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Abstract

The batch crystallization of calcium gluconate from the reaction solution of the immobilized glucose oxidase catalyzed oxidation of
glucose was kinetically studied not only in an external loop airlift column but also in a small scale stirred tank. The solubility of calcium
gluconate under a wide range of the glucose oxidation conditions was measured and correlated. The crystallization was started by charging
successively a saturated calcium gluconate solution prepared at 30◦C and a known amount of its seed crystals in either crystallizer being
thermostated at a constant temperature between 5 and 15◦C. The time courses of the dissolved calcium gluconate concentration during
crystallization were observed to be unaffected either by superficial gas velocity in the airlift column or by impeller speed in the stirred tank.
The time courses in the column were found to be identical with those in the tank under the same operating conditions of pH, temperature,
and glucose and seed crystals concentrations. Almost no decrease in the dissolved calcium gluconate concentration was observed during
the crystallization without any seed crystals, while negligible change in the crystal size distribution was microscopically found during the
crystallization with seed crystals. These results obtained suggested that the crystallization proceeded under the surface reaction control
and no secondary nucleation occurred in both crystallizers. A crystal growth model was proposed to reproduce the time courses of the
dissolved calcium gluconate concentration during crystallization under the various operating conditions. The order of the crystal growth
rate with respect to the calcium gluconate supersaturation was found to be 3.2. The calculated time courses of dissolved calcium gluconate
concentration agreed well with the observed ones in both airlift and stirred tank crystallizers.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Calcium gluconate, a widely used gluconic acid deriva-
tive in pharmaceutical, food and general industrial chemical
fields, occurs as fine, white crystalline needles with relatively
low solubility in water[1–3]. A new environment friendly
bioprocess for the continuous enzymatic production of cal-
cium gluconate crystals has been proposed in our previous
papers to overcome the disadvantages of the present fermen-
tation process[4–6]. The new bioreaction–crystallization
process consists of two external loop airlift columns in
series, one being bioreactor and the other crystallizer. The
bioreactor is used to produce calcium gluconate solution in
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the air oxidation of glucose catalyzed by the immobilized
glucose oxidase plus manganese dioxide gel beads. The
solution in the bioreactor is then fed into the crystallizer to
produce the calcium gluconate crystals. The enzymatic re-
action kinetics[7], the gas–liquid and liquid–solid oxygen
transfer properties in the airlift column[8] and the biore-
action process optimization with biocatalyst deactivation
kinetics[6] have been reported in our previous papers. The
present work focuses on the kinetics on crystallization of
the product calcium gluconate to be recovered in the sec-
ond airlift column of the bioreaction–crystallization process
considering its relatively low solubility in water[1].

Only such a few related results as the solubility data at
several temperatures[1] have been reported on the crys-
tallization of calcium gluconate. In this work, the kinetics
on crystallization of calcium gluconate from the reaction
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Nomenclature

a crystal growth order (–)
Ag Arrhenius frequency factor of crystal

growth rate constant (m3a+1/(kga s))
CCaG supersaturated concentration of calcium

gluconate (kg/m3)
Ceq equilibrium concentration (solubility) of

calcium gluconate (kg/m3)
CG glucose concentration (kg/m3)
CS volumetric seed crystal concentration (kg/m3)
C0

CaG initial supersaturated concentration of
calcium gluconate (kg/m3)

Eg activation energy of crystal growth rate (J/mol)
Kg crystal growth rate constant (m3a+1/(kga s))
L characteristic length of needle-like crystal (m)
LS initial characteristic length of needle-like

crystal (m)
m mass of calcium gluconate crystals growing

on a single crystal (kg)
M mass of calcium gluconate crystals growing on

total seed crystals per volume (kg/m3)
n population density of crystals (1/m3)
rS radius of needle-like crystal (m)
R gas constant (8.314 J/(mol K))
t time (s)
T temperature (K)
UG superficial gas velocity (m/s)
V slurry volume of supersaturated solution (m3)

Greek letter
ρS mass density of crystals (kg/m3)

solution produced in the airlift bioreactor is studied in the
separate airlift crystallizer for an optimal design of the
crystallization as well as whole bioreaction–crystallization
process. A practical crystallization kinetic model is required
for a wide range of operating conditions such as pH value,
temperature, superficial gas velocity, and glucose and seed
crystals concentrations. In addition to the airlift crystallizer,
therefore, a smaller scale stirred tank crystallizer is used
to examine more efficiently the effects of the different op-
erating variables on the calcium gluconate crystallization
kinetics.

The purpose of this work is: (a) to measure and correlate
the solubility of calcium gluconate as a function of the op-
erating variables related to the immobilized glucose oxidase
catalyzed oxidation of glucose, (b) to compare the crystal-
lization rates in the airlift crystallizer with those in the stirred
tank one, (c) to examine not only whether the crystal growth
accompanies secondary nucleation or not, but also whether
the rate is limited by the crystal surface reaction or by the
gluconate transfer around the crystal, and (d) to develop the
crystallization kinetic model applicable to the various oper-
ating conditions in both airlift and stirred tank crystallizers.

2. Experimental

2.1. Measurement of solubility of calcium gluconate in
reaction solution

A saturated solution of calcium gluconate was prepared
in a beaker by adding an excess amount of calcium glu-
conate crystals into deionized water or glucose solution
with the pH value adjusted using gluconic acid and then
stirring the resulting slurry in the beaker at a constant tem-
perature for 1 h. Then the slurry was filtered for separating
the remaining solid crystals completely. The solubility of
calcium gluconate was determined by analyzing the calcium
ion concentration in the filtrate using the EDTA titration.

2.2. Crystallizers used

Two types of crystallizers were used in the experiment.
One was an external loop airlift bubble column and the other
was a small scale stirred tank. The airlift column is shown
in Fig. 1(a), which is 2.5 l in volume, 0.5 m in liquid height,
and 0.05 and 0.03 m in riser and downcomer diameters, re-
spectively. It has eight orifices of 0.5 mm in diameter on the
wall near the riser bottom for sparging gas. The superficial
gas velocity was in the range 0.005–0.02 m/s. The stirred
tank is shown inFig. 1(b) and 0.6 l in volume. The stirring
speed of the turbine type impeller was kept high enough to
suspend the crystals uniformly. The solution having a known
glucose concentration at a given pH value was saturated with
calcium gluconate at 30◦C in the same way as described
above. The solution prepared was charged into the airlift or
stirred tank crystallizer thermostated at a constant crystal-
lization temperature between 5 and 15◦C and then a known
amount of the seed crystals was added into the solution to
start the crystallization process. The temperature of the solu-
tion was changed to the desired crystallization temperature
within 10 and 30 min in the stirred tank and airlift crystal-
lizers, respectively. Thereafter the crystallization tempera-
ture was kept unchanged throughout the 8 h operation. Thus
an effect of such a relatively rapid unsteady state change in
temperature in the initial period was considered to be neg-
ligible on the relatively slow crystallization process for the
prolonged operating time.

2.3. Measurement of crystallization rate

The crystallization rate was measured by following the de-
crease in the calcium ion concentration in the liquid phase at
intervals using the EDTA titration method. A liquid sample
of 3 ml was taken from the crystallizer through the syringe
equipped with a filter for removing crystals. The ability of
the filter to remove crystals was examined by comparing the
concentration obtained with that in the following reference
liquid sample. The sample was taken from the clear layer of
the sample solution in which the crystals had settled at the
same temperature as that in the crystallization for more than
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Fig. 1. Schematic diagram of experimental apparatus.

2 h. The calcium ion concentrations in two samples agreed
well, indicating almost perfect removal of crystals by the
filter fitted with the syringe.

2.4. Measurement of crystal size distribution (CSD)

The morphology and CSD were observed by using a mi-
croscope (Olympus CH2) with the magnification of 250. A
CCD camera was used to measure the images taken by the
microscope in the further magnified forms through a mon-
itor display and also to print them via personal computer.
A sample solution of 0.1 ml containing crystals was taken,
and then diluted with 200 ml anhydrous ethanol in a beaker.

The calcium gluconate crystals were found to be almost in-
soluble in ethanol. A drop of the ethanol–crystal slurry in
which the crystals were well suspended was put on a slide
glass of the microscope. The ethanol was dried in the air, and
then the size of each crystal on the slide glass was measured
from its enlarged image on the display. The morphology of
the crystals was recorded as the printed output of personal
computer storing the image signals of the CCD camera.

3. Results and discussion

3.1. Solubility of calcium gluconate under various
conditions

The solubility of calcium gluconateCeq was determined
in the temperature range from 5 to 50◦C under the different
pH values and glucose concentrationsCG. The effects of
the pH value and glucose concentration on the solubility at
each temperature are shown inFig. 2. The results indicate
that the value ofCeq is independent of both pH value and

Fig. 2. Solubility under various pH values and glucose concentrations.
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glucose concentration. As shown inFig. 2(a), the observed
solubility data are in a good agreement with the literature
ones for pH= 7 andCG = 0 [1]. The dependency ofCeq on
temperature was correlated by the Arrhenius type equation
as shown in the following equation:

Ceq = 2.61× 105 exp

(
−2.19× 104

RT

)
(1)

3.2. Effect of nucleation on crystallization rate

Two solutions with different saturated calcium gluconate
concentration were prepared to obtain the respective two dif-
ferent supersaturation ratios at the same crystallization tem-
perature. One solution was saturated at 30◦C, which was the
typical reaction temperature in the integrated bioprocess[6].
The other solution was saturated at 50◦C for comparison.
The crystallization operation for each solution was carried
out for 8 h in the stirred tank crystallizer with the temperature
kept at 10◦C. No seed crystals were added during both oper-
ations. The time courses of the dissolved calcium gluconate
concentration in the two operations are shown inFig. 3. The
results show that the concentration of calcium gluconate re-
mains constant for the solution saturated at 30◦C, while a
slight decrease in the concentration occurs in the late stage
of the operation for the solution saturated at 50◦C. The fact
suggests that there was no nucleation in the former opera-
tion, whereas there might be nucleation in the latter.

Furthermore, occurrence of the nucleation was examined
by observing crystals in the liquid samples taken at 8 h in
both operations using the microscope. No crystal formation
was observed for the solution saturated at 30◦C, although the
crystalline needles were observed for the solution saturated
at 50◦C.

Based on the above facts, it is suggested that there might
be no nucleation for the crystallization using the former so-

Fig. 3. Effect of supersaturation of calcium gluconate on nucleation.

lution with the seed crystals, whereas a secondary nucleation
might occur for that using the latter one with them, because
of a large difference in the supersaturation ratios between
the two crystallizations. Hence, the crystallization with the
seed crystals at 10◦C for the solution saturated at 30◦C is
assumed to proceed under a simplified regime of the crystal
growth with no secondary nucleation.

3.3. Effect of mass transfer on crystallization rate

Generally, the growth of a crystal occurs in the follow-
ing two consecutive steps: the diffusion or mass transfer of
solute to be crystallized from the liquid phase to the crystal
interface, and the surface reaction for the solute to be incor-
porated into the crystal lattice. For developing a simplified
kinetic model for the crystallization process, it is important
to find out which step of these controls the overall crystal
growth rate. To determine whether the crystallization with
the seed crystals at 10◦C for the solution saturated at 30◦C
was under the mass transfer control or surface reaction con-
trol, the crystallizations were carried out under the different
flow and mixing conditions in the crystallizers. In the air-
lift crystallizer, the superficial gas velocitiesUG were var-
ied from 0.005 to 0.020 m/s with the pH value, temperature,
and glucose and seed crystals concentrations kept constant.
In the stirred tank crystallizer, on the other hand, the stir-
ring speeds were varied from 100 to 300 rpm under the same
operating conditions as above.

The time courses of dissolved calcium gluconate con-
centration in both crystallizers are shown inFig. 4. The
crystallization rates are represented by the rate of decrease
in the dissolved calcium gluconate concentration. The re-
sults reveal that the crystallization rate was independent of
the superficial gas velocity in the airlift column and also

Fig. 4. Comparison of crystallization rates in airlift and stirred tank
crystallizers.
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Fig. 5. A typical photograph of crystals.

independent of the stirring speed in the stirred tank and that
the crystallization rates in both crystallizers were very close
to each other, considering a slight difference in the initial
supersaturation ratio between them. The facts indicate that
the crystallization rate is independent of the geometry of
crystallizer as well as the flow and mixing conditions which
all govern the mass transfer property. Thus, it can be con-
cluded that the crystal growth is not under the mass trans-
fer control, but under the surface reaction control and that
the crystallization kinetics developed in the small apparatus
might be applied to the large scale crystallizer with different
geometry. Thus, the present experiments for developing the
crystallization kinetics were mainly carried out in the small
scale stirred tank for its easy temperature control and less
requirement of energy and materials.

3.4. Crystal size distribution (CSD)

The average crystal size data were obtained by measuring
the CSD using the microscope as described earlier. A typical
photograph of the needle-like crystals is shown inFig. 5.
Almost no change in the crystal size before and after the 8 h
crystallization operation was observed due to the low growth
rate of the crystals. CSD result with respect to the length
of the needle-like crystals is shown inFig. 6. The result
shows that the crystals in the range 30–80�m in length cover
more than 90% of the total crystals. The data on length and
diameter of more than 8000 needle crystals were obtained
and statistically analyzed to obtain the respective average
values. The average length (LS) and diameter (2rS) were
51.3 and 5.1�m, respectively.

3.5. Kinetic model on crystal growth

The crystal growth rate under the surface reaction control
can be described by the power-law model as shown in the
following equation:

dL

dt
= Kg(CCaG− Ceq)

a (2)

Fig. 6. Crystal size distribution (CSD).

whereCCaG is the supersaturated concentration of calcium
gluconate,(CCaG − Ceq) the supersaturation of solution,
dL/dt the crystal growth rate,L the average length of crys-
tals, anda and Kg the order and rate constant of crystal
growth, respectively.

For measuring the crystal growth in the present system,
the sieving method[10] cannot be directly applied because
of very low rate of crystal growth. Thus, an alternative
method was proposed by following the time course of the
dissolved calcium gluconate concentration. The principle of
the method is based on the assumption that the change of
the concentration is caused only by the lattice formation of
calcium gluconate molecules on the surface of seed crystals.
The cylindrical geometry of the crystals is assumed with the
average lengthLS and radiusrS based on the microscopic
observation of needle-like crystals. The fact that the length
of crystals is tenfold greater than its diameter indicates that
the growth rate of seed crystals in the longitudinal direction
is also ten times higher than that in the radial direction.

Hence, if the increment in length of a needle-like crystal
in a short period�t is �L, then the increment in its radius
should be�L/10 in the same period. Denoting�M/�t and
�m/�t as the mass growth rate of calcium gluconate on
the total surface of all crystals and that of a single crystal,
respectively, the mass balance can be developed as shown
in Eq. (3)based on the population densityn of the crystals
since there was no secondary nucleation as proved above:

�M

�t
= n

�m

�t

= n
ρS[π(rS + �L/20)2(LS + �L) − πr2

SLS]

�t
(3)

The population densityn is expressed asn = VCS/

(πr2
SLSρS), whereV is the solution volume andCS the crys-

tal concentration. The differential form ofEq. (3)neglecting
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the higher order terms of�L is shown as

dM

dt
= VCS

πr2
SLSρS

πr2
SρS

(
LS

10
+ rS

)
�L

�t

= VCS

(
1

LS
+ 1

10rS

)
dL

dt
(4)

Replacing the term dM/dt by the rate of change of dissolved
calcium gluconate concentration in the crystallizer dM/dt =
d(C0

CaG− CCaG)V/dt in Eq. (4)gives

−dCCaG

dt
= CS

(
1

LS
+ 1

10rS

)
dL

dt

= CS

(
1

LS
+ 1

10rS

)
Kg(CCaG− Ceq)

a (5)

Integration ofEq. (5) givesEq. (6) by applying the initial
conditionCCaG = C0

CaG at t = 0:

(C0
CaG− Ceq)

1−a − (CCaG− Ceq)
1−a

1 − a

= CS

(
1

LS
+ 1

10rS

)
Kgt (6)

The proportionality constantKg is assumed to be a function
of temperature, crystal size, and chemical environment con-
ditions. In the present system, the size increment was so tiny
that the effect of crystal size onKg was neglected. The val-
ues ofKg anda were estimated under the various operating
conditions such as pH value, temperature, and concentra-
tions of glucose and crystals.

The effect of pH value on the crystal growth is shown in
Fig. 7. The figure indicates that the growth rate increases
significantly with increasing pH value from 4 to 6. It was
also found that there was almost no crystal growth when the
pH value was lower than 4. On the other hand, there was no

Fig. 7. Effect of pH values on crystal growth rate.

Fig. 8. pH dependency of growth ordera and rate constantKg.

further increase in crystal growth rate when pH value was
lager than 6. The facts suggest that the pH value from 6 to
7 might be favorable for the higher crystal growth rate.

Fig. 8(a) and (b) shows the correlation ofa andKg with
the pH value, respectively. The former figure givesa = 3.2,
independent of pH value. The latter shows theKg value in
a linear relation with pH value as shown in the following
equation:

Kg = 4.16× 10−24[pH] − 1.63× 10−23,

for 4 ≤ pH ≤ 6 (7)

Thea value in the crystal growth process is generally found
to be in the range 1–2 for inorganic crystallization, while the
higher value ofa is reported up to 6 for organic or protein
crystallizations[11]. Thea value of 3.2 in this work falls into
the range of the reported ones[9,10]. It is speculated that the
crystal growth of calcium gluconate proceeds by the incor-
poration of growth units consisting of about three calcium
gluconate molecules into the crystal lattice at once[11,12].

Figs. 4, 7, 9 and 10show that the calculated time courses
of the dissolved calcium gluconate concentration from the
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Fig. 9. Effect of seed crystals concentration on crystal growth rate at
pH = 5.

kinetic model,Eqs. (6) and (7), in comparison with the ob-
served ones under the different type of crystallizers, pH val-
ues, seed crystal concentrations, and glucose concentrations,
respectively. The calculated results were found to be in a
good agreement with the observed ones.Figs. 4 and 10also
show that the growth rates were independent of the type of
crystallizer under the constant pH value and that the rate
were independent of the glucose concentration under the
constant seed crystal concentration, respectively.

3.6. Temperature dependency of crystal growth rate
constant

The effect of crystallization temperature on the growth
rate is shown inFig. 11 in the range from 5 to 15◦C for

Fig. 10. Effect of glucose concentration on crystal growth rate.

Fig. 11. Effect of crystallization temperature on crystal growth rate.

the solution saturated at 30◦C under the constant pH value
and seed crystal concentration. As reported in the previous
studies[9,10], the crystal growth ordera was independent
of temperature. Therefore, the growth rate constantKg was
correlated with temperature using the Arrhenius type equa-
tion as shown in the following equation:

Kg = Ag exp

(
−Eg

RT

)
(8)

where Ag and Eg are frequency factor and activation en-
ergy for crystallization, respectively. TheEg value was de-
termined as 7.35× 104 J/mol, while theAg value was fur-
ther correlated with the pH value using the relation shown
in Eq. (7). Then the following correlation equation (9) was
obtained forKg:

Kg = (6.12× 10−10[pH] − 2.37× 10−9)

×exp

(
−7.35× 104

RT

)
(9)

SubstitutingEqs. (9) and (1)into Eq. (2) gives the overall
crystal growth model with the crystal growth order ofa =
3.2 as shown in the following equation:

dL

dt
= Kg(CCaG− Ceq)

a

= (6.12× 10−10[pH] − 2.37× 10−9)

×exp

(
−7.35× 104

RT

)

×
[
CCaG−2.61×105 exp

(
−2.19× 104

RT

)]3.2

(10)

For calculation of the time course of the dissolved calcium
gluconate concentration,Eq. (9)was substituted intoEq. (6)
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to obtain the following equation:

[
CCaG− 2.61× 105 exp

(
−2.19× 104

RT

)]−2.2

−
[
C0

CaG− 2.61× 105 exp

(
−2.19× 104

RT

)]−2.2

= (6.12× 10−10[pH] − 2.37× 10−9)

×exp

(
−7.35× 104

RT

)
CS

(
1

LS
+ 1

10rS

)
t (11)

Fig. 11 also shows that the calculated time courses of the
dissolved calcium gluconate concentration fromEq. (11)
are in a good agreement with the observed ones under the
various crystallization temperature.

4. Conclusion

The kinetics on the batch crystallization of calcium glu-
conate from the reaction solution of the immobilized glu-
cose oxidase catalyzed oxidation of glucose was studied in
an external loop airlift bubble column and compared with
that in a small scale stirred tank. The results obtained in the
present study are summarized as follows:

(1) The solubility of calcium gluconate was determined in
the temperature range 5–50◦C and shown to be inde-
pendent of both pH value and glucose concentration.

(2) The crystallization with the seed crystals at 10◦C for the
solution saturated at 30◦C was found to proceed with
no secondary nucleation.

(3) The crystal growth process was found to be under the
surface reaction control with no mass transfer effect
and independent of the geometry of crystallizer, exter-
nal loop bubble column or stirred tank.

(4) A simplified crystal growth model was developed for
the crystallization operation with the seed crystals under
the various pH values, temperatures, and concentrations
of glucose and seed crystals. The order of the crystal

growth was found to be 3.2 irrespective of the operat-
ing conditions within the range examined. The calcu-
lated time courses of the dissolved calcium gluconate
concentration during the batch crystallization operation
were in a good agreement with the observed ones.
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