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Abstract

In an arempt 10 show the importance of preparing eatensively teaching materials for compre-
hensive education in thermal analysis at an undergraduate level, the significance of the teaching
matcrials concerning the thermal analysis and kinetics of the solid-state reactions is discussed by
reviewing our teaching activitics al Hiroshima University. Application of the thermoanalytical
techniques Lo thermal decomposition of basic copper(I1) salts is appropriate for an introductory
experiment to thermal anatysis, Microscopic observations of the textural change during the ther-
ma! dehydration of inorganic salt hydrates are suitable for introducing the kineties of solid-state
reactions. A computer practice of drawing the experimental master plot enables students to under-
stand the kinetic theory.

Keywords: education, kinetics, microscopy, solid-statc reactions, teaching materials

Introduction

In light of the present situation in which the techniques of thermal analysis (TA)
arc widely used for a variely ol purposes such ags research, development, product
control and so on, the importance of cducation in TA should be considered for the
effective application of TA and reasonable data analysis. Such a problem has been
discussed al every international conference on TA |1, 2].

Here, we consider education in TA at an undergraduate level, which introduces
the techniques of TA and provides fundamental understanding on the theoretical ba-
sis. To cope with the present problem of rather poor student preparation in the field
ol TA, teaching materials should be extensively prepared for comprehensive educa-
tion at this level. Several workers have suggested that the DTA technique is uselul in
tcaching students in undergraduate physical or analytical chemistry laboratory
courses [3-5], where the relevant DTA equipment could also be designed and con-
structed at a reasonable cost to university or college laboratories 3, 6, 7). As an ideal
introductory experiment, the thermal decomposition of urea has been examined by
means of TG and DSC [5]. Thermal analyses of a nickel complex and a mixture of
the oxalates of calcium, strontium, and barium have been suggested as advanced un-
dergraduate TA experiments [8].
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Since 1985, we have examined the usefulness of various teaching materials for
education in TA in our undergraduate chemical laboratory course at Hiroshima Uni-
versity [9—131. As an introductory experiment to TA, TG-DTA measurements of the
thermal decomposition of basic copper(IT) compounds have been utilized as a teach-
ing material compared to that of copper(l) hydroxide [9, 12]. Technigues of micro-
scopic observation of textural change during thermat dehydration of inorganic salt
hydrates have been used to introduce the kinetic characteristics of the solid-state re-
aclions [10, 13]. In order to integrate the kinetic information from TA data and the
theory of heterogeneous kinetics, a computer practice of drawing various kinds of
experimental master curves [14, 15] seems Lo be suitable. In the present paper, we
review briefly such educational activities concerning the TA at the undergraduate
level.

Usefulness of thermal analysis in chemistry

Substances selected for an introductory experiment to TA are basic copper(II}
compounds. Among others, basic copper(Il) sulfate is suitable because the thermal
decomposition proceeds through two distinguished reactions {12, 16-18], i.c., dehy-
droxylation and desulfation, as is shown in Fig. 1{a). It has long been known that the
precipitate prepared by adding hydroxide solution to copper(II) sulfate solution is
not simply copper(11) hydroxide, but basic copper(IT) sulfate [19]. Most students are
not familiar with the composition of basic copper(IT) sulfate, because many chemis-
try textbooks at high school deseribe that copper(1I} hydroxide is precipitated by the
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Fig. 1 Typical TG-DTA curves for the thermal decomposition of synthetic brochantite and
copper(IT) hydroxide at a heating rate of 10 K min " under flowing N, (50 mi min H
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reaction. As shown in Fig. 1, the difference in the composition of the precipitate
from that of Cu{QH), can be easily recognized by comparing the TG-DTA traces for
these compounds, where Cu(OH), is prepared by adding hydroxide solution to
tetraamminccopper(1l) solution [20]. Utilizing the TG curve for the thermal decom-
position of Cu(OH),, students learn that the stoichiometry of the decomposition re-
aclion is casily cstimated from the mass loss data [9].

For determining the composition of basic copper(II) sulfate, various chemical tech-
niques can be used, together with TA measurements [12]. Reaction ratio of OH/Cu®
during the preciFilation reaction is determined hy the pH titration curve. From the
ratio of OH/Cu**=1.5, it is possible to estimate the composition of the precipitate,
Cus{OH)¢SOQ4, following the procedure of King and Cooper {21]. [R spectrum of the
precipitate indicates the absorption bands due to OH™ and SOZ [12]. Contents of
Cu?* and SO} in the sample precipitate can be determined quantitatively by means
of the iodometric analysis and gravimetric analysis as BaSQ,, respectively. X-ray
diflractometry (XRD) reveals that the crystal struciure of the precipitate corresponds
Lo mincral brochantite {16, 19].

On the basis of the estimated composition, the TG-DTA curve in Fig. 1{a) can be
explained by assuming that the thermal decomposition proceeds according to the
following 1wo separated steps [12, 16-19].

CU4(OH)6SO4 - CU40jSO4 -+ 3H20
Cuy0380, — 4Cu0 + SO,

The above reaction steps are confirmed by identifying the intermediate and end
products through the combination of chemical analyses, IR spectroscopy and XRD
[ 12, 16]. Using XRD, an exothermic peak observed around 815 K is identified as the
crystallization of amorphous dehydroxylated product to CuQ and CuQ-CuSO, [18]

The experimental procedure makes students fecl that they are participating in a
small research program. The experiment can be offered to students in various ways
depending on the level of class and the laboratory session from a simple TA to inte-
grated analytical chemistry.

Reaction mechanism of solid-state processes

The shape of TA traces during a reaction is closely related to the kinetics and
physico-geometric characteristics of the reaction. Direct observations of the textural
changes during the thermal dehydration of crystalline hydrates of inorganic salts en
able students to understand typical patierns of kinetic behavior that is characteristic
of the solid-state reactions [10, 13]. A varicty of the microscopic techniques can be
used depending on the level of class.

In many cases, the dehydration reaction initiates by the nucleation and growth
mechanisms at preferable sites on the surface of the single crystal. The superficial
textural change during the surface processes can he observed directly using a simple
optical microscope to examine partly dehydrated single crystals, It has been shown
that the surface processes of the single crystals of CuSO45H,0 [10, 13, 22|,
NiSQ,4-6H,0 [13, 23] and KCr{S0,4),-12H-0 [13, 24] are suitable for such observa-
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tions, Using an apparatus of thermomicroscopy with a programmable heating stage
for a microscope, the nucleation and growth processes on the surface of the single
crystals can be observed continuously, representing dramatic changes of the surface
texture that accompany dehydration reaction. For example, by heating the single
crystal of CuSO45H,0 at a constant temperature of 330 K, nucleus formation of tri-
hydrate is ohserved on the (010) surface within 5 min [10, 13]. Each nucleus has cra
ter-like surface irregularity with cracks radiating from the center that act as water ¢s-
cape channels. The escape process of water vapor from the center of the nuclei can
also be observed under microscopy. The shape and alignment of the crystallites,
which construct the nuclei, can be observed by scanning electron microscopy
(SEM).

More detailed examinations of the internuclear crack structure are possible by us-
ing a replication technique [13, 25). Replication of the crystal surface of partly de-
hydrated sample is performed by placing a drop of 2% solution of formvar in chlo-
roform. A rcplica retaining the detailed surface texture is obtained as a hardened
plastic after disselving the single crystal into water. The dricd replica can be exam-
ined by SEM. It has been reported by the technique that the intranuclear crack struc-
ture of an individual nucleus is clearly observed for the thermal dehydration of
KCr(SOy)a 1 2ZHy0 124].

Once a surface of the single crystal was covered with the product layer, a coher-
ent aclive reaction interface is generated just beneath the original reactant surface.
Subscguent advance of the reaction interface is regulated by the geomerry of volume
contraction. Observation of the reaction interlace advancing inward toward the cen-
ter of the single crystal is possible using a thin section technique [10, 13, 26). A crys-
tal facc of partially dchydrated single crystal is rubbed with abrasive cloth and paper
(ACP) of grit 500-2000, and the rubbed face is then mounted on a glass slide with
an adhesive resin and dried in air. The top is rubbed with the ACP to ca. 0.03 mm
thickness, covered with a thin glass slide that is fixed in position by an adhesive
resin, and dried in air. The thin section is then examined through a polarizing micro-
scope. Single crystals of the hydrates, which dehydrate in a well-defined single step
reaction. are preferable for the ohservalions of the estahlished reaction. The reaction
interfaces of the thermal dehydration of single crystalline Li;SO4H,O [26],
Cu(CH;CO0);-H,0 [27] and Zn(CH;,C00),-2H,0 [28] have been successfully ob-
served using the thin section technique, representing characteristic shape and struc-
ture of the interface depending on the material and crystallographic direction.

Using the above microscopic techniques, the course of dehydration reaction can
be followed by microscopic views of the textural changes. For a complicated reac-
tion process, such microscopic observations provide a basis (o interpret the kinetic
behavior [23, 29, 30]. Figure 2 shows the TG-DTG curves flor the thermal dehydra-
tion of single crystalline NiSQ,4-6H,0, together with typical microscopic views of
the sample at selected reaction steps. It was revealed by comparing the TG-DTG
curves with the microscopic views [23] that the non-isothermal dehydration pro-
ceeds in two stages: (1) surface nucleation and growth of nuclei at the surface, fol-
lowed by advance of rcaction front inward; (2) random nucleation and growth near the
reaction front as well as in the bulk, accompanied by the rapid escape of the product
water vapor though the crack formed on the surface layer created in stage (1),
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Fig. 2 TG-DTG curves for the thermal dehydration of single cryslallinc o-NiSO, 61,0 at 4
heatmg rate of 10K min " under rlowing N, (30 mlmin" "), together with typical micro-
scopic views of the sample at selected reaction steps

Such microscopic observations enable students o appreciate the fundamental
:oncepts of the interface reactions that underlie the kinctic characteristics of solid-
itate reactlion. Typical kinetic model functions of the solid-state reactions arc suc-
:essfully introduced 1o students on the basis of the visual experiences 110, 13].

A computer practice of drawing experimental master curves

Through the above cxperiments, students can understand that the shape of the TA
:urves during a reaction is determined by the kinetics and physico-geometric char-
wieristics of the reaction. A compuler practice ol drawing theoretical TA curves
seems to be useful o illustrate the relation between the shape of TA curves and the
¢inetics of the reaction.

An integral kinetic equation for the solid-state reaction 1s expressed as tollows.

I
E
(o) — i = -=qn 5y
g(o) — AQ with 0 0cxp[ RT}!

where 8 is the generalized time introduced by Ozawa [31]. Other symbols are in
standardized meanings. Under the condition of linearly increasing temperature at a
ate of @, 8 can he expressed by

CEewtn o _E
6= oR Tﬂ()«) with X=nr 2)

where 1(x) is a function to approximate the cxponential integrat. Using a simple ap-
proximate function m(x)=1/x, the theoretical TA curves can be drawn by a simple
spread sheet program by assuming g{o}, A, F and ¢. Figure 3 shows theoretical TA
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Fig. 3 Theroretical TA curves for the diffusion controlled reactions with £=100 kJ mol™,
InA=22 5™ and p=5 K min™'
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Fig. 4 Plots of o vs. 8/, ; for the diffusion controlled reactions

curves for the diffusion controlled reactions drawn by assuming £=100 kJ mol™’,
n A=22 s and @=5 K min™\.

From the theoretical TA curves, the experimental master curves, only depending
on the kinetic model function, can be drawn by calculating the value ol 9 at various
o, according to Eq. (2). The values of 8 al various «a are then divided by the value at
a=0.5, to obtain the reduced-genceralized time 0/8; 5. The plot of a vs. 8/, 5 is util-
ized as the experimental mater curve for the kinetic model. Figure 4 shows such
curves lor the diffusion controlied reactions. The experimental master curves drawn
can be used universally for the reaction under isothermal and non-isothermal condi-
tions [14, 15], because these are precisely identical with those for the isothcrmal re-
actions, f.e., the plot of o vs. #tys. The relation of the isothermal and non-isothermal
kinctics is also illustrated through drawing the experimental master curves.
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