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ABSTRACT

Volatile organic compounds in water and wastewater can be removed using air stripping.
The effects of temperature and air-water ratios on the air stripping of benzene, toluene and
xylene (BTX) from wastewater have been examined at a temperature range of 30-50°C and
air-water ratios of 20-100. Removal efficiencies of >99%, >93% and 93% for BTX, respec-
tively, were obtained at 50°C and air-water ratios of 100. The removal efficiencies increase
non-linearly with temperature and air-water flow ratio. The effects of increasing tempera-
ture on the removal efficiency were found to be more significant at temperatures between
30 and 35°C than at 45 and 50°C. The effects of increasing water-air ratios on the removal
efficiency were more significant at air-water ratios of 20-60 than at 80-100. The results
indicate that a high removal of BTX can be achieved by operating the air stripper at high
temperature conditions even at relatively low air-water ratios and vice versa.

Keywords: Air stripping; Volatile organic compounds; Removal efficiency; Wastewater

treatment

1. Introduction

The removal of benzene, toluene and xylene (BTX)
from wastewater using a pilot-scale packed column
air stripper has been studied. In particular, the influ-
ences of temperature and air-water ratio on the
removal efficiency have been examined experimen-
tally. Industrial wastewater containing volatile organic
compounds (VOCs) will seriously affect water sup-
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plies. Abdullah and Chian studied VOCs in drinking
water in peninsular Malaysia and detected 54 different
VOC species in the samples analysed from 11 states
[1]. This was attributed to improper disposal practice.
VOCs are contained in many manufactured products,
including paints, adhesives, gasoline, plastic, pharma-
ceuticals and refrigerants. Many are also compounds
of fuels, solvents, hydraulic fluids and dry cleaning
agents commonly used in urban settings such as
bleach [2]. An epidemiological study by the United
States Environmental Protection Agency has identified
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some of the VOCs as air toxics or carcinogens [3].
Exposure to high VOC concentrations usually results
in acute and chronic health effects. These include eye,
nose and throat irritations, headache, vomiting,
dizziness, cancer, damage of the liver, kidney or
nervous system as well as asthma exacerbation [4].
The presence of odours is also associated with VOC
emissions [5].

Growing public concern about environmental pro-
tection/sustainability and public health have led to
the enactment of environmental laws and setting up
of emission standards. The manufacturers are there-
fore faced with the need to reduce the release of these
pollutants into the environment by treating effluents
before discharge. The treatment methods are air strip-
ping, absorption, adsorption, reverse osmosis, biologi-
cal, thermal and catalytic oxidation [4,6-8]. Other
methods include sonochemical and other advanced
oxidation processes like Fenton, photo-Fenton, wet
oxidation, ozonation, photo catalysis [9,10], electro-
chemical [4], membrane-based separation [11] and
non-thermal plasma [12].

The basic principle of air stripping is the removal
of VOCs from wastewater by increasing the surface
area of the contaminated water that is exposed to air.
Air stripping remains the most useful technique espe-
cially where there is an economic interest in higher
concentrations of valuable VOCs [13]. It involves trap-
ping these compounds and removing them from the
system for possible reuse. In biological, thermal and
catalytic oxidation methods, however, the VOCs are
destroyed. Air stripping is commonly used due to its
simple technology, cost effectiveness and high
removal efficiency [14-17].

Previous studies show that VOC removal efficiency
depends on temperature, air-to-water ratio, hydraulic
loading rates, packing materials and size, column
height and diameter, gas pressure drop and Henry’s
constant of the contaminant [6,14-16,18]. Efficient and
economic combination of these factors to achieve the
maximum removal of VOCs remains a challenge [18].
A common feature of the previous researches on air
stripping of VOCs is that mostly single VOCs species
are considered [19]. Only few reported works involve
mixture of VOCs [18]. This however, focused only on
the determination of the condition at which low levels
of BTX could be effectively stripped from water using
low air-water ratios (G/L) of 0-0.06 [18]. Therefore,
there is a need for further attention in this direction,
specifically considering high levels of BTX contamina-
tion and high air-water ratios (G/L). This is because
practical situations in the industries such as pharma-
ceutical wastewater usually consist of mixture of
VOCs at higher concentrations [20].
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2. Materials and methods
2.1. Materials

BTX were obtained from Merck Sdn Bhd. Malaysia
with greater than 99.5% purity. Synthetic wastewater
containing 1,500 ppm of BTXs was prepared. The
study was carried out in a custom-made pilot-scale
packed column air stripper (Model 2T4H) from Branch
Environmental Corp., USA. The stripping column is
made of a 1.5m stainless steel tube of 0.05m internal
diameter filled with 6 mm ceramic raschig rings pack-
ing. The height of the packing is 1.15m which is
equivalent to a packing volume of 2.26 x 10> m>. The
process flow diagram (PFD) is shown as Fig. 1.

2.2. Methods

The effects of temperature and air flow rate on
BTX removal were investigated according to the fol-
lowing procedure: The air flow rate (2.4L/min) was
set using a rotameter and the wastewater inlet was
also set to 0.12L/min by adjusting the rotameter,
while the wastewater and air heaters were set to 30°C.
The air and contaminated water were then pumped
into the air stripper in counter-current operation. The
VOC rich air was collected at the top while the treated
wastewater was collected at the bottom. This proce-
dure was repeated for other runs using air flow rates
of 4.8, 7.2, 9.6 and 12L/min; and temperatures of 35,
40, 45 and 50°C, respectively, at a fixed wastewater
flow rate of 0.12L/min. These air and wastewater
flow rates are equivalent to G/L ratios of 20, 40, 60, 80
and 100, respectively. The quantities of BTX in the
treated wastewater samples were determined using
Ultraviolet-visible spectrophotometer (Perkin—-Elmer
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Fig. 1. PFD of the air stripping process.
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Lambda 25). BTX removal efficiencies (#) of the air
stripper were calculated:

Cin - Cout

in

Efficiency = % 100 (%) ¢))

where C;, and C,, are VOC concentrations in influent
and effluent water in ppm, respectively.

3. Results and discussion

The percentage removal of the contaminant is
used to evaluate the efficiency of the air stripper.
Figs. 2 and 4 represent the experimental results show-
ing the performance removal efficiencies of BTX at the
temperature range of 20-50°C and air-water ratios of
20-100. The results show that for the various combina-
tions of temperature and air-water ratio, removal
efficiencies of between 84% to above 99, 85-93 and
79-93% were obtained for BTX, respectively. The high
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removal efficiencies speak favourably for the air strip-
ping system. Other studies have reported similar
results of high VOC removal efficiencies using air
stripping as shown in Table 1. Samadi et al. compared
the performance of air stripper to granulated activated
carbon (GAC) in the removal of chloroform from
Tehran drinking water. The average of variations of
removal efficiencies for air stripper and GAC columns
with deionized water samples were, 90, 71% and for
chlorinated Tehran tap water were 91 and 76%,
respectively [21]. This result shows that air stripper is
more effective in chloroform removal.

3.1. Comparison of removal efficiencies of BTX

The transfer of VOCs in air stripping is not only
affected by the system variables such as temperature,
air flow rate and column height but is also a function
of the physical chemistry of the contaminants. The
removal efficiencies of BTX depend on physical
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Fig. 2. Effect of temperature on BTX removal efficiency.
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Table 1
Removal efficiency of air stripping for various VOCs
Removal

Compound efficiency (%)  Reference
Chlorobenzene 99 [19]
Chloroform 87 [21]
1,2—dichloroethane (DCE) >90 [22]
1,2-dibromo-3-chloropropane  89-96 [23]
1,1,1-trichloroethane (TCE) 99 [24]
1,1,2,2-tetrachloroethane 94-98 [24]

properties such as Henry’s constant, enthalpy of
hydration (heat of solvation) and vapour pressure
[25]. In general air stripping of VOCs occurs through
volatilization which may be induced by mechanical
surface aeration. The process of removal of dissolved
gas from liquid proceeds through the following
consecutive steps [26];

(1) transfer from the bulk fluid to the interface;

(2) transfer across the interface; and

(3) transfer away from the interface into the bulk
of new phase.

The rate of mass transfer of a VOC from wastewa-
ter to the atmosphere across an air-wastewater inter-
face (dM/dt) can be described by the following
equation [26,27].

—KLa (C ;_Icg> A (2)

aM _
dar

where Ki, is the overall mass transfer coefficient (s '),
C is VOC concentration (g/m?), C, is the gas phase
VOC concentration (g/m’), H is Henry’s constant
(atm) and A is surface area (m?). K;, increases with
temperature. Compounds with Henry’s constant value
greater than 0.001 atm m>/mole are considered volatile
and amenable to air stripping.

It can be observed from the result that the order of
removal efficiency was benzene > toluene > xylene. The
removal efficiencies of BTX at 30°C and G/L =20 are
84, 84 and 79%, respectively, while at 50°C and
G/L =100 the removal efficiencies are>99%,>93%
and 93%, respectively. Henry’s constants for BTX are
similar: 0.25, 0.286 and 0.32, respectively. The
observed trend in removal efficiency can be attributed
to the high vapour pressure of benzene (12.64 kPa at
25°C) compared to that of toluene and xylene, 3.79
and 0.88 kPa at 25°C, respectively [28,29]. When more
than one VOC is found in a wastewater supply sys-
tem, air stripping is designed to treat the least volatile
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compound to a level below the regulatory contami-
nant concentration. At this level, it is expected that the
more volatile components would have been stripped
off earlier since the partial pressure of each compound
provides the driving force for its volatilization. As
remarked, the distribution of a VOC between the
aqueous solution phase and air is influenced by its
enthalpy of hydration. This explains why benzene
with a lower enthalpy of hydration value of 28 kJ /mol
was stripped off faster than toluene and xylene with
enthalpy of hydration values of 37 and 32.4kJ/mol,
respectively.

3.2. Effect of temperature on BTX removal efficiency

The effect of temperature on BTX removal effi-
ciency was studied at a temperature range of 20-50°C
and air-water ratio of 20-100 as represented by
Fig. 2(a)-(c) for BTX, respectively. It is demonstrated
that BTX removal efficiency increases with the temper-
ature at all air-water ratios.

The results are in agreement with other findings
[18,19,30]. Henry’s constant plays an important role
for the removal process [16]. The temperature depen-
dence of the Henry’s constant is modelled by the
Van’t Hoff-type relation [26].

+C 3)

where T is temperature, —AH" is enthalpy change, R is
universal gas constant and C is a constant of Van't
Hoff’s equation.

The decrease in the solubility of organic com-
pounds in water as the temperature increases can be
explained using the second law of thermodynamics
[30]. The vapour pressure of various substances
increases with the temperature. The rate of increase
also increases with temperature. If it is assumed that
the effect of temperature on Henry’s constant is due
almost entirely to changes in vapour pressure, the
relationship between Henry’s constant and tempera-
ture can be approximated by Clausius—-Clapeyron
equation:

H\ . (P\ AH, (1 1
ln<H_2>NIn<P2> R <Tz Tl) @

where H is Henry’s constant, T is temperature, R is
universal gas constant, P is pressure, AH, is enthalpy
change and 1,2 denotes initial and final conditions.
Bass and Sylvia reported that the Henry’s constant for
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methyl tert-butyl ether is doubled by a 17°C
temperature increase, from 12 to 29°C [31]. Therefore,
heating the wastewater by this amount before treat-
ment would reduce the stripping air requirement by
half.

Fig. 2 also demonstrates that the percentage
removal of BTX at higher temperatures and high G/L
ratios will approach an equilibrium condition. This is
due to the combined effect of high temperature and
G/L ratio which result in accelerated BTX removal.
This is similar to the results obtained by Chuang et al.
and Lin et al. [18,19]. Furthermore, the effect of
increase in temperature on BTX removal efficiency is
observed to be more significant at low temperature
conditions (30-35°C) than at higher temperature condi-
tions (45-50°C) as shown in Fig. 3(a)-(c). This non-
linear trend in the effect of temperature on VOC
removal has been reported by Lin et al. in the research
on chlorobenzene removal efficiency using air stripper
[19]. They concluded that temperature change at
higher temperature range in the stripping of chloro-
benzene does not significantly influence the stripping

I G/L=100
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30-35 45-50
Temperature (°C)
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Increment in removal efficiency (%)

30-35
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efficiency. Also, this situation occurred because the
optimum removal efficiency is reached due to the
combined effect of high temperature and high
air-water ratio [18].

3.3. Effect of air-water ratio on BTX removal efficiency

Air flow rate is the most important operating
parameter in air stripping. The entire principle is
based on maximizing the contact surface area between
the water and air [17]. Air flow rate also affects the
overall mass transfer coefficient and the removal effi-
ciency increases with increase in overall mass transfer
coefficient. Lin et al. reported that the air flow rate is
directly proportional to the overall mass transfer coef-
ficient [19]. Obviously the total air-water interface sur-
face area is proportional to the number and size of the
air bubbles. An increase in air flow rate will result in
an increase in the overall mass transfer coefficient
values.

The effects of air-water on percentage removal
efficiency were studied at air-water ratio range of

Increment in removal efficiency (%)

30-35
Temperature (°C)

(b) Toluene

45-50

Temperature (°C)

(c) Xylene

Fig. 3. Changes in percentage removal efficiency with temperature.



ML.E. Abdullahi et al. | Desalination and Water Treatment 54 (2015) 2832-2839

100 ~

95 4

90

Removal efficiency (%)

85

—<4-T=50°C

80 A+
10 20 30 40 50 60 70 80 90 100
Air-water ratio

(a) Benzene

95

90 1

85

Removal efficiency (%)

80

2837
94
92 4
9
= 90
)
c
Qo
QO 88
=
15}
S 86 -
o
§
¥ 84 - —A—T=40°C
—y—T=45°C
_£no
82 —4—T=50°C
O +—T T T T T T T T 1

10 20 30 40 50 60 70 80 90
Air-water ratio
(b) Toluene

100

—v—T=45°C
—<4—T=50°C

100

Air-water ratio
(c) Xylene

Fig. 4. Effect of air-water ratio on the percentage removal efficiency.

20-100 and at temperatures of 20-50°C as shown in
Fig. 4(a)-(c). The figures show an increase in the
removal efficiencies of the three compounds with an
increase in the air-water ratio at all temperatures.
Another effect of increased air-water ratio is it causes
a decrease in partial pressure of the solute in the gas
phase, decreases its solubility and improves its
removal efficiency [14,18,30].

The differences in percentage removal efficiency
become smaller with increasing of air-water ratio,
particularly at 40-50°C. Hence, the effect of an
increase in G/L ratio on the percentage removal of
BTX is more significant at low G/L ratios (20-60) than
at higher water-air ratios (80-100), thus revealing a
non-linear trend in the effect of temperature and air-
water ratio on BTX removal. According to Lin et al.,
this could be attributed to the non-linear increasing of
interfacial area as the air flow rate increases [19]. Fre-
quent bubble collision at higher air flow rate condition
will increase the diameter of air bubbles during the air

stripping; as a result, the interfacial area does not
linearly increase with an increase in air flow rate.

Fig. 4 also indicates that a high removal of BTX
can be achieved by operating the air stripper at high
temperature condition even at a relatively lower G/L
ratio. Similarly, high percentage removal can also be
achieved by stripping at high G/L ratio at relatively
lower temperature. These observations are fundamen-
tal for the design and operation of air stripping sys-
tem to minimize operation cost. It is possible to save
the cost of heating the system by operating at a higher
air flow rate to obtain high percentage removal effi-
ciency. However, excessive air flow rate prevents
water from flowing down the packed column result-
ing in accumulation of the water at the top of the
packing. This phenomenon is called “flooding” and
the air flow rate at this point is called “flooding veloc-
ity”. The pressure drop in the tower should be
between 200 and 400 N/m” per metre of the tower to
height to avoid flooding [32].
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4. Conclusions

The effects of temperature and air-water ratio on
the on the removal efficiency of BTX from wastewater
using packed column air stripper was studied at a
temperature range of 30-50°C and air-water ratios of
20-100. It can be concluded that high percentage
removal of BTX can be achieved by stripping at high
temperature condition even at relatively lower G/L
ratio. Also, high percentage removal of BTX can be
achieved by stripping at high G/L ratio even at rela-
tively lower temperature. This relationship is impor-
tant for both design and operation of an air stripper in
order to minimize the operation cost. The physical
properties of each contaminant also determine its ease
of removal from wastewater using air stripper. The
physical parameters can explain the size of removal
efficiency, where benzene > toluene > xylene. The effect
of increase in temperature on the percentage removal
of BTX is more significant at low temperatures
(30-357C) than at higher temperatures (45-50°C). Also,
the effect of an increase in G/L ratio on BTX removal
is less significant at higher G/L ratios (80-100) than at
low G/L ratios (20-60) particularly at high tempera-
tures. This reveals a non-linear trend in the effect of
temperature and air-water ratio on BTX removal.
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