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Cocoa production is an important activity for the Colombian agro-industry; however, the production of dry cocoa
beans generates agricultural residues as the shells known as cocoa pod husk (CPH), represent 65 to 75 % of the
fruit’s wet weight. In this contribution, the Life Cycle Assessment (LCA) was conducted on the use of Colombian
CPH to obtain activated carbon, potassium hydroxide and cellulose; production of KOH showed the lowest
environmental impact. It was found that electricity consumption during the transformation process emerges as
the primary contributor in the impact evaluation, and the categories with the most significant impact are HTPc,

FETP and METP. When solar drying was considered for CPH pretreatment instead of drying in an oven, the
impact quantification significantly decreased up to 63 % to produce cellulose, 56 % for KOH and 32 % for
activated carbon. The value-added products obtained exhibit favorable properties, making them suitable for

various potential applications.

1. Introduction

Cocoa production in Colombia is one of the most important agro-
industrial activity due to its direct impact in the social and economic
development of smallholder farmers. It is estimated that approximately
65,000 cocoa farming families benefit from this activity (MADR, 2021),
many of them located in vulnerable and post-conflict regions (Abbott
et al., 2018). In 2022 the national production was 62,158 tons of cocoa
beans, where the departments with the highest participation in the
cocoa production were Santander (36.8 %), Arauca (16.9 %), Antioquia
(8.3 %), Tolima (5.8 %), Huila (5.7 %) and Narino (5.4 %) (Fedecacao,
2023). Colombia produces three types of cocoa; the Criollo variety is
known for its finesse, pleasant flavor and exquisite aroma but with high
susceptibility to pests and low productivity; the Forastero, on the other
hand, offers lower quality in terms of aroma and flavor; the hybrid va-
riety results from crossing different clones in order to improve quality
and productivity. Cocoa crops are developed in regions situated between
0 and 1200 m above mean sea level with deep soils, good aeration,
moisture retention and drainage, receiving annual rainfall ranging from
1500 to 2500 mm, with an optimal average temperature range of 22 °C
to 30 °C (UGRA, 2020). The Theobroma cocoa L. (Cocoa) tree is a species
of the Malvaceae family; botanically the cocoa is considered a berry-like
fruit that consists of three main parts, the cocoa beans, the mucilage and
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the cocoa pod husk (CPH). When mature, the pod contains between 20
and 40 beans covered by the mucilaginous pulp (Vasquez et al., 2019).
The CPH is the external part of the fruit and comprises three tissues
named exocarp, mesocarp, and endocarp (Guevara, 2018); it represents
between 65 and 75 % in wet weight of the fruit. It is estimated that
approximately 559,422 tons of CPH were generated in Colombia in
2022, taking into account the national cocoa production yield for that
year. The accumulation of CPH due to its open field disposal which
corresponds to conventional practice in Colombia, could contain infes-
ted plant material, leading to pest and disease dissemination that favors
the loss of the harvest and generate public health problems (Devi et al.,
2017); furthermore, the anaerobic decomposition of CPH left on the
ground generates methane and nitrous oxide contributing to global
climate change (Ortiz-Rodriguez et al., 2016).

Activated carbon is very important for the chemical industry in the
production of catalysts, adsorbents for heavy metals and organic pol-
lutants, to store gas and desalinate media. Potassium hydroxide is a raw
material used in many applications, to produce potassium and agricul-
tural chemicals, soaps, detergents, drain cleaners, paints, and varnish
removers, as an electrolyte in alkaline batteries, as a reagent in the
chemical industry, in the food industry to adjust pH, as a thickening
agent and as a stabilizer (Tessenderlo Chemie NV, 2001). Cellulose can
be physically and chemically modified in different types and
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Fig. 1. System boundaries of products obtained from CPH for the LCA study.
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configurations to be used in a wide range of applications in textiles,
foods, biomedicals, hygiene, pharmaceutical, and cosmetics products,
absorbent materials, paper and cardboard, paint, coating, and con-
struction industries (Delucis et al., 2021).

CPH has been used as a raw material for obtaining a range of prod-
ucts, including activated carbon (Cruz, 2012; Eletta et al., 2020; Tejada
et al., 2017; Tiegam et al., 2021), potassium hydroxide and carbonate
(Afrane, 1992; Daniyan et al., 2014; Kone et al., 2020; Maliki et al.,

2020), antioxidants (Campos-Vega et al., 2018; Sakagami et al., 2008),
proteins (Serra Bonvehi and Ventura Coll, 1999), food fibers (Yapo et al.,
2013), lignocellulosic components (Adeleye et al., 2022; Akinjokun
et al., 2021; Torres, 2019), and pectin (Chan and Choo, 2013; Munoz-
Almagro et al.,, 2019), among others products. Additionally, in-
vestigations have explored its application in energy production through
both thermochemical (Adjin-Tetteh et al., 2018; Dahunsi et al., 2019;
Martinez et al., 2015) and biochemical (Antwi et al., 2019; Sandesh
et al., 2020) conversion processes. These studies underscore the signif-
icant potential of this biowaste and its transformation into value-added
products.

Considering that there are many ways for the utilization of CPH, the
application of the Life Cycle Analysis (LCA) methodology serves as a
valuable tool for assessing and comparing the environmental perfor-
mance of these transformation processes for the utilization of this agro-
industrial waste. The LCA methodology considers the guidelines of the
standard ISO 14040 and consists of the determination and evaluation of
the inputs, outputs and the potential environmental impacts of a product
system or technologies throughout its life cycle (ICONTEC, 2007). The
LCA enables the identification of critical points where optimization and/
or substitutions are necessary to minimize the environmental impacts.

The LCA methodology was applied to the primary process of cocoa
production in Colombia by Ortiz-R et al. (2014). This study evaluated
the environmental performance of cocoa production using only the
global warming potential (GWP) factor without including the post-
harvest stage nor its wastes, identifying that in Colombia the farmers’
agricultural practices are not homogeneous and the results of the LCA
depends on them. The farm with the highest emission had 607 kgCO2-eq
(per ha per year), where the use of synthetic fertilizers in high doses was
the largest contributor to this environmental impact; and negative GWP
values were observed for farms where improved practices such as
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Table 2
Physicochemical characterization of CPH on dry matter basis for this study and
other authors.

Parameter Value® Minimum  Maximum  References

Moisture, % 3.60 6.67 16.1 (Adjin-Tetteh et al.,
2018; Forero-Nunez

et al., 2015; Nguyen and
Nguyen, 2017; Orjuela
et al., 2019; Syamsiro
et al., 2011; Tiegam

et al., 2021; Titiloye

et al., 2013; Villamizar
et al., 2017)

Volatile matter, 72.9 49.9 74.1 (Adjin-Tetteh et al.,

% 2018; Forero-Nunez
et al., 2015; Maleka,
2016; Orjuela et al.,
2019; Syamsiro et al.,
2011; Tiegam et al.,
2021; Titiloye et al.,
2013)

(Adjin-Tetteh et al.,
2018; Forero-Nunez

et al., 2015; Nguyen and
Nguyen, 2017; Orjuela
et al., 2019; Syamsiro
et al., 2011; Titiloye

et al., 2013; Vasquez
et al., 2019; Villamizar
et al., 2017; Vriesmann
et al., 2011)
(Adjin-Tetteh et al.,
2018; Forero-Nunez

et al., 2015; Orjuela

et al., 2019; Syamsiro
et al., 2011; Titiloye

et al., 2013)
Hemicellulose, 52.1 9.00 37.0 (Daud et al., 2014;

% Vasquez et al., 2019)
Cellulose, % 23.7 15.1 35.4 (Daud et al., 2014; Grillo
et al., 2019; Vasquez
et al., 2019)

(Daud et al., 2014;
Vriesmann et al., 2011)
(Antwi et al., 2019;
Vasquez et al., 2019;
Vriesmann et al., 2011)

Ash, % 8.50 6.70 16.2

Fixed carbon, % 15.0 10.4 20.5

Lignin, % 16.5 14.7 21.4

K, mg/100 g 2795 2716 3220

@ The value corresponds to the average of three fruits from Criollo and Tri-
nitario varieties that were analyzed for this study.

organic fertilization was used. The carbon footprint (CF) of the Colom-
bian cocoa production was evaluated by Ortiz-Rodriguez et al. (2016)
comparing agricultural practices under two scenarios: conventional and
agroforestry managements. For the studied managements, the cocoa pod
husk wastes left on the ground have a strong impact on CF due to the
anaerobic decomposition of organic matter generating methane and
nitrous oxide, which represent >85 % of emissions over the CF (Ortiz-
Rodriguez et al., 2016). In Philippines, the entire system from agricul-
tural activities until obtaining the cocoa dried beans was analyzed by
LCA. The authors reported that pest management, nutrient manage-
ment, transportation, and harvesting contributed the most to the nega-
tive environmental impact, and that the highest scoring category impact
was for the climate change (Leyte et al., 2017). Tiegam et al. (2021)
investigated benefits and environmental impacts of production of acti-
vated carbon from CPH at laboratory scale through LCA, involving the
cocoa production, post harvesting stage and the transformation of CPH.
The authors found that the electricity used in the transformation stage
was the main contributor to the environmental impact (Tiegam et al.,
2021). Recanati et al. (2018) evaluated the environmental impacts of an
Italian dark chocolate through a holistic LCA; the authors reported that
the upstream phase (cultivation and transportation) and energy supply
at the manufacturing plant were the main contributors on the overall
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environmental impact. When CPH were considered as a co-product for
producing value-added products and not as a biomass residue, there was
a reduction of impacts ranging from 6.5 % for GWP to 12 % for the
abiotic depletion category which corresponds to an environmental
benefit (Recanati et al., 2018).

The main objective of this contribution is to use the LCA methodol-
ogy to carry out the environmental assessment of the pod husk trans-
formation of Colombian cocoa into valued-added products such as
activated carbon (AC), potassium hydroxide (KOH), and cellulose. The
LCA results allow identifying which of the evaluated transformation
processes generates the least environmental impact for the use of CPH
and determine if this utilization yields environmental benefits compared
to the conventional disposal of this biowaste.

2. Material and methods
2.1. Organic cocoa production

CPH was obtained from organic cocoa production of the association
“Héroes del cultivo” in the rural zone of San Bernardo-Ibagué
(Colombia), located at an altitude of 1285 m above sea level with an
average temperature of 28 °C. The cocoa crop begins in the nursery,
where compost soil, sand, and seeds of the crops from the studied area
are used for germination; one month later the tree is transplanted into
the ground. During the vegetative growth stage, nutrient management,
pest, weed, shadow, and shape control is carried out. Nutrient man-
agement is done with a “Héroes del cultivo” formulation of the Super-
magro biofertilizer and lime. Pest, weed, shadow and shape control is
done mechanically with chainsaw, and manually with hacksaw and
pruner (R. Tapiero, personal interview, October 2022). The cocoa yield
pattern was estimated based on field data collected during the first half
of the year 2022, under the guidance of association’s outstanding leader,
Robinson Tapiero. This estimation considered only the first quality
cocoa fruit (product). The harvesting and breaking of cocoa pods are
done on the farm; the harvest is done manually with a special knife or
pruner, and the breaking of pods is done with a blunt machete. The
grains together with the mucilage are collected in plastic buckets to be
taken to the benefit plant and CPH is left on the ground. At the benefit
plant, the cocoa with mucilage (“cocoa in slime”) is fermented in
wooden bin for minimum 6 days, then it is dried in the sun in large
wooden stretchers until the humidity of grains is reduced to around 7 %.
Finally, the selected grains are packed in 50-kilogram jute bags and
sealed with seams (R. Tapiero, personal interview, October 2022); most
of this work in the benefit plant is manual.

2.2. Description of CPH transformation processes

CPH samples from Criollo and Trinitario varieties were analyzed.
The pods were processed to determine their physicochemical properties.
Thermogravimetric analysis (TGA) was carried out in nitrogen atmo-
sphere using a TGA Q500 equipment. Moisture content was calculated
using the constant weight of the sample after treatment at 107 °C (ISO
18134-3:2015); volatile matter content was measured as weight loss
after treating the CPH at 900 °C for 10 min (ISO 18123:2015); the ashes
content was evaluated with the residue after burning to a constant
weight at 550 °C (ISO 18122:2015). For determining hemicellulose (Van
Soest AOAC 2002.4), cellulose (Van Soest AOAC 973.18), and lignin
(Van Soest H»SOy), first a digestion with acid detergent was performed
to determine the hemicellulose content in the filtrate, then, the residue
was digested with 72 % sulfuric acid to measure cellulose and lignin.
Potassium content was determined by atomic absorption (SM 3111B)
and the % fixed carbon was calculated using Eq. (1):

%Fixed carbon = 100 — (%Volatile matter + %Ashes + %Moisture) (€D)]

The quantification and transformation processes were carried out
with a 50-50 mixture of the Criollo and Trinitario varieties. The yield of
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Fig. 2. TGA of analyzed CPH samples.

the obtained value-added products was determined using Egs. (2) and
(3):

mass of value — added product

100 2
mass of CPH non — pretreated x 2

%Yield on wet basis =

mass of value — added product

100 3
mass of CPH pretreated (dried) * )

%Yield on dry basis =

2.2.1. Activated carbon production from CPH

CPH was dried and ground; the material with a particle size <90 pm
was used for chemical activation with 85 % reagent grade potassium
hydroxide (Merck), using a 1:2 (KOH:CPH) impregnation ratio, adding
water at a weight ratio of 1:3 (KOH:CPH mixture to water). The
impregnated CPH was dried at room temperature for 12 h and then at
80 °C for 5.5 h using an oven; then the dried material placed in a ceramic
crucible was pyrolyzed in a furnace in nitrogen atmosphere for 3 h at
500°C (Cruz, 2012; Tsai et al., 2020). After the pyrolysis process, the
obtained solid was washed with a 1 M HCl aqueous solution and then
with distilled water (Tiegam et al., 2021); finally, the activated carbon
was dried and sieved. The obtained activated carbon was characterized
by SEM-EDX to semi quantitatively determination of its composition and
analysis of its structure. Additionally, the textural properties of AC were
evaluated with the isotherm. The adsorption-desorption analysis con-
ducted using nitrogen as adsorbate in the Sortometer Micrometrics
(ASAP 2020 PLUS).

2.2.2. Potassium hydroxide production from CPH

CPH with a particle size lower than 90 pm was placed in a ceramic
crucible and calcined at 650 °C for 1 h in a furnace. During the calci-
nation process, the potassium salts present in the CPH were oxidized to
form potassium oxide which reacted with the carbon dioxide generated
during calcination to produce potassium carbonate (Eq. (4)). At the
same time, a small part of potassium carbonate reacted with water vapor
to produce potassium hydroxide and bicarbonate (Eq. (5)) (Afrane,
1992; Olufemi et al., 2017).

K,0 (s) + CO,(g)—=K,CO;(s) ()]

K>COs(s) + H,0(g)—~KOH(s) + KHCO5(s) 5)

The ashes obtained that contained mainly K2COs, were leached with
water at a weight ratio of 1:10 (ash:water). The alkaline solution was
allowed to cool and then filtered to obtain a clear extract containing
K>CO3 and KOH; the extract was heated at 90 °C until the water was
completely evaporated to obtain the solid product (Daniyan et al.,
2014). By titration, the content of K2CO3 and KOH present in the ob-
tained solid was determined. Then, a causticization process was carried
out in an aqueous medium using calcium hydroxide (Merck) to produce
KOH in solution and calcium carbonate as a precipitate (Ofori, 2017).
The new cooled alkaline solution was filtered to obtain the extract that
was heated at 90 °C until the water was completely evaporated for
getting the solid material. The purity of potassium hydroxide was
determined through acid-base titration using a reported double-
indicator method. Initially, the phenolphthalein indicator was added
to the aliquot and titrated with 0.1 M HCI. The change in color indicated
the neutralization of all hydroxides and half of the carbonates. Subse-
quently, the titration was continued using methyl orange, and the
change in color indicated the completion of the neutralization of the
remaining half of the carbonates (Babayemi et al., 2010).

2.2.3. Cellulose production from CPH

Cellulose was obtained by two methodologies, one using an alkaline
treatment and the other by autohydrolysis. Two cellulose products are
obtained with different purity percentages and process yields, one is
referred to as CAT (cellulose by alkaline treatment) and the other CAH
(cellulose by autohydrolysis). The alkaline treatment was performed in a
reflux system at 90 °C and 600 rpm for 2 h where CPH was treated with
2 % NaOH (PanReac) solution The obtained slurry was filtered with a
vacuum equipment and the solid material was washed with distilled
water until the alkali was removed (Adeleye et al., 2022); the product
(CAT) was dried in an oven. For the autohydrolysis, distilled water was
used with a solid:liquid ratio of 1:13 (pretreated CPH: distilled water) at
155 °Cand at 1.5 MPa for 12 min in a cell pressurized with nitrogen. The
slurry was then cooled at room temperature and filtered using vacuum
equipment to obtain the hydrated solid product (CAH) that was dried in
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Table 3
Life cycle inventory data result for transformation processes.

Item Amount Unit

Inventory data result of organic cocoa production

Input
Supermagro 14 L/ha
Lime 146.7 kg//ha
Gasoil 44 L/ha
Jute bag 1.1 kg/ha
Water rain 77,500 m>/ha

Output
Dry cocoa beans 117 kg/year.ha
Cocoa pod husk 1214 kg/year.ha
Mucilage 332 kg/year.ha
Local emissions

Inventory data result to produce activated carbon from CPH

Input
Cocoa pod husk 42.8 g
Potassium hydroxide (KOH) 100 % 3.3 g
Hydrochloric acid (HCI) 30 % 4.2 mL
Deionized water 92.8 mL
Nitrogen 18 L
Electricity 6.3 kWh

Output
Activated carbon 1.55 g
Liquid waste 71.5 mL
Local emissions

Inventory data result to produce KOH from CPH

Input
Cocoa pod husk 178 g
Deionized water 51 mL
Ca(OH), 0.54 g
Electricity 3.6 kWh

Output
Potassium hydroxide (85 %) 1.3 g
CaCO3 1.2 g
Solid waste 0.9 g
Local emissions

Inventory data result of CPH transformation to CAT

Input
Cocoa pod husk 71.2 g
Sodium hydroxide (NaOH) 50 % 8 g
Deionized water 398.6 mL
Electricity 3.4 kWh

Output
Cellulose (85 % purity) 3.2 g
Liquid waste 412.5 mL
Local emissions

Inventory data result of CPH transformation to CAH

Input
Cocoa pod husk 71.2 g
Deionized water 130 mL
Electricity 3.2 kWh

Output
Cellulose (63.5 % purity) 6.2 g
Liquid waste 100 mL

Local emissions

an oven at 80 °C (Torres, 2019). The a-cellulose content of obtained
products was determined using the TAPPI T 203 standard.

2.3. Life cycle assessment study

The LCA methodology comprising four phases (ICONTEC, 2007).
The first consists in establish the goal and scope definition, which pro-
vides the outline and guidance for the study; the second step is the in-
ventory analysis where the consumption of resources and generation of
emissions, wastes and energy for the analyzed system are estimated; this
phase identifies the inventory flows and quantifies them, based on
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multiple data sources. In the third phase, the Life Cycle Impacts
Assessment (LCIA) is carried out; LCIA aims to evaluate the magnitude
and significance of the potential environmental impacts associated with
impact categories and category indicators. Finally, in the interpretation
phase the results of the two previous phases are evaluated according to
the defined goal and scope to get the respective conclusions and rec-
ommendations (ICONTEC, 2007).

2.3.1. Goal and scope definition

The aim of this study was to assess the environmental performance of
transformation of CPH obtained from organic cocoa cultivated in Ibagué
(Colombia), to produce potassium hydroxide, activated carbon and
cellulose. This work adopts a cradle-to-gate approach, encompassing the
extraction of the main raw material (CPH) until obtaining the value-
added products. The environmental impacts associated to organic
cocoa production and CPH generation were evaluated and incorporated
into the inventory of the subsequent CPH transformation processes to
produce potassium hydroxide, activated carbon and cellulose. The sce-
nario where the CPH is disposed of in an open field is also assessed. The
systems under consideration exclude distribution, use or consumption,
final disposal, or related transportation. The system boundary and
process flows are shown in Fig. 1.

The functional unit (FU) chosen was 1 kg of CPH (wet weight) to
evaluate the environmental impact of each transformation process to
obtain value-added products (potassium hydroxide, activated carbon
and cellulose). The same functional unit was used to determine the
environmental impact of the CPH disposal in the open field.

Data sources include primary data collected through a field survey of
cocoa farmers carried out between April to October 2022 in the rural
zone of San Bernardo-Ibagué to assess the organic cocoa production.
Additionally, laboratory tests were undertaken to obtain mass and en-
ergy balances and waste generation of transformation process to pro-
duce activated carbon, potassium hydroxide and cellulose from CPH.
Secondary data obtained from Eco-invent 3.8 and Agri-footprint 6
database were gathered for support this research.

The LCA was performed with the SimaPro software version 9.4.0.2,
the Ecoinvent 3.8 and Agri-footprint 6 databases, and the ReCiPe
Midpoint (H) method for impacts assessment (Huijbregts et al., 2017).
This study included 10 Midpoint indicators listed in ReCiPe2016.
Attributional analysis was applied, and the allocation was conducted on
a mass basis.

2.3.2. Life cycle inventory analysis

The inventory analysis includes interrelated inputs, such as raw
materials from the technosphere, resources from the natural environ-
ment, and energy sources; furthermore, outputs such as final products,
co-products, emissions, and waste materials are also considered. Within
the defined system boundary, the life cycle inventory analysis for each
system is constructed utilizing a combination of primary and secondary
data sources, as outlined in the goal and scope definition.

2.3.3. Life cycle impact assessment (LCIA) and Interpretation

To quantify the potential environmental impact of each product, the
ReCiPe Midpoint (H) method was used as the life cycle impact assess-
ment. The hierarchical (H) perspective with midpoint ponderation is
chosen by default, mainly because the values selected (Huijbregts et al.,
2017) by this version are widely accepted in scientific and political
contexts (ecoRaee, 2013). The midpoint impact category defined by the
ReCipe 2016 (Huijbregts et al., 2017), and the evaluated characteriza-
tion factors (CFy,) are listed in Table 1.

In the interpretation, the environmental performance in the pro-
duction of activated carbon, potassium hydroxide and cellulose from
CPH is determined, and the source of the environmental issue for each of
the analyzed transformation processes of CPH is identified; and alter-
natives are proposed for the environmental improvement of the CPH
transformation.
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Fig. 3. Comparative impact assessment (normalized) of value-added products and CPH disposal in open field.

Table 4

Comparative life cycle impact assessment (characterization).
Impact category (CFp,) Unit AC CAT CAH KOH CPH disposal in open field
Normalized total score 0.173 0.058 0.053 0.013 0.011
Global warming potential (GWP) kg CO2 eq 27.6895 9.1329 8.5377 2.0074 1.1577
Human toxicity potential: cancer (HTPc) kg 1,4-DCB 0.8738 0.2862 0.2622 0.0601 0.0034
Terrestrial acidification potential (TAP) kg SO2 eq 0.1071 0.0348 0.0326 0.0075 0.0003
Freshwater eutrophication potential (FEP) kg P eq 0.0060 0.0026 0.0024 0.0008 0.0056
Terrestrial ecotoxicity potential (TETP) kg 1,4-DCB 35.0847 11.3335 10.1925 2.3620 0.1799
Freshwater ecotoxicity potential (FETP) kg 1,4-DCB 0.9202 0.3015 0.2790 0.0652 0.0257
Marine ecotoxicity potential (METP) kg 1,4-DCB 1.1624 0.3813 0.3524 0.0825 0.0352
Mineral resource scarcity (SOP) kg Cu eq 0.0312 0.0102 0.0092 0.0021 0.0002
Fossil resource scarcity (FFP) kg oil eq 5.0596 1.6664 1.5475 0.3629 0.0454
Water consumption (WCP) m> 0.5360 0.1787 0.1628 0.0375 0.0009

3. Results and discussions
3.1. Cocoa pod husk analysis

The analysis of cocoa fruits show that the ratio of CPH generated to
the dry cocoa beans produced is approximately 10:1 (CPH:dried cocoa
beans). The physicochemical characterization of CPH on a dry matter
basis is summarized in Table 2 and compared with reported values.
Furthermore, the TGA analysis is shown in Fig. 2.

The results obtained for most of the parameters fall within the ranges
previously reported by other authors; the differences could be associated
to climate, storage conditions, and location variations. The outcome
reveals the promising potential of CPH obtained from agroforestry farms
of the association “Héroes del cultivo” in the rural zone of San Bernardo-
Ibagué (Colombia) to produce activated carbon, potassium hydroxide
and cellulose.

3.2. Life cycle inventory analysis result

The number and quantity of inputs and outputs related to the raw
materials, resources, energy, products, co-products, and waste for each
system are detailed in Table 3. Lime and Supermagro biofertilizer are the
primary materials for growing organic cocoa. Regarding the outcomes,
the CPH is the main output of this system and the CPH:dry cocoa beans

ratio stands at 10:1. The yield to produce activated carbon, potassium
hydroxide, cellulose unbleached by alkaline treatment and cellulose
unbleached by autohydrolysis, from non-pretreated CPH (wet basis), are
3.6 %, 0.73 %, 4.5 % and 8.7 %, respectively.

3.3. Comparative life cycle impact assessment

Fig. 3 illustrates the overall environmental impacts (normalized) of
value-added products obtained from CPH, as along with the disposal of
CPH in an open field. The normalized total scores of life cycle impact
assessment for each evaluated scenario, ranked in order of the greatest
environmental impact are: 0.173 to produce AC, 0.058 to produce CAT,
0.053 to produce CAH, 0.013 to produce KOH, and 0.011 for the
disposal of CPH in an open field. The results show that for the scenario
where CPH is disposed of in an open field, the highest impact value
corresponds to FEP (78.4 %). This is attributed to the degradation of the
large amount of biomass, resulting in the generation of leachates that
end up in bodies of water, leading to adverse effects including eutro-
phication and ecotoxicity (Gliereca et al., 2006).

For the transformation processes of CPH, the categories with the
most significant impact are HTPc, FETP and METP. In the production of
activated carbon, HTPc accounts for 49.1 %, FETP for 21.1 %, and METP
for 15.5 %. To produce KOH, the contributions are 45.9 % (HTPc), 20.3
% (FETP), and 14.9 % (METP). Similarly, to cellulose production using
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Fig. 5. Sensitivity analysis by transformation processes.

either of the two methodologies, the percentages are 48.1 % (HTPc),
20.9 % (FETP), and 15.3 % (METP). Minor impact is noticeable in the
FEP category, accounting 10.2 % to produce KOH, 7 % to produce cel-
lulose and 5.4 % to produce activated carbon. FFP registers a modest 3 %
of impact, followed by GWP at 2 %, TAP at 1.5 %, TETP at 1.3 % and
WCP at 1.2 % across all transformation processes. Finally, SOP category
has a negligible contribution to the overall environmental assessment.

Table 4 presents the characterization of life cycle impact assessment
for the evaluated processes. The results reveal that among the trans-
formation processes to use CPH, the production of KOH exhibits the
most favorable environmental performance.

3.4. Impact contributions for CPH transformation processes

The impact contribution analysis allows to identify the hotspots of

the environmental assessment for each of the analyzed transformation
processes of CPH and propose alternatives for environmental improve-
ment of the processes. The impact contribution of the CPH trans-
formation processes is shown in Fig. 4a, b, c and d. It is observed that for
all transformation processes the electricity consumption is the most
significant contribution factor across all evaluated CFp,. Electricity ex-
ceeds values of 90 % for most categories, with the exceptions of the FEP
category in each transformation process. The CPH becomes a notable
contributor in FEP category to produce activated carbon (15.8 %), cel-
lulose by alkaline treatment (36.3 %), cellulose by autohydrolysis (37.7
%) and KOH (59.3 %). This contribution can be associated to the nu-
trients and minerals that eventually end up in water bodies during cocoa
production where the CPH is generated.

For all transformation processes, the oven-drying stage of the CPH
pre-treatment stands out as the largest contributor to the overall energy
requirement of each process. Additionally, the other drying stages
throughout the transformation process play an important role in aug-
menting the energy demand. Another significant energy-intensive stage
within transformation processes is the pyrolysis performed at 500 °C for
3 h to produce activated carbon. To produce cellulose through alkaline
treatment, a positive contribution to the environment is observed in the
WCP category. Here, a 2.9 % debit emerges from waste treatment, which
corresponds to the recovery of water during the liquid waste treatment
process. The effect is also observed but to a lesser extent (0.8 % debit) in
the production of cellulose by autohydrolysis because the amount of
recovered water is lower.

The use of reagents does not significantly contribute to any of the
assessed impacts for any of the transformation processes, probably
because a few numbers of reagents are used, they are non-toxic and are
used in small quantities.

3.5. Sensitivity analysis

Given that the energy requirement significantly influences the LCA
result of all evaluated transformation processes, a sensitivity analysis
was conducted to evaluate the effects of a different type of energy
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Table 5
Comparison of yields (dry basis) obtained in this study with reported values.
Product % Yield Reference
AC 21.0 (Cruz, 2012)
30.0 (Adjin-Tetteh et al., 2018)
35.5 (Tsai et al., 2018)
42.3 (Adeleye et al., 2022)
24.9 (This study)
CAT 31.0 (Ordu et al., 2011)
35.0 (Norasikin et al., 2022)
42.3 (Adeleye et al., 2022)
48.5 (Ogunneye et al., 2020)
31.0 (This study)
CAH 63.0 (Torres, 2019)
60.1 (This study)
KOH 1.57 (Ofori, 2017)
591 (Kamalu, 2005)
5.00 (This study)
Table 6
Structural properties of activated carbon.
Property
BET surface area (m?/g)” 467.5
Micropore surface area (m?/g)" 370.7
Total pore volume (cm®/g)° 0.23
Micropore volume (cm®/g)? 0.14
Pore Width (nm)” 1.09

@ BET surface area based on the relative pressure (P/Py) ranging from 0.05 to
0.4.

b Estimated by t-plot method.

¢ Total pore volume obtained at relative pressure of about 0.99.

4 Micropore volume by t-plot method.

source. The baseline (BL) scenario corresponds to the outcomes dis-
cussed in Section 3.2, and it is compared with the alternative (S1) of
using solar energy for the CPH drying in the pre-treatment step instead

of utilizing an oven, which is technically feasible although the process
takes more time. This corresponds to a reduction of 2.1 kWh of elec-
tricity in all inventory analyses for each of the transformation processes.

Fig. 5 shows the reduction in normalized total score of overall
environmental assessment for each transformation process when solar
drying is used in the CPH pretreatment stage. The highest reduction
percentage is obtained in the production of cellulose by autohydrolysis
(62.3 %), followed by the production of cellulose through alkaline
treatment (56.9 %), KOH production (53.8 %) and finally the activated
carbon production (31.8 %). The LCIA using solar drying for CPH pre-
treatment reveals that producing KOH using CPH generates a lesser
impact compared with the conventional practice of disposing this bio-
waste in an open field. This outcome is also a result of calcium carbonate
being obtained as a co-product during the production of potassium hy-
droxide, with the impact allocation percentage distributed between the
two products: 52 % for KOH and 48 % for CaCOs.

Examining the result by impact category it is observed that the same
trends persist across all products assessed under both, the baseline sce-
nario, and the alternative scenario (S1). Fig. 6 shows that the categories
with the most significant impact (normalized score) are HTPc, FETP, and
METP; the FEP category exhibits a notable impact; the FFP, GWP, TAP,
TETP, and WCP categories show a minor impact, and the SOP category
shows a negligible impact. The percentage reduction in impact (solid
line in Fig. 6) for scenario S1 remains consistent on average across all
categories to produce activated carbon. For CAT, CAH, and KOH, it is
identified that the optimization in the use of conventional energy affects
the evaluated categories differently, since the decrease in the FEP
category is considerably smaller compared to the others. Furthermore, it
is observed that the CPH disposal in open field has the highest score
within the same category (FEP), which validates the previous analysis
presented in Section 3.3. This reinforces the finding that CPH plays a
pivotal role in contributing to the FEP impact.

The opportunity to optimize the transformation processes utilized in
this study is identified with the aim of reducing the energy requirements
for each process. Furthermore, it would be beneficial to explore
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alternative technologies for transformation, assessing their viability for
industrial-scale production and considering the integration of renewable
energy sources to determine their potential to improve the environ-
mental performance.

3.6. Characteristics of value-added products obtained from CPH

In relation to the pretreated CPH (which is dried and ground), the
yield significantly increases because the high moisture content present
in the CPH is eliminated during the first drying stage. The yield to
produce AC, CAT, CAH, and KOH from CPH pretreated (dry basis) are
24.9 %, 31.0 %, 60.1 % and 5.0 % respectively. These results are com-
parable with those reported in previous studies under similar process
conditions (see Table 5).

SEM-EDX semiquantitative analysis of obtained activated carbon
indicated that the material contains mainly carbon (89 %), oxygen (7.8
%), Mg (0.7 %), Cl (1.0 %), and K (1.5 %). The high content of carbon is
mainly attributed to the lignocellulosic composition and the efficiency
in the carbonization process, being higher than those obtained in similar
studies: 72.9 % and 60.7 % reported by Cruz (2012) and Tejada et al.
(2017), respectively. The obtained structural properties (see Table 6) are
like those observed in previous studies that utilized KOH as an activator
and CPH as a carbon source. Previously reported BET surface area are
490 mz/g at 800 °C carbonization temperature (Cruz, 2012), and 484
mz/g at 500 °C carbonization temperature (Tsai et al., 2018). The
findings in the Table 6 indicate that the porosity of the activated carbon
is predominantly characterized by micropores, accounting for 79.3 % of
the surface area and 62.6 % of the total volume. The characteristics of
the obtained AC show a great potential as an adsorbent material for
contaminants in aqueous medium. This material is especially effective
for the removal of heavy metals, ink, and certain pharmaceutical active
compounds such as amoxicillin (Eletta et al., 2020).

The unbleached o-cellulose content was determined, resulting in
purities of 85 % and 63.5 % for the product obtained through alkaline
treatment and autohydrolysis, respectively. This is consistent with the
results of a similar study conducted by Torres (2019). The obtained
a-cellulose content implies that CPH has potential as a non-wood fiber
for use in pulp and paper production (Torres, 2019).

The potassium hydroxide content indicates a purity of 84.16 % of
KOH obtained from CPH. The reported purity of commercial KOH by the
provider (MERCK, Reference 221,473, ACS reagent, >85 % pellets) is
stated as being >85 %. These results highlight the effectivity of the used
process for obtaining KOH using CPH as a source of potassium to pro-
duce agricultural chemicals, soaps, detergents, drain cleaners, paint, and
varnish removers, as an electrolyte in alkaline batteries, as a reagent in
the chemical industry (Tessenderlo Chemie NV, 2001).

4. Conclusion

The outcome of this study suggests that the production of KOH ex-
hibits the highest environmental performance to use the CPH, followed
by cellulose obtained through autohydrolysis, cellulose obtained
through alkaline treatment, and finally activated carbon. Across all
transformation processes, it becomes evident that electricity consump-
tion during the transformation process emerging as the primary
contributor to the LCA results for almost all impact categories, and that
the categories with the most significant impact are HTPc, FETP and
METP. Additionally, the CPH itself plays a significant role in the
Freshwater Eutrophication Potential impact (FEP). The sensitivity
analysis shows that optimizing energy usage leads to a significant
reduction in the total environmental impact assessment for each product
obtained from CPH. It also highlights that the production of KOH has the
lowest environmental impact when compared to the conventional
disposal of CPH in open field. The characterization of the products ob-
tained from CPH shows that potassium hydroxide, cellulose and acti-
vated carbon have favorable properties, making them suitable for
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various potential applications.
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