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Abstract

In the present study, activated carbon supported metal oxides was prepared for
thiophene removal from model fuel (Thiophene in n-hexane) using adsorptive
desulfurization technique. Commercial activated carbon was loaded individually with
copper oxide in the form of Cu,O/AC. A comparison of the kinetic and isotherm
models of the sorption of thiophene from model fuel was made at different operating
conditions including adsorbent dose, initial thiophene concentration and contact time.
Various adsorption rate constants and isotherm parameters were calculated. Results
indicated that the desulfurization was enhanced when copper was loaded onto
activated carbon surface. The highest desulfurization percent for Cu,O/AC and origin
AC at initial thiophene concentration of 500 ppm, adsorbent dose of 0.01 g/ml and
equilibrium time of 5 hr were 87.4% and 53.4% respectively, for outlet concentration
of 63 mg/L for copper oxide and 236 mg/L for original AC. Generally, the percent
removal of thiophene increases with the increase in adsorbent dose and decrease with
increase in initial thiophene concentration. The present study was mainly focusing on
the kinetics and adsorption isotherms aspect; adsorption kinetics of thiophene onto
activated carbon supported Cu,O adsorbent was closely represented by the second
order kinetic model and Freundlich isotherms well represented the equilibrium
adsorption of thiophene from model fuel.

Key words: Adsorptive desulfurization; activated carbon; copper; thiophene, kinetics,
isotherms.

Introduction

Since most crude oils from different
origins contains large amounts of
sulfur and nitrogen compounds, many
desulfurization techniques have been
considered for sulfur-nitrogen removal;
they are required for the purpose of
protecting the environment against
pollution by sulfur- and nitrogen-oxide
emanations (SOx and NOx). Also,
these contents cause catalyst poisoning
as well as effecting vehicle engines [1]

[2]. The removal of sulfur compounds
from crude oil is basically carried out
via catalytic  hydrodesulfurization
(HDS) process. The
hydrodesulfurization process
considered being highly-costing
process for the expensive conditions it
requires, i.e., high temperature and
pressure, and the high-cost catalysts it
required. Moreover, it does not fulfill
the need to reach ultra-low sulfur
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content; thereby, other processes have
been considered for such aim [3] [4].
Oxidative desulfurization considered
being an alternative process for sulfur
removal aspect, in addition to many
other processes such as extractive
desulfurization, photochemical
desulfurization, biodesulfuriation and
the most important process which this
study is considered to subject the light
on is adsorptive desulfurization. The
main  advantages of  adsorptive
desulfurization  process are the
availability of the adsorbents used and
it's low cost, and it does not require
expensive conditions as in (HDS) [5]
[6]. Many adsorbents are used for this
purpose such as activated carbon,
modified composite oxides, zeolites
and many other porous material;
Moreover, metal oxides considered as
good type of adsorbents used. The
adsorbents used have a major effect for
sulfur removal and to reach ultra-low
sulfur content [7].

The present work employes three
prepared adsorbents for thiophene
removal from model fuel (Thiophene
in n-hexane) are tested. The adsorption
Kinetics to study the behavior of this
process as well as to employs
adsorption isotherms for the same
concept.

Experimental

1. Model Fuel

Simulated model fuel consists of n-
hexane (C¢Hu4, purity > 99%, supplied
from Sigma-Aldrich company,
molecular  weight, 86.18 g/mol;
density, 0.871 gm/cm® at 16 °C; and
boiling point, 74.1 °C) is mixed with
different amounts of thiophene (C4H4S
of 99.9% purity, supplied from Fluka
Chemie AG, Company, molecular
weight, 84; density, 1.071 gm/cm® at
16 °C; and boiling point, 84.1 °C) as a
sulfur source.
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2. Adsorbents

Activated carbon  pellets (AC)
(supplied from Research Products
International Corp. USA) of purity
99.9% was used as support without any
heat or chemical pretreatment. The
surface area (BET) and pore volume
were tested using sorption of N, and
their values were 1066 (m?/g) and 0.65
cm®g respectively. The AC pellets
were milled and sieved to size range of
(0.3-0.6) mm before impregnation.
Copper nitrate, Cu(NO3),.3H,0, 97%
purity supplied by Fluka Chemie AG
company was used as copper
precursor.

3. Adsorbents Preparation

The adsorbent was prepared by
incipient wetness impregnation
technique where 40 gm activated
carbon was impregnated under vacuum
and room temperature with aqueous
solution of Cu(NOg3),3H,0. This was
prepared previously by dissolving 12.3
g copper nitrate in 26 ml of distilled
water to get 10 wt% metal loaded. The
sample was left over 24 hr at the
ambient conditions to load the largest
amount of metal precursor. Then the
impregnated activated carbon sample
was dried at 90 °C for 6 hr and
calcined at 500 °C under vacuum for 3
hr.

4. Desulfurization Procedure

The model oil used consisted of
thiophene dissolved in n-hexane at
different initial thiophene
concentration. A series of experiments
were carried out in batch operation in
order to evaluate the influence of
process parameters: initial thiophene
concentration (250-2000 mg/L) and
adsorbent dose (0.01-0.08 g/ml). All
adsorption experiments were
performed at room temperature and
using 10 ml of liquid model fuel.
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In the first set of adsorption

experiments, the contact time was
varied from 15-360 min while fixing
the other parameters initial thiophene
concentration (Ci,) of 500 mg/L, and
adsorbent dose of 0.01 g/ml. In the
second set of experiments the effect of
initial thiophene concentration was
investigated by varying the initial
concentration of sulfur as 250, 500,
1000 and 2000 mg/L and fixing the
adsorbent dose at 0.01 g/ml and the
contact time was equilibrium time
(estimated from the first set results).
Finally, in the third set of experiments
the effect of adsorbent dose (varied as
0.01, 0.02, 0.04 and 0.08 g/ml) was
studied at constant contact time of
equilibrium time and initial sulfur
concentration of 500 mg/L.
The desulfurization percentages were
calculated as the ratio of the thiophene
concentration that was adsorbed by the
adsorbent to the thiophene
concentration present initially in the
model fuel according to equation
bellow:

Cin - Cout

£ 100
()

The sulfur adsorption capacity (q) was
calculated by using the following
equation:

Desulfurization% =

Vso01(Cin—Ce
g = VGG Q)

Where g is the amount of sulfur
adsorbed (mg /g cat), Vs is the
volume of solution (L), Cin, Coyt and Ce
are initial, outlet and equilibrium
concentrations (mg /l), and m is the
mass of adsorbent (g).

The sulfur content in model fuel and
real gasoil was determined by X-ray
fluorescence in  the  Petroleum
Research and Development
Center/Ministry of QOil/Baghdad by
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using Horiba sulfur-in-oil analyzer
type (SLFA-2100).

Results and Discussion

1. Adsorbent Characterization
X-ray powder diffraction (XRD) was
used to analyze the crystallinity and
also to determine the oxidation phase
of copper loaded onto activated
carbon, using an XRD-6000 (Bruker
D2 PHASER). According to thermal
decomposition data of Cu(NO3),.3H,0
under vacuum [8] firstly,
Cu(NOs3)2.3H,0 is melted at 115-155
°C, then converted to phase -
Cuy(OH);NO3; at 200-217 °C. By
increasing the calcination temperature
it is converted to CuO at 260-310 °C,
finally CuO decomposes to Cu,O at
calcination temperature > 450 °C.
Figure 1 shows the XRD analysis of
copper-impregnated AC sample. As
shown in this figure, the diffraction
peaks are at 20 = 36°, 42.5°, 61° and
74° which indicate presence of Cu,O
crystals in AC.
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Fig. 1: XRD analysis of Cu,O-impregnated AC
sample

Atomic absorption spectroscopy model
(Varian AA240 FS) was used for
determination the total content of
copper loaded onto activated carbon.
The measured total content of copper
was about 9.25 wt%.

The BET surface area and the pore
volume of the original activated carbon
and impregnated activated carbon was
determined wusing Quanta chrome
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Autosorb  gas  sorption  system
estimated from nitrogen adsorption and
desorption. The surface area and pore
volume of Cu,O/AC were 995 m“/gm
and 0592 cm*gm respectively
compared with the origin AC which
were 1066 m%g and 0.65 cm’g
respectively. This indicates that the
impregnating of 9.25 % copper oxide
on AC did not have a big effect on the
porosity of produced adsorbent.
Therefore, there are few carbon pores
plugged due to metal impregnation
compared with the original AC.

2. Adsorption and Kinetics Studies

The purpose of these studies is to
determine the equilibrium time,
mechanism of adsorption and to
determine the rate-controlling step.
The effect of contact time (0-6 hr) on
thiophene adsorption from n-hexane as
a model fuel onto Cu,O/AC is shown
in Figure 2. It is clear that the rate of
thiophene adsorption from model fuel
was fast during the first 1 hr, this is
clear due to the fact that a large
number of unoccupied active sites are
initially available for the adsorption
and therefore higher driving force and
fast mass transfer of thiophene take
place. With the passage of adsorption
time, the remaining unoccupied active
sites are difficult to be taken due to
repulsive forces between thiophene
molecules on the adsorbent surface and
in the liquid solution. In late stages,
the adsorption of thiophene remains
approximately  constant and the
difference between the uptake at 5 hr
and 6 hr and was less than 0.5%.
Therefore, the approximation of steady
state was specified and an equilibrium
condition was considered to be 5 hr.
Maximum thiophene capacities were
reported as 43.7 and 26.4 mg/g for
Cu,O/AC and AC respectively at
initial thiophene concentration of 500
mg/l and adsorbent dose of 0.01 g/mg
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as shown in Figure 2. Based on the
above results, the Kkinetic studies
including.  pseudo 1% order
(Lagergren), pseudo 2" order, Weber-
Morris (Intra-particle diffusion) and
Elovich  kinetics  models  were
performed on all thiophene adsorbent
systems.
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Fig. 2: Outlet thiophene concentration (Cy) ()
and uptake (qt) (b) vs. contact time of model
fuel for Cu20/AC and original AC (initial
thiophene concentration of 500 mg/l and
adsorbent dose of 0.01 g/ml)

A comparison of thiophene adsorption
onto Cu,O/AC and the original AC
shows that the copper impregnation
increases the thiophene uptake. The
experimental results indicated that the
thiophene removal was enhanced when
copper was loaded onto AC surface
about 65 % (at initial thiophene
concentration of 500 mg/l and
adsorbent dose of 0.01 g/ml). These
results are in agreement with several
previous studies such as [9] [10]. As
suggested by Seredych and Bandosz
[11], the enhancement in thiophenic
compounds may take place due to the
specific interactions between the
supported metal species and thiophenic
compounds molecules involving =-
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complexation and acid-base
interactions in addition to the original
dispersion interactions in AC micro
and meso pores.

For the kinetic study of model fuel
desulfurization, various kinetic models
had been proposed and used to
determine the mechanism by which
solute (thiophene) may be adsorbed.
Therefore, three kinetic models were
used as follows:

Pseudo 1% - Order Model
(Lagergren Model)

The nonlinear and linear forms of
Lagergren model are [12].

q: = qe(1 — exp(—k4t)) --(3)

In(qe — q¢) = In(ge) — kqt ..(4)

Where q; is the amount of sulfur
adsorbed (mg sulfur/g cat.) at time t
(min), ge the amount of sulfur adsorbed
at equilibrium (mg sulfur/g cat.) and K;
is the equilibrium rate constant of
pseudo first-order adsorption (min?).

Pseudo2™ -Order Model

The pseudo second order model can be
represented in the following forms
[13]:

— tkoq}
1+tk2q§

...(5)

qt

t 1 t

+L ...(6)

ac  kaqe?  qe

Where k, is the pseudo second order
rate constant of adsorption (mg/g min).

Intra-Particle Diffusion Model

Based on the theory of Weber and
Morris [14], the adsorption Kinetics
was described according to the
following model:

qr = kst -(7)

Where k5 is the intra particle diffusion
rate constant (mg/g min*).
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Elovich Model

The Elovich model is mainly applied
for chemical adsorption Kinetics
(chemisorption), it is predominately
suitable for heterogeneous systems.
This model can be expressed as
follows [15]:

a _
%: ae(~Far) ...(8)

Where o = initial adsorption rate (mg/g
min) and P is constant related to the
surface coverage and the activation
energy for chemical adsorption (g/mg).
By assuming afit >>> 1 the integration
form of this model is: [16]

q, = %ln(a/j) + %ln(t) ...(9)

Equation 9 can be used to examine the
validity of the Elovich model to the
Kinetics of thiophene adsorption onto
prepared catalysts by plotting q; vs.
In(t).

Figures 3a, 3b, 3c and 3d. show the
application of the above kinetic models
by plotting log (Qe-qr) vs. t, (t/qr) vs. t,
O vS. v/t and g; vs. In(t) respectively
for Cu,O/AC adsorbent. To determine
the extent of approval of each kinetic
model, the coefficient correlation (R?)
was calculated from these plots. The
greatest R? value indicates the
applicability of the model. Different
adsorption rate constants including
experimental and calculated g. values
are summarized in Table 1. It can be
concluded from this table and also
from Figures 3a., 3c. and 3d. that the
results did not obeys the 1% order,
diffusion kinetic or Elovich models
due to relatively low values of R?. For
1% order model, a large variation was
noticed between the experimental (e
exp.) and calculated (ge cal.)
equilibrium uptake values. In case of
2" order model, a linear relationship
was noted between (t/g;) and t over all
the entire adsorption period as shown
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in Figure 3b. The experimental and
calculated ge values from the pseudo
2" order kinetic model are close to
each other and the calculated
correlation-coefficients (R?) are closer
to unity for pseudo 2™ order kinetics
than that for other models. Based on
these results, the thiophene adsorption
over Cu,O/AC can be represented
more suitably by the pseudo 2" order
kinetic model.
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Fig. 3: Plot of pseudo 1% order (a), pseudo 2™
order (b), Intra particle diffusion (c) and
Elovich (d) kinetic models for thiophene
adsorption from model fuel at initial thiophene
concentration of 500 mg/l and adsorbent dose
of 0.01 g/ml
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Table 1: Adsorption kinetic parameters for the
desulfurization of model fuel (C;,=500 mg/l,
catalyst concentration = 0.01 g/ml, Vg, = 10
ml, Mg =0.1g)

Adsorption Parameters | Value
model Cu20/AC
Pseudo 1% | Ky (min®) | 0.008
order model g (mg/g) | 43.7
q: exp
=q.(1 d.  (mglg) | 21.327
—exp(—kqt)) | cal
R 0.708
Pseudo2™ k,  (mg/g | 0.001735
order model min)
qt d.  (mg/g) | 43.7
tkoq; | exp
T 1+thyq? | % (molg) | 45.45
cal
R 0.995
Diffusion ks (min™) 1.866
model I, (mg/g) 0
qc = kavt | 1, (mg/g) 13.23
R 0.757
Elovich model | a (mg/g | 26.17
4 min)
1 B (g/mg) 0.166
=gn@h) gz 0.9246
1
+ ﬁln(t)
3. Effect of Initial Thiophene

Concentration

Figures 4a and 4b show the effect of
initial thiophene concentration, Ci,
(from 250 to 2000 mg/l) on the
equilibrium thiophene concentration
(Ce), and desulfurization percentage.
Figure 5 shows the adsorption
isotherms  (equilibrium uptake vs.
equilibrium thiophene concentration)
of thiophene onto Cu,O/AC of model
fuel at constant adsorbent dose of 0.01
g/ml and equilibrium time of 5 hr. The
results represented in Figures 4a
and4b, show that the desulfurization
percentage  decreases (and  the
equilibrium thiophene concentration
increases) with increasing initial
thiophene concentration. This can be
attributable to that all the adsorbent
have a limited number of active sites
on its surface, which becomes
saturated at a certain concentration.
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Fig. 4: Effect of initial thiophene concentration
on thiophene equilibrium concentration (a),

and desulfurization (b) at adsorbent dose of
0.01 g/ml and equilibrium time of 5 hr
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Fig. 5: Equilibrium uptake of thiophene
adsorption from model fuel onto Cu,O/AC at
different initial thiophene concentration
(adsorbent dose of 0.01 g/ml and equilibrium
time of 5 hr)

4. Effect of Adsorbent Dose

Figure 6 shows the effect of adsorbent
dose (g/ml) on the desulfurization
percentage of thiophene onto Cu,O/AC
at constant initial thiophene
concentration of 500 mg/l and
equilibrium time of 5 hr. The increase
in  adsorption  percentage  with
adsorbent dose can be attributed to the
availability of greater surface area and
therefore a larger number of adsorption
active sites. When using low sorbent
dose (i.e. available surface area is less
than optimum or required), the sorbent

-Available online at: www.iasj.net

surface becomes saturated with
thiophene and therefore the large
concentration of residual thiophene is
remained in the solution. On
continuous increasing in sorbent dose,
more surface area, and active sitesleads
to increase in thiophene removal
because the thiophene uptake is
increased by a more available sorbent.
When using adsorbent dose greater
than required, the percent removal of
thiophene becomes nearly constant.
Figure 7 shows the equilibrium uptake
VS. equilibrium thiophene
concentration of thiophene onto
Cu,O/AC at different adsorbent dose.
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Fig. 6: Effect of adsorbent dose (g/ml) on
thiophene equilibrium concentration, C. (a)
and desulfurization% (b) at initial thiophene
concentration of 500 mg/l and equilibrium
time of 5 hr
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Fig. 7: Equilibrium uptake of thiophene
adsorption from model fuel Cu20/AC at
different adsorbent dose at initial thiophene
concentration of 500 mg/l and equilibrium
time of 5 hr
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Adsorption Isotherms

The experimental equilibrium
adsorption  data  of  thiophene
adsorption onto Cu,O/AC have been
analyzed by using Freundlich and
Langmuir isotherms at different initial
thiophene concentration and adsorbent
dose as shown in Figures 8 and 9.

The non-linear form of Langmuir
isotherm model is given by the
following equation:

_ QoKLCe
e = Tixc ...(10)

where C. is the equilibrium
concentration of thiophene (mg/l), ge is
equilibrium adsorption capacity of
thiophene adsorbed per unit mass of
the adsorbent (mg/g), Q. is the
maximum monolayer-coverage amount
of thiophene adsorbed per unit mass of
the adsorbent given in (mg/g), and K}
is the Langmuir isotherm constant
(L/mg). Langmuir adsorption isotherm
assumes formation and attachment of a
monolayer of adsorbate molecules on a
specific number of sites on the surface
of the solid adsorbents [17].

Freundlich adsorption isotherm is used
to  characterize  the  multilayer
adsorption for the heterogeneous
surfaces. The Freundlich model in an
exponential form is given by the
following relation [18]:

1
de = KfCer ...(11)

Where Ky is the Freundlich isotherm
constant (mg/g) and n is the adsorption
intensity.

The Langmuir isotherm parameters Q,
and K, the correlation coefficient (R?),
the Freundlich isotherm constants K¢, n
and coefficient-correlation (R®) were
determined by linearized-form
regression are shown in Tables 2 and
3. The experimental data fitting to the
Langmuir and Freundlich isotherms
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are shown in Figures 8 and 9. Results
indicated that the adsorption situation
for thiophene adsorption from model
fuel is described better by Freundlich
isotherm model. The results
areconfirmed by the calculated
correlation coefficient (R?) between
the experimental and calculated ge
values for the two isotherm models.
Therefore, by using Freundlich
isotherm model, results showed that
the (R? were 0.9971 for initial
concentration study and 0.9327 for
adsorbent dose study. Figure 10 shows
the comparison of experimental,
Langmuir and Freundlich adsorption
isotherms at different initial thiophene
and adsorbent dose.
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Fig. 8: Fitting of Langmuir (top) and
Freundlich (bottom) isotherms at different
initial thiophene concentration on Cu,O/AC
adsorbent

Table 2: Langmuir and Freundlich parameters
for the desulfurization of model fuel

Isotherm Parameters | Value
model Cu,O/AC
Langmuir Q, (mg/g) 263.15
_ QoK Ce | K, (I/mg) 0.00366

T =1YKc, [R 0.0886
Freundlich Ky (mg/q) 1.468

—wcr= |N 1.197

= n

Ge = KsCe R? 0.9971
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Fig. 9: Fitting of Langmuir (top) and
Freundlich (bottom) isotherms at different
initial adsorbent dose on ZnO/AC (a),

Cu,0/AC (b) and NiO/AC (c)

Table 3: Langmuir and Freundlich parameters
for the desulfurization of model fuel

Isotherm Parameters | Value
model Cu,O/AC
Langmuir Q, (Mg/g) 333.34
qe K, (I/mg) 0.00152
_ QK.C. | R 0.9755
1+K.C,
Freundlich Ky (mg/g) 0.364
LN 0.915

= n

Ge = KpCem 1o 0.9327
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Fig. 10: Experimental, Langmuir and
Freundlich adsorption isotherms at different
initial thiophene (top) and adsorbent dose
(bottom)
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Conclusion
Adsorptive desulfurization of the
model fuel was performed using
Cu,O/AC  prepared by using
impregnation  method.  Thiophene
removal capacity, adsorption kinetics
and adsorption isotherms were studied
in batch operation. The following
conclusions can be summarized from
the presented study:

e Using  activated carbon in
adsorptive desulfurization method
for sulfur compounds removal from
liquid fuels was very efficient
especially when loaded with metal
oxides. The experimental results
indicate that the thiophene uptake
was enhanced when copper loaded
onto activated carbon surface.

e The equilibrium concentration was
established after 5-6 hours, of 63
mg/L for Cu,O and 236 mg/L for
original AC.

e In general, the percent removal of
thiophene increases with the
increase in adsorbent dose and
decrease with increase in initial
thiophene concentration.

e The adsorption  Kkinetics  of
thiophene onto activated carbon
supported Cu,O sorbent could be
closely represented by the 2" order
kinetic model.

e Freundlich isotherms in general
well represent the equilibrium
adsorption of thiophene from model
fuel.

Nomenclatures

A= Initial adsorption rate (mg/g.min)
AC= Activated carbon

B= constant related to the surface
coverage and the activation energy for
chemical adsorption (g/mg)

Ce= Equilibrium concentration (mg/l)
Cin= Initial concentration (mg/l)

Cout= Final concentration (mg/l)

K1= Equilibrium rate constant of
pseudo first-order adsorption (min™)
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k,= Pseudo second order rate constant
of adsorption (mg/g.min)

ks= Intra particle diffusion rate
constant (mg/g.min™)

K= Freundlich isotherm constant
(mg/g)

K, = Langmuir isotherm constant
(L/mg)

M= The mass of the catalyst (Q)

q =The amount of sulfur adsorbed
(mg/g)

go=The maximum monolayer-coverage
amount of thiophene adsorbed per unit
mass of the adsorbent (mg/g)

ge =The amount of sulfur adsorbed at
equilibrium (mg/qg)

g: =The amount of sulfur adsorbed at
time (t) (mg/g)

R? =the coefficient of correlation

t =Time (min)

V s =The volume of the solution (L)

o = initial adsorption rate (mg/g.min)
B= constant related to the surface
coverage and the activation energy for
chemical adsorption (g/mg)

References

1. Kim, J. H., Ma, X., Zhou, A., and
Song, C. (2006). Ultra-deep
desulfurization and denitrogenation
of diesel fuel by selective
adsorption over three different
adsorbents: a study on adsorptive.

2. Muzic, M., and Serti¢-Bionda, K.
(2013). Alternative Processes for

Removing Organic Sulfur
Compounds from Petroleum
Fractions. Chemical and
Biochemical Engineering

Quiarterly, 27 (1), 101-108.

3. Campos-Martin, J. M., Capel-
Sanchez, M. D. C., Perez-Presas, P.,
and Fierro, J. L. G. (2010).

Oxidative processes of
desulfurization of liquid
fuels. Journal of chemical

technology and biotechnology, 85
(7), 879-890.

92 IJCPE Vol.18 No.2 (June 2017)

4. Soleimani, M., Bassi, A., and

Margaritis, A. (2007).
Biodesulfurization of  refractory
fossil fuels. Biotechnology

advances, 25 (6), 570-596

5. Xiaolin, T., and Le Zheting, S. L.
(2011). Deep desulfurization via
adsorption by silver modified
bentonite. China Petroleum
Processing and  Petrochemical
Technology, 13, 16-20.

6. Ahmad, W., Ahmad, I., Ishag, M.,
and lhsan, K. (2014). Adsorptive
desulfurization of kerosene and
diesel oil by Zn impregnated
montmorollonite  clay.  Arabian
Journal of Chemistry.

7. Adeyi, A. A., and ABERUAGBA,
F. (2012). Comparative analysis of
adsorptive desulphurization of crude
oil by manganese dioxide and zinc
oxide. Research  Journal  of
Chemical Sciences, 2 (8), 14-20.

8. Morozov, I. V., Znamenkov, K. O.,
Korenev, Y. M., and Shlyakhtin, O.
A. (2003). Thermal decomposition
of Cu (NO 3) 2- 3H 2 O at reduced
pressures. Thermochimicaacta, 403
(2), 173-179.

9. Moosavi, E. S., Dastgheib, S. A,
and Karimzadeh, R. (2012).
Adsorption of thiophenic
compounds from model diesel fuel
using copper and nickel
impregnated activated
carbons. Energies, 5 (10), 4233-
4250.

10. Seredych, M., and Bandosz, T. J.
(2010). Adsorption of
dibenzothiophenes on activated
carbons with copper and iron
deposited on their surfaces. Fuel
Processing Technology, 91 (6), 693-
701.

11. Seredych, M., and Bandosz, T. J.
(2011).  Investigation of the
enhancing effects of sulfur and/or
oxygen functional groups of
nanoporous carbons on adsorption

-Available online at: www.iasj.net


http://www.iasj.net/

Saad H. Ammar and Sama Ali Jaafar

of dibenzothiophenes. Carbon, 49
(4), 1216-1224.

12. Lagergren, S. (1898). About the
theory of so called adsorption of
solute substances. Ksver
Veterskapsakad Handl, 24, 1-6.

13. Ho, Y.S.; and McKay, G.
(1999). Pseudo-second-order model
for sorption processes. Process
Biochemistry, 34 (5), 451-465.

14. Weber, W.J.; Asce, Jr J.M.; and
Morris, J.C. (1963) Kinetics of
adsorption on  carbon  from
solutions.  Journal of Sanitary
Engineering Division of American
Society of Civil Engineering, 89, 31-
60. organic sulfur compounds in.

15. Low, M. J. D. (1960). Kinetics of
Chemisorption of Gases on
Solids. Chemical Reviews, 60 (3),
267-312.

16. Chien, S. H., and Clayton, W. R.
(1980). Application of Elovich
equation to the Kkinetics of
phosphate release and sorption in
soils. Soil ~ Science  Society  of
America Journal, 44 (2), 265-268.

-Available online at: www.iasj.net

17. Dada, A. O., Olalekan, A. P.,
Olatunya, A. M., and Dada, O.
(2012).  Langmuir,  Freundlich,
Temkin and Dubinin—Radushkevich
isotherms studies of equilibrium
sorption of Zn2+ unto phosphoric
acid modified rice husk. Journal of
Applied Chemistry, 3 (1), 38-45..

18. Umpleby, R. J., Baxter, S. C.,
Bode, M., Berch, J. K., Shah, R. N.,
and Shimizu, K. D. (2001).
Application of the Freundlich
adsorption  isotherm  in  the
characterization of molecularly
imprinted polymers. Analytica
Chimica Acta, 435 (1), 35-42.

IJCPE Vol.18 No.2 (June 2017) 93


http://www.iasj.net/

