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ABSTRACT

Camelorum tree (CT), a desert plant, has been utilized as an adsorbent material for the
removal of Hg(II) ions from aqueous solution after treatment with malic acid at elevated
temperature. Treated Camelorum tree (TCT) were found to exhibit excellent adsorption
capacity over a wide range of Hg(II) concentration. Native CT and TCT were characterized
by Fourier transform infrared spectroscopy and scanning electron microscopy to support
the adsorption of Hg(II) ions. Effect of various parameters such as pH, adsorbent concentra-
tion, contact time, initial concentration, and temperature was investigated using batch
process to optimize conditions for maximum adsorption. The adsorption data were ana-
lyzed using two, three, four, and five parameter models at 30˚C using nonlinear regression
analysis. The maximum adsorption capacity (qmax) of Hg(II) onto TCT was 357.14 mg/g at
an initial pH of 5 and a temperature of 30˚C. Thermodynamic parameters such as standard
enthalpy change (ΔH˚), free energy change (ΔG˚), and entropy change (ΔS˚) were also evalu-
ated and the results indicated that adsorption of Hg(II) is spontaneous and exothermic.
Various kinetics models including the pseudo-first-order, pseudo-second-order, intraparticle
diffusion, Bangham, and Elovich models have been applied to the experimental data to pre-
dict the adsorption kinetics. Kinetic study was carried out by varying initial concentration
of Hg(II) at constant temperature and it was found that pseudo-second-order rate equation
was better obeyed than pseudo-first-order equation supporting that chemisorption process
was involved. The examination of R2 values and error analysis methods showed that the
Langmuir–Freundlich, Dubinin–Radushkevich, Fritz–Schlunder (IV), and Fritz–Schlunder
(V) models provide the best fit to experimental data than other isotherms and follow the fol-
lowing order: Langmuir–Freundlich (three parameter isotherm) > Dubinin–Radushkevich
(two parameter isotherm) > Fritz–Schlunder (four parameter isotherm) > Fritz–Schlunder
(five parameter isotherm). The obtained results show that TCT can be used as an effective
and a low-cost adsorbent for the removal of Hg(II) from aqueous solutions.
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1. Introduction

Industrial, agricultural, and domestic wastes
pollute water bodies with heavy metals, which reach
tissues through the food chain. The toxicity of heavy
metals to aquatic organisms has been a subject of inter-
est to biologist for many years. Among various types
of pollution, the industrial waste constitutes the major
source of various kinds of metal pollution in natural
water. The highly toxic metals are Hg, Cd, Pb, Cu, and
Cr which finds its way to the water bodies through
wastewater from different industries as metal plating
industries of cadmium, nickel, batteries, pigment, sta-
bilizers, alloys, paint, metallurgical, tannery chemical
manufacturing, mining, pulp and paper, oil refining,
rubber processing, and fertilizers [1].

Mercury can be found in significant amounts in
wastes from chloro-alkali manufacturing plants, elec-
trical and electronics manufacturing, and sulfide ore
roasting operations. Mercury is very harmful to
humans, plants, and animals. Exposure to mercury
can have toxic effects on reproduction, the central ner-
vous system, liver, and kidney, and cause sensory and
psychological impairments [2]. Therefore, all countries
have taken measures to reduce mercury exposure
through comprehensive prevention strategies includ-
ing environmental standards that require removal of
mercury from industrial effluents.

Various treatment technologies have been
employed for the clean-up of waters contaminated
with trace toxic metals in aquatic environments. Con-
ventional techniques usually involve the application of
physico-chemical processes such as precipitation,
oxidation, reduction, solvent extraction, electrolytic
extraction, dilution, electro-dialysis, filtration, floccula-
tion, sedimentation, evaporation, osmosis, ion-ex-
change, chelation, biosorption, and adsorption [3].

Adsorption provides one of the most effective
methods for removing heavy metal ions from aque-
ous solution [4]. Activated carbon is the most widely
used adsorbent for this purpose because of its
extended surface area, microporous structure, high
adsorption capacity and high degree of surface reac-
tivity. However, commercially activated carbons are
very expensive [5]. This has led to a search for
cheaper adsorbents. With this aim in mind, numerous
low-cost alternative adsorbents have been proposed,
including ligno-cellulosic wastes or polysaccharide
biopolymers [6]. Agricultural byproducts mainly com-
posed of cellulose and lignin which are available in
large quantities and constitute one of the most abun-
dant renewable resources in the world. Lignin has
polar functional groups, which include alcohols, alde-
hydes, ketones, carboxylic, phenolic, and ether groups

[7]. These groups have the ability to bind heavy
metals by donation of an electron pair from these
groups to form complexes with the metal ions in
solution.

The adsorption capacity in general of crude agri-
cultural byproducts is low. Chemical modification has
shown great promise in improving the adsorption and
the cation exchange capacity of agricultural byprod-
ucts [8]. Agricultural wastes have been examined for
potential use as inexpensive adsorbents for heavy
metal removal [9–15]. The abundant and availability
of Camelorum tree (CT) particles as the desert plant
makes them a good candidate for incorporation as
precursor to prepare a new biosorbent for heavy
metals from wastewater.

The main objective of this study was to investigate
the feasibility of using TCT for the maximum removal
of Hg(II) from aqueous solutions. The effect of such
factors as pH, adsorbent dose, contact time, initial
adsorbate concentration, and temperature was investi-
gated. The kinetics of Hg(II) adsorption on the adsor-
bent was analyzed by fitting various kinetic
adsorption isotherm models. The important of the
adsorption isotherm models is to determine the best-
fit isotherm equation in order to optimize the design
of adsorption system for the removal of mercury uti-
lizing TCT. Experimental equilibrium data were fitted
to the Langmuir, Freundlich, Temkin, Dubinin and
Halsey (two parameter isotherms), Redlich–Peterson,
Toth, Sips, Khan and Hill, Radke–Prausnitz, and Lang-
muir–Freundlich (three parameter isotherms), Baudo
and Fritz–Schlunder (four parameter isotherms and
Fritz–Schlunder (five parameter isotherm) using non-
linear regression analysis. Error analysis was carried
out to test the adequacy and the accuracy of the
isotherm models. Thermodynamic parameters were
evaluated and the adsorption was spontaneous and
exothermic.

2. Experimental

2.1. Materials

CT, a desert plant, was obtained from the Martouh
desert, Egypt. The roots were separated from the
stems and leaves, washed with distilled water several
times to remove the surface adhered particles and
water soluble particles and dried at 80˚C in an electric
oven for 24 h and ground using a mixer, and sieved
to pass through a 50–150 μm. The roots were chosen
because they contain the highest percentage of the cel-
lulose content. The adsorbent was characterized by
FT-IR spectroscopy and scanning electron microscopy
(SEM).
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2.2. Methods

2.2.1. Preparation of TCT adsorbent

TCT was prepared employing the following
method. To a beaker containing 2 g of CT powder
with particle sizes in the range of 50–150 μm was
added to a known weight of malic acid (dissolved in
the least amount of water) under continuous stirring
with a spatula until a homogeneous paste was
obtained. The paste was then transferred to a Pyrex
Petri dish and placed in an air-circulated oven at 100–
150˚C for a known length of time. The thermally
treated sample was subsequently cooled to room tem-
perature and ground. The soluble byproducts and any
unreacted malic acid were removed by washing the
sample several times with a water/ethanol (20:80)
mixture for 2 h, with the final purified material being
dried at 60˚C for 4 h.

2.2.2. Adsorption studies

A known volume (100 mL) of a Hg(II) ion solution
with a concentration in the range of 100–1,000 mg L−1

was placed in a 125 mL Erlenmeyer flask. An accu-
rately weighed sample of TCT adsorbent (0.05 g) with
a particle size in the range 50–150 μm was then added
to the solution. A series of such flasks was prepared,
the pH values of the contents adjusted by the addition
of 0.1 M HNO3 or 0.1 M NaOH and then shaken at a
constant speed of 150 rpm in a shaking water bath at
30˚C for a known time length. At the end of the agita-
tion time, the metal ion solutions were separated by
filtration. Blank experiments were carried out simulta-
neously without the addition of the TCT adsorbent.
The extent of metal ion adsorption onto adsorbent
was calculated mathematically by measuring the metal
ion concentration before and after the adsorption
through direct titration against the standard EDTA
solution. The amount of Hg(II) adsorbed on TCT at
equilibrium, qe (mg/g) and percent removal of
mercury were calculated according to the following
relationships:

qe ¼ ðC0 � CeÞVðlÞ
W

(1)

Percent removal ¼ ðC0 � CeÞ
C0

� 100% (2)

where C0 and Ce are the initial and final concentra-
tions of Hg(II), mg L−1, V is the volume (L) of Hg(II),
and W is the weight of TCT adsorbent (g). All adsorp-
tion experiments were carried out in duplicate and the
mean values of qe were reported.

2.3. Error analysis

In the single-component isotherm studies, the opti-
mization procedure requires an error function to be
defined to evaluate the fit of the isotherm to the exper-
imental equilibrium data. The common error functions
for determining the optimum isotherm parameters
were, sum of absolute errors (EABS), Marquardt’s per-
cent standard deviation (MPSD), hybrid fractional
error function (HYBRID), sum of the squares of the
errors (ERRSQ), average percentage error (APE), and
average relative error (ARE) [16]. In the present study,
all error functions were used to determine the best fit
in isotherm model as:

2.3.1. The sum of absolute error

EABS ¼
Xn
i¼1

ðqeÞexp : � ðqeÞcalc:
��� ���

i
(3)

2.3.2. Marquardt’s percent standard deviation

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� p

Xn
i¼1

ððqeÞexp: � ðqeÞcalc:Þ
ðqeÞexp:

" #2
vuut (4)

2.3.3. Hybrid fraction error function (hybrid)

Hybrid ¼ 100

n� p

Xn
i¼1

ððqeÞexp: � ðqeÞcalc:Þ2
ðqeÞexp:

" #
i

(5)

2.3.4. The Sum of the Squares of the Error (ERRSQ)

ERRSQ ¼
Xn
i¼1

½ðqeÞcalc: � ðqeÞexp:�2 (6)

2.3.5. Average percentage error

APE % ¼
PN
i¼1

½ððqeÞexp: � ðqeÞcalc:Þ=qexp:�
����

����
N

� 100 (7)

2.3.6. Average relative error

ARE ¼
Xn
i¼1

ðqeÞexp: � ðqeÞcalc:
ðqeÞexp:

�����
����
i

(8)
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2.4. Analyses

2.4.1. FT-IR spectroscopy

The Fourier Transform infrared spectroscopy (FT-
IR) was used to determine the vibrational frequencies
of the functional groups in the adsorbents. The IR
spectra were recorded on a Perkin–Elmer Spectrum
1000 spectrophotometer over 4,000–400 cm−1 using
KBr disk technique.

2.4.2. Scanning electron microscopy

To carry out an SEM analysis, the sample was first
mounted on a standard microscope stub and coating
with a thin layer of gold using a Polaron Diode Sput-
ter unit. The analysis was performed using a JEOL
JSM 840 scanning electron microscope. The SEM was
used to identify the surface quality and morphology
of CT and TCT before and after Hg(II) adsorption.

2.4.3. Carboxyl content

The carboxyl contents of the native CT and TCT
were determined according to the reported
method [17].

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. FT-IR Studies

3.1.1.1. FT-IR Spectra. The FT-IR spectra of CT, TCT,
and Hg(II)-loaded TCT are illustrated in Figs. 1(a)–(c),
respectively. The difference in the fingerprint regions
of the spectra are clear and confirm the modification
and adsorption processes.

Fig. 1(a) shows a broadband at 3,420 cm−1, charac-
teristic of the hydroxyl group of CT cellulose. The
bands at 2922.29 cm−1 in IR spectra of CT biomass
may be due to the C–H stretching vibrations. The
bands appearing at 1636.02 and 1379.64 cm−1 are
attributed to the formation of oxygen functional
groups like a highly conjugated C=O stretching in car-
boxylic groups. The peak appeared at 1057.83 cm−1

has been assigned to C–O stretching in ethers. The
peak at 604.24 cm−1 is caused by C–N–C.

Fig. 1(b) shows the appearance of new peak at
1747.93 cm−1 characteristic of the carboxylic acid ester
due to the formation of TCT after thermal treatment
with malic acid. The FT-IR spectrum in Fig. 1(b) also
exhibits broadening at 3428.46 cm−1 due to hydrogen
bonding between the –OH group of the carboxylic
acid and –OH groups in the cellulose chains of CT.

Fig. 1(c) shows small shift in the absorbance peak
in Hg(II)-loaded TCT compared with that in CT and
TCT (Fig. 1(a) and (b)). The broadband observed at
3428.46 cm−1 was shifted to 3420.63 cm−1. The peaks at
2922.29 and 1733.67 cm−1 were shifted to 2921.33 and
1733.57 cm−1, respectively. The peaks observed at
1636.02 and 1057.83 cm−1 were shifted to 1635.69 and
1058.66 cm−1. Fig. 1(c) shows the appearance of new
peaks at 1395.51 and 3565 cm−1 which can be attribu-
ted to the adsorbed mercury onto TCT. It should also
be noted that the FTIR results did not provide any
quantitative analysis as well as the information about
the level of affinity to metal of the functional groups
presented in the adsorbents. They only presented the
possibility of the coupling between the metal species
and the functional group of the adsorbents.

3.1.2. SEM studies

The surface morphology of the TC, TCT and Hg
(II)-loaded TCT is shown in Fig. 2(a)–(c), respectively.
SEM micrograph of CT and TCT (Fig. 2(a) and (b))
revealing the irregular nature of biomass particles,
which is rough and heterogeneous with considerable
amount of voids and lot of ups and downs. The
adsorption of Hg(II) by TCT is demonstrated by the
change in morphology in the surface of adsorbent
(Fig. 2(c)). After Hg adsorption the tubes appear to be
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Fig. 1. FT-IR of CT (a), TCT (b), and Hg(II)-loaded TCT (c).
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prominently swollen as Hg enters the pores of the
TCT (Fig. 2(b)). This observation indicates that Hg is
adsorbed to the functional groups present in the TCT
structure. Based on the surface morphology results of
TCT, it is suggested that the TCT can be used as
adsorbent for liquid-solid adsorption processes.

3.2. Treatment of native CT with malic acid

Previous reports [18] have indicated that citric acid
forms an anhydride when subjected to heat treatment.
The presence of native CT particles with malic acid
during the heating process would allow the anhydride
to react with the cellulose hydroxyls of the native CT
to form the TCT bearing carboxyl group. Further heat-
ing could result in further dehydration with the possi-
bility of the cross-linked cellulose. Therefore, it is
important to study the factors affecting the reaction
between native CT and malic acid as shown below.

3.2.1. Effect of malic acid concentration

This effect shows the dependence of the extent of
modification of CT on the concentration of malic acid.
The data (figure not shown) show that the carboxyl
group content increased significantly from 128 to 512
mequiv/100 g sample on increasing the concentration
of malic acid from 1.86 to 14.92 mmol L−1, and then
remained at approximately the same level for higher
malic acid concentrations. The increase in the carboxyl
group content on increasing the malic acid concentra-
tion may be attributed to the greater availability of
malic acid molecules in the proximity of the CT cellu-
lose macromolecules. The latter were converted to the
corresponding anhydride through dehydration under
the effect of high temperature. The hydroxyl groups in
the CT cellulose molecule are essentially the functional
sites at which the reaction occurs. Since these groups
are immobile, it is essential that there should be a
greater availability of malic acid molecules in the
vicinity of the cellulose hydroxyl groups if reaction is
to occur. The anhydride obtained reacts with the cellu-
lose hydroxyl groups of CT to form TCT.

3.2.2. Effect of reaction temperature

This effect shows the effect of temperature over
the range of 100–150˚C on the extent of modification
of CT with malic acid. The data (figure not shown)
show that the carboxyl group content of CT increased
from 165 to 509 mequiv/100 g sample on increasing
the temperature from 100 to 140˚C, and then decrease
for higher temperature in the range studied. This

enhancement in carboxyl group content is a direct
consequence of the favorable effect of temperature on
(a) the swelling and accessibility of the cellulose com-
ponent of CT, (b) the conversion of malic acid to malic
acid anhydride, and (c) the mobility of malic acid
anhydride molecules and their collision with the cellu-
lose hydroxyl groups of CT to form TCT. The decrease
in the carboxyl groups at temperature above 140˚C
could be attributed to the catalytic effect of higher
temperature on the reaction product. Reaction temper-
atures above 150˚C were not employed due to the con-
version of the cellulosic material to ash.

3.2.3. Effect of dehydration time

This effect shows the extent of modification of CT
when the latter was subjected to malic acid treatment
at a fixed temperature (140˚C) for different time
lengths. It is clear from the data (figure not shown)
that the carboxyl group content of TCT increased sig-
nificantly from 274.6 to 526 mequiv/100 g sample
when the reaction time was increased from 30 to
150 min and then remained at approximately the same
level for higher reaction time. The increase in the car-
boxyl group content by prolonged reaction is a direct
consequence of the favorable effect of time on the for-
mation of malic acid anhydride and the mobility of
these molecules in their reaction with the cellulose
hydroxyl groups of CT particles to form TCT.

3.2.4. Effect of adsorbent particle size range

Table 1 shows the effect of the particle size range
on the extent of modification of CT. It is clear that,
within the range examined (50–350 μm), the smaller
the CT size range, the greater the carboxyl group con-
tent of the resulting TCT. The enhancement in the car-
boxyl group content could be interpreted in terms of
the larger surface area of smaller particles being avail-
able for modification.

3.3. Factors affecting adsorption of Hg(II) onto TCT

3.3.1. Effect of pH of adsorbate

The pH of the aqueous solution containing metal
ions is an important parameter in adsorption pro-
cesses [19]. The data (figure not shown) shows the
effect of pH on the adsorption capacity of TCT
towards Hg(II) ions over the pH range 2.0–6 at a fixed
initial metal ion concentration of 300 mg/l. It is clear
from this data that the adsorption capacity increased
from 9.5 to 306 mg/g on increasing the pH of the
adsorbate from 2.0 to 5.0 and then decreased with
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further increase of pH within the range studied. The
adsorption of Hg(II) ions onto the surface of TCT
occurs via an ion-exchange mechanism as shown in
Eqs. (9) and (10):

2TCT� COOH , 2TCT� COO� þ 2Hþ (9)

2TCT� COO� þM2þ , (TCT� COO)2M (10)

where M2+ denotes the metal ion. Eq. (9) represents
deprotonation, which is the first stage in ion exchange,
while Eq. (10) represents the attachment or adsorption
of the metal cation onto the deprotonated surface. It is
clear from Fig. 6 that the adsorption capacity, qe, of
TCT towards Hg(II) ions was 9.5 mg/g at pH 2. This
is because the high concentration of H+ ions present
in the solution at this pH shifts the equilibrium

Fig. 2. SEM of CT (a), TCT (b), and Hg(II)-loaded TCT (c).
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depicted in Eq. (9) mainly to the left. This implies that
the active –COOH groups are not ionized and, hence,
the ion-exchange sites on the TCT surface are still pro-
tonated. The increase in the adsorption capacity, qe,
brought about by increasing the pH value up to 5
could be attributed to the ion-exchange sites becoming
increasingly ionized and the metal ions becoming
adsorbed according to Eq. (10). The decrease in the
adsorption capacity above pH 5 could be attributed to
the decrease in the positive charge of the Hg(II) spe-
cies. Adsorption studies could not be carried out at
pH values above 6 because of the conversion of Hg(II)
ions to mercuric hydroxide.

3.3.2. Effect of adsorbent concentration

The effect of adsorbent dose on both the adsorp-
tion capacity and the percentage removal of Hg(II)
ions onto TCT were studied at pH 5 employing adsor-
bent doses within the range 0.5–8 g/land at a fixed
initial metal ion concentration of 300 mg L−1. It is
apparent from the corresponding data depicted in
Fig. 3 that the percentage removal of Hg(II) ions
increased with the increasing adsorbent dosage, which

may be due to the increase in the surface area of the
adsorbent and the availability of more adsorption
sites. On the other hand, the adsorption capacity (qe)
or the amount of Hg(II) ions adsorbed per unit mass
of adsorbent decreased with increasing adsorbent
dosage. This behavior may be mainly due to overlap-
ping of the adsorption sites as a result of the over-
crowding of adsorbent particles in the system and also
to the competition among Hg(II) ions for surface sites
[20].

3.3.3. Effect of contact time

Fig. 4 shows the effect of agitation time at various
initial adsorbate concentrations on the adsorption
capacity of TCT towards Hg(II) ions. It will be seen
that the adsorption capacity increased with increasing
agitation time and initial concentration of the adsor-
bate, remaining virtually constant after equilibrium
had been attained. The time necessary to achieve equi-
librium increased with increasing adsorbate concentra-
tion, being 30, 45, and 60 min for adsorbate
concentrations of 310, 405, and 607 mg L−1, respec-
tively. This contact time, which is one of the parame-
ters for economical wastewater treatment plant
operations, is quite small.

3.3.3.1. Adsorption kinetics. In order to examine the
controlling mechanism of adsorption process such
as mass transfer and chemical reaction, kinetic
models were used to test experimental data. Many
applications, such as wastewater treatment and
metal ions removal need a rapid adsorption rate
and short contact time. The kinetic models were

Table 1
Effect of particle size on the carboxyl group content of
TCT

Particle size
range (μm)

Carboxyl group content
(m eq/100 g sample)

50–150 479.064
150–250 447.0443
250–350 409.4827
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Fig. 3. Effect of adsorbent concentration on adsorption capacity and percentage removal of Hg(II) onto TCT at 30˚C.
Notes: Reaction Conditions: particle size, 125 μm; adsorbate concentration, 300 mg L−1; pH 5; contact time, 2 h; carboxyl
content, 490.6 m eq/100 g sample, and adsorption temperature, 30˚C.
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pseudo-first-order, pseudo-second-order, intraparticle
diffusion, Bangham’s equation, and Elovich model
which are expressed as follows:

The pseudo-first-order model [21] is represented
as:

logðqe � qtÞ ¼ log qe � k1:t

2:303
(11)

The pseudo-second-order model [22] is represented as:

t

qt
¼ 1

k2 � q2e
� �þ t

qe
(12)

The intraparticle diffusion model [23] can be
expressed by the following equation:

qt ¼ kP:t
1
2 þ C (13)

where k1 is the pseudo-first-order rate constant
(mg g−1 min−1); k2 is the pseudo-second-order rate
constant (g mg−1 min−1); kP is the intraparticle diffu-
sion rate constant (mg g−1 min−1/2), C is the thickness
of the boundary layer (mm); and qe is the amount of
adsorbate adsorbed at equilibrium (mg g−1), while qt
is the amount of adsorbate adsorbed at time t (mg g−1)
before reaching equilibrium.

Bangham’s equation [24] was employed for appli-
cability of adsorption of Hg(II) onto TCT. Bangham’s
equation was used to evaluate whether the adsorption
is pore-diffusion controlled.

log log
Co

Co � qm

� �
¼ log

kom

2:303

� �
þ a log t (14)

where, Co is the initial concentration of the adsorbate
(mg L−1), V is the volume of the adsorbate (mL), m is
the weight of adsorbent (g L−1), q (mg g−1) is the
amount of adsorbate retained at time t, and α (<1) and
ko are the constants.

The Elovich model equation [25] is generally
expressed as:

qt ¼ 1

b
lnðabÞ þ 1

b
lnðtÞ (15)

where α (mg g−1 min−1) is the initial adsorption rate
and the parameter β (g mg−1 L) is related to the extent
of surface coverage and activation energy for
chemisorption.

Pseudo-first-order model is rendered the rate of
occupation of the adsorption sites to be proportional
to the number of unoccupied sites. A pseudo-first-
order kinetic process (Eq. (11)) is usually considered
physical adsorption and the whole process is diffusion
controlled. The slopes and intercepts of plots of log
(qe − qt) vs. t for the concentrations of 310, 405, and
607 mg L−1 were used to determine the pseudo-first-
order constant and equilibrium adsorption density, qe.
However, the qe of experimental data deviated consid-
erably from the theoretical data from the pseudo-first-
order model (Table 2). A comparison of the results
with the correlation coefficients is shown in Table 2.
The correlation coefficients for the pseudo-first-order
kinetic model obtained for concentrations of 310, 405,
and 607 mg L−1 were low (figure not shown). This
suggests that this adsorption of Hg(II) onto TCT is not
acceptable for pseudo-first-order reaction.

Pseudo-second-order kinetic model (Eq. (12)) is
assumed the chemical reaction mechanisms [26]
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Fig. 4. Effect of agitation time on adsorption capacity of Hg(II) ions onto TCT at 30˚C.
Notes: Reaction Conditions: particle size, 125 μm; pH 5; carboxyl content, 490.6 m eq/100 g sample and adsorption
temperature, 30˚C.
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and the biosorption rate is controlled by chemical
biosorption through sharing or exchange of elec-
trons between the adsorbate and adsorbent. There-
fore, the adsorption behavior belonging to the
pseudo-second-order kinetic model is a chemical
process.

The slopes and intercepts of plots t/qt vs. t were
used to calculate the pseudo-second-order rate con-
stants k2 and qe. The straight lines in plots of t/q
vs. t Fig. 5 show good agreement of experimental

data with the pseudo-second-order kinetic model for
concentrations of 310, 405, and 607 mg L−1. Table 2
lists the computed results obtained from the pseudo-
second-order kinetic model. The correlation coeffi-
cients for pseudo-second-order kinetic model
obtained were greater than 0.99 for the three concen-
trations used. The calculated qe values also agree
very well with the experimental data (Table 2). This
indicates that the adsorption of Hg(II) onto TCT is
acceptable for this model.

Table 2
Kinetic parameters for adsorption of Hg(II) onto TCT at 30˚C

Models Parameters

Values

(310 mg/l) (405 mg/l) (607 mg/l)

Pseudo-first-order k1 0.001842 0.002994 0.005272
R2 0.7745 0.7166 0.763
qe(exp.) 191.208 245.3836 302.746
qe(calc.) 246.49 206.68 168.42

Pseudo-second-order K2 0.000715 0.000639 0.0005455
qe(exp.) 191.208 245.3836 302.746
qe(calc.) 204.0816 256.4103 322.58
R2 0.9988 0.9996 0.996

Bangham’s equation K0 0.36983 0.572646 0.372203
α 0.184 0.19 0.1867
R2 0.9649 0.9213 0.9312

Intra-Particle diffusion KP 10.406 14.66 19.694
C 102.69 125.01 142.46
R2 0.9727 0.8748 0.9036

Elovich equation α 538.3083473 614.7283296 668.0538
β 0.040530134 0.031080997 0.024849
R2 0.9803 0.9482 0.9474

y = 0.0031x + 0.02

y = 0.0039x + 0.0238

y = 0.0049x + 0.0336
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Fig. 5. Pseudo-second-order reaction of Hg(II) onto TCT at concentrations of 310, 405, and 607 mg L−1.
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The pseudo-first-order and pseudo-second-order
kinetic models cannot describe the diffusion mecha-
nism, thus kinetic results need to be evaluated by
using the intraparticle diffusion model as given in
Eq. (13).

Adsorption process incorporates the transport of
adsorbate from the bulk solution to the interior sur-
face of the pores in TCT. The rate parameter for
intraparticle diffusion, kp for the Hg(II) on TCT is
measured according to Eq. (13). The plots of qt vs.
t1/2 for the adsorption of Hg(II) on TCT at different
concentrations used (figure not shown). Different pre-
vious studied indicated that the plots of qt vs. t1/2

were multi-linear two or more steps govern the
adsorption process [27,28]. The plot is curved at the
initial portion followed by linear portion and plateau.
The initial curved portion is attributed to the bulk

diffusion and the linear portion to the intraparticle
diffusion, while the plateau corresponding to
equilibrium.

The data of solid phase metal concentration
against time t at the initial concentrations of 310,
405, and 607 mg L−1 of Hg(II) were further processed
for testing the rate of diffusion in the adsorption
process.

The slopes and intercepts of plots qt vs. t
1/2 were

used to calculate the intraparticle diffusion rate con-
stant kP (Fig. 6). The straight lines in plots of qt vs. t

1/2

(Fig. 6) show good agreement of experimental data
with the intraparticle diffusion model for concentra-
tions of 310, 405, and 607 mg L−1.

The deviation of straight line from the origin
(Fig. 6) indicates that the pore diffusion is not the
rate-controlling step [29]. The values of kP

y = 10.406x + 102.69
R² =0.9727

125.01x + 14.66y =
0.8748= ² R

142.46x + 19.694y =
0.9036= ² R
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Fig. 6. Test-intraparticle diffusion of Hg(II) onto TCT at concentrations of 310, 405, and 607 mg L−1.
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Fig. 7. Bangham’s model of Hg(II) onto TCT at concentrations of 310, 405, and 607 mg L−1.
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(mg g−1 min−1) obtained from the slope of the straight
line (Fig. 6) are listed in Table 2. The values of R2 for
the plots are also listed in Table 2. The values of inter-
cept C (Table 2) give an idea about the boundary layer
thickness, i.e. the larger the intercept, is the greater
the boundary layer effect [30]. This value indicates

that the adsorption of Hg(II) onto TCT is acceptable
for intraparticle diffusion mechanism.

The plot of log logðCo=Co � qmÞ against log t as
shown in Fig. 7 for the concentrations of 310, 405, and
607 mg L−1. The plots were found to be linear for each
concentration with good correlation coefficient (>0.92)
for three concentrations indicating that kinetics con-
firmed to Bangham’s equation and therefore the
adsorption of Hg(II) onto TCT was pore diffusion con-
trolled. The values of R2 and the constants are listed
in Table 2.

If Hg(II) adsorption onto TCT fits the Elovich model,
a plot of qt vs. ln t should yield a linear relationship
with a slope of (1/β) and an intercept of (1/β) ln
(αβ).The straight lines in plots of qt vs. ln t (Fig. 8) show
good agreement of experimental data with the Elovich
model for concentrations of 310, 405, and 607 mg L−1

(R2 > 0.94). This suggests that the adsorption of Hg(II)
onto TCT is acceptable for this system. The values of R2

and the constants are also listed in Table 2.

3.3.4. Effect of temperature

The effect of temperature on the adsorption capac-
ity of Hg(II) ions onto TCT was studied at pH 5
employing adsorbent dose of 0.5 g L−1 under different
temperatures at 30, 40, and 50˚C (figure not shown).

y = 24.673x + 76.05

y = 32.174x + 94.914

y = 40.243x + 113.06
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Fig. 8. Elovich model of Hg(II) onto TCT at concentrations
of 310, 405, and 607 mg L−1.

Table 3
Thermodynamic parameters for the adsorption of Hg(II) ions onto TCT at different temperatures

Temperature (K) ΔG˚ (kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (JK−1 mol−1)

303 6.57 100.6 296
313 7.94
323 9.64

Table 4
Comparison of sorption capacities of various adsorbents for Hg(II)

Adsorbents Adsorption capacity (mg/g) Refs.

Chemically modified peanut hull 83.3 [32]
Chemically treated sawdust (Acacia arabica) 20.62 [1]
Polyacrylamide grafted coconut coir pith 254.5 [33]
Treated walnut shell (WS) 151.5 [34]
Rice husk RH-NaOH 82.64 [35]
Waste brick 87 [36]
Carica papaya 155.63 [37]
Activated carbon prepared from palm oil empty fruit bunches 52.67 [38]
Activated carbon obtained from furfural 174 [39]
Carboxymethylated granular activated carbon 19.72 [40]
Malic acid treated CT 357.14 This study
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The data indicate that the adsorption capacity increase
with increasing the temperature from 30 to 50˚C. This
is showed that adsorption process has been affected
by temperature rise.

3.3.4.1. Thermodynamic parameters. The original con-
cepts of thermodynamics assume that in an isolated
system, where energy cannot be gained or lost, the
entropy change is the driving force. In environmental
engineering practice, both energy and entropy factors
must be taken into account in determining what pro-
cesses will occur spontaneously. Thermodynamic
parameters such as the standard free energy (ΔG˚), the
enthalpy change (ΔH˚), and the entropy change (ΔS˚)
have been calculated for the present system using the
following equations [31]. The standard free energy
change (ΔG˚) was calculated from Eq. (16):

DG� ¼ �RT ln aL (16)

where aL is the Langmuir constant (L mg−1), R is the
universal gas constant (8.31441 JK−1 mol−1) and T (K)
is the absolute temperature. The equilibrium constant,
aL can be used via the Van’t Hoff equation to deter-
mine the enthalpy change, ΔH˚ of adsorption as a
function of temperature:

ln
aL2
aL1

� �
¼ DH�

R
:
ðT2 � T1Þ
T1:T2

(17)

where aL1, aL2, and aL3are the Langmuir constants at
30, 40, and 50˚C (303, 313, and 323 K), respectively.
The positive values of ΔG˚ (Table 3) indicate the non-
spontaneous nature of the adsorption of Hg(II) ions
onto TCT. The positive values of ΔH˚ in the range of
30–50˚C (303–323 K) listed in Table 3 suggest that the
adsorption process was endothermic cover this tem-
perature range. The entropy change (ΔS˚) was calcu-
lated from Eq. (18):

Table 5
Lists of adsorption isotherm models

Isotherm Equation (nonlinear form) Refs.

Two parameter models
Langmuir qe ¼ kL :Ce

1þaL :Ce
[41]

Freundlich qe ¼ KF:C
1=n
e [42]

Tempkin qe ¼ RT
bT
lnðATCeÞ [43]

Dubinin–Radushkevich qe ¼ qD: expð�bD RT ln 1þ 1
Ce

� 	h i2
[44]

Halsey qe ¼ exp ln kH�ln Ce
n

� �
[45]

Three parameter models
Redlich-Peterson qe ¼ A�Ce

1þB�Cg
e

[46]

Toth qe ¼ kt�Ce

atþCeð Þ1=t [47]

Sips qe ¼ ks �CB
es

1þas �CB
es

[48]

Khan qe ¼ qk:bK :Ce

ð1þbK :CeÞaK [49]

Radke–Prausnitz qe ¼ aR :rR :C
bR
e

aRþrR:C
bR�1
e

[50]

Langmuir–Freundlich qe ¼ qmLF:ðkLF:CeÞmLF

1þðkLF:CeÞmLF [51]

Hill qe ¼ qsH :C
nH
e

kDþC
nH
e

[52]

Four parameter models
Baudo qe ¼ qmo:bo:C

ð1þxþyÞ
e

1þbo [53]
Fritz–Schlunder qe ¼ A:Ca

e

1þB:Cb
e

[54]
Five parameter models
Fritz–Schlunder qe ¼ qmFS:k1 :C

m1
e

1þk2:C
m2
e

[54]
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DG ¼ DH � TDS (18)

The positive values of ΔS˚ in the range of 30–50˚C
(303–323 K) shows the increase in randomness at the
solid/solution interface during the adsorption of Hg
(II) ions onto TCT.

3.3.5. Effect of adsorbate concentration (Adsorption
isotherm)

Adsorption isotherm describe how adsorbates
interact with adsorbents are critical in optimizing the
use of adsorbents. The amount of adsorbate per unit
mass of adsorbent at equilibrium, qe (mg/g) and the
adsorbate equilibrium concentration, Ce (mg L−1)
allows plotting the adsorption isotherm, qe vs. Ce (fig-
ure not shown) at 30˚C. The adsorption capacity of Hg
(II) onto TCT was found to be 357.14 mg/g.

In comparison with other adsorbents reported in
the literature for adsorption of mercury, the TCT had
a good affinity for removal of mercury as shown in
Table 4 [32–40].

Mathematical models can be used to describe and
characterize the adsorption process. The most common
isotherms for describing solid–liquid sorption systems
are Langmuir, Freundlich, Temkin, Dubinin, and Hal-
sey (two parameter isotherms), Redlich–Peterson,
Toth, Sips, Khan, Hill, Radke–Prausnitz, and Lang-
muir–Freundlich (three parameter isotherms), Baudo
and Fritz–Schlunder (four parameter isotherms), and
Fritz–Schlunder (five parameter isotherm). Therefore,
in order to investigate the adsorption capacity of Hg
(II) onto TCT, the experimental data were fitted to
these equilibrium models.

The equations of all adsorption isotherms [41–54]
addressed in this paper are listed in Table 5.

The comparison between the experimental data
and the data obtained from two, three, four, and five

Table 6
Constants and error analysis of two parameter models for adsorption of Hg(II) onto TCT at 30˚C

Isotherm model Parameter Value Error analysis Value

Langmuir aL 0.013038175 ARE 0.447486239
APE% 5.593577987

kL 5.557053359 EABS 98.69311314
ERRSQ 2642.104101

R2 0.9827 Hybrid 234.8422784
MPSD 0.958292638

Freundlich 1/n 0.211716386 ARE 0.840045824
APE% 10.5005728

KF 93.70489057 EABS 177.2646739
ERRSQ 8532.066323

R2 0.938 Hybrid 801.3593314
MPSD 0.970396527

Tempkin AT 0.152625495 ARE 0.616239629
APE% 7.702995362
EABS 145.1033253
ERRSQ 4748.7782

R2 0.9758 Hybrid 379.5340594
MPSD 0.962206667

Dubinin–Radushkevich qD 356.6637935 ARE 0.221312665
APE% 2.766408316

BD 5.806622278 EABS 52.52892244
ERRSQ 596.0780796

R2 0.987 Hybrid 44.17294144
MPSD 0.940632223

Halsey KH 94.09515865 ARE 0.840773989
APE% 10.50967487
EABS 177.2705751
ERRSQ 8589.922848

R2 0.9379 Hybrid 805.6109662
MPSD 0.970439629
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parameter models (figures not shown) as well as the
constants and error analysis of two, three, four, and
five parameter models are given in Tables 6–9.

3.3.5.1. Error analysis and nonlinear regression method. The
nonlinearized form of the different isotherm models
are listed in Tables 6–9. For non-linear method, a
trial and error procedure, which is applicable to
computer operation is developed using solver add-

in, Microsoft Excel. In the experimental and the pre-
dicted isotherms (figures not shown) by nonlinear
method for the adsorption of Hg(II) onto TCT, the
R2 value is used to minimize the error distribution
between the experimental equilibrium data and the
predicted isotherms. The calculated isotherm param-
eters and their corresponding coefficient of determi-
nation, error analysis of the parameters and R2

values were listed in Tables 6–9.

Table 7
Constants and error analysis of three parameter models for adsorption of Hg(II) onto TCT at 30˚C

Isotherm Model Parameter Value Error analysis Value

Redlich–Peterson A 51.61557339 ARE 0.801271694
B 0.479923596 APE% 10.01589617

EABS 169.4405047
g 0.807983735 ERRSQ 7721.82925

Hybrid 871.2198001
R2 0.9437 MPSD 0.971215228

Toth Kt 61.20680361 ARE 0.778463456
aT 0.301349296 APE% 9.730793194

EABS 183.4273724
1/t 0.702737506 ERRSQ 7354.81118

Hybrid 704.5222341
R2 0.9659 MPSD 0.968167951

Sips Ks 5.67238359 ARE 0.453497911
as 0.013339532 APE% 5.668723891

EABS 98.90720765
βs 0.998335718 ERRSQ 2715.732343

Hybrid 294.1334039
R2 0.9821 MPSD 0.96054225

Khan qk 169.6923329 ARE 0.686872464
ak 0.775225085 APE% 8.585905803

EABS 160.6521265
bk 0.070980595 ERRSQ 4988.601629

Hybrid 513.3011595
R2 0.9679 MPSD 0.965553188

Hill qSH 376.2267559 ARE 0.224998521
KD 896.6063807 APE% 2.81248151

EABS 51.99316845
nH 1.595037933 ERRSQ 637.7754462

Hybrid 59.55736422
R2 0.9932 MPSD 0.944273307

Langmuir–Freundlich qmLF 360.4203 ARE 0.111873897
KLF 0.0137842 APE% 1.398423712
mLF 1.9881158 EABS 32.39851202

ERRSQ 266.0311982
R2 0.9947 Hybrid 19.49631351

MPSD 0.930465562
Radke–Prausnitz αR 5.921395465 ARE 0.474209174

rR 376.8579721 APE% 5.927614679
EABS 103.9631531

βR 0.018709117 ERRSQ 2935.862179
Hybrid 315.8369241

R2 0.9811 MPSD 0.96118677
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Among two, three, four, and five parameter mod-
els, the highest R2 value and lowest ARE, APE%,
EABS, ERRSQ, MPSD, and Hybrid indicated that
Langmuir–Freundlich (three parameter isotherm,
Dubinin–Readushkevich (two parameter isotherm),
Fritz–Schlunder (four parameter isotherm, and Fritz–
Schlunder (five parameter isotherm) are the better fit
than the rest of isotherm models. The acceptable mod-
els for the experimental data follow the following
order:

Langmuir–Freundlich (three parameter isotherm) >
Dubinin–Readushkevich (two parameter isotherm)

> Fritz–Schlunder (four parameter isotherm > Fritz–
Schlunder (five parameter isotherm).

4. Conclusions

CT particles were modified by treatment with
malic acid at elevated temperatures to obtain TCT.
Factors affecting the esterification of CT were investi-
gated. These factors were malic acid concentration,
reaction temperature, reaction time and particle size of
the adsorbent. The CT and TCT samples were charac-
terized by FT-IR spectral analysis and SEM before and

Table 8
Constants and error analysis of four parameter models for adsorption of Hg(II) onto TCT at 30˚C

Isotherm model Parameter Value Error analysis Value

Baudo qm0 505.79455 ARE 0.839433
APE% 10.49292

bo 0.2260475 EABS 177.3013
ERRSQ 8464.062

x −0.879136 Hybrid 1194.839
MPSD 0.974292

y 0.0918733

R2 0.9386

Fritz–Schlunder A 288.33191 ARE 0.398314
APE% 4.978923

α 0.050228 EABS 88.57202
ERRSQ 2164.081

B 147.22059 Hybrid 281.9562
MPSD 0.95991

β −1.23369

R2 0.9854

Table 9
Constants and error analysis of five parameter models for adsorption of Hg(II) onto TCT at 30˚C

Isotherm model Parameter Value Error analysis Value

Fritz–Schlunder qmFS 23.301401 ARE 0.811332
APE% 10.14165

K1 23.301401 EABS 170.9849
ERRSQ 7942.228

K2 6.0461306 Hybrid 1498.659
MPSD 0.976517

m1 0.0601751

m2 −0.252733

R2 0.942
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after adsorption of Hg(II). The carboxyl content of CT
and TCT were also determined.

The TCT were utilized for the removal of Hg(II)
ions from aqueous solution by using batch adsorption
procedure. The results indicated that the adsorption
capacity of TCT towards Hg(II) ions was affected by
the pH, adsorbent concentration, agitation time, initial
metal ion concentration, and temperature.

The data of the adsorption isotherm was tested by
the Langmuir, Freundlich, Temkin, Dubinin–
Radushkevich and Halsey (two parameter models),
Redlich-Peterson, Toth, Sips, Khan, Radke–Prausnitz
and Langmuir–Freundlich (three parameter models),
Baudo and Fritz–Schlunder (four parameter models)
and Fritz–Schlunder (five parameter models) using
non-linear regression technique at 30˚C. The results
obtained showed that the maximum adsorption capac-
ity according to the Langmuir equation was
357.14 mg/g at 30˚C. The kinetics of adsorption of
Hg(II) onto TCT have been discussed using five
kinetic models, i.e. the pseudo-first-order model, the
pseudo-second-order model, the Elovich equation, the
intraparticle diffusion model, and Bangham equation.
The adsorption of Hg(II) onto TCT could be well
described by the pseudo-second-order kinetic model.

The best fitting model was firstly evaluated using
six different error functions. The examination of all
these error estimation methods showed that the Lang-
muir–Freundlich and Dubinin–Radushkevich models
provide the best fit for experimental data than other
isotherms. Thermodynamic studies indicated that the
adsorption process was non-spontaneous and an
endothermic reaction.
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