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TRANSFORMATION OF SYNTHETIC Zn-STEVENSITE TO Zn-TALC INDUCED

BY THE HOFMANN-KLEMEN EFFECT
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Abstract—Stevensite-like sauconite, with the general composition: Siy (Zn5_[,)010(OH), RS, where []
is a vacant site, was synthesized. The objective was to study the possible migration of some cations (Li* and
Zn*") within such trioctahedral smectites, under heating, following the so-called ‘Hofmann-Klemen’ (HK)
effect. The initial gel was divided into five aliquots and placed in teflon-coated hydrothermal reactors with
distilled water, and these were hydrothermally treated at 80, 100, 120, 150, and 200°C, respectively, over
30 days. X-ray diffraction (XRD) analysis confirmed that the samples synthesized were smectites. The
number of vacant sites (x) per half unit cell (O;o(OH),) ranged from nearly 0 to 0.23 but no simple
relationship was established between x and the temperature of synthesis. The samples were Li"- and Zn*"-
saturated, and heated overnight at 300°C (HK treatment). Cation exchange capacity measurements were
made by Fourier transform infrared spectroscopy (FTIR) on NHj-saturated samples. After LiHK treatment,
the structural formula of samples could be expressed as: Si4Zn(3,x)LiX01O(OH)zNH4;, while after ZnHK
treatment, it could be expressed as: Si;Zn;0,¢o(OH),. Analysis by XRD and FTIR showed that the samples
moved from a Zn-stevensite-like structure to Zn-talc-like structure after treatment with ZnHK. These results
are interpreted as evidence that Zn*" (and Li") migrated into the previously vacant sites under HK treatment.
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INTRODUCTION

Sauconite is the general name given to the Zn-rich
members of the smectite group. The name comes from
the first discovery of the mineral at the Uberroth Mine in
the Saucon Valley, Pennsylvania (Genth, 1875).
Sauconite found in nature generally has a saponite-
like, Zn-rich smectite structure, i.e. with tetrahedral
charge due to Al/Si substitutions in tetrahedral sheets
(Ross, 1946; Faust, 1951). Sauconite usually occurs in
the oxidation zone of Zn deposits, occasionally asso-
ciated with hemimorphite (Zn4Si,O,(OH),H,0) and
smithsonite (ZnCO3). It also occurs in the oxidation
zone of some sulfide ore bodies together with willemite
(Zn,Si104) and hemimorphite (Tiller and Pickering,
1974). Its geological occurrence suggests formation by
weathering, and therefore may have implications for the
chemistry of Zn in soils and sediments. The occurrence
of anthropogenic Zn in soils due to industry (dusts
emissions) and the spreading of contaminated wastes
(sewage sludge, slurry, dredged sediments) has become
an environmental problem (e.g. Mench et al., 2000).
Recent studies have shown that Zn-bearing phyllosili-
cate is the most common secondary Zn-rich mineral
formed by weathering in temperate climate areas (e.g.
Isaure et al., 2005). Determining the Zn status in
phyllosilicates (sorbed or substituted in dioctahedral or
trioctahedral structure) is important from geochemical
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and environmental standpoints. Knowing more about the
crystallization conditions of Zn silicates is thus of
interest in order to assess the effect of physicochemical
parameters on the fate of Zn. A review of the synthesis
of smectites (Kloprogge et al., 1999) showed that only a
small number of studies on the synthesis of Zn-smectites
have been undertaken. Early experimental works were
carried out at low temperature (100°C) and atmospheric
pressure (Esquevin, 1955, 1956, 1960; Tiller and
Pickering, 1974; Leggett, 1978), or at higher tempera-
tures (130—730°C) and pressures (35—276 bar) (Roy and
Mumpton, 1956). More recently, Higashi er al. (2002)
performed hydrothermal syntheses of saponite-like
sauconite with composition (Siz Alg.4)Zn3;0; g
(OH),Nag 4 and hectorite-like sauconite with composi-
tion Siy(Zn, ¢Lig4)010(OH),Nay,. The temperature of
syntheses ranged from 100 to 250°C for 3 to 7 days.

Stevensite-like sauconite with the general composi-
tion: Sis(Zn;_,[1,)01o(OH),R,, where [ is a vacant
site and a is the octahedral charge (¢ = 2x) was
synthesized in the present study. The possible migration
of some cations (Li" and Zn>") within such trioctahedral
smectites under heating, according to the so-called
‘Hofmann-Klemen’ (HK) effect (Hofmann and
Klemen, 1950), was then studied.

MATERIALS AND METHODS

Materials
Syntheses were performed starting from a gel with a

controlled chemical composition. The initial gel was
prepared following the procedure described by
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Decarreau (1985) using 0.1 M sodium metasilicate
(SiO,Na0.5H,0) and 0.3 M zinc sulfate
(ZnS0,4.7H,0), according to the theoretical precipitation
reaction:

4SiOz.Na20 + 3ZI’ISO4 + HzSO4 -
Si4Zl’l30]] + 4Nast4+ H20

After precipitation, the solid phase was centrifuged
and washed with distilled water to remove as much
sodium sulfate as possible. The gel was then divided into
five aliquots (~400 mg of hydrated gel) and placed in
teflon-coated hydrothermal reactors with 30 mL of
distilled water. Each run corresponded to one tempera-
ture of the hydrothermal treatment (80, 100, 120, 150,
and 200°C; Table 1). Above 100°C, the pressure was
equal to the vapor-saturation pressure. For all the
experiments, the duration of the synthesis period was
30 days and the initial pH was 6.3.

At the end of experiments, the synthesized products
were filtered, washed, dried, and ground gently. About
220 mg of sample was obtained for each run. The pH of
each material, at the end of the experiment (Table 1),
showed only slight variations from the initial pH.

The Hofmann-Klemen treatments consisted of heat-
ing Li"- and Zn>"-saturated samples overnight at 300°C
in a platinum crucible. The LiHK and ZnHK attributes
were then added to the name of the Li"- and Zn**-treated
samples, respectively. Li*- and Zn?'-saturations were
performed using Li- and Zn-chlorides (1 mol dm™).
Suspensions were allowed to stand for 24 h, then
centrifuged. The supernatant was removed and the
procedure was repeated three times.

Cation exchange capacity (CEC) is the sum of
accessible permanent charge and variable charge.
Variable charge is due to edge-surface species and is
pH-dependent, while the permanent charge is a structural
charge. The amount of permanent charge is independent
of the amount of variable charge. However, the
contribution of variable charge to CEC values is often
given as a percentage, e.g. a 20—30% contribution of
variable charge to the CEC value is considered as a

Table 1. Conditions of synthesis.

Sample T (°C) pH CEC
Zn80 80 6.8 —
Zn100 100 5.7* 50.0
Zn120 120 6.9 -
Zn150 150 6.3 —
Zn200 200 6.1 35.0

T: temperature of synthesis.

pH: pH of the quenched end of synthesis fluid.

CEC: cation exchange capacity (Mg saturation measurement)
(cmole kg™

—: not measured

*: a significant loss of fluid was observed.

Petit, Righi, and Decarreau

Clays and Clay Minerals

maximum for smectite (Czimerova et al., 2006). For
stevensite-like smectites, the entire permanent charge is
located in the octahedral sheet, is accessible, and is due
to the occurrence of vacant sites compared to a talc
structure. Isomorphic substitutions of divalent octahe-
dral cations by monovalent Li, as in hectorite, also
contribute to permanent charge.

Layer charge may be estimated from stoichiometric
coefficients in structural formulae. Using the molecular
weight of the anhydrous compounds such as
Si4Zn(3,x)DXOIO(OH)ZNHZH, the following relationship
was calculated between the layer charge a, in equivalent
charges per half unit cell (O,o(OH),), and its corre-
sponding amount of permanent charge (CECpcrm)
expressed in cmol/kg:

a = 0.0049*CECperm (1)

The CEC was measured for all samples (untreated and
Li- and Zn-HK-treated) following the method described
by Petit et al. (1998, 2006) because it needs only a small
amount of sample. This method consists of measuring the
amount of ammonium in NHj-saturated samples using
the v,NHj IR vibration band near 1400 cm ™. Samples
were NHj-saturated using 1 M ammonium acetate
solution. Suspensions of the samples in ammonium
acetate solution were obtained by agitation and then left
to stand for 2 h. After centrifugation, the samples were
removed from solution and the procedure applied once
again. The samples were then washed until free of
ammonium salts (no reaction with the Nessler reagent).
The NH, contents were measured in arbitrary units
(integrated intensities of IR bands) and a 10% error on
the measurement was estimated for the Zn100 sample
which was available in sufficient amounts (# = 10). This
10% error was used for uncertainties in CECypg
measured for all samples and is probably overestimated
for the samples with greater NH} contents. To express the
measured NH,; contents from arbitrary units into cation
quantities by sample mass in cmol/kg, at least one CEC
measurement has to be carried out independently by
another technique (Petit et al., 1998, 2006). This was
done for the two samples available in slightly larger
amounts (Table 1), using the method described by Righi
et al. (1993). The samples were saturated with Mg”* and
the excess MgCl, was washed out carefully using
ethanol. Mg?" was then replaced by NHj and analyzed
by atomic absorption spectroscopy (AAS) in the
exchange solution. In fact, for conversion, only the
CEC value measured for Zn100 was used because Zn200
was shown to be impure.

Analytical procedures

X-ray diffraction (XRD) patterns were obtained using
a Philips PW-1050/25 DY 5249 diffractometer equipped
with Ni-filtered CuKoa radiation (40 kV, 40 mA),
combined with a SOCABIM system (DACO-MP) for
numerical-data acquisition.
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A thermobalance NETZSCH STA 409 EP was used
for thermal analyses (differential thermal-thermogravi-
metric analysis: DTA-TG). The measurements were
performed on samples of ~20 mg, heated from 20 to
1100°C, at 10°C/min in air. The temperature of smectite
dehydroxylation was measured at the maximum of the
second endotherm. The TG analyses allowed a rough
approximation of the rate of smectite crystallization
(%cryst, Table 2) by comparing the water loss during
dehydroxylation (wt.%) of the anhydrous synthesized
sample with the calculated theoretical water loss it
should produce in the case of dehydroxylation of pure
anhydrous smectite. The calculated theoretical water
loss during dehydroxylation of pure anhydrous smectite
with a SizZn;z_,)O;0(OH),Zn,, formula unit and a molar
mass of 502.5 g is 3.58%. Thus, the rate of smectite
crystallization (%cryst) could be calculated following
the equation:

%cryst = %OH,,,/3.58 2)

where %OH,,;, is the water loss due to dehydroxylation
of the anhydrous synthesized compound.

%OHn = (1 — %H,0/100)*%H,0 3)

where %OH is the water loss during dehydroxylation
(wt.%) measured by TG within the temperature range
250—700°C (%OH, Table 2), and %H,0 is the water loss
during dehydration measured by TG from 20 to 220°C
(%H,0, Table 2).

Fourier transform infrared (FTIR) spectra were
recorded with a 4 cm™' resolution in transmission
mode in the 4000—400 cm™' range using a Nicolet
510 FTIR spectrometer which was purged continuously
with dry air containing substantially less CO, than
normal air. Spectra were obtained from pressed KBr
pellets. These pellets, 2 cm in diameter, were prepared
by mixing 3 or 4 mg of sample with 300 mg of KBr in
order to obtain well defined spectra. Integrated inten-
sities of the absorption bands were achieved using the
OMNIC software supplied with the Nicolet instrument.

The FTIR spectroscopy was used not only for the
study of the OH vibrations but also for the quantitative
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determination of the CEC, following the method of Petit
et al. (1998, 2006). To compare samples quantitatively,
spectra were normalized using the main Si—O band near
1000 cm™" as the internal reference.

RESULTS

XRD data

The powder XRD patterns (Figure 1) are character-
istic of pure smectites for all samples, except sample
Zn200, which also contains willemite and hemimorphite.

For samples synthesized at lower temperatures, a
small broad hump is observed between 20 and 50°26,
indicating a small amount, if any, of residual, X-ray
amorphous materials. The XRD patterns of all the
samples exhibit asymmetric (kk) bands characteristic of
a turbostratic stacking of layers. The (4k) bands with
maximum diffraction intensity located at ~4.5 A,
2.61-2.64 10\, 1.7 A, and 1.53 /0\, correspond to the
02,11, 13,20, 15,24,31, and 06,33 bands of smectites,
respectively. The 13,20 band is relatively intense
compared to Mg-smectites, due to the high Zn-scattering
factor (Kotochigova and Zucker, 2005). The doc 33
values are at 1.53+0.005 A, characteristic of tri-
octahedral clay minerals, and are in the same range as
those measured by Higashi es al. (2002) for synthetic
hectorite-like and saponite-like sauconite (1.525 and
1.532 A, respectively). The dy¢33 does not vary
significantly for the three samples synthesized at lower
temperatures, but decreases slightly with increase in
synthesis temperature (Table 3).

In air-dried conditions, the dyy; value decreased with
synthesis temperature from 15 A for sample Zn80 to
10.6 A for sample Zn200 (Table 3), reflecting a decrease
in the mean water content in the interlayer space. Note
that in these untreated samples, the interlayer cation can
be Zn>" and/or Na'. For samples synthesized at lower
temperatures (<120°C), the dyy; values revealed that
some Zn>" probably occurred as interlayer cations (two
water layers), because Na~ would lead to a one-water-
layer configuration (12 A), under the given experimental
conditions. After ethylene glycol (EG) solvation, the 001

Table 2. Thermal events of the synthetic samples.

Sample 1° endo 2" endo 1% exo 2" exo %H,0 %OH Y%cryst
Zn80 78 550 781 965 8.9 2.7 69
Zn100 83 553 780 955 9.8 2.9 73
Znl120 76 565 781 968 7.2 39 101
Znl150 69 575 780 968 6.5 2.4 63
Zn200 63 615 765 952 4.2 2.9 78

endo: endotherm
exo: exotherm

%H,0: hydration water loss measured by TGA from 20 to 250°C (wt.%)
%OH: water loss due to dehydroxylation measured by TGA from 250 to 700°C (wt.%)

Y%cryst: calculated % of crystallization (see text).
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Figure 1. Powder XRD patterns of the synthetic samples described in Table 1. h —hemimorphite; w — willemite; * — instrumental

problem.

reflection expanded to 17—18 A (Table 3), clearly
characteristic of smectite-type clays for all samples.
The very large swelling for the Znl00 and Znl120
samples may have come from very poor crystallinity,
and/or from a possible complex interstratification of
layers with different EG intercalation properties. Similar
behavior was also observed for natural, trioctahedral,
low-charge smectites, and was interpreted as interstra-
tification or the presence of extremely thin particles
(Polyak and Giiven, 2000; Cuevas et al., 2003; Yeniyol,
2007). After heating at 300°C for 2 h, Zn200 collapsed to
9.9 A, while greater spacings were measured for the
other samples (Table 3), possibly due to a rapid partial
rehydration of smectites under ambient atmosphere.
After re-exposure to ethylene glycol of these heated
samples, all the samples swelled again, with the same
amplitude as before the heat treatment for Zn150 and
Zn200, and, to a lesser extent, for the samples
synthesized at lower temperatures (Table 3). For the
latter samples, the possibility of a partial HK effect with
interlayer Zn** was not excluded (see below).

Thus, the synthesized products apparently are actu-
ally Zn-stevensite, with the structural formula
Sia(Zn3_[1.,)010(OH),R,.

After Zn-HK treatment, dyo; was near 10 A for all
samples, and did not change after EG saturation
(Table 3), indicating Zn-talc-like clay. For convenience,
the term ‘Zn-talc’ will be used hereafter instead of the
‘Zn-kerolite’ term, even though the latter might be more
appropriate due to the turbostratically disordered layer
stacking observed for the Zn-HK samples (Brindley,
1980).

The successive dyo; values under several treatments
are illustrated in Figure 2 for the Zn150 sample.

Thermal analyses

The DTA curves for all synthetic samples are similar
(Figure 3) and exhibit the characteristic features of Zn-
smectites with the two typical exothermic peaks at high
temperatures (at ~780 and 960°C) due to successive
recrystallizations into Zn,SiO4 polymorphs (Faust,
1951). The temperature of the first endotherm, due to
dehydration, varied throughout the series, perhaps due to
the heterogeneity of the interlayer cations (Na®, Zn*")
and/or to the dehydration of some residual gel (Table 2).
The temperature of the second endothermic peak, due to
smectite dehydroxylation, increased regularly from
sample Zn80 to sample Zn200, reflecting a greater

Table 3. XRD characterization of samples.

Sample AD EG H H EG ZnHK ZnHK EG 06,33
Zn80 15.0 17.5 12.2 13.5 10.6 10.6 1.533
Zn100 13.9 18.4 12.3 14.1 10.6 10.6 1.533
Zn120 12.8 18.8 11.9 16.0 10.3 10.3 1.535
Znl50 12.3 17.6 11.2 17.5 10.1 10.1 1.530
Zn200 10.6 17.1 9.9 17.1 9.8 9.8 1.525

Position of the 001 reflection for: AD — air-dried preparation; EG — glycolated preparation; H — heated at 300°C
for 2 h; H EG — heated at 300°C and glycolated; ZnHK — heated at 300°C overnight after Zn>" exchange; ZnHK
EG — ZnHK glycolated; 06,33 — position of the 06,33 reflection. All reflection positions are given in A.
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Figure 2. XRD pattern of the oriented clay-aggregate Zn150
synthetic sample. AD — airdried; EG — glycolated; ZnHK — Zn-
treated (see text); ZnHK EG — Zn-treated and glycolated,

thermal stability of smectite with increasing synthesis
temperature. This is commonly observed for clay
syntheses performed under rather low hydrothermal
conditions (<250°C) (Petit, 1990; Decarreau et al.,
2008). The dehydroxylation temperatures are in a

Zn80 |
Znl100
Znl20
Znls0
— \/\jL,/\Q.
t t t f t
0 200 400 600 800 1000

T (°C)

Figure 3. DTA patterns of the synthetic samples.
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lower range than those measured for natural Zn-smectite
(sauconite) (Faust, 1951), but are in the same range as
those measured by Higashi ef al. (2002) for synthetic
hectorite-like and saponite-like sauconites.

The rate of smectite crystallization (%cryst, Table 2)
can be approximated roughly by comparing the water
loss due to dehydroxylation (%OH), measured by TGA,
with its calculated theoretical value. The estimated rate
of smectite crystallization is relatively high (Table 2).
From TGA, only sample Zn120 could be considered as
completely pure (initial gel totally transformed into
clay). The deviations from 100% are possibly due to
either partial transformation of the initial product (and
remainder of residual product) and/or the occurrence of
impurities (willemite and hemimorphite were detected
by XRD for sample Zn200). Deviations from the
SisZn;_)010(OH)>Zn,.nH,0 theoretical composition
assumed for the crystallized smectite are also possible.

Infrared spectroscopy

The IR spectra (Figure 4) of the synthesized samples
are very similar to those of synthetic hectorite-like and
saponite-like sauconites (Higashi ez al., 2002). Notably,
they show the characteristic vZn;OH band at 3643 cm ™'
(Petit, 2005). The width of the 3643 cm ™" band tends to
decrease when the synthesis temperature increases
(Table 4). Another band at ~670 cm™' is characteristic
of trioctahedral clays. In the case of Zn-smectites, this
band at 662 cm ™' is mainly due to 8Zn;OH. By analogy
with other trioctahedral clays (Decarreau et al., 1992), it
probably overlaps a lattice vibration (A;v,SiO). For the
Zn200 sample, small bands at ~875, 800, and 600 cm !
are due to impurities also detected by XRD.

After LiHK and ZnHK treatments, the spectra varied
only slightly. The width of the 3643 cm ™" band tended to
decrease for LiHK-treated samples and all the more so for
ZnHK-treated samples (Table 4). A small shift towards
smaller wavenumbers was also observed (Figure 5). The
band at 662 cm™' followed the same behavior. In the NIR
OH-combination region (Figure 6), the spectra were better
resolved (bands are narrower) after HK treatment and all
the more so for ZnHK-treated samples. Notably, the band
at 4309 cm !, which can be attributed to (v+8)Zn;OH,
increased for the HK-treated samples.

To determine quantitatively the evolution of CEC
after LiHK and ZnHK treatment, the integrated inten-

Table 4. Full width at half height (cm™") of the vZn;OH
band at 3643 cm™".

Sample Untreated LiHK ZnHK
Zn80 25 25 24
Zn100 23 23 23
Zn120 24 21 19
Zn150 23 20 16
Zn200 16 13 9
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Figure 4. FTIR spectra of the synthetic samples in the mid-infrared region.

sities of the UNHJ band near 1400 cm ™' (Figure 5) were
measured for the NHj-saturated samples following the
method described by Petit er al. (1998, 2006). To
compare the samples quantitatively, the spectra were
normalized using the main Si—O band near 1000 cm ™'
as the internal reference. Using the CEC measured
independently for Zn100 (Table 1), the NH} contents in
arbitrary units were then converted into cmol/kg for all
untreated and HK-treated samples (Figure 7). The CEC
of sample Zn80 is large (125 cmol/kg) compared to the
samples synthesized at greater temperatures (Figure 7),
and is typical of smectite. Samples Zn100, Zn120, and
Zn200 have relatively small CEC values for smectites
(between 43 and 54 cmol/kg) while sample Zn150 has an
intermediate CEC value (69 cmol/kg). Note that the CEC
obtained for Zn200 (Figure 7) was greater than that
measured using the independent method (Table 1).
Because the impurities present in Zn200 have very little
influence on the IR spectra, the ammonium content
which was measured corresponds mainly to clay while
the CEC measured independently corresponds to the

NH4-Zn80ZnHK
NH4-Zn80LiHK

3642

Absorbance

8Zn;0OH
vZn;OH Ml 659

whole sample. No case can be made for relationships
between the CEC values of untreated samples and
synthesis temperatures. The LiHK treatment induces a
significant decrease in CEC, except for Znl20.
Treatment with ZnHK induced a significant decrease in
CEC values compared to LiHK treatment, at least for
samples Zn80 and Znl50 (Figure 7). For the ZnHK-
treated Zn100 and Zn200 samples, the CEC values show
a slight decrease compared to LiHK-treated samples, and
a significant decrease compared to untreated samples.
The CEC value of the ZnHK-treated Zn200 is
13 cmol/kg. Unlike the other samples, the Li- and
Zn-HK treatments did not seem to have any influence
on the CEC value for sample Zn120.

After NHj saturation, the NH; content measured by
FTIR corresponded to the CEC value and thus to the
total accessible charge (permanent plus variable charges)
of the samples. Except for the Zn120 sample, a clear
reduction in CEC was observed after Li and Zn-HK
treatments. The reduction in CEC value is assumed to
correspond to migration of Li* or Zn?" into vacant sites.

L) )
3500 2500

1500 500

Frequency (em~1)

Figure 5. FTIR spectra of the NHy-saturated Zn80 sample in the mid-infrared region before and after Li- and Zn-HK treatments.
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Figure 6. FTIR spectra of the Zn200 sample in the NIR OH
combination-band region before and after Li- and Zn-HK
treatments.

Thus, after LiHK treatment, the structural formula of the
samples can be expressed as SisZni_,)Li O
(OH),NH3, with ¢ = x, while after ZnHK treatment,
the structural formula of the samples can be expressed as
Si4Zn30;9(OH),, which corresponds to a Zn-talc
mineral. The small amount of ammonium measured by
FTIR after ZnHK treatment is then assumed to come
essentially from variable charges.

Assuming that the residual charge measured after
ZnHK treatment is due to variable charges only, and that
Li- and Zn-HK treatments do not disturb significantly
crystal edges and the development of variable charge
(Righi et al., 1998), the CEC value corresponding to
permanent charge (CEC,em) of untreated and LiHK
samples was recalculated by subtracting the NHj
amounts measured for ZnHK samples from the NHj
amounts measured for untreated and LiHK samples,
respectively (Figure 8). Data are also expressed as layer
charge, a, per half unit cell (O;¢o(OH),) following
relation 1.

Except for sample Zn80, synthesized stevensites are
low-charge smectites. The permanent charge calculated
for samples Zn100 and Zn120 is even close to 0. The

140 | - ]

I

]
o

(cmollkg)
(=]
o

80
=]
=z
o 60
w
(&)
40
20 |
o] |5 .
Zn80 Zn100 Zn120 Zn150 Zn200
Sample

Figure 7. FTIR measurement of the NHj content expressed as
CEC of the NH}-saturated samples. Gray — untreated samples;
white — LiHK-treated samples; black — ZnHK-treated samples
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Figure 8. (left axis) CEC due to the permanent charge of
synthetic samples. (right axis) Corresponding layer charge per
half unit-cell. Gray — untreated samples; white — LiHK-treated
samples.

number of vacancies is thus very small in the
synthesized stevensites (half of a).

DISCUSSION AND CONCLUSIONS

Synthesis of Zn-smectites

Pure Zn-smectites can be synthesized from a Si-Zn
coprecipitated gel and from 80 to 150°C within 1 month.
At 200°C, Zn-smectite could also be synthesized, but
willemite and hemimorphite admixtures were detected by
XRD. These two crystalline Zn silicates are often reported
to occur in synthesis experiments in the Zn-Si system (e.g.
Kloprogge et al., 1999). The present results suggest that
the increase in synthesis temperature favors the crystal-
lization of impurities, as the only parameter which varies
is temperature. This is in accordance with Roy and
Mumpton (1956) who suggested that 200°C is the
minimum temperature for the formation of willemite
under hydrothermal conditions. However, note that
Esquevin (1960) obtained willemite and hemimorphite
at temperatures as low as 100°C. The synthesis and
stability relations of silicates in the ZnO-SiO, system
were studied (Roy and Mumpton, 1956) using gels
incubated in the range 130—730°C (35—276 bar). Pure
sauconite was obtained only up to 210°C. Optimizing the
process to synthesize sauconite, hemimorphite, and will-
emite, Usui et al. (1987) found that using active silicic
acid prepared by an acid treatment of a clay mineral is the
key factor in reducing the synthesis conditions, notably
the pressure, in comparison to the Roy and Mumpton
(1956) process. Within hours, and at vapor-saturation
pressure, sauconite was synthesized (Usui et al., 1987).
The optimal ZnO/SiO, molar ratio to obtain sauconite is
3/4 (i.e. stoichiometric ratio); it is less for hemimorphite
and willemite. The optimal temperature range is
130—170°C for sauconite, 150—250°C for hemimorphite,
and >200°C for willemite. In this study, only one
synthesis time was used which was much greater
(1 month) than the synthesis time (<1 day) used by Usui
et al. (1987). Therefore, the use of active laminar silica
probably improves the process. The only restriction to this
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procedure is that it always introduces some Al into the
system. Actually, small amounts of Al from initial clay
(silica source) are always present as a residual product
associated with the active silica.

According to Usui et al. (1987), the upper tempera-
ture limit to obtain pure sauconite was found at <200°C.
However, sauconite was easily synthesized at tempera-
tures of <130°C. The smallest temperature used was
80°C, and a reasonably well crystallized sauconite was
achieved. Moreover, this temperature apparently is not
the lower limit and Zn-smectite could probably form at
even lower temperatures. Indeed, others (Tiller and
Pickering, 1974; Leggett, 1978) observed by means of
XRD that Zn-smectite was synthesized under Earth-
surface conditions (20°C, 1 bar) but only after at least
1—-2 y. Moreover, in batch experiments at 25°C for a few
days with pre-existing hectorite (Schlegel et al., 2001)
and montmorillonite (Schlegel and Manceau, 2006), Zn-
phyllosilicate neoformation was revealed by EXAFS and
solution-chemistry studies. Those authors suggested that
the pre-existing clays act as nucleating surfaces promot-
ing crystallization of Zn-kerolite. The ease of Zn-
phyllosilicate crystallization is possibly due to the fact
that Zn>" cations hydrolyze at near-neutral pH values,
promoting polymerization with silicic acid (Mizutani et
al., 1990). Under hydrothermal conditions, the hydro-
lysis rate increases and nucleation and growth of
smectite can be accelerated. However, the advantage of
greater rates of reaction could be offset by the formation
of other Zn-silicates with a different stability field, as
seen for the 200°C experiment.

Crystal chemistry of synthesized smectites

From the same initial gel, having the Si4Zn;Oq;
composition, a series of Zn-smectites, i.e. sauconites,
was synthesized at various temperatures (80, 100, 120,
150, and 200°C). Because Zn could not substitute for Si
(at least in such low-temperature minerals), the perma-
nent charge of smectite necessarily comes from octahe-
dral vacancies only. Synthesized sauconites are therefore
of stevensite type with the structural formula
Sis(Zns_[1,)019(OH),R,,. The number of vacant sites
per half unit cell (O;¢(OH),) ranges from 0.23 (Zn80) to
nearly 0 (Zn100 and Znl120). It is ~0.1 for samples
Zn150 and Zn200. No obvious relationship exists
between the number of vacant sites and the temperature
of synthesis. Even for sample Zn80, identifying the
Zn,OH vibration bands by FTIR spectroscopy was not
possible. Only a decrease in bandwidth of Zn;OH was
observed with the decrease in charge, which was
assumed to be linked to the number of vacant sites.
This suggests that such Zn,OH stretching and bending
bands probably occur close to the Zn;OH bands.

Clay minerals with a very large permanent charge or
without any charge swell minimally in water. For
montmorillonite, a charge of 0.2 per half unit cell
(010(OH),) is commonly considered as the lowest limit
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for full swelling in water (Meier and Niiesch, 1999). Full
swelling was not observed for any synthetic samples (see
the air-dried value for Zn200, Table 2), although com-
plete swelling was observed for ethylene-glycolated
samples, at least for samples Zn80, Zn150, and Zn200.
In low-charge smectites, the charge emanates mainly from
substitution of divalent for trivalent cations (R*>*/R*") or
of monovalent for divalent cations (R**/Li") in octahedral
sites giving a charge deficit of 1. In the case of stevensite,
however, the local charge deficit is 2, when there is a
vacant site. This probably gives specific physicochemical
properties to the synthetic stevensites.

HK EFFECT

The possible migration of small interlayer cations
into smectite layers under heating has been known for a
long time (see Komadel ez al., 2005). The final position
of the fixed cations, deep in the structure of the smectite
layer, may vary depending on the crystal chemistry of
smectite. For pure montmorillonite (no tetrahedral
charge), the so-called ‘HK effect’” is now generally
accepted, by which Li" can migrate deep into the
structure to the previously vacant octahedral sites. For
the migration of divalent cations, such as Zn’®, into
smectite layers, no clear supporting data are available.
Only a few works have been found on the migration of
cations into the structure of trioctahedral smectites, and
they focused on hectorites (Jaynes and Bigham, 1987;
Jaynes et al., 1992). The reasons for this paucity of
information are probably: (1) stevensite is not very
common in nature; and (2) the LiHK effect has been
used widely to distinguish between montmorillonite and
beidellite following loss of swelling as seen by XRD
(Green-Kelly, 1953, 1955). In the case of stevensite,
complete charge compensation by Li" is not possible, so
charge-induced swelling cannot be completely ruled out.
This could not be checked in the present study because
no XRD data were obtained due to insufficient amounts
of LiHK samples. However, FTIR measurements, using
the method of Petit et al. (1998), still showed a residual
permanent charge after Li" fixation (Figures 7 and 8).
Plotting the layer charge (corresponding to permanent
charge) of LiHK samples vs. the layer charge of the
untreated samples (Figure 9) revealed that samples
Zn80, Zn100, and Zn150 are close to the diagonal line
corresponding to y = 2x. The assumed change to the
structural formula, induced by Li treatment, from
Si4(ZH3,XDx)Olo(OH)2RZ with a = 2x to
Si4Zn(3,X)LixOIO(OH)zNHZa with @ = x is remarkably
well verified for these three samples. For Zn120, the
layer charge is very small and the plot is within the
uncertainty. For Zn200, the occurrence of silicate
impurities may invalidate the FTIR normalization for
this sample.

In the case of ZnHK-treated samples, development of
non-swelling interlayer spaces after treatment is clearly
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Figure 9. Layer charge (per half unit cell (O,o(OH),)) of LiHK
samples vs. layer charge of untreated samples.

observed by XRD for all smectites in the series
(Table 3). This non-swelling behavior is clearly due to
the loss of permanent charge. The ZnHK treatment of
Zn-stevensite leads to a talc-like phyllosilicate. This is
supported by the decrease in bandwidths of Zn;OH
observed by FTIR spectroscopy after ZnHK treatment,
which suggests a more talc-like structure. In case of
montmorillonite, the possibility has already been men-
tioned (Purnell and Lu, 1993; Emmerich et al. 1999,
2001) that Zn*" may have migrated within the smectite
structure after Zn-HK treatment. In case of the synthetic
stevensite, the location of the Zn>* which migrated after
ZnHK treatment is actually the previously vacant site.
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