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Adsorption onto two dimensional nanosheet materials offers new possibilities for fast and efficient
removal of contaminants from waters. Here, the adsorption of As(V) to a new type of iron oxides single
sheet iron oxide (SSI) has been studied as a function of time, loading and pH. Adsorption of As(V) onto
SSI was very fast compared to other iron oxides, with 80% of total As(V) adsorbed within 10 min.
Examination by extended X ray absorption fine structure analysis showed that As(V) forms a bidentate
inner sphere surface complex with SSI. Arsenic(V) adsorption isotherms and adsorption envelopes were
well described using a 1 pK Basic Stern surface complexation model involving protonated
(„Fe2O2AsO2H ) and unprotonated („Fe2O2AsO2

2) inner sphere surface complexes. The surface com
plexation constants for As(V) binding to SSI is similar to constants found for goethite and ferrihydrite.
Simulated adsorption isotherms for intermediate As(V) concentrations also demonstrate that SSI is per
forming equally well as goethite and ferrihydrite based on surface area normalized adsorption capacities.
The binding affinities at micromolar to submicromolar As(V) solution concentrations are similar for SSI
and ferrihydrite. SSI has interesting potential as a stable, high affinity sorbent for use in applications
where efficient and fast removal is required.

1. Introduction

Arsenic contamination of natural waters is a global problem due
to industrial waste discharge, agricultural use of pesticides and
geologic contamination. Exposure to inorganic arsenic
affects blood vessels, kidney, liver, lungs and skin, leading to the
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significant toxicity of arsenic to humans [1]. Arsenic is often pre
sent in groundwater dominated by trivalent As(III) under anaero
bic conditions and pentavalent As(V) under aerobic conditions
[2]. According to the World Health Organization (WHO), the
threshold concentration of arsenic in drinking water is 10 lg/L
[3]. Therefore, major efforts are made to develop efficient sorbents
with high affinity for arsenic removal in drinking and irrigation
water.

Many materials have been used to remove arsenic from aque
ous solutions by adsorption, such as FeIII (hydr)oxides, zeolites,
active carbon, anionic clays, etc. Among these sorbents, FeIII

(hydr)oxides have attracted special attention due to their strong
interaction with arsenic and their large adsorption capacities. Thus,
numerous studies have investigated arsenic adsorption on FeIII

(hydr)oxides, such as ferrihydrite, goethite, feroxyhyte and hema
tite [4 9]. Arsenic binding properties of those FeIII (hydr)oxides are
strongly determined by the structure of the particle surface and the
type of surface complexes formed. Various in situ techniques such
as X ray absorption spectroscopy and infrared spectroscopy have
been used for surface speciation. In addition to these techniques,
surface complexation modelling (SCM) is a powerful tool to quan
tify surface speciation and trace changes depending on conditions
such as pH, electrolyte, concentration, sorbent loading, competing
sorbates, etc. [10]. A number of surface complexation models
which differ in complexity have been applied to describe the
uptake mechanism for As(V) on FeIII (hydr)oxides, including the
Constant Capacitance Model (CCM) [11], the Diffuse Layer Model
(DLM) [12,13], the Basic Stern Model (BSM) [14,15] and the
Three Plane Model (TPM) involving Charge Diffusion and Multi
Site Complexation (CD MUSIC) options [16 18]. The DLM has been
widely applied to various types of FeIII (hydr)oxides [12,19,20],
while the TPM implemented in the CD MUSIC Model originally
developed for FeIII (hydr)oxides with regular surfaces like goethite
[16 18], is now also successfully applied for less crystalline FeIII

(hydr)oxides like ferrihydrite [21,22]. DLM, CCM and TPM have tra
ditionally adopted the so called 2 pK approach proposed by Parks
[23], in which the protonation of the surface OH groups is
described in two steps. The 1 pK approach with only one protona
tion step in the accessible pH range has often been applied in com
bination with the BSM [24]. One major advantage of the 1 pK
model compared to the 2 pK model is a reduction in the number
of adjustable parameters.

Recently, the successful preparation of a two dimensional (2D)
single layered nanosheet material by delamination of layered dou
ble hydroxides (LDHs) has opened a new pathway to obtain
nanosheets with a high specific surface area [25 28]. These 2D
materials may be ideal as sorbents, catalysts, capacitors, and carri
ers in drug delivery. Previous studies have shown that the adsorp
tion capacity of LDHs is notably determined by the composition and
the properties of the metal hydroxide layers [29,30]. Therefore, by
combining the advantages of delaminated LDHs and the high bind
ing affinity of metal (hydr)oxides, a strong, fast reacting and high
capacity arsenic sorbent may be formed. Here, such a new type of
2D FeIII (hydr)oxides termed Single Sheet Iron oxide (SSI) has been
prepared by oxidation of FeII FeIII LDHs (Green Rust, GR). In our pre
vious work, we have demonstrated how to synthesize SSIs, starting

from dodecanoate intercalated GR, followed by solid state oxida
tion with oxygen and delamination in alkaline solutions [31 33].
Compared to other FeIII (hydr)oxide particles, SSI with a thickness
of 1 nm and lateral dimensions varying from 20 to 100 nm, has
the highest surface area to volume ratio possible, ideally with all
Fe OH groups exposed to the solution. In SSI, the brucite type FeIII

(hydr)oxide layer of GR is altered via vertical displacement of Fe
atoms from the original hydroxide layer to form a trilayer structure
with Fe polyhedra linked via both corner and edge sharing [33].
Therefore, SSI has a higher density of singly or doubly coordinated
hydroxyl groups compared to the parent metal hydroxide layers in
GR where only triply coordinated hydroxyl groups are present on
planar surfaces (Fig. 1) [33]. In addition, the high specific surface
area and full exposure of all reactive sites make SSI an interesting
sorbent for species that bind via surface complexation.

With the altered brucite layer structure and the ultrathin thick
ness, it is hypothesized that SSI will permit fast sorption and strong
binding of As(V). In this work, SSI was prepared for studies of As(V)
adsorption from aqueous solutions. We have characterized As(V)
binding to the SSI particle surfaces using X ray absorption near
edge structure (XANES) and X Ray Absorption Fine Structure
(EXAFS). Potentiometric titration of SSI has been performed to
derive surface complexation equilibrium constants for protonation,
deprotonation and interaction with electrolyte ions by using the 1
pK BSM. Data for adsorption kinetics, isotherms at constant pH and
adsorption as a function of pH has been obtained. With these data
and the spectroscopic identification of As(V) surface species, we
have derived surface complexation equilibrium constants for As
(V) binding to SSI.

2. Experimental section

2.1. Materials

The synthesis of SSI was carried out as described by Yin et al.
[33]. In short, the preparation was started by synthesis of the chlo
ride form of GR (GRCl) and exchanging chloride with dodecanoate,
followed by solid state oxidation with oxygen, delamination under
alkaline conditions, and final removal of dodecanoate and washing.
A concentrated SSI suspension was used as sorbent stock suspen
sion. The concentration of SSI in the stock suspension was deter
mined by triplicate measurements of the mass of SSI in 0.5 mL
solution by drying on an aluminum foil at 60 �C overnight. The
specific surface area of washed and freeze dried SSI was deter
mined by N2 gas adsorption using the BET method [34] with a
Micromeritics Gemini VII instrument. The sample was degassed
at 40 �C for 12 h under a continuous stream of dry N2 prior to
BET measurement. A specific surface area of SSI of 237 ± 7 m2/g
was determined. A stock solution of 2.67 mmol/L (200 mg/L) As
(V) was prepared from Na2HAsO4 7H2O (Fluka, 98%). Sodium
nitrate (NaNO3, �99%), sodium hydroxide (NaOH, 98%), and nitric
acid (HNO3, 70%) were all obtained from Sigma Aldrich. All solu
tions and suspensions were prepared by weight, and dilutions
made using ultrapure water (18.2 MX cm, Milli Q system,
Millipore).

Fig. 1. The structure of (A) a FeII-FeIII hydroxide layer of Green Rust; (B) Single Sheet Iron oxide derived from Green Rust (green octahedra contain FeII and brown octahedra
FeIII [33].



2.2. Acid base titrations

The point of zero charge of SSI was determined from the cross
over point of potentiometric titrations as described by Lützen
kirchen et al. [35]. Briefly, a volume of 5 mL of a 30 g/L SSI stock
suspension was diluted to obtain 50 mL of a 3 g/L SSI suspension
with NaNO3 as background electrolyte at three concentrations of
1 mmol/L, 10 mmol/L and 100 mmol/L. Titrations were conducted
in an airtight vessel with argon (purity > 99.99%) bubbled through
the suspension at a flow of 35 mL/min to minimize CO2 intrusion.
The argon used was passed through washing bottles of acid (HNO3,
0.1 mol/L), base (NaOH, 0.1 mol/L) and background electrolyte
solution before being introduced in the titration vessel. The sus
pension was equilibrated over night (>8h) in an argon atmosphere
under gentle stirring (50 rpm). Pre equilibration was done at pH
around 10 by adjustment with 0.01 mol/L NaOH. The titration
was done by adding 0.2 mL of 0.01 mol/L HNO3 per step with
two minutes waiting time between additions. The pH electrode
(Metrohm) was calibrated with buffer solutions at pH 4.0, 7.0
and 9.4. The surface charge density was calculated by:

r F
sy

CA CB Hþ� �þ OH½ �� � ð1Þ

where r is the surface charge density of SSI (C/m2), F is the Faraday
constant (C/mol), s is the specific surface area of SSI (m2/g), y is the
mass concentration of SSI (g/L), CA and CB are the concentrations of
acid or base added to the suspension (M), and [H+] and [OH ] are
the concentrations (mol/L) of H+ and OH determined from the
pH of the suspension.

2.3. Adsorption kinetics

The rate of arsenic adsorption to SSI was studied by batch
experiments with varying reaction times in 100 mL polyethylene
beakers. Arsenic adsorption was studied as a function of pH (4.0,
7.0, 9.4), and at 11 different contact times with a maximum of
360 min. For each pH, an SSI suspension (0.2 g/L) with a back
ground electrolyte of 0.01 mol/L NaNO3 and an As(V) initial con
centration of 267 mmol/L was used. The pH of the supernatants
was maintained using 0.1 mol/L HNO3 or NaOH as titrants while
stirring with a Teflon coated magnetic bar (300 rpm). The sampled
suspension was passed through a membrane filter (0.25 mm pore
size, regenerated cellulose membrane filter, Mikrolab Aarhus A/S)
before As determination in the filtrates. Iron in the filtrates after fil
tration was measured after acidification by Atomic Absorption
Spectroscopy (PerkinElmer FAAS PinAAcle 900F) showing concen
trations of less than 0.1 mg/L corresponding to less than 5‰ of
the total Fe concentration in the SSI. Therefore, almost all SSI
was retained on the filter, and the minute amount of SSI passing
through the filter was neglected. Duplicates were carried out for
each experiment.

Arsenic(V) analysis was performed using graphite furnace
atomic absorption spectroscopy (GFAAS, PerkinElmer PinAAcle
900Z), with an electrodeless discharge lamp (EDL) as the radiation
source (wavelength: 193.7 nm). The detection limit was 0.05 lg/L,
and the quantification limit was 0.16 lg/L. Kinetic data were fitted
by non linear regression using Origin Pro 9.1. The adsorption
kinetics may be modelled using a pseudo second order model
[36]. Eq. (2) expresses the rate of As(V) adsorption on SSI:

dqt=dt k2 qe qtð Þ2 ð2Þ

where k2 is the pseudo second order rate constant (m2/(mmol
min)), qe is the amount of As(V) adsorbed (mmol/ m2) at equilibrium
and qt is the amount of As(V) adsorption (mmol/ m2) at time t.

In order to simplify the fitting, Eq. (2) is reduced to (Supplemen
tal Information):

qt
ABt

1þ At
ð3Þ

where A is k2qe, and B is qe (see also Supplemental Information).

2.4. Adsorption isotherms

Adsorption isotherms were obtained by batch experiments with
varying As(V) concentrations in 50 mL polyethylene centrifuge
tubes. Experiments were carried out at pH 4.0, 7.0, and 9.4 at 13
initial As(V) solution concentrations of 0 (as a blank), 2.67, 5.34,
8.01, 10.7, 13.4, 26.7, 53.4, 80.1, 106.8, 133.5, 200.3, and
267.1 mmol/L (corresponding to 0, 0.2 ,0.4, 0.6, 0.8, 1, 2, 4, 6, 8,
10, 15, and 20 mg As/L), SSI concentration of 0.2 g/L, and back
ground electrolyte of 0.01 mol/L NaNO3. Equilibration time was
set to 360 min based on the kinetic adsorption study described
above. The pH was kept constant by addition of 0.1 mol/L HNO3

or NaOH at 4.0, 7.0, or 9.4 for the first 60 min, as preliminary exper
iments showed that most of the adsorption reaction was complete
after this time, and thus the pH drift was minimal after that. There
after, the centrifuge tubes were capped and shaken at 240 rpm on a
reciprocating shaker. The pH of the suspension was readjusted
every 60 min. On termination, the suspensions were filtered using
0.25 mm membrane filters for separation and As determined in the
filtrates using GFAAS as described above.

2.5. Adsorption envelopes

The influence of pH on As(V) adsorption was investigated in the
pH range from 3.5 to 9.5. The experimental setup was the same as
for the adsorption isotherm experiments, except for the concentra
tion of As(V) which was kept constant, at two initial concentrations
of 1.33 and 267.1 mmol/L (corresponding to 0.1 and 20 mg As/L),
respectively. The pH of the suspensions was adjusted using
0.1 mol/L HNO3 or NaOH. After setting the pH, the centrifugation
tubes were capped and shaken at 240 rpm on a reciprocating sha
ker for 3 h, followed by membrane filtering of the supernatant and
As determination by GFAAS as described above.

2.6. X ray absorption spectroscopy

Molecular scale information on the structure of surfaces com
plexes was obtained by X ray absorption spectroscopy (XAS) at
the As K edge. XAS spectra were recorded at the INE beamline
[37] at the Karlsruhe Institute of Technology Synchrotron Light
Source (Karlsruhe, Germany) with a storage ring energy of
2.5 GeV. The beam energy was calibrated by assigning the first
inflection point of the L3 edge XANES recorded from an Au foil
measured in parallel to 11918 eV. Data were recorded in fluores
cence mode at room temperature using a silicon drift detector
(Vortex ME4, Hitachi). For each sample, 3 4 scans were collected
to achieve an adequate signal to noise ratio. XAS samples were
prepared using 20 g/L SSI, 0.01 mol/L NaNO3, and 27 mmol/L initial
As(V) concentration with different pH (4.0, 7.0 and 9.4). After equi
libration, the suspensions were centrifuged at 6000 g for 3 min,
and the sediment separated and washed with water. The wet paste
was collected for XAS analysis. Athena (v. 0.9.25) and Artemis
(v. 0.9.25) interfaces to the IFEFFIT software were used to analyze
XAS data following standard procedures [38]. EXAFS spectra were
extracted from the raw data and Fourier transforms were obtained
from the k3 � v(k) functions using a Kaiser Bessel window. Final
fitting of the spectra was done using phase and amplitude func
tions calculated with FEFF6 in R space [39]. Plausible adsorption
structures are based on the SSI face structure and bond distances



inferred from preliminary Pair Distribution Function fits [33]. Coor
dination number (N), energy shift (DE0), adjustment to interatomic
distance (DR), and the Debye Waller parameter (r2) were treated
as fitting parameters for each shell, while the amplitude reduction
factor (S02 = 1) was determined according to the fitting of the refer
ence compound (aqueous As(V) solution without SSI). The model
was adjusted shell by shell to the Fourier transform of the k2

and k3 weighted spectra. In agreement with Sherman and Randall
[45] multiple scattering involving OAO pairs within the AsO4 tetra
hedron was included in the fitting procedure. The fit quality was
quantified by the Rf factor representing the absolute misfit
between theory and data.

2.7. Surface complexation modelling

In this work, a 1 pK BSM was employed to describe the acid
base titration and the As(V) adsorption data, for two reasons: (i)
it simplifies salt concentration effects into a single set of model
parameters, and (ii) it provides a better and more comprehensive
description of the surface charge of SSI based on the potentiometric
titration data compared to other surface complexation models (e.g.
CCM or DLM). Besides, the 1 pK BSM model has provided excellent
fits for proton titration data for other FeIII (hydr)oxides [40,41]. To
derive acid base surface complexation constants and ion pairing
constants for electrolyte ions (e.g. Na+ and NO3) based on the
potentiometric titrations, a modified version of FITEQL [42] cou
pled to UCODE [43] was used. With this approach, the surface com
plexation constants and the capacitance value could be estimated
through a least square fitting for all electrolyte concentrations
simultaneously. The 1 pK model assumes that the protonated sur
face oxygen may have fractional values of charge. The singly, dou
bly and triply coordinated OH groups of the SSI surface are here
denoted as „FeOH 1/2, „Fe2OH0, „Fe3O 1/2, where the 1/2
and 0 values represent the formal charges of the respective groups.
This charge is deduced by applying Pauling’s rule to Fe and O atoms
in the surface [44,45]. SSI structures and surfaces were studied in
previous work [33], in which the surface site densities obtained
for singly, doubly, and triply coordinated OH groups were esti
mated to 5.2 sites/nm2, 6.5 sites/nm2, and 4 sites/nm2, respec
tively. Previous studies of As(V) adsorption to FeIII (hydr)oxides
have shown that As(V) mainly binds as inner sphere bidentate
complexes with singly coordinated surface OH groups [46 48].
Based on a combination of EXAFS and IR spectroscopy for As(V)
adsorption on goethite, it was concluded that As(V) coordinates
predominantly to singly coordinated OH groups on the goethite
surface where it is stabilized by hydrogen bonding to neighboring
surface sites. Singly coordinated OH have been identified as most
important for metal ion sorption in ferrihydrite systems as well
[49,50]. However, Loring et al. questioned previous conclusions
[51], and claimed that the As Fe distance on goethite does not
match to the ‘‘generally accepted” structure. For SSI, the structural
arrangement of the different OH groups is not as clear as for
goethite. Based on the previous studies, we have chosen a prag
matic approach restricting As(V) sorption to singly, doubly and tri
ply coordinated OH groups. The affinity of the background
electrolyte ions to the singly and triply coordinated sites required
for a good fit turned out to be rather weak. The association con
stant was fixed to a common value for both anions and cations
on the singly and triply coordinated groups. The doubly coordi
nated group has been reported with strong cation association ear
lier [52], and was therefore assumed to be different. Proton affinity
constants and site densities were a priori fixed, using previously
published value for the latter. The proton affinity of the singly
and triply coordinated groups was fixed at the point of zero charge,
while the values for the doubly coordinated group were assumed
to be similar to those on goethite [53]. Including the weak associ

ation constant in the number of parameters, we finally fitted a total
of 3 adjustable parameters (two association constants and the
capacitance value).

To derive and optimize As(V) surface complexation constants
for SSI, Visual MINTEQ [54] coupled with PEST [55] was used.
Based on the conclusions from the EXAFS investigation, two differ
ent types of As(V) SSI surface complexes (non protonated biden
tate and protonated bidentate) were tested in this fitting
exercise, as shown in Fig. 2. In the model, the charge distribution
values (Dz0 and Dz1) for the bidentate As(V) surface complexes
were calculated assuming 3/4 charge units per As(V) oxygen
(Fig. 2). As shown in Table 2, two FeAOAAs bonds with the SSI sur
face require a change in charge of 1.5, and the co adsorption of 2
protons to release two water molecules, resulting in a change of
+0.5 in the surface (‘‘0”) plane. This leaves 1.5 for the head end
of the diffuse layer (Eqs. (4a) and (4b)).

Dz0 2� 3
4
þ 2 ð4aÞ

Dz1 2� 3
4

ð4bÞ

For the protonated bidentate species the extra proton is accord
ingly taken into account. Therefore, Dz0 = 0.5 and Dz1 = 0.5 are
obtained implying that the extra proton goes to plane 1. This
assignment results in the best fits.

3. Results and discussions

3.1. Acid base titration of SSI

The interfacial electrostatic charge of the SSI particle due to pro
tonation obtained by potentiometric titration of SSI suspensions at
the three different electrolyte concentrations is shown in Fig. 3. As
seen from the cross over of the titration curves, the point of zero
net proton charge is 7.8. Around this pH, the measured charging
curves flatten, which is usually observed at the point of zero
charge at sufficiently low salt concentrations. The isoelectric point
(IEP) of the dried powder was measured and found to occur at
around pH 7.8, i.e. close to the observed point of zero net proton
charge (data not shown). The previous measurement of the IEP of
SSI yielded a higher value of around pH 9.2 [32]. However, in that
study titration was commenced at pH around 3 which may have
caused partial SSI dissolution. The re adsorption of dissolved FeIII

increased the IEP, similar to what has been observed for aluminum
oxides [56]. This problem is circumvented in the present study and
thus the point of zero net proton charge around 7.8 is regarded as
a reliable estimate.

Bidentate 

Protonated 
bidentate 

H 

Stern layer Solid surface 

O 
As 

 Fe octahedron 

Plane 0 Plane 1 
z0 z1

Fig. 2. Schematic drawing of the SSI water interface showing two different
hypothetical inner-sphere As(V) surface complexes. Electrolyte ions, Na+ and NO3 ,
are not shown, but are located in plane 1, and are present as outer-sphere
complexes.



In the model, the equations and the surface complexation con
stants for protonation, deprotonation and surface complexation of
„FeOH 1/2, „Fe2OH0, and „Fe3O 1/2 groups with the electrolyte
ions are listed in Table 1. The protonation equilibria reflect that
at high pH, the surface is mainly populated with „FeOH 1/2, „
Fe2O 1, and „Fe3O 1/2 groups, resulting in a net negative surface
charge. At low pH, the surface is mainly populated with
„FeOH+1/2, „Fe2OH2

+, and „Fe3OH+1/2 groups, resulting in a net
positive surface charge. Generally, the modelled curves describe
the data reasonably well, except at low NaNO3 concentration
(1 mmol/L) (Fig. 3). The misfit at low NaNO3 concentration may
be due to a high concentration of SSI (3 g/L) requiring considerable
quantities of HNO3 or NaOH for pH adjustment, which enhances
the effective ionic strength and thus the measured charge. Using
the final model with an electrolyte concentration of 3 mmol/L
yields a very good description of the nominal 1 mmol/L data. The
Stern layer capacitance Cstern is estimated to 1.47F/m2 by the fit
ting, which is in the range of published values [57].

3.2. Kinetics of As(V) adsorption on SSI

The kinetics of As(V) adsorption by SSI at three pH values is
shown in Fig. 4. With increasing pH, the adsorbed amount of As
(V) decreases from 3.22 mmol/m2 (pH 4) to 1.30 mmol/m2 (pH
9.4). The rate of As(V) adsorption may be divided into three stages.
In the first stage up to 10 min, As(V) adsorption (qt) rapidly
increases with time. In the second stage between 10 and 60 min,
qt slowly increases with time. In the final stage at 60 min, where
qt stays constant, the equilibrium is reached. As(V) adsorption is
fast with rate constants ranging from 0.06 to 0.19 m2/(mmol) min,
fastest at low pH. Table 2 summarizes the calculated qe and k2 val
ues for the second order model (Eq. (2)).

3.3. X ray absorption spectroscopy

The normalized XANES spectra of the As(V)(aq) reference
sample and SSI with adsorbed As(V) are shown in Fig. 5. XANES
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Fig. 3. Surface protonation dependent charge density determined from potentiometric titrations of SSI suspensions at three electrolyte concentrations. Triangle, square and
circle spots are experimental data, while colored curves represent simulations by the 1-pK BSM.

Table 1
Surface complexes, and the corresponding surface complexation reactions and intrinsic surface complexation constants estimated from acid-base titration of SSI and application
of the 1-pK BSM model.

Surface species Dz0a Dz1b Reaction log K

„FeOH2
+1/2 1 0 „FeOH 1/2 + H+ � „FeOH2

+1/2 7.77d

„FeOH 1/2���Na+ 0 1 „FeOH 1/2 + Na+ � „FeOH 1/2���Na+ < �2.8e

„FeOH2
+1/2NO3 0 �1 „FeOH2

+1/2 + NO3 � „FeOH2
+1/2��� NO3 < �2.8e

„Fe2OH2
+ 1 0 „Fe2OH0 + H+ � „Fe2OH2

+ 0.15c

„Fe2O �1 0 „Fe2OH0 � „Fe2O + H+ �11.5c

„Fe2O 1���Na+ �1 1 „Fe2OH0 + Na+ � „Fe2O 1���Na+ + H+ �8.57
„Fe2OH2

+1NO3 0 �1 „Fe2OH2
+ + NO3 � „Fe2OH2

+1NO3 < �2.8e

„Fe3OH+1/2 1 0 „Fe3O 1/2 + H+ � „Fe3OH+1/2 7.77d

„Fe3O 1/2���Na+ 0 1 „Fe3O 1/2 + Na+ � „Fe3O 1/2���Na+ < �2.8e

„Fe3OH+1/2��� NO3 0 �1 „Fe3OH+1/2 + NO3 � „Fe3OH+1/2��� NO3 < �2.8e

a The charge distribution values of plane 0.
b The charge distribution values of plane 1 (Fig. 2).
c Fixed.
d Fixed at PZC.
e log K were constrained to identical parameter values during fitting.



of sorption samples are located at similar energy position as the As
(V)(aq) reference compound, but show features that are slightly
different from the As(V)(aq) sample. The oxidation state of As did
not change upon surface sorption, but XANES spectra hint at a
modification of the first ligand sphere and exchange of water mole
cules for the SSI surface ligands after sorption. For the sorption
samples, there are no significant differences between pH 4 and 7
while there is a tiny difference for the XANES at pH 9.4, suggesting
similar coordination geometry for pH 4 and 7, and small changes in
sorption species at pH 9.4.

Fits to the EXAFS data provide information on the molecular
structure of surface species. Experimental and modeled EXAFS
spectra with the corresponding Fourier Transforms (FT) of As(V)
adsorbed SSI and As(V)(aq) samples are displayed in Fig. 5 and
structural parameters obtained from the linear least square fits
of the EXAFS data are shown in Table 3. The EXAFS spectrum of
the As(V)(aq) reference compound displays a single wave fre
quency with monotonically decreasing amplitude and was mod
eled considering a single O shell located at RAs-O1 = 1.69(2) Å and
containing 4 atoms. The EXAFS spectra of the sorption samples dif
fer from that of the As(V)(aq) sample, mainly with respect to the
amplitude of the oscillations at k > 6 Å 1, and the features at e.g.,
k � 5 and 10.5 Å 1. These findings provide clear indications that
the As(V) molecular environment changed upon contact with SSI
in suspension, and this agrees with XANES data. For all As(V) SSI
samples, the first FT contribution was fit with 4 oxygen atoms at
1.70 Å. Coordination number and bond distance correspond to
the regular AsO4 tetrahedron, with AsAO distances ranging from
1.68 to 1.70 Å (e.g. Loye et al. [58]), and agree with reported XAS
data for As(V) adsorbed to other mineral surfaces [59]. The FT of
the sorption samples further contain a broad contribution centered
around �3 Å (not corrected for phase shift). A good fit to the data
was obtained considering an Fe shell at RAs-Fe = 3.27 3.28 Å and

Fig. 4. Arsenic(V) adsorption kinetics to SSI at pH 4.0, 7.0, and 9.4 with
fits to pseudo-second-order rate equation (Eq. (4)). (Initial As(V) concentration
270 mmol/L, SSI dose = 0.2 g/L, background electrolyte 0.01 mol/L NaNO3). Error bars
represent the difference between each duplicate.

Table 2
Pseudo-second-order rate constants for As(V) adsorption by SSI (Eq. (2)).

pH qe mmol/m2 k2 m2/(mmol min) R2

4.0 3.22 (±0.01)a 0.19 (±0.02) 0.9975
7.0 2.05 (±0.01) 0.18 (±0.02) 0.9967
9.4 1.30 (±0.03) 0.06 (±0.01) 0.9620

a Uncertainty estimate is shown in the parentheses.

Fig. 5. XANES (left panel), experimental (solid black line) and modeled (red dots) EXAFS spectra (middle panel) with the corresponding Fourier transforms (right panel) of the
As(V)(aq) and As(V)-SSI samples (27 mmol/L initial As(V) solution concentration, SSI dose 20 g/L, background electrolyte 0.01 mol/L NaNO3). Fit results are presented in
Table 3.



containing 1 2 atoms. Fit results agree with reported data of Sher
man and Randall for As(V) adsorbed to FeIII (hydr)oxides [48].
These authors applied density functional theory calculations and
EXAFS spectroscopy and found that As(V) forms bidentate
corner sharing (2C) surface complexes. Consequently, As(V) forms
comparable complexes at the surface of SSI. For the sorption sam
ple at pH 9.4, additional O contributions at 2.17 and 2.49 Å were
required to fit the data. The origin of the presence of these shells
is not yet completely clear but tentatively attributed to hydration
water molecules of sodium atoms adsorbed in the vicinity
of As(V).

Arsenic(V) was also contacted with goethite and with freshly
precipitated ferrihydrite in suspension and used as reference
compounds (Supplemental Information). For these two samples,
fit results comparable to that of the As(V) SSI sorption samples
were obtained, further strengthening the idea that similar surface
complexes are formed at the surface of all these FeIII (hydr)
oxides. In conclusion, this EXAFS study demonstrates the domi
nant presence of an As(V) bidentate inner sphere complexes on
the SSI surface.

3.4. Surface complexation modelling

The As(V) adsorption gradually but markedly decreases with
increasing pH (Fig. 6A, B). Thus, more than 99% of As(V) is adsorbed
at pH 4 at an initial As(V) concentration of 1.33 lmol/L, while 60%
of As(V) is adsorbed at pH 4 at an initial As(V) concentration of
270 lmol/L in 0.2 g/L SSI suspensions. For higher initial As(V) con
centration, the SSI particle surface reached maximum possible
adsorption resulting in lower relative As(V) sorption. However, a
marked decrease in adsorption with increasing pH is still observed
(Fig. 6B).

Relevant As(V) surface complexes are selected according to the
above XANES and EXAFS study and further spectroscopic informa
tion available for As(V) binding to other FeIII (hydr)oxides (Table 4).
Studies of As(V) adsorption on these FeIII (hydr)oxides have shown
that inner sphere surface complexes form predominantly with sin
gly coordinated surface groups (Table 4). While different As(V) spe
cies have been observed for different types of FeIII (hydr)oxides,
bidentate species are dominating (Table 4). Together with the
bidentate inner sphere complex of As(V) adsorption on SSI inferred
from EXAFS, our starting point is that the bidentate As(V) surface
complex is the dominant species on the SSI surface. At low pH, this
species may be protonated.

2 FeOH 1=2 + 2Hþ + AsO4
3 $ 8 Fe2O2AsO2

2 + 2 H2O ð6Þ

2 FeOH 1=2 + 3Hþ + AsO4
3 $ Fe2O2AsO2H 1 + 2 H2O ð7Þ

The surface complexation constants are obtained by fitting the
adsorption isotherm and adsorption envelope data using the
1 pK BSM. The log K values obtained by Visual MINTEQ [54] for

Table 3
Best fit EXAFS model parameters for As(V)(aq) reference compound ([As(V)] = 27 mmol/L without SSI) and the As(V)-SSI sorption samples.

As(V)(aq) pH 4 pH 7 pH 9.4

Dk [Å 1] 4.5–13.0 4.5–11.0 4.5–11.0 4.5–10.9
DR [Å] 1.1–2.2 1.0–3.3 1.0–3.3 1.0–3.3
Rf 0.006 0.012 0.012 0.003
DE [eV] 6 O shell: 8

Fe shell: �9
O shell: 8
Fe shell: �9

O shells: 9
Fe shell: �9

Shell N R [Å] r2 [Å2] N R [Å] r2 [Å2] N R [Å] r2 [Å2] N R [Å] r2 [Å2]

O1 4.0 1.69(2) 0.003 4.0 1.70(2) 0.002 4.0 1.70(2) 0.001 4.0 1.70(2) 0.001
O2 / / / / / / / / / 1.0 2.17(3) 0.001
O3 / / / / / / / / / 1.0 2.49(2) 0.001
Fe1 / / / 1.4 3.28(6) 0.004 1.3 3.27(4) 0.004 1.0 3.28(4) 0.001

Dk: Fourier transformed k-range, DR: fit range, DE: shift in ionization energy where E is the threshold energy taken as maximum of the first derivative, N: coordination
number, R: interatomic distance, r2: Debye-Waller term, Rf represents the absolute misfit between the theoretical fitting and the data. Uncertainty estimate is shown in
parentheses, otherwise the parameter was held fixed.
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multidentate surface complexes can be directly compared with the
values obtained by ECOSAT or PHREEQC, as discussed by Lützen
kirchen et al. [60]. The log K values for bidentate and protonated
bidentate species derived from the fitting were 27.1 and 31.6,
respectively (Table 5). Although the values depend on details like
the charge distribution factors or the electrostatic model used,
the values in Table 1 for surface complexes of the same stoichiom
etry are surprisingly close to each other.

The experimental adsorption isotherms and envelope data are
well described by the model (R2 = 0.98, Fig. 6A, B). Monodentate
complexes or outer sphere surface complexes were not considered
due to the good fit by protonated and non protonated bidentate
inner sphere complexes, and because the EXAFS study did not
point to other major species than bidentate As(V) inner sphere sur
face complexes.

Overall, the model satisfactorily reproduces acid base potentio
metric titration of SSI suspension as well as the adsorption of As
(V). Doubly and triply coordinated surface groups are supposed
not to bind As(V) in the presence of singly coordinated OH groups.
However, due to the unknown local arrangement of the different
groups, the involvement of doubly or triply coordinated groups
cannot be excluded.

3.5. Arsenic(V) surface speciation versus pH

In the natural environment, As(V) primarily exists in solution as
H2AsO4 (pH 2.2 6.9) and as HAsO4

2 (pH 6.9 12.2) [64]. Surface
speciation of As(V) on SSI based on our model is presented in
Fig. 7 as protonated and non protonated bidentate surface com
plexation with SSI. The dominant species within the range pH 3.5
to 9.5 is the deprotonated surface bidentate complex („Fe2O2AsO2
2), whereas the amount of the protonated bidentate complex

(„Fe2O2AsO2H 1) becomes abundant at low pH.
Other types of FeIII (hydr)oxides, such as goethite, feroxyhyte

and ferrihydrite are also relevant sorbents for As(V). The kinetics
of As(V) adsorption onto SSI is rapid, reaching equilibrium within
60 min. In comparison, the reported equilibration times for
goethite (50 h) [65], lepidocrocite (7 h) [66], feroxyhyte (4 h) [67]
and ferrihydrite (range from 2 to 200 h) [5,68,69] are much longer.

The two dimensional morphology and the resulting full exposure
of all adsorption sites of the SSI to solution minimize the time
for diffusion of As(V) to adsorption sites, which hence reduces
the time to reach equilibrium. The maximum observed As(V)
uptake on SSI reaches 3.27 mmol/m2 at pH 4, and 2.3 mmol/m2 at
pH 7. This is higher than the reported maximum adsorption for
poorly crystalline goethite (1.33 mmol/m2; pH 7) [65], similar to
lepidocrocite (3.23 mmol/m2; pH 7) [66], but lower than for ferrihy
drite (5.13 mmol/m2; pH 7) [70] and similar to ultrafine feroxyhyte
(3.75 mmol/m2; pH 7) [67]. However, due to the high specific sur
face area of SSI, the maximum sorption uptake per mass is high
for SSI compared with any other iron oxide except for ferrihydrite.

The affinity for As(V) bonding to different FeIII (hydr)oxides can
be compared based on the surface complexation constants. Using a
modelling approach similar to ours (Table 6), Stachowicz et al. [18]
obtained surface complexation constants for As(V) adsorption on
goethite as 26.6, 29.3 and 33.0 for bidentate, protonated bidentate
and monodentate surface complexes. Similarly, Gustafsson and
Bhattacharya [71] obtained surface complexation constants for
As(V) adsorption on ferrihydrite of 27.7 ± 0.7, 34.2 ± 0.3 and
30.7 ± 0.4 for bidentate, protonated bidentate and monodentate
surface complexes using the 1 pK TPM CD MUSIC approach.
Hence, the surface complexation constants for SSI (27.1 and 31.6)
are comparable to those reported for goethite and ferrihydrite
(Table 6), suggesting a similarly high binding affinity towards As
(V). The differences of surface complexation constants between
SSI and other iron FeIII (hydr)oxides are not very large and may
be due to variations in the models, i.e. different CD factors, or using
a TPM instead of BSM. For further comparison of As(V) affinity to
SSI, goethite and ferrihydrite adsorption isotherms are simulated
using the 1 pK BSM model (Fig. 8). At intermediate As(V) solution
concentrations between 10 and 100 lmol/L a concentration
range dominating for model development and optimization the
differences in As(V) adsorption to SSI, ferrihydrite and goethite

Table 4
Arsenic(V) surface complexes on FeIII-(hydr)oxides.

FeIII-(hydr)oxides Analysis Surface complexation
species

Ref

Goethite EXAFSa Bidentate, Protonated
Bidentate

[16]

Hematite EXAFS Bidentate, Protonated
Bidentate

[61,62]

Goethite, Akaganeite, and
Lepidocrocite

EXAFS Bidentate [46]

Ferrihydrite EXAFS Bidentate and
Monodentate

[46,63]

a X-ray absorption fine structure spectroscopy.

Table 5
Parameters for the surface complexation reaction of As(V) on SSI in the 1-pK BSM model.

Surface species Dz0a Dz1b Surface complexation reaction on SSI log Kc

„Fe2O2AsO2
2d 0.5 �1.5 2„FeOH 1/2 + 2H++AsO4

3 M „Fe2O2AsO2
2 + 2 H2O 27.1

„Fe2O2AsO2H 1e 0.5 �0.5 2„FeOH 1/2 + 3H++AsO4
3 M „Fe2O2AsO2H 1 + 2 H2O 31.6

a The charge distribution values at plane 0.
b The charge distribution values at plane 1.
c The surface complexation constants were derived from 1-pK BSM modelling of the SSI adsorption data.
d Bidentate surface complex.
e Protonated bidentate surface complex.
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are small, and differences arising from variable experimental con
ditions such as exposure times are likely a cause of larger variation
in adsorption than the differences among FeIII (hydr)oxides. At low
micromolar to submicromolar As(V) solution concentrations the
models are less validated and simulations thus involve larger
errors. At a solution concentration of 10 lg/L (0.13 lmol/L), which
is equal to the WHO threshold concentration for drinking water,
SSI is performing similar to ferrihydrite, while goethites are
slightly better based on surface area normalized adsorption. How
ever, per mass unit, SSI and ferrihydrite would outcompete
goethite due to its lower specific surface area.

4. Conclusions

4.1. Summary of key findings

Batch sorption, acid base titration, XAS and surface complexa
tion modelling were used to study the interaction of two
dimensional SSI with As(V). XANES spectra showed that the As
(V) coordination geometry with SSI was the same between pH 4
and 9 while EXAFS analysis is in agreement with the binding of
As(V) as a bidentate inner sphere surface complex. Arsenic(V)
sorption was fast, with 90% of final uptake achieved within 10

and 20 min at pH 4 and 7, respectively. The As(V) adsorption was
pH dependent, with gradual but marked decrease with increasing
pH. Acid base titration and As(V) adsorption data were fitted by
the 1 pK BSM. Arsenic(V) adsorption was well described using
bidentate surface complexes in the surface complexation model,
with stability constants of comparable magnitudes as in previous
studies of As(V) sorption to FeIII (hydr)oxides involving similar
models.

4.2. Hypothesis, new concepts and innovations

Hypothesis: With an altered brucite layer structure and ultra
thin particle thickness, SSI will permit fast and strong bonding of
As(V).

New concept/innovation: Ultrathin SSI particles comprising
corrugated sheets of Fe O(H) octahedra exhibit a high density of
active single coordinated OH sites with fast removal and strong
complexation of As(V).

4.3. Summary of key improvements compared to findings in the
literature

The rate of As(V) adsorption to SSI was found to be very fast
compared with other FeIII (hydr)oxides owing to the high aspect
ratio and high BET of SSI. The As(V) surface complexation constants
are comparable to those observed for other FeIII (hydr)oxides with
similar models. The surface area normalized adsorption capacity of
SSI is similar to goethite and ferrihydrite. At micromolar to submi
cromolar As(V) solution concentrations, SSI is showing similar
binding affinity as ferrihydrite. The advantages of SSI over goethite
and ferrihydrite is due to its fast sorption, high specific surface area
and its structural stability.

4.4. Vision for future work

The results show that SSI is a promising material for fast and
strong adsorption of As(V) from polluted waters at low solution
concentrations. SSI may be of interest as a sorbent for other oxyan
ions, and for producing composite sorbents e.g. sandwich compos
ites with other platy sorbents such as graphene oxide, and for
adding further functionalities such as magnetic anchors.
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Table 6
Comparison of surface complexation parameters for the reaction of As(V) with FeIII-(hydr)oxides.

Solid PZC Surface species C a Dz0 Dz1b Dz2c Log K Ref

Goethited 9.2 Monodentate 0.85 ± 0.01 0.30 �1.30 0 26.6 [18]
Bidentate 0.47 �1.47 0 29.3
Protonated bidentate 0.58 �0.58 0 33
Monodentate 1.1 0.25 �2.25 0 20.1 [72]
Bidentate 0.5 �1.5 0 27.9
Protonated bidentate 1.0 �1.0 0 34.5

Ferrihydrited 8.1 Monodentate 1.1 0.25 �2.25 0 30.7 ± 0.4 [71]
Bidentate 0.5 �1.5 0 27.7 ± 0.7
Protonated bidentate 0.5 �0.5 0 34.2 ± 0.3

8.7 Bidentate 0.74 0.47 �1.47 0 27.36 ± 0.07 [73]
Protonated bidentate 0.58 �0.58 0 31.03 ± 0.45

SSI 7.8 Bidentate 1.47 0.5 �1.5 – 27.1 This study
protonated Bidentate 0.5 �0.5 – 31.6

a Inner layer capacitance of Stern layer (F/m2).
b The charge distribution values at Plane 1 in TPM.
c The charge distribution values at Plane 2 in TPM.
d TPM model was used.

Fig. 8. Comparison of As(V) binding to SSI and other FeIII-(hydr)oxides simulated by
1-pK BSM model using own and published data (solid concentration 0.2 g/L, pH 7,
10 mmol/L NaNO3, 25 �C) [17,71–74].
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