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Abstract

This study presents a novel approach to producing activated carbon from agro-industrial residues, specifically cocoa fruit peel,
using solid-state fermentation (SSF) with Aspergillus niger. The process effectively degrades lignin, a major impediment in
traditional activated carbon production, resulting in a high-quality carbon material. This carbon was successfully utilized for
enzyme immobilization and aroma synthesis, showcasing its potential as a versatile biocatalyst. The study meticulously evalu-
ated the physical and chemical attributes of activated carbon derived from fermented cocoa peel, alongside the immobilized
enzymes. Employing a suite of analytical techniques—electrophoresis, FTIR, XRD, and TG/DTG the research revealed that
fermentation yields a porous material with an expansive surface area of 1107.87 m?/g. This material proves to be an excel-
lent medium for lipase immobilization. The biocatalyst fashioned from the fermented biomass exhibited a notable increase
in protein content (13% w/w), hydrolytic activity (15% w/w), and specific activity (29% w/w), underscoring the efficacy of
the fermentation process. The significant outcome of this research is the development of a sustainable method for activated
carbon production that not only overcomes the limitations posed by lignin but also enhances enzyme immobilization for
industrial applications. The study’s findings have important implications for the agro-industrial sector, promoting a circular
economy and advancing sustainable biotechnological processes.
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CFC Cocoa husk without SSF

DRX X-ray diphatrometry

DTG Derived from thermogravimetric analysis

HA Hydrolytic activity

P Immobilized protein

PPL Porcine pancreas lipase

SA Specific activity

SACC Supernatant after immobilization on cocoa
husk activated carbon

SCAAn  Supernatant after immobilization Activated
carbon from cocoa husks after SSF with Asper-
gillus niger

SSF Solid state fermentation

TG Thermogravimetric analysis

Introduction

The accumulation of agricultural waste poses significant
environmental, social, and economic challenges globally,
with Brazil being no exception. Effective management strate-
gies for waste disposal remain underdeveloped (Veloso et al.
2020). In 2020, it was estimated that worldwide agricultural
waste reached 375 million tons. As the world’s third-largest
agricultural producer, Brazil contributed approximately 263
million tons to this total (FAO 2020). Specifically, the cocoa
industry, integral to chocolate production, alone produces
an estimated 1.2 million tons of husks each year (Lu et al.
2018). Despite the vast potential for these by-products, their
utilization remains largely unexplored and underutilized.

Given Brazil’s position as the world’s sixth-largest cocoa
producer, extensive research has been conducted to explore
the potential uses of cocoa residue. These studies focus
on the residue’s economic and environmental advantages
(Lizardi-Jiménez and Hernandez-Martinez 2017; Selo et al.
2021).

Solid-state fermentation (SSF) with Penicillium roque-
forti ATCC 10110 has been instrumental in producing
various crude enzymes, including lipases, f-glucosidase,
endoglucanases, exoglucanase, xylanase, and proteases,
as evidenced by numerous studies (Araujo et al. 2022; de
Menezes et al. 2022a, b; Menezes et al. 2021; Silva et al.
2017; Soares et al. 2022; Neves et al. 2022; Oliveira et al.
2018; Nunes et al. 2020; Santos 2011; Ferraz et al. 2019;
Souza et al. 2018; Nogueira et al. 2022). Similarly, Asper-
gillus oryzae ATCC 10124 and Thermomyces lanuginosus
have been used for xylanase production, while Aspergillus
oryzae has been noted for endoglucanase and xylanase
production (de Carvalho et al. 2023; Reis et al. 2020).
However, it’s important to recognize that SSF also gener-
ates new residues. Addressing this, research into the valor-
ization of these fermented biomasses has highlighted their
potential in activated carbon production, thus reintegrating
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what would otherwise be waste back into the economic
cycle. This aligns with the circular bioeconomy’s goal of
efficient natural resource management, maintaining the
utility and value of products, components, and materials
within a sustainable economic framework (Voukkali et al.
2023).

Aspergillus niger was selected for this study due to its
well-documented efficacy in solid-state fermentation (SSF),
which offers advantages such as simplicity, lower production
costs, high enzyme yields, and low wastewater output. Its
ability to degrade lignin effectively makes it an ideal candi-
date for producing high-quality activated carbon from cocoa
fruit peel, a process that is further enhanced by the fungus’s
robust enzymatic activity. This choice aligns with the study’s
goal of developing a sustainable and economically viable
method for activated carbon production, contributing to the
circular economy and advancing biotechnological processes
(Santos et al. 2011, 2016; Gongalves et al. 2024).

Contemporary literature documents the utilization of
activated carbon (AC) for enzyme immobilization, employ-
ing agro-industrial residues like cocoa husk and siriguela
seed (Pereira et al. 2014), caja core (Brito et al. 2017), and
rice husk (Gama et al. 2019). Notably absent, however, is
the application of residual fermented biomass from Solid-
State Fermentation (SSF) in such processes. Recent findings
by Lessa et al. (2023) indicate that SSF, particularly when
induced by filamentous fungi, engenders structural altera-
tions in cocoa husk fibers. These alterations diminish amor-
phous constituents such as lignin, enhancing the activated
carbon’s textural properties, surface area, and porosity (San-
tos et al. 2020). Such modifications are poised to beneficially
modulate the kinetic parameters of immobilized enzymes,
thereby augmenting biocatalyst stability and facilitating
efficient industrial deployment (Costa-Silva et al. 2022).
Ruiz et al. (2021) underscore the pivotal role of stability in
the commercial viability of biocatalysts, including lipases,
throughout their operational and storage phases.

The immobilization process is instrumental in optimiz-
ing lipase catalysis, leveraging a surface activation mecha-
nism that repositions a hydrophobic polypeptide chain, thus
exposing the active site to hydrophobic substrates (Barbosa
et al. 2013). This mechanism significantly enhances enzy-
matic activity, selectivity, specificity, and stability, while
mitigating inhibition by reaction products (Arana-Pefia et al.
2022). The success of this strategy, yielding immobilized
derivatives with heightened enzymatic activity and superior
properties, is contingent upon the enzyme type, immobili-
zation technique, and choice of support (Costa-Silva et al.
2022). Given the environmental and safety considerations,
coupled with the prohibitive costs of conventional immobili-
zation supports (Menezes et al. 2022a, b), exploiting residual
fermented biomass as a precursor for activated carbon and
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as a prospective enzyme immobilization matrix is highly
advantageous.

The immobilized biocatalyst’s utility in ester synthesis
is particularly relevant, considering the substantial demand
within the food, cosmetic, and pharmaceutical sectors. The
flavoring industry, valued at 29 billion dollars in 2021, is
anticipated to witness a 30% expansion by 2026 (Markets
and Markets 2022). This growth trajectory is reflected in the
widespread flavoring of diverse consumables, ranging from
syrups and soft drinks (Liang et al. 2021) to baked goods
like bread, cakes, and cookies (Khanna et al. 2021).

These compounds can be synthesized chemically or
extracted from natural products. However, at an industrial
scale, both methods have disadvantages, such as low yield
and high costs (S4 et al. 2017; Mendes 2019). Conversely,
producing aromas through an enzymatic route is a promising
alternative, offering not only low costs and high productiv-
ity but also mild production conditions without the need for
potentially toxic catalysts (Costa-Silva et al. 2022).

This study aims to harness the potential of fermented
cocoa husk biomass via solid-state fermentation by Asper-
gillus niger for the innovative production of activated car-
bon. It further investigates the carbon’s effectiveness as a
support for enzyme immobilization in synthesizing the ester
hexyl butyrate, which is pivotal for apple peel and citrus
aromas. This research could significantly contribute to sus-
tainable waste management practices and the advancement
of green chemistry in flavor and fragrance industries.

Materials and methods
Materials, microorganism and inoculum

Porcine pancreatic lipase type II (PPL) and bovine serum
albumin (BSA) were purchased from Sigma Aldrich Chemi-
cal Co. (St. Louis, MO, EUA). Low-acidity olive oil from
Cordoba, Spain, was purchased at a local store in Itabuna,
Bahia, Brazil. Butyric acid and hexanol were purchased from
Synth® (Sao Paulo/SP, Brazil). All Other reagentes were
obtained by Vetec Quimica (Sao Paulo/SP, Brazil). The shell
of coca fruit (Theobroma cacao) was provided by CEPLAC
(Executive Committee for Planning the Cocoa Farm located
in Itabuna/BA, Brazil). The fungus Aspergillus niger ATCC
1004 was provided by Fundagdao Oswaldo (FIOCRUZ, Rio
de Janeiro/RJ, Brazil) and duly deposited at the National
Institute for Health Quality Control (INCQS, Rio de Janeiro/
RJ, Brazil). The fungus was preserved in silica and glyc-
erol and stored at — 80 °C in the ultrafreezer (UBXT-L-96,
Tectalmagq, Piracicaba/SP, Brasil). Spore collections were
cultured with Tween 80 solution. Spore counts were per-
formed with a double-mirrored Neubauer Chamber and a

binocular microscope (BIOVAL L1000, Sao Paulo, Brazil)
(Souza et al. 2018).

Preparation of fermented biomass

To ferment the biomass, 125 mL Erlenmeyer flasks containing
10 g of cocoa (Theobroma cacao) fruit peel were sterilized in
an autoclave (CS30, Prismatec—Sao Paulo, Brazil) at 121 °C,
1 atm pressure, for 15 min. Once cooled, the substrate was
inoculated with 107 spores per gram, and sterile distilled water
was added to achieve 60% moisture, as measured by Aqualab
(Shimadzu; Barueri, Sdo Paulo, Brazil). The flasks were then
incubated at 30 °C for three days in a temperature-controlled
bacteriological incubator (SL 222, Solab, Piracicaba, Brazil),
according to dos Santos et al. (2016).

Production activated carbon

To evaluate the influence of fermentation on activated car-
bon characteristics, two samples were prepared: one with fer-
mented biomass and another as a control without fermenta-
tion, following the methodology proposed by Gongalves et al.
(2024). Both samples were treated with an activating agent,
phosphoric acid, at a ratio of 2.5:1 g/g for 48 h at 105 °C in an
oven (TE 393/1, Tecnal, Sao Paulo, Brazil). Subsequently, they
were carbonized at 500 °C under a nitrogen flow of 50 mL/min
for 1 h in a muffle furnace (3—550, Vulcan, Sao Paulo, Brazil).
The resulting activated carbons, designated as activated cocoa
peel (ACC) and activated cocoa peel with Aspergillus niger
(ACCAn), were then washed with deionized water at 60 °C
until the pH reached 7.0, signaling the end of the washing
process. Finally, the ACC and ACCAn were dried at 105 °C
for 24 h in forced air circulation ovens (TE 393/1; Tecnal, Sdo
Paulo, Brazil), sieved through a 420 pm mesh, and stored in
airtight containers.

Zero charge point

The zero-charge point pH (pHpcz) is defined as the pH at
which the carbon surface is neutral. The methodology used
is called the “11 points experiment” (Regalbuto and Robles
2004). The procedure consisted of adding 50 mg of ACC and
ACCAn samples to 50 mL of 0.10 mol/L sodium chloride
solution with pH’s variation (1-11) while maintaining con-
stant agitation at 20 rpm (713D, Fisatom, Sdo Paulo, Brazil)
at 25 °C for 24 h. At the end of 24 h, the pH was measured
(PHS3BW, Bel Engineering, Piracicaba, SP, Brazil) and
the pHPCZ corresponded to the range where the final pH
remained constant regardless of initial pH.
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Immobilization of porcine pancreas lipase enzyme
(PPL) on activated carbons

Porcine pancreas lipase (PPL) lipase immobilization

The immobilization procedure followed the method
described by Santos et al. (2021). The activated carbon
samples (1 g) were submerged in 25 mL of 95% ethanol
in beakers for 24 h at room temperature. Subsequently, the
activated carbons were washed with distilled water and
filtered under vacuum (Prismatec, Itu, SP, Brazil). The wet
supports (activated carbon) were added to 19 mL of the
enzyme solution prepared with 5 mM sodium phosphate
buffer and pH 7, containing enzyme load of 40 mg/g of
support and homogenized at 200 rpm (Q816M20, Quimis,
Diadema, SP, Brazil) at 25 °C for 12 h (Santos et al. 2021).
The biocatalysts immobilized with the PPL were filtered
under vacuum (Prismatec, Itu, SP, Brazil) and stored at
4 °C for 24 h before application.

Determination of hydrolytic activity by titrimetric method

The hydrolytic activity was determined according to the
titrimetric method (Santos et al. 2021). The substrate was
prepared by emulsifying 15 g of low acidity Carbonell
olive oil and 45 g of gum Arabic solution (3% w/v). Sub-
strate (5 mL), sodium phosphate buffer solution (5 mL)
were added to a concentration of 100 mM and pH 7 in
Erlenmeyer flask (125 mL). Subsequently, 0.1 mL of
the enzyme solution or the supernatant (resulting from
the immobilization process) were added. The hydrolysis
reaction was carried out at 37 °C, 240 rpm for 5 min in
an Orbital Shaker Shaker (Q816M20, Quimis, Diadema,
Brazil). After this period, the reaction was stopped with
the addition of 10 mL of a 95% ethanol solution. The
concentration of free fatty acids released was quantified
by titration with a 30 mM NaOH solution. One unit of
lipase activity (IU) was defined as the amount of lipase
required to release 1 pmol of fatty acid per minute under
the conditions of the assay. All samples were performed
in triplicate.

Calculations of immobilization parameters

Protein was determined according to the method of Brad-
ford (1976), using bovine serum albumin (BSA) as the
standard protein. Immobilized protein loading (PI) was
calculated as follows Eq. (1):

V(C,_C
P1<@> _ VG )
g m
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where: PI: immobilized protein; V: solution volume; C,:
initial protein concentration (from the enzyme solution);
Cy: final protein concentration (from the supernatant, after
immobilization) and m: mass of the immobilized support.

The hydrolytic activity was measured through the equa-
tion below Eq. (2):

(U _ (VaVs) * Mison #1000 o
8 B txm

where: V, =volume of NaOH in the titrated sample; V; = vol-
ume of NaOH of the titrated blank; M y,on,= = molarity
of the standardized NaOH solution; t=reaction time; m
(enzyme) =amount of the aliquot of the enzyme solution
that was used.

To measure the immobilization yield Eq. (3) and the spe-
cific activity the equations below were applied (Eq. 4):

(A,_A;) * 100

RI(%) = Y 3)
where: A: initial activity, A final activity
AH
AE(U = —
(U/mg) = = )

where: A: activity specifies; DA: hydrolytic activity and PI:
immobilized protein.

Gel electrophoresis analysis

At the end of the immobilization procedure, 20 pL of the
supernatant were removed, later added to 5 pL of buffer
(glycerol 10% m/v, B-mercaptoethanol 5% m/v, SDS 2.3%
m/v, Tris—HCl pH 6.8 0.0625 M), then denatured in a proto-
mic thermocycler for seven minutes and applied to the gel.
SDS polyacrylamide gel (12.5% w/v) (Laemmli 1970) was
prepared and subjected to a current of 30 mA, with constant
voltage for 4 h, in a GE Healthcare mini-gel system (Amer-
sham Pharmacia Biotech, UK). We applied the gel accord-
ing to (Santos et al. 2021) then the gels were immersed in
Coomassie Brilliant Blue and later scanned in a Visioneer
One touch scanner (Onetouch 8700, Visioneer, Burlington,
USA).

Characterization of the solids used
Porosity measurement and specific surface area

The adsorption and desorption isotherms of activated car-
bons were obtained in Micromeritcs model ASAP 2420
equipment, using 0.20 g of sample. The samples were sub-
mitted to a pre-treatment step, which consisted of heating
at 120 °C. Then the samples were heated to 200 °C, with a
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heating rate of 10 °C min~!, remaining for 300 min. Subse-

quently, nitrogen adsorption and desorption isotherms were
obtained at 77 K. The specific surface area was determined
by the BET equation (Brunauer et al. 1938). The pore dis-
tribution was obtained from the desorption isotherm using
the BJH method (Barrett et al. 1951), while the micropore
volume was determined by t-plot analysis from the adsorp-
tion isotherm (Lippens 1964).

Fourier transform infrared spectroscopy (FTIR)

The functional groups of the free enzyme, activated carbon
and biocatalyst, were analyzed by attenuated total reflectance
(ATR) in the infrared region of 4000-500 cm™' on a Cary
630 FTIR Mid-Infrared Spectrophotometer (Agilent Tech-
nologies Inc, Santa Clara, CA, USA).

X-ray diffractometry (DRX)

Crystallinity was evaluated by X-ray diffraction (XRD) in
an XRD-6000 equipment (Shimadzu, Barueri, SP, Brazil)
with Cu radiation. Ka=0.1518 nm (40 kV, 30 mA), with
an angle ranging from 20=2°-50°, with a step of 0.05° and
an integration time of 2 s. In the powder form, the samples
were properly arranged in the sample holder and taken to the
radiation chamber (French 2014).

Thermogravimetric analysis (TG/DTG)

Analysis was performed using the DTG-60 series equipment
(Shimadzu, Barueri, Brazil). The samples were heated in
the range from 30 to 1000 °C, in an inert atmosphere, with
a heating rate of 10 °C under a nitrogen flow of 30 mL/min.

Application of biocatalysts in the production
of aromas from aroma compounds and stability
tests of biocatalysts

The synthesis of the apple-citrus aroma ester was carried
out in closed Duran flasks with butyric acid and hexanol
(1:1 molar ratio) in heptane. The reactions were carried out
with the biocatalysts (ACCI and ACCAnl) in the concentra-
tion (10% w/v) and reaction medium (butylic acid:hexanol
in heptane) under stirring at 200 rpm and 40 °C for 30 h
(Q816M20, Quimis, Diadem, Brazil). Reaction progress
was determined by removing 200 pL over time to quantify
residual butyric acid concentration by titration. Conversion
was determined according to Eq. (5) (Alves et al. 2017).

A(iniz‘ial)—A (final) %
AH (initial)

Conversion % = 100 5)

where: A ;. and Ag ., are the initial and final fatty acid
concentration in the reaction medium (mM).

The operational stability of the biocatalysts was verified
by means of hydrolytic reactions in consecutive batches
using the same immobilized biocatalyst. 7 cycles were per-
formed and at the end of each one, the biocatalysts were
removed from the reaction medium and washed with cold
hexane and reused in the next reaction cycle (Alves et al.
2017; Bassi et al. 2016).

Statistical analysis

All analysis were performed in triplicate and the results pre-
sented as mean =+ standard deviation. Analysis of variance
(ANOVA) and Tukey’s multiple comparisons, at a 5% sig-
nificance level, were performed using the Statistical Analysis
System (SAS) version 8.0 and Origin Pro 8.0.

Results and discussion

Preparation of activated carbons and zero charge
point (pHpcz)

The determination of the zero-charge point (pHpcz) is
carried out to delimit the pH ranges in which the surface
charges can vary, either positively or negatively. When solu-
tions have pH below the zero-charge point, this indicates
that the surface of the coals undergoes protonation, favoring
the adsorption of negatively charged proteins. On the other
hand, in solutions with pH above the zero-charge point, the
adsorption pattern is reversed, as pointed out by Brito et al.
(2017).

For this reason, the determination of the pH of zero
charge point is a high-relevance parameter to optimize the
adsorption efficiency. This occurs due to its influence on the
distribution of functional groups in the active sites present
on the coal surface, as highlighted by Pereira et al. (2014).
Remarkably, the pHpcz values identified in both samples
(Fig. 1) were close, remaining around 4.5 and 4.7. This
consistency reinforces the formation of acid groups on the
activated carbon surface, as suggested by Brito et al. (2017).

Brito et al. (2017), reported zero charge point of activated
carbon from caja core of approximately 5.2 and 5.7, in the
samples analyzed. In this work, the activated carbon pro-
duced presented higher acidity and thus presented superior
surface properties for the adsorption of lipase (Santos et al.
2019). This process can be explained due to the electrostatic
attraction between the charge of the coal surface and the
anionic group of the lipase (Yao et al. 2016). Therefore, the
fermentative process did not interfere with the acidic char-
acteristics of the activated carbon.
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Fig. 1 Determination of pHpcz of activated carbons with phosphoric
acid (pH;, initial value; pHy, final value)

Immobilization of the lipase enzyme (PPL)
on activated carbons

Determination of hydrolytic activity

Solid state fermentation helped in the adsorptive proper-
ties of activated carbon (ACCAn). The immobilization
parameters were higher, highlighting the 25% increase in
the immobilized protein content, in addition to this result,
we observed an improvement in other parameters such as
Hydrolytic Activity (HA), Yield from immobilization of
hydrolytic activity (YIHA) and specific activity (AS) by
11%, 15% and 42%, respectively.

In this study, an enzymatic concentration of 40 mg/g was
used, and a hydrolytic activity of 83 U/g was observed for
the activated carbon produced from fermented biomass.
Conversely, Brito et al. (2017) assessed the enzymatic
immobilization on activated carbon with an enzymatic con-
centration a 100-fold higher (4000 mg/L), noting a peak
hydrolytic activity of 278.4 U/g. These results confirm the
high affinity of the support produced by the biomass fer-
mented by the lipase enzyme. Therefore, using solid-state
fermentation on lignocellulosic residues before the produc-
tion of activated carbon is a pre-treatment that improves the
adsorptive characteristics of the supports and, consequently,
the efficiency of the biocatalyst (Gongalves et al. 2024).

Gel electrophoresis analysis
Electrophoresis analyses were performed on samples of free
enzyme, LPP, and supernatants, SACC and SCAAn. The

results obtained are presented in Fig. 2.
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Fig.2 SDS-PAGE electrophoresis profile of porcine pancreas lipase
enzymatic solution (LPP) and Supernatant after immobilization on
cocoa husk activated carbon-SACC end Supernatant after immobili-
zation Activated carbon from cocoa shell after SSF with Aspergillus
niger-SCAAn

In well (a), Fig. 2, it is possible to verify an intense
band in the region that can be attributed to the enzyme
LPP, since according to Bassi et al. (2016) it is charac-
terized by the molecular weight of 52 kDa. On the other
hand, the electrophoresis analyses after the immobilization
process, show that there was a reduction of this band in
the supernatant samples, wells (b) and (c), which indicates
that the enzyme did not desorb from the supports (Neto
2023). It is noteworthy, however, that this reduction in the
characteristic band of LPP was more intense in the super-
natant of the SCAAn sample. This result suggests that the
lipase enzyme was immobilized with greater efficiency
on the activated carbon produced after the fermentation
process. The data of hydrolytic activity and immobiliza-
tion yield, Table 1, corroborate the results mentioned,
demonstrating that the use of fermented biomass as raw
material for the production of activated carbon increases
the enzyme adsorption capacity.
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Table 1 Immobilization parameters of Porcine Pancreas Lipase
(LPP) on different supports: ACC—Activated cocoa husk charcoal,
ACCAn—Activated cocoa husk charcoal after SSF with A. niger
ATCC 1004

Supports IP (mg/g) HA (U/g % YIHA ,,  SA (U/mg)

sup)

ACC
ACCAn

19.63+£5.78° 75.22+18.13° 83.33+£3.97° 2.50+0.27°
24.64+0.62" 83.32+13.59*° 95.83+1.56" 3.54+0.45"

IP immobilized protein, Y/HA yield of immobilization of hydrolytic
activity, HA hydrolytic activity observed on support, SA specific
activity in support

The means followed by the same letter in each column do not differ
statistically from each other by the Tukey test (p <0.05). Mean val-
ues + standard deviation

Characterization of the utilized solids
Porosity measurement and specific surface area

The nitrogen adsorption/desorption isotherms of activated
carbons are shown in Fig. 3. According to the shape, and in
accordance with the IUPAC classification (1982), the iso-
therms can be classified as type [V isotherms, characteristic
of mesoporous materials. This type of isotherm indicates
the phenomenon of capillary condensation, characteristic of
materials in which the formation of a monolayer on the sur-
faces is followed by a multilayer adsorption until the point of
inflection and saturation of the isotherm (Brito et al. 2020a;
b).

The first slope, which occurs at low p/p0 values, corre-
sponds to monolayer coverage, while the second slope shows
adsorption and capillary condensation. These results sug-
gest that hysteresis cycle isotherms are wider at high relative

700 -
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O— ACC o ACC [
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o ,';1
7 Ay
7,500 - '_ln f
g v
3 r./ o
0 7
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Relative pressure P/Po

pressures and correspond to a mixed structure of the mate-
rial, consisting of micropores and mesopores, as evaluated in
activated carbon by Kumar and Jena (2016). In an adsorption
process, it is desirable that the adsorbent has a good interac-
tion between mesopores and micropores, as the mesopores
can allow rapid diffusion of molecules within the coals and
access to the micropores, where the adsorption occurs to a
large extent (Santos et al. 2020).

The carbon produced from the fermented biomass,
ACCAn, adsorbed approximately 15% more N, than the
ACC sample (Fig. 3a). This result demonstrates that the
fermentation favored the formation of bulky pores and
consequently high surface area (Brito et al. 2020a; b).
Table 2 confirms and presents in detail the textural and
physical characteristics of the synthesized adsorbents. It
is observed that the activated carbons ACC and ACCAn
exhibited a high surface area (1084.69 m*/g and 1107.87
m?/g, respectively, due to the origin of the raw material
and the activation mechanism with phosphoric acid. It is
worth noting that the fermentation process increased the
surface area and the pore volume by 10%. During fermen-
tation, microorganisms promote the degradation of lignin,
which improves the carbonization process, reducing the

Table 2 Textural properties of the ACC—Activated cocoa husk char-
coal, ACCAn—Activated cocoa husk charcoal after SSF with A.
niger ATCC 1004

Supports Surface area (m%g) Pore diameter  Pore
(nm) volume
(cm¥/g)
ACC 1084.69 3.62 0.477
ACCAn 1107.87 3.63 0.525
550 - :
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Fig.3 Nitrogen adsorption isotherms of activated carbon ACC—Activated cocoa husk charcoal, ACCAn—activated cocoa husk charcoal after

SSF with A. niger ATCC 1004
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lignin content which hinders the thermal degradation pro-
cess (Santos et al. 2020).

The results of this study demonstrated significant
superiority compared to previous studies conducted by
Samanta et al. (2020) and Leodn et al. (2022) regarding
the surface area of the analyzed material. Samanta et al.
(2020) achieved a surface area of 962 m?/g, employing
phosphoric acid as the activating agent, while Le6n et al.
(2022) obtained 969 m?/g using cocoa shell as the precur-
sor materia.

However, there was no significant difference in the pore
diameter. The explanation for the increase in surface area
and pore volume regardless of the diameter may be related
to the increase in their depth. The direct effect of depth is
observed in the increase of the immobilization parameters
presented in Table 1 when using the biocatalyst obtained
after the fermentation process (Gongalves et al. 2024).

Fourier transform infrared spectroscopy (FTIR-ATR)

The FTIR-ATR spectra of cocoa husk samples (Fig. 4a),
activated carbons (Fig. 4b) and immobilized biocatalysts
(Fig. 4b) showed chemical changes on the surface of the
matrices after residue activation and enzymatic immobiliza-
tion.In samples A (Fig. 4a) absorption peaks were identified.
The most intense band that appears at 3293 cm™! can be
attributed to a stretching of the hydroxyl functional groups
(—-OH), belonging to the cellulose structure (Brito et al.
2017). Characteristic groups of lignocellulosic materials are
evidenced by bands in the region of 2923 and 2310 cm™!
resulting from the axial deformation of bonds (C—H) char-
acteristic of the compounds cellulose, lignin and hemicel-
lulose. The degradation of these compounds can be observed
as a function of the reduction in the intensity of these bands
(Fig. 4a), as proposed by Pereira et al. (2014). The band in
the region of 1603 cm™! is representative of typical stretches
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of aromatic compounds (C—C). In addition to these, it is
also worth mentioning the band in the region of 1023 cm™!
attributed to stretching of glycosidic bonds (C—O-C) present
in cellulose and hemicellulose (Moretti et al. 2014; Santos
et al. 2020).

The samples CFC and CCAn (Fig. 4a) and ACC and
ACCAn (Fig. 4b) showed spectra that indicate changes in
functional groups in the region 2923 and 2310 (C-H) and
1603 cm™! (C—C) present in the residues before carboniza-
tion, when compared with the activated carbons obtained.
After the activation process, there was a reduction of sev-
eral functional groups, among them those that are related
to the C-H and C-C groups, due to the decomposition of
the organic matter present in the residues (Kan et al. 2017).

The samples ACCI and ACCAn (Fig. 5c.) in the regions
between 3000 and 2500 cm~! showed changes that corre-
spond to the overlap of carbon stretching with stretching

of lipase NH groups. The pronounced bands at 1100 cm™!,
which are attributed to the vibrations of the CN bonds char-
acteristic of the amino groups present in lipase, were iden-
tified by Almeida et al. (2017) and also observed by Brito
et al. (2020a; b) in their study of lipase immobilized on acti-
vated carbon produced from the sheath of the peach palm.

X-ray diffractometry (DRX)

The crystallinity of the samples used was determined using
the X-Ray Diffractometry (XRD) technique, as shown in
Fig. 5. The diffractograms corresponding to the CFC and
CCAn samples (Fig. 5a) showed that the materials have a
predominantly amorphous characteristic, with two typical
peaks of an amorphous halo situated between the angles
15°<20>22°, making it possible to infer that intermolecu-
lar interferences occur due to the degree of packaging of
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Fig.5 XRD diffractogram: CFC—Cocoa husk residue without SSF,
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activated charcoal from cocoa husks after SSF with A. niger ATCC
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molecules in the amorphous phase (Guilhen et al. 2019). In
the literature, it is recognized that XRD patterns of biomass
are characterized by intense amorphous halo with maximum
values between 20 =20° and 23°, mainly indicating the pres-
ence of cellulose and minimum values between 20 =13°
and 17°, related to the occurrence of lignin. The observed
smoothness in the diffractograms of the fermented biomass
may be associated with the material’s degradation during
the solid-state fermentation (SSF) process, as suggested by
Vassilev et al. (2013).

The supports (carbons) and biocatalysts evaluated were
shown to be similar by X-ray diffraction analysis (Fig. 5b
and c¢). Amorphous activated carbon is commonly com-
posed of small crystalline regions resulting from its graphitic
structure. In addition, amorphous halos that stand out in the
diffractogram, located in the regions of 26 =20° and 40°,

correspond to carbon, resulting from the activated carbon
production phase (McEvoy and Zhang 2014).

However, it is worth emphasizing that materials produced
from lignocellulosic residues, which present a higher con-
centration of cellulose and lignin in their composition, tend
to result in amorphous materials (Santos et al. 2020), as
verified in this study using the husk of the cocoa fruit.

Thermogravimetric analysis (TG/DTG)

To evaluate the changes in thermal stability that occurred
during the carbonization process of the raw material impreg-
nated with phosphoric acid, thermal analyzes were carried
out using thermogravimetry (Fig. 6).

In region I of Fig. 6a, we observed a mass loss of approxi-
mately 10%, 20% and 25% for the CFC, ACCI and ACC
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samples, respectively. According to Pereira et al. (2014), this
variation can be attributed to the evaporation of water. Acti-
vated carbon immobilized with the enzyme (ACCI) suffered
a lower mass loss when compared to ACC, the interaction
between water molecules and the enzyme through hydrogen
bonds may explain this effect.

In region II (100-350 °C), of the same figure, we
observed a marked loss of mass for CFC, a fact that can be
attributed to the decomposition of organic matter and the
release of volatile compounds (Brito et al. 2020a; b). How-
ever, it was observed that after the immobilization of the
enzyme (ACCI) the mass loss occurred constantly, ranging
from 85 to 70%, that is, having a mass loss of 15%, while
the ACC showed no loss of mass in that region. From these
data, it can be inferred that enzyme degradation occurred
in this region.

In region III, there was a loss of mass related to the
decomposition of lignin in the CFC (33%). However, we
observed a mass loss of approximately 65% in both activated
carbon samples (ACC and ACCI) independent of enzymatic
immobilization. In region 1V, in the CFC there was a con-
tinuous reduction that can be attributed to a prolongation of
lignin degradation (Jain et al. 2016) and no loss of mass was
observed in the other samples.

In the study conducted by Brito et al. (2020a; b) on acti-
vated carbon produced from peach palm sheath, thermal
events similar to those studied in this work were observed.
This allows us to infer that activated carbons produced
from lignocellulosic biomass residues exhibit similar ther-
mal behaviors, differing only in the amount of mass loss
observed in the activated carbon produced from fermented
biomass.

In the DTG (Fig. 6b), we observed the presence of endo-
thermic peaks in regions I, II and III. Corroborating the
events discussed in Fig. 6a.

In region I and II (Fig. 6¢), we observed events similar
to those discussed in the same region of Fig. 6a. However,
in region III of Fig. 6¢c, we observed a difference in mass
loss between ACCAn and ACCAnl. In the ACCAn coal the
mass loss was 60%, while in the ACCAnl sample the loss
was 45%. We propose that this difference is attributed to the
location of enzyme immobilization. Probably the enzyme
was immobilized inside the pores when compared to ACCAI
(Fig. 6a), the solid-state fermentation process increases the
surface area and the pore volume, as we observed in the BET
analysis. Consequently, it is necessary to raise the tempera-
ture for the degradation of compounds inside the pores.

In region IV, ACCAnI, we observed a continuous loss of
mass (15%), we can infer that there is a continuous degrada-
tion of organic compounds. The other samples do not show
mass loss in this region.

In Fig. 5d, we observe the appearance of endothermic
peaks of greater intensity in region I, II, III. These results

confirm the results discussed earlier in Fig. 6¢. In region
IV, the endothermic peak is only apparent for the ACCAnI
samples, corroborating the results in Fig. 6¢.

Application of biocatalysts in aroma production

The biocatalyst was used in the production of hexyl butyrate
and the results can be seen in Fig. 7. The biocatalyst pro-
duced after fermentation (ACCAnI) showed a maximum
conversion of 40% in just 8 min of reaction, while the ACCI
had a maximum conversion of 32% after 15 min. It is note-
worthy that in addition to needing twice as much time, pro-
duction was 25% lower compared to the ester synthesized
with the biocatalyst produced from fermented biomass.
These results demonstrate that the solid-state fermentation
process favored the production of aromas.

Santos et al. (2021) synthesized the hexyl butyrate ester
using the Diaion HP 20 support immobilized with the lipase
enzyme from Mucor javanicus, Candida sp. and Candida
rugosa, however the production of aromas only started
after 20 min of reaction. Brito et al. (2020a; b) produced the
aroma of isoamyl acetate using activated carbon from peach
palm sheaths and malt bagasse with the enzyme PPL, how-
ever only after 1 h the conversion was initiated. Gongalves
et al. (2021), evaluated the synthesis of butyl butyrate using
the enzyme PPL immobilized on activated carbon from
tamarind seeds and observed the reaction only after 4 h of
reaction.

Therefore, we can highlight that the use of fermented bio-
mass as raw material for the production of activated carbon
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Fig.7 Esterification yield (%) as a function of time for lipase cata-
lyzed synthesis of hexyl butyrate from pig pancreas immobilized on
charcoals ACCIl—activated charcoal from cocoa husk with immobi-
lized PPL, ACCAnl—activated charcoal from cocoa husks after SSF
with A. niger ATCC 1004 with immobilized PPL. Values are repre-
sented as mean =+ standard deviation
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Fig.8 Biocatalyst reuse tests ACCI—activated charcoal from cocoa
husk with immobilized PPL, ACCAnl—activated charcoal from
cocoa husks after SSF with A. niger ATCC 1004 with immobilized
PPL in successive reaction cycles

is efficient in the application of aroma compounds produc-
tion, as it presented a production time 2.5 times faster than
that reported by Santos et al. (2021); 7.5 times faster than
the results of Brito et al. (2020a); 30 times faster than those
of Gongalves et al. (2021) and 11 times faster than Todero
et al. (2015).

Stability tests of biocatalysts

The operational stability of the biocatalyst was evaluated
during seven reuse cycles, and the residual esterification
yield was quantified as a function of the number of reuse
cycles (Fig. 8).

The ACCAnI biocatalyst, regardless of the cycle, showed
the highest amount of hexyl butyrate ester produced. In the
first cycle the ACCAnI biocatalyst had a stability of approxi-
mately 25% above the ACCI, between the second and sixth
cycle the ACCAnI presented a yield of 10% above the
ACCT and in the seventh cycle the yield of the ACCAnI was
approximately 50% higher when compared with the ACCI.

Toledo et al. (2015), synthesized isoamyl butyrate
(banana flavor) using mesoporous polymethacrylate particles
as a biocatalyst and obtained a yield of approximately 35%
after the seventh cycle. Verissimo et al. (2018) used syn-
thetic support (monolithic cryogel) and achieved a residual
esterification yield of butyl butyrate ester (pineapple flavor)
of 40% in the fifth reuse cycle. Therefore, we can say that the
biocatalyst produced from the fermented biomass was effec-
tive in the synthesis of hexyl butyrate ester (apple aroma
with citrus), and it can be inferred that the ACCAnI biocata-
lyst presented the lowest enzymatic leaching.

iglate ¢llo ay .
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Conclusion

This research demonstrates that fermented cocoa husk bio-
mass enhances activated carbon production, yielding a bio-
catalyst with superior adsorptive capacity and enzymatic
activity. The activated carbon showed a 25% increase in
adsorption and a 10% increase in surface area and pore vol-
ume, leading to an 11% higher hydrolytic activity compared
to the control. The application in hexyl butyrate synthesis
revealed improved conversion rates and operational stability,
confirming the potential of fermented biomass for industrial
use.
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