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a b s t r a c t

Polymer–clay composites were designed to adsorb selenium from water. The highest adsorption effi-
ciency was obtained for chitosan–montmorillonite composites. These composites were characterized by
XRD, zeta potential, and FTIR measurements. Adsorption isotherms of selenate on the composite, on Al-
oxide and on Fe-oxide were in good agreement with the Langmuir model, yielding a somewhat higher
capacity for the composite, 18.4, 17.2 and 8.2 mg/g, respectively. In addition, adsorption by the composite
was not pH dependent while its adsorption by the oxides decreased at high pH. Selenium removal from
well water (closed due to high selenium concentrations, 0.1 mg/L) by the composite, brought levels to
dsorption
hitosan–clay composites
luminum oxides
ater treatment

below the WHO limit (0.01 mg/L) and was selective for selenium even in the presence of sulfur (13 mg/L).
Selenium adsorption by the composite was higher than by the Al-oxide due to high adsorption of sulfur
by the later. Unlike employment in batch Al-oxide is more suitable for employment in filtration columns
due to its high hydraulic conductivity. A semi-pilot columns experiment demonstrated selenium removal
from the well water below the recommended limit (first 400 pore volumes) by Al-oxide columns. Regen-

f the
eration of Al-oxide and o

. Introduction

Selenium is a natural trace element found in bedrock, but it is
lso introduced into the environment by anthropogenic activities,
uch as mining and combustion of fossil fuels [1,2]. At low concen-
rations, selenium is an essential micronutrient for mammals, but
onsumption of quantities exceeding daily recommendations can
ause health problems. Its toxicity [3] led the World Health Orga-
ization (WHO) and the EU to recommend a maximum selenium
oncentration in drinking water of 10 ppb, while the EPA sets a limit
f 50 ppb.

The technology recommended by the EPA for selenium removal
in its soluble forms as selenite and selenate) is precipitation with
errihydrite [4]. However, this method is not economical for sele-
ium removal to a level below 50 ppb. Other commonly applied
reatments are membrane filtration, microbial reduction and anion
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

xchange. Membrane filtration is expensive, due to low selec-
ivity and fouling problems [5–7]. Microbial treatment, based on
eduction to elementary selenium [8,9], is sensitive to oxygen and
itrate and high carbon concentrations are required [10,11]. Ion-
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composite was studied and readsorption of selenium was demonstrated.
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exchange resins show selectivity for selenate or selenite [6], but
sulfate reduces removal and its precipitation with barium prior to
filtration is therefore recommended [12].

The adsorption of selenium by oxides has been studied as a func-
tion of pH [13,14], adsorbent surface [13], density of adsorption
sites [15,16], adsorbent/selenium concentration [17], ionic strength
[14] and competing anions [2,15,18]. The potential of other miner-
als, such as layered double hydroxides [19] and clays [1,20,21], has
been explored as well. Compared to the wide range of studies on
selenium adsorption by oxides in suspension including recent ones
[22], reports on employing these sorbents in filtration columns are
scarce.

In the last few years, polymer–clay nanocomposites have
received a great deal of attention, including studies on develop-
ing the composites as sorbents for non-ionic and anionic pollutants
[23], organic pollutants [5], an anionic herbicide [24] and atrazine
[25]. Chitosan–montmorillonite composites have been well char-
acterized [26–28] and the adsorption of anionic pollutants by these
composites has been investigated [29,30].

In this study, we designed and characterized chitosan–clay com-
posites and analyzed their efficiency in adsorbing selenium. The
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

kinetics of selenium adsorption and adsorption at equilibrium on
the composite, on Fe-oxide and on Al-oxide were studied. The
removal of selenium from a well that had been closed due to high
selenium concentrations was examined by employing the compos-
ite and the Al-oxide in batch and by columns filtration, respectively.

dx.doi.org/10.1016/j.jhazmat.2010.07.065
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egeneration of Al-oxide and of the composite was studied and
eadsorption of selenium was demonstrated.

. Materials and methods

.1. Materials

The clay used in the composite was Na–montmorillonite,
Wy-2, from the Clay Mineral Society. Poly(4-vinylpyridine-co-
tyrene) (PVP-co-S; MW 105k), polydiallyldimethylammonium
hloride (PDADMAC; MW 400–500k), [2-amino-2-deoxy-(1-4)-d-
lucopyranan] chitosan of medium viscosity (MW 400,000 g/mol,
0% deacetylation; CAS 9012-76-4), iron oxide powder (<5 �m,
9%) and selenic acid (99.95% metal basis) in a 40% (w/w) water
olution were purchased from Sigma–Aldrich (Stenheim, Ger-
any). Aluminum-oxide 90 active neutral, 0.063–0.2 mm, was

urchased from Merck (Darmstadt, Germany). A Spectro “ARCOS”
nductively coupled plasma-atomic emission spectrometer (ICP-
ES) (EOP-end on plasma) was used, as well as a CHNSO
nalyzer (Fisons, EA 1108). Shimron-Israel well water contained
.09–0.11 mg/L selenium and 12–13 mg/L sulfur equivalent to
.18–0.22 mg/L selenate and to 36–39 mg/L sulfate (measured by
CP).

.2. Polycation adsorption on montmorillonite – composite
reparation

The composites were prepared by applying batch experiments
n polycarbonate Oak Ridge centrifuge tubes. The co-polymer PVP-
o-S (1:9 styrene:pyridine) was positively charged and dissolved
y adding stoichiometric concentrations of H2SO4 and mixing for
day. Chitosan was dissolved in an acidified solution (2%, v/v,

cetic acid). PDADMAC, chitosan or PVP-co-S solutions (10 mL)
ere added to a clay suspension of montmorillonite (5 mL), to
final concentration of 0–7 g/L polycation and a suspension of

.167% clay. The clay–polycation suspensions were agitated for 2 h
to reach equilibrium) on a shaker. Suspensions were centrifuged
10,000 rpm for 20 min) and the supernatant removed; the pre-
ipitate was washed with distilled water, recentrifuged and the
upernatant removed. The precipitates were freeze-dried, percent
arbon was measured using a CHNSO analyzer and the amount of
dsorbed polymer was calculated accordingly. Experiments were
erformed in triplicate.

.3. Selenate removal by polycation–montmorillonite composites

A selenate solution (10 mL of 1.28 mg/L equivalent to 0.64 mg/L)
as added to 0.05 g dried composites in a centrifuge tube reaching
final concentration of 5 g/L. The tube was agitated for 24 h and

entrifuged. The supernatant was filtered through a 0.45-�m pore
ize filter and selenium concentration in the supernatant was mea-
ured by ICP. Selenate adsorption on the composites was calculated.
xperiments were performed in triplicate.

.4. Zeta potential

The mobilities (converted to zeta potentials) of montmorillonite
nd chitosan–montmorillonite composites (0–0.3 g polymer/g
lay) were measured using a Zetasizer Nanosystem (Malvern
nstruments, Southborough, MA). The clay and clay composites

ere measured in a dilute suspension (∼0.05% clay).
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

.5. X-ray diffraction (XRD)

The basal XRD spacing of montmorillonite and chitosan–
ontmorillonite composites (0–0.3 g polymer/g clay) were
 PRESS
dous Materials xxx (2010) xxx–xxx

measured. The suspension (1–2 mL) was placed on a ground-
glass slide and left to sediment and air-dry for 1 day. The basal
spacing was measured using an X-ray diffractometer (Philips
PW1830/3710/3020) with Cu K� radiation, � = 1.542.

2.6. Fourier transform infrared (FTIR) spectroscopy
measurements

FTIR spectroscopy was used to determine the effect of interac-
tions of chitosan on its functional groups and on the clay surface
(0.024 and 0.3 g polymer/g clay). Infrared spectra were obtained
from composite mixed with KBr pellets, using an FTIR spectrom-
eter (Nicolet Magna-IR-550, Madison, WI). The FTIR spectra were
recorded in the range of 600–4000 cm−1.

2.7. Selenate adsorption on composite and on oxide sorbents

The kinetics of selenate (0.22 mg/L) adsorption to the
chitosan–montmorillonite composite (0.3 g/g, 0.5 g/L), Al-oxide
(0.5 g/L) or Fe-oxide (1 g/L) was studied by adding 0.01 g composite
or Al-oxide or 0.02 g Fe-oxide to 20 mL of a selenate solution. Sele-
nate (pH adjusted to 4.5) was added to the sorbents in centrifuge
tubes which were agitated for 15–240 min. Selenate adsorption
(0.22–20 mg/L) to these sorbents was measured at equilibrium
(24 h). Selenium adsorption was calculated as described above.
Experiments were performed in triplicate.

2.8. Selenium removal from well water by clay composites–batch
experiment

Chitosan–montmorillonite composites (0.019–0.43 g/g) were
added to centrifuge tubes with selenate (0.22 mg/L equivalent to
0.11 mg/L selenium), a solution containing selenate (0.22 mg/L) and
sulfate (39 mg/L equivalent to 13 mg/L sulfur), or Shimron well
water (0.11 mg/L selenium and 13 mg/L sulfur) to a final concen-
tration of 5 g/L (0.05 g composite 10 mL) or in the case of the well
water, 10 g/L. Selenium adsorption was calculated as described
above (Section 2.3).

2.9. Selenium removal from well water – column experiments

A column filter experiment was performed with Shimron well
water in glass columns of 25 cm length and 1.6 cm diameter. The
columns were filled with 2 g Al-oxide or composite mixed with 38 g
of crushed basalt (inert medium to increase hydraulic conductiv-
ity). The experiment was performed in duplicate. Polypropylene
geotextile filters were placed on both ends of the column. Prior to
filtration, the column was connected to a peristaltic pump and sat-
urated from the bottom with distilled water (3 mL/min). The pH
of the Shimron well water was adjusted to 4 with 2 M HCl. The
well water (1500 mL) was passed through each column at a rate of
3 mL/min. Eluting water (20 mL) was collected every 400–800 mL
for ICP analysis.

A semi-pilot columns experiment was performed with Shimron
well water in glass columns of 50 cm length and 5 cm diameter filled
with 800 g Al-oxide (pore volume 700 mL). Columns were prepared
as described above. The pH of the Shimron well water was adjusted
to 4 with 2 M HCl. The well water (400 L) was passed through each
column at a flow rate of 40 mL/min, which is equivalent to 1.25 m/h.
Eluting water (20 mL) was collected every 30 L for ICP analysis.
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

2.10. Regeneration of sorbents

Regeneration of the saturated composite (with sulfur and sele-
nium) was performed by rinsing the composite (0.05 g) with NaCl
(2 M) or NaOH (pH 10) solutions (10 mL) in centrifuge tubes. The

dx.doi.org/10.1016/j.jhazmat.2010.07.065
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that an anion-exchange composite can be formed when the chi-
tosan intercalates as a bilayer since the excess –NH3

+ groups, which
do not interact electrostatically with the clay, are balanced by the
acetate counterions. XRD evidence for an 8.3 nm spacing when the
clay chitosan ratio was 12:1 is reported [34].
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ube was agitated for 3 h and centrifuged. The supernatant was fil-
ered through a 0.45-�m pore size filter. The concentration of sulfur
nd selenium in the eluting water was measured by ICP to deter-
ine anion desorption. Readsorption was tested by adding 10 mL

f well water to the regenerated composite, agitating for 24 h and
dsorption was calculated as described (Section 2.3).

Regeneration of the Al-oxide columns (25 cm long) saturated
ith sulfur and selenium following the filtration experiment was

xamined. The columns were washed with 5.5 L of NaCl (2 M) or
aOH (pH 10) at a rate of 3 mL/min. The concentration of sulfur and

elenium in the eluting water was measured by ICP to determine
nion desorption.

The performance of the regenerated filters was examined after
insing them with 1.5 L distilled water; 70 L of well water was fil-
ered through the column at a rate of 1.25 m/h. Sulfur and selenium
oncentrations in the filtered water were measured.

. Results and discussion

.1. Selenate adsorption by polymer–clay composites

Three polycations–chitosan, PDADMAC and PVP-co-S, were
dsorbed at an identical loading of 0.23 g/g on montmorillonite.
elenate (1.28 mg/L) (equal to 0.64 mg/L of Se) showed the low-
st affinity to the PVP-co-S composite (82% removal), high affinity
o the PDADMAC composite (94%), and the highest affinity to the
hitosan composite (99%), which reduced selenate to below the
ecommended limit (0.01 mg/L).

Electrostatic interactions between selenate and the positively
harged composites can account for its removal. We hypothesized
hat the extremely high removal by the chitosan composite and rel-
tively high removal by the PDADMAC composite may be attributed
o the additional anion-exchange sites formed (not only on the
xternal surface) by the intercalation of more than one polymer
ayer in the clay. Correspondingly, we observed lower selenate
emoval by PVP-co-S composites in which only one layer of polymer
s intercalated [25].

To confirm the intercalation of more than one polymer layer (at
igh polymer loadings on the clay) and the consequent formation of
dditional anion-exchange sites, adsorption isotherms of chitosan
n montmorillonite were obtained and three analytical methods
ere applied: zeta potential, XRD and FTIR.

.2. Characterizing chitosan–clay composites

Chitosan adsorption on montmorillonite does not reach a
lateau beyond charge reversal, as reported by [31]; rather, it

ncreases gradually upon addition of high polycation concentra-
ions, reaching a maximum adsorption of 0.3 g/g (1.73 mmol/g)
Fig. 1), similar to previous studies [31]. Zeta potential ranged from
40 mV for the bare clay, to 30 mV upon adsorption of 0.3 g poly-
er/g clay (Fig. 1). The clay’s zeta potential reached zero at a loading
hich was approximately the calculated loading (0.17 g polymer/g

lay) required to neutralize the clay’s CEC (0.76 mmol/g). Calculated
eutralization was based on stoichiometric adsorption of the pos-

tively charged monomers (80% deacetylation). Composites with a
oading higher than 0.17 g/g were positively charged indicating that
nion (selenate) adsorption may be promoted.

The XRD patterns of montmorillonite and of the chitosan–
ontmorillonite composites (0–0.3 g/g) are shown in Fig. 2. Mont-
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

orillonite gave the expected basal spacing of 1.22 nm, with
dditional 0.1-nm spacing due to illite impurities. The basal
pacing of the chitosan composites at low polymer loadings
0.024–0.154 g/g) increased to 1.46 nm, indicating the interca-
ation of one polymer layer. However, at the higher polymer
Fig. 1. Adsorption isotherm of chitosan (0–7 g/L) on montmorillonite (1.67 g/L) and
zeta potentials of the composites.

loading of 0.23 g/g, the spacings were 1.46 and 2.18 nm, which
could be due to the penetration of an additional polymer layer.
At even higher chitosan loadings (0.3 g/g), the 1.46-nm spacing
appeared but additional spacing was observed at extremely low
angles (too low to recorded), which may be due to partial exfo-
liation. Full intercalation or full exfoliation are not often seen in
nanocomposites; most are a mixture of intercalation and exfolia-
tion [32,33].

Intercalation of two PDADMAC [24] and chitosan [26,31] lay-
ers at high polymer loadings has been reported. Darder et al. [26]
reported a spacing of 2 nm when the clay chitosan ratio was 5:1,
similar to the spacing we report for a ratio of 4:1. They showed
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

Fig. 2. XRD of montmorillonite and of chitosan–montmorillonite composites
(0–0.3 g/g).

dx.doi.org/10.1016/j.jhazmat.2010.07.065
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Fig. 4. (A) Kinetics of selenate (0.11 mg/L) binding to chitosan–montmorillonite
ig. 3. FTIR spectra (1700–1450 cm−1) of (A) Na–montmorillonite, (B) the chitosan
lm, and the chitosan–montmorillonite composites with (C) 0.3 g polymer/g clay
nd (D) 0.024 g polymer/g clay.

FTIR spectroscopy (Fig. 3) showed a shift from 1560 to
531 cm−1 in the –NH3

+ vibration upon interaction of the poly-
ation with the clay. The intensity of the –NH3

+ band increased
ith increasing chitosan loading on the clay (0.024–0.3 g/g). For

he composites with the highest loading (0.3 g/g), in which bilayer
omposites and partial clay exfoliation were observed, a wave num-
er value (1550 cm−1) that tended toward that observed in the
lms of pure chitosan was obtained. This band is attributed to the
NH3

+ groups that do not interact with the clay and are available
or selenate binding. Similar results were reported for chitosan [26]
nd for PDADMAC [24]. The CO band of the chitosan at 1650 cm−1

verlapped with that of the water in the clay.
Since the chitosan–montmorillonite composite which is derived

rom a natural polymer removed selenate with the highest affinity,
e further explored this composite for the removal of selenium.

.3. Selenate adsorption by a chitosan–clay composite and oxide
orbents

The removal of selenate (0.22 mg/L equivalent to 0.11 mg/L
e) by the Al-oxide as well as by the composite was relatively
ast (nearly complete, within detection limits, 15 min), whereas
emoval by the Fe-oxide was very slow (Fig. 4A). The adsorption
sotherms (Fig. 4B) were in good agreement with the Langmuir
quation (R2 = 0.97–0.98). The binding coefficient of the com-
osite was (0.7 L/mg) in comparison with those of the Fe-oxide
1.04 L/mg) and the Al-oxide (1.2 L/mg). The calculated parameters
ndicated a lower capacity of the Fe-oxide, 8.2 ± 0.04 mg selenate/g,
n comparison with those of Al-oxide and the composite, which

ere 17.2 ± 0.06 and 18.4 ± 0.04 mg/g, respectively. In addition,
he adsorption of selenate by the composite was not pH depen-
ent, whereas the adsorption by the Al-oxide decreased at high
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

Hs as reported by other studies [14,16,17]. For example, upon
dding 0.22 mg/L selenate at pHs 4 and 7 the adsorption by the com-
osite (0.31 g/g) was approximately complete at both pHs but the
dsorption by the Al-oxide decreased from 100% at pH 4 to 40% at
H 7.
composites (0.5 g/L), Al-oxide (0.5 g/L) and Fe-oxide (1 g/L). (B) Adsorption isotherm
of selenium (0.11–10 mg/L) on chitosan–montmorillonite composite (0.3 g/g)
(0.5 g/L), Al-oxide (0.5 g/L) and Fe-oxide (1 g/L). Errors within limitation of mea-
surement ±0.002 mg/L.

The capacities obtained for selenate adsorption on the com-
posite and on the Al-oxide in this study were higher than those
reported for the adsorption of selenate on Fe- or Al-oxide mixed
with SiO2 (2.4 and 11.3 mg/g, respectively) [35] and on hematite
(0.52 mg/g base on SSA indicated by the investigators) [16].

Based on these results we further explored the removal of
selenium from well water (pH 7.6) (closed due to high selenium
concentrations) employing the composite in suspension without
adjusting the pH.

3.4. Selenium removal from well water by composites – batch
experiments

The removal of selenium (0.11 mg/L) from well water by
chitosan–montmorillonite composites was measured as a func-
tion of polymer loading and compared to the removal of selenate
(0.11 mg/L of Se) and of selenate in the presence of sulfate (40 mg/L
equivalent to 13 mg/L of S) (Fig. 5). In all cases, an increase in
selenium removal was obtained for the composites in which two
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

polymer layers were intercalated and partial clay exfoliation was
observed (0.23–0.4 g/g) supporting our hypothesis that under these
condition selenium removal would be promoted. This trend was
most pronounced for the removal of selenium from well water at
composite concentrations of 10 g/L. In this case selenium removal

dx.doi.org/10.1016/j.jhazmat.2010.07.065
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Fig. 5. Selenium removal by chitosan–montmorillonite composites (0.019–0.43 g/g,
5 g/L) from a selenate solution (0.22 mg/L), a selenate (0.22 mg/L) and sulfate
(39 mg/L) solution, and Shimron well water (5 and 10 g/L composite). Error within
limitation of measurement ±0.002 mg/L.

Table 1
Selenium (Se; 0.09 mg/L) and sulfur (S; 13 mg/L) removal by chitosan–clay compos-
ites (10 g/L) from the well water.

S removal
(%)

Se removal
(%)

S in solution
(mg/L)

Se in solution
(mg/L)

Composite
(g/g clay)

11 28 11.52 0.067 0.02
– 31 13.112 0.064 0.11
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35 45 8.488 0.051 0.15
82 92 2.352 0.008 0.23
89 98 1.396 0.002 0.43

y composites with polymer loading above 0.23 g/g was below
he recommended limit (0.01 mg/g) and demonstrated selectiv-
ty towards selenate over sulfate (Table 1). For example, selenium
inding by the 0.43 g/g composite reached 98%, whereas sulfur
emoval was 89%.

.5. Selenium removal from well water: column experiments

To examine selenium removal from well water by filtration
hrough composite columns the composite was mixed with inert
rush basalt due to the low hydraulic mobility of the composite.
or the sake of comparison the Al-oxide was mixed with the basalt
s well and the water pH was adjusted to 4. Selenium removal was
ot efficient (mainly due to the low percent of active ingredient in
he column) but higher adsorption of selenium by the composite
as demonstrated (Table 2). The lower adsorption by the Al-oxide
ay be explained by the high adsorption of sulfate to this sorbent.

he advantage of the composite would be more pronounced if the
ater was not acidified.
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

Despite the advantages of the composites, due to the com-
osite’s low hydraulic conductivity, Al-oxide is more suitable for
mployment in filtration columns, since it has a higher hydraulic
obility. Therefore, the removal of selenium from the well water by

able 2
elenium and sulfur removal from Shimron well water by applying filtration
olumns of Al-oxide or composite (0.3 g/g clay) mixed with basalt (1:20).

Basalt–comp.
S removal (%)

Basalt–comp.
Se removal (%)

Basalt–Al-oxide
S removal (%)

Basalt–Al-oxide
Se removal (%)

Volume
(mL)

41 56 51 39 300
12 24 29 17 800
10 19 19 15 1200
Fig. 6. Selenium and sulfur removal from Shimron well water by applying filtra-
tion column of Al-oxide. Selenium and sulfur removal (C/Co) as a function of pore
volumes.

filtration was explored applying Al-oxide in filtration columns and
adjusting the water to pH 4. We point out though, that granulation
of the composite can make it advantageous in future column tests.
The efficiency of the composite is not affected by pH and there-
fore in this case the filtration can be performed without adjusting
the pH to 4. However, in the case of the Al-oxide in which the
pH is adjusted, following filtration the pH will be raised back
to 7.

To examine the performance of Al-oxide columns to remove
selenium from the well water a semi-pilot filtration experiment
was conducted. Selenium removal to below the recommended limit
(0.01 mg/L) was achieved for the first 400 pore volumes (equivalent
to 280 L and to 294 bed volumes) (Fig. 6). Sharp breakthroughs in
emerging selenium (and sulfur) concentrations were observed at
450 L.

3.6. Regeneration

The composite saturated with selenium and sulfate was rinsed
(in suspension) with NaCl or NaOH to release the adsorbed sulfate
and selenium in order to regenerate the columns. Increasing the
pH (rinsing with NaOH) released 65 and 44% of the adsorbed sulfur
and selenium, respectively. Desorption by rinsing with NaCl was
lower reaching 42 and 11% for sulfur and selenium, respectively.
The performance of the composite to readsorb selenium was tested
on a composite rinsed with NaOH. The regenerated composite read-
sorbed 50% selenium more than its released amount. The amount of
sulfur readsorbed by the regenerated composite increased by only
10%.

The Al-oxide columns from the semi-pilot filtration experi-
ment were washed with NaOH or NaCl to release the adsorbed
sulfate and selenium in order to regenerate the columns. The
NaOH solution did not promote anion desorption from the fil-
ters. Passing NaCl solution (1 L) desorbed 15 and 33% of the
selenium and sulfur, respectively. To test the regenerated mate-
rial, well water was filtered through the regenerated column
until Se concentrations exceeded the recommended limit (70 L).
The regenerated filter readsorbed more than twice the amount
of selenium released (2.45 mg released vs. 5.7 mg readsorbed).
Nearly the same amounts of sulfur were released by the salt and
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

readsorbed by the regenerated filter, i.e. 770 and 830 mg, respec-
tively.

These preliminary results indicate that the regeneration
improved selenium removal by the composite and by the Al-oxide.

dx.doi.org/10.1016/j.jhazmat.2010.07.065
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. Conclusions

Selenate adsorption to chitosan–clay composites increased with
olymer loading on the clay. Zeta potential, XRD and FTIR mea-
urements indicated that at such high loadings the composites are
ositively charged and that a bilayer and partial clay exfoliation
tructures are formed. Such structures can account for high selenate
dsorption due to internal anion-exchange sites.

Adsorption isotherms of selenate on the composite, Al-oxide
nd Fe-oxide were in good agreement with the Langmuir model,
ielding a somewhat higher capacity for the composite. In addi-
ion, adsorption by the composite was not pH dependent while its
dsorption by the oxides decreased at high pHs.

Employing the composite in suspension for selenium removal
rom well water brought Se levels to below the WHO limit and
as selective for selenium in the presence of sulfur. Employing the

omposite in columns required mixing it with an inert media due
o the composite’s low hydraulic conductivity. However, the col-
mn experiment demonstrated that selenium adsorption by the
omposite was higher than by Al-oxide due to high adsorption of
ulfur by the oxide. Unlike employment in batch Al-oxide is cur-
ently more suitable for employment in filtration columns due to
ts high hydraulic conductivity. A semi-pilot columns experiment
emonstrated selenium removal from the well water by Al-oxide
olumns below the recommended limit. Regeneration of Al-oxide
nd of the composite was studied and readsorption of selenium
as demonstrated.

To conclude, the composite is an innovative sorbent that in sus-
ension efficiently removed selenium from well water with high
elenium concentrations. On the other hand the Al-oxide efficiently
emoved selenium from the well water when employed in filtration
olumns.

cknowledgment

This research was supported by The Katamon Grant for water
echnologies from the Israeli Ministry of Industry, Trade and Labor.

eferences

[1] D. Peak, U.K. Saha, P.M. Huang, Selenite adsorption mechanisms on pure and
coated montmorillonite: an EXAFS and XANES spectroscopic study, Soil Sci.
Soc. Am. J. 70 (1) (2006) 192–203.

[2] N. Zhang, L.S. Lin, D.C. Gang, Adsorptive selenite removal from water using
iron-coated GAC adsorbents, Water Res. 42 (14) (2008) 3809–3816.

[3] D.G. Barceloux, Selenium, J. Toxicol. Clin. Toxicol. 37 (2) (1999) 145–172.
[4] T.A.I. MSE, Selenium treatment/removal alternatives demonstration project.

Mine waste technology program activity III, Project 20, EPA/600/R-01/077
(2001).

[5] C. Breen, The characterisation and use of polycation-exchanged bentonites,
Appl. Clay Sci. 15 (1–2) (1999) 187–219.

[6] V. Mavrov, S. Stamenov, E. Todorova, H. Chmiel, T. Erwe, New hybrid elec-
trocoagulation membrane process for removing selenium from industrial
Please cite this article in press as: N. Bleiman, Y.G. Mishael, Selenium rem
and oxides: Batch and columns tests, J. Hazard. Mater. (2010), doi:10.1016

wastewater, Desalination 201 (1–3) (2006) 290–296.
[7] D. Prats, M.F. Chillon-Arias, M. Rodriguez-Pastor, Analysis of the influence of

pH and pressure on the elimination of boron in reverse osmosis, Desalination
128 (3) (2000) 269–273.

[8] T. Catal, H. Bermek, H. Liu, Removal of selenite from wastewater using microbial
fuel cells, Biotechnol. Lett. 31 (8) (2009) 1211–1216.

[

[

[

 PRESS
dous Materials xxx (2010) xxx–xxx

[9] N. Yee, J. Ma, A. Dalia, T. Boonfueng, D.Y. Kobayashi, Se(VI) reduction and the
precipitation of Se(0) by the facultative bacterium Enterobacter cloacae SLD1a-
1 are regulated by FNR, Appl. Environ. Microbiol. 73 (6) (2007) 1914–1920.

10] M. Kashiwa, S. Nishimoto, K. Takahashi, M. Ike, M. Fujita, Factors affecting sol-
uble selenium removal by a selenate-reducing bacterium Bacillus sp SF-1, J.
Biosci. Bioeng. 89 (6) (2000) 528–533.

11] M. Morita, H. Uemoto, A. Watanabe, Reduction of selenium oxyanions in
wastewater using two bacterial strains, Eng. Life Sci. 7 (3) (2007) 235–240.

12] T. Nishimura, H. Hashimoto, M. Nakayama, Removal of selenium(VI) from aque-
ous solution with polyamine-type weakly basic ion exchange resin, Sep. Sci.
Technol. 42 (14) (2007) 3155–3167.

13] M. Duc, G. Lefevre, M. Fedoroff, J. Jeanjean, J.C. Rouchaud, F. Monteil-Rivera, J.
Dumonceau, S. Milonjic, Sorption of selenium anionic species on apatites and
iron oxides from aqueous solutions, J. Environ. Radioactive 70 (1–2) (2003)
61–72.

14] D. Peak, D.L. Sparks, Mechanisms of selenate adsorption on iron oxides and
hydroxides, Environ. Sci. Technol. 36 (7) (2002) 1460–1466.

15] W.H. Kuan, S.L. Lo, M.K. Wang, C.F. Lin, Removal of Se(IV) and Se(VI) from water
by aluminum-oxide-coated sand, Water Res. 32 (3) (1998) 915–923.

16] M. Rovira, J. Gimenez, M. Martinez, X. Martinez-Llado, J. de Pablo, V. Marti,
L. Duro, Sorption of selenium(IV) and selenium(VI) onto natural iron oxides:
goethite and hematite, J. Hazard. Mater. 150 (2) (2008) 279–284.

17] K.M. Parida, B. Gorai, N.N. Das, S.B. Rao, Studies on ferric oxide hydroxides. 3.
Adsorption of selenite (SeO32-) on different forms of iron oxyhydroxides, J.
Colloid Interface Sci. 185 (2) (1997) 355–362.

18] H. Wijnja, C.P. Schulthess, Interaction of carbonate and organic anions with
sulfate and selenate adsorption on an aluminum oxide, Soil Sci. Soc. Am. J. 64
(3) (2000) 898–908.

19] Y.W. You, G.F. Vance, H.T. Zhao, Selenium adsorption on Mg–Al and Zn–Al
layered double hydroxides, Appl. Clay Sci. 20 (1–2) (2001) 13–25.

20] R.R. Frost, R.A. Griffin, Effect of Ph on adsorption of arsenic and selenium from
landfill leachate by clay–minerals, Soil Sci. Soc. Am. J. 41 (1) (1977) 53–57.

21] J. Zhuang, G.R. Yu, Effects of surface coatings on electrochemical properties
and contaminant sorption of clay minerals, Chemosphere 49 (6) (2002), PII
S0045-6535(0002)00332-00336.

22] L. Zhang, N. Liu, L. Yang, Q. Lin, Sorption behavior of nano-TiO2 for the
removal of selenium ions from aqueous solution, J. Hazard. Mater. 170 (2009)
1197–1203.

23] G.J. Churchman, Formation of complexes between bentonite and different
cationic polyelectrolytes and their use as sorbents for non-ionic and anionic
pollutants, Appl. Clay Sci. 21 (3–4) (2002) 177–189.

24] A. Radian, Y.G. Mishael, Characterizing and designing polycation–clay
nanocomposites as a basis for imazapyr controlled release formulations, Envi-
ron. Sci. Technol. 42 (5) (2008) 1511–1516.

25] D. Zadaka, S. Nir, A. Radian, Y.G. Mishael, Atrazine removal from water by
polycation–clay composites: effect of dissolved organic matter and comparison
to activated carbon, Water Res. 43 (3) (2009) 677–683.

26] M. Darder, M. Colilla, E. Ruiz-Hitzky, Chitosan–clay nanocomposites: applica-
tion as electrochemical sensors, Appl. Clay Sci. 28 (1–4) (2005) 199–208.

27] M. Darder, M. Lopez-Blanco, P. Aranda, A.J. Aznar, J. Bravo, E. Ruiz-Hitzky,
Microfibrous chitosan–sepiolite nanocomposites, Chem. Mater. 18 (6) (2006)
1602–1610.

28] E.R. Ruiz-Hitzky, M. Darder, P. Aranda, Functional biopolymer nanocomposites
based on layered solids, J. Mater. Chem. 15 (35–36) (2005) 3650–3662.

29] J.H. An, S. Dultz, Adsorption of tannic acid on chitosan–montmorillonite as
a function of pH and surface charge properties, Appl. Clay Sci. 36 (4) (2007)
256–264.

30] J.M. Li, X.G. Meng, C.W. Hu, J. Du, Adsorption of phenol, p-chlorophenol and
p-nitrophenol onto functional chitosan, Bioresour. Technol. 100 (3) (2009)
1168–1173.

31] M Darder, M. Colilla, E. Ruiz-Hitzky, Biopolymer–clay nanocomposites based
on chitosan intercalated in montmorillonite, Chem. Mater. 15 (20) (2003)
3774–3780.

32] B. Chen, Polymer–clay nanocomposites: an overview with emphasis on inter-
action mechanisms, Br. Ceram. Trans. 103 (6) (2004) 241–249.
oval from drinking water by adsorption to chitosan–clay composites
/j.jhazmat.2010.07.065

33] J.A.C. Discacciati, R.L. Orefice, Structural analysis on photopolymerized dental
resins containing nanocomponents, J. Mater. Sci. 42 (11) (2007) 3883–3893.

34] X. Wang, J. Yang, X. Wang, X. Shi, Y. Hu, Polymer (Guildf), Polym. Bull. (Berlin)
47 (2006) 6738–6744.

35] Y.T. Chan, W.H. Kuan, T.Y. Chen, M.K. Wang, Adsorption mechanism of selenate
and selenite on the binary oxide systems, Water Res. 43 (17) (2009) 4412–4420.

dx.doi.org/10.1016/j.jhazmat.2010.07.065

	Selenium removal from drinking water by adsorption to chitosan–clay composites and oxides: Batch and columns tests
	Introduction
	Materials and methods
	Materials
	Polycation adsorption on montmorillonite – composite preparation
	Selenate removal by polycation–montmorillonite composites
	Zeta potential
	X-ray diffraction (XRD)
	Fourier transform infrared (FTIR) spectroscopy measurements
	Selenate adsorption on composite and on oxide sorbents
	Selenium removal from well water by clay composites–batch experiment
	Selenium removal from well water – column experiments
	Regeneration of sorbents

	Results and discussion
	Selenate adsorption by polymer–clay composites
	Characterizing chitosan–clay composites
	Selenate adsorption by a chitosan–clay composite and oxide sorbents
	Selenium removal from well water by composites – batch experiments
	Selenium removal from well water: column experiments
	Regeneration

	Conclusions
	Acknowledgment
	References


