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ABSTRACT 

This study investigated the impact of metabolic uncouplers as a biomass control 

strategy in a biotrickling filter (BTF) with toluene as the model pollutant. Classical metabolic 

uncouplers such as carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 

carbonyl cyanide m-chlorophenylhydrazone (CCCP), and the more common m-chlorophenol 

(m-CP), previously tested in activated sludge systems were tested for the first time in BTFs 

with the objective of minimising biomass accumulation. Two known mechanisms by which 

uncouplers control biomass accumulation were tested: (1) true metabolic uncoupling which 

limits the energy production for growth, and (2) weakening the biofilm causing excess biomass 

to be released from the bed.  

The experiments employed a column reactor and a novel differential BTF (DBTF) 

reactor, both packed with 5-mm glass beads at a working volume of 0.45 L and 0.08 – 0.39 L, 

respectively. Toluene concentrations were varied between 140 ±10 ppm and 230 ±15 ppm and 

operated at empty bed residence times (EBRT) of 32 and 6 - 28 seconds, respectively. Liquid 

trickling rate in the column reactor was 24 ± 1 mL⸱min-1 (0.72 ± 0.03 m·h-1) while that of the 

differential BTF was in the form of aerosol at a rate of 0.09 to 0.70 mL·min-1 (0.0007 to 

0.005 m·h-1). The differential BTF recycled the gas at 20 to 80 L⸱min-1 (17 to 612 m·h-1) 

depending on the level of biomass accumulation in the bed. Various concentrations of the 

uncouplers were tested: 5 to 200 µM FCCP, 50 to 800 µM CCCP and 0.4 to 4.0 mM m-CP.  

In general, the EC (~ 33 g⸱m-3h-1 for column reactors and ~ 600 g⸱m-3h-1 for DBTF 

when uncoupler test was done) decreased by 15 to 97%, in an uncoupler-dose dependent 

fashion. However, the EC completely recovered in the column reactor, within 3 to 13 days 

depending on the concentration of the uncoupler, but only partially recovered (only up to 40% 

of the original) in the DBTF.  

True metabolic uncoupling was exhibited by the uncouplers immediately after their 

application to the systems, as indicated by the 20% to 160% increase in %CO2 recovery (which 
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was typically in the 55 – 70% range prior to uncoupler treatment) that lasted for one to three 

days, depending on the uncoupler concentration. Although not measured, the %CO2 recovery 

exceeding 100% could be due to the CO2 generated from degradation of polyhydroxybutyrate 

(PHB) which could have accumulated in the biomass. On the basis of TOC and pressure drop 

stability, FCCP and CCCP did not exhibit a potential for sustained biomass control in a column 

BTF, but rather caused further increase in pressure drop potentially due to increased EPS 

production. The 4.0 mM m-CP weakened the biofilm in the BTF bed as shown by up to 130% 

increase in the total organic carbon (TOC) in the liquid sump of the column reactor and up to 

500% increase in TOC of the DBTF’s liquid sump. The effect of the uncoupler on extracellular 

polymeric substances (EPS) production which in turn influenced biomass release, was also 

measured. The amount of EPS released from the bed was initially reduced by 10% with m-CP 

treatment, but eventually increased again by up to 125% with sustained exposure to the 

uncoupler. The production of more EPS by the microbes, as a protective response against the 

uncoupler, could have contributed to the full and partial EC recovery in the column and in the 

DBTF, respectively.  

Although m-CP has potential to reduce biomass in the bed, its long-term use as a 

biomass control strategy is not feasible because 40% was lost in 20 days, most likely due to 

microbial degradation. The liquid phase turned deep black indicating the potential 

accumulation of chlorocatechol, an intermediate in the bacterial degradation of m-CP. 

Although FCCP degradation was not measured, its analogue, CCCP was shown to be degraded 

within 24 hours after its application in the BTFs.   

Meanwhile, the novel differential BTF which employed aerosol as a means to deliver 

nutrients to the bed and hence minimizing gradients across the bed, was a better research tool 

than a column reactor. This was primarily because it employed single-pass-liquid phase flow, 

hence eliminating recirculation which returned the released biomass to the bed, and eventually 
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contributed to the recovery of EC in the column reactors. While biomass recirculation 

contributes to EC recovery, it makes understanding the effect of uncouplers on TOC and EPS 

a challenge. 

Even at a high loading rate of 420 g⸱m-3h-1, the differential BTF still showed a 

remarkably high removal efficiency of about 100%, hence EC was also at 420 g⸱m-3h-1. Further 

increasing the loading rate (470 to 660 g⸱m-3h-1) decreased the EC implying inhibitory effect 

of high concentration of toluene to the biofilm. This high EC was potentially due to the low 

but uniform liquid supply, which minimised the mass transfer resistance between the gas phase 

and the biofilm and potentially minimising biofilm non-uniformity in the bed. In addition, 

nutrients and substrate were more or less uniformly distributed across the DBTF bed therefore 

leading to better performance of its microbial community.   
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CHAPTER 1 

INTRODUCTION 

 This chapter briefly highlights the pressing problem of air pollution across the world and 

the need to develop sustainable methods to control it. In particular, it introduces the biotrickling 

filter technology and puts into context the potential use of metabolic uncouplers in addressing 

biomass accumulation problem. Biomass accumulation is the major challenge in the sustainable 

use of biofilters particularly that of biotrickling filters. The focus of the succeeding chapters is also 

mentioned here to give an overview of the thesis.  

1.1 Combating air pollution as a global problem 

 Air pollution is a serious global concern as it adversely affects many aspects of the 

environment:  human health, living organisms and their ecosystems, vegetation, water and soil 

resources, and climate change, to name a few (Paoletti et al. 2010). Hence, it is critical to take 

global actions that ensure the best possible quality of the air. However, existing laws and air quality 

policies are not the same in every region or country. Developed countries like the United States 

and the European Union have more stringent and advanced strategies to combat air pollution while 

developing countries like China and India have just began to build their environmental 

management systems (Kuklińska et al. 2015).  

 Pollutants in the air are classified as primary or secondary. Some of the primary air 

pollutants include sulphur oxides, nitrogen oxides, carbon monoxide, carbon dioxide, ammonia, 

particulate matter and volatile organic compounds (VOCs), while secondary pollutants formed 

from primary pollutants include sulfuric acid droplets, sulfate and nitrate aerosols,  organic 

aerosols, secondary particulate matter and ground level ozone (Daly and Zannetti 2007; Flagan 

and Seinfeld 1998; World Health Organization 2006). Boamah et al. (2012) classify sources of 

these air pollutants as accidental, industrial, transport-related and dwelling-related. Among these 
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sources of pollution, industrial pollution and transport-related pollution cause the most pollutants 

as they are continuously operative.  

Along with laws and air quality policies in the developed world, engineering techniques 

have been devised to control gaseous pollutants as well as volatile organic compounds (VOCs), 

particularly coming from process industries like thermal power plants and industries producing 

chemical fertilizers, pesticide, food and pharmaceutical products, petroleum, textile and textile-

related products (Boamah et al, 2012). These techniques include catalytic oxidation, absorption, 

adsorption and direct flame afterburners (Vallero 2008). These conventional methods of air 

pollution control are generally energy-intensive and costly as they have high energy requirements 

to operate effectively, involve complex and frequent maintenance operations and produce residual 

products requiring disposal or prior treatment prior to release to the environment (Wani et al. 

1997). It is on this premise that Devinny et al. (1999) stressed the advantage of biological air 

treatment through biofiltration as a simple yet effective environment-friendly technology for air 

pollution control. The succeeding sections introduce what biofiltration is, its advantages and the 

challenges in employing it as an air pollution control technology.  

1.2 Fundamentals of biofiltration 

This study is about biofiltration as a biological air pollution control strategy which uses the 

metabolic capacity of immobilized microorganisms to degrade volatile pollutants present in the air 

and converts them to biomass, carbon dioxide, water and various ionic compounds. The interest in 

this technology is due to its environment-friendliness as compared to other conventional air 

pollution control technologies mentioned above. Consequently, the European Commission 

considers it among the best available technologies for the control of volatile emissions (Brinkmann 

et al. 2016). 
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Two common biological air treatment technologies are biofilters and biotrickling filters 

(BTFs) (Fig. 1.1). A biofilter employs humidification but normally lacks continuous liquid 

addition to the bed and removal is driven by the natural biofilms present in the packing material 

(Devinny et al. 1999). On the other hand, a BTF typically recirculates an aqueous nutrient solution 

that stimulates microbial growth on a natural or synthetic packing material (Kim and Deshusses 

2008; Martinez-Soria et al. 2009; Zhang et al. 2009). The need to recirculate the aqueous phase 

makes this system relatively more complex than a conventional biofilter. The aqueous phase in a 

BTF assists in the mass transfer of pollutants (Moussavi and Mohseni 2008), as well as in 

controlling the thickness and water content of the biofilm (Ramirez et al. 2009), and acts as a 

medium that enables suspended microorganisms to biodegrade volatile pollutants (Cox et al. 

2000). Despite its relative complexity compared to biofilters, BTFs are generally more effective 

especially in handling acidic by-products of biodegradation (Diks et al. 1994), and are often more 

cost-effective due to their high VOC removal rates even at low empty bed residence time (EBRT) 

(Lebrero et al. 2014). These advantages result in BTFs having a smaller size and physical footprint 

than biofilters. 
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Figure 1.1. Schematic diagrams of a conventional biofilter (a) and a BTF (b).  

1.3 Biomass accumulation in BTFs 

Although generally superior to a conventional biofilter, one drawback of a BTF is its higher 

tendency for biomass accumulation (clogging), which can cause a rapid increase in pressure drop 

(Sakuma et al. 2006) and channeling in the packed bed (Grady et al. 1999). Pressure drop is 

therefore indicative of the level of biomass accumulation in the bed. Increased pressure drop is 

undesirable as it increases the energy required in forcing the gas through the bed or decreases the 

air extraction from the source. Therefore, it should be maintained at a level not detrimental to the 

performance of the system. In a long-term operation (more than 100 days), a pressure drop of less 

than 80 mm H2O⸱m-1 helps in maintaining stable removal rates and removal efficiency greater than 

90% (Ryu et al. 2008). This study is particularly directed toward controlling the problem of 

excessive biomass accumulation in BTFs, and make them more sustainable for industrial use.  

Various approaches can minimise biomass accumulation in biotricking filters (BTF), 

which can be classified as: (1) physical, (2) chemical and (3) biological. Other approaches include 
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(4) improvement of the bioreactor design and (5) modification of the mode and operational 

parameters (Kennes and Veiga 2002; Yang et al. 2010). All of these methods involve either 

reduction in biomass growth or removal of excess biomass and each method has unique advantages 

and disadvantages as far as biomass reduction capability, sustainability and ease of integration to 

the system are concerned. A careful comparison and analysis of these methods for optimum 

operation of a BTF system are presented in Chapter 2. Understanding these existing methods of 

controlling biomass accumulation in BTFs puts into context the specific focus of this study which 

is the use of metabolic uncouplers as an alternative biomass control strategy. The succeeding 

sections describe metabolic uncouplers in BTF systems.  

1.4 Use of metabolic uncouplers in BTF 

A number of lipophilic weak acids called metabolic uncouplers are known to reduce 

biomass production in biological waste treatment systems (Detchanamurthy and Gostomski 2012) 

and can potentially be used in BTFs. However, a definitive mechanism on how metabolic 

uncouplers reduce biomass accumulation is yet to be developed. As discussed in various literature, 

the classic uncoupler mechanism of reduced ATP production efficiency can result to three specific 

mechanisms which are considered as the hypotheses that are tested in this study involving BTFs.  

Firstly, uncouplers can increase maintenance energy requirements by diverting energy to non-

growth processes (Low and Chase 1999) effectively decreasing biomass yield (Rho et al. 2007; 

Saini and Wood 2008). Secondly, uncouplers can undermine biofilm integrity through changes in 

EPS production (Cammarota and Sant'anna 1998; Fang et al. 2015), quorum signaling molecules 

(Xu and Liu 2010), and potentially, cell hydrophobicity (Jain et al. 2007). Finally, uncoupler 

toxicity can challenge the microbial diversity, leading to death of some and proliferation of new 
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species in the biofilm with reduced biomass yield (Hiraishi and Kawagishi 2002; Zheng et al. 

2008).  

The aforementioned knowledge on metabolic uncouplers inspired the investigation of their 

potential use in BTFs to address similar problem of biomass accumulation without significantly 

compromising the system’s removal rates. This study is the first attempt of extending the use of 

metabolic uncouplers to BTFs. The principle behind metabolic uncoupling and its application in 

controlling biomass in waste treatment systems other than BTFs are further discussed in Chapter 

3.  

1.5 Development of a differential BTF reactor 

 To better test and understand the effects of metabolic uncouplers on the BTF system, this 

study included the development of a novel research tool called a differential BTF. As compared to 

a traditional column (integral) reactor, a differential reactor can minimise gradients in 

concentration, temperature, and moisture content as a result of small conversion per pass (Carberry 

1964). This allows easy evaluation of the performance of the system. Chapters 4 and 5 present the 

development process and the performance of this differential BTF reactor as compared to that of 

an integral column reactor, respectively. Chapter 6 discusses the effect of metabolic uncouplers on 

the performance of the column and differential BTF reactors. Finally, some recommendations that 

can further improve the BTF reactor systems and future experiments that can enhance the 

understanding of the effect of metabolic uncouplers are discussed in Chapter 7.  

1.6 Objectives of the study 

 Having discussed and presented a brief background of this study and an overview of the 

succeeding chapters, it is worthy to reiterate that this study was aimed at investigating the effect 

of the metabolic uncouplers previously used in other biological waste treatment systems, primarily 
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activated sludge systems, in the performance of a biotrickling filter. Specifically, this study looked 

into the potential of uncouplers to control biomass accumulation in BTFs.  

 In so doing, this study was also geared toward developing an understanding of the different 

ways by which uncouplers can control excessive biomass accumulation in BTFs. As such, it 

examined two out of three mechanisms previously identified and mentioned in Sec. 1.4. These two 

mechanisms pertained to: (1) their ability to minimise biomass production by virtue of true 

metabolic uncoupling which essentially reduces the available energy for growth, and (2) their 

ability to reduce biomass accumulation by weakening biofilm stability and detaching excessive 

biomass from the bed.  

 In addition, this study also developed a novel research tool called a differential biotrickling 

filter which was expected to be a better research tool than a column BTF due to its ability to 

minimise gradients across the bed. With minimal gradients throughout the bed, experimental 

findings can be assumed to represent that of the whole bed thus eliminating the need to do spatial 

analysis.  
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CHAPTER 2 

DIFFERENT METHODS OF CONTROLLING BIOMASS ACCUMULATION IN 

BIOTRICKLING FILTERS 

Note: A paper based on this chapter has been published:  

De Vela, RJL & Gostomski, PA 2018. Minimising biomass accumulation in biotrickling filters. 

Reviews in Environmental Science and Biotechnology 17, 417-430 

2.1 Introduction 

A BTF eliminates pollutants in the air through a combination of physico-chemical and 

biological processes which eventually converts them into less harmful degradation products, 

primarily carbon dioxide, water and excess biomass (Deshusses and Cox 2003). From an 

engineering perspective, the long-term performance of a BTF is constrained, by excessive biomass 

accumulation. It causes pressure drop increases (Wang et al. 2012) and flow channeling (Iliuta and 

Larachi 2006), leading to increased energy costs, and possible system failure. It is for these reasons 

that its control is the focus of many BTF investigations.  

In recent years (from 2010 onward), about 70 studies involving BTFs appear annually in 

research databases. While these studies (Table 2.1) focus on the effectiveness of BTFs in treating 

different pollutants, there is also a considerable focus on the control of excessive biomass 

accumulation in BTFs and these studies are discussed in this chapter. Table 2.1, however, is not 

an exhaustive list of recent BTF studies but rather a summary of biomass control strategies 

previously employed in BTFs.  

Following the general classification developed by Kennes and Veiga (2002) and Yang et 

al. (2010), approaches to control biomass in BTFs can be categorized into: (1) physical methods 

involving either mechanical or hydraulic forces to disengage biomass from the beds, (2) chemical 
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methods that add destructive chemicals like NaOH and NaClO, (3) biological methods that 

introduce higher-order predatory organisms into the bioreactor, (4) design improvement, and (5) 

improved operation. Specific strategies under each method are discussed in the succeeding 

sections. These strategies either prevent excessive biomass production or remove excess biomass 

therefore preventing accumulation.      
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      Table 2.1. Air pollutants treated in BTFs.  

Air Pollutant References Biomass Control Strategies 

Hydrogen Sulphide  Liu et al. (2015); Sha et al. (2018);  

Spennati et al. (2017); Zhou et al. (2015) 

 

Ammonia Blazquez et al. (2017); Copelli et al. 

(2017); Kawase et al. (2014); Oyarzun et 

al. (2019); Ryu et al. (2011)*; Xue et al. 

(2010a)*; Xue et al. (2010b) 

intermittent automatic agitation of the bed; use 

of protozoa and metazoa as predators 

VOCs  

      Acetone Halecky et al. (2016)*; San-Valero et al. 

(2019) 

backwashing; use of flies and larvae of 

Lycoriella nigripes as predators 

      Benzene Akmirza et al. (2017); Liao et al. (2018); 

Torretta et al. (2015);  Ryu et al. (2010)*; 

Shahna et al. (2010)* 

periodic stirring; use of a Foamed Emulsion 

Bioreactor (FEBR) 

      Chlorobenzene Jiang et al. (2016); Zhou et al. (2016)  

      Dichloromethane Han et al. (2019); Ravi et al. (2010)*; (Yu 

et al. 2014a); Yu et al. (2014b) 

use of modified Rotating Biological Contactor 

(RBC) 

      Ethylene Lee et al. (2010); Lee et al. (2013)  

      Formaldehyde Fulazzaky et al. (2016)  

      Isopropanol San-Valero et al. (2014)  

      Methanol  Garcia-Perez et al. (2016)*; Zehraoui et al. 

(2014)*; Zha (2012)* 

addition of ozone and hydrogen peroxide; 

stagnation for two days per week and flow 

switching modes 

      n-Hexane Zehraoui et al. (2014)*; Zha (2012)* use of surfactants Brij and Tweens; stagnation 

for two days per week 

      o-Xylene Sun et al. (2018); Wang et al. (2013)* backwashing 

      p-Xylene Wang et al. (2015)  

      Styrene Alvarez-Hornos et al. (2017); Chuang et al. 

(2018); Gaszczak et al. (2018); Rene et al. 

(2011)*; Song et al. (2012)*; Zamir et al. 

(2015) 

use of low volume ratio (2% v/v) of silicone oil 

in the trickling liquid; increase in trickling 

liquid rate; use of surfactant Triton X-100 
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      Toluene Alinejad et al. (2017); Baig et al. (2018)*;  

Boojari et al. (2019);  Chen et al. (2015)*; 

Dorado et al. (2012)*; Flores-Valle et al. 

(2011)*; He et al. (2012)*; Kumar et al. 

(2019); Lebrero et al. (2012); Ryu et al. 

(2008)*; Saingam et al. (2018)*; Singh et 

al. (2010); Shahna et al. (2010)*; Wang et 

al. (2012)*; Xi et al. (2015)*; Zhang et al. 

(2019) 

low-concentration ozonation; use of suspended 

biofilter; starvation; intermittent watering; 

filling with water and draining; backwashing 

and air sparging (with NaOH and NaOCl); use 

of flow-directional-switching mode of 

operation; use of FEBR; use of thermophilic 

biotrickling filters; continuous ozone injection  

      Triethylamine Mirmohammadi et al. (2014); 

(Mirmohammadi et al. 2017) 

 

Xylene Amin et al. (2016)*; Singh et al. (2017);  

Shahna et al. (2010)* 

use of surfactant Tween-20; use of FEBR 

  * Studies which employed biomass control strategies. 
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2.2 Physical approaches 

Physical means of removing biomass include periodic stirring (Ryu et al. 2010), water 

filling/draining (Flores-Valle et al. 2011), backwashing (Moussavi and Mohseni 2008; Sakuma 

et al. 2008; Zha 2012) , air sparging (Flores-Valle et al. 2011) and drying where the biofilm is 

partially dried by temporarily cutting the supply of trickling liquid while maintaining the air 

flow (Martinez-Soria et al. 2009). These physical approaches all remove biomass by weakening 

its attachment to the packing material via an external force, either mechanical or hydraulic, and 

subsequent water flow removes the excess biomass.  

Manual stirring of the filter bed followed by water spraying reduces pressure drop 25% 

more than backwashing alone (Ryu et al. 2010), simply because stirring loosens the biomass 

and makes it easier for the trickling liquid to detach it. However, this effect may last only for a 

few days implying that this method is not highly sustainable (Auria et al. 2000). Although no 

study estimates the size limit of a BTF where manual stirring can be done, it obviously becomes 

infeasible to agitate the bed manually as the reactor becomes bigger.  

Backwashing and its modifications (water filling/draining and air sparging) result in a 

low biomass removal efficiency but do not hamper biological degradation, hence performance 

recovery can be less than 10 hours (Mendoza et al. 2004). Water filling/draining method 

involves filling the reactor with either water or nutrient solution then draining it off to discharge 

detached biomass. Air sparging, on the other hand, passes air through the packed bed filled 

with water and followed by draining (Mendoza et al. 2004). Generally, the effectiveness of 

these methods is dependent on the turbulence caused by the liquid or air. More biomass is 

removed at higher air or water flow rates (Mendoza et al. 2004). In addition, turbulence and 

frictional forces are always higher for air than in water, hence, air sparging tends to be more 

effective than backwashing (Flores-Valle et al. 2011).   
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The performance of these physical methods is dependent on the size of the bioreactor; 

a larger size requires more water and/or air. In studies involving small BTFs (0.002-0.02 m3 

bed volume) (Delhomenie et al. 2003; Hassan and Sorial 2009; Mendoza et al. 2004; Ryu et al. 

2008; Smith et al. 1996), backwashing is shown to be effective. However, Ryu et al. (2010) 

observe that backwashing can recover only up to 80% removal efficiency (RE) in a BTF with 

a bed volume of 0.081 m3, which is 4 to 40 times bigger than what was previously studied. On 

the amount of water consumed in backwashing, Smith et al. (1996) recommend that a 

backwashing period of an hour, done twice per week at a liquid velocity of 190 m⸱h-1 is 

sufficient to maintain a RE of over 95%. This frequency and duration should be adjusted as 

necessary in order to make sure that the biomass in the reactor is maintained to a level that still 

gives at least 95% RE.   

The need for auxiliary facilities (i.e. motor for stirring, liquid pump and/or air 

compressor) and their high energy requirements limit their application in full-scale biofilter 

systems (Yang et al. 2010). In addition, these physical means require stopping of operation and 

are labor-intensive if done manually, making them difficult to implement in full-scale BTF 

systems. Hence, the principle behind them are now incorporated to new and innovative designs 

of bioreactors, discussed in Sec 2.5.  

2.3 Chemical approaches 

Chemicals such as NaOH, NaOCl and NaCl are often used to control biomass 

accumulation in microbial systems. Using 0.1 M NaOH for periodic backwashing in a BTF can 

effectively reduce biomass yet maintain a removal rate twice that of the BTF without NaOH. 

To consistently achieve good removal rates, three hours of NaOH exposure every two weeks 

is recommended  (Weber and Hartmans 1996). NaOH solubilizes/hydrolyzes natural organic 

material such as polysaccharides and proteins, hence detaching them from the surface to which 

they are attached (Koo et al. 2016). Flores-Valle et al. (2011), however warn that NaOH (0.01-
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0.02 M) (both during backwashing and air sparging) is an aggressive method which decreases 

removal rate by 50% and requires a couple of days to almost a week to recover. NaOH 

concentrations higher than 0.02 M result in foaming and fungal growth. 

Mendoza et al. (2004) demonstrate that backwashing with NaOCl at concentrations of 

0.0007 M and 0.001 M removes more biomass than 0.01 M NaOH and is comparable to the 

biomass removal effect of 0.02 M NaOH. However, 0.001 M NaOCl has a significant 

germicidal effect that can inhibit degradation as shown by a decrease in RE down to 10% before 

it fully recovers to 90% in 10 days. This slower recovery with the use of NaOCl can be due to 

cell death and the residual NaOCl that remains in the system after backwashing. The germicidal 

effect of NaOCl at this concentration is also observed by Flores-Valle et al. (2011). Hence, Cox 

and Deshusses (1999b) recommend the use of a solution containing sodium thiosulfate to rinse 

the system after NaOCl treatment. This germicidal effect of NaOCl limits its use as a biomass 

control strategy in BTFs.  

Meanwhile, NaCl (> 0.35 M) can inhibit microbial growth by increasing non-growth 

related processes such as maintenance (Diks et al. 1994). Yu et al. (2006) find that 0.8 M NaCl 

almost completely stops dichloromethane degradation in a BTF. Due to its growth-inhibition 

ability, it can be added to the nutrient solution in low concentrations (0.002 – 0.137 M) 

(Khavanin et al. 2006; Tu et al. 2016; Wang et al. 2013b). However, the effectiveness of NaCl 

and its mechanism of controlling biomass growth in BTF is not well studied.   

Non-ionic surfactants like Brij (Ramirez et al. 2012a), Tween-20 (Amin et al. 2016) 

and Triton X-100 (Song et al. 2012) also show a potential for biomass control. Surfactants are 

amphiphilic compounds which can improve biodegradability of hydrophobic VOCs by 

reducing their mass transfer resistance into the aqueous and biofilm phases (Cheng et al. 2016) 

and can suppress biomass accumulation in biotrickling filters (Tu et al. 2015; Song et al. 2012; 

Wang et al. 2014). Their potential to decrease biomass production rates by up to 75% 
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(depending on hydrophilicity) is likely due to their detergent characteristic (Ramirez et al. 

2012b) which increases the permeability of cellular membrane hence disturbing metabolic 

pathways of the microorganisms which lead to their death (Zaki and Tawfik 2014). As 

compared to NaOH and NaOCl, Tween-20 has the advantage of increasing removal rate by up 

to 70% while also shortening re-acclimation or recovery period for microbial activity (Wang 

et al. 2014; Wang et al. 2013a). Moreover, non-ionic surfactants can be mixed with the nutrient 

solution in a BTF without affecting the salts in the solution (Ramirez et al. 2012b). At this 

stage, the mechanism by which surfactants control biofilm growth requires more investigation.   

Ozone injection to control biomass is another viable option (Xi et al. 2015). This 

strategy is similar to ozonation in activated sludge (Hajsardar et al. 2011). Applying ozone 

concentrations of 180-220 mg O3 ⸱ m
-3 air can stabilize the pressure drop without reducing 

removal rates. The O3 is hypothesized to react with organic matter like extracellular polymeric 

substances (EPS), converting it to more readily biodegradable matter and finally to CO2. 

However, this reaction and the fate of O3 in the biofilter are unexplored. It is important to note 

that O3 is itself an environmental pollutant. Furthermore, this mode of biomass control still 

requires optimization to moderate the energy consumption from O3 addition to the BTF.  

From the foregoing discussion, chemical compounds control biomass in BTFs via three 

different mechanisms: (1) as a detergent which aids in washing out excess biomass, (2) 

increasing mineralization of EPS and, (3) promoting non-growth processes over microbial 

growth. Except for O3 injection, chemical compounds can integrate easily with the aqueous 

phase of a BTF system. When applied at the appropriate concentrations, these chemicals do 

not negatively affect the removal rate of a BTF. Moreover, except for ozone which is classified 

as a criteria pollutant (United States Environmental Protection Agency n.d.), none of these 

compounds are among the priority pollutants listed by the United States Environmental 

Protection Agency (2014), hence the risk of environmental harm is minimised.  
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2.4 Biological approaches 

Microbial predators can be introduced to the reactor to control biomass (Bhaskaran et 

al. 2008; Cox and Deshusses 1999a; Seignez et al. 2004). The predators feed on the 

microorganisms preventing excessive accumulation. Nematodes can decrease biomass 

accumulation by over 40% and minimise the need for backwashing in a BTF (Seignez et al. 

2004). Nematodes, rotifers and ciliates are tolerant to a wide range of pollutant concentrations, 

hence can be introduced to the microbial population for subsequent control of biomass growth. 

Bhaskaran et al. (2008) show that with grazing fauna, which start to emerge on the 6th day after 

start-up, a steady toluene removal rate of approximately 97 g⸱m-3h-1 is obtained after 70 days 

which is higher than other BTFs which treat the same pollutant (10 – 70 g⸱m-3h-1) (Weber and 

Hartmans 1996; Cox and Deshusses 2002a; Misiaczek et al. 2007; Pedersen and Arvin 1997) 

but 37 to 67 times smaller than the removal capacity of toluene-degrading BTFs developed by 

Ryu et al. (2008) and Kumar et al. (2019), whose remarkable performance are further described 

in Chapter 5 (Sec. 5.3.2). The existence of protozoa and metazoa also help in maintaining a 

pressure drop of 5 mm H2O⸱m-1 and minimizing clogging (Xue et al. 2010). 

Fly larvae can also control biomass in BTFs (Won et al. 2004). They not only consume 

biomass in the reactor but also loosen the biofilm leading to eventual detachment by the 

trickling aqueous phase. The flies can rapidly infiltrate the BTF reducing biomass in just a 

matter of days. Adding predatory mites to the biofilter system enhances the overall 

performance by aiding in the mineralization of pollutant to CO2 thereby decreasing biomass 

accumulation rate (Woertz et al. 2002) and by preying on the microorganisms in the biofilm 

(Halecky et al. 2016; Woertz et al. 2002). However, excessive fly larvae in the reactor can 

consume the filter bed and excrete sticky aggregates, which may also cause clogging and 

channeling (Bhaskaran et al. 2008).  
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The choice of microbial inoculum can also delay excessive biomass accumulation. In a 

comparative study, a fungal BTF yields a higher pressure drop than its bacterial counterpart, 

primarily because of a lower VOC mineralization ratio and higher biomass growth (Estrada et 

al., 2013). In addition, mites, which may help in the mineralization process and in bacterial 

biomass turnover, are found in the reactor with bacteria but not in the fungal biofilter. As a 

result, the bacteria-driven BTF yields an elimination capacity (EC) which is about 30% higher 

than the one with fungi (Estrada et al. 2013). In a nutrient-limited set-up, fungi have a 50% 

higher removal rate than a bacterial system, however the fungi produce huge amounts of 

carbohydrates in the biofilm (Weber and Hartmans 1996). It is worth noting, however, that 

fungi can also be a beneficial option due to their remarkable resistance to low pH and moisture 

content in the reactor (Kennes and Veiga 2004).  

The use of biological predation still requires more research since predators may also 

feed not just on the inactive biomass but also on the useful microbial population. Although 

biological control approaches hold a promising outlook in biomass control, their successful 

incorporation to BTFs is yet to be optimized. 

2.5 Innovative bioreactor designs 

There are a number of interesting bioreactor designs for biotrickling filters but this 

review focuses on those designs with specific biomass control features. These designs control 

biomass through (1) prevention of clogging by eliminating the packing; or promotion of 

uniform biomass distribution by (2) agitating the packing or (3) modifying the configuration 

and geometry of the reactor.  

The foamed emulsion bioreactor (FEBR) (Fig. 2.1) uses highly active pollutant-

degrading microorganisms suspended in a moving foam rather than an immobilized culture in 

static packing material. This configuration prevents clogging and associated pressure drop 

problems (Kan and Deshusses 2003). The foam forms by adding a surfactant (i.e. oleyl alcohol) 
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to the aqueous microbial suspension, thus increasing the gas-liquid interfacial area and mass 

transfer rate, thus improving overall performance. Shahna et al. (2010) have modified the 

FEBR by replacing the organic emulsion with a surfactant foam to avoid disposal problems 

associated with the former. Surfactant foam systems can handle concentrations of BTX 

(benzene, toluene and xylene) up to 1.6 g⸱m-3. In addition, using a statistical model, the 

maximum BTX removal rate is predicted to be over 420 g⸱m-3h-1which is higher than removal 

rates in more traditional BTFs: Chen et al. (2010) (98 g⸱m-3h-1), Rahul et al. (2013) (61 g⸱m-3h-

1) and Rene et al. (2012) (244 g⸱m-3h-1). The large interfacial surface area of the surfactant foam 

increases the rate of mass transfer of BTX from the gas to the liquid phase, thus generating a 

high EC. However, application of FEBR in the field is still limited due to its instability during 

continuous operation where there are challenges like nutrient limitation, load fluctuations and 

deactivation of cells (Kan and Deshusses 2005). They suggest that the most efficient and 

practical operating mode to enable continuous operation of FEBR is replacing 20% of the 

culture with concentrated nutrient solution on a daily basis.  
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Figure 2.1. Schematic of the FEBR concept and experimental prototype (Kan and Deshusses 

2003). Reprinted by permission from Copyright Clearance Center Inc.: John Wiley and 

Sons, Biotechnology & Bioengineering, Development of foamed emulsion bioreactor 

for air pollution control, Copyright 2003 Wiley Periodicals, Inc. (License Number 

4350060097752). 

 

Another innovative biofilter design that avoids the packed-bed configuration typical of 

a BTF is the suspended biofilter (Fig. 2.2), which employs low-density porous carriers. The 

EC of this design is competitive since biomass accumulation, clogging and channeling are 

prevented. The contaminated gas flow agitates the carriers suspended in the nutrient solution, 

removing aged biofilm and updating it with new growth. The excess sludge settles at the bottom 

of the bioreactor and it is discharged periodically. This type of bioreactor system requires a 

daily renewal of the nutrient solution as well as pH control (Chen et al. 2015). Since the design 

is similar to a fluidized bed reactor, a high gas velocity is required to sustain the mixing of the 

suspended carriers. The pumping power required to provide the required gas velocity is energy 
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intensive. No further research is reported for this bioreactor configuration; hence its reliability 

is not yet confirmed.    

 

 

Figure 2.2.  Schematic diagram of suspended biofilm reactor (Chen et al. 2015). Reprinted 

from Biochemical Engineering Journal, Volume 98, Performance of a suspended 

biofilter as a new bioreactor for removal of toluene, pages 56-62, Copyright 2015, with 

permission from Elsevier via Copyright Clearance Center, Inc. (License Number 

4350071152037).  

 

On the basis of promoting even biomass distribution, the rotating biological contactor 

(RBC) which was originally developed for wastewater treatment can also treat contaminated 

air. RBC is a combination of an activated sludge process (ASP) and a rotating drum biofilter 

(RDB). Yang et al. (2004) combine an RDB with an ASP and the result enables longer runs 

than a single RDB bioreactor with an EC up to 60 g⸱m-3h-1, as the ASP treats a portion of the 

VOC. However, contrary to a true activated sludge process, the nutrient solution (which also 

contains biomass) in this hybrid reactor is not recycled but is discharged and replaced with 

fresh solution once a week. In the RBC (Fig. 2.3) proposed by Padhi and Gokhale (2014), 
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biomass is evenly distributed on the sponge medium attached to a rotating perforated drum, 

hence eliminating the need for shutdown and replacement of the medium and/or biomass. 

Using benzene as a sample pollutant, this RBC shows a removal rate of about 45 g⸱m-3h-1 (at  

< 69 g⸱m-3h-1 loading rate) which is about 30% lower than that of a BTF with almost the same 

range of loading rate (<76 g⸱m-3h-1) (Hassan and Sorial 2009). On the other hand, in the 

modified RBC (Fig. 2.4) developed by Ravi et al. (2010) for dichloromethane (DCM) 

treatment, the perforated drum is replaced with rotating discs. At loading rates higher than 

30 g⸱m-3h-1, this RBC performs better (i.e. by about 50% in terms of RE and by about 40% in 

terms of EC) than both a conventional biofilter and a BTF.  With the elimination of clogging 

and pressure drop problems, it can operate for a longer time.  

 

Figure 2.3. Schematic of rotating biological contactor (Padhi and Gokhale 2014). Reprinted 

from Journal of Environmental Chemical Engineering, Volume 2, Biological 

oxidation of gaseous VOCs – rotating biological contactor a promising and eco-

friendly technique, Pages 2085-2102, Copyright 2014, with permission from Elsevier 

via Copyright Clearance Center, Inc. (License Number 4350070604658). 
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Figure 2.4. Schematic of the experimental rotating biological reactor setup (Ravi et al. 2010). 

Reprinted by permission from Copyright Clearance Center Inc.: John Wiley and Sons, 

Journal of Chemical Technology & Biotechnology, Comparison of biological reactors 

(biofilter, biotrickling filter and modified RBC) for treating dichloromethane vapors, 

Copyright 2010 Society of Chemical Industry (License Number 4350050965721). 

 

Based on the benefits of manual stirring (Sec 2.2), Hwang et al. (2008) have developed 

a BTF for the treatment of styrene, which they call an agitating BTF system (Fig. 2.5). The 

apparatus agitates the bed at 10 rpm for 10 min when RE drops by 40% and the pressure drop 

exceeds about 100 mm H2O⸱m-1. The detachment and eventual removal of excess biomass 

decreases the pressure drop by up to 98%, but it takes about 8 days to recover to a 90% RE. 

Ryu et al. (2011) have continued their work on manual stirring and come up with a novel anti-

clogging BTF system. In this apparatus, biomass accumulation is regulated by agitation when 

the pressure drop across the bed exceeds 50 mm H2O⸱m-1. Since the agitator is automatically 
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triggered, there is no need to shut the reactor down therefore minimizing the complexity of the 

operation. Overall, the new design ensures stable biofilter performance for as long as 125 days, 

even with fluctuations in the inlet load. The biomass concentration is maintained between 137.5 

to 250 kg dry biomass per cubic meter of packing material consequently keeping the pressure 

drop below the set point.  

 

Figure 2.5. Schematic diagram of the agitating biotrickling filter (Hwang et al. 2008). 

Reprinted by permission from Copyright Clearance Center Inc.: Springer 

Nature, Biotechnology Letters, Biodegradation of gaseous styrene by 

Brevibacillus sp. using a novel agitating biotrickling filter, Copyright 2008 

Springer Science+Business Media B.V. (License Number 4350061474625). 

 

Yang and Allen (2005) propose using different packing sizes and arranging them in 

such a manner that larger particles occupy the gas inlet while the smaller ones are positioned 

near the outlet. A second improvement is changing the cross-sectional area along the direction 

of gas flow by employing a conical biofilter. By developing a model for pressure drop, these 
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designs are estimated to reduce the pressure drop along the biofilter by about 30-50%. The 

reduced pressure drop is possible because the proposed designs create an even distribution of 

microbial activity.  

In general, the modifications done on BTFs eliminate the need to shut the system down 

during biomass removal, thus enabling continuous or longer operations. There is no doubt that 

these innovations improve the performance of a biological air treatment system. However, the 

incorporation of more moving parts in the new designs adds construction complexity and 

increases the energy requirement of the system. However, no studies compare the cost 

effectiveness of the new designs with the conventional ones. Hence, no conclusion can be made 

whether the benefits of the new designs outweigh the advantages of a traditional BTF, such as 

competitive performance and simpler design.  

2.6 Modification of the mode and operational parameters 

Nutrient limitation and starvation are categorized as chemical means for biomass 

control (Yang et al. 2010). Limiting the amount of one or more macronutrients (nitrogen, 

potassium, phosphorus) in the nutrient solution can reduce microbial growth rate as reflected 

by over 50% decrease in removal rate (Weber and Hartmans 1996) and about 20% decrease in 

the accumulated biomass (Holubar et al. 1999). Starvation, on the other hand can be done by 

temporarily removing the supply of nutrients and/or carbon source. Since nutrient 

concentration is an important operational parameter and starvation resembles non-use periods 

in industry, this review classifies them as a modification to the mode of operation. 

 Aside from the amount of specific nutrient, the form by which it is available is also a 

parameter that can be modified for biomass control. For example, Smith et al. (1996) show that 

using nitrate instead of ammonia as nitrogen source can increase the degradation level (in terms 

of pollutant degraded per unit mass of nitrogen) by 70% and decrease the biomass yield by at 

least 40%. Although BTFs supplied with ammonium perform better in terms of EC, biomass 
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accumulation tends to be higher than when nitrate is used (Jorio et al. 2000; Wang et al. 2009), 

because ammonium easily assimilates into biomass (Wang et al. 2009). The lower biomass 

yield with nitrate as the nitrogen source occurs because microorganisms convert it first to 

ammonia and the conversion diverts energy from growth (Bailey and Ollis 1986). However, 

due to the much higher EC for an ammonium-fed BTF compared to nitrate-fed BTF treating 

styrene in the experiments of Jorio et al. (2000), the effectiveness of using nitrate in biomass 

control may not be a consistently effective method. 

Starvation experiments, on the other hand, attempt to simulate common industrial 

operations where there are shutdowns overnight, weekend breaks and even long holidays. In 

this scheme, the contaminant feed is cut for a certain period while maintaining an intermittent 

water flow to control biomass accumulation in the packed bed (San-Valero et al. 2013; Sempere 

et al. 2008). Long-term starvation periods can inactivate metabolic processes or cause death of 

microorganisms (Sempere et al. 2008) which are then detached by the trickling liquid resulting 

in a decrease in biomass. For 3-week and 7-week starvation periods, the RE recovers to 80 – 

90% within 1 – 7 days after resuming normal operation. The microorganisms survive through 

endogenous metabolism if there is sufficient water to maintain biomass viability (San-Valero 

et al. 2013). This approach to biomass control is best done as soon as excessive biomass 

formation is observed, but not during early start-up as it may delay the buildup of the pollutant-

degrading biofilm (Cox and Deshusses 2002b). Although shutdown and non-use periods are 

normal in industry operations, relying on this method of biomass control may require setting 

up additional units as back up to sustain continuous operation.  

Another mode of operation is directional switching of gas flow. In a typical 

unidirectional BTF, the inlet typically accumulates more biomass than the outlet because of the 

higher inlet contaminant concentrations resulting in uneven biomass distribution (Wright 

2005). Directional switching promotes more uniform biomass distribution. The maximum EC 
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is superior to one-way flow as it improves microbial activity and distribution of biomass 

throughout the reactor (Song and Kinney 2000). With a more uniform microbial activity and 

biomass distribution, it is also easier for the directional-switching BTF to recover a satisfactory 

performance after a non-use period (He et al. 2012; Wang et al. 2013b). Much work is yet to 

be done to confirm the benefits of employing this in full-scale BTF systems.  

Higher operating temperatures offer another potential biomass control option. 

Operating at temperatures from 40 – 70 °C by heating the gas stream can potentially control 

the biomass in a BTF. Thermophilic BTFs are particularly useful for industrial applications 

where gas streams are at high temperatures, as no heating is required. A thermophilic BTF 

operating at 55 °C shows 30% less biomass buildup than at mesophilic temperatures (20 – 

30 °C), however the EC is lower (by about 20%) but operation is steadier (Wang et al. 2012). 

The lower biomass buildup in the thermophilic BTF is explained by greater biomass shedding. 

The warmer gas stream dries the bed allowing excess biomass to wash out more easily in the 

trickling liquid which is not continuous but supplied every 6 hours. Cox et al. (2001) explain 

that the lower biomass yield and accumulation they observe in thermophilic BTFs is due to 

higher mineralization of the contaminant to CO2, which is attributed to the different microbial 

community at higher temperatures. This diversity of the microbial culture is probably the 

reason why thermophilic BTFs exhibit a speedy recovery from a relatively long shutdown 

period of about a month (Wei et al. 2015). The interest in thermophilic BTFs is increasing 

(Liang et al. 2012; Montes et al. 2014; Zhang et al. 2015; Zhang et al. 2017) and its success in 

treating different gases is expected to direct future work. Liang et al. (2012) demonstrate the 

effective treatment of nitric oxide in a BTF maintained at 50 °C inoculated with a thermophilic 

microorganism Chelatococcus daeguensis. Similarly, a thermophilic BTF is shown to be 

effective in degrading hydrophobic compounds like α-pinene, hence eliminating the need to 

cool the polluted gas stream for mesophilic microorganisms (Montes et al. 2014), thus 
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decreasing the investment and operational costs of the system. The same effectiveness is 

observed for a BTF treating SO2 at  60 °C (Zhang et al. 2015), trimethylamine at 56 °C (Wei 

et al. 2015) and BTEX at 50 °C (Mohammad et al. 2017).   

The use of higher temperature and employing directional switching are two strategies 

that can be combined with other biomass control strategies, particularly chemical approaches, 

without adding more complexity to the system. However, their combination has yet to be 

pursued.  

2.7 Conclusions  

Among the different methods discussed above, it can be quickly perceived that reducing 

biomass production is preferred to biomass removal. Physically removing excess biomass is 

labor-intensive while the use of innovative bioreactor designs requires completely replacing 

the simpler BTF reactors. Preventing excessive biomass production through biological and 

chemical means are a promising solution to the problem, since they can be easily integrated 

into a conventional BTF. However, at this point a limited number of reports are available for 

these approaches. Based on the mechanisms by which chemical compounds affect biomass 

control, other chemicals, which have the same effect, can be explored. One family of chemicals 

which can be explored for this purpose are known as metabolic uncouplers and are discussed 

in greater detail in Chapter 3. Meanwhile, the integration of higher BTF temperatures and 

directional switching with chemical approaches is another potential solution to the biomass 

problem.  

 Careful evaluation based on cost analysis and environmental impact assessment should 

be considered in choosing the optimum method(s) to employ in one’s system. Whether the 

approach prevents excessive biomass production or removes excess biomass, there are 

disadvantages in the previously developed strategies discussed in this review. Therefore, 
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choosing a strategy or a set of strategies involves a compromise among biomass removal 

capability, pollutant removal efficiency, re-acclimation period and economics of operations.  
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CHAPTER 3 

METABOLIC UNCOUPLERS FOR CONTROLLING BIOMASS ACCUMULATION 

IN BIOLOGICAL WASTE TREATMENT SYSTEMS 

 

Note: A paper based on this chapter has been published:  

Gostomski, PA & De Vela, RJ 2018. Metabolic uncouplers for controlling biomass 

accumulation in biological waste treatment systems. Rev Environ Sci Bio-Technol 17, 

1-18 

3.1 Introduction 

This chapter discusses the theory behind metabolic uncoupling, a measure of the degree 

of uncoupling, their effect on growth (i.e. activated sludge system) and non-growth systems 

(i.e. biofilter), and their various mechanisms of biomass control such as true metabolic 

uncoupling, diverting energy to non-growth use, reducing biofilm stability and changing the 

microbial ecology of the system. Results of previous studies are compared and synthesized to 

better understand biomass reduction through the use of uncouplers. Understanding how it 

works in other biological waste treatment systems is necessary for testing its potential use in 

biotrickling filters (BTFs).  

3.2 Principle behind metabolic uncoupling 

The metabolic pathways comprised of the electron transport chain and oxidative 

phosphorylation, tightly linked by the proton motive force, produce ATP as the final product. 

This energy currency of the cell is consumed for growth and non-growth processes including 

reproduction, motility, nutrient transport and production of new cells (Madigan et al. 2003). In 

biological waste treatment systems, unwarranted production of new cells corresponds to 

excessive sludge or biomass production (Cai et al. 2004; Jarvik et al. 2011).  

The term metabolic uncoupler derives its name from its ability to disrupt the linkage 

between the electron transport and oxidative phosphorylation thereby disrupting ATP 

production (Starkov 2006). Hence, understanding the manner by which metabolic uncouplers 
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operate as a biomass control agent necessitates a good appreciation of this linkage shown in 

Figure 3.1. These two processes occur in the cellular membrane embedded with protein 

complexes (1 to 5). These complexes have access to both the interior and exterior of the cell 

membrane, hence are termed transmembrane proteins. These proteins which act as enzymes in 

the oxidation-reduction process include NADH dehydrogenase, flavoproteins, iron-sulfur 

proteins, and cytochromes. During the electron transport, a separation of protons from electrons 

occurs across the membrane, causing a slight acidification of the external surface while leaving 

the inside of the cytoplasm alkaline. This pH gradient and electrochemical potential (proton 

motive force) energize the membrane enabling it to drive energy-requiring ATP synthesis 

(Madigan et al. 2003).  

 

 

        Figure 3.1. Electron transport system and oxidative phosphorylation in the cell 

membrane. (1) NADH Dehydrogenase; (2) unknown Complex II 

(flavoproteins and iron-sulfur proteins); (3) cytochrome b-c1; (4) 

cytochrome oxidase; (5) ATP synthase (ATPase); (Q) ubiquinone. 
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The linkage between the electron transfer chain (1-4) to that of ATP synthesis (5) was 

first described by Peter Mitchell in 1961 and is known as the chemiosmotic theory (Mitchell 

1961). To avoid short-circuiting and to keep the coupling between these catabolic and anabolic 

processes, the membrane must be closed and must possess a high resistance or impermeability 

to protons (Nicholls 1982). This tight association of these two processes is what metabolic 

uncouplers disrupt in restricting biomass growth.  

The concept of “uncoupling” is briefly described by Russell and Cook (1995) as the 

inability of the chemiosmotic mechanisms described above, to generate the theoretical amount 

of metabolic energy, i.e. there is an imbalance between the rate of energy-producing electron 

transport in the respiratory chain and energy-requiring ATP production (Ye et al. 2003). Terada 

(1990) elaborates that during uncoupling, the respiratory chain and ATP synthase (H+-ATPase) 

activities remain unaffected as only the ATP production is lowered due to the loss of proton 

motive force. The imbalance is caused by uncouplers transporting protons across the membrane 

faster than the flux of protons through the electron transport chain and ATP synthase (Lewis et 

al. 1994). This ability of uncouplers to transport protons at a fast rate is discussed in Sec. 3.3. 

Therefore, from an engineering point of view, when uncoupling happens, the rate of substrate 

consumption is greater than what is usually required for growth or biomass growth is less for 

the same amount of substrate consumed (decrease in yield) (Ye et al. 2003). 

Starkov (2006) outlines three means by which uncoupling happens: (1) protein-

independent uncoupling, (2) protein-mediated uncoupling and (3) proton leakage across the 

inner membrane. Protein-independent uncoupling, which is the focus of this chapter, is induced 

by a group of compounds known as metabolic uncouplers and will be further described in the 

succeeding sections. The second means of uncoupling underscores the ability of some proteins 

to uncouple catabolic and anabolic processes by increasing the H+ conductance of the inner 

membrane. Lastly, proton leakage which was first described by Nicholls (1974) is based on the 
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non-linear correlation of H+ conductivity to the proton motive force and is characterized by the 

return of previously pumped protons across the membrane via routes other than the ATP 

synthase.  

3.3 Weak acids as metabolic uncouplers 

A group of lipophilic weak acids, called metabolic uncouplers, are known to induce 

metabolic uncoupling due to their ability to transport H+ through an H+-impermeable 

membrane. The ability of the uncouplers to transport protons through the impermeable 

membrane is termed as protonophoric action (Fig. 3.2). This protonophoric action is due to the 

chemical structure of uncouplers which usually involves a benzene ring and is characterized 

by the presence of an acidic dissociable group, electron-withdrawing properties and high 

hydrophobicity (Terada 1990). The electron-withdrawing property of these weak acids enables 

delocalization of the negative charge across the molecule. Illustrations of the structure of some 

uncouplers such as carbonylcyanide m-chloromethoxyphenylhydrazone (CCCP), 

carbonylcyanide p-trifluoromethoxy-phenylhydrazone (FCCP), dinitropenol (DNP), 

tetrachlorosalicylanilide (TSA), pentachlorophenol (PCP), SF 6847 (Tyrphostin 9), and 

4,5,6,7-tetrachloro-2-(trifluoromethyl)-1H-benzimidazole (TTFB) are presented elsewhere 

(Lewis et al. 1994; Detchanamurthy and Gostomski 2012). Their typical uncoupling 

mechanism is described below.  

The cyclic process of uncoupling starts when the delocalized anionic form of the 

chemical uncoupler (denoted by U-), is neutralized by associating with an H+ on the external 

side of the membrane. The protonated form (UH) crosses the lipid bilayer membrane to reach 

the opposite side where it releases the proton into the higher pH cytoplasm. The deprotonated 

form (U-) then migrates back across the membrane to repeat the cycle (Detchanamurthy and 

Gostomski 2012; Terada 1990). The figure further illustrates that in the presence of an 

uncoupler, protons enter the cell through the membrane in parallel to their usual route via the 
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ATPase complex and electron transport chain. Protonophoric action of the uncoupler is 

significantly faster than the proton pumping of the respiratory chain or ATPase complex (Lewis 

et al. 1994). Using SF 6847 (3,5-di-tert-butyl-4-hydroxybenzylidenemalononitrile) as an 

example, Muraoka et al. (1975) estimate that the uncoupler cycles about 800 times per second 

across the membrane.  With uncoupling being affected by the concentration of proteins in the 

membrane, it is estimated that only about 0.2 molecule of SF6847 per mol of respiratory chain 

(proteins) (Terada and Vandam 1975) or about 1 molecule per 20 respiratory chain  is required 

to cause complete uncoupling (Lewis et al. 1994). This indicates that uncouplers greatly 

increase proton transport across the membrane. However, using dinitrophenol (DNP) and 

trinitrophenol (picric acid), Hanstein and Hatefi (1974) show that the protonophoric action of 

the uncoupler does not quantitatively determine the degree of uncoupling. For instance, at high 

trinitrophenol concentration, complete uncoupling occurs even if proton permeability of the 

membrane is not significantly affected. On the other hand, a 10-fold increase in proton 

permeability at low DNP concentration still allows about 50% of phosphorylation to occur.  

This transmembrane movement of protons by the uncoupler illustrated in Figure 3.2 

decreases the proton motive force (Madigan et al. 2003) and sometimes completely eliminates 

it (Russell 1992), significantly reducing the efficiency of ATP synthesis (Jiang and Liu 2013).  

This loss of efficiency means that for every unit of compound degraded less biomass can be 

formed. This is the hypothesis why a wide range of metabolic uncouplers show remarkable 

success in reducing biomass yield, primarily in laboratory-scale growth systems like activated 

sludge (Table 3.1). Although it is most commonly used in activated sludge processes, it can 

also be potentially used for other microbial applications like microbial fuel cells (Kim et al. 

2004), membrane biofouling (Xu and Liu 2011), subsurface bioremediation (Saini and Wood 

2008) and biofiltration (Detchanamurthy and Gostomski 2015). At present, studies on the 

application of uncouplers on these systems are very limited.   
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Figure 3.2. Protonophoric action of uncouplers. U- is the anionic form of the uncoupler 

and UH is the protonated form. 

 

3.4 Effect on biomass reduction and removal efficiency 

Table 3.1 shows the common metabolic uncouplers used in activated sludge systems 

for the purpose of reducing biomass production.  The biomass reduction can be as high as 80%, 

depending on the concentration of uncoupler. However, this reduction of biomass is sometimes 

accompanied by a reduction in the pollutant removal efficiency simply because the amount of 

microorganisms involved in biodegradation is scaled down. Similarly, sludge settleability is 

sometimes seriously affected and the mechanism by which it is affected is discussed in the 

succeeding sections. Accordingly, the choice of the type and concentration of metabolic 

uncoupler should be based on a compromise between the desired biomass reduction and system 

performance (Yang et al. 2003).   



48 
 

Based on the mechanism by which an uncoupler breaks the vital link of electron 

transport chain and oxidative phosphorylation processes, it can be deduced that any weak acid 

which has the ability to transfuse across the membrane in an anionic form can potentially cause 

uncoupling (Terada, 1990). Lewis et al. (1994) characterize a good uncoupler to be 

hydrophobic, with charge-spreading ability that facilitates permeation of anionic species across 

the membrane, and with a moderate (near neutral) ionization constant (pKa) to provide 

sufficient protonated and anionic forms.  

In the study of Yang et al. (2003), m-chlorophenol (pKa = 9.12) displays higher 

uncoupling potential than p-chlorophenol (pKa = 9.41) while o-nitrophenol (pKa = 7.23) is 

shown to be a stronger uncoupler than m-nitrophenol (pKa = 8.36).  Similarly, Fang et al. 

(2015) show that o-nitrophenol (pKa = 7.23) yields higher sludge reduction than p-

chlorophenol.   The trend could be that the lower the pKa, the easier it is for the phenolic 

hydroxyl group in chlorophenols and nitrophenols to deprotonate in the cytoplasm, hence 

sustaining the uncoupling cycle (Detchanamurthy and Gostomski 2012). However, the case of 

the strong acid trinitrophenol (picric acid, pKa = 0.42) (Lide 2007) is different. It causes 

uncoupling only in phosphorylating submitochondrial particles where it uncouples oxidative 

phosphorylation by binding to the uncoupler-binding sites  in the membrane (Hanstein and 

Hatefi 1974). 
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Table 3.1. Metabolic uncouplers used in activated sludge systems. 

Metabolic Uncoupler 

 

 

pKa 

Effective 

concentration 

(mg/L) 

 

 

Experimental 

Condition and 

Duration 

Biomass 

Reduction 

(%) 

 

Reduction in removal 

efficiency (%) 

Reduction 

in sludge 

settleability 

(%) 

Reference 
 

CO

D 

 

NH4
+

-N 

 

T

N 

 

TP 

 

3,3’,4’,5-

Tetrachlorosalicylanili

de (TCS) 

6.80b 

0.8 
one dosing per 

day for 30 days 
40 

 

* 
- - - * Chen et al. (2002) 

0.8 

one-time 

dosing for a 

short-term test 

30 

 

* - - - - 
Aragon et al. 

(2009) 

0.8 

continuous 

dosing for 85 

days 

39 * * * * 70 Li et al. (2016) 

0.8 

continuous 

dosing for 85 

days 

39 * * 13 * 70 Han et al. (2017) 

p-chlorophenol 9.38a 

20.0 

one-time 

dosing for a 

short-term test 

58 

 

9 - - - - Yang et al. (2003) 

20.0 

one-time 

dosing for a 

short-term test 

58 * 20   * Fang et al. (2015) 

 

m-chlorophenol 9.12a 20.0 

one-time 

dosing for a 

short-term test 

87 13 - - - - Yang et al. (2003) 

2,6-dichlorophenol 6.79a 

20.0 
3X dosing per 

day for 90 days 
40 6-17 11-62 - - - Tian et al. (2013) 

20.0 

continuous 

dosing for 85 

days 

43 * * 11 * 70 Li et al. (2016) 
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*The substrate removal capability was not affected significantly (≤10% reduction). 

- Data not available  
a pKa values reported by Serjeant and Dempsey (1979) 
b pka value reported by Mclaughlin and Dilger (1980) 
c pka value reported by Zhang et al. (2010) 
d pKa value reported by Liu et al. (2010) 

 

20.0 
continuous 

dosing for 85 

days 

44 * * 14 * 70 Han et al. (2017) 

2,4,6-trichlorophenol 

(TCP) 6.23a 2.0 

continuous 

dosing for 70 

days 

47 * - - - * 
Zheng et al. 

(2008) 

 

m-nitrophenol 8.36a 20.0 

one-time 

dosing for a 

short-term test 

66 13 - - - - Yang et al. (2003) 

o-nitrophenol 7.23a 

20.0 

one-time 

dosing for a 

short-term test 

86 26 - - - - Yang et al. (2003) 

20.0 

one-time 

dosing for a 

short-term test 

81 25 70 - - * Fang et al. (2015) 

2,4-dinitrophenol 

(DNP) 
4.00c 40.0 

one-time 

dosing for a 

short-term test 

36 * - - - - 
Aragon et al. 

(2009) 

paranitrophenol (pNP) 7.15a 100.0 

continuous 

dosing for 26 

days 

49 25 - - - 75 Low et al. (2000) 

malonic acid 2.85d 10.0 

continuous 

dosing for 70 

days 

30 *    >100 
Zheng et al. 

(2008) 
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This confirms that there are mechanisms of uncoupling other than the one described in Figure 

3.2 and are described in good detail by (Starkov 2006) in his review of protein-mediated 

energy-dissipating pathways in mitochondria. 

The success of using metabolic uncouplers in growth systems (Table 3.1) forms the 

basis of Detchanamurthy and Gostomski (2015)’s study of the influence of different metabolic 

uncouplers on biofilter degradation rates, using toluene as a model pollutant. Since traditional 

biofilters operate with no net biomass increase, the hypothesis of this work is that uncouplers 

would increase the degradation rate as the energy production required for maintenance energy 

requirements would be less efficient. From seven metabolic uncouplers tested, only 

pentachlorophenol (PCP) and 2, 4, 6-trichlorophenol (TCP) increase the toluene degradation 

rate significantly, by 35% at 0.14 mM PCP and 18% at 4.1 mM, TCP. However, neither of 

these two metabolic uncouplers behaves reversibly as a true uncoupler, i.e. the elimination 

capacity (EC) does not decrease to its initial value after the removal of the uncouplers. This 

irreversibility of the EC is caused by the small amount (about 18%) of PCP which remained in 

the system even after washing it with phosphate buffered saline (PBS). Another explanation, 

supported by biofilm studies with a pure culture, is that the toxicity of the uncoupler kills other 

microorganisms in the soil not associated with toluene degradation and the nitrogen released 

by dying cells promotes growth of the toluene-degrading cells, hence preventing any decrease 

in EC even after uncoupler removal (Detchanamurthy 2013). So far, this work on the use of 

metabolic uncouplers in biofilters is not yet supported by related investigations.   

3.5 Degree of uncoupling  

To measure the degree of uncoupling, Liu and Chen (1997) introduce a parameter called 

the energy uncoupling coefficient (Eu). It is the ratio of the change in biomass yield brought 

about by uncoupling to the maximum possible yield, hence, giving an estimate of the amount 
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of energy not used for the synthesis of ATP. However, for most studies which use an uncoupler 

for biomass control, its strength is demonstrated simply by the percentage of biomass reduction.  

The ability of an uncoupler to reduce biomass production and its potential to cause an 

undesirable side effect of decreasing pollutant removal efficiency are functions of its 

concentration. For each type of uncoupler, there is an effective concentration where biomass 

reduction is observed (Table 3.1). Jiang and Liu (2010) observe that at a concentration of 2 

mg⸱L-1, microorganisms can adapt to the presence of 3,3’,4’5- tetrachlorosalicylanilide (TCS), 

hence sludge reduction cannot be expected. On the contrary, there seems to be a range of 

concentrations where reduction in biomass yield can be observed (Rho et al. 2007). Li et al. 

(2012a) note that sludge reduction peaks at 50% when the concentration of TCS is 5 mg⸱L-1, 

and further reduction cannot be expected even with an increase in TCS application. This may 

be explained in the succeeding paragraph.  

Based on the S0/X0-dependent (initial substrate/initial biomass concentration ratio) 

growth yield model developed by Liu (1996), Ye et al. (2003) establish a model which asserts 

that the real strength of an uncoupler is based on the ratio of its concentration (Cu) to the 

biomass concentration (X0), expressed as Cu/X0. This relationship between uncoupler strength 

and Cu/X0 is adopted by Saini and Wood (2008) and they incorporate it with S0/X0 in predicting 

the degree of uncoupling when chemical uncoupling is employed in conjunction with excess 

substrate conditions. Similarly, this Cu/X0 is used by Aragon et al. (2009) to justify the 

conflicting result on biomass reduction when copper is used as a metabolic uncoupler, where a 

slight increase in growth yield is observed. These models can assist in understanding the effect 

of uncouplers relative to the initial biomass concentration. However, examining these models 

is beyond the scope of this chapter.  
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3.6 Biomass reduction through metabolic uncoupling 

The succeeding sections discuss work which describe the mechanisms by which 

metabolic uncouplers are likely to promote biomass reduction in microbial systems in addition 

to the classic uncoupler explanation. These mechanisms are: (1) energy diversion to non-

growth use, (2) reduction in the biofilm stability, and (3) shift in microbial diversity of the 

culture. To better understand these mechanisms, a discussion of true metabolic uncoupling and 

biofilm development is also presented.  

3.6.1 True metabolic uncoupling  

Metabolic activity is composed of growth-rate dependent and growth-rate independent 

components as mathematically described by (Pirt 1965; Pirt 1982) in Eq. 3.1. 

 

m
Y

q
g




                                                         (3.1) 

 

where: q metabolic quotient (mmol substrate ⸱ (g biomass)-1 h-1) 

      specific growth rate (h-1) 

   gY  true growth yield (g biomass ⸱ (mmol substrate)-1) 

   m = maintenance coefficient (mmol substrate ⸱ (g biomass)-1 h-1) 

Eq. 3.1 features how the energy generated in the catabolic process is utilized; the first 

term representing the growth processes and the second term, the non-growth processes 

collectively known as “maintenance” (Russell and Cook 1995).  Maintenance functions may 

include turnover of macromolecules, osmotic regulation, motility, and cellular organization, 

among others (Ray and Peters 2008). Russell (2007) argues that the utilization of energy for 

maintenance only accounts for a small portion of non-growth processes and cells utilize energy 

for other processes termed as “energy spilling”. Russel and Cook (1995) explain that energy 
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spilling refers to futile cycles (i.e. potassium, ammonia and proton cycle) which are performed 

by the cells as a result of excess energy. This further explains the imbalance between growth 

and energy consumption which is not explained by maintenance alone. In this text, maintenance 

energy and energy spilling are collectively called non-growth processes.  

True metabolic uncoupling can be identified based on the criteria adopted by Aragon 

et al. (2009) where metabolic uncoupling should cause a reduction in the growth yield of the 

microorganisms without reducing the overall pollutant removal efficiency. Moreover, a true 

uncoupler should sustain or even increase respiration rate of the microbial culture. In a system 

where there is non-energy, nutrient limitation as in biofilter, Detchanamurthy and Gostomski 

(2015) use as a criterion for metabolic uncoupling, the reversal of the system’s increased 

elimination capacity (EC) to its initial value upon removal of the uncoupler. 

Several studies demonstrate true metabolic uncoupling mechanisms for uncouplers. For 

instance, Zheng et al. (2008) observe that the catabolic ability of the microorganisms is 

increased by the addition of 2 mg⸱L-1 TCP as shown by the higher specific substrate removal 

rate despite the reduction in the sludge.  Similarly, Aragon et al. (2009) conclude that TCS at 

0.8 mg⸱L-1 reduced sludge production without adversely inhibiting substrate removal. No 

reduction in COD removal efficiency is also observed when TCS is used by Jiang and Liu 

(2013) indicating its true metabolic uncoupling activity. Zhang et al. (2013) also note that 

microorganisms become more active in the presence of 2,6-dichlorophenol (2,6-DCP) as 

shown by higher specific oxygen uptake rate (SOUR) as compared to the system without an 

uncoupler.  

Theoretically, the use of metabolic uncouplers to reduce biomass yield does not hinder 

electron transport along the respiratory chain to oxygen, hence microorganisms can still utilize 

the majority of the substrate available to them (Yang et al. 2003). With this in mind, in the 

study of Hiraishi and Kawagishi (2002) the decrease biomass yield by 4-nitrophenol (4NP) 
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while reducing respiratory activity by approximately 20% does not indicate solely metabolic 

uncoupling. On the other hand, based on the criterion of Detchanamurthy and Gostomski 

(2015) of true metabolic uncoupling, the return of sludge production rate to an increasing trend 

after ending the continuous addition of TCS in an anoxic-oxic process in the study of Rho et 

al. (2007) demonstrates its true uncoupling ability.   

True metabolic uncoupling appears to be a function of the concentration of the 

uncoupler. At sub-lethal concentrations of DNP and PCP, up to 140 mg⸱L-1 and 38 mg⸱L-1, 

respectively, biomass production is reduced without compromising substrate utilization. 

Concentration levels above these values lower both catabolic and anabolic processes of the 

microorganisms (Ray and Peters 2008). 

3.6.2 Energy diversion to non-growth use 

Biomass production is inhibited by metabolic uncouplers as they decrease the growth 

yield of a microbial culture. This is shown by E. coli (Rho et al. 2007) and Shewanella 

oneidensis MR-1 (Saini and Wood 2008) whose growth yield decreases significantly after TCS 

is added (Rho et al. 2007). Growth yield is reduced because in the presence of metabolic 

uncouplers in substrate-limited systems, microbial cells satisfy their maintenance energy first 

before making energy available for growth processes (Low and Chase 1999). The same impact 

is observed by Ray and Peters (2008) when chemicals including 2,4-DNP are used to disrupt 

microbiological metabolism. They hypothesize that a portion of the energy available from 

metabolism is used in stress management rather than growth.  

The production of extracellular polymer substances (EPS) (Sec. 3.6.3.1) also requires 

energy and this may be the stress management response hypothesized by Ray and Peters (2008) 

and Rho et al. (2007) in their experiments with pure culture. In a mixed culture, the presence 

of 2,6-DCP increases EPS production and decreases nitrification efficiency in a sequencing 

batch reactor (Zhang et al. 2013). The EPS is speculated to act as a protective barrier for the 
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bacterial flocs against the PMF-dissipating effect of the uncoupler. This is similarly observed 

by Henriques and Love (2007). The increased EPS production is the microorganisms’ adaptive 

response against an unfriendly environment (Xiong and Liu 2010). It should be clear however, 

that an increased EPS production is not a direct sludge minimizing response brought about by 

uncouplers, but rather an important maintenance response which diverts energy from growth 

processes.  

It is hypothesized that the increase in EPS production observed in a mix culture is 

brought about by the shift in microbial population, from uncoupler sensitive bacterial 

community to a population which produces more EPS for acclimation purposes (Zhang et al. 

2013). This shift in microbial population induced by uncouplers is further discussed in Section 

3.6.4. To confirm whether such increase in EPS production is due to microbial shift, EPS 

production should be measured over short-term and long-term periods of uncoupler 

application, in pure and mixed bacterial cultures. 

On the basis of the composition, 75-89% of EPS is primarily protein and polysaccharide 

(Tsuneda et al. 2003). Li et al. (2012a) observe that in the presence of an uncoupler like TCS, 

the quantity of EPS production as well as its composition are both changed. Protein content 

increases enormously while polysaccharide content slightly increases. An increase of protein 

and polysaccharide content of TCS-treated sludge indicates that there is an alteration in the use 

of energy by microorganisms. Microorganisms consume more energy to synthesize EPS. 

Hence, this diversion constrains the use of energy for growth processes (Feng et al. 2014). 

Considering the energy cost of manufacturing EPS, it is reasonable to assume that the diversion 

of energy from growth to EPS-producing process is significant. Synthesis of EPS requires high 

amounts of energy, i.e. protein at 36.4 mmol ATP ⸱ (gram protein)-1, polysaccharide at 

12.6 mmol ATP ⸱ (gram polysaccharide)-1 (Russell 2007). 
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3.6.3 Reduction in the biofilm stability  

Biodegradation in biological air and water treatment systems occurs primarily in the 

biofilm. In this study, biofilm refers to its original definition of surface-attached microbial cells 

with extracellular polymeric substances, as well as suspended biofilms like flocs or granules. 

Knowledge of its development and maintenance is critical in understanding the impact of 

metabolic uncoupling. The succeeding sections discuss how biofilm develops and matures, the 

concept of communication and hydrophobicity among cells in a biofilm, which provide insights 

on how uncouplers potentially weaken biofilm stability.  

3.6.3.1 Biofilm development and maturation 

A biofilm is composed of the microorganisms brought together by means of attractive 

forces and extracellular polymeric substances. From this definition, it is clear that biofilm 

growth and development requires three basic ingredients: microbes, the extracellular polymeric 

substances and the surface (Dunne 2002). It is likely that biofilm development is influenced by 

factors related to these three ingredients. Katsikogianni and Missirlis (2004) enumerate the 

factors affecting the complicated process of biofilm development as properties of the bacteria, 

characteristics of the surface, environmental factors, and the associated flow conditions. These 

factors influence the three major processes involved in biofilm development as seen in the 

succeeding paragraph.  

Tresse et al. (2003) describe the time course of biofilm development as composed of 

three major stages: (1) primary bacterial adhesion where planktonic microorganisms adhere to 

a conditioned surface, (2) biofilm establishment and (3) biofilm maturation. During the first 

stage, the adhesion of planktonic microorganisms to a surface is dictated by the net sum of 

attractive or repulsive forces generated between the two surfaces which include electrostatic 

and hydrophobic interactions, steric hindrance, van der Waals forces, temperature and 

hydrodynamic forces. In the second stage, exopolysaccharides produced by the cells 
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consolidate loosely bound microorganisms, enabling the anchoring or locking between 

adhesins and the surface (An et al. 2000), making the biofilm’s adhesion irreversible, provided 

there is no physical or chemical intervention (Dunne 2002). Biofilm maturation describes the 

stage where the microorganisms in the biofilm begin to replicate and die through their 

interactions with their immediate environment (Dunne 2002). Overall, the physical, chemical 

and biological processes involved in the biofilm growth determine the adhesive and cohesive 

properties of the biofilm (Garrett et al. 2008), hence, its stability.  

3.6.3.2 Biofilm communication 

The microorganisms in a biofilm coordinate their behavior and respond to 

environmental challenges through communication, both within and between species (Matz 

2011).This intra- and inter-species cell-cell communication is moderated by quorum sensing 

molecules (Bassler 1999). The quorum sensing molecules enable microorganisms to harmonize 

group behavior similar to a multi-cellular organism, thus allowing them to adjust the population 

response to changing environmental conditions (Keller and Surette 2006), for instance, the 

changes brought about by uncouplers.  

There are a variety of quorum sensing molecules but the work of Fuqua et al. (1994) 

shows that signaling or quorum sensing molecules for many gram-positive bacteria are 

generally auto-inducing (AI) peptides, while the majority gram-negative bacteria use small 

molecules called N-acyl homoserine lactones (AHLs). In addition, (autoinducer-2) AI-2, a 

furanosyl borate diester, is a universal signaling molecule produced by both types of bacteria 

(Keller and Surette 2006). These quorum sensing molecules are used to activate alginate-

modifying enzymes. Alginate is a polysaccharide which forms a fundamental part of the EPS 

(Garrett et al. 2008) due to its water-binding capacity, viscosity and gel strength (Ertesvag 

2015). The concentration of these signaling molecules is a measure of the population density 
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of bacteria in a biofilm (Lazar 2011) and is a good indicator of its stability as demonstrated in 

a number of studies (Jiang and Liu 2013; Xu and Liu 2010).  

3.6.3.3 Cell surface hydrophobicity 

Bacterial attachment onto a solid surface is described by Liu et al. (2004b) in this 

manner: 

Microorganism + surface  Microorganism-surface ( adhG )’ 

where microorganism-surface means the attachment of microorganisms onto a solid surface, 

and ( adhG )’ pertains to the effective Gibbs energy change for the microorganism-to-solid 

surface attachment, which changes as the microbial attachment on the surface proceeds. The 

effective Gibbs energy change ( adhG )’ can be mathematically expressed as: 

mlslsmadhG   )'(                                       (3.2) 

where sm , sl  and ml  are the solid-bacteria, solid-liquid and bacteria-liquid interfacial free 

energies (in KJ mol-1), respectively. Based on thermodynamics, Liu et al. (2004a) explain that 

the change in free energy of the microbial adhesion process ( adhG ) influences the likelihood 

of microbial aggregation. Negative values of adhG  mean less process resistance thus favoring 

the aggregation and adhesion process. Positive values of adhG , do not favor microbial 

aggregation and make it a non-spontaneous one (i.e. requires application of external forces for 

the process to occur).  

The interfacial free energy terms in Eq. 3.2 are functions of the cell surface 

hydrophobicity (Krasowska and Sigler 2014). Liu et al. (2004b) show that the adhesion of 

microorganisms on both hydrophobic and hydrophilic surfaces is enhanced by a high cell 

surface hydrophobicity. In the extended Derjaguin, Landau, Verney and Overbeek (DLVO) 
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theory, cell-hydrophobicity represents an attractive force while cell-hydrophilicity depicts 

repulsion between cells (Van Oss et al. 1986).  Therefore, with the decrease in hydrophobicity, 

repulsive force between cells and surface is stronger, thereby increasing the resistance to the 

adhesion and aggregation process (Liu et al. 2004b).  

The positive correlation between cell surface hydrophobicity and cell adhesion is 

observed by Pompilio et al. (2008) on Stenotrophomonas maltophilia’s adhesion on 

polystyrene and by Tarifa et al. (2013) on yeast strains’ adhesion on stainless steel. This is in 

contrast to the conclusion of Tsuneda et al. (2003) where cell hydrophobicity has no effect on 

cell adhesion onto the glass beads. This conclusion is recently supported by Casarin et al. 

(2016) who worked with Salmonella enteritidis and Listeria monocytogenes on stainless steel, 

showing that bacterial adherence is independent of surface characteristics and cell 

hydrophobicity. It is explained that the correlation of cell hydrophobicity to biofilm formation 

and attachment differs among bacterial strains (Choi et al. 2015). Due to these contradicting 

results on the effect of cell hydrophobicity on microbial adhesion, further investigation is 

required before a generalization can be reached.  

3.6.3.4 Effect of uncouplers on biofilm stability 

From the foregoing discussion, the stability of the biofilm is influenced by EPS 

production, bacterial communication and as argued by some authors, by cell surface 

hydrophobicity. On the basis of EPS, the study of Cammarota and Sant'anna (1998) involving 

mixed culture shows that the continuous addition of 2,4-DNP significantly reduces biomass 

accumulation by interrupting the synthesis of EPS. It should be recalled that EPS interconnects 

the cells in the biofilm, thus providing it with stability (Flemming and Wingender 2010).  This 

matrix as well as the bacterial interactions through quorum sensing are responsible for the 

viscoelasticity of the biofilm which in turn dictates its behavior during a shear stress (Peterson 

et al. 2015). Considering this function of EPS and its reduction with the application of an 
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uncoupler, it is reasonable to assume that uncouplers degrade the biofilm stability by arresting 

EPS production. However, such a reduction in EPS observed by Cammarota and Sant'anna 

(1998) is not sustained as shown by its recovery 12 days after continuous addition of the 

uncoupler. Although no investigation of potential microbial shift is done, the absorbance 

spectra of the culture medium indicates that the uncoupler is consumed by the microorganisms.  

Uncouplers such as pCP, oCP and oNP used by Fang et al. (2015) all reduce sludge 

production and at the same time raise the production of EPS in the activated sludge system 

where an increase in both protein and polysaccharide content is consequently observed. They 

argue that biomass is sensitive to the application of metabolic uncouplers and to protect the 

microorganisms from its ill effects, EPS production is increased. More EPS prevents 

infiltration of the metabolic uncouplers to the microorganisms in the biofilm. This observation 

of Fang et al. (2015) is congruent to the discussion made in understanding the diversion of 

energy from growth to non-growth use in Section 3.6.2. However, increased EPS production 

in their study cannot be solely associated from the original microbial culture without 

investigating the potential shift in bacterial population and without comparing the difference 

in EPS production throughout the time course of applying an uncoupler. This potential 

relationship between increased EPS production and shift in microbial population is further 

discussed in Section 3.6.4.  

Aside from the reduced EPS production, the inhibition of ATP synthesis by metabolic 

uncouplers like TCS is reported to decrease the production of autoinducer-2 (AI-2) and N-

acylhomoserine lactones (AHL). In a study involving membrane biofouling (Xu and Liu 2010), 

the 60% reduction in ATP synthesis brought about by DNP treatment leads to the reduction of 

AI-2 synthesis, indicating that production of signaling molecules is likewise energy dependent. 

Specifically, the pathways for AI-2 and AHL production require 1 ATP and 8 ATP, 

respectively (Keller and Surette 2006).  
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In activated sludge systems, reduced amounts of AI-2 and AHL affect biofilm stability 

in aerobic granules which disintegrate and eventually break after the addition of TCS (Jiang 

and Liu 2013). Decrease in AHL content of sludge is due to the decrease or elimination of 

AHL-producing bacteria and proliferation of AHL-degrading bacteria brought about by the 

addition of uncoupler (Han et al. 2017). The role of AHL in securing attachment among 

microorganisms is substantiated in aerobic granular activated sludge (AGAS) where AHL 

content is significantly higher than that of the flocculent activated sludge (FAS) (Lv et al. 

2014).This gives AGAS a more compact and strong microbial culture than FAS (Adav et al. 

2008) making it a promising aerobic technology for wastewater treatment (Lv et al. 2014).  

Although a conclusive relationship between cell hydrophobicity and microbial 

adhesion is yet to be made as discussed in the Sec 3.6.3.3., Jain et al. (2007) use hydrophobicity 

as basis on demonstrating the effect of uncoupler to biofilm stability. They show that 

hydrophobicity of marine bacteria cultures is decreased after treating them with DNP, which 

decreases their attachment to glass and polystyrene surfaces. To the best of our knowledge, no 

other studies have been done on this area, so the impact of uncouplers on cell hydrophobicity 

is yet to be concluded. A more conclusive description of the effect of chemical uncouplers on 

the cell hydrophobicity can be obtained by extending similar investigation to bacterial cultures 

in biological air and water treatment reactors.  

3.6.4 Shift in microbial diversity of the biofilm 

A considerable number of studies involving mixed cultures show that uncoupler 

addition in activated sludge systems causes an alteration in the microbial population. Low et 

al. (2000) demonstrate that pNP eliminates protozoa from the system and increases the 

filamentous bacteria as shown by changes in the DNA fingerprint. The same shift is detected 

with the use of 2,4,6-TCP and malonic acid as uncouplers (Zheng et al. 2008). This shift in 

microbial population caused by malonic acid in the work of Zheng et al. (2008) may be the 
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major reason for the deterioration of sludge settleability. Similarly, a shift in the  microbial 

community in the study of Hiraishi and Kawagishi (2002) is observed with exposure to 4NP.  

The microbial shift described above happens after long-term exposure (30-70 days) to 

the uncoupler. The addition of uncouplers causes biomass reduction in those systems during 

the early stages, but it is not sustained over the whole duration of the experiments. It is 

hypothesized that the addition of the uncoupler favors a population shift to microorganisms 

that are fully acclimated to uncoupler (Hiraishi and Kawagishi 2002), hence long-term and 

stable biomass reduction in its presence is not observed. This kind of shift in the population of 

microbes in an uncoupler-treated biological system is responsible for limiting their inhibitory 

effect on the removal efficiency. Although the loss of some microbes not tolerant to 2,6-DCP 

in an activated sludge system causes removal efficiency (RE) to decrease rapidly upon its initial 

application, the microbial community adapts leading to a gradual recovery of RE (Tian et al. 

2013). This ability of microorganisms to adapt to harsh environments may be the reason why 

sludge settleability may not decrease even after 10 – 30 days of exposure to an uncoupler (Chen 

et al. 2008).  

Tian et al. (2013) observe that the shift in microbial population after a relatively long 

exposure of sludge to 2,6-DCP involves the emergence of dechlorinating bacterial 

communities, which are responsible for degradation of the uncoupler. Other bacterial strains 

which emerged are associated with degradation of aromatic hydrocarbons where some of them 

are involved in protein hydrolysis and polysaccharide production, hence, increase in EPS 

production is consequently observed. This correlation of EPS production and microbial shift 

as a result of 2,6-DCP addition aids in understanding the increased EPS discussed in Sec 3.6.2. 

3.7 Long-term use of metabolic uncouplers 

Given the extensive number of studies proving the effectiveness of metabolic 

uncouplers in decreasing biomass accumulation, with some of them showing an insignificant 
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decrease in pollutant removal efficiency, another issue about their application are the impact 

of long-term operation, i.e. environmental hazards, acclimation, and bioaccumulation. Strand 

et al. (1999), Hiraishi and Kawagishi (2002) and Zheng et al. (2008) are among those who have 

raised these concerns.  These are the primary challenges that should be considered in using 

chemical uncouplers in commercial-scale biological treatment systems.  

The use of chemical uncouplers increases effluent COD (Wang et al. 2017) as shown 

in studies which investigated the fate of metabolic uncouplers in the system.  Tian et al. (2013) 

observe that about 35% of the initial 2,6-DCP added to the activated sludge cultures ends up in 

the final effluent after about 90 days of operation, thus cautioning that its application shall be 

treated with extra prudence. Qiao et al. (2012) report on the fate and residual cytotoxicity of 

2,4,6-trichlorophenol in an activated sludge system and conclude that concentrations beyond 

5 mg⸱L-1, which corresponds to 2.5 mg⸱L-1 residual concentration, may lead to severe toxicity 

to the discharge environment.   

As to environmental hazards, chlorophenols and nitrophenols from which some 

metabolic uncouplers are derived, are in themselves toxic compounds (Steam Electric Power 

Generating Point Source Category 2017). Table 3.2 presents some hazards brought about by 

these chemicals to the natural environment as well as human and animal health. Industrial use 

of these compounds eventually releases them to the air, water and soil. Phenols in the soil are 

likely to move to groundwater (Agency for Toxic Substances and Disease Registry 2008) 

because some of them (e.g. chlorophenols) are highly resistant to biodegradation (Liu et al. 

1982). They can persist in air for up to two days and even more than a week in water (Agency 

for Toxic Substances and Disease Registry 2008). Due to their persistence in the environment, 

these chemicals can exist throughout the food chain, eventually affecting human health 

(Igbinosa et al. 2013). 
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Table 3.2. Potential hazards of phenol-based metabolic uncouplers.  

Hazard Class Potential effect Reference (s) 

Ocean water, surface water 

and groundwater 

Toxicity to aquatic 

organisms 

 

Transport of toxic chemicals 

to drinking water 

 

Ge et al. (2017) 

Jarvinen et al. (1994) 

Michalowicz (2005) 

Soil Draining of the chemicals to 

groundwater  

Agency for Toxic 

Substances and Disease 

Registry (2008) 

 

Air Inhalation which can cause 

human and animal health 

problems 

Agency for Toxic 

Substances and Disease 

Registry (2008) 

Human and animal health   May cause cardiovascular 

diseases, gastrointestinal 

damage, severe skin damage, 

irritation of respiratory tract 

Agency for Toxic 

Substances and Disease 

Registry (2008) 

May cause hyperthermia, 

tachycardia, diaphoresis and 

tachypnoea 

Grundlingh et al. (2011) 

May cause histopathological 

alterations, genotoxicity, 

mutagenicity and  

carcinogenicity 

Igbinosa et al. (2013) 

 

The health hazards with phenol exposure (whether by eating, drinking, inhaling or skin 

contact) may include cardiovascular disease, skin damage, gastrointestinal problem, and 

damage to liver and lungs (Agency for Toxic Substances and Disease Registry 2008). The US-

Environmental Protection Agency sets 2 mg⸱L-1 phenol in drinking water as the safe allowable 

limit for lifetime exposure (Agency for Toxic Substances and Disease Registry 2008). 

Table 3.2 presents some of the health hazards which may be caused by toxic uncouplers like 

chlorophenols and nitrophenols. A more detailed discussion of health effects of metabolic 

uncouplers is presented by Arora et al. (2014) (for nitrophenols) and Igbinosa et al. (2013) (for 

chlorophenols).  If these health hazards are considered, the use of these metabolic uncouplers 

for biomass reduction is not a viable option (Wang et al. 2017). 
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Because of these hazards, the amount of phenol and phenolic compounds in effluent 

discharge is regulated by Clean Water Effluent Guidelines for organic chemicals, plastic and 

synthetic fiber industry where the maximum allowable monthly average discharge of 2,4-DNP 

is 71 and 1,207 µg⸱L-1 for point sources with and without end-of-pipe biological treatment, 

respectively (Organic Chemicals Plastics and  Synthetic Fibers 1993). The complete list of 

phenolic compounds regulated is shown in the Code of Federal Regulations.  

The sustainability of the uncoupling effect is also a challenge as shown in studies where 

continuous feeding of uncoupler was done (Tian et al., 2013; Zhang et al., 2013). Tian et al. 

(2013) estimate 70 days as the effective uncoupling period for 2,6-DCP. The sludge reduction 

is highest at 40% during the first 40 days of operation and eventually decreases to less than 

10% on the 70th day of operation, after which it becomes inefficient. Almost the same 

effectiveness period is observed by Strand et al. (1999) for 2,4,5-trichlorophenol (TCP) which 

reduces sludge yield by approximately 50% until the 80th day. They argue that the population 

shift brought about by TCP favors those which are resistant to the uncoupling effect and are 

capable of TCP degradation. Tian et al. (2013), on the other hand, explain that the associated 

increase in EPS production serves as a protective barrier for the microbial population against 

2,6-DCP, hence reducing the capacity of the uncoupler to infiltrate the microorganisms in the 

biofilm.  

Another technical problem associated with its use is the operational cost. Although the 

investment cost is low (Wang et al. 2017), it may lead to greater operating cost to a biological 

reactor due to the increase requirement for aeration (Aragon et al. 2009) caused by increase in 

specific oxygen uptake rate (Zhang et al. 2013).   

Moreover, the cytotoxicity of most of the uncouplers prompts the use of the 

environmentally friendly uncoupler, tetrakis(hydroxymethyl)phosphonium sulfate (THPS) in 

sludge reduction (Guo et al. 2014). THPS results in a sludge reduction as high as 23% and yield 
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reduction of up to 15%.  Its effectiveness is asserted in the work of Xiao et al. (2016) where 

sludge production decreases by 32% and sludge yield drops by 17%. However, a decrease in 

the pollutant removal efficiency is also observed in both studies involving THPS. Another 

substitute explored recently is the environmentally safe, fully-biodegradable, commercial 

uncoupler called LODOred. It was developed by BIOAZUL, a Spain-based engineering and 

technological consultancy firm which focuses on water and renewable energy research and 

development. It is not toxic due to its natural organic and inorganic components which can be 

assimilated even by the food industry. When applied, it influences the metabolism by 

enveloping the microbes to form compact activated sludge flocs. In the process, metabolism is 

manipulated by diverting energy to non-growth use (i.e. sustaining degradation activities) 

rather than growth use (i.e. production of new cells) (Villarejo 2010). Zuriaga-Agusti et al. 

(2016) found that LODOred reduces sludge production by over 25% without significantly 

decreasing the removal efficiency.  Saini (2014) recommends the use of these environmentally-

friendly chemical uncouplers specifically TCS which is also an important component of soaps, 

textile finishes and some petroleum products. 

3.8 Conclusions 

This chapter examines and shows that chemical additives termed metabolic uncouplers 

can reduce biomass accumulation via three different processes, in addition to the classical 

uncoupling mechanism: (1) diverting the energy generated by metabolism from growth to non-

growth processes; (2) reducing the integrity and stability of the biofilm; and (3) a shift in 

microbial population. Depending on whether a system involves a pure or mixed culture, one-

time or continuous uncoupler application, any one or a combination of these mechanisms can 

be observed. For example, the use of a mixed culture continuously fed with an uncoupler allows 

the shift of microbial population to those that are capable of coping with the presence of the 

chemical through increased EPS production. On the other hand, one-time application of an 
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uncoupler in pure cultures may show true metabolic uncoupling mechanism and degradation 

of biofilm stability.  

A definitive explanation relating these three mechanisms is yet to be established. This 

can be done by further clarifying the correlation of key parameters: sludge reduction, microbial 

respiration and ATP synthesis, EPS production and composition, quorum signaling molecules 

production, change in cell surface hydrophobicity and microbial ecology. A holistic study 

investigating the effect of uncoupler on these parameters, supplementing and clarifying 

existing information is necessary in understanding the uncoupling phenomenon in microbial 

systems. With a better understanding of the uncoupling mechanisms and the connections 

between their impact to biomass yield, stability and ecology, optimization of process conditions 

may be possible.  

In particular, there is still a need to clarify observations on the impact of uncouplers on 

the EPS production and how it is affected by the microbial species shift. In addition, more work 

is required to elucidate the correlation among parameters like signaling molecules, cell 

hydrophobicity, microbial adhesion and microbial population shift. None of the previous 

reports investigated the AI-2 content and cell hydrophobicity of the emerging microbial 

population after the use of uncoupler. Short-term and long-term effects of uncouplers on these 

parameters need to be investigated to better explain existing information. Investigations can 

also be extended to other microbial processes like biofiltration and microbial fuel cells, 

biofouling and subsurface bioremediation.   

Understanding how uncouplers operate as a biomass control strategy is critical to the 

optimization of the performance of a microbial system, thus reducing the potential of 

undesirable and risky side effects of their application. Meanwhile, to enable its application in 

commercial-scale biological treatment systems, future research should be directed toward 

development of non-toxic and environment-friendly uncouplers.  
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CHAPTER 4 

REACTOR DEVELOPMENT 

4.1 Introduction 

A differential reactor was designed to investigate the effect of metabolic uncouplers on 

the performance of a biotrickling filter (BTF). The primary goals considered in its design were: 

(1) a minimal contaminant (toluene) gradient across the bed; (2) a shorter bed length for easier 

biofilm detachment; and (3) uniform liquid distribution throughout the bed. These requirements 

for a differential BTF (DBTF) reactor made its design more complex than a conventional 

column (integral) BTF. The final differential BTF system developed and used in this study had 

the following key features: 

a. A short bed of glass beads (10 to 50 mm);  

b. Nutrients supplied to the bed via an aerosol produced ultrasonically; and 

c. A high recycle of gas using a fan which pushed the aerosol through the bed.  

This was the second differential BTF reactor reported in the literature after that of Kim 

and Deshusses (2003) and the second to have employed aerosol to supply nutrients to the bed 

after Song and Kinney (2000). The low, single pass liquid flow rate obtained with the use of 

aerosol eliminated the need for recirculation and a collection tank, hence easier handling and 

measurement of suspended biomass released from the bed. Its actual performance is discussed 

in Chapter 5. This chapter presents the principles used in developing the differential BTF used 

in testing the effect of uncouplers (Chapter 6). It also describes a differential BTF and the 

assumptions considered in the design process. Finally, it details the characteristics of the 

different components of the system used in this study, such as: (1) the liquid distribution 

system, (2) the gas recycle system and (3) the diffusion system.  
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4.2 Overview of the design process 

 A series of steps were used to design the differential BTF system (Fig. 4.1), however 

the design process was iterative.  

Setting of the 

dimensions of the bed
Estimation of EC

Estimation of the 

bulk gas flow rate

Estimation of the 

gas recycle rate

Estimation of the 

liquid flow rate

Selection of appropriate 

nozzle for liquid 

distribution system

Selection of appropriate 

fan/pump for the 

gas recycle system

Selection of materials and 

necessary accessories 

for the system

Fabrication of the design

Design of the diffusion 

system

 

Figure 4.1. Overview of the design process for the differential BTF system. 

 The dimensions of the active bed were arbitrarily set at 100 mm diameter and 

approximately 50 mm in thickness. These choices were guided by the recommendation of 

Deshusses (2016) to use a slightly bigger bed than their group’s active bed (40 x 40 x 40 mm) 

so as to eliminate the need for an outer chamber, necessary to hold a small bed volume.  

 Based on the specific activity and biomass production of toluene-degraders in the study 

of Mirpuri et al (1997), elimination capacity (EC) was estimated for 5-mm and 2-mm glass 

beads.  This packing material was chosen based on their characteristics (Sec. 4.3.3). The bulk 

gas flow rate to the reactor (840 mL·min-1) was estimated by assuming a conservative removal 

efficiency (RE) of 50% along with other assumed values for bed dimensions and inlet toluene 

concentration.  
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 With the estimated bulk gas flow rate, the design of a recycle reactor commenced with 

an estimation of the gas recycle rate (Sec. 4.3.2). The gas recycle rate, along with the estimated 

liquid flow rate (Sec. 4.3.4.2) was used in the selection of the appropriate nozzle for the liquid 

distribution system of the differential BTF (Sec. 4.4.1). Coupling the gas recycle system and 

the liquid distribution system, an appropriate splash-proof fan was selected. The materials of 

construction of the pipes and vessels were chosen and the necessary accessories like measuring 

ports, drain and nutrient reservoir were decided upon prior to fabrication of the whole 

differential BTF reactor.  

For the design of the diffusion system, a diffusion flask which gave an area/length ratio 

(A/L ratio) for the neck of the diffusion flask of less than 0.3 and reasonable diameter and 

length  was chosen (Nelson 1971) (Sec. 4.5). The succeeding sections discuss in greater detail 

every step involved in the design of the DBTF reactor system. 

4.3 Reactor development 

A differential BTF reactor was developed for the purpose of testing the effect of 

metabolic uncouplers on the performance of a biotrickling filter system, particularly their 

influence on biomass accumulation in the bed. A differential reactor was preferred over a 

traditional integral (column) BTF since it minimised gradients such as concentration, 

temperature, moisture, etc. by making the conversion per pass as small as possible (Carberry 

1964). In the absence of temperature and composition gradients, experimental data analysis 

was  easier (Borman et al. 1994) hence the performance of a reactor system was more readily 

evaluated (Cooper and Jeffreys 1971). 

The development of a differential biotrickling filter was anchored to the principle of an 

“ideal” plug flow reactor. Carberry (1964) discussed that theoretically, only a well-stirred, 

continuous flow reactor possesses ideal characteristics, that of being able to operate 

isothermally over a wide range of steady state conversions. Using the characteristics of a 
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continuous, stirred tank reactor (CSTR), plug flow reactors that replicate the behaviour of a 

well-stirred reactor were developed. One of them was the recycle reactor (Carberry, 1964) (Sec. 

4.3.2). The only report of a differential reactor for a BTF was by Kim and Deshusses (2003), 

operated in batch mode to determine biokinetic parameters. The high gas flow rates minimised 

the gas film mass transfer resistance. The observed biokinetics represented the kinetics of the 

entire bioreactor bed since conditions were uniform across the length of the bed (Kim and 

Deshusses 2005). The succeeding subsections describe the development of a differential BTF 

reactor used in this study.  

4.3.1 Thin disk volume element 

The differential BTF reactor developed in this study was a packed bed reactor which 

approximated the behavior of an ideal plug flow reactor. Rawlings and Ekerdt (2002) described 

an ideal plug flow reactor (PFR) to be a constant cross-section tubular reactor in which the 

fluid is well-mixed in the radial and angular directions by turbulent flow. In other words, fluid 

flow and properties are a function of only its axial position in the tube. Froment (1972) and 

Nauman (2008) explained that in packed bed reactors like BTFs, flow deviates from the ideal 

plug flow due to radial variations in flow velocity and limited radial mixing which result in 

concentration and temperature difference across the bed. Radial variations in flow velocity is 

termed as preferential flow and is primarily due to non-uniform void fraction due to irregular 

packing. However, Szekely and Poveromo (1975) observed that preferential flow can still 

occur even in uniformly-packed beds due to the inherent high porosity near its wall. In BTFs, 

clogging and channeling problems were commonly encountered due to excessive pressure drop 

(Kraakman et al. 2011; Jin et al. 2007) and uneven biomass accumulation due to non-uniform 

distribution of pollutant (Song and Kinney 2000). In the design of the differential BTF for this 

study, two ways to address these issues were using a shorter bed length and maintaining 

uniform liquid addition throughout the bed.  
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Rawlings and Ekerdt (2002) explained that in a differential reactor, the thickness of the 

catalyst bed was a thin disk volume element where the concentration remained uniform due to 

the complete mixing in the radial and angular directions. In this study, the thickness of the bed 

was set at 50 mm which was further reduced to 10 mm due to operational problems discussed 

in Chapter 5. With this bed thickness, an EC estimate of 80 g·m-3h-1 (Sec. 4.3.3) and a 

conservative RE estimate of 50%, a flow rate of approximately 840 mL·min-1 was subsequently 

used in other design calculations.  

Moreover, liquid maldistribution along the length of the bed was minimized by using a 

thin volume element. Mohammed et al. (2015) demonstrated through increasing 

maldistribution factor that liquid uniformity declined as it flowed through the bed. This was 

true for both a multipoint distributor (33% increase) and spray nozzle (60% increase) with 10 

pore per inch pore density for liquid addition. By using a thin bed volume for the BTF reactor, 

axial gradients were also minimised.  

4.3.2 The recycle reactor 

In designing packed bed reactors or catalytic reactors in general, ideal plug flow or 

CSTR behavior can be achieved with the use of a recycle reactor which recycles gas at a high 

rate (Carberry 1964; Davis and Davis 2003). In a recycle reactor, perfect mixing similar to that 

of CSTR can be achieved by mixing the high rate recycle stream with the fresh feed, hence 

diluting the latter and essentially leading to minimal conversion per pass. The high gas 

velocities and the resulting low conversion per pass assure negligible interphase and radial 

gradients in a reactor (Carberry 1964). This means negligible gradients along the axial position, 

inlet and outlet sides, center and the wall.  

The major components of the recycle reactor for the differential BTF reactor in this 

study included the catalyst bed, a fan for recycling and piping that formed the recycle loop 

(Fig. 4.2). A recycle reactor was used by Ranasinghe and Gostomski (2003) in developing a 
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novel reactor for exploring the effect of water content on the elimination capacities in a 

biofilter. The recycling caused turbulence created by the high flow rate and this ensured 

negligible external and interparticle mass transfer resistance which ensured minimum gas phase 

gradient in their reactor.  

fan

catalyst bed

C1   n1   V1

C2   n2   V2

VR

C0   n0   V0

Cout nout Vout

VL in

VL out

 

Figure 4.2. Schematic diagram showing the gas flow in a recycle reactor.   

where: 

C0 = toluene concentration of the inlet feed, g·m-3 

V1 = volumetric flow rate of the inlet feed, m3·h-1 

n0 = mass flow rate of toluene in the inlet feed, g·h-1 

C1 = toluene concentration in the headspace, g·m-3 

n1 = mass flow rate of toluene in the head space, g·h-1 

C2 = toluene concentration right after the bed, g·m-3 

V2 = volumetric flow rate right after the bed, m3·h-1 

n2 = mass flow rate of toluene right after the bed, g·h-1 



82 
 

VR = gas recycle rate, m3·h-1 

Cout = toluene concentration of the outlet gas, g·m-3 

nout = mass flow rate of toluene in the outlet gas, g·h-1 

Vout = volumetric flow rate of the outlet air, m3·h-1 

VL in = volumetric flow rate of the incoming liquid phase, m3·h-1 

VL out = volumetric flow rate of the outgoing liquid phase, m3·h-1 

 

Based on the recycle reactor flow diagram, important design parameters like the recycle 

rate and ratio were assumed and/or calculated (Appendix B). Trambouze and Euzen (2004) 

recommended that a recycle ratio (VR/V2) of 15 to 20 was necessary to realize a continuous 

stirred tank reactor-type performance. A recycle ratio of 20 was valid for a removal efficiency 

(RE) of up to 70%, whereas a recycle ratio of 15 was sufficient for RE below 60%. Assuming 

an EC of 80 g·m-3h-1 (Sec. 4.3.3) and an inlet toluene concentration of 1 g·m-3 (265 ppm), a 

recycle ratio of 20 gave a recycle flow rate of 17 L·min-1, toluene removal per pass of 

approximately 3% and about 8 ppm concentration gradient across the bed. The higher the gas 

recycle rate, the smaller the concentration gradient across the bed (Fig. 4.3). 

 

Figure 4.3. Effect of gas recycle rate to concentration gradient across a 50-mm bed.  

(EC = 80 g·m-3h-1; bed diameter = 100 mm). 
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To recycle the gas in the DBTF system, an IP68 60x60x25 mm 60-W axial fan (San 

Ace, USA) (Fig. 4.4a) was used. Its performance curve is presented in Figure 4.20 in Sec.4.6.2.  

It was very important for the fan to be splash-proof since it was also used to deliver the liquid 

phase (in the form of aerosol) to the bed (Sec. 4.4). A proportional-integral-derivative (PID) 

controller (Fig. 4.4b) controlled the fan speed which determined the gas recycle rate and the 

amount of aerosol delivered to the bed (Sec.4.6.2).  

 

(a) (b)

 

   Figure 4.4. The fan (a) and its PID controller (b) used in the differential BTF 

system. Fan image was from Mouser Electronics (n.d.). 

4.3.3 Choice of packing materials 

The choice of packing material for microorganism growth and pollutant biodegradation 

was of primary importance to the design of the differential BTF reactor. The liquid film mass 

transfer coefficients, removal rates, susceptibility of a packed bed to clogging and long term 

performance were affected by the properties of the packing materials such as its geometry, void 

volume, material and surface property (Chen et al. 2006; Sakuma et al. 2006; Kim and 
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Deshusses 2008). In this study, aside from its positive influence on the performance of the BTF 

reactor, the choice of packing material could also determine the ease by which biomass 

investigations could be done. Some of the packing materials commonly used in BTF 

investigations were polyurethane foam cubes (Ramirez et al. 2009), spheroidal or ellipsoidal-

shaped fibers (Xue et al. 2010) and polypropylene high flow rings (Misiaczek et al. 2007). 

Since this study was largely concerned with studying the effects of metabolic 

uncouplers on biomass accumulation in a BTF’s packed bed, the packing materials needed to 

support a sufficient amount of biomass. This meant that the packing material required sufficient 

specific surface area for adequate microbial growth but avoid significant maldistribution of 

liquid (Chen et al. 2006). 

In this study, glass beads were chosen as the packing material (Merck, New Zealand). 

Tsuneda et al. (2003) used glass beads in investigating bacterial adhesion on solid surfaces. Its 

chemical stability and high reproducibility made them ideal for investigating one of the 

hypotheses in this study, which was the effect of metabolic uncouplers on the biofilm stability. 

Spherical particles like glass beads promoted a more uniform radial liquid distribution 

compared to cylindrical packing (Tsochatzidis et al. 2002), which was an important design 

goal.  Moreover, the smooth and even surface of glass beads was expected to allow easy 

detachment of biofilm through the shear force imposed by the trickling liquid.   

Using the data generated by Mirpuri et al. (1997) who used Raschig rings as packing, 

the amount of biomass supported by glass beads was estimated (Table 4.1). Their group 

investigated the degradation kinetics for planktonic and biofilm-grown cells of Pseudomonas 

putida 54G, with toluene as the model pollutant. Based on these numbers, an estimation of 

biomass accumulation and EC for glass beads was determined (Appendix A). 
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Table 4.1. Estimates of the amount of biomass and elimination capacity using Raschig 

rings and glass beads as packing materials.  

Packing Materials  

 

Specific 

surface area* 

(m2⸱m-3) 

Biomass per 

 unit volume of bed 

 













3

bed

biomass

m

g
 

Elimination 

Capacity  












hrm

g

bed

radedtoluene

3

deg  

Raschig rings (¼ in  

o.d. and ¼ in. long) 
789 1,105a 55a  

2-mm glass beads 5,990 4,205 210 

5-mm glass beads 1,198 1,677 84 

 *Values obtained from Acechempack Tower Packing Co. (n.d.), Merck (n.d.-a), Merck 

(n.d.-b)  

 a Mirpuri et al. (1997) 

Glass beads less than 6 mm in diameter were considered because particles of this size 

demonstrated uniform liquid distribution (Gianetto et al. 1978). Although 2-mm glass beads 

were estimated to support more biomass per unit volume of bed (due to the high specific surface 

area), hence higher elimination capacity, preliminary tests revealed that the smaller particles 

and low void volume resulted in a higher pressure drop across the bed, which eventually 

decreased recycle flow and hence, aerosol delivery rate (data not shown). With less aerosol 

delivered to the bed, excess biomass was less likely to be removed from the bed.  Hence, 5-

mm glass beads were chosen.  

4.3.4 Operational conditions 

San-Valero et al. (2014) discussed the three driving mechanisms for pollutant removal 

in a BTF, which are mass transfer (i.e. convective mass transfer in the gas phase and absorption 

of contaminant to the liquid phase), diffusion and biodegradation The major operational 

parameters affecting these mechanisms were the inlet concentration ( 0C ), gas flow rate ( gV ), 

and liquid flow rate ( lV ).  How they affect the operation of the system were examined in order 

to select operational parameters suitable for the reactor and the hypotheses investigated in this 

study. The numerical values of these operational parameters were used in determining the size 
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of the reactor and provided estimates of its elimination capacity. The operational parameters of 

toluene-degrading BTFs used by other researchers in the past were summarized (Table 4.2). 

Based on the range of inlet concentration employed in previous BTF studies, a toluene 

concentration of 1 g·m-3 was used for the design of the diffusion system in this study. However, 

it was not directly used in the design of the reactor bed, the gas recycle system and the liquid 

distribution system, hence is no longer elaborated in the succeeding sections.  
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Table 4.2. Operating conditions of toluene-degrading BTFs used by other researchers.  

Reference 
Gas/Liq. 

Flow 

Packing 

material 

ECmax 

(g m-3 h-1) 

C0 

(g m-3) 

Vg 

(m h-1) 

Vl 

(m h-1) 
Vg/Vl 

Misiaczek 

et al. 

(2007) 

counter-

current 

PPa high 

flow rings 
11 0.1 272 2.32 117 

Weber and 

Hartmans 

(1996) 

counter 

current 
Pall ringsc 30 0.7 99 7.10 14 

Cox et al. 

(1998) 
cocurrent 

PPa Pall 

rings 
40 2.0 83 8.0 10 

Chen et al. 

(2012) 

both 

modes 

ceramic 

spheres 
50 0.6 7.0 0.34 21 

Cox and 

Deshusses 

(2002) 

cocurrent 
PPa Pall 

rings 
70 2.3 658 5.60 117 

Cox and 

Deshusses 

(1999) 

cocurrent 
PPa Pall 

rings 
83 1.0 83 10.0 8 

Singh et 

al. (2010) 
cocurrent PUF 90 2.5 35 -- -- 

Chang and 

Lu (2003) 
cocurrent 

coal 

particles 
113 3.0 34.0 0.02 1700 

He et al. 

(2009) 
cocurrent PUFb 119 5.0 6.5 0.07 93 

Lebrero et 

al. (2012) 

counter-

current 
PUFb 180 5.0 57-260 0.60 95 – 433 

(Sun et al. 

2013) 

counter 

current 
ceramisite 234 2.1 0.9 0.001 900 

Zilli et al. 

(2001) 

counter 

current 

peat and 

glass beads 
242 2.0 17.8 -- -- 

Li et al. 

(2008) 
cocurrent 

ceramic 

particles 
300 8.0 20 0.01 2,000 

He et al. 

(2009) 
cocurrent 

molecular 

sieve 
373 9.0 13 0.07 186 

Ryu et al. 

(2008) 

counter 

current 
PUF 3,700 3.6 1,972 0.012 164,333 

Kumar et 

al. (2019) 

counter 

current 

compost 

and ACd 
6,665 37.4 93 0.002 46,500 

a PP - polypropylene 
b PUF – polyurethane foam 
c material not indicated 
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4.3.4.1 Gas flow rate  

In the design of the DBTF reactor for this study, liquid distribution and mass transfer 

of contaminant to the biofilm were more important considerations than the removal efficiency 

alone. In a recycle reactor, these could be greatly influenced by the gas recycle rate rather than 

just the bulk gas flow rate. Hence, the potential effect of the rate at which gas passed through 

the bed was examined as part of the design process.  

The effect of gas velocity on liquid distribution and mass transfer coefficients varied 

among different works. Maldistribution of liquid in the radial and axial directions of a 

multiphase reactor was undesirable since it could leave the catalyst surface partially irrigated, 

hence lower catalyst utilization (Maiti et al. 2004). The significance of gas velocity as an 

operational parameter varied in the literature. Goto and Smith (1975) and Mohammed et al. 

(2015) observed that gas velocity does not significantly influence liquid maldistribution and 

gas-to-liquid mass transfer coefficient ( akL
). On the other hand, it was demonstrated that the 

volumetric mass transfer coefficient was affected either by the liquid or the gas phase velocities 

(Kim and Deshusses 2008; Liu et al. 2015; Perez et al. 2006; Wang et al. 1998). Specifically, 

Kim and Deshusses (2008) reported that liquid film mass transfer coefficient with values of 

about 1 to 300 h-1 was linearly affected by liquid velocity (from 0.1 to 12 m·h-1), but not by gas 

velocity (100 to 8,000 m·h-1). On the contrary, the gas film mass transfer coefficient (500 to 

4,000 h-1) was linearly affected by gas velocity with insignificant effect from liquid velocity. 

In general, the gas phase mass transfer resistance was found to be negligible as compared to 

the liquid phase mass transfer resistance, hence the overall mass transfer was primarily 

governed by the latter (Wang et al. 2012).    

 Wang et al. (1998) observed that small-scale maldistribution was governed by gas-

liquid interaction while large-scale was controlled by solid-liquid interaction. Hence, the ratio 

Vg/Vl indicated their combined effect on the mass transfer coefficient. Also shown in Table 4.2 
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are the Vg/Vl ratios in BTFs challenged with toluene. Lebrero et al. (2012) found that akL
 

linearly increased (from 35 to 113 h-1) up to a Vg/Vl value of 200, after which only a small 

increase was observed. To identify the appropriate operational conditions for a BTF, critical 

Vg/Vl values were assessed and tested in the reactor development (Appendix C). 

4.3.4.2 Liquid flow rate 

Mohammed et al. (2015) observed that liquid flow rate considerably affected the 

distribution of the liquid phase in a BTF reactor. Specifically, increasing liquid flow rate 

improved the uniformity of liquid flow distribution in a BTF (Wang et al. 1998). When the 

superficial liquid velocity ( lv ) was high, the liquid-solid (i.e. liquid-biofilm in the case of 

BTFs) mass transfer coefficient also assumed a high value (Mohammed et al. 2014).  This was 

supported by Sims et al. (1993) as they observed an increased wetting fraction as a result of 

high liquid velocity.  

For the differential BTF in this study, the liquid flow rate had to be adequate to induce 

shear stress to the biofilm. Estimating the liquid flow rate provided an idea on the size of the 

collector tank and/or whether single pass of liquid was practical over recycling the liquid back 

to the reactor. Liquid recycling was less preferred in this study because during steady-state 

operation, Cox et al. (2000) estimated that the toluene degradation in the recycle liquid could 

contribute up to 21% of the total elimination capacity. This percentage relative to the total EC 

was confirmed to be the actual removal rate of the biomass suspended in the recycle liquid 

which was just 1% of the total immobilized biomass in the bed. This significant removal (EC) 

despite low suspended biomass content was due to the 20X higher average specific activity of 

the suspended biomass than the biomass in the bed (Cox et al. 2000). Because of this, single-

pass liquid was selected for the differential BTF system to ensure that EC measurements only 

represented the degradation in the biofilm, not in the suspended culture, hence providing a 
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more accurate measurement of the effect of metabolic uncouplers to the performance of the 

biofilm.  

Although liquid consumption was not a critical design parameter, the need for a 

collecting tank and recirculation of the liquid phase was eliminated with a minimal liquid flow 

through the system. Based on the range of gas recycle rate 5 – 30 L·min-1 and varying Vg/Vl 

ratio from 10 to 2,000, liquid flow rate was estimated (Appendix 4.3). A Vg/Vl ratio of ~ 1,000 

was selected as it yielded liquid flow rates in the order of 5 to 30 mL·min-1. This range was 

expected to generate a relatively small amount of waste liquid per day (7 to 45 L), hence 

minimising disposal issue and the need for a large collection tank. In addition, based on a 55 - 

95% conversion of toluene to CO2 (Bordoloi et al. 2019), the amount of carbon in the liquid 

was estimated to ensure that it was within the total organic carbon (TOC) detection limit 

(Shimadzu).  

4.3.4.3 Mode of operation 

The DBTF in this study operated in a cocurrent, down flow fashion, because counter 

current gas-liquid flow BTFs was unsuitable with small packing particle sizes (1 – 5 mm) 

(Mederos et al. 2009). This was due to the likelihood of excessive pressure drop and flooding 

problems in this BTF flow configuration. This flooding problem was observed in this study 

specifically with the column BTF reactors initially operated with countercurrent gas/liquid 

flow.  

4.4 The liquid distribution system 

With the gas recycle rate in the range of 10 - 30 L·min-1 (Sec. 4.3.2), the liquid trickling 

rate was estimated using a Vg/Vl ranging from 10 to 2,000 (Appendix C). The trickling rate 

targeted for the differential BTF system was 5 - 30 mL·min-1. Establishing the liquid 

distribution system for this BTF was a major challenge, as the desired range of liquid addition 

rates was lower than the range delivered by most hydraulic spray nozzles available in the 
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market. Aside from delivering the desired rate of flow, the uniformity of liquid distribution was 

important, as it affected the wetting fraction in the bed. These two important requirements were 

considered in choosing the appropriate equipment for the liquid distribution system.   

4.4.1 Options considered for the liquid distribution system 

Several options for the liquid distribution system were explored. These options 

included: (1) hydraulic spray nozzles; (2) pneumatic/air atomizing nozzles or nebulizer; (3) 

vibrating mesh or plate for aerosol production (4) centrifugal atomizer and (5) ultrasonic 

atomization.  

4.4.1.1 Hydraulic spray nozzles 

The most commonly reported liquid addition system in BTFs were hydraulic spray 

nozzles. However, their minimum rated flow (usually 150 mL·min-1) made their application to 

this system less desirable. With BETE WL ¼ and P20 misting nozzles (Fig. 4.5), pulsations 

were observed when they were operated below their minimum rated flow rates at ~ 490 and 

150 mL·min-1, respectively. P20 misting nozzles and other similar nozzles available in the 

market required high pressure pumps, usually a minimum of 400 kPa to generate droplets in 

the range of 20 – 500 µm. Droplets larger than 500 µm could be generated by the WL series. 

These high flow-rate hydraulic spray nozzles had to be operated intermittently to achieve the 

small flow rates desired. Experiments were conducted to test the uniformity of liquid 

distribution of these hydraulic nozzles at their minimum rated flow rates. Forty small test tubes 

(5 mm. diameter) were arranged over a 100 mm – diameter circle and water was sprayed from 

the nozzles at varying rates (100 – 430 mL·min-1). The amount of water was collected in each 

test tube over 30 seconds to determine the variability of liquid distribution across the cross 

section.  
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Figure 4.5. BETE WL ¼ (left) (Bete n.d.-b) and P 20 misting nozzle 

(right) (Bete n.d.-a). 

Neither hydraulic nozzle yielded a satisfactory uniform liquid distribution across the 

100-mm bed as indicated by high percent relative standard deviation (%RSD) (Fig. 4.6). 

Percent RSD, the ratio of the standard deviation and the mean, was indicative of the overall 

variability in the liquid distribution across the bed. At a liquid flow rate of 430 mL·min-1, the 

overall RSD was 90% and only one side of the bed was adequately wetted by the WL ¼ nozzle. 

The P20 nozzle, on the other hand, wetted only the inner radius while leaving the outer radius 

dry, hence giving a higher variability of 168% RSD. The high amount of liquid in the center 

observed with the P20 misting nozzle was due to dripping that occurred because it was operated 

below its minimum rated flow (150 mL⸱min-1). Moreover, for both nozzles, the large variability 

in each of the radial positions indicated that even at the same radial distance from the center of 

the bed, the variability was high.     
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(a)                                                                                  (b) 

Figure 4.6. Liquid distribution after 30 s with hydraulic nozzles at different flow rates. 

(a) WL ¼ nozzle at 430 mL·min-1 (% RSD = 88%); (b) P20 nozzle at 

100 mL·min-1 (% RSD = 186%). Each test was done three times. 

                           

4.4.1.2 Pneumatic/air-atomizing nozzles or nebulizer 

An air atomizing nozzle was also considered but this option required accounting for the 

amount of air used for atomization. In terms of uniformity of liquid distribution, these types of 

nozzle were generally superior to hydraulic spray nozzles. To avoid adding a new air stream to 

the whole BTF system, the recycle gas was considered for atomization. Air atomizing nozzles 

from BETE and Spraying Systems Co. could deliver liquid at a rate of 30 mL·min-1 at a pressure 

of 100 kPa and air flow rate of 17 L·min-1 (Appendix D), which was within the range of 

pressure and flow rate of the recycle gas (Sec. 4.3.2). However, clogging in the atomizer was 

a concern if recycle gas was used to atomize the liquid due to the growth of microorganisms. 

Growth was very likely due to the availability of toluene (from the recycle gas) and nutrients 

thus requiring frequent cleaning of the nozzle.  

Another option considered was a pneumatic nebulizer which employed the Enhanced 

Parallel Path Method to produce liquid spray. In this method of nebulization, the liquid drew 

itself into a spout protruding from the air stream. The impact of the gas stream on the liquid 
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caused the liquid to break into droplets (Burgener Research Inc. n.d.). The desired liquid flow 

rate of 5 – 30 mL·min-1 was possible with LB30 nebulizer (Burgener Research Inc., Canada) 

(Fig. 4.7a) with the use of the recycle gas at 15 - 30 L·min-1 flow rate. However, the pressure 

required for the atomizing air was at least 345 kPa.  

Another option was a high-precision nebulizer (Fig. 4.7b) used in inductively-coupled 

plasma spectrometers for elemental analysis (Meinhard, USA). The available flow ranged from 

8 - 15 mL·min-1 using 0.8 - 1.0 L·min-1 of air at a pressure of 207 - 345 kPa. However, this 

nozzle had non-uniform liquid distribution similar to the hydraulic nozzles previously tested. 

With the Meinhard nebulizer positioned at 150-mm distance above the bed and at 345 kPa air 

pressure and 10 mL·min-1 liquid flow rate, uniformity of liquid distribution was tested 

employing the same procedures used in testing the hydraulic nozzles. This nebulizer did not 

uniformly distribute the liquid across a 100-mm diameter collection system with the %RSD 

ranging from 100 - 150% (data not shown).  

The small mist particle size of less than 10 µm for these types of pneumatic nebulizers 

(Crock and Briggs 1995) was expected to be uniformly distributed across the bed. However, 

the results revealed otherwise, potentially due to the short distance between the nebulizer and 

the bed, which forced the aerosol to quickly drop to the bed following the spray angle. With 

farther distance between the nebulizer and the bed, aerosol or mist particles were expected to 

float and be distributed uniformly on the cross section of the path length before reaching the 

bed. Hence, the nebulizer’s distance from the bed was increased to 380 mm.  
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(a)  (a)  (b)  (b)  

 

Figure 4.7. (a) LB 30 Nebulizer by Burgener and (b) High-Precision Nebulizer  

                 by Meinhard.  

The liquid distribution using the Meinhard’s High-Precision Nebulizer improved when 

it was positioned about 380 mm from the top of the bed. Percent RSD decreased to 30 - 40% 

which was still below the level of uniformity desired for this study (≤ 10% RSD). Generally, 

the inner radius of the bed received more liquid than the outer layer (Fig. 4.8). This non-

uniformity in liquid distribution and the difficulty in finding a pump which could deliver these 

flows and pressures meant this option was not pursued. 

 

Figure 4.8. Liquid distribution generated by a Meinhard High Precision  

       nebulizer after 30 s at 380-mm above the bed and 10 mL·min-1 

trickling rate.  
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4.4.1.3 Vibrating mesh or plate  

Another way of achieving uniform liquid distribution considered in this study was 

through the use of a vibrating mesh or plate. This principle was extensively used in the medical 

industry, specifically in the manufacture of nebulizers capable of generating < 5 µm mist 

droplets necessary to reach small bronchioles and alveoli (Miller 2015). The mesh or plate with 

multiple number of holes could vibrate approximately 100,000 Hz, hence acting as micro 

pumps which produce fine mists of liquid (Dhand 2002). Thus, no supplemental air would be 

required for atomization making it desirable for this BTF system. The nebulizer manufactured 

by Aerogen (Fig. 4.9) was particularly advantageous as it could be installed directly to the 

reactor and there was a controller which would allow it to be operated continuously. The cap 

containing the liquid to be nebulized could only handle up to 10 mL of liquid at a time, but it 

could be connected directly to a source enabling continuous liquid supply. Although this was 

a suitable configuration, this was not prioritized due to the presence of other options which 

were easier to integrate to the system and are discussed in the succeeding sections.  

 

Liquid cap (10 mL- capacity)Liquid cap (10 mL- capacity)

Vibrating mesh/plateVibrating mesh/plate

ControllerController

 

Figure 4.9. Nebulizer with vibrating mesh/plate for atomization (Medxus n.d.). 

4.4.1.4 Centrifugal atomizer  

Centrifugal atomizers which break liquid into fine droplets through centrifugal forces 

generated by a spinning cup or disk were also considered. In a centrifugal atomizer, the liquid 
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is introduced at the center of a rotating disk, forms ligaments or sheets which eventually break 

into fine droplets (Graco Inc. n.d.). Centrifugal atomizers available in the market use an internal 

fan which forces the mist into a space, hence employing it would require accounting for the 

additional air. They generate mists (5 - 10 µm) at the desired flow rate (5 - 10 mL·min-1) and 

operate continuously by connecting the bottom pan to a liquid source (Fig. 4.10). This 

configuration is closely related to another option, the ultrasonic atomizer discussed in the next 

section. However, wider use of the latter proved its reliability, hence was prioritized.  

 

 

               Figure 4.10. Schematic diagram of a centrifugal atomizing humidifier    

   (Air Conditioning Heating and Refrigeration Institute n.d.). 

4.4.1.5 Ultrasonic atomizer  

Ultrasonic atomization utilize very high frequency vibrations to atomize liquid and 

produce very fine and dense aerosol (Lang 1962). Ultrasonic atomizers can generate mists at a 

very low flow rate, even as low as 1 mL·min-1. There are expensive ultrasonic atomizers 
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US$10,000 (Fig. 4.11a) but there are also low-cost ultrasonic aerosol generators (US$30-50) 

which suitable for this application, combined with a fan to redirect the flow of aerosol to the 

reactor.  

 

 

(a)(a) (b)(b)

 

Figure 4.11. (a) Ultrasonic atomizer by Sonaer Ultrasonics (Daintree Scientific n.d.) 

and (b) a typical low-cost ultrasonic aerosol generator (Growshop Whole 

Green n.d.).  

Another ultrasonic aerosol generator system (Nutramist, USA) (Fig. 4.12) capable of 

creating aerosol with droplet size of less than 5 µm was tested. The aerosol generator could 

deliver uniformly distributed aerosol at a rate of up to 10 mL·min-1 (Fig. 4.13) and could be 

run continuously. The device consisted of an internal fan which pushes the aerosol to the 

reactor. An air nipple could also be used to replace the fan, enabling the use of air coming from 

another source, say compressed air. To avoid addition of another air stream, the recycle gas 

could be used to push the aerosol to the reactor. This device was originally intended for 

agricultural applications such as hydroponics, pest control and foliar feeding indicating their 

suitability to handle nutrient solutions similar to that of a BTF system.  

While the liquid was envisioned to reach the surface of the bed as aerosol, the aerosol 

droplets must coalesce as they flow through the bed, enabling the liquid to provide nutrients 

and to detach the biofilm. Therefore, aerosol deposition and coalescence on a bed of glass beads 
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were tested. Aerosol was allowed to flow through a bed of 5-mm glass beads with a bed 

diameter of 60 mm and varying bed thickness of 40 – 100 mm, using different gas flow rates 

(10 - 60 L·min-1). The coalescence rate estimated to be the amount of liquid collected 

downstream of the bed over a period of one minute was measured at varying air flow rate 

(Fig. 4.13). 

 

Figure 4.12. The Nutramist Cyclone ultrasonic aerosol generator 

(Nutramist n.d.). 

 

Figure 4.13. Nutramist aerosol discharge (solid line) and coalescence (broken 

line) at varying bed thickness and air flow rate. Red lines pertain to 

the ratio of coalescence and discharge rates. *All data represent an 

average of three measurements with <10% RSD.   
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Aerosol discharge and hence delivery to the bed was a function of airflow rate, but only 

up to 50 L·min-1 (Fig. 4.13). Beyond this airflow rate, the amount of aerosol delivered to the 

bed decreased. Aerosol coalescence was also a function of the air flow rate and varied from 13 

to 77% of the aerosol discharge rate as shown by the red lines in Figure 4.13. In general, it has 

been shown that ultrasonic aerosol generators were a good option for liquid distribution as the 

amount of aerosol delivered to the bed was within the desired range of liquid trickling rate and 

it satisfied the requirement for a uniform liquid distribution. Due to unreliability and difficulty 

in communicating with the vendor of aerosol generator from Nutramist, a three-disc aerosol 

generator from The House of Hydro (USA) was used for the final differential BTF system. The 

performance of this three-disc aerosol generator in terms of aerosol coalescence and reliability 

for continuous operation is discussed in Chapter 5.  

4.5 The diffusion system 

Static and dynamic methods of preparing mixtures of gases for air pollution studies 

were explored in designing the system for generating toluene-contaminated air for the DBTF 

system. As recommended by Naganowska-Nowak et al. (2005), factors like the characteristics 

of gases, volume and concentration required were considered on deciding what technique to 

use in preparing standard gas mixtures in this study.   

A static method was employed for the toluene calibration of the SRI gas chromatograph 

(SRI GC, USA) used in this study (Appendix G). The static method required the use of a closed 

vessel like plastic bag or cylinder and was particularly useful for generation of small volume 

and high concentration gaseous mixtures. In employing this method, a known weight or volume 

of the desired contaminant was introduced to a closed vessel (i.e. Tedlar bag) (Nelson 1971) 

and was allowed to equilibrate for a few minutes. On the other hand, the dynamic method of 

generating gas mixtures involved continuous mixing of the component parts for a specified 

period of time (Nelson 1971), hence guaranteeing an uninterrupted supply of large volumes of 
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gaseous mixtures (Barratt 1981). Although static techniques were simple and cheap, they could 

be less accurate and sensitive to losses due to adsorption and condensation on the vessel walls. 

Dynamic methods could eradicate the problem of adsorption and even have the advantage of 

generating more uniform and stable gaseous mixtures. However, the latter would require a 

good control of the supply and flow rate of the diluting gas (Slominska et al. 2014).  

Since a continuous supply of toluene-contaminated air was required in the DBTF 

system, a dynamic method was preferred. Barratt (1981) reviewed the common dynamic 

methods of preparing standard gas mixtures such as gas stream mixing, injection, permeation, 

evaporation, and diffusion. Since toluene is liquid at room temperature, gas stream mixing 

which combines two gases of known concentrations and flow rates to produce standard gas 

mixture was not appropriate for this system. In air pollution studies involving contaminants 

which naturally occur as liquid, standard gas mixtures are generated through the evaporation 

method where a diluting gas is either bubbled through or passed over the surface of the liquid 

to be vaporized. Although inexpensive and have a short stabilization period, gas mixtures 

generated from this method had the highest deviation from theoretical values (5-15%) (Li et al. 

2012b). Injection methods employing the use of a syringe pump to introduce gases and/or 

liquids into a flowing gas stream was also considered, but the need for a syringe pump rendered 

it less practical as compared to other options. Standard gas mixtures could also be generated 

through permeation technique wherein a liquefied gas is allowed to permeate through the walls 

of a tube at a constant and reproducible rate (Barratt 1981). Although considered to be an 

elegant technique due to the high accuracy of resulting standard gas mixtures (only 2 – 5% 

deviation from theoretical values) (Li et al. 2012b), the permeation device could potentially be 

contaminated, thereby shortening its lifetime (Barratt 1981).   

The most common approach is the diffusion technique (López et al. 2013; Wang et al. 

2014; Zamir et al. 2015) which can generate gas mixtures that are 3 – 5% different from 
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theoretical values (Li et al. 2012b). In a diffusion system, organic compounds which are usually 

liquid at room temperature are vaporized into the diluent gas through a capillary tube, 

eventually mixing it with the diluent gas to produce a desired concentration (Altshuller and 

Cohen 1960). In using this technique for the design of the diffusion system in this study, 

parameters such as temperature, concentration gradients and the geometry of the diffusion tube 

were manipulated to vary the rate of gas diffusion (Nelson 1971), hence the toluene 

concentration generated for the DBTF system 

The rate of diffusion was estimated using Eq. 4.1 which relates the cross sectional area 

of the diffusion tube to the diffusion rate.  Altshuller and Cohen (1960) noted that very small 

diameters (below 2 mm) result in difficulties and inaccuracy in measurements while greater 

than 20 mm intensifies turbulence in the diffusion of gas. Given the diffusion rate, the 

concentration in a dynamic diffusion system was calculated using Eq. 4.2 (Nelson 1971).   

v
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 ln                                                          (4.1) 

 

Q

q
C d*106

                                  (4.2)          

where: 

C = concentration of contaminant, ppm 

dq = rate of diffusion, mL·min-1 

Q = flow rate of bulk gas, mL·min-1 

D = diffusion coefficient, cm2·min-1 

A = diffusion tube cross-sectional area, cm2 

P = pressure in the diffusion cell, atm 

L = length of diffusion tube, cm 
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vp = vapour pressure of the diffusing vapour, atm  

The diffusion coefficient, D , a function of temperature and pressure, was calculated 

using Eq. 4.3 (Nelson 1971), while vapour pressure of the diffusing vapour, vp , was obtained 

using Antoine equation (Eq. 4.4) (National Institute of Standards and Technology 2016). The 

value used for n was in the range of 1.5 to 2.0 although 2.0 was the most common (Nelson, 

1971). Solving Eq. 4.4 necessitated the values of coefficients A, B and C which were 

characteristics of the liquid. Nelson (1971) summarized the values of these coefficients for 

various liquids. For toluene, Table 4.3 shows these values for various temperature ranges.  
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where: 

D = diffusion coefficient, cm2·min-1 

298D = diffusion coefficient at 25 °C and 1 atm 

                       T = temperature, K 

             , ,A B C = Antoine coefficients. 

Table 4.3. Antoine coefficients of toluene at various temperature ranges.  

Temperature Range A B C References 

273-323.0 4.14 1377.58 -50.51 Pitzer and Scott (1943) 

273.1-297.9 4.24 1426.45 -45.96 Besley and Bottomley (1974) 

303.0-343.0 4.08 1346.38 -53.51 Gaw and Swinton (1968) 

308.5-384.7 4.08 1343.94 -53.77 Willingham et al. (1945) 

420.0-580.0 4.54 1738.12 0.39 Ambrose et al. (1967) 

 

As per the calculations using the equations shown above and the target concentration 

ranges (Appendix E), the diffusion system was constructed (Fig. 4.14). A 20-mL diffusion flask 

(with a tube diameter of 12.0 mm and diffusion path length of 41 mm) was placed inside a 
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1,000-mL reagent bottle sealed with a rubber stopper. Another option to achieve the desired 

range of toluene concentration (30 – 200 ppm) was the use of four diffusion flasks with smaller 

cross-section (6.0 mm) but similar diffusion path length. For easy handling, a single diffusion 

flask was preferred. In both systems, the reagent bottle was placed in a water bath with a heating 

element for temperature control (Grant Instrument Cambridge Ltd, UK).  

 

    Figure 4.14. Diffusion system inside a water-bath. 

4.5.1 Performance of the diffusion system 

 For 25 - 50 °C water bath temperature range, the concentration generated by the 

diffusion system deviated about 2 - 6% from the theoretical values while deviation for lower 

water bath temperatures was approximately 4 – 16% (Fig. 4.15). For a dynamic system similar 

to this diffusion system, Mckelvey and Hoelscher (1957) reported a difference of about 5% 

while Nelson (1992) summarized that this method of gas mixture preparation generally yields 

± 10% difference between actual and theoretical values. Hence, the values obtained from the 

diffusion system in this study were reasonable. The higher difference between the actual and 

theoretical values at lower water bath temperatures (5-15 °C) was potentially due to its 

difficulty in maintaining low temperature values due to the absence of a cooling system, hence 
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causing the temperature in the water bath to fluctuate. Thus, the diffusion system was not 

operated at these low water bath temperatures.   

 

Figure 4.15. Actual conc.* vs. theoretical conc. generated by the diffusion system. 

* Data for actual concentration at varying temperature are averages of 

at least 10 readings with <8% RSD.  

 

4.6 The final design 

 The final BTF design consisted of the reactor bed, aerosol generation system, 

recirculation fan and feed reservoir (Fig. 4.16). Each of these components is described in the 

succeeding sections.  
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  Figure 4.16. The differential BTF system and its major components.  

4.6.1 The reactor bed 

 The reactor bed was divided into two sections: the top (1) and bottom (2 and 3) sections 

(Fig. 4.17). The top section (1) composed of 103-mm ID, 3.5-mm thick and 140-mm long glass 

pipe held the glass beads. A circular, 2x2 mm square wire mesh section with an overall diameter 

of 123 mm and 1 mm thickness served as the support for the glass beads and was secured 

between two stainless steel plates, each of which was 10-mm thick and 220 mm in diameter. 

Leakage at the surfaces of these two plates was prevented by placing a 150-mm diameter, 

3 - mm cross section Viton O-ring (Dotmar Engineering Plastics Ltd, Christchurch, NZ) in the 

groove machined into the bottom plate. All edges of the top and bottom (2) glass pipe were 

smoothened to facilitate the gasket seal proven by the stainless steel head plates. The top and 

bottom glass pipes and head plates were kept together by three 9-mm threaded rods and nuts. 

The bottom glass pipe (142-mm ID, 4-mm thick and 80-mm long) could have been made of 

stainless steel but glass was preferred to enable visual inspection of the interior during the run.  
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       Figure 4.17. The three main sections of the differential BTF’s reactor bed. 

The head plate of the top glass had a 60-mm circular hole from which the stainless steel 

pipe was welded. In addition, it also had three ports: two 6.4-mm diameter ports which served 

as inlet and outlet gases ports and a thermo-well made out of 3-mm solid steel tube. These ports 

were fitted with ¼” stainless steel Swagelok fittings (Swagelok, New Zealand).  
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 The lower half of the bottom portion (3) was made of 144-mm ID, 3-mm thick and 

235 - mm long stainless steel welded on both ends. It had a funnel-shaped base to easily direct 

liquid to drain via a shut-off valve. It was on this stainless steel part of the reactor where a 

60 - mm stainless steel pipe was welded as part of the recycle path of the gas. Moreover, a 

4 - mm diameter and 7-mm long port was welded on the stainless steel portion of the reactor 

to serve as a point where pressure at the bottom of the bed could be measured.  

 The bottom-most plate which served as the base of the whole reactor was supported by 

three 9-mm threaded rods. The threaded rods allowed flexibility in terms of the reactor’s height 

from the surface at which it is placed.  

4.6.2 The aerosol generator and fan assembly 

 A glass reservoir (240-mm height x 240-mm diameter x 5-mm thick) contained the 

aerosol which converted the nutrient medium into an aerosol about 10 - 15 µm in diameter 

(Fig. 4.18). A 10-mm thick stainless steel platform whose height was made adjustable through 

the four 225-mm long, 9-mm diameter threaded rods served as the support of the glass 

reservoir. The upper plate of the glass reservoir was made from 10-mm stainless steel plate 

from which two 60-mm stainless steel pipes to and from the reactor bed were welded. The glass 

reservoir was secured between the upper plate and the base through four 9-mm threaded bolt 

and nut assembly. The glass-to-metal surfaces were sealed with a Viton gasket.  

Inside the glass reservoir was a three-disc ultrasonic mist maker (House of Hydro, 

USA) capable of generating aerosol at a maximum rate of 25 mL·min-1 through a piezoelectric 

transducer which produces high energy vibrations that turns liquid into aerosol. The level of 

the liquid in the reservoir was maintained at approximately 100 mm to ensure continuous 

aerosol production. This was achieved through an external nutrient reservoir (Sec. 4.6.3) 

connected to the system through a 13.7-mm stainless steel tube.  
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Although the amount of aerosol that can be generated was within the requirement (5 to 

30 mL·min-1), the amount that could actually be delivered to the bed was dependent on the gas 

recycle rate yielded by the fan. The amount of aerosol that coalesced was estimated by 

measuring the amount of liquid collected at the bottom of the liquid sump. Since the gas recycle 

rate was a function of the biomass accumulation in the bed, the amount of aerosol delivered to 

the bed also decreased with the decrease in the gas recycle rate brought about by biomass 

accumulation (Chapter 5). At 50-mm bed thickness, the gas recycle rate affected the aerosol 

coalescence rate (Fig. 4.19). The maximum aerosol coalescence rate at 1.75 mL·min-1 was 

achieved at a gas recycle rate of 250 L·min-1. Further increases in the gas recycle rate did not 

significantly increase the aerosol coalescence. Higher gas recycle rates could have increased 

the level of turbulence as compared to what occurred with lower gas recycle rates and this may 

have caused the aerosol particles to hit the pipe wall and eventually drip down back to the 

aerosol reservoir.  
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Figure 4.18. The aerosol reservoir of the differential BTF system. 

 

Figure 4.19. The aerosol coalescence rate vs. gas recycle rate at a 50-mm bed thickness. 

The fan used to push the aerosol to the bed was an IP 68 (splash-proof) 60 x 60 x 25 mm 

axial fan (San Ace, USA) (Fig. 4.4). It was placed in a 100-mm diameter, 30-mm thick circular 
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polytetrafluoroethylene (PTFE) block which could easily be positioned with a flange along the 

stainless steel pipe connecting the aerosol reservoir to the bottom of the reactor bed. Potential 

leakage through the passageway of fan wirings through the PTFE block was prevented by 

sealing it with CRC 8629 Red Gasket 340 RV Silicone sealant (NZ Safety Blackwoods, New 

Zealand). The fan was operated at varying speeds and pressure drops from 3,000 to 11,000 rpm 

(Fig. 4.20) using a proportional-integral-derivative (PID) controller (Fig. 4.4b).  

 

Figure 4.20. Fan performance curve at varying fan speed.  

4.6.3 External nutrient reservoir 

 To ensure continuous generation of aerosol, the liquid height had to be maintained at a 

100-mm level by connecting the aerosol reservoir to an external nutrient reservoir. This 

external nutrient reservoir (Fig. 4.21) consisted of a 19-L bisphenol A (BPA)-free water 

container jug positioned about 1,000 mm above the surface on which the whole differential 

BTF system sits. The tip of the container was plugged with a rubber stopper from which a shut-

off valve was connected to enable shutting on and off the flow of nutrient to the system. A 

20 - mm rubber tubing was used to connect the tip of the shut-off valve to the stainless steel 
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tube which runs through the head plate of the aerosol reservoir down to the desired 100-mm 

liquid level. A hole usually plugged with a rubber stopper on top of the reservoir served as the 

port for refilling it with fresh medium.  

Tubing to the aerosol 
reservoir

Rubber stopper 

Handle

Threaded rod

Shut-off valve

 

Figure 4.21. The external nutrient reservoir of the differential BTF system.  

 The mechanism by which nutrient was supplied from the external reservoir was similar 

to that of a bird feeder/waterer. When the height of the liquid in the aerosol reservoir decreased 

below 100 mm, the tip of the stainless steel tube became open and gas flowed up the tube into 

the external nutrient reservoir. This raised the pressure in the external nutrient reservoir hence 

pushing liquid down the aerosol reservoir. As liquid flowed down, a partial vacuum formed in 

the head space of the external nutrient reservoir thereby preventing all liquid to flow once the 

tip of the tube got sealed off the flow of gas. 
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4.6.4 Piping 

 The above-described parts of the system, particularly the reactor bed and the aerosol 

reservoir were connected through a 60-mm ID stainless steel pipe. Four 4-mm ports, each 7 mm 

long, were welded on selected points along the pipe for pressure measurement. These pressure 

ports allowed the measurement of pressure drop across the bed and across the fan. In addition, 

there was a pressure-relief valve set at 40 kPa release pressure along the pipe close to the top 

of the bed. This same hole for the pressure-relief valve also served as the port for recycle gas 

flowrate measurement using a VelociCalc air velocity meter 9545 (TSI, USA). 

4.7 Conclusions 

Having considered the design options that satisfied the design goals, the final design of 

the differential BTF consisted of the following key features:  

a. A short reactor bed (10-50 mm) consisted of 5-mm glass beads. 

b. A liquid distribution system coupled with the gas recycle system, composed 

primarily of an aerosol generator and an axial fan, hence called the aerosol generator 

and fan assembly (Chapter 5). 

c. Ten to fifteen µm-aerosol or mist supplied nutrients to the bed at an estimated rate 

of up to 10 mL·min-1, thereby providing uniform liquid distribution across the bed.  

d. A high recycle rate of gas using an IP68 axial fan pushed the aerosol or mist to the 

bed while minimizing the concentration gradient across the bed.  

e. Toluene-laden air generated via a diffusion system.  

These features of the differential BTF approximated CSTR behavior. A short bed, along 

with the complete mixing brought about by gas recycle, aid in achieving and maintaining the 

BTF’s differential behavior, that were negligible axial and radial gradients in the bed. With 

this, data that could be obtained from future experiments would be representative of what really 

occurs in the whole bed, hence making analysis easier. Uniform liquid distribution throughout 
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the bed was achieved with the use of aerosol or mist droplets generated ultrasonically. These 

aerosol droplets were pushed to the bed by a fan which also recycled the gas at a high rate, 

hence achieving a recycle reactor that ensured differential behavior of the system.  

Five-millimeter glass beads served as packing materials due to their potential to support 

a considerable amount of biomass necessary to achieve a removal capacity that was in the range 

of those reported in literature. Moreover, the smooth surface of glass beads also had the 

potential to enable easy detachment of biofilm that would facilitate one of the objectives of this 

study, that was to investigate the effect of uncouplers on biofilm integrity.  

Continuous supply of toluene-laden air to the DBTF system was ensured by the 

diffusion system which consisted of a flask whose diameter and length affected diffusion rate, 

hence the toluene concentration in the incoming air. Varying concentration of inlet toluene feed 

was made possible by changing the temperature of the water bath in which the diffusion system 

sits. The actual toluene concentration generated by this diffusion system demonstrated 

marginal deviation from theoretical values, hence reliable for use in this study.  

The succeeding chapters discuss the performance of the DBTF system based on its 

elimination capacity as well as the problems encountered during its operation. Similarly, its 

advantage for testing the effect of uncouplers is also discussed.   
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CHAPTER 5 

PERFORMANCE OF THE DBTF SYSTEM  

5.1 Description of the system 

Based on the design parameters discussed in Chapter 4, a differential BTF (DBTF) 

reactor was developed as a research tool to better understand the impact of metabolic 

uncouplers on biotrickling filters. The reactor was comprised of four major components: (1) 

the reactor bed; (2) the aerosol generator; (3) a fan to recycle gas and (4) an external nutrient 

reservoir (Chapter 4, Fig. 4.16). As an overview (Fig. 5.1), feed air was passed through the 

diffusion system to generate toluene-laden air which was then fed to the DBTF reactor. This 

gas was recycled by the fan at a rate determined by the pressure drop in the system and the fan 

speed. Nutrients were supplied to the bed as an aerosol transported by the recycle gas flow.  

The aerosol was generated ultrasonically. An external nutrient reservoir ensured that the 

aerosol reservoir was constantly provided with fresh medium. A portion of the inlet and outlet 

flow was periodically directed to a Vaisala CARBOCAP Carbon Dioxide Probe GMP 343 

(Finland) for CO2 measurement after which it flowed through the SRI gas chromatograph 

8610C (SRI Instruments, USA) for toluene gas analysis. These analysers were both connected 

to the computer hence making the gas analyses online.  
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Figure 5.1. Schematic diagram of the DBTF system. Red and green lines correspond to 

inlet and outlet gas lines, respectively. Blue lines correspond to the flow of 

the liquid phase such as the fresh medium and the waste liquid while purple 

lines correspond to a mixture of recycle gas and aerosol.  

 

This chapter discusses the performance of the differential BTF system in terms of its 

elimination capacity, pressure drop across the bed, reliability and its behavior as a differential 

reactor. In addition, it also discusses the problems encountered during the long-term operation 

of the differential BTF. 

5.2 Materials and methods 

 The differential BTF was tested for leaks and abiotic losses prior to inoculation. These 

were done to ensure that the reported EC values were solely due to microbial degradation and 
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not from other sources (e.g. leakages and toluene absorption by the liquid phase). Biological 

toluene removal was studied for a total of 130 days including a shutdown of ~ 20 days due to 

the failure of the aerosol generator and ~ 30 days of uncoupler (m-chlorophenol) application. 

The results pertaining to the effect of m-chlorophenol are discussed in Chapter 6. Operating 

conditions of the gas chromatograph as well as analytical procedures for total organic carbon 

(TOC), pressure drop and flow rate measurements, which were important in describing the 

performance of the DBTF system are discussed in the succeeding sections. 

5.2.1 Leak testing 

 Three different methods were done to ensure that the system was leak-free prior to 

starting all experiments. These methods were a combination of detection, location and 

measurement of leaks and include: (1) inlet and outlet flow measurement; (2) bubble test using 

Snoop; (3) use of electronic leak detector; and (4) pressure change/decay method.  

 The first test involved comparing the inlet and outlet flow through the system. This 

method measured the amount of leakage as the difference in the inlet and outlet flows. A bubble 

test using Snoop (Swagelok, New Zealand) and electronic leak detection using G3388B 

electronic leak detector (Agilent, New Zealand) were employed to confirm the location of 

leakages, which were typically between head plates sealed together by rubber gaskets. These 

leaks were resolved by tightening the threaded bolt and nut connections.  

 The third method involved pressurizing the system to up to 7.10 kPa and measuring the 

change in pressure over time. This pressure decreased to 7.08 kPa on the first two hours and 

eventually decreased to 6.76 kPa over the next twelve hours (overnight). This reduction in 

pressure was due to the decrease in temperature (down to ~ 15 ⁰C) when it was left overnight 

as it increased to 7.20 kPa when the heater inside the room was switched on bringing the 

temperature to approximately 25 °C. From ideal gas calculations (Appendix P), these 

fluctuations in pressure due to temperature variation were expected. Hence, it was confirmed 
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that the system was leak-free. These tests were done every time the reactor was reinstalled after 

cleaning and/or troubleshooting operations.  

5.2.2 Abiotic losses 

 The system was also tested for abiotic toluene losses to ensure that the change in toluene 

concentration was due to biodegradation. After washing with 1% high level surface disinfectant 

(Rely+On Virkon) and sprayed with 70% ethanol, the glass beads and all the surfaces of the 

reactor were allowed to dry prior to assembly. Prior to inoculation, the aerosol generator was 

allowed to run and the DBTF was fed with (0.42 ± 0.01 g⸱m-3) 104 ± 3 ppm toluene. Inlet and 

outlet toluene concentrations were monitored for a period of seven days and the percent 

difference between the two values indicated the abiotic losses through the system. Only 3 – 4% 

difference was observed over the three-day period that it was monitored (Fig. 5.2). This 

corresponded to a abiotic EC of 2.0 ± 0.3 g·m-3h-1 which was judged to be insignificant. Only 

a three-day measurement was completed due to a troubleshooting operation on the GC for the 

first four days of the test.  

 

Figure 5.2. Three-day abiotic loss test for the DBTF.   
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5.2.3 Inoculation and start-up 

 The inoculant used for the DBTF system was obtained from the seed column reactor 

(Sec. 6.2.3) which was not treated with uncoupler. Approximately 100 mL of the liquid from 

the seed reactor was sprayed onto the DBTF bed using a Masterflex console-drive peristaltic 

pump and a LS 14 silicone tubing (Masterflex, Thermo Fisher Scientific NZ Ltd) passing 

through the hole along the pipe which was originally intended for the pressure relief valve and 

flow rate measurement. The inoculant was eventually collected at the bottom of the liquid sump 

and then recirculated back to the bed until considerable wetting of the bed was achieved (~ 2 h).  

 After inoculation, the DBTF reactor was acclimated using a loading rate of 

approximately 60 g·m-3h-1 at a feed concentration of 0.49 g⸱m-3 for the next ten days. However, 

the EC was not monitored during this period due to a troubleshooting operation on the GC.  

5.2.4 Analytical measurements 

The different phases involved in the BTF system such as solid, liquid and gases were 

analysed using different analytical instruments and methods. Detailed methodologies are 

discussed in the subsequent sections.  

5.2.4.1 Toluene gas analysis 

Inlet and outlet gas streams from the reactor systems were sampled via a 22-port stream 

selector valve then to a 10-port valve for sample injection and finally to the GC/FID (SRI-

8610C, SRI Instruments). The 10-port valve contained a 1-mL sample loop. This volume was 

injected on to the 60-m MXT-1 capillary column (Restek Corporation, US) operated at 200 °C 

oven temperature with a flame ionization detector (FID). Helium (15 psi) was used as a carrier 

gas while hydrogen (20 psi) and air (5 psi) were used for the FID (Table 5.1). Air came from 

the GC’s built-in air compressor. Peak Simple software was used for acquiring and processing 

data. The software allowed programming of a continuous sampling and analysis cycle. Both 

the inlet and outlet lines of the reactor systems were measured in triplicate at least once a day. 
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The calibration procedures and a calibration curve for toluene were developed (Appendix G). 

The calibration curve was updated every three months and at least two points in the calibration 

curve were checked whenever a troubleshooting operation was done on the GC. The percent 

relative standard deviation (%RSD) of the concentration readings was maintained at less than 

5% throughout the experiment.  

Table 5.1. Operating conditions of the GC.  

Parameter Setting 

Carrier gas (helium) pressure (psi)/flowrate (mL·min-1) 15/33 

Air pressure (psi)/flowrate (mL·min-1) 5/250 

Hydrogen pressure (psi)/flowrate (mL·min-1) 20/25 

FID temperature (°C) 200  

Column temperature (°C) 200  

Injection temperature (°C) 120  

Purge time (minutes) 120  

 

5.2.4.2 CO2 analysis 

The CO2 content of both inlet and outlet gas lines were measured using a Vaisala 

CARBOCAP Carbon Dioxide Probe GMP 343 (Finland). It employed a nondispersive infrared 

detector that determines infrared absorption at 4.26 µm in the gas which was proportional to 

its CO2 content. The gas lines and GMP 343 sample chamber were purged for about 120 

minutes by diverting ~ 5 ml⸱min-1 through the instrument until the CO2 reading became stable. 

CO2 data were logged through the MI170 Link software into the computer. The CO2 content 

of the inlet line was subtracted from the outlet CO2 and combined with toluene degradation to 

determine the %CO2 recovery in each run of gas analysis. An eight-point calibration curve 

(Appendix H) was generated from a standard gas cylinder containing 3,000 ppm CO2 in air 

(BOC, New Zealand Ltd) and was checked every six months.  

5.2.4.3 Pressure drop measurement 

The change in pressure drop across the bed inferred the rate of biomass accumulation. 

It was measured by establishing two pressure ports: (1) upstream and (2) downstream of the 
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bed. During pressure measurement, these pressure port lines were connected to a Zephyr II+ 

digital micromanometer (Graywolf Sensing Solutions, USA). Moisture damage to the 

manometer was prevented by using approximately 100 g silica gel in a 200-mL reagent bottle 

in-line with the manometer ports. Daily pressure measurements were obtained by taking a 

pressure reading every 10 minutes over a 60-minute period and then averaged.   

5.2.4.4 Carbon content in the liquid sump, aerosol reservoir, pipes and bed 

The total organic carbon contained in the liquid sump of the DBTF reactor represented 

the organic carbon released by the biomass in the bed. Using the unified theory developed by 

Laspidou and Rittmann (2004) as a basis, it was assumed that the total organic carbon measured 

in the liquid sump represented the total of active and inert biomass, dead cells, extracellular 

polymeric substances (EPS) and soluble microbial products (SMPs) among others. A 15-mL 

liquid sample was collected from the liquid sump at the bottom of the reactor and its TOC was 

measured using a TOC-L analyzer (Shimadzu) liquid module and Shimadzu SSM 5500 solid 

module for clear and dirty liquid samples, respectively. This set of equipment measured total 

organic carbon based on the combustion catalytic oxidation/NDIR detection method.  

To gain more information on the performance of the DBTF, the total organic carbon in 

other portions of the system (i.e. bed and recycle pipes) was also measured using a Shimadzu 

SSM 5500 solid module. The biomass samples from the bed was obtained by scraping biofilm 

from the beads using a stainless steel spoon spatula. To ensure that all portions of the 50-mm 

bed was represented, samples were collected from different depths. Scraped biomass from the 

bed was added to 50 mL of fresh medium. For the pipes, biomass samples were collected by 

passing a bottle/test tube brush through them until completely clean. The biomass collected 

from the pipes were added to 200-mL of fresh medium. Ten mL of each biomass sample was 

transferred to a 15-mL falcon tube and was vortexed using a PCV-2400 Grant-bio vortex mixer 

(Grant, USA) at a maximum of 700 g speed for approximately one minute to ensure a more 
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homogenous mixing of the biomass samples in the liquid. TOC measurements were done in 

triplicate.  

Biomass samples from the aerosol reservoir and liquid sump were directly collected 

from their corresponding drain plugs. Aside from TOC, the potential growth of microorganisms 

in the aerosol reservoir was monitored by measuring its absorbance (at 600 nm) using an 

Ultrospec 2100 pro UV/Visible spectrophotometer.  

5.2.4.5 Elimination capacity and removal efficiency 

Using the inlet and outlet toluene concentrations measured on a daily basis, elimination 

capacity (EC) and removal efficiency (RE) were calculated using Equations 5.1 and 5.2, 

respectively.  
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%100*
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RE                                        (5.2) 

where:  EC = elimination capacity, g⸱m-3h-1 

 RE = removal efficiency, % 

Cin, Cout = inlet and outlet concentration, respectively, g⸱m-3 

 Q = bulk gas flow rate, m3⸱h-1 

 Vb = volume of the bed, m3 

5.3 Results and discussion 

 This section presents the results corresponding to the performance of the DBTF in terms 

of biofilm development, EC and RE, pressure drop across the bed, gas recycle and aerosol 

delivery to the bed. Its performance was compared to that of the column reactor as well as other 

BTF systems previously studied.  
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5.3.1 Biofilm development in DBTF 

 Figure 5.3 shows the development of biofilm on the DBTF reactor bed with time which 

was indicative of increasing microbial growth in the bed. Through visual inspection, the 

amount of the biofilm on the reactor was more or less consistent throughout the radial and axial 

directions in the DBTF reactor, except for day 85 corresponding to a period where the bed was 

unintentionally dried due to the failure of the aerosol generator (Fig. 5.3).  

 

 

Figure 5.3. Biofilm development in the DBTF reactor and cross-section of the  

DBTF bed with biofilm. 

 

The development of biofilm on the DBTF bed was more uniform than that in the column reactor 

as shown in the preferential liquid flow which occurred in the latter (Fig. 5.4). This was due to 
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the more uniform liquid distribution (at a rate of 0.09 to 0.70 mL·min-1) facilitated by aerosol 

in the DBTF system as compared to the typical sprinkling mode (24 ± 1 mL·min-1) achieved 

through a four-port nozzle (Chapter 6, Fig. 6.2) in the column reactor. The latter emitted the 

liquid phase drop-wise at four different points hence wetting only four distinct areas in top of 

the bed, leaving the rest only partially wetted. Therefore, in terms of nutrient distribution and 

moisture content, the DBTF was closer to being an ideal reactor than its column counterpart. 

 

 

    Figure 5.4. Biofilm development in the column reactor.  

Mederos et al. (2009) explained that one of the conditions for an ideal reactor was that 

all catalyst particles must equally contribute to the overall conversion. This would only be 

achieved when each catalyst particle was surrounded by the flowing film of liquid and exposed 

to the same flux of gas. Even at the low trickling rate in the column reactor, liquid preferentially 

flowed through certain parts of the bed (Fig. 5.4). At the early stage (day 24) of the column 

reactor run, it was observed that liquid flowed only through certain parts of the bed. It was in 

these portions where the biofilm easily developed (as indicated by yellowish color) leaving 

behind other portions empty.  With time, liquid distribution dispersed radially hence more glass 

beads were covered with biofilm. However, based on the variation in colour around the radial 
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and axial axes of the column, it was concluded that liquid maldistribution was persistent in this 

system, hence causing a variability in the thickness of the biofilm. Liquid maldistribution in 

the column reactors may have been minimised had a fine spray nozzle been used. Non-uniform 

liquid distribution resulting in channelling was also observed by Cárdenas-González et al. 

(1999) when they added water to their compost biofilter but was reduced when fine spray 

nozzles were used. This was consistent to what was observed in this study where the aerosols 

of the DBTF caused more uniform liquid distribution than the four-port nozzle used in the 

column reactors. A spray nozzle was not used since the minimum rated flow of spray nozzles 

available in the market was typically > 100 mL⸱min-1 which was ~ 10X higher than the design 

liquid trickling rate for the column and DBTF reactors (10 – 30 mL⸱min-1).  

The non-uniform liquid flow through the column reactor likely caused gas flow 

channelling wherein gas flow (i.e. advection) favoured interstitial spaces that were not 

occupied by liquid. This contributed to the non-uniform growth of biofilm in the bed. On the 

contrary, liquid distribution was uniform throughout the DBTF bed thereby minimising 

channelling and causing the gas to flow uniformly throughout the bed thickness.  Hence, a more 

uniform biofilm growth was achieved.  

Another reason for the biofilm uniformity in the DBTF reactor was its thin bed which may 

have minimised the microbial diversity thriving along the length of the bed. Variability in the 

diversity of the microbial community along a 230 cm biofilter was demonstrated by Lepeuple 

et al. (2012). A higher microbial diversity was observed in the gas inlet region due to the 

constant availability of the contaminant. Hence, this portion of the biofilter contributed the 

greatest to the elimination capacity of the system. It was confirmed that the microbial 

composition in the biofilter was primarily influenced by the contaminant loading. This was 

similarly observed by Cabrol et al. (2012) and Giordano et al. (2018) in their woodchip biofilter 

and moving bed biotrickling filter (MBBTF), respectively, where contaminant removal was 
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greatest at the inlet due to its higher microbial diversity favoured by the constant availability 

of substrate and other resources. 

5.3.2 Elimination capacity 

 The EC and operating conditions of the DBTF reactor varied with time, from day 1 

corresponding to the day after inoculation (Fig. 5.5, Table 5.2). Since it was a DBTF reactor,  

 

(a) 

 

(b) 

 

Figure 5.5. Performance of the DBTF system over a 100-day run in terms of (a) EC, LR, 

outlet concentration and (b) %RE and %CO2 recovery. 

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

3.6

4.0

0

100

200

300

400

500

600

700

800

900

1000

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

O
u

tl
e
t 

c
o
n

c
.,
 g

⸱m
-3

L
R

 a
n

d
 E

C
, 
g
·m

-3
h

-1

Time, day
EC LR Outlet conc.

0

20

40

60

80

100

120

140

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

%
R

E
 a

n
d

 %
C

O
2
 R

e
c
o
v
e
r
y

Time, day
%RE % CO₂ recovery



133 
 

the whole bed experienced the outlet concentration (residual concentration) rather than the inlet 

concentration. Hence, outlet concentration at varying inlet loading was also tracked. One day 

after inoculation, at a loading rate of about 63 g·m-3h-1 and an empty bed residence time 

(EBRT) of 28 seconds, the EC increased to 5.3 g·m-3h-1 from the estimated 2.0 g·m-3h-1 abiotic 

loss. The EC from days 1 to 11 was not monitored due to GC troubleshooting operations. 

 

Table 5.2. Summary of the operating conditions and performance of the DBTF run at different 

periods of its runa.  

Period 

(day) 

Inlet Conc. 

(g⸱m-3) 

Average 

LR  

(g⸱m-3h-1) 

EBRT 

(s)c 

Average 

RE (%) 

Average EC  

(g⸱m-3h-1) 

Outlet Conc.  

(g⸱m-3) 

1 0.5 ± 0.01 63.4 ± 2.3 28 ± 0.02 8.4 ± 2.6 5.3 ± 0.6 0.45 ± 0.0002 

10-11 no data   

12-16 0.6 ± 0.02 79.2 ± 3.9 28 ± 0.02 97 ± 7 76.4 ± 9.4 0.02 ± 0.002 

17-30  2.6 ± 0.1 331 ± 19 28 ± 0.02 96 ± 8 317 ± 45 0.11 ± 0.006 

31 cleaning of the recycle pipes   

32-33 3.3 ± 0.05 424 ± 12 28 ± 0.02 100 ± 3 424 ± 25 0.01 ± 0.0005 

34-54 failure of the aerosol generator   

55-62 4 ± 0.2 518 ± 40 28 ± 0.02 80 ± 12 416 ± 100 0.62 ± 0.02 

63-66 5.1 ± 0.1  657 ± 25 28 ± 0.02 42 ± 3 272 ± 29 3.0 ± 0.04 

67-71 1.5 ± 0.05 192 ± 8 28 ± 0.02 95 ± 5 187 ± 17 0.08 ± 0.02 

72 4.5 ± 0.1 583 ± 19 28 ± 0.02 47 ± 0.8 271 ± 13 2.4 ± 0.1 

73-89 3.7 ± 0.1 472 ± 13 28 ± 0.02 88 ± 2.4 414 ± 24 0.45 ± 0.02 

90 -91 4.2 ± 0.1 2697 ± 420b 6 ± 0.02 59 ± 3 1310 ± 110b 1.71 ± 0.02 

92 - 94 0.6 ± 0.03 364 ± 22 6 ± 0.02 98 ± 9 318 ± 44 0.01 ± 0.003 

95 -102 0.9 ± 0.04 580 ± 30 6 ± 0.02 98 ± 8 478 ± 61 0.02 ± 0.001 
a Uncertainty values considered errors from air flow and concentration measurements.  

b Data not included in Figure 5.5.  

c EBRT was calculated based on the inlet flow rate not on the recycle rate since the recycle rate 

changed from 80 to 2 L·min-1 throughout the experiment. 

 

From days 12 to 16, the loading rate (LR) was maintained at 79 ± 8 g·m-3h-1 and the 

DBTF exhibited a removal efficiency of 97 ± 3% and an average EC of 76 ± 5 g·m- 3h-1. During 

this period, the outlet concentration was 0.02 ± 0.02 g⸱m-3 (5 ± 5 ppm). Operating at a very 

high RE is desirable in industry, however, for research purposes, more can be learned from a 

system when it is below its maximum removal efficiency. While EC could be at its maximum 
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value, the DBTF was not supposed to operate at approximately zero outlet concentration in 

order to determine the effect of uncouplers which was the main objective of this study.   

 Hence, the LR was gradually increased from 79 g·m-3h-1 to 410 g·m-3h-1 by increasing 

the inlet concentration from 0.60 g⸱m-3 to 3.20 g⸱m-3 (150 ppm to 785 ppm) for the period 

corresponding to days 17 to 30, but the system continued to demonstrate a high 

EC of 404 g·m- 3h-1 on day 30 and the outlet concentration was 0.11 ± 0.09 g·m-3 

(27 ± 22 ppm). On day 32, the aerosol generator started failing (Sec 5.4.2) and delivered less 

aerosol (as visually observed) until it eventually stopped running the following day, hence 

starving the bed for the next 20 days (days 34 to 54). Normal operation resumed at day 55 and 

the system was fed with 4 ± 0.2 g·m-3 toluene providing a loading rate of 518 ± 22 g·m-3h-1 for 

the next 8 days (days 55 to 62). Despite the 20% increase in LR, RE was still at a relatively 

high value of 80 ± 18% corresponding to fluctuating EC of 415 ± 104 g·m-3h-1 but the outlet 

concentration was 0.80 ± 0.72 g·m-3 (197 ± 178 ppm), however clearly steady state was not 

achieved. Since the DBTF bed experienced outlet concentration rather than inlet concentration, 

the high outlet concentration resulting from the increase in loading rate led to a hypothesis that 

there could be substrate inhibition occurring at that stage of the operation.  

 To test the substrate inhibition hypothesis, the LR was increased to 657 ± 64 g·m-3h-1 

(about 20% increase) over the next four days (days 63 to 66) which then decreased the average 

RE to 42 ± 9% and yielded an average EC of 272 ± 40 g·m-3h-1 and an increase in the outlet 

concentration to 3.0 ± 0.7 g·m-3 (738 ± 175 ppm). These results indicated that there could have 

been substrate inhibition where the DBTF could have its 100% RE and ~ 0 ppm outlet 

concentration only up to a LR of 420 g·m-3h-1 of LR.  To verify this, the LR was again reduced 

to 197 ± 37 g·m-3h-1 for the next five days (days 67 to 71) and RE increased again to 95 ± 4% 

yielding an average EC of 187 ± 30 g·m-3h-1 and outlet concentration of 0.08 ± 0.08 g·m-3 

(20 ± 19 ppm). The LR was again increased to 583 g·m-3h-1 (approximately 40% higher than 
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the suspected optimum LR of 420 g·m-3h-1) for a day (day 72) which again decreased RE to 

47% and increased the outlet concentration to 2.43 g·m-3 (598 ppm), thus further strengthening 

the substrate inhibition hypothesis. The succeeding 17 days (days 73 to 89) when the average 

LR was 472 ± 70 g·m-3h-1 saw an average RE of 88 ± 13% which was still high considering 

that LR exceeded the suspected maximum value. This translated to an average EC of 

approximately 414 ± 86 g·m-3h-1 and outlet concentration of 0.45 ± 0.50 g·m-3 

(111 ± 124 ppm). Substrate inhibition demonstrated by the DBTF run is further discussed in 

Sec 5.3.5.  

 Since the gas recycle rate decreased from 83 L⸱min-1 to ~ 2 L⸱min-1 over a period of 

80 days.  This low recycle rate increased the concentration gradient across the bed and moved 

it away from DBTF operation (Sec. 5.3.4). Therefore, the bed thickness was reduced from 

50 mm to 10 mm on day 90, without changing the inlet concentration at about 4.2 ± 0.1 g·m-3 

for two days, thereby increasing the loading rate to 2680 ± 35 g·m-3h-1. Decreasing the bed 

thickness but keeping the gas flow rate at 840 mL·min-1 decreased the EBRT from 28 seconds 

to approximately 6 seconds. Consequently, RE decreased to 59 ± 5% and EC increased to 

1,310 ± 262 g·m-3h-1 while the outlet concentration was at 1.71 ± 0.24 g·m-3 (422 ± 60 ppm). 

After which, the LR was reduced to 364 ± 5 g·m-3h-1 for the next three days where RE increased 

again to 98 ± 2% and EC was again at 318 ± 65 g·m-3h-1 and outlet concentration decreased to 

0.01 ± 0.01 g·m-3 (3 ± 3 ppm). For days 95 to 102, the LR was increased to 580 ± 32 g·m-3h-1 

giving an EC of 567 ± 31 g·m-3h-1 and an outlet concentration of 0.02 ± 0.01 g·m-3 (5 ± 2 ppm).   

Since the fluctuation in EC was already below 10%, the test on the effect of uncoupler was 

started thereafter (Chapter 6).  

Comparing the maximum EC (420 g⸱m-3h-1) with the ECs of toluene-degrading BTFs 

presented in Table 4.2, the EC demonstrated by the DBTF was found to be up to 37 times 

higher than the typical range of EC (approximately 11 - 300 g·m-3h-1) in most reports. A very 
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high EC (3,700 g·m-3h-1) obtained was reported by Ryu et al. (2008) from a BTF using 

polyurethane as packing materials. In their work, they concluded that a high specific surface 

area, high porosity and the ease of removal of excess biomass through backwashing contributed 

to a high EC. Similarly, EC as high as 6,665 g·m-3h-1 was achieved in the biofilter of Kumar et 

al. (2019) with an inlet concentration of up to 37.4 g⸱m-3. This biofilter had a mixture of 

compost and activated carbon as packing material while the bed was supplied with water at a 

rate of 0.002 m⸱h-1. Before understanding the factors which may have caused the high removal 

rate in the present study, a few actions were undertaken to confirm that the high EC values 

were valid. These actions included: 

(1) cleaning of the pipes and replacing the liquid medium in the aerosol reservoir with 

fresh medium; 

(2) measuring the TOC of the biomass samples from different portions of the system 

(i.e. aerosol reservoir, bed and pipes); 

(3) performing a carbon balance;  

(4) removing the bed and measuring the EC without it. 

Initially, the reactor piping was cleaned and the liquid medium was replaced (day 31) 

to determine if biomass in these locations was contributing significantly to the EC. There was 

biomass accumulated on the pipes, on the fan frame and suspended in the aerosol reservoir 

(Fig. 5.6). After cleaning, the system was reassembled and was fed 420 g·m-3h-1 toluene. No 

significant decrease in EC (408 g·m-3h-1) was observed indicating that the previously observed 

EC was primarily due to the bed biofilm and not from the pipes and aerosol reservoir. This was 

further validated after the cleaning operation done on the 100th day of operation where the EC 

decreased by 5% (from 581 to 552 g⸱m-3h-1) but only due to the 5% fluctuation in the inlet 

concentration (0.93 to 0.88 g⸱m-3).  
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clean pipe pipe with biofilm pipe with biofilm

pipe with biofilm fan aerosol reservoir

 

Figure 5.6. Biofilm development in the surfaces of the pipe, fan and suspended biomass 

in the aerosol reservoir.  

 

 Furthermore, measurement of the TOC of the biomass samples collected from different 

portions of the system allowed the estimation of their proportion relative to the biomass in the 

bed. The estimation was done twice (Appendix M), one after its first 30 days of operation and 

the second corresponded to its 100th day of running. Although the total surface area of the pipes 

(0.44 m2) was close to that of the bed (0.47 m2), it was observed that only approximately 50% 

(0.22 m2) of it was covered with biofilm. Moreover, the estimation assumed that the biofilm in 

the pipe was thinner (1-mm thickness) than that of the bed (1.5 mm) (based from visual 

inspection).  In both measurements, about 80% of the TOC in the system was in the bed 

(Fig. 5.7). The TOC of the biomass found on the pipe and in the aerosol reservoir were about 

17 to 28% of the total organic carbon in the system. This quantification supported the 

hypothesis that the high EC of the system was mostly due to the biofilm in the bed. However, 
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this could not automatically conclude that the presence of biomass in the aerosol reservoir and 

in the pipe did not contribute significantly to the total EC of the system. 

 

Figure 5.7. Relative proportion of organic carbon in each portion of the DBTF system.  

Cox et al. (2000) observed that approximately 21% of the total EC of a BTF could be due to 

the toluene degradation in the recycle liquid despite its low biomass content (1%) relative to 

that of the bed. It was also demonstrated that the amount of suspended biomass in recycle liquid 

was primarily a function of nutrient supply and pollutant loading which both favoured its 

growth. Based on the toluene degradation rate in the recycle liquid and the amount of suspended 

biomass, Cox et al. (2000) estimated that the suspended biomass had 20X higher specific 

activity than the biomass in the bed. However, this high specific activity of the suspended 

biomass in Cox et al. (2000)’s BTF could be due to its recirculation to the bed and was therefore 

not the best system to compare the DBTF to. In the DBTF, the liquid phase only passed through 

the bed once while the gas phase was recycled at a high rate (2 – 80 L⸱min-1), hence potentially 

resulting in different mass transfer kinetics with that of a conventional BTF employed by Cox 
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et al. (2000). Another work worthy of comparing the DBTF to was that of López De León et 

al. (2019) who showed in their toluene-degrading miniaturized BTFs and capillary 

microbioreactor that over 89% of the toluene removal (EC) was due to the bed and capillaries 

which also confirmed that the high EC of these reactors (120 - 3,050 g⸱m-3h-1) was due to the 

configuration and operation, not to the biodegradation in the liquid phase.  

In this study, the TOC measured from the aerosol reservoir was primarily due to the 

suspended biomass as toluene absorbed by the liquid phase was estimated to be only ~ 9 mg C 

based on the calculation using Henry’s law constant for toluene (1.5 x 10-1 mol⸱L-1atm-1) 

(Sander 2015) at an inlet concentration of 3.0 g⸱m-3 (Appendix N). In addition, the temperature 

of the medium in the aerosol reservoir increased to approximately 38 ± 3 °C as compared to 

the reactor bed’s temperature which was 20 ± 2 °C. With higher temperature in the aerosol 

reservoir, it was possible that the rate of biological activities was higher since rate of biological 

reaction in mesophilic conditions (20 - 40 °C) increases by a factor of 1.3 to 2 for every 10 °C 

rise in temperature (Bordoloi and Gostomski 2015; Farhadian et al. 2008). Microbial growth 

on the aerosol reservoir and on the pipes would not be possible if they did not participate in 

toluene degradation. Hence, it could not be concluded that toluene removal from these portions 

of the bed was insignificant. However, the favourable conditions in the bed (i.e. uniform 

substrate and nutrient distribution) caused the biofilm to be very active that even removal of 

the suspended biomass and attached biomass on the pipes still enabled it to completely degrade 

toluene. 

It was also observed that %CO2 recovery was fairly high at 83 ± 33%. Some values 

exceeded 100% potentially due to the degradation of polyhydroxybutyrate (PHB) (not 

measured) or other polyhydroxyalkonates, which may have been produced by the microbes as 

a response to nutrient limitation (Thapa et al. 2019). These high %CO2 recovery values 

(approximately 110%) started on day 32, which corresponded to the day after the disassembly 
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and cleaning of the pipes and the aerosol reservoir. The cleaning operation lasted for about five 

hours which may have caused substrate (toluene) and nutrient limitation in the bed, hence 

prompting the microbes to degrade PHB (which has always been there) thereby releasing more 

CO2 when the system was resumed to normal operation (i.e. with toluene supply). After which, 

the aerosol delivery to the bed diminished (as visually observed) starting on day 32 before the 

aerosol generator eventually failed on day 33.  

The bed was nutrient-limited for about 20 days until a new aerosol generator was 

installed in the system on day 55. The %CO2 recovery upon resumption of normal operation 

of the system with the aerosol supply amounted to over 105%, potentially due to the flushing 

out of CO2 from the degradation of PHBs previously produced by microbes during the 20-day 

nutrient-limited period. The high %CO2 recovery could mean that only a small portion of the 

carbon degraded went to the biomass for growth. This could potentially be one of the reasons 

why the pressure drop across the bed ceased to increase and was consistently 18.5 ± 0.8 Pa 

(Sec. 5.3.4, Fig. 5.9). However, it should be noted that another reason why pressure drop across 

the bed no longer increased was the decrease in the gas recycle flow due to biomass 

accumulation (Sec. 5.3.4).  

To complement the high EC and %CO2 measurements, the TOC of the biomass samples 

from the liquid sump and liquid in the aerosol reservoir were measured and used for the carbon 

balance. By difference, the amount of carbon in the solid phase (the bed) was estimated. Over 

a five-day period (days 68 - 72) when the average EC and %CO2 were 210 g⸱m-3h-1 and 93%, 

respectively, the majority of the carbon associated with degraded toluene exited the system as 

CO2 and only a small portion amounting to 1.5% and 2.7% was in the liquid sump and the bed, 

respectively (Fig. 5.8). This confirms that during the sampling period, the biofilm in the bed 

utilized only a small portion of carbon for growth, hence pressure drop across it remained fairly 

constant and there was no more visible thickening of the biofilm. Meanwhile, the liquid in the 
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aerosol reservoir contained about 7% of the carbon, hence there was also growth in the reservoir 

as demonstrated by the increase in optical density of the liquid with time (Sec 5.4.1). 

 The very small portion of carbon which ended up in the biofilm could indicate that at 

this stage of the DBTF run, the microbial population in the bed had already reached stationary 

phase in its growth curve.    

 

      Figure 5.8. Percentage of carbon associated with degraded toluene at different endpoints in 

a DBTF system (days 68 – 72).  

 

Tindall et al. (2005) explained that in this phase where growth and death rates are 

approximately equal, the microbial population has reached a size where availability of nutrients 

or substrate limited its growth. While substrate limitation was less likely in this DBTF 

experiment, nutrient limitation could have happened due to the decrease in the aerosol delivery 

rate with time (Sec 5.3.4). 

 The final test to confirm that the high EC was due to the biofilm in the bed was the 

removal of the bed. Upon removal of the bed on day 132 (not shown in Fig. 5.5), the EC of the 
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1.5% (137 mg C)
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system dropped from approximately 205 g⸱m-3h-1 to 5 g⸱m-3h-1 (~ 98% drop) thereby 

confirming that the very high EC values observed throughout the run were due to the biofilm 

in the bed and not elsewhere in the DBTF system. It should be noted that the removal of the 

bed was done after the uncoupler (m-chlorophenol) was tested in the DBTF system, hence the 

EC was lower than the typically high EC of about 600 g⸱m-3h-1 observed prior to uncoupler 

application (Chapter 6). It should also be noted that the aerosol reservoir was not replaced with 

fresh medium and the pipes had not been cleaned for ~ 30 days when the bed removal was 

done, thereby confirming that the removal contributed by the biofilm in the pipe and the 

suspended biomass in the reservoir was not significant relative to the removal due to the biofilm 

in the bed.  

 These tests confirmed that the high EC values exhibited by the DBTF were valid. The 

tests also confirmed that the high removal rate was primarily due to the biofilm in the bed and 

not elsewhere in the system (i.e. pipes and reservoir).  

5.3.3 Factors contributing to high EC 

 After confirming that the high EC values exhibited by the DBTF system were valid and 

were primarily due to the biofilm in the reactor bed, two potential factors that contributed to 

high EC values were identified. These two factors were: (1) uniform substrate, nutrient and 

oxygen distribution throughout the bed and (2) thin liquid film in the bed brought about by low 

aerosol delivery rate. Although very limited quantitative data relative to these two factors were 

obtained from the experiments, the succeeding discussions present previous studies which 

could explain how these factors potentially contributed to high EC.   

5.3.3.1 Uniform substrate, nutrient and oxygen distribution 

 Uniform substrate (toluene) and nutrient distribution across the bed was a result of the 

recirculation of gas which pushed the aerosol from its reservoir to the bed. This uniform 

substrate and nutrient distribution in the DBTF may have favoured optimum growth and 
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degradation performance of the biofilm. On the importance of uniform substrate distribution, 

Song and Kinney (2000) employed a directional switching toluene biofilter where both ends of 

the biofilter were exposed to fresh toluene feed. As compared to a unidirectional biofilter where 

only one end was exposed to fresh toluene feed, the former minimised the difference in 

microbial population density brought about by non-uniform inlet feed distribution and resulted 

to a population with more active toluene degraders than the latter. Although not examined in 

this study, this may have happened in the DBTF which led to higher EC than the column 

reactor.  

The non-uniform biofilm thickness that occurred in the column reactors used in the 

present study may have also caused oxygen limitation in some portions of the bed which limited 

the ability of the microbes in these portions to metabolize and oxidize toluene. Yang et al. 

(2002) highlighted the importance of oxygen on biofiltration when they observed that 

increasing oxygen content of the inlet air from 21% to 63% increased the diffusion of oxygen 

to the thick biofilm, hence increasing the EC and returning it back to 21% consequently 

decreased the EC to its original value. Although not examined in this study, it could be that the 

lower half (or maybe longer) portion of the column reactors may have been both substrate and 

oxygen-limited which could have resulted in a lower population of active toluene-degraders, 

hence lower EC. A simple stoichiometric calculation (Appendix Q) based on the amount of 

oxygen from the 840 mL⸱min-1 inlet feed revealed that oxygen limitation was likely to occur.  

 On the role of nutrients in biofilters, non-uniform nutrient distribution by the four-port 

nozzle (Fig. 6.2) in the column reactor may have caused some portions of the bed to be nutrient-

limited hence not reaching their optimum degradation capacity. This was in contrast with the 

DBTF where the uniformly distributed aerosol easily reached all portions of the bed, thereby 

wetting them uniformly and allowing uniform growth of microbes. 
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5.3.3.2 Thin liquid film in the bed 

 Lebrero et al. (2012) estimated from the Van Krevelen and Hoftijzer correlations that 

for toluene with Henry’s coefficient of 1.5 x 10-1 mol⸱L-1atm-1 (Sander 2015), the main 

resistance to its mass transfer to the biofilm is the liquid film. The very low aerosol delivery 

rate (0.09 to 0.70 mL·min-1) caused the liquid film in the bed to be thin enough which allowed 

easy transfer of pollutant from gas to liquid and eventually to the biofilm. Assuming that liquid 

in both column and DBTF reactors were uniformly distributed throughout the bed and using 

the liquid flow rate in the column reactor (2.4 x 10-5 m3⸱min-1) and DBTF reactor (7.0 x 10-7 to 

9.0 x 10-8 m3⸱min-1), the liquid film thickness that could be attained were estimated (Appendix 

O). The liquid film thickness in the DBTF reactor (0.0002 to 0.002 mm) was 20 to 200 times 

thinner than that of the column reactor (0.04 mm). As per the general one-dimensional mass 

flux equation (Eq. 5.3), the amount of toluene that could be transferred from the liquid phase 

to the biofilm  *

tolJ  was inversely proportional to the liquid film thickness  dx .  

dx

dC
DJ tol

ltoltol *
                                                    (5.3) 

Where: *

tolJ  = diffusive molar flux of toluene, kmol⸱s-1m-2 

 ltolD   = mass diffusivity of toluene in the liquid film, m2⸱s-1 

 
dx

dCtol = toluene concentration gradient along the liquid film thickness, kmol⸱m-3m-1 

It was apparent in Eq. 5.3 that a thinner liquid film thickness brought about by a lower aerosol 

delivery rate to the bed could have increased the pollutant transfer rate to the biofilm, hence 

better degradation as demonstrated by high EC.  

This increase in EC due to lower liquid film thickness was also observed in a column 

reactor when the bed dried out due to an accidental stoppage in the recycle liquid flow. Its EC 

doubled within a 24-hr period and resumed to its initial value with the resumption of liquid 
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flow (Chapter 6). Better removal was also observed by Zhu et al. (1998) after partial drying of 

their reactor bed reduced mass transfer resistance potentially as a result of reduced liquid film 

thickness. It was observed from Table 4.2 (Chapter 4) that high EC (100 – 6,700 g⸱m-3h-1) was 

obtained from BTFs (with the exemption of that of Lebrero et al. (2012)) with superficial liquid 

velocity in the range of 0.001 – 0.07 m⸱h-1 while EC < 100 g⸱m-3h-1 was obtained from BTFs 

that had superficial liquid velocity one to three orders of magnitude bigger (0.3 – 10 m⸱h-1). 

This further strengthened the above hypothesis that it was the low superficial liquid velocity in 

the DBT (0.0007 - 0.005 m⸱h-1) yielding thin liquid film on the bed which contributed to its 

high EC. However, a more thorough experiment on the effect of liquid trickling rate were 

needed to confirm this hypothesis (Chapter 7).   

5.3.4 Pressure drop across the bed, recycle rate and aerosol delivery 

 The pressure drop across the bed was monitored as an indicator of the change in the 

level of biomass accumulation with time. From an initial value of 12.5 ± 0.1 Pa, the pressure 

drop increased to 18.5 ± 0.8 Pa as the biofilm in the bed thickened (Fig. 5.9). This increase in 

pressure drop across the bed caused the gas recycle rate to decrease from its initial value of 

83.7 ± 1.0 L⸱min-1 to 43 ± 1 L⸱min-1 on the 25th day until it reached 2.3 ± 1.0 L⸱min-1 on the 

80th day.  The decrease in the recycle rate caused the concentration gradient across the bed to 

be approximately 140 ppm, making it less of a differential reactor. Although there was no 

maximum concentration gradient to be considered a differential reactor, this value could have 

been decreased to approximately 10 ppm if the gas recycle rate was maintained at 

approximately 40 L⸱min-1 at the prevailing operating condition of 450 g⸱m-3h-1 loading rate and 

an EC of about 400 g⸱m-3h-1 (Fig. 5.10). It should be noted, however, that values of 

concentration gradient in Figure 5.10 were not directly measured but rather estimated using the 

same procedures described in Appendix B.    
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Figure 5.9. Pressure drop across the bed over the 80-day run at a fan speed of 3,000 

rpm. Each pressure measurement is an average of 5 readings with <5% 

relative standard deviation (RSD). 

 

Figure 5.10. Estimated concentration gradient across the bed as affected by gas recycling rate. 

(●) Estimated at 450 g⸱m-3h-1 loading rate; 3.5 g⸱m-3 inlet concentration; EC of approximately 

400 g⸱m-3h-1 and bed thickness of 50 mm; (▲) Estimated at 640 g⸱m-3h-1 loading rate; 1.0 g⸱m-

3 inlet concentration; EC of approximately 580 g⸱m-3h-1 and bed thickness of 10 mm. 
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The decrease in the gas recycle rate consequently affected the amount of aerosol 

delivered to the bed. Although not measured on a daily basis, the aerosol delivery which was 

the amount of aerosol which coalesced in the bed and accumulated in the sump amounted to 

0.70 ± 0.07 mL⸱min-1 when the reactor was started at a gas recycle rate of 83.7 ± 1.0 L⸱min-1, 

decreased to as low as 0.09 ± 0.003 mL⸱min-1 at a gas recycle rate of 2.3 ± 1.0 L⸱min-1. This 

means that throughout the 80-day operation, the microorganisms in the bed did not receive 

constant amount of nutrients. In the latter period when aerosol delivery was low, 

microorganisms may have received minimal nutrients which may have caused a reduction in 

their growth causing the pressure drop to remain fairly constant (Fig. 5.9) and the percentage 

of carbon used for growth to be very small (2.7%) (Fig. 5.8). 

In theory, lower flow (gas recycle rate) yields less pressure drop across the bed. Hence, 

assuming there was a significant biomass accumulation in the bed, the pressure drop would not 

significantly increase potentially due to the decrease in the gas recycle rate and aerosol delivery 

rate. A better parameter to monitor in order to give a better estimate of the level of biomass 

accumulation and pressure drop change in the system would be the pressure drop across the 

fan as this would give flow directly. At a given fan speed, the value of this parameter was 

expected to decrease as biomass accumulates in the bed (Chapter 4, Fig. 4.20).  

The first attempt to bring the concentration gradient across the bed back to a low value 

was done by increasing the gas recycle rate. This was achieved by increasing the fan speed 

from 3,000 rpm to 6,000 rpm and eventually to 9,000 rpm. This increase in fan speed resulted 

in a small increase in the gas recycle rate from 2.3 L·min-1 (3,000 rpm) to 3.4 L·min-1 

(6,000 rpm) and 5.1 L·min-1 (9,000 rpm). As per Figure 5.10, this gas recycle rate yielded a 

concentration gradient of approximately 0.32 g⸱m-3 (80 ppm) across the bed, which could affect 

the EC. Depending on the loading rate (9 – 40 g⸱m-3h-1), a concentration of 0.32 g⸱m-3 yielded 

an EC of about 4 to 40 g⸱m-3h-1 (Cheng et al. 2016; Singh et al. 2010; Zilli et al. 2000). Hence, 
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the thickness of the bed was decreased from 50 mm to 10 mm and the fan speed was increased 

to 11,000 rpm. This resulted in an increase in gas recycle rate from 5.1 L·min-1 to 20 L·min-1 

and reduced the concentration gradient to approximately 6 ppm (Fig. 5.10). At this point the 

metabolic uncoupler (m-chlorophenol) test was started. The change in the gas recycle rate with 

m-chlorophenol was monitored as an indication of the uncoupler’s ability to reduce biomass 

accumulation across the bed. The results of this experiment are discussed in detail in Chapter 

6. 

5.3.5 Substrate inhibition 

 Evaluating the EC and outlet concentration (the actual concentration the bed 

experienced) at varying loading rates at which the DBTF operated (Table 5.1), demonstrated 

two regions corresponding to diffusion-limited region (1) and reaction-limited region (2) 

similarly observed in many biofilter operations (Fig. 5.11) (Balasubramanian et al. 2012; Jorio 

et al. 2000; Krailas et al. 2000; Shukla et al. 2011). At a constant feed gas flow rate of 

840 mL⸱min-1, the diffusion-limited region extended up to loading rate of LR = 424 g⸱m-3h-1 

(inlet concentration of about 3.3 g⸱m-3). In this region, the EC was directly proportional to the 

LR. Ottengraf and Vandenoever (1983) explained that in the diffusion-limited region, EC was 

proportional to LR and the dominant factor limiting the level of degradation was the transfer 

of pollutants through the biofilm (diffusion). At the conditions used in this study, an EC of 420 

g⸱m-3h-1 was obtained at a LR of 424 g⸱m-3h-1 (3.3 g⸱m-3 inlet concentration) (Fig. 5.11). Further 

increases in loading up to 518 g⸱m-3h-1 (4 g⸱m-3) maintained an EC of 420 g⸱m-3h-1, hence this 

was the maximum EC and a LR of 424 g⸱m-3h-1 to 518 g⸱m-3h-1 (3.3 g⸱m-3 to 4 g⸱m-3) was the 

optimum LR range. This behaviour was also observed by Jorio et al. (2000),  Shirazi et al. 

(2005) and Zhu et al. (2017) for BTFs treating styrene, triethylamine and H2S, respectively.  
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Figure 5.11. Diffusion and reaction-limited regions of the DBTF’s operation  

showing the EC and outlet concentration as functions of the 

inlet concentration. 

 

The region at which the EC remained constant with increasing LR was the transition to 

the reaction-limited region. In the reaction-limited region, the biofilm was fully active (Singh 

et al. 2006), hence the EC became constant despite the increase in inlet loading (Krailas et al. 

2000). In this study, this constant-EC regime occurred up to a LR of 518 g⸱m-3h-1 (4 g⸱m-3), 

after which the EC decreased and the outlet concentration increased with further increases in 

inlet concentration. Such a decrease in EC with increasing LR and the subsequent increase in 

the outlet concentration was potentially due to the inhibitory effect of higher pollutant 

concentration to the biological reaction as similarly observed by other researchers (Hwang and 

Tang 1997; Krailas et al. 2000; Shukla et al. 2011). Data from days 90 onward were no longer 

included in Figure 5.11 since they already corresponded to a different experimental condition 

where bed thickness was reduced from 50 mm to 10 mm and when the uncoupler experiment 

was done. Overall, the DBTF proved to be a better tool than an integral column reactor in 

analysing the substrate inhibition in a BTF due to the more uniform condition prevailing across 
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it. The latter type of reactor has shown variability along its length as indicated by non-uniform 

biofilm growth (Fig. 5.4). 

5.4 Operational problems encountered  

 For over 100 days of continuous operation, a number of issues were encountered with 

the differential BTF. These include: (1) unwanted growth of microbes on the pipes and in the 

aerosol reservoir; (2) decline in the performance of the aerosol generator with time; and (3) 

limited fan capacity. The succeeding sections discuss how these operational problems were 

dealt with to ensure continuous operation of the DBTF system.  

5.4.1 Growth of microbes on the pipes and aerosol reservoir 

 Due to the recirculation of gas and aerosol, toluene and nutrients were available in all 

portions of the DBTF. This led to growth of microorganisms in the pipes and aerosol reservoir 

(Fig. 5.6). The increasing absorbance of the nutrient medium in the aerosol reservoir as 

measured at 600 nm (Sec. 5.2.4.4) confirmed growth in this portion of the DBTF system 

(Fig. 5.12). Day 55 in Figure 5.12 corresponded to the day when the medium in the aerosol 

reservoir was replaced with fresh medium. The continuous operation of the aerosol generator 

and fan produced heat hence increasing the temperature of the medium in the aerosol reservoir 

from 23 ± 5 °C to about 35 ± 5 °C which was still suitable for mesophilic microorganisms. In 

addition, the pH of the nutrient medium remained favorable for microbial growth as it only 

changed from 7.0 to 7.3 ± 0.1 even after more than 10 days of operation, hence, the growth.  
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Figure 5.12. Change in the absorbance (at 600 nm) of the medium in the aerosol 

reservoir.  

Microbial growth on the pipes and in the aerosol reservoir was unwanted as it could 

potentially contribute to the EC of the system. In terms of total organic carbon (TOC), 

Figure 5.7 revealed that microbial growth in the aerosol reservoir and in the pipes was 

approximately 17 – 28% of the total organic carbon in the system. However, cleaning the pipes 

and replacing the liquid in the aerosol reservoir with fresh medium had little impact on the EC 

of the system.  

Although microbial growth in portions other than the DBTF bed did not contribute 

significantly on the EC of the system, regular cleaning was initiated to ensure that they would 

not become excessive and remained at a level that did not hamper performance of the system. 

The majority of the system’s pressure drop was from the bed but excessive accumulation of 

biomass on the pipes may have increased the roughness of the pipe. However, since the flow 

through the recycle pipes was laminar (35 < Re < 1,150) (Appendix L), the effect of roughness 

of the pipe would not be relevant (Munson et al. 2005).  If left uncontrolled, the fan case could 

have also been excessively covered with biomass which would have affected its performance.  
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5.4.2 Decline in the performance of the aerosol generator 

 The aerosol generator which consisted of three ultrasonic discs failed on day 33 and 

limited the nutrient supply to the bed for the succeeding 21 days. This failure of the aerosol 

generator was possibly due to continuous operation which increased the temperature in the 

aerosol reservoir to ~ 40 °C, causing it to draw more current as indicated by its blown fuse. 

The manufacturer recommended a one-hour rest period for each eight hours of operation to 

prevent excessive heat production. The controller (with PID control for the fan but not for the 

aerosol generator) could enable the operation of the aerosol generator at 25-s ON/OFF duty 

cycle which decreased the temperature of the medium in the aerosol reservoir to approximately 

25 ± 5°C.  

 On the basis of the aerosol haziness, it was visually observed that operating the aerosol 

generator without the duty cycle at a higher medium temperature (35 – 40 °C) generated less 

aerosol than when it was operated at 20 - 25 °C. Therefore, the system was modified with a 

cooling coil to maintain the temperature of the nutrient medium in the aerosol reservoir at 

approximately 20 °C (data not shown) thereby preventing overheating despite continuous 

operation of the aerosol generator.  

5.4.3 Limited fan capacity 

 The accumulation of biomass in the DBTF bed increased the pressure drop to so the 

fan, even at its maximum speed of 11,000 rpm could not generate enough recycle flow. 

Therefore, the DBTF deviated from its differential behavior as well as delivering less aerosol 

to the bed. As the majority of the pressure drop in the system was due to the accumulation of 

biomass in the bed, the bed thickness was decreased from 50 mm to 10 mm to recover sufficient 

recycle flow. Decreasing the bed thickness increased the recycle flow to 20 L⸱min-1 

(11,000 rpm), which generated a theoretical concentration gradient of about 6 ppm. This 

returned the reactor to differential operation. 
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 The diminishing fan performance reduced the recycle gas flow and aerosol delivery rate 

throughout the long-term operation of the DBTF. With this, conclusions on how one parameter 

(e.g. liquid flow rate or trickling rate) affected the performance of the DBTF were not 

conclusive. Hence, a fan or a fan configuration with greater dynamic pressure capacity would 

improve the reliability of the DBTF system and would enable tests to understand how each of 

the operational parameter affected its performance (Chapter 7).  

5.4.4 Other operational issues 

 Table 5.3 summarizes other operational issues encountered during the 100-day run of 

the DBTF. One of them was the entrainment of liquid in the outlet gas flowing to the stream 

selector valve for the GC. This was detrimental to the GC as the liquid contained salts and 

biomass which solidified and permanently clogged the transfer line from the stream selector 

valve to the GC injection loop. Equipment damage could have been worse had the liquid 

reached the capillary column of the GC. Residual material in the copper tubing of the stream 

selector valve and on the transfer line were removed by flowing 20% ethanol solution for 

approximately three hours and drying the line with dry air (from a cylinder) for about an hour.  

Another problem encountered was the fluctuating pressure drop measurements due to the liquid 

that has clogged the pressure port lines. To avoid this, the pressure port lines attached to the 

system were first cleared of liquid by blowing compressed air through prior to measuring 

pressure drop.  

Additionally, the design of the DBTF system did not allow easy access to the aerosol 

generator in case troubleshooting and/or cleaning had to be done. The pipe extending from the 

top of the aerosol reservoir to the top of the bed had to be removed first before the aerosol 

generator could be taken out of the reservoir for repair or replacement, hence a down time of 

at least an hour for the disassembly and reassembly operations. Considering the weight of the 

glass aerosol reservoir, extra caution had to be observed so as not to drop and break it.  
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Table 5.3. Summary of operational issues encountered during the DBTF run.  

Operational Issue Effect Solution 

Liquid entrainment to the 

outlet gas 

Caused blocking of the 

transfer line due to potential 

solidification of salts 

contained in the medium 

Immediate action was 

cleaning of transfer line with 

20% ethanol and drying it 

with clean dry air 

 

Longer-term solution was 

adding a moisture trap bottle 

just before the gas enter the 

GC system (i.e. through the 

stream selector valve) 

 

Another long-term solution 

was adding a PTFE capsule 

filter downstream of the 

DBTF system  

Liquid entrainment in the 

pressure drop measuring 

ports 

Caused fluctuations and high 

variability of pressure drop 

measurements 

Blowing of compressed air to 

the pressure drop port lines 

prior to measurement 

Inaccessibility of the aerosol 

generator 

Caused time consuming 

disassembly and reassembly 

operations  

Requires modifications in 

the design (Chapter 7) 

 

 These operational issues could be addressed by incorporating minor to major 

modifications in the design of the DBTF system. These improvements in the design are further 

discussed in Chapter 7 along with the recommendations on how to improve the experiments. 

Meanwhile, the performance of the DBTF reactor with an uncoupler (m-chlorophenol) is 

discussed in Chapter 6.    

5.5 Conclusions 

 The performance of the differential BTF in terms of EC was significantly higher than 

the typical EC values in most previous reports. This high EC was confirmed to be mostly from 

the biofilm in the bed and not elsewhere in the system (i.e. biofilm in the pipe and suspended 

biomass in the aerosol reservoir). The thin liquid film over the biofilm brought about by very 

low liquid trickling rate in the form of aerosol was identified to be the major factor that 

contributed to the DBTF’s high EC. Moreover, the high rate of gas recycling (2 – 80 L⸱min-1) 
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allowed uniform distribution of substrate and nutrients throughout the bed thereby promoting 

uniform growth and favourable performance of the microbes.  

 The DBTF also demonstrated two operational regimes previously observed in many 

biofilter operations, the diffusion-limited and reaction-limited regimes. Loading rates of 

420 – 520 g⸱m-3h-1 (3.3 – 4 g⸱m-3 inlet concentration) was the optimum LR range that gave the 

maximum EC (~ 420 g⸱m-3h-1). 

 In terms of operation, the DBTF encountered issues that limited its long-term reliability 

and sustainability for experimental use. These operational issues were: (1) unwanted growth of 

microbes on the pipes and in the aerosol reservoir; (2) decline in the performance of the aerosol 

generator with time; and (3) limited fan capacity. Further work (Chapter 7) could be done to 

address these issues and improve the overall performance and reliability of the DBTF. 

Moreover, the effect of liquid trickling rate on the EC of a BTF system could be further 

investigated to confirm the hypothesis that it contributed to DBTF’s high EC.  
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CHAPTER 6 

EFFECT OF UNCOUPLERS ON TOLUENE DEGRADATION IN DIFFERENTIAL 

AND COLUMN BIOTRICKLING FILTER REACTORS 

6.1 Introduction 

The major challenge in the sustainable operation of a BTF is the excessive biomass 

accumulation which can be controlled using different approaches discussed in Chapter 2. 

Chemical methods offer the advantage of being easily integrated into the system as they do not 

require major modification in the system configuration. Chapter 3 discussed the potential of 

chemical uncouplers in controlling biomass accumulation in a growth system like activated 

sludge. The potential mechanisms by which metabolic uncouplers control biomass production 

and/or accumulation were also discussed. The successful use of uncouplers in lab-scale 

activated sludge systems sparked interest in extending their use to BTFs. 

 This chapter presents a series of experiments testing the effect of these uncouplers on 

the performance of a BTF. With regards to uncouplers’ ability to control biomass accumulation 

in a BTF, these experiments tested two of the hypotheses presented in Chapter 1: (1) true 

metabolic uncoupling and (2) weakening of biofilm stability.   

6.2. Materials and methods 

6.2.1 Overall description of the experimental set-up  

Figure 6.1 shows the schematic diagram of the experimental set-up using the column 

BTF reactors while the schematic diagram for the operation of the DBTF was discussed in 

Chapter 5 (Fig. 5.1).  
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Figure 6.1. Schematic diagram of the experimental set-up using the column reactor. Red line 

(inlet line), green line (outlet line) and blue line (recycle liquid line).  

 

Compressed air (840 mL·min-1) was metered by a mass flow controller or rotameter 

and passed through the diffusion system (Sec. 4.5) in a waterbath set at 50 °C for column 

reactor and 60 °C for the DBTF reactor. The temperature difference was due to a higher toluene 

concentration required for the DBTF reactor. Toluene-laden air entered the reactor and passed 

through the bed inoculated with toluene-degraders from soil. It exited at the bottom of the 

reactor and eventually vented to the atmosphere through a water column. The water column 

was used to regulate back pressure. Using a universal tee connector (MS-5UT, SMC), a portion 

of the inlet or outlet gas flowed through the Vaisala CARBOCAP Carbon Dioxide Probe GMP 

343 (Finland) for CO2 measurement (Sec. 5.2.4.2), then to the SRI GC 8610C with a FID 
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detector (SRI Instruments, USA) for toluene gas analysis (Sec. 5.2.4.1). Nutrient medium 

(Appendix F) was supplied to the bed at a trickling rate of 24 ± 1 mL·min-1 through L/S 18 

Norprene tubing using a Masterflex console-drive peristaltic pump. Tubing used for all other 

connections was a two-layer soft fluoropolymer rigid tubing (SMC Pneumatics Ltd., New 

Zealand) with 4 mm outside diameter and 2.5 mm inside diameter.  

6.2.2 Reactor systems used 

 Two reactor systems were used in testing the effect of uncouplers on the performance 

of biotrickling filters. These were: (1) column reactors and (2) a differential reactor previously 

described in Chapter 5. The column reactor consisted of an acrylic tube 60 mm in 

diameter, 5 - mm wall thickness and 400 mm in length. Square wire mesh (2 mm x 2 mm) was 

placed 50 mm from the bottom end of the column to support the packing material. Glass beads, 

5 mm in diameter were added to a height of 230 mm, giving a total bed volume of 0.45 L.  

 The column reactor employed a co-current downflow of trickling liquid and toluene-

contaminated air. Nutrient medium was added at a rate of 24 ± 1 mL·min-1 through a four-port 

nozzle (Fig. 6.2). Medium was collected in the liquid sump and recirculated back to the top of 

the bed using a peristaltic pump employing a Masterflex 7018-20 pump head and L/S 18 

Norprene tubing. Meanwhile, the differential BTF, employed a single-pass-liquid flow in the 

form of aerosol at a rate of 0.25 ± 0.2 mL·min-1. Toluene-laden air for both reactor systems 

was generated using the diffusion system described in Chapter 4. Column reactors were fed 

with 140 ± 10 ppm toluene while the differential BTF was fed with 230 ± 15 ppm due to its 

higher EC (Chapter 5). Other than the bed volume, inlet concentration, EBRT and liquid 

trickling rate, all other parameters were the same for the column and differential BTFs 

(Table 6.1).  
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Figure 6.2. Four-port nozzle used in the column reactor. 

 

Table 6.1. Operating parameters of column and differential BTFs.  

Operating Parameter Column BTF Differential BTF 

Bed Volume, L 0.45 0.08 

Inlet Concentration, ppm 140 ± 10 230 ± 15 

Liquid Trickling Rate, mL·min-1 24 ± 1 0.25 ± 0.2 

Gas flow rate, mL·min-1 838 ± 11 840 ± 10  

EBRT, s 32.0 ± 0.4 5.7 ± 0.1 

 

6.2.3 Inoculation, start-up and long-term operation 

The surfaces of both column and differential reactors as well as the glass beads were 

washed with 1% high level surface disinfectant (Rely+On Virkon), sprayed with 70% ethanol 

and allowed to dry before assembly. In preparing the inoculant for the first column reactor run, 

5.0 g of garden soil was suspended in 50 mL of fresh nutrient medium described in Appendix F. 

It was then filtered through a 90-mm Whatman GF/A filter paper and the filtrate was collected. 

A 20 mL volume of filtrate was mixed in 200 mL of fresh nutrient medium and was used to 

inoculate the first reactor, which then served as the inoculant source for other reactors.   
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The reactors were initially fed with a low toluene concentration, about 50 ppm, before 

eventually increasing to the desired operating inlet concentration. Steady-state EC was 

assumed at ± 10% variability in EC for at least five days. To eliminate the effect of other factors 

potentially giving incorrect conclusions, treatment with uncouplers (Sec. 6.2.4.4) was only 

done once steady state was reached. During the entire run, the reactors (i.e. the columns, sumps 

and aerosol reservoir) were covered with aluminum foil to limit the growth of phototrophs. 

Approximately 20 mL of DI water was added daily to the liquid sump of the column BTFs to 

compensate for evaporative losses.  

6.2.4 Analytical procedures 

The gas phase and liquid phase analyses such as the monitoring of inlet and outlet 

toluene concentrations, CO2 generation, and total organic carbon (TOC) in the liquid sump and 

aerosol reservoir were done using the procedures described in detail in Chapter 5 (Sec. 5.2.4). 

Additional analytical procedures to test the effect of the uncouplers on the column and DBTF 

reactors are presented in the succeeding sections.   

6.2.4.1 Pressure drop measurement 

The change in pressure drop across the DBTF bed was measured using the methodology 

presented in Sec. 5.2.4.3. Additionally, the pressure ports: (1) upstream and (2) downstream of 

the column reactor’s bed were established by connecting a third line to a universal tee connector 

(MS-5UT, SMC) in the upstream and downstream lines.  

6.2.4.2. EPS quantification 

EPS contained in the liquid sump were extracted using a heat extraction method (Zhang 

et al. 2013).  A 15-mL liquid sample was centrifuged at 5000 g for five minutes using an 

Eppendorf Centrifuge 5810R. The pellet in the 15-mL centrifuge tube was resuspended into 

0.05% NaCl (w/v) solution to its original volume of 15 mL. The suspension was heated to 

80 °C in a water bath for 30 minutes, after which, it was centrifuged again at 5000 g for another 
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five minutes. The organic material contained in the supernatant liquid was regarded as the EPS 

and was eventually decanted.  

Protein (EPSPN) and polysaccharides (EPSPS), which were the main components of the 

EPS (Stewart et al. 2013) were quantified using the Bradford method (Bradford 1976) and the 

phenol-sulfuric acid method (Nielsen 2010), respectively. For the Bradford method of protein 

quantification, a Protein Quantification Kit-Rapid based on Coomassie Brilliant Blue (CBB) G 

was used. Approximately 1.5 mL of CBB solution was added to a 1.5 mL supernatant sample 

containing the EPS. The absorbance of the solution was measured at 600 nm using an Ultrospec 

2100 pro UV/Visible spectrophotometer and the protein concentration was determined by 

comparing against the calibration curve (Appendix I).  

Phenol-sulfuric acid method of polysaccharide quantification with glucose as the 

standard (Dubois et al. 1956) was employed by mixing 0.05 mL of 5% phenol, 5 mL 

concentrated (99%) sulfuric acid and 2 mL of supernatant. The mixture was stirred for 10 s and 

was left to stand for one hour at room temperature. The absorbance at 490 nm was determined 

using an Ultrospec 2100 pro UV/Visible spectrophotometer and was compared against the 

calibration curve (Appendix I) to obtain the polysaccharide content of the EPS.  

6.2.4.3 Microscopic analysis 

A Leica TCS SP5 confocal laser scanning microscope (CLSM) was used for observing 

polysaccharides, live cells and dead cells from liquid sump samples.  

6.2.4.3.1 Polysaccharide staining 

Polysaccharide staining was achieved with wheat germ agglutinin–A647 (Invitrogen) 

(Goldstein and Hayes 1978; Strathmann et al. 2002). A stock solution (1.0 mg·mL-1) wheat 

germ agglutinin was diluted to 5 µg·mL-1 with milli-Q water. Staining was done by putting one 

to two drops of this solution onto the glass slide containing the pre-fixed bacterial sample. The 

sample was washed with milli-Q water after staining to remove the excess stain that was not 
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bound to the material. Samples were then covered with an 18-mm square glass cover slip. 

Excitation of 561 nm and emission window of 643 – 751 nm were used. The dye fluoresced 

red.  

6.2.4.3.2 Live dead cell staining 

A Molecular Probes L7012 Live/Dead BacLight Bacterial Viability Kit was used to 

distinguish live and dead cells in the liquid sump before and after the addition of uncouplers. 

Equal volumes of 3.34 mM SYTO 9 dye and 20 mM propidium iodide, both in DMSO, were 

mixed thoroughly in a microfuge tube. SYTO 9 dye stained both live and dead cells green, 

while propidium iodide penetrated only dead cells, causing a reduction in the SYTO 9 stain 

fluorescence and eventually stained red.  

Three microliters of the dye mixture was thoroughly mixed in 1 mL of the bacterial 

suspension obtained from the liquid sump. The sample was then incubated at room temperature 

in the dark for 15 minutes. Approximately 5 µL of the stained bacterial suspension was trapped 

between a microscope glass slide and an 18-mm square coverslip. Excitation was at 488 and 

561 nm, with emission windows from 500 to 550 and 600 to 700 nm. To confirm the presence 

of red and green fluorescence on the images captured via the CLSM, the images were processed 

using the Image Processing Toolbox of MATLAB (version 2017b).  

6.2.4.4 Application of metabolic uncouplers 

Three metabolic uncouplers were tested on the column reactors: carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide m-chlorphenylhydrazone 

(CCCP) and m-chlorophenol (m-CP). CCCP and FCCP were reported to be active even at 

0.1 µM concentration (To et al. 2010) while m-CP demonstrated the highest biomass control 

potential over p-chlorophenol, m-nitrophenol and o-nitrophenol (Yang et al. 2003). Nitrogen-

containing uncouplers such as the nitrophenols were not tested due to the abundance of 

nitrophenol-mineralizing bacteria in the soil as reported by Arora et al. (2014).  
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Each uncoupler was added with slightly different protocols. FCCP addition involved 

removing the previous concentration of FCCP by passing fresh nutrient medium for 15 minutes 

for three times and eventually changing the liquid in the sump bottle with fresh nutrient medium 

containing the desired FCCP concentration. Increasing CCCP and m-CP concentrations in the 

reactor were achieved by adding an additional amount of a concentrated uncoupler solution to 

the liquid sump to achieve the desired working concentration. Uncoupler was added when the 

EC was stable (± 10%) to ensure that the observed changes were solely due to the addition or 

removal of the uncoupler. A BTF not treated with any uncoupler (i.e. control) was run for over 

100 days and served as the seed reactor (i.e. source of inoculant for other reactors).  

  Table 6.2. Uncoupler concentrations tested in the BTF. 

Uncoupler Concentration(s) Tested 

FCCP 5, 10, 40, 80 and 200 µM 

CCCP 50, 100, 200, 400 and 800 µM 

m-CP 0.4, 0.8, 1.6 and 4.0 mM  

 

6.2.4.5 Residual uncoupler quantification 

 The hypothesis that m-CP may have been degraded by the microorganisms was tested 

by quantifying its concentrations after its addition to the DBTF. A 50-µL sample was injected 

through a Thermo Scientific High Performance Liquid Chromatograph (HPLC) employing a 

150 x 3 mm C18 column (Restek Cat #917836E) maintained at 30 °C. The mobile phase 

gradient flow (0.5 mL·min-1) consisted of 75% of 0.1% H3PO4 and 25% of 99% acetonitrile, 

for a total run time of 50 minutes. A peak corresponding to m-CP was observed using a UV-

VIS detector at 210 nm and were quantified using the Chromeleon 7.2 SR5 software. A 

calibration curve was established (Appendix J).   

 CCCP employed the same HPLC column and temperature but at a flow (0.5 mL·min-1) 

comprised of 50% of 0.1% H3PO4 and 50% of 99% acetonitrile through the column for 50 
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minutes. The injection volume was 50 µL and detection was with a UV-VIS detector at 250 

nm. A calibration curve for CCCP was established (Appendix J).  

6.3 Results and discussion 

The succeeding sections present the results of testing the effect of metabolic uncouplers 

on the performance of toluene-degrading BTFs. The effect of each uncoupler on EC, pressure 

drop, TOC and EPS production was determined and related its potential as a biomass control 

strategy for BTFs. Results were compared to literature in order to obtain ideas on how 

uncoupling affects the performance of a BTF.  

6.3.1 Effect of FCCP 

The elimination capacity (EC), loading rate (LR) and %CO2 recovery (Fig. 6.3) along 

with pressure drop and TOC (Fig. 6.4) were monitored for 200 days at varying concentrations 

of FCCP. The TOC of the liquid sump indicated whether a significant biomass reduction in the 

bed occurred with the addition of FCCP.  
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(a) 

 

(b) 

Figure 6.3. Effect of varying concentrations of FCCP on the performance of the BTF reactor. 

(a): ( ) EC; ( ) LR; (b): (■) %CO2 recovery; (1) 5 µM; (2) 10 µM; (3) 40 µM; (4) 

80 µM; (5) 200 µM; (red line) addition of FCCP; (black line) removal of FCCP and 

replacement with fresh medium; (blue line) disruption due to sampling, starvation 

and GC troubleshooting operations; (blue broken line) end of starvation and fresh 

medium refill.  
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Figure 6.4. Effect of varying concentrations of FCCP on the pressure drop across the BTF 

reactor and TOC of the liquid sump. ( ) TOC; ( ) pressure drop; (1) 5 µM; (2) 10 

µM; (3) 40 µM; (4) 80 µM; (5) 200 µM; (red line) addition of FCCP; (black line) 

washing off of FCCP and replacement with fresh medium; (blue line) disruption 

due to sampling, starvation and GC troubleshooting operations; (blue broken line) 

end of starvation and fresh medium refill.  

 

The first concentration of FCCP tested in this study was 5 µM, in accordance with the 

effective concentration reported by Gould and Cramer (1977) used to depolarize E. coli 

membranes. This concentration was 500 times higher than what was tested by Detchanamurthy 

and Gostomski (2015) in their differential biofilter primarily because the BTF was expected to 

have a more robust bacterial community. The EC was in the range of 30 – 38 g·m-3h-1 over a 

period of 10 days prior to the first addition of FCCP at a concentration of 5 µM. The addition 

of 5 µM FCCP (step 1, day 37) decreased the EC to about 25 g·m-3h-1 in 24 hours. This decrease 

may have been due to death and lysis of some active biomass brought about by FCCP. Dodd 

et al. (2007) postulated that sub-lethal stress caused by the uncoupling of growth from 

metabolism produced reactive oxygen species (ROS) which were more lethal than the stress 

itself. Excessive production of ROS was suspected to increase cell death in other reports (Chen 
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et al. 2006; Wallach-Dayan et al. 2006; Simon et al. 2000). Ong et al. (2017) demonstrated that 

increased ROS production in Enterococcus faecalis caused cell death by disrupting the 

integrity of the cell membrane through lipid peroxidation indicated by the increased 

malonialdehyde (MDA) production. Van Acker et al. (2016) also supported the role of 

increased ROS in cell death as observed in Burkholderia cepacia complex bacteria while 

Lamprecht et al. (2016) have shown it in Mycobacterium tuberculosis. 

Although no live/dead cell staining was done for the FCCP-treated BTF, it was likely 

that it caused death among bacterial cells similar to what was observed with CCCP-treated BTF 

(Sec. 6.3.2) as these two uncouplers are analogues of each other (Zhang et al. 2016). If CCCP 

(~ 0.01 µM) killed highly resistant bacterial strains such as Providencia sp. (MCC2102), 

A. baumannii (MTCC1920), P. aeruginosa (MTCC1688), K. planticola (MTCC2272), E. coli 

(ATCC25922) and Enterococcus sp. (MCC2105) as shown by Sinha et al (2017), then it was 

likely that FCCP at 5 µM concentration caused death in the BTF. 

After almost 12 days of continuously recirculating the FCCP in the BTF system, it was 

removed and replaced by fresh medium (day 48). The EC remained at about 25 g·m-3h-1 and 

did not recover to its original value prior to uncoupler addition (30 - 38 g·m-3h-1). The pressure 

drop across the bed prior to 5 µM FCCP addition was in the range of 1.2-1.4 kPa. After the 

addition of uncoupler, it did not decrease within the first 24 hours, but gradually decreased to 

0.9 kPa after five days of sustained 5 µM FCCP treatment, then gradually increased again to 

1.17 kPa, until it reached 1.2 kPa as the 5 µM FCCP was washed out of the system and replaced 

with fresh medium. The TOC values of the liquid sump after the 5 µM FCCP addition were 

not significantly different than the values prior to FCCP addition. The potential death of cells 

caused by this concentration of FCCP may have caused the cells to fall off in to the sump, but 

the recirculation somehow returned them to the bed, hence, there was not any significant 

change in the TOC of the liquid sump. Another possibility was that dead cells remained in the 
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bed thereby not causing a significant increase in the TOC of the liquid sump. The sudden drops 

in the TOC values shown in Figure 6.4 (i.e. days 37, 48, 56, 66, 86, 96, 122, 137, 168 and 186) 

were due to the replacement of the liquid phase with a fresh medium each time FCCP was 

added or removed. In addition, the slope of the TOC concentration before (~ 20 mg⸱L-1day-1, 

days 30 - 36) and after (~ 6 mg⸱L-1day-1, days 37 - 47) adding 5 µM FCCP was 70% smaller 

indicating that a smaller amount of biomass was released per day in the presence of the 

uncoupler. Less biomass release was possibly due to the lower production of biomass in the 

bed due to the 5 µM FCCP treatment. This potential decrease in biomass production as an effect 

of uncoupling was consistent with what was observed in other studies involving other 

uncouplers (Chapter 3, Table 3.1). Considering the small amount of toluene that could be 

dissolved in the liquid phase (~ 5 mg⸱L-1) estimated based on toluene’s Henry’s coefficient 

(1.5 x 10-1 mol⸱L-1atm-1) (Sander 1999) at 0.7 gm-3 inlet toluene concentration (Appendix N), 

the TOC values in Figure 6.4 were apparently due to the biomass released from the bed.   

After allowing the reactor to run with just fresh medium at its new steady-state EC of 

25 ± 1.7 g·m-3h-1 for 8 days, 10 µM FCCP was added (step 2, day 56). The EC was not affected. 

The hypothesis was that the previous treatment with 5 µM may have caused the population of 

microbes to acclimate or shift into a population that consumed FCCP. Since FCCP (Fig. 6.5a) 

is a nitrile (National Center for Biotechnology Information n.d.-a), there was a possibility that 

it was degraded by microorganisms in the bed. Bhalla et al. (2012) described biodegradation 

of nitriles and summarized bacterial strains capable of nitrile degradation, one of which was 

Rhodococcus sp. (Mukram et al. 2016; Velankar et al. 2010) which was also a known toluene-

degrader (Kanehisa Laboratories 2019).  
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Figure 6.5. Chemical structure of (a) FCCP and (b) CCCP.  

The pressure drop over the eight-day period with just fresh medium was 1.2 ± 0.5 kPa 

and it increased to 1.3 ± 0.9 kPa with the addition of 10 µM FCCP, which was statistically 

significant (p = 0.006). In terms of the slope relative to the period before 10 µM FCCP 

treatment (~ 10 mg⸱L-1day-1), the TOC of the liquid sump increased by 20% after 10 µM FCCP 

addition (~ 12 mg⸱L-1day-1), which was the opposite of what happened during 5 µM FCCP 

treatment. This increase may have indicated an increase in biomass production in the bed, 

potentially due to microorganisms producing more EPS for protection against FCCP like 

previously observed in other uncoupler-treated systems (Sec. 3.6.2). The 10 µM FCCP was 

removed and replaced with fresh medium (day 66). Removal of FCCP did not increase the EC 

while the pressure drop continued to increase gradually maybe due to growth and/or production 

of EPS. The average pressure drop over the nine-day period after removal of FCCP was 

1.5 ± 0.9 kPa, which was about 15% higher than its value when there was still 10 µM FCCP in 

the system and was statistically significant (p = 0.0003). 

After running the system at its new steady-state EC (25 ± 1.6 g·m-3h-1), 40 µM FCCP 

was added (step 3, day 75). The EC dropped to 14 g·m-3h-1 (40% decrease) on the first day of 

addition. This may have been due to cell death or inhibition brought about by the 4X higher 

FCCP concentration. This decrease in EC, however, was not accompanied by a significant 
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decrease in pressure drop (only 6% drop) (p = 0.25). The TOC which usually decreased with 

the replacement of the old medium with fresh medium increased by about 27%. This indicated 

that this concentration of FCCP may have weakened the biofilm, possibly due to the death of 

some active biomass as indicated by decrease in EC. A sudden increase in the %CO2 recovery 

occurred from 72% to 118%, but it dropped back ~72% after a day. This increase in %CO2 

recovery upon the application of FCCP strengthened the hypothesis that FCCP may have acted 

as an uncoupler by increasing respiratory activities resulting in higher CO2 evolution. Chen et 

al. (2004) and Chen et al. (2007) demonstrated that true metabolic uncoupling inhibits 

anabolism but not catabolism as shown by an increase in oxygen uptake rate of activated sludge 

system treated with 2,4 DNP and TCS, respectively indicating the microorganisms became 

more active in the presence of the uncoupler. However, if the uncoupling indeed caused an 

increase in respiration in the current system, toluene mineralization should have also increased 

but EC decreased. Hence, it was hypothesized that with the %CO2 recovery exceeding 100%, 

CO2 may have been generated from the degradation of other carbon-based material in the 

system, like the FCCP or polyhydroxybutyrate (PHB). Doing a rough estimation from the 

stoichiometry of FCCP and toluene degradation on a per minute basis (Appendix K), the carbon 

contribution to CO2 from FCCP was estimated to be over 130,000X smaller than that from 

toluene degradation, hence was too small to significantly increase the %CO2 recovery. An 

increased CO2 recovery from the degradation of PHB was possible. PHB, the most commonly 

occurring polyhydroxyalkanoate (PHA), is a carbon and energy storage compound deposited 

inside the microbial cells (Verlinden et al. 2007) and is released to the cell environment when 

microorganisms die and lyse (Jendrossek and Handrick 2002). With the death and lysis 

potentially caused by FCCP, these compounds may have been released and were eventually 

degraded resulting in more CO2 generation.   
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With continuous presence of 40 µM FCCP, the EC gradually recovered over four days. 

The pressure drop also increased to its original value prior to the first day of 40 µM FCCP 

treatment. After showing sudden increase with the addition of 40 µM FCCP, the %CO2 

recovery also returned to approximately 70% three days after the treatment. As the EC 

recovered, the TOC of the liquid phase which initially increased by ~ 27% after 40 µM FCCP 

addition started to decrease until it reached a nearly constant value of about 130-140 mg·L-1 on 

the day when the EC fully recovered (4th day after 40 µM FCCP treatment). Although the TOC 

values then decreased and remained constant thereafter, they were still higher than the TOC 

values typically obtained during dilution with fresh medium (50 – 100 mg⸱L-1), indicating that 

still more biomass was released in the presence of 40µM FCCP. EC recovery could mean that 

new active biomass were growing and/or more EPS was being produced by the microbes as 

their protective response against FCCP. This potential increase in the production of EPS as a 

protective barrier against uncoupler was consistent with what was discussed in Sec 3.6.3.4 and 

could be the reason why TOC value suddenly increased to ~ 320 mg⸱L-1 prior to the removal 

of 40 µM FCCP. Although FCCP could have increased the EPS production in the bed, its 

release may have not been immediate, hence TOC did not immediately increase. However, this 

potential EPS production was not enough to cause a significant increase in the pressure drop 

across the bed as it remained at 1.5 ± 0.1 kPa before and after 40 µM FCCP treatment.  

Ferrer-Polonio et al. (2017) observed an increase in EPS concentration in activated 

sludge as a response to TCS (3,3’,4’,5-Tetrachlorosalicylanilide) treatment. This increase in 

EPS was also observed in systems treated with tetrakis (hydroxymethyl) phosphonium sulfate 

(THPS) and dichlorophenol (DCP) and was known to be a microbial response to resist toxicity 

and become acclimated to the presence of the uncouplers (Li et al. 2016). However, measuring 

the EPS content of the biomass in the bed was difficult, therefore only the EPS in the liquid 

sump was measured. Neglecting other components of EPS such as humic substances (not 
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relevant in this study) and DNA, the relative proportion of protein and polysaccharides in all 

the EPS measurements done in this study were 70 ± 15% protein and 30 ± 15% polysaccharides 

(Fig. 6.6). These results revealed that the predominant constituent of EPS extracted from 

biomass samples was protein, similar to what was observed by Guo et al. (2016) who also used 

the heat extraction method in separating the EPS from the biomass sample. One inherent 

disadvantage of the heat extraction method was its potential to overestimate protein and 

polysaccharide due to the severe cell lysis brought about by heat treatment (Mcswain et al. 

2005). Meanwhile, in this FCCP experiment, there was no significant difference between the 

EPS content in the liquid sump before and after adding 40 µM FCCP (Fig. 6.6) which 

contradicted the hypothesis in the preceding paragraph. Therefore, the increased TOC on the 

last day of 40 µM FCCP treatment may not just be due to EPS production alone but may also 

be due to increased soluble microbial products (SMP) in the presence of FCCP. Barker and 

Stuckey (1999) summarized that SMP may be produced not just during normal bacterial growth 

and metabolism but also in response to environmental stress and toxic substances. The potential 

of an uncoupler to increase SMP production was demonstrated in an activated sludge treated 

with TCS (Li et al. 2012).  
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Figure 6.6. Change in the EPS content of the liquid sump with the addition of FCCP.         

(EPSPS – polysaccharides; EPSPN – protein). Broken black lines correspond 

to protein/polysaccharide ratio. 

   

Although 40 µM of FCCP did not cause a significant decrease in the pressure drop, it 

weakened the biofilm but the effect did not last long enough. From an engineering point of 

view, 40 µM FCCP did not cause sustained biomass reduction.  

The sudden increase in EC to 50 g·m-3h-1 and TOC to 325 mg·L-1 at day 83 was due to 

the drying of the bed caused by recycle liquid flow failure. The drying may have reduced the 

thickness of the recycle liquid covering the biofilm causing an increased mass transfer rate of 

toluene from the gas phase into the biofilm. Zhu et al. (1998) similarly observed that partial 

drying reduced mass transfer resistance hence improving the diffusion of the VOC in the 

biofilm, resulting in better removal.  

After removal of 40 µM FCCP (day 85), the system was run with fresh medium for 10 

days and achieved its new steady-state EC of approximately 30 g·m-3h-1, prior to the addition 

of 80 µM FCCP (step 4, day 95). The 80 µM FCCP decreased the EC of the system by 

approximately 50% (from 30 to 15 g·m-3h-1) in 24 hours. Similar to 40 µM FCCP, the %CO2 
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recovery also suddenly increased to a value over 100% and no immediate reduction in pressure 

drop was observed. However, the TOC of the liquid sump did not increase as observed with 

40 µM FCCP. It decreased, partially due to the replacement of the old liquid medium with fresh 

medium. However, with 5 and 10 µM FCCP addition, the medium replacement lowered the 

TOC level to about 50-100 mg·L-1. Immediately after 80 µM FCCP addition, the TOC dropped 

to only 165 mg·L-1, still indicating biofilm weakening. The EC recovered to its original value 

seven days after the treatment. This recovery was three days longer than with 40 µM FCCP. 

This EC recovery may be again due to the growth of new active biomass and/or production of 

EPS.  

The 80 µM FCCP was maintained for 40 days to monitor pressure drop and TOC. The 

pressure drop continued to increase until it reached a level of about 3.78 kPa, corresponding to 

120% increase over a 40-day period. Similarly, the TOC continuously increased. The increase 

in pressure drop and TOC could not be due to the production of EPS as it was shown to be 

more or less constant over the periods corresponding to 40 µM and 80 µM FCCP application 

(Fig. 6.6). Hence, potential increase in SMP production (not tested) could have caused this 

increase in TOC and pressure drop. The sudden drop in TOC (approximately 25%) at day 122 

was due to the dilution effect of changing the liquid phase with new 80 µM FCCP-containing 

fresh medium. As compared to previous dilutions, the TOC of the liquid sump did not decrease 

as low as 50 – 150 mg⸱L-1 TOC value, indicating that 80 µM FCCP continued to weaken 

biofilm stability. However, the TOC did not increase back to its value prior to the medium 

replacement (~ 425 mg·L-1) and was stable at ~ 300 mg·L-1.   

Considering the period (days 96 – 121) prior to the replacement of the 80 µM 

supplemented medium, the long-term application (~ 25 days) of 80 µM FCCP caused the TOC 

of the liquid sump to increase at a rate of ~ 14 mg⸱L-1day-1 potentially due to an increase in 

EPS production in the bed as demonstrated by the increase in pressure drop at a rate of 
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0.03 kPa⸱day-1. Comparing this to the TOC measured from the control BTF (Fig. 6.7), 

~ 40 mg⸱L-1day-1 increase in TOC was observed from day 52 – day 97 potentially due to the 

increase of biomass in the bed as demonstrated by ~ 0.04 kPa⸱day-1 increase in pressure drop 

across the bed within that period. Assuming that the rate of change of TOC of the liquid sump 

corresponded to the rate at which biomass was produced in the bed, the lower TOC slope in 

FCCP-treated BTF indicated that it had a lower biomass production rate than the control BTF. 

Only days 52 – 97 of the control BTF’s operation was considered in the comparison since days 

prior to this period had different operating condition (i.e. the gas flow rate was only 

~ 160 mL⸱min-1, hence pressure drop was low during this period).    

 

Figure 6.7. Pressure drop across the control BTF reactor ( ) and TOC of its liquid  

sump ( ) over the 100-day run; (1) 160 mL⸱min-1 gas flow rate and 1.1 ± 0.2 

g⸱m-3 inlet concentration from days 24 - 51; (2) 840 mL⸱min-1 gas flow rate 

and 0.56 ± 0.02 g⸱m-3 inlet concentration; (broken red line) disruption due to 

sampling. 

 

After washing the 80 µM FCCP off the bed (day 136), the TOC dropped by 50% (due 

to the change to fresh medium) but the pressure drop continued to increase. At day 148, the 

pressure drop decreased after disrupting the bed for biofilm sample collection. The EC likewise 

dropped since a substantial amount of active biomass were dislodged during the sampling 
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process. After which, no data were collected for days 151 to 169 due to GC troubleshooting 

operations. 

On day 187, 200 µM FCCP was added to the system (step 5, day 187). This caused the 

EC to drop from 26 to 9 g·m-3h-1 in 24 hours, corresponding to over 65% drop in removal while 

the %CO2 recovery increased to 165%. The pressure drop continued to rise even with this high 

concentration of FCCP. The TOC, on the other hand, initially dropped (by 37%) due to the 

dilution effect of changing the liquid phase to FCCP in fresh medium. However, the slope of 

the TOC curve after adding 200 µM FCCP (~ 21 mg⸱L-1day-1), it was approximately 4X higher 

than the value prior to 200 µM (~ 5 mg⸱L-1day-1). This indicated that biomass production in the 

bed could have increased hence the pressure drop continued to rise. The continuous increase in 

the pressure drop may have still been due to the increasing EPS production for protection 

against FCCP. At this high FCCP concentration, the increase in EPS production was more 

pronounced at almost 100% increase as compared to its value prior to the treatment (Fig. 6.6). 

At 200 µM FCCP, the EC recovery took about 13 days which was longer than the usual three-

day recovery period observed at lower FCCP concentrations. 

Overall, the elimination capacity of the BTF system was decreased in a dose-dependent 

fashion potentially due to the death and lysis of microbes in the presence of FCCP. In addition 

to comparing the EC before and after FCCP addition, changes in EC in the FCCP-treated BTF 

was also compared to the relatively stable EC observed in the control BTF (not treated with 

uncoupler) (Fig. 6.8) which further confirmed that drop in EC was due to the application of 

FCCP. At a concentration of at least 40 µM FCCP, dead cells may have been released from the 

bed, hence the TOC of the liquid sump increased despite the replacement with fresh medium. 

This cell death was most likely associated with increased ROS production which typically 

happens when cells are stressed (Dodd et al. 2007). Although, the ability of FCCP to cause cell 

death due to increased ROS production has only been demonstrated in mammalian cells (Han 
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et al. 2009; Han et al. 2010), the role of ROS in cell death was also observed in bacteria like 

Enterococcus faecalis (Ong et al. 2017), Mycobacterium tuberculosis (Lamprecht et al. 2016) 

and Burkholderia cepacia complex bacteria (Van Acker et al. 2016). Hence death of cells in a 

BTF treated with FCCP was possible. Moreover, the results of live/dead cell staining with 

CCCP-treated BTF (Sec. 6.3.2) supported the hypothesis that FCCP caused bacterial cell death. 

 

Figure 6.8. ( ) EC; ( ) LR; (■) %CO2 recovery of the control BTF over its 100-day 

run; (1) 160 mL⸱min-1 gas flow rate and 1.1 ± 0.2 g⸱m-3 inlet concentration 

from days 24 - 51; (2) 840 mL⸱min-1 gas flow rate and 0.56 ± 0.02 g⸱m-3 

inlet concentration; (broken red line) disruption due to sampling. 

 

Depending on the FCCP concentration, the EC recovered to its initial value prior to 

uncoupler addition potentially due to the growth of new active biomass and/or production of 

EPS. The recovery period (4 – 13 days) was longer for higher FCCP concentration due to the 

greater disruption it caused. Another potential explanation on why the EC dropped and 

eventually recovered with the application of uncoupler is presented in the succeeding sections 

(Sec. 6.3.2 and Sec. 6.3.3) detailing the results of the experiments with CCCP and m-CP, 

particularly the live and dead cells quantification experiments. 

The varying effect of FCCP on the TOC of the liquid sump demonstrated two potential 

effects of an uncoupler as observed in other reports (Chapter 3): (1) decreased TOC due to 
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reduced biomass (i.e. active cells, EPS) production in the bed; and (2) increased TOC due to 

increased EPS production in the bed as barrier against the uncoupler. Although not further 

investigated in this work, increased TOC may also be due to increased SMP production in 

response to FCCP treatment.  The sudden surge in %CO2 recovery observed immediately after 

treatment with at least 40 µM FCCP could be accounted to two possible reasons: (1) increased 

respiration and (2) release and degradation of PHB from dead cells. Meanwhile, monitoring of 

the pressure drop across the bed has shown that FCCP does not have a potential to cause 

sustained biomass reduction, but instead caused further increase in pressure drop due to the 

adaptive response of the microbes to produce more EPS as their protection against uncoupler. 

Although not investigated in this study, this adaptive response could be a result of a potential 

population shift brought about by long-term exposure of microbes to FCCP to a population that 

produces more EPS as barrier against the uncoupler.  

6.3.2 Effect of CCCP 

The effect of CCCP on elimination capacity and %CO2 recovery (Fig. 6.9) was 

determined along with pressure drop across the bed and TOC of the liquid sump (Fig. 6.10).  
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(a) 

 

(b) 

Figure 6.9. Effect of varying concentrations of CCCP on the performance of the BTF reactor. 

(a): ( ) EC; ( ) LR; (b) (■) %CO2 recovery; (1) 50 µM; (2) 100 µM; (3) 200 µM; 

(4) 400 µM; (5) 800 µM. 
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Figure 6.10. Effect of varying concentrations of CCCP on the pressure drop across the BTF 

reactor and TOC of the liquid sump. ( ) TOC; ( ) pressure drop; (1) 50 µM; (2) 

100 µM; (3) 200 µM; (4) 400 µM; (5) 800 µM. 

 

 The initial CCCP concentration tested was 50 µM. Hiraishi and Kawagishi (2002) 

demonstrated that CCCP concentration as low as 10 µM caused uncoupling, stimulated oxygen 

uptake and decreased biomass production dramatically in an activated sludge system. However, 

this level of CCCP concentration (5 to 10 µM) was not tested in this experiment since no 

promising results with FCCP, an analogue of CCCP (Zhang et al. 2016), at the same 

concentration was observed. To reduce the number of days for CCCP experiment, the addition 

of CCCP did not involve replacing the old medium with a fresh medium, hence the dilution 

effect on TOC readings was eliminated. This protocol of CCCP addition was based on the 

assumption that CCCP concentration added to the BTF was stable (i.e. not degraded by the 

microbes). The baseline TOC (TOC readings prior to CCCP application) (Fig. 6.7) in this 

experiment (~ 400 mg⸱L-1) was higher than the FCCP experiment (~ 70 mg⸱L-1) because these 

readings were taken when the liquid in the sump has been in the system for over 30 days thereby 

already containing biomass released from the bed.  
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The EC five days before 50 µM CCCP treatment (47 ± 6 g⸱m-3h-1) increased to 

55 ± 3 g⸱m-3h-1 over the first nine days of CCCP treatment (days 63 – 71) but only due to the 

fluctuation in the loading rate (LR) (i.e. EC and LR during this period had the same slope of 

~ 0.5). Therefore, this concentration of CCCP did not cause significant change in EC. Instead 

of increasing the TOC in the liquid sump, there was about 20% drop (p = 0.0009) in its value 

relative to its 30-day average value prior to 50 µM CCCP treatment. This could mean that less 

biomass was released to the liquid sump because less was produced in the bed. This was 

potentially due to the ability of CCCP to arrest biofilm formation as observed by Ikonomidis 

et al. (2008) with Pseudomonas aeruginosa treated with 25 µM CCCP. In this present study, it 

was hypothesized that, at this concentration, the microbes protected themselves against CCCP 

by producing more EPS. However, there was about a 35% reduction in the EPS (Fig. 6.11). 

Reduction in the production of EPS was also another potential response of activated sludge 

systems treated with uncouplers.  

Feng et al. (2018) demonstrated that both polysaccharide and protein content of EPS 

extracted from B. subtilis cells decreased with the addition of 0.30 µM TCS which may have 

reduced the biofilm and biofloc particle size. They noted that the potential defense mechanism 

of B. subtilis to produce more EPS in the presence of uncoupler was not induced at this low TCS 

concentration, but was reported in an activated sludge treated with 7.0 µM TCS as observed by Li 

et al. (2012). Since EPS production was also an energy-requiring process, the reduction in EPS 

observed in this study could be due to the reduction of cellular ATP concentration induced by 

CCCP as what has been observed in 12-hour-old Shewanella oneidensis MR-1 biofilms 

(Saville et al. 2011). Meanwhile, the first four days of CCCP treatment (days 63 – 66) did not 

cause a decrease in pressure drop but decreased by 20% on day 67 and increased again 

thereafter. This fluctuation was not significantly different (p = 0.60) with the values prior to 50 

µM CCCP treatment.  
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Figure 6.11. Change in the EPS content of the liquid sump with the addition of CCCP. 

(EPSPS – polysaccharides; EPSPN – protein). Broken black lines 

correspond to protein/polysaccharide ratio. 

 

 

With the assumption that CCCP was not degraded by the microorganisms in the bed, 

its concentration was increased to 100 µM (step 2, day 78), without replacing the liquid phase 

with fresh medium. This caused a gradual decrease in EC from ~ 40 to 32 g·m-3h-1 (about 20%) 

over a period of 12 days. This decrease in EC may have been due to the decreasing loading 

rate. However, the slopes of the two lines over this period were -0.15 and -0.62 for LR and EC, 

respectively, indicating that the change in EC was greater than the change in LR. Meanwhile, 

the TOC also did not change significantly except for the first two days where it dropped by 

20% but eventually increased, maybe due to the increased production of EPS as measured 6 

days after 100 µM treatment (Fig. 6.11). The pressure drop increased from 1.1 to 1.3 kPa 
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(18%), potentially due to persistent increase in the EPS production for protection against 

CCCP.  

At 200 µM (step 3, day 90), the EC was not significantly affected but became noisy, 

with some days having ECs higher than the normal. The pressure drop fluctuated and did not 

show a specific trend over a period of 15 days. Similarly, the TOC curve did not show a steady 

increasing trend, indicating that attachment of the cells to the biofilm was not significantly 

affected.  

Further doubling the CCCP concentration to 400 µM (step 4, day 113) caused about a 

20% reduction in EC, from 25 to 20 g·m-3h-1, on the first day of treatment. However, EC 

quickly recovered (2 days from application). The average EC over this run (30 g⸱m-3h-1) was 

not significantly different (only ~ 15% difference) with the previous 200 µM treatment 

(35 g⸱m-3h-1). The TOC did not change significantly with the continuous presence of 400 µM 

CCCP and the average values before and after this run were the same (505 ± 4 mg⸱L-1). Hence, 

biofilm stability was probably unaffected by this amount of CCCP. However, pressure drop 

continued to increase from 1.3 kPa to 1.7 kPa (~ 30% increase) over the 15-day period maybe 

due to the production of more EPS.  

Effects of CCCP were more pronounced at 800 µM (step 5, day 127) where the EC 

dropped to approximately 5 g·m-3h-1, corresponding to about 83% decrease in two days, before 

it recovered (4 days after application) and increased by 33% as compared to the range at 

400 µM and similar to the EC prior to CCCP addition. The TOC increased by 25% for the first 

three days (from 560 to 700 mg⸱L-1) coinciding with the decrease in EC, but this increase was 

not associated with increased EPS production (Fig. 6.11) as 800 µM CCCP decreased the EPS 

in the sump by 50% (from 150 to 75 mg⸱L-1). This increase in TOC despite the decrease in EPS 

as measured in the sump may be due to the release of live and dead cells from the bed due to 

CCCP addition as well as increased SMP production. After two days, the TOC dropped to its 
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initial value coinciding with the recovery of EC. It could be that the microbes produced more 

EPS for protection as shown by the EPS measurement 8 days after the treatment. However, this 

increase in EPS did not translate to an increase in pressure drop which remained relatively 

constant over the first five days and fluctuated thereafter.  

For both 400 and 800 µM CCCP, the %CO2 recovery briefly increased from the typical 

values of 50-70% to over 100%. This increase in %CO2 recovery coincided with the decrease 

in EC. This may mean that the addition of CCCP caused an increase in respiration of the cells. 

This was previously observed in E. coli where addition of CCCP inhibited esterification of 32P 

but stimulated oxygen uptake by about 30% (Cavari et al. 1967). The concentration they used 

was 100 times smaller than the concentration tested in this experiment, hence increased 

respiration rate at 800 µM CCCP was a possibility. This increase in %CO2 recovery was similar 

to what has been observed with FCCP at concentrations of at least 40 µM (Fig. 6.3). The 

potential of CCCP degradation revealed by HPLC assays (Sec. 6.2.4.5) suggested that the 

excess CO2 could also be from its degradation. However, stoichiometric estimation of CO2 

from CCCP degradation (Appendix K) has shown it to be approximately 73,000X smaller than 

that of toluene, hence not supporting the above hypothesis. However, like in FCCP-treated 

system, the possibility of PHB degradation could also be used to explain the sudden increase 

in %CO2 recovery.  

The results of live and dead cell staining of the liquid sump samples (Fig. 6.12) showed 

dead cells both before and after the addition of 800 µM CCCP. The abundance of live and dead 

cells in the liquid sump samples on a relative basis (% dead cells/% live cells) (Table 6.3) were 

estimated (Sec. 6.2.4.3.2). The ratio of % dead cells to % live cells after addition of 800 µM 

CCCP increased by 50% relative to its value before the addition, hence suggesting that CCCP 

induced cell death. The yellowish/orange fluorescence in Fig. 6.12 still indicated dead cells 
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and was caused by the minimal uptake of propidium iodide by the cells (Kirchhoff and 

Cypionka 2017).  

(b)(a)
 

Figure 6.12. Live cells (green) and dead cells (red) in the liquid sump before (a) and after (b) 

adding 800 µM CCCP. 

 

Table 6.3. Relative abundance of dead and live cells in liquid sump samples before and after 

addition of 800 µM CCCP.  

Period % dead cells 
%  

 live cells 

% dead cells to % 

live cells ratio  

Before 800 µM CCCP 59 38 1.6 

After 800 µM CCCP 69 29 2.4 

 

Although green fluorescence was not obvious in these images, processing them through 

MATLAB (version 2017b) confirmed that both samples had green fluorescence representing 

live cells. The images corresponding to before and after addition of 800 µM CCCP had 38% 

and 29% green fluorescence, respectively. The detachment of live cells from the bed may have 

also been associated with the increased production of reactive oxygen species. Guo et al. (2019) 

explained that apart from cell death, ROS  also inhibited biofilm formation, as  observed in 
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Listeria monocytogenes where adherence decreased with increased ROS production. The 

release of dead and live cells may have caused the TOC to increase immediately after 400 and 

800 µM CCCP addition (Fig. 6.10) despite the decrease in EPS as measured two days after 800 

µM CCCP addition.  

Although not tested for FCCP, cell death and the release of live cells from the bed may 

be the reasons why the EC also dropped after its addition. Since the liquid sump gets 

recirculated, the live cells which have been released get returned to the bed, which may be one 

of the explanations why EC recovered both for CCCP and FCCP-treated systems. Another 

potential explanation why EC recovered was the production of more EPS that enabled the 

microbes to protect themselves from the uncouplers. This increase in EPS production coincided 

with the increasing TOC values following its decrease four days after 800 µM CCCP treatment. 

Depending on the time and concentration of CCCP and FCCP, cells can develop protective 

mechanisms against uncoupler-induced death (Kane et al. 2018).  

Like FCCP, CCCP is also a nitrile (Fig. 6.5b) (National Center for Biotechnology 

Information n.d.-b) that could potentially be degraded by a number of bacteria (Bhalla et al. 

2012). In this study, an HPLC protocol for the quantification of CCCP was developed 

(Sec. 6.2.4.5). The method revealed that CCCP became negligible in 24 hours as measured in 

the liquid samples collected one day after 200 and 400 µM CCCP application. Considering 

FCCP as a structural analogue of CCCP and having shown that FCCP can be consumed within 

four hours by rhabdomyosarcoma (RD) cells (Kuruvilla et al. 2003), it was also possible that 

CCCP was degraded within a day. Moreover, the loss of CCCP through degradation was 

validated by examining the amount of CCCP which could be stripped or volatilized to the 

incoming gas within 24 hours. With its low Henry’s law constant (4.29 x 10-9 atm-m3·mole-1) 

at 25 °C (Chemidplus n.d.), stripping or volatilization was not likely to be the reason for the 

loss of CCCP.  
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In general, unlike what was observed in FCCP-treated system, the EC was not 

negatively affected by CCCP addition up to 200 µM but showed a reduction of about 20% at 

400 µM and over 80% reduction at a higher CCCP concentration of 800 µM. The live and dead 

cell staining suggested that the reduction in EC was due to the ability of CCCP to induce cell 

death as shown by the 50% increase in the % dead cells to % live cells ratio after 800 µM 

CCCP application. Cell death caused by CCCP may have been potentially due to its ability to 

inhibit respiration as observed by Johnston et al. (2016) where 3.5 mM of CCCP inhibited 

respiration (by 64 to 79%) of indigenous microbes in complex sediment samples which 

translated to inhibited degradation of polycyclic aromatic hydrocarbons (PAHs). This potential 

of CCCP to inhibit respiration would invalidate the hypothesis that the sudden surge in CO2 

with application of 400 and 800 µM CCCP was due to an increased respiration rate. In addition, 

the bactericidal effect of CCCP against multidrug-resistant bacterial strains such as 

Providencia sp. (MCC2102), A. baumannii (MTCC1920), P. aeruginosa (MTCC1688), 

K. planticola (MTCC2272), E. coli (ATCC25922) and Enterococcus sp. (MCC2105) was 

shown by Sinha et al (2017) who observed a 1000-fold reduction in the colony count for all 

bacterial strains in 24 hours.  

Although no liquid sump samples prior to the first application of CCCP (50 µM CCCP) 

were analyzed for live and dead cell staining, samples before and after 800 µM treatment had 

shown that there were also live cells being released from the bed. This release of live cells from 

the bed may have been due to the decrease in EPS production as measured after 800 µM CCCP 

addition. Like what was observed with FCCP-treated BTF, the recovery period (2 to 4 days) 

for EC was also longer at higher CCCP concentrations and could potentially be due to the 

recirculation of live cells back to the bed and increased production of EPS observed after 

prolonged exposure to 800 µM CCCP and 200 µM FCCP.  



191 
 

 At 400 µM and 800 µM CCCP, the %CO2 recovery briefly exceeded 100%, similar to 

what was observed in a BTF treated with at least 40 µM FCCP. Considering the insignificant 

amount of CO2 that could be generated from CCCP degradation, the increase %CO2 recovery 

could be brought about by the decrease in utilization of carbon for growth and/or degradation 

of PHBs in the system. The decrease in the utilization of carbon for growth could potentially 

be due to the decrease in ATP production efficiency as a result of uncoupling. It could also be 

due to the decrease in active biomass in the bed as indicated by increased TOC specifically at 

800 µM CCCP.   

 The fast (within 24 hours) CCCP degradation measured through HPLC assay 

(Sec. 6.2.4.5) revealed that the assumption that CCCP could not be degraded by the microbes 

was invalid. Therefore, for the majority of the treatment periods, the microbes did not actually 

experience the CCCP concentration thought to be fed in the system. With this, the 

concentrations that the microbes probably experienced the majority of the time were 

approximately 4, 8, 15, 30, and 60 µM instead of 50, 100, 200, 400 and 800 µM, respectively. 

These were provided by the CCCP added to replenish the system volume after the daily 15-mL 

liquid sample for TOC analysis was collected. 

 The above findings revealed that CCCP did not exhibit a sustained capacity to control 

biomass accumulation in a column BTF. It caused a considerable EC reduction at 800 µM 

concentration but was not accompanied by a significant increase in the TOC of the liquid sump. 

Moreover, it was potentially degraded and may have caused increased EPS production in the 

bed which increased the pressure drop, thereby not achieving the goal of controlling biomass 

accumulation.   

6.3.3 Effect of m-CP 

The effective concentration for m-CP when tested as an uncoupler in activated sludge 

systems was 0.15 mM (Yang et al. 2003). The current work started at a slightly higher 
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concentration since the effective concentration of FCCP and CCCP reported in the literature 

did not cause a significant change in the BTF systems. The elimination capacity and %CO2 

recovery (Fig. 6.13) along with the pressure drop across the bed and TOC of the liquid sump 

(Fig. 6.14) in an m-CP-treated BTF was monitored.  

 

 

Figure 6.13. Effect of varying concentrations of m-CP on the performance of the BTF reactor.  

( ) EC; ( ) LR; (■) %CO2 recovery; (1) 0.4 mM; (2) 0.8 mM; (3) 1.6 mM; 

(4) 4 mM. 
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Figure 6.14. Effect of varying concentrations of m-CP on the pressure drop across the BTF 

reactor and TOC of the liquid sump. ( ) TOC; ( ) pressure drop; (1) 0.4 mM; 

(2) 0.8 mM; (3) 1.6 mM; (4) 4 mM.  

 

Addition of m-CP at concentrations 0.4 mM to 0.8 mM caused ~ 10% reduction in EC. 

The TOC and pressure drop did not vary significantly as compared to the period prior to m-CP 

treatment. Hence, these concentrations of m-CP were not enough to affect the system. Further 

increasing m-CP concentration to 1.6 mM (step 3, day 120) decreased the EC by about 30% 

(from 32 to 22 g·m-3h-1) on the first three days but it increased again to a higher value 

(approximately 40 g·m-3h-1) thereafter. The TOC increased by only 10% on the first two days 

but dropped again by 20% thereafter. Hence, a total of 10% reduction in TOC relative to its 

value prior to 1.6 mM m-CP treatment. The pressure drop, on the other hand, increased from 

1.0 kPa to 1.3 kPa (about 28% increase) over a period of 15 days. This could have been due to 

the production of more EPS for protection against m-CP, but it was not significantly higher 

than prior to the start of the experiment. 

The effects were more pronounced with 4 mM (step 4, day 133). The EC dropped 

dramatically from 30 to 9 g·m-3h-1 (approximately 70% reduction) in three days but started to 
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may be explained by the results of live and dead cell staining of the liquid sump sample 

(Fig. 6.15) processed using MATLAB v. 2017b (Table 6.4) which revealed that the % dead 

cells to % live cells ratio after the addition of 4.0 mM m-CP increased by approximately 125%. 

This suggested that m-CP may have caused death of microbes in the bed.  

(b)(a)
 

Figure 6.15. Live cells (green) and dead cells (red) in the liquid sump before (a) and 

after (b) adding 4 mM m-CP.   

 

Table 6.4. Relative abundance of dead and live cells in liquid sump samples before and after 

addition of 4 mM m-CP.  

Period % dead cells % live cells 
% dead cells to % live 

cells ratio 

Before 4 mM m-CP 16 82 0.20 

After 4 mM m-CP 30 67 0.45 

  

The image processing results confirmed the presence of green fluorescence in the photo 

which were otherwise not obvious. Since the liquid was recirculated, some of these live cells 

were returned to the bed, contributing to the recovery of EC. The detachment of the live cells 

from the biofilm may be explained by the reduction in the EPS production in the bed as 

measured from the EPS of the liquid sump (Fig. 6.16). EPS content decreased by approximately 
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10% for the first day of application but increased by 150% over the next 10 days, indicating 

the possibility of EPS production as a defense mechanism against m-CP.  

 

Figure 6.16. Change in the EPS content of the liquid sump with the addition of m-CP 

in the column reactor. (EPSPS – polysaccharides; EPSPN – protein). 

Broken black lines correspond to protein/polysaccharide ratio. 
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increased EPS production led to more absorption of the uncoupler hence preventing 

uncoupling.  
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values obtained prior to uncoupler addition. The pressure drop decreased by about 15% and 

fluctuated again, but there was no distinct trend. The pressure drop in the column treated with 

m-CP did not increase over the entire run as compared to that of FCCP, CCCP and control BTF 

columns where pressure drop increased by 800%, 45% and 132% respectively over the entire 

runs. Although this required confirmation through replication, this result suggested that m-CP 

could control pressure drop increases in a BTF.  

The sudden increase in %CO2 recovery which was observed for both FCCP and CCCP 

was also observed with the application of m-CP at 0.4, 1.6 and 4 mM concentration. From a 

typical 50-60% CO2 recovery, it increased to 80% for 0.4 and 1.6 mM. At 4 mM m-CP 

(2.5 times higher than the previous concentration), the %CO2 recovery increased to 90% on the 

second day after application then increased further to 150% the following day. The initial 

exposure of the microbes to 0.4 mM m-CP may have caused true uncoupling resulting in 

increased respiration, while the next concentration at 0.8 mM may have not been enough to 

stress them, due to the defense mechanism it has already developed (i.e. production of more 

EPS) with 0.4 mM m-CP treatment. Although application of m-CP decreased the EC of the 

system, a big portion of the degraded carbon may have been released as CO2 as they could not 

be used for growth due to limited ATP production (due to uncoupling). This resulted to 

increased CO2 recovery which then exceeded 100% potentially due to PHB degradation. 

Carbon dioxide from m-CP degradation (Sec. 6.3.5) was too small to contribute to this increase 

in CO2 recovery (~ 11,200X smaller than carbon from toluene) (Appendix K).   

Similar to FCCP and CCCP experiments, m-CP also decreased the EC in a dose-

dependent fashion. The results of live and dead cell staining further strengthened the hypothesis 

that uncoupling caused more shedding of live cells after uncoupler addition. The recovery 

period (3 – 7 days) for EC was also a function of the m-CP concentration as higher 

concentrations caused a greater reduction in the EC (10 – 70%), and hence a longer recovery 
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period. This recovery of EC was attributed to the recirculation of live cells back to the bed and 

the production of more EPS by the microbes after long exposure to the uncoupler.  

6.3.4 Effect of m-CP in DBTF 

It was very hard to understand how EPS production was affected by uncoupler addition 

in the column reactor since the liquid was continuously recirculated and it was hard to judge 

whether the quantity of the biomass that was released from the bed was more or less uniform 

within the time interval of each sample collection. Hence, a DBTF reactor which did not recycle 

the liquid to the bed was a better tool to see the changes in the EPS content and composition 

after the addition of an uncoupler. 

To better observe and understand the effect of the uncouplers on BTFs, particularly the 

shedding of biomass from the bed into the liquid sump, m-chlorophenol was tested in a 

differential BTF where the liquid phase was not recirculated. The uncoupler m-chlorophenol 

was prioritized since it demonstrated biomass reduction and pressure drop stability in a column 

reactor, based on the increase in TOC in the liquid sump at 4.0 mM concentration.  

The elimination capacity and %CO2 recovery (Fig. 6.17) as well as the change in the 

recycle gas flow rate and TOC of the liquid sump (Fig. 6.18) at varying concentration of m-CP 

were monitored. Monitoring the recycle gas flow rate (Chapter 5) was indicative of the level 

of biomass accumulation in the bed. The higher the level of accumulation in the bed, the higher 

the pressure drop resulting in a decrease in the recycle gas flow.  
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Figure 6.17. Effect of varying concentrations of m-CP on the performance of the differential 

BTF reactor. ( ) EC; ( ) LR; (■) %CO2 recovery; ( ) outlet concentration; (1) 

0.8 mM (2) 4 mM; (3) removal of m-CP. 
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Figure 6.18. Effect of varying concentrations of m-CP on TOC of the liquid sump and recycle 

gas flow across the differential BTF reactor. ( ) TOC; ( ) gas recycle rate;(1) 

0.8 mM (2) 4 mM; (3) removal of m-CP. 
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about 13 days, before the m-CP solution in the aerosol reservoir was replaced with m-CP-free 

fresh medium (step 3, day 128). Meanwhile, during the 4.0 mM m-CP treatment, the TOC 

dramatically increased from 110 mg·L-1 to as high as 637 mg·L-1, corresponding to a 500% 

increase in a period of three days. After which, the TOC started dropping again but not as low 

as the original value. It only dropped to a value of about 380 mg·L-1 and remained fairly 

constant, until the m-CP solution was replaced with fresh medium. This increase in TOC which 

was indicative of biomass release from the bed resulted in an increase in the recycle gas flow 

rate further to about 40 L·min-1. This confirmed that the porosity of the bed increased due to 

the detachment of biomass. 

EPS production increased one day after the 4.0 mM m-CP treatment by 90% (from 80 

to 153 mg·L-1) (Fig. 6.19) and this coincided with a 250% increase in TOC on that day, 

confirming that more EPS was released due to m-CP. On the 4th day, when the TOC was at a 

level 3.5X higher than the original value, the EPS decreased by over 60%. This increased TOC 

despite a reduction in the EPS production in the bed could have been due to increased SMP 

production. 

  

Figure 6.19. Change in the EPS content of the liquid sump with the addition of m-CP in the 

DBTF reactor. (EPSPS – polysaccharides; EPSPN – protein). Broken black lines 

correspond to protein/polysaccharide ratio.  
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The EPS was measured 14 days and 20 days after adding 4 mM m-CP (Days 121 and 

127 in Fig. 6.18), where the TOC (a mixture of live/dead cells, EPS and SMP) was fairly 

constant. Within this period, the polysaccharide content of the EPS gradually increased while 

the protein production appeared to be constant. The TOC and EPS on days 121 and 127 were 

negatively correlated (r = -1) which meant that TOC decreased with an increase in EPS. This 

was reasonable since EPS could protect the cells and prevent them from being released from 

the biofilm in the bed. However, TOC values did not decrease but rather remained fairly steady 

which could have meant that the decrease in the live/dead cells release was potentially 

compensated by an increase in EPS release. The gradual increase in EPS indicated that the EPS 

production in the bed also increased with the continuous exposure to m-CP. This was consistent 

with previous observations that microorganisms produce more EPS to protect themselves from 

an uncoupler. With this protection against the uncoupler, the impact of m-CP on biomass 

removal was decreased, allowing new active cells to develop hence the EC partially recovered 

to about 40% of its initial value prior to m-CP addition. Although the system was continuously 

exposed to m-CP, the potential degradation of m-CP in the aerosol reservoir (Sec. 6.3.5) may 

have lessened the concentration of m-CP that reached the bed. This reduction in the 

concentration of m-CP that reached the bed may have also contributed to the partial recovery 

of EC.  

It was also noteworthy that the protein/polysaccharide ratio (black broken lines in EPS 

figures) of the EPS collected from the liquid sump samples were lower for the DBTF (0.3 – 2.0) 

(Fig. 6.19) than that of the column BTFs (2 – 11) (Figs. 6.6, 6.11, and 6.16). Considering that 

EPS was primarily composed of loosely bound (LB-EPS) and tightly bound (TB-EPS) EPS, 

Basuvaraj et al. (2015) concluded that the fraction with higher PS content was the LB-EPS 

while TB-EPS had higher PN content. This was reasonable as the TB-EPS was in the inner 

region of the EPS matrix which was closer to the cells while LB-EPS corresponded to the outer 
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region (Liu et al. 2010) wherein it could aid in biosorption of toxic elements (i.e. Fe2O3 

nanoparticles) (Tang et al. 2017) thereby protecting the cells in the inner region of the biofilm. 

Assuming that the heat extraction method employed in this work extracted both the LB-EPS 

and TB-EPS, the lower PN/PS ratio of EPS from the DBTF could be due to the low liquid flow 

rate (0.09 – 0.7 mL⸱min-1) which may have sheared only a thin layer (i.e. mostly the outer 

layer) of the EPS matrix, hence releasing high PS-containing LB-EPS. On the other hand, the 

liquid flow rate of the column BTFs (~ 24 mL⸱min-1), which was 35 - 270X larger than that of 

the DBTF reactor, likely removed a thicker layer of the EPS matrix, potentially including the 

PN-rich TB-EPS.   

6.3.5 Bacterial degradation of m-CP 

The decrease in the effect of the m-CP on the system may have been related to m-CP 

degradation, either through bacterial degradation or absorption from the liquid phase to the 

biomass. The HPLC assay indicated that 4.0 mM m-CP concentration in the aerosol reservoir 

was reduced by approximately 40% after about 20 days of treatment. Absorption of m-CP to 

the biomass was eliminated as the HPLC measurement of a biomass sample did not reveal 

significant m-CP. 

Bacterial degradation was more likely the fate of m-CP in the system as previously 

demonstrated by other researchers. Arora and Bae (2014) listed Ralstonia pickettii LD1, 

Rhodococcus opacus 1G and Alcaligenes xylosoxidans JH1 as among the bacteria which utilize 

m-CP as their sole carbon and energy source. The degradation of m-CP occurs either via the 

formation of 3-chlorocatechol or 4-chlorocatechol which can be degraded either via the 

modified ortho-cleavage pathway or the meta-cleavage pathway (Solyanikova and Golovleva 

2004). Spain and Gibson (1988) specifically demonstrated that toluene-grown cells of 

Pseudomonas putida F1 oxidized a wide range of substituted phenols including m-CP with 

chlorocatechol as intermediates. It was also shown that chlorocatechol accumulation was 
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stoichiometric and the ability of P. putida F1 to oxidize phenols was closely associated with 

the induction of toluene dioxygenase system, the enzyme responsible for catalyzing the 

oxidation of chlorophenols. Meanwhile, Ralstonia pickettii and Rhodococcus opacus 

identified by Arora and Bae (2014) to oxidize m-CP were also identified as toluene-degrading 

bacteria (Daugulis and Boudreau 2003; Duetz et al. 2001; Parales et al. 2000). 

 The change in color of the liquid phase in the aerosol reservoir from transparent to 

reddish brown to black (Fig. 6.20) indicated the possible accumulation of chlorocatechol in the 

system. This was also observed in the column reactor treated with m-CP, but to a lesser extent. 

It was previously observed by Haller and Finn (1979) that oxidation and polymerization of 

unmetabolized chlorocatechols result in a deep black color in a culture of Pseudomonas 

degrading 3-chlorobenzoate. This accumulation of chlorocatechols was explained by Bartels 

et al. (1984) as a result of the destruction of metabolic activity due to the inactivation of 

catechol 2,3-dioxygenase enzyme. These reports and previous work led to the conclusion that 

toluene was serving as a primary substrate allowing co-metabolism of m-CP. As elaborated by 

Farrell (2000), co-metabolism requires two compounds, a primary substrate (i.e. toluene) which 

served as an energy source allowing the oxidation of the second substrate (i.e. m-CP) in 

parallel. 
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m-CP 3-chlorocatechol

 

Figure 6.20. Chemical structure of m-CP and 3-chlorocatechol and the change 

 in the color of the liquid in the aerosol reservoir: (a) fresh medium without 

m-CP, (b) 20 days after 4 mM m-CP treatment. 

 

Meanwhile, it is noteworthy from Figure 6.17 that the %CO2 recovery started to 

decrease from 60% to about 40% upon the application of 0.8 mM, and further decreased to 

below 5% after increasing the m-CP concentration to 4 mM. This decrease in the %CO2 

recovery meant that much of the carbon from toluene degradation ended up either in the solid 

phase (in the bed for the growth of microorganisms) or in the liquid phase (measured as TOC 

in the liquid sump). Considering the CO2 measured at the outlet of the DBTF and the carbon 

in the liquid sump and aerosol reservoir, a crude carbon balance over the whole period of 4 mM 

m-CP application (20 – day period) indicated that approximately 77% of the carbon ended up 

in the bed (Appendix R). These results were different from the carbon balance done over the 

period prior to m-CP addition (days 68 – 72) (Sec. 5.3.2) which revealed that prior to m-CP 
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addition, majority of the degraded carbon (88.6%) ended up in the gas phase while only 2.7% 

ended up in the bed (Fig. 5.8). In addition, the decrease in %CO2 recovery meant that toluene 

was incompletely degraded, hence not fully mineralized to CO2 and water. It could be that the 

high percentage of carbon in the bed was associated with partially metabolized m-CP and 

toluene hence limiting energy production and growth. Less growth could potentially explain 

why despite more carbon ending up in the bed, the gas recycle flow rate still increased up to 

40 L⸱min-1 and remained fairly constant thereafter. The limited energy available due to 

incomplete degradation could have been used by the microbes in producing more EPS as 

indicated by the gradual increase in EPS starting day 111 (4 days after adding 4 mM m-CP) 

(Fig. 6.19). This incomplete degradation of toluene could be due to co-metabolism which, as 

explained by Farrell (2000) can produce metabolic products, say catechol, which may not be 

further metabolized by microorganisms and are termed as dead-end metabolites.  

Bartels et al. (1984) demonstrated that the meta-cleavage pathway of chlorophenol 

degradation inhibits 2,3-dioxygenaze enzyme. This enzyme is the same enzyme that can be 

found in Pseudomonas putida F1 (Parales et al. 2000), Burkholderia (Pseudomonas) cepacia 

G4 (Shields et al. 1995) and Pseudomonas putida mt-2 (Lee et al. 1992) which are all known 

toluene-degraders. Inactivation of this enzyme in these toluene degraders therefore explained 

the potential incomplete degradation of toluene. Incomplete degradation of toluene meant less 

energy produced which consequently reduced the energy available for growth and for 

maintenance functions. The hypothesis about inefficient use of energy where microorganisms 

tend to prioritize production of EPS over growth functions, may be true as observed with the 

gradual increase of EPS from day 14 to day 20 (days 121 to 127 in Fig. 6.15) after a sudden 

drop due to 4.0 mM m-CP addition. The microorganism utilized the available energy for EPS 

production rather than production of new cells.  
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Using the differential BTF to investigate the effect of m-CP verified and clarified some 

of the hypotheses generated from the use of column reactors. Both reactors have shown dose-

dependent reduction in EC causing at least 70% reduction at 4 mM m-CP. The recovery in EC 

which was observed in the column reactor was similarly observed in the DBTF, both requiring 

at least three days. However, unlike in the column reactors, the EC of the DBTF reactor only 

recovered about 40% of its value prior to 4 mM m-CP treatment. This was probably due to the 

absence of liquid recirculation in the DBTF reactor, hence the live cells which may have been 

released due to the uncoupler were not recirculated back to the bed to aid in toluene removal. 

The partial recovery of EC could also be due to the continuous exposure of the DBTF bed to 

m-CP from the aerosol reservoir where it was demonstrated to be degraded slowly (i.e. only 

40% reduction in 20 days).   

The biomass reduction potential of m-CP was better demonstrated in the DBTF reactor 

as shown by the 500% increase in TOC within three days as compared to only 130% increase 

in the column reactor. This biomass reduction translated to an increase in the gas recycle rate 

by 33%. Both reactors demonstrated increased EPS production with longer exposure to m-CP, 

validating the hypothesis that microorganisms produce more EPS to protect themselves from 

the uncouplers. The very low %CO2 recovery (~ 5%) was anomalous and could be due to 

incomplete degradation of toluene induced by co-metabolism with m-CP. This could be 

confirmed in future work by analyzing catechol and 3-chlorocatechol accumulation.  

6.4 Conclusions 

 Testing different concentrations of FCCP, CCCP and m-CP in column BTF reactors 

demonstrated varying effects on EC and pressure drop across the bed. The three uncouplers 

reduced EC (by 10 – 80%) in a dose-dependent fashion potentially due to the death and lysis 

of microbes. This was supported by increased % dead cells/% live cells ratio observed after 

CCCP and m-CP treatment. This cell death was hypothesized to be due to increased ROS 
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production which happens when cells are stressed and could be investigated in future BTF 

experiments.  

 The recovery of EC in all the uncoupler-treated BTFs was also dose-dependent with 

higher uncoupler concentration taking longer time to recover (2 -  13 days). EC recovery was 

hypothesized to be due to the recirculation of live cells back to the bed, hence aiding in toluene 

removal. Moreover, the recovery of EC may have also been due to the reduced concentration 

of the uncoupler in the bed with time due to bacterial degradation. The sudden increase in 

%CO2 recovery (sometimes exceeding 100%) immediately after treatment of at least 40 µM 

FCCP, 400 µM CCCP and 0.4 mM m-CP could be due to: (1) increased respiration (which 

indicated true metabolic uncoupling); (2) less utilization of carbon for growth in the bed due to 

reduced ATP production (as a result of uncoupling); and/or (2) degradation of PHB.  

In terms of the change in the pressure drop across the bed, FCCP and CCCP resulted in 

a total of 800% and 45% increase in pressure drop throughout their respective runs. This 

increase in pressure drop was shown to be due to the microbial response of producing more 

EPS as a protective mechanism against the uncoupler. Increased EPS production could also 

explain why the potential of the uncouplers to weaken biofilm stability was not demonstrated 

in the experimental runs based on the insignificant and unsustained increase in the TC of the 

liquid sump observed with FCCP and CCCP treatment.  

 Among the uncouplers tested, 4 mM m-CP has shown a potential to control biomass in 

a BTF as demonstrated by 130% increase in TOC potentially due to release of biomass from 

the bed. In addition, the pressure drop in the column BTF treated with m-CP did not increase 

over time in contrast to the big increase in FCCP and CCCP-treated BTFs.  

 The differential BTF further demonstrated the potential of m-CP to decrease biomass 

accumulation in the bed. Furthermore, the DBTF also proved to be a better tool in 

understanding the effect of m-CP as it eliminated the influence of liquid recirculation in the 
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recovery of EC after m-CP treatment, thereby resulting to partial recovery of EC in contrast to 

complete EC recovery observed in the column BTFs.  

 Although m-CP had the potential to weaken biofilm stability thereby maintaining a 

relatively constant pressure drop across the BTF bed, it was potentially co-metabolized with 

toluene. This co-metabolism was hypothesized to result in incomplete degradation of both 

toluene and m-CP as demonstrated by very low %CO2 recovery and potential accumulation of 

catechol and/or 3-chlorocatechol in the system as indicated by the resulting black color of the 

liquid phase. 

 This co-metabolism of toluene and m-CP resulting in catechol and/or 3-chlorocatechol 

production could be further investigated in the future to better understand how uncouplers 

(especially those from the same group of compounds as m-CP) would affect toluene-degrading 

BTFs. Additional work which may further elucidate why the EPS concentration eventually 

increased with constant exposure to uncoupler would be investigating the temporal change in 

the microbial population with uncoupler addition. A shift in microbial population was 

hypothesized to be an effect of long-term application of uncouplers in growth systems (i.e. 

activated sludge systems) (Chapter 3). Meanwhile, since m-CP, CCCP and FCCP did not show 

a reliable and sustained biomass control potential, other uncoupler which is potentially harder 

to degrade (i.e. pentachlorophenol) could also be tested as part of future work.  
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

7.1 Summary and conclusions 

 This study focused on biotrickling filter (BTF) as a biological means of waste gas 

treatment, particularly in addressing biomass accumulation problem which limited its use in 

the industry. The potential of metabolic uncouplers in controlling biomass was tested based on 

its previous success in laboratory-scale activated sludge systems.  

 Two known mechanisms by which metabolic uncouplers control biomass accumulation 

in waste gas treatment systems were tested. One of them pertained to true metabolic uncoupling 

wherein the ATP synthase was uncoupled from the electron transport chain thereby producing 

less energy for growth. This less energy available for growth in the presence of an uncoupler 

was due to the tendency of microorganisms to satisfy their maintenance energy requirements 

over growth. Another mechanism tested was the ability of the uncoupler to weaken the stability 

of the biofilm thereby detaching the excess biomass from the bed. 

 Aside from a typical column biotrickling filter reactor, a novel differential BTF (DBTF) 

reactor was designed and fabricated as a research tool in measuring the impact of metabolic 

uncouplers as well as understanding the mechanisms by which they act as a biomass control 

strategy. These reactors, both with 5-mm glass beads as packing materials, constituted the heart 

of the BTF systems used in this study along with the diffusion system which provided a 

continuous supply of toluene-laden air to the system. 

 The differential BTF was developed with the objective of coming up with a reactor with 

minimal gradient in concentration, temperature and moisture throughout the bed. To achieve 

this, the differential BTF had the following components: (1) gas recycle system which 

minimised single pass conversion; (2) nutrients supplied to the bed through aerosol; and (3) a 

short bed. The gas recycle system consisted of a variable-speed fan which recirculated the gas 

throughout the system at a rate that minimised concentration gradient across the bed. Nutrient 
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medium was converted into aerosol particles through an ultrasonic aerosol generator and 

consequently delivered to the bed at a rate 35 to 270 times times smaller than the liquid trickling 

rate used in the column BTFs employed in this study. This low aerosol delivery rate caused 

thinner liquid film in the DBTF bed (20 to 200 times thinner than that of column BTF) which 

may have facilitated greater mass transfer of toluene to the biofilm. Meanwhile, the small size 

of the aerosol particles (< 15 µm) facilitated the uniform distribution of nutrients throughout 

the short bed. In addition, it was hypothesized that since the bed was short enough, toluene 

distribution across it was more or less uniform. These factors may have contributed to the more 

uniform and thicker biofilm growth throughout the DBTF bed as visually observed and 

compared with that of a column BTF. This consequently resulted to an EC value approximately 

14 times higher than that of the column reactor employed in this study and up to 37 times higher 

than the typical EC in most reports.  

 The effect of varying concentrations of metabolic uncouplers such as FCCP, CCCP and 

m-CP was tested in column BTF reactors while m-CP was additionally tested in a differential 

BTF reactor. Column reactor employed recirculation of the trickling liquid phase while the 

differential BTF passed the liquid phase to the bed only once and in the form of aerosol at a 

rate approximately 34 to 270 times smaller than in the column reactor.  

 In general, the elimination capacity of the BTFs decreased in a dose-dependent fashion 

with the addition of the uncoupler and recovered over a period also determined by the 

concentration. As discussed in Chapter 3, reduction in removal rate in the presence of 

uncoupler was also observed in activated sludge systems. In this study, the reduction in the 

performance could be due to the release of active biomass immediately after the addition of 

uncouplers as well as death of cells. Although not measured in the experiments, death of cells 

was associated to the increased in ROS production while the release of biomass from the bed 

was potentially due to a reduction in the EPS upon the application of uncoupler. Complete 
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recovery of the elimination capacity in column reactors could be due to: (1) production of more 

EPS that protected the microbes from the uncoupler, (2) reduced concentration of the uncoupler 

due to potential degradation, (3) growth of new cells, and (4) the recirculation of the liquid 

which contains the active biomass released from the bed. In the single-pass liquid flow 

differential BTF, only partial recovery of the removal capacity was obtained despite an increase 

in EPS, supporting the hypothesis that the recirculation of the active biomass contributed in the 

complete recovery of EC in the column BTFs.  

 True metabolic uncoupling mechanism may have occured for the three uncouplers as 

demonstrated by the increase in CO2 generation observed immediately after uncoupler 

treatment which lasted usually for one to four days, depending on the uncoupler concentration. 

However, %CO2 recovery exceeding 100% suggested that CO2 was not just from toluene 

degradation but could also be from degradation of PHBs released due to cell death and lysis. 

Although potentially degraded, the carbon from the uncoupler were 11,000 to 130,000 times 

smaller than that of toluene, hence less likely to contribute to increased CO2 generation. Future 

work may involve measuring cellular ATP production to better confirm true metabolic 

uncoupling hypothesis. The stability of the biofilm, affected by the increase or decrease in the 

EPS production of the cells was affected by the concentration of the uncoupler and was also a 

function of the period relative to the uncoupler application. The EPS generally decreased up to 

the first six days of uncoupler treatment but eventually increased with sustained uncoupler 

treatment. The initial decrease in EPS was potentially due to the decrease in energy availability 

caused by uncoupling while the eventual increase could be a protective and adaptive response 

developed by the microbes with longer exposure to the uncoupler. The production of more EPS 

in the long run, could have contributed to the complete recovery of EC in the column reactors 

and partial recovery for the differential reactor.  
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It was also noteworthy that contrary to what was observed in m-CP, CCCP and FCCP-

treated column reactors, the %CO2 recovery in the differential BTF did not increase and exceed 

100%, but instead gradually decreased down to 5% with 4 mM m-CP addition. A crude carbon 

balance indicated that approximately 80% of the carbon from toluene degradation ended up in 

the bed. The low %CO2 recovery was an indication that toluene and m-CP were not completely 

degraded and was only converted to dead-end metabolites like catechol and chlorocatechol 

which may have caused the color of the liquid in the aerosol reservoir to turn black. This 

darkening of the liquid phase was also observed in the m-CP treated column reactor, but at a 

lesser extent, hence %CO2 recovery did not go as low as 5%. Since m-CP degradation was 

slow, PHB degradation was the only potential reason for the surge of CO2 in the column 

reactors. Lenz and Marchessault (2005) explained that PHBs are produced optimally when 

microorganisms are physiologically stressed due to nutrient limitation. It could be that PHB 

production in the column reactor was high due to channeling and preferential flow of nutrients 

which had left several portions of the bed nutrient-starved. On the contrary, the nutrient 

distribution on the shorter DBTF bed was more or less uniform as it employed aerosol which 

were likely to reach all portions of the bed, leaving no area of the bed starved with nutrients. 

This could have resulted to less PHB production and degradation.  

Among the three uncouplers, only m-CP showed a potential to significantly weaken the 

stability of the biofilm in both reactors. This significant weakening of the bioflm happened at 

a concentration of 4 mM, about 25 times higher than the reported effective concentration for 

activated sludge systems. However, bacterial degradation of m-CP reduced its sustainability as 

a biomass control strategy. Moreover, its addition in a toluene-degrading BTF may have led to 

cometabolism which caused incomplete degradation of toluene as indicated by very low %CO2 

recovery. Although none of the uncouplers demonstrated a good potential for biomass control, 
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the findings revealed information, specifically on the ability of uncouplers to cause cell death, 

biodegradability and EPS production, which were not widely studied yet.  

The differential BTF was a better research tool than a column reactor in understanding 

the effect of uncouplers. Nevertheless, actual BTF reactors do not employ single pass-liquid 

phase flow since it would require more liquid and would create disposal problem especially if 

it has toxic uncoupler. However, with the minimal liquid flow rate in the DBTF, these problems 

may be avoided, making it promising for industrial application.  

7.2 Recommended modifications for the DBTF 

 Based on the operational problems encountered during the long-term run (>100 days) 

of the differential BTF (Chapter 5), a few things can be incorporated in its design to improve 

its reliability and sustainability for longer-term use. The major factor that limited the 

sustainable use of DBTF for experiments was the decline in the performance of both the fan 

and the aerosol generator which consequently affected the gas recycle system and the delivery 

of nutrients to the bed. The succeeding sections discuss a number of recommendations to 

address these issues. 

7.2.1 Prolonging the life of the aerosol generator 

 The life of the aerosol generator was potentially shortened by running it continuously 

without rest period (Sec. 5.4.2), thereby causing it to generate too much heat. The excessive 

heating caused the temperature of the medium to increase up to the maximum temperature the 

aerosol generator could be operated at (40°C). This was detrimental to the electronics of the 

aerosol generator which prompted it to draw more current, hence blowing its fuse.  

 To address this issue, a stainless steel cooling coil can be incorporated to the aerosol 

reservoir as a heat exchanger. Tap water at 16 °C can be made to flow through the cooling coil 

and its lower temperature relative to the nutrient medium in the reservoir will cause heat to be 

transferred, thereby keeping the aerosol reservoir at about 20°C temperature. In addition, the 
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aerosol generator can also be operated intermittently. To do this, an additional aerosol generator 

can be installed which will then enable alternate run between two aerosol generators. As it is 

less likely for two aerosol generators to fail at the same time, having two units in the reservoir 

will ensure that aerosol production continues even if one of the units fail.  

7.2.2 Increasing fan’s capacity 

 The fan which causes the recirculation of gas in the system was limited by the excessive 

accumulation of biomass in the bed which in turn increased the pressure up to a level beyond 

the capacity of the fan. This reduced the gas recycle rate and caused the DBTF reactor to deviate 

from its differential behaviour.  

 To prevent this from happening, a fan with a higher static pressure range can be used 

to replace the existing fan. Higher static pressure capacity can also be achieved by adding a 

second fan in series with the existing one. In theory, fans in series can double the pressure 

capacity at zero air flow condition but do not increase flow in zero-resistance condition. Having 

a fan with greater pressure capacity will give the system enough room for adjustment in case 

pressure drop in the bed exceedingly increase. This will ensure consistent recycle of gas at a 

rate that will carry enough aerosol to the bed and will maintain differential behaviour of the 

system.  

 To maintain constant gas recycle rate in the system, the PID controller can be modified 

to enable continuous measurement of the pressure drop of the bed. This pressure drop 

measurement can be used by the PID controller to change the fan speed automatically so as to 

maintain constant gas recycle rate.  

7.2.3 Preventing liquid entrainment in the outlet gas 

 The liquid entrained in the outlet gas has proven to be detrimental to the gas phase 

analytical system as it contained salts which could potentially solidify and clog the tubings in 

the stream selector valve and worse, the GC column. To prevent this from happening, a 
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moisture trap was installed along the line from the outlet of the DBTF reactor to the GC. An 

additional measure that can be done to prevent entrained liquid from reaching the GC system 

is the installation of a capsule or cartridge filter on the outlet line. This will filter both liquid 

and microbes hence preventing them from getting into the GC. However, there is a potential 

for these filters to be clogged as there may be microorganisms on the entrained liquid which 

will be trapped and may accumulate on the membrane filter. When clogged, this will slow 

down outlet gas flow and may cause pressure to build up in system. 

7.2.4 Other physical modifications to the DBTF system 

 Accessing the aerosol generator for troubleshooting and/or cleaning operations requires 

disassembly of a huge part of the system hence disrupting the system longer and making the 

task tedious and time-consuming. To lessen this time and make the aerosol generator more 

accessible, another hole on the metal cover plate of the aerosol reservoir can be made. This 

hole can serve as the port where the aerosol generator(s) can be taken in and out of the reservoir 

without the need to disconnect the rest of the system, hence minimizing downtime and 

disturbance to the system.  

 Meanwhile, the pressure ports can be made a little longer and can be inclined upward 

so that aerosol that gets entrained to the gas will fall back to the system by gravity and will not 

clog the pressure port lines. Liquid clogging the pressure port lines was observed to cause 

fluctuations in pressure drop measurements.  

7.3 Recommended modifications for the column BTF 

 In terms of elimination capacity, the column BTF reactor was inferior to that of the 

DBTF reactor, having an EC about 14 times smaller than that of the latter. The factors which 

may have caused the high EC in the DBTF reactor (Sec. 5.3.3) can be employed in the column 

reactor. This means that a key improvement that can be done for the column reactor is to change 

its liquid recycle system with that of a single-pass liquid system that employs aerosol to deliver 
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nutrients to the bed. This can be done to achieve two purposes: (1) to improve the performance 

of the column reactor in terms of EC and (2) test whether the uniform distribution of nutrients 

as well as the thin liquid film caused by using aerosol as means of delivering nutrients to the 

bed were indeed the major factors for the superior EC of the DBTF reactor. 

 As the bed thickness of the column reactor was approximately five times that of the 

DBTF reactor, the likelihood of spatial variability in terms of EC and microbial population was 

greater than that of the latter. To enable investigation of this variability, sampling ports in the 

top, middle and bottom portions of the column reactor can be incorporated in its design for gas 

and biofilm sample collection.  

7.4 Future experiments 

 This section presents a number of experiments which can be done to further strengthen 

the understanding of how metabolic uncouplers can be potentially used for biomass control in 

BTFs. These suggested experiments are not limited to addressing the excessive biomass 

problem in BTFs but also in improving their overall performance which can make them more 

ready for industrial use.  

7.4.1 Microbial community analysis 

 Since this study tested only two mechanisms by which metabolic uncouplers could 

potentially affect the performance of a BTF system, future work can involve investigating the 

change in the microbial community in the system before and after uncoupler addition. This will 

aid in understanding the other two mechanisms tested in this study. A microbial succession 

study in the presence of uncoupler at varying concentration can provide an idea on what genera 

of toluene-degraders are capable of adapting to adverse condition as well on the mechanism of 

biofilm formation under stressful conditions imposed by the uncoupler.  This can help in 

explaining and understanding the changes to the BTF system in terms of EC and biomass 

accumulation. Microbial community analysis may explain why the inhibitory effect of the 
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uncouplers tested in this study decreased with time as demonstrated by the recovery of EC and 

by the limited to almost no effect on biomass control after a sustained uncoupler application.  

 The variability of microbial density and diversity on the different sections of the column 

reactor and the DBTF reactor can also be investigated. This can aid in testing the hypothesis 

that spatial variability of microbial community is likely to occur in a column reactor which can 

consequently affect its overall performance. It can also be done with the DBTF system 

specifically comparing the microbial community and diversity in the aerosol reservoir, along 

the pipes and in the bed. This information can give an idea on the specific activity of biomass 

in these portions of the system and hence can help in understanding why majority of the 

removal happened in the DBTF bed despite the biomass accumulation in the pipes and aerosol 

reservoir.  

7.4.2 Use of other uncouplers and biofilm detachment-promoting agents (BDPAs) 

 As it has been observed from this study that FCCP, CCCP and m-CP were all easily 

degraded and hence could not be used sustainably in BTF systems, other uncouplers which are 

harder to degrade can be tested. These can be the more chlorinated chlorophenols such as 

dichlorophenol, trichlorophenol, tetrachlorophenol and pentachlorophenol. Other uncouplers 

mentioned in Chapter 3 (Table 3.1) can also be tested as long as they are not nitrogen-based.  

 Other biofilm detachment-promoting agents (BDPAs) discussed by Xavier et al. (2005) 

in his review article can be tried for effectiveness in biomass control in BTFs. These BDPAs 

include enzymes, chelating agents, surfactants and urea. The potential of surfactants like Brij, 

Tween-20 and Triton X-100 as a biomass control agent was mentioned in Chapter 2 (Sec 2.3). 

Like the chemical uncouplers, these compounds can also be easily integrated to the BTF system 

without the need to modify the reactor design.  

7.4.3 Effect of liquid trickling rate on EC 
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 The use of aerosol as a means to distribute nutrients to the bed uniformly and at a very 

low rate yielded a BTF system which had an EC up to 37 times larger than systems which made 

use of typical hydraulic and pneumatic spray nozzles. The minimum liquid trickling rate that 

could be continuously generated by these types of nozzles without compromising uniformity 

of spray was about 150 mL⸱min-1 (based on their specifications) which was 215 to 1500 times 

larger than what was employed in the DBTF system. The high EC of the DBTF was a promising 

result which showed that a high EC-BTF could be achieved even with a shorter bed and low 

liquid consumption. This could mean lower physical footprint, lesser liquid requirement and 

lesser effluent that needs to be discharged, hence reduced cost. 

 As the effect of liquid trickling rate on the performance of a BTF varied in the literature, 

future works can involve studying its effect on EC at the two regimes in a BTF operation, the 

diffusion-limited and the reaction-limited regions. Doing this can provide practical insights on 

when to provide more or less liquid phase to the BTF in an actual industrial setting, hence 

minimising unnecessary liquid consumption. 

7.4.4 Optimization of BTF operation 

 Relative to achieving a BTF system which has high EC and can be run more sustainably 

(i.e. minimal operational problems brought about by excessive biomass accumulation), 

optimization of BTF operation can constitute future works with the differential BTF system. A 

factorial experiment investigating the combined effects of the major factors affecting BTF 

performance can be done. These factors can include liquid trickling rate, empty bed residence 

time (which is consequently determined by gas flow rate) and loading rate (as determined by 

gas flow rate and inlet concentration), among others. Some of the response variables which can 

be measured and used to evaluate optimum combination of these factors are: (1) maximum EC; 

(2) extent of biomass accumulation; and (3) duration of normal operation prior to failure.  
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 Since the difference in the performance of the DBTF and column reactor was 

hypothesized to be due to the difference in their microbial structure which was potentially 

driven by the difference in operating conditions (i.e. liquid trickling rate) and bioreactor 

characteristics (i.e. bed thickness, liquid distribution system), microbial diversity can also be 

included as one of the response variables to measure in future experiments. Recognizing the 

central role of microbial community in biofiltration, experiments involving such analysis will 

answer the question on how the operational factors affect or shape the microbial structure in a 

BTF.  

7.4.5 DBTF experiments under transient conditions and with multiple contaminants 

 As real industrial emissions are never uniform and constant, future experiments can 

also include testing the performance under transient conditions of a potentially high-EC BTF 

employing aerosol as a means to deliver nutrients to the bed. Similarly, emissions from the 

industry are most likely composed of multiple contaminants. Hence, DBTF experiments 

involving a combination of two or more contaminants can be done with the objective of 

optimizing operations, biomass control and investigating microbial communities.  
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Appendix A 

Estimation of elimination capacity in a BTF with 2-mm glass beads  

and 5-mm glass beads as packing material 

A. From the study of Mirpuri et al. (1997) which employed the use of a vapor phase 

bioreactor (VPBR) operating in a countercurrent mode, the following biofilm kinetics 

data were used in the estimation: 

a.1 From Figure 4 of their paper, measured at the vapor inlet side, 

bedofm

biomassofg1.4
productionBiomass

2
  

a.2 From Figure 6 of their paper, at 300 ppm: 

 

hrbiomass of mg

 toluenedegradedofmg0.05
(SAB) BiomassofActivitySpecific


  

 

a.3 From Table of Specific Surface Area (SAA) for Raschig rings (Acechempack 

Tower Packing Co. n.d.); 

 

3

2

m

m 789
rings Raschig of Area Surface Specific   

 

B. Calculations 

b.1 Amount of biomass that can be supported per unit volume 

 

bedofm

biomassofg1,104.6

bedofm

m789

bedofm

biomassofg1.4

volumeunit

Biomass
33

2

2

















  

 

b.2 Elimination capacity 

 





































bed of m

biomass of g 1,104.6

biomass of g 1

biomass of mg 1,000

 tolueneof mg 1,000

 tolueneof g 1

hrbiomass of mg

 toluenedegraded of mg 0.05
EC

3
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hrbed ofm

 toluenedegraded of g 55.23
EC

3 
  

b.3 Assuming the same biomass production rate per m2 of bed and SAB with that of 

the Raschig rings, the EC in a BTF with 2-mm glass beads as packing material was 

calculated as shown below: 

 

As specified by Merck (n.d.-a) and Merck (n.d.-b); 

 

3m

kg 11.262,1
beads glassmm2ofdensityPacking   

 

  25232 m1026.1m10144beads glass mm-2 of Area Surface   xxr 

  39333 m1019.4m101
3

4

3

4
beadsglassmm2ofVolume   xxr   

kg

m 38.2

kg 1,262.11

m

m1019.4

m1.26x10
 beads glass mm-2 of Area Surface Specific

23

39

2-5



















x
 

Expressing it in terms of m2·m-3; 
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2
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2

3

2

m

m 003,3

m

kg 11.262,1
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bed of m

biomass of g 205,4

bed ofm

m 003,3

bed of m

biomass of g 4.1
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Biomass
32

2

2

















  





































bed of m

biomass of g 205,4

biomass of g 1

biomass of mg 000,1

 toluenemg 1,000

 tolueneg 1

hrbiomass of mg

 toluenedegraded of mg 05.0
EC

3
 

hrbed of m

 toluenedegraded of g 3.210
EC

3 
  

  For 5-mm glass beads: 

 

  25232 m1085.7m105.244beads glass mm-5 of Area Surface   xxr   
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  38333 m1055.6m105.2
3

4

3

4
beadsglassmm5ofVolume   xxr   

kg

m 95.0

kg 1,262.11

m

m1055.6

m7.85x10
 beads glass mm-5 of Area Surface Specific

23

38

2-5



















x
 

Expressing it in terms of m2·m-3; 
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bed of m

biomass of g 667,1

biomass of g 1

biomass of mg 000,1

 toluenemg 1,000

 tolueneg 1

hrbiomass of mg

 toluenedegraded of mg 05.0
EC

3
 

 

hrbed of m

 toluenedegraded of g 84
EC

3 
  

C. Summary 

Table a.1. Summary of estimated biomass density and elimination capacity in three 

different packing materials.  

PACKING 

MATERIALS 

Biomass per unit 

volume 













3

bed

biomass

m

g
 

Elimination Capacity 












hrm

g

bed

radedtoluene

3

deg  

Raschig rings (1/4 in o.d. 

and ¼ in.long) 

1,105.0a 55.0a 

2-mm glass beads 4,205.0 210.3 

5-mm glass beads 1,677.0 84.0 

 a value obtained from Mirpuri et al. (1997). 
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Appendix B 

Estimation of recycle rate and concentration gradient across the bed 

A. Given: 

pump

catalyst bed

C1   n1   V1

C2   n2   V2

VR

C0   n0   V0

Cout nout Vout

VL in

VL out

 

Figure 4.2. Schematic diagram showing the gas flow in a recycle reactor. 

where: 

C0 = toluene concentration of the inlet feed, g·m-3 

V0 = volumetric flow rate of the inlet feed, m3·h-1 

n0 = mass flow rate of toluene in the inlet feed, g·min-1 

C1 = toluene concentration at the headspace, g·m-3 

n1 = mass flow rate of toluene in the head space, g·min-1 

C2 = toluene concentration right after the bed, g·m-3 

V2 = volumetric flow rate right after the bed, m3·h-1 
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n2 = mass flow rate of toluene right after the bed, g·min-1 

VR = gas recycle rate, m3·h-1 

Cout = toluene concentration of the outlet gas, g·m-3 

n0 = mass flow rate of toluene in the outlet gas, g·min-1 

Vout = volumetric flow rate of the outlet air, m3·h-1 

VL in = volumetric flow rate of the incoming liquid phase, m3·h-1 

VL out = volumetric flow rate of the outgoing liquid phase, m3·h-1 

Denote: VB = volume of the bed, m3 

 Xs = single pass conversion, % 

 Xo = overall conversion, % 

 RR = recycle ratio, unitless 

B. Assumptions: 

Q = 0.00084 m3·min-1 (from 840 mL·min-1) 

C0 = 1 g·m-3 

EC = 80 g·m-3 h-1 (from Appendix 4.1) 

VB = 0.0003925 m3 (based on a bed thickness of 50 mm and bed diameter of 100 mm) 

C. Derivation of relevant equations: 

V2 = V0 (assuming constant density of the gas) 

2V

V
R R

R              

(4.2.1) 

At point 1 in the reactor, V1 = V0 + VR;  

Expressing VR in terms of RR and V2; V1 = V0 + RRV2;                                                            (4.2.2) 

Since V2 = V0;  
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V1 = V0 + RRV0 

V1 = V0 (1+ RR)                                                                                                                       (4.2.3)  

Calculating for overall conversion, Xo;           

0

20
0

V

VV
X



 
                  

(4.2.4) 

where 0V  = mass loading of toluene per unit time at the entrance of the reactor, g⸱h-1    

 2V  = amount of toluene passing through at point 2 (below the bed) per unit time, g⸱h-1    

Expressing 2V in terms of  0V  and 0X ; 

0002 XVVV                     

(4.2.5)      

Calculating for single pass conversion, Xs;       

1

21

V

VV
X s 

 
                          

(4.2.6) 

where 1V   = amount of toluene passing through at point 1 (at the headspace of the reactor) per 

unit time, g⸱h-1 

 

Recall that variables in Eqn. 4.2.2 can be expressed in terms of the amount of toluene passing 

per unit time, hence 201 VRVV R
  .  

It should also be noted that at point 2, RRVVV 202
  ; 

Since single pass conversion is assumed to be minimal, 02 VV   , hence )1(22 RRVV   . 

Substituting the above relationships to Eqn. 4.2.6, 

    
20

220 1

VRV

RVVRV
X

R

RR
s 
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20

2220

VRV

VRVVRV
X

R

RR
s 






  

20

20

VRV

VV
X

R

s 






            

(4.2.7) 

Substituting Eqn. 4.2.5 to Eqn. 4.2.7;  

 
  0000

0000

XVVRV

XVVV
X

R

s 






  

0000

0000

XVRRVV

XVVV
X

RR

s 






  

)1( 00

00

XRRV

XV
X

RR

s






 

 0

0

1 XRR

X
X

RR

s


  

  001 XXRRX RRs   

00 XXRXRXX RsRss   

00 XRXXRXX RsRss   

   RsRs RXXRX  11 0  

 

sR

Rs

XR

RX
X






1

1
0  

Expressing sX in terms of 0X  and 
RR ; 

   RssR RXXXR  11 0  

01 XXRRXX sRRss   

 011 XRRX RRs   



234 
 

01

1

XRR
X

RR

s


            

(4.2.8) 

Recall that when there is no gas recycling in the system (i.e. 
RR is zero), hence 

00

0
CV

VEC
XX B

s



           (4.2.9) 

Eqns. 4.2.8 and 4.2.9 were used in calculating the concentration gradient across the bed at 

varying recycling rate (Table b.1).  

Table b.1. Estimated concentration gradient across the bed with varying recycle ratio.  

Recycling 

Ratio  

Recycling 

Rate 

(m3·min-1) 

Recycling 

Rate  

(L·min-1) 

Xs  

(single pass 

conversion,%) 

Conc. 

Gradient 

across the 

bed (g·m-3) 

Conc. 

Gradient 

across the 

bed (ppm) 

60 0.050 50.40 1.02 0.01 2.70 

55 0.046 46.20 1.11 0.01 2.94 

50 0.042 42.00 1.22 0.01 3.23 

45 0.038 37.80 1.35 0.01 3.58 

40 0.034 33.60 1.52 0.02 4.03 

35 0.029 29.40 1.73 0.02 4.59 

30 0.025 25.20 2.01 0.02 5.34 

25 0.021 21.00 2.41 0.02 6.38 

20 0.017 16.80 2.99 0.03 7.93 

15 0.013 12.60 3.95 0.04 10.47 

10 0.008 8.40 5.80 0.06 15.40 

7 0.006 5.88 8.09 0.08 21.47 

6 0.005 5.04 9.31 0.09 24.71 

5 0.004 4.20 10.97 0.11 29.11 

4 0.003 3.36 13.35 0.13 35.42 

3 0.003 2.52 17.04 0.17 45.21 

2 0.002 1.68 23.55 0.24 62.50 

1 0.001 0.84 38.12 0.38 101.17 

0 0.000 0.00 62.30 1.00 165.32 
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Appendix C 

Estimation of the amount of carbon in the liquid phase 

A. Estimation of the amount of carbon in the liquid phase at varying %CO2 recovery 

From stoichiometry; 

C7H8 + 9O2  7CO2 + 4H2O 

There is 84 g C per mole of toluene. 

Using CO2 recovery in the range of 55% to 95% (Bordoloi et al. 2019), 

For 1 mol of C7H8, and 55% CO2 recovery; 

 C g2.4655.0*C g 84   (gas phase) 

 C g 8.3745.0*C g 84   (solid + liquid phase) 

 As per Bordoloi et al. (2019), 10% C was tracked in the liquid phase 

 C g 8.410.0*C g 84   (liquid phase) 

If 95% recovery;  

 C g 79.895.0*C g 84  (gas phase) 

 Note: Assuming 20% of the remaining C could be tracked in the liquid and 80% in the 

solid, 

 C g 3.3604.0*C g 84  (solid phase) 

C g 0.8401.0*C g 84  (liquid phase) 

B. Calculate the amount of carbon per L of liquid (gC·L-1) 

Inlet toluene concentration is 1 g·m-3 (246 ppm) 

At an airflow rate of 840 mL·min-1 = 0.0504 m3·hr-1; the amount of toluene (g) is: 

hr

 tolueneof g
0504.0

m

g 1
*

h

m
0504.0

3

3

  

By ratio and proportion, the amount of C entering the system (X) on a per second basis is: 
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X

HC g 0.0504

C g 84

HC g 92 8787   

s

C g
10278.1

s 3600

h 1

h

C g 0.0460 5















 xX  
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Given these initial calculations, the amount of carbon in the liquid at varying Vg/Vl, was estimated using the spreadsheet (Table c.1).  

Table c.1. Estimated carbon in the liquid assuming 10% and 1% recovery at varying Vg/Vl ratio.  

  Carbon in the liquid (µg·L-1) at 10% and 1% recovery 

Qg 
(L·min-1) 

Vg/Vl =10 10% 1% Vg/Vl =50 10% 1% Vg/Vl =100 10% 1% Vg/Vl =1000 10% 1% Vg/Vl =2000 10% 1% 

  
Ql 

(L·min-1) 
µg·L-1 µg·L-1 

Ql 

(L·min-1) 

µg·L-

1 
µg·L-1 

Ql 

 (L·min-1) 
µg·L-1 µg·L-1 

Ql  

(L·min-1) 
µg·L-1 µg·L-1 

Ql  

(L·min-1) 
µg·L-1 µg·L-1 

10 1 76.7 7.7 0.20 383.4 38.3 0.1 766.8 76.7 0.01 7668.0 766.8 0.005 15336.0 1533.6 

12 1.2 63.9 6.4 0.24 319.5 32.0 0.12 639.0 63.9 0.012 6390.0 639.0 0.006 12780.0 1278.0 

14 1.4 54.8 5.5 0.28 273.9 27.4 0.14 547.7 54.8 0.014 5477.1 547.7 0.007 10954.3 1095.4 

16 1.6 47.9 4.8 0.32 239.6 24.0 0.16 479.3 47.9 0.016 4792.5 479.3 0.008 9585.0 958.5 

18 1.8 42.6 4.3 0.36 213.0 21.3 0.18 426.0 42.6 0.018 4260.0 426.0 0.009 8520.0 852.0 

20 2 38.3 3.8 0.40 191.7 19.2 0.2 383.4 38.3 0.02 3834.0 383.4 0.01 7668.0 766.8 

22 2.2 34.9 3.5 0.44 174.3 17.4 0.22 348.5 34.9 0.022 3485.5 348.5 0.011 6970.9 697.1 

24 2.4 32.0 3.2 0.48 159.8 16.0 0.24 319.5 32.0 0.024 3195.0 319.5 0.012 6390.0 639.0 

26 2.6 29.5 2.9 0.52 147.5 14.7 0.26 294.9 29.5 0.026 2949.2 294.9 0.013 5898.5 589.8 

28 2.8 27.4 2.7 0.56 136.9 13.7 0.28 273.9 27.4 0.028 2738.6 273.9 0.014 5477.1 547.7 

 

Conclusion: 

The estimated amount of TOC in the liquid, at a high CO2 recovery, was within the detection limit of the TOC analyser (0.5 µg⸱L-1) (Shimadzu). 



238 
 

Appendix D 

Air-atomizing nozzles 
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Appendix E 

Design of the diffusion system 

A. The target inlet concentration of toluene (Cin) was set and D298 was calculated: 

Cin = 1 g·m-3 = 246.5 ppm 

D298 = 0.0822 cm2·s-1 (Calculated using Eqns. 4.3 and 4.4) 

n = 1.81 

B. The A/L (cross sectional/diffusion length) ratio of the diffusion flask was calculated at 

varying temperature: 

 

Table e.1. Estimated A/L ratio at varying water bath temperature and at 840 mL⸱min-1 gas 

flow rate.  

T 

(Celsius) 
T (K) 

Q 

(mL·min-1) 
dq  

(mL·min-1) 

vp

(Antoine) 

(mmHg) 

D  

(cm2·s-1) 

A/L 

ratio 

(cm) 

25 298.15 840 0.2071 28.8155 0.0822 1.0862 

30 303.15 840 0.2071 37.1293 0.0847 0.8133 

35 308.15 840 0.2071 47.3735 0.0873 0.6145 

40 313.15 840 0.2071 59.8859 0.0898 0.4680 

45 318.15 840 0.2071 75.0431 0.0925 0.3591 

50 323.15 840 0.2071 93.2616 0.0951 0.2772 

55 328.15 840 0.2071 115.0593 0.0978 0.2150 

60 333.15 840 0.2071 140.7939 0.1005 0.1676 

65 338.15 840 0.2071 171.0659 0.1032 0.1311 

70 343.15 840 0.2071 206.4525 0.1060 0.1027 

75 348.15 840 0.2071 247.5729 0.1088 0.0805 

80 353.15 840 0.2071 295.0877 0.1117 0.0629 

85 358.15 840 0.2071 349.6988 0.1146 0.0489 

90 363.15 840 0.2071 412.1483 0.1175 0.0376 

95 368.15 840 0.2071 483.2179 0.1204 0.0284 

100 373.15 840 0.2071 563.7275 0.1234 0.0207 

 

A rule of thumb for the geometry of the diffusion flask was that the area to length 

ration (A/L ratio) should be less than 0.3 (Nelson, 1971).  

At 50°C operating temperature, A/L ratio was 0.2772. 
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C. The cross-sectional area and the length of the diffusion tube were determined from 

A/L ratio. Tube diameters from 3 mm – 20 mm range was used as basis as this was 

reported to be optimum (Nelson 1971). 

  Table e.2. Diameter and length selection for the diffusion flask.  

Diameter (mm) Area (cm2) Length (cm) 

3 0.0707 0.25 

4 0.1256 0.45 

5 0.1963 0.71 

6 0.2826 1.02 

7 0.3847 1.39 

8 0.5024 1.81 

9 0.6359 2.29 

10 0.7850 2.83 

11 0.9499 3.43 

12 1.1304 4.08 

13 1.3267 4.79 

14 1.5386 5.55 

15 1.7663 6.37 

16 2.0096 7.25 

17 2.2687 8.18 

18 2.5434 9.18 

19 2.8339 10.22 

20 3.1400 11.33 

 

A flask with 12-mm diameter and 4.08 cm length of diffusion path was 

selected.  

D. Given the chosen diameter and length of diffusion tube, as well as temperature, the 

toluene concentration ( diffC ) that could be generated at varying water bath 

temperature was calculated; 
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Table e.3. Estimated inlet concentration generated at varying temperatures using the chosen 

dimensions of the diffusion flask. 

T 

(Celsius) 
T (K) 

D  

(cm2·s-1) 

pv  

(mm Hg) 

qd  

(mL·s-1) 

qd 

(mL·min-1) 

Cdiff 

(ppm) 

Cdiff 

(g·m-3) 

25 298.15 0.0822 28.94 0.0009 0.0531 63.17 0.26 

30 303.15 0.0847 37.27 0.0012 0.0708 84.34 0.34 

35 308.15 0.0873 47.55 0.0016 0.0938 111.62 0.45 

40 313.15 0.0898 60.11 0.0021 0.1231 146.56 0.60 

45 318.15 0.0925 75.34 0.0027 0.1605 191.09 0.78 

50 323.15 0.0951 93.66 0.0035 0.2080 247.63 1.01 

55 328.15 0.0978 115.54 0.0045 0.2682 319.24 1.30 

60 333.15 0.1005 141.50 0.0057 0.3443 409.88 1.66 

65 338.15 0.1032 172.08 0.0073 0.4408 524.75 2.13 

70 343.15 0.1060 207.91 0.0094 0.5635 670.84 2.72 

75 348.15 0.1088 249.62 0.0120 0.7207 857.92 3.48 

80 353.15 0.1117 297.93 0.0154 0.9242 1100.20 4.47 

85 358.15 0.1146 353.57 0.0199 1.1925 1419.59 5.76 

90 363.15 0.1175 417.35 0.0259 1.5562 1852.66 7.52 

95 368.15 0.1204 490.11 0.0346 2.0732 2468.09 10.02 

100 373.15 0.1234 572.73 0.0479 2.8744 3421.87 13.89 
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APPENDIX F 

Nutrient Medium 

 The growth or nutrient medium used in this study was based on the hydrocarbon 

degradation medium (HDM) used by Shen et al. (1998). The composition of the trace element 

solution was based from (Dedysh and Dunfield 2014). For every 998 mL of the nutrient 

medium, approximately 2 mL of the trace element solution was added. The mixture was then 

used as the aqueous phase for both DBTF and column reactors.  

Table f.1. Nutrient medium adopted from Shen et al. (1998). 

Chemical Concentration (g⸱L-1) 

NaNO3 4.0 

NaH2PO4 2.6 

K2HPO4 1.2 

FeSO4⸱7H2O 0.0008 

MgSO4⸱7H2O 0.2 

CaCl2⸱2H2O 0.009 

 

 

   Table f.2 Composition of the trace element solution from  

(Dedysh and Dunfield 2014). 

Chemical Concentration (g⸱L-1) 

FeSO4.7H2O 0.2 

ZnSO4.7H2O 0.01 

MnCl2.7H2O 0.003 

CoCl2.6H2O 0.02 

NiCl2.6H2O 0.002 

CuSO4.5H2O 0.03 

Na2MoO4 0.003 

H3BO3 0.03 

Na2EDTA 0.5 
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APPENDIX G 

Gas phase analytical system calibration and sampling 

Using the operating conditions presented in Chapter 6 (Table 6.3), the GC/FID (SRI-

8610C, SRI Instruments) was calibrated using the static method of gas preparation. 

Specifically, Tedlar bags with volume capacity of 500 mL to 5000 mL were filled with 1 µL 

99% HPLC grade liquid toluene (Merck, New Zealand), generating different concentration of 

toluene gas from 116 ppm to 772 ppm. In so doing, Tedlar bags with known volume of air were 

injected with 1 µL of liquid toluene (Table g.1). The liquid toluene was allowed to vaporize 

inside the Tedlar bag for at least 20 minutes, after which the gas mixture was fed to the manual 

valve injection port of the GC using a 50-mL polypropylene syringe. Polypropylene syringe 

has shown absorption of approximately 50% of the toluene gas (data not shown) when 

compared to the toluene gas from the diffusion system with the same theoretical concentration. 

Hence, to eliminate the influence of the syringe, gas sample from the Tedlar bag was fed to the 

1-mL sample loop of the GC by connecting the outlet port of the Tedlar bag to the inlet port of 

the GC’s valve oven and sucking it using a syringe through the valve’s outlet port (Fig. g.1). 

Approximately 30 mL of gas was sucked to ensure that the 1-mL sample loop is completely 

filled with gas sample.  

Table g.1 Amount of air and liquid toluene for toluene gas preparation in a Tedlar bag.  

Concentration (ppm) Liquid toluene (µL) Volume of air (mL) 

115 1 2000 

230 1 1000 

461 1 500 

576 5 2000 

768 10 3000 
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Inlet Port

Outlet Port

Tedlar bag

Syringe

 

Figure g.1. Manual injection of toluene gas from Tedlar bag to 1-mL sample loop.  

Table g.2 presents the average peak area and relative standard deviation (% RSD) for 

each of the concentration used in the calibration. Meanwhile, Figure g.2 shows the calibration 

curve with a coefficient of determination (r2) of 0.99 indicating a good linearity. This 

calibration curve was checked periodically and changes in calibration equations was 

incorporated in the gas phase calculations accordingly. 

   

Table g.2 Average peak area for each of the concentration used in toluene calibration.  

Concentration (ppm) 
Average Peak 

Area 

Standard 

Deviation 
% RSD 

115 2726 9 0.3 

230 4684 12 0.2 

461 9736 43 0.4 

576 12524 12 0.1 

768 16253 21 0.1 

The peak area indicated above is an average of three readings.  
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Figure g.2 Toluene calibration curve based on the above data.  
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APPENDIX H 

Calibration of the CO2 probe 

The Vaisala CARBOCAP Carbon Dioxide Probe GMP 343 (Finland) was calibrated 

using eight different points corresponding to CO2 concentration of 10 ppm to 3,000 ppm. To 

generate varying concentrations of CO2, a gas cylinder (BOC, Christchurch, NZ) containing 

3,100 ppm CO2 was diluted by mixing its flow to a predetermined flow of CO2-free dry air 

(BOC, Christchurch, NZ). The mixture with a total flow rate of approximately 50 mL⸱min-1 

was fed to the inlet port of the CO2 probe. Readings were recorded once CO2 readings 

stabilized, usually after 20 minutes. The eight-point calibration curve and equation with a r2 

value of 0.99 is presented in Figure h.1. Percent relative standard deviation (RSD) for each 

point was less than 1%.  

 

 

Figure h.1. Calibration curve for the CO2 probe.  
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APPENDIX I 

Protein and polysaccharide calibration and measurement 

 The protein and polysaccharide content of the EPS were measured using 

spectrophotometry and estimated from the calibration curve presented in Figure i.1 and i.2, 

respectively. For protein calibration, the Protein Quantification Kit-Rapid (Merck, New 

Zealand) was used. The kit contained Coomassie Brilliant Blue G (CBB) solution and Bovine 

Serum Albumin (BSA) standard solution. The BSA stock solution (4,000 µg⸱mL-1) was diluted 

with milli-Q water to prepare various concentrations of BSA standard solution ranging from 

2,000 µg⸱mL-1 down to 0. Approximately 50 µL of each standard BSA solution was mixed 

with 2.5 mL CBB solution in 5-mL cuvette. The absorbance of each solution at 600 nm was 

measured using Ultrospec 2100 pro UV/Visible spectrophotometer and a calibration curve was 

generated from the average of three readings for each BSA solution. The protein content of 

actual EPS samples was estimated by measuring their absorbance at 600 nm and using the 

calibration curve (Figure i.1) for comparison.  

 Meanwhile, the polysaccharide content of the EPS was estimated using the phenol-

sulfuric acid method (Dubois et al. 1956). A stock glucose solution (100 mg⸱L-1) was diluted 

with milli-Q water to generate glucose concentration shown in Table i.1. The absorbance of 

each glucose solution at 490 nm was measured using Ultrospec 2100 pro UV/Visible 

spectrophotometer and the average of three readings were used to generate a calibration curve 

(Figure 6.4.2).  
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Table i.1. Standard glucose solution used for calibration. 

Volume of 

water (mL) 

Volume of stock 

glucose solution 

(mL) 

Concentration of 

glucose solution  

(mg⸱L-1) 

10 0  0  

8  2  20  

6  4  40  

4  6  60  

2  8  80  

0  10  100  

 

 

 

 

Figure i.1. Calibration curve for protein quantification in EPS samples  

generated with BSA standard solutions.  
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Figure i.2. Calibration curve for polysaccharide quantification in EPS samples  

generated with glucose standard solutions.  
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APPENDIX J 

HPLC calibration for m-CP and CCCP assays 

 The Thermo Scientific High Performance Liquid Chromatorgraph (HPLC) was 

calibrated for m-CP and CCCP assays. Table j.1 presents the operating conditions used for both 

compounds. The absorbance (expressed as milli absorbance unit, mAU) of varying 

concentrations of m-CP and CCCP was measured by a UV detector and was used for 

calibration.  Figures j.1 and j.2 show the calibration curves generated for m-CP and CCCP, 

respectively using these operating conditions.  

 

        Table j.1 Operating conditions of the HPLC for m-CP and CCCP assays. 

Parameter  m-CP CCCP 

Column C18 C18 

Column Temperature (°C) 30 30 

Mobile Phase 
0.1% H3PO4 (75%); 

99%  acetonitrile (25%) 

0.1% H3PO4 (50%); 

99%  acetonitrile (50%) 

Injection volume (µL) 50 50 

Flow Rate (mL⸱min-1) 0.5 0.5 

Detector  UV at 210 nm UV at 250 nm 

Run time (minutes) 50 50 

Retention time (minutes) 16.4 3.47 
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Figure j.1. Calibration curve for m-CP quantification.  

 

 

Figure j.2. Calibration curve for CCCP quantification.  
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APPENDIX K 

Estimation of carbon that could end up as CO2 from toluene, FCCP, CCCP and m-CP 

A. Toluene 

From stoichiometry of the degradation reaction, 

C7H8 + 9 O2  7 CO2 + 4 H2O 

1 mol of C7H8 has 84 g C 

At 568 mg⸱m-3 (~ 140 ppm) toluene inlet concentration and assuming degradation of 

toluene on a per minute basis, the amount of toluene fed to the reactor per minute was 

calculated as follow: 

L

g
10 x 68.5

L 1,000

m 1

mg 1,000

g 1
HC

m

mg568 4-
3

873

















 

  87

3-6-4- HC mol 10 x 5.2 L 840
L

mol
10 x 2.6

g 92.14

mol 1

L

g
10 x 5.68 








 

Since EBRT was approximately 30 s, the total amount of toluene supplied to the bed in 

1 minute was approximately 0.01 mol. Since RE was approximately 50%, the amount 

of toluene degraded in one minute was still approximately 5.2 x 10-3 mol.  

By ratio and proportion, the amount of carbon that could end up as CO2 with this 

amount of toluene (x) was calculated as: 

x

10 x 2.5

C g 84

HC mol 1 -3

87   

C g0.44 x    

B. FCCP 

From stoichiometry of the degradation reaction, 

2 C10H5F3N4O + 21.5 O2  20 CO2 + 5 H2O 

2 moles of FCCP has 240 g C 
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At 200 µM FCCP and 200 mL liquid sump volume, the amount of FCCP in the system 

was: 

  FCCP mol 10 x 4L 0.2
L

mol
10 x 200 5-6-   

Assuming complete degradation happened in 24 hours (1,440 minutes) and the rate of 

degradation is constant over time (per minute), 

min

FCCP mol
10 x 8.2

mins 1,440

FCCP mol 10 x 4 -8
-5

  

By ratio and proportion and assuming complete degradation of FCCP and 100% CO2 

recovery, the amount of carbon from FCCP that could be converted to CO2 on a per 

minute basis (y) was calculated as: 

y

FCCP mol 10 x 8.2

C g 240

FCCP of moles 2 -8

  

C g10 x 3.3 y  -6  

C. CCCP 

From stoichiometry of the degradation reaction, 

2 C9H5ClN4 + 20.5 O2  18 CO2 + 5 H2O 

2 moles of CCCP has 216 g C 

At 400 µM CCCP and 200 mL liquid sump volume, the amount of CCCP in the system 

was: 

  CCCP mol 10 x 8L 0.2
L

mol
10 x 400 5-6-   

Assuming complete degradation happened in 24 hours (1,440 minutes) and the rate of 

degradation is constant over time (per minute), 

min

CCCP mol
10 x 6.5

mins 1,440

CCCP mol 10 x 8 -8
-5
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By ratio and proportion and assuming complete degradation of CCCP and 100% CO2 

recovery, the amount of carbon from CCCP that could be converted to CO2 on a per 

minute basis (z) was calculated as: 

z

CCCP mol 10 x 6.5

C g 216

CCCP of moles 2 -8

  

C g10 x 6.0  z  -6  

D. m-CP 

From stoichiometry of the degradation reaction, 

2 C6H5ClO + 6.75 O2  6 CO2 + 2.5 H2O 

1 mole of m-CP has 72 g C 

At 4 mM m-CP and 200 mL liquid sump volume, the amount of m-CP in the system 

was: 

  CP-m mol 10 x 8L 0.2
L

mol
10 x 4 4-3-   

Assuming complete degradation happened in 24 hours (1,440 minutes) and the rate of 

degradation is constant over time (per minute), 

min

CP-m mol
10 x 5.5

mins 1,440

CP-m mol 10 x 8 7-
-4

  

By ratio and proportion and assuming complete degradation of m-CP and 100% CO2 

recovery, the amount of carbon from m-CP that could be converted to CO2 on a per 

minute basis (w) was calculated as: 

w

CP-m mol 10 x 5.5

C g 72

CP-m of mole 1 -7

  

C g10 x 3.9  w  -5  
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Appendix L 

Estimation of Reynolds number in the DBTF and column BTF reactors 

1. Compute for the linear velocity (vg) at varying gas recycle rates in the DBTF 

(2.3 L⸱min-1 to 80 L⸱min-1) 

A

Q
v

g

g   

where vg = linear velocity of the gas, m⸱h-1 

Qg = gas recycle rate, m3⸱h-1 

 A = cross sectional area, m2 

h

m
5.611

4

m)1.0(

h1

min60

L1000

m1

min

L80

2

3































gv  

h

m
6.17

4

m)1.0(

h1

min60

L1000

m1

min

L3.2

2

3































gv  

2. Compute for the Reynolds number using: 



 Dvg
Re  

where Re = Reynolds number 

 ρ = density of gas (air), kg⸱m-3 

 vg = velocity of the gas, m⸱h-1 

 D = diameter of the bed, m 

 µ = dynamic viscosity of the gas (air), kg⸱m-1h-1 
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9.1148

h 1

s 3600

sm

kg
1.81x10

m 1.0
h

m
5.611

m

kg
225.1

Re
5-

3







































  

 

 
1.33

h 1

s 3600

sm

kg
1.81x10

m 1.0
h

m
6.17

m

kg
225.1

Re
5-

3







































  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



258 
 

APPENDIX M 

Calculation of the TOC in each section of the DBTF 

1. First Measurement (after the first 30 days of operation) 

a. TOC in the DBTF bed 

The average TOC reading obtained for the DBTF bed was 3233.3 mg⸱L-1 

Estimate the total volume of the biofilm in the bed: 

a.1 Calculate the surface area and volume of one piece of glass bead: 

222 m 0000785.0)m 0025.0(44..  rAS bead
 

3m

kg
1.1262packing  

3m 0003925.0bedV  

333 m 40000000654.0m) 0025.0(
3

4

3

4
 rVbead

 

 a.2 Calculate the mass of one (1) bead: 

    kg 0000826.0m 40000000654.0
m

kg
11.1262 3

3









beadm  

 a.3 Calculate the total mass, number of beads and total surface area in the entire bed  

  kg 4954.0m 0003925.0
m

kg
11.1262 3

3









totalm  

beads 60003.5997
kg 0.00008

kg 4954.0
beadsn  

22 m 471.0m 0000785.0*6000... AST  

a.4 Calculate the total volume of the biofilm in the bed by assuming thickness of the 

biofilm to be ~ 1.5 mm = 0.0015 m 

L 7065.0m 0.0007065  m 0015.0*m 471.0 32 biofilmV  

a.5 Calculate the total amount of carbon in the bed 
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  C mg 35.2284L 7065.0
L

mg
33.3233... 








COT  

b. TOC of Liquid in the aerosol reservoir 

The average TOC reading obtained for the liquid in the aerosol reservoir was 176.3 

mg⸱L-1. 

b.1. Calculate for the volume of the liquid in the reservoir 

 Height of the liquid = 90 mm = 0.09m 

 Diameter of the glass = 250 mm = 0.25 m 

 

   L 4.4m 0044.0m 09.0.0
4

m) (0.25 3
2




rV  

 b.2 Calculate the total amount of carbon in the aerosol reservoir 

    C mg 72.775L 4.4
L

mg
3.176... 








COT  

c. TOC of the biofilm in the pipe 

The average TOC reading obtained for the biofilm on the pipes was 815.3 mg⸱L-1. 

c.1 Calculate for the surface area of the pipe by assuming that the estimated total length 

of the pipe is 2.32 m 

2m 0.437  m) m)(0.06 32.2(..  LDAS pipe  

      Since only approximately half of the pipe was covered with biofilm,  

2
2

m 219.0
2

m 0.437
.. biofilmAS  

c.2 Calculate the biofilm volume in the pipe by assuming biofilm thickness of 1 mm = 

0.001m 
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   L 219.0m 000219.0m 001.0m 219.0 32 biofilmV  

c.3 Calculate the total amount of carbon in the biofilm on the pipes 

  C mg 1.178L 219.0
L

mg
3.815... 








COT  

2. The same calculations were done for the data obtained during the second measurement 

(after day 100). Results are summarized in the Table below: 

Table m.1. Total organic carbon in each portion of the DBTF system. 

Part of the System 
TOC (mg) (Relative %) 

First Measurement Second Measurement 

Bed 2284.4 (70.5%) 4489.1 (82%) 

Pipe 178.1 (5.5%) 207.1 (4%) 

Aerosol Reservoir 776.4 (24%) 775.8 (14%) 

Total 3238.8 5472.0 
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Appendix N 

Estimation of the maximum amount of toluene that  

could be absorbed in the liquid phase 

A. Column Reactor 

Assuming an inlet concentration of toluene of 0.68 g⸱m-3h-1, the total mass and 

number of moles of toluene in the incoming gas were: 

  87

3

3
HC g 00057.0L 840.0

L 1000

m 1

m

g 68.0

















tm  

87
87 HC mol 000006.0

mol

g
14.92

HC g 00057.0
n  

Calculate for the partial pressure (p) of toluene with 0.4 L as the volume of the 

headspace of the liquid sump: 

   
atm 00036.0

L 0.4

K 15.293
Kmol

atmL 082057.0
HC mol 000006.0 87

















V

nRT
p  

At this partial pressure (p), calculate the concentration of toluene in the liquid phase 

(CL) using the Henry’s law constant (Hcp) for toluene: 

p

C
H L

cp   

  87

1 HC
L

mol
000054.0atm 00036.0

atmL

mol
105.1* 










 xpHC cpL  

The amount of carbon would be: 

L

C mg
5

L

C g
 0045.07*12*000054.0   

B. DBTF reactor 

Assuming an inlet concentration of toluene of 3.0 g⸱m-3h-1, the total mass and number 

of moles of toluene in the incoming gas were: 



262 
 

  87

3

3
HC g 0025.0L 840.0

L 1000

m 1

m

g 0.3

















tm  

87
87 HC mol 00003.0

mol

g
14.92

HC g 0025.0
n  

Calculate for the partial pressure (p) of toluene with 5.6 L as the volume of the 

headspace of the liquid sump: 

   
atm 00013.0

L 5.6

K 15.293
Kmol

atmL 082057.0
HC mol 00003.0 87

















V

nRT
p  

At this partial pressure (p), calculate the concentration of toluene in the liquid phase 

(CL) using the Henry’s law constant (Hcp) for toluene: 

p

C
H L

cp   

  87

1 HC
L

mol
00002.0atm 00013.0

atmL

mol
105.1* 










 xpHC cpL  

The amount of carbon would be: 

L

C mg
2

L

C g
 002.07*12*00002.0   

Since the volume of the liquid phase in the aerosol reservoir is ~ 4.4L, the total 

amount of carbon in the aerosol reservoir would be ~ 9 mg C.  
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Appendix O 

Estimation of the liquid film thickness in DBTF and column BTF reactors 

1. For the column reactor (50-mm ID), calculate the linear velocity of the liquid (vl) 

from the liquid trickling rate (Ql) and cross-sectional area (A): 

min

m
000024.0

L 1000

m 1

mL 1000

L 1

min

mL
24

33

























lQ  

Calculate for the total surface area (T.S.A.) based on the packing density (ρpacking), bed 

volume (Vb) and specific surface area of glass beads (S.S.A.) (Appendix A): 

...**... ASSVAST packingb   

  2
2

3

2

m 54.0
kg

m
95.0

m

kg
1.1262m 23.0

4

m) 05.0(
... 



















AST  

Assuming liquid is uniformly distributed throughout the bed, calculate for the liquid 

film thickness (δfilm) (on a per minute basis): 

mm 04.0
m 1

mm 1000

min

m
000044.0

m 0.54

min

m
 000024.0

... 2

3



















AST

Ql
film  

2. For the DBTF reactor (100-mm ID), the liquid film thickness was calculated similarly 

as above for 0.70 mL⸱min-1 and 0.09 mL⸱min-1 liquid flow rates.   

min

m
0000007.0

L 1000

m 1

mL 1000

L 1

min

mL
70.0

33

























lQ  

  2
2

3

2

m 47.0
kg

m
95.0

m

kg
1.1262m .050

4

m) 1.0(
... 



















AST  

mm 002.0
m 1

mm 1000

min

m
0000015.0

m 0.47

min

m
 0000007.0

... 2

3



















AST

Ql
film  

min

m
00000009.0

L 1000

m 1

mL 1000

L 1

min

mL
09.0

33

























lQ  
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mm 0002.0
m 1

mm 1000

min

m
0000002.0

m 0.47

min

m
 00000009.0

... 2

3



















AST

Ql
film  

3. The liquid film thickness in the DBTF reactor was found to be approximately 20 to 

220 times lower than that of the column reactor.  
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Appendix P 

Estimation of the change in pressure with change in  

temperature inside the DBTF reactor 

 

This calculation was done to confirm whether the change in the pressure in the DBTF measured 

during the pressure-decay leak test was due to the drop in temperature of the room (and 

therefore the reactor) from 23⁰C to 15⁰C. 

1. Using Ideal Gas Law relation: 

2

22

1

11

T

VP

T

VP
  

2. Assuming constant volume: 

2

2

1

1

T

P

T

P
  

From 23⁰C to 15⁰C (temperature at night), P2 would be: 

  
 

kPa 8.6
K 27323

K 27315kPa 08.7

1

21
2 














T

TP
P  

When the temperature rose to 25⁰C, 

  
 

kPa 04.7
K 27315

K 27325kPa 8.6

1

21
2 














T

TP
P  
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Appendix Q 

Determining if oxygen became a limiting factor in the column reactor 

1. Determine how much oxygen was in the incoming air at a flow rate of 840 mL⸱min-1: 

h

m
0504.0

h 1

min 60

L 1000

m 1

mL 1000

L 1

min

mL
840

33

































gQ  

From the density of air = 1.225 kg⸱m-3, calculate the mass flow rate of air: 

h

air g
74.61

kg 1

g 1000

m

kg 225.1

h

m
0504.0

3

3

























m  

Since air is 23% oxygen by weight, the amount of oxygen in this quantity of air was: 

  2
2 O mol 44.0

g 32

O mol 1
23.0

h

air g 74.61
2

















On  

2. Calculate the amount of toluene fed to the column reactor in an hour at an average 

loading rate of 55 g⸱m-3h-1 

  87
873

3

87 HC mol 03.0
g 92.14

HC mol 1
m 0504.0

m

HC g 55

















toln  

From the stoichiometric equation of toluene degradation,  

C7H8 + 9 O2  7 CO2 + 4 H2O 

By ratio and proportion, find the amount of oxygen (x) required to fully degrade 0.03 

C7H8; 

x

HC mol 03.0

O mol 9

HC mol 1 87

2

87   

x = 0.27 mol O2 was required to fully degrade 0.03 mol C7H8. 

Since the available was 0.44 mol O2, oxygen limitation may not happen in the column 

reactor. However, the partition coefficient of oxygen should be considered in the 

estimation. 
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3. Considering the Henry’s Law constant (Hcp) for oxygen which is equal to 0.0013 

mol·L-1atm-1, the amount of oxygen that gets into the liquid phase was calculated as: 

   
atm 3.25

L 0.425

K 15.298
Kmol

atmL 082057.0
O mol 44.0 2

















V

nRT
p  

p

C
H L

cp   

  2O
L

mol
033.0atm 3.25

atmL

mol
0013.0* 










 pHC cpL  

Assuming total liquid volume of 0.2 L, the total amount of oxygen that is in the liquid 

is: 

  mol 007.0L 2.0
L

mol 033.0









 

4. Since only 0.007 mol of O2 gets into the liquid, there is a possibility for oxygen 

limitation.  
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Appendix R 

Multi-day carbon balance over the DBTF system 

 

During the 20-day application of 4 mM m-CP in the DBTF system, the amount of carbon 

ending up in the gas, liquid and solid phases was estimated as follow: 

1. EC and RE were calculated using Eqns. 5.1 and 5.2, respectively. 

2. The amount of toluene removed per day (g C7H8) was calculated using: 

 
day

h
QCCdayperremovedHCg outin

24
**87   

3. The amount of carbon removed per day was calculated using: 

91.0*87 dayperremovedHCgdayperremovedCg   

 

4. The amount of CO2 generated per day was calculated using: 

 

 
day

h
QCOCOdaypergeneratedCOg

outin

24
**222   

 

5. The amount of carbon in the CO2 generated per day was calculated using: 

 

27.0*2 daypergeneratedCOgdaypergeneratedCg   

 

6. The values for a 20-day period are summarized in Table r.1. The total carbon which 

ended up in the gas phase for the 20-day period amounted to 0.93 g.  
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Table r.1. Amount of carbon that ended up in the gas phase (as CO2) over a 20-day period.  

Day 
Cin 

(g⸱m-3) 

Cout  

(g⸱m-3) 

RE 

(%) 

EC  

(g⸱m-3h-1) 

g C7H8 

removed 

per day 

g C 

removed 

per day 

CO2 in 

(g⸱m-3) 

CO2 out 

(g⸱m-3) 

CO2 

diff 

(g⸱m-3) 

g CO2 

generated 

per day 

g C 

generated 

per day 

% CO2 

recovery 

108 0.90 0.01 98.4 568 1.07 0.97 0.77 1.94 1.17 1.41 0.38 39.5 

109 0.94 0.49 48.3 293 0.55 0.50 0.75 1.34 0.59 0.71 0.19 38.6 

110 0.95 0.59 38.1 233 0.44 0.40 0.74 0.97 0.24 0.29 0.08 19.6 

111 0.81 0.79 2.9 15 0.03 0.03 0.75 0.87 0.12 0.15   

112 0.92 0.80 12.7 75 0.14 0.13 0.73 0.76 0.02 0.03 0.01 5.5 

113 0.90 0.80 11.5 67 0.13 0.11 0.74 0.75 0.02 0.02 0.01 4.4 

114 1.02 0.63 38.2 250 0.47 0.43 0.75 0.82 0.07 0.08 0.02 5.2 

115 0.98 0.66 32.6 205 0.39 0.35 0.75 0.81 0.06 0.08 0.02 6.0 

116 0.94 0.61 35.4 214 0.40 0.37 0.75 0.83 0.08 0.10 0.03 7.6 

117 0.97 0.77 20.1 125 0.24 0.21 0.75 0.80 0.05 0.06 0.02 7.3 

118 1.04 0.46 55.9 374 0.70 0.64 0.76 0.85 0.09 0.11 0.03 4.6 

119 1.07 0.65 39.2 269 0.51 0.46 0.75 0.85 0.09 0.11 0.03 6.7 

120 1.01 0.60 40.7 263 0.50 0.45 0.80 0.82 0.01 0.01 0.00 0.9 

121 1.01 0.72 28.6 184 0.35 0.32 0.80 0.81 0.01 0.01 0.00 1.1 

122 1.00 0.58 41.7 268 0.50 0.46 0.73 0.81 0.07 0.09 0.02 5.3 

123 0.95 0.56 41.0 251 0.47 0.43 0.74 0.80 0.05 0.07 0.02 4.1 

124 0.88 0.62 29.8 168 0.32 0.29 0.75 0.81 0.06 0.08 0.02 7.3 

125 0.95 0.55 42.5 260 0.49 0.45 0.74 0.82 0.08 0.10 0.03 6.0 

126 0.99 0.64 35.0 223 0.42 0.38 0.75 0.83 0.08 0.09 0.03 6.7 

TOTAL     8.11 7.38   1.17 3.60 0.93  
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7. The amount of carbon which ended up in the liquid phase (both in the sump and in the 

aerosol reservoir) was calculated from the average of TOC readings over the 20-day 

period as shown in Table r.2. 

8. The amount of carbon which ended up in these two reservoirs was calculated by 

multiplying the average TOC value to the 0.15 L and 4 L which were the liquid volume 

in the sump and aerosol reservoir, respectively.  

Table r.2. Total organic carbon in the sump and aerosol reservoir of the DBTF system.   

Day 
Sump Aerosol reservoir 

TC 

(mg⸱L-1) 

IC  

(mg⸱L-1) 

TOC 

(mg⸱L-1) 

TC 

(mg⸱L-1) 

IC  

(mg⸱L-1) 

TOC 

(mg⸱L-1) 

108 110.3 28.4 81.9 185.3 32.4 152.9 

109 381.7 21.7 360.0 167.3 21.6 145.7 

110 637.3 26.9 610.4 110.9 22.3 88.6 

111 560.9 24.5 536.4 no data no data no data 

112 498.4 34.7 463.7 no data no data no data 

113 503.9 35.8 468.1 230.2 15.0 215.2 

114 420.6 21.4 399.2 228.6 17.1 211.5 

115 409.8 25.8 384.0 215.0 19.6 195.4 

116 no data no data no data no data no data no data 

117 354.2 20.4 333.8 178.0 18.7 159.3 

118 no data no data no data no data no data no data 

119 356.8 35.4 321.4 133.3 25.4 107.9 

120 325.3 31.2 294.1 156.3 17.9 138.4 

121 361.2 25.6 335.6 135.6 19.8 115.8 

122 331.7 30.2 301.5 131.5 17.6 113.9 

123 332.0 34.5 297.5 240.8 23.8 217.0 

124 415.0 23.8 391.2 245.9 25.6 220.3 

125 350.2 24.6 325.6 230.6 18.7 211.9 

126 338.1 31.2 306.9    

Average   365.3   163.8 

 

9. The amount of carbon which ended up in the sump and aerosol reservoir was calculated 

to be 0.05 g and 0.66 g, respectively.  

10. The amount of carbon which ended up in the solid phase (bed) was calculated as the 

difference between the total carbon degraded from toluene and the sum of the carbon 

which ended up in the gas and liquid phases. This amounted to a value of 5.74 g (Table 

r.3). 
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Table r.3. Amount of carbon ending up in solid (bed), liquid and gas phase of the DBTF 

system after adding 4 mM m-CP.  

Carbon end-points Amount of carbon (g) % 

Gas phase 0.93 12.63 

Liquid phase (sump) 0.05 0.74 

Liquid phase (aerosol reservoir) 0.66 8.88 

Solid phase (bed) 5.74 77.75 

total g C removed 7.38 100 

 

11. The same procedures were done in performing a carbon balance over the period 

corresponding to days 68 – 72 (Table r.4).  

 

Table r.4. Amount of carbon ending up in solid (bed), liquid and gas phase of the DBTF 

system (days 68 – 72).  

Carbon end-points Amount of carbon (g) % 

Gas phase 7.99 88.57 

Liquid phase (sump) 0.14 1.52 

Liquid phase (aerosol reservoir) 0.65 7.17 

Solid phase (bed) 0.25 2.74 

total g C removed 9.02 100 
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