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Monovalent 12-heteropoly oxometalate salts possessing the Keggin anion have been shown
previously to undergo ion-exchange modification to various degrees such that the cation composition
of the salts was altered. This study reports the results of investigations concerned with determining
the effect of the ion-exchange procedure on the pore structure and morphology of the heteropoly
salts. The analysis of nitrogen adsorption—desorption isotherms demonstrates that the ion-ex-
changed salts possess microporous structures. BET surface areas for the K*/NH, /PW,0,, and
K*/NH; /PMo;,0y4, series of salts were found to undergo progressive changes as the cation composi-
tion was changed. Lattice parameters determined from powder X-ray patterns showed progressive
changes as the cation composition was varied for each of the series of salts studied. The evidence
suggests that the cation exchange occurs at sites within the microporous network of the 12-

heteropoly salts. © 1991 Academic Press, Inc.

INTRODUCTION

In addition to compositional changes, it is
well known that modification of solid-state
materials using ion-exchange methods can
lead to structural modifications of solids in
general, and heterogeneous catalysts in par-
ticular (/—4). Ion-exchange methods have
been used to advantage in several aspects
of catalyst preparation including the modi-
fication of pore sizes and the incorporation
or formation of reactive species in the cata-
lyst structure.

The catalyst systems which have received
the most attention as materials suitable for
ion-exchange modification are the zeolites,
particularly those possessing two- or three-
dimensional channel pore systems. Ex-
changeable cations are often located at sites
within the pores or cavities of the structure
(5). Not all of the cation sites are equivalent,
as their positions in cavities with openings of
different pore size may preclude exchange
with large cations. One consequence of cat-
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ion exchange is the modification of the pore
volume or pore diameter based entirely on
the size of the exchanging cation. For exam-
ple, the exchange of potassium ions for so-
dium ions in zeolite A reduces the adsorp-
tion pore size as a result of the increase in
the cation diameter. Conversely, the pore
size will increase following the exchange of
calcium for sodium cations due to the de-
crease in cation density in the pore which
results from the requirement of fewer diva-
lent cations to achieve charge balance (5).
In addition to producing changes in the
chemical composition and the resulting
catalytic activity, ion exchange can be uti-
lized as a method of modifying the second-
ary structure, or size and accessibility of the
internal pores of many solid materials. This
can serve not only to modify the active site
distribution within the catalyst but also can
place restrictions on the molecular species
which enter or exit from the catalyst pores.
It is well known that the cation present in
zeolite A determines the range of pore vol-
umes and pore sizes of the catalyst. Several
other zeolites can undergo wide ranges of
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internal pore modification which can result
in variations in the ability of molecules to
diffuse into and out of the pores. Indeed,
several ion-exchanged zeolites are used in
selective adsorption and sieving processes
because the pore diameters can be tailored
to the size required for a particular applica-
tion. Dehydration of hydrocarbon streams
is often carried out using the zeolite po-
tassium A (or zeolite 3A), which possesses
pores of approximately 3 A that allow water
to enter, but exclude the hydrocarbon mole-
cules (5b). Zeolite calcium A or 5A has pore
diameters of 5 A, which allow linear alkanes
to be separated efficiently from cyclic and
branched species.

12-Heteropoly oxometalates are a family
of materials which contain cations such as
protons, alkali metal ions, and alkylammo-
nium ions as a part of their structure. Sev-
eral of these salts undergo ion-exchange re-
actions in a manner such that a limited
number of the cations can be exchanged out
of the solid phase (6). The extent of ex-
change has been found to be dependent on
the nature of the cations that make up the
exchanging pair and, specifically, on which
cation of the pair is originally present in
the solid phase. Significant differences were
observed for exchange systems in which ce-
sium was one of the cations. Whereas rela-
tively large quantities of Cs™ cations were
exchanged into the NH; and K* salts of
H,PW 0, and H;PMo,,0, , only small
quantities of NH; and K* ions could be
exchanged into the corresponding cesium
salts.

The interest in microporous solids as po-
tential catalysts for shape-selective reac-
tions and the knowledge that some monova-
lent 12-heteropoly salts are microporous
(7-9) were the impetus for the investigation
of the pore structure of the ion-exchanged
materials described in a previous paper (6).
The presence of micropores and/or re-
stricted pore openings can lead to selective
formation of products because the reactant
molecules may be too large to diffuse into the
pores, the formation of certain transition-
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state species may be precluded based on mo-
lecular size or geometry, or the product mol-
ecules may not possess the proper geometry
or size to diffuse out of the pore (10).

The measurement of adsorption iso-
therms or the sorption capacity of solid cata-
lysts can yield information regarding the ef-
fect of ion exchange on the pore structure
of the material. Changes in the surface area
and pore volume will indicate that a change
in the number of accessible sites may have
taken place, and determination of pore radii
and pore size distributions can lead to an a
priori indication of the size of molecules that
will be able to diffuse into the structure and
which species may be excluded based on
size considerations. Since the larger mono-
valent 12-heteropoly salts were found to be
microporous (7-9), pore analysis of the ex-
changed materials can indicate whether the
ion-exchange procedure was capable of ef-
fecting changes to the pore structure with
the concomitant changes in the cation com-
position that occurred.

In addition to the differences in the pore
structure, the secondary structure for the
heteropoly salts was found to expand and
contract as the size of the monovalent cation
was increased or decreased, respectively
(7-9). Therefore, powder X-ray diffraction
techniques appear to be a valuable tool for
investigating the structural type and the
structural changes which result from the
progressive incorporation of the cations in
the ion-exchange procedure. Structural
changes such as variations in the lattice pa-
rameters for the salts would provide strong
evidence for the incorporation of the ex-
changingions throughout the lattice, and not
merely the sorption of the cations on the
external surface of the solid through physi-
cal forces or weak electrostatic interactions.

The present investigation examines the
effect of ion exchange of certain of the mi-
croporous heteropoly oxometalates on both
the pore and crystallographic structures.
For this purpose, nitrogen adsorption—de-
sorption isotherms and powder X-ray dif-
fraction patterns are obtained. The adsorp-
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tion data were analyzed using several
methods common to the characterization of
porous materials, and such quantities as the
surface area, micropore volume, micropore
radii, and pore size distributions were deter-
mined. The results obtained from the pow-
der X-ray diffraction patterns include deter-
mination of the lattice parameters and the
intensity ratios for the [110] XRD reflection
plane relative to the [222] plane, a quantity
previously correlated with the micropore
volume of 12-heteropoly oxometalate salts
(7-9).

EXPERIMENTAL

The ion-exchanged salts used for this sec-
tion of the research are those which were
described in a previous publication (6). Am-
monium tungstophosphate, (NH,):PW,
O,, ammonium  molybdophosphate,
(NH,);PMo,,0,,, potassium tungstophos-
phate, K,PW,,0,, potassium molyb-
dophosphate, K;PMo0,,0,,, cesium tung-
stophosphate, Cs;PW,,0,4, and cesium
molybdophosphate, Cs;PMo0,,0,,, were
prepared from 12-tungstophosphoric acid
and 12-molybdophosphoric acid by precipi-
tation from aqueous solution using standard
techniques. Following removal of the sol-
vent, the salts were heated to 523 K for 3 h
in air and subsequently cooled and stored in
a desiccator. Each of the aforementioned
salts was modified using ion-exchange meth-
ods with 0.1 M solutions of NH,NO;,
KNO;, and CsNO,. Salts that were modi-
fied with cations different from that initially
present in the solids were exchanged such
that six samples were obtained. Each of the
samples underwent a different number of
ion-exchange reactions (up to six) allowing
for the study of salts that had been subjected
to various extents of exchange. The cation
compositions (K*, NH; , Cs*) of the ion-
exchanged materials were determined using
cation chromatography (6).

Nitrogen adsorption—desorption iso-
therms were measured using a volumetric
glass vacuum system. The samples were
outgassed at 107° Torr (760 Torr = 1
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TABLE 1

Cation Composition of the Ion-Exchanged
12-Heteropoly Salts

Ton-exchanged M = Mo M=W

salt

Cation A Cation B Cation A Cation B

NH,PMNH,I  2.50 — 2.66 —
NH,PMNH2  2.47 — 2.66 —
NHPMNH3 251 — 2.80 —
NH,PMKI 1.99 0.60 2.27 0.79
NH,PMK2 2.10 0.97 113 1.75
NH,PMK3 1.44 1.23 1.45 1.35
NH,PMCsl 1.75 1.15 1.41 1.14
NH,PMCs2 1.42 1.41 1.26 1.46
NH,PMCs3 1.30 1.53 1.18 1.44
KPMNH, 1.67 1.00 1.86 0.39
KPMNH,2 1.50 1.12 1.29 1.53
KPMNH,3 1.36 1.37 0.67 2.01
KPMKI 3.03 — 3.04 —
KPMK2 3.02 — 2.9 —
KPMK3 2.90 — 2.99 —
KPMCsi 1.76 1.23 1.60 1.32
KPMCs? 1.58 1.45 1.47 1.46
KPMCs3 1.53 1.56 1.40 1.47
CsPMNH,1 2.59 0.04 2.73 0.19
CsPMNH,2 2.56 0.10 2.23 0.31
CsPMNH,3 2.44 0.14 2.49 0.38
CsPMKI 2.93 0.26 2.86 0.30
CsPMK2 2.94 0.30 2.69 0.42
CsPMK3 — — 2.58 0.43
CsPMCsl 2.82 — 3.08 —
CsPMCs2 2.50 — 3.16 —
CsPMCs3 3.08 — 3.09 —

atm = 101.3 kPa) and 473 K for 2 h prior to
measurement of the isotherms at 77 K. Gas
chromatographic—mass spectrometric anal-
yses of the gases released from the ammo-
nium salts showed no evidence of the de-
composition of the ammonium ions at this
temperature.

Powder X-ray diffraction patterns were
recorded on a Siemens Model D500 diffrac-
tometer using nickel-filtered CuKa radia-
tion. Patterns were recorded over the range
26 = 5-45°. The samples were pretreated at
473 K for 2 h prior to the measurements and
were supported in a sample holder with a
depth of 1 mm.

RESULTS AND DISCUSSION
Surface Area and Pore Structure

Cation compositions of the salts for which
nitrogen adsorption—desorption isotherms
and powder XRD diffraction patterns were
recorded are listed in Table 1. Positive devi-
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FiG. 1. Representative nitrogen adsorption—desorption isotherms for (a) KPWNH,2 and (b) NH,PWK3.

ations from the stoichiometric value of 3
cations per.anion are believed to result from
experimental error in the analyses (<7%).
In the cases where the number of cations
is less than 3, it has been shown that the
presence of protons accounts for a signifi-
cant portion of the cations. Included in Ta-
ble 1 is the notation that is employed to
designate particular samples. The notation
is APMBn, where A represents the cation
present in the solid prior to the exchange
modifications (one of K*, NH, , Cs*), PM
designates the anion (either PW for 12-tung-
stophosphate, PW,0;3, or PMo for 12-mo-
lybdophosphate, PMo,,0,°, B represents
the cation present in the liquid phase prior to
the ion-exchange modification (one of K™,
NH;, Cs™*), and # is a numeral used to dis-

tinguish between compositions for samples

in the same exchange series. For samples
with n = 1, the material has undergone one
ion-exchange modification; for those with
n = 2 the material has undergone three ex-
change modifications; and for n = 3 the
material has undergone six ion-exchange re-
actions (five if the exchanging cation is the
same as that initially in the salt). For exam-
ple, sample CsPWK3 was prepared by ex-
changing solid Cs,PW,,0, with 0.1 M
KNO,; six times, resulting in a material with

a cation composition of 2.58 Cs* cations
and 0.43 K* cations per PW,0,,* anion.

Representative nitrogen adsorption—de-
sorption isotherms are shown in Fig. 1 for
two of the mixed-composition heteropoly
salts (KPWNH,2 and NH,PWK3). In gen-
eral, the isotherms for the high-surface-area
salts displayed a sharp initial rise in the
quantity of nitrogen adsorbed at low relative
pressure of the adsorbate gas. As the rela-
tive pressure is increased throughout the in-
termediate pressure range, the quantity of
nitrogen adsorbed from an aliquot of the
gas decreased, although in the high-pressure
region (P/P, > 0.8), some samples adsorbed
large quantities of nitrogen. The large initial
uptake of the adsorbate in the low-pressure
region of the isotherm is often indicative
of the presence of micropores in the solid.
Several of the isotherms for the exchanged
salts displayed hysteresis loops in the high-
pressure region. This phenomenon is com-
monly associated with the presence of pores
in the lower mesopore range (which is at the
upper extremity of the micropore range).
Interestingly, while most of the exchanged
salts possessed isotherms with high initial
uptakes of the adsorbate, the uptake for the
KPMoCs2 and KPMoCs3 samples was quite
small over the entire pressure range.
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TABLE 2

BET Surface Areas and Cggr Parameters for the
Ion-Exchanged 12-Heteropoly Salts

Ion-exchanged M = Mo M=W
salt

Sper (m? g™") Cpegr  Sper (M°g7")  Cyey
NH,PMNH,I] 88.0 1409 119.9 1643
NH,PMNH,2 80.5 877 137.7 1207
NH,PMNH,3 75.7 1136 134.2 643
NH,PMKI1 72.2 1252 131.2 996
NH,PMK?2 67.9 1098 119.5 1649
NH,PMK3 56.8 1797 107.1 2795
NH,PMCsl 137.5 452 121.9 1301
NH,PMCs2 113.6 460 119.1 561
NH,PMCs3 85.7 376 116.3 651
KPMNH,]1 66.0 1896 122.7 1958
KPMNH, 2 60.8 2705 123.1 1880
KPMNH,3 44.9 1739 126.4 2147
KPMKI 56.8 2203 110.9 1580
KPMK?2 45.8 2131 104.2 3704
KPMK3 43.6 2674 100.6 2861
KPMCsl 93.9 806 118.1 1539
KPMCs2 21.7 93 121.0 1219
KPMCs3 7.7 501 119.4 3638
CsPMNH,! 110.1 472 131.1 524
CsPMNH,2 71.9 194 124.3 493
CsPMNH,3 60.2 177 114.6 611
CsPMKI1 98.0 385 127.2 449
CsPMK2 44.3 150 117.3 467
CsPMK3 80.9 252 104.0 361
CsPMCsl 88.5 205 127.6 636
CsPMCs2 50.1 153 117.3 452
CsPMCs3 41.3 181 108.4 1749

The surface areas of the salts were deter-
mined by using Brunauer/Emmett/Teller
(BET) theory (1/1). Previous investigations
of the adsorption of nitrogen on 12-hetero-
poly oxometalates have shown that the lin-
ear range of the BET isotherm is often
greatly reduced for the microporous materi-
als as compared to the non-porous materials
(7, 8). BET plots for the ion-exchanged salts
also varied greatly depending on the sample,
and were restricted in linearity to the pres-
sure range ~0.05-0.15 except for KPMoCs2
and KPMoCs3. Table 2 shows the surface
areas calculated using the BET equation and
the BET parameters (Cygp) for each of the
ion-exchanged salts studied. It should be
noted that the salts with surface areas
greater than 40 m® g ' showed higher initial
uptakes of the adsorbate gas and reduced
linear sections of their BET plots. The two
samples which showed smaller uptakes of
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nitrogen were found to be low-surface-area
materials for which the BET plots were lin-
ear over a wider pressure range.

Surface areas were also calculated using
the method of Lecloux and Pirard (12) which
entailed the construction of t-plots of the
adsorption data from reference isotherms
which were chosen based on the magnitude
of the Cypr parameter. Results of the t-plot
analyses for the ion-exchanged salts are
listed in Tables 3 and 4. The agreement be-
tween the surface areas calculated using the
two methods is quite good and provides con-
fidence in the choice of the method of
Lecloux and Pirard for construction of the
t-plots from which the subsequent construc-
tion of pore size distributions is accom-
plished and mean micropore radii are calcu-
lated.

Figures 2 and 3 are plots of BET surface
areas as a function of the cation composi-
tion (expressed as a mole percentage of the

TABLE 3

Micropore Analysis Data for 12-Tungstophosphate
lon-Exchanged Salts

Ion-exchanged S, Ve Fp n
salt m*g ") (emig ' x 10 (A)

NH,PWNH,1 121.3 2.90 11.6 2.57
NH,PWNH,2 138.5 2.75 12.3 2.55
NH,PWNH3 133.4 2.70 11.7 2.40
NH,PWK! 131.7 2.90 15.0 2.39
NH PWK2 123.8 3.01 10.1 —
NH,PWK3 108.9 2.82 10.6 2.13
NH,PWCsl 120.5 2.89 11.3 2.55
NH,PWCs2 119.0 2.78 12.0 2.31
NH,PWCs3 116.8 2.98 11.7 2.48
KPWNH,! 124.8 1.86 7.63 2.28
KPWNH,2 123.8 3.00 10.5 2.20
KPWNH,3 124.8 3.13 10.9 2.32
KPWKI1 111.6 2.66 11.4 2.30
KPWK2 104.9 2.78 9.41 2.18
KPWK3 101.4 2.55 10.4 2.15
KPWCsl 118.3 3.45 10.3 1.96
KPWCs2 120.9 3.33 10.1 1.93
KPWCs3 123.8 3.60 10.2 2.10
CsPWNH,1 128.9 1.78 — 2.97
CsPWNH,2 120.9 1.16 — 3.55
CsPWNH,3 114.6 1.93 — 3.30
CsPWKI 123.8 2.17 — 2.84
CsPWK2 114.6 0.77 —_ 3.26
CsPWK3 103.1 0.62 - 3.55
CsPWCsli 126.3 1.47 — 3.08
CsPWCs2 103.1 0.85 — 3.25
CsPWCs3 108.6 0.93 — 3.44
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TABLE 4

Micropore Analysis Data for 12-Molybdophosphate
Ion-Exchanged Salts

Compound S Voo Fmp n
g™ (em’g ' x 10y (&)
NH,PMoNH,1 89.7 1.58 1077 2.65
NH,PMoNH,2 81.4 1.58 11.99 2.46
NH,PMoNH,3 76.2 1.50 10.86 2.51
NH,PMoK1 72.5 1.62 12.06  2.50
NH,PMoK2 67.3 1.55 10.35 2.24
NH,PMoK3 57.3 1.61 9.54 2.01
NH,PMoCs1 136.5 1.62 1335 2.84
NH,PMoCs2 114.6 1.16 1420 3.14
NH,PMoCs3 85.9 0.77 14.61 3.60
KPMoNH,1 66.3 1.52 8.70 2.33
KPMoNH,2 62.4 1.47 8.50 2.26
KPMoNH,3 44.2 1.08 9.10 229
KPMoK1 57.3 1.41 8.80 2.18
KPMoK2 47.6 1.24 8.75 2.10
KPMoK3 43.6 0.54 8.61 2.10
KPMoCsl 93.8 2.70 790 2.04
KPMoCs2 17.2 0.42 9.50 4.33
KPMoCs3 7.7 — — —
CsPMoNH,1 110.5 0.23 13.84  3.60
CsPMoNH,2 74.9 — — 4.15
CsPMoNH,3 58.4 — — 431
CsPMoK1 9.7 0.54 13.61 3.94
CsPMoK2 4.2 — — 447
CsPMoK3 84.4 0.45 15.13  3.59
CsPMoCsl 88.4 0.39 1490 4.10
CsPMoCs2 48.3 — —_ 4.81
CsPMoCs3 42.2 — — 477

total cation content) for the two series of
salts, K*/NH;/PW 0, and K*/NH//
PMo,,0, . Regardless of which of the two
anions is considered, the surface areas of
the solids follow a decreasing trend as the

150 T T T

Surface Area (m? g7')

90 ! L !
o 25 50 75 100

% K*

FiG. 2. BET surface area as a function of the cation
composition for the ion-exchanged K*/NH,; /PW,,0,*
system.
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Fi1G. 3. BET surface area as a function of the cation

composition for the ion-exchanged K*/NH;/
PMo,05° system.

cation makeup of the salts is changed from
one in which ammonium is the predominant
cation, through the intermediate composi-
tions, to those for which potassium is the
only cation present in the salt. Although
there is scatter in the data, the overall trend
toward changing surface area with cation
composition can be seen quite readily, with
the difference in surface area at the two ex-
tremes being approximately 40 m? g~ !. It
should be noted that the surface area
changes between the ammonium and po-
tassium salts are consistent with a previous
study that found that the ammonium salts
possessed higher surface areas than the cor-
responding potassium salts for these two
anions (7). The plots of surface area as a
function of the cation composition are com-
posites of data for two sets of exchanged
salts. Each plot is composed of surface areas
and cation compositions for salts prepared
from the starting potassium and ammonium
salts of each anion which had undergone
exchange with the cation that was not origi-
nally present in the salt. The trend for both
of these anion systems to display lower sur-
face areas when the relative concentration
of potassium ions is greater, regardless of
which cation was initially present in the
solid, suggests that the ion-exchange pro-
cess for these systems is a bulk phenomenon
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and is not restricted to the exposed or sur-
face cations.

The t-plots for these salts were well be-
haved in that the extrapolated curves passed
through the origin. A negative (downward)
deviation in the plots was observed for the
high-surface-area materials which con-
tained K* and NH; cations, a phenomenon
associated with the presence of micropores
in the structure. In addition to the surface
areas, the micropore volumes were esti-
mated from the t-plots which displayed neg-
ative deviation as the thickness of the ad-
sorbed layer increased. The micropore
volume was estimated by extrapolating the
t-plot curve from its linear section at high
thickness values (or from the thickness
equivalent to a relative pressure of P/P, =
0.4) to the ordinate and converting the inter-
cept to a liquid volume. Tables 3 and 4 list
the estimated micropore volumes for the
ion-exchanged salts. The micropore vol-
umes for the mixed-composition salts (K™*
and NH;") of both of the anions studied re-
main quite constant regardless of the cation
composition. Interestingly, for both series
of salts, the magnitude of the micropore vol-
umes for the exchanged salts more closely
reflects the values obtained previously for
the potassium salts than for the ammonium
salts (12). It is also of interest to note that
the micropore volumes for the K*/NH; /
PW,,04* series of salts are approximately
twice those obtained for the corresponding
PMo,0,° salts.

Since no ab initio theory of adsorption in
micropores is currently available, semiem-
pirical techniques for the calculation of pore
size distributions must be employed. The
MP method is a procedure that has been
developed to generate micropore size distri-
butions from the data obtained from adsorp-
tion isotherms (/3). Although the absolute
accuracy of the method is subject to ques-
tion, the values calculated have been shown
to be internally self-consistent (7, 8). Each
of the K*/NH, salts exhibited maxima in
their pore size distributions in the micropore
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region. As can be seen in Figs. 4 and §,
no single size of micropore is present but
instead distributions of pore sizes are evi-
dent. The PW,,0,* salts show a greater
breadth in their distributions, with the maxi-
mum appearing in the region 8-10 A, with
evidence for pores up to 20 A existing. The
corresponding distributions for the PMo,,
0, salts are narrower, but show maxima in
the same pore size region.

The pore size distributions did not change
significantly with exchange for the
KPWNH,n and KPMoNH,# series of mate-
rials. Larger changes were observed for the
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NH,PWK#n and NH,PMoK# series of salts,
however. The changes in the breadth of
these distributions and the location of the
peak of maximum pore radius were found
to depend to a greater extent on the ion-
exchange number. For the NH,PWKn se-
ries, the distribution passed through a maxi-
mum as the number of exchanges pro-
gressed from 1 to 6, while for the
NH,PMoKu# series, there appeared to be a
progressive change toward smaller radii as
the number of exchanges increased. Pore
size distributions do, however, confirm the
retention of a microporous structure follow-
ing the exchange modification.

Since distributions of pore sizes were evi-
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dent for the ion-exchanged saits, mean mi-
cropore radii were determined for the mate-
rials that had pore size distributions in the
micropore size range using the equation

__ DN(AVIADF

TS avian @

Tables 3 and 4 list the mean micropore radii
for the exchanged salts. As the ammonium
ions are exchanged into the potassium salts
of both anions there is an increase in the
mean micropore radius, while for the ammo-
nium salt exchanged with potassium ions,
the mean micropore radius is found to de-
crease as the number of potassium ions in-
creases. These observations agree quite
well with the published values for the mean
micropore radii of K* and NH; salts which,
for both anions, show that the potassium
salt has a smaller mean micropore radius
than the ammonium salt (7). While it can be
argued that two different micropore distri-
butions can yield the same mean radius,
nevertheless, the result leads to a conve-
nient single value for comparing the micro-
pore size range of structurally similar cata-
lysts.

Another quantity which can be used to
assess the characteristics of pores is the
number of adsorbed layers of the absorbate,
n, which can be determined using the finite
layer BET relationship

N, Cperx[l — (n + )x* + nx"*]
(1 - x)[l + (CBET — l)x —_ CBETXHH]
(2)

where N, and Cggy values were determined
from the infinite layer relationship. By vary-
ing n, the number of adsorbed layers, theo-
retical values of N, the number of moles
of nitrogen adsorbed, were calculated and
compared with the experimentally deter-
mined quantities. A number of adsorbed lay-
ers of nitrogen less than 3 should correspond
to the presence of micropores in the solid,
while values of n greater than 3 indicate
essentially free or unlimited adsorption on
the surface with no restrictions imposed by

N:
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the presence of pores. The K*/NH; salts
for each of the anions had » values generally
less than 3, supplying further evidence for
the presence of a microporous structure in
these series of exchanged salts.

To this point, the discussion has dealt
with the NH; /K™ exchange series of mate-
rials for each of the two anions. Analogous
investigations of the NH; /Cs* and K*/Cs*
series of ion exchanges were carried out to
determine the effect of the ion-exchange
modifications on the pore structure of these
materials. Similar to the K*/NH; series of
salts, the adsorption isotherms for these
salts displayed large initial uptakes of the
adsorbate at low relative pressure. The ex-
ceptions were observed for KPMoCs2 and
KPMoCs3 which showed very limited ad-
sorption of nitrogen over the entire pressure
range of the isotherms.

Unlike the NH; /K~ exchange systems,
which displayed a correlation between the
surface area and cation composition, the ex-
change systems which included Cs* as one
of the exchange pair showed a larger degree
of scatter when analogous plots were con-
structed (Fig. 6). The surface areas, BET
parameters, micropore volumes, mean mi-
cropore radii, and number of adsorbed lay-
ers were determined and are listed in Tables
2-4. A possible explanation for the absence
of apparent correlation between the surface
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area and cation composition is related to the
large differences in the maximum exchange
capacities within the series of salts de-
pending on whether the Cs* ion is originally
in the solid phase or in the liquid phase.
The Cs* ion displays a strong tendency to
replace NH; and K* ions that exist in the
solid phase, while these two cations show
only limited ability to exchange cesium cat-
ions from starting salts of either anion (6).
Since the ion-exchange processes depend,
at least in part, on the ionic radii of the
cations and their ability to diffuse in and out
of the microporous network, the aforemen-
tioned observations can be attributed to the
effectively stronger binding energies for the
larger Cs™ ions than for the smaller K* and
NH; ions. In addition, the exchanges that
involve Cs* (in either the liquid or solid
phase) approach the maximum degree of ¢x-
change after only two exchange reactions.
K*/NH; systems, on the other hand, pro-
gress through more gradual changes in the
cation composition as the number of ex-
changes increases. The large discrepancy in
the extent of exchange for the salts con-
taining Cs™* results in the clustering of points
in two regions of the compositional spec-
trum. These regions are well removed from
one another rather than evenly distributed
across the cation composition range for the
NH, /K" points.

The surface areas for all of the cesium-
containing salts were high (>40 m>g~"), ex-
cept for KPMoCs2 and KPMoCs3, which
suggests that these ion-exchanged salts
were porous materials. Construction of the
t-plots showed that, while all were well be-
haved and could be extrapolated through the
origin, the shapes of the curves depended to
a large extent on the cation pair and the
cation of the pair which was originally pres-
ent in the solid phase. The KPWCs,
NH,PWCs, and NH,PMoCs salts had
t-plots which showed the same downward
deviation as the NH,/ /K™ series of salts,
while those with Cs™ cations originally pres-
ent in the solid showed only a small degree
of downward deviation. The t-plot surface



492

areas were all in good agreement with those
calculated using BET theory, again provid-
ing confidence in the choice of methods.
Where the negative deviation of the t-plots
was sufficient, micropore volumes were es-
timated and pore size distributions and
mean micropore radii were determined (Ta-
bles 3 and 4).

Only seven of the samples which con-
tained cesium (Tables 3 and 4) displayed
t-plots which lacked the necessary curva-
ture to estimate the micropore volume. Sev-
eral samples however, lacked sufficient cur-
vature to permit determination of micropore
size distributions and, therefore, mean mi-
cropore radii. Each of the CsPWB salts had
small micropore volumes, and micropore
size distributions could not be determined.
Similarly, several of the t-plots for various
CsPMoB salts showed very little curvature
and hence determinations of the pore size
distributions and mean micropore radii were
not possible.

Incorporation of Cs* ions into the
NH,/PMo starting salt led to the formation
of pores with mean radii that were approxi-
mately 2 A larger than those for any of the
other ion-exchanged salts with the PMo,,
O, anion. For the Cs*-containing salts, the
number of adsorbed layers was found to de-
pend in large part on which cation of the
exchange pair was originally present in the
solid phase, or in other words, it depended
on the ionic radius of the original cation. The
number of adsorbed layers was generally
found to increase as the radius of the cation
A, for the general material APMBn, in-
creased from K* to NH, to Cs*. In particu-
lar, the number of adsorbed layers for the
Cs* salts of each of the anions was signifi-
cantly larger than for the corresponding K*
and NH/ salts. This is in accord with the
smaller measured micropore volumes for
these salts and the reduced amount of nega-
tive deviation in the t-plots for these materi-
als, indicating that decreased quantities of
micropores are present.

Surface areas, micropore volumes and re-
lated quantities were also determined forion
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exchanged materials which were contacted
with the same cation that was originally in
the solid, i.e., CsPWCsn. The ion-exchange
procedure did cause some changes in the
surface areas of these materials as the num-
ber of exchanges increased. Exchange of
the cation for residual protons which existed
in the structure prior to the exchange proce-
dure may at least partially account for such
observations. It has been shown previously
that the presence of protons in mixed-stoi-
chiometry 12-heteropoly salts has an influ-
ence on the surface areas of these materials
(14, 15). The micropore volumes for the
salts with only one cation are similar in mag-
nitude to the volumes for salts with the same
cation originally in the solid but with differ-
ent cations from the liquid phase. Similarly,
the number of adsorbed layers correlates
with the increasing size of the cation in the
solid since K™ < NH; < Cs* for salts of
both anions. Figure 7 is a plot of the mean
micropore radius as a function of the num-
ber of adsorbed layers for the ion-exchanged
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salts studied in this section. As expected a
correlation exists between these quantities,
as was observed for other monovalent 12-
heteropoly salts that have been described
previously (9).

It is worthwhile noting some qualitative
aspects of the magnitudes of the Cypr pa-
rameters for the ion-exchanged salts. The
Cger parameter is related to the energy asso-
ciated with the adsorption of the first mono-
molecular layer on the solid through the re-
lationship

E, —E
Cper = €Xp [—%] 3)
where E, is the energy of adsorption of the
first monomolecular layer and E| is the en-
ergy of liquefaction of the adsorbate. If the
adsorption energy for the formation of the
first layer is high, as might be expected for
adsorption in micropores where interactions
with the walls will play arole, then the corre-
sponding Cygy parameters will reflect this
by being larger. In general, this is observed
for the experimental results, although, not
surprisingly, there is no direct correlation
between the microporosity and the magni-
tude of the Cygpr parameter.

It is evident that the presence of Cs™ cat-
ions in the 12-heteropoly salts changes the
pore structure significantly just as the ion-
exchange behavior of the cesium salts was
found to be much different than that for sys-
tems that included NH; and K* cations.
Since the differences in ion-exchange be-
havior and pore structure of the heteropoly
salts were found to depend so strongly on
the cations included in the exchange pair,
the structural changes that accompany the
ion-exchange modifications were investi-
gated by recording the powder X-ray dif-
fraction patterns.

Structural Modifications Determined
Jrom Powder X-Ray Diffraction
Measurements

Powder XRD patterns were recorded for
the ion-exchanged salts for which nitrogen
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TABLE 5

Lattice Parameters and Intensity Data for the
Ion-Exchanged 12-Heteropoly Salts

Ion-exchanged M = Mo M=W
salt -

ag (A L/, ag (A) Tyl
NH,PMNH,l 11.648 0478 11.643 0.481
NH,PMNH2 11.649 0444 11.640 0.410
NH,PMNH3 11.647 0.538 11.648 0.390
NH,PMKI 11.638  0.439 11.618 0.372
NH,PMK2 11.625  0.458 11.610 0.353
NH,PMK3 11.618  0.433  11.600 0.334
NH,PMCsl 11.679 0330 11.716 0.344
NH,PMCs2 11.712  0.340 11.719  0.342
NH,PMCs3 11.716 ~ 0.288  11.722  0.284
KPMNH,I 11.603  0.448 11.595 0.327
KPMNH,2 11.615 0456 il.606 0.257
KPMNH3 11.613  0.437  11.623  0.342
KPMKI 11.579  0.366  11.566 0.314
KPMK2 11.581 0.367 11.568  0.301
KPMK3 11.574 0329  11.571  0.290
KPMCsl 11.645  0.278  11.663  0.225
KPMCs2 11.668  0.283  11.666 0.241
KPMCs3 11.665  0.233  11.665 0.246
CsPMNH,1 11.800  0.258 11.792  0.290
CsPMNH,2 11.793  0.154 11.792  0.301
CsPMNH,3 11.798  0.249 11.791 0.323
CsPMKI1 11.784  0.231 — —
CsPMK2 11.801  0.228 11.779 0.334
CsPMK3 11.705 0354 11.719 0.344
CsPMCsl 11.800  0.218 11.783  0.307
CsPMCs2 11.802 0220 11.803 0.325
CsPMCs3 11.801  0.197 11.823 0.213
adsorption—desorption  isotherms were

measured. The diffraction patterns of the
salts were all consistent with the cubic Pn3m
space group that has previously been re-
ported for 12-heteropoly salts (7-9, 16—-18).
The patterns were indexed and lattice pa-
rameters were calculated using the methods
of Nelson and Riley (19). The g, values are
listed in Table 5 for the different ion-ex-
changed salts.

The powder XRD patterns were consis-
tent with the existence of a single crystallo-
graphic phase, in contrast to previous evi-
dence for two distinct phases for a series
of K;_  H,PMo,,0y, salts (/4). The present
results undoubtedly demonstrate the impor-
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tance that must be placed on the method of
preparing monovalent 12-heteropoly salts.
During the course of a precipitation
(acid—base) reaction which is deficient in the
number of cations sufficient to produce a
stoichiometric compound, it may be ex-
pected that two distinct phases may be
formed. This would appear to be the case,
especially for systems that are significantly
deficient in the number of cations since it
has been reported that at least two of the
large monovalent cations are necessary for
the formation of an insoluble 12-heteropoly
salt (20). In addition, crystallographic stud-
ies of ion-exchanged K*/NH;/PMo,0;*
salts have reported that only single crystal-
lographic phases are present for the mixed
cation salts (27). The crystals were shown
to contain both K* and NH; cations, but
only one lattice parameter was reported for
each of the salts.

The materials considered in the present
study display behavior that is more closely
related to behavior of ion-exchanged salts
from previous studies than to behavior of
salts prepared by varying the initial ratio of
cations and anions.

If the salts are divided into subsets on the
basis of cationic and anionic compositions,
some trends in the changes of g, are ob-
served. For the series of salts APMBn,
where A and M remain unchanged in chemi-
cal composition (but not necessarily in num-
ber) but B is changed from K* to NH; to
Cs*, the lattice parameter g, is found to
increase with the radius of cation B; that is,

a(APMK) < a(APMNH,) < a(APMCs).
4)

The differences are particularly apparent for
salts for which A is K* or NH;", while for
the series of salts for which A is Cs*, there
is much less difference in a, as B is changed
from K* to NH, to Cs*. As expected, the
differences in the change in the lattice pa-
rameters are once again related to the extent
of ion exchange or the maximum exchange
capacity for the series. A lower exchange
capacity (observed for the cesium salts of
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both anions) necessarily implies that fewer
ions different from those originally present
in the solid phase will be incorporated into
the crystal structure of the exchanged salt.
This implies that the lattice parameter will
undergo less change in these materials than
in salts where the exchange capacity is
higher and the incorporation of cations of
different radius will potentially affect the
interanion spacing which in essence deter-
mines the value of g, while the size of the
anion remains constant. The effect is partic-
ularly evident for KPMB and NH PMB salts
for which a, differs by 0.03-0.04 A as the
cation radius for the cation being exchanged
from the liquid phase into the solid phase
increases.

Alternatively, the lattice parameters for
salts with the same anion M and cation B
can be considered as a subset, which consid-
ers and places emphasis on the cation that
was originally present in the solid phase.
Inspection of the data in Table 5 clearly
shows that the cation present in the solid
phase originally exerts the greatest influence
on the magnitude of the lattice parameters.
For a given cation B, a change of cation A
from K* to NH; to Cs* results in an in-
crease in the magnitude of a,. For salts with
the same M and B cations the difference in
ay as A is changed from K* to NH/ is ap-
proximately 0.04 A, while the difference
when A is changed from NH; to Cs™ is
approximately 0.1 A. This reflects the fact
that the difference between the ionic radii
of K* and NH; is 0.1 A and the difference
between the ionic radii of NH,; and Cs™ is
0.24 A (22). The differences in the lattice
parameters are therefore one-half of the dif-
ference between the cation radii.

It is also interesting to consider the
changes in the secondary structure of the
ion-exchanged heteropoly salts as a function
of the cation content of the materials. Fig-
ures 8—13 are plots of the lattice parameter
as a function of cation composition for the
three exchange series with the two different
anions. The correlation for the change in
lattice parameter is quite good for each of



ION-EXCHANGED 12-HETEROPOLY OXOMETALATES

11.70 T T T

1165 ¢ 4

11.60

Lattice Parameter (A)

11.55 L L L
(o} 25 50 75 100

Percent K*

FiG. 8. Lattice parameter as a function of cation
composition for the K*/NH; /PW,,0;’ ion-exchange
system.

the exchange series. As was found for the
changes in surface area, the systems which
included K* and NH; as the two cations
had a wider distribution of points across the
entire composition range, resulting from the
fact that the amount exchanged changed
more gradually as the number of exchanges
increased, with less evidence that the maxi-
mum exchange capacity was reached after
the initial exchange. Those exchange series
including Cs* with K* or NH; for either
anion displayed clustering or grouping of the
points on the plots of ¢, as a function of the
cation composition. This results from the
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FiG. 9. Lattice parameter as a function of cation
composition for the Cs*/NH, /PW;0;} ion-exchange
system.
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Fic. 10. Lattice parameter as a function of cation
composition for the Cs*/K~/PW,0;’ ion-exchange
system.

large differences in maximum exchange ca-
pacities depending on whether the Cs* ion
is originally in the solid phase or in the liquid
phase. The clustering is also related to the
fact that the maximum exchange capacity
is essentially reached following the initial
exchange reaction. The absence of points
across the complete composition range re-
duces the correlation somewhat, but the
changes are still apparent for these systems.

Previous investigations of 12-heteropoly
oxometalate salts have shown that salts
which possess high surface areas and micro-
porous structures also have intensity ratios
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FiG. 11. Lattice parameter as a function of cation
composition for the K*/NH{ /PMo,,05’ ion-exchange
system.
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F1G. 12. Lattice parameter as a function of cation
composition for the Cs */NH; /PMo,,0;’ ion-exchange
system.

of the [110] XRD plane relative to that of the
[222] XRD plane which are reduced from
those for the parent acids and nonporous
salts (7-9). The reduction in the intensity
ratio is believed to result from the distortion
of the terminal oxygen orientation as the
larger cations (such as K*, NH;, and Cs™)
replace the proton and small cations. The
ion-exchanged salts studied here, by virtue
of the fact that they all contain the larger
monovalent cations, all exhibited reduced
intensity ratios (Table 5). These observa-
tions are in accord with the fact that the
ion-exchanged salts were almost all high-
surface-area materials, many of which con-
tained significant microporosity.

There were no direct correlations ob-
served between the I,,y/I,,, ratio and the
surface area or micropore volume for the
ion-exchanged salts, as had been observed
for cases where a series of monovalent salts
were prepared for a particular heteropoly
anion (7-9). While this observation may at
first seem incongruous with the previous re-
sults, it must be remembered that the range
of intensity ratios for the microporous salts
is relatively small when compared to the
overall range of intensity ratios when all of
the monovalent salts are considered (7-9).
If the intensity ratios for these microporous
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salts of different cations are considered
without considering those of the nonporous
salts, it is once again found that there is
no apparent correlation with the micropore
volume. The results obtained with the ion-
exchanged salts would therefore indicate
that, while a reduced intensity ratio is re-
quired, it is not sufficient to ensure the exis-
tence of a microporous structure in the 12-
heteropoly oxometalate salts.

The studies of pore structures and mor-
phology have shown that ion-exchange
modifications have brought about structural
changes in the heteropoly salts. The ex-
change of cations into the secondary struc-
ture of the 12-heteropoly salts was found to
be a bulk phenomenon from X-ray diffrac-
tion studies that showed definite changes in
lattice parameters as the cation composition
was progressively altered. The retention of
high surface areas and significant micropo-
rosity indicates that the porous network was
not destroyed or blocked as a result of the
ion-exchanged modifications. This is an en-
couraging result in demonstrating that mi-
croporous 12-heteropoly oxometalate salts
can be prepared and progressively modified
without destroying the microporous struc-
ture that has been shown to be an enhancing
factor for some catalytic processes.

11.70
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11.55
0

Percent K*

F1G. 13. Lattice parameter as a function of cation
composition for the Cs*/K*/PMo ;04 ion-exchange
system.
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SUMMARY

The ammonium, potassium, and cesium
salts of 12-molybdophosphoric and 12-tung-
stophosphoric acids have been ion ex-
changed separately with each of the NH;,
K™, and Cs* cations, the degree to which
the exchange has occurred being altered by
repeated and consecutive exchanges. Nitro-
gen adsorption—desorption and powder
X-ray diffraction measurements on the ion-
exchanged salts show that the microporos-
ity and crystallography found in the unex-
changed salts are retained, although, not
surprisingly, the microporous structures
and lattice parameters as well as the surface
area are shifted on introduction of a second
cation. The data for the salts with mixed
cations appear to be reasonably self-consis-
tent with those found for the corresponding
single-cation salts. Although the micropo-
rous heteropoly oxometalates suffer from
the disadvantage of possessing relatively
broad pore size distributions, the catalytic
merits of other microporous catalysts such
as zeolites are expected to at least partly
accrue to these catalysts. The demonstra-
tion in the present work of structure reten-
tion subsequent to ion exchange provides
an incentive for further work on this topic,
while the observations that the quantitative
aspects of the structure are, for a given
anion, controlled largely by the size and na-
ture of the cation(s) open up the possibility
of preparation of heteropoly oxometalates
with predesigned structural properties.
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