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Abstract—We investigated the sorption of Ni to gibbsite of two different surface areas at pH 7.5, in the
presence and absence of citrate, over a time period of 180 days. Extended X-ray absorption fine-structure
spectroscopy was employed to elucidate the sorption mechanisms at the molecular level. In agreement with
former results, Ni-Al layered double hydroxide (LDH) formed in the presence of gibbsite of low surface
area. However, gibbsite of high surface area suppressed the formation of the surface precipitate. Instead,
two Al atoms neighboring Ni at distances of 2.95 -2.98 A indicated formation of an inner-sphere sorption
complex, where each NiOg-octahedron shares edges with two AlOg-octahedra. Focused multiple scattering
arising from Al atoms at a distance of 6 A suggest that sorbed Ni(OH),(OH,); monomers epitaxially
extend the hexagonal arrangement of Al atoms in gibbsite. Only after 30 days or more was a small amount
of LDH formed. The presence of citrate prevented the formation of LDH, while maintaining the formation

of inner-sphere sorption complexes.

Key Words—Citrate, EXAFS, Gibbsite, Layered Double Hydroxide, Ni, Sorption, Surface Area,

Surface Precipitate.

INTRODUCTION

The pollution of soils and sediments by heavy metals
has deleterious effects on the health of ecosystems.
Naturally-occurring processes that sequester metals to
immobile solids within aqueous systems can minimize
these effects. A comprehensive understanding of the
mechanisms and rates of the sorption processes that
stabilize hazardous metals is necessary to predict the
metal stabilization capacity of soil or sediment and the
future risk. Phyllosilicates, metal (hydr)oxides, and
humic substances adsorb heavy metals by formation of
inner- or outer-sphere sorption complexes, creating
important sinks for these metals in ecosystems (Sparks
etal., 1999). The long-term contact of heavy metals with
soil materials may further reduce their extractability and
mobility (McLaren et al., 1998). This phenomenon,
called an ‘ageing effect’, can be explained by a variety
of processes, including surface diffusion into porous
minerals (Bruemmer et al., 1988; Scheinost et al., 2001),
formation of surface-induced precipitates (O’Day et al.,
1994; Scheidegger et al., 1997) and the subsequent
modification of these precipitates in terms of crystal
structure, crystal composition and particle size (Ford et
al., 1999; Charlet and Manceau, 1994; Schlegel et al.,
1999).

Several studies at circum-neutral pH indicate the role
of the mineral surface in determining the end-product of
the retention process (Ford et al., 2001). Weathering of
the sorbent surface leads to the release of elements
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which may then re-precipitate with the sorbate to form a
new mineral. Examples for this are the release of Al
from Al-containing phyllosilicates and gibbsite to form
metal-containing LDH (Scheidegger et al., 1997), and
the release of Si from phyllosilicates or quartz to form
new metal-containing phyllosilicate-like phases by
precipitation from solution (Charlet and Manceau,
1994; Manceau et al., 1999) or by transformation from
an intermediate LDH phase (Ford et al., 1999).
However, even without the dissolution of the sorbent
phase, surface precipitation may be induced by increas-
ing the concentration of ions in the electrical double
layer and by providing a structural template, both
processes lowering the barrier of nucleation. An example
is the epitaxial growth of a Co-containing Ti oxide phase
at the surface of the relatively stable, Ti oxide mineral
rutile (O’Day et al., 1996).

A third process directing the sorbate sequestration is
the surface loading. While at lower loadings inner-
sphere sorption complexes prevail, precipitates may
form at higher loadings (O’Day et al, 1996). It is
evident that the surface loading at given amounts of
metals and solids is determined by the number of
available surface sites. This suggests that the surface
area may also be a key factor controlling the sorption
product.

Previous studies using gibbsite of relatively low
surface area of 25 m%g found that o-Ni hydroxide was
formed first, followed by Ni-Al LDH formation at pH
7.5 (Scheidegger et al., 1997; Scheinost et al., 1999;
Scheinost and Sparks, 2000; Yamaguchi et al., 2001).
When citrate was added, total Ni retention was reduced
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and an o-Ni hydroxide phase became dominant instead
of LDH. The rate-limiting step for the formation of Ni-
Al LDH on Al-bearing minerals was Al dissolution from
the mineral surface (Scheidegger et al., 1998). In the
presence of citrate, however, Al formed an aqueous
complex with citrate, thus preventing its coprecipitation
with Ni hydroxide to form LDH (Yamaguchi et al.,
2001).

The objective of the present study was to investigate
the influence of surface area on Ni sequestration in the
ternary Ni-gibbsite-citrate system over time. In addition
to the gibbsite of lower surface area, which was already
employed in a former study, we used a gibbsite with
significantly higher surface area to increase the number
of active surface sites. This should allow us to
investigate whether there is competition between pre-
cipitate formation and formation of inner-sphere sorp-
tion complexes. Citrate which complexes with both Ni
and Al was selected as an additional variable, represent-
ing natural organic ligands exuded by some plant species
to acquire mineral nutrients from soil (Jones, 1998).

MATERIALS AND METHODS

Sorbents

Gibbsite with high surface area (HS-Gb, 96 m?g™")
was precipitated from 1 mol L™ AICl; at pH 4.6,
followed by a 36 day dialysis in deionized water (Kyle
et al., 1975). X-ray diffraction patterns and Fourier
transform infrared (FTIR) spectra showed that HS-Gb
was pure gibbsite, free from detectable impurities. The
gibbsite with low surface area (LS-Gb, 25 m* g™") is
from a natural clay deposit (Arkansas, USA; Wards) and
contains ~10% bayerite. The point of zero salt effect
(PZSE) as determined by batch titration at ionic
strengths of 0.01, 0.1 and 1 M (Schulthess and Sparks,
1986) was 10.1 for HS-Gb and 9.0 for LS-Gb.

Sorption of Ni and citrate

HS-Gb and LS-Gb samples were hydrated in
1.5 mmol L~! NaClO, solution for 24 h, then the pH
was pre-adjusted to 7.5 using 0.1 mol L™" of NaOH and
kept constant for 2 h. The solid/solution ratio was
adjusted to 20 g L™' with 1.5 mmol L™ NaClO4. To
this suspension we slowly added 0.1 mol L™' of
Ni(Cl0), solution, 0.1 mol L™" of sodium citrate solu-
tion, or mixtures of both which had been equilibrated for
2 h, in order to achieve initial concentrations of [Ni]
and/or [citrate] of 1.5 mmol L™'. The pH of the sodium
citrate and Ni(ClOy),-citrate solutions was adjusted to
pH 7.5 before adding to the gibbsite suspension, whereas
the pH of the Ni(ClO,4), solution was not adjusted to
avoid supersaturation with respect to Ni(OH),. During
the first 24 h of sorption, pH was maintained at 7.50 by
automatic addition of 0.1 mol L™" NaOH or HCIO,
using a pH-stat system (Radiometer, Copenhagen). The
suspension was stirred with a Teflon stir bar and purged
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with N, gas to prevent CO, contamination. After 24 h,
the suspensions were shaken on an orbital shaker and the
pH of the suspension was adjusted manually if
necessary. Ten mL of suspension were sampled periodi-
cally (20 min-90 days) and centrifuged at 26950 g for
3 min. The supernatant liquid was filtered through a
0.2 um membrane filter and analyzed for Ni and Al by
inductively coupled plasma atomic emission spectro-
scopy (ICP-AES). Total citrate concentration in solution
was determined by high-performance liquid chromato-
graphy (HPLC) (Thermo Separation Products Spectra
System, AS3000, Alltech IOA-2000 column) after
removing Na and Ni with a cation exchange resin
(Maxi Clean IC-H, Alltech) at pH <2. The sorbed
amounts of Ni and citrate were calculated from the
difference between initial and final concentrations in
solution.

For extended X-ray absorption fine structure
(EXAFS) analysis, selected samples were washed twice
with 0.1 mol L™' NaClO, adjusted to pH 7.5, then
centrifuged at 26950 g for 3 min. The wet pastes were
sealed with parafilm and stored in a refrigerator for
subsequent EXAFS analysis.

EXAFS spectroscopy

X-ray absorption spectra were collected at beamline
X-11 A at the National Synchrotron Light Source,
Brookhaven National Laboratory, Upton, New York.
The electron storage ring operated at 2.8 GeV with a
beam current varying between 120 and 330 mA. The
beam height was adjusted by a vertical slit width of
0.5 mm before entering the Si(111) crystal monochro-
mator. Higher-order harmonics were suppressed by
detuning the monochromator by 25%. The monochro-
mator position was calibrated by assigning the first
inflection the K-absorption edge of metallic Ni foil to
8333.0 eV. Fluorescence spectra were collected using an
Ar-filled Stern-Heald detector with Soller slits and a Co-
3 filter (Lytle et al., 1984). The incoming beam was
measured with an N,-filled ion chamber. Wet pastes of
Ni-reacted minerals were mounted in Al holders and
covered with Mylar foil. At least three scans were
collected at room temperature, using the following
parameters (photon energies relative to Ey): —200 to
-30 eV in 10 eV steps and 1 s counting time per step;
—30 to 30 eV in 0.5 eV steps at 1 s per step; 30 eV to
14.5 A" in 0.07 A~' steps at 5 .

All steps of the EXAFS data reduction were
performed using the WinXAS 97 1.1 software package
(Ressler, 1997). The spectra were normalized by fitting
second-degree polynomials to the pre-edge and post-
edge regions. The position of the pre-edge peak of Ni**
was used to check for energy shifts between single scans
before averaging. The energy axis (eV) was converted to
photoelectron wave vector units (z&_l) by assigning the
origin, Ey, to the first inflection point of the absorption
edge. The EXAFS backscattering signal was isolated
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from the absorption edge background by using a cubic
spline function with six segments. The resulting (k)
functions were weighed by k* to account for the damping
of oscillations with increasing k, and Fourier-trans-
formed to achieve radial structure functions (RSF). A
Bessel window with a smoothing parameter of 4 was
used to suppress artifacts due to the finite Fourier
filtering range of 1.5 and 12.5 AL

Theoretical scattering paths were calculated with
FEFF 7.02 (Rehr et al., 1991). The structure of lizardite
was used to simulate the paths of Ni-Al LDH and o-Ni
hydroxide by substituting Ni and Al for Mg, and
omitting the tetrahedral silicate sheet. The structure of
gibbsite (Saalfeld and Wedde 1974), with Al partly
replaced by Ni, was used to model inner-sphere surface
complexes. Multishell fits were performed in R space
using an amplitude reduction factor, S3, of 0.85 (O’Day
et al., 1994).

RESULTS AND DISCUSSION

Influence of surface area

Table 1 gives Ni sorption data as a function of surface
area, citrate and time. Without citrate, HS-Gb removed
95 wt.% of Ni from solution within one day, while LS-
Gb removed only 23 wt.%. However, this value
increased to 53 wt.% during the following 30 days.
Although LS-Gb sorbed less Ni on a weight basis,
surface loadings per unit surface area were about twice
as high as for HS-Gb.
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Table 1. Ni sorption by LS-Gb and HS-Gb at pH 7.5 in the
presence and absence of citrate.

Reaction  Ni sorbed Ni sorbed Ni removed
time (mmol/kg) (mmol/mz) (%)
24 h 17 0.68 23
IEIS‘GD‘; 3d 28 11 33
1 only 30d 39 1.6 53
24 h 68 0.71 95
HS-Gb 30 d 71 0.74 98
Ni only 90 d 71 0.74 98
180 d 71 0.74 98
24 h 7.0 0.28 10
;S‘tht 3d 82 0.32 1
rerate 30 4 15 0.58 20
24 h 54 0.56 74
HS-Gb 30 d 59 0.62 82
Ni-citrate 90 d 70 0.73 97
180 d 72 0.75 99

Figure 1 shows the EXAFS 7 functions on the left and
the corresponding Fourier transforms, which are radial
structure functions (RSF), on the right. The RSF of LS-
Gb shows three pronounced peaks at ~1.7, 2.6 and 5.7 A
(uncorrected for phase shift). The first peak was fit with
6 O atoms surrounding Ni at a distance of 2.05 A in
octahedral configuration (Table 2). The second peak was
fit by 4.2 Ni atoms at a distance of 3.06 A from the
central Ni atom. The distances and coordination numbers
are in accordance with a Ni-Al LDH (Scheidegger et al.,

INi MS
)

! HS-Gb cit 1d

Fourier transform magnitude

[ LS-Gb 3d

T T T 1
0 2 4 6 8

Radial distance (A)

Figure 1. y functions (left) and radial structure functions (right) of Ni-reacted gibbsite samples with high surface area (HS-Gb). For
comparison, a Ni-reacted gibbsite of low surface area (LS-Gb) is shown at the bottom. See Table 2 for an explanation of the labels.
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Table 2. NiKo EXAFS fit results of Ni-citrate-gibbsite ternary and Ni-gibbsite binary systems.

Gibbsite Citrate Reaction Ni-O Ni-Al Ni-Ni MS

time CN(*) R(#) 0-2(T) CN(*) R® 62@) CN®® R(#) 62(T) CN(*) R® 02(*)
LS-Gb 3d 6.5 2.05 0.004 - - - 36 3.06 0.004 6.0 6.13 0.004
HS-Gb 1d 6.1 2.05 0.003 1.6 2.95 0.001 - - - 54 603 0.010
HS-Gb 30d 6.0 2.05 0.003 1.1 2.95 0.003 1.0 3.06 0.003 - - -
HS-Gb 180 d 6.8 2.05 0.005 1.4 295 0.004 1.0 3.06 0.004 - - -
HS-Gb + 1d 6.0 2.05 0.004 1.8 2.98 0.002 - - - - - -
HS-Gb + 30d 6.0 2.05 0.004 2.1 298 0.003 - - - 6.4  6.01 0.008
HS-Gb + 180 d 6.4 2.05 0.006 1.7 2.98 0.001 6 6.02 0.015

* Coordination number, estimated confidence interval £0.75
# Radial distance (A), estimated confidence interval +0.01 A

t Debye-Waller factor (Az_), estimated confidence interval +0.001 A2

1998). Because the electron waves backscattering from
Ni and Al atoms at a distance of 3.06 A are almost
exactly out of phase, Al in the second coordination
sphere reduces the backscattering from Ni.
Consequently, Al atoms cannot be fit reliably, and the
fitted coordination numbers of Ni are smaller than
expected (Scheinost and Sparks, 2000). Furthermore, the
beats at 5.3 A~ and 8 A~! in the %, function (arrows 2
and 3 in Figure 1) are due to focused multiple scattering
paths involving both Ni and Al at a distance of ~6.12 A.
These beats allow us to discriminate Ni-Al LDH from
other, similar phases such as defect Ni hydroxide layers
or phyllosilicates (Scheinost and Sparks, 2000). In fact,
the peak at ~5.7 A in the RSF could be fit with a Ni-Al-
Ni triple scattering path with a distance of 6.13 A
(Table 2). Thus, the EXAFS data show that a Ni-Al LDH
phase has formed after reacting LS-Gb with Ni. These
results have been further confirmed by using diffuse
reflectance spectroscopy (DRS) (Scheinost et al., 1999;
Yamaguchi et al., 2001).

In contrast, the RSF of the HS-Gb samples generally
lack the strong Ni backscattering of precipitate com-
pounds (Figure 1). While the fit results of the first shell
indicate the same octahedral coordination of Ni to
oxygen, the relatively weak second-shell peaks could be
fit with ~2 Al atoms at a distance of 2.95-2.98 A
(Table 2). This distance is intermediate to that of the
Ni -Ni, Al distance in Ni-Al LDH (3.06 A) and to the
Al-Al distance in gibbsite (2.93 A) (Saalfeld and
Wedde, 1974). This distance and the coordination
number of 2 are in accordance with an inner-sphere
sorption complex, where Ni octahedra share edges with
two adjacent Al octahedra.

In spite of the weak second-shell backscattering, the
RSF of the HS-Gb samples show pronounced back-
scattering out to 6 A (Figure 1). As Fourier-backtrans-
forms of selected RSF regions showed, the RSF peaks
between 5 and 6 A are responsible for the beat at
3.5 A" in the % spectra (arrow 1 in Figure 1). For one
sample (HS-Gb 24h), the RSF peak at ~5.2 A could be
fit by a Ni-Al-Al multiple scattering path 6.03 A long
(Table 2). This distance is about twice the distance of
the single Ni-Al paths, therefore indicating a focused

multiple scattering phenomenon similar to that in Ni-Al
LDH (Scheinost and Sparks, 2000). A similar beat
pattern has been observed for transition metals incorpo-
rated in the Al hydroxide sheets of lithiophorite or
chlorite (Manceau et al., 1987, 2000; Scheinost et al.,
2002). Therefore, the y beat pattern observed for all
HS-Gb samples, and the RSF peaks at ~5.2 A observed
for samples HS-Gb cit 24h, HS-Gb cit 30d, and HS-Gb
24h indicate that Ni substitutes for Al, occupying the
same crystallographic position in the hexagonal gibbsite
sheets. However, only positions near the surface are
occupied, as is indicated by the second-shell coordina-
tion number of two (Table 2). Thus, the gibbsite
structure acts as a template for the formation of inner-
sphere Ni sorption complexes, as is depicted in Figure 2.
No further epitaxial growth of Ni hydroxide seems to
occur, hence the Ni hydroxide monomers terminate the
gibbsite sheets. The most likely explanation is the size
incompatibility between Ni hydroxide (Ni—Ni distances
in hydroxides >3.06 A; Scheinost and Sparks, 2000) and
Al hydroxide (Al-Al distances in gibbsite: 2.93 A;
Saalfeld and Wedde, 1974).

While all spectra for HS-Gb showed the characteristic
beat pattern at 3.5 A~ and could be fit with an Al shell
at ~2.95 A, the spectra of the citrate-free samples
collected after 30 and 180 days required the fit of an
additional Ni shell at 3.06 A. The coordination numbers
of one could indicate the sorption of Ni hydroxide

Figure 2. Model for the inner-sphere sorption of Ni at the
gibbsite surface.
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dimers. However, the structure of the MS (multiple
scattering) peaks approaches that of LS-Gb, indicating
formation of LDH. Since the main features indicative of
inner-sphere sorption complexes remained, however,
only a small amount of LDH may have formed in
these samples.

Previous results have suggested that the presence of
Al hydroxide of relatively high solubility is a require-
ment for the rapid formation of LDH (Taylor, 1984).
Consequently, the faster formation of Ni-Al LDH in the
presence of pyrophyllite as compared to gibbsite has
been explained by secondary precipitation of amorphous
Al hydroxide that was induced by pyrophyllite dissolu-
tion at pH 7.5 (Yamaguchi et al., 2001). Since minerals
with higher surface area tend to dissolve faster
(Sutheimer et al., (1999), we would have expected that
the presence of gibbsite with high surface area accel-
erates the formation of LDH. However, we observed that
the formation of the inner-sphere sorption complex
outcompeted the formation of LDH. If we assume that
both LS-Gb and HS-Gb have the same surface sites, the
energy required for the formation of the surface complex
should also be the same. Hence, the higher Ni surface
loading on LS-Gb, and consequently the higher satura-
tion index with respect to the formation of LDH, may be
the main reason why LDH formed only at the surface of
LS-Gb.

Influence of citrate

Citrate generally reduced Ni sorption, but the effect
was more pronounced for LS-Gb than for HS-Gb
(Table 1). For instance, citrate had reduced the Ni
sorption of HS-Gb by 30%, but that of LS-Gb by 60%
after 1 day of reaction. The EXAFS spectra in Figure 2
and the fit data in Table 2 clearly show that the Ni
sorption mechanism on HS-Gb was not influenced by
citrate, i.e. the same inner-sphere sorption complex
formed. In contrast, previous DRS results have shown
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that citrate inhibited the formation of LDH in the
presence of LS-Gb and an «-Ni hydroxide precipitate
was formed instead (Yamaguchi et al., 2001).
Macroscopic investigations of metal-ligand systems
revealed that complexing ligands both enhance and
suppress metal sorption depending on pH (Kraemer et
al., 1998). The structure of a ternary complex was
spectroscopically confirmed by electron paramagnetic
resonance (EPR) (McBride, 1985), and EXAFS (Alcacio
etal., 2001; Bargar et al., 1998; Bargar et al., 1999; Fitts
et al., 1999; Ostergren et al., 2000a,b). The existence of
complexing ligands which forms very stable complexes
with metals can drastically alter the metal structure on
mineral surfaces. In the binary metal-sorbent system and
in the presence of chloride, sulfate, and carbonate, Pb
sorbed on the goethite surface as an inner-sphere
complex (Bargar et al., 1998; Ostergren et al.,
2000a,b) whereas in the presence of EDTA, sorbed Pb
forms an outer-sphere complex (Bargar et al., 1999).
There were no further indications of a structural
change of the surface complexes induced by citrate. In
principle, ternary Ni-citrate-surface complexes may
form in two ways. First, citrate may form a bridge
between Ni and gibbsite (type A ternary complex). In
this case, Ni atoms would be surrounded by O and C
atoms only within the first 3.5 A. Having 2 Al atoms at a
distance of 2.98 A clearly eliminates this type of
complex. Second, Ni may form a bridge between
gibbsite and citrate (type B ternary complex). In this
case, 2 Al atoms would be observable as for a binary Ni-
gibbsite surface complex. Due to the weak backscatter-
ing and similarity to O, the second shell C atom of the
citrate-Ni bond would not be visible. The only notice-
able difference from a binary complex could be a slight
increase of interatomic distances which has been
explained by the replacement of water with a ligand of
weaker ligand field strength (Burns, 1993). Alcacio et al.
(2001) observed such an increase in Cu—O distances

Table 3. Citrate sorption by LS-Gb and HS-Gb at pH 7.5 in the equimolar presence and

absence of Ni.

Reaction Citrate sorbed Citrate sorbed Citrate removed

time (mmol/kg) (mmol/m?) (%)
24 h 59 0.60 74
HS-Gb 30 d 63 0.64 79
citrate only 90 d 63 0.64 79
24 h 61 0.62 76
HS-Gb 30 d 72 0.73 90
Ni-citrate 90 d 74 0.76 92
180 d 79 0.81 99

24 h 7.1 0.28 9.2
LS-Gb 3d 9.7 0.39 13
citrate only 30 d 44 1.8 58

24 h 45 0.18 42

II:I.S‘th t 30 d 33 0.13 71

1-citrate 90 d 52 021 6.5
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after formation of Cu-humate, type B ternary complexes.
However, our data do not show a change in the Ni—-O
distance in the presence of citrate (Table 2). In the
structure of [Ni(Hcit)(H»0),]*~, Ni—O bond distances
vary from 2.020 to 2.074 A depending on the ligand type
associated with Ni (Zhou et al., 1997). Therefore, no
evidence for the formation of type B ternary complexes
is given by EXAFS. However, macroscopic data might
suggest the existence of type B ternary complexes.
Citrate uptake by HS-Gb increased in the presence of Ni.
Corresponding to the increase of Ni sorption with time,
citrate uptake also increased (Table 3). These results
indicate that sorbed Ni provided sorption sites for
citrate. According to speciation calculations (MINEQL
version 4.1) the Ni-citrate 1:1 complex is the dominant
species at pH 7.50. It is therefore possible that sorbed
citrate is associated with Ni on HS-Gb as a type B
ternary complex. However, FTIR spectra of citrate
sorbed to HS-Gb did not vary in the presence and
absence of Ni. Further investigations are required to
provide evidence for the existence of the type B ternary
complex.

CONCLUSIONS

The Ni sorption mechanism at pH 7.5 was influenced
by gibbsite surface area. At low surface area and
corresponding high surface loading, a Ni-Al LDH
precipitate formed. At high surface area and lower
surface loading, formation of an inner-sphere surface
complex prevailed. The inner-sphere sorption complexes
were formed by using the structure of gibbsite as a
template. Rather than extending the gibbsite structure
epitaxially, however, the surface complex monomers
terminated the gibbsite surface. A small amount of Ni-Al
LDH formed only after an extended ageing period.
Citrate generally reduced the amount of Ni sorbed, but
the effect was more pronounced for LS-Gb than for HS-
Gb. Furthermore, citrate prevented the formation of an
accessory LDH phase.
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