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ABSTRACT

The adsorption of dibutyl phthalate (DBP) from aqueous solution in batch experiments
using ginkgo leaves-activated carbon (GLAC) by chemical activation with zinc chloride was
investigated. After the activated carbon was characterized by scanning electron microscopy,
energy-dispersive X-ray spectrometry, Brunauer–Emmett–Teller and Fourier transform
infrared spectra, the influence of solution pH, adsorbent dosage, contact time, initial DBP
concentration and temperature on the adsorption rate was investigated. The isotherm,
kinetic and thermodynamic parameters were used to describe the experimental data. The
maximum DBP adsorption rate was 97.46% at a pH of 13. Increase in GLAC dosage resulted
in an increase in the removal of DBP. The adsorption percentage of DBP increased with
increased contact time. The monolayer sorption capacity of the biosorbent for DBP was
determined to be 129.87mg/g with the Langmuir isotherm. The equilibrium data fitted
better with the Freundlich isotherm than the Langmuir and D–R isotherms. The kinetic data
were best described by the pseudo-second-order model. The thermodynamic studies
indicated that the sorption process was thermodynamically feasible and spontaneous.
Taking into consideration the above results, it can be concluded that the GLAC can be an
alternative material for more costly adsorbents used for the removal of DBP in wastewater
treatment processes.
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carbon (GLAC); Activation; Zinc chloride

1. Introduction

Phthalates are non-halogenated esters of phthalic
acid that find widespread utilization in various
industrial and consumer-orientated applications. Less
significant phthalate applications include components
of adhesive materials, inks, materials for treating

surfaces, lacquers, sealing and packing materials,
solvents and fixing agents in fragrances, as well as
additives in other kinds of cosmetics. The worldwide
production of phthalic acid esters (PAEs) is approxi-
mately six million tons per year [1]. PAEs are not
acutely toxic, but exposure over a reasonable period
may result in potential carcinogenic effects and an
unfavourable influence on the hormonal and repro-
ductive system owing to their lipophilic properties.
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Studies have reported the occurrence of phthalate
metabolites in urine specimens indicating the
widespread exposure of humans to phthalates [2].
Nowadays, the types of PAEs that are controlled in
the world are not chemically bound in a polymeric
matrix but are gradually released during usage.
They are controlled under the strictest supervision
as they are regarded as the most problematic from
the viewpoint of having undesirable effects on
health. They include dibutyl phthalate (DBP), di
(2-ethylhexyl) phthalate, diethyl phthalate, dimethyl
phthalate, di-isononyl phthalate, butyl benzyl phthal-
ate, di-isodecyl phthalate and di-n-octyl phthalate
[3].

The most frequently detected type of PAE was
reported to be DBP, in recent years among endo-
crine disrupting chemicals. Worldwide production
of DBP is over 1 million tons per year. Humans
can be simultaneously exposed to DBP through var-
ious routes, such as the intake of contaminated
water. A prior research study tested water samples
from the Chongqing section of the Jialing and
Yangtze Rivers, and found high concentrations of
DBP in many samples [4]. A study found DPB to
be at the highest levels in venous blood followed
by breast milk, umbilical cord blood and urine; this
order depends on metabolic factors [5]. Another
study found that women of childbearing age, 20–40
years old, are targets for the teratogenic effects of
DBP [6]. As a reference index of the Standards
for Drinking Water Quality of China (GB5749-2006),
the limit of DBP is 3 μg/L [7]. The development
of a sensitive and reliable method is necessary
to remove DBP from resource water or treated
drinking water, taking into account all of these
considerations.

Past studies have reported a number of methods
for removing PAEs from aqueous solutions. One of
the most frequently applied methods is microbial deg-
radation [8–10]. Other methods of PAE removal
involve advanced oxidation processes (AOP) [11,12].
From these research conclusions on the treatment of
PAEs, we find that DBP is not amenable to biological
treatment due to its outstanding stability against
microbial attack, and AOP are generally expensive.
Hence, it is important to identify a method that is both
effective and economical. Adsorption techniques are
much preferred for the removal of PAEs because of
their efficiency and low cost [13]. A whole range of
adsorptive materials may be utilized for the adsorp-
tion of PAEs. Compared with other adsorbents used
for DBP removal, activated carbon is considered as
one of the most efficient and easy method to obtain as
it is used in a wide range of applications in many

fields and because it is made from many diverse raw
materials [14,15].

The adsorption capacity of activated carbon
depends on various factors such as surface area, pore
size distribution and the surface functional groups of
the adsorbent; polarity, solubility and molecule size of
adsorbate; pH of solution, the presence of other ions
in solution and so on [16]. The methods of activation
commonly employed can broadly be divided into two
main types: thermal (or physical) activation and chem-
ical activation. Thermal activation involves primary
carbonization (below 700˚C) followed by controlled
gasification under the action of oxidizing gases at high
temperatures (up to 1,100 ˚C). In chemical activation,
the precursor is mixed with a chemical, restricting the
formation of tars (ZnCl2, H3PO4, etc.), after kneading
it is carbonized and washed to produce the final acti-
vated carbon [17]. Both naturally occurring and syn-
thetic carbonaceous materials have been used as
precursors. Though new synthetic precursors such as
polymeric fibers and phenolic-resin have been
reported to produce activated carbon with high sur-
face area, in recent years, industrial and agricultural
by-products are increasingly being investigated as pre-
cursors [18,19].

The waste leaves of Casurina equisetifolia have
been used as a low-cost source material for the prepa-
ration of activated carbons, and the carbons have been
successfully used for adsorption of chromium from
aqueous solution [20]. Gingko is a widely planted
landscape tree species, with a huge quantity in many
cities of China spread over 200,000 ha. There is a large
available and inexpensive supply of over 120,000 tons
of fallen ginkgo leaves. These leaves have no present
commercial usage and are not eaten by livestock.
There are no previous published reports on the use of
activated carbon manufactured with ginkgo leaves for
removing DBP from aqueous solution. Thus, ginkgo
leaves, as a low-cost and abundant biomass resource,
could be an alternative for the removal of DBP from
wastewater or treated drinking water, greatly reducing
the cost of DBP treatment.

The main objective of this research was to
investigate the feasibility of using ginkgo leaves as a
biomass resource for low-cost activated carbon and the
removal characteristics of DBP from aqueous solution.
After scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometry (EDS), Brunauer–
Emmett–Teller (BET) and fourier transform infrared
spectra (FTIR) characterization of this activated carbon
by chemical activation with zinc chloride, the influ-
ences of different parameters including solution pH,
GLAC dosage, contact time, DBP concentration and
temperature were investigated. Additionally, the
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isotherm, kinetic and thermodynamic parameters were
explored to describe the experimental data.

2. Materials and methods

2.1. Activated carbon sample preparation and
characterization

Samples of ginkgo leaves were obtained from the
campus of Nanjing Forestry University, China. The
samples were washed using distilled water and dried
in a muffle heater at 60˚C for 24 h. A longer drying
time did not show an observable change in the sample
weight. This was done to remove any adsorbed mate-
rial in the raw sample to ensure adequate distribution
and intercalation of chemicals in the next step. Then,
the dried samples were pulverized to pass through 50
mesh sieves of diameter 355 μm [21,22]. The sample
powder was stored in plastic bags for further tests to
obtain char and activated carbon. Weighed samples
were carbonized in the muffle furnace under a nitro-
gen atmosphere. The chemical-impregnated samples
were subjected to a two-stage activation. First, 25 g of
ginkgo leaves powder was immersed in 100 g of aque-
ous solution of chemical agent zinc chloride (25 wt.%)
at room temperature for 5 h [21,22]. Second, the tem-
perature was increased to 80˚C at a heating rate of
5˚C/min. The sample was exposed to this temperature
for 3 h. It was then cooled to ambient temperature and
left at rest for 16 h. The heating rate and duration
were considered adequate for complete distribution
and intercalation of the chemicals in the sample
matrix [21,22]. After the treatment, the samples were
filtered to remove excess chemicals from the solution.
Then they were dried at 105˚C for 24 h to ensure com-
plete removal of water, while leaving the chemicals in
the samples. For the carbonization, the samples were
heated at 5˚C/min to 100˚C and held for 1 h. This was
to remove adsorbed water and volatile matter. Then
the temperature was increased in steps of 15 ˚C/min
to the desired temperature 600˚C, which was held con-
stant for 2 h. Then the sample was cooled to ambient
temperature. The carbonization was done under flow
of nitrogen (500mL/min). The prepared activated
carbon was thoroughly washed with distilled water
until a neutral pH was obtained [21,22].

The BET surface area and total pore volume of the
activated carbon sample were determined using a
surface analyser (Autosorb-1C, Quantachrome Instru-
ment, USA). Nitrogen was used as cold bath (77.35 K).
An FTIR spectrometer (model 360, Thermo Nicolet
Instrument, USA) was employed to determine the
presence of functional groups in all the adsorbents at
room temperature. A pellet (pressed-disk) technique

was used for this purpose. The pellets were prepared
by mixing the adsorbent with KBr (mass ratio 100:1).
The spectral range covered was 4,000 to 500 cm−1;
scanning was performed at a rate of 16 nm s−1. A
scanning electron microscope (model S-3400 N II,
Hitachi Instrument, Japan) was used to obtain SEM
micrographs of the activated carbon. Samples of acti-
vated carbon were all gold plated and an electron
acceleration voltage of 20 kV was applied for SEM
observation. The predominant elements of ginkgo
leaves-activated carbon and raw resources were
analysed using an EDS (model EX-250, Horiba
Instrument, Japan).

2.2. Adsorbate and analytical measurements

A stock DBP solution of 1,000mg/L was prepared
from DBP (99% purity, C16H22O4, FW: 278.34,
AccuStandard Inc., USA) dissolved in methanol. The
working solutions with different concentrations were
prepared by appropriate dilutions of the stock
solution. The concentration of DBP in aqueous
solution was analysed by a high-performance liquid
chromatography (HPLC, model LaChrom Elite
L-2000, Hitachi Instrument, Japan) using a Hitachi
LaChrom C18 (5 μm) 4.6mm I.D. × 150mm separation
column at a wavelength of 202 nm. The mobile phase
was a mixture of water and methanol (10:90, v/v),
and the flow rate was 1.0 mL·min−1. The injection
volume was 10 μL, and the column temperature was
30˚C. Under this chromatographic condition, the
baseline separation for DBP could be obtained within
15min [23]. A digital pH metre (model: PHS-3C:
PSI Co. Ltd., Shanghai, China) was used for pH
measurement.

2.3. Batch adsorption experiments

A typical adsorption experiment was conducted by
using the necessary GLAC in a 250mL stopper conical
flask at desired pH value, contact time, temperature
and DBP concentration. The pH values of the solution
were adjusted by adding negligible volumes of 0.1M
HCl or NaOH. The flask was shaken for the desired
contact time in a rotary shaker fixed at 150 rpm. The
contents of the flask were filtered through a 0.45 μm
filter membrane, and the filtrate was analysed for the
remaining DBP concentration. The removal percentage
of DBP was determined from the initial and final
concentrations of DBP in the liquid phases. The pH of
the solutions was checked before the beginning and at
the end of the adsorption experiments. The adsorption
experiment was conducted three times for each
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sample, and each individual chemical assay was
conducted in duplicate.

The percentage of DBP adsorption by the GLAC
was computed using the equation:

Adsorption percentage; % ¼ C0 � Ct

C0
� 100 (1)

where C0 and Ct are the concentrations of DBP (mg/L)
in the solution at initial and at time t (min). Adsorption
capacity was calculated by using the mass balance
equation for the adsorbent:

q ¼ ðC0 � CeÞV
M

(2)

where q is the adsorption capacity (mg/g) and Ce is
the equilibrium concentration of DBP (mg/L) in the
solution. V is the volume of DBP solution (L), and M
is the weight of GLAC (g).

The effect of pH on DBP removal was investigated
in the initial pH range of 1–13. Adsorption experi-
ments for the effect of pH were conducted by using
a 100mL DBP solution having a concentration of
5mg/L with a GLAC dosage of 0.1 g/L for a contact
time of 2 h at 298 K. The effect of GLAC dosage level
on percent removal of DBP was studied using a 100
mL DBP solution having a concentration of 5mg/L.
The selected GLAC was used at dosages ranging from
0.1 to 1 g/L for a contact time of 2 h at 298 K. The
effect on the variation of the initial concentration of
the solution was studied using a 100mL DBP solution
of varying concentrations (5–15mg/L), a contact time
of 2 h and a GLAC dosage level of 0.1 g/L at 298 K.
Kinetics analysis for the adsorption process was stud-
ied on the batch adsorption of a 100mL DBP solution
having concentration of 5mg/L with a GLAC dosage
of 0.1 g/L. The contact time was varied from 20 to
120min at 298 K. The effect of temperature was evalu-
ated using a 100mL DBP solution with a concentra-
tion of 5mg/L with a GLAC dosage of 0.1 g/L for a
contact time of 2 h. The selected temperatures ranged
from 298 to 308 K.

3. Results and discussion

3.1. Characterization of the GLAC

3.1.1. SEM micrographs

The SEM micrographs are shown in Fig. 1 for
ginkgo leaves powder and GLAC at 500 and 5,000
times magnification. It is seen from Fig. 1(a) and (b)

that the surface texture of the ginkgo leaves is fibrous.
From Fig. 1(c) and (d), we can see that the micromor-
phology of the GLAC change largely when ginkgo
leaves have finished the carbonization process. Porous
structures in a honeycomb shape were clearly
observed on the GLAC surface, crevices and skeletal
structure are at other places. Activated carbon is gen-
erally described as an amorphous form of graphite
with a random structure of graphite plates having a
highly porous structure with a range of cracks and
crevices reaching molecular dimensions [13].

3.1.2. EDS analysis

The EDS analysis of ginkgo leaves powder and
GLAC is indicated in Fig. 2. The conclusions from the
EDS analysis are enumerated in Table 1. From Table 1,
it was seen that the main elements of ginkgo leaves
were 62.34% carbon and 34.29% oxygen; after carbon-
ization, they were 78.21 and 12.6%, respectively. Due
to the use of zinc chloride as an activator, the
elements zinc and chloride increased from 0 and 0.12
to 4.69% and 3.12% after carbonization, respectively.
The other elements of ginkgo leaves powder and
GLAC changed little.

3.1.3. Surface area and pore structure characterization

The specific surface area and pore structure of
GLAC were analysed based on the nitrogen adsorp-
tion at 77.35 K. The BET surface area of the sample
was 696.58m2/g. The single point total pore volume
was found to be 0.59 cm3/g with an average pore
diameter of 5.76 nm. Pore sizes are classified in
accordance with the classification adopted by the
International Union of Pure and Applied Chemistry,
that is, micropores (diameter (d) < 2 nm), mesopores
(2 nm < d < 50 nm) and macropores (d > 50 nm) [24,25].
The results of analysis suggested that the GLAC
contains a relatively high surface area and total pore
volume. The analysis of the adsorbent showed the
predominance of a microporous structure.

3.1.4. FTIR analysis

The FTIR is an important technique to determine
characteristic functional groups, which make the
adsorption behaviour possible [26]. The infrared
spectrum of ginkgo leaves powder and GLAC are pre-
sented in Fig. 3 and Table 2. As shown in Fig. 3, the
infrared spectrum showed a large number of adsorp-
tion peaks, which suggested the complexity of the
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material. There were strong peaks at 3,451 and
3,452 cm−1 of ginkgo leaves powder and GLAC repre-
senting the OH stretching of the phenol group, and the
peaks at 2,932 and 2,930 cm−1, indicate the presence of
CH2 stretching. The appearance of peaks of ginkgo
leaves powder and GLAC at 2,873 and 2,870 cm−1 indi-
cate the presence of CH3 stretching. The adsorption
peak of ginkgo leaves powder at 1,793 cm−1 was attrib-
uted to C=O stretching. The peaks of ginkgo leaves
powder and GLAC at 1,643 and 1,650 cm−1 showed the
C=C stretching. The peak of ginkgo leaves powder at
1,459 cm−1 was associated with the existence of CH2

deformation. The adsorption peaks of ginkgo leaves
powder and GLAC were observed at approximately
1,399 and 1,402 cm−1 could be attributed to N–H
stretching. The peak of ginkgo leaves powder at
1,322 cm−1 indicate N–H stretching as well. The bonds
near 1,129 and 1,132 cm−1 indicate the existence of C=O
stretching. Peaks at 1,078 cm−1 and 1,073 cm−1 in the
FTIR spectrum of ginkgo leaves powder and GLAC
may be due to six-member cyclic ether. The peaks

of ginkgo leaves powder at 791 and 679 cm−1

were assigned to Si–O stretching and P-OH
stretching, respectively [24–28]. These observations and
conclusions regarding the spectrum indicate the
possible involvement of those functional groups on the
surface of GLAC during the adsorption process.

3.2. Effect of solution pH

The pH of the solution is an important variable
affecting the adsorption characteristics. Change of the
adsorption capacity of DBP on GLAC with pH was
shown in Fig. 4. From Fig. 4, the maximum adsorption
rate was 97.46%, and the maximum adsorption capac-
ity was 48.73mg/g at a pH of 13. The minimum
adsorption rate was 70.97%, and the minimum
adsorption capacity was 35.49mg/g at a pH of 7. The
adsorption rate of DBP had little change, with an
average adsorption rate of 74.35% and an average
adsorption capacity 37.18mg/g when the pH of
the solution was adjusted from 1 to 9, indicating that

Fig. 1. SEM photographs of ginkgo leaves powder at (a) ×500 and (b) ×5,000 magnification and GLAC at (c) ×500 and (d)
×5,000 magnification.
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the electrostatic mechanism was not the only mecha-
nism for DBP adsorption in the present system.
Adsorption capacity was also affected by the chemical
reaction between the GLAC and the DBP. As the
solution pH increased from 9 to 13, the number of
positively charged surface sites on the adsorbent
increased, which may result in the increase in adsorp-
tion of DBP molecules due to the electrostatic
attraction [24]. However, it did not explain the slight
changes of the DBP adsorption at acidic, neutral and
weak alkaline solution conditions [25].

Fig. 2. EDS of (a) ginkgo leaves powder and (b) GLAC.

Table 1
EDS analysis conclusions of ginkgo leaves powder and
GLAC

Element
Ginkgo leaves
powder, wt.% GLAC, wt.%

C 62.34 78.24
O 34.29 12.60
Mg 0.36 0.10
Al 0.06 0.19
Si 0.26 0.35
P 0.25 0.09
S 0.29 0.30
Cl 0.12 3.12
K 0.13 –
Ca 1.90 0.32
Zn – 4.69
Totals 100.00 100.00

Fig. 3. FTIR spectra recorded for ginkgo leaves powder
and GLAC.

Table 2
FTIR of ginkgo leaves powder and GLAC

S.
no.

Frequency
(cm−1) of
ginkgo
leaves
powder

Frequency
(cm−1) of
GLAC Differences Assignment

1 3,451 3,452 1 OH
stretching

2 2,932 2,930 −1 CH2

stretching
3 2,873 2,870 −3 CH3

stretching
4 1,739 – – C=O

stretching
5 1,643 1,650 7 C=C

stretching
6 1,459 – – CH2

deformation
7 1,399 1,402 3 N–H

stretching
8 1,322 – – N–H

stretching
9 1,129 1,132 3 C=O

stretching
10 1,078 1,073 −5 Six member

cyclic ether
11 791 – – Si–O

stretching
12 679 – – P–OH

stretching
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3.3. Effect of initial GLAC dosage

The effect of GLAC dosage on DBP adsorption is
depicted in Fig. 5. Increase in GLAC dosage resulted
in an increase in the removal of DBP; the percentage of
DBP adsorption increased from 68.56 to 98.42% with
an increase in adsorbent mass from 0.01 to 0.1 g; how-
ever, the adsorption capacity decreased from 34.28 to
4.92mg/g. The percentage removal increased with the
GLAC dosage up to a certain limit, after which a
constant value was reached. The increase in adsorption
of DBP with adsorbent dosage can be attributed to
increased surface area and the availability of more
adsorption sites [25]. The adsorption capacity was les-
ser at higher adsorbent doses. This was due to greater
availability of the exchangeable sites or surface area at
a higher concentration of the adsorbent [26].

3.4. Effect of contact time

The effect of contact time on the adsorption of
DBP by GLAC is shown in Fig. 6, where is it
illustrated that the adsorption percentage of DBP
increased with the increase of contact time. The
adsorption of DBP on GLAC was found to be rapid at
the initial period and then becomes slow and stag-
nates with an increase in contact time. The adsorption
rate of DBP was 32% and the adsorption capacity was
16mg/g through 20min adsorption. The time
required to reaching adsorption equilibrium between

the adsorbent and the DBP solution was less than
100min with an adsorption rate 70.75% and an
adsorption capacity 35.38mg/g. The steep slope of
DBP adsorption indicated instantaneous adsorption
which might be due to the effect of surface acidic
functional groups on the surface of adsorbent [27].
Therefore, the adsorption of DBP was thought to have
probably taken place via surface adsorption until the
surface functional sites were fully occupied; thereafter,
DBP molecules diffuse into the pores of the adsorbent
for further adsorption. Thus, it was assumed that
longer treatment might not have further effect to
change the property of the adsorbent.

3.5. Adsorption isotherm

For the solid–liquid adsorption system, the adsorp-
tion isotherm is an important model in the description
of adsorption behaviour. When the adsorption reaction
reaches an equilibrium state, the adsorption isotherm
can indicate the distribution of adsorbate molecules
between the solid phase and the liquid phase [24]. It is
important to understand the adsorption behaviour to in
order to identify the most appropriate adsorption iso-
therm model. In this study, the Langmuir, Freundlich
and Dubinin–Radushkevich (D–R) isotherm models
were employed to investigate the adsorption behaviour.

3.5.1. Langmuir model

This model assumes that the adsorptions occur at
specific homogeneous sites on the adsorbent and are
used successfully in many monolayer adsorption
processes. The Langmuir-type adsorption isotherm
indicates surface homogeneity of the adsorbent and
hints towards the conclusion that the surface of the
adsorbent is made up of small adsorption patches
which are energetically equivalent to each other in
respect to the adsorption phenomenon [25]. The
Langmuir model is given by the following equation:
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Fig. 4. Effect of pH on DBP adsorption by GLAC.
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Fig. 5. Effect of initial GLAC dosage on DBP adsorption.
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Fig. 6. Effect of contact time on DBP adsorption.
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1

qe
¼ 1

qmbCe
þ 1

qmax
(3)

where qm shows the monolayer sorption capacity
(mg/g), b is the Langmuir constant (L/mg), Ce is equi-
librium dye concentration in the solution (mg/L) and
qe represents amounts of DBP adsorbed onto GLAC at
equilibrium (mg/g). The plot of 1/qe vs. 1/Ce was
employed to generate the intercept value of 1/qm and
slope of 1/qmb (Fig. 7).

Through the above calculation, qm and b were
determined to be 129.87mg/g and 5.5 L/mg, respec-
tively. The correlation coefficient (R2) was 0.9615. One
of the essential characteristics of the Langmuir model
can be expressed in terms of the dimensionless con-
stant separation factor for the equilibrium parameter
RL, defined as:

RL ¼ 1

1þ bC0
(4)

where C0 is the maximum initial concentration of DBP
(mg /L). The value of RL indicates the type of isotherm
to be irreversible (RL = 0), favourable (0 < RL < 1), linear
(RL = 1) or unfavourable (RL > 1). The RL value in the
study was found to be 0.012, indicating that this sorp-
tion process is favourable [26].

3.5.2. Freundlich isotherm

The Freundlich isotherm is an empirical equation
employed to describe heterogeneous surfaces systems
[28]. The Freundlich equation is expressed as:

ln qe ¼ ln kf þ 1

n
ln Ce (5)

Fig. 7. The linear plots of Langmuir, Freundlich and D–R equilibrium models.
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where kf and 1/n are Freundlich constants, Ce is the
equilibrium concentration of the solution (mg /L) and
qe is the equilibrium adsorption capacity per unit
weight adsorbent (mg/g).

The equilibrium experimental data were fitted
using the Freundlich isotherm, and the plot of non-lin-
ear form of Freundlich isotherm curves is presented in
Fig. 7. The Freundlich parameters kf, 1/n and R2 eval-
uated from the non-linear plot using non-linear regres-
sive analysis were 116.9, 0.3918 and 0.999,
respectively. The Freundlich parameter 1/n relates to
the surface heterogeneity. When 0 < 1/n < 1, the
adsorption is favourable; when 1/n = 1, the adsorption
is homogeneous and there is no interaction among the
adsorbed species; and when 1/n > 1, the adsorption is
unfavourable [24]. In general, 1/n = 0.3918 indicated
that the adsorption behaviour of DBP on GLAC was
carried out easily.

3.5.3. D–R isotherm

The D–R isotherm model is more general than the
Langmuir isotherm, because it does not assume a
homogeneous surface or constant sorption potential.
The following equation indicates the D–R isotherm
[22]:

ln qe ¼ ln qm � Be2 (6)

e ¼ RT ln 1þ 1

Ce

� �
(7)

where qm is the theoretical saturation capacity (mg/g),
B is a constant related to the sorption energy (M2/kJ2),
ε is the Polanyi potential, R is the universal gas
constant (8.314 J/ (MK)) and T is the absolute temper-
ature (K). The values of qm and B were obtained by
plotting ln qe vs. ε2 as seen in Fig. 7. Through
the above calculations, qm and B were found to be
121.45mg/g and 0.000000029M2/kJ2, respectively. R2

was determined to be 0.9115.

3.6. Kinetic studies

The kinetics of the adsorption process have been
evaluated for this work. This study describes the
solute uptake rate and evidently, this rate controls the
residence time of adsorbate uptake at the solid–liquid
interface including the diffusion process. The mecha-
nism of adsorption depends on the physical and
chemical characteristics of the adsorbents. In order to
determinate the mechanism of DBP adsorbed on

GLAC, several commonly used adsorption kinetics
models were employed to discuss the controlling
mechanism [25].

3.6.1. Pseudo-first-order model

The pseudo-first-order rate model from Lagergren
[24] is based on solid capacity and is generally
expressed as:

dq

dt
¼ k1 ðqe � qÞ (8)

where qe is the amount of solute adsorbed at
equilibrium per unit weight of adsorbent (mg/g), q
is the amount of solute adsorbed at any time (mg/
g) and k1 is the pseudo-first-order rate constant
(min−1). Eq. (8) is integrated for the boundary condi-
tions t = 0 to t > 0 (q = 0 to q > 0) and then rearranged
to obtain the following linear time-dependent
function:

lnðqe � qÞ ¼ ln qe � k1t (9)

This is the most popular form of the pseudo-first-
order kinetic model. Fig. 8 shows an example for these
plots. The constant k1 and R2 were calculated as 0.0177
and 0.9704, respectively.

3.6.2. Pseudo-second-order model

The kinetic data were further analysed using the
pseudo-second-order model [25] which can be
expressed as:

dq

dt
¼ k2 ðqe � qÞ2 (10)

Integrating Eq. (10) for the boundary conditions t = 0
to t > 0 and q = 0 to q > 0 and rearranging it to obtain
the linearized form, shown as:

t

q
¼ 1

k2q2e
þ t

qe
(11)

where k2 is the pseudo-second-order rate constant
(g/(mgmin)). The plot of t/q vs. t of Eq. (11) should
give a linear relationship, from which qe and k2 can be
determined from the slope and intercept of the plot
(Fig. 8). The constant k2 and R2 were calculated as
0.000432 and 0.9885, respectively.
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3.6.3. Intraparticle diffusion model

The intraparticle diffusion model is used to explain
the diffusion mechanism of the adsorption process.
The equation is described in [24]:

q ¼ kt � t1=2 þ C (12)

where kt is the intraparticle diffusion rate constant
(mg/(gmin1/2) and C is the intercept. The value of C
relates to the thickness of the boundary layer. The
larger C implies the greater effect of the boundary
layer. According to Eq. (12), if the adsorption mecha-
nism follows the intraparticle diffusion model, the plot
of q vs. t1/2 should result in a linear relationship
(Fig. 8). The slope kt and intercept C were 3.2206 and
2.0479, respectively, and were obtained by linear fit-
ting analysis. The value of R2 was 0.9771.

The R2 value of the pseudo-second-order kinetic
model for this model is higher than that of the pseudo-
first-order kinetic and the intraparticle diffusion model.
Hence, it can be assumed that the adsorption of DBP
perfectly follows the pseudo-second-order kinetic model.

3.7. Thermodynamic studies

The temperature dependence of the equilibrium con-
stant, K can be used to determine the thermodynamic
parameters [29]. The Van’t Hoff equation is used to
evaluate the variation of the equilibrium constant with
temperature. The integrated form of this equation is
given as:

ln K ¼ �S�

R
��H�

RT
(13)

Fig. 8. The linear plots of pseudo-first-order kinetic, pseudo-second-order kinetic and intraparticle diffusion models.
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K ¼ qeq
Ce

(14)

where ρ = 1,000 kg/m3 is the density of the solution
mixture, ΔH˚ is the standard enthalpy change (J/M),
ΔS˚ is the standard entropy change (J/MK), T is the
absolute temperature (K) and K is the distribution
coefficient. The ΔH˚ and ΔS˚ of the process can be
determined from the slope and intercept of line
obtained by plotting ln K vs. 1/T. The Van’t Hoff plot
for DBP adsorption of GLAC is shown in Fig. 9. The
ΔH˚ and ΔS˚ for DBP can be calculated from the slope
of the straight line.

The Gibbs free energy change of adsorption (ΔG˚ )
for each temperature is then obtained as [30]:

�G� ¼ �H� � T�S� (15)

From Eq. (15), ΔG˚ was calculated as –7.55, –8.00 and
–8.46 kJ/M for the adsorption of DBP on GLAC at 298,
303 and 308 K, respectively. The negative ΔG˚ values
indicate that the adsorption of DBP on GLAC was
thermodynamically feasible and spontaneous [31]. The
ΔH˚ and ΔS˚ were determined as 19.72 kJ/M and 91.5
J/(MK), respectively. The positive values of ΔH˚

indicated the endothermic nature of the process,
whereas the positive ΔS˚ value confirmed the
increased randomness at the solid-solute interface
during adsorption and reflected the sorption of GLAC
for DBP. The low value of ΔS˚ also indicated that no
remarkable change on entropy occurs [31].

4. Conclusions

The present study shows that GLAC by chemical
activation with zinc chloride can be used as an adsor-
bent for the removal of DBP from aqueous solutions.
The main elements of GLAC are 78.21% carbon and
12.6% oxygen. The BET surface area of the sample is
696.58m2/g with an average pore diameter of 5.76

nm. The infrared spectrum showed the complexity of
the material. The maximum DBP adsorption rate was
97.46%, and the maximum adsorption capacity was
48.73mg/g at a pH of 13. Increase in GLAC dosage
resulted in an increase in removal of DBP. The
adsorption percentage of DBP increased with the
increase of contact time. The monolayer sorption
capacity of the biosorbent for DBP was found to be
129.87mg/g with the Langmuir isotherm. The equilib-
rium data fitted with the Freundlich isotherm better
than the Langmuir and D–R isotherms. The kinetic
data were best described by the pseudo-second-order
model. The thermodynamic studies indicated that the
sorption process was thermodynamically feasible and
spontaneous. It can be concluded that GLAC can be
an alternative material for more costly adsorbents
used for DBP removal in wastewater treatment pro-
cesses.
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