
M
a

B
D
a

b

c

a

A
R
R
1
A
A

K
A
A
D
A
M
A

1

i
s
o
r
w
l
c
m
u
a
m

r
m
u
n

0
d

Journal of Hazardous Materials 165 (2009) 134–140

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

odified aluminosilicates as low-cost sorbents of As(III) from
noxic groundwater
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a b s t r a c t

The utilization of low-grade clay materials as selective sorbents represents one of the most effective pos-
sibilities of As removal from contaminated water reservoirs. The simple pre-treatment of these materials
with Fe (Al, Mn) salts can significantly improve their sorption affinity to As oxyanions. The natural kaolin
calcined at 550 ◦C (mostly metakaolin) and raw bentonite (mostly montmorillonite) pre-treated with
FeII, FeIII, AlIII and MnII salts were used to remove of As from the model anoxic groundwater with AsIII

concentration about 0.5 and 10 mg L−1. All the pre-treating methods were appropriate for bentonite; the
eywords:
rsenic
noxic groundwater
econtamination
luminosilicates
etal pre-treatment

efficiency of AsIII sorption varied from 92 to >99%, by the sorption capacity higher than 4.5 mg g−1. In the
case of metakaolin, FeII- and MnII-treatments proved the high sorption efficiency (>97%), while only <50%
of As was removed after FeIII and AlIII pre-treatment. The sorption capacities of treated metakaolin ranged
from 0.1 to 2.0 mg g−1.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

People from many regions of India, Bangladesh and Latin Amer-
can countries suffer (even nowaday) from serious diseases with
ymptoms typical to arsenic poisoning. A natural geologic origin
f As was proved in many studies [1–4], but the mechanism of its
elease into the groundwater has not been clarified up to now. The
eathering of As-rich pyrite and arsenopyrite occured in discrete

ayers [5,6] and/or the release of arsenic from As–FeOOH surface
omplexes under reduction conditions [4,7,8] are considered the
ost probable reasons of strong As enrichment in aquifers. The

ntreated groundwater is then used as a sole source of drinking
nd/or irrigation water in poor rural and urban areas of the above
entioned countries [1,3,9,10].
Various technologies have been developed for the arsenic
emoval from aqueous systems. Adsorption methods fall into the
ost commonly used procedures due to a variability of nat-

ral and synthetic sorbents [11–14]. Most of conventional and
on-conventional treating methods were compared in the critical

∗ Corresponding author. Tel.: +420 220443798.
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eview by Mohan and Pittman Jr. [15]. Iron oxides and oxyhydrox-
des are the most widespread and effective sorbents for inorganic
s forms both in natural environments (soils, bottom sediments,
tc.) and in technological processes [16–19]. However, their syn-
hesized forms are too expensive and hardly available for wide use.
dditionally, only a tiny surface fraction of Fe ions is really active

n the sorption on bulk oxides, hence supporting of the iron oxides
n finely dispersed, cheap, well-processable and environmentally
riendly matrix is very desirable.

Recently aluminosilicates have opened new posibilities in sorp-
ion technology due to favourable surface properties, availability,
nvironmental and economical reasons. In general, they are not
elective sorbents of anionic contaminants thanks to a low value
f the pHZPC. Therefore, more and more studies have been focused
n the preparation of anion-selective sorbents by the surface pre-
reatment of aluminosilicates such as clays and sands [12,20–22].
esides the sorption efficiency, a mechanism of surface processes
as gained more importance in precise characterization of newly

repared sorbents [23–25].

The main aim of this work was to verify two different types
f raw clays (bentonite and calcined kaolin) pre-treated with FeII,
eIII, AlIII and MnII particles as selective sorbents of AsIII from model
noxic groundwater strongly contaminated with As.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Barbora.Dousova@vscht.cz
dx.doi.org/10.1016/j.jhazmat.2008.09.088
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Table 1
XRF analysis and specific surface area SBET of raw materials.

Sorbent SiO (% wt) Al O (% wt) Fe O (% wt) MnO (% wt) S (m2/g)
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The suspension of model solution (50 mL) with the defined
2 2 3 2 3 BET

T 58.00 37.20 2.06 0.01 8.65
T 51.50 20.60 14.60 0.11 73.10

. Materials and methods

.1. Raw clays

Two different types of clays, kaolin and bentonite used in this
ork represented second rate materials easily available at a com-
ercial scale. Expected prices (less than 30 EUR per 1 tonne)

ave been only connected with handling and transporting costs.
aolin sample contained kaolinite and lesser amounts of quartz
nd micas. Its quality was much decreased by the large content
f Fe (Table 1). After the thermal treatment (calcination at 500 ◦C
or 3 h to metakaolin) Fe species in kaolin were transformed to a
ed oxide (�-Fe2O3, hematite) that by no means interfered with As
orption. Calcined kaolin has been marked further as MT.

Bentonite sample (BT) contained mostly montmorillonite with
races of quartz. It was mined in a pit on an industrial scale and
round only in an agate mortar before use. The relative content of
ain elements obtained by XRF is summarized in Table 1 together
ith the specific surface areas of both samples.

.2. Treating procedures

During the interaction of raw clay and a metal salt solution, reac-
ive ion-exchangeable species and very poorly crystalline hydrated
xide particles in stable oxidation state (FeIII, AlIII, MnIII/IV) have
een formed on the solid surface.

The pre-treatment with FeII salt consisted of the agitation of raw

orbent (20 g) with 0.6 M FeSO4·7H2O (1 L) in a sealed polyethy-
ene bottle at ambient temperature for 24 h. Then the solid phase
as filtered off, washed with distilled water, dried at 60 ◦C, and
omogenized [26].

a
f
t
p

Fig. 1. Relative growth of metal fractions of Fe, Al and Mn in
s Materials 165 (2009) 134–140 135

In the treatment with FeIII salt 20 g of raw sorbent was mixed
ith 10 mL of 2 M Fe(NO3)3. The suspension was dried at 110 ± 10 ◦C

or 24 h. Then the product was filtered off, washed with distilled
ater, dried at 60 ◦C, and homogenized [27].

To AlIII pre-treatment 4 M NaOH was dropped into 10 mL of 1 M
lCl3·6H2O up to pH about 6.0, until AlOOH has been formed;
ell-agitated suspension of AlOOH with 20 g of raw sorbent
as dried at 70 ◦C for 1 day. Then the product was filtered off,
ashed with distilled water, dried at 60 ◦C, and homogenized

28].
The procedure with MnII salt was developed by Herzogová [29].

he suspension of 0.8 M MnSO4·H2O (1 L) alkalized with 1 M NaOH
o pH about 8.0–8.2, and 20 g of raw sorbent was agitated in sealed
olyethylene bottle at laboratory temperature for 24 h. Then the
olid phase was filtered off, washed with distilled water, dried at
0 ◦C, and homogenized.

The relative growth of metal fractions in pre-treated clays is
emonstrated in Fig. 1.

.3. Model solutions

According to Stüben et al. [2], Tandukar et al. [3], Bhattacharya
t al. [8], and Nickson et al. [30], the composition of model solutions
as inferred from an average composition of real anoxic groundwa-

er with a different content of arsenic. MOD I and MOD II solutions
ere prepared from FeSO4·7H2O, MnSO4·H2O, NaHCO3 and NaAsO2

f p.a. quality and distilled water under N2 atmosphere, to actual
omposition: 6.0 mgL−1 of Fe2+; 0.8 mgL−1 of Mn2+; 500.0 mgL−1

f HCO3
−; 130.0 mgL−1 of SO4

2−; 0.5 mgL−1 (MOD I) and 10 mgL−1

MOD II) of AsO3
3−, respectively.

.4. As sorption
mount of pre-treated sorbent (0.3–2.5 gL−1 for MOD I and 3.0–18.0
or MOD II) was shaken in sealed polyethylene bottle at laboratory
emperature (20 ◦C) for 72 h, according to Doušová et al. [23]. The
roduct was filtered off; the filtrate was analyzed for residual As

pre-treated sorbents; MT—metakaolin, BT—bentonite.
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Table 2
Sorption capacities and sorption efficiency of modified sorbents.

Sorbent Q (mg g−1) ε (%)

MOD I MOD II MOD I MOD II

MT–FeII 2.0 1.4 96.5 98.8
MT–FeIII 1.6 3.8 47.0 77.2
MT–AlIII 1.8 0.8 98.7 47.8
MT–MnII 1.7 1.3 97.7 92.2
BT–FeII 4.5 4.3 99.8 99.9
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ontent, while the solid part was tested with the methods men-
ioned below (IR spectroscopy, diffuse reflectance spectroscopy,
nd voltammetry of microparticles).

.5. Leaching tests

The stability of As in saturated sorbents was verified by usual
rocedure EN 12457-2 [31]; the suspension of dry sorbent and dis-
illed H2O in the ratio of 1:10 was agitated in sealed polyethylene
eactor at laboratory temperature for 6 h and then aged under the
ame conditions for 18 h. The product was filtered off and the filtrate
as analyzed for As content.

.6. Analytical methods

Powder X-ray diffraction samples were measured using a Seifert
RD 3000P diffractometer with Co K� radiation (� = 0.179026 nm,
raphite monochromator, goniometer with Bragg–Brentano geom-

◦ ◦
try) in 2� range 5–60 step size 0.05 2�.
XRF analyses of solid phase were determined by ARL 9400 XP+

pectrometer; voltage 20–60 kV, probe current 40–80 mA; effective
rea 490.6 mm2. For data evaluation the UniQuant software was
sed.

ig. 2. MOD I sorption series: (a) sorption efficiency and (b) sorption capacity.

m

t
b
f
3

F

T–FeIII 3.3 7.3 99.8 99.7
T–AlIII 4.1 1.3 86.3 86.8
T–MnII 4.7 3.0 98.3 98.8

The concentration of As in aqueous solutions was determined
y AAS using SpectrAA-880, unit VGA 77 (Varian) for measuring in
ame and SpectrAA-300 (Varian) for hydride process.

The IR spectra were measured on a Nicolet 740 Fourier trans-
orm infrared spectrometer equipped with a TGS detector. The KBr
ellet technique was used at the resolution of 2 cm−1 and 32 accu-
ulations of the spectrum.

Voltammetry of microparticles was performed with a conven-

ional paraffin impregnated graphite electrode in a 1:1 acetate
uffer with total acetate concentration 0.2 M in linear sweep mode
rom open circuit potential in the negative direction a scan rate of
mV/s [32]. The potentials are given with respect to a saturated

ig. 3. MOD II sorption series: (a) sorption efficiency and (b) sorption capacity.
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alomel reference electrode (SCE) and interpreted by comparing
ith the peak potentials Ep of reference oxides [32], and free Fe3+

ons and oligomeric FeIII hydroxo-oxide species [24].

.7. Quality control of applied methods

An accuracy of AAS analyses has been guaranteed by the Lab-
ratory of atomic absorption spectrometry, ICT Prague (CR); the
etection limit = 0.5 �g L−1 by the standard deviation ≈5–10%. The
eproducibility of pre-treated methods and leaching tests was
hecked by parallel experiments; the standard deviation resulted
rom 10 experimental sets ranged from 4.5 to 12.6% for the pre-
reatment procedures, while it did not exceed 5% for the leaching
ests.

. Results and discussion

.1. Efficiency of sorption processes

The sorption capacity qeq (mg g−1) represents the equilibrium
mount of As adsorbed on the sorbent surface, while the sorp-
ion efficiency (%) is calculated from the residual As concentration
Asres) in the solution [33].
The selectivity of modified sorbents for MOD I is demonstrated
n Fig. 2 and Table 2. Except FeIII pre-treated MT, all prepared
orbents proved available for As removal; the sorption efficiency
xceeded 97% at equilibrium sorption capacities about 2.0 mg g−1

or MT, and 3.0–7.0 mg g−1 for BT. The results were similar for

3

r
r

Fig. 4. Voltametric curves of FeII, FeIII and MnII pre-treated sorbents
s Materials 165 (2009) 134–140 137

xtremely contaminated groundwater simulated as MOD II (Fig. 3
nd Table 2), where the MT–AlIII pre-treatment was least effective
<50%). The worse sorption efficiency of MT–FeIII and MT–AlIII sys-
ems could be related to the steric effect of hydrolyzed particles of
eIII (AlIII) in the treating solution. The FeOOH (AlOOH) aggregates
ormed in the treating solutions were probably too large for bond-
ng to active surface sites of metakaolin and spread over its surface.
he different shapes of sorption isotherms for both the investigated
odels (compare Fig. 2a and 3b) resulted from a different As con-

ent in MOD I and MOD II; as expected, through the sorption of As
rom low-concentrated solution (MOD I), the active surface sites
ave never been fully saturated and adsorption isotherms tended
o increase continuously, on the other hand, the sorption isotherms
f more As concentrated water (MOD II) showed the saturated
quilibrium area, characterized with constant values of sorption
apacities. A higher sorption capacity of modified BT related partly
o its larger specific surface area (Table 1) and its different surface
roperties, but mostly to the different metal oxide species formed

n the both aluminosilicate carriers. The reached adsorption capac-
ties corresponded well with Li et al. [21] and Elizade-Gonzáles
t al. [33]; in both cases the actual sorption capacity significantly
epended on initial As concentration.
.2. Mechanism of surface processes

As already mentioned, the surface pre-treatment of clays
esulted in new sorbents enriched in hydrated metal particles in
eactive, ion-exchangeable surface positions [34].

before- and after-As sorption; MT—metakaolin, BT—bentonite.
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ig. 5. IR spectra of pre-treated sorbents for identification of arised metal phases: (

–OH + MeZ+ ↔ X–OMe(Z − 1)+ + H+ (1)

X–OH + MeZ+ ↔ (X–O)2Me(Z − 2)+ + 2H+ (2)

–OH + MeZ+ + H2O ↔ X–OMeOH(Z − 2) + 2H+ (3)

here X ≈ Si, Al; Me ≈ Fe, Al, Mn.
Voltametric curves in Fig. 4 and infrared spectra in Fig. 5 proved

he substantial variability in the metal oxide phases depending on
he aluminosilicate carrier and the treating process. In the case
f FeII treatment, the originally present Fe2O3 particles grew fur-
her in MT, while in the reactive interlayer of BT, FeIII species were

ormed. These species were characteristic to FeIII-treated montmo-
illonite, too [24]. After MnII pre-treatment, different metal oxide
pecies were formed on the solid surface of two carriers: MnIII/IV

xides on MT and MnIII oxides on BT. The FeIII treatment of both
arriers produced ferrihydrite: much better sorption properties of

2

M

2

and (b) BT; subtracted spectra for FeIII (A), FeII (B), AlIII (C), MnII (D) pre-treatment.

eIII-treated BT related probably to the larger specific surface SBET
f raw bentonite. As was already mentioned, the treatment with
lIII proceeded in a similar manner as with FeIII; hydrolyzed metal
articles in a treating solution have been coagulated to AlOOH
ggregates (see Fig. 5a and b). The detailed study of Fe/Mn phase
ransformations depending on surface properties and aging time
as found in [35–38].

During As adsorption most of the active sites were stabilized in
e–As surface complexes according to following formulas [35,37]:

e–OH + H3AsO4 ↔ Me–H2AsO4 + H2O(AsV, monodentate) (4)
Me–OH + H3AsO4 ↔ Me2–HAsO4 + 2H2O(AsV, bidentate) (5)

e-OH + H3AsO3 ↔ Me–H2AsO3 + H2O(AsIII, monodentate) (6)

Me-OH + H3AsO3 ↔ Me2–HAsO3 + 2H2O(AsIII, bidentate) (7)
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F th AsIII adsorbed/MnII pre-treated MT, B—AsIII standard, C—subtraction of AlIII pre-treated
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Table 3
Stability of As in saturated sorbents.

Sorbent As in solid phase (mg g−1) As leached (%)

MT–FeII 0.7 1.3
MT–FeIII 1.8 0.1
MT–AlIII 0.4 4.4
MT–MnII 0.8 1.5
B II
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ig. 6. IR spectra of As-saturated sorbents; A—subtraction of MnII pre-treated MT wi
T with AsIII adsorbed/AlIII pre-treated BT, D—AsV standard.

dsorption affinity of As species depending on surface properties
ere also described in [17].

Unoccupied sites have been transformed to more stable
nd/or crystalline mineral phases of appropriate metal (goethite,
oehmite, manganite) during the sorption process [25,38].

IR spectra of As-saturated sorbents (Fig. 6) verified, that AsIII

ould be bound both as AsIII and AsV to sorbent surface; in case
f MT, AsO3

3− ions did not change the initial valence during the
orption process and were observed in the trivalent state (spec-
ra A, B). The As–O bands at about 860, 830, 700 and 575 cm−1

ssigned to AsIII form (compare A and B spectra). The sorption on
T indicated two possibilities: while FeII/MnII-treated BT behaved
s treated MT, after FeIII as well as AlIII treatment of BT, only the
ands at 738 and 870 cm−1 derived from AsO4

3− were found (spec-
ra C, D), which confirmed the oxidation of AsO3

3− to AsO4
3−

uring the sorption process. Oxidation accompanying sorption of
sO3

3− on FeIII modified montmorillonite was also reported by
zumi et al. [39]. The final oxidation state of adsorbed AsO3

3−

as probably been connected with the character of accumulated
etal particles on the sorbent surface (small single FeIII, MnIII/IV

articles contrary to FeOOH, AlOOH aggregates), sorption kinetics
nd at last, possible oxidizing environment on the surface of solid
hase.

.3. Stability of As in saturated sorbents

Stability of spent sorbents has only rarely been addressed in
revious studies but it seems vital to be checked with respect to
he metastability of poorly crystalline hydrous metal oxides. The
esults of leaching test are summarized in Table 3. As released
nto water solution varied from <0.1 to >4.0% wt, depending
n the binding character of As–Me surface complexes and the

urface charge of solid phase. According to EPA and WHO guide-
ines [40,41], all measured As values in leaches were under the
dmissible limit. The long-term stability of spent sorbents under
onditions similar to waste deposits should be tested in the near
uture.

A

(
6

T–Fe 1.6 0.8
T–FeIII 0.1 0.8
T–AlIII 0.8 0.8
T–MnII 1.4 3.4

. Conclusions

The described methods opened new possibilities of effective
nd cheap decontamination of As polluted aqueous systems. It has
een applicable to almost all aluminosilicates, even to low-grade
r waste sources, which represent low-cost and widely available
aterial with favourable surface properties. Aluminosilicates are

ot the selective sorbents of anionic contaminants, however, their
imple pre-treatment with Fe, Al and Mn salts enabled to prepare
nion-selective sorbents with high sorption efficiency (>95%). The
xperiments with two different types of clays (metakaolin and raw
entonite) proved, that all pre-treating methods were successful
ith bentonite; in the case of metakaolin, FeII- and MnII-treatments
ere much more effective (sorption efficiency > 97%), than FeIII and
lIII pre-treatment, when less than 50% of As was removed from

he initial solution. AsIII could be bound both in trivalent and pen-
avalent states to sorbent surface depending on the structure of raw

aterial (steric properties, surface charge), treating method and/or
he quality of initial solution (pH, AsIII concentration, competitive
ons).
cknowledgements
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40 B. Doušová et al. / Journal of Haz

eferences

[1] S.K. Acharyya, B.A. Shah, Genesis of arsenic contamination of groundwater in
alluvial Gangetic aquifer in India, in: J. Bundschuh, P. Bhattacharya, D. Chan-
drasekharam (Eds.), Natural Arsenic in Groundwater: Occurrence, Remediation
and Management, Balkema, London, 2005, pp. 17–23.

[2] D. Stüben, Z. Berner, D. Chandrasekharam, J. Karmakar, Arsenic enrichment
in groundwater of West Bengal, India: geochemical mobilization of As under
reducing conditions, Appl. Geochem. 18 (2003) 1417–1434.

[3] N. Tandukar, P. Bhattacharya, G. Jacks, A.A. Valero, Naturally occuring arsenic in
groundwater of Terai region in Nepal and mitigation options, in: J. Bundschuh,
P. Bhattacharya, D. Chandrasekharam (Eds.), Natural Arsenic in Groundwater:
Occurrence, Remediation and Management, Balkema, London, 2005, pp. 41–48.

[4] Y. Zheng, M. Stute, A. van Geen, I. Gavrieli, R. Dhar, H.J. Simpson, P. Schlosser,
K.M. Ahmed, Redox control of arsenic mobilization in Bangladesh groundwater,
Appl. Geochem. 19 (2004) 201–214.

[5] A. Chatterjee, D. Das, B.K. Mandal, T.R. Chowdhury, G. Samanta, D. Chakraborti,
Arsenic in groundwater in six districts of West Bengal, India: the biggest arsenic
calamity in the world. Part I. Arsenic species in drinking water and urine of the
affected people, Analyst 120 (1995) 643–650.

[6] K.G. Stollenwerk, G.N. Breit, A.H. Welch, J.C. Yount, J.W. Whitney, A.L. Fos-
ter, M.N. Uddin, R.K. Majumder, N. Ahmed, Arsenic attenuation by oxidized
aquifer sediments in Bangladesh, Sci. Total Environ. 379 (2–3) (2007) 133–
150.

[7] K.M. Ahmed, P. Bhattacharya, M.A. Hasan, S.H. Akhter, S.M.M. Alam, M.A.H.
Bhuyian, M.B. Imam, A.A. Khan, O. Sracek, Arsenic enrichment in groundwater
of the alluvial aquifers in Bangladesh: an overview, Appl. Geochem. 19 (2004)
181–200.

[8] P. Bhattacharya, J. Jana, B. Nath, S.J. Sahu, D. Chatterjee, G. Jacks, Groundwater As
mobilization in the Bengal Delta Plain, the use of ferralite as a possible remedial
measure—a case study, Appl. Geochem. 18 (2003) 1435–1451.

[9] J.M. Cole, M.C. Ryan, S. Smith, D. Bethune, Arsenic source and fate at a village
drinking water supply in Mexico and its relationship to sewage contamination,
in: J. Bundschuh, P. Bhattacharya, D. Chandrasekharam (Eds.), Natural Arsenic
in Groundwater: Occurrence, Remediation and Management, Balkema, London,
2005, pp. 67–75.

10] F. Wagner, Z.A. Berner, D. Stüben, Arsenic in groundwater in the Bengal Delta
Plain: geochemical evidences for small scale redox zonation in the aquifer, in:
J. Bundschuh, P. Bhattacharya, D. Chandrasekharam (Eds.), Natural Arsenic in
Groundwater: Occurrence, Remediation and Management, Balkema, London,
2005, pp. 3–15.

11] D. Mohan, C.U. Pittman Jr., M. Bricka, F. Smith, B. Yancey, J. Mohammad, P.H.
Steele, M.F. Alexandre-Franco, V. Gómez-Serano, H. Gong, Sorption of arsenic,
cadmium and lead by chars produced from fast pyrolysis of wood and bark
during bio-oil production, J. Colloid Interface Sci. 310 (2007) 57–73.

12] A. Ramesh, H. Hasegawa, T. Maki, K. Ueda, Adsorption of inorganic and organic
arsenic from aqueous solutions by polymeric Al/Fe modified montmorillonite,
Sep. Purif. Technol. 56 (2007) 90–100.

13] C.H. Niu, B. Volesky, D. Cleiman, Biosorption of arsenic (V) with acid-washed
crab shells, Water Res. 41 (2007) 2473–2478.
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