
lable at ScienceDirect

Chemosphere 252 (2020) 126490
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Effect of presence of hydrophilic volatile organic compounds on
removal of hydrophobic n-hexane in biotrickling filters

Yeting Cheng a, 1, Xiang Li a, b, c, 1, Haiyang Liu d, 1, Chunping Yang a, b, c, *, Shaohua Wu a, b,
Cheng Du b, **, Lijun Nie b, Yuanyuan Zhong b

a College of Environmental Science and Engineering, Hunan University, And Key Laboratory of Environmental Biology and Pollution Control (Hunan
University), Ministry of Education, Changsha, Hunan, 410082, China
b Guangdong Provincial Key Laboratory of Petrochemcial Pollution Processes and Control, School of Environmental Science and Engineering, Guangdong
University of Petrochemical Technology, Maoming, Guangdong, 525000, China
c Hunan Provincial Environmental Protection Engineering Center for Organic Pollution Control of Urban Water and Wastewater, Changsha, Hunan, 410001,
China
d Datang Environment Industry Group Co., Ltd., Beijing, 100097, China
h i g h l i g h t s
* Corresponding author. College of Environmental
University), Ministry of Education, Changsha, Hunan,
** Corresponding author.

E-mail addresses: yangc@hnu.edu.cn (C. Yang), du
1 These authors contribute equally to this paper.

https://doi.org/10.1016/j.chemosphere.2020.126490
0045-6535/© 2020 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� Hydrophilic VOCs improve BTF per-
formance for n-hexane at low EBRTs
and temperatures.

� Both toluene and 4-methyl-2-
pentanone promote the degradation
of n-hexane in BTFs.

� Mass of biofilms in BTFs increased at
the presence of each of the hydro-
phobic VOCs.
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Hydrophilic VOCs (volatile organic compounds) were applied to explore their positive influence on the
elimination of the single hydrophobic VOC in biotrickling filters (BTFs). Comparison experiments were
carried to evaluate the effect of 4-methyl-2-pentanone and toluene on the performance of BTFs for n-
hexane removal. The results showed that the existence of 4-methyl-2-pentanone improved the removal
performance of BTFs at short gas empty bed contact time (EBRT) of 15 s and low temperature of 10 �C.
The degradation of n-hexane in the presence of 4-methyl-2-pentanone was slightly enhanced with a
loading ratio of 6:1. When the mixing ratio was greater than 4, toluene significantly promoted the
biodegradation of n-hexane with toluene loading rate less than 10 g m�3 h�1. Additionally, The pro-
motion effect was not only reflected in the contents of proteins and polysaccharides, but also in the
growth rates of microorganisms in biofilms. This work discussed the detailed effect between n-hexane
and hydrophilic VOCs in BTFs, which would contribute to develop a more economical method to improve
the removal performance of hydrophobic VOCs in BTFs.
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1. Introduction

In recent years, due to the harm caused by air pollution to
humans and the environment, governments have imposed more
restrictions and requirements on exhaust emissions of various
enterprises (Barbusinski et al., 2017; Li et al., 2018). Therefore, the
emission of hazardous air pollutants, particularly volatile organic
compounds (VOCs), has been a main issue worldwide (Bordoloi
et al., 2019; Yang et al., 2009). In response to the rising concern
about the problem, numerous technologies for the elimination of
VOCs were developed recently. Physical, chemical and biological
methods were utilized as traditional pathways for the treatment of
VOCs (Kasperczyk et al., 2019). Among them, biological techniques
such as biofilter, bio-trickling filter (BTF), and bio-scrubber have
been widely used, owing to their advantages of cost-effectiveness
and environmental-friendliness (Yang et al., 2011). Meanwhile,
BTF has long been considered as a promising method for the
removal of VOCs due to its superiorities of treating pollutants in a
wide range and strong ability to withstand pollution loading rate
(LR) fluctuations (Eregowda et al., 2019).

However, there were challenges in applying BTF to deal with
VOCs. In addition to the fact that changes in experimental condi-
tions were likely to affect the performance of BTF, their low
degradation efficiency for hydrophobic VOCs was the most chal-
lenging problem (Cheng et al., 2016a). Hydrophobic VOCs
possessed high Henry’s law constant, which limited their mass
transfer rate between gas, liquid and biofilm phase, and the per-
formance of BTFwould be greatly affected due to the poor solubility
of hydrophobic VOCs in liquid phase. Thus, reducing the mass
transfer resistance of hydrophobic VOCs in three phases and
improving their bioavailability are the keys to improving the per-
formance of BTF.

Some progresses for improving the degradation efficiency of
hydrophobic VOCs in BTFs have beenmade by researchers. Previous
studies mainly focused on the following aspects: application of
surfactants (Yang et al., 2010a), catalysis of fungal organisms
(Alberto et al., 2010), innovation of bioreactors (Yang et al., 2008), as
well as combination of biological and physical or chemical methods
(Wang et al., 2009; Hinojosa-Reyes and Arriaga, 2012). Despite
some drawbacks in term of cost and operation, these pathways did
help to enhance the degradation efficiency of hydrophobic VOCs in
BTFs (Tu et al., 2015). Nevertheless, the above approaches might not
be optimal for transferring biological methods from laboratory
scale to factory scale. For example, the toxic effects of surfactants on
microorganisms and the environmental pollution problems caused
by their degradation products (Abhinayaa et al., 2019; Song et al.,
2012). Innovative bioreactors or bio-chemical/physical methods
were likely to bring cost issues, and the extraction of fungal mi-
croorganisms made the experimental conditions difficult to oper-
ate and control (Yang et al., 2003a).

Therefore, a more economically viable solution needs to be
proposed. There have been large number of publications on the
removal of single-component VOC in bioreactors. For instance, n-
hexane, hydrocarbons (Aly Hassan and Sorial, 2011; Xi et al., 2015)
and alcohols/ketones, which have significant differences in
bioavailability. In general, contaminated air streams from munic-
ipal facilities and industrial processes are complicated and often
comprised multiple VOCs (Rene et al., 2018). When dealing with
mixtures, the interaction of pollutants played an important role in
the mass transfer and biodegradation of the biological process,
which might lead to the increase or decrease of the degradation
efficiency of target pollutants (Chheda and Sorial, 2017). Several
studies showed that the addition of hydrophilic VOCs could stim-
ulate the degradation of hydrophobic VOCs in bioreactors (Yao
et al., 2019). A previous study showed that the removal of n-
hexane was significantly promoted by methanol, especially when
the LR of n-hexane was less than 13.2 g m�3 h�1 (Zehraoui et al.,
2012). There are relatively few studies on the interaction of
multi-component VOCs, especially those with different hydrophilic
properties, in the bioreactor.

N-hexane, 4-methyl-2-pentanone and toluene, the main emis-
sion factors of rubber waste gas from tire factory (Gągol et al., 2015),
were used as target pollutants for the experiment. The three VOCs
are all recognized as typical hazardous air contaminants; among
them, n-hexane is known for its low biodegradability and high
hydrophobicity, which leads to high mass transfer resistance in the
bioreactors (Saucedo-Lucero et al., 2014). Many other investigators
have used n-hexane as the target contaminant in biofiltration
studies (Volckaert et al., 2016). However, low removal rate of n-
hexane was obtained or a short running cycle was assessed which
might not meet the prescribed emission levels as well as the ap-
plications in industrial production (Amin et al., 2017). In contrast, 4-
methyl-2-pentanone and toluene could be easily biodegraded in
BTFs due to their higher hydrophilicity, with the former higher
(Kim et al., 2007; Saingam et al., 2018). The addition of hydrophilic
VOCs might have positive, negative or neutral impact on n-hexane
depending on LRs, biomass control strategies, temperature et al.
(Yang et al., 2018).

Introducing a mixture of hydrophilic VOCs and n-hexane had
the potential to expose the biofilm to increased n-hexane LRs which
might weaken the mass transfer resistance between phases
(Zehraoui et al., 2012). Therefore, this study aims to evaluate the
performance of BTFs for the efficient removal of hydrophobic VOC
(n-hexane) in the presence of hydrophilic VOCs (4-methyl-2-
pentanone or toluene). Two equally biofilters, BTF A and BTF B,
were operated in parallel to remove hydrophilic and hydrophobic
volatile organic contaminants from the exhaust stream. As a control
unit, the sole carbon source of n-hexanewas degraded in BTFA. The
removal of a mixture of hydrophilic VOCs (4-methyl-2-
pentanonetoluene or toluene) and hydrophobic n-hexane
occurred in BTF B. Effect of hydrophilic VOCs on the performance of
BTFs for n-hexane removal was investigated under various exper-
imental conditions, and the biomass characteristics at different
filtering layers in BTFs were evaluated. The mechanism about the
interaction between the hydrophobic and hydrophilic VOCs was
also discussed.
2. Materials and methods

2.1. Packing material

Due to its high porosity, good mechanical strength, as well as
low density, polyurethane sponges (Shenzhen Jiechun Filter Ma-
terial, Guangdong, China) were used as packing material in the
study. The polyurethane sponges have a size of 10 cm � 10 cm, a
porosity of 95.3%, and an apparent density of 28 kg/m3. The char-
acteristic parameters of the module polyurethane sponge tube are
listed in Table S1.
2.2. Inoculation

Activated sludge was obtained from aerobic tank at Changsha
Kaifu Wastewater Treatment Co. Ltd., Hunan, China and used for
inoculation of BTF. The polyurethane sponges were immersed in
the activated sludge for 24 h to acclimate to the biofilm, and the
packing material was placed in the plexiglass column for the cap-
ture and biodegradation of volatile organic pollutants.
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2.3. Chemicals

Three different types of VOCs were used as target pollutants in
this study. n-hexane (C6H14, >99%), 4-methyl-2-pentanone
(C6H12O, >99%), and toluene (C7H8, >99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
chemicals used in the nutrient solution were listed in Table 1. All
chemicals mentioned above were analytical grade.
2.4. Analytical methods

Gas phase samples were extracted with gas-tight syringes from
top, middle, and bottom gas sampling ports. The VOCs concentra-
tion was monitored daily by gas chromatograph (Agilent 7890 N,
Series II, California, USA) equipped with a flame ionization detector
(FID). The capillary column equipped in the experiment was HP-
VOC (60 m � 320 mm � 1.8 mm), whose maximum operating
temperature was 280 �C. The inlet and outlet CO2 concentration
during the operation was measured by gas chromatography
(SP7820, Hongtu, China) equipped with a thermal conductivity
detector (TCD). TC (total carbon) was determined by TOC tester
(Shimadzu, Japan).

The biofilm on the surface of polyester sponges was removed for
EPS analysis. EPS was extracted by the thermal extraction method
mentioned in the previous study (Qian et al., 2018). The determi-
nation of volatile suspended solids (VSS) was performed according
to standard methods (APHA, 1998). The content of proteins and
polysaccharides were detected by Coomassie brilliant blue staining
method and the anthroneesulfuric acid colorimetry method,
respectively (Chen et al., 2018). Microbial cell counts were deter-
mined by taking 1 g of biofilm samples taken from different layers
of filter medium. Each biofilm sample was added with 9 mL of
distilled water containing 0.9% NaCl. This solution was shaken
vigorously and serially diluted and then inoculated into nutrient
agar media. The plates were incubated for 3 d at 30 �C before
counting the colonies.

Variations in pressure drop was estimated by monitoring the
differential pressure gauge readings connected to both ends of the
BTFs. The temperature of the biofilter bed was regulated by an in-
door air-conditioner and measured by a glass thermometer.
2.5. Biotrickling filters

2.5.1. Biotrickling filter system
A schematic diagram of the BTF was shown in Fig. 1. Biofilter

consist of transparent plexiglass tube, nutrient solution distribution
system, and gas distribution system (Wang et al., 2013). Plexiglas
column had an internal diameter of 10 cm and a total bed height of
78 cm which was divided into four parts. Each part was filled with
10 cm � 10 cm polyester sponge filler. A void space of 9 cmwas set
up at the bottom of plexiglass tube for leachate collection and
Table 1
Formulation and concentration of nutrient solution.

Component Concentration
(mg/L)

Component Concentration
(mg/L)

K2HPO4 28.16 KH2PO4 9.25
MgSO4 4.4 NaNO3 490
NaHCO3 24 FeCl3 0.0926
CaCl2 2.69 CuCl2$4H2O 0.062
MnCl2$4H2O 0.144 CoCl2$6H2O 0.866
Folic Acid 0.00089 D-pantothenic Acid 0.0035
Vitamin B2 0.0023 Nicotinic Acid 0.0023
Biotin 0.0023 Aminobenzoic Acid 0.0023
sprinkling water. The nutrient solution and airflow direction in BTF
were operated in co-current mode. The nutrient solution was
evenly sprayed on the filler from top to bottom at a rate of 5.28 L/
d under the action of submersible pump and time controller, which
acted as a nitrogen source for microorganisms to promote its
growth and metabolism (Cheng et al., 2016b). The bottom effluent
was collected and not cycled. The gas distribution system regulated
the flow of the gas through a rotameter to split the clean gas from
the air compressor into two streams. Themajor streamwas used for
humidification, and the minor stream to promote the volatilization
of volatile organic compounds. The two streams entered the plex-
iglass column after being mixed, and the VOCs were degraded by
the microorganisms attached to the filler as carbon sources.

2.5.2. Experimental set-up
At the BTF start-up stage, A single pollutant of n-hexane was

introduced into the BTF Awith a corresponding inlet concentration
of 200 mg m�3. Meanwhile, the target pollutant in BTF B was a
mixture of n-hexane and 4-methyl-2-pentanone with inlet con-
centrations of 200 and 300 mg m3, respectively. After being suc-
cessfully started up, both BTF systems were run at different gas
empty bed residence times (EBRTs) (30, 60, 75, 45, 15 s) and
different temperatures (10, 15, 25 �C), which was to evaluate the
effect of hydrophilic 4-methyl-2-pentanone on the performance of
BTFs. In order to maximize the positive effect of hydrophilic VOCs
on the removal of hydrophobic n-hexane by BTFs, toluene was
introduced into BTF B and the removal of n-hexane was studied
under different mixing loading ratios (6:1, 1:2, 1:1, 8:1) of n-hexane
and toluene. The removal performance of BTFs was evaluated in
terms of the elimination capacity, EC (g m�3 h�1) and removal ef-
ficiency, RE (%).

3. Results and discussion

3.1. BTFs start-up

BTF A and B were operated for 177 days under different opera-
tion conditions. As illustrated in Table 2, BTFAwas used as a control
unit to remove the hydrophobic VOC (n-hexane), while BTF B was
used as an experimental unit to eliminate the mixture of n-hexane
and 4-methyl-2-pentanone/toluene.

The performance of the BTFs in start-up stage was evaluated
(Fig. 2). In the first 5 d, the RE of n-hexane in BTF A was very low
(<30%), and a gradual increase was observed and it reached more
Fig. 1. Schematic diagram of the BTF, where: ① air pump, ② flow meter, ③ n-hexane,
④ toluene/4-methyl-2-pentonone, ⑤ water, ⑥ effluent liquid, ⑦ thermometer, ⑧ gas
sampling port, ⑨ mixed gases, ⑩ biofilm sampling port, ⑪ pressure gauge,⑫ nutrient
solution þ time controller.
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than 60% after 13 d of operation. On day 17, the RE increased to 68%
which corresponded to an EC of 14.5 g n-hexane m�3 h�1. Over the
next few days, the RE maintained at around 70%, which meant the
successfully start-up of BTF A. The entire process lasted 22 d. As for
BTF B, the process of start-up was faster. The RE for 4-methyl-2-
pentanone in BTF B remained 100% since day 2. On day 7, the RE
of n-hexane in BTF B reached to 54%, which corresponded to an EC
of 16.8 g n-hexane m�3 h�1 and 29.7 g 4-methyl-2-pentanone m�3

h�1. The RE of n-hexane fluctuated between 38% and 43% with a
maximum EC of 10.4 g n-hexane m�3 h�1 and 48.5 g 4-methyl-2-
pentanone m�3 h�1 in a week after day 14, which could be regar-
ded as a successful start of BTF B.
Fig. 2. Effect of EBRT on the performance of BTFs: (a) n-hexane in BTF A; (b) n-hexane
in BTF B.
3.2. Effect of EBCT on performance of BTFs

When the BTFs were successfully started, the airflow rates were
changed to achieve the purpose of altering EBCT during 22e52 d.
The effect of EBCT on the RE of hydrophilic and hydrophobic VOCs
in BTFs was evaluated (Fig. 2). The RE of n-hexane in BTF A and B
was slightly promoted since EBCT was increased from 30 s to 75 s.
BTF A obtained the maximum RE of 82.3% for n-hexane with an
EBRT of 60 s and an inlet load of 16.4 g m�3 h�1. Meanwhile, the
maximum RE of n-hexane in BTF B was 65.6% under the condition
of 60 s and 12 g m�3 h�1. Besides, the removal of n-hexane in BTFs
was greatly declined when EBCT dropped to 15 s.

During this phase, the average RE of n-hexane in BTF A was
higher than that in BTF B. This result could be explained by the fact
that when the residence time of the contaminant in the BTF was
shortened, the probability of being trapped by the microorganism
was lowered, and consequently resulting in a decrease in degra-
dation efficiency (Lebrero et al., 2012). However, the removal rate of
4-methyl-2-pentanone in BTF B was not affected by EBCT and it
remained at 100%. This may be related to its strong hydrophilicity
(Table S2), which was preferentially utilized as carbon source by
microorganisms. Similar phenomenon had been observed by other
research teams (Vergara-Fern�andez et al., 2018). The authors had
proved that low EBCT (5 s) had little effect on the removal of
toluene with a relatively high hydrophilicity. An interesting
conclusion was obtained that the RE of n-hexane in BTF A was
higher compared to BTF B under the EBRT of 15 s. This indicated
that the presence of 4-methyl-2-pentanone might inhibit the
degradation of n-hexane, yet promote the stable operation of BTFs
under the condition of short EBRT.
Table 2
A summary of operation conditions in BTF A and BTF B.

BTF A (n-hexane)

Time (d) 0e20 21e29 30e37 38e45
Concentration (mg m�3) 130e234 261e381 529e682 381e6

Loading rate (g m�3 h�1) 16e28 15e22 25e33 30e51

EBCT (s) 30 60 75 45
Time (d) 46e52 53e64 65e73 74e10
Concentration (mg m�3) 104e155 337e724 1024e1206 182e6

Loading rate (g m�3 h�1) 25e37 20e44 62e73 11e40

EBCT (s) 15 60 60 60
Time (d) 110e131 132e150 151e167 168e1
Concentration (mg m�3) 513e949 602e1745 320e397 826e1

Loading rate (g m�3 h�1) 31e57 36e106 19e24 50e74

EBCT (s) 60 60 60 60
3.3. Effect of temperature on performance of BTFs

During day 74 to day 108, since temperature was an important
factor for the performance of BTFs, temperature was altered to test
BTF B (a ¼ n-hexane, b ¼ 4-methyl-2-pentanone, g ¼ toluene)

Time (d) 0e20 21e29 30e37 38e45
45 a 165e297 198e314 495e620 323e509

b 149e446 132e280 290e558 88e251
a 20e36 12e19 24e30 26e41
b 18e54 8e17 14e27 7e20
EBCT (s) 30 60 75 45

8 Time (d) 46e52 53e64 65e73 74e108
61 a 74e136 264e744 859e1140 231e711

b 70e140 83e149 215e810 33e413
a 18e33 16e45 52e69 14e43
b 17e34 5e9 13e49 2e25
EBCT (s) 15 60 60 60

77 Time (d) 110e131 132e150 151e167 168e177
224 a 530e843 648e1650 305e491 383e1243

g 249e928 305e889 129e748 23e75
a 32e51 39e100 18e30 66e164
g 15e56 18e54 8e45 4e10
EBCT (s) 60 60 60 60



Fig. 3. Effect of LRs of n-hexane and 4-methyl-2-pentanone on the performance of
BTFs: (a) n-hexane in BTF A; (b) n-hexane in BTF B.
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its effect on the removal of mixed contaminants. The decline of
temperature played a major role in the reduction of the activity and
metabolism of microorganisms in biofilms (Vergara-Fern�andez
et al., 2018). Therefore, when the temperature of BTFs was
decreased from 25 �C to 10 �C, the maximum RE of n-hexane in BTF
A decreased from 65% to 38.0%. As the temperature raised to 25 �C,
the removal performance of BTF A and B was greatly improved
compared with that at 10 �C (Fig. 3). However, the downward trend
of n-hexane removal rate in BTF B was smaller than that in BTF A.
Research has been reported that the liquid mass transfer resistance
of VOC decreased with the temperature which was lower than the
constant temperature (Parnian et al., 2016). Therefore, this could be
explained that the high mass transfer efficiency of 4-methyl-2-
pentanone made it less affected by temperature changes, and BTF
B could also have a more stable operation performance at low
temperatures. The result also indicated the high flexibility of BTFs
in the treatment of a mixture of hydrophobic and hydrophilic
contaminants under low temperatures.
3.4. Removal performance of BTF at presence of hydrophilic VOCs

3.4.1. Effect of hydrophilic 4-methyl-2-pentanone on removal of n-
hexane

BTF A was operated at LRs of 26e67 g n-hexane m�3 h�1. While
BTF Bwas operated at LRs of 22e61 g n-hexanem�3 h�1 and 4e32 g
4-methyl-2-pentanone m�3 h�1 from day 53 to day 73 (Fig. 3). The
performance of BTF A deteriorated with the increase of LR of n-
hexane, which can be explained by the inhibition of the growth and
metabolism of microorganisms by a single carbon source with high
LR (Sun et al., 2018). The performance of BTF B was also affected by
LRs, and REs of n-hexane were lower than that of BTF A. Similar
investigation had found that the increasing in LR of chloroform
adversely affected the RE of toluene and damaged the overall per-
formance of BTF. It was also mentioned that the inhibitory effect
may be caused by the change of dominant bacteria in the BTFs
(Balasubramanian et al., 2012).

When the loading ratio of n-hexane and 4-methyl-2-pentanone
was 3:1, there was little difference in EC of n-hexane between BTFA
and B (Fig. S1). Once the mixing ratio dropped to 1:1 or even 1:2,
the RE of n-hexane in the BTF B began to decline. The maximum EC
of n-hexane in BTF A and B was 18.6 g m�3 h�1 and 14.4 g m�3 h�1

for the LR of 27.5 g m�3 h�1. Similar result elaborated that high
concentration of n-butanol could inhibit the removal of toluene,
which might be due to the competitive inhibition between n-
butanol and toluene, or the excessive accumulation of biofilm
caused by n-butanol, thereby reducing the performance of the BTFs
(Dixit et al., 2012). Previous study also reported that methanol
inhibited the removal rate of a-pinene and hydrogen sulfide under
a certain load (Jin et al., 2007).

However, the removal of n-hexane in BTF B was better than that
in BTF A when the mixing ratio was increased to 6:1. It could be
interpreted that the low 4-methyl-2-penranone LR in BTF B might
lead to an increased bioavailability of n-hexane as compared to BTF
A. For multi-component VOCs with different hydrophobicity, the
removal of hydrophobic components might be inhibited by the
presence of hydrophilic components (Zehraoui and Sorial, 2015).
The degree of inhibition was reduced if the metabolism of the hy-
drophilic substrates was stimulated in BTFs. Thus its inhibitory
impact on the hydrophobic component would be weakened when
the LR of hydrophilic component was decreased (Ikemoto et al.,
2006). Similar result was obtained when the mixture of methanol
and n-hexane were degraded in BTFs (Zehraoui et al., 2013).

3.4.2. Effect of moderately hydrophilic toluene on removal of n-
hexane

The results showed that the addition of hydrophilic 4-methyl-2-
pentanone inhibited the degradation of n-hexane in most cases,
and only when the LR of 4-methyl-2-pentanone was quite low
could it promote the removal of n-hexane in BTFs slightly. There-
fore, a mixture of n-hexane and toluene was introduced into bio-
filters as carbon sources. During day 109 to day 177, BTF A was
operated at LRs of 21e82 g n-hexane m�3 h�1. While BTF B were
operated at LRs of 25e79 g n-hexane m�3 h�1 and 5e58 g toluene
m�3 h�1 (Fig. 4).

With the steady operation of BTFs, the RE of n-hexane in BTF A
was stable at around 50% under the condition of 38 g m�3 h�1. In
contrast, toluene inhibited the removal of n-hexane, resulting in a
removal rate of less than 35%. The inhibitionwas more pronounced
with a high LR of n-hexane. This might due to the competitive in-
hibition between toluene and n-hexane in terms of nutrients and
preferential degradation (Zhao et al., 2011). Some other studies also
confirmed this, and reported that the presence of benzene greatly
inhibited the biofiltration of n-hexane (Hassan and Sorial, 2010).
However, when the ratio of n-hexane and toluene increased to 6:1,
the inhibition disappeared and was replaced by toluene’s promo-
tion of n-hexane (Fig. S2). This boost was shown with low LRs of
toluene. The REs of n-hexane were greatly improved, and the
maximum RE reached 90% with a LR of 29 g m�3 h�1. The result
obtained was superior to other literatures that investigated n-
hexane as a single pollutant in bioreactors (Hu et al., 2015). In other



Fig. 4. Effect of LRs of n-hexane and toluene on the performance of BTFs: (a) n-hexane
in BTF A; (b) n-hexane in BTF B.
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words, the presence of hydrophilic substrates could promote the
removal of stubborn VOCs in BTFs. The addition of hydrophilic VOCs
can stimulate the growth of microbial populations in biofilms (Hu
and Wang, 2015), and their demand for carbon sources.
3.4.3. Mass balance of carbon
Carbon balance analysis was performed on the experimental

systems. The mass balance of carbon for the treatment of n-hexane
and hydrophilic VOCs in BTFs was illustrated in Table 3. Apart from
sodium bicarbonate and CO2 in the background, the only energy
source and electron donor in the nutrient solution was VOCs.
Whereas sources of effluent carbon in the liquid and gas phase
included undegraded VOCs, CO2 produced by metabolic processes,
carbon in the leachate, and the effluent VSS (Aly Hassan and Sorial,
2011; Yang et al., 2004). The carbon equilibrium equation was
expressed as

Carboninput¼VOCinlet þ CO2gasþ TCliquid (1)

Carbonoutput ¼VOCoutlet þ CO2gasþ TCliquid þ VSSliquid
þ VSSbiomass (2)

The average carbon recovery efficiency varied between BTF A
and BTF B. It was defined as the ratio of the effluent and influent
carbon for the same phases. The values of the sources and products
of carbon were normalized to the units of mg carbon h�1. The re-
covery rates were calculated to be 89.1e97.3% for BTF B under
loading rates of 18.5e109.0 g m�3 h�1, while the recovery efficiency
for BTF A was in a range values of 88.0e98.2%. It was noting that
about 30.0e41.9% of the carbon in the inlet air stream was con-
verted into inorganic carbon in BTFA. About 4.5e4.9% of the carbon
was changed to biomass. However, the percent mineralization of
VOCs in BTF B reached at 37.6e48.3% with a biofilm production of
10.5e14.8%. This could be interpreted that the performance of BTFA
for VOCs removal was inferior to that of BTF B. As the main carbon
source of BTF A, n-hexane was only partially degraded, and most of
it constituted the effluent carbon in untreated form (Avalos
Ramirez et al., 2008).

3.5. Effect of hydrophilic VOCs on biofilms in BTFs

3.5.1. EPS fraction in biofilms
EPS, as an important part of biofilms, provided a wide surface

area for microorganisms andwere responsible for themass transfer
of substrates. In addition, the content of EPS would change some
significant surface characteristics of biofilms, thus affecting the
mass transfer of substrates (Sponza, 2003). EFS was mainly
composed of proteins and polysaccharides. Changes of proteins and
polysaccharides in BTFs during day 21 to day 170 were shown in
Fig. 5. The concentrations of proteins and polysaccharides from all
parking layers of BTF B were higher than that of BTF A on day 21,
which indicated that the addition of 4-methyl-2-pentanone had a
positive effect on the increase of EPS. It was worth noting that the
addition of 4-methyl-2-pentanone promoted the growth of EPS
(especially the protein) in BTF B mainly in the first þ second layers.
This phenomenon could be explained by the fact that the removal
of 4-methyl-2-pentanone rarely occurred in the third þ fourth
layers of BTF B (Fig. S3), which lead to less increase in protein and
polysaccharide concentrations.

For the BTF B added with toluene, it was seen that the content of
both polysaccharides and proteins in all parking layers were
significantly increased and obtained the maximum values with a
corresponding toluene LR of 30.1 g m�3 h�1 (the increase from 33.3
to 94.7 mg g�1 MLVSS for protein, from 24.6 to 34.2 mg g�1 MLVSS
for polysaccharide). Furthermore, the ratio of protein and poly-
saccharide (PN/PS) in BTF B kept an increased trend from day 130 to
170. The results showed that addition of toluene promoted the
proportion of protein for the EPS in the biofilms. Previous studies
indicated that the composition of EPS was strongly correlated with
the hydrophobicity of biofilms. It was considered that protein
possessed a good deal of non-polar groups and was regarded as the
main hydrophobic component in the EPS, while polysaccharide
with a large amount of polar groups mainly contributed to the
hydrophilic fraction of EPS in biofilms (Li et al., 2016; Wil�en et al.,
2003). Therefore, the assumption could be drawn that existence
of toluene, instead of 4-methyl-2-pentanone, made the EPS in the
biofilms more hydrophobic.

3.5.2. Microbial growth in biofilms
The growth of microorganisms could be reflected by the total

number of colonies in the biofilms (Malakar et al., 2018). Significant
differences existed between BTF A and BTF B in the cell concen-
tration (Fig. 6). The initial cell concentration of biofilms from A and
B after the acclimation were 1.9 � 103 and 8.9 � 105 CPU mL�1,
respectively. It showed that the introduction of 4-methyl-2-
pentanone promoted the microbial growth. Futhermore, a slight
increase in cell concentration of biofilms with a mixture of n-
hexane and toluene in BTF B. The microbial cell numbers varied
from 2.0 � 106 to 7.9 � 106 CPU mL�1 during day 64 to 130, which



Table 3
Carbon mass balance for BTF A and BTF B.

BTF Carbon input rate (mg h�1) Carbon output rate (mg h�1) Carbon Recovery
(%)

VOC CO2 (gas) TC (liquid) Total CO2

(gas)
VOC
(gas)

TC
(liquid)

VSS
(liquid)

VSS
(biomass)

Total

A 38.4 46.1 0.3 84.8 62.2 8.3 5.0 0.7 4.0 81.1 94.5
76.9 59.0 0.5 126.3 89.2 12.0 6.3 0.8 6.2 114.5 90.7
136.9 49.0 0.7 196.6 100.5 58.0 8.4 1.0 8.9 176.7 88.0
205.0 54.7 1.0 260.7 127.5 101.8 9.2 1.1 12.4 252.1 89.9
259.7 53.3 1.1 314.0 135.1 145.6 11.2 1.2 15.1 308.2 96.7
314.4 63.4 1.3 379.1 157.8 164.5 13.0 1.3 18.6 349.2 98.2

B 57.8 43.2 0.3 101.3 71.1 6.7 2.7 1.8 10.6 92.9 92.1
100.9 51.8 0.5 153.2 94.4 26.5 4.0 3.0 18.1 146.0 95.2
127.8 61.9 0.7 190.4 110.5 37.3 5.9 4.1 24.8 182.6 95.9
201.3 60.5 1.0 262.6 136.1 49.2 7.5 6.0 36.2 233.9 89.1
249.6 51.8 1.1 302.5 150.6 82.1 9.4 7.5 44.9 294.5 97.3
340.6 60.5 1.3 402.4 190.1 104.5 11.2 8.7 52.6 367.2 91.2

Fig. 5. EPS (protein and polysaccharide) in biofilms of BTF A and BTF B.
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indicated the enhanced growth of microorganisms in the presence
of hydrophilic VOCs. It was worth noting that the total number of
colonies on the 170th day of BTF A, not long after the removal of the
excess biofilms, was still kept at 7.0 � 106 CPU mL�1. It could be
concluded that the addition of hydrophilic VOCs contributed to the
stable operation of BTFs.

3.5.3. Pressure drop
The pressure drop reading of a U-tube pressure gauge was used

to assess the biomass accumulation and operational stability of
BTFs in this study (Yang et al., 2003b). The pressure drop ranged
from 21 to 59 Pa for BTF B and from 53 to 304 Pa for BTF B during
thewhole run (Fig. 7). The pressure drop of BTFAwas quite low. The
main reason was that small amounts of n-hexane were biode-
gradable, which limits the growth and metabolism activities of
microorganisms (Zehraoui and Sorial, 2015). As the addition of
hydrophilic 4-methyl-2-pentanone and toluene, biofilms in the
packing material form BTF B gradually thickened. It might due to
the complete degradation of hydrophilic VOCs, which speed up the
formation and growth of biofilms. However, a sharp increase in
pressure drop on day 65 and 141 was observed. The values reached
178 and 304 Pa, respectively, which meant that excessive biomass



Fig. 6. Total microbial cell counts of BTF A and BTF B.

Fig. 8. Interaction mechanism between the hydrophobic and hydrophilic VOCs.
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was finally formed. In order to prevent the accumulation of
excessive biomass from damaging the performance of BTF B, the
corresponding measures were taken. The amount of pollutants and
nutrient solution were reduced to control the growth of biomass.
The excess biomass was removed by pressing the polyester sponges
in nutrient solution (Yang et al., 2010b).
3.6. Interaction mechanism of hydrophilic and hydrophobic VOCs

For multi-component VOC mixtures with different hydropho-
bicity, the removal of hydrophobic VOCs could be inhibited by hy-
drophilic VOCs. The inhibition might be due to the following
reasons. Firstly, the hydrophobic natures of hydrophobic VOCs
limited their degradation in biotrickling filters (Lebrero et al., 2013).
Secondly, the presence of high-LR pollutants reduced the opera-
tional performance of BTFs. In addition, the matrix competition
between hydrophobic and hydrophilic VOCs resulted in the pref-
erential degradation of hydrophilic VOCs with strong hydrophilic-
ity, while the degradation of hydrophobic VOCs was limited by
high-LR toluene (Zamir et al., 2012).

In addition, the presence of some hydrophilic VOCs stimulated
Fig. 7. Profiles of pressure drop during the operation of BTF A and BTF B.
the removal of reluctant VOCs in BTFs. Previous studies had also
found that methanol can be used as a co-metabolizing substrate to
improve the RE of dimethyl sulfide when the binary mixture of
dimethyl sulfide and methanol were degraded in BTFs (Zhang et al.,
2010). As demonstrated in Fig. 8, the addition of hydrophilic VOCs
(4-methyl-2-pentanone or toluene) could stimulate the growth of
microbial populations in biofilms, and stimulating their demand for
carbon sources. Oncemicroorganisms grow rapidly, hydrophobic n-
hexane was mostly utilized to meet the requirements of their
growth and metabolism. Hence, reducing the LR of hydrophilic 4-
methyl-2-pentanone or toluene could promote the consumption
of hydrophobic n-hexane in a disguised way.
4. Conclusions

The effect of hydrophilic VOCs on removal of hydrophobic n-
hexane in BTFs was evaluated. Short EBRT (15 s) and low temper-
ature (15 �C) did damage to the removal performance of hydro-
phobic n-hexane. The addition of hydrophilic 4-methyl-2-
pentanone could mitigate the negative effect to ensure the stable
operation of BTFs. The elimination of n-hexane in BTFs was pro-
moted in the presence of hydrophilic 4-methyl-2-pentanone and
moderately hydrophilic toluene. The positive effect of 4-methyl-2-
pentanone on n-hexane was only demonstrated when the LRs of 4-
methyl-2-pentanone were extremely low, for 4-methyl-2-
pentanone LRs less than 6.2 g m�3 h�1. The promoted degrada-
tion of n-hexane by toluene occurred when the loading ratio be-
tween n-hexane and toluene was greater than 4. The enhanced
removal of n-hexane by hydrophilic VOCs was reflected in the rapid
growth and reproduction of microorganisms in biofilms.
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