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a b s t r a c t

Composite materials of activated carbon and zeolite have been prepared successfully by activating coal
fly ash (CFA) by fusion with NaOH at 750 ◦C in N2 followed by hydrothermal treatments under various
conditions. Uptake experiments for Ni2+, Cu2+, Cd2+ and Pb2+ were performed with the materials thus
obtained from CFA. Of the various composite materials, that were obtained by hydrothermal treatment

◦
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with NaOH solution (ca. 4 M) at 80 C (a composite of activated carbon and zeolite X/faujasite) proved to
be the most suitable for the uptake of toxic metal ions. The relative selectivity of the present sorbents
for the various ions was Pb2+ > Cu2+ > Cd2+ > Ni2+, with equilibrium uptake capacities of 2.65, 1.72, 1.44
and 1.20 mmol/g, respectively. The sorption isotherm was a good fit to the Langmuir isotherm and the
sorption is thought to progress mainly by ion exchange with Na+. The overall reaction is pseudo-second
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order with rate constants
Ni2+, respectively.

. Introduction

Global developments directed towards making human life
ncreasingly comfortable have greatly increased industrialization
nd urbanization. However, this trend has damaged the environ-
ent alarmingly, mainly due to the generation of a large amount

f hazardous waste and the pollution of both usable surface water
nd the atmosphere.

Resource recovery technology of solid waste is of great impor-
ance for ensuring sustainable development, and has resulted
n many recent studies on the recovery of waste resources. For
xample, incineration wastes containing Si and Al, such as fly
sh, coal fly ash, paper sludge, etc., have been converted into
obermorite (calcium silicate hydrate), zeolitic compounds [1–10],
ehlenite and anorthite [11–13], and used as raw materials for
ement [14,15]. Preparation of active carbon from waste newspaper
16,17], tobermorite from chaff [18] has also been investigated.

owever, there are many areas that have fallen behind in resource

ecovery technology.
Many millions of tonnes of coal fly ash (CFA) are discharged from

oal-fired boilers throughout the world every year. According to a
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4, 0.17, 0.21 and 0.20 L g/mmol min for the uptake of Pb , Cu , Cd and
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eport, the global recycling rate of CFA during the 9th decade of
he 20th century was as low as 15%, excluding processes such as
ecycling the CFA as cement fillers and lining materials for haz-
rdous material dumps [19]. Most of the reutilized coal fly ash is
sed in construction-related applications, including cement and
oncrete manufacture, production of bricks and lightweight aggre-
ates and additives for the ceramic industry. There still remains a
arge amount of unutilized CFA.

Environmental-friendly utilization of CFA is an important
ubject because of measures needed for the prevention of environ-
ental pollution. Although zeolite synthesis from fly ash is a minor

pplication, it has begun to attract more attention because zeolites
re useful materials for environmental remediation. Hydrother-
al treatment with NaOH solution is a promising technique for

he conversion of CFA into zeolites [3–8]. Further approaches
nvolving hydrothermal treatment, such as the two-step method
fusion followed by hydrothermal treatment [20–22]) and the dry
r molten-salt method [23] have been developed in order to achieve
igh synthesis efficiency and/or high crystallinity. The application
f microwave synthesis has also been shown to be effective in
educing the reaction time [24,25].

Surface water pollution, which is rapidly increasing with indus-

rialization and urbanization, has become a global environmental
roblem. In particular, severe problems arise from contamination
f water by heavy metal ions and ions such as ammonium and
hosphate which cause eutrophication. Wastewaters discharged
y industries that process non-ferrous metal ores and concentrates

http://www.sciencedirect.com/science/journal/03043894
mailto:vinayj2@yahoo.com
mailto:mmiyake@cc.okayama-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.02.107
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The chemical compositions obtained by XRF show that the major
components of the CFAs are SiO2, Al2O3 and carbon while those of
and C8F128024 and C12F128024 are SiO2, Al2O3, Na2O and acti-
vated carbon (Table 1). The XRD traces (Fig. 1) show that the major
V.K. Jha et al. / Journal of Hazar

re usually polluted with heavy metal ions such as Cd2+, Pb2+, Ni2+,
u2+, Zn2+, etc. [26]. Many industries involved in metal finishing,
ining and mineral processing, coal mining and oil refining, have

roblems associated with heavy metal contamination of process
nd runoff waters. The development of new approaches and tech-
ologies is therefore needed for both the removal and recovery of
aluable metals from process and wastewaters [27].

Zeolites are crystalline aluminosilicates with uniform cavities
nd cation exchange capacity whereas activated carbon is highly
orous carbon material and its amorphous skeleton consists of
icrocrystallites with a graphite lattice. Composite of activated

arbon-zeolite formed by the zeolite growth on porous carbon sup-
orts can possess the bifunctional properties of both carbon and
eolite, which can have potential applications in air purification,
astewater treatment, filters in compressed air and gas purifica-

ion, and many other applications in catalysis and separation [28].
Artificial zeolites prepared from CFA can have high cationic

xchange capacities, large surface areas and high residual carbon
ontents and have been investigated for applications such as the
emoval of heavy metals from wastewater [29,30], NH4–N and COD
29,31–34] and the immobilization of heavy metals in polluted soils
35]. In the present study, an attempt has been made to prepare
omposites of activated carbon-zeolite from waste coal fly ash, and
etermine their uptake properties for the heavy metal ions Ni2+,
u2+, Cd2+ and Pb2+ for possible environmental applications.

. Materials and methods

.1. Sample preparation and characterization

The two types of coal fly ash (CFA) used in this study were
btained from the Chugoku Electric Power Company Limited,
kayama, Japan. Table 1 shows their chemical compositions. A two-

tep process, i.e., fusion and hydrothermal treatment, was used to
onvert the CFA into composites of activated carbon and zeolite.
ne gram of CFA was mixed with 2.0 g NaOH and fired at 750 ◦C

or 1 h in an N2 atmosphere. After the NaOH fusion treatment, the
ixture was ground and suspended in12 ml deionized water then

tirred and aged for 2 h at room temperature. The use of 12 ml water
esulted in an NaOH concentration of ca. 4 M. The slurry was sealed
n a Teflon-lined autoclave and kept at either 80 ◦C or 100 ◦C for
4 h. Finally the sample was filtered, washed several times with
eionized water until it becomes neutral, dried at 50 ◦C overnight
nd then used in the sorption experiments.

The samples are designated C, indicating CFA, followed by

ercentage of carbon, followed by F, indicating NaOH fusion, fol-

owed by the amount of water (ml), followed by the hydrothermal
reatment temperature (◦C), followed by treatment time (h). For
xample, CFA with 8% carbon content fused with NaOH, treated
ith 12 ml water and hydrothermally treated at 80 ◦C for 24 h is

able 1
hemical composition of two types of coal fly ash and C8F128024 and C12F128024
roducts

omponent Content (mass%)

CFA type 1 (C8) CFA type 2 (C12) C8F128024 C12F128024

iO2 44.9 51.8 38.7 39.9
l2O3 24.1 14.4 20.9 22.9
aO 5.0 2.4 8.1 3.4
arbon 8.0 12.0 3.0 8.6
e2O3 10.4 11.6 15.5 13.1
iO2 2.8 3.5 4.4 4.0
gO 1.4 0.4 1.2 0.6
a2O 0.5 0.2 6.7 6.2
2O 1.1 1.9 0.3 1.1
thers 1.9 1.8 1.2 0.4

F
C
a
X
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esignated C8F128024, while as-received CFA with 8% carbon is
esignated C8.

The chemical compositions of the CFA starting materials,
8F128024 and C12F128024 were analyzed by X-ray fluorescence
ZSX-100s, Rigaku Japan). The carbon content was determined
y differential thermal and thermo gravimetric analysis (TG-
120, Rigaku Japan). Powder X-ray diffraction (XRD) patterns
ere obtained using a diffractometer (RINT2100/PC, Rigaku, Japan)
ith monochromated Cu K� radiation and SEM micrograph was

btained from scanning electron microscopy (JMS-6380A, JEOL,
apan).

.2. Metal ion uptake experiment

All the metal ion solutions were prepared separately, contain-
ng ppm concentrations of analytical-grade metal chlorides. The
omposite samples were subjected to Ni2+, Cu2+, Cd2+and Pb2+

ptake experiments by a batch method under the following condi-
ions: temperature 25 ◦C (room temperature), solid/solution ratio
.1 g/50 ml, initial metal ion concentrations 20–500 ppm of Ni2+,
u2+ and Cd2+ and 100–2000 ppm of Pb2+, and treatment time
4 h. The kinetic experiments were performed at constant metal
on concentrations (500 ppm for Ni2+, Cu2+ and Cd2+ and 1000 ppm
or Pb2+) for times of 0.5–6 h. Metal ion uptake experiments were
lso carried out in various solutions containing mixtures of two and
hree different metal ions. The pH values were measured immedi-
tely after placing the sample into the solution (pHi) and after the
ptake was complete (pHe). After the uptake experiments, the solid
amples were filtered, washed several times with deionized water
nd dried at 50 ◦C overnight. An atomic absorption spectropho-
ometer (AA-6800, Shimadzu, Japan) was used to determine the
oncentrations of metal ions in the solutions before and after the
ptake experiment and converted from ppm to millimoles per liter.

. Results and discussion

.1. Characterization of products
ig. 1. XRD patterns of as-received CFA and resulting materials (C12F128024,
8F128024 and C8F1210024) from CFA fused with NaOH and hydrothermally treated
t two different temperatures. Symbols are as: m – mullite; Q – quartz; ZX – zeolite
; ZA – zeolite A; and Sd – sodalite.
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nous surface by monolayer sorption, and predicts a linear relation
between (Ce/Qe) and Ce.
50 V.K. Jha et al. / Journal of Hazar

rystalline phases are �-quartz (SiO2) and mullite (3Al2O3·2SiO2),
ogether with amorphous components.

The major components (SiO2 and Al2O3) along with unburned
arbon were activated by NaOH fusion treatment at 750 ◦C in
N2 atmosphere. The treatment temperature was based on the

ctivation temperature for preparation of activated carbon [36].
ith increasing temperature, the �-quartz and mullite in the

FA are decomposed by NaOH fusion and become amorphous.
ig. 1 shows the XRD patterns of the products of fusion and
ydrothermal treatment, together with the as-received CFA. The
RD patterns of C8F128024 and C12F128024 show the forma-

ion of well-crystallized faujasite-type zeolite (zeolite Na-X) and
small amount of sodalite in both samples (comparatively more

n C8F128024). A small amount of zeolite A is also formed from
he CFA with the higher carbon content. We have already reported
hat either with increasing NaOH concentration and/or hydrother-

al treatment time, zeolite A transformed to zeolite X [37]. This
mall amount of zeolite A in the case of C12F128024 may be due
o two factors. The first may be due to higher amount of carbon
hich may have offered resistance for the complete transforma-

ion by partial blocking of reactants and second factor may be due
o the difference in the SiO2 and Al2O3 contents of CFA [38]. The XRD
attern of C8F1210024 indicates that zeolite Na-X is transformed
o sodalite at the higher hydrothermal treatment temperature. The
resence of activated carbon can be seen in the SEM micrograph
f C8F128024 sample shown in Fig. 2. Further, we have already
eported the detailed information regarding the presence of acti-
ated carbon; the microporous and mesoporous characteristics;
ET sorption–desorption properties and impacts of NaOH con-
entration, time and temperature of the activated carbon-zeolite
omposite [22].

.2. Sorption isotherms

The metal chlorides were preferred as the aqueous environ-

ent due to their easily soluble nature in water. The uptake of
2+ (M = Ni, Cu, Cd and Pb) by the various materials obtained from

FA was determined after a contact time of 24 h, since the sorption
inetics (below) suggested that this time is sufficient to achieve

ig. 2. SEM micrograph of C8F128024 sample where A.C. stands for activated carbon.

(

F
t
(
C

Fig. 3. Metal ion sorption of various products prepared from CFA.

quilibrium. The amount of uptake is shown in Fig. 3. As-received
FA takes up hardly any Ni2+, while C8F1210024 (sodalite) shows
ifferent uptake behavior from C8F128024 and C12F128024, espe-
ially for Cu2+. The difference in the uptake capacities of present
etal ions between C8F128024 and C12F128024 is expected to be

ue to mainly the difference in activated carbon content. The sorp-
ion isotherm experiments were carried out using C8F128024 and
12F128024. The plots of the release of Na+ vs. metal ion sorption
Fig. 4) show that the uptake reactions for these metals progress
rincipally by cation exchange, because the molar ratio of M2+/Na+

s approximately 2.
The sorption isotherms of M2+ were simulated by the mathemat-

cal equations of Langmuir [39] and Freundlich [40]. The Langmuir
odel assumes that the removal of metal ion occurs on a homoge-
Ce

Qe

)
=

(
1

Qmax

)
Ce +

(
1

Qmaxb

)
(1)

ig. 4. Relationship between released Na+ from the samples and sorbed metal ions
o the samples. Symbols are as follows: (�) C8F128024-Pb2+; (©) C12F128024-Pb2+;
�) C8F128024-Ni2+; (�) C12F128024-Ni2+; (�) C8F128024-Cu2+; (�) C12F128024-
u2+; (�) C8F128024-Cd2+; (�) C12F128024-Cd2+.
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ig. 5. Sorption isotherms of Ni2+, Cu2+, Cd2+ and Pb2+ by the composite materi-
ls obtained from CFA. Solid and dot lines represent predicted data obtained from
angmuir and Freundlich parameters. Symbols are shown in Fig. 4.

here Ce (mmol/L) is the equilibrium concentration, Qe (mmol/g) is
he amount sorbed at equilibrium, Qmax (mmol/g) is the monolayer
orption capacity and b (L/mmol) is the Langmuir constant.

On the other hand, the Freundlich model, which assumes the
urface heterogeneity and exponential distribution of active sites,
rovides an empirical relationship between the adsorption capac-

ty and equilibrium constant of the adsorbent. The mathematical
epresentation of this model is

og Qe = 1
n

log Ce + log Kf (2)

here Kf (mmol/g) and n (g/L) are the Freundlich constants related
o the sorption capacity and sorption affinity of the sorbent, respec-
ively. Qe and Ce are similar as Eq. (1).

M2+ uptake experiments were performed with initial M2+

oncentrations ranging 0.3–10 mmol/L. The resulting sorption
sotherms are shown in Fig. 5. The parameters calculated from the
angmuir and Freundlich equations using the experimental data
re listed in Table 2. The solid and broken curves in Fig. 5 are calcu-
ated from the resulting Langmuir and Freundlich parameters. The
orrelation coefficient values indicate the superiority of Langmuir

odel over Freundlich model. The resulting Qmax values decrease

n the order Pb2+ > Cu2+ > Cd2+ > Ni2+.
This metal ion uptake series is consistent with and higher than

hose previously reported for fly ash [41], Na-A [42], Na-P1 [43] and
linoptilolite [27,44,45]. Pb2+ and Cd2+ have zero-ligand-field sta-

able 2
angmuir and Freundlich parameters for metal sorption by composites of activated
arbon and zeolite synthesized from coal fly ash

orbent Me2+ Langmuir model Freundlich model

Qmax b R2 �G Kf n R2

8F128024 Ni2+ 1.20 85 0.9994 −28 1.07 15.5 0.8524
Cd2+ 1.44 12 0.9974 −23 1.20 5.2 0.8722
Cu2+ 1.72 50 0.9998 −27 1.68 83.3 0.4173
Pb2+ 2.65 24 0.9979 −25 2.35 8.8 0.8303

12F128024 Ni2+ 1.06 18 0.9988 −24 1.07 8.5 0.6477
Cd2+ 1.42 22 0.9989 −25 1.32 11.5 0.8630
Cu2+ 1.47 72 0.9998 −28 1.52 27.0 0.8881
Pb2+ 2.20 110 0.9999 −29 2.02 10.6 0.7212
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ig. 6. XRD patterns of C8F128024 before and after metal ions exchanged samples.

ilization in octahedral aqua complexes, because their electronic
onfigurations are d10. Thus, they interact strongly with the zeolite
ramework during the metal ion uptake process [42], compared to
i2+, whose electronic configuration is d8. The d9electronic config-
ration of Cu2+ produced unique uptake behavior; the XRD patterns
f the samples after Cu2+ uptake showed that the zeolitic structure
as partly destroyed (Fig. 6), suggesting the occurrence of other
henomena such as precipitation, in addition to cation exchange.
he equilibrium pHs of the solution were in the ranges of 6.7–10.0
or Ni2+ and Cd2+, 5.5–8.9 for Cu2+ and 7.4–10.4 for Pb2+. The solu-
ility product of M(OH)2 shows that Cu(OH)2 is precipitated in the
H range ≥ ca. 5.2 when the concentration of Cu2+ is 0.01 mol/L,
nd Cu(OH)2 is more insoluble than Ni(OH)2, Cd(OH)2 and Pb(OH)2.
herefore, precipitation probably causes an increase in the amount
f Cu2+ removed.

The Langmuir constant b is related to the free energy change of
orption (�G, kJ/mol) according to the following formula [12]:

G = −RT ln(1000b) (3)

here R is the gas constant (8.314 J/(mol K)) and T is the tempera-
ure (K). The Gibbs free energy indicates the degree of spontaneity
f the sorption process, negative values reflecting a more energet-
cally favorable sorption process. The �G values obtained from Eq.
3) are listed in Table 2, confirming the feasibility of all the sorbents
nd the spontaneity of the sorption process.

.3. Sorption kinetics

Fig. 7 shows the sorption of metal ions by the composite
8F128024 as a function of contact time. These plots indicate that
he sorption progresses in two steps. The first step is the rapid
orption of the metal ion within 30 min, with a slower second step
uring which equilibrium is attained. This behavior, consisting of an

nitial rapid and quantitatively predominant sorption followed by
slower and quantitatively insignificant sorption has been exten-

ively reported [46,47]. The rapid step is thought to be due to the
bundant availability of active sites on the sorbent material, and
s these sites become increasingly occupied, the sorption becomes
ess efficient and slower.
In order to investigate the rate law describing the metal ion
orption, the kinetic data obtained from the batch experiments
ere analyzed using three kinetic equations, namely, the first-order

quations proposed by Lagergren and Svenska [48] and Eligwe and
kolue [49], and the pseudo-second order equation proposed by



152 V.K. Jha et al. / Journal of Hazardous Materials 160 (2008) 148–153

Table 3
Kinetic data for the sorbent C8F128024 obtained from various equations

System K1 from Eq. (4) K1
′ from Eq. (5) K2 from Eq. (4) Qe (mmol/g) from

Eq. (4) Eq. (6)

N −3 −4 0.198 1.97 1.12
C 0.209 3.35 1.08
C 0.172 1.93 1.67
P 0.137 1.23 2.23
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Table 4
Metal ion sorption of C8F128024 and C12F128024 sorbents in multi-component
system

Sorbent M2+ Ci (mmol/L) Ce (mmol/L) Qe (mmol/g) Total

Cu2+ Ni2+ Cd2+ Qe

C8F128024 Cu2+ 4.18 0.73 1.73 – – 2.10
Ni2+ 6.62 5.88 – 0.37 –

C12F128024 Cu2+ 4.18 1.15 1.52 – – 1.91
Ni2+ 6.62 5.84 – 0.39 –

C8F128024 Cu2+ 2.81 0.14 1.34 – – 2.28
Ni2+ 4.46 3.71 – 0.38 –
Cd2+ 1.60 0.48 – – 0.56

C12F128024 Cu2+ 2.81 0.46 1.18 – – 2.11
Ni2+ 4.46 3.68 – 0.39 –
Cd2+ 1.60 0.52 – – 0.54
i 4.6 × 10 3.1 × 10
d 1.0 × 10−3 2.5 × 10−4

u 3.8 × 10−3 2.4 × 10−4

b 1.2 × 10−3 2.1 × 10−4

o et al. [50]. The equations were rearranged to obtain the linear
orms, as follows:

og10 (Qe − Qt) = log10Qe − K1

2.303
t (4)

n [Ci/Ce] = K ′
1t (5)

t

Qt
= 1

(K2Q 2
e )

+ 1
Qe

t (6)

here Qt is the amount sorbed (mmol/g) at time t (min), Ce and
e are as in Eq. (1), Ci is the initial concentration (mmol/L), K1,
1

′and K2 are rate constants of Eqs. (4)–(6), respectively. Eqs. (4)–(6)
ielded the rate constants (K1, K1

′ and K2) and the equilibrium metal
on sorption Qe, presented in Table 3. The Qe values obtained from
he pseudo-second order Eq. (6) are comparable with the Qmax val-
es obtained from the Langmuir Eq. (1) (Table 2), indicating the
seudo-second order reaction model is more appropriate for metal

on sorption by the present composite materials. Several other stud-
es on the sorption of divalent metals on heterogeneous sorbents
how that the kinetics generally follows a pseudo-second order
ate law [49,51,52]. Furthermore, the kinetic data obtained from the
etal ions uptake of present work will be helpful for mass trans-

er parameters in fixed-bed ion exchange columns, operating under
on-equilibrium conditions.

.4. Sorption in multi-component systems
The uptake amounts of metal ions in multi-component
ystems represented by the present samples C8F128024 and
12F128024 are shown in Table 4 and Fig. 8. Compared with the
ingle-component system, the uptake of metal ions in the multi-
omponent systems is decreased, which can be attributed to the

ig. 7. Plots of metal ions sorbed on composite material C8F128024 prepared from
FA as a function of contact time. Solid lines represent predicted data by a pseudo-
econd order model.
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ig. 8. Metal ion sorption by samples C8F128024 and C12F128024 in mono-, di- and
ri-metal ionic solutions.

nterference of other metal ions during the uptake process i.e., com-
etitive reactions. Furthermore, Cu2+ uptake decreases in going
rom two to three-component solutions, but Ni2+ uptake hardly
hanges under these conditions. However, the total uptake of metal
ons by these samples increases in going from one to two to
hree-component solutions, indicating that there are still more
ccupation sites available for the uptake of other metal ions even
fter the uptake of one type of ion by the samples, because not all
he ions have the same occupation site within the solid samples.

. Conclusion

The following conclusions result from the present study:

Composites of activated carbon/zeolite can be prepared from coal
fly ash.
These composite materials have good sorption characteristics for
heavy metals, with sorption isotherms of the Langmuir type.

The equilibrium sorption capacity follows the order
Pb2+ > Cu2+ > Cd2+ > Ni2+. The higher uptake of Pb2+ and Cd2+

is due to their zero-ligand-field stabilization by comparison with
Ni2+ which has high ligand-field stabilization. The increased
uptake of Cu2+ is due to the precipitation of Cu(OH)2 due to
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its lower pH precipitation range, by comparison with Ni(OH)2,
Cd(OH)2 and Pb(OH)2.
The overall sorption is pseudo-second order with an initial rapid
and quantitatively predominant sorption followed by a second
slower and quantitatively insignificant sorption.
Although the uptake amounts of metal ions in multi-component
systems were decreased by competitive reactions, the total
uptake was increased.
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