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ABSTRACT

Pineapple peel is recognized as a widely available lignocellulosic biomass that offers considerable potential for up-
grading into valuable products. The removal of lignin, or delignification, is vital to improving cellulose accessibility
for further biomass conversion. Recently, deep eutectic solvents (DES) have demonstrated effectiveness as green
delignification agents. This environmentally sustainable method aligns well with contemporary initiatives to man-
age agricultural waste more responsibly while encouraging the adoption of cleaner processing protocols. This study
investigates the delignification capability of DES on pineapple peel and performs structural characterization of the
altered biomass. The study varied the hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) types and
their molar ratios, using choline chloride (ChCl) and betaine as HBAs, and lactic acid (LA) and glycerol as HBDs.
The molar ratios tested ranged from 1:2 to 1:9. According to Chesson-Datta analysis, the application of ChCLl:LA
at a molar ratio of 1:9 for one hour effected a 95% reduction in lignin and increased cellulose content to 65.54%.
FTIR analysis confirmed the disappearance of lignin-specific peaks, SEM observations showed a more porous fiber

morphology, and XRD measurements indicated a significant rise in crystallinity from 29.18% to 41.11%.
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INTRODUCTION

Pineapple peel biomass emerges as a highly
abundant lignocellulosic residue from the global
pineapple processing industry. Particularly in ma-
jor producing nations such as Indonesia, the Phil-
ippines, and Brazil, annual pineapple production
exceeds 28 million tons (Tran et al., 2023). This
agricultural byproduct, comprising approximately
30-40% of the fruit’s total weight, represents a
substantial yet underutilized resource for biorefin-
ery applications, including bioethanol production,
nanocellulose extraction, and biochemical synthe-
sis (Nasohaetal., 2023; Nath etal., 2023). The rigid
nature of lignocellulosic biomass, arising from the
intricate association of cellulose (35-50%), hemi-
cellulose (20-30%), and lignin (20—30%), creates
major obstacles to achieving efficient biomass

conversion (Ashokkumar et al., 2022; Bytyqi et al.,
2025). Lignin, a heterogeneous aromatic polymer,
forms a protective matrix that shields carbohydrate
polymers, thereby hindering enzymatic hydrolysis
and chemical processing essential for value-added
product generation. Effective pretreatment strat-
egies are thus imperative to disrupt this matrix,
selectively removing lignin while preserving cel-
lulose integrity to enable downstream valorization
pathways (Sharma et al., 2025).

Conventional delignification approaches, in-
cluding alkaline and acid treatments, have demon-
strated efficacy in lignin solubilization but are con-
strained by substantial environmental drawbacks.
These methods generate hazardous effluents, de-
mand high energy inputs for neutralization and
wastewater treatment, and often cause indiscrimi-
nate degradation of holocellulose components,
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compromising yield and quality of the resultant
cellulosic material. Moreover, equipment corro-
sion and safety concerns associated with corrosive
reagents limit their scalability for industrial biore-
fineries. In response to these limitations, DES has
garnered attention as a sustainable alternative pre-
treatment medium. DES, formed through hydro-
gen bonding interactions between HBA and HBD,
exhibits tunable physicochemical properties in-
cluding low toxicity, biodegradability, and cost-
effectiveness derived from bio-based precursors.
These neoteric solvents facilitate lignin extrac-
tion by disrupting intra- and interchain hydrogen
bonding interactions within the lignocellulosic
matrix, promoting biomass swelling and enhanced
solvent penetration without the volatility or flam-
mability issues of ionic liquids.

This study systematically evaluates the delig-
nification performance of tailored DES systems
— comprising ChClI and betaine as HBAs paired
with LA and glycerol as HBDs across molar ratios
of 1:2 to 1:9 — applied to pineapple peel biomass.
This study primarily seeks to assess lignin remov-
al through Chesson—Datta analysis to select op-
timal DES, to characterize structural changes by
FTIR, SEM, and XRD, and to evaluate pretreat-
ment-induced modifications in the composition
of cellulose, hemicellulose, and lignin. Through
these analyses, the research establishes empirical
correlations between DES molecular design and
pretreatment outcomes, furnishing foundational
data for scalable biorefinery integration.

MATERIALS AND METHODS

Materials

Primary feedstock was pineapple peel collect-
ed as waste in Prabumulih, Indonesia. The chemi-
cals utilized included choline chloride, lactic acid,
choline—glycerol, betaine, glycine, and distilled
water, all of which were of analytical grade.

DES preparation

DES were prepared by mixing choline chlo-
ride with lactic acid, choline chloride with glycer-
ol, betaine with lactic acid, betaine with glycerol,
and glycine with lactic acid at molar ratios of 1:2,
1:3, 1:5, 1:7, and 1:9. The mixtures were heated
at 80 °C under continuous stirring until clear, ho-
mogeneous liquids were obtained. The resulting
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DES solutions were then stored in tightly sealed
containers at room temperature until use in the
delignification process.

Delignification

Pineapple peel was cut into small pieces,
dried in an oven at 105 °C for 1 h, ground, and
then sieved to obtain a particle size of 60 mesh. A
mass of 50 g of dried peel was placed into sepa-
rate 1000 mL Erlenmeyer flasks. Deep eutectic
solvent solutions were prepared in situ by adding
hydrogen bond acceptors (choline chloride or be-
taine, 98%) to individual flasks and subsequently
introducing hydrogen bond donors (lactic acid
or glycerol, 98%) at various molar ratios. Each
mixture was heated at 80 °C for 15 min under
constant stirring at 500 rpm until a homogeneous
liquid phase was obtained. The different DES
formulations were added to the flasks until the
pineapple peel particles were fully submerged,
after which the flasks were placed in a shaking
water bath to ensure thorough impregnation and
homogenization of the slurry. The suspensions
were then subjected to thermal treatment in an
autoclave at 100 °C for 1 h. Following delignifi-
cation, the slurry was washed with distilled water
until the filtrate reached neutral pH, and the solid
fraction was dried in an oven at 105 °C for 7-8 h.

Lignocellulose analysis

Sample characterization included the deter-
mination of cellulose, hemicellulose, and lignin
contents using the Chesson—Datta method. For
both the raw material and the DES-delignified
samples, scanning electron microscopy was em-
ployed to observe surface morphology, Fourier-
transform infrared spectroscopy was used to ex-
amine carbon-hydrogen bonding and lignocel-
lulosic functional groups, and X-ray diffraction
analysis was carried out to evaluate crystalline
phases and to obtain information on unit cell di-
mensions, chemical composition, and selected
physical properties of the samples.

RESULTS AND DISCUSSION

DES effects on lignin removal

Components’ relative proportion in a DES
is a critical parameter governing delignification
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performance, as it directly influences the sol-
vent’s ability to disrupt lignin linkages within
the biomass matrix (Song et al., 2024). Table 1.
Shows the lignocellulose composition of untreat-
ed pineapple peel and treated samples with vari-
ous DES. On the basis of the experimental data
presented in Figure 1, the DES system composed
of choline chloride and lactic acid at a molar ratio
of 1:5 exhibited the highest delignification effi-
ciency. This optimum ratio was identified from
the combination of maximum lignin removal and
the highest cellulose content achieved under the
investigated conditions.

The choline chloride—lactic acid DES with
a molar ratio of one to five was identified as the
most effective formulation because it balances
lignin solubilization with the preservation of cel-
lulose fiber structure. The previous study found
that, for cocoa bean shell, a ChCIl:LA ratio of
one to two provided an insufficient carboxylic
acid concentration to form a robust hydrogen-
bonding network with choline chloride, resulting
in limited delignification (Benitez-Correa et al.,
2023). Consistent with this, the study observed
that a ChCI:LA ratio of one to three did not mark-
edly enhance lignin removal from acacia dealbata

wood (Magalhaes et al., 2024), which they as-
sociated with the DES exhibiting a molecular
weight similar to kraft lignin. In work on poplar
wood pulp reported optimum delignification was
reported at a ChCI:LA ratio of one to eight, giving
a cellulose-enriched fraction of 68.28%, whereas
further increasing the lactic acid proportion to a
ratio of one to ten led to the formation of dark
aggregates, attributed to excessive medium acid-
ity (Li, Q et al., 2025). Such strongly acidic envi-
ronments, caused by an overabundance of lactic
acid, can promote lignin condensation and chro-
mophore formation and simultaneously acceler-
ate cellulose hydrolysis, thereby decreasing the
cellulose content (Jiang et al., 2020). An excess
of hydrogen bond donors can also perturb the in-
ternal equilibrium of the DES and favor the for-
mation of aggregates that interact less effectively
with lignin, reducing the overall solvating capac-
ity (Bao et al., 2025). At the opposite extreme,
when the hydrogen bond donor content is too low,
the system cannot establish a sufficiently stable
hydrogen-bonding network with choline chloride,
which diminishes lignin dissolution efficiency
(Benitez-Correa et al., 2023). Thus, using hydro-
gen bond donor ratios that are either excessively

Table 1. The composition of pineapple peel lignocellulose

DES Ratio Lignin (%) Cellulose (%) Hemicellulose (%)

Untreated - 20.00 54.00 9.00
1:2 13.00 57.00 31.00

1:3 16.00 34.00 30.00

ChCI:.LA 1:5 14.52 56.45 19.35
1:7 15.56 45.56 20.00

1:9 8.05 65.54 16.09

1:2 7.50 62.00 10.50

1:3 4.30 59.00 14.70

ChCl: G 1:5 3.86 59.00 33.00
1:7 3.77 59.00 32.30

1:9 1.90 60.00 22.10

1:2 24.00 34.00 34.00

1:3 17.00 38.88 35.00

Bet:LA 1:5 25.60 42.86 15.39
1.7 14.90 60.70 9.00

1:9 13.00 40.00 40.00

1:2 14.00 52.00 24.00

1:3 18.00 54.00 23.00

Bet:G 1:5 18.00 50.00 18.00
1:7 12.00 57.00 5.00

1:9 15.00 49.00 31.00
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Figure 1. The effect of DES on pineapple peel lignin removal

high or too low can destabilize the DES system,
promote unwanted degradation of cellulose and
hemicellulose, and compromise both the selectiv-
ity and efficiency of the delignification process
(Abolore et al., 2025).

SEM analysis

SEM was employed to observe and describe
the surface morphology of pineapple peel be-
fore and after delignification. Figure 2 illus-
trates the morphological differences between
the two samples. In Figure 2(a), the fiber surface
is covered by a complex matrix layer composed
of lignin, which acts as an inter-fiber binding
phase (Baraka et al., 2025). This condition leads
to occluded pores on the fiber surface, thereby
limiting the accessibility of the underlying cel-
lulose (Bai et al., 2022).

Figure 2(b) presents the microstructure
of the sample following delignification with
ChCL:LA DES at a 1:9 molar ratio, revealing
pronounced alterations in the pineapple peel fi-
ber structure. The fibers exhibit a more open sur-
face, characterized by the appearance of pores
and detachment of the binding layer, which
leads to exposure of cellulose fibers (Cafiadas
et al., 2024). The emergence of these pores in-
dicates that a substantial portion of non-cellu-
losic components, particularly lignin and silica
within the cell wall, has been removed from the
pineapple (Owhe et al., 2021). The observed re-
sults are consistent with prior observations that
ChCl:LA-based DES is able to cleave p—0O—4
bonds in lignin through a protonation mechanism
(Li, P. et al., 2023). Moreover, the DES system
facilitates the dissolution of silica and hemi-
cellulose, thereby increasing fiber porosity and
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surface area. Consequently, the modified mor-
phology enhances the accessibility of enzymes
and chemical reagents in downstream steps such
as enzymatic hydrolysis or cellulose nanocrystal
production (Wang et al., 2022).

The increase in porosity and the opening of
cellulose fibers in pineapple peel also enhance
its capacity to absorb water and chemicals for
use in subsequent post-delignification pro-
cesses (Taib et al., 2025). The resulting higher
hydrophilicity promotes fiber swelling, which
directly enlarges the reactive surface area of
cellulose (Kamdem Tamo et al., 2025). This
condition is advantageous not only for down-
stream steps such as hydrolysis but also for oth-
er applications, including the fabrication of bio-
polymer-based composite materials. Increased
porosity improves the matrix—reinforcement
interface, i.e., the contact zone between the
matrix phase (e.g., biopolymers) and the rein-
forcing phase (e.g., cellulose fibers). A better
interface enhances adhesion between matrix
and reinforcement, leads to more uniform stress
distribution, and yields composites with higher
strength and improved resistance to damage
(Elfaleh et al., 2023). Thus, DES-based deligni-
fication not only alters the physical structure of
the fibers but also improves the functional prop-
erties of pineapple peel for a range of industrial
applications (Zheng et al., 2022).

Table 2 shows the composition of the elements
of the sample treated and untreated. The decrease
in C concentration (from 225.69 to 190.33) and
O (from 83.57 to 77.31) following ChCIL:LA 1:9
treatment indicates the removal of carbon-rich or-
ganic components, such as lignin, hemicellulose,
and extractives from pineapple fibers, which is
characteristic of delignification by deep eutectic
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Figure 2. SEM of pineapple peel (a) untreated and (b) sample treated with ChCl:LA 1:9

solvents (DES). This observation aligns with es-
tablished effects of DES on lignocellulosic bio-
mass, where amorphous phases are preferentially
solubilized. Similarly, the reduction in Cl (from
1.20 to 0.17) and P (from 0.96 to 0.24) reflects
the dissolution of surface inorganic contaminants,
including silica and soluble salts, in the lactic
acid-based DES medium. The emergence of Mg
(0.36%) and a substantial increase in Ca (2.73%)
likely result from ion exposure during DES treat-
ment, leading to mineral deposition or incomplete
rinsing on the fiber surface post-processing. Sul-
fur levels remain stable (0.57-0.58%), suggest-
ing resistance to DES extraction. These shifts are
consistent with surface modification patterns ob-
served in lignocellulosic treatments.

Table 2. The concentration of untreated and treated
sample elements

Element Untreated Treated
C 225.69 190.33
o} 83.57 77.31
Si 1.19 3.40
Mg - 0.36
P 0.96 0.24
0.58 0.57
Cl 1.20 0.17
Ca - 2.73

FTIR analysis

FTIR spectral analysis of pineapple peel re-
vealed distinct differences in chemical charac-
teristics between the untreated sample and the
sample delignified with ChCl:LA (Figure 3). In
the untreated sample, the O—H stretching band as-
sociated with cellulose hydroxyl groups appeared
at 3400 cm™'. After delignification, the increased
absorption intensity at this wavenumber indi-
cates greater exposure of cellulose O—-H groups
due to the reduction of lignin and hemicellulose
fractions, which is further supported by the ab-
sorption band around 1040 cm™ corresponding to
C-O0 stretching vibrations of cellulose.

The absorption bands in the 1510-1600 cm™
region show clear differences between samples
before and after delignification. In the untreated
sample, the FTIR spectrum exhibits a characteris-
tic lignin band attributed to aromatic C=C vibra-
tions. The reduction of this band after treatment
indicates a decrease in lignin content within the
biomass matrix. The agreement between FTIR
data and quantitative analysis confirms that the
DES system selectively degrades lignin within
the lignocellulosic network. Changes in the inten-
sity and position of absorption bands further dem-
onstrate that delignification with ChCl:LA DES
reduces hemicellulose and lignin while increasing
the relative proportion of cellulose in pineapple

91



Journal of Ecological Engineering 2026, 27(5), 87-95

N MmO
(a) . » L8383
o S )'
Pineapple peel v T\
0.4 )
8
: -
8
o
3 024
S 02
0—
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
cm™
3 ~NO
(b) 1 ERR R RR S R
- CHCI TITOIOOYIRNYY
0075 N
o |
0
&
8 005 Mv
2 3
Ke] -
® "
- /KP/\J
W/ ’
o ,_Mﬁmiwmww S
| I | I | I | |
4000 3500 3000 2500 2000 1500 1000 500
crn"1

Figure 3. FTIR of pineapple peel (a) untreated and (b) sample treated with ChCI:LA 1:9

peel. The enhanced O-H, C-H, and C-O bands,
together with the diminished C=0 and aromatic
C=C absorptions, provide evidence that cellulose
becomes more concentrated following treatment.

XRD analysis

Figure 4 presents the XRD patterns of pineapple
peel before and after delignification. The untreated
sample shows diffraction peaks at 20 = 34.96°,
44.64°, and 65.17°, with a crystallinity index of
29.18%. Following delignification, the peaks shift
to 20 = 44.68°, 49.25°, 72.69°, and 88.41°, accom-
panied by an increase in crystallinity to 41.11%.
This enhancement is attributed to the removal of
amorphous lignin, which makes the crystalline cel-
lulose phase more dominant. Higher crystallinity is
positively associated with fermentability, as purer
cellulose is more readily hydrolyzed to glucose, and
also indicates that pineapple peel has good potential
as a feedstock for industrial applications requiring
consistent fiber quality and adequate mechanical
strength (Ahmed et al., 2022).
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The observed increase in crystallinity also
indicates that DES-based delignification not only
dissolves non-cellulosic components but also
preserves the integrity of the crystalline cellulose
structure (Othman et al., 2025). In contrast, treat-
ment with strong alkaline solvents such as NaOH
can lead to cellulose chain degradation and a
consequent reduction in crystallinity (AL-Rajabi
et al., 2024). DES can therefore be regarded as
a more selective medium, capable of disrupting
lignin—hemicellulose linkages without damaging
cellulose. This has a positive impact on the me-
chanical performance of the fibers, since a higher
degree of crystallinity is generally correlated with
improved tensile modulus and stiffness in cellu-
lose-based materials (Jorda et al., 2022). High
crystallinity is also crucial for advanced applica-
tions such as the production of cellulose nano-
crystals (CNCs) or cellulose nanofibers (CNFs),
where feedstocks with crystallinity values above
90% yield CNCs with a purer crystalline fraction
and enhanced optical, thermal, and mechanical
properties (Serrano-Martinez et al., 2025).
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Figure 4. XRD of pineapple peel (a) untreated and (b) sample treated with ChCl:LA 1:9

CONCLUSION

ChCl:LA-based DES has been demonstrated
to function as an efficient and environmentally
friendly solvent for delignifying pineapple peel.
The process achieved lignin removal of up to
95% and increased cellulose crystallinity from
29.18% to 41.11%. Evidence from FTIR, SEM,
and XRD analyses indicates that lignin was re-
moved while preserving the cellulose framework.
Consequently, this pretreatment approach holds
considerable promise for sustainable bioethanol
production from agro-industrial waste.
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