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Synthetic Offretite

I. Physicochemical Characterization
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The thermochemical, crystallographic, morphologic and catalytic properties of a
synthetic tetramethylammonium (TMA) offretite and its ammonium and hydrogen
derivative forms have been investigated. TMA offretite crystallizes as small irregular
particles (054 X 154) in contrast to the more elongated crystals of natural and
synthetic erionite. Thermal decomposition of TMA ions (probably located in the
large intracrystalline pores along the ¢ crystallographic axis) occurs near 483°C. The
resulting catalyst sorbs 78 wt % cyclohexane, 88 wt % n-hexane and 165 wt %
water. Room temperature ion exchange of the parent TMA offretite with 01 N
(NH,):SO;, yields an ammonium derivative with one potassium per unit cell trapped
in a cancrinite cage or hexagonal prism, Conversion of NH,-offretite to the acid form
requires a temperature 100°C higher than NH,Y. Acid offretite shows significant
activity for the catalytic cracking of n-hexane.

INTRODUCTION

Gonnard (1) in 1890 described a new
zeolite, offretite, occurring very sparingly
with phillipsite in the basalt of Mt.
Semiouse, Montbreson, Loire, France.
Erionite existing in rhyolite-tuff was dis-
covered in 1896 by Kakle (2) in Durkee,
Oregon. Considerable confusion followed
in the literature (3}, (4) concerning the re-
lationship between offretite and erionite.
However, Bennett and Gard (§), using
electron diffraction and single erystal
X-ray analysis, demonstrated that offre-
tite and erionite had closely related but
distinetly different structures. They further
observed that the two could intergrow,
citing Linde T as an example.

Although the physical, chemical and
catalytic properties of erionite have been
explored extensively (6-16), little or no in-
formation has been reported on the closely
related zeolite, offretite. We now report the
results of an investigation into the physico-
chemical properties—including thermo-
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chemical, crystallographic, morphologic,
and catalytic aspects of a synthetic tetra-
methylammonium (TMA) offretite and its
ammonium and hydrogen derivative forms.

EXPERIMENTAL

Synthetic Offretite

Tetramethylammonium (TMA) offretite
was synthesized from an alumina-silica gel
in the presence of potassium, sodium and
tetramethylammonium hydroxides by the
method of Rubin (17). The ammonium
form of offretite was generated by air cal-
cination of TMA offretite for 16 hr, at
600°C, followed by four room temperature
exchanges with 0.1 ¥ (NH,).SO,. The unit
cell compositions and analytical data of
the resulting TMA and ammonium forms
are given in Table 1.

Apparatus and Procedures

Thermal analyses were performed using
Dupont 900 and 950 differential thermal



SYNTHETIC OFFRETITE 89

TABLE 1
ANALYTICAL DaTa FOR TMA AND AMMONIUM OFFRETITE

Surface Sorption?® (g/100 g catalyst)
area (m?*/g),
Catalyste Composition BET Water Cyclohexane n-Hexane
(P/P)®C = 0.50  0.20 0.13
Tl\/IA Offretite {(CHs);;N]CO.m(Na)oAgo(K%Js 339 16.5 7.8 8.8
(Al032)1.00(8i02) 1.1
NH, Offretite (NHy)p.76(K)o.25(Na)o o2 467 21.4 7.2 10.8

(A102),.00(8102; 55

¢ Logs on ignition, 10 min/1000°C/air, 15.9%,(TMA-offretite) or 20.6%, (NHg-offretite); samples equili-
brated over sat. (NH4):80, at room temperature PS5 = 19.1 mm Hg prior to ignition.

b Ignited 16 hr/air at 483°C (TMA-offretite) or 350°C (NH,-offretite) before sorption.

¢ Calculated on basis of alkali metal-free AlO; units; observed analysis (C, 4.46 wt %; N, 1.09 wt %) cor-
responds to (CH;).N/Al ratio of 0.31; this excess of (CH;3),N is attributed to (CHs)s NOH occluded within

(DTA) and thermal gravimetric (TGA)
analyzers. The TGA apparatus had been
previously modified to allow acid titration
(NH.SO:H) of any basic decomposition
products from the TGA effluent stream.
X-ray patterns were obtained using a Sie-
mens Powder Diffractometer with strip
chart recorder and pulse height analyzer.
Electron microscopic examinations were
carried out using an RCA EMU-3
microscope.

X-ray Analysis and Structure

Electron diffraction and X-ray single
crystal studies {5) have shown that both
erionite and offretite are hexagonal. The

CANCRINITE

HEXAGONAL
PRISM

lattice parameters of offretite are a =
18331 A, ¢ = 7.59 A, that is with ¢ one-half
that of erionite. Hence, the most prominent
difference in the X-ray diffraction patterns
of erionite and offretite is the absence of
diffraction peaks in the offretite pattern
which have an odd ! Miller index in the
erionite pattern. These lines will be re-
ferred to as “odd !” lines. Line drawings of
these two structures are shown in Figs. 1,
2, and 3. Offretite and erionite differ from
one another by the manner in which the
hexagonal rings and the hexagonal prisms
(double six-membered rings) are ar-
ranged—the stacking sequence. Erionite,
Fig. 1, consists of a layer of six-membered

SUPERCAGE

Fia. 1. Line drawing of cage and hexagonal layer system in erionite. Vertices represent Si or Al atoms;
lines represent oxygens. Stacking sequence indicated by capital letters.
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Fic. 3. Line drawing of cage and hexagonal layer system in offretite. Stacking sequence is indicated by

capital letters.
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rings, layer A; and a layer of hexagonal
prisms, layer B. The next layer of single
six-rings, layer C, is rotated through 60°
relative to the first layer of six-membered
rings. The  stacking  sequence is
ABCBABCB. In offretite, Fig. 3, all layers
of six-membered rings are superimposed,
and therefore identical. These layers are
stacked ABAB along the ¢ directions in
offretite.

RESULTS AND DISCUSSION

X-ray Powder Diffractions Studies

The X-ray powder diffraction pattern of
TMA offretite is presented in Fig. 4. Since
offretite has a ¢ parameter half that of
erionite, all the odd [ lines (indicated by *
in Fig. 4) are missing. The presence, how-
ever, of a small number of disordered
erionite layers would give rise to very weak
“odd 1” reflections which may not be ob-
served in a normal powder pattern. Exami-
nation of reflections from the 101, 201, 211
and 311 “odd !” planes using X-ray step
scanning techniques revealed the presence
of very weak and narrow lines. This trace
of erionite (<1%) did not interfere with
the cyeclohexane sorption capacity of the
zeolite as 7.8 wt % is sorbed (Table 1), in
contrast to only 1.0% in pure erionite (9).

Electron and Light Mucroscopy

The complete crystallization and growth
of offretite takes three to four days. Al-
though offretite and erionite have closely
related structural configurations, their
crystal habits are different. Photomicro-
graphs of TMA offretite, natural erionite
(16) and synthetic erionite (I8) are pre-
sented in Fig. 5. Synthetic offretite (Fig.
5a) crystallizes as very small particles of
irregular shape (0.5 in width and 1.5 ¢ in
length) which seem to possess rounded
edges. In contrast to this, natural erionite
(Fig. 5b) grows in the shape of long, thin
needles. Close examination of several
larger rod-like particles indicates that they
are agglomerates, composed of bundles of
needle-like material. On the other hand,
synthetic erionite (18), Fig. 5¢, crystallizes
in the form of short stubby rods, 10-15 u
long and 6 p wide—often appearing with
rounded edges.

Sorptive Properties of TMA-Offretite

The cationic composition (Na, K, TMA)
in synthetic offretite is such that both the
size and location of these ions in the intra-
crystalline pore system will affect the
capacity for sorbing hydrocarbons. In offre-
tite the two diffusional pathways are de-
fined by channels along the ¢ and a erys-

INTENSITY

n
*

8 12 16

20 24 28 32

- D § ——>

Fre. 4. X-ray powder diffraction pattern of TMA offretite. Regions where I, the Miller index is odd, are

indicated by *.
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¥r16. 5. Electon and light photomicrographs: (a) synthetic TMA offretite, (b) natural erionite, and (c)

synthetic erionite.

tallographic axes with diameters of 6.3 A&
and 4.5 A, respectively, From the average
cation occupancy per unit cell and their
critical diameters, listed in Table 2, we
can see that tetramethylammonium ions
could effectively block the intra-crystal-
line pores for hydrocarbon sorption. To
learn the extent to which tetramethylam-

monium ions ecould affect hydrocarbon
TABLE 2

DivensioNs or CaTioNs IN TMA OFFRETITE

Average number of Diameter
Cation cations per unit cell* (&)
(CHy),N* 0.3 6.94°
Na+ 0.7 1.90¢
K+ 2.6 2.66¢

@ Calculated on the basis of 18 (8i,Al)O, per unit
cell.

b Twice the sum of C-N bond distance (1.47 &)
and Van der Waal radius of CH; group (2.0 A).

¢ Tonic radii for coordination number of 6.

sorptions, an in situ TGA calcination (de-
composing TMA ions) and sorption ex-
periments were performed. The results are
presented in Table 3. We note that both
the cyclohexane and n-hexane sorptions
increased immensely, 16X and 6X, respec-
tively, after calcination.

The volume gained, 11ce of cyclohexane/

100g of catalyst (Table 3) (using
X lohexane — 0.779),agrees well with the cal-

culated volume of 9 cc/100g of catalyst
occupied originally by the TMA cations.

TABLE 3
SorpTivE PrOPERTIES OF TMA OFFRETITE

Sorption (g/100 gm
catalyst) (P/Pg)%°¢ ~1

Before After

Criticale TMA de- TMA de-

diarroleter composi-  composi-
Sorbate (A) tion® tion®
Water 2.8 11.6 4.1
Cyclohexane 6.0 0.6 9.2
n-Hexane 4.3 1.5 8.9

« Catalyst dried 16 hr/250°C/air in TGA before
sorption.

b Catalyst heated 600°C/He in TGA until all
TMA decomposed as indicated by acid titration.

¢ Diameters measured from Leybold atomic
models.

Using the critical dimensions (column 2 of
Table 3), we can gauge the effective pore
diameter of this zeolite before calcination
as >284 but <434, and after ecalcina-
tion, as >6.0 A.

The tetramethylammonium ijons retained
by the zeolite during crystallization seem
to be located in the large intracrystalline
pores along the c¢ crystallographic axis
where they effectively block or slow down
significantly the sorption of hydrocarbons.
An alternate explanation, blockage by po-
tassium and/or sodium ions located in the
large channels and TMA ions fixed in the
small gmelinite cages is less likely.
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EXPERIMENTAL CONDITIONS
HEAT RATE 30°C/min

N, ATMOSPHERE (190 m¢/min )
SAMPLE SIZE ~ 50 mg
THERMOCOUPLE Pt-Pt, 3% Rh@ 0°C
REF. Al,0,

DUPONT 900 THERMAL ANALYZER

1092 °c

600°C
530%C
Q
5 340°C
|4|o'c
T |
- CHANGE
g SENSITIVITY
|
l 160 °C
Q
o
z
uw
1 ] |
(o} 2 4 6

T (mv)

F1a. 6. DTA profile of tetramethylammonium offretite.

Thermal Analysis of Synthetic Offretite

1. Differential thermal analysis (DTA).
Figure 6 shows the DTA profile of syn-
thetic offretite. Inspection of the curve
reveals several major transitions. The first
endotherm at 160°C corresponds to loss of
adsorbed water. The two endotherms at
410°C and 560°C reflect transformations
relating  to the decomposition of the
(CH;) . N® species. The slight inflection
near 910°C does not arise from significant
loss of crystallinity or a phase change, as
indicated by X-ray examination of a sam-
ple removed from the DTA apparatus
after heating to 965°C. The weak exo-
therm at 1092°C is associated with break-
down of the offretite lattice. X-ray ex-
amination of the sample after undergoing
the transition at 1092°C showed it to be
completely amorphous.

2. Thermogravimetric analysis (TGA).

In an effort to relate the transitions as-
signed above to specific physical or chemi-
cal changes, TMA offretite was examined
by thermogravimetric analysis. The main
weight losses and the temperature ranges
over which they occur are shown in Table
4 for triplicate determinations, together
with confirmatory DTA correlations and
probable assignments. Basic material,
which was released over the temperature
range 350-575°C, was quantitatively ti-
trated with sulfamic acid.

Let us assume that all the intra-
crystalline tetramethylammonium cations,
(CH,) N@, in this offretite decompose ac-
cording to the following stoichiometry:

[(CH,),N®©0—Al—08i] —
(CH3):N 4 |CH,] + HO—AI--0Si. (1)

The quantities of basic material evolved
as determined by acid titration, were 2.7,

TABLE 4
THERMOGRAVIMETRIC ANALYsIs oF TMA OrfrRETITE DEcomposiTiION AND DTA CORRELATIONS

Weight loss (mg)e

Temperature DTA correla~
Sample 1 Sample 2 Sample 3 range, °C tions Assignment
7.1 5.5 6.5 25-350 endo, 160°C Loss of physically ad-
sorbed H;O
3.7 3.1 1.9 350-575 endo, 410°C Decomposition of
(CHy)4N*
1.1 0.7 — 575-700 endo, 560°C Dehydroxylation

< Initial weights of samples 1, 2, 3 were 69.5, 51.6 and 46.8 mg, respectively.

b Sample not heated above 600°C.
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1.8, and 1.4 mg [calculated as (CH;);N]
for samples 1, 2, and 3, respectively. Using
the stoichiometry from Eq. (1), together
with the weight of (CH;):N evolved above,
we find that the total amounts of expected
products from samples 1, 2, and 3 are 3.4,
2.2, and 1.7 mg, respectively. This shows
reasonably good agreement with the ex-
perimentally observed values (Table 4)
over the temperature range 350-575°C. De-
hydroxylation of the protonic sites created
during tetramethylammonium ion decom-
position contributes to the weight loss be-
tween 575° and 700°C. The endotherm in
the DTA profile at 560°C is identified with
this TGA weight loss.

3. Thermal analysis of ammonium and
hydrogen form of synthetic offretite. The
ammonium form of offretite, prepared by
room temperature ion exchange, has a unit
cell composition shown in Table 1. Results
of DTA and TGA analyses are presented
in Fig. 7. The NH; emerging from the ef-
fluent stream was also titrated with sul-
famic acid. The milliliters of acid consumed
and the corresponding weight loss during
programmed heating are shown in Fig. 7A.
In the temperature region 325 and 625°C
of the thermogram we find excellent agree-
ment between the observed weight loss, 1.6
mg of NH;, and that calculated from the
acid titration of NH; in the effluent
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stream, 1.5 mg. The loss of constitutive
water (0.8 mg), between 600 and 700°C,
agrees well with the value predicted from
the amount of NH,* which decomposed.
The relatively slow loss of NH; followed
closely by dehydroxylation of the zeolite
resembles the behavior of NH,T (19) and
differs from that of NH,Y (20, 21). The
maximum rate of deamination, under
identical calcination conditions, occurs at
325°C in the case of NH,Y (I19) and
425°C for NH,T (19) and NH, offretite.
Offretite seems to be functioning as a much
stronger acid than NH,Y.

We observed from the thermogram that
a pure H form of offretite could be pro-
duced by programmed decomposition of
NH, form up to 425°C the temperature of
maximum NH; loss. Continued heating at
this temperature, about 16 hr, should re-
sult in a catalyst essentially free of NH,*
but retaining all of its chemical water.
This was verified by an in situ TGA
calcination.

Figures 7B and 7C show DTA profiles
recorded in N, and O, atmospheres. The
exotherms (Fig. 7A) near 400° and 500°C,
Involving intracrystalline oxidation, are
very similar to the profiles observed in
NH,-faujasite (22) and bentonite (23).
Intraerystalline oxidation has also been ob-
served in mordenite (24) and chabazite

ash EXPERIMENTAL CONDITIONS
ANIGA N .
—— HEAT RATE 10 °C/ min
N, ATMOSPHERE (190 mé/min)
46— ACID TITER (m!) THERMOCOUPLE CHROMEL-ALUMEL
wt 0.6 I mt NH;SO3H = 0.2 mg NHy
(mg} 2
44 -
a2
40
DTA
B NITROGEN ATMOSPHERE
AT
C OXYGEN ATMOSPHERE
] I ] | ] | ! | ] |

100 200 300 400 500 600 700 800 900

1000

TC

F16. 7. Thermal analysis of NHgoffretite: (A) thermogram of acid (NH58O;H) titration, (B) DTA profile

in Ny, and (C) in O; atmosphere.
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(24). The weak exotherm at 963°C repre-
sents lattice collapse in NH,-offretite at a
temperature 100° lower than in the parent
form.

Examination of the unit cell in NH,-
offretite, Table 1, indicates that there is a
significant amount of potassium which re-
mains after room temperature ion ex-
change. The K/Al ratio of 0.23 corresponds
to about one potassium per unit cell. The
resistance of this potassium ion to room
temperature ion exchange is undoubtedly
due to its strong bonding to the framework
and/or its presence in a site which isolates
it from the incoming exchangeable species.
The hexagonal prisms (double six-mem-
bered ring) or the cancrinite cages, largest
aperture about 1.8 A in diameter, are the
most probable locations for the residual
potassium ion in offretite.

Catalytic Testing

Previous investigations (25-28) have
deseribed the catalytic hydrocarbon erack-
ing activity of faujasite, zeolite A, ZK-5,
natural mordenite and erionite. We have
evaluated the catalytic activity of syn-
thetic H-offretite for n-hexane cracking
using the « test developed by Miale, Chen
and Weisz (29). « is defined as the rate
constant (rate of n-hexane conversion per
unit volume) relative to that of a con-
ventional silica-alumina cracking catalyst
under standard conditions (28). The crack-
ing activity of synthetic H-offretite (« =
4,200) is comparable to synthetic erionite
(@ ==4,175) (18) and NH,-faujasite (a =
6,400) (29) and greater than that of ZK-5
(¢ =450) (30) and H-mordenite
2,500) (30).

Note added in proof: After this manuseript
was submitted, two papers by Prof. R.
M. Barrer and coworkers appeared in press
[J. Chem. Soc. (A), 1470 (1970); Trans.
Farad. Soc., 66, 1610 (1970)]. In review
of their observations and after subsequent
discussion with these authors, we find many
correlations with our ecatalytic system.
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