Ndukwu & Udofia, Cogent Food & Agriculture (2016), 2: 1268743
http://dx.doi.org/10.1080/23311932.2016.1268743

FOOD SCIENCE & TECHNOLOGY | RESEARCH ARTICLE

Kinetics of change in colour and some bio-chemical
composition during fermentation of cocoa bean
M.C. Ndukwu1* and M. Udofia1
Received: 24 October 2016
Accepted: 01 December 2016
First Published: 08 December 2016
*Corresponding author: M.C. Ndukwu,
Departments of Agricultural and
Bioresources Engineering, Michael
Okpara University of Agriculture,
Umudike, P.M.B 7267 Umuahia, Abia
State, Nigeria
E-mails: ndukwumcu@gmail.com,
ndukwumcu@mouau.edu.ng
Reviewing editor:
Fatih Yildiz, Middle East Technical
University, Turkey
Additional information is available at
the end of the article

Abstract: Fermentation and drying of cocoa bean harvested during the late season
in Nigeria were studied with four different fermentation methods bordering on heap
and basket fermentations. Assessment was made on the content of theobromine,
caffeine,total phenol, crude protein, crude fats, carbohydrates and The L* (light–dark
spectrum), a* (intensity in green and red), b* (intensity in blue- yellow), C* (chrome)
and h* (hue angle) colour parameters. The maximum difference observed for theobromine caffeine and the phenolic content for all groups were 0.52, 0.24 and 0.05%
respectively while crude protein, fat and carbohydrates varied by 0.78, 0.67 and
7.76%. Highest decrease in hue angle of 6.2% was recorded for Basket fermentation
with the pulp regularly mixed, indicating more browning. Theoretical modeling was
performed on the colour kinetics based on the first order kinetics. The experimental and the predicted value of the colour ratios showed good agreements between
them with the RMSE, χ2 and R2 values of 1.04 × 10−4–1.22 × 10−3, 2.62 × 10−5–7 × 10−4
and 88.31–95.69% respectively. Drying trials were conducted in a thin layer with
tempering using the oven and natural sunlight. Drying with tempering produced a
first-grade cocoa bean with a pH range of 5.37–5.39.
Subjects: Environment & Agriculture; Food Science & Technology; Engineering & Technology
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Drying and fermentation are the two most critical
steps, in the series of unit operations resulting in
the finished products, of the cocoa bean. They
contribute significantly to the development of
the special aroma, colour and taste that makes
cocoa products desirable in many parts of the
world. Improper fermentation and drying of cocoa
bean has been observed to results in off colour,
astringency and bitterness that lower the quality
of the bean in the market. In different parts of
the world, several methods have been adopted
to carry out these two most important steps in
cocoa processing. Studies by engineers and food
processors has focused more on the mechanism
of moisture removal process, aroma, final colour,
content of polyphenol and acidity development
after fermentation and drying but the kinetics
of colour developments of cocoa bean during
fermentation has been ignored none has tried to
rationalise the rate constant of colour change as
affected by fermentation period and methods.
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1. Introduction
Cocoa (Theobroma cacao L.) is an economic tree crop found mostly in the humid tropics. Although
cocoa originated from South and Central America, it is now mostly grown in West Africa and the Far
East. It thrives well in tropical rain forest zones within latitude 15–20°. The major cocoa growing
countries are Ivory Coast, Indonesia, Malaysia, Nigeria, Ghana, Cameroon, Papua New Guinea, St.
Lucia, Brazil and Ecuador. The most important part of cocoa is the cocoa bean embedded in fermentable mucilage housed inside the pod known as cocoa pod. Cocoa bean is a large source of anthocyanin, catechins (3.00–6.00%), leucocyanidin (2.50%), tannins (2.00–3.50%), caffeine (0.10–0.20%),
theobromine (2.50–3.20%), and theophylline (Afoakwa & Paterson, 2010a; Aroyeun, Ogunbayo, &
Olaiya, 2006; Kratzer et al., 2009; Kyi et al., 2005; Osman, Nasarudin, & Lee, 2004; Rodriguez-Campos,
Escalona-Buendía, Orozco-Avila, Lugo-Cervantes, & Jaramillo-Flores, 2011; Schwan & Wheals, 2004).
The bean is used in the production of chocolate, beverages, wine, cocoa butter, cosmetics etc.
(Afoakwa & Peterson, 2010b). The cocoa tree usually starts to produce ripe pods two years after
planting depending on variety, soil and environmental factors. In Nigeria, the major harvesting period of cocoa pods is October to December which is the main season and March to April which is the
off season. Immediately after harvesting and breaking of ripped pods, fermentation commences
and lasts about 5–7 days followed by drying to a moisture content of about 7.50% w.b (Hii, Law, &
Cloke, 2009a, 2009b). However, Ndukwu, Ogunlowo, and Olukunle (2010) stated that drying and
fermentation are the two most critical steps, in the series of unit operations resulting in the finished
products, of the cocoa bean. They contribute significantly to the development of the special aroma,
colour and taste that makes cocoa products desirable in many parts of the world. Improper fermentation and drying of cocoa bean has been observed to results in off colour, astringency and bitterness that lower the quality of the bean in the market. In different parts of the world, several methods
have been adopted to carry out these two most important steps in cocoa processing. In the case of
fermentation, methods used include heap fermentation covered with banana or plantain leaves,
basket fermentations lined with banana leaves and box fermentations. The pulp is mixed every one
or two days. Drying can be carried out artificially using a cocoa bean dryer or by spreading the beans
on a raised platform under the direct sunlight. Faborode, Favier, and Ajayi (1996) noted that while
fermentation is a continuous process till the final day, intermittent drying and curing (rest period)
should be adopted to allow the oxidative enzyme activity on the biochemical compounds started
during fermentation to be completed. Through oxidative enzyme activity and diffusion this compounds contributes to various quality attributes of cocoa bean including flavour quality and browning. Drying tends to inactivate the oxidative enzymes by removing moisture and decrease water
activity (Argyropoulos & Müller, 2014). However the rest period will provide the opportunity for the
desired biochemical process to be completed. During fermentation, the cocoa bean gradually
changes colour to the desirable brown or pale as a result of significant amount of flavonoids, phenolic compounds and phenolic acids which act as a substrate for polyphenol oxidase in the presence
of oxygen (Afoakwa, Paterson, Fowler, & Ryan, 2008). Therefore colour is a primary quality assessment tool to the consumers for cocoa bean and many other crops. Evaluation of colour of cocoa
bean and other crops during processing has been carried out by several researchers using the CIELAB
method (Arabhosseini, Padhye, Huisman, van Boxtel, & Müller, 2011; Argyropoulos & Müller, 2014; Hii
et al., 2009a, 2009b; Martinov, Mujic, & Muller, 2007; Rahimmalek & Goli, 2013). The CIELAB method
is applied using L* (light–dark spectrum), a* (green–red spectrum) and b* (blue–yellow spectrum)
values. Hue angles (h*) and chroma (C*) is also used as the colour assessment parameters
(Arabhosseini et al., 2011). Studies by engineers and food processors has focused more on the mechanism of moisture removal process, aroma, final colour, content of polyphenol and acidity development after fermentation and drying (Hii, Abdul Rahman, Jinap, & Che Man, 2006; Hii et al., 2009a,
2009b; Kyi et al., 2005; Ndukwu, 2009; Ndukwu et al., 2010; Ndukwu, Simonyan, & Ndirika, 2012; Sari
FarahDina, HimsarAmbarita, Napitupulu, & Hideki Kawai, 2015). However, studies on the kinetics of
colour developments of cocoa bean during fermentation are scarce in literature. Furthermore none
has tried to rationalise the rate constant of colour change as affected by fermentation period and
methods. Therefore this study differs from other research in cocoa bean in this area. The study was
conducted in Tropical Rain Forest Zone of Eastern Nigeria and it is limited to the use of late crop
season cocoa bean (Forastero var.) harvested in April. This season of cocoa, usually varies in size
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Figure1. Fermentation and
drying flow chart.

from the main season crop in October–December. The fermentation methods were restricted to the
use of heap and basket technique. The variability of weather dictated the existed field condition with
its component of humidity, temperature and air movement. Also, drying was restricted to the use of
Laboratory Oven and open-air sun drying.

2. Material and method
About 850 cocoa pods (forastero var.) of uniform ripeness were obtained from the cocoa farmers
from Ikwuano area in Abia state South Eastern Nigeria. They were split and the pulp with seeds removed for the experiment process.

2.1. Fermentation
The experimental flow chart is shown in Figure 1. Four sets of 50 kg each of the split wet cocoa beans
surrounded by the pulp were set up for the research. Two sets were piled on plantain leaves spread
out in a circle on the ground while another two sets were piled inside a basket (lined inside with
perforated plantain leaves). The basket was made from the back of the stem of palm front. The
heaps and baskets were covered with a lot of leaves and left for 8 days. A set of heap (Ht) and basket
(Bt) of cocoa pulp were turned at regular interval every two days while the remaining set of heaps
(Hwt) and basket (Bwt) was left undisturbed. Three k-type thermocouple, connected to omega data
logger, (model: HH1147; Omega, Stanford, USA) at three points within the heaps at equal distance
from the top of the heaps. About 15 g each of cocoa beans was removed from the middle of the
heap and the baskets at three points for biochemical and colour analysis every 48 h. Also, the ambient humidity was also measured by taking the wet bulb temperature and calculating the humidity
using Psychrometric chart.

2.2. Colour measurement
The colour of the cocoa beans was periodically determined during fermentation using the Commission
International d’ Eclairage L* a* b* system (CIELAB system) as presented in cocoa manual (ADM Cocoa
International, 2009). The colour parameter was expressed as L* showing lightness (L*–0 for black,
L*–100 for white), a* showing intensity in green and red (a* ≤ 0 for green, a* ≥ 0 for red) and b* showing intensity in blue-yellow (b* ≤ 0 for blue, b* ≥ 0 for yellow).The colour of each sample was obtained
by the Hue-angle method described by ADM Cocoa International (2009) cocoa manual. A 400 ml
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beaker was filled with 5.0 ± 0.1 g of ground nibs and 100 ml of demineralized water at 50°C was
added and stirred with stirring rod until smooth slurry is obtained without a lump. Another 50 ml of
demineralized water was added at room temperature and continued stirring for 10 min using magnetic stirrer. The blend was forced through the quartz flow cuvette, while stirring and was carefully
positioned against the illuminated window of the calibrated colour meter (Spectraflash 450X; Brand
–BYK, Paris France; Measurement geometric–d/8; Illumination—D 65; observed angle—10°). The L*
(light–dark spectrum), a* (intensity in green and red) and b* (intensity in blue- yellow) values was
measured. The C* (chrome) and h* (hue angle) values were calculated using Equations (1) and (2).

C∗ =
∗

√
a∗ + b∗
−1

h = tan

(

b∗
a∗

(1)

)

(2)

where L* = the lightness and darkness co-ordinate with a low value indicates dark colour and a high
value indicate light colour; a* = the red and green coordinate (−a* indicates greencolour and +a* indicates red colour); b* = the yellow and blue coordinate (−b* indicating blue colour and +b* indicating
yellow colour); C* = the chroma co-ordinate; indicating saturation, a higher value indicating bright
colour; h* = the hue-angle; a lower value indicates more redness and a higher value indicate more
yellowness.

2.3. Colour kinetics of the fermentation process
Fermentation is a temperature dependent process, therefore the colour changes of L*, a*, and b* is
assumed to vary based on forward order kinetics of the form.

Ct
Ci

= exp(−kt)

(3)

As the fermentation progresses, the desired optimum colour of the bean will be reached which will
be the final equilibrium. Therefore the rate of colour change (C–L*, a*, and b*) can be fitted into the
equation of the form presented by Krokida, Tsami, and Maroulis (1998) as follows:

Cr =

Ct − Ce
Ci − Ce

= exp(−kt)

(4)

where Ct − (L*, a*, and b*) = colour change at time t during fermentation and drying, t = time (day),
Ce = colour at equilibrium, Ci = initial colour at day zero, k = colour rate constant (s−1). The plot of the
natural log of the colour ratio (Cr) against time (t) will give a straight line and the slope will give the
rate constant k (Argyropoulos & Müller, 2014).

2.4. Biochemical analysis
Prior to fermentation of the cocoa bean, 10 g of fresh beans were removed from the middle of each
of the experimental set up and taken to the laboratory in triplicate for initial bioactive compound, fat
content, crude protein, carbohydrates and the colour test determination respectively. The processes
were repeated for day 2, 4, 6 and 8 respectively. The biochemical compounds determined were total
phenols, theobromine and caffeine. Also proximate analyses carried out were Protein, Moisture,
Crude fat and carbohydrates.
The total phenols contents were determined by spetrophotometric method using UV–spectrophotometer (UV-vis Uvikon XS Bio-Tek Instruments, France) by measuring their assay at wavelengths (λ)
of 760 nm (Chen et al., 2009). High-performance Liquid Chromatography (HPLC) was used for caffeine and theobromine analysis (Lo, Lanuzza, Micali, & Cappellano, 2007). The Assay was analyzed
in the extract on a C-18 (4.6 × 250 mm) column. Identification were made by measuring there absorbance at λ = 275 nm and quantification by standard solutions. Crude fat was determined by soxhlet extraction method while Kjeldahl method was used for protein content analysis (Association of
Official Analytical Chemists, 1990).
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2.5. Drying of cocoa bean
After fermentation for 7 days, cocoa beans completely fermented were washed and dried using direct sun energy and oven drying method respectively.

2.5.1. Drying methods
Each of the experiment was divided into two parts, one part was dried separately using sun drying
method while the remaining part was dried using oven drying method at 60°C. In the sun drying
method, 2 kg of cocoa bean were spread on a black polyethene (0.45 × 0.72 m) in a raised platform
and exposed to direct sunlight. The beans were mixed at 1 h interval to promote uniform drying and
to break agglomerates until the moisture content attends equilibrium. The weights of the cocoa
bean were measured every day until equilibrium moisture content was achieved. Drying starts by
8 am local time and ends by 6 pm daily. At the end of each day, the seeds were placed inside a jute
bag and stored inside a room in the night for curing process to continue (Faborode et al., 1996). In
the oven dry method, about 500 g of basket fermented cocoa bean (with regular mixing of bean)
were placed on a dry tray (0.0676 m2) and put inside a laboratory oven (UMB 500 Sehutzart, DIN EN
60529-IP 20, Memmert, Germany) with a constant temperature of 65°C. The weight of the seeds was
measured every 1 h interval until equilibrium moisture content was achieved. Also 24 h curing was
also introduced for every three hours continuous drying in the oven. The cocoa bean colour was
matched with cocoa quality colour chat presented in Hollywn (2008) at the end of the drying
process.

2.5.2. pH determination
To determine the pH of the dried cocoa bean, 5 g each of the dried bean was dehulled and milled
with a hammer mill. The milled sampled was sieved and homogenized with 5 ml of distilled water
and allowed for 12 hours. A digital pH meter (Labtech India), previously calibrated with Buffer 4 and
10 was inserted into the solution.

2.6. Statistical analyses
Statistical coefficient of root mean square error (RMSE), R2 and chi-square (χ2) were used to assess
the goodness of fitting of the colour model with the experimental values. Statistical software used is
the ORIGIN Pro 9.1 spreadsheet (Origin 9.1, 2013 data analysis and graphic software, www.originlab.
com). The low χ2 and RMSE and high R2present a good fit for the model of the colour attribute (Ndukwu
et al., 2010). One-way analysis of variance (ANOVA) followed by Post Hoc test was used to test the
level of significance (p ≤ 0.05) among groups for all the parameters determined and colour fittings.

3. Results and discussions
3.1. Changes in biochemical content during fermentation
Table 1 presents the values of the percentage Theobromine (PTB), for different fermentation methods. The PTB ranged from 0.83 ≤ PTB ≤ 1.35. The PTB’s increased per 100 mg as the fermentation
progresses and peaked on the 6th day for Bt and BWt. There was a sharp increase in the PTB (62.20%)
for Bt method of fermentation compared to the Ht method on the 6th day. A factor like the draining
of the pulp through the basket or enzymatic activities may be responsible for the increase (Schwan
& Wheals, 2004). However, BWt method resulted in comparatively lower increase of 47% in PTB
while Ht and Hwt method increased by 55.50–59.70%. Additionally, Table 1 shows that Ht gave the
highest mean PTB while Hwt gave the least mean values. The effect of various fermentation methods on PTB were found not to be statistically significant at 5% (ANOVA; post hoc test) with the exception of Bt method which showed to be statistically difference from others at 5% level of
significance.
The percentage caffeine (PCAF) value varies for different fermentation periods Table 1. The PCAF
values exists between 0.1067–0.3467 for Ht, 0.1533–0.3267 for Hwt, 0.1733–0.3933 for Ht and
0.1733–0.3733 for Bwt. The PCAF values are within the range reported by Osman et al. (2004). The
PCAF for all the methods increased with fermentation periods. However the highest PCAF occurred
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1.33

0.48

8

Final
difference, ΔE
at the 8th
day

0.83

0.49

1.32

1.29

1.13

0.93

0.52

1.35

1.35

1.09

0.92

0.83

Bt

0.42

1.31

1.31

1.10

0.93

0.89

Bwt

0.24

0.35

0.27

0.26

0.14

0.11

Ht

0.18

0.33

0.27

0.27

0.19

0.15

Hwt

0.22

0.39

0.31

0.31
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Bt

Caffeine (%)

0.20
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0.31

0.31

0.18
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Bwt
0.39

0.05

0.44

0.43

0.43

0.43

0.05

0.45

0.45

0.45

0.44

0.40

Hwt

0.04

0.43

0.43

0.43

0.41

0.39

Bt

0.02

0.43

0.43

0.43

0.42

0.41

Bwt

Total phenol (%)
Ht

0.75

14.46

14.46

14.29

14.06

13.71

Ht

0.69

14.40

14.41

14.24

14.12

13.71

Hwt

0.78

14.49

14.49

14.44

14.29

13.71

Bt

Protein (%)

0.69

14.48

14.48

14.32

14.27

13.71

Bwt

0.67

48.76

48.76

48.35

48.08

48.09

Ht

0.56

48.65

48.65

48.23

48.11

48.09

Hwt

0.63

48.72

48.78

48.39

48.27

48.09

Bt

Crude fat (%)

0.60

48.69

48.69

48.25

48.22

48.09

Bwt

22.32

4.08

18.24

18.24

22.68

22.98

0.01

22.01

22.01

21.4

22.95

22.00

Hwt

7.76

15.57

15.57

21.53

22.77

23.33

Bt

0.87

21.98

21.98

22.56

22.61

22.85

Bwt

Carbohydrates (%)
Ht

Notes: Ht-heap fermentation method with regular mixing of the pulp, Hwt-heap fermentation without mixing of the pulp, Bt-basket fermentation with mixing, Bwt-basket fermentation without mixing.
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6

0.85
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Table 1. Change in biochemical content during fermentation
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Table 2. Mean values of biochemical compounds
Ht

Hwt

Bt

Bwt

Mean caffeine (%)

0.2240a

0.2400b

0.2773b

0.2680b

Mean phenol (%)

0.43a

0.45b

0.43a

0.43a

Mean theobromine (%)

1.1153

1.0974

1.1067

1.1093

Max. temperature (%)

48

45

47

43

a

Note: NB: Figures with different superscripts “a” and “b” across the rows are different from each other at 5% level of
significance.

at the 8th day for Bt method while the least mean PCAF was obtained for Ht (Table 2). The analysis
of variance (ANOVA) and further post hoc test shzows that Ht and Hwt methods were significantly
difference from Bt and Bwt methods at 5% confidence level.
The values of the total percentage phenolic content (PPC) of cocoa bean is very low and lies from
0.40 to 0.45% for all the methods. Lower concentration of phenols is needed to produce a cocoa
bean with acceptable flavour (Rodriguez-Campos et al., 2011) because of its bitterness and astringency. The PPC content of the cocoa bean remained almost constant during the fermentation period
with a marginal increase (<7.50%) especially for the Hwt method on the second day; as shown in
Table 1. This is at variance with some researchers (Afoakwa, Quao, Takrama, Budu, & Saalia, 2012)
who reported a marginal decrease in polyphenols. However, Afoakwa et al. (2012) stated that “the
concentration of polyphenol during the transformation of the cocoa bean to the finished product is
affected by processing, biological conditions and geographical location of harvest”. The mean PPC
(Table 2) was the same for all except Hwt that varied with 0.02%. The temperature of the heaps increased from 26°C as the fermentation period progresses reaching its maximum value of 43–48°C on
the 4th day. This showed good fermentation because fermentation is better when the temperature
of the pulp approaches 50°C (Schwan & Wheals, 2004).Ht recorded the highest temperature of 48°C,
followed by Bt, 47°C, Hwt, 45°C and Bwt, 43°C. During the period the ambient temperature taken at
10 am local times each day remained at 30°C while humidity was 72% as shown in Figure 2.

3.2. Effect of fermentation method on crude fat, protein and carbohydrates
The result of the influence of fermentation methods on the crude fat (PCF), protein (PCP) and carbohydrates (PCH) of cocoa bean is presented in Table 1. The PCP and PFT for the four methods decreased while the PCH increased as fermentation time increased. The maximum difference in crude
protein, fat and carbohydrates where 0.78, 0.67 and 7.76% as shown in Table 1.These values of PCP,
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PFT and PCH are within the range reported in literature for cocoa bean (Grivetti & Shapiro, 2009).
The results show that fermentation has a positive influence on the PFT and PCP while PCH decreased.
This result is tied to the oxidative activities of the enzymes that break the polyphenols into amino
acids and proteins (Afoakwa et al., 2008). However this activity of the enzymes diminishes as can be
seen from day six and eight day in Table 1. Similar observation has been reported by Lopez and
Dimick (1995). Higher PFT and PCP were observed for Bt method with lower PCH while Hwt method
has higher PCH and lower PFT and PCP. Previous research (Gildemberg, Luiz, Priscilla, Flavio, &
Antonio, 2008; Schwan & Wheals, 2004) has shown that decrease in the PCHof cocoa bean is as a
result of consumption of pulp sugar by yeast and lactic bacteria. This is to produce ethanol which is
further degraded by pectinolytic yeasts to produce heat and rise in temperature. Additionally, mixing of the pulp increases the air flow through the pulp, thereby favouring the production of acetate
bacteria that produce the acetate that break down the ethanol to generate carbon dioxide and heat.
The PCH values were not statiscally significant at 5%, however significant difference exist between
Hwt and Bt on the 4th day for PCP. Furthermore their were significant difference between basket
fermentation and heap methods on the 2nd day.

3.3. Evaluation of colour parameters during fermentation
The values of the colour parameters in the initial and final phases as well as the mean value are
presented in Table 3 while the calculated hue angle and chroma coordinate are shown in Figure 3(a)
and (b).
The L*, a*, b*, C* and h* colour parameters for the four methods showed a decreasing trend with
the fermentation periods with the exception of the BT method where only a* increased slightely. The
L*, a*, b*, C* and h* values ranged from 44.46–46.40, 6.45–7.12, 11.63–13.01 and 58.49–62.49
respectively for all the four methods as shown in Table 3 and Figure 3. The results showed loss of
brightness (L*), redness (a*) and yellowness(b*) except for BT that showed increased redness at the
final phase. The colour parameters are related to the final cocoa quality. The browner cocoa bean
obtained the better the quality of the fermentation process. However no significant difference at 5%
was observed for redness (a*) among the same or between groups as the fermentation progresses.
However, the brightness (L*) and yellowness (b*) showed a difference at 5% among the same group.
Therefore it can be said that brightness (L*) and yellowness (b*) is the most sensitive colour components for the perception of colour changes in off-season South Eastern Nigeria cocoa bean during
fermentation. Also hue angle and chromate coordinate is also a good perception index. The ANOVA
test and post hoc test showed that L* value for the entire group is significantly different from each
other on the eight day at 5%. On the 6th day, the redness (a*) of Hwt and Bwt showed significant
difference with Bt while the redness showed no significant difference at 5% between all the methods.The decrease in the hue angle shows more browning of the bean. Also several researchers
(Hawlader, Perera, & Tian, 2006; Hii et al., 2009a; Rocha & Morais, 2003) has indicated that decrease
in L*(lightness) value, an increase in a* (redness) value and decrease in hue angle (h) shows a better
browning reaction of cocoa bean. The highest decrease of 6.21% in hue angle was recorded for Bt
while the lowest decrease of 1.32% was recorded for Ht. It implies that hue angle gradually moved
deeper into the red quadrant in Bt than any other method (Argyropoulos & Müller, 2014). Basket
fermentation produced a higher decrease in hue angle and chroma coordinates (less saturation)
which showed a better browning reaction than the heap fermentation methods. Comparative mixing the pulp has a positive influence on the browning reaction in the basket fermentation at p < 5%
confidence level. This indicated that even when cocoa bean fermentation regime is undertaken with
the same cocoa specie, adopting the same fermentation method but different treatment, cocoa
beans with diverse colour and flavour distinctiveness can be produced due to variation in biochemical composition, microbial count and metabolic process during different methods and treatments.

3.4. Colour kinetics of cocoa bean during fermentation
Figure 3(c)–(e) shows the course of changes in colour components (colour ratio) during the fermentation periods for the four fermentation methods. Colour changes have always been associated with
temperature and loss of moisture in biomaterials (Hii et al., 2009a, 2009b; Martinov et al., 2007).
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Table 3. The colour parameters of the fermented cocoa beans
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Figure 3. Course of colour
components changes during
fermentation for the four
experimental methods.
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Considering that each colour attributes reaches its equilibrium at a particular temperature during
fermentation with a change in moisture content, the colour parameters can be described with firstorder kinetics (Equation (3)). Therefore the colour parameters were converted to colour ratio and
fitted into Equation (3) using the method of least squares. Table 4 shows the colour change constants (k) for The L*, a*, b* colour parameters with the chi-square and RMSE values to evaluate the
accuracy of fitting the colour data. A good fitting is the one with lower value of χ2 and RMSE (Doymaz,
2005; Ndukwu et al., 2010; Ndukwu et al., 2011). In all the methods, the RSME χ2 and R2 values
ranged from 1.04 × 10 −4–1.22 × 10−3, 2.62 × 10−5–7 × 10−4 and 88.31–95.69%, respectively. The above
results showed a good fit for all the fermentation methods. The estimated constants for the fitting
of the L*, a*, b* colour parameters ranged from 6.59 × 10−8–7.23 × 10−8 s−1, 7.91 × 10−8–1.10 × 10−7 s−1
and 1.52 × 10−7–1.69 × 10−7 s−1, respectively.

3.5. Drying of the cocoa bean and cocoa quality
Figure 4(a) and (b) shows the moisture content data of drying of the cocoa bean (Bt) with the sun and
the oven at 60°C. Thirteen hours tempering (rest period) was introduced to, allow the chemical reaction
started while drying to be completed and also to allow moisture redistribution from the inside of the
bean to the outer layer to avoid over drying of the test (Faborode et al., 1996; Hii et al., 2009a, 2009b).
Initial warm up period was not observed due to lower initial moisture content of 35% wb, rather the
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Table 4. Values of rate constants determined through method of least square for all methods
k (s−1)

χ2

RMSE

R2
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6.60 × 10−8

0.0000393
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1.10 × 10−7
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0.00028

Hwt

9.14 × 10−8

0.000445

0.000178
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Bt

7.91 × 10−8

0.0000262

0.000104

0.95691

Bwt

7.92 × 10−8

0.000114

0.000455

0.82759

Ht

1.53 × 10−7

0.000259

0.00104

0.8831

Hwt

1.69 × 10−7

0.000305

0.00122

0.88679

Bt

1.56 × 10−7

0.000216

0.000865

0.90573

Bwt

1.58 × 10

0.000255

0.00102

0.89377

b*

−7

Figure 4. Moisture content data
for oven during at 60°C (a) and
sun drying (b) for the cocoa
bean.

moisture content decreased continuously as the drying time progressed. Ndukwu et al. (2010) reported
similar results in cocoa bean drying with artificial dryer. It took 52 h including rest period to dry the
cocoa bean at 60°C to 13–14% db moisture content. However sun drying was terminated after 12 days
due to the unfavourable weather conditions when the moisture content is about 23% db or less. The
ambient temperature varied from 30.2 to 37.8°C and humidity ranged from 62 to 72% during the drying period. The oven dried cocoa bean was cut open and compared with the cocoa quality colour charts.
Twenty-two adults were asked to match the dried cocoa colour using the cocoa quality colour chart.
About 90% matched the colour with the first picture on the “well fermented line” while 10% said it is
slightly over fermented. However, the pH values of the milled cocoa powder ranged from 5.37 to 5.39.
The pH is higher than the oven dried cocoa bean from Malaysia (Hii et al., 2009a, 2009b), however it fall
within the international acceptable range of 5.00–5.55 for dried cocoa beans (Hii et al., 2009a).

4. Conclusion
Fermentation and drying studies of cocoa bean harvested during the late season in the southeastern
Nigeria were undertaken with four different fermentation techniques. The following deductions were
made from the research
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• The total phenol content did not vary much throughout except in the 2nd day of fermentation
for all the methods. The value of theobromine, caffeine and phenol content ranged from 0.83–
1.35%, 0.11–0.39% and 0.39–0.45%, respectively.
• Fermentation resulted in an increase of crude fats and protein per 100 mg of dried matter while
percentage carbohydrates decreased. The Bt method gave higher fat and protein content with
lower carbohydrates while the reverse was the case in Ht method at the end of fermentation.
• Cocoa bean was more sensitive to lightness (L*, light–dark spectrum)) and yellowness (b*intensity in blue-yellow) during fermentation
• The estimated rate constants for the L*, a*, b* colour parameters for all the methods lie from
6.59 × 10−8–7.23 × 10−8 s−1, 7.91 × 10−8–1.10 × 10−7 s−1 and 1.52 × 10−7–1.69 × 10−7 s−1, respectively
• The pH of dried bean with tempering range of 5.37–5.39.
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