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Lignocellulosic biomass is a promising renewable feedstock, but its high recalcitrance requires 
biotechnological pretreatments to enable conversion into biobased chemicals. This study evaluated 
deep eutectic solvent (DES) pretreatments to maximize carbohydrate conversion and optimize the 
production of furanics 5-hydroxymethylfurfural (HMF) and furfural (FF) from cupuaçu peel (CP). 
Pretreatment was performed with choline chloride (ChCl)-based DES combined with lactic 
acid (LA), oxalic acid (OA) or ethylene glycol (EG), using ultrasound (US) or autoclave (ATC). 
Pretreatments with DES proved effective in structurally modifying biomass, as evidenced by Fourier 
transform infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
thermogravimetric analyses (TGA). After acid hydrolysis, ChCl:OA + ATC and ChCl:OA + US 
increased glucose concentrations by 97.90 and 69.72%, respectively, relative to raw CP. Analysis 
of variance (ANOVA) revealed a significant interaction between DES type and pretreatment 
method (p < 0.05). The synthesis of HMF and FF from cupuaçu peel hydrolysate was optimized 
in a DES/ethyl acetate system, achieving yields of 1.46 and 7.80%, respectively, at 120 °C for 
150 min. The results show that the integration of DES combined with US and ATC technologies 
represents a sustainable and promising strategy for the valorization of Amazonian lignocellulosic 
waste in the context of biorefineries.
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Introduction

The growing demand for clean and renewable energy 
sources is a key factor in addressing the environmental 
and climate crisis. In this context, lignocellulosic biomass 
emerges as a major alternative in the energy transition, 
representing a promising option for the production 
of bioproducts in biorefineries, while reconciling the 

environmental, economic, and social dimensions of 
sustainability.1 Among lignocellulosic biomasses, 
agricultural byproducts and residues from the food and 
paper industries, among others, are particularly noteworthy.2 

Plant-derived residues constitute the most abundant 
source of unused or underutilized biomass worldwide. 
This renewable resource has attracted growing interest for 
the production of molecules aimed at the manufacture of 
biofuels, functional materials, and bio-based chemicals.3,4 
However, the processing of lignocellulosic biomass is 
hindered by its low solubility in water and in various 
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organic solvents, a feature attributed to its complex 
fibrous structure.5 Its composition consists predominantly 
of polysaccharides, such as cellulose and hemicellulose, 
linked by a lignin matrix, which imparts high resistance 
and structural complexity. This recalcitrance hinders access 
to cellulose, acting as a protective barrier and making the 
process even more challenging.6,7

For lignocellulosic materials, pretreatment promotes 
the cleavage of chemical bonds that connect the subunits 
or oligomeric units of structural polymers, resulting 
in the deconstruction of the lignocellulosic matrix and 
facilitating the penetration of reagents.5 Currently, there 
is a wide variety of pretreatment methods, applied either 
individually or in combination, that promote the disruption 
of the microstructure of lignocellulosic biomass, reducing 
cellulose crystallinity, increasing porosity, and favoring 
lignin removal.8

Among the technological alternatives for the valorization 
of lignocellulosic biomass, deep eutectic solvents (DES) 
have emerged as a promising, low-cost route with strong 
environmental appeal, since they are formed by the 
interaction between a hydrogen bond donor and a hydrogen 
bond acceptor.9 These solvents show high efficiency in the 
removal of lignin and hemicellulose during pretreatment, 
increasing cellulose accessibility and favoring its 
conversion into fermentable sugars.10 

In this context, DES have received growing attention as 
a pretreatment strategy in sustainable biorefineries because 
they feature a short production cycle, low cost, renewable 
character, and high environmental compatibility.11 The 
use of DES is further highlighted by their high biomass 
solubilization capacity, easy synthesis, low volatility, non-
flammable nature, biodegradability, and reduced toxicity, 
making them a promising alternative for the pretreatment 
of lignocellulosic biomass.12 

Biorefineries play a central role in the conversion of 
lignocellulosic biomass into high value-added products, 
among which 5-hydroxymethylfurfural (HMF) and 
furfural (FF) stand out. These compounds, regarded as 
platform chemicals, are essential organic molecules that 
can be readily obtained and are widely employed in various 
industrial applications.13,14

Brazil has great potential to be explored, especially 
in the Legal Amazon region, which harbors vast plant 
biodiversity. Among its most notable resources are 
high-yield fruit species that generate residues rich in 
lignocellulosic biomass.15 The cupuaçu tree Theobroma 
grandiflorum (Willd. ex Spreng.) Schum, belonging to the 
Malvaceae family, is a fruit species native to the Southern 
region of the Amazon River and the Western region of the 
Tapajós River, and is widely distributed across the states 

of the Northern region, as well as the south and Southeast 
of Pará and the pre-Amazon region of Maranhão.16 

Cupuaçu peel is the main residue generated from the 
fruit, accounting for approximately 45% of its total weight.17 
This byproduct, which has been increasingly valued, 
represents a promising source of lignocellulosic biomass 
for the synthesis of biocompounds through processes such 
as acid hydrolysis and pyrolysis.18,19 Cupuaçu husk biomass 
has high levels of glucan (56.49%) and xylan (15.66%), 
low extractives content (5.89%), and limited current use, 
indicating an advantage over sugarcane biomass, which 
is already widely used.20 Advances and prospects in the 
integral utilization of residues in biorefineries reinforce the 
role of lignocellulosic biomass as a strategic source both for 
energy generation and for the synthesis of biocompounds, 
contributing to the diversification of cleaner and more 
sustainable energy matrices.

Therefore, the present study aims to evaluate deep 
eutectic solvent (DES)-based pretreatment routes for 
cupuaçu peel, focusing on increasing carbohydrate release 
and optimizing the synthesis of the furanic compounds 
HMF and FF, with DES being employed in both the 
pretreatment and furanic-synthesis steps. The valorization 
of plant biomass, combined with the use of green solvents, 
represents an innovative and sustainable strategy for the 
efficient conversion of lignocellulosic residues into high 
value-added bioproducts.

Experimental

Figure 1 schematically illustrates the development 
of the study, starting with the physical treatment of 
cupuaçu peel, proceeding through different pretreatment 
methodologies, and ultimately resulting in the optimization 
of furanic compounds.

Samples 

Cupuaçu fruits (Theobroma grandiflorum) were 
purchased from local markets of the farmers in the city of 
Palmas-TO, Brazil. The cupuaçu peels were washed, broken 
into smaller pieces, and dried in a forced-air oven at 65 °C 
for 48 h. The dehydrated peels were ground in a Willey-type 
knife mill (Start FT 50, Fortinox) and sieved (24 mesh) to 
obtain particles smaller than 710 μm. The processed material 
was then stored in airtight glass bottles for later use.

Proximate analysis

The procedures used for proximate analysis were 
carried out in accordance with the standards of the 
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American Society for Testing and Materials (ASTM). The 
four components analyzed were: moisture (ASTM D3173-
03);21 volatile matter (ASTM D3175-07);22 ash content 
(ASTM D3174-04);23 and fixed carbon, calculated as the 
difference between 100 and the sum of the percentages of 
moisture, volatile matter, and ash.

Extractives

Extractives analysis was carried out in a Soxhlet 
extractor (MA 044/08/50) using approximately 3 g of raw 
sample and 190 mL of ethanol (95%) under reflux for 8 h, 
following the methodology of the National Renewable 
Energy Laboratory (NREL).24 After completion of the 
reflux, the thimbles were removed and placed on Petri 
dishes on the bench for 48 h to dry. The initial and final 
masses of the samples were measured, and the extractives 
content (%) was determined using equation 1:

mass of extractExtractives 100
mass of raw sample

= × 	 (1)

Cellulose and hemicellulose content

Neutral detergent fiber (NDF) was determined 
according to method INCT-CA F-002/1, and acid detergent 
fiber (ADF) according to method INCT-CA F-004/1.25 

The fibrous component of the biomass (hemicellulose) 
was determined as the difference between the NDF and 

ADF contents.26 The cellulose fraction was obtained by 
difference between the hemicellulose and lignin contents, as 
described by Ding et al., 27 and is represented in equation 2:

Cellulose = NDF – (hemicellulose + ligning)	 (2)

Lignin content

The insoluble lignin content was determined according 
to the Klason method as modified by Rocha.28 After acid 
hydrolysis, the samples were filtered and the residue 
retained on the filter paper was washed with 1500 mL of 
distilled water, transferred to weighing dishes, and dried 
in an oven at 100 °C to constant mass. The percentage of 
insoluble lignin (Lki) was calculated relative to the dry 
sample mass, as shown in equation 3: 

k c
ki

a

M M
L 100

M
‑

= × 	 (3)

where, Mk: mass of dry insoluble lignin, Mc: mass of ash, 
Ma: dry mass of the sample used in the analysis.

Synthesis of deep eutectic solvents (DES)

The DES used in this study were synthesized 
by combining the hydrogen bond acceptor (HBA), 
choline chloride (ChCl), with different hydrogen bond 
donors  (HBD): lactic acid, ethylene glycol, and oxalic 

Figure 1. Flowchart of the process from pretreatment to the synthesis of HMF and FF.
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acid. The mixtures were prepared at molar ratios of 1:2 
(ChCl:lactic acid), 1:1 (ChCl:ethylene glycol), and 1:1 
(ChCl:oxalic acid) (Figure 2). The synthesis was carried 
out in a water bath at 90 °C under constant stirring until a 
homogeneous liquid (with no solid residues in suspension) 
was obtained, according to Zhang et al.,29 with adaptations.

After synthesis, the DES were hermetically sealed, 
cooled to room temperature, and stored in a desiccator. 
Conductivity, density, viscosity, and pH were measured at 
25 ºC, and Fourier transform infrared (FTIR) spectra were 
recorded using a CARY 630 spectrometer. The apparent pH 
of the DES used in the study was determined after dilution 
to 30% (v/v) in ultrapure water, using a Hanna® pH meter 
model HI5221.

Pretreatments with DES

For the pretreatments, 2 g of cupuaçu peel were treated 
with different DES (ChCl:LA, ChCl:EG, and ChCl:OA) 
using two distinct methodologies: ultrasound (US) and 
autoclave (ATC). The suspensions were prepared at a solid-
to-liquid ratio of 1:10 (g mL–1, m/v), with the addition of 
30% (v/v) H2O to control viscosity, and subjected to shaking 
in a shaker at 60 °C for 10 min to ensure homogenization.30 
The US methodology was carried out according to 
Pradhan et al.,31 with modifications, using an ultrasonic bath 
operating at 25 kHz (Q 5.9/25A, Ultronique) at 80 °C for 
120 min. For the ATC methodology, performed according 
to Huang et al.,32 with modifications, the samples were 
autoclaved at 120 °C for 30 min. In the subsequent step, 
the samples were filtered through filter paper and washed 
with distilled water to completely remove the DES used 
in the pretreatment. The insoluble residue obtained after 
filtration was dried in a forced-air oven at 60 °C for 24 h 
and subsequently collected for acid hydrolysis.

Acid hydrolysis

Acid hydrolysis of raw biomass and of the samples 
pretreated with different DES using ultrasound and 
autoclave methods was performed according to the 
methodology described by Dunning and Dallas.33 
Two grams of sample were used, to which 10 mL of 72% 
sulfuric acid (H2SO4) were added, followed by heating and 
stirring at 50 °C for 7 min. Subsequently, 40 mL of distilled 
water were added, and the mixture was autoclaved at 121 °C 
for 15 min. The resulting material was filtered and stored 
for further analyses.

Fourier transform infrared (FTIR) spectroscopy

The DES, raw biomass, and the solid fraction after 
pretreatment were analyzed using a CARY 630 FTIR 
spectrometer (Agilent technologies). The analyses covered 
the range from 4,000 to 650 cm–1, with a resolution of 4 cm–1 
and 32 scans per spectrum.

X-ray diffraction (XRD) analysis

The crystallinity of the raw biomass and of the solid 
fraction after acid hydrolysis of the pretreated samples was 
measured using an X-ray diffractometer (XRD) (Bruker 
D8 Advance, Karlsruhe, Germany). The samples were 
previously dried at 80 °C. The scan was carried out over the 
2θ range from 5° to 35° using Cu Kα radiation, with a step 
size of 0.05° and a counting time of 10 s. The crystallinity 
index was calculated according to Sasmal et al.,34 using the 
intensity method, based on equation 4:

Ic IaCrI 100
Ic
‑

= × 	 (4)

Figure 2. Composition of the DES used in the study.
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where, CrI (%): crystallinity index, Ic: intensity at 22-23°, 
Ia: intensity at 18-19°.

Scanning electron microscopy (SEM)

High-resolution images were obtained using a scanning 
electron microscope (Shimadzu SSX-550, Kyoto, Japan). 
The samples were dried at 60 °C and coated with an  
Au/Pd film. Images were acquired at magnifications 
ranging from 300 to 5000×, using an accelerating voltage 
of 10 kV.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) experiments 
were performed using a TGA Q5000 instrument 
(TA Instruments Inc., USA). The equipment usage 
condition was accessed by measuring the mass loss of 
a sample of well-known thermal decomposition profile  
(CaC2O4.H2O 99.9%). Thermal characterization analyses 
were carried out at a heating rate of 10 °C min–1 up to 
900 °C. The sample mass used was approximately 7 mg. 
An inert nitrogen (N2) atmosphere was employed at a flow 
rate of 25  mL  min–1. The sample was not dried before 
analysis, and no isothermal treatment was performed to 
remove possible volatile interferents (residual solvents  
and/or water). Data was processed using TA Universal 
Analysis 2000 software, version 4.5 (TA Instruments Inc., 
USA), and OriginPro 9.5 (Northampton, MA, USA).

Statistical analysis of pretreatment data

For the variables glucose yield (g L–1) and xylose yield 
(g L–1), the experiment was conducted in a completely 
randomized design with three replicates at the central point, 
following a 2 × 3 + 1 factorial arrangement. The design 
consisted of two methods (ultrasound and autoclave), 
three types of DES (ChCl:LA, ChCl:EG, and ChCl:OA), 
and one additional treatment (raw cupuaçu peel). Analysis 
of variance (ANOVA) was performed at α = 0.05, and 
the factor means were subsequently compared using the 
Scott‑Knott test at the 5% significance level (α = 0.05), 
with the aid of the AgroEstat 7.0 software.35 

The mean of the additional treatment was compared 
with the factor means using the test of Dunnett at the 5% 
significance level (α = 0.05), with the aid of the GENES 5.1 
software (Universidade Federal de Viçosa, Brazil, 2013).36 

Synthesis of the furanic compounds HMF and FF

After quantification of the carbohydrates in the 

samples pretreated with DES, the hydrolysate from the 
ChCl:OA  +  ATC system, which showed the highest 
glucose yield, was selected for the synthesis of HMF and 
FF. In a 50 mL round-bottom flask, 2.5 mL of hydrolysate, 
2.5 mL of the ChCl:OA DES, and 2.5 mL of ethyl acetate 
were added.37,38 The reaction was carried out in an oil bath 
under constant stirring, at temperatures ranging from 100 
to 140  °C and reaction times between 90 and 150 min, 
according to the experimental design (Table 1), kept under 
reflux. After completion of the reaction time, the samples 
were washed three times with ethyl acetate, followed by 
the addition of anhydrous sodium sulfate and filtration. 
The resulting product was subjected to HMF and FF 
quantification.

Experimental design

The experimental design and analysis of HMF and FF 
synthesis were carried out using the Protimiza experimental 
design software,39 based on the studies conducted by 
Scapin  et al.,38 varying temperature and reaction time 
(Table 1). A face-centered design (FCD) was used with a 
22 factorial arrangement, with 4 trials on the face-centered 
surfaces and 3 repetitions at the central point, totaling 
11 experimental trials. 

High-performance liquid chromatography (HPLC) analysis

Monomeric sugars in the raw and pretreated samples 
were quantified by high-performance liquid chromatography 
(HPLC) using a Shimadzu chromatograph (LC-10A series, 
Kyoto, Japan). Glucose and xylose were determined using 
a Phenomenex Rezex ROA-organic acid H+ (8%) column 
and 0.005 mol L–1 H2SO4 as the eluent, with a flow rate of 
0.4 mL min–1 and a column temperature of 60 °C. A refractive 
index detector (SPD-10A VP, Shimadzu) was used. The 
compound yields were calculated from calibration curves 
obtained from standard solutions (R2 > 99%).

HMF and FF contents were evaluated by HPLC using 
a Shimadzu chromatograph (LC-6AD series) equipped 
with a refractive index detector (RID-10A) and an 
ultraviolet-visible (UV‑Vis) diode array detector (DAD) 
set at a wavelength of 276 nm. A supelcogel C-610H 
column (30  cm × 7.7 mm) was used at 55 °C, with  
0.0005 mol L–1 H2SO4 as the mobile phase at a flow rate 
of 0.6 mL min–1. The concentrations of the analyzed 
compounds were determined from analytical calibration 
curves prepared with standards, with coefficients of 
determination R2 > 99% for both HMF and FF. The yields 
(%) of the furanic compounds HMF and FF were calculated 
using equations 5 and 6, as proposed by Cai et al.:40
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( )( )
( )

HMF h
HMF

cell

C   V / 1 26  
Yield 100 

m  /162
×

= × 	 (5)

( )( )
( )

FF h
FF

hem

C   V  /  96
Yield 100

m  / 1 32
×

= × 	 (6)

where, CHMF: HMF concentration (mg L-1), CFF: FF 
concentration (mg L-1), Vh: hydrolysate volume (0.0025 L), 
mcell: cellulose mass (mg), mhem: hemicellulose mass (mg).

Results and Discussion

Determination of biomass chemical composition

Table 2 shows the chemical composition of raw cupuaçu 
peel. The chemical characterization of cupuaçu peel showed 
that this biomass is a promising feedstock in biorefineries, 
mainly due to its high content of structural carbohydrates, 
such as cellulose and hemicellulose, which together account 
for 54.68%. This value was higher than that reported by 
Suárez-Patlán et al.,41 who found 49.5% when analyzing 

cocoa pod husk using a similar methodology. However, the 
high lignin content (about 32.3%) may pose a challenge 
for pretreatment processes.

The low moisture (4.89%) and ash (2.18%) contents 
found in this study differ from the values reported by 
Silva et al.,42 who observed 11.00% moisture and 1.99% 
ash. Lower values for these parameters are favorable, as 
they are directly associated with higher bioproduct yields 
and greater efficiency of acid hydrolysis.43 

The fixed carbon content determined was 7.51%, a 
value similar to that reported by Estacio and Hoyos,44 who 
obtained 7.49% when studying cocoa almond husk. Finally, 
the volatile matter content obtained was 85.42%, similar 
value to those reported by Borges et al.,18 who identified 
79.73% for cupuaçu peel and 84.81% for baru husk. The 
high volatile matter content of cupuaçu peel correlates 
with the quality of the lignocellulosic biomass, allowing 
efficient combustion at lower temperatures and increasing 
the immediate availability of energy.45 

Physicochemical characterization of DES

Table 3 shows the physicochemical characterization 
(conductivity, density, viscosity, and pH apparent) of the 
DES used in this work. The results are in agreement with 
data reported in the literature.46,47

The ChCl:OA DES showed the highest values of 
conductivity (414.3 mS m–1), density (1.225 g cm‑3), and 
viscosity (166.55 cP), as well as the lowest pH value (–0.61). 
Parameters such as conductivity and pH modulate 
intermolecular interactions, favoring the diffusion of 
reagents and, consequently, increasing the efficiency of 
biomass pretreatment.48 However, the high viscosity of 

Table 1. Face-centered design (FCD) matrix for optimization of HMF and FF synthesis yields using hydrolysate from cupuaçu peel pretreated with 
ChCl:OA, combined with an autoclave

Assay Temperature / ºC time / min
HMF FF

Concentration / (mg L-1) Yield / % Concentration / (mg L-1) Yield / %

1 100 90 127.83 0.90 111.00 4.24

2 140 90 111.36 0.78 92.84 3.55

3 100 150 130.27 0.92 138.68 5.30

4 140 150 182.52 1.28 150.50 5.75

5 100 120 117.04 0.82 115.08 4.40

6 140 120 197.47 1.39 170.51 6.51

7 120 90 153.63 1.08 132.29 5.05

8 120 150 207.31 1.46 204.14 7.80

9 120 120 165.81 1.17 152.64 5.83

10 120 120 170.85 1.20 145.90 5.57

11 120 120 153.82 1.08 136.51 5.21

HMF: 5-hydroxymethylfurfural; FF: furfural.

Table 2. Chemical composition of raw cupuaçu peel

Component Content / %

Fixed carbon 7.51 ± 0.15

Cellulose 45.68 ± 1.50

Ash 2.18 ± 0.15

Extractives 3.61 ± 0.34

Hemicellulose 9.00 ± 1.49

Lignin 32.30 ± 0.33

Moisture 4.89 ± 0.10

Volatiles 85.42 ± 0.85
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deep eutectic solvents (DES) impairs ion mobility and 
hinders the interaction between the solvent and the biomass, 
making system dilution an essential factor for process 
performance.29 It is worth noting that the viscosity of 
DES directly influences ionic mobility and, consequently, 
the transport properties of the system. High viscosity 
tends to restrict the translational movement of ionic 
species, reducing their mobility and, therefore, the ionic 
conductivity of the medium. Thus, an inverse relationship is 
generally observed between viscosity and ionic mobility, in 
which less viscous systems exhibit greater charge transport 
capacity.49 This relationship is essential to explain how 
the controlled addition of water reduces the viscosity of 
DES, promoting greater ionic mobility and improving the 
transport properties of the system.50

The ChCl:EG DES showed the lowest conducti
vity  (50.5 mS m–1) and viscosity (60.06 cP), as well as 
a pH close to neutrality (5.04). These results indicate 
milder interactions with the biomass, which may confer 
greater selectivity in disrupting lignocellulosic fractions 
and favor targeted extraction processes.51 Finally, the  
ChCl:LA DES presented intermediate density (1.161 g cm–3) 
and viscosity (108.88 cP) values, associated with a strongly 
acidic pH  (0.56), a condition that may favor hydrolysis 
reactions.52 Each DES exhibits specific properties that 
can directly affect pretreatment performance, resulting in 
different behaviors in the deconstruction of lignocellulosic 
biomass.

FTIR analysis

The synthesis of the DES was confirmed by Fourier 
transform infrared (FTIR) spectroscopy (Figure 3), based 
on the appearance of bands corresponding to the main 
functional groups and on data reported in the literature.3,53 

In the DES of ChCl:LA and CHCl:OA, an intense peak 
was observed at 1719 cm–1, attributed to the C=O stretching 
vibration of carboxylic groups present in lactic and oxalic 
acids, which act as HBD in the solvent composition 
(Figure 3). Sari et al.47 reported that the presence of a band 
around 1719 cm–1 may be associated with a shift of carbonyl 
groups involved in hydrogen bonding, due to stabilization 
promoted by interactions with the HBA. According to 

Amesho et al.,3 the presence of bands at 1039 and 948 cm–1 
in DES FTIR spectra is associated, respectively, with 
C–O vibrations, and C–O–C stretching, all of which were 
observed in every DES.

The bands between 1400 and 1000 cm–1 can be 
attributed to C–O vibrations associated with interactions 
between choline chloride, which acts as the HBA, and the 
HBDs. These interactions are critical for the performance 
of DES.54 In addition, in the ChCl:EG DES a characteristic 
band was observed at 3296 cm–1, which may be related to 
O–H stretching vibrations, a fingerprint of hydroxyl groups 
present in alcohols such as ethylene glycol.55 

The raw biomass and the solid fraction after pretreatment 
with different DES using distinct methods were also 
analyzed by FTIR (Figure 4). 

After pretreatment, the band at 1027 cm–1 in the 
solids obtained from pretreated cupuaçu peel showed 
a reduction in intensity, which became more evident 
in the ChCl:OA  +  US system and in all methods that 
used autoclave, when compared with raw cupuaçu peel. 
According to Makarem et al.,56 this band can be associated 
with C–O stretching in aryl-alkyl ether linkages, typical 
structural components of cellulose and hemicellulose 
in lignocellulosic biomass, suggesting that part of this 
fraction was degraded or converted into monomeric 
carbohydrates during DES pretreatments. This effect was 
particularly pronounced for all DES systems combined 

Table 3. Physicochemical characterization of DES

Type Conductivity / (mS m–1) Density / (g cm–3) Viscosity / cP pH

ChCl 1:2 LA 346.0 ± 1.10 1.161 ± 0.07 108.88 ± 1.85 0.56 ± 0.02

ChCl 1:1 EG 50.5 ± 1.56 1.114 ± 0.05 60.06 ± 1.25 5.04 ± 0.06

ChCl 1:1 OA 414.3 ± 1.43 1.225 ± 0.02 166.55 ± 1.20 –0.61 ± 0.01

ChCl: choline chloride; LA: lactic acid; EG: ethylene glycol; OA: oxalic acid.

Figure 3. FTIR spectra of the DES used in the pretreatment.
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with autoclave and for ChCl:OA when ultrasound was 
used.

Notable changes were observed in the band at  
1230 cm–1, related to C–O–C stretching vibrations of 
cellulose and hemicellulose. Narrowing of this band after 
pretreatment with ChCl:OA DES in both methods indicates 
that the processes favored exposure of the cellulosic 
fraction.29 

According to Roslan et al.,57 the peak at 1517 cm–1 
can be attributed to skeletal vibrations of the aromatic 
ring in lignin. The band at 1739 cm–1 may be attributed 
to C=O stretching of ester groups present in acetylated 
hemicellulose.58 A reduction in the intensity of this band 
was observed after pretreatments with ChCl:OA in both 
methods, indicating a differentiated structural modification 
of the lignocellulosic biomass promoted by this DES. 
Armed et al.53 also associate the band around 1739 cm–1 
with carbonyl C=O stretching vibrations in hemicellulose.

Figure 5 shows the FTIR spectra of hydrolysates from 
raw cupuaçu peel and peel pretreated with ChCl:OA DES, 
together with the organic phase from furan synthesis 
corresponding to assays 2 (140 °C for 90 min) and 8 (120 °C 
for 150 min) of the FCD optimization (Table 1). 

The FTIR spectra of hydrolysates obtained from 
raw cupuaçu peel and from samples pretreated with  
ChCl:OA DES showed a broad band in the region of 
3296  cm–1, attributed to O–H stretching vibrations of 
hydroxyl groups.59 During acid hydrolysis, partial cleavage 
of glycosidic bonds occurs, leading to the formation of 
oligosaccharides and monosaccharides with free –OH 
groups, which contributes to the broadening and increased 
intensity of this band.60 In addition, a band was observed 

at 1637 cm–1, corresponding to C=C stretching vibrations 
of aromatic structures, indicating partial cleavage of lignin 
linkages during pretreatment.57 Finally, vibrations around 
1126 cm–1 refer to C–O and C–C stretching in cellulose 
and hemicellulose; the increased intensity in this region 
suggests greater exposure and accessibility of cellulose, 
favoring subsequent sugar-conversion reactions.29 

For the samples obtained after HMF and FF synthesis 
(assays 2 and 8), an intense band was observed in the region of 
1735 cm–1, associated with C=O stretching of ester, aldehyde, 
and carboxylic acid groups. This band is characteristic 
of oxygenated compounds derived from carbohydrate 
dehydration, such as HMF and FF, typical products of sugar 
conversion in acidic media.61,62 In assay 8, the band around 
1374 cm–1 was attributed to C–H deformation in methyl and 
methylene groups, commonly associated with substituted 
furan structures. The bands between 1228 and 1042 cm–1 
correspond to C–O–C and C–O stretching of alcohols, 
ethers, and oxygenated heterocyclic compounds.37,38 These 
spectral changes confirm the formation of furanic products 
and highlight the catalytic efficiency of the ChCl:OA DES 
system in converting carbohydrates into high value-added 
compounds.

Crystallinity 

Samples of raw cupuaçu peel and the solid fraction after 
pretreatment with DES using US and ATC were subjected 
to XRD analysis to investigate the crystallinity behavior 
(Figure 6).

The CrI in raw cupuaçu peel was 54.14%, a value 
close to that reported by Marasca et al.,63 who found 
54.3% crystallinity in fresh cupuaçu peel. The CrI values 
of samples pretreated with different DES combined with 
different methods ranged from 50.8 to 57.56% for the 

Figure 4. FTIR spectra of raw cupuaçu peel and of the solid fraction 
of samples after pretreatment with different DES combined with 
ultrasound (US) or autoclave (ATC).

Figure 5. FTIR spectra of hydrolysates (Hyd.) from raw cupuaçu peel 
and peel pretreated with ChCl:OA, and of the organic fraction from furan 
synthesis: assays 2 (140 °C for 90 min) and 8 (120 °C for 150 min).
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ChCl:EG + US and ChCl:LA + ATC systems, respectively. 
Most of the pretreated samples showed significantly 
different crystallinity compared to the raw bark. In the 
pretreatments with ChCl:EG + US and ChCl:LA + US, 
the crystallinity decreased significantly. This decrease 
suggests that ultrasonic cavitation, in synergy with the deep 
eutectic solvent, favored the disorganization of the fibers, 
as well as the partial removal of amorphous components 
and peripheral crystalline fractions.64 

In contrast, most ATC treatments showed slightly 
higher or preserved crystallinity values, possibly due to 
the preferential removal of hemicellulose and amorphous 
lignin, resulting in relative enrichment of the crystalline 
cellulose fraction. In general, DES promote a reduction 
in crystallinity, associated with the rupture of hydrogen 
bonds and the induction of topochemical and morphological 
changes in the lignocellulosic cell wall. These structural 
modifications favor the disorganization of crystalline 
regions, increasing biomass accessibility and enhancing 
subsequent conversion steps.65, 66

Pretreatments with ChCl:LA + ATC and ChCl:OA + US 
promoted the greatest increase in crystallinity index 
compared to the raw biomass (CrI = 54.14%), indicating 
preferential removal of amorphous fractions, especially 
hemicellulose and lignin. In contrast, the ChCl:LA + US, 
ChCl:EG + US, and ChCl:EG + ATC treatments resulted 
in slight reductions in crystallinity, possibly due to greater 
disorganization of the cellulosic structure.67

Figure 7 shows SEM images of raw cupuaçu peel and 
peel pretreated with different DES using ultrasound and 
autoclave.

A well-ordered and relatively smooth structure, with 
limited damage to the cell wall, was observed for raw 
cupuaçu peel (Figure 7a). After DES pretreatments using 
both methods (ultrasound and autoclave), a gradual 

exposure of the physical structure of the biomass was 
observed, accompanied by pronounced morphological 
damage (Figures 7b-7g). This transition from a smooth and 
compact surface (Figure 7a) to a more fibrillated and porous 
structure (Figures 7b-7g) is associated with partial removal 
of amorphous polymers, mainly lignin and hemicellulose, 
which act as binding agents between cellulose microfibrils. 
According to the literature,68 this behavior confirms that 
DES promote partial delignification and increase the 
enzymatic and reactive accessibility of biomass.

The nature of the DES HBD significantly influences 
the efficiency of β–O–4 lignin bond cleavage, enhancing 
lignin removal and leading to more pronounced 
surface erosion of the biomass.69 Systems with acidic 
HBDs combined with hydrothermal equipment exhibit 
greater delignification and more intense morphological 
alterations. This behavior explains the greater structural 
opening and fragmentation observed mainly in the 
micrographs of sample (Figure 7g), which was pretreated 
with an acidic DES formulation combined with the use 
of an autoclave, such as ChCl:OA + ATC.70 According 
to Sánchez‑Badillo  et  al.,71 the Kamlet-Taft acidity 
parameters (α, β) of DES control the extent of protonation 
of cellulose –OH groups; DES with higher acidity (α) 
increase interaction with hydroxyl groups, facilitating 
the weakening of O–H···O hydrogen bonds and swelling 
of the microfibrils.

Thermal stability and decomposition behavior

Thermal stability was evaluated by TGA at a heating 
rate of 10 °C min–1 up to 900 °C (Table 4). 

The untreated cupuaçu peel exhibited a main degradation 
temperature (Td) at 331 °C with a mass loss of 69% and a 
minor volatile fraction (3%). In contrast, all DES-treated 
samples showed significantly higher Td values (361‑371 °C), 
corresponding to an increase of 30‑40 °C relative to the raw 
biomass, indicating enhanced thermal stability. Such a shift 
toward higher degradation temperatures suggests structural 
modification of the lignocellulosic matrix, likely involving 
partial removal of hemicellulose and enrichment in more 
thermally resistant fractions. According to Yang et al.,72 
hemicellulose decomposes between 220-315 °C, cellulose 
between 315-400 °C, and lignin over a broad range of 
160‑900 °C. The increase in Td to ca. 370 °C indicates that 
the dominant degradation event in DES-treated samples is 
associated primarily with cellulose and more condensed 
aromatic domains rather than hemicellulose. The volatile 
content remained low in all treated materials (≤ 1-6%), 
consistent with reduced extractives and improved structural 
consolidation. Lower volatile fractions are commonly 

Figure 6. XRD diffractograms of raw cupuaçu peel and of the solid 
fraction of samples after pretreatment with different DES combined with 
ultrasound (US) or autoclave (ATC).
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Figure 7. SEM images. (a) raw cupuaçu peel, (b) samples pretreated with ChCl:LA + US, (c) ChCl:EG + US, (d) ChCl:OA + US, (e) ChCl:LA + ATC, 
(f) ChCl:EG + ATC, (g) ChCl:OA + ATC.

Table 4. Thermogravimetric data of from raw cupuaçu peel and samples pre-treated with different DES combined with ultrasound (US) or autoclave (ATC)

Sample Volatile / °C Mass loss / % Td Mass loss / %

ChCl:OA + US 25 ≤ 1 371 81

ChCl:EG + US 34 6 369 80

ChCL:LA + US a 44 6 365 76

ChCl:OA + ATCb 49 4 361 76

ChCl:EG + ATC 35 5 368 62

ChCl:LA + ATC 34 ≤ 1 375 86

Raw cupuaçu peelc 23 2 331 69
aThe sample exhibited a additional thermal decomposition step at 298 °C, with mass losses of 25%; btwo additional decomposition steps were observed 
at 134 and 252 °C, with mass losses of 5 and 13%, respectively; cthe sample exhibited a additional thermal decomposition step at 205 °C, with mass 
losses of 5%. Td: degradation temperature; ChCl: choline chloride; LA: lactic acid; EG: ethylene glycol; OA: oxalic acid; US: ultrasound; ATC: autoclave.
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correlated with higher fixed-carbon content and increased 
aromatic condensation in lignocellulosic systems.73

This behavior suggests that DES treatment promotes 
partial reorganization of the biomass structure, resulting in 
materials with greater thermal robustness. Quantitatively, 
mass loss during the main degradation stage ranged from 
62 (ChCl:EG + ATC) to 86% (ChCl:LA + ATC). The lower 
value observed for ChCl:EG + ATC may indicate a higher 
residual carbon fraction or greater structural stabilization. 
Conversely, the higher mass loss in ChCl:LA  + ATC 
suggests more extensive removal of thermally labile 
fractions. Such variability reflects the influence of DES 
composition and treatment conditions on the balance 
between polysaccharide removal and lignin enrichment. 
Additional degradation steps observed for ChCl:LA + US 
(298 °C, 25%) and ChCl:OA  +  ATC (134 °C, 5%; 
252  °C, 13%) indicate multi-stage thermal behavior. 
Events below 150 °C are typically attributed to bound 
water and low‑molecular-weight compounds, whereas 
those between 200-300 °C correspond predominantly to 
hemicellulosic degradation.74 Chemical modifications 
of lignocellulosic matrices are known to generate such 
staged decomposition profiles due to altered intermolecular 
interactions and redistribution of structural components.75 
Overall, the DES‑treated cupuaçu peel exhibits enhanced 
thermal stability, modified devolatilization pathways, and 
compositional redistribution consistent with selective 
hemicellulose removal and relative lignin enrichment. These 
changes corroborate the hypothesis that DES treatment 
induces structural reorganization in the lignocellulosic 
network, resulting in materials with greater resistance to 
thermal degradation, as observed in the Supplementary 
Information.

Carbohydrate contents

 Figure 8 shows the glucose and xylose yields in 

hydrolysates from raw cupuaçu peel and from samples 
pretreated with different DES using distinct methodologies.

Glucose contents ranged from 4.25  ±  0.75 
to 14.79  ±  0.13  g  L–1 for the ChCl:EG  +  ATC and 
ChCl:OA  +  ATC pretreatments, respectively. The 
ChCl:EG  +  US, ChCl:OA  +  US, ChCl:LA  +  ATC, and 
ChCl:OA + ATC pretreatments resulted in glucose yields 
higher than the 7.47 ± 0.63 g L–1 obtained from raw cupuaçu 
peel (Figure 8). The values obtained in this study were 
higher than those reported by Rahman et al.,76 who achieved 
3.4  g  L–1 of glucose from cocoa pod husk (Theobroma 
cacao) by acid hydrolysis under microwave irradiation at 
180 °C. Compared with the literature, the ChCl:OA DES 
system, regardless of the method employed, produced 
significantly higher yields, exceeding the 9.90  g  L–1 of 
glucose reported by Marasca et al.,63 using cupuaçu peel 
subjected to ultrasound-assisted acidic pretreatment 
followed by dilute acid hydrolysis. The stable eutectic 
structure of ChCl:OA DES provides a highly polar and 
homogeneous medium, favoring biomass solubilization 
and improving mass and heat transfer during the reaction, 
thus facilitating carbohydrate extraction.62,77 

Xylose yields in hydrolysates after pretreatment ranged 
from 1.49 ± 0.11 to 4.88 ± 0.22 g L–1 for the ChCl:OA + ATC 
and ChCl:LA + ATC systems, respectively. Pretreatments 
with ChCl:LA + US, ChCl:EG + US, and ChCl:LA + ATC 
resulted in xylose contents similar to that of raw cupuaçu 
peel, which yielded 5.04 ± 0.63 g L–1. All values obtained in 
this study were higher than those reported in the literature78 
for cassava peel, where a xylose concentration of 0.27 g L–1 
was observed using a similar methodology. Likewise, 
Rahman et al.76 reported 0.94 g L–1 of xylose from cocoa 
pod husk using microwave-assisted acid hydrolysis. These 
results reinforce the importance of DES in lignocellulosic 
biomass pretreatment, as they directly contribute to lignin 
degradation and facilitate the conversion of cellulose and 
hemicellulose into monosaccharides.29,58 

Figure 8. Glucose and xylose yields obtained from hydrolysates of raw cupuaçu peel and samples pretreated with different DES combined with ultrasound 
(US) or autoclave (ATC).
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Statistical analysis

Table 5 presents the analysis of variance (ANOVA), 
considering the factors method (ultrasound and autoclave), 
DES type (ChCl:LA, ChCl:EG, and ChCl:OA), their 
interaction, and the additional treatment (raw cupuaçu peel).

ANOVA showed that the different DES types and 
the interaction between factors (methods × DES type) 
significantly affected (p < 0.05) glucose yield. This 
indicates that both the DES type and its combination with 
the pretreatment method were decisive for the observed 
glucose levels (Table 5). In contrast, the isolated effect of 
method was not statistically significant, reinforcing that 
process efficiency is directly conditioned by its interaction 
with the solvent type employed.

For xylose, ANOVA results indicated that both the 
pretreatment method and DES type had significant effects 
(p < 0.05), showing that the release of this carbohydrate is 
simultaneously influenced by operational conditions and 
the nature of the green solvent. The interaction between 
factors (methods × DES types) was also statistically 
significant, indicating the need to unfold the interactions 
(methods × DES types and DES types × methods) for 

a more detailed understanding of the combined effects. 
Overall, comparison between the factorial design and the 
control revealed significantly higher glucose and lower 
xylose levels, confirming that DES pretreatments were 
efficient and selective for sugar release from cupuaçu peel.

Carbohydrate results were subjected to statistical tests, 
which showed significant differences in glucose and xylose 
yields as a function of DES type and of the ultrasound and 
autoclave methods used in the study (Table 6).

For glucose, the ChCl:OA + ATC DES produced the 
highest yield (14.79  g  L–1), differing significantly from 
the other treatments and being 97.90% higher than the 
control, indicating greater efficiency in lignocellulose 
deconstruction and carbohydrate release. The use of acidic 
DES can significantly enhance carbohydrate release, and 
these authors reported a glucose yield of 79.7% from 
rice straw treated with the DES ChCl:formic acid.62 The 
ultrasound method combined with ChCl:OA also showed a 
high yield (12.56 g L–1), corresponding to a 69.72% increase 
relative to raw cupuaçu peel. Pretreatment with ChCl:OA 
promotes structural changes on the substrate surface, 
enlarging pores and increasing cellulose accessibility, 
resulting in higher glucose yields.79,80 

Table 5. Analysis of variance (ANOVA) for main effects and interaction between methods (ultrasound and autoclave) and DES types (ChCl:LA, ChCl:EG, 
ChCl:OA), as well as the control (raw cupuaçu peel), on glucose and xylose yields

Sources of variation GL
QM p-value

Glucose / (g L-1) Xylose / (g L-1) Glucose Xylose

Methods 1 0.2312ns 4.2924a 0.5845 0.0002

Types of DES 2 72.7717a 11.5771a 0.0001 0.0001

Methods vs. types of DES 2 28.7745a 1.5621a 0.0001 0.0001

Factorial 5 40.6647a 6.1141a 0.0001 0.0031

Control vs. factorial 1 19.1490a 8.0610a 0.0002 0.0001

Treatments 6 37.0787a 6.4386a 0.0001 0.0001

Waste 14 0.7381 0.1743 – –

Total 20 57.7803 41.0733 – –
aSignificant at p < 0.05. GL: degrees of freedom; QM: mean square; ns: not significant; control: raw cupuacu peel.

Table 6. Mean glucose and xylose yields for raw cupuaçu peel (control) and for samples pretreated with DES (ChCl:LA, ChCl:EG, and ChCl:OA) 
combined with ultrasound or autoclave

Methods evaluated

Glucose yield / (g L-1) Xylose yield / (g L-1) 

DES type DES type

ChCl:LA ChCl:EG ChCl:OA ChCl:LA ChCl:EG ChCl:OA

Ultrasound method 7.75bCns 9.53aBa 12.56bAa 4.75aAns 4.79aAns 2.66aBa

Autoclave method 10.12aBa 4.5bCa 14.79aAa 4.88aAns 2.91bBa 1.49bCa

Control 7.47 5.04

For the same DES, means followed by the same lowercase letter in a column do not differ by the Scott-Knott test (p < 0.05). For different DES types 
within the same method, means followed by the same uppercase letter in a row do not differ by the Scott-Knott test (p < 0.05). ns and a: not significant 
and significant (p < 0.05), respectively, for comparison of treatments with the control by the test of Dunnett. ChCl: choline chloride; LA: lactic acid; 
EG: ethylene glycol; OA: oxalic acid.
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Acid pretreatments using DES have stood out for 
their selective ability to promote the disruption of the 
lignocellulosic matrix, resulting in greater glucose 
release compared to xylose. This selectivity may be 
directly associated with the catalytic acid action on the 
β-1,4 glycosidic bonds of cellulose during hydrolysis, 
considering that hemicellulose chains tend to be partially 
solubilized in the initial stages of the pretreatment.81,29 DES 
formed with organic acids such as oxalic and lactic acids 
have low pKa and proton-donating capacity, acting as mild 
acid catalysts.82 This property facilitates partial hydrolysis 
of crystalline cellulose, enhancing lignocellulosic biomass 
accessibility and consequently promoting greater glucose 
release during subsequent hydrolysis.83 In addition, protons 
released by acidic DES contribute to the cleavage of ester 
and ether linkages between lignin and carbohydrates, 
reducing the recalcitrance of the cell wall.56 

With respect to xylose, the ChCl:EG  +  ATC, 
ChCl:LA + US and ATC, and ChCl:OA + US pretreatments 
did not differ significantly from raw cupuaçu peel, 
according to the Scott-Knott test combined with the test 
of Dunnett (p  < 0.05). In contrast, the ChCl:EG  +  US 
and ChCl:OA + US and ATC treatments produced xylose 
contents lower than those of raw peel, indicating process 
selectivity toward the hemicellulosic fraction. DES 
effectiveness depends directly on their formulation and 
operating conditions and does not necessarily guarantee 
xylose extraction, since some DES may have greater affinity 
for other sugars, such as glucose.62,76

According to the literature,84 acidic DES enhance 
selective hydrolysis, facilitating the release of sugars and 
phenolic compounds, and may promote the formation of 
furan derivatives from xylose. The acidity of these solvents 
is a key determinant of extraction selectivity, intensifying 
polysaccharide hydrolysis because organic acids promote 
hemicellulose bond cleavage and contribute to furan 
formation, whereas glucose release occurs in a more 

controlled manner from cellulose.85 Thus, the behavior 
of acidic DES explains the greater selectivity observed in 
this study for glucose production, as cellulose, even when 
only partially hydrolyzed, provides monosaccharides in 
a more stable and gradual way. Nonetheless, DES-based 
pretreatment of lignocellulosic biomass stands out as a viable 
and environmentally sustainable alternative for increasing 
carbohydrate conversion efficiency and improving the 
valorization of this feedstock in biorefineries.86 

Synthesis of furanic compounds

Figure 9 shows HMF and FF yields obtained 
from synthesis using the hydrolysate pretreated with 
ChCl:OA + ATC, which was the system that provided the 
highest glucose yield. The values result from experimental 
optimization conducted using a FCD, as described in Table 1.

HMF yields ranged from 0.78% in assay 2 (140 °C 
for 90 min) to 1.46% in assay 8 (120 °C for 150 min) 
(Figure 9). These results are comparable to those reported 
by Scapin et al.,38 which varied between 0.91% (100 ºC 
for 60 min) and 3.03% (120 ºC for 120 min) of HMF from 
2.5 mL hydrolyzed pequi peel, using 1 g of [BMIM][Br] 
ionic liquid under similar conditions. In a study conducted 
by Huynh et al.,30 a DES + DMSO system combined with 
AlCl3·6H2O as catalyst at 150 °C for 120 min resulted in 
HMF yields of 18.49 and 19.86% from corn stalk and rice 
straw, respectively.

The use of choline chloride-oxalic acid DES (ChCl:OA) 
has proven highly effective for HMF synthesis due to 
its ability to promote selective and efficient glucose 
dehydration. The moderate acidity of oxalic acid acts as a 
protic catalyst, accelerating conversion reactions without 
causing excessive sugar degradation.61 Temperature is a 
critical factor in HMF synthesis using DES containing 
oxalic acid as HBD. Thi Ngo et al.,87 reported that the 
highest HMF yield (29%) was obtained at 100 °C, whereas 

Figure 9. Yields of furanic compounds obtained in synthesis using hydrolysate from cupuaçu peel pretreated with oxalic acid-based DES combined with 
autoclave. Assay 1: 100 °C for 90 min; assay 2: 140 °C for 90 min; assay 3: 100 °C for 150 min; assay 4: 140 °C for 150 min; assay 5: 100 °C for 120 
min; assay 6: 140 °C for 120 min; assay 7: 120 °C for 90 min; assay 8: 120 °C for 150 min; assays 9-11: 120 °C for 120 min.
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at room temperature productivity was below 5%. This 
result demonstrates that increasing temperature favors the 
glucose dehydration rate, promoting more efficient and 
selective conversion to HMF. Thus, ChCl:OA DES stands 
out as a promising solvent, combining catalytic activity, 
conversion efficiency, and sustainability in HMF production 
from renewable sources such as lignocellulosic biomass.

FF yields ranged from 3.55 to 7.80%, with emphasis on 
assays 2 (140 °C for 90 min) and 8 (120 °C for 150 min), 
respectively. These results are consistent with those 
reported by Bizzi et al.,88 who obtained FF yields of 3.64% 
for rice husk, 4.99% for sugarcane straw, and 7.24% for 
grass, all under ultrasound-assisted hydrolysis. According 
to To et al.,61 DES have high potential for carbohydrate 
conversion into furanic compounds, demonstrating their 
applicability in the synthesis of platform chemicals from 
biomass. This efficiency may be related to solvent solubility 
and polarity, which favor reagent interaction and reaction 
kinetics, resulting in higher furanic compound yields.30 
Guo and Qi et al.,82 emphasized that acidic DES with low 
pKa act as mild catalysts, promoting selective reactions for 
HMF or FF formation, highlighting their moderate acidity 
compared with traditional mineral acids.

Response surface analysis

Figure 10 shows the response surface plots obtained 
from the experimental design for optimization of HMF 

and FF synthesis. It can be observed that, in the system 
studied, the combination of temperature and reaction time 
that resulted in the maximum yields for the HMF and FF 
biocompounds was 120 °C for 150 min.

The analysis ANOVA (Table 7) of the quadratic 
model applied to response surface design, considering a 
significance level of α = 0.05, showed significance for 
HMF yields, indicating a correlation between temperature 
and reaction time. For FF yield, the model did not show 
statistical significance; however, variations associated with 
reaction time were observed. The mathematical model 
showed moderate statistical support, with coefficients of 
determination (R2) of 76.73% for HMF and 70.17% for FF. 
These results indicate that the quadratic adjustment was 
used for exploratory purposes, aiming to identify possible 
non-linear trends among the evaluated variables.

The model equation was obtained using temperature 
(x1) and reaction time (x2) as variables. Equations 7 and 8 
were established for coded variables, where Y1 represents 
HMF yield and Y2 represents FF yield:

Y1 = 1.20 + 0.13x1 – 0.18x1
2 + 0.15x2 + 0.12x1x2	 (7)

Y2 = 5.89 + 0.31x1 – 0.93x1
2 + 1x2 + 0.29x1x2	 (8)

ANOVA indicated no significant effects of 
temperature  (x1) or the interaction between temperature 
and time (x1x2) on HMF synthesis; however, reaction 

Figure 10. Response surface plots for the synthesis of (a) HMF and (b) FF.

Table 7. ANOVA parameters for the quadratic model of the response surface design for HMF and FF

Sources 
variation

Sum of squares Degrees of freedom Mean square p-Value
HMF FF HMF FF HMF FF HMF FF

Regression 0.4 9.3 4 4 0.1 2.3 0.04342 0.08246
Residual 0.1 4.0 6 6 0.0 0.7 – –
Total 0.5 13.3 10 10 – – – –
HMF: 5-hydroxymethylfurfural; FF: furfural; p-value at 5% significance level.
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time (x2) showed a statistically significant effect, indicating 
that within the evaluated range this factor significantly 
influenced the HMF yield. A similar behavior was observed 
for FF production, as the full factorial design (FCD) 
revealed a significant effect only for reaction time (x2), 
while temperature (x1) and the interaction term (x1x2) were 
not statistically significant, as observed in the pareto chart 
in Figure 11.

Conclusions

The composition of cupuaçu peel indicated favorable 
cellulose and hemicellulose contents, supporting its use as 
a sustainable source of bioproducts. Significant structural 
alterations, evidenced by FTIR, XRD, SEM, and TGA, 
confirm the efficiency of the pretreatments applied to 
cupuaçu peel. Most of the pretreated samples showed 
alterations in crystallinity compared to the raw biomass. 
Associated with the disorganization of the lignocellulosic 
matrix observed in the tests, this behavior indicates 
a greater susceptibility of the biomass to chemical 
attack, reinforcing the potential for valorization of this 
Amazonian residue.

The use of DES in pretreatment, combined with 
ultrasound and autoclave methods applied to cupuaçu 
peel, led to a statistically significant increase in glucose 
production. The ChCl:OA  +  ATC and ChCl:OA  +  US 
combinations resulted in increases of 97.90 and 69.72%, 
respectively, relative to untreated biomass. However, xylose 
yields in the pretreated samples were lower than those 
observed in the untreated biomass. Statistical analysis 
elucidated the selective interactions between DES and 
pretreatment methods, highlighting the effectiveness of the 
system in deconstructing lignocellulosic materials.

Optimization of reaction conditions for HMF and 
FF production resulted in maximum yields of 1.46 and 
7.80%, respectively. This underscores the effectiveness 

of the biotechnological approach used to synthesize 
biobased compounds from hydrolysate of DES-pretreated 
cupuaçu peel. Response surface analysis identified optimal 
conditions of 120 °C for 150 min for HMF and FF, 
confirming the potential of DES for converting cupuaçu 
peel into platform biocompounds.

The results confirm that DES constitute a versatile 
and efficient reaction medium for the fractionation and 
valorization of cupuaçu peel. The selective synthesis of 
HMF and FF highlights the potential of the methodology 
as a promising alternative to conventional pretreatments, 
contributing to the development of integrated processes 
aimed at the valorization of agro-industrial waste in a 
circular biorefinery context.
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