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Abstract Arsenate adsorption was studied in three clastic
sediments, as a function of solution pH (4.0-9.0) and arse-
nate concentration. Using known mineral values, protolytic
constants obtained from the literature and K,y values
(obtained by fitting experimental adsorption data with
empirical adsorption model), the constant capacitance sur-
face complexation model was used to explain the adsorption
behavior. The experimental and modelling approaches
indicate that arsenate adsorption increases with increased
pH, exhibiting a maximum adsorption value before
decreasing at higher pH. Per unit mass, sample S; (smectite—
quartz/muscovite—illite sample) adsorbs more arsenate in the
pHrange 5-8.5, with 98% of sites occupied at pH 6. S; and S,
have less adsorption capacity with maxima adsorption in the
pH ranges of 6-8.5 and 4-6, respectively. The calculation of
saturation indices by PHREEQC at different pH reveals that
the solution was undersaturated with respect to aluminum
arsenate (AlAsO42H,0), scorodite (FeAsO42H,0), brucite
and silica, and supersaturated with respect to gibbsite, kao-
linite, illite and montmorillonite (for S; sample). Increased
arsenate concentration (in isotherm experiments) may not
produce new solid phases, such as AlAsO42H,0O and/or
FCASO42H20.
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Introduction

Aquifers used to supply drinking water in many countries
worldwide continue to be enriched with As, causing serious
health problems related to its known toxicity (Kapaj et al.
2006; Hopenhayn 2006; Singh et al. 2007). The presence of
As 1in soils, sediments and water is attributed to natural
sources, such as the weathering of minerals with high As
contents, and to human activities (use of arsenical fertil-
izers, pesticides, industrial and mining activities) (Smedley
and Kinniburgh 2002). Although anthropogenic sources
have contributed to the increase of As concentration in
groundwater, in global terms the natural weathering of As-
bearing rocks (Guillot and Charlet 2007) is the dominant
mechanism of As enrichment in drinking water reservoirs,
e.g., Bangladesh, India, Vietnam, Argentina, Chile, Mexico
and Brazil (Smedley and Kinniburgh 2002).

The geochemical control of As retention in sediments is
important to health risk assessments and remediation
strategies, because its toxicity, mobility and bioavailability
are functions of its state and local chemical environment
(Beaulieu and Savage 2005). Furthermore, As dynamics in
soils is largely controlled by the properties (including pH,
redox potential and other ions competing for sorption sites)
that influence its adsorption onto mineral and colloid
surfaces, such as iron, aluminum and manganese
(oxy)hydroxides, and clay minerals (Beaulieu and Savage
2005). In connection with this, previous research has
shown that arsenate adsorption is related to Al and Fe
(oxy)hydroxides, and to the clay content of sediments
(Jiang et al. 2005). Therefore, its adsorption capacity
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depends on both, the number of reactive hydroxyl sites and
sediment surface area. Fe/Al (oxy)hydroxides, especially
the less crystalline forms, adsorb more As per unit mass
than several clay minerals (Goldberg 2002). However, the
Fe/Al (oxy)hydroxide contents in sediments are lower than
the clay mineral contents (Wisawapipat et al. 2009), so that
the adsorption capacity of sediments must be mainly
determined by the number of reactive surface groups that
clay minerals expose. During the last few years, a relative
large number of studies were performed investigating the
arsenate adsorption onto clay minerals such as montmo-
rillonite, kaolinite and illite (Manning and Goldberg 1996;
Goldberg 2002). Fewer were made using whole sediments
or soils (Jiang et al. 2005; Goldberg et al. 2005), or one of
its grain-size mineral fractions.

Surface complexation models (SCM) have been widely
used to describe the anion adsorption on single mineral and
sediment water interface (Kooner et al. 1995; Manning and
Goldberg 1996; Goldberg 2002; Goldberg et al. 2005;
Chakraborty et al. 2007; Missana et al. 2009). SCM
describe adsorption in terms of chemical reactions between
surface functional groups and the total dissolved chemical
species in the liquid media. The models most commonly
used to describe the solid-liquid interface are the constant
capacitance model, CCM (Schindler and Gamsjager 1972),
the diffuse layer model, DLM (Stumm et al. 1970), and the
three layer models, TLM (Davis et al. 1978). Each model
assumes a particular interfacial structure, resulting in the
consideration of a surface reaction. The typical 2-pK model
contains a reactive surface group, SOH, which undergoes
both protonation and dissociation reactions, while the 1-pK
model (Borkovec 1997) just uses a single equilibrium.
Other recent models are the multisite complexation
(MUSIC) (Hiemstra et al. 1989a, b) and the charge distri-
bution CD-MUSIC models (Hiemstra and van Riemsdijk
1996).

The CCM has been applied to describe adsorption on
single mineral phases and soils. Ions that have been studied
include phosphate (Goldberg and Sposito 1984), borate
(Goldberg et al. 2000, 2004), selenite (Goldberg and
Glaubig 1988), arsenate (Manning and Goldberg 1996;
Goldberg 2002) and molybdate (Goldberg 2002). These
studies usually consider that a generic surface functional
group represents the average surface properties of the soil
or sediment. This is the generalized composite (GC)
approach (Goldberg et al. 2007). Besides, in most of these
reports the protolytic constant used was the average values
of aluminum and iron oxide minerals obtained from liter-
ature and the K,y values that are the result of fitting
processes.

The aim of the present study was to understand the role
of the silt-sized sediment (< 63 pm) fraction in arsenate
adsorption, using experimental approach and surface
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complexation modelling. Mineralogical, chemical and
surface characterizations are investigated to identify indi-
vidual component minerals that control the surface reac-
tivity of sediment particles. The dependence of pH and of
different initial arsenate concentrations on adsorption
behavior was evaluated. For the modelling exercise, known
values of mineral protolytic constants (illite, montmoril-
lonite) obtained from literature and K,4, values (obtained
by fitting experimental adsorption data with empirical
adsorption model) were used as initial parameters in the
modelling fitting procedure. To understand if change in pH
or increased arsenate initial concentration might have
influence on sediments dissolution, the release of different
elements during adsorption experiments was also studied.
The obtained results may contribute to understand the
mobility and bioavailability of arsenate in contaminated
aquifers and groundwater resources.

Materials and methods
Characterization of the silt-sized fraction

Three samples of clastic sediments (S;, S, and S;3) were
collected from the Eureka mine (Cdrdoba, Argentina).
After sieving, a portion of the silt-sized fraction (<63 pum)
was separated and stored for chemical and mineralogical
analyses. The mineralogy of the <63 pum and their <2 pm
fractions was determined by X-ray diffraction (XRD)
analysis, performed on a Philips X'Pert PRO X-ray dif-
fractometer operating at 30 kV and 15 mA and using
Cu—Ko radiation. Measurements were performed on both
random (<63 pum) and oriented (<2 um clay fraction)
samples. Oriented slides were tested in air-dried, ethylene
glycolated and 550°C calcinated preparations. XRD data
were obtained in the 20 range from 4 to 70° (step size:
0.02; 3.5 seg/step) for random samples and from 2 to 30°
(0.03/2 s) for oriented samples. The reflection assignments
were done using the software X'Pert HighScore, installed
on the X-ray diffractometer.

The chemical analyses of sediments were performed by
ICP/OES after a lithium metaborate/tetraborate fusion.

The specific surface area (SSA) was measured by the
single-point N, adsorption method with a STROHLEIN
area meter II instrument. An appropriate amount of dry
solid (previously outgassed at 105°C) was placed in contact
with N, and the system was cooled to 77 K to produce and
quantify the gas adsorption. The SSA of the sample was
calculated from the adsorbed amount, taking into account
that each N, molecule covers an area of 16°A2.

The electrophoretic mobilities (EM) measurements were
carried out using a Delsanano Size (Beckman) apparatus.
Approximately, 200 mL of a dilute suspension (0.02 g
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approximately) was prepared by dispersing the samples in
0.0l M NaNOj;. The suspension pH was raised to
approximately nine with NaOH and the EM measurement
was carried out. After that, the pH was slightly decreased
with HCI and a new measurement performed. This proce-
dure was continued until the pH was around 3.5.

Adsorption experiments

Arsenate adsorption kinetics experiments were carried out
in 50-ml polyethylene centrifuges tubes, precleaned with
1% HNO; and rinsed several times with MilliQ water.
Known amounts of each sample were suspended in 0.01 M
NaNO;. After 24 h of pre-equilibration, a well-known
volume of a 0.01 M arsenate solution (Na,HAsO,.7H,0)
prepared in 0.01 M NaNO; was added and the pH of the
suspension was adjusted by the addition of HNO5; or NaOH
until pH 5.5. This time was set as the initial time of the
kinetics adsorption experiment. At different reaction times,
an aliquot was withdrawn, centrifuged at 9,000 rpm during
10 min and filtered through a 0.45-pm cellulose membrane
filter. The filtrate was stored at 4°C, after acidification with
HNO; until analyzed by ICP-OES for total As.

Adsorption edges and isotherms were carried out in the
same way as kinetics was performed. The pH value elected
for isotherm experiments (5.0 for S, and 6.0 for S; and S;
samples) is related to the maximum pH range for arsenate
adsorbed, obtained in edge isotherm. The experimental
conditions for edges and isotherms are listed in Table 1 and
the equilibration times were set according to the kinetics
experimental results. Once the equilibration time was
reached, an aliquot was withdrawn, centrifuged and the
filtrate was acidified and stored at 4°C to determine the As,
Si, Al, K and Fe contents. The detection limits was
30 ug L' for As, 0.1 mgL™" for Al, K and Si, and
0.01 mgL ™" for Fe.

Isotherm equations
As will be discussed below, the arsenate adsorption on S,

and S; is indicative of the presence of at least two types of
surface hydroxyl group. This approach was previously

proposed (Sposito 1984; Bolt and Van Riemsdijk 1987;
Bradbury and Baeyens 2002; Bradbury and Baeyens 2009;
Chakraborty et al. 2007) and used in this work to investi-
gate arsenate adsorption. In these cases, Freundlich equa-
tion is suitable to fit arsenate isotherms (Eq. 1). It is worth
mentioning that the Freundlich model is empirical in nature
and indicative of the surface heterogeneity of the adsor-
bent. It can be conceptualized as the sum of individual
Langmuir isotherms, with a log-normal distribution of their
affinity constants (Sposito 1984; Kinniburgh et al. 1983;
Hinz et al. 1994). Based on this concept, we used first the
linear form of Freundlich equation to fit arsenate isotherms
and then Langmuir equation (Eq. 2) to obtain the corre-
sponding adsorption constants (Kadsg and Kadsy,y) and the
I'ax for each surface site.

I =K:C" (1)
where K; (L g_l) and n are constant
FmaxKa S
= LonaxKaas C (2)
(1 + Kadsc)

where K,qs is the constant related to the energy of
adsorption (umol L™ and T (pmol g_l) is the
adsorption maximum.

Modelling

The arsenate sorption dependence on pH was modelled
considering protonation—deprotonation edges reactions,
and inner-sphere complexation of the arsenate species. The
K,q4s and I' |, obtained in the Langmuir isotherm fitted data
were used as initial parameters in the modelling fitting
procedure. Besides, just like with phosphate (Borgnino
et al. 2010a), arsenate might not enter the phyllosilicate
interlayer and only surface sites located in phyllosilicate
edges were able to sorbs arsenate. The CCM was applied to
describe the charge distribution and the potential decay on
the aqueous side of the edge interface. This approach was
previously used in studies dealing with oxides and clays
minerals (Du et al. 1997a, 1997b; Goldberg 2002; Chakr-
aborty et al. 2007; Gu and Evans 2007; Missana et al.
2009).

Table 1 Experimental conditions used in adsorption edges and isotherm experiments

Adsorption edge

Adsorption isotherm

Sl Sz S3 S] Sz S3
pH 4.1-9.2 4.1-9.1 4.1-9.1 6.0 £ 0.2 5.0+0.2 6.0 0.2
[As]p (UM) 15+ 1.0 15+ 1.0 15+ 1.0 0.5-290 0.5-290 0.5-680
Suspension density (g L") 4.0+ 0.2 4.0+ 0.2 4.0+ 0.2 4.0+ 0.2 4.0+ 0.2 4.0+ 0.2

Tonic strength: 0.01 M NaNOj;, Equilibration time: 124 h
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The following choices were taken in the model of our
adsorption data:

(a) The surface hydroxyl group (edge groups) forms
ionized surface sites at the protonation and dissociation
reactions. We consider these binding sites as the one
responsible for all surface complexation reactions with
arsenate ions. The surface site is described by two pro-
tonation reactions with K; (Eq. 3) and K, (Eq. 4) as
equilibrium protolytic constants:

SOH; S SOH + H' K, (3)
SOHSSO™ +HY Ky (4)

where SO, SOH and SOH," are deprotonated, mono-
protonated and diprotonated groups, respectively.

(b) The arsenate ions were considered to form inner-
sphere surface complexes and only monodentate species
were chosen. Reactions are written starting with the com-
pletely undissociated acids. Therefore, the surface complex
reactions for arsenate are as follows

SOH + H3ASO4 =S - H2ASO4 + HZO Klads (5)
SOH + H3ASO4 =S - HASOZ + H20 + H+ K2ads (6)
SOH + H3As0, 5 S — AsO} +H,0 +2H"  Kius  (7)

All our experimental data were obtained for a system
with ionic strength 0.01 M NaNOj, which remained
constant during the adsorption process. Thus, all
calculated equilibrium constants are conditional and valid
only for this ionic strength. The optimizations of the
equilibrium constant and the surface speciation of arsenate
species were evaluated using the hydrogeochemical code
PHREEQC 2.16 (Parkhust and Appelo 1999) using the
Wateq4f database. Some parameters are required before
surface complexation modelling can be applied to
experimental adsorption data: (a) the number of binding
sites (mol of sites), (b) the specific surface area of sorbent
material (m2 g_l) and (c) the mass of reactive material

(gL™)

Results and discussion
Mineralogical, chemical and surface characterization

The XRD patterns of the three random samples are shown
in Fig. 1. The pattern of S; and S, are typical of illite,
muscovite and quartz, whereas some smectite/illite, quartz
and feldspar seem to be present in the S; sample (Moore
and Reynolds 1989). A better identification of the major,
minor and accessory minerals was obtained with the XRD
pattern on oriented samples. The results, for the respective
minerals, were the following, respectively:
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Fig. 1 XRD patterns of the three random samples. Q quartz, [ illite,
M muscovite, Mt montmorillonite, F feldspars

Sy: illite/muscovite—quartz

S,: quartz/muscovite—illite/plagioclase

S3: smectite—quartz—plagioclase/muscovite—illite—feld-
spar/anfibol

The bulk chemical composition of the samples is pre-
sented in Table 2, as well as the specific surface area. The
chemical composition is rather similar for the three sam-
ples. High content of Si and Al indicate the presence of
aluminosilicates and quartz as main minerals, which is in
agreement with XRD results. In addition, a significant
content of Fe, Na, Ca and Mg is also present in S5, and K in
S; and S,. This seems to be related to the presence of
smectite in S; sample and muscovite/illite in S| and S,. The
specific surface area of the samples ranges between 5.3 and
35.8 m* g~ ', values that are in agreement with typical SSA
obtained with the N, method for phyllosilicate minerals
such as illite, smectites and kaolinite (Manning and
Goldberg 1996; Goldberg 2002; Chakraborty et al. 2007).

Figure 2 shows the EM versus pH curves of the three
studied samples in 0.01 M NaNOj; solutions. All samples
show a very similar behavior, with EM always negative
and almost unchanged between pH 3 and 9. According to
data obtained from chemical and mineralogical composi-
tion, quartz and phyllosilicates (illite and smectites) dom-
inate the mineral composition and their presence is

Table 2 Chemical composition and SSA of studied samples

Sample SSA Chemical composition (%)
2 -1
m
M) G0, ALO; Feys NasO CaO K,0 MgO
S, 53 82.23 10.05 0.52 0.07 0.15 291 02
S, 10.5 76.1 13.62 133 041 0.28 3.92 0.33
S;3 35.8 5727 16.74 5.28 244 221 1.72 1.73
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reflected on the EM measurements, since they are always
negatively charged in the whole studied pH range. This is
an expected behavior since mica, clay minerals and quartz
are typical acidic PZC minerals (Stumm 1992; Mukho-
padhyay and Walther 2001; Taubaso et al. 2004; Jara et al.
2005; Borgnino et al. 2010b). Moreover, the presence of
clay minerals that carry a net negative charge may con-
tribute to the curve flatness of the electrophoretic mobilities
versus pH curves, as shown in Fig. 2.

Adsorption kinetics

Figure 3 shows the adsorption kinetics for each sample at
pH 5.5 and initial As concentration of 15 uM. All curves
have similar characteristics, showing an important and fast
adsorption between t = 0 and 10 h, and a slower adsorp-
tion at longer times. Adsorption seemed to reach comple-
tion at around 140 h (6 days), so this time was elected as
equilibration time for edge and isotherm adsorption
experiments. It is worth mentioning that this equilibrium
time is much longer in relation to another described for As
adsorption on minerals surfaces (i.e., Fe hydr(oxides). For
instance, As adsorption on goethite seems to reach com-
pletion at around 5 h (Luengo et al. 2006), 6 h on Fe-
coated zeolite (Jeon et al. 2009) or 24 h onto granular ferric
hydroxide (Banerjee et al. 2008). Moreover, Manning and
Goldberg (1996); Goldberg et al. (2002) found that 20 h
was the time necessary to achieve equilibrium for arsenate
adsorption on illite, montmorillonite and kaolinite samples.
However, slow processes (i.e., diffusion controlled reac-
tions on external and internal surface sites) usually control
the adsorption kinetics in sediments (Sparks 1995). Cer-
tainly, an important factor controlling cation exchange
reactions onto clay minerals is its multilayer staking
structure. Mica, smectite and vermiculite, in which the

0.0

-5.0x10° +
-1.0x10* |

-1.5x10% A A

Electrophoretic mobility (cm?V S)

-2.0x10% | 9

-25x10*

Fig. 2 Electrophoretic mobilities for S, S, and S; samples in 0.01 M
NaNO;

permanent charge resides in part in the tetrahedral sheet,
could generate a strong attractive interaction between the
interlayer cations and the clay layer, leading to the for-
mation of platelets, which could then have a further
arrangement as aggregates (Avena 2002). Accordingly, the
longer times observed for As adsorption in Sy, S, and S3
sediment samples may be a consequence of clay aggrega-
tion, which reduces the accessibility of the surface sites or
at least retards the diffusion kinetics. Chakraborty et al.
(2007) found similar results for a muscovite and biotite
mica.

Adsorption isotherm and edges

The adsorption isotherm and pH adsorption edge for
arsenate on S; are shown in Fig. 4. When data are fitted
using Freundlich isotherm, a good fit can be obtained (inset
Fig. 4a) with log Kf=4.01, n = 0.83 and R*> = 0.97
(p < 0.001). This result indicates that at least two sorption
sites are present, one with a strong affinity but scarce
(6.0 & 0.6 pmol g~ "), and the other with a weak affinity
but more abundant (30 4+ 0.8 pumol gfl). The values of
K.qs and T’ for each site, obtained from Langmuir iso-
therm, were used as starting fitting values to model pH
adsorption edge. Furthermore, we used known parameters
of Na-illite protolytic constants (Avena and De Pauli
1998), since this phyllosilicate predominates in the mineral
composition of the sample. In this way, the only adjusted
parameters were K4 values.

Figure 4b shows the pH arsenate adsorption depen-
dency. The dotted line corresponds to the best fit of
experimental data, and the parameters used are given in

0.6

04

As _, (umolg”)
[

" ]
02} IEE— R 9
e —
s g -
00 '
0 50 100 150 200 250
Time (h)

Fig. 3 As adsorption kinetics: [As], = 15 uM; pH: 5.5; suspension
density: 4.0 g L™'. Solid circles S, sample, open circle S, sample,
triangles S; sample. Lines are drawn only to serve as guides to the
eyes
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2.0x10°
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Fig. 4 Arsenate adsorption onto S;. a Adsorption isotherm at pH ~6
and Langmuir fit to each surface site. Inset: Freundlich fit to the
isotherm data with log Kf = 4.01,n = 0.83,R> = 0.97.b Sorption pH
dependence. Lines were fitted with PHREEQC, according to the model
proposed. ¢ Total surface speciation. Black box total (strong + weak)
S-AsO,> site, dark gray box SOH,™" site, weak gray box SOH site,
white box SO~ site. The concentrations were obtained from the model
predictions calculated with parameters in Table 3

@ Springer

Table 3. For this sample, the K4 values obtained from the
Langmuir isotherm hardly had to be adapted to achieve a
satisfactory fit. The arsenate sorption onto S; had a maxi-
mum in the pH range 5.5-8.5, with a maximum at pH 7.
The adsorption decreased from pH 8 toward alkaline pH
values and under more acidic conditions (pH < 5.5). As
will be discussed ahead, this is most likely due to an
increased illite dissolution along the edges toward low pH.
Similar results were obtained for arsenate adsorption onto
illite, montmorillonite and kaolinite (Manning and Gold-
berg 1996; Goldberg et al. 2002) and onto muscovite and
biotite mica (Chakraborty et al. 2007). The maximum pH
value is almost coincident with the PZNPC value known
for a Na-illite in 0.01 M NaNO; (Avena and De Pauli
1998), indicating that when the net proton edge charge is
zero (oy = 0) the electrostatic repulsion between net
negative surface charge and arsenate ions decreases and
higher adsorption takes place. The surface speciation
(Fig. 4c) indicates that the Sy-AsO4°~ and Sy -AsO,>~
species (black box in Fig. 4c) are dominated in all the pH
range, and both sites (Syx and Sy;) are needed to reproduce
the sorption isotherm. As pH decreases from 7 to 4, the
concentration of SOH, ™" sites (dark gray boxes) increases
in relation to Syx-AsO,>~ and Sy-AsO7 sites, indicating
that the surface is more reactive to proton than arsenate
ions. This phenomenon together with some illite edge
dissolution may explain the slight decrease of adsorption at
low pH. At pH 7 to 10, the adsorption is almost the same,
and while pH rises the increase of SO~ sites (white box)
increase the electrostatic repulsion between the charged
surface and arsenate ions and make adsorption difficult.

Arsenate adsorption onto S, sample is represented in
Fig. 5a, b. In contrast to sample S;, only one site was
necessary to achieve a good fit of experimental data. The
maximum sorption level and K, 4 values obtained through
Langmuir fit are listed in Table 3 and, in this case, those
values did not have to be adapted to reach a satisfactory fit.
The acid—base log K values indicate a PZC of 2.95, a value
observed for quartz mineral (Xu and Axe 2005; Kosmulski
2009). This is in agreement with our mineralogical data,
inasmuch as quartz dominates in the sample. The pH
sorption dependency is rather different form S; sample.
Adsorption of arsenate shows a maximum in the pH range
4-6, decreases steeply toward alkaline pH and is dominated
by S-AsO,*~ surface species (Fig. 5¢). The affinity of the
surface toward protons and arsenate ions is very similar at
pH 5 (Fig. 5c), achieving at such pH the maximum
adsorption capacity of the sample. At higher pH, the SO~
site concentration increases, the electrostatic repulsion also
increases and arsenate adsorption decreases.
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Table 3 Arsenate adsorption onto S, S, and S3 samples’ model parameters obtained from the fits shown in Figs. 4, 5 and 6
Langmuir isotherm Site concentration (umol g~ ")
Sl SZ S3

Site i) 30.0 £ 0.8 43.0 £ 0.2 18.0 £ 0.4
Site s 6.0+ 0.6 - 25+£0.1
Model reactions Log Kags

S Sz S3
SeyOH + H' 5 S OH,* 39 29 2.97
SeyOH S SO~ + H —7.6 -3.0 —6.1
SewioOH + HT & S(,100H, " 39 2.9 2.9
SewiOH & SO~ + H —7.6 -3.0 -3.0
SyOH + H3As04 & S(-H,AsO4 + HO 44 +£02 - 45 £0.1
SOH + H3As0, & S¢-HAsO,~ + H,O + HT 44 £02 - 45 £0.1
SsyOH + H3As04 & S(4)-AsOy4 " 4 H,0 +2H" 44 £02 - 45 £0.1
S(wk)OH + H3ASO4 b= S(Wk)—HzASO4 + Hzo 33405 3.0 £ 0.1 33405
SewioOH + H3As04 & S(yuy-HAsO, ™ + H,O + H 33+£05 3.0£0.1 33+05
SwiyOH + H3As04 & S(y-AsO4>~ 4+ H,O + 2H' 33+£05 3.0£0.1 33+£05

Capacitance: 1.06 F m—

The adsorption isotherm and pH dependence for S;
sample are shown in Fig. 6a, b. Arsenate adsorption shows
a maximum in the pH range 5-8.5, decreases toward acidic
pH and more sharply toward alkaline pH (solid circles in
Fig. 6b). A similar result was previously reported for
montmorillonite (Manning and Goldberg 1996). As was
indentified by XRD pattern, quartz and smectite predomi-
nate in the S; sample. Therefore to fit experimental data, a
model represented by only the smectite site or quartz site
(one-site model) was used as a first approach (continuous
line in Fig. 6b). For the smectite site, known parameters of
Na-montmorillonite protolytic constants (Avena and De
Pauli 1998) with SSA of 25 m? g~' (Tertre et al. 2006)
were used. For quartz site, acid—base log K and SSA values
assigned for S, sample were used and, in both cases, the
total sites concentration and K.y, values was obtained
thought Langmuir fit (total sites: 20.5 + 0.8 pmol g™, log
K.s: 3.3 £ +0.2). Figure 6b shows the simulations
obtained for arsenate adsorption onto these two single
minerals. Despite the fact that the one-site model does not
reproduce the sorption edge isotherm, it is useful for
comparison purpose and to analyze the contribution of each
mineral phase to the total surface adsorption properties of
the sediment sample. The S; sample seems to be a mixture
between these two minerals with a maximum adsorption
value (per unit mass) as montmorillonite, but a maximum
pH adsorption as quartz. Attempting to improve our model,
we considered the existence of two sites (Fig. 6a), but in
this case each site was discriminated between the weak and
strong site such as quartz and montmorillonite sites,

respectively. Using the same procedure as that applied in
the S; sample, data were first fitted using Freundlich iso-
therm (inset Fig. 6a) and then with Langmuir isotherm for
each site. The K,y value and I',,,, obtained (Table 3) were
used as starting fitting values to model the pH edge iso-
therm. The simulation is plotted as dotted lines in Fig. 6b.
As seen in this figure, the two-site model broadly improved
the goodness of fit, indicating that surface sites related to
both minerals are necessary to reproduce the experimental
data. Regarding the surface speciation, the Sy -AsO4>~ and
Sst-AsOi sites predominate in all the studied pH range, and
at pH 6 almost all the sites (98%) are occupied by arsenate
ions. As in the S; sample, some mineral dissolution and
greater surface reactivity toward protons (pH <5), as well
as higher electrostatic repulsion (pH >8.5), may explain
the arsenate adsorption decrease in this pH range.

Release of different elements during arsenate
adsorption

The concentration of Al, Si, Mg, Fe and K obtained from
edge isotherms were plotted against pH (Fig. 7). The sol-
uble content of K, Si and Mg were higher than that of Al
and Fe, and in general the release increased with increasing
pH under acidic conditions, minimizing at near neutral pH
and increasing with increasing pH at alkaline conditions.
Previous reports on dissolution rates found similar results
(Huertas et al. 1999; Cama et al. 2000; Kohler et al. 2005;
Rozalén et al. 2008). On the other hand, Kalinowski and
Schweda (1996) reported dissolution rates of muscovite at
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Fig. 5 Arsenate adsorption onto S,. a Adsorption isotherm at pH ~5
and Langmuir fit to experimental data. b Sorption pH dependence.
Lines were fitted with PHREEQC, according to the model proposed.
¢ Total surface speciation. Black box S-AsO4>~ site, dark gray box
SOH,™* site, weak gray box SOH site, white box SO~ site. The
concentration were obtained from the model predictions calculated
with parameters in Table 3

pH 1-4 and suggested a dissolution mechanism involving
inward movement of the dissolution front from the crystal
edges. Consequently, the reactive surface edge of clay
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minerals and, therefore, the adsorption capacity may be
affected by dissolution processes. Rozalén et al. (2008)
also indicated that it was very difficult to achieve stoichi-
ometry dissolution of aluminosilicates due to precipitation/
sorption of Al (and Fe) secondary phases. For instance,
gibbsite usually forms deposits on basal planes on 2:1
phyllosilicates from supersaturated solutions (Nagy et al.
1999); Fe released from the clay mineral framework pre-
cipitates as amorphous iron hydroxide. In contrast, Si is
less likely to be incorporated into secondary phases. For the
samples studied, the concentration of soluble Al, Fe and Si
hardly changed with pH. Although the formation of sec-
ondary phases will probably occur, the large adsorption
time necessary to achieve equilibrium (6 days) allows us to
assume that some dissolution may occur at acidic pH. As a
result, the decrease in arsenate adsorption at pH lower than
5 may be also a consequence of some clay dissolution
along the edges.

The calculation of saturation indices was done by
PHREEQC (Parkhust and Appelo 1999) using the Wateq4f
database. The saturation indices show that our solutions
were supersaturated with respect to gibbsite, kaolinite, illite
and montmorillonite (for S; sample), and the Fe concen-
tration was controlled by Fe(OH); hydroxide precipitation.
Furthermore, the solution was undersaturated with respect
to aluminum arsenate (AlAsO42H,0), scorodite (Fe-
As042H,0), brucite and silica. The saturation calculations
also indicate that with increasing initial arsenate concen-
tration, the solution approached, but did not reach, the
solubility of AlAsO42H,O and FeAsO42H,0. Therefore,
increased arsenate concentration might have had no influ-
ence on clay mineral dissolution.

Conclusions

The constant capacity model was able to explain the
arsenate adsorption onto the silt-size fraction of S;, S, and

S; sediment samples. Experimental and modelling indi-
cated that the arsenate adsorption is pH dependent,
increasing with increased pH, achieving a maximum
adsorption value and then decreasing at higher pH. Per unit
mass, S3 adsorbs more arsenate in the 5-8.5 pH range, with
98% of the occupied sites at pH 6. Besides, in S3 sample
there were mixtures of single minerals, and the presence of
quartz displaced the maximum pH adsorption value at
lower pH, in relation to pure montmorillonite. S; and S,
have less adsorption capacity (per unit mass) with a max-
imum adsorption value in the 5.5-8.5 and 4-6 pH range.
Regarding clay mineral dissolution during adsorption
experiments, increased initial arsenate concentration might
have had no influence on dissolution and no secondary
phases of arsenate (AlIAsO42H,0 and FeAsO42H,0) were
detected. Some edge clay dissolution at acidic pH also
explains the decrease in arsenate adsorption at pH lower
than 5. Arsenate retention on silt-size sediment fractions, in
the 6-8 pH range (groundwater pH region), is higher than
previous values reported for illite, montmorillonite (Gold-
berg 2002) and soils (Goldberg et al. 2005), but lower than
muscovite and biotite samples (Chakraborty et al. 2007).
The findings obtained in the present study are of sig-
nificance in understanding the role of the mineralogy
composition of the silt-sized sediment fraction in the
dynamic of arsenate in contaminated aquifers and
groundwater resources. First, this study has shown that
arsenate adsorption depends on the sediment mineralogy
and on the number of reactive surface groups that minerals
expose in the sediment—water interface. Sediment samples
with a majority composition only in quartz and/or illite
have less capacity to retain arsenate. Consequently, more
arsenate remains in water and in this form it is more bio-
available to the aquatic environment. As the sediment
composition is increased in other minerals (i.e., smectite),
the number of surface sites increases, the adsorption
capacity of sediments enhances, and therefore the arsenate
in water could be accumulated onto the solid phase.
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Moreover, a greater capacity for adsorption of the studied
samples occurs in the pH range of 4-8, so sediments in
contact with acidic or slightly alkaline water can act as a
sink for arsenate.

As a closing remark of this study, it is necessary to make
it clear that further experiments are necessary to evaluate
the effect of competitors, such as phosphate, fluoride,
carbonate, as well as the effect of organic matter in the
adsorption of arsenate, in order to have a complete
understanding of the mobility of arsenate in aquatic
environments.
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