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Summary The main objective of the study was to determine the kinetics of the polyphenol oxidation
reaction in cocoa beans during air drying at various air temperatures and humidities. The
temperatures used were between 40 and 60 °C and the relative humidities were between 50
and 80%. The higher the temperature and relative humidity of the drying air, the lower the
amount of polyphenol residue in the cocoa beans, because of enzymatic oxidation of
polyphenols. At higher drying temperatures, non-enzymatic oxidation of polyphenols
could also occur. Computer simulation results gave rate constants for the polyphenol
oxidation reaction (k;) and the condensation reaction (k»), at various air conditions, in the
range of 0.055-0.200 and 0.136-0.155 h™' respectively. The activation energies obtained
for the polyphenol oxidation reaction were in the range of 27 800-30 312 J K™' mol™".
The reaction kinetics of the enzymatic browning reaction fitted a pseudo first-order

reaction.

Keywords

Introduction

Fermented cocoa beans are dried in order retain
the ‘chocolate’ flavour developed during fermen-
tation and to reduce the moisture content of the
cocoa bean to about 7% (Akhir & Said, 1984;
Said, 1993; Said et al., 1988). However, the drying
process is not simply a removal of moisture for it
also involves a residual fermentation process as
well. The chemical changes that take place inside
the beans during fermentation continue during
drying, either until the moisture content drops to
below 7% or until the enzymes are inactivated.
During fermentation and drying, the polyphenols
in cocoa beans undergo complex chemical changes
that are known collectively as browning, these
changes affect the flavour and colour of chocolate
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(Danehy, 1986). Although most polyphenols are
reduced during fermentation and drying, they are
still present in cocoa beans and impart astringent
and bitter tastes (Jalal & Collin, 1977). The
reduction of bitterness and astringency is because
of the oxidation of polyphenols to insoluble
tannins, which are the flavour precursor for
chocolate processing (Jinap & Dimick, 1990;
Haslam & Lilley, 1992; Lee, 1992). More recently,
Misnawi et al. (2002) investigated the addition of
crude cocoa polyphenol oxidase and purified
tyrosinase from mushrooms to partially fermented
cocoa beans to degrade polyphenols in order to
reduce astrigency and bitterness, finding the latter
enzyme to be more effective. In a recent paper
(Wollgast & Anklam, 2000b), the importance of
polyphenols as antioxidants to human health was
highlighted.

There has been no extensive study on the
kinetics of the browning reaction in cocoa beans,
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especially under drying conditions. Previous re-
search on the drying of cocoa beans has not
considered these browning reactions at all (Bravo
& McGaw, 1974; Daud et al., 1994, 1996; Fotso
et al., 1994; Talib, 1994; Talib et al., 1995). As the
browning reaction involves a complex reaction
mechanism with many different molecules, it has
probably proved too difficult to study previously.
Reactions can be classified as either enzymatic
or nonenzymatic browning. The nonenzymatic
browning (Maillard) reactions involve the carbo-
nyl groups of reducing sugars and the amino
groups of proteins which undergo chain reactions
to produce coloured polymeric products (Hodge,
1953; Gooding, 1960; Sharp, 1960; Hodge &
Osman, 1976; Eichner & Ciner-Doruk, 1981;
Labuza, 1981). Enzymatic browning involves the
transformation of phenolic compounds first to
quinones and then to brown or black polymers
under the catalytic influence of the polyphenol
oxidase enzyme (McEvily et al., 1992).
Fermentation of cocoa beans, prior to drying, is
necessary to ensure the formation of flavour
precursors (Dimick, 1993). During fermentation,
sucrose, the dominant sugar in cocoa beans, is
hydrolysed to fructose and glucose by invertase
present in the testa of the bean. Yeast, which
proliferates in the presence of sugar, citric acid and
anaerobic conditions, converts most of the sugar
in the pulp to alcohol and carbon dioxide. Citric
acid is lost, either in the ‘sweating’ stage or
through microbial breakdown. As a result, a rise
in pH and a small rise in temperature favours
growth of lactic acid bacteria which convert
glucose to lactic acid, alcohol and acetic acid.
Bean death occurs at this time due to the heat
generated, and the diffusion of ethanol and acetic
acid into the bean (Wood & Loss, 1989). After
bean death polyphenols diffuse from their storage
cells and polymerize, oxidize and interact with
proteins. The anaerobic changes occur mainly in
fermentation, followed by aerobic oxidative chan-
ges, which continue during drying. During the
aerobic phase, oxygen diffuses into tissue and the
oxidase enzyme becomes active (Dimick, 1993).
The oxidation of several complex polyphenolic
substrates occurs by enzyme-catalysed coupled
oxidation in which a simple phenolic molecule acts
as the initial enzyme substrate and the o-quinone
generated then participates in a coupled redox
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system with complex polyphenol (Haslam &
Lilley, 1992).

Polyphenol oxidase catalyses the hydroxylation
of mono-phenols to diphenols such as hydroqui-
none, and in a second step, the oxidation of
colourless diphenols to highly coloured o-quinone,
which is an extremely reactive intermediate.
Ortho-quinone, formed by enzymatic oxidation,
can react with a hydroquinone to yield a
condensation product. In cocoa beans, anthocya-
nins are hydrolysed enzymatically to anthocyani-
dins, which polymerize with simple catechins to
form high-molecular-weight procyanidins or com-
plex tannins during fermentation (Roelofsen,
1958; Forsyth & Quesnel, 1963; Kim & Keeney,
1983).

(—)-Epicatechin polymerizes with (+ )-catechin
to form complex tannins during fermentation and
is the major substrate for enzymatic browning
during drying (Kim & Keeney, 1983). During the
drying stage both (—)-epicatechin and procyani-
dins are oxidized enzymatically and the final result
of polyphenol oxidation is the production of
polymeric brown pigments (Dimick, 1993). Said
et al. (1988) observed experimentally that there
was a significant reduction in the content of
polyphenolic compounds, especially (—)-epicate-
chin, in the pod storage period and degradation of
the (—)-epicatechin and (+)-catechin was signifi-
cant after a 5-day fermentation period, indicating
that polyphenol degradation was already occur-
ring during fermentation.

The objective of this paper was to investigate
polyphenol degradation, which is one of the
principal browning reactions, during the drying
of Malaysian cocoa beans.

Kinetic model of enzymatic browning in
cocoa beans

Reactions in foods have been found to generally
follow either pseudo zero- or first-order kinetics.
Labuza (1971), Labuza & Saltmarch (1981) and
Franzen et al. (1990) found that the Maillard
reaction (nonenzymatic browning) could be typic-
ally described by zero-order reaction kinetics. This
is true in the sense that the concentration of the
brown pigment products is negligible compared
with the concentration of reactants present. The
term pseudo is added to the order of the reaction
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in biological materials, such as foods because the
actual reaction mechanism and its kinetics are far
more complex. The pseudo reaction orders in
foods are therefore semi-empirical in nature and
are not to be taken as reflecting actual reaction
mechanism (Leahy & Reineccius, 1989).

The enzymatic browning can be represented by
(Kyi et al., 1996):

Polyphenol + Oxygen M, 0-Quinone

0-Quinone + Hydroquinone £, Melanin + Water

The kinetics of the oxidation of polyphenol is
represented by:

—rIA :k]Ci, (1)
o = k2C o, (2)

where ra is the rate of polyphenol oxidation
(kg kg™ dry cocoa h™"), ry,0 is the rate of water
production (kg kg™' dry cocoa h™'), Cx is the
concentration of polyphenol (kg kg™ dry cocoa),
Cy,0 is the concentration of water (kg kg™! dry
cocoa), k, and k are the rate constants (h™") for
reactions 1 and 2 respectively, and @ and b are the
orders of reactions 1 and 2 respectively. Ortho-
quinone, formed by enzymatic oxidation of poly-
phenol in the first reaction, is an extremely reactive
intermediate compound that immediately reacts in
the second reaction. Hence it can be assumed that
the rate of polyphenol oxidation and condensa-
tions are of the same order. The browning reaction
can then be described sufficiently by the first
reaction. If this reaction is assumed to be first
order, then the kinetics of polyphenol oxidation
reaction can be estimated by

IHCAZIHCAO—IQZ, (3)

where C 4, is the initial concentration of polyphe-
nol (kg kg_1 dry cocoa). The determination of the
the parameter k, in the second equation is much
more complex. Free moisture in the cocoa beans
and water from the condensation reaction is
removed during drying. The model for drying
with a chemical reaction could be written as:

X 'H,0M
8—:K1V2X+K2VZT_’H207H207 (4)
ot Ps

or AHM
P Ky VRAX 4 Ky VAT 4 [HRO2THI0 (5)
ot psCps
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where Kl = D, K2 = Dd, K3:D8AH/CPS, K4:(;vs/
psCp) +(DOeAH/C,), D is the moisture diffusiv-
ity, Dy is the thermal diffusivity coefficient, My,0
is the molecular weight of water, Ag is the thermal
conductivity of cocoa, ¢ is the phase conversion
factor, 9 is the thermal gradient coefficient, 4H is
the latent heat of evaporation, pg is the density of
cocoa, C,, is the specific heat of cocoa, X is the dry
basis moisture content of the sample and T its
temperature. Assuming that the second reaction is
first order, then substituting eqn 2 into eqns 4 and
5, we get:

X k M
X _ kvix y ver - CmoMio )
ot Ps
oT k> Cr,oAHM 0
= KVAX+ KV 2 (g
ot PsCps )

The temperature, absolute humidity and air
velocity of the surrounding fluid is assumed
uniform and the dominant modes for heat and
mass transfer to the environment are by convec-
tion and evaporation. The cocoa bean is assumed
to be a spherical body and there is no significant
shrinkage during the drying period. The amount
of moisture produced and heat evolved from the
polyphenol oxidation reaction is very small com-
pared with the original moisture content of cocoa
bean and the temperature of the environmental
chamber. The mass flux at the boundary condition
is expressed as:

—pD(VX+6VT) =Kga(Ys — Yg)=J, (8)
whereas the heat flux equation is given by:

—eAHpD(VX +0VT) - AVT

9
= h(Ts — To) + AHJ, ®

where £, is heat transfer coefficient, J is the mass
flux, K is the mass transfer coefficient, 75 and T,
are the surface and ambient air temperatures
respectively, Yg is the humidity of surrounding
air, Ys is the saturated humidity of surrounding
air and o is the psychrometric coefficient.

The value of the parameter k, in the second
equation is determined by simulating the drying
using eqns 6-9 and a known value of moisture
diffusion in cocoa beans (Talib, 1994), and com-
paring the experimental and the simulated drying
moisture profiles. This is achieved by using a simple
explicit method (LSE) with a modified implicit
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Crank Nicholson (LCN) finite difference algorithm
based on a parabolic equation in spherical polar
coordinates (Ibrahim & Daud, 1989; Ibrahim,
1994).

Materials and methods

Sample preparation of cocoa beans

Cocoa beans samples were obtained from Sungai
Ruan, Temerloh, Pahang, Malaysia. The freshly
harvested cocoa pods were stored for 10 days in a
shady place and fermented for 5 days with single
turning after 48 h. The fermented cocoa beans
were kept in a deep freezer at a temperature of
—20 °C. The sample solutions for the analysis of
polyphenols were prepared hourly after with-
drawal of the cocoa seed sample from the
environmental chamber. A sensitive HPLC meth-
od (Kim & Keeney, 1983) was used for the
analysis of polyphenols in cocoa beans.

Drying of cocoa beans

An environmental chamber (Isuzu model p2501,
Isuzu, Isuzu, Japan) was used for drying, air
flowed at approximately 1 m s™', at a fixed relative
humidity (RH) and temperature around the sam-
ple for about 5 h (Talib, 1994; Daud et al., 1996).
The working range for air RH and temperature
was 50-80% and 40-60 °C respectively. The
average bean weight suitable for processing is
equivalent to 83-100 beans per 100 g (Wood &
Loss, 1989). The sample weight used was 20 g.

Preparation of polyphenol sample solutions for
HPLC analysis

The (—)-epicatechin and (+)-catechin were deter-
mined and quantified by the modified method of
Kim & Keeney (1983). Dried cocoa samples were
ground in a blender. Pieces of dry ice were added to
the beans to prevent melting of cocoa lipids because
of the frictional heating of grinding. After grinding
the powder was sieved through a 710-um screen.
Powdered samples were defatted for 16—18 h using
petroleum ether (B.P. 35-60 °C) as solvent. The
samples were dried in a vacuum oven at 65 °C for
5 min and stored in the dark inside a desiccator
over silica gel prior to the extraction procedures.
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For the extraction of polyphenols, 0.5 g of
defatted cocoa powder and 80 mL of 80% aque-
ous acetone in a 125-mL Erlenmeyer flask were
sonicated for 30 min in a sonic cleaning device
filled with ice water. A clear filtrate was obtained
by vacuum filtration through Whatman No. 1
filter paper. Glassware and residue were washed
with 80% aqueous acetone and the total filtrate
was made up to 100 mL in a volumetric flask. A
measured 5 mL portion, was dried in a freeze
dryer. The residue was resuspended into 10 mL
aliquots of distilled water by swirling for 2 min in
a 45 °C water bath. The solutions were pooled and
injected through a C18 reverse-phase SEP-PAK
(Waters Assoc., Milford, MA, USA) that had
been pre-conditioned with 2 mL of methanol
followed by 5 mL of distilled water. The chemical
compounds ( + )-catechin and (—)-epicatechin were
retained by the SEP-PAK, and eluted with about
10 mL of 40% aqueous CH3OH. The final volume
of eluant was made up to 10 mL in a volumetric
flask. A 10 uL volume of this final solution was
injected into the HPLC analytical column. Separ-
ation of polyphenol was done in a CI8 column
(Restek Corporation, Bellefonte, PA, USA) using
a mobile phase of water:methanol:acetic acid
(87:8:5 by volume). Polyphenols were detected at
280 nm and quantified by comparing peak area of
the sample to those of standards (Kyi, 2001).

HPLC apparatus and operating conditions

Measurement of browning is a difficult analytical
problem. Toribio & Lozano (1984) used colour
measurement to follow the kinetics of nonenzy-
matic browning in an apple juice concentrate
during storage. The complexity of the reactions
and the various compounds involved (Hodge,
1953; Spark, 1969; Toribio & Lozano, 1984) make
it difficult to study the reactions by means of a
simple analytical chemical method; however,
Wollgast & Anklam (2000a) reviewed analytical
methods for analysis, quantification, isolation,
purification and structural elucidation of poly-
phenols in cocoa and they recommended the use of
HPLC with a variety of detectors. Wollgast et al.
(2000) developed a very accurate method for
separation and identification of procyanidins
using reverse phased HPLC with electrospray
ionization mass spectrometric and tandem mass
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spectrometric detection, but a good, rapid, HPLC
method for the determination of polyphenols in
cocoa beans developed by Kim & Keeney (1983),
was used in this study.

An analytical column (Restek Corp.) equipped
with a pump (Gilson pump 305, Villiers-le-Bel,
France) and an ultravoilet detector (Gilson UV
detector model 116) set at 280 nm wave length was
used. The chromatographic column was
25 cm X 4.6 mm i.d. (C18 Waters Assoc.) and
was preceded by a Restek pre-column (Restek
Corp.). The mobile phase was prepared with
distilled water, methanol and acetic acid (87:8:5
by volume). This mobile phase was filtered
through a 0.45 um pore size filter and deaerated
by vacuum. The flow rate of the mobile phase was
set at 1.5 mL min~' during the measurement of
polyphenol. At the end of each day, the chroma-
tographic system was flushed with distilled, filtered
and deaerated water for 30 min followed by
flushing overnight with methanol (HPLC grade),
as recommended by the supplier, ensuring removal
of lipophilic substances from the column. The
system was again flushed with distilled, filtered
and deaerated water for 30 min before separating
another sample solution.

Results and discussions

Degradation of polyphenols

The HPLC method successfully separated (+)-
catechin, and (-)-epicatechin, and the rate of
degradation of the latter was found to be greater
than that of the former. However, in this study,
total polyphenol degradation was used because the
proposed reaction kinetics model was based on the
total polyphenols. Figures 1 and 2 show the
degradation of the total polyphenol content
(catechin and epicatechin) with time, during cocoa
drying at different air temperatures and relative
humidities. The concentration of total polyphenol
declined rapidly during drying because of the
enzymatic oxidation of polyphenols. The experi-
mental results show that the higher the tempera-
ture and RH of the drying air, the lower the
residual amount of polyphenol in the cocoa beans
during drying. The logarithm of total polyphenols
vs. time at 40 °C and different relative humidities
is shown in Fig. 2. Polyphenol degradation fitted a
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Figure 1 Total polyphenols degradation in cocoa beans with
time during drying at 50% RH.
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Figure 2 Correlation of the logarithm of total polyphenol
with time at 40 °C.

pseudo first-order reaction with a coefficient of
correlation, r? > 0.95. The rate constants and
activation energies are presented in Tables 1 and
2. These result are consistent with those reported
by Franzen et al. (1990).

Table 1 Reaction rate constant, k; at different air temper-
atures and relative humidities

ky (h7)
Air relative humidity (%) 40 °C 50 °C 60 °C
50 0.0555 0.0815 0.1053
60 0.0713 0.0939 0.1365
70 0.0863 0.1136 0.1693
80 0.0991 0.1303 0.1999
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Table 2 Activation energy E, for polyphenol degradation in
cocoa beans at different air relative humidities

Air relative humidity (%) E,, (J K" mol™) s

50 27 800 0.9906
60 28 085 0.9889
70 29 135 0.9847
80 30 324 0.9793

Effect of temperature and RH on polyphenol
degradation

The results in Table 1 show that the polyphenol
degradation rate increases with increasing tem-
perature and RH. This is consistent with previous
studies on browning in fruits, potatoes and cab-
bage (Legault ef al., 1951; Hendel et al., 1955;
Reynolds, 1965; Mizrahi et al., 1970a,b; Labuza
et al., 1972b; Waletzko & Labuza, 1976; Kanner
et al., 1982). As with the results of Legault ez al.
(1951) and Resnik & Chirife (1979) for fruit,
potato and cabbage, the temperature dependence
of cocoa browning followed the Arrhenius Law as
shown in Fig. 3. The activation energy of poly-
phenol oxidation reaction, calculated from the
slope of 1Ink; vs. 1/T, increased with RH
(Table 2).

Determination of k,

The experimental drying data at various air
temperatures and RHs were compared with the
simulated drying data obtained using eqns 6-9 for
the same conditions, using known values of the

15
1.8}
#50% RH
_ 21} 2
< 2 ®60% RH
C
—24r 470% RH
—2.71 *80% RH
_3-0 1 1 1
0.00295 0.00305 0.00315  0.00325
1T (1/K)

Figure 3 Correlation of In k; with 1/T at different air
relative humidities.
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moisture diffusivity (D) in cocoa (Talib, 1994),
with various k, values. For example, Fig. 4 shows
the moisture content profiles of the experimental
drying data and the simulated data for 40 °C, 50%
RH,D =8.09x 107 m* s and k, = 0.1364 h™",
and Fig. 5 shows both the simulated temperature
profile for the same condition. The values of the
rate constant k>, which best fit the simulated data
to the experimental drying data are shown in
Table 3. The results in Table 3 show that the
condensation reaction rate increased with increas-
ing temperature and decrease with increasing RH.

Correlation of k; and k,

The correlations between the polyphenol
oxidation reaction rate constant k; and the

——LSE

X (kgkg™" dry cocoa)

t (h)

Figure 4 Moisture content (X) profiles of the experimental
drying data (EXP) and the simulated data (LSE, LCN)
for 40 °C, 50% RH, D = 8.09 x 107> m* s™" and

ks =0.1364 h™".

40 |
35|
30}
B
Gast
= 20|
151
10}

—4— LSE

—=—ILCN

Figure 5 Temperature profiles (7) of the simulated data
(LSE, LCN) for 40 °C, 50% RH, D = 8.09 x 107> m* s™"
and k, = 0.1364 h™".
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Table 3 Reaction rate constant, k,, at different air temper-
atures and relative humidities

ke (h™)
Air relative humidity (%) 40 °C 50 °C 60 °C
50 0.1364 0.1592 0.2081
60 0.1201 0.1490 0.1824
70 0.1124 0.1391 0.1664
80 0.1001 0.1280 0.1548
0221
0.20 -
018} 440°C
TE 0.16 + B50°C
<0141
012} 460°C
0.10 +
0.08 1 1 1 1 1 1
0 005 01 015 02 025 0.3

ki (h7)

Figure 6 Correlation of k; with &, at different air
temperatures.

condensation reaction rate constant k, at different
temperatures (Fig. 6) are straight lines, with r* >
0.96. The rate constant k; increased with both
increasing temperature and RH, whereas &,
increased with increasing temperature but de-
creased with increasing RH. The linear equations
of the correlations shown in Fig. 6 are as follows:

ky =0.801k; +0.1798 > =0.9839 at 40C
ky = 0.6176k; +0.2086 1> =0.9928 at 50C.
ky = 0.5562k; +0.2629 1> = 0.96 at 60 C

This linear relationship validates the earlier
assumptions that both reactions are of the same
order.

Conclusions

The concentration of polyphenol in cocoa beans
declines rapidly during drying under air conditions
of 40-60 °C and 50-80% RH. The higher the
temperature and RH of the drying air, the faster
the chemical reactions inside the cocoa beans
during drying. The reaction kinetics of polyphenol
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Polyphenol oxidation reaction in cocoa beans T. M. Kyi et al.

oxidation and condensation reactions fit a pseudo
first-order reaction. Linear correlation between k;
and k, gave straight lines with > > 0.96.
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