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ABSTRACT: Depolymerization is an emerging and promising route for the value-added
utilization of low-rank coal (LRC) resources, and how to use the complex depolymerized
mixtures efficiently is of great importance for this route. In this work, we designed the rational
route of using depolymerized mixtures from lignite via ruthenium ion-catalyzed oxidation
(RICO) depolymerization directly without complex separation to construct a Zr-based
hydrogenation catalyst. The prepared catalyst was applied into the catalytic transfer
hydrogenation of biomass-derived carbonyl compounds. Meanwhile, a copper-based oxidation
catalyst was also constructed via a similar route to investigate the universality of the proposed
route. Special insights were given into how the depolymerized components with different
structures influenced the performances of the catalysts. The effects of the solvents used during
the catalyst preparation (H2O and DMF) were also studied. The results showed that the
proposed route using the depolymerized mixtures from lignite via RICO to construct catalysts was feasible for both Zr-based and
Cu-based catalysts. The two catalysts prepared gave high efficiency for their corresponding reaction, i.e., the Zr-based catalyst for
catalytic transfer hydrogenation of biomass-derived carbonyl compounds and the Cu-based catalyst for selective oxidation of alcohols
into aldehydes. Different depolymerized components contributed differently to the activity of the catalyst, and the solvents during
the preparation process could also influence the activity of the catalyst. The depolymerized components and the solvents influenced
the activities of the Zr-based catalyst mainly via changing the Zr contents, the microenvironment of Zr4+, and the specific areas of the
catalyst.

1. INTRODUCTION

As the reserves of fossil resources on earth are limited, the
highly efficient and value-added utilization of fossil resources is
of great importance.1,2 Low-rank coals (LRCs) are important
fossil resources with considerable accounts among the coal
resources. LRCs have some disadvantages compared with high-
rank coals (HRCs), such as the high contents of volatiles,
instability in air, and low energy density, which limit severely
the direct application of LRCs as energy sources.3−5 However,
the specific structures and properties make LRCs different
from HRCs, providing humans new perspectives for utilizing
LRCs based on their unique structures and properties. For
example, the aromatic structures and oxygen-containing groups
in LRCs make it possible to prepare fine chemicals and/or
carbon-based materials from LRCs.6−8 The route of degrading
or depolymerizing low-rank coals into soluble fractions with
much smaller molecular weights but maintaining the aromatic
units has drawn extensive attention, and various processes have
been developed to degrade LRCs. Valuable chemicals such as
polyprotic acids (trimesic acid, pyromellitic acid, mellitic acid,
succinic acid, etc.) could be obtained from the depolymerized
mixtures.8−12 Therefore, the utilization of LRCs via depolyme-
rization is an emerging and promising route for the utilization
of LRC resource. But up to now, most of the reported work

has focused on the development of new depolymerization
processes or studying the structures of raw LRCs according to
the structure information of the depolymerized products.13−17

In contrast, much less focus has been paid on how to further
utilize the depolymerized mixtures, which was obviously
important for promoting the depolymerization route to
practical application.
Due to the complexity of the depolymerized mixtures in the

composition and contents of various products, two general
routes are probable to utilize the depolymerized mixtures. (1)
One route is extracting single or several valuable components
with improved purity from the depolymerized mixtures via
suitable separation or purification processes.18−21 This route is
highly attractive because various chemicals with added values
were contained in the depolymerized mixtures, as stated above.
Unfortunately, the depolymerized mixtures are so complex that
the separation processes are not very easy or even
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cumbersome. Both the cost and the separation yield of the
whole processes should be carefully evaluated, and extensive
efforts are still highly desired on this aspect. (2) The other
route to utilize the depolymerized mixtures is using the
mixtures directly without tricky separation. Compared with the
first route, this route is much simpler in processes and more
feasible with no need for energy or solvent input during
separation. Similar with the first route, studies on this aspect
are still at the beginning stage, and more focus should be paid.
Recently, we conducted some attempts on the direct use of
LRCs or their derivatives without complex separation.22−26

Humic acid (HA) mixtures extracted from LRC (typical
lignite) by a diluted NaOH solution under mild conditions
could be directly used to prepare Zr-based catalysts via the
interaction of Zr4+ with the acidic groups in HA, and the
catalyst showed high efficiency for the conversion of biomass-
derived furfural or ethyl levulinate.22,25 Further studies showed
that the raw lignite could be used directly to construct a Zr-
based catalyst by a similar route, and the pretreatment of
demineralization via acid washing of lignite could improve the
stability of the obtained catalyst.23 These previous studies
identified that the idea of the direct use of HA mixtures from
lignite without separation and purification to construct a
catalyst was feasible. However, only part of the soluble HA
components could be extracted and used from the solid LRCs
under mild conditions (low NaOH concentration and
temperatures) in the above work, and the total utilizing
efficiency of LRCs is still very low (around 30 wt % for lignite).
The development of efficient depolymerizing methods of LRCs
provides solutions for this problem because some of the
methods such as ruthenium ion-catalyzed oxidation (RICO)
could even convert LRCs totally into soluble fractions.13

Because various carboxyl compounds were contained in the
depolymerized mixtures via RICO, it was rational to speculate
that the depolymerized mixtures could also be applied in the
construction of catalysts through the interaction of metal ions
with the functional groups. But to the best of our knowledge, it
has not been reported whether the depolymerized mixtures
from LRCs via RICO could be used directly to construct
catalysts without complex separation or purification. How the
depolymerized components of lignite influenced the activity of
the obtained catalysts is still unknown. On the other hand, the
depolymerization process was often conducted in water
solution, and thus, water was the ideal solvent for catalyst
preparation without the need for solvent replacement. But the
commonly used solvents for the coordination of metal ions
with carboxylate groups to construct metal−organic ligand
hybrid catalysts were organic solvents (such as DMF).
Therefore, the comparison analysis of different solvents for
catalyst preparation is also required.
In this work, we designed rationally the route of using the

depolymerized mixtures from lignite via RICO depolymeriza-
tion to construct a Zr-based hydrogenation catalyst for
hydrogenation reactions. The route was proposed based on
the condition of (1) high efficiency of RICO for depolymeriz-
ing lignite and (2) the abundance of acidic functional carboxyl
groups in the depolymerized products. A Cu-based catalyst was
also constructed and applied into oxidation reactions to check
the universality of this route. Special focus was given to how
the depolymerized components with different structures
contributed to the performances of the catalysts and the
effects of the solvents (H2O and DMF) during the preparation
of the catalysts. The results showed that it was feasible to use

the depolymerized mixtures from lignite via RICO to construct
catalysts. Two kinds of catalysts gave high efficiency for their
corresponding reaction, including a Zr-based catalyst for
catalytic transfer hydrogenation of carbonyl compounds and
a Cu-based catalyst for selective oxidation of alcohols. These
results showed that the route was robust with broad
applicability. The different depolymerized components and
solvents had significant influences on the activity of the Zr-
based catalyst, mainly via changing the Zr contents, the
microenvironment of Zr4+, and the specific areas of the
catalyst. The proposed route in this paper may be a chance for
the utilization of LRC and catalyst preparation with the
advantages of high efficiency of the catalysts, broad
applicability, and simple preparing processes.

2. RESULTS AND DISCUSSION
2.1. Preparation and Application of the Zr-DM

Catalyst. 2.1.1. Studies of the Preparation Conditions and
Reaction Conditions of the Zr-DM Catalyst. It is too difficult
to accurately calculate the content of the acidic functional
groups of DM due to the complexity of composition, so the
dosage of DM was difficult to determine during the catalyst
preparation. In this work, the appropriate dosage of DM was
studied via changing the mass ratio of the zirconium precursor
to DM. Different catalysts were prepared with the mass ratio of
ZrOCl2·8H2O/DM corresponding to 0:1, 0.1:1, 0.5:1, 1:1, 2:1,
and 4:1, respectively. The optimal mass ratio of zirconium
precursors to the depolymerized products was chosen
according to the state of the supernatant after the solid
precipitates were formed and centrifuged. The color of
supernatant was different when the amount of ZrOCl2·8H2O
changed (Figure 1). The DM was dissolved well in the

deionized water without zirconium precursor addition and
formed a brown homogeneous solution (0:1). When DM was
directly used as the catalyst, the substrate furfural could not be
transformed, indicating that DM itself had no catalytic activity.
With the increase of the amount of ZrOCl2·8H2O, the gel-like
precipitate was formed. After centrifugation, the color of the
super liquid changed from brown to colorless and transparent
(1:1), indicating that the zirconium precursor was completely
coordinated with the carboxylic acid in DM to form
precipitation. With the increase of the dosage of the zirconium
precursor, the supernatant became brown again (2:1 and 4:1),
indicating that some of the depolymerized products were not
coordinated with Zr4+. This may be due to the stronger acidity
of the solution under the higher dosage of zirconium precursor.
Considering the utilization efficiency of organic components in
DM and the zirconium precursor, the ratio of 1:1 was selected
during the catalyst preparation for further study.
The influences of reaction parameters on the catalysts were

investigated, including the catalyst dosage, reaction temper-

Figure 1. Optical images of Zr-DM catalysts prepared at different
mass ratios of ZrOCl2·8H2O to DM. Preparation condition: 80 °C, 5
h; centrifugation conditions: 1250 rpm, 1 min.
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ature, and reaction time. As shown in Figure 2a, the conversion
of furfural and the yield of furfuryl alcohol increased with the

increase of the catalyst dosage from 0.05 to 0.2 g. Using the
catalyst dosage of 0.2 g, the conversion, yield, and selectivity
were 85.6, 72.3, and 90.3%, respectively. However, if the
dosage of the catalyst increased to 0.3 g, both the conversion
and the product yield had a slightly downward trend. The
reaction system presented a phase of slurry when the amount
of catalyst was in excess of 0.2 g, resulting in the poor
dispersion of the catalyst particles that might have a negative
effect on mass transportation during the reaction. The
appropriate catalyst dosage was 0.2 g in the present reaction
conditions and was used in the subsequent experimental study.
The temperature had a significant influence on the perform-
ance of the Zr-DM catalyst as shown in Figure 2b. Before 90
°C, the conversion of furfural and the yield of furfural alcohol
increased significantly with the increase of temperature,
reaching 90.4 and 86.1%, respectively, under 90 °C. However,
as the temperature continued to rise, although the conversion
continued to increase at a slower rate, the yield and selectivity
declined slightly, presumably due to the formation of some
byproducts, which could be proved by the deep color of the
reaction system under 100 °C. Therefore, 90 °C was
determined to be the suitable temperature for subsequent
investigations. Under the above reaction conditions, the time
profile of the reaction was studied, as shown in Figure 2c. The
conversion of furfural and the yield of furfuryl alcohol
increased significantly when the reaction time extended. The
conversion and selectivity increased slightly and reached the
maximum value (conversion 92.5%, selectivity 97.8%) when
the reaction time was extended to 4 h. As the reaction time was
extended to 6 h, the yield and selectivity began to decline,
which may be due to the fact that the extension of the reaction
time led to the formation of the condensation byproducts of
alcohol and aldehyde. This could be proven by the presence of
some weak and unknown peaks during GC detection.
Reaction conditions: furfural (1 mmol), isopropanol (5 mL).

(a) 80 °C, 2 h. (b) Catalyst 0.2 g, 2 h. (c) Catalyst 0.2 g, 90
°C.

2.1.2. Comparison of the Zr-DM Catalyst with Other
Catalysts. The activity of the prepared Zr-DM catalyst was
compared with that of typical Zr-based transfer hydrogenation
catalysts in the literature, as shown in Table 1. By comparing

entries 1−7 of Table 1, it can be seen that the reaction
conditions of all Zr-based catalysts were relatively mild. Under
the similar reaction condition, the conversion and product
selectivity of the prepared Zr-DM catalyst were similar to those
of typical Zr-catalysts. In addition, other transition metal-based
transfer hydrogenation catalysts (e.g., Fe, Ni, and Mg) were
listed in entries 8−11 of Table 1. These catalysts usually
require higher temperatures to achieve conversions and yields
close to those of zirconium-based catalysts.
For the selective conversion of furfural to furfuryl alcohol,

there are usually two paths: one is the catalytic transfer
hydrogenation reaction with isopropanol or formic acid as the
hydrogen source, and the other is the direct hydrogenation
reaction with hydrogen as the hydrogen source.36 Precious
metal catalysts37,38 and transition metal catalysts39−41 were
usually used in the hydrogenation path with H2 as the
hydrogen source, in which the noble metal catalyst usually
showed higher efficiency and TOF value than the transition
metal catalyst under mild reaction conditions. However,
whether using noble metal catalysts or transition metal
catalysts, this path needed to be carried out at high
pressures.37,42,43 Therefore, compared with the transition
metal catalyst using H2 as the hydrogen source, the Zr-DM
catalyst prepared in this work had a similar reaction effect to it,
but the reaction conditions were milder. From the
comprehensive comparison of reaction conditions, raw ma-
terial cost, convenience in the preparation process, catalyst
cost, and so on, the Zr-DM catalyst constructed in this work

Figure 2. The influences of reaction parameters on the performance
of catalysts. (a) Effect of the Zr-DM catalyst dosage. (b) Effect of the
reaction temperature. (c) Effect of the reaction time.

Table 1. Comparison of Zr-DM Catalyst with Typical Metal
Catalysts in the Literature for the Conversion of Furfurala

entry catalysts
reaction
conditions C (%) Y (%) S (%) refs

1 Zr-DM IPA, 90 °C, 2 h 90.4 86.1 95.2 this
work

2 Zr-RSL IPA, 90 °C, 6 h 93.4 80.9 86.7 23
3 Zr-SBA-15 IPA, 90 °C, 6 h 50.0 40.0 80.0 27
4 Zr-TMSA IPA, 70 °C, 5 h 93.6 89.5 95.6 28
5 Zr-HAs IPA, 50 °C,

15 h
97.4 96.9 99.0 29

6b Zr-PhyA IPA, 100 °C,
2 h

99.3 99.3 100.0 30

7c ZrPN IPA,
100 °C, 15 h

93.0 90.0 96.8 31

8d γ-Fe2O3@
HAP

IPA, 180 °C,
3 h

96.2 91.7 95.3 32

9e Fe/NC IPA, 160 °C,
15 h

91.6 76.0 83.0 33

10f Ni-Cu/
Al2O3

IPA, 200 °C,
4 h

95.4 95.4 100 34

11 MgO IPA, 170 °C,
5 h

100.0 74.0 74.0 35

aC: conversion of furfural, Y: yield of FAL, S: selectivity of FAL, IPA:
isopropanol alcohol. bZr-PhyA: Zr-phytic acid hybrid. cZr-PN:
organotriphosphate-zirconium hybrid. dHydroxyapatite-encapsulated
magnetic γ-Fe2O3. This reaction was a metal-free catalysis process,
and the amounts of the active sites were not mentioned in the
literature. eFe/NC: nitrogen-doped carbon-supported iron. fNi-Cu/
Al2O3: The amounts of the active sites were Ni.
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had certain advantages compared with precious metals and
other transition metal catalysts.
2.1.3. Structure Characterization of the Zr-DM Catalyst.

Detailed characterizations were conducted by SEM-EDS, XRD,
FTIR, XPS, and TG (Figure 3) to understand the structures of

Zr-DM. SEM showed that the Zr-DM catalyst was composed
of particles with no uniform shapes (Figure 3a). EDS mapping
showed a strong Zr signal for the catalyst after the interaction
of Zr4+ with DM (Figure 3b), showing that the Zr element was
successfully introduced into the catalyst. The XRD pattern of
Zr-DM showed a broad peak around 2θ = 25°, indicating that
the catalyst had an amorphous structure (Figure 3c). The
FTIR spectra of DM and the Zr-DM catalyst were compared in
Figure 3d. It can be seen that the wavenumber between the
characteristic asymmetric vibrations (DM, 1617 cm−1; Zr-DM,
1578 cm−1) and the symmetric vibrations (DM, 1397 cm−1;
Zr-DM, 1371 cm−1) of the carboxylate groups was narrowed
from 220 cm−1 for DM to 207 cm−1 for Zr-DM, proving that
Zr4+ ions were coordinated to carboxylate groups in DM.44

The chemical environment of Zr species in Zr-DM was
detected by the Zr 3d XPS. Compared with ZrO2, the binding
energy peaks of Zr 3d5/2 and Zr 3d3/2 moved from 182.1 and
184.5 eV (ZrO2) to 182.6 and 185.0 eV (Zr-DM), respectively
(Figure 3e). The higher binding energy of Zr 3d indicated a
higher positive charge on the Zr atoms, resulting in a stronger
Lewis acidity of Zr. The higher acidity of Zr species could
improve the activity of the Zr-DM catalyst.45 TG analysis
showed that the prepared catalyst had a low weight loss of 14%
at 200 °C resulting from the desorption of water and ethanol
adsorbed on the catalyst. The weight loss after 300 °C may be
due to the decomposition of side chains and small molecules in

Zr-DM, and the total weight loss of the catalyst was around
50% at 800 °C. The catalyst exhibited good stability at the
reaction temperature below 200 °C (Figure 3f). The
characterization results showed that the Zr element was
successfully coordinated with the carboxylate groups in DM,
and Zr existed in the form of coordination structures with
carboxylate groups.

2.1.4. Reusability and Substrate Scope Expansion of Zr-
DM Catalysts. Reusability and heterogeneity were important
for the solid heterogeneous catalyst. The reusability results
showed that there was no considerable decrease in the
conversion, yield, and selectivity after 10 cycles for Zr-DM
compared to the first use (Figure 4a), indicating that the

catalyst could be reused and was very stable. The heterogeneity
of the catalyst was also studied, and the results confirmed that
the active sites in Zr-DM did not leach into the reaction
mixture, and it was a heterogeneous catalyst (Figure 4b).
The structures of the Zr-DM catalyst recovered after 10

cycles were characterized and compared with the freshly
prepared catalysts (Figure 5). As can be seen from the SEM
characterization, the morphology of the recycled catalyst
(Figure 5b) was irregular and granular, which was similar to
that of the fresh catalyst (Figure 5a). XRD results showed that
the catalyst had no obvious diffraction peaks and was still
amorphous after use (Figure 5c). FTIR showed that the

Figure 3. Characterization of the as-prepared Zr-DM catalyst by SEM
(a), EDS (b), XRD pattern (c), FTIR spectra (d), XPS spectrum (e),
and TG analysis (f).

Figure 4. Reusability(a) and heterogeneity(b) of the prepared
catalyst. Reaction conditions: furfural 1 mmol, isopropanol 5 mL,
Zr-DM 0.2 g, reaction temperature 70 °C (90 °C for b), and reaction
time 2 h.

Figure 5. Comparison of the freshly prepared and recycled Zr-DM
catalysts after 10 reuses. SEM of the fresh (a) and recycled catalyst
(b), FTIR spectra (c), and XRD patterns (d).
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recycled catalyst had a similar spectrum to the fresh catalyst
(Figure 5d). These results proved that the catalyst had
excellent structure stability.
Encouraged by the excellent performance of the Zr-DM

catalyst on the catalytic hydrogenation of furfural, we applied
the catalyst into other carbonyl compounds with different
structures to investigate the universality of Zr-DM catalyst for
different substrates. The results were shown in Table 2. It can

be seen that Zr-DM had good activity for the studied
compounds. The reaction temperature and reaction time for
different substrates were different, but the conversion of each
substrate could reach more than 90% under the optimized
conditions, indicating that the Zr-DM catalyst had a wide
range of substrate applicability.
2.2. Catalyst Expansion: Cu-DM Oxidation Catalyst.

The above studies showed that the proposed route of
constructing a catalyst using DM was feasible for the Zr-
based hydrogenation catalyst. It is desirable to see if this route
was also feasible for other types of catalysts. Encouraged by
this idea, we applied the route to construct a Cu-based catalyst,
an oxidative catalyst commonly used for selective oxidation of
alcohols into carboxylic acids. The preparation process of Cu-
DM was similar to that of Zr-DM, and the preparation
conditions were also optimized (Figure S1 and Table S1).
Under the mass ratio of Cu precursor (Cu(CH3COO)2·H2O)
to DM of 2:1, the obtained Cu-DM catalyst gave a higher
activity (Table S1).
The structures of Cu-DM were characterized by SEM-EDS,

XRD, FTIR, XPS, and N2 adsorption−desorption, and the
discussion concerning the structures was in the Supporting
Information (Figure S2). Herein, the performances of the Cu-
DM catalyst were discussed in detail. The influences of the
reaction conditions were shown in Figure 6.
The effect of the Cu-DM catalyst dosage on the oxidation

reaction of benzyl alcohol was shown in Figure 6a. When the
catalyst dosage was 0.04 g, the conversion and yield of the
reaction reached over 40%, indicating that the Cu-DM (2:1)
catalyst had high activity, and moderate conversion and yield

could be achieved by adding a small amount of the catalyst.
When the catalyst dosage reached 0.16 g, the conversion of
benzyl alcohol reached 67.9%, the yield of benzaldehyde
reached 60.5%, and the selectivity reached 89.0%. The catalyst
dosage continued to be increased to 0.2 g, and the conversion
of benzyl alcohol increased to 70.6%. However, the yield of
benzaldehyde did not increase and the selectivity decreased,
which may be caused by the uneven mass transfer of the
excessive catalyst in the limited reaction volume. In the
following work, 0.16 g was selected as the appropriate dosage
of catalyst. Oxygen plays an important role in the selective
oxidation of benzyl alcohol. Under the condition of a catalyst
dosage of 0.16 g and reaction temperature and time of 80 °C
and 1.5 h, respectively, oxygen at different initial pressures was
filled into the reaction system to investigate the influence of
oxygen pressure on the reaction. The experimental results were
shown in Figure 6b. It can be seen from the figure that when
the oxygen pressure in the reactor was increased from 0.1 to
1.0 MPa, the conversion of benzyl alcohol and the yield of
benzyl formaldehyde did not change much and were basically
at the same level. It showed that the oxygen atmosphere of 0.1
MPa could make the reaction conversion and yield reach a
high level, which was enough to meet the demand of oxygen
for the catalytic oxidation reaction under the studied reaction
conditions. The reaction temperature of Cu-DM (2:1)
catalyzed oxidation of benzyl alcohol was investigated, as
shown in Figure 6c. As can be seen from the figure, when the
reaction temperature increased from 60 to 120 °C, the
conversion of benzyl alcohol and the yield of benzaldehyde
showed a linear upward trend. At 120 °C, the conversion of
benzyl alcohol reached 92.7%, and the yield of benzaldehyde
came to 90.5%. With the increase in temperature, the product
selectivity increased slowly. Considering energy saving and
keeping a high yield of the target product, 120 °C was selected
as the optimal reaction temperature for the catalytic oxidation
reaction of the catalyst in the following research. The reaction
time of catalytic oxidation was investigated, as shown in Figure
6d. The results showed that under the above conditions, the
conversion of benzyl alcohol and the yield of benzyl
formaldehyde could reach more than 57% after 0.5 h of
reaction, and they could reach more than 80% when the
reaction time was extended to 1 h. After 1.5 h extension, the

Table 2. Conversion of Different Carbonyl Compounds
over the Zr-DM (1:1) Catalyst

aReaction conditions: substrate 1 mmol, isopropanol 5 mL, Zr-DM
(1:1) 0.2 g, and other conditions as stated in the table.

Figure 6. The influences of reaction parameters on the performance
of the Cu-DM catalyst: (a) catalyst dosage, (b) O2 pressure, (c)
reaction temperature, and (d) reaction time.
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conversion of benzyl alcohol, the yield of benzaldehyde, and
the selectivity reached the maximum values, which were 92.7,
90.5, and 97.6%, respectively. The conversion and yield
changed little when the reaction time was further prolonged.
Therefore, the appropriate time for the reaction was
determined to be 1.5 h under the present reaction conditions.
Reaction conditions: benzyl alcohol (1 mmol), TEMPO

(0.5 mmol), Na2CO3 (1 mmol), DMF (5 mL). (a) 80 °C, 0.1
MPa, and 90 min. (b) 80 °C, 90 min, and catalyst 0.16 g. (c)
0.1 MPa, 90 min, and catalyst 0.1 6 g. (d) 0.1 MPa, catalyst
0.16 g, and 120 °C.
To investigate the applicability of the Cu-DM catalyst for

different alcohols, the performances of the Cu-DM catalyst for
selective oxidation of different alcohols studied and the results
were summarized in Table 3. The results showed that the

reaction temperature and time required for different alcohols
were different, but the conversion and yield could reach about
90% under the preliminarily optimized reaction conditions,
which indicated that the Cu-DM catalysts had good
applicability for the selective oxidation of alcohols with
different structures.
The reusability and heterogeneity of Cu-DM catalyst were

investigated (Figure S3). The results showed that the Cu-DM
catalyst could be reused for at least five cycles without a
considerable decrease in the conversion and yield. After the
removal of the solid catalyst during the reaction, the yield did
not further increase, indicating that it was the solid catalyst to
catalyze the reaction and the catalytic process was heteroge-
neous. The recycled catalyst was characterized by SEM, XRD,
and FTIR and compared with the fresh Cu-DM catalyst
(Figure S4). The results showed that the structures of Cu-DM
catalyst had no obvious changes after five uses, indicating that
the catalyst had excellent structure stability. The comparison of
the Cu-DM catalyst with other catalysts was shown in Section
S3. It can be seen that the catalyst has a potential to be
competitive with the analogues reported in the literature.
2.3. Effects of the Depolymerized Components on

the Performance of the Catalysts. 2.3.1. Performance of
Catalysts Prepared by Different Components. Due to the
complexity of the DM from lignite, we further studied the

contributions and influences of different components in DM
on the activities of the catalysts. The depolymerized products
mainly include small molecular fatty acids and various kinds of
phenyl carboxylic acids. These carboxylic acids have different
structures and physical or chemical properties, and their
concentrations in the depolymerized products are also
different. Thirteen typical organic acids in the depolymerized
products of lignite via RICO were used to prepare Zr- and Cu-
based catalysts, respectively, to investigate the contributions
and influences of different components in DM on the activity
of the catalysts constructed.
Reaction conditions: furfural (1 mmol), isopropanol (5 mL),

70 °C, 5 h, and catalyst 0.2 g.
For the Zr-based catalyst, it can be seen from Figure 7 that

the activity of Zr-based catalysts prepared by different phenyl

carboxylic acids and fatty acids was different, and the activity of
the catalysts prepared by phenyl carboxylic acids was generally
higher than that of catalysts prepared by fatty acids. With the
increasing number of carboxyl groups in phenyl carboxylic
acids, the activity of the catalysts had an increasing trend. For
the benzoic acid isomers with the same number of carboxyl
groups, the activity of the catalysts prepared using different
isomers was also different. Taking benzene tricarboxylic acid
(BTA) as an example, the catalyst prepared using 1,3,5-BTA as
the organic ligands gave higher activity than the catalysts
prepared using 1,2,3-BTA and 1,2,4-BTA. For the studied fatty
acids, the activity of the catalysts had a relationship with the
length of the carbon chain in the acids. Zr-OA (C2) had higher
activities than Zr-SA (C4) and Zr-GA (C5).
For the Cu-based catalyst, the activity of the catalysts

prepared using different phenyl carboxylic acids and fatty acids
was also different (Figure 8), but the changing trends of the
activity were different from Zr-based catalysts. The activity of
the Cu-based catalysts showed first an increasing and then a
decreasing trend with the increasing number of carboxyl
groups in phenyl carboxylic acids, with Cu-1,2-BDA giving the
best performance. The catalysts prepared using fatty acids (Cu-
OA and Cu-SA) also had good activity, and the activity of Cu-
SA (C4) was higher than that of Cu-OA (C2).
The above results proved that the various organic acids in

DM from lignite could contribute to the activity of Zr-based or
Cu-based catalysts, but different components contributed to
different extents. The contributions of different components

Table 3. Aerobic Oxidation Reaction of Various Alcohol
Compounds over the Cu-DM Catalysta

aReaction conditions: alcohol (1 mmol), catalyst (160 mg), TEMPO
(0.5 mmol), Na2CO3 (1 mmol), DMF (5 mL), and O2 (0.1 MPa).

Figure 7. The activity of zirconium-organic acid catalysts prepared
using different carboxylic acids.
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also had a relationship with the types of the catalysts. This
phenomenon could be caused by various factors such as the
interactions of the organic acids with the metal ions and the
contents of metal ions in the prepared catalysts.
Reaction conditions: benzyl alcohol 1 mmol, catalyst 160

mg, TEMPO 0.5 mmol, Na2CO3 1 mmol, and DMF 5 mL. O2:
0.1 MPa. 60 °C and 4 h.
2.3.2. Discussion about the Reason for the Different

Catalytic Activity of the Catalysts from Different Compo-
nents. Zr-based catalysts were taken as examples to discuss the
reason for the different catalytic activity of the catalysts
prepared using different components. Several representative
Zr-based catalysts prepared using different organic acids were
characterized by BET, ICP, and XPS, respectively. The results
were shown in Table 4 and Figure 9. It can be found that the

zirconium mass content of Zr-1,3,5-BTA, Zr-BPA, and Zr-BHA
(48.1, 34.5, and 49.6%, respectively) was higher than that of
Zr-1,3-BDA and Zr-1,2,4,5-BA (27.9 and 21.6%, respectively).
So, the high zirconium content may be one reason for the high

activity of these catalysts (Zr-1,3,5-BTA, Zr-BPA, and Zr-
BHA). In addition, BET results showed that the specific
surface area of Zr-BPA and Zr-BHA catalysts was much higher
than that of other catalysts. The presence of a high specific
surface area was conducive to the contact between the
substrate and the active site of the catalyst, thus improving
the catalytic activity.
Figure 9a showed the Zr 3d spectrum of zirconium catalyst

with aromatic carboxylic acid as the ligand. It can be seen from
the figure that the Zr 3d binding energy of Zr-1,3,5-BTA was
similar to that of Zr-DM, i.e., 182.6 and 185 eV, higher than
that of other catalysts. The higher the binding energy of Zr 3d
was, the higher the electropositivity of zirconium atoms,
resulting in the stronger Lewis acid property of zirconium in
the catalyst, which was conducive to the activation of carbonyl
groups, thus improving the reaction rate. This may be one of
the reasons why the activity of the Zr-1,3,5-BTA catalyst was
higher than that of other catalysts. Figure 9b showed the O 1s
XPS diagram of each catalyst with benzyl carboxylic acid as the
ligand. It can be seen from the figure that, except for the O 1s
binding energy of the Zr-1,3-BDA catalyst, the O 1s binding
energy of Zr-based catalysts prepared by all benzene carboxylic
acids was the same, 531.4 eV, which was lower than that of the
Zr-1,3-BDA catalyst. The low binding of O 1s in the catalyst
can make the O atom have higher electronegativity, thus
improving the alkalinity of O and facilitating the decom-
position of the hydroxyl group of isopropanol more easily,
resulting in improved catalytic efficiency. This may be the
reason why the catalytic activity of Zr-1,3-BDA was lower than
that of other zirconium carboxylate catalysts. In general, high
zirconium content, large specific surface area, and high acidity
of zirconium and alkalinity of oxygen are more conducive to
the improvement of catalyst activity and contribute more to
the activity of Zr-DM.

2.4. Effects of the Solvents on the Performances of
the Zr-DM Catalysts. Water is often used as the common
solvent for the oxidative depolymerization of lignite, and the
obtained depolymerized products exist in water. Therefore, the
ideal solvent for constructing catalysts using the depolymerized
products is water because this can avoid the solvent
replacement from water to organic solvents. From the
viewpoint of the preparation of the catalysts, organic solvents
such as DMF were also commonly adopted. Therefore, in the
further studies, we prepared Zr-DM catalysts both in water and
in organic solvent (DMF) and compared their activities (Table
5). It can be seen that the Zr-DM catalyst prepared in water
had higher activity, with higher conversion, yield, and TON

Figure 8. The activity of copper-based catalysts prepared using
different organic acids.

Table 4. Comparison of the Specific Area and Zr Contents
among Zr-Based Catalysts Prepared with a Variety of
Organic Acids

entry catalysts Zr cont. wt % BET surface area (m2/g)

1 Zr-DM 29.8 219.7
2 Zr-1,3-BDA 27.9 17.8
3 Zr-1,3,5-BTA 48.1 25.2
4 Zr-1,2,4,5-BA 21.6 28.5
5 Zr-BPA 34.5 180.1
6 Zr-BHA 49.6 234.9

Figure 9. XPS spectra of (a) Zr 3d and (b) O 1s peak of the Zr-DM catalysts prepared using different organic acids.
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number than those of the Zr-DM catalyst prepared in DMF.
This result further proved that the solvent could indeed
influence the activity of the catalyst. Water was seen as an ideal
solvent for preparing the Zr-DM catalyst not only due to no
need for solvent replacement but also due to the higher activity
of the Zr-DM catalyst prepared in water.
The reasons for the influences of the solvent on the activity

were analyzed by characterizing the Zr-DM catalysts prepared
in water and DMF, including ICP, N2 adsorption−desorption,
and XPS (Table 5 and Figures 10 and 11). ICP analysis
showed that the zirconium content of the catalyst prepared in
DMF was slightly lower than that of the catalyst prepared in
water. BET results showed that the specific surface area of the
catalyst prepared in water was much higher than that prepared
in DMF (Table 5). The nitrogen adsorption−desorption
isotherms of these two catalysts showed that the catalyst
prepared in water was a type IV isotherm, with hysteresis loops
characteristic of mesoporous materials centered around 11.2
nm, but the catalyst prepared in DMF was nonporous (Figure
10). The presence of mesoporous and high specific surface area
was conducive to the contact of the substrate with the active
sites in the catalyst, thus improving the reaction activity of
catalysts. As seen from Zr 3d XPS, compared with the Zr-DM
prepared in DMF, the Zr 3d binding energy of Zr-DM
prepared in water had a higher binding energy level (Figure
11). The higher binding energy of Zr 3d indicated a higher
positive charge on the Zr atoms, resulting in a stronger Lewis
acidity of Zr. The higher acidity of Zr species could improve
the activity of the Zr-DM catalyst.29 This result together with
the specific physical structures contributed to the higher
activity of the Zr-DM catalyst prepared in water. Based on
these results, it could be speculated that the solvents during the
preparation process of the catalyst could affect the coordina-

tion role of Zr4+ with the carboxylate groups in DM, leading to
the different microstructures of the two catalysts and thus
different catalytic performance.

3. CONCLUSIONS
In summary, a route of using the depolymerized mixtures
(DMs) from lignite via RICO depolymerization without
cumbersome separation to construct Zr-DM and Cu-DM
catalysts was identified. Special attention was paid to the
contribution of different components in DMs to the activity of
the catalysts and the influences of the solvent during catalyst
preparation on the performance of the catalyst. Both of the
prepared Zr-DM and Cu-DM catalysts were proved to be
highly active for their corresponding reaction, the catalytic
transfer hydrogenation of carbonyl compounds and selective
oxidation of alcohols, indicating that the route had broad
applicability for different types of catalysts. The contribution of
different depolymerized components on the activity of the
catalyst depended on both the structures of the depolymerized
components and the types of the catalysts. The solvent used
for catalyst preparation could influence the activity of the
obtained catalyst. For the Zr-DM catalyst, water was superior
to DMF and could be used as the solvent directly without
solvent replacement. Zr-DM prepared in water gave higher
activity than Zr-DM prepared in DMF. The solvents
influenced the activities of the Zr-based catalyst mainly via
changing the Zr contents, the microenvironment of Zr4+, and
the specific areas of the catalyst. The proposed route in this
work may find its potential applications in the field of LRC
utilization with the advantages of high efficiency of the
catalysts, broad applicability, and simple preparing processes.

4. EXPERIMENTAL SECTION
4.1. Materials. Furfural (99%), furfuryl alcohol (98%),

benzyl alcohol (99.5%), benzaldehyde (98%), ZrOCl2·8H2O
(AR), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 98%),
small-molecule fatty acids, multiple benzene polycarboxylic
acids, and different aldehyde compounds were provided by
J&K Scientific Ltd. Copper(II) acetate monohydrate(98%)
was obtained from Acros. Different alcohol compounds were
obtained from Alfa Aesar and Ark Pharm. Isopropanol (AR),
ethanol (AR), KOH (AR), decane (AR), and other chemicals
were provided by the Beijing Institute of Chemical Reagent.
The raw lignite sample was obtained from Shengli Coalfield in
Inner Mongolia, China. The as-received lignite sample was
processed to meet experimental requirements.

4.2. Catalyst Preparation. 4.2.1. Depolymerization of
Lignite. The method of RICO was chosen to depolymerize

Table 5. Comparison of the Performances of the Different
Zr-DM Catalysts Prepared in Water and in DMFa

entry catalysts

Zr cont.
wt %

(mol%)

BET
surface

area (m2/
g)b

conv.
(%)

yield
(%)

sel.
(%) TONc

1 Zr-DM
(H2O)

29.8 219.7 91.6 86.7 94.7 1.32

2 Zr-DM
(DMF)

23.1 6.1 55.1 46.3 83.9 0.98

aReaction conditions: furfural 1 mmol, isopropanol 5 mL, catalyst
dosage 200 mg, reaction temperature 70 °C, and reaction time 5 h.
bSurface area based on the multipoint BET method. cThe values of
TON (turnover number) are the mole ratio of the product to the Zr
element in the catalysts.

Figure 10. Comparison chart of N2 adsorption−desorption isotherm (a) and pore size distribution (b) of the synthesized Zr-DM catalysts in water
and DMF, respectively.
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lignite due to its mild reaction conditions and high
depolymerization efficiency. To avoid the possible influences
of inherent minerals on the catalysts, the demineralized lignite
was used to obtain the depolymerized mixtures. The
demineralization process was described in detail in our
previous reports.26,46 The RICO process was the same as the
reported literature.7 The typical process was as follows: 50 mg
of RuCl3, 2 g of demineralized lignite, 50 mL of CH3CN, 50
mL of CCl4, and 75 mL of the distilled water were put into a
250 mL spherical flask and magnetically stirred at 35 °C for 2 h
to afford reaction mixture 1 (RM1). Then, 16 g of NaIO4 was
added to RM1 and the suspension was stirred at 40 °C for 48 h
to afford the reaction mixture 2 (RM2) followed by filtration
to obtain the filtrate and filter cake. The filtrate was evaporated
to remove the solvent, dried in vacuum at 80 °C for 12 h, and
then grinded into powder for use, which was denoted as the
depolymerized mixtures (DMs).
4.2.2. HPLC Analysis of the Depolymerized Products. The

real lignite depolymerized mixture (DM) was analyzed by
HPLC (Shimadzu LC-20AT) as in our previous report.47,29 A
binary gradient elution procedure was used for the HPLC
analysis. The mobile phase was acetonitrile and 0.1% (volume
fraction) phosphoric acid aqueous solution, and the stationary
phase was C18 bonded by silica gel (Shim-pack GIST C18, 5
μm). A UV detector at 235 nm was used to quantify the
products. The mobile phase flow rate was 0.8 mL/min, and the
column temperature was 45 °C. The gradient elution
procedure was as follows: first, the volume ratio of acetonitrile
to phosphoric acid aqueous was 5:95, the ratio was increased
to 15:85 linearly over 10 min and then maintained for 38 min,
and finally the ratio was decreased to 5:95 over 2 min. The
HPLC profile of the DM was shown in Figure 12.
The detection results were shown in Figure 12. The

depolymerization products mainly contain BHA (1,2,3,4,5,6-

benzenehexacarboxylic acid, peak no. 2), BPA (1,2,3,4,5-
benzenepentacarboxylic acid, peak no. 3), 1,2,4,5-BTA
(1,2,4,5-benzenetetracarboxylic acid, peak no. 4), 1,2,4-BTA
(1,2,4-benzenetricarboxylic acid, peak no. 7), 1,2,3-BTA
(1,2,4-benzenetricarboxylic acid, peak no. 8), and 1,2-BDA
(1,2-benzenedicarboxylic acid, peak no. 9). Besides, peaks 5
and 6 may be isomers of 1,2,4,5-BTA.

4.2.3. Preparation of the Zr-DM Catalyst in Water. The
Zr-based catalyst was prepared using depolymerized mixtures
(DMs) and ZrOCl2·8H2O as the raw materials. Typical
procedures were as follows: a certain amount of DM and
ZrOCl2·8H2O was dissolved in 100 mL of distilled water,
respectively. Then, the DM solution was dropwise slowly
added into the solution of the Zr precursor, and the obtained
mixture was further stirred at 80 °C for 5 h. Finally, the brown
slurry was collected by centrifugation or filtration, washed for
at least five times with distilled water and two times with
ethanol until no Cl− was detected by AgNO3, dried in vacuum
at 80 °C for 12 h, and then grinded into powder for use
(denoted as Zr-DM).
The process for the preparation of the Zr-DM catalyst in

DMF was similar to the above. One gram of DM was dissolved
in 50 mL of DMF under room temperature, and then 1 g of
ZrCl4 was added, forming solution A. Three grams of
triethylamine was dissolved in 50 mL of DMF, forming
solution B. Then, solution B was dropwise added into solution
A under stirring. The mixture was maintained under room
temperature for 3 h with stirring and then under 60 °C for 3 h
without stirring. After this, the suspended slurry was separated
by centrifugation to give a brown precipitate. Finally, the
catalysts were obtained after the precipitate was thoroughly
washed for two times with DMF and two times with ethanol,
dried in vacuum at 80 °C for 12 h, and then grinded into
powder for use.

4.2.4. Preparation of the Cu-DM Catalyst. The detailed
preparing procedures of the Cu-DM catalyst were similar to
our previous report.24 In a typical procedure, a certain amount
of DM and Cu(OAc)2·H2O was separately dissolved in 50 mL
of distilled water. Then, the two solutions were mixed and
stirred at 30 °C for 3 h in the water bath kettle. After the
reaction was finished, the precipitate of the mixture was
separated by centrifugation and washed with distilled water for
five times and ethanol for two times. The product was obtained
after drying at 80 °C under vacuum for 12 h (denoted as Cu-
DM).

4.2.5. Preparation of Zr- and Cu-Organic Acid Catalysts.
To investigate the influences and contributions of the
depolymerized products with different structures, single and
pure carboxylic acids were used to construct Zr-carboxylic acid

Figure 11. XPS spectra of (a) Zr 3d and (b) O 1s peak of the Zr-DM catalysts synthesized in water and DMF, respectively.

Figure 12. The HPLC profile of depolymerization products of lignite
by RICO.
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catalysts. The preparation of Zr-based catalysts with carboxylic
acids of different structures was similar to the preparation of
Zr-DM. Due to the possibility that some depolymerized
products with low contents may not be detected, 13 organic
acids commonly obtained from oxidative depolymerization of
lignite as shown in Figure 13 were selected to prepare the
catalyst, respectively, to study the contribution and influence of
different depolymerized components on the activity of the
catalyst. Because some carboxylic acids were not easily soluble
in water, the carboxylic acids were completely neutralized using
sodium hydroxide solution before reacting with the zirconium
precursor. In addition, as the number of carboxylic acid groups
was known when the carboxylic acid monomer was used to
construct the catalyst, the molar ratio of the zirconium
precursor to carboxylic acid groups was controlled in
accordance with the ratio of complete coordination (i.e., the
molar ratio of Zr4+ to −COO− was 1:4). The preparation of
Cu-based catalysts with carboxylic acids of different structures
was similar to that of the Cu-DM catalyst.
To facilitate subsequent research and discussion, the 13

kinds of zirconium-based catalysts prepared were denoted,
respectively, as Zr-BA (Zr-benzoic acid), Zr-1,4-BDA (Zr-1,4-
benzenedicarboxylic acid), Zr-1,2-BDA (Zr-1,2-benzenedicar-
boxylic acid), Zr-1,3-BDA (Zr-1,3-benzenedicarboxylic acid),
Zr-1,2,4-BTA (Zr-1,2,4-benzenetricarboxylic acid), Zr-1,2,3-
BTA (Zr-1,2,3-benzenetricarboxylic acid), Zr-1,3,5-BTA (Zr-
1,3,5-benzenetricarboxylic acid), Zr-1,2,4,5-BTA (Zr-1,2,4,5-
benzenetetracarboxylic acid), Zr-BPA (Zr-1,2,3,4,5-benzene-
pentacarboxylic acid), Zr-BHA (Zr-1,2,3,4,5,6-benzenehexa-
carboxylic acid), Zr-OA (Zr-oxalic acid), Zr-SA (Zr-succinic
acid), and Zr-GA (Zr-glutaric acid).
Cu-based catalysts prepared by each carboxylic acid were

denoted as Cu-BA (Cu-benzoic acid), Cu-1,4-BDA (Cu-1,4-
benzenedicarboxylic acid), Cu-1,2-BDA (Cu-1,2-benzenedicar-
boxylic acid), Cu-1,3-BDA (Cu-1,3-benzenedicarboxylic acid),
Cu-1,2,4-BTA (Cu-1,2,4-benzenetricarboxylic acid), Cu-1,3,5-
BTA (Cu-1,3,5-benzenetricarboxylic acid), Cu-1,2,4,5-BTA
(Cu-1,2,4,5-benzenetetracarboxylic acid), Cu-BPA (Cu-
1,2,3,4,5-benzenepentacarboxylic acid), Cu-BHA (Cu-
1,2,3,4,5,6-benzenehexacarboxylic acid), Cu-OA (Cu-oxilic
acid), and Cu-SA (Cu-succinic acid) catalyst.
4.3. Catalyst Characterization. Scanning electron mi-

croscopy (SEM) measurements were performed on a Hitachi
SU8220 scanning electron microscope operated at 20 kV with

an energy dispersive spectrometer (EDS) apparatus. X-ray
diffraction (XRD) was carried out via an XD8 Advance-Bruker
AXS X-ray diffractometer using Cu Kα radiation (λ = 532 nm)
and Ni filter scanning at 2°/min ranging from 5 to 90°. The
tube voltage was 40 kV, and the current was 40 mA. Fourier
transform infrared (FT-IR) spectra were obtained using a
PerkinElmer spectrometer. The XPS measurements were
carried out via an ESCALAB 250Xi spectrometer (Thermo
Fisher Scientific) at a pressure of 3 × 10−9 mbar using Al Kα as
the excitation source (hν = 1486.6 eV) and operating at 15 kV
and 150 W. The thermogravimetric (TG) analysis of the
catalyst was performed using a thermogravimetric analysis
system (Diamond TG/DTA6300, PerkinElmer Instruments)
under an N2 atmosphere at a heating rate of 10 °C min−1. The
specific surface area was calculated by the BET method, and
mesopore volume was derived from the adsorption isotherm
according to the Barrett−Joyner−Halenda (BJH) model. All
calculations were based on the adsorption isothermals.
Inductively coupled plasma-optical emission spectrometry
(ICP-OES) was carried out via the Thermo Fisher Scientific
iCAP 7000.

4.4. Reaction. 4.4.1. The Reaction of the Catalytic
Transfer Hydrogenation of Furfural over Zr-DM. Typically,
furfural (1 mmol), isopropanol (5 mL), and the quantitative
catalyst were introduced into a 15 mL Teflon-lined stainless
steel autoclave equipped with a magnetic stirrer. After sealing,
the reaction mixture was stirred and allowed to react at the
suitable temperature for the desired time. After reaction, the
reactor was cooled down in cold water to quench the reaction,
and the reaction solution was transferred and diluted by
isopropanol. The samples were analyzed quantitatively by gas
chromatography (Techcomp GC7900) with a flame ionization
detector using decane as the internal standard. Identification of
the products and the reactant was done using a GC−MS
(Shimadzu QP 2010) as well as by comparing the retention
times with respective standards in GC traces.

4.4.2. The Reaction of Selective Oxidation of Various
Alcohols into Aldehydes over Cu-DM. Taking the conversion
of benzyl alcohol to benzaldehyde for example, a 15 mL
Teflon-lined stainless steel autoclave equipped with a magnetic
stirrer was used to perform the reaction. In a typical
experiment, benzyl alcohol (1 mmol), TEMPO (0.5 mmol),
Na2CO3 (1 mmol), DMF (5 mL), and 160 mg of the catalyst
were loaded into the reactor. After the reactor was sealed, it

Figure 13. Structures and abbreviations of the typical organic acids in the depolymerized products of lignite by RICO.
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was placed in an oil bath pot to react at the desired
temperature and time. When the reaction finished, the reactor
was cooled down in ice water to quench the reaction, and the
reaction solution was transferred and diluted by DMF. The
analysis and identification of the products and the reactant
were done using the same methods as the Zr-DM catalyst.
4.5. Catalyst Heterogeneity and Recycles. To check

the heterogeneity of the catalysts, the solid catalysts were
removed from the reaction mixture after reaction for a short
time, and the supernatant was allowed to react to see if the
product yield could further increase with the absence of the
solid catalysts. In the reusability experiments, the catalyst was
separated by centrifugation, washed with fresh isopropanol for
three times, and then reused for the next run without further
treatments.
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