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Several models for the estimation of thermodynamic properties of layered double hydroxides (LDHs) are presented. The predicted

thermodynamic quantities calculated by the proposed models agree with experimental thermodynamic data. A thermodynamic

study of the anion exchange process on LDHs is also made using the described models. Tables for the prediction of monovalent

anion exchange selectivities on LDHs are provided. Reasonable agreement is found between the predicted and the experimental

monovalent anion exchange selectivities.
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INTRODUCTION

There is presently a great interest in layered double hydroxide
materials due to their well-known industrial applications as catalysts
and catalyst supports'®, adsorbents*, anion exchangers’, flame
retardants®, polymer stabilizers’ and antacids®. Attention to these
materials is growing because of many new emerging applications,
such as in thin films®, conducting materials'’, corrosion protectors'!,
electrodes'? and as hosts for the controlled release of chemicals'>!“.

Layered double hydroxides can be represented by the general for-
mula: [M3* M*(OH), [** (A", )-mH,0, where M** and M** can be any
divalent and trivalent metal ion whose ionic radius is similar to that of
Mg?, A™ can be any compensating anion, m is the amount of water
present in the interlamellar region and x is the ratio M**/(M>**+M?*)".
The most common natural LDH is the Mg-Al hydrotalcite whose
structure is based on that of brucite, [Mg(OH),], where Mg*" is
octahedrally coordinated to six hydroxyl groups. In brucite the
octahedra share edges to form bidimensional layers stacked one on
top of the other which are held together by weak interactions through
hydrogen atoms®™. When some of these Mg* ions are replaced by
cations of higher charge, as occurs in the Mg-Al compound by the
introduction of AI**, positive charge is formed in the brucite-like layers.
This positive charge is neutralized by compensating anions in the
interlamellar region and, in this manner, the hydrotalcite structure is
formed. Some water molecules are also found in the interlamellar
region. Commonly, cations in octahedral coordination occupy random
positions in the brucite-like layers'¢. The anion and the water molecules
are randomly located in the interlayer region and are labile, being free
to move by breaking bonds to the layers and forming new ones'”.
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Even though literature on LDH materials is abundant's,
thermodynamic studies are limited. This fact may be explained by
the lack of necessary thermodynamic data and the great amount of
experimental work needed to cover the wide range of compositional
variations of LDHSs. Tools for the estimation of the thermodynamic
properties of LDHs in the literature are scarce. Recently, Allada et
al." estimated the thermodynamic properties of [M3* AI*(OH),]**
(CO,),_,-mH,0 LDH compounds from M*(OH),, AI(OH), and the
carbonate form of the divalent metal. They found good results
compared with the experimental thermodynamic quantities of some
carbonate LDHs. We have recently extended the application of this
model to [M3}* M*(OH),J** (A™) , LDHs*. We also found good
agreement between estimated thermodynamic quantities and published
experimental results on LDH solubility and the synthesis of LDHs by
hydrothermal-reconstruction and coprecipitation methods.

On the basis of the LDH structure, we present in this study new
mixture models for the estimation of thermodynamic properties of
LDHs. A thermodynamic study of the anion exchange properties of
LDH compounds, using the different mixture models, is also given.

SINGLE MODELS

The general idea in a mixture model for a LDH is basically treating
the LDH as a mixture of structurally similar simple compounds. If we
consider one of the layer-upon-layer arrangements of brucite-like layers,
for example, when an anion (A) is in a trigonal prismatic environment!
of OH groups for a dehydrated phase, as seen in Figure 1, several
combinations of simple compounds in the LDH structure are found:
Model 0: a combination of the compounds M**(OH),, M**(OH), and
the ion (A™)

Model 1: a combination of the compounds M**(OH),, M*(OH), and
H (A™)

Model 2: a combination of the compounds M**(OH),, M**(OH), and
M2+( A™)

2/
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Figure 1. Structure of a LDH with stacking of brucite-like layers with the
anion in a prismatic environment of OH groups. A = compensating anion,
O = oxygen, H = hydrogen and M = any divalent or trivalent cation. The
octahedron around cation M is not shown for the sake of clarity

Model 3: a combination of the compounds M**(OH),, M*(OH), and
M (A™);

wheren=1, 2

After a molar balance of the constituting compounds and the final
LDH, the following equations are obtained for the different models.

Model 0 [f (LDH)]:
(1 = x)M*(OH), (s) + (x)M*(OH), (s) + (x/m)A™ (aq) =
[M3* M*(OH),I(A™),, (s) + xOH™ (aq) ()

Model 1 [f,(LDH)]:
(1 - x)M*(OH), (s) + (x)M*(OH), (s) + (x/m)H, (A™) (aq) =
M M}*(OH),J(A™),, (s) + xH,0 (aq)  (2)

Model 2 [f(LDH)]:

(1 - 3x/2)M>*(OH), (s) + ()M*(OH), (s) + (/2)M>*(A™),, (s) =
[M2 MY(OH),JA™), (5)  (3)

Model 3 [f (LDH)]:

(1 = x)M>(OH), (s) + (2x/3)M*(OH), (s) + (x/3m)M? *(A™), (s) =
(M2 MMOH),IA™), (5)  (4)

Model 2 is similar to the mixture model proposed by Allada et al."”.

Table 1. Standard Gibbs free energies of formation for some LDHs
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Equations 1, 2, 3 and 4 can be used for the calculations of
thermodynamic properties of LDH compounds. As an example,
standard Gibbs free energies of formation of LDHs are calculated.
Model 0:
AnoGo{T, LDH} = (1 = x)AG2{T, M*(OH), }

+ (OAG{T, M*(OH),} + (x/m)AG (T, A™}

- (x)AGAT, OH™} (5)

Model 1:
A G{T, LDH} = (1 = x)AGHT, M**(OH),}
+ (OAG{T, M*(OH),} + (x/m)AG{T, H (A™)}
- (0)AGAT, H,0} (6)

Model 2:
Af’MZG;{T, LDH} = (1 - 3x/2)AG°{T, M**(OH), }
+ (OAGYT, M*(OH),} + x/2)AGH{T, M*(A™),, } (7

Model 3:
A, G2{T, LDH} = (1 - x)AGS{ T, M**(OH), }
+ (2x/3)AG{T, M*(OH),} + (x/3mAG {M *(A™),} (8)

Examples of standard Gibbs free energies of formation for typical
LDHs, using models 0, 1, 2 and 3, are shown in Table 1. For the
calculations Equations 5, 6, 7 and 8 were used. For example, the
standard Gibbs free energy of formation for the
[Zn,, Al ,(OH),J(NO,) ,, LDH calculated by model 1 is:

0.25 0.25

A, G2{298.15 K, ZnAl - NO,} = (1 - x)AG°{298.15 K, Zn(OH), }
+ (0)AG°{298.15 K, Al(OH),}
+ (0AG?{298.15 K, HNO,} — (x)AG°{298.15 K, H,0}

A G2(298.15 K, ZnAl - NO,} = 0.75(-554.5) + 0.25(~1156.9)
+ 0.25(-111.3) - 0.25(-237.2) = ~673.6 kJ mol "

Other entries in Table 1 are calculated in a similar fashion. The
standard Gibbs free energies of formation for all the compounds were
gathered from different well-known compilations of thermodynamic
data: Naumov et al.*?, Karapet’yants et al.”* and Perry et al.*.

Formulas for the standard enthalpies of formation can also be
derived. These formulas are similar to Equations 5, 6, 7 and 8.
Examples of the calculations for the standard enthalpies of formation
for some LDHs are given in Table 2. For instance, the standard
enthalpy of formation for the [Co, Al ,,(OH)](CO,), .-0.80H,0
LDH calculated by model O is:

0.32 0.17

AG?{298.15 K, LDH} (kJ mol™)

LDH Model 0 Model 1 Model 2 Model 3 General Model
[Mg, Al ,(OH) J(CI), -907.9 -887.8 -884.2 -879.5 -897.1
[Mg, Al ,s(OH),J(NO,), ,, -902.9 -882.9 -883.8 -882.9 -893.0
[Ni, Al ,,(OH),I(CD), -614.1 -594.0 -597.8 -585.7 -604.2
[Ni, Al ,(OH),I(NO,),,, -609.1 -589.1 -594.9 -589.1 -599.8
[Zn, Al ,.(OH),I(CD), s -698.6 -678.5 -682.2 -670.1 -688.7
[Zn, Al ,.(OH),I(NO,),,, -693.6 -673.6 -673.1 -673.6 -683.5
[Fe, ,Fe,,;(OH),I(SO,), ,, -632.5 -606.0 -616.6 -630.5 -621.8
[Fe, ;Fe ,,(OH),I(CD), -535.2 -515.2 -519.2 -510.2 -525.5

[Fe, ,Fe,,;(OH),I(CO,), ,, -596.5 -585.7 -592.6 X X

X = not enough data available
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Table 2. Standard enthalpies of formation for some LDHs
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AH°{298.15 K, LDH} (kJ mol")

LDH Model 0 Model 1 Model 2 Model 3 General Model
[Co, Al ,(OH),1(CO,), -0.80H,0 -1041.7 -1027.4 -1039.1 X X
[Co,, Alw(OH) 1(CO,), ,"0.81H,0 -984.0 -973.1 -982.0 X X

X = not enough data available

H°{298.15 K, CoAl - CO,-mH, 0} =
(1 -x)AH °(298.15 K. Co(OH),)
+ ()AH?{298.15 K, AI(OH),} + (x/2)AH°{298.15 K, CO .}
~ (\)AH®{298.15 K, OH'} + (m)AH®{298.15 K, H,0}

f MO

A, H2{298.15 K, CoAl - CO,-mH,0} = 0.68(-554.7)
+0.32(-1293.3) + (0.25/2)(~677.1) — 0.25(~230.0)
+0.80(—285.8)= ~1041.7 kJ mol !

The required standard enthalpies of formation for the compounds
used in model 2 were taken from Allada et al.'. Additional
thermodynamic data were gathered from well-known compilations??.

GENERAL MODEL

As seen from Table 1, all of the single models give similar results;
however, the selection of just one model for the estimation of LDH
thermodynamic properties would require proofs at an atomistic level.
Several works of molecular dynamic modeling of LDHs have been
carried out recently??. Although these molecular modeling studies
may be useful when choosing among the single models, this approach
would be only applicable to specific cases. Again, numerous studies
would be necessary to cover all the possible combinations of cations,
anions and the range of different compositions and even some of the
structural differences among LDHs. Considering all these factors, a
general model involving all of the single models is developed.

Starting from a LDH with the formula: [M}* M*(OH) ]**(A™),_ .
the number of cations (NC,, where i refers to the model number) that
may interact with A™ are:

NC, =0
NCH") =2
NC,(M*) =1-x
NC,(M*) =x
Total =3

And if I is an interaction parameter (i.e. bond strength) between
the cation (H*, M** or M**) and the anion (A™), a general model is
given by:

3
fs(LDH) =p, . f,(LDH) +p, - giwi -f,(LDH) 9)

Where p, might be thought as the probability of having interlayer
anions that do not interact with the cations in the LDH layers. On the
other hand, p, is the probability of having interlayer anions interacting
with the cations in the LDH layers. Therefore, p,+p, = 1. And w is
a weighing factor:

3

w; =NC;-1. / X NC;I (10
i=1

As a first approach to the simplification of this model, it is

assumed that p;=p, and also that the interaction between the cations

in the layers and the anions in the interlayers has the same magnitu-

de. Then, I, =1,=1,, and w = 2/3, w,= (1-x)/3 and w, = x/3. The
standard GlbbS free energy of formatlon of LDHs as calculated by
the general model is:

Af,GMGrOn {T,LDH}=p, . Af,MOG?n {T,LDH}
; . (1
+Pp- ZWiQAf,MiGm {TaLDH}
i=l1

Results of standard Gibbs free energies of formation for typical
LDHs using the general model are shown in the last column of Table
1. Calculations are made using Equation 11. For example the standard
Gibbs free energies of formation for the [Ni (OH),I(NO,)
LDH calculated by the general model is:

(175 025 370.25

G2{298.15 K, NiAl -NO,} =p A, G2{298.15 K, NiAl - NO,}
+p,[w, A, G2(298.15 K, NiAl - NO, }

+w A, G{298.15 K, NiAl - NO,}

+w,A,,,G2{298.15 K, NiAl - NO, ]

fGM m

A Go{298.15 K, NiAl = NO,} = 0.5(-609.1) + 0.5[(2/3)(-589.1)
+ (0.75/3)(-594.9) — (0.25/3)(-589.1) = —599.8 kJ mol"!

The point about the general model is that it gives values for the
thermodynamic properties of formation, which better represents the
intrinsic stability of the hydrotalcites, as they take into account all
the possible interactions of the interlayer anion and also do not depend
on the use of an arbitrary starting material. Nevertheless, the quantities
from the general model are weighed averages of the other models
and the values are close to those given by the individual calculations.

ANION EXCHANGE PROPERTIES OF LDH COMPOUNDS

A general reaction for the anion exchange of LDH compounds is
as follows:

M} M*(OH),I(A™) , (s) + (x/p)BP (aq) = [M{* M}*(OH),IB> _(s)
+ (x/m)A™ (aq) (12)

If model 1 is used, then Equation 2 is replaced in Equation 12 to
give:

(1 =x)M*(OH), (s) + (x)M*(OH), (s) + (x/m)H (A™) (aq)
+ (xH,0 (aq) + (x/p)B* (aq) = (1 — x)M**(OH), (s)
+ (x)M*(OH), (s) + (x/p)H (B™) (aq) + (x)H,O (aq)
+ (x/m)A™ (aq) (13)

Adding xOH- to both sides of Equation 13 and rearranging terms,
the standard Gibbs free energy change of anion exchange, A, G°(T,
LDH — A/B}, is given by:

G2{T, LDH - A/B} = ()[(1/p)AG{T. H (B)}
—AG®{T,H,0} + AG*{T, OH'} - (I/p)AG°(T, B*}]
— OI(I/MAG(T, H (A™)}- AG®(T, H,0}
+AG°(T, OH)} — (I/MAG°(T, A™)}] (14)

A]:M]
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The terms in square brackets represent an anion contribution in
the LDHs for model 1, A G°{T, LDH - A}.
Then,

Ay GT, LDH - A} = AG{T, H (A")} - AG2{T, H,0}
+AGHT, OH} - (IIm)AG{T, A™}] (15)
The expression for A, G°{T, LDH — B} is similar to Equation
15, where A™ is substituted by B™ and n by p.
Finally,

G° {T LDH A/B} = (0)[A,,,G{T, LDH - B}
G°{T, LDH — A}] (16)

AE MI

CMI m

Similar results are found for models 2 and 3. For model 0,
TAY G2{T,LDH -A} =0and, A, G{T, LDH-A} =
G2{T, LDH - A/B} = (x)[A,,,G{T, LDH - B}

—A wO AT, LDH - A}] 17)

AE M2

Where,

AupGEIT, LDH — A} = (1/2)AG2{T, M*(A™),, }
— (1/2AG2(T, M*(OH),} + AG*{T, OH"}

- (I/m)AG m{T Am} (18)
and
Ay G AT, LDH = A/B} = (x)[A,,,G2{T, LDH - B}
- AouGo{T, LDH - A}] (19)
where,

A, Go{T, LDH — A} = (13n)AG°(T, M *(A™). }
— (113)AG°(T, M*(OH),} + AG°{T, OH"}
~ (I/mAGO(T, A~} (20)

The Gibbs free energy of anion exchange for the general model
is:
{T LDH - A/B} = (x)[A.;,G2{T, LDH - B}
= AcG2AT, LDH - A}] 21

AE GM ~'m

where A, G°{LDH-A} and A
form:

G °{LDH - B} have the following

CGM ~'m

Acon G ALDH-A} =py « Ay GO, {T, LDH-A}
3 (22)
+p1 e 2 Wi AcmiGm {T, LDH-A}
i=1

Calculations of standard Gibbs free energy anion contribution
terms for models 1, 2 and 3 are made by Equations 15, 18 and 20,
respectively. For instance, the standard Gibbs free energy anion
contribution term for the [Cu’* M*(OH),]JC1 LDHs calculated by
model 2 is:

,Go{298.15 K, CuM* — Cl} = (1/2)AG?(298.15 K, CuCl,}
— (1/2)AG°{298.15 K, Cu(OH), }
+AG2{298.15 K, OH ) — AG(298.15 K, CI')

G2{298.15 K, CuM* — Cl} = (1/2)(-171.8) — (1/2)(=357.7)
+ (-157.3) = (-131.3) = 66.9 kJ mol™'

CM"

Other results for models 1, 2 and 3 are calculated in a similar
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manner. They are shown in Tables 3, 4 and 5, respectively. The
thermodynamic data of the compounds were taken from the
compilations already mentioned**.

Examples of standard Gibbs free energies of anion exchange for
some LDHs, calculated for the different models, are shown in Table
6. Calculations were made using Equations 16, 17, 19 and 22, and
data from Tables 3, 4 and 5 were taken. For example, the standard
Gibbs free energy change of the F anion exchange for the
[Zn (OH),](C1), ,, LDH as calculated by model 2 is:

0. 66 0 33 0.33

G°{298.15 K, ZnAl - CIF} = (x)[A
= A,,G2{298.15 K, ZnAl - Cl}]

G2{298.15 K, ZnAl -F}

AE M2 CcM2

G°{298.15 K, ZnAl — CI/F} = 0.33[43.2 — 65.4] = 7.4 kJ mol™

AE M2 " m

Other results shown in Table 6 are calculated in a similar manner.

Table 3. Standard Gibbs free energy anion contribution term for
Model 1, A, G°{298.15 K, LDH — A}

A", AL, G0{298.15 K, LDH - A} (kJ mol)

CM1
Cation I Br Cl- NO. F OH-

3

H 799 799 799 80.0 63.0 0

Table 4. Standard Gibbs free energy anion contribution term for
Model 2, A,,,G°{298.15 K, LDH - A}

A", A,,G°{298.15 K, LDH - A} (kJ mol")
Mz I B C NO; F OH
Ba 223 95 27 -158 -208 0
Be 1973 1790 1604 00 487 0
Ca 759 346 463 316 -168 0
cd 206 363 391 594 344 0
Co 734 695 648 667 440 0
Cu 612 736 669 719 589 0
Fe 717 716 641 432 509 0
Hg 82 135 323 691 895 0
Mg 1312 1141 949 767 39 0
Mn 616 633 531 54 468 0
Ni 707 616 653 571 367 0
Pb 213 309 308 418 267 0
Pd 510 459 443 680 209 0
Sn 68.1 681 899 -51.8 334 0
Sr 483 278 135 59 225 0
Zn 67.1 679 654 819 432 0

DISCUSSION
LDH thermodynamic properties of formation

Results of the standard Gibbs free energies of formation for
typical LDHs, calculated by the single and the general models, are
shown in Table 1. It can be seen that similar results are obtained for
all the single models. The general model results from the weighed
combination of the single models. Therefore, the standard Gibbs free
energies of formation as calculated by the general model are expected
to be close to the values predicted by the single models. From the
Mg-Al, Ni-Al and Zn-Al LDH examples in Table 1, deviations of
the thermodynamic quantities obtained by the single models 0, 1,
and 2 from the general model can be as large as 12 kJ mol' for
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Table 5. Standard Gibbs free energy anion contribution term for
Model 3, A,,,G, °{298.15 K, LDH - A}

A", A,,;G2{298.15 K, LDH — A} (kJ mol")
M I Br C NO; F OH
Al 1762 169.7 1137 80.1 355 0
Au 268 550 741  x 1399 0
Bi 301 413 632 x 100 0
Ce 897 536 575 x 377 0
Cr 109.1 581 599 x 573 0
Dy 1205 797 932  x X 0
Er 1310 923 1094  x X 0
Eu 523 350 466  x x 0
Fe 922 103.0 100.0 789 240 0
Ga 1004 1077 883 x 876 0
Gd 1198 750 932  x x 0
In 107.1 836 797 x 620 0
La 914 758 589 x  -380 0
Lu 1314 1045 1007  «x X 0
Nd 989 631 688  x X 0
Pr 1021 566 702 x  -46 0
Pu 988 833 663 x 156 0
Sb 870 913 902 x 682 0
Sc 1095 1220 1013 x 120 0
Sm 1188 695 787  x x 0
Tb 932 759 883  «x X 0
T 27 395 459  x 1206 0
Tm 1255 852 1005  x X 0
Y 149.8 187.9 1066  x 65 0
Yb 1485 906 1126  «x X 0

X = not enough data available

Bravo-Sudrez et al.
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chloride and nitrate LDHs. Model 3 deviates the most from the
predicted values by the general model. Deviations can be as large as
18 kJ mol for chloride LDHs and 10 kJ mol for nitrate LDHs. The
observed differences can be explained by the variability of the
published thermodynamic data of the single compounds and by the
restrictions imposed by the mixture models®.

Standard Gibbs free energies of formation for several green rust-
like compounds have been recently compiled®. Green rust is a layered
double hydroxide with the approximate composition
[Fe;*Fe}*(OH),,]SO,-3H,0. For example, Hansen ef al.’' calculated
the standard free energy of formation of [Fe  _Fe ..(OH),1(SO,), ,
to be -611.3 kJ mol™! by solubility methods, Refait et al.* reported the
value -631.7 kJ mol" using redox potential methods and recently
Hansen® reported a new value of -631.8 kJ mol™ using solubility
methods. As seen from these free energy results, variability among
published thermodynamic data can be found. From the results in
Table 1, models 1 and 2 give the best predictions for the free energy
value of -611.3 kJ mol”, with absolute errors of about 5 kJ mol'. On
the other hand, models 0 and 3 agree quite well with the free energy
value -631.7 kJ mol™'. Absolute errors of about 1 kJ mol ™ are obtained
for both models. The general model predicts an intermediate free
energy value of -621.8 kJ mol"!, with absolute deviations of about 10
kJ mol! from both experimental free energy values.

The standard Gibbs free energy of formation of
[Fe,,.Fe,,,(OH),J(Cl), ;s as calculated by redox potential methods is
-536.5 kJ mol **. This result is in good agreement with the predicted
values by model 0 (-535.2 kJ mol) and the general model (-525.5 kJ
mol"), as seen from the results in Table 1. Moreover, predictions by
models 1, 2 and 3 have absolute errors of about 25 kJ mol™'. Genin et
al.® reported the value of the standard Gibbs free energy of formation
of -598.3 kJ mol™ for [Fe, Fe  ,.(OH),(CO,), ,as calculated by redox
potential methods. From results in Table 1, models O and 2 agree the
best, with absolute errors of 2 and 6 kJ mol, respectively.

Table 6. Standard Gibbs free energy change of the anion exchange for some chloride LDHs using different models

B, A,,G°{298.15 K, LDH — CI/B} (kJ mol")

LDH-A Model I Br cr NO, F OH'
[Zn, ,Al, ,(OH),I(CI), , 1 0.0 0.0 0.0 0.0 -5.6 -26.6
2 0.6 0.8 0.0 5.5 74 -21.8

3 20.8 18.7 0.0 -11.2 -26.1 -37.9

General 1.0 0.9 0.0 0.3 3.9 -13.2

[Mg, ,,Al, ,,(OH),I(CD), ., 1 0.0 0.0 0.0 0.0 5.1 -24.0
2 10.9 5.8 0.0 -5.5 273 -28.5

3 18.7 16.8 0.0 -10.1 -23.5 -34.1

General 2.2 1.4 0.0 -1.1 -6.1 -13.0

[Cu, ,, AL ,(OH),I(CD), ,, 1 0.0 0.0 0.0 0.0 -8.4 -40.0
2 2.8 3.3 0.0 2.5 -4.0 -33.5

3 31.2 28.0 0.0 -16.8 -39.1 -56.9

General 1.0 1.6 0.0 -0.4 -5.0 -19.9

[Ni, ,,Al,,(OH),I(CI), . 1 0.0 0.0 0.0 0.0 4.2 -20.0
2 13 -0.9 0.0 2.1 7.1 -16.3

3 15.6 14.0 0.0 -8.4 -19.6 -28.4

General 0.8 0.5 0.0 -0.6 3.1 -9.9
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Allada et al.” measured by calorimetric methods the enthalpies
of formation of [Co Al . .(OH),](CO,)  -0.80H,0 and
[Co,,,Al,,(OH),](CO,), ,-0.81H,0 LDHs, obtaming values of -
1044.2 and -991.8 kJ mol, respectively. As shown in Table 2,
predicted values by models 0 and 2 agree quite well with the latter
values, where model 0 deviates the least (3 and 8 kJ mol’!,
respectively).

Anion exhange properties of LDH compounds

From the thermodynamic study of the anion exchange of LDHs, a
simple anion contribution term, ACGH‘;{298.15 K, LDH - A}, is
obtained. This contribution term together with Equations 16, 17 and
19 for the single models and Equation 21 for the general model can be
used to estimate anion exchange selectivities of LDHs. A compilation
of A.G?{298.15 K, LDH — A} values for the single models is given in
Tables 3, 4 and 5. As seen from Equations 15, 18 and 20, the results
for OH contributions should be null. This is a direct result of the
utilization of models based on the mixture of metal hydroxides. Results
of standard Gibbs free energy change of the anion exchange for several
LDHs, as calculated by all the mixture models, are given in Table 6. If
we take into account that the larger the negative value of the free energy
the more probable the anion exchange, then anion selectivities can be
easily obtained. So far, very few papers have been published dealing
with detailed thermodynamic studies of the anion exchange for LDHs.
For example, Israéli er al.** carried out a microcalorimetric study of
the anion exchange fora[Zn, Al .,(OH),](Cl), ,, LDH. They obtained
the following order of selectivity based on the free energies values:
OH" ( A,,G°{298.15 K, ZnAl — CI/OH} = -10 kJ mol") > CI
A,G2{298.15 K, ZnAl - CI/Cl} = 0 kJ mol ") > NO, (A, ,G°{298.15
K, ZnAl - CI/NO,} = 3.6 kJ mol"). Even though the errors associated
with the predlcted LDH thermodynamic quantities can be as large as
10 kJ mol ", the standard Gibbs free energy change of anion exchange
calculated by the models agrees reasonable well with the experimental
findings and predicts the same order of LDH selectivity: OH"
(AAE w0.2{298.15 K, ZnAl — CI/OH} = -21.8 kJ mol”) > CI

A:00{298.15 K, ZnAl-CI/Cl} =0kJ mol ) >NO, (A ,G{298.15
K ZnAl - CI/NO,} = 5.5 kJ mol") for model 2 and OH
(A, nG2{298.15 K ZnAl — CI/OH} = -13.2 kJ mol!) > CI
(A,;G2{298.15 K, ZnAl - CI/Cl} = 0 kJ mol') > NO,
(A ,pmGC{298.15 K, ZnAl - CI/NO,} = 0.3 kJ mol") for the general
model. From the anion exchange free energy results for the Zn-Al
LDH, model 2 and the general model seem to work better than the
other models. In general terms, all models predict a small standard
Gibbs free energy change of anion exchange for the LDHs. This result
conforms with published data for LDHs* and anion styrenic resins®.
Miyata® studied the anion exchange properties of a
Mg, ,,Al, ,,(OH),J(NO,) ., LDH. He found the following order of
anion selectivity for monovalent anions: OH > F > CI' > Br > NO, >
I. The selectivity order predicted by all the models is: OH >F >NO;
> Cl > Br >T which agrees quite well with the order given by Miyata®.
For the results in Table 6, the chloride LDH is taken as the basis for the
thermodynamic calculations for the ease of comparison of the free
energy changes of the LDH anion exchange. Nevertheless, the final
order predicted for the selectivity would be the same regardless of the
LDH taken as the basis for the calculations. With the exception of
Israéli er al.’s work™, all other studies do not provide enough LDH
quantitative thermodynamic data. Yamaoka et al.*® investigated the
anion exchange properties of a [Cu Al . (OH),]J(CO,),,; LDH. For
monovalent anions the following order of selectivity is found: F > CI
>1T > NO;,. The order of selectivities predicted by all the models are:
model 1, F >Cl ~T ~NO;; model 2, F >T > Cl > NO,; model 3, F
>NO, >ClI' >T; general model F > NO, > CI > I. In this case,
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model 1 seems to agree better with the experimental results than the
other models. We should not forget that the real anion exchange
phenomenon involves several other variables that influence the anion
exchange selectivity and are not considered in this thermodynamic
study. Some of these variables include the water content and base
strength of the LDH, the concentration, size and charge of the counter-
ions and the nature of the solvent’’*. Aditionally, the anion exchange
selectivity predictions are based on the reference states of 298.15 K and
101325 Pa for the compounds and a hypothetical ideal 1 7 (molkg") solution
at 298.15 K and 101325 Pa for the dissolved species. Bish* studied
the anion exchange in the mineral takovite, a layered double hydroxide
with the general formula Ni Al (OH), CO,-4H,0. He proposed the
following order of preference for monovalent anions: NO,” > OH" ~
CI. He assumed OH" to behave similarly to Cl.. From the results in
Table 6, the predicted order is in all cases: OH > NO3' > CI. This order
is in agreement with the experimental selectivity order NO, > CI.
However, if the published experimental results for LDH anion exchange
and the OH" standard Gibbs free energy change, as given in Table 6,
are considered, we may say that Bish’s assumption of OH-~ CI" is not
correct, and the OH" correct order should be the one predicted by the
models OH" > NO," > CI..

In the thermodynam1c study of the synthesis of LDH from metal
oxides by hydrothermal-reconstruction (H-R) methods, we recently
found that the anion contribution term for model 2 can be used to
predict the order of selectivity for anion LDH reconstruction®. The
free energy change of reaction for the synthesis of LDH by H-R
methods as calculated by model 2 is related to the free energy of
hydration of the metal oxides and the free energy anion contribution
term by the following®:

G°(T,LDH-A} = (1 - x)A,/ G"{T M0}
+ (0A,G(T, M¥0,} + (x)A,,,G°{T, LDH - A}.

HR M2

CM2 "'m

This is an interesting result since the anion contribution term is
also directly related to the anion exchange selectivity of LDHs, as
shown by Equations 16, 17, 19 and 22. A direct advantage of this
finding is that experimental anion exchange selectivities of LDHs
may be used to estimate the selectivity for anion sorption on mixed
oxides or vice versa. This procedure is supported by Parker ez al.’s
results*’. They found the following order of sorption of monovalent
anions for a mixture of Mg-Al oxides (obtained from the calcination
of a Mg, Al (OH),,CO,-4H,0 LDH): F > CI' > NO,". This order is
the same order of preference of anion exchange for a
Mg, Al ,,(OH),J(NO,) ., LDH as reported by Miyata’.

0.30 0.30

CONCLUSION

In this work, four new single mixture models and one general
model for the estimation of thermodynamic properties of LDHs are
presented. The single models 0, 1, 2 and 3 give similar results when
predicting standard Gibbs free energies of formation for LDHs.
However, model 2 and the general model agree the best with reported
experimental values. For the calculation of enthalpies of formation
for LDHs, models 0 and 2 conform quite well with published data.
The utilization of these models can contribute to a better
understanding of the synthesis and physicochemical properties of
LDH materials which are of interest not only in academic research,
but also in technological applications.

In spite of the scarcity of anion exchange data for LDHs, some
agreement is found between experimental and predicted thermo-
dynamic quantities obtained using the models. Although anion
exchange selectivity depends on a diverse number of factors and the
actual order of preference can be only accurately determined by



580 Bravo-Sudrez et al.

experimentation®, the results presented in this work may be of great
use when experimental results are not available. Likewise, results in
Tables 3, 4 and 5 are intended to serve only as a guide for prediction
of anion exchange selectivity for LDHs. A quantitative thermody-
namic analysis of the anion exchange on LDHs is expected to be
difficult because the error range of the predictions by the mixture
models can be of the same order of magnitude of the thermodynamic
quantities in the anion exchange. However, good quantitative
agreement is found for the standard free energy change of anion
exchange for a Zn-Al LDH. More experimental results are required
in order to select the best mixture model. So far, model 2 and the
general model seem to give the best results. Model 2 has the advantage
of simplicity, requiring less thermodynamic information than the
general model, but the general model has the attractiveness of being
less arbitrary and averaging more information, when available.

Anion exchange selectivities for LDHs are found to be related to
anion sorption order of preference for mixed metal oxides derived or
related to LDHs. This result is shown by comparison of the standard
Gibbs free energy anion contribution term in both processes.

The order of anion preference shown by the LDHs might be useful
for the selection of precursors for the synthesis of new LDH materials
by anion exchange methods*. The anion selectivity for Mg-Al LDHs?’:
OH >F >Cl >Br > NO, > I indicates that I and NO," are the most
easily exchangeable anions in the Mg-Al LDH. Therefore, in the
synthesis of new intercalated LDHs by anion exchange methods,
Mg-Al-I and Mg-Al-NO, LDHs can be the best precursors. These I
and NO, interlayer anions in Mg-Al LDHs are also thermodyna-
mically favored to be exchanged for other anions.
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AUXILIARY TABLES

Table 7. Standard Gibbs free energies of formation for some species
of A;, HA and M*(A),>*

AG°{298.15 K}

I B C- NOo;, F  OH
A(ag)  -51.6 -1042 -1313 -111.4 -280.0 -157.3
HA (ag) -51.6 -1040 -131.3 -111.3 -2969 -237.2
Ba** -598.7 <7297 -797.3 -794.7 -1141.8 -854.8
Be 2125 3544 4457 7268 -966.5 -818.5
Ca* 5337 7217 7523 7422 -1176.0 -897.0
Cd* 2038 2958 -3442 2640 -651.1 -4745
Co* 975 2105 2741 2305 -613.0 -455.6
Cu? 238 -1044 -171.8 -122.2 -4853 -357.7
Fe* 1293 2347 -303.8 -305.9 -627.6 -484.1
Hg»  -1004 -162.3 -1787 -65.5 -361.8 -295.4
Mg»  -359.8 -499.2 -591.8 -588.5 -1071.1 -833.6
Mn* 2642 -365.9 -4405 -496.2 -750.6 -598.7
Ni** -89.1 2125 2592 2360 -613.8 -441.8
Pb>* 1735 2597 3140 2523 -619.7 -427.6
Pd> 90.1  -93.3 -150.6 -335.6 -4949 -291.3
Sn** 1439 2494 2597 -5035 -670.3 -491.6
S+ 5623 -708.5 -791.2 -790.4 -1160.6 -870.3
Zn* 2089 -312.6 -371.5 -2988 -713.4 -554.5

Quim. Nova

Table 8. Standard Gibbs free energies of formation for some species
Of M3+(A—)322'24

AG°{298.15 K}

I Br Cr NO; F OH-
Al -311.3  -488.4  -737.7 -779.0 -1418.6 -1156.9
Au’ 487 247  -485 X -297.5 -348.9
Bi** -1753  -299.6 -315.1 X -921.1  -582.8
Ce** -682.4 -948.7 -1018.0 x  -1749.7 -1268.6
Cr* -202.5 -513.4 -588.9 x -1043.1 -846.8
Dy* -599.1 -879.6 -920.1 X x -1277.8
Er** -580.7 -854.6 -884.5 X x -1290.8
Eu’* -702.9  -912.7 -959.0 X x -1177.0
Fe* -1209 -246.4 -3364 -340.2 -1010.8 -714.6
Ga* -217.6  -353.5 -4929 X -941.4  -836.0
Gd* -612.1 -904.6 -930.9 X x -1288.7
In?* -141.8  -370.3 -463.2 X -962.3  -780.3
La’* -695.0 -899.6 -1031.4 x -1768.2 -1286.2
Lu’ -548.1  -786.6 -879.1 X x -1259.4
Nd* -659.8 -925.0 -989.1 X x -1273.7
Pr3* -672.4  -966.7 -1007.1 x -1677.8 -1295.8
Pu* -559.0 -763.2 -895.4 x  -1493.7 -1172.4
Sb* -94.1  -239.3  -323.7 X -836.0 -672.4
Sc -597.0 -717.6 -860.6 x -1574.8 -1242.6
Sm?* -615.0 -921.1 -974.5 X x -1288.7
Tb* -682.2 -892.0 -936.0 X x -1279.0
T -181.5 -228.9 -290.8 X -513.0 -506.7
Tm* -571.5 -850.6 -885.8 X x -1265.2
Y -531.8 -575.3 -900.4 x -1646.8 -1298.3
Yb* -535.6 -867.4 -882.4 X x -1298.3

x = data not available

Table 9. Standard Gibbs free energies of formation for some species
of A%, H,(A*) and M*(A*)>*

Specie AG°{298.15 K}, kJ mol"
COo> -528.0
Nk -743.9
H,CO, (aq) -623.0
H,SO, (aq) -744.8
FeCO, -674.0
FeSO, -818.0
Fe,(SO,), -2681.5

Table 10. Standard enthalpies of formation for some species'® 2%

Specie AH°{298.15 K}, kJ mol"
OH (aq) -230.0

CO,* (aq) -677.1

H,0 () -285.8

H,CO, (aq) -699.6
Co(OH), -544.7
AI(OH), -1293.3

CoCO, -745.8
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