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Abstract

Benzene is one of the biggest challenges of groundwater pollution due to of its
toxicity, motility in the environment, and solubility in groundwater. Granular dead
activated sludge (GDAS) was investigated as low-cost, and locally available as a sorbent
material for removing benzene from aqueous solution. The experimental results show
that the removal efficiency has improved, with increasing both of GDAS amount and
the time of contact and decreasing the initial concentration of the contaminant. Batch
investigations demonstrated that the GDAS efficiency removal for benzene is ranged
from 55%-76% while, the maximum uptake (gm) is 14.835 mg/g, at sorbent dose 5
g/100 mL and contact time 5 hours. Langmuir and Freundlich isotherm model gives a
good fitting for the sorption process with high determination coefficient greater than
0.998. The parameter of this model shows favorable sorption for removing benzene
by GDAS. Intra-particle diffusion model data fitting shows two separate regions; the
first severe portion attributed to the immediate sorption step and another portion is the
intraparticle diffusion rate is dominated. The parameters of the model illustrate the
external mass transport mechanisms must be considered with intra-particle diffusion.

Keyword: Benzene, GDAS, isotherm model, kinetics model, mechanism of removal,
sorption.
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1. INTRODUCTION

Benzene is one of the most challenges for groundwater pollution due to its toxicity,
motility in the environment, and solubility in groundwater [1]. According to the
International Agency for Research on Cancer (IARC), the benzene was classified as
carcinogenic to humans [2] (IARC. 1989c).
Remediation of groundwater is the procedure, which used to eliminate contamination
from groundwater. There is numerous way to confiscate contamination. This method can
be approximately divided into two groups. “Permeable reactive barrier (PRB) which is an
emplacement of reactive materials in the subsurface designed to intercept a contaminant
plume, provides a flow path through the reactive media, and transform the contaminants
into environmentally acceptable forms to attain remediation concentration goals
downgradient of the barrier” [3,4].
The great engineering challenges are a determination of appropriate sort and amounts of
reactive materials in a permeable wall and good placement techniques. The availability
and the cost are important criteria for selecting a reactive material. Therefore, the target
of this study was to conduct batch test studies on locally, low-cost and readily available
materials; Granular dead activated sludge (GDAS) to be used as a reactive material in a
PRB.

2. MATERIALS AND METHODS
2.1. SORBENT AND SORBATE

Granular dead activated sludge (GDAS) was collected about 25 cm depth of dried
bed in Hamdaan municipal treatment plant, Basrah/south of Irag.

This slurry was air-dried for seven days and, then, sieved into (2.36- 0.075) mm
diameter mesh.

However, this fraction was repeatedly washed in distilled water and dried at 70°C for
6 hours prior to use. Energy-Dispersive X-ray Spectroscopy (EDS) is used for analysis
of GDAS; the percentage of the chemical inorganic component for the selected
section of reactive media is shown in Table 1 and Fig. 1.

Table 1
The percentage for chemical composition of GDAS by EDS test
Element Atomic .
Concentration%
Carbon 76.05
Oxygen 21.99
Bromine 0.21
Silicon 0.50
Aluminum 0.75
Calcium 0.20
Copper 0.05
Magnesium 0.11

Sulfur 0.01
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Iron 0.12

cps/eV
24
224
20
184
16
144

E K
124 Al

pl— [ 0 Fe cu Mg Br Si 5
10 c

8_

6

4_

29

0 e L
0.0 0.5 1.0 1.5 2.0 2.5

kev

Fig. 1. EDS analysis for GDAS.

Scanning electron microscopy (SEM) has been used to assess the characteristics of the
surface morphology and surface physical properties for the sorbent [5, 6]. SEM was used
for examining the surface texture of GDAS by ZEISS Supra 55vp, 2013, Germany. Fig.2
shows that the SEM of GDAS before sorption of BTEX, it is clear that the presence of
hole and a small opening on the surface, also a microporous network structure can be
seen, thereby growing the contact area, which enables pore diffusion during the
sorption/bio sorption process.

Fig.2. SEM images GDAS.

The tested chemicals were benzene, from ROMIL-SA, with purity 99.5%. The
contaminant was dissolved in the distilled water to prepare the required
concentration at room temperature.
2.2. ANALYSIS

A high-performance liquid chromatography (HPLC) with UV-VIS detector was used
to analyze the aqueous solution of benzene [7]. C18 (250x4.5mm, BK0033) was used as
stationary phase. The mobile stage is usually a combination of solvents that can be
combined in certain ratios, acetonitrile/water with ratio 80/20 used as a mobile phase that
carried analytic with flow rate 1 ml/min and pressure of 14 MPa.



2.3. SORPTION EXPERIMENT

Batch experiments were conducted to obtain the equilibrium data and to specify the best
conditions for the treatment process. Several factors were investigated which affect the
sorption efficiency, such as; sorbent dose, contact time and initial contaminant
concentration.

2.4. VALIDITY OF MODELS
In the sorption equilibrium and kinetic isotherm studies, the optimal process needs

an error function to be evaluated the fit of the isotherm to the investigational equilibrium

data. The common error function for determining the optimum isotherm parameter was,

the determination coefficient (R?), and the sum of squared errors (SSE) which are defined

as [8]:

Z(Q,cal. - Qm,exp.)z

R? = 1
Z(q cal. — Qm,exp.)z + (QCal. - qexp.)z ( )
n
2
SSE = Z(QCal. - qexp) (2)
i=1

where gexp is athe mount of sorbate sorbed by sorbent during the experiment, gcal is amthe
ount of sorbate obtained by isotherm models, gmexp iS average of gexp and n is numbea r
of data points.

3. RESULTS AND DISCUSSION
3.1. EFFECT OF ADSORBENT DOSE

The dependency of benzene sorption on GDAS dosage was calculated by using
various amounts of granular dead biomass from 0.2 to 10 g are added to 100 ml of polluted
solution for batch tests. Fig.3 shows the benzene removal efficiency as a function of
various quantities of sorbent dose. It is obvious that effectiveness improved, with
increasing GDAS from 0.2 g to 10 g, and then it fixed after a certain period of time. This
was expected because of the greater dosage of sorbents in the solutions, the larger
accessibility of sorption places. In addition, the results show that after a certain dosage of
sorbent about 5 g/100 M, the maximum sorption sets in and hence the amount of benzene
bound to the sorbent and the amount of this contaminant in solution remain constant even
with the additional amount of the sorbent dosage. Fig.3 shows with increasing sorbent
dose, the quantity sorbed per unit mass (ge), reductions. The dwindling in sorption density
with an excess in the sorbent dosage is mainly since of a sorption site stay unsaturated
during the sorption reactions whilst the number of sites obtainable for sorption site
growths by growing the sorbent dosage [9, 10].
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Fig. 3. Dependency of sorption on sorbent dose.

3.2 DEPENDENCY OF SORPTION ON CONTACT TIME

An important aspect of the efficient and cost-effective implementation of the
remediation treatment process is the equilibrium contact time. Shorter equilibrium contact
time enhances the efficiency of the separation process [11]. Fig.4 shows the effect of
contact time on efficiency removal using optimal sorbent dose of GDAS (5 g/100 mL).
This figure demonstrates that the percentage of removal of these pollutants increased
significantly with increase in interaction time. The sorption rate was fast in the first phase
and progressively slowed down then. The slower sorption was probably because of the
diminution in sorptions site on the surface of the GDAS. The kinetic data show that 75%
of benzene was removed mainly within 5 hr. There was no significant change in residual
concentrations after these equilibrium times.
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Fig.4. Dependency of sorption on contact time.



3.4. DEPENDENCY OF INITIAL CONCENTRATION OF CONTAMINANTS ON
SORPTION EFFICIENCY

The effects of initial contaminate concentration on the sorption efficiency were examined
under equilibrium conditions with GDAS dosage of 5 g /100 ml of benzene solution with
concentrations ranged from 25 to 700 mg/L. The results were shown in Fig5; it could be
seen that by growing the concentrations of contaminant, the removal efficiency would
decrease and the uptake sorption ge (mg/g) would increase. By way of a rule, growing the
initial concentrations of contaminating results is an increase in the sorption capacity
because it provides an important driving force to overcome all resistance of the benzene
between the aqueous and solid phase, thus growing the uptake. Furthermore, increasing
the initial benzene concentrations increase the number of collision between benzene and
the sorbent, which enhance the sorption procedure. However, the sorption effectiveness
decrease since the sorbent has a restricted number of active site, which saturates at a
certain concentration. This denotes that the sorption capacity will grow with the increase
of initial concentrations mostly due to the increases in the mass transfer from the
concentrations gradient. Yet, the concentrations will in reverse impact on the sorption
efficiency because of the restricted sorption sites available for the uptake of contaminants
[12-14].
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Fig. 5. The dependency of sorption on of initial solute concentration

3.5. EQUILIBRIA ISOTHERM MODELS
Sorption isotherms are a mathematic model that define the distribution of the sorbate
species among liquid and sorbent; sorption data are described by Langmuir and
Freundlich isotherm model. These isotherms related metal uptake (ge) per unit mass (m)
of sorbent to the equilibrium sorbate concentrations in the bulk fluid stage (Ci).
_ V(Co, — Cy)
Qe = —————— (3)

m
Where V is the volume of solution in L.



3.5.1. THE LANGMUIR ISOTHERM

The Langmuir model based on the hypothesis that the maximum sorption occurs
when a saturated mono-layer of solute molecule is current on the sorbent surface. The
Langmuir isotherm is given by [15]:

qmbCe
Te=1+bc, S

Where gm and b are the Langmuir constant, represent the maximum sorption capacity for
the solid phases loading, and the energy constant relates to the heat of sorption
correspondingly.
It can be seen from Fig.6 that the isotherm data have a good fitting to the Langmuir
equation with (R?=0.998) and SSE 0.123. The values of qm and b were determined from
non-linear regression are listed in Table 2 were found to be 14.835 mg/g and 0.0033 L/mg,
respectively.

3.5.2. THE FREUNDLICH ISOTHERM

The Freundlich isotherm model is an experiential relationship describe the sorption
of solute from a liquid to solid surfaces and assume that different site with some sorption
energy is complicated. Freundlich sorption isotherm is the association between the
amount of benzene sorbed per unit mass of GDAS, ge, and the concentrations of the
benzene at equilibrium,Ce [16].

1
G = K:C"(5)

Where Kr and n are the Freundlich constant, the characteristic of the system.

Kr and n are the indicator of the sorption capability and sorption strength, respectively.
The ability of the Freundlich model to fit the experimental data was shown in the Fig6
with a determination coefficient (0.9982) and SSE (0.1195). The Freundlich constants
Kr and n were found to be 0.163 and 1.487 correspondingly, as seen from Table 2. The
magnitude of Kr and n show indicate favorable sorption of benzene by GDAS.
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Fig. 6. Sorption isotherm model for benzene removal onto GDAS.



Table 2
Isotherm Equilibrium Data

Langmuir Model

Om 14.8350
b 0.00333
R? 0.99810
SSE 0.12290
Freundlich Model
Kr 0.16340
n 1.48720
R? 0.99820
SSE 0.11950

3.6. KINETIC MODELS

In order to examine the controlling mechanism of sorption processes, the “Pseudo-
first-order” (PFM) and “Pseudo-second order” (PSM) equations are applied to model the
kinetics of benzene sorption onto GDAS. The pseudo-first-order rate equation is given as
[17, 18]:
qe = q.(1— e™¥%) (6)
Where gt and ge (mg/g) are the amounts of sorbate remove from the aqueous solutions at
time t and at equilibrium correspondingly, and K is the “Pseudo first order” rate constants
(1/min).
Pseudo-second order model assume that; the mono-layer of sorbate attach to the sorbent
surface, the energy of sorption is the same for each sorbent, and there are no interactions
between sorbed species. The kinetic forms of this model are showed in the following
appearance [19]:

K,q2t
=t ()
(1+ Kzq.t)

Where K is the Pseudo-second order rates constants (g/mg min).
Kinetic results data was well analyzed by the Pseudo first- order and Pseudo-second-order
kinetic models (Fig.7) and gave the best fitting for data depending on statistical error,
where (R?) was greater than 0.95 and the calculated sorption capacity ge (mg/g) values
were consistent very well with those obtained from experiments. The constant of this
model was determined by using non-linear regression methods as listed in Table 3.
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Fig. 7. Kinetic models for sorption of benzene onto GDAS

Table 3
Constants of kinetic models.

=P (mo/g) 0.7823

ge (Mg/Q) 0.7177

Ki (hr. ™) 4.283

Pseudo-first order
R2 0.9563
SSE 0.028

ge (Mg/g) 0.7583
K2 (g/mg hr) 9.082

Pseudo-second
order R? 0.993

SSE 0.0037

3.7. MECHANISM OF REMOVAL
Usually, the “intra-particle diffusion

model” (IPD) was used to recognize the mechanisms of the sorption processes. This
model assume that intra-particle diffusion is the rates-controlling steps that are normally
the case for the well-mix solution. The “intra-particle diffusion” model is a sole - fighting
model in nature and might be described by Weber and Morris, which is based on Fick’s
second law [20]. The sorbed amounts g: should differ linearly with the square root of
time. The “intra-particle diffusion” model can be defined by the following equation [21]:



qe = kqit"? + 1; (8)
Where ky; (mg/g h'?) is the rate constants of phase i and it is equal to the grade of
relationship relate q: with t*2. In addition, the interrupt of phase i is signified by the values
of I; (mg/g) and it reflect the width of bouthe ndary layer.
This means that the larger effects of the boundary layer can be predictable with the larger
value of interrupt. If the relationships connected between g versus t2 is linear, the intra-
particle diffusion occurs. If the linear plot passes through the origin, the only intra-particle
diffusion is represented the rate-limiting procedure. Then, another mechanism must be
considered with intra-particle diffusion [22, 23].
An intra-particle diffusion model has fitted the Kinetic data. The results show in the
Fig.8 two separate region; the first severe portion attributed to the immediate sorption
step and another portion is the intraparticle diffusion rate is dominated. The intra-
particle diffusion coefficient for the sorption was listed in Table (4). It is clear that
the i for all stages is larger than zero and regression line didn’t pass through the
origin. This means the external mass transport mechanisms must be considered with
intra-particle diffusion [24].
Also, the results shown the constant rate kig for the initial stage (surface sorption) is
larger than of kog which obtain from second stage (internal diffusion), that’s mean the
sorption was governed by external sorption rather than intraparticle diffusion.
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Table 4
Constants of Intraparticle diffusion model

Portion Parameter value
kis (mg/g h?) 0.4580

L l18 (MQ/Q) 0.2155

R? 0.9921

SSE 0.0152

kos (mg/g h/?) 0.1592

) I8 (Mg/Q) 0.4669

R? 0.9298

SSE 0.0241

4. CONCLUSIONS

The GDAS sorption of benzene aqueous solution was investigated at different
conditions. Results show the benzene removal efficiency as a function of various
quantities of sorbent dose. It is obvious that effectiveness improved, with increasing
GDAS from 0.2 g to 10 g, and then it fixed after a certain period of time. When increasing
the sorbent dose the sorption density and the quantity sorbed per unit mass (qge) are
reduced.
The effects of contact time on efficiency removal shows that the percentage of
removal of these pollutants increased significantly with growth in interaction time.
The sorption rate was fast in the first phase and progressively slowed down then. Also,
it could be seen that by growing the initial concentrations of contaminant the removal
efficiency would decrease and the uptake sorption would increase. Batch
investigations demonstrated that the GDAS efficiency removal for benzene is ranged
from 55%-76% at sorbent dose 5 g/100 mL and contact time 5 hours.
The Langmuir and Freundlich isotherm model gave a good representation for the
sorption process with high determination coefficient.
The values of maximum uptake (gm) about 14.835 mg/g and Freundlich constants (Kr)
and (n) were found to be 0.163 and 1.487 respectively which indicate favorable
sorption of benzene onto GDAS.
Kinetic results data analyzed by the Pseudo first- order and Pseudo-second-order
kinetic models and gave the best fitting for data depending on a statistical error, where
(R?) was greater than 0.95. The calculated sorption capacity ge (mg/g) values agreed
well with those obtained from experiments.
Intra-particle diffusion data consisted from two separated region; the first severe
portion recognized to the immediate sorption step, and another portion is the
intraparticle diffusion rate is dominated.
It is clear that the Ii for all stages is larger than zero and regression line didn’t pass
through the origin. This means the external mass transport mechanisms must be
considered with intra-particle diffusion.
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