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parameters on solution-mediated
phase transformation of calcium D-gluconate: an
approach to obtain pure metastable monohydrate†

Hang Zhang, a Lihong Jia, a Pingping Cui,a Ling Zhou*a and Qiuxiang Yin*abc

The high risk of solution-mediated phase transformation (SMPT) from the metastable monohydrate to stable

Form I makes it difficult to produce pure metastable monohydrate of calcium D-gluconate. In this work, we

explored the effect of various operating parameters on the SMPT of calcium D-gluconate in water and

proposed an effective approach to obtain the desired monohydrate. First, the two forms of calcium D-

gluconate were characterized and compared using powder X-ray diffraction (PXRD), thermal analysis, and

Raman spectroscopy. The lower solubility of Form I in water illustrates its higher thermodynamic stability

than monohydrate when the temperature is higher than 292 K. Afterward, the SMPT of calcium D-

gluconate from monohydrate to Form I was investigated in water using in situ Raman spectroscopy

combined with scanning electron microscopy and PXRD. Results showed that the nucleation and growth

of Form I was the rate-limiting step in the SMPT from monohydrate to Form I. The phase transformation

from monohydrate to Form I was delayed to produce pure monohydrate by decreasing temperature and

agitation rate, reducing the amount of solid loading, and increasing the particle size of solid loading.

Furthermore, the transformation kinetics were studied by the JMA model to explore how temperature

influences the SMPT process. This study enriches the study of the calcium D-gluconate SMPT mechanism,

and also provides guidance for obtaining high-quality injection-grade calcium gluconate monohydrate.
Introduction

Polymorphism and hydrates of active pharmaceutical ingredi-
ents (APIs) are common solid forms in the pharmaceutical
industry.1,2 Different solid forms of APIs have many differences
in physicochemical properties, such as stability, solubility,
bioavailability, and efficacy.3–8 Therefore, it is of great signi-
cance to obtain the desired solid form with good performance.
Generally, only one form is stable in a given situation, and when
different forms of API are present simultaneously in a suitable
solvent, the other metastable forms can transform into the
stable one via solution-mediated phase transformation (SMPT)
within a certain temperature range.9 However, the metastable
form of APIs may present better performance, like high solu-
bility, high dissolution rate, and adequate bioavailability.10

Studies on SMPT are important to determine the phase trans-
formation relationships of different solid forms, especially for
obtaining pure metastable form. SMPT is easy to occur because
ology, State Key Laboratory of Chemical

072, People's Republic of China

Transformations, Tianjin 300072, China

very and High Efficiency, Tianjin 300072,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
the participation of solvent allows the metastable forms to
interact continuously with the bulk solvent phase. Thus, how to
prepare pure metastable forms remain a challenge in the
pharmaceutical industry.

SMPT usually consists of the dissolution of the metastable
form, the nucleation of the stable form, and the growth of the
stable form.11,12 In different cases, the rate-limiting steps of the
SMPT process are different, and the operating parameters will
affect the phase transformation rate.13 O 'Mahony et al.14

studied the SMPT process of carbamazepine from Form II to
Form III, which is controlled by the growth of Form III or by the
dissolution of Form II, depending on the solvent. Piracetam15 is
controlled by the growth of the stable form with a longer
nucleation induction time. Pan et al.16 investigated the effects of
different solvent compositions, solid loading, and seed sizes on
the SMPT process of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane. It was found that the stable form may
nucleate on the surface of the metastable form and that the
transformation rate was positively correlated with the solid
loading. Thus, it is of importance to control the rate-limiting
step and achieve long-term maintenance of metastable form
by changing various parameters.

Calcium D-gluconate (Fig. 1) is widely used to reduce the
permeability of capillaries, maintain the normal excitability of
nerves and muscles, and contribute to bone formation.17–19

Meanwhile, as a common food additive, calcium D-gluconate is
RSC Adv., 2023, 13, 12175–12183 | 12175
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Fig. 1 The molecular structure of calcium D-gluconate.
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commonly applied as buffering agent, curing agent, chelating
agent, and nutrient supplement.20 Calcium D-gluconate has one
hydrate (monohydrate) and two anhydrous forms (Form I and
Form II),21 where metastable monohydrate is widely used in
production because of its high solubility and dissolution rate.22

However, injection-grademonohydrate in high purity is difficult
to obtain through traditional crystallization processes due to
the high risk of SMPT frommonohydrate to Form I. In industry,
the fermentation liquid of calcium D-gluconate aer fermenta-
tion and reaction steps is further separated by cooling crystal-
lization to produce highly pure injection-grade monohydrate.
However, high concentration and high solids loading of
fermentation liquid make it highly viscous, not easy to ow, and
slow to dissolve,23 resulting in the dissolution rate being lower
than the SMPT rate. Since the raw material with partial phase
transformation is supersaturated for Form I, cooling crystalli-
zation of the raw material without complete dissolution will
result in mixed crystal form products, which will seriously affect
the product performance. Currently, fewer reports have focused
on the solid-state characteristics and crystallization behavior of
various forms of calcium D-gluconate. The SMPT process needs
to be further studied to determine the phase transformation
mechanism and nd an approach to produce metastable
monohydrate.

In this work, Form I and the monohydrate of calcium D-
gluconate were characterized by a series of methods to distin-
guish these two forms. The thermodynamic stability was
determined by comparing the solubility of these two forms in
water, and the solid dehydration of monohydrate was observed
under a hot-stage microscope (HSM). Finally, an approach to
producing metastable monohydrate was proposed by studying
the effect of different parameters including temperature, solid
loading, agitation rate, and particle size of solid loading on the
SMPT process.
Experimental section
Materials and methods

Materials. Calcium gluconate monohydrate (USP grade) was
purchased from Jiangtian Chemical Co., Ltd (Tianjin, China).
Deionized water was produced by Yuanli Chemical Co., Ltd
12176 | RSC Adv., 2023, 13, 12175–12183
(Tianjin, China). All raw materials were directly used without
secondary treatment.

Preparation of calcium gluconate Form I. Suspension of
calcium gluconate monohydrate in water was stirred at 353.15 K
at 600 rpm for at least 24 hours to obtain pure Form I. The nal
product was ltered and dried at 353.15 K for 24 hours.

Characterization of different forms of calcium D-gluconate.
The powder X-ray diffraction (PXRD) patterns were obtained on
a Rigaku D/max-2500 (Rigaku, Japan) using Cu-Ka radiation (l
= 1.5405 Å), with a step size of 0.02° and scanning rate of 8°
per min over diffraction angle (2q) range of 5°–40°. The test
temperature was 298 K, themeasured voltage was 40 kV, and the
current was 15 mA. Crystal shapes were observed by eld-
emission scanning electron microscopy (SEM, Hitachi X-650).
Differential scanning calorimetry (DSC) was performed from
303 to 570 K on a Mettler-Toledo 1/500 calorimeter. Thermog-
ravimetric analysis (TGA) was carried out from 303 to 600 K on
a Mettler-Toledo 1/SF analyzer at a constant heating rate of 10
K min−1 under a nitrogen gas ow rate of 50 mL min−1.

Solubility measurements and phase transition temperature
determination. The solubility of the two forms in water was
measured by the static method from 278.15 to 353.15 K. At rst,
excess monohydrate and Form I solid were added to 30 mL
water in a 50 mL crystallizer equipped with a magnetic stirrer at
200 rpm and a thermostat (CF41, Julabo, accuracy ±0.1 K),
respectively. And the suspension was stirred for at least 12
hours and kept still for 12 hours. Then the supernatant of 2 mL
was withdrawn with a preheated/cooled syringe and ltered
through a 0.45 mm lter and then dried in an oven until the
solvent evaporated completely at 353.15 K. The undissolved
crystals were analyzed by PXRD to determine that no SMPT
occurred during the measurement. The mole fraction solubility
x can be calculated as follows

x ¼
m1

M1
m1

M1

þ m2

M2

(1)

where m1 and M1 refer to the mass and molecular weight of
calcium D-gluconate, respectively. And m2, M2 refer to the mass
and molecular weight of water, respectively. To determine the
phase transition temperature, the temperature-dependent
solubility was correlated by the modied Apelblate equation
as followed

ln x ¼ Aþ B

T
þ Cln T (2)

where A, B, and C are empirical parameters, and T is the abso-
lute temperature.

The phase transition temperature is determined by the
intersection of the tting curves of the two crystal forms.

Solid-state dehydration of monohydrate. The solid-state
dehydration behavior of calcium gluconate monohydrate was
observed under a hot-stage microscope (HSM, Olympus
UMAD3). The sample was heated from 303.15 to 473.15 K with
a heating rate of 10 K min−1.

Phase transformation experiments. First, 5.6 g of mono-
hydrate was added to 100 g saturated aqueous solution at 348.15
© 2023 The Author(s). Published by the Royal Society of Chemistry
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K. The slurry was agitated using mechanical stirring at 200 rpm.
The SMPT from calcium gluconate monohydrate to Form I was
monitored by the Raman spectrometer,24 and the solution
concentration was measured by the static method. The solid
composition was monitored by a Raman RXN2 system at an
exposure time of 15 s per minute, and averaged three times per
scan to give the nal results (Fig. 2). The Raman probe was
vertically inserted into the suspension. The IC system soware
completed the acquisition and analyzed the process of SMPT.
The Raman spectra are between 3200–100 cm−1. The lumines-
cence wavelength of the laser was 785 nm. The mechanism of
phase transformation was explored by changing the experi-
mental operating parameters. The effects of temperature, solid
loading, agitation rate, and particle size of solid loading on the
SMPT process were investigated. The experimental parameters
are listed in Table S1.† During the SMPT, solid loading was
periodically extracted and analyzed by SEM and PXRD. The
different particle sizes of monohydrate solids (Dv(50) = 3.36,
2.21, and 1.77 mm) were prepared by hand grinding for different
times (0 min, 10 min, and 30 min), and the ground samples
were characterized by PXRD to ensure that the mechanical
forces did not change the crystal form and the crystals remained
the same metastable monohydrate. The size was determined by
Malvern Mastersizer S 3000 (Malvern Instruments Ltd, UK).

In this study, induction time16 was dened as the time from
the addition of calcium gluconate monohydrate to the forma-
tion of Form I, whereas transformation time was dened as the
time from monohydrate addition to the Form I content was
stable in a certain range.

Calibration of the Raman spectra for crystal form content.
The calibration method of Raman spectra was adopted from
published literature.25,26 To establish the standard curve of the
correlation between the crystal form content and the Raman
intensity, monohydrate and Form I with known ratio were fully
mixed and ground to eliminate the inuence of particle size on
the Raman characteristic peak intensity. The molar fraction of
Form I was chosen as the horizontal axis, and the relative peak
height (HI/(HI + Hhydrate)) was used as the vertical axis (Fig. S1†).

X ¼ x1

x1 þ x2

(3)

Y ¼ HI

HI þHhydrate

(4)
Fig. 2 Schematic diagram of the experimental setup.

© 2023 The Author(s). Published by the Royal Society of Chemistry
where x1and x2 refer to the molar fraction of Form I and mon-
ohydrate, respectively. And HI,Hhydrate refer to the characteristic
peak heights of Form I and monohydrate, respectively.

Results and discussion
Characterization of different forms of calcium D-gluconate

According to PXRD patterns in Fig. 3, the characteristic peaks of
monohydrate are located at 8.0°, 9.0°, and 22.5°. In comparison
with the single crystal data obtained from CCDC, it can be seen
that the experimental sample has the same crystal structure as
that reported by V. Bugris.27 While Form I exhibits three char-
acteristic peaks at 10.1°, 12.3°, and 35.5°, which are completely
different from the monohydrate. Therefore, the PXRD can
effectively identify the two forms.

The TGA and DSC thermograms of calcium gluconate
monohydrate (Fig. 4a) show a weight loss of 3.99% from 400 to
439 K, which coincides with the theoretical value of one water
molecule in the single crystal structure (4.01%).27,28 Meanwhile,
the DSC curve shows an endothermic peak in the same
temperature range due to dehydration. In addition, this
temperature is signicantly higher than the boiling point of
water, implying a strong interaction between water and calcium
D-gluconate molecules. Next, a heat absorption peak occurs at
442–460 K without mass loss, which is ascribed to themelting of
calcium D-gluconate. And decomposition occurs at tempera-
tures above 471 K. For Form I (Fig. 4b), there is only one
endothermic peak at 516 K caused by decomposition.

Raman spectroscopy (Fig. 5) shows characteristic peaks of
Form I lie in 870 cm−1, and 1126 cm−1, while those of mono-
hydrate are located in 684 cm−1, 830 cm−1, and 1046 cm−1. In
particular, peaks at 1046 cm−1 for monohydrate and at
870 cm−1 for Form I in the SPMT process were onlinemonitored
as characteristic peaks to determine the content changes of
different forms.

Determination of phase transition temperature

The thermodynamic stability of the different crystal forms can
be determined by solubility at different temperatures, where the
crystal form with high stability has low solubility.29 The solu-
bility of two forms in water was measured, and the tted
Fig. 3 PXRD patterns of calcium gluconate monohydrate and Form I.

RSC Adv., 2023, 13, 12175–12183 | 12177
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Fig. 4 TGA and DSC thermograms of (a) calcium gluconate mono-
hydrate, (b) Form I.

Fig. 5 Raman spectra of calcium gluconate monohydrate and Form I.

Fig. 6 Calcium gluconate monohydrate and Form I solubility curve.

Fig. 7 Hot-stage microscopy images of the solid-state dehydration of
calcium gluconate monohydrate during the heating process.
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curves30 (Table S2†) of the two forms intersect at 292 K (Fig. 6).
Form I has higher solubility below 292 K and lower solubility
above 292 K, indicating that calcium gluconate monohydrate is
more stable than Form I below 292 K, while Form I is the more
stable one above 292 K.31 The calculated transition temperature
(292 K) is less than themelting point (442 K), indicating that it is
an enantiotropy system.32,33

Solid dehydration of monohydrate mechanism

Solid dehydration of monohydrate was observed using the
HSM. During the heating process, the optical properties of the
12178 | RSC Adv., 2023, 13, 12175–12183
crystal changed. When the crystal was heated to 431.15 K
(Fig. 7b), the optical properties of the crystals disappeared
instantly and crystals turned completely black, indicating that
the dehydration process of water molecules has been completed
and the monohydrate lattice has collapsed. Next, calcium D-
gluconate decomposes due to heat when the temperature rea-
ches 473.15 K (Fig. 7c), and the solid foaming expansion, which
is consistent with DSC/TGA.

The variable temperature XRD (VT-XRD) patterns of mono-
hydrate at different temperatures (Fig. S2†) show that the
monohydrate transforms into amorphous aer dehydration,
and the amorphous state persists until the end of the sample
foaming expansion. On the other hand, the DSC thermogram of
the monohydrate (Fig. S3†) reveals that there is no peak at the
decomposition temperature of Form I (516 K) and no crystal
transformation peak appears, suggesting that the monohydrate
can not convert to Form I by heating.
Solution-mediated phase transformation

According to the solubility curve and Raman curve, the SMPT is
divided into three stages (Fig. 8), during the rst hour of the
experiment, only calcium gluconate monohydrate can be
detected by Raman spectroscopy. And the concentration
remains constant, which is the solubility of calcium gluconate
monohydrate. This period is dened as the nucleation induc-
tion time controlled by the nucleation of Form I. Then the peak
intensity of Form I begins to increase, but it is the opposite for
monohydrate, which means Form I begins to nucleate and
grow. Meanwhile, the solution concentration remains constant,
indicating that the nucleation and growth of Form I are sup-
ported by the dissolution of monohydrate. On the other hand,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of the relative Raman intensity and solution
concentration ( ) during the SMPT process from calcium gluconate
monohydrate ( ) to Form I (-) in water at 353.15 K. Fig. 10 SEM photos taken at different times during the SMPT process

from calcium gluconate monohydrate to Form I in water at 353.15 K.
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the total rate of growth is compensated by the much faster total
rate of dissolution. Aer 2.86 h (stage 3), the monohydrate
almost disappears, and the solution concentration begins to
decrease signicantly until the solubility of Form I is reached,
where the suspended solids are all Form I. The Raman spectra
no longer changes meaning the SMPT is nished. In other
words, at the beginning of SMPT, both the solution concentra-
tion and the Raman curve remain constant for a long time, and
their intensities represent the solubility of metastable form and
100% of solid loading in metastable form, respectively. When
the content of the metastable form starts to decrease until it is
about to disappear completely, the solution concentration starts
to decrease to the solubility of the stable form. Finally, the
Raman curve shows that all the solid loading is stable form.
Consequently, according to the four scenarios described by O’
Mahony et al., the nucleation and growth of Form I are the rate-
limiting steps of calcium D-gluconate SMPT.

PXRD patterns (Fig. 9) and SEM images (Fig. 10) also show
the phase transformation from calcium gluconate monohydrate
to Form I. PXRD patterns only show characteristic peaks of
monohydrate at 1 h and crystals maintain their original long
Fig. 9 PXRD patterns of suspended solids at different times during the
SMPT process from calcium gluconate monohydrate to Form I in
water at 353.15 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry
needle-like morphology (Fig. 10a). While PXRD shows a small
peak of Form I at 10.1° at 2 h and short rod-like crystals appear
(Fig. 10b), indicating that Form I begins to nucleate and grow.
As the transformation continues, the intensity of characteristic
peaks of monohydrate decreased until disappeared at 2 h
40 min. Correspondingly, the amount of Form I increases until
the eld of view is entirely occupied by short rod-like crystals at
2 h 40 min (Fig. 10d).

Effects of operating parameters on the SMPT process

Effects of temperature. To explore the inuence of temper-
ature on the SMPT process, we set the experimental tempera-
tures as 338.15 K, 348.15 K, and 353.15 K. As can be seen from
Fig. 11, both induction time and transformation time decrease
with increasing temperature. The induction time declines from
12.79 h at 338.15 K to 1.00 h at 353.15 K, while the trans-
formation time decreases from 30.22 h to 10.08 h. First, from
the kinetic perspective, the large differences in induction time
at different temperatures can be explained by the heteroge-
neous nucleation rate equation, where solubility plays an
important role.
Fig. 11 Profiles of the SMPT process from calcium gluconate mono-
hydrate to Form I with different temperatures, in terms of the relative
Raman intensity of Form I peak at 870 cm−1.

RSC Adv., 2023, 13, 12175–12183 | 12179
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Table 1 Results of Kinetic parameters for calcium D-gluconate
transformation

Condition tind/h K/h−3 n R2

353.15 K 1.00 0.244 1.61 0.9933
348.15 K 1.92 0.128 1.55 0.9989
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The nucleation rate can be written as

J ¼ N0Vexp

�
� DG*4

kT

�
(5)

where J is the number of nuclei formed per unit time per unit
volume,N0 is the number of solutemolecules per unit volume, V
is the frequency of molecular transport at the nucleation liquid
interface, 4 is the heterogeneous nucleation factor, and k is the
Boltzmann constant (1.3806 × 10−23 J K−1). The critical free
energy barrier for nucleation (DG*) is given by

DG* ¼ 16pn2g3

3ðkTÞ2ðln SÞ2 (6)

where v is the molecular volume of the solute; S is the super-
saturation ratio.

The interfacial energy, g can be written as34

g = 0.414kT(csNA)
2/3(ln cs − ln ceq) (7)

where cs is equal to the ratio of the density of the solute to the
molar mass of the solute, NA is Avogadro's number (6.022 ×

1023), and ceq is the equilibrium solubility. As the temperature
goes up, the solubility and N0 increase. V related to the agitation
rate, which is constant during the experiment. Rising temper-
ature causes (ln S)2 to increase, g to decrease, and nally DG* to
decrease. Collectively, those ultimately result in the acceleration
of the heterogeneous nucleation rate in eqn (5).

On the other hand, from the thermodynamic point of view,
when the temperature is higher than 292 K, the solubility
difference between the two crystal forms increases with the
rising temperature, leading to an increase in the thermody-
namic driving force, which accelerates the transformation
process. The driving force of the phase transformation is the
Gibbs free energy difference (DGA/C) between the two forms,
which can be expressed as

DGA/C ¼ RT ln

�
fC

fA

�
¼ RT ln

�
aC

aA

�
zRT ln

�
xC

xA

�
(8)

where R is the ideal gas constant, 8.314 J mol−1 K−1; f is fugacity;
a is thermodynamic activity; x is mole fraction solubility. As
Fig. 12 The thermodynamic driving forces (DGA/C) of the phase
transformation at different temperatures in water.

12180 | RSC Adv., 2023, 13, 12175–12183
shown in Fig. 12, DGA/C are negative, which indicates that the
phase transformation is spontaneous. Therefore, under the
inuence of both thermodynamics and kinetics, the increasing
temperature promotes the SMPT process, resulting in a short-
ening of the induction time and transformation time.

To investigate the kinetics of the solution-mediated phase
transformation at different temperatures, the JMA model was
selected to correlate with the Raman spectroscopic data ob-
tained from the experiment. And this model can be written
as35,36

x(t)I = 1 − exp{−K(t − tind)
n} (9)

x(t)hydrate = exp{−K(t − tind)
n} (10)

where x(t)I and x(t)hydrate refer to the fraction of Form I and
monohydrate in solid loading at time t, respectively. tind is the
induction time of stable form. K is the rate-dependent constant
of stable form. n is the order of the transformation.

According to eqn (9), the kinetic parameters of the phase
transformation at different temperatures are listed in Table 1.
As the temperature increases, the induction time is shortened,
K values increase, and the order of transformation becomes
larger. All values of R2 are above 0.99, which indicates that the
model ts the SMPT well.

Effects of solid loading. The effect of solid loading on SMPT
was also investigated, 4.3 g, 5.6 g, and 6.6 g (30.47%, 39.8%,
46.77% of solute mass) of calcium gluconate monohydrate to
the saturated aqueous solution. According to Fig. 13, reducing
the amount of solid loading can effectively prolong the induc-
tion time, compared to 6.6 g solid loading, 4.3 g solid loading
extends the induction time from 0.37 to 8.48 h. Considering
338.15 K 12.79 0.109 1.39 0.9955

Fig. 13 Profiles of the SMPT process from calcium gluconate mon-
ohydrate to Form I with different solid loadings, in terms of the relative
Raman intensity of Form I peak at 870 cm−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Profiles of the SMPT process from calcium gluconate mon-
ohydrate to Form I with different agitation rates, in terms of the relative
Raman intensity of Form I peak at 870 cm−1.
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that the crystal growth rate is constant because the supersatu-
ration is constant in the same solvent at the same temperature
in SMPT.37 It can be speculated that the nucleation of Form I
tends to occur on the surface of monohydrate.38,39 Positive
correlation between solid loading and phase transform rate may
be due to the high local supersaturation at the interface of
metastable form promoting nucleation. In conclusion, the
SMPT process of calcium gluconate monohydrate is controlled
by the nucleation and growth of stable form, whereas the
nucleation of Form I is controlled by the surface of mono-
hydrate, so the less solid loading provides fewer nucleation sites
compared to a large solid loading, the longer the trans-
formation time will be.

Effects of the particle size of solid loading. To investigate the
effect of particle size of solid loading on the SMPT, 5.6 g calcium
gluconate monohydrate with different particle sizes (Dv(50) =
1.77, 2.21, and 3.36 mm) was added to the saturated solution.
The PXRD patterns of calcium gluconate monohydrate with
different particle sizes aer grinding are shown in Fig. S4,†
indicating no form changes, and the particle size distribution is
shown in Fig. S5.† Fig. 14 indicates that a solid loading of 3.36
mm extends the induction time from 20min with a solid loading
of 1.77 mm to 115 min. This is because reducing the particle size
increases the number of particles when the solid loading is
a certain amount. Moreover, smaller-sized crystals possess
a larger specic surface area, providing more nucleation sites.
Therefore, solid particles with smaller particle sizes can shorten
the induction time.

Effects of agitation rate. Different agitation rates (200 rpm,
400 rpm, and 600 rpm) were used to explore the effect of
agitation rate on the SMPT process with 4.4 g solid loading.
According to the results in Fig. 15, the agitation rate is nega-
tively correlated with the induction time. With increasing
agitation rates, the induction time was shortened from 8.53 h at
200 rpm to 1.10 h at 600 rpm and the transformation time from
30 h to 8 h. Because it is an effective method of removing the
stable form grown on the surface of the metastable form.13 With
the agitation rate increasing, Form I is removed from the
surface so that the surfaces of the metastable form can be
reused, which accelerates the SMTP process. On the other hand,
Fig. 14 Profiles of the SMPT process from calcium gluconate mon-
ohydrate to Form I with various particle sizes of solid loadings, in terms
of the relative Raman intensity of Form I peak at 870 cm−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the agitation rate plays a positive role in the mass transfer and
promotes the whole process of SMPT including dissolution,
nucleation and growth. Hence, increasing the agitation rate can
shorten the induction time and transformation time.

Considering the production efficiency and the properties of
water-solvent, the system temperature is required to obtain pure
injection-grade calcium gluconate monohydrate with higher
yield without exceeding 353.15 K. When the nal cooling
temperature is determined to be 303.15 K, the higher the solid
loading, the higher the concentration of the solution aer
complete dissolution, and the higher the product yield.40 When
the solid loading was set to 313%, i.e., undissolved calcium D-
gluconate accounted for 313% of the mass of solute in the
aqueous 303.15 K saturated calcium D-gluconate solution, the
agitation rates of 400 rpm (Fig. 16a) and 200 rpm (Fig. 16b) were
selected, and it was found that although the high agitation rate
accelerated the dissolution rate, it was still smaller than the
phase transformation rate, resulting in the generation of Form
I. When the dissolution temperatures were set to 353.15 K
(Fig. 16b) and 348.15 K (Fig. 16c), the results showed that the
increase of the dissolution rate at high temperature was
signicantly larger than that of the phase transformation rate,
making the dissolution rate higher than the phase
Fig. 16 PXRD patterns of injection-grade monohydrate with various
parameters.

RSC Adv., 2023, 13, 12175–12183 | 12181
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transformation rate, and pure injection-grade monohydrate
could be obtained. Finally, in order to achieve a greater yield,
experiments were conducted using solid loading of 318%
(Fig. 16d), and the experimental results revealed that the high
solid loading promoted the phase transformation rate obvi-
ously, resulting in a lower purity of the product. In summary,
the fermentation liquid of calcium D-gluconate with a solid
loading of 313% is used as the raw material according to the
efficiency requirements of the production process, yield
requirements, and water-solvent properties, the injection-grade
metastable calcium gluconate monohydrate can be effectively
produced by dissolution at 353.15 K with 200 rpm, followed by
cooling crystallization until 303.15 K. The PXRD patterns of the
product before and aer optimization are shown in Fig. 16.

Conclusions

In this study, calcium gluconate monohydrate and Form I were
rst distinguished by a series of characterizations. According to
the solubility of two forms in water, calcium D-gluconate is an
enantiotropy system with a phase transition temperature of 292
K. Form I is the more stable form than monohydrate above 292
K, and calcium gluconate monohydrate is the more stable one
at low temperature. The solvent-mediated phase transformation
(SMPT) process from monohydrate to Form I in water was
investigated by a combination of Raman spectroscopy, SEM,
and PXRD. The results indicated that the SMPT process was
controlled by the nucleation and growth of Form I. When the
temperature decreases, the transformation is delayed due to the
reduction of the thermodynamic driving force and nucleation
rate. Moreover, the JMA model can effectively elucidate that the
transformation kinetics, as well as the rate-dependent
constants of Form I and the order of transformation also
increase with increasing temperature. The solid-loading exper-
iments showed that the induction time was negatively corre-
lated with the solid-loading, while the particle size experiments
showed that increasing the particle size of the solid loading can
effectively prolong the induction time. And by reducing the
agitation rate, the SMPT rate can also be effectively slowed down
and the induction time extended. In summary, to maintain
a longer induction time and keep calcium gluconate mono-
hydrate from phase transformation, low temperatures, low
agitation rates, reduced solid loading, and increased loading
particle size can result in high-quality injection-grade calcium
gluconate monohydrate.
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