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Abstract—Contamination of the environment with heavy metals, including cationic radionuclides, is a
serious problem which has yet to be fully overcome. A class of potentially effective cation exchangers for
sequestering heavy metals which has received little attention is K-depleted mica. The purpose of this study
was to investigate the heavy-metal cation exchange properties of K-depleted phlogopite and biotite, which
were prepared from a natural phlogopite and biotite, respectively, using sodium tetraphenylborate
(NaTPB). The X-ray diffraction (XRD) patterns showed that interlayer K" ions were completely replaced
with exchangeable Na" ions, resulting in the expansion of the dgg; spacing of both K-depleted phlogopite
and K-depleted biotite. In order to investigate the cation exchange selectivity of K-depleted phlogopite and
biotite for Co>" and Ni*", cation exchange isotherms and Kielland plots were constructed. The isotherms
and Kielland plots indicated that both K-depleted phlogopite and biotite are highly selective for Co?" as
well as Ni**. The XRD patterns after both 2Na“— Co*" and Ni*" exchange reactions suggest that double
sheets of interlayer water are present in the interlayer. These K-depleted micas are potential cation
exchange materials for removal of some heavy metals such as Ni and radioactive species such as **Co from

solution.
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INTRODUCTION

Contamination of groundwater and soils by heavy
metals is a serious environmental concern. Some heavy
metals such as Cr, Co, Ni, Cu, and Zn are considered as
toxicologically interesting elements (Crosby, 1998).
Among those heavy metals, Co has received consider-
able attention because of its geochemical behavior
(Charlet and Manceau, 1994). Cobalt is readily adsorbed
on Fe and Mn oxides and on phyllosilicate minerals
(Means et al., 1978a; Schlegel et al., 1999). Cobalt
adsorption on the minerals limits its mobility in soils.
Adsorption of Co in the presence of organic ligands
decreases, however, due to the formation of complexes,
resulting in the increase of Co solubility and mobility
(Means et al., 1978b). The transport and fate of “°Co
radioactive isotopes in the environment is important
because it is often found in radionuclide-contaminated
sites (Killey et al., 1984; Olsen et al., 1986; Blom et al.,
1991). Nickel has also received considerable attention
because of the presence of many Ni-bearing silicates,
such as serpentine, in soils (Crosby, 1998; Brady and
Weil, 2002). Both Ni and Co have been used widely as
industrial catalysts; Ni in mining, electroplating, pig-
ments, and the battery industry (Asku, 2002); and Co in
electroplating, pigments, and the metal alloy industry
(Rengaraj and Moon, 2002).
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Numerous studies of the removal of heavy metals
from water and soil have been carried out. Several
treatment technologies such as precipitation, ion
exchange, adsorption, and reverse osmosis have been
proposed and investigated (Blanchard et al., 1984;
Netzer and Hughes, 1984; Strelko and Malik, 2002).
Of these, ion exchange has received considerable
attention (Blanchard er al., 1984; Ganesan and
Walcarius, 2004; Coleman et al., 2006). Development
of cost-effective ion exchangers has received a great
deal of interest: organo-silica (Ganesan and Walcarius,
2004), mica (Bortun et al., 1998), kaolinite (Suraj et al.,
1998), Na-4 mica (Kodama and Komarneni, 1999),
zeolite (Chang and Shih, 2000), and titanosilicate (Lv
et al., 2004). Of those ion exchangers, chemically
modified mica such as K-depleted mica (Na-mica) is
found to be an excellent inorganic ion exchanger for
radioactive species (Cs and Sr) as well as alkali and
alkaline earth metal ions. Komarneni and Roy (1988)
first reported that K-depleted phlogopite (Na-phlogo-
pite) is highly selective for Cs and able to immobilize Cs
in the interlayers. Stout et al. (2006) showed that the
K-depleted phlogopite is selective for Cs as well as Sr.
Bortun et al. (1998), on the other hand, showed that Na-
phlogopite and Na-biotite are selective for alkali and
alkaline earth metal ions. Many studies of alkali and
alkaline earth metal ion exchange with micas have been
carried out but little or no investigation has been made of
heavy-metal ion exchange on the K-depleted micas. The
objective of this research was, therefore, to study
selective ion-exchange properties of K-depleted micas
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(K-depleted phlogopite and biotite) for Co** and Ni*".
For this purpose, exchange isotherms of Co?" and Ni**
with the K-depleted micas were determined. Kielland
plots were also prepared in order to determine the
selectivity coefficient. The results obtained in this
research could be used as fundamental information to
design a water-treatment system for removal of some
heavy metals.

MATERIALS AND METHODS

Preparation and characterization of K-depleted biotite
and phlogopite

Natural phlogopite and biotite from Bancroft, Ontario,
Canada, were procured from Wards Natural Science
Establishment, Inc. (Rochester, New York, USA). These
micas were wet ground in a blender with deionized water
and the <50 um size fractions were obtained using a
standard sieve. K-depleted phlogopite [Na(SizAl)(Mg);
0;0(OH),-H,0] and K-depleted biotite [Na(SizAl)
(Mg,Fez+)3010(OH)2-H20] were produced according to
the method of Scott and Smith (1966). The theoretical
cation exchange capacities (CEC) of K-depleted phlogo-
pite and biotite are 2.39 and 2.14 meq/g, respectively.
A 15 g portion of the <50 pm fraction of natural mica was
stirred in a dark bottle containing 300 mL of 1.0 M NaCl-
0.2 N sodium tetraphenylborate (NaTPB)-0.01 M
disodium ethylenediaminetetraacetic acid (EDTA) solu-
tion at room temperature for 1 day. After equilibration,
the mica slurry was filtered through Whatman 50 filter
paper under vacuum. The solid portion collected was
washed with 40% 0.5 N NaCl-60% acetone (volume
basis) solution several times. The product was then
washed repeatedly with deionized water. This series of
procedures was repeated several times to completely
remove K from the natural micas. The K-depleted biotite
used in this study was provided by the late Dr A.D. Scott.
All reagents were of analytical grade and were used
without further purification. Powder X-ray diffraction
(XRD) analysis was carried out to confirm removal of K
from the two natural micas using a Scintag diffractometer
with CuKa radiation.

Cation-exchange isotherm determination

Twenty-five mg of the K-depleted phlogopite or
biotite (<50 um size) was placed in a polypropylene
centrifuge tube containing 25 mL of a solution with
varying fractions (1, 0.75, 0.5, 0.3, 0.2, or 0.1) of
M"™/(Na" + M"™) (M"" = Co*" or Ni*"). The total
normality of the equilibrating solutions was kept at
0.00214 for the 2Na"— Co*" and 0.00239 N for 2Na*—
Ni?" exchange reactions, respectively. The initial
chloride concentration was 0.00214 for the 2Na'—
Co*" and 0.00239 N for 2Na'— Ni*" equilibrating
solutions, respectively. The batch experiments were
carried out in triplicate at room temperature for 4
weeks. In order to avoid precipitation of Co®" or Ni**
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during the exchange process, the initial pH of the
equilibration solutions was set to 4.5 using HCI solution.
The initial and final pH values of the exchange reactions
were measured using a pH meter (Orion Research Inc.,
Beverly, Massachusetts). The separation of solid and
solution phases was achieved by centrifugation (HT
centrifuge, IEC) at 5000 rpm. Powder XRD analysis of
the solid phases was used to monitor changes in the dgo;
spacings. The solutions were analyzed by atomic
absorption spectroscopy (AAS) using a Perkin-Elmer
Model PE 703 instrument. The measured concentrations
of Co*" or Ni*" after exchange reactions were the final
concentrations which correspond to data points in the
isotherm.

Theoretical

The purpose of this section is to provide a better
understanding of cation exchange theory used in this
work. The cation exchange between Na' and heavy-
metal cation (M"" = Co*" or Ni*") on the K-depleted
mica can be represented by,

nNa® + M"" = nNa' + M"+ (1)

According to the Gaines and Thomas thermodynamic
treatment (Townsend, 1984), the thermodynamic equili-
brium constant, K, is expressed as

XIM [NaJr}" MYKI&

K=Y
XNa,[MnJr} IGa’YM

2)

where [Na'] and [M"'] represent the molalities of Na
and metal ions in solution, respectively. vy, and v, are
the activity coefficients of Na and metal ions in the
solution, respectively. f\, and fi, are the activity
coefficients of Na and metal ions in the solid,
respectively. X, and X), represent the equivalent
fractions of Na and metal ion in the solid, respectively.
X; is defined by:

- Na'| -

XNa N L0 n[MnJr}
n[Mm] + [Na']

M M)+ Na]

Equation 2 can be expressed in another way by
substituting Xy, and X;, for [Na'] and [M""], respectively:

[Na'] nM"]

e = n[M™] + [Na']’ ~ n[M™] + [Na']

4)

M

where Xy, and X), represent the equivalent fractions of
Na and metal ions in solution, respectively.
Thus, K can be given by:

Kk — M X1/ v
XMXKIa'YMana
Xor(1 = Xn)" v aufXa

[n(TN)"™]
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Figure 1. XRD patterns of (a) natural phlogopite, (b) K-depleted phlogopite, (c) natural biotite, and (d) K-depleted biotite. d spacing
values are given in A.

In the case of dilute solution, the ratio of v, to vy,
(YXa/Ya) 1is assumed to be 1 (Barrer and Klinowski,
1974), but for mono-divalent exchange reaction, the
ionic activity coefficient (Y%, or y,,) cannot be ignored
(Singh and Mehrotra, 1989).

In terms of a non-ideal mole fraction effect in a solid,
K can be defined by:

fu
K=K¢ =~
K

(6)

where K, is the selectivity coefficient and is defined
by:
M _ Xllzla%_/M’YKIa
N X X v
1 — Xu)" X2
= O D X e
X (1= X)) v

[n(TN)""]
()

where TN represents total normality in the solution
(TN -= [Na'] + n[M"]).

Table 1. pH values after 2Na*— Co®" or 2Na"— Ni*" exchange reactions.

Solutions for K-depleted K-depleted
2Na"— Co** biotite phlogopite
final pH+S.D.* final pH+S.D.*

2.14 mN CoCl, 5.3+0.1 5.4+0.1
1.605 mN CoCl, +
0535 MmN NoCT 57202 5.820.1
1.070 mN CoCl, +
0.642 mN CoCl, +
1.498 mN NaCl 6.4+0.3 6.4+0.3
0.428 mN CoCl, +
715 N NacT 6.7£0.2 6.4+0.2
0.214 mN CoCl, +

N eeT 6.60.3 6.6+0.1

1.926 mN NaCl

Solution for K-depleted K-depleted
2Na*— Ni** biotite phlogopite
final pH+S.D.? final pH+S.D.*
2.39 mN NiCl, 5.0+0.0 4.9+0.0
1.793 mN NiCl, +
0.597 mN NaCl 5.4+0.1 5.0+0.1
1.195 mN NiCl, +
1.195 mN NaCl 5.6+0.0 5.7+0.2
0.717 mN NiCl, +
1.673 mN NaCl 6.0+0.1 5.6+0.1
0.478 mN NiCl, +
1.912 mN NaCl 6.2+0.2 3703
0.239 mN NiCl, + 6.3+0.1 6.140.2

2.151 mN NaCl

Initial pHs of all solutions were set to 4.5
?S.D. = standard deviation
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Table 2. Uptake amount of Co®" after cation exchange reaction.

Solution for

Initial Co*"

— K-depleted phlogopite —

— K-depleted biotite —

2Na"— Co** conc. Co" uptake Co?" at equilibrium Co*" uptake Co?" at equilibrium
(mN) (meq/g) conc. (mN) (meq/g) conc. (mN)

2.14 mN CoCl, 2.14 1.471 6.67% 107" 1.157 9.81x 107"
1.605 mN CoCl
0532 TN NeCL 1.603 1.406 121107 1161 3.67x 107"
1.070 mN CoCl 1.070
070 N NacL 1.052 5.09% 107 1.022 3.00% 107
0.642 mN CoCl, 0.642 . .
1498 1N NoCl 0.667 124% 10 0.667 1.92% 10
0.428 mN CoCl, 0.428 » .
715 N NaCl 0.450 9.05 % 10 0.449 2.60% 10
0.214 mN CoCl 0214

S e 0212 3.39% 107 0212 1.10x 1073

1.926 mN NaCl

The corrected selectivity coefficient (K¥,) can be
determined by plotting the logarithm of K, (log K&,)
vs. equivalent fraction of metal ion in solid (Xj;). The
plot can be expressed as:

log K, = 2C Xy, + log (KAN/[a)Xw)'(nﬁo (8)

where, C; is the Kielland coefficient. If log K& >0, the
solid exchanger shows a preference for metal ions, while
the exchanger shows a preference for Na ions if <0. No
preference exists between these ions if log K&, = 0.

RESULTS AND DISCUSSION

Characterization of the K-depleted micas

After the K-removal procedure, the dyo; spacing
value of the natural phlogopite increased from 9.93 to
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12.34 A, resulting in the formation of the K-depleted
phlogopite, i.e. Na-phlogopite (Figure la,b). This
increase in the dyo; spacing resulted from a complete
replacement of K* with Na" and one layer of water
molecules in the interlayers. In the case of the biotite
(Figure lc,d), the K-removal treatment resulted in an
increase in the dy; spacing from 9.93 to 12.20 A with a
shoulder at 11.30 A. The presence of the shoulder peak
at 1130 A is due to partial dehydration leading to a
smaller number of molecules in the interlayers.

pH change after the 2Na*— Co®" or 2Na*— Ni**
exchange reaction

The pH values of solutions after the 2Na*— Co*" or
2Na'— Ni?" exchange reaction (Table 1) revealed that,
in all cases of 2Na'— Co®" exchange reactions with
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Figure 2. 2Na“— Co>" ion exchange with K-depleted micas: (a) isotherms and (b) Kielland plots (Kg = KX2).
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different mole fractions of Co>*, the pH values increased
after the equilibration. The initial pH for all solutions
was set at 4.5. After equilibration, the pH increased to
5.3—6.6 depending on the Co concentration. This
increase in pH may be due to the buffering capacity of
the K-depleted mica (K-depleted biotite or K-depleted
phlogopite). Within the pH range of pH 4.5 to 7.5, cation
exchange and protonation or deprotonation on clay
minerals function to buffer the pH (McBride, 1994).
During the 2Na'— Co?" exchange process, the
K-depleted mica consumes H' ions in solution by the
Na“— H" exchange, resulting in the increase in pH.
When the K-depleted mica was equilibrated with the
large mole fraction of Co®" in solution, the change in pH
was less than that where the mole fraction of Co®" in
solution was small. In the case of the smallest mole
fraction of Co>", the pH increased to 6.6 for both
K-depleted micas. As the mole fraction of
Co*"increased, the pH change was smaller. The effect
of Co concentration on pH cannot be explained without
further study. The Visual Minteq program (Gustafsson,
2005) was used to check for precipitation of Co(II), and
to predict the distribution of Co(Il) species in the

Selectivity of Co and Ni by K-depleted micas
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equilibration solution. For all equilibration solutions,
Co*" was calculated to be the predominant species.
Visual Minteq also showed no precipitation of Co in any
of the equilibration solutions. The pH increased in all
equilibration solutions after the 2Na*— Ni*" exchange
reactions (Table 1). With increasing Ni** concentration,
the difference between initial and final pH values was
less. For all experimental cases, Visual Minteq showed
that Ni*" was the predominant species and that no
precipitation of Ni(Il) occurred during the exchange
process.

2Na"— Co’" exchange with K-depleted phlogopite and
biotite

The 2Na*— Co*" exchange isotherm with K-depleted
phlogopite (Figure 2a), in which each data point was
obtained in triplicate and represents the average of a
mean variation of <£3%, showed that the K-depleted
phlogopite takes up most Co>" from solution at low Co*"
concentrations (X¢, <0.6). Exchange of Co** apparently
ceased at ~X¢, >0.6. In addition, the amount of Co>" that
replaced Na' on the mica after the cation exchange
reaction was determined from the isotherm (Table 2).

0 5 10 15 20

2}
N
<
-
© N~
A e [ © @
. : © 3%
a ~ = A by
<
AN
<
-
b NG < ® N
~ A A A
<
N
<
> -
=
2 © @ 3 &
0] c = B i
cC — A A
0
33
<
=33 ©
" O < ~ I ©
d ~ -~ N~ g R
~ < @ N
I, Ve,
o
~y
oo
oy ™
~/\o [} g o
— 0 O ©
e ~ [sr] O
N
o
-
0
<
f ™
A
I I I I I l T

25 30 35 40 45

°20 (CuKa)

Figure 3. XRD patterns of K-depleted phlogopite after 2Na"— Co?" exchange reaction with (a) 2.14 mN CoCl,, (b) 1.605 mN CoCl,
+0.535 mN NacCl, (¢) 1.070 mN CoCl, + 1.070 mN NacCl, (d) 0.642 mN CoCl, +°1.498 mN NaCl, (e) 0.428 mN CoCl, + 1.712 mN
NaCl, and (f) 0.214 mN CoCl, + 1.926 mN NaCl. d spacing values are given in A.
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A Kielland plot of the data failed to give a good
linear relationship because of the scattering of the data
(Figure 2b). However, a majority of the data points falls
above the dotted line where the selectivity coefficient,
K, is equal to one. At X, <0.3, the K, value is small but
constant. In the X, range of 0.3 to 0.45, the break point
is observed in the Kielland plot. However, in the X¢,
range of 0.45 to 0.62, the K value is decreased
dramatically.

The XRD patterns after the 2Na*— Co>" exchange
reaction with the K-depleted phlogopite using the
different Co concentrations (Figure 3) indicate that
interlayer collapse was not observed for all exchange
reactions. After equilibration with a solution of
0.214 mN CoCl, and 1.926 mN NaCl, the dyo; spacing
of the original K-depleted phlogopite (12.26 A)
remained the same, ie. 12.27 A. After equilibration
with a solution of 0.428 mN CoCl, and 1.712 mN NacCl,
the doo; spacing showed a set of broad peaks at 13.97,
12.40, and 10.79 A. This broadening of peaks is due to
different amounts of Co ions, Na ions, and water
molecules in the interlayers. The 13.97 A peak indicates
replacement of Na* with Co®" and the presence of extra
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layers of interlayer water. This ~14 A peak is due to the
difference between the hydrated radii of Co>" (4.23 A)
and Na' (3.6 A) as well as the presence of double sheets
of interlayer water (Kodama and Komarneni, 1999). This
explanation is reasonable when one assumes that the
layer thickness of talc without interlayer cations is
~9.4 A. A single sheet of interlayer water and Co>" is
unlikely to cause the dyo; spacing of the K-depleted
phlogopite to expand to ~14 A because the ~12 A peak
of the original K-depleted phlogopite is attributed to the
presence of Na' and a single sheet of interlayer water.
After equilibration with a solution of 0.642 mN CoCl,
and 1.498 mN NaCl, the 13.97, 12.40, and 10.79 A peaks
shifted to 14.15, 12.44, and 10.88 A, respectively. After
equilibration with a solution of 1.070 mN CoCl, and
1.070 mN NaCl, the ~12 and ~11 A peaks disappeared
and the 14.2 A peak was sharpened (Figure 3c). With
regard to the Kielland plot, XRD patterns corresponding
to three data points on the Kielland plot at X¢, <0.3
(Figure 3d,e, and f) show that the K-depleted phlogopite
does not have a uniformly single interlayer spacing but
irregularly interstratified spacings, except for the lowest
Co?" concentration (Figure 3d,e). The spacing of
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Figure 4. XRD patterns of K-depleted biotite after 2Na“— Co”" exchange reaction with (a) 2.14 mN CoCl,, (b) 1.605 mN CoCl, +
0.535mNNaCl, () 1.070 mN CoCl, +1.070 mN NaCl, (d) 0.642mN CoCl, + 1.498 mN NaCl, () 0.428 mN CoCl, +1.712 mN NaCl,
and (f) 0.214 mN CoCl, + 1.926 mN NaCl. d spacing values are given in A.
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K-depleted phlogopite did not change at the lowest Co*"
concentration (Figure 3f) because not enough Co”" ions
are present on exchange sites to cause a change in the
interlayer spacing. The presence of the irregular multi-
interlayer spacings (Figure 3d,e) suggests that the
K-depleted phlogopite is probably irregularly interstra-
tified with Na™ and Co®* ions. In the XRD pattern
corresponding to the point at Xc, = ~0.45 on the
Kielland plot (Figure 3¢) the dyo; spacing was 14.24 A,
apparently representing a stable spacing because of
enough Co®" ions in the interlayers. These XRD patterns
suggest that Co>" ions replace Na' ions on the interlayer
and planar surfaces, but do not act at the edge sites of the
micas. Based on the XRD patterns corresponding to two
data points on the Kielland plot in the X, range of 0.5

to 0.62 (Figure 2a,b), K-depleted phlogopite is no longer
selective for Co®" even though the hydrated interlayer
structure is still retained. This suggests that when a
certain amount of Co”" ions occupy the interlayer, a
diffusion limitation occurs between Co>" ions which are
already present in the interlayer and those that are
entering into the interlayer. The diffusion limitation
could be deduced from the generalized Kielland
coefficients, which are negative when the exchange
data within the X, range of 0.5 to 0.62 are fitted to the
linear Kielland plot.

The 2Na'— Co®" exchange isotherm with K-depleted
biotite (Figure 2a) (each data point based on triplicate
runs and being the average of a mean variation of <+4%)
revealed that, like the K-depleted phlogopite, the

Table 3. Uptake amount of Ni*" after cation exchange reaction.

Solutions for Initial Ni** — K-depleted phlogopite — — K-depleted biotite —
2Na*— Ni** conc. (mN) Ni*" uptake Ni*" at equilibrium Ni*" uptake Ni?" at equilibrium
(meq/g) conc. (mN) (meq/g) conc. (mN)

2.39 mN NiCl, 2.39 1.778 6.08 x 107" 1.439 9.46x 107"
1,793 mN NiCl, . .
0597 mN NaCl 1793 1729 14510 1.437 437%10
1.195 mN NiCl, —4 —2
1194 mN NaCl 1.195 1.260 7.95x 10 1.208 527 x 10
0.717 mN NiCl, 73 .
1673 mN NaCl 0.717 0.731 170 x 10 0.731 1.48x 10
0.478 mN NiCl, L »
+1.912 mN NaCl 0.478 0.470 3.41x10 0.470 3.41x10
0.239 mN NiCl

N Nae 0.239 0.235 341x107* 0.235 341% 107

+2.151 mN NaCl
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Figure 6. XRD patterns of K-depleted phlogopite after 2Na*— Ni** exchange reaction with (a) 2.39 mN NiCl,, (b) 1.793 mN NiCl, +
0.597 mN NacCl, (¢) 1.195 mN NiCl, + 1.195 mN NacCl, (d) 0.717 mN NiCl2D+ 1.673 mN NaCl, (e) 0.478 mN NiCl, + 1.912 mN NacCl,
and (f) 0.239 mN NiCl, + 2.151 mN NaCl. d spacing values are given in A.

K-depleted biotite takes up most Co>" at X, <~0.48 but
takes up no more Co®" at ~X¢o, >0.54. The amount of
Co®" that replaced Na* on the K-depleted biotite is
determined from the isotherm (Table 2). The Kielland
plot for 2Na*— Co®" exchange with the K-depleted
biotite (Figure 2b) did not give a good linear relationship
because of the scattering of the data. At X, <0.21, the K,
values are slightly greater than one. In the Xc, range of
0.3 to 0.54, the K, values decrease dramatically.
Comparing the uptake of Co** by the K-depleted
phlogopite with that of the K-depleted biotite, the
amounts of Co”>' exchanged on the K-depleted biotite
are smaller than those of the K-depleted phlogopite. The
difference between the micas in terms of the amounts of
Co®" adsorbed may be due to layer-charge density and
chemical composition. The total charge density of biotite
decreases upon K depletion as a result of Fe oxidation
(Sridhar and Jackson, 1974).

The XRD patterns after the 2Na'—Co*" exchange
reaction with the K-depleted biotite using the different
Co*" concentrations (Figure 4), unlike the K-depleted
phlogopite, show that the collapse of the interlayers

occurred at low Co®" concentrations (0.428 mN CoCl, +
1.712 mN NaCl, and 0.214 mN CoCl, + 1.926 mN NaCl)
(Figure 4e,f). The collapsed 11.32 and 11.56 A peaks
were broadened. This collapse of the interlayer may
result in very small Ky values (Figure 2b). After
equilibration with a solution of 0.642 mN CoCl, +
1.498 mN NacCl, a peak appeared at 13.82 A and the
11.56 A peak shifted to 11.68 A. The peak at 13.82 A
may indicate the replacement of Na* by Co?" and the
presence of an extra sheet of interlayer water as revealed
by XRD patterns (Figure 4d). After equilibration with a
solution of 1.070 mN CoCl, and 1.070 mN NacCl, the
13.82 and 11.68 A peaks shifted to 14.33 and 12.00 A,
respectively (Figure 4c). The 14.33 A peak was shar-
pened and was more intense than that of the 13.82 A
peak. With increasing Co>" concentrations, the ~14 A
peak was sharpened (Figure 4a,b). As for the K-depleted
phlogopite, and based on the Kielland plot (Figure 2b),
K-depleted biotite is not selective for Co>" at greater
Co*" concentrations even though the hydrated interlayer
structure (~14 A) is still retained and can be explained
by a severe limitation of further diffusion of Co®" ions.
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2Na"— Ni*" exchange with K-depleted phlogopite and
K-depleted biotite

The 2Na'— Ni** exchange isotherm with K-depleted
phlogopite (Figure 5a) (each data point based on
triplicate runs and represents the average of a mean
variation of <+3%) shows that the K-depleted phlogopite
takes up most Ni** at low Ni** concentration but takes
up no more NiZ" at Xni > 0.74 (74% of the theoretical
CEC of the K-depleted phlogopite). The amount of Ni**
that replaced Na* on the mica was determined from the
isotherm (Table 3). A Kielland plot of the data did not
give a good linear relationship because of the scatter of
the data points (Figure 5b). However, a majority of the
data points falls above the dotted line where the
selectivity coefficient, K, is equal to one. Although it
is difficult to determine a Ky value because of the non-
linear relationship, a safe assumption is that the
K-depleted phlogopite shows a preference for Ni*" at
least up to Xy; <0.52.

After the 2Na'—Ni?" exchange reaction with the
K-depleted phlogopite using the different Ni** concen-
trations, the XRD patterns (Figure 6) showed, as for the
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2Na — Co*' exchange reaction with the K-depleted
phlogopite, a splitting of the dyo, spacing at low Ni**
concentrations.

The 2Na'— Ni*" exchange isotherm with K-depleted
biotite (Figure 5a) shows that the K-depleted biotite
seems to take up no more Ni*" at ~Xy; > 0.68. The
amount of Ni** that replaced Na* on the mica is
determined from the isotherm (Table 3). Unlike the
2Na'— Ni*" exchange with the K-depleted phlogopite, a
Kielland plot for 2Na'— Ni*" exchange with the
K-depleted biotite does give a linear relationship
(coefficient of determination of linear regression, 1> =
0.81) (Figure 5b). The Kielland coefficient, C;, was
estimated to be —3.979 by plotting log Kg and Xy;. The
negative value of C; means that 2Na*— Ni?" exchange
becomes more difficult as the exchange progresses (i.e.
as the number of Ni ions in the interlayer increases). The
total amount of Ni>* exchanged on the K-depleted biotite
is less than that of the K-depleted phlogopite because of
the smaller charge of the former compared to the latter,
as explained above.

The 2Na'—Ni*" exchange reaction with the
K-depleted biotite, like the 2Na"—Ni*" exchange with
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Figure 7. XRD patterns of K-depleted biotite after 2Na”— Ni*" exchange reaction with (a) 2.39 mN NiCl,, (b) 1.793 mN NiCl, +
0.597 mN NaCl, (¢) 1.195 mN NiCl, + 1.195 mN NaCl, (d) 0.717 mN NiCl, + 1.673 mN NaCl, () 0.478 mN NiCl, + 1.912 mN NaCl,
and (f) 0.239 mN NiCl, + 2.151 mN NaCl. d spacing values are given in A.
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the K-depleted phlogopite, produced no collapse of the
interlayers (Figure 7). With increasing equivalent frac-
tion of Ni*" in solution, the ~14 A XRD peak was
sharpened and its intensity increased (Figure 7a,b,c).

CONCLUSIONS

From the cation exchange isotherm and Kielland plot
for 2Na"— Co”>" exchange, the uptake of Co>" by
K-depleted phlogopite was ~60% of the theoretical CEC
capacity of this phase. For K-depleted biotite, the uptake
of Co®" was ~54%. The XRD patterns for 2Na*— Co*"
exchange with K-depleted phlogopite indicated that the
hydrated layer spacing of the mica was preserved or
expanded to ~14 A during the exchange process. For the
K-depleted biotite, at low X¢, collapse of the interlayer
was observed, but at high X¢, the do; spacing expanded
to ~14 A. The presence of the ~14 A spacing indicates
that Co?" and double sheets of interlayer water are
present in the interlayers.

For the 2Na"— Ni?" exchange reaction, the uptake of
Ni?" by the K-depleted phlogopite was ~74% of the
theoretical CEC of the mica. In the case of the
K-depleted biotite, the uptake of Ni*" was ~68%. From
XRD patterns, the hydrated layer spacings of the micas
were preserved or expanded to ~14 A during the 2Na‘—
Ni*" exchange reaction. Both K-depleted micas showed
high selectivity for Co®" and Ni*" at lower concentra-
tions of those ions in the presence of greater concentra-
tions of Na" ions.
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