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Abstract: In this work, a closed-loop strategy for the management and valorization of winery
waste was proposed. The exhausted pomace and grape stalks that are typically obtained from
white wine industries were used as a source of simple sugars, namely, glucose and fructose, and of
lignocellulosic feedstock for the preparation of selective catalysts for the 5-hydroxymethylfurfural
(5-HMF) production from fructose. A novel synthetic procedure was developed for the synthesis
of iron-sulfonated magnetic biochar catalysts (Fe-SMBCs). Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray (EDX),
BET surface area, porous structure analysis and determination of total amount of acid sites were
performed in order to characterize the physico-chemical properties of the synthesized systems. Then,
these heterogeneous catalysts were successfully tested via the dehydration of simple sugars into
5-HMF by using methyl isobutyl ketone (MIBK) and gamma valerolactone (GVL) as co-solvents.
The optimum 5-HMF yield of 40.9 ± 1.1%mol with a selectivity of 59.8 ± 2.6%mol was achieved by
adopting the following optimized conditions: 0.1 g of catalyst, volume ratio of GVL to H2O = 2 to 1,
403 K, 6 h. In addition, the catalyst was easily recycled using an external magnetic field and used for
at least five reaction cycles without significant loss of catalytic activity.

Keywords: winery wastes; biochar; sulfonated magnetic catalysts; 5-hydroxymethylfurfural; biomass
valorization; biorefinery

1. Introduction
1.1. Global Wine Production and Waste Management

Wine production is one of the most important agricultural activities in the world. According
to the latest report by the International Organization of Vine and Wine (OIV) [1], global wine
production was estimated at 244 million hectolitres (Mhl) in 2023. France is the largest producer,
with 45.8 Mhl, followed by Italy with 43.9 Mhl and Spain with 30.7 Mhl, which together account
for around 80% of the wine that is produced in Europe. Such a wine productivity generates large
amounts of secondary products. It has been estimated that the processing of 100 kg of grapes
generates 20–25 kg of wet solids [2], of which about 88–86% corresponds to pomace (skins and
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seeds) and 12–14% to stalks [3,4]. Therefore, the management of these waste side-currents
leads to environmental and economic problems [5–7]. The European Council Regulation
(EC) 479/2008 on the Common Organization of the Wine Market [8] stipulates that these
by-products must be sent to distilleries or to other alternative uses (e.g., spreading or
composting for agronomic use or energy production by incineration). Despite their wide
application, however, some aspects should be considered. In the production of distillates,
large quantities of grape marc must be stored and processed in a short time to avoid the
formation of undesired products, thus leading to an increase in production costs [9,10].
For white wine production, especially where pomace and stalks are immediately removed
from the first squeezed grape, they must be sent to the fermentation/vinification, and
the resulting residues are wet solids containing simple sugars that need to be appositely
fermented into ethanol before being washed and distilled. Spreading or composting is a cost-
effective and practical method of treating winery/distillery end-products [11,12]. However,
such application can lead to soil and groundwater pollution due to the accumulation
of heavy metals and other organic substances such as alcohols, polyphenols and organic
acids [13]. Lastly, the energy generation through incineration is not considered a sustainable
alternative due to the high water content in winery waste (up to 60–70%), which requires
energy-intensive pre-treatments and desiccation [14]. For these reasons, there is a clear need
of an alternative safer management of these residues, with the aim of their valorization
for the recovery of fine chemicals and components with a high added value, according to
circular economy principles.

1.2. Integrated Approach to Biorefinery: Development of Heterogeneous Carbon-Based Catalysts for
Industrial Processes

The design and development of an integrated biorefinery for the valorization of wine
waste could offer potential benefits in terms of environmental and economic sustainability,
especially if the objective of “zero-waste” discharge was achieved [15–17]. Several studies
have been conducted on the valorization of winery waste through the extraction of chemical
compounds [18–20] and bioactive molecules, including phenolic compounds, flavonoids,
anthocyanins and stilbenes, for their antimicrobial, antioxidant and anti-inflammatory
properties [21–24]. However, these components represent only 5–10% of the dry matter,
not effectively solving the problem of waste disposal. The use of a pyrolytic step for the
valorization of organic residues is increasingly investigated for the concomitant genera-
tion of renewable energy and biochar, which could possibly find good applications. In
particular, the use of biochar as a precursor for the obtainment of specifically functional-
ized catalysts for the production of fine chemicals has attracted a considerable attention
recently [25–27]. Biochar is an economical and environmentally friendly carbon-based
material that can be produced from thermochemical degradation of biomass of various
origins (e.g., agricultural waste, FORSU, sewage sludge) through pyrolysis, gasification
or hydrothermal carbonization [28,29]. The surface area, porous structure and presence
of oxygen-containing functional groups on the biochar surface, such as hydroxylic and
carboxylic groups, have enabled its use in a wide range of applications, including the
adsorption of organic pollutants and heavy metals [30,31], electrochemistry [32] and energy
storage [33]. In addition, these physico-chemical properties can be further improved by
activation and functionalization processes. In the field of acid catalysis, sulfonation is
the most efficient method for improving the surface functionalities of biochar. Sulfonated
carbon-based catalysts are obtained by direct sulfonation of biochar with sulfuric acid (H2SO4)
by introducing sulfonic groups (-SO3H) as Brønsted acid sites on the surface [34–36]. On the
other hand, magnetic carbon-based materials have emerged as a sustainable alternative to
facilitate the recovery of catalysts in heterogeneously catalyzed liquid-phase reactions [37–39].
At the end of the use, they can easily be recovered from the reaction medium in the presence
of an external magnetic field.
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1.3. Dehydration of Fructose for Synthesis of 5-HMF

5-Hydroxymethylfurural (5-HMF) is one of the most promising platform molecules for
the synthesis of a wide range of chemical compounds, including fine chemicals, biofuels,
additives, polymers and pharmaceuticals [40,41]. 5-HMF can be produced through the
dehydration of simple sugars, such as glucose and fructose, in the presence of appropri-
ate homogeneous and heterogenous catalysts. Homogeneous acid catalysts like mineral
acids [42], organic acids [43] and ionic liquids [44] present several disadvantages, includ-
ing low selectivity, corrosion of the equipment, low sustainability, high toxicity and the
difficulty in the recovery of the catalyst. To overcome these problems, heterogeneous acid
catalysts such as ion-exchange resins [45], metal oxides [46] and heteropoly acids [47] are
currently used, because they are less corrosive and easily recoverable at the end of a reaction
cycle. In this work, a closed-loop strategy for the complete valorization of winery waste was
proposed. After a preliminary characterization of raw biomass wastes (grape pomace and
stalks), the free simple sugars (e.g., fructose, glucose) that were present in the grape pomace
were recovered using water washes. Subsequently, the exhausted washed pomace and
grape stalks were subjected to pyrolysis, and the obtained biochar was used as a starting
support for the synthesis of iron-sulfonated magnetic biochar catalysts (Fe-SMBCs). These
new species were thoroughly characterized and used for the conversion of simple sugars
(recovered using water-washing) into 5-hydroxymethylfurfural (5-HMF). The application
of this innovative and sustainable approach for the management and valorization of winery
waste will lead to a series of advantages, such as (i) no waste being produced, (ii) the si-
multaneous production of useful products (5-HMF), thus increasing the profitability of the
vinification process, and (iii) the use of green and low-environmental-impact technologies
for the winery waste treatment.

2. Results and Discussion
2.1. Scheme of Valorization Route: Chemical Characterization of Winery Waste

A new closed-loop valorization of fresh grape pomace, schematized as reported in
Figure 1, was investigated.
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The scheme of valorization of fresh grape pomace is essentially based on a preliminary
washing, operated with water (1:1 by weight, carried out in duplicate), with the intent of
recovering simple sugars contained therein. In fact, for white wine production in particular,
the fermentation appositely occurs on grape musts when it is separated from solids, which
results in solids being embedded in the grape must. The results of the preliminary charac-
terization of winery waste from the vinification process (namely, grape pomace and grape
stalks) and the residues obtained after water-washing (exhausted pomace) are shown in
Table 1.

Table 1. Chemical characterization of winery waste obtained from vinification process.

Winery Waste Grape Pomace Exhausted Pomace Grape Stalks

Total Solids (TS, %wt) 67.9 ± 2.2 44.0 ± 1.4 91.8 ± 2.7

TS composition (mg/gTS)

Total Lipids 118.8 ± 3.6 86.7 ± 2.7 19.0 ± 0.3
Free simple sugars Glucose 30.2 ± 0.6 2.3 ± 0.1 -

Fructose 80.6 ± 1.4 5.4 ± 0.2 -
Total 110.8 ± 2.0 7.7 ± 0.3 -

Easy Hydrolysable Sugars (EHSs) Arabinose 5.9 ± 0.2 8.4 ± 0.2 1.1 ± 0.3
Glucosamine 10.6 ± 0.3 15.3 ± 0.4 -
Galactose 18.9 ± 0.4 25.9 ± 0.7 16.1 ± 0.6
Glucose 27.2 ± 1.1 34.7 ± 0.5 61.0 ± 1.8
Xylose 10.0 ± 0.4 13.1 ± 0.2 77.9 ± 2.6
Total 72.6 ± 2.4 97.4 ± 2.0 156.1 ± 5.3

Cellulose Glucose 162.9 ± 2.7 251.7 ± 3.5 313.6 ± 4.2
Xylose 25.1 ± 0.8 41.6 ± 0.7 31.4 ± 0.8
Total 188.0 ± 3.5 293.3 ± 4.2 345.8 ± 5.0

Lignin 248.3 ± 6.5 277.8 ± 4.1 310.4 ± 5.1
Proteins 96.3 ± 2.1 84.9 ± 2.6 35.3 ± 1.2
Ashes 57.2 ± 1.4 69.9 ± 1.4 65.3 ± 2.1

Significant differences in chemical composition between grape pomace and stalks
were determined. As well as the higher level of humidity, grape pomace is character-
ized by a higher content of lipids and proteins of 118.8 ± 3.6 and 96.3 ± 2.1 mg/gTS,
respectively. In addition, free simple sugars, mainly fructose and glucose, amounting to
110.8 ± 2.0 mg/gTS, are typically present in grape pomace. However, after water-washing,
the simple sugar content decreased to 7.7 ± 0.3 mg/gTS. These sugars were easily recovered
from the grape pomace (recovery efficiency > 95%), producing an aqueous sugar stream
whose composition is reported in Table 2.

Table 2. Chemical composition of aqueous stream obtained from extraction of free simple sugars
from grape pomace.

Chemical Composition Concentration (mmol/L)

Glucose 120 ± 0.9
Fructose 320 ± 1.6
Tartaric acid 14 ± 0.4
Malic acid 260 ± 1.4
Succinic acid 26 ± 1.0
Acetic acid 24 ± 0.7

Glucose and fructose are the major components, with a concentration of 120 ± 0.9 mmol/L
and 320 ± 1.6 mmol/L, respectively. However, organic acids are also present, in which malic
acid is the main constituent (260 ± 1.4 Mm). This aqueous stream was directly used for the
subsequent dehydration tests for the production of 5-HMF. This recovery of water-soluble
components makes the residual exhausted pomace richer in EHSs (97.4 ± 2.0 mg/gTS),
cellulose (293.3 ± 4.2 mg/gTS) and lignin (277.8 ± 4.1 mg/gTS). In grape stalks, cellulose
and lignin are the main components, with values of 345.8 ± 5.0 and 310.4 ± 5.1 mg/gTS.
These lignocellulosic biomass wastes (exhausted pomace and grape stalks) were used as
starting material for the synthesis of iron-sulfonated magnetic biochar catalysts (Fe-SMBCs).
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2.2. Synthesis and Characterization of Iron-Sulfonated Magnetic Biochar Catalysts (Fe-SMBCs)

The conventional method for the preparation of a sulfonated magnetic carbon cat-
alyst [48–50] generally consists of a preliminary impregnation of biochar obtained from
raw biomass with an aqueous solution of iron (III) chloride or sulfate, followed by thermal
activation of the impregnated biochar under a nitrogen flow (typically 773–973 K), resulting
in magnetite (Fe3O4) formation and deposition on the carbon-based surface. Finally, the
acid functionalities are introduced on the Fe3O4-supported biochar by direct sulfonation
with sulfuric acid (H2SO4). However, this sequence of operations results in a partial loss
of iron oxide after the acid treatment, adversely affecting the processes of separation and
recovery of the catalyst by application of an external magnetic field. In this work, a novel
synthetic procedure was developed to obtain heterogenous catalysts, in which nanostruc-
tured magnetite (Fe3O4) was deposited onto sulfonated biochar that was characterized by
strong acid properties. The synthetic procedure adopted for the synthesis of Fe-SMBCs is
reported in Figure 2.
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Figure 2. Procedure for the synthesis of Fe-SMBCs.

Firstly, biochar was produced from the pyrolysis of dried winery waste (exhausted
pomace and grape stalks) at high temperatures (873 K, 2 h). This specific treatment pro-
duced a loss of weight of 71 and 73% of the original weight of the exhausted pomace and
stalks, respectively. The resulting carbonaceous materials were then treated with concen-
trated sulfuric acid (373 K, 15 h), which led to the functionalization of the catalyst surface
with sulfonic groups. FTIR analysis was performed to identify the different groups that
were present in the sulfonated biochar. The FTIR spectra of raw and sulfonated biochars
are shown in Figure 3. Both spectra showed similar infrared absorption bands at 3418
and 1610 cm−1, which are attributed to the stretching vibrations of the -OH and -COOH
groups, respectively, generated during the pyrolysis process. In addition, discrete vibra-
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tional frequencies at 2927 and 2850 cm−1 should be assigned to symmetric and asymmetric
vibrations of the saturated aliphatic groups. After the sulfonation process, the presence of
signals at 1123 and 1100 cm−1, related to C-O-S and O=S=O stretching vibrations [51,52],
confirmed the successful loading of -SO3H functional groups on the native biochar surfaces.

Catalysts 2024, 14, x FOR PEER REVIEW 6 of 20 
 

 

with sulfonic groups. FTIR analysis was performed to identify the different groups that 
were present in the sulfonated biochar. The FTIR spectra of raw and sulfonated biochars 
are shown in Figure 3. Both spectra showed similar infrared absorption bands at 3418 and 
1610 cm−1, which are attributed to the stretching vibrations of the -OH and -COOH groups, 
respectively, generated during the pyrolysis process. In addition, discrete vibrational fre-
quencies at 2927 and 2850 cm−1 should be assigned to symmetric and asymmetric vibra-
tions of the saturated aliphatic groups. After the sulfonation process, the presence of sig-
nals at 1123 and 1100 cm−1, related to C-O-S and O=S=O stretching vibrations [51,52], con-
firmed the successful loading of -SO3H functional groups on the native biochar surfaces. 

 
Figure 3. FTIR spectra of biochar and sulfonated biochar samples. 

Subsequently, the sulfonated biochar was impregnated with an aqueous solution of 
iron (III) chloride dihydrate (298 K, 5 h) and thermally activated (873 K, 1 h under a N2 
flow) in order to obtain the formation of iron-sulfonated magnetic biochar catalysts. Fig-
ure 4 shows the XRD patterns of the biochar and Fe-SMBCs obtained from the two differ-
ent types of winery waste (exhausted pomace and grape stalks). 

10 20 30 40 50 60

Exhausted pomace

Fe
3
O

4

CaCO
3*

 Biochar

*****

* 

2 (Degree)

In
te

ns
ity

 (C
ou

nt
s)

 Fe-SMBC

 

10 20 30 40 50 60

Grape stalks

Fe
3
O

4

CaCO
3*

 Biochar

*****

*

 

2 (Degree)

In
te

ns
ity

 (C
ou

nt
s)

 Fe-SMBC

 
(a) (b) 

Figure 4. XRD patterns of biochar and iron-sulfonated magnetic biochar catalysts (Fe-SMBCs) ob-
tained from (a) exhausted pomace and (b) grape stalks. 

Signals located at 2θ of 29.3°, 35.9°, 43.0°, 47.4° and 48.5° identify the presence of 
calcium carbonate (CaCO3) in the starting biochar. A weak broad diffraction peak at 2θ = 
23–28° in both spectra (biochar and Fe-SMBCs) can be attributed to amorphous carbon 
structures with aromatic carbon layers [53]. The diffraction peaks in the Fe-SMBCs at 2θ 
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Subsequently, the sulfonated biochar was impregnated with an aqueous solution of
iron (III) chloride dihydrate (298 K, 5 h) and thermally activated (873 K, 1 h under a N2 flow)
in order to obtain the formation of iron-sulfonated magnetic biochar catalysts. Figure 4
shows the XRD patterns of the biochar and Fe-SMBCs obtained from the two different
types of winery waste (exhausted pomace and grape stalks).
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Figure 4. XRD patterns of biochar and iron-sulfonated magnetic biochar catalysts (Fe-SMBCs)
obtained from (a) exhausted pomace and (b) grape stalks.

Signals located at 2θ of 29.3◦, 35.9◦, 43.0◦, 47.4◦ and 48.5◦ identify the presence of
calcium carbonate (CaCO3) in the starting biochar. A weak broad diffraction peak at
2θ = 23–28◦ in both spectra (biochar and Fe-SMBCs) can be attributed to amorphous carbon
structures with aromatic carbon layers [53]. The diffraction peaks in the Fe-SMBCs at 2θ of
16.1◦, 30.2◦, 35.5◦, 37.7◦, 43.2◦, 47.5◦, 53.5◦ and 57.1◦ highlight the formation of magnetite
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(Fe3O4) on the catalyst, according to the reaction mechanism proposed by Bedia et al. [54]
(Equations (1)–(4)):

FeCl3·2H2O 373 K→ FeOCl·H2O + 2HCl (g) (1)

FeOCl·H2O 373 K→ FeOOH + HCl (g) (2)

2FeOOH 873 K→ Fe2O3 (3)

3Fe2O3+C 873 K→ 2Fe3O4+CO (g) (4)

During the drying of the iron-impregnated biochar (373 K, 15 h), FeCl3·2H2O is de-
composed into the amorphous iron (III) oxide–hydroxide (FeOOH) (Equations (1) and (2)).
Subsequently, FeOOH is first decomposed to iron (III) oxide (Fe2O3) as the temperature
increases (873 K, 1 h) (Equation (3)) and finally reduced to form Fe3O4 by reacting with the
carbon surface of the catalyst. EDX analysis was used to confirm the effectiveness of the
synthesis process at all stages of the preparation. Table 3 shows the elemental analyses of
biochar, biochar sulfonate and Fe-SMBCs obtained from the exhausted pomace and grape
stalks, respectively.

Table 3. Elemental analysis of biochar, sulfonated biochar and Fe-SMBCs obtained from winery waste
(exhausted pomace and grape stalks).

Samples Elemental Composition (%wt)

C O Ca S Fe

Exhausted pomace

Biochar 62.6 ± 2.3 18.6 ± 2.1 0.5 - -
Sulfonated biochar 63.3 ± 3.6 28.9 ± 2.6 0.7 5.8 ± 0.7 -
Fe-SMBCs 51.4 ± 9.4 15.4 ± 2.5 0.5 4.0 ± 0.4 18.6 ± 3.9

Grape stalks

Biochar 75.5 ± 2.3 23.1 ± 3.3 0.5 - -
Sulfonated biochar 61.3 ± 1.7 29.8 ± 1.2 0.9 6.8 ± 0.4 -
Fe-SMBCs 46.1 ± 1.9 15.8 ± 1.8 0.8 4.3 21.1 ± 0.4

After the sulfonation process, the chemical composition of the biochar was clearly
different. The increase in sulfur (S) and oxygen (O) from 5.8 ± 0.7%wt and 6.8 ± 0.4%wt to
28.9 ± 2.6%wt and 29.8 ± 1.2%wt, respectively, indicated the successful incorporation of
-SO3H groups on the biochar surfaces. The presence of iron (Fe) in the sulfonated materials
after the wet impregnation, washing with water, and thermal activation was 18.6 ± 3.9%wt
and 21.1 ± 0.4%wt and confirmed the formation of Fe3O4 in the Fe-SMBCs. The surface
morphologies of the synthesized catalysts were then studied by SEM analysis. The images
obtained are shown in Figure 5. Biochar obtained from the pyrolysis of exhausted pomace
(Figure 5a’,a”) exhibits an irregular morphology with a well-developed pore structure,
resulting from the loss of volatile compounds during the thermal treatment. A similar
structure was also found for biochar obtained from grape stalks (Figure 5d’,d”); however,
the alveolar structure was less developed due to the higher lignin content that was present in
the initial biomass (310.4 ± 5.1 mg/gTS). After the sulfonation process, a noticeable change
in the surface structure of the biochar was observed in both cases (Figure 5b’,b”,e’,e”). A
partial reduction in porosity on the surface of the carbonaceous material was obtained due
to the partial removal of part of the amorphous carbon that was present in the starting
biochar after the treatment with H2SO4 [55,56].
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tively), sulfonated biochar ((b’,b”,e’,e”) for exhausted pomace and grape stalks) and Fe-SMBCs
((c’,c”,f’,f”) for exhausted pomace and grape stalks) at 50 and 5 µm.

Fe3O4 nanoparticles were found on the surface of the Fe-SMBCs after the wet im-
pregnation of the sulfonated biochar with FeCl3 and the subsequent activation process,
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as confirmed by elemental EDX analysis (see Table 3). Finally, the synthesized materi-
als were completely characterized by their BET surface area, an analysis of porosity and
the determination of the total acid sites. As reported in Table 4, a partial collapse of the
porous structure of the biochar obtained from the exhausted pomace and grape stalks
was observed after the sulfonation process, with a reduction in the BET surface area from
6.7–17.0 m2/g to 2.5–10.4 m2/g, respectively, and pore volume from 0.039–0.029 cm3/g
to 0.006–0.019 cm3/g. At the same time, an increase in the total number of acid sites
was observed on the surface of the sulfonated biochar to 0.86 ± 0.01 mmolSO3H/g and
0.85 ± 0.01 mmolSO3H/g.

Table 4. Chemical properties of biochar, sulfonated biochar and Fe-SMBCs obtained from exhausted
pomace and grape stalks.

Samples Total Surface Area
(m2/g)

Total Pore
Volume (cm3/g)

Mesoroporous
Volume
(cm3/g)

Total Acid
Density

(mmolSO3H/g)

Exhausted pomace

Biochar 6.7 0.039 0.023 -
Sulfonated biochar 2.5 0.006 0.005 0.86 ± 0.01
Fe-SMBCs 4.1 0.013 0.010 0.91 ± 0.03

Grape stalks

Biochar 17.0 0.029 0.024 -
Sulfonated biochar 10.4 0.019 - 0.85 ± 0.01
Fe-SMBCs 6.2 0.019 0.015 0.92 ± 0.02

The support of magnetite on the surface of the sulfonated biochar does not affect the
acid properties of the synthesized catalysts, resulting in an overall acid density that is equal
to 0.91 ± 0.03 mmolSO3H/g and 0.92 ± 0.02 mmolSO3H/g.

2.3. Use of Fe-SMBCs in Dehydration of Fructose for the Synthesis of 5-HMF

Fe-SMBCs obtained from exhausted pomace and grape stalks (denoted as EX and GSs,
respectively) were initially tested in the dehydration of pure fructose for the synthesis of
5-HMF (Figure 6).
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Although water is the most economical and environmentally friendly solvent, 5-HMF
presents high instability in aqueous solutions, undergoing several side reactions that lead
to the formation of oligomeric by-products (humins) [40,41]. In order to improve the yield
of 5-HMF while maintaining good selectivity in the process, the dehydration reaction was
conducted using methyl isobutyl ketone (MIBK) or γ-valerolactone (GVL) as co-solvents.
In addition, the catalytic activity of the commercial sulfonic acid resins Amberlyst-15 was
also investigated as a sort of reference of reactivity. The results obtained are reported in
Table 5.

Table 5. Reactivity tests of the dehydration of fructose for the synthesis of 5-HMF. Reaction conditions:
0.1 g of catalyst, 1 mL of aqueous solution of fructose (0.2 mmol), 2 mL of organic solvent (MIBK or
GVL), 403 K, 3–6 h, 300 rpm.

E Solvent Catalyst Time (h)
Fructose

Conversion
(%mol)

5-HMF Formic
Acid

Levulinic
Acid

Yield
(%mol)

Selectivity
(%mol) R Yield

(%mol)
Yield

(%mol)

1

MIBK

No catalyst 3 30.4 ± 0.6 4.0 ± 0.2 13.2 ± 0.9 2.0 - -
2 6 34.7 ± 1.2 8.1 ± 0.3 23.3 ± 1.7 2.2 - -

4 Amberlyst-15 3 61.3 ± 2.3 8.2 ± 0.3 13.4 ± 1.0 2.2 14.2 ± 0.5 10.4 ± 0.4
5 6 91.8 ± 1.4 14.5 ± 0.5 15.8 ± 0.8 2.4 32.3 ± 1.6 28.6 ± 1.4

6 Fe-SMBCs (EX) 3 45.8 ± 0.8 5.2 ± 0.2 11.4 ± 0.6 2.0 - -
7 6 61.2 ± 1.2 23.4 ± 0.7 38.2 ± 1.9 2.4 - -
8 Fe-SMBCs (GSs) 6 60.1 ± 1.0 22.1 ± 0.5 36.8 ± 1.4 2.7 - -

9

GVL

No catalyst 6 33.0 ± 0.7 5.6 ± 0.2 17.0 ± 0.9

10 Fe-SMBCs (EX *) 3 50.7 ± 1.2 20.1 ± 0.6 39.6 ± 2.1 - - -
11 6 72.5 ± 1.1 41.8 ± 0.8 57.7 ± 1.9 - - -
12 Fe-SMBCs (GSs *) 6 70.5 ± 1.2 40.8 ± 0.7 57.9 ± 2.1 - - -

6 8.1 ± 0.4 ** 2.1 ± 0.1 25.9 ± 0.7

* EX = exhausted pomace, GSs = grape stalks; ** reaction conducted in the presence of glucose (0.2 mmol).

In the absence of a catalyst, when 0.2 mmol fructose was reacted in 1 mL of water and
2 mL of MIBK at 403 K, a conversion of 34.7 ± 1.2%mol was achieved after 6 h, with a 5-HMF
yield of 8.1 ± 0.3%mol and a selectivity of 23.3 ± 1.7%mol (Entry 2). When Amberlyst-15
was used as a catalyst (Entry 5), the fructose conversion was 91.8 ± 2.3%mol with a 5-HMF
yield of 14.5 ± 0.5%mol. However, the selectivity for producing 5-HMF was found to be
only 15.8 ± 0.8%mol, which was lower than the non-catalyzed process. In particular, the
Amberlyst-15 acidity was found to be strong enough to promote the subsequent hydrol-
ysis to produce formic and levulinic acids as reaction by-products (32.3 ± 1.6%mol and
28.6 ± 1.4%mol, respectively) [45]. In contrast, despite a lower fructose conversion rate of
61.2 ± 1.2%mol–60.1 ± 1.0%mol (Entries 7,8), Fe-SMBC showed a higher yield and selectiv-
ity towards 5-HMF production, with values in the range of 23.4 ± 0.7%mol–22.1 ± 0.5%mol
and 38.2 ± 1.9%mol–36.8 ± 1.4%mol, confirming the effectiveness and the selectivity of
catalysts in the dehydration process. The simultaneous presence of Brønsted (sulfonic
groups) and Lewis (magnetite) acid sites effectively catalyzed the dehydration of fructose,
in contrast to Amberlyst-15, which only contains sulfonic groups (4.3 mmolSO3H/g, experi-
mentally detected). These values can be further improved by using GVL as a co-solvent
reaction (Entries 11,12), with yields in 5-HMF of 41.8 ± 0.8%mol–40.8 ± 0.7%mol and
selectivity of 57.7 ± 1.9%mol–57.9 ± 2.1%mol. In the adopted reaction conditions (volume
ratio GVL:H2O = 2:1), the reaction medium becomes homogeneous. However, the use of
GVL as a co-solvent limits the degradation processes of fructose and 5-HMF that lead to
the formation of humic substances, thus increasing the selectivity towards the production
of 5-HMF [57]. However, in the case of MIBK, a clear and convenient separation of the
produced 5-HMF was achieved at the end of the process. More than 70% of the 5-HMF was
easily recovered in the organic phase (R = 2.4–2.7), allowing for the subsequent isolation
of the final product by distillation, with a purity greater than 90%mol [58,59]. In addition,
the catalytic activity of Fe-SMBC in the direct dehydration of glucose for the synthesis
of 5-HMF was measured. By adopting the same experimental conditions (Entry 13), the



Catalysts 2024, 14, 185 11 of 19

yield of 5-HMF was only 8.4 ± 0.4%mol. Lewis acid sites on the catalyst surface were not
sufficient to promote the isomerization of glucose to fructose, which was subsequently
converted to 5-HMF. After this preliminary investigation, in order to assess the closed-loop
strategy for the management and valorization of winery waste, Fe-SMBCs were tested
in the dehydration of free simple sugars that were recovered from grape pomace. The
aqueous current that was recovered from washing grape pomace was directly used without
any pre-treatment in the dehydration process for the production of 5-HMF (Table 6).

Table 6. Dehydration of the aqueous stream obtained from the recovery of free simple sugars from
grape pomace for the synthesis of 5-HMF. Reaction conditions: 0.1 g of catalyst, 1 mL of aqueous
solution, 2 mL of organic solvent (GVL), 403 K, 6 h, 300 rpm.

E Solvent Catalyst
Sugar

Conversion
(%mol)

5-HMF

Yield
(%mol)

Selectivity
(%mol)

1
GVL

No catalyst 26.9 ± 0.8 5.6 ± 0.2 20.8 ± 1.3
2 Fe-SMBCs (EX *) 69.5 ± 1.4 40.7 ± 1.2 58.6 ± 2.8
3 Fe-SMBCs (GSs *) 68.4 ± 1.3 40.9 ± 1.1 59.8 ± 2.6

* EX = exhausted pomace, GSs = grape stalks.

A total sugar conversion of 69.5 ± 1.4%mol–68.4 ± 1.3%mol was obtained with a 5-HMF
yield of 40.7 ± 1.2%mol–40.9 ± 1.1%mol and selectivity of 58.6 ± 2.8%mol–59.8 ± 2.6%mol,
resulting in very similar activities with respect to the use of pure reagents. Once the
robustness was checked, in order to evaluate the stability of the Fe-SMBCs, the catalyst
was recovered at the end of the first reaction cycle by using an external magnet and reused
for at least five reaction cycles without any significant loss of catalytic activity (Figure 7).
No sulfate ions were detected in the reaction mixture after the process [60]. In addition,
the acid properties of the catalyst were recovered at the end of the 5◦ cycle of reaction
(total acid density = 0.90 mmolSO3H/g), which confirms the stability of the catalyst and the
absence of leaching during the process.
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These results clearly demonstrated that the new procedure of preparing the magnetic
sulfonated biochar derived from winery waste allowed us to obtain selective and stable
systems for the catalysis of dehydration of fructose to produce 5-HMF. These experimental
findings validated the effectiveness of the proposed scheme of valorization of the winery
waste, as reported in Figure 1, offering an alternative procedure for the management
of grape pomace and stalks, towards a final zero-waste discharge and the concomitant
generation of fine chemicals.

2.4. Scaling up of Dehydration Process and Future Perspectives

In order to perform a preliminary study on the feasibility of the dehydration process of
simple sugars that are contained in winery waste for the synthesis of 5-HMF, a first evalua-
tion of the methods that are currently used for the isolation of the target product was carried
out. In general, thermal evaporation of organic solvents for the recovery of 5-HMF at the
end of the dehydration process is not always the most efficient solution. It leads to a partial
decrease in the amount of 5-HMF that is produced (recovery yield = 50–70%mol) [40]. The
problem of separating 5-HMF has been addressed in several reports, in which a variety
of different techniques have been discussed. Reactive distillation under a very high vac-
uum and temperature (130–150 Pa, 453 K) has been proposed, despite the risk of thermal
stability of the 5-HMF, achieving a final recovery greater than 90%mol [61,62]. However,
downstream separation and purification of 5-HMF make up most of the costs of the overall
production (60–70%). An alternative to distillation is the recovery of 5-HMF from the
reaction medium by using adsorbents. Several systems, including zeolites, polymers and
resins, have been investigated for the selective adsorption of 5-HMF [63,64]. However,
this approach requires further process steps for the recovery of the final product, which
leads to an increase in overall costs. For these reasons, the in situ conversion of 5-HMF
into more stable and easier-to-isolate chemical compounds is currently the most useful
and cost-effective strategy [65]. For example, Motagamwala et al. (2018) [66] reported a
process for converting 5-HMF to 2,5-furandicarboxylic acid (2,5-FDCA), a monomer that is
used for the production of bio-based polymers [67]. In detail, fructose was dehydrated to
5-HMF in a GVL/H2O solvent system and directly oxidized to FDCA over a Pt/C catalyst
(yield = 93%mol). Due to its low solubility in the reaction medium (GVL/H2O), FDCA was
then simply recovered by crystallization, resulting in a 99% pure product. At the same time,
useful compounds like 2,5-furandimethanol (2,5-FDM), 2,5-dimethylfuran (2,5-DMF) and
2,5-dimethyltetrahydrofuran (2,5-DMTHF) can be easily obtained by reduction of 5-HMF
in the presence of noble metal catalysts (Pt, Ru, Au) and directly used to produce fine
chemicals, liquid fuels and polymer materials [68–70]. For these reasons, further studies
are being carried out to determine the best strategy for the recovery and conversion of
5-HMF into useful compounds, which will make it possible to define in detail the economic
balance of the entire production process.

3. Materials and Methods
3.1. Reagents and Instruments

All reagents and solvents used in this work were of analytical grade (≥99%) and were
used as commercially received from Sigma-Aldrich (St. Louis, MO, USA), without any
purification or treatment. Fourier transform infrared spectroscopy (FTIR) experiments were
performed by using a FTIR spectrophotometer (Nicolet Summit Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an Everest Diamond ATR module. FTIR spectra were
recorded in the frequency range of 4000 to 400 cm−1 at resolution of 4 cm−1 with 32 scans.
Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectra were
carried out by using a tabletop microscope TM4000Plus (Hitachi, Tokyo, Japan). X-ray
diffraction (XRD) analysis was conducted by using an Empyrean (Malvern169 Panalytical,
Chipping Norton, Australia) diffractometer equipped with a PIXcel1D-Medipix3 detector
operating with CuKα radiation (Cu Kα λ = 1.5406 Å, 45 kV, 40 mA). The data were collected
in the range (2θ) of 5–60◦ and processed with the HighScore Plus software (version 4.8)
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and PDF2 database. The N2 adsorption isotherms were measured with a high-performance
adsorption analyzer (ASAP 2020,Micromeritics, Norcross, GA, USA) at the temperature of
liquid nitrogen (77 K). The specific surface area was determined by using the Brunauer–
Emmett–Teller (BET) method. The pore diameter, volume and distribution were calculated
by the NonLocal Density Functional Theory (NLDFT) method from the obtained isotherms.
Structural carbohydrates (free simple sugars, EHS and cellulose) were determined by using
a GS50 chromatography system (High-Performance Anion-Exchange Chromatography,
Dionex-Thermo Fisher Scientific, Sunnyvale, CA, USA) equipped with an AS50 autosampler
(Dionex, Sunnyvale, CA, USA), an ED50 pulsed amperometric detector (Dionex, Sunnyvale,
CA, USA), with gold electrode and a Carbopac PA10 analytical column (250 mm, 4 mm;
Dionex, Sunnyvale, CA, USA). The microfiltered Milli-Q water (Sigma-Aldrich, St. Louis,
MO, USA) solutions were injected into the instrument (25 µL loop) and analyzed with
a flow rate of 0.5 mL min−1 of an aqueous 18 mM KOH solution generated by an EG40
Eluent generator (Dionex, Sunnyvale, CA, USA). Organic acids and 5-HMF were quantified
through high-performance liquid chromatography (HPLC) analysis by using a JASCO
instrument (Easton, MD, USA) equipped with an AS 2055 autosampler (Easton, MD, USA),
a UV-150 detector (detection wavelengths 235 and 260 nm, respectively) and a Hi-Plex H
column (300 mm, 4 mm; Agilent, Santa Clara, CA, USA). The column was thermostatically
controlled at 328 K with a flow rate of 0.6 mL min−1 of an aqueous 10 mM H2SO4 solution
used as a mobile phase.

3.2. Winery Waste

Grape pomace and stalks were obtained from white grapes harvested from four differ-
ent terraces of a winery located in Puglia (southern Italy). First, the stalks were manually
separated from the grape berries (destemming) by obtaining two different samples, as
shown in Figure 1. Subsequently, the grape berries were washed with deionized water to
remove dust and soil particles and mechanically pressed to achieve the separation of grape
must and pomace, simulating the traditional winemaking process. At the end of the process,
part of the obtained grape pomace and the collected stalks were uniformly distributed on
trays and dried in a M80-VF convection oven (MPM Instruments S.r.l, Bernareggio, Italy) at
333 K for 3 days for the determination of Total Solids (TSs). The obtained solids were then
milled in a commercial mill (Moulinex, Milano, Italy) and sieved to obtain a particle size of
0.4–0.7 mm. At the same time, the residual grape pomace was collected, and the free simple
sugars (e.g., glucose, fructose) recovered by two consecutive extractions with deionized
water (weight ratio grape-pomace-to-deionized water of 1-to-1). The extracts were collected
together (aqueous stream) and analyzed for the determination of the total carbohydrate
content for the next dehydration tests (denoted as aqueous stream). Finally, the exhausted
pomace was recovered after the extraction process, dried and treated following the same
procedure previously described for grape pomace and stalks.

3.3. Biomass Characterization

The dried biomass that was recovered in the different phases of the vinification process
(grape pomace, exhausted pomace and grape stalks) was analyzed in order to determine the
main exploitable components. Their average chemical composition in terms of esterifiable
lipids, proteins, free simple sugars, EHS, cellulose, lignin and ashes content are reported
in Table 1. All experiments were conducted in triplicate, allowing us to calculate the
mean value and standard deviations. Details about the protocol used for the chemical
characterization of biomass are given below.

3.3.1. Determination of Total Lipids

In a Falcon tube of 50 mL, 4 g of dried sample was placed with 20 mL of hexane. The
system was closed and kept at 298 K for 15 min under stirring (300 rpm) in an orbital
incubator (Gallenkamp). At the end of the process, a two-phase system was observed,
comprising an upper organic phase in which lipids are dissolved and a lower phase of
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exhausted biomass. Four consecutive extractions with hexane on the wet residual solids
were carried out with the extracts that were recovered and collected together. Finally,
the total lipid content was determined by evaporating the organic solvent under vacuum
(353 K, 500 mbar, Rotavapor R-205, Büchi Labortechnik AG, Flawil, Switzerland) and
accurately weighing the obtained crude lipid extract [71,72].

3.3.2. Determination of Structural Carbohydrates and Lignin Content

The residual solids that were recovered after the preliminary extraction of the lipid
component with hexane were dried in an oven at 373 for 24 h. Structural carbohydrates
and lignin content were then determined by adopting a modified National Renewable
Energy Laboratory (NREL) method for the characterization of raw biomass. Then, 2 g
of the dried sample was suspended into 100 mL of 4%wt H2SO4 solution and stirred at
room temperature for 1 h. Following this, 2 mL of this suspension was filtered with a
Whatman filter (N◦42), diluted if necessary, and analyzed for the determination of free
simple sugars. The suspension was then kept under reflux for 2 h. The resultant cooled
solution was filtered, made up to 200 mL with Milli-Q water and analyzed to determine
EHS (including hemicellulose, pectin sugars and exopolysaccharides) and protein content
(see Section 3.3.3). The solids recovered from the filtration were washed with over 100 mL
of Milli-Q water and dried at 378 K for 24 h. The dried solids were weighed and suspended
with 5 mL of 72%wt H2SO4 solution at 277 K for 24 h. The resulting solution was then
transferred into a 250 mL glass balloon, made up to 100 mL with Milli-Q water and refluxed
for another 2 h. The suspension was filtered through a previously weighed filter, made
up to 100 mL with Milli-Q water and analyzed for the determination of cellulose content.
Finally, filtered solids were thoroughly washed with Milli-Q water, dried at 378 K for 24 and
weighed. Lignin content was determined by the difference between the weight obtained
and the respective ashes after the thermal treatment at 823 K for 3 h.

3.3.3. Determination of Protein Content

The protein content was determined using a modified Folin–Lowry method based on
the complexation of peptides with copper ions under alkaline conditions and subsequent
oxidation, resulting in the formation of a colored complex with its maximum adsorption
at 660 nm [73]. Specifically, the aqueous solutions that were obtained after the first acid
hydrolysis of the dried samples (see Section 3.3.2) were used for spectrophotometric de-
terminations, in which the proteins that were present were completely hydrolyzed and
solubilized by thermal treatment (under reflux, 2 h). The following aqueous solutions were
prepared for the analysis:

(i) Solution A: 268 mg/L sodium tartrate dihydrate (C4H4Na2O6·2H2O), 23.4 g/L sodium
carbonate (Na2CO3) and 4 g/L sodium hydroxide (NaOH);

(ii) Solution B: 1.56%wt copper sulfate (CuSO4);
(iii) Solution C: volume ratio Solution A-to-Solution B of 100-to-1;
(iv) Solution D: 50%vol Folin–Ciocalteu reagent

Subsequently, 2 mL of aqueous solution was placed into a glass Pyrex tube of 20 mL
containing 10 mL of Solution C and 1 mL of Solution D. The system was closed and stirred
at room temperature for 20 min. Finally, the protein content was spectroscopically detected
UV–Visible SP8001 (Metertech, Taipei City, Taiwan, Cina) spectrophotometer by using an
external calibration curve obtained with bovine serum albumin (BSA) aqueous solutions in
the range from 25 to 150 mg/mL.

3.3.4. Determination of Ashes

Ashes were determined by weight loss of dried samples (see Section 3.2) obtained
after heating in a muffle furnace at 823 K for 3 h.
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3.4. Synthesis of Iron Sulfonated Magnetic Biochar Catalysts

A multi-step procedure was used for the synthesis of iron-sulfonated magnetic biochar
catalysts (Fe-SMBCs). The process diagram describing the different synthetic steps is re-
ported in Figure 1. Firstly, biochar was obtained by pyrolysis of dried biomass (exhausted
pomace and grape stalks) at 873 K for 2 h under nitrogen flow (heating rate 10 K min−1, Eu-
rotherm tubular furnace). Subsequently, the biochar obtained was subjected to sulfonation
treatment. In particular, the carbonaceous material was immersed into concentrated sulfuric
acid (95–98%wt, 1 g solid/10 mL H2SO4) and kept at 423 K for 10 h under stirring (300 rpm)
in a Teflon-lined stainless autoclave. The recovered solid was then filtered, washed with
deionized water (until the filtrate was neutral and free of sulfate ions [60]) and dried at
373 K for 15 h. The wet impregnation technique was used to deposit nanometric iron oxide
particles on the surface of the sulfonated biochar by using ferric chloride hexahydrate
as a precursor. Then, 2 g of sample was suspended in 50 mL of an aqueous solution of
FeCl3·6H2O (weight ratio of Fe-to-biochar 25%) and kept at room temperature for 5 h at
300 rpm. The suspension was then evaporated at 383 K, and the solid was dried at 373 K
for 15 h. Finally, Fe-SMBCs were obtained after thermal activation of iron-impregnated
biochar at 873 K for 1 h with the formation of Fe3O4 on the surface of the catalysts.

Determination of Total Acid Sites

The quantification of the total acid sites of the catalysts and the materials obtained in
the different phases of the process (biochar, sulfonated biochar) was determined by Boehm
titration method [74]. First, 0.1 of sample was suspended into 10 mL of deionized water,
and after 10 min of stirring, the pH of the supernatant solution was measured. The system
was then titrated with an aqueous 0.01 M NaOH solution until the neutralization of the
supernatant solution was achieved. The total acidity density was calculated as shown in
Equation (5):

Total acid density (mmolSO3H /g) =
CNaOH × VNaOH

msample
(5)

where CNaOH is the concentration of NaOH, VNaOH is the volume of NaOH added and mc
is the starting amount of sample.

3.5. Dehydration Tests

The synthesized catalysts were preliminary tested in the fructose dehydration reaction
for the synthesis of 5-HMF. The reactions were carried out in a glass Pyrex reactor of 10 mL
with a stopper and a magnetic stirrer. In a typical experimental procedure, 0.1 g of catalyst
was mixed with 1 mL of aqueous fructose solution (0.2 mmol) and 2 mL of organic solvent
(MIBK or GVL), resulting in a final volume ratio of organic-to-aqueous-phase of 2-to-1. The
reactor was closed and placed in a preheated oil bath, maintained at 403 K, and magnetically
stirred at 600 rpm for a given reaction time (3, 6 and 12 h). At the end of the process, the
system was rapidly cooled in an ice water bath, and the catalyst was recovered using an
external magnet to obtain the liquid sample for analysis. The conversion of fructose, the
yield and the selectivity of 5-HMF were calculated according to Equations (6)–(8):

Fructose conversion (%mol) =
mmolstarting fructose − mmolresidual fructose

mmolstarting fructose
× 100 (6)

Yield product(%mol) =
mmolproduct

mmolstarting fructose
× 100 (7)

Selectivity 5-HMF(%mol) =
mmol5-HMF

mmolstarting fructose
× 100 (8)
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In the case of MIBK, the partition coefficient (R) of 5-HMF between the two phases
(aqueous and organic) was also evaluated by Equation (9).

R =
mmol5-HMF organic phase

mmol5-HMF aqueous phase
(9)

Once the best experimental conditions were identified, the catalysts were finally tested
in the dehydration of simple sugars that were present in the water stream and recovered
from grape pomace by extraction with water.

Reusability of the Catalyst

After each reaction cycle, Fe-SMBCs were recovered by using an external magnet.
Then, the catalyst was rinsed thoroughly with water to remove any organic species that
were present on the catalyst surface. After drying at 373 K for 15 h, the recovered catalyst
was then reused for the next reaction cycle.

4. Conclusions

In this study, a closed-loop strategy for the management and valorization of winery
waste was proposed. Starting from grape pomace and stalks, a novel synthetic methodology
was developed to obtain iron-sulfonated magnetic biochar catalysts (Fe-SMBCs) after
the preliminary recovery of free simple sugars that were present in the winery waste
by water extraction. Thanks to their acid and magnetic properties, these catalysts were
successfully tested in the dehydration of free simple sugars that were present in the aqueous
stream generated for the production of 5-HMF. The application of this innovative and
sustainable approach to the management of winery waste will lead not only to a reduction
in management costs but also the conversion of waste into a resource, in accordance
with the principles of circular economy. Several experimental aspects of this valorisation
strategy will be thoroughly studied to achieve better results, and a complete structural
characterization of Fe-supported sulfonated biochars will be performed, to elucidate the
catalytic potentialities.
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