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ABSTRACT: Hydrogen production from the electrolysis of coal slurry
is a promising approach under the condition of low voltage (0.8−1.2 V)
and medium temperature. However, the rate of hydrogen production is
slugged by poor anode kinetics, under an electrochemical condition that
results from the collision of the coal particles with the anode surface. This
paper reports a novel process that consists of two steps: the oxidation of
the coal slurry by ferric ions(III) in a hydrothermal reactor at a
temperature of 120−160 °C and the electro-oxidation of ferric ions(II) in
the electrochemical cell to produce hydrogen. This technique circum-
vents the technical issues experienced in the conventional coal slurry
electrolysis process by adopting a two-step process consisting of solid−
liquid reactions instead of solid−solid reactions. This indirect oxidation
process produced a current density of 120 mA/cm2 at room temperature
and a voltage of 1 V, which is higher than the values reported in the
conventional processes. An investigation of the oxidation mechanism was carried out via scanning electron microscopy, Fourier-
transform infrared spectroscopy and elemental analysis. The results obtained showed that the oxidation of coal by ferric ions occurs
from the surface to the inner parts of the coal particles in a stepwise manner. It was also revealed that the ferric ions in the media
increased the active interfaces both of the coal particles and of the anode electrode. This explains the high hydrogen production rate
obtained from this process. This novel discovery can pave the way for the commercialization of coal slurry electrolysis.

1. INTRODUCTION

The generation of energy from hydrogen has attracted
enormous research interest because of its reliability, sustain-
ability, and environmental safety. Hydrogen gas is an excellent
energy carrier; it is clean and attractive for energy conversion
and storage due to its high gravimetric energy density and
relatively high heating value (39.05 W h/kg).1 However,
hydrogen gas does not occur freely in nature; it has to be
produced from a wide range of sources such as coal, natural
gas, and nuclear and renewable energy.2 The commonly used
methods for producing hydrogen gas include steam reforming,
coal gasification, and water electrolysis. Steam reforming is
nonrenewable and produces a high quantity of carbon
monoxide.3 Gasification of coal is another common method,
but its end product consists of impurities. It requires a
temperature as high as 800 °C;4 the process is inefficient, and
it leads to the emission of a large quantity of CO2.

5 On the
other hand, the water electrolysis method produces pure
hydrogen, and it generates no greenhouse gases; however, the
high energy consumption and the cost of this process hinder its
widespread application.6 Alternative methods have been
deployed to reduce the high energy consumption associated

with water electrolysis; one such method involves the
electrolysis of carbon-rich sources such as coal, alcohol, and
biomass.7 The use of liquid carbon sources8−11 and biochar1,12

for carbon-assisted water electrolysis has been reported to be
effective in reducing the energy consumption associated with
the production of hydrogen during water electrolysis to a value
as low as 0.5 V, and has improved pure hydrogen production.
Low cost, easy accessibility of coal, and the relatively clean
nature of the procedure have made the production of hydrogen
through the electrolysis of coal a competitive and viable
method for the future.
Hydrogen production by coal slurry electrolysis was

pioneered by Coughlin and Farooque in 1979.13−15 The
process involves two half-reactions in an electrochemical cell in
which coal is oxidized to carbon dioxide at the anode and
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hydrogen is produced at the cathode. The redox reactions are
expressed as follows:

+ → + ++ −C(s) 2H O(l) CO (g) 4H 4e2 2 (1)

+ →+ −4H 4e 2H (g)2 (2)

Reactions (1) and (2) take place at the anode and cathode,
respectively. The overall reaction in the electrochemical
gasification of coal is given by

+ → +C(s) 2H O(l) CO (g) 2H (g)2 2 2 (3)

In terms of energy consumption, the electrolysis of coal is
preferred to water electrolysis; this is because 56.7 kcal of
electrical energy and a reversible potential of 1.23 V are
required to produce 1 mol of hydrogen in water electrolysis,
whereas coal electrolysis only requires 9.5 kcal and 0.21 V,
respectively.16,17 This is achieved because the oxygen evolution
reaction, which has high overpotential, is replaced with coal
oxidation at the anode.18 Despite this advantage, the
production of hydrogen through the electrolysis of coal slurry
is retarded by poor reaction kinetics, low current density, and
low degradation degree of coal.4,18 This makes the process
uneconomical and the technology unavailable for commerci-
alization. Therefore, to keep pace with the increase in the
demand for pure hydrogen, the electrolysis of coal slurry
requires to be made more efficient.
To this end, many researchers have investigated and

developed novel electrocatalysts and electrode struc-
tures.17,19−25 Effects of phenomena such as temperature26−28

and coal morphology29 have also been explored; increasing the
temperature was found to improve the kinetics of coal electro-
oxidation reaction, coal conversion rate, and CO2/coal
Faradaic efficiency. The presence of inherent minerals Fe2+

and Fe3+ in coal has also been found to have a significant effect
on the electro-oxidation process, hydrogen evolution reaction,

and coal degradation reaction.30−32 The high current density
produced during the electrolysis of coal slurries is attributed to
the presence of Fe2+ and Fe3+ ions in the coal.18,21 The
mechanism involves the oxidation of coal slurry at the platinum
electrode by Fe3+ ions, which is reduced to Fe2+ ions;
consequently, at the anode, the Fe2+ ion is re-oxidized to the
Fe3+ ion.32 This anodic oxidation is responsible for the current
produced during coal-assisted water electrolysis.31,33 The
process can be summarized by the following two reactions at
the anode

→ ++ + −4Fe 4Fe 4e2 3 (4)

+ + → + ++ + +4Fe C 2H O 4Fe CO (g) 4H3
2

2
2 (5)

Even with the increase in the hydrogen production capacity
of the coal slurry electrolysis through the improvements in the
electrodes, electrocatalysts, and coal types and particle sizes,
there are still concerns about productivity because of the
solid−solid phase interface created by the coal particles and
the electrode.34,35 This paper seeks to overcome these
challenges by introducing a novel process that involves an
indirect oxidation mechanism of ferric ions, as shown in Figure
1. This technique involved dividing the conventional solid−
solid reaction into two solid−liquid reactions, thereby avoiding
the existing technical issues and increasing the hydrogen
production rate.

2. MATERIALS AND METHODS
2.1. Selection of Coal Samples and Preparation of the

Slurry. Four coal samples were used for the present
investigation. They are Indonesia coal, Xinjiang coal, Mingjia
coal, and Yangquan coal (Table 1). Yangquan coal (anthracite
coal) has the highest rank, while Indonesia coal (lignite coal)
has the lowest rank of the coal samples. The coal samples were
crushed to a particle size of 100−125 μm, and the coal slurry

Figure 1. Schematic comparison between conventional coal electrochemical oxidation and the novel two-step process.

Table 1. Industrial Analysis of Indonesia Coal, Xinjiang Coal, Mingjia Coal, and Yangquan Coal

moisture (wt %) ash (wt %) volatile (wt %) fixed carbon (wt %) C (wt %) H (wt %) O (wt %) N (wt %) S (wt %)

Indonesia coal 16.4 4.11 46.17 33.32 50 4.06 24.57 0.64 0.22
Xinjiang coal 13.25 4.05 29.79 52.91 65.43 3.76 12.17 0.63 0.71
Mingjia coal 3.11 4.38 34.16 58.35 75.75 4.67 11.01 0.85 0.23
Yangquan coal 0.90 20.99 7.56 70.55 71.40 2.48 1.09 1.00 2.14
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was made with ferric sulfate [Fe2(SO4)3], sulfuric acid
(H2SO4), and deionized water. The coal slurry comprises 1
mol/L Fe3+, 1 mol/L H2SO4, and 20 g/L raw coal.
2.2. Electrode Preparation. The platinum black electro-

des were prepared by the electrodeposition method. The
platinum sheet was cut into 1 × 1 cm2 and was polished with
fine sandpaper. NaOH solution (1 mol/L) was used to clean
the grease on the surface of the platinum sheets at 65 °C for 30
min. After washing several times with deionized water, a clean
platinum electrode was obtained. In this experiment, a
platinum black electrode was prepared by reducing chlor-
oplatinic acid (H2PtCl6) with an additive. 1000 mg of H2PtCl6
and 5.7 mg of (CH3COO)2Pb were added to a beaker and
ultrasonically stirred for 15 min. After the dissolution of the
solid particles, a platinizing solution was obtained. Two pieces
of the cleaned platinum sheets, one as working electrode and
the other one as counter electrode, were immersed in the
solution. Thereafter, a constant current of 30 mA/cm2 was
applied for 10 min. Then, the two electrodes were switched
and the process was repeated. After three cycles, a layer of
black velvet was deposited on the platinum sheet and the
electrochemical activity of the electrode was observed.
2.3. Experimental Setup of the Electrochemical Cell.

The electrochemical cell is made of Teflon, and it consists of
Nafion 1135, a proton exchange membrane which separate the
anode and the cathode chambers. The solution in the cathode
chamber is 1 mol/L H2SO4, while the anode contains the coal
slurry oxidized by the ferric ions in the hydrothermal reactor. A
constant voltage of 1 V was maintained throughout the
process. However, the current was observed to decrease with
time due to the reduction in the concentration of Fe2+ upon its
oxidation in the anode. The indicators of the performance of
the electrolytic process are the initial current density and
electric quantity. Initial current density is the current density at
the beginning of electrolysis, and electric quantity is the
accumulated electric quantity when electrolysis ends. The
former reflects the rate of hydrogen production, and the latter
reveals the quantity of hydrogen which can be collected.
2.4. Experimental Procedure. Lignite and sub-bitumi-

nous coals possess inherent high moisture and oxygen content
and low calorific heating value; this necessitates the
conditioning of these coals under hydrothermal conditions to
alter the physical, chemical, and rheological properties of the
coal.36 The thermochemical process produces a fairly cleaned
and thermally upgraded coal product that would not reabsorb
moisture even when placed in a water medium at high
pressure.36 This experiment was conducted in two steps; in the
first step, the coal slurry was heated in a hydrothermal reactor
and oxidized by Fe3+ ions for 3 h within the temperature range
of 120−160 °C. The hydrothermal reactor is made up of
stainless steel which houses a beaker. The volume of the
reactor is 350 mL, and the permitted highest temperature in
the reactor is 180 °C. The second step involves pumping the
resulting solution into the anode chamber of an electro-
chemical cell, and subsequent electrolysis at a constant voltage
of 1 V to collect pure hydrogen. The ferric ions in the solution,
which can be used repeatedly, accelerated this process by
increasing the frequency of collision and the area of contact
between the coal particles and the anode. This phenomenon is
hardly achieved between coal particles and electrodes during
the conventional electrolysis of coal slurry.

2.5. RESULTS AND DISCUSSION
2.6. Elemental Analysis. The elemental analysis of

Xinjiang coal was carried out after two different cycles of the
process (raw coal, coal after 4 cycles, and coal after 13 cycles).
Table 2 shows the weight percentage of C, H, N, S, and O in

the dry and ash-free Xinjiang coal. The atom ratios of carbon
to hydrogen of Xinjiang coal in three different stages of the
process are 1.45, 1.52, and 1.76, respectively. There is an
observed increase in the C/H ratio, and this suggests that the
coal was made from more unsaturated groups during the
oxidation process. This is attributed to the presence of more
double bonds, triple bonds, or other unsaturated functional
groups after several cycles. Similarly, the atom ratio of carbon
to oxygen was found to be 7.17, 5.64, and 8.27, respectively.
Initially, there was a recorded decrease in the C/O ratio in the
first four cycles; this happened because more oxygen atoms
from water molecules were added into the coal structure
during this stage. However, after 13 cycles, the coal has the
highest C/O ratio; this occurs because matters with low C/O
such as CO2 were released from the coal slurry. The CO2
released during this process accounts for the production of
carbon dioxide in the hydrothermal reactor. The chemical
reaction between coal, Fe3+ and water breaks water molecules
into hydrogen and oxygen atoms. While the hydrogen atoms
are released into the solution as ions, oxygen atoms are
embedded into coal. This action leads to the formation of
many partial oxidation structures such as C−O−C, CO, and
C−O−OH. These oxidised structures have poor thermal
stability, and the eventual thermal decomposition of these
structures leads to the production of CO2. As a result of the
incomplete thermal decomposition of the partial oxidised
structures, the quantity of CO2 obtained from this process was
less than the expected value, which according to Farooque and
Coughlin15 should have a volume ratio (CO2 = H2) of 1/2.

2.7. Scanning Electron Microscopy Analysis. Figure 2
reveals the structure of the raw and processed coal samples. It
can be observed that the particles of raw coal have sharp edges
and corners. However, after oxidation, they became elliptical
with smooth velvet surfaces. The reason for this change in
appearance is attributed to the erosion of the surface of the
coal particles as a result of the oxidation . Thomas et al.37

revealed that as the coal surface becomes rougher, the active
sites in the particles are exposed. This enhances a deeper
interaction between the coal particles and the ferric ions.

2.8. Fourier Transform Infrared Spectra Analysis. The
Fourier transform infrared spectra of coal samples were used to
observe the structural changes of the coal samples. The
quantitative changes in the structures before and after
electrolysis were investigated by comparing the intensity of
each peak in the same spectrum. The variation in the intensity
of the signals obtained connotes different molecular reactions

Table 2. Elemental Analysis of Xinjiang Coal after Two
Different Cycles of the Process

C
(wt %)

H
(wt %)

N
(wt %)

S
(wt %)

O
(wt %)

C/H
(at)

C/O
(at)

raw coal 79.12 4.55 0.76 0.86 14.71 1.45 7.17
coal in 4
cycles

76.47 4.18 0.67 0.61 18.07 1.52 5.64

coal in 13
cycles

81.53 3.86 0.77 0.69 13.15 1.76 8.27
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in the specimen. According to Miura et al.,38 the broad peak
near 3440 cm−1 is associated with the stretching vibration of
the −OH or O−H bond. On the other hand, the absorption

peaks at 2920 and 2850 cm−1 are attributed to the stretching
vibration of −CH3− and −CH2− bonds, respectively. The
peaks near 1625, 1240, and 1100 cm−1 represent the vibration

Figure 2. Scanning electron microscopy images of Yangquan coal. (a) Raw ; (b) processed after 4 cycles (160 °C, 2 h).

Figure 3. Fourier transform infrared spectra of coal samples before and after four cycles. (a) Indonesia coal; (b) Xinjiang coal; (c) Mingjia coal; and
(d) Yangquan coal (160 °C, 2 h).
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of the unsaturated double bond relating to CC, CO, and
C−O respectively.39,40 When compared to the spectrum of
their raw coals, the ratios of peak heights (1625 to 3440 cm−1 )
increased significantly in the processed coal after 4 cycles, as
shown in Figure 3b, d. This indicates an increase in the
unsaturated structures of CC and CO in Xinjian coal and
Yangquan coal during the oxidation process. The C−O group
is also expected to increase. On the contrary, after four cycles
of electrolysis, the ratios of the peak height shown in Figure 3a,
c at this spectrum did not have a significant increase when
compared to the spectrum of the raw Indonesia coal and
Mingjia coal. A significant difference is that the peak height
ratios at 2920 and 2850 cm−1 shown in Figure 3a, c are higher
than those shown in Figure 3b, d. The relative decrease in (a)
and (c) can be attributed to the presence of more aliphatic
compounds in Indonesia and Mingjia coal. During the
breaking down of carbon chains in the aliphatic compounds,
more oxidised products were released into the solution.
However, this may not happen in aromatic compounds
because of their stability. The total organic carbon (TOC) in
the electrolysed solution after four cycles is presented as
follows.
As shown in Table 3, the electrolysed solutions of Indonesia

and Mingjia coals have a higher TOC than those of Xinjiang

and Yangquan coals after four cycles of electrolysis. Although
Indonesia coal has the highest TOC, it shows the least increase
in oxidised structures, as revealed in Figure 3a. This confirms
the possibility that some oxidised products are dissolved in the
electrolysed solution after the breaking of carbon chains.
2.9. Effect of Oxidation Time on Hydrothermal

Reaction. The kinetics of electrochemical oxidation is slow
in a conventional water-splitting electrolytic system. However,
it has proven to be rapid and efficient in hydrothermal
electrolysis.41 In the hydrothermal reactor, liquid-phase
oxidation of coal occurs in the presence of oxygen. The
kinetics of this electrochemical reaction is deduced from the
current density. In the hydrothermal reactor, the oxidation
reaction is stopped after the first 3 h. The variation of initial
current density with time is then observed.
After the end of the first 3 h, the oxidation reaction rate

increased slowly . According to Figure 4, the corresponding
initial current density obtained at this point is 95 mA/cm2.
Beyond this time, there was no significant increase in the initial
current density. During the electrolysis, electro-oxidation of
iron ions occurred, the effect of which can be understood by
determining the concentration of Fe2+ and Fe3+ ions in the coal
slurry. This is done by investigating the initial current density
at different concentrations of Fe2+ ions. Figure 5 reveals that
the higher the concentration of Fe2+, the higher is the current
density. This increase in current density is attributed to the
presence of iron ions in the solution; this is consistent with
many research findings.21 Figure 5 also shows that the
concentration of Fe2+ corresponding to the electrolytic initial
current density of 95 mA/cm2 is 0.4 mol/L. This implies that
the concentration of Fe2+ after the first 3 h is about 0.4 mol/L,

thereby indicating the presence of a large quantity of Fe3+ ions
in the coal slurry. Also, it confirms the regeneration of Fe3+

after electrolysis.
2.10. Effect of Oxidation Temperature on Hydro-

thermal Reaction. An increase in temperature has been
proven to accelerate the slow reaction kinetics by reducing the
activation energy during electrolysis.26−28,42,43 Therefore, the
reaction temperature is expected to have a significant effect on
the hydrothermal reaction. Jia et al.35 supported this assertion
whenthey posited that the relationship between temperature
and current density follows the Arrhenius equation. Figure 6
shows the variation of initial current density with temperature.
The red line shown in the figure is a fitting curve whose form is
referenced to the Arrhenius formula. The fitting curve equation
for the curve is given below.

= −i
k
jjj

y
{
zzzI

T
983915exp

3906
(6)

Table 3. Total Organic Carbon (TOC) in the Electrolysed
Solution after Four Cycles of Electrolysis

Indonesia
coal

Xinjiang
coal

Mingjia
coal

Yangquan
coal

TOC, mg/L 950.4 258.0 348.1 139.1

Figure 4. Effect of oxidation time on initial current density (Indonesia
coal at 140 °C).

Figure 5. Initial current density vs Fe2+ concentrations (1 mol/L
H2SO4 and 1 V).

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

https://doi.org/10.1021/acsomega.1c06759
ACS Omega 2022, 7, 7865−7873

7869

https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06759?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where I (mA/cm2) is the initial current density and T (K) is
the oxidation temperature. Using the obtained curve fitting
equation, the initial current density of electrolysis is estimated
at 177 and 255 mA/cm2 at a temperature of 180 and 200 °C,
respectively.
2.11. Effect of Coal Properties on Initial Current

Density. Coals have varying properties depending on their
type, composition, thermal reactivity, textural difference, gas
adsorption characteristics, and functional groups, etc. These
properties imposes different effects on their electrochemistry.
The effect of coal types (Indonesia coal, Xinjiang coal, Mingjia
coal, and Yangquan coal), activated carbon, and graphite on
initial current density was investigated and plotted as shown in
Figure 7.
Figure 7 shows that Indonesia coal has the highest initial

current density and graphite has the lowest one. The coals have
a much higher initial current density than pure carbon matters
(activated carbon and graphite). A keen observation of the four
types of coal reveals a decrease in the initial current density
from Indonesia coal to Mingjia coal. This suggests that the
lower the carbonization degree of coal, the higher is the initial

current density. Activated carbon and graphite are difficult to
be oxidized by Fe3+. It can be inferred that the oxidation sites
in coal are mainly functional groups or aliphatic carbon
attached to the core of coal, which is composed many of
aromatic rings. Apart from this, a loose structure of coal or
pure carbon matter makes it easy to oxidize. Table 4 gives
details of the components of some coals and graphite. The
table 4 shows that Indonesia coal, which produces the highest
electrolytic current density, has the highest volatile matter and
the lowest fixed carbon. Apart from this, Indonesia coal has the
highest water content. The presence of water in coal increases
its porosity, which in turn increases the specific surface area for
oxidation. The atom ratio of carbon to hydrogen in Indonesia
coal, Xinjiang coal, Mingjia coal, and Yangquan coal is 1.03,
1.45, 1.35, and 2.40, respectively. Also, the atom ratio of
carbon and oxygen in Xinjiang coal, Mingjia coal, and
Yangquan coal is 2.71, 7.17, 9.17, and 87.34, respectively.
According to table 4, Yangquan coal has the highest ratio of C/
H and C/O and a much lower electrolytic current density than
Xinjiang coal and Mingjia coal. It is not a coincidence that
Xinjiang coal and Mingjia coal have relatively close ratios of C/
H and C/O and at the same time produce close values of
electrolytic current density. This indicates that the presence of
more hydrogen or oxygen atoms rather than those of carbon
atoms in the coal slurry favors the oxidation of coal by ferric
ions.

2.12. Effect of Coal Slurry Compositions on Current
Density and Electric Quantity. To study the electro-
chemical kinetics of coal slurry electrolysis, the Tafel plot plays
a crucial role. It is employed to represent the relationship
between the overpotential and the logarithm of current
density.48 Current density is defined the charge per unit time
flowing through a unit area of a cross section.49 The current
density is measured by a current measuring instrument placed
external to the electrochemical cell, and the value obtained is
actually the net current, which is a measure of the difference
between the forward and reverse current on the electrode.44 At
equilibrium conditions, the rate at which the reactants are
transformed into products and products are regenerated as
reactants is called exchange current density.45 This current
density measures the electrode’s readiness to proceed with the
electrochemical reaction,44 reflects the intrinsic rate of heat

Figure 6. Effect of oxidation temperature on initial current density
(Indonesia coal, reaction time 2 h).

Figure 7. Effect of different coals, activated carbon, and graphite on initial current density (140 °C, 2 h). (a) Indonesia coal; (b) Xinjiang coal; (c)
Mingjia coal; (d) Yangquan coal; (e) activated carbon; and (f) graphite.
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transfer between an electroactive specie and electrode, and
provides insights into their structure and bonding.46 The initial
current density governs the rate at which an electrochemical
reaction occurs on the surface of an electrode.44 Therefore, this
parameter is considered important for the characterization of
the electrocatalytic activity and performance in the elec-
trode46,47 and in the determination of the rate of hydrogen
production.
To investigate the effect of coal particles in the slurry on

current density and electric quantity, 0.5 mol/L Fe2+ solution
was prepared with 1 mol/L H2SO4 solution and FeSO4 solid
and compared. The coal slurry has a coal mass concentration
of 20 g/L. Figure 8 indicates that the suspension of coal

particles in the solution can reduce the performance of
electrolysis to some extent when compared with the 0.5 mol/L
Fe2+ solution after 12 h. Before that, the coal particles
contribute small current. A possible reason is that the coal
particles disturb the charge transfer in the solution or occupy
the activated sites on the electrode. It is also possible that the
coal particles diminish the concentration of Fe2+ by adsorbing
some ferric ions. It can be interpreted that the conventional
coal slurry electrolysis shows low performance due to the dual
effects of coal particles.
Figure 9 reveals that the current density decreases with time

during the electrolysis. The current density experienced a sharp
decline in the first 10 h. It was observed that after 35 h of
electrolysis, the current tends to zero. This means that the
current resulting from the transfer of electrons between coal
particles and the anode is negligible. This is because nearly all
the Fe2+ ions have been oxidized to Fe3+ ions at that time.
2.13. Explanation of the Oxidation Mechanism of

Ferric Ions. The possible oxidation mechanism of ferric ions
for coal gasification is explained as follows. During electrolysis,
hydrogen is generated from the reduction of H+ at the cathode;

the main reaction at the anode is the oxidation of Fe2+. In the
process of hydrothermal reaction, oxidation occurs on the
active sites of the surface of coal particles or in the inner walls
of the pores in coal particles. The oxidation between coal
particles and ferric ions happens on the functional groups or
aliphatic carbon attached to the core of the coal, which is
composed of many aromatic rings. The products of oxidation
are mainly organic matters which have been oxidized partially
by ferric ions, such as aldehyde, organic acid, and ester. In this
process, a large number of oxygen atoms from water molecules
are added to the structure of coal. Carbon dioxide comes from
the thermal decomposition of the products of the partial
oxidation process. Meanwhile, the masses of organic matter are
dissolved in the solution.

3. CONCLUSIONS
The novel cyclic hydrogen production has a higher reaction
rate than that of conventional electrolysis of coal slurry. The
initial current density in the novel process is 120 mA/cm2,
while that of conventional electrolysis of coal slurry is usually
less than 10 mA/cm2 in a similar condition. The 3 h oxidation
time in the hydrothermal reactor is long enough. Initial current
density increases exponentially with the oxidation temperature.
The lower grade coal has a better activity, while in contrast,
pure carbon matter is more difficult to be oxidized than coal. A
further investigation of the partial oxidation mechanism of
ferric ions has been made. It indicates that the oxidation
between coal particles and ferric ions happens on the
functional groups or aliphatic carbon attached to the core of
coal. In the process of oxidation, lots of oxygen atoms from
water molecules are added to the structure of coal. The
resulting hydrogen atoms are released into the solution in the
form of ions, which will be reduced at the cathode in
electrochemical cell. Carbon dioxide comes from the thermal
decomposition of the production of partial oxidation.

Table 4. Components of Indonesia Coal, Xinjiang Coal, Mingjia Coal, Yangquan Coal and Graphite

water content
(wt %)

ash content
(wt %)

volatile matter
(wt %)

fixed carbon
(wt %)

C
(wt %)

H
(wt %)

O
(wt %)

N
(wt %)

S
(wt %)

Indonesia coal 16.4 4.11 46.17 33.32 50 4.06 24.57 0.64 0.22
Xinjiang coal 13.25 4.05 29.79 52.91 65.43 3.76 12.17 0.63 0.71
Mingjia coal 3.11 4.38 34.16 58.35 75.75 4.67 11.01 0.85 0.23
Yangquan coal 0.9 20.99 7.56 70.55 71.4 2.48 1.09 1 2.14
graphite 99.85

Figure 8. Effect of coal particles in slurry on current density and
electric quantity.

Figure 9. Current density decreases with the time of electrolysis of
Xinjiang coal in the second cycle. (160 °C, 2 h).
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