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ABSTRACT
Objective: To evaluate the physicochemical characteristics of cacao beans during the spontaneous fermentation 
process in tepemixtle wooden boxes of three different sizes.
Design/Methodology/Approach: Trinitarian-type cacao (Theobroma cacao L.) fruits were collected in a 
commercial orchard. The beans were fermented in boxes with the following operating conditions: volume 
of cacao with pulp, box size, a six-day period, and uncontrolled temperature and pH. The experiments were 
carried out in triplicate and an analysis of variance and a multiple comparison of means were performed with 
the Tukey test (p0.05) using the R program.
Results: The parameters evaluated had the same behavior in the 4 kg box than in the 25 kg box and the 60 kg 
box, which indicates that the physicochemical and quality characteristics of cacao beans are not impacted by 
the decrease in the box size. Therefore, smaller boxes are viable for small-scale fermentations.
Study Limitations/Implications: Only cacao beans from the Trinitarian genetic group were evaluated.
Findings/Conclusions: Small-scale fermentations can be an option for the evaluation of varieties when 
the beans must be fermented for the sensory analysis of their qualitative attributes. This micro-fermentation 
methodology can also be incorporated into genetic improvement programs or the evaluation of the processes 
aimed at their optimization.
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INTRODUCTION
	 Chocolate, cocoa, nibs, and other products are result of the fermentation of cacao 
(Theobroma cacao L.) beans. The flavor of cacao depends on multiple intrinsic and extrinsic 
factors that are involved before and after its harvest (Engeseth and Ac Pangan, 2018). 
Cacao beans are composed of an embryo and two cotyledons, they are surrounded by 
a mucilaginous pulp that can vary depending on their origin, and they have a bitter 
and astringent taste after being harvested (Dominguez-Perez et al., 2020; Alexander 
J. Taylor, 2022; Rawel et al., 2019; Santander et al., 2019). Cacao pulp is made up of 
sugars (glucose, fructose, and sucrose), citric acid, and pectin, which serve as substrates 
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for the microorganisms involved in fermentation. The high polyphenol content of cacao 
beans causes an astringent, bitter, and unpleasant flavor, which decreases to 5% during 
the fermentation process (Afoakwa et al., 2008; Dominguez-Perez et al., 2020). Therefore, 
cacao beans must undergo a post-harvest processing that comprises the fermentation, 
drying, and roasting stage to develop precursors that provide desirable aroma and flavor 
profiles (Rawel et al., 2019; Dominguez-Perez et al., 2020).
	 Spontaneous fermentation accomplishes three main tasks: (i) decomposition and 
reduction of the pulp surrounding the beans; (ii) formation of volatile organic compounds, 
which reduce bitterness and astringency; and (iii) hydrolytic reactions within the cotyledons 
(Amoa-Awua, 2015).
	 Traditionally, the fermentation method implemented by producers involves two 
transformation phases: (1) anaerobic and (2) aerobic. The length of these phases and the 
frequency of aeration of the mass in the aerobic phase varies depending on the producer 
(Escobar et al., 2019). All the biochemical reactions that can take place inside the beans in 
both phases are determined by the action of microorganisms, whose biocatalytic activity 
generates physical and chemical transformations in the cacao beans. These microorganisms 
are significantly influenced by the transfer of oxygen through the aeration of the cacao 
bean mass, the transfer of the mass from the acids and ethanol (metabolites produced by 
microorganisms) to the bean, and the heat transfer caused by the exothermic reactions; 
together, these phenomena modulate the formation of flavor precursors (Santander Muñoz 
et al., 2020). This process is conventionally called spontaneous fermentation and is carried 
out by cacao producers.
	 Nowadays, most cacao is fermented spontaneously by producer cooperatives as an 
uncontrolled and non-industrialized bioprocess ( John et al., 2020, Rottiers et al., 2019). 
A prolonged process can produce unpleasant flavors, as a result of the increase in bacilli 
and filamentous fungi (Moreno-Zambrano et al., 2018; Mota-Gutiérrez et al., 2018). 
Fermentation takes place for 5 to 7 days, depending on the variety and the climate of the 
place (Schwan and Fleet, 2014; Schwan and Wheals, 2004). Overall, spontaneous cacao 
fermentations take place in approximately 100-kg wooden boxes, in containers made from 
some unusual materials (such as buckets or plastic trays), or in piles on the ground. Each 
producer cooperative has its own practices and preferred styles, which differ by region, 
culture, and fermentation, drying, and roasting times (Levai et al., 2015). Nevertheless, 
cacao fermentation remains a successful strategy for the improvement of product quality ( J. 
Taylor et al., 2022). However, most small-scale producers in southern Chiapas, whose main 
product is chocolate, do not ferment the cacao beans; consequently, they must add three 
times more sugar to reduce the bitter and astringent taste of the washed cacao bean. This 
problem is caused by the producers’ lack of knowledge about the fermentation processes 
and the small size of their plots. Some cooperatives work with 100 kg of cacao, which could 
hardly be fermented in such plots.
	 Meanwhile, breeding programs that use individual plants of the varieties under study 
must ferment the grains for the sensory analysis of their qualitative attributes (Clapperton et 
al., 1994). Often, only small quantities of cacao beans are available in evaluation, validation, 
or conservation plots (approximately 3 to 4 kg per plant). Micro-fermentation methods 
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are particularly useful to research fermentation process variables (e.g., temperature, pH, 
moisture), as well as to identify microorganisms with biotechnological potential. These 
types of processes facilitate the evaluation work, because they do not require large quantities 
of cacao. Therefore, the objective of this research was to evaluate the physicochemical 
characteristics of cacao beans during the spontaneous fermentation process in tepemixtle 
(Ocotea veraguensis (Meisn) Mez) wooden boxes of three different sizes.

MATERIALS AND METHODS
Raw material
	 Cacao fruits from the Trinitarian genetic group were harvested ripe, without mechanical 
or biological damage, in the plots of producers from Tuzantán, Chiapas, Mexico. They 
were subsequently transferred to the post-harvest laboratory facilities, where they were 
washed with water and sprayed with 70% alcohol, before they were opened and the cacao 
beans with pulp were removed.

Fermentation and drying
	 The beans with pulp were fermented under a completely randomized design, using 
tepemixtle wooden boxes of three sizes. Box 1 measured 151515 cm and had a 
capacity of 4 kg; box 2 measured 303030 cm and had a capacity of 25 kg; and box 
3 measured 454545 cm and had a capacity of 60 kg. The boxes were covered with a 
black polyethylene sheet and tied with rope to avoid temperature losses. The operating 
conditions over the course of 6 days were uncontrolled temperature and pH. Sampling was 
always carried out at the same time (every 24 h) for each fermentation time (24, 48, 72, 96, 
120 and 144 h), the mass was turned over and a 50 g sample was extracted to carry out the 
physicochemical analyses. The evaluations were carried out in triplicate.
	 After fermentation, the cacao beans were spread on wooden trays for drying, moved 
approximately every 4 h each day to facilitate evaporation, until they reached 7% water 
content. Samples were stored in hermetically sealed containers.

Fermentation monitoring
	 During fermentation, the temperature was measured every 24 h, placing the 
thermometer at half the height of the box and taking data at five points. The following 
data were likewise recorded for the cacao beans with pulp: change in pH (AOAC 981.12), 
total titratable acidity (AOAC 939.05), moisture, and ash (AOAC 972.15).

Moisture determination
	 Three g of bean with pulp were weighed and placed in a Yamato® convection drying 
oven for 24 h at 60 °C. Subsequently, they were weighed again and the moisture content of 
the grain and pulp was determined by gravimetric analysis.

Determination of oil content
	 To determine the oil content, 3 g of dried and ground cacao beans were weighed and 
placed in a cartridge to start the extraction process. The Soxleth method was followed 
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for this purpose, using hexane for 4 h at 70 °C. Subsequently, the excess hexane was 
removed with a Heidolp® rotary evaporator and the oil sample was poured in a flask 
and subsequently placed in an oven at 60 °C for 24 h to eliminate hexane traces. The oil 
content of the sample was determined by gravimetry. The experiments were carried out 
in triplicate. The analysis of variance and multiple comparison of means were carried out 
with the Tukey test (p0.05), using the R program (Enio et al., 2014; R Core Team, 2018).
2.6 Colorimetric determination
	 The color of the cacao beans was observed throughout the process. Color measurements 
were taken from three experimental units, from which three cacao beans were extracted at 
random. A longitudinal cut was made to examine and grade their internal state (Chire et 
al., 2016). The L*, a*, and b* readings were recorded using a colorimeter. The E* color 
changes were calculated by the equation:

∆ ∆ ∆ ∆E L a b* * * *= ( ) +( ) +( )[ ]2 2 2
1 2

	 In each experimental unit, the average color (L*, a*, and b*) was measured every 24 h 
throughout the fermentation process.

Statistical analysis
	 All analyses were performed in triplicate. An analysis of variance and a Tukey’s mean 
comparison test were applied to the results with the R statistical program (Enio et al., 2014; 
R Core Team, 2018).

RESULTS AND DISCUSSION
Physicochemical characterization of cacao beans during the spontaneous 
fermentation process
	 Figure 1 shows the behavior of temperature and pH of the three box sizes throughout 
time. The initial average temperature of spontaneous fermentation was 32 °C and 
gradually increased until it reached its maximum level at 72 h: 40.3 in box 1, 42.6 in box 2, 

Figure 1. Behavior of temperature (°C) and pH of grains with pulp, during 6 days of spontaneous fermentation, 
in three wooden boxes of different sizes.
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and 38.4 °C in box 3. Although the three boxes behaved similarly during the spontaneous 
fermentation process after 72 hours, box 1, despite having the smallest dimensions, reached 
higher temperatures than box 3. The constant increase in temperature may be associated 
with the release of heat throughout the whole process. This release may be caused by the 
conversion of the available fermentable substrate (sugars) into the desired metabolite (Melo 
et al., 2020). With an adequate fermentation, the temperature of the bean mass should 
reach 45 to 48 °C in approximately 72 h (Melo et al., 2020). The temperatures throughout 
the process favor the production of ethanol and the death of the bean embryo (Crafack 
et al., 2014). The production of ethanol allows the succession of microorganisms (such 
as acetic acid bacteria), responsible for oxidizing ethanol into acetic acid. According to 
García et al. (2019), low temperatures during fermentation can be caused by the type of 
bioreactor material and the amount of grain with pulp. These authors recommend filling 
the fermentation boxes to the brim to avoid heat losses.
	 In the three box sizes evaluated, a stable pH was observed, with similar behavior during 
the sampling days. The initial pH was 5.170.057 for box 1, 5.20.01 for box 2, and 
5.270.057 for box 3. The pH decreased as the days of fermentation increased, although 
box 1 recorded a slight increase towards the end of the fermentation (5.420.01). This 
phenomenon can be correlated with the production of organic acids (lactic acid, acetic 
acid, citric acid, among others) by fermenting microorganisms (Balogu et al., 2014). These 
organic acids decreased the pH of treatment 2 (box 2) and treatment 3 (box 3), which could 
potentially vary the microbial profile and the population dynamics of the fermentation 
system and possibly prevent the microorganisms from generating the appropriate acids 
and conditions that enable them to enter the grain (Balogu et al., 2014). Santos et al. (2020), 
M. D. P. López et al. (2019), and Balogu et al. (2014) recorded a dynamic pH range (6.64-
3.52), which was similar to the ranges reported in this study. The variations observed are 
perhaps due to the different treatments, geographical areas, and varieties of cacao beans.
	 Figure 2 shows the dynamics of the oil content and ash content throughout time. 
The oil content started at 36.450.165 in box 1, 400.09 in box 2, and 39.221.15 in 

Figure 2. Behavior of oil (%) and ash (%) content, during 6 days of spontaneous fermentation, in three sizes of 
wooden boxes.
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box 3. Throughout the days of fermentation, the three treatments had a similar behavior 
and had a slight increase in their oil content, resulting in 40.570.2362 in box 1, 
42.490.358 in box 2, and 40.620.158 in box 3 at the end point of fermentation (144 
h). In relation to this variable, Guehi et al. (2007) mention that the fat content of cacao is 
often quantified and assumed to be stable based on two facts: 1) that, with the exception 
of lipase activity, fermentation only affects hydrophilic compounds or bonds; and 2) the 
low risk of oxidation of cacao butter, as a consequence of the low content of unsaturated 
free fatty acids. This oxidation stability has been confirmed during the shelf life of 
cacao butter (Hu and Jacobsen, 2016). However, fermentation leads to modifications 
such as temperature increase, alcohol formation, grain acidification, or modification of 
enzymatic activities (that can lead to lipid degradation), enzyme breakdown, hydrolysis, 
or oxidation. Regarding modifications to fats during fermentation, Ndife et al. (2013) 
described a decrease in fat content, while Krähmer et al. (2015), Servent et al. (2018), and 
K.T. Dewandari et al. (2021) reported an increase in fat content. In terms of plant tissue, 
lipases are also known to degrade triglycerides, while the optimal pH of cacao lipase 
activity is reached during cacao fermentation, due to the production and spreading of 
acetic acid (Servent et al., 2018).
	 Meanwhile, the ash content showed a stable behavior during the fermentation of the 
three boxes, with a slight increase. The starting values were 3.670.40 in box 1, 3.340.11 
in box 2, and 3.760.31 in box 3. Finally, after 144 hours of fermentation, the final values 
were 3.930.163 in box 1, 3.540.38 in box 2, and 3.780.03 in box 3. This change 
is perhaps due to the formation of bioactive compounds that are triggered during the 
spontaneous fermentation process (K.T. Dewandari et al., 2021).
	 The moisture percentage of fresh beans with pulp does not have statistically significant 
differences (p0.05) between treatments, during the 48 h of fermentation. Box 3 and 
boxes 1 and 2 have differences at 72, 96, and 120 h (Figure 3). Furthermore, at the end 
of fermentation, a 16.83%, 23.68%, and 16.60% moisture loss can be observed in box 1, 
box 2, and box 3, respectively (Figure 3). Similar results were obtained by García et al., 

Figure 3. Behavior of moisture content (%), during 6 days of spontaneous fermentation, in three sizes of 
wooden boxes.
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(2019), who reported a 59.5 to 53.8% moisture decrease —i.e., 10% at the end of the 96 h 
fermentation in wooden boxes.

Color analysis
	 The relationship of color change (E) of cacao beans in the three treatments during 
the spontaneous fermentation process was studied. Table 1 shows no significant difference 
(p0.05) between the treatments; however, a progressive increase in color change (Table 
1) and a decrease in luminosity were recorded, from non-fermented samples to completely 
fermented samples. The cacao beans turned darker as fermentation increased. According 
to Afoakwa et al. (2011), these changes may be caused by the degradation of anthocyanins 
resulting from enzymatic hydrolysis, which is accompanied by the bleaching and subsequent 
darkening of the cacao beans. The color change in the cotyledons of cacao beans during 
fermentation is a response variable that indicates the degree of fermentation (Marciano et 
al., 2021). The cut test is the simplest and most widely used method to visually evaluate the 
quality of a random sample of the beans from a plot (Kongor et al., 2013). However, even 
if it is carried out by trained personnel, it is considered a subjective method and, despite 
its ease of use, it is difficult to standardize (Kongor et al., 2013). An accurate measurement 
technique is the CIELAB L*, a*, and b* system. Chire et al. (2016) reported color changes 
of 15.6 after three days of fermentation; those results are similar to those identified in this 
research.

Table 1. Color change (E) every 24 hours, during 6 days of fermentation.

Treatments
Hours

0 24 72 96 120 144

Box 1 7.9451.155ab 13.6442.754a 12.4071.819a 14.5701.211b 17.1290.783a 17.2692.248a

Box 2 6.0570.855b 15.7581.743a 14.0143.236a 18.9921.556ab 15.1381.889a 14.0893.040a

Box 3 10.9332.450a 14.7801.224a 16.3323.061a 16.9611.089a 17.0980.956a 17.9691.455a

CONCLUSIONS
	 The use of small-scale spontaneous fermentations can be an option for varieties whose 
beans must be fermented for the sensory analysis of their qualitative attributes. Additionally, 
this micro-fermentation methodology can be incorporated into genetic improvement 
programs or in the evaluation of the processes aimed at its optimization.
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