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Abstract—Exchange reactions of Na-montmorillonite with zirconyl chloride solutions give products with basal spacings
near 18 A which are stable to 500°C and have surface areas of the order of 300—400 m*/g. The Na ions are exchanged with
tetrameric hydroxy cations [Zr(OH),,  nH,O]**. The high surface area is attributed to the porosity formed by stable zir-
conium oxide **pillars” formed by dehydroxylation of the complex cation. The nitrogen adsorption isotherms are of Lang-
muir type and are consistent with adsorption in interlayer micropores. Reduced-charge montmorillonites, formed by ap-
plication of the Hofmann-Klemen procedure, give either similar or slightly smaller surface areas.
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INTRODUCTION

The present investigation forms part of a program to
study the formation of stable, high surface area solids
by developing oxide pillars between the layers of ex-
panding layer silicates. A previous study of hydroxy-
aluminum beidellites (Brindley and Sempels, 1977)
used hydroxy-aluminum polymeric cations developed
in solutions with OH/Al ratios mainly in the range 2.0—
2.5. The basal spacing of the prepared clays was near
17 A and persisted without collapse to about 500°C.
Surface areas between 200 and 500 m?/g were obtained
depending on whether the initial Na ions were wholly
or partially replaced by hydroxy-aluminum ions.

The present study is concerned with the incorpora-
tion of hydroxy complexes of zirconium in normal
montmorillonite and in reduced charge montmorillon-
ites. Aqueous solutions of zirconyl chloride, ZrOCl,
contain tetrameric hydroxy complexes of the type
[Zr (OH),¢_o(H,0),,5]**, the charge per Zr atom being
n/4 (Muha and Vaughan, 1960). In a previous study of
the fixation of zirconium by acid montmorilionite from
solutions of zirconyl chloride, Bitte] et al. (1959) re-
ported that about 110-120 milliatoms of zirconium were
fixed (exchanged) per 100 g clay with an exchange ca-
pacity of about 100 meq/100 g clay, or in other words
the charge per Zr atom was slightly less than +1. They
considered that the most probable explanation was that
the zirconium was fixed ‘‘sous forme d’ions tres con-
densés.”’ In the present work a quantitative evaluation
of the zirconyl-exchanged montmorillonite is given and
the thermal stability and surface area of the resulting
products are discussed.

EXPERIMENTAL
Montmorillonite

A Wyoming montmorillonite supplied by the Amer-
ican Colloid Company with the trade name *‘Volclay”

' Present address: Department of Applied Chemistry, Faculty
of Engineering, Hiroshima University, Hiroshima 730, Japan.
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was used. The same montmorillonite was used in a pre-
vious study (Yamanaka and Brindley, 1978) where the
chemical analysis and structural formula are given. Na-
and Li-saturated samples were prepared by treatment
with the respective 1 N chloride solutions, with sub-
sequent washing by centrifugation and dialysis to re-
move excess chloride.

Reduced charge montmorillonites (RCM) were pre-
pared by the method described by Brindley and Ertem
(1971). Li- and Na-montmorillonite were fully dis-
persed separately in water and the two dispersions were
mechanically mixed in various ratios. After centrifu-
gation and drying at 60°C, the mixtures were heated at
200°C for 24 hr. Hofmann and Klemen (1950) showed
that when Li-montmorillonite is heated, the Li ions
move into octahedral positions and neutralize locally
the charges resulting from Mg-for-Al substitutions. The
layer charge and the exchange capacity of the clay are
thereby reduced.

The cation exchange capacity (CEC) was determined
on RCMs as follows: The RCM was dispersed in a mix-
ture of acetone and 1 N sodium acetate solution; it was
then saturated with Ca?* ions using 1 N CaCl,. The ex-
changed amount of Ca** was determined by atomic
absorption after extraction with MgCl,. The CEC de-
termined on the basis of sample weight after drying at
110°C was in the range of 86.2 to 49.0 meq/100 g for
different sample preparations.

Preparation of hydroxy-zirconium-montmorillonite

Na-montmorillonite was fully dispersed in water and
then an excess 0.1 M ZrQOCl, - 8H,O solution was added
to the dispersion. After standing for various times with
occasional shaking, the dispersed montmorillonite was
separated by centrifugation and washed repeatedly
with distilled water until chloride ion free. The resulting
solid was dried at 60°C.

Highly reduced charge montmorillonite did not swell
in water and did not react with a ZrOCl, - 8H,O solution.
These clays were dispersed in a mixture of acetone and
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Table 1. Chemical analyses of Na-montmorillonite and hy-

droxy-Zr-montmorillonites.

Na-mont. 1 hr treatment 16 hr treatment

SiO, 60.6 47.1 45.7
Al,O,4 21.2 16.3 15.9
Fe,0, 4.10 2.85 2.73
MgO 2.59 1.89 1.83
Na,O 2.54 0.11 0.14
Zr0, n.d. 13.8 13.9
H,O(+) 6.04 7.74 7.39
H,O(-) 2.81 11.63 13.33
Cl n.d. 0.00 0.00
Total 99.88% 101.42% 100.92%
Si 3.93 3.95 3.95
AlV 0.07 0.05 0.05
AV 1.55 1.56 1.57
Fe 0.20 0.18 0.18
Mg 0.25 0.24 0.24
Na 0.32 0.02 0.02
Interlayer hydroxy material
Zr — 0.56 0.58
OH — 1.94 2.02
H.0 0.31 0.22 0.11
Effective charge
per Zr atom’ — 0.53; 0.51,

H,0O(—): ignition loss below 110°C.

H,O(+): ignition loss from 110° to 1000°C.

In all cases, the anions in the layer structure are O,,(OH),.

' This charge = [layer charge, 0.32 — no. of Na ions]/ no.
of Zr atoms.

water (300 mg of RCM in 10 ml of acetone + 10 ml of
water), and then 30 ml of 0.1 M ZrOCl,-8H,0 was
added to the dispersion. The products were washed and
dried in the manner described.

Surface area determinations

Surface areas of samples heated at various tempera-
tures up to 600°C for 20 hr were determined by using a
Quantasorb Surface Area Analyzer of Quantachrom
Corporation. Samples were degassed at 200°C for 2 hr
by flowing dry N, gas before measurement.

Elemental analysis

Elemental analysis of the hydroxy-Zr-montmorillon-
ites was carried out by atomic absorption spectroscopy
employing LiBO, fusion (Medlin et al., 1969). Chlorine
was determined indirectly by atomic absorption meth-
od after precipitation as AgCl by adding a known excess
of silver nitrate. The concentration of unreacted silver
was determined after separation of the AgCl (Wester-
lund-Helmerson, 1966). Zirconium was determined
colorimetrically by using xylenol orange (Jeffery,
1975).

RESULTS
Chemical analysis

The analytical data for the Na-montmorillonite treat-
ed with 0.1 M ZrOClI, solution for 1 and 16 hr are given
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in Table 1, together with the data for the initial Na-
montmorillonite. The formula of the initial montmoril-
lonite is evaluated on the basis of an anion composition
0,,(OH), or a total cation valence of +22. The formulae
of the hydroxy-Zr-montmorillonites are obtained by
assuming that the layer charge remains unchanged.

The data indicate that essentially all the sodium ions
were exchanged with hydroxy-zirconium cations and
that the exchange reaction was completed within 1 hr.
The apparent charge for an exchange zirconium atom
is close to 0.5. This low charge indicates that zirconium
is taken up by montmorillonite in the form of polynu-
clear cations; in the general formula given previously,
n=2,

Fixation of zirconium

The CEC of the hydroxy-Zr-montmorillonite was
measured by a method similar to that used to determine
the CEC of RCM. The observed value was 33 meq/
100 g, which is about one-third of the value for the initial
Na-montmorillonite. No zirconium was detected in the
CaCl, solution used for the CEC measurement, and
only a slight change in basal spacing was observed after
the measurement. The observed CEC is considerably
larger than can be attributed to edge effects. Since no
zirconium is removed by the exchange reaction, it
seems most likely that protons associated with the hy-
droxy-zirconium are involved.

It is noteworthy that there is a true fixation of the
zirconium by the montmorillonite. Bittel et al. (1959)
described as fixation the amount of zirconium taken up
from the zirconyl solution. Here we use the term in the
sense that the zirconium is not exchangeable.

Basal spacings and dehydration-dehydroxylation data

The Na-montmorillonite treated with 0.1 M
ZrOCl,-8H,0 solution showed abnormally large basal
spacings. After standing at room temperature in air of
about 50% relative humidity, the hydroxy-Zr-mont-
morillonite gave a basal spacing of 18.8 A, and in water
swelled readily to a spacing of 24.5 A. The basal spac-
ings, d(001), and the corresponding surface areas, S,
after heating for periods of 20 hr at various tempera-
tures up to 600°C are shown in Figure 1. The spacing
measurements are based on the first diffraction peak.
The higher orders were very weak and broad for the
heated samples and the individual spacings were prob-
ably variable.

Figure 2 shows the percentage weight loss of the sam-
ple after 12 hr heating at each temperature. The whole
dehydration-dehydroxylation process of the hydroxy-
Zr-montmorillonite can be divided into three stages:

Room temperature-110°C: Dehydration of water
molecules loosely absorbed in the interlayer
spaces and on external surfaces (16.4% weight
loss).
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Figure 1. Basal spacings, d(001), in A and surface areas, S,

in m?g, of zirconium montmorillonites heated 20 hr at tem-
peratures T, °C.

600

110°-480°C: Dehydration of water molecules strong-
ly associated with hydroxy-zirconium cations and
dehydroxylation of hydroxy-zirconium (4.2%
weight loss).

480-850°C: Decomposition of the silicate structure
(3.6% weight loss) with a loss of one water mole-
cule per formula unit by dehydroxylation.

The number of water molecules per formula unit
evolved in the 110°~480°C stage was calculated by com-
paring the weight loss in this stage with that in the final
stage. The loss in the second stage corresponds to 1.17
water molecules per formula unit. Since 0.58 atom of
zirconium is absorbed per formula unit, the dehydra-
tion-dehydroxylation reaction in the second step can be
formulated as follows, using the average composition
of the two analyses in Table 1:

(Zro sA0H), 4s(H0)0.17) %[ Zrg 5700 0] 7** + 1.16H,0.
interlayer/formula unit
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Essentially there is complete agreement between the
total analyses shown in Table 1 and the weight loss data
of Figure 2. It is seen that the composition of the inter-
layer material after dehydroxylation is close to ZrO,,
but not exactly because of the necessity of maintaining
an interlayer charge of +0.30/formula unit.

Nitrogen sorption and surface area data

Nitrogen sorption data for the heated complexes in
the relative pressure range 0.08-0.32 were plotted ac-
cording to the two adsorption isotherms:

Type I: Langmuir isotherm

PP, _ 1 + PIP, a
Vv kv, Vi
Type II: Brunauer, Emmett, and Teller (BET)
isotherm
1 _ ! P/P, @
V(PJ/P -1 CV, V,

where P/P, is the relative vapor pressure, V the volume
of gas adsorbed, V,, the volume of gas required for
monolayer adsorption, and C and k are constants.

These equations assume respectively (1) monolayer
adsorption, and (2) multilayer adsoption on open sur-
faces. The former adsorption occurs when the pore di-
mensions approach the dimensions of the sorbate mol-
ecules. In such pores, multilayer adsorption is
physically impossible.

Figure 3 shows representative plots of nitrogen ad-
sorption based on equations (1) and (2) for the hydroxy-
Zr-montmorillonite heated at 300°C for 20 hr. The
Langmuir equation gives the linear plot. All of the hy-
droxy-Zr-montmorillonites heated at the temperatures
shown in Figure 1 give Type I adsorption. The areas

16.4
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Figure 2. Weight change of zirconium montmorillonite, expressed as percentage of sample weight at room temperature
and 50% R.H., when heated for periods of 12 hr at successively higher temperatures, T.
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Figure 3. Plots of X = P/P,V (curve L) and X = P/(P, —

P)V (curve BET) for hydroxy-Zr-montmorillonite heated at

300°C/20 hr, vs. relative pressures, P/P,. X is expressed in

units of g cm™3- 103, The linearity of the Langmuir plot L and
curvature of the BET plot are evident.

were determined from the values of V,,, taking 16.2 A?
as the area occupied/N, molecule. The results indicate
that the high surface area of the heated hydroxy-Zr-
montmorillonite is due predominantly to micropores in
the interlayer spaces.

Hydroxy-zirconium complexes with reduced
charge montmorillonites

Hydroxy-zirconium complexes were prepared using
reduced charge montmorillonites. The amount of zir-
conium taken up by the reduced charge montmorillon-
ites is shown in Figure 4 where Zr atoms/formula unit
are plotted against layer charge per formula unit. The
slope of the line corresponds to about 1.85 Zr atoms per
unit change of layer charge. Again we find an effective
charge near +0.5 for each Zr atom.

As mentioned in the experimental section, the highly
reduced charge montmorillonites did not disperse in
zirconyl chloride solution, and therefore were dis-
persed in a mixture of acetone and water before adding
the zirconyl chloride solution. To examine the possible
effect of acetone on the formation of the hydroxy-zir-
conium complexes, the initial montmorillonite was
treated with 0.1 M zirconyl chloride solution both with
and without the addition of acetone. The amount of zir-
conium taken up by the montmorillonite in the presence
of acetone was larger than the amount taken up without
acetone by about 0.1 Zr atom/formula unit. This
amount, which corresponds to the intercept on the Zr
axis in Figure 4, may be adsorbed on interlayer and ex-
ternal surfaces as neutral species such as Zr,(OH),;.
The basal spacing of the Zr-montmorillonite prepared
in the presence of acetone also was larger than that pre-
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Figure 4. Results for reduced charge montmorillonites.
Number of Zr atoms per formula unit plotted against layer
charge per formula unit.

pared without acetone and the difference persisted
when the samples were heated. Therefore, it seems
likely that the larger spacing obtained when acetone is
used in the preparation may be related to the form or
arrangement of the zirconium complexes rather than
the inclusion of acetone molecules which would not re-
main in the heated samples.

The basal spacings of the Zr-montmorillonites with
reduced charges are shown with respect to temperature
in Figure 5. Curves 1-4 correspond to exchange capac-
ities of 47.0, 57.6, 67.0, and 86.2 meq/100 g clay;
curve 4 corresponds to the montmorillonite with nor-
mal charge. At the lower temperatures, the spacing in-
creases as the charge diminishes, but the differences
diminish as the temperature increases, and disappear
at 400°C. The increase of spacing with diminution of
charge is consistent with the decrease of electrostatic
attraction between the layers and the interlayer ions.

Figure 6 shows the surface areas of the reduced
charge montmorillonites after heat-treatment at 300°
and 500°C plotted against the CEC. Contrary to the
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Figure 5. Basal spacings, d(001), in A, of reduced charge,

zirconium montmorillonites vs. temperature. The curves

shown correspond to cation exchange capacities as follows:
(1) 4.70, (2) 5.76, (3) 67.0, (4) 86.2 meq/100 g clay.

original expectation, the surface area tends to decrease
as the layer charge (i.e., CEC) decreases, even though
below 400°C the basal spacing increases with decrease
of layer charge (see Figure 5). The main conclusion,
however, is that the surface area remains almost con-
stant when the layer charge is diminished from about
90 to about 50 meq/100 g clay.

DISCUSSION

The basic species in zirconyl chloride solutions are
tetrameric hydroxy cations [ZryOH)¢-n(H,0),.5]""
(Muha and Vaughan, 1960). It is reasonable to assume
that these tetrameric cations are involved in the ex-
change reaction with the interlayer cations of mont-
morillonite. From the results obtained, the charge per
zirconium atom is close to 0.5 and corresponds to the
tetrameric complex, [Zr,(OH),,(H,0),,]*"; two of the
four zirconium atoms presumably retain single positive
charges and the other two are neutral. The four zircon-
ium ions can be hydrolyzed independently and such a
tetrameric cation can be represented schematically as

3a0°
400L o//""r____——o——_———‘qy——_—4y—
500°

300L

40
CEC

Figure 6. Surface area S, in m?%g, of reduced charge, Zr-
montmorillonites after heating at 300° and 500°C.
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Probable form of the [Zry(OH),(H,0),0)** com-
plexes.

Figure 7.

shown in Figure 7. The overall dimensions of this com-
plex, estimated from the structural data reported by
Clearfield and Vaughan (1956), are ~10 A for the over-
all square configuation and 4.5 A for the thickness, and
include the van der Waals radii of the oxygen atoms.
A complex with these dimensions can be fitted into the
interlayer space of the expanded montmorillonite with
either a double layer of flat-lying complexes, or a single
layer of complexes standing normal to the layer. Both
arrangements give a basal spacing near 19 A, and it is
difficult to determine the more likely arrangement be-
cause of the limitations of the available data. With
either arrangement, the pore volume in the interlayer
space can be estimated on the basis that one square
complex cancels two negative charges of the silicate
layers. It follows that 0.32 square complex is exchanged
per unit cell. The interlayer space of the 18.4 A mont-
morillonite complex is 8.8 A thick since the silicate lay-
er of montmorillonite is 9.6 A in thickness. The inter-
layer volume for one unit cell of the montmorillonite is
5.2 X 9.0 x 8.8 A%, or 412 A3, In a unit cell, 0.32 ‘mol-
ecule’ of square complex is exchanged and the volume
occupied by one square complex is 450 A3. Thus the
volume occupied by the complex per unit cell is 144 A2,
Therefore only one-third of the interlayer space volume
is occupied by the square complexes, and 24 of the in-
terlayer space volume can be regarded as pore volume
prior to any decomposition of the hydroxy-Zr-mont-
morillonites.
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The high surface area of the hydroxy-Zr-montmoril-
lonites is attributable to the loose packing of the hy-
droxy-zirconium complexes in the interlayer spaces.
From the standpoint of porosity it makes no difference
to the calculation whether the hydroxy-Zr units lie flat
on or stand normal to the layers. However, it is a valid
question why more than half of the interlayer volume
remains open. A close packing of the hydroxy-Zr units
lying in a single flat configuration on the silicate sur-
faces is geometrically feasible. A possible explanation
is that when the hydroxy-Zr units are adsorbed on to
the dispersed montmorillonite surfaces, the layers
come together with their attached hydroxy-Zr units and
close-packing is unlikely to take place. Consequently,
we can think of a double layer of hydroxy-Zr complexes
mismatched so that they leave a large fraction (about
24) of the interlayer volume open to gas adsorption.
Therefore, although a single layer of hydroxy-Zr units
is geometrically possible, a sufficient mismatch of the
bulky units occurs to establish a double layer of these
units. The immobility of the hydroxy-Zr units may be
attributed to the fact that they carry two units of posi-
tive charge and these will be located preferentially to
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satisfy the negative charges on the silicate layers. A
similar picture may explain why with reduced layer
charges the complexes still maintain the same (or even
slightly larger) basal spacings; the slightly larger spac-
ings reflect the weaker electrostatic forces.

Pestome—Peakcuii o6MeHa Na-MOHTMODHIUJIOHMTA ¢ PAaCTBOPAMHM UMPKOHWIOBOINO XJIopHaa obpa3yioT
MPOAYKTBI ¢ OCHOBHBIMH MPOMEKYTKaMH 0KoJo 18 A, KoTopble ycToiuuBLI IpH TeMnepatype Ao 500°C u
HMeIOT NOBEPXHOCTHBIE MIowamM nopsaxa 300-400 m?/r. Monst Na 06MeHHMBAIOTCS C TETPAMETPHYECKMMH
okcu-kaTioHamu [Zr (OH),,- nH,O>*. Boibuias NOBEPXHOCTHas IUIOMIQfk OTHOCHTCS 3a CYET Io-
PHCTOCTH, 06pa3yeMOil YCTOHUMBRIMH ‘CTONGHKAMH’® OKHCH IMPKOHUS, (DOPMHUPYIOUIMMHCS B Pe3yJib-
TaTe NETHAPOKCHIHPOBAHMSI KOMIUIEKCHBIX KaTHOHOB. M30TepMbl afco6uuit a30Ta OTHOCATCS K THIY
JlaHrMyHpa H COrJacyioTcs ¢ aicopOuueil B MEXKCIOWHBIX MEKPONOPaX. MOHTMOPHILIOHUTEI C IOHHXKEH-
HeIM 3apsiioM, dopMupylolMecs ol Bo3fielicTBUeM mpouefypsl XodMana-KieMena, UMEOT WM
noxo6Hble WiH HEMHOTO MEHbIIME TOBEPXHOCTH.

Resiimee—Austauschreaktionen von Na-Montmorillonit mit Zirkoniumchloridlésungen ergeben Pro-
dukte mit Basisabstinden von fast 18 A, die bis 500°C bestindig sind und OberflichenmaBe in der
Gegend von 300400 m?/g. Die Na Ionen werden mit tetrameren Hydroxylkationen [Zr{OH),,-nH,O}2*
ausgetauscht. Die grofie Oberfliche wird der Porositit zugeschrieben, die von den stabilen Zirkonium-
oxydsdulen stammt, welche durch Dehydroxylierung des komplexen Kation geformt wurden. Die
Stickstofadsorptionsisothermen gehdren zum Langmuirtyp und stimmen mit der Adsorption in den
Zwischenschichtmikroporen iiberein. Montmorilloniten mit verminderter Ladung, welche durch An-
wendung der Hofmann-Klemenmethode hergestellt wurden, geben entweder #hnliche oder etwas
kleinere Oberflachen.

Résumé—Les réactions d’échange de montmorillonite-Na avec des solutions de chlorure de zirconyl
donnent des produits avec des espacements de base d’a peu prés 18 A qui sont stables jusqu’a 500°C et qui
ont des surfaces externes de I'ordre de 300400 m%*g. Les ions de Na sont échangés avec des cations
hydroxy tétramériques [Zr(OH),,-nH,01>*. La grande étendue de la surface externe est attribuée a la
porosité formée par les “pilliers’” stables d’oxide de zirconium, eux-mémes formés par la déshydroxyla-
tion du cation complex. Les isothermes d’adsorption de nitrogene sont du type Langmuir, et sont consis-
tants avec I’adsorption dans les micro-pores interfeuillets. Les montmorillonites a charge réduite, formées
par I’application du procédé Hofmann-Klemen, produisent des surfaces externes soit semblables, soit un
peu plus petites.
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