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1. Introduction

Materials play a very important role in the technological development of a society,
greatly impacting people’s daily lives. Indeed, the development of innovative materials
and the enhancement of existing ones are closely linked to the continuous demand for
more advanced and sophisticated applications. Although aspects related to the study,
the synthesis and the applications of materials are of interdisciplinary interest, in the last
few years, great attention has been paid to the development of advanced materials for
environmental preservation and sustainable energy technologies.

This Special Issue aimed to cover the current design, synthesis, and characterization
of innovative advanced materials and nanotechnologies, as well as novel applications able
to offer promising solutions to the these pressing themes.

2. Sustainable Energy and Environmental Applications

The development of new materials and processes, able to complete the approaching
energetic transition challenge, aiming to produce, convert, harvest, transport, and store
clean energy [1-3], is strictly related to global environmental issues.

Indeed, the limited reserves of fossil fuels, together with their high environmental
impact on greenhouse gas emissions and the growth of the global energy demand, have
raised the ambitious goal to produce efficient materials for energy-related fields, able at
the same time to respond to sustainable and environmentally friendly principles [4,5]. The
possibility to undertake a virtuous circuit that is able to give new life to waste products
is also a possibility that well fits these objectives [6,7]. In order to reach these targets,
multi-disciplinary expertise is required and encouraged.

In this view, in this Special Issue, novel, advanced and improved materials were
fully investigated and applied to improve energy systems, sensing devices and waste
valorization for fuel production.

Nardelli et al. [8] employed a promising ionic liquid as an advanced heat transfer
fluid in solar thermal energy applications. Thanks to their high heat capacity, low melting
point and relatively high density in the typical operating conditions of solar thermal energy
systems, ionic liquid can be used in this field, but needs to be opportunely selected. Authors
investigated the thermal stability and corrosion effects of these compounds, developing
a promising method for their selection with a suitable lifetime able to meet the durability
requirements of commercial and industrial solar thermal applications [8].

A composite material based on silicone vapor-permeable foam filled with
lithium chloride salt was investigated for low-temperature heat storage applications by
Mastronardo et al. [9]. Thermal energy storage is regarded an efficient and effective means
to store solar energy when it is available in excess. In this process, heat is transferred to
the material that, due to the dehydration reaction, is stored as long as the salt is in the
dehydrated form. When heat is required, water is made accessible to the salt, reversible
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hydration takes place and heat is released, making the heat discharge available and control-
lable on demand. Lithium chloride salt was used for this purpose, but, being known for its
deliquescent effect, it was incorporated in a composite matrix, characterized, and tested
under hydration/dehydration cycles. The results showed an effective embedding of the
material, which limited the salt release when overhydrated, thus making it a competitive
candidate in the related application field [9].

A light harvesting system was presented by Elrashidi [10]. Silicon nanowires were
coated with a graphene layer and plasmonic nanoparticles were distributed on the top
surface of the silicon substrate layer to realize a solar cell. The proposed structure was used
for efficient light harvesting in the visible and near-infrared regions. The performance of
the solar cell was tested for different nanoparticle materials and dimensions, as well as
for different solar cell structures, reporting improved results compared to similar reported
systems [10].

Bonaccorsi et al. [11] presented a metal oxide sensor based on zinc oxide for possible
use in the monitoring of low concentrations of volatile organic compounds, that are gener-
ally released during the phenomenon of food degradation. In particular, the device was
able to detect the target volatile, hexanal, with minimum interference from all the others. In
this way the material was proved to function as a selective gas sensor, giving an important
indication of the quality and conservation of meat [11].

Similarly, Gnisci et al. [12] used a nanostructured material based on tin oxide to develop
low cost and real-time resistive sensors useful in the monitoring of the fermentation process
and storage of many foods and beverages. In particular, the effect of different working
atmospheres was taking into account for the detection of gaseous diacetyl, generally
produced during these processes and undesired over a specific threshold. The sensor
showed a low detection limit, good selectivity and low response/recovery times [12].

The approach of waste valorisation was pursued instead by Fazzino et al. [13], whose
study aimed to address the full valorization of anchovies in order to extract fish oil,
an omega-3 source, and to produce biomethane through anaerobic digestion. In addi-
tion, the proposed extraction was a green-solvent process [13].

Finally, Satira et al. [14], starting from the hydrothermal carbonization of orange peel
waste, presented a simple and green protocol to obtain hydrochar and high-added value
products, such as 5-hydroxymethylfurfural, furfural, levulinic acid and alkyl levulinates.
Numerous process variables were investigated in order to find the optimum conditions
that maximized the yields of products resulting from waste valorisation [14].

3. Concluding Remarks

As proved by the authors, there are many facets of the same issue and many very
different ways to contribute to improve clean energy technologies and environmental sus-
tainability. The two aspects are strictly related and, as also shown by the latest trends
in the scientific research, these bonded themes will continue to be the focal point in
future decades.
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Featured Application: The biorefinery scheme proposed in this paper is almost ready for scaling
up and can potentially be applied to every industrial chain involved in the preservation of fish
fillets (e.g., anchovies, tuna, and salmon). This is an alternative to the current policy of making
fish flour from fish remainders.

Abstract: Several anchovies species are captured all over the world; they are consumed fresh but
also preserved by the industry, either by brine-fermentation or canning in oil. The industrial process
generates large amounts of residue (about 50% of the original fish biomass) that is generally used
to produce fish flour. In this paper, the advancement of a recently proposed process for the full
valorisation of anchovies aimed at the extraction of fish oil (to be used as an omega-3 source) and
at the production of biomethane through anaerobic digestion is presented. Particularly, in the
experiments presented, a co-digestion of anchovy sludge—used as a nitrogen supplement—and
market waste (5% and 95% on a Total Solids basis) was performed. Since the proposed extraction
process uses, as a green-solvent, d-limonene, the well-known problems of toxicity for the anaerobic
biomass must be overcome during the digestion process. As discussed below, the granular activated
carbon (GAC) is used to reclaim and improve anaerobic digestion processes in a reactor displaying
clear signs of inhibition. In fact, GAC demonstrates multiple benefits for anaerobic digestion, such
as adsorption of toxic substances, biomass selection, and triggering of direct interspecies electron
transfer (DIET).

Keywords: anaerobic digestion; anchovies; biorefinery; circular economy; d-limonene; granular
activated carbon; inhibition

1. Introduction

In the last decade, in developed countries, the industrial practice shifted from the mere
management of biomass constituted by industrial residues, by-products, and waste to their
full valorisation according to biorefinery schemes. While at the turn of the millennium, in
most countries, the correct landfilling of waste was considered a fully acceptable practice,
nowadays the full implementation of a circular economy demands a complete valorisation
of every raw material, and especially for those of biological origin [1]. A giant step in the
right direction has been the adoption by the EU of the “Circular Economy Action Plan” [2]
that is destined to shape, over the next decades, the European economy towards a “cleaner
and more competitive future”.

In many industrial chains, applied research has allowed the potential complete
valorisation of several feedstocks (e.g., orange [3,4], avocado [5], and lignocellulosic
biomass [6,7]).
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One of the most interesting ways to implement the circular economy approach is the
“blue economy”, a paradigm founded on the sustainable exploitation of marine resources
that allow the preservation of the marine environment, conceived as one of the key factors
of global prosperity [8].

As an example of a “blue economy” process, this paper aims to demonstrate, at the
laboratory level, the potential of a biorefinery scheme applied to anchovies.

Several anchovies species are captured by fisheries all over the world; according to
official data [9] in the decade 2010-2019, the capture ranged between 5.5 and 11 million
tonnes per year.

In addition to the direct consumption as fresh fish, anchovies are transformed either by
brine-fermentation or canning (preserved in oil). These processes cause the loss, as residues
(heads, viscera, and spines), of about 50% of the original fish biomass. In the conventional
industrial processes, these residues are not lost but used to produce fishmeal destined for
indirect human consumption (e.g., aquaculture) and, more rarely, fish oil [10,11]. Indeed,
omega-3 production still strongly depends on fish oil extraction of fresh fish (especially
anchovies and sardines), so much that it is competing with its aforementioned direct human
consumption [12].

In this paper, the advancement of a recently proposed process [13] for the full valori-
sation of anchovies aimed at the extraction of fish oil (to be used as an omega-3 source) by
their residues and the production of biomethane through anaerobic digestion is presented
(Figure 1). The produced biomethane can be converted to energy by very efficient combined
heat and power schemes, allowing not only to cover the energy demand of the process
itself but also to sell surplus energy.

The proposed extraction process uses, as a green-solvent, d-limonene, namely a widely
available by-product of the citrus industry [3]. As a by-product, an anchovy sludge (AS)
is obtained in considerable amount (97% w/w of the total residue quantity) [10]. AS is
expected to be rich in d-limonene and poor in nutrient elements after oil extraction and,
thus, unsuitable for animal feeding or other similar forms of valorisation.

The advancement proposed and presented in this paper is the evaluation of the
potential of by-products derived from fish oil extraction (AS), to produce biomethane
by anaerobic digestion, both by batch and by semi-continuous experiments without any
previous pre-treatment. In particular, semi-continuous experiments afford for a preliminary
optimization of the process, solving, at least partially, two of the problems linked to the
use of AS a substrate for anaerobic digestion: the high presence of d-limonene (whose
inhibition capacity during anaerobic digestion is well known [14,15]) and the unbalanced
C/N ratio.

RECOVERY OF D-LIMONENE DIGESTATE

OlL ANAEROBIC
FILTRATION ‘
ANCHOVIES EXTRACTION DIGESTION

WASTE BIOGAS

LIMONENE

BIOPRODUCT {/ )
ORANGE EXTRACTION

PEEL

OMEGA-3
FISH OIL

Figure 1. Biorefinery scheme for the full valorisation of anchovy waste.

As discussed below, granular activated carbon (GAC) was used to reclaim and improve
the anaerobic digestion processes in a reactor showing clear signs of inhibition. In fact,
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GAC demonstrated multiple benefits for anaerobic digestion, such as adsorption of toxic
substances, triggering direct interspecies electron transfer (DIET) [15-21].

2. Materials and Methods
2.1. Fish Oil Extraction Process

After the homogenization of anchovy residues (300 g) by a blender is carried out, they
are mixed with a first aliquot of d-limonene (150 g) refrigerated at 4 °C. The so-obtained
semi-solid slurry is added to a second aliquot of cold d-limonene (150 g) into a glass
beaker sealed with aluminium foil and further coated with parafilm. The mixture is then
magnetically stirred at 700 rpm for 24 h at room temperature, with the fish oil obtained by
rotavaporing the supernatant at 90 °C (pressure: 40 mbar). The by-product of the process
is anchovy sludge (AS), still rich in d-limonene.

2.2. Substrates and Inoculum Characterisation

The main substrate used in the experiments was the AS derived from fish oil extraction.
A co-substrate mimicking fruit and vegetable market waste (MW), and composed of
49.0% w/w of potatoes, 44.4% w/w of apples, and 6.6% w/w of carrots, was also used. Both
substrates were characterized by measuring the total and volatile solids, pH, and carbon
to nitrogen ratio (C/N), while d-limonene content was determined only in the AS. Total
and volatile solids and pH were evaluated according to standard methods [22], the C/N
was measured using an elemental analyser TOC-LCSH (Shimadzu; Kyoto, Japan) while
the analysis of the residual d-limonene, present in the substrate, was carried out according
to the analytical procedure previously reported [15], by mixing 0.3 g of AS with 3 mL of
a toluene solution (as an internal standard) in cyclohexane (0.1 M) for 6 h. The liquid
suspension was then filtered and injected into an offline GC-FID (Agilent 6890 N) equipped
with a CP-WAX 52CB column (60 m, i.d. 0.53 mm).

The inoculum used in batch and semi-continuous experiments was a digestate coming
from previous experiments. It was characterized by measuring total and volatile solids and
pH evaluated according to standard methods [22]. Table 1 reports the main characteristics
of substrates and inocula.

Table 1. Substrates and inocula characteristics.

Anchovy Sludge Market Waste Inoculum (Batch Tests) Inoculum (Semi-Continuous t.)
TS [%] 20.1 19.4 3.9 3.1
VS [%TS] 66.7 93.3 66.6 66.7
pH 6.85 5.26 8.13 8.04
C/N 3.4 36.3 - -
. 01251
d-limonene [g/g] 01602 - - -

1 A sample of AS used for batch and semi-continuous tests (days 1-56); > A sample of AS used for semi-continuous tests (days 57-80).

2.3. Biomethane Potential (BMP) Tests

BMP tests (Table 2) were performed in triplicate under mesophilic conditions using a
self-developed method [23,24], basically compliant with UNI/TS 11703:2018 (the Italian
standard procedure for BMP tests). Tests were performed using glass bottles (1.1 L volume)
placed in a thermostatic cabinet at 35 & 0.5 °C and mixed by using a magnetic stirrer. The
inoculum was mixed with the substrate (substrate to inoculum ratio in terms of vs. was set
equal to 0.3) and nutrient solutions (prepared and dosed according to UNI/TS 11703:2018).

BMP tests were performed to evaluate the potential methane production from AS,
MW, and from a mixture of both. The mixture was prepared with the aim to obtain a C/N
in the substrate equal to 25, which can be considered a well-balanced value. To obtain
the desired C/N, a proportion of 1:19 (5-95) on the TS basis of AS and MW, respectively,
was necessary.
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Table 2. BMP design of experiments.

Substrate Market Waste Anchovy Sludge Mix
(MW) (AS) (95% MW + 5% AS)
pH 8.1 8.1 8.1
C/N 36.31 341 24.73
gvssubstrate/ gVSinoculum 0.30 0.30 0.30
S [g] 3.35 4.69 3.40
TS at the beginning of 3.17% 3.39% 3.18%

the experiment

In addition to BMP bottles, blanks (containing inoculum and a nutrients solution, used
to assess a non-specific biomethane production) and cellulose-fed reactors (used as control)
were also prepared. About three times per week, the biogas produced was transferred in a
bottle filled with a NaOH solution (3M) for CO, adsorption, and the methane amount in
the produced biogas was then measured by an eudiometer (a water displacement method).
The pH was measured at the beginning of the tests, while TS, VS, COD, ammonium ion
and chloride concentration, VFAs, and FOS/TAC were measured at the end of them. VFAs
and FOS/TAC allow verification of the stability of the digestion process since, when a high
level of them is registered or when they tend to increase over time, an unbalance of the
process, due to an overloading or an inhibition of the methanogenesis, is possible [25,26].
TS, VS, and pH were measured using standard methods [22]; COD, ammonium ion, and
chloride concentration were evaluated thanks to a photometric method (Photometer WTW
Photolab 512 and appropriate pre-dosed cuvettes), whereas VFAs were determined through
a three-point titration method, and then the FOS/TAC was calculated [25,26].

2.4. Semi-Continuous Experiments

Semi-continuous experiments were carried out with the aim to reproduce more pre-
cisely, at a laboratory scale, the digestion process. A Bioprocess Control Bioreactor simulator
system equipped with 4 continuously stirred tank reactors (glass, working volume 1.8 L)
placed in a thermostatic water bath (set at an operating temperature of 35 °C) was used.
This system allows the feeding and discharge of the reactors and the measurement of the
produced biomethane by a patented system based on water/gas displacement. The hy-
draulic retention time was set equal to 20 days, while the organic loading rate, initially set
at2.0 gVS-L~1-day~! during the start-up (days 0-38), was reduced before the beginning of
the regime phase (days 39-83—more than 2-HRT), since a severe overloading was evident
in all the reactors. In order to accelerate the recovery of the reactors, the supplementation
of new inoculum was also necessary in some experiments and, for this reason, only data
recorded in the regime phase are presented and discussed. The reactors were fed three
times per week; the pH was measured during each feeding/discharge and NaHCO3 was
added if the measure value was <6.7.

A composite weekly sample was prepared for analyses of TS, VS, COD, ammonium
ion concentration, VFAs, and FOS/TAC using the same methods mentioned for batch tests.
During the operation, due to the change of the AS and to the subsequent increase of the
d-limonene, signs of inhibition of the process were evident. For this reason, as already
mentioned, 10 g-L*1 of granular activated carbon (CARBOSORB 2040, 20 x 40 mesh;
Comelt srl, Milan, Italy) were added in reactor 3; this concentration was then kept constant
until the end of the test. The test was stopped after 83 days due to the unavailability of the
lab for the following weeks due to reasons independent of the will of the authors. Table 3
summarizes the main characteristics of the reactors during the regime phase (days 39-83).
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Table 3. Semi-continuous experiments.

Reactor 1 Reactor 2 Reactor 3 Reactor 4
Reinoculation (end of start-up phase) YES YES NO YES
Loading (regime phase) [gVS-L~1-day '] 1 0.5 1 0.5
Market Waste (TS basis) 100% 100% 95% 95%
Anchovy Sludge (TS basis) - - 5% 5%
C/N substrate 36.3 36.3 24.7 24.7
Substrate addition [g-d~!] (regime phase) 10.00 5.00 10.10 5.05
680! 340!
i -1 L1 - -
Expected regime d-limonene conc. [mg-L™"] 8702 4362
Addition of GAC—10 g-L~! (days) - - 74-83 -

! Anchovy Sludge 1—days 1-56; 2 Anchovy Sludge 2—days 57-83.

3. Results and Discussion
3.1. BMP Tests

Methane production during the BMP test was regular for batches fed with the MW
or the mixture between the former and AS (Figure 2 and Table 4). Final BMP values were
very similar: 421 + 13 NmL-gVS~! for MW and 420 & 23 NmL-gVS~! for the mixture
respectively; the very low standard deviation witnesses the uniformity of the production
among batches. Moreover, results confirm those reported in the scientific literature for
similar substrates [27,28], corroborating that MW is an excellent substrate for anaerobic
digestion. Notably, due to the supply of nitrogen from the inoculum, the benefit of
optimizing the C/N ration by adding the AS is not evident in batch tests.

450

== Market waste
Anchovies Sludge

400 -

300

250

200

150

100

Methane cumulative production [NmL/gVS]

0 T T T T B

0 5 10 15 20 25
Day

Figure 2. Methane cumulative production during BMP tests.

The results relative to batches fed uniquely with AS are completely different, even
if the difference was expected. At the end of the experiment, their production was, on
average, lower than that of the blank (inoculum); in this case, the standard deviation
was also very limited, thus confirming the consistency of the results. The most likely
reason for the observed behaviour is due to the presence of d-limonene in the substrate. In
fact, the initial concentration of the latter at the beginning of the experiment was of about
4870 mg-L~! and therefore well above the level severely inhibiting anaerobic digestion [14].
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The analyses on digestate at the end of the experiments (Table 4) further confirm
these trends: while the reactors fed with MW and with the mixture perform similarly (and
similarly to the positive control fed with cellulose data; not shown) in terms of residual
COD, ammonium ion and chloride concentration, and VFA, the batches fed with AS only
present a higher residual COD (+63%) and a high concentration of VFA (+510%). The latter
indicates that the conversion of the substrate to VFA occurs, but the high concentration of
d-limonene severely affects the methanogens, triggering the accumulation of VFA up to
toxic values [29-31]. The results of the batch tests indicate that AS, even in the presence
of quite high amounts of d-limonene, is potentially a good substrate for co-digestion with
carbonaceous feedstocks.

Table 4. Analyses of digestate from BMP experiments.

Mix (Market w. +

Market Waste Anchovy Sludge Anch. Sludge)
pH 7.6 £+ 0.00 7.6 £+ 0.06 7.5 4+ 0.01
COD [mg/L] 7008 + 398 11470 + 130 7073 + 385
ammonium ion [mg/L] 1435 + 60 1861 + 61 1411 £ 39
chloride [mg/L] 1280 + 93 1563 + 105 1363 + 274
VFA [mg/L] 550 + 156 3662 + 69 651 + 129
FOS/TAC 0.11 +0.03 0.4 +0.02 0.12 + 0.02

3.2. Semi-Continuous Experiments

In the initial part of the regime phase (Figure 3b), methane production seems to be
linked only to the applied organic loading. In fact, reactors 1 and 3, and 2 and 4, respectively,
behave similarly. This behaviour was confirmed for reactors 2 and 4 (low loading) until
the end of the experiment, while reactors 1 and 3 present a different production pattern.
Reactor 1 and 3’s productions slowed gradually since about day 60 for the latter; this
tendency was more pronounced, but a sudden recovery was also evident from about day
75 of the total operation.

For the first 20 days of regime phase (1-HRT) the average yield (Figure 3b) was similar
for reactors 1 and 3, and 2 and 4, respectively; it was equal to about 0.2 NL-gVS,qqeq ! for re-
actors 1 and 3 and to about 0.25 NL-gVS,ggeq ! for reactors 2 and 4, respectively. Then a con-
tinuous decrease was evident for reactor 1 that reached a value of about 0.17 NL-gVS,4dedq -1
in the last days of the experiment. On the contrary, after a sharper decrease until day 75,
first stabilization and then a slight increase was registered; in the last days of operation the
yield of reactor 3 surpassed that of reactor 1.

pH (Figure 3c) in all reactors during the regime phase was close to 7, seldom need-
ing NaHCOj; addition to increase the buffering capacity. A marked tendency toward a
reduction is evident in reactor 3 after the beginning of the feeding of the new sludge.

TS (data not displayed) and VS concentrations (Figure 3d) were stable during the
regime phase; TS were slightly higher for reactors 1 and 3 (loading 1 gVS-L~!-day~1).

The COD concentration (Figure 3e), except for a few spikes (e.g., week 9—reactor 2),
is quite low when the process is stable and tends to increase when the process is inhibited
(reactors 1 and 4, since weeks 9-10).

The ammonium ion concentration (Figure 3f) displays a tendency to decrease, and
reaches very low values (it is practically absent) in reactor 1 since week 4 of operation and
in reactor 2 since week 6.

The VFA concentration and FOS/TAC (Figure 3g,h) are two important process stability
indicators, they are conveniently low for reactors 2 and 4, while they display a tendency
to increase since week 10 for reactors 1 and 3. In reactor 3, after the beginning of GAC
addition, VFA suddenly decreases and the FOS/TAC stabilizes.

10
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Figure 3. Semi-continuous experiments results: (a) methane cumulative production, (b) methane
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It is worth pointing out that the reactors during the start-up phase, as mentioned above,
suffered from a severe overloading that, however, did not seem to influence significantly
the regime phase, indicating a good recovery. The fact that differences among reactors
operating at the same loading, although using different substrates (either MW only or a mix
between this and AS), were not detected during the initial regime phase can be attributed
to two main factors: (i) the supply of nitrogen in reactors 1 and 2 (fed only with MW) was
linked to reinoculation (see Table 2), operating to re-establish the process after the already
mentioned overloading, and (ii) the adaptation to d-limonene during the start-up phase
of the microbial population of reactor 3 (the one with the highest d-limonene loading, as
reported in Table 2) was the only one not needing reinoculation.

The reasons for the reduction of the methane production after about 1-HRT in the
regime phase in reactors 1 and 3 can be attributed to two different factors. For reactor 1, the
reduction of nitrogen below tolerable limits is evident (see Figure 3f) and this supports the
idea that C/N optimization is essential for stable anaerobic digestion. Indeed, adequate
nitrogen presence in digesters must be ensured since it is involved in the fundamental
activities of microbial metabolism (synthesis of proteins, enzymes, ribonucleic acid (RNA),
and deoxyribonucleic (DNA)) [32]. Thus, the lack of nitrogen could have affected the
anaerobic bacteria’s metabolism, eventually causing process failure.

For reactor 3, besides the nitrogen reduction also detected in this case, the feeding
of the new AS (see Table 2) most probably increases the d-limonene concentration up to
intolerable levels and triggers an inhibition of the methanogenesis, as the sharp increase
in VFA concentration and in FOS/TAC and the significant pH reduction both witness.
The supplementation of GAC (10 g-L~!) since day 74 and until the end of the experiment
causes an almost immediate recovery of the reactor, with a sharp increase in methane
production since day 77 and until the end of the experiment. These results confirm previous
research [15,21] on the potential of this material in sustaining the anaerobic digestion of
d-limonene containing substrates. Also, if the experiment, as already mentioned, was
forcedly terminated after about 10 days since the beginning of the GAC addition, its effect
on the process stabilization (probably mainly linked to the adsorption of d-limonene) are
evident. It is interesting to note that in reactor 4, with a potential d-limonene concentration
close to 450 mg-L !, the process does not demonstrate signs of disruption, confirming the
potential of the microbial community to adapt to d-limonene and therefore the importance
of an optimized loading when using AS for the co-digestion with a carbonaceous substrate.
This optimization should aim to slowly increase the quantity fed to the reactor to keep the
d-limonene concentration at a tolerable level. On the other hand, two other factors are very
important and worth noting: (i) optimization of the recovery of d-limonene during the
extraction of the fish oil would be beneficial for the entire biorefinery scheme, and (ii) GAC
is confirmed as a powerful additive in the anaerobic digestion of substrates containing
d-limonene.

The yield of the process was lower than expected, compared to the BMP value for
the co-digestion of MW and AS (420 4 23 NmL-gVS~!) with respect to batch tests; the
reduction is evident and in the order of 40% for the low loaded reactors and 50% for the
others. Furthermore, this reaction is more pronounced than the 10-30% often reported in
the scientific literature for batch and semi-continuous tests on the same substrate [33-35].
Since only reactors also fed with MW display similar behaviour, this situation is most
probably attributable more to the imperfect start-up of the reactors than to the use of AS a
co-substrate.

4. Conclusions

This paper demonstrates the potential suitability of AS a co-substrate for the anaerobic
digestion of mainly carbonaceous feedstocks. However, the presence of d-limonene is an
issue that requires proper countermeasures; the first is the optimization of the oil extraction
process to reduce the residual of the solvent present in AS. In addition, the results presented
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here, although preliminary, demonstrate how proper adaptation and the supplementation
of GAC during anaerobic digestion can improve tolerance to d-limonene.
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Featured Application: Hydrothermal carbonization process can be efficiently used for the si-
multaneous production of value-added chemicals, including furans and levulinates, and carbon-
based materials.

Abstract: In this study, a simple and green protocol to obtain hydrochar and high-added value
products, mainly 5-hydroxymethylfurfural (5-HMF), furfural (FU), levulinic acid (LA) and alkyl
levulinates, by using the hydrothermal carbonization (HTC) of orange peel waste (OPW) is pre-
sented. Process variables, such as reaction temperature (180-300 °C), reaction time (60-300 min),
biomass:water ratio and initial pH were investigated in order to find the optimum conditions that
maximize both the yields of solid hydrochar and 5-HMF and levulinates in the bio-oil. Data obtained
evidence that the highest yield of hydrochar is obtained at a 210 °C reaction temperature, 180 min
residence time, 6/1 w/w orange peel waste to water ratio and a 3.6 initial pH. The bio-products
distribution strongly depends on the applied reaction conditions. Overall, 180 °C was found to be
the best reaction temperature that maximizes the production of furfural and 5-HMF in the presence
of pure water as a reaction medium.

Keywords: orange peel waste (OPW); hydrothermal carbonization; hydrochar; 5-hydroxymethylfurfural
(5-HMEF); furfural (FU); levulinic acid (LA)

1. Introduction

Citrus fruits are among the most cultivated and processed fruits worldwide, with an
annual production of about 152 million tons [1]. The citrus processing industry generates
huge amounts of residues mainly in the form of pulp and peels, with the latter accounting
for almost 50% of the wet fruit mass [2]. With more than 50 million metric tons in 2020 [3],
the juice industry alone generates a huge volume of orange peel waste (OPW) that requires
suitable management, taking into consideration the high OPW biodegradability that causes
its fast fermentation, which is often uncontrolled. Therefore, the direct disposal of this
secondary product without previous proper processing, raises serious environmental
issues and economic loss for the citrus industry since traditional disposal strategies, such
as incineration or landfilling, are expensive and insufficient in terms of environmental
protection and energy efficiency [4,5].
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To date, several technological innovations have been proposed to manage the OPW,
mainly aimed at converting the bio-waste into a valuable resource for the extraction of
essential oil and the sustainable production of biogas, bioethanol and other biobased
chemicals such as pectin, bioethanol and acids [6-9].

Moreover, innovative approaches, such as the catalytic upgrading and the extraction
of bioactive compounds, leading to an ecofriendly production of active ingredients having
applications in different sectors, have been proposed in the last years. Even if the valoriza-
tion of agro-industrial wastes by the preparation of bioactive materials can be considered a
sustainable methodology, other factors also need to be taken into account, including the
extraction method, the employed reagents and solvents, general expense and employing
the use of toxic chemicals with long time/energy-demanding procedures, poor selectivity,
and large volumes of solvents [10]. Furthermore, considering that citrus processing wastes
contain high amounts of moisture, there is a great interest in their use as feedstock for
thermochemical processes as well [11]. The hydrothermal carbonization (HTC) is simply
a thermochemical conversion process carried out in a water medium under autogeneous
pressure at a relatively mild temperature (180-300 °C) and represents a promising treatment
technique for the wet lignocellulosic biomass waste since it permits overcoming the draw-
backs of conventional thermochemical processes that require the use of dry feedstocks [11].
During the hydrothermal carbonization, biomass is dehydrated in-situ and processed into
solid, liquid and non-condensable gaseous products. The distribution of products depends
on the process conditions and on the feedstock used, but in general 50-80% of the original
biomass is present in the solid product, 5-20% in the aqueous phase which contains inor-
ganic and organic matter, and 2-5% in the gas phase which is mainly composed of CO, [12].
Hydrothermal methods are largely used in petroleum-based refineries and are getting
more and more attention from both scientific and industrial researchers since their process
parameters can be easily translated into modern biorefineries aimed at the upgrading of
lignocellulosic residues and wastes [13]. With respect to other (bio)refinery processes, HT
protocols present several advantages in terms of sustainability since they generally adopt
mild reaction conditions (e.g., temperature and pressure) without any homogeneous or
heterogeneous catalysts and in the presence of water as a green reaction solvent (used as
such or in combination with simple aliphatic alcohols) [13].

The carbonaceous residue obtained by the HTC of the citrus processing waste is
rich in oxygenated functional groups, making it a promising material in a wide range of
applications, including pollutants adsorption [14], soil amendment [15], as fuel in energy
applications [11] and as a low-cost material for capacitor and sensing applications, as
recently reported by some of the authors [16-19].

Recently, bio carbon-based catalysts, obtained via the hydrothermal carbonization
of the orange peel, have been also successfully adopted for acid treatments of the ligno-
cellulosic biomass aimed at biodiesel production [20], together with platform molecules
such as xylose, levulinic acid and its derivatives [21,22]. Aqueous and gas phases obtained
during the HTC of orange peels and other citrus fruit wastes are generally considered as
by-products and only a few studies on their use as resources of added value chemicals have
been reported [23]. In this regard, it should be emphasized that the light bio-oil, obtained by
extraction from the aqueous phase resulting from the hydrothermal carbonization of citrus
wastes, consists mainly of aldehydes, phenols, ketones, acids, and some small molecules
and heterocyclic compounds of potential interest, such as feedstocks for the synthesis of
chemicals and liquid bio-fuels [24]. Therefore, the optimization of the process operating
parameters of the HTC, to obtain simultaneously biocarbon materials and value-added
products, could represent a valid approach aimed at minimizing the environmental and
economic impact caused by the management of the agro-industrial waste. Among the
considerable range of chemical building blocks that can be obtainable from citrus wastes,
furfural (FU) and 5-hydroxymethylfurfural (HMF) have shown a great potential in replac-
ing fossil-derived molecules in the synthesis of valuable chemicals—including levulinate
derivatives—and pharmaceuticals [25].
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In this paper, the effect of process variables on the hydrothermal carbonization (HTC)
of the orange peel as industrial processing waste is investigated for both hydrochar and
furan derivative (FU and 5-HMF) in the bio-oil liquid fraction, in order to optimize the
yields to solid and liquid fractions. The exploration of the single-step hydrothermal
treatment represents a promising example of the wet organic waste valorization to produce
value-added products with high yields and, at the same time, to avoid potential and serious
environmental issues arising from the citrus processing waste management and disposal.
Particular attention was given to the peculiar chemical composition of the liquid fraction
obtained from the HT process that is rich in components of absolute strategic interest for
the chemical and pharmaceutical industry.

2. Materials and Methods
2.1. Raw Materials

The orange peels (OPW), obtained from an industry located in Sicily (Italy), were
grounded to a particle size smaller than 2 mm and stored in a sealed plastic bag at —20 °C
(in order to decrease the rate of degradation and the loss of volatile matter) and defrosted
before their use in the experimental tests.

Acetic acid (CH3COOH) > 99.8 w/w% and sulfuric acid (H,SOy) 95.0-97.0 w/w% as
well as other chemicals were purchased from Merk Life Science S.r.L

2.2. HTC Experimental Procedure

In a typical run, a mixture of wet OPW and deionized water at the desired biomass to
water ratio was ultrasonically agitated for 15 min at room temperature (20 °C) and then
transferred into a 300 mL stainless steel autoclave (series 4540 Parr Instrument Company,
IL, USA) for HTC. Since the water to solid ratio has a significant effect on the reaction
products, a series of experiments setting the L:S ration to 4:1, 6:1, 12:1 and 24:1 (w/w) were
performed. For all the experiments, a fixed amount of water was used. Prior to reaction,
residual air was removed from the sealed reactor by repeatedly pressurizing with nitrogen
and venting to atmosphere. In a typical HTC test, the reaction mixture was heated under
autogenous pressure up to the reaction temperature (150-300 °C), at a heating rate of
5°C min~! continuously monitored through a thermocouple placed into the autoclave and
connected to the reactor controller within the whole. The residence time, after reaching the
reaction temperature, was set at 30 min, 60 min, 180 min and 300 min, at a stirring speed of
600 rpm. After the HTC reaction, the autoclave was rapidly cooled at room temperature.
Then, the HTC solid and liquid products were separated by vacuum filtration, with a
Buchner funnel and filter paper. Afterwards, 40 mL of the obtained liquid aqueous product
was extracted by 40 mL of diethyl ether in a separation funnel for carrying out the GC-MS
analysis. A rotary evaporator was used for removing diethyl ether at 40 °C. Each extraction
was performed twice (150 mL of diethyl ether). The remaining liquid was defined as light
bio-oil in this study. Anhydrous sodium sulfate was used as a drying agent of the light
bio-oil after the extraction. The obtained light bio-oil samples were hereafter named as
L-HC T-t, where T denotes the reaction temperature (°C) and t represents the time (min) of
the HTC experiments.

The product yield was calculated using the following equation:

. mass of desired product (g)
Id (%) = 1 1
product yield (%) mass of initial wet OPW (g) x 100 @

The solid hydrochar was sequentially washed with warm distilled water and finally
dried overnight under vacuum at 100 °C. The obtained hydrochar samples are hereafter
named as S-HC T-t, where T denotes the reaction temperature (°C) and t represents the
time (min) of the HTC experiments.

The hydrochar samples, obtained in the experiments performed at different initial
pH values at 180 °C and 60 min, were designated as SA-HC1, SA-HC2, AA-HC1, AA-
HC2 and AA-HC3, where the number represents the pH value theoretically calculated,
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and the prefixes SA and AA refer respectively to sulfuric acid and acetic acid used as
acidifying agents.
The mass yield of HC (MY) was calculated using the following equation:

MHydrochar/ g(db)
Feedstock, g(db)

mass yield, wt % = x 100 2)

It is well known that the relationship between temperature and time, defined and
quantified by Overend and Chornet using the severity coefficient (Ry) based on the as-
sumptions of first-order kinetics and Arrhenius temperature behavior of the aqueous
pre-hydrolysis of Kraft pulping, greatly influences the physicochemical properties of the
lignocellulosic substrates during subcritical and supercritical water treatments [26]. There-
fore, the role of time and temperature on the HTC of OP was interpreted in terms of (Ry),
expressed as
T-T,

7275 ) ®)
where t is the time (min), T is the temperature (°C), Ty is the reference temperature generally
set at 100 °C. Assuming the overall reaction following first-order kinetics and Arrhenius
relation of temperature, the empirical parameter w is the fitted parameter, which in this
and most other studies is assigned the value of 14.75 and equates to a reaction that doubles
in reaction rate for every 10 °C increase in temperature. The w value in severity function
Equation (3) was shown to be inversely proportional to activation energy, as expressed
below (4):

logy Ry = logy[t > exp(

TF R
= 4
W= @
where Tf is the temperature in the middle of the range of experimental conditions (floor

temperature); R is the universal gas constant; Ea is the apparent activation energy.

2.3. Characterization
2.3.1. Characterization of the Bio-Oil Fraction

Products in the aqueous liquid phase as obtained after the separation of the solid
carbonaceous fraction were quantified by using an off-line Shimadzu HPLC equipped with
an Aminex HPX-87-H column using the following parameters: mobile phase 5 mM H;S5O,
at a speed flow of 0.6 mL min~! and the oven-heated at 70 °C. Every measurement was
performed in 30-60 min [27].

The chemical content of the extracted light bio-oil was analyzed by using a GCMS-
QP2010 system (Shimadzu, Japan) equipped with a split-splitless injector. A HP-5 weak
polar capillary column, 30 m x 0.25 mm i.d. x 0.32 um film thickness, was used for each
GC analysis. The carrier gas was helium at a constant flow rate of 24.3 mL/min. For the
setup of each system, 0.5 uL of the GC sample was injected in split mode, with a split ratio
of 1:10 for the sample injection into the column. The oven temperature started at 40 °C (held
for 1 min) and then was increased to 300 °C (maintained for 5 min), with a heating speed
of 3 °C/min. The mass spectrometer operated in electron ionization mode at 70 eV and
mass spectra were obtained in a molecular mass range (m/z) of 40-660. The temperature
of the transfer line was 250 °C. Compound identification was performed by comparison
with spectra obtained from the US National Institute of Standards and Technology (NIST)
mass spectral library (ver. 11).

2.3.2. Characterization of the Hydrochar Fraction

Fourier transform infrared (FTIR) spectra were registered using a Perkin Elmer Spec-
trum 100 spectrometer, furnished with a common ATR sampling accessory. Spectra were
recorded at room temperature from 4000 to 600 cm~! and with a resolution of 4.0 cm ™!,
without any earlier handling. The morphology of hydrochar samples was investigated

using a Zeiss 1540XB FE SEM (Zeiss, Germany) instrument operating at 10 kV [28]. The
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crystalline structure of synthesized materials was investigated using the X-ray powder
diffraction (XRD) by means of a Bruker D8 Advance A 25 X-ray diffractometer operating at
40 kV and in the range 20-80° (2-theta), with an increasing rate of 0.01° /s and the recorded
diffractograms were deconvolved via an OriginPro 2018 software. B.E.T. surface area and
porosity of samples were evaluated by nitrogen adsorption and desorption isotherms
carried out at 77 K by a Quantachrome® ASiQwin"™ instrument (Anton Paar Companies,
Graz, Austria). The thermal stability in the air of investigated hydrochar samples was
evaluated by thermogravimetry (TGA) carried out with TA Instruments SDTQ 600 (balance
sensitivity: 0.1 mg). Samples (~15 mg) were heated at 20 °C/min from 100 °C up to 1000 °C
using a constant air flow rate (100 mL/min), after a preliminary sample stabilization for
30 min at 100 °C to remove the eventually adsorbed water [29]. The weight loss (%)
was calculated.

3. Results and Discussion
3.1. Hydrochar Solid Fraction
3.1.1. Hydrochar Yields and Chemical-Structural Characteristics

In order to analyze separately the effect of reaction temperature and time on hydrochar
yields, a series of experiments at fixed solid to water ratio were carried out [30]. After
60 min of reaction, the hydrochar yield rose with the reaction temperature from 18.8%
at 180 °C up to a maximum of 30.4% at 300 °C (Figure 1). The reaction time provided
less decomposition of biomass than the temperature. It can be assumed that for relatively
short reaction times of 60 min and for low reaction temperatures, the conversion of the
initial biomass is still at a germinal stage, as evidenced by the SEM analysis reported in
Figure 1. On the other hand, after only 60 min of reaction, as the temperature increases the
conversion process becomes significant, favoring the increase in hydrochar yield.
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Figure 1. Hydrochar yield as a function of reaction temperature at a fixed reaction time.

After 180 min of reaction, the yield increases with the temperature from 45.4% at
180 °C up to the highest value of 54.1% at 210 °C. Such behavior is in line with the generally
accepted reaction mechanism of the HTC process of lignocellulosic materials, where the
cellulose degradation starts at a reaction temperature higher than 200 °C while, for a higher
reaction temperature, a clear decrease in hydrochar yield is observed as a consequence
of gas phase products formation. Accordingly, due to the more relevant volatilization
processes under drastic conditions, a notable yield decrease is evident at longer reaction
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times (300 min) already at 180 °C. Such findings, taking into account data obtained by
other authors [30], confirm that process parameters (the reaction time and the reaction
temperature) play a fundamental role on the hydrochar yields and cannot be analyzed
separately. The reported results differ from those reported by Erdogan et al. [23] where a
correlation between the reaction time and the hydrochar yield, in the HTC of the orange
pomace in the T range 175-260 °C, was not found. This substantial difference is probably
due to the distinctive content of cellulose and hemicellulose and their weight ratio, in the
orange peel and in the pomace [31], that probably affects the global carbonization process
with a consequent different amount of solid obtained over time, making the results between
the two materials difficult to compare.

The simultaneous effect of temperature and reaction time, expressed in terms of
logRy, on hydrochar yields is reported in Table 1. A substantial difference was observed
in hydrochar yield produced at different logRy. Experimental data, also summarized
in Table 1, indicate that a rise in the logR, exerts a comparable promoting effect on the
hydrochar production, resulting in a peculiar increasing trend with the severity coefficient
and attaining a plateau of ca. 54.05 wt% at log Ry equal to 5.49 (210 °C at 180 min). A
further increase of the logR causes a hydrochar yield decrease, with the lowest value of
19.69% found at the highest severity of 8.36 (300 °C at 300 min).

Table 1. Hydrochar yields as a function of logRy.

Sample LogRy HC Yields (wt%)
S-HC150-60 3.25 13.27
S-HC1gp-60 4.13 18.74
S-HCig0-180 4.61 35.37
S-HCj150-300 4.83 36.40
S-HCz10-60 5.01 49.10
S-HCp10-180 5.49 54.05
S-HC210-300 5.71 36.13
S-HCp40-60 5.90 29.45
S-HCp40-180 6.37 28.66
S—HC24[),30[) 6.59 24.48
S-HCy70-60 6.78 24.53
S-HCp70-180 7.26 22.34
S-HCp70-300 7.48 20.39
S-HC300-60 7.66 20.40
S-HC300-180 8.14 20.87
S-HC300-300 8.36 19.69

A similar trend in the simultaneous effect of temperature and reaction time upon
energy densification and mass yield have been reported by other researchers using different
biomass raw materials [32-34], supporting that higher temperature and reaction time lead
to an enrichment in fixed carbon and a consequent higher heat production but lower
solids recovery, probably due to a higher conversion of cellulose, hemicellulose and lignin.
This allows for a series of deoxygenating processes (e.g., dehydration, decarboxylation),
resulting in the formation of organic matter and a decrease in oxygen and hydrogen
content [31].

Termogravimetric (TGA) and energy-dispersive spectroscopy (EDS) analysis (shown
in Figures S1 and S2 in ESI) of the different hydrochar samples, obtained under different
hydrothermal temperatures at a fixed residence time of 180 min, confirm the noticeable
role of reaction temperature in the yield and elemental composition of hydrochar. Apart
from the S-HC1gp_1g0 sample, the breakdown of all samples in the air’s atmosphere takes
place in three stages. Until 200 °C the weight loss (stage I) is very low (less than 2%),
probably due to the hydrophobic nature of the hydrochars, which hinders the absorption
of a large water quantity inside their structures. When increasing the temperature a large
weight loss (stage II) starts, centered at around 300 °C and associated with the release

20



Appl. Sci. 2021, 11, 10983

of organic volatile matters due to the decomposition of hemicellulose and cellulose. The
successive stage (III) is related to surface and bulk hydrochar oxidation and suggests that
the progressive loosing of the organic constituents, originally present in the orange peels,
and the surface groups of hydrochar are formed at different hydrothermal temperatures,
leading to samples production characterized by a different chemical composition.

Furthermore, EDS spectra of S-HC5_gp reveals that at a lower temperature of reaction,
many residual oxygenated groups still remain on the surface, evidenced by a high content
of oxygen (about 20 wt%) and a lower content of carbon (ca. 78 wt%). On the contrary,
an increasing of the reaction temperature up to 300 °C causes a decrease of the oxygen
content (12.1%), ascribed to dehydration processes from cellulose to hydrochar [35] and a
consequent enhancement of the carbon content (ca. 88 wt%).

As above mentioned, the reaction temperature influences not only the yields of the
obtained hydrochar samples but also its morphology and composition, as revealed by SEM
experiments. The morphology of samples prepared at lower hydrothermal temperature
(Figure 2A) is not very dissimilar to that of the pectin and lignocellulose (the main com-
ponents of the orange peels raw material) [36]. On the other hand, at 300 °C the material
produced shows the presence of the characteristic hydrochar microspheres.

2 um 7
B sHC210C

A B

Figure 2. SEM analysis of (A) S-HC519_0 and (B) S-HC3zg_go-

XRD analysis was used for the determination of crystalline structures in the hydrochar
samples (Figure 3).

The reflections of crystalline cellulose at 16 and 22.6 theta are noticeably evidenced
in hydrochars obtained at the lowest temperature. As the temperature of the hydrochar
preparation increases, a gradual shift from orderly crystallites to transition crystallites can
be noticed in XRD spectra. Upon further increases of the hydrothermal temperature, these
peaks disappear, whereas new broad peaks, at around 25 and 40 2-theta (*), related to
turbostratic structure of disordered carbon coming from the (100) plane of graphite appear
and gradually grow in intensity. Further increasing of the temperature to 300 °C leads to
a complete conversion of the “crystalline stage” to the “amorphous stage”, as diffraction
peaks at 300 °C suffer from broad shape, low intensities and low signal to noise ratio. As
evidenced in Figure S3, the reaction time is irrelevant on the crystalline structure of the
samples obtained at different reaction temperatures. This phenomenon can be explained
by considering that the crystalline structure of cellulose in the lignocellulosic biomass
has well-packed long chains characterized by strong hydrogen bonding networks, which
maintain the sugar ring assembly promoted by the hydrolysis reaction occurring during
the hydrothermal carbonization process [35].
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Figure 3. X-ray diffractograms of the hydrochar obtained at different temperatures after 60 min
of reaction time. (e reflections of crystalline cellulose; * reflections of turbostratic structure of
disordered carbon).

FTIR spectra at different reaction temperatures and reaction times are reported in
Figure S4 in ESI. As can be seen from the FT-IR spectra, the reaction time does not affect the
structural properties of the samples obtained at different reaction temperatures, therefore an
example of a summary of the structural properties and N, adsorption-desorption isotherms
obtained at various temperatures and at a fixed reaction time of 60 min is reported in
Table 2. The adsorption bands at 1608 cm™! and 1701 cm™! correspond to the C=C
vibrations and the C=0 band, respectively, displaying the asymmetric stretch of aromatic
rings, carbonyl, quinone, ester or carboxylic groups probably with a small quantity of
amide, revealing the decarboxylation reaction and the aromatization of the orange peel
waste during the hydrothermal process. The peaks at 1026 cm ! can be attributed to the
C-O stretching vibrations of carboxylic acids and esters or carbohydrates, while the band
at about 3300 cm ™! suggests the O-H stretching of hydroxylic or caboxylic functionalities.
Aliphatic C-H bands are found at 3000-2800 cm L. The spectrum of S-HC;gp¢g reveals a
peak at 1120-1050 cm ™!, possibly related to a C-O band of the lignocellulose component
of the orange peels still present. According to XRD data, this peak decreases in intensity
when increasing the treatment temperature. The presence of a peak at 1527 cm ™! strongly
suggests the presence of a nitro-compound characterized by the N-O asymmetric stretching.
The peak at 1431 cm~! may also correspond to the asymmetric and symmetric stretching
of the carboxylate (COO-) group. The fragment values became stronger and broader when
experiments are carried out at a higher temperature, in agreement with TGA and EDS
analysis confirming that during the HTC process a series of dehydration, decarboxylation
and aromatization reactions occur, with a consequent decrease in the hydrochar yield as
well as an enrichment in C content.

Moreover, the presence of an absorptions peak at 1026 cm~ ! in the S-HC1g0_¢0 sample,
related to the C-O stretching vibration, can be again related to the presence of small amount
of crystalline cellulose. As expected, upon increasing the reaction temperature, the absence
of such a peak is indicative of the full conversion of OPW into biochar and bio-oil. Values of
BET surface area and pore volume, reported in Table 2, relative to S-HC samples, at various
temperatures and at a fixed reaction time of 60 min in accordance with other hydrochar
prepared in similar experimental conditions [37] show that both parameters increase about
three—four times when increasing the reaction temperature going from 180 to 300 °C.
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Table 2. FTIR assignments and structural properties of the hydrochar samples at different reaction temperatures and a fixed

reaction time of 60 min.

Observed Peak Possible Functional Groups Sample B.E.T.S.A. Pore Volume Pore Radius
Intensity P P (m?/g) (cc/g) Dv() (A)
3300 cm ! O-H (alcohols, phenols, carboxylic acid) S-HC1g0-60 49 0.009 17.9
3000 cm ™! C-H (aliphatic methyl) S-HCp10-60 55 0.008 20.4
1701 cm ™! C=0 (ketone, aldehydes, amides) S-HC 24060 7.7 0.010 17.6
_ C=C (aromatic rings, carbonyl, quinone,
1 _
1608 cm ester or carboxyl groups) S HC27(L6[) 9.1 0.011 17.8
1527 cm ! N-O (nitro)
1431 cm—! COO- (carboxylate)
S-HC
1120 cm ™! C-O of lignocellulose 300-60 184 0.029 24
1026 cm ! C-O (carboxylic acid, esters)

3.1.2. Effect of Initial pH and Solid to Water Ratio

Although the more relevant literature results identify reaction temperature and resi-
dence time as the main process parameters affecting the amount and chemical composition
of the hydrochar produced, it is worth mentioning that both the solid to water ratio and
the initial pH could play an important role, given that one of the goals of the HTC process
is to break down the unbending structure of the starting biomass material into small and
lower molecular weight chains. In fact, it is well known that addition of sulfuric acid or
acetic acid in the reaction mixture can positively influence the HTC process by catalyzing
hydrolysis reactions of cellulose and hemicellulose formed in the experimental conditions
usually adopted. Regarding the effect of the initial pH, results reported in Table 3 show
that the initial pH impacts the hydrochar yield, increasing as the higher acid concentration
increases, with the highest yield of 30.12 wt% attained for SA-HC1, almost 50% higher than
that observed in the reference experiment (180 °C, 60 min). However, these change slightly
as the acetic acid concentration increases. Incidentally, we observe that CH3COOH is a
weak acid whereas H,SOy is a strong acid when the first dissociation constant is concerned.
Results also suggest that rather than the pH itself, it is the type of additive used that
affects the yield. Indeed, the change in hydrochar yields could be explained considering
that during the sulfuric acid catalyzed hydrolysis, insoluble humins indistinguishable
from HC products are formed, with a subsequent enhancement of the number 