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Abstract: Cocoa pod shell is an essential agricultural residue in Ecuador, and this study addressed its potential valorization for 
bioethanol production. For this, three types of pretreatments, acid, alkaline, and autohydrolysis, were applied to pod shells from 
two different cocoa types, national and CCN-51. to remove the lignin. Untreated and treated biomasses were characterized by 
composition, thermal stability, Fourier transformed infrared spectroscopy (FITR), and scanning electron microscopy (SEM). The 
treated biomass was then enzymatically hydrolyzed with cellulase. Reducing sugars were quantified after pretreatments and 
enzymatic hydrolysis, and the pretreatment liquors and the enzymatic hydrolysates were subjected to alcoholic fermentation 
with Saccharomyces cerevisiae. There were substantial differences in composition between both biomasses, particularly in lignin 
content, with national cocoa having the lowest values. All pretreatment conditions had significant effects on biomass composition, 
structure, and thermal properties. After alkaline pretreatment, the biomass presented the highest cellulose and lowest lignin 
contents, resulting in the highest reducing sugar concentration in the pretreatment liquor. The highest lignin content was found 
after the acid pretreatment, which resulted in low, reducing sugar concentrations. Autohydrolysis produced similar results as 
the acid pretreatment; however, it resulted in the highest sugar concentration after enzymatic hydrolysis, while the acid-treated 
sample had negligible levels. After fermentation, there were no differences in productivity among the pretreatment liquors, but 
autohydrolysis had the largest ethanol yield. In the hydrolysates, it was also autohydrolysis that resulted in higher productivity 
and yield. Thus, there is an indication of the formation of inhibitors, both enzymatic activity and ethanol production, in the acid and 
alkaline pretreatments, and this should be tackled in future research. Nonetheless, given the crucial changes observed in biomass, 
we believe that cocoa pod shell pretreatment has potential for the generation of reducing sugars that could be further used in 
different bioprocesses, nor only bioethanol production.
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Introduction
Currently, 83% of the world's energy demand is satisfied 

by burning fossil fuels; The Intergovernmental Panel on Clima-
te Change (IPCC) found that fossil fuels are the main genera-
tors of greenhouse gases, which accelerate global warming1. 
Thus, there is urgency in developing alternative fuels, such as 
biodiesel from food waste2; and second-generation bioethanol 
from residual lignocellulosic biomass3.

The primary sources of lignocellulosic biomass are agri-
cultural residues, wood, and energy crops. This biomass is 
mainly composed of cellulose (35-50%), hemicellulose (20-
35%), lignin (10-25%), and, to a lesser extent, there are prote-
ins, pectin, oils, and ashes4. However, lignocellulosic biomass 
has a complex structure because cellulose is wrapped in a 
hemicellulose matrix, which, in turn, is surrounded by lignin 
walls. The latter is a rigid mesh because of the aromatic subu-
nits in its macromolecular structure5.

Studies have shown that implementing a biomass pre-
treatment is crucial to break down the lignin structure, eli-
minate hemicellulose, reduce the crystallinity of cellulose, 
and increase the available surface area for enzymes and mi-
croorganisms to act6. Pretreatments are classified as physical, 
chemical, and biological, but they can also be combined to in-
crease bioprocess performance and productivity of the desired 
product7.

A commonly used biological pretreatment of lignocellu-
losic biomass is enzymatic hydrolysis since it releases sugars 

that will later be transformed into ethanol thanks to fermen-
tation8. However, low yields are observed due to the complex 
structure of lignocellulosic biomass. For this reason, before 
enzymatic hydrolysis, acidic and alkaline pretreatments have 
been used to remove lignin and hemicellulose and decrease 
the cellulose crystallinity4.

Some biomasses have already been pretreated using 
these technologies and assessed for bioethanol production. 
Among the most studied sources are sugarcane bagasse, fruit 
waste, and water-insoluble fractions of sugar straw. In these 
studies, industrial yeast Saccharomyces cerevisiae for alcoho-
lic fermentation has been used9. Other less conventional sour-
ces, such as sweet sorghum, have also been explored, with 
promising results10.

Cocoa pod husk represents a lignocellulosic residue poor-
ly explored as raw material for bioethanol production. Ecuador 
is one of the largest cocoa producers in the world. In 2015, 
236,677 thousand metric tons of cocoa beans were exported, 
where 47% corresponds to fine aroma cocoa, and the rest co-
mes from a less flavorful but more productive clone called 
CCN-51 (Colección Castro Naranjal 51)11. Moreover, according 
to the Bioenergetic Atlas of Ecuador, this translated into more 
than 2 million tons of waste, mostly derived from the pod 
shell12. Usually, these residues are used as organic compost; 
however, no study demonstrates their fertilizing capacity. Ani-
mal feed has also been explored, but the pod has theobromine, 
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a hepatotoxic alkaloid, and can be harmful to animal health13. 
For this reason, the cocoa pod shell, being a very abundant 
agricultural residue, can be used as a source of great impor-
tance for the production of bioethanol.

Therefore, the present work aims to evaluate the effects 
of different chemical pretreatments followed by enzymatic 
hydrolysis on biomass composition and properties and the ge-
neration of reducing sugars, both in the pretreatment liquors 
and enzymatic hydrolysates, and their potential use in alcoho-
lic fermentation.

Materials and methods 
Pod shells from two cocoa types were subjected to three 

different pretreatments: alkaline, acid, and autohydrolysis, and 
the liquors were stored. The resulting solids were then subjec-
ted to enzymatic hydrolysis, using cellulose. After that, alco-
holic fermentations were carried out from the pretreatment 
liquors and hydrolysates. In Figure 1, the block diagram for ob-
taining ethanol from a cocoa pod shell is presented.

Fermentation
In a 50mL conical tube, previously autoclaved, 30mL of 

the pretreatment liquor or hydrolysate was placed. Then, S. 
cerevisiae (RC212 yeast) was added at 8g/L and activated at 
30 ° C for 20 minutes. Fermentation was carried out in a mi-
crobiological incubator at 30°C for 72 hours16. Finally, samples 
were taken from each of the fermenters after 24, 48, and 72 
hours for sugar quantification.

Biomass Characterization

Composition
The untreated and pretreated biomass, moisture, fat, pro-

tein, and ash contents were determined according to standar-
dized methods17–20.

To determine cellulose content, the method reported by 
Dominguez et al. (2012) was followed. Briefly, 1g of dry sample 
was treated with 15mL of 80% acetic acid, along with 1.5mL 
of 68% nitric acid, for 20 min, under reflux. This was followed 
by filtration with hot water and small amounts of ethanol. As a 
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Figure 1. Block diagram for cocoa pod shell valorization to produce bioethanol.

Biomass preparation
Pod shells from the delicate aroma, national cocoa, and 

CCN-51 clone (Coleccion Castro Naranjal 51) were collected, 
thoroughly washed, cut into 1x1cm pieces, and dried at 60 °C 
until constant weight. Then, the dry sample was ground and 
sieved to a particle size range of 150 and 600μm.

Bioethanol production

Biomass Pretreatment
For each pretreatment, 1g of dry sample was pretreated 

with 15mL of solution for 4 hours at 100 ° C, under reflux, 
according to our laboratory's preliminary results (Data not 
shown). The pretreated biomass was thoroughly rinsed in dis-
tilled water until neutral pH and dried at 40ºC, until constant 
weight. The pretreatment liquor was saved for fermentation 
and reducing sugar quantification. Pretreatments consisted of 
2% w/v NaOH for the alkaline conditions, 2% v/v sulfuric acid 
for the acid attack, and distilled water for autohydrolysis14.

Enzymatic hydrolysis
For the enzymatic hydrolysis, 7g of pretreated biomass 

were suspended in 50mL of sterile 50mM sodium citrate bu-
ffer solution, at pH 4.8, in an amber bottle. Cellulase (Roha-
ment CL) was added at a concentration of 177 (ECU / mL). The 
bottle was then purged with N2 and capped. Hydrolysis was 
carried out at 55° C and 50rpm for 72 hours15. The hydrolysate 
was separated through filtration for further fermentation, and 
the biomass was rinsed and dried as previously described for 
characterization.

next step, the sample was placed in crucibles and dried in the 
oven at 105°C for 24 hours. The sample was allowed to cool, 
weighed, and placed in the muffle for 5 hours at 540 ° C21. Fina-
lly, the cellulose content was determined through equation (6). 

Where, Wf, Wc, and Wi are the dry, calcined, and initial 
sample weight, respectively.

To determine lignin composition, 1 g of dry sample was 
suspended in 15mL of 72% sulfuric acid and stirred for 2 hours. 
The mixture was then mixed with 125mL of distilled water and 
boiled, in a reflux system, for 4 hours. Finally, the remaining so-
lids were separated through filtration, washed with hot water 
and dried at 105 ° C for 3 hours17. Lignin content was estimated 
through equation (7).

Where Wi and Wf are the initial sample weight and the 
weight after drying, respectively.

Physical-chemical characterization
To assess other significant compositional changes in the 

biomass due to pretreatment, Fourier transformed infrared 
spectroscopy (FTIR) was used. Spectra between 500-4000 
cm-1 were obtained in a Cary 630 FTIR Spectrometer from Agi-
lent Technologies. Meanwhile, changes in biomass morpho-
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logy were assessed through Scanning Electron Microscopy 
(SEM). Untreated and pretreated biomasses were analyzed in 
a JEOL JSM-IT300 Scanning Electron Microscope at 50Pa and 
20kV, using the MP-96040EXCS External Control Software for 
image processing.

The Thermal characterization was made to observe any 
changes produced in the biomass's thermal stability after each 
pretreatment, as this is an indication of biomass composition 
and interaction among its components. Thermogravimetric 
analysis (TGA) was carried out in a PerkinElmer Simultaneous 
Thermal Analyzer STA 8000, where 5 mg of sample were hea-
ted from 25ºC to 600 ° C, with a heating ramp of 10 ° C / min. 
Nitrogen was used as inert gas with a flow of 20 ml/min.

Reducing Sugars and Ethanol Quantification
For reducing sugar quantification, the 3,5-dinitro-sali-

cylic-acid (DNS) method was used22, using a Hach Colorimeter 
DR / 870. A calibration curve was generated with solutions of 
known glucose concentrations.

To measure the ethanol obtained after each fermentation, 
the sample was initially centrifuged and filtered, followed by li-
quid-liquid extraction with dichloromethane, at a 2: 1 ratio. The 
organic phase was removed, and propanol was added, as an in-
ternal standard, at a 25:2 ratio. Finally, ethanol was quantified 
using gas chromatography in a GCMS-QP2010. Using a cali-
bration curve, ethanol concentration was determined by rela-
ting the peak areas corresponding to ethanol and the internal 
standard. On the other hand, productivity was determined as 
grams of EtOH per kilograms of untreated biomass. While the 
yield was defined as the moles of EtOH divided by the moles of 
glucose present in the fermentation.

Statistical analyses
All analyzes and experiments were carried out in triplica-

tes (n = 3). Results are reported as the (average ± standard 
deviation). Statistically significant effects were determined 
through an Analysis of Variance (ANOVA), and Tukey's pairwi-
se comparison was used to determine differences, with a 95% 
confidence level (p <0.05).

Results and Discussion

Characterization of cocoa pod shells
Knowing the initial biomass composition is essential to 

know its variability regarding the cocoa type and assess the 
extent of changes caused by pretreatments. The proximal cha-
racterization of the cocoa pod shell for the two studied varie-
ties is shown in Table 1.

Significant differences can be observed between national 
cocoa and CCN-51, perhaps being lignin content the most im-
portant.  One of the primary purposes of biomass pretreatment 
is eliminating or altering lignin structure, and these differences 
can have significant repercussions on pretreatment conditions. 
In general, cocoa biomass composition is variable, as recogni-
zed in the literature. Campos-Vega reported the composition 
ranges of the cocoa pod's shell, where protein content is be-
tween 2.1–9.1%, ash is between 5.8–13.0%, and the lignin con-
tent is 14.7–38.8%23. This variability is related to the variety 
and irrigation, fertilizers used, transport, storage, soil, other 
factors24, and crop's climatic and environmental conditions25.

Characterization of pretreated biomass
Pretreatment yields, defined as the ratio between the 

treated and untreated biomass, are essential for industrial 
applications. It would give a clear indication of the amount 
of residual pod shell needed to produce a desired amount of 
bioethanol. The values of pretreatment yield for each of the 
biomasses are presented in Figure 2.

In general, it was found that, for all pretreatments, the 
yield was lower for CCN-51. In both cocoa types, the alkaline 
pretreatment resulted in the lowest yield (p<0.05), with values 
of (58.24±3.40)% and (37.72±1.57)% for national and CCN-51, 
respectively. On the other hand, autohydrolysis had the hi-
ghest yields, with values of (70.69±0.34)% for national cocoa 
and (50.15±0.24)% for CCN-51. The lower yield levels found on 
CCN-51 variety may be related to its high lignin content, and 
this could be explained through the composition of the pretrea-
ted biomasses, shown in Figure 3.  In the case of national cocoa 
(Figure 3a), the acid pretreatment presented the highest lignin 
content (43.14±2.15)%, while the alkaline pretreatment had 
the lowest lignin percentage, (18.75±3.31)%, and the highest 
cellulose composition of (57.34±7.29)%. Cellulose content 
was always higher than in the pretreated biomass, a pattern 
that was also observed in CCN-51 (Figure 3b). Nonetheless, 
for the latter, lignin composition, after any pretreatment, was 
lower than that of the untreated biomass. Once again, the 
alkaline pretreatment resulted in the highest and lowest lig-
nin and cellulose contents, with values of (24.43±4.01)% and 
(55.19±1.65)%, respectively. There were no significant diffe-
rences between the acid treatment and autohydrolysis.

As previously mentioned, the pretreatments' purpose is 
to depolymerize lignin and, possibly, hemicellulose structu-
res. Furthermore, in this process, part of the cellulose is also 
hydrolyzed into reducing sugars, useful in subsequent biopro-
cesses26. At the same time, the remaining cellulose would be 
more readily available for enzymatic hydrolysis. The acid hy-
drolyses hemicellulose and dissolves lignin by breaking glyco-
sidic bonds, which leads to polysaccharides being transformed 

Table 1. Characterization of the pod shell from different cocoa types.
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Figure 2. The yield of the pod she-
ll, from different cocoa types, after 
each pretreatment. Pretreatments 
with the same letters do not present 
statistically significant differences

Figure 3. Lignin and cellulose con-
tent before and after each pretreat-
ment applied to the husk of a) Natio-
nal cocoa and b) CCN-51 pod. (*) and 
(#) represent maximum amounts of 
lignin and cellulose content, respec-
tively (p <0.05). Pretreatments with 
the same letters do not present sta-
tistically significant differences.

Chemical Pretreatments on Residual Cocoa Pod Shell Biomass for Bioethanol Production
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larger yields, National Cocoa was further studied, and thereby, 
the following results pertain to this type of biomass.

Compositional analyses by FTIR spectra
National cocoa pod shell biomass, both untreated and 

pretreated, was analyzed by FTIR to corroborate compositio-
nal changes, and the resulting spectra are presented in Figure 
5, where changes in the presence of peaks and peak intensity 
took place. In this section, peaks will be mentioned about the 
untreated biomass, as a shift in the entire spectra was obser-
ved for the pretreated samples, a pattern that was reproduced 
in the laboratory. A small-signal can be found at 1,164 cm-1 due 
to cellulose C-O-C asymmetric stretching32; this peak increa-
ses in intensity after pretreatments, becoming most visible af-
ter the alkaline attack. A similar effect is observed at 830cm-1, 
which represents cellulose β-glycosidic linkages33. The band at 
1232 cm-1 corresponds to the C-O stretching of hemicellulose 
and lignin, a signal that significantly decreases in the acid and 
alkaline samples. Bands associated with skeletal vibrations of 
aromatic rings within the lignin structure are seen at 1510 and 
1680 cm-1 34, with the latter reducing its intensity in the pre-
treated alkaline sample. The peak at 1732 cm-1 corresponds 
to ketone and aldehyde vibrations (C=O) from hemicellulose33, 
and it can be seen that this signal is maintained after auto-

into oligomeric and monomeric sugars7. However, the acid con-
centrations and temperatures used in this work are low com-
pared to others reported in the literature27,28, and de-lignifica-
tion is less significant than autohydrolysis, where only water 
was used.

On the other hand, the alkaline pretreatment breaks the 
lignin structure by swelling cell walls and reducing its crysta-
llinity, increasing the surface area of cellulose29. This pretreat-
ment seemed to be more efficient at delignifying both types of 
biomass, a fact of the high cellulose contents corroborate that. 
Moreover, the extent of delignification may be responsible for 
the lower yields observed for the CCN-51 samples. As they 
have higher lignin contents, and the alkaline pretreatment pro-
ved successful at eliminating lignin, the greater mass was lost 
in the pretreatment of this cocoa type.

Changes in cocoa pod shell morphology after each 
pretreatment

As biomass composition was altered after pretreatment, 
it was essential to evaluate morphological changes that could 
explain, from a physical standpoint, what occurred to the 
structure30. Figure 4 shows the micrographs of untreated and 
treated biomass for both cocoa types.

For national cocoa (Figures 4 a-d), significant changes can 

Figure 4. Scanning electron micrographs of pod shell biomass from National Cocoa (top row) and CCN-51 (bottom row) at 
500x magnification. Untreated (a,e), autohydrolysis (b,f), acid (c,g) and alkaline (d,h). Arrows indicate cracks and structures 
resulting from possible biomass degradation. Calibration bar: 50µm.

be observed after the pretreatments. The untreated biomass 
had limited porosity and resulted from autohydrolysis (Fig. 
4a and b). The acid pretreatment (Fig. 4c) seemed to genera-
te a slight degradation in terms of the biomass structure, as 
implied by different structures' appearance (arrows). On the 
other hand, the biomass after alkaline pretreatment (Fig. 4d) 
presents a series of pores and cracks (arrows) that could also 
be a sign of degradation, which may be due to a higher degree 
of lignin removal, as found in changes in biomass composition 
(Fig. 3a). It should be taken into account that part of the he-
micellulose could also be degraded during the alkaline pre-
treatment, decreasing the xylan content in the lignocellulosic 
material, leading to a greater extent of biomass degradation31.

In CCN-51 (Figures e-f), the changes are less apparent 
in porosity, but some modifications can be observed on sur-
face roughness. Thus, given the more significant changes in 
biomass morphology, along with greater de-lignification, and 

hydrolysis but significantly reduced by the acid and alkaline 
treatments.

The observations from the spectra corroborate what was 
found in changes in biomass composition (Figure 3). There is a 
clear indication of more excellent cellulose content, evidenced 
by the higher peak intensities after pretreatments, especially 
in the pretreated alkaline biomass. Similarly, reduction in sig-
nals corresponding to the lignin structure is under the de-ligni-
fication claimed previously. However, there is new information 
gathered in Figure 6, as peaks related to hemicellulose also 
decrease significantly, indicating that all pretreatment condi-
tions produce hemicellulose hydrolysis, as reported by Poletto 
et al.(2012)35. Pupiales et al.(2020) reported a similar behavior 
for the alkaline pretreatment of the mesocarp from cocoa pod 
shell when producing porous sponges for biomedical applica-
tions34.
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Biomass thermal stability
TGA was performed on untreated and pretreated biomass 

to observe the changes produced in the biomass's thermal sta-
bility, corroborating changes in its structure and composition.

As seen in Figure 6, the curves of mass loss concerning 

temperature varied for each sample, with the untreated bio-
mass (Fig. 6a) having a less pronounced slope in the degra-
dation section between 160 and 400ºC. In its first derivative, 
multiple peaks are seen before reaching the maximum degra-

Figure 5. FTIR spectra of the untreated biomass (a) and biomass pretreated under (b) autohydrolysis, (c) acid, and (d) alkaline.

Figure 6. Thermogravimetric analysis for biomass samples a) untreated, b) acid, c) autohydrolysis, and d) alkaline pretreat-
ments. Dotted and solid lines represent weight loss with temperature and its first derivative, respectively.

Chemical Pretreatments on Residual Cocoa Pod Shell Biomass for Bioethanol Production
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dation temperature, which may correspond to the sample's 
heterogeneity with other components, such as pectin, lipids, 
polyphenols, and other carbohydrates were not quantified3. It 
has been previously reported that the temperature of maxi-
mum degradation for pectin is about 250ºC36. With the trea-
ted samples, this effect disappears, and only a peak related to 
water evaporation remains. Nevertheless, the curves shift, and 
the initial and maximum degradation temperatures change, as 
reported in Table 2.

Table 2. Initial and maximum degradation temperatures obtained from the thermogravimetric analysis of untreated and treated biomass

The initial and maximum degradation temperature varied 
concerning each of the pretreatments; this may be a conse-
quence of the cellulose molecule's release, a polymer with 
many strong, crystalline, unbranched glucose units37. It is ob-
served, in Figure 2, that acidic pretreatments and autohydroly-
sis have a higher composition of lignin, which is more difficult 
to degrade, having three stages: the first related to water eva-
poration, the second, between 200 and 450°C, is due to the 
evaporation of phenols, and the third, above 400°C, relates to 
the disintegration of aromatic rings37. It is within the second 
stage that the temperature of maximum degradation was ob-
served.  

Biomasses resulting from acid and autohydrolysis, which 
had similar compositions, presented similar values in maxi-
mum and initial degradation temperatures. However, those 
from the alkaline pretreatment, having a lower lignin concen-
tration, and being lignin more difficult to degrade28, presented 
a lower temperature of maximum degradation and started to 
degrade earlier. The untreated biomass, on the other hand, 
presented a different behavior as it is a more heterogeneous 
matrix, due to the presence of other compounds, previous-
ly mentioned, which played a significant role in degradation, 
which started at the lowest temperature of all the samples, 
as well as the lowest temperature of maximum degradation. 
These results follow what was observed in the FTIR analyses, 
where evidence in lower lignin content for the alkaline treated 
biomass could result in lower thermal stability. Simultaneous-
ly, those from the autohydrolysis and acid treatment were 
more thermally stable, perhaps due to higher lignin and hemi-
cellulose contents.

Reducing sugars after pretreatments and enzymatic 
hydrolysis

Once the pretreatment and enzymatic hydrolysis pro-
cesses had been completed, the concentrations of reducing 
sugars present in the pretreatment liquors and enzymatic hy-
drolysates were determined to assess potential uses in biopro-
cesses. In Figure 7, it can be observed that, after the alkaline 
pretreatment, the highest sugar concentration of (46,46±1,98) 
g/L was obtained, while autohydrolysis and the acid pretreat-
ment resulted in similar concentrations between 14 and 15g/L. 
Except for autohydrolysis, sugar concentration in the hydroly-
sates was lower than those found in the pretreatment liquors, 
and those resulting from acid and untreated biomass (not 

micellulose39. However, most dilute-acid treatments reported 
in the literature occur at higher temperatures (above 130ºC) 
than those used in the present study. Thus, the relatively low 
temperature could have affected this effect, but higher tempe-
ratures result in economically unfeasible processes reported 
by some authors28. Autohydrolysis had a similar effect to that 
of the dilute acid, but usually with lower yields40; in this case, 
given the reduced acid effect due to lower temperatures, it 
could imply that similar sugar concentrations were obtained 
after both pretreatments.

But acid treatments pose other vital limitations. During 
dilute-acid attacks on biomass, important enzyme inhibitors, 
such as hydroxymethylfurfural (HMF) and the furfural com-
pound, can be generated due to the degradation of pentoses 
and hexoses41. This effect is less relevant under alkaline con-
ditions; nonetheless, some authors have reported that, for 
cellulase to act efficiently on alkaline-pretreated lignocellulo-
se, lignin concentration should be below 18%, lower than the 
levels achieved for the cocoa pod shell biomass40. Therefore, 
despite being a suitable method for producing reducing sugars 
during pretreatment, the alkaline pretreatment herein used is 
not suitable for subsequent enzymatic hydrolysis. This method 
should be studied further, modifying processing variables.

Sugar consumption during fermentation of the pretreatment 
liquors and enzymatic hydrolysates

Despite the important differences observed in reducing 
sugar concentrations and the potential generation of inhibitory 
by-products from the pretreatments, it was essential to as-
sess their fermented capacity. Curves of sugar consumption 
in the fermentation of pretreatment liquors and enzymatic 
hydrolysates are shown in Figure 8. When fermenting liquors 
(Fig. 8a), sugars were consumed in a similar trend for all of 
them, with over 95%.

During hydrolysate fermentation (Fig. 8b), a different be-
havior was found. In this case, after 24h, the remaining sugars 
were (46,10±0,15)%  and (17,14±0.30)% for enzymatic hydroly-
sates of samples from autohydrolysis and alkaline pretreat-
ments, respectively. After 72h, a significant amount of sugars 
remained (13-17%), implying that yeast growth is slower than 
in liquor fermentation. The alkaline-pretreated samples could 
be attributed to the low sugar concentrations after hydrolysis, 
resulting in insufficient nutrients or the generation of growth 
inhibitors, such as furan derivatives and polyphenols42.
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shown) had negligible sugar levels.  In this case, the samples 
from autohydrolysis were hydrolyzed best by the enzyme, with 
a sugar concentration of (17.21 ± 5.51) g/L. 

Alkali pretreatment is an effective way to remove lignin 
by causing swelling; it also causes partial hydrolysis of hemi-
cellulose and cellulose38. This may be the reason for the hi-
ghest sugar concentration in the alkaline pretreatment liquor. 
On the other hand, acid pretreatments solubilize lignin and 
have proven to be efficient at hydrolyzing cellulose and he-
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Figure 7. Reducing sugar concentration in each pretreatment liquor and enzymatic hydrolysate. (*) Represents the maximum 
concentration of the pretreatments (p <0.05). Pretreatments with the same letters do not present statistically significant di-
fferences.

Figure 8. Kinetics of sugar consumption is represented by the percentage of remaining reducing sugars in time, fermentation 
of a) pretreatment liquors, and b) enzymatic hydrolysates. * Fermentation of the enzymatic hydrolysis was not carried out for 
the acid pretreatment biomass due to negligible initial sugar concentrations.
Bioethanol production

Bioethanol production was assessed in two different 
ways, as shown in Figure 9. Productivity (Fig. 9a) would give an 
insight into the potential large-scale applications of the propo-
sed process since it indicates how much ethanol can be produ-
ced from a known amount of biomass, while yield (Fig. 9b) is 
used as a measure of how efficiently the yeast is metabolizing 

sugars for ethanol production. There were no statistical diffe-
rences between productivity for all pretreatment liquors, with 
values around 28 g of ethanol per kg of untreated biomass, 
even though initial sugar concentrations were different (Figure 
7). After enzymatic hydrolysis, as expected, given the low su-
gar yields, productivity decreased; in this case, autohydrolysis 

Chemical Pretreatments on Residual Cocoa Pod Shell Biomass for Bioethanol Production
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Figure 9. Bioethanol production levels reported as a) Productivity and b) yield of pretreatment liquors fermentation and enzy-
matic hydrolysates. * Enzymatic hydrolysis fermentation was not carried out for the acid pretreatment due to negligible initial 
sugar concentrations. Pretreatments with the same letters do not present significant differences.

resulted in the most massive productivity of (20.81±0.14) g 
EtOH/kg Biomass. Nevertheless, despite having lower produc-
tivity, enzymatic hydrolysates displayed higher yield, where, 
again, the autohydrolysis was the most efficient, as it was also 
among the pretreatment liquors. For the latter, there were no 
differences between the liquors resulting from the acid and 
alkaline pretreatments.

Productivities and efficiencies obtained in this work were 
low in comparison to previous studies with other biomasses4,43. 
This was expected, particularly for liquors from the acid and 
autohydrolysis pretreatments, given their low sugar concen-
trations. However, the fact that alkaline liquors had the same 
productivity, with sugar concentrations 3-fold from the other 
pretreatments, may be a sign of inhibition for ethanol produc-
tion41.  This is corroborated by the yield, which indicates that 
only up to 18% (autohydrolysis) of the available sugar is con-
verted into ethanol. After enzymatic hydrolysis, this effect is 
improved, but many sugars are still not converted into ethanol.

Interestingly, these sugars are consumed. It is possible 
that the yeast strain used in the study was not the most appro-
priate one. Yeast selection is essential as cells are subjected 
to different stresses resulting from biomass pre-processing44. 
Thus, screening should be conducted to select a yeast with 
higher short-term productivity.

Conclusions
The present study was a comprehensive first approxima-

tion for valorizing relevant lignocellulosic biomass in Ecuador, 
cocoa pod shell. Generating reducing sugars from these resi-
dues could be useful not only for bioethanol production but for 
other metabolites of interest, such as organic acids and lipids, 
among others. To achieve this goal, we have proposed using 
traditional pretreatment methods to understand this biomass 
behavior and its potential for further studies. Relatively mild 
pretreatments, including autohydrolysis and dilute acids and 
bases, significantly affect biomass composition and properties, 
particularly reducing lignin content significantly in alkaline 
conditions. However, this reduction might not be sufficient for 
cellulase hydrolysis under the studied conditions, and strong 
indications of enzymatic and bioethanol production inhibition 
were observed for the alkaline and acid pretreatments. Auto-
hydrolysis appeared to have the lesser inhibition effects, and 
optimizing these pretreatment conditions could be beneficial 
for industrial applications as it would have a limited environ-
mental impact. These results are promising for cocoa pod she-
ll valorization, and further investigation is worth exploring.
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