
r
r
r
p
t
o
a
m
d
w
u
s
X
p
m
t
o
m
m
w

s

f
n
a
u
f
m
m
t
m
h
c
f
c

Journal of Colloid and Interface Science213,506–512 (1999)
Article ID jcis.1999.6161, available online at http://www.idealibrary.com on

0
C
A

Nickel Sorption Mechanisms in a Pyrophyllite–Montmorillonite Mixture

Evert J. Elzinga1 and Donald L. Sparks

Department of Plant and Soil Sciences, University of Delaware, Newark, Delaware 19717-1303

E-mail: elzinga@udel.edu

Received October 6, 1998; accepted February 17, 1999
ofte
ts
ral
fo

cce
ed
tio

orp
ptio
fine
l a
su
tio

phe

m clay
m ecent
s iques
s FS),
X pec-
t ros-
c on of
h rma-
t face
p ) have
b etical
m the
f cted
b ). In
t d by
S as
a

orp-
t . At
l nd as
s ct en-
t ding
f inant
m ems,
s nsec-
u the
m tion,
a echa-
n

ite,
m
( de
s bent
t o-
r ke
( re-
c ued
r of
N ut the
s in a
Nickel sorption on pyrophyllite, montmorillonite and a 1:1 py-
ophyllite–montmorillonite mixture was studied at pH 7.5 and a
eaction time of 40 min. The main modes of Ni uptake under these
eaction conditions are adsorption on montmorillonite and surface
recipitation on pyrophyllite. For the clay mixture, where adsorp-
ion on the montmorillonite component and surface precipitation
n the pyrophyllite component compete for Ni uptake, X-ray
bsorption fine structure spectroscopy (XAFS) was used to esti-
ate the distribution of Ni over the mixture components. This was

one by comparison to pyrophyllite–montmorillonite mixtures
ith known Ni distributions over the mixture components. Nickel
ptake on singly reacted pyrophyllite was slightly higher than on
ingly reacted montmorillonite. This was consistent with the
AFS results for the clay mixture, which suggested that the
yrophyllite component sorbed slightly more Ni than the mont-
orillonite component. Our findings suggested that both adsorp-

ion and surface precipitation were important mechanisms in the
verall Ni uptake in the clay mixture, and that neither sorption
echanism truly out-competed the other in the reaction time of 40
in employed. Therefore, both mechanisms should be considered
hen modeling Ni sorption in similar systems. © 1999 Academic Press

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

INTRODUCTION

Experimental studies on metal sorption mechanisms
ocus on pure single-mineral sorbents. However, sorben
atural systems are complex mixtures of a variety of mine
nd as a result, a variety of sorbents will be competing
ptake of metals added to such systems. Therefore, to su

ully model and predict the fate of metals in soils and s
ents, insight into the competitiveness of available sorp
echanisms is crucial. In this study, we will focus on ads

ion and surface precipitation of metals as competing sor
echanisms at clay mineral surfaces. Adsorption is de
ere as a two-dimensional uptake process due to physica
hemical interactions between the metal ion and the clay
ace (1). On clay minerals such as montmorillonite adsorp
an occur both at the edge sites, which leads to inner-s

1
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etal complexes, and at the planar (internal) sites of the
ineral, which results in outer-sphere metal complexes. R

tudies using surface spectroscopic and microscopic techn
uch as X-ray absorption fine structure spectroscopy (XA
-ray photo electron spectroscopy (XPS), Auger electron s

roscopy, scanning electron microscopy, atomic force mic
opy, and TEM have shown that in many cases the sorpti
eavy metals on clay and oxide surfaces results in the fo

ion of three-dimensional multinuclear or polynuclear sur
hases (2–10). Such surface phases (surface precipitates
een observed at surface metal loadings far below a theor
onolayer, and in a pH range well below the pH where

ormation of metal hydroxide precipitates would be expe
ased on the thermodynamic solubility product (4, 7, 9–12

he case of Ni sorption on clay mineral surfaces describe
cheideggeret al.(10), the surface precipitate was identified
mixed Ni/Al–hydroxide phase.
It is believed that there is a continuum between Ni ads

ion and Ni surface precipitation at clay mineral surfaces
ow surface coverage surface complexation dominates, a
urface coverage increases nucleation occurs and distin
ities or aggregates form at the surface. As surface loa
urther increases surface precipitation becomes the dom
echanism (1, 5). Thus, in single mineral sorption syst

urface precipitation and adsorption are thought to be co
tive metal uptake mechanisms. Adsorption is most likely
echanism responsible for the initial fast stage of Ni sorp
nd surface precipitation appears to be an important m
ism controlling the slower stage of Ni uptake.
Time-resolved XAFS studies of Ni sorption on pyrophyll
ontmorillonite, and gibbsite, presented by Scheideggeret al.

10), showed that the initiation of mixed Ni/Al–hydroxi
urface precipitate formation varies as a function of sor
ype. For example, 40 min after Ni addition, the Ni/montm
illonite system was still in the initial stage of Ni upta
adsorption), while in the Ni/pyrophyllite system surface p
ipitate formation had begun after 15 min, and contin
apidly up to about 3 h after Ni addition. The sorbed amount
i expressed on a mass basis in both systems was abo
ame after 40 min. An interesting consequence is that,

yrophyllite–montmorillonite mixture, it may be possible to
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507NICKEL SORPTION IN A MINERAL MIXTURE
istinguish between Ni sorption on the montmorillonite
yrophyllite surfaces using XAFS spectroscopy. Studies o
orption in such a system may give insight as to the sorptio
i on either surface. XAFS may be a valuable tool in study
uch systems, since it can distinguish between adsorptio
urface precipitation. Surface precipitation is indicated by
resence of a second neighbor Ni–Ni/Al peak in the ra
tructure function (RSF) derived from XAFS data, while
eak is absent when adsorption is the main mode of Ni up
10, 13). Therefore, in a mixture of montmorillonite and
ophyllite, where surface precipitation occurs on the pyrop
ite phase and adsorption on the montmorillonite phase
econd Ni–Ni/Al peak in the RSF can be used to disting
etween Ni surface precipitation on pyrophyllite and Ni
orption on montmorillonite. The intensity of the Ni–Ni/
eak in the RSF is related to the loading of surface precipi
t the mineral surface. We hypothesize that since the inte
f the Ni–Ni/Al peak will be a function of the Ni loading o
yrophyllite, it can be used to estimate the distribution of N
pyrophyllite/montmorillonite mixture.
The objectives of this study were (1) to characterize

orption in a pyrophyllite/montmorillonite mixture; and (2)
uantify the distribution of Ni between the mineral compon
f a pyrophyllite/montmorillonite mixture using XAFS.

MATERIALS AND METHODS

The preparation and characterization of the pyrophyllite
ontmorillonite clay minerals used in this study are descr

n Scheideggeret al. (9, 10). The specific surface areas of
aterials were determined by both the N2-BET and the ethyl
ne glycol monoethyl ether (EGME) methods. The sur
reas were 96 m2 g21 (BET) and 95 m2 g21 (EGME) for
yrophyllite, and 15.2 m2 g21 (BET) and 697 m2 g21 (EGME)

or montmorillonite. The BET method accounts for the ex
al surface area of the minerals, whereas the EGME me
ccounts for the external and internal surface area. For m
orillonite, which is a swelling clay mineral, the differen
etween the EGME and BET surface areas was large, w
emonstrates the large internal surface area associated w
lay mineral. For pyrophyllite the variation between the
ethods was small, which indicates that no significant am
f swelling clays, such as montmorillonite, was present.
Figure 1 depicts a schematic outline of the methods us

his study. The general procedure employed was to prep
reacted mixture” and a number of “standard mixtures,” an
ompare the XAFS data of the reacted mixture versus
tandard mixtures. As shown in Fig. 1, the reacted mixture
repared by reacting Ni with a clay suspension consistin
oth pyrophyllite and montmorillonite, while the standard m

ures were prepared by mixing pyrophyllite and montmoril
te phases that had separately been reacted with Ni. All
ures consisted of montmorillonite and pyrophyllite mixed

0%–50% dry weight ratio, and had a total Ni loading of 300N
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g kg21. We assume that the onset of surface precipitatio
mineral surface is dictated by the surface loading, as

ested by Fendorf and Sparks (5). Under the same s
eaction conditions (reaction pH 7.5, 0.1 M NaNO3 back-
round electrolyte, initial Ni concentration5 2.3 mM) pyro-
hyllite and montmorillonite reach the same Ni loading le
fter a reaction time of 40 min and at a solids concentratio
0 g L21. This loading level, expressed on a dry mass bas
000 mg kg21. Preliminary studies indicated that pyrophyl
hows surface precipitation at Ni loading levels as low as 1
g kg21 already, and it therefore is well into the stage

urface precipitation at a Ni loading of 6000 mg kg21. Mont-
orillonite, on the other hand, is still in the stage of adsorp
t a loading level of 6000 mg kg21. In the most extreme cas
i added to a mixture of pyrophyllite and montmorillonite w
artition to only one surface. In a 50–50 wt% mixture
yrophyllite and montmorillonite, a 6000 mg kg21 Ni loading
n one component and a 0 ppm Ni loading on the oth
omponent results in a total Ni loading of 3000 mg kg21 for the
ixture as a whole. Since pyrophyllite is already well into

tage of surface precipitation at a surface loading of 6000
g21, whereas montmorillonite is still in the stage of adsorp
t this surface loading, we used total mixture loadings of 3
g kg21.
Five standard mixtures with a total Ni loading of 3000

g21 but with different distributions of Ni over the pyrophylli
nd montmorillonite components were prepared (Table 1
chieve the Ni sorption levels on the standard mixture com
ents presented in Table 1, the initial Ni concentrations (
ontmorillonite) and the solid concentrations (both pyrop

ite and montmorillonite) were varied, while all other expe
ental conditions that affect the Ni surface loading (pH, b
round electrolyte, and reaction time) were kept the same
alues of the initial Ni concentrations and solid concentrat
sed for preparation of the mixture components are give
able 1. Solution speciation calculations performed w
INEQL (Westall et al., 1976) suggest that the solubility

FIG. 1. Schematic outline of the methods used in this study.
0i(OH)2(s) at the reaction conditions employed in this study is
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508 ELZINGA AND SPARKS
eached at a Ni concentration of 7.7 mM. Based on t
alculations, our systems are undersaturated with respe
i(OH)2(s) in all cases (initial Ni concentrations#2.3 mM).
here is, however, a significant variation of reported logK sp

alues for Ni(OH)2(s) in the literature (210.99 to 218.06;
attigod et al. (15)), some of which would suggest oversa

ation with respect to Ni(OH)2(s) in our systems at the initi
i concentrations used. A recent study by Mattigodet al. (15),

nvestigating the solubility of Ni(OH)2(s) as a function of pH
nd reaction time, showed that the Ni concentration
upersaturated solution at pH 7.5 (in a 0.01 M NaClO4 back-
round) was.3 mM even after a reaction time of 90 da
sing XAFS, Scheideggeret al. (10) demonstrated that the

emoval from solution in Ni/pyrophyllite and Ni/montmor
onite systems under identical reaction conditions as us
ur study, was not due to Ni(OH)2(s) formation in solution a
ny time during a 15 min to 3 month reaction time per
ased on these studies, we conclude that in our system

emoval from solution is solely due to Ni sorption to the c
ineral surface, and not due the formation of Ni(OH)2(s) in

olution.
The wet pastes of the pyrophyllite and montmorillon

omponents of the standard mixtures were not mixed
bout 5 min prior to XAFS analysis, and immediately s
erged in liquid N2 to avoid further reactions. The reac
ixture, which also had a total Ni loading of 3000 mg kg21,
as prepared at an initial Ni concentration of 2.3 mM an
olid concentration of 34.7 g L21.
The Ni distributions (as % of total Ni) over the pyrophyll

nd montmorillonite phases in the standard mixtures as g
n Table 1 could also have been achieved by mixing pyrop
ite of e.g. 6000 mg kg21 with appropriate amounts of e.g. 20

g kg21 montmorillonite. It should be realized, however, t
he intensities of the Ni–Ni/Al peak in the radial struct

TAB
Nickel Loadings on the Pyrophyllite and Montm

and the Distribution of Ni o

Standard mixture

Nipyrophyllite

Loadingb

(mg kg21)
% of
totalc

[Solid]d

(g L21)

(1) 6000 100 10.0
(2) 4000 67 22.5
(3) 3000 50 35.2
(4) 2000 33 60.1
(5) 0 0 —

a The Ni loading of each standard mixture was 3000 mg kg21, since the pyr
atio. Also given are the solid concentrations and the initial Ni concentr

b Ni loading on standard mixture component.
c Contribution (in %) of sorbed Ni on standard mixture component to
d Solid concentration.
e Initial Ni concentration.
unctions will be a function of two factors: (i) the distributiona
e
to

-

a

in

.
Ni

til
-

a

en
l-

t

f Ni over the mixture components (surface precipitates
yrophyllite, adsorbed species on montmorillonite); and (ii)
urface loading on the pyrophyllite phase. The first fa
ccounts for the “dilution” of the Ni–Ni/Al signal as a result

he presence of adsorbed species, which is due to the fac
AFS provides an average bonding environment of t
orbed Ni. The second factor accounts for the structure o
urface precipitates at the pyrophyllite surface. The Ni–N
eak increases with increasing loading level, indicating
rowth of precipitate clusters at the pyrophyllite surface w

ncreasing Ni loading (10). By preparing the standard mixt
ccording to the procedure we used, both factors are acco

or, whereas the alternative procedure only accounts fo
ilution effect.
The Ni sorption experiments were carried out in 0.
aNO3, and at pH 7.5, maintained using a pH-stat appar
he reaction time was 40 min and the initial Ni concentrat
ere as given previously. Hydration of the clays was ca
ut in two steps. First, the clays were hydrated in backgro
lectrolyte for 24 h on a reciprocal shaker. Next, the suspe
as brought to the desired solids concentration and place

he pH-stat apparatus. The suspension was vigorously s
ith a magnetic stir bar and purged with N2 to eliminate CO2.
he pH was maintained at pH 7.5 using 0.1 M NaOH. A
h, an appropriate amount of Ni from a 0.1 M Ni(NO3)2 stock

olution was added in stepwise additions within a 3 min period
o achieve the desired initial Ni concentration. After a reac
ime of 40 min after the last Ni addition, the suspension
entrifuged and the supernatant was passed through a 0mm
embrane filter. The filtered supernatant was analyzed f
y atomic absorption spectrometry. The sorbed amount o
as calculated from the difference between initial and fina
oncentrations. Washing the remaining wet pastes to re
ntrained electrolyte was not necessary since in all sample

1
illonite Components of the Standard Mixtures,
the Mixture Componentsa

Nimontmorillonite

[Ni] 0
e

(mM)
Loadingb

(mg kg21)
% of
totalc

[Solid]d

(g L21)
[Ni] 0

e

(mM)

2.3 0 0 — —
2.3 2000 33 15.0 0.
2.3 3000 50 19.5 1.
2.3 4000 67 15.0 2.

— 6000 100 10.0 2.3

yllite and montmorillonite components were mixed in a 50%–50% (dry) w
ns that were used to prepare the mixture components.

l sorbed Ni in standard mixture.
LE
or

ver

oph
atio

tota
mount of Ni sorbed at the mineral surface was at least 40
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509NICKEL SORPTION IN A MINERAL MIXTURE
imes higher than the amount of Ni in the entrained electro
he samples were sealed and stored in a refrigerator to

hem moist for XAFS analysis.
XAFS spectra were recorded at Beamline X-11A of
ational Synchroton Light Source, Brookhaven National L
ratory, Upton, NY. The electron storage ring operated a
eV with an average beam current of 180 mA. A Si(1
rystal was employed in the monochromator with a sagit
ocused beam. A 0.5 mm premonochromator slit width
sed. The height of the entrance slit was readjusted as n
ary to compensate for vertical motion of the stored elec
eam. Higher order harmonics were suppressed by det
5% from the maximum beam intensity.
The beam energy was calibrated by assigning the firs

ection on the K-absorption edge of a nickel metal foil to
nergy of 8333 eV. The spectra were collected in fluoresc
ode using a Lytle detector. The samples were placed at
ngle to the incident beam, and a wide-angle collector with

onization chamber was located at 45° off the sample (i.e.
ff the incident beam). Fill-gases used were N2 for the Lytle
etector and Ar for the I0 detector. A Co filter and Soller sli
ere placed between the sample and the detector to r
lastically scattered X-rays entering the fluorescence det
he spectra were collected at 77 K to reduce damping o
AFS oscillation by thermal disorder. The samples w
acked into stainless steel sample holders, and mounted
u cold finger that was connected to a liquid N2 reservoir. To
liminate the possibility of an XAFS contribution from imp
ities in the sample holder, the sample holder was wrapp
b foil. To minimize the heat transfer imposed on the c
nger, samples were precooled by immersion into liquid N2 for
everal min prior to analysis. Scans were collected in tripli
o improve the signal to noise ratio.

Background subtraction and Fourier filtering were acc
lished with the program MacXAFS 4.0. Thex function was
xtracted from the raw data by using a linear pre-edge b
round and a spline post-edge background, and norma

he edge to unity. The data were then converted from ener
space and weighted byk3 to compensate for the damping

he XAFS amplitude with increasingk. Structural paramete
ere extracted with fits to the standard EXAFS equationAb

nitio amplitude and phase functions for single shells w
alculated using the FEFF6 code, in combination with
MS. Reference compounds used wereb-Ni(OH)2 (Johnson
attey Co.) and takovite (Ni6Al 2(OH)16CO3 z H2O; Kambalda
.A., Australia). The amplitude of the theoretical data

dditionally adjusted by a factor determined from fits to
xperimental data for the reference compounds. In all c
xcept standard mixture 5 (Table 1), multishell fitting was d

n R space over the rangeDR 5 1.07–3.12 Åwith Dk 5
.2–13.6 Å21. For standard mixture (5), we usedDR 5
.07–2.30 Åwith Dk 5 3.2–13.6 Å21. The smallerR range

or this sample, where all the Ni is sorbed on the montm

onite component, is due to the absence of a second shell in r
e.
ep
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adial structure function of this sample. The only constr
sed in the fitting procedure was to fix the Debye–Wa

actors of the Ni–Ni and Ni–Al shells at 0.005 Å2. The RNi–O

nd RNi–Ni are estimated to be accurate to60.02 Å, and the
Ni–O andNNi–Ni values are estimated to be accurate to620%.
he estimated accuracies forNNi–Al and RNi–Al are 660% and
0.06 Å, respectively. The accuracy estimates are based o

esults of theoretical fits to spectra of reference compoun
nown structure. A discussion on the fitting procedure
loyed here and the accuracy estimates is given in Scheid
t al. (10).

RESULTS AND DISCUSSION

Figure 2 shows thek3 weightedx functions (Fig. 2a) an

FIG. 2. (A) The k3 weightedx functions of the reacted mixture and
tandard mixtures. The standard mixtures are numbered as in Table
omparison of the measured (solid lines) and the fitted (dotted lines)
tructure functions (uncorrected for phase shift) of the reacted mixture a
tandard mixtures. For all radial structure functions, Fourier transform
as performed overDk 5 3.2 2 13.6 Å21. The standard mixtures a
umbered as in Table 1.
theadial structure functions of the reacted mixture and the stan-
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510 ELZINGA AND SPARKS
ard mixtures (Fig. 2b). The solid lines in Fig. 2b represen
ourier transforms of the measured data, and the dotted

hose of the theoretical spectra derived with parameters
he fitting procedure. A good agreement between the Fo
ransformed XAFS functions and the theoretical fits is
erved.
Figure 2b shows that the intensity of the first (Ni–O) pea

he same for all mixtures. For the standard mixtures,
ntensity of the second (Ni–Ni/Al) peak increases significa
ith increasing fraction of Ni loading associated with
yrophyllite component. The intensity of the second pea

he reacted mixture is smaller than that of standard mixtu
67% Ni on pyrophyllite), but larger than that of stand
ixture 3 (50% Ni on pyrophyllite). This indicates that in

eacted mixture the amount of Ni sorbed on the pyrophylli
etween 50% and 67% of the total sorbed Ni. Figure 2
hows peaks beyond the second shell atR 5 5–6 Å. These
esult from multiple scattering among Ni atoms (8, 13), wh
as not characterized in the data analysis for this study.
In Table 2, the structural parameters derived from the X

ata are presented. The coordination number N of a given
s related to the intensity of the shell peak in the radial struc
unctions. The coordination number of the first shell (NNi–O) is
bout 6 for all samples, indicating that Ni is present in
ctahedral environment, surrounded by 6 O atoms. The Ni–O
ond distance (2.05 Å) is the same in all samples.
The fit results of the second coordination shell show tha

umber of second neighbor Ni atoms (NNi–Ni) increases wit
ncreasing fraction of Ni associated with the pyrophyllite ph
n the standard mixtures. For the reacted mixture, 2.8 Ni a
ere fit in the second shell. As observed in the RSF’s,
umber falls between standard mixture 2 (NNi–Ni 5 3.0), and
tandard mixture 3 (NNi–Ni 5 2.4). The Ni–Ni bond distanc
'3.05 Å) is the same in all samples. No trend is observe

TAB
Structural Parameters Derived from XAFS Analysis

The Standard Mixtures A

Mixture

Ni–O

Na R (Å) b s2 (Å2)c N

(1) 6.2 2.05 0.0035 5.
(2) 6.1 2.05 0.0032 3.

eacted mixture 6.1 2.05 0.0030 2
(3) 5.8 2.05 0.0025 2.
(4) 5.7 2.05 0.0027 1.
(5) 6.3 2.05 0.0033

a Coordination number.
b Interatomic distance.
c Debye–Waller factor.
d The Debye–Waller factors of the Ni–Ni and Ni–Al shell were fixed a
he NNi–Al numbers of the third coordination shell, which alsod
e
es
m
er
-

s
e
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f
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s
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e

e
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ontributes to the second peak in the RSF’s. However
ccuracy ofNNi–Al (660%) is poor compared toNNi–Ni (620%).
We hypothesized that the intensity of the second Ni–N

eak in the RSF’s can be used to estimate the distribution
ver the pyrophyllite and montmorillonite components in
eacted mixture. The intensity of the Ni–Ni/Al peak is reflec
n the value ofNNi–Ni obtained from the theoretical fit of th
AFS data, and is a measure for the amount of Ni sorbe

he pyrophyllite component. Since the fractions of total
ssociated with the pyrophyllite component (%Nipyrophyllite) are
nown for the standard mixtures (Table 1), we plotted th
alues as a function ofNNi–Ni obtained from the theoretical fi
o the XAFS data (Fig. 3). A linear relation between th
ariables is observed (%Nipyrophyllite 5 18.64NNi–Ni 1 5.26; R2

2
r the Reacted Mixture and the Standard Mixtures;
Numbered as in Table 1

Ni–Ni Ni–Al

R (Å) s2 (Å2)d N R (Å) s2 (Å2)d

3.05 0.0050 2.9 3.05 0.00
3.05 0.0050 1.2 3.06 0.00

3.05 0.0050 1.2 3.12 0.0
3.04 0.0050 2.1 3.08 0.00
3.04 0.0050 1.6 3.09 0.00

.0050 Å2.

FIG. 3. Plot of the % of total sorbed Ni associated with the pyrophy
omponent as a function ofNNi–Ni derived from XAFS analysis for the standa
ixtures. The dashed line represents the best fit to the data. Error bars i

he accuracy (620%) of theNNi–Ni coordination numbers derived from EXAF
LE
fo

re

3
0
.8

4
3

ata fitting.
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0.98). Theregression statistics of this equation are
ented in Table 3. By applying this relation to the rea
ixture (NNi–Ni 5 2.8; Table 2), the total Ni sorbed on t
yrophyllite component in the reacted mixture is estimate
57.56 8)%, where 57.5% is the mean and68% defines th
5% confidence interval of the estimate. This corresponds
i loading of 3450 mg kg21 (95% confidence interval: 2970
930 mg kg21) on the pyrophyllite phase, and a Ni loading
550 mg kg21 (95% confidence interval: 2070–3030 mg kg21)
n the montmorillonite phase. Thus, the pyrophyllite com
ent sorbs 1.4 times (95% confidence interval: 1.0–1.9
uch Ni as the montmorillonite component, which sugg

hat it is slightly more competitive for Ni uptake than
ontmorillonite component in the reacted mixture under

eaction conditions used.
The initiation of surface precipitation on the pyrophyl

urface occurs at low surface loadings (,1500 mg kg21).
owever, since we used pyrophyllite samples with Ni load
6000 mg kg21, it is likely that also significant amounts
dsorbed Ni were present at the pyrophyllite surface. We
ot able to distinguish between adsorbed Ni and Ni prese
i/Al hydroxide precipitates at the pyrophyllite surface in
AFS data. The Ni loading on the pyrophyllite phase of

eacted mixture was estimated to be 3450 mg kg21, which
ndicates that a substantial amount (.55%) of total Ni sorbe
n the pyrophyllite phase in the reacted mixture is in the f
f surface precipitates. This suggests that the surface pr

ation mechanism at the pyrophyllite surface is more effec
or Ni uptake than the adsorption mechanism at the mon
illonite surface in the reacted mixture under the reac
onditions employed in this study.
For further evaluation of the Ni sorption behavior in
ixed system, we carried out two single mineral sorp

tudies, where montmorillonite and pyrophyllite were se
ately reacted under the same reaction conditions as the re
ixture (0.1 M NaNO3 background electrolyte; pH 7.5; rea

ion time5 40 min, initial Ni concentration5 2.3 mM), excep
or the solids concentration, which was 17.4 g L21. This solids
oncentration was used because it is half the total solids
entration of the 50–50 wt% reacted mixture, and thus eq
he solids concentration of either mineral in the reacted
ure. Under these reaction conditions, pyrophyllite reaches
oading level of 4728 mg kg21, and montmorillonite a N

21

TABLE 3
Regression Statistics of the Relation between %Nipyrophyllite

nd NNi–Ni Derived from the XAFS Results of the 5 Standard
ixtures

Mean Standard error p level

lope 18.64 1.40 0.000
ntercept 5.26 4.10 0.30
oading level of 3952 mg kg. As expected, these loadingi
-
d

at

a

-
as
ts

e

s

re
in

pi-
e
o-
n

n
-
ted

n-
ls
-

Ni

evels are higher than the estimated loading levels on
yrophyllite and montmorillonite surface in the reacted m

ure (3450 and 2550 mg kg21, respectively) due to the absen
f a competing surface in the singly reacted systems. By ta

he ratio of Ni sorption on pyrophyllite to Ni sorption
ontmorillonite for the singly reacted systems, it is found

ingly reacted pyrophyllite sorbs 1.2 times as much N
ingly reacted montmorillonite. In the reacted mixture,
orption on pyrophyllite was estimated to be 1.4 times as
s Ni sorption on montmorillonite. The 95% confidence in
al of this estimate is 1.0–1.9. The value of 1.2 calculated
he single clay mineral systems falls in this interval, indica
hat there are no significant differences in this ratio betwee
ingly reacted systems and the reacted mixture. This sug
hat the affinity of Ni for the montmorillonite and pyrophyll
urface is similar in the reacted mixture and the single min
ystems. Nickel surface precipitation on the pyrophyllite ph
s found to be more effective than Ni adsorption on the m

orillonite phase in the reacted mixture, which is consis
ith the results from the single clay mineral systems.
onclude, therefore, that the mechanisms of adsorptio
ontmorillonite and surface precipitation on pyrophyllite

ompeting for Ni uptake in the reacted mixture, and
either mechanism truly out-competes the other in the rea

ime of 40 min employed in this study. Thus, when mode
i sorption results for systems similar to our pyrophylli
ontmorillonite mixture, both surface precipitation and

orption should be considered. Over longer reaction t
time scales of days), surface precipitation is expected to o
n both the pyrophyllite and montmorillonite phase base

he results of Scheideggeret al. (10). At these longer reactio
imes, therefore, surface precipitation is expected to be
ain mode of Ni uptake in the pyrophyllite–montmorillon
ixture.

CONCLUSIONS

In this study we were able to apply XAFS as a too
istinguish sorption mechanisms on different clay mine
nd to estimate the distribution of Ni between the min
hases in a 1:1 mixture of pyrophyllite and montmorillon
he results suggest that the pyrophyllite component is m
ompetitive for Ni uptake than the montmorillonite com
ent. In terms of sorption mechanisms, this suggests tha

ace precipitation on the pyrophyllite phase is a more effec
echanism for Ni uptake than adsorption at the montmori

te surface under the reaction conditions used in this study
artitioning of Ni over the mixture components was found
e similar to what would be expected for single clay min
orption results for the mixture components, which indic
hat both adsorption on montmorillonite and surface preci
ion on pyrophyllite are important mechanisms for Ni uptak
he clay mixture during the reaction time of 40 min emplo

n this study.
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