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ABSTRACT

The study consists of the preparation of the activated carbon (AC) from shaddock peel by ZnCl,
and H,PO, and the effect of adsorption conditions such as contact time, adsorbent dosage, phenol
initial concentration, pH and temperature on the removal behaviors of phenol from aqueous
solutions onto the AC. The prepared ACs were characterized by N, adsorption, elemental analysis,
scanning electron micrograph and Boehm titration. To understand the equilibrium isotherms, the
adsorption data were analyzed by Langmuir, Freundlich, Dubinin-Radushkevich and Temkin
model. The pseudo-first order, pseudo-second order and intraparticle diffusion kinetic models
were used to investigate the kinetic parameters and the mechanism of adsorption. To predict the
nature of adsorption, the thermodynamic parameters (AG°, AH® and AS®) were calculated. The
results showed that the micropore structures of two ACs prepared by ZnCl,and H,PO, activation
are similar, but surface chemical properties of different ACs are significantly different. Adsorp-
tion removal percentages of ACs for phenol from water increase with increasing the contact time
and AC dosage, respectively, whereas phenol removal decreases with an increase in temperature.
The changes in the removal of phenol by AC-Z and AC-H with the initial pH were different. The
Langmuir and Temkin model can better describe phenol adsorption process for AC-Z; whereas,
the Langmuir model can well describe the phenol adsorption process of AC-H. The pseudo-
second order and Elovich model better described the adsorption behaviors on AC-H and AC-Z,
respectively. The thermodynamic studies indicate phenol adsorption on ACs is spontaneous and
exothermic. The experimental results indicate that ACs from shaddock peel by chemical activa-
tion methods are technologically feasible. The ACs can be used to effectively remove phenol from
wastewater.
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1. Introduction

Phenol and phenolic compounds are aqueous pollutants
of high-priority concerns all over the world. Every year, large
amounts of phenolic wastewater are discharged from steel mills,
coking plants, mineral-processing plants, petroleum refineries,

* Corresponding author.

and petrochemical compounds or pharmaceuticals, paints,
plywood, coal gas and synthetic resins manufacturers [1,2].
They are toxic and their possible accumulation in the environ-
ment will make protein curdle and cause anemia, dizziness and
a variety of neurological disorders after inhalation [2]. Hence,
phenol in aqueous solutions must be effectively removed before
wastewater is sluiced into natural water bodies.

Currently, various technical processes such as oxidation,
chemical coagulation, solvent extraction, biodegradation,
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distillation, reverse osmosis, precipitation and adsorption
have been proposed to remove phenolic compounds from
contaminated waters [3]. Among these, adsorption is one
of the most important processes. Activated carbon (AC) has
been widely used in adsorption operation due to excellent
uptake for phenol, which is attributed to huge surface area,
developed pore texture and surface chemistry of AC [4,5].
However, due to relatively expensive raw materials such
as wood or coal a great number of ACs is not commercially
and effectively used to control most pollution. Therefore, it
is very important that to effectively reduce AC production
costs, researchers are seeking the feasibility of preparation
technology of AC from cheaper raw biomass materials. The
biomass sources such as forest residues, sugar beet bagasse,
agricultural waste material, sunflower seed hull, apricot
shell, coconut shell, oil palm fibre, peat, fruit skin, water let-
tuce and rubber seed coat were used for AC precursor in the
references [3,6-8].

China is one of the major shaddock producer countries,
and shaddock peel accounts for 44% to 54% total mass of
shaddock [9]. Usually, most of shaddock peel is discarded
after people eat pulp, while only a small portion is used in
medicine production. Zhou et al. studied the adsorption
of dyes from aqueous solution by shaddock peel and their
results indicated that shaddock peel is rich in porous struc-
ture and cellulose and it can effectively adsorb dyes in water
[10]. However, the in-depth research regarding the prepara-
tion of AC from shaddock peel and its adsorption of phenol
in water remains very limited. Therefore, in this work, an
attempt was made that ACs were prepared from shaddock
peel by ZnCl, and H.PO, and subsequently main influential
experiment parameters of adsorption such as contact time,
pH, adsorbent dosage, initial phenol concentration and tem-
perature for phenol removal were studied. And finally the
equilibrium, kinetic and thermodynamic data of the adsorp-
tion were investigated by different models to describe the
adsorption process.

2. Materials and methods
2.1. Materials
2.1.1. Adsorbate and adsorbents

Phenol of analytical grade as an adsorbate was purchased
from Beichengfangzheng chemical reagent works (Tianjin,
China). It was dissolved in distilled water to yield the stock
solution at 1,000 mg L™ and the solution was diluted with
distilled water to various different-concentration phenol
solutions (1, 5, 10, 20, 30, 50, 100, 200 and 500 mg L™). ZnCl,
and H,PO, used in the experiments were of analytical grade.

The shaddock peel was collected from the local market. It
was pulverized, dried naturally, and then soaked in distilled
water to remove surface impurities, dried to constant weight
under 60°C in the oven, finally crushed, sieved into particles
of 40 to 60 meshes, and stored in a desiccator.

2.1.2. Preparation of activated carbon

Usually, the activation conditions such as chemical activa-
tion agent, impregnation ratio, activation temperature and acti-
vation time are the main influential parameters of the structure

and surface chemistry of activated carbons. Here, ZnCl, and
H,PO, were used as chemical activation agents to activate the
biomass samples. And the impregnation ratio and activation
temperature in the activation processes were 100 wt.% and
800°C, respectively; whereas, the activation times utilized in
ZnCl, activation and H,PO, activation were 30 min and 60 min,
respectively. The specific treatment procedure for the shaddock
peel particles was as follows: 6 g of the shaddock peel particles
were pre-impregnated by ZnCl, and H,PO, at 20°C for 12 h,
respectively. Afterwards, the samples in a quartz tube reactor
of 30 mm in id and 500 mm in length in electronic tube furnace
(SRJK-2.5-13, Tianjin, China) were carbonized at 400°C for 1 h
with a heating rate of 10°C min™ under a flow of N, (99.999%, 50
ml min™), and the carbonized samples continued to be heated
up to 800°C at a rate of 10°C min™' for 30 min and 60 min in N,
flow of 50 ml min™, respectively. The activated samples were
then cooled to 20°C under N, flow. Subsequently, the samples
were washed with deionized water to remove possible resid-
ual chemicals and some decomposed products until a constant
pH in water was reached, dried in the oven at 105°C + 1°C for
24 h, ground and crushed into particles of 40 to 60 meshes
(0.3-0.45 mm) and stored in a desiccator. Shaddock peel was
defined as SP and ACs prepared by ZnCl, activation and H,PO,
activation were denoted as AC-Z and AC-H, respectively.

2.2. Characterization of the adsorbents
2.2.1. Chemical composition

The carbon (C), hydrogen (H), and nitrogen (N) con-
tents of the ACs were measured using an elemental analyzer
(Elementar Analysensysteme Gmbh Vario EL, Germany).
The sulfur (S) content was determined using a sulfur ana-
lyzer (SC-132, LECO, USA) and the oxygen (O) content was
calculated by the difference.

2.2.2. Texture

Pore structures of the ACs were determined by the N,
adsorption at 77 K using an automatic ASAP 2020 volumetric
sorption analyzer (Micromeritics, USA). The specific surface
area (S,,,) was determined by the Brunauer-Emmett-Teller
(BET) equation. Micropore and mesopore volumes of the
adsorbents were calculated by t-plot. The surface morphol-
ogy of the samples was analyzed using a Japan Instrument
JSM-7001F scanning electron microscope (SEM) at accelerat-
ing voltages of 3-10 kV.

2.2.3. Surface chemistry characterization

The Boehm titration [5,11] was performed quantitatively
and qualitatively to analyze the surface functional groups of
AC. It was carried outin 100 mL Teflon bottles containing 0.2 g
adsorbents and 25 mL 0.1 mol L™ sodium hydroxide (NaOH),
sodium carbonate (Na,CO,), sodium bicarbonate (NaHCO,),
or hydrochloric acid (HCI) solutions, respectively. The solu-
tions were shaken at 150 rpm at 30°C for 24 h in a thermo-
static automatic water bath shaker (SHA-BA, Changzhou,
China), then the ACs were separated from the solutions by
filtration, and the filtrates were then titrated with 0.1 mol L™!
HCl solution or NaOH solution. Phenolphthalein and methyl
orange solutions were used as indicators for titration.
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The point of zero charge (PZC) is useful for investigating
AC’s surface charge, which represents the acidic or basic
character of the AC surface [12]. It was carried out in 50 mL
0.1 mol L™ NaCl solution in different flasks. The pH was
adjusted to a value between 3 and 10 by adding 0.1 mol L
NaOH or HCI solutions. When achieving a constant pH
value, 0.10 g AC was added to each flask and it was shaken
for 24 h at room temperature. Blank tests without adsorbents
were tested to eliminate the influence of CO, on pH.

2.3. Batch adsorption experiments

In batch equilibrium adsorption tests, a series of 50 mg
ACs were mixed with 50 mL of phenol solution (100 mg L)
in sealed glass flasks, then the flasks were agitated in ther-
mostatic water bath shaker at 150 rpm at 30°C for 12 h, and
the pH of phenol solution was not adjusted. After adsorp-
tion process, the AC was separately filtered from the phe-
nol solutions, and then air dried at room temperature. The
equilibrium concentration of the filtrate was measured with
a UV-vis spectrophotometer (752N, Shanghai, China) at
wavelength of 270 nm for phenol. The equilibrium adsorp-
tion capacity (q,) was defined as the amount of adsorbate
per gram of adsorbent in mg g™ and calculated by

g - (C,-C)v )
m
where C and C, are the initial and equilibrium mass concen-
trations of phenol (mg L™) respectively, V is the volume of
the solution (L), and m is the weight of the adsorbent (g).
When it was used in this work, the removal percent of
phenol by ACs was calculated as follows:

(CO B CE )
Removal (%) = B x100% ()
0

To investigate the adsorption behaviors of phenol in
water on ACs, a series of batch experiments were carried out
by amending the adsorptive conditions such as contact time
(10-600 min), pH (2-10), adsorbent dosage (0.5-4.0 g L™),
phenol initial concentration (1-500 mg L™) and adsorption
temperature (20°C -50°C). To study the effect of pH, the pH
of phenol solution was adjusted with 0.1 mol L™ HCl or 0.1
mol L? NaOH solutions. The pH was measured by a pH
meter (PHS-3C, Shanghai, China).

3. Results and discussion
3.1. Characterization of raw materials and ACs
3.1.1. Chemical composition

The characteristics of SP were presented in Table 1. High
carbon and low ash content indicated that the precursor
was suitable for AC production. Ash and elemental analy-
ses of the ACs were shown in Table 2. Both ACs had C con-
tent far higher than SP, indicating that raw materials (SP)
were changed into new materials (AC). It needs to note that
C content in AC-H is obviously lower than that AC-Z, but
AC-H has the ash content far more than AC-Z, which may be
attributed to the over-activation of H,PO,.

Table 1
Characteristics of SP

Proximate Ultimate analysis (%)

analysis (%) (dry-ash basis)

Moisture 8.84 C 41.94
Ash 241 H 5.61
Volatiles 71.13 N 0.73
Fixed C 17.62 (0] 40.40
HHV (M] kg™) 14.64

Table 2

Elemental analyses and yield of AC-Z and AC-H

Sample Ash C H O N S Yield

(Wt.%) (wt.%) (Wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

AC-Z 393 8229 083 210 251 009 335
AC-H 1536 6994 150 459 067 003 103
Table 3
Textural properties of SP, AC-Z and AC-H
Sample Vmic Vmeso Smic 7 SBET
(mLgh) (mlg’) (mg’) M)  (mg?)
SP 0.0004  0.0021 — 4.192 1.69
AC-Z 0.156 0.476 270.613  2.213 1126.01
AC-H 0.162 0.480 287.319  2.518 1005.28

Note: 7 is the average pore width (4V/A by BET).
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Fig. 1. Pore size distribution of SP, AC-Z and AC-H.

3.1.2. Texture

The textural parameters of SP and ACs were presented in
Table 3 and Fig. 1. Obviously, SP has very low pore volume and
surface area, which shows that SP itself has almost no pores.
Compared with that SP, both AC-Z and AC-H have larger
volumes of micropores and mesopores (V__and V__ ) and

mic meso:
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the huge surface area (S_,_and S, ), showing that ACs have a
large number of different types of pores after the activations.
It indicates that it is technologically feasible that ACs are pre-
pared from SP by the ZnCl, and H,PO, activation. From Fig. 1,
it is easily seen that there are little differences in the micro-
pore range (V_. and S _, ) between AC-Z and AC-H, Here, it
needs to be noted that the adsorption capacity of AC for sim-
ple organics closely depends on its micropore properties, so
according to the data of micropores between AC-Z and AC-H,
it is readily obtained that the two activation methods have no
major effect on micropores properties of AC. However, AC-H
had S, much lower than that AC-Z, thus showing that AC-Z
has the smaller mesopore, which may be subject to the low
extent of activation.
SEM micrograph of SP and ACs were given in Fig. 2. Y

Obviously, SP has compact fibrous tissue and a thick-wall x 2,00 3.00v_sE ; W> 10.5mm 17:35:45
structure, which is in agreement with data reported for
porous structures in the literature [10]. There are numerous
honeycomb-like pores at different sizes and shapes on ACs’
surface (Fig. 2 (b) and (c)), indicating that the thick walls of
AC surface were opened and accordingly many pores were
created after the activation.

3.1.3. Surface chemistry characterization

The acid/base properties of AC-Z and AC-H by Boehm
titration and Pszc were shown in Table 4. Here, the acidic
groups of AC surface consist of carboxylic, lactonic and phe-
nolic groups. The acidic groups of AC-H surface were signifi-
cantly higher than that AC-Z. In Table 4, the pH , of ACs was
reduced from 6.93 for AC-Z to 6.88 for AC-H, mdlcatmg that
AC-H had a high acidic character.

3.2. Adsorption of phenol
3.2.1. Effect of contact time

Contact time is an important parameter to determine
the time when adsorption reaches equilibrium. Generally,
the characteristics of adsorbents and its available sorption
sites affected the time needed to reach the equilibrium. Fig. 3
depicted the experimental results for effect of contact time on
phenol removal on AC-Z and AC-H. Obviously, adsorption
removal increased quickly with an increase in contact time in
the initial stages and large amounts of phenol were removed
from solutions in 90 min. Both of the contact times needed for
AC-Z and AC-H to reach equilibrium were 480 min.

3.2.2. Effect of pH

The effect of initial pH on the adsorption of phenol was
investigated within the pH range of 2 to 10. The experimental
results for effect of initial pH on phenol removal on AC-Z  Fig. 2. SEM images of (a) SP; (b) AC-Z; (c) AC-H.

Table 4
Surface chemistry of AC-Z and AC-H
Adsorbent Acidic groups Carboxylic Lactonic Phenolic Basic groups pH,,.
(mmol g™) (mmol g™) (mmol g™) (mmol g™) (mmol g™)
AC-Z 3.911 1.813 0.423 1.675 1.485 6.93

AC-H 5.069 2.685 1.275 1.109 0.495 6.88
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and AC-H were shown in Fig. 4. Obviously, the changes in
the removal of phenol by AC-Z and AC-H with the initial
pH were different. The trend of the removal of phenol onto
AC-H with increasing pH can be classified into two stages:
flat period (pH of 2-8) and rapid decrease period (in the
pH range of 8-10). At the flat period, pH in solution has an
insignificant effect on the phenol removal, but at the rapid
decrease period, the removal rapidly decreased with an
increase in pH. However, the phenol removal by AC-Z, with
the initial pH of the solution can be divided into three stages:
rapid increase period (pH of 2-5), flat period (pH of 5-8) and
rapid decrease period (pH of 8-10). When pH in solution
increased from 2 to 5, the removal percentage quickly rose;
in the pH range of 5 to 8, the removal ratio changed little and
the maximum uptake reached at pH 8; The removal percent-
age rapidly fell when pH increased in the pH range of 8 to
10. This may be due to the difference in the concentrations
of H" and OH in the solutions. AC particles have active sites
with negative charges. The H' ions within low pH environ-
ments can neutralize those negative sites of AC surface, and
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Fig. 3. Effect of contact time on phenol removal onto AC-Z and
AC-H.
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Fig. 4. Effect of pH on phenol removal onto AC-Z and AC-H.
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subsequently reduce a large amount of active sites and finally
decrease the chances of their adsorption. High pH environ-
ments led to high concentration of OH", and phenol mostly
exists in ionic state (pH > pKa), so electrostatic repulsion
between phenol anions and AC surface occurs, which can
increase the inhibition to adsorb phenol [13].

In this work, the initial pH in original phenol solution
without adjustment by HCI or NaOH was 6.73. According
to the experimental results, the pH in solutions had insig-
nificant influence in the phenol removal in the pH range of
5 to 8, so pH in phenol solutions was not adjusted in the other
experiments but the pH experiment.

3.2.3. Effect of adsorbent dosage

The adsorbent dosage is an important parameter to inves-
tigate the capacity of adsorbent for a given phenol concen-
tration and adsorbate-adsorbent equilibrium of the system
[2,14]. The removal percentages of phenol within the range
of adsorbent dosage (0.5-4 g L) were represented in Fig. 5.
Obviously, the phenol adsorption efficiency increases with an
increase in dosages of adsorbents up to 2 g L and then stabi-
lizes. It is noted that the removal of phenol increased quickly
when the dosages of adsorbents increased from 0.5 g L™ to
1 g L. This is mainly due to an increase in the availability
of the exchangeable sites or surface areas of the adsorbents,
resulting in a rise in removal for the adsorption. Considering
the cost and availability of ACs, therefore, the optimum
amount of AC-Z and AC-H were selected as 1 g L™ in further
adsorption experiments.

3.2.4. Effect of initial phenol concentration

The initial concentration provides an important driv-
ing force to overcome all mass transfer resistance of phe-
nol between the aqueous solution and solid phase [15].
Fig. 6 showed the results for the adsorption of phenol on
AC-Z and AC-H within the concentration range of 1 to
500 mg L™ at 30°C. It could be easily observed that the
adsorption behaviors of AC-Z and AC-H for phenol from
water were similar. For example, the uptake of phenol on
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Fig. 5. Effect of adsorbent dosage on phenol removal onto AC-Z
and AC-H.
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AC-H increased rapidly with increasing initial phenol con-
centration up to 20 mg L, and then adsorption efficiency
relatively slowly decreased with an increase in the ini-
tial phenol concentration. One possible reason is that the
chance of collision of phenol molecules and adsorbent sur-
face increases, which makes full use of available binding
sites on AC within a certain concentration range. Clearly,
the maximum removal of phenol by AC-H and AC-Z were
85.93% at 20 mg L™ and 93.33% at 30 mg L, respectively. It
could be ascribed to the limited adsorption sites provided
by the adsorbent surface.

3.2.5. Effect of temperature

Usually, adsorption temperature is an important param-
eter affecting the adsorptive behavior of adsorbates on the
adsorbents. The equilibrium adsorption data of phenol on
AC-Z and AC-H at initial concentration of 100 mg L™ with
temperatures increasing from 20°C to 50°C were shown
in Fig. 7. Clearly, for AC-Z and AC-H, the equilibrium
adsorption efficiency decreased slightly with an increase in
temperature, indicating that the adsorption processes were
exothermic and high experiment temperature was unfavor-
able for AC-Z and AC-H to adsorb phenol from water. This
may be because the more energy was provided in the adsorp-
tion process at higher temperature, leading to an increase in
the desorption rate from the interface to the solution or the
distorted active sites.

3.3. Adsorption isotherms

Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
Temkin isotherm models were frequently used to investigate
the adsorption equilibrium of the phenol/adsorbent [16-21].

The Langmuir model is a monolayer adsorption model
[16]. The model assumes uniform adsorption on the surface
and no transfer in the plane of the surface [17], which can be
linearly expressed by

c, C 1

q; ) a; ’ K.Q, ®

w| HEMACZ ESSNACH 100 mg L

]
-
]
«.
o1 . . .
20 30 40 50

Temperature / °C

Removal / %
8

Fig. 7. Effect of temperature on phenol removal onto AC-Z and
AC-H.

where the meanings of q, (mg g) and C, (mg L) were the
same as Eq. (1); Q, (mg g™') is the Langmuir parameter rep-
resenting the maximum phenol adsorption capacity on the
adsorbent; and K, (L mg™) is the Langmuir parameter related
with the free energy of adsorption.

The Freundlich model [18] is a frequently used adsorp-
tion model, which is based on adsorption on heterogeneous
surface and active sites with different energy. The linear
model can be represented by the following equation:

Ing, = InK; +1 InC, 4)
n

where K, ((mg g™)(L mg™)"") and 1, both empirical constants,
are related with the adsorption capacity and the adsorption
intensity, respectively. And the value of n > 1 indicates a
favorable adsorption condition [19].

The Dubinin—-Radushkevich (D-R) model [20,21], which
is not based on the assumption of a homogeneous surface
or constant adsorption potential of AC, is a generally used
model to investigate the isotherms of a high degree of rectan-
gularity. This model takes the form of

22 2 1
Ing, =InQ,, , —BRT"In (1+a) (5)
1
B g
T=t+273.15 @)

where Q_ . (mg g) is the theoretical saturation uptake,
B (mol* kJ?), a constant, is the mean free energy of adsorp-
tion per molecule of the adsorbate when it is transferred to
the surface of the solid from infinity in the solution, R (8.314]
(mol:K)™) is the gas constant, and T (K) and f (°C) are abso-
lute temperature (a constant for the thermostatic adsorption)
and experiment temperature in Celsius degree, respectively.
E (k] mol") means the sorption energy, whose values in the
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range of 8 to 16 kJ/mol would indicate the predominance of
an ion exchange mechanism during adsorption [21].

The Temkin model is a decrease in the adsorption heat
of all the molecules in the layer in a linear relationship with
coverage due to the interaction of adsorbate/adsorbents [22].
The model in linear form can be defined as follows:

g,=FInK, +FInC, (8)
where F is related with the heat of adsorption, and K (L mg™),
a constant, is the maximum binding energy.

The adsorption data fitted by several models and the
models’ parameters calculated from the fitting data were
shown in Fig. 8 and Table 5, respectively. Both Langmuir
and Temkin models fitted well with the experimental data
of AC-Z for phenol adsorption, whereas for AC-H, the
Langmuir model with the higher correlation coefficient fitted
better than Temkin model. According to Langmuir model,
the maximum monolayer adsorption capacities of phenol
for AC-Z and AC-H were 188.93 mg g™ and 140.50 mg g7,
respectively. Clearly, for the same equilibrium concentration
of phenol, the equilibrium adsorption removal of AC-H is

187
Table 5
Isotherm constants for the adsorption of phenol on AC-Z and
AC-H
Isotherms Parameters Adsorbent
AC-Z AC-H
Langmuir Q, (mgg™) 188.93 140.50
K, (Lmg™) 0.060 0.031
R, 0.14 0.25
R? 0.984 0.990
Freundlich K, ((mg g™) (Lmg™)"") 23.98 14.91
N 2.72 2.63
R? 0.894 0.935
Dubinin- Qi (mgg™) 90.75 46.71
Radushkevich
8 1.37x10° 1.48x10°
E (k] mol™) 604.1 581.2
R? 0.920 0.864
Temkin K, (Lmg™) 1.00 0.68
F 32.65 23.09
R? 0.987 0.979

significantly less than AC-Z, which is caused by the effect
of surface chemistry (mainly oxygen-containing groups)
of AC. This can be explained by the mechanism of the m—mt
interaction. The mechanism is that the m-orbit on the carbon
basal planes is interacted with the electronic density in the
benzene ring of phenol molecule. The m—mt interaction is eas-
ily influenced by m-electronic density in the basal plane on
AC. Compared with that AC-Z, the stronger deactivating
role of more oxygen-containing groups on the AC-H sur-
face reduces m-electronic density in the basal planes of the
adsorbents, which makes m—m dispersive interaction weak,
and consequently makes its phenol removal decline [23]. In
addition, comparing E values (604.1 for AC-Z and 581.2 for
AC-H) with the range of 8 to 16 kJ/mol, it was easily obtained
that an ion exchange did not occur during phenol adsorption.

3.4. Adsorption kinetics

To understand the adsorption mechanism of adsorbents
for phenol, the adsorption kinetics was investigated using
pseudo-first-order, pseudo-second-order and Elovich kinetic
equation models [24-27].

The pseudo-first-order rate equation of Lagergren, which
is considered that the adsorption rate is proportional to the
amount of unadsorbed adsorbent surface [24], is expressed
by the following equation:

dg,

dt ®)

=k (9. -q,)
where g, and g, are the amount of phenol adsorbed (mg g™') at
equilibrium and at time ¢ (min), respectively, and k, (min™) is
the rate constant of first order adsorption.
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The integrated form of Eq. (8) for the boundary
conditions t=0to t and g,= 0 to g, gives the linear form of the
pseudo-first-order rate equation as

In(q, —¢,)=Ing, -kt (10)

Usually, the pseudo-first-order model does not fit well
with the whole range of contact time and only describes the
initial stage of adsorption [3,25].

The pseudo-second-order model, which is considered
that rate-controlling step is based on the chemical adsorp-
tion through electronic shared or gain or loss [26], pre-
dicts the behavior over the entire range of adsorption. The
pseudo-second-order kinetic model equation is given as

d
dit‘ =k,4.-q,) (11)

Integrating Eq. (10) for the initial conditions ¢ = 0 and
g,= 0, gives the following:

PR (12)

where k, is the equilibrium rate constant of pseudo-second-
order model (g (mg min)™).

The Elovich kinetic equation, which was widely used
in the study of adsorption dynamic behavior and proposed
by Elovich in the 1930s, indicated that the adsorption rate
decreases exponentially with the increase in the adsorp-
tion capacity of the adsorbent surface [4,27]. The model is
expressed as follows:

q,= (é) In(ee B,)+ (Bl) Int (13)

d

where o, (mg (g min)™) is the initial adsorption rate constant,
and 3,(g mg™) is the desorption rate constant.

The experimental data were fitted with the three kinetic
models and the parameters of the kinetic models were
given in Fig. 9 and Table 6, respectively. Significantly, the
pseudo-second-order kinetic model fitted quite well with
the experimental data of AC-H with higher correlation
coefficient (R? > 0.99), which may be due to its description
of the whole adsorption process composed of film diffu-
sion, surface adsorption and intraparticle diffusion [15,28].
Whereas phenol adsorption process for AC-Z could be better
described by the Elovich model because the correlation coef-
ficient (R? = 0.973) for AC-Z given by the Elovich model was
much higher than that obtained by the pseudo-second-order
kinetic model.

The adsorption of phenol appears to be controlled by
the chemisorption process. Adsorbate is adsorbed from
the liquid phase to the adsorbent particles, which needs to
go through the following three steps: film diffusion, inner
diffusion and adsorption reaction [15,28]. At first step, the
adsorbate diffuses from the aqueous phase to the external
surface of sorbent particles through a hypothetical film
of fluid. At second step, the adsorbate diffuses from the
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Fig. 9. The fitting of adsorption of phenol in 100 mg L on AC-Z
and AC-H by Kinetic various models.

Table 6
Parameters of the kinetic models for adsorption of phenol in
100 mg L™

Kinetic model Parameters Adsorbent
AC-Z AC-H

Pseudo- k, (min™") 0.035 0.063
first order

q,(mgg™) 74.92 62.01

R? 0.848 0.936
Pseudo- k, (x10° g (mg min)™) 0.56 1.53
second order

g, (mg g™) 82.39 66.22

R? 0.964 0.999
Elovich a (mg (g'min)™) 15.96 52.50
equation

B, (g mg™) 0.076 0.11

R? 0.973 0.816
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external surface of the particles to the inner surface through
the pores of the particles. At third step, the adsorbate mol-
ecules are adsorbed on the adsorption sites of the pores. It
is well known that the overall rate of adsorption depends
on the slowest rate stage of the above process. In general,
the third step of the adsorption process reacts quickly and
adsorption equilibrium on AC surface is readily attained.
Therefore, the total adsorption rate should be controlled
by film diffusion and/or internal diffusion. AC as porous
materials has rich micropores, mesopores and macropores,
which can affect the intraparticle diffusion of phenol into
the pores of particle. However, the above three kinetic mod-
els cannot on the whole identify the diffusion mechanism
and rate-controlling steps that affect the adsorption kinet-
ics. To determine the adsorption rate-controlling step, the
particle intraparticle diffusion model is applied to analyze
kinetic data of phenol adsorption.

The Weber-Morris intraparticle diffusion equation [18,29]
can be expressed as follows:

g =K 4 (14)

where K is the intraparticle diffusion rate constant
(mg (g min®®)™?), and c is related to the boundary layer effect.

Weber and Morris believed that the adsorption amount
g, vs. t*° was linear and passed through the origin, which
indicated that intraparticle diffusion was the rate-controlling
step. If the plot showed multi-linear characteristic or did not
pass through the origin, the adsorption process was con-
trolled by two or more diffusion mechanism [3,30].

The fitting curves of the adsorption data of the adsor-
bents for the 100 mg L phenol by the intraparticle diffusion
kinetic model were shown in Fig. 10. Clearly, the plots were
not linear over the whole time range, and the g, against
trend could be classified into three linear parts, i.e., the early
adsorption period (predominantly intraparticle diffusion),
the middle adsorption period (predominantly film diffusion)
and the equilibrium adsorption period. In the initial reaction

80
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Fig. 10. Intraparticle diffusion plots for phenol adsorbed on
AC-Z and AC-H at initial concentration of 100 mg L~.

period, the difference between the phenol concentrations
of the aqueous bulk phase and that the adsorbent surface
provided a sufficiently strong adsorption force to overcome
the external resistance completely, which resulted in a high
film diffusion rate; whereas, intraparticle diffusion rate was
very low, so intraparticle diffusion was the rate-controlling
step in the first stage of adsorption. At the second stage, the
adsorption force dependent on the difference in the phenol
concentrations of the aqueous bulk phase and the adsorbent
surface significantly decreased compared with the early
period, so the film diffusion rate obviously reduced and the
rate-controlling step was the film diffusion. In the last stage,
the adsorption reached almost at equilibrium.

It could also be obtained from Fig. 10 that the total
adsorption rate was nearly equal to desorption rate after
about 300 min for the ACs. The slopes of AC-H in the intra-
particle diffusion-controlling period was slightly lower than
that AC-Z, and the result can be attributed to the larger num-
ber of acidic groups on the AC surface.

3.5. Adsorption thermodynamics

To investigate of the thermodynamic behavior, several
important thermodynamic parameters such as Gibbs free
energy change (AG®), enthalpy change (AH®) and the entropy
change (AS°), which are often related with adsorption tem-
perature of phenol in the adsorption process, were studied.
AG? is an important indication of spontaneity of a chemical
reaction [31]. AH® and AS° are two parameters that must be
considered in determining the AG® of the process. If the value
of AG® is negative at a given temperature, the reaction will
occur spontaneously [31,32].

The value of AG® at various temperatures can be calcu-
lated from the equations below:

AG' =—RTInK, (15)

where AG® (k] mol™) is the Gibbs free energy change, K| is a
thermodynamic constant, which is calculated using the fol-
lowing equation:

Ky == (16)

According to Van't Hoff equation, AG®°, AH® and AS°
have the linear relation as the Eq. (14)
AG’  AH’ AS°

= +
RT RT R

InK, = - (17)

where AH® (k] mol™) is the enthalpy change and AS° (J (k mol)™)
is the entropy change.

According to the Eq. (16), AH® and AS° can be calculated
0

0
R Ali ) of straight

line obtained from linear fitting of the plots of InK versus 1/T,
respectively [31].

According to Eq. (16), The values of q, C, and K, were
calculated and shown in Table 7 before calculating the
thermodynamic parameters AG°, AH® and AS°. And the

from the slope (— ) and the intercept (
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Table 7

g, C,and K| for the adsorption of phenol on AC-Z and AC-H at different temperatures

t(°C) AC-Z AC-H
C, (mgL?) q,(mg g™) K, C, (mg L) q,(mg g™) K,
20 12.26 87.74 7.157 30.37 69.63 2.293
30 12.44 87.56 7.038 30.95 69.05 2.231
40 12.52 87.48 6.987 37.85 62.15 1.642
50 12.83 87.17 6.794 38.52 61.48 1.596
Table 8
Thermodynamic parameters for the adsorption of phenol on AC-Z and AC-H
£(°C) AG?® (K] mol™) AH® (KJ mol™) AS° (J (Kmol)™) R?
AC-Z AC-H AC-Z AC-H AC-Z AC-H AC-Z AC-H
20 —4.80 -2.03
30 -4.92 -2.02
40 5.06 _1.29 -1.26 -10.82 12.08 -29.74 0.935 0.865
50 -5.15 -1.26

data of In K vs 1/T were linearly fitted and consequently
the values of AG®°, AH® and AS° were shown in Table 8.
The negative values of the AG®° at various temperatures
(20°C-50°C) indicated the adsorption processes of phenol
were spontaneous and feasible. The negative AH® values
indicated that the nature of adsorption process was exo-
thermic, which theoretically supported the phenomenon
that the adsorption capacity of ACs for phenol decreased
with the increase in adsorption temperature. However,
the values of the AS° were positive (AC-Z) and negative
(AC-H), which suggested an increase/decrease in random-
ness at the solid/solution interface during the adsorption
process of phenol on AC, respectively. The difference in
the value of AS° could be attributed to the effect of the sur-
face chemistry on the AC surface.

4. Conclusions

The ACs at low cost can be prepared from shaddock peel
by ZnCl, and H,PO, treatment. The micropore structures of
two ACs prepared by ZnCl,and H,PO, activation are similar,
but surface chemical properties of different ACs are signifi-
cantly different.

Adsorption removal percentages of ACs for phenol from
water increase with increasing the contact time and AC dos-
age, respectively, whereas phenol removal decreases with an
increase in temperature. The changes in phenol removal of
AC-Z and AC-H with pH value of phenol solution are dif-
ferent. It is favorable for ACs to adsorb phenol from water
in the pH range of 5 to 8. Phenol removal increases and then
decreases with increasing the initial concentration.

The Langmuir and Temkin model can better describe
phenol adsorption process for AC-Z; Whereas, the
Langmuir model can well describe the phenol adsorption
process of AC-H. The pseudo-second order and Elovich
model better described the adsorption behaviors on

AC-H and AC-Z, respectively. The thermodynamic stud-
ies indicate phenol adsorption on ACs is spontaneous and
exothermic.

The experimental results indicate that ACs from shad-
dock peel by chemical activation methods are technologically
feasible. The ACs prepared from shaddock peel can be used
to effectively remove phenol from wastewater.
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Symbols

—  Initial phenol concentration, mg L™

—  Equilibrium phenol concentration, mg L™

—  Volume of the solution, L

Weight of the adsorbent, g

—  Contact time, min

—  Dadsorption capacity at equilibrium, mg g™

— Adsorption capacity at time f, mg g™

Maximum phenol adsorption capacity on an
adsorbent, mg g™

Langmuir parameter related with the free ener-
gy of adsorption, L mg™

Freundlich parameter related with the adsorp-
tion capacity, (mg g™')(L mg™")""

Freundlich parameter related with the adsorp-
tion intensity

—  Theoretical saturation uptake, mg g™
Adsorption energy constant, mol’k]>

—  The sorption energy, k] mol™

—  Gas constant, 8.314] (mol-K)*
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Absolute temperature, K

Adsorption temperature in Celsius degree, °C
Temkin parameter related with the adsorption
heat

Temkin parameter related with the maximum
binding energy, L mg™

Rate constant of pseudo-first order adsorption,
min™

Rate constant of pseudo-second order adsorp-
tion, g (mg min)™*

Initial adsorption rate constant, mg (g min)™*
desorption rate constant, g mg™

Intraparticle diffusion rate constant, mg (g min®®)~
Boundary layer effect constant

Thermodynamic constant

Gibbs free energy change, k] mol™

Enthalpy change, k] mol™

Entropy change, ] (k mol)™
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