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a b s t r a c t

A new adsorbent was developed from waste ash resulting from municipal solid waste and coal co-
combustion power plant. The ash was firstly subjected to hydrothermal treatment for zeolite synthesis,
and then modified with iron(II) ions by agitation (ISZ) or ultrasonic (UISZ) treatment. The effect of oper-
ating factors such as pH, contact time, initial As(V) concentration and adsorbent dosage was investigated
and the optimum operating conditions were established. The adsorption capacity for As(V) onto UISZ and
ISZ were 13.04 and 5.37 mg g−1, respectively. The adsorption isotherm data could be well described by
Langmuir isotherm model. The optimum initial pH values for As(V) removal were 2.5 and 2.5–10.0 by
ISZ and UISZ, respectively. The results indicated that ultrasound treatment scattered the particles of the
Arsenic
I
U

adsorbent uniformly, which was in favor of impregnating iron ions into pores. Leaching of hazardous ele-
ments from the used adsorbents was very low. Accordingly, it is believed that the adsorbents developed in
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. Introduction

Arsenic has been known as a common and notorious con-
aminant in water environment. Long-term exposure to arsenic
ontaminated water may lead to cancers of the skin, lung and other
rgans [1]. Although environmental regulations have limited the
roduction of arsenic and its compounds, they are still extensively
sed in metallurgy, agriculture, forestry, electronics, pharmaceu-
icals and glass and ceramic industry. According to China EPA for
ntegrated wastewater discharge standard, the tolerance limit for
rsenic is 0.5 mg l−1 for the effluents discharge into inland sur-
ace water [2]. The chemistry of arsenic is interestingly complex.
he oxyanions of arsenic exist in four different arsenate species
s H3AsO4, H2AsO4

−, HAsO4
2− and AsO4

3− in the pH range <2.0,
.0–7.0, 7.0–12.0 and >12.0, respectively [3].

The removal of arsenic from aqueous solution has become
ncreasingly important and therefore, an appropriate treatment and

easures need to be employed to the polluted water to attain the

equired environmental standard. In recent years many approaches
ave been developed, including adsorption, ion exchange, reverse
smosis, nanofiltration, coagulation process, membrane perme-
tion, biological methods and photocatalytic oxidation [4–11].

∗ Corresponding author. Tel.: +86 10 62849515; fax: +86 10 62849515.
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acceptable and industrially applicable for utilization in arsenic-containing
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mong those methods, NF/RO and adsorption are highly efficient
nd economical techniques. Various adsorption materials have
een used such as activated carbon, activated alumina, iron hydrox-

des and lanthanum compounds [12–15]. According to previous
tudies, hydrated iron(II–III) has a high affinity toward arsenic
xyanions and it is very selective in the sorption process [16]. How-
ver, most iron oxides are only available as fine powders and are
ifficult to separate from aqueous solution after adsorption activity.
ecause of this, recent researches have focused on creating cheap
nd stable iron-bearing support media including sand [17], acti-
ated carbon [18], and municipal solid waste (MSW) melted slag
19].

In a previous study, we found that waste ash from power plant
ueled with MSW and coal was good material for the synthesis of
igh quality zeolite [20]. The product was generally with higher
ation exchange capacity values and B.E.T. surface area compared
ith other sources of zeolites. MSW, in China, generally has the
roperties of low heat value (approx. 4200 kJ kg−1) and high water
ontent since it is collected without separating into burnable and
nburnable matters, thus needs coal addition for effective combus-
ion in the power plants. In recent years, co-combustion of MSW

ith coal has been greatly encouraged by the Chinese government.
ccordingly, large amount of co-combustion ash is generated. Cur-
ently, most of the ash is disposed by landfill and only a small
mount is used as an ingredient in cement and other construction
roducts.

http://www.sciencedirect.com/science/journal/03043894
mailto:fszhang@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2008.02.020
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The main objective of this research was to develop a new
pproach for effective utilization of the special type of waste ash.
he effectiveness of the ash-derived zeolites for arsenic removal
rom aqueous solution was investigated. In particular, to improve its
orption selectivity for arsenic oxyanions the synthesized products
odified with ferrous salt was also performed.

. Materials and methods

.1. Materials

Waste ash was sampled from a power plant fueled with munic-
pal solid waste and coal located in northern China. The plant
as two 24 h-run fluidized-bed incinerators with MSW disposal
bility of 1000 tonnes per day, where electricity generation is
6 thousand kW h−1. The raw ash (MSWCA) was passed through
n 80-mesh sieve, dried at 105 ◦C for 24 h and stored in a desiccator
or use. The chemical compositions of the fly ash are SiO2 (45.50%),
l2O3 (22.60%), CaO (6.29%) and Fe2O3 (3.45%). The mineralog-

cal compositions of the ash were mainly Quartz, Gismondine,
ematite and Anorthite. The data have been given in detail by
revious report [20].

.2. Zeolite synthesis

Hydrothermal treatment was performed for the zeolite syn-
hesis. Specifically, 5 g waste ash was mixed with 50 ml 1.2 M
aOH solution, and then the mixtures were transferred into 100 ml
eflon-lined stainless autoclave followed by an aging process with
igorous shaking at room temperature for 24 h. The mixtures were
hen crystallized under static conditions at 120 ◦C for 10 h. The
olids were recovered by vacuum filtration, washed for several
imes with distilled water until the solution reached pH 10.0 and
ried overnight at 105 ◦C.

.3. Iron-impregnated zeolite

The synthesized zeolite (SZ) (5 g) was processed with 0.6 M
eSO4·7H2O (250 ml) by agitation for 24 h (ISZ) or ultrasonic treat-
ent for 2 h and then agitated for 22 h (UISZ) in polyethylene

ontainers (500 ml) at 25 ± 0.5 ◦C. Then the solid phase of samples
as filtered off, washed with distilled water, dried in an oven at

05 ◦C.

.4. Arsenic sorption

The adsorption experiments were carried out with batch
ethod. A known amount of sorbent and 20 ml of arsenate solution
ade from Na3AsO4·12H2O were taken in a 50-ml centrifuge tube.

he pH was adjusted to the desired level with 0.1 M NaOH or 0.1 M
Cl solutions. The test tubes were then shaken for a fixed time
t room temperature. After completing the reaction, suspensions
ere centrifuged and filtered through 25-mm 0.45 �m syringe fil-

ers and then analyzed for equilibrium As(V) concentration. The
xperimental parameters studied are pH (1.5–13.0), contact time
0.25–24 h), initial As(V) concentration (0.5–30 mg l−1), adsorbent
oncentration (0.1–2.5 g l−1), and the temperature was maintained
t 25 ± 0.5 ◦C.

.5. Toxicity characteristic leaching procedure (TCLP) test
The TCLP provides a means of determining the potential for
olid material to release chemical contaminants into a land-
ll environment [21]. The TCLP was applied to adsorbents after
ompletion of the adsorption experiment (reaction conditions:
nitial As(V) = 5 mg l−1; sorbent dose = 0.5 g l−1; contact time = 7 h;

i
a
F

b

Fig. 1. FT-IR spectra of SZ, ISZ and UISZ.

H = 7.5). Specifically, the spent adsorbent was extracted with
xtraction fluid (5.7 ml of acetic acid added to 500 ml of double-
istilled water, plus 64.5 ml of 1 mol l−1 NaOH and diluted to 1 l,
H 4.39 ± 0.05), with liquid/solid ratio of 20. The extraction was
chieved by shaking for 8 h and then laid aside for 16 h, after which
he liquid phase was separated off using 0.45 �m cellulose acetate
lter and analyzed for heavy metals by ICP-OES.

.6. Analytical methods

The X-ray diffraction (XRD) patterns of SZ, ISZ and UISZ were
btained using a Philips X-ray diffractometer (Philips PW 1700,
oland). Operating conditions were 45 kV and 250 mA using Cu
� radiation. The samples were scanned from 10◦ to 70◦. Various
rystalline phases present in the samples were identified with the
elp of JCPDS (Joint Committee on Powder Diffraction Standards)
les for inorganic compounds.

The morphological structures of SZ, ISZ and UISZ were obtained
y using scanning electron micrograph (SEM) (Hitachi S–3000N,
apan).

The supernatants were collected and determined by induc-
ively coupled plasma optical emission spectrometer (ICP–OES)
PerkinElmer OPTIMA 2000, USA) or inductively coupled plasma

ass spectrometers (ICP–MS) (VG Plasma Quard 3, UK). The
rsenic detection limits for ICP–AES and ICP–MS were 80 �g l−1 and
�g l−1, respectively.

Fourier transform infrared spectrometry (FT-IR) (Nicolet
exus670, USA) was used to analyze the functional groups in the
dsorbent.

. Results and discussion

.1. Characteristics of the adsorbent

The FT-IR spectra of SZ, ISZ and UISZ are shown in Fig. 1. The
eak bands at 694 cm−1 can be assigned to the external tetrahe-
ral vibration [22]. The strong band at 1004 cm−1 corresponds to
he asymmetric stretching of the Si O and Al O bonds [23]. The

H deformation vibration band is located at 1685 cm−1 [22]. The
dsorption at 3612 cm−1 found in both the modified and unmod-

fied zeolite is AlO H stretch [24]. ISZ and UISZ presented an
dditional band at 1141 cm−1, which corresponds to vibration of
e O [25].

The changes in morphology of SZ, ISZ and UISZ were observed
y SEM. There were different in surface morphologies and particle
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parameters controlling As(V) removal from wastewater. For pen-
tavalent arsenic, the corresponding stable species and pH values
Fig. 2. SEM micrographs

ize for the adsorbents (Fig. 2). The results of the XRD study (Fig. 3)
howed that zeolite P (Na3.6Al3.6Si12.4O32·14H2O) was synthesized
uccessfully through hydrothermal method.

In ultrasonic impregnation process, ultrasound intensified
xtremely the stir of FeSO4 solution, triggered drastically inter-
olecular collision in the liquid–solid system and brought about

he cavitation effect [26]. All these facts strengthen the impreg-
ation of iron ions into the carrier. Agitation and ultrasonic

mpregnation created a different surface morphology of the modi-
ed zeolite compared with the unmodified zeolite (Fig. 2). The ferric
onversion films coated on the SZ could be clearly seen in the agita-
ion and ultrasonic impregnation process. In addition, the particle
ize of UISZ (5 �m) was significant less than that of ISZ and SZ (over
0 �m). However, ultrasound irradiation had undetectable influ-
nce on the mineralogical composition of SZ. It was confirmed by
RD patterns of ISZ and UISZ that was similar to parent SZ (Fig. 3).

.2. Effect of contact time

The original ash material (MSWCA), together with the synthe-
ized products (SZ, ISZ and UISZ), was employed for the arsenic
emoval studies (Fig. 4). The purpose of this study was to investigate
he effects of zeolitic structure and mineralogical composition on
rsenic removal efficiency and find the optimum contact time. ISZ
nd UISZ were much more effective for arsenate removal compared
ith MSWCA and SZ, which showed that iron oxides impregnating

nto zeolite played an important role in the arsenic removal process.
SZ is composed of crystalline hydrated aluminosilicates of

odium. The isomorphous substitution of aluminum ions for silica
ons into the component polyhedra caused a residual charge on the

xygen framework, and this charge can be balanced by the adsorbed
ations [27]. Ferrous ion is the appropriate candidate for the cation
nder ferrous sulfate solution system. On the other hand, zeolite has
well-defined and well-ordered structure that provided an ideal

nvironment to entrap active metal complexes or metal clusters

ig. 3. X-ray diffraction patterns of SZ, ISZ and UISZ. ( , Zeolite P; �, Quartz.)

a
7
t

F
c

(a), ISZ (b) and UISZ (c).

28]. According to a previous report, accumulation of FeOOH and
ron(III) oxides during the iron(II) loading was identified through
iffuse reflectance spectroscopy and the voltammetry of micropar-
icles methods [29], thus the iron ion loaded on the zeolite in this
tudy was considered to be in ferric form.

Pentavalent arsenic predominantly exists as H2AsO4
− and

AsO4
2− anions in the studied pH (pH 7.5). The adsorption of

rsenic(V) is taking place by ion exchange where OH− ions are
eplaced by arsenate anions, which can be described as follows:

eOH + H2AsO4
− → Fe(H2AsO4) + OH− (1)

FeOH + HAsO4
2− → Fe2(HAsO4) + 2OH− (2)

It is suggested that the adsorption of As(V) mostly occurs at
ctive sites on ferric oxides/hydroxide deposited on the surface and
n the cavity of SZ by loading treatment. The adsorption of As(V)
as enhanced with increasing the amount of these active sites,
hich was dependent on the effective surface area increased by
ltrasonic treatment. As shown in Fig. 4, As(V) removal efficiency
eached 97.3% by UISZ, doubling that by ISZ beyond 7 h. Results also
howed that modified zeolite enabled rapid removal of As(V) under
hese experimental conditions. From Fig. 4, it was concluded that
contact time of 7 h was sufficient for As(V) removal by the mod-

fied adsorbents. For their high removal efficiency of As(V), much
ttention in this work was paid to the ISZ and UISZ.

.3. Effect of pH

The acidity of solution (pH) is one of the most important
re: H3AsO4 (pH 0.0–2.0), H2AsO4
− (pH 2.0–7.0), HAsO4

2− (pH
.0–12.0) and AsO4

3− (pH 12.0–14.0) [3]. Therefore, different solu-
ion pH determined different As(V) removal efficiency (Fig. 5).

ig. 4. Effect of contact time on As(V) removal. Reaction conditions: initial As(V)
oncentration = 5.0 mg l−1; sorbent dose = 0.5 g l−1; pH = 7.5.
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data was well fit by the Langmuir isotherm model. The R2 values
obtained for the Langmuir isotherm were above 0.92, indicating a
very good mathematical fitness. Consequently, the sorption of As(V)
ions onto zeolite occurred on homogeneous surface by monolayer
sorption without interaction between sorbed molecules. The data
ig. 5. Effect of initial solution pH on As(V) removal. Reaction conditions: initial
s(V) concentration = 5.0 mg l−1; sorbent dose = 0.5 g l−1; contact time = 7 h.

pecifically, at pH < 2.5 or pH > 10.0, the removal efficiency of As(V)
as very low for both modified zeolites. At pH range of 2.0–10.0,

emoval efficiency of As(V) could reach above 50%. Especially, the
aximum As(V) removal efficiency reached 97.8% for UISZ. While

or the ISZ in the pH range of 2.0–10.0, the efficiency removal of
s(V) was decreased from 80 to 50% gradually.

The different behaviors on the removal of As(V) by two adsor-
ents are due to the different reaction routes. As(V) removal by
odified zeolite is supposed to be mainly through two routes:

ffinity adsorption and reaction with iron oxides [19]. Affinity
dsorption relates to the surface area of adsorbent while chemical
eaction relates to the existing forms of the As(V) species, i.e., relates
o the acidity of the solution. For UISZ, ultrasound-assisted modifi-
ation increased the surface area and therefore, affinity adsorption
nd reaction with iron oxides acted together for As(V) removal.
hile for ISZ, direct modification didn’t improve the corresponding

urface area, thus the pH of solution was the key influence fac-
or on the efficiency of As(V) removal. The positive charge density
f adsorbent surface decreased with the increase of pH value, and
herefore the removal efficiency of As(V) decreased due to decreas-
ng electrostatic attraction.

.4. Effect of adsorbent dose

The effect of the adsorbent dose on the removal of As(V) is
hown in Fig. 6. The results indicated that the removal efficiency
f As(V) increased with the increase of adsorbent dose, due to the
reater availability of the exchangeable sites or surface area at high
mounts of the adsorbent. It was observed that 1 g l−1 of UISZ or
g l−1 of ISZ was sufficient to reduce the concentration of As(V)
elow 50 �g l−1 in aqueous system. The experimental data (Fig. 6)
howed that the As(V) removal efficiency of UISZ was higher than
hat of ISZ. These results indicate that UISZ is more effective than
SZ for the adsorption of As(V). Arsenic removal was not effective
t lower solid to liquid ratios, which may be due to insufficient
apacity for ligand exchange on the modified zeolites.

.5. Effect of initial As(V) concentration
Arsenic solution at different concentration of 0.5, 1.0, 5.0, 10.0,
0.0, 25.0 and 30.0 mg l−1 were treated with 0.5 g l−1 of adsorbent
t pH 7.5. Fig. 7 shows the effect of varying arsenic concentration
gainst the removal efficiency of As(V). As expected, the removal
fficiency of As(V) decreased with increasing concentration of

F
s

ig. 6. Effect of sorbent dose on As(V) removal. Reaction conditions: initial As(V)
oncentration = 5.0 mg l−1; contact time = 7 h; pH = 7.5.

dsorbent, which indicated that the adsorption depended upon the
vailability of binding sites for As(V) ions. When the initial As(V)
oncentrations were 0.5 and 1.0 mg l−1, the removal efficiency of
s(V) could reach above 99% and the final concentration for both
dsorbents was decreased below 10 �g l−1. When the initial As(V)
oncentration was 5.0 mg l−1, the As(V) removal efficiency reached
7% for UISZ and the final concentration of As(V) was still below
0 �g l−1, while for ISZ the removal efficiency of As(V) decreased to
3%. When the initial concentration was above 10.0 mg l−1, removal
fficiency of As(V) was less than 50% within 7 h reaction time for
oth adsorbents.

The adsorption data plotted with both the Langmuir and Fre-
ndlich isotherm models since they are simple and classical models
o describe the equilibrium between metal ions adsorbed onto
dsorbent and metal ions in solution at a constant temperature
Fig. 8). The fitting constants for the Langmuir and Freundlich
sotherm models along with correlated coefficients (R2) are sum-

arized in Table 1. As can be seen from Fig. 8, the adsorption
ig. 7. Effect of initial arsenic concentration on As(V) removal. Reaction conditions:
orbent dose = 0.5 g l−1; contact time = 7 h; pH = 7.5.
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ig. 8. Adsorption isotherms of As(V) on ISZ and UISZ at 25 ± 0.5 ◦C. Reaction con-
itions: sorbent dose = 0.5 g l−1; contact time = 7 h; pH = 7.5.

n Table 1 revealed that the adsorption capacity (Qm) of the UISZ
as much higher (13.04 mg g−1) than that of ISZ (5.37 mg g−1) [30].

reundlich adsorption isotherm is a curve relating the concentra-
ion of a solute on the surface of an adsorbent, to the concentration
f the solute in the liquid with which it is in contact. Langmuir
dsorption isotherm describes quantitatively the build up of a layer
f molecules on an adsorbent surface as a function the concentra-
ion of the adsorbed material in the liquid is which it is in contact.
o the Freundlich isotherm was not very favorable under wide con-
entration range (0–30 mg l−1) [30].
.6. Leaching tests

The evaluation of the leaching potential of spent adsorbents is
mportant in assessing their possible environmental impacts. The

able 1
angmuir and Freundlich isotherm constants

ISZ UISZ

angmuir
(

Ce
qe

= Ce
Qm

+ 1
bQm

)
a

Qm (mg g−1) 5.37 13.04
b (l mg−1) 7.60 3.29
R2 0.9274 0.9974

reundlich
(

log qe = log KF + 1
n log Ce

)
a

KF (mg g−1) 3.65 6.79
n 6.32 1.34
R2 0.7690 0.7458

a Ce (mg l−1): equilibrium arsenic concentration; qe (mg g−1): arsenic adsorption
t equilibrium concentration; Qm, b, KF, n: adsorption constants.

able 2
eaching test of spend adsorbent and the identification standard (mg l−1)

etal ISZ UISZ US EPA standarda

s 1.960 2.320 5
g NDb ND 5
a 0.014 0.016 1
r 0.039 0.039 5
u 0.045 0.062 100
i 0.032 0.049 100
b 0.036 0.041 5
d ND ND 1

a US EPA maximum limits for disposal of waste to landfill [31].
b ND: not detected.

A

B
N

R

[

[

[

[

aterials 159 (2008) 313–318 317

CLP method was employed to classify the spent adsorbents as haz-
rdous or inert waste. The leaching results are listed in Table 2.
mong metals, Cd and Ag were not detected in the leachate from
pent adsorbents. It was evident that the concentration of metals in
eachate was higher from UISZ than from ISZ. In general, metal con-
entration in leachate from spent adsorbents was found to be less
han maximum limits stated by US EPA [31]. Therefore, for spent
ISZ and ISZ, they will be safe, and can be directly landfilled, as the
oncentrations of heavy metals in their leachates are much lower
han the standard.

. Conclusions

The results of this study demonstrated that waste ash from MSW
nd coal co-combustion power plant was a special type of waste
aterial that could be used for high quality adsorbent develop-
ent. Of the two types of adsorbents synthesized, ISZ and UISZ

resented effective As(V) adsorption ability, especially suitable for
emoval of As(V) in low concentration. The As(V) adsorption capac-
ties for UISZ and ISZ were 13.04 and 5.37 mg g−1, respectively.
omparatively, UISZ showed greater adsorption affinity for the
s(V) than ISZ, which showed that ultrasound irradiation was a
ood approach for impregnating iron ions into the zeolite pores.
emoval As(V) by ISZ was highly pH sensitive and high removal
fficiency was achieved at pH 2.5, while UISZ was pH indepen-
ent and could be effectively employed to aqueous systems at a pH
ange of 2.0–10.0 without pH adjustment. The adsorption isotherm
ata could be well described by Langmuir isotherm, indicating that
he adsorption of As(V) ions on UISZ and ISZ occurred on homoge-
eous surface by monolayer sorption without interaction between
orbed molecules. These results demonstrated that the UISZ was an
xcellent low-cost sorbent for As(V) removal from aqueous system.
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