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Spectroscopic and microscopic studies have shown that Ni and
Co sorption by clay minerals may proceed via formation of surface
precipitates. Several studies employing X-ray absorption fine struc-
ture (XAFS) spectroscopy suggested the formation of turbostratic,
a-type metal hydroxides, of layered double hydroxides (LDH)
with Al-for-metal substitution, and of 1:1 or 2:1 phyllosilicates.
Distinction of these phases is difficult because they have low crys-
tallinity and/or a small mass compared to the sorbents, and because
they have similar metal-metal distances in their hydroxide layers/
sheets. Distinction of these phases is crucial, however, because they
have substantially differing solubilities. In this paper we show that
an XAFS beat pattern at about 8 A~* can be used as a fingerprint
to unequivocally distinguish LDH from the a-type hydroxides and
phyllosilicates. Full multiple-scattering simulations and experi-
mental spectra of model compounds indicate that the beat pattern
is due to focused multiple scattering at Me/Al ratios between 1 and
4 (Me = Ni, Co). By applying the fingerprint method to new and to
already published XAFS data on Ni and Co surface precipitates,
we found that LDH preferentially forms in the presence of the
Al-containing sorbents pyrophyllite, illite, kaolinite, gibbsite, and
alumina above pH 7.0. However, a-type metal hydroxides form in
the presence of the Al-free sorbents talc, silica, and rutile, and in
the presence of the Al-containing clay minerals montmorillonite
and vermiculite. We believe that the high permanent charge of
these latter minerals prevents or retards the release of Al. When Al
is available, the formation of LDH seems to be thermodynamically
and/or kinetically favored over the formation of a-type hydroxides.
© 2000 Academic Press
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INTRODUCTION

techniques have shown that the formation of metal precipita
is far more important for the removal of metals from solutio
than previously thought (1—4). The reaction of Ni and Co with
variety of surfaces has received considerable attention bece
of the geochemical distribution and environmental toxicity «
these elements (5-17) and their importance in industrial ca
lysis (18-23).In situ XAFS spectroscopy has shown that Ni
and Co-containing precipitates form within short reaction time
(minutes to days) in the presence of clay minerals, even when
calculated surface coverage is below a monolayer, and the pl
below saturation with respect to the known solubility produc
of B-type hydroxides (2, 24—32). However, the identity of thes
precipitates, which is essential to derive thermodynamic prc
erties and to predict the fate of Ni and Co in the environment,
still debated. Therefore, the goal of this paper is to improve t
spectroscopic identification of these precipitate phases.

The principal feature common to all the precipitates as ide
tified by XAFS is an Me—Me distance which is contracted i
comparison to those of the&type metal hydroxides (2, 15, 24—
31). This contraction has been explained by five different mec
anisms:

(1) Epitaxial growth on the surface of a sorbent (33). A
Me(OH)s octahedra based on Ni or Co are larger than tho
based on Al, layers of Ni or Co octahedra would have to contrz
to fit onto surface structures whose dimensions are determil
by Al octahedra (e.g., 1:1 and 2:1 phyllosilicates, gibbsite
A possible mechanism is the epitaxial growth at the reacti
amphoteric edge sites of a sheet of Al octahedra where stre
bonds between the sorbent and the sorbate may develop
inner-sphere complexation (15, 33). However, epitaxial grow
on the planar sites of sheets of Al octahedra is unlikely, b
cause bonds between these sites and the precipitates woulc

Sorption reactions at the mineral/water interface largely dée strong enough to transfer the strain force necessary to sh
termine the mobility and bioavailability of metals in soils andnetal octahedra (34). . . .
sediments. Recent studies using spectroscopic and microscopi@) Structural defects. Cation vacancies due to defects in'

crystal structure may cause a lattice contraction (29, 33).

1 To whom correspondence should be addressed. Current address: Institutgs) I_:0r_matlon ofa phyllosﬂycate with one or two SI_Ilca_Sheet
of Terrestrial Ecology, Swiss Federal Institute of Technology—ETHZ, Grabefi@nNdwiching a metal hydroxide sheet (34). Investigation of

strasse 3, 8952 Schlieren, Switzerland.
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number of Ni silicates showed that the Ni—Ni distances we
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smaller than those gf-Ni hydroxide (9). This contraction hasmight be characteristic fingerprints for this phase (26, 38). V
been explained by a size mismatch between the Ni hydroxifteind that one of these beat patterns, occurring at abéat'8
sheet and the one or two adjacent silica sheets which are c@rstrong enough to be detectable also in the much noisier sp
nected by strong bonds via corner sharing of ligands (34). tra of surface precipitates. The beat frequently coincides wi
(4) Coprecipitation of the larger Ni or Co with the smallerprecipitate formation in the presence of an Al-containing phas
sized Al by forming LDHSs similar to minerals of the hydrotalcitesuggesting that it may be diagnostic for Al substitution in Ni an
subgroup (26, 27, 29, 30, 33). The resulting net positive lay€o hydroxide. We verified this hypothesis by a triple approac
charge is balanced by interlayer anions. First, we measured XAFS spectraifmodel compoundsith
(5) Formation of metastable;-type Ni or Co hydroxides known structure and composition, representing possible prec
(29, 35). These layered single hydroxides can host a rangeitafe phases. Second, we performed ab imitidtiple-scattering
different anions in the variable interlayer space (36) and may bienulationsof model structures to improve our understandin
structurally very similar to LDH (37). A net positive layer chargef the experimental XAFS spectra. Third, we compared XAF
may be created by hydroxyl vacancies (36) or by the protonatispectra ofNi surface precipitategrowing in Al-free and Al-
of hydroxyls (37). containing environments by using Al-free (talc, amorphous s|
. . L ica) and Al-containing sorbents (pyrophyllite and gibbsite). Th
Each of these mechanlsm_s, alone or in combmgtlon, may Efowed us to verify the sensitivity of the diagnostic feature «
plain the observed contraction of metal-metal distances. T, R-1 Finally, the use of this easily detectable fingerprint, whic

dissolutipn of an Al-c.ontaining sorbentis a prgrequisite for théi‘OmpIements information provided by XAFS fits, enabled us
contraction by epitaxial growth (1) or by formation of LDH (4)’r?interpret XAFS spectra of Co- or Ni-containing precipitate

and the presence of Si is a prerequisite for the formation of ph¥vhich have been published within the last decade
losilicate (3). However, contraction of Co—Co distances has alsoI '

. . ; n the following we will use the expressi@orptionfor an
been observed in precipitates formed in the presence of the g P P y

'sbllfrface—mediated removal of ions from solution, including a

a}nd Si-free mineral r.ut|le (27), which indicates th?t the form orption and precipitation mechanisms. The precipitates form
tion of a-type hydroxide (5) or another structure with structurg is way will be called surface precipitates, although they m:

defects n th_e fo_rm of cat|o_n vacancies (2) is the most I'k_eln)(ot be attached to the sorbent (29). Correspondingly, we will u
explanation in this case. Using optical spectroscopy, Schein

ﬂ?é unitsurface densitgis a unifying measure of sorbate/sorber

etal. (35.’) showed that Ni-O distances are shqrter In precipitates;os without implying an even distribution of the sorbate acro
formed in the presence of the Al-containing minerals, pyrophleF1e sorbent surface

lite and gibbsite, relative to precipitates formed in the presence
of talc and amorphous silica. In the presence of an Al source,
the Ni-O bond distances were in agreement with Ni—Al LDH,
2[1|Si|2;2<raoiti)§:r(1§§)f)f an Al source, they were in agreement V\%t{/]nthesis of Ni Model Compounds
However, the unequivocal discrimination of the surface pre- An «-Ni hydroxide was prepared by adding 550 mL of 309
cipitates by fitting XAFS spectra seems to be hindered by thrasmonia to 500 mL o1 M Ni(NO3), (36). The solution was
limitations. First, Me—Me distances of candidate phases likgorously stirred and purged withJNAfter 2 h, the suspen-
a-type hydroxides, Me—Al LDH, and phyllosilicates are vergion was centrifuged and washed with D.l. water in 5 cycle
similar and may be difficult to distinguish by XAFS (25, 35)shock-freezed in liquid N and freeze-dried. &-Ni hydroxide
Furthermore, in spite of similar Me—Me distances, surface preample was prepared by using the same precipitation mett
cipitates may structurally differ from candidate phases grovas above, but the suspension was aged undeatiosphere at
in solution rather than in mineral suspensions. Second, the exem temperature for 4 weeks. This sample was then wast
istence of Al in the structure of the precipitates, which wouldnd freeze-dried like the-Ni hydroxide.
indicate the formation of LDH, was evidenced only indirectly Two Ni—Al LDH samples (labeled LDH Ni/A+=1.3 and LDH
by an improved fit after adding an Al shell (28, 30). Due to thBli/Al = 4.3, respectively) were prepared by controlled hydro
similar distances of Co and Al in Co—Al LDH, or of Ni and Al inysis (39). The amounts of Ni and Al (added as Ni@#$ 9H,0
Ni—Al LDH, and the weak backscattering of Al versus Co or Niand Al(NGs)3 - 9H,0) were adjusted to give initial Ni/Al ratios
however, this improvement may be the consequence of havingsolution of 2 and 10, respectively. Under vigorous stirring
more degrees of freedom rather than proof for the substitutidB0 mL of both solutions were combined. The pH was raise
itself. Third, the existence of a third metal shell at about twice the 6.9 by addition of 2.5 M NaOH and then kept constant fc
distance of the first shell proves the existence of a brucite-likeh using an autotitrator. The precipitate was washed and dr
hydroxide sheet (25, 29, 33); as this is a common structure edes-before. Metal solutions were purged with, lind the 2.5 M
ment of all the candidate phases, it does not discriminate betw&&aOH was freshly prepared to minimize carbonate uptake
them. the precipitate. By acid digestion, Ni/Al ratios of 1.3 and 4.
D’Espinose de la Caillerie and co-workers indicated that sewere determined, indicating a preferential uptake of Al fror
eral beat patterns in the XAFS spectra of Ni—Al LDH samplesolution during precipitation. A Ni phyllosilicate was prepare

MATERIALS AND METHODS
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according to Graubt al. (40) by hydrothermally aging the tal monochromator. Higher order harmonics were suppressec

initial precipitate at 150C for 2 weeks. detuning the monochromator by 25%. The monochromator
. _ . o N sition was calibrated by assigning the first inflection point ©
Ni Sorption on Pyrophyllite, Gibbsite, Talc, and Silica the K-absorption edge of metallic nickel foil to 8333.0 eV. Fluc

The N»-BET surface areas of the sorbent phases used in tHiSCENce spectra were collected using an Ar-filled Stern—He
study are 95 rhg~* for pyrophyllite, 75 ié g~ for talc, 25 n? detector with Soller slits and a Co-3 filter (42). The incomin
g~ for gibbsite, and 90 fhg- for the amorphous silica (Ze- P@am was measured with ap-flled ion chamber. The samples

ofree 5112, Huber Company). The mean particle size of tH&€Te orient_ed at aztEar!gIe to the incident beam a_nd cooled t
amorphous silica is 10m (Microtrac method); the particle size 77 K by using a cold finger to reduce thermal disorder. Sar
of the other sorbents is2 um (Stokes diameter). X-ray diffrac- ples run for comparison atroom Femperature resulted in nois
tion (XRD) showed minor impurities of kaolinite and quartz irfPectra but did not show alterations of the sorbed phases |
pyrophyllite, about 10% bayerite in the gibbsite, and about 20% the freezing (31). Wet pastes of Ni-reacted minerals and c
chlorite in talc, while the amorphous silica was pure. After acigewders of model compounds diluted in corundum (Buehle:
digestion, an Al/Mg ratio of 0.01 was determined by ICP-AEicropolish) were mounted in Al holders and covered with My
for the talc sample, confirming its low Al content. Thereford@r Windows. Scans were collected in triplicate using the follov
even with these impurities, the classification of the sorbentsi[if Parameters (photon energies relative to the edge of Ni fo
Al-rich (pyrophyliite, gibbsite) and Al-poor (talc, silica) is valid. —200 t0—30 eV in 10 eV steps ahl s counting time per step;
The preparation of the sorbents was as described in Scheideggaf 0 30 €V in 0.5 eV steps & s each step; 30 eV to 14067
etal.(28, 31). N 0.07A"%stepsat5s.

Experiments were run at pH 7.5 and°23in a background
electrolyte of 0.1 M NaN@. A total Niconcentrationof 1.5mM
was used along with a solids concentratié® g L~X. The sys-  All steps of the XAFS data reduction were performed usir
tems were either slightly oversaturatéel-€ 1.08) or undersatu- the WinXAS 97 1.1 software package (43). The spectra we
rated with respect t6-Ni hydroxide, depending on which solu-normalized by fitting second-degree polynomials to the pre-ec
bility constant was used. Solubility constants reportedgfdti  and post-edge regions. The position of the pre-edge peakdf N
hydroxide ranged fromloff = —10.8tologK = —18(41). Sol- was used to check for energy shifts between single scans be
ubility constants fow-Ni hydroxide or Ni-Al LDH are notavail- averaging. The energy axis (eV) was converted to photoelect
able to the best of our knowledge. The sorbents were hydrateavave vector unitsA—1) by assigning the origino, to the first
the background electrolyte for 24 h on a reciprocal shaker. Thndlexion point of the absorption edge. The XAFS backscatteril
pH of the suspensions was then adjusted to 7.5 using a pH sighal was isolated from the absorption edge background
apparatus. They were vigorously stirred with a magnetic stir basing a cubic spline function with 5 segments. The resultir
and purged with Bto eliminate CQ. After 2 h, an appropriate x (k) functions were weighed by® to account for the damping
amount of Ni from a 0.1 M Ni(N@), stock solution was added of oscillations with increasing and were Fourier-transformed
in three steps within a 2-min period to avoid temporal and loctd achieve radial structure functions (RSF). A Bessel windc
oversaturation with respect faNi hydroxide. The pH was con- with a smoothing parameter of 4 was used to suppress artife
trolled for 2 to 4 days by the pH stat(.05 units) followed by due to the finite Fourier filtering range between 1.5 and 45
manual adjustmentsH0.2 units) for the subsequent aging pe- Theoretical scattering paths were calculated with FEFF 7.
riods. After the desired reaction period, aliquots of the suspg@4), using the structure of lizardite where Ni was substitute
sion were collected and immediately centrifuged at 14000 rpior Mg in octahedral positions (45). Further modifications ¢
and 2C. The supernatant was passed through a Q@2mem- the structure to simulate a range of elemental compositions :
brane filter and analyzed for Ni, Si, Al, and Mg by ICP-AESvacancies are described below. Scattering paths ouAta8re
Ni sorption was calculated from the difference between the irgalculated using an amplitude reduction facy, of 0.85. Fits
tial and the final Ni concentrations. The remaining wet pastegre performed irR space over the range of the first two shell
were washed once with 0.1 M NaN@ remove excess Ni in (1.1 to 3.4A). To reduce the number of adjustable parametel
the entrained electrolyte. The samples were analyzed by XAE§was fixed at 0.85 (25). The deviation between the fitted a
immediately after sampling (the 2-h Ni-pyrophyllite sample) athe experimental spectra is given by the relative percentage
after storage at°Z for up to 4 weeks (all other samples). residual, %Res.

XAFS Data Analysis

XAFS Data Collection FEFF Simulations

X-ray absorption spectra were collected at beamline X-11 A Candidate phases for metal (Me) precipitates Wi or Co)
at the National Synchrotron Light Source, Brookhaven Nationgdat may form in the presence of the sorbents used in this st
Laboratory, Upton, NY. The electron storage ring operated at 2Be «-Me hydroxide, Me—Al LDH, and 1:1 or 2:1 phyllosili-
GeV with a beam current between 120 and 240 mA. The beamtes (26, 34, 35). The basic structural component of these c
height was adjusted to 0.5 mm before it entered the Si(111) crggunds is a metal hydroxide sheet consisting of edge-shar
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FIG. 1. The local structure of lizardite (45), a 1: 1 phyllosilicate, which is used to simulate the structure of Ni and Co surface precipitates. Left:Mi cer
atom with its first-shell and third-shell Ni neighbors in the brucite-like Ni hydroxide sheet (001). All Ni atoms are separated bywl@0g the hexagonal axes.
Right: Cross section of the 1:1 layer, consisting of one octahedral sheet hosting Ni and one tetrahedral sheet hosting Si. Each Ni atom has ters &t ne
3.29 A Omitting the tetrahedral sheet creates the basic layeithydroxide; substituting Al for Ni creates the positively charged layer of Ni-Al layered douk
hydroxide, LDH.

octahedra (Fig. 1). In both-Me hydroxide and Me—Al LDH, RESULTS AND DISCUSSION

the hydroxide layers are separated by layers of anions, resulting

in ad-spacing of about 7 to & when nitrate and carbonate areCharacterization of Model Ni Compounds

the interlayer anions (36, 39). The phyllosilicate structures haverpo xrp patterns and FTIR spectra shown in Fig. 2 confir

one or two silicate sheets attached to the hydroxide sheets, s phase identity of the model compounds (23, 36, 39, 40, 4

sulting in ad-spacing of 7A (1:1 phyllosilicates) or A (2:1  the XRD patterns of-Ni hydroxide, the two LDH samples,

phyllosilicates) in close stacking (46). and the Ni phyllosilicate show asymmethik0 peaks indicative
To simulate the XAFS spectra of these compounds, we usgd, rhostratic layer structure. TheNi hydroxide has a

the structure of the 1: 1 Mg phyllosilicate lizardite (45) (Fig. 1)y_gpacing of 4.8, consistent with a close packing of hydroxide
where distances of 3.08 between octahedral centers are Simirayers while thed-spacing ofa-Ni hydroxide and the LDH

lar to those of-Ni hydroxide Rui—i = 3.08A) (47) and Ni-Al - g5 h165i5.7.7 A, indicative of interlayers-3.1 A (Table 1).
LDH (Rui—i = 3.06A) (26). The Siatoms in the attached silicaz o1h | pH samples show strong nitrate bands at 1384%m
sheet are 3.28 apart from the octahedral centers, similar t§, jicating that the interlayer space is occupied by nitrate anio
the distances found in Co and Ni phyllosilicates (34) (Fig. L}yhich could not be removed by the repeated washings with D
By substituting Mg atoms by Ni and Al we created Ni and Niyater (Fig. 2). These nitrate peaks are strongly enhanced by
Al phyllosilicates. Omitting the Si atoms and one row of Q,ge of KBr pellets (49). The-Ni hydroxide sample has strong
atoms (labeled O2in Fig. 1) produced the respectgpe and yrat0 (.ONG) bands at 1309 and 1479 chin addition to the
LDH structures. Furthermore, Ni atoms were partially omittegate hand, indicating that part of the nitrate forms covale
to create vacancies. Clusters for the corresponding Co moggl,gs with the hydroxide layers (26). The nitrate and nitra
compounds were gonstru.cted in a similar way. j’o account fﬂénds of-Ni hydroxide may be explained by anNi hydrox-
the larger C8", we isotropically enlarged the basic structure qfje impurity due to incomplete transformation from étsNi
lizardite by 1%, yielding th&co—co of 3.10A usually observed 1,y qroxide precursor. Such a low-crystalline impurity woul

for Co precipitates (26, 33). Theoretical scattering paths Wgig: pe detectable by XRD due to masking by the strong XR
calculated with FEFF 7.02 assuming a random orientation of

particles with respect to the polarization vector of the incident

beam (44). We chose a cluster radius dk &nd an amplitude TABLE 1

reduction factor, S, of 0.85 (25). The Debye-Waller factors XRD of Ni Model Compounds

(02, accounting for atomic disorder, were set at zero. The large _ .

number of paths resulting from a cluster of 177 atoms was re- d-spacing (A 110A

stricted by allowing only paths with a maximum of 5 legs ang.n; hydroxide 4.6 _

an amplitude of at least 2% of the largest amplitude (which was\i hydroxide 8.0 1.55

that of either the first, Ni—O, or the second, Ni—Ni, coordinatioNi phyllosilicate 10.4 1.53

shell). Depending on the elemental composition, the numbertd N/Al =1.3 r 1.52
LDH Ni/Al =4.3 8.0 1.50

paths varied between 140 and 210.
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1.55A for the unsubstituted-Ni hydroxide, but it decreases
with decreasing Ni/Al ratio, corroborating that the smalletAl
substitutes for the larger Rfi (Table 1). This dimension is also
smaller for the Ni phyllosilicate sample, which has been e
plained by the size mismatch between the octahedral Ni hydr
ide sheet and the tetrahedral silica sheet and by the greater
tential of the octahedral sheet for the necessary size adjustn
(34, 50).

In Fig. 3, the unfiltereg (k)k® spectra and the corresponding
radial structure functions (RSFs) of theNi hydroxide sample
are shown in comparison with the Ni—Al LDH samples (top
and the Ni phyllosilicate sample (bottom). All RSFs (which ar
uncorrected for phase shift) show two strong peaks, the firsi
1.7A indicative of backscattering from the first ligand shell, an
the second at 2.A indicative of backscattering from the first

metal shell.
The intention of our study was to develop a method whic
50 60 ' ' iscriminati i

20 % 15 allows for an unequivocal discrimination of several possib
2 theta Cu-Ka surface precipitate phases by XAFS. Therefore, we fitted t
XAFS spectra of the 5 model compound samples without L
ing the a priori knowledge provided by the method of synthes
acid digestion, XRD, and FTIR—information which does nc
exist for the surface precipitates. For all model compounds,
achieved reasonable fitg% < 9.0%) of the two main RSF peaks
(1.1,& <R=<34 /°-\) by using one Ni-O and one Ni—Ni path
(Table 2). The relatively large error for sample LDH NifAl1.3
derives from the O shell, which may indicate a higher distortic
of the Ni(OH)-octahedra due to the higher Al content of thi
sample (Fig. 4, top). The real part of the second shell is well
by one Ni path, while the imaginary part shows some deviatit
around 2A. The fit of this region was improved by including
an Al path (Fig. 4, bottom). Reasonable fit parameters could
derived by correlatingryi—i andRyi—a (Table 2). However, the
fit of the Al-free «-Ni hydroxide was also improved by adding
an Al path (not shown). Thus, the fit improvement after adc
tion of an Al shell is clearly not proof for the existence of thi
: shell.
4000 3500 3000 2300 2000 1500 000 500 The Ni-O distances of the reference compounds varied |
Wavenumber / cm’’ tween 2.04 and 2. 06 showing no significant variation beyond

FIG.2. Powder X-ray diffraction patterns (top) and FTIR spectra (bottom he experimental error O.f 0.01-0. 02(25) The NI Ni dISF-
of Ni reference compounds: (a) LDH Ni/A+ 1.3, (b) LDH Ni/Al=4.3, (c) Ni  aNC€S .R’\“_Ni). dgcrease in the ordef-Ni hydroxide> a-N!
phyllosilicate, (d)x-Ni hydroxide, (e)8-Ni hydroxide. hydroxide> Ni silicate> LDH. The Ryi—; of 3.12A for g-Ni

hydroxide is identical to the one derived from neutron diffractia

(51) and XAFS (47). Th&yi—; of 3. 09A for «-Ni hydroxide is
pattern of8-Ni hydroxide (Fig. 2). The Ni phyllosilicate sampleconsistent with the range 3.07 to 3.Adound by Pandyat al.
shows a very weak nitrate band which may be due to incomplé#). In a recent XAFS study, Mansour and Melendres claim
silicate-for-nitrate exchange. The position of the OH stretchiram Ryi—; of 3. 12A for a so-calleck-Ni hydroxide (52). How-
band at 3629 cmt, the SiO stretching band at 1031 Chnthe ever, XRD of this sample revealé®d0 and &0 peaks similar
doublet at 667—708 cmt, and the XRD layer spacing of 104 to that of 8-Ni hydroxide, but with larged-spacing (Mansour,
are all consistent with an Ni talc-like phase (21). personal communication), which is indicative of@&B-Ni hy-

The position of the 110 diffraction peak (at ca°&®) de- droxide intermediate (53, 54). Compared to the other two col
pends on the unit-cell dimensions along thandb axes, i.e., pounds shown in Fig. 3, the amplitude of the first ligand shell
along the planar extensions of the hydroxide layers, and is i-Ni hydroxide is substantially lower, resulting in a GNo of
dicative of metal-metal distances in this layer. This peak is a4 (Table 2). This supports the existence of hydroxyl vacanci
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TABLE 2
XAFS Fit Results of Reference Compounds (Top) and Ni-Reacted Clays (Bottom)
Ruimo® 0o Ruini®  0fini Ruical®  ofia”  AEQ?

CNni-0? R) (A?)  CNyi—ni? A (A%)  CNni—al® A) (R?) €V)  x2s %
B-Ni hydroxide 6.5 2.06 0.0039 6.3 3.12 0.0040 15 5.0
a-Ni hydroxide 5.5 2.04 0.0045 5.6 3.09 0.0060 0.8 5.9
Ni phyllosilicate 6.2 2.06 0.0042 7.0 3.07 0.0031 3.6 7.4
LDH Ni/Al =1.3 5.4 2.05 0.0036 2.8 3.06 0.0042 0.9 9.0
LDH Ni/Al =1.3 5.7 2.05 0.0039 3.5 3.06 0.0047 14 3.05 0.0046 1.0 7.6
LDH Ni/Al =4.3 5.7 2.05 0.0047 3.8 3.06 0.0043 0.0 5.1
Ni + talc 4 months 6.3 2.05 0.0052 5.1 3.08 0.0045 0.8 7.4
Ni + silica 1 months 6.5 2.06 0.0050 6.5 3.09 0.0035 1.2 7.9
Ni + gibbsite 4 months 6.4 2.04 0.0044 3.0 3.05 0.0026 -0.1 6.5
Ni + pyrophyllite 2 h 6.5 205  0.0043 2.7 3.06 0.0044 05 8.3
Ni + pyrophyllite 1 month 6.0 2.05 0.0039 3.7 3.06 0.0040 0.2 5.6
Ni + pyrophyllite 4 months 5.9 2.05 0.0036 3.2 3.06 0.0029 0.6 55
Ni + pyrophyllite 12 months 6.0 2.05 0.0049 3.8 3.07 0.0051 0.2 5.0

@ Coordination number, standard deviatiad-0.05.

b Radial distance, standard deviatier-0.005 A

¢ Debye—Waller factor, standard deviatient:5 x 105 A2,
d Phase shift.

€ Deviation between experimental data and fit.

——LDH Ni/AI=1.3
—— LDH Ni/Al=4.3
------ a-Ni hydroxide

——LDH Ni/AI=1.3
—— LDH NifAl=4.3
----- o-Ni hydroxide

W
24

2K K

Fourier Transform Magnitude

k/A'
—— Ni phyllosilicate —— Ni phyllosilicate

oocoNibydroxide | 0 ] e a-Ni hydroxide

L eeemmmm oo —,
= - i

LS

Fourier Transform Magnitude

.

3 4 5 6 7 8 9 10 11 12 0O 1 2 3 4 5 6 7 8
k/A‘ RfA

FIG. 3. Experimentaly (k) functions and RSF of Ni reference compounds. &hidi hydroxide sample is shown in comparison with the two LDH sample
(top) and the Ni phyllosilicate sample (bottom).
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’ ‘ ’ ‘ i Table 2). TheR\i—o and Ryi—i, however, were not influenced
/ | by accounting for Al.

In conclusion, all four reference compounds may be disti
guished by combining the information dRi—i and CNyi—i
provided by XAFS. For the identification of surface precipitate
however, information orRyi—; and CNyi—; is not sufficient.
A CNyi—nj below 6 may not only be due to (1) the formation o
Ni—Al LDH but may also be caused by (2) nanoscale crystallit
with a large amount of neighborless Ni atoms, (3) alarge amol
of cation vacancies, or (4) the presence of (sorbed) mononucl
Niin addition to the precipitate phase. Furthermore, it cannot
excluded that thé&yj—; of 3. 06A may also be caused by struc-
tural disorder of an Al-free phase, or by the epitaxial growth
an Al-free precipitate on top of an Al-containing sorbent. Thu
further evidence is necessary to prove that Ni—Al LDH is indee
1 the surface precipitate observed on clay minerals.

- The x (k) spectra of the LDH samples reveal a distinctive be
1 pattern between 8.0 and 85! (circle in Fig. 3). While the
other reference compounds show an elongated upward osc
tion ending in a sharp tip at ca. 8551, this oscillation seems to
be truncated for Ni—Al LDH. Fourier baclgtransformatlon of th
RSF of Ni-Al LDH within 1.1 < R< 3.4 A revealed that the
beat pattern is not reproduced by the first ligand and first m
als shells which are commonly fitted (Fig. 6). The beat patte
appeared, however, when the RSF was back-transformed wit
11<R<6.4 A, suggesting that it originates from multiple-
scattering paths. Other workers have performed fits for tt
region, but due to the simplifications necessary to keep the
grees of freedom low, no substantial gain in information on A
substitution could be derived (33). Therefore, we employed fi
R/A multiple-scattering simulations to investigate the origin of th
FIG. 4. Comparison of fitting the RSF of sample LDH Ni/Ai1.3 with beat pattern at 8. 0-84 ! and to investigate its usefulness fo

(top) and without (bottom) an Al path (in addition to the O and Ni pathspphase characterization.
Experimental data are shown in full lines, fit data in hatched lines.
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XAFS Simulations

which have been suggested as a source of the net positivén Fig. 5 results from the XAFS simulations performed witl
charge ofa-Ni hydroxide (36). However, protonation of hy-FEFF7 are assembled. Figure 5b shows the effect of incre
droxyl ions may be an additional source of positive chargeg Al-for-Ni substitution ina-Ni hydroxide. In line with the
(37). anticyclic single-scattering waves of Ni and Al (Fig. 5a), th
The Rni—ni Of Ni silicate is smaller than that af-Ni hy-  superposition of all paths out taf8 shows the expected genera
droxide, consistent with XRD and XAFS measurements of Nadecline in amplitude as the Al-substitution increases. There
hosting phyllosilicates (Table 2) (55). The @Ny; is signifi- however, two exceptions: &t= 8A-landak=115A"1 , up-
cantly greater than 6 due to the constructive interference of Swirard oscillations are enhanced with increasing substltuuon (
the tetrahedral sheets at a distance of 3 2he two LDH sam- rows in Fig. 5b). At 50% substitution, the oscillations at 8.5 ar
ples have the smalle&;—y;, of 3. 06A, due to Al substitution. 8 A~1 have roughly the same height, which favorably compar
However, XAFS is not sensitive enough to show the differente the filtered spectrum of LDH Ni/AE 1.3 (Fig. 6). The filtered
in Al substitution between the two samples as observed by XRipectrum of LDH Ni/Al=4.3 is close to the simulated spectrun
(see above). Due to the partial Ni-for-Al substitution and the dat 33% substitution. Thus, the XAFS simulations correctly r
structive interference between both cations occupying the sapteduced all major changes in the experimental spectra fre
position (Fig. 5a), the CN—; of 3 is far below the value of 6 «-Ni hydroxide over LDH Ni/Al=4.3 to LDH Ni/Al =
expected for full site occupancy. The fit of a second metal shellFiltering the experimenta) (k) functions of the two LDH
with Al at the same radial distance as Ni resulted in a combinsdmples by Fourier back-transforms showed that the obser
CNni—ni @and CNyi—a1 Of 4.9. The deviation between the fittedbeat pattern originates from paths W|th lengths of abodt 6
and the experimental spectrum decreased by 20%ys€é in (Fig. 6). In general, paths beyondA(J, do not substantially
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FEFF simulations based on the structure of lizardite (Fig. 1): (a) single-scattering paths from nearest-neighbor Ni, Al, and Si; (b) effecdf Ni
substitution in an Ni hydroxide layer, modeling the transition frerhi hydroxide to Ni—Al LDH; (c) simulation of Ni—Al LDH withx = 0.50 superposing all

single- and multiple-scattering paths (full line), or superposing only the paths given in the legend (hatched line); (d) effect of cation vaaarididsydroxide

FIG. 5.

layer; (e) effect of attaching a silicate sheet to an Ni—Al hydroxide layer, modeling the formation of a 1: 1 phyllosilicate; (f) effect of Co-fustifdtson in a
Co hydroxide layer.
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for Ni would always be below 2, and the observed coordinatit
number would be close to 1.5 due to the destructive interferer
of the Al neighbors. As will be shown below, spectra of surfac
precipitates suggest an Ni/Al ratio of 1, and G:M; is above 2.
With these constraints, the beat patternAt8 can be explained
by the formation of Ni—Al LDH only.

Furthermore, we investigated whether cation vacanci
which have been proposed to account for the reduced metal
tances observed in surface precipitates (29, 33), would crea
similar beat pattern between 8 and 8.5". Figure 5d shows that
such vacancies dampen the oscillations similar to Al. Howev:
they do not cause the appearance of new beats at 8 and 11.5
Thus, vacancies may be present in the structure of the surf
precipitates, and may be responsible in part for the contracti
of the Me—Me distances, but the characteristic patternfat’s
unmistakably indicates the presence of Al in hydroxide layer
p In the case of Al- and Si-releasing sorbent phases, formati

k/A of Al-containing phyllosilicates is another possibility which ha

FIG.6. Thex(k) spectra of LDH Ni/Al=1.3 as measured (a) and filteredt0 b€ addressed (34, 56, 57). The FEFF calculations show t
from the corresponding RSF (see Fig. 3) by Fourier back-transformation. Sptiee attachment of oneosilicate sheet Sliqhtly enhances the
trum b has been filtered from the 1.1- to 6.2région containing the fgcused cillations at 7.5 and 8.31, but not the 8A~1 beat (Fig. 5e).
multiple-scattering feature at &,And spectrum ¢ from the 1.1- to 3418~ The queral| effect is identical to that of an increasing Ni/Al ra
gion exclud!ng the feature. For comparison, the filtex€kl) function of LDH tio (Fig. 5b). The attachment of two Si sheets (simulation of
Ni/Al = 4.3 is shown as a dotted line.

2:1 phyllosilicate) caused the beat pattern to completely dise
%e?ar. Due to the counteracting effect of Al and Si, the simulat

1K) K

Cont?,:lge t% the; ot\r/]erzﬁll XAFS lspectrurtn be%ause |0f wet FS spectrum of a 1: 1 Ni/Al phyllosilicate with an Ni/Al ra-
amplitudes. Due to the hexagonal Symmetry and regular melgs-.¢ o 75 would look very similar to the simulated spectrum c

metal distances in the hydroxide layer, however, there is a lar] Ni—Al LDH with an Ni/Al ratio of 1. Previous research has
number of paths with ex(pt;tly twige the Igngth of t.he first metaf]fown, however, that Ni/Al ratios in double hydroxide layel
shell (2x 3’08.A =6.16A in 'the simulations), which strongly are restricted to the range above 1 (39, 58). Therefore, a str
enhances their overall amplitude, an effect called focused m Sat pattern at8-Lis incompatible with a phyllosilicate. This

tiple scattering (25). In fact, all essential features of the LD duction is consistent with the fact that XAFS spectra of |

spectra could be reproduced by superposition of these focu Co phyliosilicates do not show the beat pattern Ard
multiple-scattering paths with the single-scattering paths of t Sen when they contain Al (34)

first .shells of O Ni, and _AI (Fig. 5¢). Althoygh the focusg In conclusion, the characteristic beat pattern&tSseemsto
multiple-scattering wave is even stronger without Al SubStItLb—e a unique fingerprint of Ni—Al LDH. In order to test whether

tlont,t It s only 'r} corr;rt:m?tl(:n thtT trr:elIﬁl}-dtaméaefnedt_smgle-sim”ar beat pattern would allow for the detection of Co—Al LDH
scattering wave from the first metal shell that #(&)-functions all of the XAFS simulations described above were repeated

. . . o 1
show the isolated upward oscillation af8™ (not shown). 0, using a slightly enlarged structure of lizardite to accou

In surface precipi'Fate.s, Al bac!<§cattering may not NECessalpy e slightly larger C&". The simulated XAFS spectra were
stem from Al substituting f(_)r NI in LDH’.bUt from Al in t_hg identical to those of the Ni structures, except that the phase v
structure of the sorbent. This would require that the precipit Rifted by 0.22 1 toward lower values due to the larger atomi

be in close contact with the surface and that both the Precisiances (Fig. 5f). Therefore, the beat pattern may also be u
itate and the sorbent structures be similar enough to genert%t%nequivocally identify Co—;AI LDH

focused multiple-scattering waves. An example of such a situ-
ation would be Ni hydroxide polymers epitaxially growing as(
the aluminol edges of pyrophyllite or gibbsite, with bidentate
bridges connecting the Ni and Al hydroxide sheets. We inves-In order to study the influence of different chemical compos
tigated, therefore, whether this epitaxial growth of a pure Nions and structures of sorbent phases on the type of Ni surf;
hydroxide can be distinguished from an Ni—Al LDH precipitateprecipitate forming, we reacted pyrophyllite, gibbsite, talc, ar
A simple representation of this situation shows that a monamorphous silicawith NiatpH 7.5. A description of the sample
layer of Ni octahedra attached to the surface of the aluminiakluding Ni sorbed from solution and Al, Si, and Mg release
sheet would yield an Ni/Al ratio of 1. A double layer wouldinto solution, is given in Table 3. The RSFs of all Ni-reacte
have a statistical Ni/Al ratio of 2. Assuming a quasi-infinite rovorbents show a strong contribution from metal back-scatteril
of a monolayer of Ni octahedra, the real coordination numbeonfirming the formation of three-dimensional Ni precipitate

AFS Analysis of Ni Surface Precipitates
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TABLE 3
Ni Sorption Data on Various Minerals
Ni sorbed Ni sorbed Al in solution Si in solution Mg in solution
Sorbent Reaction time (mgd) (umol m=2) (mmol L™1) (mmol L™1) (mmol L™1)
Pyrophyllite 2h 5.1 0.9 <0.01 0.18 0.00
Pyrophyllite 1 month 171 3.0 <0.01 0.55 0.00
Pyrophyllite 4 months 17.0 3.0 <0.01 0.56 0.00
Gibbsite 4 months 8.8 1.7 <0.01 0.00 0.00
Talc 4 months 17.2 3.3 <0.01 1.13 0.23
Amorphous silica 1 month 55 1.0 <0.01 1.80 0.00

(Fig. 7). They (k) spectra of precipitates forming in the preswith the completed uptake of Ni from solution (Table 3). Th
ence of the Al-containing minerals pyrophyllite and gibbsite aghort-range structure of the precipitate seems to stay consi
very similar to that of Ni—Al LDH (Fig. 3), including the char- over time, as is indicated by tHe\—i of 3. 06A (Table 2) and
acteristic double oscillation at 8.0 to 85 in the filteredy (k) asimilar ligand-field splitting energy (35). The similar height o
function (Fig. 7). The similar heights of both oscillations indicatéhe double oscillation band indicates that the Ni/Al ratio remair
an Ni/Al ratio between 1 and 2. The formation of Ni—Al LDH inat 1 to 2 within 1 month and 1 year (Fig. 8). After 2 h, th& 8t
the presence of pyrophyllite and gibbsite is further substantiateeat is still weak and the overall features are dominated by 1
by the Ryi—n; of 3.05 to 3. 064 (Table 2). For Ni-reacted talc Ni—O backscattering wave. Thus, no estimate of the initial Ni//
and amorphous silica, the lack of the beat pattern/éatB the ratio can be made.
Rni—vi of 3.08 to 3. 09A and CNyi—nj close to 6 suggest the In both the talc and the amorphous silica suspensions, hi
formation ofa-Ni hydroxide (Fig. 7, Table 2). Si concentrationsx1 mmol L™1) potentially could lead to the
A time series of Ni-reacted pyrophyllite samples shows donrmation of Ni phyllosilicate (34, 57). The XAFS spectra of
increase of the first metal-shell amplituderfr@ h to Imonth these precipitates are, however, more similar in phase and ¢
(Fig. 8). After 1 month the amplitude remains constant, in linglitude to«-Ni hydroxide than to Ni silicate (compare Figs. ¢

]

)
.

A\/
I

—

Pyrophyll:
. 4mo

. Gibbsite
4 mo

MNOLS

Fourier Transform Magnitude

3 4 5 6 7 8 9 10 11 12
k/A R/A

FIG. 7. Experimentaly (k) functions and RSFs of Ni-reacted sorbents. }ltk) functions are given as unfiltered spectra (thin lines) and as back-transfor
from 1.1 < R < 6.4 A (thick lines).
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(k) K

Fourier Transform Magnitude

k/A" RIA

FIG. 8. Experimentaly (k) functions and RSFs of a time series of Ni-reacted pyrophyllite. ftk¢ functions are given as unfiltered data (thin lines) and &
back-transforms from.1 < R < 6.4 A (thick lines).

and 7). This is confirmed by thByi—n; larger than those ex- previous study employing DRS (35). As both phases reveal st
pected for Ni phyllosilicates, and by the GNy; below or close stantially different dissolution kinetics (60), their distinction i
to 6 (Table 2). The results indicate, therefore, the formation mhportant for the prediction of the fate of Ni in the environ
a-Ni hydroxide in the talc and the amorphous silica systemsent.

confirming our findings from DRS (35). Note, however, that Using the diagnostic XAFS beat, we re-examing(k)k®

a phyllosilicate precursor, where polymerized silicate occupispectra of Co and Ni sorbed onto a range of surfaces that w
the interlayer space of LDH, cannot be distinguished from LDplublished within the last decade. The beat pattern is gener:

by XAFS or DRS (59). visible in the XAFS spectra of Ni- and Co-reacted pyrophyllite
gibbsite, and kaolinite, and of- andy-Al,03, at pH from 7.0
CONCLUSIONS to 8.6, surface densities from 0.9 to ol m~2, and reaction

times fran 2 h to 4months (2, 29-31, 33, 61). This suggests th
Using FEFF simulations and experimental XAFS data dfie formation of LDH is thermodynamically and/or kinetically
model compounds, we demonstrated that a beat AtBin favored over the formation af-type hydroxide or phyllosili-
x (K)k® spectra of Ni and Co surface precipitates is diagnostiates as long as an Al-releasing sorbent is present. In spite
for Ni—Al LDH or Co—Al LDH. Neither the formation of-type the presence of a potential source of Al, howevetype Ni
hydroxide with a high degree of cation vacancies nor the fasr Co hydroxide formed in the presence of montmorillonit
mation of Ni- or Co-containing phyllosilicates, nor inner-spheré81, 62). The permanent charge sites of these minerals n
sorption of multinuclear hydroxide clusters, causes a similar bgsiesent a more effective sink for Al than the surface of a growi
pattern. Similar intensities of the diagnostioff\Bl beat and of Nior Co hydroxide, thus preventing the coprecipitation of LDF
the neighboring 8.8~ beat indicate an Ni/Al ratio o1 to Formation of LDH was also prevented when the solution w.
2 for precipitates forming in the presence of pyrophyllite ankighly supersaturated with respect to the pure hydroxide ph:
gibbsite. Absence of the&~* beat in the spectra of Ni-reacted(33). In this case, the precipitation proceeds faster than the
amorphoous silica and talc, in combination wiRi—y; of 3.08 solution of the Al-bearing sorbent phase and/or faster than
to 3.09A and CN,i—; below 6, suggests the formation®@fNi  diffusion of Al toward the precipitate. Further studies are need
hydroxide. The formation of the two different phases dependew to determine the thermodynamic properties of the LDH al
ing on the Al-content of the sorbent phases is in line with owr-type hydroxide phases which have been identified.
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