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This paper made a preliminary investigation of CO eﬀects on lignite liquefaction process. The Schütze method
coupled with an elemental analyzer was adopted for directly determining the O contents of liquid and solid
materials, and the O balance, variation amounts of water, and CO consumptions were calculated quantitatively
for liquefaction processes. It was found that the two reactions which were the water-gas shift reaction and the
reaction between CO and organic structures of coals, occurred distinctly in the liquefaction process with CO
atmospheres, and were simultaneously strengthened by the catalysts. The simultaneous occurrence of the two
reactions played the roles of reducing the water production, elevating the coal conversion, and promoting the
asphaltene (AS) and preasphaltene (PA) production.

1. Introduction
Lignite is regarded as an abundant and inexpensive resource accounting for 13% of the coal deposits in China [1]. It is a kind of preferred coals for direct liquefaction, due to its high reactivity [2–5].
However, its high oxygen and moisture contents limit its utilization in
direct liquefaction, due to a large hydrogen consumption for removing O
and a large energy consumption for drying [6–9]. In view of this, some
researchers used syngas (or CO) and H2O as a hydrogen source for lignite
liquefaction [10–16]. Fischer et al. [10] pointed out that the use of CO
and H2O could liquefy lignite easily. Hata et al. [11] found that the coal
conversion, which was basically equivalent to that in pure hydrogen,
increased to 90.1% under syngas and H2O as hydrogen source. Shui et al.
[12], Subagyono et al. [13], and Guo et al. [14,15] drew a similar
conclusion that the coal liquefaction activity under the system of syngas
(or CO) and H2O (or complex solvent of H2O and organic solvent) appeared higher than that under the traditional system of H2 and organic
solvent. Our investigation [16] showed that the conversion and oil yield
from Shengli lignite liquefaction under the system of syngas and complex
solvent were obviously higher than those under the system of H2 and
organic solvent (especially higher production of PA). Summarily, the
utilization of syngas (or CO) and H2O as a hydrogen source is quite
advantageous for lignite liquefaction. Therefore, in order to the further
development and application of the lignite liquefaction technology using
syngas (or CO) and H2O as a hydrogen source, it is very imperative to

make some investigations on the liquefaction process with syngas (or
CO) and H2O, especially the following issues. What are the eﬀects (or
roles) of CO and H2O on the liquefaction process? How do the eﬀects (or
roles) of CO and H2O occur in the liquefaction process?
This paper is only focused on the investigation of the CO eﬀects (or
roles) on the liquefaction process. From a plenty of investigations on the
topic [17–24], it could be found that CO assuredly took some roles on
the liquefaction process, and the roles of CO could be generally summarized as follows: a production of hydrogen from the water-gas shift
reaction of CO and H2O to provide hydrogen source for liquefaction
reaction, and a more activity of produced hydrogen to stabilize free
radicals in liquefaction process. Obviously, these roles of CO have been
accepted universally by many researchers and scholars [18,21,25–27].
Besides the above roles, the following issues are not still known or
understood. If CO takes some other eﬀects (or roles) on liquefaction
process or not? If so, what are the eﬀects? Presently, the relevant investigations (or reports) on this topic are very scare, and only a literature [28] mentioned that CO had a probable role for directly removing O. The special investigations on this topic were not found. For
this, this paper made a preliminary investigation on the lignite liquefaction process (such as the water variation after liquefaction, the distribution of liquefaction products, the O contents of liquid and solid
products, and the CO consumption for liquefaction reaction, etc.) with
CO atmospheres, aiming at obtaining a further understanding of the CO
eﬀects on liquefaction process.
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Nomenclature
CSARB
THN
THF
TN
HEX
GP
HS
W
HSWT
HSW
AS
PA
CT
RSM
RS
BR
Y
m
V
P
G
M

T
Q
C
N
TNB

coal sample on as received basis
tetralin
tetrahydrofuran
toluene
n-hexane
gaseous product
HEX-soluble fractions
water
integrant for HS, THN, and W
HSWT excluding THN
HEX-insoluble but TN-soluble fractions
TN-insoluble but THF-soluble fractions
catalysts
integrant of RS, ashes of CSARB, and CT
RSM excluding ashes of CSARB and added CT (if any)
reaction atmosphere before liquefaction reaction
yield, %
mass, g
volume of gaseous phase in the liquefaction reactor, L
pressure of liquefaction reactor at 25 °C, MPa
concentration of j gas components in GP, %
molar mass of j gas components in GP, g/mol

water content, %
variation amount of water, g/10 g CSARB
O contents, %
O mole number, mmol/10 g CSARB
total mole number of O element in reactants, mmol/10 g
CSARB
total mole number of O element in products, mmol/10 g
CSARB
ratio of TNB and TNA
total consumption amounts of CO mmol/10 g CSARB
consumption amount of CO from water-gas shift reaction,
mmol/10 g CSARB
consumption amount of CO from the reaction of CO and
coals, mmol/10 g CSARB
gas mole number of j gas components, mmol/10 g CSARB
generation amount of j gas from the water-gas shift reaction, mmol/10 g CSARB

TNA
R
E
E1
E2
Z
D

Subscripts
i
j
k

2. Experimental

product (AS or PA)
gas components (CO, CO2, H2, or C1-C4)
matters (CSARB, HWST, AS, PA, or RSM)

according to the National Standard of China (GB/T 212-2008), and the
contents of its moistures (Mar), ashes (Aar), volatile matters (Var), and
ﬁxed carbons (FCar) are 3.52%, 10.94%, 38.05%, and 47.49%, respectively. The C, H, N, S, and O contents of the CSARB, which were determined by the elemental analyzer (introduced in Section 2.3), are
61.52%, 4.13%, 1.04%, 0.40%, and 25.68%, respectively. The tetralin
(THN) and Fe3O4 were used as solvents and catalysts for liquefaction
experiments, respectively. N2 (99.999%) and CO (99.999%) with high
purity were used in liquefaction experiments. All used solvents and

2.1. Materials
The used raw coal was a kind of lignite from Xilinhaote Coal Mine of
Inner Mongolia Autonomous Region in China. The raw coal was ground
to below 0.2 mm, subsequently dried at 100 °C for 12 h, and stored
hermetically as coal sample on as received basis (termed as CSARB) for
liquefaction experiments. The CSARB was made a proximate analysis

Recovered
liquid–solid
mixtures
Resolving with 1 L THF and filtering

Residue I

Filtrate I

Drying
RSM
including RS,
ashes and catalysts

Weight

Removing THF, resolving with 0.5 L HEX, and filtering

Removing HEX
Filtrate II (HSWT)
including HSW
(HS and W) and
THN

Residue II
Drying and extracting with toluene

HEX-insoluble but
TN-soluble
fractions (AS)

TN-insoluble but
THF-soluble
fractions (PA)

Weight
Fig. 1. Procedures for separation of recovered liquid-solid mixtures from each liquefaction experiment.
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For the GC–MS analysis of HS (in HSWT), the HSWT after removing
water was used as the testing sample. The water removal of HSWT was
as follows [32]. Firstly, the HSWT was resolved by acetone to form
solution. Subsequently, the solution was hydrated by Na2SO4 powders
and ﬁltered (simultaneously being washing by acetone for several
times) to generate ﬁltrate. Finally, the ﬁltrate after removing acetone
by rotary evaporation was used for GC–MS analysis. The GC–MS analysis was made by a GC–MS analyzer (Agilent 6890/5973N, Agilent
Technologies, USA) equipped with a capillary column coated with HP5MS (crosslink 5% PH ME siloxane, 30 m × 0.25 mm inner diameter,
0.25 µm ﬁlm thickness, helium as a carrier gas at a ﬂow rate of 1.0 mL/
min, mass scanning range of 30–500 amu). The column was heated to
60 °C (holding for 2 min), and then heated to 300 °C at a rate of 5 °C/
min (holding for 10 min). The organic compounds were identiﬁed by
comparing the mass spectra to NIST05 and Wiley7n library data, and
their relative contents (the percentage of each compound’s peak area
out of the total peak area excluding the peak area of THN and naphthaline) were obtained by the methods of normalization of peak areas.

reagents including THN, tetrahydrofuran (THF), toluene (TN), and nhexane (HEX) were commercially pure chemical reagents and used as
received without further puriﬁcation.
2.2. Liquefaction experiments and product separation
The liquefaction experiments were carried out in a 150 mL autoclave [29]. For each run, the liquefaction reactor was charged with
10.0 g CSARB, 15 mL THN, and 0.69 g Fe3O4 (if necessary). Subsequently, the reactor was sealed and purged by N2 for six times before
being pressurized to the desired initial pressure (4.0 MPa) of CO (or N2),
and then was heated to 430 °C. After the liquefaction process was
maintained for 60 min, the reactor was quenched quickly by cooling
water, and the gaseous products (GP) were collected by an aluminum
foil bag for composition analysis [30].
The liquid-solid mixtures were recovered from the reactor by
washing with 500 mL THF, and separated according to the procedures
shown in Fig. 1. The recovered liquid-solid mixtures were resolved in
1 L THF, and then ﬁltered to obtain Filtrate I and Residue I. Residue I
after removing THF by being dried in a vacuum for 12 h was termed as
RSM and collected for weight. The RSM excluding the ashes from
CSARB and the added catalysts (if any) was deﬁned as RS. Filtrate I
after removing THF by rotary evaporation was resolved in 500 mL HEX,
and then ﬁltrated to obtained Filtrate II and Residue II. Filtrate II after
removing HEX by rotary evaporation was termed as HSWT and collected for weight. The HSWT excluding THN was deﬁned as HSW, and
the HSW excluding water (W) was deﬁned as HS (i.e., HEX-soluble
fractions). Residue II after removing HEX by being dried in a vacuum
for 12 h was separated into HEX-insoluble but TN-soluble fractions
(termed as AS) and TN-insoluble but THF-soluble fractions (termed as
PA) by an automatic Soxhlet extraction with TN [31,32], and the AS
and PA were collected for weight, respectively.
In this paper, the two liquefaction experiments in N2 atmospheres
without and with catalysts were labelled as N2-N and N2-C, respectively. Likewise, those in CO without and with catalysts were labelled as
CO-N and CO-C, respectively. Each liquefaction experiment was repeated at least 3 times.

3. Calculations
3.1. Yields of AS, PA, and RS
As presented in Section 2.2, the products which could be directly
collected for weight in liquefaction experiments, were HSWT, AS, PA,
and RSM (i.e., RS), and the HSWT contained a large quantity of solvents
which could not be quantiﬁed accurately. CO and water had been involved in the liquefaction reaction as reactants, and the yields of gas
and water were not suitable to be calculated. Hence, this paper only
made the calculations for AS, PA, and RS yields. The yields (Yi, %) of AS
and PA for each liquefaction experiment were calculated according to
Eq. (1).

Yi =

mi
× 100%
mCSARB × (100%−Mar −A ar)

(1)

where mCSARB (g) and mi (g) are the masses of CSARB and i product
(i = AS or PA), respectively.
The yield (YRS, %) of RS for each liquefaction experiment was calculated according to Eq. (2).

2.3. Characterizations and analyses

YRS =

The water content of HSWT (only 50 μL sample for determining the
water content) was determined by a Karl Fischer titration analyzer
(ZTWS-8A, WeiFang ZhongTe Electronic Equipment Co., Ltd.). The
elemental compositions (C, H, N, and S) of CSARB were determined
using an elemental analyzer (Vario MICRO Cube III (CHNS), Elementar
Analysensysteme GmbH). The Schütze method [33] was adopted to
directly test the O contents of liquid and solid materials (CSARB, HSWT,
AS, PA, and RSM) using an elemental analyzer (Vario MACRO cube III
(O), Elementar Analysensysteme GmbH) equipped with a pyrolysis
tube, a CO adsorption column, and a TCD for directly detecting the O
element. The determination error is 0.2%. The composition analysis of
GP was conducted by a gas chromatography (GC 9790-II, Zhejiang Fu Li
Analytical Instrument Co., Ltd.) equipped with a TDX-01 column (TCD
for detecting H2, CO, and CO2) and a Plot-Al2O3 column (FID for detecting C1-C4) [34].

mRSM−mCT−mCSARB × A ar
× 100%
mCSARB × (100%−Mar −A ar)

(2)

where mRSM (g) and mCT (g) are the mass of RSM and added catalysts,
respectively. The mCT is valued as 0 for the N2-N and CO-N experiments.
3.2. Variation amounts of water for liquefaction reaction
The variation amount (Q, g/10 g CSARB) of water for each liquefaction reaction was calculated according to Eq. (3).

Q=

(mHSWT × THSWT)−(mCSARB × Mar )
mCSARB/10

(3)

where mHSWT (g) is the mass of HSWT, and THSWT (%) is the water
content in HSWT. The water content in HSWT for each liquefaction is

Table 1
Concentrations of various gas components in GP and water content in HSWT for each liquefaction.
Experiments

N2-N
N2-C
CO-N
CO-C

Concentrations of various gas components in GP (%)

Water content in HSWT (%)

H2

CO

CO2

CH4

C2H6

C2H4

C3H8

C3H6

C4H10

C4H8

4.79
9.07
11.58
15.81

2.01
1.82
70.19
64.69

3.99
4.72
10.86
11.83

6.00
5.83
6.22
6.15

0.84
0.88
0.68
0.87

0.04
0.04
0.04
0.04

0.39
0.39
0.31
0.43

0.04
0.04
0.03
0.04

0.10
0.09
0.08
0.11

0.02
0.01
0.01
0.02
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Table 2
The ratio between the total mole number of O element in reactants and that in all products for each liquefaction.

Nk =

NGP =

Experiments

TNB (mmol/10 g CSARB)

TNA (mmol/10 g CSARB)

R

N2-N
N2-C
CO-N
CO-C

160.68
172.54
369.02
376.42

169.64
180.81
388.69
395.32

0.9472
0.9543
0.9494
0.9522

NBR =

3.3. O Contents of HS
Usually, the O contents of these liquids and solids (CSARB, HSWT,
AS, PA, and RSM) can be calculated by diﬀerence method (i.e., 100%the sum of C, H, N, and S contents). However, it is well-known that the
organic structures of these materials are mainly made of these elements
(C, H, N, S, and O), and also contain some microelements (especially
coals) [35–37], such as F [38,39], Cl [40], and Br [41], etc. Thus, the O
content calculated by the diﬀerence method is actually a representative
of the total content of O element and these microelements, consequently resulting in a misunderstanding to the actual O content.
Therefore, the O contents of CSARB, HSWT, AS, PA, and RSM in this
paper were directly determinated by the elemental analyzer (introduced in Section 2.3).
As presented in Section 2.2, the HS is only a deﬁned product, and
the actual HS is separated quite diﬃcultly from a quite large quantity of
solvents presented in HSWT. Thereby, the O content of HS can not be
directly obtained by the determination method introduced in Section
2.3. For this, the O content (CHS, %) of HS from each liquefaction experiment was calculated according to Eq. (4).
CHS =

× 100%

E=

where NHSWT (mmol/10 g CSARB) is the mole number of O element in
HSWT, and the NHSWT was calculated according to Eq. (8). mBR (g) and
mGP (g) are the masses of reaction atmospheres and GP, respectively.
The mBR values for the N2-N and N2-C experiments were 0, and those for
the CO-N and CO-C experiments were calculated according to Eq. (5).
mGP was calculated according to Eq. (6)

mBR

mGP =

V
P
273.15
×
×
×
22.4
0.101325
298.15

∑ (Gj × Mj)

TNB
NCSARB + NCT + NBR
=
TNA
NGP + NHSWT + NAS + NPA + NRSM

(10)

ZBR−ZAR
× 10
mCSARB

(11)

where ZBR (mmol/10 g CSARB) is the mole number of CO in reactants
and ZAR (mmol/10 g CSARB) is the mole number of CO in GP. The ZBR is
equal to NBR (Eq. (10)). The ZAR is equal to Zj (mmol/10 g CSARB)
which was calculated according to Eq. (12).

Zj =

(5)

V
P
273.15
×
×
× Gj × 1000
22.4
0.101325
298.15

(12)

where Zj is the mole number of j gas component (j = CO) in GP from
each liquefaction.
Generally, it is universally accepted that the water-gas shift reaction
can occur distinctly in liquefaction processes with CO atmosphere,
consequently resulting in the consumption of CO [43–46]. This is also
illustrated by the results of Section 4.3. For this purpose, the consumption amounts of CO for the water-gas shift reaction in the CO-N
and CO-C experiments were calculated as follows. According to the
stoichiometric coeﬃcient of water-gas shift reaction, the consumption
amount of CO is equal to the generation amount of CO2 (or H2). Hence,
the generation amounts of CO2 and H2 from the water-gas shift reaction
for the CO-N and CO-C experiments were calculated. It is well-known
that CO2 and H2 can be generated from the coal cracking during liquefaction [47], which is also conﬁrmed by the results of the N2-N and
N2-C experiments (Table 1). Here, it was made an assumption that the
generation amounts of CO2 (or H2) resulting from the coal cracking in
the CO-N and CO-C experiments were equal to those of CO2 (or H2)
resulting from the coal cracking in the N2-N and N2-C experiments,
−N
, mmol/10 g
respectively. Consequently, the generation amounts (DCO
j
CSARB) of CO2 (or H2) resulting from the water-gas shift reaction in the

(6)

where Gj (%) and Mj (g/mol) are the concentration and molar mass of j
gas components in GP (j = H2, CO, CO2, CH4, and C2-C4), respectively
[42]. The concentrations of various gas components in GP for each liquefaction are listed in Table 1. V (L) is the volume of gaseous phase in
the liquefaction reactor, and P (MPa) is the pressure of liquefaction
reactor at 25 °C.
Based on the principle of mass conservation, the O balance calculations were made for each liquefaction experiment. That is to say, the
ratio (R) between the total mole number (TNB, mmol/10 g CSARB) of O
element in reactants and that (TNA, mmol/10 g CSARB) in all products
was calculated according to Eq. (7). The reactants included reaction
atmosphere, CSARB, and catalysts (if any), and the products included
GP, HSWT, AS, PA, and RSM.

R=

V
P
273.15
×
×
× 1000/mCSARB × 10
22.4
0.101325
298.15

The total consumption amounts of CO (E, mmol/10 g CSARB) for
the CO-N and CO-C experiments were calculated quantitatively according to Eq. (11).

(4)

V
P
273.15
=
×
×
× 100% × 28
22.4
0.101325
298.15

V
P
273.15
×
×
× (GCO + 2GCO2) × 1000/mCSARB × 10
22.4
0.101325
298.15
(9)

3.4. CO consumption amounts for liquefaction reaction in CO atmosphere

× 1000

1000 × (mCSARB + mCT + mBR−mGP−mAS−mPA−mRSM−mHSWT × THSWT)

(8)

where Nk (mmol/10 g CSARB), mk (g), and Ck (%) are the O mole
number, mass, and content of k matter (k = CSARB, HWST, AS, PA, or
RSM), respectively. NGP (mmol/10 g CSARB) is the O mole number of
GP, GCO (%) and GCO2 (%) are respectively the CO and CO2 concentrations in GP, and NBR (mmol/10 g CSARB) is the O mole number of
reaction atmosphere before liquefaction reaction. The NBR for the N2-N
and N2-C experiments was 0, and that for the CO-N and CO-C experiments was calculated according to Eq. (10). The NCT (mmol/10 g
CSARB) for the N2-N and CO-N experiments was 0, and that for the N2-C
and CO-C experiments was calculated according to the chemical stoichiometric coeﬃcient of catalysts (Fe3O4).
Table 2 gives the total mole number of O element in reactants, the
total mole number of O element in all products, and the ratio of the two
ones for each liquefaction. It is seen that the total mole number of O
element in reactants is slightly lower than that in all products for each
liquefaction, and the R values for all runs are in the range of
0.9472–0.9543. These illustrate that the above calculation of O balance
is made well for each liquefaction experiment. Therefore, it is suggested
that the O contents of these liquid and solid materials (CSARB, HSWT,
AS, PA, and RSM) are reasonably obtained by the direct determination
of the elemental analyzer (introduced in Section 2.3), and the calculated content of HS is credible.

listed in Table 1. The Q values below and above 0 suggest the consumption and production of water for liquefaction reaction, respectively.

T
×m
NHSWT− HSWT HSWT
18

Ck × mk
× 1000/mCSARB × 10
16

(7)
420
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−C
CO-N experiment and that (DCO
, mmol/10 g CSARB) in the CO-C
j
experiment were calculated according to Eqs. (13) and (14), respectively.

−N
DCO
=
j

−C
DCO
=
j

−N
−ZNj 2 −N
ZCO
j

mCSARB
−C
−ZNj 2 −C
ZCO
j

mCSARB

× 10

Fig. 3 shows the O contents of HS, AS, PA, and RSM for each liquefaction experiment. It can be seen that the O contents of HS for all
liquefaction experiments are up to 29.31–43.61%, obviously suggesting
that the HS is abundant in O element and presents oxygen-rich species.
Here, the HS (from the CO-C experiment) as a typical representative, was
analyzed by the GC–MS analyzer (introduced in Section 2.3). The compositions of the HS can be roughly divided into two classiﬁcations:
oxygen-containing compounds and oxygen-free compounds, and the
relative contents of various oxygen-containing compounds are listed in
Table 4. According to Table 4, the oxygen-containing compounds were
classiﬁed and shown in Fig. 4. It is found that the oxygen-containing
compounds are alcohols, phenols, ethers, ketones, and esters, and their
total content is up to 15.83%. These results suggest that the HS contains
abundant oxygen-containing structures such as phenolic hydroxyls, alcoholic hydroxyls, ether groups, carbonyl groups, and ester groups [55].
As presented in Fig. 3, the respective O contents of HS and RSM
from the CO-N experiment are higher than those from the N2-N experiment, and the respective O contents of PA and AS from the CO-N
experiment are slightly higher than those from the N2-N experiment.
Simultaneously, the above similar phenomena are also presented in the
liquefaction experiments with catalyst (i.e., the N2-C and CO-C experiments). These results illustrate that the O of CO probably enters into
coals, consequently resulting in the increasing O contents of HS, AS, PA,
and RSM. Thereby, it can be inferred that CO probably reacts with
organic structures of coals during liquefaction.
In addition, the respective O contents of HS, AS, PA, and RSM from
the CO-C experiment are higher than those from the CO-N experiment,
consequently suggesting that the addition of catalysts can result in the
increasing O contents of HS, AS, PA, and RSM from the liquefaction
process with CO atmospheres. This illustrates that the catalysts promote
the reaction between CO and organic structures of coals during liquefaction, but the extra O in RSM is from the catalyst (Fe3O4). To sum up,
it can be qualitatively inferred that the reaction between CO and organic structures of coals occurs probably during liquefaction and can be
further promoted by the catalysts.

(13)

× 10

−N
ZCO
j

4.2. O Contents of HS, AS, PA, and RSM

(14)

ZNj 2 −N

(mmol/10 g CSARB) and
(mmol/10 g CSARB) are
where
the mole number of j gas component (j = CO2 or H2) in GP from the CO−C
(mmol/10 g CSARB) and
N and N2-N experiments, respectively. ZCO
j
ZNj 2 −C (mmol/10 g CSARB) are the mole number of j gas component
(j = CO2 or H2) in GP from the CO-C and N2-C experiments, respec−N
−C
, ZNj 2 −N , ZCO
, and ZNj 2 −C were calculated according to Eq.
tively. ZCO
j
j
(12).
Table 3 gives the generation amounts of CO2 and H2 resulting from
the water-gas shift reaction in the CO-N and CO-C experiments. It is
surprisingly found that the generation amount of CO2 is almost equal to
that of H2 for each of the CO-N and CO-C experiments, which is coincidently in accordance with stoichiometric coeﬃcient of water-gas shift
reaction. This illustrates that the above proposed assumption is reasonable for the calculations on generation amounts of CO2 and H2 from
water-gas shift reaction. Here, the consumption amounts (E1, mmol/
10 g CSARB) of CO from water-gas shift reaction in the CO-N and CO-C
−N
liquefaction experiments were calculated as the average value of DCO
CO2
CO −C
CO −N
CO −C
and DH2
and that of DCO2 and DH2 , respectively.
As discussed in Section 4.3, the CO consumption for the CO-N (or
CO-C) experiment was ascribed into the water-gas shift reaction and the
reaction of CO and coals. Thus, the consumption amount (E2, mmol/
10 g CSARB) of CO (due to the reaction of CO and coals) for the CO-N
(or CO-C) experiment was calculated as E-E1.
4. Results and discussion
4.1. Variations of water for liquefaction reaction
Fig. 2 shows the variation amounts of water for each liquefaction.
The variation amounts of water for the N2-N and N2-C experiments are
below 0, suggesting that the water is produced in the liquefaction
process with N2 atmospheres. Meanwhile, the variation amounts of
water for the CO-N and CO-C experiments are above 0, suggesting that
the water is consumed in the liquefaction process with CO atmospheres.
These illustrate that CO can play a role of consuming water in the liquefaction process, which has been also reported by our previous studies [16,25]. Consequently, it is suggested that the present of CO in
liquefaction atmospheres is favorable for reducing the water production
of the liquefaction process. It was reported by literatures [48–50] that
the consumption of water was mainly ascribed into the water-gas shift
reaction occurring in the liquefaction process, which was in accordance
with the result (an obvious CO consumption amount (E1) ascribed into
the water-gas shift reaction) in Section 4.3.
Many literatures [46,51–54] have reported that the catalysts with
Fe active component. From this consideration, the consumption amount
of water for the CO-C experiment should be distinctly larger than that
for the CO-N experiment. However, it is found that the consumption
amount of water for the former is slightly larger than that for the latter,
which is in accordance with the result (the consumption amount of CO
(E1) for the former is slightly larger than that (E1) for the latter) in
Section 4.3. This is probably due to the Fe-containing reactor wall,
which also can take a catalytic role on the water-gas shift reaction. In a
word, it can be convinced that the consumption amount of water for the
CO-C experiment is assuredly larger than that for the CO-N experiment.
Therefore, it is concluded that the addition of the Fe3O4 catalysts can
result in reducing the water production of liquefaction process with CO
atmospheres, owing to promoting the water-gas shift reaction.

4.3. CO consumption for liquefaction reaction in CO atmospheres
In order to further understand and illustrate the results of Sections
4.1–4.2, the consumption amount (E1) of CO (consumed by the watergas shift reaction), that (E2) of CO (consumed by the reaction between
CO and organic structures of coals), and the total consumption (E) of
CO (the sum of the above two ones) for the CO-N and CO-C experiments
were respectively calculated, and the results are presented in Fig. 5. The
E values for the CO-N and CO-C experiments illustrate that CO is obviously consumed in the liquefaction process with CO atmospheres, and
the E1 and E2 values for the above two experiments illustrate that both
of the two reactions (water-gas shift reaction and the reaction between
CO and organic structures of coals) occur distinctly in the liquefaction
process with CO atmospheres. Besides, the comparison between E1 and
E2 values of the CO-N and CO-C experiments illustrate that the catalysts
can play a promotion role on both of the two reactions (water-gas shift
reaction and the reaction between CO and organic structures of coals).
The above results quantitatively conﬁrm the conclusion of Section 4.1
and the inference of Section 4.2. Therefore, it is drawn a conclusion that
Table 3
Generation amounts of CO2 and H2 resulting from the water-gas shift reaction in the CO-N
and CO-C experiments.
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Experiments

DH2 (mmol/10 g CSARB)

DCO2 (mmol/10 g CSARB)

CO-N
CO-C

17.41
18.47

17.62
19.02
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0.8

Table 4
Relative contents of oxygen-containing compounds in HS for the CO-C experiment.

0.6
0.4
0.2
0.0
-0.2
-0.4

N2-N

N2-C

CO-N

CO-C

Fig. 2. Variation amounts of water for each liquefaction.

in the liquefaction process with CO atmospheres, the water-gas shift
reaction and the reaction between CO and organic structures of coals
are dominantly presented and can be simultaneously promoted by the
catalysts.
Presently, there are no special investigations on the reaction between CO and organic structures of coals in the liquefaction systems,
and only a literature [28] proposed a relevant viewpoint that CO
probably reacted with oxygen-containing structures of coals to directly
remove oxygen. However, this viewpoint is not in accordance with the
results (the presence of CO results in the increasing O contents of HS,
AS, PA, and RSM) of Section 4.2. Hence, it can be said that the mechanisms for this reaction are ambiguous and even unclear. For this,
there is a strong need to investigate the mechanisms for this reaction,
and this investigation will be regarded as a very important topic for
being successively studied in the future.

No.

Compounds

Formula

RCa

Alcohols
1
2
3
4
5
6
7

Benzenemethanol
2-Methyl-1-phenyl-1-propanol
1,5-diphenylpent-2-yne-1,5-diol
1.2-Phenyl-2-pentanol
4,5-trimethyl-Benzenemethanol
Hexadecanol-2
MTHTDBAPOb

C7H8O
C10H14O
C17H16O2
C11H16O
C10H14O
C16H34O
C20H28O6

0.79
2.17
0.57
2.60
0.36
0.51
0.13

Phenols
8
9
10
11
12

Phenol
3,4-dimethyl-Phenol
2-ethyl-5-methyl-Phenol
5-Hydroxyhydrindene
Dibenzosuberol

C6H6O
C8H10O
C9H12O
C9H10O
C15H14O

0.59
1.37
0.38
1.99
0.57

Ethers
13
14

DPDOb
EPDYEb

C16H16O2
C28H44O4

0.16
0.88

Ketones
15
16
17
18

TEDDb
NEMDHCYENMb
bis(2-vinylphenyl)methanone
DYHDDHCAOb

C20H18O2
C20H24N2O
C17H14O
C28H42O2

0.41
0.48
0.13
0.87

Esters
19

2-(azulen-1-yl)ethyl acetate

C14H14O2

0.88

a
The relative content (%) is deﬁned as the percentage of each compound's chromatographic area out of the total peak area (only those compounds with relative content of
above 0.1% are listed).
b
Abbreviation
of
compound
names
(MTHTDBAPO:
2-methyl-1-(1a,2,3a,
5-tetrahydroxy-7
(hydroxymethyl)-1,1,3-trimethyl-1,1a,2,3,3a,4,5,6,8a,8b-decahydrocyclopropa[3,4]benzo[1,2] [7]annulen-5-yl)propan-1-one; DPDO: 3,3-dimethyl-1phenyl-1,3-dihydroisobenzofuran-1-ol; EPDYE: (E)-2-phenyl-1,3-dioxolan-4-yl octadec-9enoate; TEDD: 1,1′-(4a,9,9a,10-tetrahydro-9, 10-ethanoanthracene-11,12-diyl)diethanone; NEMDHCYENM: N-(2-(3-ethyl-1-methyl-9,9a- dihydro-4aH-carbazol-2-yl)ethyl)-Nmethylacetamide; DYHDDHCAO: 3-(5,6-dimethylheptan -2-yl-11b-hydroxy-3a,6-dimethyl-2,3,3a,4,5,7,8,9,10,11b-decahydro-1H-cyclopenta[a] anthracen-1-one.

4.4. Yields of AS, PA, and RS
Fig. 6 shows the yields of RS, PA, and AS for each liquefaction. The
yields of RS for the CO-N and CO-C experiments are respectively lower

O contents of AS (%)

40
30
20
10
0
10

O contents of PA (%)

10

(a)

N2-N

N2-C

CO-N

6
4
2
0

8
6
4
2

16

(c)

8

N2-N

N2-C

CO-N

(b)

0

CO-C

O contents of RSM (%)

O contents of HS (%)

50

N2-C

CO-N

CO-C

N2-N

N2-C

CO-N

CO-C

(d)

12

8

4

0

CO-C

N2-N

Fig. 3. O contents of HS, AS, PA, and RSM for each liquefaction.
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10

and N2-C experiments, suggesting that the presence of CO in liquefaction atmospheres promotes the production of both AS and PA. These
illustrate that CO plays a role of promoting the coal conversion to AS
and PA in the liquefaction process. Meanwhile, the respective yields of
AS and PA for the CO-C experiment are distinctly higher than those for
the CO-N experiment, suggesting that the addition of catalysts
strengthens the CO promotion role of the coal conversion to AS and PA
in the liquefaction process with CO atmospheres. Summarily, it is
concluded that CO plays a role of promoting the coal conversion in the
liquefaction process with CO atmospheres and the promotion role of CO
can be strengthened by the catalysts. Obviously, the above results are
probably ascribed into the combination of the two reactions occurring
during liquefaction process with CO atmospheres: promoting the coal
cracking by the reaction between CO and organic structures of coals
(Sections 4.2–4.3), and providing the active hydrogen by the water-gas
shift reaction (Section 4.1) to stabilize free radicals from the coal
cracking [17,56].

15.83

Relative content (%)

8

7.13

6
4.89
4
1.9

2
1.03
0

Alcohols

Phenols

Ethers

0.88
Ketones

Esters

CO consumption amount (mmol/10 g CSARB)

Fig. 4. Distributions of oxygen-containing compounds in HS from the CO-C experiment.

40

CO-N
CO-C

5. Conclusions

30

The Schütze method coupled with the elemental analyzer was
credible and convenient for directly determining the O contents of liquid and solid materials (such as CSARB, HSWT, AS, PA, and RSM).
Thus, the O balance calculation for each liquefaction could be made
well. The presence of CO in liquefaction atmospheres took the following
eﬀects on liquefaction process: reducing the water production, elevating the O contents of HS, AS, PA, and RSM, and promoting the
conversion of coals and the productions of AS and PA. Meanwhile, the
addition of catalysts could strengthen the above eﬀects. It was inferred
that the above eﬀects were mainly ascribed into the two reactions occurring during the liquefaction process with CO atmospheres (the
water-gas shift reaction and the reaction between CO and organic
structures of coals). Presently, the mechanisms for the reaction between
CO and organic structures of coals were ambiguous and even unclear.
Summarily, besides the water-gas shift reaction, the reaction of CO and
organic structures of coals could play a promotion role on the liquefaction process with CO-containing atmospheres.

20

10

0

E

E2

E1

Fig. 5. CO consumption amounts for the liquefaction with CO atmospheres.

than those for the N2-N and N2-C experiments, suggesting that the
presence of CO in liquefaction atmospheres results in the increasing
conversion of coals. The respective yields of AS and PA for the CO-N
and CO-C experiments are respectively higher than those for the N2-N
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16

(a)

12

8

4

0

N2-C

12

8

4

0

CO-N
16

(b)
Yields of AS (%)

Yields of PA (%)

16

N2-N

N2-N

N2-C

CO-N

(c)

12

8

4

0

CO-C

CO-C

N2-N

N2-C

Fig. 6. The conversion and yields of RS, PA, and AS for each liquefaction.
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