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Nickel sorption on pyrophyllite, montmorillonite and a 1:1 py-
rophyllite—-montmorillonite mixture was studied at pH 7.5 and a
reaction time of 40 min. The main modes of Ni uptake under these
reaction conditions are adsorption on montmorillonite and surface
precipitation on pyrophyllite. For the clay mixture, where adsorp-
tion on the montmorillonite component and surface precipitation
on the pyrophyllite component compete for Ni uptake, X-ray
absorption fine structure spectroscopy (XAFS) was used to esti-
mate the distribution of Ni over the mixture components. This was
done by comparison to pyrophyllite—montmorillonite mixtures
with known Ni distributions over the mixture components. Nickel
uptake on singly reacted pyrophyllite was slightly higher than on
singly reacted montmorillonite. This was consistent with the
XAFS results for the clay mixture, which suggested that the
pyrophyllite component sorbed slightly more Ni than the mont-
morillonite component. Our findings suggested that both adsorp-
tion and surface precipitation were important mechanisms in the
overall Ni uptake in the clay mixture, and that neither sorption
mechanism truly out-competed the other in the reaction time of 40
min employed. Therefore, both mechanisms should be considered
when modeling Ni sorption in similar systems. © 1999 Academic Press

Key Words: metal sorption; sorption kinetics; XAFS; sorption in
sorbent mixtures.

INTRODUCTION

metal complexes, and at the planar (internal) sites of the cl
mineral, which results in outer-sphere metal complexes. Rece
studies using surface spectroscopic and microscopic techniqt
such as X-ray absorption fine structure spectroscopy (XAFS
X-ray photo electron spectroscopy (XPS), Auger electron spe
troscopy, scanning electron microscopy, atomic force micro:
copy, and TEM have shown that in many cases the sorption
heavy metals on clay and oxide surfaces results in the form
tion of three-dimensional multinuclear or polynuclear surfac
phases (2—-10). Such surface phases (surface precipitates) h
been observed at surface metal loadings far below a theoreti
monolayer, and in a pH range well below the pH where th
formation of metal hydroxide precipitates would be expecte
based on the thermodynamic solubility product (4, 7, 9-12). |
the case of Ni sorption on clay mineral surfaces described |
Scheideggeet al. (10), the surface precipitate was identified as
a mixed Ni/Al-hydroxide phase.

It is believed that there is a continuum between Ni adsory
tion and Ni surface precipitation at clay mineral surfaces. A
low surface coverage surface complexation dominates, and
surface coverage increases nucleation occurs and distinct ¢
tities or aggregates form at the surface. As surface loadir
further increases surface precipitation becomes the domine
mechanism (1, 5). Thus, in single mineral sorption system
surface precipitation and adsorption are thought to be conse

Experimental studies on metal sorption mechanisms oftdHve metal uptake mechanisms. Adsorption is most likely th

focus on pure single-mineral sorbents. However, sorbentsMigchanism responsible for the initial fast stage of Ni sorptior
natural systems are complex mixtures of a variety of mineraff)d surface precipitation appears to be an important mect
and as a result, a variety of sorbents will be competing féism controlling the slower stage of Ni uptake.

uptake of metals added to such systems. Therefore, to succesdime-resolved XAFS studies of Ni sorption on pyrophyllite,
fully model and predict the fate of metals in soils and sedmontmorillonite, and gibbsite, presented by Scheidegge.
ments, insight into the competitiveness of available sorpti¢h0), showed that the initiation of mixed Ni/Al-hydroxide
mechanisms is crucial. In this study, we will focus on adsorgurface precipitate formation varies as a function of sorbe
tion and surface precipitation of metals as competing sorptitype. For example, 40 min after Ni addition, the Ni/montmo-
mechanisms at clay mineral surfaces. Adsorption is definglionite system was still in the initial stage of Ni uptake
here as a two-dimensional uptake process due to physical adsorption), while in the Ni/pyrophyllite system surface pre
chemical interactions between the metal ion and the clay sgaipitate formation had begun after 15 min, and continue
face (1). On clay minerals such as montmorillonite adsorptisapidly up to abot3 h after Ni addition. The sorbed amount of
can occur both at the edge sites, which leads to inner-sphblieexpressed on a mass basis in both systems was about
same after 40 min. An interesting consequence is that, in
pyrophyllite—montmorillonite mixture, it may be possible to
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distinguish between Ni sorption on the montmorillonite and . . Ni
pyrophyllite surfaces using XAFS spectroscopy. Studies on Ni ]j' T +
sorption in such a system may give insight as to the sorption of | pyrophytiite Montmorillonite Pyrophyllite
Ni on either surface. XAFS may be a valuable tool in studying 1 Il Montmorillonite
such systems, since it can distinguish between adsorption and, ,inuves react 40 minutes reacti

surface precipitation. Surface precipitation is indicated by the \ / 1

presence of a second neighbor Ni—Ni/Al peak in the radial
structure function (RSF) derived from XAFS data, while this
peak is absent when adsorption is the main mode of Ni uptake l l
(10, 13). Therefore, in a mixture of montmorillonite and py-
rophyllite, where surface precipitation occurs on the pyrophyl-
lite phase and adsorption on the montmorillonite phase, the
second Ni—Ni/Al peak in the RSF can be used to distinguish
between Ni surface precipitation on pyrophyllite and Ni ad-
sorption on montmorillonite. The intensity of the Ni—Ni/Al
peak in the RSF is related to the loading of surface precipitates
at the mineral surface. We hypothesize that since the intensitg kg . We assume that the onset of surface precipitation :
of the Ni—Ni/Al peak will be a function of the Ni loading ona mineral surface is dictated by the surface loading, as su
pyrophyllite, it can be used to estimate the distribution of Ni igested by Fendorf and Sparks (5). Under the same set
a pyrophyllite/montmorillonite mixture. reaction conditions (reaction pH 7.5, 0.1 M NaN®ack-
The objectives of this study were (1) to characterize Njround electrolyte, initial Ni concentration 2.3 mM) pyro-
sorption in a pyrophyllite/montmorillonite mixture; and (2) tophyllite and montmorillonite reach the same Ni loading leve
quantify the distribution of Ni between the mineral componentster a reaction time of 40 min and at a solids concentration ¢
of a pyrophyllite/montmorillonite mixture using XAFS. 10 g L™*. This loading level, expressed on a dry mass basis,
6000 mg kg'. Preliminary studies indicated that pyrophyllite
shows surface precipitation at Ni loading levels as low as 15C
mg kg already, and it therefore is well into the stage of
The preparation and characterization of the pyrophyllite astirface precipitation at a Ni loading of 6000 mg kgMont-
montmorillonite clay minerals used in this study are describexdorillonite, on the other hand, is still in the stage of adsorptio
in Scheideggeet al. (9, 10). The specific surface areas of that a loading level of 6000 mg kg. In the most extreme case,
materials were determined by both the-BET and the ethyl- Niadded to a mixture of pyrophyllite and montmorillonite will
ene glycol monoethyl ether (EGME) methods. The surfagartition to only one surface. In a 50-50 wt% mixture of
areas were 96 g™ (BET) and 95 m g' (EGME) for pyrophyllite and montmorillonite, a 6000 mg kgNi loading
pyrophyllite, and 15.2 ihg™* (BET) and 697 mg ™ (EGME) on one component @a 0 ppm Ni loading on the other
for montmorillonite. The BET method accounts for the extecomponent results in a total Ni loading of 3000 mg kipr the
nal surface area of the minerals, whereas the EGME methwoikture as a whole. Since pyrophyllite is already well into the
accounts for the external and internal surface area. For mostage of surface precipitation at a surface loading of 6000 n
morillonite, which is a swelling clay mineral, the differencekg™, whereas montmorillonite is still in the stage of adsorptior
between the EGME and BET surface areas was large, whaththis surface loading, we used total mixture loadings of 300
demonstrates the large internal surface area associated withingskg ™.
clay mineral. For pyrophyllite the variation between the two Five standard mixtures with a total Ni loading of 3000 mg
methods was small, which indicates that no significant amoukg ™ but with different distributions of Ni over the pyrophyllite
of swelling clays, such as montmorillonite, was present.  and montmorillonite components were prepared (Table 1). T
Figure 1 depicts a schematic outline of the methods usedaahieve the Ni sorption levels on the standard mixture comp
this study. The general procedure employed was to prepareemts presented in Table 1, the initial Ni concentrations (onl
“reacted mixture” and a number of “standard mixtures,” and tmontmorillonite) and the solid concentrations (both pyrophyl
compare the XAFS data of the reacted mixture versus tliee and montmorillonite) were varied, while all other experi-
standard mixtures. As shown in Fig. 1, the reacted mixture wagental conditions that affect the Ni surface loading (pH, back
prepared by reacting Ni with a clay suspension consisting gfound electrolyte, and reaction time) were kept the same. Tl
both pyrophyllite and montmorillonite, while the standard mixvalues of the initial Ni concentrations and solid concentration
tures were prepared by mixing pyrophyllite and montmorillondsed for preparation of the mixture components are given |
ite phases that had separately been reacted with Ni. All mikable 1. Solution speciation calculations performed witl
tures consisted of montmorillonite and pyrophyllite mixed in MINEQL (Westall et al., 1976) suggest that the solubility of
50%—-50% dry weight ratio, and had a total Ni loading of 300Ri(OH),(s) at the reaction conditions employed in this study i

Mix Solids 40 minutes reaction

‘ Standard Mixture ‘ ‘ Reacted Mixture ‘

N ~

FIG. 1. Schematic outline of the methods used in this study.

XAFS Analysis

MATERIALS AND METHODS
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TABLE 1
Nickel Loadings on the Pyrophyllite and Montmorillonite Components of the Standard Mixtures,
and the Distribution of Ni over the Mixture Components®

N I pyrophyllite NI montmorillonite

Loading % of [Solid]* [Ni] o¢ Loadind % of [Solid] [Ni] o
Standard mixture (mg kg™ total’ (gL™ (mM) (mg kg™ total’ (gL™ (mM)
1) 6000 100 10.0 2.3 0 0 — —
) 4000 67 225 2.3 2000 33 15.0 0.9
3) 3000 50 35.2 2.3 3000 50 19.5 1.7
(4) 2000 33 60.1 2.3 4000 67 15.0 2.0
5) 0 0 — — 6000 100 10.0 2.3

2 The Ni loading of each standard mixture was 3000 mg'ksince the pyrophyllite and montmorillonite components were mixed in a 50%-50% (dry) weig
ratio. Also given are the solid concentrations and the initial Ni concentrations that were used to prepare the mixture components.

® Ni loading on standard mixture component.

¢ Contribution (in %) of sorbed Ni on standard mixture component to total sorbed Ni in standard mixture.

4 Solid concentration.

¢ Initial Ni concentration.

reached at a Ni concentration of 7.7 mM. Based on thes& Ni over the mixture components (surface precipitates o
calculations, our systems are undersaturated with respectpyoophyllite, adsorbed species on montmorillonite); and (ii) the
Ni(OH),(s) in all cases (initial Ni concentrations2.3 mM). surface loading on the pyrophyllite phase. The first facto
There is, however, a significant variation of reported Kg accounts for the “dilution” of the Ni—Ni/Al signal as a result of
values for Ni(OH)(s) in the literature £10.99 to —18.06; the presence of adsorbed species, which is due to the fact tl
Mattigod et al. (15)), some of which would suggest oversatuXAFS provides an average bonding environment of tote
ration with respect to Ni(OHJs) in our systems at the initial sorbed Ni. The second factor accounts for the structure of tl
Ni concentrations used. A recent study by Mattigaal. (15), surface precipitates at the pyrophyllite surface. The Ni—Ni/A
investigating the solubility of Ni(OH)s) as a function of pH peak increases with increasing loading level, indicating th
and reaction time, showed that the Ni concentration in gtowth of precipitate clusters at the pyrophyllite surface witt
supersaturated solution at pH 7.5 (in a 0.01 M Nag@ck- increasing Niloading (10). By preparing the standard mixture
ground) was>3 mM even after a reaction time of 90 daysaccording to the procedure we used, both factors are accoun
Using XAFS, Scheideggeat al. (10) demonstrated that the Nifor, whereas the alternative procedure only accounts for t
removal from solution in Ni/pyrophyllite and Ni/montmoril- dilution effect.
lonite systems under identical reaction conditions as used inThe Ni sorption experiments were carried out in 0.1V
our study, was not due to Ni(Ok{¥) formation in solution at NaNQ;, and at pH 7.5, maintained using a pH-stat apparatu
any time during a 15 min to 3 month reaction time periodlhe reaction time was 40 min and the initial Ni concentration
Based on these studies, we conclude that in our systemswdire as given previously. Hydration of the clays was carrie
removal from solution is solely due to Ni sorption to the claput in two steps. First, the clays were hydrated in backgrour
mineral surface, and not due the formation of Ni(@d) in electrolyte for 24 h on a reciprocal shaker. Next, the suspensi
solution. was brought to the desired solids concentration and placed
The wet pastes of the pyrophyllite and montmorillonit¢he pH-stat apparatus. The suspension was vigorously stirr
components of the standard mixtures were not mixed untith a magnetic stir bar and purged with b eliminate CQ.
about 5 min prior to XAFS analysis, and immediately subFhe pH was maintained at pH 7.5 using 0.1 M NaOH. Aftel
merged in liquid N to avoid further reactions. The reacte® h, an appropriate amount of Ni from a 0.1 M Ni(N@stock
mixture, which also had a total Ni loading of 3000 mg kg solution was added in stepwise additions withi3 min period
was prepared at an initial Ni concentration of 2.3 mM and ta achieve the desired initial Ni concentration. After a reactiol
solid concentration of 34.7 g L. time of 40 min after the last Ni addition, the suspension wa
The Ni distributions (as % of total Ni) over the pyrophyllitecentrifuged and the supernatant was passed through @and.2
and montmorillonite phases in the standard mixtures as giverembrane filter. The filtered supernatant was analyzed for |
in Table 1 could also have been achieved by mixing pyrophyy atomic absorption spectrometry. The sorbed amount of |
lite of e.g. 6000 mg kg" with appropriate amounts of e.g. 2000vas calculated from the difference between initial and final N
mg kg * montmorillonite. It should be realized, however, thatoncentrations. Washing the remaining wet pastes to remo
the intensities of the Ni—Ni/Al peak in the radial structurentrained electrolyte was not necessary since in all samples
functions will be a function of two factors: (i) the distributionamount of Ni sorbed at the mineral surface was at least <
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times higher than the amount of Ni in the entrained electrolyte.

] A
The samples were sealed and stored in a refrigerator to keep MW M
them moist for XAFS analysis. 1
XAFS spectra were recorded at Beamline X-11A of the ] Wﬂﬂw )
National Synchroton Light Source, Brookhaven National Lab- ]
oratory, Upton, NY. The electron storage ring operated at 2,5 1 \/\f/\/"\/\M Reacted Mixture
GeV with an average beam current of 180 mA. A Si(111F 1
crystal was employed in the monochromator with a sagittall§ 7 MW @
focused beam. A 0.5 mm premonochromator slit width was . \/\/\/\/‘\‘VJ\\}‘/‘“\ @
used. The height of the entrance slit was readjusted as neces- ]
sary to compensate for vertical motion of the stored electron ] W\W )
beam. Higher order harmonics were suppressed by detuning {
25% from the maximum beam intensity. o 5 4 6 8 10 12 14 16 18
The beam energy was calibrated by assigning the first in-
flection on the K-absorption edge of a nickel metal foil to an
energy of 8333 eV. The spectra were collected in fluorescence
mode using a Lytle detector. The samples were placed at a 45°
angle to the incident beam, and a wide-angle collector with the
ionization chamber was located at 45° off the sample (i.e., 90§
off the incident beam). Fill-gases used were fidr the Lytle §0
detector and Ar for theyldetector. A Co filter and Soller slits ‘2“
were placed between the sample and the detector to reduge
elastically scattered X-rays entering the fluorescence detectcs.
The spectra were collected at 77 K to reduce damping of th§
XAFS oscillation by thermal disorder. The samples wereg
packed into stainless steel sample holders, and mounted oh%a
Cu cold finger that was connected to a liquid fdservoir. To =
eliminate the possibility of an XAFS contribution from impu- AN g m
rities in the sample holder, the sample holder was wrappedin ¢ {1 2 3 4 5 6 7 8 9
Pb foil. To minimize the heat transfer imposed on the cold R (A)

finger, samples were precooled by immersion into liquiday

. . . . . . 3 1 1 T
several min prior to analysis. Scans were collected in triplicate” G- 2- (A) The k* weightedy functions of the reacted mixture and the
to improve the signal to noise ratio standard mixtures. The standard mixtures are numbered as in Table 1. (

. . . . Comparison of the measured (solid lines) and the fitted (dotted lines) radi
Background subtraction and Fourier filtering were acconggycture functions (uncorrected for phase shift) of the reacted mixture and t

plished with the program MacXAFS 4.0. Thefunction was standard mixtures. For all radial structure functions, Fourier transformatio

extracted from the raw data by using a linear pre-edge baates performed ovenk = 3.2 — 13.6 A™*. The standard mixtures are

ground and a spline post-edge background, and normalizfifjrbered as in Table 1.

the edge to unity. The data were then converted from energy to

k space and weighted Hy to compensate for the damping ofradial structure function of this sample. The only constrain
the XAFS amplitude with increasinig Structural parameters ysed in the fitting procedure was to fix the Debye—Walle
were extracted with fits to the standard EXAFS equatidn. factors of the Ni—Ni and Ni—Al shells at 0.005AThe Ry,
initio amplitude and phase functions for single shells weghd R, ,, are estimated to be accurate 1®.02 A, and the
calculated using the FEFF6 code, in combination with ATNNi—O and N nioni values are estimated to be accuratett®0%.
OMS. Reference compounds used wgrdli(OH), (Johnson The estimated accuracies fbk,_, and Ry, are =60% and
Mattey Co.) and takovite (NAI,(OH),,CO; - H,O; Kambalda +0.06 A, respectively. The accuracy estimates are based on'
W.A., Australia). The amplitude of the theoretical data wagsults of theoretical fits to spectra of reference compounds
additionally adjusted by a factor determined from fits to thehown structure. A discussion on the fitting procedure em

experimental data for the reference compounds. In all cagf#gyed here and the accuracy estimates is given in Scheideg
except standard mixture 5 (Table 1), multishell fitting was dong al. (10).

in R space over the rang&R = 1.07-3.12 Awith Ak =

3.2-13.6 A'. For standard mixture (5), we useliR = RESULTS AND DISCUSSION

1.07-2.30 Awith Ak = 3.2-13.6 A*. The smalleRR range

for this sample, where all the Ni is sorbed on the montmoril- Figure 2 shows th&® weighted y functions (Fig. 2a) and
lonite component, is due to the absence of a second shell in tadial structure functions of the reacted mixture and the sta

= (D
(€3]

== Reacted Mixture
(3)
C))
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TABLE 2

Structural Parameters Derived from XAFS Analysis for the Reacted Mixture and the Standard Mixtures;
The Standard Mixtures Are Numbered as in Table 1

Ni-O Ni—Ni Ni—Al

Mixture N R (A)° o (R?)° N R (R) o (R?)¢ N R (A) o (R?)¢
(1) 6.2 2.05 0.0035 5.3 3.05 0.0050 2.9 3.05 0.0050
) 6.1 2.05 0.0032 3.0 3.05 0.0050 1.2 3.06 0.0050
Reacted mixture 6.1 2.05 0.0030 2.8 3.05 0.0050 1.2 3.12 0.005(
(3) 5.8 2.05 0.0025 2.4 3.04 0.0050 2.1 3.08 0.0050
(4) 5.7 2.05 0.0027 1.3 3.04 0.0050 1.6 3.09 0.0050
(5) 6.3 2.05 0.0033

* Coordination number.

® Interatomic distance.

° Debye—Waller factor.

4 The Debye-Waller factors of the Ni-Ni and Ni—Al shell were fixed at 0.0030 A

dard mixtures (Fig. 2b). The solid lines in Fig. 2b represent tlwontributes to the second peak in the RSF’'s. However, tf
Fourier transforms of the measured data, and the dotted limesuracy oNy,_, (=60%) is poor compared 8,y (£20%).
those of the theoretical spectra derived with parameters fromWe hypothesized that the intensity of the second Ni—Ni/A
the fitting procedure. A good agreement between the Fourjggak in the RSF’s can be used to estimate the distribution of |
transformed XAFS functions and the theoretical fits is otpver the pyrophyllite and montmorillonite components in the
served. reacted mixture. The intensity of the Ni—Ni/Al peak is reflectec

Figure 2b shows that the intensity of the first (Ni-O) peak i§ the value ofNy._ obtained from the theoretical fit of the
the same for all mixtures. For the standard mixtures, theAFS data, and is a measure for the amount of Ni sorbed c
intensity of the second (Ni-Ni/Al) peak increases significantfe pyrophyllite component. Since the fractions of total N
with increasing fraction of Ni loading associated with th@ssociated with the pyrophyllite component (%gNiyiw) are
pyrophyllite component. The intensity of the second peak kfpown for the standard mixtures (Table 1), we plotted thes
the reacted mixture is smaller than that of standard mixturevlues as a function dfiy.,; obtained from the theoretical fits
(67% Ni on pyrophyllite), but larger than that of standaré® the XAFS data (Fig. 3). A I|rlear relation betweerl cheS(
mixture 3 (50% Ni on pyrophyliite). This indicates that in the/ariables is observed (%oNbpnyie = 186Ny + 5.26;R
reacted mixture the amount of Ni sorbed on the pyrophyllite is

between 50% and 67% of the total sorbed Ni. Figure 2 also 4qqJ ___.__
shows peaks beyond the second shelRat 5-6 A. These e
result from multiple scattering among Ni atoms (8, 13), which .
was not characterized in the data analysis for this study. T Reacted Mixture .

In Table 2, the structural parameters derived from the XAFS T \\_._._
data are presented. The coordination number N of a given shellg 60 e
is related to the intensity of the shell peak in the radial structure i: ! +
functions. The coordination number of the first sh&l\(o) is 540_ o
about 6 for all samples, indicating that Ni is present in anz ] -o-
octahedral environment, surroundegl®O atoms. The Ni-O & | ToNi ;o= 18-64* Ny, +5.26
bond distance (2.05 A) is the same in all samples. 20 ”

The fit results of the second coordination shell show that the - R'=0.98
number of second neighbor Ni atomi,{_;) increases with 0 "? . . . T . '
increasing fraction of Ni associated with the pyrophyllite phase 0 1 2 3 4 5 6
in the standard mixtures. For the reacted mixture, 2.8 Ni atoms N

were fit in the second shell. As observed in the RSF’s, this

number falls between standard mixture |\2N£Ni - 3_0) and FIG. 3. Plot of the % of total sorbed Ni associated with the pyrophyllite
. _ N " component as a function dfy_; derived from XAFS analysis for the standard

standard ”_“Xture 3N""’[‘" = 2.4). The Ni-Ni bor_]d distance mixtures. The dashed line represents the best fit to the data. Error bars indic

(=3.05 A) is the same in all samples. No trend is observed 4 accuracy£20%) of theNy.y coordination numbers derived from EXAFS

the Nyi_» numbers of the third coordination shell, which als@ata fitting.
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TABLE 3 levels are higher than the estimated loading levels on tt

Regression Statistics of the Relation between %Ni,onue  pyrophyllite and montmorillonite surface in the reacted mix:
and Ny Derived from the XAFS Results of the 5 Standard  ture (3450 and 2550 mg kg respectively) due to the absence
Mixtures of a competing surface in the singly reacted systems. By takir
the ratio of Ni sorption on pyrophyllite to Ni sorption on

Mean Standard error p level . . . .
montmorillonite for the singly reacted systems, it is found tha
Slope 18.64 1.40 0.0009 Singly reacted pyrophyllite sorbs 1.2 times as much Ni a
Intercept 5.26 4.10 0.30 singly reacted montmorillonite. In the reacted mixture, Ni

sorption on pyrophyllite was estimated to be 1.4 times as hig
as Ni sorption on montmorillonite. The 95% confidence inter
= 0.98). Theregression statistics of this equation are presl of this estimate is 1.0-1.9. The value of 1.2 calculated fc
sented in Table 3. By applying this relation to the reactdate single clay mineral systems falls in this interval, indicating
mixture Ny = 2.8; Table 2), the total Ni sorbed on thethat there are no significant differences in this ratio between t
pyrophyllite component in the reacted mixture is estimated sihgly reacted systems and the reacted mixture. This sugge
(57.5 = 8)%, where 57.5% is the mean andB% defines the that the affinity of Ni for the montmorillonite and pyrophyllite
95% confidence interval of the estimate. This corresponds te@face is similar in the reacted mixture and the single miner:
Ni loading of 3450 mg k@' (95% confidence interval: 2970—systems. Nickel surface precipitation on the pyrophyllite phas
3930 mg kg') on the pyrophyllite phase, and a Ni loading ofs found to be more effective than Ni adsorption on the mont
2550 mg kg* (95% confidence interval: 2070-3030 mg Ky morillonite phase in the reacted mixture, which is consister
on the montmorillonite phase. Thus, the pyrophyllite compavith the results from the single clay mineral systems. Wi
nent sorbs 1.4 times (95% confidence interval: 1.0-1.9) esnclude, therefore, that the mechanisms of adsorption
much Ni as the montmorillonite component, which suggestsontmorillonite and surface precipitation on pyrophyllite are
that it is slightly more competitive for Ni uptake than thecompeting for Ni uptake in the reacted mixture, and tha
montmorillonite component in the reacted mixture under theeither mechanism truly out-competes the other in the reactic
reaction conditions used. time of 40 min employed in this study. Thus, when modeling
The initiation of surface precipitation on the pyrophylliteNi sorption results for systems similar to our pyrophyllite-
surface occurs at low surface loadings1600 mg kg'). montmorillonite mixture, both surface precipitation and ad
However, since we used pyrophyllite samples with Ni loadingsorption should be considered. Over longer reaction time
=6000 mg kg*, it is likely that also significant amounts of (time scales of days), surface precipitation is expected to occ
adsorbed Ni were present at the pyrophyllite surface. We were both the pyrophyllite and montmorillonite phase based o
not able to distinguish between adsorbed Ni and Ni presenttire results of Scheidegget al. (10). At these longer reaction
Ni/Al hydroxide precipitates at the pyrophyllite surface in outimes, therefore, surface precipitation is expected to be tl
XAFS data. The Ni loading on the pyrophyllite phase of themain mode of Ni uptake in the pyrophyllite—montmorillonite
reacted mixture was estimated to be 3450 mg'kgvhich mixture.
indicates that a substantial amount55%) of total Ni sorbed
on the pyrophyllite phase in the reacted mixture is in the form CONCLUSIONS
of surface precipitates. This suggests that the surface precipi-
tation mechanism at the pyrophyllite surface is more effectiveIn this study we were able to apply XAFS as a tool to
for Ni uptake than the adsorption mechanism at the montmaistinguish sorption mechanisms on different clay minerals
rillonite surface in the reacted mixture under the reacticand to estimate the distribution of Ni between the minere
conditions employed in this study. phases in a 1:1 mixture of pyrophyllite and montmorillonite.
For further evaluation of the Ni sorption behavior in ouiThe results suggest that the pyrophyllite component is mol
mixed system, we carried out two single mineral sorptiocompetitive for Ni uptake than the montmorillonite compo-
studies, where montmorillonite and pyrophyllite were sepaent. In terms of sorption mechanisms, this suggests that st
rately reacted under the same reaction conditions as the reaéteg precipitation on the pyrophyllite phase is a more effectiv
mixture (0.1 M NaNQ background electrolyte; pH 7.5; reac-mechanism for Ni uptake than adsorption at the montmorillor
tion time = 40 min, initial Ni concentratior= 2.3 mM), except ite surface under the reaction conditions used in this study. Tt
for the solids concentration, which was 17.4 g LThis solids partitioning of Ni over the mixture components was found tc
concentration was used because it is half the total solids cdre similar to what would be expected for single clay minera
centration of the 50-50 wt% reacted mixture, and thus equalsrption results for the mixture components, which indicate
the solids concentration of either mineral in the reacted mitat both adsorption on montmorillonite and surface precipite
ture. Under these reaction conditions, pyrophyllite reaches atitin on pyrophyllite are important mechanisms for Ni uptake ir
loading level of 4728 mg kg, and montmorillonite a Ni the clay mixture during the reaction time of 40 min employec
loading level of 3952 mg kg. As expected, these loadingin this study.
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