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There have been a number of studies that have examined
metal precipitation reactions on an array of natural soil materials.
While many of these investigations have focused on model single-
component systems, recent research has appeared on metal precipi-
tation on soils and clay fractions of soils. However, few studies have
explored mixed model component systems, which may lead to a
better understanding of metal reactions on soils and clay fractions.
Furthermore, only a few studies have appeared on the stability of the
metal surface precipitates. In light of this, we investigated Ni sorp-
tion and dissolution kinetics and mechanisms on a mixture of gibb-
site and amorphous silica by combining macroscopic studies with
X-ray absorption fine structure (XAFS) and diffuse reflectance spec-
troscopies (DRS), and high-resolution thermogravimetric analysis
(HRTGA). Batch sorption experiments were conducted at pH 7.5
and at different reaction times to elucidate the sorption process
and to study the role of residence time on metal precipitate stabil-
ity. Spectroscopic and HRTGA investigations revealed «-Ni(OH),
precipitates formed on the gibbsite/silica mixture initially and over
time evolved to a Ni phyllosilicate. The available Si source was de-
rived from partial dissolution of the sorbent during Ni sorption.
With increasing residence time, the precipitate phases drastically
increased in stability, as shown by decreasing amounts of Ni release
as effected by nitric acid (HNO3) and ethylenediaminetetraacetic
acid (EDTA) treatments. This aging effect may be explained by the
silicate-for-nitrate exchange during the first days of reaction and
subsequently by silicate polymerization and partial grafting onto
the hydroxide layers to form a phyllosilicate precursor phase (R. G.
Ford, A. C. Scheinost, K. G. Scheckel, and D. L. Sparks, Environ.
Sci. Technol. 33(18), 3140-3144, 1999).  © 2000 Academic Press

Key Words: metal precipitate formation and dissolution; sorp-
tion kinetics; XAFS; DRS; HRTGA; sorption in sorbent mixtures;
residence (aging) time.

1. INTRODUCTION

ide surfaces with metals such as Nior Co (2—4). Inthe case whe
the sorbent phase contained Al, the precipitates were predo
inantly Al-containing layered double-hydroxide (LDH) phases
(2-9). In the case of Al-free sorbents, however, metal sorptic
resulted inx-type metal hydroxide precipitates (10, 9, 11).

Elzinga and Sparks (12) examined Ni sorption mechanisn
in a 1:1 pyrophyllite—montmorillonite mixture at pH 7.5 and a
reaction time of 40 min. XAFS was employed to estimate th
distribution of Ni over the mixture components. The main mode
of Ni uptake under these reaction conditions were adsorption ¢
montmorillonite and surface precipitation on pyrophyllite. Batck
sorption studies suggested that pyrophyllite sorbed slightly mo
Ni than montmorillonite. The results of this study indicate tha
both adsorption and surface precipitation are important mech
nisms in the overall uptake of Ni by the clay mixture during the
40-min reaction period.

Robertset al. (13) observed the formation of mixed Ni—Al
LDH precipitates on the Ap horizon of Matapeake silt loan
soil (Typic Hapludult) and its clay fraction over a pH range of
6.0-7.5. This was the first paper to extend the study of metal pr
cipitation reactions from model component systems to a con
plex soil environment that contained an array of inorganic an
organic components. XAFS analysis for the whole soil indicate
a mixed Ni—-Al phase formed at pH 7.5 after 24 h of reaction
XAFS investigations also detected the formation of Ni—-Al LDH
precipitates on the clay fraction of the soil within 15 min at
pH 7.5 and 2 h at pH.8. Precipitates were not observed at pF
6.0 on the clay fraction, suggesting only adsorption phenomel
were occurring.

Formation of metal precipitate phases drastically reduce
metal concentrations in soil and sediment solutions and effe
tively competes with adsorption onto soil minerals (12). How
ever, only a few investigations have assessed the stability of t
surface precipitates. Scheidegger and Sparks (2) examined

Sorption reactions at the mineral/water interface largely detelissolution of Ni—Al LDH precipitates formed on pyrophyllite
mine the mobility and bioavailability of metals in soils and seduusing HNG at pH 4 and 6. Nickel detachment was initially rapid
ments. Spectroscopic and microscopic studies in the last decatlboth pH values (with«10% of total Ni released), which was
showed the importance of metal hydroxide precipitate formati@ntributable to desorption of specifically adsorbed, mononucle:
upon reacting a variety of model component clay mineral and oXi. Dissolution then slowed, which was ascribed to the gradus

dissolution of the precipitates. In comparison with-&li(OH),

170 whom correspondence should be addressed. Fax: (302)-831-od@@ference compound, the Ni—Al LDH surface precipitates wer

E-mail: scheckel@udel.edu.

0021-9797/00 $35.00
Copyright© 2000 by Academic Press
All rights of reproduction in any form reserved.

222

much more stable. Foret al. (1) investigated the dissolution of
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Ni—Al LDH surface precipitates on pyrophyllite using an EDTAHuber Corp. The B BET surface areas of the sorbent phase
solution at pH 7.5. Detachable Ni drastically decreased when tivere 25 m g~* for gibbsite and 90 fg~* for amorphous silica.
age of the precipitate increasedrfid h to 1year. By employing The mixture had an effective surface area of 64gmt.

HRTGA, which is sensitive to changes in the interlayer compo- The dissolution agents employed in the study were nitri
sition of the LDH, and by comparing the results for Ni sorptioacid (HNG;) at pH 4 to induce proton-promoted dissolution
on pyrophyllite at different aging times with those of variouand 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.
reference compounds, Foed al. (1) showed that a substantialto induce ligand-promoted dissolution. EDTA forms a stable N
part of the aging effect was due to replacement of interlayer mielution complex, and previous studies have shown that EDT
trate by silicate, which transformed the initial Ni-Al LDH intopromotes desorption of Ni sorbed to oxide surfaces and the d
a Ni—Al phyllosilicate precursor. The source of the silicate wasolution of poorly crystalline oxide phases (16, 17).

the dissolving surface of the pyrophyllite. Schec&ehl. (14)

investigated the dissolution of Ni-Al LDH phases on pyrophyR.2. Ni Sorption and Kinetics of Dissolution

lite and gibbsite and-Ni(OH), precipit n talc employin
e e yates on i e, o nvesigate the nfluence f aging o the sabily of
ranging fran 1 h to 1year. Using an array of analytical techPrecipitate phases, the gibbsite/silica mixture was reacted wi

niques, differences in stability of the surface precipitates coJI\H for pe_riods_of 1 day to 1 year. Experimental c_onditiqn_s_wen
be explained by a combination of Al-for-Ni substitution in th s described in Scheidegger and Sparks (2) using an initial cc

: : o - tration of 3 mM Ni as Ni(N@),, 10 g/L sorbents, and a back-
hydroxide layers (for pyrophyllite and gibbsite) and silicate-for=®"
nitrate substitution in the interlayer (for pyrophyllite and talc)ground electrolyte of 0.1 M NaNgat pH 7.5. The systems were

Increases in precipitate stability were observed during AI-foPHurQEthgg_:\_é to ?gﬂ'ﬁﬁ %?_' ?”d tge de W?S mljmf[a'trl?[d
Ni and silicate-for-nitrate substitutions. Macroscopic dissoldf ro;g 'ad' "10(;“)' .I' ta viaara |8me§rp t-s_fa '(;a,
tion studies showed an increase in Ni surface precipitate staﬁ f. Ferodic 19-mi aliquols were removed and centrifuged :

ity with aging. The aging effect was attributed partially to th 000 rpm for 5 min to obtain the supernatant for ICP analys

solid-state transformation of the precipitate phases (silication(?)ff'\.Ii and Siduring the sorption study. After 1 week, the b_atch re
Ni—Al LDH and a-Ni hydroxide) and to crystal growth due toaction vessel was removed from the pH stat and placed if@ 25

Ostwald ripening. Thompsoet al. (15) established solubility incubation chamber. The pH was subsequently adjusted week

constants for Co—Al LDH and found also that the Al-containin Sygi\egsd.of referepcclel com[?]oundshfo(; cofmearllslo nlln t
phase was less soluble than Co—hydroxide and Co—carbona R studies was similar to the methods of Fe ( ) o
circumneutral pH. he synthetic references were mixed .Wlth. a dry gibbsite/silic
Accordingly, the objectives of this study were to examing",XturSe_ sq;ppletat a 1r;t1|0 0 Welghttra:lo E.”gl_tlo HE‘(I’)@A anal
the kinetics of the formation and dissolution of Ni surfacg>'>: ='dnificant weight foss events Tar I(OH)2 (NG5 in-

precipitates in a gibbsite/amorphous silica mixture employiﬁ trlalyer), Si-egcﬂgngﬁtﬁ-Ni_l(_Ol-:)z (r;artial silication O:; theh
X-ray absorption fine structure (XAFS) spectroscopy, diffuse r er e}yer), and Ni-pnyliosticate reference compounds whe
ymbined with the gibbsite/silica mixture occurred at approxi

flectance spectroscopy (DRS), and high-resolution thermogra .
metric analysis (HRTGA). The sorption investigations observéﬁat,ely 332.’ 438, and 5.36’ respectively. . .
Dissolution was carried out by a replenishment technique u

the influence of aging on the-Ni(OH), precipitates and their .
subsequent conversion to a Ni—phyllosilicate precursor. The dfdd 1 mM EDTA at pH 7.5 or HN@ at pH 4.0. From the ag-

solution studies explored the effects of EDTA and HN@re- M9 Ni_/mixture §uspensions, 30 ml _(cor_responding t0 300 m
moving Ni from thepprecipitates HN of solid) was withdrawn. After centrifuging at 17,000 rpm for

5 minutes, the supernatant was decanted, and 30 ml of the ¢
solution agent was added to the remaining solids. The sL
pensions were then placed on a reciprocating shaker°& 25
for 24 h. The extraction steps were repeated either 10 tim
(=10 days) for short-term (agedl month) or 14 days for long-
The mixture of gibbsite and amorphous silica consisted tdrm (aged>1 month) Ni sorption samples. A disadvantage o
40% gibbsite and 60% silica by weight. A mixture was useithe replenishment technique is that there will inevitably be sorr
to more closely mimic heterogeneous systems in the natudidsolved Nientrained in the clay paste and one could argue th
environment. The gibbsite (Arkansas, USA; Ward’s) was derivéd the EDTA dissolution studies, Ni-EDTA complexes coulc
from a natural deposit and was prepared by grinding the minefatm on the surface. However, this accounts for a very small pe
in a ceramic ball mill for approximately 14 days, centrifuging teéentage of the overall Ni released. This is supported by the fa
collect the<2-um fraction in the supernatant, which was™Na that the rate of dissociation for Ni-EDTA complexes is slow rel
saturated, and then removing excess salts by dialysis followeddiive to the residence time of the complexes in solution before r
freeze drying of the material. X-ray diffraction (XRD) showelenishment (18—20). The conditional stability consta€td)
minor impurities of about 10% bayerite in the gibbsite. Théor Ni-EDTA complexes is approximately 30M-1. Sorp-
amorphous silica (Sig) (Zeofree 5112) was obtained from theion of Ni-EDTA complexes is also unlikely under the reactior

2. MATERIALS AND METHODS

2.1. Materials
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conditions of this study (21-24), suggesting the complexes preere calculated. A synthetj¢-Ni(OH), (Johnson Mattey Co.)
fer to remain in solution once formed. Additionally, the maxiwas used as a reference compound. Multishell fitting was dor
mum solution concentration of Ni after any given 24-h replenin Rspace overtherangelD4 < R < 3.191A with3.2 < k <
ishment period was 0.46 mM, which is far below the saturatick8.6 A~ for the mixture sorption samples. The number of free
point for re-precipitation of Ni under these reaction conditionfoating parameters was reduced by one by allowing only equ
either on the sorbent or in bulk solution, especially during disalues for the Debye—Waller factors of the Ni—Ni and Ni—Si
solution with HNGQ at pH 4.0. ICP-AES or AAS was used toshells for the 6-month and 1-year aged samples.Reo and
determine Ni and Si in the supernatants during dissolution. Ryi—i values are estimated to be accurate-w02A, and the
Nni—o and Nyi—i Values are estimated to be accurate-29%.

2.3. Spectroscopic and Thermogravimetric CharacterizationThe estimated accuracies fbiki—si and Ryi—si are£60% and

of Surface Precipitates +0.06A, respectively. The accuracy estimates are based on t
ults of theoretical fits to spectra of the reference compoun
nown structure (27).
Ithough the information provided by DRS is restricted to lo-

. . . - . . re
Changes in the solid-phase Ni speciation during sorption agrj'S
dissolution were periodically assessed via spectroscopic an

thermoanalyticaltechniques. For XAFS and DRS analyses, s I symmetry of the first coordination shell, it is more sensitive

ples were examineih situ by centrifuging the suspensions an o chan ; o ; .
. ges in the coordination distance of Ni-R\i(o) than
using the wet sorbent paste. For HRTGA analyses, the PaSIZFS. It has been shown that this method is very sensitive i

were washed three times with D.I. water and freeze-dried b(ﬁ'stinguishing between Ni—Al LDH (smalléRy_o) anda-Ni
I

fore examination. Speciation of dissolution samples by HRTG droxide (laraeRu._) by using the enerav position of the
was carried out for samples aged for 1 month to ensure trg (largeiRni—o) by g oy P

Ind, which corresponds to tRdyy — 3Tyg transition (9). A
.. . ’ {¢] 1g '

only a negligible part of the Ni was bognql as adsorbe_d monO;]yérkin—Elmer Lambda 9 diffuse reflectance spectrophotomet
clear surface complexes and the majority as a precipitate. d

1 th aging ti | I df ted . ¢ H?ed with a 5-cm Spectralon-coated integrating sphere was er
-month aging ime aiso aflowed for repeated expermen Sb’ﬂoyed to collect spectra in the UV-vis—NIR range. Extractior
terms of available time.

XAES lied to determine inf i the | of the band position was as that in Scheinetstl. (9).
was applied to determiné information on e lo- ppraa was employed to characterize thermal decompos

cal ghetmg:alteirr:wrﬁntr_nentl Osf sorI:)e(EI Ni. L'_Da;‘:‘ Sacqu's't'ﬁlgzgzbn reactions attributed to the Ni precipitate phases inthe react
conducted at the National synchrotron Lig ource ( ixture samples. Changes in the quantity and temperature of ¢

Brookhaven National Laboratory (BNL), Upton, New York, Orlzomposition are indicative of compositional changes in the pre

beamline X-11A. The electron storage ring was operated c% ; :
. ; itate. We employed a TA Instruments 2950 high-resolutio
iSOZE? GeV with bearr:l currtentsl'ltn t?:ﬁhlsoé to s?lflTAd rar;)?ﬁ‘lermogravimetric analyzer to examine approximately 15- t
-5-mm premonochromator slit width and a Si(111) dou ’0-mg samples from sorption and dissolution studies that we

crystal monochromator detuned by 25% to reject higher or feviously freeze-dried. The analysis was conducted under a|

harmonics was used. The beam energy was calibrated by ass Fh'osphere over a temperature range of 30260The follow-
ing the first inflection of thé a-absorption edge of nickel metal;

: ing high-resolution settings were used: (1) maximum heatin
to 8333 eV. The XAFS spectra were collected in quorescenEgezgzooC min-, (2) res%lution: 50 arEd)(3) sensitivitys

mode using a I__ytle d_etector. The ionization chambe_:r of th_e Lyt -0 (28). Data are presented as the derivative of the weight lo
detector was filled with Ar and the chamberlgiwas filled with curve versus temperature with the derivative weight loss cun

.N 2 .?jas.t Samples dvrﬁ re pc_)sn;pnedhat abaﬁgle rgltatl\:e(;)cgitfzg for an unreacted gibbsite/silica mixture sample subtracted out
Incidentbeam and e lonization chamber was situate that only weight loss events associated with the Ni precipitate

the sample (90off the incident beam). A Co-3 filter and Soller
. are observed.
slits were arranged between the sample and the Lytle detector
to reduce scattered X-rays reaching the fluorescence detector.
Spectra were collected at 77 K to reduce thermal disorder. Pre-
vious studies in our laboratory indicate that Ni speciation dogs .
. 1. Sorption Data
not change by cooling to 77 K versus room temperature (13):
Triplicate scans were collected for each sample. The kinetics of Ni sorption and Sirelease in the gibbsite/silic:
MacXAFS 4.0 (25) was employed for background subtractianixture are shown in Fig. 1. An initial rapid uptake of Ni oc-
and Fourier filtering. Theg function was extracted from the rawcurred in which over 90% of the Ni was sorbed within 72 h
data by using alinear pre-edge background and a spline postedgs followed by a slow sorption period. Release of Si from th
background and by normalizing the edge to unity. The data weserbent during sorption mimics the removal curve of Ni fron
next converted from energy tospace and weighted B to  solution. This behavior suggests that Ni may be influencing th
compensate for the dampening of the XAFS amplitude witielease of Si during the sorption process and has been notec
increasing. Structural parameters were extracted with fits to theetal-promoted dissolution (7). The released Si is subsequen
standard XAFS equation. Using the FEFF6 and ATOMS codagailable for incorporation into the Ni precipitate interlayer to
(26), ab initio amplitude and phase functions for single shelleplace nitrate.

3. RESULTS AND DISCUSSION
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4.8 - — wm 705 paths to the raw data are presented in Fig. 2. The spectra
- uncorrected for phase shift. The excellent correlation betwet
- Loa the raw data and theoretical fits indicate a good representati
of the experimental data. The structural parameters obtain
from the fits are listed in Table 1. Analysis shows that the firs
shell is consistent with Ni coordinated 6 O atoms, indicating
that Niis in an octahedral coordination environment. The Ni—
bond distance Rni—o) is approximately 2.08. in all samples
with a constant coordination numbeXyi—o) of 6. The data fit
for the second shell indicates the presence of a second neigh
Ni atom at an average bon®yj—;) distance of 3.0& and a
coordination Nyi—ni) of approximately 6 Ni atoms. As the reac-
. T ' 0 tion time increased fmm 1 h to 7days, the amount of Ni on the
200 400 600 800 mixture surface increased, leading to a more pronounced secc
Time (h) shell as the reaction time progressed. To improve the fit, Si wi
included in fitting the second shell for the 6-months and 1-ye:
FIG. 1. Nisorption and Si release kinetics on a gibbsite/amorphous siliggged samples to yield a Ni-Si bond distanRgi{s;) of ~3.28A
T(;Xt7[e at pH 7.5 =0.1 M NaNG, [Nilo=3 mM, and solid: solutior= g 7 fixed coordination numbeN(i—s;) of 2, suggesting the
gt formation of a Ni phyllosilicate at these later aging times.
Based on previous studies by Scheiretst.(9) and Scheinost
The k3-weighted, normalized, background-substractednd Sparks (11), a Ni-Ni bond distance of 3X08s consis-
Fourier-transformed radial structure functions (RSF) (solignt with the formation ofx-Ni(OH), precipitates. To further
lines) for Ni sorbed on the mixture and theoretical spectra (datenfirm the identify of the precipitates formed on the mixture
ted lines) derived by fitting Ni—O, Ni—Ni, and Ni—Si scatteringve compared thg functions of 1-month aged precipitates on
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FIG. 2. Ni Ka XAFS spectra of the measured (solid lines) and fitted (dotted lines) radial structure functions (uncorrected for phase shifts) of a gi
amorphous silica mixture reacted with Ni for various aging times.
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TABLE 1
XAFS Structural Parameters for Ni Sorption in a Gibbsite/Silica Mixture
Ni-O Ni—Ni Ni-Si
Aging time AEp R(A)? NP o2 (R R(A)? NP o2 (R)eC R(A)2 NP o2 (R)e
1year 0.5 2.06 6.0 0.004 3.08 6.2 0.004 3.28 2.0 0.004
6 months 0.5 2.05 6.0 0.004 3.09 6.2 0.004 3.28 2.0 0.004
3 months 0.3 2.06 6.0 0.004 3.08 6.6 0.004
1 month 0.1 2.05 6.0 0.004 3.08 6.9 0.004
7 days 0.1 2.05 6.0 0.004 3.08 6.9 0.003
3 days 0.2 2.05 6.0 0.003 3.08 6.5 0.003
1 day 0.6 2.05 6.0 0.003 3.08 5.7 0.003
12h 0.8 2.05 6.0 0.004 3.08 53 0.004
1h 1.6 2.05 6.0 0.003 3.08 0.8 0.001

@ Interatomic distance.
b Coordination number.
¢ Debye—Waller factor.

silica, gibbsite, and the gibbsite/silica mixture (Fig. 3). Scheinostudies that assume that since an Al source is present in soluti
et al. (9) and Scheinost and Sparks (11) demonstratedathat(i.e., with gibbsite), Ni-Al LDH phases should form. However,
Ni(OH). precipitates form on silica and mixed Ni—Al LDH studies that have examined Ni sorption on gibbsite (8—11) note
phases form on gibbsite with bond distances of 3.08 and/8.06that the precipitation kinetics were relatively slow. Addition-
respectively. The structural difference between these two phaatlg, Al release from gibbsite at pH 7.5 is very gradual due to thi
is that the LDH phase has Al substituted into the Ni octahedtalv solubility of gibbsite (logkso = 9.61); therefore, available
sheets and this induces a distinctly shorter Ni-Ni bond of .06 Al for the formation of Ni—Al LDH precipitates is small given
Additionally, there is a characteristic beat pattern (indicatetle rapid sorption kinetics seen for the gibbsite/silica mixture
with the circles in Fig. 3) at approximately®8 that is damp- Therefore, the silica phase of the mixture appears to be dor
ened when Ni—Al LDH precipitates are present. One can s@ating the sorption kinetics, which explains the formation o
that indeed the peak at 8~ is dampened for the precipitatesx-Ni(OH), precipitates.
associated with gibbsite; however, this reduction in oscillation The crystal field splitting of Nit in an octahedral O cage
is not apparent in the silica and mixture curves, confirming thistvery sensitive to small changes in Ni—-O bond distances (2¢
a-Ni(OH), precipitates are forming on the gibbsite/silica mixTherefore, DRS can be used to distinguish between Ni—Al LDF
ture. These results are somewhat contradictory from previdusphyllosilicate, andx-Ni hydroxide (9). Consistent with the
XAFS results shown before, th@ band position of 14,800 cm
for the gibbsite/silica mixture (Fig. 4a) indicatesNi hydrox-
ide and they2 band position of 15,060 cm for the mixture at
longer aging times indicates the formation of a Ni—phyllosilicate
precursor. Because the absorption coefficient of aqueotfs Ni
complexes is 2 orders of magnitude lower than that &f Ni
a three-dimensional, polynuclear structure, band heights are |
Mixture 3.08-o-NilOH),  dicative of the amount of Ni present in a precipitate phase (9
Therefore, at the earlier reaction times of 1-7 days (Fig. 4b),
continuum between adsorption and precipitation may be occt
Gibbsite 5106 - NLAILDH ring, explaining the smaller peak sizes, and is _supp_orted in tl
growth of the second shell for the XAFS analysis (Fig. 2).
Our high-resolution thermogravimetric analysis (HRTGA) re-
; . S sults indicate that the initially formed-Ni(OH), precipitates
0 5 10 15 in the gibbsite/silica mixture transforms into a Ni phyllosili-
k(A" cate precursor within 1 year at ambient reaction conditions. Tt
derivatives of the HRTGA weight loss curves (Fig. 5) show
FIG. 3. Thek® weightedy functions of 1-month-aged Ni-reacted Si”ca’Weight loss events associated with the gibbsite, silica, and mi

gibbsite, and gibbsite/silica mixture samples. Listed to the right are the Ni—Ni . f
bond distancesRyi—n;) derived from theoretical fits of EXAFS data and the,t\‘ures of the su_rfaces. unreaCteq W!th Ni. One (_:an ,See that _t
corresponding precipitate phase that results. The circles show key identificaid# Ve for the mixture is a combination of both gibbsite and sil

for Ni—Al LDH versusa-Ni hydroxide (9). ica curves. Since there is a major weight loss occurrence at abe

Ryini (A)
Silica 3.08 - ¢ -Ni(OH),

(k) K®
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FIG. 6. Changes in the thermal stability of the Ni surface precipitates ol
the mixture showing the conversion framNi(OH), to a Ni phyllosilicate with
aging. The derivative weight loss curves are background subtracted from
unreacted sample (Fig. 5) to show only weight loss events associated w
the precipitate phases. The identification markers are derived from referer
compounds.

FIG.4. The DRSv2 bands for the Ni surface precipitates on the gibbsite?30°C for the gibbsite surface, no weight loss at 220s de-
amorphous silica mixture for various aging times. (a) All spectra collected; ndectable, which would occur due to water and nitrate expulsic
thatthe three smaller curves for the early reaction times are unmarked. (b) Spefgigthe interlayer (1, 31). To observe only weight loss events a

were collected for reaction times of 1-7 days with an expandexs.

- - - Gibbsite
0.03 - —— Gibbsite/Silica Mixture
" — - Gili
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! \ VAN
—_ i \ AR
s \ ’o
i ’ \
2 002 S \
E ]
-m !
[+
=2
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[
2
E3
[
[=]
0.00 T T T v 1
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Temperature ('C)

sociated with the Ni precipitates on the mixture, we subtracte
the curve for the unreacted mixture surface from the curves f
the sorption samples (Fig. 6). One sees for the 1- and 7-d
samples a substantiatNi(OH), peak with a small shoulder in
the Si-exchanged interlayefNi(OH), region and no indication
of Ni phyllosilicate. The 1- and 3-month curves show evidenc
of «-Ni(OH), and Si-exchanged-Ni(OH), precipitates with

a small peak arising at the Ni phyllosilicate marker. For th
long-term aging times of 6 months and 1 year, one notices ve
little «-Ni(OH), but well-defined peaks comparable with the Si:
exchanged-Ni(OH), and Ni phyllosilicate reference precipi-
tates. The data from the HRTGA experiments demonstrate tt
Ni sorption on the gibbsite/silica mixture results initially in the
formation ofa-Ni(OH), precipitates followed by Si-exchanged
a-Ni(OH), and with time the subsequent conversion to a Ni phy!
losilicate. This transformation progresses by silicate-for-nitrat
exchange in the interlayer, and the subsequent polymerizati
of single silicate units, which may then become connected wi
the octahedral hydroxide layers (30). This transformation lea

FIG.5. The derivative of the weight loss curves for gibbsite, silica, and ti#0 increasingly stable surface precipitates that will be address

gibbsite/silica mixture unreacted with Ni.

further in the dissolution results section.
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3.2. Dissolution Data

The macroscopic dissolution data are assembled in Fig. 7 €
are presented as the relative amount of Ni remaining on the s

faces. For both dissolution agents, the fraction of extracted N‘;

generally decreased as the age of the Ni complexes increa -

from 1 day to 1 year. As expected, the ligand-promoted dissol i
tion by EDTA (Fig. 7a) is more effective than the protolysis by~

HNOs (Fig. 7b) (17). After 1 month and 1 year of aging, lesstha «
17% and 4% of the sorbed Ni is released by HNKfier 14 days
of dissolution, respectively. Aging also decreases Ni release
EDTA as seen by 65% and 93% of the sorbed Ni remaining (<
the mixture after 1 month and 1 year of residence time for 1
replenishment treatments. The differences in the amount of ;,f
removed from the mixture for 1-month and 1-year aging time
further supports the transformation of the precipitate phase
a more stable phyllosilicate precursor, as seen in the HRTC

elease
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results (Fig. 6).

An important point to consider during these dissolution e» 0 2 4 6 8

periments is the stability of the sorbent surface. In addition
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FIG.8. Release of Siduring dissolution of 1-day, 1-month, and 1-year-age
Ni mixture samples employing 1 mM EDTA at pH 7.5.

fied. Sirelease during dissolution was comparable regardless
the aging time of the precipitates. Figure 8 shows total Si dis
solution with EDTA (pH 7.5) from the sorbent and precipitate
for sorption aging times of 1 day, 1 month, and 1 year. Whg
we believe to be transpiring during the dissolution process
a congruent dissolving of the Ni precipitate in addition to the
sorbent surface. This makes it difficult to distinguish Si releas
from the interlayer of the Ni precipitates and the surface exce
at early reaction times when very little Si has exchanged into tf
interlayer. Although not shown, a similar Si release trend wa
observed during dissolution with nitric acid (pH 4.0).

Earlier, HRTGA was employed to show thatiNi(OH), pre-
cipitates on the gibbsite/silica mixture transform into a Ni phyl-
losilicate precursor within 1 year under ambient reaction cor
ditions. We also used HRTGA to examine the dissolution o
the Ni precipitates aged for 1 month on the mixture utilizing
HNO;3; at pH 4.0 (Fig. 9). The curve for the mixture unreactec
with Ni was subtracted from these curves to view only weigh
loss events associated with the Ni precipitates. The untreat
curve represents a 1-month-aged Ni mixture sample prior |
dissolution. The other curves are the result of dissolution wit
nitric acid for 1, 7, and 14 days or replenishment treatment:
The amount of Ni remaining on the mixture surface is noted i
the figure legend and as one can see only 15% of the Niis r
leased from the surface over the reaction period. The size of ea
peak is indicative of the amount of each particular phase prese
on the surface. Decreases in the size of the peaks associa

FIG. 7. Macroscopic dissolution behavior of aged Ni precipitates on @ith a-Ni(OH)z are more pronounced than those in conjunc

gibbsite/amorphous silica mixture showing the relative amount of Ni remaini
on the mixture surface following extraction with (a) 1 mM EDTA at pH 7.5 an

Eﬂ)n with the Si-exchanged-Ni(OH), precipitates, and only

(b) HNO; at pH 4.0 plotted against the total number of replenishments. TRBINOr changes are observed for the peak, indicating the pre

stability of the Ni precipitates increases with aging time.

ence of Ni phyllosilicate. These results are in line with recen
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a-Ni(OH), tion time, less stable phases dissolved at a slightly greater r:
(a-Ni(OH), > Si-exchanged-Ni(OH), > Ni phyllosilicate).

Untreated

(100%) 1 replenishment (98%)

7 replenishments (91%) ACKNOWLEDGMENTS
14 replenishments (85%) The authors are grateful to the DuPont Company, State of Delaware, a
USDA (NRICGP) for their generous support of this research. Thanks are al

extended to E. J. Elzinga and an anonymous reviewer for critical comments

Si-exchanged the manuscript.
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