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ABSTRACT

A new activated carbon was synthesized using paper mill sludge as a low cost waste
material. It was employed to remove phenol from aqueous solution in the concentration
range of 0-60mg/1 and temperature range of 25-45°C. The adsorbent characteristics were
determined by different analyses such as BET, FTIR, and SEM. The effects of pH, adsorbent
dosage, initial phenol concentration, contact time, and temperature on phenol adsorption
were investigated. The maximum adsorption capacity of 15.04mg/g was obtained at
optimum condition. The equilibrium experimental data were analyzed by several model
isotherms. The best-fitted adsorption models were found to be in the order: Langmuir-
Freundlich > Freundlich > Langmuir. The kinetics of phenol adsorption was investigated
using different kinetics models. Experimental kinetic data were well described by the
pseudo-second-order model. It was found that the temperature had negative impact on the
phenol removal. Thermodynamic parameters such as Gibbs free energy, the enthalpy, and
the entropy changes were determined. The results indicated that phenol adsorption process
was spontaneous, exothermic, and controlled by physical sorption mechanism. Finally, the
results revealed that the paper mill sludge can be employed as a promising raw material
in terms of economical and technical aspects for the removal of contaminants from
wastewaters.
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1. Introduction

In recent years, water pollution has become a
major risk, especially in developing countries, due to
insufficient funds that are accessible for wastewater
treatment. At present, existence of organic pollutants
is more dangerous than inorganic ones due to their
potential mutagenicity, carcinogenicity, and toxicity
[1]1. Moreover, they cause an unpleasant effect on
odor, taste, and color of drinking water. Phenol
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and its derivatives are one of the hazardous organic
pollutants.

Phenolic compounds are considered as major pol-
lutants, since they are harmful for living creatures
even at low concentration and many of them have
been classified as hazardous contaminants due to their
potential harm to environment [2]. The main sources
of phenol and its derivatives which pollute the aquatic
environment are wastewaters from paint, pesticide,
coal conversion, polymeric resins, steel, petroleum,
and petrochemical industries [3]. Phenol could have
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serious effect on human health, it may cause
malfunction in brain, digestive system, eye, heart,
liver, lung, and skin [4]. On the basis of these
problems, strict legislation has been enacted for
discharging phenolic contaminants to environment
and thus this makes it necessary to develop an effec-
tive technique to remove them from wastewater [5].
There are several techniques for phenol removal such
as oxidation, biodegradation, chemical coagulation,
incineration, reverse osmosis, and adsorption. All the
above mentioned methods have some advantages;
however, high energy consumption, low selectivity,
and high operational costs have restricted their
applications [6]. Among these techniques, adsorption
is one of the most effective one either in laboratory or
industrial scale [7].

Adsorption occurs due to the affinity of an adsor-
bent for adsorbate species. Adsorption process contin-
ues till the equilibrium is achieved between the
species bounded to the adsorbent and those remaining
in the solution [8]. Activated carbon is a carbonaceous
material which has a porous structure that turns it to
a superior adsorbent [9]. Due to its high adsorption
capacity, activated carbons have been used in mixture
separation and liquid purification [10]. Activated car-
bon can be produced from any carbonaceous material
through physical and chemical activation. Characteris-
tics of porosity in activated carbon including pore size
distribution, pore shape, and surface chemistry can be
affected by the nature of the precursor, activation
method, and activation conditions. Physical activation
is a two-step process; in the first step, the material is
carbonized under inert atmosphere and in the second
step, the carbonized material is activated at high tem-
perature using steam or carbon dioxide as an activat-
ing agent in order to develop porous structure. In
chemical activation, the precursor is impregnated with
activation reagent and then heated in inert atmo-
sphere. Dehydration and oxidation reactions of chemi-
cals led to pore development. Then, the produced
char is washed to remove residual impurities [11]. In
comparison to physical activation, chemical activation
has some advantages: low energy and operating cost,
high carbon yields, and high surface area with porous
structure [12,13]. However, high cost of production
and regeneration associated with these kinds of acti-
vated carbons are disadvantages that may restrict
their applications [14]. Thus, there is a growing
demand to find out an adsorbent, not only being eas-
ily available and relatively effective but also have a
low cost for adsorption of contaminants from efflu-
ents. Generally, adsorbents with little processing,
plentiful in the nature or waste residues generated
from industries are considered as low cost adsorbents
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[15]. The low cost adsorbent can be prepared from
agriculture waste materials such as rice husk [16],
pine bark [17], nutshells [18], olive stone [19], and
sugarcane bagasse [20].

Nowadays, industrialization and urbanization have
increased disposal of industrial and municipal waste-
waters to the environment. This poses a major envi-
ronmental problem because hazardous contaminants
available in wastewaters are non-biodegradable and
resists to conventional biological treatment, so that
removal of contaminants from wastewaters are diffi-
cult [21]. Sewage sludge is a biomass which is pro-
duced in a large amount from biological activities of
municipal wastewater treatment plants and industrial
wastewaters. Because of the rapid growth in popula-
tion, disposal of sewage sludge has become a great
concern in the recent years. There are several ways to
dispose sewage sludge including landfilling, incinera-
tion, and sea dumping [22]. Because of rapid urbani-
zation, finding appropriate land for landfilling is
becoming challenging task. Sea dumping is banned in
many countries due to pollution caused by oil, fats,
and other undesired compounds. Incineration method
used in many countries is becoming restricted due to
legislations enacted for greenhouse gas emissions and
also for energy consumption. Considering these prob-
lems, lots of efforts were made by many investigators
to find out a way for reusing sewage sludge instead
of disposing them. Activated carbon produced during
aerobic treatment of different industrial wastewaters
is a suitable precursor for the production of activated
carbon, since it contains enough carbon in its struc-
ture. This approach not only reduces the amount of
sewage sludge, but also converts this waste to useful
material such as biosorbent for wastewater treatment
[23]. Although the paper mill sludge was previously
used to synthesize activated carbon [24], its applica-
tion for phenol removal has not been reported in the
literature. The novelty of the present work lies in
using paper mill sludge-based activated carbon for
phenol removal that has shown a remarkable adsorp-
tion capacity.

The main aim of the present study was to synthe-
size a new adsorbent from low cost carbonaceous
material obtained from the treatment of pulp industry
wastewater. Then, the efficiency of the synthesized
adsorbent for removal of phenol from aqueous solu-
tions was investigated through the equilibrium and
kinetic studies in batch system. The optimum condi-
tions to attain maximum adsorption capacity were
determined by the examination of different parame-
ters affecting on adsorption. Theoretical interpreta-
tions of the experimental data were carried out in
terms of equilibrium isotherm and kinetic models.
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Also, thermodynamic analysis was performed to
evaluate the adsorption thermal nature and degree of
randomness with respect to the values obtained for
enthalpy and entropy of adsorption.

2. Materials and methods
2.1. Preparation of activated carbon

Paper mill sludge was collected from the pulp and
paper plant, Chouka, Talesh, in north of Iran. The raw
paper mill sludge was dried in an oven at 110°C for
24h and crushed mechanically using a blender, then
sieved to particle size of 0.3mm. A 20g of dried
sludge was impregnated in 250 ml of 1.2M ZnCl, with
impregnation ratio of 2:1 at 80°C for 8h. Then, the
slurry was dried out at 110°C for 24h and subse-
quently pyrolyzed in a stationary horizontal furnace
under a pure nitrogen gas atmosphere; the heating
rate was kept at 15°C/min. The pyrolyzing tempera-
ture and dwelling time were 700°C and 1h, respec-
tively. Following pyrolysis, the product was washed
with 0.1M HCI to remove residual compounds and
then rinsed with distilled water to adjust the pH
around the neutral level (pH=7) and then dried at
110°C for 12 h.

2.2. Characterization of the paper mill sludge-based
activated carbon

Elemental analysis of paper mill sludge was car-
ried out (Costech ECS 4010, USA) to find out the
amount of elements such as C, N, etc. The surface
morphology was observed by scanning electron
microscopy (SEM, KYKY-EM3200, China). The Fourier
transform infrared spectroscopy (FTIR) was performed
on a Tensor-27 (Bruker, Germany) spectrum. For spec-
troscopic characterization of the precursors, a speci-
fied amount of samples was completely mixed with
KBr (FTIR grade, Merck) keeping 1:100 ratio (w/w).
Transmission measurements were performed in the
400-4,000cm ™' region. The specific surface area was
measured using physical adsorption of N, at 77K in
Belsorp mini II apparatus (Bel-Japan Company). The
surface area was estimated using Brunauer-Emmett-
Teller (BET) method.

2.3. Batch adsorption experiments

Stock solution of phenol was prepared by
dissolving a certain amount of phenol in distilled
water. 150ml of phenol solution with known initial
concentration was added to the specified amount of
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adsorbent in 250ml stoppered Erlenmeyer flasks at
each experimental run. The flask was placed in an
orbital shaker (IKA, KS 4000i control) running at
180rpm and constant temperature. Samples were col-
lected periodically at each 0.5h time interval to deter-
mine solution concentration until the equilibrium
(after 20min) was reached. Before analysis, the sam-
ples were filtered in order to minimize the interfer-
ence of carbon fines with the analysis. The
concentration of the solution was determined using
the spectrophotometer (2,100 SERIES, UNICO, USA)
at 500nm wavelength. The pH of the solution was
adjusted using dilute 0.1N NaOH or 0.1N HCIL To
evaluate the effect of significant factors on adsorption,
parameters such as pH (3-8), adsorbent dosage (0.25-
1g), contact time (5-240min), initial phenol concentra-
tion (12-60mg/1), and temperature (25-45°C) were
investigated in batch adsorption system. Each experi-
ment was repeated for two times and the average val-
ues were reported. The deviation lies between 0-5%.

The adsorption capacity described as the amount
of adsorbate adsorbed per unit mass of adsorbent (g.)
can be expressed by the following mass balance equa-
tion:

go = CVo=CVe) )

m

where Cy and C. (mg/1) denote initial and equilibrium
phenol concentration, respectively, V, and V. are the
volume of the solution at initial and equilibrium state,
respectively (L), and m is the mass of the adsorbent
(g).

The percent removal of phenol from aqueous solu-
tion was calculated by the following equation:

G -G
—

Removal (%) x 100 (2)

3. Results and discussion
3.1. characterization results
3.1.1. Elemental analysis

Table 1 presents the elemental characteristics of
raw paper mill sludge. In comparison to commercial
sources of activated carbon [88% carbon, 0.5% N and
3-4% ash content], sludge-based activated carbons
have lower carbon content and higher ash content
[25]. Among the elements, high amount of silicon is
notable (30.7%). Other carbon sources such as coal,
wood, or coke, usually have negligible amount of
silicon [9].
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Table 1
Characteristics of the paper mill sludge

Elements Percentage (wt.%)
C 44.8
N 0.4
P 0.054
Ca 1.25
Si 30.7
Mg 0.17
Moisture 0.33
Ash 36.4
3.1.2. SEM

Scanning electron microscopy (SEM) was used to
determine surface morphology of activated carbon
derived from paper mill sludge. Fig. 1 shows SEM
micrographs of activated carbon at 500 and 1,000
times magnification. Numerous pores with different
shapes and sizes can be observed. It is clear from
Fig. 1 that some particles were trapped in the pores
which might block the entry of the pores (red circles).
Following a series of washing steps, the adsorption
capacity of the activated carbon increased due to the
pore development [9].

3.1.3. FTIR

Fig. 2 shows the FTIR spectrum of the paper mill
sludge-derived activated carbon. At 3,424 cm™!, the
broad and flat band associated with the hydroxyl
group can be attributed to the adsorbed water. The
weak absorption peak at 2,350 cm ' is probably due to
the C=C stretching vibration. Another shoulder
which was observed at 1533cm ™' can be assigned to
the C=C stretching vibration [26]. The sharp and
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strong bond distinguished at 911cm ™' is ascribed to
either Si—-O-C or Si—O-Si structures [27], which can be
attributed to the remaining Si content in the derived
activated carbon. Sharp bonds appeared in the region
of 450-750 cm ™! is assigned to the in-plane and out-of-
plane aromatic ring deformations vibrations. The peak
located at 583 cm ™" is attributed to the out-of-plane C—
H binding mode [28].

3.14. BET

Table 2 gives BET surface area (Sg), micropore sur-
face area (S,,), total pore volume (V,), micropore vol-
ume (V,), and mean pore diameter (Dp) of the
activated carbon derived from paper mill sludge.
According to the definition of International Union of
Pure and Applied Chemistry (IUPAC) adsorbent
pores are classified into three groups: (i) micropores
(<2nm), mesopores (2-50nm), and macropores
(>50nm). The analysis indicated that the majority of
the pores fall in the range of mesopores (2-50nm).
The mean pore diameter (D) was calculated as
Dp=4Vt/ Sg [29]. In addition, the BET surface area of
some synthesized activated carbon is given in Table 3.

3.2. Adsorption results
3.2.1. The effect of pH

The pH of the solution is a significant factor,
because it can change the reaction kinetics and equi-
librium characteristics of the adsorption process due
to the variation in the degree of ionization of different
pollutants [31].

In order to study the effect of solution pH on the
removal and adsorption capacity of paper mill sludge-
based activated carbon, experiments were performed
at 25°C and phenol initial concentration of 50 mg/1 at

Fig. 1. SEM micrographs of activated carbon (a) surface morphology at 500 times magnification and (b) surface

morphology in 1,000 times magnification.
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Fig. 2. FTIR spectrum of the activated carbon from paper
mill sludge.

Table 2
Surface area and porosity of the developed activated
carbon

Sp (m?/g) Sm (m*/g) V,(cm’/g) Vi (ecm®/g) D, (nm)

316.32 230.1 0.4843 0.4357 6.124

different initial pH values, varied from 3 to 8. Fig. 3
shows that the adsorption capacity increased as pH of
the solution was increased from 3 to 7 and then
decreased as the pH increased to above 8. The isoelec-
tric point of activated carbon is between 1 and 3 [32]
which mean that at pH below 3, the overall surface
charge of the activated sludge is predominantly posi-
tive and as the pH of the solution rises, the surface
charge becomes negative. In acidic range (3-6), the
positive surface charge of activated carbon led to
interaction between aromatic ring of phenol which is
activated by -OH and the carbonyl oxygen group on
the surface of activated carbon according to the
donor-acceptor complexation mechanism [33]. As the
pH increased, the surface charge became negative and
the adsorption decreased. It can be observed from
Fig. 3 that the activated carbon showed the highest
adsorption capacity at pH 6-7, because undissociated
species of phenol is preferred by the negative
functional groups on the surface. At pH higher than

Table 3
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8, on one hand, the solution contains phenolate ions
and, on the other hand, the surface charge of the acti-
vated carbon is negative. So, the repulsion between
the phenolate ions and the surface charge causes a
drop in activated carbon adsorption capacity. Similar
observation was reported by other researchers worked
on adsorption of phenol by some kinds of activated
carbons [34].

3.2.2. Adsorbent dosage

Adsorbent dosage is one of the parameters that
strongly affect the adsorption capacity for a given
adsorbate concentration and also determines adsor-
bent-adsorbate equilibria. The effect of adsorbent dos-
age was investigated in the range of 1.67-6.67 g/1. An
increase in adsorbent dosage caused increase in phe-
nol removal due to greater availability of the
exchangeable sites on the adsorbent surface, but the
specific surface area of adsorption decreased because
of partial aggregation or overlapping of activated car-
bon [3]. As can be seen from Fig. 4, after a certain
dosage phenol removal did not change noticeably.
Therefore, the optimum adsorbent dosage was found
where the plot of adsorption capacity and removal
percent versus adsorbent dosage intersected each
other. Hence, in this study, the optimum adsorbent
dosage was chosen as 3g/1 (0.45g/150 ml).

3.2.3. Effect of contact time and initial concentration

Fig. 5 presents the effect of contact time on phenol
adsorption at various initial concentrations (12-60 mg/1)
at 25°C. A significant portion of phenol was removed
at the first 20 min due to plenty of vacant (uncovered)
adsorption sites available on the adsorbent surface.
After that, the rate of adsorption became slow due to
saturation of active sites. It is obvious that more time
was required to reach equilibrium for the solution
with higher concentration of phenol. This can be
explained by knowing that adsorption of solute from
a solution by porous adsorbents follows three sequen-
tial steps [35]. At first, the adsorbate transfers through
the solution to the surface of the particle (film

Comparison of BET characteristics and adsorption capacity of different low cost activated carbons

Adsorbent BET (m*/g) Vi (em®/g) Dp (um) Adsorption capacity (mg/g)
Petroleum coke [30] 96.44 0.6723 0.5205 6.01

Coal [30] 135.30 0.6081 0.353 13.23

Rice husk char [30] 230.09 1.0807 0.3836 791

This study 316.32 0.4843 6.124 15.04
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Fig. 3. Effect of solution pH on adsorption of phenol onto
activated sludge (Co=50mg/l, adsorbent dosage=3g/],
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120 25
/%
Sl Removal

100 4

%Removal

0 T T T T T 0
0.0 08 16 24 32 40 48 56 6.4 72 80

Adsorbent dosage (g/D

Fig. 4. Effect of adsorbent dosage on phenol removal
(Co=50mg/1, pH=6-7, T=25°C).

—s— 12mgn
—0— 21 mgi
—h— 30 mgl
—&— 43 mgl
—a— 52mgl
—0— 60 mgA

q¢ (mg/g)

time (min)

Fig. 5. Effect of contact time on phenol adsorption at
different initial concentrations (adsorbent dosage=3g/l1
pH=6-7, T=257C).
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diffusion), then it moves into the interior site by pore
diffusion and eventually it is adsorbed into the active
sites at the interior surface of the adsorbent particle
[36]. The transfer of solute from the solution to the
surface of adsorbent (the first step) at higher concen-
tration is encountered with stronger resistance and
therefore, the time required to reach equilibrium is
increased. However, total contact time chosen in this
study (3h) was sufficient to establish equilibrium for
all concentrations within the range.

As the initial concentration increased from 12 to
60mg/1, the adsorption capacity increased from 3.58
to 15.08mg/g while the phenol removal efficiency
decreased from 99.21 to 79.45%, since at higher con-
centrations the available active sites decreased due to
competition of phenol ions for occupying these sites.

3.2.4. Adsorption isotherms

The adsorption isotherm describes how molecules
of adsorbate are partitioned between adsorbent and
aqueous solution at equilibrium as a function of con-
centration [37]. In this study, to find a relationship
between the amount of phenol adsorbed onto the
adsorbent and its equilibrium concentration, three iso-
therm models, i.e. Langmuir, Freundlich, and Lang-
muir-Freundlich were used.

The Langmuir isotherm model supposes a mono-
layer adsorption of adsorbate on the homogeneous
surface and no interactions between adsorbate mole-
cules on the adjacent sites. The non-linear form of
Langmuir isotherm equation can be expressed by the
following equation:

_ qmaxKLCe
e T1KC. ®)

where C. is the equilibrium concentration (mg/1) and
Ky (1/mg) is the Langmuir adsorption constant which
is related to the energy of adsorption. gmax (mg/g) is
the maximum adsorption capacity under experimental
conditions. The essential characteristic of the Lang-
muir isotherm can be defined by the dimensionless
parameter (R;) which describes type of pattern; it
means that the adsorption system is favorable or unfa-
vorable [38]:

1
Rp=——7— 4
L 1+ Ki.Cy ( )
where Cp is a highest initial phenol concentration
(mg/1). When R =0, the adsorption process is consid-
ered irreversible, favorable when O0<Rp<1, linear
when Ry =1, and unfavorable when Ry > 1.
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In contrast to Langmuir isotherm, Freundlich iso-
therm assumes a multilayer adsorption of adsorbate
on heterogeneous active sites with different energies.
The Freundlich isotherm is given as follows:

ge = K" (5)

where Kp is adsorption capacity of the adsorbent
(mg/g (/mg)"/") and represents bond energies
between phenol ion and the adsorbent.

Langmuir-Freundlich isotherm is a combination of
Langmuir and Freundlich isotherm which is used to
predict heterogeneous adsorption [39]. At high con-
centration, the Langmuir-Freundlich isotherm reduces
to Langmuir isotherm which predicts a monolayer
adsorption while at low concentration, it reduces to
Freundlich isotherm. Predominantly, the equation
parameters are governed by operating conditions such
as pH, temperature, and concentration [40].

This equation can be expressed as follows:

(K.Ce)"

1 + (KLCe)h (6)

e = Gmax

where Ki (m’/mg) is the equilibrium constant of
Langmuir-Freundlich isotherm and is the heterogeneity
factor.

The model with three fitting parameters is more
suitable to fit experimental data than the Langmuir or
Freundlich model. As mentioned before, b is related to
the surface heterogeneity. Values higher than 0.5 may
suggest that the adsorption sites can be considered
similar in phenol adsorption capability. As b value
reaches to unity, Langmuir-Freundlich model reduces
to the Langmuir model. Fig. 6 shows three isotherm
models along with experimental data at 25, 35, and
45°C.

The parameters recovered from non-linear fit of
equilibrium data to the model equation for the three
isotherm models are listed in Table 4. At all tempera-
tures, the value of Ry was between 0 and 1 and this
proved that the adsorption can be presumed favorable
for phenol adsorption on paper mill sludge-based acti-
vated carbon under condition employed in this study
[38].

The comparison of correlation factor (R?) values
shows that the best fit was obtained with the Lang-
muir-Freundlich isotherm.

The values of gmax show that the adsorbent has the
capability to adsorb more phenol molecules than the
amount adsorbed at the equilibrium. In other words,
this model can predict the adsorption behavior at the
saturation limit [41,42].
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The capability of the developed activated carbon
from the paper mill sludge is quite comparable with
the activated carbon prepared from other waste carbo-
naceous materials as well as non-carbonaceous ones.
The actual capacity attained by the new adsorbent at
the initial phenol concentration of 40mg/l was
11.5mg/g of adsorbent while the activated carbon
derived from pistachio shells and chemically activated
by Hs;PO, showed the adsorption capacity of about
5mg/g of adsorbent [1]. Also, non-carbonaceous
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Fig. 6. Langmuir, Freundlich, and Langmuir-Freundlich
isotherms for adsorption of phenol onto the activated
carbon derived from paper mill sludge at (a) 25°C (b) 35°C
and (c) 45°C (adsorbent dosage=3g/1, pH=6-7).
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Table 4
Isotherm constants for the adsorption of phenol on paper
mill sludge-based activated carbon

Isotherm Parameters value

25°C 35°C 45°C
Langmuir
Gmax (Mg/g) 15.5859 16.9319 16.3449
K, (1/mg) 1.0185 0.282 0.2102
Ry 0.016 0.052 0.0672
R? 0.9621 0.9455 0.9693
Freundlich
Kg ((mg/g)(l/mg)l/”) 7.3781 4.6841 3.9211
N 3.534 2432 2.351
R? 0.996 0.9883 0.9961
Langmuir-Freundlich
Gmax (Mg/g) 44.47 41.92 28.82
Ky r (1/mg) 0.0135 0.0182 0.0422
B 0.372 0.524 0.613
R? 0.9984 0.991 0.9952

materials such as polymeric adsorbent demonstrated
much lower adsorption capacity for phenol, between
1.5 and 3.0mg/g of adsorbent using different types of
polymers [5]. Table 3 shows the adsorption capacity of
some low cost adsorbents used for phenol adsorption.

3.2.5. Adsorption kinetics

The kinetics of the adsorption explains the varia-
tion in uptake of an adsorbate in terms of time [43].
The kinetic parameters give important information for
designing and modeling adsorption processes. To
investigate the adsorption mechanism and determin-
ing kinetic parameters, adsorption data were analyzed
using pseudo-first-order [44], pseudo-second-order,
and intraparticle diffusion models [45,46].

The pseudo-first-order equation which is based on
solid capacity can be expressed as follows:

i = qe(1 — exp(—kit)) (7)

where g; and g. (mg/g) are the phenol adsorption
capacities at any time and at the equilibrium state
(min), respectively. Also, k; (1/min) is the adsorption
rate constant of pseudo-first-order reaction. With
respect to the similarity among the data, the plot of g;
vs. t at 25°C is typically shown in Fig. 7. The parame-
ters of kinetic model at 25, 35, and 45°C, recovered
from non-linear fit of transient adsorption data to Eq.
(7), have been listed in Table 5.
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Fig. 7. Pseudo-first-order kinetic for adsorption of phenol
onto the activated carbon derived from the paper mill
sludge at 25°C (adsorbent dosage=3g/1, pH=6-7).

Table 5
Pseudo-first-order constants for phenol adsorption at 25,
35, and 45°C

Temperature Pseudo-first-order model

®) CO e exp e, cal kl R2
(mg/l) (mg/g) (mg/g) (1/min)

25 12 3.58 3.53 0.24 0.9983
21 6.14 6.02 0.21 0.9978
30 8.71 8.56 0.34 0.9978
43 11.74 10.96 0.16 0.9757
52 13.75 12.89 0.22 0.9711
60 15.04 14.58 0.26 0.9868

35 15 4.38 4.22 0.30 0.997
20 5.61 5.55 0.27 0.9972
30 8.18 7.85 0.29 0.9831
44 10.81 10.46 0.20 0.9724
50 12.51 11.97 0.32 0.9843
64 15.45 14.92 0.33 0.9926

45 15 4.33 4.21 0.29 0.9939
20 5.52 5.39 0.23 0.9922
35 8.92 8.83 0.33 0.9984
44 10.63 10.39 0.28 0.9948
51 11.67 1147 0.18 0.994
66 14.48 14.47 0.25 1

As can be seen from Table 5, there is a difference
between experimental uptake and the predicted val-
ues by pseudo-first-order equation. Also, at 25 and 35°
C, in some concentrations R* values are poor and do
not fit the experimental data well. Some researchers
also reported that the pseudo-first-order equation does
not fit well the adsorption data in the whole range of
contact time and is generally suitable for initial stage
of adsorption [47].
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The pseudo-second-order equation examined in
this study can be expressed as follows:

kaqa

- 1+ quet (8)

qt

where k; (g/mgh) is the adsorption rate constant of
pseudo-second-order reaction.

= 12 mg
=21 mg
= 30 mgh
-uw
=52 mgh
= 60 mgA

[= I =

SLLLL L

0 50 100 150 200 250 300
t (min)

Fig. 8. Pseudo-second-order kinetic for adsorption of
phenol onto the activated carbon derived from the paper
mill sludge at 25°C (adsorbent dosage=3g/1, pH =6-7).

Table 6
Pseudo-second-order constants for phenol adsorption at
25, 35, and 45°C

Temperature Pseudo-second-order model

O CO fe,exp fe,cal kl R2
(mg/l) (mg/g) (mg/g) (g/mgmin)

25 12 3.58 3.59 0.22 0.9998
21 6.14 6.15 0.11 0.9997
30 8.71 8.75 0.09 0.9994
43 11.74 11.79 0.021 0.9904
52 13.75 13.5 0.021 0.9939
60 15.04 15.11 0.03 0.9972

35 15 4.38 4.44 0.15 0.9992
20 5.61 5.71 0.10 0.9988
30 8.18 8.11 0.06 0.9953
44 10.81 10.96 0.03 0.9952
50 12.51 12.32 0.05 0.9965
64 15.45 15.31 0.05 0.9985

45 15 4.33 4.33 0.13 0.9996
20 5.52 5.61 0.07 0.9999
35 8.92 9.03 0.09 0.9993
44 10.63 10.72 0.05 0.9992
51 11.67 12.01 0.02 0.9976
66 14.48 14.89 0.04 0.9931
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Similarly, experimental data were tested with
pseudo-second-order equation and the result for 25°C
is shown in Fig. 8.

From Table 6, it can be understood that the
pseudo-second-order kinetic model has higher correla-
tion coefficient than the pseudo-first-order model
(close to unity) and the amounts of phenol uptake
which is predicted by the model are in a good agree-
ment with the experimental data.
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Fig. 9. Intraparticle diffusion plots for the adsorption of
phenol onto the activated carbon derived from the
paper mill sludge 25°C (b) 35°C (c) 45°C (adsorbent
dosage=3g/l, pH=6-7).
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3.2.6. Intraparticle diffusion model

Since pseudo-first order and pseudo-second order
cannot identify the diffusion mechanism solely, the
kinetic data were analyzed by the intraparticle diffu-
sion model to explain the diffusion mechanism. This
model is expressed as follows:

g =kt +c 9)

where g is the amount of phenol adsorbed (mg/g) at
time t, k; is the intraparticle constant (mg/gmin®?),
and c is the intercept. The value of c gives information
about the thickness of the boundary layer. It means
that as the c value becomes greater, the effect of
boundary layer would be higher.

The amount of phenol adsorbed vs. t'/? for the
intraparticle transport of phenol at different concentra-
tions and temperatures is shown in Fig. 9(a)—(c).

From this figure, it can be understood that the pro-
cess involves three steps. The first and sharper portion
step (line not shown for the clarity of the picture) can
be attributed to mass transfer of phenol onto the
external boundary layer. The second portion shows
the gradual adsorption in which intraparticle is rate-
limiting, while the third one indicates an equilibrium
process in which the adsorption process reaches to
plateau form [48]. In the stage where the intraparticle

Table 7

diffusion is rate-controlling, the rate of uptake might
be controlled by the size of the adsorbate molecule, its
concentration and its affinity to the adsorbent, and the
pore size distribution of the adsorbent [49]. Table 7
lists the intraparticle constants based on Eq. (9). For
all initial concentrations and temperatures, k; for the
first step was higher than k; for the second one, while
the ¢ constant for the second part was greater than the
first part. This means that at the beginning of the pro-
cess, phenol removal was higher due to the large sur-
face area available for the adsorption of phenol. After
the phenol molecules aggregated on the surface of the
adsorbent, the capability of the activated carbon
decreased and the transportation of the phenol from
exterior to the interior sites of the activated carbon
particles controlled the uptake rate [29]. It is clear
from Fig. 9 that the plot did not pass through the ori-
gin which indicated that intraparticle diffusion was
not the only rate-controlling step; however, it played
role in adsorption process.

3.2.7. Thermodynamic studies

In order to find out whether the adsorption
process occurs spontaneously, both energy and
entropy factors must be considered [50]. Essential
thermodynamic parameters that determine the type

Intraparticle diffusion model constants and correlation coefficients for phenol adsorption onto paper mill sludge-based

activated carbon

Temperature (°C)

Intraparticle diffusion model constants

Co (mg/1) ki1 (mg/gmin®?)
25 12 0.06
21 0.13
30 0.36
43 0.98
52 0.90
60 0.72
35 15 0.23
20 0.36
30 0.32
44 0.75
50 0.51
64 0.61
45 15 0.23
20 0.39
35 0.42
44 0.57
51 1.04
66 1.09

ki,z (mg/ g mino‘s) Cq Ca (Rl)z (R2)2
0.01 3.03 3.4181 0.90 0.7738
0.03 4.98 5.7172 0.86 0.9334
0.033 6.42 8.2464 0.76 0.8891
0.20 4.74 8.8538 0.79 0.9504
0.16 717 11.3748 0.98 0.9496
0.12 9.74 13.4635 0.77 0.5769
0.0119 2.98 4.22 0.80 0.4905
0.0111 3.51 5.46 0.84 0.4905
0.0837 5.62 7.03 0.77 0.7727
0.0687 5.58 9.89 0.99 0.4905
0.0997 8.6 11.05 0.97 0.96
0.1118 11.07 13.83 0.81 0.9554
0.02 2.81 3.98 0.85 0.9476
0.03 3.06 5.17 0.89 0.7799
0.02 6.44 8.71 0.80 0.4905
0.06 6.94 9.86 0.79 0.7678
0.06 5.21 10.91 0.85 0.4905
—1.46 x1071° 8.59 14.48 0.77 1
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Table 8
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Thermodynamic parameters for phenol adsorption on paper mill sludge-based activated carbon at different temperatures

and concentrations

Co (mg/1) AH" (kJ/mol) AS” (j/mol K)
30 —62.341 —185.67

43 —36.054 —104.74

50 —29.133 —83.89

AG® (k] /mol) R?
25°C 35°C 45°C

—4.14 —3.27 —2.46 0.9673
—5.06 —3.31 —2.99 0.8893
—-7.51 —5.02 —3.82 0.9997

of sorption process are changes in Gibbs free energy
(AG”), changes in enthalpy (AH®), and changes in
entropy (AS°) due to transfer of unit mole of phenol
from the bulk phase to the adsorbent-solution inter-
face [51]. The Gibbs free energy can be calculated
using the following equation [52]:
AG = —RTInK (10)
where R (8.314]/molK) is the universal gas constant
and T (K) is the absolute solution temperature, and K
is the adsorption equilibrium constant.

Adsorption enthalpy values were determined by
the following well-known procedure based on the
application of Van't Hoff equation to the equilibrium
adsorption [53]:

OInK Ai
T  RT2

(11)

After integrating and determining the constant,
enthalpy changes can be expressed by the following
equation

AS AH'
K=" ~%T

(12)

As can be seen from Eq. (12), both terms on the
right side of the equation are dimensionless, so K
should be dimensionless. Indeed K is partition coeffi-
cient and can be correctly described by the following
equation [54,55]:

Cads CO — Ce
oG

(13)

where C,qs (mg/g) is the amount of phenol adsorbed
by the adsorbent. Thus, the K value for some phenol
concentrations was calculated at different tempera-
tures. AH and AS were calculated from the slope and
the intercept of Van’t Hoff plots, respectively. The
obtained thermodynamic parameters and correlation

coefficient (R?) have been listed in Table 8. These
parameters determine the orientation and feasibility of
physiochemical adsorptive reaction [56]. The negative
values of the Gibbs free energy in at all temperatures
demonstrated that the phenol adsorption was thermo-
dynamically spontaneous. As can be seen from Table 8§,
AG® values decreased with increase in temperature
which means that adsorption was not favorable at
higher temperatures [57]. Sign of enthalpy change of
adsorption gives useful information whether total
energy is consumed/released in bonding adsorbate—
adsorbent. The negative values of AH" indicated that
the adsorption process was exothermic. In general, the
adsorption with AH” values in the range of 2.1-20.9
and 80-200k]/mol can be considered as physical and
chemical adsorption, respectively [57]. In this study,
the values of AH" revealed that the adsorption of phe-
nol on the paper mill sludge-based activated carbon
was dominated by physisorption mechanism. Sign of
entropy change of adsorption describes randomness
of the adsorption at the adsorbate-adsorbent interface.
A negative value of AS® is an indicator of decrease in
randomness of bonding between adsorbate and adsor-
bent at the interface. The adsorption entropy changes
were negative which can be justified by the fact that
the mobility of phenol on the activated carbon surface
becomes more restricted compared to their mobility in
the solution [58]. Therefore, the adsorption process
which was performed under mentioned conditions is
considered as enthalpy-driven process [50].

3.2.8. Activation energy

Phenol adsorption on activated carbon can be eval-
uated by Arrhenius equation which relates rate con-
stant to the temperature as follows:

ky =Aexp <—1§—}>

where k, is the rate constant (g/mg.min) calculated
from pseudo-second-order rate constant at operational

(14)
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Fig. 10. Determination of activation energy for phenol
adsorption onto the activated carbon derived from the
paper mill sludge.

Table 9
Arrhenius constants for phenol adsorption onto the
activated carbon derived from the paper mill sludge

E, (kJ/mol) R?

A (g/mg min)

60,475 36.95 0.9876

temperatures, A is Arrhenius constant (g/mg min)
and E, is activation energy (kJ/mol).

Linear form of Eq. (14) is represented by the fol-
lowing equation:

Ink, =InA —£

RT (15)

where parameters E, and A can be determined from
the slope and the intercept of the line (Fig. 10). The
value of the activation energy is commonly used to
find the type of adsorption process. In physical
adsorption, reactions are reversible, reach equilibrium
quickly, and require low amount of energy ranging
from 5 to 40kJ/mol while in chemical adsorption,
reactions comprise of strong forces and require high
amount of activation energy ranging from 40 to
800kJ/mol [59,60]. In this study, the activation energy
obtained for adsorption of phenol on activated carbon
was 36.95k]/mol suggesting that the adsorption of
phenol occurred physically. Other parameters are
summarized in Table 9.

4. Conclusion

A new activated carbon was synthesized from the
digested paper mill sludge and was used as an
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adsorbent for removing phenol from aqueous solution.
The produced activated carbon was found to have a
mesoporous surface with remarkable surface area
(316m?/g). SEM micrograph demonstrated a porous
surface with numerous pores with different shapes
and sizes. FTIR spectrum indicated the presence of
some surface functional groups such as C=C and
Si-C-O, or Si-C-Si. The results showed that the
adsorption capacity was affected by solution pH and
the optimal solution pH was in the range of 6-7. Also,
it was observed that as the temperature increased, the
adsorption capacity decreased. Thus, maximum
capacity was obtained at 25°C with 15.04mg/g. The
Langmuir, Freundlich, and Langmuir-Freundlich iso-
therm models were used to express the adsorption of
phenol onto the paper mill sludge-based activated car-
bon. The results indicated that the Langmuir—Freund-
lich isotherm fitted the experimental data well. The
pseudo-first order and pseudo-second order were
employed to study the kinetics of the phenol sorption.
The results showed that pseudo-second order pro-
vided better correlation for the adsorption data and it
was observed that intraparticle diffusion was not the
only rate-controlling step. According to the enthalpy
values, the type of adsorption of phenol onto the
paper mill sludge-based activated carbon was defined
as a physical adsorption and the process was exother-
mic. The negative values of AG® showed that the
adsorption of phenol was spontaneous. As a conclu-
sion, the paper mill sludge is an alternative potential
precursor that can be used as a low cost adsorbent
and would cost less than the commercial activated
carbon.
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