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ABSTRACT
Common waste biomasses such as fruit and vegetable peels and spent coffee grounds are valorized via low-temperature
pyrolysis (400◦C) to produce valuable biochar and bio-oil for diverse downstream applications. Detailed and comprehensive
characterization of the resulting biochar, including carbonization degree,morphology, surface acidity/basicity, and energy content,
enables the assessment of their suitability for technological and environmental uses, based on the specific properties developed
during thermal conversion. The bio-oils exhibit feedstock-dependent chemical profiles enriched in platform chemicals (e.g.,
HMF, furfural, cyclic ketones), lipid-derived compounds, and aromatics, supporting their targeted utilization in energy, materials,
and chemical synthesis. Upon sulfonation, selected biochars display promising properties as acidic heterogeneous catalysts
(1.65–1.75 mmol H+ g−1), showing high activity in industrially relevant reactions such as esterification and condensation. Their
application in the cross-aldol condensation between bio-based cyclopentanone and cyclohexanone, targeting sustainable aviation
fuel (SAF) precursors (C10-C18 cyclic compounds), is explored in detail. Among all samples, sulfonated biochar derived from
coffee grounds and orange peel achieves superior catalytic performance, matching or surpassing commercial Amberlyst-15 under
mild conditions (120◦C, 4 h, atmospheric pressure). Catalyst stability and recyclability tests confirm performance retention after
regeneration, with surface deactivation by heavy compounds deposition being fully reversible.
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Introduction

ising environmental concerns, population growth, and the
ncreasing demand for energy, chemicals, and materials have
riven research into low-impact technologies using renewable
aw materials. Technologies like pyrolysis, gasification, biogas
pgrading [1, 2], CO2 valorization [3, 4] can convert waste into
igh-value products such as fuel [5], chemicals [6, 7], H2, heat,
nd electricity [8]. Pyrolysis involves the thermal degradation of
rganicmatter in the absence of oxygen to produce a condensable
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
2026 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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fraction (bio-oil), a gaseousmixture (mainly composed of CO, H2,
CH4, and light hydrocarbons), and a solid residue called biochar.
The valorization of bio-oil derived from food and green waste has
gained considerable attention due to its potential as a renewable
energy source and chemical feedstock for industrial processes,
including the production of valuable chemicals (such as inter-
mediates, solvents, plastics) and fuels [9]. On the other hand,
biochar (BC), a solid carbon-rich material, finds applications as
a solid fuel [10], soil amendment [11], and pollutant adsorption
[12]. Another interesting application of BC lies in its potential
se, which permits use, distribution and reproduction in any medium, provided the
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se as a support material or catalyst for several reactions of
ndustrial relevance, such as biodiesel synthesis [13], hydrocrack-
ng [14], desulfurization [15], and syngas production [16]. To be
mployed for these purposes, BC typically undergoes a previous
ctivation process aimed at increasing its surface area/porosity,
unctionalizing it with acidic or basic groups, or modifying it
o facilitate the incorporation of metallic or oxide nanoparticles
17–19]. In this context, sulfonation is a cost-effective process
hat can effectively activate BC, increasing its surface acidity by
he addition of sulfonic acid (─SO3H) and oxygenated (─COOH)
roups [20] through its treatment with different agents such as
ara-toluene sulfonic acid (p-TSA), chlorosulfonic acid (HSO3Cl),
osylic acid (TsOH), or H2SO4 [21]. Sulfonated biochar (SBC) was
uccessfully utilized as a heterogeneous catalyst for the synthesis
f biodiesel from oleic acid with a maximal yield of 98% at 75◦C
22]. Kumari et al. [23]. applied SBC derived from pine needles in
he conversion of fructose to levulinic acid (yield of 33% at 180◦C
fter 6 h) and further esterification to ethyl levulinate (yield of
7% at 50◦C after 17 h). In this case, chlorosulfonic acid was used
or BC treatment, but no data regarding catalyst deactivationwere
eported. The hydrolysis of maltose to glucose was investigated by
iong et al. [24]. obtaining high yields, especially at low temper-
tures (140◦C–160◦C) and a selectivity toward HMF of 60% when
BC was applied also as the catalyst for fructose dehydration.
BC obtained via hydrothermal carbonization of orange peel was
ound to be highly active in the reaction between 2-methylfuran
nd furfural for the synthesis of a C15 biofuel precursor [25].
n optimized conditions, a product yield of 83% was attained
t 50◦C after 5 h of reaction, but a significant deactivation was
bserved after four reaction cycles, when C15 yield decreased
o a value of 48%. This deactivation was attributed to both
he formation of undesired heavy compounds that blocked the
atalyst active sites and a partial leaching of the sulfonic groups,
hose surface concentration decreased from 2.148 mmol g−1 to
value of 1.340 mmol g−1 during consecutive reactions. Starting
rom the pyrolysis of oil-tea shell and using benzenesulfonic
cids and 4-tert-butylaniline for BC activation, Zhong et al. [26].
ere able to obtain superacid BC with great hydrophobicity that
nhanced its activity and stability in the alkylation reaction of 4-
thylphenol-phenylmethanol and 2-methylfuran-cyclic ketones
or the synthesis of renewable and high-density fuel precursors
C15-C22) with high efficiency even after 5 reaction cycles. In
his framework, the present study demonstrates a comprehensive
iorefinery approach by valorizing common food waste (fruit-
egetables peels and coffee grounds) through low-temperature
yrolysis (400◦C). The chemical profiling of the resulting bio-
ils reveals feedstock-dependent chemical compositions, ranging
rom aromatic-rich mixtures to platforms high in furfurals and
MF, highlighting their potential as chemical intermediates.
imultaneously, the solid biochars were thoroughly investigated
hrough SEM, FT-ATR, TG, and CHN analyses to correlate their
arbonization degree and surface chemistry with their functional
roperties. These materials were functionalized and tested as
cid catalysts for reactions of industrial relevance, such as the
roduction of sustainable aviation fuel (SAF). In this context,
he cross-aldol condensation between bio-based cyclopentanone
nd cyclohexanone was investigated using, for the first time,
iochar-based catalysts with the aim of demonstrating an inte-
rated approach to biomass waste upgrading within a biorefinery
ramework.
of 14
2 Results and Discussion

2.1 Biochar and Bio-Oil Characterization

The various waste biomasses, namely spent coffee grounds (CG),
orange peel (OP), pineapple peel (PP), banana peel (BP), and
green waste (GW, scraps of broad-leaved vegetables such as
chard and lettuce) were carbonized at low-temperature pyrolysis
conditions of 300◦C and 400◦C. The influence of temperature is
depicted in Figure S1. As a general trend, an increase in process
temperature corresponds to a lowering of BC yield. Between
the different substrates, GW reached the highest BC yields both
at 300◦C (80%) and 400◦C (53%), while CG showed a marked
tendency to degradation, hitting a BC yield of 30% at 400◦C. A
detailed representation of bio-oil and BC yields at 400◦C is shown
in Figure 1a. Between the different substrates, CG degradation
produced the highest yield in bio-oil (31%), followed by OP
and PP (26% for both). Comparing the results obtained with
those of biomass and BC ultimate analyses (CHN, Figure 1b,c,
respectively), it can be observed thatwaste thermal degradation at
400◦C led to a significant increase of C concentration (see Table
S1 for further data about pristine biomass and biochar samples
obtained at 300◦C).

In detail, it is possible to calculate a Carbon densification per-
centage (expressed as the percentage increase in carbon content
following pyrolysis) that qualitatively expresses the tendency
of the substrate to thermal degradation/deoxygenation through
decarboxylation, dehydration, depolymerization, demethanation
reactions [27], which occurs more effectively in the following
order: GW (+32%) < BP < CG < PP < OP (+61%). It should be
noted, however, that CG showed the highest C concentration after
pyrolysis at 400◦C (74%) and the lowest volatiles content (42.8% as
reported in Table 1), confirming its higher carbonization degree.
The changes registered in terms of C, H, and O concentrations
after thermal degradation resulted in a significant decrease in
H/C and O/C atomic ratios of the various BCs. The Van Krevelen
diagram displayed in Figure 1d shows the comparison between
the H/C and O/C atomic ratios of the BCs obtained at 400◦C and
those that typically characterize common carbonaceousmaterials
such as anthracite, bituminous coal, lignite, and peat. In this con-
text, lower ratios indicate a higher aromaticity of the substrates,
where the decreased of O/C ratio expresses the elimination of
hydrophilic functional groups [28] while the lowering of the
H/C ratio suggests a higher structural stability [29]. The possible
application of BC as a solid fuel is typically analyzed through the
calculation of its higher heating value (HHV), which increases
following the order GW < BP < PP < OP < CG in accordance
with the thermal degradation behavior observed during pyrolysis.
Remarkably, theHHVof CG (28.5MJKg−1, BC obtained at 400◦C)
was found to be comparable with that of bituminous coal, while
those of OP, PP, and GW fall within the values that typically
characterize lignite materials [30].

The SEM images of the various BCs obtained at 400◦C (Figure S2)
show different surface morphologies depending on the starting
biomass, with varying amounts of visible macropores, especially
in the case of OP and CG. Remarkably, in PP and BP samples,
a significant presence of particles was observed, distributed
across the entire surface of the substrate (Figure S3). Their
Advanced Sustainable Systems, 2026
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FIGURE 1 (a) Yields of BC and bio-oil (organic phase only) for biomass waste after pyrolysis at 400◦C for 1 h; CHN analyses of (b) biomass and
(c) BC obtained at 400◦C; (d) Van Krevelen diagram of BC obtained at 400◦C with corresponding HHV values. CG: coffee grounds, OP: orange peel,
PP: pineapple peel, BP: banana peel, GW: green waste.

TABLE 1 Proximate analyses of pristine biomass waste (on dry basis) and volatiles content of samples after pyrolysis at 400◦C for 1 h.

Type of Waste Volatiles [%] Fixed Carbon [%] Ash [%] BC-400 Volatiles [%]a

CG 83.31 14.15 2.54 42.8 (−49%)
OP 80.70 17.46 1.84 67.4 (−16%)
PP 73.73 26.16 0.11 44.1 (−40%)
BP 76.01 15.53 8.46 54.8 (−28%)
GW 80.82 10.45 8.73 63.0 (−22%)

aThe values in parentheses indicate the percentage loss relative to the sample prior to pyrolysis.
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norganic nature was confirmed through EDX analyses, which
dentified the presence of K-salts, with an atomic concentration
xceeding 6% for the BP sample, in accordance with the high
sh content determined through proximate analysis of pristine
iomass (8.46 wt.%, Table 1). This explains its pronounced basic
ehavior when dispersed into water (Table 2), suggesting its
ossible application as an adsorption material for environmental
pplications [31, 32] such as the recovery of nutrients or the
econtamination of wastewaters [33, 34].

mong all the samples observed after pyrolysis, CG shows the
ost visible surface roughness and a microstructure character-
zed by a high density of cavities uniformly distributed through-
ut the sample (Figure S4). This feature is likely attributable both
dvanced Sustainable Systems, 2026
to the higher volatile content lost during pyrolysis (−49% starting
from 83.30% in pristine biomass, Table 1) and to the roasting treat-
ment, which is typically part of the coffee production process [35].
Moreover, different from the other samples, CG is characterized
by a significant acidic character (0.490 mmol H+ g−1), probably
associated with the contribution of -COOH groups at its surface
and to a scarce presence of basic salts, as confirmed from the EDX
analysis (overall atomic concentration ∼ 0.6%, Figure S4).

TheFT-ATR spectra of biomasswaste, reported in Figure 2a, show
the presence of main functional groups characteristic of lignocel-
lulosicmaterials [36]. The broad band centered at∼ 3300 cm−1 can
be attributed to the stretching of O─H (and N─H) groups present
in carbohydrates, fatty acids, and proteins [37]. The two peaks at
3 of 14
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TABLE 2 Measured contact angles between different biochar and water (sessile drop method) and pH of biochar with corresponding
basicity/acidity values.

Type of Waste
(Biochar)

BC contact angle [◦]

BC-400 pH/[mmol OH− g−1]300◦C 400◦C

CG 101.7 107.8 4.0 / [0.490 H+]
OP 115.0 116.3 7.2 / [0.220]
PP 93.7 99.4 7.1 / [0.125]
BP 93.3 95.3 10.7 / [1.459]
GW 84.1 92.1 9.5 / [0.687]

FIGURE 2 FT-ATR spectra of (a) waste biomass and (b) BCs obtained after pyrolysis at 400◦C. CG: coffee grounds, OP: orange peel, PP: pineapple
peel, BP: banana peel, GW: green waste.
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920 and 2850 cm−1, particularly narrow in the case of CG, BP,
nd GW biomasses, are associated with symmetrical stretching
f ─CH3 and asymmetrical stretching of ─CH2-, typical of lipidic
tructures. The common peak at 1730–1740 cm−1 corresponds
o carbonyl bond (C═O) vibrations, typical of ester functional
roups of hemicelluloses. The signals comprise in the range
600–1660 cm−1are attributable to both C═C bond stretching and
-H primary amine bending of proteins [38], while the peaks at
600–1450 cm−1 are associated with C─C skeletal vibrations of
romatics that, together with the signals at 1310–1390 cm−1(O─H
ending of phenol), are derived from different percentages of
ignin fraction between samples. The presence of C─O─C bonds
f polysaccharides compounds is revealed by the various peaks
ecorded in the region 1000–1150 cm−1, while the signals between
70–900 cm−1 are attributable to C─H bending typical of lignin
nd cellulose [39]. After pyrolysis at 400◦C, the FT-ATR spectra
f the obtained BCs (Figure 2b) are mainly characterized by
he presence of peaks associated with C─H vibrations typical of
arbonaceous materials, and broad and weak signals attributable
o the presence of O─H, C─O─C, and C═O vibrational modes,
n accordance to the results obtained from CHN analyses of
amples (Figure 1c). It is noteworthy that among the different
iomasses after pyrolysis, the GW spectrum shows more defined
eaks that, resembling those of pristine biomass, confirm a lower
egradation of the starting material, in agreement both with
oth the high BC yield obtained after thermal decomposition
Figure 1a) and the elevated volatiles content that characterized
of 14
GW biochar obtained after low-temperature pyrolysis (63.0 wt.%
at 400◦C).

The loss observed in terms of oxygenated functional groups
during degradation (as also observed fromCHNanalyses) leads to
an increasing hydrophobic behavior with pyrolysis temperature,
as evidenced by the measured contact angles between water
and BCs surface assessed through the sessile drop method
(Table 2). In detail, the determined contact angle values increase
with thermal degradation temperature, evidencing a marked
hydrophobic surface for both OP and CG samples at 400◦C (116.3◦
and 107.8◦, respectively) in accordance with their low H/C and
O/C ratio values. In this context, considering the various samples
analyzed, the BCs obtained from PP, GW, and BP, exhibiting
lower hydrophobicity (contact angles of 84◦–100◦) and a neutral
to alkaline behavior in water, can be regarded as promising
candidates for potential use as amendments in acidic soils [40],
given that increasing soil pH is associated with higher crop yields
[41], while, due to the marked hydrophobicity and/or acidity, OP
and CG do not meet these criteria [42].

The structural and compositional changes that biomasses
undergo during pyrolysis are reflected in the composition and
nature of the bio-oil produced from the condensation of the
volatiles released during the thermal degradation process. The
results of the various samples in terms of qualitative composi-
tional distributions, expressed as percentage areas, are shown
Advanced Sustainable Systems, 2026
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FIGURE 3 Bio-oils qualitative composition as obtained from GC-
MS analyses. The liquids were collected during pyrolysis experiments
conducted at 400◦C. CG: coffee grounds, OP: orange peel, PP: pineapple
peel, BP: banana peel, GW: green waste.
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n Figure 3. As can be observed, the bio-oils were composed
f a wide range of oxygenated compounds (see Figure S5 for
etailed information on the main molecules identified), and the
resence/relative abundance of specific classes of compounds
aries significantly depending on the type of feedstock. In detail,
P and PP yield bio-oils particularly rich in industrially relevant
ompounds such as acetic acid, hydroxymethylfurfural (HMF),
nd furfural. While acetic acid (especially abundant also in BP-
il) is generally formed fromdecomposition of simple sugars [43],
he two latter (together with esters and alcohols) are generally
ssociated with the hydrolysis/dehydration of polysaccharides
uch as cellulose and hemicellulose and are considered important
latformmolecules to produce renewable plastics, fuels, solvents,
nd high added value chemicals [44, 45]. Cyclic ketones (evolved
rom themajority of substrates, expect from CG) can be upgraded
o high energy-density compounds through various bottom-up
ethods to produce promising sustainable aviation fuels (SAF)
5, 46] while a significant presence of aromatic compounds (as in
he case of GW-oil), besides being associated with a higher lignin
ontent in the starting biomass, makes the mixture suitable for
se in the synthesis of green fuels, solvents and fine chemicals
47–49]. Notably, CG-oil is especially rich in fatty acids/alcohols
nd hydrocarbons, likely originated from the decomposition of
ipid structures, and shows only small percentages of the other
lasses of compounds. This can likely be attributed to the water
xtraction process occurring during coffee brewing, whichmakes
his bio-oil particularly suitable to produce valuable products
uch as biodiesel, surfactants, lubricants, and intermediates
50, 51].

.2 Biochar Activation Through Sulfonation

he BCs produced at 400◦Cwere subjected to chemical activation
hrough sulfonation treatment. All FT-ATR spectra recorded for
he various samples (Figure 4a) confirmed the successful surface
unctionalization, as indicated by the appearance of new bands
dvanced Sustainable Systems, 2026
in the 900–1300 cm−1 region. These signals can be attributed
both to C─O─C bonds and sulfonic groups (─SO3H) stretching
[52].

Additionally, the signal observed around 635 cm−1 is consistent
with the stretching vibration of the C─S bond and, along with
the reappearance of detectable ─OH functional groups, further
confirms the presence of new chemical functionalities on the
material surface [53]. It is noteworthy that during the activa-
tion process, part of the substrate is degraded by the strong
acidic/oxidizing environment as revealed by the general trend
toward a reduction in C concentration detected by CHN analyses
(Figure S6) and confirmed also by the disappearance of the
peaks associated with ─CH3 stretching (around 2900 cm−1) in
favor of the intensification of the signal of C═O functional
groups (1700 cm−1) after sulfonation. In the case of GW, this
tendency is less pronounced and indicates a higher degree
of chemical stability. Figure 4b shows the surface density of
acid sites measured after sulfonation for the different samples.
Although a clear correlation between the measured values and
the properties of the various BCs cannot be easily established,
the observed trend suggests that activation tends to be more
effective in samples that experienced greater carbon densification
during pyrolysis. Consequently, OP and CG show the highest
concentration values, 1.73 and 1.66 mmol H+ g−1, respectively,
while GW exhibits a poor total acidity of 1.09 mmol H+ g−1.
Although the samples were characterized by a limited surface
area (SSBET < 2 m2 g−1), the SEM images revealed a general
increase in the surface roughness, with some smooth areas still
observable. As confirmed by EDX analyses, the acid treatment
leads to the dissolution of inorganic salts previously present in the
BCs (Figure S7), thus excluding their possible role in BCs catalytic
properties.

The images of the two samples with the highest surface acidity
are shown in Figure 5. A different morphology was observed:
the microstructure characterized by open cavities in the CG
sample appears to be enhanced by the sulfonation process,
while the OP sample exhibits a larger number of flat areas,
possibly indicating a lower degree of biochar degradation during
activation. Interestingly, CG also exhibits the formation of small,
discrete cavities distributed across its surface, with diameters
below 1 µm.

2.3 Biochar as Heterogeneous Catalyst

Given their promising characteristics, the activated OP and CG
were selected as candidates for catalytic evaluation and subse-
quently tested in two reactions of industrial interest (Figure 6a).
In both cases, the results were compared with those obtained
using Amberlyst-15, a commercial styrene-divinylbenzene sul-
fonated resin with a total acidity of 4.70 mmol H+ g−1 [54].
The esterification reaction between propionic acid (PA) and n-
butanol (BuOH, both obtainable from green sources [55]) to give
butyl propionate, a product with wide application as fruit aroma,
solvent for resin, paints and coatings industry [56], was carried
out at 80◦C using a constant amount of acid sites in the reaction
system (0.15mmolH+ greagents−1). The results reported in Figure 6b
show that, although characterized by significantly lower acidity,
sulfonated BCs exhibited a catalytic activity comparable (or
5 of 14
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FIGURE 4 (a) FT-ATR spectra of the sulfonated BCs and (b) total acidity of the various samples after sulfonation expressed as mmol H+/g. CG:
coffee grounds, OP: orange peel, PP: pineapple peel, BP: banana peel, GW: green waste.

FIGURE 5 SEM images of samples after sulfonation: (a) CG (the red square evidences a zone rich in discrete cavities) and (b) OP. CG: coffee
grounds, OP: orange peel.
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lightly superior) than that of Amberlyst-15, demonstrating that,
n this case, the acidic sites display nearly identical intrinsic
ctivity. Notably, the difference of surface acidity besides CG and
P is not reflected in the reaction output, when used in a second
eaction cycle without any regeneration treatment, both catalysts
howed no significant loss of activity.
of 14
The second process regards the cross-aldol condensation of
cyclopentanone and cyclohexanone (CPO and CHE, both obtain-
able from biomass) to give C10-C18 cyclic ketones, which are
considered as promising precursors of high-energy-density sus-
tainable aviation fuel (SAF) [46]. Also in this case, the preliminary
catalytic tests were conducted using a constant amount of acid
Advanced Sustainable Systems, 2026
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FIGURE 6 (a) Esterification reaction between propionic acid and n-butanol, and cross-aldol condensation between cyclopentanone and
cyclohexanone. (b) Catalytic results in terms of butyl propionate yield for OP, CG, and Amberlyst-15. The results of BC catalysts recyclability are reported
on the right. Reaction conditions: PA= 22mmol, BuOH= 22mmol, T= 80◦C, time= 4 h, catalyst amount= 0.15mmolH+ greagents−1. CG: coffee grounds,
OP: orange peel.

FIGURE 7 Catalytic activity in cross-aldol condensation of sulfonated BCs and Amberlyst-15: (a) catalyst performance in terms of CPO, CHE
conversions (X CPO, CHE) and product yields (Y C10-12 and Y C15-18); (b) molar fraction of the different compounds in the product mixture. Reaction
conditions: CPO = 22 mmol, CHE = 22 mmol, T = 120◦C, time = 4 h, catalyst amount = 0.15 mmol H+ g(CPO+CHE)−1. Total acidity for BCs is reported in
Figure 5b, Amberlyst-15 acidity = 4.70 mmol H+ g−1. CG: coffee grounds, OP: orange peel, PP: pineapple peel, BP: banana peel, GW: green waste, CPO:
cyclopentanone, CHE: cyclohexanone.
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ites in the system (0.15 mmol H+ g(CPO+CHE)−1) in solvent-free
onditions but operating at 120◦C for 4 h. The results obtained for
he various sulfonated BCs are reported in Figure 7a, expressed
n terms of CPO and CHE conversions (XCPO, XCHE) and C10-12
nd C15-18 product yields (YC10-12, YC15-18). Unlike esterification,
he reaction output of this process strongly depends on the
ntrinsic activity of the various catalysts, which therefore exhibit
ignificantly different results, partly reflecting their trend in terms
f total surface acidity. The activity of the GW catalyst is low,
ith CPO and CHE conversions of 24% and 45%, respectively,
hile BP and PP showed similar catalytic performance, hitting
10-12 yields around 40%. It is noteworthy that, regardless of
atalyst nature, CHE is more reactive in the considered system,
onsistently showing conversion values significantly higher than
hose of CPO. This is particularly true for the OP sample that
xhibited a XCHE of 66%, approximately 43% greater than XCPO,
nd a YC10-12 of 46%, which is the highest among the various BCs
ested.

lthough Amberlyst-15 shows the highest conversion (and supe-
ior YC10-12 of 59%), the CG catalyst exhibits comparable activity
dvanced Sustainable Systems, 2026
in terms of CPO and CHE reactivity. Specifically, the intrinsic
activity, calculated as the ratio of mmol of converted reagents to
the mmol of acid sites over a 4 h reaction period [54], was 13.08
h−1 for CG and 13.83 h−1 for Amberlyst-15. However, CG displayed
a higher selectivity toward the C15-18 compounds, indicating a
greater intrinsic activity in consecutive aldol condensations. This
leads to an increased production of heavy C15-18 adducts, which
serve as valuable precursors for high-energy-density fuels.

On the other hand, the increased tendency to form trimers
leads to a Carbon loss of approximately 14%, likely due to the
formation of heavy compounds that are not detectable through
GC/GC-MS analyses or deposited on the catalyst surface. This
value well correlates with YC15-18, corresponding to 8% for the
Amberlyst-15 sample and to zero for all the other catalysts. The
molar distribution of the products as a function of the catalyst is
depicted in Figure 7b. In accordance with the conversion values,
when YC15-18 is low, the cross-condensation of CHE is favored,
and C11 concentration in the product mixture is 40%–46%,
while C12 is around 30%. CPO self-condensation is remarkable
only for the Amberlyst-15 sample (CC10 = 18%), together with
7 of 14
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FIGURE 8 Catalysts recyclability and regeneration in cross-aldol condensation expressed in terms of reagents conversion, products yield, and
total acidity of the sample measured before each test: (a) activity and stability of sulfonated CG and (b) FT-ATR spectra of the sample before each test.
Reaction conditions: CPO = 22 mmol, CHE = 22 mmol, T = 120◦C, time = 4 h, catalyst amount = 0.15 mmol H+/g(CPO+CHE). (c) catalytic activity and
stability of activated OP, and (d) FT-ATR spectra of biochar before each test. Reaction conditions: CPO = 22 mmol, CHE = 22 mmol, T = 120◦C, time =
4 h, catalyst amount = 0.40 mmol H+ g(CPO+CHE)−1. CG: coffee grounds, OP: orange peel CPO: cyclopentanone, CHE: cyclohexanone.
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ross-condensation products that hit a concentration of 40%.
hen trimers are formed, they are mainly composed of C17
ompounds, likely originating from cross-condensation reaction
etween C6 and C11 molecules, while the formation of C16 boosts
PO conversion as in the case of the CG catalyst.

hen tested over consecutive reaction cycles, the CG catalyst
howed a gradual deactivation (Figure 8a), particularly in terms
f CPO conversion (−28% after the first reaction cycle), which
ed to an increased yield of C10-12 compounds compared to the
irst cycle, but at the expense of a decreasing formation of trimers
ith consecutive recycles. Remarkably, similar C10-12 yieldswere
btained between the first and third reaction cycle with catalytic
ctivity approaching a plateau after the two recycles. This loss
f activity is attributable to a progressive reduction in catalyst
cidity that, in accordancewith the superior C15-18 yields, is likely
elated to the incremental deposition of heavy compounds on
urface acid sites. This was confirmed by the FT-ATR spectra
f the samples collected after each catalytic test. As shown in
igure 8b, the steady appearance of peaks attributable to the
tretching vibrations of ─CH3 and ─CH2- (2850–2950 cm−1) was
bserved, along with an increase in the relative intensity of the
and around 1690 cm−1, which is associated with conjugated
═O ketonic group vibrational modes. These functional groups
re characteristics of the possible heavy reaction products, indi-
ating their formation and gradual deposition on the catalyst
urface during each reaction cycle. Interestingly, and somewhat
of 14
unexpectedly, after the regeneration of the catalyst through a
subsequent sulfonation (0.015 mLH2SO4 mgBC−1, 100◦C for 1 h),
CG exhibited a higher concentration of acid sites compared to
the initial activation, reaching a value of 1.72 mmol H+ g−1. As
a result, the catalytic activity increased, exceeding that recorded
during the first cycle. The catalyst exhibited significantly higher
CPO and CHE conversion values (82% and 93%, respectively) as
well as the highest C15-18 yield under the tested conditions (45%).
Although this particular behavior is difficult to fully rationalize, it
is plausible that the progressive deposition of heavy compounds
over successive reaction cycles increased the amount of organic
material available for sulfonation during regeneration. On the
other hand, the high activity results in a significant carbon loss
(−16% during reaction) and a more pronounced deactivation in
the subsequent cycle, where, despite retaining a good acidity
concentration (1.09 mmol H+ g−1), the CG catalyst exhibits
significantly lower performance.

In the case of the OP sample, performance comparable to that
of the commercial resin was achieved by increasing the catalyst
loading in the reaction, reaching a catalyst loading of 0.40 mmol
H+ g(CPO+CHE)−1. While minimizing catalyst usage remains a
critical objective from an industrial perspective, it is important to
highlight that the higher renewability and lower cost associated
with BC-based catalysts may allow for greater flexibility in terms
of their impact on the economic and environmental viability of
the process. The catalytic activity obtained in these conditions is
Advanced Sustainable Systems, 2026
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eported in Figure 8c. Similarly to CG, the OP catalyst exhibited
higher tendency toward the production of C15-18 compounds
YC15-18 = 32%) compared to Amberlyst-15, while showing similar
esults in terms of reagent conversion. Also in this case, the
atalyst exhibited a progressive deactivation over 4 reaction
ycles corresponding to a steady (and almost linear) decrease in
urface acidity after each catalytic run (from 1.73 to 0.69 mmol
+ gcat−1). In this case, however, the catalyst showed a lower
eactivation over consecutive reaction cycles compared to CG.
his behavior is attributable to the combination of higher catalyst
oading and lower intrinsic activity; the latter likely mitigated
he deposition of heavy compounds onto the catalyst surface,
s shown in Figure 8d. To rule out the possibility that the
bserved trend is due to the potential leaching of sulfonic groups
nder reaction conditions, a parallel test was performed on the
P catalyst. By maintaining a system acidity of 0.4 mmol H+

(CPO+CHE)
−1, in this experiment, the catalyst was removed from

he reaction mixture after 2 h, and then continuing the activity
est without catalyst for a further 2 h. Throughout this period,
he results reported in Figure S8 evidence that no variation in the
eaction output was observed, excluding a significant occurrence
f leaching phenomena during the aldol condensation process.
ifferent from what was observed with CG, the subsequent
ulfonation of the catalyst after four reaction cycles leads to a
artial restoration of the acidic sites (96% of the initial, reaching
total acidity of 1.66 mmol H+ g−1). Although also in this
ase the regeneration was accompanied by the disappearance
f the signal associated with the organic layer deposited during
eactions (Figure 8d), the regenerated OP catalyst after four
atalytic runs showed reduced catalytic activity compared to its
nitial performance, but displaying improved stability over an
dditional reaction cycle in terms of both reagents conversion and
oncentration of surface acidic sites (total acidity of 1.51 mmol H+

−1).

o further investigate the involvement of the surface-active sites
nd monitor the reaction progress in real-time, in-situ FTIR
xperiments were performed using theOP catalyst. By comparing
he spectra in Figure 9a (obtained by difference) and Figure S9,
t was possible to observe the progressive depletion of the bends
ttributed to the C-H stretching of the two reactants, occurring
oncomitantly with the growth of two new bands at 2930 and
857 cm−1 assigned to the formation of the condensation product.
he latter bands shift toward lower wavenumbers as the reaction
rogresses, confirming the formation of trimeric species.

n the C═O stretching region (Figure 9b; Figure S9), a progressive
rosion of the characteristic carbonyl bands of the reactants was
bserved, alongside the growth of a less intense band centered
t 1720 cm−1, ascribable to the C═O stretching mode of the
ondensation products. The appearance of a new band at 1620
m−1, attributable to the C═C stretching mode, strongly supports
he analysis reported above. While identifying the preferential
nteraction with the catalytic active surface is complex, a com-
arison between the spectra of the fresh and spent (unwashed)
atalyst (Figure 9d) reveals a band at 2968 cm−1 corresponding to
he product adsorbed on the surface. Notably, the shifts observed
or the bands at 1126 and 1159 cm−1 can be attributed to the
nteraction of the reactants with the sulfonic acid groups of the
atalyst, confirming the direct involvement of the active sites in
he catalytic process.
dvanced Sustainable Systems, 2026
The OP catalyst was evaluated to assess the impact of increased
reaction mass on the catalytic performance. The results obtained
by scaling up the process by a factor of 3.5, reaching a total
reactant mass of ~ 14 g (CPO = 77 mmol, CHE = 77 mmol,
catalyst amount = 0.40 mmol H+ g(CPO+CHE)−1) are reported in
Figure S10a. Although a slight decrease in initial activity was
observed compared to small-scale tests, the overall performance
remained comparable, confirming the robustness of the OP
catalyst. To further investigate catalyst stability under these con-
ditions, multiple reaction-regeneration cycles were performed.
As shown in Figure S10a, while a partial deactivation occurs
after each run (in accordance with previous tests), the catalytic
activity and total acidity were successfully restored after each
regeneration step (labelled as a.r.). Notably, the catalyst was
quantitatively recovered via filtration after each run. These
findings demonstrate that the catalyst can be recycled multiple
times without significantly affecting the final reaction output,
proving its potential for sustainable long-term applications. To
correlate this catalytic stability with the structural integrity
of the material, XRD analysis was performed on both fresh
sulfonated OP and spent catalyst collected after the final cycle
(Figure S10b). Both patterns exhibit broad diffraction peaks
characteristic of disordered amorphous carbon, centered at 2θ ≈

20◦ and 40–50◦, confirming that the core carbonaceous frame-
work was preserved after prolonged exposure to reaction and
regeneration conditions. Notably, the (002) reflection shifted
from 22.67◦ in the fresh sample to 19.37◦ in the spent catalyst,
corresponding to an increase in the interlaminar d002 spacing
from 0.392 to 0.458 nm. This structural expansion is attributed
to the inclusion of reaction intermediates or the rearrangement
of functional groups between the sheets during the repeated
cycles [25, 28]. Furthermore, a distinct pre-peak at 12.37◦ was
observed, representing the expansion of specific domains due to
the presence of bulky -SO3H groups or hydrated species acting
as spacers between the carbon layers. The persistence of these
features confirms that the OP catalyst maintains its amorphous
structure and, crucially, the accessibility of its active sites, sup-
porting the robust catalytic performance observed over multiple
runs.

2.4 GreenMetrics

To evaluate the environmental compatibility and sustainability
of the proposed catalytic process, a comprehensive set of green
metrics was calculated following the methodology reported in
Table S2. The results of the cross-aldol condensation between
CPO and CHE using sulfonated CG and OP under optimized
conditions are reported in Table 3 (see Table S3 for a com-
parison with literature values). Atom Economy (AE) represents
the theoretical yield for the reaction that was found to be
87.9%, indicating an intrinsically efficient pathway to produce
SAF precursors where only water is generated as a byproduct.
The Environmental Factor (E-factor) indicates the wastage of a
process, the lower its value, the greater its sustainability. This
value was as low as 0.59 for the OP catalyst, outperforming CG
due to a better catalyst resistance toward fouling induced by
heavy compound deposition. Directly related to these results,
the Process Mass Intensity (PMI) and Mass Productivity (MP)
correlate the total mass used in the process with the total amount
of products formed (where a value of 1 or 100% indicates ideal
9 of 14
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FIGURE 9 In situ FT-ATR monitoring of the condensation reaction between CPO and CHE (1:1 mol/mol; catalyst loading 0.40 mmol H+

g(CPO+CHE)−1). (a–c) show difference spectra obtained after subtraction of the initial reference spectrum (recorded at t= 0, T= 120◦C); the color transition
from light blue to dark indicates increasing reaction time. a) C-H stretching region; b) detail of the 1800–1600 cm−1 region; c) 1500–800 cm−1 region; d)
FT-ATR spectra of the fresh OP catalyst (black line) and the spent (unwashed) catalyst after reaction (red line).

TABLE 3 Green metric and intrinsic activity results for cross-aldol condensation between cyclopentanone and cyclohexanone over activated BC
catalysts in optimized conditions (120◦C, 4 h, 0.15 and 0.40 mmol H+ g(CPO+CHE)−1 for CG and OP, respectively). CG: Coffee grounds, OP: Orange peel.

Parameter CG OP

Atom Economy [%] 87.92 87.92
Environmental Factor 0.95 0.59
Process Mass Intensity 1.95 1.59
Mass Productivity [%] 51.36 63.02
Carbon Economy [%] 58.09 71.25
Bio-based Carbon Index 1.00 1.00
Intrinsic Activity [molconverted (mol H+)−1 h−1]a 13.08 5.42

a calculated over 4 h of reaction
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ustainability). Thanks to the solvent-free nature of the proposed
eaction, PMI values of 1.59 and 1.94, and MP values 63% and
1% were calculated for OP and CG, respectively. In this case, the
uperior OP values are due to a higher reagent conversion and to
lower Carbon loss (Closs of 9%) in optimized conditions. These
esults are further combined in the Carbon Economy metric,
hich highlights the enhanced (sustainability) performance of
P catalyst (71%) relative to CG (58%). It is noteworthy that these
esults do not directly match the calculated intrinsic activity of
0 of 14
the samples (expressed as mol of converted reagents per mol of
acid sites over 4 h for the first reaction cycle), where CG greatly
surpassed OP. As previously noted, the greater tendency of CG
to promote subsequent condensations, and thus the formation of
C15-18 compounds, has a negative impact on catalyst fouling. This
slightly decreases the overall efficiency of the batch process but
likely makes this catalyst promising for use in continuous-flow
processes, where the contact time between catalyst and reactants
Advanced Sustainable Systems, 2026
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inally, it is worth emphasizing that although commercial
enchmarks like Amberlyst-15 would likely exhibit similar green
etrics, given the comparable conversions and yields, the acti-
ated waste-derived BCs offer a distinct advantage in terms of
he Bio-based Carbon Index (BCI). Indeed, our catalytic system
perates with a BCI of 1.0, as both the reactants [57, 58] and
atalyst support are derived from renewable biomass waste,
nlike the petroleum-based matrix of commercial ion-exchange
esins. This confirms that the use of waste-derived BCs not
nly ensures high catalytic efficiency but can also effectively
lose the loop of the circular economy in the production of SAF
recursors.

Conclusion

his study demonstrates the effective valorization of organic
aste through low-temperature pyrolysis, producing bio-oil and
C with significant potential for various applications. The com-
ositional analysis of bio-oils revealed a strong influence of
he original feedstock on the distribution of chemical families,
nabling the selective enrichment of valuable compounds such
s furans, cyclic ketones, fatty acids, and aromatics. These
esults highlight promising routes for the downstream of bio-
ils in green solvent production, renewable fuels, and chemical
ynthesis. The BCs obtained from the same feedstock exhibited
istinct differences in carbonization degree and surface chem-
stry, suggesting multiple opportunities for their application in
oth environmental and technological fields. Upon sulfonation,
Cs derived from OP and CG showed remarkable catalytic
ctivity in reactions of industrial relevance, achieving high
erformance in the production of SAF precursors via cross-aldol
ondensation between CPO and CHE. The results were found to
e competitive with those obtained using a commercial bench-
ark sulfonic resin, demonstrating how the high accessibility
f acid sites on the surface of these low-specific-surface-area
Cs can effectively promote the conversion of these bio-based
etones. Catalyst deactivation was observed to occur through
reversible fouling mechanism related to the formation and
eposition of heavy compounds derived from C15-18 precursors,
specially in the case of the highly active CG-based catalyst.
otably, these deposits could be effectively removed through a
imple regeneration treatment, restoring catalytic active sites and
erformance.

Experimental Section

.1 Biochar and Bio-Oil Production

he waste biomasses investigated were orange peel (OP), banana
eel (BP), pineapple peel (PP), greenwaste (GW), and spent coffee
rounds (CG). All peels were collected from the “Acquerello”
ursery school located in Bologna (Italy). A few hours after
ollection, peels were placed into vessels and sun-dried for one
eek. To assure the complete drying, peels were put in the oven
or 48 h at 60◦C and then grinded and sieved at 0.5 mm. The
inal homogeneous powders were stored at 4◦C before further
xperiments. Green waste was collected from a greengrocer
utting together scraps of broad-leaved vegetables such as chard
nd lettuce. Scraps were dried at 60◦C for 72 h, grinded and sieved
dvanced Sustainable Systems, 2026
at 0.5 mm, and finally, stored at 4◦C. Spent coffee grounds were
collected from domestic coffee brewing using a moka pot, dried
at 60◦C, and stored at 4◦C.

Pyrolysis experiments were conducted using a stainless steel
fixed-bed reactor placed into a tubular oven. After the pyrolysis
section, the outlet stream passed through two condensers filled
with acetone and maintained at −78◦C for the collection of bio-
oils. Biomass was dried at 110◦C for 2 h and then placed into
the isothermal zone of the reactor. In a typical experiment, N2 is
used as an inert gas and, after the total removal of air from the
reaction environment, 2 g of biomass was heated up to 100◦C and
maintained at this temperature for 10 min. After equilibration,
pyrolysis was carried out by increasing reactor temperature to
300◦C–400◦C for 1 h, using a constant heating rate of 10◦C
min−1 and a N2 flow of 30 mL min−1. After cooling, the collected
bio-oil was concentrated and water removed using a rotavapor.
The sample was then analyzed by the GC-MS technique using
a Perkin Elmer Clarus 600 equipped with a DB-5 column.
The amount of water and gas evolved during pyrolysis was
determined by difference, based on themeasured yields of BC and
bio-oil.

4.2 Biochar Activation Through Sulfonation

The different BCs were subjected to a sulfonation process
using concentrated H2SO4. This treatment was carried out at
atmospheric pressure in a 10 mL two-neck round flask reactor
equipped with a reflux system and a thermometer. In a typical
experiment, the H2SO4/BC dispersion was prepared using a ratio
of 0.015 mLH2SO4 mgBC−1 and heated up to 100◦C for 2 h under
vigorous stirring. After cooling, the dispersion was diluted into
500 mL of deionized water, BC was recovered by filtration and
washed several times with deionized water until neutral pH was
reached. The BCs were dried in an oven maintained at 70◦C for
24 h.

4.3 Catalytic Activity

BCs were tested as heterogeneous catalysts for condensation and
esterification reactions in solvent-free conditions. The catalytic
tests were carried out at atmospheric pressure in a two-neck
round flask reactor equipped with a condenser and a thermome-
ter, placed into an oil bath used to heat up the system. For the
aldol condensation reaction, 22 mmol of cyclopentanone (CPO),
22 mmol of cyclohexanone (CHE), and catalyst (0.15–0.40 mmol
H+ g(CPO+CHE)−1) were placed into the reaction system under
stirring and heated up to 120◦C for 4 h. For esterification reaction,
22 mmol of propionic acid (PA), 22 mmol of 1-butanol (BuOH)
and catalyst (0.15 mmol H+ g(PA+BuOH)−1) were placed into the
reaction system under stirring and heated up to 80◦C for 4 h.
After reaction, the system was quenched in an ice-bath and the
reactionmixture quantitatively analyzed using decane as internal
standard in a GC Autosystem XL (Perkin Elmer) equipped with
a DB-5 column and an FID detector. Amberlyst-15 (4.70 mmol
H+/g) benchmark catalyst was purchased from Sigma–Aldrich.
The catalytic activity of the sample was evaluated using the
following equations.
11 of 14
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onversion

𝑋(CPO, CHE) =
(𝑚𝑜𝑙 𝐶𝑃𝑂, 𝐶𝐻𝐸 𝑡0 −𝑚𝑜𝑙 𝐶𝑃𝑂, 𝐶𝐻𝐸)

𝑚𝑜𝑙 𝐶𝑃𝑂, 𝐶𝐻𝐸 𝑡0
× 100

ield

YC10−12 =
2 𝑚𝑜𝑙 𝐶10−12

𝑚𝑜𝑙 𝐶𝑃𝑂 + 𝐶𝐻𝐸 𝑡0
× 100;

𝑌C15−18 =
3 𝑚𝑜𝑙 𝐶15−18

𝑚𝑜𝑙 𝐶𝑃𝑂 + 𝐶𝐻𝐸 𝑡0
× 100

C loss = [mol CPO t0 + mol CHE t0 − (mol CPO

𝑚𝑜𝑙 𝐶𝑃𝑂

.4 Characterization of Materials

he IR spectra of the materials were acquired in attenuated
otal reflectance (ATR) over the 600–4000 cm−1 range using a
hermo Scientific Nicolet iS10 Smart iTR equipped with a Smart
MNI transmission instrument. The samples morphology was
nvestigated through SEM observation using a FEI/Phillips XL30
SEM instrument. The semi-quantitative elemental analysis was
arried out with an x-ray energy dispersive spectrometer, EDAX
METEK Element, coupled with SEM. The EDX detector was a
ilicon drift detector with a silicon nitride window. Porosity data
nd surface areas were determined by N2 adsorption/desorption
t -196◦C using a Micromeritics ASAP 2020 instrument. In a
ypical experiment, 0.150 g of the sample was pretreated under
acuum at 150◦C for 1 h, pore size distribution was calculated
hrough the Barret-Joyner-Halenda (BJH) analysis method, and
he specific surface area through the Brunauer-Emmet-Teller
BET) multiple-point method. The concentration of acid/basic
ites per gram of material was determined by a titration with an
queous solution of NaOH or HCl (5 mm). In a typical titration,
0 mg of material was dispersed in 50 mL of deionized water
nder vigorous stirring. After stabilization and measurement of
he initial pH (using a pH meter), the NaOH or HCl solution was
dded dropwise until the initial pH was reached [54]. BC proxi-
ate analyses were conducted through TG-DSC experiments by
eans of a Netzsch STA 409 PC instrument. Samples were placed
n alumina crucibles and maintained at 110◦C for 2 h under a
ure N2 atmosphere. After that, the samples were heated up to
00◦C (10◦C min−1) and maintained at this temperature for 2 h.
olatiles content was calculated considering the percentage of
ass lost during the experiment after moisture removal. Fixed
arbon value corresponds to the percentage of mass that is not
egraded during TG analysis minus the ash content determined
y performing the same TG analysis under synthetic air instead
f N2. CHN analyses were performed using a Perkin Elmer CHN
nalyzer 2400 Series II, with O concentration determined by
ifference. Starting from these data, higher heating value (HHV)
f biochar samples was also determined by using the formula:
HV = (33.5 C + 142.3 H – 15.4 O – 14.5 N) / 100 [59]. The contact
ngle measurements were carried out using an Ossila Contact
ngle Goniometer L2004A. Biochar was pressed (10 tons) into a
2 of 14
mol CHE + 2 mol C10−12 + 3 mol C15−18)]

𝑚𝑜𝑙 𝐶𝐻𝐸 𝑡0
× 100

tablet and dried at 110◦C for 2 h before the deposition of three
droplets (2 µL each) on its surface. The contact angle values were
determined considering both the visible angles per each droplet,
so as to calculate an average value based on six measurements.
Mechanistic investigation has been carried out via in situ FT-
ATR experiments using a Bruker Tensor II instrument equipped
with an ATR cell configured with a sealed gasket and glass on
top, enabling the reaction to be performed at 120◦C. The spectra
reported in the text are obtained by subtracting each spectrum
to the first spectrum acquired at room temperature. Powder XRD

analyses were performed on a RigakuMiniflex 600 diffractometer
equipped with a copper anode. Samples were recorded in a 2θ
range of 5◦-80◦ with a step size of 0.05◦ and a scan step time of
12.25 s.
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