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Abstract

Smectite interlayer water plays a key role in the mobility of elements and molecules and affects a variety of geological processes. In
trioctahedral smectites, in contrast to saponite and hectorite, the layer charge of which originates from isomorphic substitutions, the
stevensite layer charge originates from the presence of octahedral vacancies. Despite its common occurrence in lacustrine environments,
stevensite hydration has received little attention compared to saponite and hectorite. Early reports mention a specific hydration behav-
iour, however, with the systematic presence of a low-angle reflection attributed to the regular interstratification of various hydration
states. The present study aims to revisit this specific hydration behaviour in more depth. Within this scope, the hydration behaviour
of the three smectite varieties above are compared using synthetic trioctahedral smectites of similar layer charge and various composi-
tions of their octahedral sheets. The chemical composition of the octahedral sheet does not appear to influence significantly smectite
hydration for saponite and hectorite. Compared to its saponite and hectorite equivalents, H,O content in stevensite is lower by ~2.0
mmol H,O per g of dry clay. Consistent with this lower H,O content, Zn-stevensite lacks a stable monohydrated state, with dehydrated
layers prevailing from 60% to 0% relative humidity. The presence of the regular interstratification of OW and 1W layers is responsible for
the low-angle reflection commonly observed for stevensite under air-dried conditions. Finally, the stevensite identification method based
on X-ray diffraction of heated and ethylene glycol-solvated samples is challenged by the possible influence of the octahedral sheet chem-
ical composition (Zn or Mg in the present study) on hectorite swelling behaviour in synthetic Zn-smectites. The origin of this effect

remains undetermined and further work is needed to propose a more general identification method.
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Smectites are phyllosilicates the 2:1 layers of which consist of two
tetrahedral sheets sandwiching an octahedral one. In trioctahedral
smectites, the three octahedral sites are all occupied by divalent
cations, usually Mg®*. Isomorphic substitutions occurring either
in tetrahedral or in octahedral sheets (Al-for-Si and Li-for-Mg,
respectively) or the presence of vacant octahedral sites induce a
layer-charge deficit that is compensated for by the presence of
hydrated exchangeable cations within smectite interlayers and at
the mineral surface. Based on the origin of the layer-charge def-
icit, trioctahedral smectites have received various mineral
names: saponite, hectorite and stevensite for tetrahedral substitu-
tions, octahedral substitutions and octahedral vacancies, respect-
ively (Brindley, 1980). Following the pioneering works of
Nagelschmidt (1936) and Bradley et al. (1937), smectite hydration
has drawn considerable attention, owing to the influence of
smectite interlayer water on the mobility of contaminants and
nutrients (Laird et al., 1991), but also in a variety of geological set-
tings (see Ferrage et al., 2010, and references therein). The influ-
ence of the amount and location of isomorphic substitutions on
trioctahedral smectite (saponite and hectorite) hydration has
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been investigated extensively over the last decade or so (Ferrage
et al., 2005a, 2010, 2011; Malikova et al., 2005, 2007; Michot
et al., 2005, 2007, 2012; Rinnert et al., 2005; Dazas et al., 2015;
Vinci et al., 2020). This interest has been sustained by the fre-
quent use of smectite in natural and engineered barriers in
(nuclear) waste repositories and by the related requirements
for their safety assessment. In both saponite and hectorite, the
presence of discrete hydration states similar to those reported in
the pioneering works on smectite hydration (Bradley et al.,
1937; Mooney et al., 1952; Norrish, 1954b) leads to the well-
known stepwise expansion of the layer-to-layer distance. With
increasing water activity, the occurrence of dehydrated layers
(OW, dog; = 9.6-10.2 A) is followed by 1W, 2W and 3W hydration
states (dog; = 11.6-12.9 A, 14.9-15.7 A, 18.0-19.0 A, respectively),
corresponding to the intercalation of one, two and, less frequently,
three ‘planes’ of interlayer H,O molecules.

Stevensite, the layer-charge deficit of which originates from the
presence of octahedral vacancies, is a common smectite in lacus-
trine environments (Eberl et al., 1982; Khoury et al., 1982; Jones,
1986; Thiry et al., 2014; Bentz & Peterson, 2020; de Oliveira Nardi
Leite et al., 2020). Compared to saponite and hectorite, its hydra-
tion has received much less attention, although early reports men-
tion a very specific behaviour (Brindley, 1955; Faust et al., 1959;
Shimoda, 1971). In particular, these studies systematically men-
tion the occurrence of a low-angle reflection tentatively assigned
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to the regular alternation of OW and 2W layers (Brindley, 1955).
The present study thus aims to revisit this peculiar hydration
behaviour in more depth. For this purpose, two stevensite sam-
ples, with Zn- and Mg-rich octahedral sheets, were synthesized
hydrothermally together with their saponite and hectorite chem-
ical equivalents. All synthesized samples have similar layer-charge
deficits of ~0.8 e” per O,,(OH),. Hydration of all samples was
assessed systematically using volumetric H,O vapour (de)sorption
isotherms and X-ray diffraction under controlled humidity condi-
tions. Quantitative profile fitting of X-ray diffraction (XRD) data
was used both to assess the relative proportions of the various
hydrates and the evolution of these proportions as a function of
H,O activity, as well as to unravel the origin of the low-angle
reflection when present.

Materials and methods
Sample preparation

Three varieties of Zn-rich trioctahedral smectites and one
Mg-stevensite were synthesized hydrothermally from gel precur-
sors having adequate stoichiometry (Hamilton & Henderson,
1968). A  sauconite with ideal structural formula
[Nag o] ™[ Zng 0] °[Siy» Al s]™™0,0(OH), (referred to here-
after as Zn-sap), a Zn equivalent of hectorite with ideal compos-
ition [Nagg]™[Zns, Ligg]®"*[Sig o] O0s0(OH), (referred to
hereafter as Zn-hect), a Zn equivalent of stevensite with ideal
structural formula [Nagg]™ " [Zns [ Jo.4]*®[Sig 0] *O20(OH)4
(referred to hereafter as Zn-stev) and a stevensite with ideal struc-
tural  formula [NaoAs]inm[Mg5A6D0A4]OCta[SisA0]tem‘ozo(OH)éx
(referred to hereafter as Mg-Stev) were synthesized. All structural
formulae are derived from the stoichiometry of gel precursors.
Such an ideal sauconite composition leads, however, to the crys-
tallization of a hemimorphite impurity (Zn,Si,O;(OH),-H,0),
and a smaller Zn content is necessary to obtain pure
sauconite (Higashi et al, 2002). The Na:AlSi:Zn ratio of
the initial gel was thus modified to 0.8:0.8:7.2:5.0, leading
to the following  approximate  structural  formula:
[Nag s4] ™ [Zn5 24Al0 3500351 °“*[Si7 53Al0.47] 029 (OH) .
Synthesis of Zn-smectites was performed in a Teflon-lined Parr
reactor (45 mL). Initial gels were treated hydrothermally under
autogenous pressure for 2 weeks at 170°C for Zn-stev and
Zn-hect and for 3 days at 220°C for Zn-sap. Mg-stev synthesis
was performed in an externally heated Morey-type pressure vessel
with an internal silver tubing (Robert et al., 1993; Bergaoui et al.,
1995). Synthesis conditions were a temperature of 300°C, a water
pressure of 500 bars and a duration of 2 weeks. After synthesis, all
samples were Na-saturated by contact with a 1 mol L™ aqueous
NaCl solution with mechanical shaking for 24 h to ensure a com-
plete exchange of interlayer cations, before separation of the solid
fraction by centrifugation. Excess NaCl was then removed by
washing the solid three times with deionized water (Siemens
UltraClear, 18.2 MQ cm™) and separation of the solid fraction
by centrifugation.

Sample characterization

Water vapour-sorption isotherms were determined volumetrically
at 25°C from sample powder using a Belsorp-max instrument
from BEL Japan. Lyophilized aliquots (~100 mg) were initially
outgassed at 150°C for 24h under a residual pressure of
10°=10"* Pa. In addition, N, Brunauer-Emmett-Teller (BET)
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surface areas were determined on all Na-saturated samples with
the same instrument.

Oriented slides were prepared for all samples by pipetting an
aqueous clay slurry on glass slides and drying it at room tempera-
ture. The amount of deposited material was weighed. An alumin-
ium slide was used for sauconite preparation to overcome peeling
and curling issues. The XRD traces were then recorded using a
Bruker D8 diffractometer operated at 40kV and 40 mA and
equipped with an MHG Messtechnik humidity controller coupled
to an Anton Paar CHC+ chamber. Intensities were measured for
6 s per 0.04°20 step over the 2—50°28 Cu-Ko angular range with a
SolXE Si(Li) solid-state detector (Baltic Scientific Instruments).
The divergence, two Soller, anti-scatter and resolution slits were
0.3° 2.3° 0.3° and 0.1°, respectively. Samples were maintained
at 23°C in the CHC+ chamber during data collection, whereas
the desired relative humidity (RH) value was maintained by
using a constant flow of mixed dry/saturated air. The RH was
monitored continuously with a hygrometer (uncertainty of ~2%
RH) located close to the sample along the whole isotherm.
Samples were equilibrated at ~95% RH for 8 h (Mg-stev) or 4h
(Zn-hect, Zn-sap and Zn-stev) before starting data collection.
Along the desorption isotherm, samples were equilibrated for
2h at each given RH value before XRD data collection. The
hydration stability was checked systematically by recording
again the low-angle reflection after collection of a complete
XRD trace. In addition, all samples were exposed to ethylene gly-
col (EG) vapour (40°C) overnight before XRD data collection at
23°C and at room temperature. The XRD data were also collected
after a similar EG solvation of samples heated to 350°C for 1h.
Routine data processing, including determination of basal reflec-
tion full width at half maximum (FWHM), was performed using
the Eva® program from Bruker. The XRD data modelling was per-
formed as described previously (Ferrage et al., 2005a, 2005b, 2010;
Dazas et al., 2015; Vinci et al., 2020). Briefly, a main structure,
periodic (i.e. with only one layer type) if possible, was used to
reproduce as much of the data as possible. Additional contribu-
tions to the diffracted intensity were then introduced to account
for the misfit. Up to four interstratified structures, each with a dif-
ferent composition (relative proportion of the various layer types),
were necessary to reproduce some of the XRD patterns because of
the observed hydration heterogeneity. Interstratification of the
various types of hydrated layers was essentially random in all con-
tributions to the diffracted intensity. Ordered interstratification
was used to reproduce low-angle reflections, however. In this
case, the Reichweite parameter was set to 1, and maximum pos-
sible degree of ordering was considered, thus prohibiting the suc-
cession of two layers of the minor layer type (Drits & Tchoubar,
1990; Sakharov & Lanson, 2013).

Results and discussion
Powder X-ray diffraction

Hydration modification of Zn-rich stevensite along the desorption
isotherm induces a constant decrease of the d-spacing corre-
sponding to the first basal reflection from ~15.9 to ~10.1 A at
90% and 10% RH, respectively (Figs la & S1). Except for the
peak at 3.1-3.2 A, which is common to all usual hydration states
(OW, 1W, 2W and 3W), higher-order reflections are weak and do
not define a rational series of 00/ reflections (Fig. 1a), indicative of
a major hydration heterogeneity. By contrast, a low-angle reflec-
tion, which is probably related to the regular alternation of two



Clay Minerals

231

(@) 152 A 9.6 A
@ 1244 X5
o
N
3 90% RH N A
a\ 80% RH A
a —
0,
P2\ 70% RH
3
/Tv - 60% RH A
N
/ g
_/T‘\-a 7\\\ 50% RH
_/\_,/ — 40% RH __JL
a
A 2
T/‘/\\\ 30% RH
S N I s L 20% RH
—
g
[~ 10% RH
2 7 12 17 22 27 32
Position (°20 Cu-Ka)
(b)
155 A
x5
Zn-sap Hal.
15.6 A A <
173AN 1174 3404
I
1yt \
10y \
A \ ~
WA \\ 'ﬂ\
et N Zn-hect N
o \ 2 PRt N W
- == R N . 8.58A Paneaves Iesvmadann st e
15.2A __ B kUM LIS il fu iy R St
17.2A 077 /N103A 3.41A Fig. 1. (a) XRD traces of Zn-stev along the H,0 vapour
o ;o ! '-I desorption isotherm. (b) XRD traces of Zn-sap, Zn-hect
’,,' | Vo ‘\ L and Zn-stev collected at 20% RH (black lines), 70% RH
s \ W ' (blue lines) and upon EG solvation (red lines). Dashed
, ’ I.' \ / \ lines in (a) indicate the typical positions of the first
“.":1~~/L.--l¢¢\-' \ ‘\8~,§OA basal reflection for various smectite hydration states,
~-—-- ~ \___\_7_,)%1\: %06 A with arrows indicating the position of low-angle reflec-
) 7 1'2 tion. The vertical grey bars indicate a modified scale

Position (°20 Cu-Kat)

hydration states, is visible at 21-22 A for XRD traces collected
from 70% to 30% RH (arrows in Fig. la). Upon EG solvation,
Zn-stev dy, increases to ~17.1A, as expected for smectite
(Fig. 1b), and the positions of the 002 and 005 reflections are
approximately rational with that of the 001 reflection, thus indi-
cating little interstratification with non-swelling layers, if any. In
addition, the presence of a significant amount of talc-like layers
of Zn-stev would, after EG solvation, induce a significant broad-
ening of the first basal reflection compared to reflections occur-
ring at higher angles, inconsistent with the data (Fig. S2). The
hydration behaviour of Zn-sap and Zn-hect (Figs S3 & S4) is
comparable with that of their Mg counterparts having a similar
layer charge (fig. 1 in Ferrage et al., 2010; fig. 2 in Dazas et al.,
2013), indicating slightly higher hydration at low RH values.
The position of the smectite first basal reflection at 20% RH cor-
responds to an apparent layer-to-layer distance of 10.2A for

factor for the high-angle region compared to the
2-15°26 range. Hal. = presence of halite.

Zn-stev compared to 12.4 and 11.6 A for Zn-sap and Zn-hect,
respectively (Fig. 1b; 1235 and 1245A for Mg-sap and
Mg-hect, respectively).

The XRD traces of Mg-stev collected along the water vapour
desorption isotherm differ significantly from those of its Zn coun-
terpart (Fig. 2a). Specifically, the first basal reflection is located
systematically between the positions expected for 1W and 0OW
smectite, thus indicating a consistently low hydration state, pos-
sibly being the result of incomplete rehydration after drying.
Rehydration of stevensite (both Zn- and Mg-stev) appears to be
slow (up to several days or even weeks) after drying the sample.
The position of this first basal reflection shifts steadily towards
higher angles with decreasing RH, whereas higher-order reflec-
tions are systematically visible at 4.70-4.80 A and 3.15-3.20 A.
In addition, a low-angle reflection is visible, its position shifting
from ~22.5 to ~17.0 A when RH decreases from 95% to 45%



232 Doriana Vinci et al.
(a)
15.2A 96A
\ 1244 x5
&t—f—\ 90% RH
Hal.
\i\"""\ 80% RH P
PN
T \N/\\ 60% RH
- \ 50% RH
NS
\ 40% RH
"\ 30% RH
SR\ 20% RH
x/\ 10% RH
2 7 12 17 22 27 32
Position (°26 Cu-Ka.)
(b)
15.2 A
16.9 A 1234 X5 )
3.09A
6164 5094 3.06 A
. . Mg-sap .
8.43 A MA 3.37A Hal.
PR [} o /\ N
16.9A1 /< 1 1254
\ n l'l <
\ nly L II
. R
8 ' "; \ ,' \
PR R % 5 3.11A
.o | 6.22A 5144 p
‘\\ \ ,’ ,’1\ \\ /’ \\ 8.46 A ~ 564 A . I\/Ig-hect 3_/3\9 A /// /\\ 3.09 A

» ’
SoZ N N

Fig. 2. (a) XRD traces of Mg-stev along the H,0 vapour
desorption isotherm. (b) XRD traces of Mg-sap, Mg-hect
and Mg-stev collected at 20% RH (black lines), 70% RH
(blue lines) and upon EG solvation (red lines). Dashed
lines in (a) indicate the typical positions of the first
basal reflection for various smectite hydration states,
with arrows indicating the position of low-angle reflec-

. 474R
se7A Tl ’,‘_Mg—stev
'-,~:’s,'4‘/~3"”\7\‘ e

‘ =4 o', ooyt s
ugg,.'.e':-‘i;ﬁ-.-;'!'*‘" 4,73 AMeresteason et

ea .
(NI PIRN

tion. The vertical grey bars indicate a modified scale
factor for the high-angle region compared to the
2-15°26 range. Hal. = presence of halite.

(arrows in Fig. 2a). Similar to Zn-stev, Mg-stev dgo; increases to
~17 A upon EG solvation, as expected for smectite (Fig. 2b).
However, positions of higher-order reflections (at ~9.80, 5.67
and 3.35A) indicate the possible interstratification with non-
expandable or collapsed layers. By contrast, the XRD traces of
Mg-sap and Mg-hect display two series of almost rational 00/
reflections after EG solvation, both corresponding to
layer-to-layer distances of ~16.9 A (Fig. 2b).

When plotting the FWHM of the first basal reflection as a
function of its position (Fig. 3), significant broadening of
Zn-smectite basal reflections compared to their Mg equivalents,
except for stevensite, is observed. This increase in FWHM is
probably related to the lower crystallinity of Zn-smectite in rela-
tion to the lower synthesis temperature (170-220°C compared
to 300-400°C for Mg-smectites). In all cases, XRD peak breadth

12 17 22
Position (°26 Cu-Ka)

is positively correlated with specific surface area values
(Table 1), demonstrating the major influence of crystallinity on
both values. Compared to Mg-sap and Mg-hect, the crystallinity
of Mg-stev is significantly degraded owing to its lower synthesis
temperature and duration (400°C for 1 month for Mg-hect and
Mg-sap compared to 300°C for 2 weeks for Mg-stev). In addition,
FWHM is minimal for Mg-sap and Mg-hect for apparent dyy;
values of ~15.5 and ~12.4 A, which correspond to typical
layer-to-layer distances of 2W and 1W smectites (Bradley et al.,
1937; Norrish, 1954a; Ferrage et al., 2010; Dazas et al, 2013).
These minimal FWHM values correspond to optimal hydration
homogeneity, with ~90% of the layers or more having the same
hydration state (Ferrage et al., 2005b; Aristilde et al, 2013).
On this plot, the FWHM values determined for Mg-stev are sys-
tematically greater than those determined for Mg-sap and
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Table 1. Specific surface areas determined for Zn- and Mg-smectites with the
Brunauer-Emmett-Teller (BET) method.

‘wet’ state at 90-95% RH depending on the sample.

hectorite equivalents host ~5.0 and ~4.0 mmol H,O per g of dry
clay (Mg- and Zn-smectites, respectively). The distinct H,O con-
tents determined for Zn- and Mg-sap/hect essentially result from
the difference in molecular weights for the two chemical

Sample Specific surface area (m? g™
Mg-hect 11.1
Mg-sap 50.1
Mg-stev 179.9
Zn-hect 146.9
Zn-sap 96.7
Zn-stev 100.7

compositions.

In addition, the transition between the two plateaus corre-
sponding to 1W and 2W hydration states (4-7 and 10-14 mmol
H,0O per g of dry clay, respectively, for Mg-sap/hect; grey areas
in Fig. 4) differs significantly between hectorite and saponite on

Mg-hect. This is possibly related to the lower temperature used for
the synthesis of the former sample (300°C compared to 400°C for
Mg-sap and Mg-hect). However, the FWHM values of Mg-stev
decrease as its apparent dgy; value decreases to match the typical
layer-to-layer distance of OW Na-saturated smectite (9.6 A), pos-
sibly indicating decreased hydration heterogeneity. Consistent
with Mg-sap and Mg-hect, the three Zn-smectites exhibit min-
imal values of FWHM for dyy; =~ 155 A (Fig. 3, triangles). A
second minimum for dyy, &~ 12.4 A is observed only for Zn-sap,
however, with FWHM values steadily decreasing for both
Zn-hect and Zn-stev for dyy; values of <~14.5 A. For Zn-stev,
FWHM values reach a minimum for dyy, &~ 11.0-11.3 A (dot-
dashed ellipse in Fig. 3), which may correspond to the second
order of the low-angle maximum. Similar, low FWHM values
are observed when Zn-stev is fully dehydrated (dyy; < 10.0 A).

Water vapour desorption isotherms

The comparison of H,O vapour desorption isotherms obtained for
stevensite and for their hectorite/saponite counterparts shows that,
for a given chemical composition (i.e. for Zn- and Mg-smectites),
H,O contents are similar for both hectorite and saponite, whereas
H,O content is decreased by ~2.0-2.5mmol g in stevensite
(Fig. 4). For example, at 30% RH, both Mg- and Zn-stev accommo-
date ~2.0 mmol H,O per g of dry clay, whereas the saponite and

the one hand and stevensite on the other hand. For
Mg-smectites, the transition spreads from ~60% to ~40% RH
for both saponite and hectorite, whereas no transition is visible
for stevensite, consistent with the almost constant position of
the first basal reflection at ~10.2 A. For Zn-smectites, the transi-
tion appears smoother than for Mg-smectites, possibly as a result
of the lower crystallinity and synthesis temperature (Table 1)
(Michot et al, 2005). Compared to Mg-smectites, this
2W-to-1W transition also appears shifted to lower RH values
and spreads from ~50% to ~35% RH. In contrast to
Mg-smectites, the transition is visible for all three Zn-smectite
varieties, including Zn-stev, although Zn-stev seems to exhibit
no stable 1W hydration state.

X-ray diffraction profile modelling

The XRD profile modelling allows us to gain additional insights
into the hydration behaviour of stevensite relative to saponite
and hectorite. The lower temperatures used to synthesize steven-
site compared to saponite/hectorite strongly degrade the crystal-
linity of the synthetic smectite product. As a consequence, the
intensity and resolution of high-angle reflections are lowered,
thus hampering the determination of interlayer H,O structure.
However, the relative proportions of the various smectite hydra-
tion states coexisting at a given RH can be deduced from the mod-
elling of the low-angle region (2-30°20 Cu-Ka). Fits to the data
are provided as supplementary information (Figs S1, S3 & S4),



234 Doriana Vinci et al.
201
Zn-sap e Mg-sap
184
Zn-hect - Mg-hect
16
Zn-stev
14
T
Qo
S 12
IS
£ 10
ON
T
8
6 T
. 4 41 el
Fig. 4. Water content as a function of RH along the
water vapour desorption isotherms. Dashed and
solid lines represent Mg- and Zn-smectites, respect- 2 1
ively. Mg-sap and Mg-hect data are from Ferrage
et al. (2010) and Dazas et al. (2013), respectively. 0+ T T T T "
Grey areas indicate the 1W and 2W plateaus occurring 0% 20% 40% 60% 80% 100%
for Mg-sap/hect. RH
100, Zn-sap Zn-hect Zn-stev
o -0 3W -0 3w
- a —A—2W —A—2W A 2W
80 —— 1w —— 1W O 1W
] ° ——- 0W —- 0w o ow
2
[
>
©
% 60
Q
o
c
©
°
c
=}
a
o 404
)
>
p=i
©
Ko
o
201
Fig. 5. Evolution of the relative proportions of the vari- 0
ous layer types (summing up all contributions to the 6% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
diffracted intensity) along H,0 vapour desorption iso-
therms for Zn-stev, Zn-hect and Zn-sap. RH

together with the composition of the various contributions to the
calculated diffraction patterns (Tables S1-S3).

Compared to Mg-sap/hect (Ferrage et al., 2010; Dazas et al.,
2015; Vinci et al., 2020), hydration appears much more heteroge-
neous in Zn-smectites (Fig. 5 & Tables S1-S3). The proportion of
a given hydration state (OW, 1W, 2W or 3W) never exceeds 75%,
except for dehydrated layers in Zn-stev for RH conditions below
25% RH (Fig. 5). This increased heterogeneity is possibly linked to
an increased chemical heterogeneity in relation to lower synthesis
temperature. This effect is probably enhanced by the decrease in
crystallinity that smoothens the transition between defined hydra-
tion states (Michot et al., 2005). In apparent contradiction with
H,O vapour desorption isotherms, the prevalence of 1W layers
over 2W layers begins at higher RH conditions for Zn-smectites
(60% to 50% and 70% to 60% RH for Zn-sap and Zn-hect,

respectively) compared to their Mg equivalents. Zn-stev dehydra-
tion occurs at even higher humidity conditions, as the propor-
tions of 2W Zn-stev layers is null below 50% RH, whereas
Zn-sap and Zn-hect still contain ~35% and 25%, respectively,
of 2W layers at 50% RH. Similarly, OW layers prevail in Zn-stev
from 60% RH down to 0% RH, whereas these layers prevail
only at 10% RH in Zn-hect (Fig. 5). It is noteworthy that 1W
layers never prevail in Zn-stev, whatever the RH conditions, con-
sistent with the absence of a FWHM minimum corresponding to
a layer-to-layer distance typical for this hydration state (Fig. 3).
Although 1W layers prevail in Zn-hect from 65% to 15% RH,
the relative proportions of these layers never exceed ~60%, the
high hydration heterogeneity being in this case responsible for
the absence of a FWHM minimum corresponding to a
layer-to-layer distance typical for 1W layers (Fig. 3).
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Finally, fitting the low-angle maximum of both Zn-stev and
Mg-stev required a contribution from a regular 1:1 interstratifica-
tion of OW and 1W layers (Fig. S5 & Table S1). This ordered
interstratification allowed fitting of the low-angle reflection at
20-22 A, consistent with previous reports and hypotheses
(Brindley, 1955; Faust et al, 1959; Shimoda, 1971), although
interstratification implied OW and 1W layers rather than OW
and 2W layers, as previously hypothesized. The presence and
major contribution of this regular interstratification (mixed
layer #4 in Table S1) also accounts for the minimum FWHM
observed in the XRD traces of Zn-stev in which the position of
the first basal reflection is 11.0-11.3 A (Fig. 3).

Swelling ability and stevensite identification

To differentiate stevensite from other trioctahedral smectites
(saponite/hectorite), Christidis & Koutsopoulou (2013) proposed

fied scale factor for the high-angle region compared to
the 2-12°26 range. Hal. = presence of halite.

to saturate smectites with EG after heating to 500°C. Upon this
dual treatment, saponite and hectorite expand, whereas stevensite
layers remain collapsed. The criterion proposed by these authors
appears valid for Mg-hect and Mg-stev, the former re-expanding
almost completely to ~17 A after heating to 350°C and EG solv-
ation, whereas Mg-stev remains essentially collapsed to ~9.6 A
(Fig. 6a). By contrast, neither Zn-stev nor Zn-hect re-expands
after heating and EG solvation, whereas the Zn-sap swelling abil-
ity is essentially unaffected (Fig. 6b). The origin of the contrasting
swelling behaviour observed for hectorite depending on its octa-
hedral composition remains unexplained, but argues for add-
itional investigation to assess the validity of the identification
criterion proposed by Christidis & Koutsopoulou (2013) for
contrasting compositions of the hectorite octahedral sheet. In
particular, it is necessary to assess the influence of the following:
(1) crystallinity on smectite hydration behaviour; (2) the octahe-
dral composition on the hectorite ability to re-expand upon
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heating and EG solvation; and (3) the possible layer heterogeneity
resulting from the presence of stevensite- and talc-like domains/
layers in synthetic smectites (Christidis et al., 2018).

Conclusion

For a given layer charge (~0.8 e per O,0(OH), in the present
study) and chemical composition, the H,O content is smaller
(by ~2.0 mmol H,O per g of dry clay) in stevensite compared
to its hectorite and saponite equivalents. As a result of this smaller
H,O content, the transition from prevailing 2W to prevailing 1W
hydration states occurs at slightly higher RH values for Zn-stev
compared to Zn-sap and Zn-hect. The hydration behaviour of
Zn-sap and Zn-hect is similar to that of their Mg counterparts.
In addition, 1W layers never prevail in Zn-stev, regardless of
the H,O activity, the position of its first basal reflection shifting
steadily from an apparent dyy; of 15.5 A, consistent with the
prevalence of 2W layers, to ~9.6 A, consistent with Zn-stev com-
plete dehydration. Dehydrated layers prevail in Zn-stev from 60%
RH down to 0% RH. Finally, the low-angle reflection commonly
observed for stevensite under air-dried conditions is due to the
presence of the regular interstratification of OW and 1W layers.
With respect to stevensite identification from XRD of heated
and EG-solvated samples (Christidis & Koutsopoulou, 2013),
the chemical composition of the octahedral sheet (Zn or Mg in
the present study) appears to strongly modify hectorite swelling
behaviour, thus challenging the method at least for synthetic
Zn-hectorite. Further research is needed to decipher the origin
of this effect and to propose a more general identification method.

Supplementary material. To view supplementary material for this article,
please visit https:/doi.org/10.1180/clm.2020.32.
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Fig. SI1. Comparison between experimental and calculated XRD patterns along the H,O vapor
desorption isotherm for Zn-stev. Experimental and calculated XRD patterns are shown as solid red
and black lines, respectively. Difference plots are shown at the bottom of the figure as gray lines.
The vertical gray bar indicates a modified scale factor for the angle region higher to 12° 26 compared
to the 3-12 °26 angular range. Diffraction lines from halite (NaCl) impurity are indicated as Hal.



+ Zn-stevEG
stevensite 100%
——stevensite:talc: 75:25

7 12 17 22 27 32
Position (°26 CuKa.)

Fig. SI2. Comparison between experimental and calculated XRD patterns for Zn-stev after EG
solvation. Experimental data are shown as crosses. Solid red line and blue dashed line correspond
to Zn-stev models containing 0 and 25% talc-like layers randomly interstratified with swelling layers.
The latter value corresponds to the content of dehydrated (OW) layers in Zn-stev equilibrated at
90% RH (Table SI1). Interlayer model for EG-solvated steventsite layers was not refined from that
reported by Moore and Reynolds (1997). The vertical gray bar indicates a modified scale factor for

the angle region higher to 15° 28 compared to the 2-15 °26 angular range. Diffraction line from
halite (NaCl) impurity is indicated as Hal.
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Moore D.M. & Reynolds R.C,, Jr. (1997) X-ray diffraction and the identification and analysis of clay
minerals. Pp. 378. Oxford University Press, Oxford.
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Fig. SI3. Comparison between experimental and calculated XRD patterns along the H,O vapor
desorption isotherm for Zn-hect. Experimental and calculated XRD patterns are shown as solid red
and black lines, respectively. Difference plots are shown at the bottom of the figure as gray lines.
The vertical gray bar indicates a modified scale factor for the angle region higher to 10° 26 compared

to the 3-10 °26 angular range.
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Fig. SI4. Comparison between experimental and calculated XRD patterns along the H,O vapor
desorption isotherm for Zn-sap. Experimental and calculated XRD patterns are shown as solid red
and black lines, respectively. Difference plots are shown at the bottom of the figure as gray lines.
The vertical gray bar indicates a modified scale factor for the angle region higher to 10° 26 compared

to the 3-10 °26 angular range.



X2 x10

AN ""‘*-n, i
A — i
3 6 9 12 15 18 21 24 27 30 33 36 39

Position (°20 CuKa.)

Fig. SI5. Respective contributions of the various mixed layers to the diffraction profile calculated for
Zn-stev at 55% RH. Mixed layers #1, #2, and #4 (Table SI1) are shown as solid orange, blue, and green
lines, respectively. Optimum fit and diffraction data are shown as solid red line and black crosses,
respectively. The vertical gray bars indicate a modified scale factor for the high-angle regions
compared to the 2-24 °26 range.



Table SI1. Structural parameters used to fit experimental XRD patterns of Zn-stev as a function of relative humidity.

%RH 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 2
2W 1580  15.77 15.73 15.69 15.66 15.63 15.58 15.55
:?s‘i;zz('fnyz; 1W 1280 12.70 12.60 12.58 12.57 12.57 12.53 12.53 12.50 12.50 12.45 12.43 12.40 12.40 12.25 12.20 12.10 11.90 11.80
ow 975  9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.75 9.70
Number of H.0 2Wlayers 106  10.4 10.0 10.0 9.8 9.6 9.4 9.0 8.8
molecules
[per O20(0H)d] 1W layers 41 41 41 4.0 4.0 39 39 39 38 38 3.7 35 3.4 3.0 28 28 25 23 18
o (in A) 022 020 0.22 0.20 0.20 0.20 0.22 0.18 0.18 0.18 0.18 0.18 0.20 0.18 0.15 0.15 0.15 0.15 0.15
o* (in°) 4.0 38 40 38 35 36 36 3.0 2.0 3.0 24 25 25 2.0 20 20 20 20 20
Ab (%) 93 92 79 77 64 48 41 38 3 3 2 2 5 14 20 39 41 53 58
2W 75 75 75 72 72 65 40 40
Mixed layer 1 1w 15 10 10 2 2 2 2 2
ow 25 25 25 28 28 35 60 60 85 90 90 98 98 98 98 98 100 100 100
(CSDsize 4.0 4.0 4.0 4.0 4.0 4.0 8.0 6.0 6.0 7.0 6.0 9.0 9.0 6.0 5.0 6.0 55 5.0 55
(in layers)
Ab (%) 7 8 12 15 27 43 56 42 80 82 80 81 83 81 75 61 59 47 42
2W 40 30 25 25 25 20 15 5
Mixed layer 2 1w 50 60 60 60 60 60 65 75 48 48 44 38 34 30 20 20 20 15 15
ow 10 10 15 15 15 20 20 20 52 52 56 62 66 70 80 80 80 85 85
(CSDsize 5.0 5.0 5.0 53 6.0 6.0 6.5 6.0 6.0 9.0 7.0 7.0 9.0 8.0 6.0 6.0 7.0 6.0 5.0
(in layers)
Ab (%) 9 8 9 9 3
2W 50 45 40 35 15
Mixed layer 3 1w 50 55 60 65 35
ow 50
(CSDsize 4.2 6.0 7.0 7.0 4.0
(in layers)
. Ab (%) 21 16 15 18 17 13 5
Mlé(_i‘g Iax(ir 4 oW
eLwiEn 1w 50 50 50 50 48 48 40
maximum possible
. ow 50 50 50 50 52 52 60
degree of ordering s si
(MPDO) eUsize 5.0 5.0 5.0 5.0 7.0 9.0 6.0
(in layers)

Note: Ab.: Relative abundance; CSD: coherent scattering domain; o2: fluctuation of the layer-to-layer distance (in A); o*: orientation parameter(in °)



Table SI2. Structural parameters used to fit experimental XRD patterns of Zn-hect as a function of relative humidity.

%RH 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
3w 180  18.0 18.0 18.0 18.0 18.0
Layer-to-layer 2W 1588  15.80 15.74 15.70 15.67 15.62 15.60 15.56 15.55 15.52 15.50 15.48 15.47 15.46 15.45 15.43 15.42 1540 1538
distance (in A) 1W  13.00  12.98 12.96 12.95 12.95 12.90 12.85 12.75 12.68 12.66 12.65 12.64 12.63 12.61 12.57 12.54 12.49 1248 1245
ow 9.70 9.70 9.70 9.70 9.70 9.70 9.70 9.70
Number of H.0 2W layers 114 112 10.2 9.8 9.6 9.4 9.4 9.2 9.0 8.8 8.0 7.8 7.8 7.8 7.6 7.6 7.2 6.6 6.0
molecules
[per 020(OH)a] 1W layers 5.6 5.6 5.5 6.0 6.0 5.9 5.8 5.7 5.6 5.4 5.3 5.2 5.1 5.0 46 4.2 3.6 2.8 2.3
o2 (in A) 022 024 0.22 0.22 0.22 0.22 0.24 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.24 0.24
o* (in°) 7.0 9.0 9.0 8.0 9.0 7.0 9.0 9.0 9.0 9.0 9.0 8.0 8.0 7.8 7.8 7.5 6.5 7.5 8.0
CSD size (in layers 4.0 4.6 4.8 5.0 5.2 45 4.0 4.2 45 4.7 5.0 5.0 5.0 5.0 5.0 5.0 6.0 9.0 9.0
Ab (%) 44 57 48 35 30 42 29 27 24 33 41 32 25 20 21 18 23 33 34
3W 7 6 6 6 6 6
Mixed layer 1 2W 90 90 90 90 88 80 95 80 75 55 48 48 45 45 42 40 38 30 25
1w 3 4 4 4 6 14 5 10 5 23 28 28 31 31 31 33 34 35 35
ow 10 20 22 24 24 24 24 27 27 28 35 40
Ab (%) 38 24 23 21 20 13 20 36 32 12 3 8 19 20 14 14 15 3 14
3w 60 60 45 40 37 35
Mixed layer 2 2W 40 40 55 60 63 65 5 5 5 10
1w 65 65 65 70 75 50 53 45 45 45 45 30 20
ow 30 30 30 20 25 50 47 55 55 55 55 70 80
Ab (%) 18 16 14 15 21 27 51 37 44 54 56 60 55 60 66 68 62 64 52
3w
Mixed layer 3 2W 40 30 25 20 20 15 30 30 20 10
1w 60 70 75 80 80 85 65 65 70 68 80 80 80 75 70 65 60 50 45
ow 5 5 10 22 20 20 20 25 30 35 40 50 55
Ab (%) 3 15 28 29 17
3w
Mixed layer 4 2W 68 65 65 60 45
1w 32 35 35 40 55
ow

Note: Ab.: Relative abundance; CSD: coherent scattering domain; o:: fluctuation of the layer-to-layer distance (in A); 6*: orientation parameter(in °)



Table SI3. Structural parameters used to fit experimental XRD patterns of Zn-sap as a function of relative humidity.

%RH 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
3w 180  18.0 18.0 18.0 18.0 18.0 18.0
Layer-to-layer 2W 1558  15.53 15.52 15.50 15.40 1538  15.37 15.34 15.32 15.27 15.24 15.23 15.22 15.21 15.16 15.16 15.15 1515  15.15
distance (in A) W 12.82 1281 12.80 12.80 12.80 1280  12.79 12.78 12.74 12.70 12.60 12.55 12.55 12.55 12.50 12.46 12.38 1229  12.24
ow 9.70 9.70 9.70 9.70 9.70 9.70 9.70 9.70
Number of H.0 2W layers 11.0 104 10.0 9.4 8.8 8.6 8.4 8.2 8.0 8.0 7.8 7.6 7.4 7.0 6.8 6.6 6.0 4.4 4.0
molecules
[per 020(OH)a] 1W layers 5.7 5.6 5.5 5.5 5.3 5.7 5.7 5.7 5.6 5.5 5.4 5.3 5.2 5.0 45 4.1 3.5 3.1 2.5
o2 (in A) 022 022 0.22 0.22 0.22 0.21 0.18 0.18 0.17 0.17 0.19 0.21 0.24 0.22 0.22 0.22 0.22 0.22 0.20
o* (in°) 4.0 5.0 5.0 4.8 45 4.2 3.6 3.4 3.2 3.0 4.0 4.0 4.6 4.6 43 4.6 4.6 3.8 3.8
CSD size (in layers 4.5 4.8 5.2 5.5 5.5 5.5 5.5 5.0 5.0 4.5 4.5 4.2 4.7 4.7 5.0 5.1 5.0 5.0 5.0
Ab (%) 48 49 38 39 34 33 28 28 19 21 14 28 21 17 14 10 9 7 5
3W 3 2 2 2 2 2 2
Mixed layer 1 2W 97 97 97 9% 9% % % 97 9% 88 85 74 74 68 68 65 60 60 58
1w 1 1 2 2 2 2 3 4 12 15 11 11 15 15 18 20 20 20
ow 15 15 17 17 17 20 20 22
Ab (%) 30 32 32 28 29 25 22 19 15 11 9 7 22 32 30 38 38 40 37
3w 50 45 40 40 40 40 40 40 40 40 35
Mixed layer 2 2W 50 55 60 60 60 60 60 60 60 60 65 10 10 8
1w 60 60 62 65 65 60 55 50
ow 30 30 30 35 35 40 45 50
Ab (%) 17 13 10 10 12 14 18 17 32 45 46 49 45 48 42 37 42 41 47
3w 10
Mixed layer 3 2W 20 30 25 20 18 18 18 10 3 3 3 3 3 3 1
1w 70 70 75 80 82 82 82 90 97 97 97 97 97 97 98 99 96 94 80
ow 1 1 4 6 20
Ab (%) 5 7 20 23 25 28 32 36 35 23 30 16 12 3 15 15 12 12 11
3w 5
Mixed layer 4 2w 70 72 72 70 70 65 65 55 55 45 42 25 25 25 25 25 25 25 25
1w 25 28 28 30 30 35 35 45 45 55 58 73 73 73 73 73 73 73 73
ow 2 2 2 2 2 2 2 2

Note: Ab.: Relative abundance; CSD: coherent scattering domain; o:: fluctuation of the layer-to-layer distance (in A); 6*: orientation parameter(in °)
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