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Arsenic is an element that exists naturally in many rocks and minerals around the world. It also accumu-
lates in petroleum, shale, oil sands, and coal deposits as a result of biogeochemical processes, and it has
been found in fly ash from the combustion of solid biofuels. Arsenic compounds in their organic and inor-
ganic forms pose both a health and an environmental risk, and continue to be a challenge to the energy
industry. The environmental fate and removal technologies of arsenic compounds are controlled to a
large extent by their surface interactions with inorganic and organic adsorbents. We report thermody-
namic binding constants, Kbinding, from applying the triple-layer surface complexation model to adsorp-
tion isotherm and pH envelope data for dimethylarsinic acid (DMA) and p-arsanilic acid (p-AsA) on
hematite and goethite. Ligand exchange reactions were constructed based on the interpretation of
ATR–FTIR spectra of DMA and p-AsA surface complexes. Surface coverage of adsorbates was quantified
in situ from the spectral component at 840 cm�1. The best fit to the DMA adsorption data was obtained
using outer-sphere complex formation, whereas for p-AsA, the best fit was obtained using two monoden-
tate inner-sphere surface complexes. The significance of the results is discussed in relation to improving
modeling tools used by environmental regulators and the energy sector for optimum control of arsenic
content in fuels.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction pine beetles in British Columbia [7]. The disposal of arsenic-con-
The current state of knowledge on the distribution, speciation,
uses, metabolism, fate, remediation, and regulation of arsenic has
been published in two excellent recent books [1,2]. Arsenic is an
element that exists naturally in many rocks and minerals around
the world. It also accumulates in petroleum, shale, oil sands, and
coal deposits as a result of biogeochemical processes [3,4], and it
has been found in fly ash from the combustion of solid biofuels
[5]. Once liberated due to natural weathering or human activities,
it takes the form of the inorganic species arsenate, iAs(V), and arse-
nite, iAs(III). The latter species could be methylated by a number of
microorganisms depending on the level of microbial activity and
soil conditions [2]. The bioproduction of methylated arsenicals,
which include monomethylarsonic acid (MMA) and dimethylarse-
nic acid (DMA), has been explained by the Challenger Pathway [2].
Eventually, arsenic can be lost to the atmosphere through biovola-
tilization from soils with high arsenic concentrations and lots of
microorganisms. Moreover, methylated arsenicals have historically
been used as herbicides and pesticides on cotton fields and golf
courses, causing elevated arsenic concentrations in surface and
groundwater [6]. In Canada, MMA was used to control mountain
ll rights reserved.

eh).
taining waste (mostly electronics) in landfills also contaminates
groundwater with arsenic and releases arsine gases to the atmo-
sphere at concentrations above background levels (ca. 0.1–2 ppt)
[8–10].

In addition, organic forms of arsenic, including methylated and
aromatic compounds, are synthesized during the pyrolysis of oil
shale [3,11,12]. Arsenic content in energy sources continues to be
a challenge to the energy industry because these compounds are
potent catalyst poisons, hindering the optimum use of these fuels
and their conversion into useful feedstocks [3]. For example,
coal-derived syngas (largely CO and H2) contains arsenic species
that deactivate the Cu/ZnO/Al2O3 catalyst used for producing
methanol, a promising fuel for internal combustion engines, fuel
cells, and a source of hydrogen [13]. Moreover, compounds such
as p-arsanilic acid (4-aminobenzenearsenic acid, p-AsA) and roxar-
sone (4-hydroxy-3-nitrobenzenearsenic acid, ROX) are used as feed
additives in the poultry industry [14,15] and are introduced into
the environment through disposal and land application of contam-
inated poultry litter [14]. The biogeochemical transformation of
these compounds to inorganic arsenic occurs a result of enhanced
microbial activity and/or exposure to UV radiation [16]. The
toxicity of arsenic compounds to humans varies with the chemical
form and oxidation state. In general, all the trivalent forms of
arsenic, including methylated ones, are genotoxic (capable of
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causing genetic disorders) and are more toxic than the correspond-
ing pentavalent forms. Hence, it is clear that arsenic compounds in
their organic and inorganic forms continue to be a challenge to the
energy industry and pose both a health and an environmental risk
[17].

The environmental fate and removal technologies of arsenic
compounds are controlled to a large extent by their surface inter-
actions with inorganic and organic adsorbents. These interactions
have been studied extensively for arsenate and arsenite on a
number of metal oxide and mineral substrates using surface sensi-
tive spectroscopic techniques, and complemented by quantum
chemical calculations and surface complexation modeling
[18–23]. This excellent body of published work highlighted the
need for experiments on the surface chemistry of organoarsenicals.
To date, the number of batch studies on the factors that affect the
adsorption and desorption of organoarsenicals on Fe-, Al- and
Ti-(oxyhydr)oxides [24–33] exceeds that of in situ surface sensitive
measurements using techniques such as attenuated total internal
reflection spectroscopy (ATR–FTIR) [30,34–36] and X-ray absorp-
tion spectroscopy (XAS) [27,30]. Surface complexation models
(SCMs) have been used to describe the adsorption of methylated
arsenic species on hydrous iron oxide [25] and nanocrystalline tita-
nium oxide [27]. The triple-layer model was applied to describe
DMA adsorption on hydrous ferric oxide using a monodentate in-
ner-sphere surface complex. To obtain a good fit, it was necessary
to assume two sets of reactive surface sites having differing
adsorption affinities [25]. The charge distribution multisite com-
plexation (MUSIC) model was applied to describe DMA adsorption
on titanium oxide using an inner-sphere surface complex observed
with XAS [27]. However, the As–Ti distance observed with XAS
could also be explained by the formation of hydrogen bonds be-
tween the oxygen atom on DMA and a protonated hydroxyl group
on the titanium oxide surface. Adsorption of DMA onto goethite
was found to be independent of solution ionic strength, indicative
of an inner-sphere adsorption mechanism [33]. At the same time,
adsorption of DMA did not shift the point of zero charge, indicative
of an outer-sphere adsorption mechanism [33]. The triple-layer
model has not yet been applied to describe DMA adsorption on
goethite. It was concluded that DMA adsorbed as a monodentate
complex on goethite because it replaced only phosphate adsorbed
as a monodentate species [32].

In this work, we report detailed triple-layer SCM results on
experimental data collected for DMA and p-AsA adsorption on
hematite and goethite using ATR–FTIR. Relative to arsenate, these
two organoarsenicals replace hydroxyl groups with two methyl
and one aromatic groups, respectively. We examined earlier the ef-
fect of organic substitution and protonation on the stretching fre-
quency of As–O groups, m(As–O) [37,38]. Here, spectroscopic
investigations of the adsorption isotherms of DMA on hematite
and goethite were carried out – for the first time using ATR–
FTIR—using solution concentrations as low as 1 lM at pH 7 and
I = 0.01 M. The adsorption isotherms of p-AsA from ATR–FTIR mea-
surements were reported earlier [35] at pH 7, where values of
binding constants were extracted from Langmuir model fits. Deri-
vation of the triple layer reported herein is based on the nature of
surface complexes reported by our group for DMA [38] and p-AsA
[36] as a function of pH using ATR–FTIR. Adsorption isotherms and
pH envelopes generated from spectral data highlight the useful-
ness of ATR–FTIR as a technique in constructing in situ correlations
between surface coverage quantified from spectral components
and aqueous phase concentrations and solution pH, respectively.
This is in contrast to isotherms and pH envelopes generated from
the ‘‘total arsenic content’’ analysis in ex situ bulk batch studies.
As discussed in detail below, using ATR–FTIR for quantitative mea-
surements of in situ surface coverage is limited by the ability to
measure – directly or indirectly – certain constants for the
adsorbent and adsorbate. The significance of our studies is dis-
cussed in terms of improving modeling tools used by environmen-
tal regulators, and the usefulness of iron-based materials in
developing arsenical removal technologies.
2. Experimental and modeling procedures

2.1. Chemical

Stock solutions of DMA (cacodylic acid sodium salt trihydrate,
C2H6AsO2Na�3H2O, Alfa Aesar, used as received) were prepared
by dissolving the powder in concentrated NaOH (EMD, ACS grade)
with continuous mechanical stirring, and then lowering the pH
using HCl (Ricca Chemical, 6 N). Caution: DMA is highly toxic via
inhalation and skin contact and is a carcinogen. Ionic strength was
adjusted using KCl (99.5%. EM Science). A series of DMA concentra-
tions were prepared from the stock solutions in the range from
0.001 to 100 mM using Millipore water (18.2 MX). The Fe-(oxy-
hydr)oxides used herein are hematite (a-Fe2O3, >99.9%, Nanostruc-
tured and Amorphous Materials), and goethite (a-FeOOH, >99.9%,
Alfa Aesar). Determination of BET surface area, particle size, and
isoelectric points (IEP) was reported earlier [35]: 19 m2/g, 67 nm
average diameter, and 8.6 for spherical a-Fe2O3 particles, and
21 m2/g, 0.1–0.9 lm (average length along a axis), and 8.8 for nee-
dle-shaped a-FeOOH particles, respectively. Details on the experi-
mental procedure for preparing thin Fe-(oxyhydr)oxide films on
the ATR internal reflection element (IRE) were described in the
Supporting Information (SI) of reference [35]. Briefly, a-Fe2O3 films
were prepared by making a slurry 14 mg sample in an 1.5 mL
water/ethanol mixture (1:0.4 (v/v)). Slurries of a-FeOOH particles
were prepared by mixing 16 mg sample of ground goethite (Wig-
L-Bug, 1 min) in a 0.75 mL ethanol. Each slurry was then ultrasoni-
cated for 1 h and then spread over a clean and dry ZnSe ATR crystal
and allowed to dry overnight in air at room temperature. A freshly
deposited film was prepared for each adsorption isotherm
experiment.
2.2. ATR–FTIR experiments

ATR–FTIR spectra were collected using a HATRPlus accessory
(Pike Technologies) installed in a Nicolet 8700 FTIR spectrometer
(Thermo Instruments) equipped with a MCT detector. The 100 lL
ATR flow cell houses a 60� ZnSe crystal as the IRE (80 � 10 �
4 mm) on which the Fe-(oxyhydr)oxide films were directly depos-
ited. To introduce the liquid phase, the ATR flow cell was con-
nected to a compact pump (Masterflex L/S) using Tygon tubes
(0.8 mm I.D., Masterflex). The detection limit of the ATR flow cell
to DMA(aq) was determined to be 8 mM. All spectra were collected
at 4 cm�1 resolution by averaging 300 scans. Prior to each adsorp-
tion experiment, an ATR–FTIR single beam spectrum of dry Fe-
(oxyhydr)oxide films was collected and then a background solution
(I = 0.01 M and pH 7) was flowed across for at least 60 min at a rate
of 1 mL/min before a spectrum is collected. Each DMA solution was
flowed across the wetted film for 15 min at rate of 1 mL/min start-
ing from the low concentration. Absorbance spectra were gener-
ated by referencing single-beam spectra collected for DMA(aq) in
equilibrium with the film to the background solution in contact
with the film. DMA solutions with concentrations higher than the
detection limit were collected from the exit port of the ATR flow
cell. ATR–FTIR spectra of these solutions were collected on clean
dry ZnSe crystal (no film) after each adsorption experiment. Absor-
bance spectra of DMA(aq) with concentrations >8 mM were sub-
tracted from the those obtained from DMA(aq) in equilibrium
with the film. This data treatment ensured the elimination of spec-
tral components originating from unbound DMA species.
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Fig. 1. Representative ATR–FTIR absorbance spectra of DMA(ads) on (a) a-Fe2O3

and (b) a-FeOOH as a function of DMA concentration (from bottom): (a) 0.005, 0.01,
0.03, 0.05, 0.1, 0.15, 0.25, 0.5, and 0.8 mM, and (b) 0.005, 0.01, 0.03, 0.05, 0.1, 0.15,
0.25, 0.5, and 0.8 mM at pH 7 and I = 0.01 M. These concentrations are below the
detection limit of DMA(aq).
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2.3. Surface complexation modeling

The triple-layer model [39,40] was used to describe the adsorp-
tion of DMA and p-AsA onto hematite and goethite. In the present
application of the model, the following surface complexation con-
stants were considered,

FeOHþHþ $ FeOHþ2 ð1Þ

FeOH $ FeO� þHþ ð2Þ

FeOHþ Kþ $ FeO� � Kþ þHþ ð3Þ

FeOHþHþ þ Cl� $ FeOHþ2 � Cl� ð4Þ

FeOHþHAsO2ðCH3Þ2 $ FeAsO2ðCH3Þ2 þH2O ð5Þ

FeOHþHAsO2ðCH3Þ2 $ FeOHþ2 � AsO2ðCH3Þ�2 ð6Þ

or

FeOHþH2AsO3C6H4NH2 $ FeHAsO3C6H4NH2 þH2O ð7Þ

FeOHþH2AsO3C6H4NH2 $ FeAsO3C6H4NH�2 þH2OþHþ; ð8Þ

where FeOH represents reactive surface hydroxyl groups on hema-
tite and goethite. Even though the surface complexation reactions
are written starting with the completely undissociated acids, the
model application contains the aqueous speciation reaction(s) for
DMA and pAsA:

HAsO2ðCH3Þ2 $ AsO2ðCH3Þ�2 þHþ ð9Þ

or

H2AsO3C6H4NH2 $ HAsO3C6H4NH�2 þHþ ð10Þ

HAsO3C6H4NH�2 $ AsO3C6H4NH2�
2 þHþ ð11Þ

Equilibrium constant expressions for the surface complexation con-
stants are

KþðintÞ ¼ ½FeOHþ2 �
½FeOH�½Hþ�

expðFwo=RTÞ ð12Þ

K�ðintÞ ¼ ½FeO��½Hþ�
½FeOH� expð�Fwo=RTÞ ð13Þ

KKþ ðintÞ ¼ ½FeO� � Kþ�½Hþ�
½FeOH�½Kþ�

exp½Fðwb � woÞ=RT� ð14Þ

KCl� ðintÞ ¼ ½FeOHþ2 � Cl��
½FeOH�½Hþ�½Cl��

exp½Fðwo � wbÞ=RT� ð15Þ

K is
DMAðintÞ ¼ ½FeAsO2ðCH3Þ2�

½FeOH�½HAsO2ðCH3Þ2�
ð16Þ

Kos
DMAðintÞ ¼ ½FeOHþ2 � AsO2ðCH3Þ�2 �

½FeOH�½HAsO2ðCH3Þ2�
exp½Fðwo � wbÞ=RT� ð17Þ

or

K is
p-AsAðintÞ ¼ ½FeHAsO3C6H4NH2�

½FeOH�½H2AsO3C6H4NH2�
ð18Þ

K is
p-AsA� ðintÞ ¼ ½FeAsO3C6H4NH�2 �½H

þ�
½FeOH�½H2AsO3C6H4NH2�

expð�Fwo=RTÞ; ð19Þ

where F is the Faraday constant ðC mol�1
c Þ, w is the surface potential

(V), R is the molar gas constant (J mol�1 K�1), T is the absolute tem-
perature (K), and square brackets indicate concentrations (mol L�1).
The exponential terms can be considered as solid phase activity
coefficients.

The computer program FITELQ (3.2) [41] was used to fit the DMA
and p-AsA surface complexation constants to the experimental
adsorption data. The FITEQL code uses a nonlinear least-squares
optimization routine to fit equilibrium constants to experimental
data and contains the triple-layer model. To describe adsorption
we used either an inner-sphere or an outer-sphere monodentate
surface species for DMA and two inner-sphere monodentate surface
species for p-AsA. The model failed to converge when both an inner-
sphere and an outer-sphere surface complex were included. Param-
eter values were fixed at log K+(int) = 4.3, log K�(int) = �9.8,
log KK+(int) = �9.3, log KCl�(int) = 5.4, C1 = 1.2 F m�2, C2 = 0.2 F
m�2, considered optimal for goethite by Zhang and Sparks [42].
We used parameter values for goethite for both Fe-(oxyhydr)oxides,
since values for hematite were not available.
3. Results

3.1. ATR–FTIR spectra of DMA(ads) on Fe-(oxyhydr)oxides at pH 7

Fig. 1 shows the ATR–FTIR spectra of adsorbed DMA, DMA(ads),
on (a) a-Fe2O3 and (b) a-FeOOH films at pH 7 and I = 0.01 M KCl
and as a function of DMA(aq) concentrations (5–800 lM). These
absorbance spectra where collected in situ after 15 min equilib-
rium with a given concentration of DMA(aq) by referencing to
the clean films in equilibrium with the 0.01 M electrolyte solution.
At pH 7, the deprotonated form of DMA is the most dominant spe-
cies in the aqueous phase. Surface sites at this pH are a mix of neu-
tral („FeOH) and positively charged (BFeOHþ2 ), with a higher
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concentration of the latter given that the isoelectric point of the
hematite and goethite used in our experiments is around 9. Hence,
ligand exchange between surface sites and incoming DMA mole-
cules is driven by favorable electrostatic interactions. The assign-
ment of the spectral components observed in Fig. 1 has been
discussed in detail in our recent publication reporting adsorption
mechanism of DMA [34].

Briefly, the assignment of the observed frequencies was based
on comparison with the spectra of bulk DMA in the liquid
(pKa = 6.1) and solid acid and salt phases [37], desorption kinetics
due to chloride and phosphate anions, and aided by frequency cal-
culations on geometry-optimized clusters of DMA–iron oxide clus-
ters. Our data suggest the simultaneous formation of inner- and
outer-sphere DMA(ads), which gives rise to spectral components
in the range 700–880 cm�1. Low frequency components at 771
and 768 cm�1 have major contributions from inner-sphere com-
plexes, and hence are assigned to m(As–OFe). The component at
791 cm�1 observed in Fig. 1a is assigned to m(As–O� � �H) from
uncomplexed As–O bonds involved in strong H-bonding as ob-
served for DMA in the solid phases [37]. Additionally, components
around 840 cm�1 are assigned to m(As'O) from free As'O groups,
with bond order of ca. 1.5. Moreover, the component at 876 cm�1 is
assigned to m(As@O) in outer-sphere complexes as a result of the
involvement of the second As–O group in DMA in strong H-bond-
ing that decreases electronic delocalization. The loss feature
around 800 cm�1 observed in Fig. 1b when compared to Fig. 1a is
most likely due to a decrease in the concentration of „FeOH or
BFeOHþ2 sites [43–45] on FeOOH films as a result of DMA adsorp-
tion through H-bonding or ligand exchange mechanisms. In the
following sections, we illustrate the usefulness of in situ ATR–FTIR
measurements in quantifying the surface coverage of DMA(ads).
3.2. Calculations of DMA surface coverage on porous Fe-
(oxyhydr)oxide films from ATR–FTIR

Sperline et al. [46] proposed the following simple model for the
quantification of surface coverage, S (molecules/cm2), of adsor-
bates on porous metal oxide films using ATR–FTIR spectroscopy,

AðkÞ ¼ SeðkÞdeðkÞ=dpðkÞ þ eðkÞcdeðkÞ ð20Þ

where A(k) is the baseline-corrected absorbance, e(k) is the molar
extinction coefficient of the adsorbate in cm2/molecule, de is the
effective pathlength of the IR light in the ATR IRE in cm, dp is the
depth of penetration per reflection in cm, which approximately
equals de/N, where N is the total number of reflections inside the
IRE, and c is the aqueous phase concentration of the molecule of
interest. Values of de are calculated using the equation:

deðkÞ � N � dpðkÞ ¼ ðl=tÞ cot h � k=½2pn1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 h� ðn2=n1Þ2

q
�, where l

and t are the length and thickness of the IRE, respectively, h is the
angle of incidence, and n1 and n2 are the indices of refraction of
the IRE and the sample, respectively. The first term in Eq. (20) treats
the adsorbed species as a thin flat layer, and the second term ac-
counts for the contribution of aqueous phase species to the total
absorbance at a given wavelength, k. This model could be used to
convert the ATR absorbance at a given k, provided that e(k), dp,
and de are estimated accurately for a given molecule [46,47]. It also
assumes that e(k) for a given vibration in the molecule of interest is
the same in the aqueous phase and as an adsorbate.

For our adsorption isotherm experiments reported herein, the
second term in Eq. (20) has negligible contribution to the ATR
absorbance spectra shown in Fig. 1. This is because concentrations
of DMA(aq) in contact with the Fe-(oxyhydr)oxide films are below
the detection limit of our IRE to DMA(aq) (8 mM). To take into
account the surface area of the Fe-(oxyhydr)oxides porous films
available for adsorption and probed by the IR light, we reported
earlier a modified version of Eq. (20) [35],

S ðmolecules cm�2Þ ¼ AðkÞ
eðkÞN2dpðkÞqbulk � S � ABET

; ð21Þ

where qbulk is the bulk density of the deposited Fe-(oxyhydr)oxides
films estimated from the deposited mass (m), area of IRE covered
(a = 5.0 cm2) and measured thickness of the films (h): qbulk = m(g)/
[a(cm2) h(cm)]. In the presence of a porous film of hematite and goe-
thite particles on the IRE, the value of n2 has to account for the poros-
ity and the presence of solvent in the pores [48]. A volume-weighed
average of the refractive index of the particles (n02) is calculated
using n02 ¼ Fv �par þ ð1� FvÞ � nH2Oð1Þ where Fv = qbulk(g cm�3)/
qtrue(g cm�3). Table S1 in the SI of reference [35] lists values of m,
h, and qtrue resulting in d840cm�1

p = 2.3 � 10�4 and 1.3 � 10�4 cm for
a-Fe2O3- and a-FeOOH-coated IRE, respectively.

The spectral component at 840 cm�1 in Fig. 1 assigned to
DMA(ads) was chosen because of its proximity to the most intense
component observed at 831 cm�1 in the ATR–FTIR spectrum of
DMA(aq) at pH > 6.1, which is assigned to m(As'O) in fully depro-
tonated species. Hence, the value for e(k) for DMA(ads) was ob-
tained from the Beer’s law fit to a calibration curve constructed
for DMA(aq) at pH 7 [e(0.0012 cm) = 6 � 10�19 cm2 molecule�1].
Fig. 2a and b shows the adsorption isotherms of DMA on a-Fe2O3

and FeOOH, respectively, at pH 7 and I = 0.01 M. The left axis dis-
plays the absorbance at 840 cm�1, which was converted to SDMA

in units of molecule cm�2 (right axis) using Eq. (21), and molar
ratios units of mmol As/mol Fe (second right axis). Similarly,
experimental adsorption isotherm data [35] shown in Fig. 3a and
b for p-AsA are expressed in molecule cm�2 and molar ratios units
using constants reported earlier [35]. The validity of this approach
to quantifying SDMA and Sp-AsA from spectral data was verified by
bulk measurements of surface coverage from analysis of total ar-
senic using inductively coupled plasma atomic emission spectros-
copy (ICP-AES) [34,35]. The quantification approach reported
herein has the advantage of being an in situ cost-effective method
(no chemical digestion is needed to release bonded arsenic).

As described in the following section, experimental data shown
in Figs. 2 and 3 were modeled using a triple-layer model based on
the binding mechanism and the nature of surface complexes eluci-
dated from ATR–FTIR spectroscopy. The model failed to converge
when both an inner-sphere and an outer-sphere surface complex
were included.
3.3. Surface complexation modeling

The triple-layer model was fit to the DMA adsorption isotherm
and pH envelope data on hematite and goethite both as one com-
bined data set and individually. Not surprisingly, the fit for the
combined data set (data not shown) was of lower quality than
for isotherms and envelopes fit individually. The triple-layer model
was able to describe DMA adsorption using either a monodentate
inner-sphere surface complex or a monodentate outer-sphere sur-
face complex but not both. The quality of fit, as measured by the
overall variance, VY = SOS/DF, where SOS is the weighted sum of
squares of the residuals and DF is the degrees of freedom, was im-
proved for the outer-sphere surface complex. Therefore, the results
presented in Fig. 2a and c for hematite, and Fig. 2b and d for goe-
thite are for the outer-sphere surface complex. Despite the fact that
the spectroscopic results suggested both an inner-sphere and an
outer-sphere surface complex, adding the second type of surface
species after the first type had been optimized resulted in lack of
model convergence. This is a common limitation of the mathemat-
ical fitting procedure.
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Fig. 2. Adsorption isotherms of DMA on a-Fe2O3 and a-FeOOH at 298 K as a function of concentration at pH 7 and I = 0.01 M (upper panel), and as a function of pH using
1 mM DMA(aq) (I = 0.01 M) (lower panel, with permission from Ref. [34]). Filled circles represent experimental data. Empty triangles represent the fit of the triple-layer
model reported here for the first time. Error bars are ±r from averaging 3–4 experiments, each on a freshly-prepared film.
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For the adsorption isotherms, the experimental data and model
fits for both oxides were not statistically significantly different
from each other (see Fig. 2a and b). For the adsorption envelopes,
the experimental data and the model fits were not statistically



Table 1
Triple-layer surface complexation constants for the model fits of DMA and p-AsA
adsorption on hematite and goethite at 298 K.

Oxide log Kos
DMA SOS/DF log K is

pAsA log K is
pAsA�

SOS/DF

Hematite
Combined data 4.30 674 6.49 2.30 345
Isotherm data 4.23 125 5.84 �0.038 36.9
Envelope data 4.53 1138 8.31 1.30 101

Goethite
Combined data 5.02 720 5.95 1.62 255
Isotherm data 4.33 55.9 6.22 �3.99 24.6
Envelope data 5.63 586 7.32 1.06 124

Notes: Abbreviations stand for: is = inner-sphere, os = outer-sphere, SOS/
DF = weighted sum of squares of the residuals, DF = degrees of freedom.
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significantly different from each other only in the pH range 4–7.5
for goethite and pH 7–8 for hematite. Thus, for hematite, the model
provided only a poor representation of the experimental data.

The triple-layer model was fit to the p-AsA adsorption isotherm
and envelope data at three different ionic strengths on hematite
and goethite, both as one combined data set and individually.
Again, the fits for the combined data sets (data not shown) were
of lower quality than for isotherms and envelopes fit individually.
The triple-layer model was able to describe p-AsA adsorption using
two monodentate inner-sphere surface complexes (see Fig. 3a and
c for hematite and Fig. 3b and d for goethite). This adsorption
mechanism is in agreement with the spectroscopic results regard-
ing the interpretation of the component at 840 cm�1 [36]. For the
adsorption isotherms the experimental data and model fits for
both oxides were not statistically significantly different from each
other (see Fig. 3a and b). For the adsorption envelopes, three ionic
strengths were optimized simultaneously. The experimental data
and the model fits were not statistically significantly different from
each other for I = 0.01 M in the pH range 4–10 for hematite and pH
4–8 for goethite. Underprediction was observed for I = 0.1 M above
pH 8 and overprediction was found for I = 0.001 M in the pH range
6–7.5 for hematite and pH 5.5–8 for goethite. This occurred be-
cause the model fit showed much less ionic strength dependence
than was observed for the experimental adsorption data, especially
at I = 0.001 M (see Fig. 3c and d).

The triple-layer model was able to describe DMA adsorption on
both oxides by optimizing just one adjustable parameter, log Kos

DMA,
and p-AsA adsorption on both oxides by optimizing two adjustable
parameters, logK is

pAsA and log K is
pAsA� (see Table 1). The quality of the

fit was quantitative for the adsorption isotherms of both adsor-
bates on both adsorbents and at least semi quantitative for the
adsorption envelopes. Therefore, the model clearly constitutes an
advancement over Langmuir and Freundlich adsorption isotherm
approaches, which contain two empirical adjustable parameters
and cannot describe changes in adsorption occurring with changes
in solution pH.
4. Conclusions and significance

We report thermodynamic binding constants, Kbinding, from
applying the triple–layer SCM to adsorption isotherm and pH enve-
lope data of DMA and p-AsA on hematite and goethite. Ligand ex-
change reactions were constructed based on the interpretation of
ATR–FTIR spectra of DMA and p-AsA surface complexes, particu-
larly the component at 840 cm�1. The best fit to the DMA adsorp-
tion data was obtained using outer-sphere complex formation, Eq.
(6), whereas for p-AsA, the best fit was obtained using two mono-
dentate inner-sphere surface complexes, Eqs. (7) and (8). We also
illustrated the usefulness of ATR–FTIR in calculating in situ surface
coverage of adsorbate from a given spectral component. The signif-
icance of these results is provided below.

Extracting values of Kbinding from experimental adsorption data
recorded at equilibrium through mathematical modeling provides
insight into the relative affinity of a given chemical to a solid sub-
strate. Despite being a surface phenomenon that is affected by the
nature of surface sites, their density and solution pH, values of
Kbinding are often obtained from applying the Langmuir model to
experimental data derived from bulk measurements at a given
pH and ionic strength [28,30]. Results reported in Table 1 are from
the triple-layer SCM applied to experimental data from surface
sensitive measurements of surface coverage, and take into account
surface charge, solution pH, and the nature of the surface complex
elucidated from IR data. Hence, relative affinities (i.e., Kbinding) of a
given organoarsenical to a certain substrate derived from the Lang-
muir model cannot be compared directly to those derived from
SCM. For comparison, the triple-layer SCM used herein was used
to fit the DMA adsorption data (isotherm and pH envelope) on goe-
thite at pH 7 of Lafferty and Loeppert [28]. A surface area of 70 m2/
g was used for goethite in the model [49,50]. We obtained values of
surface complexation constants, log Kos

DMA = 5.51, 4.77, and 5.43 for
combined isotherm and pH envelope, isotherm only, and pH enve-
lope only data, respectively. These constants agree very well with
those reported from our spectroscopic studies in Table 1. More-
over, the triple-layer model was previously applied to inorganic
arsenate adsorption on amorphous iron oxide by Goldberg and
Johnston [51]. Their surface complexation constant, log K iAsðVÞis =
5.36, compares favorably with the data reported in Table 1. There-
fore, the triple-layer SCM model derived herein could be used as a
more accurate modeling tool by environmental regulators and the
energy sector in predicting the uptake of organoarsenicals by
iron-rich soils, cleanup adsorbents, and solid catalysts, taking into
account properties of the liquid and solid phases.
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