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Environmental context. Goethite, commonly found in soils, is often partially substituted by Al and strongly
influences the mobility of arsenic in the environment. The adsorption of As" onto goethites with increasing Al
substitution was explored, finding that Al incorporation decreases As" sorption per gram of adsorbent, and that a
low level of Al incorporation enhances the adsorption per unit area. Structures of the complexes formed between
As" and the oxy(hydr)oxide surface, at different pH values, are proposed by studying the changes in the surface
charges of the adsorbed and non-adsorbed substituted and non-substituted goethites.

Abstract. Aluminium and iron oxy(hydr)oxides in nature are often partially substituted by other elements and strongly
influence the mobility of arsenic in the environment. Because goethite is commonly found in soils, and the oxide is easily
substituted, in the present work, the adsorption of As’ onto several Al-substituted goethites was explored in order to
determine how substitution affects the adsorption process. Three samples with increasing Al content (GAly, GAl; 75 and
GAl; 6,) were prepared and fully characterised. The variations in As" adsorption under different conditions, as well as the
variations of the particle surface charge, were analysed. The results showed that the removal capacity of Al-goethites is
determined by the Al content. The adsorption maxima per gram followed the trend GAly> GAl; 73> GAl; 41, indicating
that Al incorporation decreases As" sorption. Adsorption per surface area decreased in the order GAl; 75> GAly> GAly .,
implying that a small incorporation of Al enhances the adsorption properties of the surface. The stoichiometry of the
probable surface complexes formed with the contaminant at different pH values is proposed, by analysis of all the
experimental results obtained before and after As" adsorption. These surface complexes were used to fit the experimental

data with good agreement, and the formation and acidity constants were also estimated.
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Introduction

Arsenic is a ubiquitous metalloid that presents a serious risk to
the health of humans, animals and plants.["?! Although arsenic is
present in only ~5 x 10> % by weight on the Earth’s crust,™)
different arsenic-containing species may be concentrated in
some reducing marine sediments or sedimentary rocks. The
mobilisation of As" in nature results mainly from weathering
reactions, biological activity and volcanic emissions, followed
by water-mediated transport through the environment,™* and
anthropogenic mobilisation from varied human activities.”>®!
Arsenite (AsO3~, As'™) and arsenate (AsO3 ", As") ions are
the two common arsenic species found in natural environments.
Both species present different toxicity, As™ being more toxic,
soluble and mobile than As" at certain pH values.'”) The oxida-
tion state of As" highly depends on the redox and pH conditions
of the media,’® and several mechanisms have been invoked to
explain arsenic mobility.””) Such mechanisms include microbial
reduction of As" in anaerobic environments, '’ dissimilatory
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reductive dissolution of Fe'" oxy(hydr)oxides that may lead to the
release of adsorbed arsenic into the aqueous phase,'!! and
competition of solutes for sorption sites on iron oxides.[”’

Under oxidising conditions, As" is the predominant form,
and previous studies have revealed that the ion is associated
primarily with the Fe" oxy(hydr)oxide coatings of soil parti-
cles, or is strongly adsorbed onto clays, manganese oxides and
(hydr)oxides and organic matter.!”’

Among soil components, goethite and ferrihydrite are com-
monly found. Both minerals exhibit a hydroxylated surface that
presents a strong affinity for anions,!'* cations!'*'* or organic
molecules.!" In particular, arsenic species are sorbed onto these
oxy(hydr)oxides and their mobility is highly influenced,!>~""!
controlling the arsenic biogeochemical cycle.

The adsorption of arsenic on iron oxides is pH-dependent,
and Pierce and Moore!'®! reported that As" is preferentially
sorbed onto Fe oxy(hydr)oxides between pH 4 and 7, whereas
As"™ is preferentially sorbed between pH 7 and 10.
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Several studies, including X-ray absorption spectroscopy
(XAS), neutron diffraction, high-resolution transmission elec-
tron microscopy (HRTEM) and density functional theory (DFT)
molecular modelling, have revealed that arsenic may form a
large variety of arsenic surface complexes on sorption onto
ferric oxy(hydr)oxides and oxides. In particular, Fendorf et al.
explored the structure of the surface complexes formed with
AsY, reporting three different Fe—As distances of 0.285, 0.324
and 0.360 nm. [ These distances were assigned to the presence
of bidentate mononuclear edge-sharing (2E), bidentate binu-
clear corner-sharing (2C) and monodentate mononuclear
corner-sharing (1V) complexes. Some years later, using DFT
calculations, Sherman and Randall®”! reported that the 2C
complex is substantially more favoured energetically over the
hypothetical 2E mononuclear complex. Using X-ray absorption
fine structure EXAFS spectroscopy (EXAFS), these authors
also showed that the peak near 0.285 nm results from As—O—-O—
As multiple scattering and not from an As-Fe backscatter, and
indicated that the distance at 0.326 nm corresponded to the
bidentate binuclear complex. The presence of the monodentate
mononuclear complexes was not confirmed in the same work.
Several recent studies have also proposed that the 2E complexes
do not form in the case of the adsorption of tetrahedral As"
species onto goethite.”' >*! This bidentate mononuclear
complex appears to be specific to As™ complexes. Ona-Nguema
et al. studied the adsorption of arsenite onto 2-line ferrihydrite,
haematite, goethite and lepidocrocite,”*! finding that the
adsorption onto haematite and ferrihydrite is similar, but differs
significantly from that on goethite and lepidocrocite. The main
difference is the absence of a 2E complex at the surface of the
last two minerals.

In addition to these three types of surface complexes,
tridentate hexanuclear corner-sharing (3C) surface complexes
have also been proposed by analysing the adsorption of As™
onto iron spinels. In these inner-sphere complexes, AsOj;
pyramids occupy vacant tetrahedral sites on the octahedrally
terminated {111} surfaces of magnetite®***! and maghe-
mite,*®) which explains, in part, the high adsorption affinity
of arsenite for these substrates.

Recent important findings provide evidence for the forma-
tion of both outer-sphere and inner-sphere As¥ complexes at the
haematite—aqueous solution boundary, and Catalano et al.
reported that ~35% of the adsorbed arsenic occurred in the
outer-sphere form in the haematite samples studied.?”) The
exact nature of these outer-sphere complexes is still poorly
understood, but the fact that they are not displaced with
increasing ionic strength suggests that they could correspond
to hydrogen-bonded species. Such outer-sphere complexes are
difficult to detect using EXAFS spectroscopy in the presence of
inner-sphere As¥ complexes.?

The adsorption of As¥ onto goethite was also studied in
artificial seawater by Gao and Mucci,'**! who reported that the
presence of Mg and Ca' enhanced As" adsorption at pH > 7.0.
The authors also determined that at pH < 6.5, arsenate adsorp-
tion is well reproduced using the constant capacitance model
with the inclusion of ternary complexes.

The upper layer of lateritic soils is dominated by goethite and
haematite, and when these minerals are formed in terrestrial
weathering environments, they usually exhibit Al-for-Fe substi-
tution. Al incorporation leads to changes in particle size, and
goethite crystals become smaller as Al substitution increases.
The crystals also change from multiple-domain to single-
domain ones. The effect of Al incorporation on the surface area
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of the particles depends on the level of incorporation, because
aluminium reduces both the rate of growth and the crystal size,
with the final surface area depending on which of these effects
prevails.*% These variations in surface areas alter the adsorp-
tion properties of the oxy(hydr)oxide. As an example of the
influence of Al substitution on adsorption properties, Masue
et al. demonstrated that As" adsorption onto coprecipitated
aluminium : iron oxy(hydr)oxides decreases as the Al : Fe molar
ratio increases.

Conversely, Silva et al. compared the potential of As"
adsorption of pure goethite and three Al-goethites with different
Al contents.[**] The authors found that Al incorporation consi-
derably enhanced the As" uptake per gram of goethite, and
concluded that Al-goethites are good potential adsorbents to
remove As" from water. However, it must be emphasised that
the authors tested solids with very different surface areas, and
that this difference in areas causes the enhancement in the As"
uptake when it is expressed per gram of adsorbent.

Arsenic sorption onto Al-goethite is often found in nature,
and the process is an economical and reliable technique and an
efficient method for the removal of inorganic compounds. In the
present study, the adsorption of As" onto three samples of pure
and Al-substituted goethites was re-explored on several
goethites prepared following the same procedure. The results
revealed that the specific surface areas of the goethites vary
between 20 and 36 m* g~ '.

The samples obtained were fully characterised, and the effect
of pH on the adsorption of As" was investigated. The variations
in surface electric charge (zeta potential, ZP) before and after
arsenic sorption, and at different pH values, were also analysed
to propose a stoichiometry of the surface complexes formed.

Materials and methods
Adsorbents

Samples of pure and Al-substituted goethites were prepared
following the method of Schwertmann and Cornell,**! by aging
mixtures of 5 M KOH and different volumes of 1 M Fe(NO3)3
and 0.5 M AI(NOs); solutions at 70 °C, in the appropriate vol-
ume ratio to yield the required pa; (pnaj=[Al] x 100/([Al] +
[Fe]), [Al] and [Fe], mol L™"). Samples containing nominal
par values of 0.0, 8.00 £0.02 and 27.00 £ 0.02 were prepared
and aged for 24 days in the basic solution. The final pA; values
were 0, 3.78 and 7.61 respectively, and samples were named
GAly, GAl; 75 and GAl; 61, where the subindex refers to the final
lar in the sample. To remove poorly crystalline iron compounds
from pure goethite, the solid was extracted in the dark with
ammonium oxalate (0.2 M, pH 3.00) for 4 h. To remove extra Al
from the Al-containing samples, the solids were washed twice
with 400 mL 1 M KOH, and the final pH was adjusted to 7.50
with 1 M HCI. The precipitates obtained were washed, dialysed
until the conductivity of the solution was similar to that of
doubly distilled water, and dried at 50°C for 48 h. Reagent-
grade chemicals were used. In all experiments, solutions were
prepared with high-purity 18 MQ cm water.

Adsorbent characterisation
Chemical and physical analyses of the solids

The iron content in the synthesised materials was determined
spectrophotometrically using the thioglycolic acid method.**!
The Al content was measured by inductively coupled plasma
(ICP) atomic emission spectrometry using a Shimadzu ICPS-
1000 III apparatus (Nakagyo-ku, Kyoto, Japan).
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The attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectra of solids were recorded on a FTIR Nicolet
8700 spectrometer equipped with a HgCdTe (MCT) detector
and a Balston H,O/CO, stripper (MCT/B) detector, in the
400-4000 cm ™" region, with a resolution of 1 cm™~'. A horizon-
tal boat plate (Spectra Tech) with a ZnSe 45° crystal was used as
the internal reflection element (IRE). FTIR spectra were the
result of 1024 co-added interferograms.

Thermogravimetric analysis (TGA) for all samples was
performed on a Shimadzu TGA-51 under an inert atmosphere
of Nx(g) at a flow rate of 20 mL min~". A ramp of 6 °C min was
used from room temperature to 500 °C. The mass of solid used
was 20 mg.

Specific surface areas (SSAs) were determined by N(g)
adsorption—desorption experiments at 77 K, using a manometric
adsorption apparatus (AccuSorb 2100, Micrometrics). The
measurements were conducted on solids previously outgassed
at 60 °C, and higher outgassing temperatures were avoided to
prevent phase changes in the samples. The SSAs were obtained
by the Brunauer-Emmett-Teller (BET) method,"*”! using a
relative pressure range of 0.05-0.25.

Rietveld refinement of X-ray diffraction data and
crystal morphology

X-ray diffraction (XRD) patterns were obtained with a Cu
target tube and a diffracted beam graphite monochromator.
XRD patterns were measured in the 20 range 17.5-130°, in
0.025° steps, using 8 s as counting time. The data were analysed
using the GSAS system,Bé] with the EXPGUI interface.*”) The
mean coherence path dimensions (MCP) or crystallite sizes
were determined in the parallel direction (Ly,r,1) and perpendi-
cular direction (Ly.p) to the anisotropic broadening (110) axis.
Starting unit-cell parameters and atomic coordinates for
goethite were taken from the literature,*™ and peak profiles
were fitted using the Thompson—Cox—Hastings pseudo-Voigt
function.®” Crystallite dimensions were calculated making
allowances for the instrument broadening function, which had
been previously modelled using lanthanum hexaboride as a
standard reference material. Particle morphology and size were
characterised using scanning electron microscopy (SEM) by
examining a drop of suspension dried onto a metallic support
(Zeiss Supra 40, field emission, gun-scanning electron
microscope).

Adsorption experiments

All the adsorption and kinetic experiments were performed in
triplicate, and the experimental error within each replicate was
less than 5 %. The reported values correspond to the average of
the results obtained.

Effect of Al concentration on arsenic adsorption kinetics

The sorption of AsY was measured on samples GAly, GAl; 75
and GAl; 4 as a function of reaction time. The suspensions were
prepared from solids hydrated by 30-min sonication before the
addition of the sorbates. The experiments were conducted at pH
5.50+0.02 and 25.00 +0.02°C, under a N, atmosphere, in
magnetically stirred thermostat-coupled double-jacket cells with
perforated stoppers provided with pH and temperature sensors.
The pH values of individual samples were adjusted during the
experiments by adding 0.1 M KOH or 0.1 M HNO; (Mettler T70
automatic titrator). The solid samples (0.1000 g) were placed in
contact with arsenate solutions (50 mL, 0.53 mM) prepared by

dissolving analytical-grade disodium hydrogen arsenate hepta-
hydrate (Na,HAsO,4.7H,0, Merck) in Milli-Q water. KNO;3
(0.1 M) was used as background electrolyte for all the experi-
ments. Approximately 15 aliquots of 1 mL each were withdrawn
from the dispersion during each run and syringe-filtered using a
0.22-pum-pore cellulose acetate membrane. Depending on
the concentration range, arsenic concentrations were measured
spectrophotometrically using the molybdenum blue method, ™"’
or by ICP atomic emission spectrometry (Shimadzu ICPS-
1000 III).

Adsorption isotherms

To obtain the adsorption isotherms (mmol of As" adsorbed v.
different As" equilibrium concentrations), batch experiments
were carried out for 2 h at pH 5.50 +0.20 and 25.00 £ 0.02 °C.
The experimental set-up was the same as that used for the kinetic
measurements, and the As® concentration was varied between
0.03 and 0.53 mM.

Effect of pH on arsenic adsorption

The adsorption capacity of the solids was plotted v. pH values
(range 4.00 to 8.00) to construct the adsorption envelopes. The
experimental set-up was the same as that used for the kinetic
measurements. The pH was adjusted during the whole measure-
ment time, and the initial arsenic concentration was 0.53 mM in
all experiments. Blank tests containing As" in solution were
used to measure the amount of arsenic adsorbed by the walls of
the reaction vessels, but corrections were unnecessary.

Point of zero charge determinations

The point of zero charge (PZC) of each adsorbent, before and
after As" adsorption, was determined using a Zeta Plus light-
scattering zeta potential analyser (Brookhaven Instruments
Co.). The measurements were performed by adding 0.05 g of
each solid to 1000 mL 0.1 M KNOj; solution. The solution/solid
ratio used was equal to 20 L g™, and the suspensions were
equilibrated for 24 h. The PZC values of the arsenate adsorbed
solids were measured on samples exposed to an initial As"
concentration of 0.53 mM, and corresponded to those with
maximum adsorption capacity (GAl,=0.0018, GAl; 3=
0.0026 and GAl; ¢; =0.0017 mmol m_z). The pH values were
adjusted by adding 0.1 M KOH or HNO3, and the pH values
were varied between 3.00 and 10.00.

Results and discussion
Chemical and physical analyses of the solids

The preparative and final contents of Al"" in the samples are
listed in Table 1. The maximum incorporation of Al, expressed
as pap and reached in 20 days, was 7.61 4 0.02, indicating that
only part of the aluminium present was incorporated into the
solid. As was mentioned before, the iron and aluminium
amorphous phases present in the solids were removed by
treatment with ammonium oxalate or KOH. Then, the rinsed
samples were analysed by ATR-FTIR and TGA. The inter-
ferograms showed that only the characteristic bands of goethite
due to 8(OH) and y(OH) vibrations (891 and 793 cm '
respectively) were present in the three samples. These band
frequencies shifted to higher values as Al incorporation
increased. No oxalate bands were detected on the surface of the
samples (Fig. S1 in the Supplementary material). The TGAs also
showed the absence of oxalate adsorbed onto the samples



Table 1. Metal content, results of the Rietveld refinement, specific
surface areas (SSAs) and point of zero charge (PZC) values for pure and
Al-substituted goethites

Sample GAI() GA13>78 GA17_61

Har (preparative) 0.00 8.00+0.02 27.00 £0.02
Ha; (final) 0.00 3.78£0.02 7.61£0.02
SSAs (m* g ) 36+1 20+1 2541
PZC values 536+0.27 4.46+0.22 4.58+0.23
a(A) 4.6132(2) 4.6108(2) 4.6019(1)
b(A) 9.9598(2) 9.9364(2) 9.9093(2)
c(A) 3.0246(1) 3.0186(1) 3.0104(1)
Cell volume (A%) 138.975(8) 138.298(8) 137.282(5)
Lperp (nm) 420 800 334

Lparar (nm) 37 45 64

(Fig. S2 in the Supplementary material). The crystallographic
characterisation and BET areas are discussed later.

Crystal morphology

Goethite crystals display a multitude of shapes and sizes;
however, the basic morphology is essentially acicular.[*!]
Frequently, particles consist of parallel subunits or domains that
extend along the ¢ axis and are stacked along the a and b axes.
SEM micrographs taken at 400 000x and 600 000x (Fig. S3 in
the Supplementary material) showed the formation of acicular
platelets. Pure goethite (GAly) exhibited the longest particles
(average size 903 x 110 nm). The average dimensions in the
Al-goethites changed with the Al content (515 x 88 nm in
GAl; 75 t0 484 x 80 nm in GAl, 4,), indicating that the width-to-
length ratio of the particles was greater in the Al-goethites and
increased in the more Al-concentrated samples. The micrograph
at 600 000 x magnification showed that particles result from the
piling up of smaller particles, which form noticeable pores on
the surface.

Rietveld refinement of XRD data and SSAs

The XRD patterns showed anisotropic broadening of the peaks
and the displacement of the peaks towards higher 20 values with
Al incorporation (Fig. S4 in the Supplementary material).
Goethite was the only crystalline phase found. The results of the
Rietveld simulation (Tables 1 and Table S1 in the Supplemen-
tary material) indicated that the unit cell parameters (@, b and ¢)
and consequently the cell volume decreased with Al content,
confirming the effective Al-for-Fe substitution. Calculated
MCP dimensions, reflecting the crystallite size in the parallel
(Lparal) and perpendicular (Lp.,) directions to the normal to
plane (110), varied with the Al content. L., increased with a
low Al content, but a greater content made its value decrease. In
contrast, Ly, increased along the series. These coherence
lengths are related to the propagation distance over which
the dispersed wave is coherent and are consequently related to
the order of the crystal. The calculated values indicated that
GAl; 73 showed the largest crystallite size. The decreasing
particle sizes observed by SEM micrographs (Fig. S3) and the
MCP dimensions obtained by Rietveld refinement (Table 1)
showed that Al inclusion increases the nucleation rate, leading to
the formation of smaller individual crystals with varied
crystallinity.

The effect of Al incorporation on the SSAs of goethites
varied with the Fe-for-Al substitution and followed the trend
GAly, (36+1)>GAl;¢; (25+1)>GAly55 20+ 1 m* g7 h).
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Fig.1. As" sorbed (I', mmol m ) onto the different goethites v. time at pH
5.50 and 25.00 °C. GAly, blue circles; GAls 75, red triangles; GAl; 41, green
squares (average values from three independent measurements). Solid lines
correspond to the fitting of the data to the pseudo-second-order rate kinetic
model.

This order did not match the particle size obtained by SEM but
followed the same sequence of crystallite size of the samples
(MCP dimensions), where samples GAl, and GAl; 75 showed
the largest and smallest BET areas (36 and 20 m* g~ '), and the
smallest and highest crystallinity.

Effect of Al substitution on arsenic adsorption kinetics

The experiments on adsorption of As¥ were conducted for
120 min at pH 5.504+0.02 and 25.00 £0.02°C under a N,
atmosphere, using 0.53 mM arsenate (H,AsO3° ™). The results
are presented in Fig. 1 and show an almost constant value of the
sorption process after 2 h, followed by a slight increase that is
probably indicative of a binding to ‘hidden’ sites in the pore
space between domains.

The amount of As" adsorbed by the sorbent (mmol m~?) at
equilibrium is expressed as I" and is calculated as:

_ G -G
T mxa

r

where C,, C; m and a are the initial concentration of AsY, the
concentration of As" at different times, and the adsorbent mass
and surface area respectively.

Several kinetic models were used to fit the data, but the
pseudo-second-order rate equation**! presented the best agree-
ment with the experimental results. This model has been widely
used to describe metal cation and oxyanion sorption on different
sorbents. The pseudo-second-order kinetic rate equation is
expressed as:

t 1 t
L f 1
Cr kF2+F (1)

where I' is the amount of As' sorbed at equilibrium
expressed in millimoles per metre squared, & is the rate constant
of sorption (m? mmol~' min~") and Cyis the amount of AsY
sorbed on the surface of the solid (mmol m~2) at different times,
¢ (min).

The experimental data followed the equation, and straight
lines were obtained when #/Cywas plotted v. £, revealing that the
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Table 2. Kinetic data, kinetic constants (k) and correlation coefficients
values for the sorption of As" onto the samples at pH 5.50

Sample GAl, GAlj g GAly 6

pH value 5.5040.20 5.50+£0.20 5.5040.20

kx 10? 5204-+£1.025 2371+£0.078 1.117-+£0.048
(m* mmol ' min~")

[AsV ] x 10° 1.6+0.1 2.140.1 12+0.1
(mmol AsY m~?)

R? 0.984 0.983 0.972

P <0.01 <0.01 <0.01

process follows the proposed rate equation (inset in Fig. 1). The
results of the fitting (Table 2) indicated that the rate constants
decrease with increase in Al incorporation. At pH 5.50, the
k x 10% values obtained were 5.204 + 1.025, 2.371 £+ 0.078 and
1.117 £ 0.048 m* mmol ' min "' for samples GAly, GAl; 75 and
GAlj; ¢; respectively. The values indicated that an increase of P
by a factor of 2 leads to a decrease of k by the same factor,
showing that k is inversely proportional to the Al content,
displaying slower kinetics. Under these experimental condi-
tions, the maximum I" x 10° adsorbed when the equilibrium is
reached followed the trend GAlz7,5 (2.14+0.1)>GAly
(1.6 20.1) > GAl; 47 (1.2 £0.1) when the results are expressed
per metre squared, and GAly (58.6 £0.1) > GAl; 75 (42.8 £ 0.1)
> GAl; 61 (30.4 +0.1) when expressed per gram of adsorbent.
The results indicated that pure goethite adsorbs As¥ more
efficiently and more rapidly than Al-goethites. The fit of
the experimental results to the second-order equation may
indicate that the controlling rate process is chemical sorption
involving chemical bonding forces between adsorbent and
adsorbate and suggesting inner-sphere complex formation.**!

Adsorption isotherms

Arsenic(V) adsorption isotherms reached a maximum and
constant value at ~0.45 mM (Fig. 2). The available sorption
sites of the surface at this concentration are saturated.

The adsorption isotherms were modelled using the single-
site Langmuir equation,

\Y%
o TomlAs'], K 2

(I + K [AsV],,)

where T' and T, are the amount of As' adsorbed by the
sorbent (mmol m ™ ?) at equilibrium and saturation respectively,
[Asv]eq is the equilibrium concentration of As’ remaining in
solution (mM), and K, is the constant related to the energy of
adsorption (L mmol '). This model assumes one type of reac-
tion site, monolayer coverage and no change in affinity with
sorption density. Experimental data presented a good fit to the
Langmuir equation, with correlation coefficient (R?) values in
the range 0.932-0.995 (Fig. 2 and Table 3).

The I'pax values (mmol m 2 and mmol g_l) varied in the
order: GAls 75 (0.0026) > GAl, (0.0018) ~ GAl;6; (0.0017)
and GAlj (0.065) > GAl; 75 (0.053) > GAl; 6, (0.044) respec-
tively, indicating that the incorporation of Al enhances the
adsorption of As" per unit area only in the more diluted sample.

The value of arsenate adsorption on the pure sample
(0.0018 mmol m~?) was in agreement with the data obtained
by O’Reilly et al ¥ Liu et al.** and Antelo et al.,"*®) who
reported values in the range 1.9 to 2.5 x 10> mmol m 2 at pH
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0.20 +

015

I (x 100)
(mmol As¥Y m~2)

0.10

0.05

0 0.1 0.2 0.3 0.4 0.5
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Fig.2. As" adsorbed onto pure and Al-substituted goethites normalised by
surface area at pH 5.50. Solid lines are the fitting of the averaged data to
Langmuir’s equation in the range 0.03-0.53 mM. GAly, blue circles;
GAl; 7s, red triangles; GAl; 61, green squares.

Table 3. Maximum adsorption coverage (I',,.,), adsorption constants
(K1), and determination coefficients (R?) of the Langmuir function for
the adsorption of As" onto the prepared goethites

Sample IMax I max K, R? P
(mmol m~?) (mmolg ") (L mmol ")

GAly 0.0018 £0.0001 0.065+0.002 188.67+4.17 0.984 <0.01
GAl3 75 0.0026 £0.0002 0.0534+0.004 81.97+2.13 0.932 <0.01
GAly6 0.0017£0.0001 0.044£0.001 68.494+8.33 0.995 <0.01

below neutrality. However, it must be taken into account that a
direct comparison between values reported by different authors
is not always feasible because the experiments are often run
under different conditions (adsorption time, temperature, pH
and ionic strength). Moreover, as the anion adsorption strongly
depends on PZC values, it must be emphasised that we
performed the sorption on a goethite sample displaying a low
PZC value of 5.36.

In order to explore the influence of Al presence on the As"
sorption properties of the oxy(hydr)oxide, we also performed
identical adsorption experiments on samples of pure natural
diaspore (x-A1OOH) using a similar contact time to the one used
for pure goethite (120 min). The mineral was fully characterised
(Figs S5, S6 in the Supplementary material), and As" sorption
on diaspore was markedly low, indicating that the adsorption
kinetics are slower than for iron minerals. Additionally, the AsY
sorption on diaspore reached a coverage of 0.019 mmol g_1 after
24 h. This value is markedly lower than the values reported by
O’Reilly et al. (0.192 mmol g~ ') for pure goethite exposed to
As" for 24 h,"**! and by Huang et al. for boehmite (0.133 mmol
g~ 1),[*" and showed the low adsorption capacity of the mineral.

Adsorption is a surface phenomenon and its extent depends
on different surface parameters such as particle size, surface
roughening, porosity and crystallite size among others. The
particle surface could be described using the Terrace—Ledge—
Kink (TLK) model. This model describes the thermodynamics
of crystal surface formation, transformation and growth as well
as the energetics of surface defect formation, surface diffusion,
vaporisation and adsorption.[**!



As mentioned before, the effect of Al incorporation on
the surface area of the particles depends on the level of
incorporation, because aluminium reduces both the rate of
growth and the crystal size, with the final surface area depending
on which of these effects prevails.*%! These variations in surface
area could alter the adsorption properties of the oxy(hydr)oxide
because they change not only the relative distribution of each
kind of surface site but also the identity of the surface site. The
Gibbs free energy for the adsorption process (AG,gs) is the sum
of the binding energies of each site and is a measure of reaction
spontaneity. Thus, AG,qs will depend not only on the ligand
identity but also on the characteristics of the adsorption active
sites, and their number, availability and structure.

The amount of As" adsorbed per gram onto the partially
substituted goethites decreased with Al incorporation and
agreed with the data found for diaspore.

The data obtained also indicated that, when expressed by unit
area, the incorporation of Al enhances the adsorption of AsY
only in the more diluted sample, probably owing to a higher
number of defective sites available on the surface of this sample.

Our results agree with the work of Masue et al.,*'] who
studied the adsorption of As¥ onto coprecipitated Al : Fe oxy
(hydr)oxides, but the data are not in agreement with the results of
Silva et al., who concluded that Al-goethites are good sorbents
for the contaminant without considering that they compared
pure goethite with a low surface area (20.6 m> g ') and
Al-goethites with high surface areas (124.7-113.2 m* g '),
and high Al contents (pa; values in the range 13723).[32] In the
present work, solids with similar areas are compared, and it is
demonstrated that, when expressed per gram of adsorbent,
Al incorporation decreases the adsorption of As. Regarding
adsorption expressed per unit area, the results of Silva et al. are
in agreement with our findings because they did not explore the
diluted Al-goethites!?! that were studied in the present work.

An analogous conclusion was published by Martin et al.,!*"!
who also used goethite and Al-goethite with similar surface area
to adsorb As". In this case, the L, value of this Al-goethite was
10, and the adsorption at comparable pH and solution concen-
tration followed a similar trend, with a decrease of the As¥
surface concentration to 0.079 mmol m~2. This adsorption
coverage value is close to the adsorption coverage of diaspore
mentioned above (0.019 mmol g’1 or 0.073 mmol m~?).

In general, the stability constants for aluminium complex
formation are at least 10 times lower than for iron complex
formation. AG,q; is directly related to the stability constants of
the surface complexes, and under similar aqueous solution
conditions, coverage is lower. As was mentioned before, the
adsorption kinetics on Al-goethites are slower than on pure
goethites with higher activation energies. Thus, the reaction is
less spontaneous and more impaired with higher energy
requirements.

Although the empirical K; value has little significance as a
theoretical chemical binding constant, this constant is rather
useful for assessing the comparative adsorption behaviour of
different materials.>”! The K, values obtained (188.67 £4.17;
81.97+2.13; 68.49+833 L mmol ') indicated that pure
goethite presents a higher arsenate affinity than Al-goethites,
and even though GAl; ;5 showed an intermediate K; value
(81.97+2.13 L mmol™ "), the removal of As' (m?) by
GAl; 75 is the most effective in the series. Because no reasons
related to chemical equilibrium theory supported the increase of
adsorption in GAls g, the observed behaviour can only be
ascribed to the overall change undergone by the solid surface
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Fig. 3. Effect of pH on As" sorption onto samples: GAly, blue circles;
GAl; 75, red triangles; GAl;;, green squares. These experiments were
performed in triplicate at 25.00 °C, the mass of oxides was 0.100 g and the
As" initial concentration was 0.53 mM. All symbols are experimental
averaged data from several independent measurements; dotted lines were
calculated from Eqns 3—12 and data in Table 4.

with the incorporation of small quantities of Al, which evidently
increases the number of surface reactive sites.

Effect of pH on arsenic adsorption

The effect of pH on the adsorption of arsenic onto samples GAl,,
GAlj; 75 and GAl; ¢, was studied with an initial concentration of
0.53 mM (Fig. 3).

As can be seen in Fig. 3, all samples displayed an almost
constant adsorption value in the pH range 4.00-6.00 where the
monovalent As" anion, H,AsOy, is the predominant species.
After this, in the pH range 6.00-9.00, adsorption decreases.

The decrease in the adsorption curve was displaced to lower
pH values in the Al-goethites. These results agree with data
previously reported.!>?31:3]

The differences between As" adsorption onto the samples
may also be seen in Fig. 3. For instance, the value Al'=
Tgar,,, — I'cal, (difference between the AsY adsorbed at equi-
librium onto GAl; 75 and GAly, mmol m’z) is 0.0005 at pH 4.00,
and —0.0007 at pH 8.00. This indicates that at low pH,
adsorption onto Al-goethite is higher than onto the pure sample;
however, the behaviour is inverted at higher pH. However, the
AT" values for sample GAl; ¢, are —0.0002 at pH 4.00, and
—0.0007 at pH 8.00, indicating that pure goethite adsorbs more
As" than the more substituted sample over the whole pH range.

PZC determinations

Zeta potential measurements (ZP) were also conducted before
and after the As" adsorption experiments. These measurements
are related to the movement of suspended particles under the
influence of an electric field, where the direction of the move-
ment depends on the particle charge. The pH of the solution
highly influences the charge of the particles, and the pH value at
which the oxide particles do not move under the applied electric
field is called the point of zero charge, PZC. Before As" sorp-
tion, the PZC values were observed at pH 5.36, 4.46 and 4.58 for
GAly, GAl; 73 and GAl; ¢, respectively (Fig. 4). Below these pH
values, the goethite particles are predominantly positively
charged and above them, negatively charged.

The measured PZC for pure goethite is low when compared
with other reported values,*'***! but it agrees with the values
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Fig. 4. Zeta potential v. pH for the As-loaded (pink dashed line) and
-unloaded (solid line) samples. (a) GAly; (b) GAl; 7g; and (¢) GAl; ;. All
symbols are experimental averaged data from several independent measure-
ments, solid and dashed lines were calculated from Eqns 3—12 and data in
Table 4. As" concentration was 0.53 mM.

measured for goethites prepared following similar proce-
dures.®"! Van Schuylenborgh and Arens®®* ascribed this low
PZC value to the synthetic procedure where the suspension was
aged for several days in strongly basic media, which caused the
coprecipitation of OH groups during the slow formation of
goethite.

The PZC values of the Al-goethites (4.46 and 4.58 for
GAl; 73 and GAly¢; respectively) are lower than that of pure
goethite, indicating an increase in surface OH groups with the
incorporation of the substituting cation. The ZP values at a fixed
pH also changed, and noticeable differences were found

between the pure and the Al-substituted samples. These diffe-
rences are related to variations in the number of surface charges
and to the different basicity of Fe~OH and Al-OH surface
groups. For instance, at pH 5.50, the measured ZP values for
GAly, GAl; 75 and GAl; ¢, are —9.44, —26.01 and —29.97 mV,
indicating that the surface of GAl, is less negative than that of
samples GAl; 75 and GAly ¢;. At high pH values, the differences
are smaller, and error bars in Fig. 4 indicate that they are
practically negligible.

Unexpectedly, the PZC value for GAl; 7g is lower than that of
GAlj; ¢1, indicating that the surface charge of the samples did not
change monotonously with Al incorporation, and that a small
incorporation of Al caused the exposure of a higher number of
active sorption centres.

After the loading with As" and at low pH, the ZP of GAl,
showed very different ZP values when compared with the
unloaded sample (Fig. 4a). For instance, at pH 5.00, the ZP
values for the two samples are —33.90 and 8.18 mV, indicating
an increase of the negative surface charges in the loaded sample.
However, at higher pH, both solids displayed similar constant
ZP values, indicating that new negative or positive charges were
not formed on the surface on adsorption. This agrees with the
expected low adsorption of As" at high pH values.

Similarly, the PZC also decreased from 5.36 to 3.72
(APZC = 1.64), showing the increment in the surface negative
charge with the loading of As". The result agrees with previous
data that reported a PZC decrease for goethite and gibbsite due
to arsenate adsorption.[32’5 3-57)

Taking into account that the reactive surface centres may be
represented as =FeOH, which are protonated (=FeOH3) at
pH < pHpzc, and deprotonated (=FeO) at pH > pHpzc,®!
the observed variations in the PZC of the As-loaded pure
goethite (Fig. 4a) may be explained in terms of the different
surface complexes formed with H,AsOj .

In order to describe the changes in ZP values observed in
Fig. 4, the nature of the possible surface complexes formed will
be discussed.

First, the monodentate mononuclear complexes that
AsY may form on the iron sites will be analysed. These
may be non-charged or negatively charged complexes of
the type

= FeOH; + H,As0, < = FeOAsO;H) + H,0 (3a)
=FeO™ + H,As0, < =FeOAsOsH™ + OH™ (3b)
=FeO™ + H,AsO; <> = FeOAsO;” + H,0  (3c)
The formation of these complexes reduces the positive surface
charge (PSC) by one unit (Eqn 3a), leaves the surface charge
unaltered (Eqn 3b), or reduces the negative surface charge (NSC)
by one unit (Eqn 3c¢).
Second, bidentate mononuclear complexes of the following
type may also be created
= FeOH; + H,AsO, <> = Fe0,AsO,H™ + H,O + H" (4a)
=FeO™ + H;As0, < = FeO,AsO,H  + OH™ (4b)
The formation of the bidentate mononuclear complex

(Eqn 4a) decreases the PSC by two units, whereas the formation
described by Eqn 4b leaves the surface charge unaltered.



Finally, the bidentate binuclear complexes may also be
formed,

2 = FeOH; + HyAsO, « (= Fe0),AsO,H’ + 2H,0 + H"
(5a)

2 =FeO  + H,AsO; « (= Fe0),AsO, +20H  (5b)

where the PSC is reduced by two units (Eqn 5a), or where the
NSC is reduced by one unit (Eqn 5b).

In the case of GAly, the decline in ZP observed at low pH
(in the predominance zone of =FeOH3) after arsenic sorption
may be ascribed to the formation of a non-charged monodentate
mononuclear complex (Eqn 3a, reduction of PSC by one unit)
and to the formation of bidentate mononuclear or bidentate
binuclear complexes (reduction of PSC by two units, Eqn 4a,
5a). At 6.00 < pH < 8.00 (in the predominance zone of =FeOQ"),
the negative ZP values reach a plateau that may be originating
from the formation of negatively charged monodentate mono-
nuclear or bidentate mononuclear complexes (Eqns 3b, 3c, 4b)
that maintain the total surface charge of the As"-loaded samples
when compared with that of the unloaded samples. At higher pH
values, the adsorption is negligible.

In the middle range, 4.50 < pH < 7.00, the acid-base disso-
ciation equilibrium of the monodentate mononuclear surface
complex must also be taken into account, and results in a
displacement of the ZP values towards more negative values
because of the increase in the NSC:

= FeOAsO;H) «» = FeOAsO;H™ + H* (6)
= FeOAsO;H™ «<» = FeOAsO3;™ + H" (7)

In the case of the less Al-substituted sample GAl; 7g, the PZC
decreased from 4.46 to 3.98 (APZC = 0.48) after As" adsorption
(Fig. 4b), and the ZP values of the adsorbed and non-adsorbed
samples differed at low pH but were quite similar at high pH,
reaching similar negative values at pH ~5.20. The behaviour
may also be explained in terms of the surface complexation
model, where the following equilibrium equations of the alu-
minium centres (=AIOH) must also be considered:

= AIOH; + HAs0; <> = AlOAsO;H) + H,0  (8a)
= Al0™ + H,AsO, <> = AlOAsO;H™ + OH™  (8b)
= AlO™ + H,AsO; < = AlOAsO}” + H,0  (8¢)

= AIOH; + H,AsO, <> = AlO,AsO,H™ + H,O + H'
(%)

= AlO™ + H,As0O; < = AlO,AsO,H™ + OH™ (9b)

2 = AIOH] + H,As0; < (= Al0),AsO,H® + 2H,0 + H*
(10a)

2 = Al0” + H,As0, « (= AlO),AsO, +20H™  (10b)

At low pH values, the loaded sample displays positive ZP
values that decrease with the increase of pH. The reduction
in surface positive charge may be ascribed to monodentate
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mononuclear complex (Eqns 3a, 8a) and bidentate binuclear
complex formation (Eqns 5a, 10a) onto both iron and alu-
minium surface centres, where the contribution of negatively
charged complexes is negligible (pH < PZC). The constant ZP
values reached at higher pH may be ascribed to Eqns 4b
and 9b.

Finally, the decline in ZP values observed in the middle pH
range can be explained by both the dissociation equilibrium of
the Fe (Eqns 6, 7) and the Al surface groups:

= AlOAsO;HY > = AIOAsO;H™ + H' (11)
and
= AlOAsO;H™ <> = AIOAsO2~ + H' (12)

which increase the NSC, displacing the ZP to more negative
values.

The most Al-substituted goethite, GAl; 41, presented a PZC
that decreased from 4.58 to 3.67 (APZC = 0.91) on As" adsorp-
tion (Fig. 4c). At low pH, the differences in ZP between the
loaded and unloaded samples are smaller than in GAly, and as in
the case of sample GAl; 75, the changes in ZP may be ascribed to
the formation of the different surface complexes.

In order to obtain the intrinsic surface complexation
constants involved in Eqns 3—12, and using the surface proton-
ation and deprotonation constants obtained for each sample
from its PZC value (see below), and initial constant values
reported previously,®”! the experimental data v. pH were
modelled at 0.1 M ionic strength. The results obtained are
displayed in Table 4 and as dotted lines in Fig. 3.

pH(pzc): 1/2 (pKal +pI(aZ)

where K, and K, are the acidity constants.

In order to estimate the values of the equilibrium constants, the
type and properties of the reactive sites and the charge distribution
in the particle were taken into account, and the electrical double
layer model (which describes the charge distribution and the
decay of the potential on the aqueous side of the interface) was
used. The values of the net charges were fairly well approximated
using the ZP data.

To improve the quality of the refined data, the obtained
constants were re-refined by fitting the measured zeta potential
v. pH values shown in Fig. 4. The theoretical calculated ZP
values are also displayed as dashed lines in the same figure. The
log K obtained values for the following equations were 3.94
and —2.16.

= FeOH + H,AsO, < = FeO,AsO(OH)  + H,0
= FeOH + H,As0, < = Fe0,As05” + H,0 + H"
Within experimental error, these values coincide with the ones
reported by Jeppu and Clement (3.56 and —2.73).1>!
In contrast, the log K value for the following equation was
7.44.
= FeOH + H,AsO, + H' <> = FeOAsO;H) + H,0

This value was not in agreement with the data reported by Jeppu
and Clement,””! who found a value of 9.05. This difference
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Table 4. Aqueous protonation and intrinsic surface complexation constants for As¥ adsorption on GAly, GAl; 75 and
GAly 61 at 0.1 M ionic strength

Chemical reaction log K

GAly GAl; 75 GAl; ¢
= FeOH + H" & = FeOH5 3.72 3.72 3.72
=FeOH«+ = FeO™ +H* —7.00 —7.00 —7.00
= FeOH + H,As0; + H" <> = FeOAsO;HY + H,0 7.44 5.15 5.74
= FeOH + H,AsO; < = FeOAsO;H™ + H,0 3.94 3.04 3.49
= FeOH + H,As0; <> = FeOAsO3~ + H,0 + H* —2.16 —2.06 —1.96
2 = FeOH + H,AsO; + Ht & (= Fe0),AsO,H + 2H,0 13.64 12.34 12.54
= AIOH + H" & = AIOH; — 4.00 4.10
= AlOH« = AlO™ + H" - —7.78 =7.70
= AIOH + H,AsO; + H* <> = AlOAsO;HY + H,0 — 4.04 4.064
= AIOH + H,AsO; < = AIOAsO;H™ + H,O - 2.54 2.39
= AIOH + H;As0; <> = AIOAsO?™ + H,0 + H* — —3.15 —3.05
2 = AIOH + H,AsO; + H* < (= AlO),AsO,H + 2H,0 - 11.24 11.45

results from assuming the formation of the surface complex
(= Fe0),AsO,H? throughout the equation:

2 = FeOH + HAs0; + H' & (= Fe0),AsO,H’ + 2H,0

which was not considered by Jeppu and Clement.'>” This complex
could be the predominant one based on the value of log K.

The refining allowed the calculation of the following acidity
constants formed on the surfaces of GAly, GAls 73 and GAl; 6,
respectively

= FeOAsO;H) < = FeOAsO;H™ +H*

where p°K,; = 3.50, 1.51 and 2.25, and
= FeOAsO;H™ < = FeOAsO;? + H"

where p°K,, = 6.10, 5.70 and 5.45 respectively.

It is interesting to note that the calculated p°K,, values
for = FeOAsO;H™ are slightly lower than that of HyAsO4
(pK, = 6.96), indicating that this iron surface complex is more
acidic than H>AsOy . The values obtained are similar to those
reported for several inorganic anions (SO4 2,8e052, 8035 2) that
form inner-sphere complexes.”]

The acidity constants on the aluminium sites were also
calculated, showing similar values to the ones found for the
iron sites:

= AlOAsO;HY «» = AIOAsO;H™ + H"
where p°K,; = 1.50 and 2.25 for GAls 75 and GAl; 4, and
= AlOAsO;H™ «<» = AIOAsO;% + H'
where pSKaz =5.69 and 5.44 for GA13‘78 and GA17‘61.
In order to graphically illustrate the variations in the surface
change between the loaded and the unloaded samples, we

represented the Azp value v. pH (Fig. 5):

AZP (mV) = ZPioaded — ZPunloaded

This difference gives a clear idea of the surface charge
variation caused by the adsorption process. Additionally,
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Fig. 5. Difference in zeta potential value between the As-loaded and the
unloaded samples Azp v. pH; GAly, blue solid line; GAls 75, red dashed line;
GAly 4, green dot—dashed line.

differences in the ordinate axis are related to the number of
surface sites occupied by the charged complexes.

As can be seen in Fig. 5, the curves are similar for GAly and
GAl;¢; and differ for GAl; ;5. The clear displacement of the
curve to the right for sample GAl; 75 cannot be ascribed to Al
incorporation but indicates that the sample is intrinsically
different from GAly and GAl; ¢;.

At low pH, with surface metal centres =FeOH3, samples
GAlj and GAl; ¢; show a negative slope, which reveals that the
surface is turning more negative (or less positive) by the
formation of negatively or zero-charged complexes (Eqns 3a,
4a, 5a, 6, 8a,9). The number of positive surface groups = FeOH,™
decreases along the pH range, and the negative charge also
increases owing to the presence of labile HY on the Al centres.
In conclusion, the variations in ZPjgaqed — ZPunloaded May be
explained by the formation of mono- and bidentate complexes.

At pH > 4.52 (for GAly) and pH > 4.05 (for GAl; ¢;), where
the metal centres may be represented as =FeO, the slope turned
positive, denoting that the formation of negative (and neutral)
complexes diminished. The decrease in negative charge may be
ascribed to the formation of the monodentate and bidentate
binuclear deprotonated complexes (Eqns 3a, 3c, 4a, 5a, 5b, 8a,
8¢, 9a, 10a,10b). The formation of the same complexes justifies



the positive slope observed for GAl; ;5. The bidentate binuclear
complexes have already been reported by Ladeira and Cimi-
nelli,'®" who found this type of bond formed on the surface of
gibbsite exposed to As". The formation of this type of As"
complex is highly relevant to environmental science because
bidentate complexes are highly resistant to desorption.

Sample GAl;¢; displayed only Azp <0, indicating that the
surface of the unloaded sample is less negative than that of
the loaded sample in the whole pH range. The minimum Azp
value for GAl; 75 is lower than 3.70 (outside the graphic range),
and the data indicate that GAls -5 has the least negative (or most
positive) surface, followed by GAl; ¢ and GAly (Figs 4, 5).

The fact that GAl; ;5 presents the largest coverage does not
imply that the sample would present the lowest value in the A,p
v. pH curve, because the As complexes may be formed without
changes in the overall surface charge.

Taking into account that most surface natural waters present
pH values in the range 6.00-8.00, the previous results indicate that
the surface complexes formed between arsenic and Al-goethites
will correspond to = FeO,AsO,H and = FeOAsO;z, and sim-
ilar ones will be formed on aluminium.

Conclusions

Among the most common different arsenic removal technolo-
gies, adsorption is one of the most widely used for removing the
contaminant from a contaminated source.

Several adsorptive media have been reported to remove
arsenic from water, and removal efficiency will depend on the
identity of the sorbent and the oxidation state of the arsenic
compounds. As" adsorption capacity per gram of Al-goethites is
reduced along the Al-for-Fe substitution gradient, and pure
goethite adsorbs As" more efficiently and more rapidly than
Al-goethites, although the behaviour is inverted at higher pH.
The incorporation of small amounts of Al enhances the adsorp-
tion of As" per unit area, and the adsorption efficiency decreases
when Al concentration in the solid sample increases. The As”-
loaded and the unloaded sample behaviour could be explained
by the formation of monodentate mononuclear, bidentate mono-
nuclear and bidentate binuclear surface complexes. Further
measurements using other spectroscopy techniques such as
EXAFS may be required to elucidate the structure of these
surface complexes.

Because of the ubiquity of Al-goethites in the environment,
the data presented clarify the role they play in the mobility of
As" in natural waters and soils. Also, the Al-goethites proved to
be a poorer candidate than pure goethite as sorbents in As®
removal technologies, but their low cost and easy availability
make them a good choice.

Supplementary material

SEM additional figures, XRD diagrams and agreement factors
for the Rietveld refinements, FTIR spectra and thermogravi-
metric analysis data are available online (see http://www.
publish.csiro.au/?act=view_file&file_id=EN15154_AC.pdf).
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