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ABSTRACT: A semi-batch crystallization system is used to determine growth kinetics and
morphology of barium carbonate crystals, under a constant pH value and constant temperature
in the various relative supersaturations. Results show that crystal growth rate satisfies a first-order
kinetic expression at high relative supersaturation, while at relative supersaturation values lower
than 3, the kinetic expression is second order. The crystal growth of barium carbonate follows
the Burton, Cabera, and Frank mechanism by the kinetic expression G=ao® tanh (B/0). The kinetic
parameters obtained from low to high supersaturation ratio by using a numerical methods are
a=9.5x107 ms”' and p=1.35x107. The investigations show that the pH values and relative
supersaturation of solutions have an important role on the crystal morphology of barium carbonate
and the forms of observed crystals are floc, candy-like, pillar-like, olivary and olivary with end
dendrite with respect to operating condition.
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INTRODUCTION
Barium carbonate is an important raw material super conductor and ceramic materials [1,2].
in industry for producing barium salts, pigments, optical For manufacture of such raw materials, often a reactive
glass, ceramic, electrical condensers and barium ferrite, crystallization process is used. Since the quality of
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products and properties of powders, such as crystal size,
crystal morphology and purity have an effect on the solid-
liquid separation, an effective control on precipitation
process is required.

Precipitation of barium carbonate in gas-liquid
reactive crystallization by bubbling carbon dioxide in
a solution of barium sulfide was studied by Kubota et al. [3]
in two semi-batch reactors. They compared single-tube
and double-tube gas injection nozzles. The result was that
relatively large crystals with a pillar-like morphology
were observed by using the double-tube, while small
crystals with a thinner, needle-like morphology were
found using the single tube. For growth Kkinetics
mechanism they reported that the rate of BaCO; crystals
was slightly changed with relative supersaturation.

In liquid-liquid reactive crystallization, precipitation
and growth kinetics of barium carbonate was studied by
several authors [4-6]. Packter et al. [4] found that
the growth rate of BaCO; was proportional to an exponent
of 1.4 in supersaturation. Nore & Mersmann [5] found
that the growth mechanism at higher supersaturation,
is diffusion controlled, while at lower supersaturation it
becomes integration-controlled. Chen et al. [6] studied
the morphology and growth kinetics of precipitation of
BaCO; in a doble-jet semi-batch crystallization at
constant pH values. They found that the morphology of
BaCO; crystals depending on initial concentrations and
pH values of solution and growth kinetics mechanism
changes from diffusion step to surface-integration step,
depending on the relative supersaturation.

Recently Salvatori et al. [7] considered the parameters
such as pH value, Ba™ ion concentration and temperature
in precipitation process of barium carbonate. They found
that crystal growth rates at high supersaturation satisfies
a first-order kinetic expression while at supersaturation
lower than 2, the kinetic expression is second order.

The aim of this work is to study the effect of
operating parameters such as pH values, temperature,
feed concentration on growth rate kinetics and particle
morphology of barium carbonate crystals in a semi-batch
crystallizer with a single feed addition of solution.
To the best of our knowledge this is the first report
on the precipitation of BaCO; crystals from reaction
between barium sulfide solution and sodium carbonate

solution.
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THEORETICAL SECTION
Precipitation

Barium carbonate can be made from barium sulfide
solution. BaS is the largest volume barium compound
manufactured. It is readily soluble in water with
hydrolysis, forming the hydroxide Ba(OH), and
hydrosulfide Ba(SH),. In the soda ash method sodium
carbonate solution is treated with barium sulfide solution,
sulfide.
The Barium carbonate produced by precipitation is shown

producing barium carbonate and sodium

as following reaction [1]:
BaS+Na,CO;—Na,S+BaCO; )

60-70 C.
In a centrifuge, barium carbonate is separated from sodium

The wusual operating temperature is
sulfide and the resulting slurry is filtered, washed and

dried. The dried product was milled and packed finally [1].

ag2+ 8003 CpC

g— |ZBa’ _ Co3> )
Ksp T+ Ksp ()

Where a and C are ion activity and ion concentration,
respectively, Kgp is the solubility product while y; is
the activity coefficient. The relative supersaturation of a
BaS-Na,CO;-H,O solution is evaluated as follows:

=81 3)

In this method, aqueous systems containing Ba*" and
BaCO?Y,

the concentration of which is low and can be considered

22— . . . .
CO3;” ions also contain the ion pair,

negligible in this study. Both activities a and a

Ba®* co¥
are related to the activity coefficients and computed from
the pH of the solution, barium ion concentration and
carbonate ion concentration, using the activity coefficient

equation proposed by Davis [9]:

NG
logy, =—0.509z7 -0.21 4)
§ ' 1+\/f

Eq.(4) gives a reasonable estimate of activity
coefficients when the ionic strength, I; is smaller than
0.5 kmol/m>. The ionic strength is defined as:

1 2
I=— CiZi 5
5 Ei ®)
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where Ci is the concentration of i-component and zi the
charge number of i-component. At a given pH value and
measured concentrations, the relative supersaturation
can be determined when the activities of barium ion and
carbonate ion are obtained.

The relative supersaturation is based on the assumption
that two reactants are immediately and completely macro
mixed and micro mixed with bulk liquid already
in crystallizer, because the local supersaturation distribution
is not known. Therefore, the measured supersaturation
ratio is a mean value. Different solubility products for
barium carbonate have been reported in the literatures.
Nore & Mersmann [5] used the value of 1.23 x 10™* mol’I%,
while Chen [6] accepted the value given by Kortly &
Sucha [10], which is 5.0x10° mol’I* and Salvatori [7]
accepted the value given by Lide [11] that is 2.58x107
mol’I”. Many other values can be obtained from data
banks and literatures, but in our study, we accept the
value used by Chen [6] that is 5.0x10” mol*l”.

EXPERIMENTAL SECTION
Materials and Methods

A semi-batch crystallization system used for the liquid-
liquid reactive crystallization study of barium carbonate
is shown in Fig. 1. The system consists of conductimeter,
pH controller, a one liter crystallizer, an injection pump,
a thermal bath and a variable speed agitator.

At the beginning, 500 cc of barium carbonate suspended
solution was dispensed into the crystallizer. The desired
pH value was adjusted by adding 0.1 M of NaOH or
0.1 M HCI solutions, subsequently the pH is kept constant
during the precipitation process. The operation was
performed in a pH range of 10-11.5 and the speed of
rotation was set at 350 rpm for complete operation time
of 20 minutes. At the same time, sodium carbonate
(Na,CO;) solution with a known concentration was
discharged into the crystallizer. Then, barium sulfide (BaS)
solution with a desired feed rate (ml/min) was allowed
to enter the reactor through the injection pump. In order
to minimize the effect of micro mixing on the crystal size
distribution at the initial stages, the feed concentration
of barium sulfide was the same as that of the
concentration of the sodium carbonate already in the
crystallizer. The precipitation experiments were conducted
in the temperature range of 58-70 °C. The temperature
was controlled and kept constant by thermal bath during
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Table 1:0Operating conditions.

[ Concentration of Na,COj; at initial stage (mM) 4-7 \
Feed rate of BaS (ml/min) 1-2.5
Feed concentration (mM) 4-7
pH range 10-11.5
Operating temperature (°C) 58-70
Concentration of NaOH(M) 0.1
Concentration of HCI(M) 0.1
Speed of stirring (rpm) 350
K Operating time(min) 20 /

4 N

Mixer

pH metere
Water bath

A —

Injection
pump BaS

Conductimeter
\ . %

Fig. 1: The crystallization system 1.

the process.The barium ion concentration in the solution
determined by conductimeter which gives the concentration
for different time. Samples of solution were withdrawn
by syringe every 4 minutes and filtered with a 0.1 pm
filter, through vacuum process to remove solid crystals.
The mean particle size of barium carbonate crystals and
its morphology were determined by scanning electron
microscopy SEM (XL30-Phillpis-Netherlands). The operating
conditions maintained in this study are listed in Table 1.

RESULTS AND DISCUSSION
Determination of crystal growth kinetics

In a precipitation process, the crystal growth rate is
a crucial parameter, since it determines the final specific
properties of crystals such as morphology and the mean
size of particles. In order to obtain these kinetic
parameters, in a semi-batch mode, the experiments allow
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a study within a relatively short time, but the exploitation
of experimental results is complicated by the time
variation of supersaturation and mean particle size.
It is proved that this mode can be successfully used for
the systems of very rapid crystal growth kinetics for
barium carbonate as a precipitation substance.

The growth rate of barium carbonate crystals can be
evaluated by the following definition at any stage:

- ©)

t

Where L is the mean particle size obtained from the
measured data (Fig.2). The mean particle size varies with
time and can be expressed as a polynomial function.
For example, the function obtained from run no. 14
is expressed as follows:

L=1x107 +11x107 t+1x10 7 t2 +1x10 > +1x10 > t* (7)

By substituting Eq. (7) in to Eq. (6), the linear growth
rate in any time stage can be obtained.

In the Eq.(6), the crystal growth rate, G(t) is replaced
by its expression as a function of relative supersaturation.
First we assume that the crystal growth is integration
controlled with minimum diffusional limitation (this
assumption will be checked next). Several expressions
can be used to link growth rate to relative supersaturation.
The most classical is the power law relationship
as follows:

dL .
—+ =6(=Ko (8)

Where K and n are the kinetic constants and o is
the relative supersaturation as defined in Egs. (2) and (3).
Second we assume the migration to the surface as
the limiting step, Burton, Cabera & Frank [12] have
proposed a growth rate expression of the following form:

G(t) = ac? tanh (EJ 9)
(o)

Where o and P are kinetic parameters and o is
the relative supersaturation (as defined in Egs. (2) and (3)).

By substituting Eq. (9) into Eq. (6); the differential
equation gets the following form:

AL 62 tanh (EJ (10)
dt

(¢
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Fig. 2: Mean particle size versus time.

Where in both Egs. (8) and (10) the relative
supersaturation is a function of operating time.

o=0(t) (11)

To obtain this function, we express relative
supersaturation; Eq. (2) and Eq. (3), with a conversion
mode:

o=Cyy. /(I_ng_l (12)
SP

While conversion X and initial stoichiometric ratio M
are expressed by the following formula:

Cco?
=€ nd M:@ (13)

o M,

The variation of conversion against time can be

X =

followed by conductimetry. The Salvatori’s method [7]
is used for obtaining expression between conversion and
conductivity, as follow:

_2C,X
1000

Xo—X (}.Ba2+ +7“co§*) (14)

Where x is conductivity (Sem™) and A is equivalent
jonic conductivity (cm*Smol™).

The relative supersaturetion, and the variation of mean
particle size L at any time is calculated and substitute in
to the Eq. (8) and Eq. (10). The kinetic parameters, k and
n of Power law model and a and B of Burton model,
determined by using numerical integration.
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Effect of relative supersaturation

Fig.3 shows the effect of feed concentration on the
elapsed time of relative supersaturation for three typical
runs, Nos. 10, 11, and 12 at a pH of 11. The results show
that the higher feed
concentrations was higher than that at lower feed

relative supersaturation at
concentrations, since the concentration of barium ions
was higher at higher feed concentrations.

However, all of the relative supersaturations come to
a lower value around an elapsed time of 20 minutes, and
remains almost constant. Furthermore, all of the relative
supersaturations come together gradually, since
the cumulative carbonate increases to a higher value for
the lower feed concentrations. In any case, the effects of
feed concentration on elapsed time of relative supersaturation
are obviously significant at the initial stage and
the effects are reduced after 20 min of operation.

For power law model; in low relative supersaturation
values (6<3) the order of the crystal growth rate is close
to 2 with a kinetic constant k of 1.8 x 10 m*mol's™, that
is the crystal growth is mostly controlled by the surface

integration and follows :
G(t)=1.8x10" o' (15)

Fig. 4 illustrates the determination of growth rate
in low relative supersaturation values using Eq. (15).

For power law model, in high relative supersaturation
values, all experiments have lead to kinetic order close to
1 and the calculated value for k is 3.4x 10 m*mol”'s™.
Therefore in this case the crystal growth is mostly
controlled by the diffusion and follows :

G(t)=3.4x10" " (16)

Fig. 5 illustrates the determination of growth rate
in high relative supersaturation values using Eq.(16).

A plot of log G versus log o is shown in Fig. 6. The
slopes for low supersaturation are close to 2, and for high
supersaturation is close to 1, which is similar to the
results reported by Nore & Mersmann [5].

As the order of crystal growth rate follows Eq. (15)
and Eq. (16) for power law model, therefore the crystal
growth mechanism in this case can be suppose to
follows Burton, Cabrera & Frank model [12] expressed
by Eq.(9). The kinetics parameters a=9.5X 10”7 ms™ and
B=1.35% 107 are obtained by numerical integration and
least-squares techniques of Eq. (10). Therefore the result

for growth rate is as follows:
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Fig. 3: Elapsed time of relative supersaturation at different
feed concentration, pH=11.
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Fig. 4: Growth rate in low supersaturation.
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Fig. 5: Growth rate against high supersaturation.
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Fig. 6: Growth mechanisms versus relative supersaturation.
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Effect of temperature

Temperature affects crystal growth rate as it can
be sufficient to produce diffusion controlled growth at
high temperature, compared to integration step controlled
at low temperature. The influence of temperature is
studied by realizing experiments in the range of 58-70 °C.
The results show (Fig. 7) that the kinetic constant k
follows an expression according to Arrhenius law and
follows by Eq. (18). This result is similar to that reported
by Salvatori [7].

k=9.3x107° exp(— (18)

200)

The expression presented above are obtained in high
temperature and assuming that the surface integration has
more influence on crystal growth than mass transfer.
To verify this hypothesis, the crystal growth rate constant
and mass transfer coefficient, calculated by expressions
proposed by Nore & Mersman [5], are used to determine
the effectiveness factor according to Garside’s method [12].
In most cases, we have obtained an effectiveness factor
close to 1, proving that the crystal growth takes place in
the surface integration limitation more than diffusion
controlled regime.

Effect of pH
The experiments are carried out at different pH value

varied by adding a quantity of sodium hydroxide.
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Fg. 7: Influence oftemperature on crystal growth rate constant k.

At pH value higher than 10, bicarbonate ion is shifted to
carbonate ion which plays the major role in the
solution [12]. Therefore, in the range of pH from 10 to 11.5,
the variation of carbonate ion in solution is less affected
by pH. Thereby the kinetics constant k of growth rate is
less influenced by variation of pH, which is similar to
results, reported by Salvatori et al. [7].

Morphology of crystals

In considering the morphology of crystals it was found
that the solution concentration and pH of solution had
a significant effect on the morphology of barium
carbonate crystals. Fig. 8. shows the photographs of
precipitated crystals which are taken by SEM.

The results indicate that there are five major shapes
as, floc, candy, olivary with end dendrite, pillar-like and
olivary. Kubota et al. [3] and Chen et al. [6] also have
reported similar results.

The pillar-like crystals are the most morphology
obtained at high concentration and high pH values.
At high to moderate concentration, the floc precipitation
is the major products obtained in the pH range of 10-11.5.
At moderate to low concentration, the olivary crystals and
candy crystals become the major products in the pH range
of 10-10.5. The olivary crystals with end dendrite
are observed when the pH value is around 11 and higher.
Finally, the results also show that with similar relative
supersaturation, the corresponding growth rate, decreases
in the order of floc>candy> olivary>olivary-with end
dendrite> pillar-like, which is similar to the results
obtained by Chen et al. [6].
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CONCLUSIONS

A semi-batch crystallization system was successfully
designed to study the growth kinetics and morphology of
barium carbonate crystals. The growth kinetics changes
in turn from diffusion step at high relative supersaturation
to surface integration step, at low relative supersaturation.
The temperature has a pronounced effect on crystal
growth rates. It is mostly surface integration-controlled
regime at high temperature and the relationship on
growth kinetics follows an expression according to
Arrhenius law. It was also shown that the morphology of
barium carbonate crystals varied with respect to initial
concentration and pH value of the solution. The major
products at high concentration and pH values are
floc and pillar-like crystals, while at low pH and
concentration, olivary-like crystals form. Finally,
the growth kinetics and morphology of barium carbonate
can be controlled by pH, concentration and temperature
of the solution when the operation is adjusted to desirable

operating conditions.

Nomenclature

S Supersaturation ratio
ape Activity for barium ion (mol/lit)
acos Activity for carbonate ion (mol/lit)
C Ion concentration (mol/lit)
Y Activity coefficient
c Relative supersaturation
BaCOg lion pair
I Ionic strength
Ci Concentration of i-component (mol/lit)
zi Charge number of i-component
G Crystal growth rate (m/s)
L Mean particle size (m)
t Time (min)
k Kinetic constant in power law model (m/s)
n Power exponent in power law model
o Pre-hyperbolic growth rate constant (m/s)
B Hyperbolic growth rate constant
X Conversion
M Initial stoichiometric ratio
X Conductivity (Sem™)

Equivalent ionic conductivity (cm*Smol™)
Temperature (°C)
Solubility products (mol* 1)

o>

@
o
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Fig. 8: Mophology of BaCO3 crystals: (a) Floc (b) Candy (C)
Olivary with end denderite (d) Pillar-like (e) Olivary.
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Table 2: Design of experiment.

("~ Run pH Temp concentration Feed rate\
1 10 58 4 1
2 10 62 5 1.5
3 10 66 6 2
4 10 70 7 2.5
5 10.5 58 5 2
6 10.5 62 4 2.5
7 10.5 66 7 1
8 10.5 70 6 1.5
9 11 58 6 2.5
10 11 62 7 2
11 11 66 4 1.5
12 11 70 5 1
13 11.5 58 7 1.5
14 11.5 62 6 1
15 11.5 66 5 2.5
L 16 11.5 70 4 2 )
Appendix

The Details of experimental conditions from run
number 1 to 16 are as follow Table [2].
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