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Abstract

Residual chestnut biomass was evaluated in a cascading valorization route combining
hot-water extraction, extractant reuse, reverse osmosis (RO), spray drying, and subsequent
use of the extracted solid. Two heterogeneous residual Castanea sativa streams were studied
at laboratory and pilot scale. Successive extraction at 100 ◦C recovered up to 141 mg
gallic acid equivalents (GAE) g−1 dry biomass as Folin-reactive TPC, with 90–93% of the
seven-stage response recovered after four fresh-water stages. Reusing the liquid on fresh
biomass increased Folin-reactive TPC to 12.0–24.0 mg GAE mL−1. Ultrafiltration did not
provide useful fractionation, whereas RO gave >99.9% apparent Folin-reactive TPC reten-
tion and 96.5–97.6% total-solids retention; standard batches achieved 86.7–93.5% volume
reduction. Carrier-free laboratory spray drying gave a maximum dry-solids collection
recovery of approximately 60–62% in the favorable region near 20% feed solids. A repre-
sentative powder contained 488 ± 27 mg GAE g−1 dry matter, showed a DPPH IC50 of
13.7 ± 1.1 µg mL−1, water activity of 0.5850, and a volume-median particle size d50 of
7.42 µm. SEM showed predominantly spherical/sub-spherical particles together with
hollow, concave, and partially collapsed particles. Complementary FTIR, MALDI-TOF,
SEC-GPC, and qualitative on-flow ESI-MS provided structural and molecular-size fin-
gerprints consistent with chestnut hydrolysable-tannin-related species, while individual
assignments remain tentative. After two extraction cycles, residual biomass retained a
net calorific value of 18.1–18.2 MJ kg−1 dry basis, although pellet durability decreased.
The results define practical trade-offs linking liquid-product recovery and solid-residue
valorization in an integrated chestnut-biomass cascade.

Keywords: chestnut biomass; cascading valorization; hot-water extraction; phenolic-rich
extract; extractant reuse; reverse osmosis; spray drying; residual biomass

1. Introduction
The transition toward a circular bioeconomy requires lignocellulosic residues to be

considered not only for direct energy conversion or bulk solid uses, but also as sources
of extractable chemical fractions that can be recovered before subsequent material or en-
ergy conversion. Cascading valorization follows this principle by sequentially obtaining
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products of different value from the same biomass resource while preserving the remain-
ing solid for further use [1,2]. Such an approach is particularly attractive for woody
biomass because extractives represent only a fraction of the dry matter, whereas most of the
cellulose–hemicellulose–lignin matrix remains after aqueous extraction and can potentially
enter a second valorization route.

European chestnut (Castanea sativa Mill.) generates heterogeneous residual biomass
from forestry operations and chestnut-related activities. Chestnut wood is particularly
rich in hydrolysable tannins and other phenolic compounds, and chestnut extracts have
long been used commercially in applications such as leather tanning and adhesives, while
their antioxidant, antimicrobial and other functional properties have stimulated interest in
additional bio-based applications [3,4]. The chemical profile of chestnut extractives depends
on anatomical fraction, geographical origin and extraction conditions. Chromatographic
studies have identified ellagitannins, gallic- and ellagic-acid derivatives and other phenolic
compounds in chestnut wood and related tissues [5,6]. Accordingly, analytical responses
obtained using the Folin–Ciocalteu assay should be interpreted as total phenolic/reducing
capacity rather than as a direct quantification of individual tannins [7].

Water is an attractive extraction medium for the recovery of these compounds because
it avoids organic solvents and facilitates subsequent aqueous processing. The extraction
of tannins and phenolic compounds from chestnut biomass has, however, already been
extensively investigated. Gironi and Piemonte studied the influence of temperature and
solvent composition on polyphenol extraction from chestnut wood, while Capparucci et al.
described both extraction kinetics and solid–liquid equilibrium in aqueous systems [8,9].
More recently, Aimone et al. demonstrated the scale-up of tannin extraction from chestnut
wood waste from laboratory to semi-industrial conditions, and other studies have shown
that phenolic composition and extractability depend strongly on the chestnut fraction
and extraction sequence [6,10,11]. These contributions establish the feasibility of aqueous
recovery and provide useful kinetic and compositional information, but they primarily
address extraction as an individual operation.

For process implementation, the extraction stage cannot be considered independently
from the concentration of the resulting liquid stream. Extensive washing of a biomass
batch with fresh water can maximize recovery from the solid but simultaneously generates
increasingly dilute extracts and increases the downstream water-removal requirement. An
alternative is to reuse an already enriched liquid phase with fresh biomass, progressively
increasing solute concentration while reducing the amount of water introduced into the
process. This distinction is especially relevant for heterogeneous forestry residues, for which
biomass origin, particle-size distribution and extraction history can strongly affect mass
transfer. Thus, successive solid exhaustion and extractant reuse represent two different
process strategies: the former prioritizes maximum recovery from a given biomass batch,
whereas the latter prioritizes concentration of the liquid product and efficient use of the
extraction medium [12,13].

Downstream concentration is therefore a key interface in an integrated process.
Pressure-driven membrane operations are particularly attractive for aqueous plant ex-
tracts because water can be removed without the latent-heat requirement associated with
evaporation. Ultrafiltration and nanofiltration have been used to fractionate or concentrate
phenolic-rich streams from different agro-industrial residues, whereas reverse osmosis
can provide high overall retention when selective fractionation is neither feasible nor
required [14,15]. Membrane-assisted valorization has also been investigated for chestnut-
processing by-products, demonstrating that pressure-driven separations can recover valu-
able phenolic compounds from chestnut-derived aqueous streams [15]. However, the
most appropriate membrane is determined by the actual process objective: when pheno-
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lics, carbohydrates and other dissolved compounds exhibit similar retention, attempted
fractionation may increase process complexity without producing sufficiently differen-
tiated fractions, whereas global preconcentration may be more useful for a subsequent
stabilization step.

Conversion of the concentrated extract into a stable dry product introduces an-
other process constraint. Spray drying offers short residence times and continuous
conversion of liquid extracts into powders, but its performance strongly depends on
feed-solids concentration, viscosity, feed temperature, atomization conditions and wall
deposition [16,17]. Increasing feed concentration reduces the amount of water that must be
evaporated, but excessive concentration can impair pumping and atomization and thereby
reduce solids recovery. Consequently, membrane concentration and spray drying define a
coupled operating window: the membrane step should remove sufficient water to reduce
the thermal burden of drying, but not necessarily concentrate the extract to the maximum
attainable value if the resulting feed becomes difficult to atomize.

A cascading approach also requires consideration of the solid remaining after extrac-
tion. Removal of the water-soluble fraction does not necessarily imply that the lignocellu-
losic residue loses its value as a fuel or material feedstock. Recent studies on detannized
chestnut wood have demonstrated that the post-extraction solid can remain suitable for
additional valorization routes [2]. Therefore, evaluating only phenolic recovery would pro-
vide an incomplete assessment of the biomass resource; the properties of the extracted solid
must also be considered when determining whether the extraction step genuinely creates
an additional product rather than simply transferring value from one fraction to another.

Against this background, the present work evaluates a cascading route for two real
heterogeneous residual C. sativa biomass streams, linking aqueous extraction and extrac-
tant reuse with membrane preconcentration, spray drying, product benchmarking, and
subsequent use of the extracted solid. Previous chestnut studies have demonstrated effi-
cient aqueous or subcritical-water extraction and, in some cases, membrane fractionation
or subsequent spray drying [6,10,15]. However, to the best of our knowledge, none has
experimentally evaluated this complete sequence while also following the downstream
energy and pelletization behavior of the extracted lignocellulosic solid, nor applied the
same process framework to two distinct residual chestnut biomass streams. Laboratory
and pilot-scale campaigns were therefore used to identify the trade-offs between solute
recovery, liquid concentration, dryer operability, and residual-solid quality.

2. Materials and Methods
2.1. Experimental Program

Table 1 summarizes the process stages and sub-studies, their scale, experimental scope,
and objective.

Table 1. Overview of the experimental program. The table is intentionally limited to scale and experi-
mental scope; detailed objectives and procedures are described in the corresponding subsections.

Process Block Scale Experimental Scope

Biomass characterization Raw material LR and LC: particle-size distribution, moisture, bulk density, ash, GCV and NCV
Extraction screening Pilot 70, 85 and 100 ◦C; S/L 1:10 and 1:13; up to 120 min
Particle size and kinetics Laboratory LR and LC as chipped, 4 mm and 1 mm fractions; 0–8 h; duplicate runs
Successive exhaustion Laboratory LR, LC and LR-4 mm; seven successive 8-h cycles with fresh water; duplicate runs

Extractant reuse Laboratory LR, LC and LR-4 mm; eight successive 8-h contacts of the same liquid with fresh biomass;
duplicate runs

Pilot reuse validation Pilot Fresh-water extraction and reuse of first-cycle extract with a fresh biomass charge
Membrane screening Laboratory Ten membranes in dead-end filtration; five representative membranes in cross-flow
RO pressure study Pilot Stepped pressure sequence from 5 to 30 bar under total recirculation
RO batch concentration Pilot Multiple 10-bar batches; measured final VRF 7.5–15.3
RO concentration limit Pilot Pooled retentates from six independently concentrated batches
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Table 1. Cont.

Process Block Scale Experimental Scope

RO permeability/cleaning Pilot Two consecutive concentration batches, water rinsing and detergent cleaning
Spray-drying window Laboratory Feed preheating; 1–3 bar atomization; 1–30 wt.% solids; 110–180 ◦C inlet air
Dry-product
characterization Laboratory This-work powder and commercial references; TPC/DPPH/ash, aw, laser diffraction, SEM,

FTIR, MALDI-TOF, SEC-GPC and on-flow ESI-MS
Residual solid Pilot-derived solid Before extraction and after one/two extraction cycles; pelletization comparison

2.2. Raw Materials and Reagents

Two heterogeneous residual biomass streams from European chestnut (Castanea sativa
Mill.) were used throughout the study. The chipped materials were supplied by Grupo
Siero S.A. (Los Cuetos, Siero, Asturias, Spain). The first material, designated LR, consisted
of chipped biomass originating from forestry operations and sawmilling residues. The
second material, designated LC, consisted of chipped residual biomass obtained from
old chestnut trees locally known as cabornos. Both materials were conditioned before
characterization and extraction.

The original chipped materials were used directly in the pilot-scale extraction experi-
ments and in part of the laboratory study. Additional particle-size fractions were produced
using a Retsch SM 100 cutting mill (Retsch GmbH, Haan-Gruiten, Germany) fitted with
4 and 1 mm outlet screens. These milled materials were considered particle-size fractions
derived from LR or LC and not independent feedstocks.

Type-II deionized water was used as the extraction solvent and ultrapure water for
analytical procedures. Gallic acid, Folin–Ciocalteu reagent, sodium carbonate, methanol,
2,2-diphenyl-1-picrylhydrazyl (DPPH), and the remaining analytical reagents were of
analytical grade. Ultrasil 125 alkaline detergent was used for membrane cleaning.

2.3. Biomass Characterization

The initial biomass was characterized in terms of particle-size distribution, moisture
content, bulk density, ash content, gross calorific value (GCV), and net calorific value (NCV).
These properties were selected to describe both feedstock heterogeneity during extraction
and the suitability of the remaining solid for subsequent energy valorization.

Particle-size distribution was determined by oscillating sieving following the princi-
ples of UNE-EN ISO 17827-1 and UNE-EN ISO 17827-2. Sieves with nominal apertures of
45, 31.5, 16, 8, 3.15, and 1 mm were used. For each biomass, two subsamples of 1.0 ± 0.2 kg
were sieved for 15 min in a Retsch AS 400 oscillating sieve shaker at 100 rpm, reversing the
oscillation direction every 5 min. A third subsample was analyzed when the repeatability
criterion was not fulfilled.

Moisture was determined following UNE-EN ISO 18134-2 by oven drying at 105 ◦C
to constant mass. Two independent subsamples of 400 ± 100 g were analyzed; constant
mass was considered to have been reached when the difference between two consecutive
weighings separated by 1 h was below 0.2% of the initial sample mass. Biomass moisture
was additionally determined before each extraction experiment so that biomass charges
and extraction yields could be expressed on a dry-mass basis.

Ash content was determined in duplicate following UNE-EN ISO 18122 by calcination
at 550 ◦C. Bulk density was measured following UNE-EN ISO 17828 using normalized
containers selected according to biomass particle size; three independent determinations
were performed for each biomass and values were expressed on wet and dry bases.

GCV and NCV were determined according to UNE-EN ISO 18125 using a Parr
6400 isoperibolic calorimeter (Parr Instrument Company, Moline, IL, USA). Biomass was
ground and the fraction passing a 0.5 mm sieve was used. Calorimetric determinations
were performed in duplicate and reported on a dry basis.
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2.4. Analytical Characterization of Liquid and Dry Extracts

TPC was determined using the Folin–Ciocalteu method adapted to a 96-well mi-
croplate format from Singleton and Rossi [18]. Gallic acid was used as standard and a
new seven-point calibration curve was prepared for each analytical series. Before analysis,
a 1 mL aliquot of liquid extract was filtered through a 0.45 µm PVDF syringe filter and
diluted with ultrapure water when required. In each well, 10 µL of blank, standard, or
diluted sample were mixed with 215 µL ultrapure water, 15 µL Folin–Ciocalteu reagent,
and 60 µL sodium carbonate solution (200 mg mL−1). The reaction was maintained for
30 min at 37 ◦C and absorbance was measured at 750 nm using a Synergy HT microplate
reader (BioTek Instruments, Winooski, VT, USA). Each analytical sample was measured
in triplicate.

Results for liquid extracts were expressed as mg gallic acid equivalents (GAE) mL−1

and, when referred to the initial biomass, as mg GAE g−1 dry biomass. Because the
Folin–Ciocalteu assay responds to reducing species beyond individual phenolic com-
pounds, including some carbohydrates and degradation products, TPC is used here as an
operational Folin-reactive response expressed as GAE and is not interpreted as a compound-
specific phenolic or tannin concentration [7]. Extraction yields are therefore described as
Folin-reactive TPC where this distinction is relevant, and membrane results as apparent
Folin-reactive TPC retention.

TSC was determined gravimetrically using two independent aliquots per sample.
Aliquots of 1 mL were used for laboratory extracts and 2 mL for pilot extracts. Samples
were first dried at 70 ◦C until the visible liquid phase had disappeared and then at 103 ◦C
for 24 h. Results were expressed as g L−1 or, when related to the initial biomass, as mg g−1

dry biomass.
Antioxidant capacity was determined for selected liquid and dry extracts using the

DPPH radical-scavenging assay. Samples were analyzed in triplicate after 30 min reaction
at 25 ◦C and absorbance was measured at 517 nm. Antioxidant capacity was expressed as
IC50 (µg mL−1), with lower values indicating higher radical-scavenging activity.

For dry products, 50 mg of powder was dissolved and made up to 100 mL with
ultrapure water before TPC and DPPH analysis. Appropriate dilutions were prepared as
required. Recovered dry products were stored in closed containers until characterization.

Total carbohydrate content (TCH) was determined when required for membrane-
selection experiments using the anthrone colorimetric method, with D(+)-glucose as standard.
Absorbance was measured at 620 nm and results were expressed as glucose equivalents.

Physical and Complementary Characterization of Dry Extracts

Water activity (aw) of the process-derived powder and the SILVATEAM and PROTEN-
SIL reference extracts was measured using a LabMaster-aw neo instrument equipped with
an electrolytic sensor (Novasina AG, Lachen, Switzerland), following the measurement
principle described in ISO 18787:2017 [19]. Measurements were taken on the solid products
after equilibration in the measurement chamber.

Particle-size distribution of the process-derived powder was determined by laser
diffraction using a Malvern Mastersizer 2000 equipped with a Scirocco 2000 dry-dispersion
accessory (Malvern Panalytical, Malvern, United Kingdom). Results were expressed
on a volume basis as d10, d50, d90, surface-weighted mean diameter D[3, 2], volume-
weighted mean diameter D[4, 3], span, and specific surface area. Particle morphology
was examined by scanning electron microscopy (SEM) using a Quanta instrument at
multiple magnifications.

Complementary structural characterization of the process-derived powder and com-
mercial chestnut extracts was performed during a short research stay at LERMaB (Uni-

https://doi.org/10.3390/biomass6050090

https://doi.org/10.3390/biomass6050090


Biomass 2026, 6, 90 6 of 31

versity of Lorraine, France). ATR-FTIR spectra were compared by band position and
fingerprint pattern. MALDI-TOF spectra were acquired in linear mode using a Shimadzu
Biotech Axima Performance instrument and used as a qualitative mass-range fingerprint.
Size-exclusion chromatography (SEC-GPC) of acetylated extract provided a calibrated
apparent molecular-weight distribution based on calibration markers. Both the differential
distribution curve and the cumulative distribution were evaluated; SEC values are reported
as hydrodynamic-size descriptors rather than as compound identities. On-flow ESI-MS
analysis was used as a complementary qualitative fingerprint.

2.5. Aqueous Extraction
2.5.1. General Laboratory Procedure

Laboratory extractions were carried out using Type-II water at a dry-biomass-to-water
ratio of 1:10 (1 g dry biomass per 10 mL water). Each experiment used 35 g dry biomass and
350 mL water in a 500 mL round-bottom flask fitted with a reflux condenser. Extraction was
performed at 100 ◦C without external mechanical stirring; liquid circulation was generated
by boiling. Aliquots of 5 mL were withdrawn at the predefined sampling times and were
not replaced. Duplicate extraction runs were performed for every experimental condition.

2.5.2. Particle-Size and Kinetic Experiments

The effect of particle size on extraction kinetics was evaluated for both LR and LC using
three physical forms: original chipped biomass, the fraction obtained using a 4 mm mill
screen, and the fraction obtained using a 1 mm mill screen. Extraction was monitored for 8 h,
with samples collected at 0, 0.25, 0.5, 1, 2, 3, 4, 6, and 8 h. The time-zero sample was taken
immediately after mixing biomass and water followed by approximately 10 s of manual
agitation. TPC and TSC profiles were used to compare extraction rate and the approach to a
concentration plateau. The 8-h duration was a kinetic/exhaustion characterization window
and is not proposed as an industrial residence time; the later pilot reference condition was
100 ◦C, S/L = 1:10, and 120 min.

2.5.3. Successive Biomass Exhaustion

Successive extraction experiments were performed to determine the progressively
extractable fraction when the same biomass was repeatedly contacted with fresh water.
Chipped LR, chipped LC, and the 4 mm fraction of LR were each subjected to seven consec-
utive 8-h extraction cycles under the general conditions described above. Two independent
experimental replicates were performed for each material.

At the end of each cycle, the liquid extract was separated through a 40 µm stainless-
steel mesh. The extracted biomass was allowed to cool and drain overnight and was then
contacted with fresh water for the next cycle. The nominal process ratio was 1:10; in these
exhaustion runs, 360 mL were charged at the start of each cycle to provide a sampling
allowance for the sequential 5-mL aliquots, which reduced the in-flask liquid volume to
approximately 340 mL by the 8-h sample. Mean liquid recovered after separation was
approximately 280 mL for chipped LR and LC and 250 mL for LR-4 mm. Samples were
collected at 0, 1, 2, 4, and 8 h during each cycle. Cumulative extraction yield was calculated
from the concentrations and recovered liquid volumes of all extracts generated up to each
stage and was expressed relative to the initial dry biomass.

2.5.4. Extractant Reuse

A complementary multistage experiment was designed to investigate enrichment of
the liquid phase rather than exhaustion of a single biomass batch. Chipped LR, chipped LC,
and the 4 mm fraction of LR were evaluated. Each experiment started with 350 mL water
and one fresh biomass charge. After each 8-h extraction cycle, the biomass was separated
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through a 40 µm stainless-steel mesh and discarded. The recovered extract was retained for
the following cycle and its volume was restored to 350 mL with fresh water to compensate
for liquid retained by the biomass and sampling losses.

Approximately 280 mL of liquid was typically recovered after each cycle for chipped
LR and LC, whereas approximately 250 mL was recovered for the 4 mm LR fraction. The
reconstituted extract was then contacted with a new, previously unextracted biomass
charge. Eight consecutive cycles were carried out, with two independent replicates for each
material. Samples were collected at 0, 1, 2, 4, and 8 h in each cycle and analyzed for TPC
and TSC.

2.5.5. Pilot-Scale Extraction and Process Validation

Pilot extraction experiments were carried out in a 220 L autoclave using the original
chipped biomass. An initial screening campaign evaluated extraction temperatures of 70,
85, and 100 ◦C, dry-biomass-to-water ratios of 1:10 and 1:13, and extraction times up to
120 min after the target temperature had been reached.

The condition selected for subsequent pilot experiments was 100 ◦C, a 1:10 dry-
biomass-to-water ratio, and 120 min extraction time. This condition was used to evaluate
two process strategies: (i) successive extraction of the same biomass batch with fresh water
and (ii) reuse of the extract obtained from a first biomass batch as extraction medium for
a second fresh biomass charge. Liquid samples were characterized by TPC and TSC and,
where relevant, by pH and conductivity. The pilot experiments tested whether the trends
identified at laboratory scale remained observable with heterogeneous chipped biomass
under a larger-scale hydrodynamic regime.

2.6. Kinetic and Equilibrium Modeling

The experimental TPC extraction profiles were fitted using a second-order extraction
model and Peleg’s empirical model. Goodness of fit was evaluated using the coefficient of
determination (R2) and mean absolute percentage deviation (MAPD):

MAPD(%) =
100
N

N

∑
i=1

⃓⃓⃓⃓
⃓yexp

i − ypred
i

yexp
i

⃓⃓⃓⃓
⃓, (1)

where N is the number of experimental points and yexp
i and ypred

i are the experimental and
predicted values, respectively.

The second-order extraction model was written as

dCt

dt
= k(C∞ − Ct)

2, (2)

where Ct is the TPC yield at time t, C∞ is the asymptotic TPC yield predicted by the model,
and k is the second-order extraction constant. Integration gives

t
Ct

=
1

kC2
∞
+

t
C∞

. (3)

Peleg’s model was written as

Ct = C0 +
t

K1 + K2t
, (4)
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where C0 is the experimentally measured initial TPC yield, K1 is the Peleg rate constant, and
K2 is the Peleg capacity constant. The initial extraction rate is 1/K1, while the asymptotic
value predicted by the equation is

C∞ = C0 +
1

K2
. (5)

Equilibrium states obtained from the biomass-exhaustion and extractant-reuse experi-
ments were represented by relating the TPC remaining in the solid, qe (mg GAE g−1 dry
biomass), to the equilibrium TPC concentration in the liquid, Ce (mg GAE mL−1). Langmuir
and Freundlich expressions were fitted to the pooled equilibrium dataset at 100 ◦C:

qe =
QmaxKLCe

1 + KLCe
, (6)

qe = KFC1/n
e . (7)

Here, Qmax is the maximum solid-phase TPC predicted by the Langmuir model (mg GAE
g−1 dry biomass), KL is the Langmuir constant on the adopted liquid-concentration basis,
KF is the Freundlich constant on the corresponding mixed concentration basis, and 1/n is
the Freundlich exponent. The models were used as empirical engineering descriptions of
the experimental domain; no extrapolation beyond the studied feedstocks, temperature,
and aqueous-extraction conditions was assumed.

Nonlinear and linear regressions were performed in MATLAB R2021b (MathWorks,
Natick, MA, USA).

2.7. Membrane Processing
2.7.1. Membrane Screening and Selection

Membrane selection was performed in two stages. The preliminary screening com-
prised ten flat-sheet membranes spanning nanofiltration, ultrafiltration, and reverse os-
mosis, with different polymeric materials and nominal separations. Their identifiers and
nominal characteristics are summarized in Table 2. The preliminary tests were performed in
Amicon 8050 dead-end cells (Merck KGaA, Darmstadt, Germany) with a working volume
of 50 mL and an effective membrane area of 0.00134 m2. Two independently cut membrane
coupons were evaluated for each membrane; a third was tested when appreciable differ-
ences in hydraulic response were observed. Pure-water permeability was first determined,
followed by extract filtration at 4 bar until sufficient permeate had been collected for ana-
lytical characterization. Permeate flux and apparent retention of TSC and TPC were used
as the primary screening criteria.

Five membranes representing different productivity-retention compromises were then
evaluated under cross-flow conditions in a GE Osmonics SEPA CF II module with an
effective membrane area of 0.0145 m2. Extract filtration was performed at 4 bar and a
retentate flow of 100 L h−1 after a 90-min total-recirculation stabilization period. TSC, TPC,
TCH, and DPPH response were measured in the relevant feed, retentate, and permeate
samples. Hydraulic permeability was determined before extract processing, after a water
rinse, and after subsequent alkaline-detergent cleaning when required. In these cross-flow
selection experiments, the cleaning sequence consisted of 30 min with water at 20 ◦C,
followed by 30 min with 0.5% Ultrasil 125 detergent solution and a final 40-min water
rinse. This procedure was used to distinguish material removable by water rinsing from
the residual loss of permeability that required chemical cleaning.
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Table 2. Membranes included in the screening program. Commercial separation and maximum-
pressure information refers to manufacturer or supplier specifications; experimental configuration
and area refer to this study.

Code Manufacturer/Model Type Material Nominal Separation Max. P (bar) Experimental Mode

NA-PESH30k Microdyn-Nadir UH030 UF hydrophilic PES 30 kDa 10 dead-end
AL-PS25k Alfa Laval GR60PP UF PS/PP 25 kDa 10 dead-end

AL-RC10k Alfa Laval RC70PP UF regenerated
cellulose/PP 10 kDa 10 dead-end + cross-flow

SY-PES10k Synder ST UF PES 10 kDa 8 dead-end + cross-flow
SY-PES5k Synder MT UF PES 5 kDa 8 dead-end + cross-flow
NA-PESH4k Microdyn-Nadir UH004 UF hydrophilic PES 4 kDa 10 dead-end + cross-flow
SU-PA3k SUEZ/Veolia GK UF/NF PA-TFC ∼3 kDa PEG class 27.6 dead-end
SY-PES3k Synder VT UF PES 3 kDa 8 dead-end
SU-PA1k SUEZ/Veolia GE NF PA-TFC ∼1 kDa PEG class 27.6 dead-end

DD-RO DuPont FilmTec SW30-2540 RO PA-TFC 99.7% stabilized
NaCl rejection 83 spiral-wound pilot

Active membrane area was 0.00134 m2 for dead-end tests, 0.0145 m2 for cross-flow tests, and 2.8 m2

for the spiral-wound RO element.

2.7.2. Pilot Reverse-Osmosis Unit and Pressure Study

Pilot concentration was carried out using a spiral-wound FilmTecTM SW30-2540 thin-
film composite polyamide RO module (DuPont) with an active membrane area of 2.8 m2.
Before entering the RO unit, the chestnut extract was passed sequentially through 50 and
5 µm prefilters. The system comprised a 120 L feed tank, pressure regulation, retentate-flow
control, and temperature control. Retentate flow was maintained at 1000 L h−1 and feed
temperature at 20 ± 1 ◦C.

Before each pressure step, permeate and retentate were returned to the feed tank so
that the extract concentration remained approximately constant. The pressure sequence
was 5, 10, 5, 15, 10, 20, 15, 25, 20, 30, and 25 bar. At every pressure level, permeate flux was
monitored until no further variation in flux was observed before the next pressure change
was applied. The alternating ascending and descending sequence allowed the hydraulic
response at a given pressure to be compared before and after exposure to a higher pressure.
Retentate and permeate samples were collected at the established pressure levels for TPC
and TSC determination.

The apparent retention of component i was calculated as

Ri =

(︃
1 −

Cp,i

Cr,i

)︃
× 100, (8)

where Cp,i and Cr,i are the concentrations of component i in permeate and retentate, respectively.

2.7.3. Batch Concentration and Practical Concentration Limit

Batch concentration experiments were performed at 10 bar, 1000 L h−1 retentate flow,
and 20 ± 1 ◦C. Individual experiments started from approximately 120 L of prefiltered
extract. Retentate was continuously recycled to the feed tank while permeate was removed
from the system. Permeate flow was measured repeatedly and each operating point was
considered stabilized when no further variation in flux was observed.

Retentate and permeate samples were collected during concentration for TSC and TPC
analysis. Individual batches were concentrated down to the minimum practical operating
volume of the pilot plant, corresponding to a volume reduction of approximately 90% and
VRF values of approximately 10 under the standard batch procedure.

A separate high-concentration experiment was conducted to explore the practical limit
of operation. Six independently concentrated retentates were pooled and the combined
enriched feed was concentrated again at 10 bar. Paired retentate and permeate samples
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of approximately 25 mL were collected at 13 points during this high-concentration run.
TPC, TSC, and permeate flux were monitored until the flux became too low for stable
further concentration.

2.7.4. Pilot RO Hydraulic-Permeability Recovery and Cleaning

Changes in pilot RO hydraulic permeability during repeated use were evaluated using
two consecutive batch-concentration experiments without alkaline-detergent cleaning
between batches. Pure-water hydraulic permeability was measured initially at 2, 5, and
10 bar. After the first extract batch had been concentrated, the unit was emptied and
subjected to a water rinse; hydraulic permeability was then measured again. A second
extract batch was subsequently concentrated under the same operating conditions, followed
by a second water rinse and a third permeability measurement.

This sequence distinguished the permeability loss remaining after water rinsing from
the recovery subsequently obtained by cleaning with a detergent solution. Routine post-
experiment cleaning consisted of a 30-min water rinse, followed by recirculation of a
1% (m/v) Ultrasil 125 alkaline-detergent solution for 45 min and a final 30-min water rinse.

2.8. Spray Drying

Laboratory spray-drying experiments were performed in a LabPlant SD5 unit (Lab-
Plant, North Yorkshire, UK) equipped with a variable-speed peristaltic feed pump and a
two-fluid atomization nozzle. The feed was continuously mixed during each experiment.
Approximately 400 ± 50 mL of feed was processed per run. Unless otherwise stated, the
feed rate was maintained at 5 ± 0.5 g min−1 and the drying-air flow at 56 m3 h−1.

The experimental program was performed sequentially. First, the effect of feed
preheating was evaluated at feed temperatures of 25 and 60 ◦C using feeds containing
10 and 20 wt.% TSC. Based on this study, 60 ◦C was selected as the feed temperature for
subsequent experiments.

Second, atomization pressure was evaluated at 1, 2, and 3 bar using a 10 wt.% TSC
feed preheated to 60 ◦C. A pressure of 1 bar was selected for the final experimental series.

Finally, the combined effects of feed-solids concentration and inlet-air temperature
were evaluated using feeds containing 1, 5, 10, 20, and 30 wt.% TSC and inlet-air tempera-
tures of 110, 145, and 180 ◦C. All 15 concentration-temperature combinations were tested at
a feed temperature of 60 ± 5 ◦C and an atomization pressure of 1 bar.

Before and after each experiment, the product collector, drying chamber, and cyclone
were weighed. Dry-solids collection recovery, Rcoll, was calculated as the dry mass of
powder recovered in the final product collector divided by the dry-solids mass introduced
with the feed, multiplied by 100; collected powder mass was corrected for its measured
moisture. Chamber and cyclone deposition, outlet-air temperature, and final powder mois-
ture were recorded as additional indicators of dryer performance and operability. Material
retained in non-weighed parts of the atomization system and fine particles leaving the
single cyclone with the exhaust were not independently recovered and therefore contribute
to the unaccounted fraction. The reported recovery is consequently a collection recovery
for this laboratory configuration rather than a true chemical product yield.

A separate product-quality comparison was performed using powder obtained from
the RO-concentrated residual-biomass extract at three drying-air temperature conditions
spanning approximately 110–180 ◦C. TPC, DPPH antioxidant response, and residual pow-
der moisture were measured for these dried products. These experiments were used to
determine whether the process conditions that improved physical recovery also produced
a systematic deterioration in the global phenolic or antioxidant response. Recovered solid
products were stored in closed containers until characterization.
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2.9. Benchmarking and Qualitative Mass-Spectral Characterization of the Dry Extract

A representative dry extract obtained through the process route developed in this
work (hot-water extraction, RO concentration, and spray drying) was benchmarked against
two commercial chestnut extracts, SILVATEAM and PROTENSIL. The three powders were
analyzed for TPC, ash content, and DPPH antioxidant response. TPC was expressed as
mg GAE g−1 dry matter and DPPH response as IC50 (µg mL−1). Ash content was defined
and determined gravimetrically as the residue remaining after calcination of a previously
dried sample, following UNE-EN ISO 18122. The dried material was placed in conditioned
porcelain crucibles and calcined in an LVT/9/11/P330 muffle furnace (Nabertherm GmbH,
Lilienthal, Germany). The temperature program comprised heating to 250 ◦C over 30 min,
holding at 250 ◦C for 60 min, heating to 550 ◦C over 30 min, and holding at 550 ◦C for
120 min. After cooling to room temperature in a desiccator, the residue was weighed and
expressed relative to the dry sample mass.

Qualitative mass-spectral fingerprints were obtained using a Shimadzu LC-20A sys-
tem (Shimadzu, Kyoto, Japan) coupled to a Shimadzu LC-MS 8030 triple-quadrupole mass
spectrometer equipped with an electrospray-ionization interface. The analysis was per-
formed on-flow without a chromatographic column, using HPLC-grade water containing
0.1% formic acid as the carrier solution. For each extract, 1 mL of a 2 mg mL−1 solution
in ultrapure water was mixed with 0.1 mL DMSO to improve solubilization, and 2 µL
were injected.

Nitrogen was used as drying and nebulizing gas at 15 and 3 L min−1, respectively.
The heat-block and desolvation-line temperatures were 400 and 250 ◦C. The ion-spray
voltage magnitude was 4500 V. Spectra were acquired by electrospray ionization in negative
mode over m/z 100–3000. Because no chromatographic separation, authentic standards,
or targeted MS/MS confirmation was used in this preliminary comparison, compound
assignments were considered tentative and based on diagnostic m/z values reported for
chestnut hydrolysable tannins [5,6].

2.10. Characterization and Downstream Use of the Extracted Biomass

The energetic properties of LC were determined before extraction and after the first
and second pilot extraction cycles. GCV and NCV were measured according to the same
standardized calorimetric procedure used for the initial biomass, allowing direct compari-
son of the specific energy content before and after removal of the water-soluble fraction.

Pelletization experiments were carried out with non-extracted and extracted chest-
nut biomass using the industrial pelletization procedure available at the collaborating
facility. The resulting pellets were characterized in terms of mechanical durability and
fines content according to the applicable solid-biofuel procedures. These tests were not
intended to optimize pellet production but to determine whether hydrothermal extraction
introduced a measurable penalty in the subsequent energy-oriented use of the residual
lignocellulosic solid.

2.11. Replication and Data Treatment

Extraction experiments were performed in duplicate unless otherwise stated, and
analytical TPC measurements were performed in triplicate. Biomass characterization used
the replicate structure specified in Section 2.3. The preliminary membrane screen used
two independently cut coupons per membrane, with a third coupon when the hydraulic
response differed appreciably. The pilot RO pressure sequence, high-concentration RO
experiment, spray-drying screening conditions, and pelletization comparison were engi-
neering runs rather than replicated factorial experiments. Error bars and “±” values are
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shown only where replicate or repeated analytical measurements were available; single-run
screening values are reported without implied statistical uncertainty.

Stagewise material quantities were expressed on the reference bases stated in
Table 10. Extraction was normalized to 1000 kg initial dry LR biomass. RO was sum-
marized by the measured feed and final concentrations; the dry-solids content of the final
concentrate was calculated as mTS = VCTSC on a 1000 L concentrate basis, with consistent
units. Spray-drying collection was calculated for 1000 kg liquid feed at 20 wt.% TSC using
the measured dry-solids collection recovery. These stage-specific calculations use results
from the separate experimental campaigns.

3. Results and Discussion
3.1. Process Concept and Characteristics of the Residual Feedstocks

Figure 1 summarizes the cascading process evaluated in this work: aqueous extraction
and liquid reuse, membrane preconcentration, spray drying, and subsequent valorization
of the extracted solid. Downstream water removal and residual-solid quality were therefore
treated as process constraints rather than as independent end points.

Residual chest-
nut biomass

LR: forestry/sawmill
chips

LC: old-tree
residual chips

Aqueous extraction
100 ◦C; S/L 1:10

no mechan-
ical stirring

stages and ex-
tractant reuse

Reverse osmosis
10 bar selected

VRF up to about
10 per batch

Spray drying
feed preconcentration
powder stabilization

Process logic
recover the water-

soluble fraction first
while preserving the
lignocellulosic solid
for a second route

Extracted solid
NCV ≈18.1–
18.2 MJ kg−1

pelletizable, with
lower durability

RO performance
>99.9% TPC retention

96.5–97.6%
TSC retention

∼90% batch vol-
ume reduction

Phenolic-rich powder
TPC 450–497
mg GAE g−1

measurable
DPPH activity

Figure 1. Cascading valorization concept evaluated in this work. Extraction and membrane con-
centration were developed from laboratory to pilot scale, whereas spray drying of the residual-
biomass-derived extract was evaluated at laboratory scale. The scheme represents the experimentally
supported process route rather than a continuously coupled pilot line.

The two residual-biomass streams had similar moisture, low ash contents, and closely
comparable gravimetric calorific values (Table 3). Their principal difference was physical
rather than energetic.

Table 3. Main characteristics of the two residual chestnut-biomass feedstocks.

Parameter LR LC

Moisture after conditioning (%) 12.97 13.22
Bulk density, wet basis (kg m−3) 233.3 ± 1.2 259.3 ± 1.2
Bulk density, dry basis (kg m−3) 203.1 225.1
Ash, dry basis (%) 0.450 ± 0.052 0.323 ± 0.021
Gross calorific value, dry basis (MJ kg−1) 19.46 19.17
Net calorific value, dry basis (MJ kg−1) 18.12 17.82
Net volumetric energy density (GJ m−3 dry basis) 3.68 4.01

Direct structural composition (cellulose, hemicellulose, lignin, and total extractives)
was not determined. Published data provide context for the expected range in C. sativa
wood: Jusic et al. reported 7.12% extractives, 36.66% cellulose, 13.90% hemicellulose, and
31.89% lignin in virgin chestnut wood chips, compared with 4.02, 37.78, 13.40, and 29.38%,
respectively, after industrial detannization [2]. The differences observed here may therefore
reflect anatomical composition, extractive content, particle structure, and processing history.
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The LC stream also contained a visibly greater bark contribution than the conventional
LR stream. This feature is relevant because bark is particularly rich in water-soluble
extractives in C. sativa. Kakavas et al. reported hot-water-soluble extractives of 26.33% in
bark, compared with 19.22% in heartwood and 7.08% in sapwood [20]. Chestnut bark
extracts also contain hydrolysable tannins and related phenolic compounds, including
vescalin, castalin, vescalagin, castalagin, gallic acid, and ellagic acid [21]. The greater bark
contribution in LC may therefore contribute to its higher Folin-reactive extraction response,
although the bark fraction was not quantified separately.

LC had an approximately 11% higher dry-basis bulk density than LR and consequently
a higher net volumetric energy density (4.01 versus 3.68 GJ m−3), despite its slightly lower
NCV on a mass basis (Table 3). This higher bulk density is consistent with the finer particle-
size distribution of LC, which may promote more efficient packing of the chipped biomass.

Particle-size distribution further differentiated the two materials (Figure 2). LR was
dominated by the 16–31.5 mm fraction, which represented 44.21% of the total mass. LC
showed a markedly finer distribution, with 35.27% in the 8–16 mm fraction and 18.11%
below 3.15 mm. Overall, 78.35% of LC was below 16 mm compared with 54.43% of LR. The
two feedstocks therefore differed not only in extraction response but also in particle-size
distribution and handling characteristics, providing a clear physical basis for their distinct
behavior during solid–liquid processing.
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Figure 2. Particle-size distributions of LR and LC residual chestnut biomass. Values correspond to
the combined mass fractions obtained from duplicate sieving determinations.

3.2. Designing the Aqueous Extraction Stage
3.2.1. Pilot Screening and Selection of Reference Operating Conditions

The pilot screening covered biomass origin, temperature, solid-to-liquid ratio,
and extraction time. Across the campaign, TSC ranged from approximately 2.52 to
10.62 mg mL−1 and TPC from 1.00 to 4.87 mg GAE mL−1, confirming a strong depen-
dence on feedstock and operating conditions.

The key conditions used to select the reference point are summarized in Table 4. At
the selected 100 ◦C, S/L = 1:10, 120-min condition, LC produced a higher TPC yield than
LR (46.52 versus 34.04 mg GAE g−1 dry biomass) and a more concentrated extract (Table 4).
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Table 4. Selected pilot extraction results illustrating the effects of feedstock and solid-to-liquid ratio
at 100 ◦C and 120 min.

Biomass S/L TSC Gravimetric Yield TPC TPC Yield
(mg mL−1) (% Dry Biomass) (mg GAE mL−1) (mg GAE g−1)

LR 1:10 7.30 6.96 3.57 34.04
LR 1:13 5.13 6.74 2.26 29.72
LC 1:10 10.62 10.14 4.87 46.52

For LR, increasing water availability from S/L = 1:10 to 1:13 decreased both TPC and
TSC concentrations without increasing gravimetric or TPC yield (Table 4). The additional
water therefore generated a more dilute stream and motivated the later emphasis on liquid
reuse and membrane preconcentration. This trend is also consistent with Khatib et al., who
found that increasing the water-to-solid ratio did not necessarily increase tannin recovery
from chestnut wood, whereas temperature exerted a stronger effect [6].

LC gave the higher response, but tree age, anatomical position, and origin were not
independently controlled; the difference is therefore treated as a feedstock effect associated
with real residual-biomass heterogeneity rather than assigned mechanistically to age [6].
On this basis, 100 ◦C, S/L = 1:10, and 120 min were selected as a reference condition
for pilot process development. This was a process-development choice, not a formal
statistical optimum.

3.2.2. Particle Size, Kinetics, and Practical Milling Limit

Reducing particle size markedly accelerated phenolic extraction, but further milling
below 4 mm did not provide a consistent increase in final recoverable TPC. Chipped
LR continued to increase throughout the 8-h experiment and therefore did not reach
a well-defined plateau within the observation window. The corresponding LC chips
also continued to increase, although the rate diminished at long extraction times. In
contrast, the milled materials approached their high-TPC region substantially earlier. This
behavior shows that milling primarily reduces the characteristic extraction time rather than
necessarily increasing the equilibrium extractable fraction.

The second-order model described the kinetic datasets more consistently than Peleg’s
equation. Across the tested LR and LC physical forms, second-order fits gave R2 ≥ 0.9869
and MAPD ≤ 4.2%, whereas Peleg fits reached lower R2 values, down to 0.8788, and MAPD
values up to 8.4%. The fitted Peleg parameters were particularly sensitive to the non-zero
concentration measured at the first sampling point for the finer material. The practical
implication is that moderate milling can remove an important mass-transfer limitation,
whereas more severe size reduction adds preprocessing without a measurable gain in final
TPC recovery.

3.2.3. Successive Extraction: Operational Biomass Exhaustion

The seven-cycle exhaustion experiment quantified both the total recoverable fraction
and the diminishing contribution of successive fresh-water stages (Figure 3). Final cumula-
tive TSC recoveries were 187 ± 5, 283 ± 5, and 229 ± 6 mg g−1 dry biomass for LR, LC, and
LR-4 mm, respectively. Corresponding cumulative TPC values were 81 ± 8, 141 ± 7, and
125 ± 8 mg GAE g−1.

The first extraction stage accounted for approximately 51, 54, and 60% of the seven-
stage TPC for LR, LC, and LR-4 mm, respectively. After three stages, 83–87% of the final
seven-stage TPC had been recovered, and after four stages this increased to approximately
90–93%. TSC showed the same front-loaded behavior: the first stage accounted for approx-
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imately 55, 54, and 66% of the final seven-stage TSC, and more than 80% was recovered
after three stages.

The final three stages were useful to approach an operational exhaustion criterion but
contributed little additional recovery. Four stages are therefore a process-relevant reference
point rather than a demonstrated economic optimum: beyond this point, the incremental
recovery was small while each fresh-water contact generated another dilute stream. At
the nominal S/L ratio of 1:10, extending the sequence from four to seven stages increases
fresh-water demand from approximately 40 to 70 L kg−1 dry biomass (75% more water) for
only the remaining 7–10% of the seven-stage Folin-reactive response.
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Figure 3. Folin-reactive TPC recovered during seven successive fresh-water extraction cycles on the
same biomass batch. Solid lines show cumulative recovery, dashed lines the contribution of each
cycle, and horizontal reference lines 90% of the final cumulative response for each material.

Pilot-scale sequential extraction confirmed the same diminishing-return behavior
with chipped LR. The first pilot extraction recovered approximately 60.1 g GAE kg−1 dry
biomass, whereas a second fresh-water extraction of the same solid contributed a further
22.0 g GAE kg−1. The cumulative two-stage value therefore reached approximately 82.0 g
GAE kg−1, with the second stage contributing only about 27% of the two-stage total.

3.2.4. Extractant Reuse: Enriching the Liquid Phase

The complementary reuse experiment addressed the opposite process objective: in-
creasing liquid-phase concentration while repeatedly using the same water inventory
on fresh biomass (Figure 4). After eight cycles, TSC concentrations reached 24.8 ± 1.2,
40.6 ± 0.4, and 32.9 ± 1.3 mg mL−1 for LR, LC, and LR-4 mm, respectively. Corresponding
TPC concentrations were 12.0 ± 0.0, 24.0 ± 0.5, and 18.3 ± 1.0 mg GAE mL−1.

Enrichment was again strongly front-loaded. After four cycles, LR and LR-4 mm had
reached approximately 83 and 89% of their final eight-cycle TPC concentration, respectively;
LC had reached approximately 71%, reflecting its higher extractable content and continued
enrichment in later contacts. This distinction is central to process design. Repeated fresh-
water extraction maximizes recovery from one solid batch but creates several dilute streams,
whereas liquid reuse sacrifices complete exhaustion of each biomass charge in favor of
progressively increasing the solute load presented to the downstream membrane step.
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Figure 4. Increase in extract total phenolic content when the same liquid phase was reused on fresh
biomass.

Repeated liquid reuse did not produce a systematic deterioration in DPPH response on
a dry-extract basis. Between the first and eighth contacts, IC50 changed from approximately
14.7 to 10.4 µg mL−1 for LR, 11.1 to 8.8 for LC, and 12.6 to 8.7 for LR-4 mm. Because
intermediate values were not monotonic, these data are used only to show that reuse did
not measurably compromise the global radical-scavenging response.

Pilot validation further supported the reuse concept. After restoring the recovered
first-cycle extract to the working volume, its TPC concentration at the start of the second
pilot contact was approximately 2.16 g GAE L−1 and increased to 6.29 g GAE L−1 after
contact with fresh biomass. TSC simultaneously increased from approximately 3.93 to
11.91 g L−1. Conductivity increased from approximately 340 to 728 µS cm−1 and pH
decreased from about 3.8 to 3.4, providing simple bulk indicators of solute accumulation.
These pilot data do not establish an unlimited number of reuses, but they demonstrate that
an already enriched aqueous phase retained substantial extraction capacity at larger scale.

3.2.5. Equilibrium Representation as a Process Descriptor

Combining the exhaustion and reuse states allowed the solid–liquid distribution of
TPC at 100 ◦C to be represented with Langmuir and Freundlich expressions. Both mod-
els described the pooled dataset well, with R2 = 0.9775 for Langmuir and R2 = 0.9770
for Freundlich. The fitted Langmuir parameters were KL = 0.02832 on the adopted
liquid-concentration basis and Qmax = 345 mg GAE g−1 dry biomass, while the Fre-
undlich parameters were KF = 13.01 on the corresponding mixed concentration basis and
1/n = 0.75.

The similarity of the two fits indicates that the experimental range does not justify
assigning unique mechanistic significance to either model. Their value here is primarily
descriptive: the common relationship captures the progressive decrease in extraction
driving force as the liquid becomes enriched or the solid becomes depleted. The fact
that LR, LC, and LR-4 mm could be represented within a common empirical relationship
suggests that their principal differences are associated with the amount and accessibility of
extractable material rather than fundamentally different equilibrium behavior.

Specific aqueous-extraction kinetics and equilibria for chestnut wood were previously
reported by Capparucci et al. [9]; therefore, the contribution of the present model analysis is
not the use of Langmuir or Freundlich equations itself. Its role is to connect the equilibrium
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states generated by biomass exhaustion and liquid reuse to a multistage process-design
framework. Applicability beyond comparable chestnut residues extracted with water at
100 ◦C should be independently validated.

3.3. Membrane Processing: From Attempted Fractionation to Global Preconcentration
3.3.1. Preliminary Screening: Productivity-Retention Trade-Off

The preliminary dead-end screening of ten membranes established the first important
design decision for the downstream process. Permeate fluxes spanned more than one order
of magnitude, from 2.9 L m−2 h−1 for SU-PA1k to 46.0 L m−2 h−1 for AL-RC10k, while
apparent TPC retention ranged from 55.8 to 99.7%. The corresponding TSC retentions
ranged from 56.3 to 97.5%. Figure 5 summarizes this productivity-retention trade-off.
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Figure 5. Dead-end membrane screening: permeate flux and apparent retention of TSC and TPC.
Membranes are ordered by decreasing nominal pore-size/MWCO class, with RO shown last. Feed
concentrations were 7.12 g L−1 TSC and 3.25 g GAE L−1 TPC.

AL-RC10k occupied the high-productivity/low-retention extreme, with 46.0 L m−2 h−1

and apparent retentions of 56.3% TSC and 55.8% TPC. DD-RO showed the opposite be-
havior: its flux was only 6.2 L m−2 h−1, but TSC and TPC retentions reached 97.5 and
99.7%, respectively. The remaining membranes filled the intermediate region. For exam-
ple, NA-PESH4k provided 36.2 L m−2 h−1 with retentions of 75.0% TSC and 84.6% TPC,
whereas SY-PES5k and SY-PES10k provided intermediate fluxes and TPC retentions of
approximately 80–85%.

For each membrane, TSC and TPC broadly followed the same retention trend. TSC
and TPC retentions differed by at most 11 percentage points. Thus, nominal MWCO did
not translate into a sufficiently strong differentiation between the global phenolic response
and the remaining dissolved solids. This does not imply identical retention of individual
molecular species; rather, the measured fractions were not differentiated strongly enough
to justify a fractionation strategy on this basis.
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3.3.2. Cross-Flow Confirmation and Membrane Cleanability

The second selection stage tested five representative membranes under cross-flow and
added TCH as a third compositional response. The results reinforced the conclusion of the
preliminary screening (Figure 6). AL-RC10k again gave the highest flux, 98.0 L m−2 h−1,
but retained only 68.2% of TSC, 70.5% of TPC, and 71.0% of TCH. NA-PESH4k offered
the strongest ultrafiltration compromise, with a flux of 58.5 L m−2 h−1 and retentions
close to 90% for all three analytical fractions. The two PES membranes gave lower fluxes,
approximately 26 L m−2 h−1, with intermediate retentions. DD-RO again provided the
highest retention, with values of 97.5% for TSC, 99.8% for TPC, and 99.7% for TCH.

The similarity of TSC, TPC, and TCH retention within each membrane is particularly
important. A membrane such as NA-PESH4k could retain roughly 90% of the measured
soluble fractions at a substantially higher flux than RO, but it did not preferentially enrich
TPC relative to carbohydrates or total dissolved matter. Conversely, the lower-MWCO PES
membranes did not provide a clear selectivity advantage despite their lower fluxes. This
behavior is consistent with work on complex plant extracts showing that nominal MWCO
alone is insufficient to predict phenolic/carbohydrate fractionation because solute size
distributions, association between solutes, and solute–membrane interactions all contribute
to the observed separation [22–24].
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Figure 6. Cross-flow permeate flux and apparent retention of total solids (TSC), total phenolic content
(TPC), and total carbohydrates (TCH) for the five membranes retained after preliminary screening.
Membranes are ordered by decreasing nominal pore-size/MWCO class, with RO shown last.

Hydraulic-permeability recovery added a second selection criterion (Figure 7). AL-
RC10k and NA-PESH4k recovered approximately 90 and 92% of their initial permeability
after water rinsing alone. The PES membranes recovered only about 70–74% after water
rinsing, but subsequent alkaline cleaning increased recovery to approximately 94–98%.
DD-RO behaved similarly: water rinsing recovered about 72% of the initial permeability,
whereas alkaline cleaning restored approximately 98%. NA-PESH4k reached an apparent
recovery of about 118% after chemical cleaning. A value above 100% indicates that the
post-cleaning hydraulic state differed from the initial state and should not, by itself, be
interpreted as proof of membrane degradation or improved intrinsic permeability.
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Figure 7. Recovery of pure-water hydraulic permeability after water rinsing and after subsequent
alkaline-detergent cleaning for the membranes evaluated in the second selection stage. Membranes
are displayed in the same decreasing nominal pore-size/MWCO order as in Figure 6, with RO shown
last. Values are expressed relative to the initial hydraulic permeability.

The cleaning results therefore did not identify a single membrane that was superior
in every criterion. AL-RC10k was easy to recover hydraulically but transmitted roughly
30% of the global phenolic response. NA-PESH4k was the strongest UF candidate when
productivity and retention were weighted together. DD-RO had the lowest flux, but
virtually eliminated loss of TPC and TCH to the permeate. Because the downstream
objective was concentration before drying rather than production of selectively fractionated
streams, the process criterion shifted from maximum flux to maximum recovery of the
soluble product.

The resulting RO performance is competitive with the upper range reported for
phenolic-rich plant extracts. Tapia-Quirós et al. reported approximately 91–99% TPC
rejection with NF membranes and more than 99.9% with RO for winery and olive-mill
extracts [14]. Similarly, Alsobh et al. obtained >99% TPC retention with an X-20 RO
membrane for anise and hawthorn extracts, whereas NF270 remained below 90% [25]. The
>99.9% apparent TPC retention observed here therefore lies at the upper end of these
reported values and supports RO as the appropriate option when global phenolic recovery,
rather than fractionation, is the objective.

This behavior is consistent with other plant-extract studies, in which useful polyphe-
nol/carbohydrate fractionation depends strongly on the membrane/feed system and may
require diafiltration or adsorption in addition to UF [22,23,26]. For the present chestnut ex-
tract, forcing a fractionation objective would add complexity without generating sufficiently
differentiated global fractions.

3.3.3. Pilot RO: Pressure Selection and Hydraulic Hysteresis

Once DD-RO had been selected, a stepped-pressure experiment was performed at
approximately constant bulk concentration. The first increase from 5 to 10 bar raised the
stabilized permeate flux from approximately 13 to 25 L m−2 h−1. Returning to 5 bar restored
essentially the original flux. Above this range, however, the hydraulic response became
progressively history-dependent (Figure 8). The ascending branch reached approximately
29 L m−2 h−1 at 15 bar, 31 at 20 bar, and 33 at 25 bar; increasing pressure to 30 bar produced
almost no further gain. When pressure was subsequently reduced to previously tested
values, the stabilized flux was systematically lower than on the preceding upward step.
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Figure 8. Permeate flux during the stepped-pressure experiment, together with the imposed
transmembrane-pressure (TMP) sequence. The divergence observed after the first low-pressure
recovery illustrates the progressive hydraulic hysteresis developed during the pressure-cycle test.

The pressure cycle therefore identified two simultaneous effects. First, the flux-
pressure relationship became increasingly non-linear above approximately 15–20 bar,
indicating diminishing hydraulic returns from additional pressure. Second, the lower
return fluxes showed that exposure to the higher-pressure states altered the hydraulic
resistance of the system over the timescale of the experiment. The available data cannot
separate membrane compaction, concentration polarization, and deposited-material re-
sistance quantitatively, so the observed hysteresis is interpreted as an overall change in
hydraulic state rather than assigned to a single mechanism.

In contrast to flux, solute retention was largely insensitive to pressure. Across 5–30 bar,
TPC retention remained above 99.9%, while TSC retention varied only from approximately
96.5 to 97.6%. The feed contained approximately 3.55 g GAE L−1 TPC and 6.96 g L−1

TSC. Thus, increasing pressure above 10 bar increased hydraulic demand and eventually
produced only small flux gains without materially improving solute retention. A working
pressure of 10 bar was therefore selected for the prolonged concentration experiments.

3.3.4. Batch Concentration and Practical Concentration Limit

At 10 bar, RO strongly reduced extract volume while maintaining the phenolic re-
sponse in the retentate. Across four recorded pilot batches, volume reduction ranged from
86.7 to 93.5% (final VRF approximately 7.5–15.3), showing that major water removal was
reproducible across separate engineering runs. As concentration proceeded, however,
permeate flux fell continuously. In the high-concentration experiment, flux declined from
25.7 L m−2 h−1 at the beginning of the enriched-feed run to 1.4 L m−2 h−1 at VRF = 5
(Figure 9). Expressing the VRF axis logarithmically makes the near-logarithmic decline of
permeate flux explicit.

The concentration increase accompanying this loss of productivity was substantial
(Figure 10). TSC rose from approximately 79 to 284 g L−1 and TPC from approximately
35.7 to 164 g GAE L−1 over the final concentration run. At the endpoint, the correspond-
ing permeate concentrations were only about 1.9 g L−1 TSC and 0.7 g GAE L−1 TPC.
The retained-liquid concentration therefore increased strongly while solute transmission
remained small relative to the retentate concentration.
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Figure 9. Permeate-flux decline during the final high-concentration RO experiment as a function of
volume reduction factor. The x-axis is shown on a logarithmic scale and the line corresponds to the
logarithmic fit.
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Figure 10. Retentate total-solids concentration (TSC) and Folin–Ciocalteu total phenolic content (TPC)
during the final high-concentration RO experiment, together with linear-fit lines.

A semilogarithmic mass-transfer representation of the terminal concentration region
yielded apparent zero-flux concentrations of approximately 288 g L−1 for TSC and 166 g
GAE L−1 for TPC, close to the measured maxima of 284 and 164 g L−1, respectively. Both
extrapolations were close to the measured maxima, supporting use of the relationship as
an empirical descriptor of the limiting region under the studied hydrodynamic conditions.
It does not demonstrate a unique thermodynamic solubility limit.

The observed flux decline is consistent with several effects that become increasingly
important as a complex extract is concentrated: increasing osmotic pressure reduces the
effective driving force for water transport; increasing viscosity raises hydraulic resistance;
concentration polarization increases the solute concentration near the membrane surface;
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and deposition or other fouling phenomena can add further resistance. The present experi-
ments do not resolve these contributions independently. The relevant process conclusion is
instead that the technically achievable concentration is not set only by membrane retention:
productivity collapses as the concentrate approaches the high-solids region.

The concentration levels reached are also high relative to representative plant-extract
studies. Conidi et al. obtained 30.16 g L−1 total polyphenols in the NF retentate of aqueous
chestnut-shell extracts [15]. Lai et al. concentrated waste tea-leaf extract by RO to a concen-
tration factor of 7.57, obtaining 25.82 g GAE L−1 polyphenols and 64.62 g L−1 total solids
in the retentate, with recovery yields of 85.1 and 83.7%, respectively [27]. In the present
limiting-concentration experiment, the measured values approached 164 g GAE L−1 TPC
and 284 g L−1 TSC. These absolute concentrations are markedly higher, but direct per-
formance ranking is not appropriate because feedstocks, pressures, membrane objectives,
and analytical methods differ. Together with the approximately 90% volume reduction
achieved in standard batches, the comparison nevertheless confirms that the concentration
range obtained here is technically relevant for downstream powder production.

This result creates the key interface with spray drying. RO can remove a large fraction
of the process water while retaining essentially all of the measured phenolic response,
but operating to the maximum attainable RO concentration is not necessarily desirable
if the resulting concentrate exceeds the pumping and atomization window of the dryer.
The membrane stage should therefore be terminated at a concentration selected jointly
with downstream drying requirements rather than at the highest concentration that can be
reached hydraulically.

3.4. Spray Drying: Defining the Stabilization Window

The spray-drying study was organized as a sequence of operating decisions. Feed
preheating to 60 ◦C improved dry-solids recovery, particularly at 20% TSC, and reduced
residual powder moisture. At 10% TSC and 60 ◦C, increasing atomization pressure from 1
to 3 bar reduced recovery while increasing chamber deposition, with only a small moisture
benefit (Table 5). Accordingly, 60 ◦C feed temperature and 1 bar atomization pressure were
retained for the final concentration–temperature matrix.

Table 5. Laboratory spray-drying screening used to select feed temperature and atomization pressure.
Recovery is reported on a dry-solids basis.

Condition Product Recovery (%) Chamber Deposit (g) Product Moisture (%)

10% TSC, feed 25 ◦C 50.8 12.2 6.7
10% TSC, feed 60 ◦C 53.0 10.8 5.2
20% TSC, feed 25 ◦C 54.1 21.6 6.4
20% TSC, feed 60 ◦C 60.1 20.7 4.8

10% TSC, 1 bar 53.0 10.8 5.2
10% TSC, 2 bar 50.5 12.1 5.0
10% TSC, 3 bar 48.7 12.7 4.8

The complete drying dataset, including chamber deposition, powder moisture, and
outlet-air temperature, is provided in Supplementary Table S1.

Once feed temperature and atomization pressure had been fixed, feed-solids concen-
tration and inlet-air temperature were studied jointly over 1–30% TSC and 110–180 ◦C
(Table 6). Feed-solids concentration exerted the stronger influence on recovery. At 180 ◦C,
recovery increased from approximately 35% at 1% TSC to 50% at 5%, 56% at 10%, and 62%
at 20% TSC. Increasing concentration further to 30% reduced recovery to approximately
50%. The same non-monotonic dependence on feed solids was observed at the lower
inlet temperatures.
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Table 6. Dry-basis product recovery (%) for the complete laboratory spray-drying matrix. Feed
temperature was 60 ◦C and atomization pressure was 1 bar.

Feed TSC (%)
Inlet-Air Temperature

110 ◦C 145 ◦C 180 ◦C

1 31 33 35
5 42 47 50
10 54 55 56
20 58 60 62
30 46 47 50

The temperature effect was comparatively modest within the investigated range. At
20% TSC, increasing inlet temperature from 110 to 145 and 180 ◦C increased recovery
only from approximately 58 to 60 and 62%, respectively. Thus, a 70 ◦C increase in inlet
temperature improved dry-solids recovery by only about four percentage points. Even at
110 ◦C, no accumulation of undried liquid feed was observed in the lower collection vessel
at the applied throughput, indicating that the evaporative capacity of the laboratory dryer
was sufficient at this condition.

The decrease in recovery at 30% TSC is especially important for integration with RO.
At this concentration, greater wall deposition and intermittent feed-line obstruction were
observed. Therefore, reducing the water load by membrane concentration is beneficial only
while the concentrate remains pumpable and atomizable. The maximum concentration
attainable by RO and the maximum concentration that can be processed efficiently by the
dryer are not the same design target. For the laboratory equipment, approximately 20%
TSC represented the most favorable operating region observed between solids loading and
spray-dryer operability; because the screening was not a replicated factorial study, this is
not interpreted as a statistically established optimum.

The maximum dry-solids collection recovery obtained here (approximately 60–62%) is
competitive with values reported for other botanical extracts when the collection configura-
tion and use of carriers are considered. Langrish and Premarajah reported peak recoveries
of 65–70% for a spray-dried antioxidant-rich Hibiscus sabdariffa extract [28]. Gavarić et al.
obtained 58.36% recovery for a carrier-free Marrubium vulgare extract and 77.07% after addi-
tion of 10% maltodextrin [29]. The approximately 60–62% recovery achieved in the present
work is therefore slightly above the reported carrier-free value and was obtained without
maltodextrin or another drying aid, thereby avoiding dilution of the phenolic-rich product.

The measured collection recovery should also be interpreted in the context of the labo-
ratory collection system. The LabPlant SD5 used here recovers powder through a single
cyclone, so fine particles not captured by that cyclone are not included in the gravimetric
product recovery. Laboratory-scale spray dryers commonly show lower yields because of
wall deposition and limited cyclone capture of fine particles; reported laboratory yields typ-
ically span approximately 20–70% [30]. Larger spray-drying installations may incorporate
additional fines-recovery devices, such as secondary cyclones and/or particulate filters.
Consequently, the 60–62% value is a performance measure for the laboratory dryer and its
collection train rather than an intrinsic upper limit of the chestnut extract drying process.
Higher overall recovery could reasonably be expected from a scaled collection system with
dedicated fine-particle recovery, although this was not experimentally demonstrated in the
present work.

Additional characterization of powders produced from the RO-concentrated residual-
biomass extract showed that higher drying temperature did not produce a monotonic
improvement in product quality (Table 7). The dried products contained approxi-
mately 487, 497, and 450 mg GAE g−1 dry product at the low, intermediate, and high
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drying-temperature conditions, respectively. Their DPPH IC50 values were 15.15, 13.90,
and 15.77 µg mL−1. Across the three drying conditions, TPC ranged from 449.8 to
496.9 mg GAE g−1 (arithmetic mean 478.0 mg GAE g−1), while DPPH IC50 ranged from
13.90 to 15.77 µg mL−1 (arithmetic mean 14.94 µg mL−1). These across-condition means
are descriptive and are not reported as replicate-derived uncertainty. Residual powder
moisture decreased from approximately 9.8 to 7.4% over the same temperature range.

Table 7. Quality indicators of powders obtained from the RO-concentrated residual-biomass extract
at three laboratory drying-temperature conditions. The intermediate condition was recorded as
approximately 140–145 ◦C in the experimental files.

Drying Condition TPC (mg GAE g−1 Dry Product) DPPH IC50 (µg mL−1) Powder Moisture (%)

Low, 110 ◦C 487.4 15.15 9.8
Intermediate, ∼140–145 ◦C 496.9 13.90 8.88
High, 180 ◦C 449.8 15.77 7.40

Because the quality characterization was not designed as a replicated factorial compar-
ison of temperature, these differences should not be interpreted as statistically significant
temperature effects. Nevertheless, the data show that the high-temperature condition did
not provide a quality advantage: it produced the lowest residual moisture but also the
lowest measured TPC among the three powders, while antioxidant response remained in a
similar range. Together with the relatively small gain in solids recovery above 110 ◦C, this
result argues against increasing drying temperature simply to maximize recovery.

The drying results therefore define a coupled operating window with RO. RO should
concentrate the extract sufficiently to reduce the water burden on the dryer, but not to the
terminal membrane concentration if the resulting feed approaches the poor-atomization
region. Conversely, increasing dryer temperature provides only limited recovery gains and
can increase thermal severity. In the present equipment, a feed near 20% TSC, preheated
to 60 ◦C and atomized at 1 bar, provided the most defensible reference window; inlet
temperature can then be selected within the lower-to-intermediate part of the tested range
according to the required final moisture and product-quality specification.

3.5. Benchmarking and Qualitative Composition of the Phenolic-Rich Powder

The powder obtained in this work was compared with two commercial chestnut
extracts as reference products for phenolic and antioxidant responses (Table 8). It showed
the highest TPC of the three products, while its DPPH IC50 was of the same order as
SILVATEAM and markedly lower than PROTENSIL.

Table 8. Comparison of the process-derived powder obtained in this work with two commercial
chestnut extracts. Values are expressed on a dry-matter basis where applicable.

Parameter This Work SILVATEAM PROTENSIL

TPC (mg GAE g−1 dry matter) 488 ± 27 404 ± 1 122 ± 1
Ash (mg g−1 dry matter) 29.9 ± 0.2 15.2 ± 0.3 31.1 ± 0.6
DPPH IC50 (µg mL−1) 13.7 ± 1.1 10.6 ± 0.5 76 ± 2
Water activity, aw 0.5850 0.5722 0.5880
d50 (µm) 7.420 – 8.741
d90 (µm) 15.726 – 17.819

Its ash content was close to that of PROTENSIL and approximately twice that of
SILVATEAM, showing that the higher TPC did not correspond to a lower inorganic fraction.
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Water activity was similar for the three powders: 0.5850 for the process-derived pow-
der, 0.5722 for SILVATEAM, and 0.5880 for PROTENSIL. All three values were below 0.60
and closely comparable, providing an additional physical descriptor of the low-water-
availability dry products. Laser diffraction showed a fine particle-size distribution for the
process-derived powder (Figure 11), with d10 = 3.208, d50 = 7.420, and d90 = 15.726 µm,
D[3, 2] = 4.412 µm, D[4, 3] = 8.608 µm, a span of 1.687, and a specific surface area of
1.36 m2 g−1. PROTENSIL showed somewhat larger characteristic diameters
(d50 = 8.741 µm and d90 = 17.819 µm).

SEM revealed a heterogeneous powder composed predominantly of spherical or
sub-spherical particles together with hollow, concave, and partially collapsed particles
and agglomerates of finer material (Supplementary Figure S1). Such morphologies are
consistent with rapid shell formation followed by shrinkage or partial collapse during
droplet drying.

Complementary ATR-FTIR, MALDI-TOF, and SEC-GPC further broadened the prod-
uct characterization. Individual FTIR spectra and the fingerprint-region overlay are pro-
vided in Supplementary Figures S3 and S4; the MALDI-TOF spectra are provided in
Supplementary Figures S5–S7. The process-derived extract and SILVATEAM showed
closely corresponding FTIR band positions in the carbonyl, aromatic, galloyl/C–O, and
carbohydrate regions (approximately 1720, 1600, 1308/1170–1180, and 1030 cm−1), whereas
PROTENSIL showed a less resolved galloyl-region fingerprint. These comparisons are
based primarily on band position and pattern rather than absolute transmittance amplitude.
MALDI-TOF provided a complementary qualitative mass fingerprint for the process-
derived extract. Because laser powers differed among compared samples, MALDI signal
intensity and simple peak count were not used quantitatively, and structural assignments
remain tentative.
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Figure 11. Laser-diffraction particle-size distribution of the spray-dried process-derived powder
compared with PROTENSIL. Representative SEM micrographs of the powder are provided in
Supplementary Figure S1.

SEC-GPC of the acetylated process-derived extract showed a broad calibrated apparent
molecular-weight distribution (Supplementary Figure S2). The differential distribution
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exhibited two principal apparent size regions centered around approximately 1 kDa and
5–6 kDa, together with a broader higher-molecular-weight tail. The cumulative distribution
gave approximate descriptors of 0.53 kDa at the 10th percentile, 1.18 kDa at the 25th
percentile, 3.97 kDa at the median, 11.2 kDa at the 75th percentile, and 32.9 kDa at the 90th
percentile. These values describe calibrated hydrodynamic-size equivalents and are not
interpreted as compound identities.

The qualitative negative-ion mass spectra provided an additional compositional check
(Figure 12). The spectrum of the extract obtained in this work contained strong signals
at approximately m/z 466 and 933, consistent with the doubly and singly deprotonated
forms commonly assigned to the ellagitannin stereoisomer pair castalagin/vescalagin. A
signal near m/z 631 was consistent with castalin/vescalin. Additional signals in the regions
of m/z 331, 481, and 483 were consistent with monogalloyl-glucose, HHDP-glucose, and
digalloyl-glucose, respectively [5,6]. The intense signal around m/z 313 may correspond to
a galloyl-glucose-related fragment, but its assignment is treated cautiously because the anal-
ysis did not include chromatographic separation or targeted fragmentation confirmation.

The extract obtained in this work and SILVATEAM shared diagnostic regions near m/z
466, 631, and 933, supporting broadly similar spectral regions consistent with hydrolysable-
tannin/ellagitannin-related species. PROTENSIL showed greater relative signal intensity in
the lower-mass region and much weaker signals near m/z 631 and 933. Together with the
TPC and DPPH results, this qualitative comparison supports classification of the product
obtained in this work as a phenolic-rich chestnut extract.

Figure 12. Negative-ion on-flow ESI mass spectra of the process-derived powder obtained in this
work and the SILVATEAM and PROTENSIL commercial chestnut extracts.

3.6. Preserving a Second Value Chain for the Extracted Solid

The residual solid was evaluated by calorimetry and pelletization to distinguish
preservation of specific energy content from preservation of pellet mechanical quality.

For LC, neither GCV nor NCV decreased appreciably after one or two pilot extraction
cycles (Table 9); NCV remained within 18.1–18.2 MJ kg−1 dry basis.

Because extraction removes dry matter, unchanged NCV per kilogram should not be
interpreted as conservation of the total initial energy inventory.

Pelletization provided a more demanding test of the residual solid. The extracted
biomass could be densified using the same industrial procedure as the non-extracted
material, but mechanical durability decreased from 97.5 to 90.9% and fines increased
(Table 9). The extracted pellets were also visually darker.
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Table 9. Energetic properties of LC before and after one and two extraction cycles and pellet-quality
indicators for non-extracted and extracted residual chestnut biomass. Pelletization used the same
industrial procedure in both cases.

Property Non-Extracted After Cycle 1 After Cycle 2/Extracted

GCV (MJ kg−1 dry basis) 19.5 ± 0.1 19.5 ± 0.1 19.6 ± 0.1
NCV (MJ kg−1 dry basis) 18.1 ± 0.1 18.1 ± 0.1 18.2 ± 0.1
Mechanical durability (%) 97.5 – 90.9
Fines (%) 0.9 – 3.8

The decrease in durability and increase in fines show that preservation of calorific
value does not imply preservation of pellet quality. Removal of water-soluble extractives
may alter surface chemistry or interparticle bonding, but the present data do not identify
the mechanism. The extracted solid therefore remains a viable energy feedstock, although
densification conditions would need re-optimization rather than direct transfer of the
original pelletization procedure [2].

3.7. Integrated Process Implications

Table 10 summarizes extraction recovery, RO feed and final concentrations, and esti-
mated dry-solids quantities on the stated reference bases.

Table 10. Stagewise material summary: extraction recovery, RO concentration, and dry-powder
collection on the stated reference bases.

Process Stage Feed/Calculation Basis Main Outputs

Aqueous extraction—two
successive contacts

1000 kg dry LR; two fresh-water contacts
of 10,000 L each.

Liquid extracts: 139.1 kg dry solids.
Extraction remainder: 860.9 kg dry
matter, calculated by difference. a

High-concentration RO
Enriched feed: 78.90 g L−1 TSC.
Dry-solids calculation basis: 1000 L of
final concentrate.

Final concentrate: 283.73 g L−1 TSC.
Estimated dry-solids content: 283.7 kg
per 1000 L concentrate. b

Spray drying 1000 kg liquid feed at 20 wt.% TSC,
containing 200 kg dry solids.

Collected powder: 120–124 kg dry solids,
applying 60–62% collection recovery.

TSC: total solids concentration. Stage-specific reference bases are stated in the second column. a The
extraction remainder includes residual biomass and solids in unrecovered liquid. b RO dry solids
were estimated from the measured final TSC on the stated concentrate-volume basis.

The comparison in Table 11 shows that the individual operations perform within,
and in several cases at the upper end of, representative literature ranges. The principal
distinction of the present work, however, is process-level rather than a claim that every unit
operation is universally superior. To the best of our knowledge, the complete experimental
sequence—two residual chestnut biomass streams, aqueous extraction and extractant reuse,
membrane selection and RO preconcentration, carrier-free spray drying, product bench-
marking, and subsequent evaluation of calorific value and pelletization of the extracted
solid—has not previously been reported within a single chestnut-biomass study.

The data identify three central interfaces. First, extraction yield must be balanced
against water use: late fresh-water stages added little TPC, whereas reuse of the liquid
phase increased solute loading and retained substantial extraction capacity. Second, RO
and spray drying define a common concentration window. RO productivity deteriorated
as the retentate became concentrated, while dryer recovery improved up to approximately
20% TSC but deteriorated at 30% TSC. The RO endpoint should therefore be selected
from downstream sprayability rather than maximum membrane concentration. Third,
extraction changes the allocation of value between soluble and solid fractions: the residual
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biomass retained its specific calorific value but showed poorer pellet durability, so the
second valorization route remains viable but requires its own process optimization.

Table 11. Positioning of the main process results against representative literature values. Comparisons
are intended as benchmarking rather than strict ranking because feedstocks, analytical methods,
equipment, and process objectives differ among studies.

Stage This Work Representative Literature and Positioning

Chestnut extraction Up to 141 ± 7 mg GAE g−1 dry biomass; 90–93% of
seven-stage TPC recovered within four stages

Aimone et al. reported 135.60 mg GAE g−1 dry matrix at laboratory
scale and 95.96 mg GAE g−1 at semi-industrial scale [10]. The present
maximum lies at the upper end of reported chestnut-wood values and
is slightly higher numerically, without implying strict superiority.

RO retention >99.9% apparent TPC retention; 96.5–97.6%
TSC retention

Tapia-Quirós et al. reported >99.9% TPC rejection by RO [14], and
Alsobh et al. reported >99% TPC retention by RO [25]. The present
result is therefore at the upper end of reported global
phenolic retention.

RO concentration
About 90% volume reduction in standard batches;
limiting experiment approached 164 g GAE L−1

TPC and 284 g L−1 TSC

Conidi et al. reported 30.16 g L−1 total polyphenols after NF of
chestnut-shell extract [15]; Lai et al. reported 25.82 g GAE L−1

polyphenols and 64.62 g L−1 total solids after RO of tea extract [27].
The present absolute concentrations are high, although matrix and
method differences prevent direct ranking.

Spray drying Maximum dry-solids recovery about 60–62%,
carrier-free; powder TPC 450–497 mg GAE g−1

Langrish and Premarajah reported 65–70% peak recovery [28];
Gavarić et al. reported 58.36% without carrier and 77.07% with 10%
maltodextrin [29]. The present carrier-free recovery is competitive,
and the single-cyclone laboratory configuration can under-recover
fines relative to more complete collection trains [30].

The work establishes technical compatibility among the main operations across com-
plementary laboratory and pilot campaigns. Together, the experiments define the principal
process interfaces and provide a coherent basis for scale-up and integration. Further
development can therefore focus on extending membrane operating time, evaluating di-
rect RO-permeate reuse, accounting for feedstock variability, and refining post-extraction
pelletization conditions.

4. Conclusions
This study shows that residual chestnut biomass can generate two experimentally

relevant output streams: a water-soluble fraction that can be concentrated by RO and
converted into a dry powder, and an extracted lignocellulosic solid that retains high
specific calorific value. Four extraction stages recovered approximately 90–93% of the
seven-stage Folin-reactive TPC response. RO provided near-complete apparent retention
of the Folin-reactive response and major water removal, while carrier-free laboratory spray
drying reached a maximum dry-solids collection recovery of approximately 60–62% in
the favorable feed-solids region investigated. The resulting powder showed aw = 0.5850,
d50 = 7.42 µm, and a heterogeneous spray-dried morphology comprising spherical/sub-
spherical and partially collapsed particles. Complementary FTIR, MALDI-TOF, SEC-
GPC, and on-flow ESI-MS provided mutually supportive qualitative/size-distribution
fingerprints. The extracted solid retained an NCV of approximately 18.1–18.2 MJ kg−1 dry
basis, although pellet durability decreased.

Taken together, these findings support the technical feasibility of a cascading valoriza-
tion strategy in which residual chestnut biomass yields both a phenolic-rich powder and
an energy-relevant extracted solid. The combined extraction, extractant-reuse, RO, and
spray-drying results define a practical operating window for liquid-stream valorization,
while the retained NCV of the extracted solid supports its continued use in bioenergy ap-
plications. The study therefore provides a coherent experimental basis for further scale-up
and process integration.
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Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/biomass6050090/s1, The supplementary file contains Table S1 (complete spray-
drying dataset), Figure S1 (representative SEM micrographs), Figure S2 (differential and cumulative
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Abbreviations

ATR-FTIR Attenuated total reflectance Fourier-transform infrared spectroscopy
DMSO Dimethyl sulfoxide
DPPH 2,2-Diphenyl-1-picrylhydrazyl
ESI-MS Electrospray ionization mass spectrometry
FTIR Fourier-transform infrared spectroscopy
GAE Gallic acid equivalents
GCV Gross calorific value
HPLC High-performance liquid chromatography
IC50 Half-maximal inhibitory concentration
LC Residual biomass from old chestnut trees (local caborno source)
LR Forestry and sawmilling chestnut residues
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight
MAPD Mean absolute percentage deviation
MWCO Molecular weight cut-off
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NCV Net calorific value
NF Nanofiltration
PA-TFC Polyamide thin-film composite
PEG Polyethylene glycol
PES Polyethersulfone
PP Polypropylene
PS Polysulfone
PVDF Polyvinylidene fluoride
RO Reverse osmosis
S/L Solid-to-liquid ratio
SEC-GPC Size-exclusion chromatography–gel permeation chromatography
SEM Scanning electron microscopy
TCH Total carbohydrate content
TMP Transmembrane pressure
TPC Total phenolic content
TSC Total solids content
UF Ultrafiltration
VRF Volume reduction factor
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