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Abstract

Batch and column experiments were conducted to examine the capability of naturally formed hematite and siderite to
remove As from drinking water. Results show that both minerals were able to remove As from aqueous solutions, but with
different efficiencies. In general, each material removed arsenate much more efficiently than As-DMA (dimethylarsinic
acid), with the lowest adsorption efficiency for arsenite. The best removal efficiency for As species was obtained using a
hematite, with a grain size range between 0.25 and 0.50 mm. The adsorption capacity for inorganic As(V) reached
202 pg/g. The pH generally had a great impact on the arsenate removal by the Fe minerals studied, while arsenite removal
was slightly dependent on the initial pH of between 3 and 10. The presence of phosphate always had a negative effect on
arsenate adsorption, due to competitive adsorption between them. A column packed with hematite in the upper half and
siderite in the lower half with a grain size range of 0.25-0.5 mm proved to be an efficient reactive filter for the removal of all
As species, causing a decrease in As concentration from 500 pg/L (including 200 pg/L As(V) as arsenate, 200 ug/L As(III)
as arsenite and 100 pg/L As(V) as DMA) to less than 10 pg/L after 1055 pore volumes of water were filtered at a flow rate
of 0.51 mL/min. After 2340 pore volumes passed through the column filter, the total inorganic As in the effluent was less
than 5 pug/L. The total As load in the column filter was estimated to be 0.164 mg/g. Results of p-synchrotron X-ray fluo-
rescence analysis (L-XRFA) suggest that coatings of fresh Fe(III) oxides, formed on the surface of the siderite grains after
two weeks of operation, greatly increased the adsorption capacity of the filling material towards As.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The contamination of drinking water with As is
an increasing environmental issue and has been
extensively discussed especially during recent years,
because of its occurrence in many parts of the
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world. High As concentrations (>50 pg/L) in natu-
ral groundwater sources, which provide drinking
water for millions of people, have been found, for
example, in parts of Bangladesh (Nickson et al.,
1998; Dhar et al., 1997), West Bengal (Chatterjee
et al., 1995; Das et al., 1995; Mandal et al., 1996),
Argentina (Farias et al., 2003), China (Chen et al.,
1994; Smedley et al., 2001; Guo et al., 2003), Mexico
(Del Razo et al., 1990), the upper Midwest and the
western United States (Matisoff et al., 1982; Welch
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et al., 1988; Schlottmann and Breit, 1992; Peters
et al., 1999), Chile (Borgono et al., 1977) and Japan
(Kondo et al., 1999).

Arsenic is ranked among the top 20 most hazard-
ous, high priority substances by the Agency for
Toxic Substances and Disease Registry (ATSDR,
2005). It is of particular concern due to its chronic
toxicity even at relatively low concentrations
(<100 pg/L), a level that has been widely detected
in drinking water. The World Health Organization
set a provisional guideline limit of 10 ug/L for As
in drinking water (World Health Organization,
1996), which was subsequently adopted by the
European Union (European Commission, 1998)
and the United States (EPA Office of Groundwater
and Drinking Water, 2002). This low As drinking
water standard requires the development of simple,
cost effective methods for As removal from drinking
water. Arsenic occurs in both inorganic and organic
forms in natural water (Cheng et al., 2005). Inor-
ganic As compounds are about 100 times more toxic
than organic As compounds (Nagy and Korom,
1983; Yamauchi and Fowler, 1994). However, more
recent research has shown that methylation of As
does not always mean it is non-toxic, and the
organic As species may be more toxic than inor-
ganic arsenicals (Zakharyan et al., 1999; Petrick
et al., 2000; Styblo et al., 2000). Therefore, technol-
ogies for removing both inorganic and organic As
species are urgently needed.

Due to their high surface area and positive
charge, synthetic Fe(Ill)-oxides/hydroxides, such
as amorphous hydrous ferric oxide (FeOOH),
poorly crystalline hydrous ferric oxide (ferrihydrite)
and goethite (a-FeOOH) are promising adsorptive
materials for removing both inorganic As(III) and
As(V) from aqueous solutions (Hsia et al., 1994;
Wilkie and Hering, 1996; Raven et al., 1998; Sun
and Doner, 1998). However, despite their strong
affinity for aqueous As species due to their very high
specific surface area, most of these materials are
available as fine powders, which are difficult to sep-
arate from water after adsorption is completed.
Compared to these synthetic Fe minerals, natural
Fe-oxides, such as hematite, ferrihydrite, goethite
and lepidocrocite, are more attractive for such pur-
poses, because they are more cost effective and are
readily available in different particle sizes. Though
natural Fe-ores are widely used to efficiently remove
both metals (including Fe, Co, Ni, Cd, Zn, Hg) and
anions (including SOi_, HPOi_) (Andrade et al.,
1999; Pivovarov, 2001; Jeon et al., 2003; Rabung

et al., 1998; Toannou and Dimirkou, 1997; Horanyi
and Joo, 2000), there are comparatively few studies
published on the removal of As species by natural
Fe minerals.

This study investigates the applicability of
selected natural Fe minerals for remediation of As
species from contaminated waters. The main objec-
tives are to (i) characterize the proposed natural
materials with respect to their chemical and mineral-
ogical compositions; (ii) select the best materials
from a set of different natural hematite and siderite
samples for removal of As species; and (iii) investi-
gate the potential for using the target natural miner-
als as packed bed material to remediate drinking
water contaminated with As.

2. Methodology
2.1. Materials and methods

Natural minerals used in this study were taken
from the mineral collection centre of Technische
Universitdt Bergakademie Freiberg, Germany, and
originated from different deposits (Table 1). The
samples were ground and sieved to produce frac-
tions with various particle sizes. Each particle size
fraction was washed with deionised water to remove
dust adhering on the surface of the grains prior to
adsorption experiments.

All the reagents used, including acids, were of
analytical grade. Stock As solutions (100 mg/L)
were prepared by dissolving sodium arsenite
(NaAsO,, Fluka Chemical, Germany), sodium
hydrogen arsenate (Na,HAsO4 -7H,O, Fluka
Chemical, Germany), and dimethylarsinic acid
((CH3),As(O)OH, Sigma, Germany), respectively,
in Milli-Q water. All glassware and sample bottles
were washed with a detergent solution, rinsed with
tap water, soaked in 1% sub-boiled HNO; for at
least 12 h, and finally rinsed with Milli-Q water
three times before use.

The total As concentration of the aqueous solu-
tions was analyzed by graphite furnace atomic
absorption spectrometry (GF-AAS 4110ZL, Per-
kin—Elmer), with a fraction of the analyses being
cross-checked with high resolution inductively cou-
pled plasma mass spectrometry (HR-ICP-MS,
Axiom, VG Elemental). The cross check results
show that the difference in As concentrations
obtained by ICP-MS and AAS was less than 4%,
indicating that the graphite furnace method was
suitable for As determination. A flow injection



Table 1

Description and XRD results of natural minerals investigated

Quartz

(0 U)

Muscovite

(n 0)

Cordierite

(u 0)

Goethite

(u 0)

Magnetite

(0 U)

Chalcopyrite

(u 0)

Pyrite

(0 0)

Hematite

Calcite
(U 0)

(0 0)

Ankerite

(() U)

Siderite
%)

95

Structure
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Blocky
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SIO1

purple
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4
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97

Block with few

Magenta
pores

HIO2

17

55

Blocky
Blocky

Magenta
Red

HIO3
HIO4

69

hydride generation system (FIAS 200, Perkin—
Elmer) coupled with atomic absorption spectrome-
try (AAS 4001, Perkin—Elmer) was used for As spe-
ciation analyses in Sections 3.3 and 3.8. With regard
to different As species, hydride generation was car-
ried out in different acid media in the presence of
reductant. After filling the sample loop the sample
plug was pushed out by the acidic carrier solution
and completely mixed with the selected acid in the
mixing coil before reduction took place by entrain-
ing the potassium tetrahydroborate. The detailed
analysis procedure has been described in Riide and
Puchelt (1994) and Riide (1996).

The trace element composition of the minerals
used in the experiments was determined by HR-
ICP-MS on dissolved sample materials, using a
standard total digestion procedure with HNO;-
HCIO4-HF. Total C and S contents in the minerals
were determined by a Carbon-Sulphur-Analyzer
based on non-dispersive infrared spectrometry
(CSA 5003, Leybold Heraeus). The mineral compo-
sition of the adsorbents was determined by X-ray
diffraction analysis (XRD), using a URD-6 powder
diffractometer (Co Ka radiation, graphite mono-
chromator, 20 range 5-80°, step 0.03°, counting time
5 s per step). The BET surface area was measured by
N, adsorption using PMI Automated Brunauer—
Emmett-Teller (BET) Sorptometer (Autosorb-1-C,
Quantachrome).

The distribution of Fe and As in the mineral par-
ticles after adsorption of As from the solution was
examined at a microscopic resolution by means of
p-synchrotron , X-ray fluorescence analysis (p-
XRFA) at the Angstrom-Source of the Forschungs-
zentrum Karlsruhe (ANKA), Germany. Before
analysis, the particles embedded in epoxy resin were
double-side polished to a thickness of 100 um. The
surface morphology of the selected minerals with
specific grain size was examined using scanning elec-
tron microscopy (SEM).

2.2. Batch experiments

Unless specified otherwise, the batch experiments
to study the removal of As from solution were car-
ried out by reacting 50 mL of As solution in 100 mL
polyethylene bottles with 0.5 g of sample material of
known grain size range (mostly the fraction between
0.25 and 0.50 mm). The experiments were con-
ducted at room temperature (20 £2°C) and the
bottles were manually shaken every 8 h. After a pre-
determined contact time, the aqueous samples in
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each bottle were decanted and filtered through a
0.45 pum cellulose acetate filter. The supernatant
was analyzed for total As and/or As species. To
determine whether the filter pore size affected the
total concentration of As in solution, duplicate sam-
ples were analyzed after filtering through membrane
filters with 0.20 and 0.45 um pore diameter, respec-
tively. The percent difference between the duplicate
analyses was less than 3%, indicating that the
0.45 pm cellulose acetate filter efficiently retained
As-associated particles. Unless specified otherwise,
the concentration of the different As species was
expressed as the element (As).

Solution pH was monitored by a WTW pH meter
(Model # pH 330) equipped with a SenTix 43-1 pH
electrode and adjusted by addition of dilute HCI
and NaOH solutions. In order to maintain a rela-
tively constant ionic strength, all As solutions con-
tained 0.01 M NaCl as background -electrolyte.
Adsorption isotherm studies were conducted by
varying the amount of solid material added to the
As solution. Because As(V) is the dominant As spe-
cies in aerobic natural water, and As(III) was less
adsorbed at natural pH as neutral species
(H3As03), As(V) was used as the adsorbate in the
experiments of adsorption isotherms and competing
anions.

To determine the effect of other competitive
anions on As adsorption, batch tests were per-
formed using solutions of 1000 ug/L As(V) contain-
ing 1, 2, 5, and 10 mg/L of P (as PO,") or N (as
NOy). After a 24 h reaction time, the suspension
was filtered through a 0.45 pm cellulose acetate filter
and analyzed for total As, as described above.

2.3. Column experiments

Based on the results from the batch adsorption
test, a hematite and a siderite sample were selected
for the column experiments. The experiments were
carried out using a plexi-glass column of 30 mm
inner diameter and 150 mm height, with an empty
bed volume of 100 mL. The upper half of the col-
umn was packed with hematite (sample HIOI1),
and the lower half with siderite (sample SIOA4).
The water flowing through the column contained
500 pg/L of As (composed of 200 pug/L As(V),
200 pg/L As(III) and 100 ug/L As as DMA), in a
0.01 M NaCl matrix in order to maintain a rela-
tively constant ionic strength. The water was
pumped from the bottom using a peristaltic pump
(Model # 205S, Watson Marlow Company, Ger-

many). The flow rate was kept at 0.51 mL/min,
which yielded an empty bed contact time (EBCT)
of approximately 200 min. The effluent was sampled
at regular time intervals and was analyzed for resid-
ual As species.

The US EPA toxicity characteristic leaching pro-
cedure (TCLP) was applied to the As-loaded adsor-
bents used in the column experiment (US EPA,
1999). Following adsorption, the dried filter filling
materials were extracted with extraction fluid
(5.7mL glacial CH;COOH added to 500 mL of
Mill-Q water, plus 64.3mL of 1 N NaOH and
diluted to 1 L, pH 4.9), and agitated in a shaker.
The solid/liquid ratio was 1:20. The aqueous As
was determined after 18 h by GF-AAS. If the As
concentration exceeds 5 mg/L, the solid is classified
as hazardous waste.

3. Results and discussion
3.1. Characterization

The results of the XRD analysis (Table 1) show
that samples SIO1, SIO2, SIO3 and SIO4 are sider-
ite-dominated materials, with siderite contents of
95%, 90%, 78% and 96%, respectively, while
HIOI1, HIO2, HIO3 and HIO4 are mainly com-
posed of hematite, with hematite contents of more
than 55%. All of the materials contain variable
quantities of quartz. Samples SIO3 and HIO3 con-
tain considerable amounts of goethite (19% and
17%, respectively), which according to the X-ray
diffractogram was crystalline. Relatively high con-
tents of Mn in SIO1, SIO2, SIO3 and SIO4 indicate
that some of the Fe was possibly substituted by Mn
in these samples (not shown). HIO1, HIO2 and
HIO3 show complex peak shapes, indicating a
bimodal distribution of crystallite size, or that the
material was possibly affected by micro-strain.

The chemical composition of the materials (data
not shown) is generally consistent with the results of
XRD. The calculation of the element concentrations
on a molar basis yields the following overall compo-
sition formulas: (Fe().847Mgo_089Mn0_033C30.026)CO3
for SIOI, (Fep.342Mng.103Mg0.045C20.010)CO3  for
SI02, (Feggs0Mng,108Mg0.028Ca0.004)CO3 for S103,
and (Feg30Mng 116Mg0.043Ca0.006)CO3 for SIO4.
In comparison with siderites, the contents of Fe,
Mn, Mg and total C in hematites are much lower,
while those of Al, K and P are generally higher.
More importantly, As concentrations in these mate-
rials are generally low (<35 mg/kg), except for
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S102, HIO3 and HIO4 which contain 191, 246 and
170 mg/kg As, respectively.

3.2. Kinetic considerations

The As(V) adsorption kinetic study was con-
ducted using sample HIO4. Fig. 1 shows that As
adsorbed increased with an increase in contact time
and the adsorption equilibrium was not reached at
the end of the batch experiment (4320 min). This
result suggests that diffusion to the micro-pores in
the mineral adsorbent may have contributed to the
As removal. Adsorption experiments with other
materials were conducted for only 1440 min.

The experimental data were analyzed according
to the Lagergren (Altundogan et al., 2000) rate
equation:

tKad

log(Qe - Q) = log Qe - 2303 (1)

where Q. and Q are the amounts of As adsorbed at
pseudo-equilibrium condition and at time ¢, respec-
tively, and K,q4 is the adsorption rate constant.

A linear relationship with a correlation coeffi-
cient of 0.961 was found between log(Q. — Q) and
contact time (Fig. 1, inset). The rate constant K,q4
for As(V), as calculated from the slope of the line
(Fig. 1, inset) is 0.0012 min~'. The linearity of the

350 T T T T

Adsorbed As(ng/g)

0 L L . L s
0 200 400 600 800 1000 1200
Contact time (min)

0.0 L 1 L 1 L 1 L ] L
0 1000 2000 3000 4000 5000

Contact time (min)

Fig. 1. Effect of contact time on As(V) adsorption on HIO4, with
ionic strength of 0.01 M NaCl, initial As of 1000 pg/L, grain size
range of 0.25-0.5 mm, and adsorbent dosage of 10 g/L at room
temperature. Lower inset shows Lagergren plot of As(V)
adsorption on HIO4.

relationship indicates the first-order nature of the
arsenate adsorption.

3.3. Adsorption of As species on hematite and siderite

The adsorption of different As species (including
arsenate, arsenite and DMA) on natural hematite
and siderite was investigated in batch experiments
for all of the samples. The results (Fig. 2) indicate
that HIO1 was the most suitable material to remove
the different As species, followed by SIO3 and SI1O4.
It is noteworthy that except for HIO1, natural sider-
ite proved to remove much more As from water
than the hematite samples, despite the well-known
fact that synthetic Fe-oxides (including amorphous
hydrous ferric oxide, poorly crystalline hydrous fer-
ric oxide and goethite) significantly adsorb As from
water (Hsia et al., 1994; Wilkie and Hering, 1996;
Raven et al., 1998; Sun and Doner, 1998). Amor-
phous (or poorly crystalline) Fe-oxides were found
to readily transform into well crystalline forms
(Ford, 2002), leading to a decrease in specific sur-
face area and hence, sorption site density (Dixit
and Hering, 2003). Since most of the hematite in
the investigated samples are well crystallized (Table
1), their affinity for As was relatively low, which
would possibly limit their application for As
removal in practice. In contrast, HIO1 had a very
good As adsorption capacity, which was possibly
related to the stratified structure with many micro-
fissures. The very good As removal efficiency of
the siderite samples was possibly related to their
special surface characteristics. Su and Puls (2004)
found that the Fe (ILIII) hydroxycarbonate
(one of the major Fe corrosion product in the

mAs (V)
B As (I1T)
ODMA

Adsorbed As (ug/g)

SIOI  SIO2 SIO3  SIO4 HIOI HIO2 HIO3 HIO4

Fig. 2. Removal of As species by different Fe minerals (ionic
strength =0.01 M NaCl; initial As=1000 pg/L; grain size
range = 0.25-0.5 mm, dosage = 10 g/L; contact time = 1440 min;
T=20+2°C).
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Fe’-water—CO, system), plays an important role in
the removal of As from water.

Furthermore, arsenate was removed by the stud-
ied Fe-minerals more efficiently than arsenite. This
is consistent with the generally recognized relative
affinity of the inorganic As species for Fe(III)-oxy-
droxides (Jain et al., 1999; Goldberg, 2002; Dixit
and Hering, 2003). Gu et al. (2005) also found that
granular, activated, C-based Fe-bearing adsorbents
removed more arsenate from water at pH 7 than
arsenite. The removal of DMA from water by the
investigated samples was generally more efficient
than that of the inorganic As(III) species. However,
Cheng et al. (2005) observed that the amount of
DMA adsorbed on Fe filings was much less than
that of MMA, inorganic As(V) and As(I1I). They
speculated that the two methyl groups of the
DMA molecule did not form bidentate inner-sphere
complexes with the corrosion products of the Fe-
filings, whereas inorganic As(I1I) and As(V) species,
as well as the single methyl group of the MMA mol-
ecule, did. The mechanisms of DMA removal by the
Fe minerals used in this study were possibly the
same as those for inorganic As species. In further
batch and column experiments only the mineral
samples HIO1, HIO4, SIO3 and SIO4 were used.

3.4. Effect of pH on inorganic As removal

The effect of pH on inorganic As adsorption was
studied in an initial pH range between 2 and 10,
using a contact time of 1440 min for both arsenate
and arsenite. Results show that pH had a signifi-
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cant effect on As(V) removal in all of the samples
studied (Fig. 3a). On hematites, the adsorption of
As(V) decreased with increasing pH, except for
HIO1 which adsorbed As(V) in a more constant
manner in the pH range between 2 and 8. In con-
trast, the highest adsorption on siderite samples
occurred at an initial pH value of 7. These results
clearly show that the hematite sample HIO1 and
the siderite samples SIO3 and SIO4 adsorbed
As(V) efficiently in a relatively wide pH range,
while HIO4 preferentially adsorbed As(V) in an
acidic pH range. The adsorption of As(V) on
HIO1 occurred optimally within a wide pH range,
which is of great advantage in practical application.
It was observed that the minerals had a pH buffer-
ing effect such that the pH stayed relatively
unchanged during the experiments (data not
shown). This broad optimum pH was possibly
related to the pH buffering effect of the solid sam-
ples, which could be explained by the amphoteric
nature of the Fe mineral and the density of the
acidic functional groups. Ahmed (1966) and Cor-
nell and Schwertmann (1996) also observed the
ampbhoteric nature of the Fe oxides/oxyhydroxides.

Though the pH dependency of the adsorption
behaviour of hematite and siderite were found to
be different (Fig. 3a), the effects of pH on As(V)
removal are generally related to the point of zero
charge (PZC) of pure Fe oxides, which is typically
in the pH range of 7.4-8.7 (Parks and De Bruyn,
1962; Lumsdon and Evans, 1994; Cornell and Schw-
ertmann, 1996; Manning and Goldberg, 1996;
Dzombak and Morel, 1990). Above these pHpzc

b %=r
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Fig. 3. Effect of pH on As(V) (a) and As(II) (b) adsorption on natural Fe minerals (ionic strength = 0.01 M NaCl; initial As = 1000 pug/L;
dosage = 10 g/L; grain size range = 0.25-0.5 mm; contact time = 1440 min; 7= 20 £ 2 °C).
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values, Fe-oxides are in monomeric anionic forms,
and consequently have no affinity for As-oxyanions.

The pH dependence of arsenite removal by the
different mineral samples is shown in Fig. 3b.
Results indicate that adsorption of arsenite on both
siderite and hematite was largely independent of the
initial pH in the range between 3 and 10. Its removal
efficiency was lower than that for arsenate due to
the lack of electrostatic attraction between the
adsorbent and arsenite being a neutral species at
pH <9. It is assumed that arsenite was mainly
removed by means of specific adsorption, which
was relatively independent of initial pH. A signifi-
cant decrease in the arsenite removal, particularly
in sample SIO2, was observed only at a pH below
3. It is evident from Fig. 3a and b that the siderite
samples SIO3 and SIO4 and hematite samples
HIO1 and HIO4 selected for the further investiga-
tions have a wide working pH range within which
they all strongly adsorb both inorganic As(III)
and As(V).

3.5. Effect of grain size on As(V) removal

The effect of grain size on arsenate removal from
aqueous solution was tested using samples SIO3,
SI04, HIO1 and HIO4 in size ranges of 1.50-2.00,
1.00-1.50, 0.5-1.00, 0.25-0.50, <0.25 mm. In these
experiments, an adsorbent dosage of 40 g/L was
used.

The experimental results show significant varia-
tions in As(V) removal efficiency with grain size
(Fig. 4). In general, As removal increased with the
decrease of grain size of the selected minerals. For
example, the removal efficiency of SIO4 at the grain
size of 1.50-2.00 mm was 43.0%, whereas for the
fraction <0.25 mm the removal efficiency increased
to 99.6%. A BET surface area of two representative
size fractions: <0.25 and 0.25-0.50 mm, was
obtained. The fine size fraction was found to possess
a little greater surface area per gram of the solid
than the coarse fraction (36.0-27.3 m?/g for SIO3,
8.5-6.8 m*/g for SIO4, 5.5-4.4 m?/g for HIO1, and
4.3-3.7 m?/g for HIO4). This possibly suggests that
both internal porosity and outer surface area were
the major determinants of surface area. Therefore,
the higher removal efficiency of the fine size fraction
probably indicates that solute adsorption generally
depended on the surface area of the porous adsor-
bent (Stumm, 1992).

It was observed that removal efficiency drasti-
cally decreased when the particle size increased from

100 -

80 -

60 -

a0f

Removal efficiency (%)

20

<0.25mm  0.25-0.50mm 0.50-1.00mm [.00-1.50mm 1.50-2.00mm

Fig. 4. Effect of the grain size on As(V) removal by SIO3, S104,
HIO1 and HIO4 (ionic strength=0.01M NaCl; initial
As =1000 pug/L; dosage =40 g/L; contact time = 1440 min;
T=20+2°C).

<0.25mm to 0.50-1.00 mm, and remained nearly
constant at coarser fractions for all of the investi-
gated samples. Though the removal efficiency was
highest with the finest grain size faction, this is not
suitable for column application, because of the sig-
nificant hydraulic obstruction and possible clogging
when water flows through the column. Therefore, in
all of the further column experiments the mineral
fraction of 0.25-0.50 mm was used.

3.6. Adsorption isotherms for As(V)

Adsorption isotherms for arsenate were investi-
gated at an initial As(V) concentration of 1000 g/
L and an adsorbent dosage between 2 and 40 g/L.
The adsorption capacity varied in the ranges of
23.3-67.5, 22.2-36.8, 30.9-202 and 7.71-17.3 ng/g
for SIO3, SIO4, HIO1 and HIO4, respectively.
The experimental data obtained under these condi-
tions were applied to linearized forms of Langmuir,
Freundlich and Temkin isotherms (Eqs. (2)—(4),
respectively):

Ce/Q. = (1/60") + Cc/ O 2)
InQ, =Inb+nlnC, (3)
Q. =nlnb+nlnC, 4)

where C. (ug/L) is the pseudo-equilibrium concen-
tration in the solution, Q. (ug/g) is the amount ad-
sorbed on the adsorbent at pseudo-equilibrium, Q°,
n and b are isotherm constants. The value of Q° (the
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Langmuir constant) is related to adsorption capac-
ity or adsorption maxima, whereas the definitions
of n and b are different for the various models.

All these isotherms were fitted to the obtained
adsorption data. Correlation coefficients for the iso-
therms were calculated by using linear regression,
and the Langmuir isotherm was found to yield the
best fits to the experimental data, except for sample
HIO4 which more closely followed the Freundlich
isotherm. Langmuir plots for the adsorption of arse-
nate on SIO3, SIO4 and HIO1 are shown in Fig. 5.
The values of the Langmuir constants are shown in
Table 2.

These results were consistent with previously
published data, where the adsorption of As(III)
and As(V) on different substrates (e.g., activated
carbon and clinoptilolite: Payne and Abdel-Fattah,
2005; red mud: Altundogan et al., 2000; Fe-oxide
coated sand: Thirunavukkarasu et al., 2003; amor-
phous Fe-hydroxide: Harper and Kingham, 1992;
hydrous ferric oxide: Wilkie and Hering, 1996; tita-
nium dioxide adsorbent: Bang et al., 2005) also fol-
lowed Langmuir isotherms. This indicates that the
coverage of the adsorption sites was in the form of
a monolayer (Singh et al., 1988) and all surface sites
had nearly the same adsorption energies.

3.7. Effect of competing anions on As removal

Table 3 shows the effect of different anions (NO;
and POi‘) on arsenate adsorption on samples SIO3,

C/Q(ng/L)(ng/e)

+ SI103 ~=0.961
< SI04 2=10.990
2k A HIO I £2=0.974

GI I 1 L 1 I ]
0 200 400 600

C(re/L)

Fig. 5. Langmuir plots for As(V) adsorption on SIO3, SIO4 and
HIOI (ionic strength =0.01 M NaCl; initial As= 1000 pg/L;
dosage = 1040 g/L; grain size range = 0.25-0.5 mm; contact
time = 1440 min; 7' =20 + 2 °C).

Table 2
Calculated Langmuir constants for inorganic As(V) adsorption
on SIO3, SIO4 and HIO1

Adsorbent T (°C) 0° (ng/g) b (L/ug) r

S103 2042 54.6 0.0086 0.104
S104 20+2 98.0 0.0031 0.244
HIOI 2042 204 0.0022 0.313

Tonic strength = 0.01 M NaCl; initial As = 1000 pg/L; dosage =
10-40 g/L; contact time = 1440 min; grain size range = 0.25-
0.5 mm.

S104, HIO1 and HIO4. The NO;5 ion up to 10 mg
N/L had no significant effect on As(V) uptake by
the selected materials. For example, at a NO; con-
centration of 10mg N/L, As(V) adsorption
decreased from 54% to 52% on sample SIO4. The
presence of phosphate (10 mg/L in terms of P), on
the other hand, reduced the uptake of As(V) by
SI04 from 54% to 28% and by HIOI from 69% to
36%, as a consequence of the competitive adsorp-
tion between them (Roy et al., 1986; Manning and
Goldberg, 1996; Su and Puls, 2001). The phosphate
affected arsenate adsorption in the order of
HIO1 > SIO4 > SIO3 > HIOA4.

3.8. Column experiment

A column experiment was conducted to assess
the feasibility of natural hematite and siderite as
filling material for the removal of As from con-
taminated waters. Total As concentration in the
influent was 500 pg/L (200 pg/L As(V) as arsenate,
200 pg/L As(I1I) as arsenite and 100 pg/L of As as
DMA). Fig. 6 shows that after 1055 pore volumes,
total As concentrations in the effluent were still
below 10 ug/L, which is the concentration limit
of the European Drinking Water Standard. The
pH of filtered water ranged between 6.70 and
7.16. Even after As solution corresponding to
2340 pore volumes passed through the column fil-
ter, total As in the effluent was still lower than
50 pg/L, which is the current drinking water stan-
dard in China, India and other developing
countries.

Concerning the speciation of As in the effluent, it
was found that more than 90% of total As was in
the form of organic As (DMA). After 2340 pore vol-
umes, the effluent contained organic As (DMA) of
41.5 ug/L and total As of 45.8 ug/L. Results also
show that the major inorganic As species in the
effluent was As(III), the concentration of which
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Table 3

Percentage of As(V) removal in the presence of competitive anions®

Anion® (mg/L)

% Uptake of As(V) in presence of anion

NO3y PO,
SIO3 SIO4 HIO1 HIOA4 SI03 SI104 HIO1 HIO4
0 64 54 69 20 64 54 69 20
1 61 53 59 19 59 42 52 9.0
2 60 54 65 15 57.3 37 47 6.0
5 64 48 58 13 55.2 32 37 5.0
10 67 52 62 8.2 43.0 28 36 4.0

# Initial As(V): 1000 pg/L; size range: 0.25-0.50 mm; contact time: 1440 min; dosage: 10 g/L in 0.01 M NaCl; pH 7 at 20 + 2 °C.
® The concentrations of nitrate and phosphate were expressed in terms of N and P, respectively.

Total As in influent = 500 pg/L A
A
— == EU drinking water standard of 10 pg/L & i
40 A Total As in effluent gAuﬂ
€ As(V)in effluent L
2 a
©  As(III) in effluent I:F
a
~ 30 _——
By O  As-DMA in effluent o
‘Eh AA
S & o
= o
< a0}
a
A0

Pore volumes

Fig. 6. As removal from aqueous solution using a column filter
packed with SIO4 in the lower half and HIO1 in the upper part
with a grain size range of 0.25-0.5 mm (flow rate = 0.51 mL/min;
EBCT = 200 min; As in influent including 200 pg/L As(V) as
arsenate, 200 pg/L As(I1T) as arsenite and 100 pg/L As as DMA).

was 2-4 times higher than that of As(V). Though
As(IIT) was the dominant inorganic As species in
the effluent, concentration of total inorganic As
was always lower than 5 pg/L during the entire
experiment. This indicates that the selected minerals
are promising materials to be used for the removal
of As, especially for inorganic species. Since organic
As occurs at relatively low concentrations in natural
waters, the comparatively low adsorption affinity of
the column filter for DMA does not appear to limit
its applicability for remediation of drinking water
with high inorganic As concentrations.

A mass balance calculation based on the amount
of water treated, and the influent and effluent As
concentrations indicates that the total As load in
the column filter was 0.164 mg/g. The high As load
on the packed bed materials was possibly due to
long contact time and Fe-oxide coatings, which
gradually developed on the particles as the As solu-

tion flowed through the column. As mentioned
above, both internal porosity and outer surface area
were the major determinants of surface area, the
packed materials would be regarded as a dual por-
ous medium. The diffusion of the solution to the
micro-pores is time-dependent, and long time con-
tact would favour the adsorption of micro-pores
which are mostly available in the internal porosity.
On the other hand, these freshly formed Fe-oxides
have a very high affinity for As (Munoz et al.,
2002; Gu et al., 2005). The colour of the siderite
(SIO4) which turned from black to red after the col-
umn was operated for two weeks, was a first indica-
tion to support this assumption.

More direct evidence was provided by the results
of the p-synchrotron XRFA which indicate the
presence of Fe(IIl)-oxide coatings on the surface
of siderite grains (sample SIO4) taken from the bot-
tom of the column (Fig. 7). The line scans were car-
ried out near the surface of the particles from the
batch and the column experiment with a resolution
of 4 and 5 um, respectively. Due to the lack of
appropriate standards, only relative intensities are
presented, which however are proportional to the
actual As contents in the grains. The peak of As
intensities means that the high content of adsorbed
As was presented on the grain surface. Fig. 7 shows
that the width of the reaction rim in which the As
adsorption occurred was much broader and the
intensity of the As signal was considerably higher
for particles taken from the column as compared
to those from the batch experiment. This indicates
that the development of fresh Fe(IlII)-oxide coatings
on the surface of siderite grains with high adsorp-
tion capacity for As was much more intensive in
the relatively well aerated flow-through column, in
comparison with in the tightly closed bottles of
the batch experiments. The coating was possibly
due to the oxidation of FeCOs(s).
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Fig. 7. The results of the p-synchrotron XRFA in terms of line scanning near the surface of SIO4 particle from the batch (a) and the
column (b). SIO4 particle in a was taken from the batch experiments with contact time of 1440 min (initial total As: 500 pg/L (including
200 pg/L As(V) as arsenate, 200 pg/L As(III) as arsenite and 100 ug/L As as DMA); dosage: 10 g/L in 0.01 M NaCl; pH 7 at 20 & 2 °C),
while that in b is from the bottom of the column after an As solution containing 200 pg/L As(V) as arsenate, 200 ug/L As(III) as arsenite
and 100 ug/L As as DMA had been filtered for about 720 h at the flow rate of 0.51 mL/min.

The TCLP results show that the As released was
below 250 pg/L, which did not exceed the EPA reg-
ulatory limit of 5 mg/L. This suggests that the spent
adsorbents were not hazardous, and suitable for dis-
charge in landfill deposits.

3.9. Possible mechanisms of the As removal

In order to verify if precipitation was one of the
main mechanisms for As removal, equilibrium spe-
ciation calculations were carried out using PHRE-
EQC (Parkhurst and Appelo, 1999). In the
calculation, Fe concentrations from both batch
and column experiments were found to be very
low (<63.5 ug/L). The calculated saturation indices
(SI) for the As/Fe components, including claudetite
(As40g), arsenolite (AsyOg), and scorodite (FeA-
sO4-2H,0) (data not shown here), indicate that
the solutions from both batch and flow-through
experiments were under-saturated with respect to
these minerals, suggesting that precipitation had
not contributed to the As removal from aqueous
solution.

Based on the available data, the mechanism of As
removal by the investigated natural hematite and
siderite could not be explained in full detail, though
it is evident that it involves electrostatic attraction
and surface complexation processes between the
As species in solution and Fe(II) and/or Fe(III)-
hydroxides in the solid materials. This assumption
was supported by the distribution of As in a
450 x 500 pm size SIO4 grain (Fig. 8), which was
investigated with a spatial resolution of 50 X 5 um
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Fig. 8. The results of the p-synchrotron XRFA in terms of area
scanning in a thin section of SIO4 particle from the bottom of the
column after an aqueous solution containing 200 ug/L As(V) as
arsenate, 200 pg/L As(III) as arsenite and 100 pg/L As as DMA
had been filtered for about 720 h at the flow rate of 0.51 mL/min.

by means of the p-synchrotron XRFA. The particle
was taken from the bottom of the column after a
solution containing 200 ug/L of As(III) as arsenite,
200 ug/L of As(V) as arsenate and 100 pg/L of As
as DMA was filtered through the column for about
720 h at a flow rate of 0.51 mL/min. The data show
that the scavenged As was located on the surface of
the grain, though on some parts no As could be
detected. A hematite grain from sample HIOI
showed a similar As distribution pattern. The
freshly formed coatings of Fe-oxides on the surface
of the siderite grains in the column filter strongly
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Fig. 9. SEM images of pristine SIO, (a) and HIOI (b) with a grain size range of 0.25-0.5 mm.

promoted the removal of As by the filter filling
material.

As seen in Fig. 8, at the upper part of the section
across a mineral grain, only a limited amount of As
was deposited, while at the lower right part the As
concentration was very high. This suggests that
the amount of As adsorbed on the surface of a grain
possibly depended on the micro-morphology of the
particle surface, which exerted some control on both
the distribution of electrostatic charge and the
development of the fresh Fe(Ill)-oxide coating.
Besides, in the packed materials of dual porosity
nature the micro-morphology affected the diffusion
of the solute to the micro-pores where most of
adsorption sites were located. The heterogeneous
micro-morphology of individual siderite and hema-
tite particles was observed on SEM images of grains
from the fraction 0.25-0.5 mm (Fig. 9). In SIO4
(Fig. 9a), between the flat, coarse structure of the
siderite matrix, small randomly distributed, possibly
amorphous particles (<1 um) were present. In the
upper part of the HIO1 particle, many small crystal-
lites (50-100 nm) occurred, while in the lower part
crystalline aggregates apparently deposited along a
micro-fissure (Fig. 9b).

4. Conclusions

The selected Fe minerals (natural siderites and
hematites) effectively removed As species (including
arsenate, arsenite and dimethylarsinic acid) from
water, with the highest adsorption efficiency for
arsenate. In general, the natural siderites eliminated
As from water more efficiently than the natural
hematites. The pH generally had a great impact
on arsenate removal by both the siderites and the
hematites, while arsenite removal was slightly
dependent on the initial pH between 3 and 10.
The presence of nitrate had no significant effect on

the uptake of arsenate by the selected materials. In
contrast, phosphate greatly impeded the adsorption
of arsenate, so that at a concentration of 10 mg P/L
the arsenate adsorption was reduced by about 50%.
The removal efficiency of the selected Fe-minerals
increased parallel to the decrease of grain size.

A column packed with SIO4 and HIO1 with the
grain size fraction of 0.25-0.50 mm proved to be an
efficient reactive filter for removal of As species,
especially inorganic As (arsenate and arsenite).
The results of the p-synchrotron XRFA suggest that
coatings of Fe(IlI)-oxides freshly formed on the sur-
face of the siderite particles during the filter opera-
tion contributed considerably to the high
adsorption capacity of the packed-bed materials.
Morphologic heterogeneities of siderite/hematite
grains possibly gave rise to the uneven distribution
of adsorbed As on the mineral surface.
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