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Abstract

In this study, the morphological characteristics of cocoa beverage powder granules under minimal, average, and maximal
process conditions of a steam agglomerator were studied. A stereoscopic microscope coupled to a digital camera was used for
the morphological analysis. The images were analyzed to obtain shape and size descriptors. Aiming to evaluate the descriptors,
150 particles were analyzed. The results showed that there was no difference between the shape descriptors - compacity, circularity,
roughness, and aspect ratio - in the operating conditions evaluated. It was observed that the cocoa beverage powder granules are
elongated in shape. The size descriptors, area, perimeter, perimeter of convex bounding polygon, minimal and maximal Feret
diameter, were different in the process conditions for the granules of size above 600 um. As for the minimal process conditions,
especially due to low solid feed rates, there is an increase in the size descriptor values. In addition, under the minimum process
conditions, in which there is low solid feed rate (400g/min) for a steam pressure of 1.0 bar, it was obtained a good granular
condition with retention of 81.1% of granules on sieves with aperture size between 300 and 1190 pm.

Keywords: agglomeration; steam; cocoa beverage powder; morphological analysis; particle shape; particle size.

1 Introduction

1.1 Cocoa beverage powder and steam agglomeration

During the production of cocoa beverage powder, the
raw materials, cocoa, sucrose, and maltodextrin, were mixed
and agglomerated. The focus is to obtain an instant drink
with adequate solubility without fine powder, which can cause
problems during processing and handling (Iveson et al., 2001;
Knight, 2001; Palzer, 2005).

The process of agglomeration can transform a fine powder
into granules, with changes in structural and physical properties
such as size, porosity, shape, and density. The characteristics of
the granules obtained depend on the type of process used, such
as steam jet (Hogekamp et al., 1996; Hogekamp, 1999a, b; Hla
& Hogekamp, 1999), fluidized bed (Kowalska & Lenart, 2005),
and thermal agglomeration (Omobuwajo et al., 2000) among
other processes; operating conditions; and the ingredients of the
formulation and their proportion. Steam jet agglomeration is
a process of wet granules growth; and initially the product is a
dry powder composed of single particles

Usually in the agglomeration zone of the steam agglomerator,
steam jets are directed towards the powder-form material flow in
order to moisten the powder, and the contact of the liquid binder
with the cold surface of the particle cause condensation. Viscous
bridges are then formed between the moistened particles of
powder, with consequent granules formation. Subsequent
drying of the granules occurs (Hogekamp et al., 1996).

Depending on the operating conditions of the agglomerator, it
is possible to obtain granules with different shapes and sizes.

The changes in the physical structure of the powder that
occur due to the steam agglomeration process are mostly related
to the size and shape of the granules, which makes possible to
observe them using morphological analysis.

1.2 Analysis of particle shape and size

Imaging devices such as microscopes coupled to computers
provide numerical particle images. Based on these bi-
dimensional images, the particle outline can be analyzed for
a quantitative assessment of the particle morphology. For a
meaningful characterization of a powder sample, many particles
have to be analyzed. Therefore, automated image analysis is
performed using specific software for the calculation of various
shape descriptors (Turchiuli et al., 2005).

Several articles on morphological characterization of
powder products can be found in the literature, especially on
chemical and pharmaceutical substances (Bika et al., 2005;
Pons et al., 2002; Belaroui et al., 2002), foods (Jinapong et al.,
2008; Faria et al., 2003), and model-products (Turchiuli et al.,
2005).

Souza & Menegalli (2011) and Dacanal et al. (1999) have
conducted studies in which they obtained the morphological
characterization of particles using the size and shape descriptors
by image analysis. In a research conducted by Souza, the product
studied was guava juice powder, and the focus was to determine
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Morphology of steam agglomerated cocoa beverage powder

the minimum number of particles to be evaluated focusing
on calculating the size distribution and shape of the granules
obtained in fluidized bed. The Chi-Square test proved to be
a robust and eflicient method to determine the particle size
distribution and particle shape characterization; 550 particles
were found to be the minimal number of particles necessary
for the determination of the particle size distributions, and
100 particles were required for determination of the shape
descriptors for the specific material studied. Dacanal studied the
changes in the morphological properties of soy protein isolate
during the agglomeration process in a pulsed fluidized bed. The
results obtained by this author demonstrated that the shape of
the raw powder particles were circular and compact, while the
agglomerated particles were wrinkled and had low circularity
and tight solid bridges.

The bi-dimensional analysis, combining microscopy and
software, have made possible to characterize the granule shape
thus obtaining qualitative and quantitative information about its
morphology. Image analysis is performed using specific software
to determine the shape descriptors, and it requires several
descriptors in order to characterize the shape of the cocoa
beverage powder granules. In addition, descriptors should be
invariant with respect to particle size and position in the image.

Simple shape descriptors are obtained from size
measurements of the perimeter of the particle. The equivalent
diameter (D, ) of the particle, for example, can be determinate
by the projected area (S) of the silhouette of the particle
(Turchiuli et al., 2005) (Equation 1).

D, =2(s/x)" 6]

Another common shape descriptor used is the particle
circularity C, which is determined by the association of the
silhouette perimeter P with the projected area S (Equation 2).

C=4x5/P? @

The circularity (C) compares the surface of the object to
that of the circle of same perimeter (P). The circularity is equal
to 1 for the circle and increases when the particle becomes
different from this form of reference, characterizing the particle
elongation or irregularity of the surface (Pons et al., 2002). If C
is less than 1.25, the particle is called circular, if C is between
1.25 and 2, the particle is angular, and if C is greater than 2, the
particle is elongated (Turchiuli et al., 2005). The more irregular
or the more elongated particle, the larger the value of C. The
maximal and minimal Feret diameters are generally associated
to the length and width of the particle, and they are used to
determinate its elongation. If the elongation is equal to 1, the
object is circular or square; for values greater than 1, the object
becomes elongated (Turchiuli et al., 2005) (Equation 3).

Y= Enax /Fmin (3)

The Compacity (Co) is obtained by the ratio of D_to F_,
characterizing the elongation of the particle, and the more
elongated the particle, the lower the value of Co (Equation 4).

Co=D,, |Fpux )
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Based on the relationship between the real perimeter of the
object (P), and the perimeter of its external convex polygon (Pc),
it is possible to determine the roughness or convexity (Rc) of
the particle. According to Pons et al. (1999) the roughness can
be calculated as (Equation 5):

R.=P/P, ®)

An important factor to be considered in order to obtain
reliable size and shape descriptors, using image analysis, is
the minimum number of particles to be analyzed (Souza &
Menegalli, 2011; Linoya et al., 1991; Allen, 1997). There is no
consensus on the minimum number of particles to be evaluated,
Pons et al. (1999) evaluated 100 particles; Turchiuli et al. (2005)
evaluated 150 particles, and Faria et al. (2003) and Dacanal
(2009) evaluated 500 particles. According to Souza & Menegalli
(2011), the minimum number of particles is considered to
be the number in which the stabilization of the mean value
and the standard deviation of all descriptors occur. Other
authors have simply set the number of particles to be analyzed
without considering the variation in standard deviations. Some
examples are Wang (2006), who analyzed 2000 particles for the
determination of the accumulated particle size distribution, and
Shah et al. (2006), who analyzed 200 particles to evaluate the
average diameter.

In order to obtain a sufficient number of the particles
analyzed, not more than necessary, which implies unnecessary
work, focusing on simplifying the analysis and avoiding
inaccuracy of the average values of the parameters measured,
in this study, the variation of the parameter measured and the
standard deviation of the readings were plotted as a function of
the number of particles analyzed until the parameter measured
and the standard deviation were stabilized. The same procedure
was used to evaluate size and shape descriptors in different
studies (Turchiuli et al., 2005; Faria et al., 2003; Pons et al,,
1999; Souza, 2007).

The objective of this study was to characterize the
morphology of cocoa beverage powder granules obtained
using different operating conditions of a steam agglomerator
(minimal, average and maximal), by image analysis of the size
and shape descriptors.

2 Materials and methods
2.1 Materials

The cocoa beverage powder used in this study were obtained
by steam agglomeration and had the following composition:
80% sugar (Copersucar supplier, specification type 3 crystal,
subjected to pre-treatments to get the granulated sugar); 12%
corn maltodextrin (Corn Products supplier, specification
type 20 D.E.); 8% cocoa powder (Barry Callebaut, a Brazilian
supplier, specification type: RL/alkaline, 11-12% cocoa butter).
It was applied 0.3% of natural, low viscosity soybean lecithin
(specification type: Solec L, T = 25 °C - p = 2900 cP, provided
by Solae Company, a Brazilian supplier) based on the weight
of the formulation.

Food Sci. Technol, Campinas, 34(4): 649-656, Oct.-Dec. 2014
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2.2 Cocoa beverage powder

The cocoa beverage powder was formulated using
granulated sugar. The pre-treatments used to obtain the
granulated sugar were: grounding twice using a knives/hammers
mill (Treu; screnn 3.2 mm opening diameter; Brazil) and sieving
through a 1.19 mm sieve mesh. The components of the cocoa
beverage powder were then mixed using a ribbon mixer (Inco;
Brazil), with capacity for 20L of powder, under the following
process conditions: 25°C, 120 rpm, and 20 min.

Lecithination was carried out using the same equipment
under the same conditions that were used to mix the ingredients.
The content of the lecithin sprayed was 0.3%, as indicated by
Vissotto et al. (2006) for cocoa beverage powders that would
further be agglomerated using steam.

A steam agglomerator was used in the present study (ICF
Industrie Cibecs. p.a.; Italy; type: mini-instant pilot). The
material was fed into the agglomerator by means of a vibrating
dosing chute (MVL Maquinas vibratdrias Ltda, Brazil; type:
FTO); the powder flow was directed towards the center of the
feed hopper, on the inside of which there was a rotary brush
that forced the passage of the powder against a perforated screen
(6,25 mm? mesh). As the cocoa beverage powder descended,
it was moistened by the steam coming from the diffuser. The
granules formed were fed into the rotary dryer and were
collected after the drying stage.

Granules of cocoa beverage powders were obtained at
three different process conditions that represent the lower
values (minimal), average condition (medium), and the
process condition used at the highest values (maximal),
which were chosen among the several process conditions
studied by Vissotto et al. (2010). The conditions used in steam
agglomeration process are presented in Table 1. The processing
experimental tests were performed in triplicate.

2.3 Morphological and image analyses
Size and shape descriptors

Samples were characterized by determination of the size and
shape descriptors: area, Feret diameters, aspect ratio, roughness,
perimeter of the particle and convex bounding polygon,
compacity, and circularity. Each sample of agglomerated cocoa
beverage powder and the raw materials were separated according
to their size in sieves (1190, 850, 600, 425, 300, 212, 150 pm
mesh and sieve bottom) using a mechanical agitator (Produtest,
Brazil) and rheostat intensity 6 for 5 minutes, conditions that

Table 1. Steam agglomeration process conditions.

Process conditions

Variables Cond  Cond , Cond
Steam pressure - P_(bar) 1.8 1.4 1.0
Air temperature of rotary dryer — T (°C) 100 95 90
Dryer rotation - R, (rpm) 52 32 12
Solids feed rate - V_(g/min) 700 550 400

Constant drying air speed = 1.45 m/s.

Food Sci. Technol, Campinas, 34(4): 649-656, Oct.-Dec. 2014

led to less extensive granule breakage. The particles retained
on each sieve were collected in Petri dishes and analyzed in the
microscope to capture the images. This separation was carried
out to allow a better image of the particles because it was not
possible to visualize particles with different sizes in the same
image. The particles distributed into 8 Petri dishes for each sieve
after the capture of images were photographed; the particles were
discarded to ensure that they were not repeatedly photographed.
For the morphological analysis a SZX9 stereoscopic microscope
coupled to a Sony CCD-IRIS camera was used. The images were
analyzed using the software Image-Pro® Plus - version 4.2 for
Windows TM from Media Cybernetics.

3 Results and discussion
3.1 Size and shape descriptors

The size and shape descriptors were determined for at
least 150 particles, ensuring the stabilization of the standard
deviation and the average value for each descriptor. The samples
analyzed were obtained from the product mixture under the
three process conditions studied (Condmin, Condme » Cond
and the determinations were made in triplicate.

max)’

Figure 1 and 2 show the effect of the number of particles on
the average value and standard deviation for the size descriptors
and for the shape descriptors.

According to a study conducted by Turchiuli et al. (2005),
150 was the minimum reliable number of particles measured to
determine the descriptors in order to characterize the granules
obtained by fluidized bed agglomeration. Souza & Menegalli
(2011) verified that the minimum number of particles to be
used depends of the material, shape, and the operator and must
be determined for each material.

The size and shape descriptors were determined for 150
particles for each of the sieve opening size (Figures 3 and 4).
Size descriptors as a function of sieve opening size are shown
in Figure 3.

It can be seen that under the three process conditions
studied (Table 1), the granules differ in size descriptors (area,
perimeter, Feret diameters) at the sieves opening larger than
600 pum (Figure 3). Thus, the process conditions really influence
the morphology of the larger particles obtained by granulation.
It was also noted that under minimal process condition Cond__,
particles with higher area, perimeter, and minimal and maximal
Feret diameters were obtained. Another fact is that the solid
feed rate has some influence on the size of the granule formed
because the smaller the flow of the powder in the feed hopper
of the agglomerator, the bigger the granules obtained, for a
constant amount of steam due to a higher ratio of solid flow to
agglomerating agent.

Shape descriptors as a function of sieve opening size are
shown in Figure 4.

The aspect ratio of the particle (W) obtained from the
relationship between the maximal and minimal Feret diameters
allows to evaluate how much the particle is elongated. The more
the value of the aspect ratio differs from 1, the more elongated
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Figure 1. Effect of the number of particles on the size descriptors and the standard deviations (o) of the particle measurements of the steam-
agglomerated cocoa beverage powder. Size descriptors: area (a), perimeter (b), convex bounding polygon (c) and minimal (d) and maximal (e)

Feret diameters.

the particle. The different process conditions evaluated for
the steam agglomeration allowed the formation of elongated
granules, as shown in Figure 4. The particles larger than 600 um
had a more spherical shape than that of the smaller particles.

The granules of cocoa beverage powder had similar
roughness (convexity) values at the three process conditions
studied, as shown in Figure 4. The particles distributed in the
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sieve opening Opm -sieve bottom are less rough than the other
granules since they are a fine powder. As the size of the particles
increases from 0 to 212 pum, there was an increase in roughness,
but in the particles of size between 212 and 1190 pm, it tended
to decrease.

According to the classification of Turchiuli et al. (2005),
the granules obtained by steam agglomeration are elongated

Food Sci. Technol, Campinas, 34(4): 649-656, Oct.-Dec. 2014
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particles. Only the granules of larger diameter, distributed in
the sieve opening size between 850 and 1190 pm, are angular
particles (1.25 < C < 2). At the different process conditions
evaluated, there is a similar trend for the circularity of the
particles, as shown in Figure 4.

The compacity of the particles showed no variation at the
different process conditions studied (Figure 4). Particles smaller
than 425 um were less round, and, therefore, they were longer,
which can be confirmed by the higher circularity values (C > 2.0)
in Figure 4. For the particles greater than 425 um, there is an
increase in compacity, and consequently, the particles tend to
approach spherical shapes.

3.2 Particle size distribution and influence of process
conditions

Figure 5 shows the particle size distributions for the cocoa
beverage powder agglomerated under the process conditions
Cond_, ,Cond__,,and Cond__, respectively.

For the process conditions Cond_, (P = 1.0 bar;
=90°C; V. =400 g/min; R = 12 rpm) and Cond
T =100°C;V

secrot

T

secrot

(P, = 1.8 bar;

max

=700 g/min; R =52 rpm),

solalim

Food Sci. Technol, Campinas, 34(4): 649-656, Oct.-Dec. 2014

a heterogeneous distribution of particle size was observed,
with a large concentration of granules retained on the sieves
of sizes between 300 and 850 pm. In these process conditions,
it was observed a small formation of granules with size equal
or greater than 1190pum. The cocoa beverage powder obtained
at the process condition Cond _, (P = 1.4bar; T =95 °C;
Vi = 550 g/min; R = 32 rpm) showed a homogeneous
distribution of particle size, especially for particle sizes between
300 and 850 pm.

At the Condmax condition, there were 75.5% of particles
retained in the sieves of opening sizes between 300 and 1190 um;
at the process Cond_, condition, it was observed that 80.6% of
the granules were retained in the same range of opening sieves,
and at the Condmm, 81.1% of the product granules were retained.
Analysis of variance (Tukey s test for p < 0,05) was performed,
and the results showed that the amount of particles retained
on the sieves with opening sizes between 1190 and 300 um
differed for the 3 conditions studied (Condmax= 75.5+0.1¢
Cond__ =80.6+0.1% Cond = 81.1+0.1°). Therefore, it appears
that a higher percentage of larger granules (retained on the sieves
with opening sizes between 300 and 1190 um) were obtained
under the agglomeration Cond  condition.
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This confirms what was observed in Figure 3: under this
condition, the ratio between the flow rate of the feed solids
and vapor pressure was equal to 400:1.0 (g/min:bar). The low
amount of solid feed (400g/min) for vapor pressure of 1.0 bar led

30
25 | @
20 -
15 |
10 -
5_

Mass fraction (%)

0 150 212 300 425 600 850 1190

Sieve opening (Lm)
30
25 - ®
20 -
15 4
10 -

Mass fraction (%)

0 150 212 300 425 600 850 1190
Sieve opening (Lm)
30

20 A
15
10

Mass fraction (%)

0 150 212 300 425 600 850 1190
Sieve opening (1m)

Figure 5. Particle size distribution of the cocoa beverage powder
granules at the process conditions: Cond , (a), Cond, , (b), and
Cond__(c).

max

Condmax ©)

P

Figure 6. Comparison of the cocoa beverage powder granules under the process conditions: (a) Cond

Dp > 1190 um.
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to an optimal granulation condition, thus resulting in a greater
amount of larger granules.

At the Cond __condition, the relationship between solid
flow and vapor pressure was equal to 700:1.8 (g/min:bar), and
although there was a relatively high amount of steam (1.8bar),
the amount of solid feed was high (700g/min).The relationship
between solid flow and vapor pressure in this case was lower
than that obtained at the Cond,_, condition (Cond _ = 400:1;
Condmax=388.89:1). At this process condition, therefore,
there was an amount of solids in the feed below the optimum
granulation, explaining only 75.5% of the particles retained on
sieves of greater diameter, i.e., large particles. On the other hand,
atthe Cond,_ , condition, the relationship between the solid flow
and vapor pressure was 550:1.4 (g/min:bar) and therefore, equal
to 392.86:1.This explained the amount of 80.6% of the largest
diameter granules retained, which would be an intermediate
value for the retention of particles between the values of the
conditions Cond_, (81.1%) and Cond__ (75.5).

The drying temperature and rotation of the rotary dryer, at
the process condition Cond, _was 100 °Cand 52 rpm, and at the
condition Cond__ it was 90 °C and 12 rpm. An excessive drying
of the granules at 100 °C explains the formation of more brittle
particles which, when subjected to the high rotation (52rpm
Cond,_ ), are broken in the rotary dryer, and therefore, there
was a formation of a greater percentage of particles of smaller
diameter (10% of the particles retained on sieves of 150 pm and
the sieve bottom). At the minimum condition (Cond__ ), the
amount of small particles retained on these same sieves was
6%, which is much smaller than that obtained for the Condmax
condition since the drying temperature was below 90 °C and
the rotation of the dryer (12rpm) was also lower, which led to
less extensive granule breakage.

3.3 Comparison of the cocoa beverage powder granules
under the process conditions

Figure 6 shows a comparison between the cocoa beverage
powder granules obtained under different conditions of steam
agglomeration: Cond__,Cond,_ ,and Cond , .Itwasobserved
that the granules differ in size and that the higher particles were
formed under the Cond_, process condition.

(b) Cond,;, and (c) Cond , for

‘max’
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4 Conclusions

The method used in this study allowed characterizing
the granules of cocoa beverage powder obtained by steam
agglomeration using size and shape descriptors. The minimal
number of particles evaluated (150) allowed obtaining more
accurate values for the size and shape descriptors of the granules.
It was concluded that the granules of cocoa beverage powder
agglomerated by steam have elongated shape. There were no
differences between the process conditions studied (minimal,
average, and maximal) when they were compared using the
particle shape descriptors (aspect ratio, compacity, circularity,
and roughness). As for the size descriptors (area, perimeter,
Feret diameters, and convex bounding polygon), there was a
difference between the process conditions for particles with
size greater than 600 um. With regard to the minimal process
conditions, especially low solid feed rate, there was an increase
in the values of size descriptors. In addition, at the minimum
conditions of the process, in which the low amount of solid feed
(400g/min) for steam pressure of 1.0 bar, it was obtained good
granular condition with retention of 81.1% of granules on sieves
with aperture size between 300 and 1190 pm.
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