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Abstract The adsorption of cadmium from simulated

mining wastewater by coal waste (CW) and calcination-

modified coal waste (MCW) was investigated. Effects of

pH, initial concentration, particle size of adsorbent,

adsorbent dosage and temperature were studied in batch

experiments. The adsorption efficiency for cadmium

increased with increasing pH, and the optimum pH for

cadmium adsorption onto MCW and CW was 6.0 and 6.5,

respectively. Kinetic experiments showed that the adsorp-

tion equilibrium was reached within 120 min and followed

pseudo-second-order model well. The adsorption isotherm

data fit Langmuir and Freundlich models, and the adsorp-

tion capacity of cadmium on the two adsorbents increased

with increasing temperature from 298 to 318 K. MCW had

a higher adsorption capacity of cadmium than CW, because

calcination treatment can make CW to have more loose

structure and higher specific surface area. Thermodynamic

parameters, the Gibbs free energy change (DG0), enthalpy

change (DH0) and entropy change (DS0), were calculated

and the results showed that the adsorption of cadmium on

CW and MCW was spontaneous and endothermic. Fourier

transform infrared studies indicated silanol and aluminol

groups were responsible for cadmium binding. The

desorption results indicated that the two adsorbents could

be used repeatedly at least three times without significant

decrease in the adsorption capacity for cadmium. The

results suggested that modified CW could have high

potential as low-cost adsorbent for cadmium removal.

Keywords Adsorption � Desorption � Heavy metal �
Thermodynamic parameters

Introduction

The release of heavy metals into aquatic ecosystems has

caused serious environmental problems because of their tox-

icity, non-biodegradation and the tendency for accumulation

in the food chain (Zhao et al. 2011a, b). Among heavy metals,

cadmium is an extremely toxic metal, which is usually found

in wastewater from mining, metal plating, smelting, batteries,

phosphate fertilizers, pigments, stabilizers, plastics and other

industrial process. Excessive exposure to cadmium can cause

harmful effects on human health, including itai–itai disease,

emphysema, kidney damage and renal damage (Zhu et al.

2007; Munagapati et al. 2010). Therefore, many methods have

been developed to remove cadmium from aqueous solution

such as chemical precipitation, membrane separation, ion

exchange and electrochemistry removal. However, the

application of such treatment methods is often restricted

because of economic or technical constraints. Adsorption by

using low-cost materials is one of the most promising methods

to remove heavy metal from wastewater. Many agricultural,

industrial and natural waste materials have been used as

adsorbents in recent years (Ajmal et al.1998; Gupta and Ali

2004; Villaescusa et al. 2004; Qin et al. 2006; Amuda et al.

2007; Dias et al. 2007; Aydin et al. 2008; Pehlivan et al. 2009;

Sthiannopkao and Sreesai 2009; Zvinowanda et al. 2009;

Suresh et al. 2012; Zamani et al. 2013), but there are few

reports on the application of raw or modified coal waste (CW)

in the removal of heavy metal from simulated coal mine

wastewater.

There are large amounts of CW generated during coal

excavation and subsequent washing processes, which have
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accumulated to nearly 8.0 billon tons at present, and are

approaching 380 million tons annually in China. Many CW

piles are formed because utilization is usually \30 %.

Moreover, a large amount of mining wastewater containing

heavy metals can be discharged in the coal mining process,

which can result in serious pollution to surrounding soil

and water. It will be ideal if the coal mining wastewater

containing heavy metals can be treated by physically and/

or chemically altered forms of coal waste, and this is just

the objective of our present study.

Considering that the chemical activity and adsorption

capacity of CW may be improved by calcination treatment,

calcination-modified coal waste (MCW) was examined to

be one potential low-cost adsorbent in this study. The

potential of CW and MCW to remove Cd(II) from coal

mining wastewater was evaluated through a series of batch

experiments. The effects of pH, initial concentration,

adsorbent dosage, particle size of adsorbents and temper-

ature on the adsorption capacity were investigated.

Adsorption isotherm models and thermodynamic parame-

ters were also studied to understand the adsorption char-

acteristics. The objective of this study was to establish a

fundamental understanding of the adsorption behavior of

Cd(II) on CW and MCW, in order to provide a basis for

their practical application to mining wastewater treatment.

This work was conducted from October to December 2011,

in Univeristy of Jinan, China.

Materials and methods

Materials

Coal waste (CW) used in this study was obtained from

Zhaolou coal mine in Yuncheng County, Shandong prov-

ince, China. The adsorbents were ground, dried at 105 �C

for 12 h and then stored in a plastic container prior to use.

In order to study the effect of calcination modification of

CW on the adsorption of Cd(II), one portion of CW sample

was calcinated in a furnace at 700 �C for 2 h, cooled in air

and then stored in a plastic container as calcination MCW

adsorbent in the following experiments (Kakali et al. 2001;

Kuang et al. 2012).

All regents used in the present study were all of ana-

lytical grade. The stock solution of Cd(II) (10 mmol L-1)

was prepared by dissolving Cd(II)(NO3)2�4H2O and then

diluted to appropriate concentrations. A total of

0.5 mol L-1 HNO3 and NaOH were used for pH adjust-

ment in adsorption experiments, and 0.1 mol L-1 HCl was

used as the desorption agent in the desorption experiments.

0.05 mol L-1 NaNO3 was used as background electrolyte.

Methods

Characteristics of adsorbents

The pH of adsorbent pastes was measured by pH meter

(Delta320 METTLER, Germany) in a 1:5 (w/v) solid/water

suspension for 24 h to reach equilibrium. The point of zero

charge (pHPZC) was determined using the solid addition

method (Tripathy and Kanungo 2005). The specific surface

area of the adsorbents was measured by the N2 gas

adsorption method with the data BET analysis (Microm-

eritics, ASAP 2020, USA). Surface morphology of the

adsorbents was examined by a scanning electron micro-

scope (SEM, Quanta FEG 250). The SEM was equipped

with an energy dispersion spectrometer (EDS, X-Max50),

which was used to analyze the chemical constituents of the

adsorbents before and after adsorption of Cd(II). Fourier

transform infrared (FTIR) spectrometery (RX-1, Perkin-

Elmer, USA) was used to determine functional groups of

the two adsorbents before and after Cd(II) loading in the

wavenumbers range of 400–4,000 cm-1. The FTIR spectra

of the samples prepared as KBr pellets were recorded on a

Perkin-Elmer Model System 2000. X-ray diffraction

(XRD) analysis of CW and MCW was conducted using

powder XRD mounts (D/Max-IIIA, Japan) over a 2h
interval of 5–70� with Cu Ka radiation.

Batch adsorption experiment

The adsorption experiments were carried out at room

temperature (298 K) in 50-mL flasks by mixing 0.3 g

adsorbent (60–80 mesh, unless otherwise stated) with

20 mL of 0.2 mmol L-1 Cd(II) solution using a shaking

thermostat machine at a speed of 200 rpm for 120 min,

which was found to be enough to reach adsorption equi-

librium. The pH of solution was maintained at 6.0 for

MCW and 6.5 for CW by addition of drops of 0.5 mol L-1

HNO3 or NaOH solutions, and solution background elec-

trolyte of 0.05 mol L-1 NaNO3 was used (unless otherwise

stated).

Kinetic studies were conducted by collecting samples at

5, 10, 20, 30, 60, 120, 180, 240 and 720 min to reveal the

contact time for reaching adsorption equilibrium. The

effect of solution pH on the adsorption of Cd(II) on the

adsorbents was investigated in the range of 2.0–7.0, where

Cd(II) precipitation does not occur. The effect of adsorbent

dosage was studied by varying the adsorbent dosage from 5

to 50 g L-1. Six different particle sizes of the adsorbents

(40–60 mesh, 60–80 mesh, 80-100 mesh, 100-120 mesh,

120-140 mesh, and large than 140 mesh) were selected for

the study of effect of particle size on Cd(II) adsorption. For
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adsorption isotherm study, 0.3 g adsorbent was mixed with

20 mL Cd(II) solutions at various concentrations

(0.05–1.5 mmol L-1) and the mixtures were stirred for

120 min in the temperature range of 298–318 K. After

adsorption, the adsorbent was filtered by 0.45-um filter

paper and the concentration of Cd(II) ions in the solution

was analyzed by ICP-OES (Perkin Elme, USA).

The adsorption efficiency of Cd(II) was calculated using

Eq. (1) and the adsorption capacity was calculated using

Eq. (2).

R ¼ ðCo � CfÞ
Co

� 100 % ð1Þ

q ¼ VðCo � CfÞ
m

ð2Þ

Where R is adsorption efficiency, q is the amount of

Cd(II) sorbed per unit mass of the adsorbent (mmol g-1),

V is the solution volume (L), m the weight of the adsorbent

(g), Co and Cf initial and final Cd(II) concentration

(mmol L-1).

Desorption experiment

0.3 g adsorbents were added into 20 mL of 0.5 mmol L-1

Cd(II) under the experimental conditions in the batch

adsorption described above. After the adsorption equilib-

rium, the Cd(II)-loaded adsorbents were placed in another

flask and mixed with 50 mL of 0.1 mol L-1 HCl solution

for 120 min. The mixture was filtered and the desorbed

Cd(II) was measured in the filtrate. The adsorbents were

washed three times with distilled water to remove

remaining acid and reused for next adsorption–desorption

cycle. The adsorption–desorption processes were repeated

three times. All the above experiments on batch adsorption

and desorption were carried out in triplicate and the aver-

age results were presented in this study.

Results and discussion

Characteristics of adsorbents

The point of zero charge (pHPZC) of CW and MCW was

found to be 5.8 and 5.5, and the paste pH of CW and MCW

was 8.3 and 8.1, respectively. The SEM micrographs of the

two adsorbents are shown in Fig. 1. It can be seen that the

surface morphology of MCW was more porous and loose

than that of CW due to calcination treatment. The specific

surface area of CW and MCW samples was found to be

3.83 and 9.15 m2 g-1, respectively, which shows that

calcination treatment increased the specific surface area of

CW and favoured higher adsorption capacity for Cd(II).

The XRD analysis in Fig. 2 shows that the main mineral

phases of CW are quartz, kaolinite and illite, while char-

acteristic diffraction peaks for kaolinite disappeared

entirely in MCW because kaolinite was converted to

amorphous metakaolinite by dehydroxylation when calci-

nated at around 700 �C (Kakali et al. 2001; Kuang et al.

2012). So calcination modification can make CW to have

loose structure and higher activity of chemical reaction.

The FTIR spectra of CW and MCW are shown in Fig. 3.

Stretching vibrations of OH- in kaolinite was observed at

3,695.96 and 3,620.19 cm-1, bending vibration of Al–OH

at 913.77 cm-1, stretching vibrations of Si–O at

1,010.21 cm-1, 1,034.02 and 1,091.45 cm-1, bending

vibrations of Si–O at 471.17 cm-1 and stretching vibra-

tions of Si–O–AlVI at 538.79 cm-1. The FTIR spectra

described above show the characteristic bands of kaolinite

Fig. 1 Scanning electron microscope micrographs of CW and MCW
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(Saikia and Parthasarathy 2010). The bands at 695.35 and

798.32 cm-1 could be assigned to symmetry vibration of

Si–O–Si. For MCW, Stretching vibrations of OH- at

3,695.96 and 3,620.19 cm-1 disappear due to dehydroxy-

lation of kaolinite by calcination treatment at 700 �C,

which indicates that crystal structure of kaolinite were

decomposed (Kakali et al. 2001). Absence of the detectable

characteristic bands of kaolinite, Al–O–H bands at

913.77 cm-1, Si–O bands at 1,010.21, 1,034.02 and

1,091.45 cm-1 and Si–O–AlVI at 538.79 cm-1, and the

appearance of a new band at 568.30 cm-1 (Al–O stretch-

ing) can be caused by the change from octahedral coordi-

nation of Al3? in kaolinite to tetrahedral coordination in

metakaolinite (Kakali et al. 2001). Stretching vibrations of

Si–O at 1,085.46 cm-1 and bending vibrations of Si–O at

466.76 cm-1 appeared in the shape of broadband, which

are the characteristic absorption bands of metakaolinite

(Kakali et al. 2001; Saikia and Parthasarathy 2010). It is

also indicated from FTIR spectra that silanol and aluminol

groups are abundant in the adsorbents.

The FTIR spectra for Cd(II)-loaded adsorbents was pre-

sented in Fig. 4. It shows that the wavenumbers shifted from

568.30 to 577.84 cm-1 (Al–O), 466.76 to 461.84 cm-1(Si–

O) and 1,085.46 to 1,087.25 cm-1(Si–O), respectively, after

Cd(II) adsorption onto MCW. It proved that silanol and

aluminol groups were primary contributors involved in the

adsorption of Cd(II) onto MCW. While, the functional

groups did not shift the peak significantly for CW, only the

intensity change of the bands in FTIR spectra after binding

with Cd(II) was observed, maybe due to the low adsorption

capacity. EDS spectra for MCW and CW after the adsorption

of Cd(II) are shown in Fig. 5. EDS spectra (figures not pre-

sented) for the raw adsorbents did not show the characteristic

signal of Cd(II), while the presence of Cd(II) was observed

for the adsorbents after adsorption.

Effect of pH

The adsorption efficiency for Cd(II) increased with

increasing pH as expected, and the equilibrium was

Fig. 2 X-ray diffraction pattern of CW and MCW

Fig. 3 FTIR spectrum of CW and MCW
Fig. 4 FTIR spectra for Cd(II)-loaded MCW and CW
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achieved above pHpzc (Fig. 6). With pH increasing, the

lower number of H? and greater number of negatives

charges distributed on the adsorbent surface can result in

greater Cd(II) adsorption through electrostatic force of

attraction. The optimum pH value for adsorption of Cd(II)

by the CW and MCW adsorbents was found to be 6.5 and

6.0, respectively, at which the removal efficiency of Cd(II)

was observed to be 28.57 and 94.48 %. Therefore, all the

following experiments on adsorption of Cd(II) were

conducted by maintaining the solution at pH 6.0 for MCW

and 6.5 for CW.

The main functional groups of the adsorbents, silanol

and aluminol groups, may be responsible for the Cd(II)

adsorption on CW and MCW. The silanol groups are

negatively charged at low pH range (pH 2–3; near the

pHPZC value of silanol), which facilitate the adsorption of

Cd(II) in this pH range (Gundogdu et al.2009; Shi et al.

2009). As a result, adsorption can occur even at low pH.

Aluminol groups are negatively charged at pH around 6,

which further favor the adsorption of Cd(II) on the surface

of the adsorbents. The adsorption behavior for Cd(II) can

be expressed in Eqs. (3) and (4) (silanol for example):

� Si� OHþ Cd2þ ,� Si� OCdþ þ Hþ ð3Þ

� Si� O� þ Cd2þ ,� Si� OCdþ ð4Þ

Effect of the initial concentration

The effect of initial Cd(II) concentration on the adsorption

efficiency was investigated in the range of

0.05–1.5 mmol L-1 at 298, 308 and 318 K. The results

show that the adsorption efficiency decreased with

increasing initial Cd(II) concentration. The lower adsorp-

tion efficiency at higher concentration resulted from an

increasing ratio of initial number of moles of Cd(II) to the

available adsorption sites. The available adsorption site

was fixed per mass of adsorbent dose. Accordingly, it

resulted in a decrease in the removal efficiency of metal

Fig. 5 Energy dispersion spectrometer spectra of MCW and CW after Cd(II) adsorption
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Fig. 6 Effect of pH on adsorption of Cd(II). Experimental condi-

tions: adsorbent dosage 15 g L-1, contact time 120 min, initial

concentration 0.2 mmol L-1 and T 298 K
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ion, with increase in initial metal ion concentration (satu-

ration of the adsorbent). It is also observed that the

adsorption efficiencies of Cd(II) onto CW and MCW

increased with temperature increasing from 298 to 318 K

(Fig. 7). For example, at the initial concentration of

0.5 mmol L-1, the adsorption efficiencies of Cd(II) onto

CW and MCW increased from 71.68 to 83.24 % and from

23.09 to 30.20 %, respectively, with temperature increas-

ing from 298 to 318 K.

Effect of adsorbent dosage

It is observed that with the adsorbent dosage increasing

from 5 to 50 g L-1, the adsorption efficiency of Cd(II)

increased, while the adsorption capacity decreased.

Because of the higher adsorbent dosage in the solution,

more available adsorption sites are available and more

Cd(II) were adsorbed. The decrease in adsorption capacity

of Cd(II) with the adsorbent dosage increasing is due to the

existence of unsaturated adsorption sites (Ho and Mckay

1998; Manohar et al. 2002). It is also observed that the

adsorption efficiency of Cd(II) was not increased signifi-

cantly when the adsorbent dosage is higher than 15 g L-1,

which was chosen as the optimum adsorbent dosage. The

active adsorption sites on the adsorbent surface are then

occupied and further increase in the adsorbent dosage

cannot bring higher adsorption efficiency.

Effect of particle size

The results show that adsorption efficiency of Cd(II)

increased from 86.86 to 95.54 % and from 18.34 to

37.61 % for MCW and CW, as the particle size of the

adsorbents decreased from 40 to 60 mesh to 80 to 100

mesh. With the particle size decreasing, the surface area of

adsorbent will increase and more adsorption sites are

available for Cd(II) to be adsorbed. Hence, adsorption

efficiency will be enhanced. However, when particle size

decreased to a sufficient extent (smaller than 100 mesh),

the adsorption efficiency increased \2 %, and it had no

significant influence on Cd(II) adsorption.

Adsorption isotherms

The Langmuir and Freundlich models were used to simulate

adsorption isotherms. The linear forms of the Langmuir and

Freundlich isotherms are presented by Eqs. (5) and (6).

Ce

qe

¼ 1

bqmax

þ Ce

qmax

ð5Þ

log qe ¼ log KF þ
1

n
log Ce ð6Þ

Where qe is the amount adsorbed per mass of adsorbent

at equilibrium (mmol g-1), Ce is the concentration of

adsorbate at equilibrium (mmol L-1), qmax is the maximum

adsorption capacity (mmol g-1) and b (L mol-1) is the

adsorption equilibrium constant related to adsorption

energy. KF (mmol g-1) and 1/n (unitless) are the

Freundlich constants related to adsorption capacity and

intensity, respectively.

The essential feature of the Langmuir model can be

described by using a separation factor (RL), which is

defined by Eq. (7).

RL ¼
1

1þ bCo

ð7Þ

Where RL values indicate the type of isotherm as being

favorable adsorption (0 \ RL \ 1), unfavorable adsorption

(RL [ 1), linear adsorption (RL = 1) or irreversible

adsorption (RL = 0).
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Fig. 7 Effect of initial ion concentration on adsorption of Cd(II).
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The plots of the adsorption isotherm of Cd(II) on CW and

MCW at different temperatures (298, 308 and 318 K) are

shown in Fig. 8. The parameters for Langmuir and Fre-

undlich isotherm models are listed in Table 1. It shows that

the Langmuir and Freundlich models fit well for the

adsorption of Cd(II) on the two adsorbents with the high

values of R2 (0.95–0.98). The maximum adsorption capacity

(qmax) increased from 0.037 to 0.051 mmol g-1 (MCW) and

from 0.009 to 0.022 mmol g-1 (CW) with temperature

increasing from 298 to 318 K. This suggested that the

adsorption of Cd(II) onto the two adsorbents was endo-

thermic in nature, which is proved by adsorption thermo-

dynamic parameters described below. It was also obvious

that the qmax of Cd(II) on MCW was larger than that of CW,

as calcination treatment increased the adsorption capacity.

However, the adsorption capacities of CW and MCW are

lower, compared with some other adsorbents in literature

(Ajmal et al. 2003; Naiya et al. 2009).

The Langmiur constant, b, related to adsorption energy

indicates the strength and affinity of the adsorbents for the

solute. For the adsorption of Cd(II) on MCW, it was about

seven times larger than for CW and it increased with increasing

temperature, while for CW adsorbent, the Langmiur constant,

b, decreased with increasing temperature. This indicated that

Cd(II) had higher affinity toward the surface of MCW than CW

and the adsorption process may be more stable on MCW than

on CW. All the values of RL were in the range of 0.03–0.49 for

MCW and 0.22–0.87 for CW for the initial Cd(II) concentra-

tion range of 0.05 to 1.5 mmol L-1, indicating favorable

adsorption of Cd(II) onto the two adsorbents.

As expected, the values of Freundlich constant KF for

the adsorption on MCW were greater than that of adsorp-

tion on CW, and the value of KF all increased with tem-

perature increasing from 298 to 318 K. The values of

n between 1 and 10 (i.e., 1/n \ 1) represent a favorable

adsorption (Naiya et al. 2009).

Kinetics

Kinetic analysis was conducted by pseudo-first-order and

pseudo-second-order models. The linear forms of the

kinetic models are given in Eqs. (8) and (9)

logðqe � qtÞ ¼ log qe �
k1t

2:303
ð8Þ

t

qt

¼ 1

k2q2
e

þ 1

qe

t ð9Þ

Where qt is the amount of Cd(II) adsorbed by MCW or

CW at time t (mmol g-1), and k1(min-1), k2(g mmol min-1)

are the rate constants of the pseudo-first-order model and

pseudo-second-order model, respectively; t is the adsorption

time (min).

The adsorption of Cd(II) on the two adsorbents showed

typical biphasic kinetics with rapid adsorption in the first

10 min, and then, the adsorption capacity slowly reached

equilibrium. This is because initially abundant active sites

are available for adsorption and Cd(II) concentration gra-

dient is high. Afterward, few surface active sites become

available and difficult to be occupied due to repulsive

forces between the solute molecules of the solid and bulk

phase; therefore, very slow increase in the Cd(II) adsorp-

tion is observed. Adsorption equilibrium was achieved

within 120 min for Cd(II) adsorption onto the two adsor-

bents. Thus, 120 min of contact time was considered as the

optimum time in each adsorption experiment.

Table 1 Parameters of the Langmuir and Freundlich isotherm models of Cd(II) adsorption at 298, 308 and 318 K

Adsorbent T (K) Langmuir Freundlich

qmax (mmol g-1) b (L mol-1) R2 RL KF (mmol g-1) n R2

MCW 298 0.037 21.016 0.98 0.03–0.49 0.041 2.991 0.97

308 0.044 23.051 0.97 0.03–0.46 0.051 2.908 0.96

318 0.051 23.556 0.97 0.03–0.46 0.061 2.757 0.98

CW 298 0.009 3.46 0.97 0.22–0.85 0.008 1.783 0.97

308 0.016 2.842 0.95 0.26–0.88 0.014 1.578 0.98

318 0.022 3.112 0.97 0.24–0.87 0.02 1.553 0.96
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Fig. 9 The adsorption kinetic for adsorption of Cd(II). Experimental

conditions: pH 6.0 for MCW and 6.5 for CW, adsorbent dosage 15 g/l,

contact time 120 min, initial concentration 0.2 mmol/L and T 298 K
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The adsorption kinetic for adsorption of Cd(II) is shown

in Fig. 9. The kinetic parameters of Cd(II) adsorption on

CW and MCW are presented in Table 2. As shown, the

theoretical qe values calculated from pseudo–first order had

significant difference compared to experimental values, and

the correlation coefficients (R2) were very low, while the

pseudo-second-order model described the experimental data

well, evidenced by correlation coefficients (R2) close to 1

and the theoretical qe values of Cd(II) almost equal to the

experimental qe values. This indicates that the rate-limiting

step may be the chemical adsorption (Ding et al. 2006).

Thermodynamic parameters

In the thermodynamic study, the thermodynamic parame-

ters, that is, the Gibbs free energy (DG0), enthalpy (DH0)

and entropy (DS0) changes, were determined by using the

following equations (Yang et al. 2011; Zhao et al. 2011a,

b):

DGo ¼ �RT ln Ko ð10Þ

where R is the ideal gas constant (8.314 J mol�K-1); T is

the Kelvin temperature; Ko, the adsorption equilibrium

constant, is obtained by plotting ln Kd versus Ce and

extrapolating Ce to zero. The intercept value is that of ln

Ko. The distribution adsorption coefficient, Kd, can be

determined from Eq. (11) (Zhao et al. 2011a, b):

Kd ¼
Co � Ce

Ce

� V
m

ð11Þ

The enthalpy change (DH0) and entropy change (DS0)

can be calculated from the slope and intercept of the plot of

ln Ko versus 1/T by Eq. (12).

ln K0 ¼ DS0

R
� DH0

RT
ð12Þ

The thermodynamic parameters were calculated from

the adsorption isotherms of Cd(II) on CW and MCW at

different temperatures. According to Eq(12), the slope and

intercept of the plot of ln Ko versus 1/T were calculated,

respectively.

Thermodynamic parameters of Cd(II) adsorption on CW

and MCW calculated from Eqs. (10)–(12) were presented

in Table 3. The negative Gibbs free energy change (DG0)

indicates that the adsorption process is spontaneous. The

values of DG0 decreased with the temperature increasing

from 298 to 318 K, which indicates the endothermic

adsorptions of Cd(II) onto CW and MCW were enhanced

with increasing temperature. The enthalpy of the adsorp-

tion, DH0, is a indication of the energy barrier that must be

overcome during the adsorption process by reacting mol-

ecules (Unuabonah et al. 2008). The positive DH0 suggests

that the adsorption reaction onto the two adsorbents are

endothermic in nature, which shows that increasing tem-

perature will promote the adsorption of Cd(II) onto the

adsorbents. This is an indication of chemical reaction or

bonding process being involved in Cd(II) adsorption pro-

cess; thus, the adsorption processes may belong to chemi-

cal sorption. The value of DS0 can determine whether the

adsorption process is associative or dissociative mecha-

nism. Generally, entropy change DS0 [ -10-2 kJ Kmol-1

indicates dissociative mechanism (Scheckel and Sparks

2001; Shi et al. 2009; Zhao et al. 2011a, b). The values of

DS0 of Cd(II) adsorption on the two adsorbents were all

positive, which indicated that dissociative mechanism

could be involved in the adsorption processes (Shi et al.

2009; Zhao et al. 2011a, b).

Desorption

The desorption results are shown in Table 4, which showed

that the two adsorbents could be used repeatedly at least

three times without significant decrease in the adsorption

capacity for Cd(II). It is also observed that Cd(II) desorp-

tion for MCW was generally smaller than that of CW,

which suggests that the MCW bind Cd(II) ion more

strongly than CW. This strongly correlated with the earlier

suggestion from the binding energy constant (b).

Table 2 Theoretically determined parameters of pseudo–first order and pseudo–second order

Adsorbent Experimental qe (mmol g-1) Pseudo–first order Pseudo–second order

qe (mmol g-1) k1 (min-1) R2 qe (mmol g-1) k2 (g mmol�min-1) R2

MCW 0.012 0.004 0.127 0.93 0.013 19.304 0.99

CW 0.003 0.001 0.062 0.92 0.003 57.184 0.99

Table 3 Thermodynamic parameters of Cd(II) adsorption on MCW

and CW at 298, 313 and 318 K

Adsorbent Temperature

(K)

DG0

(kJ mol-1)

DHo

(kJ mol-1)

DSo (J mol-1

K-1)

MCW 298 -17.24 19.75 124.12

308 -18.65

318 -19.73

CW 298 -8.3 32.23 135.83

308 -9.58

318 -11.03
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Conclusion

Calcination treatment can impart loose structure and higher

specific surface area to coal waste, enabling calcination-

treated CW to have a higher adsorption capacity for Cd(II).

The adsorption of Cd(II) on the adsorbents increased with

increasing temperature from 298 to 318 K. The adsorption

efficiency for Cd(II) increased with increasing pH, and the

optimum pH value for adsorption of Cd(II) by the CW and

MCW adsorbents was found to be 6.5 and 6.0, respectively.

It is observed that the adsorption efficiency of Cd(II) was

not increased significantly when adsorbent dosage was

higher than 15 g L-1, which was considered as an opti-

mum adsorbent dosage level at the specified conditions.

The equilibrium of the adsorption can be reached within

120 min, and the process can be simulated by pseudo-

second-order model. Thermodynamic analysis showed the

adsorption processes were endothermic and spontaneous

processes, and they may be chemical in nature with posi-

tive DH0; the positive DS0 suggests that dissociative pro-

cesses were involved in the adsorption of Cd(II). The

desorption results indicated that the two adsorbents could

be used repeatedly (at least three times) without significant

decrease in the adsorption capacity for Cd(II). The FTIR

studies indicated that silanol and aluminol were primary

functional groups responsible for metal binding.
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