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ABSTRACT

The cacao bean of the Ivory Coast variety was convectionally roasted. The influ-
ence of parameters of air (temperature from the scope T = 110–150C, the speed
of its flow v = 0.5 and 1.0 m/s, and the relative humidity = 0.3–0.8% or 2 and
5.0%) and time on the degree of browning of the cacao bean was analyzed. For the
evaluation of the quality of the grain, two indicators were applied: OD460/OD525

and the F1/F3 ratio. Based on the data obtained, using the response surface meth-
odology has optimized the process of cocoa roasting for its acceptable color.

PRACTICAL APPLICATIONS

The process of roasting the cacao bean should contribute to achieving the accept-
able physicochemical properties, such as the appropriate degree of browning of
the bean. From a point of view of the technology of chocolate production, it is
essential to know which factors of the roasting process will have a significant influ-
ence on the color change of the roasted cacao bean. It will allow one to predict
changes in roasted bean and to select process conditions depending on quality
requirements of the grain.

INTRODUCTION

Roasting is one of the most important technological opera-
tions in processing of cocoa beans – the main raw material
for the manufacture of chocolate and chocolate products
(Minifie 1989; Świechowski 1994; Nebesny and Rutkowski
1998; Coe and Coe 2000).

The influence of high temperature on cocoa beans con-
tributes to many physical and chemical changes that sub-
stantially alter the properties of the bean. Roasting aims at
producing the characteristic aroma of cocoa, loss of water,
volatile acids and tannin compounds, as well as deepening
of the brown color of the bean and the release of gaseous
products (Minifie 1989; Jinap and Dimick 1991; Hoskin and
Dimick 1994; Jinap et al. 1995, 1998; Finken 1996; Belitz
and Grosch 1999; Lee et al. 2001; Redgwell et al. 2003). An
additional effect of heat treatment is, among others, sepa-
rating the dry husk from the kernel and ensuring the micro-
biological purity of the bean (Świechowski 1994, 1996;
Nebesny and Rutkowski 1998; Stobińska et al. 2006).

The quality of roasted cocoa beans depends on many
factors: the variety of seeds, place of cultivation, process

carried out on the plantation (fermentation and drying),
and also significantly on the method and conditions of the
technological process. A commonly used method of thermal
processing of cocoa beans is roasting in a flowing stream
of hot air where heat is transferred via convection. Subject
literature reports different temperature and time ranges for
roasting of cocoa beans, but most often mentioned are the
temperature of 130–150C and time of 15–45 min (Minifie
1989; Świechowski 1996, 2000; Nebesny and Rutkowski
1998).

The selection of process parameters has a decisive influ-
ence on the nature of chemical and physical changes occur-
ring in the bean, which, in turn, determines the quality of
the final products (Świechowski 1996, 2000; Nebesny and
Rutkowski 1998; Lee et al. 2001; Krysiak et al. 2003; Krysiak
and Motyl-Patelska 2005).

An important feature of the physicochemical properties
of cocoa beans is its color. Compounds responsible for
proper color of beans are not yet fully recognized. It is
assumed that the color of the raw beans comes from
polyphenolic compounds and anthocyanins, which during
the fermentation process, due to various transformations,
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form polycondensation products, the so-called phlobap-
henes. These compounds contribute to the formation of
the typical brown color of cocoa beans. During the roasting
process, other changes occur, which are caused by oxida-
tion and polymerization reactions of polyphenols and the
decomposition of proteins. The formation of the character-
istic color of beans is also affected by Maillard and starch
dextrinization reactions (Bednarski 1986; Pijanowski et al.
1997). The order of the change of components leading to
the emergence of new organoleptic properties is a function
of temperature. At a temperature of 50–60C, due to destruc-
tion of the tissue structure, a change in the bean structure
takes place, which is then followed by denaturation of
protein, and above 100C, nonenzymatic browning processes
are intensified, and the evaporation of water contained in
the end-products. At about 150C, the thermolysis of ingre-
dients occurs, and above 180C, decomposition into volatile
products takes place. Then, the caramelization, pyrolysis,
cyclization, oxidation and esterification reactions take place
(Bednarski 1986). In the roasting process of cocoa beans,
heating medium temperatures not exceeding 150C are used
(Świechowski 1994).

So far, there is no clear method in determining the color
of cocoa beans and on this basis, in assessing the degree
of its roasting. In the subject literature, there are differ-
ent methods for determining the color of unroasted and
roasted beans (Bonvehi and Coll 1997, 2002; Nebesny and
Rutkowski 1998; Lee et al. 2001). Extraction methods
combined with the colorimetric determination of extracted
dye content were used, among others, by Nebesny and
Rutkowski (1998), Lee et al. (2001), as well as by Bonvehi
and Coll (2002). Furthermore, Bonvehi and Coll (1997), to
assess the degree of browning of beans, used the method of
extraction of dyes from the beans and then, after fractioning
them into three fractions, determined their quantity by
colorimetric method. Lee et al. (2001) determined the
intensity of color changes in roasted cocoa beans using two
methods. The first one was based on measuring the color
of cocoa beans by the colorimetric method using the CIE
L*a*b* system. In the second method, the color of roasted
beans was determined as a change in the intensity of the
brown color of the methanol extract.

The use of so many different methods for determining
the changes in the color of the beans is due to improvement
of analytical methods and aiming at a better understanding
of chemical transformations that occur during roasting of
cocoa beans.

The literature review (Bonvehi and Coll 1997, 2002;
Nebesny and Rutkowski 1998; Lee et al. 2001) in the field of
convection roasting of cocoa beans proves that the color
changes of the beans were observed mainly in relation to
such process parameter as temperature. Only a few studies
include the impact of other process parameters. Lee et al.

(2001) analyzed the effect of the discharge rate on the
growth of cocoa bean brown coloring. No studies have
taken into account the impact of air velocity on the forma-
tion of brown color in the beans. Another important
parameter in determining the change in the properties of
food products subjected to thermal treatment is the relative
humidity (RH) of the air. It is known that the process of
heat treatment of plant materials is faster in less humid air,
but because of the quality of the product, such as lower oxi-
dation, in many cases, it is preferable to use air with high
humidity (Mujumdar 1995; Witrowa-Rajchert 2000). In the
case of roasting of cocoa beans, the impact of high RH was
usually considered in the context of the sterilization process
of this raw material (Świechowski 1994; Finken 1996; Benz
2002). However, the research conducted by Krysiak (2006)
focused only on the determination of grain browning trends
in relation to the three selected temperatures and RH of
air being the heating medium. The study does not take into
account the browning process optimization of cocoa beans.

Apart from the positive aspects of the formation of colored
substances in foods subjected to thermal treatment, also
raised is the aspect of possible adverse effect on the formation
of aroma compounds and decreasing the nutritional value
of the product (Moss and Otten 1989; Rapusas and Driscoll
1995; Ozdemir and Devres 2000b). Therefore, it is important
to objectively evaluate the changes occurring in thermally
processed foods and learn about trends in these changes.
Most often used for optimization of the processes occurring
during food processing is the response surface methodology
(RSM) (Ozdemir and Devres 2000a; Lee et al. 2001; Kahyao-
glu 2006; Bevilacqua et al. 2012). The RSM is a fast method
and is less expensive compared with the classical methods
such as one-variable-at-time or full-factorial experimenta-
tion (Ozdemir and Devres 2000a). The RSM was used in
studies dealing with roasting of hazelnuts (Ozdemir and
Devres 2000a), pistachios (Kahyaoglu 2006) and sesame seeds
(Kahyaoglu and Kaya 2006). For cocoa beans, this method
was used to optimize the process of roasting (Lee et al. 2001).
These studies, however, only took into account the influence
of temperature and discharge rate on the quality (also the
color) of roasting crushed cocoa bean.

Considering that changes of color in the roasted cocoa
beans were not analyzed of the impact of all process para-
meters (temperature, time, flow rate, and relative humidity)
in the present study roasting process optimization was
carried out using the response surface method (RSM),
which allowed for the optimization of the process para-
meter for the quality of the cocoa bean. Such presentation
of the results will not only give information about the
process of roasting cocoa beans but also evaluate the condi-
tions of roasting cocoa beans for their desired color. The
bean color optimizations were carried out on the basis of
two color indicators (OD460/OD525 and F1/F3).
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MATERIALS AND METHODS

Roasting of Cocoa Beans

The raw material for the study was the Ivory Coast Foras-
tero consumption variety of cocoa beans, originating from
the Ivory Coast, which has been subjected to segregation
before the roasting process. Unification of the bean size was
necessary to maintain the uniformity of the roasting process
(Kleinert 1994).

Raw cocoa beans with a bean size of (20–24) � 0.2 mm
were roasted in a tunnel (Fig. 1a,b) using the following air
parameters:
(1) temperature: 110, 120, 130, 135, 140 and 150C;
(2) velocity: 0.5, and 1.0 m/s;
(3) RH: ~0.3–0.8% (“dry” air conditions) and 2.0 and 5.0%
(“wet” air conditions). Relative air humidity of 0.35–0.45%,
corresponding to the “dry air” conditions, was the result of
the calculation (Krysiak and Motyl-Patelska 2006).

Relative humidities of 2.0 and 5.0% were the values
read out based on indications of the THERM 2285-2B type
(produced by Ahlborn, Holzkirchen, Germany) meter con-
nected to the FHA636-HR2 probe type (Pt100 sensor). The
meter and probe were designed to measure the temperature
in the range from -50 to +200C. Air temperature was mea-
sured by YCY meter (produced in Taiwan) (YC-262 type
with NiCr–NiAl sensor), and the rate of its flow was deter-
mined using the A915 S120-type wing anemometer (probe
working range of -20 to +200C) coupled with a THERM
2285-2B meter (produced by Ahlborn). Readout of the RH
was made with an accuracy of �0.5%, temperature �1C
and the flow rate �0.05 m/s.

In order to determine the changes in color of roasted
beans, each time after stabilization of process conditions
in the measuring chamber (Fig. 1a,b, pos. 8), the plate
(Fig. 1a,b, pos. 11) through dosing with special feeding ports
(Fig. 1a,b, pos. 10) was filled with a new batch of cocoa beans
(around 200 g), which was then subject to roasting for a pre-
determined span of time, e.g., 5, 10, 15 etc. min. Application
of the above-mentioned method of beans dispensing assured
that the material subjected to roasting was distributed in a
single layer and there were no difficulties associated with the
disorders in roasting conditions caused by events such as
opening the door of the chamber. The duration of the roast-
ing process was determined in a way that 2% moisture
content in the bean was achieved. This value is assumed to be
optimal because of the subsequent processing such as bean
grinding or fat pressing (Nebesny and Rutkowski 1998). After
the given time of thermal treatment, the beans were removed
from the roasting chamber and subjected to air cooling at a
temperature of 20C. Cooled bean samples were placed in
a sealed jar and stored at room temperature (22C). The
samples obtained this way, after manual degreasing and

mechanical grinding (20 s in a WZ-1 laboratory grinder by
ZBBPP, Bydgoszcz, Poland) in order to obtain a fraction with
particle size below 0.84 mm, were used for analysis.

Each roasting combination and the analysis were repeated
three times. After rejecting the extreme results, the results
were averaged and the standard deviation was calculated.

Analysis

In the obtained bean samples, the moisture content and
color were determined according to the Polish Standard
PN-A-76101 (1998).

Determination of the Color of Cocoa Beans. This
determination was made based on the work carried out by
Bonvehi and Coll (1997). The method uses the differences
in the absorbance readouts between different types of pig-
ments present in the raw and roasted beans. The roasting
process contributes to the transformation of red anthocya-
nin pigments into brown compounds.

Determination of changes in the color of roasted cocoa
beans was made by measuring two indices: OD460/OD525 and
F1/F3.

In order to determine the OD460/OD525 ratio, 50 mL
of 12 N HCl/CH3OH (1 mL/L) was added to 2 g crushed
kernels of cocoa beans and the mixture was placed in
a 100-mL Erlenmeyer flask. Extraction of pigments was
carried out at room temperature for 45 min by shaking the
contents of the flask with a shaker. The extract was filtered
through Whatman 541 filter paper (Lawrence, KS), and
then 4 mL of the filtrate was transferred to a 25-mL flask and
filled with a mixture of 12 N HCl/CH3OH to 25 mL. For the
obtained solution, absorbance was determined at l = 460 and
252 nm (OD460 and OD525). The result of changes in the color
of roasted bean is given as the OD460/OD525 ratio with regard
to the changes in dry matter (d.m.) content in roasted bean.
According to Cros and co-authors (Bonvehi and Coll 1997),
the beans of good quality in terms of color should be charac-
terized by the OD460/OD525 ratio �1.1.

The second method allowing one to estimate the changes
in color during the roasting of beans was the dye separation
by column chromatography into fractions, which represent
the following groups of dyes: fraction (F1) – anthocyanins
and hydroxycinnamic compounds; fraction (F2) – red dyes;
and fraction (F3) – yellow and brown dyes.

For this purpose, 2 mL of the filtered extract obtained
from 2 g of beans in 50 mL of 12 N HCl/CH3OH (1 mL/L)
mixture was passed through the column with a diameter
of 1.50 cm containing 1.5 g of stationary phase consisting of
Silica G, Silica gel 60 and Polyclar-AT at a ratio of (2/14/4).
Then, the dye fractions – anthocyanins and hydroxycin-
namic compounds, red and yellow and brown – were,
respectively, eluted with 25 mL of solutions: 12 N HCl/

W. KRYSIAK, R. ADAMSKI and D. ŻYŻELEWICZ FACTORS AFFECTING THE COLOR OF ROASTED COCOA BEAN

23Journal of Food Quality 36 (2013) 21–31 © 2013 Wiley Periodicals, Inc.



FIG. 1. SCHEMATIC DIAGRAM OF A TUNNEL FOR THERMAL PROCESSING OF COCOA BEANS
(a) Front view; (b) top view.
1, fan; 2, throttle; 3, main heater; 4, steam supply inlet with a regulating valve; 5, section of air parameters control; 6 and 7, sections for equalizing
air velocity profiles; 8, measuring section; 9, balance; 10, feeding ports; 11, plate; 12, section of air removing; 13, recirculation pipe; 14, air off
taking pipe; 15 and 16, transformers; 17–19, supplementary heaters; 20, insulation; 21, control panel; 22, temperature probe (sensor); 23, fresh air
inlet; 24, valve for regulating recirculation of air; 25, steam generator.
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24 Journal of Food Quality 36 (2013) 21–31 © 2013 Wiley Periodicals, Inc.



CH3OH (1 mL/L), 50% and 100% formic acid. For each
fraction, the absorbance at l = 525 nm and the percentage
of each fraction in relation to the initial absorbance were
obtained. Results are given as the F1/F3 ratio, taking into
account in the calculations the change in d.m. content of
roasted beans. According to Cros and co-authors (Bonvehi
and Coll 1997), cocoa bean of good quality in terms of color
should be characterized by the F1/F3 ratio �0.3.

Preparation of Results

In order to assess the impact of various process parameters
on the color of roasted beans and to understand the rela-
tions existing between them, neural networks were used.
The STATISTICA (StatSoft Poland Ltd., Krakow, Poland)
program with built-in regression module using neural net-
works was used to prepare the results. The suggested solu-
tion is widely available in the software databases used for
modeling and optimization of processes. The used method
is an alternative to the methods most commonly used and is
described in the literature models using second-degree
polynomials for approximations. In order to obtain the rela-
tionship between color indicators designated as OD460/OD525

and F1/F3, and the parameters of air, the procedures for
mathematical description of the phenomenon were used.
The resulting fit to the experimental points forecasting the
changes in color of the cocoa beans depending on the con-
ditions was presented in the form of graphs.

RESULTS AND DISCUSSION

The effect of temperature of the heating medium on the
browning process of products of plant origin, including

cocoa beans, is known. The aim of this study was therefore
to demonstrate whether and to what extent the formation
of brown color in roasted cocoa beans is affected by other
relevant procedural factors such as air flow rate and RH. As
indicators of change in the color of roasted beans, OD460/
OD525 and F1/F3 were selected. An additional objective of
the study was the creation of maps, which clearly give the
answer to the problem of how the conditions used in the
roasting process of cocoa beans contribute to the change of
its color, using a modeling method with the help of neural
networks. In addition, we wanted to get the information on
which of the color indicators (OD460/OD525 or F1/F3) can
be assumed to be more useful for the optimization of the
browning process of cocoa beans.

Effect of Flow Rate

Figure 2 shows the effect of air flow rate on color change,
expressed as the OD460/OD525 ratio, taking place in the
kernel of cocoa beans roasted at a constant RH (0.3–0.8%
“dry” air conditions) and the air temperature in the range of
110-150C. The process of roasting contributes to changes in
the color of the bean in the direction of the appearance of
brown color, as a consequence of transformations of antho-
cyanins and the formation of colored substances among
others being the result of the Maillard reaction. The raw
bean color determined as the OD460/OD525 ratio was on the
order of 0.81, whereas in the course of the roasting process,
depending on the used conditions, it increased to the level
of 0.96–1.23. The shape of response surface provided in
Fig. 2a shows that in order to obtain satisfactory color
parameters by the cocoa beans (OD460/OD525 � 1.1), it is

FIG. 2. RESPONSE SURFACE PLOTTING OF THE EFFECT OF TEMPERATURE AND TIME ON CHANGE OF COLOR COCOA BEAN (OD460/OD525) DURING
ROASTING
(a) v = 0.5 m/s and (b) v = 1.0 m/s (relative humidity = 0.3–0.8% = const).
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required to conduct the roasting process at a temperature of
air above 140C and for a suitable time allowing the bean to
obtain about 2.0% water content. However, when using
the air flow rate v = 1.0 m/s during roasting, the OD460/
OD525 � 1.1 index value was achieved already at an air tem-
perature of 130C (Fig. 2b). This can be explained by far
higher speeds of the shape of response surface provided in
Fig. 2a, which shows that in order to obtain satisfactory
color parameters by the cocoa beans (OD460/OD525 � 1.1), it
is required to conduct the roasting process at a temperature
of air above 140C and for a suitable time allowing the bean
to obtain about 2.0% water content. However, when using
the air flow rate v = 1.0 m/s during roasting the OD460/
OD525 � 1.1 index value was achieved faster and at a lower
temperature because of the greater roasting rate (W), as
shown in the following data:

for conditions C and m s

kg H O kg

: .

. . [ (

T v W= ° = −
= ÷ ×

130 1 0

0 012 0 0004 2   d m m and. . min)],× 2

for conditions C and m s

kg H O kg 

: . .

. [ (

T v W= ° = − =
÷

140 0 5 0 010

0 0009 2 dd m m
unpublished data

. . min)]
( ).

× 2

In addition, it was found that regardless of the air velocity
used, the grain color increase when roasted at up to 135C
occurred gradually and gently. At the same time, it was
shown that in the case of beans roasted at lower tempera-
tures (110–125C), it did not achieve a particular desired
degree of browning expressed as OD460/OD525 � 1.1 ratio
despite the fact that as a result of the roasting process, it
obtained the final moisture content on the order of 2.0%.

The shape of the surface shown in Fig. 2a,b shows that
when the cocoa beans were roasted at a temperature above
135C (140–150C), the degree of browning is not signifi-
cantly impacted by the amount of the applied temperature,
air velocity and the duration of the process. Also, research
conducted by Lee et al. (2001) shows that the roasting of
beans at temperatures above 140C does not increase its
brown color, and a reduction in the value of this indicator
of quality is observed. They determined the color change in
roasted beans by conducting the measurements in the CIE
L*a*b system. On the other hand, Nebesny and Rutkowski
(1998) proved that the roasting of cocoa beans at too high
temperatures (above 140C) leads to its burning and ulti-
mately to bitterness, which is not desirable from the point of
view of flavor, aroma and health.

Taking into account the obtained dependences, it can be
considered that when the used color change indicator is the
OD460/OD525 ratio, the optimal change in color of roasted
cocoa beans is achieved in “dry” air conditions, at tempera-
ture of 135C and air velocity of 1.0 m/s. Also, the research
conducted by Lee et al. (2001) indicates that the optimal

cocoa bean roasting temperature is the temperature of
134C, but in their research, they did not include the influ-
ence of air flow velocity on the formation of this indicator
of bean quality, and further heat-treated cocoa beans were
crushed.

The study also dealt with another way of determining the
progress of the beans browning reaction. This was achieved
by column chromatography separation of the three major
dye factions (F1, F2 and F3), followed by colorimetric
determination of the level of their content at l = 525 nm.
Roasting causes a change in the contents of fractions F1
dyes (dyes derived from anthocyanins) and F3 (brown and
yellow dyes), and therefore to assess the progress of the
browning of beans, the F1/F3 ratio was determined.

The color of raw cocoa beans determined with the used
indicator was 0.43. During the roasting process, it changed
depending on the used conditions, and ranged from 0.43 to
0.16–0.03.

Figure 3 shows the change in color of bean, expressed
as F1/F3, occurring during roasting in air at 110–150C, for
its RH (0.3–0.8% – the “dry” air conditions) and 0.5, and
1.0 m/s flow velocities.

The shape of response surface shown in Fig. 3a shows
that when the cocoa beans were roasted in air with a flow
rate of v = 0.5 m/s, the greater was the influence of tempera-
ture than roasting time on the level of browning of cocoa
beans. It was found that regardless of the temperature used,
the biggest change in the color of roasted beans occurs
within 20 min. For all applied temperatures after 20 min,
the F1/F3 ratios were below 0.33, which, according to Cros
and co-authors (Bonvehi and Coll 1997) in terms of the
analyzed color parameter, is considered an acceptable level.
This is an effect of the generation of a greater amount of
brown pigments (fraction F3) from anthocyanins (fraction
F1), characterized by the purple color. In this case, the
favorable factor may be the higher water content in the
roasted beans, as demonstrated by Krysiak and co-authors
(2003), which contributes to the transformations connected
with the nonenzymatic darkening reactions (Świtka 1994).

After 20 min, additional roasting of beans does not have
such a significant impact on reducing the value of this indi-
cator of bean quality. Furthermore, the shape of the surface
plot shows that increasing the temperature from 110 to 150C
only contributed to a deepening of the brown color of the
bean, as indicated by marked F1/F3 low values of 0.13–0.22.

Using a higher air velocity, i.e., v = 1.0 m/s in the roasting
process, it was found that for the temperature within the
range of 110–130C, over time the growth of the bean color
expressed as the F1/F3 ratio takes place, but this increase is
gradual (Fig. 3b). The observed changes were contained
within the limits of 0.43–0.22 and depended on both the
time and the air temperature. The higher the roasting tem-
perature used, the shorter the rime the beans obtained an
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acceptable level of color expressed as the ratio F1/F3 � 0.33,
whereas when the beans were roasted in air at temperatures
above 130C (135–150C), the intensity of changes was defi-
nitely faster. For these conditions, the cocoa bean achieved
the F1/F3 ratio �0.33 after just 10 min, independent of the
air temperature.

The observed such differences in the behavior of beans
during roasting at a flow rate of v = 1.0 m/s in relation
to the process carried out at a velocity of v = 0.5 m/s
is caused primarily by the achieving the recommended
2.0% water content in beans, which may contribute to
the formation of brown color to a lesser extent. Świtka
(1994) indicated that nonenzymatic browning reactions
occur very slowly at low water content corresponding
to its content in a monolayer. The water content close
to a monolayer favors Amadori reactions taking place,
which does not change the color because its products are
colorless.

Influence of Relative Air Humidity

Similar to cocoa beans roasted in “dry” air, in this case the
change in the color of beans was expressed as the OD460/
OD525 and F1/F3 ratios.

Analyzing the shape of response surface included in
Fig. 2a as well as Fig. 4a,b, it can be observed that when
roasting cocoa beans with varying relative air humidity, the
degree of browning expressed as the OD460/OD525 ratio
depends on both temperature and process time. It was
found that conducting the roasting process in air at high
RH (2 or 5.0%) forced the use of a higher temperature or

longer time compared with the process conducted under
“dry” air conditions. Thus, the same level of browning of
roasted cocoa beans at 135C and RH = 5.0% when com-
pared with the process conducted under “dry” air requires
the time to be longer by 15 min (Figs. 2b and 4b). Further-
more, the shape of the surface included in Fig. 4a,b shows
that the more favorable influence on color change expressed
as the OD460/OD525 ratio comes from higher RH, i.e.,
RH = 5.0%. This positive impact of higher RH (5.0%) on
bean color can be explained by the higher water content in
beans roasted at a given temperature and time, which has
been proven by Krysiak and Motyl-Patelska (2005), and
this has a positive effect on the formation of brown dyes
(Świtka 1994). In addition, research conducted by Krysiak
and Motyl-Patelska (2006) showed that roasting of beans in
air with higher RH (5%) results in achieving a higher tem-
perature by the kernel compared with the process carried
out under “dry” air.

The relationships shown in Figs. 2b and 4a,b prove that
regardless of the air humidity used, the higher was the air
temperature used, the faster the bean in the time required
to obtain the water content of 2.0% achieved a color
acceptable from the point of view of brown color. At the
same time, it was shown that the increase in air tempera-
ture from 140 to 150C does not significantly increase the
value of this indicator, and therefore the increase in brown
color.

Comparing the results brought out in Fig. 4a,b with those
for bean roasted in the “dry” air conditions, it was found
that to achieve the cocoa beans color expressed as levels
of OD460/OD525 above 1.1 as recommended by Cros and

FIG. 3. RESPONSE SURFACE PLOTTING OF THE EFFECT OF TEMPERATURE AND TIME ON CHANGE OF COLOR COCOA BEAN (F1/F3) DURING
ROASTING
(a) v = 0.5 m/s and (b) v = 1.0 m/s (relative humidity= 0.3–0.8% = const).
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co-authors (Bonvehi and Coll 1997), it should be roasted at
a temperature of 135–150C for 20–35 min, while in “wet” air
in the same temperature range, it takes 15–20 min longer.

Another thing that was considered was the influence of
air RH on the formation of the second color indicator,
being the F1/F3 ratio (Figs. 3a and 5a,b).

In the case of the analyzed F1/F3 ratio, we obtained
similar relationships as for the previously analyzed OD460/
OD525 indicator.

Optimization of the Cocoa Roasting Process
in the Scope of its Color

Optimization of cocoa beans roasting process taking into
account the changes in its color was presented in the form
of a map (Figs. 6 and 8). This way of presentation provides
an extremely fast way of optimizing the process in an indus-
trial environment, not requiring building of research units
and conducting painstaking research.

FIG. 4. RESPONSE SURFACE PLOTTING OF THE EFFECT OF TEMPERATURE AND TIME ON CHANGE OF COLOR COCOA BEAN (OD460/OD525) DURING
ROASTING
(a) Relative humidity (RH) = 2.0% and (b) RH = 5.0% (v = 1.0 m/s = const).

FIG. 5. RESPONSE SURFACE PLOTTING OF THE EFFECT OF TEMPERATURE AND TIME ON CHANGE OF COLOR COCOA BEAN (F1/F3) DURING
ROASTING
(a) RH = 2.0% and (b) RH = 5.0% (v = 1.0 m/s = const).
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To plot the surfaces shown in Figs. 6–9, all the experi-
mental data were used in order to determine the significant
impact of a given air parameter on the cocoa beans brown-
ing process. From the compiled values, it can be seen that
the greatest impact on the process of formation of brown
color comes from the air temperature and air velocity. Up to
now, the impact of the air flow rate is taken into account for
the process of roasting cocoa beans, as well as the quality of
the roasted bean. The obtained relationships indicate that
air flow rate has a direct impact on the values of the coeffi-
cients of heat transfer and mass transfer, which translates to
flux density and is associated with the rate of heating and

evaporation of bean moisture, whereas the temperature
affects the rate of the browning reactions that occur.

Preparation of map shown in Figs. 6 and 8 allowed one to
conclude that the relative air humidity of 2–5.0% did not
significantly affect the rate of appearance of the desired
brown color in roasted beans. In an earlier work of Krysiak
(2006), in which changes in the color of roasted cocoa beans
are shown in classical system of one-variable-at-time, this
relationship is not obtained.

The relationships shown in Figs. 6–9 show that both the
OD460/OD525 as well as the F1/F3 indicators may be used
for the description of changes in the coloring of cocoa
beans. However, given the time-consuming determination
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FIG. 7. COMPARISON OF EXPERIMENTAL POINTS WITH THE EXPECTED
POINTS THAT DESCRIBE THE CHANGE IN THE COLOR OF COCOA
BEANS WITH THE OD460/OD525 RATIO
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FIG. 9. COMPARISON OF EXPERIMENTAL POINTS WITH THE EXPECTED
POINTS THAT DESCRIBE THE CHANGE IN THE COLOR OF COCOA
BEANS WITH THE F1/F3 INDICATOR
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of changes in color using the F1/F3 ratio, the ratio OD460/
OD525 should be more convenient.

The proposed method for optimizing the process of
roasting of cocoa beans for their acceptable color was
accepted. This is confirmed by a very good fit obtained from
experimental points with the point calculation.

CONCLUSIONS

The results obtained in the study show that the degree of
change in the browning of cocoa beans significantly
depends on two analyzed air parameters. To the greatest
extent, the bean browning process rate is determined by the
temperature and duration of temperature action. Research
has shown that the velocity of air flow does not directly
determine the speed of reaction of the browning of cocoa
beans, but it does affect the rate of heating and evaporation
of water contained in the beans.

There was no evidence of such a relationship with regard
to the issue of the scope of this work’s RH.

It was found that the description of changes in the color
of cocoa beans using the statistical total area can be made
using both the OD460/OD525 ratio and the F1/F3 indicators.

It has been shown that regardless of the roasting condi-
tions used, i.e., relative air humidity (RH = 0.3–5.0%) and
the flow rate (v = 0.5–1.0 m/s), the temperature of only
135C ensures an adequate level of bean browning.

NOMENCLATURE

F1, F2, F3 fractions of dyes of the cacao bean divided on
the chromatographic column
OD460 optical density of solution of dyes at l = 460 nm
extracted of the cacao bean
OD525 optical density of solution of dyes at l = 525 nm
extracted of the cacao bean
R correlation coefficient
RH relative humidity (%)
t time (min)
T temperature of air (C)
W roasting rate [kg H2O/(kg d.m. ¥ m2 ¥ min)]
v air velocity (m/s)
l wavelength (nm)
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30 Journal of Food Quality 36 (2013) 21–31 © 2013 Wiley Periodicals, Inc.



KRYSIAK, W., ICIEK, J. and MOTYL-PATELSKA, L. 2003.
Influence of roasting conditions on selected physico-chemical
properties of cocoa bean. Inżynieria Chemiczna I Procesowa
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ŚWIECHOWSKI, C.Z. 1994. Roasting of cocoa bean. Przegląd
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ŚWIECHOWSKI, C.Z. 2000. Cocoa bean – origin, changes,
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