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Abstract—Layered double hydroxides (LDH) are extremely important materials for industrial processes
and in the environment, and their physical-chemical behavior depends in large part on their hydration state,
but the characterization of these hydration effects on their properties are incomplete. The present study was
designed to explore the interpolytype transitions induced by variation in the ambient humidity among
LDHs. The cooperative behavior of intercalated water molecules resulted in a sudden, single-step,
reversible dehydration of the [Zn-Cr-SO4] LDH. The [Zn-Al-SO4] LDH provided an interesting contrast
with (1) the coexistence of the end members of the hydration cycle over the 40—20% relative humidity
range during the dehydration cycle, and (2) a random interstratified intermediate in the hydration cycle.
These observations showed that the [Zn-Al-SO,4] LDH offered sites having a range of hydration enthalpies,
whereby, at critical levels of hydration (20—40%), the non-uniform swelling of the structure resulted in an
interstratified phase. The variation in domain size during reversible hydration was also responsible for the
differences observed in the hydration vs. the dehydration pathways. This behavior was attributed to the
distortion in the array of hydroxyl ions which departs from hexagonal symmetry on account of cation
ordering as shown by structure refinement by the Rietveld method. This distortion was much less in the
[Zn-Cr-SO4] LDH, whereby the nearly hexagonal array of hydroxyl ions offered sites of uniform hydration
enthalpy for the intercalated water molecules. In this case, all the water molecules experienced the same
force of attraction and dehydrated reversibly in a single step. The changes in basal spacing were also
accompanied by interpolytype transitions, involving the rigid translations of the metal hydroxide layers

relative to one another.
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INTRODUCTION

Layered double hydroxides (LDHs) are a class of
inorganic solids also called anionic clays. The better-
known cationic clays consist of negatively charged
aluminosilicate layers and intercalated cations (Weiss,
1963). The LDHs consist of positively charged metal
hydroxide layers with anions included in the interlayer
region. The metal hydroxide layers are derived from the
structure of the mineral brucite (Oswald and Asper,
1977) and have the composition
[M{i_ oM (OH),)(A4" ) yHO (M = Mg, Fe, Ni,
Co, Cu, Zn; M'™ = Al, Cr, Fe; 4 = Anion; 0.2 < x <
0.33) (Reichle, 1986). The present study dealt with
LDHs having the layer [Zng ¢7Mo 33(OH),]%**" (M = Cr,
Al) (Boehm et al., 1977). Anions and water molecules
were incorporated into the interlayer region to restore
charge neutrality. Two questions are often asked: (1) Is
the position of the M ion ordered with respect to the
divalent cation or is the metal hydroxide layer cation
disordered (Serna et al., 1982)? (2) In what manner are
the atoms packed within the interlayer?
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Evidence in favor of cation ordering is provided by
an array of techniques such as extended X-ray absorption
fine structure (Vucelic et al., 1997; Bigey et al., 1997,
Roussel et al., 2000, 2001), magic angle spinning-
nuclear magnetic resonance (Sideris et al., 2008, 2012;
Cadars et al., 2011), and X-ray diffraction (XRD)
(Krivovichev et al., 2010; Radha and Kamath, 2013).
Cation ordering generates a large unit cell with a =
\/n xa, (n =3 for x = 0.33) (Hofmeister and Platen,
1992).

The second question is more difficult to answer given
the inherent disorder in the interlayer, the high symmetry
of the host layer, and the low atomic scattering factors of
anions comprising light atoms. Where structure models
are offered, the anions are located in the sites of high
degeneracy with low site-occupancy factors
(Besserguenev et al., 1997). Simulations based on
molecular dynamics generally predict that the anion
occupies a site close to that of the trivalent cations,
which is the seat of the positive charge on the metal
hydroxide layer (Li et al., 2006). The locations of the
intercalated water molecules are also not determined
with certainty. The O atoms of the intercalated water are
often shown to share the same crystallographic sites as
those of anions in the interlayer (Evans and Slade, 2005).
Further LDHs intercalated with sulfate ions exhibit basal
spacings ranging from 7.8 to 11.2 A, based on the
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amount of intercalated water (Drits and Bookin, 2001).
Likewise, LDHs intercalated with organic anions such as
carboxylates exhibit humidity-driven hydration-dehydra-
tion phenomena, owing to their large hydration enthal-
pies, a fact that has been exploited for the facile aqueous
exfoliation of these materials (Hibino and Kobayashi,
2005). The hydration-dehydration behavior of many
simple inorganic anions in the [Mg-Al] system with
different compositions of the metal hydroxide layer were
investigated thoroughly by lye et al. (2007) who found
that, among others, the [Mg-Al] LDHs intercalated with
SOﬁ_, ClOy4, and I" exhibited basal spacing variation on
being exposed to different relative humidities. While -
and ClOj-intercalated LDHs exhibited an ordered
interstratified intermediate phase during hydration,
SO3 -LDH showed a one-step change in the basal
spacing. Similar studies of [Mg-Al] and [Li-Al] LDHs
intercalated with different anions were reported by Hou
and Kirkpatrick (2000, 2002) and Hou et al. (2003).
Based on those observations with different anions, the
hydration behavior among LDHs were classified into
three types: significantly expandable, slightly expand-
able, and non-expandable.

The diverse behavior of intercalated water molecules
in different LDHs is on account of the different bonding
interactions operating on them in the interlayer. These
include (1) the hydration enthalpy of the anions, (2) the
strength of the H-bonding with the metal hydroxide
layer, and (3) the hydrogen bonding between the
intercalated water molecules.

Among these, the last factor can vary considerably
with the degree of hydration, leading to cooperative
effects at the extreme end.

Dehydration results in a decrease in the number
density of atoms in the interlayer. The objective of the
present study was to examine if dehydration of the
interlayer leads to a change in the stacking sequence of
the metal hydroxide layer, thereby bringing about
interpolytype transitions. Another objective was to
examine if the differences in the structures of the two
LDHs [Zn-M-SO4] (M = Cr, Al) affect their respective
hydration behaviors.

EXPERIMENTAL

Preparation of LDHs

Reagents used without further purification were
ZnCl, (95% ZnCl, and <5% zinc oxide chloride),
Al,SO4 (98%), and ZnSOy4 (99.5%) from Merck, India,
and CrCl; (99%) and Na,SO4 (99%) from Aldrich
Chemical Co., USA. [Zn-Al-SO4] and [Zn-Cr-SOy4]
LDHs were prepared by coprecipitation at constant pH
values of 10 and 5, respectively. In a typical preparation,
50 mL of the mixed-metal salt solution (sulfates in the
case of the [Zn-Al] LDH and chlorides in the case of the
[Zn-Cr] LDH; [Zn*")/[M**] = 2; M = Al, Cr, total metal
concentration 0.4 M) was added at a dosing rate of
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0.14 mL/min to a reaction vessel (volume 400 mL)
containing Na,SO, salt solution (100 mL) in 10-times
excess of the stoichiometric requirement. A constant pH
was maintained during the synthesis by simultaneous
addition of 0.5 N NaOH using a Metrohm Model 718
STAT Titrino (Herisau, Switzerland) operating in the pH
STAT mode. The temperature was kept constant at 60°C
and N, was bubbled continuously. Boiled, deionized,
Millipore Academic Water Purification System
(Molsheim, France)-water was used throughout the
synthesis to avoid possible carbonate contamination.
The resulting slurry was aged for 15 h and separated by
centrifugation followed by repeated washing with
decarbonated water and finally with acetone. The
precipitate obtained was then dried at 60°C and stored
in a desiccator.

Characterization

Both the samples were characterized by X-ray powder
diffraction (XRPD) using a Bruker D8 Advance powder
diffractometer (Karlsruhe, Germany) (source CuKa radia-
tion, A = 1.5418 A). Data were collected at a continuous
scan rate of 1°20 min'. For structure refinement by the
Rietveld method, data were collected over a 26 range of
5—70° (step size 0.02°26, counting time 10 s/step). In situ
measurements of XRPD patterns at different relative
humidities were carried out using a PANalytical X’pert
X-ray diffractometer (Almelo, The Netherlands) (CuKa
radiation, A = 1.5418 A, Bragg-Brentano geometry)
equipped with an X’celerator Scientific RTMS detector
and an Anton Paar temperature humidity chamber (Graz,
Austria) driven by a VTI Corp. RH-200 humidity
generator (Graz, Austria). Measurements were done at
different relative humidity (RH) values ranging from <5%
(referred to hereafter as 0%) to 98% (referred to hereafter
as 100%) at intervals of 10%. The sample was allowed to
equilibrate for a period of 60 min at each RH value before
performing the XRD measurements. Data were collected
from 5 to 70°20 with a step size of 0.017°20 at a scan rate
of 1°/min.

Infrared spectra of the samples were recorded using a
Bruker Alpha-P FTIR spectrometer (Ettlingen,
Germany) (ATR mode, diamond crystal, 400—
4000 cm™', 4 cm™! resolution). Thermogravimetric
analyses were carried out using a Mettler Toledo 851°¢
TGA/SDTA system (Schwerzenbach, Switzerland). The
samples were dried at 100°C for 30 min in the TG
balance and then the temperature was ramped from 100
to 800°C at a heating rate of 5°C/min under N, flow. The
Zn and Al contents in the LDH were estimated by means
of atomic absorption spectroscopy using a Varian Model
AA240 atomic absorption spectrometer (Victoria,
Australia). The sulfate content present was estimated
by wet chemical analysis by precipitation as BaSOy4. The
[Zn]/[M] ratio (M = Al, Cr) was close to 2 in all the
samples, which is consistent with earlier reports (Boclair
et al., 1999). In all cases, the estimated sulfate content
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was lower than the stoichiometric requirement to
balance the positive charge. This deficiency was made
up by the inclusion of carbonate ions to arrive at an
approximate formula for each of the LDHs. In each case,
the carbonate content was negligible (~0.02 mol per
empirical formula unit) and, for all practical purposes,
the LDHs were treated as though they were carbonate-
free and abbreviated with the symbol [Zn-M-SO,] (M =
Cr, Al).

Computational studies

The powder patterns obtained were indexed using the
program PROZSKI (Lasocha and Lewiniski, 1994) and
the figure of merit (FM) obtained. DIFFaX (Treacy et al.,
1991, 2000), a FORTRAN-based computer program, was
used to simulate the XRPD patterns corresponding to
different polytypes and model structural disorder where
necessary. The DIFFaX formalism treats a solid as a
stacking of layers of atoms. The position coordinates
corresponding to atoms present in the metal hydroxide
layer and the interlayer were defined according to the
published structure models [CC no: 91860 (1H polytype);
91859 (3R; polytype)]. Different polytypes were simu-
lated by varying the stacking vectors.

The XRPD patterns of different polytypes differed
from each other in the positions and relative intensities
of the reflections appearing in the mid-20 region
(30—55°20). Polytypes were identified primarily by
comparing the observed peak positions with those
expected of different polytypes. The reflections were
also indexed to obtain the refined cell parameters, an
exercise which yielded the crystal symmetry. The
refined ¢ parameter yielded the number of layers per
unit cell. A full profile match of the observed pattern
with that of the corresponding polytype was then
attempted by DIFFaX simulations. Where the samples
were ordered, a full profile match between the observed
and calculated XRPD patterns was obtained. In some
instances, there was a mismatch in the relative
intensities of selected reflections. Such mismatch, if
any, arose due to: (1) orientational effects of lamellar
crystallites which accentuate the intensities of the basal
reflections, and (2) structural disorder due to the
incorporation of small proportions of stacking faults
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which affect reflections appearing in the mid-20 region.
In this work, minor variations in the relative intensities
of reflections appearing in mid-20 region were ignored
for the purpose of polytype identification.

The structure of the [Zn-Al-SO4] LDH was refined by
the Rietveld method using the GSAS software package
(Larson and Von Dreele, 2004). A TCH pseudo-Voigt
line-shape function (Profile function 2) with seven
variables was used to fit the experimental profile. The
refinable profile parameters included asymmetric peak
shape, sample displacement, and parameters Ug, Vg, and
Ws and X and Y, for Gaussian and Lorentzian
contributions, respectively.

During refinement, restraints were placed on the S—O
(1.4+0.1 A) bond length and O—S—O bond angle
(109+1°) in the initial cycles of the refinement. The
position coordinates and SOF (Site occupancy factors)
were refined one atom at a time, keeping the parameters
of other atoms fixed in order to achieve a stable
refinement. In the final cycles of the refinement, the
restraints placed on the sulfate structure were removed
while keeping the structure of the metal hydroxide layer
fixed. Attempts to refine the structure by freeing up all
the parameters at the same time did not lead to stable
refinement.

RESULTS
[Zn-Cr-SO,] LDH

The as-prepared [Zn-Cr-SO4] LDH exhibited a basal
reflection at 9.8°20. The observed reflections were
indexed to a cell of hexagonal symmetry with a refined
c =893 A (Table 1, Supporting Information SI 1,
available from the journal’s data depository at http://
www.clays.org/JOURNAL/JournalDeposits.html) which
shows that the compound belongs to the 1H polytype
(see trace labeled ‘Ambient’ in Figure 1). Composition
analysis yielded the approximate formula
[Zn.67Crg 33(0H),][(SO4)0.148(CO3)0.018]-0.4 H,O.

The observed basal spacing corresponds to a hydrated
structure with a layer of intercalated water molecules.
Therefore, the sample was first dehydrated by equilibra-
tion at RH <5% (3 h). The first basal spacing shifted to
8.6 A (10.1°260). The reflections in the mid-26 region

Table 1. Composition, relative humidity, corresponding cell parameters, figure of merit (FM), and polytype of the [Zn-M-SO,]

(M = Cr, Al) LDHs.

Composition (Relative Humidity) a (10\) c (A) FM Polytype
[Zn0'67Cr0,33(0H)2] [(SO4)OI4S(CO3)00|8]04H20 (Amblent) 3.11 8.93 61.2 1H
0% RH 3.11 25.65 243 3R,
10% RH 3.13 8.95 55.2 1H
100% RH 3.12 32.7 23.0 3R,
[Zn0.67A10.33(0H)2] [(804)0 144(CO3)0.02]' 1 03H20 (Amblent) 5.34 11.14 23.39 1H
10% RH 3.06 25.77 18.6 3R,
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Figure 1. XRPD pattern of the as-prepared [Zn-Cr-SO,4] LDH and under various relative humidities from 0 to 100% obtained during
the hydration cycle. In each case the observed pattern is overlain with the corresponding D/FFaX simulation.

shifted to new positions and were then indexed to a cell of
rhombohedral symmetry (-2 + k + [ = 3n, Supporting
Information SI. 1). The observation of the 012, 015, and
108 reflections, to the exclusion of the 104 and 107
reflections, was indicative of the 3R, polytype. The
refined cell parameters (¢ = 3.11 z&, c =25.65 A; FM =
24.3) corresponded to a unit cell of three layers and this
sample was, thus, referred to as an 8.6 A-3R, polytype.
On increasing the RH to 10% (Figure 1), the 8.6 A-3R,
phase reverted to the as-prepared 8.8 A-1H phase, which
remained stable with a slight increase in basal spacing to
9.0 A until the RH reached a value of 40%. At 50% RH a
sudden one-step increase in the basal spacing to 11 A was
accompanied by the structural transformation to a new
3R, phase. The 3R, polytype thus formed remained stable
up to >98% RH (Table 1, Supporting Information SI. 1).

During dehydration, the 11 A-3R, hydrated phase
remained stable until 40% RH. At 30% RH, a sudden
one-step decrease in basal spacing to 8.8 A with the
polytype transformation from 3R, to 1/ was observed
(Figure 2). Further decrease in RH stepwise to <5%
generated the 8.6 A-3R, phase as earlier. The transfor-
mations observed during the hydration cycle were, thus,
reversible. The basal spacing variations occurring during
the hydration process are shown in Supporting
Information SI. 2 and the humidity-driven interpolytype
transformations are summarized in Supporting
Information SI. 3.

Some of the results described here are similar to the
reports by Khaldi er al. (1997) which were ex situ
measurements. Structural changes at different water-
vapor pressures were reported by Mostarih and de Roy
(2006) and compared to those under vacuum.

[Zn-Al-SO,] LDH

The XRPD pattern of the as-prepared [Zn-Al-SO,]
LDH exhibited a basal spacing of 10.9 A (8.1°20)

https://doi.org/10.1346/CCMN.2014.0620105 Published online by Cambridge University Press

(Figure 3a) corresponding to a bilayer arrangement of
water molecules in the interlayer. The XRPD pattern is
similar to that expected of a 1H polytype (a = 5.34 Ac=
11.09 A, FM = 23.4, Table 1, Supporting Information
SI.4). The approximate formula derived on the basis of
composition analysis was [Zng ¢7Al.33(0OH)2][(SO4)0.144
(CO3)0.02]'1.03 Hy0. .

The larger a parameter of this phase (¢ = 534 A =
\/3 % a,), compared to that of the more prevalent phases
(a,=3.11 A), corresponded to a cation-ordered cell and
the corresponding supercell reflections 100 and 101 were
observed at 19.2 and 20.8°26, respectively. The structure
of this phase was refined using the cation-ordered
structure model (space group P3) proposed for the
[Zn-Cr-SO4] LDH (Radha and Kamath, 2013). Details of
the structure (Supporting Information SI. 5-9) are
available from the Cambridge Crystallography Data
Centre (CCDC 975959).
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Figure 2. Evolution of XRPD patterns of [Zn-Cr-SO4] LDH
during the dehydration cycle as a function of varying relative
humidity.
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Figure 3. (a) Rietveld fit of the XRPD pattern of the [Zn-Al-SO4] LDH. (Inset) Details of the fit of the supercell reflections.
(b) Evolution of XRPD patterns of [Zn-Al-SO4] LDH during the dehydration cycle as a function of relative humidity.

The as-prepared phase in the [Zn-Al] system is highly
hydrated and on equilibration at RH ~98% for 3 h, no
further hydration was observed. On step-wise reduction
of the relative humidity, the 10.9 A-1H phase was stable
up to a RH value of 50%. At 40% RH, an 8.8 A (10.1°26)
reflection emerged along with the 10.9 A peak,
indicating the coexistence of two different phases
(Figure 3b). The 8.8 A peak and its higher order at
~4.4 A (20.4°20) grew in intensity with further decrease
in RH and continued to coexist with the 10.9 A-1H phase
up to 20% RH. The simultaneous appearance of the basal
reflections of the end members showed that the sample

at the 40—20% RH range is a physical mixture of
hydrated phase and the dehydrated phase. At 10% RH
the biphasic mixture was completely transformed into
the 8.8 A-3R, phase (Table 1, Supporting Information
SI. 4). This 3R, phase remained stable below 5% RH
with a slight decrease in basal spacing to 8.7 A.

The dehydrated phase was then subjected to the
hydration cycle, with a stepwise increase in RH from
10% to 100% (Figure 4). The 8.7 A-3R, phase was
observed until 10% RH. On increasing the RH to 20%,
the basal reflection was split into two, indicating the
coexistence of two phases corresponding to 8.8 A and
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Figure 4. Evolution of the XRPD patterns of [Zn-Al-SO4] LDH during the hydration cycle as a function of relative humidity. The
solid vertical line corresponds to the basal spacing of the dehydrated phase. The broken vertical line corresponds to the peak due to

the staged phase.
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9.9 A. The 9.9 A phase observed here corresponded to a
random interstratified phase of the two end members (¢
=11 A and 8.8 A) with a ~1:1 ratio. At 30% RH the
9.9 A phase was dominant. Further increase in RH
merged the two basal reflections and then gradually
shifted it toward higher d values and a series of irrational
basal reflections observed at 10.5 A (40% RH), 10.6 A
(50% RH), 10.7 A (60% RH), and 10.8 A (70% RH)
corresponding to increasing amounts of the bilayer
hydrate being incorporated into the stacking before
forming a fully hydrated phase corresponding to 11 A at
~98% RH (Supporting Information SI. 2 and 10). These
are the various randomly interstratified phases corre-
sponding to different proportions of the end members,
demonstrating Mering’s principle (1946) that is widely
used among cationic clays to demonstrate interstratifica-
tion phenomena. The stacking sequence of the adjacent
metal hydroxide layers was different in the two end
members of the hydration cycle. Consequently, at
intermediate degrees of hydration, stacking modes
corresponding to both end members coexisted as was
shown by the presence of different 4kl reflections of the
two end members concomitantly with the irrational 00/
series (Figure 5). The basal reflections in the observed
pattern appeared at positions intermediate between those
expected of the end members in keeping with the
predictions made by Mering’s rules for interstratified
phases. These observations are unlike those in the
dehydration cycle where only the two end members
with basal spacings of 8.8 A and 11 A, respectively,
coexisted.

To conclude, the [Zn-Cr-SO4] LDH underwent a one-
step reversible hydration while in the case of the [Zn-Al-

Breu, and Kamath Clays and Clay Minerals

SO4] LDH the behavior during hydration was different
from that during dehydration.

DISCUSSION

The two LDHs studied here have the same composi-
tion ([Zn]/[M] = 2; M = Al, Cr). Both the LDHs are
cation-ordered. Cation ordering brings down the crystal
symmetry to P3, compared to the R3m crystal symmetry
of the cation disordered phase. In a cation-disordered
phase, the [M(OH)¢] coordination polyhedron is sym-
metric (coordination symmetry 3m, Dsg), with a single
M(Zn, M"™)—0O distance, resulting in a perfectly
hexagonal array of hydroxyl ions on either side of the
cation layer.

In a cation-ordered metal hydroxide layer, the
coordination polyhedron [M™(OH)4] is regular with a
single M""—O0 (M" = Al, Cr) bond distance. The
coordination polyhedron around [Zn(OH)g] is greatly
distorted with two different Zn—O bond lengths. The
three long bonds define one triangular face of the
polyhedron and the three short bonds define the opposite
face; this pair of faces is perpendicular to the ¢
crystallographic axis and the stacking direction.

As the position of the cations is centric (z is 0.0 for
both Zn and M™), the distortion in the coordination
polyhedra is manifest in the distortion of the array of the
hydroxyl ions. Three non bonded in-plane O1-01 (O1:
Hydroxyl O atom) distances exist, whereas for a
perfectly hexagonal array, as in the 3R; polytype
(Radha and Kamath, 2013), only one distance exists at
3.12 A (Figure 6). A comparison of the hydroxyl ion
array in the two LDHs shows that the distortion from

Intensity (arb. units)

Ohserved pattem
—— Simulated pattern (11 A 14)
—— Simulated pattern (8.9 3R,)

10 2

\ A, #l\ I
N / |
val\dr\f LT

50 60 70
°20

Figure 5. XRPD patterns of [Zn-Al-SO4] LDH at 30% RH during the hydration cycle overlain with the simulated patterns of the two
end members. Peaks unaccounted for by the simulated patterns correspond to the interstratified phase.
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Figure 6. A hydroxyl array of (a) cation-ordered [Zn-Al-SO,] , (b) cation-ordered [Zn-Cr-SOy], and (c¢) cation-disordered [Zn-Cr-SOy].

hexagonal symmetry is much less in [Zn-Cr-SOy]
(O1—-01: 2.93, 3.19, 3.23 A) than in [Zn-Al-SOy]
(O1-01: 2.64, 3.29, 3.48 A).

The differences in the hydration-dehydration beha-
vior of these two sulfate-intercalated LDH systems may
be interpreted in terms of two competing interactions
involving water molecules in the interlayer: (1) hydro-
gen bonding with the array of hydroxyl ions defining the
surface of the metal hydroxide layers; and (2) hydrogen
bonding interactions with other intercalated water
molecules.

If the array of hydroxyl ions defining the surface of
the metal hydroxide layer were to be of perfectly
hexagonal symmetry as in a cation disordered structure
or only slightly distorted as in [Zn-Cr-SO4] LDH, the
water molecule would encounter sites of a single
hydration enthalpy as offered by a layer having a
uniform charge distribution. This would lead to a
single-step hydration with sudden and discontinuous
swelling followed by single-step dehydration — the
cooperative effects introducing hysteresis. Such beha-
vior was observed in [Zn-Cr-SO4] LDH and was similar
to that observed for most of the synthetic clays (Breu et
al., 2001).

In the [Zn-Al-SO4] LDH, however, the highly
distorted array of hydroxyl ions would offer sites with
wide variations in the hydration enthalpy, arising out of
a non-uniform charge distribution. The closely spaced
hydroxyl ions (O1-01: 2.64 A) offer sites of greater
hydration enthalpy compared to those more distant
from one another (O1—-01: 3.48 10\). In such a situation
the forces operating between the array of the hydroxyl
ion and the intercalated water also vary with the degree
of hydration. The incoming water molecules in the
initial stage of the hydration cycle are predominantly
influenced by the metal hydroxide layer. As hydration
proceeds, the incoming water molecules interact
increasingly with other water molecules and are
screened from the metal hydroxide layer. Because the
interlayer water molecules are disordered, the ingress
of water molecules also takes place in a disordered
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fashion leading to randomly interstratified phases with
irrational basal spacings. Once the LDH is fully
hydrated, the 3R, polytype completely transforms to
the structure of the 1H polytype. The reversible
3R, —1H transformation is realized by the rigid
translations of successive metal hydroxide layers
relative to one another.

Another anion closely related to SO;™ is S,02. The
reversible hydration behavior of the [Zn-Al-S,05] LDH
(Radha et al., 2013) offers an interesting comparison
with two significant differences: (1) the end members of
the hydration-dehydration cycle both adopt the structure
of the 3R; polytype and no detectable interpolytype
transitions are noted; and (2) both end members coexist
over a significant range of RH wvalues (40—60%).
Irrational basal reflections are not observed under any
conditions, ruling out the possibility of the existence of
interstratified phases. The coexistence of the end
members was, therefore, attributed to kinetic factors
(Radha et al., 2013).

An explanation based on factors related to kinetics is
also plausible for the hydration behavior of the [Zn-Al-
SO,4] LDH. The observation of irrational basal reflec-
tions (Figure 5) tilts the balance of judgment in favor of
the stabilization of an interstratified phase, however.
Why is the hydration cycle different from the dehydra-
tion cycle in the [Zn-Al-SO,4] LDH? Probably because of
the domain-size variation which changes with the degree
of hydration. A fully hydrated phase would have a larger
domain size, due to the uniform and complete ingress of
water, into the LDH crystal. As dehydration begins, the
water molecules are lost from sites of low hydration
enthalpy resulting in XRPD patterns akin to that of a
mixed phase. On complete dehydration, the domain size
decreases as uneven dehydration causes the breakup of
domains. During rehydration, the domains are expected
to grow again. Below an average critical domain size,
less than the coherent scattering length of the X-rays,
however, uneven hydration of the LDH crystallites
yields an XRPD pattern akin to that of a randomly
interstratified phase.
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All these changes are also accompanied by inter-
polytype transformations between 14 and 3R; which are
realized by rigid translations of successive metal
hydroxide layers relative to one another.

CONCLUSIONS

Structure refinement by the Rietveld fit of the XRPD
patterns showed that the metal hydroxide layers are
cation ordered in both the [Zn-Cr] and [Zn-Al] LDHs.
Cation ordering induces a distortion in the array of
hydroxyl ions and consequently in its charge distribu-
tion, generating sites of different hydration enthalpies
within the interlayer. This distortion was more pro-
nounced in the case of [Zn-Al] than in [Zn-Cr]. The [Zn-
Al] LDH underwent non-uniform hydration, therefore,
leading to a randomly interstratified intermediate over a
range of relative humidity values, whereas the [Zn-Cr]
LDH underwent a single-step hydration-dehydration.
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