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Abstract

Agroindustrial residues represent heterogeneous biomass resources whose anaerobic con-
version can be strongly influenced by pretreatment. This study evaluated seven residues:
banana peel, potato peel, pineapple peel, coconut fiber, maize cob, coffee parchment,
and cocoa parchment, under untreated, organosolv-treated, and precomposted condi-
tions. Physicochemical and bromatological properties were characterized across the three
biomass conditions, whereas baseline lignocellulosic composition was determined only for
untreated materials. Methane production and biogas composition were assessed for the
organosolv-treated and precomposted residues. Organosolv and precomposting produced
contrasting compositional responses. Precomposted materials showed lower chemical
oxygen demand and volatile-solid proportions, whereas organosolv largely preserved
the organic fraction and increased the relative contribution of fiber and carbohydrates.
Biochemical methane potential (BMP) differed markedly between pretreatments (p < 0.001),
with organosolv-treated residues showing an average BMP 62.2% higher than that of pre-
composted residues. Methane concentration remained close to 50% and did not differ
significantly between pretreatments. The first two principal components explained 79.2%
of the compositional variation and showed distinct multivariate patterns among biomass
conditions. Exploratory calculations based on experimental BMP and solids data estimated
methane recoveries of 305.25 and 155.74 Nm? CH, t~! wet biomass for organosolv-treated
and precomposted materials, respectively. Under the conditions evaluated, organosolv
showed greater potential for methane-oriented valorization and provides a basis for subse-
quent semi-continuous and pilot-scale evaluation.

Keywords: agroindustrial biomass; anaerobic digestion; biochemical methane potential;
organosolv pretreatment; precomposting; lignocellulosic residues; biogas; biomass
valorization
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1. Introduction

Agroindustrial processing produces a wide range of residual biomasses that retain con-
siderable amounts of organic matter after the main product has been recovered. The magni-
tude of this resource is particularly relevant in Junin. In 2024, regional production reached
approximately 503.0 thousand t of potato, 450.5 thousand t of pineapple, 222.8 thousand t
of plantain, 67.4 thousand t of coffee, 35.3 thousand t of cocoa, and 22.4 thousand t of hard
yellow maize, representing about 1.30 million t of primary agricultural biomass associated
with six of the residue streams evaluated in this study [1]. When these materials have no
defined use, their carbon and nutrient content remains underutilized. Anaerobic digestion
provides a route for converting part of this organic fraction into methane while reducing
the amount of biodegradable material remaining in the residue. Experimental assessments
of agricultural wastes have shown substantial differences in methane production among
feedstocks, even when they are evaluated under comparable digestion conditions [2].

This compositional heterogeneity becomes particularly relevant when residues from
different agroindustrial chains are compared. Potato peel illustrates the behavior of a
readily biodegradable food-processing residue, for which measurable methane recovery
has been reported under mono-digestion and after mechanical or chemical pretreatment [3].
Pineapple residues provide a contrasting example in which digestion performance is
strongly influenced by substrate formulation and operating conditions [4]. More ligno-
cellulosic feedstocks show a different response: thermal pretreatment of coffee husks
has improved anaerobic biodegradability [5], whereas cocoa residues have demonstrated
methane production despite their more complex structural matrix [6]. These examples high-
light that differences among residues may arise from composition, pretreatment response,
or digestion conditions rather than from feedstock identity alone.

The structure of lignocellulosic biomass is one of the main factors that can restrict
biological conversion. Cellulose and hemicellulose represent potentially degradable carbon
sources, but their accessibility is reduced when they remain embedded within a lignin-rich
matrix. For this reason, pretreatment is commonly directed toward altering the physical
or chemical organization of the material before anaerobic digestion. Experiments with
chemically treated areca husk showed that changes in lignocellulosic composition, solubi-
lization, and volatile solids were closely associated with subsequent biogas production [7].
Similar responses have been reported for corn stalk, where pretreatment modified chemical
properties relevant to anaerobic conversion and affected the accessibility of the organic
fraction to microbial degradation [8].

Organosolv and biological pretreatments act through different pathways and therefore
should not be expected to produce the same response across all feedstocks. Organosolv
treatment uses an organic solvent system to modify the lignocellulosic matrix and remove
part of the less accessible fraction. Its application to olive oil pomace improved the suit-
ability of the residual material for anaerobic digestion and allowed the production of
methane-rich biogas after treatment [9]. Precomposting follows a different route, rely-
ing on a controlled period of aerobic microbial activity before anaerobic digestion. Short
composting pretreatments have been shown to modify substrate characteristics and the
subsequent pattern of biogas production [10]. Biological pretreatment of corn straw has also
demonstrated that changes occurring before digestion can improve degradation, although
the magnitude of the response depends on treatment conditions and on the characteristics
of the original biomass [11].

These contrasting responses make direct comparison among residues particularly
useful. Biochemical methane potential provides a standardized measure of methane
recovery relative to the volatile solids supplied, but methane yield alone does not explain
why one substrate performs differently from another. Measurements of total and volatile
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solids, pH, chemical oxygen demand, ash, and related compositional variables provide
complementary information on the condition of the organic fraction entering digestion.
Studies of plant- and food-derived substrates have shown that methane potential varies
with feedstock properties [12], while experimental digestion of agroindustrial residues
has confirmed that substrate characteristics can influence gas production and process
behavior [13]. Combining compositional characterization with methane yield therefore
provides a stronger basis for comparing feedstocks.

From a biomass valorization perspective, pretreatment should also be assessed ac-
cording to whether the compositional changes it produces improve the subsequent recov-
ery of useful products. Sequential conversion schemes have shown that lignocellulosic
residues can retain value after an initial treatment step and subsequently be directed toward
biomethane production [14]. Because the same pretreatment may preserve biodegradable
compounds in one residue while removing or consuming them in another, evaluating both
composition and methane recovery is important when comparing valorization pathways
for chemically diverse biomasses.

The present study evaluates seven agroindustrial residues in Peru—banana peel,
potato peel, pineapple peel, coconut fiber, maize cob, coffee parchment, and cocoa
parchment—using two contrasting pretreatment strategies: organosolv and precomposting;
untreated materials were retained as compositional references, while the physicochemical
changes associated with both pretreatments were evaluated through moisture, total and
volatile solids, fixed solids, pH, chemical oxygen demand, ash, fat, protein, fiber, and
carbohydrate-related parameters. Methane yield and biogas composition were subse-
quently assessed for the organosolv-treated and precomposted materials. The interpreta-
tion combines substrate characterization with biochemical methane potential because this
joint approach provides a clearer basis for distinguishing feedstock quality and anaerobic
conversion performance [15]. The study therefore aimed to determine how organosolv
and precomposting influence biomass characteristics and methane recovery across seven
agroindustrial residues, to identify the combinations with greater potential for anaerobic
valorization, and to explore associations between biomass composition and methane yield.
In addition, experimental BMP and solids data were used to derive exploratory indicators
of methane recovery per unit of biomass and substrate requirement. It was hypothesized
that the two pretreatments would produce contrasting effects on biomass characteristics
and methane recovery across the evaluated residues.

2. Materials and Methods
2.1. Study Area

This study was conducted in Junin, Peru, and all laboratory analyses were performed
at the School of Agroindustrial Engineering, Faculty of Engineering, Universidad Na-
cional Auténoma Altoandina de Tarma (UNAAT), in Acobamba, Tarma. Institutional
information indicates that the Agroindustrial Engineering program operates within the
university campus and associated laboratory facilities, while the UNAAT institutional
repository identifies the campus location in Huancucro, Acobamba, along Carretera La
Florida—Cochayoc km? [16].

Tarma was used as the geographic reference for the study area. Official geographic
information places the city of Tarma at approximately 11°25’' S and 75°41’ W, at about 3050 m
above sea level. At a broader scale, the department of Junin is located in the central Andean
region of Peru and includes both highland and montane environments, providing the
regional agroecological context for the agricultural and agroindustrial activities associated
with the residues evaluated in this study [17] (Figure 1).
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Figure 1. Geographic location of the study area in central Peru. (1) Location of Peru within South
America; (2) location of the department of Junin within Peru; (3) location of Tarma Province within
Junin; and (4) location of the study site at the School of Agroindustrial Engineering, Faculty of
Engineering, Universidad Nacional Auténoma Altoandina de Tarma (UNAAT), in Acobamba, Tarma,
Junin, Peru.

2.2. Raw Materials and Experimental Design

Seven agroindustrial residues generated in the Junin region of Peru were evaluated
in this study: banana peel, potato peel, pineapple peel, coconut fiber, maize cob, coffee
parchment, and cocoa parchment. Coconut fiber and maize cob were obtained from local
markets in Tarma; pineapple peel was supplied by Greenbox SAC, Peru a local company
in Tarma; banana peel was collected from local fried-banana vendors in El Pedregal,
Chanchamayo; potato peel was obtained from the university dining facility; and coffee
and cocoa parchment were collected from a solid-waste treatment facility in Chanchamayo,
Junin. The materials were transported to the INITA laboratory at the Universidad Nacional
Auténoma Altoandina de Tarma (UNAAT) for preparation and subsequent analyses. After
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collection, the residues were air-dried and then oven-dried at 65 °C for approximately
four days. The dried materials were ground, passed through a 425 pm sieve, vacuum-
packed, and stored at room temperature under laboratory conditions (approximately
15 °C), protected from moisture and direct sunlight. Samples were stored for approximately
15 days before organosolv processing.

These materials were selected to represent contrasting agroindustrial residues with dif-
ferent physicochemical and compositional characteristics. The experimental approach con-
sidered three biomass treatment conditions for each residue: untreated material, organosolv-
treated material, and precomposted material, generating 21 residue-treatment combina-
tions. Untreated materials were used as compositional references. Physicochemical and
bromatological analyses were performed across the three biomass conditions, baseline
lignocellulosic composition was determined only for untreated materials, and methane
production and biogas composition were evaluated for the organosolv-treated and precom-
posted residues. The corresponding analytical procedures are described in the following
subsections (Figure 2).

Banana peel

!

Experimental conditions (7 = 3)

' v '

Untreated Organosolv Precomposting
(Reference) pretreatment pretreatment

A h 4 A 4

Physicochemical characterization
(Moisture, TS, VS, FS, pH, COD, ash)

Bromatological characterization l
(Fat, protein, fiber, carbohydrates)

Y

Biochemical methane potential
L and biogas composition —
Pretreated materials only
(BMP, CH,, CO,, N,/O,)

Baseline lignocellulosic
characterization — Untreated only
(Extractives, holocellulose, lignin)

.

Data analysis and evaluation of biomass valorization potential

Figure 2. Experimental workflow for the seven agroindustrial residues evaluated under untreated,
organosolv-treated, and precomposted conditions. Physicochemical and bromatological characteriza-
tion was performed across the three biomass conditions, whereas baseline lignocellulosic composition
was determined only for the untreated materials. Biogas composition and biochemical methane
potential were evaluated only for the organosolv-treated and precomposted residues.
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2.3. Pretreatment Procedures
2.3.1. Organosolv Pretreatment

The organosolv pretreatment used an ethanol-acetic acid system adapted from Herndn-
dez et al. [18]. The prepared biomass described in Section 2.2 was introduced into a 5 L
high-pressure digester at a dry-basis mass of 400 g. The reactor then received 2.0 L of
distilled water, 2.0 L of ethanol, and 12 mL of acetic acid and was sealed and maintained
at 175 °C for 2.5 h. After cooling, the treated material was filtered to separate the solid
and liquid fractions. The solid fraction was washed with distilled water and dried at room
temperature before subsequent characterization and anaerobic digestion, while the liquid
fraction containing the solubilized components was retained separately.

2.3.2. Precomposting Pretreatment

Precomposting was applied as a biological pretreatment to the seven agroindustrial
residues. After pretreatment, the recovered biomass was used for physicochemical and
bromatological characterization and for the anaerobic digestion assays. Precomposting
was evaluated as a contrasting treatment to organosolv because biological pretreatments can
modify biomass characteristics through a different pathway before anaerobic conversion [19].

2.4. Anaerobic Digestion Assay and Reactor Operation

Anaerobic digestion assays were established for the seven agroindustrial residues un-
der three biomass conditions: untreated, organosolv-treated, and precomposted, resulting
in 21 residue-treatment combinations. Each system was formulated with the substrate
mass specified in Table 1, 0.8 L of BIOEM inoculum, and the corresponding volume of water
to obtain a nominal working volume of 4.0 L. The prepared formulations were transferred
to bioreactors and operated for 30 days at 50 °C under continuous agitation. Reactor pH
was monitored throughout the digestion period and maintained within the range of 6.7-7.4.
These operating conditions were kept consistent among residue—treatment combinations
to allow direct evaluation of differences associated with biomass type and pretreatment
(Table 1). A schematic representation of the anaerobic digestion system and the main
operating conditions is provided in Figure 3.

Table 1. Formulation of the anaerobic digestion systems used for the seven agroindustrial residues.

Agroindustrial Residue

Treatment Substrate (g) Water (L) BIOEM Inoculum (L) Working Volume (L)

Banana peel

Potato peel

Pineapple peel

Coconut fiber

Maize cob

Coffee parchment

Cocoa parchment

Untreated 274 2.926
Organosolv 272 2.928
Precomposted 300 2.900
Untreated 272 2.928
Organosolv 268 2.932
Precomposted 310 2.890
Untreated 276 2.924
Organosolv 272 2.928
Precomposted 336 2.864
Untreated 270 2.930
Organosolv 272 2.928 0.8 4.0
Precomposted 352 2.848
Untreated 266 2.934
Organosolv 262 2.938
Precomposted 284 2916
Untreated 268 2.932
Organosolv 262 2.938
Precomposted 292 2.908
Untreated 270 2.930
Organosolv 264 2.936
Precomposted 301 2.899
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Figure 3. Anaerobic digestion system used in this study. The setup consisted of a 4.0 L reactor con-
nected to a biogas collection column by water displacement. The reactor contained the corresponding
substrate, 0.8 L of BIOEM inoculum, and water. The system was operated for 30 days at 50 °C under
continuous agitation, with pH maintained between 6.7 and 7.4. Samples were collected for COD
determination and biogas composition analysis.

Liquid samples were withdrawn from the bioreactors during the experimental period
for chemical oxygen demand (COD) determination. Gas samples were collected separately
from the same experimental systems for biogas composition and methane characterization,
as described in Section 2.8.

2.5. Physicochemical Characterization

The physicochemical characterization of the agroindustrial residues included residual
moisture, total solids (TS), volatile solids (VS), fixed solids (FS), and pH. Residual moisture
was determined gravimetrically by drying the samples at 105 °C for 4 h, following the
procedure established for biomass solids determination [20]. Total solids were determined
gravimetrically after moisture removal. Fixed solids were quantified after incineration at
550 °C and expressed on a dry-solid basis. Volatile solids, also expressed on a dry-solid
basis, were calculated as the complementary fraction of fixed solids. The pH of each
material was then determined potentiometrically in an aqueous suspension prepared at
a 1:10 sample-to-water ratio (m/v), with measurements recorded after stabilization of
the electrode response [20]. The same analytical procedures were applied to untreated,
organosolv-treated, and precomposted materials to maintain consistency among the 21
residue—treatment combinations.

2.6. Bromatological and Baseline Lignocellulosic Characterization

Bromatological characterization was performed on the untreated, organosolv-treated,
and precomposted residues following the Official Methods of Analysis of AOAC IN-
TERNATIONAL [21]. Total ash was determined by incineration at 550 °C, crude fat by
continuous Soxhlet extraction, crude protein by the Kjeldahl method using a nitrogen-to-
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protein conversion factor of 6.25, and crude fiber by successive acid and alkaline digestion.
Carbohydrate content was calculated by difference as 100 — (% muoisture + % ash + % crude
fat + % crude protein). Baseline lignocellulosic characterization was performed only on the
seven untreated residues and included extractive content, holocellulose, and lignin. These
measurements described the original feedstocks and were not used to infer changes caused
by either pretreatment [22].

Extractive content was determined by Soxhlet extraction following TAPPI T 204 cm-97.
Finely ground biomass of known moisture content was placed in a cellulose extraction
thimble and extracted under solvent reflux until the solvent became visually clear. The
extractive content was then determined gravimetrically after solvent removal.

Holocellulose was determined in extractive-free material using the Jayme-Wise
method. Approximately 1 g of dry sample was treated with 75 mL of 1.5% sodium chlorite
solution and five drops of concentrated acetic acid at 75 °C for 40 min. Acetic acid and
approximately 1 g of sodium chlorite were then added again, and the reaction continued
for another 40 min. The resulting solid fraction was filtered, washed with distilled water,
dried at 105 °C, and quantified gravimetrically.

Lignin was determined in extractive-free biomass using the Klason procedure. Ap-
proximately 0.5 g of sample was treated with 5 mL of 72% sulfuric acid for 15 min, diluted
with 150 mL of distilled water, and heated under reflux for 50 min. The acid-insoluble
residue was then filtered, washed, dried, and weighed according to TAPPI T 222.

2.7. Chemical Oxygen Demand Determination

Chemical oxygen demand (COD) was determined for the 21 residue-treatment com-
binations as an indicator of the oxidizable organic fraction present in each experimental
system. Samples collected from the bioreactors were subjected to closed-tube acid digestion
at 150 °C, followed by spectrophotometric quantification in accordance with the principles
of ISO 15705 [23]. Results were expressed as mg O, g~! on a dry-solid basis. The same
procedure was applied to untreated, organosolv-treated, and precomposted materials to
permit direct comparison of COD among biomass conditions.

2.8. Biogas Composition and Biochemical Methane Potential

Biogas composition was determined for the organosolv-treated and precomposted
residues, corresponding to 14 residue-treatment combinations. Gas samples collected
from the digestion systems were analyzed by gas chromatography with a thermal conduc-
tivity detector (GC-TCD) using Molsieve/PoraPLOT columns. Methane (CH,4), carbon
dioxide (CO,), and the remaining gaseous fraction (N /O;) were quantified as volumetric
percentages following ASTM D1946 [24] and the gas-sampling principles established in
1SO 10715 [25].

Instrument calibration was performed using a certified gas mixture containing 60%
CHy4 and 40% CO,, traceable to NIST. Each residue-treatment combination was analyzed
in triplicate. Biochemical methane potential (BMP) was determined from the methane
generated relative to the volatile solids supplied to the digestion system and expressed
as NmL CHy g~! VS. Determination and reporting of methane potential followed the
principles described in VDI 4630 for fermentation testing of organic materials [26] and
ISO 11734 for anaerobic biodegradability assessment based on biogas production [27].
Methane composition and BMP were determined from the same experimental systems
used for physicochemical monitoring, thereby allowing methane recovery to be interpreted
in relation to the characteristics of each pretreated biomass. Untreated residues were not
included in the methane composition and BMP dataset.
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2.9. Exploratory Methane Recovery and Substrate Requirement Calculations

To complement the experimental BMP results with indicators of practical biomass
use, methane recovery and substrate requirements were estimated for the organosolv-
treated and precomposted residues. These calculations were based on the experimentally
determined BMP, total solids (TS), volatile solids (VS), substrate mass, and reactor working
volume. Untreated residues were excluded because BMP values were not available for
this condition.

Methane recovery per unit of wet biomass was estimated as (1):

where Y¢py4 is methane recovery (Nm® CHy t~! wet biomass), BMP is expressed as NmL
CH, g ! VS, and TSyand VSyare the total-solid and volatile-solid contents expressed as
decimal fractions.

The amount of wet biomass required to produce 1 Nm? of methane was calculated
as (2):
1000
Ycn,

()

Mch, =

where My is expressed as kg wet biomass Nm~3 CHy.
Initial volatile-solid loading in each experimental reactor was calculated as (3):

Mg x TS, x VS
Lys = — Vzi / 3)

where Lys is the initial volatile-solid loading (g VS L~1), M is the substrate mass introduced
into the reactor (g), and VR is the working volume (L).
Finally, the expected cumulative methane recovery for each 4 L experimental system

was estimated from (4):
BMP x Mg x TSf X VSf
Ven, = 1000 (4)

where V4 is expressed as NL CHy per reactor over the 30-day digestion period. These
estimates were used only as exploratory indicators for comparing biomass utilization
efficiency under the two pretreatments and were not interpreted as engineering equations
for full-scale biodigester design.

2.10. Statistical Analysis

Statistical analyses were conducted in SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA) [28]. Laboratory results were available as means + standard error (SE) from three
analytical replicates. When needed for descriptive purposes, standard deviations were
obtained as SD = SE x /3. Analytical replicates were used to estimate measurement
precision and were not treated as independent experimental units [29].

Treatment effects on moisture, total solids, volatile solids, fixed solids, pH, chemical
oxygen demand, ash, crude fat, crude fiber, crude protein, and carbohydrate content were
evaluated with linear mixed models. Biomass condition (untreated, organosolv-treated,
and precomposted) was included as a fixed effect, and agroindustrial residue was used
as a random blocking factor. When the biomass-condition effect was significant, least-
squares means were compared using Tukey-adjusted pairwise comparisons [30]. Results
are reported as adjusted means =+ SE, with 95% confidence intervals where appropriate.

Biogas variables were analyzed separately because methane measurements were
available only for organosolv-treated and precomposted materials. BMP was the primary
response variable, while methane concentration was treated as a complementary indicator
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of biogas quality. Pretreatment was included as a fixed effect and agroindustrial residue as
a random block. The treatment effect was expressed as the estimated mean difference with
its 95% confidence interval. CO, and N, /O, were summarized descriptively.

Principal component analysis (PCA) included volatile solids, pH, COD, crude fiber,
crude protein, and carbohydrate content. The 21 residue-treatment combinations were the
observational units. Variables were standardized to zero mean and unit variance before
analysis, and the first two components were retained for graphical interpretation based
on their explained variance and loadings [31]. Mathematically complementary or strongly
redundant variables, such as moisture—total solids and volatile solids—fixed solids, were
not entered together.

Spearman rank correlations were calculated separately for the organosolv-treated
and precomposted residues. Within each pretreatment, BMP was related to volatile solids,
pH, COD, crude fiber, crude protein, and carbohydrate content. A second correlation set
related BMP to the baseline lignocellulosic characteristics of the corresponding untreated
feedstocks: extractive content, holocellulose, and lignin. Each correlation set therefore
comprised the seven agroindustrial residues (n = 7). Two-sided exact permutation p-values
were used, and p-values within each set were adjusted using the Benjamini-Hochberg false
discovery rate procedure [32]. Because of the small number of residues, these correlations
were interpreted as exploratory.

Relative changes in COD, volatile solids, and pH with respect to untreated biomass
were calculated as descriptive indicators and were not subjected to additional inferential
testing. Model residuals were assessed using the Shapiro-Wilk test and graphical inspection.
Statistical significance was set at p < 0.05. Compact letter displays were used only for
comparisons involving more than two biomass conditions [33].

3. Results
3.1. Physicochemical Response to Pretreatment

Biomass condition affected moisture and total solids (TS) (F2,12 = 38.00, p < 0.001;
Table 2). Precomposted biomass had 12.19 percentage points more moisture than organosolv-
treated biomass and, correspondingly, 12.19 percentage points less TS. Untreated and
organosolv-treated materials did not differ significantly in either variable. Volatile solids
(VS) and fixed solids (FS) also differed among biomass conditions (F3 12 = 7.04, p = 0.0095).
Precomposted materials contained 4.05 percentage points less VS and 4.05 percentage
points more FS than organosolv-treated materials, whereas untreated and organosolv-
treated biomass showed no significant differences.

Table 2. Physicochemical properties of seven agroindustrial residues under untreated, organosolv-
treated, and precomposted conditions.

Variable Untreated Organosolv Precomposted
Moisture (%) 11.37 +1.09 P 10.16 +1.09 ° 22.35+£1.092
Total solids (%) 88.63 £1.09° 89.84 +1.09° 77.65 4+ 1.09 P
Volatile solids (%) 94.821+0.832 95.35+0.83? 91.30 + 0.83 P
Fixed solids (%) 5.18 +£0.83P 4,654 0.83P 8.70 + 0.832
pH 537 £0.10°¢ 6.114+0.10" 723+0.10°

Values are least-squares means + standard error estimated across the seven agroindustrial residues.
Different superscript lowercase letters within a row indicate significant differences among biomass
conditions according to Tukey-adjusted comparisons (p < 0.05). Agroindustrial residue was included
as the blocking factor in the model.

pH showed the strongest response to biomass condition (F; 1 = 80.86, p < 0.001).
Organosolv-treated biomass had a pH 0.74 units higher than untreated material, while

https:/ /doi.org/10.3390/biomass6050080


https://doi.org/10.3390/biomass6050080

Biomass 2026, 6, 80

11 of 23

precomposted biomass was 1.86 units higher than untreated material and 1.11 units higher
than organosolv-treated biomass. All three conditions differed significantly. Model resid-
uals showed no significant departure from normality for any physicochemical variable
(Shapiro-Wilk, p > 0.205).

3.2. Bromatological Changes Among Biomass Conditions

Pretreatment affected most bromatological properties of the agroindustrial residues
(Table 3). Ash content differed significantly among biomass conditions (Fy 1, = 7.04,
p = 0.0095). Precomposting increased ash content by 3.52 percentage points relative to
untreated biomass and by 4.05 percentage points relative to organosolv-treated material,
whereas untreated and organosolv conditions did not differ significantly.

Table 3. Bromatological properties of seven agroindustrial residues under untreated, organosolv-
treated, and precomposted conditions.

Variable Untreated Organosolv Precomposted
Ash (%) 518 £0.83° 4.65+0.83P 8.70 +0.832
Crude fat (%) 1.68 £0.352 0.33+035? 0.84 +0352
Crude fiber (%) 18.97 4 4.53 P 49.51 £ 4.532 38.52 +4.532
Crude protein (%) 6.39 +0.612 340+ 0.61P 291+061°
Carbohydrates (%) 75.67 + 1.45P 82.03t+ 1452 67.17 £ 145°¢

Values are least-squares means =+ standard error estimated across the seven agroindustrial residues.
Different superscript lowercase letters within a row indicate significant differences among biomass
conditions according to Tukey-adjusted comparisons (p < 0.05). For crude fat, the overall treatment
effect was not significant; therefore, no pairwise treatment differences were inferred. Agroindustrial
residue was included as the blocking factor in the model.

Crude fat showed no significant treatment effect (F5,12 = 3.83, p = 0.0518). In contrast,
crude fiber differed markedly among treatments (Fp 12 = 11.67, p = 0.0015). Relative to
untreated biomass, fiber content increased by 30.54 percentage points after organosolv
treatment and by 19.55 percentage points after precomposting. The two pretreatments
did not differ significantly from each other. Crude protein was also affected by treatment
(F2,12 = 942, p = 0.0035). Both pretreatments resulted in lower protein contents than
the untreated condition, with reductions of 2.99 percentage points for organosolv and
3.48 percentage points for precomposting. No significant difference was detected between
the two pretreatments. Carbohydrate content showed the clearest bromatological response
(F212 = 26.54, p < 0.001). Carbohydrate content was 6.36 percentage points higher in
organosolv-treated biomass than in untreated material and 14.86 percentage points higher
than in precomposted biomass. In contrast, carbohydrate content in precomposted biomass
was 8.50 percentage points lower than in untreated material. Residual distributions did not
depart significantly from normality for any bromatological variable evaluated (Shapiro-
Wilk, p > 0.076).

3.3. Baseline Lignocellulosic Characteristics of the Agroindustrial Residues

The untreated agroindustrial residues showed marked differences in baseline lignocel-
lulosic composition (Table 4). Extractives represented between approximately 2% and 21%
of dry biomass, with the largest proportions observed in pineapple and banana and peel the
smallest in coffee parchment and maize cob. Holocellulose was the predominant fraction in
coffee parchment, maize cob, and potato, exceeding 70% of dry biomass in these residues.
Pineapple peel showed an intermediate proportion, whereas cocoa parchment had the
lowest holocellulose content among the evaluated materials. In the lignocellulosic profiles
described here, residues with lower holocellulose content, particularly cocoa parchment
and coconut fiber, showed comparatively high lignin proportions, exceeding 45% of dry
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biomass, whereas potato had less than 15% lignin. Banana peel presented comparatively
high proportions of both extractives and lignin. These baseline measurements were used
exclusively to characterize compositional differences among the seven untreated feedstocks
and were not subjected to treatment comparisons.

Table 4. Baseline lignocellulosic composition of the seven untreated agroindustrial residues.

Agroindustrial Residue Extractives (%) Holocellulose (%) Lignin (%)
Banana peel 19.00 £ 0.70 42.03 £ 0.98 38.97 £ 1.56
Potato peel 13.35 £1.04 72.46 £ 048 14.19 £ 0.57

Pineapple peel 20.85 £ 0.67 56.39 £+ 0.43 22.76 £ 0.63
Coconut fiber 7.13 £ 0.67 45.49 £ 0.58 47.38 £ 0.67
Maize cob 4.58 £ 0.66 72.51 £0.49 2292 +£0.18
Coffee parchment 231+£0.70 75.89 £ 0.96 21.80 £ 0.54
Cocoa parchment 9.47 £ 0.65 3235+ 1.11 58.18 £ 1.56

Values are means =+ standard error (1 = 3 analytical determinations). Baseline lignocellulosic vari-
ables were characterized descriptively; therefore, no inferential comparisons or significance letters
are presented.

3.4. Chemical Oxygen Demand and Organic Matter Response

Chemical oxygen demand differed significantly among biomass conditions (F, 1o = 141.39,
p < 0.001; Table 5). Relative to the untreated condition, organosolv-treated systems showed
an average COD decrease of 9.42%, with reductions ranging from 5.04% to 13.56% across
residues. Precomposted systems showed a larger COD decrease relative to the untreated
condition, averaging 29.06%, with individual reductions ranging from 20.54% to 35.65%.
Changes in volatile solids, expressed as percentage-point differences from untreated
biomass, were less uniform among residues. Organosolv showed an average difference
of +0.52 percentage points, whereas precomposting averaged —3.52 percentage points.
Across residues, precomposting ranged from an increase of 1.58 percentage points to a
decrease of 6.40 percentage points. pH differences were expressed separately in pH units:
organosolv-treated residues were 0.60-1.10 units above untreated values, whereas precom-
posted residues were 1.20-2.80 units above untreated values. These comparisons were
descriptive and were not subjected to additional inferential testing. COD model residuals
showed no departure from normality (Shapiro-Wilk, W = 0.973, p = 0.804).

Table 5. Chemical oxygen demand of the agroindustrial residues under the three biomass conditions.

Biomass Condition COD (mg O; g1 Dry Solids)
Untreated 1150.00 £ 14.34 2
Organosolv 1041.43 +14.34P
Precomposted 815.71 £14.34 ¢

Values are least-squares means + standard error estimated across the seven agroindustrial residues.
Different superscript lowercase letters indicate significant differences according to Tukey-adjusted
comparisons (p < 0.05). Agroindustrial residue was included as the blocking factor in the model.

3.5. Methane Yield and Biogas Performance

Biochemical methane potential differed markedly between pretreatments (Fy ¢ = 668.58,
p < 0.001; Table 6). Organosolv treatment produced higher BMP than precomposting for
each of the seven agroindustrial residues evaluated (Figure 4). Across residues, BMP was
on average 136.07 NmL CHy g~! VS higher under organosolv than under precomposting
(95% ClI: 123.19-148.95). This represented an average BMP increase of 62.2% relative to
precomposting, ranging from 43.3% for pineapple peel to 69.6% for coconut fiber.
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Table 6. Biogas composition and biochemical methane potential of organosolv-treated and precom-
posted agroindustrial residues.

Agroindustrial  pretreatment  CH, (%) CO%) N (%) (‘:3}1;:1;71 vs)
Banana peel Organosolv 50.32 4+ 045 4928 +042 0404 0.05 354.40 =+ 8.20
Precomposted 5091+ 048  48.69 4+ 045  0.40 + 0.04 221.74 =+ 5.80
Potato peel Organosolv 50.24 +0.41 4936 +040 040+ 0.05 370.82 + 8.90
Precomposted ~ 49.93 +0.46  49.67+0.44  0.40 + 0.06 222.34 + 5.50
Pineapple peel Organosolv 50.73 +0.43 4887 +041 0404 0.04 356.69 =+ 8.40
Precomposted 51.06 & 0.50 48.54 + 047 0.40 £ 0.05 248.86 = 6.20
, Organosolv 51.04 + 044 4856 +041 0404 0.04 360.27 =+ 8.60
Coconut fiber Precomposted ~ 50.66 + 049 4894+ 046  0.40 £ 0.05 212.39 + 5.20
, Organosolv 4926 040 5034 +038 0404 0.04 345.24 + 7.90
Maize cob Precomposted 5029 & 0.47 4931 +043 040+ 0.05 209.69 + 5.10
Coffee parchment Organosolv 50.53 +0.42  49.07+039 0404 0.04 356.27 =+ 8.50
Precomposted 50.77 £ 0.48 48.83 - 0.45 0.40 £ 0.05 212.44 £+ 5.30
Cocoa parchment Organosolv 49.75 + 0.41 49.85 + 0.39 0.40 & 0.04 350.93 + 8.10
Precomposted ~ 50.84 + 049 4876 +0.46  0.40 «+ 0.05 214.66 =+ 5.40

Values are means =+ standard error (n = 3 analytical determinations). Inferential comparisons were
performed for CHy and BMP using pretreatment as a fixed effect and agroindustrial residue as a
blocking factor. CO; and Nj /O, were summarized descriptively.
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Figure 4. Biochemical methane potential (BMP) of seven agroindustrial residues following organo-
solv and precomposting pretreatments. Bars represent means + standard error (1 = 3 analytical
determinations).

Methane concentration, in contrast, did not differ significantly between pretreatments
(F16 =2.81, p = 0.145). The estimated difference between organosolv and precomposting
was —0.37 percentage points (95% CI: —0.91 to 0.17), and CHy4 concentrations remained
close to 50% across all residue—treatment combinations. CO, varied within a similarly
narrow range, while the N, /O, fraction remained at 0.40% in all systems. Model residuals
showed no significant departure from normality for either BMP or CHy (Shapiro-Wilk,
p > 0.05).

3.6. Multivariate Patterns of Biomass Response to Pretreatment

Principal component analysis revealed distinct multivariate patterns among biomass
conditions (Figure 5). The first two principal components accounted for 79.2% of the total
standardized variance, with PC1 explaining 46.6% and PC2 explaining 32.6%. PC1 was
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primarily associated with COD, pH, volatile solids, and carbohydrate content, whereas
PC2 was mainly defined by crude fiber and crude protein (Table 7).

@ Untreated o Mai
B Organosolv
A Precomposted Fiber
ol g COf
AMaI
Cof Coc Carbohydrates
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©
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PC1 (46.6%)

Figure 5. Principal component analysis biplot of the 21 residue-treatment combinations based on
volatile solids, pH, COD, crude fiber, crude protein, and carbohydrate content. PC1 and PC2 explained
46.6% and 32.6% of the total variance, respectively. Symbols distinguish untreated, organosolv-treated,
and precomposted biomass conditions.

Table 7. Loadings and variance explained by the first two principal components for physicochemical

and bromatological characteristics.

Variable PC1 PC2
Volatile solids 0.745 0.469
pH —-0.817 0.330
COD 0.979 —0.053
Crude fiber —0.146 0.885
Crude protein 0.439 —0.764
Carbohydrates 0.736 0.593
Eigenvalue 2.936 2.051
Variance explained (%) 46.6 32.6
Cumulative variance (%) 46.6 79.2

Variables were standardized before PCA. Loadings represent correlations between the original
variables and principal components.

Untreated materials were concentrated predominantly on the positive side of PC1,
whereas precomposted residues shifted toward negative PC1 scores. Organosolv-treated
materials were positioned mainly on the positive side of PC2, although the magnitude of
this displacement varied among residues.

3.7. Exploratory Associations Between Biomass Characteristics and Methane Yield

The associations between biomass characteristics and BMP differed between the two
pretreatments (Table 8). Under organosolv treatment, the correlation coefficients were
generally weak to moderate, with the largest absolute coefficient observed for crude protein
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(o = 0.429). None of the physicochemical or bromatological variables was significantly
associated with BMP after false-discovery-rate adjustment.

Table 8. Spearman rank correlations between biomass characteristics and biochemical methane
potential under organosolv and precomposting pretreatments.

Biomass Characteristic Organosolv p Organosolv g Precomposted p Precomposted g
Volatile solids —0.250 0.783 —0.714 0.264
pH —0.179 0.783 —0.306 0.614
COD —0.252 0.783 —0.607 0.333
Crude fiber —0.143 0.783 —0.750 0.264
Crude protein 0.429 0.783 0.429 0.530
Carbohydrates —0.286 0.783 —0.107 0.840
Baseline extractives 0.286 0.834 0.857 0.071
Baseline holocellulose 0.107 0.840 —0.250 0.595
Baseline lignin —0.464 0.834 —0.357 0.595

Spearman correlations were calculated separately for each pretreatment using the seven agroindustrial
residues (1 = 7). Exact two-sided permutation p-values were calculated for each correlation, and the
corresponding g-values were obtained after Benjamini-Hochberg false-discovery-rate adjustment
within each pretreatment-specific correlation set. Baseline extractives, holocellulose, and lignin
correspond to untreated feedstock composition.

Precomposted materials showed larger absolute correlation coefficients for several vari-
ables. BMP was negatively related to crude fiber (o = —0.750, p = 0.066) and volatile solids
(o = —0.714, p = 0.088), while COD showed a moderate negative coefficient (0 = —0.607).
Among the baseline lignocellulosic characteristics, extractive content showed the largest
coefficient with BMP under precomposting (o = 0.857, p = 0.024). However, none of these
relationships remained statistically significant after Benjamini—-Hochberg adjustment, in-
cluding extractive content (g = 0.071). Baseline holocellulose and lignin also showed no
significant associations with BMP under either pretreatment.

3.8. Exploratory Methane Recovery and Substrate Requirement

The derived indicators showed a consistent advantage of organosolv-treated biomass
in terms of methane recovery per unit of wet material (Table 9). Across the seven residues,
estimated methane recovery averaged 305.25 Nm?® CH, t~! wet biomass under organosolv
treatment compared with 155.74 Nm?® CHy t~! wet biomass after precomposting, repre-
senting an average increase of approximately 96.0%. The highest estimated recovery was
obtained for organosolv-treated coffee parchment, followed by potato peel and maize cob,
whereas the lowest value corresponded to precomposted coconut fiber.

The amount of wet biomass required to obtain 1 Nm? CHy reflected the same pattern.
Organosolv-treated residues required an average of 3.28 kg wet biomass Nm~3 CHy,
compared with 6.45 kg wet biomass Nm 2 CH, for precomposted materials, corresponding
to a reduction of approximately 49.1% in substrate requirement. Among the evaluated
combinations, organosolv-treated coffee parchment showed the lowest estimated biomass
requirement, while precomposted coconut fiber showed the highest.

Initial volatile-solid loading averaged 57.25 g VS L~! for organosolv-treated systems
and 54.79 g VS L~! for precomposted systems. Over the 30-day experimental period,
estimated cumulative methane recovery from the 4 L reactors averaged 81.60 NL CHy
reactor ! under organosolv treatment and 48.23 NL CH, reactor ! after precomposting.
These values are exploratory estimates derived from the experimental BMP and solids data
and should not be interpreted as full-scale biodigester performance.

https:/ /doi.org/10.3390/biomass6050080


https://doi.org/10.3390/biomass6050080

Biomass 2026, 6, 80

16 of 23

Table 9. Exploratory methane recovery and substrate-requirement indicators derived from the
experimental BMP and solids data.

Agroindustrial P Methar31e Recoille y B10_mass VS Loading  Methane per4 L
Residue retreatment (Nm?> CHy4 t Requirement (g VS L-1) Reactor (NL CH,)
Wet Biomass) (kg Nm—3 CHy)
Banana peel Organosolv 292.87 3.41 56.19 79.66
Precomposted 164.52 6.08 55.65 49.36
Potato peel Organosolv 313.68 3.19 56.68 84.07
Precomposted 150.45 6.65 52.44 46.64
Pineapple peel Organosolv 301.70 3.31 57.52 82.06
Precomposted 158.01 6.33 53.33 53.09
. Organosolv 294.82 3.39 55.65 80.19
Coconut fiber o omposted 139.05 7.19 57.61 48.95
. Organosolv 310.52 3.22 58.91 81.36
Maize cob Precomposted 168.31 5.94 56.99 47.80
Coffee parchment Organosolv 323.27 3.09 59.43 84.70
Precomposted 161.86 6.18 55.62 47.26
Cocoa parchment Organosolv 299.88 3.33 56.40 79.17
Precomposted 147.99 6.76 51.88 44.54

Values were calculated from the experimentally determined mean TS, VS, BMP, substrate mass, and
4 L working volume. These indicators are descriptive estimates and were not subjected to inferential
statistical testing.

4. Discussion
4.1. Pretreatment-Induced Changes in Biomass Characteristics

Organosolv and precomposting produced contrasting compositional responses across
the seven residues. Organosolv largely preserved the solids profile while increasing the
relative contribution of crude fiber and carbohydrates, whereas precomposting was as-
sociated with lower volatile solids and carbohydrates and higher moisture, ash, and pH.
These patterns indicate that the two pretreatments affected different biomass fractions.
The higher fiber proportion after organosolv treatment is consistent with the fractionating
action of ethanol-based solvent systems, which can remove part of the non-cellulosic matrix
and leave a solid fraction relatively enriched in structural carbohydrates [34]. Similar
responses have been reported for organosolv-treated lignocellulosic biomass intended for
subsequent biological conversion [35]. In the present study, however, these changes should
be interpreted as relative compositional enrichment because lignin was quantified only in
the untreated materials. Consequently, the present data do not allow direct quantification
of lignin removal or a mass balance linking lignin loss to the higher BMP observed after
organosolv treatment.

Precomposting followed a different pattern, characterized by a reduction in the organic
fraction and an increase in the relative mineral contribution. Partial aerobic degradation
before anaerobic digestion can consume readily biodegradable compounds and modify the
physicochemical environment of the substrate [36]. The variation observed among residues
therefore suggests that pretreatment response may depend on the characteristics of the
original feedstock rather than on treatment alone.

4.2. Feedstock Composition and Anaerobic Conversion Response

The baseline lignocellulosic profiles in this study confirmed that the seven residues
represented chemically contrasting feedstocks, ranging from materials dominated by holo-
cellulose to others with a greater lignin contribution. These differences are relevant to
anaerobic conversion because lignin can restrict microbial access to structural carbohydrates
and reduce the fraction of biomass available for methane formation [37].
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In our exploratory analysis, no single baseline component consistently explained BMP
under both pretreatments. This result suggests that the methanogenic response cannot
be attributed to one compositional fraction alone. Previous studies have likewise shown
that methane production from lignocellulosic biomass reflects the combined influence of
lignin, cellulose organization, holocellulose, and extractives [38]. The contribution of lignin
removal to the observed methane response therefore remains unresolved and should not
be inferred quantitatively from the present dataset.

Based on the present results, the differences in methane yield among residues may
therefore reflect both their initial composition and the way each pretreatment modified
substrate accessibility. This interpretation remains tentative, but it is consistent with
experimental evidence showing that greater physical accessibility of lignocellulosic material
can improve subsequent biogas production without changing feedstock identity [39].

4.3. COD Response, Methane Yield, and Pretreatment Effectiveness

The contrasting COD and BMP responses observed in this study indicate that pretreat-
ment effectiveness cannot be judged from organic-matter reduction alone. Organosolv-
treated systems showed higher COD values than precomposted systems while producing
consistently higher methane yields, suggesting that a larger fraction of oxidizable carbon
remained available for anaerobic conversion. Comparable improvements in methane re-
covery after organosolv treatment have been reported for forest residues [40], hydrolyzed
corncob [41], and organosolv-treated spruce and birch [42].

Precomposted systems showed a greater decline in COD relative to the untreated
condition but lower BMP. One possible explanation is that aerobic pretreatment altered or
consumed part of the biodegradable fraction before methanogenesis. This interpretation
is supported by studies on corn stover, where aerobic hydrolysis time strongly affected
subsequent digestion performance [43], and on food waste, where an intermediate pre-
treatment duration improved methane-production rate without increasing final methane
potential [44]. Methane concentration remained similar between pretreatments, indicating
that the main treatment effect concerned methane yield rather than gas composition. Com-
parable increases in methane yield after organosolv fractionation have been reported for
rubber wood [45] and Salicornia biomass [46].

4.4. Multivariate Patterns and Biomass—Methane Relationships

The PCA showed distinct multivariate patterns among untreated, organosolv-treated,
and precomposted materials based on the combined contribution of COD, pH, volatile
solids, carbohydrates, fiber, and protein. Similar multivariate approaches have been used
to interpret compositional variation relevant to methane production in lignocellulosic
substrates [47,48].

The exploratory Spearman analysis addressed the associations between individual
biomass characteristics and BMP. Under organosolv, correlation coefficients were generally
weak to moderate, whereas precomposted materials showed larger absolute coefficients
for some variables; however, none remained significant after correction for multiple test-
ing. Previous studies have likewise reported that methane yield may vary with different
combinations of cellulose, lignin, soluble fractions, proteins, lipids, and other substrate
characteristics [49-51].

Baseline extractives showed the largest positive coefficient with BMP under precom-
posting, but this relationship was not significant after adjustment and should therefore be
regarded as an exploratory pattern rather than a predictive relationship. Large feedstock
datasets also show substantial variation in methane potential among chemically different
agricultural materials, while individual crop fractions can exhibit contrasting digestion
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responses [52,53]. These results support further evaluation of the observed multivariate and
correlation patterns without attributing methane response to a single compositional indicator.

4.5. Practical Implications for Anaerobic Biomass Valorization

The exploratory calculations extend the BMP results to quantities that are easier to
interpret for biomass management. Organosolv-treated residues required less wet biomass
to obtain an equivalent methane volume, but these values should be considered screening
indicators rather than direct predictions of continuous-reactor performance. Semi-pilot and
pilot studies have shown that BMP-derived expectations can inform larger-scale evaluation,
although differences between batch and continuous operation remain relevant [54,55].

The initial volatile-solid loading used in the present reactors provides a reference for
subsequent experiments. Future semi-continuous trials should evaluate organic loading
rate, hydraulic retention time, and feeding frequency independently, since increasing load-
ing does not necessarily produce proportional methane gains and may reduce process
stability [56,57]. A preliminary energy screening was performed for the organosolv con-
dition. Using the average methane recovery of 305.25 Nm> CH, t~! wet biomass and a
methane lower heating value of 35.8 MJ] Nm 3, the gross methane-energy output was ap-
proximately 10.93 GJ t ! wet biomass. Based on the laboratory organosolv formulation and
the average solids content of the treated biomass, the theoretical sensible-heat requirement
for heating the biomass and ethanol-water mixture from approximately 15 to 175 °C was
estimated at about 4.60 GJ t~! wet biomass. This leaves a preliminary gross energy margin
of approximately 6.33 GJ t~! before accounting for reactor heat losses, solvent separation,
and heat recovery. Because post-treatment solid recovery and actual solvent-recovery en-
ergy were not measured, this calculation should be regarded as an upper-bound screening
estimate rather than a complete net-energy balance.

Solvent recovery is also critical to process feasibility. The laboratory formulation
corresponds to a high ethanol demand, making solvent recycling essential at larger scale.
Techno-economic analyses of organosolv systems indicate that solvent losses should remain
below approximately 2%, corresponding to recovery rates of about 98% or higher, while
process simulations have reported ethanol recovery near 97 wt% [58]. At larger scale, the
higher methane recovery observed after organosolv treatment should be considered to-
gether with solvent recovery, energy demand, equipment requirements, and operating costs.
Previous techno-economic studies show that process viability depends on plant capacity,
energy integration, and pretreatment intensity [59,60]. An economic assessment was not
conducted here; these factors should therefore be addressed in future pilot-scale evaluation.

4.6. Study Scope, Strengths, and Future Research

The experimental design provided a controlled comparison of seven chemically con-
trasting agroindustrial residues under identical digestion conditions, allowing pretreatment
performance to be evaluated without changes in reactor temperature, working volume,
inoculum addition, or digestion time. This comparative framework is useful at the screen-
ing stage because BMP tests can identify promising feedstock—-pretreatment combinations
before more resource-intensive continuous trials are undertaken [61]. However, batch
performance does not always translate directly to continuously operated systems, as shown
by comparisons between BMP and semi-continuous digestion of pretreated agroindustrial
biomass [62].

The next experimental stage should therefore retain the most promising combina-
tions identified here while introducing independent biomass batches, semi-continuous
feeding, and a wider range of organic loading rates and retention times. To pro-
vide a preliminary link between the batch and continuous operating frameworks, the
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observed initial volatile-solid loading can be related to organic loading rate through
OLR = Lys/HRT, where OLR is expressed as g VS L™! d~!, Lys is the initial volatile-
solid concentration in the reactor, and HRT is the hydraulic retention time in days. Us-
ing the observed range of 51.88-59.43 ¢ VS L™}, projected OLR values would be approx-
imately 2.59-2.97 g VSL~1 d~! at an HRT of 20 d, 1.73-1.98 g VSL~' d~! at 30 d, and
1.30-1.49 g VSL~1 d~! at 40 d. These values should be regarded as starting ranges for
semi-continuous CSTR trials rather than validated operating conditions. Extended reac-
tor studies have shown that responses observed in batch tests may change as microbial
adaptation, substrate accumulation, and feeding dynamics become relevant [63]. Pretreat-
ment intensity should also be optimized for individual feedstocks because lignocellulosic
materials differ in structural resistance and response to fractionation [64]. Biological pre-
treatments require similar optimization because their effectiveness depends on residence
time, microbial activity, and preservation of methane-forming substrates [65].

The present study contributes an integrated evaluation of methane yield, biomass
composition, multivariate patterns, and substrate requirements rather than treating BMP as
an isolated endpoint. Future work should extend this framework to digestate characteriza-
tion, pilot-scale methane productivity, and post-treatment lignocellulosic characterization.
Quantifying lignin, holocellulose, and extractives before and after pretreatment, together
with solid-mass recovery, will allow component-specific mass balances and direct assess-
ment of the relationship between lignin removal and methane recovery. Such validation is
important because BMP does not reproduce all operational constraints of full-scale diges-
tion [66]. For organosolv-treated biomass, further optimization should also include solvent
recovery and reuse [67].

5. Conclusions

This study showed that organosolv and precomposting produced clearly contrasting
responses across the seven agroindustrial residues. Organosolv largely preserved the
volatile-solid fraction and resulted in consistently higher methane yields, whereas precom-
posting was associated with lower COD and volatile solids. Organosolv increased BMP
by an average of 62.2% relative to precomposting, while methane concentration remained
similar between treatments, indicating that the main difference concerned methane yield
per unit of volatile solids rather than the CHy proportion of the biogas. The exploratory
conversion indicators followed the same pattern. Organosolv-treated residues yielded an
estimated 305.25 Nm? CH, t~! of wet biomass and required approximately 3.28 kg wet
biomass to produce 1 Nm? CHy, compared with 155.74 Nm? CHy t~! of wet biomass and
6.45 kg wet biomass Nm 3 CHy after precomposting. These results identify organosolv
as the more promising pretreatment for methane-oriented valorization under the evalu-
ated conditions. Further semi-continuous and pilot-scale studies are needed to determine
whether this advantage is maintained under practical operating conditions.
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