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Abstract: Conversion of SrSO, to acidic strontium oxalate hydrate (H[Sr(C,04), 5(H,0)]) in aqueous H,C,0, solutions proceeds as a
consecutive reaction. In the first step of the consecutive reaction, SrSO, reacts with H,C,0,4 and pseudomorphic conversion to
SrC,04-H,0 occurs. In the second step, SrC,0,4 -H,0 reacts with H,C,04 to form H[Sr(C,04), 5(H,0)]. Sr(HC,04)(C504)05-H,O
crystallizes during cooling of the reaction mixture to room temperature if the solution reaches the saturation concentration of
H[Sr(C,04),5(H,0)]. The aims of this study are the derivation of reaction rate equations and the determination of the kinetic
parameters such as pre-exponential factor, apparent activation energy and order of H,C,0,4 concentration for each reaction step.
Fractional conversions of SrSO4 were calculated using the quantitative amounts of dissolved S and Sr. It was determined that the
reaction rate increased at the initial time of reaction by increasing the temperature using solutions with approximately same H,C,04
concentrations. The reaction extends very slowly after a certain time in solutions with low H,C,04 concentration and ends by the
formation of a protective layer of SrC,0,-H,O around the surfaces of solid particles. Fractional conversion of SrSQ, is increased by
increasing concentration of H,C,0, at constant temperature. Kinetic model equations were derived using shrinking core model for

each step.
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1 Introduction

Celestite (SrSO4) and strontianite (SrCO;) are
minerals used commonly for industrial purposes.
Celestite is converted in industrial applications firstly to
SrCO; by pyrometallurgical, hydrometallurgical or
mechanochemical methods and then it is converted to
other compounds such as SrCl,, SrCrO,4, Sr(NO;), and
SrO. There are two commonly used SrCO; production
processes: black ash and direct conversion. In the black
ash process, SrSO, is reduced with coke to produce
water soluble SrS and the StS is leached with water and
finally reacted either with Na,CO;, CO, or other
carbonating agent solutions [1-3]. Metallothermic
method by using Al or Mg as reductant was applied for
the reduction of celestite to SrS [4,5]. In the direct
conversion process, concentrated celestite reacts with
CO3™ ion-containing solutions to form the insoluble
SrCO; at low temperatures [6—10]. Mechanochemical
method is applied for the conversion of celestite to

SrCO; [11-15].

Strontium oxalate is a precursor for the production
of strontium compounds such as Bi—Sr—Ca—Cu-O
(BSCCO) high-temperature superconductive materials. It
must be pure, homogeneous and has a definite
composition [16]. BSCCO materials were produced by
co-precipitation from their nitrate solutions using H,C,0,4
and (NH4),C,0O, solutions. The production of
superconductive metal oxide materials by thermal
decomposition of co-precipitated or mechanically-mixed
metal oxalates was also investigated [16—18].

Two types of strontium oxalate hydrates have been
known: neutral (SrC,04:xH,0, x=1, 1.25, 2 and 2.5) and
acidic (Sr(HC,04)(C,04)0.5-H,0 or SrC,04(H,C, O4)o s
H,0). The production of neutral or acidic strontium
oxalates depends on oxalate reactant used (H,C,O, or
(NH4),C,0,), pH, temperature of the solution and drying
time of the precipitate. XRD and neutron diffraction
techniques were used for the structural investigation of
acidic strontium oxalate [18]. Dumbbell-shaped, peanut-
shaped, transparent prismatic bi-pyramidal platy-shaped
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and spherulite type single crystal strontium oxalates were
also prepared [19-21].

The effects of H,C,04, Na,CyO, and (NH4),C,04
solutions on the conversion of reagent grade SrSO,4 and
celestite mineral to strontium oxalate hydrate were
investigated by XRD and it was found that aqueous
H,C,0, and Na,C,0, solutions had no or little effect
on reagent grade SrSO, or celestite concentrate, but
aqueous (NH4),C,04 solution converted them into
SrC,04-H,O [22]. BACCE et al [23] investigated the
precipitation of SrC,0,-H,O by mixing SrCl, and
(NH,4),C,0, solutions under conventional and ultrasonic
stirring conditions. SrC,04-H,O and SrC,04 particles
have been obtained in ellipsoid shape using these
experimental conditions.

The investigation of the thermal decomposition
mechanism of neutral oxalate hydrate (SrC,04 xH,0,
where x=1, 1.25, 2 or 2.5) was performed under different
gas atmospheres such as air, H,, N, and CO, [17,24-26].
KNAEPAN et al [16] investigated the thermal
decomposition behavior of co-precipitated Ca,Sr;-,C,0,,
mechanically-mixed SrC,0, and CaC,04 and acidic
strontium oxalate hydrate.

There is no study in literature that examined
systematically the conversion mechanism of celestite to
acidic strontium oxalate hydrate. Therefore, we focused
on this subject in our previous work [27] at which we
have determined the conversion mechanism of celestite
to acidic strontium oxalate and characterized the by- and
end-products obtained during the conversion reaction
using excess amounts of H,C,O, with respect to the
conversion reaction stoichiometry. We used XRD,
ICP—OES and simultaneous TGA—-DTA—MS analytical
techniques to explain the conversion mechanism of
SrSO, to acidic strontium oxalate hydrate.

We determined that the conversion of SrSO, to
acidic strontium oxalate in aqueous H,C,O, solutions
proceeds in two consecutive reaction steps: In the first
step of the consecutive reaction, the conversion of SrSO4
to SrC,04,-H,O is a solid—liquid heterogeneous type
reaction. The solubility products of SrSO, and
SrC,04-H,0 are K, s:50,=2.8%10 "7 and K, s:c,041:0=5%
10°%, respectively [2,21]. This indicates that the solubility
of SrC,04°-H,0O 1is lower than SrSO,. As a result of the
difference in the solubility of these solid substances, a
driving force is generated for the realization of the
solid—liquid heterogeneous type reaction. The first step
of the consecutive reaction proceeds by the exchange of
SOZ™ ions with the C,02" ions present in the bulk
solution. The naturally occurred SrSO, particles are
non-porous. The molar volume of SrC,04H,0O
(71.18x10~* m’/kmol) is 53.47% greater than the molar
volume of SrSO, (46.38x10~* m*/kmol) [15]. Therefore,
SrC,04-H,O layer formed around the SrSO, particles

during the pseudomorphic conversion must have a
protective layer. This protective layer of the SrC,04-H,O
hinders the collision of solid reactant surfaces with
H,C,04 in the liquid bulk phase. Therefore, ion-
exchange reaction between SrSO, and H,C,0,4 proceeds
up to the covering of the SrSO, particle surfaces with the
protective layer of SrC,04-H,0. The conversion reaction
proceeds because the protective layer reacts with H,C,04
during the second step of the consecutive reaction and
again the surfaces of the SrSO, reactant particles are free
and ready for contact with H,C,0,.

In the second step of the consecutive reaction,
SrC,04-H,O formed during the first step reacts with
H,C,0,4 to form the water soluble H[Sr(C,0,),5(H,0)]
which undergoes the bulk solution phase. This
explanation was made due to the concentration of
strontium in solution determined by quantitative
chemical analysis of ICP—OES is much more than the
concentration of strontium that can be come from the
dissolution of SrC,0,-H,0O. The conversion reaction
proceeds up to the saturation concentration of
H[Sr(C,0,4);5(H,0)]. By reaching the saturation
concentration of H[Sr(C,04),5(H,0)], the second step of
the consecutive reaction stops while SrC,0,-H,0O formed
on the surfaces of the reactant SrSQ, particles can not be
removed. At the end of experiment, by decreasing the
temperature to room temperature, St(HC,04)(C,04)¢.5°
H,O crystallizes if its concentration in the solution is
higher than its saturation concentration at room
temperature.

The aims of this study were the derivation of
reaction rate equations for each reaction step of SrSO,4
conversion and the determination of the kinetic
parameters such as pre-exponential factor, apparent
activation energy and order of H,C,0O4 concentration.
The effects of stirring speed, celestite particle size,
H,C,0, concentration and temperature on the conversion
reaction rate were also investigated. Fractional
conversion versus time curves drawn by using the
derived Kinetic Model Equations were compared to the
experimental findings.

2 Experimental

2.1 Celestite concentrate

Celestite concentrate was provided by Barit Maden
Turk A.S.. The celestite concentrate was wet sieved
(Octagon 200) to obtain four particle size fractions:
250-315, 150-180, 90-125 and 3845 pm. The
fractions were dried in oven (Binder ED 115) at 378 K
for 8 h. Phase and chemical composition of celestite
concentrate were determined by XRD, Rietveld (Rigaku
D/Max—2200) and XRF (Panalytical Axios—Minerals)
analytical methods. 2 g of celestite concentrate was used
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in each experiment.

2.2 Oxalic acid solutions

0.1, 0.2, 04, 0.8 and 1.2 mol of H,C,O, was
dissolved in 1 L solution. The exact concentration of
H,C,0,4 in the prepared solution was determined by
volumetric analysis (titration) using 0.1 mol/L standard
KMnOy solution (Merck) [28]. 1 L solution was used in
each experiment.

2.3 Experimental set-up

Experiments were performed in a hydro-
metallurgical glass reactor with total volume of 1.5 L
(HWS). Isothermal condition in the reactor was achieved
by continuous circulation of hot water through the jacket
of the reactor and by mechanical stirring of the reactor
content. Circulation of water at constant temperature was
provided from a thermostatic bath (Julabo). When
isothermal conditions were obtained in the reactor,
celestite concentrate was added to the reactor. The
conversion reaction of SrSO, was carried out under
isothermal conditions at temperatures of 301.5, 313, 328,
343 and 358 K and stirring speeds of 300, 400 and
500 r/min. A special sampling apparatus with a porous
ceramic disc at the end of a glass tube was used to take
solutions without solid contamination. 10 mL solution
samples were taken from the reactor at certain time
intervals for quantitative analysis of S (coming from
HSO, ions) and Sr (coming from strontium chelate
compound) that are present in the solution. Equal volume
of fresh acid solution was added to the reactor after each
sampling in order to maintain the reactor volume and
H,C,04 concentration approximately constant during
conversion reaction. Quantitative analyses of dissolved
elements in the solution samples were carried out by
ICP—OES instrument (Spectro Ciros Vision).

3 Results and discussion

3.1 Characterization of celestite concentrate

XRF and Rietveld quantitative analysis results of
four particle size fractions of celestite concentrate (Table
1) indicated that all size fractions included main
compound SrSO, and major contaminations CaCOs,
BaSO,, SiO,, Fe,0;, Al,O; and PbSO,4. The amounts
(<0.05 wt.%) of minor contaminations of celestite
concentrate (CuO, ZnO and NiO) were not shown in
Table 1. XRD patterns of the celestite concentrates (XRD
pattern of the celestite concentrate with particle size
fraction of 90—125 pum was given in our previous
study [27]) came only from the peaks of SrSO, (ICDD
05-0593) while the peaks of the major contaminations
are not detectable since their amounts in celestite
concentrate are too low.

Table 1 Chemical composition of various particle size fractions
of celestite concentrate

Composition/wt.%

Compound
250-315 pm 150—180 pm 90—125 pm 38-45 pm

SrSO, 95.506 93.888 95.738 93.640
CaCO;, 2.395 3.639 2.151 3.390
BaSO, 1.109 1.292 1.414 1.680
SiO, 0.559 0.687 0.318 0.693
Fe, 03 0.272 0.283 0.191 0.353
AlLO3 0.063 0.097 0.078 0.118
PbSO, 0.066 0.059 0.064 0.079

3.2 Dissolution behavior of H,C,0,

H,C,0; is a diprotic acid. Therefore, Reactions (1)
and (2) occur as a consecutive reaction during the
dissolution of H,C,O, in water. The temperature
dependency of acid dissociation constants of Reactions
(1) (X)) and 2 (K,) is given, where pK is defined as
—lg K [29,30]. K; and K, were calculated for each
temperature according to Egs. (1) and (2) (Table 2):

H,C,04(d)==HC,0; (aq) +H (aq),

pK,=1.953-203.686/T (1)
HC,0; (aq)==C,0; (aq) +H'(aq),
pK,=5.492-365.59/T 2)

Table 2 Acid dissociation constants of Reactions (1) and (2) at

various temperatures

T/K K, K,
301.5 5.279x1072 5.255x107°
313 4.986x107> 4.743x10°°
328 4.656x1072 4.194x107°
343 4373x107 3.748x107°
358 4.135%107> 3.382x107°

Concentrations of Czoi_, HC,04 , H,C,0, and
H' are calculated by solving two equations with two
variables obtained using K, and K, values given in Table
2 for each temperature and the amounts of H,C,0, used
for the preparation of 1 L solution. The calculated values
of C,05, HC,0; , H,C,04and H' concentrations are
given in Table 3. It was observed that the amounts of
czoi‘ group containing molecules given in Table 3 are
in good agreement with the volumetric analysis results.

Enthalpies of Reactions (1) and (2) were calculated
for each temperature according to pK,; and pK, as —3.9
and —7 kJ/mol, indicating that both reactions are
exothermic. When the amount of H,C,0,4 used for the
preparation of 1 L solution is kept constant and the
temperature of the solution increases, H,C,0,
concentration increases and czoi‘, HC,0; and H'
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Table 3 Concentrations of CZOAZ" , HC,0; , H,C,0, and H" obtained by dissolving various amounts of H,C,0, in 1 L solution

C,03 concentration/(mol-L™")

C(H2C204):0.10 mol/L C(H2C204):0.20 mol/L C(H2C204):0.40 mol/L C(H2C204):0.80 mol/L C(H2C204):1.20 mol/L

301.5 5.2442x107 5.2481x107 5.2505x107° 5.2519%x107° 5.2526x107°
313 4.7340x107° 4.7372x107° 4.7392x107 4.7404%107 4.7410%107°
328 4.1868x107° 4.1894x107° 4.1909x107 4.1919x107° 4.1924x107
343 3.7421x107° 3.7442x107° 3.7455%107° 3.7463x107° 3.7467x107°
358 3.3771x107° 3.3789x107° 3.3799%107° 3.3806%107° 3.3809%107°

HC,0, concentration/(mol-L ")

c(H,Cy04)=0.10 mol/L  ¢(H,C,04)=0.20 mol/L  ¢(H,C,04)=0.40 mol/L  ¢(H,C,04)=0.80 mol/L  ¢(H,C,04)=1.20 mol/L

301.5 0.050855 0.079641 0.121244 0.180745 0.226623
313 0.049906 0.077947 0.118429 0.176292 0.220895
328 0.048775 0.075945 0.115119 0.171074 0.214194
343 0.047747 0.074140 0.112150 0.166411 0.208215
358 0.046837 0.072551 0.109550 0.162342 0.203004

H,C,0, concentration/(molL*l)
K c(HyC,04)=0.10 mol/L  ¢(H,C;04)=0.20 mol/L  ¢(H,C,04)=0.40 mol/L  ¢(H,C,04)=0.80 mol/L  ¢(H,C,0,4)=1.20 mol/L

301.5 0.049092 0.120307 0.278704 0.619203 0.973324
313 0.050047 0.122005 0.281523 0.623660 0.979057
328 0.051183 0.124013 0.284839 0.628884 0.985764
343 0.052215 0.125823 0.287812 0.633551 0.991747
358 0.053120 0.127415 0.290416 0.637625 0.996962

H* concentration/(mol-L™")

C(H2C204):0.10 mol/L C(H2C204):0.20 mol/L C(H2C204):0.40 mol/L C(H2C204):0,80 mol/L C(H2C204):1,20 mol/L

301.5 0.050960 0.079746
313 0.050001 0.078042
328 0.048859 0.076029
343 0.047822 0.074177
358 0.046905 0.072619

0.121348 0.180850 0.226728
0.118524 0.176387 0.220990
0.115203 0.171158 0.214278
0.112225 0.166486 0.208290
0.109618 0.162409 0.203072

ion concentrations decrease in accordance with the Le
Chatelier’s Principle. On the other hand, when the
temperature of the solution is kept constant and the
amount of H,C,O, used for the preparation of 1 L
solution increases, H', HC,0; and H,C,0,
concentrations increase and the concentration of C,0;
remains approximately constant (Table 3).

3.3 Calculation of fractional conversion

Fractional conversions of SrSO, were calculated
using ICP—OES (Spectro Ciros Vision) quantitative
chemical analysis results of S and Sr present in the
solutions taken during the conversion experiments at
certain time intervals. Fractional conversion of SrSO,
was calculated according to Eq. (3):

X, =—L 3
i, (€)

1

where X; (i S or Sr) is the fractional conversion of
SrSO4, Wy is the initial mole amount of i elements and

W; is the mole amount of i elements of reacted SrSO,to
produce soluble HSO, or soluble strontium chelate
molecules at any reaction time.

Normally, X5, and Xg values must be equal if all
reacted SrSO, produces equimolar amounts of water
soluble HSO, ions and water soluble strontium chelate
molecules. It was determined in all experiments that
Xs;<Xs. This result indicates clearly that a part of the
reacted SrSO, was converted to insoluble strontium
oxalate hydrate during the conversion reaction of SrSO,.

3.4 Effect of stirring speed on conversion reaction
rate of SrSO,

The effect of stirring speed on the conversion
reaction rate of SrSO, was investigated using 300, 400
and 500 r/min, 2 g of celestite concentrate with particle
size fraction of 90—125 um, 1 L solution obtained by
dissolving 1.20 mol H,C,0,4 and 358 K (Fig. (1)). It can
be seen that increase of stirring speed from 300 to
500 r/min has no effect on the conversion reaction rate.
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Fig. 1 X5 vs ¢ diagrams for various stirring speeds (celestite:
0.0104 mol, particle size: 90—125 pm, solution: 1 L, HyC,O4:
1.2 mol, temperature: 358 K)
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Therefore, the resistance of the liquid film layer that
surrounds the surfaces of celestite particles is not
effective on the conversion reaction rate by using stirring
speed of 500 r/min. This stirring speed was kept constant
at all experiments where effects of other kinetic
parameters affecting reaction rate were investigated.

3.5 Effect of H,C,04 concentration and temperature
on conversion reaction rate of SrSO,

Xs vs t and X, vs ¢ diagrams obtained for 301.5, 313,
328, 343 and 358 K and 1 L solutions obtained by
dissolving 0.1, 0.2, 04, 0.8 and 1.2 mol H,C,0, are
shown in Fig. 2. The diagrams in Figs. 2(a—e) show the
effect of H,C,O, concentration on the conversion
reaction rate of SrSO,at constant temperature. While the
same amount of H,C,0,4 was used for each temperature,
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Fig. 2 X5 vs t and Xs, vs ¢ diagrams for various H,C,0,4 concentrations and temperatures (celestite: 0.0104 mol, particle size:
90—125 pm, solution: 1 L, stirring speed: 500 r/min): (a) 301.5 K; (b) 313 K; (c) 328 K; (d) 343 K; (e) 358 K
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amounts of H,C,O41in 1 L solutions were not the same
because of equilibrium Reactions (1) and (2). Therefore,
real amounts of H,C,O4 in 1 L solutions are the
concentrations given in Table 3 and these values were
used in the calculation of reaction rate parameters.

The Xs vs t diagrams given in Fig. 3 show the effect
of temperature on the conversion reaction rate of SrSO,
at constant dissolved amount of H,C,0,4 (1.2 mol) in 1 L
solution. Diagrams obtained for other constant dissolved
amounts of H,C,O4 in 1L solution at various
temperatures were not shown to avoid repetition.

1.0 A A
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A v b v
v
L v
08F a - % .
.
A v *
v
» 0.6 *
k A v * . . n
v A L
04r * L] ()
v ¢ ] ° . 4
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a0 3280 0.985764
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0.2 0.4 O‘.6 0.8 1.0 1.2
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Fig. 3 X5 vs t diagrams for various temperatures (celestite:

0.0104 mol, particle size: 90—125 pm, solution: 1 L, stirring

speed: 500 r/min)

Xs vs t and Xg, vs ¢ diagrams in Figs. 2(a—e) show
that in the initial stage of conversion reaction, increase of
H,C,0, concentration at constant temperature increased
the conversion rate of SrSO,. This indicated that the
concentration of H,C,O, has a distinct effect on the
conversion reaction rate and therefore its order must be
introduced in rate equation. The increase of temperature
from 301.5 to 358 K in solutions that have approximately
the same concentration of H,C,04 (Figs. 2(a—e) and
Fig. 3) increased the conversion reaction rate effectively
at the initial stage of reaction. This indicated that the
reaction is under chemical reaction kinetics control.
Conversion reaction rate decreases progressively after a
certain period of reaction at constant temperature and
H,C,0, concentration.

3.6 Effect of celestite particle size on conversion
reaction rate of SrSO,

Xs; vs t diagrams (Fig. 4) obtained by using four
particle size fractions of celestite concentrate, 1 L
solution obtained by dissolving 1.2 mol of H,C,O,,
358 K and 500 r/min. As expected, the conversion
reaction rate of SrSO, was increased with decreasing
particle size. The number of particles increases by using
the same amount of concentrated celestite with smaller

particle size. Thus, surface area of the reacting solid
particles increases. The topochemical reaction proceeds
on the surfaces of SrSO, particles and therefore the
fractional conversion obtained at the same reaction time
is higher when celestite concentrate with smaller particle
sizes was used.

50.6F
X Particle size/um

0.4 a 38-45
o 90-125
o 150-180

0.2 o 250-315

— Kinetic model Eq. (38)
0 2 4 6 8 10
t/ks

Fig. 4 X, vs t diagrams for various particle sizes of celestite
concentrate (celestite: 0.0104 mol, solution: 1 L, H,C,O4:
1.2 mol, temperature: 358 K, stirring speed: 500 r/min)

3.7 Kinetics of conversion reaction of SrSO,

The solubility product constant of SrC,0O4 H,O at
298 K (KSP’SrCzoszO:SXIO_s) which is the intermediate
product of conversion reaction of SrSO; to
H[Sr(C,04);5(H,0O)] is less than the solubility product
constant of SrSO, (K sis0,=2-8x10"7) [22,31]. There is
no information in literature about the solubility product
constant of Sr(HC,0,)(C,04)05-H,0. It is evident that
the affinity of Sr*" ions to C,03  ions is higher than
that of SO;  ions. This is the driving force for the
conversion reaction.

In our previous study, we have proposed the
conversion mechanism of SrSO4to H[Sr(C,0,),5(H,0)]
[27]. The shape of fractional conversion vs time
diagrams shown in Figs. 2(a—e) supports the proposed
mechanism. The conversion of SrSO,; proceeds
according to proposed mechanism as follows: SrSO4
reacts with H,C,0,4 on the surfaces of particles and is
converted according to irreversible Reaction (4a) to
adsorbed SrC,0,-H,O. At the same time, adsorbed
SrC,04-H,O dissolves rapidly in H,C,O4 solution
according to the equilibrium Reaction (4b) until
saturation conditions are achieved. C,0; reacts with
H™ to form HC,0; according to the equilibrium
Reaction (4c). By achievement of the saturation
concentration according to Reaction (4b), dense
(non-porous) SrC,04-H,0 protective layer forms on the
reactant particle surfaces according to Reaction (4a) at
the end of the first step of conversion reaction. While
Reaction (5) proceeds very slowly with respect to
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Reactions (4a)—(4c), assuming that it has a negligible
effect on the fractional conversion of SrSO, until the
formation of a dense layer of SrC,0,-H,O. The dense
layer of SrC,04-H,O hinders the collision between the
SrSO, particle surfaces and H,C,0, molecules in the
solution. Thus, the conversion reaction can no longer
continue. In order to continue the reaction, adsorbed
SrC,04-H,O must be reacted with H,C,04 to form on
one hand water soluble H[Sr(C,0,), 5(H,O)] and on other
hand new uncovered surfaces on the surfaces of
unreacted SrSO, particles (equilibrium Reaction (5)).
The shape of the fractional conversion vs time diagrams
indicates that the rate of Reaction (5) depends on H,C,0,
concentration. Reactions (4a) and (4b) proceed very fast
and SrC,04-H,O is formed from SrSO, during the
reactive dissolution of SrC,04-H,O with H,C,0, to form
H[Sr(C,0,4);5(H,0O)] according to Reaction (5). A
protective layer of SrC,04H,O forms around the
surfaces of SrSO, particles by the achievement of the
saturation  concentration of  H[Sr(C,0,),s5(H,0)]
(Reaction (6)). At the same time, by the achievement of
the saturation concentration of (H[Sr(C,04),5(H,0O)]) in
the solution, equilibrium conditions dominate according
to Reaction (5) which hinders the reaction to continue.

At low temperatures and H,C,0,4 concentrations, the
approximately horizontal outgoing of the fractional
conversion vs time diagrams (Figs. 2(a—e)) indicates that
at longer reaction durations, approximately equilibrium
and saturation conditions are achieved in the reaction
media according to Reactions (5) and (6).

SI'SO4(S)+H2C204(d)+H20(d)—>
SrC,04-H,0(s)+H (aq)+ HSO; (aq) (4a)

SrC,0,4-H,0(s)==Sr*"(aq)+ C,03™ (aq)+H,0(d)  (4b)
C,03 (aq)y+H'(aq)==HC,0; (aq) (4c)

SrC,04-H0(8)+0.5H,C,04(d)==H[Sr(C,04): 5(H,0)](d)
(5)

H[Sr(C,04)1 5(H20)](d)==Sr(HC,04)(C,04)0 5" H2O(s)
(6)
The consumption of spherical SrSO, particles
according to Reactions 4(a) and (4b) was explained by
using the Shrinking Core Model proposed by
LEVENSPIEL [32]. Equation (7) is derived according to

this model which shows the relationship between Xg vs ¢
where k=2k}:

’
klccf;,o f= klccf;,o ‘= 4

1-(1-X4)"° = =
> P PR PR

t=ax  (7)

By using Xs vs ¢ data in Figs. 2(a—e) at initial stages
of the conversion reaction of SrSO,, linear diagrams
were obtained by plotting 1—(1-Xs)"* vs ¢ From the

slopes of these linear diagrams, @ values were
calculated. i values were calculated by considering the
density (p=21.56 kmol/m®) and mean particle size (mean
particle diameter) (R=1.075x10"* m) of the celestite
particles. In y vs In C,x diagrams were drawn for each
constant temperature (Fig. 5). From the slopes of these
parallel straight lines, the order of H,C,0, concentration
was calculated as p=0.33. Reaction rate constants (In k)
for each temperature were estimated from the intercepts
of these parallel straight lines with the ordinate axis at
In Cox¢=0. In £ is given according to Arrhenius Equation
(Eq. (8)). Diagram was drawn between In k; and 1/7 to
calculate the kinetic parameters as pre-exponential factor
(In ko) and apparent activation energy (£,) (Fig. 6). E,
and Ink;, were calculated from the slope of the
straight line and from the intercept of the straight line
with the ordinate axis at 1/7=0 (£,=43 kJ/mol and
k1 0=3.21 (kmol'm~)**"-m-s™",

T/K
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A 3580///
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Fig. 5 In v vs In C,, diagrams for Reaction (4a) at various
temperatures (celestite: 0.0104 mol, particle size: 90—125 um,
solution: 1 L, H,C,04: 0.1, 0.2, 0.4, 0.8 and 1.2 mol, stirring
speed: 500 r/min)
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Fig. 6 Arrhenius plot of Reaction (4a) (celestite: 0.0104 mol,
particle size: 90—125 pm, solution: 1 L, H,C,04: 0.1, 0.2, 0.4,
0.8, 1.2 mol, temperature: 301.5, 313, 328, 343, 358 K, stirring
speed: 500 r/min)
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Ink, =Ink, —% ®)

Kinetic model Eq. (9), which is the rearranged form
of Eq. (7), is obtained by using the known density, mean
particle diameter of celestite particles, the calculated
pre-exponential factor and apparent activation energy for
the conversion reaction according to Reaction (4a). As
can be seen from Kinetic Model Eq. (9), X5 is a function
of temperature, H,C,0,4 concentration and time where R=
8.314 kJ-kmol "K', X5 vs ¢ diagrams were plotted using
Kinetic model Eq. (9) for each temperature and H,C,0,4
concentration and shown as solid lines in Figs. 2(a—e) for
the initial times of Reactions (4a) and (4b):

3.21exp(—43000/RT)C3

Xo=1-|1- ox0 4 ©
s 21.56x1.07x10™* )

It can be seen that the agreement between the solid
lines obtained according to the Kinetic model Eq. (9) and
the experimental findings is good for the initial stage of
conversion reaction of SrSO,. After a certain fractional
conversion, the experimental data lie below the line
drawn according to Kinetic model Eq. (9). This is due to
the formation of SrC,0,-H,O as a protective layer on the
surfaces of SrSO, particles according to Reaction (4a)
which hinders the extension of the conversion reaction.
Covering of SrSO, particle surfaces with SrC,0,-H,O
occurs when equilibrium conditions are achieved
according to Reaction (4b). The conversion reaction
continues with a slow dissolution rate of SrC,O, -H,O
with H,C,0, according to equilibrium Reaction (5). SO,
and Sr present in the SrSO,4 pass into the solution as
HSO; ions and H[Sr(C,04);5(H,0O)] during the
conversion reaction. If the conversion of SrSO, is
calculated according to the S element in the HSO, ion
(Xs) and Sr element (Xs,) in the H[Sr(C,0,),5(H,0)], it
was observed that Xg,<Xs (Figs. 2(a—e)). The difference
between Xg, and Xg is related to the formation of
insoluble protective layer of SrC,0,4-H,O on the surfaces
of SrSO, particles. Reactions (4a), (4b) and (5) are
written as a consecutive reaction considering the
mechanism proposed by ZORAGA et al [27] and
according to the observation that the dissolution is
increased by increasing H,C,O, concentration. Therefore,
firstly SrC,04-H,O must be formed according to
Reactions (4a) and (4b), and then this must be dissolved
reactively with H,C,0O, according to Reaction (5).

Another reaction mechanism which must be
considered is the formation of solid Sr(HC,O,)-
(C504)05-H,0 instead of SrC,0,4 -H,O in the first step as
a protective layer around the surfaces of SrSO, particles
during reaction of 1 mol SrSO,4 with 1.5 mol H,C,04 and
in the second step the dissolution of this solid strontium
chelate  compound  (Sr(HC,04)(C,04)05-H,O)  to

soluble  strontium  oxalate  chelate =~ compound
(H[Sr(C504);5(H,0)]). In this case, if the formation rate
of solid Sr(HC,04)(C,04)05-H,O in the first step is
higher than the non-reactive dissolution rate of
Sr(HC,04)(C204)05'HO  to H[Sr(C,04); 5(H>0)] in the
second step, a dense layer of Sr(HC,0,4)(C,04)5-H,O
forms on the surfaces of the SrSO, particles and
conversion reaction is controlled by the second step. This
means that the reaction rate of the second step must be in
zero order with respect to the H,C,O, because the
non-reactive dissolution of a solid must be a zero order
reaction. Since experimental results showed that the
reaction rate of the second step is a function of H,C,04
concentration, this mechanism is not valid.

Reaction (5) is an equilibrium reaction, and its rate
decreases progressively. When the concentration of
H[Sr(C,0,); 5(H,0)] reaches the saturation concentration,
it equals zero. The driving force for Reaction (5) is the
difference between the saturation concentration and real
concentration of H[Sr(C,04); 5(H,0)] in the solution.

When Reaction (5) is the slowest step, its rate
controls the conversion reaction. The reactive dissolution
rate equation for the spherical SrC,0,-H,O layer was
derived according to the Shrinking Core Model proposed
by LEVENSPIEL [32], as given by Eq. (10), where
fo=2k"5, ky=2k" and v=vy,:vey =1:0.5=2.

dx. 4 kY
! 2/3 =y 2 (()lx -2 CCh =
3(1_)(Sr) ds Psts Pss
k /4
— ng -2 CCh (10)
PSR PR

By derivation of Eq. (10), it is assumed that the
non-elementary reaction rate for the forward reaction is
in the gth order with respect to the H,C,0O,4 concentration
and for the reverse reaction in the 1st order with respect
to the H[Sr(C,04),5(H,0)] concentration. The use of Xg,
instead of Xs in Eq. (10) is based on the following
experimental facts. Firstly, Sr is present both in solid
state as SrC,04H,O and dissolved state as
H[Sr(C,04);5(H,0)] in the solution and secondly, the
concentration of H[Sr(C,04),5(H,0)] is used in the
reaction rate equation.

Equation (11) is valid when equilibrium is achieved
according to Reaction (5) and the conversion reaction
interrupts under this condition:

2k,CL . =k5Coye (11)

ox,e
Equation (12) is obtained by replacement of &, in
Eq. (10):

1 dXSr _ 2kZC(()Ix 1- CCh CCh,e (12)
3(1_)(Sr)2/3 dr psRs Zng 2G5

0X,e

Ccy varies during conversion reaction from zero to
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Ccne. The value of Ccp. depends on the reaction
temperature and amount of H,C,0, dissolved for the
preparation of 1 L reactive solution. Because of the use
of excess amounts of H,C,O, compared to the
stoichiometric requirement for the complete conversion
reaction of SrSO, (0.0104 mol), it is apparent that C =
Cox0~Coxe 18 valid. This assumption brings negligible
error but it makes easier the mathematical procedure to
obtain the kinetic parameters. Equation (13) was
obtained by applying this assumption to Eq. (12):

1 dXSr _ 6k2ch 1— C'Ch
(1-Xg)?? dt PSR 2Cche

(13)

The following Eqgs. (14)—(17) are derived by
considering initial amount of H,C,0y, initial amount of
celestite, volume of solution, stoichiometric coefficients
of substances in the conversion reaction and considering
that at the second step after a certain Xs,; value the rate
of SrC,04-H,O dissolved according to Reaction (5) is
equal to the rate of SrC,0,-H,O formed according to
Reaction (4a):

Cap =2 X, (14)
Cene = ’187’0X5r,e (15)
Con = Cong =152 K, = Corg (16)
Coxe =Coxo 1.5 n;o Ksre = Coxo (17)

By replacement of the concentrations given in
Egs. (14)—(17) in Eq. (13) and by integration of the
derived equation, Eq. (18) is obtained:

= J‘ Xsr dX, :6k2ng,o J' tdt _
(1-xg PR0-25m AR
Sr,e
6k,C1
2 0x,0t= 6§ t=qt (18)

psRs psRs

Integration of Eq. (18) leads to Eq. (19), where ¢, £,
% 0, & Kk and A can be expressed by Egs. (20)—(26),
where 0<Xg,<1:

/= a{ln%— 2J§[tan“(%) —tan™! (%)]} —ot (19)

a=—"5 (20)

B=(01-Xs)" —(Xgo — D) (1= X)) + (X, — D>
(1)

y=[1-Xg)"” +(Xge =D (22)
5=1-(X,, -4 (Xsre —1)*3 (23)
e=[1+(Xg —-D" T (24)

1/3
K._z(l_XSr) _

= 25
(XSr,e - 1)1/3 @

2

A=—= 4
(XSr,e _1)1/3

(26)

Using appropriate values of Xs., the graphical
representation of / vs ¢ according to Eq. (19) must give a
straight line which begins from the origin of the graph
and has a slope of ¢. Appropriate Xs, . values which gave
straight lines for each temperature and H,C,0,4
concentration were determined. Figure 7 shows the
straight lines obtained at 328 K using 1 L solution which
was obtained by dissolving 0.1, 0.2, 0.4, 0.8 and 1.2 mol
H,C,0,4. Diagrams drawn for other temperatures and
same mole amounts of H,C,0, were not shown to avoid
repetition.

4 Cox o/ (kmol-m™)
* 0.051183
m (0.124013

3r * 0.284839
v 0.628884
4 (0.985764

2t
1 L
H
0 “. . . . . .
0 2 4 6 8 10 12

t/ks

Fig. 7 Is, vs t diagrams for Reaction (5) (celestite: 0.0104 mol,
particle size: 90—125 pm, solution: 1 L, H,C,04: 0.1, 0.2, 0.4,
0.8, 1.2 mol, temperature: 328 K, stirring speed: 500 r/min)

For obtaining straight lines that start from the origin
of the graph, Reactions (4a) and (4b) must take place
rapidly forming a thin layer of SrC,0,-H,O and
Reaction (5) must be continued slowly until equilibrium
conditions. Reactions (4a) and (4b) (fast) and
Reaction (5) (slow) take place forming a thin protective
layer on the surfaces of shrinking SrSO, particles until a
Xs:; value and after this value Reaction (5) continues
slowly and controls the overall rate of the reaction. This
is the reason why 7 vs ¢ straight lines did not start from
the origin of the graph. Therefore, linear relationship is
obtained only after certain Xs,; value (Fig. 7) and this
linear relationship is given as Eq. (27). ¢ and I, are
calculated from the slope of this straight line and from
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the intercept of this straight line with the ordinate axis at
=0:

=l +ot (27)

@ and I, were calculated by plotting / vs ¢ diagrams
using experimental data. & values were calculated from
Eq. (19) using the known density, mean particle diameter
of SrSO,4 for each constant temperature and various
H,C,04 concentrations. In & vs In Cyyy diagrams were
drawn for each constant temperature (Fig. 8) and
from the slopes of each straight line and from the
intercepts of these straight lines at In C,, (=0, reaction
order, g, with respect to the H,C,O4 concentration
(Table 4) and In k, was calculated. £, and In k, o were
calculated for the forward Reaction (5) from the slope
and the intercept of the straight line at 1/7=0 from the
Arrhenius  plot of £k (Fig.9) as 32.74 kJ/mol
and 1.92x10% (kmol'm~)" “m's ™" (ky,), respectively
(Egs. (28) and (29)).

_15 L

_16 L

_17_

lg[¢/(kmol-m-m-s™")]

_18_

-3 -2 | 0
1g[C, o/(kmol-m™)]
Fig. 8 In & vs In C,y,y diagrams for Reaction (5) at various
temperatures (celestite: 0.0104 mol, particle size: 90—125 um,
solution: 1 L, H,C,04: 0.1, 0.2, 0.4, 0.8, 1.2 mol, stirring speed:
500 r/min)

Table 4 Orders of H,C,04 concentration in rate equation for
forward Reaction (5) (celestite: 0.0104 mol, particle size:
90—125 pum, H,C,04: 0.1, 0.2, 0.4, 0.8, 1.2 mol, solution: 1 L,
stirring speed: 500 r/min)
Temperature/K ~ 301.5 313 328 343 358
q 0.31 0.36 0.44 0.52 0.68

E _ 32740
k, =k, o exp(——=) =1.92x1072 exp| ———— 28
2 2,0 p( RT) P( RT) (28)

g 6x1.92x107 exp(— 732740)01
6k2 COX 0 RT 0x,0 (29)
¢) = 2 =
DR, 21.56x1.075x107*

Appropriate Xs,. value that gives linear relationship
between I and ¢ was determined using experimental

results obtained at constant temperature and H,C,0,
concentration. Xs;o was calculated using this appropriate
Xs:e value in Eq. (19) and taking /=/,. In Eq. (19), a, f, y
and x remain unchanged but J, £ and A change according
to the Egs. (30)—(32), respectively, for the boundary
conditions of Xs=Xs, o at =0 and X=X, at #:

5’ — (1 _Xsr’0)2/3 _ (Xsr’e _1)1/3 (1 _Xsr’o )1/3 +
(Xgre =D (30)
& =[(1- Xg0)"” + (Xgpe — D" T 31

’

2(1-Xg )
(XSr,e _ 1)1/3

a, B, v, k, &', ¢ and A’ given as Egs. (20)—(22), (25)
and (30)—(32) were calculated for each X5, using Xs:
and Xs,.. / was estimated by using calculated a, S, 7, x, o',
¢’ and 1’ values. Calculated Xg; vs ¢ diagrams starting
from Xs,; were shown as solid lines in Figs. 2(a—e)
together with the experimental findings.

-1 (32)

-14.5
= -15.0r
g -155}
L .
g -16.0f
E
g -165)
= -17.0t
-17.5 : : : : : :
27 28 29 30 31 32 33 34
T-1/10K!

Fig. 9 Arrhenius plot of forward Reaction (5) (celestite:
0.0104 mol, particle size: 90—125 pm, solution: 1 L, H,C,Op4:
0.1, 0.2, 0.4, 0.8, 1.2 mol, temperature: 301.5, 313, 328, 343,
358 K, H,C,04: 1.2 mol, stirring speed: 500 r/min)

It was observed that there is a good agreement
between experimental results and the results obtained
from the Kinetic model Eq. (27) for X, higher than X,
except for the experiment that was carried out at 358 K
using 1 L solution obtained by dissolving 1.2 mol
H,C,0, (particular case). This particular case was
discussed below together with the results that was
obtained using various sizes of celestite particles and the
same experimental conditions.

Sr(HC,04)(C504)05°H,O must crystallize in the
solution when concentration of H[Sr(C,0,);s5(H,0)]
reaches the saturation. In this case, X, must not be
changed. But contrary to this, Xg must increase during
the extent of reaction. A phenomenon like this cannot be
seen in the Xg, vs ¢ and Xg vs ¢ results given in
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Figs. 2(a—e). In contrary, Sr(HC,04)(C;04)5-H,O must
crystallize on the surfaces of celestite particles.

Equilibrium constant of Reaction (5) (K;) was
calculated for each temperature by Eq. (33) using
appropriate Ccp. value which provides the linearity of
the / vs ¢ diagram and C,, value given in Table 3. The
average K, was calculated by taking the arithmetic mean
of the K, obtained at the same temperature:

Ky =2 o e (33)

k2 Zng,e

The rate constant (k;) of reverse Reaction (5) for
each temperature was calculated using the average K,
and k, values calculated from Eq. (28). Ink; vs 1/T
diagram was plotted (Fig. 10) and E; and In kyo were
calculated from the slope of the straight line and the
intercept of the straight line with the ordinate axis at
1/T=0. The calculated values of £; (10.04 kJ/mol) and
k3o (1.0x107° m/s) were given in the Arrhenius type
equation of k; (Eq. (34)):

_10040)

RT (34)

k5 =1.0x107 exp(
The relationship between the heat of reaction and

activation energies for the forward and reverse Reaction

(5) is given by

AH’=E,—E}=2.27 kJ/mol (35)
Since Reaction (5) is endothermic, it extends to the

right side by increasing temperature in accordance with

Le Chatelier’s Principle. This finding is in good
agreement with the experimental results.

-14.5
~15.01

= 4 d

& -5t

3

=
~16.0}
Sl 2

27 2.8 29 3I.0 3l.1 32 33 34
T7'/103K™!
Fig. 10 Arrhenius plot of reverse Reaction (5) (k3) (celestite:
0.0104 mol, particle size: 90—1250 pum, solution: 1 L, H,C,O4:
0.1, 0.2, 0.4, 0.8, 1.2 mol, temperature: 301.5, 313, 328, 343,
358 K, stirring speed: 500 r/min)

3.8 Kinetics for particular case
It was determined that the conversion reaction is
completed when 2 g various particle sizes of celestite

concentrate, 1 L solution obtained by dissolving 1.2 mol
H,C,04, 358 K and 500 r/min were used (Fig. (4)).
According to this finding, Xs,.in Eq. (18) can be taken as
1 and Eq. (36) can be derived where v=2. Equation (37)
was obtained by integration of Eq. (36):

Iy W, _WhaCoo, _ 3v¢ =gt (36)
0 (I_Xsr)5/3 psRs psRs
2vk,C2
(- Xg) P —1=20 = (37)
PR

(1-X5) **~1 vs ¢ diagram was plotted (Fig. 11).
Straight lines obtained for each particle size indicate that
the Kinetic model Eq. (37) is in good agreement with the
experimental findings.

[o)} 2 [ee)
T T
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[ ]

(1-Xg) -1
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3r . Particle size/um
ol . A 38-45
A o 90-125
! o 150-180
o 250-315
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t/ks

Fig. 11 (1-Xs,) 2°~1 vs ¢ diagrams for various particle sizes of
celestite concentrate (celestite: 0.0104 mol, solution: 1 L,
H,C,04: 1.2 mol, temperature: 358 K, stirring speed:
500 r/min)

The slope of each line in Fig. 11 gives y values
which is inversely proportional to average particle
diameter (R;). R; was calculated by taking the arithmetic
mean of each fraction and diagram was drawn between y
and 1/Ry (Fig. 12). Straight line obtained in Fig. 12
indicates that the slope of the straight line is inversely
proportional to R, and therefore the reaction rate is under
chemical reaction control. Additionally, it can be said
that forward Reaction (5) is effective and reverse
Reaction (5) is negligible under the reaction conditions
applied.

The rate constant of forward Reaction (5) (k)
was calculated from the slope value (y) to be
7.48x107" (kmol-m )" "m's™" by taking ¢=0.68 and v=2.
The value of 7.48x1077 is 2.33 times the value of
3.21x107" calculated using Eq. (28). This finding reveals
that the chemical reaction obtained at 358 K and 1 L
solution obtained by dissolving 1.2 mol H,C,0, is
different from the chemical reaction that takes place
under other experimental conditions used in this study.
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According to this finding, stoichiometric coefficient ratio
(v) in Reaction (5) must be v=vy,:v,,=4.65 instead of 2.
KNAEPEN et al [25] proposed solid strontium chelate
compounds with various chemical formulas such as
SrC,04(H,C704)0.5'H,0, SrC04(H2C504)0.43°1.2H,0 and
SrC,04(H,C504)0.09° 1.7H,0. The chemical formula of
soluble acidic strontium chelate compound that formed
using 2 g of various particle size celestite, 1 L solution
obtained by dissolving 1.2 mol H,C,O4 358 K and
500 r/min can be written as Hg 430[ St(C;04)1.215-x(H,0)]
according to the experimental findings.

0.04

0.03 ¢

x/(mes™)

0.01 °

0 5 10 15 20 25 30
R7/10° m™!
Fig. 12 y vs 1/R, diagram for various particle sizes of celestite
concentrate (celestite: 0.0104 mol, solution: 1 L, H,C,O4:
1.2 mol, temperature: 358 K, stirring speed: 500 r/min)

Equation (37) can be rearranged to Kinetic Model
Eq. (38) using p=21.56 kmol/m’, 358 K, k,=7.48x10"
(kmol-m )***m's™" and v=2. Solid lines obtained using
kinetic model Eq. (38) (Fig. 4) are in good agreement
with the experimental findings.
7 \32
1.385%10 tJ %)
R

S

XSr:I—(H

A similar equation with Eq. (37) can be derived by
assuming that Reactions (4a) and (4b) proceed more
rapidly than Reaction (5), Reaction (5) is irreversible and
rate of Reaction (5) is in the first order with respect to
the celestite concentration and in the gth order with
respect to the H,C,0O,4 concentration (The use of solid
reactant concentration is not a preferred method in the
derivation of rate equation for a heterogeneous type
reaction). Equation (39) was derived using the above
mentioned assumptions and shrinking core model.
Equation (40) was obtained by rearrangement of
Eq. (39). Integration of Eq. (40) gives Eq. (41) which is
similar with Eq. (37), where y' differs from y only by
containing the initial concentration of celestite particles
(Cs0) and 2ky=ky:

1 d.XS _ VkéC c? VkZCs,O (1_XSr)ng

T STOX __
3(-Xg)™ At Py
(39)
dx. 3vk, C, o C,
= e (40)
(I_Xsr) psRs
20k, C, o CY
(1= Xg) 2P —1= 2230700, - (41)
pSRS

Equation (41) is valid only for the particular case
(2 g celestite concentrate with various particle sizes, 1 L
solution obtained by dissolving 1.2 mol H,C,0,, 358 K
and 500 r/min).

4 Conclusions

(1) Conversion of SrSO,4 to H[Sr(C,0,),5(H,0)] in
aqueous H,C,04 solutions takes place as a consecutive
reaction. In the first step, SrC,0,-H,O is formed
(Reaction (4a)). In the second step, SrC,04-H,0 reacts
with H,C,04 to form H[Sr(C,0,4);5(H,0)] (Reaction (5)).
Sr(HC,04)(Cy04)05-HyO crystallizes during cooling of
the reaction mixture to room temperature when the
solution reaches the saturation concentration of
H[Sr(C,04),5(H,0)] (Reaction (6)).

(2) The reaction rate increases at the initial time of
reaction by increasing the temperature using solutions
with approximately same H,C,0, concentrations. This
finding supports that the reaction rate is under chemical
reaction kinetics control with definite apparent activation
energy.

(3) The reaction extends very slowly after a certain
time and ends by forming a protective layer of
SrC,04°H,0 around the surfaces of solid particles using
solutions with low H,C,0,4 concentration at low constant
temperature. Low conversions were obtained by reaching
saturation concentration of H[Sr(C,04), s(H,0)].

(4) Conversion of SrSOs was increased by
increasing concentration of H,C,O4 at constant
temperature. Therefore, it was found that conversion
reaction rate of SrSQ, is a function of the concentration
of H,C,0,. The reaction extends to higher saturation
concentrations of H[Sr(C,0,);.5(H,O)] by using solutions
with higher concentrations of H,C,04. SrSO, is
converted totally to H[Sr(C,04);5(H,O)] using 358 K,
1 L solution obtained by dissolving 1.2 mol H,C,0, and
500 r/min.

(5) Decrease in the size of celestite particles
increases the number and surface area of particles when
same amount of celestite is used. Therefore, higher
conversions were obtained by using the same reaction
conditions with less particle size.

(6) The conversion reaction proceeds according to
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shrinking core model until a protective layer of
SrC,04-H,O forms around the surfaces of celestite
particles because of the solubility of SrC,0,-H,O in
solutions containing H,C,O,4. In this case, X5 vs ¢
relationship was given as Eq. (9), which includes kinetic
parameters such as pre-exponential factor, apparent
activation energy and order of H,C,0, concentration
as 321 (kmol'm*)**-m's™', 43 kJ/mol and 0.33,
respectively.

(7) When the reversible reaction of SrC,04-H,O
with H,C,04 to form H[Sr(C,0,);5(H,0)] is the slowest
step, Xs; vs ¢ relationship can be derived as Eq. (19).
In this equation, pre-exponential factor, apparent
activation energy and order of H,C,O, concentration
were determined to be 1.92x107% (kmol'm ) “m-s’,
32.74 kJ/mol and 0.31-0.68, respectively.

(8) The conversion reaction was completed by using
358 K, 1 L solution obtained by dissolving 1.2 mol
H,C,0, and different sizes of celestite particles. In this
particular case, Reaction (5) is the slowest step and the
fractional conversion vs time equation is derived as
Eq. (38). In this equation, the reaction rate constant k,
was determined as 7.48x107 (kmol-m *)***m's™". For
this particular case, acidic strontium chelate with the
chemical formula of Hg430[Sr(C,04)1515(H,0)] forms
instead of H[S1(C,0,); 5(H,0)].
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Nomenclatures

aq Aqueous

Ccn Concentration of chelate compound at time ¢
Cche  Equilibrium concentration of chelate compound
Cox H,C,0, concentration at time ¢

Coxe H,C,0, equilibrium concentration

Cox0 H,C,0, initial concentration

Cs SrSO, concentration at time ¢

Cso SrSO, initial concentration

d Dissolved

E, Activation energy of Reaction (6)

E, Activation energy of forward Reaction (7)

E; Activation energy of reverse Reaction (7)

K, Equilibrium constant of Reaction (1)

K, Equilibrium constant of Reaction (2)

ki, ki Rate constants of Reaction (6)

kio Pre-exponential factor of Reaction (6) rate

constant
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ks, k", Rate constants of forward Reaction (7)

ko Pre-exponential factor of forward Reaction (7)
rate constant

ks, k5  Rate constants of reverse Reaction (7)

ko Pre-exponential factor of reverse Reaction (7)
rate constant

Ksp, Solubility product constant of compound {

s Initial mol amount of SrSO,

D, q Order of H,C,0,4 concentration

r Mean radius of SrSQO, particles

R Gas constant

R Mean diameter of SrSO, particles

S Solid

t Time

T Temperature

14 Volume of solution

X Fractional conversion of i element in SrSO, to
form soluble HSO, or soluble chelate
compound

Xs Fractional conversion of S in SrSO, to form
soluble HSO,

Xsr Fractional conversion of Sr in SrSO, to form
soluble chelate compound

Xsre Equilibrium fractional conversion of Sr in
SrSO, to form soluble chelate compound

w; Mole amount of i element in SrSO, to form
soluble HSO, or soluble chelate compound

Wio Initial mole amount of i element in SrSO, (i: S
or Sr)

AH’ Standard enthalpy of Reaction (7)

Vso Stoichiometric coefficient of SrC,04H,O in
Reaction (7)

Vox Stoichiometric coefficient of H,C,04H,O in
Reaction (7)

Ps Density of SrSO,
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