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Introduction

Aluminosilicate zeolites consist of microporous continuous
frameworks of linked AlO, and SiO, tetrahedra, with the
negative framework charge balanced by cations in one or
more sites within the cages. Within a given framework type,
compositional variation can be represented by the charge
coupled ionic substitution:

Si*t = AP* + (1/m) M7+ )

As products of hydrothermal synthesis in nature, the labo-
ratory, or industry, zeolites contain hydrated cations, and their
chemical formula can be expressed, per mol of tetrahedra, as:

Hydrated zeolite =M"+,,, Al Si,_,O,-mH,0 2)

The extent of aluminum substitution ranges from x =0 to x =
0.5. The major cations are the alkali and alkaline earths.
Writing the formula per mol of tetrahedra allows ready
comparison of zeolites having different numbers of tetrahedra
per crystallographic unit cell and emphasizes that zeolites are
derivatives of silica structures through the charge balanced
“stuffing” substitution above. Many zeolites can be dehy-
drated without framework collapse; this constitutes “activa-
tion” for many catalytic processes. The anhydrous zeolite has
the formula, per tetrahedral unit:

Anhydrous zeolite =M"*,,, Al Si,_, O, 3)

Zeolites can also be ion exchanged. Thus, once a specific
structure is synthesized at a given Al/(Al + Si) ratio, a number
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of different hydrated and/or anhydrous zeolites containing
various cations are accessible. Variation in the initial synthesis
conditions produces different framework types and aluminum
contents. Therefore a whole series of materials showing
systematic compositional variation within a given structure
has been available for physical property measurements, and,
especially over the last five years, for the determination of
heats of formation by high temperature oxide melt solution
calorimetry.l!. The thermodynamics of formation provides
important insight into phase equilibria, mineralogical para-
geneses, optimum synthesis conditions, and the driving forces
for synthesis and transformation. However, because not all
structures are tolerant of dehydration and because thermo-
chemical measurements are tedious and require excellent
sample quality, the data set for the energetics of zeolite
formation is far from complete.

The energetics of anhydrous framework aluminosilicate
glasses showing analogous charge coupled substitution
[Eq. (1)] have been studied extensively.’) Thermochemical
data for dense framework aluminosilicates (phases such as the
feldspars and the stuffed silica derivatives including nephe-
line, kalsilite, and eucryptite) are also available.Pl The
enthalpies of many silica polymorphs (dense frameworks,
glass, and a number of zeolites) have been reported.l The
enthalpies of formation of about twenty anhydrous alumino-
silicate zeolites are known.P!

The purpose of this paper is to bring together the
thermochemical data for the charge coupled substitution
[Eq. (1)] in glasses, anhydrous zeolites, and dense aluminosi-
licates to form a systematic and predictive model for the
enthalpies of formation of anhydrous aluminosilicate zeolites.
We consider the dependence of the energetics on framework
type, aluminum content, and charge balancing cation and
define a set of linear equations describing the enthalpies of
formation. This model for anhydrous aluminosilicate zeolites
will be incorporated, in a subsequent paper, into a predictive
model for the thermodynamics of hydrated zeolites.

Thermochemical Trends in Glasses

Roy and Navrotsky® reported the enthalpies of solution of a
number of framework aluminosilicate glasses (M =Li, Na, K,
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Rb, Cs, Mg, Ca, Sr, Ba, Pb) in molten 2PbO - B,0; near 973 K
(see Table 1). The enthalpies of solution become more
endothermic (glasses energetically more stable) with increas-
ing aluminum content, reaching a maximum near x=Al/
(Al+4Si)=0.5. These data can be used to calculate the
enthalpy of formation of the glass from its binary oxide
components at 298 K, AH 595k oxides:

xM,,, O,,,» (crystal) + (x/2)AIZQ3 (corundum) - )
+ (I —x)SiO, (quartz) =M,, AL, Si,_, O, (glass)

The results are shown in Table 1 and Figure la. For 0 <x <
0.5, the Al/(Al+ Si) ratios of interest for zeolites, AH s  oxides
varies linearly with x and defines a fan of straight lines whose
slope becomes steeper (greater energetic stabilization) in the
order Pb, Mg, Ca, Li, Sr, Ba, Na, K, Rb, Cs. This stabilization
can be related to the ionic potential (z/r=charge/radius) and
the extent to which the charge-balancing cation is able to
perturb the tetrahedral framework.’!

Comparison of Zeolites, Dense Phases,
and Glasses

Petrovic et al.*l determined the enthalpies of six zeolitic
silicas relative to quartz. These data have been augmented by
recent work by Piccione etal®l It is striking that the
enthalpies of all SiO, zeolites measured span a range of only
about 7 kJmol~! and overlap the value of silica glass. These
zeolite enthalpies lie 8—13 kJmol~! above the enthalpy of
quartz at 298 K. The significance of these small enthalpies and
their weak dependence on framework type has been discussed
previously.* ®

A major question is whether the energetics of different
zeolite structure types and glass are similarly close to each
other at other compositions, that is, for a given Al/(Al+ Si)
ratio and charge-balancing cation M. Tables2 and 3 and
Figures 1b —c summarize the available data. The enthalpies of
formation from oxide components at 298 K of the dense
frameworks and of the anhydrous zeolites form fans of lines
very similar to those for the glasses.

The slopes of these lines, for dense phase, zeolite, and glass,
are plotted versus ionic potential (charge/radius=z/r) in
Figure 2. The data show a trend of increasing stabilization
(more negative slope) with decreasing ionic potential (greater
basicity of the oxide of the extra-framework cation). This is
consistent with the model proposed by Navrotsky et al.”! for
glasses, in which the electrostatic stabilization caused by the
charge coupled substitution [Eq. (1)] is offset by the pertur-
bation of the framework by high field strength cations.

The trends for specific extra-framework cations are com-
pared for dense frameworks, zeolites, and glasses in Fig-
ure 3a—d. For M =Li (Figure 3a), the sparse zeolite data refer
to the faujasite structure (FAU), a relatively open framework
with 12-membered rings (see Table 4). The zeolites are
somewhat higher than the glasses in enthalpy, which in turn
are above the dense frameworks. The data for the dense
aluminosilicate phases are numerous and well constrained
because the stuffed p-quartz Li, Al,Si;_,O, phase forms an
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Table 1. Enthalpies of solution of aluminosilicate glasses in 2PbO - B,0; at
973 K and their enthalpies of formation from crystalline oxides at
298 K kImol~'. A mol is defined as a formula unit containing one mol of
tetrahedra, that is, M, ALSi,_,O,.

Cation X = AH 973 K[a] AH; g7 K,oxides[b] AH, 504 K,oxides[cl
type Al/(Al+Si) [kImol!TO,] [kImol!TO,] [kImol~!TO,]

M=Li 00 —4.30£0.20 7.00 £1.05 9.10£2.33
0.1 —5.35+0.61 —-095+£0.63 —028+0.67
0.2 —-323£057 —-373£059 —3.74+0.63
0.25 —-118+£022 —-644+£028 —6.50+0.33
0.40 4.04+£0.67 -13.66+0.70 —13.69+0.74
M=Na 0.0 —4.30£0.20 7.00 £1.05 9.10+2.33
0.125 —265+£014 -332+£023 -811+031
0.188 095+017 —-7.754+024 —15.80+0.27
0.25 5.00+£0.07 —12.624+0.18 —23.88+0.29
0.25 el el —24.60 £1.2114
0.33 11.05£0.13 —19.74+£022 —3515+0.32
0.42 16.53+£0.12 —2642+022 —46.49+0.34
0.50 Ll Ll —66.50 & 2.090
M=K 00 —4.30£0.20 7.00£1.05 9.10+£2.33
0.05 —-6.00£0.16 —-3.79+025 —-0.16+0.30
0.125 0.62+0.17 —18.634+0.25 —14.05+0.30
0.188 7324+0.16 —3224+£024 -2572+0.30
0.212 7324+0.09 —3487+£020 -30.16+0.30
0.25 11.64+£0.22 —4336+028 —37.24+0.30
0.25 Ll Ll —42.50 41330
0.40 19.82+£0.10 —68.00+£021 —64.98+0.30
M=Rb 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.100 —1.15+£043 —1740+047 —151040.42
M=Cs 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.100 085+£022 —-1417+£029 —-14194+0.36
M=Mg 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.113 —11.41+0.18 10.00 £ 1.01 11.38 +£1.09
0.341 —9.97+£0.23 14.40+£1.82 15.05+1.85
0.565 —891+£0.34 19.08 +1.30 19.06+1.43
M=Ca 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.10 —9.31+£0.15 1.97+£0.26 4.53+0.32
0.16 —855+£0.10 —0.62+0.25 3.64+0.29
0.25 —-636+£016 —536+0.33 1.24+0.32
0.34 —571£0.11 —-8.93+£0.39 0.37+0.31
0.38 —444+£014 -1142+043 —1.00£0.33
0.42 —3.67+£0.05 —-1340+045 —1.86+0.31
0.50 el el —-775£1.19
M=Sr 0.0 —-4.30+0.20 7.00+1.05 9.10£2.33
0.10 —951+£085 —2.07+0.89 2.6040.90
0.20 —746+£084 —1140+£094 —2.04+091
0.25 —483+0.66 —17.67+084 —5.96+0.76
0.35 —213+£0.55 —-2765+090 —11.274+0.73
M=Ba 0.0 —4.30£0.20 7.00+1.05 9.10£2.33
0.10 —-878+0.84 —-6214+092 —4.17+0.89
0.15 —7.05£0.71 -1329+0.88 —10.214+0.77
0.25 —207+£075 -2896+1.13 —23.83+0.81
0.35 2.80+0.64 —4452+133 —37.54+0.73
M=Pb 0.0 —4.30£0.20 7.00+1.05 9.10+2.33
0.10 —9.07£0.98 7.204+0.99 7.024+1.02
0.15 —7.04£1.70 6.38+1.71 6.13+1.72
0.35 —4.22+0.72 5.994+0.74 7.824+0.77
0.45 —1.21+£0.11 5414019 7.07+0.31

[a] Data from ref. [6]. [b] Calculated using heats of solution of binary oxides
measured in this laboratory. [c] Calculated using heat contents of crystals
and glasses. [d] Data from ref. [3a]. [e] Different methodology used, values
in this column not measured.

essentially continuous solid solution.’*! The lines for dense
phase, glass, and zeolite are parallel.

For M=Na (Figure 3b), the zeolite data are far more
numerous than for other cations. Two groups of zeolites can
be identified: those with 12-membered rings (and more open
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Table 2. Enthalpies of formation from the oxides at 298 K of dense
framework aluminosilicates, per mol of tetrahedra.

Phase Composition X = AH? 508  oxides
Al/(Al+ Si) [kImol~! TO,]
stuffed quartz[® Li50Aly 5051500, 0.05 —0.59 +£0.66
stuffed quartzl®! Lij 50Aly 5051500, 0.15 —8.10+£0.42
-3 stuffed quartzl® Lij 50Aly50Si.500, 0.16 —8.94+£0.47
= stuffed quartz!® 15 50910500, . —13.14 £0.
S e fled quartz!  LiggAlysSinssO> 025 13.14 £ 0.98
8 L stuffed quartzl*! Lig50Aly 55105005 0.33 —17.0440.56
- stuffed quartz[® Lij 50Aly 5051500, 0.38 —22.47+0.74
E = stuffed quartz[® Lij50Aly50Si.500, 0.40 —27.61+0.83
stuffed quartz® Lig50Aly.50S10.500 0.50 —34.89+0.69
tfed q fal i9.50Aly.50S10.500 5 6
albite (low)! Nag,5Alg,5Si0750, 0.25 —39.41+1.01
Glasses nephelinel®! Nay 50Aly50Siy500, 0.50 —67.20+£2.04
120 microcline!®! Ko25Aly 25819750, 0.25 —5576 +£1.27
: v v N v v v v ! kalsilitel®! Ko 50Aly50S14.500; 0.50 —9728£1.74
0 01 02 03 04 05 06 07 08 Rb-microclinel)  Rby,sAly,5Sig7s0, 025 —56.76 +£0.30
. lucite!! Cs33Al)3351)6,0 0.33 —68.10£0.60
= AV(AL+S po 0.330000.33010,672
x = AlALS)H cordierite! MgonAlyuSinssOs 0.2 ~596+0.16
anorthitel®] CagosAly50Siy 500, 0.50 —2545+£0.79
b) quartz[®! Sio, 0.00 0.00
[a] Data from ref. [3b]. [b] Data from ref. [3a]. [c] Data calculated from
30 - ref. [6]. [d] Data from ref. [10].
able 3. Measured and predicted enthalpies of formation of anhydrous zeolites at
Table 3. M d and predicted enthalpi f f i f anhyd li
0 298 K, per mol of tetrahedra.
;{’: o) x Structurel® Formula AHY xiges) [KTmol™! TO,]
% _[‘_‘ -30 4 Ca (measured)  (predicted) (A)
o;_ g Li 0292 Li-FAUY  Lig,1,Nag0CagonAlosnSine0; — 5244046 —52+£05 0.0
Sz 607 0.180 Na-MORF! Nay, 150Aly,150Si052005 —6.46+040 —9.8+09 —33
0.256 Na-FAU!!  Nag,s6Aly 2565107440, —2266+1.00 —195+11 32
901  Dense Na 0.280 Na-FAUI Nay Al 581,05 21324059 ~226+12 —1.3
Phases 0.280 Na-FAU'! Nag10Al) 2508107205 22064056 —22.6+12 —05
120 K 0.285 Na-FAU!!  Nag,55Aly 255107150, —26.64+1.00 —232+12 34
- T T 0.444 Na-FAUU  Nay 4,Aly 41:Si 55605 C417941.00 —435+17 —1.7
0 01 02 03 04 05 06 07 08 0.182 Na-HEU! Nay5,Aly 16,Si05:50> —14.114+045 —162+1.8 —2.1
_ 0.333 Na-ANAl2! Nag 1Al 13:Siy.6,05 33824137 —372+24 —3.4
x = AV(A+Si) 0.459 Na-CHAM Nay 459Al 450550102 —49.47415.9 —54.7+£3.0 —5.2
0.182 Na-HEU Nay 05K gssAly 1510 51505 20864074 —220+£13 1.1
o) 0.182 Na-HEU® Nag10Ko 01sCaopAl 5Sioss0s — 1343 £0.64 —168+12 —3.4
0.180 K-MOR! Ky 10Aly 150Si0 5005 25254057 —281+1.8 —2.9
0.280 K-FAUW K ,Nag »Aly2Sio 1205 48034072 —487+23 —0.7
30 - 0.182 K-HEUF! K, ;5Al) 15Si051:05 ~26.50+048 —28.5+1.8 —2.0
o © LEFAT 0.200 Rb-FAUM Rby ,0Nag gsAly 2:Si07,05 34344054 —343+05 0.0
B NaFAU 0.280 Cs-FAUI  Cs,,Nag Al 2815705 —36.09+046 —36.1+05 0.0
0 - Ca| @ NaHEU
. Namor 0.180 Ca-MOR Cag yopAly 150Si0.52005 2494040 38413 13
= i | @ nacua 0.280 Ca-FAU  Cag 1,Aly2:Sig 1,05 3414053  08+15 42
59 30 1| & NaaNa 0.180 Ca-MOR Cay 5sNay o6sAly 1508052005 5944066 —37+10 22
= O KHEU 0.333 Ca-LAUl  Cag 167Aly 15351066705 ~126+111 —07+16 06
51, . 1333910.66
=3 O KFAU
CEE -60 4 Na| A KMOR [a] x = Al/(Al + Si). [b] Three-letter symbol denotes zeolite structure, see ref. [11].
<4 K CalAU [c] A (difference) = (predicted value from the model) — (measured value). [d] Data
Rb X CaMOR from ref. [Se]. [e] S. Yang, A. Navrotsky, unpublished results. [f] Data from ref. [5c].
-90 - ) CaFAU g] Data from ref. [3a]. [h] Data from ref. [5d]. [i] Data from ref. [5a].
Anhydrous Cs
$ = RbFAU
Zeolites + Cs-FAU
-120 . . . : ] - - 4 works, the data show similar trends, with MFI and MEL very
0 01 02 03 04 05 06 07 0.8 close to glass in enthalpy and FAU distinctly higher (see

x = AV(A+SI)

Figure 1. Enthalpies of formation at 298 K from the oxides as a function of
x = Al/(Al+Si) for a)all glasses; b) all dense phases, and c) all zeolites.

structures) in the FAU and MOR framework types, which lie
somewhat above glass in enthalpy, and those with 8- and 10-
membered rings (and denser structures) in the HEU, ANA,
and CHA framework types, which lie at essentially the same
enthalpy as the corresponding glass. For pure SiO, frame-
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Table 4 and discussion in Petrovic et al.l!). For the purposes of
modeling of enthalpies of formation below, we will distinguish
these two groups of zeolites (12-membered rings versus 8- and
10-membered rings). For M=K (Figure 3c), there are not
enough data for the zeolites to distinguish their trend from
that of glass. Similar trends are obtained from the limited
number of data points for M=Cs and M =Rb (Figures 3d,
3e). For M = Ca (Figure 3f), the zeolite data are dominated by
values for those with 8- and 10-membered rings, and fall on
top of the glass data.
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Figure 2. Enthalpies of substitution, Si*' —AP*+ (1/n)M"* for glasses,
dense phases, and zeolites as a function of the ionic potentials (z/r).

Table 4. Structural characteristics of zeolites and measured energetics of
pure SiO, frameworks.

Structure Symboll®)  Porel? Ring AH etative o0 quartn)™
[A] [number of  [kJmol~! TO,]
tetrahedra]

faujasite FAU 7.4 12 13.1+04

X FAU 7.4 12 Ll

Y FAU 7.4 12 13.1+04
mordenite MOR 70x65 12 el
clinoptilolite ~ HEU 7.6x3.0 10 el

ZSM-5 MFI 5.6 x53 10 82+0.8
ZSM-11 MEL 54x53 10 82+1.0
leonhadite LAU 53x40 10 el
Chabazite CHA 38x3.8 8 el

Analcime ANA 42x1.6 8 el

glasslf] Ll L 6 (mainly) 91415

[a] See ref. [11]. [b] Average used in model for the 12-membered ring is
13.1+0.4; for 8- and 10-membered rings is 9.1 £ 1.5, and glass is 9.1 £ 1.5 kJ
mol~'. [c] Data not available. [d] Not defined.

The linear trends in AH| o5 ¢ oxiges Were fitted numerically. In
each case,

AH; 08  oxides [KImol™! TO,] = A + Bx )

where A is the intercept (for pure SiO,) and B is the slope. For
each type of aluminosilicate phase (dense phase, glass, 8- and
10-membered ring zeolite, 12-membered ring zeolite), we
fitted all data simultaneously to linear equations. Thus, the
value of A was fitted to be constant for each structural group.
The parameter A depends on the structure and the parameter
B depends on the nature of the cation. The method used in the
linear regression takes both the error of each data point and
the scatter of all data points from the line into consideration to
generate the uncertainties for each A and B.’l The results
listed in Table 5 show that B is indeed the same for dense
framework, zeolite, and glass of a given cation. The parameter
A is zero for dense frameworks (quartz as the oxide reference
state), 9.1 kJmol~' for glass (silica glass relative to quartz),
13.1 kJmol~! for 12-membered ring zeolites, and 9.1 kJ mol~!
for 8- and 10-membered ring zeolites (see Table 5). The
parameter B is — 63 kJ mol~! for Li, — 139 kJmol ' (for 8- and
10-membered rings) and —127 kJmol~! (for 12-membered
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rings) for Na, —206 kJmol~! for K, and about —30 kJmol~!
for Ca [dense phase (ordered anorthite) excluded]. Data
solely for the glasses define B for Rb, Ca, Mg, Ba, and Pb.

Prediction of Enthalpies of Formation of Anhydrous
Aluminosilicate Zeolites

Equation (5) and the systematics above enable the prediction
of the enthalpies of formation of any anhydrous aluminosi-
licate zeolite based on the correlation between the linear
trends for each cation shown in Figure 3 and the parameters
shown in Table 5. The results are included in Table 3. The
predicted values are almost all within 3 kJmol™' of the
measured ones. Part of the scatter almost certainly arises
because the measured anhydrous zeolites are not all of equal
quality. It is difficult to maintain both an intact framework and
a totally anhydrous state in such materials. The scatter in
measured data generally gives rise to an uncertainty of +0.4
to 0.8 kI mol~! for a given sample.

The generally good agreement between predicted and
measured values suggests that this model can be used to
predict enthalpies of formation of dehydrated zeolites of
structures and compositions that either have not been
measured or can not be made. These could include other
framework types and cationic substitutions. The systematics
predict that Mg- and Pb-substituted zeolite frameworks are of
very limited stability but that those containing the larger
alkalis (Rb and Ca) and alkaline earths (Sr and Ba) should
have considerable energetic stability, as is seen for the glasses
(see Table 5).

The next step in developing this model is to apply it to
hydrated zeolites. For these an enthalpy of hydration must be
added to the terms relating to structure, cation type, and
aluminum content. Since many more hydrated zeolites than
dehydrated zeolite frameworks are attainable, these hydrated
zeolites will offer a more extensive test of the systematics
developed in the study.
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Figure 3. Comparison of the enthalpies of formation at 298 K from the oxides as a function of x = Al/(Al+ Si) for dense phases, glasses, and zeolites of a
given cation: a) Li, b) Na, c) K, d) Rb, ¢) Cs, and f) Ca.

Table 5. Parameters for calculating enthalpies of formation at 298 K from the oxides as a function of x = Al/(Al+Si), AH{ 4y =A+B+x, A, B in
kJmol~! TO,.

M zlr Glassl?! Dense phasel®! Zeolitel
[nm~1] A B A B A B

Li 16.7 9.1+15 —60.7+£5.4 0 —625+2.1 13.1 —63.0l

Na 10.5 9.1+15 —139+5.6 0 —139+4.9 9.1+15 — 139 £5.6l
9.1+15 —139+5.6 0 —139+4.9 13.1+£0.7 127.4+3.41

K 7.5 9.1+1.4 —206.5+6.6 0 —202+5.2 9.1+1.4 —206.5+ 6.6l

Rb 6.8 9.1l —233.0l 0 —227.0 13.114 —237.0

Cs 5.9 9.1 —223.9l 0 —206.4 13.114 —226.71

Mg 30.1 91415 17.9+4.1 0 ~13.54 i (184 5)

Ca 20.2 9.1+1.1 29.5+3.4 0 —50.914 9.1+1.1 —29.5+ 3.4l

Sr 17.7 9.1+1.6 —59.7+£6.3 il i (=60 £6)M

Ba 14.8 9.1+1.6 —131.2+£7.0 -0 —® (=132 £7)M

Pb 16.7 9.1+1.4 —-59+39 -0 —® (—6E£4)M

[a] Data from Figure 1a. [b] Data from Figure 1b. [c] Data from Figure 1c. [d] Based on only two points, error not defined; considered not reliable. [e] Data
from Figure 3b with glasses and small ring (8- and 10-membered ring) zeolites fitted together. [f] Data from Figure 3b for large ring (12-membered ring)
zeolites. [g] Glasses and zeolites fitted together. [h] Predicted from glass data. [i] Data not available.
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