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Abstract
The hydrothermal liquefaction (HTL) of biomass is a strategic process to convert wet and waste feedstocks into liquid bio-
fuel. In this work, we investigated the hydrothermal liquefaction of glucose and glycine, alone and together, to mimic the 
composition of low-lipid content biomass. Experimental tests were performed in a batch setup in the temperature range of 
200–350 °C. As the feeding composition and temperature changed, the distribution among the different phases (gas, solid, 
biocrude, and aqueous phase) and their compositions were evaluated through different analytical techniques (GC–MS, µ-GC, 
HPLC). Glucose–glycine showed strongly different interactions with reaction temperature: increased biocrude production 
at high temperature and increased solid production at low temperature, following a proportionally inverse trend. Biocrude, 
as well as all the other phases, was observed to be completely different according to the feedstock used. To study how their 
formation and mutual interactions were affected by the composition of the starting feedstock, consecutive reactions of the 
generated phases were innovatively carried out. The solid phase generated from glucose–glycine interaction at low tempera-
tures was experimentally observed to be mostly converted into biocrude at high temperatures. Furthermore, no interaction 
phenomena between the different phases were observed with glucose–glycine, while with glucose alone the co-presence of 
the molecules in the different phases seemed to be the cause for the lowest biocrude yield at high temperatures. The results 
obtained in this work can provide new insights into the understanding of hydrothermal liquefaction of low-lipid biomass, 
pointing out synergetic phenomena among both the biomolecules and the resulting phases.

Keywords  Biofuel · Hydrothermal liquefaction · Glucose · Glycine · Interaction mechanisms · Melanoidin

1  Introduction

The production of advanced biofuels from waste biomass has 
gained much attention as a possible solution to the pressing 
issues of fossil fuel depletion and global warming. Among 
different technologies, hydrothermal liquefaction (HTL) 
has shown interesting performance for energy exploitation 
of organic waste. HTL is a thermochemical reaction per-
formed in an aqueous environment at subcritical temperature 
(250–374 °C), pressure high enough to avoid vaporization 
of the feed (4–25 MPa), and solid/water ratio up to 20 wt% 
[1, 2]. The target product of HTL is an oily phase (biocrude) 
that, after upgrading, can be used as a substitute for fossil 
fuels. Three other sub-products are obtained: a solid phase, 

a gas phase rich in CO2, and an aqueous phase in which 
residual polar organics are mostly dissolved.

HTL reactivity is strictly linked to the strong changes 
in water properties that take place near critical conditions, 
where its dielectric constant decreases while its ionic prod-
uct increases [3]. The former allows better solubilization of 
the starting biomass and organic matter generated during 
the decomposition, by behaving as an apolar solvent; the lat-
ter increases H+ and OH− concentration favoring acid- and 
base-catalyzed reactions [4]. Furthermore, being performed 
in an aqueous phase, HTL is particularly advantageous 
for the valorization of wet waste. In fact, alternative and 
more established thermochemical technologies (combus-
tion, pyrolysis, and gasification) would require a significant 
amount of vaporization heat that would negatively affect the 
overall energy efficiency of the process [5].

Lipids, proteins, and carbohydrates are the main bio-
molecules that make up the starting biomass. The relative 
concentration of these macrofamilies was shown to strongly 
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influence the yields of HTL products [6]. In particular, an 
experimental campaign with model compounds conducted 
by Biller and Ross [7] showed that biocrude increased fol-
lowing the composition trend: lipids > proteins > carbohy-
drates. One example is lipid-rich algae, which are specifi-
cally grown for their good energy efficiency and toward 
which much attention was directed in the early days of HTL. 
On the other hand, waste biomass like municipal waste, sew-
age sludge, and food waste often has a lower lipid content 
than proteins and carbohydrates. Interestingly, these two 
families showed a high synergy towards biocrude genera-
tion. Although it is known that their strong interaction is 
traced back to the Maillard reaction [8], it is not yet well 
known which reaction pathways characterize the interac-
tion between them under HTL conditions. That is, despite 
the chemistry of the Maillard reaction and its products (i.e., 
melanoidins) has been investigated over the years, it is not 
entirely known how they influence the formation of the dif-
ferent HTL phases, their yield, and their composition.

In the last years, great attention has been devoted to 
understanding the chemical mechanisms of HTL, and three 
major phases were identified: depolymerization, decompo-
sition, and recombination [6]. Organic macromolecules are 
firstly depolymerized into their constituents, then further 
decomposed into small compounds, which are distributed 
among the different phases, and eventually can recom-
bine through radical reactions into long molecules [6]. As 
reported above, one key point in this framework is the study 
of multicomponent systems. This approach is pivotal to bet-
ter mimic the chemistry of biomass, which, being constituted 
by different kinds of macromolecules (i.e., polysaccharides, 
proteins, lipids, etc.), has different reaction pathways than 
those starting from a single model compound. Despite the 
importance of this topic, the investigation of these phenom-
ena is still limited [9].

To our knowledge, Minowa et al. [10] studied the carbo-
hydrate–protein interaction combining glucose and glycine 
for the first time in the 150–350 °C range in a batch reactor; 
they pointed out that their interaction is manifested through 
the Maillard reaction (i.e., the chemical reaction between the 

amino group of proteins and the carbonyl group of carbohy-
drates) and the formation of melanoidins as key intermedi-
ates. However, the authors did not report any results with 
pure glucose or glycine in water, so any reasoning on the 
synergy between the molecules was hindered. Peterson et al. 
[8] designed a continuous plug-flow reactor to examine the 
same reaction. The authors found out the influence of the 
reactor system on the reaction kinetics and the significance 
of the Maillard reaction in hydrothermal biomass process-
ing; nevertheless, they focused only on glucose and glycine 
conversion, without evaluating any biocrude (likely due to 
the low reaction temperature—250 °C) or product yield. Teri 
et al. [11] tested two model polysaccharides (cornstalk and 
cellulose) and proteins (albumin and soy protein) observ-
ing that the mixture produced higher biocrude yields than 
the test with model compounds alone, and it was attributed 
to the Maillard reaction promoting the formation of water-
unsoluble compounds. Fan et al. [12] studied the interaction 
between lactose and maltose (two disaccharides) with lysine 
(a long amino acid with a side chain (CH2)4NH2) within 
the temperature range (250–350 °C). They investigated all 
the phases and concluded that the carbohydrate–protein 
interaction was attributable to the Maillard reaction pro-
ducing nitrogen-containing aromatics. However, little was 
experimentally observed regarding interchange phenomena 
between the phases. Other examples of works investigating 
the carbohydrate–protein interactions under HTL conditions 
can be found in Table 1.

The cited works reported valuable results and shed light 
on many aspects of the interaction between these two funda-
mental classes of molecules. However, most of them focus 
only on the biocrude yield, while the distribution of the 
remaining phases is often left undiscussed. Furthermore, it 
remains unclear if the different phases produced during HTL 
can interact and convert among each other, and how the reac-
tion conditions affect this phenomenon.

To fill this gap, the present work focuses on understand-
ing the reaction mechanisms during HTL of glucose and 
glycine, as monomers of carbohydrates and proteins, respec-
tively. The study was mainly centered on highlighting the 

Table 1   Some studies 
available in literature on the 
carbohydrate–protein interaction 
during HTL

Feedstock Temperature Phases investigated Reference

Glucose–glycine 150–350 °C Biocrude, aqueous phase, solid and gas yield [10]
Lactose/maltose–lysine 250–350 °C Biocrude, aqueous phase, solid and gas yield [12]
Glucose–glycine 250 °C Glucose/glycine conversion [8]
Cellulose–albumin 300–350 °C Biocrude yield [11]
Glucose–soy protein 280 °C Biocrude yield and solid residue [13]
Glucose–glutamic acid 300 °C Biocrude, aqueous phase, solid and gas yield [14]
Cellulose–soy protein 350 °C Biocrude yield [15]
Glucose–soy protein 300 °C Biocrude yield [16]
Glucose–glycine 200–350 °C Biocrude, aqueous phase, solid and gas yield This work
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differences, both quantitative and qualitative, registered 
between all the phases with glucose and glycine alone and 
in a mixture. In fact, by only focusing on all the gener-
ated products it is possible to really deepen the underlying 
mechanisms.

Glucose and glycine were chosen since they are the most 
common monosaccharide and the simplest amino acid. The 
use of monomers was justified by the fact that depolym-
erization is the first step in HTL, and the use of monomers 
would facilitate the identification of the different products 
generated. Tests were performed with single monomers and 
binary solutions to study the synergistic and antagonistic 
phenomena in the generated phases. In this way, it was pos-
sible to highlight how the co-presence of the two molecules 
affects the production and distribution between the different 
phases and their composition. Temperature is well known 
to be one of the most important parameters in HTL; for this 
reason, the previous considerations were performed in a 
wide range of temperatures (200–350 °C) in order to observe 
whether and how they were affected.

The novelty of this work also lies in the approach fol-
lowed to detect the interactions among the different phases. 
In the literature, the multiphase environment of HTL is often 
modeled and studied according to a lump model based on the 
different phases produced (solid, gas, biocrude, and aque-
ous phase) [17–19]. A typical reaction scheme is shown 
in Fig. 1. According to this approach, each phase could be 
related to the others by exchange reactions. Although some 
hypotheses have been formulated in the literature for the 
interaction between carbohydrates and proteins based on 
such lump-based models, no direct observation of the inter-
change between the phases has been observed to the authors’ 
knowledge.

In this work, we aim to enlighten such interactions in a 
deeper and more direct way. To do so, consecutive tests were 
planned in order to experimentally confirm the interchange 
between the phases during HTL. That is, once separated dur-
ing the first run at low temperature, the biocrude, solid, and 

aqueous phases were subjected again to HTL at high tem-
perature in separate tests to see in which phases they were 
transformed, discriminating their preferential conversion 
pathways. In this way, it was possible to directly observe 
how and to what extent the production of each phase was 
linked to the others as the feedstock composition (glucose 
or glucose–glycine) changed. This technique thus allows 
experimental demonstration of the relationships between all 
the different phases produced during HTL (solids, biocrude, 
gases, and aqueous solubles) and strengthens the hypothesis 
that the glucose–glycine interaction develops through differ-
ent relationships among the phases with respect to glucose 
and glycine reacting alone.

2 � Materials and methods

2.1 � HTL tests and product separation

D-( +)-glucose (≥ 99.5% GC) and glycine (ReagentPlus®) 
from Sigma-Aldrich were used as reactants. HTL tests were 
conducted in a batch reactor (Parr 4575A, 500 mL). In a 
typical experiment, the reactor was loaded with 200 g of a 
solution of glucose (GLU) or glycine (GLY) with a concen-
tration of 5 wt% (with one reagent alone) or 10 wt% (mix-
ture of reagents with 5 wt% each, namely GLU-GLY). The 
reactor was purged with three cycles at 7 bar using He, and 
then was pressurized to 3 bar at ambient temperature. The 
reaction time was kept fixed at 1 h starting from the time the 
set point temperature was reached. After cooling, the final 
pressure value was recorded as a quantification check; the 
gas was sampled and then the reactor was opened. The liquid 
contained in the reactor was vacuum-filtered to separate the 
suspended solid. The permeate was extracted with diethyl 
ether in three steps (1:1 overall mass ratio); the raffinate 
was defined as aqueous phase (AP), while the extract phase 
was dehydrated and evaporated through a rotavapor (B-AP). 
The reactor, as well as the solid removed from the liquid, 
was cleaned by washing with ethyl acetate. The ethyl acetate 
solution was vacuum-filtered. The solid removed by the fil-
ter was dried overnight at 105 °C and the resulting product 
constituted the final solid (S). The ethyl acetate contained 
in the permeate was dehydrated and evaporated through a 
rotavapor. The resulting product was defined as B-S and the 
sum between B-S and B-AP represented the biocrude; for 
simplicity, biocrude mass yields will be reported as the sum 
of B-S and B-AP. The choice of using two different solvents 
for the recovery of B-S and B-AP was due to technical limi-
tations. That is, traces of ethyl acetate in the AP would have 
led to overlapping with other peaks during HPLC. Moreo-
ver, traces of diethyl ether could be easily removed before 
the consecutive reactions from the AP by leaving it under a 
chemical hood overnight; thus, no ethyl ether remained and Fig. 1   Possible interchange reactions between phases during HTL
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the amount of other compounds did not decrease. On the 
other hand, using diethyl ether for cleaning the reactor would 
have been hindered by its low boiling temperature and the 
long time required for cleaning. An overview of the followed 
protocol is depicted in Fig. 2.

The mass yield of every phase was evaluated according 
to Eq. 1, except for the AP yield which was defined as a 
complement to 100%. An averaged yield (theoretical) was 
also defined to assess the synergistic/antagonistic behavior 
of the glucose–glycine interaction (Eq. 2). This value takes 
into account the experimental yields derived from the tests 
in which glucose and glycine were alone in the mixture. If a 
difference between the averaged yields and the experimental 
yields is present, an interaction between the constituents can 
be expected. Equations 3 and 4 take account for this differ-
ence in absolute and relative form, respectively.

To better understand the correlation between the phases, 
a campaign of consecutive tests was also performed. The 
different phases (AP, B-AP, B-S, S) produced at 250 °C for 
1 h with GLU, as well with GLU-GLY, were individually 
re-loaded in the reactor and heated up to 350 °C for 1 h 
and starting 3 bar of He. Before the reaction, the solid and 
biocrude, which are insoluble in water, were loaded in the 
reactor by pouring them with fresh distilled water to obtain 
a total 200 g solution. On the other hand, the AP was left 
to mix overnight under the chemical hood to ensure the 
removal of the residual diethyl ether and then was loaded 
without dilution.

2.2 � Product characterization

The gas phase was analyzed by a Micro-GC (SRA) equipped 
with Molsieve 5A and PoraPLOT U columns, and a TCD 
detector. The quantification of the gas phase was based on 
the final concentration of He (used as an internal standard), 
according to the ideal gas law.

Organic acids, alcohols, aldehydes, ketones, and sug-
ars dissolved in the aqueous phase were analyzed through 
HPLC. HPLC analysis (Shimadzu) was performed with 
a Rezex ROA-Organic acid H + (8%) column (300 mm ‧ 
7.8 mm). The mobile phase was 5 mM H2SO4 in water. The 
flow rate was fixed at 0.7 mL/min and the temperature of 
the column at 50 °C. The products were determined using 

(1)Yieldphase i (%) = 100 ⋅
massdb, phase i

massdb, reagents

(2)Averaged value (%) =
yieldGLU + yieldGLY

2

(3)Absolute difference (%) = yieldexperimental − yieldaveraged

(4)Relative difference (%) =
yieldexperimental − yieldaveraged

yieldexperimental

Fig. 2   Work-up (green lines) and analysis (blue lines) after HTL reaction. (The reader is referred to the web version of this paper for the color 
representation of this figure)
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a refractive index detector (RID) and quantified by external 
calibration using purchased standards.

The oil phases (namely, B-S and B-AP) were character-
ized using gas chromatography (Agilent Model 7890A) 
coupled to a mass spectrometer (Agilent Model 5975C). 
A DB-5 ms column (30 m · 250 μm · 0.25 μm) and He 
as a carrier was used. The injection volume was 0.5 μL, 
and the injection port temperature was 290 °C with pulsed 
splitless mode. The temperature program used for the analy-
sis consisted of a 2-min soak at 40 °C, followed by ramps 
at 15 °C/min up to 180 °C and a 10-min soak; 3 °C/min 
up to 230 °C and a 5-min soak; and finally, 15 °C/min up 
to 300 °C and a 2-min soak. After analysis, the identified 
compounds were subdivided according to their function-
ality. If the molecule contained more than one function, 
a primary and secondary functional group were defined, 
with a priority order defined as follows: N-containing aro-
matics > phenol derivatives > benzene derivatives > furan 
der ivatives > amines > cyclic oxygenates > cyclic 
ketones > esters > aldehydes > ketones > alcohols > ethers. 
The areas of all compounds belonging to a given group were 
summed and were presented as a percentage of the sum of 
the areas of all identified compounds. The sum of the areas 
of all primary groups gave 100%, while the sum of primary 
and secondary functional groups gave 100% or more. As 
an example, given the above-presented priority order, the 
molecule 2-hydroxy-benzaldehyde would fall within phenols 
as a core group and aldehydes as a secondary functional 
group. Compared to the simple identification of the main 
reactive group, normally found in the literature, the pres-
ence of a classification that is also based on the secondary 

functional groups allows for a more correct representation of 
the molecular structures present in the oil phases.

Solid and biocrude properties were also evaluated through 
thermogravimetric analysis (TGA) and attenuated total 
reflectance–Fourier transform infrared spectroscopy (ATR-
FTIR). TGA was carried out with a Mettler Toledo TGA/
SDTA851 thermal gravimetric analyzer, from 25 to 800 °C 
at a 10 °C/min heating rate and under nitrogen flow (50 mL/
min). FTIR spectra were collected with a Bruker Tensor 27 
FTIR spectrometer (Bruker Optics, Billerica, Ma), equipped 
with an attenuated total reflection ATR accessory, between 
400 and 400 cm−1 wavenumbers and 1 cm−1 resolution. The 
analysis was carried out at room temperature, tightly press-
ing the sample on the crystal surface.

3 � Results and discussion

3.1 � Glucose

In Fig. 3A, the product distribution in terms of mass yields 
for glucose (GLU) is reported at different temperatures.

The gas yield showed an increasing trend with temper-
ature, ending up being almost constant above 300 °C (10 
wt%). This trend is in accordance with tests performed by 
Minowa et al. [20]. As can be seen from Fig. 3B, the gas 
phase is mainly constituted by CO2, with the increasing 
reaction temperature favoring the formation of H2 and CO. 
However, despite the lower CO2 concentration at high tem-
peratures, its partial pressure increased up to 300 °C and 

Fig. 3   A Mass yields with GLU at different temperatures. B Gas com-
positions (vol. %) for GLU at different temperatures. The term C2 + is 
identified as ethane, ethylene, and propane. Reaction conditions: 5 wt% 

glucose, 60 min, 200 g feed. (The reader is referred to the web version 
of this paper for the color representation of this figure)
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then remained constant; all the other compounds showed a 
stronger increase with temperature.

The differences in gas composition are attributed to the 
decomposition mechanisms occurring in the liquid and 
solid phases. Approaching the water critical conditions 
(T = 374 °C), radical-free reactions in the aqueous medium 
are favored over the ionic ones, enhancing the gas produc-
tion through the degradation of solid and liquid products 
[21]. In this way, the slight increase in small alkanes (C1-
C3) observed at 350 °C could be explained by the presence 
of cracking reactions of oil and solid [1]. However, at lower 
temperatures, radical-free reactions are limited and the raise 
in CO and H2 must be traced back to differences in the ratios 
of decarboxylation, dehydrogenation, and decarbonylation 
reactions that molecules in the other phases may undergo. 
In particular, the aqueous phase is usually of more interest 
in this regard because of molecules such as formic acid and 
acetic acid that are prone to H2, CH4, and CO formation [22].

The compounds identified in the aqueous phase are 
given for every temperature in Figure S1, expressed as car-
bon yield. At 200 °C, unconverted glucose is still detected, 
accounting for 28% of the feedstock. A high amount of 
5-HMF is observed and it derives from glucose through an 
isomerization/dehydration pathway, which has fructose as 
a reaction intermediate [20, 23]. The latter was observed in 
preliminary tests at 150 °C, along with 92 percent uncon-
verted glucose and 5-HMF (not shown). Above 200 °C, 
5-HMF was barely detected in the aqueous phase, while 
levulinic acid (LA) was identified as the molecule with the 
highest carbon yield. However, as well as for 5-HMF, LA 
was also observed in the oil phase as will be shown later on. 
Traces of 5-HMF and LA observed in the aqueous phase 
were hence due to an intermediate partition factor of these 
two molecules into the polar solvents used [24, 25]. LA is 
the dehydration product from 5-HMF and is produced in 
equimolar amounts together with formic acid (FA) [26]. 
However, their molar ratio (FA/LA) is not constant and 
equal to unity, but instead decreases from 3.0 to 0.03 as the 
temperature increases from 200 to 350 °C. This trend could 
be due to the conversion of FA to H2 at high temperatures, 
given its instability and hydrogen-donor nature.

Looking at the solid phase (Fig. 3A), the mass yield 
showed an increase with increasing temperature up to 
250 °C, then reaching a plateau for higher temperature. The 
HTL-derived solid is generally considered the final product 
due to the recombination and repolymerization of the reac-
tive fragments generated during the decomposition of bio-
mass polymers [6]. In fact, as the reaction proceeds, hydro-
gen is less available for capping free radicals, leading to their 
aggregation and eventually the formation of high molecular 
weight molecules (char). Approaching supercritical condi-
tions, radical reactions are favored compared to the ionic 
ones [3]. It should hence be expected an increase in the solid 

yield with an increase in reaction temperature, as observed 
by Minowa et al. [20]. However, it was not observed in this 
work. In this case, the formation of the solid state is prob-
ably the result of the formation of intermediate compounds 
named humins. These are formed through condensation 
reactions of 5-HMF with glucose and/or a hydrated 5-HMF 
molecule [27]. The solid observed is hence not assimilable 
to a carbonaceous structure rich in carbon as char, but rather 
to a polymeric structure, water-insoluble, still having a fair 
degree of oxygenation and a certain reactivity. The humin-
like structure is confirmed by Fig. 4, reporting the FTIR 
spectra for the solids obtained at 250 °C and 350 °C. The 
main peaks are attributable to carbonyl groups (1702 cm−1 
and 1205 cm−1), ether groups (1280 cm−1), and aromatic 
structures (C = C at 1600 cm−1, C = C–C at 1355 cm−1, phe-
nolic C-O at 1205 cm−1and aromatic C–O–C at 1280 cm−1) 
[28–32]. This observation confirms the furan-like and oxy-
genated structure observed by humins synthetized from dif-
ferent carbohydrates [28–31].

The biocrude yield had a maximum at 250 °C, suggesting 
that its production from glucose was not favored at a higher 
temperature. A maximum at 280 °C was also observed by 
Minowa et al. [20], which explained this behavior assuming 
the conversion of the biocrude into gas and solid. In our 
study, however, the biocrude yield was reduced simultane-
ously with an increase toward the gas phase but not toward 
the solid. The conversion of biocrude into other phases will 
be further deepened in Sect. 3.5 (Consecutive reactions).

To better understand their nature, the biocrude extracted 
from the solid (B-S) and the biocrude extracted from the 
aqueous phase (B-AP) were separately analyzed through 
GC–MS (Fig. 5). At 200 °C, B-S and B-AP are only con-
stituted by furan derivatives (mostly in the form of 5-HMF 
and 2,5-furandicarboxaldehyde). Levuglucosan, a product 
of glucose dehydration [20], was also detected. As the tem-
perature increases to 250 °C, the oil phases are enriched 
with new compounds. In particular, phenols represented the 
major group identified, while the portion of furanic groups 
decreased. The latter were no more represented by 5-HMF or 
similar but by benzofurans. Benzene derivatives and organic 
acids (levulinic acid) also appeared. At 300 °C, the con-
centration of phenols further increased, while furans were 
further reduced. Benzene derivatives increased and were 
also characterized by the presence of secondary functional 
groups ascribed to aldehydes and cyclic ketones. Levulinic 
acid was detected. At 350 °C, the portion of areas for ben-
zenes and phenols additionally increased, and, with respect 
to the other temperature, a high quantity of cyclic ketones 
was identified as cyclopentenones.

In general, at all temperatures, the main differences 
recorded between the B-S and B-AP were due to a higher 
portion of phenolics in the latter, and a higher portion of 
benzenes in the former. This was attributed to a difference in 
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polarity, and hence in water solubility, of these two classes 
of compounds. In addition, other families of compounds 
have been found in both oil products. TGA conducted over 
B-S and B-AP showed that the former had a higher boil-
ing point than the latter, while FTIR analysis showed fairly 
similar spectra for the two, with slightly higher intensity for 
the oxygenated bonds in B-AP.

Overall, the increase in temperature involves the increase 
in the oil products of aromatic compounds and cyclic ketones 
and the decrease of furans, mainly due to the reactivity of 
compounds such as 5-HMF, promoters of the solid phase. The 
presence of the previously listed compounds in oil produced 
by glucose liquefaction has been documented in the literature. 
These include ketones and furans [16], resulting from dehy-
dration and isomerization of glucose, and phenols, in particu-
lar the molecule 1,2,4-benzentriol (detected in B-AP at 250 °C 
and 300 °C), resulting from the degradation of 5-HMF [33].

3.2 � Glycine

Figure 6A shows the mass yields obtained with glycine alone 
(GLY). At 200 °C, there is no production of phases other than 
the starting aqueous phase, which resulted in predominant at 
every temperature. Except for the aqueous phase, at 250 °C and 
above, the highest mass yield was observed with the gas phase. 
In Fig. 6B, the gas composition is reported. The gas consists 
mainly of CO2 (at least 63% of the gas), in smaller amounts 

of CO and H2, and in traces by CH4 and longer alkanes. As 
observed with glucose alone, the CO2 concentration decreases 
with temperature while the other compounds increase. How-
ever, for each gas, including CO2, the partial pressure, and 
hence the amount produced, increased with temperature.

The possible reactions that occur in hydrothermal lique-
faction of amino acids are mainly decarboxylation, deami-
nation, and dimerization [34, 35]. The formulas for these 
three reactions with glycine are given in Eq. 5, Eq. 6, and 
Eq. 7, respectively. Decarboxylation leads to the production 
of CO2 and methylamine, while deamination brings to the 
formation of NH3 and acetic acid. The high CO2 concentra-
tion is hence attributable to decarboxylation. However, the 
CO2 yield from direct decarboxylation was limited. In fact, 
the CO2 yields according to the stoichiometry reported in 
Eq. 5 were relatively low: from 11.0% at 250 °C to 12.9% at 
350 °C. Therefore, also because CO2 could be produced by 
the degradation of other molecules coming from the glycine 
decomposition, as probably happened for CO and H2, only a 
reduced portion of the glycine took part in the decarboxyla-
tion reaction.

(5)H2N − CH2 − COOH → H2N − CH2 + CO2

(6)H2N − CH2 − COOH → CH3 − COOH + NH3

(7)
H2N − CH2 − COOH → H2N − CH2 − COH2 − NH − CH2 + H2O

Fig. 4   FTIR spectra of the sol-
ids obtained with 5wt% glucose 
for 1 h at 250 °C (dark line) and 
350 °C (red line). (The reader 
is referred to the web version of 
this paper for the color repre-
sentation of this figure)
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The solid yields were practically null while the biocrude 
yields were low. The biocrude consisted exclusively of B-AP 
and Fig. 7 shows its distributions among the different classes 
of compounds.

At every temperature, the highest amount of compounds 
belonged to the pyridine group; in particular, the main com-
pound identified was 5-ethyl-2-methylpyridine (20 to 37% of 
the overall area). Pyridines are aromatic compounds having 
one nitrogen within a six-atom ring, as depicted in Fig. 8; 
their formation has been often registered as a consequence 
of an interaction between amino acids and decomposition 
products from sugars [36]. It is hence probable that pyridine 
formation was due to its reaction with residual compounds 
from its degradation. On the other hand, the formation of 
pyrazines was very low. Pyrazines are aromatic compounds 
containing two nitrogen atoms, so their formation requires 
the interaction between two glycine molecules. This interac-
tion occurs through dimerization and subsequent cyclization 
reaction with the formation of diketopiperazines (DKPs) [13, 
36, 37], which can eventually be reduced to pyrazines [38]. 
However, the pyrazine concentration was very low while no 
DKPs were detected at any temperature. This result suggests 
a relative insignificance of this reactive pathway. Among 
other nitrogen-containing aromatics, a small amount of pyr-
roles was detected. Benzene and phenol derivatives were 
also registered, often containing amino groups attached to 
them.

The low biocrude production from glycine alone seems to 
be inconsistent with what was stated by Biller and Ross [7]. 
In fact, they observed that biocrude has a higher yield from 
proteins than from carbohydrates, while in this work, glycine 
showed much lower biocrude than glucose reacting alone 
(tenfold ratio). This is probably due to the very different 
behavior of glycine compared with albumin and soy protein 
used by Biller and Ross [7]. Protein depolymerization in 
a hydrothermal environment is not as fast as carbohydrate 
depolymerization [39]. The amino acids contained in the real 
protein have longer and more complex side chains (e.g., phe-
nylalanine) that, although may not be reactive, can change 
the solubility of the generated molecules and hence the prod-
uct distribution. The partial depolymerization and decompo-
sition of proteins would lead to shorter chains which would 
be constituents of the biocrude phase, resulting in a different 
phase distribution compared with amino acids. Therefore, 
the amount of biocrude from protein polymers can result in 
a further increase compared to the yield from glycine alone.

Glycine is the smallest amino acid, having the side 
chain constituted by only one hydrogen atom; it is rela-
tively stable and is formed as a decomposition product of 
more complex amino acids [34]. The amino acids con-
tained in the real protein have longer and more complex 
side chains (e.g., phenylalanine) that, although may not 
be reactive, can change the solubility of the generated 
molecules and hence the product distribution. However, 
it possesses the two functional groups (amino and carbox-
ylic group) that characterize the chemical reactivity of 
all amino acids, therefore it is useful to study the general 
interaction with carbohydrates.

3.3 � Glucose–glycine

In Fig. 9A, the mass yields for the glucose–glycine mixture 
(GLU-GLY) are reported. The gas yield slightly increased 
passing from 200 to 250 °C and then resulted constant. In 
contrast to the mono-component solutions, the gas phase is 
produced significantly already at low temperatures and it is 
mostly constituted by CO2 (Fig. 9B). In fact, up to 300 °C, 
99 vol.% of the gas is CO2, and at 350 °C, only traces of 
other gases were detected. Moreover, the partial pressure of 
CO2 remains constant from 250 °C, confirming that all CO2 
is produced at low temperatures.

The production of a substantial amount of gas at low 
temperatures is due to CO2 release, which can be attributed 
to the Strecker degradation [40]. This reaction leads to the 
decarboxylation of amino acids through the oxidizing action 
of some sugar-derived compounds (carbonyl compounds) 
[41]. The amino compounds formed from Strecker degrada-
tion are considered precursors of nitrogen-containing aro-
matics (pyrroles, pyrazines, and pyridines among others).

The mass yield of the solid surprisingly showed a maxi-
mum yield at 250 °C (Fig. 9A). At lower temperatures, the 
mass yield was notable, but with increasing temperatures, 
the solid seems to be converted into biocrude; in fact, the 
biocrude yield monotonously increased with temperature 
(from 250 to 350 °C, it increased threefold). This hypothesis 
will be further investigated in Sect. 3.5 (Consecutive reac-
tions). In addition, the biocrude composition is drastically 
different from the one registered for GLU and GLY (Fig. 10), 
suggesting a different behavior of the GLU-GLY mixture. At 
every temperature, the most abundant products observed in 
the oil phase are nitrogen-containing aromatics. The sum of 
the relative areas of these compounds goes from 97 to 80% 
and 71% for B-S and B-AP at 350 °C. Among these, pyra-
zines were widely the most present, followed by pyrroles 
(Fig. 10). Interestingly, the former were observed both in the 
B-S and in the B-AP while the latter were registered almost 
exclusively in the B-S. This can be probably explained by a 
very low aqueous solubility of pyrroles, which determines 
their concentration in the biocrude extracted from the solid.

Fig. 5   Family compounds identified in the B-S and B-AP with GLU. 
Subdivision among: phenol derivatives (Phe), benzene derivatives 
(Benz), furanes (Fur), cyclic oxygenates (CyclOx), cyclic ketones 
(CyclKet), aldehydes (Ald), ketones (Ket), organic acids (Org), 
and alcohols (Alc). Bars without stripes refer to the core functional 
groups; striped bars refer to secondary functional groups

◂
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Pyrazines have been identified in the literature as a prod-
uct of the degradation of intermediates of the Maillard reac-
tion [42]. The Maillard reaction is an intricate set of reac-
tions, including the Strecker degradation, that is initially 
ascribed to the interaction between amino groups (coming 
from ammonia, amino acids, or amines) and carbonyl groups 
(coming from reductive sugars or their aldol-splitting deriv-
atives) [8]. The products are called Amadori compounds, 
which in the second stage lead to the formation of melanoi-
dins. These are high molecular weight compounds known 
for their characteristic brown color and for their solubility 
in water and insolubility in diethyl ether [43]. The glucose-
amino acid system is known to be affected by this pathway 
[8, 43, 44] and the high presence of pyrazines, as well as 
pyrroles, confirmed this theory [45].

At low temperatures, only pyrazines and pyrroles were 
detected, as well as pyridinol (pyrazines with one oxydril 
group derived from the Maillard reaction [43]) and a few 
cyclic ketones. Increasing to 250 °C and 300 °C, other 
compounds also appeared, namely indoles, amino groups, 
phenols, and benzene derivatives. Indoles are usually identi-
fied in biocrude obtained from real protein-alone feedstock 
[9, 11, 46], but in this work, they were not observed from 
GLY; this could be explained by different reaction mecha-
nisms between glycine and real proteins. Amino groups were 
mainly found as substituents attached to phenols or in the 
form of pyrrolidines. Phenols and benzenes were almost 
always observed with amine groups attached, suggesting a 
different formation pathway with respect to benzenes and 
phenols registered for glucose alone. Finally, at 350 °C, 

Fig. 6   A Mass yields with GLY at different temperatures. B Gas com-
positions (vol. %) with GLY at different temperatures. The term C2 + is 
identified as ethane, ethylene, and propane. Reaction conditions: 5 wt% 

glycine, 60 min, 200 g feed. (The reader is referred to the web version 
of this paper for the color representation of this figure)

Fig. 7   Family compounds identified in the B-AP with GLY. Subdi-
vision among pyridine derivatives (Pyri), pyrrole derivatives (Pyrr), 
pyrazole derivatives (Pyra), amines (Amm), benzene derivatives 

(Benz), phenol derivatives (Phe), cyclic ketones (CyclKet), alcohols 
(Alc), and ketones (Ket). Bars without stripes refer to the core func-
tional group; striped bars refer to secondary functional groups
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cyclic ketones (mainly in the form of cyclopentenones), as 
well as indoles, pyridines, and benzenes, increased further.

As was described for the biocrude yield and composition, 
the co-presence of glycine strongly modified the reactions to 
which glucose was subjected. This was also confirmed by the 
analysis of the aqueous phase composition (Supplementary Fig-
ure S2). For clarity, it is reiterated that nitrogen-containing com-
pounds are not reported. The main compounds identified were 
organic acids (mainly propionic and butanoic acid) as well as 
alcohols (methanol and ethanol) derived from acid dehydrolysis 

[36]. Acetic acid was observed at all temperatures in carbon 
yields ranging from 2.4 to 3.0% and its formation could be 
attributable to glycine deamination or glucose decomposition. 
Compounds such as levulinic acid, formic acid, and 5-HMF, 
due to the decomposition of glucose and previously observed 
as predominant with glucose alone, showed lower carbon yields 
with GLU-GLY (taking into account also the different carbon 
distribution in the feedstock with GLU and GLU-GLY). This 
indicates a strong interaction of glycine with glucose degrada-
tion pathways, as previously observed by Peterson et al. [8].

Fig. 8   Nitrogen-containing 
aromatics identified in this 
work. The yellow and green 
dashed groups contain the most 
occurring molecules identified 
with glycine alone and glucose–
glycine, respectively

Fig. 9   A Mass yields with GLU-GLY at different temperatures. B 
Gas compositions (vol. %) with GLU-GLY at different temperatures. 
The term C2 + is identified as ethane, ethylene, and propane. Reaction 

conditions: 5 wt% glucose, 5 wt% glycine, 60 min, 200 g feed. (The 
reader is referred to the web version of this paper for the color repre-
sentation of this figure)
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Fig. 10   Family compounds 
identified in the B-S and B-AP 
with glucose–glycine. Subdivi-
sion among pyrazine deriva-
tives (Pyra), pyrrole derivatives 
(Pyrr), pyridine derivatives 
(Pyri), pyridinol derivatives 
(Pyro), pyrazole derivatives 
(Pyzo), pyridinone derivatives 
(Pyone), indoles (Indo), amines 
(Amm), benzene derivatives 
(Benz), phenol derivatives 
(Phe), cyclic ketones (CyclKet), 
alcohols (Alc), ketones (Ket), 
and ethers (Eth). Bars without 
stripes refer to the core func-
tional group; striped bars refer 
to secondary functional groups
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3.4 � Glucose–glycine interaction

To better study the interaction between glucose and gly-
cine, in Fig. 11, the absolute (A) and relative (B) differences 
between the mass yields obtained experimentally and those 
obtained as an average of the performance of the individual 
monomers are shown. In both figures, a positive value rep-
resents an increase in mass yield with the co-presence of 
both molecules (synergy), while a negative value represents 
a decrease (antagonism).

At low temperatures, with the GLU-GLY system, the gas 
yield is considerably favored compared to the monomers 
alone (Fig. 11B). Looking at the differences between the 
partial pressure of GLU-GLY and the sum of those of GLU 
and GLY (Supplementary Figure S3), it is clear that already 
at 200 °C the co-presence of the two led to the production of 
a high amount of CO2 that, as previously described, can be 
attributed to the Strecker degradation. The synergy towards 
the gas formation however decreased with an increase in 
temperature. This is partially due to the increase in the gas 
production with the monomers, as well as a substantial non-
variation of the gas from GLU-GLY at higher temperatures 
(Fig. 9A). In addition, at every temperature, GLU-GLY pro-
duces a lower amount of CO and H2 and these differences 
are enlarged as temperature increases. These gases can be 
traced to degradation mechanisms of unstable products at 
high temperatures, the formation of which thus appears to 
be limited for GLU-GLY.

The strong interaction between glucose and glycine 
can be easily observed from the behaviors of solid and 
biocrude (Fig. 11). The solid was favored at 200 °C while 

became disfavored as temperature increased. In con-
trast, the biocrude formation showed an opposite trend: 
at 200 °C it was reduced while at 350 °C was increased 
by 93% (on a relative basis). This suggests a strong cor-
relation and interchange between biocrude and solid. At 
200 °C, glucose and glycine are already reacting with each 
other, leading to the formation of a solid phase and to the 
reduction of the already limited biocrude formation that 
would take place with GLU. The interaction between the 
two molecules has been previously studied in the litera-
ture at low temperatures. The reaction mechanisms have 
generally been traced back to the Maillard reaction [8, 
47] and Strecker degradation [40, 41], with the latter that 
can be included within the former. The Maillard reac-
tion involves the formation of melanoidins from which 
the biocrude is formed. However, melanoidins are water-
soluble compounds which are hence present in the aqueous 
phase. They have been mainly studied in the literature after 
freeze-drying of the aqueous phase [40, 43, 48]. Fang et al. 
[40] saw that the solid fraction generated from glucose 
and glycine has similar 13C and 15N NMR spectra to those 
of the melanoidin fraction suggesting a possible similar 
nature between solid and melanoidins. For this reason, the 
increase in temperature could have led to the degradation 
of the solid with a consequent increase in the biocrude for-
mation. On the other hand, with GLU, the solid formation 
should be ascribed to the formation of the humins, which 
showed more stability and did not seem to be precursors 
of the biocrude formation. These hypotheses were tested 
through consecutive tests presented in Sect. 3.5 (Consecu-
tive reactions).

Fig. 11   Absolute (A) and relative (B) differences between experimental mass yields of GLU-GLY and mass-averaged yields for GLU and 
GLY. (The reader is referred to the web version of this paper for the color representation of this figure)
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3.5 � Consecutive reactions

3.5.1 � Evolution of the phases

To further investigate the relationships between the phases, a 
campaign of consecutive tests was carried out. Except for the 
gas phase, the products generated from GLU and GLU-GLY 
obtained at 250 °C were separated and then used as reactants 
for a second reaction at 350 °C for 1 h. The temperature 
of 250 °C was chosen for the first step because it led to 
the maximum yield in biocrude for GLU and the maximum 
yield in solid for GLU-GLY; analysis of the products gener-
ated by these phases could highlight how their formation 
is correlated. In Fig. 12 and Fig. 13, the phase distribution 
for the consecutive test campaign is reported for GLU and 
GLU-GLY, respectively.

Looking at the gas phase, although the mass yield is 
similar between GLU and GLU-GLY at 350 °C, it is easy 
to see that it derives from two different pathways. With 
GLU at 350 °C, the gas clearly increased due to contri-
butions from all the phases, while with GLU-GLY, it 
remained similar to the yield at 250 °C. With GLU, the 
increase in gas is not attributable only to the organics in 
the aqueous phase, as would be excepted, but also to large 
contributions from solid and biocrude. These phases pro-
duced different gas compositions; Figure S4 shows the 
composition of the gas (averaged) at 350 °C, highlighting 
the contribution of each phase. The solid produced mainly 
CO2, suggesting its decomposition through decarboxyla-
tion reactions; the aqueous phase contributed largely to the 

H2 production, probably due to formic acid decomposition, 
as well as CO2; the biocrude led to the formation of CO2 
and to a consistent amount of H2 and CH4. The formation 
of the latter two therefore occurs according to more com-
plex mechanisms than just decarboxylation. In addition, 
the gas distribution appears to be slightly different from 
the products generated at 350 °C for 1 h, due to a decrease 
in CO in favor of H2.

As previously described, gas production with GLU-GLY 
started at 200–250 °C and then remained approximately con-
stant. Therefore, the solid, biocrude, and aqueous phases 
decomposed only to a very limited extent into gaseous 
products at higher temperatures. A small contribution came 
mainly from the solid as CO2 while the H2 registered at 
350 °C was mostly attributable to compounds in the aque-
ous phase (Figure S5).

The biggest differences between GLU and GLU-GLY 
were observed with the trends of the formation of solid and 
biocrude phases. With GLU, the solid decreased from 250 
to 350 °C, but most of the solid remained as such, with a 
smaller portion converted into water-soluble compounds and 
gas, while a negligible fraction was converted into biocrude, 
whose yield remained constant overall. In fact, this apparent 
stability was the result of a positive contribution (conversion 
of some water-soluble in biocrude) and a negative contribu-
tion (conversion of biocrude into aqueous products, gas and 
solid).

With GLU, looking at the composition of the biocrude 
formed at 350 °C from the biocrude generated at 250 °C, 
it resulted in a higher concentration of benzene-derived 

Fig. 12   Sankey diagram with 
product distributions at 250 °C 
for GLU and for consecutive 
reactions of single phases 
reacting alone at 350 °C. All 
consecutive reactions were 
performed in duplicates
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compounds, mainly in the form of benzofuranones, 
indanones, and indenones and a lower concentration of 
benzofurans, suggesting their conversion to the aforemen-
tioned compounds. The water-soluble compounds contained 
in the aqueous phase produced at 350 °C a biocrude phase 
rich in benzenes (ca. 35%) and phenols (ca. 25%). Overall, 
the biocrudes obtained from the consecutive tests (from 
biocrude and aqueous phase) were found to be very similar 
to those obtained with GLU at 350 °C for 1 h (Fig. 5). For 
this reason, it is corroborated that for GLU, the biocrude 
formation also occurs from compounds present in the aque-
ous phase. Moreover, the solid production from biocrude 
was almost null, while the production of compounds 
released in the aqueous phase and gas was consistent. This 
suggests that biocrude does not undergo recombination 
reactions that promote char formation, but rather degrada-
tion mechanisms that lead to the formation of gas and aque-
ous phase products.

Looking at GLU-GLY (Fig. 13), the mechanisms present 
are different, in particular, the solid dramatically decreased 
from 250 to 350 °C, as seen also in Fig. 3. Confirming the 
hypothesis made above, it is clear from Fig. 13 that the 
majority of the solid phase (41 wt% of the solid generated 
in the first step) was converted to biocrude. Analyzing the 
biocrude obtained from the solid, the compounds found in 
the B-AP were mostly pyrazines-derivatives (57% of the 
overall integrated area), confirming a composition similar 
to the biocrude at 250 °C for 1 and 350° for 1 h. On the other 
hand, in the B-S, which constituted 56% of the biocrude 

phase, most of the compounds were represented by indole-
derivatives (74% of the overall integrated area). These mol-
ecules were found in lower concentration in GLU-GLY at 
350 °C; it is then possible that the appearance of indoles at 
high temperatures is due to the degradation of the solid. In 
general, these observations justify the assumption that the 
solid is an intermediate for the biocrude production with 
GLU-GLY, contrary to the idea that the solid constitutes an 
end product of the HTL reaction [6, 49]. The intermediate 
behavior herein observed can be attributed to the thermal 
instability of the solid phase, having a melanoidin-like struc-
ture with high molecular weight. To exclude a kinetic limita-
tion for the conversion of the solid into biocrude, a longer 
test at 250 °C and 6 h was also performed. Compared with 
250 °C for 1 h, the mass yield resulted higher for the solid 
(12 wt%), for the biocrude (8.5 wt%), but lower for the aque-
ous phase (70 wt%). Solid decomposition was hence driven 
by the higher reaction temperature rather than the longer 
residence time used in the consecutive reactions.

The aqueous phase gave the highest contribution to the 
biocrude formation (8.4 wt% of the starting feed). This is in 
agreement with the idea that melanoidins are formed in the 
presence of glucose and glycine and that these are interme-
diate in the formation of biocrude. As seen for GLU, also 
with GLU-GLY, a fraction of the biocrude was converted to 
aqueous phase-soluble. Furthermore, solid seemed not to be 
formed from biocrude, as assumed also from Minowa et al. 
[10], despite a carbonization process would be expected for 
a long reaction time.

Fig. 13   Sankey diagram with 
product distributions at 250 °C 
for GLU-GLY and for consecu-
tive reactions of single phases 
reacting alone at 350 °C. All 
consecutive reactions were 
performed in duplicates
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3.5.2 � Interaction between the phases

The consecutive reactions were designed in order to under-
stand how the phases produced at 250 °C (1 h) for GLU and 
GLU-GLY were related to the reaction at 350 °C (1 h), and 
the results are depicted in Fig. 14 (please note that the figure 
contains also data reported in the above paragraphs to facili-
tate the comparison). With regards to GLU (Fig. 14, left), it 
is interesting to note that the yields obtained as a linear com-
bination of the consecutive reactions (yellow bars) did not 
correspond with the yields obtained at 350 °C (cyan bars). In 
particular, the difference was strong for solid and biocrude. 
On the other hand, with GLU-GLY (Fig. 14, right), the mass 
yields as a linear combination of the consecutive reactions 
were very similar to those at 350 °C for 1 h.

To understand whether the differences were due to the 
different thermal profiles used (350 °C for 1 h versus 250 °C 
for 1 h + 350 °C for 1 h) or to the fact that some phase inter-
actions were hindered by phase separation before the second 
step, an additional test was designed. That is, after an initial 
reaction at 250 °C for 1 h, the reactor was cooled down 
and the gas phase was removed without opening the reactor. 
Then, the reactor was re-inerted, pressurized to 3 bar, and 
raised to 350 °C for 1 h without prior separation of the solid 
and liquid phases. In Fig. 14, the resulting mass yields are 
reported as “non-isolated,” in orange bars. (The reader is 
referred to the web version of this paper for the color repre-
sentation of this figure).

Comparing the non-isolated test (orange bars) with the 
results obtained at 350 °C for 1 h (cyan bars), it can be eas-
ily seen that the mass yields are remarkably similar, except 
for the gas phase, with both GLU and GLU-GLY. This 
similarity suggests that the higher residence time used in 

the consecutive steps (1 h at 250 °C + 1 h at 350 °C) with 
respect to the reaction at 350 °C (1 h) did not affect that 
much the final distribution among the phases. The only dif-
ference recorded on the gas phase can be explained by the 
fact that the removal of the gas phase after the first step (1 h 
at 250 °C) favored the gas production in the second step. For 
this reason, some equilibrium limitations for gas production 
are possible.

Comparing the mass yields in the isolated tests (yellow 
bars) with those non-isolated, GLU and GLU-GLY showed 
different behaviors. In fact, with the latter, the yields of 
solid, biocrude, and AP were always fairly similar, so it 
is possible to assume that with GLU-GLY no interac-
tions between the phases were registered. On the other 
hand, with GLU, the solid production was favored and the 
biocrude production disfavored by the co-presence of all 
the phases. It is hence probable that some kind of equilib-
rium-limited interactions took place among the different 
phases, whereby the separation of these leads to a different 
distribution of final products. For example, Liu et al. [50] 
proposed a solid formation mechanism from humins (i.e., 
the solid phase derived from the hydrothermal conversion 
of glucose) in which an equilibrium between polymeriza-
tion and depolymerization reactions is involved. Therefore, 
we may suggest that the solid formed during the first step, 
successively being in contact with clean water during the 
second step, undergoes depolymerization, since the water 
does not contain any of its precursors. Additional investiga-
tion is encouraged to better understand this phenomenon. 
This interaction was further confirmed by testing the three 
phases recovered from the first step with glucose (solid, 
biocrude, and aqueous phase) in combination with each 
other at 350 °C for 1 h (Figure S6). All the combinations 

Fig. 14   Mass yields at 250  °C for 1  h (green, 250), 350  °C for 1  h 
(cyan, 350), 250  °C for 1  h + 350  °C for 1  h separating the phases 
(yellow, 250–350 (isolated)), and 250  °C for 1  h + 350  °C for 1  h 
without separating the phases (orange, 250–350 (non-isolated)). 

GLU on the left, GLU-GLY on the right. With 250–350 (isolated) 
and 250–350 (non-isolated), the gas yield takes into account the gas 
formed after the first step plus the gas formed in the second step
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tested (aqueous phase + solid, aqueous phase + biocrude, 
and solid + biocrude in freshwater) showed a synergy 
towards the solid and aqueous phase and an antagonism 
towards the biocrude. Moreover, observing the linear com-
binations of the mass yields obtained with the biphasic 
reaction (Figure S7, grey), it can be easily seen that solid 
and biocrude resembled quite well the results obtained 
without isolation of the phases (Figure S7, orange). It is 
then corroborated by the hypothesis that with glucose there 
are strong interactions among the phases themselves that 
characterize the final distribution of the phases.

3.6 � Mechanism description

Figure 15 depicts the relationships between the phases 
observed for GLU reacting alone. Glucose is converted into 
a plethora of organic compounds soluble in the aqueous 
phase; among these, 5-HMF is formed by isomerization-
dehydration and is the intermediate for the formation of 
the solid phase and biocrude. Already at low temperatures, 
5-HMF reacts with levulinic acid, its dehydration product, 
or with itself to produce an oligomeric structure (humins) 
that constituted the solid phase. Humins are in a kind of 
polymerization/depolymerization equilibrium with the 
aqueous compounds. Despite the presence of furan groups 
in the chemical structure of humins, which might sug-
gest their conversion into biocrude-soluble compounds, a 
very limited transformation of the solid into biocrude was 
observed. On the contrary, biocrude formation is likely to 
occur from 5-HMF, aldehydes, and ketones. The biocrude 

is then degraded at higher temperatures into water-soluble. 
The gas phase is formed at both low and high temperatures 
and from all other phases. CO2 is the main gaseous product 
formed and derives from AP, solid, and biocrude, prob-
ably mainly from decarboxylation reactions. CO and H2 
are also produced from the AP, the latter likely from formic 
acid, while a few CH4 is formed from biocrude through 
demethylation.

Figure 16 displays the phase relationships observed for 
glucose and glycine reacting together (GLU-GLY). These 
two molecules show a strong interaction already at very 
low temperatures due to the reaction between the amino 
group of the amino acid and the carbonyl group of the 
monosaccharide. This leads to the formation of Amadori 
compounds, which are intermediates in the Maillard reac-
tion. Among the various chemical pathways that occur 
during the Maillard reaction, there is Strecker degrada-
tion, which results in the release of CO2. The only gas 
formed in the co-presence of glucose and glycine is CO2 
that is formed at low temperatures through this mecha-
nism. From the Maillard reaction, melanoidins are pro-
duced. Melanoidins are molecules known to have a very 
high molecular weight and to be water-soluble. Simulta-
neously with melanoidins, a solid phase with a structure 
similar to melanoidins is also produced. Both the mela-
noidins in the aqueous phase and the solid are precursors 
of the biocrude phase. At high temperatures, these struc-
tures are indeed thermically degraded into nitrogen-con-
taining aromatics, mainly pyrazines and pyridines, which 
constitute the biocrude.

Fig. 15   Suggested interchange mechanisms among phases with glucose (GLU)
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4 � Conclusions

The interaction between carbohydrates and proteins dur-
ing hydrothermal liquefaction has been investigated at 
different temperatures by experimental tests with glucose 
and glycine. The study was performed by comparing the 
reactivity of these two molecules alone or in combination, 
as well as by observing the reaction pathways activated 
by each different phase produced in such HTL tests. The 
results have shown a strong interaction between glucose 
and glycine resulting in a set of products that differed 
significantly from the simple overlapping of the single 
monomer reactivities. In particular, solid and biocrude 
phases are strongly correlated. In fact, in contrast to the 
mechanisms occurring with glucose alone, the co-presence 
of glucose and glycine leads to higher solid and lower 
biocrude productions at low temperatures (250 °C) and the 
opposite at higher temperatures (350 °C). With remarkable 
novelty with respect to literature, consecutive reactions 
involving the generated phases have been performed to 
deepen the interchange phenomena. With glucose–gly-
cine reacting together, solid and aqueous phase residues 
obtained at low temperatures convert at high temperatures 
into biocrude. Finally, with glucose alone, the co-presence 
of solid and liquid phases (biocrude and aqueous residues) 
has a synergistic tendency towards the biocrude produc-
tion at the expense of the gas and solid phase. Overall, 
this work strengthens the hypothesis that carbohydrates 
and proteins have a robust interaction during hydrothermal 

liquefaction, highlighting the central role of temperature in 
regulating such interaction. Furthermore, the experimental 
observations of interchange between the different phases 
of HTL allowed an understanding of the production/con-
version of each phase and hence a better tuning of the 
reaction conditions towards the product of interest.
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