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mineral surfaces. In the present study we quantified sorption of As(Ill) and As(V) to Ca?>*-homoio-
nized illite (IL) and to kaolinite (Kao) as well as to HA-coated clays, i.e., illite-HA (IL-HA) and kao-

Keywords: ) linite-HA (Kao-HA) at neutral pH. Clay-HA complexes sorbed 28-50% more As than clay-only
Natural organic matter systems upon addition of 100 M As(I11)/As(V) to 0.5 g of clay or HA-clay with Ca®™ probably play-
:i;?:mte ing an important role for HA binding to the clay surface and As binding to the HA. When comparing

sorption of As(V) and As(III) to clay and HA-clay complexes, As(V) sorption was generally higher
by 15-32% than sorption of As(IIl) to the same complexes. IL and IL-HA sorbed 11-28% and 6~
11% more As compared to Kao and Kao-HA, respectively. In a second step, we then followed de-
sorption of As from Kao, Kao-HA, IL and IL-HA by 100 and 500 uM phosphate or silicate both at
high (0.41-0.77 pmol As/g clay), and low (0.04 to 0.05 umol As/g clay) As loadings. Phosphate des-
orbed As to a larger extent than silicate regardless of the amount of As loaded to clay minerals, both
in the presence and absence of HA, and both for illite and kaolinite. At high loadings of As, the de-
sorption of both redox species of As from clay-HA complexes by phosphate/silicate ranged from 32
to 72% compared to 2-54% in clay only systems meaning that As was desorbed to a larger extent
from HA-coated clays compared to clay only systems. When comparing As(IIl) desorption by phos-
phate/silicate to As(V) desorption in high As-loading systems, there was no clear trend for which As
species is desorbed to a higher extent in the four clay systems meaning that both As species behave
similarly regarding desorption from clay surfaces by phosphate/silicate. Similarly, no significant dif-
ferences were found in high As-loading systems in the amount of As desorbed by phosphate/silicate
when comparing Kao vs. IL and Kao-HA vs IL-HA systems meaning that both clay types behave
similarly regarding desorption of As by phosphate/silicate. At low As loadings, up to 80% of As
was desorbed by phosphate and silicate with no noticeable differences being observed between dif-
ferent As species, different types of clay, clay vs clay-HA or the type of desorbant (phosphate and
silicate). The results of this study showed that HA sorption to Ca?*"-homoionized clay minerals
can increase As binding to the clay although the As sorbed to the clay-HA is also released to a great-
er extent by competing ions such as phosphate and silicate. Desorption of As depended on the ini-
tial loadings of As onto the clay/clay-HA. Based on our results, the effect of humic substances on
sorption of As and on desorption of As by phosphate and silicate has to be considered in order to
fully understand and evaluate the environmental behavior of As in natural environments.

© 2011 Elsevier B.V. All rights reserved.
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countries such as Bangladesh, Vietnam and India suffer from
arsenicosis (As poisoning) by consuming As-contaminated
groundwater (Smedley and Kinniburgh, 2000). The concen-
trations of As is in many cases significantly higher than
10 pg/L, which is stipulated by the WHO as safety limit of As
in drinking water (Smedley and Kinniburgh, 2000).

Two inorganic species of As, As(Ill) (arsenite) and As(V)
(arsenate), are mainly found in soil and groundwater, with
As(Il) being present under reducing conditions and As(V)
in more oxidizing environments (Smedley and Kinniburgh,
2000; Warwick et al., 2005). At neutral pH, As(IIl) exists as
H3AsO3 with pKj values of 9.2, 11.3 and 13.4 whereas As(V)
exists mostly as H,AsO; and HAsOz~ with pK, values of
2.3, 6.8 and 11.6 respectively (Warwick et al., 2005). As(III)
is considered to be more toxic (Smedley and Kinniburgh,
2000) and more mobile (Sharma et al., 2011) than As(V) at
neutral pH conditions. However, both species co-exist in so-
lution and the speciation depends upon the presence of mi-
crobes, reactive minerals, redox conditions, radicals and
organic matter (Amstaetter et al., 2010; Jiang et al., 2009;
Redman et al., 2002; Saltikov and Olson, 2002).

The mobility of As depends on solution pH and is controlled
by sorption of the different neutral and negatively charged As
species to the surfaces of clay and Fe(Ill) oxy(hydr)oxide min-
erals. Additionally, As mobility depends on the presence of com-
pounds that compete for mineral sorption sites such as natural
organic matter (NOM), phosphate and silicate. Interactions of
As with natural minerals, such as Fe(Ill) oxy(hydr)oxides,
have been studied previously in the presence and absence of
NOM. These experiments demonstrated that NOM can desorb
As, and also prevents As from sorbing to mineral surfaces in
batch and column systems (Redman et al., 2002; Warwick et
al,, 2005; Weng et al., 2009). Phosphate has an analogous chem-
ical structure to that of arsenate and therefore competes strong-
ly with arsenate leading to its desorption from mineral surfaces
(Hingston et al., 1971; Smith et al., 2002; Stachowicz et al.,
2008; Violante and Pigna, 2002). Silica is environmentally rele-
vant due to its presence in groundwater and its high affinity to
mineral surfaces and it therefore also represents a potential
competitive ligand for As (Davis et al., 2001; Luxton et al.,
2006; Swedlund and Webster, 1999). When compared to phos-
phate, silica has been shown to be less effective in competing
with As (Meng et al,, 2001; Stollenwerk et al., 2007). However,
while studies on the aforementioned interactions of As with Fe
oxides in the presence of NOM have been of great interest, re-
search on As—clay-NOM interactions has not received wide
attention.

In countries such as Bangladesh and Cambodia, As-con-
taminated aquifers contain a significant amount of both clay
minerals and NOM (Hossain, 2006). Clay minerals such as ka-
olinite and illite are found as a result of active weathering of
silicates deposited from riverine load. NOM can stem either
from organic carbon present in the aquifers, e.g. from under-
lying peat deposits, or can be transported into the aquifers
from surface waters due to intense irrigation leading to
large groundwater withdrawal (Burgess et al., 2010; Hossain,
2006; Smedley and Kinniburgh, 2000). Clay minerals are hy-
drous phyllosilicates containing alternating layers of octahe-
dral and tetrahedral sheets. Clays are divided into 1:1 or 2:1
layer groups, two common clay mineral types found in the
environment. Kaolinite (1:1 layer type) has the general

formula Al,Si,O5(0OH)4 and contains two alternating basal
cleavage faces, the tetrahedral siloxane on one side and the
octahedral alumina on the other. Illite (2:1 layer type) has
the general formula KgggAly(Siz 12Alpg8)010(OH), with one
alumina layer in between two tetrahedral siloxane layers
(Sposito, 1994). NOM sorbs readily to these clay minerals
and competes with As for the same sorption sites (Wang
and Xing, 2005). Additionally, NOM sorbed to clay can also
modify surface properties of the clay minerals (in particular
their charge) and potentially enhances binding of As by in-
creasing the number of surface binding sites (Martinez et
al., 2010). Arsenic adsorption to kaolinite-OM aggregates
was quantified by Saada et al. (2003a). They found increased
As adsorption to clay-humic acid (clay-HA) aggregates com-
pared to clay only systems. However, this study was limited
to only one type of clay (kaolinite), one As redox species
(As(V)), did not test various As loadings onto clay/clay-HA,
and only studied adsorption (and not desorption) of As.

While As sorption to clay minerals in the absence of humic
substances has been studied thoroughly (Goldberg, 2002;
Saada et al., 2003a) there is a lack of knowledge regarding the
interactions of arsenite and arsenate with clay minerals that
are coated with humic material as is typically the case in the
environment. Additionally, while it is known that phosphate,
and to some extent silica, can desorb As from clay minerals
(Stollenwerk et al., 2007), desorption of As sorbed to humics-
coated clays by silicate and phosphate has not been quantified
so far. Therefore, in the present study we used batch experi-
ments to determine whether and to which extent HA sorbed
to clay affected As sorption and As desorption by silicate and
phosphate. The specific objectives of this research were: 1) to
determine the effect of HA on sorption of As(Ill) and As(V) to
kaolinite and illite by quantification of As(IIl)/As(V) sorption
to clay only (kaolinite and illite) and to clay-HA complexes
(kaolinite-HA and illite-HA) and 2) to determine desorption
of As from kaolinite and illite only, and from kaolinite-HA
and illite-HA systems by environmentally relevant concentra-
tions of silicate and phosphate anions, at low and high As load-
ings on clay/clay-HA.

2. Materials and methods
2.1. Reagents

Stock solutions of 100 mM arsenate and arsenite (Na;HAsO4
and NaHAsO;), and 2mM stock solutions of phosphate
(KH,PO4) and silicate (NaSiO>9H,0) (all from Fluka, Germany)
were prepared in deionized water. For As(Ill) experiments, ar-
senite, phosphate and silicate solutions were purged with N,
for 5 min (repeated three times for each solution with 30 sec-
onds of vacuum applied in between) before adding the respec-
tive components to the clay/clay-HA complexes. All arsenic,
phosphate and silicate solutions were adjusted to pH 7 with
0.1 M HCl or NaOH before addition meaning that under our ex-
perimental conditions different species of arsenate and phos-
phate were present (i.e., dihydrogen phosphate/hydrogen
phosphate and dihydrogen arsenate/hydrogen arsenate). For
simplicity, we use the terms arsenate and phosphate through-
out the paper to represent both species of arsenate and both
species of phosphate. Pahokee peat humic acid (PPHA) and
CaCl, were purchased from the International Humic Substances
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Society (IHSS) and Fluka (Germany), respectively. PPHA solu-
tion (0.1 mg/mL equivalent to ~50 mg C/L) was prepared by
dissolving PPHA powder in 10 mM CaCl, under vigorous stir-
ring. The amount of cations in the PPHA was very low (e.g.
only 16.5 pg Fe per g HA, Bauer et al.,, 2007). No precipitation
of PPHA by Ca®™ was observed. The pH of the solution was read-
justed to pH 7 using 1 M NaOH and stirred for 1 h before filter-
ing with a 0.45 um mixed cellulose ester (MCE, Millipore) filter.
Clay minerals (kaolinite (KGa-1b) and illite (Imt-1)) were
obtained from the Clay Mineral Society (University of Missouri,
USA). In case of illite, the material was ground to <50 pm before
using it for experiments. No further pretreatment of the min-
erals were conducted.

2.2. Preparation of homoionized clay

25 g of clay was suspended in 1 L of 1 M CaCl; (solid:liquid
ratio of 1:40 w/v) and shaken at 150 rpm in a rotable shaker to
obtain Ca®*-homoionized kaolinite and illite. This process was
repeated three times with 2 h of shaking in between. Excess
calcium chloride was removed after the last homoionization
step by washing with deionised water until AgNOs addition
to the washing water indicated absence of CI™.

2.3. Synthesis of complexes of clay and PPHA (‘clay-HA’ complexes)

To quantify sorption of As to clay-HA complexes com-
pared to clay only systems, clay-HA complexes were first
prepared by adding the Ca?*-homoionized clay to the
50 mg C/L PPHA solutions at a ratio of 1:40 (w/v, 25 g clay
and 1L of 0.1 mg/mL HA solution). The clay-HA suspensions
were incubated for 48 h at 150 rpm in an overhead shaker at
pH 7. After 48 h, the suspension was centrifuged at 5,000 rpm
for 15 min. The supernatant was sampled for dissolved or-
ganic carbon (DOC) measurements to quantify the non-
sorbed PPHA. To remove loosely bound humics from the
clay-HA, the pellet containing the clay-HA aggregates was
resuspended in 10 mM CaCl, and gently shaken by hand.
The suspension was then again centrifuged at 5000 rpm for
15 min. The last step was repeated until the supernatant con-
tained <0.5 mg/L DOC. In all clay-HA systems more than 95%
of the PPHA added were adsorbed yielding a value of about
0.2% [~ 2 mg C per g clay] in the clay-HA complexes (data
not shown). The synthesis of clay-HA complexes represents
a slight modification of the protocol from Saada et al.
(2003b). From this point on, for simplicity, illite and kaolinite
only systems will be referred to as IL and Kao, whereas, illite-
HA and kaolinite-HA complexes will be referred to as IL-HA
and Kao-HA complexes or systems, respectively.

2.4. Sorption experiments

Sorption isotherms for As were determined by equilibrating
~500 mg wet clay or clay-HA with 25 mL As(IIl) and As(V) so-
lutions of concentrations between 1 and 100 uM (all solutions
prepared in 10 mM CaCl, and readjusted to pH 7 if required)
in 60 mL serum bottles with O,-tight butyl rubber stoppers.
The concentrations of As were chosen to represent environ-
mentally relevant low and some relatively high concentrations
of As found in the porewater of As-contaminated aquifers
(Hossain, 2006; Smedley and Kinniburgh, 2000). We did not

use concentrations higher than 100 uM As in the sorption iso-
therms for several reasons: (1) higher As concentrations
would exceed the maximum (average) environmental As con-
centrations found in As contaminated aquifers, (2) the values
of As sorbed per g clay obtained upon addition of 100 uM As
to the clay and clay-HA systems represent values of As found
in clay phases in As contaminated aquifers (Chakraborti et al.,
2001), and (3) the goal of the sorption experiments was to de-
termine whether humic substances sorbed to clay change As
sorption/desorption and we had already found a significant dif-
ference in sorption of As to clay vs. clay-HA systems upon addi-
tion of 100 pM As.

For As(IIl) experiments, clay and clay-HA suspension were
first deoxygenated by bubbling the suspension with N, once for
10 min and then again 5 min before adding anoxic As(III) solu-
tion in an anoxic glovebox. After equilibrating the mixtures for
72 h (at 150 rpm) on a horizontal shaker, samples were taken,
filtered through a 0.45 um MCE filter, and prepared for As total
measurements (see analytical section). The reaction time of
72 h was determined to be sufficient from preliminary kinetic
sorption experiments with As(Ill)/As(V) and both clay and
clay-HA suspensions (data not shown). Sampling from As(III)
sorption experiments was conducted in an anoxic glovebox.
The pH change in all sorption experiments was less than 5%
at the end of the experiments.

2.5. Desorption of As from clay and clay-HA by phosphate and
silicate

To quantify desorption of As from clay and clay-HA com-
plexes by phosphate and silicate, setups were chosen from
sorption experiments where either 1 or 25 UM As (prepared
in 10 mM CaCl,, pH 7) was initially added to the clay and
clay-HA complexes (see description of experimental setup in
Fig. 1). These amounts of As loaded to clay/clay-HA represent
average low and high amounts of As in solid phases (0.01-
3.0 umol As per g clay) in As-rich aquifers reported by several
authors (Chakraborti et al., 2001; Mandal and Suzuki, 2002;
Ullah, 1998). We would like to note that concentrations of
25 uM As were chosen to represent ‘high As loading’ for the de-
sorption experiments, based on recent studies describing clay
phases with high (average) As loadings (Chakraborti et al.,
2001; Ullah, 1998). Therefore, whereas 100 pM As was chosen
as the maximum concentration of As added to clay/clay-HA in
the sorption experiments (described in Section 2.4), for de-
sorption experiments 25uM As was chosen for obtaining
‘high loading’. 100 uM and 500 uM phosphate and silicate
(both prepared in 10 mM CaCl,, pH 7) were separately added
to each setup. The concentrations of phosphate and silicate
chosen in this experiment to desorb arsenic represent average
and high concentrations of the respective anions in solution
found in some As contaminated aquifers and natural systems
(Stollenwerk et al., 2007; Violante and Pigna, 2002). 96 h of de-
sorption time was allowed for all setups before samples were
taken and analyzed for total dissolved As (see analytical section).
The desorption time of 96 h was determined to be sufficient
from preliminary kinetic desorption experiments quantifying
desorption of As(Ill) and As(V) over time from As(V)- and As
(I1)-loaded clay and clay-HA complexes (data not shown). The
pH of all the setups remained neutral throughout the course of
the experiments.
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Loading of As used 1) Addition of Clay/clay-HA used
Low loadi a) Kaolinite only
“ m.n:;;'g As(Il)/As(V) b) Kaolinite-HA
b) High loading to clay/clay-HA <) llite only
(25 M As) d) llite-HA
150 RPM,
Jrz h,pH7

2) Desorption of
As(Il)/As(V) by
a) 100 pM phosphate
b) 500 uM phosphate
c) 100 pM silicate
d) 500 uM silicate

150 RPM,
96 h

3) Sampling
forAs

Fig. 1. lllustration of the experimental setup for arsenic desorption experi-
ments: (1) Sorption of As(Ill)/As(V) to clay only (kaolinite and illite only)
and clay-HA (kaolinite-HA and illite-HA complexes) was carried out either
at low (1 puM) or at high (25 uM) As concentration, (2) Desorption of As(III)
and As(V) from clay only and clay-HA complexes was carried out by addi-
tion of either 100 and 500 uM phosphate or 100 and 500 pM silicate, and
(3) Quantification of desorbed/dissolved As after 96 h of incubation. It
should be noted that all As(Ill) experiments involving As(IIl) (including ad-
dition reagents and sampling) were carried out in an anoxic glovebox.

2.6. Analytical methods

To quantify As in solution, 400 pL aliquots were taken
from each experimental setup, centrifuged for 3 min (at
14,000 rpm), and the supernatant was acidified with 1M
HNOs. The supernatant was analyzed for total As by ICP-MS.
Selected samples were analyzed for As speciation by LC-ICP-
MS (sample preparation protocol from Daus et al. (2002)).
In all systems, there was less than 5% As oxidation or reduc-
tion in both As(Ill) and As(V) systems (data not shown),
and therefore potential effects on sorption due to As redox
changes can be disregarded. Al and Fe were not quantified
in the supernatant and therefore the presence of clay-humics
colloids in the supernatant and a slight overestimation of dis-
solved As concentrations can therefore not be ruled out. DOC
was quantified from filtered solutions (0.45 pm MCE filter) by
a TOC analyzer (highTOC II, Elementar Analysensysteme
GmbH, Hanau, Germany). The absorbance was measured in
a plate reader (FlashScan 550, Jena Analytik, Germany). Sur-
face areas of clay minerals were measured with the BET
method (Malvern, Germany).

2.7. Statistical analysis

The desorption data was statistically evaluated (within
each clay or clay-HA experimental setup) with a two-way
analysis of variance using SPSS 12.0. Means separation was
performed by Duncan's multiple range test at P<0.05.
3. Results and discussion
3.1. Sorption of As to clays in clay and clay-HA systems

In As-contaminated aquifers, both clay minerals and natu-

ral organic matter (humic substances) were shown to be pre-
sent (Hossain, 2006) and therefore As-clay interactions occur

either in the presence of dissolved OM or with clay minerals
coated with OM. To determine the effect of humic acids on As
sorption to clays, we first quantified sorption of As to clay-HA
(Kao-HA and IL-HA) complexes in comparison to clay only
systems (Kao and IL) (Table 1, Fig. 2A to D).

3.1.1. Comparison of sorption of As to clay vs clay-HA complexes

HA adsorbed to clay affected As sorption considerably. After
addition of 100 uM of As, As sorption was significantly lower in
clay only systems compared to clay-HA systems (Table 1, Fig.
2A to D). The amount of As(Ill) sorbed increased by 50% in
Kao-HA and by 28% in IL-HA systems compared to Kao and IL
(HA-free) systems, respectively. Similarly, sorption of As(V) in-
creased by 41 and 35% in the presence of HA compared to Kao
and IL only systems, respectively. The increased sorption of As
by clay-HA complexes compared to clay only is probably due
to sorption of the humic acids to the clay surface that modifies
the clay surface properties in a way that enhances the binding
of As (Martinez et al., 2010). Possible mechanisms of As sorp-
tion onto the clay minerals and clay-HA complexes are illus-
trated in Fig. 3. Arsenic can either sorb directly to the clay
mineral surface as an inner-sphere complex or as an outer-
sphere ternary surface complex using Ca®* as a cation bridge
(Fig. 3). Complexation of As with OM in the presence of a cation
bridge such as Fe has been shown previously in literature
(Sharma et al., 2010; Wang and Mulligan, 2006) and it is possi-
ble that the negatively charged clay particles and As can inter-
act with each other via Ca®* as a cation bridge in our systems.
In addition to binding to clay via cation bridges, As can also
form ternary complexes with HA molecules that are bound to
clay minerals provided that there are positively charged func-
tional groups such as amines (Saada et al., 2003a) or phenolate
groups (Buschmann et al., 2006) which can bind As. HA bind
strongly to the clay mineral surface via cation bridges such as
Ca%* (Jekel, 1986; Saada et al., 2003b; Tipping and Higgins,
1982). Additionally, Saada et al. (2003a) found enhanced sorp-
tion of As onto clay-HA complexes with increasing nitrogen
content. However, dialysis and ultracentrifugation experiments
of As-HA colloids and dissolved complexes (Sharma et al.,
2010) revealed that, at neutral pH, direct binding of As to HA
(in the absence of bridging metal cations) was negligible even
when high concentrations of As(V) and HA (100 uM As(V)
and 50 mg C/L HA) were incubated together for 5 days. With
regard to the potentially involved N-containing As binding
sites, this is remarkable since the Pahokee peat HA that were

Table 1

Amount of As(Ill) and As(V) sorbed (umol As/g clay) upon addition of
100 uM As(III) and As(V) to kaolinite and to illite only, or to kaolinite-HA
and to illite-HA.

Setups As(111) As(V)
pmol/g umol/g
Illite 1.22 (0.08) 1.06 (0.03)
Kaolinite 1.09 (0.10) 0.82 (0.12)
lllite-HA 1.65 (0.12) 1.37 (0.10)
Kaolinite-HA 1.54 (0.09) 1.23 (0.18)

The solid:solution ratio was 1:50 (m/v): 0.5 g clay/clay-HA and 25 ml of
10 mM CaCl,. Background solution in all experiments was 10 mM CaCl,.
Arsenic was equilibrated with clay/clay-HA for 72h at 150 rpm. All
experiments were carried out in duplicates. Numbers in parentheses show
errors calculated from duplicate setups.
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Fig. 2. Sorption isotherms of As(IIl) and As(V) to kaolinite (Kao - panel A), kaolinite-HA (Kao-HA - panel B), illite (IL - panel C), and illite—-HA (IL-HA - panel D).
The plots show the As concentration in solution after equilibrium has been reached (72 hours) vs the amount of As sorbed to the clay mineral surface in pmol As
per g of clay mineral present. Error bars represent standard deviations calculated from three parallel samples.

used in the present study as well as in the study by Sharma et al.
(2010) have a relatively high nitrogen content of 3.7% com-
pared to the nitrogen content of 2.1% in the peat humic acids
used by Saada et al. (2003a). Therefore, although amino groups
are possible binding sites for As, binding of As to HA via metal
cations in the HA itself is probably more important for As sorp-
tion in our systems (see illustration in Fig. 3). Furthermore, the
clay minerals were homoionized with Ca%*, which is also pre-
sent in the background solution during the incubation of the

clay with the HA and As. Aggregation of HA by Ca®™ on the
clay mineral surface is therefore possibly leading to Ca%>*-HA
structures at the clay surface via Ca®™ bridges thus increasing
the number of binding sites for As and explaining the higher ex-
tent of sorption of As to clay-HA systems compared to clay only
systems. This is supported by a study by Saada et al. (2003b),
where the authors have experimentally shown that sorption
of HA to clay minerals is enhanced in the presence of Ca?*
ions. The authors have suggested that Ca?™ ions enhance HA
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Clay mineral molecule
e
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Fig. 3. Possible interactions between As(III)/As(V), clay minerals and humic acids (HA): (1) sorption of As(III) or As(V) directly to the clay mineral surface via an
inner-sphere complex, (2) binding of As(Ill) or As(V) to the clay mineral surface via ternary complex formation with Ca®* functioning as cation bridge (outer
sphere complex), and (3) interactions of As with Ca?"-HA aggregates or with amine groups from humic molecules sorbed to clay surface.
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binding to clay by forming ‘intra-molecular bridges’ within the
HA molecules as well as forming bridges between the clay and
the HA suggesting that clay-Ca®*-HA-complexes are formed.
Binding of other anions (such as arsenate) could then be in-
creased as a result of additional binding sites provided by the
HA and Ca?™. Such increased As adsorption to mineral surfaces
in the presence of Ca2™ ions has also been described for natural
clays (Smith et al., 2002).

One concern of the presence of Ca™ is the potential for-
mation of calcium arsenate mineral phases at high calcium
and arsenate concentrations. Calcium arsenate precipitates
such as Cas(AsO4),x4H,0 were shown to form between
Ca/As ratios of 1.5-2.0 and from suspensions that had pH
values slightly higher than pH 7 up to a pH of 12 (Bothe
and Brown, 1999). Based on the solubility product of Cas
(AsOy), (6.8x1071°, Cheng et al., 2009) and concentrations
of Ca®* (10 mM) and As (1 or 25 uM), the formation of calci-
um-arsenic precipitates at the clay surfaces is possible in our
experiments. However, comparison of sorption isotherms for
As(V) to the isotherms obtained with As(III) (Fig. 2) did not
show any striking deviations from normal sorption behavior
at high As(V) concentrations thus suggesting the absence to
surface precipitation of calcium arsenates.

3.1.2. Comparison of sorption of As(Ill) vs As(V) to clay/clay-HA
Not only the presence of HA plus potentially bridging cat-
ions influenced As sorption to the clays, the As redox specia-
tion also influenced As sorption behavior (Table 1). As(III)
and As(V) were previously shown to sorb to different extents
to different mineral phases such as ferrihydrite and goethite
(Goldberg, 2002) and therefore a difference in the amount
of As sorbed was also expected upon sorption to different
forms of clay and clay-HA aggregates. We found that at neu-
tral pH and after addition of 100 uM As(IIl) and As(V), re-
spectively, As(V) sorbed to the clays to a greater extent (15,
20, 25 and 32%, respectively) than As(Ill) in IL, IL-HA, Kao
and Kao-HA systems, respectively (Table 1). This sorption
behavior of arsenite and arsenate is different compared to
their sorption to iron minerals such as ferrihydrite or goe-
thite where - at neutral pH - arsenite usually sorbs to a
higher extent than arsenate (Dixit and Hering, 2003; Herbel
and Fendorf, 2006; Raven et al., 1998). The greater adsorp-
tion of As(V) to the clays compared to As(IIl) in our systems
can be explained by the electrostatic interactions between
positively charged clay mineral surfaces (that were homoio-
nized with 1M Ca?*) and the negatively charge deproto-
nated As(V) species at pH 7. The first two pKa values of
arsenic acid (H3AsO4) are 2.2 (pKa;) and 6.9 (pKa,) while
the first pKa value for arsenous acid (H3AsOs) is 9.2 (pKa;).
Therefore, at a circumneutral pH the positively charged clay
surface would preferentially bind the negatively charged ar-
senate species compared to H3AsOs. This was also demon-
strated in a separate study carried out by Smith et al.
(2002), where they found that As(V) binds more to clay-
rich soils in the presence of Ca?™ in comparison to As(1II).

3.1.3. Comparison of sorption of As to different clay/clay-HA
types (i.e. IL vs Kao and IL-HA vs Kao-HA)

In addition to the two different As redox species, the two
tested clay minerals, kaolinite and illite, also showed noticeable
differences with regard to As sorption (Table 1). For As(III), we

found that sorption to IL and IL-HA systems was higher by
29.2 and 11.4% compared to Kao and Kao-HA systems, respec-
tively. For As(V), the sorption maxima on IL and IL-HA were
11.9 and 7.1% higher than in Kao and Kao-HA systems. The
sorption of As onto clay mineral surfaces depends on the struc-
ture and the surface area of the clay minerals (Lin and Puls,
2000). Aluminol binding sites of phyllosilicates were reported
to be more reactive to sorption of organic compounds, anions
and trace metals due to significant fractions of free oxygen
atoms as compared to silanol sites (Benyahya and Garnier,
1999; Sposito, 1994)). Kaolinite is a 1:1 clay mineral with alter-
nating octahedral and tetrahedral sheet with Si/Al ratio of 1
where as illite is a 2:1 clay mineral with the alumina layer in be-
tween the two silica layers with a Si/Al ratio of 2. This means
that in kaolinite the more reactive Al-OH octahedral sheet is ex-
posed whereas in illite the AlI-OH sheet is masked between two
less reactive SiO,4 sheets and therefore, more As is expected to
sorb to kaolinite (Lin and Puls, 2000; Manning and Goldberg,
1997). However, in our systems we saw the opposite, i.e. higher
sorption of As in IL and IL-HA systems. This can probably be
explained by the fact that the specific surface area of illite
(268 m?/g) is 3.7 times higher than that of kaolinite
(7.3 m?/g). A previous study by Lin and Puls (2000) also de-
scribed more As binding to illite compared to kaolinite and
they also worked with illite and kaolinite clay minerals where
the illite had a higher surface area than kaolinite.

3.1.4. Sorption of As to clays at low (1 uM) and high (25 uM) ini-
tial As concentrations

After having determined sorption isotherms with As con-
centrations from 1-100 iV, in a second step (as preparation
for the desorption experiments) we loaded the clays and clay-
HA complexes with two different concentrations of As. The con-
centrations of As added (i.e. 1 and 25 M) were selected in order
to yield an environmentally relevant low and high amount of As
loading (0.01-3.0 umol As/g clay) as observed by previous au-
thors (Chakraborti et al, 2001; Hossain, 2006; Mandal and
Suzuki, 2002; Smedley and Kinniburgh, 2000; Ullah, 1998).
We found that the loading of both As(IIl) and As(V) onto clay/-
clay-HA depended not only on the initial concentrations of As
added, but also on clay type and As species (Table 2).

3.1.4.1. As sorption at low As loading (addition of 1 uM As to
clay/clay-HA). At low As loading (addition of 1 uM As), no dif-
ference in the amount of As sorbed was found when compar-
ing As(Ill) and As(V), clay vs clay-HA or Kao vs IL systems
(Table 2). The values of As ranged from 0.04 to 0.05 pmol
As/g clay for both species of As which means almost all As
that was added sorbed to clay/clay-HA complexes. Since al-
most all As sorbed at low As loading, these experiments do
not provide information on differences in adsorption affinity.

3.1.4.2. As sorption at high As loading (addition of 25 uM As to
clay/clay-HA). Compared to the low As loading, at high As
loading (addition of 25 uM As) there were differences be-
tween HA-loaded and HA-free clays, between kaolinite and
illite, and between As(Ill) and As(V) following the same
trends that were already observed when 100 uM As was
added (for details see Section 3.1). Final As(Ill) loadings
were 0.56, 0.71, 0.41 and 0.57 pmol As(Ill)/g clay and As(V)
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Table 2

Amount of As(IlI) and As(V) sorbed (umol As/g clay) upon addition of 1 M
As(IIl) or As(V) [low As loading] and 25 pM As(III) or As(V) [high As loading]
to kaolinite and to illite only or to kaolinite-HA and to illite-HA.

Setups Low As loadings High As loadings
As(III) As(V) As(11I) As(V)
umol/g pmol/g pmol/g pmol/g
Mlite 0.04(0.02)  0.05(0.02)  0.56(0.05)  0.77(0.08)
Kaolinite 0.04(0.01)  0.04(0.01)  0.41(0.06)  0.73(0.08)
Mlite-HA 0.05(0.02)  0.04(0.02)  0.71(0.03)  0.87(0.11)
Kaolinite-HA ~ 0.05(0.02)  0.04(0.02)  0.57(0.04)  0.93(0.09)

The solid:solution ratio was 1:50 (m/v): 0.5 g clay/clay-HA to 25 ml of
10 mM CaCl,. Background solution in all experiments was 10 mM CaCl,. As
was equilibrated with clay/clay-HA for 72 h at 150 rpm. All experiments
were carried out in duplicates. Numbers in parentheses show errors
calculated from duplicate setups.

loadings were 0.77, 0.87, 0.73 and 0.93 pmol As(V)/g clay in
IL, IL-HA, Kao and Kao-HA systems, respectively (Table 2).

3.2. Desorption of As from clay and clay-HA by phosphate and
silicate

Many of the As contaminated regions in South Asia in-
clude extensive irrigation areas where crops are grown pe-
rennially. In these agricultural fields, phosphate is not only
naturally present in minerals, as sorbed phases or as dis-
solved species, but it also can be present due to a widespread
usage of phosphate fertilizers which enter the groundwater
systems (Acharyya et al.,, 1999). On the other hand, high con-
centrations of groundwater silica (1-1000 pM) were found in
As-contaminated soils and aquifers due to active weathering
of silicate minerals (Iler, 1979; Meng et al., 2001). Anions
such as phosphate, which has an analogous structure to that
of arsenate, and silicate, which can effectively sorb to mineral
phases were shown to desorb both arsenate and arsenite
from minerals in soils (Meng et al., 2001; Stollenwerk et al.,
2007).

3.2.1. Desorption of As by phosphate and silicate at high As
loading

In our experiments, we found that not only sorption of As,
but also desorption of As by phosphate and silicate, depends
upon the amount of As initially loaded to clay and clay-HA
systems.

3.2.1.1. Desorption of As by phosphate and silicate in clay vs
clay-HA systems. At high As loading, desorption in clay only
systems were significantly lower (at P=0.05) than clay-HA
systems (Fig. 4C and D). A concentration of 100 uM phosphate
desorbed between 13-36% of As(V) and 25-31% of As(IIl)
while 500 pM phosphate desorbed between 27-34% of As(V)
and 42-48% of As(Ill) in clay only systems. In clay-HA systems,
the amount of As desorbed by 100 uM phosphate increased to
36-45% for As(V) and 39-48% for As(Ill) (Fig. 4). When
500 uM phosphate were added to clay-HA systems, 27-60%
of As(V) and 48-72% of As(Ill) was desorbed. Desorption of
As by silicate at high As loading showed a similar trend as ob-
served for the phosphate. In clay only systems, desorption by
100 and 500 UM silicate ranged from 2 to 10 and 8-19%

respectively. In clay-HA complexes, the amount of As desorbed
ranged between 14-32 and 20-39% by 100 and 500 pM silicate.
The results from As desorption experiments compared to the
initial amount of As loaded show that although more As can
bind to clay-HA complexes than to clay only (without pre-
loaded HA), the As is also desorbed to a greater extent from
HA-covered clays in comparison to clay only systems. This
can possibly be explained by the types of sorption sites on the
clay mineral surface for these two systems. Inner-sphere com-
plexes of As-clay or As-Ca®"—clay are expected to be stronger
than As bound to Ca®>"-HA~clay structures (Fig. 3). This means
that As bound to clay via Ca®"-HA will possibly be desorbed
more easily than the arsenic that is bound directly to the clay
mineral surface.

3.2.1.2. Desorption of As by phosphate vs silicate. When com-
paring desorption of As by phosphate to desorption by sili-
cate, we found that 500 uM phosphate is more effective in
desorbing As than 500 uM silicate in the systems with high
As loading (Fig. 4). Additionally, 100 uM phosphate desorbed
more As than 100 uM or 500 pM silicate with the exception of
IL only systems for both As(V) and As(Ill) and Kao only sys-
tems for As(III). Phosphate being more effective than silicate
has also been described previously for As desorption from
clays (Stollenwerk et al., 2007). Overall, for both clay types
and with/without HA, phosphate desorbed between 38 and
72% of the presorbed As whereas silicate desorbed only be-
tween 23 and 50% of As. Increasing the phosphate concentra-
tion from 100 to 500 uM increased the amount of As
desorbed in all experimental setups. In contrast, increasing
the silicate concentrations from 100 to 500 pM only increased
desorption in As(V) experiments conducted with illite, in the
other experiments it did not increase the amount of As
desorbed.

3.2.1.3. Desorption of As in IL vs Kao and IL-HA vs Kao-HA.
When comparing desorption of As for the two clays tested
in this study, i.e. IL vs Kao, at high As loading in the absence
of HA, desorption of As(IIl) and As(V) by phosphate or silicate
showed no significant differences between the two clays
(Fig. 4). This is remarkable since in the sorption experiments
with 100 uM As, both redox species of As sorbed more to IL
compared to Kao. This observation illustrates that determina-
tion of arsenic sorption isotherms for both As redox species
does not necessarily allow predictions to be made as to
which As species is detached from the surface of different
clays more easily by competitive ligands.

In contrast to the HA-free clays, in IL-HA and Kao-HA
some differences in desorption were observed between the
two clays. Desorption of As in IL-HA systems was generally
higher than in Kao-HA systems regardless of the As species,
except for desorption of As(IlI) by 100 and 500 uM phosphate
where higher amounts of As(Ill) were desorbed from Kao-HA
than from IL-HA. Why more As(III) is desorbed from Kao-HA
by phosphate than from IL-HA is currently unclear.

3.2.1.4. Desorption of As(V) vs As(Ill) in clay/clay-HA systems.
When comparing As(V) to As(IIl), we found that the amounts
of As(IIl) or As(V) desorbed by phosphate or silicate did not
always follow a specific trend. We observed that in clay
only systems, the amounts of As(V) and As(Ill) desorbed
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Fig. 4. Amount of As(III) and As(V) sorbed to IL, IL-HA, Kao and Kao-HA in the absence of phosphate and silica (white bars), and in the presence of 100 or 500 uM
phosphate, and 100 or 500 uM silicate (phosphate and silicate experiments represented by colored and striped bars, respectively). Panels A-D denote experi-
ments for As desorption with initially added (A) 1 pM As(V), (B) 1 uM As(III), (C) 25 uM As(V) and (D) 25 uM As(III). Error bars represent standard deviations
calculated from two parallel samples. Different letters on the bars indicate statistically significant differences (p=0.05) in As desorption by 100 uM and
500 uM phosphate and silicate within each clay system (i.e. within IL, IL-HA, Kao, Kao-HA experimental setups) according to Duncan's multiple range test.

Note different scales of y-axes in C and D.

were not significantly different (Fig. 4). In contrast, in both
IL-HA and Kao-HA systems, more As(V) was desorbed by sil-
icate than As(Ill) and addition of phosphate desorbed more
As(V) from IL-HA and more As(Ill) from Kao-HA. The rea-
sons behind these desorption patterns are unclear.

3.2.2. Desorption at low As loadings

In addition to quantification of As desorption from clays at
high As loading, we also quantified As desorption from clay
and clay-HA at low As loading (Fig. 4). Significant differences
in the amount of As(IIl) desorbed were found when phosphate
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containing systems (both at 100 and 500 uM phosphate) were
compared to silicate in clay-only as well as in clay-HA systems
with phosphate desorbing more As(IIl) than silicate. In As(V)
systems, only 500 uM phosphate in IL-HA desorbed significant-
ly more As(V) than silicate. This suggests that phosphate may
desorb arsenite more effectively than arsenate at lower As
loadings. When comparing As desorption by increasing con-
centrations of phosphate to increasing concentrations of sili-
cate (i.e. 100 and 500 uM phosphate and silicate), desorption
of As by 500 pM phosphate was significantly higher than As de-
sorption by 100 uM phosphate in As(V) systems although this
was not the case in As(Ill) systems. Between 100 and 500 uM
silicate, there was no significant difference in the amount of
As desorbed in any system. This suggests that an increase in
concentrations of phosphate could desorb more As from clay/-
clay-HA and release the As into groundwater but increasing sil-
icate concentrations are not necessarily expected to desorb
more As from clay or clay-HA complexes at low As loadings.
Besides the effect of increasing phosphate concentrations on
As desorption, at low As loading, we did not find significant dif-
ferences when we comparing As desorption in clay vs. clay-HA,
IL vs. Kao or As(Ill) vs. As(V) setups.

4. Conclusions

In the present study, we quantified sorption and desorp-
tion of As in clay (illite and kaolinite) and clay-HA at neutral
pH. The results demonstrated that HA sorbed to clay in-
creased sorption of both As(Ill) and As(V) at neutral pH.
Compared to As(Ill), higher amounts of As(V) sorbed to
both clay and clay-HA. Illite and illite-HA generally sorbed
more As than kaolinite and kaolinite-HA in the presence of
high As concentrations. In desorption experiments, we dem-
onstrated that higher relative amounts of As can be desorbed
from clay-HA complexes by phosphate and silicate than from
clay-only systems, particularly at high As loading. Phosphate
was more effective than silicate in desorbing As confirming
previous findings (Stollenwerk et al., 2007). At low As load-
ing, sorption of HA to clay did not significantly impact the
amount As sorption and desorption.

The results of our study suggest that in As-contaminated
aquifers with high amounts of NOM and clay, formation of
clay-NOM complexes can significantly increase sorption of As
to clay. However, depending on the concentration of phosphate
and silicate ions present in the soil solutions, As is expected to
be effectively mobilized again from clay/clay-NOM. This pro-
cess is particularly relevant in As-contaminated aquifers such
as those of South Asia where high amounts of As, NOM, clay,
phosphate and silicate are present. However, the stability of
As sorbed to clay-HA complexes, and possible sorption
mechanisms and desorption mechanisms by phosphate and
silicate in these systems are not yet fully understood and
more research on As-clay-NOM interactions in presence of
phosphate and silicate is required to gain a better under-
standing of the sorption and desorption processes in As con-
taminated environments.

Acknowledgements

This work was supported by an IPSWaT fellowship from the
German Federal Ministry for Science and Education (BMBF) to

PS and by funding from the German Research Foundation
(DFG) and the BMBF to AK. We would like to thank ]. Breuer,
P. Kiihn, E. Struve and F. Baumann for their help with ICP-MS.

References

Acharyya, S.K., Chakraborty, P., Lahiri, S., Raymahashay, B.C., Guha, S., Bhow-
mik, A., 1999. Arsenic poisoning in the Ganges delta. Nature 401, 545.

Amstaetter, K., Borch, T., Larese-Casanova, P., Kappler, A., 2010. Transforma-
tion of arsenic by Fe(Il)-activated goethite (a-FeOOH). Environ. Sci.
Technol. 44, 102-108.

Bauer, M., Heitmann, T., Macalady, D.L., Blodau, C., 2007. Electron transfer ca-
pacities and reaction kinetics of peat dissolved organic matter. Environ.
Sci. Technol. 41, 139-145.

Benyahya, L., Garnier, J.-M., 1999. Effect of salicylic acid upon trace-metal
sorption (Cd(II), Zn(II), Co(Il), and Mn(II)) onto alumina, silica, and ka-
olinite as a function of pH. Environ. Sci. Technol. 33, 1398-1407.

Bothe, J.V., Brown, P.W., 1999. Arsenic immobilization by calcium arsenate
formation. Environ. Sci. Technol. 33, 3806-3811.

Burgess, W.G., Hoque, M.A., Michael, H.A., Voss, CJ., Breit, G.N., Ahmed, K.M.,
2010. Vulnerability of deep groundwater in the Bengal aquifer system to
contamination by arsenic. Nat. Geosci. 3, 83-87.

Buschmann, J., Kappeler, A,, Indauer, U, Kistler, D., Berg, M., Sigg, L., 2006. Ar-
senite and Arsenate Binding to Dissolved Humic Acids: Influence of pH,
Type of Humic Acid, and Aluminum. Environ. Sci. Technol. 40,
6015-6020.

Chakraborti, D., Basu, G.K., Biswas, B.K., Chowdhury, UK., Rahman, M.M.,
Paul, K., 2001. Characterization of arsenic bearing sediments in Gangetic
delta of West Bengal-India. In: Chappell, W.R., Abernathy, C.0., Calderon,
R.L. (Eds.), Arsenic exposure and health effects. Elsevier Science, New
York, pp. 27-52.

Cheng, H., Hu, Y., Luo, J., Xu, B., Zhao, ]., 2009. Geochemical processes control-
ling fate and transport of arsenic in acid mine drainage (AMD) and nat-
ural systems. ]. Hazard. Mater. 165, 13-26.

Daus, B., Mattusch, J., Wennrich, R., Weiss, H., 2002. Investigation on stability
and preservation of arsenic species in iron rich water samples. Talanta
58, 57-65.

Davis, C.C,, Knocke, W.R., Edwards, M., 2001. Implications of aqueous silica
sorption to iron hydroxide: mobilization of iron colloids and interfer-
ence with sorption of arsenate and humic substances. Environ. Sci. Tech-
nol. 35, 3158-3162.

Dixit, S., Hering, ].G., 2003. Comparison of arsenic(V) and arsenic(Ill) sorp-
tion onto iron oxide minerals: implications for arsenic mobility. Environ.
Sci. Technol. 37, 4182-4189.

Goldberg, S., 2002. Competitive adsorption of arsenate and arsenite on ox-
ides and clay minerals. Soil Sci. Soc. Am. J. 66, 413-421.

Herbel, M., Fendorf, S., 2006. Biogeochemical processes controlling the speci-
ation and transport of arsenic within iron coated sands. Chem. Geol. 228,
16-32.

Hingston, FJ., Posner, A.M., Quirk, ].P., 1971. Competitive adsorption of neg-
atively charged ligands on oxide surfaces. Discuss. Faraday Soc. 52,
334-342.

Hossain, M.F., 2006. Arsenic contamination in Bangladesh - an overview.
Agric. Ecosyst. Environ. 113, 1-16.

Iler, RK., 1979. The chemistry of Silica. Wiley-Interscience, New York.

Jekel, M.R., 1986. The stabilization of dispersed mineral particles by adsorp-
tion of humic substances. Water Res. 20, 1543-1554.

Jiang, J., Bauer, L, Paul, A,, Kappler, A., 2009. Arsenic redox changes by micro-
bially and chemically formed semiquinone radicals and hydroquinones
in a humic substance model quinone. Environ. Sci. Technol. 43,
3639-3645.

Lin, Z., Puls, RW., 2000. Adsorption, desorption and oxidation of arsenic af-
fected by clay minerals and aging process. Environ. Geol. 39, 753-759.

Luxton, T.P., Tadanier, CJ., Eick, M.J., 2006. Mobilization of arsenite by com-
petitive interaction with silicic acid. Soil Sci. Soc. Am. J. 70, 204-214.

Mandal, B.K., Suzuki, K.T., 2002. Arsenic round the world: a review. Talanta
58, 201-235.

Manning, B.A., Goldberg, S., 1997. Arsenic(Ill) and arsenic(V) adsorption on
three California Soils. Soil Chem. 162, 886-895.

Martinez, R.M., Sharma, P., Kappler, A., 2010. Surface binding site analysis of
Ca®"-homoionized clay-HA complexes. J. Colloid Interface Sci. 352,
526-534.

Meng, X., Korfiatis, G.P., Christodoulatos, C., Bank, S., 2001. Treatment of Ar-
senic in Bangladesh well water using a household co-precipitation and
filtration system. Water Res. 34, 2805-2810.

Raven, K.P,, Jain, A., Loeppert, R.H., 1998. Arsenite and arsenate adsorption
on ferrihydrite: Kinetics, equililibrium, and adsorption envelopes. Envi-
ron. Sci. Technol. 32, 344-349.



P. Sharma, A. Kappler / Journal of Contaminant Hydrology 126 (2011) 216-225 225

Redman, A.D., Macalady, D.L., Ahmann, D., 2002. Natural organic matter af-
fects arsenic speciation and sorption onto hematite. Environ. Sci. Tech-
nol. 36, 2889-2896.

Saada, A, Breeze, D., Crouze, C., Cornu, S., Baranger, P., 2003a. Adsorption of
arsenic(V) on kaolinite and on kaolinite-humic acid complexes - Role of
humic acid nitrogen groups. Chemosphere 51, 757-763.

Saada, A., Gaboriau, H., Corny, S., Bardot, F., Villieras, F., Croue, ].P., 2003b.
Adsorption of humic acid onto a kaolinitic clay studied by high-
resolution argon adsorption volumetry. Clay Miner. 38, 433-443.

Saltikov, CW., Olson, B.H., 2002. Homology of E. coli R773 arsA, arsB, and
arsC in arsenic resistant bacteria isolated from raw sewage and arsenic
enriched creek waters. Appl. Environ. Microbiol. 68, 280-288.

Sharma, P., Ofner, J., Kappler, A., 2010. Formation of binary and ternary col-
loids and dissolved complexes of organic matter, Fe and As. Environ.
Sci. Technol. 44, 4479-4485.

Sharma, P., Rolle, M., Kocar, B., Grathwohl, P., Fendorf, S., Kappler, A., 2011.
Influence of organic matter on As transport and retention. Environ. Sci.
Technol. 45, 546-553.

Smedley, P.L., Kinniburgh, D.G., 2000. A review of the source, behaviour and
distribution of arsenic in natural waters. Appl. Geochem. 17, 517-568.

Smith, E., Naidu, R, Alston, A.M., 2002. Chemistry of inorganic arsenic in
soils. 1. Effect of phosphorus, sodium, and calcium on arsenic absorption.
J. Environ. Qual. 31, 557-563.

Sposito, G., 1994. The chemistry of soils. Oxford Univ. Press, New York.

Stachowicz, M., Hiemstra, T., Van Riemsdijk, W.H., 2008. Multi-competitive
interaction of As(lll) and As(V) oxy-anions with Ca®*, Mg?", PO3 ™,
and CO3~ ions on goethite.

Stollenwerk, K.G., Breit, G.N., Welch, A.H., Yount, ].C., Whitney, ].W., Foster,
A.L, Uddin, M.N., Majumder, RK., Ahmed, N., 2007. Arsenic attenuation
by oxidized aquifer sediments in Bangladesh. Sci. Total. Environ. 379,
133-150.

Swedlund, P.J., Webster, ].G., 1999. Adsorption and polymerization of silicic
acid on ferrihydrite, and its effect on arsenic adsorption. Water Res. 33,
3413-3422.

Tipping, E., Higgins, D.C., 1982. The effect of adsorbed humic substances on
the colloid stability of haematite particles. Colloid Surf. 5, 85-92.

Ullah, S.M., 1998. Arsenic contamination of groundwater and irrigated soil of
Bangladesh. International Conferences on As pollution of groundwater
in Bangladesh: Causes effects and remedies. Dhaka Community Hospital,
Dhaka, Bangladesh (8-12 February).

Violante, A., Pigna, M., 2002. Competitive sorption of arsenate and phosphate
on different clay minerals and soils. Soil Sci. Soc. Am. J. 66, 1788-1796.

Wang, S., Mulligan, C.N., 2006. Effect of natural organic matter on arsenic re-
lease from soils and sediments into groundwater. Environ. Geochem.
Health 28, 197-214.

Wang, K., Xing, B., 2005. Structural and sorption characteristics of adsorbed
humic acid on clay minerals. J. Environ. Qual. 34, 342-349.

Warwick, P., Inam, E., Evans, N., 2005. Arsenic's interaction with humic acid.
Environ. Chem. 2, 119-124.

Weng, L., Van Riemsdijk, W.H., Hiemstra, T., 2009. Effects of fulvic and humic
acids on arsenate adsorption to goethite: Experiments and modeling.
Environ. Sci. Technol. 43, 7198-7204.



	Desorption of arsenic from clay and humic acid-coated clay by dissolved phosphate and silicate
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Preparation of homoionized clay
	2.3. Synthesis of complexes of clay and PPHA (‘clay–HA’ complexes)
	2.4. Sorption experiments
	2.5. Desorption of As from clay and clay–HA by phosphate and silicate
	2.6. Analytical methods
	2.7. Statistical analysis

	3. Results and discussion
	3.1. Sorption of As to clays in clay and clay–HA systems
	3.1.1. Comparison of sorption of As to clay vs clay–HA complexes
	3.1.2. Comparison of sorption of As(III) vs As(V) to clay/clay–HA
	3.1.3. Comparison of sorption of As to different clay/clay–HA types (i.e. IL vs Kao and IL–HA vs Kao–HA)
	3.1.4. Sorption of As to clays at low (1 μM) and high (25 μM) initial As concentrations
	3.1.4.1. As sorption at low As loading (addition of 1 μM As to clay/clay–HA)
	3.1.4.2. As sorption at high As loading (addition of 25 μM As to clay/clay–HA)


	3.2. Desorption of As from clay and clay–HA by phosphate and silicate
	3.2.1. Desorption of As by phosphate and silicate at high As loading
	3.2.1.1. Desorption of As by phosphate and silicate in clay vs clay–HA systems
	3.2.1.2. Desorption of As by phosphate vs silicate
	3.2.1.3. Desorption of As in IL vs Kao and IL–HA vs Kao–HA
	3.2.1.4. Desorption of As(V) vs As(III) in clay/clay–HA systems

	3.2.2. Desorption at low As loadings


	4. Conclusions
	Acknowledgements
	References


