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ABSTRACT

A layered double hydroxide (LDH) obtained by the urea method, having empirical formula
[ZNng.61Alp.39(OH)2](CO3)0.105-0.50H,0, has been converted into the corresponding chloride form
[ZNng.61Alp.39(OH)2]Clo39-0.47H,O by contacting the solid with a proper HCI solution. The
intercalation of the other halide anions (X'= F, Br,, I') via the CI'/X" anion exchange has been
attained and the respective anion exchange isotherms have been obtained with the batch method.
The analysis of the isotherms indicates that the selectivity of LDH towards the halides decreases
with the increase of the X ionic radius, the selectivity order being F>CI>Br>I". The CO5*/CI
isotherm has been also reported to highlight the extraordinary selectivity of LDH towards carbonate
anions. Samples taken from the isotherms at different exchange degrees were analyzed by X-ray
diffraction, thermogravimetry and thermodiffractometry to obtain information about the ion
exchange mechanism. The CI/Br and the reverse Br/Cl" exchanges occur with the formation of
solid solutions, very likely because of the similar ionic radius of the exchanging anions. Differently,
in the CI'/F" and CI'/I" exchange, the co-existence in the same sample of the CI" and F* (or I') phases
were detected, indicating the occurrence of a first order phase transition, in which the starting phase
is transformed into the final phase, as the process goes on. The variation of the interlayer distances
of ZnAl-X intercalation compounds with the hydration degree has been interpreted with a structural
model based on the nesting of the guests species into the trigonal pockets of the brucite-like layer

surface. Rietveld refinements of the phases with the maximum F’, Br  and I content were also
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performed and compared with the above model, giving indications on the arrangement and

order/disorder of the halide anions in the interlayer region.

INTRODUCTION

Among the layered solids capable of intercalation the layered double hydroxides (LDH) have a
special role because of their structural and compositional features, their simple and inexpensive
preparation methods and because they are rare examples of layered solids with positively charged
layers balanced by exchangeable anions.* They are represented by the general formula [M(I1).
M (1D (OH)2][AxnzH20], where M(11) is typically Mg, Zn, Ni, Cu; M(IlI) can be Al, Fe, Cr. A is
an anion with charge n™ like COg3, SOy, CI or other inorganic or organic anion and z is the mol of co-
intercalated water per formula weight. The isomorphic substitution of M(Il) with M(11l) cations in
the brucite-like sheet produces positive electric charges balanced by the exchangeable anion and
determines the x value that generally ranges between 0.2 and 0.4. The x value indeed determines the
charge density of the layers and hence the anion exchange capacity of the solid. The brucite-like
layers are constituted of edge sharing octahedra, the centres of which are occupied by metal cations
and the vertices by hydroxide ions.?

At present, LDH-based compounds form a large class of materials widely used as catalysts,
additives for polymers,* anion exchangers, hosts for storage and release of species with biological
activity.”

Despite the vast literature on these layered materials, fundamental and systematic studies dealing
with the layer rigidity, ion exchange mechanism and the anion selectivity are not exhaustive. The
first selectivity scale was reported by Miyata in 1983;° more recently Nenoff et al. proposed a
selectivity scale toward monovalent anions and demonstrated that it was independent of the LDH
method of synthesis.” The poor information available induced our research group to undertake a
program to deep the knowledge on these topics. Previous studies were performed to assess the layer
rigidity of LDH® since the intercalation mechanism is affected by this parameter. The “discrete
finite layer rigidity” model developed by Solin was applied on a Zn-Al LDH in chloride form. This
model allows to determine a parameter (p), that is related to the area of the lamella that is not
puckered during an ion exchange and intercalation process: the higher is p, the more rigid is the
lamellae. Solids having flexible lamellae, as graphite, give intercalation reactions by staging or with
the formation of a phase boundary between the two immiscible phases of the outcoming and the
incoming ions, with a first order phase transition.”’® On the other hand, in a rigid material the
intercalation may occur either by the formation of a solid solution or by staging depending on the

dimension of the guest species.’® The p parameter found for LDH, places them halfway between
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flexible and rigid materials, suggesting that in these solids the intercalation process may occur with
different mechanisms, also depending on the reciprocal size of the involved anions. Previous works
showed that the intercalation of several carboxylates'’ or phosphonates*? produced 2-stage
intercalation compounds, while the COs*/CI" exchange can occur through a 1st order phase
transition mechanism or even with the formation of a solid solution.®

This work aimed to study the selectivity of the ZnAl-LDH in chloride form towards halides (X'= F,
Br’, I') performing ion exchange isotherms CI/X". The mechanism of these ion exchange processes
was studied analyzing each point of the isotherms by X-ray diffraction and Rietveld refinement of
the LDH containing the maximum amount of F', Br and I". The effect of the hydration water and of

the anion dimensions on the interlayer distance was also investigated.

EXPERIMENTAL
Materials

All the chemicals used in this work were C. Erba RP-ACS products.

Preparation of halide-LDH derivatives

The LDH with formula [Znge1Alo.39(OH)2](CO3)0.195:0.5H,0 (ZnAl-CO3), was synthesized using
the  urea  method.”®  The  corresponding  chloride  form,  with  formula
[ZNno61Alp.39(OH)2]Clo 39-0.47H,0 (ZnAl-Cl) was obtained by titrating 5 g of carbonate form,
dispersed in 50 ml of 0.1 M NaCl solution, with a 0.1 M HCI by means of Radiometer automatic
titrator operating at pH stat mode, and pH value of 5.

The forward ion exchange isotherms were obtained equilibrating weighed amount of ZnAl-Cl with
increasing volumes of 0.1 M of NaX aqueous solution (X=F, Br’, I') for 7 days (sample obtained
labeled as: ZnAl-F, ZnAl-Br, ZnAl-1). The reverse Br/Cl" isotherm was performed as above
described starting from [Znge1Alo39(OH)2]Bro39-0.52H,0 (ZnAl-Br) as exchanger and 0.1 M of
NaCl aqueous solution. The isotherms were obtained plotting the ionic fraction of the X in the solid
vs the ionic fraction of X in the solution (mequiv. X/(mequiv. X" + mequiv. CI")).

The CI7/COs* isotherm was performed equilibrating weighed amount of ZnAl-Cl with calculated
volumes of 0.05 M Na,COj3 aqueous solution for 3 days. Pure ZnAl-Br was obtained by titration of
the carbonate form with 0.1 M HBr, after dispersing the carbonate form in 0.1 M NaBr solution at
constant pH of 5. The isotherm was obtained plotting the ionic fraction of the CO5* in the solid vs
the ionic fraction of CO3% in the solution (mequiv COs* / (mequiv COs*” + mequiv CI)).

Details of the experimental part are reported in the SI.
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The recovered solids were washed three times with CO,-free de-ionized water, dried at 75% relative
humidity (RH) and characterized by ion chromatography, XRPD taken at different temperatures and
TG analyses.

Analytical procedures.

Zn and Al contents were obtained by Inductively Coupled Plasma Spectroscopy after having
dissolved a weighed amount of sample (~20 mg) in few drops of concentrated HNO3 and properly
diluted with water. Halide contents were obtained by ion-chromatography both on the mother liquor
of the isotherms and on the solid. In the latter case, a given amount of sample (~100 mg) was
equilibrated in 20 ml of Na,CO3 1 M solution for 12 h in order to extract all halides from the solid.
The solution was then analyzed by ion chromatography. Hydration water and carbonate content of
the solids were obtained by thermogravimetry. This technique allowed to confirm also the halide

contents.

Instrumentation

Elemental analyses were performed by Varian 700-ES series Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES).

X-ray diffraction patterns were collected with the CuKa, » radiation with a al/a2 ratio of 0.5
(1.5424 A) on a Philips X'Pert Pro diffractometer, equipped with the X'Celerator solid state fast
detector with a 0.017° step size and 30 s per step counting time. Thermodiffractometric analysis
was performed under air with an Anton Paar HTK 1200N hot chamber mounted on a Philips
XPERT APD 3020 diffractometer in the 25-200 °C temperature range. Thermogravimetric
analysis was performed with a Netzsch STA 449 C Jupiter (thermal analyzer) at a heating rate
of 5°/min under an air flow.

The ion-chromatography analysis was performed using a Dionex 2000 equipped with an ionic
conductivity detector. The extracted F anions were detected using a column AS4A, NaHCO;3; 3.5
mM as eluent and H,SO, 12.5 mM as suppressor for the ionic conductivity detector. The other
extracted halides were detected using the same conditions used for the fluoride anions except for the
eluent that was NaHCO3; 1.7 mM and Na,CO3 1.8 mM.

Coupled thermogravimetric (TG) and differential thermal analyses (DTA) were performed by a
thermal analyzer (STA 449C Jupiter, Germany) in air flow of 30 ml/min and heating rate of
10°C/min to determine the weight loss as a function of temperature.
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Rietveld refinement of the F and Br” exchanged LDH

The refined structures of ZnAl-Cl and ZnAl-I have been already reported in literature.** Herein we
report the refined structures of the ZnAl-F and ZnAl-Br forms. Structural and refinement details are
reported in Table 1.

The samples were carefully side-loaded into a zero-background quartz sample holder in order to
avoid preferred orientation.

Rietveld refinement was carried out by using the GSAS program. A Pseudo-Voigt profile function
TCHZ (profile function n. 3)* has been used and 7 terms (included two terms for the modelling of
the asymmetry at low 20 angles) have been also refined. A March-Dollase model was used in order
to refine the preferred orientation of the basal 00l planes. The M-OH distance was refined by
restraining the z coordinate of the hydroxyl OH group to about 2.0(5) A, while the thermal factors
of the interlayer species (X" and oxygen atoms of water molecules) were also refined at the same

value by constraining the program to apply the same shift.

Table 1 Crystal data and refinement details for ZnAl-X (X =CI', F, Br, I)

ZnAl-Cl [ref. 14b]  ZnAl-F [thiswork]  ZnAl-Br [this work] — ZnAl-I [ref. 14a]

Space group R -3m R -3m R -3m R -3m

alA 3.0749(6) 3.0738(1) 3.0835(1) 3.0807(1)
c/A 23.1524(5) 22.5638(5) 23.687(1) 24.3941(4)
VIA3 189.58(6) 184.64(1) 195.05(1) 200.50(1)
Z 3 3 3 3

Rwp 0.119 0.110 0.076 0.067

Rp 0.088 0.085 0.057 0.046

Rg2 0.076 0.050 0.074 0.103
GOF 4.7 6.2 2.7 3.8

Rp =Z|lo-Ic|/ Zlo.

Rwp = {Z[w(lo - Ic)’] / [wlo’]}?
Re2= X|Fo? - Fc?| / Z|Fo?|

GOF = {Z[w(lo — Ic)?] / (No — Nvar)}*2

RESULTS AND DISCUSSION

lon exchange isotherms and mechanism
Carbonate anions, because of their geometry and their bivalent nature, are strongly held in the
interlayer region and it is very difficult to replace them with other anions using a simple ion-

5
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exchange process. A method to prepare an LDH containing an easily exchangeable anion, such as
CI', involved the treatment of ZnAl-CO3; with hydrochloric acid, which reacted with the carbonate
anions and produced carbon dioxide, water and LDH in chloride form. The intercalation of other
halides was achieved by ion exchange starting from ZnAl-Cl. Before studying the LDH halide
systems, the CI/CO5* ion-exchange isotherm obtained at 25°C and ionic concentration of 0.05 M
has been studied in order to get information on this ion-exchange mechanism. The isotherm, shown
in Fig. 1, is completely shifted to the left side, and about all the added carbonates are uptaken by the
solid up to a COs> ionic fraction in the solid equal to 0.31. Additional carbonate uptake requires a
small increase of COs ionic fraction in solution (mequiv COs* / (mequiv COs> + mequiv CI)).
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Fig. 1 (a) CI/CO5* ion-exchange isotherm obtained from [ZngsiAlo.39(OH)2]Close-0.47H,0 and
0.05 M Na,CO3; (pH = 10.9), at room temperature. (b) Percentage of the carbonate and chloride

phases in the ZnAl-Cl/CO3 systems as a function of ionic fraction of the carbonate in the solid.
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XRPD patterns of the samples at different CO3s*" content show that the ion exchange process takes
place through three well differentiated steps. These steps can be described by plotting the relative
intensity, assumed proportional to the relative amount of phases, of the 003 diffraction maxima of
the carbonate and of the chloride phase, as a function of carbonate ionic fraction in the solid (Fig.
1(b)). It can be seen that in the range 0-27% of exchange a single phase is present, suggesting the
formation of a solid solution of carbonate into the chloride phase. In the range 27-67% of exchange
two immiscible phases of approximate composition [Znge1Alo39(OH)2](CO3)0.052Clo285z2H20 and
[Zno.61Al0.39(OH)2](CO3)0.13Clo.13 ZH,O respectively, are present. As the exchange proceeds the first
phase is transformed into the second phase. From 67 to 100% of COs* uptake another solid solution
is formed, where chloride is solubilised into the carbonate phase.

The CI'/Br forward and reverse isotherms are shown in Fig. 2. These two anions involved in the
exchange process have similar anionic radii (ro- = 1.81A, rg- = 1.96A).%° The obtained isotherms

resemble to those of an exchanger resin with equivalent sites and without phase separation.

1.0
0.8
0.6
0.4 Br/CI - CI/Br

0.2

ionic fraction of Br in the solid

00 T T T T A T M T T
0.0 0.2 0.4 0.6 0.8 1.0
ionic fraction of Br in solution

Fig. 2 Forward and reverse isotherms of the CI'/Br" ion exchange process.

The isotherms show an hysteresis loop meaning that, at the same composition of the solution, two
solid phases with different content of chloride and bromide may be present depending on whether
the starting phase is ZnAl-Cl or ZnAl-Br.

The forward isotherm is positively curved and falls below the diagonal proving that the chloride is
preferred. On the other hand, the reverse isotherm is S-shaped, assessing that the relative affinity for

the incoming chloride decreases when the conversion degree increases.
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Fig. 3a and 3b show the 006 reflections of the XRPD of selected members of the forward and
reverse isotherms. Separate considerations are required. The 006 reflection of forward isotherm
samples, in which chloride is replaced by the bigger bromide, shifts at lower angles in the range 0-
37% of exchange. In this range a single phase is present and the ion exchange seems to proceed
with the formation of a solid solution in which the bromide and chloride are solubilized in the same
phase. A slight increment of the bromide ionic fraction in the solution leads to a substantial increase
in the bromide ionic fraction in the solid, as shown by the increased slope of the isotherm. The
sample containing 84% of bromide is constituted by two immiscible phases: the pure bromide phase
(d = 7.85A) and a phase with intermediate interlayer distance between bromide and chloride phases
(d = 7.80A), that presumably contains both bromide and chloride. As the exchange proceeds the
latter phase is transformed into the bromide phase. From 84% to 100% of bromide uptake the ion
exchange seems to proceed by a first order phase transition from the intermediate phase with d =
7.80A to the pure bromide phase.

In the reverse isotherm, when bromide is replaced by the smaller chloride, a gradual shift of the 006
reflection from the chloride to the bromide phases is observed: the ion exchange seems to go on

with the formation of a solid solution in which chloride is solubilised into the bromide phase.
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Fig. 3 006 reflections of the XRPD of selected members of the forward (a) and reverse (b) CI/Br

isotherms.

In Fig. 4 the CI/Br" ion exchange isotherm is compared with those obtained exchanging the chloride

with the smaller fluoride and with the bigger iodide.
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Fig. 4 Forward CI'/F", CI'/Br” CI'/I" ion exchange isotherms.

The selectivity of LDH towards halides is clearly affected by the anion sizes. LDH shows a high
selectivity towards fluoride, whose ionic radius (1.33 A) is about 0.5 A smaller than that of
chloride. On the contrary, LDH shows a low affinity for iodide which has a ionic radius (2.20 A)
about 0.4 A bigger than chloride. Therefore by the analysis of the isotherm positions it is possible to
determine the following selectivity order: F > CI'>Br > I,

The preparation of fully exchanged phases strongly depends on the above selectivity scale: fluoride
was able to completely exchange chloride by simply contacting ZnAl-Cl with a 0.1 NaF solution; to
obtain the pure bromide phase, the ion-exchange reaction was forced by titrating ZnAl-Cl with 0.1
M HBr, while the conversion of the LDH into the iodide form did not exceed the 54% of its ion
exchange capacity.

The above selectivity scale can be explained considering a simple model. During the ion exchange
process the incoming ion moves from the solution to a fix charge of the host and the outcoming ion
leaves the lattice position to diffuse into the solution. The standard Gibbs energy variation
associated to the anion/chloride exchange depends on: a) the electrostatic interactions between the
positive charges of the lamellae and the negative charges of the anions; b) the standard Gibbs
energy associated to the different anions, that can be approximated to the hydration enthalpy
neglecting the entropy contributions. It can be formulated as:

e’ e?

o _ °hydr. °hydr.
4G anion/Cl~ _( - _ ] - (AG(]Y - AGan%/onr)
nion

rfix + rcr rfix + ra

where ryix is the fix charge radius, that is constant and equal to half of the lamella thickness, Fanion IS
the halide ion radius and AG°™®" is the Gibbs energy variation associated to the anion hydration
change.'” The experimental selectivity scale suggests that electrostatic interactions between the
layer and the guests and then the anion radii of the guest mainly affect the standard Gibbs energy
variation according to G. Costa.’®

Each member of the CI'/F", and CI/I" isotherms were studied by XRPD to get information about the
ion exchange mechanism. Fig. 5 and 6 show the 006 reflections of the XRPD of CI/F and CI/I

isotherm samples, respectively.

10
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Fig. 5 006 reflections of the XRPD of selected members of the CI'/F isotherm.
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Fig. 6 006 reflections of the XRPD of selected members of the CI/I" isotherm.

The 006 reflection of the samples with an increasing amount of fluoride moves to higher diffraction
angles, corresponding to smaller interlayer distances, in agreement with the smaller dimension of
the fluoride anion (Fig. 5). On the contrary, samples with increased amount of iodide show a shift of
the same peak to lower diffraction angles with respect to the starting chloride phase (Fig. 6). Note
that each reflection is constituted by the convolution of two reflections: the 006 of the chloride
phase and the 006 of the fluoride or iodide phase. The chloride phase converts into the fluoride or
iodide phase during the ion exchange. The co-existence of the F* (or I') and CI" phases suggests that

the ion exchange mechanism goes on by a first order phase transition.

Effect of the hydration on basal spacing of the halides-LDH phases
In Table 2 the empirical formulae, obtained from thermogravimetry and ion chromatography
analyses, of ZnAl-X conditioned at 75% RH are reported. The basal spacings of the samples, when

conditioned at 95% and 75% RH are also reported, and plotted versus the anionic radius in Fig. 7.

11
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Table 2 The basal spacing of ZnAl-X conditioned at 95% and 75% RH.

[Zno 61Al0.39(OH)2]ClnX-zH,O  Basal spacing (A)

Sample

m n z* RH95% RH 75%
ZnAl-F 0 0.39 0.50 7.61 7.53
ZnAl-Cl 0.39 0 0.47 7.78 1.74
ZnAl-Br 0 0.39 0.52 7.88 7.85
ZnAl-I 0.18 0.21 0.34 11.2 8.14

*The water content refers to the sample dried at 75% RH.

The interlayer distance of the samples conditioned at 95% RH increases almost linearly as the anion
radius increases except for I” that exhibits a very high interlayer distance. A contraction of the basal
spacing in a range of 0.03-0.08 A was observed for ZnAl-F, ZnAl-Cl and ZnAl-Br conditioned at
75% RH; while the basal spacing of the iodide form, in the same conditions, lowers of 3.06 A.

According to lyi et al.,*°

the increase of the basal spacing of 3.06 A in ZnAl-I with a high hydration
degree can be attributed to one additional water layer in the interlayer space, considering that the
diameter of a water molecule is about 2.8 A. The best linear correlation of the basal spacing of the
samples conditioned at 75% RH was obtained by excluding ZnAl-F and giving the equation d =
5.93 + 0.497 x 2r, where d is the basal spacing and r the ionic radius. The intercept value should
represent the interlayer distance of LDH without anions in the interlayer region, that is the layer
thickness; the best value of 5.93 A differs significantly from the accepted value of 4.46 A. This
difference may be explained assuming that anions are not closely packed between adjacent layers,
but they occupy more room, probably due to a certain level of disorder in the interlayer region.
Hydration water, that share the same crystallographic site of the anion, may also contribute to this
disorder.

The ZnAl-F basal spacing is higher than that predicted by the straight line in Fig. 7, because
fluoride is the only anion of this series with a smaller diameter than the thickness of a water
molecule. Therefore, only for ZnAl-F the basal spacing is determined by the hindrance of water
molecule, and not the guest anion. The hindrance of water molecules in ZnAl-F is about 3 A,
calculated as the difference between the basal spacing reported in Table 2, and the thickness of an
LDH layer.

12
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Fig. 7 Correlation between the basal spacing of ZnAl-X and ionic radius of the guest halide.

The hydration water molecules role on the basal spacings has been investigated collecting TG
analysis (SI) and in situ high temperature XRPD patterns. As expected, all the samples undergo a
contraction of the interlayer distance upon dehydration (Fig. 8). The basal spacing of ZnAl-X at
increasing temperatures are reported in Table 3. It has been observed, from TG data, that the
complete dehydration of the solids occurs at temperature of 150°C. Note that ZnAl-Cl, -Br, and -I

are able to restore their hydrated forms when cooled in air.

Table 3 Basal spacing of ZnAl-X at different temperatures.

Basal spacing (A)
100°C 125°C 150°C
ZnAl-F 7.53-6.77 7.28-6.50 6.30
ZnAl-ClI 7.51 7.42-7.3 7.30
ZnAl-Br 7.70 7.66 7.62
ZnAl-1 8.04 8.04 8.04

Sample

13
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Fig. 8 XRPD patterns taken at the indicated temperatures of (a) ZnAl-F (b) ZnAl-ClI (c) ZnAl-Br (d)

ZnAl-1 samples. The basal spacings are also reported. a.h. = after heating.

Fig. 9 shows the dependence of basal spacings of samples dried at 150°C on the anionic diameter. A

good linear correlation of the experimental data is obtained. The intercept on the y axis at diameter
zero of the guest species should be the interlayer distance of the LDH without intercalated anions,
hence the thickness of the layers. The obtained value (3.63 A) is lower than the accepted value of
4.46 A. Moreover, the experimental basal spacing of each sample is lower than that calculated with

the equation d = 4.46 + 2r (where 4.46 is the lamella thickness and r the ionic radius).
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Fig. 9 Basal spacing of ZnAl-X dried at 150°C as a function of the anion diameter (- A -) compared
with the calculated data (-e-).

This disagreement can be explained considering a hard-sphere model® and that the lamella surface

consists of close-packed hydroxyl ions of radius roy = a/2, where a is the measured in-plane lattice

parameter of ZnAl-Cl. This arrangement forms trigonal pockets on the surface in which the anion

can be nested. The amount of nesting will depend on the halide ionic radius. The nesting degree

(nd) of each anion can be obtained from the experimental data from the following equation:

nd = ry — 1/2(dx - t)

where ry is the anion radius, dy is the experimental distance of the dehydrated sample, t is the layer

thickness (4.46 A).

The maximum value of nesting can be obtained from simple geometric consideration (Fig. 10). The

used equations are:

Ndmax = [x + ron](1-cos6)

0 = arcsin

r
1+ 2%
loH

o

n=1537 A
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Fig. 10 Scheme of a halide ion (grey sphere) into trigonal pockets of the layer surface generated by

closed-packed hydroxyl ions (white spheres). ndmax is the maximal nesting height.
The values of maximum nesting so obtained are relative to an ideal model in which the anion are
located on the same plane and have the same nesting degree. A comparison between the nesting

degree and the maximum nesting is reported in the Table 4.

Table 4 Comparison between the nesting degree and the maximum nesting in the dehydrated

samples.
X r d (150°C) nd Ndmax %N
F 1.33 6.30 0.41 0.62 66
Cl 181 7.30 0.39 0.50 78
Br 196 7.62 0.38 0.48 79
| 220 8.04 0.41 0.44 93

As expected, ndmax decreases with increasing the ionic radius, while the experimental nestings are
not affected by the ionic radius. The agreement between the nesting degree and the maximum
nesting is expressed as percentage of nesting and indicates the percentage of anion nested in the
dehydrated samples. The experimental nesting represents an average value over all the sites
occupied by the halides. The percentage of the halides nested increases with the dimension of the
anion in agreement with Kamath.?® The difference between the calculated (4.46 A) and the observed
(3.63 A) lamellae thickness of 0.83 A is twice than the experimental nd (average nd values for all
the investigated anions = 0.40 A). In Fig. 9 the basal spacing is plotted versus the ionic diameter. In

this way the layer thickness is underestimated by an amount equal to twice the calculated nesting.
16
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Structural data coming from Rietveld refinement of the halide exchanged LDH give some
information on the interlayer distribution of the anions and can be used as term of comparison for
the interpretation of the proposed nesting model.

In the 3-layer polytipic models of LDH (polytipes 3R; and 3R;) the intensity ratio of 001/002I
reflection is strictly dependent on the scattering factors and on the crystallographic sites of the
intercalated anions which can affect the intensity owing to phase relationships between the brucitic
layer and the interlayer region. In ZnAl-F and ZnAl-Br the position of the anions and of the water
molecules was chosen according to the observed 003/006 intensity ratios (about a 1/2 for Br and 1/3
for F) which suggested a site with high degeneracy. For that reason the anions were placed in the
18h Wickoff position and the occupancy factor was set to fixed values in agreement with the
experimental formulas. Interlayer water molecules shared the same site according to previously
reported LDH models with a full interlayer disorder. The occupancy of the water molecules was
refined freely because the water content during the data collection was lower than the experimental
values measured at controlled RH.

The positions of F" and Br anions were let to refine freely along the plane until the best agreement
of the calculated and observed intensities was reached. However, at the end of refinement, the
position of Br  and F differed considerably each other: in ZnAl-F the position of F* and water
molecules are thickened around the -3 axis (6¢ Wickoff position) whereas in ZnAl-Br the interlayer
species are far away to this site, closer to the trigonal pockets made by the hydroxyl ions, thus
suggesting a higher interlayer disorder. The same feature was also observed for ZnAl-I. As a matter
of fact, if the Br (or I') was placed close or on the 6¢ site the 003 reflection would have been
completely extinct and, in our case, this is not observed.

This fact could be related to the different factor like the ionic radius and the electronegativity of the
halide ion. The observed distances of F~ with the OH groups (6¢) are about 2.86 - 2.9 A, suggesting
that F~ is able to make efficient H- bonds with the hydroxyl groups of the brucitic layer. This is in
good agreement to recent papers in which the structures of several ZnAl-X (with X = CI', Br, I,
NOs™ and CO3%) were described by using both molecular dynamics simulations and XRPD.*® %
The heavier and less electronegative Br™ and I” anions are not able to form H- bonds with the OH
groups and therefore they probably prefer to occupy more disordered positions upon the trigonal
pocket, thus justifying the observed nesting model.

Rietveld plots for ZnAl-F and ZnAl-Br are reported in Fig. 11.

Table 5 Atomic positions, thermal and occupancy factors for ZnAl-F and ZnAl-Br

17
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X y z Uiso Occ. Mult.

Sample ZnAl-F

Zn 0 0 0 0.02(2) 0.61 3
Al 0 0 0 0.02 0.39 3
O(H) 0 0 0.3783(2) 0.02(2) 1.00 6
Ow 0.229(3) 0.457(5) 0.169(2) 0.06 0.06(1) 18
F 0.229(3) 0.457(5) 0.169(2) 0.06 0.065 18
Sample ZnAl-Br

Zn 0 0 0 0.03(2) 0.61 3
Al 0 0 0 0.03 0.39 3
O(H) 0 0 0.3744(2) 0.03(2) 1.00 6
Ow 0.1254(8) 0.250(2) 0.1675(4) 0.06 0.05(1) 18
Br 0.1254(8) 0. 250(2) 0.1675(4) 0.06 0.065 18

ZnAl-F

I/a.u.

i £

ZnAl-Br

Fig. 11 Rietveld plots for ZnAl-F and ZnAl-Br
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CONCLUSION

This work allowed to establish the following selectivity order of the ZnAl-LDH towards halides: F
> CI'> Br > 1" . The ion exchange mechanism depends on the dimensions of the anions involved in
the ion exchange process: when the dimensions are comparable the exchange goes on with the
formation of a solid solution. On the contrary when the anions involved have different dimensions,
the exchange goes on with a first order phase transition. The interlayer distance of the samples
containing halides has been justified considering a nesting of the anions into the trigonal pockets of
the LDH surface. The hard-sphere model allows to calculate the maximum nesting of the anions.
The agreement between calculated and experimental nesting is better as the ion size increases, and it
is an indication of the higher interlayer disorder of big halide ions. Rietveld refinement of the F and
Br™ forms, together with the already reported I" form, is in agreement with this observation, as the
small F ions stay apart from the trigonal pocket being close to hydroxyl groups (6¢ site). In fact, the
more electronegative F is able to form efficient H-bonds with hydroxyl groups. On the contrary Br
and I" occupied highly disordered sites, thus justifying the higher nesting degree with respect to F.
Finally, it should also kept into account that the nesting model is calculated by using a rigid spheres
model that cannot be properly applied to the soft and more polarisable anions like Br” and I". This
difference can justify the small discrepancy found for the calculated and the observed nesting

values.
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sore vaction of X in solution

The selectivity towards halides and mechanism of ion exchange of the ZnAlI-LDH in chloride form (X'=F, Br,
I) was investigated by ion exchange isotherms CI'/X.



