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Abstract

Differential scanning calerimetry has been used to study the thermal effects during adsorp-
tion and desorption of water on different zeolite NaA samples. An attempt has been made to
compare the thermal behaviour of a layer of zeolite attached on metal (*by chemical bond™)
with zeolite powder pressed vn metal. The dependence of the water uptake on temperature has
been studied with a powdered sample.

Isothermal measurements of the water uptake of the zeolite after activation, appeared the
best way to determine the heat of adsorption. Calibration of the DSC was needed. The ad-
sorbed amounts of water corresponding to the released heats were determined thermo-
gravimetrically. Once the heat of adsorption is known, it is possible to determine the mass of
active 7enlite of thin synthesized zeolite layers on metal with BSC.

Keywords: DSC calibration, heat of water adsorption, isothermal water adsorption, zeolite NaA
(metal-supported)

Introduction

Zeolites are microporous crystalline aluminosilicates with unique uniform
pores of molecular dimensions. Because of their large pore volumes between 40
and 50 v of the crystal volume they arc widely used adsorbents. Their high
sorption capacity for refrigerants make zeolites of interest for application in heat
pumnp set-ups. With heat pumps low level energy can be upgraded into high level
energy. The zeolite heat pump is based on adsorption and desorption cycles dur-
ing which refrigerant is respectively moving in and out of the zeolite, accompa-
nied with respectively heat release from and heat uptake by the zeolite.

In order to obtain a tast transport of the heat which is involved in the sorption
cycles, alternating layers of zeolite and metal are applied. Optimisation of this
principle is studied in this project by synthesizing the zeolite directly on the met-
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al support, A better contact between the grown zeolite layer and the metal, poss-
ibly established by a chemical bond, and a higher density of the grown zeolite
layer are assumed (o improve the performance of the conventional zeolite heat
pump in which zeolite is pressed onto the metal. For the new system a better heat
transfer between the zeolite and the metal and a higher thermal conductivity of
the zeolite layer are expected. In order to have a fast enough mass transport
through the zeolite layer, anly thin grown layers are of interest.

With respect to this project the zeolite NaA—water pair was selected. Water
has a large heat of evaporation and besides it isenvironmentally friendly. Zeolite
NaA is a very hydrophilic zeolite which can be synthesized easily.

In order to study the water sorption behaviour of "fixed" metal-supported zeo-
lite compared to free crystals, DSC measurements have been carried out. The
amounts of adsorbed and desorbed water of the studied samples were determined
by thermogravimetry (TG measurements),

Theory
Zeolite NaA

The cubic framework structure of zeolite NaA is shown in Fig. 1 [11. The
pseudo unit cell (Naj[Al2Sii204s1-27H20, 1/8 of the true unit cell) of zeolite
NaA consists of 128i02- and 12A10;-units, enclosing a large cavity (a-cage,
e=11.4 A) and a smali cavity (B-cage, ¢=6.6 fi) [2]. The negative charge intro-
duced by each aluminum atom in the framework, is counterbalanced by a sodium
ion. Of the 12 sodium ions in the pseudo unit cell, 8 are located near the centre of the
6-rings and the rematning 4 sodium ions are present in the 8-rings. The coordnation
of water molecules by the sodium ions causes a highly hydrated zeolite NaA. When
fully hydrated, there are 27 water molecules in the pseudo unit cell. Most of the
water molecules are lovated in the o-cage in a pentagonal dodecahedral arrange-
ment (cluster of 20 molecules). The B-cage has space for 4 water molecules. The
remaining 3 water molecules are adsorbed at the side-faces. The maximal water
sorption capacity of dry zeolite NaA is 28 w%, from which 21 w% [or «-waict,
4 w% for B-water and 3 w% for the side-face water molecules.

Fig. 1 Framework structure of zeolite NaA {1]. The position of the ¢- and -cages is indicated
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The water molecules can be removed from the zeolite by heating in a dry
purge gas such as nitrogen or during evacuation. At temperatures higher than 0°C
nitrogen is not adsorbed by zeolite NaA. Although the nitrogen molecules
(5=3.64 A) are small enough to enter the a-cage via the 8-rings (¢=4.2 A), they
are not able to displace the sodium ions (6=0.98 A) which are located in these
rings, like the water molecules (6=2.65 A) do by dipole-cation interaction [2].

The heat which is released during the adsorption of water on zeolite NaA is
much higher than the heat of sublimation of water, being 50 kJ (mol H,0)" [%]
Breck et al. [2] report isosteric heats of adsorption of 126 and 74 kJ (mol H.0)"
for respectively 10 and 80% zeolite loadings. Mizota ef al. [4] found a value of
64 kJ (mol H,0)™' for the hydration enthalpy of NaA dehydrated 1 h at 100°C in
VACHiIm.

The thermal stability of zeolite NaA is rather good. It can be used up to about
700°C. Above 800°C loss of structure occurs which is accompanied with a re-
duced water capacity [5].

DSC

DSC can be used to follow the thermal behaviour of sorption processes. The
rate in which the heat flow signal changes 1s related to the heat performance of
the sample. DSC should therefore be suitable (0 see a difference in thermal sorp-
tion behaviour, if there is, between the metal-supported ‘fixed’ zeolite and free
pressed zeolite powder on metal.

The peak area under the heat flow versus time curve is related to the sorption
heat. During heating runs however, the position of the baseline depends on the
heating rate and on the difference in specific heat of the sample and the reference
[6]. Since the desorption of water from hydrated zeolite results into a severe de-
crease of the specific heat, the construction of the baseline cannot be very accu-
rate. Further the loss of water starts immediately in flowing nitrogen at room
temperature, so the onset and the initial baseline of the endothermic DSC signal
are difficuit to determine when starting a linear heating program from room tem-
perature, Measurement at a constant temperature of the water uptake response of
the dehydrated zeolite is a better way to determine the heat of adsorption, Then
d'f/dr=0, so the change in specific heat has no influence on the DSC signal. From
the peak area under the heat flow versus time curve, the heat of adsorption can be
obtained according to:

_ Ap(—:ak CF ( 1 )

For an explanation of the symbols the reader is referred to the end of the article.
Not all the released heat of adsorption is measured by the DSC sensor, also a
part will flow directly into the surrounding gas phase, particularly when using an
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open pan and a not well conducting sample. The fraction of heat which flows to
the sensor depends on the thermal properties of the sample and of the gas phase.
The calibration factor will compensate for this effect, and is defined as the ratio
between the real melting heat and the measured melting heat:

CF = (AHm) real ("))
(AHm) meas

The calibration factor is determined with two experiments: (1) Melting of a
pure metal on top of the sample (CF,); and (2) Melting of a pure metal in an
empty pan (CFy). The value of CF corresponds to processes which proceed at
the outside of the sample, like catalytic gas reactions [7]. For processes which
proceed in the complete sample, as studied in this article, the average value be-
tween the values of CF, and CFy is a better estimation for the calibration factor
and thus:

CF=05(CF;+ CFy) (3)

The mass of water which is related to the thermal event can be determined in-
directly with a thermobalance:

iy = Xwetflz i (4)

The computer connected to the DSC equipment calculates directly the ratio
between the peak area under the DSC curve and the initial zeolite mass and will
be called the measured heat:

A peak (5)

i

Gmeas =

The corrected measured heat refers to the heat in which the calibration factor
has been taken into account:

Georr = Gmeas CF (6)

Experimental

Sample preparation

Four different zeolite NaA samples have been studied (Fig. 2).
(A) Zeolite A powder (¢ ~1 pm) delivered by Degussa, slightly compacted by

hand pressing with a flat piece of metal in an aluminum DSC pan (¢ ~5.5 mm)

(Fig. 2a).
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Fig. 2 SEM images of investigated zeolite A samples. {a) Degussa A powder, as received
from producer, and (b) sclf-synthesized zeolite A on FeCrAlloy foil

(R) Seme of these powdered samplas underwent a hydrothermal treatment in
a closed autoclave at 160°C during one week. After this treatment a rather well
fixed tayer of crystals was present within the aluminum pan. The bulk of the crys-
tals seemed firmly attached to each other. This steaming treatment caused oxida-
tion of the aluminum pan (white discoloration). Also some transformation of
zeolite A into another phase seems to happen. The steamed samples will be re-
ferred to as *coarse crystalline samples’ in the following.

(C) Attempts were made to grow a zeolite layer directly inside a DSC pan.
The common aluminum pan could not be used, because it dissolves in the
strongly alkaline zeolite synthesis mixture with a molar composition of
5810,:Al,05:50Na:0:1000H,0 [8]. Better results were obtained with copper
pans. The reaction mixture inside the copper pan formed after 3-5 h at 80°C, a
thin (few ptm’s) porous layer of zeolite NaA on the inner wall of the pan. The oul-
side of the copper pan was blackened, probably by the formation of surface ox-
ides.

(ID) The best results were obtained by crystallization of zeolite NaA on tem-
perature treated FeCrAlloy foil. Flat circular discs of this material (¢~5.6 mm
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and d~90 um) with on both sides a compact layer of zeolite NaA, obtained by re-
peated syntheses with the disc in vertical position, have been tested also
(Fig. 2b).

In all cases the samples were kept in a desiccator with a supersaturated so-
lution of ammeonium chloride, which established a relative humidity of about
80% (pw~14 mm Hg at 20°C). The samples were weighed on a Sartorius ana-
lytic balance A200S with a sensitivity of 0.1 mg. The mass of the calibration
metals was determined on a Sartorius microbalance with a sensitivity of 1 ug.

DSC measurements

DNSC measurements were performed with a DSC Gold cell from Rheometric
Scientific. The investigated samples were placed on the sampie side of the DSC
cell, while the reference side contained an identical open DSC pan filled with
Al,Q; powder (often twice the mass of the hydrated zeolite) Becanse inferaction
with the gas phase should be investigated, no lids were used. In the case of the
thin zeolite samples, grown in a copper pan, an empty copper pan was used on the
reference side, while during the DSC experiments with zeolite synthesized on
FeCrAlloy foil discs, a blank disc of this type of foil was used on the reference
side,

The gas flow tlwough the DSC cell consisted of purc nitrogen (21 h')yorani-
trogen/water mixture, saturated i in an evaporator filled with ice (py~4.6 mm Hg),
also at a flow rate of about 2 1 h™' (measured at room temperature). Sometimes
higher water vapour pressures were used by evaporation al roomn lemperature
(pw~17.5 mm Hg).

In the first experiments the zeolite was activated to 450°C with a heating rate
of 3°C min ' in order to determine the desorption heat, but as discussed before,
quantification of the results was not possible. Later on, the activation tempera-
ture was lowered to 300°C in most experiments,.

In general the experiments consisted of several steps: (a) Equilibration in dry
nitrogen during 10 min at 0°C; (b) Linear heating to 300°C with a rate of
10°C min™'; - (¢} An isothermal step at 300°C, for the removal of all the water from
the sample and from the DSC cell, during 30 min; (d) Coolmg down to a constant
temperature between 40 and 300°C with a rate of 20°C min" ; (e) An isothermal
step at this temperatare, during which the dry nitrogen was changed into a wet ni-
trogen flow; (f) When the signal was back to the baseline, sometimes the wet ni-
trogen flow was changed into a dry nitrogen flow again, while the temperature
remained constant; (g) Sometimes the water adsorption peak was measured fora
second time. The experiments (step (a)—(g)) were sometimes repeated, in order
to test the cyclic behaviour of the zeolite sample (Fig. 4).

With each sample calibration measurements were carried out hy melfing
small flat pieces of gallium, indium or tin on top of the zeolite. The melting heats
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of the metals in empty pans were also measured. The literature melting heats of
gallium, indium and tin are respectively 79.87, 28.62 and 60.40 m] mg™' and
their melting temperatures are respectively 29.765, 156.60 and 231.93°C [9].

TG measurements

The amounts of water involved in the sorption process of the different sam-
ples were determined with a self-developed thermobalance, provided with a C.1.
electronics balance [10]. The sample department consisted of a quartz tube. The
gas flew over the sample, but below the sample a dead volume existed. For this
reason the response of the balance upon changes of the gas flow is rather slow.
The samples were contained in a flat quartz crucible with a large diameter
{(¢~14.5 mm), in order to establish a good contact between the zeolite sample and
the surrounding gas.

The water loss was determined at different temperatures up to 600°C. For the
measurement of the adsorption of water the zeolite was first activated at 300°C
in a dry nitrogen flow of about 4 1 h™ until constant mass. Then the sample was
cooled down to an isothermal temperature between 40 and 300°C, after which
the dry nitrogen flow was changed into a nitrogen flow saturated with water va-
pour at 0°C (py~4.6 mm Hg). The increase in mass up to a constant maximum
value was recorded. The water uptake was calculated by taking the mass differ-
ence between this maximum value and the isothermal {dry) mass at 300°C.

Results and discussion

TG measurements

Hydrated Degussa A powder lost 20.1 w% of the initial mass of the zeolite
sample (~80 mg) upon heating from 20 to 450°C in a dry nitrogen flow, see
Fig. 3. Heating to 200°C showed an initial mass loss of 16.5 w%, increasing to a
nearly constant value of 17.2 w% during 2 h of isothermal treatment at 200°C.
Heating to 300°C resulted into a mass loss of 17.7 w%, respectively 18.1 w% of
the initial zeolite mass. The mass loss after heating to 600°C was 20.5 w%. At
this temperature the zeolite is assumed to be dry. The water content of the (fully)
hydrated Degussa A is thus 25.7 w% based on the mass of the dehydrated zeolite.
This figure is somewhat lower than the theoretically expected sorption capactty,
being 28 w%, indicating that the starting zeolite sample is not completely filled
with adsorbed water. This is probably caused by the preliminary storage at 80%
humidity, resulting into the preliminary loss of water which is located in the side-
faces.

Most of the mass loss occurs in the range up to 200°C, while the last 4-5 w%
water is removed at higher temperatures. This behaviour agrees quite well with
what is expected: first desorption of water from the o-cages and then from the B-
cages.
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Mass loss. &, /W%

20 +
1] 250 500
T/*C
Tig. 3 TG curve of the dehydration in dry nitrogen (~4 1 h™yofa 83 mg Degussa A powder
sample in the range between 20 and 450°C with a heating rate of 3°C min’ :

Adsorption measurements at 40 and 60°C with Degussa A powder samples
activated at 300°C showed water uptakes of respectively 15.7 and 13.6 w% of the
initial zeolite mass, see Table 3. One measurement with a coarse crystalline
Degussa A sample at 10°C showed a water uptake of 11.0 w% of the initial zeo-
lite mass (the amount which was put in the pan before the steaming treatment).
The water sorption capacity of the hydrothermally treated Degussa A powder
scems thus somewhat lower than for the untreated powder. The forming of an
other phase can be an explanation herefore. The sensitivity of the thermobalance
was too small to measure the water foss of the zeolite grown in the copper pan and
the zeolite crystallized on the FeCrAlloy fuil disc.

DSC measurements
DSC response of zeolite A

In Fig. 4 the response of a DSC measurement with the zeolite A—water system
is given. Four different peaks have been measured and will be discussed now.

() Linear heating of the sample from 0 to 300°C (step (b)) showed a large en-
dothermic peak, corresponding with the desorption of water trom the zeolite.
The top of the peak varied between 100 and 150°C, depending on the size and
configuration of the zeolite sample in the pan. Higher masses of zeolite or higher
heating rates did shift the peak to somewhat higher temperatures. The same trend
was observed when the desorption was performed in a wet nitrogen flow instead
of a dry nitrogen flow,

The desorption started immediately after the programmed heating started. As
discussed before, the determination of the desorption heat from the heating curve
is difficult, since the haseline changes a lot during the desorption process, caused
by the very high decrease of the specific heat of the sample. Also the correspond-
ing mass loss (measured by TG) is not very accurate, since the sample already
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Fig, 4 DSC measurement of a 12.9 mg Degussa A powder sample. Responscs of the heat
flow and temperaturc vs. time.
{I) Desorption of water in nitregen; A__ = +494 J (g initial sample)
(il Adsorption of water (p,_~4.6 mm Hg) at 40°C; Apcak =-555J (g initial sample)"i;
(1I) Desorption of water in nitrogew, Apege = +101 7 (g initial samnple) 1
(IV) Adsorption of water; A =128 1 (g initial sample) ™

The other peaks are due to changes in the temperature/time program

loses water at room temperature in dry nitrogen, before the measurement is
started. For these reasons this desorption peak has not been used for further
evaluation.

(II) After dehydration of the zeolite sample at 300°C and cooling down to a
constant temperature, the change from a dry into a wet nitrogen flow (step (e)) re-
sulted in a fast exothermic signal, caused by the uptake of water by the zeolite,
When the adsorption was completed the DSC signal came back to the baseline.
The area of this exothermic peak could be measured quite well, since the baseline
before and after this effect is about the same.

(III) After completion of the adsorption in a wet nitrogen flow at isothermal
temperature, the change into a dry nitrogen flow showed again an endothermic
peuk. The peak area of this desorption peak was much smaller than of the exo-
thermic water uptake peak before, indicating that only a part of the water could
be removed from the zeolite at this low temperature.

(1V) After completion of the desorption at isothermal temperature, a switch
from a dry to a wet nitrogen flow again showed an adsorption peak with also a

small peak area, with a heat effect corresponding to the desorption of the forego-
ing step.

Calibration

In Table ! a summary of the calibration experiments is given. As can be seen
the value of CF depends on the nature of the calibration metal (and thus on the
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temperature of the measurement) and on the nature and size of the sample. The
contact between the sample and the sensor has also influence on the CF value.

Table 1 Calibration factors determined with pieces of gallium, indium or tin on top of ditterent
zeolite A samples, CF=0.5(CF +CF,} for the Degussa A samples (A and B)

Sample 2,/ m ./ CF, values far CF values for

RO mg mg Ga In Sn Ga In Sn
Al 12.9 25.8 0.97 0.97 1.11 0.88 0.93 1.10
A2 21.7 41.5 1.16 1.21 1.25 0.97 1.05 1.17
Bl 21.3 41.1 1.10 X X 0.94 X X
C1 ()] 0 0.01 X X 0491 X X
D1 ()] 0 a.77 X X 0.77 X X

CF, values¥

Blank 0 0 0.78 0.88 1.09
* The CF, values are the same for untreated sample pans (samples A) and for exidized pans
(samples B}

The thermal conductivity of the zeolite will decrease at higher temperatures
due to the dehydration of the zeolite. During the melting of gallium, zeolite A is
nearly completely filled with water, while at the melting temperature of indium
and tin, zcolitc A is rather empty. It can therefore be expected that with gallium
the lowest calibration factor will be obtained. Indeed, the CF values of the three
calibration metals did increase, going from Ga — In — Sn. Further, tin appeared
dilficult io measure, due to some reaction and the tendency to change from a flat
piece into a ball.

A better contact between the crystals is reflected in a lower value of CF;. The
powdered sample (A), with the lowest thermal conductivity, give the largest
value of CF.. A better packing of the crystals reduces the CF value. The thermal
conductivity of the coarse crystalline sampie (B) is better than for the powdered
sample, reflected in a lower value of CF,. The thermal conductivity of both other
samples (C and D) is nearly the same as for the blank metal, because of the very
thin zeolite layers and the good thermal contact between the zeolite and the metal
support, and resulted into the lowest values of CF;. For the samples C and D no
difference was found between the corresponding values of CF,and CFy,.

The size of the sample plays an important role for less conducting samples.
For a smaller amount of Degussa A powder a lower CF; value is obtained, which
can be expected from the reduced layer thickness.

It was found that the CFy, values for oxidized pans (samples B) are about the
same as for untreated sample pans (samples A).
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Water adsorption

Some DSC curves of the water adsorption at 40°C are shown in Fig. 5 and the
relevant figures are tabulated in Table 2, It can be seen that:

e The maximum adsorption rate depends on the water supply rate and is
nearly independent of the sample size and stiucture. In the measurements with
the coarse crystalline Degussa A sample (B1) the heat flow rises almost 4 times
higher when a water vapour pressure of 17.5 instead of 4.6 mm Hg was applied
in the adsorption step.

* All samples show a fast initial heat flow increase until a maximum value.
This maximum value is remained during a great part of the adsorption process,
indicating that the rate determining step 1s formed by the transport of water va-
pour through the gas phase to the surface area of the sample. A difference in re-
sponse between the fine and coarse crystalline Degussa A powder could there-
fore not be observed. To observe any difference, smaller samples or higher water
supply rates should be used.

¢ Activation of the zeolite at 300°C for 30 min gives comparable heats of ad-
sorption in repeated measurements. Longer activation times however, will result
into a somewhat higher water loss which will be accompanied by a higher ob-
served heat effect in the subsequent isothermal adsorption step. For that reason a
higher heat was measured for the 21.7 mg Degussa A sample (A1) after overnight
heating at 300°C, namely 554 J (g initial sample)“' (run 2} compared to
488 T (g initial Rﬂrrlp]e)_I (rin 1), Measurements with a coarse crystalline
Degussa A sample (B1) showed also that after twice subsequently heating to
300°C for 30 min a higher adsorption heat effect is measured, being 532 J (g in-
itial sample)_] (run 2) instead of 463 J (g initial sample)_] (run 4),

o The measured value for the heat of adsorption seems dependent on the sam-
ple size. The value for the 12.9 mg Degussa A sample (A1) is somewhat lower
than for the 21.7 mg sample (A2), respectively 535 and 489 J (g initial sample)™
(run 1). It indicates that during the cooling down from 300 to 40°C in dry nitro-
gen already some water on the zeolite was adsorbed. This undesired uptake of
water which remains anywhere in the equipment, will have a relatively greater
effect for a smaller sample than for a larger sample.

Although the reproducibility of the DSC measurements 1s rather good, the
translation of the measured peak areas into values for the heat of adsorption is
difficult. The involved amount of adsorbed water is difficult to measure and in-
troduces the greatest error in the calculated values of the heat of adsorption, es-
pecially in the case of low water fractions. With the TG experiments an
estimation can be obtained. However, because the sorption properties of zeolites
are somewhat time dependent, the conditions in both set-ups will not exactly be
the same. There is a great difference in adsorption efficiency between both types
of measurements (DSC and TG), as will be discussed in the next paragraph. A
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set-up in which the adsorbed amount of water is simultaneously measured with
the corresponding heat of adsorption, like Gatta [11] reported, is preferred. Be-
sides, adsorption and subscquent desorption of water in cold parts of the instru-
ment is a serious problem, since zeolite A is already hydrated to some extent at
very low water vapour pressure.

1

EX0

Heat flowfmW

a b\ec
N

0 0 imin

Fig. 5 DSC heat flow responses of different Degussa A powder samples during water adsorp-
tion at 40°C. Coarse crystalline Degussa A: 21.3 mg, p, = (a) 17.5 mm Hg and
(¢c) 4.6 mm Hg; Degussa A powder: {(b) 12.9 mg and (d) 21.7 mg, p_ = 4.6 mm Hg

‘Table 2 Heats of adsorption calculated from the measured peak areas under the water uptake
responses of Degussa A samples at 40°C, using the CF-Ga values of Table 1. In general
p,~4.6 mm Hg, but for two experiments (B1, run 2 and run 4) p_~17.5 mm Hg. The
activation of the zeolitc differed from the standard program in two measurements, resp.
overnight at 300°C (A1, run 2) and heating twice to 300°C for 30 min (B1, run 2}

Sample Meas. ol CF Gonens! Geord Xyed AH ./
no. no. mg J(gsam)" J(gsam)' w% kI (mol H,0)"
Al 1 12.9 0.68 555 488 15.7 56
" 2 . " 629 554 (17.2)* (58)
A2 1 21.7 0.97 551 534 15.7 61
" 15 21.0 " 546 530 15.7 61
Bl 1 21.3 0.94 463 435 1.0 71
" 2 " " 566 532 x X
" 3 " " 454 427 11.0 70
" 4 " " 493 463 X X

* This figure is the water uptake after drying for a long time at 300°C

For the experiment with about 21 mg of Degussa A powder (AZ) the measured
heat of adsorption is 532 J (g initial sample)™ . Combined with the TG experi-
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ment (15.7 w9% uptake) this corresponds with a heat effect of (0.532x18/0.157=)
61 kJ (mol H;0)™'. For the coarse crystalline sample (B1) the average measured
heat of adsorption is 431 J (g initial sample)"' {under standard conditions). Com-
bined with the 11.0 w% mass increase found by TG, this results into a heat effect,
being {0.431x18/0.110)=71 kJ (mol H,0)™". The difference in heat of adsorption

between both types of samples lics within the range of crror.

Calculation of the adsorption efficiency from the gas phase for TG and DSC

The time needed for the isothermal water uptake lasted with DSC much
shorter (10-100 min) than with TG (2040 h). An explanation for the great dif-
ference in duration of time of both measurement technigues can be found in the
different size and geometry of the sample. In the DSC experiments the sample
size was about four times smaller than in the TG experiments (20 mg vs. 80 mg).
Besides the contact between the flowing gas and the sample was in the DSC ex-
perimemndts better than in the TG experiments. In the DSC cell the gas flows di-
rectly over the sample, while in the thermobalance there is some distance be-
tween sample and flowing gas.

‘I'he maximurn mass increase rate, measured during the isothermal TG experi-
ment at 40°C with 82.7 mg Degussa A powder, was 0.94 mg H,O h™'. The wet ni-
trogen flow (~4 1 h™"; py~4.6 mm Hg) transports 17.3 mg H,Oh™', so the effi-
ciency of the adsorption process is only 5.4%.

In case of the isothermal DSC experiments at 40°C with 20.7 mg Degussa A
powder, the maximal DSC signal is 2.3 mW, using a wet nitrogen flow ( 2 | h™':
pw~4.6 mm Hg). When for <CF> a value of 0.97 and for the heat of adsorption a
value of 3.4 J mg ™' is taken, a water uptake rate can be calculated, being
(0.0023x0.97x3600 [J h™'1%/(3.4 [J mg™'1)=2.4 mg H.Oh'. The inlet rate is
8.7 mg H,0 h™', thus the adsorption efficiency is (2.4/8.7 )=27% for the DSC ex-
periment.

Adsorption at different temperatures

The temperature dependence of the water uptake response has been studied
with a Degussa A powder sample (A2) in the range from 40 to 300°C. Some of
the adsorption DSC curves are shown in Fig. 6 and the relevant data are given in
Table 3. As can be seen the measured heat effect reduces strongly at higher tem-
peratures. A rise in temperature does not have effect on the step height of the
water uptake response, but two transport regions become visible.

In Fig. 7 the corrected measured heat 1s plotted as a function of the tempera-
ture. It shows two kinds of water are adsorbed: low temperature water (L) and
high temperature water (/7). At the lower temperatures the measured heat effect
decreases continuously. At higher temperatures, above 150°C, the heat effect re-
mains nearly constant, corresponding to a water adsorption of about 1.5 w%.
With the thermobalance a mass loss of 2.4 w% was measured between 300 and
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Fig. 6 DSC heat tlow responses of a 21.7 mg Degussa A powder sample during waler adsorp-
tion (p,,~4.6 mm Hyg) at different temperatures: {a) 140, (b) 100, (c) 80, (d) 60 and

{e) 40°C

Table 3 [sothermal water adsorption on a 21 mg Degussa A powder sample (A2) in an aluminum
pan at different temperatures. Most of the CF values were estimated by extrapolation,
using the CF-Ga, CF-In and C'F-3n values of Table 1 for resp. 40, 160 and 240°C

Meas. T/ CF Goens’ Foord Xyl AH L/
no. °C J(gsam)"  F(gsam)’ w kJ (mol H,0)"'
! 40 0.97 551 534 15.7 61
2 60 0.98 498 488 13.6 65
3 80 1.00 394 394 (11.3)* (63)
4 100 1.01 210 212 (6.1)% (63)
5 120 1.02 122 124 (3.5)% (63)
6 140 1.04 114 119 (3.4)* (63)
7 160 1.05 75 79 (2.3)* (63)
R 180 1.08 70 76 (2.2)% (63)
9 200 111 61 68 (1.9)* (63)
10 220 1.14 65 74 (2.1)* (63)
11 240 1.17 52 6l (.n* (63)
12 260 1.20 42 50 (1.4)* (63)
13 280 1.23 48 59 (1.7)* (63)
14 300 1.26 51 64 (1.8)* (63)
15 40 0.97 546 530 157 61

*Calculated figures, assuming that AH, , =63 kJ {mol H,0) !
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Fig. 7 Heat of adsorption {J (g initial sample) '} for a Degussa A—water systemn as a function
ol the temiperlature

600°C. Together with the 1.5 w% this is 4 w%, which corresponds with the theo-
retical amount of water in the B-cages. So, above 150°C only adsorption of water
in the B-cages occurs.

Investigation of self-synthesized thin zeolite layers on metal

The water uptake responses of the thin synthesized zeolite layers (C and D) at
40°C could be measured quite well with DSC. However it was not possible to ob-
tain values for the heats of adsorption from the peak areas of these samples, be-
cause their masses were not well known and their water losses could not be meas-
ured thermogravimetrically.

When the heat of adsorption is known, the peak area can be used to estimate
the mass of the zeolite sample. By assuming that the adsorption data measured
with Degussa A samples (A) are valid, a zeolite mass of about 0.2 mg could be
found for both self-synthesized samples (C1 and D1). In Table 4 relevant figures
are tabulated. With a balance for both samples a mass of about 0.6 mg was found,
assuming that the mass of the sample holder (copper pan or FeCrAlloy disc) re-
mained unchanged during the preparation of the zeolite layer. This mass differ-

Tahle 4 Water adsorption on very small zeolite samples grown on metal at 40°C, using the CF-Ga
values of Table 1, and assuming ¢ .= 532 mJ} (mg initial samplc)'l (see the result of
sample {A2) in Table 2)

corr

Sample m, il Meas. CF Greas! Goored M, e
0. mg e, mlJ mlJ mg
Cl ~0.6 1 0.91 153 139 0.26

" ' 2 0.91 112 102 0.19
" " 3 091 114 104 0.19
" " 4 0.91 108 98 Q.18
D1 ~0.6 1 0.77 135 104 0.1%
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ence between DSC and balance measurements can be explained by three factors:
(1) The real mass of the zeolite is lower than 0.6 mg, caused by mass increase of
the sample holders (oxidation} during the preparation procedure; (2) It is possi-
ble that not all the zeolite is active; and (3) During the cooling of the zeolite after
activation at 300°C some water adsorption has already taken place. For very
small samples this water uptake can be very important, and could explain the dif-
ference between the first and subsequent experiments with sample (C1).

Conclusions

e The adsorption of water on large zeolite A samples (10-30 mg) can be
mceasurcd quite well with DSC.

¢ DSC experiments are more sensitive and faster than TG experiments, also
because the needed sample mass is smaller in the case of DSC (10-30 mg vs.
80 mg).

¢ The gas efficiency for water adsorption from the gas flow is for the applied
DSC about 27% and for the thermobalance about 5%.

e TG experiments are needed for measurement of the exact mass changes
during the desorption and adsorption processes.

e The initial mass loss of the wet zeolite Degussa A powder is 17.2 w% after
heating to 300°C and 18.1 w% to 450°C. The [inal mass loss, after heating to
600°C, is 20.5 w% of the initial (wet) zeolite mass.

e The adsorption of water at 40°C in a nitrogen flow mixed with water va-
pour (py~4.6 mm Hg) shows a mass increase of 15.7 w% and at 60°C 13.6 w%
for Degussa A powder activated at 300°C. For the coarse crystalline Degussa A,
obtained by hydrothermal treatment for 1 week at 160°C, the mass increase is
11.0 w% ul 40°C. Al higher water vapour pressures these figures will be some-
what higher,

* For exact DSC measurements calibration factors have to be measured by
melting pure pieces of inetal (gallium, indium, tin} on top of the sample and in an
empty pan.

o The calibration factors of the coarse crystalline Degussa A samples are
somewhat sialler than of the untreated Degussa A powders, indicating that the
thermal contact between the crystals is improved by hydrothermal treatment.

e The measured heat effect upon water adsorption at 40°C is 535 ] (g initial
sample) ! for Degussa A powder activated at 300°C and 435 J g ! for the coarse
crystalline Degussa A sample.

e From the TG experiments heats of adsorption of respectively 61 and
71 kJ {mol H,O)™' are obtained. The difference between both values lies within
the error range.

e Inthe temperature range from 40 to 150°C a continuous decrease in heat ef-
fect is observed. At higher temperatures the measured heat rermains constant, and
corresponds to occupancy of only the B-cages of the zeolite.
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s For very small samples (0.1-1 mg), like thin zeolite layers on metal, it is
possible to measure the water uptake response. The quantification of the mea-
sured heat effect is difficult because the mass of the adsorbed water or of the zeo-
lite can not be measured well for these samples.

e Once the heat of adsorption is known, DSC can be used to determine the
mass of the zeolite.

* For exact measurements condensation of water in the cold parts of the
equipment has to be avoided, especially when very small samples are measured.
In the applied DSC equipment this problem was encountered, causing the great-
est error in the determined values for the heat of adsorption.

List of symbols

Symbol Description Unit
Apeax peak area under DSC curve mJ

CF calibration factor {average of CFy, and CF}) -

CF, calibration factor of blank experiment —

CF, calibration factor of sample experiment -

d thickness pm

AH s heat of water adsorption J (mol H,0)™
AHy, melting heat of a pure metal jg

Py mass of adsorbed or desorbed water mg

g initial zeolite mass mg
Dw water vapour pressure mm Hg

Georr corrected (for CF) measured heat effect J (g sample)™
fmeas mcasurcd heat cffect I(g sampla)"1
t time 5, min

T temperature °C

Xwet mass fraction of watcr molccules which are

adsorbed or desorbed, based on the initial
(hydrated) zeolite mass glg, w%h
G Kinctic diamcter A
¢ Diameter A, um, mm
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