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Abstract
The influence of retinyl palmitate (RP) on nucleation and growth kinetics, in the sugarcane fortification process, is analyzed.
Batch crystallization experiments, following natural and linear cooling profiles, were carried out adding different amounts of
RP. At each experiment, 10 cm3 samples were collected every 10 minutes and sugar concentration, crystal mass and crystal size
distribution were measured. Nucleation and growth rates were calculated experimentally and kinetic parameters were determined
using power-law type relations. At the end of each experiment, crystals were observed in a microscope and morphological
changes were analyzed. The results showed that the presence of RP in the fortification process of sugar generated a decrease in
both nucleation and growth rates. The decrement was bigger when the initial concentration of RP increased. Moreover, it was
observed that fortified crystals suffered morphological changes into their habit.
Keywords: Crystal morphology, kinetics parameters, modelling, nucleation and growth rates, shape factors.

Resumen
En este trabajo se analiza la influencia del palmitato de retinilo (PR) en las cinéticas de nucleación y crecimiento, en el proceso
de fortificación del azúcar de caña. Se llevaron a cabo experimentos de cristalización por enfriamiento con perfiles natural y
lineal, en un sistema por lotes, añadiendo diferentes cantidades de PR. En cada experimento, se tomaron muestras de 10 cm3

cada 10 minutos y se midieron la concentración de azúcar, la masa de cristal y la distribución del tamaño de cristales. Las
velocidades de nucleación y crecimiento fueron determinadas experimentalmente y los parámetros cinéticos se determinaron
utilizando relaciones de tipo ley de potencia. Al final de cada experimento, los cristales fueron observados en un microscopio
y se analizaron los cambios morfológicos. Los resultados mostraron que la presencia de PR en el proceso de fortificación de
azúcar provocó una reducción en las velocidades de nucleación y crecimiento. Esta disminución fue mayor cuando aumentó la
concentración inicial de PR. Además, se observó que los cristales fortificados sufrieron cambios morfológicos en su hábito.
Palabras clave: Morfología de cristales, parámetros cinéticos, modelado, velocidades de nucleación y crecimiento, factor de
forma.

1 Introduction

Crystallization is a commonly used separation
process that purifies fluids by forming solids.
The separation of these two phases is achieved
when the physical conditions create supersaturated
solutions. Crystallization has been analyzed using
different transport mechanisms that involve nucleation
and crystal growth. Both mechanisms depend on
supersaturation, temperature and interfacial tension.

In the crystallization of pure solutions, homogeneous
nucleation appears at high supersaturations and
in the presence of foreign nuclei heterogeneous
nucleation is induced at lower supersaturations (Jones,
2002). Classical nucleation theory provides the
background for explaining the nucleation mechanism
and includes equations such as the Gibbs-Thompson
for homogeneous nucleation (Mullin, 2001) and a
modified equation for heterogeneous nucleation that
introduce a factor that accounts for the decreased
energy barrier to nucleation due to the foreign solid
phase (Söhnel and Garside, 1992).
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Moreover, several theoretical models for crystal
growth, based on a diffusion and integration process
have been proposed (Mullin, 2001). Unfortunately,
the theoretical equations include parameters that are
not easily measured; so that, nucleation and growth
rates are generally evaluated using experimental data
and empirical correlational models for every required
system (Quintana-Hernandez, et al., 2008).

On the other hand, batch cooling crystallization
has proved to be an efficient method for sugarcane
fortification with Vitamin A using microencapsulated
spheres of retinyl palmitate. In this process, RP
microspheres adhered to sugar crystal faces or they
are encapsulated into the growing sugar crystals.
Quintana-Hernandez et al. (2020) reported that the
retained RP percentage increased with the increase in
initial RP concentration. However, the effects of RP
on crystallization kinetics and crystal morphological
changes are unknown.

In the literature, it has been reported that impurities
modify the solubility of a solute in a system depending
on the impurities concentration and temperature.
Zhang et al. (2012) showed that the presence of
racemic malic, succinic and citric acids impurities
increased the solubility of zinc lactate when increase
the impurity concentration. Ugarte et al. (1999)
determine sucrose solubility with different impurities
concentrations of chloride potassium, aspartic acid
and tyrosine. Sucrose solubility increases at high KCl
concentration but decreases at low KCl concentration.
Besides, they reported that sucrose solubility increases
in the presence of aspartic acid but decreases in
the presence of tyrosine. Contreras and Hernández
(2005) evaluated the solubility of sugar cane in
presence of different amino acid impurities. They
found that solubility decreased with an increment
in the impurities concentration. On the other hand,
Quintana-Hernández et al. (2020) reported a low
influence of RP on the solubility of sugarcane at
the concentrations analyzed but a high influence of
temperature.

Moreover, the presence of impurities induces
changes in the nucleation mechanism. Sometimes,
impurities reduce the overall free energy change
required for critical nucleus formation and enhance
heterogeneous nucleation at a lower supersaturation.
Mullin (2001) described how small amounts of
foreign ions produced an inhibitory effect on
nucleation of some inorganic salts. He mentioned
that after a threshold ion concentration the inhibitory
effects decreased. For other systems, impurities act
as nucleation accelerators, and sometimes enhance

secondary nucleation when inhibit primary nucleation
(Sarig and Mullin, 1982). Kubota (2001) reported that
most of the impurities reduced the growth, others
enhanced it, and some others stopped it completely.
Therefore, there is no way to generalize the overall
effect of impurities on nucleation.

Similarly, the effects of impurities on crystal
growth cannot been generalized. Zhang et al. (2017)
showed that the adsorption of foreign particles into
active sites generate an increment in interfacial
tension, a reduction of crystal growth, and changes
in crystal habits. Sgualdino et al. (1996) showed that
the presence of raffinose during the crystallization
of sucrose stopped the growth of some of its
crystallographic faces and it produce elongated
crystals. Vavrinecz (1965) published an Atlas of Sugar
Crystals and showed many different shapes of sucrose
crystals generated by the presence of impurities
or obtained under different growth conditions.
Unfortunately, it has not been possible to establish
any relationship between impurities concentration and
crystallographic changes. In addition, the influence of
RP on crystallization kinetic parameters or possible
morphological changes in crystal habit have not been
reported in the literature.

Three strategies for evaluating kinetic parameters
(base on power-law type equations) have been reported
in the literature using the data generated in batch
experiments (Qiu and Rasmuson, 1994; Zhang, et al.,
2017). The first strategy uses direct measurements
on individual crystals (Monaco and Rosenberger,
1993); this approach is slow, expensive and not
very reproducible. The second one uses experimental
measurements of solution concentration, mass of
crystals formed and crystal size distribution (CSD)
(Wey, 1985). In the third one, the kinetic parameters
are determined using an optimization process where
population, mass and energy balances are solved
minimizing the sum of the squares of the difference
between experimental and calculated data of solute
concentration (Medina-Galván, et al., 2020). This last
strategy, sometimes become difficult due to the highly
non- lineal behavior of the power-law relations that
generate a large number of possible local minimum
solutions.

In this work, the effects of RP on the kinetic
parameters and crystal morphology were investigated.
Cooling crystallization experiments with different RP
concentrations were performed. Saturated sugarcane
solutions were prepared and supplemented with
different RP concentrations. Solutions were cooled
following either natural or lineal cooling profiles.
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Every 10 minutes a 10 cm3 sample was analyzed.
Sugar concentration, mass of crystals and crystal
size distribution were determined. Nucleation and
growth rates were evaluated for each sample.
Kinetic parameters were determined correlating the
experimental results with power-law type models. At
the end of each experiment, crystals were filtrated
and observed in an optical microscope. With the
image processing software developed in this work,
characteristic dimensions of some crystals were
measured and specific shape factors were calculated.
Morphological changes were analyzed based on the
physical habit shown and the values of specific shape
factors.

2 Experiment

2.1 Materials and reagents

Sugar cane obtained from Distribuidora de azúcar
(Celaya, Mexico) was purified by recrystallization up
to a mass purity of 99.0 wt%. Vitamin-A, as retinyl
palmitate powdery with 500,000 IU/g was provided
by F. Hoffmann-La Roche (Basel, Switzerland),
microspheres (mean of 3.94 µm and a standard
deviation of 2.76 µm) were used in this work.

2.2 Experimental apparatus

Cooling crystallization experiments were performed
in a three-liter stainless steel crystallizer provided
with four fixed vertical baffles equally spaced, and
a heat exchange jacket. An agitator Janke & Kunkel
RW20DZM (Germany) with a double blade connected
to an electrical motor provided the necessary agitation
in the range of 50-1200 rpm. Sugar concentration
(°Brix, g sugar/100 g solution) was measured with
an Abbe refractometer Atago DR-A1 (USA). Sugar
and RP samples were weighted on an analytical
balance Mettler Toledo AG245 (USA) with accuracy
(0.01 mg). Temperatures were measured with J-type
thermocouples and recorded with a data acquisition
equipment cDAQ 9401 (National Instruments, USA).
A Huber HS40 (Germany) system was programmed
to generate the natural and lineal cooling profiles
shown on Fig. 1. Crystal size distributions (CSD) were
measured with a Master Sizer S (Malvern Instruments,
England).

Fig. 1. Experimental temperature cooling profiles,
natural and linear.

Crystal habit was observed with an optical
microscope Iroscope MG-18 (Mexico) and crystal
dimensions were obtained with the image processing
software DCA (Mexico) developed in this work.

2.3 Experimental procedure

Saturated solutions with 2844 g of sugarcane and the
corresponding RP mass for each experiment (see Table
1) were dissolved in 900 cm3 of water. Solutions were
heated above 70 °C during 30 minutes for the complete
dissolution of the sugar. Then the solution was cooled.
Temperature cooling profiles were selected based on
previous reported studies (Quintana-Hernández, et
al., 2004; Bolaños et al., 2008; Sánchez-Sánchez, et
al., 2017, 2020; Quintana-Hernández, et al., 2020).
Natural cooling profiles induce faster supersaturation
changes than linear cooling profiles and promote faster
mass transfer from the liquid phase to the solid phase.
Natural cooling experiments lasted 300 minutes and
experiments cooled with lineal profiles continued after
300 minutes at a constant temperature of 40 °C and
lasted 400 minutes.

Table 1. Experimental conditions for each run.

Experiment Profile RP
(g)

E1 Natural 0
E2 Natural 0.4689
E3 Natural 4.6890
E4 Lineal 0
E5 Lineal 0.5121
E6 Lineal 5.1210
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To ensure similar mixing conditions and reduce
agglomeration, attrition and breakage agitation rate
in all experiments was kept constant at 180 rpm.
Bolaños et al. (2008) reported that in the sugar
crystallization process agglomeration appeared at rates
below 100 rpm and breakage at rates above 500 rpm.
Every 10 minutes, a constant volume sample of 10 cm3

was taken. The samples were filtered (Whatman 40)
and the solution concentration was measured, keeping
temperature constant in the refractometer. Crystals
were dried under vacuum at room temperatures for
30 minutes and their mass and CSD were determined.
At the end of each run, crystals were filtrated,
dried and observed in an optical microscope. Crystal
characteristic dimensions were determined and crystal
habits were compared among pure and fortified
crystals.

3 Crystallization kinetics
evaluation

3.1 Sugar solubility estimation

Quintana-Hernandez et al. (2020) found that RP had
no considerable influence on sugar solubility in water
due to the microencapsulated RP particles were not
soluble in the mixture. Therefore, eqs. (1)-(2) were
used to evaluate sugar solubility in this work.

A = −0.000701T 2 + 0.264T + 60.912 (1)

cs =

( A
100− A

)
(2)

where A is the sugar saturation concentration
measured in °Brix and cs is the sugar saturation
concentration given in g of sugar/cm3 water. T is the
saturation temperature (°C). Equation (1) is valid in
the range of 20 to 85 °C and it has a coefficient of
determination R2 = 0.9902.

3.2 Kinetic parameters estimation

The solution concentration was estimated using Eq. (3)
where m0 represents the original sugar mass loaded,
ms the equivalent crystal mass sampled, and Vw the
water volume.

c =

(
m0 −

msVsol
10

)
Vw

=
m0 −m

Vw
(3)

The third distribution moment (volume of
crystals/volume of solution) was determined with
Eq. (4) where m represents the total crystal mass
transferred from the liquid to the solid phase, ρ the
crystal density (1.588 g/cm3) and Vsol the solution
volume (2691 cm3).

M3 =
m

ρVsol
(4)

The CDS measurements obtained with the
MasterSizer provided information on the crystal
distributions dimensions related to: volume D43,
area D32, length D21 and number D10 per volume
of solution. These measurements and distribution
moment three were used to evaluate the other
distribution moments M2, M1 y M0, using eqs, (5)-(7).

M2 =
M3

D32
(5)

M1 =
M2

D21
(6)

M0 =
M1

D10
(7)

Moments zero, one, and two corresponded to the
number of crystals (N), the total length (L), and
the total area (A) per unit volume of the solution
respectively.

Experimental nucleation and growth rates were
calculated for each sampling time, k, with eqs. (8)-(9)
respectively.

Bk+1 =
M0,k+1 −M0,k

tk+1 − tk
(8)

Gk+1 =
D43,k+1 −D43,k

tk+1 − tk
(9)

Kinetic parameters were calculated using two
commonly used power-law type equations for
nucleation, Eq. (10) and growth, Eq. (11) as function
of supersaturation (Zhang, et al., 2017). Temperature
influence was introduced with an Arrhenius like
dependency. The effects of sugar viscosity and
agitation rate were not including explicitly because
it was assumed that these effects were considered
globally by the adjusted parameters. In addition, it
was assumed that growth was independent of crystal
size. Eqs. (10)-(11) included the six kinetic parameters
kb0 (# crystals/cm3 min), kg0 (cm/min), ∆Eb (J/mol),
∆Eg (J/mol), b and g representing frequency factors,
activation energy and supersaturation exponents for
nucleation and growth respectively. R is the ideal
gas constant (8.3144 J/mol K) and T is the solution
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temperature (K). The kinetic parameters as well as
the determination coefficient were estimated with the
nonlinear parameter estimation procedure cftool of
Matlab.

B = kb0 exp
(
−∆Eb

RT

)
ln

(
c
cs

)b

(10)

G = kg0 exp
(
−∆Eg

RT

)
ln

(
c
cs

)g

(11)

3.3 Specific surface shape factor estimation

The specific surface shape factor F, is defined as the
ratio of the surface shape factor, fs, and the volume
shape factor, fv. These factors relate the surface area
and volume with a characteristic dimension of crystals.
Some authors have associated the characteristic length
with the crystal second largest dimension (Mullin,
2001; Jones, 2002). Any change in crystal habit
produces different surface areas or volumes; therefore,
the specific surface shape factor changes too. In this
work, an attempt to quantify this modification in
crystal habit is done via the evaluation of the specific
surface shape factor, F. This factor is determined
minimizing the difference between the growth rate
profiles evaluated with the measurements given by the
Master Sizer (Eq. 9) and the growth rate calculated
based on mass flux transferred, Eq. (12).

G =
∆mF

3∆tρVsolM2
(12)

where ∆m represents the mass transferred from the
liquid phase to the solid phase in an interval of ∆t
(minutes). Vsol is the volume of the solution, M2 is the
second distribution moment and ρ is the density of the
solution (g/cm3).

On the other hand, the experimental specific shape
factors can be calculated with eqs. (13)-(15), where S c
is the crystal surface area, Vc the crystal volume and L
the characteristic crystal length.

fs =
S c

L2 (13)

fv =
Vc

L3 (14)

F =
fs

fv
=

S cL
Vc

(15)

4 Results and discussion

4.1 Effects of RP on crystallization kinetics

Fig. 2a shows the sugar concentration as function
of time for the experiments cooled following natural
or linear profiles. Natural cooling profiles generated
a faster decrease in sugar concentration than lineal
cooling profiles. Experiments with linear cooling
profiles lasted longer to reach the steady state
concentration corresponding to 40 °C. Experiments
E1-E3 reached the equilibrium at 200 minutes while
E4-E6 lasted more than 400 minutes. The presence
of RP slowed down the concentration deceasing rate.
When more RP mass was added the slower decreasing
concentration rates were observed.

Fig. 2b shows how the presence of RP induced
larger supersaturations values as the initial RP
concentration increased. Supersaturation reached
maximum values of 1.2182, 1.2754 and 1.3125 for
E1-E3 and 1.1137, 1.1546 and 1.1787 for E4-E6.
Natural cooling profile generated bigger maximum
supersaturation values than those obtained with linear
cooling profiles. Fig. 2c shows the overall effect of
the presence of RP on the mass transferred from the
liquid phase to the solid phase. It was observed that
increasing the initial concentration of RP increased
the time at which crystals appeared. For natural
cooled experiments, crystals appeared after 20, 30
and 60 minutes for pure, low and high RP initial
concentration respectively. A similar trend was shown
for experiments cooled with linear cooling profiles
(100, 130 and 150 minutes for pure, low and high RP
initial concentration respectively).

Figs. 2d-2e show how an increment in the initial
RP concentration inhibited nucleation and growth
rates. Nucleation maximum values (# nuclei/cm3 min)
were 46560, 28939 and 20217 for experiments E1-
E3 and 31109, 27809 and 25728 for experiments E4-
E6. It was cleared that nucleation appeared up to
the required supersaturation was achieved. Mersmann
and Kind (1988) reported values for nucleation
between 25000 and 420 000 # nuclei/ cm3 min
in the range of supersaturation from 1.05 to 1.50.
In the same way, maximum growth rates values
(cm/min) for experiments E1-E6 were 1.7043 ×10−3,
9.1699 ×10−4, 4.0013 ×10−4, 2.9504 ×10−4, 2.2228
×10−4 and 1.9561 ×10−4. The bigger growth rates
produced larger crystals in experiments E1-E3 that
those obtained in experiments E4-E6, as shown on Fig.
2f.
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Fig. 2. Experimental results for a) concentration, b) supersaturation, c) mass, d) nucleation rate, e) grow rate and f)
D43. Experimental data: E1, E2, E3, E4, E5 and E6. Calculated data: E1, E2, E3, E4,
· · · E5 and E6.

Mersmann and Kind (1988) reported a growth rate
range between 3 ×10−4 to 6 ×10−4 cm/min for the
same supersaturation range. The experimental values
obtained in this work for nucleation and growth rates
were consistent with the values reported by Mersmann

and Kind. In addition, growth rates were maximum for
pure sugar experiments and decreased when more RP
was added. These results indicated that the presence of
RP reduced the crystal growth.
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Table 2. Correlated kinetic parameters and coefficients of determination.

kb0 × 10−9 b ∆Eb R2 kg0 g ∆Eg R2

# nuclei/cm3min J/mol cm/min J/mol

E1 1.3528 3.0042 26010 0.9315 5.8626 1.0138 16855 0.9666
E2 1.2770 3.1540 27471 0.9675 2.8004 1.0104 16860 0.9677
E3 1.0864 3.3215 28199 0.9782 0.9852 1.0016 16895 0.9766
E4 1.3274 3.0138 26158 0.9921 1.3563 1.0044 16744 0.9501
E5 1.3037 3.1042 26950 0.9903 1.0521 1.0013 17550 0.9186
E6 1.1679 3.3138 27210 0.9485 0.8957 1.0009 17780 0.9073

Table 2 shows the correlated kinetic parameters for
all six experiments. The estimate values for activation
energies in presence of RP were higher than those
presented in experiments with no RP added. Besides,
they showed a tendency to increase when RP initial
concentration increased. Larger values of activation
energy induced a decrement on the overall rate.
Therefore, the presence of RP hindered nucleation
and crystal growth. Mullin (2001) reported activation
energies for diffusion controlling growth in the range
of 10-20 kJ/mol and 20-40 kJ/mol for primary
nucleation. The average values found in this study
were 17.714 kJ/mol for growth and 26.999 kJ/mol for
nucleation.

On the other hand, the exponent g is usually
referred as the order of the overall crystallization
process. It includes the effects of diffusion from the
bulk of the fluid phase to the solid surface and the
reaction (integration) of the molecules to the crystal
lattice. The mass transfer coefficient involved in the
molecular diffusion and the rate constant involved in
the molecular integration are extremely difficult to
evaluate. Therefore, it is difficult to determine the
theoretical value of g. However, if a crystallization
process were only diffusion-controlled (one step), the
molecular flux could be related to the concentration
gradient, dc/dx, and a diffusion coefficient; and the
resulting crystal growth equation would be lineal.
In this work, the average value of g, including
all cases shown on Table 2, was close to one,
which could be an indication of diffusion-controlled
predominant mechanism. Smythe (1967) reported
a diffusion controlled mechanisms for sucrose at
temperatures above 40 °C. Regarding to the exponent
of the nucleation rate, in this work the average value
of b was close to three. Garside and Davey (1980)
reported exponent nucleation values up to two for
homogeneous nucleation. The exponent increased up
to five for heterogeneous nucleation. In this work, the
presence of impurities (RP) promoted heterogeneous
nucleation. The estimated pre-exponential factors

decreased in the presence of RP making nucleation
and growth smaller with a tendency to decrease
when RP increase. Calculated nucleation and growth
rates with the empirical correlations were compared
against the values calculated experimentally. Figs.
2d-2e include the calculated values represented as
solid continuous lines. The comparisons show a
good agreement between experimental and calculated
values for B and G. Table 2 shows the coefficients of
determination and go from 0.9073 to 0.9921.

4.2 Morphological analysis

Changes in crystal habit are normally produced due
to the difference between adsorption energies on the
crystal faces. Impurities are usually adsorbed in those
surfaces with the lowest adsorption free energy. They
cover active sites and reduce the face growing rates
(Grases et al., 2000). Fig. 3a shows a typical pure
sugarcane crystal. It has a monoclinic shape with eight
faces distributed symmetrically into four pairs named:
a (100), b (111), c (111) and d (100). Faces named
“d” represent the front and back faces. Faces with the
same crystallographic direction normally grow at the
same rate in pure systems. However, when impurities
are present faces do not grow at the same rate. Figure
3b shows a fortified sugar crystal where RP was
principally adsorbed into face a’. The growing rates
of faces b’, and c’ were faster than the rates of faces
b and c respectively. These differences in growing
rates modified the habit of the produced crystals. Fig.
3c shows an image of pure crystals at the end of
experiment E1 and Fig. 3d shows an image of the
fortified sugar crystals at the end of experiment E3.
It can be observed that most of the fortified crystals
suffered changes in their morphology.

Using the crystal shown on Fig. 3a, the
corresponding surface areas for each face were: a =

(400)(155), b = (150)(155), c = (150)(155) and d =

(400)(200) + (200)(112). The total crystal surface area
was equal to 421,721 µm2.
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Fig. 3. a) Names designate to the faces of a pure sugar crystal, b) Names designate to the faces of a fortified sugar
crystal, c) pure sugar crystal at the end of E1 and d) fortified sugar crystals at the end of E3.

Table 3. Calculated Specific surface shape factors for
pure and fortified sugar crystals.

Experiment Specific surface shape factor
F

E1 5.3236
E2 5.1693
E3 4.9979
E4 5.3214
E5 4.8796
E6 4.7047

The crystal volume was equal to 15,865,905 µm3.
The crystal dimensions were length 623 µm, width
200 µm and thickness 155 µm. The experimental
specific surface shape factor using the second
largest dimension (200 µm) was 5.3160. The same
calculations were made for the crystal shown on
Fig. 3b. The faces areas were a = (200)(79), b =

(75)(70), c = (75)(70), a’ = (100)(70), b’ = (120)(70),

c’ = (120)(70), and d = d’ =(330+200)(37.4/2) +

(330+100)(34.2/2). The total crystal surface area was
equal to 82,870 µm2. The crystal volume was equal
to 1,209,965 µm3. The crystal dimensions were length
330 µm, width 71.7 µm and thickness 70 µm. The
experimental specific surface shape factor using the
second largest dimension (71.7 µm) was 4.91.

Table 3 shows the specific shape factors evaluated
minimizing the differences between Eq. (9) and
Eq. (12) for the six experiments. The specific
surface shape factors for experiments with no RP
(E1 and E4) were 5.3236 and 5.3214 respectively.
Those values were in very good agreement with
the experimental value of 5.316. When RP initial
concentration increased the F factor decreased
because the morphological changes induced by the
RP. The ratio area/volume of pure crystals (E1 and
E4) was equal to 0.02658 µm−1 while for E3 it was
0.06849 µm−1. The sugar fortified crystals had larger
surface area than the pure ones.
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Conclusions

Nucleation and growth rates were successfully
determined experimentally for the system sugarcane-
water-retinyl palmitate. Kinetic parameters were
estimated correlating the experimental data using
power-law type relations. The analysis of the
kinetic exponents suggested that crystal growth
was dominated by a diffusion mechanism and
nucleation was dominated by a heterogeneous primary
mechanism. Moreover, the results showed that the
presence of RP slowed down nucleation and growth
rates and induced morphological changes in the habit
of the crystals. The evaluation of specific surface shape
factors confirmed the habit changes in sugar fortified
crystals.
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