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Abstract

Background: Volatile organic compounds are a major source of air pollution affecting human health and the environment. Differ-
ent methods are used to remove these pollutants from air streams including conventional and biological methods.
Objectives: In this study, the absorption and biodegradation of toluene were examined in a semi-industrial bioscrubber in order
to enhance the absorption rate of toluene in the aqueous phase.
Methods: The effect of cutting oil was examined as the organic phase. Mass transfer was measured for water only, as well as for three
concentrations of cutting oil in water. The growth of microorganisms in the presence of different concentrations of cutting oil was
investigated. The microbial consortium was obtained from a wastewater treatment plant in order to inoculate the bioscrubber.
First, the ability of the microbial consortium was tested for the degradation of toluene in a bottle.
Results: The results showed 98% of toluene in the bottle was degraded by the microbial consortium. In addition, the use of cutting
oil significantly decreased kla (from 3.8 to 0.37). Concerning bioscrubber performance, the use of cutting oil as the organic phase
increased the efficiency and elimination capacity from 22.5 to 55 and from 34 to 69, respectively, in the case of oil in water. The
elimination rate of toluene increased as 32.5% by adding the cutting oil.
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1. Background

Volatile organic compounds (VOCs) are major air pol-
lutants affecting human health and the environment (1-
3). Environmental impacts of these pollutants in the air
include atmospheric ozone depletion (due to chlorinated
compounds) (4, 5), stratospheric ozone production (6),
and global warming (7). Benzene, toluene, and xylene
(BTX) have been classified as the priority pollutants by the
U.S. Environmental Protection Agency because of their tox-
icity (8). A chronic exposure to a low concentration of
toluene may cause a range of effects on human health,
such as immunological and neurological disorders. Al-
though the toxicity of toluene is less than the toxicity of
benzene and it is not classified as a carcinogen to humans,
when it is accompanied by benzene, its carcinogenic ef-
fects increase. The IARC has classified toluene as group
3 and ACGIH has assigned it in cancer category A4 (prob-

ably not carcinogenic to humans) (9). The use of fossil
fuels has been recognized as the most important emis-
sion source of toluene to the atmosphere (10). Toluene
is also used as an industrial solvent in paints, adhesives,
rubber, plastics, and various chemical compounds. To re-
move volatile organic compounds from air streams, dif-
ferent methods are used, including conventional and bi-
ological methods. The conventional methods used to re-
move VOC from air streams are divided into two groups,
physical (absorption, adsorption, and condensation) and
chemical methods (thermal oxidation, catalytic oxidation,
ozonation) (11). Compared to the conventional methods,
biological methods are cost-effective and do not generate
secondary pollutions (12).

The biodegradation of BTEX by microorganisms was
recognized by Stormer in 1908 when he saw bacillus hex-
abovorum species grew in a medium containing toluene
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and xylene (13). Biofilters, biotrickling filters, and bioscrub-
bers are favorable biological systems to remove VOCs from
the air stream. These methods are the same concerning the
removal mechanisms, but they are different in the use of
microorganisms, substrate, and concentration of contami-
nants. The biofilter is ineffective at high flow rates and con-
centrations of pollutants. It also has a high head loss, lim-
iting its use in the industrial scale. In addition, substrate
toxicity may occur in the entrance of the gas stream.

Among the biological processes, bioscrubber has been
found to be economical and more reliable in terms of con-
struction and process control compared to other biolog-
ical processes. Bioscrubber consists of two units, a col-
umn through which VOC is absorbed from the contami-
nated stream to the aqueous phase, and a bioreactor in
which the biodegradation of VOC compounds takes place.
The aqueous phase is recycled to the column after settling
of sludge (14). To increase the absorption of hydrophobic
compounds, an organic phase (immiscible with water) is
added to the aqueous phase. Some studies have used n-
hexadecane (3, 15) and silicone oil (10, 16, 17) as the organic
phase to improve the absorption of VOCs from the pol-
luted stream to the aqueous phase. It should be noted that
the organic phase must be biocompatible, nontoxic, non-
biodegradable, inexpensive and have low volatility, low va-
por pressure, low density, no toxicity, and explosion risk
(18). Mudliar et al. showed that bioscrubber is more effi-
cient than other methods to degrade VOCs at high concen-
trations. Other features of bioscrubber are a low head loss,
moderate operating cost, and good operating control con-
ditions such as pH and temperature (19). Koutinas et al.
showed VOC removal efficiency is higher in bioscrubbers
than in biotrickling filters (20).

2. Objectives

The purpose of this study was to examine the biocom-
patibility of cutting oil at different concentrations and
mass transfer coefficients and select the optimum concen-
tration of cutting oil to be used in the bioscrubber for the
removal of toluene from air streams.

3. Methods

3.1. Biocompatibility Test for Cutting Oil

Since no study has been conducted to determine the
compatibility of microorganisms with cutting oil, it was
necessary to design some preliminary experiments. For
this reason, the following steps were designed. First, 1 mL
of activated sludge was diluted in a Falcon 50 mL tube with

deionized water to a volume of 10 cc. Three flasks con-
taining 50 mL of the mixture of nutrient broth and cut-
ting oil at the concentrations of 10, 20, and 30% were pre-
pared. One extra flask contained 50 cc of nutrient broth
without cutting oil and it was used as the control. Then,
100 microliters of the diluted sludge solution were poured
into the four flasks. For the growth of microorganisms, the
medium was then aseptically transferred to a flask, placed
inside an incubator, and stirred at 250 rpm and 37°C. Af-
ter 16 hours, 100 microliters of each flask were grown on
nutrient agar plates and incubated at 37°C overnight. The
growth of microorganisms on the plate at different con-
centrations of cutting oil was surveyed. All instruments
were sterilized by an autoclave before being used.

3.2. Microbial Consortium

The bioscrubber was inoculated by activated sludge
obtained from an oil industry refinery house. It was as-
sumed that it contained microorganisms being able to
biodegrade toluene. During the experiment, a fresh nutri-
ent solution (Merck Co., Germany) was added to the cul-
ture every day to provide the necessary nutrients for micro-
bial growth (Table 1). Toluene was the only carbon source
for microorganisms. To evaluate toluene degrading ability
of the microbial consortium, the mixture of nutrient and
sludge with a ratio of 3:1 was poured into a 300 mL bottle
and aerated for 30 minutes. Then, toluene at a concentra-
tion of 100 mg/L was added to the test bottles. The control
sample was prepared by adding 1% KCN in order to kill mi-
croorganisms. Then, the samples were incubated at 28°C
and 90 rpm on a rotary shaker in a dark environment. After
72 hours, toluene at the headspace of the bottles was gath-
ered with a gas-tight syringe and injected to GC-FID in or-
der to determine the toluene concentration.

3.3. Apparent Mass Transfer Coefficient

To determine the mass transfer coefficient of toluene
concentration at saturation, a 250-mL mixture of water
and cutting oil at three concentrations (10%, 20%, and 30%)
was prepared in an impinger 500 mL and a gas stream
(60 L/m) containing toluene with concentrations ranging
from 90 to 100 mg/m3 was passed through the mixture.
The concentration of toluene at the outlet and inlet was
analyzed by GC-FID. The operational conditions of GC were
200°C injection temperature, 130°C oven temperature, and
240°C detection temperature, with an FID detector and
capillary column (0.53 mm I.D, 50 m length, 0.25 µm film
thickness, CP-Sil 8 CB). The outlet concentration was mea-
sured continuously until it reached the saturation point.
The setup was put in a water bath for thermal control (Fig-
ure 1).
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Figure 1. Schematic diagram for apparent mass transfer coefficient measurement

Table 1. The Composition of Nutrient Medium

Trace Element Concentration, mgL-1

CaCl2 .2H2O 26

EDTA Na4(H2O)2 5.5

FeCl3 .4H2O 1.3

CoCl2 .6H2O 0/12

MnCl2 .2H2O 100

ZnCl2 0.07

H3BO3 0.06

NiCl2 .6H2O 0.025

NaMoO4 .2H2O 0.025

CuCl2 . 2H2O 0.015

CaCl2 .2H2O 26

Macro Element Concentration, gL-1

KH2PO4 1

K2HPO4 1

MgSO4 0.2

NaCl 1

To measure the concentration of toluene in the liq-
uid phase and at saturation, the following equations were
used, respectively (21, 22).

(1)C (t) =
Q

V

(
C0t−

∫ t

0

Cgdt

)

(2)
dc

dt
= kLa (CS − C (t))

Where:
Q = flow rate (m3 s-1)
V = volume of the solvent (m3)

C0 = Concentration of toluene at the inlet (g m-3)

Cg(t) = Concentration of toluene at the outlet (g m-3)

C(t) = Concentration of toluene in the liquid phase as a
function of time (g m-3)

3.4. Semi-Industrial Bioscrubber Setup

The schematic diagram of the experimental setup is
shown in Figure 2. According to standards, the bioscrub-
ber was equipped with two units. A scrubbing column that
was made of stainless steel (H: 1.2 m, inner diameter = 0.3
volume = 84.7, thickness = 1 mm) was equipped with eight
nozzles in the intervals of 0.1 m. The sampling ports were
placed at the inlet and outlet of gas stream. To measure the
pressure of the column, a manometer was used at the top
of the column. The biological oxidation took place in the
bioreactor containing the microbial consortium (volume
80 L; 75% of the total volume). The experiments were per-
formed at room temperature and the gas flow rate (G) was
adjusted at 30 m3 h-1 (EBRT: 10 seconds).

To measure the gas phase toluene concentration, the
gaseous samples were collected from the two sampling
ports placed at the inlet and outlet of the absorption col-
umn and then directly injected to GC by a gas-tight syringe
(Hamilton US). The resulting area was compared with a cal-
ibration curve to determine the concentration of toluene
in the samples. During the operation period of the bio-
scrubber, 3 L of the liquid medium was drawn off and re-
newed with fresh nutrient solutions every day to control
pH and provide nutrients for microbial growth. The air
stream was supplied with a fan (airflow, UK) and a minor
fraction of the air stream was bypassed into a flask filled
with liquid toluene (Merck Co., Germany), placed in water
bath for thermal control. By adjusting the flow rates of the
bypassed streams, various concentrations of toluene were
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Figure 2. The schematic diagram of the bioscrubber

produced. The stream containing contaminant vapor was
then mixed with air and conveyed to the bioscrubber.

The performance of the bioscrubber for the removal of
toluene from the gas stream was evaluated by calculating
removal efficiency (RE%) and elimination capacity (23, 24).

Removal efficiency (%):

(3)RE (%) =
Cin − Cout

Cin
× 100

Elimination capacity (EC, mg/m3/h):

(4)EC =
Q (Cin − Cout)

V

Where Q is the gas flow rate (m3/h), Cin and Cout are the
inlet and outlet toluene concentrations (mg/m3), and V is
the volume of the bioreactor medium (m3).

4. Results

4.1. Biocompatibility Testing of Organic Phase

Three different cutting oils were provided in three con-
centrations and their toxicity effects on the microorgan-
ism were examined by the colony counting. The result of

biocompatibility testing showed that for all studied cut-
ting oils, the volume fraction of 10% did not have any con-
siderable effect on the growth of microorganisms com-
pared to the control sample. However, the toxicity effect
of concentrations of 20 and 30% was noticeable.

Table 2 indicates some physical and chemical proper-
ties of the studied cutting oils. The results of biocompat-
ibility testing showed the toxic effects of Viyer 4000 and
Viyer 5000 were the same. Viyer 5000 at the concentra-
tion of 10% due to lower viscosity was chosen as the organic
phase to be studied in the bioscrubber.

4.2. Apparent Transfer Coefficient (kLa) and Concentration at
Saturation (Cs)

At three concentrations of cutting oil and water mix-
ture, toluene at the outlet of impinger was measured and
then the concentration of toluene in the liquid phase was
calculated according to Equation 2. When the toluene con-
centration at the inlet and outlet of impinger was fixed, it
was assumed that the saturation point has reached. Figure
3 presents the concentration of toluene in the gas phase
at the outlet of impinger as a function of time in different
combinations of cutting oil and water.
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Table 2. Some Physical and Chemical Properties of the Studied Cutting Oils

Type pH Density at 15°C Percentage, Mixed with Water Appearance

Viyer 4000 9 - 9.5 0.902 5 White

Viyer 5000 9 - 9.5 0.865 5 White
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Figure 3. Concentration of toluene in the gas phase as a function of time

Table 3. Concentration at Saturation Point, Cs (mgL-1), and Apparent Mass Transfer
Coefficient, kLa (h-1), of Toluene in Different Scrubbing Solutions

Cs (mgL-1) kLa (h-1)

Water 3.8 ± 0.7 11 ± 1

Water/oil (10%) 28 ± 1.6 0.8 ± 0.04

Water/oil (20%) 31 ± 2.5 0.5 ± 0.05

Water/oil (30%) 37 ± 4 0.38 ± 0.05

When the impinger contained only water, the concen-
tration of toluene quickly reached the saturation point.
The result showed that for a 10% water-cutting oil mixture,
50% of toluene was absorbed after 200 minutes while this
occurred for 20 minutes for water. Table 3 represents the
concentration value at saturation point (Cs) and the appar-
ent mass transfer coefficient (kLa) in different scrubbing
solutions. Addition of cutting oil to the aqueous phase
could enhance the liquid concentration of toluene. For hy-
drophobic compounds, such as toluene, using an organic
phase for improving absorption is necessary.

4.3. Degradation Ability of Bacterial Consortium

For this test as mentioned before, the toluene-
containing gas in the headspace of three bottles con-
taining a mixture of nutrient, sludge, and liquid toluene
and one control bottle was sampled and analyzed after
72 hours incubation. Figure 4 depicts the comparison
of toluene concentration in the headspace of the test

samples and the control sample. As seen in Figure 4,
the toluene concentration is significantly higher in the
control sample than in the test samples. The results con-
firmed that biodegradation of toluene occurred using
microorganisms in the sludge from a petroleum refinery.
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Figure 4. Toluene concentration in the headspace of the test samples and the con-
trol sample

4.4. Removal Efficiency of Toluene

The volume fraction 10% of cutting oil was selected as
the organic phase based on the results of the biocompati-
bility test. Then, the effect of the organic phase in various
operational conditions of bioscrubber was investigated.
After adaptation of microbial consortium in the bioreac-
tor, removal efficiency and elimination capacity at differ-
ent toluene loads were studied. Figures 5 and 6 illustrate
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the trend of toluene removal over time, with and without
the use of cutting oil in the scrubber solution, respectively.
The mean toluene RE and CE increased from 22.5 to 55 and
from 34 to 69, respectively, when cutting oil was added to
water.

5. Discussion

The results indicated that the increment of cutting
oil fractions would inhibit the microorganism growth.
Similarly, Fabian and Pivnick studied the effect of vari-
ous cutting oil concentrations on a microbial population
in the emulsion. They showed that as the oil concentra-
tion increased, the mean generation time in the logarith-
mic phase decreased. They concluded that the number
of populations was much lower at higher concentrations
of toluene. It could be due to some autoantibiotic effects
which were exerted at higher concentrations of oil but not
at lower concentrations (25).

The use of the organic phase at the concentrations of
greater than 10% may increase the energy consumption of
the liquid recycling. Karimi et al. showed that the use of
10% volume fractions of silicon oil significantly decreased
power consumption in a two-phase partitioning stirred
tank bioreactor compared to 20% and 30% fractions. They
also deduced that the optimal silicone oil fraction was 10%
from the viewpoint of oxygen transfer (26). It was observed
that the reduction of the volumetric oxygen transfer coef-
ficient (kL) could occur at higher silicone oil fractions. It
can be explained by the decrease of oxygen diffusion be-
cause of oil droplets slightly taking the liquid film around
the bubbles or the reduction in the interfacial area (26-28).

Different organic phases such as silicon oil, hexade-
cane, and n-hexadecane have been used in previous stud-
ies for the operation of two-phase partitioning bioscrub-
bers (3, 29). However, these compounds are more applied
to laboratory-scale experiments. Recently, cutting oils that
are commonly used in machining metal parts have been
investigated in semi-industrial bioscrubber units because
of their low cost and availability (21).

Many factors can affect the mass transfer behavior such
as physical and chemical characteristics of the pollutant,
viscosity of the liquid medium, gas and liquid flow rate
(L/G ratio), gas velocity, pH, and temperature of operation
(30).

According to Table 3, the addition of cutting oil could
significantly decrease the mass transfer coefficient (kLa) of
toluene and increase the concentration values at the satu-
ration point of toluene in the solution containing cutting
oil. It has been shown that an increase in oil fraction leads
to an increase in the viscosity and degree of the pseudo

plasticity (31). It has been demonstrated that when oil frac-
tion increases, the mean distance between the droplets be-
comes smaller, so it simplifies compacting of oil and leads
to increased viscosity (31, 32). Mohd Sauid et al. concluded
that the effect of increases in viscosity and changes in rhe-
ology of the solution with the increase of oil fraction is
more important than the effect of decreased surface ten-
sion, which resulted in the decrease of kLa. Indeed, the oils
with higher viscosity have lower kLa value due to surface
immobility and lower bubble motion (31, 33).

Many studies have shown that using the organic phase
in two-phase partitioning bioreactors (TPPBs) can increase
affinity to O2, thereby resulting in the improved O2 mass
transfer rate from the gas phase to the microorganisms
and the enhanced biodegradation of the pollutant (10, 34).
Montes et al. also showed that the affinity of silicon oil
to O2 is higher than the affinity to water (up to 10 times)
(35) since the organic phase created a thin layer at the gas-
liquid interface, acting as an intermediary for the move-
ment of O2 to the aqueous phase(31).

According to our findings, the concentration of
toluene at the liquid phase enhanced with the use of
cutting oil compared to water alone. Lalanne et al. con-
firmed that the addition of cutting oil to scrubber solution
increases the concentration at saturation of aromatic com-
pounds, which is consistent with our results (21). Indeed,
the addition of the oil can modify the rate of transfer of the
test gas across the boundary layer (27). It has been proven
that the concentration at saturation of the compounds in
the aqueous phase is a reciprocal function of the Henry
coefficient, and it depends on the hydrophilic character of
the pollutant (21, 36).

Mazzeo et al. assessed the BTEX biodegradation by bac-
teria from effluents of a petroleum refinery. They con-
cluded that the application of the selected bacteria in
biodegradation processes can be a reliable and effective
tool in the treatment of BTEX and the petroleum refinery
waste can be a source of hydrocarbon-biodegrading mi-
croorganisms (13).

Lalanne et al. used a semi-industrial bioscrubber to as-
sess the effect of the cutting oil on the bioscrubber per-
formance. They showed that the addition of cutting oil as
an organic phase increased the removal efficiency of hy-
drophobic compounds from 12% to 36% (21). This value is
much less than that of in the present study, which can be
due to the high L/G ratio of our test bioscrubber.

5.1. Conclusion

The purpose of the current study was to determine the
biocompatibility of cutting oil and its efficacy as the or-
ganic phase in order to enhance absorption and biodegra-
dation rate of toluene from air streams. According to the
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Figure 5. Toluene removal as a function of time, without the use of cutting oil in scrubber solution
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Figure 6. Toluene removal as a function of time, with the use of cutting oil in scrubber solution

findings that are consistent with the previous studies, it
seems that the addition of oil has a positive effect on the
purification of the toluene from air streams and the cut-
ting oil at the concentration of 10% does not have a dys-
function effect on the microbial communities (21). The
findings of the study showed that without the use of an
organic phase, the removal efficiency and elimination ca-
pacity were very low, which can be due to the hydrophobic
property of toluene. In addition, the use of cutting oil sig-
nificantly decreases the mass transfer coefficient (kLa) of

toluene and increases the concentration at the saturation
point of toluene.
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