
 
 

 

 
Abstract—The crystallization process consists in the 

solid-liquid separation of organic and inorganic chemicals 
involving mass transfer of a solute dissolved in a liquid phase to 
a solid phase. The concentration zone widths let define the 
equilibrium or saturation line, metastable zone (first and 
second) and unstable or labile zone, and they are of prime 
importance for the design of optimal operation of cane sugar 
processes. This work has the goal to present a novel method to 
determine experimentally the concentration zone widths for 
commercial cane sugar (refined) using data and image 
acquisition approach.  Crystal size distribution (CSD) analysis 
and micrograph sequences were used for determining the 
stability limits in terms of density. As a main result, we found 
that the width of the concentration zones (metastable and labile) 
increases nonlinearly whereas the saturation temperature 
(cooling) decreases in a range from 70 to 40 °C. The results are 
commented in terms of process operation conditions according 
to the required information by the cane sugar crystallization 
industry, in order to have an appropriate control of the 
supersaturation inside the process. 
 

Index Terms—Cane sugar crystallization, concentration zone 
widths, image and data acquisition, CSD.   

I. INTRODUCTION 

  The crystallization process consists in the solid-liquid 
separation of organic and inorganic chemicals involving 
mass transfer of a solute dissolved in a liquid phase to a solid 
phase. At industrial conditions, the crystalline products 
require to have specific purity and crystal size distribution 
(CSD) instead of random distributions. The crystallization by 
cooling procedures is used when the solubility of the 
substance is an increasing function of the temperature. This 
operation is widely used in the industry for producing 
crystalline solids with a high purity at a cost relatively lower 
than other separation/purification operations [1]. In this form, 
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to obtain a specific CSD the supersaturation control plays an 
important role since it is a prerequisite for nucleation and 
growth. In turn, this is achieved through changes 
programmed in the cooling temperature, vacuum pressure, 
supersaturation, agitation rate and seeded crystal, among 
others [2]–[7]. One of the most important attributes in the 
crystallization processes is the presence of a continuous and a 
dispersed phase. By the effects of transport and 
physiochemical phenomena, the crystallization is realized 
through several steps, including nucleation, growth, 
occlusion and crystal attrition, leading to a distributed 
characterization of the physical and chemical properties of 
the product as the crystal size, forms, morphology, porosity, 
etc. [8], [9].  

 
The operation of crystallizer should be oriented to meeting 

specified product quality measured as product purity and 
CSD [10]. In the literature, there are a lot of studies that apply 
the first-principle approach starting by mathematical models 
based on material, energy and population balances, with the 
aim of optimizing some variables of the process (CSD, 
crystal mass, density, etc.) to obtain better profit as much by 
the producer as by the client [11]-[13]. On the other hand, in 
the crystallization industry the direct design approach is 
based on the study of the metastable zones to the 
identification of an operation region allows to favor the 
crystal growth (seeded) and to avoid the spontaneous 
nucleación. Nevertheless, the study or application of the 
direct design approach has been less studied than the 
first-principle approach, because of the difficulty of 
disposing of laboratories with sophisticated equipments or 
due to the high cost of realizing experiments in plant. For the 
cane sugar, industrial process design and operation is still 
based on the usage of empirical concentration zone widths. 
To the best of our knowledge, a quantitative description of 
these concentration zone widths oriented for industrial 
applications is still lacking in the open scientific literature. 

 
Our aim is to present a novel method for determining the 
crystallization stability zones for industrial sugar cane using 
data and image acquisition. The approach uses both 
experimentation and modeling to obtain the saturation line 
and metastable and labile zone widths in terms of the solution 
density from measurements with a high-precision digital 
densimeter. We found that the width of the zones 
concentration increases nonlinearly as the saturation 
temperature decreases in a range from 70 to 40 °C. 
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II. METHODOLOGY 

A. Experimental Equipment 

A glass batch crystallizer with isolation, type stirred tank 
with cooling-heating jacket was used by the experimental 
development. The crystallizer was connected to a 
programmable recirculation bath, variable agitation motor, 
concentration meter (density), data acquisition and a 
microscopic imaging acquisition system in pseudo-line. Fig. 
1 exhibits the equipment configuration and Table 1 describes 
important information about the equipments, electronic 
devices and crystallizer instrumentation.  

B. Image and Data Acquisition System  

The experimental equipment was integrated by a data 
acquisition system (PCI-6025E, PCI-1407, SC-2345 and 
SCC-TC02 by National Instruments, Inc. (NI)), which was 
used to register the concentration (densimeter DMA-4500 by 
Anton-Paar) in a host computer and to control the 
temperature of the system by means of a programmable 
recirculation bath (Julabo F-34). The CSD was tracked in 
pseudo-line and registered by imaging acquisition system 
that included a monochrome camera (RS-170. Lens: 0.19 
mm-pixel by NI) and microscope trinocular (48923-30 by 
Cole Palmer).  

 
For the pseudoline measurement at every sampling time of 

the experimental runs and its particles analysis (crystals) 
through captured images, the software IMAQ Vision Builder  
(NI) was used. This image approach is an alternative in 
measuring both length and area of particles in a direct way 
through IMAQ Vision’s software. The technique consists of 
acquiring an image using a monochromatic camera with 
video RS-170 and 60 Hz crisscross (8 bits of resolution) and 
handling the light beam from a microscope trinocular. The 
camera captures an image square that is to be processed and 
cleaned. This avoids undesirable light variations. The latter is 
achieved through the threshold technique that allows 
obtaining only an image in gray scale. Interesting areas are 
isolated to be independently analyzed, and black pixels 
(crystals) are counted. The black pixels are compared with 
acceptation limits to decide if the object is present or not 
according to binary images (background) [14]. Then, a 
threshold technique approach, similar to that reported in 
further multiscale segmentation image approach, was used to 
compute the CSD features [15], [16]. 

 
The measurements and analysis of particles were carry out 

against a previous calibration through a Neubauer’s recount 
camera (simple calibration) in order to get a direct conversion 
from 1 pixel side to 200 μm (length). A pixel is defined as the 
smallest homogeneous unit in color that is part of the digital 
image. The pixels appear as small squares in white, black, or 
gray shades. In this work, a microscope with a 10x ocular 
lens with a 40x objective and an E square from Neubauer’s 
camera from 50 μm away, were used. This is equivalent to 
20000 μm (10x40x50) per 100 pixels (length of pixel side). 
Thus, 1 μm is equal to 0.005 of the length of a pixel side [17]. 
 

There are different approaches for CSD measurements and 

analysis, such as microscopy (electronic and handle), 
captured image by camera, electrozone sensing, and low 
angle laser light scattering (LALLS). Every technique can 
generate different measures of average diameter, as well as 
different properties of a particle. The suitable approach 
depends on the problem and on the available data [18]. 
Therefore, different approaches allow different ways to 
directly obtain average numbers: microscopy produces 
D(1,0) (length), captured image by camera yields D(2,0) 
(superficial area), electrozone sensing gives D(3,0) (volume), 
and LALLS produces D(4,3) (equivalent volume). 

 
For this work, the program CSD Adq-Im [17] was 

developed to make CSD complementary calculations to those 
of the IMAQ Vision Builder system. Our software CSD 
Adq-Im receives the crystal length in micrometers from 
IMAQ system as input data. Then, CSD Adq-Im makes the 
relationship between the direct measurement D(1,0), 
considering our results as the microscopy approach, and the 
derivate measurement D(2,1) produced by LALLS. Later on, 
the derivative diameters D(3,2), D(4,3), and D(1,0) are 
calculated from each log-normal distribution of relative 
frequency from the LALLS approach. The latter approach 
(LALLS) obtains the derivative average diameter without 
necessarily requiring the particles total number from the 
slurry or solution at study. Finally, CSD Adq-Im carries out 
the calculations to obtain % number, % length, % surface, % 
volume, and others statistical properties from log-normal 
distributions of relative frequency [19]. The calculations 
were made following the mathematical formulism given by 
Marlven Instruments, Inc. [20] with its commercial 
equipment of particle analysis based on LALLS. 

C. Obtaining of the Metastable and Labile Zone Widths  

To obtain the metastable and labile zones widths (MSZW), 
saturated solutions of commercial cane sugar (refined) at 
different equilibrium temperatures (40, 50, 60 and 70 °C) 
were prepared in a cooling batch crystallizer (Fig. 1). Here, 
the solution was cooling down in intervals of 1°C. For each 
temperature stationary state a solution sample in pseudoline 
was taken to measure the concentration (density) and the 
CSD. 3 ml of filtered solution was sampled (phase continues) 
with standard sugar paper (porosity of 19 µm) and 1 ml was 
introduced in the digital densimeter working to the 
atmospheric pressure. Then, to measure the CSD, 5 ml of 
solution without filtering was sampled and nuclei or crystals 
(smalls) images were acquired with the support of an imaging 
acquisition system. 

 
The saturated solutions preparation was realized following 

a random design, being carried out four solutions with two 
replies, each one by different saturation temperatures. The 
established weight of each solution was 4500 g (g sugar/ml 
water), so that the sampling was not an importance variable 
to consider and to be able to handle the system as a solution 
constant volume. The proportions used to prepare the 
saturated solutions to its equilibrium temperature were 
obtained from Moncada’s equation [11].  

 
20.0007 0.264 60.912satBrix T T                               (1) 
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Fig. 1 Cooling batch crystallizer. 
 
 

Table 1. Electronics and instrumentation devices of a cooling batch crystallizer. 
Quantity Devices 

1 
6 L Glass crystallizer. Dimensions: 35 cm height and 14.4 cm internal diameter, 1.8 cm 
inferior dome height and 5 cm upper dome height., 2.55 L cooling - heating jacket 

1 
Generic motor of variable velocity with direct transmission from 0 rpm to 1,500 rpm, 60 
Hertz, 127 VCA , agitation arrow of 14 inches (length) and diameter of ¼ inch, in stainless 
steel 316 

1 
Agitator/impeller of four rectangular ring with separation of 90° among each cross. 
Crosses’ longitude of 2 inches x 1inch of length for largeness in stainless steel 316. 

2 Thermocouple J type. From 0 °C to 760 °C, wire-rope: 3 m. 

1 Thermo-well in copper of 14 inches (length) and diameter of ½ inch. 

1 
Thermal isolation for high temperature with glass fiber of thickness ½ inch and recovered 
with paper aluminum foil. 

1 
Programmable recirculating bath (Julabo F-34), temperature range from -34 °C to 200 °C, 
pump flow of 15 Lpm, bath volume from 14 L to 20 L and 120 VCA/60 Hz. 

1 

Digital densimeter (Anton-Paar DMA-4500), measurement range from 0 g/cm3to 3 g/cm3, 
feed sample to the cell: 1 ml of solution, measurement error in the temperature 0.1 °C and 
1x10-5 g/cm3 in density. Measurement time for sample: usually 30 seconds. Interface 
COM1, COM2 for connection RS-232 to computer. 

1 
Digital tachometer ACT-3. Monarch Instrument. Measurement range from 5 rpm to 999 
990 rpm with accuracy of 0.0015% +/ - 1 rpm, 4-20 mA or 0-5. V, sensitivity of 0.5 ms and 
optic sensor of infrared ray with range from 1 rpm to 250 000 rpm. 
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III. RESULTS 

A. Analysis of the Concentration Average in Function of 
Cooling Temperatures   

Fig. 2 presents the experimental data of the average density 
(3 runs by each saturation temperature) as a function of 
cooling down until reaching a stationary state for each 
saturated solution. We can observe that the densities for 
every saturation temperature increases as the cooling 
temperature decreases. For each saturation solution, there is a 
range of cooling temperature and concentration where 
saturation can be found. In fact, for 40 °C the temperature 
range was from 40 to 25 °C and the concentration from 
1.34093 to 1.34921 g/cm3, for 50 °C the temperature range of 
cooling was from 50 to 40 °C and the concentration from 
1.34785 to 1.35351 g/cm3, for 60 °C was from 60 to 50 °C 
and the concentration from 1.3542 to 1.3597 g/cm3 and for 70 
°C was from 70 to 53 °C and the concentration from 1.35769 
to 1.36592 g/cm3. This concentration and temperature ranges 
are the base to determine the concentration (critical points) of 
MSZW, complemented with CSD measurements  and the 
acquired images, in order to quantify the CSD and to observe 
by means of micrographies the formation and growth of the 
crystal across the concentration zones. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Average density in function of cooling down of 1 

°C. 
 
The saturation line (equilibrium) was obtained from (1) as 

a function of density: 
 

5 6 2
sat 1.33 8.89 10 T 6.91 10 T                                 (2) 
 

where sat is the saturation density in g/cm3 for each specific 
equilibrium temperature. The density interval for a 
temperature range from 70 to 40 °C is from 1.3594073 to 
1.3392435 g/cm3, respectively. 

B. CSD and Micrographs Analysis    

Fig. 3 shows the experimental data of the CSD in % 
volume with a log-normal distribution for each saturated 
solution (40, 50, 60 and 70 °C), being this the most 
representative with regard to the average of three 
experimental runs for every saturation temperature. The 
analysis of this figure is based on the quantification and 
observation of patterns on the crystal population for both 
cooling temperature and density range. In accordance with 

the change of % volume (percentage in volume of specific 
size particles) and crystal size (average diameter D(4,3) in % 
volume) in the CSD quantification,  patterns were 
established. 

 
Fig. 3a shows the CSD for a saturated solution at 40 °C, 
where a pattern of three zones of CSD for different 
temperature ranges is observed. From Fig. 4a, it is observed 
that from 40 to 37 °C the CSD has about 20-25 % volume, 
and diameter D(4,3) ranging from 30.4 to 49.9 µm. This 
region corresponds to the first metastable zone where neither 
nuclei formation nor crystals are formed. From 36 to 33 °C, 
the % volume increases suddenly from 50 to 95 %, while the 
diameter D(4,3) from 50.9 to 130.2 µm. In turn, this region 
corresponds to the second metastable zone where the crystal 
growth dominates over the nucleation. When the cooling 
temperature decreases until to 32 °C, the % volume falls 
down drastically to 22 % in average and the average diameter 
D(4,3) decreases to about 82.3 µm. In turn, it is considered 
that this region represents the unstable or labile zone where 
the nucleation dominates over the crystal growth. Under 
these conditions, the CSD standard deviation is increased. 
This pattern can also be observed qualitatively by means of 
micrographic sequences in Fig. 4. 
 
Fig. 3b to Fig. 3d illustrates the CSD for a solution saturated 
for 50, 60 and 70 °C, respectively. Table 2 resumes the CSD 
data from patterns (critical points of density) of three 
concentrations zones for each saturation temperature.  

C. Metastable and Labile Zone Widths  

Fig. 5 shows the experimental density-temperature 
relationship where the critical points of MSZW are located 
by considering the minimum temperature for each 
temperature range presented in the Table 2. The density 
corresponding to every saturation temperature was located 
considering the Fig. 2 that presents the density averages of 
the experimental runs. From Fig. 5, we can observe that the 
zones width (metastable and labile) increases of non-linear 
form as the saturation temperature (cooling) decrease in a 
range from 70 to 40 °C. Meade and Chen [21] reported that 
the width for each zone for a cane sugar solution is constant 
and linear along the same cooling temperature range. 
However, our results showed that this is not the case, 
becoming a contribution for understanding of the saturation 
line, metastable zone and labile zone. 
 

A non-linear second order regression was applied to the 
experimental data presented in the Fig. 5. The modeling 
equations describe the intermediate limit of the metastable 
zone and the limit of starting of the labile or unstable zone. 
Specifically, the intermediate line with R2= 0.998 is given by: 

4 8 2
int ermediate 1.32 5.39 10 T 8.32 10 T                      

(3) 
where intermediate is the density in the intermediate limit of the 
metastable zone in g/cm3. The density interval of the model 
by a temperature range from 70 to 40 °C is from 1.36148 to 
1.34502 g/cm3, respectively. The labile line can be describing 
according to the fitted equation with R2= 0.998: 
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Fig. 3 CSD of saturated solutions at: a) 40 °C, b) 50 °C, c) 60 °C and d) 70 °C. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Micrographic sequence of growth crystals in saturated solution to 40°C. a) first metastable zone (40-37 °C), b) second 
metastable zone (36-33 °C) and c) labile zone (32 °C or smaller). 
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Table 2.  Critical points identification to location of MSZW. 

Zones 

Saturated solution 
70°C 

Saturated solution 
60°C 

Saturated solution 
50°C 

Saturated solution 
40°C 

Temp. 
(°C) 

Dens. 
(g/cm3) 

Temp. 
(°C) 

Dens. 
(g/cm3) 

Temp. 
(°C) 

Dens. 
(g/cm3) 

Temp. 
(°C) 

Dens. 
(g/cm3) 

First zone 
70 
67 

1.3576 
1.3540 

60 
59 

1.3542 
1.3537 

50 
48 

1.3478 
1.3488 

40 
37 

1.3409 
1.3407 

Second zone 
66 
65 

1.3556 
1.3552 

58 
56 

1.3551 
1.3535 

47 
45 

1.3485 
1.3511 

36 
33 

1.3429 
1.3439 

Unstable zone 64 1.3574 55 1.3560 44 1.3520 32 1.3453 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Metastable and labile zone limits (MSZW) at the 
density – temperature diagram. 

 
4 6 2

labile 1.32 8.32 10 T 3.7 10 T                                 (4) 

 
Where labile is the density of starting limit of the labile zone 
in g/cm3. The density interval of the model by a temperature 
range from 70 to 40 °C is from 1.36269 to 1.34992 g/cm3, 
respectively. Eqs. (3) and (4) shows clearly that the 
concentration limits are non-linear functions of temperature. 

IV. CONCLUSION 

The identification of the critical points of MSZW for 
commercial sugar cane was made in this work. A novel 
experimental method, based on cooling down sugar cane 
solutions and micrographs evaluation was used, yielding a 
close description of the concentration limits for the saturation 
line, the first and second metastable zone, and labile zone in 
density terms. In contrast to commercial practice, we found 
that the width of the zones increases in a non-linear form as 
the cooling saturation temperature decreases from 70 to 40 
°C. The MSZW obtained experimentally should be useful for 
the design and operation of industrial crystallization 
equipment oriented to obtain specific products. 
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