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Levulinic acid is a platform chemical obtained from acid-catalyzed hydrothermal conversion of
cellulose-rich biomass. The low amounts of solid biomass which can be handled in the reactor limit the
levulinic acid concentration in the aqueous stream, making the economic viability of the aqueous phase
process unsuitable for large scale applications. Now a novel approach to biphasic process has been
proposed, where a mineral oil has been used as non-solvent for levulinic acid, thus concentrating it in
the water phase, reducing the water volume to be processed downstream but at the same time
maintaining enough liquid phase to sustain the slurry processability. The work has studied: i) the
optimization of the biphasic hydrolysis of corn grain to levulinic acid; ii) the characterization of the
recovered oil; iii) the evaluation of the energetic properties of the recovered hydrochar for its

exploitation, thus smartly closing the biorefinery cycle.

Keywords: Levulinic acid, hydrothermal process, biphasic hydrolysis, mineral oil, hydrochar.

1. Introduction

Levulinic acid (LA), or 4-oxopentanoic acid, is a C5 keto-carboxylic acid obtained by acid-catalyzed
hydrothermal conversion of C6-rich biomasses (Van der Waal and De Jong, 2016; Girisuta and Heeres,

2017). Due to its keto-carboxylic bifunctionality, this versatile molecule was proposed by the US
1
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Department of Energy as one of the most promising and valuable bio-based “platform chemicals*,
exploitable for the synthesis of new bio-derivatives, such as solvents, plasticizers, fuels and oxygenated
fuel additives, monomers, etc. (Antonetti et al., 2016; Freitas et al., 2016). The C6-route for LA
production was developed on pilot-scale with the Biofine Technology (Hayes et al., 2006), which
provided two acid-catalyzed steps, both operating in a continuous mode. This process is attractive,
claiming LA vyields as high as 70% of the theoretical possible yields, but under industrial conditions
(relative high biomass loading), based on the kinetics developed by Girisuta et al. (2007), that is
unlikely. Formic acid (FA) is the main reaction co-product, produced generally in equimolar amount
respect to LA (Antonetti et al., 2016). Instead, insoluble humins represent the main solid by-products
obtained within this process (Filiciotto et al., 2018; Heltzel et al., 2016), deriving from condensation
reactions between the furanic intermediates and C5/C6 sugars, and these are separated from the
hydrolyzate solution by filtration, after LA production. Subsequent LA isolation from the water phase is
generally carried out by solvent extraction, which is subsequently removed and recycled via distillation,
whilst LA can be further purified via atmospheric or vacuum distillation and steam stripping, up to a
maximum final purity of about 99% (Rijke et al., 2014). From an industrial perspective, this process still
maintains important drawbacks, the main consisting of LA recovery from the diluted hydrolysates and
the relative low LA concentration per reactor volume and time unit, due to the dilution of solid biomass
to allow its processability. Increasing the biomass concentration drops the yields, but from a certain
percentage of biomass stirring and processing will not be possible anymore. Moreover, a higher
concentration of humins could cause clogging of the piping systems and the reactor. All these
drawbacks have limited its technological development at a semi-commercial scale (Silva et al., 2017).
GFBiochemicals (2018) has recently developed a new process, introducing significant technological
improvements, mainly in the reactor and downstream LA purification. However, process economics is
still limited by the low concentration of biomass which can be processed. Currently, biomass loading
does not overcome 20 wt%, depending on the type of loaded biomass whereas, at higher concentrations,
the slurry is difficultly processable and can cause serious problems of pump plugging. The low biomass

concentration limits that of LA in the aqueous solution and, as a consequence, it significantly increases
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capital expense (CAPEX) and energy costs of the LA downstream workup. In order to lower the LA
production costs, it is necessary to improve its concentration in water phase at the reaction step, as much
as possible, developing new alternative solutions. A very interesting solution has been recently proposed
by Badainarayana et al. (2016), Kang and Yu (2016) and Rivas et al. (2018), which have increased LA
concentration by re-processing the LA mother liquor, thus performing subsequent batches with new
biomass. From a different perspective, the use of an extraction solvent in a biphasic system with water
can represent a key improvement for the LA productivity, because its extraction would increase the
reaction rate, yield, and product quality, at the same time facilitating the downstream LA
recovery/concentration and the catalyst recycling. Many solvents have been proposed, including
alkylphenols, ketones, alcohols, fatty acids, esters, ethers, halogenated hydrocarbons (Mullen et al.,
2013; Kumar et al., 2018), octanol and methyl isobutyl ketone (Nhien et al., 2016a). Moreover, other
green and sustainable bio-based extraction solvents have been tested, including y-valerolactone
(Raspolli Galletti et al., 2013; Wettstein et al., 2012), 2-methyltetrahydrofuran (Laitinen et al., 2016),
and furfural (Nhien et al., 2016b). However, the use of most of these organic solvents is not sustainable
on an industrial scale, due to their low distribution coefficients at the reaction temperature, which lead to
large adopted volumes and high costs for their recovery/reuse. This problem has been partially solved
adopting tertiary amines as reactive solvents, in particular, tri-n-octylamine, together with diluents, such
as isoamyl alcohol, hexan-1-ol, octan-1-ol, nonan-1-ol, and methyl isobutyl ketone (Kumar et al., 2011).
In many of the abovementioned cases, the organic solvent is added after the hydrolysis reaction to LA,
rather than being added “in-situ®, together with the starting reaction mixture. Furthermore, many other
problems have not been tackled in the literature, in particular i) the possibility of co-extracting the acid
catalyst, which should be further separated and recycled, ii) the thermal and chemical stability of the
organic solvent, which is generally underestimated, but is otherwise very important, especially from an
industrial perspective.

A possible innovative solution to improve the LA concentration in the aqueous hydrolysate, and
therefore to reduce costs in the recovery section and potentially to increase biomass concentration in the

reactor, could be the use of an organic “anti-solvent™ in a biphasic system with water. The optimum
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anti-solvent should be: i) completely insoluble in water, ii) selectively unfavorable for the LA
extraction, but providing enough liquid volume for maintaining the reactivity/processability of the
reactive slurry, and iii) not reactive under the reaction conditions. This should result in a significant
increase of the final LA concentration into the water phase, thus leading to significant economic savings
in the downstream purification operations. This smart idea has been reported in this work for the first
time, adopting a traditional white paraffin oil as organic phase. Its high availability, low-cost, safe
handling and thermal stability are just a few of the features that make it already very attractive for many
industrial applications (Speight, 2015). In this work, the acid-catalyzed hydrothermal conversion of corn
grain in a biphasic [mineral oil/water] system was studied and compared with that related to the
traditional monophasic path, evaluating if and how the catalytic performances, in terms of glucose
conversion, LA/FA yield and LA/FA selectivity, in the aqueous phase, are affected by the presence of
this anti-solvent. Dilute sulfuric acid was chosen as the homogeneous catalyst, thanks to its well-known
high catalytic activity towards LA and to its low-cost. The investigation was focused on the verification
of the feasibility of this reaction, moreover evaluating the effect of the acid concentration, agitation
speed, and oil recycle on the LA/FA production, in the perspective of a real optimization of the reaction.
Furthermore, a complete characterization of the recovered mineral oil was carried out, in order to

demonstrate its physicochemical stability and further justify this innovative approach.

2. Materials and Methods

2.1. Materials

Milled corn grain was provided by GFBiochemicals, Caserta (CE), Italy, which has got it from a farm
located in the neighbourhood of the LA demo plant, and used as-received for the hydrolysis tests. White
mineral oil (BFRO70, Paraffinum Liquidum, FU) was purchased by A.C.E.F. S.p.A., Piacenza, Italy.
Sulfuric acid (ACS reagent, 95-98 % purity) was purchased by Sigma-Aldrich and used as-received, as
well as levulinic acid (RPE grade, 98 % purity). Formic acid (RPE grade, 99% purity) was purchased

by Carlo Erba and used as received.
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2.2. Methods

2.2.1. Compositional analysis of corn grain

The compositional analysis of the adopted corn grain, which includes moisture, ash, ethanol-soluble
extractives, structural carbohydrates (cellulose and hemicelluloses), and acid-insoluble (Klason) lignin
content, was carried out on the basis of the standard NREL procedures (Sluiter et al., 2008a, 2008b,

2008c, 2005).

2.2.2. Monophasic and biphasic hydrolysis experiments

The hydrolysis reaction was carried out in a 600 mL Parr zirconium-made fixed head autoclave (grade
702: Zr + Hf: 99.2 % min., Hf: 4.5 % max). Maximum allowed operating conditions for the autoclave
were: temperature: 350 °C, pressure: 65 bars. The autoclave was controlled by means of a Parr
Controller 4848. The reactions were carried out at the fixed temperature of 190 °C, for 1 hour, under
autogenous conditions. Biphasic reactions were carried out at different agitation speeds, e.g. without any
stirring, at 250 and at 500 rpm, by means of a pitched blade turbine impeller. A pressure transducer and
an internal thermocouple allowed the monitoring of the internal pressure and temperature of the
autoclave. At the end of the hydrolysis reaction, the slurry was filtered on a Buchner funnel, adopting a
separatory funnel for the collection of the filtered (water + oil) suspension, and recovering the hydrochar
on the filter. A T-shape joint was used between the Bichner funnel and the separatory one, and this
system was connected to a membrane pump, in order to speed up and improve the filtration procedure,
due to the oil viscosity. First of all, the aqueous phase was separated and, subsequently, the mineral oil,
both from the bottom of the separatory funnel. This latter was subsequently decanted, in order to
completely remove any coarse water drops deriving from the residual aqueous phase. Regarding the
separated hydrochar, this was dried at 105 °C for 24 h and stored in a desiccator. Furthermore, about 5
grams of the water-dried hydrochar were weighed in a Whatman cellulose extraction thimble and
extracted with hexane in a traditional Soxhlet apparatus, maintaining the solid/liquid extraction for

about 45 hours. At the end of the procedure, the extraction thimble with the residual hydrochar was



136
137
138
139
140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

dried up to constant weight under vacuum, by using a rotary vane oil-sealed mechanical pump.

Extraction yield (%) was calculated as follows:

Extraction Yield (%)=100-[(Dried residual hydrochar (g)/dried starting hydrochar (g)) x 100] (1)

2.2.3. Quantitative determination of LA and FA in the aqueous phase

Quantitative determination of LA and FA was carried out by High Performance Liquid Chromatography
(HPLC), adopting a Perkin Elmer Flexar Isocratic Platform, equipped with a column Benson 2000-0
BP-OA (300 mm x 7.8 mm), which was kept at 60 °C, and employing 0.005 M H,SO, as mobile phase
(flow rate, 0.6 mL/min). Calibration curves were acquired by adopting commercial standards of LA and
FA. At least three replicates for each concentration of standard were carried out, as well as of the real
hydrolysate solutions, obtaining a reproducibility within 3%. LA/FA yield was calculated on a molar

basis, as follows:

LA Yield (mol%)=[LA in water phase (mol)/glucose in starting formulation (mol)] x 100 (2)

FA Yield (mol%) = [FA in water phase (mol)/glucose in starting formulation (mol)] x 100 (3)

Instead, glucose conversion was calculated as follows:

Glucose conversion (mol%) = [(mol glucose (to) — mol glucose (t1n))]/mol glucose (tp)] x 100 (4)

Lastly, LA and FA selectivities were calculated as follows:

LA selectivity (mol%) = [LA Yield (mol%)/Glucose conversion (mol%)] x 100 5)

FA selectivity (mol%) =[FA Yield (mol%)/Glucose conversion (mol%)] x 100 (6)
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2.2.4. Physical properties of the mineral oil

The following physical properties of the starting and recovered mineral oil were determined on the basis
of the ASTM methods (Copeland, 2010), and compared: carbon residue, density at 15 °C, viscosity at
40 °C, number of acidity (as “Total Acid Number”, TAN), color, distillation characteristics at
atmospheric pressure, and water content. Lastly, the thermal stability of the starting/recycled mineral oil
was evaluated by differential scanning calorimetry (DSC). Calorimetric measurements were carried out
with a TA 8000/DSC 820 (Mettler-Toledo, Switzerland), setting up the following experimental
conditions: 5 °C/min. as heating rate, and 30-300 °C as overall temperature range, and working under

static air.

2.2.5. FT-IR and UV-Vis analyses

Fourier Transform-Infrared (FT—IR) characterization of mineral oils and hydrochar was performed with
a Perkin-Elmer Spectrum-Two spectrophotometer, equipped with an Attenuated Total Reflectance
(ATR) apparatus. The acquisition of each spectrum has provided 12 scans with a resolution of 8 cm™, in
the wavenumber range between 4000 and 450 cm™. UV-Vis spectra of the mineral oil samples were
acquired with a double beam Jasco V-750 spectrometer, within the range 215-600 nm, after appropriate

dilution of the samples in hexane.

2.2.6. Chromatographic analyses of the mineral oil

1 mL of the recovered mineral oil was extracted three times by addition of 600, 400 and 400 pL of
basified water (pH~9), in order to shift the partition of the salified compounds into the water phase.
After separation of the aqueous phase, this was acidified by addition of 1 mL of HCI 6 N and directly
analyzed by HPLC for the detection of LA, FA, and other reaction products deriving from the
hydrolysis reaction (according to the analytical method already reported in paragraph 2.2.3.). In
addition, the acidified aqueous phase was extracted three times (600, 400 and 400 pL, respectively) with
Et,0O, and the overall extract was analyzed by Gas Chromatography/Mass Spectrometry (GC/MS) for

the detection of the compounds of interest. Gas-chromatographic separation was carried out by a
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chemically bonded fused-silica capillary column HP-5MS (Agilent Technologies, Palo Alto, CA, USA),
stationary phase 5% phenyl-95% methylpolysiloxane (0.25 mm internal diameter, 0.25 pum film
thickness, 30 m length). The carrier gas was helium (99.995% purity), at a constant flow of 1.2 mL/min.
The adopted chromatographic conditions for the separation of the silylated compounds were the
following: starting temperature 50 °C, isothermal for 1 min., 3 °C/min. up to 250 °C, lastly isothermal
for 5 min. Chromatograms were acquired in TIC (Total lon Current, mass range 20-800) mode. 7890N
GC system gas chromatograph (Agilent Technologies), which was coupled with a 5977 mass selective
detector (Agilent Technologies) single quadrupole mass spectrometer, was used. The GC was equipped
with a split/splitless injector, working at 250 °C, and the injection of the sample was done in splitless
mode. The mass spectrometer was operated in the El positive mode (70 eV). The MS transfer line
temperature was 280 °C, the MS ion source temperature was kept at 230 °C, and the MS quadrupole
temperature was kept at 150 °C.

Regarding the evaluation of the chemical stability of the recovered mineral oil, the hydrocarbons profile
was qualitatively checked by GC/MS technique and compared with that of the untreated oil. For this
purpose, about 3 mg of oil were dissolved in 1 g of isooctane, and 2 pL of the diluted sample were
injected into the GC/MS system. For this analysis, the same above-reported GC/MS instrumentation and
experimental conditions were adopted, except for the temperature of the injector, which was set up at
280 °C, and for the adopted chromatographic conditions, which were the following: starting temperature
80 °C with isotherm for 2 min., then 10 °C/min. up to 200 °C, and isotherm for 3 min., then 10 °C/min.
up to 280 °C, and isotherm for 3 min., then 20 °C/min. up to 300 °C, and isotherm for 30 min. Also in

this case, chromatograms were acquired in TIC (mass range 20-800) mode.

2.2.7. Elemental analysis and energetic properties of the hydrochar

Elemental analysis (C, H, N, S) of starting corn grain and hydrochar was performed by an automatic
analyzer Vario MICRO Cube. These elements were quantified adopting a thermal conductivity detector
(TCD). Lastly, oxygen content was calculated by difference: O (%) = 100 (%) — C (%) — H (%) — N (%)

— S (%). Determination of Higher Heating Value (HHV) of the starting biomass and hydrochar was
8
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carried out adopting an automatic LECO AC 500 calorimeter. Further details about the experimental
procedure have been reported in a previous work (Licursi et al., 2016).

Lastly, energy densification ratio and energy yield (%) have been calculated, as follows:

Energy densification ratio = HHV of dried hydrochar/HHV of dried raw biomass (7)

Energy yield (%) = hydrochar yield (%) % energy densification ratio (8)

where hydrochar yield is calculated on mass basis, as follows:

Hydrochar yield (wt%) = [dried hydrochar recovered (g) / dried starting corn grain (g)] x 100 (9)

3. Results and Discussion

3.1. Monophasic versus biphasic approach: Results

The starting corn grain feedstock was characterized in term of structural carbohydrates, lignin,
extractives, and ash content (glucans = 68.29 + 0.10; xylans = 3.00 + 0.01; arabinans = 1.45 + 0.01;
acetyl groups = 0.23 £ 0.04; acid-insoluble (Klason) lignin = 3.33 = 0.30; ethanol-soluble extractives =
9.13 £ 0.08; ash = 1.13 + 0.03; moisture = 13.48 + 0.12). Both the high content of glucans and the low
one of lignin make the corn grain an excellent feedstock for the verification of the feasibility of this
approach, showing a greater availability to the hydrolysis respect to more complex lignocellulosic
biomasses (Antonetti et al., 2015). Furthermore, the choice of corn grain as starting feedstock is
certainly appropriate, due to its high availability and low price (Silva et al., 2017).

The catalytic performances to LA and FA of the biphasic experiments were evaluated and compared
with those of the monophasic ones, e.g. taking into account glucose conversion, LA/FA Yyield, and
selectivity. Experiments have been carried out at fixed reaction temperature (190 °C), time (1 hour),
biomass loading (14 wt%), and water/oil ratio (~0.6-0.7), thus changing only the H,SO,4 concentration in
the reaction mixture (1-3 wt%). The results of the investigation are reported in Table 1:

Table 1, near at here
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In the monophasic experiments (Exp. 1-3, Table 1), the best catalytic performances have been achieved
adopting H,SO,4 3 wt% (Exp. 3, Table 1). In fact, in this case, the measured LA yield approaches about
45 mol%, which approximately corresponds to the maximum LA yield achievable, e.g. ~50 mol% (Li et
al., 2016). In all the performed monophasic experiments, FA is produced in almost equimolar amount
respect to LA, in agreement with the stoichiometry of the hydrolysis reaction (Antonetti et al., 2016).
Regarding the biphasic experiments (Exp. 4-6, Table 1), the acquired data are very interesting and
promising, approaching a maximum LA and FA yield of about 38 and 40 mol%, respectively, with
H,SO,4 3 wt% (Exp. 6, Table 1). However, for the other biphasic experiments (Exp. 4 and Exp. 5, Table
1), glucose conversion is ahead respect to the corresponding monophasic experiments (Exp. 1 and Exp.
2, respectively, Table 1), and the most significant gain, in terms of conversion, LA/FA vyield, and
selectivity, has been obtained adopting an acid concentration of 2 wt% (Exp. 5, Table 1), which
therefore represents the “optimum” condition. In order to clarify the next discussion, the above LA and
FA data can be expressed on mass and concentration basis, both referred to the aqueous phase. These
data are reported in Table 2:
Table 2, near at here

The above-reprocessed data show that a real concentration of the target compounds in the agueous phase
has been concretely achieved, thus confirming the validity of our approach, mainly aimed at increasing
the LA and FA concentration into the aqueous phase.

Taking into account that mineral oil is proposed as an organic “anti-solvent” for the concentration of
LA/FA in the aqueous phase, therefore as “inert” diluent, a more accurate comparison of the catalytic
performances between the two systems should also take into account that the real concentration of
H,SO, is related only to the aqueous phase, rather than including also the oil contribute. On this new
mass basis, the real concentration of the acid catalyst in the aqueous phase for the biphasic runs is
doubled respect to that in the monophasic ones, but the catalytic performances are not correspondingly
preserved in the same way (Exp. 4 and Exp. 2, Table 1). The lower catalytic efficiency of H,SO, in the
biphasic runs could be due to an inefficient mass transfer during the biphasic hydrolysis, which is

caused by the not optimal autoclave stirring during the hydrolysis reaction. Regarding this aspect, the
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solid-liquid phase catalytic reaction system between the biomass and the aqueous water solution may
suffer from severe mass transfer limitations that affect the apparent physical reaction rates. The increase
of the agitation speed might increase the contact area of the two phases, thus influencing the physical
rate processes on a different scale of operation and equipment, by removal of the interfacial mass
transfer resistance (Peng et al., 2010). In order to exclude problems related to the solid/liquid mass
transfer, the biphasic experiments, which have been already carried out at 250 rpm, were repeated by
doubling the agitation speed, and, furthermore, in the complete absence of agitation. The acquired data
are reported in Figure 1:

Figure 1, near at here
All the above data confirm that the catalytic performances of the investigated biphasic hydrolysis are
almost independent of the agitation speed, thus showing no mixing sensitivity. This is a clear indication
that corn grain hydrolysis occurs by fast mass transfer rates compared to the chemical reaction rate or,
alternatively, that the mass transfer resistance at the interface of the solid/liquid phase is negligible. The
subsistence of the best LA and FA selectivity data, even under the complete absence of agitation,
highlights that the intrinsic chemical reaction rates and the mixing rate of the reactants are both fast. On
this basis, the biphasic reaction could be carried out adopting simpler technological solutions, thus
allowing economic benefits at the next pilot/industrial scale. The overall reduced yield of LA is due to
increased sugar concentration in the aqueous phase.
The biphasic experiment with H,SO, 2 wt% was still considered as the best one, and therefore the
mineral oil recovered from this hydrolysis test (Exp. 5, Table 1) was re-used in subsequent hydrolysis
cycles. However, the complete oil recycling between a test and the next one was not realistically
feasible, because of unavoidable mass losses occurred as a consequence of the two unit operations, e.g.
the unloading of the autoclave and the solid/liquid filtration, this latter being coupled with the liquid-
liquid separation. Indeed, about 80 wt% of the starting oil was recovered from each biphasic test, whilst
the remaining 20 wt% was introduced as fresh oil, thus realizing a partial recycling. The results of the
first five recycling cycles are reported in Figure 2:

Figure 2, near at here
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The recycling tests confirm the high reproducibility of the catalytic performances to LA/FA (Exp. 5,
Table 1, as a test of reference), even after 5 cycles, thus making advantageous and concretely feasible
the oil recycling, a mandatory requirement from the industrial scale perspective. At this level of
investigation, it is possible to assert that no accumulation of LA/FA into the oil phase has occurred,
confirmed by the high repeatability of the catalytic performances respect to the “zero” experiment (Exp.
5, Table 1), thus indirectly confirming the role of the mineral oil as inert diluent towards LA and FA.
Furthermore, this conclusion has been independently confirmed by the characterization of the recovered
mineral oil, which will be discussed in more in depth in the next paragraph.

LA is a stable organic acid in the acid aqueous medium, up to a concentration of 500 g/L (Kang and Yu,
2016). The good LA stability can be smartly exploited to maximize the intensification of the
investigated biphasic reaction. In fact, from an industrial perspective, the synthesized LA could be
partially recycled and mixed together with the fresh slurry, thus further improving its final concentration
in the aqueous stream. This possibility has been evaluated by introducing LA and FA directly together
with the starting reaction mixture, thus simulating their partial recycling, as occurs in the industrial
reality. The formulations and the results of these biphasic tests are reported in Table 3:

Table 3, near at here

The above data evidence that is certainly possible to further increase (respect to the experiment of
reference, e.g. Exp. 5, Table 2) the amount of LA/FA in the aqueous phase, by introducing small
amounts of these targeted compounds directly as components of the starting formulation. However, LA
and FA mass losses significantly increase with the use of progressively higher amounts of these acids
and, therefore, their final concentrations in the aqueous phase could certainly be increased, but at
expense of a mass loss. This LA/FA mass loss can be attributed to the inhibition of LA/FA formation at
high LA/FA concentrations, as well as to the interactions of LA/FA with the solid humins (Kang and
Yu, 2016). As justification of their stability in the reaction medium, the pressure/temperature diagrams
of these experiments gave a similar trend to that of reference, and the conversion was almost complete
(~99%), as for the reference experiment. On the basis of these data, the best compromise between the

added- and the recoverable-amounts of LA/FA was ascertained for the Exp. 7, where the final amount of
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LA and FA amounted to about 106 and 48 g/L, respectively. In the other two cases (Exp. 8 and Exp. 9,
Table 3), the final LA and FA mass losses are too high, and these choices are not certainly advantageous
and efficient. The optimal LA and FA concentrations are well in agreement with those reported by Kang

and Yu (2016), corresponding to 105 g/L and 39 g/L, respectively.

3.2. Characterization of the recovered mineral oil
3.2.1. Physicochemical properties of the mineral oil
Mineral oil which was recovered at the end of the best biphasic hydrolysis test (Exp. 5, Table 1) was
further characterized for selected physicochemical properties, which are indicative of its good quality
(Copeland, 2010; Speight, 2015), e.g. density, water content, total acid number (TAN), viscosity, carbon
residue, color, and these were compared with those of the starting untreated mineral oil, considered as
the reference. The acquired data are reported in Table 4:

Table 4, near at here
Density, viscosity and carbon residue data of the recovered mineral oil support the idea of the
stability/inertness of the mineral oil. Regarding color, it changed from “white” to amber, but this does
not necessarily confirm the occurred degradation of the oil, and it could be due to the presence of
impurities, as previously stated. In this sense, deterioration of color after submission of the oil to an
aging test is sometimes limited but the extent of oil deterioration can be much better measured by the
acidity development. In our case, TAN is higher than that of the starting oil, and this can be due to the
presence of both oxidation products, or traces of residual sulfuric acid, trapped in the W/O emulsion.
The latter conclusion is supported by the unavoidable increase of the water content in the recovered oil,
whilst the possible presence of oxidation products will be subsequently discussed in the text.
In order to get further information about the thermal stability of the recovered mineral oil, both DSC and
distillation curves were acquired and compared with those of the starting mineral oil sample. The DSC
curves of the starting and recovered mineral oil show the presence of a weakly exothermic peak at about
185 and 195 °C, respectively, which confirms the bulk similarity between the two samples, and,
indirectly, the thermal stability of the mineral oil, which was hydrothermally processed under the best
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reaction conditions to give LA. Therefore, the ascertained exothermic thermal transition is typical of the
adopted mineral oil sample, rather than to be a consequence of its hydrothermal degradation. In detail,
this thermal transition reveals a beginning of the oil oxidation (Santos et al., 2007) but, differently from
bulk oxidative degradations, that measured is not energetically notable (AHgso = -155 J/g and AHgso = -
180 J/g for the starting and recovered mineral oil, respectively), thus definitely defining the thermal
stability of the adopted mineral oil.

The distillation range for light cuts of petroleum derivatives, such as the white oil used in this work,
provides very useful information about physical parameters, such as volatility, evaporation rates, and
degradation, the latter quantified as residue remaining after the completion of the evaporation. In our
case, this characterization has been carried out in order to confirm the physicochemical stability of the
recovered oil. Starting mineral oil has a distillation range between 190 and 364 °C, whilst that of the
recovered mineral oil is between 160 and 310 °C, in both cases considering the lowest/highest
temperature as that for the start/end of distillation and the decomposition temperature, respectively. The
lowest temperature is related to the start of distillation, due to the release of volatiles from the oil matrix,
whilst the highest one is indicative of a bulk decomposition of the oil, due to the thermal breaking down
or cracking of the paraffinic components (Oyekunle and Susu, 2005). The above figure highlights that
the distillation curve of the recovered mineral oil is shifted (respect to the same hydrothermally-
untreated sample) to lower temperatures, thus highlighting that some degradation has occurred as a
consequence of the hydrothermal processing. However, the similarity of the distillation properties of the
two samples is indicative of the thermal stability of the mineral oil, which was recovered after corn
grain hydrothermal treatment at 190 °C, for 1 hour. The above tests confirm that mineral oil has
maintained the bulk liquid phase during the hydrothermal treatment. Furthermore, the extent of
degradation of the investigated mineral oil is given by the amount of residue in the distillation flask at
the end of the procedure, which includes mainly heavy liquid products and solid coke. The residue
recovered after the end of the distillation is 6 %vol. and 27 %vol. for the starting and recovered mineral
oil, respectively, and the collected distillate is given by the complement to 100 (taking into account a

measured volume loss of 1 %), e.g. 93 %vol. and 72 %vol. for the starting and recovered mineral oil,
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respectively. These data confirm that degradation (e.g. cracking) of the mineral oil has certainly
occurred, but this becomes significant only by thermally stressing the oil at much more higher
temperatures than that used for the corn grain hydrolysis.

From a different but complementary perspective, pressure/temperature diagrams can be very useful to
confirm the thermal stability of the adopted mineral oil, thus further supporting the conclusions deduced
from the distillation plots. Temperature/pressure versus time plots of a monophasic (Exp. 3, Table 1)
and biphasic (Exp. 5, Table 1) run are reported in Figure 3:

Figure 3, near at here

The above figure shows a gradual and constant variation of the pressure increase during the ramping
(heating) time of the monophasic/biphasic runs. Then, the temperature (and, as a consequence, the
pressure) trend varies within a limited range (x 3 °C), which is certainly acceptable for a correct
experimental execution. In both cases, the maximum achieved pressure falls within a similar range, thus
highlighting that the pressure increase is due to the vapor pressure of the water, whilst the oil remains in
the liquid phase, thus further confirming the conclusions deriving from the interpretation of the
distillation plots. The pressure variation, which is stable for the duration of the biphasic test, can be
considered as an index of the thermal stability of the oil (Oyekunle and Susu, 2005). On the other hand,
in the monophasic test, the maximum pressure, as well as the minimum one, progressively increases
towards higher values, thus indicating that a degradation, albeit limited, of some biomass components

and/or synthesized intermediates/products into non-condensable gases has occurred.

3.2.2. FT-IR and UV-Vis analysis of the mineral oil

The thermal/oxidative stability (aging) and the presence of impurities/degradation products in the
recovered oil was investigated by FT-IR spectroscopy. Regarding the band assignments, that at 2952
cm™ is due to asymmetric -CHj stretching vibrations, whilst those at 2921 and 2852 cm™* to asymmetric
and symmetric -CHj stretching vibrations, respectively (Lucena et al., 2006). Those at 1459 and 1376
cm ! are ascribed to C-H asymmetric bending vibrations of methyl and methylene groups (Lucena et al.,
2006). Then, the absorption band at 1143 cm™ is assigned to C-H symmetric bending vibration of
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methyl groups. Lastly, the band at 720 cm™ is related to the asymmetric deformations of CH, groups of
the long paraffinic chains (Lucena et al., 2006). The FT-IR characterization confirms that the recovered
mineral oil has maintained almost unaltered its starting chemical structure, and this is a clear sign of its
chemical stability. In more detail, the absence of the absorption bands typical of oxygenated
compounds, such as those in the regions 3500-3300 cm™*, 2700-2600 cm*, 1800-1700 cm ™, and
1200-1100 cm™, due to alkylhydroperoxides, dialkyl peroxides, alcohols, carboxylic acids, esters,
aldehydes and ketones, all these classes of compounds deriving from the oxidation of the oily matrix
(Santos et al., 2007), confirms the chemical stability of the recovered mineral oil, which has not heavily
aged and deteriorated. Furthermore, the lack of these absorption bands confirms the absence of other
oxygenated compounds which may derive from the hydrothermal treatment of the biomass, such as 5-
hydroxymethylfurfural, furfural, polymeric soluble humins, and LA/FA. This conclusion represents a
further important confirmation of the validity of our approach, mainly aimed at the concentration of LA
and FA into the water phase. Moreover, the absence of the water absorption bands (e.g. 3342, 1640 and
686 cm™) demonstrates the net separation between the two phases, which is highly desirable for the
biphasic approach. Lastly, the perfect match between the two IR spectra is a clear evidence of the
oxidation stability of the recovered mineral oil, which has undergone a thermal treatment under
autogenous conditions (e.g. air atmosphere, without any nitrogen washing of the autoclave). All the
above considerations are also for the mineral oil recovered after the fifth recycling test (Figure 2), thus
demonstrating the chemical stability of the oil even after a repeated thermal stress.

After having verified that no sensible degradation of the oil has occurred, the presence of impurities was
further evaluated by UV-Vis spectroscopy. The UV-Vis spectrum of the recovered mineral oil reveals
the presence of a significant absorption peak at about 270 nm and a weak shoulder at about 330 nm,
both indicating the possible presence of conjugated systems of double bonds (Saha et al., 1999). These
can derive from the C-C bonding fracture of the mineral oil, leading to the formation of alkane, alkene
(cracking reaction), or to the presence of condensed aromatic structures, in our case of furanic source,
formed as a consequence of the acid-catalyzed hydrothermal biomass treatment (Heltzel et al., 2016).

The solubilization of the furanic compounds in the mineral oils is a known issue, especially in the field
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of the transformers, where the degradation (aging) of the oil is monitored by following the release of
furanic impurities deriving from the degradation of cellulose insulation paper (Saha, 2003). In order to
confirm the solubilization of the furanic compounds in the mineral oil, a blank experiment [H,SO, 2
wt% + water + mineral oil] was carried out, adopting the previously optimized reaction conditions, and
the UV-Vis spectrum of the recovered mineral oil was acquired. Unlike from the oil recovered from
corn grain hydrolysis, which was yellow, that recovered from the blank reaction remained colorless,
giving no significant absorption peaks in the UV-Vis region. Definitely, at this level of investigation, the
UV-Vis analysis has revealed the presence of furanic compounds, deriving from the biomass hydrolysis.
On the basis of the data obtained by the physicochemical characterization, these compounds can be

considered as impurities of the oil, thus don’t affecting the bulk properties of the mineral oil.

3.2.3. Chromatographic analyses of the recovered mineral oil

In the adopted [mineral oil/water] biphasic system, LA and FA certainly show a higher compatibility, in
term of solubility, towards the polar aqueous phase, favored by the presence of their
carbonylic/carboxylic groups. However, the further presence of the non-polar hydrocarbon chain could
enable the partial solubilization of these organic acids into the oil phase, which could occur especially at
the interface’s surfaces of the O/W and W/O emulsions. The two phases, visually distinct, should not
interact at the separation interface, in order to avoid the inclusion of these organic acids into the oil
phase. In order to complete the characterization work and further confirm its “anti-solvent” behavior,
the recovered mineral oil (Exp. 5, Table 1) was further analyzed by GC/MS and HPLC techniques. In
this regard, the HPLC analysis of the acidified aqueous extract has confirmed the absence of LA, FA
and simple furanic compounds (such as furfural and 5-HMF) in the organic phase, and this statement
was further confirmed by GC/MS analysis of the Et,O extract. Definitely, these chromatographic
analyses have confirmed that LA and FA were selectively included only in the aqueous phase.

Lastly, the chemical stability of the recovered mineral oil was qualitatively evaluated by GC/MS
analysis, by comparing its TIC with that of the starting untreated mineral oil. In this regard, GC is a very
effective tool for evaluating differences in the properties of petroleum products, evaluated on the basis
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of the distribution of the detected volatile hydrocarbons, thus simulating the traditional distillation
procedure, which has been already carried out on this matrix. Furthermore, it gives important
information about the presence oil breakdown products, which generally lead to the formation of more
polar compounds with higher molecular weights, resulting in longer retention times during the analysis.

TIC of both mineral oil saturated hydrocarbons (MOSHS) results in the presence of broad peaks, that do
not allow the identification of the individual compounds, as reported in the literature (Krahforst and
Healey, 2018). These broad peaks are due to a huge number of hydrocarbon isomers, which are very
similar for boiling points, falling mainly within the C,,—C3, range. For our aims, this analysis confirms
the chemical stability of the recovered mineral oil, whose chromatographic profile perfectly follows that
of the starting untreated oil sample. Lastly, the absence of additional peaks in the recovered oil, which
could justify to the presence of degradation products deriving from both mineral oil itself and biomass
conversion, further confirms all the above statements on the inertness of the mineral oil towards LA and

FA.

3.3. Characterization of the hydrochar

Hydrochar is the main waste of this process and its reuse for new applications is strongly encouraged for
justifying the sustainability of the entire process (Fang et al., 2018; Licursi et al., 2018). The
carbonaceous hydrochar deriving from the monophasic hydrothermal conversion of corn grain is
essentially composed of polymeric furanic humins, as reported in the literature (Zhao et al., 2016), and it
does not include the lignin contribute, which is mostly absent in the starting biomass. A preliminary
characterization of the monophasic- and biphasic-derived hydrochars has been carried out, comparing

them to forecast the most suitable exploitation strategy.

3.3.1. FT-IR analysis of the hydrochar
Hydrochar recovered from the best biphasic hydrolysis test (Exp. 5, Table 1) was characterized by FT-
IR spectroscopy, and compared with that deriving from the corresponding monophasic test of reference

(Exp. 3, Table 1), and with that of the starting untreated biomass. Regarding the starting corn grain, the
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band assignments of its IR spectrum are widely available in the literature and well summarized by Kizil
et al. (2002). In detail: 3000-3600 cm™ is assigned to O-H stretching, 2800-3000 cm™ to CH,
deformation, 1642 cm™ to the water adsorbed in the amorphous regions of starch, 1415 cm™ to CH,
bending and C-O-O stretching, 1335 cm™ to C-O-H bending and CH, twisting, 1242 cm™ to CH,OH
(side chain) related mode, 1163 cm™ to C-O, C-C stretching, 1070 cm™ to C(1)-H bending, 930 cm™ to
skeletal mode vibrations of a-1,4 glycosidic (C-O-C) linkages, 860 cm™ to C(1)-H, CH, deformation,
760 cm™ to C-C stretching vibrations, and 537 cm™ to skeletal modes of the pyranose ring.

The comparison between the IR spectrum of the starting corn grain and that of the hydrochar recovered
from monophasic hydrolysis highlights the important change of the chemical structure of the starting
feedstock, achieved as a consequence of the performed hydrothermal treatment. Taking into account the
behavior of the solid phase within the hydrothermal treatment, the complete conversion of glucose (Exp.
3, Table 1) has led to the formation of carbonaceous humins, which are composed of insoluble
polyfurans, with carbonylic and hydroxylic functionalities (Bernardini et al., 2017; Licursi et al., 2017,
2015). IR band assignments of the monophasic-derived hydrochar have been reported in the literature
(Licursi et al., 2017; Sevilla and Fuertes, 2009). In summary, the broad band around 3300 cm™ is
assigned to O-H (hydroxyl or carboxyl) stretching vibration, the peak at 2924 and 2854 cm™ to
stretching vibration of the aliphatic C-H. The peak at 1720 cm™ corresponds to C=0O stretching
vibrations of carboxylic and keto groups, which reveals the presence of these functional groups on the
hydrochar surface. The bands at 1605 cm™ and 1515 cm™* are related to ring vibrations of the C=C
bonds of the furanic structures, and those in the region 1400-1100 cm™* correspond to C-O-C vibration.
Lastly, new absorption bands at 860 cm™* and 800 cm ™ are found in the monophasic-derived hydrochar,
assigned to aromatic out-of-plane bending vibrations of C-H bonds.

Regarding the IR spectrum of the biphasic-derived hydrochar, its absorption bands are much less intense
than those of the monophasic-derived one. This is clearly due to the presence of the mineral oil on the
hydrochar surface, confirmed by its intense absorption bands at 2952, 2921 and 2852 cm™, which
significantly flatten those belonging to the functional groups of the hydrochar. On this basis, the

reactivity of the biphasic-derived hydrochar, considered in terms of free and reactive hydroxyl/carbonyl
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groups, is much more hampered than that of the monophasic-derived one, and therefore its possible
application as adsorbent for environmental applications is not suitable, thus preferring its combustion
per energy recovery, mainly as: i) immediate combustion of the [hydrochar + trapped mineral oil], or ii)
preliminary recovery of the mineral oil from the hydrochar by solvent extraction and subsequent

combustion of the hydrochar. Both these proposals will be briefly discussed in the next paragraphs.

3.3.2. Elemental analysis and energetic properties of the hydrochar

Elemental composition of the investigated samples has been determined, e.g. starting corn grain (45%
C,71%H,1.3% N, 0.1% S, 46.5% O), monophasic- (64.7% C, 5.6% H, 1.2% N, 1.7% S, 26.8% O) and
biphasic-derived (75.6% C, 10.3% H, 1.0% N, 0.8% S, 12.3% O) hydrochars. The higher sulfur content
of the biphasic-derived hydrochar is due to the presence of some H,SO, residues in the emulsified oil
phase, trapped together with the hydrochar, as previously highlighted during the characterization of the
recovered mineral oil. These data can be reported as H/C and O/C atomic ratios in the Van Krevelen
plot of Figure 4, which gives a good visual representation of the biomass coalification progress (Licursi
et al., 2017). In the same figure, H/C and O/C ratios of other biomasses/LA-derived hydrochars of
interest are also reported, for comparison purposes.

Figure 4, near at here

The above data show that, independently from the adopted starting feedstock, the monophasic-derived
hydrochars have similar H/C and O/C atomic ratios, falling within those of the traditional Brown coals
(Licursi et al., 2017, 2015). Instead, in the case of the biphasic-derived corn grain hydrochar, its O/C
ratio falls within the range of the sub-bituminous coals (about 0.1 in both cases), but it has a much
higher H/C ratio (about 1.6 for the hydrochar versus 0.8 for the sub-bituminous coals) (Licursi et al.,
2017, 2015), due to the contribution of the residual hydrocarbon-rich mineral oil. The much lower H/C
ratio of the traditional sub-bituminous coals is due to the prevailing demethanation pathway, which
occurs under the harsher reaction conditions of the natural coalification process, instead absent in the
case of the hydrochars. From the perspective of the liquid fuels, the chemical composition of the
biphasic-derived hydrochar falls within the ranges of the best “ideal” ones, such as traditional crude oil
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products (diesel, gasoline and kerosene), or biomass-derived fatty acid ethyl esters (FAEES) and fatty
acid methyl esters (FAMESs) (O’ Connor, 2013).

In order to complete the above discussion, the energetic properties of the biphasic-derived hydrochar, in
terms of higher heating value (HHV), were determined and compared with those of the monophasic-
derived hydrochar and the starting untreated biomass. HHV value of the monophasic-derived hydrochar
was 26.6 MJ/kg, much more higher than that of the starting untreated biomass, which was 16.2 MJ/kg
and falls within those obtained from hydrothermal treatment of different biomasses (Tag et al., 2018).
This increase is due to the occurred concentration of the carbon content (respect to the starting untreated
biomass), given by the migration of oxygen and hydrogen mainly into the liquid phase (Licursi et al.,
2017). Instead, HHV of the biphasic-derived hydrochar is much higher than those of the traditional
hydrochars, amounting to 36,1 MJ/kg, due to the contribute of the residual hydrocarbon-rich oil, as
previously stated, thus confirming the promising fuel properties of this bio-waste. Monophasic- and
biphasic-derived hydrochars gave 1.6 and 2.2 as energy densification ratios, respectively, and 36.8 and
63.8 % as energy Yields, respectively. In the case of the biphasic-derived hydrochar, the energetic
advantage (as energy densification ratio) should compensate the modest hydrochar mass yields obtained
by the hydrothermal processing of this biomass (23 and 29 wt% for the monophasic- and biphasic-
derived hydrochar, respectively). By this way, significantly improved energy yield can be achieved for
the biphasic-derived hydrochar, in the range of those deriving from more “favorable-for-hydrochar”
lignocellulosic biomasses (Elaigwu and Greenway, 2016, Licursi et al., 2017). Definitely, the traditional
energetic approach is particularly advantageous for the biphasic-derived hydrochar, given its higher
achievable energy yield. Taking into account that the economics of the LA process is already
advantageous if based on the only production of this platform-chemical (Silva et al., 2017), the
recovered hydrochar can certainly contribute to lower the LA production costs, e.g. by partially

recovering the energy spent for its production within a biorefinery plant.
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3.3.3. Recovery of the mineral oil from the hydrochar by solvent extraction

Mineral oil was isolated from the hydrochar by extraction with hexane, in order to evaluate the
feasibility of the oil recovery, which is a fundamental requisite for the next development of this
approach on industrial scale, if the direct combustion of the [hydrochar + trapped mineral oil] for energy
recovery is not the preferred choice. The extraction tests have revealed that the hydrochars have retained
almost the same amount of mineral oil, corresponding to about 60 wt% of the weight of the starting
water-dried hydrochar. This is an important confirmation of the good reproducibility of the entire
procedure, considered an ensemble of the unit operations, which include 1) the biphasic reaction, 2) the
separation of the hydrochar from the (water + oil) liquid phase by vacuum filtration and 3) the removal
of the mineral oil from the hydrochar by solvent extraction. However, from a larger-scale biorefinery
perspective, it should be economically advantageous to recover and reuse within the same LA process
only the oil fraction which is separated from the solids, whilst the oil adsorbed in the hydrochar should
be immediately used to make energy, e.g. without any further separation step. This energy can be used

within the same LA plant and electricity surplus can be sold to the grid.

4. Conclusions

Corn grain acid-catalysed hydrolysis to LA in a biphasic [paraffin oil/water] system was investigated.
Paraffin oil was used as a non-solvent towards LA, allowing its selective concentration into the polar
water phase. The evaluated catalytic performances were comparable with those of the monophasic route.
Inertness and thermo-chemical stability of the recovered oil have been demonstrated. Furthermore,
recovered hydrochar has revealed promising energetic properties. The proposed approach represents a
smart strategy of process intensification, allowing significant cost reduction for LA clean-up operations.
It enlarges the possibilities of performing LA synthesis, in the perspective of its market development as

commodity chemical.
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739  Captions for Figures

740  Figure 1: Effect of the agitation speed on the catalytic performances of the corn grain biphasic
741  hydrolysis in the [mineral oil/water] system, adopting different H,SO, concentrations.

742  Formulation: Biomass loading = 14 wt%. Reaction conditions: hydrolysis temperature = 190 °C;

743  hydrolysis time = 1 hour.

744  Figure 2: Recycling tests of the recovered mineral oil (Exp. 5, Table 1, as direct run).

745  Figure 3: Plots of temperature/pressure versus time for a monophasic (Exp. 3, Table 1) and a
746  biphasic (Exp. 5, Table 1) run.

747  Figure 4: van Krevelen diagram of the investigated corn grain (starting biomass) and its
748  monophasic- and biphasic-derived hydrochars recovered after LA production. For comparison
749  purposes, other starting biomasses/hydrochars have been included (adapted from (Sevilla and

750  Fuertes, 2009)).

751
752

753
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754  Captions for Tables

755  Table 1: Monophasic versus biphasic approach: results. Formulation: Biomass loading = 14 wt%.

756  Reaction conditions: hydrolysis temperature = 190 °C; hydrolysis time = 1 hour; agitation speed =

757 250 rpm.

758 Table 2: Mass and concentration data of LA and FA in the aqueous phase, for the
759  monophasic/biphasic hydrolysis experiments. Formulation: Biomass loading = 14 wt%. Reaction
760  conditions: hydrolysis temperature = 190 °C; hydrolysis time = 1 hour; agitation speed = 250 rpm.
761 Table 3: Mass and concentration data of LA and FA in the aqueous phase, for the biphasic
762  hydrolysis tests which have been carried out in the presence of LA and FA, both directly introduced
763 in the starting reaction mixture. Formulation: Biomass loading = 14 wt%, H,SO, = 2 wit%.

764  Reaction conditions: hydrolysis temperature = 190 °C; hydrolysis time = 1 hour; agitation speed =

765 250 rpm.

766  Table 4: Physicochemical properties of the starting and recovered (Exp. 5, Table 1) mineral oil.
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826

List of Tables

Table1
Water Mineral H,SO, LAyield FAvyield Glucose conversion LA selectivity FA selectivity
=P (Wt%)  oil (Wt%)  (wt%) (mol%) (mol%) (mol%) (mol%) (mol%)
1 85 - 1 13.2 13.7 58.2 22.7 235
2 84 - 2 35.4 35.8 85.1 41.6 42.1
3 83 - 3 44.5 44.9 100.0 44.5 44.9
4 33 52 1 23.8 26.5 79.0 30.1 335
5 33 51 2 353 371 97.7 36.1 38.0
6 33 50 3 37.7 39.8 100.0 37.7 39.8
Table 2
Water Mineral H,SO, LA FA LA FA
EXp.
(wt%) oil (wt%)  (wt%) (9) (9) (9/L) (9/L)
1 85 - 1 09 04 104 4.3
2 84 - 2 24 10 278 111
3 83 - 3 30 12 345 140
4 33 52 1 17 08 497 228
5 33 51 2 24 10 679 282
6 33 50 3 25 11 710 291
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827

828 Table 3
e Water Mineral oil Added LA AddedFA LA FA ALAa AFAb LA FA
Pwior)  (wio) (Wt%%) W) @ @ (@ @ @O @
7 33 48.0 1.9 1.0 37 17 0.6 0.3 1056 47.6
8 33 45.8 4.0 1.2 48 15 1.6 0.7 1368 414
9 33 37.0 10.0 4.0 77 27 4.7 23 2192 76.2
829

830 Note a: Apa is the difference between the maximum amount of obtainable LA (evaluated on the
831  Dasis of the reference data of the Exp. 5, Table 2) and that effectively recovered.
832  Note b: Ara is the difference between the maximum amount of obtainable FA (evaluated on the
833  Dasis of the reference data of the Exp. 5, Table 2) and that effectively recovered.

834
835
836 Table 4
Density ) ) Carbon
TAN Viscosity )
Sample  Water content (wt%o) (15°C) ) residue Color
(mg KOH/g) 3 (40°C) (mm-/s)
(Kg/m?) (wt%o)
Starting
) ) <0.05 0.03 868.2 68.1 <0.1 LO.5
mineral oil
Recovered
] ) 0.5 13 869.2 67.0 <0.1 L2
mineral oil
837
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Figure S1: DSC curves of the starting and recovered (Exp. 5, Table 1) mineral oil, both acquired

under air atmosphere.

Starting mineral oil
Recovered mineral oil

Integral 458,43 m|J

10 normalized 154,87 Jg~-1
Wwg~-1 Onset 170,44 °C
Peak 185,71 °C
Endset 195,19 °C
Left Limit 146,35 °C
Right Limit 210,13 °C

Integral 500, 65 m)
normalized 177,54 Jg~-1
Onset 175,54 °C
Peak 193,90 °C
Endset 206,63 °C

Left Limit 159,91 °C
Right Limit 226,31 °C

r —7ftr I~ r 1T 11 -r 1177 11
40 60 80 100 120 140 160 180 200 220 240 260 280 300 T(°C)

Figure S2: Distillation plots of the starting and recovered (Exp. 5, Table 1) mineral oil.
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Figure S3: FT-IR spectra of the starting and recovered (Exp. 5, Table 1) mineral oil.
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Figure S4: Total ion chromatogram (TIC) of the starting and recovered (Exp. 5, Table 1) mineral
oil.
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Figure S5: FT-IR spectra of the starting corn grain, monophasic- (Exp. 3, Table 1) and biphasic-

(Exp. 5, Table 1) derived hydrochars, both recovered after LA production.
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