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ARTICLE INFO ABSTRACT
Keywords: Catalysts are usually employed in hydrothermal processes for different purposes, such as enhancing quality and
Hydrothermal carbonization yield of produced biofuels. However, assessing catalyst performances can be time consuming and expensive. For
Cellulose this reason, in this work, a technique based on high pressure differential scanning calorimetry was applied to

Heat release
DSC

study heterogeneous catalyst behavior under hydrothermal conditions at the micro-scale. Heterogeneous cata-
lysts were mixed with distilled water and cellulose, selected as substrate, and tested at 250 °C. The heat release

profiles obtained were deconvoluted in three Gaussian peaks, each associated with a set of reactions. Siralox and
iron chloride showed the highest catalytic activities impacting the development and the enthalpy of the re-
actions. Selected samples were further characterized to investigate synergies among acid and basic sites and
emphasize the importance of the spatial distribution of the components inside the catalysts. This study highlights
the crucial role of advanced techniques in optimizing catalyst performance for more efficient biofuel production.

1. Introduction The long-haul, aviation and marine transport sectors are the hardest to
electrify, and hydrogen does not appear to be a viable solution consid-

The need for sustainable alternatives to fossil fuels is becoming ering the current state of the technology (Yue et al., 2021; Zhang et al.,
increasingly urgent (World Energy Transitions Outlook 2022, 2022). 2021). Hence, liquid fuels are still essential for these sectors, at least in
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the near future. In this scenario, hydrothermal processes — hydrothermal
carbonization (HTC) and hydrothermal liquefaction (HTL) - can play a
pivotal role exploiting hot pressurized water to produce fuels from wet
waste streams usually disposed of in landfills (European Environment
Agency, 2020; Timko et al., 2015). HTC takes place at temperatures
between 180 and 250 °C under autogenous pressure (Libra et al., 2011).
The main product is a coal-like solid material called hydrochar, which
can be exploited as fuel or, after upgrading, as soil improver (Libra et al.,
2011; Mahmood Al-Nuaimy et al., 2023). HTL involves more severe
conditions, which can be near-supercritical or even supercritical, with
temperature in the range 300-350 °C and pressure in the range 50-250
bar (Kumar et al., 2018). In this case, the main product is the biocrude,
which can be further upgraded into drop-in biofuels following hydro-
genation and distillation (Castello et al., 2018). To maximize product
yields, shorten the reaction time, reduce energy consumption, and tune
product properties according to final applications, catalysts can be
added to the processes (Akbari et al., 2023; Sharma et al., 2021). In HTC,
organic acids, alcohols, strong mineral acids and bases, metal chlorides,
metal oxides, hydrogen peroxides, nitrate salts, sulfates, persulfates, and
sulfites salts have been reported to impact hydrolysis, dehydration,
carbonization reactions and glycoside bonds cleavage, affecting hydro-
char porosity and the presence of oxygen functional groups on its surface
(Chen et al., 2022; Djandja et al., 2023; Faradilla et al., 2020; Zhang
et al., 2022). In HTL, catalysts are used to improve biocrude yield and
quality, and inhibit char formation. Both homogeneous and heteroge-
nous catalysts are currently under investigation, the former being more
difficult to recover and requiring neutralization, the latter being easier
to separate and usually less expensive (Cheng et al., 2020; Liu et al.,
2018; Ross et al., 2010). Considering the target scale of HTC and HTL
industrial plants, identifying inexpensive catalyst is necessary to
demonstrate their economic feasibility. Cheng et al. studied the effect of
adding red mud (also known as bauxite residues, an industrial waste
from the aluminum production rich in different metal oxides) and red
clay (cheap and abundant waste from the brick and tile industry) when
processing food waste through HTL (Cheng et al., 2020); they obtained a
139 and 100 % increase in biocrude carbon yield and a 11 and 4 % in-
crease in biocrude higher heating value (HHV) for red mud and red clay,
respectively (Cheng et al., 2020). Moreover, according to this study,
mixed oxides, such as red mud and red clay, showed better performances
compared to single metal oxides due to the synergistic effects of the base
and acid sites present on their surfaces (Cheng et al., 2020). Indeed, acid
sites promote hydrolysis, dehydration, decarboxylation, and depoly-
merization accelerating the conversion, while base sites catalyze aldol
condensation, amide formation, esterification and ketonization re-
actions governing the product distribution (Kellicutt et al., 2014;
Sharma et al., 2007; Weingarten et al., 2011). Unfortunately, the
traditional approach for assessing catalysts in HTC and HTL by means of
batch tests and chemical analysis of products is time consuming and
expensive, considering that each catalyst must be evaluated at each
condition, both in terms of residence time and process temperature. An
alternative approach that can significantly reduce time and costs, while
providing a continuous in-situ and in-operando perspective on the
process development, is high pressure differential scanning calorimetry
(HP-DSC). In DSC, the heat flow produced or absorbed during the
development of a thermally activated process (like HTC and HTL) is
recorded continuously as the sample temperature changes. As far as
pressurized systems are concerned, the challenge is to separate the heat
released by the process from the sensible heat required to change the
system temperature. In previous works, the authors proposed the base-
line subtraction method to isolate and quantify the process signal,
relying on DSC runs with the unreacted and reacted sample (Pecchi
et al., 2020a). This method was demonstrated for the assessment of the
enthalpy change of HTC and HTL (Pecchi et al., 2022, 2020a) and for the
study of HTC kinetics (Pecchi et al., 2020b). Recently, other groups have
adopted similar approaches (Ischia et al., 2022; Sudibyo et al., 2024).
For instance, Hammerton et al. coupled DSC and HTC batch results to
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demonstrate that the addition of inorganic salts shifts the time onset of
the exothermal peaks associated with HTC, suggesting that DSC can
detect catalyst activity (Hammerton and Ross, 2022). In the present
work, the exhaust baseline method is applied to quantify the effect of
catalysts on the heat released by HTC (both in terms of magnitude and
timing) using cellulose as substrate (Pecchi et al., 2022). In particular,
the heat release profiles from HTC of cellulose with and without the
presence of catalysts are assessed and further deconvoluted to discrim-
inate the specific effect that each catalyst exerts on specific sets of bulk
reactions (Pecchi et al., 2022).

2. Materials and methods
2.1. Feedstock

The feedstock used in this work is pure cellulose (99.5 %), purchased
from Tebaldi Srl. Properties of cellulose (denoted as CLS in the manu-
script) are reported in Table 1 (Pecchi et al., 2020a).

2.2. Catalysts

The catalysts tested include Silica fumed (CAS Number: 112945-52-
5, Sigma-Aldrich denoted as SI), Aluminum oxide (CAS Number:
1344-28-1, Sigma-Aldrich, denoted as AL), Iron (III) chloride (CAS
Number: 7705-08-0, Sigma-Aldrich, denoted as FeClg), Siralox40 (Sasol,
denoted as SRa), Red clay (Argilez, denoted as RC), and Red mud
(Eurallumina SpA, Italy, denoted as RM). For details regarding RC and
RM characterization refer to the works of Cheng et al., and Sushil et al.,
respectively (Cheng et al., 2020; Sushil and Batra, 2008).

2.3. Differential scanning calorimetry experiments

DSC experiments methodology is described elsewhere (Pecchi et al.,
2020a). Briefly, a Maia 200 F3 heat-flux DSC (NETZSCH GmbH) was
used in combination with gold-plated Ni-steel high-pressure crucibles,
with an internal volume of 100 pL and a nominal maximum pressure of
100 bar. In each test, 8 mg of cellulose and 46 mg of distilled water were
added in the crucible, with 2.8 mg of catalyst and shaken vigorously.
The filled crucible was placed in the DSC furnace along with an empty
reference crucible. The temperature program, a combination of
isothermal and non-isothermal steps, was run twice without moving the
crucibles. The temperature program started with a stabilization step at
50 °C, which lasted 15 min. This step was followed by a heating step,
with a heating rate of 5 °C min~?, up to the set temperature (250 °C),
which was then kept constant for 3 h. The initial step was crucial for the
data processing as it represents a common starting point for the two
runs. The crucible was weighed before and after the experiment. If any
pre/post run mass difference above 2 % was noted, the run was dis-
carded and repeated. Each test was repeated at least twice to ensure
repeatability. The data collected were analyzed and deconvoluted with
the same methodology described in previous work (Pecchi et al., 2022).
In short, the peak deconvolution of the heat release profile was per-
formed using the “Gaussian Model” class from the “lmfit” Python
package (Newville et al., 2014). The fit involved three exothermal peaks,

Table 1
Cellulose properties [19].
Unit Cellulose

Moisture Y%wt 6.14 £+ 0.02
Ash Y%oWtary 0.21 £+ 0.09
C %oWtdry 44.04 + 0.25
H Y%oWtqry 6.00 £ 0.10
N YoWtary 0.06 + 0.02
S %oWtqry 0.14 £ 0.03
(0] Y%oWtqry 49.54 + 0.31
HHV MJ/kg 16.21 + 0.05
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with the first peak having a maximum center location at 40 min and
maximum characteristic width of 25 as constraints. The first-guess
center values were 38, 50, and 80 min for the three peaks. The only
exception occurred in the case of FeCls, which dramatically anticipates
the start of the reaction and therefore required first-guess of 15, 26, and
60 min for the three peaks. The deconvolution was performed on each
experiment individually and the results averaged.

2.4. Characterization of catalysts

Sample phases were investigated by X-ray diffraction (XRD) tech-
nique. X-ray powder diffraction patterns were collected at room tem-
perature, with a scan rate of 1°/80 sec at 40 kV and 40 mA, using a
PANalytical Empyrean diffractometer (Bragg-Brentano parafocusing
geometry) equipped with a PIXcel3D-Medipix3 1x1 area detector and
Cu — Ka radiation (A = 1.5418 ./7\). Moreover, a FT-IR, Tensor 27
(Bruker), equipped with Platinum ATR was used to analyze the catalysts.
A resolution of 4 cm™! and 16 scans was chosen as trade-off among
scanning time, absence of artifacts, and fair signal to noise ratio. The
analysis was performed in triplicate.

3. Results and discussion

3.1. Results using the exhaust baseline subtraction method and peak
deconvolution

Results of the DSC runs with cellulose with and without the addition
of catalysts are plotted in Fig. 1. The baseline subtraction method has
been extensively explained and validated in previous works (Pecchi
et al., 2022, 2020a). In the present study, only corrected values are
considered. Fig. 1.a reports the temperature program used, while Fig. 1.
b and Fig. 1.c show the corrected values of the specific heat flow rate (Q)
and the enthalpy difference (AH). Catalysts clearly affect the develop-
ment of the reactions modifying the peak distribution (Fig. 1.b) and the
reaction enthalpy (Fig. 1.c); FeCls and SRa show the greatest impact on
the heat release. The addition of FeCly makes the reaction start already
after 15 min, corresponding to a temperature of 125 °C. The hydrolysis
quickly develops reaching its maximum at a temperature of 145 °C with
a heat flow rate of —0.6 mW/mg. This first peak runs out after 23.5 min
from the start of the experiment when also the second peak starts. This
second peak reaches its maximum heat flow rate of —2.5 mW/mg when
the temperature hits 205 °C after 31 min. The reactions complete within
the temperature ramp, which lasts 40 min. For all the other samples,
reactions start only after 35 min. The addition of SRa leads to an over-
lapping of peak 1 and 2 showing a maximum heat flow rate of —1.1 mW/
mg after 44 min. Since SRa is a mixture of alumina (60 %wt) and silica
(40 %wt), a mixture of pure alumina and silica in the same proportion
(AL60SI140) was prepared and tested to replicate SRa behavior, compare
the catalytic effects and investigate the mechanism promoting synergies
between acid and basic sites in the catalysts. As shown in Fig. 2, SRa and
AL60SI40 impact the reaction in different ways, with SRa effect being
more noticeable.

To better understand which of the sets of reactions are affected or
promoted by the catalysts, a peak deconvolution was performed. In a
previous study by the authors, three main curves were identified for
cellulose, each corresponding to a set of reactions (Pecchi et al., 2022).
Therefore, the same settings were used to perform the deconvolution,
the results of which are shown in Fig. 3a-h. When comparing experi-
mental and deconvoluted results (denoted as Exp. and Best fit, respec-
tively), deconvoluted curves associated to RC, RM, SI showed slightly
more inflections than the experimental ones. This is due to the baseline
subtraction procedure, which causes a sharper onset on those curves
preventing peak 2 from shifting slightly to the left as that would increase
the error at the curve onset. However, since for all samples an R? be-
tween 97.2 and 99.7 was achieved, results were considered satisfactory.

Fig. 4 reports the time corresponding to the peak center and the
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Fig. 1. DSC analysis of cellulose with and without catalysts. Fig. 1.a reports the
temperature program, Fig. 1.b and Fig. 1.c the corrected values for the specific
heat flow rate (Q) and reaction enthalpy (AH). The central lines represent the
average values and the shaded areas the standard deviations (measurements
were performed twice). Negative values are exothermic.

enthalpy of the deconvoluted Q peaks, obtained for the different runs
with different catalysts. Error bars represent the standard deviation of
deconvolution applied to different Q replicates.

Fig. 3a, shows the results obtained for pure cellulose where three
curves can be identified corresponding to hydrolysis, hydrox-
ymethylfurfural (HMF) polymerization and bulk carbonization, as pre-
viously stated.

Fig. 3b and ¢ show how the addition of RC and RM promoted cel-
lulose hydrolysis and bulk carbonization, while decreasing HMF poly-
merization. Looking at the results of pure cellulose, RC and RM in Fig. 4,
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Fig. 2. DSC analysis results obtained when comparing the effects of Siralox and
a mixture of silica (40 %wt) and alumina (60 %wt). The central lines represent
the average values and the shaded areas the standard deviations (measurements
were performed twice). Negative values are exothermic.

it is possible to note how the two catalysts only influence enthalpies,
without substantially affecting timings. Indeed, enthalpies related to
peaks 1 and 3 are higher for RC and RM than cellulose, while enthalpies
related to peak 2 are lower. RC and RM are the only catalysts showing a
decrease in the enthalpy of peak 2 and this might be related to the
synergetic effects of their constituents that are similar. A similar corre-
lation has been found by Cheng et al., whose work describes the activity
of a catalysts as the result not only of physical properties such as surface
area, and particle size, but also of the interaction among constituents,
presence of dopants, and density and strength of both acid and base sites
(Cheng et al., 2020). In the same work, it was found that RC and RM
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show base-acid site density ratios in the range of 50-150 corresponding
to the highest values of biocrude oil energy recovery. Outside of this
range, the energy recovery drops, as for the case of SiO, (base-acid site
density ratio < 0.002) and Al,O3 (base-acid site density ratio equal to
260) (Cheng et al., 2020). As a consequence of the interactions between
acid and basic sites, RC and RM hinder char formation affecting poly-
merization and carbonization (Cheng et al., 2020).

According to Fig. 3d and Fig. 4, AL addition tends to slightly suppress
hydrolysis and promote depolymerization and carbonization antici-
pating the reactions and decreasing the corresponding enthalpies. SI
(shown in Fig. 3e) seems to have the same effect as AL except for the
timing of peak 3 more similar to the one of cellulose. However, when
considering SRa (shown in Fig. 3f), a mixture of AL and SI, the effect on
the reaction is more prominent. This might be due to the absence of
synergies among acidic and basic sites in SI (mainly acidic) and AL
(mainly basic), that are in fact present in the case of SRa. Indeed, in case
of SRa addition, peak 1 is strongly reduced, but it is not anticipated, peak
2 isreduced, and it is anticipated, peak 3 is slightly reduced, but strongly
anticipated (see Fig. 4). Moreover, it is worth noticing that the reaction
time for pure cellulose is longer than 100 min, while it becomes almost
40 min shorter thanks to SRa addition. Therefore, providing information
on the duration of the reaction, this methodology offers also the op-
portunity to optimize the overall process.

Considering mixtures of SI and AL (Fig. 3g), as already shown in
Fig. 2, it was not possible to replicate SRa behavior even considering the
same AL and SI proportions. In particular, as reported in Fig. 4,
AL60SI40 addition decreased enthalpy of peak 1 and increased en-
thalpies of peak 2 and 3 like AL, SI and SRa, and anticipated peak 2 like
AL and SRa, but to a different extent. This behavior can be related to the
presence of both acidic and basic sites in AL60SI40 that are although
different from the ones in SRa. For this reason, further characterization
of the catalysts was conducted to clarify this issue and highlight the
differences among the two materials.

Among all the catalysts tested, FeCls (see Fig. 3h) showed the most
remarkable effect: All reactions were anticipated, enthalpy of peak 1 and
3 increased and enthalpy of peak 2 decreased. The catalytic effect of
FeCls is bound to its constituents Fe3 + and Cl— (see Fig. 4). Fe3 +
promotes the production of Lewis acid sites that would enhance decar-
boxylation and decarbonylation reactions and catalyze the glucose/
fructose isomerization (Djandja et al., 2023), while Cl- could strongly
interact with the end ~OH group of monosaccharide units in cellulose
enhancing the breaking of inter- and intramolecular hydrogen bonds
and thus improving hydrolysis (Srilek et al., 2022). In agreement with
Fig. 3.e, the isomerization of glucose/fructose is expected to take place
at 110 °C with further formation of HMF via dehydratiation (Djandja
et al., 2023). Also, the formation of acetic acid from HMF takes place
between 110 - 120 °C and thus, these reactions were assigned to peak 1
(Djandja et al., 2023). The High Perfomance Liquid Cromatography
(HPLC) results of the process water from HTC experiments of cellulose
performed by Hammerton et al. confirm the above-mentioned hypoth-
esis (Hammerton and Ross, 2022). They found that adding 0.1 M FeClg
makes the HPLC detect a large amount of glucose and HMF already at
100 °C (Hammerton and Ross, 2022). The formation of levulinic acid
and formic acid is promoted by FeCls too, and starts at 200 °C, which
corresponds to the beginning of peak 2. These acids then condense and
polymerize to form hydrochar (peak 3). These hypotheses are confirmed
by Hammerton et al. (Hammerton and Ross, 2022). The HPLC results
highlight that at 200 °C levulinic acid, formic acid, and acetic acid are
formed (Hammerton and Ross, 2022). Furthermore, at 250 °C, formic
acid disappears, confirming that it condenses to form hydrochar
(Hammerton and Ross, 2022). Overall, the reaction appears to be over
before the beginning of the isothermal step, meaning that it takes place
during the heating ramp, while with pure cellulose the hydrolysis peak
occurs at the end of the ramp and the reaction complete after more than
50 min.

The results confirm that it is possible to appreciate how different
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Fig. 3. Peak deconvolution applied to Q for the different runs with different catalysts. Exp.: experimental data obtained from the DSC of cellulose or cellulose with
catalysts. Best fit: combination of deconvolution peaks. Peak 1, 2, 3: average results for deconvolution peaks with standard deviations (shaded areas) of the two
replicates. Ramp end: end of the heating ramp of the DSC temperature program, located when 99% of the final temperature is reached.

catalysts affect the development of hydrothermal reactions using DSC.
From a preliminary assessment of the results, it is possible to affirm that
if the objective is to reduce the reaction time, FeCl3 and SRa will be the
most suitable candidates to be tested in scaled-up systems.

3.2. Synergies investigation

As discussed in section 3.1, when comparing the effect of SRa and
AL60SI40, which is a mixture of SI and AL with the same proportions as

in SRa, the results are far from being comparable. Hence, this section
aims at investigating the differences in structure and composition that
might promote or inhibit the synergies among the different components.
XRD and FTIR-ATR results comparing SRa and AL60SI40 can be found in
the Supplementary Material along with results obtained for other
samples.

XRD results associated to AL60SI40 and SRa are similar, with
AL60SI40 showing a more noticeable contribution of alumina in the
range 30-40° (y-alumina). Also, according to the FTIR-ATR analysis,
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Fig. 4. Time corresponding to the peak center and enthalpy of deconvoluted
peaks from Q, obtained for the different runs with different catalysts. Error bars
represent the standard deviation of the deconvolution applied to different
Q duplicates.

there are no remarkable differences between SRa and the mixture, both
showing overlapping peaks in the range 2000-500 cm !, The different
behavior of the two samples in the DSC tests might be related to the
different spatial distribution of the components (Cheng et al., 2020; Yu
etal., 2011). As far as SRa is concerned, both silica and alumina are most
likely always present in the same reaction site since they are mixed at the
nanoscale. On the other hand, in the case of AL60SI40, silica and
alumina are mixed only at the macro-scale. For this reason, the presence
of both the components in the reaction site is not guaranteed and thus
synergy is affected (Cheng et al., 2020). The hypothesis of a non-
homogeneous distribution of silica and alumina within the reaction
sites of AL60SI40, is also supported by the FTIR-ATR results showing a
higher standard deviation for AL60SI40 than SRa, indicating that
different proportions of AL and SI were evaluated during each
repetition.

4. Conclusions

High pressure differential scanning calorimetry is used for the in-situ
screening of catalysts for the conversion of biomass into biofuels using
hydrothermal carbonization, based on their heat release profiles. The
advantages are the short preparation time, the minor consumable cost,
and the absence of chemical analysis; allowing to reduce the necessity
for bench scale experiments and further characterization. The technique
has been applied to heterogeneous catalysts, among which FeCls showed
the potential to significantly anticipate the reactions, while RC and RM
confirmed how base-acid density ratio of the catalysts could influence
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the reaction pathways.
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