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ABSTRACT: The orange juice industry produces large amounts
of by-products. This work introduces new materials based on
orange juice side streams�lightweight and high-surface-area
aerogels. Orange waste and its fractions (peels, bagasse, and
pulp) were first subjected to citric acid hydrolysis, a “green” water-
based pre-treatment. Processing parameters (washing with water,
biomass fraction, and biomass and citric acid concentrations) were
tuned to maximize suspensions’ kinetic stability and produce
homogenous aerogels. Soluble sugars removal during biomass
washing, along with increased biomass and citric acid concen-
trations led to higher stability of the suspensions, bearing a pectin-
rich liquid phase with a dispersed swollen insoluble fraction.
Suspensions’ rheological properties, insoluble contents, and
insoluble fractions’ swelling capacities were evaluated. The prepared suspensions were subjected to non-solvent-induced phase
separation and solvent exchange with ethanol, followed by drying with supercritical carbon dioxide. Obtained aerogels possessed low
densities (<0.1 g/cm3) and high specific surface areas (190−235 m2/g). The insoluble swollen fibers were partially porous and
embedded in an open-pore nanostructured network.
KEYWORDS: agro-industrial waste, suspension, bioaerogel, porous materials, biopolymers

1. INTRODUCTION
The production of orange (Citrus sinensis) was ca. 70 Mt in
2023.1 A considerable share (25−30%) of its production is
routed to the juice industry,2,3 where 50 to 60% of the fruits
are converted into by-products.4 When not landfilled, the
orange waste is destined mainly for low added-value endings,
such as incineration and cattle feeding.4,5 Upcycling food losses
and waste in their integrity (or “bulk” waste)�i.e., without
extracting individual components�into bio-based materials
has emerged as a promising strategy within the Green
Manufacturing and Engineering approach to reduce the use
of harsh chemicals, waste generation, and save processing
operations, time and energy.6−8

To date, materials from bulk orange waste are mainly limited
to solvent-cast films using orange peels,8−14 which are rich in
pectin (25−30%, dry basis).8,15 Acid hydrolysis is frequently
used to disrupt the plant tissues and promote pectin extraction
into the liquid phase, which then constitutes most of the film’s
continuous phase, where insoluble fractions are dispersed.10

Hydrolysis using citric acid has been explored by different
authors,10−14 and films were produced with additives, such as
(nano)fillers, cross-linkers,10,12,13 and/or plasticizers, often
glycerol.8,9,12,16

Another way to valorize orange waste is to make porous 3D
materials, which can find numerous potential applications in
packaging, acoustic and thermal insulation, agriculture, etc.

Aerogels constitute a special type of porous materials. They are
open-pore nanostructured solids, with remarkably low densities
(<0.2 g/cm3) and high specific surface areas (>100 m2/g).
Classical (inorganic and synthetic polymer) aerogels are
produced from gels, from which the solvent is removed in
such a way that preserve the internal morphology. Bio-based
aerogels (also called bio-aerogels) have been systematically
invetigated in the past two decades. Most of them are made
from neat polysaccharides (e.g., starch, pectin, alginate,
chitosan, cellulose, and its derivatives) and, sometimes,
proteins.17−19 Pectin aerogels, for instance, are thermal
super-insulating materials20 and promising drug delivery
systems with tuned release kinetics.21,22 For neat biopolymer
aerogels, two main starting matters are known: either solutions
with spatially homogeneously distributed polymer chains or
suspensions of nanoparticles (e.g., nanocellulose, nanochi-
tin),23 the latter not being in the scope of this work. Agri-food
residual biomasses usually yield heterogeneous systems,
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comprising a liquid continuous phase and an insoluble fraction
as a dispersed phase, encompassing an additional challenge in
materials’ fabrication: macroscopic phase separation due to the
sedimentation. Articles on bio-aerogels made from suspensions
(i.e., dissolved polymer + insoluble fraction) are scarce, with
few examples known for all-cellulose composite aerogels.24 The
influence of the insoluble fraction on bio-aerogel properties,
particularly on pectin-based aerogels, remains unexploited.

Few studies reported on the production of porous materials
based on orange waste25−27 and other citric wastes28−32 via
freeze-drying, resulting in materials with large macropores,
which do not correspond to the nanostructured morphology of
aerogels. High-specific-surface-area aerogels (>100 m2/g) from
agri-food waste have been reported for other types of agri-food
wastes (stale bread,33 apple pomace, and spent coffee
grounds34).

This work explores the possibility of using bulk orange waste
to produce bio-based aerogels. Wastes from different parts of
orange fruits, all after industrial juice extraction, were used and
dispersed in water. First, the kinetic stability and other
physicochemical properties of orange waste biomass suspen-
sions were evaluated as a function of biomass washing
protocol, and biomass and citric acid concentrations. Aerogels
were prepared from each biomass fraction and their
morphology, density, and specific surface area were discussed
and correlated with the suspension properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Orange (Citrus sinensis) waste biomass from juice

production was donated by JBT Company (Araraquara, Brazil). The
orange waste biomass was received in three fractions, namely, peels
(flavedo and albedo), bagasse (core, segment walls, and small
amounts of seeds and peels), and residual pulp (juice sac membranes)
(Figure 1). As informed by the provider, the bulk orange waste

biomass comprised 56% peels, 28% bagasse, and 16% pulp. A mixture
of such fractions at their respective percentages was also used, and
referred to as “mixed”.

Commercial low-methoxyl (LM) pectin (GENU pectin type LM-
102 AS) was donated by CP Kelco (Limeira, Brazil) and used as
received. The degree of esterification was 30%, as determined by the
manufacturer. Absolute ethanol (99%; Fisher), anhydrous citric acid
(Synth), and distilled water were used unless otherwise specified.
2.2. Orange Waste Washing. Each biomass fraction was soaked

overnight and rinsed with tap water to remove impurities and soluble
sugars (monosaccharides and disaccharides).11 This procedure was
repeated, and the biomass fractions were dried (48 h, at 45 °C, in an
air-circulating oven), followed by grinding in liquid nitrogen and
sieving (mesh 35, 500 μm). The biomass fractions were finally dried

at 45 °C under vacuum for 5 h to remove condensed water and
named “washed”. The same grinding, drying, and sieving procedures
were applied to neither soaked nor rinsed biomass, named
“unwashed”.

The water-soluble content in both washed and not washed waste
mixed biomass was determined by room temperature water extraction
(details in the Supporting Information). Water-soluble content was
calculated with eq 1

=
×

×m
m

water soluble content (%) 1
(1 RM)

100RT

i (1)

where mRT is the mass of the dried solids collected after extraction and
mi is the initial orange waste mass, which was corrected by the
corresponding residual moisture (RM), determined using a Marte ID-
50 moisture analyzer at 105 °C (10.7−8.4%).
2.3. Orange Waste Biomass Characterization. The contents of

extractives, pectin, and ashes were determined as detailed in the
Supporting Information. Ash content was determined by thermog-
ravimetry (TG). The content of extractives was estimated as follows
(eq 2)

=
×

×m m
m

extractives (%)
(1 RM)

100e fil

i (2)

where me is the mass of the filter with the extracted sample after
drying and mfil the dried filter mass.

Pectin content in each biomass fraction was calculated with eq 3

=
×

×
m m

m
pectin (%)

(1 RM)
100p dish

i (3)

where mp is the mass of the Petri dish with the extracted pectin after
drying and mdish is the mass of the Petri dish.

Extractive- and pectin-free samples were used to determine the
content of cellulose, hemicellulose and lignin of each fraction using
the NREL/TP-510-42618 procedure.35

2.4. Suspension Preparation. Each fraction of the biomass
(washed or not) was added to citric acid aqueous solutions
(concentration of biomass varied from 1 to 4 wt % and of citric
acid from 0 to 5 wt %) and hydrolyzed at 90 °C, under vigorous
stirring, for 2 h (Figure S1). Suspensions containing individual
biomass fractions were labeled “peels”, “bagasse”, and “pulp”.
Suspensions were also prepared by mixing the three different fractions
in their respective percentages in the bulk biomass (Figure 1) in citric
acid solutions; these samples were referred to as “mixed”. These
suspensions were then used in all subsequent experiments.
2.5. Suspension Characterization. 2.5.1. Rheological Behav-

ior. Steady-state rheological analyses were conducted with the
Couette geometry (2 mm gap) using a TA Instruments ARES
rheometer at 23 °C. Shear rate sweeps ranged from 0.1 to 500 s−1.
2.5.2. Kinetic Stability. The suspensions comprised an aqueous

phase and an insoluble fraction containing fibers and particles that
sedimented with time. In order to make homogeneous aerogels,
macroscopic phase separation should be avoided. To find the settings
in which sedimentation was minimized, bench physical stability tests
were performed on 35 mL of the suspensions produced under
different conditions (washed and unwashed biomass, different
biomass, and citric acid concentrations) for 3 d at 23 °C. Three
days was selected as the average duration of solvent exchange needed
to prepare aerogels.

Kinetic stability was calculated using eq 4

= ×V
V

kinetic stability (%) 100s

i (4)

where Vs is the volume of the sedimented insoluble fraction and Vi is
the total volume (35 mL). Graduated tubes were used to measure the
volumes.
2.5.3. Insoluble Content, Swelling Capacity, and Morphology.

Insoluble content was determined as reported in ref 36: the samples
were centrifuged to separate the insoluble fraction from the liquid
phase (7698 g, 10−15 min), followed by washing with citric acid

Figure 1. Orange fruit anatomy indicating the parts that originated
each biomass fraction. Weight percentages of each fraction in the bulk
waste are shown in orange letters.
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solutions twice (at the same concentrations as used for suspension
preparation) and, then, with water until the supernatant reached pH
6. The samples were centrifuged at 7698 g between washings for 10−
15 min. The insoluble fraction was dried under vacuum at 105 °C, for
15 h, and weighed (mins). The insoluble content was calculated by eq
5.

=
×

×m
m

insoluble content (%)
(1 RM)

100ins

i (5)

The water holding capacity (WHC) of the insoluble fractions was
calculated using eq 637 by measuring the mass of the hydrated (mh)
and dried (md) insoluble fractions: mh was obtained by separating the
insoluble fraction from suspensions by centrifuging at 7698 g for 15
min, draining excess liquid by inclining the centrifuge tubes at ca. 60
°C for 10 min, and weighing; md was obtained by drying the insoluble
fractions at 50 °C under vacuum until constant weight.

=
m m

m
WHC (g/g) h d

d (6)

The morphology of insoluble fractions was assessed by optical
microscopy using a Keyence VHX 7000 digital microscope (100× and
150× magnifications). The insoluble fractions were washed and
dispersed in 45 mL of water. Dispersions were then diluted with water
(dilution factor = 5) and sandwiched between glass slides before
observation.
2.5.4. Attenuated Total Reflectance−Fourier-Transform Infrared

Spectroscopy (ATR-FTIR). The liquid and insoluble fractions of the
suspensions were separated by centrifugation (7698 g, 15 min), and
the polysaccharides present in the liquid phase were precipitated with
ethanol. After drying, these polysaccharides and the insoluble fraction
were analyzed by FTIR-ATR. Spectra were collected in the range of
4000 to 525 cm−1, with 50 scans and with a 2 cm−1 resolution, using a
Thermo Nicolet Avatar 370 spectrometer.
2.5.5. Fourier-Transform Raman Spectroscopy (FT-Raman). The

polysaccharides precipitated from the liquid phase and insoluble
fractions (see previous section) were also analyzed by FT-Raman.
Spectra were collected on a Bruker MultiRAM spectrometer with a
Nd:YAG laser (1064 nm) (1024 scans, from 3500 to 33 cm−1, 4 cm−1

resolution).
2.6. Aerogel Preparation. Each biomass fraction (peels, bagasse,

and pulp) and mixed biomass, all hydrolyzed and dispersed in citric
acid solutions (see Section 2.4), were used to produce aerogels. Only
the conditions (washed/unwashed, biomass, and citric acid
concentrations) that provided the best physical stability of
suspensions (see Results and Discussion) were selected for aerogels’
preparation (Figure S2). Suspensions were poured into polypropylene
vials and subjected to mild centrifugation (24 g, 1−4 min) to remove
air bubbles. To perform drying with supercritical carbon dioxide
(CO2), water in the suspensions was replaced with a liquid miscible
with both (in this case, ethanol) through a gradual solvent exchange
by pouring a 50/50 ethanol/water mixture on the top of the
suspension, triggering a non-solvent-induced phase separation (Figure
S2). Gradual increases in ethanol concentration to 75% and 100%
were performed in the subsequent exchange steps, followed by several
washing steps in pure ethanol until the water concentration in the
system was reduced to 0.05%. Stepwise solvent exchange was
performed to avoid heterogenous shrinkage.38 The solvent/non-
solvent exchange results in polymers’ non-solvent induced phase
separation (or immersion precipitation, or coagulation), a well known
processing step for making neat bio-based aerogels18−20 or
membranes.39

The obtained alcogels were dried with supercritical CO2 (Figure
S2) at the Center for Processes, Renewable Energy and Energy
Systems (PERSEE), Mines Paris−PSL. Samples were placed inside a
1 L autoclave, covered with ethanol, and the pressure vessel was
closed. CO2 was introduced, and the pressure increased to
approximately 40 bar. As the pressure increased, excess ethanol was
purged. Then temperature and pressure were increased to 37 °C and
80 bar, above CO2 supercritical conditions. A dynamic washing was

then performed for 4 h at a flow rate of 50 g of CO2/min. The system
was then depressurized at 4 bar/h, cooled down and samples
collected.

The same nomenclature used for the suspensions was used to label
aerogels: mixed, peels, bagasse, and pulp. Reference neat LM pectin
aerogels were prepared following the same acid pre-treatment and
processing steps. All samples were disks with a diameter around 21−
22 mm and height around 5−7 mm.
2.7. Aerogel Characterization. 2.7.1. Volumetric Shrinkage.

The volumetric shrinkage induced by solvent exchange and drying
was calculated with eq 7

= ×V V
V

shrinkage (%) 100i f

i (7)

where Vi and Vf correspond to the sample volume before and after
each processing step, i.e., from suspension to alcogel (solvent
exchange) and from alcogel to aerogel (supercritical drying).
2.7.2. Apparent Density and Porosity. To determine the apparent

(or bulk) density (ρap), the mass of aerogels was measured with a
high-precision balance, and the volume was calculated from their
height and diameter, taken with a digital caliper with a precision of
0.001 mm.

Porosity was calculated according to eq 8

i
k
jjjjjj

y
{
zzzzzz= ×porosity (%) 1 100ap

sk (8)

where ρsk is the skeletal density, measured by helium pycnometry on
an Anton Paar Ultrapyc 5000 Micro device.
2.7.3. Specific Surface Area. The specific surface area was assessed

from nitrogen adsorption isotherms performed on a Micromeritics
ASAP 2020 using the Brunauer−Emmett−Teller (BET) approach.
Samples were degassed under vacuum for 5 h at 70 °C before
analyses.
2.7.4. Morphology. A scanning electron microscope (SEM) MAIA

3 (Tescan) was employed to evaluate the aerogels’ internal
morphology. Before the observations, cryofractured samples were
metalized with a 14 nm layer of sputtered platinum using a Q150T
Quarum device. 3 kV of accelerating voltage was used.
2.7.5. Intrinsic Viscosity. The influence of the acid pre-treatment

on the neat LM pectin molecular weight was calculated from the
intrinsic viscosity [η] using a capillary Ubbelhode viscometer (type I,
with a 0.63 mm diameter capillary) and an iVisc system from LAUDA.
Pectin was solubilized at 60 °C in 0.01 M NaCl and analyzed at 26.6
°C.40 The average molecular weight (Mv) was estimated as follows

[ ] = ×K M a
v (9)

where K = 0.0234 and a = 0.8221.40

3. RESULTS AND DISCUSSION
3.1. Suspension Properties. A preliminary visual screen-

ing of 2.5% biomass suspensions (mixed, peels, bagasse, and
pulp) in 3% citric acid10,11,14,41 showed insoluble fraction
sedimentation. The production of homogeneous aerogels was,
therefore, unfeasible. To find the conditions leading to non-
separated suspensions for at least 3−4 days (time needed to
complete solvent exchange, Figure S2), the stability and
properties of mixed biomass suspensions (see Section 2.4)
were first investigated by varying washing/non-washing and
biomass and citric acid concentrations. After the optimal
conditions in terms of the stability of the mixed biomass
suspension were found, the stability of each biomass fraction
suspension made with the selected conditions was also
investigated.
3.1.1. Influence of Biomass Washing and Concentration

on Suspension Properties. First, citric acid concentration was
kept at 3%, and the stability of the mixed biomass suspension
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was studied as a function of the biomass concentration and the
washing/nonwashing step before drying and grinding. As
shown in Figure 2a, suspension stability (eq 4) was favored by
increasing biomass concentration and the washing step. For
example, the stability of samples containing 4% of washed
mixed biomass was within 93−98% for 3 days vs only 40% for
1% unwashed suspensions. Photos of the suspensions after 72
h are presented in Figure S3a.

The insoluble content (eq 5) increased with biomass
concentration, and it was lower for unwashed biomass
suspensions (30−37%) when compared with their washed
counterparts (39−48%) (Figure 2b). Washing removed low-
molecular-weight substances like soluble sugars, organic acids,
and certain flavonoids:42,43 the room temperature water-
soluble content decreased from 47.4 ± 0.3% for unwashed to
17 ± 1% for washed samples (eq 1).

The insoluble fraction swelling capacity, expressed as WHC
(eq 6), increased with the biomass concentration (Figure 2b).
Higher biomass concentration increased inter-particle colli-
sions, which in turn induced inter-particle friction and,
potentially, breakage. As a result, the surface area of particles
increased, favoring accessibility to water, followed by swelling
and increased WHC. WHC was not affected by the washing
step (Figure 2b).

The flow curves of washed and unwashed mixed suspensions
at different biomass concentrations are presented in Figure 2c.
Higher biomass concentrations led to higher viscosities (Figure
2b) due to increased inter-particle friction. Higher viscosities
were also observed for washed biomass suspensions compared
to their unwashed counterparts due to removal of water-
soluble low-molecular-weight compounds during washing, thus

increasing the concentration of high-viscosity biopolymers in
the liquid phase. Higher viscosities slowed sedimentation and
enhanced suspension stability.

Previous studies44,45 reported that swollen plant fibers can
form three-dimensional networks by interacting among
themselves and immobilizing the aqueous phase inside said
networks, contributing not only to the different rheological
behaviors but also to the entrapment of liquid phase, hence
limiting phase separation. A more pronounced shear thinning
behavior at higher concentrations (Figure 2c) might also
reflect the presence of such networks and their disruption
under shear stresses.
3.1.2. Influence of Citric Acid Concentration on

Suspension Properties. Samples containing 4% washed
mixed biomass boasted the best kinetic stability among those
analyzed above. However, some phase separation was still
observed within the first day (98%), and suspension stability
decreased to 93% after 3 days (Figure 2a and Figure S3b). It
was previously demonstrated that increasing acid concen-
tration enhanced pectin extraction to the aqueous phase.46

Therefore, the influence of citric acid concentration on
suspension stability, WHC, and the insoluble content was
investigated. Mixed biomass concentration was kept at 4%.

The increased acidity improved the stability of the washed
mixed biomass suspensions (Figure 3a). This was attributed to
the enhanced extraction of pectin into the liquid phase.
Although the insoluble content decreased from 74% in the
absence of citric acid to about 45% at 5% acid (Figure 3b), the
viscosity was increased with higher acid concentration (Figure
3c), corroborating the higher pectin content in the continuous
phase. Literature reported that pectin may play an important

Figure 2. (a) Stability of mixed biomass suspensions over time, (b) water-holding capacity (WHC) and insoluble content as a function of biomass
concentration for washed and unwashed samples, and (c) viscosity vs shear rate of suspensions of mixed washed (triangles) and unwashed (circles)
biomass at different concentrations. The acid concentration was 3%.

Figure 3. (a) Suspension stability over time, (b) WHC and insoluble content, and (c) viscosity vs shear rate for the suspensions of 4% washed
mixed biomass at different citric acid concentrations.
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role in improving the kinetic stability of biomass suspensions
by acting as a “binder” and structuring the network of insoluble
swollen fibers.47 WHC of the insoluble fraction varied from 10
to 13 g/g and did not depend on acid concentration within the
experimental errors (Figure 3b).
3.1.3. Influence of the Biomass Fraction on Suspension

Properties. As the suspensions of 4% washed mixed biomass at
5% citric acid remained stable during the first 24 h after the
preparation and with 98% stability after 72 h (Figure 3a), these
conditions were used to analyze the properties of suspensions
made from each biomass fraction: peels, bagasse, and pulp.
The bagasse- and pulp-based suspensions showed higher
stability (99−100% vs 93%, after 72 h) (Figures 4a and S3c)
and slightly higher WHC than the peel-based suspension (12−
13 g/g vs 11 g/g) (Figure 4b), with the latter being of the
lowest viscosity (Figure 4c). The insoluble content was the
same for all biomass suspensions within experimental errors
(Figure 4b).

Optical microscopy images (Figure 4d) suggested that all
suspensions had swollen particles of varying dimensions. In
particular, bagasse showed a high extent of fibrillation, while

the pulp-based ones possessed both particles and fibers (Figure
4e). Peels’ insoluble fraction was denser and only fragmented
into smaller particles (Figure 4d) as peels possessed a higher
content of cellulose when compared to pulp and bagasse
(Table 1). In addition, bagasse had the highest contents of
extractives (eq 2) and pectin (eq 3). Cellulose is more
recalcitrant to the pre-treatment used compared to extractives
and pectin;48 and removing middle lamellae biopolymers, like
pectin, was previously linked to fibrillated morphologies of flax
fibers.49 The high degree of fibrillation of the bagasse insoluble
particles was likely influenced by its composition (Table 1),
contributing also to the higher stability and viscosity of bagasse
suspensions. Although pulp and peels had similar cellulose,
pectin, and extractives contents, the pulp tissue is softer than
the peels and more intensely disrupted during juice
extraction,50,51 facilitating fibrillation and pectin extraction to
the aqueous phase. This may have contributed to the higher
viscosity and WHC of pulp-based suspensions, thus enhancing
the stability.

Hemicellulose content was low and nearly the same for all
biomass fractions. Lignin content was different for each

Figure 4. (a) Stability over time, (b) WHC and insoluble content, and (c) viscosity vs shear rate for the suspensions containing different biomass
fractions. (d) Optical micrographs of the insoluble fractions and (e) zoom-in on bagasse and pulp fibrillated fibers. Parts a, b, and c are for biomass
and acid concentrations of 4% and 5%, respectively, and parts d and e are for the same suspensions but diluted (see the Experimental Section).

Table 1. Composition of the Washed Orange Biomass Fractions

Biomass (%)

Components Mixed Peels Bagasse Pulp

Ethanol extractives 7.1 ± 0.8 7 ± 1 8.4 ± 0.2 5.7 ± 0.4
Water extractives 30.7 ± 0.9 29 ± 1 34 ± 1 30.8 ± 0.8
Pectin 36 ± 1 35 ± 3 40.5 ± 0.6 32 ± 2
Cellulose 12.8 ± 0.4 14.9 ± 0.7 8.5 ± 0.1 13.2 ± 0.4
Hemicellulose 4.2 ± 0.2 4.8 ± 0.3 3.0 ± 0.3 4.3 ± 0.1
Lignin 5.3 ± 0.7 5 ± 1 2.8 ± 0.4 10 ± 1
Ashes 2.9 ± 0.7 3 ± 1 2.1 ± 0.3 3 ± 1
Total 99 99 99 99
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biomass fraction but lower than pectin, cellulose, and
extractives in all cases. FTIR and FT-Raman spectroscopies
further evidenced pectin extraction to the liquid phase as a
result of the citric acid pre-treatment, while cellulose,
hemicellulose, and lignin remained in the insoluble fraction
(Supporting Information, Figure S4).
3.2. Aerogel Properties. The conditions leading to the

best suspension stability (4% of washed biomass and 5% of
citric acid) were used to make aerogels based on mixed
biomass, peels, bagasse, and pulp. Commercial LM pectin, pre-
treated in the same conditions as the biomass, was used as a
reference. Non-solvent was added within 3 h after the
suspensions’ preparation and solvent exchange was completed
in 3−4 days (see Section 2.5). The addition of non-solvent
decreases the polymer solubility leading to the formation of
polymer-rich and polymer-poor phases. Above polymer overlap
concentration, a network of polymer-rich phases constitutes
the skeleton of the future aerogel. Unlike synthetic polymers,
polysaccharides do not entirely collapse during solvent/
nonsolvent exchange, creating the tridimensional network of
the alcogels. This behavior is attributed to chain rigidity and
hydrogen bond polysaccharide−polysaccharide interac-
tions.39,52

The alcogels obtained after solvent exchange and the
aerogels produced by drying with supercritical CO2 are
shown in Figure 5a. All samples were macroscopically
homogeneous and retained the disk-like shape without cracks
throughout all preparation steps (Figure 5a).

After solvent exchange and supercritical drying, all samples
underwent volumetric shrinkage (Figure 5b) of ca. 55−70%,
similar to previously reported values for aerogels from other
bio-based sources, such as neat pectin53 and cellulose.54 The
shrinkage of pulp- and bagasse-based samples was slightly
lower than that of the other materials, which might be related
to the higher viscosity of the respective suspensions and
stronger networks due to greater swelling and fibrillation of the
insoluble fractions. These aspects possibly helped samples to
resist contraction in the presence of the non-solvent, i.e.,
ethanol. The highest shrinkage was for neat LM pectin
samples.

The apparent density of the aerogels is presented in Figure
5c. It varied from 0.08 to 0.09 g/cm3 for all samples. Despite
the higher volumetric shrinkage of neat LM pectin samples, its
aerogel had a density similar to that of other biomass-based
aerogels. The presence of non-dissolved particles in the
biomass-based aerogels outweighed the lower shrinkage.

Figure 5. (a) Photos of alcogels and aerogels. (b) Shrinkage of the samples during each step and total shrinkage. (c) Aerogels’ porosity and
apparent density. (d) Aerogels’ specific surface area. Morphology of aerogels based on (e) mixed biomass with insoluble parts embedded in the
pectic matrix and (f) the latter at higher magnification, (g) on LM pectin, and of the insoluble fraction of aerogels based on the (h) mixed, (i) peels,
(j) bagasse, and (k) pulp fractions.
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Aerogels made from the different biomass fractions and
mixed orange waste biomass suspensions yielded high
porosities and low densities despite having a high insoluble
content. The reason was that non-dissolved particles and fibers
were swollen (Figure 4) and remained porous after solvent
exchange and drying. This was confirmed by the high specific
surface area of all obtained aerogels, 190−235 m2/g (Figure
5d). Usually, non-swollen fibers decrease the specific surface
area, as demonstrated for all-cellulose aerogels,24 which was
not the case for orange waste biomass-based aerogels. Similar
surface areas were also reported for aerogels derived from neat
polysaccharides like starch and cellulose,17 cellulose aerogel
composites with insoluble fibers,24 and aerogels based on apple
pomace and spent coffee grounds.34

Orange waste biomass-based aerogels boasted similar
properties as those produced from different neat biopolymers
for packaging,56 drug delivery57 and food58 applications, hence
presenting potential to be further explored. Notably, biomasses
with somewhat different compositions, as seen in Table 1,
yielded porous materials with similar properties.

Neat LM pectin aerogel showed the lowest surface area, 150
m2/g�much lower than that of non-treated LM pectin
aerogels made from pectin solutions (around 500−600 m2/
g).53 The acid pre-treatment degraded the polymer, leading to
a weaker gel. The molecular weight of pectin in the aerogel was
104 kg/mol vs 131 kg/mol for the initial pectin. A decreased
surface area due to the lower molecular weight of the polymer
was also reported for hyaluronic acid-based aerogels.55

Therefore, acidic hydrolysis had a decisive impact on aerogel
properties: on one hand, it allowed swelling and fibrillation of
non-dissolved parts and production of homogeneous samples,
but on the other hand, it decreased pectin molecular weight.

SEM observations confirmed the hypotheses mentioned
above (Figure 5e−k). The obtained aerogels exhibited a
nanostructured open-pore fibrillar network as a continuous
phase (Figure 5e−g) with well-dispersed swollen insoluble
particles and fibers (Figure 5h−k). The continuous phase
morphology was remarkably similar to the LM pectin aerogels’
texture (Figure 5g), further supporting the assumption that it
was composed mainly of pectin, while cellulose and hemi-
cellulose remained mainly insoluble, as suggested by FTIR and
FT-Raman analyses (Figure S4). For the neat LM pectin
aerogel, SEM images revealed a partially damaged network
(Figure 5g), confirming its low specific surface area.

4. CONCLUSIONS
The upcycling of orange waste biomass, suspended and
hydrolyzed, into aerogels was explored by varying biomass
preparation (washing or non-washing), and biomass and acid
concentrations. To avoid precipitation of solids, suspension
stability was first investigated to select the optimal preparation
conditions. Suspensions’ kinetic stability was greater with
washed biomass and higher concentrations of biomass and
citric acid. Washing removed low-molecular-weight substances,
while higher biomass concentration increased the viscosity and
the insoluble fractions’ water holding capacity. Higher acidity
enhanced pectin extraction and decreased the insoluble
content. The influence of the biomass fraction (peels, bagasse,
and pulp) on the suspension stability was also evaluated. Pulp
and bagasse suspensions had higher stability and viscosity due
to fibrillated insoluble fractions and a higher WHC.

Aerogels from orange peels, bagasse, pulp, and their mixture
presented low density (0.08−0.09 g/cm3), high porosity (94−

95%), and high specific surface area (190−235 m2/g). Aerogel
morphology comprised a fine network of pectin fibrils as the
continuous phase, with embedded non-dissolved porous fibers
and particles. No significant influence of the biomass type on
aerogel properties was recorded, except for LM pectin.

This work presents a new approach to valorize bulk orange
waste biomass into high-added-value bio-based aerogels. The
resulting aerogels can be used in numerous applications, such
as packaging, adsorption or absorption, and delivery devices of
different active substances for food and agriculture.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssusresmgt.4c00511.

Orange waste biomass characterization methodology
details, illustrative schemes of suspension and aerogel
preparation, photos of suspensions after 72 h, and FTIR
and FT-Raman spectra of the insoluble fraction of the
suspensions and the polysaccharides precipitated from
the liquid phase (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Tatiana Budtova − Mines Paris, PSL University, Center for
Materials Forming (CEMEF), 06904 Sophia Antipolis,
France; orcid.org/0000-0003-1835-2146;
Email: tatiana.budtova@minesparis.psl.eu

Sílvia H. P. Bettini − Federal University of Sa ̃o Carlos
(UFSCar), Graduate Program in Materials Science and
Engineering (PPGCEM) and Department of Materials
Engineering (DEMa), São Carlos, SP 13565-905, Brazil;

orcid.org/0000-0001-6549-2980; Email: silvia.bettini@
ufscar.br

Authors
Laís T. Possari − Federal University of Sa ̃o Carlos (UFSCar),
Graduate Program in Materials Science and Engineering
(PPGCEM), São Carlos, SP 13565-905, Brazil; Mines Paris,
PSL University, Center for Materials Forming (CEMEF),
06904 Sophia Antipolis, France; orcid.org/0000-0002-
7167-1966
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