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ABSTRACT

In this work, a novel concept of combining air stripping followed by biofilter technology
(ASBF) is introduced and through a mathematical model, the performance of the system for
the removal of benzene as a representative pollutant is evaluated. The system performance
is investigated for a flow rate range of 8.5 × 10−3–17 × 10−3 m3/s and benzene concentrations
of 45 × 10−3 and 75 × 10−3 kg/m3. The removal efficiency ranged from 29.2 to 90.3% for the
air stripping section of the system at varying packing types and sizes while the biofilter
section had a removal efficiency range of 34–99% for varying empty bed residence times
(EBRTs). The overall removal efficiency for the ASBF system ranged from 92 to 97%. The
simulation results also showed that the ASBF system can be effectively used to remove ben-
zene from polluted industrial wastewater. Parameter perturbation study that was performed
using factorial design showed influent benzene concentration, stripping factor, air stripping
column packing size, packing type, and biofilter EBRT are the main factors that influence
the removal of benzene.

Keywords: Air stripping; Benzene; Biofilter; Empty bed residence time; Process intensification;
VOC; Wastewater; Process modeling; Process simulation

1. Introduction

One of the industrial processes that generate
wastewater containing soluble volatile organic com-
pounds (VOCs) is the fossil fuel extraction process.
The water that is extracted along with the oil and gas
from the shale rocks is called produced water.

Produced water, also known as formation water
contains a range of soluble organic and inorganic
chemicals and salts, thereby necessitating treatment
before discharging or recycling. Recently, major oil
and gas companies are incorporating environmental
sustainability in their operational goals. Due to its
potential threat to human health, benzene was ranked
sixth in the priority list of hazardous compounds [1].
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Short-term exposure to benzene may cause health
conditions such as irritation of the skin, eyes, and
upper respiratory tracts. It may also cause blister on
the skin. Long-term exposure to benzene may cause
blood disorders, reproductive and developmental
disorder, and cancer [2]. The United States Environ-
mental Protection Agency [3] classified benzene as
“Group A,” known human carcinogen for all routes of
exposure. The maximum concentration threshold set
by USEPA for benzene in drinking water is 5 μg/L.

The necessity to meet stringent environmental regu-
lations has led to the development and improvement of
treatment processes available for benzene removal from
industrial wastewater. Recovery treatment processes
and mineralization treatment processes are the two
groups that encompass the available treatment methods
for benzene removal from wastewater. The recovery
processes, as the name implies, extracts the benzene
from the contaminated fluid while the mineralization
processes decomposes the benzene into carbon dioxide
and water. The preference of one removal process over
the other is usually governed by several important fac-
tors which include the physicochemical properties and
concentration, cost and availability of suitable equip-
ment to achieve the desired removal objectives, and the
legal environmental regulations.

The recovery processes include technologies such as
adsorption (activated carbon-based and silica-based
sorbent), condensation, membrane techniques (perva-
poration, reverse osmosis, electrodialysis, and dialysis),
and absorption (water scrubber). The mineralization
processes include processes such as biofiltration, ther-
mal oxidation, catalytic oxidation, and plasma methods.
Several studies have shown that these control technolo-
gies can be effective in removing benzene from indus-
trial waste gasses [4,5] but to effectively apply such
technologies to an industrial wastewater containing
VOCs such as benzene, the VOCs need to be stripped
from the aqueous phase into a gas phase before either
recovering or mineralizing them. Therefore, an innova-
tive removal technology for VOCs removal from
industrial wastewater system is essential. In order for
the proposed removal process to be competitive with
existing treatment methods, it must meet certain condi-
tions. First, it should have the capability to handle con-
tinuous operation. Second, the size of the treatment
reactors must be comparable to other VOC removal
processes, and lastly, the system should be able to easily
adjust to fluctuations in influent VOCs concentrations.
To satisfy these requirements, in this work, a hybrid
system of air stripping-biofilter (ASBF) is proposed.

Air stripping involves the use of air to enhance the
volatilization of VOCs from aqueous phase into gas
phase. It is very useful in the treatment of industrial

wastewater laden with VOCs. Air stripping technol-
ogy could be applied either through a stripping basin
or a stripping tower. However, when high efficiency is
required, stripping tower is preferred over stripping
basin [6]. Typically, a stripping tower involves a coun-
tercurrent flow pattern between the air and the
wastewater through specific packings which are
designed to enhance the contact between the water
and the gas phase. Previous studies have reported
approximately 99.9% removal of most VOCs using air
stripping technology [5]. Air stripping technology is
merely the transfer of VOCs from an aqueous phase
into a gaseous phase, therefore, the exiting air requires
some form of treatment and our proposed alternative
strategy is to treat the air–benzene mixture exiting the
air stripping column with a biofilter. Biofiltration is
useful for processing fluctuating influent VOCs con-
centrations and it performs well in mineralizing a
wide range of VOCs [7,8]. In addition, it has been
demonstrated that varying concentrations of benzene
[9] could be successfully removed by biofiltration.

The objective of this study is to develop a mathe-
matical model to illustrate the operation of the pro-
posed ASBF system and to compare the predicted
performance with the other treatment technologies.
The second goal is to investigate the effects of impor-
tant operational parameters on the performance of the
ASBF system. Benzene was selected as the model VOC
due to its prevalence in industrial wastewater. Its
biodegradability and water solubility also makes it a
suitable compound for this study. Literature on tech-
niques that combines air stripping and biofilter technol-
ogy for benzene removal is scarce, therefore this study
will contribute to the knowledge of techniques avail-
able for benzene removal from industrial wastewater.

2. Materials and methods

2.1. Air stripping-biofilter system (ASBF)

Mathematical modeling was used to model the
performance of the proposed ASBF system using ben-
zene as a model VOC pollutant. The schematic flow
diagram of the proposed system is presented in Fig. 1.
In the proposed system, air stripping unit has dual
purpose of stripping VOCs from water as well as
humidifying the influent air to the biofilter unit. This
novel arrangement eliminates the use of a humidifier
as compared to a conventional biofilter system; thus
capital equipment cost will be reduced. In conven-
tional biofilter system, humidifier is needed to keep
biofilter media moist. Some of the underlying assump-
tions made during the development of the model
include (a) wastewater is assumed to be dilute with
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respect to the soluble VOC, (b) the biofilter is assumed
to behave as a plug flow reactor, (c) two-film theory is
assumed to describe the relationship between the liq-
uid-phase resistance and the gas-phase resistance in
the air stripping column, (d) pH and temperature are
constant, (e) microbial degradation of benzene is
described by Monod kinetics as per reference [10].

2.2. Air stripper model equations

The process model and design equations guiding
the operation of an air stripping unit have been previ-
ously developed [6,11]. The equation that relates to
the height of a stripping tower is as follows:

Z ¼ HTU�NTU (1)

where Z = height of stripping tower packing, m;
HTU = height of a transfer unit, m; NTU = number of
transfer units.

Height of a transfer unit HTU is defined as:

HTU ¼ L

qKLa
(2)

where L = liquid loading rate, kg/(m2 s) defined as:

L ¼ Qwq
A

(3)

where Qw = water flow rate, m3/s; q = density of
water, kg/m3; A = cross sectional area of tower, m2.

The overall mass transfer rate constant (KLa),
which determines the rate at which the VOCs are
transferred from water to air, was estimated using
Sherwood and Holloway empirical correlations [6].
This estimate is applicable due to the low
concentrations of VOCs in wastewater.

KLa ¼/ �DL � 0:305
L

l

� �1�n l
qDL

� �0:5

(4)

where α, n = constants based on packing type (for
example, α = 330 and n = 0.22 for 25 mm Raschig ring
packing); DL = VOC diffusion coefficient in water
(m2/s).

μ = viscosity of water (1.002 × 10−3 Pa s at 20˚C);
ρ = density of water (1,000 kg/m3 at 20˚C).

The HTU is a measure of the mass transfer
characteristics of the packing medium. The number of
transfer unit is defined as:

NTU ¼ R

R� 1

� �
ln

Cin=Coutð Þ R� 1ð Þ þ 1

R

� �
(5)

where R = stripping factor and is defined as:

R ¼ H0 � Qa

Qw

� �
(6)

where Qa = air flow rate, m3/s; H0 = dimensionless
henry’s law constant; Cin = influent concentration of
VOC in liquid phase, kg/m3; Cout = effluent
concentration of VOC in liquid phase, kg/m3.

Concentration of VOC in exiting gas phase,

Aout ¼ Cin � Coutð Þ �Qw=Qa (7)

The exiting air laden with VOCs from the stripping
tower is the inlet air to the biofilter.

2.3. Biofilter model equations

The biofilter can be divided into subsections of
volume ðAb � dzÞ and taking mass balance around
each section (j) gives:

QaCj ¼ QaCjþ1 þ rjAb � dz (8)

where Qa = air flow rate (m3/s); Cj and Cj+1 = concen-
tration (kg/m3) in section j and (j + 1), respectively;

Fig. 1. Schematic diagram of proposed air stripping-
biofilter system.
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dz = subsection height of biofilter, m; Ab = biofilter
cross sectional area, m2; rj = volumetric biodegradation
rate in subsection j (kg/m3

biofilter/s).
For biological systems, the rate can be expressed in

terms of Monod kinetics:

rj ¼ Vmax;j
Cj=H

0

Km þ Cj=H
0 (9)

where Cj/H
0 = the liquid phase concentration (kg/m3)

of VOCs expressed in terms of gas-phase concentra-
tion at the interphase between liquid and air related
by Henry’s law; H0 = dimensionless Henry’s law
constant; Km = Monod constant (kg/m3); Vmax,j is
represented as Eq. (10) as shown in Ref. [12].

Vmax;j ¼ 1� a

lmax
1þ Km

Cj=H
0

� �� �
Vmax;max (10)

where Vmax,max = maximum Vmax, kg VOC/m
3
biofilter/s;

μmax = maximum specific growth rate, s−1, a = bacteria
decay rate, s−1.

Re-writing Eq. (8) as a differential equation and
incorporating Eqs. (9) and 10 yields:

dC

dZ
¼ a

lmax
� C=H0

Km þ C=H0

� �
� Vmax;max � Ab

Qa
(11)

Eq. (11) can be solved using the boundary condition
C ¼ Co (at the inlet) at z ¼ 0.

A set of dimensionless variables is chosen for
making the model Eq. (11) dimensionless These
variables are:

u ¼ C

Co
(12)

h ¼ z

H
(13)

a ¼ a

lmax
(14)

b ¼ KmH
0

Co
(15)

s ¼ Vmax;max

Co
� EBRT (16)

where EBRT ¼ H�Ab
Qa

and H = biofilter height.

The model Eq. (11) can be reduced to:

du

dh
¼ a� u

uþ b

� �
� s (17)

Subject to the boundary conditions: h = 0, u ¼ 1.

3. Results and discussion

3.1. Performance of ASBF system

The performance of ASBF system was initially
compared with a hybrid system which combines a
biofilter with a suspended activated sludge bioreactor
[12]. In our simulation study, the benzene laden
wastewater at a concentration of 45 × 10−3 kg/m3 was
assumed to be flowing into the hybrid bioreactor at
the water flow rate of 5.6 × 10−7 m3/s. The air flow
rate was set at 1.7 × 10−5 m3/s and Vmax,max was cho-
sen as 5.6 × 10−5 kgbenzene/m

3
biofilter/s based on the esti-

mated value of Vmax. The parameters used to solve
the model and source of references for these parame-
ters are presented in Table 1. A MATLAB code ode45
was used to solve the model equations.

The result of the performance of the ASBF for
benzene removal is presented in Fig. 2. The removal
efficiency was calculated as the ratio of removed
benzene to influent benzene expressed in percentages,
while the removal rate was calculated as the ratio of
removed benzene to the residence time. The air-to-
water ratio is a function of the stripping factor and
manipulating this parameter could enhance the
benzene removal efficiency of the system. Therefore,
performance of the ASBF system in terms of removal
efficiency and removal rate was investigated at vary-
ing stripping factors and benzene concentrations.
Increasing the air flow rate which is a function of the
stripping factor improves benzene removal efficiency
at constant benzene concentration and water flow rate.
However, increasing the air flow rate beyond the
column design pressure threshold could lead to
flooding [6].

Table 1
Parameters used for solving ASBF model equations for the
removal of benzene from industrial wastewater

Parameters Value Unit Refs.

lmax 2 × 10−4 1/s [10]
Km 269 × 10−6 kg/m3 [14]
a 4.7 × 10−7 1/s [15]
DL 8.99 × 10−10 m2/s [16]
H0 0.185 Dimensionless [16]
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The removal rate of the biofilter is an important
factor to consider when assessing the performance of the
ASBF system. The upper plot (A) in Fig. 2 shows that as
stripping factor increases at constant water flow rate, the
removal rate is being driven by the inlet benzene concen-
tration and at high stripping factor (or high air flow rate)
removal rate drops. The lower plot (B) of Fig. 2 shows
that the optimal stripping factor was 10, beyond which
there is no further advantage in the removal efficiency.
The optimal removal rate (or elimination capacity) lies
between 1.29 × 10−9 and 1.33 × 10−9 kg/m3/s (or 4.64–
4.79 mg/L/h) as seen in Fig. 2.

3.2. Comparison with other novel benzene removal
technologies

Comparison of the ASBF system with other inno-
vative benzene removal technologies in the literature
(Table 2) shows that the ASBF treatment performance
is comparable (>99%) for the parameters used in our
simulation study. Table 2 shows two other studies

with rotating biological reactor with the efficiency of
98% and a hybrid bioreactor unit with efficiency
of 79.6%. The design parameters for the simulation of
ASBF system based on the influent wastewater ben-
zene concentrations are presented in Table 3. Table 4
shows the impact of air flow rate and empty bed resi-
dence time (EBRT) on the performance of ASBF sys-
tem. Thus, the simulation data shows that only 72 s
are enough to have >99% removal of benzene using
ASBF system.

An advantage of the ASBF over other treatment
methods is that packed column air stripper can oper-
ate effectively over varying air flow rates. Another
advantage of the ASBF system over other benzene
treatment method is the low energy usage and the
complete elimination of the benzene pollutant without
transferring from one phase to another. The implica-
tion of these advantages is the reduction in opera-
tional cost when ASBF system is used as compared to
the other systems.

3.3. Influence of operating conditions on overall removal
efficiency

The efficient operation of the ASBF is dependent
on several operational factors. One of these factors is
the air flow rate through the air stripping column. The
air flow rate is an important operating parameter in
an air stripping column because it affects the overall
removal efficiency of the system. Fig. 3 shows the
effect of varying stripping factor on benzene concen-
tration along the biofilter of the ASBF system. To
investigate the effect of stripping factor in the air
stripping column on the concentration profile in the
biofilter, the water flow rate in the stripping column
was kept constant at 0.56 × 10−6 m3/s while varying
the inlet air flow rate from 8.3 × 10−6 m3/s to
68.3 × 10−6 m3/s. As the stripping factor increases, rel-
ative benzene concentration also decreases. Thus,
proper selection of stripping factor is critical in deter-
mining the size of biofilter.

Increasing the air flow rate in an air stripping
column also increases the removal efficiency of the
column so long the pressure drop is between 200 and
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Fig. 2. Effect of stripping factor on biofilter removal rate
(A) and removal efficiency (B).

Table 2
Comparison between ASBF system and other benzene removal technologies

Treatment process Max. removal % Refs.

Air stripping-biofilter (ASBF) system 99.9 This Study
Hybrid bioreactor consisting of a combination of biofilter and suspended activated sludge 79.6 [13]
Rotating biological contactor with biofilm promoting mats 98 [17]
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400 N/m2 per meter of tower height [6]. Increasing
the air flow rate in a biofilter could lead to sloughing
off of the thick biofilm layer, thereby enhancing mass
transfer into the biofilm, thereby causing an improve-
ment in the removal efficiency of the system. At low
air flow rate, the stripping efficiency of the air strip-
ping column decreases [4,18].

Moisture content of biofilter packing material is
another factor that affects the performance of a biofil-
ter. It determines the efficiency of biodegradation in
the biofilter [19]. Due to the absence of an aqueous
phase in biofilter, the presence of adequate amount of
moisture influences the diffusion of the organic com-
pound into the bacteria for biodegradation to occur. In
addition, the presence of moisture in the biofilter
helps to prevent dryness of the biofilter due to evapo-
ration. Evaporation of moisture occurs in biofilter
through the generation of heat from the biodegrada-
tion reaction [20]. The ASBF system eliminates the

need to pre-humidify the air before passing into the
biofilter because the air exiting the air stripping col-
umn would carry enough moisture. This implies a
reduction in the number of unit operations required,
thus operational and capital cost savings.

The effects of the design and operating parameters
of the air stripping section of the ASBF on benzene
removal efficiency was examined in order to deter-
mine the sensitivity of the operational parameters.
Inlet concentrations of benzene and air flow rate affect
the removal efficiency of benzene from the ASBF
(Table 5). Table 5 also shows a reduction in removal
efficiency when the benzene inlet concentration
increased from 45 × 10−3 kg/m3 to 75 × 10−3 kg/m3 at
constant air flow rates. To maintain high removal effi-
ciency, increase in inlet concentration of benzene
needs to be followed with an increase in air flow rate.

The packing size and type also affects the height of
the packing required to achieve the desired removal
efficiency. Table 5 also shows that the height of pack-
ing necessary to maintain the same removal efficiency
increases from using 12 mm Raschig ring to 12 mm
Berl saddle and 75 mm Tile. Therefore, the optimum
packing type and size required to achieve the shortest
column height is 12 mm Raschig ring for our study.
Although, increase in air flow rate increases the strip-
ping efficiency, the air stripping column should be
operated below the flooding point. Fig. 4 shows that
increasing the air-to-water ratio (stripping factor) from
20 to 140 reduces the height of packing required to
achieve the same removal efficiency. Parameter pertur-
bation performed on the ASBF system using factorial
design revealed that the removal rate is influenced by
the stripping factor of the air stripping column, air
stripping column packing size, packing type, and
biofilter EBRT. Thus, optimum balance between these
parameters is needed to achieve desired removal
efficiencies at minimum capital and operational cost.

Table 3
ASBF design parameters for the removal of benzene from
industrial wastewater

Air stripping tower

Height of packing 0.75 m
Number of transfer unit 3.46
Height of transfer unit 0.22 m
Packing type 25 mm Rashig ring
Stripping factor 2.8

Biofilter
Height of packing 0.6 m
EBRT 72 s

Table 4
Impact of air flow rate and EBRT on the performance of
ASBF

EBRT (s)
Air flow rate
(m3/s) × 10−6

Biofilter
efficiency (%)

18 8.3 34.44
17 66.51

25 8.3 48.1
17 90.29

36 8.3 68.34
17 99.99

72 8.3 99.99
17 99.99

Note: Influent benzene concentration = 45 × 10−3 kg/m3.
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Fig. 3. Biofilter performance at varying stripping factor.
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4. Concluding remarks

In this work, a novel process based combining air
stripping followed by biofilter technology (ASBF) is
proposed. The performance of ASBF system for the
removal of benzene as a representative pollutant is
evaluated using a mathematical model. The overall
removal efficiency for the ASBF system ranged from
92 to 97%. The simulation results showed that the air-
stripping-biofilter system effectively removes benzene
from polluted industrial wastewater and the system is
comparable to other removal technologies in the litera-
ture. The effects of selected operational parameters of
the performance of ASBF treatment method in terms
of benzene removal from industrial wastewater were
examined. Parameter perturbation study that was per-
formed using factorial design showed influent ben-
zene concentration, stripping factor, air stripping
column packing size, packing type and biofilter EBRT
are the main factors that influence the removal of ben-
zene. Experimental verification of the ASBF system is
needed for further verification of the results presented
in this work.
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Pérez-Fonseca, Benzene, toluene, and o-xylene degra-
dation by free and immobilized P. putida F1 of post-
consumer agave-fiber/polymer foamed composites,
Int. Biodeterior. Biodegrad. 65(3) (2011) 539–546.

[3] USEPA, Priority Pollutants, Code of Federal Regula-
tions, Title 40, Chapter 1, Part 423, Appendix A, 1996.

[4] C.B. Rahul, A.K. Mathur, C. Balomajumder, Biological
treatment and modeling aspect of BTEX abatement pro-
cess in a biofilter, Bioresour. Technol. 142 (2013) 9–17.
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