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Abstract
Water interactions with cellulose, hemi- cellulose, and Cocoa (Theobroma cacao L.) processing generates by-products such as shells, husks, placenta and
leachates that cause environmental and phytosanitary problems. The husk is a lignocellulosic material composed mainly of cellulose, hemicellulose and
lignin, which can be used to produce coproducts useful at the industrial level. The objective of this research was to characterize the enzymatically modified
cellulose obtained from cocoa pod husk (CPH) Clone CCN51. For this purpose, physicochemical analyses such as pH, ethereal extract, ash, moisture, crude
fiber and water retention were carried out to establish the differences and/or similarities presented with respect to a commercial cellulose, thus making it
possible to establish its possible agroindustrial use. The results revealed that in the transformation process of the raw material by the action of the Celluclast
1.5 L enzyme, a yield of 29% was obtained. Likewise, significant differences were evidenced in the characterization tests performed between commercial
cellulose and modified CPH cellulose, indicating that the latter presents better conditions for industrial uses, such as the production of bioplastic films.

Introduction
Cocoa cultivation is one of the fastest growing crops in the world, with an estimated production of 5024 million tons during the 2020–2021 harvest
(Hernández-Mendoza et al., 2021). In this productive process, substantial residual biomass is generated in each of the links, such as husk, husk, placenta,
leachates, among others, which cause environmental and phytosanitary problems, due to inadequate removal of the plantation and incineration that create
environmental burdens, and that at the same time could be transformed into bioproducts with high added value (de Oliveira et al., 2022; Gallego et al., 2022;
Ofori-Boateng & Lee, 2013; Vásquez et al., 2019).

Theobroma cacao L. pod husk (CPH) is the most abundant residue, representing 70 to 80% of the dry weight of the fruit; for each ton of beans, 10 tons of
residual husk are generated (Akinjokun et al., 2021; de Oliveira et al., 2022; Kley Valladares-Diestra et al., 2022; Vásquez et al., 2019).

The CPH is a relatively hard structure, however, the endocarp is a soft structure and its color depends on the variety or clone; likewise, this is a lignocellulosic
material composed mainly of cellulose, hemicellulose, lignin, pectins, oils and waxes (Campos-Vega et al., 2018); lignocellulosic residues that could be
exploited in the generation of biomaterials, fertilizers, energies and extraction of bioactive compounds that can lead to a profitable product, with additional
income for farmers, promoting economic development (Lu et al., 2018; Muharja et al., 2023; Valladares-Diestra et al., 2022).

The use of agro-industrial waste can be an element of innovation that provides alternatives to the socioeconomic and environmental problems of cocoa
production in Colombia, becoming a source of additional income for productive units that derive their livelihood from cocoa cultivation, reducing the high
volumes of waste generated in their activities.

From the available literature, a small number of studies have reported the presence of cellulose in the husk of Theobroma cacao L. (Alemawor et al., 2009; Lu
et al., 2018). Although the presence of cellulose in the shell has already been identified, it has only been studied for use in the production of paper (Valero-
Valdivieso et al., 2013). Production of bioplastic from starch from jackfruit (Artocarpus heterophyllus) seeds and cellulose from cocoa shell with glycerol
(Lubis et al., 2018).

Likewise, different cellulose sources have been identified to obtain biofilms, such as sugar beet (Perzon et al., 2020), orange peel (Mayhuire et al., 2019).
however, there are specific methodological gaps, such as the enzymes used, the specific temperature of the process, and other variables such as pH value,
agitation and concentration, which are key parameters to carry out enzymatic action processes.

This paper presents the method of enzymatic modification of CPH Theobroma cacao L. Clone CCN51, carried out for the first time, in which the aim was to
maintain controlled working conditions for the optimum performance of the Celluclast 1.5L enzyme. The product resulting from the modification underwent
characterization tests such as pH, Ash, Ethereal Extract, Moisture, Crude Fiber and Water Retention in order to make a comparison with Commercial Cellulose
and to know the physicochemical differences between both raw materials.

Materials and methods

Materials
The cellulose extracted from the cocoa pod shell (CPD) variety CCN51 from the department of Amazonas was provided by the Agroindustrial Development
Research group of the Faculty of Agrarian Sciences and Agroindustry of the Technological University of Pereira. The following reagents were used in this
work: Celluclast 1.5 L enzyme (Novozymes), sodium acetate trihydrate buffer (Loba Chemie 99.5%), glacial acetic acid (Loba Chemie 99.7%), 3,5-
Dinitrosalicylic acid (Loba Chemie 98%), NaOH (Loba Chemie 99.5%), sodium potassium tartrate tetrahydrate (Loba Chemie 99%), distilled water.

Enzymatic modification
The assembly was carried out in a thermostated bath (20 liter WBE20 Polysciencie Ref. WBE20A11B), keeping the temperature constant at 45°C (optimum
working temperature of the enzyme according to the technical data sheet). Subsequently, 2 grams of CPH-CCN51 cellulose was weighed into a beaker and
an acetate buffer solution pH 4.8 was added at a sample/buffer ratio of 1:100.

The solution was introduced into the setup and subjected to pneumatic agitation generated by an air pump (Power Air pum-life p-500); once the optimal
reaction conditions (pH: 4.8, temperature: 45°C and bubble agitation) were reached, the Celluclast 1.5 L enzyme was added and monitoring of the
modification began for 12 hours, taking a 1mL aliquot every 3 hours. The system was constantly monitored to guarantee the stability of the variables.

Determination of Reducing Sugars
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The aliquots taken during the follow-up at 3, 6, 9 and 12 hours were subjected to an enzymatic inactivation process in a water bath (90–95°C) for 20min.
Subsequently, the concentration of reducing sugars was determined by the DNS method in order to establish cellulose cleavage over time.

For the measurement, previously labeled and protected from light test tubes were taken, in which 250 µL of each sample and 250 µL of the DNS reagent were
deposited. Then, they were heated in a water bath (90–95°C) for 5 minutes, after this time they were subjected to an ice bath for 10 min and 2.5mL of
distilled water was added to each tube. Finally, they were shaken manually and read in a spectrophotometer (Mapada; model: PV4), at a wavelength of 540
nm, (Miller, 1959). Calculating the percentage of saccharification by means of equation (Salcedo M. et al., 2011).

Characterization
The characterization tests pH, ash content, ether extract, moisture, crude fiber, water retention, and grain morphology were conducted in triplicate for both
enzymatically modified CPH cellulose, CCN51 variety, and the commercial cellulose taken as a reference parameter.

pH, AOAC 10.041/84
The method consists of the potentiometric measurement of hydrogen ion activity with the use of an electrode.

One gram of sample was weighed and added to 20 mL of distilled water in a 100 mL beaker. It was shaken for 20 min and with the pH-meter (brand: Hanna,
model: HI5222) previously calibrated the pH of the sample was measured. This procedure was carried out in triplicate.

Ashes (A), AOAC 923.03
The method consists of incineration to destroy the organic matter, obtaining an ash composed of carbonates.

A crucible was tared at 105°C in which 1 gram of CCN51 modified cellulose was weighed, then it was taken for 3 hours to the muffle (brand: Thermo
scientific, reference: F6018) until reaching a temperature of 550°C, once this time was completed, it was waited for the temperature to drop to later put them
in the desiccator and take their final weight. The % ash was calculated using the following equation.

Ethereal extract (Ee), AOAC 920.39
The method consists of the extraction of crude fat from a sample previously dried in an oven in soxhlet equipment with n-hexane, to later eliminate the
solvent and gravimetrically determine the dry extract that represents the cellulose lipids.

Boiling beads were deposited in a balloon which was tared for 2 hours at 105°C and their weight was taken. For the soxhlet extraction, n-hexane was used as
solvent; 2 grams of sample were weighed in a thimble, maintaining a sample: solvent ratio of 1:100 for 4 hours. Once this process was completed, the hexane
was recovered and the ethereal

Moisture (M), AOAC 925.10
The method consists of the determination of moisture or volatile substances by weight loss that the cellulose undergoes when heated at 105°C.

Two grams of sample were weighed in a porcelain capsule previously tared and labeled. Subsequently, drying was carried out in a forced convection oven
(brand: THERMO SCIENTIFIC, REFERENCE: 51028121) at a temperature of 103 ± 2°C for 5 hours, taking the weight every hour on an analytical balance (brand:
Optika Italy, reference: B124Ai) until a constant value was obtained or with a difference of less than 0.002 grams between the last measurement and the
previous one. Finally, the moisture percentage was calculated using the following formula.

Where:

IW = Initial weight of the sample with the capsule (wet sample)

FW = Final weight of sample with capsule (after drying time)

SM = Weight of wet sample

\varvec%Saccharification =
\varvecR\varvece\varvecd\varvecu\varvecc\varveci\varvecn\varvecg\varv

\varvecS\varvecu\varvecb\varvecs\varvect\varvecr\varveca\varvect\varvece\varvecc\varveco\varve

%Ashes = ∗ 100
finalweight

initialsampleweight

\varvec%\varvecE\varvect\varvech\varvece\varvecr\varvece\varveca\varvecl\varvece\varvecx\varvect\varvecr\varveca\varvecc\v

\varvec%\varvecM\varveco\varveci\varvecs\varvect\varvecu\varvecr\varvece = \varvec∗
\varvecI\varvecW − \varvecF\varvecW

\varvecS\varvecW
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Weight of the wet sample = (Weight of the capsule + wet sample) - (Weight of the empty capsule)

Weight of evaporated water = (Weight of capsule + wet sample) - (Weight of tray + dry sample).

Crude fiber (CF), Weende
The method is based on the solubilization of non-cellulosic compounds by sulfuric acid and sodium hydroxide solutions. The mass loss resulting from
incineration corresponds to the mass of crude fiber in the enzymatically modified CCN 51 cellulose sample and the commercial cellulose.

One gram of cellulose was added into a tared crucible, then the FIWE Raw Fiber Extractors equipment (brand: VELP SCIENTIFICA, REFERENCE: SA30540200)
was turned on and water was recirculated. Subsequently, the crucible was positioned and the voltage regulator was programmed between 6 to 7 V. Then,
150mL of hot 1.25% sulfuric acid plus 3 drops of n-Octanol were added, and once the boiling point was reached, 30min were timed, allowing air to pass every
10 min. After this time, a vacuum was performed to drain the sulfuric acid and 3 washes were carried out with 30mL of boiling distilled water. The crucible
was removed and dried in an drying was carried out in a forced convection oven (brand: THERMO SCIENTIFIC, REFERENCE: 51028121) for 2 hours at 130°C
(Wr), then an analytical balance (brand: Optika Italy, reference: B124Ai) the weight was taken once the temperature was stabilized in a desiccator and it was
taken to a muffle (brand: Thermo scientific, reference: F6018) for 2 hours at 550°C ± 15°C. The crucible was allowed to cool, was transferred to the desiccator
and the final weight was taken to calculate the percentage of crude fiber with the following equation.

Water retention (WRV), Beauchat (1977)
The method consists of measuring the amount of water retained in the sample which depends on the interactions of hydrogen bonds between the water
molecules and the polar groups of the cellulose polymeric chains.

Five mL of distilled water was added to a falcom tube to which one gram of sample was added. Subsequently, it was vortexed, and the volume was
completed up to 10 mL, shaking again. The tube was left in rest for 30 minutes; then it was taken to the centrifuge (brand:marca POWERSPIN LX) at 3500
RPM for 30 minutes and the volume of the supernatant was measured to calculate the percentage of water retention with the following equation.

Where:

Wm = sample weight after centrifugation.

Wd = absolute sample weight.

Cellulose Morphology
The sample of enzymatically modified CCN51 cellulose and commercial cellulose, before being analyzed, were ground in a NUTRIBULLET BX180F-02 blender
and passed through a number 100 sieve. Subsequently, each sample was placed on a slide and stained with methylene blue. and its morphology was
observed using a microscope with an Optika Italia Model B383 PLi camera, C-B5 camera, Brightfield observation mode.

Statistical analysis
The averages and standard deviations of the different analyses performed were determined from the three replicates of each of the samples evaluated.
Using IBM SPSS Statistics Version 22 software, an analysis of variance was performed using Tukey's test to determine if there were differences and/or
similarities between the commercial cellulose and the cellulose extracted from cocoa pod husk (CPH) variety in the characterization tests.

Results and discussion

Enzymatic modification
During modification, simple sugars are released from the polymeric structure that composes cellulose. The enzyme Celluclast 1.5 L attacks the internal sites
of the low crystallinity regions of the cellulose fiber to transform it into free end chains by removing cellobiose units, which are converted into glucose.
Enzymatic hydrolysis is inhibited due to abrupt changes in parameters such as pH, agitation, temperature, among others. Therefore, it is important to
establish optimal working conditions to achieve high yields in the conversion of reducing sugars. In the enzymatic modification process of cellulose
extracted from cocoa husk variety CCN51, an average yield of 29% was obtained, maintaining a pH of 4.8, constant agitation by bubbling, and a temperature
of 45°C during the procedure, which is higher than that reported by other authors in the conversion of cellulose obtained from different plant materials
(Carolina et al., 2011; Piñeros-castro et al., 2011).

\varvec%\varvecS\varveca\varvecm\varvecp\varvecl\varvece\varvecm\varveco\varveci\varvecs\varvect\varvecu\varvecr\varvece

\varvec%\varvecD\varvecr\varvecy\varvecm\varveca\varvect\varvect\varvece\varvecr = 100 − \varvec%\varvecS\varveca\varvec

\varvec%\varvecC\varvecr\varvecu\varvecd\varvece\varvecf\varveci\varvecb\varvece\varvecr =
\varvecI\varvecn\varveci\varve

\varvec%\varvecW\varvecR\varvecV = \varvec∗100
\varvecW\varvecm − \varvecW\varvecd

\varvecw\varvece\varvect\varvecw\varvece\varveci\varvecg\varvech\varvect
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Table 1 shows the results obtained from the concentration of reducing sugars during the monitoring of the enzymatic modification, where a progressive
increase of the concentration is observed, indicating the hydrolysis of the cellulose structure. On the other hand, graph 1 shows the percentage of
saccharification, which allows determining that at 3 hours of reaction a representative sugar conversion had already been carried out (18.69%), presenting
the highest saccharification at 12 hours with a percentage of 33.21%. The results obtained allowed establishing that an enzymatic modification of cellulose
was successfully carried out and the parameters established during the development of the process were optimal.

Table 1
Concentration of reducing sugars in ppm during enzymatic modification monitoring.

Follow-up of the modification (hours) Concentration of reducing sugars in PPM (mg/L)

3 2076.94 ± 223.33

6 3025.88 ± 221.70

9 3587.56 ± 332.94

12 3689.68 ± 274.85

Graph 1. Concentration in parts per million (ppm) of reducing sugars during the hours of monitoring the enzymatic modification of cellulose extracted from
cocoa pod husk variety CCN51.

Characterization
Table 2 shows the results obtained from the physicochemical characterization of the modified cellulose extracted from CPH and commercial cellulose
(reference parameter), establishing that there are significant differences in all the parameters evaluated between the two celluloses.

Table 2
Results of physicochemical analysis of Commercial Cellulose and CPH

Cellulose CCN51 modified.
Analysis Commercial cellulose Cellulose CPH- CCN51 modified

pH 8.21 ± 0.16a 7.05 ± 0.15b

%M 3.91 ± 0.16a 15.78 ± 0.25b

%Ee 0.16 ± 0.03a 0.52 ± 0.03b

%CF 74.73 ± 1.63a 3.64 ± 0.92b

%A 0.14 ± 0.01a 42.35 ± 0.35b

%WRV 22.4 ± 0.10a 8.13 ± 0.43b

a y b: Average with common letter not significantly different (p ˃ 0.05).

pH
The pH is an expression of the acidic or basic character of an aqueous system. In exact terms, it is a measure of the "activity" of the hydrogen ion in a given
sample (Rodriguez, 2009). The results obtained show that the modified cellulose has a lower pH (7.05) than the commercial cellulose (8.21), which may be
due to the production methods used, the porosity and particle size of each of the raw materials. In addition, during the enzymatic modification, hydrolysis of
some cellulose polymeric bonds is carried out in an acid medium, which can trigger the presence of free hydronium ions that can lower the pH of the sample.

% Moisture
The modified cellulose presents a higher moisture content with a value of 15.78% than the commercial cellulose with 3.91%. The increase in moisture can be
attributed to the possible decrease in the degree of polymerization due to the acidic conditions used during the enzymatic hydrolysis, which makes the
sample more susceptible to absorb water from the medium because of the possible increase in the crystalline regions (Osto, 2021). The percentage of
moisture in the cellulose is fundamental for the determination of subsequent treatments or uses, since a higher value of this parameter would indicate the
presence of hydrophilic groups that improve adherence, resistance and compatibility.

% Ethereal extract.

The content of lipid compounds in the samples evaluated was less than 1%, being lower in the commercial cellulose with a value of 0.16% than in the
modified cellulose with 052%. Cellulose is a glucose polymer that has an insoluble structure in non-polar solvents. Therefore, the extraction of compounds of
this chemical nature is reduced. Also, the results obtained allow establishing that the samples do not present high contents of impurities and the
pretreatments carried out on the samples were efficient.

% Crude fiber.

Crude fiber is understood as all those non-nitrogenous organic substances that do not dissolve after successive hydrolysis; one in an acid medium and the
other in an alkaline medium. The main component of FC is cellulose, hemicelluloses and lignin (Omar Eduardo García Ochoa, Ramón Benito Infante, 2008).
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The results obtained allow determining that the modified cellulose presents a low percentage of crude fiber with a value of 3.64% in comparison with the
commercial cellulose that has 74.73%, which can be an indication of a lower presence of impurities product of the structural modification to which the
sample was submitted during the enzymatic process; being this result significant because it could extend its uses at industrial level. On the other hand,
having a high crude fiber content, as is the case of commercial cellulose, indicates that this substance contains a significant proportion of non-cellulosic
components such as lignin and hemicellulose, which are insoluble in water.

% Ashes
Commercial cellulose has a lower ash content (0.14%) than cellulose extracted from modified CPH variety CCN51 (42.35%), which may be due to the
adhesion of some inorganic components within the interstices of the sample during the enzymatic hydrolysis process. The ash content is an important
indicator to guide the subsequent use of cellulose, since depending on the total content of minerals, organic matter and microelements it can be established
what type of metabolic functions they fulfill and the type of industry for which they could be relevant (H & Jim, 2009).

% Water retention
Cellulose contains hydroxyl groups (-OH) in its structure, making it highly hydrophilic, which means it has a strong affinity for water, forming hydrogen bonds.
Therefore, the water retention capacity depends on the amount of hydroxyl groups available in the structure and how quickly saturation points are reached
(Patural et al., 2011). In the obtained results, the modified cellulose shows a lower water retention percentage with a value of 8.13% compared to the
commercial cellulose which has 22.4%. This difference may be due to the structural changes that occurred during the enzymatic hydrolysis process, where
the hydrophilic groups, due to their crystalline structure, present a lower contact surface, reducing their ability to absorb water. Therefore, enzymatically
modified cellulose, with a low water retention percentage, offers several advantages, including better stability, ease of handling, and efficiency in production
processes. This makes them ideal for a wide range of industrial and commercial applications.

Cellulose morphology
Cellulose is a linear polysaccharide formed by glucose units linked by beta-1,4-glucosidic bonds. Each glucose unit forms intramolecular and intermolecular
hydrogen bonds, which have a profound effect on the morphology of this raw material, forming fibrillar crystalline structures called microfibrils, which in turn
aggregate to form larger fibers (Pérez et al., 2002). As shown in Figs. 1 and 2, commercial cellulose presents irregularly shaped fibrils and contours with a
rough surface, while modified cellulose has a smooth fibril structure with defined ends that are observed repetitively. These results allow determining that
there was successful enzymatic hydrolysis because one of the main indicators is the decrease in amorphous and paracrystalline structures.

Conclusion
From the enzymatic modification method, a transformation of the CPH Theobroma cacao L. clone CCN51 was achieved, obtaining an approximate yield of
29%, which means that the method presented to carry out the process is optimal to control the working parameters of the enzyme used; due to the little
information found in this regard, this methodology can be very useful for the implementation of processes involving biological agents for the transformation
of a raw material.

In the comparison of the results obtained in the characterization tests conducted, it was established that there are significant differences between the
modified cellulose from CMC Theobroma cacao L. clone CCN51 compared to commercial cellulose. This indicates that the modification process enhances
the characteristics of this raw material, which could broaden its agroindustrial uses, such as the generation of bioplastic films, and even lead to replacing the
use of commercial cellulose, as it proves to be more efficient and stable in various processes.
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Graph 1
Graph 1 is available in the Supplementary Files section.

Figures

Figure 1

(a) Commercial cellulose y (b) Cellulose CCN51 modified with the lens 40x.

Figure 2
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(a) Commercial cellulose y (b) Cellulose CCN51 modified with the lens 100x.
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