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ABSTRACT

Sorption of CrOﬁ’ and HAsOi’ by hydrotalcite, in its chloride form, was studied as a function of anion con-
centration. In both cases, the shape of the isotherms is langmuirian. The maximum uptake of CrO‘Z{
equals the ion-exchange capacity of the solid, whereas sorption of HAsOf{ saturates at a higher value.
Chloride ions inhibit the uptake of both anions, the amount of sorbed CrO2~ declining rapidly to zero.
The uptake of HAsOﬁ’. however, attains a constant value at high chloride concentrations. The excess of
arsenate uptake follows, at constant pH, a langmuirian dependence with equilibrium concentration
and decreases with increasing pH, depicting a marked change in slope at pH ~ pQ.s. CrOf1 and HAsOj;
have notable, albeit different, effects on the electrophoretic behavior of hydrotalcite; the positive particle
charge is screened almost completely by CrO2-, whereas sorption of HAsOf{ produces charge reversal.
These results reflect the formation of inner-sphere arsenate surface complexes at the edges of hydrotal-
cite particles. The underlying rationale is discussed in terms of the crystal structure of hydrotalcite

surfaces.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Layered double hydroxides (LDHs) are stacks of hexagonal
M(OH), layers containing divalent and trivalent metal ions in mole
ratios that span typically from 2 to 4. These slabs are held together
by intercalated anions, which counterbalance their excess positive
charge and determine the basal spacing of the solid [1]; water mol-
ecules, as well, occupy the interlamellar space. Whereas natural
LDHs are rather scarce, the variety of synthetic LDHs is nowadays
huge [2,3]. Small inorganic interlamellar anions, except carbonate,
are readily exchangeable [4]. For this reason, these materials are
regarded as promising sorbents for the removal of dissolved toxic
anions [5-11]. Anion uptake is dominated by ion-exchange; thus,
maximum uptake capacities are determined by the composition
of the brucite-like layers (i.e., by their M(II)/M(IIl) mole ratios)
and by the charge number of the incoming anion. Affinities, on
the other hand, are influenced by anion charge/size ratios [12], as
well as by enthalpic and entropic contributions [13,14].

Clearly, anion exchange is a phenomenon that involves the bulk
of LDHs. However, it has been recently suggested that adsorption
at the edges of LDHs particles may also be of importance. Wang
and Gao [15], based on structural considerations, argued that sorp-
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tion at edges is driven by a cage effect; according to them, the inter-
laminar space and the voids between corner-sharing M(OH)g
octahedra at edges of the brucite-like layers define a cage, which
should provide a suitable sorption chemical environment for fitting
anions. On the other hand, Goh et al. [16], based on the ideas set by
the well-known surface complexation approach [17-19], sug-
gested that oxyanions form also inner-sphere complexes at the
edges of hydrotalcite. Despite the latter suggestion is indeed
sound, the evidence advanced by the authors is rather feeble.

Aiming at assessing the actual role of the edges of LDHs parti-
cles in the uptake of oxyanions, this work presents a detailed study
of the effect of chloride concentration on the sorption of arsenate
and chromate by Cl-hydrotalcite and reports the electrophoretic
behavior Cl-hydrotalcite immersed in arsenate and chromate
aqueous solutions.

2. Experimental

Chloride-hydrotalcite was synthesized by coprecipitation as de-
scribed previously [20]. The so-prepared solid is composed of ca.
100 nm size hexagonal platelets. Its XRD pattern depicts reflections
that are typical of LDHs, the basal spacing being 0.786(2) nm, and
dy10=0.305(1) nm. Its chemical composition, which was assessed
by elemental analyses, is given by the formulae Mg 73Alg 27
(OH)xClo.19(C0O3)0.04-H20.

Chromate and arsenate sorption experiments were performed
as follows: weighted aliquots of a 4 gL~ aqueous dispersion of
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hydrotalcite were placed in Pyrex flasks, to which measured vol-
umes of solutions containing K,CrO4 (or Na,HAsO,4) and KCI in
known concentrations were added. The pH of the resulting suspen-
sions was measured and adjusted (when required) by adding a
small volume of a KOH solution of appropriate concentration.
The systems were then left to equilibrate under constant stirring
for 1 h at room temperature (23 + 1 °C); preliminary experiments
showed that sorption equilibrium is attained in ca. 20 min. After-
ward, the suspensions were filtered throughout 0.22 pum pore-size
nitrocellulose membranes, and the supernatants stored for analy-
ses. Chromate and arsenate concentrations were measured by
ICP-AES in a Perkin Elmer Optima 5100 spectrometer. The amount
of Cr(VI), or As(V), taken up per gram of hydrotalcite (q) was then
determined solving the mass balance of the systems, that is,
(Co-0O)V

a= v
where Cj is the total Cr(VI), or As(V), concentration, C is the concen-
tration of the equilibrated solution, V is the volume of the aqueous
phase, and m is the mass of hydrotalcite in the system.

Electrophoretic mobility measurements were carried out using
a Malvern Zeta Sizer 2000 apparatus. For this purpose, Cl-hydrotal-
cite particles were dispersed in 5 x 107> M KCl, 5 x 103 M K,CrOy,
and 5 x 1073 M Na,HAsO, solutions of prefixed pH and let to equil-
ibrate for at least 1 h before the measurements; all solutions were
pre-filtered through 0.22 pm pore-size membranes. All suspen-
sions were extremely diluted to avoid possible artifacts due to
multiple scattering. Consequently, the concentrations of Cr(VI)
and As(V) in equilibrium with the solid can be safely assumed to
be equal to the total concentration of the salts. Measured electro-
phoretic mobility values were cast as zeta potential ({) using von
Smoluchowski’s equation. Despite these experiments were per-
formed at a different ionic strength, the observed electrophoretic
behaviors can be safely compared; in the studied range, the influ-
ence of ionic strength on { is negligible.

To avoid dissolution of the solid phase [21], all experiments
were carried out at pH > 9.3, which is the natural pH of hydrotal-
cite aqueous suspensions; it is worth mentioning that dissolution
may blur the interpretation of the data.

Analytical grade reagents and deionized water (18 MQ cm™1),
obtained from an E-pure apparatus, were used in all experiments.
They were performed under a CO,-free nitrogen blanket to avoid
carbonate contamination. pH values were measured using a com-
bined glass electrode and a Metrohm 654 pH-meter.

3. Results and discussion

Figs. 1 and 2, which show respectively the sorption isotherms of
CrO;” and HAsO;™ at pH 9.3, indicate that Cl-hydrotalcite sorbs
both anions very efficiently. At this pH value, both chromate
(pKi2 = 6.51) and arsenate (pK,; = 6.96; pK,3 = 11.50) are present
as dianions (see Supplementary data), thus the uptake of Cr(VI)
and As(V) must be accounted for by the following anion exchange
equilibria:

1/2Cr03 ™ (aq) + HTCI(s) = Cl™(aq) + HT(CIO4), ,(s) 2)

1/2HAsOZ (aq) + HTCI(s) = CI™(aq) + HT(HASO,), , () (3)

where HT stands for [Mg3 g4Al; 42(OH)10.52(C03)021]"; interlamellar
water molecules were omitted. Note that carbonate ions are not
exchangeable [4,20]

Both sorption profiles, however, can be well described by the
Langmuir adsorption model, from which the parameters listed in
Table 1 were derived; maximum uptake capacities, q,,, were deter-
mined from the reciprocal of the slopes of the straight lines (Eq.
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Fig. 1. Uptake of Cr(VI) as a function of the chromate equilibrium concentration;
hydrotalcite load: 0.8 gL™!; pH=9.3 £ 0.1. The dotted line shows the value of the
maximum exchange capacity. Inset: data re-plotted in terms of Eq. (4).
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Fig. 2. Uptake of As(V) as a function of the arsenate equilibrium concentration;
hydrotalcite load: 3.1 gL™"; pH=9.3 +0.1. The dotted line shows the value of the
maximum exchange capacity. Inset: data re-plotted in terms of Eq. (4).

Table 1
Langmuirian parameters describing the uptake of chromate and arsenate by chloride-
hydrotalcite.

Anion K (M) Gm (mmol g™") Gm — Mecy:2
croz 40x10° 1.11 0
HASO?{ 2.5 x 10* 1.26 0.15

(4)) shown in the insets of Figs. 1 and 2. For anion exchange reac-
tions (Egs. (2) and (3)), compliance of the data presented in latter
figures with the Langmuir adsorption model is fortuitous [20], thus
the derived K; values ought to be regarded as operational ones [22].
Nonetheless, Eq. (4) allows for the accurate determination of g,,, on
which we shall center our attention.

c 1 N 1 c
9 9uKi qn
For chromate, the maximum uptake matches exactly mec;.,,
which is the value of the maximum exchange capacity that results
from the chemical composition of the exchanger phase and the
anticipated 1:2 anion exchange stoichiometry (Eq. (2)). For
HAsO?", on the other hand, g, is larger than mec;.,. The excess,
which is about 14%, cannot be attributed to a departure from the
exchange stoichiometry. Deviations from the expected anion ex-

(4)
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change stoichiometry are in fact possible; Ookubo et al. [4] have
shown that intercalation enhanced the acidity of H,PO, anions.
However, if deprotonation of intercalated HAsO2~ had occurred,
the measured value of the maximum uptake of arsenate would
have ranged between 0.74 and 1.11 mmol g~! (i.e., mec;.3 < qpm -
< mecy.,), but could not have surpassed the latter limit.

The uptakes of CrO;~ and HAsOf{ by Cl-hydrotalcite are not
only distinguished by their different saturation values, but also
by their unlike responses toward KCl concentration (Figs. 3 and
4). As predicted by Eq. (2), qcrviy declines rapidly to zero with
increasing chloride concentration. On the contrary, gasv) depicts
a much slower decrease and attains a non-null, nearly constant, va-
lue at high chloride concentrations. Undoubtedly, the uptake of
chromate by Cl-hydrotalcite must be solely interpreted in terms
of Eq. (2) and can be described by any suitable anion exchange for-
malism, as that presented elsewhere [20].

The evident excess of arsenate uptake indicates that an addi-
tional phenomenon, besides anion exchange, drives arsenate sorp-
tion. A cage effect at edges, as suggested by Wang and Gao [15], is
difficult to conceive, because LDHs adapt their interlamellar spaces
to accommodate a variety of incoming anions of different sizes
[23-25]. Therefore, the origin of the observed supra-stoichiometric
arsenate uptake (Table 1) and the inability of KCl to suppress the
uptake of arsenate (Fig. 4) must be traced back to a more specific
interaction, such as that visualized by Goh et al. [16]. Indeed, fol-
lowing the ideas introduced by the MUSIC model [26-28], inspec-
tion to the structure of the most probable faces of hydrotalcite
crystals points toward chemisorption at the particle edges, that
is, formation of inner-sphere complexes at the 100, 010, and other
structurally equivalent surfaces.

Fig. 5 depicts the structure of the perfectly cleaved, fully hy-
drated, edges of a brucite-like sheet. There, two types of adsorption
sites can be easily recognized. They are edge metal ions coordi-
nated to one water molecule, and corner metal ions coordinated
to two water molecules, the latter being the minority. Bi-coordi-
nated OH groups bridging two adjacent edge metal ions can also
be recognized at the edges. Since per every edge metal ion there
is one bi-coordinated OH group and one mono-coordinated
water molecule, edge adsorption sites can be represented as
=Mg(OH)(OH,) and =AI(OH)(OH>).

Inner-sphere surface complexation is a ligand-exchange reac-
tion [18,19]. Kinetically, it is determined by the lability of the OH
surface groups; thus, bi-coordinated OH groups, which participate
in protonation-deprotonation surface reactions, are not directly in-
volved in chemisorption [29], at least within the time frame of
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Fig. 3. Uptake of Cr(VI) as a function of the concentration of added KCl; total Cr(VI)
concentration: 1.2 x 10~ M; hydrotalcite load: 0.8 g L™!; pH =9.3 # 0.1. The solid
line is a guide to the eye.
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Fig. 4. Uptake of As(V) as a function of the concentration of added KCl; total As(V)
concentration: 7.1 x 10> M; hydrotalcite load: 2.7 g L™'; pH=9.3 +0.1. The solid
line is a guide to the eye.
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Fig. 5. Structure of the fully hydrated edges of hydrotalcite crystals.

typical sorption experiments; the rates of exchange of singly-
and bi-coordinated OH groups are dramatically different [30]. By
the same token, tri-coordinated OH groups, present at the 001 ba-
sal surfaces (Fig. 5), are inert toward ligand-exchange; hence,
adsorption onto these surfaces is essentially electrostatic.

Chemisorption of arsenate at the edges of hydrotalcite must,
therefore, be accounted for by the following surface (edge) com-
plexation equilibria,

MEOHOR2) | x 02 s ™MEOMO ) 4 o 0my> +21,0 (5)
=Mg(OH)(OH,) =Mg(OH)O
=AlOH)OH,) HAsO? s IOH)0 ) ASO(OH)*™ +2H,0 (6)
=Mg(OH)(OH,) =Mg(OH)O

the potential-dependent equilibrium quotients being given by
the mass-action law, for example,

{zMg(OH)O
=Mg(OH)O
= 7
0 =Mg(OH)(OH,) - @)
[HAsO;]
=Mg(OH)(OH,)

>AsO(OH)2’}




M. Jobbdgy, A.E. Regazzoni/Journal of Colloid and Interface Science 393 (2013) 314-318 317

where {} represents surface (edge) concentration; an analogous
equation can be written for equilibrium 6.

Arsenate edge complexes like those depicted in Eq. (5) have al-
ready been described in the literature [31]. Chromate anions may
also form inner-sphere edge complexes [32], but the contribution
of such complexes to the overall uptake of Cr(VI) by hydrotalcite
is indisputably negligible (cf. Table 1 and Fig. 3). This reflects the
much lower affinity of CrO}~ for the edge metal ions. The noted un-
like behaviors of arsenate and chromate are in line with the stabil-
ity trend discussed by Dzombak and Morel [17]; the more basic
oxoanions chemisorb more strongly.

From the data in Figs. 3 and 4, it is reasonable to conclude that,
under our experimental conditions, chloride ions in concentrations
of the order of, say, 0.3 M, suppress anion exchange totally (cf. Eqs.
(2) and (3)). Therefore, gasvy quotients measured under such con-
ditions represent As(V) edge excess values (I'asv)); viz. the concen-
tration of arsenate edge complexes (Eq. (8)). Fig. 6 shows that
I'as(v) increases with arsenate equilibrium concentration in a lang-
muirian fashion (Q=8.55 x 10°M~! and Ns=0.25 mmol g71).
Interestingly, Ns is about twice g, — mecy., (cf. Table 1), which sug-
gests that a fraction of arsenate might have been intercalated as
AsO2", in the experiments portrayed by Fig. 2 (cf. Ref. [4]).

=Mg(OH)O

L _[=mi0mo
A =Mg(OH)O

“Mg(OH)0 )AsO(OH)Z’} +{ )AsO(OH)z’} (8)

Whether the measured I'aqv) values are determined by chemi-
sorption onto aluminum-magnesium or magnesium-magnesium
edge sites, depends on their relative abundance, which is fixed
by the stoichiometry of the hydrotalcite. It also depends on the
affinity of arsenate for magnesium and aluminum edge ions. Arse-
nate is known to interact strongly with the surface of aluminum
oxides [33-35]; thus, it is conceivable that arsenate would form
more stable complexes with aluminum-magnesium sites. Our
data, however, are insufficient to distinguish the actual weight of
the contributions to I'agv).

I'as(vy depends also on pH (Fig. 7). The shape of the observed
trend, which exhibits a marked change in slope at pH =~ pQ.s,
resembles the pH adsorption envelopes of chemisorbing anions
[33,36].

The different affinities of chromate and arsenate for the edges of
Cl-hydrotalcite are also reflected in the unlike electrophoretic
behavior of the particles (Fig. 8). The ( vs. pH profile of Cl-hydrotal-
cite suspended in KCl is typical of solids bearing both permanent
and variable charges; after all, LDHs are the positive analogs of
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Fig. 6. As(V) edge excess as a function of the arsenate equilibrium concentration;
added KCl concentration: 0.3 M; hydrotalcite load: 0.84 gL~'; pH=9.3 +0.1. The
solid line shows the fit to the Langmuir adsorption isotherm.
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Fig. 7. As(V) edge excess as a function of pH; total As(V) concentration:
2.7 x 1074 M; added KCl concentration: 0.3 M; hydrotalcite load: 0.84 gL~". The
solid line is a guide to the eye.
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Fig. 8. pH dependence of the (-potential of hydrotalcite immersed in (@)
5x 103 M KCl, (o) 5 x 107 M K,CrOy, and (M) 5 x 10~ M Na,HAsO,.

clays. The overall surface charge of hydrotalcite (—oy) is thus the
result of the contributions due to the basal outer surfaces and
the amphoteric edges (Eqs. (9)-(12)), screened by counterion
adsorption. The apparent iep (Fig. 8) is in reasonable agreement
with earlier reports [16] and with the reported pzc (~12.1) [37].
Nonetheless, the possible effect of the compression of the electrical
double layer on the { potential values measured beyond pH 12
should not be ignored.

=Mg(OH)(OH,) + H' = =Mg(OH,)(OH,)" 9)
=Mg(OH)(OH,) = =Mg(OH)(OH) + H* (10)
=AI(OH)(OH,) + H" 2 =AI(OH,)(OH,)" (11)
=AI(OH)(OH,) = =AI(OH)(OH)™ + H" (12)

In the presence of CrO2~, ¢ drops dramatically (Fig. 8), indicating
that the positive charge of the basal surfaces and of the edge sites is
counterbalanced almost completely. Whether the faint iep ob-
served around pH 11.9 reflects the contribution of a minor amount
of chromate inner-sphere edge complexes is an open question; {
potential values are strongly sensitive toward subtle changes of
surface speciation [38]. The effect of HASOi_ on the electrophoretic
behavior of hydrotalcite is even more marked (Fig. 8). Arsenate re-
verses the charge of the particles in the entire pH range, a fact that
can solely be attributed to the formation of negatively charged in-
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ner-sphere edge complexes (Egs. (5) and (6)). Importantly, the ob-
served { vs. pH profile mirrors the pH dependency of I'aqv) (Fig. 7),
and the absolute value of { decreases as arsenate desorbs.

A detailed description of the distribution of charge and poten-
tial across the hydrotalcite/aqueous solution interface is beyond
the purpose of this study; the ideas behind the modeling of the
charging of laminar solids can be found elsewhere [39-42].

The ideas discussed here are in line with the earlier suggestion
of Goh et al. [16], who anticipated the role of inner-sphere surface
complexation in the uptake of oxyanions by hydrotalcite. It is fair
mentioning, however, that they reported a significantly lesser
influence of NaNOs on the uptake of chromate. Surprisingly, they
also reported that chromate produced a slight decrease in the { po-
tential of the particles, with a small shift in the iep. These results
are at variance with those presented here. Despite the source of
these discrepancies is unclear, the consistency of all our own re-
sults is remarkable. Furthermore, they are sound proof of the role
played by edge sites.

4. Conclusions

In summary, this work demonstrates that surface sites at the
edges of hydrotalcite particles are prone to form inner-sphere edge
complexes with dissolved anionic ligands. Complexation at edges
is a particular case of the widely accepted surface complexation
approach, its underlying concepts accounting well for the different
affinities of chromate and arsenate.

Manifestation of chemisorption on edge sites depends not only
on affinity, but also on particle size, because the latter determines
the number of edge sites per mole of hydrotalcite. For small, nano-
sized, platelets, the contribution of edge complexation to the over-
all anion removal should be noticeable and increasingly important
as particle size reduces. For larger particles, say in the micron-size
range, the number of edge sites reduces significantly, and their role
in anion uptake becomes silent; viz. the maximum uptake shall be
solely determined by the stoichiometries of the LDH and the anion
exchange reaction. Notwithstanding, the role of edges have not
been perceived in the previous studies of chromate and arsenate
removal by LDHs.
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