CIVICAHVIE HA BBAFAPCKOTO
FEO/IOTMIECKO APYKECTBO

REVIEW OF THE BULGARIAN
‘GEOLGGICAL SOCIETY

CIIMCAHUE HA BBJITAPCKOTO I'EOJIOTMYECKO JIPY>KECTBO,
rof. 85, kH. 2, 2024, c. 108—111

REVIEW OF THE BULGARIAN GEOLOGICAL SOCIETY,
vol. 85, part 2, 2024, p. 108-111

A multi-stage DSC-TG methodology for study of zeolite minerals

Nadia Petrova’', Georgi Kirov?, Tsveta Stanimirova’

! Institute of Mineralogy and Crystallography, Bulgarian Academy of Sciences, 1113 Sofia, Acad. G. Bonchev Str., bl. 107,
E-mail: nadiaS@mail.bg

2 Department of Mineralogy, Petrology and Economic Geology, Faculty of Geology and Geography, University of Sofia
“St. Kliment Ohridski”, 15 Tzar Osvoboditel Blvd., 1000 Sofia, Bulgaria; E-mail: stanimirova@gea.uni-sofia.bg

Muorocraguitna DSC-TG MeTon0/10rusi Npu U3cjaeABaHe HA 3€0JIUTHH
MHHEPAJIH

Haos Ilemposa’, I'eopeu Kupoé’, Ileema Cmanumuposa’

Abstract. A multi-stage DSC-TG approach containing a sequence of dynamic and isothermal modes during heat-
ing and cooling in a certain temperature interval was arranged to study the zeolite dehydration/hydration within one
experiment. Several parameters related to these processes (such as sample mass changes, dehydration and hydration
heats calculated per gram zeolite and enthalpy values calculated per mol water) were quantified for each stage. This
approach would apply to several areas of zeolite study concerning their thermal behavior and energetic parameter de-
terminations: comparing zeolite minerals of the same species but from different deposits; clarifying the contribution
of individual cations in mono-cationic zeolite forms; evaluating the role of the different types of zeolite structures, etc.
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Introduction

Thermal methods, such as Thermogravimetry — Dif-
ferential thermal analysis or Differential scanning
calorimetry (TG-DTA or DSC) are of utmost impor-
tance in the characterization of minerals, especially
when it comes to thermal processes like decompo-
sition, structural transformations, melting, etc. In
their classical or standard application for zeolite and
clay minerals (dynamic mode with a certain heating
rate), cumulative effects are obtained, in which de-
tails of the specifics and energetics of the processes
are lost. Very precise thermodynamic data could be
obtained with other thermal methods. There have
been several studies concerning hydration enthalpy
data of zeolites obtained by using different calori-
metric methods: immersion calorimetry (Barrer,
Cram, 1971; Carey, Bish, 1997); HF solution calo-
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rimetry (Johnson et al., 1991); transposed tempera-
ture drops calorimetry (Shim et al., 1999; Yang et
al., 2000) and water vapor absorption calorimetry
(Mizota et al., 1995; Petrova et al., 2001). Using a
non-standard multistage thermogravimetric heat-
ing and cooling mode at different temperatures and
partial water pressures, a thermodynamic formula-
tion for H,O sorption on cation exchange forms of
clinoptilolite has been derived (Carey, Bish, 1996).
This approach is quite time-consuming, requiring
many calculations, and as the authors themselves
reported in subsequent work, the obtained hydration
enthalpy values are less accurate than calorimetric
data (Carey, Bish, 1997). Recently, we described
data obtained by applying a non-standard DSC-TG
approach (Petrova et al., 2023), including succes-
sive stages of heating up to 300 °C, holding, cooling
to 40 °C, holding, and reheating up to 600 °C for the
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study of zeolite desorption/sorption processes with-
in one experiment as well as quantifying several en-
ergetic parameters related to these processes. In this
way, despite the limitations of the DSC-TG method
(insufficient sensitivity of plate DSC sensor), this
method allowed us to set complicated stage thermal
profiles and obtain energetic parameters related to
ongoing processes within one experiment with a
relatively short duration.

This work aims to further develop this method
by creating a suitable multi-stage DSC-TG method-
ology for a detailed study of the processes in a cer-
tain temperature interval on the example of zeolite
minerals.

Material and methods

Ca-form of clinoptilolite as a representative of zeo-
lite minerals was used in this study. The purifica-
tion procedure of clinoptilolite tuff from Beli Plast,
Eastern Rhodopes, Bulgaria, as well as the cation
exchange (Petrova et al., 2001), resulted in a sample
with 98 mass% of clinoptilolite and chemical com-
position of (Na, ;K ,Ca, ;s Mg 0)(Al; g;F e 17S150,46)7,
239 H,0.

The DSC and TG analyses were performed on
an analyzer Setsys Evolution 2400, SETARAM,
France at a static air atmosphere. To achieve the
work purpose, two multi-stage modes were ar-
ranged consisting of: (i) 4 stages of heating (from
20 to 320 °C) and 4 stages of cooling (from 320 to
20 °C). Every stage is through 80 °C and contains
both dynamic mode (rate of 10 °/min) and isother-
mal mode (for 20 min); (ii) 5 stages of heating (from
20 to 320 °C) and 5 stages of cooling (from 320 to
20 °C), all of them are through 60 °C with dynamic
mode (rate of 10 °/min) and isothermal mode for
10 min. About 10 mg of the sample was placed in
a corundum crucible, and another empty crucible
was used as a reference. Empty crucible run for the
baseline slope correction of both experimental DSC
and TG signals at the same set temperature profile
was applied. Specialized CALISTO thermal analy-
sis software was used for conducting experiments
and processing the results.

Results and discussion

The multi-stage DSC-TG approach is expressed in
the separation of arbitrary segments within one cu-
mulative continuous process. The first task was to
select the temperature range of the dynamic heating
or cooling mode and the duration of the isothermal
mode. During the first multi-stage mode chosen by
us (starting the holding mode at 80 °C for 20 min),
some split DSC peaks were observed, evidence for
overlapping or inhomogeneous processes (Fig. 1a).

In the conditions of the second experiment, (a step
of 60 °C and a hold of 15 min), single-valued peaks
describing the homogeneous processes were ob-
served (Fig. 1b). This observation motivates us to
dwell in details on the second experiment, thus al-
lowing more precise comment on the results, de-
fining them quantitatively. Since we study both
processes (dehydration and rehydration) in one
experiment, segmental DSC peaks appear in endo-
and exo-thermal directions visualizing processes of
zeolite dehydration and rehydration. Within the thus
chosen multi-stage experimental mode, ten stages
expressing the thermal behavior of the studied zeo-
lite were separated. The first five ones at dynamic
heating/isothermal mode are related to zeolite dehy-
dration, and the remaining five at dynamic cooling/
isothermal mode are associated with the hydration
of the activated sample. Quantitative data from the
multi-stage DSC-TG experiment are summarized
in Table 1. The determination of the sample mass
changes (Am) gives a possibility to calculate the
number of water molecules leaving and entering the
structure during each stage. The stage heat values
(Q,) calculated per every stage mass change (mol
H,O) give the stage molar enthalpy values of de-
hydration or hydration. Under these experimental
conditions, the final dehydration of the sample is
12.5 mass% (19.6 H,O molecules per formula unit),
which is about 80% of its complete dehydration at
800 °C (24 H,0). The final recovery of the water
content during cooling was incomplete, and it start-
ed immediately with the initiation of the cooling.
During the first stages of dehydration, more water
molecules are released compared to the final stages.
At the same time, in terms of energy, an increase
in the values of the molar enthalpy of dehydration
from the I, to V, stage (Table 1) is established, evi-
dence of different energetic sites for H,O in the zeo-
lite structure. A study of zeolite dehydration (Arm-
bruster, Gunter, 1991) revealed a complex process
of H,O loss and structural rearrangement coupled
with exchangeable-cation movement. The pattern
of H,O loss was consistent with the existence of a
range of energetic sites for H,0O, with the lowest en-
ergy sites located farthest from exchangeable cati-
ons. In the initial heating stage and the final cooling
stage, the values of AH,;, are close to those of the en-
thalpy of H,O vaporization (44.0 kJ/mol), while in
the last heating stage and the first cooling stage, the
molar enthalpy values are unexpectedly high. These
high values could be explained by the fact that in
the scanning mode, these stages cover a relatively
narrow range with a high water’s molecules en-
ergy state. Even with some limitations of the DSC
method, the calculated from cumulative Qz and Am
both dehydration AH,, values of 80.6 kJ/mol and
hydration AHy, values of —95.5 kJ/mol are compa-
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Fig. 1. Data of multi-stage DSC-TG-time-temperature profile: (a) data of heat flow and temperature vs. time from the experiment
with both IV heating and IV cooling stages; (b) data of heat flow, mass changes and temperature vs. time from the experiment with
both V heating and V cooling stages; (c) data of heat flow, mass changes vs. temperature from the experiment with both V heating
and V cooling stages.
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Table 1. Stage data obtained from DSC-TG analyses at both heating-isothermal (h) and cooling-isothermal (c) modes: change of
the zeolite mass (Am); number of water molecules per formula unit; heats of dehydration/hydration calculated per gram zeolite
(0.); change of dehydration/hydration enthalpy calculated per mol water (1H,,)

Stage I, I, 11, v, V,  Comulat, I, 11, I, IV, V. Comulat,
Am,mass% 3.7 =37 21 1.6  -l4  -125 09 13 1.6 2.0 2.4 8.2

H,0 molec. 5.8 5.8 3.3 25 22 19.6 1.4 2.0 25 3.1 3.8 12.8

Q, /g 1038 1589 1119 1028 826  560.1 756  -87.1 972 1125 626 4350
AHykJ/mol 505 773 959 1156  106.2 -1512  -120.6 1093 965  —47.0
rable to calorimetrically obtained data by Carey and  References

Bish (1997) (integral hydration enthalpy values of
—74.7 kJ/mol).

Presenting the DSC-TG data versus tempera-
ture (Fig. 1c) allowed us to evaluate the share of
the two study modes (dynamic and isothermal) in
the various thermal parameter determination. In this
case, the integral areas of endo- and exo-effects ex-
press heats of dehydration/hydration realized only
in dynamic mode. On the other hand, sample mass
changes in dynamic and isothermal modes are much
more distinguished and enable accurate determina-
tion of these changes in both modes.

Conclusions

The proposed multi-stage DSC-TG methodology in
this paper can follow the thermal behavior of zeo-
lites in two directions: dehydration and hydration
within one experiment and allow quantification of
several parameters related to these processes. This
approach would apply to several areas of zeolite
study, such as: comparing the thermal behavior and
energetic characteristics of zeolite minerals of the
same species but from different deposits; clarifying
the contribution of individual cations in mono-cati-
onic zeolite forms to the energetics of the processes;
evaluation of the role of the zeolite type structures
on the possibility and the manner of the process go-
ing both ways dehydration and hydration, etc.
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