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Abstract: In this study, corn straw was Slurry

used as the raw material and subjected to e H,0
low-temperature pyrolysis in a tubular &

furnace within the range of 400-500 °C to feook / \
investigate the effects of pyrolysis bound water Hvdrophobte surface
temperature on the physicochemical _co® * H0 % ‘ Increased '
properties of biochar and the migration ' o repulsion

behavior of alkali metal potassium (K). o bt coul (]}(3;:);\1:;
Elemental analysis, FT-IR, SEM and BET eni‘;;:‘:f]:':;m encapsulation)
techniques were employed to examine the l

effects of temperature on the properties of l

biochar. The results showed that with
increasing pyrolysis temperature, the fixed

Reduced apparent viscosity of biochar-coal-water multicomponent slurry

carbon content increased, while the volatile matter and oxygen-containing functional groups decreased. The pore structure

gradually developed, with the specific surface area and pore volume reaching their maximum values at 475 °C. The total K

content decreased with increasing temperature, and its occurrence transformed from water-soluble to organic-bound and residue-

bound forms. When the biochar was blended with coal to prepare biochar-coal-water slurry, it was found that within 400-475 °C,

potassium ions reacted with carboxyl groups to form potassium carboxylates, reducing hydrophilic groups and enhancing particle

hydrophobicity, consequently, the fluidity of the multicomponent slurry is improved and its viscosity is reduced. At 500 °C,

mineral deposition led to pore blockage and increased its viscosity. Furthermore, surface modification of biochar particles with

kerosene significantly improved the performance of the multicomponent slurry, increasing the maximum slurry concentration by

about 2.6%. The study elucidates the structure-activity mechanisms governing the performance of co-slurrying corn-stalk

pyrolysis char with coal, providing a theoretical basis for the efficient utilization of biochar in coal-water slurry systems and

broader energy applications.
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Energy is the core driving force of social development
and economic growth and serves as a fundamental basis for
human survival and progress'!. However, the extensive use
of fossil fuels has caused significant negative environmental
impacts. Consequently, many countries around the world
have adopted various measures to increase the utilization
of renewable and clean energy sources in order to mitigate
the environmental problems associated with conventional
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fossil fuels™™. Biomass is the only renewable resource that
can be converted into gaseous, liquid, and solid forms of
energy™, and it can be categorized into several types,
including agricultural and forestry residues, wastewater and
sewage, energy crops, livestock manure, municipal solid
waste and aquatic algae. In China, more than one billion
tons of agricultural waste are generated every year'*. Due to
its wide availability and high energy storage potential, it has
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attracted considerable attention, particularly lignocellulosic
biomass® ®.. Crop straw is an important renewable biomass
resource within agricultural ecosystems. The efficient
utilization of crop straw resources is of great significance
for increasing agricultural productivity and farmers’
income, promoting the sustainable development of the
agricultural economy and environmental
quality™.

Biomass pyrolysis is a complex thermochemical
decomposition process in which biomass is heated under
oxygen-limited conditions and decomposes into carbon-rich
solids and volatile products™. The process generally
includes three stages: pre-pyrolysis, volatile release, and
biochar polycondensation, involving the removal of free
and bound water, the decomposition of major structural
components, and the formation of char. Pyrolysis
technology enables the high-value utilization of biomass,
and the resulting products can be used for the production of
high value-added chemicals as well as soil amendments,
fertilizers, and activated carbon”. The physicochemical
properties of biochar vary with pyrolysis conditions. Rapid
pyrolysis promotes the extensive release of volatiles from
biomass, alters the carbon structure, and results in biochar
with larger pore structures and higher reactivity. Moreover,
the redistribution of surface functional groups and alkali
metal elements during biomass decomposition directly
influences the carbon structure of biochar and its
subsequent utilization!"' ',

Coal water slurry (CWS) mainly consists of pulverized
coal, water as the dispersion medium, and dispersants.
Its performance is determined by several factors, including
the intrinsic properties of coal, the type of dispersant,
and the particle size distribution* ', At present, CWS
gasification technology is considered a clean and efficient
gasification route!"'”. However, in practical industrial
applications, CWS often exhibits unsatisfactory properties,
such as relatively low slurry concentration or poor fluidity.
To address these issues, industrial processes commonly
employ particle size gradation to optimize particle size
distribution, which can effectively improve the performance
of CWS. In recent years, researchers have attempted
to introduce biomass, sludge, and petrochemical wastes into
CWS systems. This approach not only enhances the
environmental sustainability of CWS but also enables the
co-disposal of solid wastes during the gasification
process''®. Jiang et al.l"”! prepared CWS by mixing modified
municipal sludge with coal and found that higher cation
valence facilitates the adsorption of dispersants onto the
surfaces of coal or sludge particles, thereby improving
dispersion of the slurry. Gu et al.”” prepared CWS using
coal gasification wastewater and reported that its slurry
concentration increased by 0.8 percentage points while
exhibiting lower pseudoplasticity. Wang et al.*! investigated
the co-gasification process of CWS prepared by blending
waste activated carbon with coal, and the results indicated
that the addition of waste activated carbon significantly

improving

increased the CO content in the produced syngas. Mao et
al.”*?! introduced 1,4-butanediol (BDO) tar during the
preparation of CWS to explore its effects on the combustion
and gasification performance of the slurry, and found that
the addition of tar significantly enhanced the gasification
performance of CWS.

In recent years, the incorporation of biomass into CWS
preparation has emerged as a new research direction in this
field. Compared with coal, biomass generally contains
higher concentrations of alkali metal elements, which may
lead to operational problems during industrial applications,
such as ash deposition, slagging, blockage, and equipment
corrosion!. Existing studies have mainly focused on the
influence of pyrolysis conditions on the migration behavior
of alkali metals, and some studies have explored their
synergistic effects in subsequent gasification processes.
However, studies investigating the influence on the
performance of biochar-coal-water slurry remains relatively
limited. It is worth noting that the migration behavior and
speciation changes of alkali metals in biomass during
pyrolysis can significantly affect the physicochemical
properties of the resulting char, thereby playing an
important role in its performance of the multicomponent
slurry. According to the Kirkendall effect in solid-state
diffusion theory, the migration of alkali metal cations on the
surface of carbonaceous particles can induce a pore-
expansion effect’™. The development of pore structures
directly affects the distribution characteristics of water
within the slurry system, which in turn has a significant
influence on the rheological properties and overall
performance of CWS. Therefore, systematically investigating
the influence of alkali metals on the performance of
multicomponent slurries prepared from biochar and coal is
of great scientific significance and engineering value for
revealing the synergistic mechanism of biochar and coal in
preparing biochar-coal water slurry.

In this study, corn straw was used as the raw material
to prepare biochar through low-temperature pyrolysis in
a horizontal furnace. A microwave digestion system
combined with chemical fractionation methods was
employed to investigate the content of alkali metals in
different forms within the biochar and to analyze their
migration and transformation behavior. In addition, various
characterization techniques were applied to examine the
surface functional groups, particle morphology, particle size
distribution, and pore structure characteristics of the
biochar. Subsequently, the biochar was mixed with Shenhua
coal at a mass ratio of 1:9 to prepare multicomponent
slurries, and the relationship between alkali metal migration
and performance of multicomponent slurries was
systematically investigated. Meanwhile, kerosene was
selected as a secondary liquid to modify the surface of
biochar particles in order to optimize the performance of the
multicomponent slurry system.
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1 Experimental

1.1 Materials

The corn straw (CS) used in this study was collected
from the suburban area of Lianyungang, Jiangsu Province,
China. The straw was first dried in an oven at 105 °C for
24 h, then crushed using a grinder, and sieved through a 60
mesh sieve to obtain corn straw powder. The obtained
powder was further dried in an oven at 105 °C for another
24 h prior to use. The Shenhua coal (SH) used in this work
was provided by Shanghai Huayi Group. The coal lumps
were dried at 105 °C for 24 h and subsequently pulverized
using a rod mill. The resulting coal powder was dried again
for 24 h, and sieved using 40 mesh and 200 mesh sieves
with a vibrating sieve shaker to obtain coal particles of
different size fractions for subsequent experiments. The
proximate and ultimate analysis results of the raw materials
are presented in Table 1. The oxygen content was calculated
by difference.

1.2 Sample preparation and analysis

1.2.1 Pyrolysis of corn straw

The pyrolysis experiments were carried out in a
horizontal tubular furnace reactor, as shown in Figure 1.
The reactor system mainly consisted of gas supply, reaction,
condensation and drying units. The pyrolysis reactions were
conducted in a quartz tube with a length of 1000 mm and an
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typical experiment, 10 g of corn straw previously dried in
an oven at 105 °C for 12 h was evenly spread in the quartz
boat, which was then inserted into the tubular furnace and
positioned in the reaction zone. High-purity nitrogen
(99.99%) was introduced into the reactor at a flow rate of
0.5 L/min, and the system was purged for 5 min to remove
residual oxygen and establish an inert atmosphere.
Subsequently, the furnace was heated at a rate of 5 °C/min
to the target temperature and maintained for 60 min. After
the holding period, the reactor was allowed to cool naturally
to room temperature, and the solid pyrolysis products were
collected. The pyrolysis temperatures were set at 400, 425,
450, 475 and 500 °C, and the obtained char samples were
denoted as PC-400, PC-425, PC-450, PC-475 and PC-500
according to the reaction temperature.

According to the GB/T 28731—2012 standard, the
moisture, volatile matter, ash, and fixed carbon contents of
corn straw biochar were determined using a rapid infrared
coal analyzer (5E-MAG6700, China). The elemental
composition (C, H, O, N and S) of the char samples was
measured using an elemental analyzer (Elementar Vario
MACRO Cube, Germany) in accordance with the GB/T
31391—2015 standard. The surface morphology of the corn
straw after pyrolysis was observed using scanning electron
microscopy (SEM, HITACHI SU1510, Japan). Changes in
the surface functional groups of the biochar at different
pyrolysis temperatures were analyzed using Fourier
transform infrared spectroscopy (FT-IR, Thermo Scientific
Nicolet iS50, USA). In addition, the pore structure
parameters of corn straw and its pyrolysis products were
determined using an automatic surface area and porosity

inner diameter of 50 mm, and the effective reaction zone analyzer (BET, TriStar II 2460, USA) to further
was 150 mm. A quartz boat with a length of 150 mm and a characterize their pore structures.
radius of 22.5 mm was used to hold the feedstock. In a
Table 1 Proximate and ultimate analysis of CS and SH
Proximate analysis w% Ultimate analysis w%
Sample
Ay Vq FC, C H O* N S
CS 16.32 63.93 19.75 33.79 4.85 43.59 1.23 0.22
SH 3.98 19.81 76.21 80.42 4.85 9.21 0.93 0.61
d: dry basis; *: by difference.
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1.2.2 Preparation of multicomponent slurry

Preparation of the multicomponent biochar-coal-water
slurry (CCWS): A 50 g mixture consisting of biochar and
SH was weighed for each sample, where the char content
was maintained at 10% of the total dry solids. The SH was
prepared using a 1:1 mass ratio of coarse-to-fine particles.
Weighing precision was strictly controlled within £0.003 g
for solids and +0.005 g for liquids. Sodium naphthalene
formaldehyde sulfonate (MF) was employed as the
dispersant at a dosage of 1% based on the dry solids. The
solid-dispersant mixture was initially pre-mixed using an
electronic stirrer at 700 r/min for 10 min. Subsequently,
ultrapure water was added to achieve a target slurry
concentration of 60%. The mixture was then subjected to
mechanical stirring at 1000 r/min for an additional 15 min
to ensure the formation of a homogeneous biochar-coal-
water slurry.

Preparation of surface-modified multi-component slurry:

Initially, 5 g of biochar was weighed, and kerosene was
introduced as a secondary liquid phase for surface
modification. The char-kerosene mixture was mechanically
stirred using an electronic stirrer at 700 r/min for 10 min
to ensure effective surface treatment. Subsequently, SH
particles (with the specified coarse-to-fine ratio) and MF
were added to the mixture, followed by an additional
10 min of stirring at 700 r/min to achieve a high degree
of homogenization. Finally, a calculated amount of
ultrapure water was incorporated to adjust the total solid
content to 63%. The resulting suspension was stirred at
1000 r/min for 15 min to yield the final surface-modified
multi-component slurry.

In this study, the apparent viscosity of the
multicomponent slurry was measured using a rheometer.
The fluidity and stability of the slurry were evaluated using
visual observation and the rod insertion method. Based on
previous studies”® ?*], these properties were classified into
four levels, and the specific criteria are shown in Table 2.

Table 2 Grading criteria for the fluidity and stability of multi-component slurries

Level Fluidity Stability
A Dilute fluid with continuous and smooth flow No stratification or sedimentation
B Viscous fluid with relatively continuous flow; the surface is Slight stratification or sedimentation, easily redispersed
not smooth
C Flows properly only with the assistance of external force Noticeable stratification or sedimentation, requires stirring

D Mud-like and non-slurry; cannot flow

Severe stratification or sedimentation, hard to redisperse

1.3 Determination and speciation of potassium in
biochar

1.3.1 Determination of potassium content

The extraction of target elements from solid to liquid
phase was performed using a microwave digestion system
(TANK-40, Shanghai Sineo). Specifically, a 0.100 (£0.005) g
sample was weighed into a digestion vessel, followed by the
addition of 8 mL HNO; (GR grade, 65%—68%) in a fume
hood. The mixture underwent pre-digestion at 120 °C for
30 min. Subsequently, 1 mL of HNO; and 1 mL of HF
(Ultrapure, =40%) were added. The vessel was then sealed
and subjected to a programmed microwave digestion (as
detailed in Table 3). After cooling, the solution was
transferred to an acid-evaporator at 120 °C for 1 h to remove
excess HF. The clarified solution was diluted to 100 mL in
a volumetric flask. The potassium (K) concentration was
determined via flame atomic absorption spectroscopy
(FAAS, Analytikjena novAA350). All volumetric flasks
were pre-soaked in a 10% HNO; solution for at least 24 h
and rinsed thoroughly with ultrapure water (18.2 MQ-cm).

1.3.2 Determination of potassium speciation

The occurrence forms of K in corn stalk and its derived

biochar were analyzed using chemical fraction analysis
(CFA). Water-soluble, ion-exchangeable and acid-soluble K
were sequentially extracted using ultrapure water, 1.0 mol/L
ammonium acetate (CH;COONH,) and 1.0 mol/L hydrochloric
acid (HC1), respectively. As illustrated in Figure 2, 0.1 g of
the dried sample was placed in a PTFE beaker and stirred
with 30 mL of ultrapure water at 25 °C for 24 h. The
suspension was then centrifuged for 10 min and filtered to
collect the supernatant. The solid residue was rinsed three
times, and the combined filtrate was diluted to 100 mL. The
ion-exchangeable and acid-soluble fractions were extracted
from the remaining solids following similar procedures.

A series of K standard solutions with appropriate
concentration gradients were prepared to establish a
calibration curve with a correlation coefficient (R?) =
0.995. The K content in each fraction was then quantified
using FAAS, while the residual fraction was determined by
subtracting the sum of the extracted fractions from the total
K content (calculated by difference).

Table 3  Setting procedures for microwave digestion

apparatus
Step Temperature/ °C Insulation time/min
1 130 5
2 160 5
3 190 30
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Fig. 2 Experimental flowchart of chemical fractionation analysis

2 Results and discussion

2.1 Effect of pyrolysis the

physicochemical properties of biochar

temperature on

The pyrolysis of corn stalk was conducted in a horizontal
fixed-bed reactor to investigate the effect of temperature
on the fundamental properties of the resulting biochar
(Table 4). The raw corn stalk exhibited low fixed carbon
(19.75%) and ash content (16.32%), while the volatile
matter was relatively high at 63.93%. As the pyrolysis
temperature increased, the volatile matter content in the
biochar decreased, accompanied by a progressive
enrichment of fixed carbon and ash. At 500 °C, the
composition shifted significantly to 53.53% fixed carbon,
10.88% volatile matter, and 35.59% ash, respectively.
Notably, the variations in these components became less
pronounced within the 400-500 °C range. This plateau is
primarily attributed to the structural characteristics of
biomass components: hemicellulose, characterized by a

(dehydration, decarboxylation, and decarbonylation) at
relatively low temperatures and is largely depleted by
400 °C. Similarly, cellulose decomposes intensely between
200-350 °C and approaches complete degradation as the
temperature nears 500 °C. In contrast, lignin, with its more
complex and robust structure, undergoes a steady and
gradual decomposition without a specific high-intensity
temperature interval.

Ultimate analysis revealed that the raw corn stalk was
rich in carbon (33.79%) and oxygen (43.59%), with lower
concentrations of nitrogen (1.23%), hydrogen (4.85%) and
sulfur (0.22%). Pyrolysis promoted carbon enrichment and
oxygen depletion; the oxygen was primarily liberated in
gaseous forms such as CO, due to the decomposition and
decarboxylation of cellulose and  hemicellulose.
Consequently, the O/C atomic ratio dropped significantly
from 1.29 to 0.25. Additionally, the decomposition of
hydrogen-containing compounds led to a decrease in
H content, with hydrogen being released as H, or CH,.
The nitrogen content remained relatively stable, suggesting
that no significant de-nitrification occurred during the

loose  structure, undergoes rapid decomposition pyrolysis process.

Table 4 Proximate and ultimate analysis of corn straw and pyrolytic carbon

Proximate analysis w,/% Ultimate analysis w%
Sample 4 v FC C H O* N S

CS 16.32 63.93 19.75 33.79 4.85 43.59 1.23 0.22

PC-400 33.99 18.86 47.15 45.45 3.01 16.33 1.17 0.05
PC-425 35.97 18.64 45.39 45.41 2.87 14.44 1.27 0.04
PC-450 34.13 14.36 51.51 47.24 2.68 14.69 1.23 0.04
PC-475 34.71 12.91 52.38 47.77 2.48 13.69 1.31 0.04
PC-500 35.59 10.88 53.53 48.65 2.34 12.08 1.30 0.04

d: dry basis; *: by difference.
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2.2 Effect of pyrolysis temperature on potassium
migration and speciation in biochar

The total K content in the biochar at different
temperatures is presented in Figure 3. A clear downward
trend in K concentration was observed as temperature
increased. This loss is likely associated with the reaction of
K with H,O and CO, during pyrolysis, forming volatile
hydroxides or bicarbonates that migrate into the gas phase™.

Figure 4 illustrates the transformation of K species within
the biochar. The proportion of water-soluble K decreased
from 72.36% to 67.52% as the temperature rose, with the
rate of decline slowing down as hemicellulose and cellulose
decomposition approached completion near 500 °C. Within
the 400—475 °C range, the increase in the organic-bound K
fraction suggests a phase transformation from water-soluble
K to organically-associated K. However, as the temperature
reached 500 °C, the organic K fraction decreased while the
residual K fraction increased. This indicates that a portion
of the organic K was converted into more stable mineral
forms, which remained sequestered within the internal
matrix or on the surface of the biochar. The acid-soluble K
remained stable and represented only a minor fraction of the
total K content throughout the pyrolysis process.

23 Effect of pyrolysis temperature on the
physicochemical properties of biochar

2.3.1 Effect on the surface functional groups of
biochar

The FT-IR spectra of corn stalk biochar at various
pyrolysis temperatures are presented in Figure 5. The
characteristic absorption bands identified include C-H
vibrations (880 cm '), C—O stretching (1000-1300 cm '),
C=0 stretching (1650—1740 cm™') and —OH stretching
(3200-3500 cm™'). As the temperature increased, the
intensity of the C—H vibration bands attenuated, primarily
due to the extensive decomposition of hemicellulose and
cellulose. The weakening of the C—O stretching peaks
suggests that high-temperature pyrolysis promotes the
cleavage and removal of C—O bonds in phenolic and
ethereal compounds®™. During the initial stages of
pyrolysis, the decomposition of ketones, aldehydes, and
carboxylic acids led to a reduction in C=O stretching
intensity®®". Simultaneously, the dehydration of the biomass
caused a gradual decrease in —OH absorption intensity,
aligning with the depletion of H and O observed in the
ultimate analysis. Notably, the reaction between carboxylic
acids and water-soluble K (Equation (1)) to form potassium
carboxylates further contributed to the reduction of —OH
groups. The slight increase in —OH intensity at 500 °C may
be attributed to the interaction between steam in the
pyrolysis gas and the highly reactive alkali K, promoting
the formation of small —OH-containing molecules.

K*+R-COOH = R-COOK + H" (1)

Total K content/(mg-g™")

400 425 450 475 500
Temperature/ “C.

Fig. 3 Changes of potassium alkali metal content in
pyrolytic carbon
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Fig. 5 FT-IR spectra of pyrolytic carbon samples

2.3.2 Effect of pyrolysis temperature on biochar
morphology

The micro-morphology of the raw corn stalk and its
biochar was captured via SEM (Figure 6). The raw biomass
exhibited a smooth and integrated surface in Figure 6(a),
whereas the biochar displayed fragmented fibrous structures
in Figure 6(b)—(f). This fragmentation intensified with
increasing temperature, manifesting as irregular cracks and
the emergence of pore structures. The particle shape
parameters, including sphericity and aspect ratio, are shown
in Figure 7. In the 400—475 °C range, the sphericity of the
biochar particles increased in Figure 7(a), suggesting that
higher temperatures facilitate the transition of particles
toward a more spherical morphology.
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Fig. 6 SEM images of CS and biochars pyrolyzed under different temperatures
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Fig. 7 Effect of temperature on the morphology of pyrolytic carbon particles

However, at 500 °C, the sphericity decreased, likely due
to the adhesion of bio-oil onto the particle surfaces, creating
irregularities. Despite this, the increase in the breadth-
to-length ratio in Figure 7(b) indicates that higher
temperatures generally promote more regular particle
shapes. Regarding particle size in Figure 7(c), the average
diameter decreased from 40 to 475 °C but increased at
500 °C, which is attributed to the condensation of small
organic molecules and the deposition of carbonaceous
minerals from the gas phase.

2.3.3 Effect of pyrolysis temperature on pore structure
of biochar

The evolution of the pore structure is illustrated in
Figure 8. Within the 400-475 °C range, the specific surface
area (SSA) increased from 1.991 to 4.471 m*/g, indicating
that elevated temperatures enhance pore development.
However, at 500 °C, the SSA decreased significantly. This
reduction is primarily linked to the deposition of tar and
heavy organic volatiles that occlude the pores, as well as the
thermal collapse of the pore walls at high temperatures. The
variation in pore volume correlated with the SSA, also
peaking at 475 °C. The subsequent decline in pore volume

at 500 °C is likely caused by the melting and softening of
minerals that block the pore channels, alongside the
polymerization of small molecular compounds within the
matrix.

2.4 Investigation of the rheological
multicomponent slurry

properties of

2.4.1 Mechanistic study on the relationship between
particle characteristics and properties of CCWS

The apparent viscosity of the multi-component biochar-
coal-water slurry (CCWS), prepared by blending Shenhua
coal with biochar produced at different temperatures, was
measured using a rheometer (Figure 9 and Table 5). As the
pyrolysis temperature increased from 400 to 475 °C, the
apparent viscosity of the CCWS decreased significantly
from 907.8 to 591.77 mPa-s. However, as the temperature
reached 500 °C, the viscosity rose to 683.52 mPa-s. The
stability of the multicomponent slurry after standing for
2-3 d was determined by the rod-drop method. Obvious
sedimentation and water separation were observed, whereas
the slurry could be recovered by stirring, resulting in a
stability rating of Grade C.
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Table 5 Apparent viscosity, fluidity and stability of multi-slurry

Sample Concentration/% Viscosity/(mPa-s) Fluidity Stability
PC-400 60 907.83 B C
PC-425 60 747.62 B

PC-450 60 597.15 A C
PC-475 60 591.77 A C
PC-500 60 683.52 B C

The viscosity variations correlate closely with the
evolution of biochar morphology (Figure 7). In the range of
400-475 °C, increasing temperature reduces the average
particle size and promotes more regular particle
morphology, thereby decreasing interparticle friction among
the particles in CCWS. This leads to a reduction in its
apparent viscosity and consequently improves its fluidity.
However, when the temperature is further increased to
500 °C, polycondensation of organic small molecules
occurs, with deposits forming on particle surfaces, which
increases particle size and interparticle friction, ultimately
impairing the fluidity of CCWS. Furthermore, FT-IR
analysis (Figure 5) suggests that the reduction of
hydrophilic groups (e.g., “OH) due to the reaction between
K and carboxyl groups improved surface hydrophobicity,
contributing to lower viscosity. At 500 °C, the regeneration
of —OH groups through the interaction of reactive K with
steam enhanced hydrophilicity, leading to the observed
viscosity increase of CCWS.

Low-field nuclear magnetic resonance (LF-NMR) was
employed to characterize the distribution of free and bound
water within CCWS (Figure 10). From 400 to 475 °C, the
free water content increased progressively while bound
water decreased. This shift is attributed to the pore-opening
effect caused by the removal of alkali metals (Figures 3 and
8), which released bound water trapped within the pores
into the bulk phase as free water, thereby improving
slurryability. At 500 °C, the reduction in specific surface
area and pore volume inhibited the release of bound water.
Additionally, the increase in hydrophilic groups (Figure 5)
enhanced the adsorption capacity for bound water, further
reducing the free water fraction and increasing viscosity

of CCWS. The polymerization of small organic molecules
also occluded pores, hindering both the release of bound
water and the entry of free water, which negatively affected
the slurryability of CCWS.

2.4.2 Effect of kerosene-modified particle surfaces on
properties of CCWS

The effect of kerosene dosage (0.5%-1.0%) on the
rheological properties of CCWS prepared with modified
PC-450 biochar (63% concentration) is shown in Figure 11.
As the kerosene dosage increased from 0.5% to 0.8%, the
apparent viscosity dropped from 1447.62 to 694.04 mPa-s.
This indicates that kerosene formed a coating layer on the
PC-450 particles, effectively enhancing hydrophobicity and
preventing water absorption by the pore structures.
However, excessive kerosene (beyond 0.8%) led to a
viscosity increase, likely due to the formation of inter-
particle oil bridges and the entrapment of water within the
oil phase, which reduced the lubricating effect of free water.

The maximum slurry concentration (defined at 100 s
and 1000 mPa-s) was determined to evaluate the impact of
modification (Figure 12). As shown in Figure 12, the
maximum concentration of CCWS prepared with PC-450
and SH was approximately 61.6%. In contrast, after surface
modification of the biochar particles with kerosene, the
64.2%,
corresponding to an increase of 2.6 percentage points.
These results indicate that kerosene modification can
effectively improve the surface characteristics of biochar
particles, thereby enhancing the slurryability of CCWS.

maximum concentration increased to about
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3 Conclusions

As the pyrolysis temperature increased, a portion of the K
migrated into the gas phase to form volatile compounds,
leading to a reduction in total K content. Concurrently, the
K species transformed from a water-soluble state to an
organic-bound state, eventually forming stable mineral
residues at higher temperatures. The biochar surface
evolved from a dense and smooth texture to a porous
structure with cracks and developed pores. Both specific
surface area and pore volume increased accordingly, before

declining at 500 °C due to pore occlusion caused by mineral
melting. Regarding particle morphology, sphericity
improved and the average particle size decreased within the
400—475 °C range; however, at 500 °C, the deposition of
small organic molecules resulted in reduced sphericity and
an increase in average particle size.

Within the 400—475 °C range, the reaction between
water-soluble K and surface carboxyl groups to form
potassium carboxylates reduced the hydrophilic group
content. This enhanced the surface hydrophobicity of the
particles, thereby forming a slurry with good fluidity and
low apparent viscosity. Additionally, the pore-opening
effect induced by alkali metal removal promoted the release
of bound water from the internal pores, facilitating the
formation of a low-viscosity slurry. When the temperature
reached 500 °C, the transformation of K from an ion-
exchangeable state to a residual state, coupled with mineral
deposition on the particle surfaces, compromised particle
regularity. Furthermore, the reaction between alkali metals
and steam in the gas phase generated hydrophilic groups
(e.g., “OH), which enhanced the adsorption of bound water.
As a result, the viscosity of CCWS increases while its
fluidity decreases

Surface modification of biochar particles using kerosene
significantly improved the rheological properties of CCWS,
characterized by a marked reduction in viscosity and
enhanced fluidity. However, excessive kerosene addition
altered the inter-particle interactions within the slurry
system, exerting a detrimental effect on its rheological
performance. Experimental results indicated that the
optimal kerosene dosage was 0.8% of the dry solids. Under
these optimal conditions, the maximum slurry concentration
of CCWS reached 64.2%, representing an increase of 2.6
percentage points compared to the unmodified system.
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