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Abstract The formation of Barium monotungstate
(BaWO,) particles in equimolar powder mixtures of
BaCO; and WO5; was examined under isothermal and non-
isothermal conditions upon heating in air at 25-1200 °C,
using thermogravimetry. Concurrence of the observed
mass loss (due to the release of CO,) to the occurrence of
the formation reaction was evidenced. Accordingly, the
extent of reaction (x) was determined as a function of time
(t) or temperature (7). The x—¢ and x—T data thus obtained
were processed using well established mathematical
apparatus and methods, in order to characterize nature of
reaction rate-determining step, and derive isothermal and
non-isothermal kinetic parameters. Moreover, the reaction
mixture quenched at various temperatures (600—1,000 °C)
in the reaction course was analyzed by various spectro-
scopic and microscopic techniques, for material charac-
terization. The results obtained indicated that the reaction rate
may be controlled by unidirectional diffusion of WOj3 species
across the product layer (BaWQ,), which was implied to
form on the barium carbonate particles. The isothermally
determined activation energy (118-125 kJ/mol) was found to
be more credible than that (245 kJ/mol) determined non-
isothermally.
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Introduction

Stoichiometric barium monotungstate (i.e. BaWO,) is
distinct amongst analogous barium metalates (e.g.,
molybdate, titanate and chromate) by its emission of blue
or green luminescence [1, 2] and, hence, importance to the
electro-optical industry. The wavelength and intensity of
the luminescence exhibited have been found to depend
largely on the preparation conditions applied [2]. There-
fore, various preparation methods have been probed
including wet [3—6] and dry [7-11] techniques. Though the
“dry methods have been found inferior to the “wet” ones
for being more energy and time demanding, yet this can
well be sobered via kinetic and mechanistic assessments of
the solid-state reactions involved [12].

Accordingly, the present investigation was focused on the
preparation of BaWQ, via solid-state reaction(s) in an equi-
molar, loose powder mixture of BaCO; and WO3, an approach
[13-16]) that has been infrequently used to obtain the targeted
material. The reaction was followed thermogravimetrically,
and the fraction of reaction completed (x) as a function of
temperature (7) or time (¢), was processed using algorithms of
well established kinetic models [ 13—19] in order to derive non-
isothermal and isothermal reaction kinetic parameters. Then,
the kinetic parameters were discussed on basis of physico-
chemical modifications conceded by the reaction mixture, so
as to assess the reaction mechanism.

Experimental
Reactants

BaCO; and WOs3, 99.5% pure products of Aldrich (USA),
were ground to <120 mesh, mixed in equimolar quantities
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by first tumbling the two powders and, then, blending with
mortar and pestle for 30 min, in order to warrant homo-
geneity. Portions of the separate and mixed reactants were
calcined at some selected temperatures (for 3 h in a static
atmosphere of air), and the products were quenched to
room temperature (RT) prior to storing over silica gel till
further use. For clarity, the uncalcined reactants’ mixture is
denoted below BaWO,(RT), whereas, for instance, BaWO,
(850) means its 850 °C calcination product.

Thermogravimetry

Thermogravimetry (TG) was carried out in a dynamic
atmosphere of air (30 cm*/min), using a model TGA-50H
Shimadzu (Japan) automatically recording thermobalance.
For isothermal measurements, the mass change was fol-
lowed (continuously) at the set temperature for 3 h,
whereas for non-isothermal measurements, the mass
change was recorded on heating up to 1,200 °C at four
different rates (®): 10, 20, 35 and 50 °C/min. Data
acquisition and handling were facilitated by an on-line
workstation (TA-50WS, Shimadzu), and evolved gas
analysis by an on-line mass analyzer (a model Thermostar
Balzars quadrupole mass analyzer, Zwitzerlands).

Kinetic analysis

Assuming that the release of CO, is concurrent to the
tungstate formation, the consequent TG-determined mass
loss, whether isothermally (as a function of time (f)) or
non-isothermally (as a function of temperature (7)), was
used to calculate the fraction of reaction completed (x),
x = (mg—my o my)/(my—im,), where my, is the initial mass,
m, or my is the mass at a given time or temperature, and
My, is the theoretical mass at reaction completion.

The isothermal x—t data were processed using a com-
puter-oriented kinetic analysis based on rate law equations
(Table 1) corresponding to the indicated four different
models for product growth. On the other hand, the non-
isothermal x-T data were processed using installed stan-
dard software (TGA Kinetic Analysis, Shimadzu) to run
the mathematical algorithm of Ozawa’s method [14-16].

Characterization techniques

X-ray powder diffractometry (XRD) was carried out at room
and higher temperatures, using a Siemens D5000 diffrac-
tometer (Germany) equipped with Ni-filtered CuK,, radiation
(4 =1.5418 A, 40 kV and 30 mA), and a high-temperature
attachment (Biihler’s HDK S1, Germany). Infrared (IR) spectra
were taken of KBr-supported test samples (<1 mass %)
in the frequency range 4,000-400 cm ™" (at the resolution of
52 cm_l), using a Perkin—Elmer System 2,000 FT-IR
spectrometer (Germany). Laser-Raman (LRa) spectra were
taken of lightly compacted test samples, at 3,600-200 cm ™"
and the resolution of 0.2 cm™", using a Perkin—Elmer Sys-
tem 2000 FT-Ra spectrometer equipped with a near infrared
diode pumped Nd: YAG laser (4 = 1.064 um and 50-100 mW).
For morphological and elemental microprobing of test
samples, a model JSM-6300 Jeol scanning electron micro-
scope (SEM, Japan) equipped with a LINK’s ex] IT Oxford
energy dispersive spectrometer (EDS, U.K.) was employed.

Results and discussion

Concurrence of mass loss to reaction rate

Figure 1 shows BaCOj; to be thermally stable to heating in
air up to 943 °C, at which temperature it commences to

Table 1 Kinetic models for solid-state reactions and corresponding isothermal rate law equations [13, 17, 19]

Kinetic model Rate law equationa® Equation
Diffusion
Jander (J) k=[—-1-x"? 1
Kroger—Ziegler (KZ) kyzInt=1[1—-(1 — x)”3]2 2
Zhuravlev-Lesokhin—-Templ’man (ZLT) kz o1 = [1/(1 — )c))l/3 17 3
Ginstling-Brounshtein (GB) kgpt=1—2x/3 — (1 — 0*? 4
Dunwald—Wagner (DW) kpw £ = In [6/(72(1 — x))] 5
Phase boundary
Sphere (PB-Sph) kspnt=1— (1 —x)'" 6
Cylinder (PB-Cyl) keyt=1-(1-x" 7
Cube (PB-Cub) X = 8(kcun)C — 12(keuwn)*t® + 6(keu)t 8
Nuclei Growth (NG) In(1 —x)=— (kng D™ 9
Order of Reaction (RO) dx/dt = kog (1 — x)" 10

kor =1/ —n)[1 =1 =)' =" 11

a
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Fig. 1 Non-isothermal TG curves obtained upon heating (at 20 °C/min
and 30 cm® air/min) of separate and equimolar-mixed powders of
BaCO; and WO;3

suffer mass loss due to thermal decomposition. On the
other hand, WOj3 is shown to be mass invariant to heating
up to 1,200 °C, whereas BaWO,(RT) is shown to be mass
invariant to heating up to 465 °C, followed by a two-step
mass loss: (i) a gradual loss (4.3%) occurring at 465—
943 °C, and (ii) a very steep loss (5.8%) at 943-990 °C.
It is worth noting, that an on-line gas analysis of volatile
decomposition products of BaCO; and BaWO,(RT)
detected nothing, but CO, molecules, whereas XRD anal-
ysis of the solid products detected BaO (and minority
BaO,) for the former material only. Thus, it is evident that
the mass loss conceded by BaWO,(RT) at 465-943 °C is
due only to chemical reaction between BaCO3; and WOs;.
The fact that the solid product of BaWO,(RT) at 750 °C
was found by XRD to be void of separate BaO (or BaO,)
phase, may indicate that the influence of WO; is chemical
and not catalytic. Accordingly, the mass loss conceded by
BaWO(RT) at 465-943 °C (=10.1%) is concurrent and
very close to that (10.25%) expected for the formation of
BaWO, product having a 1:1 BaO:WO3; composition.

Reaction kinetic analysis and parameters
Based on the TG curve obtained for BaWOx(RT), Fig. 1,

the reaction course was TG-examined isothermally at four

Table 2 Isothermal and non-isothermal kinetic parameters

different temperatures in the range 700-850 °C. Then, four
sets of x—¢ data were derived and analyzed using the iso-
thermal rate law equations set out in Table 1. Then rate
constant values were calculated and plotted as a function of
“x”. Some of the plots of “k versus x” for the reaction at
800 °C are shown in Fig. 2. Plots showing “k” to depend
on the value of “x” would rule out the corresponding rate
law equations from being appropriate for describing the
reaction rate. Accordingly, the relationships exhibited in
Fig. 2 help realizing that both Jander (J) and Ginstling—
Brounshtein (GB) equations (#1 and #4, respectively) are
relatively the best fitting equations to the set of “x—” data
obtained at 800 °C. These two rate law equations were
maintained to be the best fitting equations to the “x—¢” data
obtained at the other three test temperatures (700 °C,
750 °C and 850 °C). It is worth emphasizing, however, that
the Ginstling—Brounstein (GB) equation is the corrected
form of the rather empirical Jander (J) equation.

Rate constant values determined by Jander and Gins-
tling—Brounshtein rate law equations (Table 1) were used
to construct Arrhenius plots (In k vs. 1/7) for the reaction,
and values of the activation energy (AE) and the frequency
factor (A) therefrom derived are given in Table 2. It is

Reaction Mechanism
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Fig. 2 Plots of reaction rate constant (k) values, determined via
processing of x—t data obtained at 800 °C using the isothermal rate
law equations indicated (and listed in Table 1), versus fraction of
reaction completed in equimolar powder mixture of BaCO5; and WO;

Isothermal Non-isothermal®

AE/+ 2 kJ mol ™! A/min~! AE/+ 2 kJ mol ™! A/min Order®
Je GB¢ Je GB¢

125 118 14.9 x 107 49 x 10? 245 2 x 10'° 0.6

*  Applying Ozawa’s method [14-16]
Order of reaction
¢ T = Jander equation (#1; Table 1)
4 BG = Ginstling—Brounstein equation (#4; Table 1)
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obvious from the table, that values of the isothermal kinetic
parameters (AE and A) are not identical, but are rather
reasonably close, particularly those of the activation energy
(125 £ 2 (J-equation) and 118 £2 (GB-equation)
kJ mol_l). To the best of our knowledge, no such kinetic
analysis results have been reported in the accessible liter-
ature for solid-state reactions in powder mixtures of BaCO3
and WO;.

Non-isothermal kinetic analysis of the reaction was
carried out by processing of “x—7" data determined by TG
curves obtained at four different heating rates, namely
® = 10, 20, 35 and 50 °C. According to Ozawa’s method
[14-16], slope of plots of “log® versus 1/T” were used to
determine the activation energy (AE) value corresponding
to each of four different “x” values, namely x = 20, 40, 60
and 80%. The average value (AE = 245 + 2 kJ/mol) thus
obtained is shown (Table 2) to be almost twice as much as
the isothermal activation energy value (118-125 kJ/mol).
This significant disagreement can be largely alleviated
when the energy data obtained at x > 40% are disqualified
for being corresponding to the second and much faster
reaction step, which was not involved in the isothermal
energy calculations. Hence, the average of the two acti-
vation energy values corresponding to x = 20 and 40%
was found to be (132 kJ/mole) much closer to the iso-
thermal kinetic activation energy values (Table 2).

Incorporating the average non-isothermal AE value
(=245 kJ/mol), the x—T data were processed by means of
the following Eq. 12 to construct corresponding relation-
ships of “dC/d0 versus 0”, where C = x and 6 = reduced
time [19].

d’C/d* = [d*f(0)/d0*|A*[exp(—2AE/RT)]
+ (DPAAE)/RT?[df (0)/d0lexp(AE/RT) (1)

The relationships thus obtained were automatically
matched with theoretical relationships of preset reaction
order and frequency factor “A” [14-16]. The closest
matching encountered communicated the reaction order
given in Table 2. Implementing Ozawa’s algorithm [14—
16], hypothetical “x—t” plots were calculated and
constructed, and the reaction rate constant “k” at some
selected temperatures in the reaction course was
determined. When the k—T data thus obtained were used
to construct an Arrhenius plot, the slope of which led to a
closer activation energy value (164 kJ/mol) to the
isothermal ones (118-125 kJ/mol) than the non-
isothermal activation energy (245 kJ/mole).

It is obvious from the above kinetic handling, that the
isothermal kinetic parameters, whether obtained directly by
means of the best fitting isothermal rate law equations
(Table 1) or indirectly within the framework of Ozawa’s
method, are more credible than the non-isothermal
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parameters. This is particularly true when the reaction
course is a straightforward one, or involves chemically and/
or kinetically resolved reaction steps. Accordingly, the
solid-state reaction between BaCO5; and WO; particles may
be kinetically controlled by diffusion of reactants across
the product(s) layer, which is shown to be best described by
the isothermal rate law equation #4 (GB, Table 1) or
equation #1 (J, Table 1) Fig. 2.

Reaction product analysis and mechanism

Calcination products of the separate and mixed reactants
BaCO; and WOs;, obtained following heating in air at some
selected temperatures in the reaction course (600-1,000 °C)
for 3 h, were subjected to XRD, IR, LRa, SEM and EDS
analyses. The results obtained were unanimous in indicat-
ing the following: (i) at <700 °C, the reaction powder
mixture did not give rise to detectable indications of
product formation, the sole detectable phases being the
reactants BaCO;3; and WO;, (ii) at 700 °C, weak XRD, IR
and LRa diagnostic features of BaWO, commenced to
emerge, (iii) at 750 °C, the reaction mixture was shown to
contain BaWOQ, as the major component and WO5 as the
minor one, with no sign of the presence of BaCOj3, and
(iv) at >850 °C, nothing was detectable in the reaction
mixture, but BaWQ,. XRD, IR and LLRa characteristics of
the sole detectable product BaWQO, in BaWO,(850) are
exhibited in Fig. 3. The XRD peaks are strong and narrow,
which indicate formation of large crystallites of BaWO,.
The interplanner (d) spacings thus determined and the
relative peak intensities displayed (Fig. 3) are very close to
those filed in JCPDS 8-457 for tetragonally-structured
BaWO,. The four strongest XRD peaks correspond to the
following d and (hkl) indices: 3.387 A (112), 2.260 A
(204), 2.112 A (220), and 1.715 (312). The fact that the
peak at d = 2.260 A is shown to be slightly more intense
than the latter two peaks may be considered, according to
Xie et al. [4], to be indicative of a slight monoclinic dis-
tortion of the product tetragonal lattice. In line with
these XRD results, the LRa spectrum of BaWO,(850)
displays nothing but the characteristic peaks of BaWO,
[20, 21] (Fig. 3). The same applies to corresponding IR
spectrum (Fig. 3), though it shows in addition to the
strongly overlapping absorptions of W-O lattice vibrations
(at 919-798 cm™!) of tungstate groups of BaWO, [22-24]
a very weak and broad band at 1,429 cmfl, which could be
due to impurity carbonate species.

The SEM micrograph obtained for BaWO, (850),
Fig. 4(a), reveals agglomerates, in a rather perfect egg-shell
structure of large diameters (50-60 pm and 70-80 um),
of polyhedral crystallites of uniform edge length in the range
2-3 um (Fig. 4b), when the x-labeled particle shown in
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Fig. 3 XRD diffractogram, and IR and LRa spectra exhibited by the
equimolar powder mixture of BaCOs; and WO; following its
calcination at 850 °C for 3 h. The diffraction peaks are indicated
by the corresponding d-spacing values (in A)

Fig. 4b was EDS-analyzed, the results reported in Fig. 4
were obtained. These results communicate detection of Ba,
W and O atoms in proportions making-up the empirical
formula Ba; W/ 504 . This formula is, indeed, indicative of
formation of BaWO, crystals, provided that the extra-for-
mula amount of W is due to inaccurate quantification of the
element caused by overlapping contribution from Ba L-
series [25]. This morphology, evolving in the solid state, is
entirely different from the morphologies observed for
BaWO, particles synthesized in solutions containing dif-
ferent surfactants [4]. Xie et al. [4] have reported that dif-
ferent surfactants can form micelles with different
morphologies, and, hence, olive-like, flake-like and whisker-
like BaWO, crystals were prepared. These authors [4] could,
however, show that increasing concentration of the parent
materials (BaCl, and Na,WQ,) in solutions containing one-
and-the same surfactant results in BaWQ, crystals of poly-
hedral-like morphology, i.e. similar to the present case
(Fig. 4b).
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SEM

! EDX
154

L}

! W' [Element Atom %
a |
O 104 Ba 16.244
= w 18.626 :I-»Ba1 oW,,0,,
= 01274l
c 1 [e] 65.130
L :
£ 54 Ba

-
1

w
- &
.0 5.0 10.0 15.0
keV

oplo—aaa

Fig. 4 SEM micrographs obtained (at two different magnifications)
for the equimolar powder mixture of BaCO3; and WO; following its
calcination at 850 °C for 3 h. The EDX micro-probing results were
obtained for the x-labeled location of the micrograph (b)

The above results may imply that the product layer,
BaWOQ,, must have been established on the carbonate
particles. Accordingly, one may suggest the migration of
WO; species towards the carbonate particles to trigger the
formation reaction of the tungstate:

BaCO; + WO3 — BaWO, + CO, T

Using a set of similar powder mixtures of WO5; and
MCOs;, where M stands for Mg, Ca, Sr or Ba, Guo and
Kleppa [26] have determined enthalpy of formation of each
corresponding tunhstate (MWO,) by high-temperature
direct synthesis calorimetry. They have determined
enthalpy of formation of —256 4 3.9 kJ/mol (at 298 K)
for BaWO3;. They, moreover, concluded that the magnitude
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of the enthalpy of formation of MWOQO, increases almost
linearly with the increase of the ionic radius of the divalent
cation, and suggested migration of WO; species towards
BaCO; particles to trigger the reaction [26]. In the
exothermic direction of the reaction, the increase of the heat
of formation would be corresponded by a decrease of the
activation energy of the reaction [27]. Hence, the high
enthalpy of formation observed for BaWQ, [26] would favour
the low isothermal activation energy (118-125 kJ/mol) over
the high non-isothermal activation energy (245 kJ/mole)
determined in the present work for the formation reaction of
BawO,.

The mass loss (10.25%) theoretically anticipated upon
completion of the formation reaction of BaWQ, is very
close to the TG-determined mass loss (10.1%) for the
reaction (Fig. 1). In view of the facts that (i) BaWOy, is the
raction sole detectable product, and (ii) its rate is diffusion
controlled, occurrence of the mass loss accompanying the
reaction via two kinetically resolved steps (Fig. 1) may
account for a high-temperature alleviation of the diffusion
control at >943 °C (Fig. 1). In other words, if the slow rate
of the reaction at <943 °C is attributed to the usually slow
diffusion of reactants across the product layer, the marked
enhancement observed at >943 °C (Fig. 1) might be
ascribed to a change in the nature of the rate determining
process from a physical to a chemical one. Thus a pro-
portional, considerable enhancement of the diffusion rate
must be expected.

The reaction interface may, accordingly, be envisaged to
assume the following phase composition: BaCOj;|Ba
WO,4|WO;, with, most likely, a unidirectional diffusion of
WOj; species, through the product layer, towards the car-
bonate. The present results cannot help concluding the
nature of the diffusing tungesta species, i.e. whether cat-
ionic diffusion and “oxygen-vapour” transport [27] or
“WO,(OH),-vapour” transport. Admittedly, however, for-
mation of volatile WO,(OH), species is much less likely
than the analogous MoO,(OH),, which is known to form
when MoOj; is heated in a wet atmosphere [28]. On the
other hand, cationic diffusion is supposed to take place via
interstitial voids [13, 27] of the lattice of a product layer,
i.e. it is a structure-sensitive process. Oxygen-vapour
transport, on the other hand, is controlled by the energy
required to release oxygen into the vapour phase [13], and
subsequently by the conjugate electronic mobility through
the product layer maintaining local electrical neutrality. It
is plausible to suggest, that a change of nature of the
diffusing species across a given product layer, or a change
of the product layer accessibility to a given diffusing
species, may explain the observed change in the reaction
rate as a function of temperature (Fig. 1). Unfortunately,
the present results cannot help favouring either of these
alternatives.
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Conclusions

The above presented and discussed results may help
drawing the following conclusions:

1. The chemical reactivity is triggered in equimolar
powder mixture of BaCO; and WO;5 near 465 °C in
air, producing BaWOy, in the solid state and releasing
CO, into the gas phase.

2. The formation of the tungstate at a temperature range
(<943 °C) at which the separate reactants are ther-
mally stable, together with the absence of formation of
separate BaOx species in the reaction course, provide
sufficient evidence for the concurrence of CO, release
to the formation reaction of BaWOy,.

3. Ginstling—Brounshtein (kgg 1= 1 — 2x/3 — (1-x)*?)
and Jander (ky t = [1 — (1-x)'*]?) rate law equations
are best describing the isothermal kinetic data, thus
indicating that the reaction rate (i.e., product forma-
tion) is controlled by diffusion of reactants across the
product layer.

4. The diffusing reactant species may be those of WO3,
which may migrate either in the form of cationic
diffusion and oxygen-vapour transport, or WO,(OH),-
vapour transport. Though formation of such latter
WO,(OH), volatile species is less likely, it cannot be
excluded with certainty.

5. Despite some obvious shortcomings, non-isothermal
kinetic measurements can enable steps in the reaction
course to be distinguished.
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