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Abstract

The adsorption potential of clay and sandy soil to remove benzene from liquid-phase system was
examined. A series of batch adsorption tests were carried out for various concentrations of ben-
zene (50 - 250 mg/1) in tightly corked 1000 ml flasks for clay and sandy soil, respectively. Equili-
brium and kinetics data were obtained from the batch experiments. Adsorption increased with
increasing initial benzene concentration. The equilibrium data obtained from the adsorption of
benzene were well fitted to the Freundlich isotherm model. The adsorption Kinetics process
showed that the kinetic model of pseudo second-order was the best fit to the experimental data.
The results showed that clay and sandy soil had good potential for the removal of aromatic hy-
drocarbon, benzene from aqueous solution.
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1. Introduction

Benzene, naphthalene and pyrene are a group of volatile and flammable polycyclic aromatic hydrocarbons
(PAHSs) which are structurally related chemicals consisting of aromatic rings with no substituent [1]. They are
capable of causing adverse effects to human health and the environment, which may be carcinogenic and/or
mutagenic. Thus, their presence in water flow even at low concentrations presents a serious environmental con-
cern and its removal from the water is essential to ensure the safety of water supply. They are a very potent class
of environmental pollutants that occur both naturally (for example in natural crude oil and coal deposits) and by
anthropogenic activities. PAHs are found throughout the environment: in the air, water, and soil. They do have
ability to travel over a long distance in whatever media, and are often difficult to biodegrade; hence, they are
amongst the persistent organic pollutant list of the United Nations Environment Program [2]. Beyond the persis-
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tent nature of the PAHS, they are also known to be toxic in nature and the toxicity has a structural dependence.
The increased risk of lung cancer in cigarette smokers is attributed by the majority of toxicologists and epidemi-
ologists to the inhalation of combustion-derived PAHSs, at least in part [3]. Statistical analyses of the incidence of
cancer by country and other supportive studies suggest a relationship between cancer mortality rates and the
production of organic chemicals [4]. Many organic chemicals are known carcinogens and have been ranked by
importance: factors such as production, release and volatility [5]. Benzene was ranked by that group as the
number one chemical of concern.

PAHSs enter the environment mostly as releases to air from volcanoes, forest fires, residential wood burning,
and exhaust from automobiles and trucks. They enter surface water through wet and dry atmospheric deposition,
hydrocarbon spillages, and industrial effluent discharge, especially from hydrocarbon processing industries (for
example coal gasification sites, coking plants, and bitumen and asphalt production plants). Some PAHs depo-
sited in soils are also leached into the underground aquifer. The toxicity of PAHSs together with their ability to
bio-accumulate in aquatic organisms makes it imperative to reduce the level of PAHSs in industrial effluents into
water bodies. In general, adsorption treatment provides a simple but effective approach for the removal of or-
ganic pollutants from the aquatic environment, with activated carbons shown in a number of research works as
being a very viable option [6] [7].

In recent times, there has been an increasing interest in utilizing natural clay minerals for the removal of toxic
metals, colours and some aromatic organic pollutants from aqueous solutions [8]-[10]. The abundance of natural
clay in most continents of the world and its low cost make it a strong candidate as an adsorbent for the removal
of many pollutants from wastewaters.

The aim of this study was to explore the possibility of using clay and sandy soil for removing polycyclic aro-
matic hydrocarbon (benzene) from aqueous solution. The Langmuir, Freundlich and Tempkin Isotherms were
used to analyze the adsorption equilibrium. The sorption rates of adsorbent dosage and adsorbate concentration
with time were tested using pseudo first and second order kinetics, respectively. The study hopes to develop a
cheap, readily available adsorbent and a viable technology for the removal of recalcitrant PAHs pollutants from
the environment. The purpose of this study is to determine the extent of the bioavailability of benzene in clay
and sandy soils; this is because benzene poses a potential hazard by ingestion in humans and animals.

1.1. Adsorption Isotherms

An isotherm describes the equilibrium relationship between the adsorbate concentration in the liquid phase and
that on the adsorbent’s surface at a given condition. It gives the most appropriate equilibrium correlation [11].
They are also important for comparing biosorption performance, optimization, design and prediction purposes
[12]. The biosorption of benzene on clay and sandy soil was optimized by analyzing equilibrium curve of the
following three isotherm models.

a) Langmuir Isotherm: The Langmuir Isotherm [13] developed by Irving Langmuir (1916) was originally
used to describe the gas-solid phase and adsorption onto activated carbon but is now extended and generally ap-
plied to liquid-solid interaction. The equation is:

Q,bC
— 0 € 1
1+bC, W

Q.

where g, (mg/g) and C, (mg/L) are the solid phase concentration and liquid phase concentration of benzene at
equilibrium, respectively. Q, (mg/g) is the maximum sorption capacity and b (L/mg) is the Langmuir constant
related to the affinity of the adsorbate for the adsorbent. The linearized form of Equation (1) is given as:

1
Ce/qezw_’—ce/Qo (2)

b) Freundlich Isotherm: The Freundlich Isotherm, [14] relates the solute concentration on the adsorbent sur-
face to the solute concentration in the liquid phase. The isotherm assumes that adsorption occurs on a heteroge-
neous adsorbent surface (i.e. multilayer adsorption). Freundlich model is represented by the equation;

1
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Equation (3) can be linearized in logarithmic form, Equation (4) and the Freundlich constants can be deter-
mined,

Ing, = Ink, +£InCe (4)
n

where ks and n are the Freundlich constants characteristic of the system. ks and n are indicators of adsorption ca-
pacity and adsorption intensity, respectively.

¢) Tempkin Isotherm: The Tempkin Isotherm [15] takes into account the interaction between adsorbate and
adsorbent and assumes a linear decrease in the heat of adsorption instead of a logarithmic decrease. Tempkin
Isotherm is expressed as;

d, =RT/b; In(AC,) )
which on linearization gives
q = [ET—TJ Ink, +[E—Tj InC, (6)

Various parameters obtained from Langmuir, Freundlich and Tempkin Isotherms are shown in Table 1.

1.2. Adsorption Kinetics

A kinetic model is a mathematical representation of the rate at which a chemical reaction or process takes place.
The rate at which chemical reactions occur varies from very rapid to very slow [16].

Adsorption kinetics is one of the most important parameters for determining the adsorption mechanism and also
to investigate the efficacy of adsorbent for the removal of pollutants. Pseudo-first order model [17] and pseudo
second order model [18] were used to analyze the kinetic data

The pseudo first order kinetics is given in its linearized form as:

_P _2(p2 2
O =55 @ (R*t-R?r) ©)
where g, and g, are the amounts of benzene sorbed per unit weight of sorbent at equilibrium and at time t (min),
respectively. k; is the rate constant of the pseudo first order sorption (minY). The rate constant k; is obtained

from the linear plot of the graph.
The pseudo second order rate equation can also be expressed as

Table 1. Isotherm parameters for the sorption of benzene by clay and sandy soil.

Isotherm Parameters Clay Sandy Soils

Langmuir Q. (mg/g) 1.257 1.142

b (L/mg) -0.727 -0.0708
Freundlich n 1.113 0.917
ke 1.144 0.488

Tempkin br —72505 —20411
Ar 0.999 0.999

Pseudo first-order Ky —0.0523 —0.0925
Qe 1549 1950

Pseudo second-order ko 0.00083 0.0019
Qe 37.59 36.5
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max

_P 2(p2 _ p2
o —Ea) (R t—-R r) (8)
the linear plot of this graph gives the slope 1/g, and intercept ]/(kzqf)

2. Materials and Methods
2.1. Sample Collection and Preparation

Clay and Sandy soil samples used in this study were obtained from Ikpoba River, Benin City, Edo State, Nigeria.
On collection, the clay and sandy soil samples were kept separately in double plastic bags to ensure the preva-
lence of anaerobic conditions. The samples were stored in a refrigerator for some days and were subsequently
analyzed for their PAHSs content [19].

Ten gram (10 g) of the clay soil sample was measured and added to a beaker containing 40 ml of a solvent
made up of 50% acetone and 50% dichloromethane. The clay soil-solvent mixture was then placed in a sonicator
for about 20 minutes to heat it to 70°C. To the soil-solvent mixture, 10 g of anhydrous sodium sulphate was
added and then shaken gently to obtain a clear extract. The content of the beaker was separated leaving only soil
in the beaker. The extracted solvent was poured into a conical flask and then put into a rotary evaporator. After
evaporation for some minutes, the conical flask was withdrawn from the evaporator and 2 ml of solvent was
measured with a pipette and put into vial bottle for analysis using a capillary column Gas Chromatogram
equipped with a flame ionization detector (US, EPA, 2004).

For the sandy soil sample, the same procedure as outlined above was repeated. The clay and sand soil samples
were washed with distilled water by a process involving agitation and dissolution. The soil samples were soaked
in distilled water for two days while continuously stirring using a manual stirrer so as to remove all contami-
nants. The mixture was drained using a micro sieve and continuously flushed with distilled water several times.
The mixture was then allowed to drain completely and put into a furnace to get heated up at a high temperature
to dry the sample. It was subsequently allowed to cool naturally in open air. The sample was then analyzed using
a Gas Chromatogram equipped with a flame ionization detector.

The clay and sandy soil samples were analyzed for their physico-chemical properties as shown in Table 2.

2.2. Adsorption Procedure

The analyzed clay sandy soil samples were used to carry out adsorption studies using benzene as adsorbate and
the lodine adsorption method was used to determine the surface area of the soil samples. These soil samples
were hydrophilic in nature; this can be seen with the amount of moisture content present in them. The adsorption
of benzene on clay and sandy soil was determined by carrying out the adsorption studies in tightly corked 1000
ml flasks. For each experiment, 100 ml of benzene solution with different initial concentrations (50 - 250 mg/l)
was placed in a flask. The adsorbent capacity for the uptake of benzene at time t, g, (mg/g), was calculated. This
was achieved by testing the kinetics to determine the adsorption mechanism using pseudo-first order and pseudo
second order adsorption models.

Table 2. Characterization of natural clay and sandy soil (physico-chemical analysis).

Clay soil Sandy soil
pH 5.5 9.0
Moisture content (%) 52 27
Bulk density (g/cm®) 1.624 1.192
Surface area (mg/g) 4.102 3.077
Porosity (%) 14 9
Particle density (g/ml) 2.782 3.324
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2.3. Effect of Initial Concentration

To determine the effect of adsorbate concentration, the concentration of benzene was varied between 50 to 250
mg/l for 1 g of clay and sandy soil particles, respectively with particle size of 220 um, added to each flask and
kept in a shaker at 120 rpm at room temperature for predetermined equilibrium times of 32 hrs, 26 hrs, 34 hrs,
and 22 hrs, 20 hrs, 30 hrs, respectively. Then the samples were filtered and the residual concentration of benzene
in the filtrate was analysed using UV-Visible spectrophotometer at maximum wave length of 229 nm for ben-
zene.

2.4. Variation of Agitation Time

To determine the effect of agitation time, 250 mg/l concentration was prepared. 100 mls from the 250 mg/I con-
centration was measured and placed in a container. 1 g of soil sample was measured and was added to the con-
tainer. The sample was placed in a mechanical shaker for agitation. After 2 hrs the sample was removed, and it
was immediately filtered to remove the adsorbent. The equilibrium concentration of the effluent solution ben-
zene was measured using the UV spectrophotometer.

2.5. Sorption Isotherms

Effect of varying concentration on the adsorption of benzene.

The effect of the variation of concentration of benzene in an effluent solution is described by using the
Langmuir, Freundlich and Tempkin Isotherm models. These isotherms are shown graphically below.

The above graphs show that the equilibrium concentration and the amount of benzene adsorbed increases as
the initial effluent concentration increases. The Langmuir, Freundlich and Tempkin Isotherm constants were
calculated from the slope and intercepts of the graphs. The linear coefficient of determination, R? was used as an
error function to evaluate the fitness of each isotherm equation to the experimental data obtained from the opti-
mization process employed. For the adsorbent clay in Figures 1-3, the Freundlich Isotherm in Figure 5 gave the
highest correlation coefficient (R* = 0.8108) followed by the Langmuir isotherm (R? = 0.7999). The linear coef-
ficient of determination for the Tempkin Isotherm was not very high (R? = 0.014). The graphs show that both the
Freundlich and Langmuir Isotherms models can sufficiently describe the adsorption data well for benzene. The
fact that the sorption process showed a good fit to the Langmuir Isotherm suggests a finite adsorption capacity
and energetically equivalent sites [20].

With regards to the adsorbent sandy soil, the graphs in Figures 4-6 show that the Freundlich Isotherm gave
the highest correlation coefficient (R* = 0.9468) followed by the Langmuir isotherm (R* = 0.9152). The linear
coefficient of determination for the Tempkin Isotherm (R? = 0.1169) was not high. Both the Freundlich and
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Figure 1. Langmuir plot for the variation of the concentration of benzene sorption on clay.
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Figure 2. Freundlich plot for the variation of concentration of benzene sorption with clay.
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Figure 3. Tempkin plot of the variation of the concentration of benzene sorption with clay.
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Figure 4. Langmuir plot for the variation of concentration of benzene sorption with sandy soil.
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Figure 5. Freundlich plot for the variation of concentration of benzene sorption with sandy soil.

1.8 y=-0.122x + 1.931
16 R?=0.116
’ *

1.2
1
[
(=3
0.8
0.6
0.4

0.2

0

0 1 2 3 4 5 6
Ln Ce

Figure 6. Tempkin plot for the variation of the concentration of benzene sorption with sandy soil.

Langmuir Isotherms models can sufficiently describe the adsorption data well for benzene in sandy soil. A
comparison of the adsorbents clay and sandy soil for the adsorption of benzene indicates from this study that
sandy soil sorbed less than clay.

This experimental data for this study best fits the Freundlich model. This is consistent with the work of [21] in
which clay adsorbent was best used. The adsorption capacity Q, (mg/g) and energy of adsorption n (mg™) for
benzene are 0.286 (mg/g) and 0.0107 (mg ™), respectively.

2.6. Adsorption Kinetics

Benzene adsorption kinetics onto clay and sandy soil with their respective fits are shown in Figure 7. The graph
shows that the variation of concentration with time for benzene sorption in clay and sandy soils took 32 hrs and
22 hrs for equilibrium to be reached for clay and sandy soils, respectively. The graph illustrates that the variation
of benzene concentration with time for clay and sandy soils shows a difference of about 10 hrs. Furthermore, the
graph shows that there was a steady adsorption of benzene by the two different adsorbents.

The data obtained were analyzed with the Lagergren pseudo first order kinetic model. A plot of In(ge — qy)
against time t (hrs) is shown in Figure 8 with the linear equations from clay and sandy soils. It shows that k; for
the pseudo-first order adsorption is —0.256 for sandy soil and 0.0735 for clay. g, which was also obtained from
the graph is15.49 mg/g and 19.50 mg/g for clay and sandy soil, respectively. The correlation coefficient (R?) is
0.9273 for sandy soil and 0.7632 for clay, respectively.

The results obtained when the data was subjected to the pseudo-second order equation are shown in Figure 9.
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Figure 7. Variation of concentration with time for benzene sorption in clay and sandy soil.
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Figure 8. Pseudo-first order Kinetic data plot for benzene sorption with clay and sandy soil.
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Figure 9. Pseudo-second order kinetics plot for adsorption of benzene on clay and sandy soil.
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From the graph in Figure 9, g, is from the slope and k; is from the intercept. g, values are 37.59 (mg/g) for clay
and 36.50 (mg/g) for sandy soil. k, values are 0.00083 and 0.00190 for clay and sandy soil samples, respectively.
Also the correlation coefficients (R?) for this model are 0.5962 for clay and 0.6732 for sandy soil, respectively.
The kinetic model that best fitted the experimental data obtained for both clay and sandy soil was the pseudo
second order model.

3. Conclusion

The results of the present study indicate that clay and sandy soil have good potential as adsorbents for the re-
moval of polycyclic aromatic hydrocarbon, benzene from aqueous solution. The amount of benzene uptake
(mg/g) was found to increase with increase in benzene concentration and adsorption time. The results obtained
from the plots show that the process of adsorption follows Freundlich Isotherm model for adsorbents, clay and
sandy soil. Thus, it can be used to estimate the model parameters. This confirms the fact that Freundlich Iso-
therm best explains the adsorption process of benzene from aqueous solution. The maximum loading capacity
estimated was 37.59 (mg/g) for clay and 36.50 (mg/g) for sandy soil, respectively. Thus, sandy soil absorbed
less than the clay sample. The kinetic model of pseudo second order was the best fit to the data obtained for both
clay and sandy soil.
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