protein adsorption to polymeric
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surfaces (thin polystyrene film) where the adsorption of proteins from both single and
complex protein solutions has been investigated (Green et al., 1997; Green et al., 1999).
Nonetheless, to our best knowledge, SPR has not yet been applied to polyamide membranes
for molecular interaction study.

2.5.2.6 Zeta potential
Membrane zeta potential can be used to examine the surface charge of reverse osmosis
membrane to establish a correlation between chemical properties of membrane surface and
the organic foulant-membrane behaviour (Yang et al., 2010). Zeta potential is the potential
difference between the ions in the stationary interfacial layer that directly adjacent to a
surface (Stern layer) and the dispersed ions in the bulk (diffuse layer), and it can be
determined by the streaming potential technique (Elimelech et al., 1994).

Zeta potential was used to correlate the fouling behaviour of a hydrophilic reverse osmosis
membrane with protein under the influence of pH, ionic strength, cation species and
temperature (Mo et al., 2008); to investigate the hypochlorite degradation of polyamide
membrane at different pH (Kwon and Leckie, 2006); to analyse the alteration of membrane
surface charge of commercial composite polyamide reverse osmosis membranes by surface
modification with methacrylic acid and polyethylene glycolmethacrylate (Belfer et al., 1998)
and by solution chemical composition (Childress and Deshmukh, 1998; Childress and
Elimelech, 1996). It was found that the adsorption and/or deposition of salts, humic acid or
surfactant onto the membrane surface altered its surface charge and the alteration is largely
affected by the solution chemistry.

2.5.2.7 Positron annihilation spectroscopy (PAS)
Positron annihilation spectroscopy (PAS) could be used to determine the sizes and
distributions of free volume in a polymer membrane based on the detection of γ-radiation
emitted from a positron (Huang, 2008; Kim et al., 2005). Fujioka et al. (2015) provided a
detailed review of the positron annihilation spectroscopy technique and its functionality in
assessing the internal structure (free-volume hole-radius and thickness) of the membrane
polyamide active layer. PAS determine a membrane volume size based on the positron
(generated when radioisotope

22

Na decays) lifetime, which is the time needed for a positron

to annihilates and emits a 511 keV γ-radiation, in the membrane. The positron lifetime
increased with increasing volume size, because of the reduction of electron density in larger
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space which subsequently reduced the positron annihilation opportunity (Kim et al., 2005).
PAS can determine the free-volume size of a polymer at an atomic scale (0.2 – 2 nm) and a
wide range of penetration depth (from 0.1 nm to several micrometers depth) (Chao et al.,
2012; Jean et al., 2008). Positron annihilation lifetime spectroscopy (PALS) coupled with
Doppler broadening energy spectroscopy (DBES) is capable of probing the free volume
profiles as a function of depth for the multilayer structure of a polyamide thin-film composite
membrane (Jean et al., 2008).

By using PALS measurement, Kim et al. (2005) found that the thin films of cross-linked
aromatic polyamide reverse osmosis membranes are composed of two types of pores, namely
network pores (τ3) that having a radius range from 0.21 – 0.24 nm and aggregate pores (τ4)
with a radius range from 0.35 – 0.45 nm. PALS coupled with DBES have mainly been used
in the past to study the free volume depth profile in thin-film composite membranes prepared
by interfacial polymerization method with different parameters, such as time, temperature
and pH of membrane preparation process (Jean et al., 2008); prepared by static and dynamic
interfacial polymerization process (An et al., 2012); prepared using poly(tetrafluoroethylene)
supports with different surface properties (Chao et al., 2012); and fouled by calcium sulfate
feed solutions at various pH (Nanda et al., 2011). Huang et al. (2012) also used the
combination of PALS and DBES with slow positron beam techniques coupled with molecular
dynamic (MD) simulation to analyze the volume size and distribution of polyamide thin-ﬁlm
composite membranes in dry or wet conditions.
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3 Validation of Experimental Methods
3.1 Introduction
The aim of this chapter was to evaluate and/or modify the standard experimental protocols
that were used in our laboratory for the fouling and cleaning study of polyamide reverse
osmosis membranes in dairy industry. Previous work had identified the need for consistent
pre-conditioning of membranes including hydration, then acid and caustic cleaning. Each
chemical solution should be circulated in the system for 10 minutes (Jones, 2012). Virgin
membranes were cut from a spiral module and conditioned using combinations of soaking,
caustic and acid solutions in a flat sheet cross-flow laboratory system. The effect of feed
temperature and membrane pre-conditioning on the membrane performance will be addressed.

Membrane flux, J, is defined as the mass flow rate of permeate passing through a unit area of
membrane (kg m-2 s-1). Membrane permeance is defined as the flux divided by TMP
(kg m-2 bar-1 s-1). Permeance is also defined as the flux divided by (

) as given by Van

Wagner et al. (2009). As the osmotic pressure difference between feed and permeate is not
always known and the osmotic pressure could change with concentration polarization and the
development of cake layer, the first definition for permeance was used along with flux in this
thesis. The flux equation (based on the solution-diffusion model) for reverse osmosis with
purified water is given as:
(3.1)
Here

is the effective TMP, bar;

permeate, bar;

is the osmotic pressure difference between feed and

is the dynamic viscosity of permeating fluid, Pa.s;

is the membrane

resistance, bar m3 s2 kg-2 (equivalent to 105 m2 kg-1).

3.2 Materials and apparatus
3.2.1 Commercial reverse osmosis membranes
FT30 thin-film composite (TFC) polyamide (PA) reverse osmosis (RO) membranes from a
DOW HYPERSHELLTM RO-8038/48 element (The Dow Chemical Company, Michigan, US)
were used in this study. The membrane element contains a number of membrane envelopes
wound together around a central tube forming a spiral wound configuration with a 48 mil
(

) spacer. The FT30 membrane consists of three layers as shown in Figure
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3.1, an ultra-thin polyamide barrier layer backed by a microporous polysulfone interlayer,
followed by a high-strength nonwoven polyester support web.

Figure 3.1 Diagram showing the structure of FT30 thin-film composite polyamide reverse
osmosis membrane (Dow, 1998b).
The main characteristics of the reverse osmosis membranes are presented in Table 3.1. Upon
receipt, the membranes were unrolled from the spiral wound element, cut into size of 210 mm
× 170 mm and kept moist in sealed bags at about 4 °C to avoid long term changes.

Table 3.1 FT30 reverse osmosis membranes specifications (Dow, 2011).
Maximum operating pressure, operating
54.8 bar
Maximum operating pressure, short-term cleaning
1 – 5 bar
Maximum operating temperature, pH 2 - 10
50 °C
Maximum operating temperature, above pH 10
35 °C
pH range, continuous operation
2 - 11
pH range, short-term cleaning
1.8 – 11.2
Free chlorine tolerance
Below detectable limits
Hydrogen peroxide limit, continuous operation
20 ppm
Hydrogen peroxide limit, short-term cleaning
1,000 ppm
3.2.2 Water
Purified water with resistivity specified as 10 – 15 MΩ cm (measured to be less than
1.0 μS cm-1) was used in all experiments and was supplied in-house from a Millipore water
purification system (Elix-5, Millipore, USA).
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3.2.3 Apparatus and operating conditions
A SEPA flat sheet membrane system (Sepa® CF, Osmonics, USA), with a filtration area of
134 cm2 and with a feed spacer, was used to simulate spiral wound membranes to measure
the flux and rejection for reverse osmosis membrane. Figure 3.2 shows the process and
instrument diagram for the cross-flow filtration unit.

Figure 3.2 Process and instrument diagram for cross-flow filtration unit.
The flow cell contained a thin flat rectangular channel with dimensions 146 mm length,
95 mm width and 2.42 mm height (without membranes and spacers). The system was
operated at up to 25 bar TMP using a positive displacement Hydra-Cell diaphragm pump
(Wanner Engineering, Inc., USA) with pulsation dampener that reduced the pressure range
to ± 10% of the operating pressure. Unless otherwise specified, the cross flow rate was set to
2.30 L min-1 (pump frequency of 30 Hz) giving a cross flow velocity of 0.2 m s-1. The
maximum cross-flow velocity recommended by the membrane supplier for DOW
HYPERSHELLTM RO-8038/48 element is 0.3 m s-1. The calculation is shown in Appendix
1.1. The temperature of feed solution was maintained at 30 °C by immersing the feed
container in a water bath. The water bath was equipped with a copper cooling coil and a
water bath heater (GD100, Grant Instruments, UK). The dynamics of startup caused
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temperature variations of ± 4.0 °C but the flux was corrected inversely proportionally to the
viscosity of water at the feed temperature. TMP was controlled via a retentate flow control
needle valve and was monitored with concentrate pressure gauge that mounted on the
retentate line. The feed temperature, mass of permeate and applied TMP were recorded by a
data logging unit that was connected to: a PT100 temperature sensor in feed container; a
mass balance for permeate container; and a pressure transmitter respectively. The data
logging unit was set to produce data plots for every 10 seconds. The standard operating
procedure for the cross-flow filtration system is shown in Appendix 1.2.

3.2.4 Membrane pre-treatment
3.2.4.1 Membrane hydration
The polyamide membrane was thoroughly rinsed with purified water and left immersed in
purified water for complete hydration and to remove surface impurity and preservatives prior
to the filtration tests. Different membrane immersion durations, ranging from 0 hour to
72 hours, were tested to identify the duration needed for complete hydration. The immersed
membrane was rinsed with water again before placement in the reverse osmosis rig. The
water flux of the hydrated membrane was measured at TMPs from 1 bar to 25 bar, with
stepwise increments and decrements of 1 bar at a time. The flux at each TMP was measured
for about 10 minutes or until a steady permeation rate was achieved. All the membrane
samples used were obtained from same envelope and thus, the difference in membrane
intrinsic properties such as permeability was minimized. The membranes for 2 hours,
24 hours, 48 hours and 72 hours immersion were from sheet 1, while the membranes for
0 hour, 1 hour, 4 hours and 16 hours immersion were from sheet 2.

3.2.4.2 Temperature effect
The effect of temperature on membrane permeability was examined by measuring the
purified water flux for a membrane at TMPs of 10 bar or 20 bar and temperatures ranging
from 20 °C to 50 °C. The temperature of the feed solution was increased stepwise by 5 °C at
a time from 20 °C to 50 °C. The flux at each temperature was measured until a steady
permeation rate was achieved.

3.2.4.3 Chemical treatment
The membrane, after 1 hour immersion in purified water for complete hydration, was treated
with 0.8% w/w nitric acid (RCI Labscan Limited, Thailand) and 0.5% w/w sodium hydroxide
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(LabServ, Biolab Ltd., Australia) in different sequences in the reverse osmosis rig. The
chemical solutions were circulated in the system for 10 minutes or until a steady permeance
was observed at TMP of 10 bar. Both permeate and retentate were fully recycled into the
feed to maintain the feed concentration. After each solution the system was rinsed
thoroughly with at least 3 litre of purified water, each litre for 5 minutes, until the electrical
conductivity dropped below 25 μS cm-1. The water flux before the membrane pre-treatments
was measured and is termed initial water flux. The permeability and the rejection coefficient
of the membrane after each chemical treatment were measured with purified water and
0.6% w/w sodium chloride (Fisher Scientific Inc., USA) solution, respectively, to investigate
the possible membrane degradation that caused by the chemical if there is any. Unless
otherwise specified, the purified water flux and the sodium chloride rejection were measured
at TMP of 10 bar. The permeance ratio, the ratio between water permeance after each
chemical exposure and initial permeance, was used to indicate the effect of chemicals on
membrane.

For rejection measurements, both permeate and retentate were fully recycled into the feed
container. Conductivity was used to determine concentrations for rejection calculations. The
conductivity meter used in this study was a Lab 960 with conductivity probe LF413T (SI
Analytics GmbH, Mainz, Germany). The rejection coefficient for sodium chloride, , was
calculated using the electrical conductivity of the bulk feed and permeate:
(3.2)
where

is the solute concentration in permeate;

is the solute concentration in feed;

the measured electrical conductivity of permeate; and

is

is the measured electrical

conductivity of feed.

3.3 Results and discussion
3.3.1 Temperature effect
As shown in Figure 3.3, the water permeance increased with increasing feed temperature. An
increase of more than 100% in permeance was observed when the feed temperature was
increased from 20 °C to 50 °C. Similar observation is reported by Goosen et al. (2010),
Panyor and Fabiani (1996) and Kulozik and Kessler (1988a) for purified water and Cadotte et
al. (1980) and Naaktgeboren et al. (1988) for salt solution with spiral wound and tubular

64

membrane element respectively. Goosen et al. (2002) reported a slightly different results
where a minimum permeance was observed at 30 °C for reverse osmosis with water and
sodium chloride solutions in the temperature range of 20 – 40 °C. However, the authors show
that a 60% increase in the permeance was observed when the feed temperature was increased
from 20 °C to 40 °C.

1.6

Permeance (g s-1 bar-1 m-2)

1.4
1.2
1.0
0.8
0.6
0.4
Experimental data
0.2

Viscosity corrected

0.0
0

10

20

30
Temperature ( C)

40

50

60

Figure 3.3 Effect of feed temperature on water permeance at a TMP of 20 bar. The squares
show the permeance predicted from the flux at 30 °C and the viscosity ratio
(Equation 3.4).
Temperature is one of the fixed operating parameter in this study. The dynamics of startup
caused temperature variations of ± 4.0 °C during the run. The permeance need to be corrected
to 30 °C in order to minimize the discrepancy caused by the temperature effect. As given in
literature (Morales et al., 1990; Naaktgeboren et al., 1988), the increase in permeance with
temperature is caused by the decrease in feed viscosity and enhanced diffusivity with
increasing temperature, which in turn increases the flux according to flux equation (Equation
3.1).

For runs with same TMP, feed solution and membrane sample, one may assume the effect of
temperature on membrane permeability is insignificant and the flux is inversely proportional
to the viscosity of permeating fluid (i.e. water) at the feed temperature. The flux at
temperature T, thus, can be corrected with reference to 30 °C by using Equation 3.3.
(3.3)
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Here the subscript 30 refers to the reference temperature of 30 °C while T refers to the
measured feed temperature. Similarly, the water flux at any temperature shall be able to be
predicted with Equation 3.4 if the water flux at reference temperature (i.e. 30 °C in this case)
is known.
(3.4)

Figure 3.3 shows the experimental permeance and the permeance predicted from the flux at
30 °C and the viscosity ratio (Equation 3.4) at temperature in the range of 20 °C to 50 °C.
The viscosity based correlation overestimated the permeance at low temperature and
underestimated the permeance at high temperature. The errors between the experimental
permeance and the permeance estimated with Equation 3.4 are as high as 10.6% at 20.9 °C
and as low as -11.5% at 49.9 °C. The same conclusion can be drawn for experiments that
were performed at a TMP of 10 bar where the errors are 10.4% at 20.5 °C and -13.8% at
49.9 °C (Figure 3.4). This indicates that for large variation in temperature, more specifically
more than 5 °C, the effect of temperature on membrane permeability cannot be accounted by
viscosity of permeating fluid alone. This is in agreement with Goosen et al. (2010) who
suggested that the increase in permeance with increasing temperature is because of the
changes in water viscosity and membrane porosity due to the movement of polymer chains of
the composite polyamide reverse osmosis membrane.
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Figure 3.4 Effect of feed temperature on water permeance at a TMP of 10 bar.
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The effect of operating temperature on membrane resistance at two different TMPs, 10 bar
and 20 bar, are presented in Figure 3.5. The variation in membrane resistance for both 10 bar
and 20 bar runs at the same temperature is assumed to come from variations in the
manufacturing process. Membrane permeability reported by Kulozik and Kessler (1988a) for
a tubular configuration at different operating temperatures are also presented in the form of
membrane resistance in the same figure for comparison purpose. According to Equation 3.1,
the product of membrane resistance and water viscosity is the inverse value of the purified
water permeance. Figure 3.5 reveals that the resistance of polyamide membrane is
temperature dependent. The effect of temperature on membrane resistance is not markedly
affected by either applied TMP or system configuration. Membrane resistance decreased with
increasing temperature at similar trend for both 10 bar and 20 bar TMP as well as for a
tubular configuration.
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Figure 3.5 Effect of feed temperature on membrane resistance.
The temperature dependence of the membrane resistance and the inadequacy of the viscosity
based temperature correction point to the need of a correlation to account for a large
temperature variation during the run. A correlation was established to correct the flux at large
temperature variation based on the experimental data obtained at TMP of 20 bar. This
correlation shall be a useful parameter for temperature compensation in model development.
According to Paul (2004),
̅

(3.5)
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where

is the solvent flux in kg m-2 s-1;

is the diffusion coefficient of solvent in

is the concentration of solvent in membrane, kg m-3; ̅ is the molar

membrane, m2 s-1;

volume of the solvent, m3 mol-1;
membrane thickness, m; and

is the universal gas constant, m3 bar K-1 mol-1;

is the

is the temperature, °C.

̅

̅
(3.6)

̅
Here

is the maximum diffusion coefficient at infinite temperature, m2 s-1; and

is the

―activation energy‖, J mol-1.

For the same operating conditions and same membrane parameters, equation 3.6 can be
rewritten as equation 3.7 by introducing two constants.
(3.7)

where

and

Excel 2010),

were constant determined from the experimental data using Solver (Microsoft
is the membrane permeability, m2 kg-1.

is the temperature in °C; and
at 30 °C

at feed temperature T

(

)
(
(

)
)

(

)
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(3.8)

With this correlation, the permeation rate at temperature T can be predicted if the permeation
rate at 30 °C is known. An equation in similar form and with validity in temperature range of
5 – 41 °C was proposed by Sharma et al. (2003) based on Arrhenius’ equation for polyamide
thin-film composite membranes. Figure 3.6 shows the measured water permeance, the water
permeance corrected in relation to feed viscosity (Equation 3.4) and the water permeance
corrected with established correlation (Equation 3.8) in the temperature range of 20 – 50 °C
and at TMP of 20 bar. The established correlation estimated the water permeance at improved
accuracy, with a maximum error of 5.1% at 50 °C. The accuracy of Equation 3.8 was
examined by using the equation to estimate the water permeance for a run that was performed
at same temperature range but at lower TMP, i.e. 10 bar. Figure 3.7 shows that the water
permeance that corrected with this correlation agreed well with the measured permeance,
with a maximum error of 2.4% at 49.9 °C.

Equation 3.8 is applicable to all polyamide membranes regardless of the membrane
configuration to some extent. Figure 3.8 shows the water permeance for tubular polyamide
membrane at various temperature and TMP. The experimental permeance was obtained from
Kulozik and Kessler (1988a) and the predicted permeance was calculated using Equation 3.8
with the experimental permeance at 30 °C. As shown in Figure 3.8, the correlation is able to
predict the water permeance for tubular polyamide membranes with error less than 10.1%.
The prediction accuracy was higher at lower TMP. The prediction accuracy could be
improved if the constants of Equation 3.7 were calculated from a set of experimental data that
had been obtained at higher TMP.
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Figure 3.6 The viscosity and correlation corrected water permeance at TMP of 20 bar.
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Figure 3.7 The viscosity and correlation corrected water permeance at TMP of 10 bar.
0.06
60 bar - Predicted

0.05

60 bar - Experimental

Permeance (kg m-2 s-1)

50 bar - Predicted
50 bar - Experimental

0.04

40 bar - Predicted
40 bar - Experimental

0.03

30 bar - Predicted
30 bar - Experimental

0.02

20 bar - Predicted
20 bar - Experimental
10 bar - Predicted

0.01

10 bar - Experimental

0
0

10

20

30
Temperature ( C)

40

50

60

Figure 3.8 Effect of feed temperature on water permeance for tubular polyamide membrane.
Experimental data obtained from Kulozik and Kessler (1988a). The predicted
data was calculated using the permeance at 30 °C with Equation 3.8.
It can be concluded that:
1. The maintenance of a constant temperature throughout the filtration tests and the
permeance correction to a reference temperature (30 °C in this study) is required to
account for the permeance variance caused by the temperature variation especially
during startup.
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2. As the feed temperature of the filtration tests in this study was maintained at 30 ±
4 °C, the permeance correction with viscosity based correlation (Equation 3.3) was
adequate to minimize the discrepancy caused by temperature effect.
3. For temperature variation larger than ± 5 °C, the viscosity based correlation was not
sufficient to account for all the temperature effects.

3.3.2 Membrane hydration
Figure 3.9 shows the water permeance for membranes with different immersion durations at
selected TMP. The water permeance of the membrane fell into a consistent range of 0.740 –
0.983 g s-1 bar-1 m-2 for all immersion durations ranging from 0 – 76 hours. This might be
because of the membrane had previously been stored wet and thus, no additional hydration
effect was caused by the membrane immersion. The difference in water permeance after
membrane immersion is thought to be caused by the membrane permeability rather than the
immersion effect. Similar results was reported by Philips (2011) for polyamide membrane
that stored dry with the exception of membrane sample with no immersion. Hydration of
previously dry membranes was shown to have a significant improvement in membrane
permeability (Philips, 2011).
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Figure 3.9 Water permeance for membranes with different immersion duration at selected
TMP. Each immersion time is for a different membrane.
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The membranes were kept moist in sealed bags at 4 °C prior to the filtration tests. By
considering that the moisture content in the sealed bag might change or not be enough to keep
the membrane wet at all time, one hour membrane immersion in purified water was chosen as
a standard procedure for membrane pre-conditioning to ensure complete hydration prior to
the filtration study. Additional immersion duration was unlikely to enhance the membrane
permeability. Membrane immersion in purified water for 72 hours at room temperature did
not cause biofilm formation on the membrane.

Figure 3.10 shows the water flux for membrane after one hour immersion, where the water
flux measurement was performed at TMPs from 1 bar to 25 bar with stepwise increments,
decrements, and then increments again at 1 bar at a time. Linear correlations with similar
gradient were obtained for the water fluxes at increasing TMP, decreasing TMP and the
subsequent increasing TMP. No hysteresis in water flux was observed for the increasing and
decreasing TMP runs suggesting that the membrane was free from any leftover components,
such as the 1.0% w/w sodium metabisulphite preservative solution, that might cause
membrane fouling. Similar results were obtained for different immersion duration.
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Figure 3.10 Water flux at various TMPs for membrane after 1 hour immersion.
Membrane pre-compaction in the reverse osmosis rig at high TMP for certain durations,
ranging from 1 hour to 24 hours, prior to filtration studies was employed by researchers
(Hoang et al., 2010; Richards et al., 2010) to obtain a stable water flux and to improve
reproducibility of the results. Figure 3.10 reveals that the run at TMP up to 25 bar had little or
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no effect on the membrane compaction. After the first cycle of increasing and decreasing
TMP runs, the subsequent increasing TMP run did not show any significant deviation from
the initial water flux. Goosen et al. (2010) reported that no flux hysteresis effect was
observed for the increasing and decreasing TMP runs (up to 50 bar) with pure water at a
given temperature (ranging from 20 °C to 50 °C) for a spiral wound polyamide reverse
osmosis membrane. However, the authors suggested that the membrane was being compacted
at a combination of high temperature and TMP as the pure water permeance decreased
slightly with increasing TMP at feed temperature of 40 °C and 50 °C. Wagner (2001) stated
that the product of the TMP (bar) and operating temperature (°C) should be < 1200 for safe
operation of polyamide membrane. In the current study the maximum value of this product
was 750, i.e. 25 bar × 30 °C.

Figures 3.11 and 3.12 show the water permeance for runs at 10 bar and 20 bar TMPs. The
raw permeance (without correction), viscosity corrected permeance (with Equation 3.3) and
correlation corrected permeance (Equation 3.8) are plotted in the same graph. The collected
permeate was discarded or recycled back into the feed solution at about 3 - 10 minute
intervals causing zero permeance as shown in the graphs.

During the run, feed water was renewed after every 15 minutes of operation to examine the
effectiveness of membrane immersion and quick rinsing in removing the membrane
preservative prior to filtration studies. Without temperature correction, a drop of permeance
was observed whenever there was a replacement of feed solution with a new batch of purified
water, probably because the newly added feed solution had a lower temperature. As the feed
temperature increases, the permeation rate increased. After the permeance was corrected, an
almost constant permeance value was obtained throughout the experimental period for all
batches of water. Renewing the feed solution did not affect the water permeance also
indicating that the immersion and quick rinsing are effective to remove preservative or other
flushable leftover material on membranes.
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Figure 3.11 Water permeance at TMP of 10 bar.
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Figure 3.12 Water permeance at TMP of 20 bar.
The permeance corrections with the water viscosity ratio (Equation 3.3) and with the
correlation (Equation 3.8) are equally good as the range of temperature fluctuation was small.
In the current study the correction of permeance with the water viscosity ratio was chosen to
minimize the discrepancy caused by the feed temperature.

3.3.3 Chemical treatment
The permeance (as defined in Section 3.1) for a run with 0.5% w/w sodium hydroxide and
0.8% w/w nitric acid at a TMP of 10 bar is shown in Figure 3.13. It can be observed that after
about 3 minutes, the sodium hydroxide runs showed a repeated trend where the permeance
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deviated significantly from the initial permeance, either decreased or increased, for a very
short time before returning to its steady permeance. Similar deviation is not recorded for
nitric acid. The cause for the deviation is still unknown. The permeance of sodium hydroxide
and nitric acid run achieved its steady state after about 5 minutes of operation. This indicated
that the membrane treatment with chemicals took effect in about 5 minutes and thus, the 10
minutes treatment time employed in this study was sufficient. A previous study showed that
similar cleaning ability was observed for treatment times from 5 minutes to 30 minutes
(Cooke, 2011).
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Figure 3.13 Permeance for runs with 0.5% w/w sodium hydroxide and 0.8% w/w nitric acid
at 10 bar, 30 °C and 0.2 m s-1.
Figures 3.14 and 3.15 summarizes the permeance ratio and rejection coefficient of two
membranes after runs with water, 0.5% w/w sodium hydroxide, 0.8% w/w nitric acid and
0.6% w/w sodium chloride, in sequence as stated in the graphs, at 10 bar. A few observations
were obtained from both figures:
1. Chemical treatment of polyamide thin-film composite reverse osmosis membrane
with 0.8% w/w nitric acid or 0.5% w/w sodium hydroxide or both in sequence
improved the membrane permeability.
2. The membrane permeability increased dramatically after its exposure to 0.8% w/w
nitric acid, and to a lesser extent after its exposure to 0.5% w/w sodium hydroxide.
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3. Membrane exposure to 0.5% w/w sodium hydroxide tends to reduce the permeability
of the membrane that had been previously treated with 0.8% w/w nitric acid.
4. A consecutive membrane treatment with sodium hydroxide had no additional effect
on the membrane permeability.
5. Membrane treatment with 0.6% w/w sodium chloride solution increased the
permeability of an untreated membrane or membrane that had been previously treated
with 0.5% w/w sodium hydroxide (the effect was very small).
6. Membrane treatment with 0.6% w/w sodium chloride solution reduced the
permeability of membrane that previously treated with 0.8% w/w nitric acid.
7. The rejection coefficient remained the same or improved slightly after membrane
treatment with 0.5% w/w sodium hydroxide, and it dropped significantly after
treatment with 0.8% w/w nitric acid. The drop in rejection coefficient caused by nitric
acid can be recovered to high level by the subsequent sodium hydroxide treatment.
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Figure 3.14 Permeance ratio and rejection coefficient for runs with water, 0.5% w/w sodium
hydroxide, 0.8% w/w nitric acid and 0.6% w/w sodium chloride, in sequence as
stated in graph, at 10 bar, 30 °C and 0.2 m s-1.
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Figure 3.15 Permeance ratio and rejection coefficient for runs with water, 0.5% w/w sodium
hydroxide, 0.8% w/w nitric acid and 0.6% w/w sodium chloride, in sequence as
stated in graph, at 10 bar, 30 °C and 0.2 m s-1.
These observations are in agreement with Nilsson et al. (2008) who observed a slightly
higher water permeance and lower potassium chloride rejection after initial cleaning with
alkaline-salt-acidic clean than acidic-salt-alkaline clean for an aromatic polyamide reverse
osmosis membrane (HR98PP, Alfa Laval). The authors claimed that the difference in
membrane permeability caused by different cleaning sequence was likely to be due to the
greater membrane swelling of the active layer after acidic cleaning than after alkaline
cleaning.

It can be concluded that the polyamide reverse osmosis membrane treatment with low pH
acid improved the membrane permeability of water and solute while high pH bases improved
the membrane permeability of water and/or solute to a much lesser extent. The effect of these
chemicals on the membrane performance was reproducible as consistent observations were
found for the chemical treatment that repeated within the same run (the run for either Figure
3.14 or 3.15) or between the two runs (the runs for both Figures 3.14 and 3.15). The
membrane treatment with 0.8% w/w nitric acid (pH 1.21) or 0.5% w/w sodium hydroxide
(pH 12.94) did not cause damage to the membrane as their effect on the membrane was
reversible. Similar reversible effects of pH on polyamide reverse osmosis membrane
performance was reported by Cadotte et al. (1980), Naaktgeboren et al. (1988), Nilsson et al.
(2008) and Van Wagner et al. (2009).
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The initial water permeance and permeance ratio after membrane treatment with 0.8% w/w
nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse for selected runs at 24
bar are summarized in Table 3.2. Each chemical solution was circulated in the system for 10
minutes with no applied TMP. The permeance ratios listed in column ―0.8% w/w nitric acid
and water rinse‖ are the ratio of water permeance after membrane treatment with 0.8% w/w
nitric acid followed by water rinse to the initial water permeance. The permeance ratios in
column ―0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse‖
refer to the ratio of the water permeance after complete pre-treatment with both nitric acid
and sodium hydroxide to the initial water permeance.

Table 3.2 The initial water permeance and permeance ratio of several membranes after
treatment with 0.8% w/w nitric acid and 0.5% w/w sodium hydroxide for selected
runs at 24 bar, 30 °C and 0.2 m s-1.
Permeance ratio = post treatment permeance/initial permeance
Initial permeance
0.8% w/w nitric acid, water rinse,
0.8% w/w nitric acid and water
(g s-1 bar-1 m-2)
0.5% w/w sodium hydroxide and
rinse
water rinse
0.881
1.181
0.934
1.181
0.904
1.153
1.172
0.907
1.182
0.913
1.216
0.941
1.148
1.182
0.945
1.205
0.970
1.117
0.976
1.204
1.007
1.165
1.177
1.010
1.203
1.018
1.128
1.047
1.150
1.140
1.071
1.161
Average ± standard deviation
1.175 ± 0.030
It was found that the membrane pre-treatment with nitric acid and sodium hydroxide gave a
consistent and reproducible improvement in membrane permeability. The water permeance
improved by about 10% - 20% of the initial permeance after membrane pre-treatment.
Previous research by Tu et al. (2014) showed that the membrane preservative solution of
sodium metabisulphite (at pH 3 or pH 7) altered the membrane surface charge (membrane
became less negatively charged based on zeta potential) and hydrophobicity and subsequently
reduced the water flux and rejection coefficient at pH 7 while increasing the water flux but
reducing the rejection coefficient at pH 3 for a polyamide reverse osmosis membrane. This
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suggested that for the current study, the initial membrane permeability prior to chemical pretreatment might be lower than its true permeability, possibly because of the membrane charge
effect or the initial fouling by the preservative and/or other leftover material on the
membranes. The potential cleaning effect of the acid and caustic treatment can be evidenced
from the further increased in permeability of the acid treated membrane after membrane
treatment with sodium hydroxide, which is in contrast to Figures 3.14 and 3.15.

Figure 3.16 shows the water permeance at increasing TMP from 5 bar to 25 bar for a
membrane before and after pre-treatment with 0.8% w/w nitric acid, water rinse, 0.5% w/w
sodium hydroxide and water rinse. It was shown that the pre-treatment is likely to stabilize
the membrane permeability as the water permeance of the pre-treated membrane remained
almost constant with increasing TMP while the initial permeance increased slightly with
increasing TMP. Membrane compaction during the initial permeability measurement was
thought to be unlikely as one may expect a decrease in water permeance with increasing TMP
for membrane compaction.
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Figure 3.16 Representative water permeance measured at increasing TMP from 5 – 25 bar,
temperature of 30 °C and cross-flow velocity of 0.2 m s-1 for a membrane before
and after chemical pre-treatment.

3.4 Overall discussion
Membrane treatment with nitric acid improved the membrane permeability but reduced the
rejection coefficient slightly. Membrane treatment with sodium hydroxide improved the flux
and maintained its rejection coefficient. Several possibilities were proposed by the
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researchers to account for the changes in membrane performance, include the swelling of the
polyamide active layer after chemical clean (Nilsson et al., 2008); limited hydrolysis of the
polyamide active layer (Kulkarni et al., 1996; Mukherjee et al., 1996); partial or complete
removal of the membrane polyvinyl alcohol (PVA) coating layer (Wang et al., 2013);
alteration of the membrane structure and/or geometry (Benavente et al., 2006), and
adsorption of the chemical cleaning agents on membrane (Al-Amoudi et al., 2007). In
contrast, Cadotte et al. (1980) claimed that the FT30 polyamide reverse osmosis membrane is
resistant to acid or base hydrolysis. Another possibility is the exposure of the surface
functional groups that were previously hidden below the surfaces and/or molecular
rearrangement of the polyamide active layer when it is in contact with chemicals, there does
not seem to be any research to support this idea. Here, the changes in membrane permeability
were thought to be due to the temporary changes in membrane structure and/or charge.

The effect and interaction of chemicals with membrane is still inconclusive as limited studies
have been published describing the influence of chemical treatment on polyamide reverse
osmosis membrane performance, especially the effect of different chemical cleaning agents
on the membrane. However, there is little doubt that the membrane pre-treatment with nitric
acid and sodium hydroxide gave a consistent and reproducible flux improvement without
affecting the membrane rejection coefficient. The chemical effect is reversible showing no
permanent degradation on the membrane performance. The membranes need to be pre-treated
prior to the filtration tests not only to pre-clean the membrane by remove the preservative and
any residual material from manufacturing process, but also to set a benchmark for a clean
membrane for the subsequent fouling and cleaning measurement. It is possible to
overestimate the cleaning efficiency if the flux improvement due to the chemical exposure on
the membrane is not being taken care of.

The pre-treatment that ended with sodium hydroxide could remove the residual positive
charge on the membrane from previous nitric acid treatment and recover the negative
membrane charge prior to filtration tests. FT30 polyamide reverse osmosis membrane has a
membrane isoelectric point of pH 4.74 (Coronell et al., 2008). The deprotonation of
carboxylic group and the adsorption of hydroxide ions in the membrane at pH greater than
the membrane isoelectric point cause the membrane to be negatively charged. The
protonation of amine group in the membrane at pH below the membrane isoelectric point
cause the membrane to be positively charged (Hoang et al., 2010). The concentration of
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deprotonated membrane carboxylic group increases with increasing pH while the
concentration of protonated membrane amine group increases with decreasing pH (Coronell
et al., 2008). The alteration of the membrane and/or membrane surface charge changes the
affinity of feed constituents for the membrane and subsequently alters the fouling mechanism
and composition. Given that all the milk solutions had a pH above the isoelectric point of the
membrane, it seemed sensible to always complete the pre-treatment with a pH above the
isoelectric point.

3.5 Conclusion
The feed temperature needs to be maintained throughout the filtration tests to avoid any
changes on the membrane properties that caused by temperature fluctuation. It was found that
permeance correction with viscosity based correlation is adequate to minimize the
discrepancy caused by small temperature deviations.

Membrane pre-conditioning including hydration and chemical treatment is needed to remove
preservative and initial fouling from membrane prior to filtration test and to set a benchmark
for a clean membrane. A one hour membrane immersion in water followed by 0.8% w/w
nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse was found to give a
consistent and reproducible flux improvement without affecting the membrane rejection
coefficient.

The results show the need for a thorough understanding of the chemical-membrane
interaction and the knowledge of the effects of cleaning chemicals on virgin membranes
before attempting to interpret the results of experiments after fouling and cleaning.
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4 Membrane Performance Characteristics
4.1 Introduction
The aim of this chapter was to assess the effect of chemical-membrane interaction, pH and
concentration on membrane performance. Virgin polyamide reverse osmosis membranes
were exposed to various chemicals in sequence in a flat sheet cross-flow laboratory system.
The fluxes of water and solutions were measured at each stage of the treatment. The rejection
coefficients of different ions at different pH values and TMPs were determined using
conductivity, pH measurements and dissociation constants.

4.2 Experimental methods
4.2.1 Materials and apparatus
4.2.1.1 Commercial reverse osmosis membranes
The detail description of the membrane used in this study is given in Section 3.2.1.

4.2.1.2 Cross-flow filtration unit
The detail description of the SEPA flat sheet membrane system is given in Section 3.2.3.

4.2.2 Membrane preparation
The membrane was thoroughly rinsed with water and left immersed in water for one hour for
complete hydration and to remove surface impurity and preservatives prior to the filtration
tests. The immersed membrane was rinsed with water again before placement in the reverse
osmosis rig.

4.2.3 Effect of ions and pH
The membrane was treated with various chemicals in sequence for at least 10 minutes or until
a steady permeance was obtained at a TMP of 10 bar, feed temperature of 30 °C and crossflow velocity of 0.2 m s-1. Both permeate and retentate were fully recycled into the feed to
maintain the feed concentration by returning the collected permeate into the feed solution
once each 20 – 30 mL of permeate was collected. After each solution the system was rinsed
thoroughly with at least 3 L of water, each litre for 5 minutes, until the electrical conductivity
dropped below 25 μS cm-1. This standard rinsing step is termed water rinse. The purified
water permeance before and after chemical treatments were measured at the same operating
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conditions and are termed initial water permeance and post-chemical water permeance
respectively. Unless otherwise stated, the initial water permeance prior to filtration test was
used as the reference value. The permeance ratio, the ratio between water permeance after
each chemical exposure and initial permeance, was used to indicate the effect of chemicals on
membrane.

Membrane rejection coefficient after each chemical treatment was measured with 0.6% w/w
sodium chloride solution at TMP of 10 bar. Both permeate and retentate were fully recycled
into the feed. Conductivity and pH were used to determine concentrations for rejection. The
pH meter used was a pH 510 (Eutech Instrument, Singapore) with pH probe PolyPlast BNC
(Hamilton, Nevada, United States). The rejection coefficient for sodium chloride and other
salt solutions,

, was calculated using the electrical conductivity of the bulk feed and

permeate according to Equation 3.2. After rejection measurements the system was water
rinsed. The purified water permeance after rejection measurement was measured at the same
operating conditions and is termed post-NaCl water permeance. The chemicals used are
listed in Tables 4.1 to 4.4 according to the experimental sequence.

Table 4.1 The nitric acid, sodium hydroxide and phosphate citrate buffer solutions at various
pH.
Feed solutions
pH
Description
Supplied in-house from a Millipore water purification
Purified water
6.11
system (Elix-5, Millipore, USA).
A solution was prepared by adding 515 mL of 0.2 M
Phosphate citrate
4.92
disodium hydrogen phosphate (Na2HPO4) to 485 mL of 0.1
M citric acid.
Nitric acid
2.95
0.001 M nitric acid solution.
Nitric acid
1.21
0.8% w/w nitric acid solution.
A solution was prepared by adding 205.5 mL of 0.2 M
Phosphate citrate
3.17
disodium hydrogen phosphate to 794.5 mL of 0.1 M citric
acid.
A solution was prepared by adding 823.5 mL of 0.2 M
Phosphate citrate
7.03
disodium hydrogen phosphate to 176.5 mL of 0.1 M citric
acid.
A solution was prepared by adding 972.5 mL of 0.2 M
Phosphate citrate
7.94
disodium hydrogen phosphate to 27.5 mL of 0.1 M citric
acid.
Sodium hydroxide
11.35
0.001 M sodium hydroxide solution.
Sodium hydroxide
12.94
0.5% w/w sodium hydroxide solution.
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Table 4.2 Acids with different anions at pH 3 and sodium hydroxide at pH 11.
Feed solutions
Purified water
0.001 M nitric acid, HNO3
Phosphate citrate (a mixture of 205.5 mL 0.2 M Na2HPO4 and 794.5 mL 0.1
M citric acid)
0.003 M citric acid, C6H8O7 (Sigma-Aldrich Corporation, US)
0.001 M sulphamic acid, NH2.SO3H (Sigma-Aldrich Corporation, US)
0.001 M phosphoric acid, H3PO4 (Sigma-Aldrich Corporation, US)
0.1 M acetic acid, CH3COOH (Merck KGaA, Germany)
0.001 M oxalic acid, COOH-COOH (BDH Laboratory Reagent)
0.001 M hydrochloric acid, HCl (BDH Laboratory Reagent)
0.001 M sulphuric acid, H2SO4 (Ajax Finechem, Fisher Scientific Inc., USA)
0.001 M sodium hydroxide, NaOH
Table 4.3 Sodium salts with different anions at pH 7.
Feed solutions
Purified water
0.6% w/w sodium citrate, Na3C6H5O7 (Merck KGaA, Germany)
0.6% w/w sodium acetate, CH3COONa (Merck KGaA, Germany)
0.6% w/w sodium phosphate, Na2HPO4 (Scharlau, Scharlab SL, Spain)
0.6% w/w sodium nitrate, NaNO3 (BDH Laboratory Reagent)
0.6% w/w sodium sulphate, Na2SO4 (Merck KGaA, Germany)
Sodium phosphocitrate (a mixture of 823.5 mL 0.2 M disodium hydrogen
phosphate and 176.5 mL 0.1 M citric acid)
0.6% w/w sodium chloride, NaCl
Table 4.4 Bases with different cation at pH 11.
Feed solutions
Purified water
0.001 M potassium hydroxide, KOH (R.P. NormapurTM, Prolabo, Paris)
0.001 M lithium hydroxide, LiOH (R.P. NormapurTM, Prolabo, Paris)
0.001 M sodium hydroxide, NaOH
0.066 M Ammonium hydroxide, NH4OH

pH
6.11
2.93
3.04
2.95
2.96
2.92
2.91
2.96
2.97
2.93
11.08

pH
6.11
7.01
7.03
7.01
7.01
6.98
6.98
6.96

pH
6.11
10.99
11.04
11.00
11.03

Runs with 0.6% w/w sodium chloride, sodium acetate, sodium nitrate or ammonium nitrate
(Acros Organics, USA) solutions at various pHs were performed by adjusting the solution pH
(with 0.1 M or 1.0 M of the respective acid) from pH 7 down to pH 2 with a stepwise
decrement of 1 pH or 0.5 pH at a time while measuring the flux and rejection at TMP of
10 bar. The feed solutions were adjusted to pH 7 with respective bases (sodium hydroxide or
ammonium hydroxide) prior to the run. The solution of sodium acetate was used without pH
adjustment as it is basic in nature. An assumption was made that the addition of small amount
of base did not alter the feed concentration. Conductivity and pH were used to determine
concentrations for rejection at each pH. After rejection measurements the system was water
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rinsed. The purified water permeance before and after rejection measurement with pH
modified salt solution were measured at the same operating conditions and are termed initial
water permeance and post-chemical water permeance respectively.

After the pH modified salt run, the rejection properties of the membrane was measured with
unmodified 0.6% w/w sodium chloride solution at TMP of 10 bar, followed by water rinse.
The purified water permeance was measured at the same operating conditions and is termed
post-NaCl water permeance.

For 0.6% w/w ammonium nitrate, the salt rejection in basic region (pH 5.4 to pH 10) was
measured with similar method and the feed pH was adjusted with ammonium hydroxide.

4.2.3.1 Calculation of ionic concentration from pH
Acid or base dissociated in water to form hydrogen ion
conjugate base

or hydroxide ion

(or hydronium ion

and its conjugate acid

) and its

respectively (Segel, 1968).
Reaction 4.1
Reaction 4.2

The concentration of hydrogen ion [

], molarity, in acid solution can be calculated from

solution pH using Equation 4.1. Similarly, the expression of pOH can be used to calculate the
concentration of hydroxide ion [
[

], molarity, for aqueous base solution.

]
[

(4.1)
]

(4.2)
(4.3)

The strength of acid or base in an aqueous solution is represented by its dissociation constant
quantitatively (Segel, 1968). The acid and base dissociation constants are expressed as:
[

][
[

[

(4.4)

]
][

[
Here

]
]

(4.5)

]

is the acid dissociation constant,

concentration of acid and [

is the base dissociation constant acid, [

] is the concentration of base.
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] is the

The Henderson-Hasselbalch equation expresses the relationship between solution pH or pOH
and the dissociation constant of weak acids or bases (Segel, 1968).
[
[

]
]
[
[

(4.6)
]

(4.7)

]

Weak acids and bases dissociate partially in aqueous solution and thus at chemical equilibrium
state, the acid solution consists of a mixture of undissociated acid, hydrogen ion and its
conjugate base while base solution consists of undissociated base, hydroxide ion and its
conjugate acid. Although strong acids and bases dissociate almost completely in aqueous
solution, the composition of each components in the solution at equilibrium state differ one
from another depending on the dissociation constant and solution pH especially for polyprotic
acids and bases. A polyprotic acid or base undergoes more than one dissociation reactions to
form hydrogen or hydroxide, monovalent, divalent, etc. ions and the predominant ions in the
solution are closely related to the solution pH. The afore-mentioned equations were used to
estimate the concentration of each components present in both permeate and retentate by
making use of the measured pH and

or

value from literature. A sample of calculation

for phosphoric acid is illustrated here.

Phosphoric acid is a polyprotic acid having three ionizable hydrogen ions. The dissociation
reactions of phosphoric acid are:
Reaction 4.3
Reaction 4.4
Reaction 4.5
Three relationships are derived based on Equation 4.6:
[
[

]
]

(4.8)

[
[

]
]

(4.9)

[

]

[

(4.10)

]

The total concentration of phosphate ion,
[

]

[

]

is given as:
[

]
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[

]

(4.11)

The final equation needed for the calculation is the difference of calculated and measured pH.
The solution pH is calculated by using Equation 4.1.
(4.12)

The concentration of phosphate ions in any form as well as its total concentration was
estimated by solving Equations 4.8 – 4.12 using Solver, Microsoft Excel 2010. The known
variables are
[

], [

,

,
], [

. The unknown variables are [

and
] and

. The

],

is calculated using Equation 4.1

where the hydrogen concentration is the product of the number of hydrogen ion dissociated
from an acid and the concentration of its conjugated bases. The sum of the squares of all
equation residuals was minimized by changing the concentration of phosphate ions until a
satisfactory solution was obtained.

The acid dissociation constant (

) of nitric acid, phosphoric acid, sulphamic acid, acetic

acid and oxalic acid were obtained from Jencks and Regenstein (1976); hydrochloric acid and
sulphuric acid from Atkins and de Paula (2002); citric acid from Haynes (2014); and
phosphocitrate from Demadis et al. (2001). The base dissociation constant (

) for lithium

hydroxide, sodium hydroxide, potassium hydroxide and ammonium hydroxide were obtained
from Lew (2008).

4.2.3.2 Calculation of ionic concentration from pH and conductivity
A calibration equation was developed to estimate the ions concentration in pH modified and
unmodified sodium chloride, sodium nitrate or ammonium nitrate solution. Salt solutions with
concentrations of 0.6% w/w, 0.2% w/w and 0.06% w/w were prepared and the solution pH
was adjusted to pH 7 with respective bases (sodium hydroxide or ammonium hydroxide). The
solution pH was adjusted stepwise by 0.5 pH at a time from pH 7 down to pH 2 with either
0.1 M or 1.0 M of the respective acid, hydrochloric acid or nitric acid while measuring the
solution conductivity. The volume of the acid added was recorded.
The development of the conductivity equation was based on Kohlrausch’s law of independent
migration of ions which define that for dilute solution consists of strong electrolytes such as
salts, strong acids and strong bases that dissociate completely in solution, each ion contribute
individually to the molar conductivity of the electrolyte irrespective of the nature of other
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associated ions (Atkins and de Paula, 2002). The limiting molar conductivity of an electrolyte
can be defined as the algebraic sum of the limiting molar conductivities of its constituent ions.
The molar conductivity of electrolyte is given as:
(4.13)
(4.14)
where

is the conductivity, mS cm-1;

is the molar concentration, mol L-1; and

limiting molar conductivity, mS L cm-1 mol-1.

is the

is the constant which depends more on the

stoichiometry electrolyte than on its specific identity while the limiting molar conductivity is
the maximum molar conductivity corresponding to the solution with zero concentration or
infinite dilution (Atkins and de Paula, 2002). Based on Kohlrausch’s law:
(4.15)
where

is the number of cations in a formula unit of electrolyte;

in a formula unit of electrolyte;
mS L cm-1 mol-1; and

is the number of anions

is the limiting molar conductivity of cation,

is the limiting molar conductivity of anion.

By combining Equations 4.13 to 4.15, the conductivity of a salt solution is:

( ∑

)

(4.16)

Let
(4.17)
where

is the solution molar concentration;

is the ionic molar concentration; and

constant that relating the ion concentration to solution concentration.

By substituting Equation 4.17 into Equation 4.16,
∑

(4.18)

Equation 4.18 can be re-written into:
∑
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is a

∑
where

( ∑

)

(4.19)

and K is the constant relating the total ionic concentration to solution

concentration.

The constants of

and

, and the limiting ionic conductivity

for a pH modified salt

solution were obtained by minimized the square relative error between the measured and
calculated conductivity (Equation 4.19) for the 0.6% w/w, 0.2% w/w and 0.06% w/w salt
solutions at each pH. The equation solving was performed with Solver, Microsoft Excel 2010.
The assumptions made for the calibration calculation were that the conductivity of ions are
linearly additive; cation concentration is same as the anion concentration in both permeate and
retentate; and the salts and respective acid, or base, dissociated completely in the solution. The
obtained calibration equation was used to estimate the ions concentration in the pH modified
salt solution based on the solution pH and conductivity.

4.2.3.3 Estimation of ionic radius
The thermochemical radius and Stokes radius of the tested cations and anions were estimated
using Kapustinskii equation and Stokes-Einstein equation respectively, and were compared
with the feed rejection coefficient.

4.2.3.3.1 Thermochemical radius
The lattice energy (U0) of ionic crystals is the summation of the Madelung term (UM), the
repulsive energy between the ions (UR), the dispersion energy (London) account for attractive
force between all molecules or ions (UL), the zero-point energy term (UZ) and the permanent
electrical multipole term (UQ) (Waddington, 1959). The Madelung term arises from the
electrostatic interaction (attractions for opposite charges and repulsions for like charge) of all
the ions with a reference ion in the crystal structure (Huheey et al., 1993; Waddington, 1959).

The thermochemical radius of a complex anion can be estimated by using Kapustinskii
equation, which was originally derived to calculate the lattice energy of salts with
complicated structure, by only considered UM and UR (Waddington, 1959). The lattice energy
can be written as
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(

Here

)(

)

(4.20)

is the lattice energy, kJ mol-1;

is the number of ions in the molecule;

Avogadro’s number;
valencies of anion;
crystal, pm;

)(

is the Madelung constant;
is the charge on the electron;

is the valencies of cation;

Goldschmidt ionic radii for coordination number of 6 for cation; and

(dimensionless),

is the

is the equilibrium distance of the ions in

is the Goldschmidt ionic radii for coordination number of 6 for anion;

By taking

is the

is the

is a constant, pm.
kJ pm mol-1

pm and

(Huheey et al., 1993; Waddington, 1959),
(

)(

)

(4.21)

The enthalpies of formation of two salts with same anion
Reaction 4.6
Reaction 4.7
can be calculated by
(4.22)
(4.23)
, kJ mol-1;

Here

is the lattice energy of salt

kJ mol-1;

is the ideal gas constant, kJ K-1 mol-1;

enthalpy of formation of cation
of cation
state;

at gaseous state;

is the temperature, K;

at gaseous state;

,
is the

is the enthalpy of formation

is the enthalpy of formation of anion

is the enthalpy of formation of salt

the enthalpy of formation of salt

is the lattice energy of salt

at solid state; and

at gaseous
is

at solid state.

The thermochemical radii of a complex anion can be calculated using Equations 4.24 and
4.25 if the enthalpy of formation of the solid salts M1X and M2X, enthalpy of formation of
the cations M1+ and M2+ in gaseous state, and the Goldschmidt radii of M1+ and M2+ are
known.
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(4.24)

(

(

)
(4.25)

(

For multivalent salt such as

))

, Reaction 4.6 and Equation 4.22 shall be modified

accordingly.
Reaction 4.8
(4.26)
The enthalpy of formation was obtained from Haynes (2014) while the Goldschmidt radius of
the cations were obtained from Dasent (1982) and Shannon and Prewitt (1969).

4.2.3.3.2 Stokes radius/hydrodynamic radius
The solute radius estimated from Stokes-Einstein equation refers to the effective
hydrodynamic radius of solute-solvent complex resulting from the hydration or solvation of
solute in dilute aqueous solution instead of the radius of the solute itself. For a non-spherical
solute, the Stokes radius is the average radius over the shape (Cussler, 1984).

The Stokes radius can be calculated using the Stokes-Einstein equation which shows the
relationship between molecular movement and diffusion of a spherical particle in liquid
(Miller, 1924). The Stokes-Einstein equation given as:
(4.27)
Here
K;

is the diffusion coefficient, m2 s-1;
is the Stokes radius, m; and

is Boltzmann’s constant, J K-1;

is temperature,

is the dynamic viscosity of solvent, kg m-1 s-1. The

dynamic viscosity was assumed to be the same for all feed solution while the diffusion
coefficient was obtained from Haynes (2014).
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4.2.4 Effect of cross-flow velocity
A run with 0.6% w/w sodium nitrate solution at pH 7 was operated at TMP of 10 bar,
temperature of 30 °C and cross-flow velocities in the range of 0.07 m s-1 to 0.33 m s-1. The pH
of the feed solution was adjusted to pH 7 with 0.1 M sodium hydroxide before the filtration
run. The cross-flow velocity was adjusted by regulating the pump frequency from 10 Hz to
50 Hz giving a cross-flow velocity of 0.07 m s-1 to 0.33 m s-1. During the run, the pump
frequency was adjusted from 30 Hz up to 50 Hz, 50 Hz down to 10 Hz, then 10 Hz up to 30
Hz with stepwise increments or decrements of 10 Hz at a time while measuring the flux and
rejection. Both permeate and retentate were fully recycled into the feed to maintain the feed
concentration. The conductivity and pH were used to determine concentrations for rejection.
After rejection measurement the system was water rinsed. The water permeances before and
after the run were measured at TMP of 10 bar and are termed initial water permeance and
post-chemical water permeance respectively. The experiment was repeated with 0.6% w/w
sodium nitrate solution adjusted to pH 3 (with 1 M nitric acid) and nitric acid solution at pH 3.

4.2.5 Effect of transmembrane pressure and feed concentration
A run with 0.6% w/w sodium chloride solution was operated at TMPs in the range of 1 bar to
25 bar. The applied TMP was increased stepwise by 1 bar at a time from 1 bar up to 25 bar
while measuring the flux and rejection. The conductivity of permeate and retentate was
measured once a steady flux was obtained, and was used to determine the rejection. After
flux and rejection measurement the system was water rinsed. The water flux before and after
the run were measured at similar operating conditions and are termed initial water flux and
post-NaCl water flux respectively. The experiment was repeated with 1.0% w/w, 1.2% w/w
and 1.8% w/w sodium chloride solutions.

4.2.5.1 Calculation of concentration polarization
The concentration polarization for sodium chloride runs was calculated based on the
theoretical and experimental approaches outlined by Schock and Miquel (1987) and
Sutzkover et al. (2000) respectively. The Schock and Miquel (1987) method evaluates the
mass transfer coefficient from mass and heat transfer analogies (Sherwood number) while the
Sutzkover et al. (2000) method evaluates the mass transfer coefficient from the salt induced
reduction in permeate flux.
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According to Schock and Miquel (1987), the hydraulic diameter of a spacer-filled flat
channel is:
(4.28)

where

is the spacer porosity;

volume of the spacer, m3;
thickness, m;

is the specific surface of the spacer, m-1;
is the total volume of the channel, m3;

is the mesh length, m;

is the

is the filament

is the spacer thickness, m; and

is the channel

height, m. The Sherwood number for a spacer filled spiral wound reverse osmosis membrane
is given as:
for

(4.29)

Reynolds number,
Schmidt number,
where

is the channel length;

dynamic viscosity, Pa.s; and

is the bulk cross-flow velocity, m s-1;

is the solution

is the solute diffusivity, m2 s-1. The mass transfer coefficient

for a spacer filled spiral wound membrane,

(m s-1) is:
(4.30)

The concentration polarization equation is given as:
( )
Here

(4.31)

is the flux for a run with salt solution, m s-1;

membrane boundary layer;

is the solute concentration at

is the solute concentration in bulk solution; and

is the solute

concentration in permeate. The concentration polarization for a salt run was calculated with
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Equation 4.31 using the experimental flux and the mass transfer coefficient as given in
Equation 4.30.

For the method of Sutzkover et al. (2000), the evaluation of the salt concentration at the
membrane interface, and hence the mass transfer coefficient, is based on the flux decline
induced by the salt solution as compared to the purified water flux at same TMP and crossflow velocity. The purified water flux and salt flux are given as:
(4.32)
(
where

(

))

is the purified water flux;

is the applied TMP;

(4.33)
is the flux for reverse osmosis run with salt solution;

is the intrinsic membrane permeability;

at membrane boundary layer; and

is the osmotic pressure

is the osmotic pressure of permeate. Combining

Equations 4.32 and 4.33:
(

)

(4.34)

The osmotic pressure of the sodium chloride solution is virtually linearly proportional to the
solution concentration for a considerable range of concentration.
(4.35)
where

is the osmotic pressure of bulk solution.

Combining Equations 4.31, 4.34 and 4.35, the concentration polarization could be written as:
(

)

The mass transfer coefficient

(

(

(4.36)
(g m-2 s-1) is then given as:
(4.37)

))

The salt concentration of bulk and permeate solution were calculated from their conductivity
measurement, and then were used to calculate the osmotic pressure using Equation 2.1. The
purified water flux and salt flux were obtained experimentally, and the concentration
polarization for salt solution was calculated.
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4.2.6 Effect of Quatrozyme®
Previous studies in our laboratory showed that membrane cleaning with Quatrozyme®
reduced the permeability significantly. The Quatrozyme®-membrane interaction was studied
by performing a run with 5% w/w Quatrozyme® solution at TMPs in the range of 2 bar to
25 bar. For Quatrozyme® run 1, the applied TMP was adjusted with stepwise increments,
decrements, and then increments again by 2 bar or 5 bar at a time from 2 bar up to 25 bar
while measuring the flux. Both permeate and retentate were fully recycled into the feed to
maintain the feed concentration. After the Quatrozyme® run, the system was flushed with
1 L of water and rinsed thoroughly. The water fluxes before and after rinsing were measured
at similar operating conditions and are termed initial water flux, water flux after first flush
and water flux after second flush respectively.

For Quatrozyme® run 2, the applied TMP was increased stepwise by 2 bar or 5 bar at a time
from 2 bar up to 25 bar while measuring the flux. After the Quatrozyme® run the system was
flushed with water. Membrane rejection coefficient before and after Quatrozyme® run were
measured with 0.6% w/w sodium chloride solution at TMPs from 6 bar to 25 bar with a
stepwise increment of 2 bar or 5 bar at a time, followed by water rinse. The initial water flux
and the water flux after the last rejection measurement were measured at similar operating
conditions and are termed initial water flux and post-NaCl water flux.

4.3 Results and discussion
4.3.1 Effect of ions and pH
Table 4.5 summarizes the permeance for runs with water (prior to chemical treatment),
chemical solution, water (after rinsing), 0.6% w/w sodium chloride solution and water (after
rinsing) at TMP of 10 bar. The initial water permeance for virgin membrane was used as the
reference value for each chemical treatment. The permeance recorded during runs with
chemicals and 0.6% w/w sodium chloride solutions was lower than the initial water
permeance, probably because of the osmotic pressure of the feed solution and the
concentration polarization effect. The large variation in permeance for chemical runs was
thought to be caused by both pH and osmotic pressure. For example, the membrane
permeability after chemical treatment with nitric acid at pH 1.21 was higher than the
permeability after chemical treatment with nitric acid at pH 2.95. However, the permeance
during the run with nitric acid at pH 1.21 was lower than at pH 2.95, probably because of the
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nitric acid at pH 1.21 had higher concentration and thus, had higher osmotic pressure than at
pH 2.95. The membrane had the highest permeability and lowest rejection coefficient after
being treated with nitric acid at pH 1.21.

Table 4.5 Permeance and sodium chloride rejection coefficient of membrane treated with
nitric acid, sodium hydroxide and phosphate citrate buffer solution at different pH
(results based on experimental sequences).
Permeance (g s-1 bar-1 m-2)
Sodium
Post
Post
pH
Solution
chloride
Initial Sodium
Chemical chemical
NaCl rejection
water
chloride
- water
water
6.11
4.92
2.95
1.21
3.17
7.03
7.94
11.35
12.94

Water
Phosphate citrate
Nitric acid
Nitric acid
Phosphate citrate
Phosphate citrate
Phosphate citrate
Sodium hydroxide
Sodium hydroxide

0.876
0.900
0.939
0.890
0.977
0.946
1.001
0.992
0.998

0.261
0.825
0.592
0.386
0.142
0.058
0.953
0.397

0.873
0.898
0.998
0.930
0.961
0.970
0.985
0.888

0.432
0.424
0.439
0.493
0.484
0.463
0.485
0.497
0.444

0.900
0.939
0.890
0.977
0.946
1.001
0.992
0.998
0.906

98.5%
97.0%
97.2%
94.7%
95.5%
97.6%
98.1%
97.0%
98.3%

Figure 4.1 shows the permeance ratio of water after the chemical runs at different pH. The
membrane treatment with 0.8% w/w nitric acid (pH 1.21) and 0.5% w/w sodium hydroxide
(pH 12.94) again showed a similar trend to that reported in Chapter 3 where an increase in
membrane permeability was observed after membrane treatment with nitric acid
accompanying with a slight decrease in membrane permeability after rejection measurement.
Sodium hydroxide reduced the permeability of the membrane that had been previously
treated with chemical at a low pH while the subsequent rejection measurement improved the
membrane permeability slightly. The effect of nitric acid and sodium hydroxide on
membrane performance decreased with decreasing chemical concentration. The membrane
permeability increased slightly with increasing pH in the range of pH 3 – pH 11.4 with the
exception of pH 4.9 for phosphate citrate buffer solution. This might be because of the
phosphate citrate buffer solution at pH 4.9 was not able to remove the initial membrane
fouling as effectively as low pH acid, and the membrane permeability was still lower than the
true permeability. The effect of pH on water flux is rather inconclusive as different flux
behaviours with relation to pH have been reported (Cadotte et al., 1980; Kezia et al., 2014;
Naaktgeboren et al., 1988; Richards et al., 2010; Riley et al., 1976; Van Wagner et al., 2009).
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Figure 4.1 Permeance ratio, a ratio of water permeance after membrane treatment with
chemical (post chemical) and after sodium chloride rejection measurement (post
NaCl) to the initial water permeance, for chemical treatment with nitric acid,
sodium hydroxide and phosphate-citrate buffer solution at various pH. The
uncertainties are shown in the two data points with ± 2 standard deviations
which are based on the data in Figures 3.14 and 3.15.
Figure 4.2 shows the data from Table 4.5 for rejection coefficients of membranes, measured
with 0.6% w/w sodium chloride solution, after membrane treatment with chemicals with
different pH. The rejection coefficient increased with increasing pH with the main exception
being sodium hydroxide with pH 11.35. As seen in Table 4.5, the membrane had the highest
rejection coefficient before the chemical treatment possibly because of the initial fouling
(contamination formed during membrane fabrication or caused by preservative solution)
and/or membrane charge of the virgin membrane which caused a lower solute permeability.
The rejection coefficient of the membrane after treatment with low concentration nitric acid
(pH 2.95) was a little higher than the rejection coefficient after treatment with phosphate
citrate buffer solution at pH 3.17. This might be because of the concentration of nitric acid at
pH 2.95 was too low to cause a pronounced changes to the membrane. The same reason is
applicable to the sodium hydroxide at pH 11.35. The effect of pH on membrane performance
is reversible as the rejection coefficient was recovered back to 98.3%, as compared to 98.5%
for virgin membrane, after the run with 0.5% w/w sodium hydroxide following the series of
membrane exposure to chemicals at lower pH.
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Figure 4.2 Reverse osmosis membrane rejection, measured with 0.6% w/w sodium chloride
solution at 10 bar, 30 °C and 0.2 m s-1, after treatment with nitric acid, sodium
hydroxide and phosphate-citrate buffer solution at various pH.
The permeance ratio and rejection coefficient for runs with 0.6% w/w sodium salts adjusted
to pH 7 (with 1 M sodium hydroxide or 1 M acid) and with various acids at pH 3 at TMP of
10 bar are summarized in Table 4.6. The water permeance obtained for the membrane after
sodium chloride rejection was used as the reference value for the next chemical treatment. At
pH 3, membrane treatment with the studied chemicals increased the membrane permeability
and reduced the rejection coefficient. The water permeance improved about 6% after the
virgin membrane was exposed to nitric acid at pH 3, probably because of the initial cleaning
and/or pre-conditioning (charge alteration and/or swelling) of the membrane that caused by
the chemical. The subsequent chemical treatments did not improve or reduce the water
permeance significantly as the membrane charge and/or swelling condition were about the
same.

The rejection coefficient reduced to 94.8% and 94.9% with little or no permeability
improvement after the runs with both acetic acid and phosphate citrate at pH 3. This
suggested that these chemicals changed the membrane by increasing its permeability for
sodium chloride salt but not for water. Feed solutions with a single anion of either phosphate
(phosphoric acid) or citrate (citric acid) did not lower the membrane rejection coefficient as
those reported for the buffer solution that consists of both anions (phosphate and citrate),
possibly because of the inter-particle interaction or the higher concentration of phosphate and
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Table 4.6 Permeance ratio of runs with 0.6% w/w sodium salts at pH 7 or acids at pH 3 and the subsequent rejection
0.6% w/w sodium chloride solution.
Permeance ratio
Post chemical Anions
Initial - water
Chemical
Sodium chloride
Post NaCl - water
water
pH 3
pH 7
pH 3
pH 7
pH 3
pH 7
pH 3
pH 7
pH 3
pH 7
Initial
1.00
1.00
0.52
0.52
1.07
1.08
Nitrate
1.00
1.00
0.99
0.63
1.06
1.01
0.50
0.49
1.04
0.98
Phosphate citrate
1.00
1.00
0.42
0.70
1.00
0.97
0.49
0.47
0.98
0.99
Citrate
1.00
1.00
0.96
0.73
0.99
0.99
0.50
0.49
1.02
1.03
Sulphamate
1.00
0.98
1.01
0.48
1.00
Phosphate
1.00
1.00
0.99
0.63
1.00
1.00
0.49
0.47
1.01
1.01
Acetate
1.00
1.00
0.83
0.58
1.01
1.00
0.50
0.48
0.99
1.01
Oxalate
1.00
0.96
1.02
0.49
1.01
Chloride
1.00
1.00
0.97
0.47
1.00
1.01
0.48
0.48
0.99
1.00
Sulphate
1.00
1.00
0.98
0.67
1.01
1.02
0.49
0.48
0.99
1.03
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measurement with
Sodium chloride
rejection
pH 3
96.3%
95.2%
94.9%
95.9%
96.0%
96.1%
94.8%
95.9%
95.8%
95.9%

pH 7
97.3%
96.4%
96.6%
96.9%
96.6%
96.6%
96.2%
96.1%

citrate ions in the buffer solution which enhanced the interaction between membrane and
phosphate citrate. The phosphate citrate buffer solution consists of about 0.041 M of
phosphate and 0.079 M of citrate. Phosphoric acid at pH 3 consists of about 0.001 M of
phosphate while the citric acid at pH 3 consists of about 0.003 M of citrate.

At pH 7, membrane permeability improved slightly after the runs with 0.6% w/w sodium
salts of sulphate, chloride and nitrate. Phosphate and citrate ions together reduced the
membrane permeability slightly. The rejection coefficient was not affected by the feed
solution at pH 7, which was about 96.1% - 96.9%.

The permeability of the membrane increased after the run with nitrate ion, at both pH 3 and
pH 7, but decreased after the chemically treated membrane underwent the sodium chloride
rejection measurement. This is consistent with previous observations. It was found that nitrate,
phosphate citrate and acetate at pH 3 reduced the membrane rejection coefficient for
unmodified 0.6% w/w sodium chloride solution but not at pH 7. A conclusion can be drawn
that the anions in the feed solution play a major role in altering the membrane performance
and the chemical-membrane interaction are pH dependent. Similarly, Kulkarni et al. (1996)
reported that immersion of aromatic polyamide thin-film composite reverse osmosis
membrane (HR95PP and HR98PP) in hydrochloric acid increased both the flux and salt
rejection while immersion in acid with larger anionic groups such as phosphoric acid, nitric
acid and sulphuric acid increased the flux but not the rejection coefficient. The improvement
in flux and/or rejection coefficient depends on the acid concentration and exposure time
(Kulkarni et al., 1996).

Table 4.7 lists the molecular weight, Stokes radius, thermochemical radius, diffusion
coefficient and anions rejection for runs with various 0.6% w/w sodium salts at pH 7 and
acids at pH 3. The anion rejections at pH 7 were calculated based on the measured
conductivity of feed and permeate, while the anion rejections at pH 3 were estimated from the
measured pH of feed and permeate considering the dissociation constant of each acid
(Section 4.2.3.1). The complete table of the concentrations and rejection coefficients for each
anion at pH 3 is included in Appendix 2.1. The anion rejection at pH 3 represents the total
rejection of the anion in all forms such as undissociated acid, monovalent ion, divalent ion,
etc. that exist in the solution. The Stokes radius of the anions were calculated as described in
Section 4.2.3.3.2 while the thermochemical radius were calculated as described in Section
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Table 4.7 The permeance, molecular weight, Stokes radius, thermochemical radius, diffusion coefficient and rejection of anions during runs
with various 0.6% w/w sodium salts at pH 7 and acids at pH 3.
Permeance during
Anion
Diffusion
ThermoAnion rejection
chemical exposure
molecular
Stokes radius
coefficient in
Anion
Molecular formula
chemical
(g s-1 bar-1 m-2)
weight
(pm)
water at 25 °C
radii (pm)
-1
-5
2 -1
(g mol )
(10 cm s )
pH 3
pH 7
pH 3
pH 7
Nitrate
NO362.01
128.9
192.7
1.90 a
33.9% 93.1%
0.998
0.673
255.4 (H2PO4-)
0.96 (H2PO4-) b
Phosphate
PO4395.00
322.6 (HPO42-)
235.9
0.76 (HPO42-) b
92.6% 99.5%
1.032
0.662
33- b
297.5 (PO4 )
0.82 (PO4 )
COO-CH2COH(COO-)
Citrate
189.12
393.6
235.9
0.62 b
98.3% 99.6%
0.983
0.739
CH2COOSulphamate H2NSO396.10
190.7
131.8
1.29 b
86.4%
1.032
a
Acetate
CH3COO
59.05
225.1
163.9
1.09
40.4% 97.1%
0.877
0.607
b
Oxalate
COO COO
88.03
248.4
149.9
0.99
68.7%
0.998
Chloride
Cl35.46
120.7
189.9
2.03 a
40.2% 97.5%
1.019
0.504
1.39 (HSO4-) b
Sulphate
SO4296.08
230.2
268.7
92.8% 99.6%
1.025
0.703
1.06 (SO42-) a
Phosphate
COO-CH2COPO3295.00
297.6
235.9
74.5% 99.6%
0.442
0.759
citrate
(COO-)CH2COONote: a - Cussler (2009); b - Haynes (2014).
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4.2.3.3.1. The molecular weight and radius of the phosphate citrate was assumed to be similar
to the molecular weight and radius of the phosphate which has a smaller size than citrate.

The anion rejections as a function of molecular weight, Stokes radius, thermochemical radius
and feed concentration for runs with 0.6% w/w sodium salts adjusted to pH 7 (with 1 M
sodium hydroxide or 1 M acid) and with various acids at pH 3 are plotted in Figures 4.3 to
4.7 respectively. The diffusion coefficient influenced the anion rejection in the same way as
Stokes radius did as the Stokes radius of the anions were calculated using the diffusion
coefficient. Both feed pH and feed constituents are shown to have a decisive influence on the
ion rejection coefficient. The anion rejection for each chemical at pH 3 was lower than at pH
7, probably because of the lower membrane negative charge at pH 3 than at pH 7 which
subsequently reduced the Donnan exclusion between the membrane and the anions at pH 3.
At neutral pH values the rejection of many salts (sodium citrate, phosphate, sulphate) was
found to be greater than 99%, but sodium nitrate had a rejection of 93% while both sodium
acetate and chloride had a rejection of 97%. The anion rejection at pH 7 was independent on
the molecular weight, Stokes radius and thermochemical radius of the anions. Lipp et al.
(1994) suggested that the anion rejection for polyamide membrane at pH 6 – 7 is closely
related to the ion valences and their hydrated radii. The authors also reported an increase in
solute rejection in the order of nitrate, chloride and sulphate.
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Figure 4.3 Anion rejections as a function of molecular weight for runs with 0.6% w/w
sodium salts adjusted to pH 7 and with various acids at pH 3 at cross-flow
velocity of 0.2 m s-1, temperature of 30 °C, and TMP of 10 bar.
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Figure 4.4 Anion rejections as a function of Stokes radius for the same runs as Figure 4.3.
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Figure 4.5 Anion rejections as a function of thermochemical radius for the same runs as
Figure 4.3.
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Figure 4.6 The effect of total concentration of both dissociated and undissociated acid feed
solutions at pH 3 on the anion rejection for the same runs as Figure 4.3.
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Figure 4.7 The effect of total concentration of both dissociated and undissociated acid feed
solutions at pH 3 on the anion rejection for the same runs as Figure 4.3 in the
concentration region of 0 – 2.5 × 10-3 mol L-1.
At pH 3, the nitrate ion rejection was measured to be 34%, and, for a range of solutes, a fairly
good correlation between molecular weight or Stokes radius and rejection was obtained. No
correlation between the thermochemical radius and rejection for anions was found. The
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correlation between molecular weight and anion rejection coefficient was also reported by
Hausmanns et al. (1996) and Laufenberg et al. (1996) for binary solution consists of
carboxylic acid and water and Schutte (2003) for linear alcohols and phenols.

The anion rejection of phosphate citrate solution was lower than the rejection of phosphate
and citrate alone, possibly because of the inter-particle interaction which reduces the
repulsion effect between membrane and phosphate citrate and eventually allows more anion
to permeate through it. Similar observations were reported by Hausmanns et al. (1996) and
Laufenberg et al. (1996) for ternary and quaternary carboxylic acid solution where the
rejection is largely dependent on the inter-particle interaction in the solution. Another
possible reason is the higher concentration of phosphate and citrate ions in the buffer solution
than the concentration of phosphate and citrate in their acid solution. The concentration
estimation based on solution pH is likely to underestimate the actual concentration of
phosphate citrate buffer solution. The buffer solution consists of about 0.041 M of phosphate
and 0.079 M of citrate (for complete dissociation) rather than the 0.0008 M (as shown in
Figure 4.7) that estimated based on solution pH.

Strong acid dissociated completely in aqueous solutions at pH 3. For weak or polyprotic acid
which dissociated partially at pH 3, the solution shall consist of a mixture of undissociated
acid and anions with different valency depending on their dissociation constants. In this
study, acids with different concentrations were needed to maintain the solution at pH 3. For
example, 0.001 M of sulphuric acid and 0.1 M of acetic acid both have a solution pH of 3. As
revealed by Figure 4.6, the low rejection of acetate ion at pH 3 was thought to be due to the
high solute concentration of the feed solution. At pH 3, the undissociated acetic acid
dominated the solution as the acetic acid has a

value of 4.76. A large amount of acid was

needed to maintain the solution at pH 3. The low rejection of acetate by polyamide reverse
osmosis membrane at acidic pH was also being reported by Laufenberg et al. (1996) where
the rejection of binary solution consists of acetic acid and water was about 41.8% - 46.6% for
feed concentration ranged from 50 mmol L-1 (pH 1.3) to 10 mmol L-1 (pH 2). However, it is
thought that the concentration effect is not the only reason for the low acetate rejection at pH
3 as a slightly lower rejection coefficient for acetate was also reported at pH 7.

Figure 4.7 shows the effect of solution concentration on the anion rejection in the
concentration range of 0 – 2.5 × 10-3 mol L-1. Although citric acid had a higher concentration
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than other acid solutions, its rejection coefficient was higher than other, probably because of
its large molecular weight and/or Stokes radius. Sulphate had a higher rejection coefficient as
its concentration was the least among all the tested solution. Apart from that, Hoang et al.
(2010) also reported that the rejection coefficient of sodium sulphate was higher than the
rejection coefficient of sodium chloride in the pH range of 3 – 10 which is consistent with
Donnan theory of dielectric exclusion and the larger size. The authors suggested that the
membrane might have a lower isoelectric point and thus, the membrane is still negatively
charged at pH 3.

The rejection coefficient of phosphate is one of the highest for all the tested anions, probably
because of its higher Stokes radius and the solute interaction. The major anion existing in the
phosphoric acid solution is the monovalent anion (H2PO4-) due to its

values (2.12, 7.21

and 12.32). The rejection coefficient of oxalate, chloride and nitrate seems to be affected by
the combined effect of concentration and Stokes radius and/or molecular weight. The
considerably high rejection of sulphamate might be because of the presence of additional
functional group (amine) in the anion which affects its rejection through solute-solute and/or
solute-membrane interaction. This hypothesis was adapted from Laufenberg et al. (1996) and
Hausmanns et al. (1996) who observed a higher rejection for aromatic carboxylic acids with
more carboxylic groups and the alteration of organic solute rejection in ternary and
quaternary solutions which probably influenced by the solute functional groups. However,
this hypothesis has still not been proved.

In conclusion, the anion rejection at neutral pH was independent of the molecular weight,
Stokes radius (and/or diffusion coefficient) and thermochemical radius of the anions. A fairly
good correlation between molecular weight or Stokes radius and rejection coefficient was
obtained for a range of solutes at pH 3. Apart from molecular weight and size, the rejection
coefficient is thought to be closely related to the ion valences (Lipp et al., 1994), solution
concentration, functional groups and/or inter-molecular interaction especially for solution
with multiple ions (Hausmanns et al., 1996; Laufenberg et al., 1996), ion structure (Schutte,
2003) and the degree of dissociation especially for polyprotic and weak acids and bases
(Naaktgeboren et al., 1988). Some of the parameters might have more pronounced effect than
the others depending on the feed composition and solution pH.
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Table 4.8 summarizes the permeance ratio and the rejection coefficient for runs with various
bases at pH 11 and TMP of 10 bar. The water permeance obtained for the membrane after
sodium chloride rejection was used as the reference value for the next chemical treatment. A
great improvement in membrane permeability was found after the run with potassium
hydroxide. The subsequent chemical runs had an additive effect on the membrane
permeability, although the improvement was less pronounced than the first chemical run.
Sodium chloride rejection of greater than 96% was calculated for the chemically treated
membrane for all bases at pH 11. It is reasonable to hypothesize that the bases used had
similar effect on the membrane performance. The significant permeability improvement
caused by the potassium hydroxide is likely to be due to the cleaning effect and/or charge
changes on the virgin polyamide membrane.

Table 4.8 Permeance ratio for runs with bases at pH 11 and the subsequent rejection
measurement with 0.6% w/w sodium chloride solution.
Permeance ratio
Sodium
Post
Post
Solution
chloride
Initial Sodium
Chemical chemical
NaCl rejection
water
chloride
- water
water
Potassium hydroxide
Lithium hydroxide
Sodium hydroxide
Ammonium hydroxide

1.00
1.00
1.00
1.00

1.03
0.89
0.96
0.99

1.07
1.02
1.02
1.02

0.51
0.48
0.48
0.47

1.07
1.01
1.01
1.01

96.6%
96.6%
96.3%
96.6%

The molecular weight, Stokes radius, thermochemical radius and the cation rejection for
various bases at pH 11 are listed in Table 4.9. The cation rejections were estimated from the
measured feed and permeate pH considering the dissociation constant of each base. The
complete table of the concentration and rejection coefficient for each cation at pH 11 is
included in Appendix 2.1. An almost complete rejection, more than 99%, was obtained for
most of the studied cations (potassium, lithium and sodium) at pH 11 except ammonium
which had a rejection of 8.5%. As shown in Figures 4.8 – 4.10, no conclusive observation can
be drawn between the cation rejection and the molecular weight, Stokes radius or
thermochemical radius. The rejection of potassium, lithium and sodium cations are fairly
constant regardless of the difference in molecular weight, thermochemical radius or Stokes
radius. The low rejection of ammonium is likely to be because of its relatively higher
concentration than other feed solutions and the domination of small uncharged ammonia in
the feed solution at pH 11. The

value of ammonium hydroxide is 4.75 and thus, it
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dissociated partially at pH 11. The total concentration of ammonium hydroxide, both
dissociated and undissociated, in the feed solution is about 0.066 M, compared to other bases
with concentration of about 0.001 M. The small uncharged ammonia is likely to form
hydrogen bonding with water and readily permeated through the membrane with water flux
by convection and thus, a low rejection is expected.

Table 4.9 The permeance, molecular weight, Stokes radius, thermochemical radius, diffusion
coefficient (Cussler, 2009) and rejection of cations for runs with various bases at
pH 11.
Diffusion
Permeance
Cation
ThermoMoleStokes
coefficient
during
molecular
chemical
Cation
Cation
cular
radius
in water at
chemical
weight
radii
rejection
formula
(pm)
25 °C (10-5
exposure (g
-1
(g mol )
(pm)
cm2 s-1)
s-1 bar-1 m-2)
Potassium
K+
39.10
125.3
137.0
1.96
99.96%
1.071
+
Lithium
Li
6.94
238.3
59.0
1.03
99.97%
0.982
Sodium
Na+
22.99
183.8
99.0
1.33
99.94%
1.061
Ammonium
NH4+
18.03
125.3
137.0
1.96
8.54%
1.105
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Figure 4.8 Cation rejections as a function of molecular weight for runs with various bases at
pH 11 at cross-flow velocity of 0.2 m s-1, temperature of 30 °C, and TMP of 10
bar.
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Figure 4.9 Cation rejections as a function of Stokes radius for the same runs as Figure 4.8.
120%
100%

Cation rejection

Lithium

Sodium

Potassium

80%
60%
40%
20%
Ammonium
0%
0

20

40

60
80
100
120
Thermochemical radius (pm)

140

160

Figure 4.10 Cation rejections as a function of thermochemical radius for the same runs as
Figure 4.8.
Figure 4.11 shows the effect of feed pH on permeance for runs with 0.6% w/w sodium
chloride, sodium acetate, sodium nitrate and ammonium nitrate solutions. The water
permeance for sodium chloride run was fairly constant showing a slight decrease with
increasing feed pH. This observation agreed well with those reported by Riley et al. (1976)
and Naaktgeboren et al. (1988). In contrast, Cadotte et al. (1980) reported a slightly
increasing water permeance with increasing feed pH (pH 2 – pH 12) while Van Wagner et al.
(2009) reported that the water permeance was independent of feed pH (pH 4.5 – pH 9.5).
Nilsson et al. (2008) also reported that the water permeance increased with increasing pH for
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pH below 5 and remained almost constant for the rest of the pH for a run with potassium
chloride.

Unlike sodium chloride, the water permeance of sodium nitrate increased with increasing
feed pH over the acidic pH range. Ammonium nitrate, having a similar anion as sodium
nitrate, exhibited a similar trend in water permeance as those reported for sodium nitrate. This
suggested that the effect of anion on the water permeance at different feed pH is more
pronounced than the effect of cation for the studied chemicals. Over the tested pH range, the
water permeance of sodium acetate increased slightly with decreasing pH from pH 8.29
(initial solution pH without adjustment) to pH 6, then dropped dramatically from pH 5 to pH
3. The decrease in water permeance is probably because of the increase in concentration and
osmotic pressure of the feed solution, which subsequently reduced the effective TMP. The
calculated osmotic pressure for 0.6% w/w, 0.2% w/w and 0.06% w/w sodium acetate solution
with pH in the range of 8.2 to 3 is shown in Figure 4.12. The osmotic pressure was fairly
constant for pH greater than 5, but increased dramatically for pH less than 5. The increment
of osmotic pressure at acidic pH range was more pronounced for feed solution with higher
concentration. If permeance values including osmotic pressure as given by Van Wagner et al.
(2009) (refer to Section 3.1) were used, the permeance would be more consistent.
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Figure 4.11 Effect of feed pH on runs with 0.6% w/w sodium chloride (NaCl), sodium
acetate (NaAc), sodium nitrate (NaNO3) and ammonium nitrate (NH4NO3) at
cross-flow velocity of 0.2 m s-1, temperature of 30 °C, and TMP of 10 bar.
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Figure 4.12 Calculated osmotic pressure for the calibration data of 0.6% w/w, 0.2% w/w and
0.06% w/w sodium acetate solution.
As shown in Figure 4.13, the feed rejection calculated from electrical conductivity decreased
with decreasing feed pH for all salt solutions, consistent with Figure 4.2. The possible
mechanism will be discussed later. The reduction in feed rejection was more pronounced at
pH less than 4. Similar observation is reported in literature where sodium chloride rejection
decreases at pH below 5 (Cadotte et al., 1980; Naaktgeboren et al., 1988). By considering the
concentration polarization effect, Van Wagner et al. (2009) reported that the true sodium
chloride rejection coefficient increased with increasing feed pH in the range of pH 4.5 – 9.5.
In contrast, Nilsson et al. (2008) reported a minimum rejection coefficient at pH 5 for a run
with 20 mM potassium chloride in the pH range of 3.5 – 8 after the polyamide membrane was
cleaned with alkaline-acidic clean (at pH 11.5 and pH 1.7 respectively) at 40 °C.

For sodium acetate, the decrease in feed rejection at low pH might be because of the increase
of solute passage through the membrane and/or the decrease in water permeance as the
osmotic pressure increased with decreasing pH due to the addition of acid. For sodium
chloride, the decrease in feed rejection at low pH probably caused by the increase of feed
passage through the membrane as the water permeance was fairly constant over the tested pH
range. For sodium nitrate and ammonium nitrate which behave similarly over the tested pH
range, the decrease in feed rejection at low pH might be due to the increase of feed passage
through the membrane and/or the decrease in water permeance to a lesser extent. Similarly,
Richards et al. (2010) found that the rejection of nitrate remained relatively constant at pH
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above the membrane isoelectric point. As a conclusion, the membrane performance is
depends on both feed pH and feed constituents.
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Figure 4.13 Effect of feed pH on rejection for 0.6% w/w sodium chloride (NaCl), sodium
acetate (NaAc), sodium nitrate (NaNO3) and ammonium nitrate (NH4NO3) at
cross-flow velocity of 0.2 m s-1, temperature of 30 °C, and TMP of 10 bar.
Figures 4.14 and 4.15 provide an overview for the permeance and rejection of 0.6% w/w
ammonium nitrate (NH4NO3) over the pH range from 2 to 10. Two experiments were
performed, each with a new membrane and feed solution. The pH of the feed solution was
adjusted with nitric acid for acidic pH range (pH 7 to pH 2) and ammonium hydroxide for
basic pH range (pH 5.43 to pH 10). The rejection of ammonium nitrate at basic pH range was
fairly constant. This result was as expected because the membrane isoelectric point is 4.7 and
thus, the membrane is negatively charged throughout the basic pH range. Although two
different set of experiments were performed for both acidic and basic pH range, the results fit
reasonably well and the rejection trends are continuous.
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Figure 4.14 Effect of feed pH on runs with 0.6% w/w ammonium nitrate (NH4NO3) at crossflow velocity of 0.2 m s-1, temperature of 30 °C, and TMP of 10 bar. Two
separate runs were performed for acidic pH range of pH 2 – pH 7 and basic
range of pH 5.4 – pH 10.
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Figure 4.15 Effect of feed pH on rejection for the same runs as Figure 4.14.
Although the feed rejection for sodium salts at pH 2 was as low as 35%, no permanent
membrane degradation was observed after the runs. Table 4.10 summarizes the permeance
ratio and the rejection coefficient for unmodified 0.6% w/w sodium chloride solution after the
chemical runs at various pH. The purified water permeance after the chemical run remained
the same or increased by less than 10% of the initial water permeance of the virgin
membrane. The sodium chloride rejection coefficient recovered to 93% - 95%. This indicated
that the effect of feed constituent and feed pH on polyamide reverse osmosis membrane is
reversible.
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Table 4.10 The permeance ratio and sodium chloride rejection for membrane after the runs
with salt solutions at different pH.
Permeance ratio
Sodium
Feed solution
chloride
Post
Sodium
Post
Initial
rejection
chemical chloride
NaCl
Sodium chloride (pH 7 - pH 2)
1.00
1.03
0.54
1.03
95.1%
Sodium acetate (pH 8 - pH 3)
1.00
1.09
0.53
1.14
93.0%
Sodium nitrate (pH 7 - pH 2)
1.00
1.08
0.57
1.09
94.0%
Ammonium nitrate (pH 7 - pH 2)
1.00
1.08
0.52
1.08
93.2%
Ammonium nitrate (pH 5.4 - pH 10)
1.00
0.99
0.52
1.07
98.1%
Tables 4.11 and 4.12 summarize the feed rejection from conductivity measurement and the
pH of the feed, retentate and permeate for runs with 0.6% w/w sodium chloride, sodium
acetate, sodium nitrate and ammonium nitrate solutions. For sodium chloride and ammonium
nitrate, the permeate pH was lower than the retentate pH indicating a negative rejection for
hydrogen ions at pH values below the membrane isoelectric point, i.e. pH 4.7. The negative
rejection coefficient for hydrogen ion was found at feed pH below 7 for sodium acetate and
below 5.5 for sodium nitrate.

The pH of the retentate and permeate dropped to 5.55 and 5.68 respectively from 6.98 during
the run with 0.6% w/w sodium nitrate. A similar drop in permeate and retentate pH was
recorded for a repeated run with a new membrane and 0.6% w/w sodium nitrate solution that
adjusted to pH 7. The reason is still unknown.

The cation and anion rejections of the 0.6% w/w salt solutions at various feed pH were
calculated using a calibration equation, Equation 4.19 which is repeated here, that estimates
the ions concentration based on the solution pH and conductivity.
∑
The constants of

( ∑

)

(4.19)

and , and the limiting ionic conductivity

for sodium chloride, sodium

nitrate and ammonium nitrate obtained from calibration data are listed in Table 4.13. The
limiting ion conductivity and the constants in Equation 4.19 were not found for sodium acetate
using the same approach, possibly because of the partial dissociation of acetic acid at pH
lower than its

value of 4.76.
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Table 4.11 The pH of feed, retentate and permeate for runs with 0.6% w/w pH modified salt solutions.
Sodium chloride
Sodium acetate
Retentate Permeate
Feed
Retentate Permeate
Feed
Feed pH
Feed pH
Feed pH
pH
pH
rejection
pH
pH
rejection
7.00
6.54
6.96
97.1%
8.29
7.99
9.13
99.3%
6.98
5.99
6.00
6.44
96.5%
7.02
6.98
7.08
97.7%
4.44
4.96
5.08
5.78
94.2%
6.04
6.00
5.83
89.8%
4.03
3.96
4.05
3.65
92.6%
4.97
5.08
4.13
90.6%
3.54
3.02
3.06
2.46
80.0%
3.97
4.09
2.97
88.8%
3.02
1.99
2.09
1.93
46.9%
3.09
3.14
2.51
68.5%
2.49
2.04

Sodium nitrate
Retentate Permeate
pH
pH
5.55
5.68
4.48
3.83
4.10
3.25
3.63
2.80
3.03
2.40
2.60
2.13
2.10
1.90

Table 4.12 The pH of feed, retentate and permeate for runs with 0.6% w/w pH modified ammonium nitrate solution.
Ammonium nitrate - acid
Ammonium nitrate - base
Retentate Permeate
Feed
Retentate Permeate
Feed
Feed pH
Feed pH
pH
pH
rejection
pH
pH
rejection
7.00
6.72
7.62
85.9%
5.43
5.51
5.92
83.2%
5.97
6.09
6.76
83.6%
5.95
6.06
6.81
85.3%
4.99
5.17
5.74
78.0%
7.01
7.06
8.10
87.0%
4.04
4.04
3.56
78.1%
7.96
7.99
9.02
87.6%
2.97
3.06
2.43
74.9%
8.99
8.93
9.99
87.5%
1.93
2.03
1.75
44.2%
10.03
9.99
11.01
87.3%
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Feed
rejection
89.4%
90.3%
90.6%
86.0%
72.1%
58.5%
35.1%

Table 4.13 Constants of and , and the limiting ionic conductivity for sodium chloride,
sodium nitrate and ammonium nitrate for the calibration equation (Equation 4.19).
Values
Limiting ion
Description
Constant
conductivity,
-1
-1
(mS L cm mol )
Sodium chloride (NaCl)
Hydrogen ion, H+
148.8
1.29
Sodium ion, Na+
50.9
0.31
Chloride ion, Cl
62.9
1.15
Constant K
22.5
Sodium nitrate (NaNO3)
Hydrogen ion, H+
290.1
0.97
+
Sodium ion, Na
60.5
0.61
Nitrate ion, NO372.2
0.72
Constant K
29.6
Ammonium nitrate (NH4NO3) – acidic region
Hydrogen ion, H+
265.3
0.66
Ammonium ion, NH4+
51.1
0.98
Nitrate ion, NO348.4
1.12
Constant K
30.6
Ammonium nitrate (NH4NO3) – basic region
Hydroxide ion, OH88.0
0.44
Ammonium ion, NH4+
40.8
1.36
Nitrate ion, NO3
38.1
1.27
Constant K
28.4
Tables 4.14 to 4.17 summarize the ion rejection coefficient for 0.6% w/w sodium chloride,
sodium nitrate and ammonium nitrate at various pHs. The feed and ions (Na+ and Cl-)
rejection coefficient for 0.6% w/w sodium chloride showed a consistent trend where the
rejection coefficient decreased with decreasing feed pH.

For the acidic pH range, the rejection coefficient of anions and cations were the same before
the separation point in the range of pH 4 to pH 7 depending on the feed solution. A negative
rejection for hydrogen ions was measured for pH below the separation point. The polyamide
membrane might have a slightly different membrane isoelectric point for different feed
solution, possibly due to the adsorption of ion to the membrane (Childress and Elimelech,
1996; Hoang et al., 2010). At lower pH, the rejection coefficient of cations was higher than
anions, probably because of the increasing permeation of hydrogen ion through the membrane
with decreasing pH.
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Table 4.14 Feed rejection coefficient from conductivity measurement and ions rejection
coefficient from calibration equation for runs with 0.6% w/w sodium chloride in
acidic pH region.
Ion rejection coefficient
Feed rejection
Feed pH
+
+
coefficient
H
Na
Cl
7.00
62.6%
97.6%
97.6%
97.1%
5.99
63.4%
97.2%
97.2%
96.5%
4.96
80.2%
95.3%
95.3%
94.2%
3.96
-147.4%
94.7%
94.5%
92.6%
3.02
-298.1%
93.4%
90.2%
80.0%
1.99
-43.4%
78.0%
68.9%
46.9%
Table 4.15 Feed rejection coefficient from conductivity measurement and ions rejection
coefficient from calibration equation for runs with 0.6% w/w sodium nitrate in
acidic pH region.
Ion rejection coefficient
Feed rejection
Feed pH
+
+
coefficient
H
Na
NO3
6.98
25.9%
91.3%
91.3%
89.35%
4.44
-346.7%
93.0%
92.8%
90.30%
4.03
-607.9%
95.7%
94.8%
90.61%
3.54
-576.1%
97.8%
95.5%
85.99%
3.02
-329.9%
99.7%
93.8%
72.12%
2.49
-197.4%
-1677.2%
-1620.1%
58.52%
2.04
-58.5%
-2045.5%
-1776.3%
35.13%
Table 4.16 Feed rejection coefficient from conductivity measurement and ions rejection
coefficient from calibration equation for runs with 0.6% w/w ammonium nitrate
in acidic pH region.
Ion rejection coefficient
Feed rejection
Feed pH
+
+
coefficient
H
NH4
NO3
7.00
87.4%
88.1%
88.1%
85.9%
5.97
78.6%
86.0%
86.0%
83.6%
4.99
73.1%
81.0%
81.0%
78.0%
4.04
-202.0%
82.0%
81.7%
78.1%
2.97
-329.9%
90.1%
85.1%
74.9%
1.93
-90.5%
97.7%
74.2%
44.2%
Table 4.17 Feed rejection coefficient from conductivity measurement and ions rejection
coefficient from calibration equation for runs with 0.6% w/w ammonium nitrate
in basic pH region. The feed solution was used without pH adjustment.
Ion rejection coefficient
Feed rejection
Feed pH
coefficient
H+
OHNH4+
NO35.43
60.8%
-155.1%
-6.4%
-6.4%
83.2%
5.95
82.2%
-462.3%
-6.3%
-6.3%
85.3%
7.01
90.9%
-996.5%
88.9%
88.9%
87.0%
7.96
90.7%
-979.8%
89.4%
89.5%
87.6%
8.99
91.3%
-1048.2%
89.4%
89.5%
87.5%
10.03
90.5%
-947.1%
89.0%
90.5%
87.3%
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Similar explanation is applicable for the negative rejection of hydroxide ion for 0.6% w/w
ammonium nitrate in basic pH region. The negative rejection of hydrogen ion at low pH and
the separation of anions and cations rejection for sodium chloride at pH 5 is also reported by
Hoang et al. (2010). However, the authors found that the rejection coefficient of sodium
increased while the rejection coefficient of chloride decreased with a further decreased in feed
pH after the separating pH. Negative rejection coefficients for hydrogen ions were reported
for the whole tested pH range (pH 3.5 – pH 6). One of the possible explanation is the
difference in feed concentration where Hoang et al. (2010) used 2 g L-1 (approximately
0.2% w/w) sodium chloride solution, compared to 0.6% w/w used in this study. The
permeation of both sodium and chloride ion in this study will be higher than those reported by
Hoang et al. (2010) at the same pH because of the concentration differences.

Nitrate and chloride salts show a different ions rejection trend with decreasing pH. It is
unclear that the difference is because of the nature of the feed solution, the calibration
equation or both.

4.3.2 Effect of cross-flow velocity
Figure 4.16 shows the permeance for runs with 0.001 M (about 0.006% w/w) nitric acid at
pH 3, 0.6% w/w sodium nitrate solution adjusted to pH 3 and 0.6% w/w sodium nitrate
solution adjusted to pH 7. No significant changes in permeance with time were observed at
each cross-flow velocity after the initial permeance disturbance caused by the velocity
adjustment. This suggested that the development and/or removal of the concentration
polarization layer for the chemical used in this study are spontaneous.

The permeance for nitric acid at pH 3 was about 95% - 100% of the initial water permeance
irrespective of the cross-flow velocity, possibly because of the effect of pH on the polyamide
membrane and the low osmotic pressure of the acid solution at pH 3. The effect of pH on
membrane permeability was shown by the slight improvement in water permeance, by about
3% of the initial permeance, after the run. The permeance for the sodium nitrate at pH 3 was
lower than at pH 7, consistent with the results reported in previous section where the
permeance of sodium nitrate solution increased with decreasing feed pH (Figure 4.11).
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Figure 4.16 The permeance for runs with nitric acid at pH 3, sodium nitrate at pH 7 and
sodium nitrate at pH 3 at TMP of 10 bar, temperature of 30 °C and cross-flow
velocity in the range of 0.07 m s-1 to 0.33 m s-1.
Figures 4.17 – 4.19 show the effect of cross-flow velocity on the permeance for runs with
0.6% w/w sodium nitrate solution adjusted to pH 7, 0.6% w/w sodium nitrate solution
adjusted to pH 3, and 0.001 M nitric acid solution with pH 3. The permeance of 0.6% w/w
sodium nitrate solution with pH 3 or pH 7 decreased with decreasing cross-flow velocity,
probably because of the build-up of concentration polarization layer which became more
prominent at low cross-flow velocity. The variations in permeance are all relatively small. No
clear trend between the permeance and cross-flow velocity was found for pH 3 nitric acid,
probably because of the concentration of nitric acid in the feed solution (about 0.006% w/w)
was too low to form a significant concentration polarization layer. The variation in permeance
at the same cross-flow velocity, such as the variation at 0.2 m s-1, might be caused by the
experimental error.
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Figure 4.17 Effect of cross-flow velocity on permeance for a run with 0.6% w/w sodium
nitrate adjusted to pH 7 at 10 bar, 30 °C and 0.07 m s-1 – 0.33 m s-1.
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Figure 4.18 Effect of cross-flow velocity on permeance for a run with 0.6% w/w sodium
nitrate adjusted to pH 3 at 10 bar, 30 °C and 0.07 m s-1 – 0.33 m s-1.
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Figure 4.19 Effect of cross-flow velocity on permeance for a run with nitric acid with pH 3 at
10 bar, 30 °C and 0.07 m s-1 – 0.33 m s-1.
The rejection coefficient of 0.6% w/w sodium nitrate solution at pH 7 was the highest
compared to the other feed solutions at pH 3 (Figure 4.20). This is consistent with the results
reported in previous section where the rejection coefficient of sodium nitrate solution
decreased with decreasing feed pH (Figure 4.13). The rejection coefficient of sodium nitrate
at pH 7 was greater than 90%. A very slight decrease in rejection coefficient with decreasing
cross-flow velocity was found for 0.6% w/w sodium nitrate solution at pH 7, but the
difference was less than 1.5%. This is as anticipated because the concentration polarization
reduced with increasing cross-flow velocity. A similar observation was reported by Van
Wagner et al. (2009) for the apparent rejection coefficient for 0.2% w/w sodium chloride
solution without pH adjustment.

For 0.6% w/w sodium nitrate at pH 3, the rejection coefficient increased slightly with
decreasing cross-flow velocity. One of the possible explanation is the protonation of amide
group at pH 3 decreased slightly with decreasing cross-flow velocity. At low cross-flow
velocity, the build-up of concentration polarization of the 0.6% w/w sodium nitrate at
membrane boundary layer might reduce the diffusion of acid from the feed solution to the
polyamide active layer and eventually reduce the protonation of the amide group. The less
positive membrane charge at low cross-flow velocity had greater repulsion to the nitrate ion
and thus, increased the rejection coefficient. However, this hypothesis has not been proved.
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Figure 4.20 Feed rejection for runs with 0.6% w/w sodium nitrate with pH 7, 0.6% w/w
sodium nitrate with pH 3 and nitric acid with pH 3 at 10 bar, 30 °C and
0.07 m s-1 – 0.33 m s-1.
Nitric acid at pH 3 had the lowest rejection coefficient from conductivity measurement
regardless of its low concentration and the rejection coefficient decreased slightly with
decreasing cross-flow velocity. Without the concentration polarization layer of 0.6% w/w
sodium nitrate in this run, it is thought that the protonation of the amide group at various
cross-flow velocities were the same. Thus, the rejection coefficient was solely depended on
the concentration polarization of nitric acid where the rejection coefficient increased with
decreasing concentration polarization at higher cross-flow velocity. The high permeability of
low concentration nitric acid suggested that the permeation of acid through the reverse
osmosis membrane might involve more than one mechanism apart from the common solution
diffusion mechanism. Another possible explanation is the greater repulsion of the sodium ions
by the positively charged membrane at pH 3 (as the sodium ion might attract and keep the
anion in feed solution and thus, reduces the anion partition at the membrane surface) which
subsequently increased the rejection coefficient for 0.6% w/w sodium nitrate run than the
nitric acid run.

It can be concluded that the effect of cross-flow velocity on the membrane performance was
of little or no importance as compared to feed constituent and pH.

122

4.3.3 Effect of transmembrane pressure and feed concentration
Figure 4.21 shows the fluxes for runs with 0.6% w/w, 1.0% w/w, 1.2% w/w and 1.8% w/w
sodium chloride solutions at TMP up to 25 bar. The water flux plotted in Figure 4.21 is the
averaged initial water flux of the membranes prior to the filtration tests. As anticipated, the
initial water flux increased linearly with increasing TMP. The error bars that represent the
variation of water flux for the membranes were relatively small indicating that the intrinsic
properties of the membranes after the membrane hydration (1 hour immersion in purified
water) were consistent with one another. The fluxes for sodium chloride runs increased
linearly with increasing TMP at high TMP. The slope of the linear correlation between the
flux and the TMP decreased slightly with increasing feed concentration, probably because of
the higher concentration polarization effect at high concentration which enhanced the osmotic
pressure at the membrane boundary layer and subsequently reduced the driving force.
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Figure 4.21 The effect of feed concentration on permeability for runs with 0.6% w/w,
1.0% w/w, 1.2% w/w and 1.8% w/w sodium chloride solution at TMP from
1 bar to 25 bar, temperature of 30 °C and cross-flow velocity of 0.2 m s-1.
At low TMP, in particular the pressure close to the feed osmotic pressure, the flux increased
nonlinearly with the TMP before approaching a linear correlation with the pressure. The
nonlinearity of the flux was more pronounced for feed solutions with higher concentration. It
was found that the flux was recorded for TMP lower than the theoretical osmotic pressure of
the feed solution. The theoretical osmotic pressures for the salt solutions were calculated with
Equation 2.1 and are listed in Table 4.18. The concentrations of sodium chloride in permeate
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and retentate were calculated from the conductivity of the solution that was collected at the
lowest possible TMP. A similar observation is reported by Zhou and Song (2005) for a
commercial cellulose acetate reverse osmosis membrane, but no satisfactory explanation was
given.

Table 4.18 Theoretical osmotic pressure for 0.6% w/w, 1.0% w/w, 1.2% w/w and 1.8% w/w
sodium chloride solution and experimental TMP at the low TMP that produced
flux.
Theoretical osmotic pressure (bar)
Experimental
Concentration of
Effective (feed – osmotic pressure
sodium chloride
Feed/retentate
Permeate
(bar)
permeate)
0.6% w/w
4.76
0.91
3.85
4.0
1.0% w/w
7.37
2.44
4.94
5.0
1.2% w/w
8.32
2.24
6.08
6.0
1.8% w/w
14.8
3.60
11.2
10.0
Two possible explanations are that the theoretical osmotic pressure overestimates the actual
osmotic pressure of the feed solution, or the sodium chloride salt diffuses through the
membrane involving more than one mechanism apart from the diffusive flow. Eriksson (1988)
suggested that the salt permeation through the membrane is governed by the diffusive flow,
convective flow coupled to the solvent flow and convective flow due to membrane defects.
The authors claimed that the salt transport through FT30 reverse osmosis membrane is mostly
caused by the membrane defects while the convective flow coupled to the solvent flow can be
negligible. In the current study, it is thought that the salt might transport through the
membrane mostly by convective flow due to membrane defects at low TMP and thus,
increases the permeate concentration as well as its osmotic pressure. A decrease in effective
osmotic pressure (osmotic pressure difference between feed and permeate) enables permeate
production at TMPs lower than the theoretical feed osmotic pressure.

The latter explanation justified the low rejection coefficient of sodium chloride solution at low
flux, i.e. at low TMP. Figure 4.22 shows the relationship between rejection coefficient (from
conductivity measurement) and fluxes for runs with 0.6% w/w, 1.0% w/w, 1.2% w/w and
1.8% w/w sodium chloride solution at TMP up to 25 bar. As expected from the solutiondiffusion theory, the rejection of sodium chloride was significantly affected by fluxes (and/or
TMP) especially at low flux. The rejection coefficient was as low as 66% at low flux. The
rejection coefficient increased rapidly with increasing flux until a steady rejection coefficient
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at about 99% was achieved. Similar observations were reported by Cadotte et al. (1980) and
Panyor and Fabiani (1996) for thin-film composite polyamide reverse osmosis membrane.

The flux of salt that is coupled to the solvent flow is thought to increase with increasing flux.
It is hypothesized that the permeation rate of both salt and water increased with increasing
TMP, where the water increased at a much higher rate with pressure than the salt. At low
TMP, the salt concentration in permeate was high as the rate of water permeation through the
membrane was less. At high TMP, the permeated salt was being diluted by the relatively large
amount of permeated water which eventually reduced the salt concentration. A similar
observation was reported by Kezia et al. (2014) where the higher water permeability at high
pH enhanced the convective flow of solute that coupled to the solvent flow, and eventually
increased the permeability of the neutral charged glucose with increasing pH.
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Figure 4.22 The relationship between rejection coefficient and fluxes for runs with 0.6% w/w,
1.0% w/w, 1.2% w/w and 1.8% w/w sodium chloride solution at TMP of 1 bar –
25 bar, temperature of 30 °C and cross-flow velocity of 0.2 m s-1.
The concentration polarization for the runs with 0.6% w/w, 1.0% w/w 1.2% w/w and 1.8%
w/w sodium chloride solution at TMP up to 25 bar were evaluated using Equations 4.30 and
4.31 as suggested by Schock and Miquel (1987) and Equation 4.36 as suggested by Sutzkover
et al. (2000) (refer to Section 4.2.5.1). The concentration polarization is summarized in Table
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4.19. The estimated concentration polarization from both methods did not provide any
conclusive understanding for the effect of feed concentration and TMP on membrane
separation performance.

Table 4.19 The concentration polarization, evaluated using Equations 4.30 and 4.31 (Schock
and Miquel, 1987) and Equation 4.36 (Sutzkover et al., 2000), for runs with
0.6% w/w, 1.0% w/w 1.2% w/w and 1.8% w/w sodium chloride solution at 30 °C,
0.2 m s-1 and TMP up to 25 bar.
TransSutzkover et al. (2000)
Schock and Miquel (1987)
membrane
0.6%
1.0%
1.2%
1.8%
0.6%
1.0%
1.2%
1.8%
pressure
w/w
w/w
w/w
w/w
w/w
w/w
w/w
w/w
(bar)
1
2
3
4
0.92
1.01
5
0.96
0.98
1.02
1.00
6
0.96
1.12
0.95
1.03
1.01
1.00
7
0.96
1.11
1.21
1.05
1.01
1.01
8
1.00
1.10
1.23
1.06
1.02
1.01
9
1.00
1.12
1.27
1.09
1.03
1.01
10
1.07
1.14
1.29
0.86
1.10
1.05
1.03
1.01
11
1.09
1.14
1.36
0.92
1.12
1.07
1.04
1.01
12
1.12
1.18
1.38
0.94
1.14
1.08
1.05
1.01
13
1.18
1.25
1.44
0.96
1.16
1.09
1.06
1.02
14
1.25
1.29
1.48
0.95
1.18
1.11
1.08
1.03
15
1.40
1.30
1.52
0.95
1.19
1.13
1.10
1.04
16
1.35
1.32
1.58
0.97
1.21
1.14
1.11
1.05
17
1.35
1.35
1.58
0.98
1.24
1.16
1.13
1.06
18
1.39
1.39
1.69
1.01
1.26
1.18
1.14
1.07
19
1.47
1.37
1.74
1.03
1.27
1.20
1.16
1.09
20
1.45
1.45
1.76
1.04
1.30
1.21
1.17
1.10
21
1.56
1.48
1.76
1.05
1.31
1.23
1.20
1.11
22
1.66
1.51
1.84
1.07
1.33
1.25
1.21
1.13
23
1.61
1.58
1.86
1.08
1.36
1.26
1.23
1.14
24
1.66
1.61
1.92
1.11
1.38
1.28
1.24
1.16
25
1.70
1.65
1.92
1.14
1.40
1.31
1.26
1.17
As revealed by Table 4.19, the concentration polarization that was estimated with different
approaches were different for the same set of experimental data. Generally, the concentration
polarization increased with increasing TMP. For the method of Sutzkover et al. (2000), the
concentration polarization was less than 1 at low TMP reflecting that the solute concentration
at the membrane interface was lower than the solute concentration in the bulk solution and
hence a negative mass transfer coefficient was obtained. By referring to Equation 4.37, the
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negative mass transfer coefficient is likely to be caused by the permeation of salt flux at TMP
near to or lower than the effective osmotic pressure.

Equations 4.30 and 4.31 (Schock and Miquel, 1987) might consistently underestimate the
concentration polarization at low TMP and overestimate it at high TMP as compared to
Equation 4.36 which evaluated the mass transfer coefficient from the salt induced reduction in
permeate flux (Sutzkover et al., 2000). However, there is no evidence or satisfactory
explanation showing the concentration polarization evaluated by one method is more accurate
than the other.

4.3.4 Effect of Quatrozyme®
Quatrozyme® is a commercial enzymatic cleaning solution that often used to remove
biological matter. Previous studies in our laboratory showed that the interaction between
polyamide reverse osmosis membrane and Quatrozyme® caused a significant decrease in
membrane permeability which can only be recovered by large amount of water rinsing (Jones,
2012). It was hoped that chemical-membrane interactions might be revealed by studying this
system. Figure 4.23 shows the effect of runs with 5% w/w Quatrozyme® solution (at TMP in
the range of 2 bar to 25 bar) on the permeability of a polyamide membrane. The legend in
Figure 4.23 is arranged according to the measurement sequence.
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Figure 4.23 Effect of a run with 5% w/w Quatrozyme® on membrane permeability. The
legend is arranged in measurement sequence.
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The fluxes for water and for 5% w/w Quatrozyme® solution increased linearly with
increasing TMP. No hysteresis was evidenced from the Quatrozyme® run as the fluxes
measured for the increasing, decreasing and increasing TMP runs were about the same. This
suggested that no non-flushable resistance and/or cake layer that imposed additional flux
resistance was created on the membrane after the Quatrozyme® run. A significant drop in
water flux, to about 77% - 86% of the initial water flux, was observed after the system was
rinsed with 3 L of water. The subsequent rinsing with another 3 L of water increased the
water flux slightly to about 83% - 88% of the initial water flux, but it still not recovered back
to the initial value.

Although the membrane treatment with 5% w/w Quatrozyme® solution reduced the
permeability, it had no effect on the rejection coefficient. The fluxes for runs with water,
0.6% w/w sodium chloride solution, 5% w/w Quatrozyme® solution, 0.6% w/w sodium
chloride solution and water are shown in Figure 4.24 while the rejection coefficients for
0.6% w/w sodium chloride solution are listed in Table 4.20. The fluxes for water,
Quatrozyme® and sodium chloride increased linearly, with different gradient, with increasing
TMP. After the Quatrozyme® run, the fluxes for water and 0.6% w/w sodium chloride
solution were lower than the initial fluxes. The drop in sodium chloride flux did not affect the
rejection coefficient as the rejection coefficient for 0.6% w/w sodium chloride solution before
and after the Quatrozyme® run remained about the same. This suggested that the
Quatrozyme® might reduce the membrane permeability for both the water and the sodium
chloride salt simultaneously. However, the changes in membrane permeability were not
permanent as flushing with large amounts of water was able to recover the flux.

Jones (2012) suggested that the flux reduction might be because of the deposition of
Quatrozyme®’s constituents and/or the foam formation (due to the soapy nature of the
Quatrozyme®) on the membrane surface which increased the flow resistance and reduced the
membrane active area respectively. The exact Quatrozyme® composition is not known and
thus, further experiments using the feed constituents is not possible at the moment.
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Figure 4.24 Effect of a run with 5% w/w Quatrozyme® on membrane permeability and
rejection properties. The legend is arranged in measurement sequence.
Table 4.20 Rejection coefficient measured with 0.6% w/w sodium chloride solution at TMP
in the range of 6 bar – 25 bar, temperature of 30 °C and cross-flow velocity of
0.2 m s-1.
NaCl rejection before membrane
NaCl rejection after membrane
Transmembrane
treatment with 5% w/w
treatment with 5% w/w
pressure (bar)
Quatrozyme®
Quatrozyme®
6
96.9%
96.4%
8
97.9%
97.7%
10
98.4%
98.5%
12
98.7%
98.9%
14
99.0%
99.0%
16
99.1%
99.2%
20
99.0%
99.2%
25
99.3%
99.3%

4.4 Overall discussion
The separation performance of a polyamide reverse osmosis membrane was found to be
largely dependent on the feed constituent and feed pH that interact differently with the
membrane, but the mechanisms involved are still remained unclear. Figures 4.2 and 4.13
consistently show that the membrane rejection coefficient decreased with decreasing pH. The
theories that commonly used to explain the membrane rejection behaviour under the influence
of pH are membrane swelling, in particular pore size expansion and thickness increment of
the polyamide layer (Fujioka et al., 2014; Kezia et al., 2014; Nilsson et al., 2008), and
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membrane charge density (Hoang et al., 2010; Naaktgeboren et al., 1988). However, it is
thought that these theories could not provide a satisfactory explanation for the current results.

The polyamide reverse osmosis membrane was positively charged at pH lower than the
membrane isoelectric point (about pH 4.74) due to the protonation of membrane amine group
(Coronell et al., 2008). Coronell et al. (2008) found that the charge density of a FT30 reverse
osmosis membrane at pH lower than 3.5 is +0.036 M while at pH higher than 10.5
is -0.432 M. At the membrane isoelectric point, the positive charge is equal to the negative
charge with a value of 0.018 M.

By considering the effect of membrane charge alone, the high rejection at high pH is normally
explained by the electrostatic repulsion between the negatively charged membrane and the
anions (Hoang et al., 2010). The decreasing negativity of the membrane with decreasing pH
reduced the repulsion of anions by the membrane and eventually decreased the rejection for
both cations and anions. For feed pH lower than the membrane isoelectric point, the positively
charged membrane favours the permeation of anions and the feed rejection decreased with
decreasing pH. The electrical neutrality of both permeate and retentate solution were
maintained by the permeation of cations and the smaller hydrogen ion. This explanation
suggested that the permeation of anion is more limiting than cation regardless of the
membrane charge, but no satisfactory evidence was found for this. The magnitude of the
negative charge density at high pH is 11 times greater than the magnitude of the positive
charge density at low pH, which means the membrane attraction to cation at high pH is likely
to be 11 times stronger than the attraction to anion at low pH. This does not explain the high
rejection at high pH. Apart from that, the membrane has the lowest charge density at the
isoelectric point suggesting that it should have a lowest rejection (due to the least electrostatic
repulsion to the solute) at this pH, which is not observed in the current results.

Pore size expansion caused by pH or chemical treatment might reduce rejection coefficient,
but only one study, by (Kezia et al., 2014), was found for the measurement and/or calculation
of the pore size and free volume for reverse osmosis membranes under the influence of
chemical and pH. Braghetta et al. (1997) claimed that the higher permeability of a sulfonated
polysulfone nanofiltration membrane at high pH is because of the increase of molecular
weight cut-off that was caused by the increasing electrostatic repulsion of the deprotonated
carboxylic groups in the membrane pores at high pH. It is reasonable to guess that a similar
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pore expansion could occur at low pH due to the repulsion of the positively charged amine
groups in pore. The pore size expansion at low pH should be less pronounced than at high pH
owing to the huge difference in charge density. This is also suggesting that the membrane has
a smallest pore size at its isoelectric point.

In contrast, Kezia et al. (2014) found that the thickness (swelling) of the BW30 polyamide
active layer, measured with ellipsometry, increased slightly (about 0.5%) with increasing pH
from pH 3 to pH 10.3, while the glucose rejection decreased with increasing pH which is
explained by an increased in membrane pore radius from approximately 0.370 nm to
0.391 nm. These observations imply that the rejection coefficient should decrease with
increasing pH, which is in opposite trend to the current experimental results.

As the membrane charge and pore size are inter-related, the combined effects are discussed:
1. At membrane isoelectric point (pH 4.74), the membrane might have the smallest pore
size and lowest charge density but its rejection is relatively high. It is thought that the
rejection is governed by pore size rather than membrane charge at this pH.
2. At high pH, the charge density of the membrane is higher than at low pH. The
membrane might have a larger pore size and higher electrostatic interaction with both
cations and anions. If the effect of membrane charge is much larger than any change in
pore size at high pH, the negatively charged membrane has higher electrostatic
repulsion towards anions (Donnan exclusion effect) and thus increasing the anion
rejection. The cation will also be rejected to maintain the solution electroneutrality.
3. At low pH, the membrane charge density is about 2 times of the charge density at
membrane isoelectric point. It is reasonable to hypothesis that the pore size and the
electrostatic interaction increase with a magnitude similar to the increment in charge
density as compared to at isoelectric point. It is unclear why the slight increase in pore
size and electrostatic interaction at low pH might cause a large drop in rejection, even
though the magnitude of the increment is much less than that at high pH (due to the
difference in charge density).

The separation mechanism of polyamide membrane under the influence of pH is probably
similar (fully or partially) to the mechanisms governing the selectivity of an ion-exchange
membrane. Apart from sieving effect (membrane pore size and ions size) and the electrostatic
interaction between membrane and ions, Sata (1994) suggested that the selectivity of an ion131

exchange membrane is also influenced by the specific interactions between the membrane
functional groups and the mobile ions. One of the examples showing the possible specific
interactions between polyamide membrane and feed solution in the current study is both the
ammonium and nitrate had a very low rejection at pH 11 and pH 3 respectively, but the
rejection for ammonium nitrate at these pH is relatively high. The rejection coefficient for
ammonium nitrate at pH 3 and pH 10 are 74.9% and 87.3% (Figure 4.15), compared to the
33.9% rejection for nitrate (from nitric acid) at pH 3 (Table 4.7), and 8.5% rejection for
ammonium (from ammonium hydroxide) at pH 11. The reason is still unknown. A more
thorough study needs to be performed to understand the specific interactions between
membrane and ions (such as the surface free energy) to overcome the shortcomings of the
existing theories.

The rejection coefficient will also depends on the water flux where higher water flux tends to
dilute the permeate concentration causing an increase in rejection coefficient, showing the
need to distinguish the effect of pH on ion flux and ion rejection in future study. However, the
relatively constant permeance that reported for sodium chloride in the pH range of 2 to 7
(Figure 4.11) shows that the dilution effect on the ion rejection is not significant for this
solution.

The chemical and pH effects were reversible showing no permanent degradation of the
polyamide membrane. The effect of feed pH and feed constituents are hardly separable
because of the different dissociation constant of the chemicals. For example, nitric acid
dissociated completely at pH 3 and the feed solution is dominated by hydrogen and nitrate
ions. The rejection of nitric acid is thought to be governed by charge repulsion and/or
shielding (Richards et al., 2010). Phosphoric acid dissociated partially at pH 3 and the feed
solution consists of a mixture of hydrogen ions and dihydrogen phosphate, undissociated
phosphoric acid, hydrogen phosphate and phosphate in decreasing order. The rejection of
phosphoric acid is thought to be governed by size and charge difference of the dissociated and
undissociated acids (Richards et al., 2010). This increased the uncertainty in assessing the
effect of chemical or pH alone on the membrane performance. Although the exact chemicalmembrane interaction for some of the chemicals are still not fully understood, it is of little
doubt that the alteration in membrane charge by feed pH changes the affinity of feed
constituents for the membrane, and eventually alters the rejection and fouling mechanism as
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well as the fouling composition. This shows the importance of consistency in membrane preconditioning and chemical cleaning in the subsequent fouling and cleaning study.

4.5 Conclusion
Both feed pH and feed constituents were shown to have a decisive influence on membrane
performance and their effects are interrelated. Feed pH tends to alter the membrane charge
and/or membrane structure, and the solute charge which eventually affects the chemicalmembrane interaction and the membrane rejection coefficient.

The feed rejection coefficient is thought to be governed by size, molecular weight, ion
valences, solution concentration, functional groups and/or inter-particle interaction especially
for solution with multiple ions, ion structure and the degree of dissociation. Some of the
parameters might have more pronounced effect than the others depending on the feed
composition and solution pH.

The effect of cross-flow velocity on the membrane performance was of little or no importance.
As expected from the solution-diffusion theory, the rejection of sodium chloride was
significantly affected by the TMP especially at low pressure. Flux was recorded at TMP
below the theoretical feed osmotic pressure for sodium chloride run.

Quatrozyme®, an enzymatic cleaning agent, reduced the membrane permeability significantly
but had no effect on the rejection coefficient. The reason for the flux reduction is still
unidentified and filtration tests using the Quatrozyme®’s constituents are needed for a better
understanding of the enzyme-membrane interaction.

Owing to the membrane sensitivity to the feed pH and feed constituents, it is concluded that
consistent pre-conditioning and chemical cleaning for the subsequent fouling and cleaning
study is essential to minimize the discrepancy caused by the chemical effects. The results
show the need for a more thorough understanding of the interactions between chemicals
and/or enzymes and the polyamide reverse osmosis membranes, which is beyond the scope of
this study.
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5 Fouling and Cleaning Mechanism
5.1 Introduction
The main objective of this chapter was to improve the understanding of the mechanisms by
which the components of processed liquids and chemical cleaning agents interact with thinfilm composite polyamide reverse osmosis membranes, so as to be able to reduce membrane
fouling and enhance cleaning effectiveness. The polyamide membranes were exposed to a
range of substances found in milk, water, or cleaning chemicals. The outcomes of this study
not only have direct benefits to the dairy industry, but the knowledge of the interactions
between solutes and the membranes may also be applicable to other processed liquids, so that
reverse osmosis can be applied to a wider range of applications in food processing.

5.1.1 Flux equation
Flux decline can be attributed to the effects of osmotic pressure, irreversible fouling and other
reversible phenomena such as concentration polarization and gel formation (Bouzid et al.,
2012). The governing equation used in this study is:
(5.1)
This equation is same as Equation 3.1 but with additional resistance terms for flushable and
non-flushable fouling for reverse osmosis with milk.

is the resistance where the subscript m

refers to a clean pre-treated membrane, flushable refers to resistance during milk filtration that
can be removed by a water rinse and non-flushable refers to resistance that remains after a
water rinse.

The formation of a deposited layer on membrane causes an additional resistance to
permeation on top of membrane resistance and osmotic pressure (Fenton-May et al., 1972;
Kulozik and Kessler, 1988a). The permeate flux is controlled by the resistance caused by the
deposit. The resistance of the deposit layer is normally equal to or greater than the resistance
of membrane itself (Fenton-May et al., 1972).

The effects of osmotic pressure, concentration polarization and hydraulic resistance, both
flushable and non-flushable, on permeation rate can be distinguished with the use of Equation
5.1. The osmotic pressure could be calculated using Equation 2.1. Similar equations were
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used by researchers but the definitions for resistance terms are slightly different depending on
the study and proposed fouling mechanism (D'Souza and Mawson, 2005; Hoek et al., 2002;
Lim et al., 1971; Madaeni and Mansourpanah, 2004; Madaeni et al., 2011).

The water flux or permeance can be normalized relative to the pure water flux or permeance
for a pre-treated membrane. As compared to other destructive and/or impractical methods for
routine use, membrane flux restoration, expressed as a ratio of the pure water flux obtained
after chemical cleaning at the end of the process to that obtained initially before fouling
process, appeared to be the best indicators for membrane cleanliness for practical applications
(D'Souza and Mawson, 2005).

5.1.2 Critical and limiting fluxes
Critical flux is a flux value where non-flushable deposit, which can only be removed by
chemical cleaning, is formed for fluxes beyond this value. Flux increases linearly with TMP
before the critical point is reached. Limiting flux is the maximum flux of a system where any
further increase in TMP no longer results in any increase in flux (Bouzid et al., 2012;
Rabiller-Baudry et al., 2009). Bacchin et al. (2006) and Tang et al. (2011) provided a detail
definition and explanation of the concept of critical and limiting fluxes for membrane
filtration.

5.2 Experimental methods
5.2.1 Commercial reverse osmosis membrane
The detail description of the membrane used in this study is given in Section 3.2.1.

5.2.2 Apparatus and operating conditions
The SEPA flat sheet membrane system was used to simulate spiral wound membranes to
measure the flux, rejection, fouling and cleaning of components of milk, both as model
solutions and also as whole or skimmed milk. Refer to Section 3.2.3 for the detail description
of the filtration system. Briefly, the filtration runs were performed at TMP of up to 25 bar,
cross-flow velocity of 0.2 m s-1, and temperature of 30 ± 4 °C. The recorded permeances were
corrected inversely proportionally to the viscosity of water at the feed temperature with
reference to 30 °C. Both permeate and retentate were fully recycled into the feed by returning
the collected permeate into the feed solution once each 20 – 30 mL of permeate was collected.
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Conductivity and pH were used to determine concentrations for rejection. The rejection
coefficient for minerals, R, was calculated using Equation 3.2.

5.2.3 Membrane pretreatment
Chapter 4 identified the need for consistent pre-conditioning of membranes including
hydration, then acid and caustic cleaning. The membrane was thoroughly rinsed with water
and left to soak in water for 1 hour for complete hydration and to remove surface impurities
and preservatives prior to the filtration tests. The immersed membrane was rinsed with water
again before placement in the reverse osmosis rig. The membrane was pre-treated with
0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse. The
solutions were circulated in the system for 10 minutes with no applied TMP. After each
solution the system was rinsed thoroughly with at least 3 L of water, each litre for 5 minutes,
until the electrical conductivity dropped below 25 μS cm-1. The water fluxes before and after
pre-treatments were measured and are termed initial water flux and pre-treated water flux
respectively. The flux after pre-treatment was used as the reference flux. For fixed TMP runs,
the initial water flux and pre-treated water flux was measured at 12 bar or 24 bar. For
increasing TMP runs, the applied TMP was increased stepwise by 5 bar at a time from 5 bar
up to 25 bar.

5.2.4 Filtration process
For fixed TMP runs at 12 bar or 24 bar, reverse osmosis with various feed solutions was
operated for 3 or 5 hours. For increasing TMP run, the TMP was increased stepwise by 2 or 4
bar at a time from 8 bar up to 24 bar. The flux was measured for about 30 minutes or until a
steady permeation rate was achieved depending on the TMP. The water flux, corresponding to
non-flushable fouling, was measured at similar operating conditions as those operated for pretreated water flux/permeation rate measurement after system rinsing. The feed solutions used
in this study are listed in Table 5.1. The permeate and retentate for selected runs were analyzed
with inductively coupled plasma optical emission spectrophotometer (Varian 720 ICP-OES)
and Dionex suppressed ion exchange chromatography to obtain the cations and anions profile
respectively. For a run, the charged pressure of the pulsation dampener (which is used to
reduce the pressure fluctuation to ± 10% of the operating pressure) was adjusted to double the
pressure fluctuation in the system while measured the flux for skimmed milk at TMP of 24
bar for 3 hours.
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Table 5.1 Preparation method for feed solutions
Feed solution
Description
Skimmed milk
Commercially available Trim milk from Meadow Fresh, Auckland,
NZ, 4 g L-1 fat, 37 g L-1 protein.
Whole milk
Commercially available from Klondyke Fresh Limited, Christchurch,
NZ, 34 g L-1 fat, 33 g L-1 protein.
Simulated milk
A solution was prepared by dissolving the salts in the amount and order
ultrafiltrate (SMUF) as listed in Table 5.2 in 980 mL of purified water. The solution was
adjusted to pH 6.6 with 1.0 M potassium hydroxide (R.P. NormapurTM,
Prolabo, Paris) before being made up to 1000 mL with purified water
(Jenness and Koops, 1962).
Concentrated SMUF A solution was prepared with similar method as described for normal
SMUF but with twice the salt quantity.
SMUF + lactose
A solution of 55.36 g L–1 lactose monohydrate (52.59 g L–1 lactose)
(BDH AnalaR, BDH Chemicals Ltd, Poole, England) was used instead
of water to prepare SMUF.
SMUF + lactose +
A solution was prepared by dissolving 6.24 g of whey protein isolate
WPI
(WPI) (Balance, Vitaco Health Ltd., Auckland, NZ) for 0.6% w/w or
34.32 g of WPI for 3.3% w/w in 1 L of SMUF and lactose solution.
Mineral enhanced
A solution was prepared by dissolving 25% of the amount of SMUF
skimmed milk
salts into 1 L of commercial Trim milk. Mineral was enhanced by
25%.
Mineral depleted
A solution was prepared by removing 250 mL milk ultrafiltrate that
skimmed milk
consist mainly of diffusible mineral and lactose from 1 L Trim milk by
ultrafiltration with a PES 10 membrane (Synder Filtration, USA) at
30 °C, TMP of 4 bar and cross-flow velocity of 0.2 m s-1. 250 mL of
52.59 g L-1 lactose solution was added into the ultrafiltered milk to
make it up to 1 L. Mineral was depleted by 25%.
Protein enhanced
A solution was prepared by removing 250 mL milk ultrafiltrate from
skimmed milk
1 L Trim milk by ultrafiltration at the same conditions as the previous
sample. Protein was enhanced by 33.3%.
Protein depleted
A solution was prepared by diluting the commercial Trim milk with
skimmed milk
250 mL SMUF and lactose solution. Protein was depleted by 20%.
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Table 5.2 Quantities and order of salts for SMUF preparation
Molecular weight
Salts
g mol-1
Potassium dihydrogen phosphate, KH2PO4
136.09
(Scharlau, Scharlab SL, Spain)
Tripotassium citrate monohydrate, K3citrate.H2O
324.42
(AnalaR, VWR International Ltd., England)
Trisodium citrate dihydrate, C6H5Na3O7.2H2O
294.10
(Merck KGaA, Germany)
Potassium sulphate, K2SO4
174.26
(BDH Laboratory Reagent)
Calcium chloride dihydrate, CaCl2.2H2O
147.02
(J.T.Baker®, Avantor Performance Materials Inc., US)
Magnesium chloride hexahydrate, MgCl2.6H2O
203.33
(M&B Laboratory Chemicals)
Potassium carbonate, K2CO3
138.21
(Scharlau, Scharlab SL, Spain)
Potassium chloride, KCl
74.55
(AnalaR, BDH Laboratory Supplies, UK)

Amount
g L-1
1.58
1.20
1.79
0.18
1.32
0.65
0.30
0.60

5.2.5 Membrane cleaning
The cleaning chemicals used in this study were 0.8% w/w or 0.08% w/w nitric acid (RCI
Labscan Limited, Thailand) and 0.5% w/w or 0.05% w/w sodium hydroxide (LabServ, Biolab
Ltd., Australia). After filtration the membrane was cleaned with a standard cleaning cycle
consisting of 0.5% w/w sodium hydroxide, water rinse, 0.8% w/w nitric acid, water rinse,
0.5% w/w sodium hydroxide and water rinse. The concentrations were based on previous
work in our laboratory (Jones, 2012), but are not confirmed as being optimal. Each cleaning
chemical was circulated in the system for 10 minutes with no applied TMP to minimize the
permeate production and to reduce the convective redeposition and/or compression of foulant
on the membrane surface (Al-Amoudi and Lovitt, 2007; D'Souza and Mawson, 2005; Nitto
Denko, 2011). The cleaning cycle was repeated two to three times with the same
concentrations and order. The water flux was measured after each rinse and the permeance
ratio, the ratio between water permeance after each chemical exposure and pre-treatment
permeance, was used to indicate cleaning effectiveness.

The sequence of the cleaning cycle, the concentration of cleaning chemical or the cleaning
duration was altered in some studies to investigate the interaction of cleaning chemical with
foulants as well as with the membranes. The membrane after a 3-hour run with skimmed milk
or concentrated SMUF was either cleaned with an acid-caustic cleaning cycle, with normal
cleaning cycle with extended cleaning duration of 20 minutes, or with 0.05% w/w sodium
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hydroxide, water rinse, 0.8% w/w nitric acid, water rinse, 0.05% w/w sodium hydroxide and
water rinse.

For a run with water, the pre-treated membrane was cleaned with the normal cleaning cycle
after 1 hour of reverse osmosis with water to segregate the cleaning action from the effect on
membrane structure caused by the cleaning chemicals. The cleaning cycle was repeated two
to three times with same concentrations and order. The permeance ratio after each chemical
cleaned was set as a benchmark for a clean membrane. The effect of prolonged membrane
exposure to chemicals was investigated by soaking the pre-treated membrane in 0.5% w/w
sodium hydroxide for 15 hours after 10 minutes circulation with the same chemical. The 10
minutes circulation followed by 15 hours membrane soaking was repeated with 0.8% w/w
nitric acid using the same membrane. The membrane was then treated with 0.5% w/w sodium
hydroxide and 0.8% w/w nitric acid again for 10 minutes chemical circulation without
soaking. Water permeation rate and rejection coefficient for 0.6% w/w sodium chloride
solution after membrane pre-treatment and the subsequent chemical treatments were
measured at temperature of 30 °C, cross-flow velocity of 0.2 m s-1 and TMP of 24 bar. The
system was rinsed thoroughly with 3 litres of water, each litre for 5 minutes, after chemical or
sodium chloride solution runs. The sodium chloride rejection was calculated with Equation
3.2.

5.3 Results and discussion
5.3.1 Effect of feed constituents of milk on permeation rate
Figures 5.1 and 5.2 show the steady state fluxes for reverse osmosis of milk solutions, both
whole and skimmed milk, as well as its model solutions simulating different components in
milk at increasing TMPs. The water flux after membrane pre-treatment increased linearly with
increasing TMP. As revealed by the figures, both whole milk (3.3% fat) and skimmed milk
(0.5% fat) were found to have similar flux behaviour with a maximum flux at 14 – 16 bar
TMP. The flux decreased below the maximum value at higher TMPs. A similar result was
reported by Cheryan et al. (1990) while other researchers (Kulozik and Kessler, 1988a, 1990a,
b) did not show a flux drop at higher TMP. The characteristic curve of milk is in fairly good
agreement with the work of Rabiller-Baudry et al. (2009) and Bouzid et al. (2012) who
utilized the concept of limiting and critical fluxes to study the effect of feed pH. However,
this concept does not account for the flux drop after the maximum flux. Similar behaviour for
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both whole milk and skimmed milk suggested that fat does not play a significant role in
membrane fouling.
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Figure 5.1 Effect of feed composition on fluxes for runs with increasing TMP.
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Figure 5.2 Effect of feed composition and cross-flow velocity on fluxes for runs with
increasing TMP.
The flux of simulated milk ultrafiltrate (SMUF) was consistent with its osmotic pressure with
a slight deviation from the straight line at high TMP, while concentrated SMUF caused a
significant flux reduction with maximum flux at 16 bar TMP. The flux for concentrated
SMUF solution then dropped about 21% when the TMP was increased to 24 bar probably
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because of the mineral precipitation at high pressure. The addition of lactose or whey protein
isolate to normal SMUF did not cause large additional flux reduction. The fluxes increased
with increasing TMP with a slight deviation from a straight line at high pressure where the
deviation increased in the order of SMUF and lactose solution, SMUF, lactose and 0.6% w/w
whey protein isolate solution, followed by SMUF, lactose and 3.3% w/w whey protein isolate
solution. Whey protein has a limited influence on the flux reduction which is consistent with
results presented by Fenton-May et al. (1972), Hiddink et al. (1980), Morales et al. (1990) and
Schwab et al. (1993). Increasing the cross-flow velocity from 0.2 m s-1 to 0.3 m s-1 increased
the flux for reverse osmosis with skimmed milk slightly especially at high TMP.
Considering the skimmed milk run at 0.2 m s-1 in Figure 5.2, the flux-pressure profile shows
that the critical flux was below 1.34 g s-1 m-2 (8 bar TMP) by assuming that the minimum
TMP to produce flux is at 7 bar which corresponded to the osmotic pressure of milk. The
critical flux is of little importance here as very little or no fouling will develop at this point.
The limiting flux was likely to be 2.80 g s-1 m-2 at 12 bar TMP as further increase in TMP
shows a very slight or no improvement in flux.

The flux as a function of time for selected runs is shown in Figure 5.3. The raw data, with
oscillation of about ± 10% or less, which was caused by the use of an electronic balance for
flow measurement, was smoothed by taking the average of each 10 successive flux values.
The recorded data points for the first 10 minutes were retained to identify the initial changes
in flux. For both cross-flow velocities, after the initial drop, the flux of skimmed milk at 12
bar or 24 bar TMP decreased slightly with time for the first 3 hours before it reached its
steady state. This is consistent with the results reported by Kulozik and Kessler (1990b) for
polyamide tubular membrane but not with Cheryan et al. (1990) for polyamide spiral-wound
membrane. Cheryan et al. (1990) showed a significant flux drop for the first 3 hours of
operation for skimmed milk run at 12 L min-1 (about 0.3 m s-1) and 21 bar. According to
Figure 5.3, the reduction of flux with time was higher for runs at 24 bar than at 12 bar, and
was more pronounced at lower cross-flow velocity. The steady state fluxes for 12 bar and 24
bar after 3 hours filtration at cross-flow velocity of 0.2 m s-1 were 2.81 g s-1 m-2
(corresponding to permeance of 0.234 g s-1 bar-1 m-2) and 2.14 g s-1 m-2 (corresponding to
permeance of 0.0892 g s-1 bar-1 m-2) respectively. For the runs at 0.3 m s-1, the steady state
fluxes at 12 bar and 24 bar were 3.13 g s-1 m-2 (corresponding to permeance of 0.262
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g s-1 bar-1 m-2) and 2.54 g s-1 m-2 (corresponding to permeance of 0.106 g s-1 bar-1 m-2)
respectively.

The flux at 12 bar was higher than the flux at 24 bar TMP, which is consistent with the flux
for increasing TMP run. Unlike water permeance which is almost constant throughout a range
of TMPs, doubling the TMP from 12 bar to 24 bar for runs with skimmed milk reduced the
permeance to about 38% - 40% of its permeance at 12 bar. Concentration polarization and
deposit formation are two governing factors responsible for the reduction of permeance.
Concentration polarization enhances the feed osmotic pressure near/at the membrane
boundary layer while deposit formation increases the concentration polarization effect and/or
imposes additional flow resistance through the membrane. It has been suggested that higher
TMP compacted the deposit layer and leads to higher concentration polarization (Hiddink et
al., 1980; Kulozik and Kessler, 1990a, b).
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Figure 5.3 Flux as a function of time for runs with skimmed milk and concentrated SMUF at
12 bar or 24 bar TMP and cross-flow velocity of 0.2 m s-1 or 0.3 m s-1. Data points
shown after the first 10 minutes are the average of each 10 successive values.
Concentrated SMUF had a much higher flux at the start of the run than skimmed milk,
probably due to the lower effective osmotic pressure of concentrated SMUF; the difference
between calculated osmotic pressure of feed and permeate (assuming 96.0% feed rejection) is
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5.97 bar (Table 5.3). Unlike milk, the flux dropped dramatically with time during the first
hour of the run indicating the development of a mineral precipitate layer and concentration
polarization due to feed rejection within this period. Similarly, Hausmann et al. (2013b) found
that skimmed milk exhibited a low but consistent flux over time while the flux for milk salts
decreased continuously with time during membrane distillation using the hydrophobic
polytetrafluoroethylene (PTFE) membranes. For the membrane distillation, the feed solution
was heated to 54 °C and permeate was maintained at 5 °C to create the partial vapour pressure
difference between feed and permeate as driving force (Hausmann et al., 2013b).

The fouling formation for reverse osmosis and membrane distillation with milk and milk salt
solutions is thought to be similar to some extent. Reverse osmosis makes use of hydraulic
pressure to create chemical potential difference between feed and permeate while membrane
distillation depends on temperature (difference in vapour pressure). For both cases, water will
permeate through the membrane in liquid (for reverse osmosis) or vapour (membrane
distillation) form along the chemical potential gradient. For membrane distillation, water will
flow towards the membrane surface, vaporizes at the liquid-vapour interface at each
membrane pore, passed through the membrane in vapour form and then condenses in
membrane-permeate interface (Gullinkala et al., 2010). The water flow will bring solutes to
the membrane surface forming a concentration polarization layer which promote fouling and
increases the temperature polarization for membrane distillation.

Hausmann et al. (2013a) suggested that the flux decline during membrane distillation with
skimmed milk was because of the low porosity fouling layer reducing the membrane
evaporation area and/or the concentrated fouling layer reducing the vapour pressure near the
membrane surface, rather than pore blocking. For skimmed milk run, fouling begins with the
deposition of proteins on the membrane surface through hydrophobic interaction, followed by
the growing of the cake layer which is now depends on the interactions of milk proteins and
minerals. The species that deposited on and/or form a linkage with the membrane for both
membrane distillation and reverse osmosis is likely to be different owing to their difference in
membrane hydrophilicity. Still, similar protein deposition is expected because of the
amphoteric nature of proteins. For salt solution, Hausmann et al. (2013b) suggested that the
salt precipitate in the feed solution forming a homogenous crystallization layer before it
deposited on the membrane surface and thus, the mineral-membrane interaction and pore
blocking are of limited influence.
143

5.3.2 Membrane and fouling resistance
A series of 3-hour runs at 12 bar or 24 bar TMP were performed with various unmodified and
modified milk solutions to identify the major components that caused fouling formation. To
compare the amount of fouling caused by the various feed solutions, resistances of the
membrane, flushable fouling and non-flushable fouling were calculated using Equation 5.1
and are presented in Table 5.3. The resistance for runs at increasing TMP, labelled as TMP, is
included in same table. The flushable resistance represents hydraulic resistance and the effects
of concentration polarization which causes increased osmotic pressure at the membrane
interface.

Table 5.3 Membrane, flushable and non-flushable resistances
Calculated
NonMembrane
Flushable
Feed solutions
osmotic pressure
flushable
resistance
resistance
difference
resistance
bar
1010 m2 kg-1 1010 m2 kg-1 1010 m2 kg-1
SMUF (TMP)
2.97
11.7
3.5
1.5
SMUF and lactose (TMP)
6.71
11.0
5.8
1.5
SMUF, lactose + 0.6%
6.86
10.9
6.5
1.9
w/w WPI (TMP)
SMUF, lactose + 3.3%
6.86
10.9
8.2
1.9
w/w WPI (TMP)
Concentrated SMUF
5.97
10.6
35
6.0
(TMP)
Concentrated SMUF (24
5.97
10.5
48
2.9
bar)
Whole milk (TMP)
7.10
11.5
72
3.4
Whole milk (12 bar)
7.10
12.2
11
2.1
Whole milk (24 bar)
7.10
11.7
81
14
Skimmed milk (TMP)
7.10
10.2
63
2.5
Skimmed milk (12 bar)
7.10
11.2
8.8
1.9
Skimmed milk (24 bar)
7.10
10.9 ± 0.4
68 ± 6
13 ± 1
Mineral enhanced
7.89
10.9
78
16
skimmed milk (24 bar)
Mineral depleted skimmed
6.30
10.3
73
12
milk (24 bar)
Protein enhanced skimmed
7.20
11.7
66
11
milk (24 bar)
Protein depleted skimmed
7.04
10.6
64
11
milk (24 bar)
Note: ± indicates the range of measurement over 6 runs. The osmotic pressure for each feed
solution was calculated with Equation 2.1 and assumptions were made that the mole fraction
of diffusible milk salt and lactose is as given by Jenness and Koops (1962), the activity
coefficient is equal to 1 and feed rejection of 96.0% for the estimation of diffusible milk salt
composition in permeate.
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The variation in membrane resistance is assumed to come from variations in the
manufacturing process. Generally, flushable resistance increased with increasing nonflushable resistance. The resistance corresponding to flushable and non-flushable fouling for
runs with skimmed milk and whole milk at 24 bar TMP was 5 – 7 times higher than at 12 bar.
This is consistent with the observation of lower permeance at 24 bar TMP than at 12 bar even
though it has a higher effective driving force for separation. The flushable and non-flushable
resistance for SMUF and mixtures of SMUF, lactose and whey protein isolate were relatively
low compared with skimmed milk and whole milk. Among the milk and milk model solutions,
SMUF created the lowest flushable and non-flushable resistances. The addition of lactose into
normal SMUF increased the flushable resistance by about 68.6%, while the non-flushable
resistances for both SMUF and SMUF and lactose solution were relatively constant. The
presence of whey proteins without casein had very little effect which is likely due to a local
increase in viscosity but probably not causing any cake.

Skimmed milk and whole milk which consist of about 3.3% w/w protein (20% whey protein
and 80% casein) had a much higher flushable resistance and considerably high non-flushable
resistance than a model solution consists of similar amount of diffusible salt (normal SMUF)
and lactose but with 3.3% w/w whey protein isolate. The flushable resistances of skimmed
milk and whole milk were about 667% and 777% higher, while non-flushable resistance were
about 30.5% and 76.6% higher than those reported for a solution of SMUF, lactose and 3.3%
w/w whey protein isolate. This indicates that casein, and probably the associated calcium
phosphate, is the major contributor of resistance formation in milk as the model solution
consisting of 3.3% w/w whey protein isolate does not lead to similar degree of fouling as
skimmed milk and whole milk did. A similar conclusion was reported by Hausmann et al.
(2013b) for membrane distillation using the hydrophobic polytetrafluoroethylene (PTFE)
membranes where the fouling of skimmed milk is largely dependent on casein-mineral
interactions, and is influenced by the type of mineral rather than electrostatic interaction alone.
The authors claimed that the both caseins and milk minerals are needed to form a thick
deposit layer on the membrane and the protein deposition was more pronounced in the
presence of divalent ions.

Concentrated SMUF increased the flushable resistance by a factor of 10 and the non-flushable
resistance by a factor of 4 as compared to normal SMUF. This was probably due to the higher
concentration increasing the concentration polarization and hence increasing the amount of
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precipitation. Alteration of protein concentration, both enhancement and reduction, in
skimmed milk reduced flushable resistance for about 4.5% - 6.4% and non-flushable
resistance for about 17.2% - 17.5%. Both mineral enhancement and depletion increased the
flushable resistance, but with mineral depletion the result is not significant at 95% confidence.
Mineral enhanced skimmed milk had an effective osmotic pressure of 7.89 bar, which was the
highest among all the feed solutions. Thus, lower effective TMP appeared to be one of the
possible reasons, but not the only reason, for the lowest permeance and permeance ratio in
these runs. The water permeance after flushing for reverse osmosis with mineral enhanced
skimmed milk was still the lowest among all the studied feed solutions. This suggested that
the hydraulic resistance and enhanced concentration polarization that resulted from deposit
formation near the membrane boundary layer might have further reduced the effective TMP
and/or increased the flow resistance.

Although the estimated effective osmotic pressure for mineral depleted skimmed milk is only
slightly higher than concentrated SMUF, by 0.33 bar, the flushable and non-flushable
resistances of mineral depleted skimmed milk are twice the resistances of concentrated SMUF.
This showed that the interaction between protein and minerals led to a higher degree of
fouling/concentration polarization as compared to solution that consists of mineral alone. The
difference between whole milk (3.3% fat) and skimmed milk (0.5% fat) is relatively small
given the difference in fat content, indicating that fat has very little influence on fouling.

The runs with skimmed milk and whole milk at increasing TMP resulted in a lower nonflushable resistance than the runs at fixed TMP of 24 bar. In contrast to skimmed milk and
whole milk, higher non-flushable resistance was created for the run with concentrated SMUF
at increasing TMP than at fixed TMP of 24 bar. A possible explanation for these observations
might be due to the nature of concentration polarization which increased with increasing TMP.
At the beginning of the runs with milk solution at increasing TMP (8 – 24 bar), the
concentration polarization effect was lower than the runs at fixed TMP of 24 bar. Lower
solute concentration reduced both the solute-solute and solute-membrane interactions and
allowed some of the rejected solute, especially milk mineral, to diffuse back to the bulk
solution before non-flushable precipitation occurred. As TMP increases, the flow of mineral
towards membrane surface might be reduced due to the solute-solute repulsion or the
hydraulic resistance created by the gel layer that formed at the previous lower TMP. As a
consequence, a low non-flushable resistance was formed.
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Meanwhile, runs with milk at fixed TMP of 24 bar led to higher solute-solute and solutemembrane interaction, partly due to high concentration polarization, as well as the formation
of gel layer that inhibit solute back-flow to bulk solution. For concentrated SMUF which does
not contain protein, high concentration polarization that was created at fixed TMP of 24 bar
increased the solute-solute and solute-membrane interaction. At the same time, the huge
concentration difference between bulk solution and membrane boundary layer also increased
the solute back-flow to the bulk solution, which is not inhibited by protein gel layer. As a
result, a lower non-flushable resistance was created for run at fixed TMP of 24 bar than at
increasing TMP. For the run with concentrated SMUF at increasing TMP, the slow increase
of concentration polarization with increasing TMP caused less solute back-flow and thus, it
led to higher non-flushable resistance.

For the runs with milk, the flux dropped quickly during the first 15 minutes of filtration
processes as shown in Figure 5.3. The reduction of flux with time became less significant
after the initial drop. It is reasonable to propose that the build-up of concentration polarization
and/or cake layer occurred immediately after the filtration process started. Figures 5.4 and 5.5
show the flushable and non-flushable resistances that developed during the runs with
skimmed milk at 12 bar and 24 bar TMP for 15 minutes, 1 hour and 3 hours.

Runs at 12 bar TMP agreed well with the proposal where the build-up of both flushable and
non-flushable resistances are not greatly affected by the filtration time after the first 15
minutes. For runs at 24 bar TMP, both flushable and non-flushable resistances continue to
build-up with time after the first 15 minutes of filtration. The flushable and non-flushable
resistances that developed after 15 minutes run are about 81% and 38%, respectively, of the
resistances that developed after 3 hours run. Non-flushable resistance increased with time at a
higher rate than flushable resistance. At high TMP, build-up of concentration polarization
and/or cake layer during the start of the run caused a significant flux drop but the nonflushable resistance was relatively low. The non-flushable resistance continued to build-up
while the flux remained relatively constant with filtration time. The flushable resistance might
be the parameter that limits the flux.
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Figure 5.4 Flushable resistance as a function of filtration time for runs with skimmed milk at
12 bar and 24 bar TMP.
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Figure 5.5 Non-flushable resistance as a function of filtration time for runs with skimmed
milk at 12 bar and 24 bar TMP.
Runs with skimmed milk were performed where the TMP was increased from 12 bar to 24 bar,
with stepwise increment of 2 bar at every minute to avoid sudden disturbance to the system,
after 15 minutes of filtration and vice versa for 24 bar to 12 bar. The pressure transition for
both runs is shown in Figure 5.6 whereas the flushable and non-flushable resistances for these
runs are plotted in Figures 5.7 and 5.8 respectively. The arrows in the graphs indicate the
expected changes of resistances with time for both 12 bar to 24 bar and 24 bar to 12 bar runs.
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Figure 5.6 Pressure transition for 12 – 24 bar and 24 – 12 bar runs.
For the 24 bar to 12 bar run, the final flushable and non-flushable resistances after 3 hours run
are 85% and 97% higher than the resistances for 3-hour 12 bar run. Initial high flux at 24 bar
caused higher concentration polarization which eventually lead to more severe cake layer
and/or mineral precipitation at later stage as compared to 12 bar. The non-flushable resistance
formed for the 3-hour 24 bar to 12 bar run is lower than the resistance formed for the
15-minute 24 bar run. A possible explanation for this finding is that the non-flushable
resistance is partly reversible. The non-flushable layer might be diluted by the water that
permeates through the layer at lower TMP. Further study should be performed with longer
periods of flushing and water flux measurement.
For the 12 bar to 24 bar run, the first experiment (labelled as 12 – 24 bar) gave higher
flushable and non-flushable resistances after 3 hours run as compared to the 3-hour 24 bar run,
possibly due to some experimental errors. During the experiment, too much air was
introduced into the system when changing the feed solution from purified water to skimmed
milk causing unusual vibration of the pump suction line and increased the difficulty in
controlling the desired TMP. The same experiment was repeated and the flushable and nonflushable resistance was labelled as 12 – 24 bar repeat. In this repeated experiment, both
flushable and non-flushable resistance are 7.6% and 20% lower than those reported for 3-hour
24 bar run. These results are more reasonable.
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Figure 5.7 Flushable resistance as a function of filtration time for runs with skimmed milk at
12 bar and 24 bar TMP.

Non-flushable resistance (bar m3 s2 g-2)

1.6
1.4
1.2

1.0
12 bar
24 - 12 bar

0.8

24 bar
0.6

12 - 24 bar
12 - 24 bar repeat

0.4
0.2

0.0
0

50

100
Time (minutes)

150

200

Figure 5.8 Non-flushable resistance as a function of filtration time for runs with skimmed
milk at 12 bar and 24 bar TMP.
It is concluded that higher TMP caused higher flushable and non-flushable resistances from
the start of the run than at lower TMP. The development of flushable resistance at the start of
the run caused a significant flux drop. The non-flushable resistance had less influence on flux
reduction than the flushable resistance and it increased with filtration time. Initial high flux
caused greater fouling and vice versa.
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5.3.3 Solute rejection
Fluxes of diffusible milk salts for various SMUF model solutions were estimated from the
electrical conductivities of permeate solutions and were plotted in Figure 5.9. A linear
correlation between mole fraction and electrical conductivity (Equation 5.2 with R2 of 0.9987)
was obtained based on the measured conductivity and the total molar concentration
contributed by each component in SMUF and concentrated SMUF feed solutions. The molar
fraction of salts in permeate at each applied TMP was estimated from the measured electrical
conductivity using Equation 5.2.
(5.2)
A few assumptions were made which assumed: linear relationship between molar fraction and
conductivity that passed through the origin; the molar concentration of each component is
linearly additive; same water composition for both SMUF and concentrated SMUF solution
during molar concentration calculation; and lastly, lactose and whey protein isolate do not
affect the electrical conductivity of solutions.
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Figure 5.9 Estimation of flux of milk salts.
The salt fluxes for: SMUF; SMUF and lactose solution; SMUF, lactose and 0.6% w/w whey
protein isolate solution; and SMUF, lactose and 3.3% w/w whey protein isolate solution
remained relatively constant with increasing TMP from 8 bar up to 24 bar. Addition of lactose
and whey protein isolate to the SMUF solution caused a slight reduction in salt flux, which is
consistent with their osmotic pressure. A salt flux reduction of 26% was reported for the
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addition of lactose into SMUF solution whereas the addition of both lactose and 0.6% w/w
whey protein isolate reduced the salt flux by about 27% as compared to SMUF alone. The salt
flux reduced more with increasing whey protein isolate concentration. The averaged salt flux
for SMUF, lactose and 3.3% w/w whey protein isolate solution was 40% lower than normal
SMUF. As revealed in Figure 5.9, concentrated SMUF was the only model solution that
exhibit a different behaviour with increasing TMP. A maximum salt flux was reported at 16
bar TMP, which is consistent with the maximum overall flux for the run (Figure 5.2),
indicating the development of severe concentration polarization and/or mineral precipitation
at higher TMP. The reduction of salt flux at high pressure might also because of the reduction
of water flux at high pressure which reduced the convective salt flow that coupled with
solvent flow (Spiegler-Kedem model) through the membrane.

The overall solute rejection that was based on electrical conductivity measurement and ion
rejections that were based on ion composition analysis for concentrated SMUF, milk model
solutions and skimmed milk are presented in Table 5.4. Both overall solute rejection and ion
rejections for normal SMUF and lactose solution with and without whey protein isolate were
higher than those reported for concentrated SMUF and skimmed milk. For solutions without
casein, the rejections for all ions were equally high. This is in conflict with previous findings
for single electrolyte solution with concentration of 0.6% w/w where the rejections of many
salts (sodium citrate, phosphate, sulphate) were found to be greater than 99.0%, but sodium
nitrate had a rejection of 93.1% while both sodium acetate and chloride had a rejection of
about 97.0% at neutral pH. This might be because of the multiple ions that exist in the milk
model solution compete with each other and cause a reduction in permeation rate as compared
to the pure salt solution (Kulozik and Kessler, 1990a).

The presence of casein in skimmed milk increased the apparent permeability of monovalent
ions (i.e. potassium, sodium and chloride ions) but not multivalent ions (i.e. calcium,
magnesium, phosphate and sulphate ions) as compared to a solution consisting similar amount
of diffusible salt and lactose but with 3.3% whey protein isolate. The concentrations of
calcium, magnesium and phosphate ions in permeate samples were too low to be detected
with the exception for concentrated SMUF which had almost a complete rejection. Two
possible reasons for the difference in ion rejections are ion valency and the involvement of
ions in casein micelle formation. Although part of the magnesium is bound to casein micelles
(Gaucheron, 2005), a previous study had shown that magnesium ions do not caused fouling
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Table 5.4 Ion compositions and rejections from ion analysis and from conductivity measurement.
Cation
Feed solution
Overall
Ca
K
Mg
Na
P
Concentration in retentate (mg/L)
Concentrated SMUF
357
2344
127
666
562
Concentrated SMUF - 24 bar
409
2099
122
629
504
SMUF + lactose
379
1171
83.8
432
388
SMUF + lactose + 0.6% w/w WPI
328
1013
72.7
407
340
SMUF + lactose + 3.3% w/w WPI
344
971
68.9
501
325
Skimmed milk
817
1037
82.5
283
728
Skimmed milk - 24 bar
1122
1002
89.6
269
872
Skimmed milk - 24 bar
1089
987
89.9
267
888
Rejection
Concentrated SMUF
96.4%
99.997%
97.65%
99.957%
96.92%
99.922%
Concentrated SMUF - 24 bar
96.0%
99.985%
96.83%
99.924%
96.13%
99.883%
SMUF + lactose
99.1%
ND
99.36%
ND
99.28%
99.984%
SMUF + lactose + 0.6% w/w WPI
99.0%
ND
99.25%
ND
99.17%
99.983%
SMUF + lactose + 3.3% w/w WPI
99.1%
ND
99.33%
ND
99.23%
99.991%
Skimmed milk
97.3%
ND
97.73%
ND
98.14%
99.991%
Skimmed milk - 24 bar
97.2%
ND
97.23%
ND
97.74%
99.993%
Skimmed milk - 24 bar
97.5%
ND
97.48%
ND
97.91%
99.996%
Concentration polarization relative to SMUF and lactose solution
Concentrated SMUF
3.7
4.3
4.9
Concentrated SMUF - 24 bar
4.9
5.4
7.3
SMUF + lactose
1.0
1.0
1.0
SMUF + lactose + 0.6% w/w WPI
1.2
1.1
1.1
SMUF + lactose + 3.3% w/w WPI
1.0
1.1
0.6
Skimmed milk
3.5
2.6
0.6
Skimmed milk - 24 bar
4.3
3.1
0.4
Skimmed milk - 24 bar
3.9
2.9
0.2
Note: ND – not detected in permeate
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Cl

Anion
PO4-P

SO4-S

2380
2201
1396
1257
1166
991
850
975

598
538
421
381
346
563
606
688

187
235
171
155
137
883
680
845

96.42%
94.99%
99.34%
99.21%
99.17%
97.43%
96.44%
97.24%

99.94%
99.91%
ND
ND
ND
ND
ND
ND

99.92%
99.93%
99.96%
99.91%
99.89%
99.99%
99.99%
99.89%

5.4
7.5
1.0
1.2
1.2
3.9
5.4
4.2

-

2.2
1.9
1.0
2.5
3.1
0.4
0.3
3.1

as severely as calcium ions do (Mo et al., 2008). So, it is reasonable to hypothesize that
calcium and phosphate ions are the major minerals that are involved in fouling formation by
forming ionic bridges among themselves and/or with casein (calcium-phosphate sequestration
by casein micelles), and thus, their ion rejections are high. For concentrated SMUF, higher
concentration increased the mineral permeation through membrane, but also led to higher
concentration polarization which encouraged mineral nucleation at the membrane surface that
consisted mainly of calcium and phosphate. The concentration of calcium in permeate from
concentrated SMUF is almost the same as in normal SMUF solution suggesting that large
amounts of calcium ions were remained in the system after reverse osmosis with concentrated
SMUF, probably attached to the membrane or as a precipitate.

The overall solute rejection and ion rejections are closely related to concentration polarization
phenomena which increased the solute concentration at the membrane interface and
eventually increased the solute passage through membrane than would be predicted by the
feed water concentration (Chen et al., 2011; Kucera, 2010). By taking the solute passage of
SMUF and lactose solution that simulated the diffusible salt and lactose in milk as a basis of
comparison, the effect of feed concentration and constituents on concentration polarization
can be predicted. The observed rejection coefficient (

) and true rejection coefficient (

are given as Equations 5.3 and 5.4 respectively.
(5.3)
(5.4)
Here

is the solute concentration. The subscript

the feed solution and
polarization (

refers to the permeating fluid,

refers to

refers to the membrane boundary layer. The concentration

) can be expressed as:

(5.5)

The concentration polarization of solute in feed solution (for example, concentrated SMUF)
with relative to SMUF and lactose solution is:
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)

(5.6)
Assuming that the membranes have a constant true rejection coefficient, Equation 5.6 can be
simplified to:
(5.7)

The concentration polarization relative to SMUF and lactose solution for concentrated SMUF,
SMUF, lactose and whey protein isolate solution and skimmed milk are listed in Table 5.4.
The addition of whey protein isolate to SMUF and lactose solution altered the concentration
polarization of anions, especially of sulphate and phosphate ions, but not of cations. The
effect is more pronounced at higher concentrations of whey protein isolate. The presence of
casein in the feed solution increased the concentration polarization for potassium, sodium and
chloride ions significantly. Doubling the SMUF concentration increased the concentration
polarization to 3 to 7 times of those reported for normal SMUF for most of the ions.

5.3.4 Chemical cleaning
Before testing the cleaning of membranes fouled with milk, a virgin membrane was subjected
to pre-treatment, water fluxing for 1 hour and 4 cycles of cleaning. The permeance values of
all water flux tests are shown relative to the pre-treated permeance in Figure 5.10. Based on
previous runs with milk model solutions, modified and unmodified milk solutions, membrane
pre-treatment increased the purified water permeation rate consistently to about 112% - 128%
of the initial membrane permeation rate. Each cycle of cleaning was found to have an
additive effect on membrane permeability. It can be seen that lower chemical concentrations
produced less of an effect. The permeance ratios obtained from these runs can be used as a
control for cleaning efficiency after milk fouling. Similar results were reported by Madaeni
and Mansourpanah (2004) for the cleaning of reverse osmosis membrane fouled by whey
with 0.1% NaOH (pH 12.4). They suggested that the flux improvement was caused by the
alkaline damage which induces some large pores or tracks to the membrane, removal of pore
material that is left from the membrane fabrication, or the alteration of membrane to a more
hydrophilic media with a greater tendency for water passage and higher flux. Sohrabi et al.
(2011) suggested that it was caused by changes in hydrophilicity as water contact angle was
decreased with increased pH, while Nilsson et al. (2008) claimed that reversible membrane
swelling is the major reason for the changes in water permeability.
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Figure 5.10 Permeance ratio for the runs with water. The water permeance was measured
after each treatment.
In the current work membrane damage was thought to be unlikely as a run with 15 hours of
soaking with 0.5% w/w sodium hydroxide (pH 13.10) or 0.8% w/w nitric acid (pH 0.90)
showed no deterioration in either permeability or sodium chloride rejection (Figure 5.11).
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Figure 5.11 Effect of chemical soaking on the membrane permeability and rejection
properties.
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The changes of membrane performance, either permeability or 0.6% w/w sodium chloride
rejection, caused by 10 minutes circulation followed by 15 hours membrane soaking in
sodium hydroxide and nitric acid are similar to those reported for 10 minutes chemical
circulation without soaking. In Figure 5.11, the permeance values for runs with either water
or 0.6% w/w sodium chloride (NaCl run) at 24 bar TMP are shown relative to the initial
membrane permeance. Reverse osmosis with 0.6% w/w sodium chloride solution after each
chemical treatment stabilized the membrane water permeability (post-NaCl) to ± 1.0%.

Therefore, Figure 5.10 makes it clear that when cleaning results are obtained from a fouled
membrane, they must be compared to results from the same cleaning of a similar membrane
but without fouling. Restoration of the flux back to its original value does not confirm that a
membrane is clean. The permeance ratio for both runs 1 and 2 are consistent with each other
indicating the high reproducibility of the experimental data. Thus, the permeance ratio
obtained from these runs should serve as a good indicator for membrane cleaning efficiency
as well as to quantify the membrane permeability after each chemical treatment. A 1-hour run
with water reduced the permeance to about 96.2% - 97.9% of the permeance of pre-treated
membrane. Membrane treatment with nitric acid increased the water permeance to a greater
extent than sodium hydroxide, which is consistent with the findings from previous
experiments as well as with literature (Nilsson et al., 2008). The reduction of concentration of
sodium hydroxide from 0.5% w/w to 0.05% w/w did not cause any significant changes in
permeance ratio for all complete cleaning cycles. Unlike sodium hydroxide, the degree of
permeance improvement depends largely on the concentration of nitric acid, where
approximately 8.5% - 10.0% improvement over the previous permeance was reported for
0.8% w/w nitric acid while 0.08% w/w nitric acid only caused about 2.2% - 4.0%
improvement over the previous permeance. The great improvement in membrane
permeability caused by nitric acid is reversible, but treatment with sodium hydroxide partly
reduced the water permeance, which is consistent with the work of Nilsson et al. (2008).

The average permeance ratio for the 3-hour run with skimmed milk at 24 bar TMP followed
by standard chemical cleaning cycles is shown in Figure 5.12. Without the virgin membrane
cleaning data it might be assumed that the membrane had been cleaned, but the flux was still
lower than for a virgin membrane indicating that cleaning was not complete. The permeance
ratios for concentrated SMUF, modified and unmodified milk solutions were listed in Table
5.5.
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Figure 5.12 Permeance ratio, water permeance after chemical cleaning to water permeance
after membrane pre-treatment, for 3 hours run with skimmed milk at TMP of 24
bar.
Table 5.5 Effect of feed composition on the permeance ratio and cleaning efficiency for runs
with various milk solutions.
Feed solutions
Water
Skimmed milk (12
bar)
Skimmed milk (24
bar)
Whole milk (12 bar)

Permeance ratio = Permeance/pre-treated permeance
NonFirst NaOH
Cleaning
Cleaning
Fouling
flushable
clean
cycle 1
cycle 2
fouling
0.968 ± 0.006
0.989 ± 0.002 1.03 ± 0.012
1.05 ± 0.014
0.209

0.855

-

1.01

-

0.0808 ± 0.002

0.446 ± 0.002

0.851 ± 0.008

0.969 ± 0.005

0.990 ± 0.005

0.199

0.856

-

1.04

-

-

0.970

1.05

0.830

0.961

1.02

0.907

0.960

1.00

0.896

0.972

1.01

0.897

1.00

1.05

0.834

0.994

1.02

Whole milk (24 bar)
0.0770
0.451
Mineral enhanced
0.0697
0.403
skimmed milk
Mineral depleted
0.0799
0.464
skimmed milk
Protein enhanced
0.0929
0.519
skimmed milk
Protein depleted
0.0875
0.497
skimmed milk
Concentrated SMUF
0.155
0.638
Note: ± indicates the range of measurement over 2 runs

A single standard cleaning cycle was sufficient to remove the deposit and recover the water
permeance for both skimmed milk and whole milk runs at 12 bar, probably because the cake
layer formed at low TMP is loose and easy to remove. A similar observation was reported by
Kulozik and Kessler (1988b). Two or three cleaning cycles were needed to restore the water
permeance back to its pre-treated permeance for whole milk, skimmed milk and modified
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milk solutions processed at 24 bar with the exception of protein depleted skimmed milk,
which required only one cleaning cycle. Additional cleaning cycles further improved the
water permeance to values well above the pre-treated permeance.

Table 5.6 summarizes the permeance ratio for 3-hour runs with skimmed milk that were
cleaned with different cleaning methods. Similar permeance ratios for skimmed milk and for
water after flushing are observed for all runs indicating the repeatability of the experimental
results. No distinguishable result was reported for both standard cleaning and acid-caustic
cleaning sequences (runs 1 and 2). For acid-caustic clean, although the fouled membrane was
first exposed to 0.8% w/w nitric acid which might cause protein coagulation and precipitation,
the water permeance after the first acid clean recovered to 98.5% of the pre-treated
permeance. The recovery is comparable to the 98.2% of the pre-treated permeance reported
for skimmed milk after the first acid clean. This might be because the protein molecule now
had a net positive charge after the acid clean and thus, they repelled each other and detached
(Bylund, 2003).

Table 5.6 Effect of cleaning method on the permeance ratio and cleaning efficiency for 3
hours runs with skimmed milk.
Run

Cleaning method

1

Standard cleaning

2
3
4

Acid-caustic cleaning
Extended duration
Extended duration with
chemical renewal
Reduced caustic
concentration –
0.05% w/w

5

Permeance ratio = Permeance/pre-treated permeance
NonFirst NaOH
Cleaning
Cleaning
Fouling
flushable
clean
cycle 1
cycle 2
fouling
0.0808 ±
0.446 ±
0.851 ±
0.969 ±
0.990 ±
0.002
0.002
0.008
0.005
0.005
0.0858
0.439
0.981
0.997
0.0852
0.476
0.882
0.989
1.018
0.0840

0.449

0.924

0.990

1.040

0.0815

0.469

0.718

0.977

1.011

Note: ± indicates the range of measurement over 2 runs
Reducing the concentration of sodium hydroxide from 0.5% w/w to 0.05% w/w (run 5) led to
lower water permeance recovery than the standard cleaning cycle (run 1). Similar to the acidcaustic clean, the following 0.8% w/w nitric acid clean recovered the permeance as
effectively as a standard cleaning did where 97.3% of the pre-treated permeance (compared
to 98.2% for the standard cleaning) was reported for the membrane that cleaned with
0.05% w/w sodium hydroxide, followed by 0.8% w/w nitric acid. Two cleaning cycles were
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adequate to recover the permeance for run 5. One of the reasons might be because the
changes of membrane performance caused by 0.05% w/w sodium hydroxide were not as
obvious as 0.5% w/w sodium hydroxide, including its tendency to lower the water permeance
after the membrane was cleaned with 0.8% w/w nitric acid.

The recovery of water permeance increased with increasing cleaning duration (run 3). The
permeance ratio after 20 minutes cleaning was slightly higher than the 10 minutes cleaning as
the chemicals had more time to react and remove the deposited foulants from membrane.
Consistent results are reported by Madaeni and Mansourpanah (2004). The renewal of
cleaning chemical after 10 minutes (run 4) further improved the permeance ratio. Still, two
cleaning cycles were required to recover the water permeance to its pre-treated permeance for
20 minutes cleaning, both with and without chemical renewal after 10 minutes.

Table 5.7 summarizes the permeance ratio for 3-hour runs with concentrated SMUF that were
cleaned with standard cleaning cycle with different cleaning durations. The membrane
cleaning with 0.5% w/w sodium hydroxide is mainly to recover the membrane charge after its
exposure to 0.8% w/w nitric acid. Concentrated SMUF, which consists only of diffusible
milk salts, required two cleaning cycles to completely recover its water permeance regardless
of the cleaning duration. The possible explanations are 20 minutes cleaning is still not enough
to remove the inorganic deposits, or the alternate alteration of membrane charge and/or pore
size of the polyamide layer by the cleaning chemicals might assist the deposit removal.

Table 5.7 Effect of cleaning duration on the permeance ratio and cleaning efficiency for 3
hours runs with concentrated SMUF.
Permeance ratio = Permeance/pre-treated permeance
Cleaning duration
Non(standard cleaning
First NaOH Cleaning
Cleaning
Fouling
flushable
cycle)
clean
cycle 1
cycle 2
fouling
10 minutes (standard)
0.155
0.638
0.834
0.994
1.02
20 minutes
0.130
0.781
0.884
0.983
1.02
A comparison between skimmed milk and concentrated SMUF can be made to identify the
actual components that interact with membrane and cause membrane cleaning difficulties. As
revealed by Table 5.8, the difference in permeance and permeance ratio for skimmed milk
and concentrated SMUF before membrane cleaning (non-flushable fouling) is quite
significant. The first cleaning with 0.5% w/w sodium hydroxide (cleaning cycle 1 – NaOH 1)
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removed most of the organic deposit for milk fouled membrane and recovered the permeance
to a level similar to those reported for concentrated SMUF fouled membrane. This suggested
that the remaining non-flushable resistance after the first sodium hydroxide clean consisted
mainly of inorganic components. The subsequent membrane cleaning with 0.8% w/w nitric
acid (cleaning cycle 1 – HNO3) further improved the permeance ratio for both milk and
concentrated SMUF fouled membranes.
The permeance ratios of milk fouled membranes after the cleaning cycle 1 – HNO3 clean
were lower than the concentrated SMUF fouled membranes for both 10 minutes and 20
minutes cleaning. This suggested that there might be some leftover organic based deposit
(mainly protein in this case) on the milk fouled membrane that required more chemical
cleaning. The protein might still bind to the minerals, i.e. calcium phosphate, and remain in a
complex form. The subsequent cleaning with 0.5% w/w sodium hydroxide (cleaning cycle 1
– NaOH 2) was able to reduce the difference in permeance ratio between the milk and the
concentrated SMUF fouled membranes. The permeance ratios for milk fouled membrane
after cleaning with 0.8% w/w nitric acid in cleaning cycle 2 were still lower than those
achieved by concentrated SMUF fouled membranes. A clear conclusion can be drawn that the
complex interaction between protein and inorganic salt reduced the cleaning efficiency and
multiple cleaning cycles are required to fully recover the permeance regardless of the
cleaning duration.

Table 5.8 Permeance ratio after each chemical cleaning step for 3 hours runs with skimmed
milk and concentrated SMUF.
Feed solution
Permeance ratio =
10 minutes cleaning
20 minutes cleaning
Permeance/pre-treated
permeance
Concentrated
Skimmed
Concentrated
Skimmed milk
SMUF
milk
SMUF
Fouling
0.0808 ± 0.002
0.155
0.0852
0.130
Non-flushable fouling
0.446 ± 0.002
0.638
0.476
0.781
Cleaning cycle 1 – NaOH 1 0.851 ± 0.008
0.834
0.882
0.884
Cleaning cycle 1 – HNO3
0.982 ± 0.005
1.025
1.002
1.049
Cleaning cycle 1 – NaOH 2 0.969 ± 0.004
0.994
0.989
0.983
Cleaning cycle 2 – NaOH 1 0.967 ± 0.003
0.992
1.000
0.992
Cleaning cycle 2 – HNO3
1.046 ± 0.009
1.074
1.070
1.097
Cleaning cycle 2 – NaOH 2 0.990 ± 0.005
1.020
1.018
1.021

161

5.4 Overall discussion
5.4.1 Fouling mechanism
Attempts have been made to correlate the flux reduction, resistance development and
cleaning efficiency for runs with milk model solutions, modified and unmodified milk
solution to establish the likely mechanism for fouling formation. The origins of flux decline
during reverse osmosis at TMPs higher than its limiting condition are in agreement with
Bouzid et al. (2012), and include concentration polarization that subsequently reduced the
effective TMP, as well as the cake layer formation that increased hydraulic resistance of the
filtration process. Both cake layer formation and concentration polarization effects are interrelated.

Figure 5.13 shows the fouling mechanism for reverse osmosis of milk at the start of the run
and at the steady-state condition. During reverse osmosis, concentration polarization occurs
where the feed components, both proteins and minerals, are rejected by the membrane. The
minerals and protein concentrations increase at the membrane boundary layer and may reach
their nucleation limits and precipitate on the membrane surface. The formation of a cake
layer due to protein and mineral precipitation not only imposes additional hydraulic
resistance to permeation as proposed by Fenton-May et al. (1972), Kulozik and Kessler
(1988a) and Kulozik and Kessler (1990b), but also hinder the back diffusion of mineral ions
from the membrane surface to the bulk solution and consequently increase the mineral
concentration at the membrane significantly. Cake enhanced concentration polarization leads
to mineral precipitation and even greater osmotic pressure defined as cake enhanced osmotic
pressure by Hoek and Elimelech (2003). Meanwhile, the minerals might either block and/or
attach to the membrane. Flushable resistance corresponding to the resistance created due to
concentration polarization and loose cake layer that can be removed by water flushing. Nonflushable resistance is the resistance created by the non-flushable cake layer, minerals
precipitation at the membrane and membrane blocking if there is any. This proposed
mechanism is in agreement with the observation of Glover and Brooker (1974) where the
electron micrograph of the milk deposit show a thin (11 nm thick) continuous electron-dense
layer adjacent to the membrane, followed by an electron-lucent zone (10 – 15 nm thick), and
finally the main bulk of the deposit (30 μm thick) which consist mainly electron-dense
granules that correspond to the milk protein or casein granules of normal milk.
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Figure 5.13 Fouling mechanism for reverse osmosis of milk at the start of the run (left) and
at steady-state (right).
The role of minerals in fouling is shown by the rapid fouling caused by concentrated SMUF.
There is little doubt that the concentration of minerals at the membrane increases to such a
level that precipitation occurs. The precipitate is likely to form a cake which will reduce the
back diffusion of minerals into the cross flow and thus fouling will be accelerated. Calciumphosphate precipitation appeared to be the main cause for fouling formation for reverse
osmosis with solution consisting of SMUF, lactose and whey protein isolate, which is
consistent with the results reported by Hiddink et al. (1980) and Smith and MacBean (1978).
Nonetheless, the low value of non-flushable fouling indicates that the membrane is not
blocked.

The same mechanisms are feasible when minerals in milk are concentrated within a casein
cake. When casein is present, the casein micelles are likely to immediately form a cake layer
which will enhance the concentration polarization of minerals and hence cause precipitation.
In milk solutions, casein either exists in the form of oligomers, submicelles or micelles. Some
minerals are diffusible in solution while some are partially associated with casein molecules.
Significant amounts of calcium phosphate are associated with casein to form and stabilize the
casein micelles in solution (Gaucheron, 2005). Gaucheron (2005) concluded that small
changes in the minerals composition will cause association or dissociation of casein and salts
which consequently induced significant changes on the structure and stability of casein
micelles. Thus, as the mineral content increases in the surrounding solution, the additional
calcium is likely to increases the casein association. The increase of casein micelles and
diffusible minerals, especially calcium and phosphate, in mineral enhanced skimmed milk as
compared to unmodified skimmed milk is likely to encourage the formation of denser
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flushable and non-flushable cake layer due to the higher availability of minerals to form ionic
bridges with casein. This is consistent with the findings of Mo et al. (2008) for bovine serum
albumin and Bouzid et al. (2012) for skim milk. The formation of a denser cake layer and
higher mineral concentration in mineral enhanced skimmed milk further enhanced the
concentration polarization and subsequently encouraged the nucleation of minerals at the
membrane surface and membrane blocking.

In order to achieve a new equilibrium state, the reduction of minerals in skimmed milk leads
to casein micelles dissociation causing the formation of a denser cake layer that partly
consists of casein submicelles and protein molecules aggregate, which is in agreement with
the works of Kulozik (1998) and Obermeyer et al. (1993). However, the cake layer is not as
stable as those formed by unmodified skimmed milk due to the limited calcium phosphate
bridges and so is more flushable. The flushability of the cake layer increased with increasing
casein submicelles and protein molecules concentration. The total resistance appeared to
increase with increasing concentration of diffusible mineral in milk solution as the mineral
enhanced skimmed milk was the only feed solution that has higher diffusible mineral
concentration than unmodified skimmed milk. Similar conclusion was drawn by Bouzid et al.
(2012).

5.4.2 Cleaning mechanism
Most of the runs at 24 bar TMP required two or three cleaning cycles for both normal and
extended cleaning duration (Table 5.5). A cleaning mechanism for the non-flushable fouling
can be proposed which is consistent with the proposed fouling mechanism. The non-flushable
fouling is likely to be built up by a cake layer which consists of both proteins and minerals at
the membrane boundary layer, with the minerals and/or proteins directly attached to or
blocking the membrane. The sodium hydroxide will break up the cross-links bond that
maintain the gel structure of proteinaceous fouling such as amide bonds, peptide bonds,
disulfide bonds, etc. by hydrolysis and β-elimination reaction (Xin, 2003).

However, the disengagement of proteins from the cake layer is restricted by the calciumphosphate ionic bridges that link the proteins together. Thus, the first membrane cleaning
with sodium hydroxide is able to remove only part of the proteins in the non-flushable cake
layer. The subsequent membrane cleaning with nitric acid disrupt the salt bridges held
together by ionic charges by dissolving the inorganic minerals such as micellar calcium
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phosphate and small amounts of magnesium and citrate that are associated with or trapped in
the cake layer (Gaucheron, 2005). The loosened proteins in the cake layer were then removed
by sodium hydroxide while the following nitric acid clean will act on the minerals that
remained in the cake layer (if there are any) or those attached to or trapped in the membrane.
However, there is still an unexplained observation where reverse osmosis with unmodified
skimmed milk required three cleaning cycles while all modified skimmed milk just required
two cleaning cycles.

5.4.3 Effect of transmembrane pressure
It is clear that operation at 24 bar TMP, rather than 12 bar, not only reduces the operating flux
but considerably increases the difficulty of all stages of cleaning. It is unclear why the flux at
24 bar was lower than that at 12 bar. Normally higher TMPs give higher fluxes which
increase the deposit formation rate and the pressure gradients. However in this case the flux
at 24 bar was lower than at 12 bar, so the deposit build-up should have been slower. Several
mechanisms could be involved:
1. The initial flux at higher TMP is higher than at lower TMP causing a short term
increase of minerals and casein in the cake layer. The higher minerals and casein
concentration at the membrane boundary layer (due to high flux) promotes greater
cross-linking forming a more compacted cake layer. Mattaraj et al. (2010) found that
the specific cake resistance formed by natural organic matter on polyamide reverse
osmosis membrane increased with increasing feed concentration (recovery).
2. At higher TMP more minerals are forced into the membrane thus increasing its
resistance.
3. At higher TMP the pressure fluctuations are slightly higher causing cake build-up.
This is unlikely to happen in this case as the flushable and non-flushable resistances
for a 3-hour run with skimmed milk decreased 13.4% and 21.3%, respectively, when
the pressure fluctuations in the flat sheet system was increased from an average 1 bar
to 2.1 bar by increased the charged pressure of the pulsation dampener. As revealed
by Figure 5.14, increased the pressure fluctuation during the run caused little effect to
the permeance ratio and the cleaning difficulty.
4. At high concentrations of casein and minerals in the cake, higher static pressures
cause greater cross-linking and resistances to flow. Based on the different fouling
behaviour of skimmed milk and its constituents on membrane distillation, Hausmann
et al. (2013b) suggested that the severe flux decline and fouling formation exhibited
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by skimmed milk and the mixture of casein and minerals were because of the water
binding capacity of the casein gel layer that formed at high concentration. The casein
micelles in milk are highly hydrated and have a water binding capacity of 2 g of water
per gram of protein in the presence of divalent salts (Fox, 1990).
5. High concentrations of casein and minerals in the cake reduce the water activity near
the membrane boundary layer. The large difference in water activity (between feed
and permeate) across the membrane will eventually reduce the flux.
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Figure 5.14 Permeance ratio, with relative to permeance of pre-treated membrane, for runs
with skimmed milk at 24 bar TMP with 1 bar and 2.1 bar pressure fluctuation.

5.5 Conclusions
Minerals and casein micelles in milk were identified as the major contributors of fouling
formation while whey protein, lactose and fat had very little influence on fouling based on
flux measurement. Flux reduction of reverse osmosis is caused by several different
mechanisms. Casein micelles form a cake that appears to increase the hydraulic resistance.
This cake also contributes to concentration polarization which increases osmotic pressure and
reduces flux. The polarization, with or without casein micelles, can cause minerals, such as
calcium phosphate, to precipitate further enhancing the cake and adding hydraulic resistance
by coating the membrane. Increasing or reducing the protein concentration of skimmed milk
reduced the amount of fouling, whereas an increase or decrease of mineral concentration
increased the amount of fouling.
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Higher TMP caused significantly greater fouling. At low TMP, the build-up of foulant
occurred immediately after the filtration process started and increased slightly with filtration
time. At high TMP, the amount of fouling formed at the beginning of filtration process is
much higher than that formed at low TMP, and it continues to build-up with time especially
for non-flushable fouling.

The effect of cleaning chemicals on a clean membrane needs to be measured before cleaning
of fouled membranes can be evaluated as each cycle of cleaning has an additive effect on
membrane permeability.

The foulant produced at 24 bar TMP was much more difficult to clean than that produced at
12 bar. At least two cycles of caustic, acid, caustic cleaning were required to recover the
membrane permeability for membrane fouled at 24 bar TMP. Cleaning efficiency for a fouled
membrane increased with increasing cleaning duration, increasing chemical concentration
and renewal of cleaning chemical.

The results point to the need for independent measurement to test the feasibility of different
mechanisms. In the next stage, surface analysis techniques will be used to determine the
composition and position of deposits at various stages of fouling and cleaning.
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6 Membrane and Fouling
Characterization
6.1 Introduction
Different analysis techniques were used to determine the composition and amount of deposits
at various stages of fouling and cleaning for runs with milk solutions under different
conditions. Transmission electron microscopy (TEM), scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared
spectroscopy - attenuated total reflectance (FTIR-ATR), surface enhanced Raman
spectroscopy (SERS), Fourier transform Raman (FT-Raman) spectroscopy and captive
bubble contact angle measurement were used for this analysis with varying degrees of
success. The suitability and functionality of each analytical method will be discussed.

For contact angle measurement, the captive bubble method is a sensitive method and great
care is required for the experimental procedure to obtain reproducible data (Zhang and
Hallström, 1990). Most of the contact angle measurements for polymeric membranes are
static contact angles instead of advancing and receding angles. Limited studies have been
performed to measure both the advancing and receding contact angles for polymeric
membranes using the captive bubble method and none of them was for polyamide reverse
osmosis membranes. For a consistent comparison of the membrane hydrophilicity and any
minor changes to the hydrophilicity due to surface modification, chemical treatment, etc., an
adequate contact angle measurement protocol that is easy to follow and has high
reproducibility is needed. A protocol to measure the advancing and receding contact angles of
polyethersulfone (PES) ultrafiltration membranes and polyamide reverse osmosis membranes
with captive bubble method was developed. The feasibility of this technique for detecting
small changes in membranes, both control and uncontrolled changes, was examined. Stainless
steel was used as a standard sample and its contact angles were measured with similar
protocol and were compared with sessile drop method. The problems encountered during the
measurement and the factors affecting the consistency of contact angle will be addressed.
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6.2 Experimental methods
6.2.1 Transmission electron microscopy (TEM)
The cross-sectional images of the pre-treated and fouled membranes were obtained using a
Philips FEI (USA) Morgagni 268D transmission electron microscope (TEM) located at
AgResearch Ltd, Christchurch, New Zealand, with an acceleration voltage of 80 kV. The
membrane samples were processed immediately after they had been removed from the crossflow filtration unit following the pre-treatment or a run with a designated feed solution.

6.2.1.1 Sample preparation
A small piece of membrane, with size of approximately 1 cm × 1 cm, was cut from the
membrane after its removal from the cross-flow filtration unit following the pre-treatment
(Section 5.2.3) or a run with a designated feed solution (Section 5.2.4). The membranes were
then fixated by immersed in 2.5% w/w buffered glutaraldehyde solution in a glass vial for 16
– 72 hours at about 4 °C. Unless otherwise specified, the buffer solution used for TEM
samples preparation was phosphate buffer solution with pH 6.6 – 6.7. The membranes were
immersed and washed with phosphate buffer solution three times for 15 minutes each. Postfixation of the membranes were performed by immersed the washed membranes in 1% w/w
buffered osmium tetraoxide solution for 1 hour at room temperature. The membranes were
then washed with phosphate buffer solution again for 15 minutes and were dehydrated in a
series of ethanol solutions (40%, 60%, 80%, 100% and 100% w/w ethanol) for 15 minutes
each.

Embedding was performed by first immersed the dehydrated membranes in vials containing
LR White resin (Electron Microscopy Sciences, Pennsylvania, United States) and mixed the
contents thoroughly overnight with a tube rotator. Care was taken to ensure that the amount
of LR White resin is enough to cover the whole membrane completely. Then the LR White
resin in each vial was discarded and the vials were refilled with fresh resin. The membranes
and resins were mixed again with tube rotator for another 5 hours. The membranes were cut
into smaller pieces and were transferred into capsules that completely filled with fresh LR
White resin. The capsules were tightly capped and cured in an oven at 60 °C for 24 hours for
complete polymerization.
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The membranes were sectioned into slices of approximately 100 nm thick with a 2128
Ultrotome ultramicrotome system (LKB Bromma, Sweden) using a razor blade and mounted
onto copper TEM grids. Two step staining was employed to provide adequate contrast during
TEM imaging. The membrane sections were first stained with 1% w/w aqueous solution of
uranyl acetate for 10 minutes. Sample staining was performed by immersing the copper grid,
with membrane section, in a drop of staining solution on parafilm. The stained membranes
were washed thoroughly by dipping the membranes in water three times for 5 seconds each.
The membranes were then stained with 1% w/w lead citrate solution for 5 minutes, washed
again with water two times, and then air dried at room temperature.
6.2.2 Scanning electron microscopy – energy dispersive X-ray spectroscopy (SEMEDX)
The surface morphology of new, pre-treated, fouled and cleaned membranes was investigated
with a scanning electron microscopy (SEM), JEOL JSM-6100 (JEOL Ltd., Japan).
Identification of elements present on the membranes surface were performed by an energy
dispersive spectroscopy (EDX) system with AZtec analysis software and X-MaxN 50 silicon
drift detector (Oxford Instruments, UK) that coupled with the SEM. The resulting images and
EDX spectrums were carefully examined and compared to investigate the changes in
membrane surface morphology due to foulant deposition.

6.2.2.1 Sample preparation
The new, pre-treated, fouled and cleaned membranes were prepared as per Sections 5.2.3 to
5.2.5. New membranes were removed from water after 1 hour immersion, while pre-treated,
fouled and cleaned membranes were removed from the cross-flow filtration unit after each
experiment and were immediately rinsed with water. The membrane samples were dried in a
vacuum oven at 30 °C overnight and kept in resealable plastic bags prior to SEM-EDX
analysis. The dried samples were then cut into appropriate sizes and were pasted on a clean
SEM stage by using a sticky carbon tape. Care was taken not to touch the sample or SEM
stage with bare hands to prevent sample contamination. Air was blown on the surface of the
samples to remove any dirt or impurities. For EDS analysis, the samples were coated with
carbon using a K975X, Turbo coater (Emitech, UK) at a pressure of less than 5 × 10-3 mbar
and coating thickness of about 20 nm. For SEM imaging, the samples were sputter coated
with tungsten at 2 × 10-1 mbar and 25 mA for 180 s.
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6.2.2.2 Image scanning and analysis
Carbon or tungsten coated samples were placed in the SEM stage cell and the image of the
membranes surface were captured using an accelerating voltage of 10 kV. The EDX
elemental composition analysis was performed and the atomic composition of the elements
that presented on the surface was recorded.

6.2.3 Fourier transform infrared spectroscopy - attenuated total reflectance (FTIRATR)
The chemical and elemental information for new, pre-treated, fouled and cleaned membranes
were identified by FTIR-ATR. The spectra between 630 and 4000 cm-1 with a resolution of
4 cm-1 were registered by means of a Vertex 70 FTIR spectrometer with OPUS software
(Bruker Optics Gmbh, Ettlingen, Germany) using the attenuated total reflectance (ATR)
sampling technique. The detection level was improved by using a nitrogen-cooled mercurycadmium-telluride (MCT) detector and the background signal of air were recorded at room
temperature.

6.2.3.1 Sample preparation
The new, pre-treated, fouled and cleaned membrane samples were prepared as per Sections
5.2.3 to 5.2.5 and were dried in a vacuum oven at 30 °C overnight. The dried membrane
samples were kept in resealable plastic bags prior to FTIR-ATR analysis. Similarly, the feed
solutions were dried in a vacuum oven at 30 °C, ground into powder and kept in resealable
plastic bags prior to the analysis.

6.2.3.2 Spectra registration and analysis
Dried membrane samples were pressed against the ATR crystal plate with active layer facing
the crystal for spectrum acquisition. Once the sample was placed on the diamond ATR crystal
plate, it was clamped firmly against the ATR crystal with a pressure clamping system to
maintain a good contact between the sample and the ATR crystal. Spectra were plotted on an
absolute absorbance scale. At least 10 spectra, at different sample locations, were acquired
for a sample to record the possible heterogeneous fouling on the polyamide surface. The
FTIR-ATR spectra of the fouled and cleaned membranes were compared to the spectra of
pre-treated membrane to identify the composition of the possible foulant and cleaning agent
that remained on the membranes. The surface of the ATR crystal and the tip of the pressure
clamp were cleaned with ethanol after each sample analysis to remove any residual sample.
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The ethanol was then left to dry by evaporation before placing the next sample against the
ATR crystal.

6.2.4 Fourier transform Raman (FT-Raman) spectroscopy and surface enhanced
Raman spectroscopy (SERS)
6.2.4.1 Preparation of citrate-reduced silver nanoparticles
The solution of citrate-reduced silver nanoparticles was prepared according to the procedure
outlined by Lee and Meisel (1982). Briefly, 90 mg of silver nitrate, AgNO3, (AnalaR, VWR
International Ltd., England) was dissolved in 500 mL of purified water and the solution was
brought to boiling. 10 mL of 1% w/w sodium citrate solution was added slowly into the
boiled solution. The solution was stirred with a magnetic stirrer to ensure good mixing and
the boiling was continued for approximately 1 hour. The resulting solution of citrate-reduced
silver nanoparticles is greenish yellow in colour and has a peak absorption wavelength of
about 420 nm (Lamsal et al., 2012; Lee and Meisel, 1982). The solution was stored in the
dark at room temperature prior to SERS analysis.

6.2.4.2 Sample preparation
The samples used in this study were the new, pre-treated, fouled and cleaned membranes
prepared as described in Sections 5.2.3 to 5.2.5, and a FT30 polyamide reverse osmosis
membrane that has been used for concentrating raw milk in industry for several months. The
membrane samples and the milk-based feed solutions were dried in a vacuum oven at 30 °C
overnight and kept in resealable plastic bags prior to the analysis. For SERS, a drop of citratereduced silver nanoparticles was deposited directly on the membrane test surface and dried at
room temperature prior to spectra registration.

6.2.4.3 Spectra registration and analysis
The spectra registration was performed at the Department of Chemistry, University of Otago.
SERS were collected using a Senterra Raman microscope (Bruker optic, Germany). The
spectra were collected using Opus 7.2. Spectra were collected using two different sets of
parameters depending on which laser wavelength was used. Parameters used with the 532 nm
laser include: 5 mW laser power, 20 × objective, 5 s × 60 coadditions scan time, 50 µm
pinhole aperture and the low resolution diffraction grating (9 - 18 cm-1). Parameters used with
the 785 nm laser include: 50 mW laser power, 20 × objective, 5 s × 60 coadditions scan time,
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50 µm pinhole aperture and the low resolution diffraction grating (9 - 18 cm-1). Six spectra
were obtained using each laser wavelength for the purpose of obtaining repeats.

FT-Raman spectra were collected using a MultiRam (Bruker Optik, Germany) with a Gecooled detector. Spectra were collected using Opus 7.2 with a 145 mW power setting (at
sample), 4 cm-1 resolution and 32 scans per spectrum collected over the spectral region 50 to
3500 cm-1.

Principle component analysis (PCA) was carried out on the FT-Raman spectra after preprocessing to remove differences associated with the sample focus, such as the baseline and
relative intensity of the spectra. The spectra were pre-processed using linear baseline
correction (LBC) and standard normal variate (SNV) over the spectral region 220-1800 and
2650-3150 cm-1. PCA was then calculated with full x-validation over the same spectral region
as the pre-processing. PCA and pre-processing was carried out using Unscrambler X 10.3
(Camo, Norway). The PCA analysis was performed by Dr Sara Fraser, Mr. Geoffrey Smith
and Professor Keith C. Gordon from the Department of Chemistry, University of Otago.

6.2.5 Contact Angle
The overall

hydrophobicity and

hydrophilicity of

new

and chemically treated

polyethersulfone (PES) ultrafiltration membranes and polyamide reverse osmosis membranes,
as well as the used industrial polyamide membranes were determined through the contact
angle measurement using the captive bubble method.

6.2.5.1 Apparatus and operating conditions
The captive bubble contact angle measurements were performed using a goniometer (CAM
200, KSV Instrument Ltd., Finland), coupled with an optical glass cuvette (Starna® Type 96
Colorimeter cells X-Rite compatible with 20 mm path length, Starna Scientific Limited,
England) and a J-shaped stainless steel needle (with outside diameter of 1.59 mm and a
square end) that was connected to a Hamilton 1001 TPLT 1.0 mL Gastight syringe with a
threaded plunger (Hamilton, United States) with Masterflex L/S 13 norprene tubing (ColeParmer Instrument Company, Illinois). For the sessile drop method, the Hamilton syringe
was connected to TERUMO® 0.5 mL insulin syringe and needle with outside diameter of
0.35 mm and a square end (Terumo Corporation, Japan). The instrument consists of a high
performance digital CCD fire-wire (IEEE 1394) camera situated on an adjustable rail and an
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optimized background illumination. The sample holding stage was leveled with a level prior
to measurement to ensure it is parallel to the gravitationally horizontal plane. Unless
otherwise specified, purified water with resistivity of 10 – 15 MΩ cm was used in all
experiments as the heavy phase and air as the light phase. The purified water was supplied inhouse from a Millipore water purification system (Elix-5, Millipore, USA) and was vacuum
deaerated to reduce the dissolved gases in the purified water to prevent bubbles from forming
during captive bubble measurements. All the images in this study were recorded with a frame
interval of 1 second and all the contact angles are expressed as water contact angle for both
sessile drop and captive bubble methods.

6.2.5.2 Preparation of the specimen surface
The specimens used in this study were stainless steel plate (grade 304), polyethersulfone
(PES) ultrafiltration membranes (Synder Filtration, California, US), DOW Filmtec FT30
polyamide thin-film composite reverse osmosis membranes (DOW HYPERSHELLTM RO8038/48 element, The Dow Chemical Company, Michigan, US), and a FT30 polyamide
reverse osmosis membrane that had been used for concentrating raw milk in industry for
several months. Upon receipt, the reverse osmosis membranes were cut into size of 210 mm
× 170 mm and kept moist in sealed bags at 4 °C to avoid long term changes. The PES
membrane had been stored wet with a small amount of sodium metabisulphite. It had not
been exposed to glycerol as is sometimes done. The larger pieces of membrane were then cut
into smaller strips, approximately 60 mm × 100 mm, and rinsed with purified water before
chemical treatment.

6.2.5.2.1 Stainless steel plate
Stainless steel plate (grade 304) with a dimension of approximately 20 mm × 20 mm was
sanded with fine 2000 grit sandpaper, in one direction, to remove any surface residues. After
sanding, the plate was water rinsed, immersed in 0.5% w/w sodium hydroxide for 15 minutes,
water rinsed, immersed in 0.8% w/w nitric acid for 15 minutes, and water rinsed again. The
plate was air dried prior to contact angle measurement and care was taken to avoid touching
the testing surface. The chemical clean was performed approximately 1 hour before the
contact angle measurement.

174

6.2.5.2.2 Polymeric membranes
Strips of untreated PES membrane, new polyamide membrane and used polyamide
membrane were immersed in purified water overnight to enable hydration. The membranes
were then water rinsed prior to the contact angle measurement. Some of the polyamide
reverse osmosis membranes were chemically treated by immersion in 0.5% w/w sodium
hydroxide or 0.8% w/w nitric acid overnight. Following the immersion, the membranes were
rinsed with 1 L of purified water to remove the chemical solution from the membrane. The
rinsed membranes were immersed in 100 mL of purified water for about 1 – 2 minutes and
the electrical conductivity of the water was measured. An additional rinsing cycle was
performed if the measured conductivity of the last batch of rinsing water exceeded
10 μS cm-1. Upon completion of the captive bubble contact angle measurement of chemically
treated polyamide membranes, the water conductivity was measured to ensure the
effectiveness of chemical rinsing and to avoid any changes in water properties caused by the
residual chemical.

6.2.5.3 Sessile drop method
After the surface cleaning, the advancing and receding contact angles for stainless steel plate
were measured with the sessile drop method. The dried stainless steel plate was placed on the
sample stage with the testing surface facing upward. Care was taken to avoid touching the
testing surface. A straight needle that was connected to the Hamilton syringe was filled with
deaerated purified water and was positioned perpendicular to the stainless steel plate at a
distance of about 1.0 mm above the plate. The camera was tilted frontward to avoid contact
line shadowing (Chini and Amirfazli, 2011). The measurement was performed by repeatedly
enlarging and retracting a water droplet while measuring contact angle and contact diameter.
A small droplet of water was extruded from the needle and deposited, with needle attached,
on the stainless steel plate. 60 images were taken for the static contact angle measurement.
The water droplet was then enlarged and retracted by adding water into, or withdrawing
water from, the droplet at a steady flow rate by manually screwing the Hamilton syringe
plunger over a period of 240 seconds (120 seconds for water advancing and 120 seconds for
water receding). The water static, water advancing and water receding contact angle
measurements were considered to be a complete measurement cycle and the cycle was
completed three times. Then, another 60 images were taken for the static contact angle
measurement with needle attached to the water droplet, giving a total of 960 images for a
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specimen. Three repeated measurements (each with three measurement cycles) were
performed for the stainless steel plate.

6.2.5.4 Captive bubble method
The water advancing and receding contact angles for stainless steel plate, untreated PES
membranes, untreated and chemically treated polyamide membranes and the used polyamide
membranes were measured with the captive bubble method. The membrane samples were
kept wet throughout the preparation and measurement stages. The specimen was adhered to
the lid of the cuvette, with the testing surface facing down, using a single layer of double
sided tape. Care was taken to avoid touching the testing surface, except with another piece of
sample from the same source, to avoid contamination. Any excess membrane was trimmed
off to ensure that the edge of the membrane facing the camera did not interfere with the
resolution of the baseline.

The cuvette was filled with deaerated purified water. The specimen was placed on top of the
cuvette and immersed in the purified water. The J-shaped stainless steel needle that connected
to the Hamilton syringe was maneuvered to about 3 mm below the specimen surface for the
membrane samples and about 2.3 mm below the specimen surface for the stainless steel plate.
The camera was tilted backward so that the three phase contact line can be seen. A small air
bubble was applied to the surface by adjusting the Hamilton syringe and the air bubble was
advanced and receded quickly, until the bubble detached from the specimen surface if
possible, over a period of 60 seconds. The purpose of performing this quick advancing and
receding was to pre-wet and pre-dewet the surface in order to minimize the possible error
caused by surface rearrangement during the measurement. Then a small air bubble was
applied to the surface again and 60 images were recorded for the static contact angle
measurement (with the needle attached). Similar to the sessile drop method, the air bubble
was enlarged and retracted by adding air into or withdrawing air from the bubble at a steady
flow rate over a period of 240 seconds. Enlarging the air bubble gives water receding contact
angle while retracting the air bubble gives water advancing contact angle. The complete
measurement cycle that consisted of water static, water receding and water advancing contact
angle measurements was carried out three times. The static contact angle for the air bubble
with needle attached to it was measured again for 60 seconds at the end, giving a total of
1020 images for a specimen. At least three repeated measurements (each with three cycles)
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were performed for each specimen. The cuvette and the J-shaped needle were washed
thoroughly with purified water after the measurements for each specimen.

6.2.5.5 Image and data analysis
The recorded images were analyzed with CAM 2008 software (KSV Instrument Ltd.,
Finland). The contact angles (left and right contact angles) and contact diameter for each
image were calculated by fitting the Young-Laplace equation to the shape of the drop using
the software which was assumed to be based on the theory described by Lahooti et al. (1996).

The contact diameter was defined as the diameter of the three phase contact line between the
air bubble, water and specimen surface. The contact point velocity is the velocity of contact
diameter over an averaging period of 25 seconds.
(6.1)
where

is the contact point velocity,

is the contact diameter and is the time when the

image was captured (s).

The static, advancing and receding contact angles for each cycle were determined by
calculating the average and the standard deviation for a range of contact angles once the
steady contact angle was obtained. A specimen where the complete measurement (consisting
of three cycles) was repeated three times will have a total of nine static, advancing or
receding contact angles. The averaged advancing and receding contact angles were then
determined by averaging the nine contact angles. The standard deviation is presented as
pooled standard deviation by assuming that the standard deviation for each cycle is the same
for the same specimen.

6.3 Results and discussion
6.3.1 Transmission electron microscopy (TEM)
Figures 6.1 and 6.2 show the TEM cross-sectional images of polyamide membrane after
membrane pre-treatment and after a run with concentrated SMUF (solution with twice the
concentration of normal SMUF) or skimmed milk at 12 bar or 24 bar both with and without
flushing.
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Figure 6.1 TEM cross-sectional images (at magnification of 44000 ×) of the membranes
before and after runs with skimmed milk and concentrated simulated milk
ultrafiltrate (SMUF) solution.
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Figure 6.2 TEM cross-sectional images (at magnification of 2800 ×) of the membranes after
runs with skimmed milk at TMP of 24 bar with and without water flushing.
The build-up of deposit layer immediately adjacent to the polyamide active layer was clearly
observed for the runs with concentrated SMUF and with skimmed milk at 24 bar. For
skimmed milk run at 12 bar, although the build-up of deposit layer was less noticeable, the
attachment of small amount of foulant components to the polyamide active layer was still
apparent by comparing the cross-sectional image of membrane after a run with skimmed milk
at 12 bar to the image captured for a pre-treated membrane. For the 24 bar run, the deposit
layer became more closely packed at the membrane interface. A similar observation was
reported by Glover and Brooker (1974) who suggested that the electron-dense granules in the
deposit layer corresponding to the milk protein or casein granules of normal milk based on
their appearance, size and sensitivity to pronase (proteolytic enzyme) digestion. Skudder et al.
(1977) claimed that the deposit layer observed from electron micrographs was composed
mainly of milk proteins, milk salts, lactose, phospholipid and fat globule membrane material,
where the fat globules and phospholipids were simply caught up in a deposit consisting
mainly casein micelles. The TEM cross-sectional images proved that the water flushing after
the runs removed the loosely bound deposit from the membrane interface and reduced the
deposit layer thickness. However, the removal was not complete and the membrane
permeability was not recovered back to the level expected for a clean membrane for both 12
bar and 24 bar runs.

Table 6.1 summarizes the total thickness of the polyamide active layer and the deposit layer
of the membrane after runs with concentrated SMUF or skimmed milk at 12 bar or 24 bar
both with and without water flushing. These results can be compared with the resistances
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shown in Table 5.3. As anticipated, the skimmed milk run at 24 bar without water flushing
had the thickest deposit with a thickness of more than 20 μm, which is consistent with the
total resistances (membrane, flushable and/or non-flushable resistances) calculated from the
flux measurement. However, the total resistance for concentrated SMUF or skimmed milk
run at 24 bar without water flushing that is reported in Table 6.1 was likely to overestimate
the actual resistance that corresponds to the deposit thickness especially for concentrated
SMUF run at which a considerable amount of loosely bound deposit was detached from the
membrane during sample fixation with 2.5% w/w buffered glutaraldehyde solution. The
flushable resistance represents the hydraulic resistance and the effects of concentration
polarization which causes increased osmotic pressure at the membrane interface. The
concentration polarization layer during the run might be easily flushed away, partially, when
the feed solution was drained from the system after the applied TMP was released. Thus, the
deposit that remained at the membrane interface might be less than the actual deposit
thickness that developed during the run.

Table 6.1 Thickness of the deposit layer estimated from TEM cross-sectional images and the
total resistance (membrane, flushable and/or non-flushable resistances) calculated
from flux measurement. Refer to Table 5.3 for more details.
Resistance
Description
Thickness (μm)
(1010 m2 kg-1)
Flow channel of the SEPA flat sheet membrane
2020
system
Polyamide active layer after membrane pre-treatment
0.178 – 0.333
10.5 – 11.2
Polyamide active layer after membrane pre-treatment
and deposit layer of the reverse osmosis membrane
fouled with
Concentrated SMUF at 24 bar
1.02 – 1.36
60.9
Skimmed milk at 12 bar
0.267 – 0.773
21.9
Skimmed milk at 12 bar with flushing
0.267 – 0.955
13.1
Skimmed milk at 24 bar
More than 20
92.8
Skimmed milk at 24 bar with flushing
12.1 – 17.5
24.1
The deposit thickness and the total resistances were higher for runs at 24 bar than at 12 bar
for skimmed milk run both with and without flushing. As compared to the pre-treated
membrane, about 50% - 180% increment in deposit thickness and 25% increment in total
resistance for membrane and non-flushable fouling were observed for skimmed milk run at
12 bar. For skimmed milk run at 24 bar, an increment as high as 5000% - 7000% was
reported for deposit thickness and 130% was reported for total resistance for membrane and
non-flushable fouling. This suggested that the development of the deposit layer on the
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membrane was accelerated once the TMP exceeded the limiting TMP, which is about 14 – 16
bar for skimmed milk.
6.3.2 Scanning electron microscopy – energy dispersive X-ray spectroscopy (SEMEDX)
The scanning electron microscopy (SEM) images of the membrane after pre-treatment and
after a run with skimmed milk at 12 bar or 24 bar with and without flushing and cleaning are
shown in Figure 6.3. The surface morphology of the pre-treated membrane as shown in the
figure is similar to the morphology presented by Kwak et al. (1999) for a polyamide reverse
osmosis membrane.

For the skimmed milk run at 12 bar without flushing, the milk deposit formed on the
membrane surface in a plate-like shape, probably because of the amount of skimmed milk
that remained on the membrane surface was not enough to form a continuous film layer like
those shown by the skimmed milk run at 24 bar with flushing. This agreed with the TEM
cross-sectional image where only a small amount of milk deposit was attached to the
polyamide active layer (Figure 6.1) and the deposit thickness was insignificant (Table 6.1).
For the skimmed milk run at 12 bar with flushing, most of the milk deposit that loosely bound
to the membrane was removed by water flushing and the SEM image of this sample was
similar to the SEM image of a pre-treated membrane.

The SEM image for skimmed milk run at 24 bar followed by flushing revealed that a
considerable amount of milk deposit had accumulated on the membrane as a cake layer. The
large amount of non-flushable milk deposit tended to form a continuous film and covering the
whole membrane surface. The small holes were probably formed during sample drying.
Similar SEM images were presented by Hausmann et al. (2013b) for the fouling layer formed
on hydrophobic polytetrafluoroethylene (PTFE) membranes by skimmed milk and a mixture
of casein and minerals during membrane distillation. This observation is also consistent with
the TEM cross-sectional image where a deposit layer with a minimum observable thickness
of about 12 μm was formed on the polyamide active layer for skimmed milk run at 24 bar
both with and without flushing. For the skimmed milk run at 24 bar without flushing, the
large amount of milk deposit that accumulated at the membrane surface caused the samples to
be highly charged and an SEM image could not be captured.
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Pre-treated membrane

Skimmed milk run at 12 bar

Skimmed milk run at 12 bar with flushing

Skimmed milk run at 24 bar with flushing

Skimmed milk run at 24 bar with 1 clean
Figure 6.3 SEM images of polyamide membranes before and after a run with skimmed milk
captured at voltage of 10 kV and magnification of 5000 ×.
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A single standard chemical cleaning cycle consists of 0.5% w/w sodium hydroxide, water
rinse, 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse was
able to remove most of the deposited cake layer and recover the flux to about 97% of the pretreated flux for the run with skimmed milk at 24 bar. This finding is further supported by the
SEM image of this membrane where the cake layer that developed during the run with
skimmed milk at 24 bar was no longer observable after the membrane was subjected to a
standard chemical cleaning cycle. The surface morphology of the chemical cleaned
membrane was fairly similar to the pre-treated membrane. The incomplete flux recovery after
a standard cleaning cycle showed that a small amount of milk deposit was still attached to the
membrane surface and/or blocking the membrane, but this was not visible in the SEM images.

Figure 6.4 shows the SEM images of a pre-treated membrane and a membrane after a run
with concentrated SMUF solution at 24 bar that were captured at magnifications of 200 × and
5000 ×. For concentrated SMUF run at 24 bar, the minerals in milk, probably calcium
phosphate, accumulated on the membrane surface and precipitated once the nucleation limit
is reached. The SEM images of this membrane sample, after vacuum drying, revealed that the
minerals deposit formed gravel like crystals that separated from the membrane by a
continuous mineral cake layer that formed immediately adjacent to the polyamide active layer.
This is probably due to the concentration polarization effect where the mineral concentration
increases toward the membrane active layer and thus, the concentration of the minerals
adjacent to the membrane active layer was enough to form a dense cake layer while those
near to the bulk solution was less concentrated and only formed gravel like crystal on top of
the dense cake layer after vacuum drying. The SEM image with 5000 × magnification
(bottom right image in Figure 6.4), which was magnified from the image with 200 ×
magnification (bottom left image in Figure 6.4) provides a clearer picture of the surface
morphology of the mineral cake layer. The structures of the cake layer formed by both
concentrated SMUF and skimmed milk run at 24 bar were different from each other. The
cake layer formed by skimmed milk run at 24 bar was a homogeneous and continuous film
that distributed evenly on top of the membrane, while that formed by concentrated SMUF
had a crystal form. This suggested that the casein micelles are the major foulant components
for runs with milk solution.
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Pre-treated membrane (200 ×)

Concentrated SMUF run at 24 bar (200 ×)

Concentrated SMUF run at 24 bar (loosely bound deposit detached from membrane) at 200 ×
(left) and 5000 × (right)
Figure 6.4 SEM images (at voltage of 10 kV and magnification of 200 × or 5000 ×) of
polyamide membranes after pre-treatment and after a run with concentrated
SMUF solution at 24 bar.
Tables 6.2 and 6.3 summarize the EDX elemental composition for a new membrane, new
membranes after pre-treatment and after a run with skimmed milk or concentrated SMUF
solution. The membrane after pre-treatment with 0.8% w/w nitric acid, water rinse, 0.5% w/w
sodium hydroxide and water rinse had a similar elemental composition as compared to the
untreated new membrane indicating that the membrane treatment with chemical did not cause
any changes to the membrane elemental composition and the cleaning chemical was removed
completely from the membrane by flushing. The detection of silicon at low quantity was
unexpected and this might be due to contamination during sample preparation and/or EDX
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measurement, contamination during membrane fabrication or the misidentification of the
EDX peak by the software as discussed by Newbury (2009).

Table 6.2 The elemental composition, analyzed with EDX, of new polyamide membrane,
new membranes after pre-treatment and after a run with skimmed milk at 12 bar
or 24 bar both with and without flushing and chemical cleaning.
Mass fraction of elements
Skimmed milk run
New preComponent
New
12 bar
24 bar
24 bar
treated
membrane
12 bar
with
24 bar
with
with 1
membrane
flushing
flushing
clean
O
51.1%
52.6%
57.1%
52.8%
61.6%
49.2%
53.0%
S
49.0%
47.2%
20.0%
47.2%
2.7%
26.2%
46.6%
Ca
4.5%
9.8%
4.1%
P
3.0%
6.6%
2.1%
K
4.2%
1.8%
Cl
1.9%
0.9%
Na
1.3%
0.5%
Mg
0.4%
0.6%
N
7.9%
15.8%
18.6%
Si
0.2%
0.4%
Table 6.3 The elemental composition, analyzed with EDX, of polyamide membrane after
pre-treatment and after a run with concentrated SMUF solution at 24 bar.
Composition of
Mass fraction of elements
concentrated
New
preConcentrated
Concentrated
Concentrated
Component
SMUF, mg/100 mL
treated
SMUF
SMUF
SMUF (cake
(Jenness and
membrane
(overall)
(crystal)
layer)
Koops, 1962)
O
52.6%
49.6%
42.2%
43.4%
S
47.2%
6.3%
0.9%
Ca
26.3%
35.5%
28.9%
71.8
P
12.8%
17.0%
15.4%
72.0
K
2.8%
3.0%
5.4%
308
Cl
1.0%
0.9%
3.0%
230
Na
0.8%
0.8%
1.6%
84.0
Mg
0.6%
0.6%
1.5%
15.6
Si
0.2%
Note: ND – not detected
The elemental composition for a membrane after a run with skimmed milk at 12 bar indicated
the presence of milk components, both milk proteins and milk minerals, that attached to or
blocked the membrane. The detection of nitrogen showed milk protein deposition while the
detection of calcium, phosphorus, potassium, chlorine, sodium and magnesium showed
mineral deposition on the membrane. Calcium and phosphate appeared to be the major
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inorganic foulants for the skimmed milk run. No milk protein and minerals were detected
after flushing for skimmed milk run at 12 bar suggesting that the deposit layer formed at 12
bar was loosely bound to the membrane and can be flushed away, almost completely, easily.
However, the water flux for a membrane after the run with skimmed milk at 12 bar followed
by flushing was about 85% of the pre-treated water flux showing that the deposit removal
was not complete and the amount of non-flushable deposit was below the EDX detection
limit.

The amount of milk protein and calcium phosphate deposition on the membrane for skimmed
milk run was higher at higher TMP, i.e. at 24 bar than at 12 bar. A considerable amount of
nitrogen with less calcium and phosphate remained on the membrane after flushing for
skimmed milk run at 24 bar. The composition percentage of sulfur for skimmed milk run at
24 bar with flushing (26.2%) was higher than for skimmed milk run at 24 bar without
flushing (2.7%), probably because of the reduction in deposit amount and thickness after
flushing. The amount of other minerals (potassium, chlorine, sodium and magnesium) might
be below the EDX detection limit. Similar to the SEM images, the elemental composition of
the membrane after the run with skimmed milk at 24 bar followed by a standard chemical
cleaning cycle was the same as those reported for pre-treated membrane suggesting that the
small amount of milk deposit that still remained on the membrane was undetectable by EDX.

For membrane after a run with concentrated SMUF at 24 bar, a large amount of milk
minerals was detected on the membrane proving the development of inorganic fouling,
especially the calcium phosphate, on the membrane. The ―Concentrated SMUF (overall)‖
refers to the elemental composition analysis for both the gravel like crystal and the dense
mineral cake layer, ―Concentrated SMUF (crystal)‖ refers to the analysis for the gravel like
crystal and the ―Concentrated SMUF (cake layer)‖ refers to the analysis for the dense mineral
cake layer. The elemental composition analysis for either the gravel like crystal or the dense
cake layer or both shows that the calcium and phosphate are preferentially deposited on the
membrane, in a ratio of approximately 2 : 1 (calcium : phosphorus), although their
concentrations were less than potassium, chlorine and sodium. Similar mineral deposition
was expected for skimmed milk fouling but with additional casein micelles deposition.
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6.3.3 Fourier transform infrared spectroscopy - attenuated total reflectance (FTIRATR)
The FTIR spectra of polyamide membranes, both new and fouled, and feed samples are
presented in Appendix 2.2. A minimum of 10 spectra were registered for each membrane and
feed sample. Most of the membranes were homogeneous and the chemical functional groups
were evenly distributed across the membrane surface with the exception of membranes after
runs with skimmed milk at 12 bar without flushing, 24 bar with and without flushing and
whole milk at 24 bar with flushing. This can be evidenced from the intensity variation of the
spectra of these samples. For example, the spectra registered for a pre-treated membrane at 10
different locations superimposed with each other with similar peak intensity. After a run with
skimmed milk at 12 bar, the vibration bands intensity of the spectra that were registered at
different membrane locations varied with each other although the measurements were
performed using the same membrane and same measurement conditions. This suggested that
the milk deposit was unevenly distributed across the membrane surface and eventually
affected the infrared penetration depth and the vibration bands intensity.

The FTIR spectrum showing the vibration bands of a polyamide reverse osmosis membrane
after pre-treatment with 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and
water rinse is plotted in Figure 6.5.
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Figure 6.5 The FTIR spectrum of a new polyamide reverse osmosis membrane after pretreatment. Different x-axis scale was used for the region 600 – 1800 cm-1 and
1800 – 3800 cm-1. The identified peaks are listed in Table 6.4.
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The FTIR bands were identified based on the literature data that are summarized in Table 2.2
(Chapter 2). The vibration bands with dashed line proved the presence of polyamide and
polysulfone in the reverse osmosis membrane. The identified FTIR bands and their possible
assignment for the pre-treated membrane are listed in Table 6.4. By referring to Figure 6.5,
about 40% of the FTIR bands of a polyamide membrane are still unidentified, especially in
the region of 600 – 1100 cm-1.

Table 6.4 The possible vibration bands assignment for the FTIR spectra of a pre-treated
polyamide reverse osmosis membrane.
Bands
3332.4
2966.0
2933.2
2873.4
1664.3

1608.4
1585.2
1542.8
1504.2

1486.9
1450.2
1386.6
1363.4
1322.9
1294.0
1240.0
1207.2
1168.7
1149.4
1105.0
833.1

Possible assignment
O-H stretching vibration for water and N-H stretching vibration for aromatic polyamide.
Asymmetric C–H stretching vibration in methyl group of aliphatic compounds.
Asymmetric CH2 stretching vibration for fatty acids.
Asymmetric C–H stretching vibration in methyl group of aromatic compounds.
C=O stretching and/or bending (dominant contributor), C-N stretching, and C-C-N
deformation vibration in a secondary amide group for amide I band in aromatic
polyamide.
N-H deformation and C=C ring stretching vibration for aromatic polyamide.
C-C stretching vibration of aromatic in-plane ring for polysulfone.
N-H in-plane bending and N-C stretching vibration of a -CO-NH- group for amide II
band in aromatic polyamide.
N-H in-plane bending and N-C stretching vibration of a -CO-NH- group for amide II
band in aromatic polyamide and/or
C-C stretching vibration of aromatic in-plane ring for polysulfone.
C-C stretching vibration of aromatic in-plane ring for polysulfone.
C=O stretching and O-H bending of carboxylic acid for aromatic polyamide.
Symmetric C-H deformation vibration of > C(CH3)2 for polysulfone.
Symmetric C-H deformation vibration of > C(CH3)2 for polysulfone.
Symmetric C-H deformation vibration of > C(CH3)2 for polysulfone.
Symmetric SO2 stretching vibration for polysulfone.
Asymmetric C-O-C stretching vibration of the aryl-O-aryl group for polysulfone and/or
Amide III vibration.
Amide III vibration.
Symmetric SO2 stretching vibration for polysulfone.
Asymmetric SO2 stretching vibration for polysulfone.
Asymmetric SO2 stretching vibration for polysulfone.
In-phase out-of-plane hydrogen deformation vibration of para-substituted phenyl groups
for polysulfone.

The FTIR spectra of untreated, chemical and enzyme treated membranes (Figure 6.6) show
that membrane treatment with 0.5% w/w sodium hydroxide, 0.8% w/w nitric acid or 5% w/w
Quatrozyme did not alter the membrane structure chemically. This suggested that the flux
improvement (about 20%) after membrane pre-treatment and the flux reduction (about 10% 20%) after membrane treatment with 5% w/w Quatrozyme might be due to the alteration of
membrane charge and/or pore size rather than the changes in chemical functional groups
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(chemical adsorption and/or hydrolysis of the polyamide layer). No chemicals and
Quatrozyme residues remained on the membrane after flushing.
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Figure 6.6 The FTIR spectra of untreated polyamide membrane, pre-treated (0.8% w/w nitric
acid and 0.5% w/w sodium hydroxide) membrane, and Quatrozyme treated
membrane. Different x-axis scale was used for the region 600 – 1800 cm-1 and
1800 – 3800 cm-1.
Figure 6.7 shows the FTIR spectra of the feed solution, whole milk, skimmed milk and
concentrated SMUF, that used in this study. The FTIR bands of milk and concentrated SMUF
solution were identified based on the literature data that are summarized in Table 2.2
(Chapter 2). The vibration bands with dashed lines proved the presence of lipids, proteins and
minerals in the milk solution. The identified FTIR bands and their possible assignments for
milk and concentrated SMUF solution are listed in Table 6.5.

Skimmed milk and whole milk had similar FTIR spectra except for the vibration bands at
2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1 which corresponded to lipid functional
groups. These vibration bands for whole milk were strong and had high intensity compared to
skimmed milk, as the whole milk contains of 34 g L-1 of fat while skimmed milk contains
only of 4 g L-1 of fat. These vibration bands differentiated whole milk from skimmed milk
and thus, are useful to identify and/or quantify lipid components. The FTIR spectra of
concentrated SMUF solution had less major vibration bands than milk solution. A large
number of inseparable, and mostly unidentified, broad bands in the region of 600 – 1350 cm-1
that were registered for both milk and concentrated SMUF solution are probably
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corresponded to carbohydrate or milk minerals. No reference was found for the FTIR
vibration bands of milk minerals.
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Figure 6.7 The FTIR spectra of whole milk, skimmed milk and concentrated SMUF powder.
Different x-axis scale was used for the region 600 – 1800 cm-1 and 1800 – 3800
cm-1.
Table 6.5 The possible vibration bands assignment for the FTIR spectra of whole milk,
skimmed milk and concentrated SMUF solution.
Bands
2954.4
2921.6
2852.2
1741.4
1635.4
1538.9
1456.0
1442.5
1376.9
1240.0
1151.3
1091.5
1064.5

Possible assignment
Asymmetric CH2 stretching vibration for fatty acids.
Asymmetric CH2 stretching vibration for fatty acids.
Symmetric CH2 stretching vibration for fatty acids.
C=O rotation and stretching vibration of ester groups in fat or of carboxylic acid
function.
C=O stretching and/or bending (dominant contributor), C-N stretching, and C-C-N
deformation vibration in a secondary amide group for amide I band in protein.
N-H in-plane bending and N-C stretching vibration of a -CO-NH- group for amide II
band in protein.
Proline vibration for amino acid.
C=C stretching and CH2 (for C-H bond) bending vibrations for cholestrerol.
Interaction between O–H bending and C–O stretching vibrations in C–O–H group for
cholesterol and/or
NO3Amide III vibration.
C-O stretching and rotation vibration of carbohydrate (sucrose, lactose and maltodextrin).
PO43C-O vibration for lactose and/or
C-O stretching and rotation vibration of carbohydrate (sucrose, lactose and maltodextrin).

The quantification of foulant components such as milk lipids and proteins for a membrane
after a run with milk solution can be achieved by using the intensity ratio of the vibration
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band of the targeted components (lipid or protein) to the vibration band of membrane
(Delaunay et al., 2008; Rabiller-Baudry et al., 2008; Rabiller-Baudry et al., 2012). A baseline
should be used to correct the peak intensity of the FTIR spectra. The baseline between 3750
cm-1 and 4000 cm-1 was chosen as no vibration band was registered in this region.

The selection of the reference FTIR band for membranes is important for a fair comparison,
where the vibration bands that appeared in both membrane and feed solution shall be avoided.
The vibration bands of polyamide were not in consideration as the amide bands were found in
the membrane as well as in milk protein. Figure 6.8 shows the FTIR spectra of whole milk,
skimmed milk and concentrated SMUF powder in the region of 600 – 1800 cm-1. The dashed
line refers to the position of the vibration bands for polysulfone, which are 1585 cm -1 and
1486 cm-1 for C-C stretching vibration of aromatic in-plane ring, 1322 cm-1 for symmetric
C-H deformation vibration of > C(CH3)2, 1294 cm-1 for symmetric SO2 stretching vibration,
1240 cm-1 for asymmetric C-O-C stretching vibration of the aryl-O-aryl group, and 1149 cm-1
and 1105 cm-1 for asymmetric SO2 stretching vibration.
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Figure 6.8 The FTIR spectra of whole milk, skimmed milk and concentrated SMUF powder
in the region of 600 – 1800 cm-1. The dashed lines refer to the position of the
vibration bands for polysulfone.
Figure 6.8 reveals that the vibration bands of polysulfone at 1585 cm-1, 1322 cm-1, 1240 cm-1,
1149 cm-1 and 1105 cm-1 superimposed with the vibration bands of feed solution and thus,
they shall not be used as a reference band for intensity comparison in this study. The
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vibration band at 1486 cm-1 was chosen as the reference band as it is free from any
superimposition with the feed solution bands and had higher intensity than 1294 cm-1. The
equation of intensity ratio is:
(6.2)
where H refers to the band intensity.
Apart from the vibration band at 1486 cm-1 for polysulfone in membrane, the vibration bands
that will be used as the identification and/or quantification of the major milk components that
deposited on the membrane after the runs are 2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1
for milk lipids, 1635 – 1664 cm-1 for amide I (milk proteins), 1538 – 1542 cm-1 for amide II
(milk proteins) and 1064 cm-1 for lactose.

Figure 6.9 shows the comparison of the FTIR spectra of concentrated SMUF, polyamide
membrane after a run with concentrated SMUF at 24 bar and the pre-treated membrane in the
region of 600 – 1800 cm-1. The concentrated SMUF run (deposit detached area) refers to the
membrane area where the loosely bound milk minerals were removed from the membrane
surface before drying (mineral cake layer) while the concentrated SMUF run at 24 bar refers
to the membrane area where the loosely bound deposit were still attached to the membrane
surface before drying (gravel like crystal on mineral cake layer).

The FTIR spectra of concentrated SMUF powder consist of few broad bands rather than
sharp distinctive bands like those registered for polyamide membrane and milk and hence, it
was difficult to identify and assign the vibration bands to respective milk minerals.
Membrane areas both with and without loosely bound deposit prior to drying had similar
FTIR spectra and the polysulfone band at 1486 cm-1 was not detected. This suggested that a
large amount of milk minerals were deposited on the membrane surface at which the deposit
thickness was higher than the infrared penetration depth, and eventually no membrane bands
were detected. The small vibration bands at 873 cm-1 was assigned to HPO42-. The large
vibration band at about 1024 cm-1 might be attributed to phosphate group (PO43-). Literature
reported that some of the vibration bands for phosphate group is at 943 – 946 cm-1, 961 cm-1,
970 – 975 cm-1, 1037 cm-1, 1045 cm-1 and 1120 – 1127 cm-1 depending on the minerals/salt
type (Berzina-Cimdina and Borodajenko, 2012). These vibration bands might superimpose
with each other and form a single broad band with a few shoulder bands in the spectra.
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Figure 6.9 The FTIR spectra of concentrated SMUF, polyamide membrane after a run with
concentrated SMUF solution at 24 bar and the pre-treated membrane in the region
of 600 – 1800 cm-1.
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Figure 6.10 shows the spectra of skimmed milk, polyamide membrane after a run with
skimmed milk at 12 bar both with and without flushing, and the pre-treated membrane. The
dashed lines indicate the vibration bands of the polysulfone and major milk components.
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Figure 6.10 The FTIR spectra of skimmed milk powder, membrane after runs with skimmed
milk at 12 bar with and without flushing and the pre-treated membrane.
Different x-axis scale was used for the region 600 – 1800 cm-1 and 1800 – 3800
cm-1.
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Figure 6.10 revealed that a considerable amount of milk proteins and milk minerals remained
on the membrane prior to flushing. This can be evidenced from the vibration bands of milk
protein and lactose at higher intensity, and of polysulfone at lower intensity as compared to
the pre-treated membrane. The amide I band at 1644 cm-1 deviated slightly from the vibration
bands that were identified for amide I for milk protein at 1635 cm-1 and for polyamide at
1664 cm-1, probably because of the two amide I bands merged into a single broad band. By
referring to the vibration bands of milk lipids at 2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741
cm-1, a very small amount of lipids was found in this run. This is expected as the lipid content
for skimmed milk was only 4 g L-1.

The thickness of the deposit layer was less than the infra-red penetration depth as the
vibration bands for polysulfone at 1486 cm-1 was still detectable although with a low intensity.
This is consistent with the TEM cross-sectional image of the membrane from the same run
where the estimated polyamide active layer and deposit thickness is about 0.267 – 0.773 μm.
The intensity ratio of the amide I band at 1644 cm-1 or amide II band at 1538 cm-1 to
polysulfone band at 1486 cm-1 (Equation 6.2) gave an estimation on the degree of protein
fouling (Table 6.6). The higher intensity ratio means more protein was deposited on the
membrane. The high standard deviation for the intensity ratio for this run was caused by the
uneven distribution of the milk deposit across the membrane.
Table 6.6 The intensity ratio of amide I band (1644 cm-1) and amide II band (1538 cm-1) to
polysulfone band (1486 cm-1) for pre-treated membrane, and membrane after runs
with skimmed milk at 12 bar with and without flushing.
Intensity ratio (average ± standard deviation)
Membrane sample
H1644 – Hbaseline / H 1486 H1538 – Hbaseline / H 1486 Hbaseline
Hbaseline
Pre-treated membrane
0.189 ± 0.007
0.236 ± 0.009
Skimmed milk run at 12 bar
1.2 ± 0.6
0.96 ± 0.45
Skimmed milk run at 12 bar
0.23 ± 0.01
0.26 ± 0.02
with flushing
After flushing, the FTIR spectra of the membrane fouled with skimmed milk at 12 bar
resembled the spectra registered for pre-treated membrane. No vibration bands for lipids and
lactose were observed for this membrane. The FTIR results supported the flux results where
most of the resistance that developed during a run with skimmed milk at TMP lower than the
critical condition (i.e. at 12 bar) was caused by both the milk proteins and milk minerals that
are flushable by water. The intensity ratio of amide I and amide II bands to polysulfone band
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as listed in Table 6.6 suggested that the amount of amide I functional group increased about
20% and the amount of amide II functional group increased about 10% for the membrane
after this run. These additional components with amide I and amide II functional groups were
likely to be the milk protein that remained attached to the membrane after flushing.
Assumptions were made where the FTIR penetration depth and the intensity ratio of
membrane were same for both the pre-treated membrane and the membrane after a run with
skimmed milk at 12 bar with flushing.

For a run with skimmed milk at 24 bar without flushing and cleaning, the FTIR spectrum
largely resembled the spectrum registered for skimmed milk powder (Figure 6.11). Again, a
small amount of lipids and a large amount of proteins and lactose were detected on the
membrane based on the vibration bands at 2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1 for
milk lipids, at 1644 cm-1 for amide I and 1538 cm-1 for amide II in milk protein, and at 1064
cm-1 for lactose. Most of the vibration bands that corresponded to the membrane, such as the
band at 1486 cm-1 for polysulfone, were not registered suggesting that a thick deposit had
accumulated on the membrane during the run. The deposit thickness was likely to be close to
or more than the penetration depth of the infra-red and thus, no vibration band for membrane
support layer was detected. This is consistent to the TEM cross-sectional image where the
deposit thickness was more than 20 μm for skimmed milk run at 24 bar without flushing. The
intensity ratio for protein quantification was unattainable as the polysulfone vibration band at
1486 cm-1 was not observed (Table 6.7).

A large amount of milk deposit was removed from the membrane after water flushing for the
skimmed milk run at 24 bar. This is evidenced from the detection of the FTIR vibration band
of polysulfone at 1486 cm-1 after flushing, although the intensity for this band was low. The
milk components that remained on the membrane after flushing were not evenly distributed
across the membrane. Two FTIR spectra were plotted for this membrane in Figure 6.11,
representing the membrane area with high (blue line) and low (purple line) amount of deposit.
As compared to the spectrum of the area with low amount of deposit residue, the spectrum of
the area with high amount of deposit residue had higher intensity vibration bands for lipids
(2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1), amide I (1644 cm-1), amide II (1538 cm-1)
and lactose (1064 cm-1), and lower intensity vibration bands for polysulfone (1486 cm-1). The
intensity ratio of amide I (1644 cm-1) and amide II bands (1538 cm-1) to polysulfone band
(1486 cm-1) are listed in Table 6.7.
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Membrane cleaning with a standard chemical cleaning cycle of the membrane after a run with
skimmed milk at 24 bar removed the milk deposit from the membrane almost completely.
The FTIR spectrum of this sample resembled the spectrum registered for a pre-treated reverse
osmosis membrane. It is thought that a small amount of deposit still remained on the
membrane after a single standard chemical cleaning cycle as the intensity ratio of amide I and
amide II band to polysulfone band were higher than those reported for a pre-treated
membrane. Besides, the flux for this membrane after a single standard chemical cleaning
cycle had not recovered back to the level expected for a clean membrane.
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Figure 6.11 The FTIR spectra of skimmed milk powder, membrane after runs with skimmed
milk at 24 bar with and without flushing and standard chemical cleaning, and
the pre-treated membrane. Different x-axis scale was used for the region 600 –
1800 cm-1 and 1800 – 3800 cm-1.
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Table 6.7 The intensity ratio of amide I band (1644 cm-1) and amide II band (1538 cm-1) to
polysulfone band (1486 cm-1) for pre-treated membrane, and membrane after runs
with skimmed milk at 24 bar with and without flushing and cleaning.
Intensity ratio (average ± standard deviation)
Membrane sample
H1644 – Hbaseline / H1486 H1538 – Hbaseline / H1486 Hbaseline
Hbaseline
Pre-treated membrane
0.189 ± 0.007
0.236 ± 0.009
Skimmed milk run at 24 bar
Skimmed milk run at 24 bar
1.3 ± 0.8
1.1 ± 0.6
with flushing
Skimmed milk run at 24 bar
0.33 ± 0.16
0.32 ± 0.11
with cleaning
Figures 6.12 and 6.13 show the comparison of the FTIR spectra of polyamide membrane after
runs with skimmed milk at 12 bar and 24 bar both with and without flushing in the region of
600 – 1800 cm-1. Both figures revealed that the run with skimmed milk at higher TMP caused
a more severe fouling on the membrane than the run at lower TMP. The intensity of the
vibration bands for milk protein (amide I at 1644 cm-1 and amide II at 1538 cm-1) and lactose
(at 1064 cm-1) for skimmed milk run at 24 bar were higher while for polysulfone (at 1486
cm-1) was lower than those registered for skimmed milk run at 12 bar.
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Figure 6.12 The FTIR spectra of pre-treated membrane and membrane after runs with
skimmed milk at 12 bar and 24 bar without water flushing in the region of 600
– 1800 cm-1.
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Figure 6.13 The FTIR spectra of pre-treated membrane and membrane after runs with
skimmed milk at 12 bar and 24 bar with water flushing in the region of 600 –
1800 cm-1.

The milk deposit that developed on the membrane during a run with skimmed milk at 12 bar
was more flushable than the deposit that developed at 24 bar. The FTIR spectra in Figure
6.13 shows that the milk deposit was removed from the membrane almost completely after
flushing for skimmed milk run at 12 bar. For skimmed milk run at 24 bar, a considerable
amount of milk deposit still remained on the membrane after flushing and was not evenly
distributed across the membrane. These observations are in agreement with the water flux
measurement, TEM cross-sectional images and the SEM-EDX analysis which consistently
pointed out that the run at higher TMP caused greater foulant deposition, and was harder to
remove, than the run at lower TMP.

Figure 6.14 shows the FTIR spectra of whole milk, membrane after a run with whole milk at
24 bar with flushing and pre-treated membrane. The FTIR spectra showed that the nonflushable fouling for the run with whole milk at 24 bar consists of a considerable amount of
milk lipids (at 2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1), milk proteins (amide I at
1644 cm-1 and amide II at 1538 cm-1), lactose (at 1064 cm-1) and milk minerals. The intensity
ratio of ester band (1741 cm-1), amide I band (1644 cm-1) and amide II band (1538 cm-1) to
polysulfone band (1486 cm-1) for membrane after the whole milk run at 24 bar with flushing
were listed in Table 6.8.
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Figure 6.14 The FTIR spectra of whole milk powder, whole milk run at 24 bar with water
flushing and pre-treated membrane. Different x-axis scale was used for the
region 600 – 1800 cm-1 and 1800 – 3800 cm-1.
Table 6.8 The intensity ratio of ester band (1741 cm-1), amide I band (1644 cm-1) and amide
II band (1538 cm-1) to polysulfone band (1486 cm-1) for pre-treated membrane,
and membrane after a run with whole milk at 24 bar with flushing.
Intensity ratio (average ± standard deviation)
Membrane sample
H1741 – Hbaseline /
H1644 – Hbaseline /
H1538 – Hbaseline /
H1486 - Hbaseline
H1486 - Hbaseline
H1486 - Hbaseline
Pre-treated membrane
0.189 ± 0.007
0.236 ± 0.009
Whole milk run at 24
0.45 ± 0.21
1.2 ± 0.6
0.92 ± 0.44
bar with flushing
It can be concluded that:
1. Milk proteins, minerals and lipids are the major contributor for fouling formation.
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2. The intensity ratio of the vibration band of foulant component to the vibration band of
membrane can be used as an indication for fouling severity and cleaning effectiveness.
3. Higher TMP caused greater foulant deposition and was harder to remove.

6.3.4 Fourier transform Raman (FT-Raman) spectroscopy and surface enhanced
Raman spectroscopy (SERS)
The analysis was performed for the FT30 polyamide reverse osmosis membranes before and
after the membrane treatment or runs in the laboratory, and for a FT30 polyamide reverse
osmosis membrane that have been used for concentrating raw milk in industry for several
months before (used membrane) and after cleaning with different cleaning methods (used
membrane cleaned). For laboratory samples, the FT30 polyamide membrane after treatment
with 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse is
termed pre-treated membrane and was used as the reference in analysis. The untreated
membrane is termed virgin membrane. The membrane treatment and runs in the laboratory
include membrane treatment with Quatrozyme, SMUF run at 24 bar (SMUF 24 bar), whole
milk run at 24 bar with flushing (whole milk 24 bar flushing), skimmed milk run at 12 bar or
24 bar with and without flushing and cleaning (skim milk 12 bar, skim milk 24 bar, skim
milk 12 bar flushing, skim milk 24 bar flushing, skim milk 24 bar cleaned) and raw milk
concentration run at 12 bar with flushing (raw milk 12 bar concentration flushing).

For SERS, the stability of the citrate-reduced silver colloid was determined by measured the
UV absorbance with Multispec 1500 UV/Vis spectrometer (Shimadzu Scientific Instruments,
Japan) and the particle size with Zetasizer Nano ZS (Malvern Instruments, UK) for freshly
prepared solution, 9 day old solution, 17 day old solution and 30 day old solution. The
greenish yellow colloid had a peak absorption wavelength of about 415 nm and particle size
of about 68 nm. The solution was found to be stable after storing in the dark at room
temperature for 30 days. The peak absorption wavelength and the particle size of the solution
remained about the same for freshly prepared solution, 9 day old solution, 17 day old solution
and 30 day old solution. This is in agreement with Lamsal et al. (2012).

Figure 6.15 shows an example of the spectra before and after pre-processing using linear
baseline correction (LBC) and standard normal variate (SNV). The pre-processing of the
spectra was to remove the differences associated with the sample focus, such as the baseline
and relative intensity of the spectra.
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(a)

(b)

Figure 6.15 The FT-Raman spectra of the membrane and milk samples (a) before and (b)
after pre-processing.
The SERS spectra collected from the membranes were extremely variable between and
within samples. Figure 6.16 (a) shows the variation in SERS spectra of a membrane after pretreatment. The variation is likely caused by the extremely random nature of SERS
enhancement where the chance of signal being enhanced is due to the location of the
molecules compared with SERS hotspots. The SERS spectra of the milk fouled membranes
did not appear to exhibit any enhancement of the milk powder signal. Instead, if anything, it
seems to have enhanced some of the membrane features as seen in Figure 6.16. Due to the
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lack of enhancement for the milk based constituents, SERS was found to be an inappropriate
method for detecting differences in the deposition of milk onto the membranes during
filtration.

(a)

(b)

Figure 6.16 Representative (a) SERS and (b) non resonance enhances Raman spectra of
polyamide membrane after pre-treatment.
The spectra assignments for milk powder constituents can be found in McGoverin et al.
(2010) and Gallier et al. (2011) and are listed in Table 2.4 (Chapter 2). Figure 6.17 shows the
FT-Raman spectrum of whole milk powder. The majority peaks for whole milk powder can
be seen in Table 2.4 where 351 cm-1 for lactose, 855 cm-1, 874 cm-1, 1005 cm-1, 1066 cm-1,
1123 cm-1, 1305 cm-1, 1443 cm-1, 1657 cm-1, 1746 cm-1, 2727 cm-1 and 2924 cm-1 for milk
lipids (PC, PI, PS, cholesterol and triacylglycerol) and 1264 cm-1 for amide III. The amide I
band at 1665 cm-1 might overlap with the lipid band at 1657 cm-1.
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Figure 6.17 FT-Raman spectrum of whole milk powder before pre-processing.
Figure 6.18 shows the FT-Raman spectrum of a polyamide reverse osmosis membrane before
pre-treatment. Membrane pre-treatment was shown to have no effect on the FT-Raman
spectra. Comparing the spectrum obtained for the membrane with the polyamide, polysulfone
and polyester band assignments from the literature (Table 2.3, Chapter 2), the membrane
spectrum was dominated by polyester and polysulfone. The most prominent bands at 1614
cm-1 and 1748 cm-1 reveal that the polyester is likely to be the most dominant feature within
the spectrum. Polysulfone is the second most dominant contributor to the spectrum and is
likely to be the cause of bands such as those at 792 cm-1, 1110 cm-1, 1149 cm-1, 1587 cm-1
and 3072 cm-1. Polyamide is a weaker Raman scatterer and hence its features would tend to
be weaker than those of polyester and polysulfone. The polyamide may be the cause of the
very small band on the shoulder of the 1075 cm-1 and 1462 cm-1 band. Similarly, Khulbe et al.
(1995) was not able to record the Raman spectra of polyamide film because of the high
fluorescence. Ge et al. (1998) also claimed that the sensitivity of normal FT-Raman
spectroscopy is not enough to analyze polyimide thin films.
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Figure 6.18 FT-Raman spectra of a polyamide reverse osmosis membrane before pretreatment (virgin membrane).
Principal component analysis (PCA) was carried out on the FT-Raman spectra to find the
spectral variance between the samples. The PCA analysis was less informative as it showed
the variance associated with membrane features rather than the milk deposit. The results and
explanation of the scores plot and the loadings plot are given in Appendix 2.3. The FTRaman spectrum of each sample was compared to the spectrum of pre-treated membrane
separately to identify the possible spectral variance between the samples that might be
overlooked by PCA analysis for a large amount of data.

Figure 6.19 shows the six FT-Raman spectra of a pre-treated laboratory membrane and the
difference in relative intensity of the spectra with respect to one of the pre-treated membrane
spectrum. The membrane spectra for the six repeated measurements are similar to each other
showing that the chemical composition levels of the membrane are consistent throughout the
whole sample with a small difference, less than 1 for positive difference and less than -0.8 for
negative difference, in relative intensity. The difference in relative intensity represents the
intra-sample variance of a membrane. The major peaks with higher level of intra-sample
variance are attributed to the higher intensity of the bands at 792 cm-1, 1074 cm-1, 1110 cm-1,
1149 cm-1, 1587 cm-1 and 3072 cm-1 for polysulfone (membrane interlayer) and 634 cm-1, 858
cm-1, 1294 cm-1, 1614 cm-1 and 1728 cm-1 for polyester (membrane backing). The intra205

sample variance might be because of the slight difference in membrane chemical composition,
or the sample focus or artifacts from the baseline or scaling of the spectra during spectra
measurement and analysis. This variability was used to determine the likely significance of
difference between spectra for other samples.
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Figure 6.19 The FT-Raman spectra (six repeated measurements) of a polyamide reverse
osmosis membrane after pre-treatment and the difference in relative intensity of
the spectra with respect to one of the spectra.
Figure 6.20 shows the FT-Raman spectra of concentrated simulated milk ultrafiltrate (SMUF)
powder, membrane after pre-treatment and after a run with concentrated SMUF at 24 bar and
their difference in relative intensity with respect to a pre-treated membrane spectrum. Two
spectra for concentrated SMUF run at 24 bar were included to represent the membrane area
with highest and with lowest amount of deposit after the run.
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Figure 6.20 The FT-Raman spectra of milk minerals (concentrated SMUF powder), pretreated membrane, polyamide membrane after a run with concentrated SMUF at
24 bar and their difference in relative intensity with respect to the pre-treated
membrane spectrum.
The FT-Raman spectra registered for the membrane area with the lowest amount of deposit
had a closer resemblance to the pre-treated membrane spectrum with an additional small band
at 961 cm-1 for calcium phosphate. The major band at 961 cm-1 for the membrane area with
highest amount of deposit is associated with higher calcium phosphate level. From the
difference in relative intensity with respect to a pre-treated membrane, the significant intersample variance at 431 cm-1, 634 – 792 cm-1, 961 cm-1, 1418 – 1462 cm-1 and 2930 cm-1 are
attributed to the higher level of milk minerals in particular the calcium phosphate at 961 cm-1.
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These bands are consistent to the major bands found in concentrated SMUF powder as shown
in Figure 6.20. The differences at 1074 cm-1, 1110 cm-1, 1149 cm-1, 1587 cm-1, 1614 cm-1 and
1728 cm-1 are attributed to the intra-sample variance of polyamide membranes. In view of the
significant amount of mineral deposit (SMUF) that was found on the membrane from TEM,
SEM-EDX and FTIR analysis, the spectral variation for concentrated SMUF run at 24 bar
suggested that a considerable large amount of mineral deposit is needed for the mineral bands
to be significant and distinguishable from the membrane bands in the FT-Raman spectra.

Figure 6.21 shows the FT-Raman spectra of skimmed milk, membrane after pre-treatment
and after a run with skimmed milk at 12 bar with and without flushing, and their difference in
relative intensity with respect to a pre-treated membrane spectrum. The inter-sample spectra
comparison did not show any significant difference between the pre-treated membrane and
membrane after skimmed milk run at 12 bar with and without flushing. The inter-sample
variances, as shown by the difference in relative intensity in Figure 6.21, are similar to the
intra-sample variance for a pre-treated membrane where the major bands at 792 cm-1, 1110
cm-1, 1149 cm-1, 1294 cm-1, 1587 cm-1, 1614 cm-1 and 1728 cm-1 are attributed to the
polysulfone and polyester of the membrane. This suggested that the milk constituents that
remained deposited on the membrane after the runs at 12 bar, both with and without flushing,
cannot be detected by FT-Raman, probably because of the deposit level was too low to be
visible in the spectra compared to polysulfone and polyester level.

Two spectra for runs with skimmed milk at 24 bar with and without flushing and cleaning are
included in Figure 6.22 to represent the membrane area with highest and with lowest amount
of deposit after the runs. No significant difference between the membrane samples were
shown by the FT-Raman spectra with the exception of a slightly higher band intensity at 2875
– 2970 cm-1 for milk lipids and at 1665 cm-1 for milk protein (amide I) for skimmed milk run
at 24 bar. The major difference in relative intensity at 792 cm-1, 1110 cm-1, 1149 cm-1, 1587
cm-1, 1614 cm-1 and 1728 cm-1 are most likely to be attributed to the variance of the
polyamide membranes as the positive and negative difference were less than the intra-sample
variance for a pre-treated membrane. For the skimmed milk run at 24 bar, the negative
difference in relative intensity at 380 – 660 cm-1 and the positive difference at about 1450
cm-1, 1665 cm-1 and 2853 – 2970 cm-1 are likely to be attributed to the higher level of milk
deposit. These bands are consistent with the major bands found in skimmed milk as shown in
Figure 6.22. The bands at 1450 cm-1 and 2853 – 2970 cm-1 correspond to milk lipids.
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Figure 6.21 The FT-Raman spectra of skimmed milk, polyamide membrane after pretreatment and after runs with skimmed milk at 12 bar with and without flushing,
and their difference in relative intensity with respect to the pre-treated
membrane spectrum.
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Figure 6.22 The FT-Raman spectra of skimmed milk, polyamide membrane after pretreatment and after runs with skimmed milk at 24 bar with and without flushing
and cleaning, and their difference in relative intensity with respect to the pretreated membrane spectrum.
Figure 6.23 shows the FT-Raman spectra of whole milk, membrane after pre-treatment and
after a run with whole milk at 24 bar with flushing, and their difference in relative intensity
with respect to a pre-treated membrane spectrum. Two spectra for whole milk run at 24 bar
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with flushing were included in the figure to represent the membrane area with highest and
with lowest amount of deposit after the run.
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Figure 6.23 The FT-Raman spectra of whole milk, polyamide membrane after pre-treatment
and after a run with whole milk at 24 bar with flushing, and their difference in
relative intensity with respect to the pre-treated membrane spectrum.
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Similar to the skimmed milk run, the inter-sample spectra comparison did not showed any
significant difference in the FT-Raman spectra with the exception of a higher band intensity
at 1453 cm-1 and 2853 – 2970 cm-1 for milk lipids for whole milk run at 24 bar with flushing.
The major difference in relative intensity at 792 cm-1, 1110 cm-1, 1149 cm-1, 1587 cm-1, 1614
cm-1 and 1728 cm-1 are most likely to be attributed to the variance of the polyamide
membranes as the positive and negative difference are less than the intra-sample variance for
pre-treated membrane. The negative difference in relative intensity at 360 – 830 cm-1 and the
positive difference at 1453 cm-1, 1442 cm-1, 1665 cm-1, and 2853 – 2970 cm-1 for whole milk
run at 24 bar with flushing are because of the higher level of milk proteins and milk lipids on
the membrane. These bands are consistent with the major bands found in whole milk as
shown in Figure 6.23. The difference in relative intensity at 1442 cm-1, 1453 cm-1, 2853 –
2970 cm-1 for whole milk run at 24 bar with flushing were greater than for skimmed milk run
at 24 bar with flushing (Figure 6.22). This indicated that the whole milk run at 24 bar with
flushing had higher milk lipids level than skimmed milk run at similar conditions, which is
consistent with the higher lipid composition in whole milk. A considerable amount of lipids
still remained on the membrane after water flushing for both skimmed milk and whole milk
run at 24 bar.

It can be concluded that:
1. SERS was not a suitable analysis method for this study due to the inconsistent signal
enhancement and the selectively enhancement of the membrane signal rather than the
milk deposit signal.
2. A relatively higher amount of calcium phosphate, than other milk minerals, was
detected for concentrated SMUF fouled membrane.
3. Lipids and proteins were found on the membrane after runs with whole milk or
skimmed milk at high TMP, but their signal intensity were relatively low as compared
to the membrane signal.
4. FT-Raman could not detect the low level of deposit such as the skimmed milk runs at
12 bar.

6.3.5 Contact Angle
The advancing and receding contact angles for polyethersulfone (PES) ultrafiltration and
polyamide reverse osmosis membranes were measured with a captive bubble method using
the developed protocol. Figure 6.24 shows the typical sequence for a complete contact angle
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measurement with three static-receding-advancing measurement cycles. A highly
reproducible result within the same run was obtained regardless of the different
hydrophilicity of the specimens. For a complete run, similar advancing and receding contact
angles as well as the changes in contact angle corresponded to the measurement sequence
between the measurement cycles were observed for both PES and polyamide membranes.
The advancing and receding contact angles are shown to be fairly independent of contact
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diameter, bubble size and the advancing and receding rate.
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Figure 6.24 Contact angle and contact diameter as a function of measurement time for PES
membranes and polyamide reverse osmosis membranes. ―Stat‖ refers to the
static contact angle (with needle attached) measurement, ―Rec‖ refers to the
water receding contact angle measurement, and ―Adv‖ refers to the water
advancing contact angle measurement.

The advancing and receding contact angles are normally defined as the contact angles when
the three phase contact line starts to move. As shown in Figure 6.24, the contact angles for a
PES membrane changed rapidly at the initial addition or withdrawal of air to or from the air
bubble, while the contact diameter remained unchanged throughout this period. The contact
angles then remained almost constant when the contact diameter increased or decreased with
the air bubble size. For the hydrophilic polyamide membrane, the contact diameter changed
213

in response to the enlargement or reduction of the air bubble once the advancing or receding
step was initiated. Although a constant contact diameter was not obtained for polyamide
membrane, fairly constant advancing and receding contact angles were still observable from
the results.

The preliminary step of enlarging and retracting the bubble helped to ensure that the extruded
air bubble aligned to the central line of the needle. As shown in Figure 6.25, the air bubble
deviated slightly to the left from the central line of the needle before the quick advancing and
receding step was performed. The air bubble only covered part of the needle tip. As air was
being added into the air bubble, there was a transition stage (in most cases) where the air
bubble moving slightly to right when it was large enough to cover the whole needle tip,
causing a small disturbance to the bubble shape and the contact angle. This disturbance could
be eliminated by performing the quick advancing and receding step. The right figure in
Figure 6.25 shows the image taken after the quick advancing and receding step. The air
bubble was symmetrical about the central line of the needle and covered the needle tip fully.

Figure 6.25 The air bubble before (left) and after (right) initial quick advancing and receding
step.
Figure 6.26 shows the left and right contact angles for a PES membrane and a polyamide
membrane that possessed the largest difference between the left and right angles in all the
repeated runs. The maximum difference between the left and right contact angles recorded for
the PES membrane was about 9°, while for the polyamide membrane it was as large as 16°.
This observation suggested that the higher inconsistency between the left and right contact
angles for the polyamide membranes was caused by the membrane surface properties instead
of the contact angle measuring methods. The non-homogeneity of the membrane surface
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might cause the air bubble to deviate from the centre of the needle during air enlargement, or
stick to one side of the membrane during air reduction.
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Figure 6.26 Comparison of the left and right contact angles for PES membranes and
polyamide membranes.
The averaged advancing and receding contact angles, and their difference (expressed as
hysteresis) for stainless steel (grade 304) plate measured with both methods are summarized
in Table 6.9. The advancing contact angle measured with the captive bubble method is
consistent with the static contact angle reported by Güleç et al. (2006) for plain stainless steel
(grade 316) using the same captive bubble method, which was about 78.7 ± 8.7° (in between
the advancing and receding contact angles reported in this study). The captive bubble method
gave higher advancing and receding contact angles than the sessile drop method. The entire
experiment was repeated several weeks after the first and very similar differences were
obtained. Similar observation was reported by Ruiz-Cabello et al. (2011) where both the
advancing and receding contact angles of water measured with captive bubble method were
greater than the values measured by the sessile drop method for polystyrene, poly(ethylene
terephthalate), poly(methyl methacrylate) and polycarbonate.
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Table 6.9 Effect of measurement method on averaged advancing contact angles, receding
contact angles and hysteresis for stainless steel plate.
Averaged contact angles ± pooled standard
Hysteresis,
Measurement
deviation (°)
methods
(°)
Advancing,
Receding,
Sessile drop
82.8 ± 1.3
47.2 ± 2.1
35.6
Captive bubble
96.7 ± 1.3
64.6 ± 0.9
32.2
Note: averaged over 18 cycles for sessile drop and 21 cycles for captive bubble methods.
Although the reasons for the difference in contact angle measured with sessile drop and
captive bubble methods for same stainless steel surface are still not clear, the possibility of
image distortion caused by the refraction that occurs when viewing the air bubble through the
optical glass cuvette filled with water for captive bubble method can be dismissed. A series of
tests were performed by measuring the contact angle for various stick-on partial sphere
plastic beads, with contact angles ranging from 68° to 126°, using both sessile drop and
captive bubble methods and the results are summarized in Table 6.10. The difference
between sessile drop and captive bubble contact angles for the stick-on partial sphere plastic
beads (with various contact diameters and contact angles) was less than 1°, and the average of
the difference was 0.02° indicating that the difference is not biased to one side. These results
show that the effect of refraction created by the water filled optical glass cuvette was not
significant.

Table 6.10 Contact angles for various stick-on partial sphere plastic beads measured with
sessile drop and captive bubble methods.
Averaged contact angles ± pooled
Contact diameter for
Difference between
standard deviation (°)
stick-on partial sphere
sessile drop and
plastic beads (mm)
captive bubble (°)
Sessile drop
Captive bubble
2.98
100.80 ± 0.04
101.09 ± 0.05
- 0.29
3.84
126.06 ± 0.08
125.88 ± 0.08
0.19
4.00
77.25 ± 0.02
77.37 ± 0.02
- 0.12
4.07
122.4 ± 0.1
122.2 ± 0.1
0.2
4.90
86.69 ± 0.02
86.44 ± 0.03
0.25
4.94
91.40 ± 0.03
90.80 ± 0.02
0.60
5.73
68.7 ± 0.1
68.9 ± 0.1
- 0.2
5.83
72.2 ± 0.3
72.70 ± 0.02
- 0.47
Note: averaged over 3 repeated measurements with 60 readings for each measurement.
The contact angle hysteresis of the stainless steel plate obtained from sessile drop and captive
bubble methods differ by only 3.4° (Table 6.9), which is in good agreement with RuizCabello et al. (2011) for polymer surfaces. The standard deviation for contact angle measured
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by reducing the water droplet size (receding contact angle for the sessile drop method) or the
air bubble size (advancing contact angle for the captive bubble method) are slightly higher
than the contact angle measured by enlarging the water droplet size (advancing contact angle
for the sessile drop method) or the air bubble size (receding contact angle for the captive
bubble method). The small volume of the air bubble or water drop during retraction caused it
to be sensitive towards the pulling force exerted by the needle and a greater variation in
bubble or drop shape (as well as the contact angle) is expected for a constant retraction rate.
The precision might be improved by withdrawing the air or water at a slower rate.

Table 6.11 summarizes the averaged advancing and receding contact angles, as well as the
hysteresis for stainless steel plate, PES membrane and polyamide membrane from the captive
bubble method. Stainless steel plate has the highest advancing and receding contact angles,
followed by the PES membrane and the polyamide membrane. Hysteresis is an indicator of
the surface roughness and heterogeneity (Drelich et al., 1996; van Oss, 2006). The PES
membrane had the highest hysteresis suggesting that the membrane surface is the least
homogeneous. The averaged surface roughness reported for a FT30 polyamide reverse
osmosis membrane is about 42.3 nm (Kwak et al., 2001a). PES ultrafiltration membranes,
with molecular weight cut-off (MWCO) of 10 – 94 kDa, were shown to have an averaged
surface roughness of 0.61 – 2.42 nm (Chen and Belfort, 1999; Rahimpour et al., 2007; Singh
et al., 1998; Susanto et al., 2007). PES ultrafiltration membranes have lower average surface
roughness than polyamide reverse osmosis membranes, which is in contrast to the hysteresis
theory. Lee et al. (2010a) claimed that the dynamic hysteresis of a membrane is related to the
surface heterogeneity instead of the average surface roughness especially when a non-polar
liquid (i.e. diiodomethane) was used as the test solution during hysteresis measurement using
the Wilhelmy plate method. A weak correlation between the hysteresis and the morphological
heterogeneity of the membrane surface was observed when a polar liquid (i.e. water) was
used as the test solution during hysteresis measurement. For membrane surface roughness, no
substantial correlation was observed when polar liquid (i.e. water) was used. A rough but
homogeneous (uniform) surface has similar advancing and receding forces while
heterogeneous surface (surface with non-uniform distribution of peak and valley structure)
induced force hysteresis (Lee et al., 2010a).
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Table 6.11 Averaged advancing contact angles, receding contact angles and hysteresis of
different specimens measured with captive bubble method.
Averaged contact angles ± pooled standard
Hysteresis,
deviation (°)
Specimens
(°)
Advancing,
Receding,
Stainless steel
96.7 ± 1.3
64.6 ± 0.9
32.2
(grade 304)
Polyethersulfone
(PES) membrane

69.5 ± 1.4

19.7 ± 1.0

49.8

Polyamide reverse
22.4 ± 1.1
10.7 ± 0.7
11.7
osmosis membrane
Note: averaged over 21 cycles for stainless steel, 26 cycles for PES membrane and 39 cycles
for polyamide reverse osmosis membrane.
Figures 6.27 to 6.29 show the behaviour of contact angles in relation to contact diameter and
contact point velocity for the polyamide membrane, stainless steel plate and PES membrane
respectively. The plots reveal the unique relationships between the contact angles and contact
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Figure 6.27 Contact angle as a function of contact diameter (left) and contact point velocity
(right) for a polyamide membrane.
Figure 6.27 shows the contact angles from a complete measurement consisting of three staticreceding-advancing measurement cycles for a polyamide reverse osmosis membrane. The
contact angles from different cycles lie on the same characteristic curve suggesting that the
contact angle measured with the proposed sequence is highly reproducible between the
measurement cycles. Similar observations were made for all other runs with same or different
specimens. As the contact angles are shown to be highly reproducible within the same run,
only a single cycle, i.e. the second cycle, of static-receding-advancing contact angles is
presented in the following figures.
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The points A-B-C-D in the figures reveal the changes in contact angles with contact diameter
or contact point velocity at different measurement stage. Point A refers to the static contact
angle. As the air bubble was enlarged, the contact angle reduced from point A to B and then
to C giving the water receding contact angle. As the air bubble was retracted, the contact
angle increased from point C to D and then to A giving the water advancing contact angle.

A single cycle of static-receding-advancing contact angles (for captive bubble) and staticadvancing-receding contact angles (for sessile drop) on stainless steel for three separate runs
are plotted in relation to contact diameter in Figure 6.28. For the sessile drop method, the
points E-F-G-H in the graphs serve as a similar indication as A-B-C-D for captive bubble
method. Point E refers to the static contact angle, points E to F and then to G refer to the
contact angle changes during water advancing measurement, and points G to H and then to E
refers to the contact angle changes during water receding measurement. For the sanded and
chemical cleaned stainless steel plate, the specimen surface was well conditioned and was
expected to be free of defects. Thus, a high reproducible contact angle for different
measurement was expected. Referring to Figure 6.28, the contact angles from different runs
again lie on the same characteristic curve suggesting that the proposed method has high
repeatability and is reliable for the advancing and receding contact angle measurement for
different surfaces. Similar conclusions can be drawn for PES membrane where highly
reproducible advancing and receding contact angles are observed from different runs and
different membrane samples (Figure 6.29).
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Figure 6.28 Contact angle as a function of contact diameter (left) and contact point velocity
(right) for stainless steel for both sessile drop and captive bubble methods.
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For stainless steel and the PES membrane, contact angle plotted in relation to both contact
diameter and contact point velocity provide equally good indications of the advancing and
receding contact angles, as well as the hysteresis. The advancing and receding contact angles
can be interpreted easily from both graphs as they remained constant with increasing or
decreasing contact diameter or contact point velocity. For the hydrophilic surface of the
polyamide membrane, the contact angle plotted in relation to contact point velocity provides
a better graphical interpretation of the advancing and receding contact angle than the contact
diameter. However, the plot of contact angle as a function of contact diameter is still able to
reveal the unique characteristic of polyamide membrane and the changes of contact angle at
different contact diameter.

The effects of chemical treatment on the surfaces of polyamide membranes are summarized
in Figure 6.30. Membrane treatment with dilute sodium hydroxide or nitric acid solutions
reduced the receding contact angles. These observations are consistent with the findings from
Wamser and Gilbert (1992) who suggested that the ionized form of the amine or carboxylic
acid functional group (due to the chemical treatment) is more hydrophilic than the neutral
form of those functional groups. Similarly, Hurwitz et al. (2010) reported that the static
sessile drop contact angle for a polyamide reverse osmosis membrane decreased with
increasing pH, salinity and the divalent cation in the liquid droplets. The increasing surface
charge at the membrane or the highly hydrated counterions adsorbed on the surface could
produce strong hydration forces with water molecules and subsequently increase the surface
hydrophilicity. For advancing contact angles, two different behaviours are observed where
the contact angles are altered in either way, up or down. The exact reason for this
inconsistency is still not known. One of the possible explanations is the uneven distribution
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of the membrane surface charge which tends to attract components with opposite charge
preferably, and eventually lead to different degree of localized ionization. The different
degree of localized ionization might also be due to the exposure of the surface functional
groups and the new functional groups that were previously hidden below the surfaces after
chemical treatment or during the contact angle measurement. Chen et al. (1991) claimed that
apart from surface imperfections such as surface roughness and chemical heterogeneity, the
contact angle hysteresis could be attributed to the molecular rearrangement that occurred at
the liquid-solid-vapour interface during wetting and dewetting processes.
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Figure 6.30 Contact angle as a function of contact diameter (left) and contact point velocity
(right) for untreated and 0.5% w/w sodium hydroxide (top) or 0.8% w/w nitric
acid (bottom) treated polyamide membranes.
Figure 6.31 shows the contact angles for three runs of one of the used industrial polyamide
membranes (used membrane 2), a single run of another used industrial polyamide membrane
(used membrane 12) and a single run of a new untreated polyamide membrane. Used
polyamide membrane 2 has a very low permeability which is less than 10% of the
permeability of a new polyamide membrane, while the permeability of used polyamide
membrane 12 is about 40% of the permeability of a new polyamide membrane. Used
membrane 2 has higher hysteresis than the new membrane. It exhibited ―slip‖ and ―stick‖
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stages during contact angle measurement, possibly due to the non-homogeneous presence of
foulant components which are hydrophobic in nature. Although a constant and highly
reproducible advancing contact angle is hard to obtain, all three runs for used membrane 2
exhibited the same characteristic shape when the contact angles are plotted in relation to
contact diameter as shown in Figure 6.31. In contrast to used membrane 2, the advancing and
receding contact angles for used membrane 12 are highly reproducible (Figure 6.32). The
contact angle for used membrane 12 has a different characteristic shape than both the used
membrane 2 and the new membrane. Again, the distribution of foulant components across the
membrane surface might account for this observation. For these specimens, graphical
presentation might be a more useful way to characterize the surface properties than the angle
values.
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Figure 6.31 Contact angle as a function of contact diameter (left) and contact point velocity
(right) for untreated and two used industrial polyamide membranes (used
polyamide membrane 2 and used polyamide membrane 12).
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(right) for untreated and used industrial polyamide membrane 12.
Most studies define the advancing and receding contact angle as the angle where the three
phase contact line (contact diameter) starts to move. This definition is applicable for some,
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but not all, materials. No contact line pinning was observed for polyamide membrane as the
results show that the advancing and receding contact angles of a polyamide membrane
continue to change with the contact diameter until a fairly constant angle is obtained. The
total energy of the air bubble created for the contact angle measurement for several
membrane samples was calculated by considering both the surface free energy and the
potential energy, but it did not provide any significant insight for this study (results not
shown). The surface free energy was calculated using the equations given in Hong et al.
(2011) with slight modification where the volume and area of the air bubble was acquired
from the CAM 2008 software rather than using the general formula for a partial sphere
(Equations 6.3 and 6.4). It is thought that the general formula for a partial sphere might
overestimate the volume and area for a non-spherical air bubble and eventually overestimate
the total energy.
(6.3)
(6.4)
Here

is the bubble volume, m3;

curvature, m; and

is the surface area of bubble, m2;

is the radius of

is the contact angle, rad.

The factors that contribute to the inconsistency of the left and right contact angles are the
unevenness and inclination of the specimen surface, and the offset of the air bubble from the
centre line of the needle (Xue et al., 2014). The difference can be reduced by ensuring the
stainless steel needle is perfectly perpendicular to the tested surface and the needle tip is as
flat as possible. Besides, the preliminary step of enlarging and retracting the bubble helped to
ensure that the extruded air bubble aligned to the central line of the needle. However, the
results suggested that the homogeneity of the specimen surface might play a greater role than
the measurement settings.

The proposed captive bubble contact angle measurement method is shown to be highly
reproducible for stainless steel, PES membrane and polyamide membrane. Contamination or
chemical treatment increased the difficulties in obtaining the advancing contact angle,
possibly due to the uneven distribution of the contaminants or surface charge on the
membrane rather than the measurement method used. Other measurement variables that
might affect the reproducibility of the contact angle measurement are the distance between
the stainless steel needle and the tested surface, and the bubble advancing or receding rate.
223

The effect of these variables is thought to be small compared to the surface properties and can
be neglected as they were kept constant for all measurements as in this study.

For some materials, such as the used polyamide membrane, expressing the contact angle as a
single value with high standard deviation is unrealistic. A graphical presentation might be a
better way to characterize the surface properties. Graphical presentation is able to reveal the
small changes of the specimen surface which cannot be captured by a single advancing or
receding contact angle. Figure 6.31 shows clearly that used polyamide membrane 2 (with
very low permeability as compared to a new polyamide membrane) has higher hysteresis than
the new polyamide membrane, possibly due to the presence of contaminants, but a constant
advancing contact angle was unattainable. Both used polyamide membranes 2 and 12 have
significantly different behaviour from each other as well as from a new polyamide
membrane. This indicated that the captive bubble contact angle measurement method is
promising for detecting small changes in membranes.

Chemical treatment of polyamide membranes might reduce the surface homogeneity and
thus, more hydrophobic and hydrophilic groups are exposed, causing both the water
advancing and receding contact angles to increase.

6.4 Overall discussion
The findings from the membrane analysis with TEM, SEM-EDX, FTIR and FT-Raman
supported the proposed fouling mechanism (in Chapter 5) where minerals and casein micelles
in milk were the major contributors for fouling formation. Although the flux measurement
shows that milk lipids had little influence on fouling formation, the FTIR and FT-Raman
spectra for whole milk run showed that a considerable amount of milk lipids remained on the
membrane after flushing. Similar to milk minerals, the lipids might get trapped in the casein
cake layers that formed immediately at the membrane interface. This pointed out the need for
more than one characterization methods for better understanding of fouling formation and
composition at various fouling and cleaning stages.

The deposit formation for runs at 24 bar both with and without flushing was evidenced from
the TEM and SEM images. The deposit layer was more closely packed at the membrane
interface. This is in agreement with the suggested fouling mechanism where during a run, the
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minerals, protein and lipids concentration increase at the membrane boundary layer. The
precipitation occurred immediately adjacent to the polyamide active layer once the nucleation
limit of the accumulated minerals and proteins is reached. The EDX elemental composition
analysis shows the present of minerals while the FTIR and FT-Raman spectra show the
present of protein, probably casein micelles, and lipids in the milk deposit.

Similar observations were reported for minerals without the casein cake layer. The TEM
images show the build-up of the mineral cake layer on the membrane. The EDX analysis and
the FT-Raman spectra of the SMUF run suggesting that the calcium and phosphate are
preferably deposited on the membrane although their composition in milk solution were less
than potassium, chlorine and sodium. Both FTIR and FT-Raman analysis showed the
deposition of milk minerals on the membrane after the run with concentrated SMUF at 24 bar.

All the analytical methods including flux measurement consistently showed that higher TMP
caused significantly greater fouling. The fouling formed at higher TMP was a thicker cake
layer with dense deposit immediately adjacent to the polyamide active layer. This deposit
layer had higher amounts of milk minerals, proteins and lipids than the deposit layer formed
at lower TMP. For runs with skimmed milk at lower TMP, i.e. 12 bar, although the deposit
thickness is rather insignificant, the EDX and FTIR analysis were able to detect the
deposition of a small amount of milk minerals and proteins on the membrane prior to flushing.
The fouling formed at higher TMP is harder to be removed by water flushing where a
considerable amount of milk minerals, proteins and lipids still remained on the membrane
after water flushing as measured by EDX, FTIR and FT-Raman.

No significant difference in EDX, FTIR and FT-Raman analysis was detected for the
untreated polyamide reverse osmosis membrane and the membrane treated with 5% w/w
Quatrozyme or 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water
rinse. This suggested that the changes in membrane permeability after chemical or enzyme
treatment was due to the membrane structural and/or charge changes rather than the changes
in chemical composition and functional groups such as the hydrolysis of polyamide and/or
the attachment of the chemical or enzyme on the membrane. Membrane treatment with dilute
sodium hydroxide or nitric acid solutions reduced the receding contact angles but
inconsistently altered the advancing contact angles in either way, up or down, for unknown
reasons.
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By comparing the functionality of each analytical method, it is thought that apart from flux
measurement, FTIR appeared to be the best methods to analyse the fouling and cleaning of
reverse osmosis membrane used in the dairy industry in which the fouling consists largely of
milk proteins, lipids and minerals. FTIR spectra were used to identify and/or semi-quantify
the amount of deposit based on the intensity ratio of the distinctive bands at 1644 cm-1 (amide
I) and 1538 cm-1 (amide II) for milk proteins, 2954 cm-1, 2921 cm-1, 2852 cm-1 and 1741 cm-1
for milk lipids or 1064 cm-1 for lactose to polysulfone band at 1486 cm-1.

Both FTIR and FT-Raman identify the fouling composition based on the vibration transitions
of functional groups in a sample (Li-Chan, 2007). The vibrational modes observed in Raman
spectroscopy are associated with a change in polarizability. This means species with
delocalised electrons give stronger spectral signals than those with sigma bonds. This is
complementary with infrared spectroscopy where the bands exhibiting a change in intrinsic
dipole moment exhibit strong signals. Non-polar functional groups showing a stronger
Raman bands while polar functional groups showing a stronger FTIR bands. The use of both
Raman and infrared spectroscopy techniques allows one to gain insight into all the chemical
species present (Li-Chan, 2007; Stuart, 2004). For instance, FTIR spectrum showed a strong
amide II band at 1540 – 1550 cm-1 and a weak amide III band in a region of mixed vibrations.
Raman spectrum has a stronger amide III band while amide II band is a weak Raman
scatterer due to the large contribution of N-H band to the amide II mode (Michielsen, 2001;
Pelton and McLean, 2000).

The advantages of FT-Raman over FTIR are the well documented Raman spectral data for
milk products and compounds especially for milk lipids (Gallier et al., 2011; McGoverin et
al., 2010) and the higher penetration depth of FT-Raman than FTIR which can be evidenced
from the detection of polyester backing layer by FT-Raman. The penetration depth of FTIRATR is about 0.004 – 7 μm for various polymer surfaces (Urban, 1993). The penetration
depth of Raman spectroscopy is up to several hundred micrometers for solids (GE Security,
2006). However, the FT-Raman analysis can potentially penetrate through the whole
membrane and provide data that is attributed to the polysulfone and polyester vibration bands
rather than the vibration bands of the thin polyamide layer and the fouling layer. A
considerable amount of deposit is needed for the respective vibration bands to be distinctive
enough from the high level of polysulfone and polyester bands. For instance, the large
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amount of deposit (with thickness about 12.1 – 17.5 μm) that remained on the membrane for
skimmed milk run at 24 bar after water flushing was detected with TEM, SEM-EDX and
FTIR analysis, but not with FT-Raman analysis. FTIR appeared to be a better analysis, than
FT-Raman, for the identification and/or quantification of the fouling composition due to its
limited penetration depth.

TEM and SEM provide the details about the membrane and deposit structure graphically for
both cross-sectional and top views. TEM images provided a good indication for the thickness
and structure of the fouling layer developed after runs with milk solution at various stages,
but it was hard to distinguish the deposit layer from the polyamide active layer. Similarly, the
SEM images reveal the surface morphology of the membrane and the fouling layer at various
stages of fouling and cleaning. However, the small amount of deposit that still attached to the
membrane after runs with skimmed milk at 12 bar with flushing, and at 24 bar with cleaning
was not differentiable from the virgin membrane. No conclusive information about the
deposit composition, location and porosity could be acquired by using TEM or SEM alone.

The EDX elemental composition analysis can identify the fouling composition, especially
minerals, effectively. Similar to the SEM images, the EDX analysis for the membrane after
runs with skimmed milk at 12 bar with flushing, and at 24 bar with cleaning were unable to
detect the small amount of milk deposit that still remained on the membrane. EDX analysis
provides elemental composition in atomic scale and thus, the molecular structure or the origin
of the element has to be guessed.

6.5 Conclusions
The FTIR, FT-Raman, TEM and SEM-EDX analysis for the fouling and cleaning of reverse
osmosis membrane confirmed the proposed fouling mechanism that developed based on the
flux measurement at various stages of fouling and cleaning. Although milk lipids were shown
to have limited influence on flux reduction, a considerable amount of lipids were found on
the membrane after water flushing for whole milk run. More than one analysis methods are
needed for better understanding of fouling formation. The deposit layer that formed
immediately adjacent to the polyamide active layer is consistent with the concentration
polarization phenomenon where it became more closely packed in the direction from the feed
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stream towards the membrane interface. The amount of fouling formed at higher TMP is
much higher than the fouling formed at lower TMP, and is also harder to remove.

In view of the limitations and functionality of the analytical methods used in this study, FTIR
was the best method to analyse the fouling composition which consists of milk proteins,
lipids and minerals. SERS was not a suitable spectroscopic technique for detecting milk
residue on reverse osmosis membranes as SERS enhancement was inconsistent and appeared
to selectively enhance the membrane rather than milk components. FT-Raman was able to
detect small differences between the fouled and cleaned reverse osmosis membranes. The
high penetration depth of FT-Raman caused it to be less sensitive towards the detection of
fouling composition than FTIR.

Captive bubble contact angle measurement is a promising method to detect small changes on
surface properties. This is clearly shown by the results for chemical treated polyamide
membrane and the used membrane. A measuring technique with high reproducibility was
developed to measure the advancing and receding contact angles with a captive bubble of air.
Contact angle as a function of contact diameter or contact point velocity appears to be a
meaningful way to interpret the results, especially for hydrophilic surfaces such as polyamide
membranes or for contaminated surfaces.

Although the existing analysis methods able to identify and/or semi-quantify the deposits
composition, they did not provide the information regarding the modes of fouling formation
such as by cake formation, pore blocking, chemical interactions, etc. This points to the need
for membrane analysis with other characterization methods such as positron annihilation
lifetime spectroscopy coupled with Doppler broadening energy spectroscopy (PALS-DBES)
for determination of the sizes and distributions of free volume in membrane, and EDX
analysis from a cross-sectional view.
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7 Analysis of Used Industrial Polyamide
Reverse Osmosis Membrane
7.1 Introduction
Membrane performance deterioration associated with the reverse osmosis in the dairy
industry might be caused by organic or inorganic fouling by milk components, by biofouling,
or by a combination of these. The objective of this chapter was to identify the major causes
for membrane performance deterioration for a FT30 polyamide reverse osmosis membrane
that has been used for concentrating raw milk in industry for several months. The causes for
membrane performance deterioration were identified by the means of flux and rejection
measurement, SEM-EDX, FTIR and FT-Raman analysis for the used membrane after they
were subjected to various chemical and enzyme cleaning.

7.2 Experimental methods
Unless otherwise specified, all the filtration and cleaning tests were performed at 30 °C and
0.2 m s-1. A standard chemical cleaning cycle consists of 0.5% w/w sodium hydroxide, water
rinse, 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse. Each
chemical solution was circulated in the system for 10 minutes with no applied TMP. After
each solution, the system was water rinsed. Water rinse refers to a thorough system rinsing
with at least 3 L of purified water, each litre for 5 minutes, until the electrical conductivity
dropped below 25 μS cm-1. The permeance ratio, the ratio between water permeance after
each enzyme or chemical exposure and initial permeance (or pre-treated permeance for new
membrane), was used to indicate cleaning effectiveness.

7.2.1 Materials and apparatus
Twenty pieces of the used polyamide reverse osmosis membrane were received from industry
and were numbered accordingly. The membrane supplier, properties and its exact
composition are unknown, so the properties of a new pre-treated membrane that used in
laboratory will serve as a benchmark for a clean membrane although they might have a
slightly different initial permeability. Upon receipt, the used membranes were preserved with
small amount of 1% w/w sodium metabisulphite solution and kept moist in sealed bags at
4 °C to avoid long term changes. The flux and rejection measurement were performed using
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the SEPA flat sheet membrane system as described in Section 3.2.3. The new membranes
used for filtration tests in laboratory were as described in Section 3.2.1.

7.2.2 Membrane pre-treatment
The used membrane was thoroughly rinsed with water and left to soak in water for 1 hour for
complete hydration and to remove surface impurities and preservatives prior to the filtration
and cleaning tests. The immersed membrane was rinsed with water again before placement
in the reverse osmosis rig. The new membrane was pre-treated as described in Section 5.2.3
prior to filtration and/or cleaning tests.

7.2.3 Rejection properties of the used membrane
The rejection properties of a used membrane was measured in the normal direction, reverse
direction and normal direction again at TMP of 6 bar with 0.2% w/w sodium chloride solution.
Similar measurements were performed with two new membranes, one at a fixed TMP of 6 bar
and another one at the same flux as reported for the used membrane. Unless otherwise
specified, the reverse direction refers to the membrane position where the polyamide active
layer is facing the permeate while the normal direction refers to the membrane position where
the polyamide active layer is facing the feed solution. After a sodium chloride run, the system
was water rinsed. The water flux in the normal and reverse direction was measured before
each rejection measurement and after each rinse at similar operating conditions. The flux and
rejection measurement were repeated for another new and used membranes at a cross-flow
velocity of 0.05 m s-1.

7.2.4 Used membrane cleaning
7.2.4.1 Chemical cleaning
A used membrane was cleaned with several standard chemical cleaning cycles with the same
concentration and order. The water flux was measured after each rinse at a TMP of 24 bar.

A cleaning procedure suggested by Dow (n.d.-c) which was designed specifically for a
membrane that fouled with biological matter was employed to clean a used membrane (used
membrane 2). The cleaning procedure consists of a circulation with 0.1% w/w sodium
hydroxide solution for 30 minutes at 0.2 m s-1, 35 °C with no applied TMP, membrane soaking
in the 0.1% w/w sodium hydroxide solution for 24 hours, and a final system circulation with
the same chemical for 30 minutes at 0.3 m s-1, 35 °C with no applied TMP to flush the deposit
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away from the membrane. After the chemical cleaning, the system was water rinsed. The
water flux was measured before and after the membrane cleaning at TMPs from 4 bar to 24
bar with a stepwise increment or decrement of 4 bar at a time, 35 °C and 0.2 m s-1.

A used membrane (used membrane 2 after cleaning with 0.1% w/w sodium hydroxide) was
cleaned with 0.8% w/w nitric acid by circulation in the system for 10 minutes at 0.2 m s-1,
35 °C with no applied TMP. The solution was replaced with another litre of nitric acid
solution with the same concentration and the flux was measured at TMPs from 4 bar up to 24
bar with a stepwise increments of 4 bar at a time, 35 °C and 0.2 m s-1. The membrane was
water rinsed. The water flux was measured at TMPs from 4 bar to 24 bar with a stepwise
increment or decrement of 4 bar at a time, 35 °C and 0.2 m s-1.

7.2.4.2 Enzyme cleaning
A used membrane was cleaned with enzyme cleaning cycle consists of enzyme solution,
water rinse, 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse.
Each enzyme solution was circulated in the system for 30 minutes with no applied TMP,
while each chemical solution was circulated in the system for 10 minutes at the same
operating condition. The cleaning cycle was repeated by using different enzyme solutions as
listed in Table 7.1 in sequence. The concentrations were based on previous work in our
laboratory (Jones, 2012), but are not confirmed as being optimal. The pH of the enzyme
solutions were adjusted to their optimum pH range suggested by the manufacturer with
0.5% w/w sodium hydroxide. The initial water flux and water flux after system rinsing
following the enzyme or chemical cleaning (nitric acid followed by sodium hydroxide) were
measured at TMP of 24 bar.

Table 7.1 The pH of enzyme solutions. All the enzymes were supplied by Zymus
International Ltd, New Zealand.
Enzyme solution
Effective pH range
Solution pH
4.94 (initial)
0.2% w/w protease (Enzidase® APC)
pH 7.0 – 10.0
8.85 (adjusted)
0.1% w/w cellulose (Enzidase® Cellulase 4000)
pH 3.0 – 6.0
5.79
0.2% w/w amylase (Enzidase® HT 425L)
pH 5.0 – 8.0
6.52
0.1% w/w lipase (Enzidase® Lipase MJ)
pH 5.0 – 9.0
6.79
Used membrane cleaning with 0.1% w/w lipase solution consisted of a circulation with lipase
solution for 5 hours (at 35 °C, 0.2 m s-1 with no applied TMP), membrane soaking in the
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solution overnight (about 15 hours), a final system circulation with the same solution for 3
hours at same operating conditions, and water rinse. The pH of the lipase solution was
adjusted to pH 7.6 with 0.5% w/w sodium hydroxide before being used. The membrane was
cleaned with a standard chemical cleaning cycle before and after the lipase cleaning. Each
chemical solution was circulated in the system for 10 minutes at 35 °C, 0.2 m s-1 with no
applied TMP. The initial water flux and water flux after rinsing following the enzyme or
chemical cleaning were measured at a TMP of 24 bar, 35 °C and 0.2 m s-1.

7.2.4.3 Back flushing and reverse chemical cleaning
A used membrane was flushed with water in the reverse direction at a TMP of 6 bar until
steady permeance was obtained. The water fluxes before and after the membrane back
flushing were measured in the normal direction at TMPs from 4 bar to 24 bar with a stepwise
increment or decrement of 2 or 4 bar at a time.

After the back flushing, the same used membrane was reverse cleaned with the standard
chemical cleaning cycle. The used membrane was placed in the system in the reverse
direction and each chemical solution was circulated in the system for 10 minutes at a TMP of
6 bar. The water flux in the reverse direction was measured before the chemical cleaning and
after each rinse at a TMP of 6 bar. After the reverse chemical cleaning, the water fluxes in the
normal direction was measured again at TMPs from 4 bar to 24 bar with a stepwise increment
or decrement of 2 or 4 bar at a time.

7.2.4.4 Lipid extraction with solvent
Used membranes were cleaned with a lipid extraction solvent that was prepared based on the
modified Bligh and Dyer method. It consists of two extraction steps, a mixture of water,
propan-2-ol and cyclohexane (11 : 8 : 10 volume basis) and a solution of 10% v/v propan-2-ol
in cyclohexane (Manirakiza et al., 2001). The membrane was immersed in the mixture of
water, propan-2-ol (RCI Labscan Limited, Thailand) and cyclohexane (BDH Prolabo, VWR
International Ltd., England) for 1 hour, followed by immersion in 10% v/v propan-2-ol in
cyclohexane for 1 hour. After solvent extraction, the membrane was immersed in 100%
propan-2-ol for 30 minutes to remove the remaining cyclohexane from the membrane, flushed
with 1 L of water and immersed in 3 L of water, each litre for 10 minutes, to remove the
propan-2-ol from the membrane. For each membrane immersion, the solution was stirred
manually every 2 to 3 minutes to ensure the solution was well mixed and to promote
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extraction or removal process. The water flux, salt rejection and water flux after salt rejection
were measured in the SEPA flat sheet system before and after the solvent extraction. The
water flux was measured at TMPs from 4 bar or 8 bar to 24 bar with a stepwise increment of 4
bar at a time. The salt rejection was measured with 0.2% w/w sodium chloride solution at
similar operating conditions but at TMPs of 12 bar or 24 bar, followed by water rinse. The
experiment was repeated with a new pre-treated membrane to examine the effect of extraction
solvent on membrane.

The solvent extract was analysed with liquid chromatography - mass spectrometry (LC-MS)
by Dr Alexander Goroncy (Department of Chemistry, University of Canterbury, New Zealand)
using the maXis 3G Ultra High Resolution Time of Flight (UHR-TOF) tandem mass
spectrometer (Bruker Daltonics, Bremen, Germany) to identify the lipids composition that
extracted from the used membrane. The electrospray ionization (ESI) needle voltage was set at
4000 V for positive ion generation with detection between 30 and 2414 m z-1 and 3500 V for
negative ion generation with detection between 60 and 2317 m z-1. The heated capillary
temperature was 200 °C and the auxiliary gas flow was 8 L min-1.

The solvent extract was also analysed with LC-MS/MS by Bertram Fong (Fonterra Research
Centre, New Zealand) to identify and quantify the contents of phospholipids in the solvent.
The method of analysis is outlined in Norris et al. (2009). About 40 mL of solvent extract
from used membrane 14 and 30 mL of solvent extract from used membrane 12 were dried
under a stream of nitrogen at room temperature. The dried samples were rehydrated in 1 mL of
chloroform/methanol (1:2) prior to the LC-MS/MS analysis.

7.2.4.5 Urea
A used membrane was cleaned with 2 mol L-1 urea (M&B Laboratory Chemicals) solution by
immersing the used membrane in the urea solution for 24 hours at room temperature. Then the
used membrane was flushed with 1 L of water and immersed in 3 L of water, each litre for 10
minutes, to remove the urea solution from the membrane. The urea solution and the water
were stirred manually and occasionally during the membrane immersion to ensure that the
solution was well mixed and to promote deposit removal. The water fluxes of the used
membrane before and after urea cleaning were measured in SEPA flat sheet system at TMP of
24 bar. The experiment was repeated with a new pre-treated membrane.
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7.2.5 Filtration process
The runs with various feed solutions were performed at TMP of 24 bar for 3 hours using the
new membrane after pre-treatment to mimic the used membrane fouling. After the filtration,
the system was water rinsed and the water flux, corresponding to non-flushable fouling, was
measured at TMP of 24 bar. The membrane was cleaned with a standard chemical cleaning
cycle. The water flux was measured after each rinse and the permeance ratio was used to
indicate the cleaning effectiveness. Refer to Sections 5.2.3 to 5.2.5 for the detail description of
the membrane pre-treatment, filtration and cleaning procedures. The feed solutions used in this
study are listed in Table 7.2.

Table 7.2 Preparation methods for feed solutions.
Feed solution
Description
Skimmed milk
Commercially available Trim milk from Meadow Fresh, Auckland,
NZ, 4 g L-1 fat, 37 g L-1 protein.
Whole milk
Commercially available from Klondyke Fresh Limited, Christchurch,
NZ, 34 g L-1 fat, 33 g L-1 protein.
Anhydrous milk fat
A solution was prepared by adding 40 g of melted (at 40 °C)
enhanced skimmed anhydrous milk fat (Canary Clarified Butter, Canary Enterprises
milk
Limited, NZ) into 1 L of commercial Trim milk at 30 °C. The mixture
was dispersed at 24,000 min-1, 30 °C for 15 minutes and was kept at
4 °C (overnight) before the filtration process.
Beta-serum
A solution was prepared by adding 117.5 g of beta-serum into 1 L of
enhanced skimmed commercial Trim milk. Beta-serum is a stream from anhydrous milk
milk
fat (AMF) production which contains most of the fat globule
membrane components and hence it will have relatively high
concentration of phospholipids (MacKenzie et al., 2009).
Cholesterol
A solution was prepared by dissolving 1 g of cholesterol (Sigmaenhanced skimmed Aldrich Corporation, US) in 39 g of melted (at 40 °C) anhydrous milk
milk
fat. The mixture was added into 1 L of commercial Trim milk at
30 °C, dispersed at 24,000 min-1 for 15 minutes and was kept at 4 °C
(overnight) before the filtration process.
7.2.6 Used reverse osmosis membrane characterization
The used membranes both before and after cleaning, and the various feed solutions as listed
in Table 7.2 were analysed by FTIR-ATR following the methods described in Section 6.2.3.
The surface morphology of the used membranes and their composition were analysed using
SEM-EDX and FT-Raman as described in Section 6.2.2 and 6.2.4 respectively. The surface
hydrophilicity of the used membranes was assessed by captive bubble contact angle
measurement using the method developed in Section 6.2.5 and the results are presented in
Chapter 6.
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7.3 Results and discussion
7.3.1 Properties of used reverse osmosis membrane
The initial permeability of the used membrane was very low, about 7.6% of the permeability
of a new membrane after pre-treatment. As the membrane permeability is governed by the
diffusion of water through the polyamide layer, similar fluxes in the normal and the reverse
directions were expected. Figure 7.1 shows that the water fluxes for a new pre-treated
membrane behaved as expected with similar fluxes in both normal and reverse directions.
The water flux in the normal direction was slightly higher than the water flux in the reverse
direction, the difference was less than 8%. The flux behaviour of a used membrane had the
opposite trend. The flux in the reverse direction was about two times higher than the flux in
the normal direction.
9.0

8.0

Flux (g s-1 m-2)

7.0
6.0
5.0
4.0
New membrane

3.0

Used membrane

2.0
1.0

0.0

Figure 7.1 The flux for runs with water and 0.2% w/w sodium chloride solution at 6 bar, 0.2
m s-1 and 30 °C for a new and a used membranes in both normal and reverse
directions. * refers to the membrane flux prior to membrane pre-treatment.
The effect of cross-flow velocity on permeability and rejection properties of the used
membrane in the normal and reverse directions is presented in Figure 7.2. The runs at crossflow velocities of 0.05 m s-1 and 0.2 m s-1 exhibited a similar trend where the membrane
permeability in the reverse direction was higher than in the normal direction. The used
membrane run at 0.05 m s-1 had higher water flux in the normal direction than the run at 0.2
m s-1, probably because of the used membranes had different initial permeability. The water
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flux in the reverse direction was higher at a cross-flow velocity of 0.2 m s-1 than at 0.05 m s-1.
The flux behaviour for new and used membranes at 0.2 m s-1 and/or 0.05 m s-1 in both normal
and reverse directions suggested that the foulants that remained on the used membranes
tended to increase the hydraulic resistance and/or alter the membrane surface hydrophilicity,
and eventually caused a significant flux reduction. Another possible explanation is the
reverse flow expanding the fouling layer of the used membrane and leading to a lower
resistance.
2.5
Used membrane 0.2 m/s

Flux (g s-1 m-2)

2.0

Used membrane 0.05 m/s

1.5

1.0

0.5

0.0

Figure 7.2 The flux for runs with water and 0.2% w/w sodium chloride solution at 6 bar, 0.2
m s-1 or 0.05 m s-1, and 30 °C for two used membranes in both normal and reverse
directions.
Table 7.3 summarizes the permeance ratio and rejection coefficient of a new and used
membranes. The sodium chloride rejection coefficients in the reverse direction for both used
and new membranes were very low as compared to the rejection of the same membranes in
the normal direction, probably due to the enhanced concentration polarization within the
membrane backing layer. The highly porous structure of the backing layer probably promoted
the development of concentration polarization by reduces the back-diffusion of sodium
chloride. The concentration polarization increased the osmotic pressure near the membrane
boundary layer and subsequently reduced the flux. This explained the low flux that was
obtained for a new membrane during the run with 0.2% w/w sodium chloride solution in the
reverse direction (Figure 7.1). The rejection coefficient for the used membrane was less than
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the rejection coefficient for new pre-treated membrane in both directions, probably because
of the lower permeability of the used membrane causing the permeate concentration to be less
diluted. Although higher cross-flow velocity tends to reduce the concentration polarization
effect, the rejection coefficient for the used membrane at 0.05 m s-1 was higher than (or
similar to) the rejection at 0.2 m s-1 regardless of the lower concentration polarization at 0.2
m s-1 in both directions. This might be due to the nature of the fouling layer and the properties
of the used membranes as both used membranes might came from different membrane sheet
and with different degree of fouling.

The flux and rejection coefficient for the used and the new membranes in the normal
direction following the measurement in the reverse direction were similar to the initial
membrane properties (in the normal direction). This showed that membrane back flushing at
a TMP of 6 bar did not cause delamination or structural damage to the membrane.

Table 7.3 Permeance ratio and rejection coefficient of a new and used membranes that were
measured at 6 bar, 0.2 m s-1 or 0.05 m s-1, and 30 °C in both normal and reverse
directions with water and 0.2% w/w sodium chloride solution.
New membrane
Used membrane
Cross-flow velocity of Cross-flow velocity of Cross-flow velocity of
Measurement
0.2 m s-1
0.2 m s-1
0.05 m s-1
sequence
Permeance
Permeance
Permeance
Rejection
Rejection
Rejection
ratio
ratio
ratio
Water - normal *
0.834
Water - normal
1.000
1.000
1.000
0.2% w/w NaCl
0.720
97.4%
0.632
86.9%
0.646
88.3%
- normal
Water - normal
1.018
0.883
0.923
Water - reverse
0.960
3.030
1.599
0.2% w/w NaCl
0.161
8.19%
2.755
6.05%
1.058
14.4%
- reverse
Water - reverse
0.939
3.448
1.576
Water - normal
1.127
1.074
1.112
0.2% w/w NaCl
0.753
94.9%
0.676
85.2%
0.728
84.9%
- normal
Water - normal
1.085
0.900
0.996
Note: * refers to the membrane properties prior to membrane pre-treatment.
Tables 7.4 and 7.5 summarize the rejection coefficient of a new and a used membrane that
were measured at same flux. For both cross-flow velocities, the rejection coefficients of the
used membranes were similar and/or higher than the new membrane in the normal and the
237

reverse direction. This showed that the used membranes had similar, or higher, rejection
properties than the new membrane although the membrane permeability of the used
membranes was very low. The possibility of the changes or degradation in membrane
structure, after long-term operation and cleaning, causing the extreme flux reduction is
unlikely.
Table 7.4 Flux and rejection coefficient of a new and a used membrane that were measured
at 0.2 m s-1 and 30 °C in both normal and reverse directions with water and
0.2% w/w sodium chloride solution by maintaining same flux for both membranes
during rejection measurement.
New membrane
Used membrane
Measurement sequence
-1
-2
Flux (g s m )
Rejection
Flux (g s-1 m-2)
Rejection
Water - normal
Water - normal
0.2% w/w NaCl - normal
Water - normal
Water - reverse
0.2% w/w NaCl - reverse
Water - reverse
Water - normal
0.2% w/w NaCl - normal
Water - normal

0.993
1.187
0.352
1.184
1.729
1.513
1.960
1.372
0.364
1.258

85.1%

5.83%

75.2%

0.565
0.355
0.495
1.704
1.545
1.938
0.600
0.381
0.508

86.9%

6.05%

85.2%

Table 7.5 Flux and rejection coefficient of a new and a used membrane that were measured
at 0.05 m s-1 and 30 °C in both normal and reverse directions with water and
0.2% w/w sodium chloride solution by maintaining same flux for each step.
New membrane
Used membrane
Measurement sequence
-1
-2
Flux (g s m )
Rejection
Flux (g s-1 m-2)
Rejection
Water - normal
0.954
Water - normal
0.944
0.946
0.2% w/w NaCl - normal
0.603
86.4%
0.609
88.3%
Water - normal
0.871
0.873
Water - reverse
1.529
1.506
0.2% w/w NaCl - reverse
1.002
8.60%
1.003
14.4%
Water - reverse
1.508
1.484
Water - normal
1.050
1.050
0.2% w/w NaCl - normal
0.680
80.1%
0.689
84.9%
Water - normal
0.959
0.946
The FTIR spectrum of a used membrane was compared with the spectrum of a new
membrane after pre-treatment in Figures 7.3 and 7.4. Both used and new membranes had
similar vibration bands for the polyamide active layer and polysulfone support layer. The
used membrane had few strong vibration bands at 2954 cm-1 and 2921 cm-1 for asymmetric
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CH2 stretching vibration of methyl and methylene groups; at 2852 cm-1 for symmetric CH2
stretching vibration of methyl and methylene groups, at 1741 cm-1 for C=O rotation and
stretching vibration of ester groups in fat or of carboxylic acid function; at 1465 cm -1 for CH2
scissoring vibration; and at 966 cm-1 (unidentified band) as compared to the new pre-treated
membrane. These distinctive bands gave a significant insight of the potential foulant
components that deposited on the used membrane and also indicating the severity of
membrane fouling. The long-term fouling of the used membrane that caused a severe flux
reduction might be attributed to the lipid-based components in milk solution. Although no
reference was found for the FTIR vibration bands of the phosphate group (PO43-) in
phospholipids, the phosphate group vibration for beta-tricalcium phosphate at 970 – 975 cm-1
and for hydroxyapatite at 961 cm-1 suggested that the distinctive band at 966 cm-1 might
correspond to a phosphate group.
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Used membrane 1
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Figure 7.3 The FTIR spectra of a used membrane and a new pre-treated membrane in the
region of 2600 – 3800 cm-1.
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Figure 7.4 The FTIR spectra of a used membrane and a new pre-treated membrane in the
region of 600 – 1800 cm-1.
The deposition of milk protein and lactose on the used membrane are unlikely as the intensity
of amide I band at 1666 cm-1, amide II band at 1540 cm-1, and C-O vibration band for lactose
at 1064 cm-1 are similar to those registered for a new pre-treated membrane. The intensity for
amide I and amide II bands are similar for used and new membranes, but the used membrane
had more intensified bands for polysulfone than the new membrane. This suggested that the
infrared penetration depth of a used membrane was more than of a new membrane, perhaps
because the polyamide active layer of the used membrane is thinner and/or being compressed
due to long-term operation and frequent cleaning in industry.

Table 7.6 summarizes the water permeance and the intensity ratio of the FTIR band at 1741
cm-1 to 1486 cm-1 (H1741 - Hbaseline / H1486 – Hbaseline) which represents a normalized
concentration of fatty acids on the membrane. Their correlation is plotted in Figure 7.5. The
FTIR vibration bands at 1486 cm-1 correspond to the C-C stretching vibration of aromatic inplane ring for polysulfone. The water permeance was measured at TMP of 24 bar, 30 °C and
0.2 m s-1 for all the used membranes with the exception of used membrane 20 which was
measured at 35 °C.
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Table 7.6 The water permeance measured at TMP of 24 bar, 30 °C (except for used
membrane 20 which was measured at 35 °C) and 0.2 m s-1 and the intensity ratio
of the FTIR band at 1741 cm-1 to 1486 cm-1 (H1741 – Hbaseline / H1486 – Hbaseline).
Intensity ratio, H1741 – Hbaseline/H1486 –
Purified water permeance
Hbaseline
Used membranes
(g s-1 bar-1 m-2)
Average ± standard deviation
Used membrane 14
0.010
0.32 ± 0.08
Used membrane 1
0.013
0.49 ± 0.05
Used membrane 5
0.018
0.44 ± 0.04
Used membrane 20
0.051
0.23 ± 0.16
Used membrane 3
0.113
0.47 ± 0.02
Used membrane 17
0.245
0.23 ± 0.19
Used membrane 12
0.443
0.05 ± 0.01
Used membrane 10
0.483
0.05 ± 0.02

Intensity ratio, H1741-Hbaseline/H1486-Hbaseline

0.7
0.6
0.5

y = -0.857x + 0.4546
R² = 0.8508

0.4
0.3
Used membrane
20, 35 C

0.2
0.1

0.0
0.0

0.1

0.2
0.3
0.4
Permeance (g s-1 bar-1 m-2)
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0.6

Figure 7.5 The correlation of the water permeance measured at a TMP of 24 bar, 30 °C
(except for used membrane 20 which was measured at 35 °C as labeled) and 0.2
m s-1 and the intensity ratio of the FTIR band at 1741 cm-1 to 1486 cm-1 (H1741 –
Hbaseline / H1486 – Hbaseline) for used membranes.
A linear correlation with an R2 value of 0.851 was obtained for water permeance and the
intensity ratio of H1741 – Hbaseline / H1486 – Hbaseline for used membranes. Generally, the
membrane permeability decreased with increasing intensity ratio. This suggested that the
permeability of the used membrane is largely dependent on the concentration of the foulant
components which contain an ester group, probably milk lipids, that remained attached to the
used membrane after long-term operation and cleaning. In addition to flux recovery, the
intensity ratio of H1741 – Hbaseline / H1486 – Hbaseline can be used as an indication for fouling
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severity and cleaning efficiency. It was shown that for some of the used membranes,
especially those with medium flux, the vibration bands that were attributed to lipid varied
across the membrane surface indicating the uneven distribution of the foulant components on
the membrane surface. The variation was shown by the high standard deviation in intensity
ratio in Table 7.6.

The FT-Raman spectra of a new membrane after pre-treatment in the laboratory and two used
membranes, and their difference in relative intensity with respect to a pre-treated membrane
are shown in Figure 7.6. Most of the differences in relative intensity of the used membranes
are likely to be attributed to the changes in polyamide (active layer), polysulfone (interlayer)
and polyester (backing layer) level in the membrane. The negative differences in relative
intensity at 792 cm-1, 1074 cm-1, 1110 cm-1, 1149 cm-1, 1177 cm-1, 1240 cm-1, 1587 cm-1,
1605 cm-1 and 3072 cm-1 correspond to polysulfone (Ellis et al., 1991). The positive
differences in relative intensity at 858 cm-1, 1294 cm-1, 1614 cm-1 and 1728 cm-1 correspond
to polyester (Kerr et al., 2013). The used membrane also showed a slightly higher level of
polyamide at 1462 cm-1 than the pre-treated membrane. A similar observation was drawn
from the PCA (Appendix 2.3). As stated earlier, the used membrane might have a slightly
different chemical composition than the pre-treated membrane used in laboratory, or because
of the membrane degradation and/or chemical reaction with feed and cleaning chemicals after
long-term operation and frequent cleaning in industry.

In spite of the difference in membrane chemical composition, the FT-Raman spectra of the
used membrane shows a significant difference from the pre-treated membrane at 1209 cm-1,
1440 cm-1, 2853 cm-1, 2890 cm-1, 2906 cm-1, 2935 cm-1 and 2957 cm-1. The band at 1209 cm-1
might correspond to milk lipid (antisymmetric phosphoryl stretching of carotenoids) or
polysulfone. The bands at 1440 cm-1, 2853 cm-1, 2890 cm-1, 2906 cm-1, 2935 cm-1 and 2957
cm-1 can be attributed to the milk lipids with 1440 cm-1 for the saturated fatty acid δ(CH2)
scissoring for cholesterol, phosphatidylcholine (PC), phosphatidylinositol (PI) and
phosphatidylserine (PS), while 2853 cm-1, 2890 cm-1, 2906 cm-1, 2935 cm-1 and 2957 cm-1 are
for the acyl chain stretching (Gallier et al., 2011; McGoverin et al., 2010). Similar to FTIR,
the FT-Raman spectra showed that the used membrane had some milk lipids remaining on it
despite frequent cleaning in industry.
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Figure 7.6 The FT-Raman spectra of a polyamide reverse osmosis membrane after pretreatment in laboratory and two used industrial polyamide reverse osmosis
membranes, and their difference in relative intensity with respect to the pretreated membrane spectrum.
The SEM images of the new membrane after pre-treatment and the used membrane in Figures
7.7 and 7.8 reveal the surface morphology of the membranes as well as their difference. The
left figure in Figure 7.7 shows the SEM image of the used membrane 5 that captured at
voltage of 10 kV and magnification of 1000 ×. Some rod-shaped deposits were found on the
used membrane surface as circled in red in the figure. The magnification at the circled area
was increased to 4000 × and the SEM image was captured and shown in Figure 7.7 (right).
The dimension of the rod-shaped deposits is about 0.5 × 1.0 – 2.0 μm, the right size and shape
for Pseudomonas bacterium that is normally found on the reverse osmosis membranes of a
raw milk processing unit (Sigma-Aldrich, 2010; Subramani and Hoek, 2008; Tang, 2011).
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However, the possibility of biofouling as the main reason causing the severe membrane
performance deterioration for these used membrane samples is thought to be unlikely. Further
explanation is included in the following text. Figure 7.8 shows that the surface morphology of
the used membranes was different from a pre-treated membrane. The permeability of the new
membrane is about 1.17 g m-2 bar-1 s-1 while of the used membrane is about 0.0182
g m-2 bar-1 s-1. No definite conclusion can be drawn from these images as the difference in
surface morphology might be because of the structural changes of the membrane after longterm operation and frequent cleaning in industry, or because of the long-term foulant
components.

Figure 7.7 The SEM images of the used reverse osmosis membrane 5 at voltage of 10 kV
and magnification of 1000 × (left figure) and 4000 × (right figure).

Figure 7.8 The SEM images of new polyamide reverse osmosis membrane after pretreatment (left figure) and used polyamide reverse osmosis membranes (right
figure) at voltage of 10 kV and magnification of 5000 ×.
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Table 7.7 summarizes the elemental composition of a new pre-treated membrane and several
used membranes from EDX analysis at a magnification of 22 ×. No significant difference in
elemental composition for new and used membranes was recorded. All the used membranes
had a large amount of oxygen and sulfur which was attributed to the membrane structure. No
inorganic components were observed apart from chlorine and sodium, and their
concentrations were very low. Both sodium and chlorine might be the residue from feed
solution (raw milk) and/or cleaning chemical. The elemental composition of the membrane
after a run with simulated milk ultrafiltrate (SMUF) solution or with skimmed milk at 24 bar
showed that the inorganic fouling consists mainly of calcium and phosphate, which are not
being recorded for used membranes. This suggested that the severe performance deterioration
for used membranes is unlikely to be caused by inorganic fouling. The amount of inorganic
components that remained on the used membrane, if there is any, is less than the detectable
limit of EDX.

Table 7.7 Elemental composition of a new reverse osmosis membrane after membrane pretreatment and used industrial reverse osmosis membranes analyzed with EDX at
magnification of 22 ×.
Mass fraction of elements
Pre-treated
Used
Used
Used
Used
Component
membrane
membrane 1
membrane 3
membrane 5
membrane 9
(1.17 g m-2
(0.0130 g m-2 (0.1134 g m-2 (0.0182 g m-2
(0.15 g m-2
-1 -1
-1 -1
-1 -1
-1 -1
bar s )
bar s )
bar s )
bar s )
bar-1 s-1)
O
52.6%
70.6%
71.2%
71.1%
59.0%
S
47.2%
25.8%
26.4%
26.6%
39.1%
Cl
2.4%
2.5%
2.3%
2.1%
Na
1.3%
The water advancing and receding contact angles for used membranes differed significantly
from each other as well as from a new membrane (Figure 7.9). Used membrane 2 had higher
hysteresis than a new membrane and it exhibited ―slip‖ and ―stick‖ stages during captive
bubble contact angle measurement. Used membranes 12 and 14 have similar characteristic
shape and both used membranes were more hydrophobic than the new membrane for both
advancing and receding water contact angle. The variation in contact angles and
characteristic shape for used membranes are likely to be caused by the uneven distribution of
the foulant components across the membrane surface, and the hydrophobic nature of the
foulant components (potentially milk lipids).
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Figure 7.9 Contact angle as a function of contact diameter (left) and contact point velocity
(right) for untreated (new membrane) and three used industrial polyamide
membranes (used membrane 2, used membrane 12 and used membrane 14).
It can be concluded that:
1. FTIR and FT-Raman spectra of used membranes showed species associated with milk
lipids.
2. The used membranes were more hydrophobic than the new membranes, probably
because of the presence of milk lipids which are hydrophobic in nature.
3. It is hypothesized that some of the milk lipids are able to bind to the polyamide
surface of the membrane during reverse osmosis and are not being removed by the
chemical cleaning used in industry.
4. The milk lipids were not evenly distributed across the polyamide surface of the used
membranes. The intensity ratios of the FTIR bands gave a good indication on the
fouling severity of the used membranes and were linearly correlated to the water flux.
Along with flux recovery, the intensity ratios of the FTIR band can be used to indicate
cleaning effectiveness.

7.3.2 Reverse osmosis run with modified milk solutions
The distinctive FTIR bands that differentiate the used membranes from the new membrane
after pre-treatment were compared with the FTIR spectra registered for the solid milks and its
lipid constituents to identify the common components that have FTIR spectra similar to those
seen on the used membrane. The spectra comparisons are shown in Figures 7.10 and 7.11 for
skimmed milk, whole milk, anhydrous milk fat (AMF), beta-serum and cholesterol
respectively. The distinctive bands for used membrane at 2954 cm-1, 2921 cm-1, 2852 cm-1,
1741 cm-1, 1465 cm-1, and 966 cm-1 were used as an indication and/or identification for the
potential foulant components.
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Figure 7.10 The FTIR spectra of skimmed milk, whole milk, new pre-treated membrane and
used membrane 14.
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Figure 7.11 The FTIR spectra of anhydrous milk fat (AMF), beta-serum, cholesterol, new
pre-treated membrane and used membrane 14.
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Weak and/or no distinctive lipids bands were observed for skimmed milk as it consisted of
only 4 g L-1 fat. Whole milk (34 g L-1 fat) and anhydrous milk fat had sharp and intensified
bands at 1741 cm-1 for ester group and at 2954 cm-1, 2921 cm-1 and 2852 cm-1 for methyl
group in lipids. No vibration band at 1741 cm-1 was registered for cholesterol as the
cholesterol structure does not have an ester group. The bands at about 2954 cm-1, 2921 cm-1,
2852 cm-1 and 1465 cm-1 show the presence of methyl group in cholesterol. Beta-serum is an
milk emulsion with high phospholipids content (MacKenzie et al., 2009), strong and
overlapping bands in the region of 1000 – 1200 cm-1 are expected for PO43-.
The comparison figures show that all the distinctive bands were appeared in the FTIR spectra
that were registered for whole milk, anhydrous milk fat and beta-serum, and partly in
cholesterol. This confirmed that long-term foulant components are lipid based and potentially
are a mixture of triglycerides, diglycerides, monoglycerides, free fatty acids and
phospholipids.

Runs with various modified milk solutions, anhydrous milk fat (AMF) enhanced skimmed
milk, beta-serum enhanced skimmed milk and cholesterol enhanced skimmed milk, were
performed at TMP of 24 bar, 30 °C and 0.2 m s-1 for 3 hours to mimic the used membrane
fouling and to identify the lipid components that preferably bind to the membrane. The
permeance ratios (to the water permeance after membrane pre-treatment) for the runs with
modified milk solutions, after water flushing and after each chemical cleaning step are listed in
Table 7.8 to compare the amount of fouling caused by the various feed solutions.

The runs with whole milk and lipid enhanced skimmed milk had a higher permeance ratio
after water flushing than the unmodified skimmed milk run. This is probably because of the
lower fat content in the cake layer formed from skimmed milk increased the cake layer
firmness and hardness, and eventually reduced its permeability. This concept is adapted from
the effect of fat content on cheese texture where higher fat content results in less compact
protein matrix, the open spaces are occupied by fat globules, and thus, form a softer cheese
(Guinee et al., 2000; Gunasekaran and Mehmet Ak, 2002).
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Table 7.8 Effect of lipid components on the permeance ratio and cleaning efficiency for runs
with various milk solutions at 24 bar, 30 °C, 0.2 m s-1 for 3 hours.
Feed solutions

Permeance ratio = Permeance/pre-treated permeance
Non-flushable
Cleaning
Cleaning
Cleaning
Fouling
fouling
cycle - NaOH cycle – HNO3 cycle - NaOH
0.968 ± 0.006
0.989 ± 0.002 1.09 ± 0.007
1.03 ± 0.012
0.081 ± 0.002 0.446 ± 0.002 0.851 ± 0.008 0.982 ± 0.005 0.969 ± 0.005

Water
Skimmed milk
Whole milk (5
0.0770
0.451
hours)
Anhydrous milk
fat enhanced
0.0863
0.504
skimmed milk
Beta-serum
enhanced
0.0872
0.524
skimmed milk
Cholesterol
enhanced
0.0763
0.479
skimmed milk
Note: ± indicates the range of measurement over 2 runs

-

-

0.970

0.872

0.951

0.957

0.844

0.935

0.939

0.872

0.947

0.932

Similar to skimmed milk run at the same operating condition, a single standard cleaning cycle
was insufficient to remove the deposit and recover the water permeance for anhydrous milk fat,
beta-serum and cholesterol enhanced skimmed milk runs. The recovery of the membrane
permeability after cleaning with a standard chemical cleaning cycle for these modified
skimmed milk runs was lower than those reported for the unmodified skimmed milk run. This
result suggested that the presence of additional lipid components in skimmed milk increased
the cleaning difficulty. Thus, they are likely to remain attached to the membrane after
insufficient cleaning and eventually lead to long-term fouling.

However, the FTIR spectra registered for the membrane after the runs with anhydrous milk fat
enhanced skimmed milk, beta-serum enhanced skimmed milk or cholesterol enhanced
skimmed milk followed by a standard chemical cleaning cycle resembled the spectra
registered for a new pre-treated membrane (Figure 7.12). No distinctive bands as those
registered for used membrane was shown by these membranes. The membrane permeability
for these runs had still not recovered back to the level expected for a clean membrane
suggesting that the foulant components, probably those that contributed to the long-term
fouling, were still attached to the membrane surface with the amount below the FTIR
detectable limit. These components are probably difficult to remove from the membrane
surface by standard chemical cleaning. The 3 hours run in laboratory was not sufficient to
reproduce the fouling condition of the used membrane.
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Figure 7.12 The FTIR spectra of membrane after 3-hour runs with lipid enhanced skimmed
milk at TMP of 24 bar, temperature of 30 °C and cross-flow velocity of 0.2
m s-1, followed by a standard chemical cleaning cycle.
7.3.3 Used membrane cleaning
7.3.3.1 Chemical cleaning
The permeability of used membrane 1 before chemical cleaning was about 100 times lower
than the permeability of a new membrane. Although the used membrane was cleaned with the
standard cleaning cycle improving the permeance to two to three times of the initial
permeance, the final membrane permeability was still well below the expected permeability
for a clean membrane. The membrane permeability improved slightly after the first standard
chemical cleaning cycle suggesting that part of the deposit was being removed by these
chemicals. Further chemical cleaning did not have any significant effect on the permeability
recovery (Table 7.9). This is in contrast to a new membrane where each cycle of chemical
cleaning was found to have an additive effect on membrane permeability. Apart from that, a
new membrane after a 3 hour run with skimmed milk at TMP of 24 bar in the laboratory
could be recovered to a high flux with a regime of water flushing and two to three chemical
cleaning cycles. It was concluded that the used membrane was fouled with components that
are difficult to be removed by standard caustic-acid-caustic clean.
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Table 7.9 The permeance and permeance ratio of a used industrial polyamide reverse osmosis
membrane (used membrane 1) after cleaning with standard cleaning cycles.
Permeance
Permeance ratio = Permeance/initial
Cleaning sequence
-1
-1
-2
(g s bar m )
permeance
Initial
0.0130
1.00
Cycle 1 - NaOH 1
0.0187
1.44
Cycle 1 - HNO3
0.0228
1.76
Cycle 1 - NaOH 2
0.0403
3.11
Cycle 2 - NaOH 1
0.0382
2.95
Cycle 2 - HNO3
0.0305
2.35
Cycle 2 - NaOH 2
0.0391
3.02
Cycle 3 - NaOH 1
0.0402
3.10
Cycle 3 - HNO3
0.0321
2.48
Cycle 3 - NaOH 2
0.0406
3.14
Cycle 4 - NaOH 1
0.0393
3.03
Cycle 4 - HNO3
0.0316
2.44
Cycle 4 - NaOH 2
0.0371
2.87
The FTIR spectra registered for used membrane 1 before and after chemical cleaning are in
agreement with the flux recovery test where the long-term foulant components, potentially
milk lipids, cannot be removed by the standard chemical cleaning cycle. As shown in Figures
7.13 and 7.14, no significant difference was observed for the FTIR spectra of used membrane
1 and used membrane 1 after cleaning with several standard chemical cleaning cycles
especially for those distinctive bands. The intensity ratios of 1741 cm-1 to 1486 cm-1 (H1741 –
Hbaseline/H1486 – Hbaseline) for the used membrane 1 before and after standard chemical cleaning
were 0.494 ± 0.054 and 0.486 ± 0.040 respectively.

252

0.8
0.7

Pre-treated membrane
Used membrane 1
Used membrane 1 - standard cleaned

Absorbance

0.6

2852

2954

2921

0.5
0.4
0.3

0.2
0.1

0
3800 3700 3600 3500 3400 3300 3200 3100 3000 2900 2800 2700 2600
-0.1
Wavenumber (cm-1)

Figure 7.13 The FTIR spectra of used membrane 1 before and after several standard cleaning
cycles and a new pre-treated membrane in the region of 2600 – 3800 cm-1.
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Figure 7.14 The FTIR spectra of used membrane 1 before and after several standard cleaning
cycles and a new pre-treated membrane in the region of 600 – 1800 cm-1.
Figure 7.15 shows the water flux, as a function of TMP, for used membrane 2 before and
after cleaning with 0.1% w/w sodium hydroxide solution (circulation, 24 hours immersion
and high flow rate circulation). The overall flux for used membrane 2 was considerably lower
than the expected flux for a new membrane. In contrast to the common behaviour of a new
membrane, the flux deviated slightly from a straight line, especially at high TMP, suggesting
that there might be some compressible resistance created by the foulant components. This is
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supported by the fact that the flux at increasing TMP run after a complete cycle of increasing
and decreasing TMP runs was lower than the initial flux and had a better resemblance to a
straight line. No significant improvement in membrane permeability was reported for the
used membrane after an overnight soaking in 0.1% w/w sodium hydroxide solution showing
that the foulant components cannot be removed by 0.1% w/w sodium hydroxide and are
unlikely to be biological matter (biofouling) alone.
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Figure 7.15 The flux of used membrane 2 as a function of TMP before and after cleaning
with 0.1% w/w sodium hydroxide. The flux measurement after cleaning was
performed at increasing TMP, decreasing TMP and increasing TMP again.
Figure 7.16 summarizes the water flux, measured at TMPs from 4 bar to 24 bar with a step
increment or decrement of 4 bar at a time, for used membrane 2 after cleaning with 0.8% w/w
nitric acid at TMP up to 24 bar. The flux during the cleaning with 0.8% w/w nitric acid at
increasing TMP was included in Figure 7.16 for comparison. It is found that the cleaning
with 0.8% w/w nitric acid solution at high TMP did not have any positive effect on the
performance recovery. This suggested that the low flux of the used membrane was not due to
mineral fouling. The observed flux of 0.8% w/w nitric acid during cleaning (as shown in
Figure 7.16) and the permeate pH of 1.6 (feed pH is 1.03) proved that the nitric acid was able
to penetrate through the membrane as well as the deposit layer if there is any.
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Figure 7.16 The water flux of used membrane 2 that was cleaned with 0.8% w/w nitric acid
at TMP up to 24 bar. The flux measurement was performed at increasing TMP,
decreasing TMP and increasing TMP again.
7.3.3.2 Enzyme cleaning
Table 7.10 summarizes the permeance and permeance ratio of used membrane 3 after cleaning
with various enzyme solutions, each followed by chemical cleaning consists of 0.8% w/w
nitric acid, water rinse, 0.5% w/w sodium hydroxide and water rinse. Used membrane
cleaning with enzyme had little effect on the permeability recovery. Membrane cleaning with
protease and lipase followed by chemical cleaning showed some improvement in the
permeability although the final permeability still well below the level expected for a clean
membrane. The effect of cellulase and amylase on the used membrane was unnoticeable. This
revealed that some of the fouling on the used membrane was likely to be protein and/or lipid.

Table 7.10 The permeance and permeance ratio of used membrane 3 after cleaning with
enzyme cleaning cycles.
Permeance
Permeance ratio =
Cleaning sequence
(g s-1 bar-1 m-2) Permeance/initial permeance
Initial
0.113
1.00
0.2% w/w protease
0.146
1.29
0.8% w/w HNO3 and 0.5% w/w NaOH
0.155
1.37
0.1% w/w cellulase
0.144
1.27
0.8% w/w HNO3 and 0.5% w/w NaOH
0.154
1.36
0.2% w/w amylase
0.153
1.35
0.8% w/w HNO3 and 0.5% w/w NaOH
0.157
1.38
0.1% w/w lipase
0.154
1.35
0.8% w/w HNO3 and 0.5% w/w NaOH
0.168
1.48
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Figures 7.17 and 7.18 show the FTIR spectra of used membrane 3 before and after membrane
cleaning with various enzyme cleaning cycles. The intensity ratios of 1741 cm-1 to 1486 cm-1
(H1741 – Hbaseline/H1486 – Hbaseline) for the used membrane 3 before and after cleaning were
0.47 ± 0.02 and 0.30 ± 0.12 respectively.
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Figure 7.17 The FTIR spectra of used membrane 3 before and after membrane cleaning with
various enzyme solutions and a new pre-treated membrane in the region of 2600
– 3800 cm-1.
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Figure 7.18 The FTIR spectra of used membrane 3 before and after membrane cleaning with
various enzyme solutions and a new pre-treated membrane in the region of 600
– 1800 cm-1.
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The FTIR spectra registered for used membrane 3 after enzyme cleaning exhibited an
inconsistent trend over the membrane surface, suggesting that the remaining foulant
components are not evenly distributed across the membrane surface. The enzyme might have
some cleaning effect on membrane but the cleaning was not complete. Apart from that, the
inconsistency of the FTIR spectra was likely due to the uneven distribution of foulant
components on the membrane prior to cleaning instead of the cleaning effect of enzyme.

As the FTIR spectra of the used membranes showed that the foulant components that
deposited on the used membrane were likely to be lipid based, and the membrane cleaning
with lipase showed a slight improvement in flux, the used membrane was cleaned with
0.1% w/w lipase solution for a longer period (5 hours circulation, 15 hours immersion and 3
hours circulation) to remove the foulant components. The permeance and permeance ratio are
summarized in Table 7.11. Again, the used membrane 20 had a very low permeability
compared to a new membrane. The permeance ratio of the used membrane after cleaning with
standard chemical cleaning cycle increased to about 1.41 of the initial permeance. Table 7.9
shows that additional standard cleaning cycle had limited effect on permeance recovery after
the first cleaning cycle. However, the used membrane cleaning with 0.1% w/w lipase followed
by a standard chemical cleaning cycle further recovered the permeance ratio to 1.96 of the
initial permeance, indicating that part of the foulant components were hydrolysed by the lipase
and were removed from the membrane surface.

Table 7.11 The permeance and permeance ratio of used membrane 20 after cleaning with
lipase and chemical cleaning solutions.
Permeance
Permeance ratio =
Cleaning sequence
(g s-1 bar-1 m-2)
Permeance/initial permeance
Initial
0.0511
1.00
0.5% w/w sodium hydroxide
0.0714
1.40
0.8% w/w nitric acid
0.0634
1.24
0.5% w/w sodium hydroxide
0.0721
1.41
0.1% w/w lipase
0.0633
1.24
0.5% w/w sodium hydroxide
0.0903
1.77
0.8% w/w nitric acid
0.0864
1.69
0.5% w/w sodium hydroxide
0.1002
1.96
The drop in solution pH during system circulation and more importantly, during the
membrane soaking indicates the enzyme activity in hydrolysing the acylester bonds (Figure
7.19). The increase in pH during the circulation after the overnight soaking was unexpected,
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probably due to the used enzyme that was previously stuck to the membrane during overnight
soaking was being flushed out from the system once the circulation was initiated, and being
diluted by the remaining solution after some time. The final membrane permeability did not
recover back to the level expected for a clean membrane. The possible explanations are the
specificity of the lipase used which hydrolysed the acylester bonds for triacylglycerols
specifically, the membrane soaking which was performed at room temperature (approximately
20 °C) instead of at the optimum temperature range for the enzyme (30 - 40 °C), and the
cleaning frequency and cleaning duration. Perhaps frequent cleaning with lipase can reduce
the accumulation of the foulant components.
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Figure 7.19 pH of the 0.1% w/w lipase solution during the enzyme circulation before and
after membrane soaking.
Figures 7.20 and 7.21 show a FTIR spectrum of a pre-treated membrane as a reference for
clean membrane, two spectra of used membrane 20 before lipase cleaning and two after
cleaning indicating the membrane area with the most and the least fouling. The foulant
deposition was not evenly distributed across the used membrane 20 both before and after
cleaning, which is evidenced from the peak intensities at 2954 cm-1, 2921 cm-1, 2852 cm-1,
1741 cm-1, 1465 cm-1 and 966 cm-1. The intensity ratios of 1741 cm-1 to 1486 cm-1 (H1741 –
Hbaseline/H1486 – Hbaseline) for used membrane 20 before and after lipase cleaning are 0.23 ±
0.16 and 0.17 ± 0.16 respectively. The FTIR spectra of used membrane 20 before and after
membrane cleaning with standard chemical cleaning, lipase and standard chemical cleaning is
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less conclusive as there is no evidence showing the decrease in the lipids’ peaks absorbance
which is expected if the lipids are being removed.
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Figure 7.20 The FTIR spectra of used membrane 20 before and after membrane cleaning
with standard cleaning cycle, 0.1% w/w lipase and standard cleaning cycle, and
a new pre-treated membrane in the region of 2600 – 3800 cm-1.
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Figure 7.21 The FTIR spectra of used membrane 20 before and after membrane cleaning
with standard cleaning cycle, 0.1% w/w lipase and standard cleaning cycle, and
a new pre-treated membrane in the region of 600 – 1800 cm-1.
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7.3.3.3 Back flushing and reverse chemical cleaning
The possibility of back flushing and reverse chemical cleaning were tested in case there is
some impenetrable film layer that prevents the cleaning chemicals to take effect. Figures 7.22
to 7.23 show that the chemical cleaning in the reverse direction of used membranes had
limited but significant improvement for membrane permeability. However, the reverse flow
might have more effect on the membrane permeability than the cleaning chemical. The flux
hysteresis between the increasing and decreasing TMP runs after reverse cleaning suggesting
that the reverse flow was likely to alter the membrane structure, such as to expand and/or
loosen the thin-film polyamide layer and the associated fouling layer, and eventually
increased the flux. The membrane structure and the fouling layers were recovered back to
their original state after being compacted at high pressure (i.e. 24 bar), and the flux at low
TMP dropped to the level similar to the flux prior to reverse cleaning. Similar behaviour was
observed for a new pre-treated membrane where the water flux in the normal direction was
slightly higher (about 13.5%) than the pre-treated water flux after the reverse flow (Figure
7.1).
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Figure 7.22 Water flux in the normal direction before and after back flushing and reverse
cleaning at 6 bar for used membrane 5.
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Figure 7.23 Water flux in the normal direction before and after back flushing and reverse
cleaning at 6 bar for used membrane 6.
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Figure 7.24 The permeance ratio, in the reverse direction, for used membranes 4, 5 and 6
during reverse cleaning with standard chemical cleaning cycle at 6 bar and 12 bar.
In the reverse direction, no significant improvement in membrane permeability, measured with
water, was obtained after back flushing with water and reverse cleaning with 0.5% w/w
sodium hydroxide (Figure 7.24). Reverse cleaning with 0.8% w/w nitric acid improved the
membrane permeability to about 1.5 to 3.5 times the initial permeability, but the subsequent
reverse cleaning with 0.5% w/w sodium hydroxide reduced the membrane permeability to
about 1.2 to 1.8 times of the initial permeability. Although this behaviour is in contrast to the
standard chemical cleaning in the normal direction for the used membranes, it is consistent to
the standard chemical cleaning in the normal direction for new membranes. This suggested
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that the flux improvement after nitric acid clean in the reverse direction is probably due to
structural changes rather than the foulants removal.
Figures 7.25 and 7.26 show that the FTIR distinctive bands of a used membrane at 2954 cm-1,
2921 cm-1, 2852 cm-1, 1741 cm-1, 1465 cm-1, and 966 cm-1 had similar intensities both before
and after membrane cleaning with standard cleaning cycle in the reverse direction at TMP of
6 bar. The intensity ratios of 1741 cm-1 to 1486 cm-1 (H1741 - Hbaseline/H1486 - Hbaseline) for the
used membrane 5 before and after reverse chemical cleaning were 0.44 ± 0.04 and 0.42 ±
0.01 respectively. The FTIR spectra of used membrane 5 before and after reverse chemical
cleaning supported the flux results where the reverse chemical cleaning was not able to
remove the long-term foulant components.
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Figure 7.25 The FTIR spectra of used membrane 5 before and after membrane cleaning with
standard cleaning cycle in reverse direction at TMP of 6 bar, 30 °C and 0.2 m s-1,
and a new pre-treated membrane in the region of 2600 – 3800 cm-1.
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Figure 7.26 The FTIR spectra of used membrane 5 before and after membrane cleaning with
standard cleaning cycle in reverse direction at TMP of 6 bar, 30 °C and 0.2 m s-1,
and a new pre-treated membrane in the region of 600 – 1800 cm-1.
7.3.3.4 Lipid extraction with solvent
The water flux at various TMPs for a new membrane and three used membranes (used
membranes 10, 12 and 14) before and after solvent extraction are plotted in Figure 7.27 to
7.30. Both used membrane 10 and used membrane 12 had similar permeability, about 0.45 –
0.50 g s-1 bar-1 m-2, prior to the solvent extraction and are considered as used membranes with
medium permeability. Used membrane 14 had a very low permeability, about 0.01
g s-1 bar-1 m-2, prior to the solvent extraction and is considered as a used membrane with low
permeability. The water flux of a new membrane increased for about 10% - 20% of the pretreated water flux, while the sodium chloride rejection coefficient at TMP of 12 bar (Table
7.12) decreased slightly after the membrane was treated with lipid extraction solvent consists
of water, propan-2-ol and cyclohexane. The FTIR spectra of the pre-treated membrane before
and after solvent extraction were similar to each other (as shown in Figure 7.31). These
observations suggested that membrane treatment with cyclohexane and propan-2-ol did not
cause any significant damage or chemical and/or structural changes to the membrane.
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Figure 7.27 Purified water flux at various TMPs for a new reverse osmosis membrane before
and after solvent extraction. ―Initial‖ refers to the water flux prior to membrane
pre-treatment; ―Post-treatment‖ refers to the water flux after pre-treatment; ―Post
NaCl 1‖ refers to the water flux after a run with 0.2% w/w sodium chloride
solution prior to solvent extraction; ―Post extraction‖ refers to the water flux after
solvent extraction; ―Post NaCl 2‖ refers to the water flux after a run with 0.2%
w/w sodium chloride solution for the extracted membrane.
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Figure 7.28 Purified water flux at various TMPs for used membrane 10 before and after
solvent extraction. Refer to Figure 7.27 for details.
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Figure 7.29 Purified water flux at various TMPs for used membrane 12 before and after
solvent extraction. Refer to Figure 7.27 for details.
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Figure 7.30 Purified water flux at various TMPs for used membrane 14 before and after
solvent extraction. Refer to Figure 7.27 for details.
Table 7.12 0.2% w/w sodium chloride rejection for new reverse osmosis membrane, used
membrane 10 and used membrane 12 measured at 12 bar and for used membrane
14 measured at 24 bar before and after solvent extraction.
12 bar
24 bar
Description
New
Used
Used
Used
membrane
membrane 10 membrane 12 membrane 14
0.2% w/w sodium chloride
97.8%
96.5%
95.1%
60.5%
rejection before extraction
0.2% w/w sodium chloride
96.7%
90.8%
93.4%
91.7%
rejection after extraction
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Figure 7.31 The FTIR spectra of a new pre-treated membrane before and after solvent
extraction.
The water flux for used membranes with medium permeability (used membrane 10 and 12)
increased by about 50% from the initial water flux (Figures 7.28 and 7.29), and the rejection
coefficient measured with 0.2% w/w sodium chloride solution at TMP of 12 bar dropped
slightly after the used membranes were treated with lipid extraction solvent (Table 7.12). This
suggested that the long-term foulant components, probably milk lipids, were removed
successfully from the used membranes by using the lipid extraction solvent consists of water,
propan-2-ol and cyclohexane.

The FTIR spectra of used membrane 10 and used membrane 12 after treatment with lipid
extraction solvent (Figures 7.32 – 7.35) confirmed the findings where the distinctive vibration
band of used membranes at 1741 cm-1 disappeared after the treatment, and the bands at
2954 cm-1, 2921 cm-1 and 2852 cm-1 had lower intensities than the bands registered for the
used membranes prior to the extraction. The weak distinctive bands at 2954 cm-1, 2921 cm-1,
2852 cm-1, 1741 cm-1, 1465 cm-1 and 966 cm-1 for used membrane 10 and 12 prior to the
extraction suggested that the used membranes had lower degree of fouling which was also
evidenced from the higher initial membrane permeability. The intensity ratios of 1741 cm-1 to
1486 cm-1 (H1741 - Hbaseline/H1486 – Hbaseline) for the used membrane 10 before and after solvent
extraction were 0.050 ± 0.015 and 0.028 ± 0.003 respectively, while the ratios for the used
membrane 12 before and after solvent extraction were 0.048 ± 0.009 and 0.023 ± 0.002
respectively.
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Figure 7.32 The FTIR spectra of used membrane 10 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 2600 –
3800 cm-1.
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Figure 7.33 The FTIR spectra of used membrane 10 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 600 – 1800
cm-1.
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Figure 7.34 The FTIR spectra of used membrane 12 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 2600 –
3800 cm-1.
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Figure 7.35 The FTIR spectra of used membrane 12 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 600 – 1800
cm-1.
The lipid extraction with solvent was repeated with used membrane 14 with low permeability
and a huge improvement in flux and rejection coefficient was obtained after the extraction.
The water flux at various TMPs and the sodium chloride rejection coefficient at 24 bar for
used membrane 14 before and after membrane treatment with lipid extraction solvent are
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shown in Figure 7.30 and Table 7.12 respectively. The membrane permeability of used
membrane 14 increased from about 0.01 g s-1 bar-1 m-2 to about 0.52 – 0.61 g s-1 bar-1 m-2 after
solvent extraction. Used membrane 14 had a lower rejection coefficient, about 60.5% for
0.2% w/w sodium chloride solution at 24 bar, than a new pre-treated membrane and used
membranes with medium permeability. The rejection coefficient increased to 91.7% after
membrane treatment with extraction solvent. As discussed earlier, the lower rejection
coefficient of the used membrane prior to solvent extraction is probably caused by the low
permeability of the used membrane (Figure 7.36), where less water permeated through the
membrane causing the permeate to be more concentrated, rather than the membrane
degradation due to long-term operation and frequent cleaning. The recovery of the membrane
rejection coefficient after solvent extraction again suggested that the low permeability of the
used membrane prior to membrane cleaning was caused by the deposition of foulant
components on the membrane rather than the changes and/or degradation in membrane
structure.
1.2

Permeance (g s-1 bar-1 m-2)

1.0

0.8

0.6

0.4
New membrane at 12 bar
Used membrane 10 at 12 bar

0.2

Used membrane 12 at 12 bar
Used membrane 14 at 24 bar

0.0

Figure 7.36 Permeance of new and used membranes for runs with purified water and with
0.2% w/w sodium chloride (NaCl) solution for rejection measurement at TMP of
12 bar or 24 bar.
Used membrane 14 had a very low initial permeability indicating that it had high degree of
fouling. The FTIR spectra of used membrane 14 (Figures 7.37 and 7.38) prior to solvent
extraction is in agreement with the flux result where the distinctive bands at 2954 cm-1, 2921
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cm-1, 2852 cm-1, 1741 cm-1, 1465 cm-1 and 966 cm-1 are strong and sharp. Apart from the flux
and rejection recovery, the FTIR results for used membrane 14 after lipid extraction with a
mixture of water, propan-2-ol and cyclohexane confirmed that these solvent able to remove
the lipid components from used membrane effectively. All the distinctive bands for used
membrane 14 disappeared after the solvent extraction. The intensity ratios of 1741 cm-1 to
1486 cm-1 (H1741 - Hbaseline/H1486 - Hbaseline) for the used membrane 14 before and after solvent
extraction were 0.318 ± 0.078 and 0.031 ± 0.008 respectively.

The permeability of used membrane 14 did not recover to the level expected for a clean
membrane after solvent extraction, possibly because of the extraction time was not sufficient
to remove the lipids from membrane completely, or there might be some other components
deposited on the membrane apart from lipids.
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Figure 7.37 The FTIR spectra of used membrane 14 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 2600 –
3800 cm-1.
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Figure 7.38 The FTIR spectra of used membrane 14 before and after treatment with lipid
extraction solvent, and a new pre-treated membrane in the region of 600 – 1800
cm-1.
The solvent extract from used membranes 10, 12 and 14 were analyzed with LC-MS for the
identification and/or quantification of the lipid composition that contributed to the long-term
fouling. Figures 7.39 to 7.41 show the representative LC-MS spectra of the cyclohexane layer
and water layer in the first solvent extract (a mixture of water, propan-2-ol and cyclohexane)
and the second solvent extract (10% v/v propan-2-ol in cyclohexane) for used membrane 14
identiﬁed using positive ion mode. It is assumed that the molecular and/or fragment ions were
charged by a single charge, either gained H+ in positive mode or lost H+ in negative mode.
The LC-MS peaks recorded for the solvent extract for used membranes 10, 12 and 14, and
their possible peak assignments are listed in Table 7.13. The peak assignment was done by
matching the molecular weight obtained from LC-MS analysis with the chemical profile of
lipid composition in milk from literature (Fong et al., 2007; MacGibbon, 2007; Zhou et al.,
2014). The molecular weight of the common triacylglycerols (TAGs), diacylglycerols
(DAGs), phospholipids, monoacylglycerols, free fatty acids and cholesterol in milk are listed
in Appendix 3.
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Figure 7.39 The LC-MS spectra of the cyclohexane layer in the first solvent extract (mixture
of water, propan-2-ol and cyclohexane) for used membrane 14 identiﬁed using
positive ion mode.

Figure 7.40 The LC-MS spectra of the water layer in the first solvent extract (mixture of
water, propan-2-ol and cyclohexane) for used membrane 14 identiﬁed using
positive ion mode.
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Figure 7.41 The LC-MS spectra of the second solvent extract (10% v/v propan-2-ol in
cyclohexane) for used membrane 14 identiﬁed using positive ion mode.
Table 7.13 The possible peaks assignment for the LC-MS spectra of the solvent used to
extract lipid components from used reverse osmosis membranes 10, 12 and 14.
Used
membrane 10
Positive ion
227.91

Identified peaks (m z-1)
Used
Used membrane 14
membrane 12
Positive ion
Positive ion Negative ion
227.91
227.91

230.24

230.25

230.25

258.24
271.19
274.27
283.64
290.27

258.24
271.19
274.27
283.72
290.27

258.24

255.36

274.27
283.71
290.27

281.39

300.00
303.60

300.00
302.56

340.26

313.27
318.30
325.58
330.23
334.88
340.26

299.22
302.56
311.11
313.27
318.30
327.78
331.28
335.21
340.26

353.26

353.26

353.26

358.18

358.14

357.30

313.27
318.30
325.45
331.27

293.31
297.29
310.91
311.32
317.07
325.33

339.36
349.12
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Possible assignment
Free fatty acid (myristoleic acid)
Free fatty acid (myristic / tetradecanoic
acid)
Free fatty acid (palmitic acid)
Diacylglycerol ions (Co-Co, Bu-Cy)
Monoacylglycerols (C12:0)
Free fatty acid (oleic acid)
Diacylglycerol ions (Co-Co, Bu-Cy)
Diacylglycerol ions (Bu-C)
Monoacylglycerols (C14:0)

Monoacylglycerols (C15:0)
Diacylglycerol ions (Co-C, Bu-La)
Monoacylglycerols (C16:0)
Diacylglycerol ions (Co-La)
Diacylglycerol ions (Bu-M);
monoacylglycerols (C18:0)
Monoacylglycerols (C18:0 or C18:1)

362.24

362.24
369.77

362.24
368.06
371.10

379.28

379.28

387.18

388.37

396.80
401.21
409.10
414.29
418.78
423.19
429.25

396.80

379.28
383.33
387.18
391.67
396.80

409.16
413.95
417.50

409.16
415.49
418.78

361.40
364.91
Diacylglycerols (Co-La, Bu-M)
375.44
379.36
384.21
391.23
401.46
Diacylglycerol ions (Bu-O)
Diacylglycerol ions (Co-P, Bu-S)
423.81

429.08

437.21

Diacylglycerols (Co-P, Bu-S)
431.75
433.33
443.90
447.62
453.10
461.90

444.19

437.19
445.12

453.34

453.34

453.34

465.00
475.32

465.00
475.32

467.41
475.32
483.36

473.46

495.44

487.50
492.68
497.51

501.37
509.88
515.41

Diacylglycerol ions ( Co-M, Bu-P)
Cholesterol

509.88

509.88

519.14

519.13

Diacylglycerol ions (Co-O)

Diacylglycerols (Co-O)
Diacylglycerol ions (Cy-O)
Diacylglycerols (Cy-O)

514.52

Diacylglycerol ions (La-P, C-S)
Triacylglycerols (Bu-Co-P)
Diacylglycerols (C-O)
Diacylglycerols (La-P, C-S)
Diacylglycerol ions (La-O, M-L)

521.95
531.40

532.56
541.27

551.35

551.50

548.78
565.08
570.73

566.42
571.43
577.13

566.42
572.09
576.74

566.42

588.40

588.41

588.41
593.06

577.13

601.37
604.38

580.48
587.80
592.68
600.61
601.82
610.64
627.63

Diacylglycerol ions (P-P),
triacylglycerols (Bu-Cy-O)
Diacylglycerols (M-O)
Diacylglycerol ions (P-L)
Triacylglycerols (Bu-La-P, Bu-C-O)
Diacylglycerols (P-L)
Diacylglycerol ions (O-L)
Diacylglycerol ions (O-O, S-L, S-O)
Triacylglycerols (Bu-M-P)

647.45
657.43
679.51

663.45
679.51
686.05

701.49

701.49

663.44
679.51
683.33
686.05
698.71

678.63

701.49

Triacylglycerols (Bu-P-O, Co-M-O)
Phosphatidylcholine (PC 14:0/14:0)

Sphingomyelin (16:1),
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phosphatidylethanolamine (PE
18:2/15:0)
711.63
713.72
715.84
723.75
741.19

740.74
780.49

792.59

792.59

792.59

816.63

814.57

815.21

791.23

826.83
836.87
851.22
856.10
860.98
885.37
889.23

927.66

905.68
927.66

905.68
927.66

Phosphatidylethanolamine (PE
16:0/18:3)
Phosphatidylethanolamine (PE
16:0/18:2), sphingolipids (17:0)
Triacylglycerols (C-P-P, La-M-P)
Phosphatidylethanolamine (PE
18:3/18:1, 18:2/18:1)
Phosphatidylcholine (PC 18:3/18:2,
18:2/18:2, 20:4/16:0)
Phosphatidylserine (PS 18:1/18:0)
Sphingomyelin (24:0);
phosphatidylserine (PS 18:1/20:3 or
18:0/20:3)
Phosphatidylinositol (PI 18:1/16:0)
Phosphatidylinositol (PI 16:1/19:0 )
Triacylglycerols (P-O-αL)
Triacylglycerols (S-P-S, P-S-O),
phosphatidylinositol (PI 18:3/18:0,
18:2/18:0)
Triacylglycerols (S-O-O),
phosphatidylinositol (PI 20:3/18:0)
Phosphatidylinositol (PI 20:3/18:0)

895.12
904.84
939.02
949.94

955.00
963.25
968.29
975.61
1004.36

1004.36
1009.76
1017.94

1054.61

1054.62

1038.27
1054.62

1053.66
1063.05

1112.29
1187.30
1260.32
1325.90

Numerous peaks were observed in the LC-MS spectra of the solvent extract confirming the
findings from flux and FTIR analysis that the used membranes were fouled by lipid based
components and these components can be removed by lipid extraction solvent consisting of
water, propan-2-ol and cyclohexane. The LC-MS spectra suggested that the extracted lipid
was a mixture of triacylglycerols (TAGs), diacylglycerols (DAGs), monoacylglycerols, free
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fatty acids, phospholipids and cholesterol. The composition of triacylglycerols is thought to
be less than the phospholipids and diacylglycerols as only a few LC-MS peaks are recorded
for triacylglycerols in the solvent extract. According to Zhou et al. (2014), the LC-MS spectra
of triacylglycerols have about 39 peaks with molecular weight between 500 – 900 m z-1. The
LC-MS spectra of the solvent extract had fewer peaks in the same molecular range and most
of them were not attributed to triacylglycerols. By comparing Figures 7.39 to 7.41, it is
hypothesize that membrane cleaning with both polar and non-polar solvents are needed to
remove the lipid-based foulants from used membrane as some of the lipid components
preferably dissolve in polar solvent (water) while others preferably dissolve in non-polar
solvent (cyclohexane and isopropanol).

However, the LC-MS profile is not definite for a complex solution such as the solvent extract
in this study. Different molecules have different ionization efficiency in both positive and
negative ionization mode (Oss et al., 2010). This is evidenced from the LC-MS spectra of the
solvent extract for used membrane 14 in both positive and negative ion modes, where some
of the peaks such as those at 713.71 m z-1, 723.75 m z-1 and 740.74 m z-1 were recorded in
negative ion mode but not in positive ion mode. For a complex solution, a single ionization
condition might be too weak to ionize some analytes, but too strong for other analytes and
eventually dissociate the analytes into fragments. The LC-MS peak assignment shows that
some of the molecular weights fitted better for a fragmented diacylglycerol ions than other
molecular ions. Apart from that, electrospray ionization might produce multiply charged ions
causing the mass-to-charge ratios of high molecular mass analytes to be small (Chowdhury et
al., 1991). These added variability to the results.

Table 7.14 summarizes the amount of phospholipids, expressed as mass per unit membrane
area, that were extracted from used membranes 12 and 14 with a mixture of water,
propan-2-ol and cyclohexane. Contarini and Povolo (2013) provided an overview of the
phospholipids composition in liquid milk. The phospholipids in liquid milk include
phosphatidylethanolamine (PE) and phosphatidylcholine (PC) with about 30% each, 20%
sphingomyelin (SM), 5% - 10% each of phosphatidylinositol (PI) and phosphatidylserine
(PS), and other minor compounds. Table 7.14 shows that about 67% - 70% of the lipid
extracted from the used reverse osmosis membranes was sphingomyelin (SM), followed by
phosphatidylethanolamine (PE) and phosphatidylcholine (PC) at about 12% each. This
suggests that sphingomyelin (SM) preferably binds to the reverse osmosis membrane
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compared to other phospholipids. A low amount (or none) of phosphatidylinositol (PI),
lysophosphatidylethanolamine (LPE), phosphatidylserine (PS) and lysophosphatidylcholines
(LPC) were detected in the solvent extract, probably because of the quantity of these
components are lower than other phospholipids in liquid milk.

Table 7.14 The amount of phospholipids, per unit area of used reverse osmosis membrane, in
the solvent used for lipid extraction for used membranes 12 and 14.
Total phospholipids in a unit area of membrane (μg m-2)
Samples
PI
PE
LPE
PC
PS
SM
LPC
Used membrane 14
ND
35.13
8.25
35.36
2.82
190.58
11.07
Used membrane 12
ND
7.80
4.06
11.86
ND
64.01
4.06
Note: PI – phosphatidylinositol, PE – phosphatidylethanolamine, LPE –
lysophosphatidylethanolamine, PC – phosphatidylcholine, PS – phosphatidylserine, SM –
sphingomyelin, and LPC – lysophosphatidylcholines. ND – not detected.
Figure 7.42 shows the molecular structure of the important phospholipids in milk lipid
(Contarini and Povolo, 2013). The preferably binding of sphingomyelin (SM) to the
polyamide membrane might be due to the hydrogen accepting groups (phosphate and
carbonyl groups) and, most importantly, the additional hydrogen donor groups (the amide
N-H group and the hydroxyl –OH group) which can form strong hydrogen bonds with the
polyamide active layer.

Figure 7.42 Molecular structure of the important phospholipids in milk lipid (Contarini and
Povolo, 2013).
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7.3.3.5 Urea
Urea was tested as a cleaning agent because of its ability to form hydrogen bonds with the
polyamide active layer and potentially displace sphingomyelin. Cleaning of the used
membrane with 2 mol L-1 urea solution was unlikely to remove the long-term foulant deposit
and recover the membrane permeability. The permeance of the used membrane improved
slightly for about 11.2% after cleaning with 2 mol L-1 urea solution, as compared to the 3.8%
improvement showed by the new pre-treated membrane (Table 7.15).

Table 7.15 Water permeance and permeance ratio for new pre-treated membrane and used
membrane prior to and after urea treatment.
Purified water permeance (g s-1 bar-1 m-2)
Membrane sample
Permeance ratio
Initial
Urea treated
New pre-treated membrane
1.08
1.12
1.04
Used membrane 17
0.245
0.273
1.11
Figures 7.43 and 7.44 show the FTIR spectrum of a pre-treated membrane as a reference for a
clean membrane, two spectra of used membrane 17 before membrane treatment with 2
mol L-1 urea solution and two after urea treatment indicating the membrane area with the
most and the least fouling. The difference in intensity of vibration bands at 2954 cm-1, 2921
cm-1, 2852 cm-1, 1741 cm-1, 1465 cm-1 and 966 cm-1 for the two spectra of the used
membrane both before and after urea treatment suggested that the foulant deposition was not
evenly distributed across the used membrane. The intensity ratios of 1741 cm-1 to 1486 cm-1
(H1741 - Hbaseline/H1486 - Hbaseline) for used membrane 17 before and after urea treatment were
0.23 ± 0.19 and 0.15 ± 0.16 respectively. The reduction in averaged intensity ratio might be
attributed to the slight removal of the lipids from the used membrane by urea or because of
the uneven distribution of the lipid across the membrane.
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Figure 7.43 The FTIR spectra of used membrane 17 before and after treatment with 2
mol L-1 urea solution, and a new pre-treated membrane in the region of 2600 –
3800 cm-1.
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Figure 7.44 The FTIR spectra of used membrane 17 before and after treatment with 2
mol L-1 urea solution, and a new pre-treated membrane in the region of 600 –
1800 cm-1.

7.4 Overall discussion
The fouling characteristics of laboratory fouled membranes were entirely different from the
used membrane. The laboratory fouled membrane, with skimmed milk, whole milk and lipidenhanced skimmed milk at 24 bar, could be restored to a high flux with a regime of water
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flushing and several standard chemical cleaning cycles (Chapter 5 and Section 7.3.2).
However, the used membrane could not be cleaned in this manner. Table 7.16 summarizes
the permeance ratio (measured at TMP of 24 bar, temperature of 30 °C and cross-flow
velocity of 0.2 m s-1) of the used membranes for different cleaning methods. The used
membranes had a large variation in flux and the fluxes were low compared with a new
membrane. The ―New membrane – two standard cleaning cycles‖ refers to a run with whole
milk for 5 hours at TMP of 24 bar, temperature of 30 °C, cross-flow velocity of 0.2 m s-1
followed by two standard chemical cleaning cycles using a new pre-treated membrane in the
laboratory. The initial and cleaned permeances are the water permeance for the new
membrane after pre-treatment and after cleaning respectively.

Table 7.16 Effect of cleaning methods on the permeance ratio for a new membrane and used
industrial reverse osmosis membranes measured with water at TMP of 24 bar,
temperature of 30 °C and cross-flow velocity of 0.2 m s-1.
Permeance of
Permeance ratio =
Initial
cleaned
Permeance of cleaned
Cleaning method
permeance (g
membrane (g
membrane/initial
s-1 bar-1 m-2)
-1
-1
-2
s bar m )
permeance
New membrane – two standard
1.07
1.13
1.05
cleaning cycles
Four standard cleaning cycles
0.013
0.037
2.87
Enzyme cleaning
0.113
0.168
1.48
Lipase cleaning
0.051
0.100
1.96
0.1% w/w sodium hydroxide
0.081
0.084
1.04
immersion
0.8% w/w nitric acid at various
0.074
0.073
0.99
TMP
Back-flushing at 6 bar (used
0.018
0.022
1.22
membrane 5)
Back-flushing at 6 bar (used
0.051
0.064
1.27
membrane 6)
Reverse chemical cleaning at 12
0.087
0.122
1.41
bar
Reverse chemical cleaning at 6 bar
0.022
0.061
2.73
(used membrane 5)
Reverse chemical cleaning at 6 bar
0.064
0.111
1.72
(used membrane 6)
Lipid extraction with solvent
0.483
0.653
1.35
(used membrane 10)
Lipid extraction with solvent
0.443
0.606
1.37
(used membrane 12)
Lipid extraction with solvent
0.010
0.488
46.7
(used membrane 14)
Urea
0.245
0.273
1.11
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Used membrane cleaning by solvent extraction using a two-phase mixture of water,
propan-2-ol and cyclohexane gave a significant flux and rejection improvement especially for
used membrane 14 which had a very low flux prior to cleaning. Similarly, the FTIR spectra
showed a clear removal of the lipids from the used membrane where the vibration bands at
1741 cm-1 (for C=O rotation and stretching vibration of ester groups in fat or of carboxylic
acid function) was no longer observed for the used membrane spectra after membrane
cleaning by solvent extraction. LC-MS analysis of the solvent extract suggested that the lipid
extracted from the used membranes was a mixture of triacylglycerols (TAGs),
diacylglycerols (DAGs), monoacylglycerols, free fatty acids, phospholipids and cholesterol.
Alternative analysis of the solvent extract with LC-MS/MS indicated the presence of
phospholipids with a relatively higher concentration of sphingomyelin.

Used membrane cleaning with other cleaning regimes such as chemicals (sodium hydroxide
and/or nitric acid), enzyme (protease, lipase, cellulase and amylase) and urea were not
successful in recovering the used membrane flux back to the level expected for a clean
membrane. No significant change in the FTIR spectra was observed for the used membranes
after membrane cleaning with these cleaning regimes.

However for some of the cleaning methods, the inconsistent fouling of the used membranes
caused the flux and spectra comparison for cleaning effectiveness to be less definite. The
uneven distribution of the foulant components within and between the used membranes can
be evidenced from the variation in flux and FTIR spectra. A few used membranes showed
either an increase or decrease in lipid spectra intensity across the membrane in flow direction.
It is important to know the foulants distribution on the reverse osmosis spiral wound element
with respect to the flow direction, membrane location, etc. to minimize the discrepancy
caused by the fouling variation on the flux and cleaning tests. A series of FTIR analysis could
be performed for the membrane area directly adjacent to the flux test active area, both x- and
y- directions, to estimate the lipid spectra intensity for the used membranes.

The severe fouling of the used membranes is thought to be due to the cumulative effect where
the foulant was accumulated on the membrane after long-term operation and
insufficient/inappropriate chemical cleaning rather than an immediate effect. The fouling and
cleaning mechanisms proposed in Chapter 5 are feasible for runs with whole milk, raw milk
or lipid-enhanced skimmed milk. Due to concentration polarization, the protein, lipids and
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minerals concentrations increase at the membrane boundary layer and may reach their
nucleation limits and precipitate on the membrane surface. The casein micelles are likely to
immediately form a cake layer which will enhance the concentration polarization of lipids
and minerals and hence cause precipitation. Similar to cheese, the lipids might be
interspersed as loose inclusions in the network of concentrated casein micelles in the cake
layer and/or with the polyamide active layer (Guinee and McSweeney, 2007). The
aggregation and crystallization of milk lipids will occur at a temperature below their freezing
points, which is approximately 34 °C (Wright and Marangoni, 2007). It is also thought that
some of the lipids might be able to bind to the polyamide surface of the membrane directly.
This explained the lipid spectra that registered with FTIR and FT-Raman of the membrane
after flushing for the whole milk run (Chapter 6).

For the used industrial membrane, it is thought that the commonly used cleaning method can
remove proteins and minerals from the membrane almost completely but not all lipids. A
small amount of lipids might remain attached to the membrane after chemical cleaning and
causing a slight drop in flux. The accumulation of the lipids on reverse osmosis membrane
will continue and eventually lead to a significant flux drop.

7.5 Conclusions
The fouling characteristics of laboratory fouled membranes, with skimmed milk, whole milk
and lipid enhanced skimmed milk, were entirely different from the used industrial reverse
osmosis membrane. The permeability of the laboratory fouled membranes could be recovered
to a level expected for a clean membrane with a regime of water flushing and several
standard chemical cleaning cycles. Their FTIR spectra showed no significant build-up of
deposit on the membrane. In contrast, the permeability of the used reverse osmosis
membranes could not be recovered in this manner. The FTIR and FT-Raman spectra showed
species associated with milk lipids. The advancing and receding water contact angles showed
that the used membranes were more hydrophobic than new membranes. The used membranes
had a significantly lower permeability than a new polyamide reverse osmosis membrane, but
their rejection coefficients were similar.

Used membrane cleaning by solvent extraction using a two-phase mixture of water,
propan-2-ol and cyclohexane gave a significant flux and rejection improvement. Analysis of
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the solvent extract with LC-MS/MS indicated the presence of phospholipids with a relatively
higher concentration of sphingomyelin. Alternative cleaning regimes such as chemicals
(sodium hydroxide and/or nitric acid), enzyme (protease, lipase, cellulase and amylase) and
urea were not successful to recover the permeability of the used membrane back to the level
expected for a clean membrane. The FTIR spectra showed a clear correlation between the
lipid spectral intensity and flux for the used membrane before and after cleaning. The
intensity ratios of the FTIR band at 1741 cm-1 to 1486 cm-1 (H1741 - Hbaseline / H1486 - Hbaseline)
gave a good indication on the fouling severity of the used membranes and were linearly
correlated to the water flux. It is hypothesized that some of the lipids are able to bind to the
polyamide surface of the membrane and eventually contributed to the long-term fouling.

The severe fouling of the used reverse osmosis membranes is thought to be due to cumulative
effect rather than an immediate effect as the 3 hours runs with lipid enhanced skimmed milk
at 24 bar in laboratory are not sufficient to reproduce the fouling condition of the used
membrane.
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8 Conclusions and Future Work
8.1 Conclusions
Purified water flux for a thin-film composite polyamide reverse osmosis membrane increased
significantly with increasing feed temperature, probably because of the changes in membrane
porosity and water viscosity with temperature. Permeance correction with viscosity based
correlation is adequate to account for the permeance variation caused by the temperature
fluctuation in this study as the feed temperature was maintained at 30 ± 4 °C.

Consistent membrane pre-conditioning including hydration (1 hour immersion in purified
water), followed by 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and water
rinse was needed to remove initial membrane fouling prior to filtration tests and to set a
benchmark for a clean membrane. Membrane pre-treatment with nitric acid and sodium
hydroxide gave a consistent and reproducible flux improvement without affecting the
membrane rejection coefficient. The chemical effect is reversible and the changes in
membrane permeability caused by chemicals were thought to due to the temporary changes in
membrane structure and/or surface charge. No significant differences in EDX, FTIR and
FT-Raman analyses were found for virgin membranes and membranes after pre-conditioning.
Membrane treatment with 0.5% w/w sodium hydroxide or 0.8% w/w nitric acid reduced the
receding water contact angles, as compared to virgin membrane, indicating the increasing in
membrane hydrophilicity after chemical treatment. However, the advancing water contact
angles were altered inconsistently in either direction, up or down, for unknown reasons.

The membrane separation performance was influenced by both feed constituents and feed pH
where their interactions with the membrane are interrelated. For salt solutions, cross-flow
velocity had little or no influence on membrane performance as compared to feed
constituents and pH, while TMP influenced the feed rejection as expected from the solutiondiffusion theory. Feed pH governed the flux and rejection coefficient following the Donnan
theory of dielectric exclusion by altering the membrane charge and/or membrane structure,
and the charge and dissociation of feed solution. The rejection coefficient of feed constituents
is influenced by size, molecular weight, ion valences, solution concentration, functional
groups and/or inter-particle interaction especially for solution with multiple ions, ion
structure and the degree of dissociation at varying degree. The alteration of membrane and/or
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solute charge by feed pH is likely to change the affinity of feed constituents for the
membrane and eventually alters the rejection and fouling mechanism as well as the fouling
composition. This again showed the importance of consistency in membrane pre-conditioning
and chemical cleaning for the subsequent fouling and cleaning study to minimize the
discrepancy caused by the chemical effect.

For the fouling and cleaning study, casein micelles and minerals (especially calcium
phosphate) in milk were identified as the major contributors for fouling formation while
whey protein, lactose and lipid had very little influence on fouling based on flux
measurement. Similar conclusions were drawn from the TEM cross-sectional images, SEMEDX analysis, FTIR and FT-Raman spectra of the membranes fouled with skimmed milk.
However, FTIR and FT-Raman spectra for runs with whole milk showed the deposition of a
considerable amount of lipid which remained on the membrane after water flushing. The
fouling of skimmed milk with modified levels of protein or mineral closely related to the
availability of minerals, especially calcium phosphate, to form ionic bridges with casein in
the cake layer. Increasing or reducing the protein concentration of skimmed milk reduced the
amount of fouling, whereas an increase or decrease in mineral concentration increased the
amount of fouling.

The flux reduction during reverse osmosis is thought to be caused by the development of
concentration polarization that subsequently reduced the effective TMP, and the cake layer
formation that increased hydraulic resistance of the filtration process. During the run, the
development of concentration polarization increased the minerals, proteins and lipids
concentrations at the membrane boundary layer. Proteins, minerals and/or lipids precipitate
and form a cake layer once their nucleation limits is reached. The cake layer appeared to
increase the hydraulic resistance and concentration polarization which further enhanced the
cake and the osmotic pressure, and eventually reduced flux. The milk lipids might intersperse
as loose inclusions in the network formed by the concentrated casein micelles in the cake
layer and/or with the polyamide active layer, or bind to the polyamide surface of the
membrane.

It was found that each standard chemical cleaning cycle that consisted of 0.5% w/w sodium
hydroxide, water rinse, 0.8% w/w nitric acid, water rinse, 0.5% w/w sodium hydroxide and
water rinse had an additive effect on the membrane permeability. The effect of cleaning
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chemicals on a clean membrane needed to be measured and it served as a benchmark for
membrane cleaning efficiency. At least two standard cleaning cycles were needed to recover
the membrane permeability back to the level expected for a clean membrane for membrane
fouled at 24 bar. The cleaning efficiency increased with increasing cleaning duration,
increasing chemical concentration and renewal of cleaning chemical.

Runs at TMP of 24 bar caused significantly greater fouling which was much more difficult to
clean than fouling formed at 12 bar. At 12 bar, the build-up of foulant occurred immediately
after the filtration process started and increased slightly with filtration time. At 24 bar, the
amount of fouling formed at the beginning of filtration process is much higher than that
formed at 12 bar, and it continues to build-up with time especially for non-flushable fouling.
Flushable fouling refers to the fouling formed due to concentration polarization and loose
cake layer that can be removed by water flushing. Non-flushable fouling refers to the fouling
formed by the non-flushable cake layer, minerals precipitation at the membrane and
membrane blocking if there is any. The analysis of fouled and cleaned membranes with TEM,
SEM-EDX, FTIR and FT-Raman are consistent with the flux results where the higher TMP
caused significantly greater fouling. The thick deposit layer that created at high TMP had
higher amount of milk minerals, proteins and lipids than the deposit layer formed at lower
TMP.

The membrane performance deterioration for a FT30 polyamide reverse osmosis membrane
that had been used for concentrating raw milk in industry for several months is thought to be
caused by the accumulation of lipids which were not removed by the cleaning method that
commonly used in the industry. The used reverse osmosis membrane had a significantly
lower permeability than a new membrane and its permeability could not be recovered with a
regime of water flushing and several standard chemical cleaning cycles that was used in the
laboratory. The FTIR and FT-Raman spectra showed species associated with milk lipids
while the advancing and receding contact angles showed the increasing hydrophobicity of the
used membrane.

Cleaning of the used membrane by solvent extraction using a two-phase mixture of water,
propan-2-ol and cyclohexane gave significant flux and rejection improvements. The FTIR
spectra showed the removal of lipid components from the used membrane. LC-MS/MS
analysis of the solvent extract indicated the presence of phospholipids with a relatively higher
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concentration of sphingomyelin. Alternative cleaning regimes such as chemicals (sodium
hydroxide and/or nitric acid), enzyme (protease, lipase, cellulase and amylase) and urea were
not able to recover the flux effectively. A 3-hour runs with lipid enhanced skimmed milk at
24 bar in the laboratory were not able to reproduce the fouled state of the used membrane
indicating that the used membrane fouling is due to cumulative effect after long-term
operation and insufficient/inappropriate chemical cleaning.

More than one characterization methods is needed for a thorough understanding of the
fouling and cleaning mechanism. Apart from flux measurement, FTIR appears to be the best
method to analyse the fouling composition which consists of milk proteins, lipids and
minerals. The amount of deposit could be semi-quantified based on the intensity ratio of the
distinctive bands of fouled components (such as amide I and amide II, lipid, lactose, etc.) to
polysulfone band. FT-Raman provides information complementary to FTIR, but the high
penetration depth of FT-Raman causes the vibration bands of foulant components to be
unnoticeable when compared to the membrane interlayer and backing layer especially for
membranes with less fouling.

An easy to follow protocol with high reproducibility was developed to measure the advancing
and receding contact angles for polymeric membranes by repeatedly enlarging and retracting
a captive bubble of air in water while measuring contact angle and contact diameter. In
contrast to polysulfone membranes, no contact line pinning was observed for polyamide
membranes. Graphical presentation appears to be a meaningful way to interpret the contact
angles especially for hydrophilic surfaces such as polyamide membranes or for contaminated
surfaces as it able to reveal the small changes of the specimen surface which cannot be
captured by a single advancing or receding contact angle.

8.2 Future work
Some recommendations for future work are made to enhance the understanding of the
behaviour of polyamide reverse osmosis membrane at various stages of fouling and cleaning:
1. A thorough understanding of the interaction between chemical and/or enzyme and the
polyamide membrane is needed for a better interpretation of the fouling and cleaning
mechanism. The initial improvement (pre-treatment) and the additive effect of cleaning
chemical on membrane permeability are still not fully understood. Apart from that, it
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would be interesting to identify the reason for the flux reduction caused by
Quatrozyme®.
2. Further studies could be performed to develop an industrial practical cleaning method
and/or process improvement to reduce the membrane fouling caused by accumulation
of milk lipids in order to pro-long the operational service life of spiral wound
polyamide reverse osmosis membrane in dairy industry.
3. The FTIR spectra of used industrial membranes showed an uneven distribution of the
foulants, i.e. milk lipids, across the membrane. It would be interesting to study the
foulants distribution on the reverse osmosis spiral wound element with respect to the
flow direction, membrane location, etc. using FTIR analysis to identify the effect of
operating condition and location on the degree of localized fouling. The thorough
understanding of the foulants distribution of a used membrane sample prior to
cleaning is also needed before attempting to interpret and compare the results of
various cleaning methods.
4. Different membrane analysis techniques could be used to enhance the understanding of
the fouling and cleaning mechanism especially for the modes of fouling formation
(such as by cake formation, pore blocking, chemical interactions, etc.) and the
possible membrane degradation or structural changes caused by foulants or cleaning
chemical. The possible characterization techniques include positron annihilation
lifetime spectroscopy coupled with Doppler broadening energy spectroscopy (PALSDBES) for determination of the sizes and distributions of free volume in membrane;
EDX analysis from cross-sectional view; and electrical impedance spectroscopy (EIS)
which might be able to pick up the effect of chemical and/or foulant at each membrane
sublayer.
5. A detailed study could be conducted of the contact angle and surface energy of the
polyamide reverse osmosis membrane and the possible modification caused by
chemical treatment and/or foulant deposition. It would be interesting to identify the
reasons for the continuous changes in contact angle with contact diameter (no contact
line pinning) for polyamide membranes during the advancing and receding contact
angle measurement with a captive bubble, and the difference in contact angle measured
with sessile drop and captive bubble methods for same specimen.
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Appendices
Appendix 1 Experimental methods
Appendix 1.1 Calculation of maximum velocity
List of equations:
(1)
(2)
(3)
(4)
(5)
Note: Membrane glued area is not consider in calculation
Membrane specification for DOW HYPERSHELLTM RO-8038/48 element:
Specifications
Units
Values
2
Membrane active area
m
26.9
Module diameter
m
0.2
Membrane length
m
0.965
Membrane width
m
0.774
Spacer thickness
mil
48
m
0.00122
Number of leaves
18
2
Crossflow area
m
0.0170
3 -1
Maximum feed flow rate
m s
5.06E-03
-1
Maximum velocity
ms
0.298
Maximum operating pressure
bar
54.8
Maximum operating temperature
°C
50
For SEPA flat sheet membrane system
wound membranes:
Specifications
Filtration area
Membrane & spacer thickness
Channel height
Feed height
Flow area
Maximum velocity
Maximum flow rate
Pump frequency

Equations

(1)
(2)
(3)
(4)

(Sepa® CF, Osmonics, USA) that simulating spiral
Units
m2
mm
m
m
m2
m s-1
m3 s-1
L min-1
Hz
316

Values
0.0134
0.4
0.00242
0.00202
0.000192
0.297
5.71E-05
3.43
44.4

Equations

(5)

Appendix 1.2 Operating instruction for cross-flow filtration system
Membrane preparation
1. Cut the membrane coupons to size with an active area of 14.6 cm × 9.5 cm. Identify
and record the source location of the membrane coupons with respect to the
membrane flat sheet and its alignment.
2. Rinse membrane coupon thoroughly with purified water. Soak membrane coupons in
purified water.
Start-up procedure
1. Ensure the pulsation dampener is charged/pressurized to set pressure (about 4 – 5 bar
for operating TMP up to 25 bar) with clean dry nitrogen. If charging required, connect
the charging hose kits to fill valve, pressurize the dampener to set pressure and
replace fill valve cap.
2. Fill the water bath with tap water.
3. Turn on the water bath and set the heating temperature to 30 °C.
4. Fill the feed beaker that situated within the water bath with 1 litre of purified water
and leave to establish temperature (30 ± 4 °C).
5. Ensure the pressure relief valve on the hydraulic hand pump (P-142, Enerpac, US) is
turned on and the hydraulic pressure in the system is released.
6. Remove the flow cell body from the cell holder.
7. Open the cell body and ensure the feed spacer lies flat and is contained within the
central cavity of the cell body bottom.
8. Place a piece of hydrated membrane coupon over the feed spacer with the shiny or
active side down toward the feed spacer. Use the four guideposts to hold the
membrane in position.
9. Ensure the permeate carrier placed within the central cavity of the cell body top and
reassemble the cell body.
10. Insert the cell body into the cell holder.
11. Re-pressurize the cell to around 40 bar by hydraulic hand pump and close the pressure
valves.
12. Release the concentrate flow control valve that mounted on the retentate line to zero
the TMP.
13. Ensure the feed (suction), retentate (discharge) and permeate lines are installed in
proper position. The suction line opening should completely submerge in feed and the
discharge line should place as far from suction line as possible, preferable near to the
bottom of feed beaker, to minimize the bubbles formation. Permeate line should
install in such a way that rests against the wall of the collection beaker to avoid shock
loads to the mass measurement due to permeate dropping.
14. Place the temperature probe in feed beaker.
15. Turn on data logging unit and computer.
16. Turn on mass balance and zero the scale while collection beaker is in place.
17. Start up the Monitoring program on the computer.
18. Turn on the hydra-cell diaphragm pump and set the speed to 30 Hz. Allow the system
to run for few minutes to reach steady-state and to remove trapped air bubbles if any.
19. Once steady state is achieved, gradually increase the TMP to operating pressure by
adjusts the concentrate flow control valve.
During operation
When the system runs, data logging unit will record feed temperature, mass of permeate
collected and applied TMP. Operator shall monitor and ensure the applied TMP is maintained
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at a steady value and adjust the pressure by concentrate flow control valve when necessary.
Recycle the collected permeate into the feed once each 20-30 mL of permeate is collected.
Changing solutions
When change the solution that flows through the system, rinse the system with purified water
for about 15 minutes, using 3 batches of 1 litre in order to properly rinse out and remove
residual feed or chemicals within the system.
Purified water to cleaning agent or feed solution
1. Record the time (to account for changes in the data readings).
2. Reduce the applied TMP to zero by release the concentrate flow control valve.
3. Drain the existing solution into a collection beaker by relocate the retentate line from
feed beaker to collection beaker.
4. Add 1 litre of feed solution or cleaning agent to the feed beaker and return the
retentate line to the feed beaker.
5. Run the system for 1 minute at zero TMP to remove trapped air from the system.
6. Increase the applied TMP gradually to operating pressure for feed solutions or
cleaning agent by adjusts the concentrate flow control valve.
Cleaning agent or feed solution to purified water
1. Record the time (to account for changes in the data readings).
2. Reduce the applied TMP to zero by release the concentrate flow control valve.
3. Drain the existing solution into a collection beaker by relocate the retentate line from
feed beaker to collection beaker.
4. Add 1 litre of purified water to the feed beaker and return the retentate line to the feed
beaker.
5. Run the system for 5 minute at zero TMP.
6. Measure the electricical conductivity of rinsed water.
7. Gradually feed through 2 litres of purified water, each to circulate for 5 minutes, into
the system by moving the rententate line to the collection beaker and allowing the
feed level to drop before refilling with fresh purified water. Care should be taken to
ensure air bubbles are not drawn into the system.
8. Add another 1 litre of purified water to the feed beaker and return the permeate line to
the feed beaker.
Shut down procedure
1. Record the time.
2. Reduce the applied TMP to zero by release the concentrate flow control valve.
3. Drain the existing solution into a collection beaker by relocate the retentate line from
feed beaker to collection beaker.
4. Once the feed beaker is empty, switch off the pump and allow the system to rest.
5. Turn the knob (counterclockwise) on the pressure relief valve on the hydraulic hand
pump (P-142, Enerpac, US) to release the hydraulic pressure in the system.
6. Turn off data logging unit and computer.
7. Turn off mass balance, empty all collection beakers and switch off the water bath.
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Appendix 2 Extended results
Appendix 2.1 Membrane performance characteristics
Table A2.1.1 Molecule and anion rejection at pH 3.
Feed solution

[H+] concentration (Molarity)

Molecule / anion

Nitric acid

HNO3
NO3-

Phosphate
citrate

COOHCH2COPO3H2(C
OOH)CH2COOH
COOHCH2COPO3H(COOH)CH2COOH
COOHCH2COPO3H(COOH)CH2COOCOOHCH2COPO32(COOH)CH2COOCOOHCH2COPO32(COO-)CH2COOCOO-CH2COPO32(COO-)CH2COO-

H+
rejection

Molecule / anion concentration
(Molarity)
Feed
Retentate Permeate
6.92E-08 4.94E-08 2.15E-08
1.17E-03 9.92E-04 6.56E-04

-1.3

Feed
1.17E-03

Retentate
9.92E-04

Permeate
6.56E-04

-

-

-

-

-

5.64E-05

5.16E-05

3.15E-06

93.9%

2

6.19E-04

5.88E-04

1.11E-04

81.1%

6.19E-04

5.88E-04

1.11E-04

81.1%

3.67

2.90E-04

2.86E-04

1.67E-04

41.7%

1.45E-04

1.43E-04

8.35E-05

41.7%

5.15

3.38E-06

3.46E-06

6.24E-06

-80.1%

1.13E-06

1.15E-06

2.08E-06

-80.1%

7.69

1.01E-10

1.07E-10

5.98E-10

-457%

2.52E-11

2.69E-11

1.50E-10

-456.8%

13.56

3.80E-21

4.21E-21

7.25E-20

-1621%

7.61E-22

8.43E-22

1.45E-20

-1621%

33.9%
33.9%

67.6%
Citric acid

COOHCH2COH(COO
H)CH2COOH
COOHCH2COH(COO
H)CH2COOCOOHCH2COH(COO)CH2COOCOO-CH2COH(COO)CH2COO-

Anion
rejection
56.3%
33.9%
33.9%

74.5%

-

-

-

-

-

1.65E-03

1.21E-03

1.59E-06

99.9%

3.13

1.09E-03

9.29E-04

2.58E-05

97.2%

1.09E-03

9.29E-04

2.58E-05

97.2%

4.76

3.37E-05

3.35E-05

1.96E-05

41.5%

1.69E-05

1.68E-05

9.82E-06

41.5%

6.40

1.79E-08

2.08E-08

2.56E-07

-1132%

5.98E-09

6.94E-09

8.55E-08

-1132%

95.3%
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98.3%

Sulphamic
acid

H3NSO3
H2NSO3-

Phosphoric
acid

1

1.10E-03

8.64E-04

1.18E-04

H3PO4
H2PO4HPO42PO43-

2.12
7.21
12.32

1.20E-03
1.23E-07
7.36E-17

9.93E-04
6.16E-08
2.97E-17

8.17E-05
1.23E-07
1.08E-15

Acetic acid

CH3COOH
CH3COO-

4.76

1.23E-03

1.08E-03

8.32E-04

Oxalic acid

COOHCOOH
COOHCOOCOO-COO-

1.25
4.14

9.68E-04
1.28E-04

7.87E-04
1.25E-04

2.19E-04
9.96E-05

Hydrochloric
acid

HCl
Cl-

-7

1.07E-03

8.91E-04

5.33E-04

Sulphuric
acid

H2SO4
HSO4SO42-

-2
1.99

6.38E-05
1.11E-03

5.58E-05
1.04E-03

3.37E-07
8.28E-05
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86.3%
86.3%
91.8%
-99.7%
-3535%
91.8%
23.0%
23.0%
72.2%
20.3%
65.1%
40.2%
40.2%
99.4%
92.0%
92.4%

1.20E-05
1.10E-03

7.47E-06
8.64E-04

1.40E-07
1.18E-04

1.91E-04
1.20E-03
6.17E-08
2.45E-17

1.30E-04
9.93E-04
6.16E-08
2.97E-17

8.82E-07
8.17E-05
6.16E-08
3.60E-16

8.71E-02
1.23E-03

6.71E-02
1.08E-03

3.98E-02
8.32E-04

1.89E-05
9.68E-04
6.40E-05

1.28E-05
7.87E-04
6.25E-05

1.24E-06
2.19E-04
4.98E-05

1.15E-13
1.07E-03

7.94E-14
8.91E-04

2.84E-14
5.33E-04

7.49E-10
6.38E-05
5.56E-04

6.11E-10
5.58E-05
5.20E-04

2.80E-13
3.37E-07
4.14E-05

98.1%
86.3%
86.4%
99.3%
91.8%
0.13%
-1112%
92.6%
40.7%
23.0%
40.4%
90.3%
72.2%
20.3%
68.7%
64.2%
40.2%
40.2%
100%
99.4%
92.0%
92.8%

Table A2.1.2 Molecule and cation rejection at pH 11.
Feed solution
Potassium hydroxide

Lithium hydroxide

Sodium hydroxide

Ammonium hydroxide

[OH-] concentration (Molarity)

Molecule /
cation

Feed

Retentate

Permeate

OHrejection

KOH
K+

0.5

9.77E-04

7.76E-04

2.95E-07

99.96%
99.96%

LiOH
Li+

-0.36

1.09E-03

7.88E-04

2.71E-07

99.97%
99.97%

NaOH
Na+

0.2

9.92E-04

6.07E-04

3.83E-07

99.94%
99.94%

NH4OH
NH4+

4.75

1.07E-03

2.82E-04

2.69E-04

4.50%
4.50%
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Molecule / cation concentration
(Molarity)
Feed
Retentate Permeate
3.02E-06 1.91E-06 2.75E-13
9.77E-04 7.76E-04 2.95E-07
5.17E-07
1.09E-03

2.71E-07
7.88E-04

3.21E-14
2.71E-07

1.56E-06
9.92E-04

5.84E-07
6.07E-04

2.33E-13
3.83E-07

6.46E-02
1.07E-03

4.47E-03
2.82E-04

4.07E-03
2.69E-04

Cation
rejection
100.00%
99.96%
99.96%
100.00%
99.97%
99.97%
100.00%
99.94%
99.94%
8.80%
4.50%
8.54%

Appendix 2.2 FTIR spectra
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Figure A2.2.1 FTIR spectra of pre-treated membrane (12 spectra), Quatrozyme treated
membrane (10 spectra) and new untreated membrane (11 spectra).
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Figure A2.2.2 FTIR spectra of skimmed milk powder (11 spectra).
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Figure A2.2.3 FTIR spectra of skimmed milk run at 12 bar (13 spectra).
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Figure A2.2.4 FTIR spectra of skimmed milk run 12 bar with flushing (10 spectra).

323

0.6

Skimmed milk run at 24 bar

0.5

Absorbance

0.4

0.3

0.2

0.1

0
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000

800

600

0
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

600

Wavenumber

(cm-1)

-0.1

Figure A2.2.5 FTIR spectra of skimmed milk run at 24 bar (12 spectra).
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Figure A2.2.6 FTIR spectra of skimmed milk run at 24 bar with flushing (10 spectra).
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Figure A2.2.7 FTIR spectra of skimmed milk run at 24 bar with 1 standard chemical
cleaning cycle (10 spectra).
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Figure A2.2.8 FTIR spectra of whole milk powder (11 spectra).
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Figure A2.2.9 FTIR spectra of whole milk run at 24 bar with flushing (12 spectra).
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Figure A2.2.10 FTIR spectra of concentrated SMUF powder (11 spectra).
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Figure A2.2.11 FTIR spectra of concentrated SMUF run at 24 bar deposit detached area (11
spectra).
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Figure A2.2.12 FTIR spectra of concentrated SMUF run at 24 bar (10 spectra).
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Figure A2.2.13 FTIR spectra of anhydrous milk fat (AMF) (10 spectra).
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Figure A2.2.14 FTIR spectra of AMF enhanced skimmed milk run at 24 bar with 1 standard
chemical cleaning cycle (10 spectra).
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Figure A2.2.15 FTIR spectra of cholesterol powder (10 spectra).
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Figure A2.2.16 FTIR spectra of cholesterol enhanced skimmed milk run at 24 bar with 1
standard chemical cleaning cycle (16 spectra).
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Figure A2.2.17 FTIR spectra of beta-serum powder (12 spectra).
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Figure A2.2.18 FTIR spectra of beta-serum enhanced skimmed milk run at 24 bar with 1
standard chemical cleaning cycle (10 spectra).
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Figure A2.2.19 Representative FTIR spectra of a used polyamide reverse osmosis membrane
with consistent and high degree of fouling (used membrane 1, 11 spectra).
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Figure A2.2.20 Representative FTIR spectra of a used polyamide reverse osmosis membrane
with consistent and low degree of fouling (used membrane 12, 10 spectra).
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Figure A2.2.21 Representative FTIR spectra of a used polyamide reverse osmosis membrane
with inconsistent fouling (used membrane 20, 10 spectra).
Appendix 2.3 Principal component analysis (PCA) on FT-Raman spectra
The scores plot for the first two principal components (PC) from PCA of the membranes,
milk and SMUF powder is shown in Figure A2.3.1. Each spectrum is represented as a single
point in the scores space in PCA. If samples cluster close together then they are spectrally
and hence chemically similar. If samples cluster far apart then they are spectrally and
chemically different.
The major variation along PC1 is the separation of the feed solution (milk and SMUF in the
form of dried solid) in negative PC1 space from polyamide reverse osmosis membranes in
positive PC1 space. PC2 shows the separation of milk minerals (SMUF) and the FT30
membranes used in laboratory (virgin membrane and membrane after treatment or runs in
laboratory) in negative PC2 space from the skimmed milk, whole milk and the used industrial
membranes in positive PC2 space.
The spectral features relating to the separation in the scores space can be interpreted from the
loadings plots given in Figure A2.3.2. The separation along PC1 is described by the loadings
plot in Figure A2.3.2 (d) which accounts for 71% of the overall spectral variance. The
positive spectral features are associated with signal from the polyamide membranes and the
negative spectral features are associated with signal from the milk and milk minerals powder.
The positive PC1 loadings features at 633 cm-1, 791 cm-1, 860 cm-1, 1109 cm-1, 1150 cm-1,
1292 cm-1, 1589 cm-1, 1615 cm-1, 1727 cm-1 and 3072 cm-1 are consistent with the spectral
assignments of the membrane where 791 cm-1, 1109 cm-1, 1150 cm-1, 1589 cm-1 and 3072
cm-1 for polysulfone (membrane interlayer), 633 cm-1, 1615 cm-1 and 1727 cm-1 for polyester
(backing layer) and 860 cm-1 and 1292 cm-1 for both. Negative features consist of the
strongest milk lipid bands at around 1440 cm-1 and 2925 cm-1 and the calcium phosphate
band, probably for SMUF, at 961 cm-1.
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Figure A2.3.1 Scores plot for the first two principal components from PCA of the FT-Raman
spectra of reverse osmosis membranes, milk and concentrated SMUF powder.
PC1 accounts for 71% of the total variance between samples and PC2
accounts for a further 15% of variance, 86% of the total sample variance is
described in this plot.
The separation along PC2 is described by the loadings plot in Figure A2.3.2 (c) which
accounts for a further 15% of variance, giving 86% of the total sample variance. The positive
spectral features are associated with skimmed milk, whole milk and the used membranes and
the negative features are associated with milk minerals (SMUF) and the membranes used in
laboratory. Principal component 2 appears to separate spectra based on polyester and
polysulfone features. Polyester features such as bands at 1617 cm-1 and 1730 cm-1 occupied
positive loadings space while polysulfone features such as bands at 792 cm-1, 1149 cm-1 and
1589 cm-1 occupy negative loadings space. The used membrane might have a slightly
different chemical composition than the membrane used in laboratory owing to the fact that
the supplier and the specification of the used membrane are unknown. The difference in
chemical composition might also because of the membrane degradation and/or chemical
reaction with feed and cleaning chemicals after long-term operation and frequent cleaning in
industry.
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Figure A2.3.2 The (a) average spectra and loadings for PCs (b) three, (c) two and (d) one
from PCA analysis of the membranes and milk-based powder.
The scores plot for PC2 versus PC3 is given in Figure A2.3.3. The separation along PC3 is
the milk minerals (SMUF) at one extreme in positive PC3 space and the whole and skimmed
milk solids and membranes at the other extreme in negative PC3 space. The spectral feature
associated with this separation is given in Figure A2.3.2 (b). PC3 appears to separate samples
based on the bands from polyester and polysulfone. The strongest separating at 961 cm -1
corresponded to the ν1(PO43-) vibration of calcium phosphate and is the major chemical and
hence spectral difference between milk and SMUF (Arifin et al., 2014; Sauer et al., 1994).
The PCA analysis was repeated with just the membrane samples and the scores plot for the
first two PCs is given in Figure A2.3.4. The major separation along PC1 is between the used
membrane in negative PC1 space and the membranes after treatment or runs with milk based
solution in laboratory in positive PC1 space. The spectral features associated with this
separation are given by the loadings plot in Figure A2.3.5 (c). The major positive features at
723 cm-1, 1075 cm-1, 1109 cm-1, 1150 cm-1, 1587 cm-1 and down shifting of the band centred
around 3076 cm-1 are associated with higher polysulfone level. The negative features at 859
cm-1, 1294 cm-1, 1614 cm-1 and 1728 cm-1 are attributed to higher polyester level, while the
negative features at 2853 cm-1 and 2899 cm-1 are attributed to the higher level of acyl chains,
probably of milk lipids.
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Figure A2.3.3 Scores plot of the second and third principal components from PCA of the FTRaman spectra of reverse osmosis membranes, milk and concentrated SMUF
powder. PC2 accounts for 15% of the total variance between samples and PC3
accounts for a further 11% of variance, 26% of the total sample variance is
described in this plot.

Figure A2.3.4 Scores plot of the first and second principal components from PCA of the FTRaman spectra of the reverse osmosis membranes. PC1 accounts for 79 % of
the total variance between samples and PC2 accounts for a further 15 % of
variance, 94 % of the total sample variance is described in this plot.
335

Separation along PC2 is associated with the differences in the used membranes, where the
used membranes prior to cleaning (with different cleaning methods) and/or with lower initial
permeability distributed on negative PC2 space and the used membranes after cleaning and/or
with higher initial permeability in positive PC2 space. The spectral features associated with
this separation are shown in Figure A2.3.5 (b). The positive features at 859 cm-1, 1614 cm-1
and 1728 cm-1 are consistent with higher level of polyester. The negative features at 723 cm-1,
1150 cm-1, 1587 cm-1 might be attributed to the higher level of polysulfone, while the
negative features at 1441 cm-1, 2853 cm-1 and 2899 cm-1 can be attributed to higher level of
milk constituents, in particular milk lipids (Gallier et al., 2011). The membranes from
laboratory were plotting in intermediate space on PC2, possibly indicating lower level of milk
deposit on the membranes.
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Figure A2.3.5 The (a) average spectra and loadings for PCs (b) two and (c) one from PCA
analysis of the reverse osmosis membranes.
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Appendix 3 The molecular weight of the common triacylglycerols (TAGs), diacylglycerols
(DAGs), phospholipids, monoacylglycerols, free fatty acids and cholesterol in
milk.
Component
Molecular formula
Triacylglycerols (TAGs) (Zhou et al., 2014)
Saturated triacylglycerols
Bu-Co-P
C29H54O6
Co-Co-P
C31H58O6
Bu-C-P
C33H62O6
Bu-La-P
C35H66O6
Bu-M-P
C37H70O6
Bu-M-S
C39H74O6
Bu-P-P
C39H74O6
Co-M-P
C39H74O6
Bu-P-S
C41H78O6
Co-P-P
C41H78O6
Co-M-S
C41H78O6
Co-P-S
C43H82O6
Cy-P-P
C43H82O6
C-M-P
C43H82O6
C-P-P
C45H86O6
La-M-P
C45H86O6
M-M-P
C47H90O6
M-P-P
C49H94O6
M-P-S
C51H98O6
P-P-S
C53H102O6
S-P-S
C55H106O6
Monoene triacylglycerols
Bu-Cy-O
C33H60O6
Bu-C-O
C35H64O6
Bu-La-O
C37H68O6
Bu-M-O
C39H72O6
Bu-P-O
C41H76O6
Co-M-O
C41H76O6
Bu-S-O
C43H80O6
Co-P-O
C43H80O6
C-M-O
C45H84O6
C-P-O
C47H88O6
La-P-O
C49H92O6
M-M-O
C49H92O6
M-P-O
C51H96O6
M-S-O
C53H100O6
P-P-O
C53H100O6
P-S-O
C55H104O6
S-S-O
C57H108O6
Diene and triene triacylglycerols
Bu-O-O
C43H78O6
Co-O-O
C45H82O6
C-O-O
C49H90O6
La-O-O
C51H94O6
M-O-O
C53H98O6
P-O-O
C55H102O6
P-O-αL
C55H100O6
S-O-O
C57H106O6
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Molecular weight (g/mol)

498.39
526.42
554.45
582.48
610.51
638.54
638.54
638.54
666.57
666.57
666.57
694.61
694.61
694.61
722.64
722.64
750.67
778.70
806.73
834.76
862.79
552.43
580.46
608.50
636.53
664.56
664.56
692.59
692.59
720.62
748.65
776.68
776.68
804.72
832.75
832.75
860.78
888.81
690.57
718.61
774.67
802.70
830.73
858.76
856.75
886.79

O-O-O
O-O-αL
O-αL-αL

C57H104O6
C57H102O6
C57H100O6

Diacylglycerols (DAGs)
Bu-Co
C13H24O5
260.33
Co-Co. Bu-Cy
C15H28O5
288.38
Bu-C
C17H32O5
316.43
Co-C, Bu-La
C19H36O5
344.49
Bu-P, Co-M
C23H44O5
400.59
Co-La
C21H40O5
372.54
Bu-M
C21H40O5
372.54
Co-M, Bu-P
C23H44O5
400.59
Bu-O
C25H46O5
426.63
Co-P, Bu-S
C25H48O5
428.65
Co-O
C27H50O5
454.68
M-C, Co-S, Cy-P
C27H52O5
456.70
Cy-O
C29H54O5
482.74
C-P, Cy-S
C29H56O5
484.75
C-O
C31H58O5
510.79
La-P, C-S
C31H60O5
512.81
La-O, M-L
C33H62O5
538.84
M-P
C33H64O5
540.86
M-O
C35H66O5
566.90
P-P
C35H68O5
568.91
P-L
C37H68O5
592.93
P-O
C37H70O5
594.95
P-S
C37H72O5
596.96
L-L
C39H68O5
616.95
O-L
C39H70O5
618.97
O-O, S-L
C39H72O5
620.99
S-O
C39H74O5
623.00
S-S
C39H76O5
625.02
Monoacylglycerols (Fong et al., 2007)
Co C6:0
C9H18O4
Cy C8:0
C11H22O4
C
C10:0
C13H26O4
La C12:0
C15H30O4
M C14:0
C17H34O4
C15:0
C18H36O4
P
C16:0
C19H38O4
C17:0
C20H40O4
S
C18:0
C21H42O4
O
C18:1
C21H40O4
L
C18:2
C21H38O4
Phospholipids (based on milk-fat-globule membrane) (Fong et al., 2007)
Glycerophospholipids
Phosphatidylcholine (PC)
14:0/14:0
C36H72O8PN
14:0/15:0
C37H74O8PN
16:0/14:0
C38H76O8PN
15:0/16:0
C39H78O8PN
18:2/14:0
C40H76O8PN
18:1/14:0
C40H78O8PN
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884.78
882.76
880.75
[DAG]+
fragment ions
242.16
270.19
298.22
326.25
382.32
340.02
354.28
382.32
408.33
410.35
436.36
438.38
464.39
466.41
492.43
494.44
520.46
522.47
548.49
550.50
574.50
576.52
578.54
598.50
600.52
602.54
604.55
606.57
190.24
218.29
246.34
274.40
302.45
316.48
330.50
344.53
358.56
356.54
354.52

677.93
691.96
705.99
720.01
730.01
732.02

16:0/16:0
15:0/18:1
16:0/18:3
16:0/18:2
16:1/18:0
17:0/18:1
18:3/18:2
18:2/18:2, 20:4/16:0
18:2/18:1
18:1/18:1
20:0/16:1, 18:1/18:0
Phosphatidylethanolamine (PE)
18:1/14:0
16:0/16:0
15:0/18:3
18:2/15:0
16:0/18:3
16:0/18:2, 16:1/18:1
18:1/16:0
18:2/17:0
18:3/18:1
18:2/18:1
18:1/18:1
20:0/16:1
20:4/18:1, 20:5/18:0
20:3/18:1
Phosphatidylinositol (PI)
16:0/16:1
18:0/14:0
18:2/16:0
18:1/16:0
16:1/19:0
18:3/18:0
18:2/18:0
18:1/18:0, 20:0/16:1
20:5/18:0
20:4/18:0
20:3/18:0
Phosphatidylserine (PS)
18:1/16:0
19:0/16:1
18:2/18:1
18:1/18:1
18:1/18:0
18:2/20:3
18:1/20:3
18:0/20:3
Sphingolipids
Sphingomyelin (MacGibbon, 2007)
14:0
15:0
16:0
16:1

C40H80O8PN
C41H80O8PN
C42H78O8PN
C42H80O8PN
C42H82O8PN
C43H84O8PN
C44H78O8PN
C44H80O8PN
C44H82O8PN
C44H84O8PN
C44H86O8PN

734.04
746.05
756.04
758.06
760.08
774.10
780.07
782.08
784.10
786.11
788.13

C37H72O8PN
C37H74O8PN
C38H70O8PN
C38H72O8PN
C39H72O8PN
C39H74O8PN
C39H76O8PN
C40H76O8PN
C41H74O8PN
C41H76O8PN
C41H78O8PN
C41H80O8PN
C43H76O8PN
C43H78O8PN

689.94
691.96
699.94
701.95
713.96
715.98
718.00
730.01
740.00
742.02
744.03
746.05
766.04
768.06

C41H76O13P
C41H78O13P
C43H78O13P
C43H80O13P
C44H82O13P
C45H80O13P
C45H82O13P
C45H84O13P
C47H80O13P
C47H82O13P
C47H84O13P

808.01
810.02
834.05
836.06
850.09
860.08
862.10
864.11
884.10
886.12
888.14

C40H76O10PN
C41H78O10PN
C42H76O10PN
C42H78O10PN
C42H80O10PN
C44H76O10PN
C44H78O10PN
C44H80O10PN

762.01
776.03
786.03
788.04
790.06
810.05
812.06
814.08

C37H75O6PN2
C38H77O6PN2
C39H79O6PN2
C39H77O6PN2

674.98
689.00
703.03
701.01
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17:0
18:0
18:1
18:2
20:0
21:0
22:0
23:0
24:0
Free fatty acids (MacGibbon, 2007)
Bu Butyric
Co Caproic (hexanoic acid)
Cy Caprylic
C
Capric (decanoic acid)
La Lauric
M Myristic (tetradecanoic acid)
Myristoleic
P
Palmitic
Palmitoleic
S
Stearic
O
Oleic
Linoleic & conjugated linoleic
L
acid
αL α Linolenic
Cholesterol

C40H81O6PN2
C41H83O6PN2
C41H81O6PN2
C41H79O6PN2
C43H87O6PN2
C44H89O6PN2
C45H91O6PN2
C46H93O6PN2
C47H95O6PN2

717.06
731.08
729.07
727.05
759.14
773.16
787.19
801.21
815.24

C4H8O2
C6H12O2
C8H16O2
C10H20O2
C12H24O2
C14H28O2
C14H26O2
C16H32O2
C16H30O2
C18H36O2
C18H34O2

88.11
116.16
144.21
172.26
200.32
228.37
226.36
256.42
254.41
284.48
282.46

C18H32O2

280.45

C18H30O2
C27H46O

278.43
386.65
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