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Abstract

A procedure for measurement of the heat of zeolite dehydration by scanning heating has been
designed. Simultaneous data on heat flow (DSC) and mass loss (TG) are required for evaluation.
The heating rate depends on the experimental conditions (point-spread function, sample mass,
crucible design, and calorimetric reproducibility). Dehydration measurements have three advan-
tages as compared with the sorption procedure: i) one can investigate samples with irreversible
dehydration; ii) no approximation model is needed for calculation of the partial molar heat of de-
hydration; and iii) the procedure is not labor-consuming.

The procedure was tested on the natural zeolites heulandite, chabazite and mordenite. The re-
sults are close to those measured by the sorption procedure. The partial molar heat of dehydration
was found to depend on the water content. It increases from 50 to 87*Kmdbr heulandite,
from 53 to 81 J mot K™ for chabazite, and from 51 to 71 J md{™* for mordenite.

The approximation of the heat of sorption by linear regression was found to be wrong. Detec-
tion of a ‘phase transition’ after this approximation has no meaning.
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Introduction

The energy of the water-zeolite interaction is defined via the heats of immersion
of outgassed zeolites [1]. The thermochemical equation for the reaction is

[ZEOLITE]-XH,0+(z-X)H,0 — [ZEOLITE]-zH,0+Q

wherex is the number of O molecules per unit cell (UC) of the zeolite. The final
state of the zeolite here is full hydrati@mgolecules per UC). The result is the rela-
tionshipQ=f(x).

The sorption procedure has certain disadvantages. Firstly, the results of the meas-
urements depend not only on the water content, but also on the procedure of sample
preparation (temperature and duration of heating, gas phase). Secondly, the sorption
procedure is labor-consuming. It takes vacuum operation, glass tube sealing, etc.
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And finally, repeatability in the sorption procedure is not high. The differential heat
sorption (d)/dx) from these measurements involves an approximation error, i.e. a
systematic one. For example, whx) is fitted to a polynomial of the 5th degree,
the function @/dx(x) varies continuously within the limits 55 and 92 kJ Phédr
1.3<x<22.1 [2]. An alternative evaluation yieldQMix=90+4 (0<x<6.5) and
dQ/dx=76+5 kJ mot? (6.5x<11.7) [3].

The objective of this study was to design and test a desorption method for meas-
urement of the energy of the water-zeolite interaction. The thermochemical equation
for the reaction in question is

[ZEOLITE]-KH,0 — [ZEOLITE]-(1-8)kH,0+5kH,0+5Q(K)

Both the heat sorptioQ(k)) and the mass los8kH,0) of the zeolite are to be
measured while heating is continuing.

Experimental

Natural zeolites were used in the experiments. The samples were described in
[4].
The DSC-30 and TG-50 of the Mettler TA-3000 were used. The standard alumi-
num crucibles (4@l) were from the tool kit of the DSC-30. Leads on crucibles were
not sealed. All the calorimetric measurements were carried out with only one cruci-
ble. The temperature interval of the investigations was from 290 to 850 K, with a
heating rate of 5 K mift.

The mass of the empty crucible over 10 K intervals was reproduced within the
limits of sensitivity of the balance:10"® g. There was no drift in the baseline. TG
results were not corrected after blank measurements. The reproducibility of the
mass loss over every 10 K interval was defined after five measurements for each zeo-
lite. The error was found to be less than 1%. Calorimetric measurements were cor-
rected on the blank run. The empty crucible was measured five times. The heat flow
varied within the limits 0.1 and 0.3 mW for various temperature regions. TG and
DSC measurements were carried out simultaneously. The sample masses are given
in Table 1.

Table 1 Data on samples

Sample mass/mg

Zeolite Composition

TG DSC
Heulandite Na, Ko L& 1Al g 55057 1/07,24.0H,0 29.349 28.593
Chabazite N&, Ko 1C8 65Al 5 7650 2:0,,11.9H,0 30.572 30.595
Mordenite N3 o5 66C oAl S, 00526.7H,0 28.777 28.890
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The point-spread function for calorimetric measurements on powdered zeolites
was defined as follows. One grain of indium was placed on the bottom of the cruci-
ble. The powder of heulandite after heating was then added. Heulandite does not ab-
sorb water after heating up to 770 K and dehydration does not mask the melting peak
of indium. Several grains of indium (total mass 1.1 mg) were placed uniformly in-
side the powder. On heating, the sample exhibits a set of peaks of In melting. The du-
ration of heat absorption at melting was measured at heating rates of 1, 2.5, 5, 10, 20
and 40 K min® The time width of the point-spread function)(was found to be
22 s.

Results

The results of the measurements are shown in Figs 1-3. Chabazite and mordenite
have one peak of dehydration, while heulandite has two. The second peak is caused
by the phase transition. The decrease in the DSC signal near 750 K is due to the par-
tial decomposition [4].
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Fig. 1 Heat flow @) and mass lossn for heulandite
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Fig. 2 Heat flow @) and mass lossn) for chabazite
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Fig. 3 Heat flow §V) and mass lossn) for mordenite

Evaluation
Relationship between DTG and DSC

The water content in the zeolite depends on the temperature and the pressure of
H,0. At constant pressure, the TG (and DTG) results can be approximated to by a
smooth function [5]. In DTA and DTG experiments with scanning heating, the dehy-
dration displays broad (about 100 K) peaks. With the absorption of heat, the zeolite
is heated up and the water content is decreased:

1
dQ= 8—HdT + 8—Hdm (1)
oT dm

Under scanning heating:
Q=Cp+qgm (2)

whereC is the heat capacitp, is the heating ratey is the heat of dehydration per
mass unit, anc is the derivative of the mass with respect to time. The heat capacity
varies slightly with temperature. Thermoanalytical peaks of dehydration are gov-
erned by the termrg, One should measu€gby DTA or DSC, andn by DTG. Inves-
tigations of zeolite dehydration by derivatography have shown a time lag between
the peaks of DTA and DTG [6]. This holds for our results (Figs 1-3).

The heat flow measured in the experiméfif (elates to the heat absorbed by the
sample Q) by the point-spread function:

Wit = [Q(t-n)f()ck 3)
0

The function is normalized according to
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[ty = 1 (4)
0

In an actual experiment, the duration of the point-spread function is limited by the
noise level AW):

Q(t-7)f(x) < AW at > 1, (5)

Equation (4) changes to

T
[fryde = 1 (6)
0
In the time interval front, to t,, the calorimeter measures heat
t, 1
H(tytp) = [dtf Qt—)fxyk =
t, 0
t e T e T
= [Qctydt + [Qty—m)[fogdxdr - [Q(t,—)[fx)dxd =
ty 0 T 0 T
t2

= JQwdt + [1Q(t,—1) - Q0] ffeocxelr (7)
0

4

T

T

H(ty,to) is not equal to the heat absorbed by the san@ig)€Q(ty)). It includes
the additional heat that was absorbed by the sample bigfdne measured by the
calorimeter aftet,;, due to the point-spread function (or time lag). And vice versa,
the part of the heat absorbed by the sample just bgf(ird,—) is not detected yet.
Equation (7) allows one to define the systematic error by taking the heat measured
by the calorimeter as the heat absorbed by the sample. This error is a negligibly
small quantity on the evident condition

IQ(t) - Q)] << Q(t) (8)

One more condition exists that makes the evaluation valid. The contribution from the
temperature boundaries to the heat is to be small. The systematic error will be negli-
gible even at

Q) - QI ~Q®)  if 1 <<t (9)

The smallest temperature interval for which the water content is decreased by
one molecule per UC is about 10 K. In our experiments 22 s. The temperature
delay is 5 K for the heating rate 14 K mirOne should accept this value as an upper
limit for an appropriate heating rate.
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The lower limit is defined from the reproducibility of the baseline in calorimetric
measurements. Over the time interval frirto to:

t2
[t = (Q(t) - Q(tp) = AWCT, T)
ty
Here, AW(T,, Ty) is the standard deviation of the baseline over the temperature inter-
val from T, (atty) to T, (ty). Over the whole interval of measurements, it varies be-
tween 0.1 and 0.3 mW. The error can not be ignored, at least when it is equal to the
contribution from the heat capacity of a sample. Taking the mass of the zevlite (
as 30 mg and the heat capaci®) &s 1 J gt K™%, we have

AW .
Bmin=ﬁ=0.6 K min™t (11)

To-Ty

(10)

Finally, the equipment allows one to use the desorption method with a heating
rate of from 1 to 10 K mift. To make the duration of the experiment tolerable, a
heating rate of 5 K miff was accepted.

Calculations

The water content in the zeolite is measured experimentally as masgs kess-
perature. It is to be converted from mass units to numbep@friblecules per UC,
n(T). Integer values are matched one by one with a set of temperaturéhen-th
molecule of water leaves the UC in the temperature range Trpta T, The
greater the temperature, the less the water content, and TigTge;. The sample
absorbs hed®(T,_)—d(T,). The initial mass of water in the samph) corresponds
to k molecules per UC. According to Eq. (2):

Tnfl

QT 1) = QTy) = JC(T,mdT + g1 2 (12)
T

n

The heat capacity depends on the temperature and the water content. These data
are not available. We use the approximation

C(T.k) = C(T,0) + KCyy o, AT) (13)

whereCy, o, /(T) is the partial molar heat capacity of the water in the zeolite. The val-
ues ofC(T,k) andC(T,0) are known for our samples [4], but these were measured
over different temperature rang&{T,k) at T<320 K, andC(T,0) atT>290 K. The
valuesCy o, (298) were used:

Tnfl

= oo (QTr )~ QT - JCT 0T - (1= 910, 298(To 1~ To)  (14)
T

n
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Table 2 Heat of zeolite dehydrationg{kJ mol™)

n Heulandite Chabazite Mordenite
1

2 T2+7

3 86+13 68.7%3.6

4 8H7 80.6t3.0 42+18
5 78.02.5 499
6 71.92.3 566
7 66.7%#2.4 61.24.7
8 (115) 62.72.3 65.%3.9
9 (115) 57.82.4 68.23.5
10 (115) 54.93.4 70.23.1
11 83.23.4 52.54.1 69.32.9
12 87.@3.5 66.52.8
13 84.63.4 64.%2.9
14 76.63.2 63.33.0
15 70.23.2 61.82.9
16 64.93.2 59.@2.9
17 63.33.3 57.22.8
18 63.13.7 53.42.9
19 62.¢4.1 55.32.9
20 6Qt5 53.6t3.7
21 566 53.1#4.0
22 508 53.%4.3
23 51.34.5
24 51.54.8
25 496
26 517

The results at the very beginning of heating were rejected, as these do not satisfy
condition (7). At low water content€1-3, depending on the zeolite), the desorption
diminishes progressively. The errordpis too large. These data were rejected too.
The valuegy, (n=8-10) for heulandite were calculated otherwise. This is the phase
transition. The usual procedure is valig=AH/Am=115 kJ mot [7]. The valuesy,

(n=3, 4) were measured for the first time. Heulandite with la® ldontent does not
absorb water. The results of the calculations are given in Table 2.
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The standard deviation was estimated as follows.

— Thermogravimetric measurements: the errors are caused by imprecision in the
mass loss in the temperature intervals. These are different for the various samples.
The greatest value is less than 1%.

— Calorimetric measurements: the errors are caused by imprecision in the base-
line. The values @ were taken from blank measurements.

— The heat capacities of dehydrated zeolites were taken from [4].

— The partial molar heat capacity of water molecules was taken from [4].

Discussion

The valuegy, should be compared with those measured by the sorption proce-
dure. This comparison, however, is not correct for two reasons. Firstly, the values of
dQ/dx(x) after sorption measurements do depend on an approximat@xyfSec-
ondly, the scanning measurements yield the heats of desorption at different tempera-
tures. The sorption measurements are carried out at constant temperature (at least
room temperature). This will be discussed below.

The dehydration measurements in this work yield the energy of the water-zeolite in-
teraction for thar-th molecule. It does not matter what thealue is for therg-=1)-th or
(n+1)-th molecules. The procedure excludes the systematic error of a model approxima-
tion. This allows us to solve the problem in the thermochemistry of the zeolites.

The water content in a zeolite is counted in number of molecules per UC. On los-
ing water, the zeolites are capable of undergoing phase transitions. By analogy with
hydrated salts, the water loss is assumed to be stepwise, but in energy, not in tem-
perature. A constant value oRIx(x) is accepted for the water content over the in-
tervals before and after the phase transition. The values are not equal. This concept
was advanced as follows. 1Qddx(x) evidently changes within an intervalxfthen
the phase transition exists. The transition point is attributed to the border between
two intervals of constant value®Maix(x). The border in turn is chosen in an arbitrary
way. This procedure was used to treat the results of sorption experiments in [8].

The results in this work show tha@Qg@ix(x) is a function ofx, not a constant.

What relation is correct?

The ‘constant’ model is difficult to justify. This has been proposed by analogy.
The background for the ‘functional’ model, in contrast, can be checked by crystal-
lochemistry. The water molecules in the zeolite structure are localized at the fixed
sites. Direct structural investigations show that the occupancy of the sites is not
equal to 1. LeE; be the bond strength of a water molecule at ai gitel, 2, ... k),
letw; be the number of the identical sites in the UC, ang le¢ the occupancy. The
number of water molecules per UC is

k
n=">% wp; (15)
i=1
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After change in the water content:

k
= wpf (16)

i=1
For the heat of dehydration (or hydratiom/it-p;):

k

inWi(pi -p)
q= ':kl— (17)
D wip; - pi)

i=1

Theq value can be constant over an intervah ohly if E;=E; for alli andj. This
is not the case. Structural data show thaptalues are different. This is due to dif-
ferences irE;. Hence g, can not be a constant over any interval of water content.

Measurements of the heat of zeolite dehydration by scanning heating were re-
ported in [9]. Their results (increasing values of heat) are in contradiction with this
work (decreasing values) for low water content. The evaluation procedure was not
described in [9] and we can only speculate. At low water conietgnds to zero.
According to Eq. (12), the contribution from the heat capacity to the measured heat
is proportional to T,,_~T)AQ / Am must rise infinitely inasmuch a%{T,) tends
to infinity for n— 0.

On the other hand, the decreasejjrfor n — 0 in this work is not compatible
with the explanation for Eq. (17). The greaigrthe greatep;. The energy of the
water-zeolite interaction is to be the greatest for the last molecules. The reason for
the discrepancy is changing temperature. According to Kirchhoff’s rule, the heat of
zeolite dehydration must change:

T,

(T2 = BT = [(Chi 00 (T = Chi,00 LTHAT (18)

Ty

Here,Cy, 0, gis the heat capacity of the water molecules in the gas phase. It equals
33.6 I MoK Cy o, (298) is equal to 45:2.2, 60.6:1.9 and 57.82.6 J mor'’K ™

for heulandite, chabazite, and mordenite, respectively [4]. As the heat capacity of the
reactant €y o, ;) is evidently greater than that of the produ@j 6, ¢), g decreases

when the temperature rises. The difference can be as large as 10 kJherimo-
dynamic evaluation must relate the heat of dehydration to the standard conditions,
but this work deals with the process of thermal dehydration. The values in Table 2
characterize the process.
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Conclusions

1. An experimental procedure for measurement of the heat of zeolite dehydra-
tion by scanning heating was designed. It was tested by using the natural zeolites
heulandite, chabazite and mordenite.

2. The results of the measurements characterize the process of thermal dehydra-
tion, not a thermodynamic function. The latter can be evaluated by bringing the data
into the standard state.

3. The partial heat of zeolite dehydration is a function of the water content, not
a constant. Approximation of the heat of sorption by linear regression is not correct.
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