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ABSTRACT: Although many studies have investigated the hydro-
thermal transformation of feedstock biomass, little is known about
the stability of the compounds present in the process liquid after the
carbonization process is completed. The physicochemical character-
istics of hydrothermal carbonization (HTC) liquid products may
change over storage time, diminishing the amount of desired
products or producing unwanted contaminants. These changes may
restrict the use of HTC liquid products. Here, we investigate the
effect of storage temperature (20, 4, and −18 °C) and time (weeks
1−12) on structural and compositional changes of selected organic
compounds and physicochemical characteristics of the process liquid
from the HTC of digested cow manure. ANOVA showed that the
storage time has a significant effect on the concentrations of almost
all of the selected organic compounds, except acetic acid. Considerable changes in the composition of the process liquid took place
at all studied temperatures, including deep freezing at −18 °C. Prominent is the polymerization of aromatic compounds with the
formation of precipitates, which settle over time. This, in turn, influences the inorganic compounds present in the liquid phase by
chelating or selectively adsorbing them. The implications of these results on the further processing of the process liquid for various
applications are discussed.

■ INTRODUCTION
Hydrothermal carbonization (HTC) is an emerging green
technology, which can be used in process combinations to
valorize waste streams in biorefineries and convert low-value
wet biomass into value-added products such as a carbonaceous
solid called hydrochar, and a process liquid containing a variety
of organic compounds such as reducing sugars, alcohols,
hydroxymethylfurfural (HMF), furfural, volatile fatty acid,
organic acids,1,2 and phenols.3 The hydrochar can be used for
various fuel,4−6 soil,7 and environmental applications.8−10

While applications for the recovery of selected organic
compounds from the liquid phase (e.g., HMF) for the
production of a wide range of polymers and biofuels11 show
economic potential,12 the remaining soluble compounds can
be valorized through the production of biogas via anaerobic
digestion.13

The spectrum and amount of organic compounds produced
in the HTC reactions depend on the feedstock type and the
process conditions (reaction temperature and time3,14,15). By
following the formation of selected reaction products (five
aromatics, four sugars, and three organic acids) in the process
liquid as a function of HTC process conditions with three
feedstocks, Reza et al.3 reported large differences in the
production and disappearance of the compounds over the

reaction time. The wide range of compounds, their reactivity,
and the complex matrix make the separation and identification
of individual compounds difficult. Becker et al. found that
50%−90% of the total organic carbon (TOC) measured in the
HTC process water for eight feedstocks was not accounted for
after quantifying nine of the major organic components.16

The chemical composition of the HTC process liquid may
also change after completion of the HTC treatment and during
storage while waiting for the next downstream process, such as
the extraction of certain chemicals or anaerobic digestion for
biogas production. Reactive organic species formed in the
hydrothermal treatment phase can still be present in the slurry
at room temperature. Interactions between unreacted moieties
and dissolved organic chemicals may occur throughout the
cooling phase and in the postprocessing or handling steps at
room temperature or even at lower temperatures since many of
them are highly reactive and can quickly undergo polymer-
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ization with the formation of precipitates by condensation
reactions.17 A similar instability of bio-oils from the fast
pyrolysis of lignocellulosic biomass, which often contains
between 20 and 30% water, has been found.18 Their behavior
under storage with accelerated and long-term aging has been
well studied due to their significance as renewable substitutes
for conventional petroleum fuels.18−21 Because of their high
content of reactive oxygen-containing compounds, bio-oils
under storage have been found to undergo polymerization and
condensation reactions, resulting in the formation of water-
insoluble products and increased viscosity.19 Storage of filtered
bio-oil under refrigeration at 5 °C was found to minimize
changes in viscosity.20 However, there is no data reported in
the literature concerning changes in the physiochemical
characteristics of the aqueous HTC process liquid while in
storage. Such changes are of interest since reactions in the
HTC process liquid after completion of HTC treatment can
diminish the amount of desired products or can produce
unwanted contaminants, restricting the uses of the HTC
process liquid. This reactivity may affect the outcomes of HTC
applications at full scale as well as in lab studies on reaction
kinetics or process influences if not considered in the planning
for downstream processing, handling, and storage.
This work is aimed at determining the quantitative and

qualitative changes in the chemical composition and structures
of the HTC process liquid while in storage. We investigated
the effect of storage temperature (20, 4, and −18 °C) and time
(weeks 1−12) on selected organic and inorganic compounds
as well as physicochemical characteristics of the HTC process
liquid by comparing the values measured over the 12 weeks
period to that of the fresh HTC liquid. We also made
recommendations for suitable storage temperatures and times
to minimize the change in HTC process liquid characteristics.

■ EXPERIMENTAL SECTION
Hydrothermal Carbonization. The carbonization proce-

dure was performed with digested cow manure slurry (pH =
8.3) obtained from a local biogas plant operating at a dairy
farm. It was composed of 19% total solids (% So) and 81%
liquid (wt %). The detergent fiber analysis of the feedstock was
performed based on VDLUFA (2012; methods 6.5.1, 6.5.2,
and 6.5.3)22 and can be found in Table S1 of the Supporting
Information. The feedstock slurry (12.007 kg fresh mass) was
filled into an 18.75 L high-pressure reactor (5 gal, Model 4557,
Parr Instrument Company, Moline, Illinois 61265-1770 USA).
The reactor was sealed and heated to 220 °C at a rate of 2 K/
min (temperature controller Model 4848BM, 6000-Watt 3-
band heater) and held for 3 h at 220 °C. The heating, reaction,
and cooling overnight were performed under constant mixing

at 200 rpm. The cooled reaction mixture contained hydrochar
and process liquid. The process liquid was separated from the
solid char using vacuum filtration (ROTH filter 5−8 μm). The
separated liquid was poured into at least three separate bottles
(200 mL screw top filled with approximately 96 g) for analysis
at each storage time and temperature. The experimental design
with the number of bottles, the defined storage duration, and
temperatures is outlined in Figure 1. A control (or zero-time
sample t0) was taken after the separation of the liquid phase
from the solid products (1 h after opening the reactor), was
immediately prepared for each analytical method, and then
analyzed. The rest of the process liquid was stored for later
analysis at −18, 4, and 20 °C, in a freezer, refrigerator, and
climate chamber, respectively. Three samples from each bottle
were analyzed for all analytical methods. The content of the
storage bottles was homogenized by manual shaking prior to
taking the three samples, except for W12, which is explained
below. The storage duration plan was designed to have an
analysis of the samples more often at the beginning of the
storage period (each week in the first month: W1, W2, W3,
and W4) based on the assumption that analysis is typically
performed within 1 month after the production of carbon-
ization products. The final sample time was 12 weeks (W12).

Analytical Methods for Product Characterization. The
detailed sample preparation and analytical methods for each
sample can be found in the Supporting Information (section
Additional experimental details, materials, and methods). In
brief, the individual compounds followed over time in the
liquid samples were sugars (glucose, sucrose, and fructose),
aromatics (phenol, cresol, catechol, guaiacol, furfural, and
HMF), and organic acids (lactic and formic) measured by
HPLC methods, alcohols, and fatty acids by GC methods, and
inorganics by ICP-OES methods. The chemical oxygen
demand (COD), pH, total organic carbon in liquid (TOC),
total solids (TS %), and organic total solids (oTS %) were also
measured. In addition, NMR, zeta potential, and dynamic light
scattering (DLS) analyses were performed to study changes in
the liquid over the 4 weeks of storage. The precipitates from
W12 were characterized using XRD, FTIR, SEM, ICP-OES,
and elemental analysis.

Separation of Natural Precipitates and Humic Acid at
W12. During storage, precipitates were gradually formed in the
pristine process liquid regardless of the storage temperature,
visible as brown suspended solids settled at the bottom of the
bottle. Small amounts of precipitates were observed already
after only 1 week of storage, and storing the process liquid for
12 weeks resulted in the formation of a considerable amount of
natural precipitates in samples stored at all three temperatures.
At W12, an additional study of the precipitates was carried out
with three bottles at each storage temperature (−18, 4, and 20

Figure 1. Scheme of the performed storage experiment.
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°C); more details are given in the Supporting Information.
Samples were taken of the supernatants and/or precipitates:
(1) after the bottle content was homogenized and the
precipitate removed by centrifugation (W12*; precipitates
stored at −18, 4, 20 °C: W12P1, W12P2, and W12P3), (2)
after the bottle content was acidified to precipitate humic acid
(HA) and both precipitates (HA and natural) removed by
centrifugation (precipitates stored at −18, 4, 20 °C: W12PA1,
W12PA2, and W12PA3), which here we called HA. The
weight percentage of the total precipitates for each storage
temperature was determined. The liquid and solid samples
were analyzed as stated in the analytical section above and in
the supplementary methods.

Statistical Data Analysis. Every analysis was repeated at
least in triplicate (depending on the instrument and method)
for each sample bottle over the storage time (see Table S2 in
the Supporting Information). The data are reported as mean
value ± standard deviation. We used JMP14 from SAS to
identify the significant difference between the values (p-value
≤ 0.05) measured for the stored samples and to see if the data
is statistically different from the values measured immediately
after the HTC experiment, the zero-time value t0, using the
ANOVA and Dunnett’s test, respectively. The summary of
statistical data analysis is provided in Tables S3−S5 (in the
Supporting Information).

■ RESULTS AND DISCUSSION
Composition of the Process Liquid. The initial

concentrations of important individual organic compounds
(sugars, aromatics, organic acids, and alcohols) and lumped
parameters (TOC, COD, TS %, oTS %, and pH) found in the
process liquid after the HTC production run at zero time t0 are
summarized in Table 1. The values for the total and organic
solids in the process liquid (3.29 TS %, 59.27 oTS %)
measured directly after separation from the hydrochar by
filtration show that organic compounds make up almost 60%
of the 32.9 g/L of dissolved compounds found. As expected,

the process liquid contains high amounts of organic acids,
mainly acetic and formic acids (2.69 and 1.85 g/L,
respectively), and methanol (1.76 g/L). The phenolic
compounds catechol and guaiacol are the main aromatics
present, both at 0.37 g/L, while glucose and sucrose were both
measured at 0.25 g/L. This is surprising since glucose, which is
produced from the hydrolysis of cellulose in the HTC process,
usually undergoes the isomerization reaction to form fructose
and can directly undergo fragmentation and dehydration
reactions to form HMF and furfural.23−25 5-HMF was
produced in low amounts in the HTC of the cow digestate,
while other aromatic compounds, namely, guaiacol, catechol,
and phenol, were found to be formed from the hydrolysis and
dealkylation of dissolved lignin in a homogeneous reaction in
HTC.26 Guaiacol has been determined as an initial degradation
product of lignin in the liquid27 and, together with catechol,
represents the most common aromatic compounds in the
mixture. Previous works reported that organic acids were
formed from xylose, furfural, and retro-aldol products,28

glucose,29,30 fructose,31 and their formation reduces the pH
of the process liquid and facilitates further reaction of
intermediates, such as dehydration of glucose to HMF.32,33

Here, the formation of organic acids during the HTC process
was not sufficient to lower the reaction medium pH into acidic
conditions; therefore, it resulted in the lower formation of
HMF. In addition, according to the fiber analysis of feedstock
(Table S1 in the Supporting Information), the cow manure
digestate comprised 19.27, 2.27, and 21.34% of cellulose,
hemicellulose, and lignin, respectively. The low content of
cellulose and high content of lignin in feedstock after anaerobic
digestion resulted in minor production of HMF and furfural,
whereas a significant production of lignin-derived aromatic
compounds was formed in the process liquid, respectively.
Alcohols are produced from the decarboxylation of amino
acids and fatty acids in the HTC process.34

A comparison of the TOC analyzed in the process liquid
(15.88 g/L) to the sum of the organic carbon quantified in the

Table 1. Mean Value and Standard Deviation of Selected Organic Compounds, Ash %, TOC, COD, TS %, oTS %, and pH of
the HTC Process Liquid Sample Zero at t0 Prior to Storage

sugars (g/L) aromatics (g/L) organic acids (g/L) alcohols (g/L) lumped parameters

fructose = 0.06 ± 0.002 catechol = 0.37 ± 0.017 acetic = 2.69 ± 0.11 ethanol = 0.19 ± 0.03 ash % = 1.34 ± 0.04
glucose = 0.25 ± 0.011 cresol = 0.09 ± 0.0007 butyric = 0.03 ± 0 methanol = 1.76 ± 0.47 COD (g/L) = 45.18 ± 0.21
sucrose = 0.25 ± 0.01 furfural = BDLa caproic = 0.17 ± 0.011 oTS % = 1.95 ± 0.05

guaiacol = 0.370 ± 0.022 formic = 1.85 ± 0.02 pH = 7.4 ± 0.01
HMF = 0.002 ± 0.0002 lactic = 0.89 ± 0.16 TOC (g/L) = 15.88 ± 0.01
phenol = 0.279 ± 0.09 propionic = 0.33 ± 0.02 TS % = 3.29 ± 0.13

valeric = 0.08 ± 0.006
aBDL means that the furfural concentration was below the detection limit of the instrument.

Figure 2. Effect of storage conditions of the process liquid on (a) the TOC#, (b) COD, and (c) pH (#due to a technical problem, TOC could not
be measured at W1. For W12*, the brown natural precipitate was removed by centrifugation before measurement).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07419
ACS Omega 2023, 8, 4234−4243

4236

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


individual compounds shows that only 24.8% of the TOC is
accounted for. Subsequent analysis of the process liquid at
W12 for HA indicated that an additional 11.2% of the TOC
could be associated with the group of HA. These results are
similar to those reported by Becker et al. 2014 for eight
lignocellulosic feedstocks, in which only 10−50% of the TOC
measured could be accounted for after nine of the major
individual organic components were quantified by GC and
HLPC.16 However, the selected dissolved organic compounds
(e.g., sugars, organic acids, and aromatics) play a crucial role in
the HTC process,3,32,35 mainly in the formation of spherical-
like secondary hydrochar, which condenses on the surface of
primary hydrochar.36

Changes in the Lumped Parameters of the Process
Liquid over Storage Time. The changes in the TOC and
COD concentrations and pH over the 12 weeks of storage time
are shown in Figure 2 compared to the zero-time values for the
three different temperatures. Little to no change in TOC
concentration was found in the homogenized samples over the
12 weeks, remaining close to the high initial value, 15.88 g/L.
Visual changes in the samples took place during storage; brown
suspended solids that settled at the bottom of the bottle were
gradually formed in the pristine process liquid regardless of the
storage temperature. These precipitates are often attributed to
the polymerization and precipitation of organic compounds.36

They appeared after only 1 week of storage and grew to
considerable amounts over the 12 weeks. However, compared
to zero time, removal of the precipitates in the samples at W12
by centrifugation showed that only 1.03, 1.18, and 1.08 g/L of
TOC was associated with the precipitates (respectively for
−18, 4, and 20 °C). The quantity and characteristics of the
precipitate at week 12 are discussed in detail in the section
precipitates and HA below. As Figure 2b,c shows, there were
changes in the degree of oxidation of the compounds in the
liquids as measured by COD as well as in the pH over the
storage time. These changes may result from continuing
decomposition reactions. The COD increased by up to 48.86,
46.85, and 47.77 g/L after the first week, and then decreased
again to 46.1, 46.48, and 45.67 g/L and after removal of the

precipitate decreased to 43.84, 43.66, and 43.06 g/L, for the
samples at −18, 4 and 20 °C, respectively.
The pH of samples changed with a similar trend over the

storage time regardless of storage temperature (Figure 2c).
The biggest increase in pH initially might result from two
factors: (1) the degassing of the CO2 dissolved in liquid once
the liquid was exposed more to the atmospheric pressure; (2)
the precipitation of anions which, is discussed more in detail.
There were no significant trends in the TS % over 4 weeks of
storage, however; at week 12, the TS was significantly reduced
after the removal of precipitates (Figure S1). The lowest ash
content (wt %) was measured at week 12, after the removal of
precipitates.

Changes in the Organic Compounds in the Process
Liquid over Storage Time. Storing the sample leads to a
significant decrease in glucose and sucrose at all three
temperatures (Figure 3a). This large decrease occurred during
the first week of sample storage. Thereafter, the concentrations
remained relatively constant. Fructose concentrations rapidly
dropped to below the detection limit (0.02 g/L) after week 1,
though some were detected again in week 12 at 4 and 20 °C.
The largest decrease in all three sugars came surprisingly at
−18 °C compared to 4 and 20 °C. At week 12, the amount of
sugars is the lowest at −18 °C. We observed a small amount of
a very dark liquid accumulated above the ice surface at −18 °C.
This accumulation might increase the availability of different
organic fragments, for example, sugars, to participate in
reactions with other molecules.
Most of the decreases in sugars may be due to the formation

of organic acids, with very small amounts undergoing the
dehydration reactions to form HMF and furfural. This is
indicated by the behavior of the individual acids in Figure 3
over storage time. For example, Figure 3b shows the amount of
formic acid increased while glucose decreased significantly in
week 1. Then, the amount of formic acid significantly
decreased (from weeks 1 to 3) at temperatures of 4 and 20
°C, although at −18 °C, it remained almost constant. The
increase in formic acid during the first week may be explained
by the oxidation of glucose to formic acid and CO2;

37 then

Figure 3. Change in the concentrations of the organic compounds in the hydrothermal process liquid over the 12 weeks of storage time, from right
after the reactor opening (zero) to samples stored at −18, 4, and 20 °C for 12 weeks: (a) sugars, (b) organic acids, (c) aromatics, and (d) alcohols.
(Figures for each individual compound can be found in Figure S2 of the Supporting Information.) (For W12*, the brown natural precipitate was
removed by centrifugation before measurement.)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07419
ACS Omega 2023, 8, 4234−4243

4237

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07419/suppl_file/ao2c07419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07419?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(from weeks 1 to 3), the formic acid may have decomposed to
form CO2.

38,39 Similarly, the lactic acid concentration
increased during the first week of storage, which corresponds
to the decrease in the glucose concentration. As seen in Figure
2c, the pH increased during the first week of storage. The
increase in pH is known to facilitate the conversion of glucose
to lactic acid,40 which is explained by the autoneutralizing
formation of carboxylate groups by retro-aldol addition from
the sugars.40,41 Further variations in the lactic acid concen-
tration may be connected to polycondensation reactions
together with furan derivatives to form the humic con-
densate.41 In contrast, the storage conditions and time had
little effect on the acetic acid concentration, and it remained
almost constant over the 12 weeks. Similar behavior was
reported for acetic acid during the storage of pyrolysis bio-
oil.19 Although there were some significant differences for
some of the other fatty acids (e.g., propionic, valeric, caproic
acids; Table S5) between the values at the six storage times
measured, there were no clear trends over time.
For the five-membered aromatic heterocycles, HMF and

furfural, the storage time and temperature had no significant
effect on their concentrations in the first 4 weeks (Figure 3c).
Only a small amount of furfural was measured in the zero time,
and it decreased below the detection limit (0.02 mg/L) from
weeks 1 to 4. In week 12, both increased, although remaining
at low levels of approximately 4−5 mg/L (HMF) and 8 mg/L
(furfural).
The phenolic compounds showed some variations over

storage time, but little difference between the storage
temperatures. The trends of the individual compounds were
varied: while the phenol concentration decreased over the 12
weeks of storage time, the cresol and guaiacol concentrations
were increased at W12 compared to the zero-time values.
However, the changes in concentrations did not follow
consistent trends. The amount of guaiacol and catechol
decreased gradually during 2 weeks of storing the sample
and increased again at W3. The decrease in both compounds at
20 °C was higher than that for 4 and −18 °C. However, at
week 12, the amount of guaiacol was approximately 30%
higher than at zero time, while catechol was approximately the
same as the beginning value. Guaiacol has also been reported
to be unstable after 6-month storage in fast-pyrolysis bio-oil.19

The storage condition had no significant effect on cresol
concentration, which increased during the storage time
(∼50%) for all three temperatures. The amount of phenol
was significantly decreased in the first week of storage at all
temperatures and remained at approximately 1/2 of the initial
concentration. There were no significant differences between
the decreases in phenol concentration at different temper-
atures. Previous works have observed an extensive condensa-
tion of phenols during accelerated aging,21 while others have
seen no changes over 1 year of storage of fast-pyrolysis bio-
oil.19 An indication that some of the lost phenol and catechol
were involved in the polymerization and formation of solids in
the liquid phase can be gathered from the sample that was
acidified to extract the HA. After acidification, the amount of
phenol almost reached its zero-time value, and catechol
increased above its initial value (Table S6). This is discussed
in the next section.
The significant decrease in alcohols during the storage

(Figure 3d) might be attributed to the volatilization losses
through the seal. After zero time, the ethanol content was
under the detection limit of the instrument (<0.02 g/L).

Natural Precipitates and HA. In this section, we report
on two types of solids in the samples from week 12: (1) the
natural precipitates, which were formed during storage
(W12P1, W12P2, and W12P3), and (2) the solids containing
both the natural precipitates and HA present in process liquid,
which was precipitated after acidifying the process liquid to pH
= 1 using concentrated HCl (W12PA1, W12PA2, and
W12PA3). The extra step to quantify HA was taken because
the presence of humic substances is of interest in water
treatment, where they are of concern for removal,42,43 and in
soil amendment, where they can be very beneficial and,
therefore, a targeted product for the HTC process.44 The HA
can be formed by polycondensation reactions of low-
molecular-weight compounds (e.g., amino acids, sugars, and
phenols) in an alkaline medium.41,44,45 In this study, the
feedstock was a semialkaline digested cow manure (pH = 8.3),
and the final process liquid had a pH of 7.4. Since these
conditions could lead to the formation of these macro-
molecules during the HTC process, we quantified the effect of
storage conditions on the HA concentration (wt %) in the
process liquid after 12 weeks.
As can be seen in Table 2, the higher storage temperature of

20 °C leads to the lowest formation of the natural precipitate

in the sample (W12P3). In contrast, for the HA-containing
precipitate, the samples stored at 20 and 4 °C (W12PA3 and
W12PA2) contained almost twice the amount of precipitate as
that at −18 °C, that is, 0.257 and 0.236%, compared to 0.133%
at −18 °C. The analysis and visual appearance of the natural
precipitates, which were formed during the storage, are shown
in Figure 4. As can be seen, the color of the solids formed at 4
and 20 °C was darker than that of the precipitate formed at
−18 °C (Figure 4b) and contained higher amounts of carbon,
nitrogen, sulfur, and hydrogen than those at −18 °C (Figure
4a). A check on the amount of carbon recovered as precipitate
compared to the loss of carbon measured by TOC over the 12
weeks of storage (Figure 2a) shows that only 24% can be
explained by precipitation. The rest may be due to
volatilization losses.
Although the ash content could not be determined because

of the small sample size available, measurement of 12
individual inorganic compounds via ICP-OES showed that
all three precipitates contained considerable amounts of
inorganic elements, ranging from the highest amount of
19.84 wt % at −18 °C to 15.09 and 14.06 wt % at 4 °C and 20
°C (Table S7 in the Supporting Information). The elements
Ca, Mg, P, Na, and K accounted for over 95% of the mass, with
the precipitate at −18 °C containing the highest amount of P,
Ca, and Mg (Figure 4d). It is possible that anions (e.g., P) and
then cations (e.g., K) were chelated/adsorbed by the
polymerized aromatics forming the precipitate. This can be

Table 2. wt % of the Natural Precipitate and HA in the
Process Liquid at Week 12 for the Three Storage
Conditions −18, 4, and 20 °C

name storage temperature (°C) percentages in liquid (wt %)

W12P1 −18 0.118 ± 0.001
W12P2 4 0.122 ± 0.002
W12P3 20 0.096 ± 0.001
W12PA1 −18 0.133 ± 0.004
W12PA2 4 0.236 ± 0.003
W12PA3 20 0.257 ± 0.014
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supported by the change in pH values (Figure 2c). The high
amount of inorganic compounds in the process liquid 1.34 wt
% (ash content, Figure S1 in the Supporting Information)
indicates the presence of a high number of ions that can
participate in reactions.46

Characterization of the Precipitates. The HTC reaction
produces highly reactive aromatic compounds, which continue
to be polymerized even after heating has stopped. The
condensed polymers can reach sizes in the nanoscale to
microscale range. The nanoscaled particles pass through the
filter in the separation step and can be detected already after
the HTC. The color and turbidity of the process liquid change
already upon the filtration (Figure S3, in the Supporting
Information), indicating fast coalescence of the nanoparticles
into sizes reaching hundreds of nanometers. Polymerization of
the aromatic compounds formed as a result of hydrolysis
during the HTC process, or later hydrolysis during storage,
results in the constant appearance of particles with a size below
nanometer, their coalescence into large aggregates, size growth,
and eventual precipitation.
However, the abovementioned processes appear not to be

sequential but rather to take place simultaneously. This is
supported by the DLS analysis of the samples, revealing the
presence of particles with three modes of size distribution
already after the first storage week in the sample stored at

room temperature (Figure S4a, in the Supporting Informa-
tion). Obvious precipitates were formed at W12 of storage,
which were separated and analyzed separately. Each sample has
three types of particles of different sizes: particles 1, with a
hydrodynamic diameter below 0.9 nm, particles 2 with a
hydrodynamic diameter below 900 nm, and particles 3 with a
hydrodynamic diameter below 1600 nm. The particles with a
hydrodynamic diameter below 0.9 nm are present in all
samples with a relatively similar size distribution between all
storage temperatures over the storage time. The particles of
type 2 are formed as aggregates of smaller particles, and there
is more variability in the size between the samples. Particles 3
are the agglomerate with the largest hydrodynamic diameter
observed in the samples stored at 20 °C.
The particles have a negative charge (Figure S4b, in the

Supporting Information), and it is preserved over the storage
experiment by changing the value. The charge of the polymer
particles originates from carboxylic and phenolic groups,
present in great abundance according to the data from the
FTIR analysis. The freeze-dried samples were subjected to
NMR analysis in order to define the functionality of the
nanoparticles present in the process liquid (Figure S5 in the
Supporting Information). The samples show the presence of
aliphatic groups, abundance of hydroxide groups, carboxylic
groups, and hydrogens in aromatic rings. The differences

Figure 4. Compositional and physical characteristics of the natural precipitates at week 12 (W12P1-3) as (a) elemental analysis, (b) photos, (c)
SEM images, and (d) ICP-OES wt %. [* means that it was calculated based on the sum of inorganics measured by ICP (excluding S %)].
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between the FTIR analysis of the precipitates, which were
formed in the liquid sample during the storage time, and those
which were formed during the acidifications (HA) can be seen
in Figure 5.
All three naturally formed precipitates have similar FTIR

patterns independent of the storage temperature. Vibrational
modes of the W12P sample are typical for hydrothermally
obtained carbons: hydroxyl group broad band centered at 3194
cm−1, stretching vibration of −CHx fragments as several bands
in the range of 2800−3000 cm−1; the band at 1588 cm−1

attributed to C�O asymmetric stretching and 1400 cm−1

attributed to C�C stretching; the strong band at 1057 cm−1

corresponds to C−O stretching in the primary C−O−H
fragment of phenols. Notable that the intensity of the C�O
stretching is higher than C�C, pointing to a lower degree of
aromatization of the natural precipitates compared to hydro-
carbons. The FTIR spectra of acidification precipitates contain
bands of the same origin as the naturally formed precipitates;
however, they exhibit several additional bands. Namely, the
vibrational mode at 1706 cm−1 is referred to as C�O
stretching in the carboxylic group and the band at 1512 cm−1

corresponds to N−H deformational vibration in the amide II
group. The higher intensity of the 1400 cm−1 band compared

to W12P samples presumes an abundance of phenol fragments
in the W12PA samples.
The ICP analysis of the solids suggests large amounts of

inorganic components in the naturally formed precipitates;
namely, potassium and phosphorous, are the most common in
all samples. This allows us to expect potassium phosphates as
the main inorganic components of the precipitates. XRD
analysis (Figure 6) identified three types of potassium
phosphates in all samples, while the W12P1 sample contained
an additional phase that was not identified and probably
corresponds to mixed potassium−magnesium phosphates,
which is supported by the higher content of Mg in the sample.
The XRD of the sample W12P1 has additional signals

indicating the crystallization of more inorganic phases under
storage at −18 °C. The storage temperature below the freezing
temperature of water facilitates the crystallization of inorganic
compounds. The XRD analysis reveals the presence of
CaHPO4·2H2O with the signal at ca. 15 and CaMg(CO3)2
in accordance with the higher content of phosphorus, calcium,
and magnesium.47

Recommended Storage Conditions. The results of the
comparison between the values at time zero and the stored
samples over the storage time and temperature show that (1)
storage time is a significant factor affecting changes in most of

Figure 5. FTIR spectra of naturally precipitated solids during the storage period (a) and the HA (b).

Figure 6. XRD of precipitated solids formed during the storage period (a) and HA (b): * corresponds to K3H(H2P2O7)2 (96-210-7382); ◊

corresponds to K3HP2O6·4H2O (96-201-8714); ● corresponds to K6(P6O12)·8H2O (96-153-4736).
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the compounds except for acetic acid and fructose and (2)
significant changes occurred for most compounds at all three
temperatures. Only furfural and acetic acid concentration
changes were significantly dependent on the storage temper-
ature. The dependence of the parameter changes on the
storage time and temperatures was analyzed using a one-way
ANOVA (Table S3 in the Supporting Information). Based on
this and further statistical analysis (Tables S4 and S5 in the
Supporting Information), the recommended storage temper-
ature and maximum storage duration before analysis for each
group of organic compounds are summarized in Table 3. For

example, glucose and sucrose concentrations in all stored
samples, independent of storage temperature, were significantly
different from their zero-time values; therefore, no storage is
recommended for them. Similarly, the phenol concentration
underwent a rapid decrease (around 50%), and no storage is
recommended. For the rest of the individual aromatic
compounds such as HMF, catechol, guaiacol, and cresol, a
temperature of −18 °C is suggested.
Acetic acid was not statistically different from their zero time

values at storage temperatures of −18 and 20 °C over 12
weeks. The concentration of propionic, caproic, lactic acid, and
formic acid fluctuated significantly during the storage time at
all the temperatures; therefore, we recommend an immediate
analysis for them. For alcohols, it is recommended not to store
the sample. The TOC can be analyzed for 4 weeks at −18 °C,
while the COD needs to be measured without storage.
Because there was significant variation in the concentration

of inorganics at the three temperatures and over time, it is
recommended to avoid storage (Tables S8 and S9, Supporting
Information). Further studies are needed to determine if
preparing the samples immediately by acid digestion will
preserve sample stability.

■ CONCLUSIONS
The physicochemical characteristics of HTC process liquid
were found to change over time while in storage at all studied
temperatures, including deep freezing at −18 °C. This
reactivity must be taken into consideration in the planning
of experiments to determine process kinetics and the influence
of process conditions on liquid products. The recommenda-
tions above should help prioritize the analytical steps since
some delays in processing samples are often unavoidable.
Furthermore, these changes may affect the outcomes of full-
scale HTC applications due to storage and handling between
downstream processing steps. Since the HTC process is often
operated in batch mode, the storage of process liquid is often
necessary, so appropriate conditions need to be chosen for the
intended application. For purposes of aromatic recovery in a
biorefinery, the results of this study show that storage between
process steps can affect the amount of compounds to be
recovered. The highest amount of phenol and catechol was
measured at time zero, while for HMF, furfural, guaiacol, and
cresol, the highest was found at week 12. Transformation of
the remaining sugars to HMF and furfural over storage time
increased their concentrations. For the purpose of biogas
production through anaerobic digestion, possible changes in
inhibitor concentrations such as phenolic compounds13,48 and
light metal ions (e.g., Na, K, Mg, and Ca)48 are of interest,
along with any changes in potential substrate concentrations,
measured as individual compounds or lumped parameters
TOC or COD.49,50 For example, improved biogas production
may be expected for the process liquid stored for 12 weeks at
20 °C because phenol was significantly reduced, high amounts
of light metals were precipitated, while the acetic acid
remained almost unchanged, and the highest amounts of lactic
and formic acids were observed. However, there was some loss
in the potential substrate for biogas production, as evidenced
by the drop in TOC and COD at week 12 due to the
formation and removal of the precipitate and possible
volatilization losses. Such trade-offs will need to be evaluated
on a case-by-case basis for each feedstock and process
combination. In general, due to the physicochemical instability
of HTC liquid products in storage, it is recommended to
perform pertinent analyses prior to its downstream processing
and to match the storage conditions and expected changes to
the goal of the applications.
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