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Incorporation of first row transition metals into stable
surface precipitates can play an important role in reducing
the bioavailability of these metals in neutral and alkaline
soils. Organic coatings may interfere with this sorption
mechanism by changing the surface characteristics and
by masking the mineral surface from metal sorptives. In this
study, kinetic sorption and desorption experiments were
combined with extended X-ray absorption fine structure
(EXAFS) spectroscopy to elucidate the effect of humic acid
(HA) coatings on the formation and stabilization of nickel
precipitates at the kaolinite—water interface. Initial Ni uptake
(pH 7.5, [Ni]i = 3 mM, and / = 0.02 M NaNOs;) increased
with greater amounts of HA coated onto the kaolinite surface.
Ni uptake continued over an extended period of time
without reaching an apparent equilibrium. EXAFS analysis
of the Ni sorption complex structures formed over time
(up to 7 months) revealed the formation of a Ni—Al layered
double hydroxide (LDH) precipitate at the kaolinite
surface in the absence of HA. HA alone formed an inner-
sphere complex with Ni (with 2 carbon atoms at an
average radial distance of 2.85 A). A Ni—Al LDH precipitate
phase was formed at the kaolinite surface in the presence
of a 1 wt % HA coating. However, with 5 wt % HA
coated at the kaolinite surface, the formation of a surface
precipitate was slowed significantly, and the precipitate
formed was similar in structure to Ni(OH),(s). The Ni(OH),
precipitate was not resistant to proton dissolution,

while the Ni—Al LDH precipitate was. These results
augment earlier findings that the incorporation of Ni and
other first row transition metals into stable surface precipitates
is an important sequestration pathway for toxic metals

in the environment, despite the presence of ubiquitous
coating materials such as humic acids.

Introduction

The mobility and bioavailability of trace metals in soils is
largely dictated by reactions taking place at the soil solution—
particle interfaces (1, 2). Therefore, acomplete understanding
of long-term metal availability depends on knowing the
adsorption and desorption reactions taking place at the soil
particle surfaces. Laboratory studies of metal partitioning
identified the incorporation of Cr, Ni, Co, Cu, and Zn into
a neoformed surface precipitate as the primary sorption
mechanism for these potentially toxic metals at pH > 6.0
(3—10). Depending on the reaction conditions, time, and
absorbent phase present, either a metal hydroxide, a mixed
layered double hydroxide (LDH), or a phyllosilicate formed
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at the mineral surfaces (11—15). These neo-formed phases
form well below theoretical monolayer coverage and in a pH
range at which metal hydroxide precipitates would not be
expected to form according to their thermodynamic solubility
product. The precipitates are stabilized upon aging (14, 16).
This stabilization has been attributed to the transformation
of amixed layered double hydroxide phase into a more stable
phyllosilicate phase and/or to Ostwald ripening. Identifica-
tion of the potential of surface precipitate formation in
nonacidic soils is important since this sorption process might
lead to the long-term removal of potentially hazardous first
row transition metals from the soil solution.

Zn-containing surface precipitates have recently been
identified in soils close to smelter facilities (17, 18). The
conditions in these soils are favorable for the formation of
precipitates, with high concentrations of metal (weight
percent) present, alkaline pH, and relatively small amounts
of organic matter. Organic matter and particularly humic
substances (HS), the stable organic pool in soils, can strongly
compete for metal uptake with the mineral surface and may
mask the mineral surface from metals in the solution phase
(19—21). Humic substances are ubiquitous in soils and are
often intimately associated with clay minerals (19). A study
on Ni sorption mechanisms on the clay fraction of a
Matapeake silt loam, with and without a small organic fraction
(~1 wt %) present, suggested that Ni—Al layered double
hydroxides formed in soils with low organic matter content
(22). However, identification of Ni sorption complexes that
have formed in whole soils is challenging because of the
limitations of current available spectroscopic techniques in
separating a broad array of sorption sites, each with aunique
spectroscopic signature.

Our understanding of the relative importance of surface
precipitate formation in natural systems can be improved
by examining the effect of individual competitive sorbents
on the mechanism of surface precipitate formation. Elzinga
and Sparks (23) studied the competition between Ni adsorp-
tion onto montmorillonite and Ni surface precipitate forma-
tion on pyrophyllite and found that neither mechanism was
dominating. Yamaguchi et al. (24) studied the influence of
small organic acids, i.e., citrate and salicylate, on Ni sorption
onto gibbsite and pyrophyllite. These organic acids sup-
pressed Ni removal from solution and the formation of a
surface precipitate. These results were attributed to strong
metal complexation by the small organic acids in solution.
Conversely, a study by Zachara et al. (25) on Co?* sorption
by a subsurface mineral separate showed that the presence
of a humic acid coating augmented rather than changed the
intrinsic sorption behavior of the mineral sorbents. This
suggests that humic substances, especially when coated onto
mineral surfaces, may have a different effect on Ni uptake
behavior than do small organic molecules in solution.

Inthe present study, macroscopic Ni sorption and desorp-
tion kinetic studies are combined with extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy to characterize the
structure and stability of the sorption complex formed on
kaolinite coated with humic acid (HA). The objective of the
present work is to elucidate the effects of HA coatings on
mechanisms of Ni surface precipitate formation and stabi-
lization. A range of organic matter contents representative
of those found in soils is used as coatings (2). The HA coatings
may interfere with the intrinsic Ni sorption mechanisms to
kaolinite in several ways: First of all, formation of Ni and Al
organic complexes can reduce the availability of these metals
for the formation of a precipitate phase. On the contrary,
enhanced mineral dissolution by organic acids can lead to
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TABLE 1. Physicochemical Characteristics of the Solids Used
in This Study

CEC (mequiv BET surface

100 g1)2 area (m2g—1)
kaolinite 9.37 (pH 6.0) 14.01
1 wt % HA-kaolinite 25.80 (pH 5.5) 13.42
5 wt % HA-kaolinite 29.62 (pH 5.5) 11.68

humic acid 83.83 (pH 3.6) 1.25

2 CEC, cation exchange capacity, determined by Ba—Mg exchange,
unbuffered.

a larger availability of Al and Si for the stabilization of the
precipitate. Second of all, the metal uptake capacity of the
coated kaolinite is significantly higher than that of kaolinite
because of the larger surface area and cation exchange
capacity (CEC) of the HA-coated kaolinite. Additionally, the
presence of organic coatings may alter the reactivity of the
underlying kaolinite surface by forming inner-sphere com-
plexes with the highly reactive aluminol groups of the
kaolinite edge sites and by modifying the electrical properties
of the kaolinite—water interface (26).

Materials and Methods

Materials. The kaolinite used in this study is a well-crystallized
Georgia kaolinite, Clay Mineral Society source clay (KGa-1).
The kaolinite was treated for the possible presence of
carbonates, organic matter, and manganese/iron oxides using
standard procedures (27). Carbonates and exchangeable
divalentions were removed by reaction with a NaOAc buffer
at pH 5 in a near boiling warm water bath. Organic matter
was removed by treatment of the kaolinite with 30% H;0,.
Iron oxides were removed with a dithionite—citrate—
bicarbonate mixture in a80 °C warm water bath. The resulting
kaolinite was washed twice with a 1.0 M NacCl solution and
twice with DI water. The <0.2-um fraction was separated by
centrifugation, dialyzed against Milli-Q H;O, and freeze-dried.

A well-characterized HA (28) isolated from a bog-soil
collected in the White Mountain National Forest in Rumney,
NH, was supplied by Drs. G. Davies and E. A. Ghabbour
(Northeastern University, Boston, MA). The isolation pro-
cedure and characterization of the HA are outlined elsewhere
(28). Essentially the soil was pretreated with mild solvents
(a benzene—methanol mixture). After being pre-extracted,
the humic substances were extracted with aqueous base.
The ash content of this HA is 0.25 wt %. The supernatant was
brought to pH 1.0 with concentrated HCI. The remaining HA
gel was washed and freeze-dried before any further use.

Humic acid-coated kaolinite samples containing 1 and 5
wt % of humic acid were prepared by dissolving 0.01 g (1 wt
%) and 0.05 g (5 wt %) of HA in 50 mL of a N.-purged 0.05
M NaOH solution. The HA solution was brought to pH 7.5
prior to mixing with 1 g of kaolinite. The pH of the kaolinite—
humic acid suspension was brought to 3.5. This mixture was
shaken for 48 h and brought to 200 mL, pH 7.5, and | = 0.02
M NaNO; prior to the sorption experiments. For all experi-
ments, the mass of kaolinite was maintained constant (5 g
L) while the fraction of organic matter was varied. The
cation exchange capacity (CEC) of the solids was determined
by Ba—Mg exchange, without pH buffering. The specific
surface area of the solids was determined by a five-point N,
Brunauer—Emmett—Teller (BET) gas adsorption isotherm
method. The CEC and the specific surface area of the mixtures
and individual components are given in Table 1.

Nickel Sorption Experiments. The kinetics of Ni parti-
tioning to kaolinite (hydrated in the background solution for
48 h), 5 wt % HA (dissolved in 0.05 M NaOH, precipitated at
pH 3.0, after which the pH was raised to pH 7.5), and kaolinite
coated with 1 and 5 wt % HA were studied in batch reactors.
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Experiments were carried outina0.02 M NaNO; background
solutionand at pH 7.5 since previous research (4, 15) indicated
that Ni—Al precipitates do form at this pH in the absence of
competing sorbent surfaces. The systems were purged with
N2, and Milli-Q H,O was used throughout to minimize the
formation of carbonates. Nickel from a 0.1 M Ni(NO3), stock
solution was added in 1-mL aliquots to achieve an initial [Ni]
of 3 mM. The solution was undersaturated with respect to
homogeneous precipitation of Ni(OH), (29). The pH was kept
constantat 7.5 using a Radiometer pH-stat titrator (Westlake,
OH) for the first 2 days and afterward by weekly manual
readjustments using 0.1 M NaOH. Samples (10 mL) were
periodically collected from the suspension and filtered
through a 0.2-um membrame filter. Filtered supernatants
were analyzed for dissolved Ni by inductively coupled plasma
optical emission spectroscopy (ICP—OES). Solid samples were
collected after 4 days, 2 weeks, 1 month, and 7 months for
characterization using XAFS spectroscopy. Solids were
isolated under vacuum filtration and transferred to a
polyethylene holder. The wet paste was sealed into the holder
with 0.0005-in. Kapton polymide tape (CHR Industries, type
K-104) to avoid moisture loss during analysis.

Desorption Experiments. The effect of a5 wt % HA coating
on the reversibility of Ni sorption to kaolinite was studied
using a replenishment technique. Thirty milliliter aliquots
of suspension were separated from the kaolinite and 5 wt %
HA—kaolinite sorption experiments after 7 months of reac-
tion. These aliquots were centrifuged at 2500g for 10 min.
The supernatants were collected for ICP—OES analysis, the
remaining solids were resuspended either in the NaNO;
background electrolyte solution used in the sorption experi-
ments (pH 7.5, | = 0.02 M NaNOs,), in a CaCl, solution (pH
6.0, 1 =0.01 M CaCly), orina 0.1 M HNO;s solution (pH 4.0).
The solids were resuspended using a Vortex stirrer, shaken
for 24 h at 25 °C in a reciprocal shaker, and centrifuged at
2500g for 10 min. This replenishment was repeated 14 times.

XAFS Data Collection and Analyses. X-ray absorption
spectra were collected at beamline X-11A of the National
Synchrotron Light Source (NSLS), Brookhaven National
Laboratory. The electron storage ring operated at 2.8 GeV
with an average beam current of 180 mA. The monochro-
mator consisted of two parallel Si(111) crystals with an
entrance slit of 0.5 mm. Higher order harmonics were
suppressed by detuning 25% from the maximum beam
intensity. The monochromator position was calibrated by
assigning the first inflection point on the K-edge of a nickel
metal foil to 8333.0 eV. The spectra were collected in
fluorescence mode using an Ar-filled Lytle detector. A 6-um
Co filter and soller slits were placed between the sample and
the detector to reduce elastic scattering. The incoming beam
was measured with a No-filled ion chamber. All spectra were
collected at room temperature, and at least three scans were
collected per sample to improve the signal-to-noise ratio.

XAFS data reduction was performed using WinXAS 2.1
following standard procedures (15, 30). The y function was
extracted from the raw data by fitting a linear function to the
preedge region and a spline function to the postedge region
and normalizing the edge jump to unity. The energy axis
(eV) was converted to photoelectron wave vector units (A1)
by assigning the origin, E,, to the first inflection point of the
absorption edge. The resulting x(k) functions were weighted
with k3 to compensate for the dampening of the XAFS
amplitude with increasing k and were Fourier-transformed
to obtain radial structure functions (RSF). A Bessel window
with a smoothing parameter of 4 was used to suppress
artifacts because of the finite Fourier filtering range between
Ak =1.5-13.8 A1, The two major peaks below 3.5 A-tin the
Fourier-transformed curves were isolated and backtrans-
formed. An R range of ~1.07—2.04 A~* was used for the first
peak, and an R range of ~2.04—3.28 A1 was used for the



second. These backtransformed peaks were fit in k space.
Structural parameters were extracted with fits to the standard
EXAFS equation. Ab initio Ni—O and Ni—Ni/Al (or Ni—C for
the HA containing samples) scattering paths were generated
using the FEFF 7.02 code from the refinement of the structure
of lizardite where Ni was substituted for Mg in octahedral
positions (31). After each of the individual peaks in the Fourier
transform spectra were backtransformed and fit, multishell
fitting was done in R space over the range of the first two
shells (AR = 1.07—3.30) using the same parameters. Opti-
mization of the parameters was then performed again, with
the E, shifts constrained to be equal. The amplitude reduction
factor, (So)?, was fixed at 0.85. A good fit was determined on
the basis of the minimum residual error.

Results and Discussion

Solid Characteristics. The physicochemical characteristics
of the solids used in this study are collected in Table 1. The
CEC was determined by Ba—Mg exchange and without the
presence of a pH buffer since these organic pH buffers could
potentially interact with HA. The CECs of the (coated)
kaolinite samples were all determined at pH ~5.5. The CEC
increases significantly when kaolinite is coated with increas-
ing amounts of HA. The CEC of the HA was determined at
amuch lower pH of ~3.6. Most carboxyl groups deprotonate
between pH 4 and pH 6. Therefore, the CEC of HA is expected
to be much higher at pH 5.5. Cation exchange capacities
ranging from 300 to 1400 cmol kg~! have been reported for
HA in the literature (2).

The BET surface area values reported in Table 1 compare
with values reported in the literature (32, 33) and are an
indication of the small pore size of HA rather then the external
surface area. The reason for this is that nitrogen is subject
to molecular sieving at 77 K because of activated diffusion
in micropores of HA (33). The large HA surface area deter-
mined by the ethylene glycol monomethyl ether (EGME)
method and reported in the literature is a consequence of
polar interactions between HA and EGME. No reliable
methods are currently available to determine the precise
surface area of humic substances, and subsequently, the total
surface loadings could not be reported in this study. The
decreasing BET surface area with increasing amounts of HA
coated at the kaolinite surface indicates that a significant
portion of the kaolinite surface is being covered by the HA.

Adsorption Kinetics. The adsorption of Ni as a function
of time was investigated on pristine kaolinite and HA and on
1 and 5 wt % HA-coated kaolinite (Figure 1A,B). Only 8% of
the initial Ni concentration was retained by the pristine
kaolinite surface after 60 h of reaction, while approximately
40% was retained by the HA-only system, indicating that HA
has a much higher reactive surface area than kaolinite. After
60 h, the 1 and 5 wt % HA-coated kaolinite retained approxi-
mately 18 and 25% of initial Ni concentrations, respectively.
Increasing metal sorption with increasing amounts of HA
coated on the mineral surface has also been reported for
cobalt sorption to organic matter—mineral complexes (25).

The 5 wt % HA has a higher sorption capacity then when
the same amount of HA is coated at the kaolinite surface.
This suggests that a significant amount of the nickel sorption
sites on both kaolinite (edge sites) and HA (mainly carboxylic
and phenolic functional groups) have become unavailable
as a result of the formation of chemical bonds between the
kaolinite and the humic acid.

The release of Ni by the HA after about 30 h of reaction
may be caused by the partial dissolution of HA at the basic
pH employed in this study. The release of Ni is not observed
in the HA-coated kaolinite samples. This is due to a stabili-
zation of HA when it is bound to clay minerals (19, 34).

Nickel sorption to kaolinite and kaolinite coated with 1
wt % HA is initially fast and is followed by a slow continued
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FIGURE 1. Ni sorption kinetics (A) within the first 60 h (initial
sorption conditions: pH 7.5, / = 0.02 M NaNOs, [Ni]i = 3 mM) and
(B) Ni sorption kinetics over the entire reaction range.

Ni uptake (Figure 1B). A slow continued Ni uptake can be
observed to a lesser extent for the 5 wt % HA—kaolinite. This
two-step sorption process is characteristic of heavy metal
sorption on clays and oxide surfaces (4, 35). Several mech-
anisms have been proposed for the slow continued metal
uptake by clays and oxide surfaces, including adsorption of
metals onto sites that have relatively large activation energies
(4, 36, 37), diffusion into micropores of the minerals (37, 38),
and a continuous growth of a surface precipitate away from
the sorbent surface (30). EXAFS studies indicated the forma-
tion of Ni—AI LDH at the kaolinite surface under the reaction
conditions employed in this study and in the absence of
organic matter (4, 30). Therefore, it is likely that the growth
of a surface precipitate away from the kaolinite surface is
responsible for the continued Ni uptake by the kaolinite.
Driving forces for a continuous growth of a surface precipitate
include the continued presence of Ni in solution and the
increase in surface area because of the formation of a preci-
pitate phase. It is likely that several sorption mechanisms
are involved in the Ni uptake by the HA-coated kaolinite
systems since several different sorption sites are available in
these systems. The higher initial Ni sorption in the HA-coated
systems and the slower continued Ni uptake (about 12% of
the initial Ni sorption in 9000 h) as compared to the pristine
kaolinite (almost double the initial Ni sorption) indicate that,
besides the formation of a surface precipitate, the formation
of sorption complexes with the functional groups of HA play
an important role in the sequestration of Ni (see also EXAFS
discussion later in this paper).

Desorption Behavior. To compare the stability of the
sorption complexes formed at the kaolinite—water and the
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FIGURE 2. Percentage Ni remaining at the kaolinite or the 5 wt %
HA-kaolinite surface after desorption with (A) the background
electrolyte (pH 7.5, /=0.02 M NaNO3), (B) a calcium chloride solution
(pH 6.0, / = 0.1 M CacCly), or (C) a nitric acid solution (pH 4.0).

kaolinite—HA coating—water interfaces, desorption experi-
ments were carried out. Three desorption agents were
employed: a background electrolyte solution (pH 6.0, | =
0.02 M), a calcium chloride solution pH 6.0, | = 0.1 M), and
a nitric acid (pH 4.0) solution. The background solution is
most likely to remove any weakly held outer-sphere com-
plexes. The calcium solution, which is 2 orders higher in
concentration than the nickel solution, can out-compete
Ni at HA binding sites where electrostatic interactions
dominate (39, 40) and is expected to remove most electro-
statically bound Ni from the HA. Nitric acid can remove Ni
from both the HA, by proton competition, and from a
precipitate phase by proton dissolution. Proton dissolution
is especially effective when a less stable nickel hydroxide is
being formed (41).

The relative amount of Ni remaining on the surface is
plotted versus the number of replenishments (Figure 2).
Nickel desorption behavior from the kaolinite surface
changed little as the number of desorption replenishments
is increased. Only HNO; slowly released Ni with each
replenishment. The initial 30% Ni released from the kaolinite
sample with the first replenishment included some Ni
entrapped in the wet paste after centrifugation and weak,
electrostatically bound Ni. The remaining 70% could not be
desorbed from the kaolinite surface with the CaCl, or the
NaNO; background solutions. Similar results for desorption
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TABLE 2. Best-Fit Structural Parameters Derived from EXAFS Analysis?

Ni—0 Ni—Ni/C/Al
rt CN R(A) % (A? atom CN R(A) 0% (A2 AE (eV) % res
Single Components
HA 48 h 6.0 2.06 0.004 —1.93 2.52
HA 48 h 5.8 2.05 0.005 Cc 1.8 2.85 0.010 —2.93 2.13
kaolinite 12d 6.3 2.05 0.006 Ni 3.2 3.06 0.007 —2.04 5.44
kaolinite 7m 5.9 2.04 0.005 Ni 4.0 3.06 0.006 —2.06 6.63
kaolinite 7m 5.4 2.04 0.004 Ni 35 3.06 0.007 —-2.381
Al 3.2 3.20 0.020 -2.81 4.82
Coated Samples
1 wt % HA-kaolinite 4d 5.2 2.04 0.005 Ni 3.0 3.05 0.006 —2.26 12.91
5 wt % HA-kaolinite 27d 55 2.04 0.005 Ni 1.4 3.06 0.005 —2.75 8.63
5 wt % HA-kaolinite 7m 5.7 2.04 0.006 Ni 1.9 3.06 0.006 -1.81 20.30
References (13
a-nickel hydroxide 5.5 2.04 0.005 Ni 5.6 3.09 0.006
LDH Ni/Al = 1.3 5.4 2.05 0.004 Ni 2.8 3.06 0.004

art, reaction time. CN, coordination number (£20%; 44). R, interatomic distance (+0.02 A; 44). 02 (A?), Debye—Waller factor. AE,, phase shift.

% res, residual error.

of Ni, after 6 months of contact time with mineral surfaces,
were observed by others (41, 14). The presence of this resistant
fraction has been attributed to the formation and subsequent
stabilization of a surface precipitate.

Nickel desorption form HA-coated kaolinite was markedly
different than what was observed for the pristine kaolinite
system. The CaCl, solution was more effective in removing
a small nickel fraction than the NaNOj solution, suggesting
that a small Ni portion (~35%) is bound directly to the HA.
However, a stable Ni fraction (~65%) could not be desorbed
by either the CaCl; or the NaNO3 background solution. The
HNOj; solution desorbed essentially all Ni from the HA-coated
kaolinite samples with 14 replenishments. This slow, yet total
Ni release has been found to be characteristic of Ni release
from nickel hydroxide phases, which are not stable to proton
dissolution (41).

From the sorption and desorption studies, it may be
concluded that the HA coating almost tripled the total Ni
uptake, but the sorption complex formed in the presence of
this coating is less stable to proton-promoted dissolution
than the sorption complex formed in the absence of the
coating.

EXAFS Spectroscopy. The structure of the dominant Ni
sorption complex formed at the different solid—water inter-
faces can be inferred from EXAFS analysis. Figure 3A shows
the background-subtracted k3 weighted y functions of the
Ni-reacted kaolinite, HA, and kaolinite coated with 1 and 5
wt % HA. The Fourier-transformed radial structure func-
tions (RSF), which are uncorrected for phase shifts, are
plotted in Figure 3B. The solid lines represent the magnitude
and imaginary part, and the dotted lines represent the best
fits resulting from multiple shell fitting. The first peak in the
RSF at ~1.8 A is indicative of backscattering from the first
ligand shell, and the second peak at ~2.8 A indicates back-
scattering from the first metal shell. This metal shell could
be fit with Ni in the case of the 12 days reacted kaolinite and
the HA-coated kaolinite samples and a combination of Ni
and Al in the 7 months reacted kaolinite. The Ni—Ni/Al peak
increases in intensity over time in both the kaolinite and the
coated kaolinite systems. This increase in intensity of the
second shell qualitatively indicates the growth of a Ni-
containing precipitate phase.

In Table 2, the structural parameters derived from EXAFS
analysis are shown. The coordination number (CN) of the
Ni—O shell is approximately equal to six for all samples,
indicating that Ni is in an octahedral environment in all
sorption complexes. The Ni—O bond distance is the same in
all samples, except for the HA sample where the Ni—O bond

distance is slightly higher and closer to Ni—O bond distances
of Ni in aqueous solutions (42). The Ni—Ni bond distances
of the surface precipitates are around 3.06 A, which are
significantly shorter than that of a pure Ni hydroxide phase
(B-NiOH,), 3.12 A, and of a nickel hydroxide with 50%
vacancies in the octahedral layer (a- NiOH,), 3.09 A (Table
2). This contraction in bond length has been attributed to
several factors, including the presence of both Al and Ni in
the octahedral layers where the smaller Al atom forces the
Ni—Ni bond length to contract (15). The low Ni—Ni coor-
dination number in the 5 wt % HA—kaolinite mixtures
indicates that in these samples the development of a surface
precipitate phase is still in an initial phase after 7 months.

The presence of a high-frequency beat in the Ni—HA y
function (Figure 3A) indicates the presence of higher order
shells. A small Fourier peak around ~2.3 A could only be fit
with a Ni—C scattering path at 2.85 A and with a CN of ~1.8
(Table 2). Xia et al. (43) found similar results for a Ni-reacted
HA, with two carbon atoms at an average radial distance of
2.93 A. These results indicate that, under the reaction condi-
tions applied, Ni forms a bidentate inner-sphere complex
with carbon-containing functional groups of HA. Carboxylic
and phenolic functional groups are the most likely candidates
to bond with Ni because of their abundance and reactivity
at the pH employed (19). However, weak backscattering
contributions from low Z elements beyond the first shell
prevent a more detailed analysis (28). The absence of a Ni—
Ni shell in the Ni-reacted HA sample confirms that these
systems were not supersaturated with respect to bulk preci-
pitation of a nickel hydroxide/carbonate phase under the
reaction conditions of this study.

The precipitate formed at the kaolinite surface after 12
days of reaction contains three Ni atoms at an average radial
distance of 3.06 A. After 7 months of reaction, the precipi-
tate contains 3 Ni atoms at 3.06 A and ~3 Al atoms at 3.20
A. similar results have been found for Co- (11, 12) and Ni-
containing (4, 31) precipitates formed at the kaolinite surface
and indicate that the initial nickel hydroxide transforms into
amore stable mixed Ni—Al layered double hydroxide (LDH)
over time. The fit for the 7-month reacted kaolinite signifi-
cantly improved when an Al path was included in the fit
(Table 2), suggesting the presence of both Ni and Al in the
octahedral layer of the precipitate phase. No meaningful fits
were obtained in other samples when Al was included.
Because of similar Ni—Ni and Ni—Al bond distances in Ni—
Al LDH and the weak backscattering of Al compared to Ni,
thisinability to fit Alin the octahedral layer is not necessarily
a proof of the absence of Al in the octahedral layer. Infor-
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mation on the presence of Al in the precipitate can be
obtained from the y functions (Figure 3A). A characteristic
beat pattern at 8—9 A~ has been found by Scheinost and
Sparks to be solely produced by the presence of second shell
Al (15). This characteristic beat pattern is present in the
kaolinite and the kaolinite coated with 1 wt % HA samples,
indicating the formation of a mixed Ni—Al LDH in these sam-
ples. The absence of this characteristic beat pattern in the
5wt % HA-coated kaolinite spectra indicates that the precip-
itate formed is a NiOH; phase rather than a mixed LDH.
These results complement the desorption studies and show
that a stable Ni—Al LDH is formed at the kaolinite surface
and at the kaolinite surface in the presence of a 1 wt % organic
coating, while aless stable (with respect to proton dissolution)
nickel hydroxide is being formed in the presence of a 5 wt
% organic coating.

The goodness of the fit (% residual in Table 2) is not as
good for the coated samples as for the individual components.
This indicates that, apart from a nickel-containing precipitate,
another nickel sorption complex is present, which dilutes
the EXAFS signal from the precipitate phase. The dissolution
studies indicated that about 40% of the nickel is bound to
the HA, whereas 60% is included in a precipitate phase.
Therefore, the dilution of the EXAFS signal from the Ni—Ni
shell by a Ni—C path is expected, but this Ni—C path could
not be fit. This is not very surprising since low Z elements
hardly contribute to the EXAFS signal.

This research shows that a Ni-containing precipitate
phase is formed at the kaolinite surface, even in the presence
of a5 wt % organic coating. Ni uptake kinetics and capacity
increases with the amount of HA coated at the kaolinite
surface, but the formation of a surface precipitate is slowed
significantly with a higher amount of HA coating. The precip-
itate formed in the presence of a 5 wt % HA coating is nickel
hydroxide, whereas in the presence of a 1 wt % HA coating
a more stable Ni—Al LDH is formed. Both precipitates are
resistant to desorption with mild desorption agents, but the
nickel hydroxide precipitate is not stable with respect to pro-
ton dissolution. These results should be included in any com-
plexation model and may be of value in developing sound
remediation strategies for soils contaminated with toxic first
row transition metals.
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