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Selective Cu21 and Pb21 Exchange with Highly
Charged Cation Exchanger of Na-4-Mica

TATSUYA KODAMA* and SRIDHAR KOMARNENI†
MATERIALS RESEARCH LABORATORY AND DEPARTMENT OF AGRONOMY
THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PENNSYLVANIA 16802, USA

ABSTRACT

Selective cation exchange for Cu and Pb has been demonstrated with the high-
charge-density sodium fluorophlogopite mica, Na-4-mica. The 2Na1 → M21 ex-
change reaction (M 5 Cu or Pb) was investigated with Na-4-micas prepared by two
different synthetic processes. One was easily and economically prepared by crystal-
lization from a mixture of NaF, MgO, and metakaolin, the latter serves as an inex-
pensive aluminosilicate source. Another was prepared by solution–sol–gel process-
ing. Ion-exchange isotherms for Cu21 and Pb21 were obtained at room temperature.
The thermodynamic functions for the initial ion-exchange reactions were calculated
because the isotherms were not completed. High selectivities for both copper and lead
exchange were found on the highly crystallized Na-4-mica prepared from metakaolin.
Their ion-exchange capacities were 225 and 257 milliequivalents per 100 g of dry clay
for Cu21 and Pb21, respectively. This high level decontamination of copper and lead
with the highly crystallized Na-4-mica from metakaolin will be a very important sep-
aration required for purification of drinking water as well as for wastewater treatment
and disposal.

INTRODUCTION

Synthetic and naturally occurring clays form a large family of inorganic ion
exchangers which have numerous applications including their extensive use in
recovery of metals from waste solution and wastewater treatment and disposal
(1). Mica is one of the most representative of 2:1 phyllosilicates, i.e., each layer
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consisting of an octahedral sheet sandwiched between two tetrahedral sheets.
The considerable differences in properties of phyllosilicates can be 
related to the chemical composition of the 2:1 layer, which determines 
such important parameters as the layer charge and its distribution, as well 
as the dimensions and the geometrical details for the different parts of 
the layer. Substitution of Al31 for Si41 in the tetrahedral sheets of micas 
is the main mechanism which generates a negative layer charge, and this is bal-
anced by cations in the interlayers. Micas have the largest layer charge density
among the 2:1 phyllosilicate clay minerals (2). The two main categories of mi-
cas based on layer charge density are 1) true micas with 1 negative charge per
formula unit and 2) brittle micas with 2 negative charges per formula unit.

A highly charged sodium fluorophlogopite mica, Na4Mg6Al4Si4O20

F4?xH2O, analogous to brittle micas, was first prepared by Gregorkiewitz et al.
in 1974; it was informally named Na-4-mica (3). The ion-exchange capacities
of clay minerals, such as the smectite and kaolinite types, are frequently less
than 100 milliequivalents (mequiv) per 100 g of dry clay (2). However, the Na-
4-mica has a theoretical ion-exchange capacity of 468 mequiv (100 g)21 on an
anhydrous basis. Thus this phase extends the range of interesting clay minerals
as an inorganic cation exchanger (3–7). The preliminary characterization of
Na-4-mica leads to the postulation of a trioctahedral 2:1 layer, similar to those
in fluorphlogopite, but with an unusually high Al-Si substitution in the tetrahe-
dral sheet. For the compensation of the high layer charge, this mica contains an
unusually large number of 4 interlayer monovalent ions of sodium per unit cell.
No mica with more than 2 interlayer cations per unit cell had ever been ob-
served before. The Na-4-mica is unique among micas because it becomes hy-
drated on contact with water or even in air at ambient conditions. The presence
of an unusually large number of interlayer cations and a resulting offset layer
stacking by }

1
3

}b allows the structure to expand from a dehydrated 9.81 Å to a hy-
drated 12.18 Å c-axis spacing to achieve a more thermodynamically stable in-
terlayer structure. Hydration of the interlayer space facilitates cation diffusion
and exchange in the interlayers of this special swelling mica.

A very fine and pure phase of the Na-4-mica which is essential for practi-
cal applications was previously prepared by a solution–sol–gel processing us-
ing tetraethoxysilane, aluminum nitrate, and magnesium nitrate (4), and was
shown to have high ion-exchange selectivities for many divalent transition-
metal ions and for strontium and barium, but not for the alkali-metal ions,
magnesium, and calcium (5). A simplified procedure was later developed for
the synthesis of this mica using fumed silica as the silica source (6). For waste
disposal or metals recovery applications, it is necessary to develop an even
more cost-effective synthetic process for Na-4-mica.

We have recently reported the synthesis of Na-4-mica using calcined kaoli-
nite (metakaolin) as an economical aluminosilicate source (7). Highly crys-
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talline Na-4-mica was obtained easily and economically from a mixture of
NaF, MgO, and metakaolin at 850–890°C. The present work describes the se-
lective cation exchange of copper and lead in two Na-4-micas, one synthe-
sized using metakaolin and another using aluminosilicate gel. These basic
studies are of relevance in the decontamination of copper and lead from drink-
ing as well as wastewater.

EXPERIMENTAL

Preparation of Na-4-micas

Na-4-mica samples were prepared by two different methods: one was the
solution–sol–gel processing previously reported (4). The procedure is briefly
outlined as follows. A monophasic gel powder was prepared by separately dis-
solving Al(NO3)3?9H2O and Mg(NO3)2?6H2O in absolute ethanol and then
combining and mixing the two solutions for an hour with stirring. A known
quantity of tetraethylorthosilicate, Si(OC2H5)4, was added to obtain a stoi-
chiometric composition of the mixture, which when reduced to pure oxides
was 3MgO-Al2O3-2SiO2. The resulting sol was stirred for 3 hours to ensure
homogeneity, then tightly covered and placed in a 60°C oven to promote hy-
drolysis, condensation, and polymerization reactions for 3 days. The water of
hydration of Al and Mg nitrates is sufficient for hydrolysis and therefore no
water was added. This resulted in a single-phase gel which was then dried at
100°C in an oven, calcined at 475°C for 12 hours, ground to pass through a
2325 mesh screen, and intimately mixed with an equal mass of 2325 mesh
crystalline NaF. The mixture was heated for 18 hours at 890°C in a platinum
vessel in air using a programmed furnace.

Another Na-4-mica sample was prepared from a mixture of MgO, NaF, and
calcined kaolinite (metakaolin). Naturally occurring kaolinite has the desired
1:1 Si to Al molar ratio in its theoretical chemical composition
Al2Si2O5(OH)4?nH2O, and serves as a good aluminosilicate source for the
synthesis of Na-4-mica. A poorly crystallized kaolinite of composition 47.9%
SiO2, 38.3% Al2O3, 2.08% TiO2, 0.98% Fe2O3, 0.15% FeO, and 0.03% MgO
(supplied by Georgia Kaolin Company through W. D. Johns, Department of
Geology, University of Missouri, Columbia, MO 65201, USA), ultrafine
MgO (supplied by Ube Industries, Ube, Japan), and NaF were the starting ma-
terials for the synthesis of the Na-4-mica. The poorly crystallized kaolinite
was first calcined at 700°C for 18 hours to transform it to an amorphous prod-
uct, metakaolin (Al2Si2O7), by dehydration and dehydroxylation. The
metakaolin was cooled and stored in a desiccator over silica gel at room tem-
perature. The water contents of metakaolin and ultrafine MgO were deter-
mined by thermal analysis using TG DTA 2010, Mac Science. Appropriate
proportions of the ultrafine MgO and the metakaolin were mixed to obtain a
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stoichiometric composition. Then it was mixed with an equal mass of NaF and
transferred to a platinum vessel. The mixture was heated for 6 hours at 890°C
in air using a programmed furnace.

The resulting solids prepared by the above two different methods were
ground up and washed in deionized water several times to remove excess NaF.
Any remaining impurity phases, such as insoluble fluoride salts, were then re-
moved with repeated washings using saturated boric acid solution. The prod-
ucts were again washed with deionized water and dried at 60°C in an oven for
2–3 days. The Na-4-micas thus prepared were finally stored in a desiccator
over silica gel at room temperature. Although assynthesized Na-4-mica was
anhydrous, the washed sample hydrated readily. Hereafter the Na-4-mica pre-
pared from metakaolin is referred as metakao-Na-4-mica and the
solution–sol–gel processed Na-4-mica as solgel-Na-4-mica.

Powder x-ray diffraction (XRD) was carried out to check for phase purity,
to determine the basal spacings of the Na-4-mica, and to monitor crystallinity
using a Rigaku RAD-rA diffractometer with CuKa radiation. Scanning elec-
tron microscopy (SEM) was used to determine particle size and shape. An ISI-
DS 130 instrument was used for SEM. Water contents of the hydrated Na-4-
micas were determined by thermal analysis to be Na4Mg6Al4Si4O20

F4?2.8H2O and Na4Mg6Al4Si4O20F4?2.6H2O for solgel-Na-4-mica and
metakao-Na-4-mica, respectively.

Cation-Exchange Isotherm Determination

The 2Na1 → M21 (M 5 Cu and Pb) exchange reaction was performed with
the two different ion-exchanger samples of solgel-Na-4-mica and metakao-
Na-4-mica. A 25-mg portion of the Na-4-mica (anhydrous basis) was equili-
brated with 25 cm3 of the mixed solution having different mole ratios of
Na1/M21 with shaking at 25°C for 4 weeks. The total normality of the solu-
tions was kept constant at 0.00468 N (Na1/M21 5 0.0–0.9). The total nor-
malities of 0.00585 and 0.00702 N were additionally used for 2Na1 → Cu21

exchange with the metakao-Na-4-mica. To avoid the hydrolysis of cations in
the solution and the precipitation of metal hydroxides and oxides, the pH of
the solutions was set to 3.0 by adding HCl solution prior to the ion-exchange
reaction. The pH of the solution increased in a few minutes to about 4 upon
equilibration with mica. After equilibration, the supernatant solution was an-
alyzed for the divalent metal ions by atomic emission spectroscopy (Spec-
traSpan III instrument). The amounts of metal ions exchanged or released by
Na-4-mica were determined from the difference in the concentration between
the sample solution and the reference. The theoretical cation-exchange capac-
ity [468 mequiv (100 g)21 of anhydrous form] was used for representing the
ion-exchange isotherm.
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THEORETICAL

The mono-divalent ion exchange process in the Na-4-mica is represented
by

2Nwaw1 1 M21K 2Na 1 1 Mw21 (1)

where the bar above the symbols represents the ion-exchanger phase. The
thermodynamic equilibrium constant, K, of the reversible ion-exchange reac-
tion is defined by

K 5}
[

[

N

M

a
2

1

1

]

]

2

Xw
Xw
2
N

M

ag

g

M

2
Na

ƒ

ƒ
2
N

M

a
} (2)

where [Na1] and [M21] are molalities or molarities of the ions in solution,
and gi and ƒi are activity coefficients in the solution phase and in the ion-ex-
changer phase, respectively. The standard states are taken for the ion-ex-
changer phase as the exchanger is in its pure Na1 form and pure M21 form,
and the activity coefficients, ƒNa and ƒM, are chosen as unity when the ex-
changer is at the standard state of the Na1 form and the M21 form, respec-
tively. gNa and gM are unity when [Na1] and [M21] approach zero. Xwi is an
equivalent fraction of ion i in the ion-exchanger phase, defined by

XwNa 5}
2[Mw21

[Nw
]

aw
1

1]

[Nwaw1]
}, XwM 5}

2[Mw2

2
1

[

]

Mw
1

21

[
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} (3)

The molarities [Na1] and [M21] can be replaced by the equivalent frac-
tions of the ions in the solution (Xi):

XNa 5}
2[M21

[N

]

a

1

1]

[Na1]
}, XM 5}

2[M2

2
1

[

]

M

1

21

[

]

Na1]
} (4)

[Na1] 1 2[M21] 5 TN (5)

where TN represents the total normality of the solution. Using a corrected se-
lectivity coefficient, KM

Na, the thermodynamic equilibrium constant is rewrit-
ten as (8)

K 5 KM
Na }

ƒ
ƒ

2
N

M

a
} (6)

where

KM
Na 5 }

X

X

2
N

M

a

Xw
Xw

2
N

M

a

g

g

2
N

M

a
} [2(TN )] (7)
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When the total normality, TN 5 [Na1] 1 2[M21], is lower than 0.01 N,
g2

Na /gM will be close to unity. As shown by Eq. (7), the corrected selectivity
coefficient is dependent on the total normality.

A corrected selectivity coefficient larger than unity (ln KM
Na . 0) indicates

selectivity for the ion M21 (9). Na1 ions are more preferred if KM
Na is smaller

than unity (ln KM
Na , 0). When KM

Na is equal to unity (ln KM
Na 5 0), no prefer-

ence between these ions is indicated.
The corrected selectivity coefficient, KM

Na, is related to the Kielland coeffi-
cient as given below. Kielland plots show the details of the ion-exchange se-
lectivity as a function of the equivalent fraction, XwM (10).

log KM
Na 5 ∑

m51
(m 1 1)CmXwm

M 1 log(KM
Na)XwM→0 (8)

where the coefficient, Cm, is called generalized Kielland coefficient. These
plots often give linear relationships with a slope 2C1, in which case Eq. (8) can
become

log KM
Na 5 2C1XwM 1 log(KM

Na)XwM→0 (9)

If the Gibbs–Duhem equation is applied to the ion-exchange reaction, the ther-
modynamic equilibrium constant, K, is given by the integration of the Kiel-
land plot from XwM 5 0 to XwM 5 1 (11, 12).

ln K 5 (ZNa 2 ZM) 1 E1

0
ln KM

NadXwM 1 D (10)

Here, ZNa and ZM are the number of charges on the Na1 and M21. The third
term on the right, D, is negligible when compared with experimental accuracy
in measuring the equilibrium (8). Equations (9) and (10) are combined to give
the thermodynamic constant K:

ln K 5 (ZNa 2 ZM) 1 2.303C1 1 ln(KM
Na)XwM→0 (11)

Thus, the thermodynamic equilibrium constant is determined by the valences
of the exchanging cations, the generalized Kielland coefficient C1, and the in-
tercept of the Kielland plot, (KM

Na)XwM→0. The Gibbs standard free energy
change, DG°, can be calculated by,

DG° 5 2RT ln K (12)

The generalized Kielland coefficient, C1, is related to the energy term for
the steric limitation or jumping barrier for exchanging ions in the interlayer
(13, 14). Generally, the C1 value is negative, and the energy term for the steric
limitation is larger as the | C1 | value is larger. When the C1 value is zero, the
corrected selectivity coefficient can be used as an index of the ion-exchange
selectivity for “ideal” exchange with no steric hindrance (15, 16).
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ln Kideal 5 (ZNa 2 ZM) 1 ln(KM
Na)XwM→0 (13)

The Gibbs standard free energy change for “ideal exchange” is given by

DG°ideal 5 2RT ln Kideal (14)

RESULTS AND DISCUSSION

Materials

Figure 1 shows XRD patterns of the resultant Na-4-micas prepared by so-
lution–sol–gel processing (solgel-Na-4-mica) and by calcination of the mix-
ture of metakaolin, MgO, and NaF (metakao-Na-4-mica). That a Na-4-mica
was synthesized was evident from the presence of the first-order (001) reflec-
tion in the XRD pattern. In the XRD pattern of the solgel-Na-4-mica, a strong
but broadened peak was observed around d 5 12.2 Å, which corresponds to a

SELECTIVE Cu21 AND Pb21 EXCHANGE 2281

FIG. 1 XRD patterns of the Na–4–micas prepared (a) by solution–sol–gel processing and (b) 
by crystallization from the mixture of NaF, MgO, and metakaolin precursors.
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basal spacing of the hydrated form of Na-4-mica with a structure of a single
sheet of interlayer water (3–7). For the metakao-Na-4-mica, a very strong and
sharp peak was observed at d 5 12.1 Å, suggesting the higher crystallinity of
the metakao-Na-4-mica in comparison with that of the solgel-Na-4-mica. In
the metakao-Na-4-mica, the small peak observed at d 5 9.8 Å is due to a basal
spacing of the anhydrous form. Small peaks observed at d 5 6.06, 4.05, and

2282 KODAMA AND KOMARNENI

FIG. 2 SEM micrographs of the Na–4–micas prepared (a) by solution–sol–gel processing and 
(b) by crystallization from the mixture of NaF, MgO, and metakaolin precursors.
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3.03 Å are assigned to (002), (003), and (004) reflections of c-axis spacing of
the hydrated form with a single interlayer water sheet, which were more defi-
nitely observed for the metakao-Na-4-mica. Specific characteristic peaks ob-
served at d 5 4.21 and 2.63 Å are almost consistent with the limited powder
XRD data previously reported by Franklin et al. (6). An almost pure phase of
Na-4-mica was synthesized both by solution–sol–gel processing and by calci-
nation of the mixture of metakaolin, MgO, and NaF. A very highly crystal-
lized Na-4-mica could be especially prepared by the latter method. Kaolinite
is a 1:1 phyllosilicate, belonging to the dioctahedral subgroup. The high crys-
tallinity of metakao-Na-4-mica may be because Na-4-mica is favorably crys-
tallized in the matrix of a skeleton structure of metakaolin as a precursor of Al
and Si mixed at the atomic level.

The crystal shapes and sizes of these Na-4-micas are clearly seen in Fig. 2.
The SEM micrographs showed that the Na-4-micas have pseudohexagonal
crystallites. The crystallite size of metakao-Na-4-mica ranges between 2 and
10 mm, with many crystallites around 3–4 mm in size. The solgel-Na-4-mica
has a smaller crystallite size of around 0.2–0.4 mm.

2Na1 → Cu21 Exchange with the Na-4-micas

The isotherms for 2Na1 → Cu21 exchange with the two different Na-4-mi-
cas are shown in Fig. 3 as the equivalent fraction of the divalent metal in the

SELECTIVE Cu21 AND Pb21 EXCHANGE 2283

FIG. 3 Cation-exchange isotherms for 2Na1 → Cu21 exchange on the two different Na–4–
micas prepared (a) by solution–sol–gel processing and (b) by crystallization from the mixture of
NaF, MgO, and metakaolin precursors. Total normalities of 0.00468 N (circles), 0.00585 N

(triangles), and 0.00702 N (squares) were used.
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Na-4-mica phase against the equivalent cation fraction in the solution. For the
solgel-Na-4-mica, the copper-exchange isotherm quickly flattens out when
the equivalent fraction of Cu21 in the mica reaches XwCu 5 0.17. Its copper-ex-
change capacity at TN 5 0.00468 N, 122 mequiv (100 g)21, is only 26% of
the theoretical exchange capacity of Na-4-mica. The copper-exchange
isotherm with the metakao-Na-4-mica also quickly flattens out, but the equiv-
alent fraction of Cu21 in the mica quickly reaches XwCu 5 0.36. Its copper-ex-
change capacity at TN 5 0.00468 N was much improved to 225 mequiv (100
g)21, which is 48% of the theoretical exchange capacity of Na-4-mica. The se-
lectivity for Cu21 of the Na-4-mica was much improved with the highly crys-
tallized metakao-Na-4-mica. Figure 4 shows the Kielland plots for the 2Na1

→ Cu21 exchange with the two different Na-4-micas. The Kielland plots both
gave a linear relation, indicating that the copper-exchange reaction proceeds
on one kind of exchangeable site of Na-4-mica, which is the interlayer Na1

site. The dotted lines in Fig. 4 indicate that the corrected selectivity coefficient
is equal to unity. For the metakao-Na-4-mica, the Kielland plots fall above the
dotted line at XwCu , 0.3, indicating selectivity for Cu21. At XwCu . 0.3, how-
ever, Na1 ions are more preferred than Cu21. For the solgel-Na-4-mica, all the

2284 KODAMA AND KOMARNENI

FIG. 4 Kielland plots for 2Na1 → Cu21 exchange on the two different Na–4–micas prepared
(a) by solution–sol–gel processing and (b) by crystallization from the mixture of NaF, MgO, 

and metakaolin precursors.
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points fall below the dotted line. Na1 ions are preferred over Cu21 almost
throughout the 2Na1 → Cu21 exchange.

From the Kielland plots, the log(KM
Na)XwM20 and the Kielland coefficient C1

for the initial region of the ion-exchange reaction (XwCu # 0.26 and XwCu # 0.53
for solgel- and metakao-Na-4-micas, respectively) are obtained (Table 1). The
DG° for the overall ion-exchange reaction could not be calculated because the
Kielland plots were not obtained for high equivalent fractions of copper in the
micas (XwCu . 0.26 and XwCu . 0.53 for solgel- and metakao-Na-4-micas, re-
spectively). From Eqs. (13) and (14) using log(KM

Na)XwM→0, DG°ideal for the
2Na1 → Cu21 exchange reactions was estimated and is listed in Table 1. The
ion-exchange selectivity for “ideal” exchange with no steric hindrance can be
determined from the values of DG°ideal. Highly crystallized metakao-Na-4-
mica has a much higher selectivity for Cu21 in the ideal exchange in compar-
ison to solgel-Na-4-mica. As mentioned before, the generalized Kielland co-
efficient, C1, is related to the energy term for the steric limitation or jumping
barrier for exchanging ions in the interlayer and, when the C1 value is nega-
tive, the energy term for the steric limitation is larger because the | C1 | value
is larger. The energy term for the steric limitation is also reduced with the
highly crystallized metakao-Na-4-mica for the initial region of the ion-ex-
change reaction.

2Na1 → Pb21 Exchange with the Na-4-micas

Figure 5 shows the isotherms for 2Na1 → Pb21 exchange with the two dif-
ferent Na-4-micas. For the solgel-Na-4-mica, the isotherm quickly reaches XwPb

5 0.35 and becomes flat. The isotherm with the metakao-Na-4-mica quickly
flattens out when the XwPb reaches 0.55. The lead-exchange capacity at TN 5
0.00468 N was much improved from 187 to 257 mequiv (100 g)21 with the
highly crystallized metakao-Na-4-mica (Table 1), which is from 40 to 59% of
the theoretical exchange capacity of Na-4-mica. The Kielland plots for the
2Na1 → Pb21 exchange with the two different Na-4-micas are given in Fig. 6.

SELECTIVE Cu21 AND Pb21 EXCHANGE 2285

TABLE 1
Cation-Exchange Capacities (CECs) and Thermodynamic Data for 2Na1 → M21 Exchange

on Na-4-mica at Room Temperature

CEC for M21/mequiv DG8 ideal /kJ
Cation Sample (100 g)21 log(KM

Na)X
–

M→0 C1 (equiv)21

Cu21 Solgel-Na-4-mica 122 1.30 28.98 22.48
Metakao-Na-4-mica 225 2.93 25.05 27.12

Pb21 Solgel-Na-4-mica 187 20.458 1.20 2.55
Metakao-Na-4-mica 257 0.498 2.18 20.183

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

2286 KODAMA AND KOMARNENI

FIG. 5 Cation-exchange isotherms for 2Na1 → Pb21 exchange on the two different Na–4–
micas prepared (a) by solution–sol–gel processing and (b) by crystallization from the mixture 

of NaF, MgO, and metakaolin precursors. A total normality of 0.00468 N was used.

FIG. 6 Kielland plots for 2Na1 → Pb21 exchange on the two different Na-4-micas prepared
(a) by solution–sol–gel processing and (b) by crystallization from the mixture of NaF, MgO, 

and metakaolin precursors.
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Break points can be observed in both the isotherms at around XwPb 5 0.30 and
0.40 for the solgel- and metakao-Na-4-micas, respectively. In the initial stage
of the lead-exchange reaction, the plots fall above or very close to the dotted
line which indicate KPb

Na 5 1. Pb21 ions are more selective than Na1 ions in the
initial stage for both Na-4-micas. However, XwPb becomes larger than the break
point and the corrected selectivity coefficient quickly decreases. The presence
of the break point in the 2Na1 → Pb21 exchange isotherm with Na-4-mica is
due to the fact that the hydrated interlayer spacing of the Na-4-mica rapidly col-
lapses at XwPb 5 0.3–0.4, as discussed in detail later.

From the Kielland plots, the Kielland coefficient C1 and log(KM
Na)XwM→0 for

the initial stage of the lead-exchange reaction are obtained (Table 1). The es-
timated values of DG°ideal indicate that highly crystallized metakao-Na-4-mica
has a much higher selectivity for Pb21 in the ideal exchange with no steric hin-
drance for the initial stage of the exchange reaction. It is interesting that the C1

values are positive in the initial stage, which suggests that the energy term for
the steric limitation or jumping barrier is somewhat reduced by the 2Na1 →
Pb21 exchange in the initial stage. The values of DG° for the lead-exchange
reaction could not be obtained here because of the presence of break points in
the Kielland plots: DG° can be obtained from the integration of the Kielland
plot from XwPb 5 0 to XwPb 5 1.

Changes in the Solid Phase of Na-4-mica by the Copper
and Lead Exchange

Changes in the solid phase of the ion exchanger were investigated for
metakao-Na-4-mica. In the XRD pattern of the copper-exchanged Na-4-mica
with XwCu 5 0.48 (Fig. 7a), a strong and broadened peak for (001) reflection
appeared along with a large halo at around 24° (CuKa), indicating that the
crystallinity gradually decreased as the copper-exchange reaction progressed.
On the other hand, in the XRD pattern (Fig. 7b) of the lead-exchanged Na-4-
mica with XwPb 5 0.59, the peak of the (001) reflection became very weak and
the intensities of the two peaks observed at around d 5 4.1 and 2.6–2.7 Å be-
came much stronger. Figure 8 shows the changes in the XRD peak for the
(001) reflections of the copper- and lead-exchanged Na-4-micas. In the cop-
per-exchange reaction, the (001) reflection peak gradually became broad as
the XwCu increased, indicating lowering of the crystallinity of the hydrated Na-
4-mica (Fig. 7a), but it still remained strong for XwCu # 0.53 (Figs. 8a, b, and
c). The basal spacings in the 12.4–13.4 Å range indicate that the interlayer
structure of the hydrated Na-4-mica was retained during the copper-exchange
reaction. The basal spacings of the copper-exchanged Na-4-micas with XwCu 5
0.49 and 0.53 were d 5 12.5 and 12.4 which almost corresponds to a structure
with a single sheet of interlayer water. For the copper-exchanged Na-4-mica
with XwCu 5 0.19, however, the basal spacing increased to 13.4 Å, which may
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2288 KODAMA AND KOMARNENI

FIG. 7 XRD patterns of (a) the copper-exchanged metakao-Na-4-mica with XwCu 5 0.48 and 
(b) the lead-exchanged metakao-Na-4-mica with XwPb 5 0.59.

be due to the formation of a structure containing mixed single and double
sheets or double sheets of interlayer water. A layer spacing of 13.82 Å was re-
ported on vermiculite prepared by progressive removal of interlayer water
from normal vermiculite with double sheets of interlayer water (2). On dehy-
dration of the normal 14.36 Å phase, a 13.82 Å phase was first formed, corre-
sponding to a structure containing double sheets of interlayer water with an ar-
rangement different from that in the 14.36 Å phase. A similar structure of
double sheets of interlayer was apparently formed in the Na-4-mica when a
small amount of interlayer Na1 was exchanged by Cu21. The dehydration of
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interlayer water occurred when the 2Na1 → Cu21 exchange proceeded to
some extent and the double sheets of interlayer water reverted to a single
sheet. As shown by Fig. 4, the corrected selectivity coefficient decreased lin-
early with an increase in the XwCu in the copper-exchange reaction, which im-
plies that any significant phase changes, including the collapse of the inter-
layer spacing of hydrated Na-4-mica, did not occur in the solid, and that the
2Na1 → Cu21 exchange proceeded on the interlayer Na1 sites of hydrated
Na-4-mica. [If there is a significant phase change during the copper exchange,
the break point will appear in the Kielland plots like the lead exchange (Fig.
6).] The copper exchange gradually became difficult with progressive ex-
change because steric hindrance gradually increased with XwCu. The fact that

SELECTIVE Cu21 AND Pb21 EXCHANGE 2289

FIG. 8 Changes in XRD peak for (001) reflection of (a)–(c) the copper-exchanged metakao-
Na-4-mica and (d)–(f ) the lead-exchanged metakao-Na-4-mica. The equivalent fractions of
copper and lead in the micas were XwCu 5 (a) 0.19, (b) 0.49, (c) 0.53; XwPb 5 (d) 0.20, (e) 0.52, 

(f ) 0.59.
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the layer spacing of the hydrated Na-4-mica gradually lowered (Fig. 8a–c) and
the crystallinity of the phase also gradually became poor (Fig. 7a) with in-
creasing XwCu, makes the steric hindrance larger.

A strong (001) peak was observed in the lead-exchange reaction for XwPb 5
0.20. However, the peak became very weak when XwPb 5 0.52 and 0.59, indi-
cating the collapse of the basal spacing. The equivalent fractions of Cu21 and
Pb21 were almost the same between the copper- and lead-exchanged micas
given in Figs. 8(c) and 8(e), respectively, but the (001) peak still remains in
Fig. 8(c) while it has almost disappeared in Fig. 8(e). The collapse of the hy-
drated interlayer spacing rapidly occurred when XwPb approached a value of
about 0.3–0.4. This collapse of the hydrated interlayer spacing leads to the
break point in the Kielland plots in Fig. 6; the rapid decrease in the corrected
selectivity coefficient at XwPb . 0.3–0.4 is due to this collapse of the hydrated
interlayer structure. Before the collapse took place (the initial stage of the lead
exchange), the steric hindrance was rather reduced when the lead exchange
progressed as shown by the positive C1 (Table 1).

One of the present authors previously reported the 2Na1 → Sr21 exchange
with solgel-Na-4-mica (4). In the strontium exchange the hydrated interlayer
spacing also collapsed considerably when about half of the exchange sites
were occupied by strontium, as confirmed by powder x-ray diffraction which
showed that the c-axis decreased from 12.2 to 10.2 Å and that the peak for
(001) reflection became very weak and broadened. However, in the 2Na1 →
Zn21, Ni21, Cd21, Co21, and Mn21 exchanges with metakao-Na-4-mica, the
hydrated interlayer structure with basal spacings in the 12.1–13.8 Å range was
retained during divalent metal exchange (17). The collapse of the hydrated in-
terlayer spacing by lead or strontium exchange can be explained by the effec-
tive ionic radii of the cations as follows. The exchange by cations with a large
effective ionic radius, like Pb21 (1.33 Å) and Sr21 (1.32 Å) ions, is believed
to cause the collapse of hydrated interlayer spacing when XwM becomes large.
On the contrary, the hydrated interlayer spacing is almost retained during ion
exchange of Zn21 (0.88 Å), Ni21 (0.83 Å), Cd21 (1.09 Å), Co21 (0.89 Å), and
Mn21 (0.97 Å) ions, all of which have a smaller effective ionic radius.

CONCLUSIONS

The ion-exchange selectivity of Na-4-mica synthesized cost-effectively
from metakaolin was investigated for 2Na1 → Cu21 or Pb21 exchange in
comparison to that of solution–sol–gel processed Na-4-mica. Na-4-mica with
a higher crystallinity could be prepared by the crystallization from a mixture
of NaF, MgO, and metakaolin in comparison to that prepared by
solution–sol–gel processing. This high crystallinity of Na-4-mica may be due
to the fact that it is favorably crystallized in the matrix of a skeleton structure
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of metakaolin as a precursor of Al and Si mixed at the atomic level. Selectiv-
ities for copper and lead exchange with Na-4-mica in the initial ion-exchange
reaction were improved with the highly crystallized Na-4-mica from
metakaolin. Large cation-exchange capacities of 225 and 257 mequiv (100
g)21 could be obtained for Cu21 and Pb21, respectively. Swelling sodium mi-
cas of the true mica type were recently prepared from naturally occurring phl-
ogopite mica at room temperature by using sodium tetraphenyl boron (18) and
from phlogopite and biotite by repeated hydrothermal treatments with 2 M
NaCl at 180°C for 18 hours (19). The former authors (18) showed there were
very high selectivities for cesium while the latter authors (19) showed there
were high selectivities for Pb and Cu with uptakes of almost 150 mequiv (100
g)21 (about 2/3 of the theoretical capacity). Our brittle mica showed 1.5–1.7
times Pb and Cu uptakes in comparison to these micas from natural phlogo-
pite and biotite. Fluorinated clays have been commercially prepared since the
early 1950s by solid-state methods because of the simplicity of the process;
solution methods (18, 19) have not yet been commercialized. The particle size,
morphology, homogeneity, and crystallinity, all of which improve the ion-ex-
change properties, may be controlled for our synthetic mica by changing the
synthetic conditions.

The basal spacing of the hydrated phase of Na-4-mica rapidly collapsed
when the equivalent fraction of Pb21 in the mica became large (XwPb . 0.40 for
metakao-Na-4-mica). On the other hand, it was retained in the copper-ex-
change reaction (XwCu # 0.53 for metakao-Na-4-mica) although the crys-
tallinity of the hydrated Na-4-mica became less and the hydrated interlayer
spacing was somewhat lowered. This difference in the stability of the hydrated
interlayer structure may be explained by the effective ionic radii of the cations.
The thermodynamic functions for the initial ion-exchange equilibria at room
temperature were also calculated.
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