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Abstract: Hydrochars are an alternative form of biochar produced by hydrothermal carbonisation
(HTC), a potentially cheaper and greener method. In this paper, the effect of multiple variables on
hydrochar properties was investigated. Waste biomass was converted to hydrochar via microwave-
assisted hydrothermal carbonisation. The variables were temperature, solution ratio (water-biomass
ratio), time, particle size, pH and acetone washing. The measured properties were yield, carbon,
oxygen and ash content, higher heating value (HHV), carbon and energy recovery and dye and
water adsorption. Feedstock significance was investigated using apple, wheat, barley, oat and pea
straw. The investigation into this specific combination of variables and feedstock has not been done
before. HTC increased carbon content (~60%), HHV (~24 MJ/kg) and water adsorption and reduced
oxygen content and dye adsorption. Thermal analysis suggested hydrochars were not suitable for
sequestration. Decreasing the solution ratio was the most significant factor in increasing yield, carbon
recovery and energy yield. Increasing the temperature was the most significant factor in increasing
carbon and decreasing oxygen content. This affected HHV, with higher temperatures producing
a higher energy material, surpassing brown coal. Hydrochars produced at a high solution ratio,
temperature and times showed the best carbonisation. Smaller particle size increased yield and
carbonisation but increased ash content. Low solution pH increased carbon content, HHV and water
adsorption but lowered yield, carbon recovery, energy yield, dye adsorption and oxygen and ash
content. High pH increased ash content and dye adsorption but lowered yield, carbon recovery,
energy yield and dye adsorption. Acetone decreased yield, carbon recovery, energy yield, carbon
content and HHV but increased oxygen, ash content and dye and water adsorption. Barley biomass
showed the highest yield and carbon recovery, and pea showed the highest energy yield and HHV.
Apple showed the highest carbon content. All the hydrochars showed promise as solid fuels, a soil
additive and a precursor for activated carbon but lacked high adsorption for pollutant adsorbents
and stability for carbon sequestration.

Keywords: hydrothermal carbonisation; agricultural waste; carbon sequestration; microwave heating;
hydrochar; carbonaceous material

1. Introduction

Waste agricultural biomass is often left to rot in fields to function as a fertiliser or
burnt as a solid fuel, however, this process results in the emission of CO2 and methane.
Straw is typically discarded or burned, which will result in a waste of resources and
serious environmental pollution [1]. This is part of the natural carbon cycle, but if it can
be intercepted, it would result in a loss of carbon emissions. When waste biomass is left
unused, it leaves an abundant source of highly useful carbon untapped. Currently, waste
biomass is left unused because it is defined as a low-grade fuel and has many disadvantages
such as high moisture content, low bulk density, low energy density, high volatile content,
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high oxygen content, high ash content, high alkali and alkaline earth metals and lack of fuel
uniformity [1–3]. These factors make application and transportation not worth the time or
effort. If these factors can be remediated, it will increase the viability of waste biomass.

Carbonisation will improve the value and application of waste biomass. Economic
analysis has shown that upgrading biomass is economically feasible [4,5]. Pyrolysis is
a popular method to produce biochar. Biochar has a very high carbon content, energy
density and surface area [6,7]. This gives applications in carbon sequestration, fuel, soil
additive or pollutant adsorbent. However, the process is energy-intensive, with high
activation energy and excessive costs, requiring high temperatures of 300–1000 ◦C and an
inert atmosphere [6–8]. Greenhouse gases are released which require complex equipment
to recover and manage [9]. High moisture biomass cannot be used because it requires
an intensive drying step or high enthalpy for vaporisation, increasing energy costs [10].
Developing nations may not have access to these processes but likely have abundant waste
biomass and high demand for biochar application.

Hydrothermal carbonisation (HTC) is an alternative method to produce carbonaceous
materials at lower temperatures than pyrolysis. Biomass is heated from 180–350 ◦C in an
aqueous solution while sealed under autogenous pressure (2–10 MPa) [7,11]. Biomass is
chemically destroyed in this process, resulting in CO2 gas, water mixed with simple organic
compounds and a char-like material [12]. This material is called hydrochar (HC), to differ-
entiate it from biochar. Since the pressure in the reactor increases with temperature, the
water in the feedstock stays in the liquid phase, avoiding the energy-intensive evaporation
stage [13]. Water acts as a solvent, reactant and catalyst for the hydrolysis reaction [14].
The main reaction pathways are devolatilisation, depolymerisation, decarboxylation, de-
carbonylation, dehydration, condensation, polymerisation of dissolved intermediaries,
hydrolysis and aromatisation [2,11,15–17]. This process is useful for carbonising materi-
als with a moisture content above 35%, which would not normally be used in pyrolysis,
and allows the skipping of the energy-intensive drying step [18,19]. HTC has lower GHG
emissions than pyrolysis. The HC particles are not prone to autoignition due to more
oxygen-containing groups and have increased surface aromatisation [6,7,9,20–22]. Gases
are dissolved in the water, reducing air pollution [3]. HTC improves the quality of biomass,
improving carbon fixation efficiency, energy density, morphology and hydrophobicity,
which increase stability and non-biodegradability [2,23]. The high temperatures and pres-
sures destroy pathogens and pharmaceutically active compounds [13]. This means even
dangerous waste materials could potentially be used as feedstock. Biomass can contain high
levels of ash, but leeching by the HTC solvent can reduce ash content [23]. This method has
a lower resource demand than biochars, making it especially useful in developing nations
that have abundant waste biomass and demand for the product’s applications.

However, the process can take up to twelve hours or more to complete in some
situations [11]. To improve the reaction time, microwaves (MW) can be used as the heating
method. MW heating offers accelerated rates of reaction, better yields, higher purity,
uniform and selective heating with lower energy consumption, greater reproducibility
and cleaner synthesis routes [24,25]. MW sends energy directly to the subject, heating it
internally with increased efficiency. The vaporisation of moisture within the biomass due
to microwave heating will increase degradation and likely increase carbonisation [25]. MW
reduce energy consumption and operational costs [8]. In another study, better carbonisation
results were achieved using microwaves at a lower temperature and time than conventional
heating [26]. MW does not provide enough energy to break chemical bonds or induce
reactions [27] directly. This means there are no non-heating effects from MW and they are
purely an alternative form of heating.

Biomass has different compositions of moisture, volatiles, hemicellulose, cellulose,
lignin and ash. These compositions will affect the properties of HC. Recent studies have
been performed on waste biomass such as corn stalk, biogas digestate, sewage sludge, wa-
termelon peel, cotton stalk, rice straw, beet pulp and coffee grounds [2,10,16,19,20,23,28,29].
In this study the waste material from common agricultural products was used, wheat, oat,
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barley and pea straw and powdered apple. The production, area, yields and top two pro-
ducers of the biomass feedstocks used in this study are displayed in a table in Table A1 [30].
Table A1 shows that the chosen biomass is produced in vast amounts worldwide and uses
massive amounts of land. This makes them abundant and accessible feedstocks. In recent
work, we used pea haulm as an effective biosorbent for dye in wastewater [31]. Therefore,
the produced HC may show similar effectiveness. We have recently shown that carbona-
ceous material can be produced on an industrial scale from pea waste using microwave
heating [32]. Wheat is the third most produced crop after maize and sugar cane [30]. For
every tonne of wheat grain, one tonne of straw remains [33]. Oats and barley are primarily
used for animal feed, but a large portion of the barley is used in the production of beer.
Barley and wheat-derived HC has been investigated in other studies but not within the
same context [9,33]. The chosen waste biomass feedstocks have not been investigated in
this context previously and may offer new insights into their potential application.

The variables investigated in this study are process temperature, solution ratio, res-
idence time, particle size, solution pH, acetone washing and feedstock. The properties
of HC can change significantly depending on the process conditions. Higher tempera-
tures and process times should degrade the biomass more, resulting in a lower yield and
higher carbon content. Biomass particle size should affect the HC properties. A smaller
size will have a larger surface area and reactivity. Acidic and basic solutions can affect
the properties of HC. Acidic conditions should remove hemicellulose and basic should
remove lignin [16]. HC is known for having poor surface area and porosity [16]. The solid–
liquid interface forms a secondary char phase via aqueous phase re-polymerisation and
condensation reactions [15]. During HTC, the more volatile components in the solution
can create a tarry substance that blocks the pores of the HC, reducing its porosity. This
layer causes HC to exhibit hydrophobicity [34]. Adsorption performance can be increased
with surface modification but this can be complicated and expensive [35]. The application
of acetone has previously removed the substance, which can be 2–3% of the total mass,
revealing microspheres [36]. By washing the HC with acetone, this substance may dissolve,
increasing the porosity.

The purpose of this paper is to answer the question: can quality HC be produced
from waste biomass? What factors affect their properties and where can they be applied?
To do this, (1) the effects of temperature, water–biomass ratio and process time are inves-
tigated; (2) then the effect of particle size is investigated; (3) then the effects of solution
pH and acetone washing are investigated; (4) finally the effect of feedstock is investigated.
The measured variables are HC yield, carbon, oxygen and ash content, carbon recovery,
higher heating value, energy yield, and water and methylene blue (MB) dye adsorption.
These qualities give the HC potential applications as a solid fuel, carbon sink, soil additive
or pollutant adsorber. Carbon hydrogen and nitrogen (CHN) analyser, thermo-gravimetric
analysis (TGA), Fourier-transform infrared spectroscopy (FTIR) and a scanning electron
microscope (SEM) were used to characterise the HC and compare the physiochemical
changes with the feedstock.

2. Materials and Method
2.1. Materials and Equipment

Pea haulm was collected from farms in The Yorkshire region, England. Apple, oat and
wheat powder was supplied by EgoVita, Warsaw and did not require milling. Pure Pastures
provided barley straw. The biomass was washed, dried and stored at 60 ◦C. It was milled
using a Luvele Power-Plus 2200 W commercial blender to a fine powder. The powder
was sieved by hand using Verder Scientific test sieves. The Milestone Ethos Ex Microwave
Extraction System was used for microwave-assisted hydrothermal carbonisation with a
maximum temperature of 220 ◦C. Citric acid, sodium hydroxide, acetone and MB were
bought from Sigma Aldrich and used as received by dissolving in a deionised water
solution. Solutions with a pH of 2, 4.5, 7, 9.5 and 12 were diluted as required and tested
using a pH meter and pH strip. The dye mixtures were heated and agitated in a Stuart
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shaking incubator SI500. The mixtures were filtered using Whatman Grade 1 filter papers.
The concentration of the dye was determined using ultraviolet-visible spectroscopy (UV-
VIS), a Jenway 7310 spectrophotometer and a wavelength of 665 nm. The biomass and
HC were analysed using SEM using a TM4000 plus tabletop microscope. FTIR was used
using a Nicolet iS5 FTIR Spectrometer. A spectrum range of 400–4000 cm−1 was used with
a resolution of 4 cm−1. TGA was also used using a TGA 4000 unit by Perkin Elmer, a
temperature range of 25–900 ◦C was used with a thermal gradient of 10 ◦C/min under
nitrogen. CHN analysis was performed using a Fisons Instruments EA 1108 CNH analyser.

Design Expert 13 was used to analyse the effects of process conditions using analysis
of variance and surface response methodology. It is useful in experiments with more than
two variables that might interact simultaneously. It can mathematically evaluate the data to
identify relationships between the variable conditions and their significance. It can predict
outcomes and summarise relationships using a multidimensional equation. It saves time
processing the results manually and increases the accuracy of the analysis.

2.2. Method

The methodology was developed from previously used methods [8,23,37,38].
Apple powder was milled and then sieved to a size of <200 µm. About 1 g of biomass

was then mixed with 10 or 50 mL citric acid solution with a pH of 2 in a microwavable
sealed vessel. The vessel was heated to 180 or 220 ◦C at a rate of 20 ◦C/min, by applying up
to 1000 W of microwave energy for 10 or 60 min. After heating, the contents were vacuum
filtered with deionised water and washed with 50 mL of acetone until the filtrate turned
clear and had a neutral pH. The residue was dried in an oven overnight at 60 ◦C and the
yield was recorded. The runs were repeated at least three times and the yield was measured
each time.

The effect of particle size was investigated by mixing 1 g of biomass of a size of <50 µm,
50–200 µm, and >200 µm with 10 mL of citric acid solution with a pH of 2. The mixture
was heated to 220 ◦C for 60 min in the microwave and then vacuum filtered and washed
with 50 mL of acetone until the filtrate turned clear and had a neutral pH. The residue was
dried at 60 ◦C overnight and the yield was recorded. The runs were repeated at least three
times and the yield was measured each time.

The effect of pH was investigated by mixing 1 g of <200 µm biomass with 10 mL of
citric acid or NaOH solution with a pH of 2, 4.5, 7, 9.5 and 12. The mixture was heated to
220 ◦C for 60 min and then vacuum filtered and washed with 50 mL of acetone until the
filtrate turned clear and had a neutral pH. The residue was dried at 60 ◦C overnight and
the yield was recorded. The effect of acetone washing was investigated at a pH of 2, 7 and
12 by only washing with deionised water. The runs were repeated at least three times and
the yield was measured each time.

Different biomass feedstocks were investigated using wheat, barley, oat and pea straw.
About 1 g of <200 µm biomass was mixed with 10 mL citric acid solution with a pH of
2 and heated to 220 ◦C for 60 min. The product was vacuum filtered and washed with
50 mL of acetone until the filtrate turned clear and had a neutral pH. The residue was dried
at 60 ◦C overnight and the yield was recorded. The runs were repeated at least three times
and the yield was measured each time.

Table 1 shows the experimental runs. They are sectioned into different sets of experiments.
The materials were evaluated by using CHN, FTIR, SEM and TGA. CHN was used

to find carbon and oxygen content. TGA was used to find ash content. The adsorption
of MB was tested by mixing 10 µg of HC with a 20 mL 50 mg/L dye solution for 24 h at
30 ◦C. After the mixture was filtered, the dye concentration was analysed using UV-VIS
spectrophotometry. The light absorbance was compared with a calibration curve to find
the amount of dye adsorbed by the HC. The MB adsorption test was repeated at least three
times per HC. Water adsorption was assessed by mixing 0.1 g of HC with 20 mL deionised
water. Once dispersed, the mixture was filtered and the difference in the volume of water
was measured. The water adsorption tests were repeated at least three times per HC.
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Table 1. Total experimental runs, sectioned into the effect of process conditions on apple biomass, the
effect of particle size, the effect of pH, the effect of acetone washing and the effect of feedstock.

Run
Variables

Feed Size (µm) pH Ratio (mL/g) Temp (◦C) Time (min) Acetone

1 Apple <200 2 10 180 10 Yes

2 Apple <200 2 50 220 60 Yes

3 Apple <200 2 10 220 10 Yes

4 Apple <200 2 50 220 10 Yes

5 Apple <200 2 10 220 60 Yes

6 Apple <200 2 10 180 60 Yes

7 Apple <200 2 50 180 60 Yes

8 Apple <200 2 50 180 10 Yes

Effect of particle size

Apple <50 2 10 220 60 Yes

Apple 50–200 2 10 220 60 Yes

Apple >200 2 10 220 60 Yes

Effect of solution pH

Apple <200 4.5 10 220 60 Yes

Apple <200 7 10 220 60 Yes

Apple <200 9.5 10 220 60 Yes

Apple <200 12 10 220 60 Yes

Effect of acetone washing

Apple <200 2 10 220 60 No

Apple <200 7 10 220 60 No

Apple <200 12 10 220 60 No

Effect of feedstock

Wheat <200 2 10 220 60 Yes

Barley <200 2 10 220 60 Yes

Oat <200 2 10 220 60 Yes

Pea <200 2 10 220 60 Yes

To find the oxygen content (OC) (%) Equation (1) was used.

OC = 100 − CC − HC − NC − AC − MC (1)

where CC is the carbon content (%), HC is the hydrogen content (%), NC is the nitrogen
content (%), AC is the ash content (%), MC is the moisture content (%).

To find the recovered carbon (RC) (%) Equation (2) was used.

RC = Y × CHC/CF (2)

where Y is the yield (%), CHC is the carbon content of the HC (wt.%) and CF is the carbon
content of the feedstock (wt.%).

The higher heating value (HHV) (MJ/kg) was found using the Dulong equation, seen
in Equation (3).

HHV = 0.3383 × C + 1.422 × (H − O/8) (3)

where C is the carbon content (wt.%), H is the hydrogen content (wt.%) and O is the oxygen
content (wt.%).

The energy yield (EY) (%) was found using Equation (4).

EY = Y × HHVHC/HHVF (4)
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where HHVHF is the higher heating value of the HC (MJ/kg) and HVVF is the higher
heating value of the feed (MJ/kg).

To find MB adsorption (MBA) (mg/g), Equation (5) was used.

A = V × (C0 − CE)/Ms (5)

where V is the volume of dye solution (20 mL), C0 is the initial dye concentration (50 mg/L),
CE is the equilibrium dye concentration (mg/L) and Ms is the mass of HC used (0.01 g).

To find the adsorption of water (WA) (g/g) Equation (6) was used.

WA = (W0 − WE)/Ms (6)

where W0 is the initial mass of water (20 g) and WE is the mass of water after mixing
and filtration.

3. Results and Discussion

The results for the HC produced under different solution ratios, process temperature
and residence times is shown in a table in Table A2. It also shows the results of changing
particle size, solution pH, acetone washing and biomass feedstock. It shows the effect of
these factors on HC yield; carbon, hydrogen, nitrogen, oxygen and ash content; recovered
carbon; HHV and energy yield; and MB and water adsorption. The results are compared
with the C, H, N, O and ash content, HHV, MB and water adsorption of unmodified biomass.
The data are scaled from white to green to make comparison easier. Each property column
has an independent colour scale. White signifies the lowest value in the property column
and the darkest green signifies the greatest value. The results of Table A2 are investigated in
depth in later sections. HTC converts the biomass into a carbonaceous material. Depending
on process parameters, yield ranges from 17–43% in apple biomass. The rest of the original
mass is lost in the process liquid. Carbon content is increased by 3–18% in apple, 13% in
wheat, 14% in barley, 13% in oat and 16% in pea biomass. HHV is improved due to the
increased carbon content. HHV improves by 2–8 MJ/kg in apple biomass depending on
the process parameters. HTC improves water adsorption and worsens MB adsorption.
Runs 2 and 5 show the best carbonisation. Acidic and basic conditions lower yield but
acidic conditions improve carbon content. Acidic conditions improved water adsorption
but worsened MB adsorption. Washing with acetone reduces yield and carbon content but
lowers MB and water adsorption.

3.1. Characterisation

FTIR analysis was performed on all the HC to identify functional groups on the surface
and how the peaks differ depending on the production parameters. A select few are shown
in Figure 1.

The major peaks found in the FTIR spectrums are summarised in a table in Table A3.
The spectrums were compared to biomass and HC spectrums found in other studies to help
identify the functional groups. Figure 1A shows the effect of low and high temperature,
high solution ratio and low processing time on the HC FTIR spectrum. These conditions are
represented by runs 6, 5, 2 and 3, respectively. The broad peak at 3300 cm−1 representing
O–H in carboxyl and hydroxyl groups decreases in intensity after HTC. This coincides with
decarboxylation and dehydration reactions and decreasing oxygen content. The reduction
in intensity is ranked run 5 > run 3 > run 2 > run 6 > apple. This suggests that process tem-
perature has the most significant effect on decarboxylation and dehydration reactions. The
peaks between 2900 and 2800 cm−1 representing C–H in methylene groups and aromaticity
are similar in all spectrums but increase in run 2, suggesting solution ratio significantly
affects aromatisation. The vapour pressure caused aromatisation, increasing aromaticity
in the hydrochar [1]. Increasing the volume of solution will increase this pressure. HC
show an increase in aromaticity and alkyl groups, which contribute to stability [19]. The
peaks between 1700 and 1200 cm−1 representing C=C and C=O in carbonyl, carboxyl,
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aromatic rings, ester and ether groups are higher in all HC. The increase in C=C is due
to decarboxylation reactions [1]. The peaks are similar in all HC spectrums except Run 2,
suggesting a higher solution ratio enhances decarboxylation and dehydration reaction. The
reduction in –OH and C=O are due to dehydration reactions, which also lower O/C and
H/C ratios [1]. The peaks between 1200 and 1000 cm−1 representing C–O in ether, alcohol,
phenol and ester decrease in intensity after HTC. This coincides with a decrease in oxygen
content. The reduction in intensity is ranked run 5 > run 3 > run 2 > run 6 > apple, the
same as the O–H group. The reduction in C–O peaks is due to the degradation of cellulose
and hemicellulose [1]. This suggests the best HC have low-intensity O–H, C–O groups and
high-intensity C=C, C=O, and C–H groups since this shows the best decarboxylation and
dehydration reactions.
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Figure 1. FTIR spectrum of (A) HC produced under different process temperatures, solution ratio and
residence time, Run 5, Run 6, Run 2 and Run 3, respectively, (B) HC produced at different solution
pH and washed with acetone, (C) HC produced using different particle size and (D) HC produced
from different biomass feedstocks.
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Figure 1B shows the effect of a solution with a low, neutral and high pH and acetone
washing on the HC FTIR spectrum. They show a similar spectrum to the previous hydrochar.
This suggests that changing the solution pH or washing with acetone did not modify the
chemical structure of hydrochar. Acidic and neutral conditions show a higher intensity of
C=C and C=O than basic conditions, suggesting basic conditions are detrimental to the
HTC process and decarboxylation reactions. Neutral conditions showed the least reduction
in C–O groups, with acid and basic showing the most reduction. This suggests acidic
conditions were the best for enhancing HTC. Acetone washing was most significant in basic
conditions. When HC is not washed with acetone, O–H and C–O show a higher intensity.
However, not acetone washing also improved C=O and C=C intensity and aromaticity.
The reduction in all peaks suggests that the acetone dissolved volatile components, refining
the HC. In other studies, acetone washing reduced aromatic ester C–O, C=O and chain
C–H groups suggesting the removal of fatty acids, decreased alkyl groups and increased
aromatic groups [36,39,40]. It has been reported that washing with acetone causes the
enhancement of aromatic structures and dissolves fatty acids [40].

Figure 1C shows the effect of particle size on the HC FTIR spectrum. They show a
similar spectrum to the other hydrochar. The particle sizes of <50 µm and 200–50 µm
show a near identical spectrum suggesting no further enhancement is achieved using
a size lower than 200 µm. All particle sizes show a similar reduction in O–H and C–H
groups. <50 µm and 200–50 µm show the greatest increase in C=C and C=O groups and the
greatest intensity in C–O groups. This suggests particles >200 µm reduce decarboxylation
and dehydration reaction effectiveness. This is due to an increased specific surface area in
smaller particles, which improves reactivity. In another study, a particle size fraction of
<0.25 mm and 0.5–0.25 mm had nearly identical chemical structures [37].

Figure 1D shows the effect of biomass feedstock on the HC FTIR spectrum. The
biomass spectrums are nearly identical. The HC spectrums are similar to previous HC,
suggesting feedstock does not modify the chemical structure of HC. All the biomass shows
a similar reduction in O–H groups, except wheat. Barley and oat showed a reduction in
C–H groups and therefore reduced aromaticity. Only apple showed an increase in C=C
and C=O groups. All the biomass showed similar reductions in C–O groups.

SEM images were taken of every hydrochar. Almost all showed course textures, but
none showed a high porosity. Some showed microspheres on the surface of a size of 5–1 µm.
Figure 2 shows SEM images of runs 1, 2, and 3, respectively.

Microspheres have appeared in other studies on HC [8,41]. There are no common
factors with these runs other than a pH of 2 and acetone washing, suggesting process condi-
tions play no significant part in their development. HTC occurs via soluble intermediates,
resulting in carbon spheres [37]. Acid pre-treatment has resulted in carbon microspheres
previously [8]. The addition of acid removes hemicellulose, leaving concentrated cellulose
and lignin. Lignin improves microspheres, which can block pores and gaps, reducing
porosity and surface area [16]. It has been suggested that the microspheres are degraded
cellulose [9]. It has been concluded that the addition of acid-induced hydrolysis of cellu-
lose into oligomers and glucose which then underwent dehydration, condensation, and
polymerisation reactions to form microspheres of a larger diameter than just water [36].
It has been reported that the addition of acid and microwave heating increased porosity,
increasing surface area and pore volume [26].

TGA was performed on the biomass feedstocks to identify the key components.
Biomass usually has a composition of 15–30% hemicellulose, 40–60% cellulose and 10–25%
lignin [14]. This changes depending on the function of the biomass. It has been noted
that hemicellulose degrades at 220–315 ◦C, cellulose degrades at 300–400 ◦C and lignin
degrades over a range of 150–900 ◦C [42]. These values were compared with the TGA
data and ash content to find the composition of the biomass. Ash content was found by
performing TGA in oxygenated conditions. The TGA spectra for each biomass and the
component degradation temperature points can be seen in Figure 3.
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The mass loss at certain temperatures was used to identify the composition of the
feedstocks. Since the mass loss of hemicellulose and cellulose is indistinguishable, they
were represented together as holocellulose. The compositions are summarised in Table 2.

Table 2. Biomass feedstock composition and proximate analysis, with colour scale.

Composition
(%) Proximate Analysis (%) Elemental Composition, as

Received (%)
Elemental Composition, Dry

Ash-Free Basis (%)

B HL L M V FC A C H N O C H N O

Wheat 59 24 6 70 14 9 45 6 1 33 53 7 1 38

Oat 60 27 6 71 17 7 46 6 2 35 53 7 1 40

Pea 55 27 7 73 12 8 44 6 2 33 52 7 2 39

Barley 55 27 8 71 14 8 44 6 1 33 52 7 1 40

Apple 55 29 7 92 0 1 48 7 1 37 52 7 1 40

Where B is biomass, HL is holocellulose, L is lignin, M is moisture, V is volatiles, FC is
fixed carbon and A is ash. The data are scaled from white to green to make comparison
easier. Each composition column has an independent colour scale. White signifies the
lowest value in the column and the darkest green signifies the greatest value. Oat and
wheat showed the highest amount of holocellulose, pea, barley and apple biomass showed
the least. Conversely, apple showed the highest lignin content, followed by pea, barley and
oat. Wheat showed the least amount of lignin. Barley had the highest moisture content,
followed by pea and apple. Wheat and oat showed the lowest moisture content. Apple had
the greatest number of volatiles and no fixed carbon, leaving only a small amount of ash.
Pea had the next highest number of volatiles, followed by oat and barley. Wheat had the
least number of volatiles. Oat had the greatest amount of fixed carbon, followed by wheat
and barley. Pea had the lowest fixed carbon after apple. Wheat had the highest ash content,
followed by barley and pea. Oat had the least ash after apple. Apple had the highest ‘as
received’ carbon content, followed by oat, wheat, pea and barley. Apple had the highest ‘as
received’ oxygen content, followed by oat and then wheat, barley and pea. Wheat and oat
had the highest carbon content, and pea, barley and apple had the lowest carbon content
on a dry ash-free basis. Apple, barley and oat had the highest oxygen content on a dry
ash-free basis, followed by pea and then wheat.

There is a relationship between biochar degradability and thermal recalcitrance, which
are carbon mineralised after 1 year and the temperature when 50% of the hydrochar is
lost to oxidation, respectively [43]. Equation (7) was used to find the thermal recalcitrance
using graphite as a reference, with 50% conversion at 886 ◦C.

R50,hydrochar =
T50hydrochar

T50,graphite
(7)

where, R50,hydrochar is the thermal recalcitrance of hydrochar, T50,hydrochar is the temperature
at 50% degradation of hydrochar by oxidation and T50,graphite is the temperature at 50%
degradation of graphite by oxidation. Recalcitrance between 0.7 and 0.5 signifies a material
with intermediate carbon sequestration potential, and a value less than 0.5 signifies a carbon
sequestration potential similar to biomass [43]. The recalcitrance values are displayed in a
table in Table A4. The data is scaled from white to green to make comparison easier and
ordered with the most stable at the top. Each variable and property column has an inde-
pendent colour scale. White signifies the lowest value in the column and the darkest green
signifies the greatest value. The results of Table A4 suggest the produced hydrochar has
low carbon sequestration potential. However, trends are noticeable; a higher temperature
was most significant in increasing the recalcitrance value, followed by residence time. The
solution ratio did not have a significant effect on the value. A higher temperature would
likely increase thermal stability to the point of intermediate sequestration, but this will also
likely reduce yield significantly. Hydrochar has a higher number of oxygenated groups
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than biochar, which increases reactivity and thus degradability [44]. The hydrophilicity
of HC may facilitate the microbes and enzymes on the HC surface [45]. In another study,
the choice of biomass feedstock affected carbon degradability [45]. A high degradability
coincides with high hydrophilic functional groups, high O/C and H/C ratios, low C/N
ratio and low lignin content [45].

3.2. Effect of Process Temperature, Solution Ratio and Residence Time on Hydrochar Properties

The effect of process temperature (180–220 ◦C), water-biomass ratio (10–50 mL/g) and
residence time (10–60 min) on yield, carbon, oxygen and ash content, HHV, and carbon
recovery, energy yield, MB and water adsorption were investigated. Figure 4 shows the
effects of these variables on yield, carbon, oxygen and ash content in a cubic form and
highlights the significant relationships and directions of development.
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The arrows point in the direction of positive development in the property, showing
how changes in a variable have an effect. The colours show the impact of the variable, with
red showing the most difference between property values, orange showing an intermediate
amount and yellow showing little difference. Yield is important because it determines
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the amount of product made and how much material is lost. If the yield is too low,
producing the material may not be profitable. The method of solid separation will affect
yield. It has been found in another study that Büchner filtration is more effective than
folded filter paper [28]. In this study, vacuum filtration with a Büchner funnel was used.
Design Expert deemed the solution ratio the most significant factor, the temperature
the least significant and there are two-factor relationships, seen in the table in Table A5.
According to Figure 4A, yield is highest with a low solution ratio, high temperature and
high residence time. The yield is the lowest with a high solution ratio, temperature and
time. This shows that the effect of temperature and time is insignificant. The solution
ratio only has a significant effect at high temperatures and residence time. Time only has
a significant effect at high temperatures and low solution ratios. At shorter residence
times, the biomass may only degrade thermally and not fully convert. Longer times may
enhance the polymerisation reaction of intermediaries, increasing yield. Another study
found that processing time has little significance on the yield [11]. From the yield results
and FTIR data, it can be assumed that an increased amount of solution enhances biomass
hydrothermal decomposition. Higher solution ratios of water act as a solvent, increasing
feedstock solubility and intermediate products, producing less char [46]. At 100 ◦C, water-
soluble components are dissolved. At 150 ◦C, hydrolysis starts and carbonisation starts
at 180–250 ◦C [14]. The main mass loss comes from the degradation of hemicellulose
over a temperature of 180 ◦C [33]. Hemicellulose thermally decomposes at 180 ◦C and
cellulose at 200 ◦C to form monomers and oligomers while lignin decomposes at 220 ◦C
and remains mostly untouched [11,14,18,23]. Higher temperatures offer more heat for
breaking bonds in the biomass during HTC [2]. Temperatures below 210 ◦C do not alter
the properties of cellulose and lignin [37]. This means there will be a rapid reduction in
yield as these three major components degrade at high temperatures. It is also known that
high temperatures enhance hydrolysis, dehydration and decarboxylation reactions which
lead to mass loss [2,11,28]. Hydrolysis is the rate-limiting step, which can be increased with
higher temperatures, but this increases liquid and gas yields [37]. In another study, it was
found that a longer residence time and a high temperature had the highest yield, similar to
the current study [8]. In other studies, higher temperatures and times resulted in a reduced
yield [2,6,11,12,14,17,18,23,28,33,38,46,47].

A higher carbon content means the material is more carbonaceous such as coal or
biochar. A higher percentage makes it a valuable precursor for activated carbon or fuel
source. It affects factors such as carbon recovery, HHV and energy yield. Design Expert
deemed process temperature as the most significant factor, the solution ratio was the least
significant with no two-factor relationships, as seen in Table A5. According to Figure 4B,
carbon content is highest at a low solution ratio, high temperature and high time. Carbon
content is lowest at a high solution ratio, low temperature and low time. The temperature
has a significant effect in every scenario. Time has the most significant effect at high
temperatures and high solution ratios. Hemicellulose decomposes at 180 ◦C and cellulose
hydrolyses at 130–230 ◦C, lignin has a lower decay rate and will not completely hydrolyse
until 600 ◦C [17]. Temperatures above 210 ◦C alter the properties of cellulose and lignin [37].
At higher temperatures, cellulose and hemicellulose, which are oxygen-rich will degrade
leaving a carbon-rich lignin structure. Increased temperature will enhance dehydration and
decarboxylation reactions, decreasing hydrogen and oxygen content but enhancing carbon
content [17]. Similar trends were found in other studies [2,6,23,28]. However, another study
found that temperatures above 220 ◦C reduced the carbon content [18]. This could be
because carbon-rich components began to degrade at higher temperatures. Reducing total
carbon content. This occurrence could not be investigated in the present study due to the
limitations of the equipment, but is a possible area for future research. Another study found
that biomass was not fully carbonised after 4 h at 230 ◦C [6]. This is likely because they
used conventional and not microwave heating, which is more effective.

According to Figure 4C, the oxygen content is highest at a high solution ratio, low
temperature and time. Oxygen content is lowest at a low solution ratio, high temperature,
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and high time. This is the opposite of the effects on carbon content. The temperature was the
most significant factor, followed by the processing time and solution ratio. Design Expert
found two-factor relationships, seen in Table A5. According to Figure 4C, the solution ratio
has low significance in every scenario. Temperature is most significant at longer times. Time
is most significant at higher temperatures. Hemicellulose and cellulose are oxygen-rich
and are the first to hydrolyse. The properties of cellulose and lignin will alter above 210 ◦C
and the dehydration and decarboxylation reactions will be enhanced, decreasing hydrogen
and oxygen content but enhancing carbon content [17,37]. The same carbon and oxygen
content trends were found in other studies on the HTC of biomass [11,29,33]. An oxygen
reduction implies a reduction in the oxygen-containing functional groups, such as carbonyl
and hydroxyl groups, which enhances physical stability [19].

Ash content is made up of non-organic materials like potassium, calcium and mag-
nesium. If the ash content is too high, it can negatively affect the soil. Water dissolves the
metal salts and causes the soil pH to increase, negatively affecting fertility. High sodium
and potassium content can also cause fouling and corrosion in boilers and lower melting
temperatures [11,18]. Lower ash fuel is preferred. Design Expert deemed temperature the
most significant factor, time the least significant and found two-factor relationships, seen in
Table A5. According to Figure 4D, the solution ratio is only significant at low temperatures
and time. At a high time, a higher solution ratio causes ash to decrease and at a low time a
higher solution ratio causes ash to increase. Temperature is only significant at longer times.
Ash is higher at low temperatures. Time is significant at low solution ratio and temperature
and high solution ratio and temperature. At a low solution ratio, increased time causes
ash to increase. At a high solution ratio, increased time causes ash to decrease. Biomass
with high ash content will produce char with high ash since it is not thermally degraded.
HTC can reduce ash content. Subcritical water from HTC acts as a reacting medium and
the soluble sodium and potassium can be leached into the liquid phase, reducing ash
content [11,23]. The reduction of ash by HTC was found in other studies on biomass, but
increasing process temperature and time caused ash content to increase [2,11,17,18,28,29,48].
This is likely because the rate of organic degradation is increased at higher temperatures
and process times. At increased temperature and time, the hydrochar exhibits a porous
structure and increased surface area which re-adsorbs the inorganics previously dissolved
in the liquid [1]. Potassium salts are soluble in water, whereas calcium is insoluble [1].

Figure 5 shows the effects of solution ratio, process temperature and residence time on recov-
ered carbon, HHV and energy yield in a cubic form and highlights the significant relationships.

Hydrochar could be used as a solid fuel. HHV is the amount of heat released during
the combustion of the material. The higher it is, the better the material is as a fuel source.
Although this would not be beneficial for the environment, it would provide a portable
condensed form of energy in poorer nations with abundant waste biomass. There would
be a net zero increase in carbon since the feedstock is waste biomass. It can function as
a greener alternative to coal that contributes to GHG. Design Expert deemed process
temperature as the most significant factor, the solution ratio was the least significant and
there are two-factor relationships, seen in Table A5. According to Figure 5A, HHV was highest
at high temperatures and times. HVV was lowest at a high solution ratio, low temperature and
low time. The solution ratio had low significance in every scenario and temperature had high
significance in every scenario. Time was most significant at a high solution ratio. Cellulose
and hemicellulose are easier to degrade at high temperatures leaving lignin, which has a
higher HHV [11]. HHV was improved due to the destruction of low-energy chemical bonds
and the generation of high-energy chemical bonds [17]. Hot compressed steam degrades
hemicellulose and cellulose into monomers, furfural and 5-hydroxyl methyl furfural (HMF)
which precipitated onto the HC increasing HHV [33]. In another study, increased temperature
and time caused a decrease in yield but an increase in HHV [38].
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HC could be used in carbon sequestration. Recovered carbon is the yield of carbon
that remains from the original feedstock. The higher it is, the more carbon is captured from
the biomass that would otherwise decay. This carbon is locked away during sequestration
and cannot decompose into the atmosphere. Biomass takes about 100 years to decay
fully and emits methane and carbon dioxide [18]. After carbonisation, a portion of the
carbon is trapped and will remain after this time [18]. Energy yield is the yield of original
biomass energy captured and condensed by the process. Reducing total mass and increasing
energy density content makes energy more concentrated, making it easier to transport
and use. Carbon recovery and energy yield had the same significant factors and trends
since both were heavily influenced by yield and carbon content. Design Expert deemed
solution ratio the only significant factor of carbon recovery, seen in Table A5. Design
Expert deemed all the factors significant for energy yield, with the temperature being the
most significant and identified two-factor relationships. According to Figure 5B,C, carbon
recovery and energy yield are highest at low solution ratio and lowest at high solution
ratio. It is lowest at a high solution ratio, high temperature and low time. The solution ratio
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is most significant at high temperatures and longer times. Temperature is most significant
at low solution ratios and longer times. Time is most significant at low solution ratios and
high temperatures. In another study, carbon recovery increased up to 30 min and decreased
after [37]. It was concluded that the reason was delayed mass transfer through the pores
of biomass particles affecting hydrolysis, dehydration, decarboxylation and condensation
reactions [37]. In another study, energy yield increased at longer tomes and decreased at
higher temperatures [38].

Figure 6 shows the solution ratio, process temperature and residence time effects on
MB and water adsorption in a cubic form and highlights the significant relationships.
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HC could be used as a cheap alternative pollutant adsorbent. MB is used to represent
pollutants in wastewater streams. It is used in many adsorption viability tests [10,16,20,35,46].
High adsorption means the material would likely make a good pollutant adsorbent for
industrial effluent treatment. It suggests a high porosity and surface area, which would
also make the material a good precursor for activated carbon. Design Expert deemed no
factors to be significant, seen in Table A5. According to Figure 6A, MB adsorption was
best at a higher solution ratio, lower temperature and shorter time and was lowest at a
lower solution ratio, higher temperature and longer time. The solution ratio was most
significant at higher temperatures and longer time. The temperature was most significant at
a lower solution ratio and longer time. Time was most significant at low solution ratios and
higher temperatures. There are no trends, as calculated by the Design Expert software. This
suggests that the factors do not play a part in determining adsorption and that apple HC
may just have a wide range of MB adsorption results. A small specific area and low carboxyl
and phenolic group restrict the adsorption efficiency [35]. The high pressures during the
process do not allow pore structures to develop [44]. HTC dehydration and decarboxylation
reactions reduce oxygen-containing functional groups. MB adsorption relies on hydrogen
bonding with the hydroxyl groups of HC, electrostatic interaction with carboxylate and
π–π interaction in benzene groups [35]. A higher adsorption capacity is achieved with more
oxygen groups and a larger specific surface area [35]. Another study found that increasing
the temperature increased MB removal [46]. It was found in another study that increasing
temperature up to 220 ◦C increased porosity but decreased at 250 ◦C [13]. MB adsorption
likely depends on the choice of biomass feedstock, with some showing more affinity for the
process variables.

HC could be used as a soil additive. Deforestation, land use, excessive mineral fertilis-
ers, unsustainable and excessive agriculture and irrigation, can contribute to a loss of soil
quality [21]. This can lead to organic matter depletion, soil degradation and large amounts
of waste [6]. HC can add benefits such as reduction of nutrient leaching, increasing soil
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carbon, cation exchange capacity, increasing nutrients, soil porosity, water holding capacity
and aggregation [21]. HC can improve the physicochemical properties and enzyme activ-
ities and decrease the gas emissions of the soil [6]. HTC can increase the N, P, K and Ca
content and reduce salt, making the soil more conducive for plants [6]. HC can decrease
nitrate leaching from sandy soils [13]. HC is generally beneficial to soil physical properties
and can be used as a soil conditioner, increasing available water for plants in coarse sandy
soils with low organic matter but soils already high in organic matter and high available
water content saw no increase with the addition of HC [49]. However, HC can contain
hazardous and phytotoxic compounds, which is a significant issue with using it in soil
amendment [21]. HC can inhibit seed germination and show detrimental effects on plant
growth [21]. HC is less stable and can degrade easily due to its lower aromatic content,
enhancing microbial growth, enzyme activity and CO2 emissions [6,21]. Co-composting can
eliminate phytotoxic compounds, nutrient losses and GHG emissions and increases stable
organic matter and nutrients in compost [12,21]. 0.5–1% addition of HC improved plant
growth after an initial delay but increased water retention did not seem responsible [13].
In another study, the application of HC into soil decreased bulk density but increased
total porosity, available water capacity and water repellence indirectly through fungal
growth [49]. HC has reportedly reduced the CO2, CH4 and N2O emissions in the soil [6].
The feedstock is suspected of playing a part in whether HC will benefit or disadvantage
plant growth [13]. Therefore, it is important to investigate different feedstocks.

Water adsorption is a measure of the amount of water adsorbed by the material. The
higher it is the more water is adsorbed. This would make the material useful in sandy soil
areas where water is not retained and drains away, depriving plants of water. It can also
be used as a soil conditioner to improve the quality. Design Expert deemed no factors to
be significant, seen in Table A5. According to Figure 6B, water adsorption is highest at a
low solution ratio, high temperature and high time. Water adsorption is lowest at a high
solution ratio, low temperature and high time. The solution ratio is most significant at high
temperatures and a longer processing time. A lower solution ratio increases adsorption
except at low temperatures and times. A higher temperature increases adsorption except
at high solution ratios and low time. At a low solution ratio, a longer time increases
adsorption, and at a high solution ratio, a longer time decreases adsorption. HC has a
higher number of oxygenated groups than biochar which increases hydrophilicity and
wettability [44]. Lignin is the most hydrophobic component in biomass and hemicellulose is
the most hydrophilic [33]. Increasing temperature leads to hydrophobicity, reducing water
adsorption [13]. In another study, increasing temperature and time increased the amount
of water adsorbed by HC [48]. When HC is added to soil, water content is increased due to
the porosity and agglomeration of the soil [6].

The relationship between the variables can be displayed as an equation. This can be
used to predict results and shows how variables interact. An example equation can be seen
in Equation (8).

Property = [Intercept] + [Ratio] + [Temp] + [Time] + [Ratio × Temp]
+[Ratio × Time] + [Temp × Time]

(8)

The coded and actual values and p-Values from the Design Expert software can be
seen in Table A5. The blue colour indicates that increasing the variable has a positive effect
and the orange colour indicates that increasing the variable has a negative effect. A coded
value means the variable is represented by a high (+1) and low (−1) value. An actual value
means the real number can be used in the equation, for example, 220 when 220 ◦C is used.
The p-values are also displayed in Table A5 for each variable and property. This value
shows if a variable is significant. A p-value below 0.05 is significant and a value above 0.1 is
insignificant. To maintain model hierarchy, insignificant factors are sometimes included.
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3.3. Effect of Particle Size on HC Properties

The effect of particle size (<50 µm, 50–200 µm and >200 µm) on yield, carbon, oxygen and
ash content, HHV, carbon recovery, energy yield, MB and water adsorption was investigated.
Reducing particle size requires significant energy and processing cost. The industry should
use larger sizes while maintaining efficiency. Figure 7 shows the effects of particle size on
yield, carbon recovery, energy yield, carbon, oxygen and ash content and HHV.
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Figure 7. The effect of particle size on (A) HC yield, carbon recovery and energy yield, (B) carbon,
oxygen and ash content and (C) HHV.

Figure 7A shows the effect of particle size on HC yield. The standard error bars for
yield are small, indicating the results are consistent. Yield increases as the particle size
decrease. The heat from different milling processes has been shown to denature proteins,
reduce amino acids and reduce saturated fatty acids in wheat flour [50]. The size reduction
process may affect the biomass in such a way as to affect yield and carbonisation. At smaller
particle sizes, water can penetrate the pores easier and the greater surface area will enhance
the rate of heat, mass transfer and reaction kinetics [38]. A particle size reduction can
reduce cellulose’s crystallinity, which improves hydrolysis reactions [38]. This improves the
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disintegration and separation of lignocellulosic material, reducing yield. In another study,
decreasing particle size caused a decrease in yield and energy yield but HHV remained
relatively unchanged, suggesting a smaller particle size promotes HTC [51]. In another
study, decreasing particle size caused a decrease in yield and energy yield and an increase
in HHV [38]. In this study, a different trend is displayed. A possible reason could be the
choice of feedstock. The combination of apple feedstock and increased reactivity from size
reduction may favour the conversion to the solid char fraction over the liquid fraction.
Another possible reason is larger particle sizes may be receptive to microwave volumetric
heating, increasing thermal degradation and decreasing yield. More effective microwave
heating has been shown to significantly affect carbonisation [26].

Figure 7A also shows the effect of particle size on carbon recovery and energy yield.
Carbon recovery is highest in the smallest particle size and lowest in the middle range.
Carbon recovery is a function of yield and carbon content. Since the smallest particle size
showed the highest yield, it shows the highest recovered carbon. Energy yield is also a
function of yield and carbon content, therefore showing the same trend as carbon recovery.

Figure 7B shows the effect of particle size on carbon and oxygen content. HTC im-
proves carbon content. Carbon content is highest in the smallest and largest particles size
and lowest in the middle range. Increased carbon at the smaller size is likely because of
increased reactivity from a larger specific surface area. More hemicellulose and cellulose are
degraded, leaving carbon-rich lignin. Decarboxylation and dehydration reactions increase
due to a smaller particle size, increasing carbon content and HHV [38]. At the larger size,
increased microwave volumetric heating may cause increased thermal degradation of
internal volatiles before surface hydrolysis, improving carbonisation. In another study, the
smallest size fraction of <0.25 mm had the lowest carbon content due to a larger surface
area and greater reactivity which caused the breakdown of char into carboxylic acids [37].
HTC reduces oxygen content. Oxygen content is lowest in the largest and smallest particle
size and highest in the middle range. It shows the opposite trend of carbon content.

Figure 7B also shows the effect of particle size on ash content. Ash content increases
after HTC. Ash content is greatest at the smallest particle size. The smallest particle size
shows the highest yield and carbon content, suggesting most of the oxygen-rich components
have been removed. This should leave a more porous structure than the other particle sizes,
resulting in the re-adsorption of ash compounds dissolved in the process water [1].

Figure 7C shows the effect of particle size on HHV. HHV is improved by HTC. The
smallest particle size shows the greatest improvement. HHV is strongly dependent on
carbon content and shows the same trends.

Figure 8 shows the effects of particle size on MB and water adsorption.
Figure 8A shows the effect of particle size on MB adsorption. HTC reduces MB

adsorption by more than half. MB adsorption is highest between 50 and 200 µm and
lowest at low particle size. The mid-range particle size showed the least HC conversion,
which suggests it is closest to unmodified biomass, which showed good MB adsorption.
The middle-range HC had a higher oxygen content, suggesting more oxygen-containing
functional groups, which improves adsorption.

Figure 8B shows the effect of particle size on water adsorption. HTC improved water
adsorption. This is likely because of increased porosity and surface area. Water adsorption
is highest between 50 and 200 µm and lowest at small particle size. The results are similar to
MB adsorption. The middle range had the least carbonisation. This meant more oxygenated
groups, more hemicellulose and therefore increased hydrophilicity and wettability than the
other HC. This increased water adsorption in the middle range.
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Figure 8. The effect of particle size on (A) MB adsorption and (B) water adsorption.

3.4. Effect of Solution pH and Acetone Washing on HC Properties

The effect of solution pH and acetone washing on yield, carbon, oxygen and ash
content, HHV, carbon recovery, energy yield, MB and water adsorption was investigated. It
has been reported that acidic conditions remove hemicellulose and basic conditions remove
lignin [16]. Figure 9 shows the effects of particle size on yield, carbon, oxygen and ash
content, HHV, carbon recovery and energy yield.

Figure 9A shows the effect of solution pH on yield. The standard error bars for yield
are small, indicating the results are consistent. Yield is highest at a pH of 4.5 and 7. It was
lowest at a pH of 2, 9.5 and 12. This suggests that the addition of acid and base reduces
yield. Acid and base treatment removes hemicellulose and lignin, respectively. The mass
loss is likely due to the enhanced removal of these components. In other studies, the
solution pH did not affect the yield, but it was concluded that acid assisted hydrolysis
and catalysed dehydration and carbonisation [36,39]. Lignin precipitates in acid when
pH is lower, increasing yield [38]. The removal of acetone washing causes the yield to
increase. This is because washing the HC with acetone reduces the yield. Surface carbons
and volatile components are dissolved and washed away. Yield increases the most in acidic
and basic conditions. It suggests that acidic and basic conditions produce more volatile
components, likely from the dissolution of hemicellulose and lignin, respectively. These
results are reflected in both carbon recovery and energy yield. In another study, washing
with only water removed up to 10% of the mass, indicating a large proportion is volatile
and water soluble [47]. The structural stability of the HC was strengthened by the removal
of partially unstable organic matter [40].

Figure 9A also shows the effect of solution pH on carbon recovery and energy yield.
It shows a similar result to yield. Carbon recovery and energy yield are highest at a pH
of 4.5 and 7, and lowest at a pH of 2, 9.5 and 12. The removal of acetone washing causes
carbon recovery and energy yield to increase. Carbon recovery and energy yield increase
the most in acidic conditions.



Processes 2022, 10, 1756 20 of 34

Processes 2022, 10, x FOR PEER REVIEW 20 of 35 
 

 

Figure 8A shows the effect of particle size on MB adsorption. HTC reduces MB ad-
sorption by more than half. MB adsorption is highest between 50 and 200 µm and lowest 
at low particle size. The mid-range particle size showed the least HC conversion, which 
suggests it is closest to unmodified biomass, which showed good MB adsorption. The 
middle-range HC had a higher oxygen content, suggesting more oxygen-containing func-
tional groups, which improves adsorption. 

Figure 8B shows the effect of particle size on water adsorption. HTC improved water 
adsorption. This is likely because of increased porosity and surface area. Water adsorption 
is highest between 50 and 200 µm and lowest at small particle size. The results are similar 
to MB adsorption. The middle range had the least carbonisation. This meant more oxy-
genated groups, more hemicellulose and therefore increased hydrophilicity and wettabil-
ity than the other HC. This increased water adsorption in the middle range. 

3.4. Effect of Solution pH and Acetone Washing on HC Properties 
The effect of solution pH and acetone washing on yield, carbon, oxygen and ash con-

tent, HHV, carbon recovery, energy yield, MB and water adsorption was investigated. It 
has been reported that acidic conditions remove hemicellulose and basic conditions re-
move lignin [16]. Figure 9 shows the effects of particle size on yield, carbon, oxygen and 
ash content, HHV, carbon recovery and energy yield. 

  

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

Yi
el

d 
(%

)

pH
Yield Carbon Energy
Yield A Carbon A Energy A

A

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

Co
nt

en
t (

%
)

pH

Carbon Oxygen
Carbon A Oxygen A
Carbon Apple Oxygen Apple

B

Processes 2022, 10, x FOR PEER REVIEW 21 of 35 
 

 

  
Figure 9. the effect of solution pH and washing with acetone on (A) yield, carbon recovery and 
energy yield, (B) carbon and oxygen content, (C) ash content and (D) HHV. 

Figure 9A shows the effect of solution pH on yield. The standard error bars for yield 
are small, indicating the results are consistent. Yield is highest at a pH of 4.5 and 7. It was 
lowest at a pH of 2, 9.5 and 12. This suggests that the addition of acid and base reduces 
yield. Acid and base treatment removes hemicellulose and lignin, respectively. The mass 
loss is likely due to the enhanced removal of these components. In other studies, the solu-
tion pH did not affect the yield, but it was concluded that acid assisted hydrolysis and 
catalysed dehydration and carbonisation [36,39]. Lignin precipitates in acid when pH is 
lower, increasing yield [38]. The removal of acetone washing causes the yield to increase. 
This is because washing the HC with acetone reduces the yield. Surface carbons and vol-
atile components are dissolved and washed away. Yield increases the most in acidic and 
basic conditions. It suggests that acidic and basic conditions produce more volatile com-
ponents, likely from the dissolution of hemicellulose and lignin, respectively. These re-
sults are reflected in both carbon recovery and energy yield. In another study, washing 
with only water removed up to 10% of the mass, indicating a large proportion is volatile 
and water soluble [47]. The structural stability of the HC was strengthened by the removal 
of partially unstable organic matter [40]. 

Figure 9A also shows the effect of solution pH on carbon recovery and energy yield. 
It shows a similar result to yield. Carbon recovery and energy yield are highest at a pH of 
4.5 and 7, and lowest at a pH of 2, 9.5 and 12. The removal of acetone washing causes 
carbon recovery and energy yield to increase. Carbon recovery and energy yield increase 
the most in acidic conditions. 

Figure 9B shows the effect of solution pH on carbon and oxygen content. HTC im-
proved carbon content while oxygen content was reduced. Carbon content is highest at a 
pH of 2 and oxygen is lowest at a pH of 2. This suggests acidic conditions are best for 
promoting HCT. At a low pH, hemicellulose degradation is enhanced, meaning fewer ox-
ygen-containing groups. Without acetone washing, carbon content increased, and oxygen 
content decreased, most significantly at a pH of 2. HTC produces a tarry layer on the HC. 
The tarry substance is mostly composed of carbon, making it insoluble in water [36]. 
Washing with acetone has been noted to increase the proportion of fixed carbon, suggest-
ing the substance is more volatile than HC [36]. In another study, the addition of acetone 
stabilised the carbon, oxygen and hydrogen contents due to polymerisation [3]. In another 
study, carbon content decreased and oxygen content increased after washing with organic 
solvent [34]. In another study, acetone washing decreased and increased carbon content 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 2 4 6 8 10 12 14

Co
nt

en
t (

%
)

pH

Ash Ash A Ash Apple

C

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14

HH
V 

(M
J/

kg
)

pH

Acetone No Acetone Apple

D

Figure 9. The effect of solution pH and washing with acetone on (A) yield, carbon recovery and
energy yield, (B) carbon and oxygen content, (C) ash content and (D) HHV.

Figure 9B shows the effect of solution pH on carbon and oxygen content. HTC im-
proved carbon content while oxygen content was reduced. Carbon content is highest at
a pH of 2 and oxygen is lowest at a pH of 2. This suggests acidic conditions are best for
promoting HCT. At a low pH, hemicellulose degradation is enhanced, meaning fewer
oxygen-containing groups. Without acetone washing, carbon content increased, and oxy-
gen content decreased, most significantly at a pH of 2. HTC produces a tarry layer on
the HC. The tarry substance is mostly composed of carbon, making it insoluble in wa-
ter [36]. Washing with acetone has been noted to increase the proportion of fixed carbon,
suggesting the substance is more volatile than HC [36]. In another study, the addition of
acetone stabilised the carbon, oxygen and hydrogen contents due to polymerisation [3]. In
another study, carbon content decreased and oxygen content increased after washing with
organic solvent [34]. In another study, acetone washing decreased and increased carbon
content depending on the feedstock [36]. Washing with acetone increases oxygen content
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and decreases carbon content [15]. This shows it is important to investigate the effects of
HTC on different feedstocks, as they show different results.

Figure 9C shows the effect of solution pH on ash content. Ash content increases as
pH increases. Ash is mostly potassium and calcium, which react with water to form the
basic compounds KOH and Ca(OH)2. At a high pH, the process water will be saturated
with basic compounds and there will be a low concentration gradient. There will be a
large concentration gradient at a low pH, encouraging ash’s dissolution. Not washing with
acetone causes ash content to decrease at a pH of 12 and 7 but not at a pH of 2. This is likely
because acetone leaves inorganic ash untouched while reducing organic components. In
other studies, washing with organic solvent increased ash content [15,34].

Figure 9D shows the effect of solution pH on HHV. HVV is relatively unaffected
by solution pH. The effect of pH is small on carbon and oxygen content. Since HHV is
dependent on these variables, the effect is insignificant. Not washing with acetone causes
HHV to increase, most significantly at a pH of 2. The more reactive oily outer phase can
cause variation in oxidation rates, resulting in inefficient energy recovery when combusting
the HC [15]. It has been concluded that acetone removes potentially undesirable combustion
behaviour from low-temperature volatiles while minimising mass loss [15]. Acetone has
been reported to remove the main volatile components dodecanoic acid and dodecyl amide,
from the HC surface, which burn at a lower temperature, reducing ignition temperature
and combustion activated energy [40]. In another study, HHV decreased after washing
with acetone [15].

Figure 10 shows the effects of solution pH and acetone washing on MB and water adsorption.
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Figure 10. The effect of solution pH and washing with acetone on (A) MB adsorption and
(B) water adsorption.

Figure 10A shows the effect of solution pH on MB adsorption. HTC significantly reduced
MB adsorption. Adsorption peaks at a pH of 9.5 and decreases at a pH of 12 and low pH.
Basic conditions enhance the degradation of lignin, increasing the content of oxygen-rich
hemicellulose and cellulose. More oxygen-containing groups are better for MB adsorption.
Hemicellulose develops complex structures improving the surface area and porosity [16].
Basic conditions have a higher ash content, which will increase the pH of the MB solution. A
higher pH enhances MB adsorption [31]. In another study, both acidic and basic conditions
improved adsorption but a combination of both was found to be best [16]. This is likely
because the increased degradation from either acid or base will improve porosity. In another
study, an acidic solution increased adsorption and a basic solution reduced adsorption [39].
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This is the opposite of the findings of this study. However, they were adsorbing atrazine in
their study. Not washing with acetone causes adsorption to decrease at a pH of 12 and has no
effect at a pH of 7 and 2. This is likely because acetone cleaned the tarry substance out of the
pores and increased the porosity. It has been noted that washing with acetone increases the
surface area [34]. In another study, washing with acetone increased the adsorption of atrazine
by removing alkyl groups which had weaker interactions [39].

Figure 10B shows the effect of solution pH on water adsorption. HTC enhances water
adsorption. Water adsorption peaked at a pH of 4.5 and was lowest in basic conditions.
The opposite results of MB adsorption. The removal of ash and hemicellulose in low pH
HC likely left voids, increasing porosity, and allowing more water to be adsorbed. Not
washing with acetone decreased adsorption, most significantly at a pH of 2. This is likely
because acetone improved porosity by removing the tarry outer layer.

3.5. Effect of Waste Biomass Feedstock on HC Properties

The effect of the choice of biomass feedstock on HC yield, carbon, oxygen and ash
content, HHV, carbon recovery, energy yield, MB and water adsorption was investigated.
Figure 11 shows the effects of biomass feedstock on yield, carbon, oxygen and ash content,
HHV, carbon recovery and energy yield.

Figure 11A shows the effect of biomass feedstock on HC yield. The standard er-
ror bars for yield are small, indicating consistent results. The yield was highest in bar-
ley HC and lowest in apple and oat HC. The yield from different feedstocks ordered;
barley > wheat > pea > oat > apple. A feedstock with a lower moisture content will pro-
duce a higher char yield [46]. Barley showed the highest yield but had the highest moisture
content. Figure 11A also shows the effect of biomass feedstock on recovered carbon. Re-
covered carbon was highest in barley HC and lowest in oat HC. The carbon recovery from
different feedstocks is in the order: barley > pea > wheat > apple > oat. All the biomasses
would be appropriate sources for carbon sequestration or conversion to fuel. Figure 11A
also shows the effect of biomass feedstock on energy yield. Energy yield was highest in
pea HC and lowest in oat HC. The energy yield from different feedstocks is in the order:
pea > barley > apple and wheat > oat. Oat was consistently the worst feedstock for yield,
carbon recovery and energy yield, and pea and barley were the best.

Figure 11B shows the effect of biomass feedstock on carbon content. Carbon con-
tent was increased by 13–17% by the HTC process. It was most effective in apple and
pea biomass and least effective in oat and wheat biomass. The carbon content ranks:
apple > pea > oat > barley > wheat. This suggests apple and pea are very susceptible to
HTC whereas wheat and barley are more resistant to carbonisation. Figure 11B also shows
the effect of biomass feedstock on oxygen content. Oxygen content was reduced by 7–13%.
Apple and pea HC showed the most notable change, while wheat and barley showed the
least. The oxygen content ranked: wheat > barley > apple > oat > pea. This again shows
apple and pea are effective feedstocks for HTC and wheat and barley are not. Figure 11B
also shows the effect of biomass feedstock on ash content. Ash content increased in apple
and oat and decreased in wheat, barley and pea after HTC. All the biomasses contain high
amounts of ash (6.5–9.3%) other than apple biomass (1.1%). Ash content reduced after HTC
because ash dissolved in the solution. With apple biomass, since it started with low ash
content, more organic components were likely lost than ash was dissolved. This indicates
biomass high in ash content can be used for HTC. In another study, different biomass
feedstocks were compared and ash was also found to decrease in two of them, showing
that the dissolution of ash is very feedstock determinate [15].
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Figure 11. The effect of biomass feedstock on (A) yield, carbon recovery and energy yield, (B) carbon,
oxygen and ash content and (C) HHV.

Figure 11C shows the effect of biomass feedstock on HHV. HHV was improved by
5–10% to values of 22.7–27.7 MJ/kg. Pea showed the most notable change and wheat
showed the least. The HHV ranked: pea > apple > oat > barley > wheat. HTC improves
biomass by increasing the HHV beyond other fuels such as wood, peat and brown coal.
This makes them viable alternative solid fuels, greener than coal and peat.

Figure 12 shows the effects of biomass feedstock on MB and water adsorption.
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Figure 12. The effect of biomass feedstock on (A) MB adsorption and (B) water adsorption, including
other mediums.

Figure 12A shows the effect of biomass feedstock on MB adsorption. Most of the
standard error bars are small indicating the results are consistent. Oat HC shows larger
bars, suggesting it is inconsistent and potentially unreliable as an adsorbent. HTC reduced
the MB adsorption of all biomasses. HC usually have a low surface area and adsorption
because the tarry solution blocks their porous surface during synthesis. Unmodified pea
biomass showed the highest adsorption. Pea waste has shown high MB adsorption in
previous studies [31]. Unmodified biomass is sometimes a good adsorber, because they
have many useful functional groups, especially when they are reduced to small particle
sizes. The biomass ranked pea > barley > wheat > oat > apple. Adsorption was reduced
by 9–28 mg/g with pea HC showing the greatest reduction and wheat HC showing the
least. Wheat HC was the best adsorber and apple HC was the worst. The hydrochar
ranked wheat > pea> barely > oat > apple. Apple and oat material were consistently the
worst adsorbers. Wheat was the least responsive to HTC and therefore is most similar
to the original biomass, which may explain why wheat HC has a higher MB adsorption.
Apple and pea were the most responsive and therefore likely lost many oxygen-containing
functional groups, reducing adsorption.

Figure 12B shows the effect of biomass feedstock on water adsorption. The standard er-
ror bars for the HC are small, indicating the results are consistent. HTC improved the water
adsorption capability in all biomasses by 2–3 g/g except barley, which lost 2 g/g. Unmodi-
fied biomass and HC were significantly better at adsorbing water than both sand and soil.
Water adsorption by unmodified biomass ranked barely > wheat and pea > oat > apple.
After HTC, pea showed the most notable change and oat showed the least. Adsorption by
HC ranked wheat and pea > apple and barley > oat. Oat biomass and HC were consistently
the worse adsorbers. Clay soil which is noted to have a high water holding capacity was not
used in this study [44]. In another study, the addition of HC decreased the water holding
capacity. However, they used clay soil which already had a high capacity [44].

3.6. Van Krevalen Diagram

The Van Krevalen diagram was developed to assess the quality of fuels. It can now
be used to assess the quality of biomass-derived chars. A Van Krevalen diagram with
annotated areas, adapted from another work is displayed in Figure A1 [52]. The coal section
begins at an O/C ratio of 0.25 and a H/C ratio of 0.9. Decarboxylation reactions will
decrease oxygen content, reducing the O/C atomic ratio, demethanation will decrease
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hydrogen content, reducing the H/C ratio and dehydration will decrease both atomic
ratios [11,28]. A lower H/C ratio indicates increased aromaticity which means increased
chemical and microbial stability [48]. Cellulose has a very high H/C and O/C ratio. Lignin
has a lower H/C and O/C ratio.

Figure 13 shows the Van Krevalen diagrams for the produced HC.
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Figure 13. Van Krevalen diagrams of (A) HC produced under different process conditions, (B) HC
produced using different particle sizes, (C) HC produced using different solution pH and acetone
washing, where A signifies acetone washing, and (D) HC produced using different biomass feed-
stocks, where ‘Aple’ is apple, ‘Wht’ is wheat, Bly is barley.

Figure 13A shows the Van Krevalen diagram for HC produced under different process
temperatures, solution ratios and residence times. The most coal-like substance was run
5, which had a low solution ratio and high temperature and times. They have H/C and
O/C ratios within the coal and lignin cross-over section, suggesting they would make
good solid fuel. At higher temperatures, more components containing O and H will be
thermal degraded leaving a carbon-rich product. The worst carbonaceous material was run
8, high solution ratio and low temperature and time. This is likely because the temperature
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and processing time were not enough for effective carbonisation. The results indicate that
demethanation, dehydration and decarboxylation were enhanced by higher temperatures,
longer processing time and lower solution ratios of solution [18,23]. A reduction in oxygen
content implies a decrease in carbonyl and hydroxyl functional groups; this increases
hydrophobicity and therefore stability [19]. Decreases in H/C and O/C due to temperature
and time increases indicate improved aromaticity and decreases polarity and oxygen-
containing groups [6,29].

Figure 13B shows the Van Krevalen diagram of HC produced using different particle
sizes. High and low sizes showed the high carbonisation, and the mid-range showed the
least. In another study, larger particle size had a lower H/C and higher O/C ratio [37]. In
another study, a particle size fraction of <0.25 mm and 0.5–0.25 mm had nearly identical
H/C and O/C ratios [37].

Figure 13C shows the Van Krevalen diagram for HC produced using different solu-
tion pH and washing without acetone. Acid enhances carbonisation, producing highly
carbonaceous HC. Acetone washing increases the O/C ratio. This is likely due to acetone
dissolving organic components. It has been noted that acetone washing decreases the H/C
ratio and increases the O/C ratio [34].

Figure 13D shows the Van Krevalen diagram for HC produced using different waste
biomass feedstocks. Apple was the best biomass source for making carbonaceous materials.
Pea HC had a higher H/C ratio and wheat, barley and oat HC had higher O/C ratios. This
suggests apple is more susceptible to demethanation, dehydration and decarboxylation
reactions. Pea is more resistant to demethanation, and oat, wheat and barley are more
resistant to decarboxylation reactions.

3.7. Comparison

For comparison, the results of recent studies, from the current and the previous year, on
HC from biomass are summarised in a table in Table A6. Areas selected for the comparison
were feedstock, method, yield, carbon, oxygen and ash content, recovered carbon, HHV,
energy yield and MB and water adsorption. Some boxes are blank where studies have
not collected the same results. The studies are sorted in order of carbon content. The HC
produced in this study rank highly. In this study, only 1 h of residence time was used. Some
studies have used longer than this for no significant gain or lower properties, suggesting
MW heating is a viable method which can improve results. The volumetric heating effect
of MW likely enhanced carbonisation by increasing degradation. Carbon content and HV
are higher than most HC, only being surpassed by HC produced at a higher temperature.
Some of the HC shows very high ash content which could be problematic if used as a solid
fuel or soil additive. MB adsorption is very low in comparison to other studies. After
activation, the HC may show very high adsorption. The table shows the importance of
investigating different feedstocks and production methods as they can produce drastically
different results.

4. Conclusions

This study investigated how production variables affect the properties of HC. SEM,
FTIR, TGA and CHN analysis characterise the produced material. The investigation into
this set of variables and feedstock has not been done before. FTIR characterisation found
that hydrothermal carbonisation caused a decrease in O–H and C–O and an increase in
C=C and C=O, signifying decarboxylation and dehydration reactions. A high temperature
had the most significant effect on O–H and C–O groups and a high solution ratio on C=C
and C=O groups. SEM detected microspheres on the surface of the HC. TGA identified
apple biomass had minuscule amounts of ash and no fixed carbon, whereas the other
biomass ranged from 6–9% and 12–16%, respectively. The rest of the composition was
relatively similar. It was found that the produced HC would have a carbon sequestration
potential similar to unmodified biomass. The study found that solution ratio was the most
significant factor in yield, carbon recovery and energy yield, with high solution ratios
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causing a decrease. The temperature was the most significant factor in carbon and oxygen
content. Increasing the temperature increased carbon and decreased oxygen content. This,
in turn, affected HHV with high temperatures producing a material with higher energy.
HTC reduced MB adsorption and increased water adsorption. HC produced at a high
solution ratio, high temperature and longer times showed the highest carbonisation. A
smaller particle size increased yield but increased ash content. A particle size between
0.2 and 0.05 mm was the worst for carbon content and HHV. A lower solution pH increased
carbon content, HHV, water adsorption and lowered yield, carbon recovery, energy yield
and oxygen and ash content. A higher solution pH increased ash content and lowered
yield, carbon recovery and energy yield. Washing with acetone decreased yield, carbon
recovery, energy yield, carbon content, HHV and increased oxygen and ash content, and
MB and water adsorption. Barley biomass showed the highest yield and carbon recovery;
pea showed the highest energy yield and HHV. Apple showed the highest carbon content.
All the HC lost significant MB adsorption capability but increased water adsorption. The
produced HC had good carbon content and HVV compared to recent HC studies and was
produced under milder conditions than some studies. All the biomass showed promise as
solid fuels, soil amendment and precursor for activated carbon but lacked high adsorption
of pollutants and stability for carbon sequestration. Future work could include the effect of
HC produced under different conditions on plant growth and germination, the adsorption
of other types of pollutants and chemical activation to enhance porosity.
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Appendix A

Table A1. Production, area and yield of biomass feedstocks.

Crop Production (Tonnes) Area (km2) Yield (kg/ha) Top Producers 2020

Apple 86,442,716 46,224 18,701 China, USA

Wheat 760,925,831 2,190,069 3474 China, India

Oat 25,181,805 97,720 2577 Canada, Russia

Barley 157,030,764 516,014 3043 Russia, Spain

Pea 19,866,601 25,315 7848 China, India
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Table A2. HC results sectioned into the effect of process conditions, the effect of particle size, the
effect of pH, the effect of acetone washing and the effect of feedstock and raw biomass results, with a
colour scale.

Run

Properties

Y RC EY C H N O A HHV MBA WA

(%) (wt%) (MJ/kg) (mg/g) (g/g)

Apple Biomass 47.6 6.5 1.2 36.7 1.1 18.9 45.0 5.3

1 26.5 29.2 30.2 52.5 6.7 1.2 32.7 1.7 21.5 37.3 3.8
26.2 3.12 17.3 22.2 22.6 61.2 6.1 0.6 26.2 1.6 24.7 42.8 3.1

3 28.6 35.2 35.8 58.7 6.2 0.6 28.5 1.8 23.7 40.2 5.1

4 18.1 21.4 22.1 56.3 6.6 0.4 30.3 2.2 23.1 30.8 3.4

5 (pH of 2) 35.4 46.7 46.2 62.9 5.4 1.4 24.2 1.8 24.6 18.3 8.5

6 30.7 36.4 36.6 56.4 6.1 0.9 29.7 2.3 22.5 38.1 5.9
2.57 21.7 24.9 25.7 54.7 6.7 0.4 31.6 2.1 22.4 29.0 2.5

8 22.4 24.0 24.7 51.0 6.8 0.4 34.5 2.3 20.8 43.6 6.5

<50 µm 38.3 49.3 49.8 61.2 5.5 2.0 22.9 4.1 24.5 8.4 6.6

50–200 µm 35.2 41.1 38.9 55.5 5.5 0.8 32.2 2.3 20.8 20.2 9.2

>200 µm 32.7 42.4 41.9 61.7 5.5 1.1 25.2 2.8 24.2 11.2 8.3

pH of 4.5 38.7 49.1 48.7 60.4 5.6 1.6 26.1 2.8 23.7 17.8 8.8

pH of 7 38.7 49.7 50.0 61.2 5.8 1.3 25.6 2.7 24.4 25.3 7.8

pH of 9.5 36.4 45.9 46.4 60.1 5.8 1.6 25.4 3.3 24.1 36.6 6.8

pH of 12 36.1 45.8 46.5 60.5 5.8 1.6 24.8 3.5 24.3 28.8 6.9

pH of 2
No Acetone 43.3 60.1 60.8 65.9 5.7 1.4 22.3 2.1 26.4 18.9 5.8

4pH of 7
No Acetone 42.0 55.5 57.9 63.0 6.4 1.1 24.7 2.4 26.0 25.1 5.7

pH of 12
No Acetone 42.8 55.8 57.5 62.0 6.2 1.5 25.3 2.5 25.3 21.3 6.7

Wheat Biomass 45.1 6.2 0.7 32.7 9.3 18.3 45.4 6.8

Wheat HC 40.3 51.9 50.1 58.1 5.4 0.6 26.0 5.9 22.7 36.8 10.1

Barley Biomass 43.8 6.2 1.1 33.2 8.0 17.7 48.1 10.1

Barley HC 43.2 57.4 56.2 58.2 5.6 1.1 25.9 5.4 23.0 29.8 8.5

Pea Biomass 44.3 5.9 1.7 33.0 7.7 17.5 59.7 6.8

Pea HC 40.0 54.9 63.2 60.8 7.6 1.3 20.7 5.6 27.7 31.4 10.1

Oat Biomass 45.9 6.1 0.6 34.6 6.5 18.0 45.2 5.4

Oat HC 35.7 45.6 46.0 58.6 5.3 0.5 23.5 8.2 23.2 23.4 6.9
where Y is yield, C is carbon content, H is hydrogen content, N is nitrogen content, O is oxygen content, A is ash
content, RC is recovered carbon, HHV is higher heating value, EY is energy yield, MBA is MB adsorption, WA is
water adsorption.
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Table A3. FTIR major peaks and groups.

Wavenumber (cm−1) Group Reference

3300 cm−1 O–H stretching vibrations of carboxyl and phenolic hydroxyl groups
which are often found in cellulose and lignin. [6,20,35]

2920–2915 Asymmetric aliphatic C–H methylene groups. [6,20]

2850–2840 Symmetric aliphatic C–H methylene groups or aromaticity. [6,16,20]

1740–1690 –COOH carbonyl groups, C=C groups or C=O carboxyl groups. [16,20,41]

1620–1580 Stretching C=C vibrations of aromatic rings. [16,20]

1510–1490 C=C stretching vibrations indicating aromatic rings. [16,20,41]

1440–1420 Skeletal aromatic and ester (C=C). [16]

1360 C–O and C–OH bonds in esters and alcohols found in cellulose. [20]

1220 C–O and C–O–C bonds of ether, alcohols and phenols from cellulose and lignin. [10,19,22]

1200–1000 C–O vibrations of a primary alcohol bond or C–O–C ether or ester bonds
which are found in hemicellulose and lignin. [6,16,18,20,35,41]

780–760 Aromatic C–H bonds. [19,22]

Table A4. Recalcitrance values of HC produced at different conditions.

Run Ratio (mL/g) Temperature (◦C) Time (min) R50,hydrochar T50,hydrochar

5 10 220 60 0.44 386

2 50 220 60 0.43 385

4 50 220 10 0.4 358

3 10 220 10 0.4 358

6 10 180 60 0.38 338

7 50 180 60 0.38 335

1 10 180 10 0.36 321

8 50 180 10 0.35 314
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Table A5. Coded and actual equation for each HC property, with colour coding.

Property Intercept Ratio Temp Time Ratio × Temp Ratio × Time Temp × Time
8

Yield
Coded 25.1 −5.213 −0.238 1.188 −1.938 −1.563

4Actual 1.28 0.818 0.133 0.141 −0.00484 −0.00313
p-Value 0.0039 0.5412 0.0675 0.027 0.0407

Carbon Content
Coded 56.7 −0.913 3.06 2.09
Actual 24.5 −0.0456 0.153 0.0835
p-Value 0.002 <0.0001 <0.0001

Oxygen Content

Coded 29.7 0.938 −2.41 −1.79 0.0375 −0.313
Actual 50.6 0.0443 −0.0988 0.0513 7.5e−5 −0.000625
p-Value 0.0002 <0.0001 <0.0001 0.0955 0.0016

Ash

Coded 1.98 0.075 −0.125 −0.025 −0.175 −0.125
Actual 1.03 0.016 0.0025 0.0595 −0.00035 −0.00025
p-Value 0.0955 0.0377 0.423 0.0198 0.0377

HHV

Coded 22.9 −0.163 1.11 0.638 0.0375 0.163
Actual 12.0 −0.0383 0.0528 0.0158 9.4e−5 0.000325
p-Value 0.0059 0.0001 0.0004 0.0955 0.0059
Coded 30 −6.875

Recovered Carbon
Actual 40.3 −0.344
p-Value 0.0102
Coded 30.5 −6.71 1.19 2.29 −2.61 −1.91

Energy Yield
Actual −17.7 1.1 0.255 0.206 −0.006531 −0.00383
p-Value 0.0056 0.143 0.0453 0.0352 0.0629
Coded 35.0

MB Adsorption
Actual 35.0
p-Value

Water Adsorption Coded 4.85
Actual 4.85
p-Value
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Table A6. Comparison of recent methods to produce HC and results.

Feedstock Method y (%) C (wt.%) O (wt.%) A (wt.%) RC (%) HHV (MJ/kg) EY (%) MBA (mg/g) Reference

Retail fuel waste 0.15 g/mL, 500 g,
250 ◦C, 0.55–0.58 MPa, 60 min 57 75.7 11.5 0.6 79 36 80 [15]

Brewer’s spent grain 0.15 g/mL, 500 g,
250 ◦C, 0.55–0.58 MPa, 60 min 49 71.5 16.9 1.6 71.79 30.2 72 [15]

Dairy cheese whey 0.05 g/mL, 500 g,
250 ◦C, 0.55–0.58 MPa, 60 min 38 69.8 15.1 5.3 59.2 30.5 62 [15]

Corn stalk 1 g/15 mL, 300 ◦C, 60 min 67 25 0 26 [19]

Apple Microwave, 1 g/10 mL, pH of 2 citric acid, 220 ◦C,
60 min 43.3 65.8 22.3 2.1 60.1 26.4 60.8 18.9 This study

Rape straw 1 g/10 mL, 240 ◦C, 30 min 48.7 65.67 15.17 10.83 79.2 26.6 89.2 [1]

Cotton stalk 4% H2SO4 then 5% NaOH, 95 ◦C, 4 h, 1 g/10 mL,
220 ◦C, 360 min, 1:2 KOH solution, 70 ◦C, 720 min 64 24 6 24 198 [16]

Sewage sludge 8 g/70 mL, 180 ◦C, 240 min, washed with ethanol 60 58 12 26 107 21 83 172 [10]

Beet pulp 20 g/320 mL, 220 ◦C, 60 min 44 55 37 1 56 22 57 [23]

Bamboo
25 g/125 mL, 15 mL acrylic acid, 0.45 g Ammonium
persulphate, 200 ◦C, 1440 min, HC washed in 0.1 M

NaOH 120 min.
54 22 17 22 718 [35]

Oil extracted
food waste 10 g/100 mL, 270 ◦C, 90 min 35 52 8 32 41 24 50 [11]

Rice straw 1:10 g/mL, 240 ◦C, 30 min 55 52 31 11 75 19 85 [2]

Sea lettuce 250 mL slurry, 200 ◦C, 120 min 9 48 25 20 20 20 23 [18]

Wheat straw 20 g, 50% moisture, 220 ◦C,
30 min 60 46.6 47.5 8.9 72.25 22.2 82.73 [33]

Poultry litter 250 ◦C, 60 min 50.83 44.65 11.91 35.64 64.73 19 74.44 [13]

Biogas digestate 15% DM, 175 g, 210 ◦C, 30 min 75 42 22 30 79 16 75 [28]

Paper waste 1:15 g/mL, 240 ◦C, 60 min 73 11 12 8 98 37 127 [17]

Coffee grounds and
Olive oil cake

1.2:0.8 g/g. 0.1 M HNO3, 2 g/100 mL, 200 ◦C,
360 min 238 [20]

Mangosteen peel 5 g/50 mL, 200 ◦C, 120 min 82.8 131.6 [46]

Where Y is yield, C is carbon content, H is hydrogen content, A is ash content, RC is recovered carbon, HHV is higher heating value, EY is energy yield, MBA is MB adsorption.
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