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Abstract: The presence of inorganic salts either as part of the substrate or added to the reaction
medium are known to significantly affect the reaction pathways during hydrothermal carbonisation
(HTC) of biomass. This work aims to understand the influence of salts on hydrothermal carbonisation
by processing cellulose in the presence of one or more inorganic salts with different valency. Batch
experiments and Differential Scanning Calorimetry were used to investigate the change in reaction
pathways during hydrothermal conversion. The effect of salts on the rate of HTC of cellulose can be
correlated with the Lewis acidity of the cation and the basicity of the anion. The effect of the anion
was more pH-dependent than the cation because it can protonate during the HTC process as organic
acids are produced. The introduction of salts with Lewis acidity increases the concentration of low
molecular weight compounds in the process water. The addition of a second salt can influence the
catalytic effect of the first salt resulting in greater levulinic acid yields at the expense of hydrochar
formation. Salts also play an important role in cellulose dissolution and can be used to modify the
yield and composition of the hydrochars.

Keywords: hydrochar; hydrothermal carbonisation; ash; lignocellulosic biomass; levulinic acid

1. Introduction

As the world moves away from using fossil fuels, there becomes a need for alternative
ways of producing energy, chemicals and materials from renewable sources. One option
for producing some of these is via hydrothermal conversion routes, which involve the
processing of biomass and wastes in hot compressed water. One of the most promising tech-
nologies under development is hydrothermal carbonisation (HTC) and involves converting
organic material in hot compressed water, below the critical point, into a carbonised solid,
commonly known as hydrochar. Water-soluble organic and inorganic compounds, some of
which are valuable, are also formed and can be extracted from the process water. Some of
the organic material is converted to a gaseous mixture containing mainly carbon dioxide,
with smaller amounts of hydrogen, methane, sulphur and nitrogen compounds [1-3].

Cellulose is the most abundant polymer on Earth and consists of glucose monomers
joined by glycosidic bonds (3-1 — 4 linkages) in a largely crystalline structure of approxi-
mately 3000-15,000 units [4]. The basic chemistry underpinning the hydrothermal carboni-
sation of cellulose is reasonably well understood and is summarised in Scheme 1 [5]. First,
the glycosidic bonds are broken through hydrolysis to produce glucose. This monomer
isomerises to fructose and then is dehydrated to 5-hydroxymethylfurfural (HMF). The
formed HMF polymerises and undergoes condensation reactions, forming ever higher
molecular weight compounds, which eventually precipitate to create hydrochar [6]. Other
fragments produced by side reactions are thought to also be incorporated into the structure
of hydrochar [6]. This product is sometimes referred to as secondary char or coke [7]. Some
studies suggest that hydrochar from cellulose is also produced by solid-solid conversion,
where the cellulose directly undergoes dehydration and then polymerisation, forming
primary char [8]. It has been reported that secondary char formation is enhanced relative
to primary char by high temperatures, solid loading and residence times [9].
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There are many organic aqueous products formed through side reactions during
hydrothermal carbonisation. Some of the HMF undergoes rehydration to form levulinic acid
and formic acid, which are major low molecular weight components of the hydrothermal
carbonisation process water [10]. Retro-aldol reactions of glucose occur typically forming
C2 and C4 sugars, such as glycolaldehyde and erythrose, and fructose forming C3 sugars
(dihydroxyacetone and glyceraldehyde) [11]. From these, other organic compounds form
such as lactic, pyruvic and acetic acid [12]. Oxidation of monosaccharides is another
potential source of organic acids from the hydrothermal carbonisation process. Zhang
et al. [13] reported the oxidation of glucose and cellulose in a 40-60% w/w FeCls solution at
110 °C yielded significant quantities of gluconic, formic and acetic acid, and small quantities
of others acids including oxalic, succinic and glyceric acid.
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Scheme 1. Main transformations of cellulose during hydrothermal carbonisation and reported
enthalpies [14-16].

The hydrochar product (sometimes referred to as biocoal) has been assessed for a range
of potential uses. Its utilisation as a solid biofuel is one of the most studied applications
because the HTC process converts biomass into a more energy-dense material resembling
lignite or sub-bituminous coal [17-19]. Another application being investigated is the
utilisation of hydrochar as a soil conditioner [20]. High nutrient feedstocks result in high
levels of nitrogen incorporation in the hydrochar making them unsuitable as solid fuels,
however, their high levels of nutrients and functionality make them good contenders for soil
additives [21-23]. Carbon spheres produced from soluble carbohydrates or intermediate
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products have been investigated for use in hydrogen storage, as catalyst supports and as
supercapacitors [24,25]. HTC has been investigated on a wide range of feedstocks including
wet wastes (such as food waste, sewage sludge and digestate), lignocellulosic biomass and
algae [20,26-28].

Inorganic material is often present in HTC for several reasons: It is a constituent of
most types of biomass, it may be added to the process to act as a catalyst or the water used
may contain dissolved mineral matter, this is particularly the case when process waters
are being recycled to minimise water usage. The effect of recycling process waters has
been shown to alter the products from HTC. This is caused by the catalytic effect from the
organic acids and/or the dissolved mineral matter present [29-31]. Studies using recycled
process water have shown increased hydrochar yields, total organic carbon in the process
water, carbonisation (in some cases) and energy recovery [29-33].

The addition of acids, alkalis and salts to the reactant water has been shown to
alter the distribution of products formed by HTC [34,35]. Rather et al. [35] added KOH,
NayCOj3 and acetic acid to the HTC reaction and found all influenced the process. The
degree of carbonisation increased and mass yield decreased in the following order: No
catalyst, acetic acid, Na,CO3, KOH. It was not determined what influence these had on the
aqueous products. Ming et al. [36] found the presence of sodium salts during the HTC of
glucose could enhance the conversion efficiency to carbon spheres and that the anion had
a significant effect. Adding different chloride salts to HTC has been shown to influence
the reaction pathways taking place. In the presence of chloride salts, the reactor pressure
has been reported to decrease which suggests a reduction in decarboxylation reactions
is occurring [37,38]. Chloride salts are also known to interfere with hydrogen bonding
between cellulose, therefore solubilising more cellulose and improving hydrolysis [39-42].

Most studies in HTC have been performed using thick-walled stainless steel high-
pressure batch reactors, often with slow heating and cooling rates, and high thermal inertia
making kinetic and enthalpy measurements challenging. Differential scanning calorimetry
(DSC) is a tool used to analyse the physical, chemical and thermal properties of materi-
als [43]. It is frequently employed in reaction kinetics and crystallisation studies [44—46].
In recent years, high-pressure crucibles have been developed which allow hydrothermal
reactions to be analysed through DSC. Ibbett et al. [47] used a high-pressure DSC tech-
nique on lignocellulosic biomass and hydrolysates in the presence of water which found
exotherms for the thermal degradation occurred at 223 and 280 °C for hemicellulose and
cellulose, respectively. The study found that the temperature of the exotherm related to the
decomposition of hemicellulose was approximately 27 °C higher when there was no water
present but there was no difference in the case of cellulose.

The enthalpies of several of the important reactions in HTC are summarised in
Scheme 1. Hydrolysis of cellulose to glucose is slightly exothermic [16,47,48]. The isomeri-
sation of glucose to fructose, which occurs prior to dehydration, is endothermic [14,15]. The
dehydration of fructose to HMF is endothermic and roughly an order greater in magnitude
than the previous two steps [14,15,49,50]. Levulinic acid and formic acid formation from the
rehydration of HMF is highly exothermic [14,15,51]. Retro-aldol condensation of glucose
and fructose, important side reactions, are endothermic and have been calculated to be
+50.5 k] /mol and +46.4 k] /mol, respectively [52].

The formation of hydrochar from HMF involves several reactions and the structure
is not fully understood, however, it is known to be exothermic overall [53,54]. The range
of reported heats of reaction from the starting cellulosic biomass to hydrochar is wide
because the final product is poorly defined. Funke et al. [55] reported the heat of reaction
of hydrothermal carbonisation at 240 °C determined by DSC of glucose and cellulose to
be —190.8 k] /mol and —173.5 k] /mol, respectively. The similarity of the heat of reaction
is interesting considering cellulose can form hydrothermal carbon by two routes, solid-
solid transformation and polymerisation of monomers, whereas glucose forms hydrochar
only by the latter of the routes. The main difference reported in the study was that the
carbonisation of cellulose took longer. Using Hess’s law, the maximum heat of reaction from
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the hydrothermal carbonisation of cellulose was estimated to be —389.1 k] /mol [55]. Ischia
et al. [56] used DSC and reported heat of reaction of hydrothermal carbonisation of glucose
to vary with temperature from —37.8 kJ/mol at 180 °C to —120 kJ /mol at 250 °C which is
lower compared to the reported values from Funke et al. [55]. Except for low-temperature
hydrothermal carbonisation, the heat of reaction for the conversion of glucose to hydrochar
is greater than those reported for the conversion to levulinic acid (—101-—104 kJ/mol) [15].
Predicting the yields of products from the hydrothermal carbonisation of cellulose in
complex substrates proves challenging: interactions between intermediaries, macromolecu-
lar structure and inorganic constituents add extra levels of complexity. There has been only
limited research into the effect of the inorganic constituents of biomass, mainly with the
recycling of the aqueous phase, which contains some of the inorganic components, into the
HTC process instead of using fresh water [29,32]. This work aims to better understand the
effect of the inorganic component in real biomass on the HTC process by adding several
different metal salts to a model compound, cellulose. To quantify the effect, High-Pressure
Differential Scanning Calorimetry (HP-DSC) is used to monitor the onset of the chemi-
cal reactions. Batch experiments combined with post-analysis of the process water and
hydrochar are also used to understand the effect of the addition of salts to HTC.

2. Results and Discussion
2.1. Differential Scanning Calorimetry (DSC)

The presence of chloride salts in solution during hydrothermal carbonisation of cellu-
lose was found to significantly affect the temperature at which exothermic reactions began
to occur (Figure 1a). All the chloride salts tested were found to decrease this temperature
and the effect was more pronounced with cations of greater valency. None of the tests in
Figure 1a showed a distinct endotherm prior to the exotherm which means that as HMF
was formed, it quickly rehydrated to form levulinic acid or polymerised to hydrochar
producing a net exothermic reaction.
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Figure 1. DSC thermograms of the HTC of cellulose in the presence of metal salts. (a) Influence of
chloride salts, and (b) influence of potassium salts.
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The anion present also affected the temperature at which exothermic reactions occurred
during the hydrothermal carbonisation of cellulose (Figure 1b). K;CO3 was the only salt
to significantly increase the temperature exothermic reactions occurred in comparison to
when no salt was added. This is partially explained by the increase in pH of the reaction
medium which is known to suppress hydrothermal carbonisation [57]. KoCOj3 has been
frequently used as a catalyst for hydrothermal liquefaction, which is a process that occurs
at higher temperatures, in part because of this observed effect on the lower temperature
carbonisation reactions [58-60]. The effect of the potassium salts on the temperature at
which the exotherm peaks was ordered by the pH of the respective solutions.

The maxima of the exotherms, shown in Figure 1, were compared to the bonding
strength of the cations and anions of the added inorganic salts in Figure 2. The bonding
strength is a measure of the Lewis acidity of cations and the basicity of anions [61]. The
influence of the chloride salts on the temperature of the maximum heat release strongly
correlates with the bonding strength of the cation. Starting pH of the reaction medium was
a less important factor-FeClj solution (pH 1.69) had a lower pH than AICI; (pH 3.67) yet
demonstrated a lesser effect on the temperature of maximum heat release. Despite the lower
concentration of the iron and aluminium chloride in solution (to preserve the crucibles)
compared to the three neutral salts, the influence on the temperature of maximum heat
release was greater. FeCl3 had a slightly smaller influence on the temperature of maximum
heat release, possibly because the iron reduces during the reaction, as has been reported by
Zhang et al. [62]. The effect of H" was measured but was not reported in Figure 2 because
its small size causes asymmetric two coordination with one strong bond of 0.8 valency
units (v.u.) and one weak bond of 0.2 v.u. [63]. For this reason, H* is an exceptional cation.
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Figure 2. The correlation between ion bonding strength and temperature of maximum heat release
determined by DSC. Green dashed line denotes the temperature of maximum heat release when no
salt was added. The bonding strength equals valency divided by ideal coordination number [63]. The
concentration of K* and CI~ was 1 mol/L, where applicable, except for KOH, FeCls and AlCl; which
were added at concentrations of 0.1 mol/L. Fits for both sets of salts produced via linear regression.

The temperature of maximum heat release was found to increase with the bonding
strength of the anion, although the correlation was not as strong as with the case of cations.
The main reason was that anions reduce bonding strength by protonation, which is expected
to occur during hydrothermal carbonisation because organic acids are formed [63,64]. As a
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result, the acid dissociation constant (pKa) of the conjugate bases and the pH at the start
of the reaction have a marked effect. This was not an issue for the cation dataset because
the pKa of the chloride ion is very low, so the concentration does not change as organic
acids formed during the process [65]. The bonding strength of hydroxide anions is high,
however, these protonate quickly as the concentration of organic acids in the process water
increase. In Figure 2, the pairs of anions tested with the same bonding strength (carbonate
and hydrogen phosphate, and sulphate and dihydrogen phosphate), the solution with the
greatest pH had the highest temperature of maximum heat release. Potassium hydrogen
phosphate is slightly basic and significantly protonates when the pH during the reaction
reaches the pKa of dihydrogen phosphate (7.21) [66]. This event likely occurs early in
the process as the pH must decrease only slightly to reach the pKa, reducing the bonding
strength of the anions and explaining why there is little difference in the temperature of
maximum heat release when potassium hydrogen phosphate and potassium sulphate were
added.

The effect of the pH on the HTC of cellulose was determined by DSC with the addition
of HCI or KOH (Figure 3). It was found that the addition of HCI had a more marked effect
on the temperature of maximum heat release than KOH. The effect of using a Brensted acid
on the onset of carbonisation was significantly lower than with a strong Lewis acid catalyst.
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T feseenss 0.1M HCI e re o e s
3 4——0.005M KOH
— = 0.05M KOH
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Temperature (°C)

Figure 3. The effect of pH on the HTC of cellulose measured by DSC. pH was decreased or increased
with the addition of HCl and KOH, respectively.

The ionic strength of the reaction medium has been identified to influence the hy-
drothermal carbonisation process [67]. Increasing the concentration of potassium or cal-
cium chloride was found to decrease the temperature at which exothermic reactions occur
(Figure 4). When the ionic strength of solutions with the two different salts was balanced
(e.g., 3M KCl and 1M CaCly,), the measured heat flux by DSC was different, further showing
that Lewis acidity was the major determining factor on the temperature onset of carbon-
isation. The findings are similar to those reported in Jung et al. [68] which found that
quadrupling the concentration of KCI had only a minor effect on the reaction rate constants
of HMF conversion to hydrochar and levulinic acid. The presence of CaCl, instead of KCl
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was found to greater increase the reaction rate constants compared to quadrupling the
concentration of KCL

7_
sl F—1MKCI
| —3MKcl
54— +—— 1M CaCl,
g . ] 0.33M CaCl, '(\:
X /\\ / \
s M-
3 2 |
= N
: BE iy
0 — - - N
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Figure 4. The effect of ionic strength on the HTC of cellulose measured by DSC using two neutral pH
chloride salts.

When salts containing the same anion were mixed, the result was the shifting of
the exothermic reactions to a temperature between that of when the two salts were used
separately in the four mixtures investigated. This presents a potential issue with the
hydrothermal carbonisation of real biomass with homogeneous catalysts because inorganic
material within the substrate could significantly alter the process. Adding 1M KCl to 0.1M
FeCl; increased the temperature of maximum heat release but further increasing of the
concentration of KCl had no further effect on this, although it did increase the overall
enthalpy of the reaction (Figure 5a). The observed effect when CaCl, was added to FeCls
was similar (Figure 5b). Persson [69] showed that increasing the concentration of chloride
ions in an FeClj solution changes the distribution of the complexes, reducing the amount of
[Fe(H,0)4]** and increasing the concentration of [FeCl,(H20)4]* when measured at room
temperature. Figure 5 provides evidence that the specific complexes formed in solution
influence the catalytic ability of the Lewis acid salt which is added. In the presented cases in
Figure 5, the distribution of complexes in the aqueous solution was further complicated by
the water being superheated, which causes the dielectric constant to decrease and thereby
reduces the amount of salt dissociation [70,71]. Elevated temperature also changes the
distribution of the complexes [69]. The addition of a second salt also affected the activity of
aluminium sulphate, but to a greater extent than was found with the chloride mixtures,
with the addition of 0.5M of K;SOy increasing the temperature of maximum heat release
to close to the uncatalysed reaction. However, when 0.25M K,;5S0, was added the effect
on the onset of carbonisation appeared to be minimal. The addition of KCl to AICl; had
a weaker influence on the carbonisation temperature of cellulose than was found with
FeCls, indicating that there were no significant changes to the aluminium species present
in solution.
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Figure 5. Effect of mixing two salts on the HTC of cellulose. (a) iron and potassium chloride,
(b) iron and calcium chloride, (c) aluminium and potassium chloride, and (d) aluminium and
potassium sulphate.

2.2. Process Water Analysis

Analysis of the process waters, summarised in Table 1, showed that the uncatalysed
reaction of cellulose produced few of the key intermediates of the hydrothermal process at
the tested reaction conditions. Levulinic acid, an important value-added chemical from
biomass, was only detected in the process water when the temperature was raised to
250 °C. The analysis of the process waters when chloride salts were added showed that the
key intermediates were formed at gradually lower process temperatures and greater final
concentrations as the Lewis acidity increased. Fructose was seldom detected in the process
waters because it is quickly dehydrated after production [72]. HMF and furfural were
present in process waters formed at moderate temperatures and at low final concentrations,
possibly as the long cooling times of the reactor create a period for these to further convert to
levulinic acid and hydrochar. Excluding cellulose hydrolysis, glucose conversion to fructose
is the limiting step which explains why glucose was the most abundant monosaccharide in
the process waters [73]. Epimerisation of glucose to mannose was found to occur when
salts were added to the process. Hou et al. [74] also found epimerisation occurred during
the hydrothermal conversion of cellulose in the presence of FeCls.
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Table 1. Process water analysis by high-performance liquid chromatography (HPLC). Values reported
as mg/L. Dashes denote the analyte was not detected.

Salt Temperature (°C) Glucose Fructose Mannose HMF  Levulinic Acid  Furfural Formic Acid Acetic Acid

100 - - R - - - - -

150 - - i i - - - _

None 200 240 120 - 610 - - 670 -
250 - - - - 1520 - 460 1100

100 - - - - - - - -

150 : - - - - - _ _

IMKCI 200 10,550 . 500 3480 - : 630 ,
250 - - - - 8580 - 2220 950

100 - B - R - - - -

150 2780 : 4060 730 - - i -
IM CaCl, 200 - - - - 13,180 - 7180 1210
250 - : : - 8790 - 1780 1100

100 6260 - 7590 - - - - R

150 5890 - 2320 : - - 850 -
0.1M FeCls 200 - : : - 25,700 - 11,250 770
250 - : : : 28,380 : - 1170

100 - - R R - - - -

150 1790 870 - 1450 - 1160 580 -
0.IM Aly(SO4)s 200 - i - - 20,080 - 9640 1220
250 : : : : 18,060 : : 1310

100 11,900 - 9650 - R - - -
0.1M FeCls + 150 24,430 - - 1400 24,580 350 11,660 1770
1M KCI 200 - - - - 32,690 X 12,690 490
250 : : : . 31,380 - - 1330

100 1280 - 4130 - - - - -
0.1M FeCls + 150 27,920 - 1360 1970 11,250 1960 4820 480
5M KCl 200 - - - - 31,020 - 13,060 830
250 . : - . 28,250 - - 1180

100 1790 - 5290 - - - - -
0.1M FeCl; + 150 36,150 560 2230 1440 8870 : 3360 470
1M CaCl, 200 - - - - 30,000 - 10,460 500
250 - - - - 26,880 - g 1320

100 2940 - 8150 - - - - R

0.1M AL(SO4)3 150 2960 400 2750 : - - i i
+0.25M K550, 200 9060 - - 2610 8910 : 5190 770
250 - - - - 3280 - - 770

The process of rehydration of HMF is known to produce one mole of levulinic acid
and one mole of formic acid, but in process waters produced below 250 °C, the detected
levels of formic acid were greater than this would suggest. However, most of the formic
acid produced was via the rehydration of HMF to levulinic acid. Formic acid: levulinic acid
molar ratios greater than one have been reported during the hydrothermal conversion of
lignocellulosic materials [64,75]. Formic acid in high quantities has been found, especially
in the presence of FeCl;, when oxygen was added to the process [62]. In the present study,
air was not removed from the headspace before processing, however, the amount of oxygen
available to the reaction was insufficient to fully explain the resulting concentrations. The
decomposition of glucose to formic acid and furfuryl alcohol, the latter of which can then
polymerise into a hydrochar structure, has been reported as an alternative pathway in
aqueous environments in the absence of oxygen [51,75]. The presence of alkali and alkaline
metals during pyrolysis has been shown to promote homolytic fission of cellulose to formic
acid, smaller oxygenates and furfural, which was also detected in Table 1 [76]. Formic
acid may also be produced from the degradation of retro-aldol products of sugars [77]. At
process temperatures of 250 °C, formic acid was usually lost and was likely converted to
CO,, which occurs under harsh conditions [78]. The loss of formic acid at high temperatures
could be an issue for a biorefinery as many green chemicals require hydrogenation and
formic acid is a useful hydrogen carrier.

The mixing of a salt with a trivalent cation and another salt was also found to affect
the process water composition. The highest concentrations of monosaccharides, mainly
glucose, were found at 150 °C with the addition of KCl and CaCl, to FeCls. Levulinic acid
production was enhanced by adding a second salt to FeCl; and the temperature at which
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it was produced was reduced to 150 °C. The differences in maximum concentration of
levulinic acid achieved in the three FeCl; samples with an additional salt added were not
statistically significant. Jung et al. [79] found that the anion of Brensted acids participates
in the dehydration of fructose and, to a lesser extent, HMF rehydration to levulinic acid,
whilst having no significant effect on hydrochar formation. Jung et al. [79] also found that
the rate of hydrochar or humin production linearly increased with proton concentration,
albeit to a lesser extent than HMF or levulinic acid formation, which suggests that the
use of neutral salts could be useful in enhancing reaction rates to improve levulinic acid
yields from biomass without also increasing hydrochar formation rates. The process
waters with enhanced anion concentration in Table 1 also show fructose dehydration and
HMF rehydration reactions becoming more favourable compared to hydrochar formation,
causing an increase in levulinic acid concentrations. However, there is a limit at which
increasing the anion concentration becomes counter-productive for improving levulinic
acid yields shown by greater concentration in the process waters with 1M KClI added to
FeCl3 compared to 5M KCl or IMCaCl; at lower temperatures. The most promising benefit
of increasing anion concentration is the reduction in temperature at which levulinic acid
can be formed at significant concentrations, thereby decreasing the heat energy demand
of the process. The levulinic acid concentration may be improved further with longer
residence times as high concentrations of monosaccharides were present at 150 °C.

The addition of K,SOy4 to Al»(SOy4)3 reduced the concentration of levulinic acid in the
process water, therefore having the opposite effect to what was observed with the mixed
chloride salts. The addition of K,SOy did increase concentrations of monosaccharides which
suggests the reduction in levulinic acid concentrations was caused by the reduction in the
rate of reaction of dehydration and rehydration steps rather than in the hydrolysis step.

2.3. Hydrochar Analysis

The analysis of hydrochars produced in the presence of inorganic salts is summarised
below and in Table S1. The proximate analysis of the hydrochars produced in the presence
of a single metal salt followed the behaviour which was predicted by the DSC experiments.
The ratio of fixed carbon to volatile matter, which is a measure of the degree of carbonisation
in the solid product, began to significantly increase at lower temperatures when metal
chloride salts were added to the reaction (Figure 6b). For example, the hydrochars produced
at 200 °C had fixed carbon: volatile matter ratios which positively correlated with cation
valency. Interestingly, at 250 °C, the ratios were similar for all hydrochars in the presence of
chloride salts, as well as when no salt was used, suggesting the observed effect is a rate of
reaction increase rather than a change in what carbon structures are formed. The addition
of metal chloride salts typically reduced the hydrochar yield (Figure 6a) compared to when
no salt was added, which correlates with the increase in aqueous products. Jiang et al. [80]
found that the addition of sodium and chloride salts improved cellulose dissolution during
hydrothermal processing at 220 °C and that the majority was converted to water-soluble
oligomers. The effect was attributed to the salts enhancing depolymerisation and C1~
ions interrupting the hydrogen bonding network. Salts are well known to affect the
solubility of polymers in aqueous solutions and can be used to either “salt-in” or “salt-
out” molecules based on whether they interrupt the hydrogen bonding between water
molecules (chaotropic) or enhance it (kosmotropic) [81]. Although usually associated with
the solubility of proteins, the Hofmeister series of salts is useful for predicting the diameter
of hydrochar spheres produced from sucrose in the presence of salts [81]. The mass balance
of the solid product in Figure 6a and the concentrations of monomers in Table 1 suggests a
large proportion of the cellulose was converted to oligomers or water-soluble medium and
high molecular weight material such as humic-like substances [82,83].
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Figure 6. Hydrochar mass yields on a dry ash-free basis (DAF) and the ratio of fixed carbon to volatile
matter of the produced hydrochar. (a,b) hydrochars produced in the presence of a single salt, and
(c,d) produced with a combination of two salts.

The addition of aluminium sulphate to the hydrothermal processing of cellulose was
found to have a significant impact on the structure of the hydrochar, which had a lower fixed
carbon content than those produced without a salt or in the presence of metal chlorides.
This remained the case when K,S50,4 was also added to the reaction, which reduced the rate
of carbonisation and increased the final yield of hydrochar on a dry ash-free basis. The
use of metal salts in hydrothermal processing is therefore a promising tool for tuning the
properties of hydrochars.

The combination of two chloride salts had a much greater effect on the dissolution of
cellulose than when a single salt was used, especially at the lower range of temperatures
investigated (Figure 6¢). The salts were potentially playing complementary roles, with the
high Lewis acidity FeCls catalysing key reaction pathways, particularly glucose-fructose
isomerisation, and KCl or CaCl, aiding in solubilising cellulose and thereby improving
mass transfer. Both KCl and CaCl, are generally considered to be chaotropic salts [84,85].
The addition of K;SOy, a kosmotropic salt, to Al(SO4)3 increased hydrochar yields across
all temperatures.

Whilst DSC experiments showed that the temperature at which carbonisation was
occurring increased when a second chloride salt was added to FeCl; (Figure 6), the fixed car-
bon: volatile matter ratios of the hydrochars produced at 150 and 200 °C appeared to show
the temperature of the onset of carbonisation reduced. This reflected that the uncarbonised
cellulose was more likely to be dissolved or depolymerised at these temperatures when a
second salt was added, concentrating the insoluble carbonised fraction. The morphology
and physical properties of these hydrochars were visually different to those usually formed.
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These were noticeably denser and harder than those produced with a single salt, with no
salt added, or formed at 250 °C.

In some cases, heightened levels of inorganic material were present in the hydrochars
produced despite rinsing with DI water (Table S1). Those produced in the presence of
Al>(504)3 had the highest ash content and contained significant levels of sulphur. Aly(SO4)3
is a commonly used flocculant in water treatment, capable of coagulating humic acids
which have similarities to hydrochars, and could be playing a similar role in hydrother-
mal carbonisation [86]. Hydrochars produced in the presence of two chloride salts also
contained significant amounts of inorganic material.

The H:C molar ratio of the hydrochars with a single chloride salt further showed
carbonisation occurred at lower temperatures with increasing cation valency (Figure 7a).
The H:C molar ratio showed the hydrochars with a single chloride salt converged when
produced at 250 °C with the hydrochar produced without salt which suggested a similar
degree of carbonisation and agrees with the proximate analysis in Figure 6b. Although there
were similarities between the hydrochars produced at these temperatures, they may have
several differences such as surface area and porosity. The addition of LiCl as a porogen to
the hydrothermal carbonisation of lignin has been shown to increase porosity and alter pore
size [87]. Using metal chlorides in hydrothermal carbonisation is therefore still a potentially
useful strategy for altering the hydrochar structure even at the higher temperature range of
the process. When a second chloride salt was added, the molar H:C ratio reduced more at
lower processing temperatures when compared to when a single salt was used (Figure 7b).
The addition of K,SO4 to Al»(SO4)3 caused the molar H:C ratio to increase at 150 and 200 °C
reflecting the reduction in the dissolution of the depolymerised cellulose fragments. At
250 °C the hydrochars produced in the presence of Aly(5O4)3 had low H:C molar ratios,
similar to the hydrochars produced under other conditions, showing that dehydration
reactions have occurred, despite the final material retaining a low fixed carbon content.
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Figure 7. H:C molar ratio of hydrochars with (a) a single salt, and (b) two salts combined.

3. Materials and Methods
3.1. Materials

Stock solutions were prepared from metal salts of different valency. NaCl, KCI, CaCl,,
FeCl3, AlCl3, K,CO3, Alx(SO4)3, K2SO4, KoHPO,4 and KH, PO, (Sigma-Aldrich, Burlington,
MA, USA) were all used. Microcrystalline cellulose (Sigma-Aldrich, Burlington, MA, USA)
was used as a model compound. Various concentrations of salts were used from moderate
levels, representing concentrations found in recycled process waters, to high levels, which
may be added to the process intentionally as a catalyst.
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3.2. Methods
3.2.1. HP-DSC

The procedure followed was similar to that in Ibbett et al. [47]. Stainless-steel crucibles
with an internal volume of 30 uL and sealed with a gold-plated rupture disc were filled
with 3 mg of cellulose and 12 puL of salt-containing solution or deionised water. DSC was
performed using a DSC 1 (Mettler Toledo, Columbus, OH, USA). The crucibles were heated
from 30 °C to 320 °C at a heating rate of 10 °C/min under a constant flow of 50 mL/min
of nitrogen.

3.2.2. HTC Reactions

Larger quantities of hydrochar and process water were made from cellulose and salt
solutions using a 600 mL stainless steel reactor and 4843 PID controller (Parr Instrument
Company, Moline, IL, USA). 20 g of cellulose was added to 180 g of water plus the appropri-
ate weight of salt before sealing the reactor and heating to the desired reaction temperature
at a rate of approximately 8 °C/min. The samples were held at the reaction temperature
for 1 h and were cooled slowly at a rate of approximately 2 °C/min. Once cool, the process
water was separated with a Buchner funnel and cellulose filter paper, and then stored for
further analysis. The solid residue was washed with deionised water to remove any of the
remaining salts before being dried in an oven at 60 °C overnight. The mass of the dried
residue was recorded. Analysis of a smaller subset found the repeatability of hydrochar
yields was within £3 wt.%.

3.2.3. Proximate and Ultimate Analysis

Moisture, volatile matter, fixed carbon and ash of the produced hydrochars were mea-
sured using a TGA/DSC1 (Mettler Toledo, Columbus, OH, USA) according to the method
reported in Brown et al. [88]. An alumina crucible was filled with approximately 10 mg
of sample. The sample was heated to 105 °C in a nitrogen atmosphere to determine the
moisture. Next, the sample was heated to 900 °C for determining the volatile matter. Finally,
the atmosphere was changed to air to burn the remaining fixed carbon. The remaining
material in the crucible was weighed to determine the ash. Carbon, hydrogen, nitrogen and
sulphur in the hydrochars were determined using an EA2000 elemental analyser (Thermo
Fisher, Waltham, MA, USA) calibrated against a set of standard materials.The values were
adjusted for reporting on a dry basis in accordance with ASTM D3180-1. Proximate and
ultimate analysis was performed in duplicate and errors on the measurements are provided
in Table S1.

3.2.4. Analysis of Process Waters by HPLC

Before analysis, suspended solids in the process waters were removed with a 0.45 pm
syringe filter. The method was used to determine the concentration of monosaccharides,
organic acids and furfurals in the process waters. An Ultimate 3000 plus HPLC (Dionex,
Sunnyvale, CA, USA) fitted with a Supelcogel C-610H column (Supelco, Bellefonte, PA,
USA), refractive index and UV/Vis detector. The injection volume of sample was set
to 20 puL. The mobile phase was 0.1% phosphoric acid with a flow rate of 0.5 mL/min.
The column oven was maintained at 30 °C throughout the analysis. Concentrations of
monosaccharides were quantified using refractive index. Concentrations of organic acids
and furfurals were quantified using the UV /Vis detector at a wavelength of 210 nm
and 271 nm, respectively. The signal responses were calibrated against a set of standard
solutions. Each process water was analysed in triplicate and concentrations of analytes
are reported as an average of these. Standard deviations of the analyte concentrations are
summarised in Table S2.

4. Conclusions

The addition of salts to the hydrothermal carbonisation of cellulose was found to affect
the process in several ways. Firstly, the Lewis acidity of the cation and the basicity of the
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anion were found to alter the temperature of the onset of carbonisation independent of pH.
The effect of the anion on the process was found to be more complicated than the cation as
these protonated as organic acids formed during the process, thereby altering the Lewis
basicity. The influence of a Lewis acid on the process was found to be much greater than a
Brensted acid. Secondly, the addition of a salt was found to significantly alter hydrochar
yields. This effect was marked when a strong Lewis acid salt was used in conjunction with a
neutral salt in high concentration because the neutral salt improved the rate of dehydration
and rehydration reactions without affecting the rate of hydrochar formation. Chaotropic
salts reduced hydrochar yields, whereas kosmotropic salts slightly increased yields. Finally,
the addition of salts increased the concentrations of several compounds in the process
water including levulinic acid, a useful platform chemical. Using a combination of salts
was found to be a useful approach for increasing the yields of small organic compounds.

Adding a second salt affected the catalytic activity of the first possibly by altering the
distribution of complexes that form in solution. This has practical implications for using
real biomass in catalysed hydrothermal processes, showing that the solubilisation of ash
will alter the reaction kinetics.

Whilst the hydrochars produced at moderate HTC temperatures had varied H:C
and fixed carbon: volatile matter ratios, they converged at 250 °C. However, this is not
to say that they would not be varied in other ways. The exception was the hydrochar
produced with Aly(SO4)3 which had significantly less fixed carbon. Overall, adding salts
to hydrothermal carbonisation is a useful method for shifting product distributions and
tuning the properties of hydrochars.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12050492 /s1, Table S1: Hydrochar yields, proximate and
ultimate analysis, Table S2: Process water analysis by HPLC. Average concentration of analytes with
standard deviation in brackets.
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