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Abstract
The biomass control potential of three metabolic uncouplers (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP),
carbonyl cyanide m-chlorophenylhydrazone (CCCP), and m-chlorophenol (m-CP)) was tested in biotrickling filters (BTFs)
degrading toluene. The experiments employed two types of reactors: a traditional column design and a novel differential BTF
(DBTF) reactor developed by De Vela and Gostomski (J Environ Eng 147:04020159, 2021). Uncouplers caused the toluene
elimination capacity (EC) (~33 g/m3h for column reactors and ~600 g/m3h for DBTF) to decrease by 15–97% in a dose-
dependent fashion. The EC completely recovered in the column reactor in 3 to 13 days, while only partial recovery happened
in the DBTF. Short-term (1 to 3 days) true uncoupling was indicated by the 20–160% increase in %CO2 recovery, depending on
concentration. FCCP and CCCP increased the pressure drop due to increased extracellular polymeric substances (EPS) produc-
tion for protection against the uncouplers. The 4.0-mM m-CP weakened the biofilm in the BTF bed, as evidenced by the 130–
500% increase in the total organic carbon in the liquid sump of the column and DBTF reactors. Moreover, a microbial shift led to
the proliferation of genera that degrade uncouplers, further demonstrating that the uncouplers tested were not a sustainable
biomass control strategy in BTFs.
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Introduction

Two common biological air treatment technologies used to
treat air emissions in industry are biofilters and biotrickling
filters (BTFs). A biofilter employs humidification but normal-
ly lacks continuous liquid addition to the packed bed, and
removal is driven by the natural biofilms present in the pack-
ing material (Devinny et al. 1999; Qian et al. 2018). On the
other hand, a BTF typically recirculates an aqueous nutrient
solution that stimulates microbial growth on a natural or syn-
thetic packing material (Kim and Deshusses 2008; Martinez-

Soria et al. 2009; Zhang et al. 2009). Recirculating the aque-
ous phase increases the complexity over the conventional
biofilter. The aqueous phase in a BTF assists in the mass
transfer of pollutants (Moussavi and Mohseni 2008; Cheng
et al. 2016), as well as in controlling the thickness and water
content of the biofilm (Ramirez et al. 2009), and 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 han-
dling acidic by-products of biodegradation (Diks et al. 1994)
and are often more cost-effective due to their high VOC re-
moval rates even at low empty bed residence time (EBRT)
(Lebrero et al. 2014). These advantages result in BTFs being
smaller than biofilters when treating the same gas stream.

Themajor challenge in the operation of a BTF is the excessive
biomass accumulation which can be controlled using a variety of
approaches (DeVela andGostomski 2018; Dobslaw et al. 2018).
These approaches are generally classified as physical, mechani-
cal, biological, and chemical methods of biomass control and
include backflushing, changes in flow pattern, manual cleaning,
use of agitation systems, rotating contactors, and use of
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chemicals, to name a few (Dobslaw et al. 2018). Among these
methods, chemical methods, which make use of NaOH, NaOCl,
and NaCl, have the advantage of being easily integrated into the
system (Flores-Valle et al. 2011; Mendoza et al. 2004; Yu et al.
2006). In addition to these chemicals, metabolic uncouplers as
biomass control agents have shown promising results in activated
sludge systems (Fang et al. 2015; Li et al. 2016; Han et al. 2017;
Tian et al. 2013), but have not yet been tested for biomass control
in BTFs. Metabolic uncouplers are lipophilic weak acids, which
have the ability to transport H+ ions through the H+-impermeable
cell membrane, thereby weakening the proton motive force that
drives theATP synthesis (Russell and Cook 1995;Madigan et al.
2003; Terada 1990). Some examples include chlorophenols (i.e.,
m-chlorophenol, p-chlorophenol, dichlorophenol,
trichlorophenol) (Yang et al. 2003; Fang et al. 2015; Tian et al.
2013; Han et al. 2017), nitrophenols (i.e., dinitrophenol,
paranitrophenol) (Aragon et al. 2009; Low et al. 2000), and
3,3′,4′,5-tetrachlorosalicylanilide (TCS) (Chen et al. 2002).
Apart from the true metabolic uncoupling effect lowering the
growth yield, two additional mechanisms by which metabolic
uncouplers control biomass production/and or accumulation
have been proposed: (1) uncouplers weaken biofilm stability
through changes in EPS production and quorum signaling mol-
ecules; and (2) uncoupler toxicity causes an ecological shift to a
biofilm with reduced biomass yield (Gostomski and De Vela
2018). More work is required to better understand these
uncoupling mechanisms that lead to biomass control.

This work is the first attempt to use uncouplers in BTFs. Two
of the well-known uncoupling mechanisms were tested: true
metabolic uncoupling and weakening of biofilm stability. A pre-
liminary test to determine if amicrobial shift due to the uncoupler
occurred was also conducted. The three metabolic uncouplers
t e s t e d w e r e c a r b o n y l c y a n i d e - p -
trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide
m-chlorophenylhydrazone (CCCP), and m-chlorophenol (m-
CP). CCCP and FCCP were chosen as they are classical uncou-
plers and previously demonstrated activity at concentrations as
low as 0.1 μM (To et al. 2010), while m-CP demonstrated the
highest biomass control potential among phenol-based uncou-
plers such as 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 (Arora et al. 2014).

Materials and methods

The BTF reactors

Three column BTF reactors consisting of an acrylic tube
60 mm in diameter, 5-mm thickness, and 400 mm in length
were packed with 5-mm glass beads to give an effective bed
volume of 0.45 L. The column BTF reactors employed a co-

current downflow of trickling liquid and toluene-
contaminated air. Nutrient medium (Online Resource 3) was
added at a rate of 24 ± 1 mL/min through a four-port nozzle
(Online Resource 4). Medium was recirculated through the
system using a peristaltic pump employing a Masterflex
7018-20 pump head and L/S 18 Norprene tubing. The differ-
ential BTF (DBTF) reactor system (De Vela and Gostomski
2021) was used to further test the effect of m-CP. The operat-
ing conditions for the m-CP test in DBTF and the FCCP,
CCCP, and m-CP tests in the column BTF are summarized
in Table 1. In summary, three column BTFs were used: one
for FCCP, one for CCCP, and another one for m-CP test. The
fourth reactor was the DBTF reactor.

Overall description of the experimental setup

Compressed air (838 ± 11 mL/min) was metered by a
mass flow controller and passed through the diffusion
system (Detchanamurthy and Gostomski 2013) in a wa-
ter bath controlled at 50 °C, thereby generating an inlet
concentration of 140 ± 10 ppm toluene. A portion of
the inlet or outlet gas flowed through the Vaisala
CARBOCAP Carbon Dioxide Probe GMP 343
(Vaisala, Finland) for CO2 measurement (“Gas phase
ana ly s i s” s ec t i on ) and then to the SRI Gas
Chromatograph (GC) 8610C with a FID detector (SRI
Instruments, USA) for toluene gas analysis (“Gas phase
analysis” section) (Online Resource 1). The DBTF sys-
tem is described in the work of De Vela and Gostomski
(2021) and is illustrated in Online Resource 2. A
backpressure regulator was integrated in both systems
to regulate upstream pressure so that a reasonable
amount of gas would flow to the GC when that location
was being measured, while the majority of the gas was
still exiting the main exhaust port but avoiding a com-
plicated valve system. This was accomplished by
allowing gas to bubble out at a certain level in a water
column. The depth at which the tube was immersed in a
water column influenced the backpressure.

Table 1 Operating parameters of column and DBTF reactors

Operating parameter Column BTF Differential BTF

Bed volume, L 0.45 0.08

Inlet concentration, g/m3 0.57 ± 0.04 0.93 ± 0.06

Liquid trickling rate, mL/min 24 ± 1 0.25 ± 0.2

Gas flow rate, mL/min 838 ± 11 840 ± 10

Gas recycle rate, L/min nil 20 ± 2

EBRT, s 32.0 ± 0.4 5.7 ± 0.1
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Inoculation, startup, and long-term operation

A seed reactor was inoculated with 20 mL of garden soil
filtrate in 200 mL of nutrient medium. The reactors were ini-
tially fed with 50 ppm toluene (0.20 g/m3), before eventually
increasing to the desired operating inlet concentration (0.5–1
g/m3). Steady-state elimination capacity (EC) was assumed at
± 10% variability in EC for at least 5 days. Approximately 20
mL of deionized water was added daily to the liquid sump to
compensate for evaporative losses.

Application of metabolic uncouplers

Varying amounts of FCCP (5–200 μM), CCCP (50–800 μM),
and m-CP (0.4–4.0 mM) were added in the reactors. FCCP
addition involved removing the previous concentration of
FCCP by passing fresh nutrient medium through the reactor
for 15 min three times and eventually changing the liquid in
the sump with fresh nutrient medium containing the desired
FCCP concentration. Increasing CCCP and m-CP concentra-
tions in the reactor was achieved by adding a predetermined
amount of 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
changes were due to the uncoupler. A control BTF (no uncou-
pler) was run for 102 days and served as the seed reactor.

Analytical procedures

Gas phase analysis

Inlet and outlet gas streams from the reactor systems were
sampled via a 22-port stream selector valve and then to a 10-
port valve for sample injection and finally to the GC/FID
(SRI-8610C, SRI Instruments). The gas sample (1 mL) was
injected on to a 60-m MXT-1 capillary column (Restek
Corporation) operated at 200 °C with a flame ionization de-
tector (FID). Helium (15 psi) was used as a carrier gas, while
hydrogen (20 psi) and air (5 psi) were used for the FID. Both
the inlet and outlet lines of the reactor systems were measured
in triplicate at least once a day, and data were processed using
the Peak Simple software.

The CO2 content of both inlet and outlet gas lines were
measured using a Vaisala CARBOCAP Carbon Dioxide
Probe GMP 343 (Vaisala, Finland) and 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. This was
defined as the molar flow rate of CO2 produced divided
by the molar flow rate of CO2 if all the degraded tolu-
ene was converted to CO2 and H2O.

Pressure drop and total organic carbon (TOC) measurement

The change in pressure drop across the bed inferred the
rate of biomass accumulation and was measured by estab-
lishing two pressure ports, (1) upstream and (2) down-
stream of the bed, and connecting them to a Zephyr II+
digital micromanometer (Graywolf Sensing Solutions,
USA). Daily pressure measurements were obtained by
taking a pressure reading every 10 min over a 60-min
period and then averaged. Moreover, another means to
estimate the biomass accumulation in the bed was through
measurement of TOC. Since sample collection from the
bed required disassembly and disturbance to the system,
only the TOC of the liquid sump was measured.
Nevertheless, the TOC of the liquid sump was indicative
of the amount of biomass released from the bed and mon-
itored by obtaining ~15 mL of liquid from the sump and
measuring its TOC using a TOC-L analyzer (Shimadzu,
USA) liquid module and Shimadzu SSM 5500 solid mod-
ule for low and high solid-liquid samples, respectively.
The TOC of the uncoupler solution was estimated and
was deducted from actual TOC readings.

EPS quantification

EPS contained in the liquid sump were extracted using a
heat extraction method (Zhang et al. 2013). The schedule
of liquid sump sampling for EPS collection was not the
same across all the reactors as the reactors were not run
simultaneously. EPS sampling was synchronized with un-
coupler addition. 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
me t h od o f p r o t e i n qu a n t i f i c a t i o n , a P r o t e i n
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 con-
taining the EPS. The absorbance of the solution was mea-
sured at 600 nm using an Ultrospec 2100 pro UV/Visible
spectrophotometer (Biochrom, UK), and the protein con-
centration was determined by comparison with the cali-
bration curve (Online Resource 5).

Phenol-sulfuric acid method of polysaccharide quantifica-
tion with glucose as the standard (Dubois et al. 1956) was
employed by mixing 0.05 mL of 5% phenol, 5 mL concen-
trated (99%) sulfuric acid, and 2 mL of supernatant. The mix-
ture was stirred for 10 s and was left to stand for 1 h at room
temperature. Absorbance at 490 nm was determined using an
Ultrospec 2100 pro UV/Visible spectrophotometer and was
compared with the calibration curve (Online Resource 6).
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Microscopic analysis

A Leica TCS SP5 confocal laser scanning microscope
(CLSM) (Leica Microsystems, Germany) was used for ob-
serving live cells and dead cells from liquid sump samples.
A Molecular Probes L7012 Live/Dead BacLight Bacterial
Viability Kit was used to distinguish live (green) and dead
cells (red) in the liquid sump before and after the addition of
uncouplers. 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 in the images captured
via the CLSM, the images were processed using the Image
Processing Toolbox of MATLAB (version 2017b).

Residual uncoupler quantification

The m-CP was quantified by injecting a 50-μL sample
through a high-performance liquid chromatograph (HPLC)
(Thermo Scientific, USA) employing a 150 × 3 mm C18
column (Restek Cat #917836E) maintained at 30 °C. The
mobile phase gradient flow (0.5 mL/min) consisted of 75%
of 0.1% H3PO4 and 25% of 99% acetonitrile, with a total run
time of 50 min. A peak corresponding to m-CP was observed
using a UV-VIS detector at 210 nm which was quantified
using the Chromeleon 7.2 SR5 software. CCCP quantification
employed the same HPLC column and temperature with a
carrier comprising 50% 0.1% H3PO4 and 50% 99% acetoni-
trile but at a flow rate of 0.5 mL/min for 50 min. The detection
was with a UV-VIS detector at 250 nm. Calibration curves for
m-CP and CCCP were established (Online Resources 7–8).

Microbial community analysis

The microbial community was analyzed for changes in the
microbial community due to the addition of the uncouplers.
Bacterial samples from the liquid sump of the FCCP-
treated BTF were collected before and during addition
of varying amounts of FCCP. Biofilm samples were
also obtained from the top, middle, and bottom portions
of the BTF bed for comparison.

DNA from these samples were extracted using the DNeasy
PowerBiofilm Kit (MO BIO Laboratories) and were sent to
Auckland Genomics (Auckland, New Zealand) for sequenc-
ing. Libraries were prepared for sequencing according to
Illumina protocols. Primers targeting the V3–V4 region of
the 16S rRNA gene of each sample were used (515f
( G TGYCAGCMGCCGCGGTAA ) a n d 8 0 6 r B
(GGACTACNVGGGTWTCTAAT)) with overhang adapter
sequences added (Lear et al. 2018). The uniquely indexed 16S
amplicon libraries were sequenced (paired-end 250 bp
sequencing) on the IlluminaMiSeq 2500 platform. To analyze
the sequencing results, adapters were trimmed from sequences
using Cutadapt v1.16 (Martin 2011), and sequences were

QCed using FastQC and MultiQC v1.7 (Ewels et al. 2016).
Sequences with less than 150 reads were discarded, and re-
maining sequences were processed with Dada2 (Callahan
et al. 2016), and SILVA rRNA database v132 was used to
assign taxonomic identity to the sequences. The relative abun-
dance of genera for each of the samples was calculated in R
v3.5.0 (R Core Team 2015). Genera that had ≤ 1% relative
abundance were removed. Unassigned genera that did not
match anything in the database were labeled “unassigned”
and included in the analysis. Shannon (H) and Simpson (D)
diversity indices were also calculated in R v3.5.0.

Results and discussion

Effect of FCCP

Experiments showed that FCCP does not have a potential to
cause sustained biomass reduction but instead caused a further
increase in pressure drop due to the adaptive response of the
microbes to produce more EPS as protection. The results re-
vealed that although FCCP did not cause a significant drop in
EC (25–30 g/m3h; Fig. 1), it did not reduce biomass accumu-
lation as estimated from the continued pressure drop increase
over the course of the experiment (0.8 kPa to 11 kPa; Fig. 2).

The first FCCP concentration tested was 5 μM (Gould and
Cramer 1977) and was 500 times higher than the rate tested by
Detchanamurthy and Gostomski (2015) in a differential
biofilter because the BTF in this study was expected to have
a more robust bacterial community. The EC which was ini-
tially ~36 g/m3h and decreased to ~25 g/m3h in 24 h and did
not recover with the application of 5 μM FCCP (Step 1). The
pressure drop gradually decreased by 25% but eventually re-
covered even before FCCP was removed (Fig. 2). It should be
noted that the high-pressure drop values shown in Fig. 2 are
higher than that of a full-scale BTF due to the use of glass
beads as packing material. As glass beads were chosen only as
a research tool to study the effect of the uncouplers, the high-
pressure drop was not a concern. The decrease in EC and
pressure drop may have been due to death of some active
biomass due to the initial addition of toxic FCCP. Dodd
et al. (2007) postulated that sub-lethal stress caused by the
uncoupling of growth from metabolism produced reactive ox-
ygen species (ROS) which were more lethal than the stress
itself. Excessive production of ROS was suspected to increase
cell death in other reports (Chen et al. 2006; Wallach-Dayan
et al. 2006; Simon et al. 2000), specifically in Enterococcus
faecalis (Ong et al. 2017), Mycobacterium tuberculosis
(Lamprecht et al. 2016), and Burkholderia cepacia complex
bacteria (Van Acker et al. 2016). However, ROS production
was not experimentally measured in this study.

After replacing the FCCP with fresh medium (day 48), the
EC remained at ~25 g/m3h. The sudden drops in the TOC

41884 Environ Sci Pollut Res (2021) 28:41881–41895



values (Fig. 2) (i.e., vertical lines) were due to the replacement
of the liquid phase with a fresh medium each time FCCP was
added or removed. The slope of the TOC line before (~20 mg/
L-day, days 30–36) and after (~6 mg/L-day, days 37–47)
adding 5 μM FCCP was 70% smaller indicating that less
biomass was released with the uncoupler. This is potentially
due to less biomass production with 5 μM FCCP, which is
consistent with the slight decrease in EC and pressure drop. A
decrease in biomass production from uncoupling was consis-
tent with other studies (Aragon et al. 2009; Chen et al. 2002;
Fang et al. 2015; Han et al. 2017; Li et al. 2016; Yang et al.
2003; Zheng et al. 2008). It should be noted that the TOC
contribution of the FCCP solution alone was approximately
0.6 to 4.8% of the actual TOC readings (depending on the
concentration) and hence was considered negligible.

With further increases in FCCP concentration caused short-
term reductions in EC (up to 65% at 200 μMFCCP, day 186),
but the EC eventually recovered correlated with the FCCP
concentration (3–13 days). Higher concentrations of FCCP

(10–200 μM) did not reduce the pressure drop but rather in-
creased it significantly, potentially due to increased EPS pro-
duction for protection against FCCP (Zhang et al. 2013; Rho
et al. 2007). This is consistent with the rate of the TOC in-
crease particularly with 10 μM FCCP addition. The contra-
dicting effect of FCCP on the TOC increases at 5 μM
and 10 μM concentrations suggested two potential ef-
fects of uncoupler: initially reduced biomass due to the
death of cells in the bed followed by increased EPS
production as the cells adapted to FCCP.

An increase in EPS production due to uncoupler addition is
common in other uncoupler-treated systems and is a microbial
response to toxicity (Ferrer-Polonio et al. 2017; Li et al. 2016).
In the current work, there was no significant difference be-
tween the EPS content before and after adding 40 μM FCCP
(Fig. 3a) which contradicted hypothesis (1) in the preceding
paragraph. Therefore, in addition to hypothesis (1), the in-
creased TOC on the last day of 40 μM FCCP treatment may
be due to increased soluble microbial products (SMP) in the
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presence of FCCP. Barker and Stuckey (1999) surmised that
SMP may increase in response to environmental stress and
toxic substances. Increased SMP production was demonstrat-
ed in an activated sludge treated with TCS (Li et al. 2012).

With 40 and 80 μM FCCP addition, the %CO2 recovery
briefly increased to > 100%. This suggested that FCCP caused
uncoupling by increasing respiratory activities as observed in
activated sludge systems treated with 2,4 DNP and TCS
(Chen et al. 2007;Chen et al. 2004). However, if the
uncoupling increased respiration in the current system, tolu-
ene degradation should have also increased but EC decreased.
Moreover, the potential contribution of FCCP degradation to
CO2 was estimated to be approximately 130,000 times smaller
than that from toluene degradation and hence was too small to
significantly increase the %CO2 recovery. Hence, excess CO2

may have been polyhydroxybutyrate degradation (PHB),
which is a carbon and energy storage compound deposited
inside microbial cells (Verlinden et al. 2007) which 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 degraded by other mi-
crobes, resulting in more CO2 generation.

With continuous 80μMFCCP treatment, the pressure drop
increased by a 120% over a 40-day period. Similarly, the TOC
continuously increased which was due to EPS production
(Fig. 3a) but possibly SMP production (not tested). The sud-
den drop in TOC (approximately 25%) at day 122 was the
dilution by fresh medium containing 80 μMFCCP. The long-
term application of 80 μM FCCP increased the TOC of the
liquid sump at a rate of ~14 mg/L day. Assuming the TOC
increase in the liquid sump corresponded biomass increase in
the bed, the slower TOC increase in FCCP-treated BTF com-
pared with that of control BTF (40 mg/L day) (Online
Resource 12) indicated a lower biomass production rate in
the FCCP-treated BTF.

The addition of 200 μMFCCP (Step 5, day 187) reduced the
EC by 65% in 24 h, while the %CO2 recovery peaked at 165%
and exceeded a 100% for 2 additional days before returning to
80–90%. The pressure drop continued to rise, while the TOC
initially dropped by 37% due to the dilution from fresh FCCP-
containing medium. However, the TOC increase after adding
200 μM FCCP (~21 mg/L day) was approximately 4 times
higher than the previous value of ~5 mg/L day, which indicated
a potential increase in biomass production in the bed. The pres-
sure drop increase may have also been due to EPS production

Fig. 3 Change in the EPS content of the liquid sump with the addition of (a) FCCP, (b) CCCP, (c) m-CP in column reactor, and (d) m-CP in DBTF.
(EPSPS, polysaccharides; EPSPN, protein). Error bars represent standard deviation
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which increased by 100% (Fig. 3a). At 200 μM FCCP, the EC
recovery took ~13 dayswhich exceeded the usual 3-day recovery
period at lower FCCP concentrations.

In general, the EC of the BTF system decreased in a dose-
dependent fashion potentially due to the death and lysis of mi-
crobes in the presence of FCCPwhichwasmost likely associated
with increased ROS production (Dodd et al. 2007). Hence death
of cells in a BTF treated with FCCPwas possible. Moreover, the
results of live/dead cell staining with CCCP-treated BTF (“Effect
of CCCP” section) supported the hypothesis that FCCP caused
bacterial cell death. Nevertheless, EC recovery after uncoupler
addition was potentially due to the growth of new active biomass
and/or production of EPS.

The varying effect of FCCP on the TOC of the liquid sump
demonstrated two potential effects of FCCP: (1) decreased
TOC due to reduced biomass (i.e., active cells, EPS, SMP)
production in the bed and (2) increased TOC due to increased
EPS production in the bed as protection against the uncoupler.
Although not investigated in this work, increased TOC may
also be due to increased SMP production in response to FCCP
treatment. The surge in %CO2 recovery immediately after
treatment with 40 μM FCCP and higher could be potentially
due to the degradation of PHB from dead cells.

Effect of CCCP

Overall, the addition of CCCP caused the EC to drift down
from 50 to 30 g/m3h. Concentrations ranging from 100 to
200 μM CCCP showed potential for biomass control as pres-
sure drop was relatively stable. However, the pressure drop
increased when CCCP exceeded 400 μM.

Hiraishi and Kawagishi (2002) demonstrated that CCCP
concentrations as low as 10 μM caused uncoupling, stimulat-
ed oxygen uptake, and decreased biomass production dramat-
ically in an activated sludge system. However, this level of
CCCP concentration (5 to 10 μM) was not tested in this ex-
periment since FCCP, an analogue of CCCP (Zhang et al.
2016), had little effect at the same concentration.

The first addition of CCCP (50 μM) had little effect on the
EC (Fig. 4) and the TOC of the liquid sump (Fig. 5) but
reduced EPS production (Fig. 3b) by ~35%. Increasing the
concentration of CCCP to 100 μM gradually decreased the
EC by ~20% over a period of 12 days, while the TOC and
pressure drop did not change significantly. Similarly, 200 μM
caused fluctuations but generally decreasing EC, TOC, and
pressure drop, demonstrating the ineffectiveness of these con-
centrations to control biomass accumulation. It should be not-
ed that the contribution to the TOC of the CCCP solution was
only about 1–7% and was considered negligible.

Increasing the CCCP concentration to 400 μM (Step 4, day
113) reduced the EC ~20%, which recovered within 2 days.
The TOC was unaffected, while the pressure drop increased
from 1.3 to 1.7 kPa (~30% increase) over the 15-day period
potentially due to EPS production. 800 μM CCCP (Step 5,
day 127) decreased the EC to ~5 g/m3h in 2 days (~83% drop),
before it recovered (4 days after application) and increased by
33% as compared to 400 μM. The TOC increased by 25% for
the first 3 days (from 560 to 700 mg/L) coinciding with the
decrease in EC. This TOC increase, despite the EPS decrease
(Fig. 3b), may be due to the release of live and dead cells
(Online Resources 9 and 14) from the bed due to CCCP ad-
dition as well as increased SMP production.

The ratio of dead cells to live cells after addition of 800 μM
CCCP increased by 50% relative to its value before the addi-
tion, hence suggesting that CCCP induced cell death. The
release of live cells may have been associated with the in-
creased production of ROS (“Effect of FCCP” section) which
could inhibit biofilm formation (Guo et al. 2019). The recir-
culation of live cells back to the bed and the production of
more EPS may have contributed to EC recovery for both
CCCP- and FCCP-treated systems. The increase in EPS pro-
duction coincided with the increasing TOC values following
its decrease 4 days after 800 μMCCCP treatment. Depending
on the time and concentration of CCCP and FCCP, cells can
develop protective mechanisms against uncoupler-induced
death (Kane et al. 2018).
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Like FCCP, CCCP is also a nitrile (National Center for
Biotechnology Information, n.d.) that could potentially be de-
graded by a number of bacteria (Bhalla et al. 2012). No dis-
tinct peak for CCCP was measured in the liquid samples col-
lected 1 day after 200 and 400 μM CCCP application, sug-
gesting that it became negligible within 24 h. This explains
why CCCP did not cause a significant release of biomass from
the bed. Being analogues of each other, the FCCP may have
also been degraded like CCCP, hence explaining its ineffec-
tiveness as a biomass control agent.

In general, the EC dropped by 20–80% at 400–800 μM
CCCP, and this reduction was due to the ability of CCCP to
induce cell death. The bactericidal effect of CCCP against
multidrug-resistant bacterial strains was shown by Sinha
et al. (2017) who observed a 1000-fold reduction in the colony
count for all bacterial strains in 24 h. At 400 μM and 800 μM
CCCP, the %CO2 recovery briefly exceeded 100% based on
the toluene degraded, similar to that observed in a BTF treated
with at least 40 μMFCCP. The potential CO2 generation from
CCCP degradation was estimated to be about 73,000 times
lesser than that from toluene degradation, hence too small to
contribute to increase in %CO2 recovery. Hence, this increase
may be due to the degradation of PHB in the system.

The above findings revealed that CCCP may have
exhibited a potential biomass control ability at

concentrations 100–200 μM but caused a considerable
EC reduction at 800 μM. Moreover, it was potentially
degraded and may have caused increased EPS produc-
tion in the bed, which increased the pressure drop and
was therefore not a promising biomass control agent.

Effect of m-CP

The addition of m-CP showed potential for biomass control in
the column BTF as demonstrated by the fairly stable pressure
drop over the course of the experiment. The EC drop and
recovery period was a function of the m-CP concentration.

Addition of m-CP at concentrations 0.4 mM to
0.8 mM caused ~10% reduction in EC with no signifi-
cant change on TOC and pressure drop (Figs. 6 and 7).
Increasing the m-CP concentration to 1.6 mM (Step 3,
day 120) decreased the EC by about 30% (32 to 22
g/m3h) on the first 3 days but increased it to ~40
g/m3h thereafter, while the TOC did not change signif-
icantly. Although the pressure drop increased by 28%
over a period of 15 days, it was not significantly higher
than prior to the start of the experiment. It should be
noted from Fig. 7 that the 7–28% contribution of the m-
CP solution to the TOC readings was already deducted.
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(Orange diamond) EC; (green triangle) % RE; (black
square) %CO2 recovery; (1) 0.4 mM; (2) 0.8 mM; (3) 1.6
mM; (4) 4 mM

The effects were more pronounced with 4 mM (Step 4, day
133) where the EC dropped dramatically from 30 to 9 g/m3h
(~70% reduction) in 3 days, but it fully recovered in 7 days.
This may be due to increase in cell death as shown by the
125% increase in the % dead cells to % live cells ratio after
the addition of 4.0-mM m-CP (Online Resource 15).

The recirculation of the liquid sump, which also contained
live cells, may have contributed to EC recovery. The detachment
of the live cells from the biofilm may be due to the reduction in
the EPS production (Fig. 3C) as shown by the 10% decrease on
the first day of m-CP application. It then increased by 150% over
the next 10 days, indicating the possibility of EPS production as a
defense mechanism against m-CP.

Although studies have not demonstrated the specific effect
of m-CP on EPS production, this kind of defense mechanism
was similarly observed for a sequencing batch reactor treated
with 2,6-DCP (Zhang et al. 2013) which is also a phenol
derivative similar to m-CP. Similarly, Tian et al. (2013) ob-
served that increased EPS production over the final 20 days of
a 90-day period of 2,6-DCP application prevented the uncou-
pler from further affecting the sludge.

The shedding of cells from the bed may have also caused
the TOC to continuously increase by approximately 130%
(from 400 to 1100 mg/L), over the first 10 days of the 4-
mM m-CP treatment. The pressure drop in the m-CP-treated
BTF did not increase over the entire run as compared to that of
FCCP, CCCP, and control BTF columns where the 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 pres-
sure drop increases in a BTF.

The sudden increase in %CO2 recovery observed for both
FCCP and CCCP also occurred in the m-CP-treated BTF at
0.4, 1.6, and 4 mM concentration. From a typical 50–60% CO2

recovery, it increased to 80% for 0.4 mM and 1.6 mM and up to
150% for 4-mMm-CP. Although m-CP decreased the EC of the
system, a big portion of the degraded carbon may have been

released as CO2 as it could not be used for growth due to limited
ATP production (due to uncoupling). This resulted in increased
CO2 recovery which then exceeded 100%, potentially due to
PHB degradation. The potential degradation of m-CP could gen-
erate CO2 which was 11,200 times lesser than that from toluene
degradation and hence was less likely to significantly contribute
to increase in %CO2 recovery.

In general, addition of 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 shedding of live cells. The recovery period (3–7 days)
for EC was a function of the m-CP concentration as higher
concentrations caused a greater reduction in the EC (10–70%)
and hence a longer recovery period. This EC recovery was
attributed to the recirculation of live cells back to the bed and
the production of more EPS by the microbes.

Effect of m-CP in DBTF

Understanding the effect of uncouplers on EC and pressure
drop in the column reactor was challenging since recirculating
liquid made it difficult to determine whether the TOC released
from the bed was uniform between sample collections. 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. To better understand the effect of the uncou-
plers, m-CP, which was the only uncoupler that demonstrated
biomass reduction and pressure drop stability in a column
reactor (“Effect of m-CP” section), was tested in a DBTF
operating at 0.9 ± 0.1 g/m3 inlet concentration, 20 L/min gas
recycle rate, 0.25 ± 0.2 mL/min liquid trickling rate, 840 mL/
min inlet flow rate, and 580 ± 75 g/m3h loading rate.

The EC and %CO2 recovery (Fig. 8) as well as the recycle
gas flow rate and TOC of the liquid sump (Fig. 9) at varying
concentrations of m-CP were monitored. The recycle gas flow
rate was indicative of biomass accumulation in the bed.
Increased biomass increased the pressure drop, which de-
creased the recycle gas flow as the recycle fan flow rate was
pressure sensitive. For the DBTF, the recycle gas flow rate did
not impact the EC calculation, as it was only directly
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dependent on the gas flow that passed through the system
(0.84 L/min) (De Vela and Gostomski 2021).

Using the DBTF clarified some of the hypotheses
concerning m-CP usage in the column reactors. Both reactor
types have shown a dose-dependent reduction in EC causing
at least 70% reduction at 4-mM m-CP and with EC recovery
occurring after 4–5 days in both the reactors. However, the EC
of the DBTF reactor only recovered by 40% prior to 4-mMm-
CP treatment, where the column reactor EC fully recovered.
The poor EC recovery in the DBTF was potentially due to the
absence of liquid recirculation returning live cells to the bed or
continuous exposure of the microbes to m-CP from the
aerosol feed reservoir. The m-CP degraded slowly in the
reservoir (i.e., 40% reduction in 20 days) (“Bacterial
degradation of m-CP” section) as compared to the rapid
disappearance in the column reactor.

The biomass reduction potential of m-CP was better dem-
onstrated in the DBTF as shown by the 500% increase in TOC
within 3 days as compared to only 130% increase in the col-
umn reactor. This translated to a 33% increase in the gas
recycle rate. The increased EPS production (Fig. 3d) with
longer exposure to m-CP in both reactors validated the hy-
pothesis that the microorganisms produced 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 (“Bacterial degradation of m-
CP” section).

Although the above results demonstrated that m-CP at a
concentration of at least 0.8-mMmight control biomass accu-
mulation in the bed, its potential inhibition of toluene metab-
olism may make it an unsustainable technique (“Bacterial
degradation of m-CP” section). Moreover, a chlorophenol
may contribute to the total AOX value (adsorbable organic
halogens) of the liquid phase (Xu et al. 2021). In addition,
bacterial degradation of chlorophenols may result in the for-
mation of toxic intermediates like protoanemonin and
chloromuconic acid (Arora and Bae 2014; Solyanikova and
Golovleva 2004). These issues will complicate water disposal.

Bacterial degradation of m-CP

The decreased impact of the m-CP on the biofilter may have
been due to bacterial degradation, as indicated by the 40%
reduction in its concentration in the aerosol reservoir after 20
days of treatment and rapid removal in the column reactor. No
significant m-CP was measured in the DBTF bed biomass,
thereby eliminating m-CP absorption to the biomass as one
of the reasons for its decrease.
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The degradation of m-CP occurs either via the formation of
3-chlorocatechol or 4-chlorocatechol (Solyanikova and
Golovleva 2004). Bacteria such as Pseudomonas putida F1,
Ralstonia pickettii, and Rhodococcus opacus can degrade m-
CP degraders (Arora and Bae 2014; Spain and Gibson 1988)
and are toluene degraders with chlorocatechol as an interme-
diate (Daugulis and Boudreau 2003; Duetz et al. 2001; Parales
et al. 2000; Spain and Gibson 1988). Specifically, 3-
methylcatechol is among the intermediates of toluene degra-
dation via the ortho-cleavage pathway (Dobslaw and Engesser
2015), while 3-chlorocatechol is an intermediate via the meta-
cleavage pathway (Göbel et al. 2004).

The change in color of the liquid phase in the aerosol res-
ervoir from transparent to black (Online Resource 11), which
was also observed in the column reactor with m-CP, indicated
the possible accumulation of chlorocatechol in the system
(Haller and Finn 1979). This accumulation was caused by
the inactivation of catechol 2,3-dioxygenase enzyme (Bartels
et al. 1984). These reports concluded that toluene was a pri-
mary substrate allowing co-metabolism of m-CP.

Meanwhile, the %CO2 recovery decreased from 60 to 40%
and < 5% after 0.8-mM and 4-mMm-CP addition, respective-
ly (Fig. 8). This meant that much of the carbon from toluene
degradation ended up either in the solid phase (bed) or in the
liquid phase. A crude carbon balance over the whole period of
4-mM m-CP application (20-day period) indicated that ~77%
of the carbon from toluene degradation ended up in the bed
(Online Resource 16). This was different from the carbon
balance prior to m-CP addition (days 68–72) (Online
Resource 17) which revealed that ~88.6% of the degraded
toluene exited as CO2, while only 2.7% ended up in the bed
(De Vela and Gostomski 2021). In addition, the decrease in
%CO2 recovery meant that toluene was not fully mineralized
to CO2 and water. It could be that the high percentage of
carbon in the bed was associated with partially metabolized
toluene, hence limiting energy production and growth. 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. 3d).

Bartels et al. (1984) demonstrated that the meta-cleavage
pathway of chlorophenol degradation inhibits 2,3-
dioxygenase enzyme. This enzyme is 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 therefore indicates the partial deg-
radation of toluene which meant less energy available for
growth and maintenance functions. The hypothesis
concerning inefficient use of energy where microorganisms
tend to prioritize production of EPS over growth functions
may be correct as observed in the gradual increase of EPS
from day 14 to day 20 (days 121 to 127 in Fig. 9) after a

sudden drop due to 4.0-mM m-CP addition. The microorgan-
ism utilized the available energy for EPS production rather
than production of new cells.

Microbial community analysis in FCCP-treated BTF

To investigate the potential shift in the microbial population
caused by the uncouplers, biomass samples were collected
from the column reactor treated with FCCP. Due to time con-
straints, only the FCCP-treated column was examined.

Themicrobial samples were obtained from the liquid sump,
not from the BTF bed itself. Hence, it was necessary to com-
pare the microbial communities in the liquid sump and the
BTF bed (Online Resource 18). Rhodococcus sp. was the
dominant genera (40–60% relative abundance) in the BTF
bed (i.e., top to bottom), followed by Achromobacter sp.
(~20%) which are both notable toluene degraders (Woods
et al. 2011; Kim et al. 2018; Hong et al. 2017; Liao et al.
2018). Achromobacter dominated the liquid sump. Other spe-
cies of significance (4–12% relative abundance) in both the
bed and the sump were Castellaniella sp., a facultative anaer-
obe associated with denitrification (Kämpfer et al. 2006), and
Thermomonas sp. which was potentially a phenol degrader
(Baek et al. 2003).

Based on the Shannon diversity index (H) which was pri-
marily influenced by the microbial richness (Yeom and Kim
2011), only the top portion of the bed (i.e., the inlet side)
significantly differed from the liquid sump (p = 0.04).
However, based on the Simpson diversity index (D), the three
portions of the bed (top, middle, and bottom) did not signifi-
cantly differ from each other. However, the Simpson index in
the liquid sump was statistically different from the bed posi-
tions. The liquid sump had lower microbial diversity (based
on Shannon and Simpson indices) than the rest of the bed.
This could indicate that not all species in the bed may
have been released to the liquid sump. In these experi-
ments, it was shown that the most abundant species in
the bed are the ones most likely to be in the liquid
sump. Hence, the analysis of the microbial samples in
the liquid sump was appropriate for understanding the
potential microbial shift in the bed caused by FCCP.

The temporal variation of the microbial community with
increasing amounts of FCCPwas examined in the liquid sump
sample (Fig. 10). Significant differences in Shannon (H) (p =
0.01) and Simpson (D) (p = 0.01 to 0.03) indices before and
after addition of FCCP were observed only after the addition
of at least 80 μM FCCP. Specifically, the H decreased from
3.0 to 2.1 at 80 μM FCCP, while D decreased from 0.9 to
0.68 at 200 μM FCCP. Specifically, Rhodococcus sp. and
Hydrocarboniphaga sp., both toluene degraders (Woods
et al. 2011; Kim et al. 2018; Palleroni et al. 2004; Popp
et al. 2006) dominated the community prior to the first addi-
tion of FCCP (5 μM). Rhodococcus sp. persisted with
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increasing amounts of FCCP, but Hydrocarboniphaga sp.
vanished on addi t ion of 5 μM FCCP. However,
Achromobacter sp., a known toluene degrader (Hong et al.
2017; Liao et al. 2018), emerged and persisted even at
200 μM FCCP. The emergence of Achromobacter sp. may
be due to its ability to degrade cyanide (Igeño et al. 2018), a
major component of FCCP. Thermomonas sp, which can also
degrade cyanide (Wang et al. 2015), also emerged in the pres-
ence of FCCP, while Castellaniella sp. which are facultative
anaerobic degraders of hydrocarbons (Widdel et al. 2010)
could persist in the inner depths of the biofilm even in the
presence of FCCP. Other genera which vanished were
Terrimonas sp. and Parapedobacter sp. Neither species are
known to be cyanide degraders.

The change in the microbial community showed that
FCCP addition shifted the population to one capable of
adapting to its toxic effects. Although there are no re-
ports on the specific biomass production rates of these
different genera of toluene and/or FCCP degraders, the
changed microbial community may have increased bio-
mass production (i.e., EPS production) (Fig. 3a) to en-
able their survival against FCCP. Hence, the pressure
drop in the bed continued to increase with constant
exposure to FCCP (Fig. 2). However, this hypothesis
on species shift and increased biomass yield requires
further investigation.

Conclusion

FCCP, CCCP, and m-CP reduced the EC by 15–97% depending
on the dose, potentially due to the death and lysis of microbes. EC
recovered due to the recirculation of released live cells back to the
bed and the potential bacterial degradation of the uncoupler. FCCP
and CCCP resulted in 800% and 45% increase in pressure drop,
respectively, due to themicrobial response of producingmoreEPS
for protection. This may have limited the ability of the uncouplers
toweaken the biofilm as indicated by the temporary increase in the
TOC of the sump liquid. Onlym-CP at 4-mM concentration dem-
onstrated potential to control biomass production, in both the col-
umn and DBTF systems. However, co-metabolism between m-
CP and toluenemay have resulted in their incomplete degradation.
The temporal change in the microbial population with FCCP ad-
dition and theHPLCassays forCCCPandm-CP showedpotential
for incomplete bacterial degradation. Therefore, none of the un-
couplers tested demonstrated potential for sustainable biomass
control in a BTF.
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