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With no use of hydrogen or a hydrogen donor, a novel process is proposed for the production of aromatic
hydrocarbons from brown coal in water medium, which consists of hydrothermal oxidation at 240 °C and
Cu,0-catalysed hydrothermal decarboxylation at 350 °C. Using this hydrothermal oxidation and catalytic
hydrothermal decarboxylation method, aromatic carboxylic acids were formed from brown coal by an
oxidation process, and then decarboxylated to the corresponding aromatic hydrocarbons. The validity
of the decarboxylation method was examined using several aromatic carboxylic acids as model com-
pounds for the acid products after hydrothermal oxidation of brown coal, including o-phthalic acid,
isophthalic acid, terephthalic acid, hemimellitic acid, trimellitic acid, trimesic acid, 1-naphthoic acid, 2-
Hydrothermal oxidation naphthoic acid, and 2,6-naphthalic acid. Use of Cu,O catalyst increased the decarboxylation yields of
Hydrothermal decarboxylation all the aromatic carboxylic acids. Especially for benzene carboxylic acids, all decarboxylation yields were
Cu,0 above 90% with 100% selectivity. The Cu,0-catalysed hydrothermal method was proven to be effective,
not only for the decarboxylation reactions from monocarboxylic acids to hydrocarbons, but also for the
decarboxylation reactions from tricarboxylic acids to dicarboxylic acids and from dicarboxylic acids to
monocarboxylic acids. In the presence of alkali and oxygen during the oxidation process, various valuable
aromatic hydrocarbons and heterocyclic compounds, especially benzene, were obtained from Loy Yang
coal using the hydrothermal oxidation and catalytic decarboxylation process. Based on analyses of aro-
matic carboxylic acids or ions before and after the decarboxylation process, it was found that decarboxy-
lation reactions were the major reactions and the use of Cu,O was effective not only for the
decarboxylation from monocarboxylic acids but also from polycarboxylic acids to monocarboxylic acids,
consistent with the results for the model aromatic carboxylic acids. Additionally, it was found that a Cu,0
catalyst was also effective for the conversion of ‘heavy’ compounds in oxidised coal to ‘light’ compounds.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Brown coal, or lignite, is abundant worldwide at a much
cheaper price than high-rank coal, and is regarded as one of the
most important resources for chemicals, especially aromatic
hydrocarbons, due to its rich aromatic content [1]. Despite its high
moisture content, low heating value - caused by intrinsic oxygen
functional groups [2] - and high spontaneous combustibility after
drying, there are many methods to produce aromatic hydrocarbons
from brown coal, such as pyrolysis, direct liquefaction, and indirect
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liquefaction. However, the need for high energy during the drying
process, high temperature, and the use of expensive hydrogen or
hydrogen donors are obvious drawbacks.

A combination method of oxidation and decarboxylation is a
feasible approach to convert brown coal to aromatic hydrocarbons
with no use of hydrogen or hydrogen donors under mild conditions
[3-8]. In the oxidation process, aromatic carboxylic acids are
obtained from coal, and then during the decarboxylation process,
carboxylic functional groups in aromatic carboxylic acids are
removed to form aromatic hydrocarbons. Because the moisture
content of brown coal is usually higher than 50% and the drying
process consumes a large amount of energy, it is significant to rea-
lise both oxidation and decarboxylation processes in a water med-
ium. Scheme 1 shows the concept of hydrothermal oxidation and
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Scheme 1. Concept of hydrothermal oxidation and hydrothermal decarboxylation
process for the production of aromatic hydrocarbons from brown coal.

hydrothermal decarboxylation process for the production of aro-
matic hydrocarbons from brown coal. The solid and dash lines cor-
respond to the conventional processes and our proposed processes,
respectively.

Most oxidation methods for the production of aromatic car-
boxylic acids from coal are performed in aqueous media [9], such
as the alkali-O, method [10-12], the H,0, method [13], and the
HNO3; method [14]. However, the high stability of aromatic car-
boxylic acids in hot water limits their further hydrothermal decar-
boxylation to aromatic hydrocarbons greatly [15].

Cu-based, Ag-based, and Pd-based catalysts have been shown to
be effective for the decarboxylation or protodecarboxylation of
aromatic carboxylic acids, but usually organic solvents, such as
quinoline, N-methylpyrrolidone, tetrahydrofuran, dimethyl
sulphoxide, or toluene [16-25], are indispensable. At present, it
is still rare to use a catalyst for the hydrothermal decarboxylation
of aromatic carboxylic acids. In 2004, Matsubara and co-workers
reported the combination of a palladium catalyst and hydrother-
mal water [26]. At 250°C and 5 MPa for 14 h, 1-naphthoic acid
was converted to naphthalene in 74% yield. Then, in 2015, our
group realised the efficient decarboxylation of stable benzoic acid
to benzene using a Cu,0 catalyst and subcritical water at 350 °C
(Cu,0-SbCW system) [27]. The conversion yields reached more
than 90% in 90 min with 100% selectivity. This result was only
about the reaction from benzoic acid to benzene, but it was
enlightening to break though the bottleneck of the hydrothermal
decarboxylation of aromatic carboxylic acids, and helpful to finally
achieve the production of aromatic hydrocarbons from brown coal
by hydrothermal oxidation and hydrothermal decarboxylation.
Considering the various reported mono- and polycarboxylic acids
obtained from the oxidation of brown coal, such as the benzene
carboxylic acids [28], it is important to study the applicability of
the Cu,O-SbCW system to different carboxylic acids before exam-
ining oxidised brown coal.

Here, the decarboxylations of model aromatic carboxylic acids
including o-phthalic acid, isophthalic acid, terephthalic acid,
hemimellitic acid, trimellitic acid, trimesic acid, 1-naphthoic acid,
2-naphthoic acid, and 2,6-naphthalic acid, were performed using
the Cu,0-SbCW system. Furthermore, the Cu,0-SbCW system
was used to perform the decarboxylation of the products prepared
by the hydrothermal oxidation of brown coal, with no use of
hydrogen or hydrogen donors.

2. Experimental

2.1. Coal sample

Australian brown coal, Loy Yang coal (LY), was used without
drying or grinding. Table 1 shows the ultimate and proximate anal-

Table 1
Ultimate and proximate analyses of LY coal.
Coal Ultimate analysis [wt%, daf] Proximate Moisture
name analysis [wt%, db]  [wt%]
C H N S (0] FC VM  Ash
LY 666 53 05 02 274 504 481 15 584

" By difference.

yses of LY, including elemental compositions, fixed carbon (FC) and
volatile matter (VM) contents, ash content, and water content
(moisture). LY had a high moisture content, of 58.4%, and a high
oxygen content, of 27%. The ash content of LY was only 1.5%, and
the sulphur content was as low (0.2%).

2.2. Chemical reagents

The aromatic carboxylic acids included benzoic acid, o-phthalic
acid, isophthalic acid, terephthalic acid, hemimellitic acid, trimel-
litic acid, trimesic acid, 1-naphthoic acid, 2-naphthoic acid, and
2,6-naphthalic acid. The information of all the model aromatic
acids was shown in Table S1. Copper (I) oxide (Cu,0, 99.5%, pow-
der, Wako Pure Chemical Industries, Ltd.) was used as a catalyst,
with no further modification. The surface area of commercial
Cu,0 was 0.7 m?/g. The organic solvent dichloromethane (CH,Cl,,
99.5%, Wako Pure Chemical Industries, Ltd.) was used for product
recovery and analyses.

2.3. Apparatus

The apparatus consisted of a cylinder-shaped autoclave with an
internal volume of 50 cm? and a rocking electric furnace [27]. The
autoclave was equipped with a pressure gauge amplifier and a
thermocouple to monitor the inner pressure and temperature,
respectively.

2.4. Hydrothermal decarboxylation of model aromatic carboxylic acids

The experimental process followed our previous report [27].
The model carboxylic acids used here include six benzene car-
boxylic acids (o-phthalic acid, isophthalic acid, terephthalic acid,
hemimellitic acid, trimellitic acid, and trimesic acid) and three
naphthalene carboxylic acids (1-naphthoic acid, 2 naphthoic acid
and 2,6-naphthalic acid). All relevant decarboxylation reactions
were shown in Chart 1 and can be expressed by reactions (I) to
(XII).

In a typical experiment about the hydrothermal decarboxyla-
tion of o-phthalic acid, 1.2162 g of Cu,0, 1.4337 g of o-phthalic
acid, and 28.1 g of distilled water were fed into the autoclave
and the interior air was replaced with nitrogen. The autoclave
was inserted into the furnace, heated to the desired temperature.
The temperature and pressure inside the autoclave were recorded
during each reaction. The time required to reach 350°C was
~26 min and the pressure increased from an initial pressure of
0.1 MPa to autogenous pressures. After the desired 60-min reac-
tion time, the autoclave was removed from the furnace and
allowed to cool to room temperature. The gaseous product
(~99.9% of that is carbon dioxide) was collected in a gas bag by
washing with nitrogen. The other products, which were the oil
and water phases, and the solid catalyst, were recovered by invert-
ing the autoclave and washing with CH,Cl,. After centrifugation
(6000 rpm, 15 min), the solid catalyst was separated from the solu-
tion and dried at 80 °C for 24 h in a vacuum oven. The remaining
solutions, composed of the oil phase fraction dissolved in CH,Cl,
and the H,0 phase fraction, were separated using a separating fun-
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Chart 1. Information about the model aromatic carboxylic acids and conversion yield of different decarboxylation reactions without and with Cu,0. (1) Structures of model
aromatic carboxylic acids: [a] o-phthalic acid, [b] isophthalic acid, [c] terephthalic acid, [d] hemimellitic acid, [e] trimellitic acid, [f] trimesic acid, [g] 1-naphthoic acid, [h] 2-
naphthoic acid, [i] 2,6-naphthalic acid, and diagram of all decarboxylation reactions for different acids: (I) from benzoic acid to benzene, (II) from [a] to benzoic acid, (III) from
[b] to benzoic acid, (IV) from [c] to benzoic acid, (V) from [d] to [a], (VI) from [d] to [b], (VII) from [e] to [a], (VIII) from [e] to [b], (IX) from [e] to [c], (X) from [f] to [b], (XI) from

[g] to naphthalene, (XII) from [h] to naphthalene, and (XIII) from [i] to [h].

nel. Benzene or naphthalene was mostly obtained from the oil
phase fraction. More information regarding the experimental pro-
cedures is provided in Table 2 and Table S2. All experiments were
repeated twice.

During the decarboxylation reactions of the model aromatic
carboxylic acids, there is some relationship between the decar-
boxylation yield of an acid and the conversion yield of its decar-
boxylation reaction. For example, for the decarboxylation
reaction from benzoic acid to benzene, the decarboxylation yield
of benzoic acid is equal to the conversion yield of the decarboxyla-
tion reaction, from benzoic acid to benzene. However, for the
decarboxylation reaction of o-phthalic acid, there are two decar-
boxylation reactions, that from o-phthalic acid to benzoic acid
(reaction (II)) and that from benzoic acid to benzene (reaction
(I). If the decarboxylation yield of o-phthalic acid is set as DY-a,
the conversion yield of decarboxylation reaction from o-phthalic
acid to benzoic acid is set as CY-II, and the conversion yield of

the decarboxylation reaction from benzoic acid to benzene is set
as CY-I, then the relationship between them can be described in

Eq. (1).

CY-II x (1 +CY-I) = 2 x DY-a (1)

As the conversion yield of reaction (I) was 2.4% and 87.4%, with-
out and with a Cu,0 catalyst, respectively [27], and DY-a was
obtained directly using the amount of carbon dioxide, it is easy
to calculate CY-II. By following this method and under the assump-
tion that the decarboxylation yields of all the model carboxylic
acids are fixed, the exact conversion yields of decarboxylation reac-
tions (I1), (III), (IV), (X), (XI), (XII), and (XIII) can be calculated read-
ily. However, for the decarboxylation reaction of hemimellitic acid
and trimellitic acid, there is more than one decarboxylated ben-
zene dicarboxylic acid and the ratio of them is unknown, so only
the relationship between the conversion yields of different reac-
tions can be obtained.
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Table 2

Experimental results of hydrothermal decarboxylation of model aromatic carboxylic acids at 350 °C for 60 min.

Run®  Cu/COOH Acid/water Density” Pressure Decarboxylation =~ Compounds in Compounds in

[mol%] [wt%] [g/mL] [MPa] yield [%] CH,Cl, phase®! H,0 phase ¢
a-1 0 5 0.6 20.7-22.9 49.5+2.1 Benzene, benzoic acid Benzoic acid
a-2 100 5 0.6 21.0-23.0 928+1.2 Benzene Benzene
b-1 0 5 0.6 17.7-20.0 2.1+05 Benzene, benzoic acid Benzoic acid
b-2 100 5 0.6 22.5-24.7 98.6+0.2 Benzene None
c-1 0 5 0.6 18.9-20.7 36+1.9 Benzene, benzoic acid Benzoic acid
c-2 100 5 0.6 22.5-24.0 97.7+4.1 Benzene None
d-1 0 5 0.6 21.2-22.5 269+25 Benzene, benzoic acid Benzoic acid
d-2 100 5 0.6 21.0-22.4 94.8+6.5 Benzene None
e-1 0 5 0.6 21.2-23.0 242 +0.2 Benzoic acid Benzoic acid
e-2 100 5 0.6 22.5-23.7 93.0+8.8 Benzene None
f-1 0 5 0.6 17.8-19.4 1.7+0.1 None None
f-2 100 5 0.6 21.5-233 99.1+1.0 Benzene Benzene
g-1 0 5 0.6 20.1-23.5 182+0.2 Naphthalene, 1-naphthoic acid Naphthalene, 1-naphthoic acid
g-2 100 5 0.6 22.2-23.0 79.1£5.9 Naphthalene None
h-1 0 5 0.6 21.5-21.8 7.0+0.1 Naphthalene, 2-naphthoic acid Naphthalene, 2-naphthoic acid
h-2 100 5 0.6 22.2-23.0 69.5+2.3 Naphthalene, 2,2- None

binaphthalene

i-1 0 5 0.6 19.6-21.4 1.8+0.1 Naphthalene, 2-naphthoic acid Naphthalene, 2-naphthoic acid
i-2 100 5 0.6 21.7-22.3 773 %15 Naphthalene, 2,2'- None

binaphthalene

@ Here a, b, ¢, d, e, f, g h, and i correspond to o-phthalic acid, isophthalic acid, terephthalic acid, hemimellitic acid, trimellitic acid, trimesic acid, 1-naphthoic acid, 2-

naphthoic acid, and 2,6-naphthalic acid, respectively.

b Density was calculated as the total mass of feed (acid, water, and catalyst) divided by the volume of autoclave.

€ CH,(l, exists in all water phases.
4 Compounds were determined using GC-MS.
" Trace amounts.

2.5. Hydrothermal oxidation and hydrothermal decarboxylation of LY

The process is shown in Scheme 2. In a typical experiment, 2.5 g
LY, 1 g NaOH, and 20 g distilled water, were fed into the autoclave.
The interior air was replaced with oxygen, and the pressure was
maintained at 5.0 MPa. The autoclave was inserted into the fur-
nace, heated to 240 °C. After a 30-min reaction time, the autoclave
was removed from the furnace and cooled to room temperature
rapidly. The gaseous products were collected in a gas bag, as Gas
1. After filtration, the residue and aqueous solution were separated,
as Residue 1 and Liquid 1, respectively. Then, Liquid 1 was acidified
to neutral with H,SO4 and a large amount of gas was emitted, as
Gas 2. After another filtration, the residue was obtained as Residue
2, and the yellow transparent solution (Liquid 2) was poured back
into the autoclave. Then, 1g Cu,0 and 8 g distilled water were
added, and the interior air was replaced with nitrogen. The auto-
clave was heated up to 350 °C at a rate of ~12.5 °C/min. After a
60-min reaction time, the autoclave was removed from the furnace
and allowed to cool to room temperature. The gaseous product was
collected in a gas bag by washing with nitrogen, as Gas 3. The other
products, which were oil and water phases, were recovered by
inverting the autoclave and washing with CH,Cl,. After centrifuga-
tion, the solid catalyst was separated from the solution and the
remaining solutions, composed of the oil phase fraction dissolved
in CH,Cl,, and a water phase fraction, were separated using a sep-

Gas 1 Gas 2
0, (5.0 MPa) Hydrothermal ¢
NaOH, H,O 240 °C, 30min ¢

Residue 2

Residue 1

H,0 phase —— . .
Centrifugation Hydrothermal

o .
CH,Cl, phase -«—— 350 °C, 60min

(aromatic hydrocarbons) Residue 3 Gas 3

Scheme 2. Hydrothermal oxidation and hydrothermal decarboxylation process for
the production of aromatic hydrocarbons from LY.

aration funnel. The experiment without Cu,O was used as the
reference.

2.6. Analyses

The volume and composition of the gaseous products were mea-
sured using a cylinder and a gas chromatograph (GC, GC-3200, GL
Science Inc., Tokyo, Japan), respectively. Compounds in the oil and
water phase were identified using gas chromatography-mass spec-
trometry (GC-MS, HP 6890 series GC system with 5973 mass selec-
tive detector, Hewlett Packard, Palo Alto, CA, USA) with Agilent
19091A-105 column and gas chromatograph-flame ionisation detec-
tor (GC-FID, HP 6890 series GC system, Hewlett Packard) with Agi-
lent 19091A-115 column. By comparing the order of peaks and the
peak positions of some pure compounds, such as benzene, toluene,
and naphthalene, in GC-FID and GC-MS, the peaks in GC-FID can
be labelled as the compounds. In a preliminary experiment, it was
confirmed that 99.8% of benzene in water phase can be recovered
by the CH,Cl, extraction. Carbon content in the aqueous solution
was tested using a total organic carbon analyser (TOC-V CSH, Shi-
madzu, Kyoto, Japan). The molecular mass distribution was analysed
using laser desorption/ionisation high-resolution time-of-flight mass
spectrometry with a spiral ion trajectory (LDI Spiral-TOFMS, JES-
S3000, Jeol, Tokyo, Japan).

The yield of carbon in Residue 1 was calculated as in Eq. (2), and
the yield of carbon in Residue 2 and Gas 2 was calculated as in
ECI- (3) Here CTotalv CResidure 1 CLiquid 1» CGas 1 CResiclue 2 and Gas 2»
and Ciiquia 2 mean the total carbon in coal, carbon in Residue 2,
carbon in Liquid 1, carbon in Gas 1, carbon in Residue 2 and Gas
2, and carbon in Liquid 2, respectively.

CResidue 1= CTotal - CLiquid 1 CGas 1 (2)

CResiclue 2 and Gas 2 — CLiquid 1— CLiquid 2 (3)

For decarboxylation of the model aromatic carboxylic acid, two
kinds of yield are defined here. The “decarboxylation yield” of the
model carboxylic acid is defined as the molar amount of carbon
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dioxide produced divided by the molar amount of carboxylic func-
tional groups in the acid, as in Eq. (4).

Decarboxylation yield of acid = Moles of produced CO,/
Moles of —COOH in acids x 100% (4)

The “conversion yield” of the decarboxylation reactions is
defined as the molar amount of the reacted reactant (acid) divided
by the molar amount of total reactant (acid), as in Eq. (5).

Conversion yield of decarboxylation reaction
= Moles of reacted reactant/Moles of total reactant
x 100% (5)

The method to analyse the carboxylic acids or ions in aqueous
solution is shown here. The aqueous solution was acidified by sul-
phuric acid until the pH value reached 1.5. After filtration, the
remaining transparent solution was extracted with 2-butanone. The
extracted 2-butanone solution was evaporated at 40 °C in vacuum
completely. After drying at 40 °C for 24 h in a vacuum, solid product
was formed and redissolved in a small amount of water. Finally, this
aqueous solution was analysed by GC-MS and GC-FID directly.

3. Results and discussion
3.1. Hydrothermal decarboxylation of benzene carboxylic acids
Based on the chromatogram of CH,Cl,-recovered products,

shown in Fig. 1a-f, GC-MS chromatograms in Fig. S1 a-f and corre-
sponding results shown in Table 2, it was found that benzene was

Naphthalene i
Naphthalene h
Naphthalene g
B
~ enzene F
=
<
N
2 Benzene (&
‘B
=
o
£ Benzene d
Benzene I
| Benzene b
Benzene a
| I | | I I
5 10 15 20 25 30 35
Time (min)

Fig. 1. Gas chromatograph-flame ionisation detector (GC-FID) chromatograms of
products resolved in CH,Cl, after hydrothermal decarboxylation of the following
aromatic acids: (a) o-phthalic acid, (b) isophthalic acid, (c) terephthalic acid, (d)
hemimellitic acid, (e) trimellitic acid, (f) trimesic acid, (g) 1-naphthoic acid, (h) 2-
naphthoic acid, and (i) 2,6-naphthalic acid.

the sole product of all benzene carboxylic acids using the Cu,0-
SbCW system. Thus, the method described here showed 100%
selectivity in the conversion of benzene carboxylic acids with one
to three carboxylic functional groups to benzene and carbon diox-
ide. Since no undesired products were obtained, the molar yields of
benzene were determined from those of carbon dioxide, repre-
sented by the decarboxylation yields shown in Table 2.

O-phthalic acid, isophthalic acid and terephthalic acid are typi-
cal benzene dicarboxylic acids. Without the catalyst, the decar-
boxylation yield of o-phthalic acid was 49.5%, much higher than
any other benzene carboxylic acid under the same conditions.
The products after the experiments contained only benzoic acid
and benzene, based on the GC-MS chromatograms of products dis-
solved in CH,Cl, and water in Figs. S2a and S3a.

As shown in Fig. 2, the conversion yield of the decarboxylation
reaction from o-phthalic acid to benzoic acid (reaction (II)) was
96.7%, which is almost complete conversion. This result agrees
with a previous report that, when run at 300 °C for 60 min, the con-
version yield of reaction (II) was 72% [15]. After Cu,0 was added,
the decarboxylation yield of o-phthalic acid increased to 92.8%
and benzene was the only product observed, indicating that the
majority of benzoic acid formed from the decarboxylation of o-
phthalic acid was decarboxylated to benzene with the Cu,0 cata-
lyst. However, the conversion yield of decarboxylation reaction
(1) hardly changed, as shown in Fig. 2.

Benzoic acid and benzene were the only products of isophthalic
acid and terephthalic acid after the hydrothermal decarboxylation
without a catalyst at 350 °C for 60 min, and were present in the
GC-MS chromatograms of products dissolved in CH,Cl, and water
in Figs. S2 b-c and S3 b-c. The decarboxylation yields of isoph-
thalic acid and terephthalic acid were as low as 2.1% and 3.6%,
shown in runs b-1 and c-1 of Table 2, suggesting that both isoph-
thalic acid and terephthalic acid were stable in subcritical water,
consistent with previous reports [15]. However, the decarboxyla-
tion yields approached 100% after Cu,0O was added, at 98.6 and
97.7% for isophthalic acid and terephthalic acid, respectively.
Except reaction (I), the conversion yields of reaction (IIl) and (IV)
also increased greatly, as shown in Fig. 2. It can be demonstrated
that the Cu,0-SbCW system is effective not only for the decarboxy-
lation of benzoic acid to benzene but also that from benzene dicar-
boxylic acids to benzoic acid.

110 4 1052 1043

I Vithout Cu,0
100 96.799:0 100 ’

I With Cu,0

79.1

Conversion yield (%)
2
1

a an  avy X X (X

(X111

Fig. 2. The conversion yields of the decarboxylation reactions II, I1I, IV, X, XI, XII, and
XIII without and with Cu,0. Reactions II, III, IV, X, XI, XII, and XIII mean the
decarboxylation reactions from o-phthalic acid to benzoic acid, from isophthalic
acid to benzoic acid, from terephthalic acid to benzoic acid, from trimesic acid to
isophthalic acid, from 1-naphthoic acid to naphthalene, from 2-naphthoic acid to
naphthalene, and from 2,6-naphthalic acid to 2-naphthoic acid, respectively.
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From runs d-1 and e-1 in Table 2, it can be seen that hemimel-
litic acid and trimellitic acid had similar stabilities in subcritical
water due to their similar decarboxylation yields of 26.9% and
24.2%, respectively. However, using Cu,O, both decarboxylation
yields increased greatly, to more than 90%, with benzene as the
sole product. It is interesting to study the decarboxylation of
hemimellitic acid and trimellitic acid to their corresponding dicar-
boxylic acids.

For hemimellitic acid, after the decarboxylation of one car-
boxylic functional group, the possible products include o-phthalic
acid and isophthalic acid, corresponding to reactions (V) and (VI).
Because the decarboxylation yield of o-phthalic acid (marked as
DY-a), the decarboxylation yield of isophthalic acid (marked as
DY-b), and the decarboxylation yield of hemimellitic acid (marked
as DY-d) are known, the conversion yield of reaction (V) (marked
as CY-V) has a linear relationship with the conversion yield of reac-
tion (VI) (marked as CY-VI), as shown in Eq. (6).

CY-V x (1+2x DY-a)+ CY-VI x (1+2x DY-b)=3x DY-d
(6)

In Fig. 3, the black and red lines represent the relationship
between the conversion yields of reaction (V) and (VI) without
and with Cu,0 respectively. It is easy to find the increase in both
of the conversion yields of reaction (V) and (VI) using Cu,0. Addi-
tionally, the decarboxylation from hemimellitic acid to dicar-
boxylic acids is almost complete after the use of Cu,0.

The decarboxylation of trimellitic acid is complicated, because
three dicarboxylic acids are obtained after removing one carboxylic
functional group. Depending on the relationship between the
decarboxylation yields of o-phthalic acid (DY-a), isophthalic acid
(DY-b), terephthalic acid (DY-c), and trimellitic acid (DY-e), and
the conversion yields of reaction (VII) (CY-VII), reaction (VIII)
(CY-VIII), and reaction (IX) (CY-IX), shown in Eq. (7), the relation-

ships among the conversion yields of reaction (VII), (VIII), and
(IX) are as shown in Fig. 4.

CY-VII x (1+2 x DY-a)+ CY-VII x (142 x DY-b)
+ CY-IX x (1+2 xDY-c)
=3 x DY-e (7)
Without using of Cu,0, up to 70% of trimellitic acid can be con-
verted to dicarboxylic acids, as supported by previous reports [15].

Catalysed by Cu,0, almost all the trimellitic acid was decomposed
to dicarboxylic acids.

90 — Without Cu,0
80 — With Cu,0
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Fig. 3. The relationship between the conversion yields of reaction V and VI
Reactions V and VI mean the decarboxylation reactions from hemimellitic acid to
o-phthalic acid and from hemimellitic acid to isophthalic acid.

Black: Without Cu,0
Red: With Cu,0

Conversion yield of IX (%)

Fig. 4. The relationship between the conversion yields of reaction VII, VIII, and IX.
Reactions VII, VIII, and IX mean the decarboxylation reactions from o-phthalic acid,
from trimellitic acid to isophthalic acid, and from trimellitic acid to terephthalic
acid.

Trimesic acid shows very high stability in subcritical water.
Without catalyst, there is almost no product from the decarboxyla-
tion reaction based on the GC-MS chromatograms of products dis-
solved in CH,Cl, and water in Figs. S2f and S3f, and the almost-zero
decarboxylation yield is displayed in run f-1 in Table 2. This quite
low decarboxylation yield can be explained by the low conversion
yields of reaction (X) and (Ill), shown in Fig. 2, at 4.9% and 4.1%,
respectively. The conversion yield of trimesic acid was near 100%
after the addition of Cu,0, with an increase in the conversion yields
of reactions (X) and (III) to about 100%, and there was no other
compound in the products other than benzene, shown in
Figs. S1f and S4f.

3.2. Hydrothermal decarboxylation of naphthalene carboxylic acids

From the chromatogram of CH,Cl,-recovered products shown
in Fig. 1g-i, the GC-MS chromatograms in Fig. S1 g-i, and the cor-
responding results shown in Table 2, it was found that naphthalene
was the major product after the decarboxylation of naphthalene
carboxylic acids using the Cu,0-SbCW system. Although naph-
thalene is not the sole product for 2-naphthoic acid and 2,6-
naphthalic acid, the amount of carbon dioxide produced still equals
the decarboxylated carboxylic functional groups. Thus, the decar-
boxylation yields of naphthalene carboxylic acids can be deter-
mined based on the amount of carbon dioxide, as shown in Table 2.

Based on a past report on 1-naphthoic acid, it was mentioned
that in water, the yield of naphthalene decarboxylated from 1-
naphthoic acid was 11.6% at 250 °C for 5.5 days, and increased to
100% at 343 °C for 120 min, without by-product formation [29].
However, in our experiments, there was still a large amount of 1-
naphthoic acid after hydrothermal decarboxylation at 350 °C for
60 or 120 min, with the decarboxylation yields as low as 18.2%
and 32.7%, respectively. However, even after the 60-min reaction
time, the decarboxylation yield of 1-naphthoic acid or the conver-
sion yield of reaction (XI) increased greatly, to 79.1%, after the
addition of Cu,0, and naphthalene became the sole product, sup-
porting the efficiency of Cu,0.

Without a catalyst, only naphthalene was in the CH,Cl,-
recovered product after hydrothermal treatment of 2-naphthoic
acid, as shown in Figs. S2 h and S3 h. The decarboxylation yield
was as low as 7.0%, similar to a previous report at 5.7% at the same
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temperature [30]. This indicated that the stability of 2-naphthoic
acid under hydrothermal conditions was high compared with 1-
naphthoic acid. After the addition of Cu,0O, the decarboxylation
yield increased greatly, to 69.5%, and there was no peak of 2-
naphthoic acid from the GC-MS chromatograms of CH,Cl, and
H,O phase, as shown in Figs. S1h and S4h, but some by-
products appeared: e.g., 2,2’-binaphthalene. This is the first identi-
fication of a by-product using the Cu,0-SbCW system for the
decarboxylation of aromatic carboxylic acids. It is possible that
the Cu,0-SbCW system is useful and effective for reaction (XII),
but some decompositions or other types of decarboxylation reac-
tions may also occur.

2,6-Naphthalic acid also showed high stability under
hydrothermal conditions at 350 °C for 60 min, with about 2%
decarboxylation yield, corresponding to a previous report [15]. This
result can be attributed to the low conversion yields of both reac-
tion (XIII) and (XII), as shown in Fig. 2. After Cu,O was used, the
decarboxylation yield increased to 77.3% and the peak of 2-
naphthoic acid disappeared in the GC-MS chromatograms in
Fig. S1i, together with the appearance of by-product 2,2'-
binaphthalene, which can be attributed to other reactions along
with reaction (XII). Because there is no new by-product (excluding
2,2’-binaphthalene found in the products), it can be seen that the
Cu,0-SbCW system is effective for the decarboxylation reaction
from 2,6-naphthalic acid to 2-naphthoic acid (reaction (XIII)), with
a conversion yield of 91.2%, and 2-naphthoic acid as the sole
product.

It can be concluded that for all the model aromatic carboxylic
acids studied, the decarboxylation yield increased greatly after
the use of the Cu,O catalyst. Especially for benzene carboxylic
acids, all the decarboxylation yields were greater than 90% with
100% selectivity. Additionally, based on the conversion yields of
all the decarboxylation reactions from (II) to (XIII), shown in
Figs. 2-4, the Cu,0O-SbCW system was shown to be effective not
only for the decarboxylation from monocarboxylic acid to hydro-
carbon, but also for the decarboxylation from polycarboxylic acid
to monocarboxylic acid.

3.3. Hydrothermal oxidation and hydrothermal decarboxylation of LY

This is the first reported hydrothermal oxidation and catalytic
hydrothermal decarboxylation of LY. A traditional O,-NaOH
hydrothermal oxidation process was used without optimisation
of all the parameters to achieve the high yield. As an initial study,
we focused on the effectiveness of Cu,0 or Cu,O-SbCW system.

Fig. 5 shows the carbon balance through the hydrothermal oxi-
dation and hydrothermal decarboxylation of LY. In the hydrother-
mal oxidation process, the carbon percentages of Gas 1 and
Residue 1 were 20.7 and 29.0%, respectively, and 33.5% of carbon
was left in Residue 2 and Gas 2. This result indicated that more
than 80% of carbon in coal was not utilized as the feed of the
hydrothermal decarboxylation process, suggesting that the param-
eters in the oxidation process needed to be optimised. In the decar-
boxylation process, it was found that after using of Cu,0, the yield
of Gas 3 increased almost fourfold. As the decarboxylation process
was performed under the same conditions, the only possible expla-
nation was that with Cu,0, the decarboxylation reactions were
promoted, emitting a large volume of CO,.

To study the reactions during the decarboxylation process, it is
significant to analyse the compounds in the products. Fig. 6 shows
the GC-MS results of CH,Cly-recovered products after the
hydrothermal oxidation and hydrothermal decarboxylation of LY
without and with a Cu,0 catalyst. Various aromatic hydrocarbons
and heterocyclic compounds were observable in both of two sam-
ples, but also there are some significant differences. The first big
difference was the yield of benzene. Without Cu,0, there was
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Fig. 5. Carbon balance through the hydrothermal oxidation and hydrothermal
decarboxylation of LY (a) without Cu,0 and (b) with Cu,0. Carbon in CH,CH, and
H,0 phase was calculated by the difference.
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Fig. 6. Gas chromatography-mass spectrometry (GC-MS) chromatogram of CH,-
Cl,-recovered products after hydrothermal oxidation and hydrothermal decarboxy-
lation of Loy Yang coal (LY) (a) without Cu,O and (b) with Cu,0O. Determined
compounds included: 1 benzene, 2 thiophene, 3 pyridine, 4 toluene, 5 3-
methylpyridine, 6 ethylbenzene, 7 o-xylene, 8 styrene, 9 m-xylene, 10 cumene,
11 benzaldehyde, 12 4-methylpyridine, 13 phenol, 14 prop-1-en-2-ylbenzene, 15
benzofuran, 16 allylbenzene, 17 o-cresol, 18 acetophenone, 19 4-methylbenzalde-
hyde, 20 p-cresol, 21 2-methylbenzaldehyde, 22 1-(pyridin-3-yl)ethan-1-one, 23 2-
methylbenzofuran, 24 1-(o-tolyl)ethan-1-one, 25 isobenzofuran-1(3H)-one, 26
acetyltoluene, 27 naphthalene, 28 quinoline, 29 2-methylnaphthalene, 30 1-
methylnaphthalene, 31 1,1’-biphenyl, 32 3-methyl-1,1’-biphenyl, 33 diphenyl-
methane, 34 phenylpyridine, 35 3-methyl-1,1’-biphenyl, 36 2,6-di-tert-butyl-4-
methylphenol, 37 dibenzo[b,d]furan, 38 9H-fluorene, 39 benzophenone, 40 phenyl
(m-tolyl)methanone, 41 9H-fluoren-9-one, 42 anthracene or phenanthrene, 43
anthracen-9(10H)-one, 44 9H-xanthen-9-one, 45 anthracene-9,10-dione, 46
cyclopentanone, 47 2-methylcyclopentan-1-one, 48 2-methylpyridine, 49 2-
methylcyclopent-2-en-1-one, 50 phenylmethanol, 51 2,3-dimethylcyclopent-2-
en-1-one, 52 3-methyl-2,3-dihydro-1H-inden-1-one, and 53 diethyl phthalate. *-
Blue colour means the same compounds existed in both samples. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

almost no benzene. Calculated from the results of GC-FID, as
shown in Fig. S5, the yield of benzene was as low as 0.03 g/kg-
coal. After using the Cu,0 catalyst, the yield of benzene increased
to 3.80 g/kg-coal, more than 100-fold. Beyond benzene, the yield
of many valuable products increased clearly with the addition of
the Cu,O0 catalyst, such as pyridine, toluene, benzaldehyde, phenol,
acetophenone, naphthalene, dibenzo[b,d]furan, 9H-fluorene, and
9H-fluoren-9-one. For example, the yield of pyridine increased
from 0.56 to 1.56 g/kg-coal. The second difference was the
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appearance of many new hydrocarbons after the use of Cu,0. These
included ethylbenzene, xylene, prop-1-en-2-ylbenzene, methyl-
naphthalene, allylbenzene, cumene, 1,1’-biphenyl, 3-methyl-1,1’-
biphenyl, diphenylmethane, 3-methyl-1,1’-biphenyl, anthracene,
and phenanthrene, as shown in Fig. 6. This indicated that the
hydrothermal oxidation and catalytic hydrothermal decarboxyla-
tion method was a promising method for the production of ben-
zene and other aromatic hydrocarbons from brown coal.

There is a need for evidence that the benzene and other aro-
matic hydrocarbons were formed from the decarboxylation of aro-
matic carboxylic acids. Because the aromatic carboxylic acids and
ions were dissolved in water, it is important to analyse the H,O-
phase products. However, from GC-MS results of HO-phase prod-
ucts after hydrothermal oxidation and hydrothermal decarboxyla-
tion of LY, as shown in Fig. S6, only phenol and phenolic
compounds were found, which does not provide any evidence for
the existence of decarboxylation reactions. To demonstrate the
existence of the decarboxylation reaction and to study the reaction
mechanism during the decarboxylation process, aromatic car-
boxylic acids or ions in Liquid 2 and H,0-phase products should
be tested directly. The carboxylic acids or ions in aqueous solutions
including Liquid 2 and two H,O-phase products after the
hydrothermal decarboxylation process without and with Cu,O,
were analysed and shown in Fig. 7.

From the chromatogram and the determined compounds in
Fig. 7, many different carboxylic acids and oxygen heterocyclic
compounds were found in the reactants and products during the
decarboxylation process. When attention was focused on the aro-
matic carboxylic acids, it was interesting to see changes. In the
reactants, shown in Fig. 7a, there are many aromatic carboxylic
acids with more than three carboxylic functional groups, such as
pyromellitic acid. After hydrothermal treatment without Cu,O,
there is almost no pyromellitic acid, and more carboxylic acids
with one or two carboxylic acids appeared, such as 4-
acetylbenzoic acid, methyl benzoic acid, 3-hydroxybenzoic acid,
and terephthalic acid, as shown in Fig. 7b. Based on the GC-MS
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Fig. 7. GC-FID chromatogram of acids in (a) oxidised coal and H,0-phase product
after hydrothermal oxidation and hydrothermal decarboxylation of LY (b) without
Cu,0 and (c) with Cu,0. Compounds determined by GC-MS included: 1 acetic acid,
2 pyridine, 3 succinic anhydride, 4 benzoic acid, 5 picolinic acid, 6 glutaric acid, 7
diethyl succinate, 8 3-methylbenzoic acid, 9 4-methylbenzoic acid, 10 o-phthalic
acid, 11 3-phenylpropanoic acid, 12 3-hydroxybenzoic acid, 13 4-acetylbenzoic
acid, 14 propionic acid, 15 butyrolactone, 16 phenol, 17 2,3-dimethylcyclopent-2-
en-1-one, 18 5-oxohexanoic acid, 19 cyclohex-1-ene-1-carboxylic acid, 20 2-
methylbenzoic acid, 21 3-Methylphthalic anhydride, 22 4-methylphthalic anhy-
dride, 23 3-methylsalicylic acid, 24 4-methylsalicylic acid, 25 4,5-dimethyl-2-
benzofuran-1,3-dione, 26 terephthalic acid, 27 pyromellitic acid, 28 trimellitic
anhydride, 29 acrylic acid, 30 maleic anhydride, and 31 4,7-dimethyl-2-benzofuran-
1,3-dione.

results of the CH,Cl,-recovered products after the hydrothermal
oxidation and hydrothermal decarboxylation process (shown in
Fig. 6a), there was almost no benzene, indicating that the decar-
boxylation reaction was mainly from polycarboxylic acids to poly-
carboxylic acids with less carboxylic functional groups or
monocarboxylic acids.

As compared to Fig. 7b, Fig. 7c showed the disappearance of
polycarboxylic acids and that aromatic monocarboxylic acids rep-
resented by benzoic acid became the main product after using
Cu,0. Meanwhile, a large amount of benzoic acid was decarboxy-
lated to benzene, which can be proven by the GC-FID chro-
matogram in Fig. S5b and GC-MS chromatogram in Fig. 6b. From
these results, it was demonstrated that decarboxylation reactions
were the main reactions during the decarboxylation process, and
that the use of Cu,0 was not only effective for decarboxylation of
monocarboxylic acids but also of polycarboxylic acids to monocar-
boxylic acids. This result corresponds with the decarboxylation of
the model aromatic carboxylic acids. In addition, it was speculated
that during the decarboxylation process using Cu,0, the conver-
sion from polycarboxylic acids to monocarboxylic acids has a
higher reaction rate than that from monocarboxylic acids to hydro-
carbons, which led to the uncomplete conversion of benzoic acid to
benzene.

It is known that coal products are usually a complex mixture,
including light compounds with low molecular weights and heavy
compounds with high molecular weights. From our past research,
it has been shown that LDI-MS is an important tool in the charac-
terisation of heavy compounds [31]. Fig. 8a and b shows the LDI-
MS spectra of CH,Cl,-recovered products without and with the
Cu,0 catalyst, respectively. In the low mass range of Fig. 8a, two
main peaks at m/z 94 and m/z 108 dominate the mass spectrum.
The elemental compositions of these species were CgHgO (m/z
94) and C;HgO (m/z 108). In the “high” mass range (>150 Da) of
Fig. 8a, a complex pattern was detected, exhibiting a Gaussian-
like shape with an average mass computed around 300 Da. By con-
trast, only the low mass range peaks are observed in Fig. 8b, while
the “high” mass range appears full depleted. This result indicated
that the Cu,O catalyst was also effective for the conversion of
heavy to light compounds. To determine whether those reactions
of heavy compounds to light compounds are decarboxylation reac-
tions, further evidence is needed.

From the current results, at the early stages of the hydrothermal
oxidation and hydrothermal decarboxylation processes, it is suffi-
cient to predict that this method is promising for the production
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Fig. 8. LDI-mass spectra of CH,Cl,-recovered products after hydrothermal oxida-
tion and hydrothermal decarboxylation of LY (a) without Cu,0 and (b) with Cu,0.
The height of m/z 94.1 was normalised by the concentration of phenol.
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of benzene and other aromatic hydrocarbons from brown coal in a
water medium, after further optimisation of the parameters.

4. Conclusions

Here, we proposed a novel hydrothermal process for the pro-
duction of aromatic hydrocarbons from brown coal - with no use
of hydrogen or hydrogen donor - that consists of hydrothermal oxi-
dation and catalytic hydrothermal decarboxylation at <350 °C. The
validity of the decarboxylation method was examined using sev-
eral aromatic carboxylic acids as model compounds for the acid
products after the hydrothermal oxidation of brown coal, including
o-phthalic acid, isophthalic acid, terephthalic acid, hemimellitic
acid, trimellitic acid, trimesic acid, 1-naphthoic acid, 2-naphthic
acid, and 2,6-naphthalic acid. The decarboxylation yields of all
the model aromatic carboxylic acids were enhanced greatly by
the use of a Cu,O catalyst. Especially for benzene polycarboxylic
acids, all decarboxylation yields were greater than 90%, with
100% selectivity. The Cu,0-SbCW system was shown to be effective
not only for the decarboxylation reactions from monocarboxylic
acids to hydrocarbons, but also for the decarboxylation reactions
from tricarboxylic acids to dicarboxylic acids and those from dicar-
boxylic acids to monocarboxylic acids. Using the ‘traditional’
alkali-oxygen hydrothermal oxidation process, a variety of aro-
matic hydrocarbons and heterocyclic compounds, especially ben-
zene, were obtained from LY by hydrothermal oxidation and a
catalytic hydrothermal decarboxylation process. Analyses of aro-
matic carboxylic acids or ions before and after the decarboxylation
process indicated that the decarboxylation reactions were the
major reactions and the use of Cu,O was effective not only for
decarboxylation from monocarboxylic acids, but also from polycar-
boxylic acids to monocarboxylic acids, which corresponded with
the results with the model aromatic carboxylic acids. Additionally,
the Cu,0 catalyst was found to be effective for the conversion of
‘heavy’ compounds in oxidised coal to ‘light’ compounds, which
needs to be studied further. Together, these results show that the
hydrothermal oxidation and catalytic hydrothermal decarboxyla-
tion method is promising for the production of valuable aromatic
hydrocarbons from brown coal in a water medium without the
use of hydrogen or hydrogen donors, subject to improvement of
the catalyst and further optimisation of parameters.
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