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Abstract Benzene carboxylic acid (BCAs) are common and useful chemical blocks, which can be derived from the
abundant low rank coals (LRCs) via oxidative degradation. In this work, we proposed a novel strategy to utilize BCAs as
raw materials to prepare catalysts with transition metal zirconium, and the prepared catalysts were applied into the
conversion of the renewable biomass resources. Typical model BCAs in the oxidative products of LRCs, including
pyromellitic acid, trimesic acid (TMSA), trimellitic acid, and benzoic acid, were used as the block to construct the Zr-
BCAs catalysts. The chemoselective conversion of furfural into furfuryl alcohol (FAL), an important reaction in the
biomass conversion chain, is chosen to evaluate the activity of the catalysts. The preparation conditions of the catalysts and
experiment factors during the reaction were systematically investigated. The prepared catalysts were characterized by
SEM, TEM, XRD and TG-DTG. The results showed that the prepared catalysts were efficient for the conversion of furfural
into FAL, among which Zr-TMSA gave the highest activity. Zr-TMSA could be recycled for ten times without obvious
deactivation, indicating an excellent stability. The strategy proposed in this work may be beneficial for the value-added
utilization of both LRCs and biomass resources.

Graphical Abstract Zr-BCAs catalysts prepared using benzene carboxylic acids and Zr are very efficient and stable for
hydrogenation of biomass-derived furfural to furfuryl alcohol at mild conditions.
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1 Introduction

Low rank coals (LRCs), with large abundance on earth,
become important carbon resources especially with the fast
depletion of high quality fossil resources. However, the
LRCs have several disadvantages such as low calorific
value, high oxygen and water content, and poor stability to
air, which make LRCs not suitable for direct use as energy
sources due to the low efficiency and serious pollution
(Schobert and Song 2002; Gunka and Pyshyev 2014; Li
et al. 2015). Therefore, exploring the clean and efficient
utilization approach of LRCs is a critical issue for human
beings (Li et al. 2015; Mi et al. 2015; Saikia et al.
2015; Liu et al. 2016). Although the low degree of coali-
fication and the high content of oxygen result in the low
calorific value of LRCs, on the other hand, these unique
properties also lead to the higher reactivity of LRCs
compared with the high rank coals, making it possible and
facile to prepare value-added chemicals from LRCs (Shui
et al. 2006, 2008; Wang et al. 2012; Li et al. 2015; Pan
et al. 2017). Among the chemicals derived from LRCs, the
organic acids, including the small-molecule fatty acids
(SMFAs) and benzene carboxylic acids (BCAs), are
important industrial blocks with wide applications (Wang
et al. 2013a, b; Hu et al. 2016; Lv et al. 2016). Various
oxidation approaches, including ruthenium ion-catalyzed
oxidation (RICO),(Huang et al. 2008; Liu et al. 2016)
oxidation with different oxidizing agents such as H,O,,
ozone, oxygen (Mae et al. 2001; Yu et al. 2014), and alkali-
oxygen oxidation (Wang et al. 2012, 2013a, b; Yang et al.
2015), were developed to produce organic acids from
LRCs. High yields of the organic acids, including 18.4%—
21.5% of BCAs and 39.8%-23.2% of SMFAs, have been

achieved via alkali-oxygen oxidation (Wang et al
2013a, b). After obtaining organic acids from LRCs, the
next problem needing to be considered is that how to fulfill
their efficient, facile, and value-added utilization. There-
fore, exploring efficient utilizing approaches of organic
acids, especially the BCAs, is of great importance to pro-
mote the clean and efficient utilization of LRCs.

In parallel with improving the utilization efficiency of
fossil resources, it is essential to search sustainable and
renewable resources for human beings in the long run
(Beach et al. 2009; Shui et al. 2011; He et al. 2013).
Biomass is believed to be green and renewable carbon
resources with the advantages of large reserves, broad
distribution, and abundance in varieties (Ruppert et al.
2012; Tuck et al. 2012). Catalytic conversion is an
important way for the transformation and utilization of
biomass resources (Zakzeski et al. 2010; Tao et al. 2011).
Furfural, a typical representative of carbonyl compounds
derived from biomass, could be converted into furfuryl
alcohol (FAL) via chemoselective hydrogenation of car-
bonyl groups, and both furfural and FAL could be further
converted into various useful chemicals (Bhogeswararao
and Srinivas 2015; Chen et al. 2016). Zirconium (Zr) based
catalysts are commonly used for the chemoselective con-
version of carbonyl groups in the biomass conversion
chain, such as ZrO, (Mifiambres et al. 2011), zirconium
alkoxides (Zhu et al. 2003), Zr-containing zeolites (Wang
et al. 2015), and Zr(OH),4 (Tang et al. 2014), etc. Recently,
researchers pay more attention to explore new materials to
construct Zr catalysts with novel structures and properties.
For example, a natural source chemical, phytic acid, was
used in our previous work to prepare Zr catalysts, and it
was found that the prepared catalysts were highly efficient
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for the conversion of carbonyl compounds (Song et al.
2015a, b). Xue et al. applied cyanuric acid (CA), a nitro-
gen-containing functional chemical, to construct Zr cata-
lysts, which were proved to be efficient for the conversion
of biomass-derived esters levulinate (Xue et al. 2016).
Very recently, we reported a novel Zr catalyst using the
LRCs derived humic acids (HAs) as the building block, and
the Zr-HAs catalysts were highly efficient for the produc-
tion of gamma-valerolactone (GVL) from ethyl levulinate
(EL) (Xiao et al. 2017). Although these reported catalysts
are efficient for the hydrogenation of carbonyl groups, they
also suffer some drawbacks, such as severe reaction con-
ditions and limited sources of the skeleton materials used in
the preparation. Therefore, it is still desirable to explore
efficient, more common, and low-cost raw materials to
construct Zr catalysts for the conversion of biomass-
derived carbonyl compounds.

Carboxylic acids, especially the polycarboxylic acids,
with high contents of acidic groups, are potential materials
to synthesis functional materials and catalysts (Peng et al.
2012; Song et al. 2015a, b; Valekar et al. 2016). Using
organic acids derived from the degradation of LRCs to
construct catalysts and applying them into biomass con-
version are a potential strategy for the utilization of both
LRCs and the biomass resources. However, up to now,
very few reports involved the use of polycarboxylic acids
in constructing Zr catalysts, and only limited polycar-
boxylic acids were studied, such as 4-hydroxybenzoic acid,
1,4-benzenedicarboxylic acid, 1,2,4-benzenetricarboxylic
acid, benzoic acid, etc (Song et al. 2015a, b; Valekar et al.
2016). Due to the fact that various polycarboxylic acids
could be derived from LRCs, it is essential to conduct
extensive work to construct catalysts using more polycar-
boxylic acids and studying their performances in biomass
conversion reaction.

In this work, we constructed a novel Zr-based catalyst
using different BCAs as the skeleton materials. The
designed catalysts are intended to have the advantages of
high efficiency under milder conditions with promising
cost advantages because the raw materials (BCAs) can be
derived from the abundant and low-cost LRCs. Several
BCA model chemicals, which are common in the oxidative
degradation derivatives from LRCs, were attempted to
synthesize Zr-BCAs catalysts, including pyromellitic acid
(PMA), trimesic acid (TMSA), trimellitic acid (TMLA),
and benzoic acid (BA) (Scheme 1). The conversion of
furfural into furfuryl alcohol (FAL) was applied to evaluate
the performance of the prepared catalysts due to its
importance in the reaction chain of biomass conversion.
Furthermore, furfural is a typical representative with both
C=C and C=0 double bonds, which is often used to study
the selective hydrogenation of the two different chemical
bonds (Bhogeswararao and Srinivas 2015). The preparing
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Scheme 1 BCAs used in this work to construct the catalysts

conditions of the catalysts and the influences of the
experimental factors on the reaction were systematically
investigated. The obtained catalysts were characterized by
SEM, TEM, XRD, and TG-DTG. A high FAL yield of 97%
was achieved for Zr-TMSA catalyst under mild conditions.
The catalyst could be recycled for ten times without
obvious deactivation, showing an excellent stability. The
proposed strategy is beneficial for both the efficient and
clean utilization of LRCs and promoting the conversion of
biomass-derived furfural.

2 Experimental
2.1 Materials

Pyromellitic acid (PMA, 96%), trimesic acid (TMSA,
99%),trimellitic acid (TMLA, 98%), benzoic acid (BA,
99%), furfural, furfuryl alcohol, and ZrOCl,-8H,0O (AR)
were provided by J&K Scientific Ltd. Isopropanol (AR),
ethanol (AR), KOH (AR), decane (AR) and other chemi-
cals were obtained from Beijing Institute of Chemical
Reagent.

2.2 Preparation of catalysts

The catalysts constructed in this work were prepared as
follows. In a typical procedure, 5 mmol (1.27 g) of PMA
was dissolved in 50 mL alkali solution containing 20 mmol
(1.12 g) of KOH under 80 °C for 5 h, forming Solution A.
5 mmol (1.61 g) of ZrOCl,-8H,0 were dissolved in 50 mL
distilled water, forming Solution B. Then Solution A was
dropwise added into Solution B slowly under stirring. The
mixture was maintained stirring under room temperature
for 10 h to form the white gel. After this, the suspended
slurry was separated by centrifugation or filtration to give
white precipitate. Finally, the catalysts were obtained after
the precipitate was thoroughly washed for five times with
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distilled water and two times with ethanol, dried in vacuum
at 80 °C for 12 h, and then crowded into powders for use.
The catalyst was denoted as Zr-PMA 1:4:1, the ratio rep-
resenting the mole ratio of PMA:KOH:Zr. The ratios of
KOH to BCAs linkers were varied to optimize the
preparing conditions of the catalysts. Similarly, various
catalysts were synthesized, denoted as Zr-PMA (1:4:1,
1:3:1, 1:2:1, 1:1:1), Zr-TMSA (1:3:0.75, 1:2:0.75), Zr-
TMLA (1:3:0.75, 1:2:0.75), and Zr-BA (1:1:0.25),
respectively.

2.3 Characterization of the catalyst

Scanning electron microscopy (SEM) measurements were
performed on a Hitachi S-3400 N scanning electron
microscope operated at 20 kV. Transmission electron
microscopy (TEM) images were obtained using a TEM
JEOL-1011 with an accelerating voltage of 120 kV. X-ray
diffraction (XRD) were carried out on a XD8 Advance-
Bruker AXS X-ray diffractometer using Cu-Ka radiation
(A =532 nm) and Ni filter scanning at 2° per minute
ranging 3°-80°. The tube voltage was 40 kV and the cur-
rent was 40 mA. The thermogravimetric (TG) analysis of
Zr-FA was performed on a thermogravimetric analysis
system (Diamond TG/DTA6300, Perkin Elmer Instru-
ments) under Ar atmosphere at a heating rate of 10 °C/min.

2.4 Reaction

The conversion of furfural into FAL was performed in a
10 mL Teflonlined stainless steel autoclave equipped with
a magnetic stirrer. In a typical experiment, furfural
(1 mmol), isopropanol (5 mL), and a certain amount of
catalysts were introduced into the reactor. After sealing, the
reaction mixture was stirred and allowed to react at suit-
able temperatures in oil bath for a desired time. After
reaction, the reactor was cooled down in cold water to
quench the reaction and the reaction solution was trans-
ferred and diluted by isopropanol. The samples were ana-
lyzed quantitatively by gas chromatography (GC,
Shimadzu 2014) with a flame ionization detector using
decane as the internal standard. Identification of the prod-
ucts and the reactant was fulfilled using a GC-MS (SHI-
MADZU-QP 2010) as well as by comparing the retention
times with respective standards in GC traces.

Heterogeneity of Zr-BCAs catalysts were detected by
removing the solid catalysts from the reaction mixture and
the supernatant was allowed to react to check if the product
could further increase without the presence 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.

3 Results and discussion
3.1 Screening and characterization of the catalysts

The activities of the prepared catalysts for the conversion of
furfural into FAL were shown in Table 1. For the conditions
that all the carboxylic groups in BCA molecules were totally
neutralized for the four kinds of BCAs, Zr-TMSA possessed
the highest activity (Entries 1, 5, 7, 9). As regards each kind
of BCAs, the activity of the catalysts varied with the usage of
alkali. For PMA (Entries 1-4), TMSA (Entries 5-6), and
TMLA (Entries 7-8), similar potentials could be found that
the activity generally increased with the increasing of the
usage of alkali, coming to the highest value when all the
carboxylic groups in BCAs were totally neutralized. It could
be speculated that the extent of neutralization of the car-
boxylic groups in BCAs molecules may have influences on
the microstructures and spatial network between BCA
skeleton and Zr*' in the catalysts, resulting in different
chemophysical properties and variation in activity. Among
all the catalysts studied, Zr-TMSA (1:3:0.75) gave the
highest conversion and yield, and thus it was chosen as a
representative for further studies.

The performance of Zr-TMSA (1:3:0.75) catalyst was
compared with other commonly reported Zr-based cata-
lysts as well as some transition metal catalysts, including
Fe, Ni, and Mg (Table 2). Among the studied catalysts in
Table 2, Zr-based catalysts generally worked at the lower
temperatures compared with Fe, Ni and Mg-based

Table 1 Screening of the Zr-BCAs catalysts for the conversion of
furfural into FAL

o) OH
fo) Zr-BPAs (o)
(\_B)LH isopropanol N\ / H
Entry BCAs Catalysts Conv. Yield. Sel.
linker (%) (%) (%)
1 PMA Zr-PMA (1:4:1) 515 33.6 65.3
2 PMA Zr-PMA (1:3:1) 469 40.9 87.2
3 PMA Zr-PMA (1:2:1) 40.5 34.8 85.9
4 PMA Zr-PMA (1:1:1) 403 37.1 92.1
5 TMLA Zr-TMLA 67.2 54.7 81.4
(1:3:0.75)
6 TMLA Zr-TMLA 40.9 329 80.3
(1:2:0.75)
7 TMSA Zr-TMSA 78.5 74.6 95.0
(1:3:0.75)
8 TMSA Zr-TMSA 41.3 40.9 99.0
(1:2:0.75)
9 BA Zr-BA (1:1:0.25) 16.2 11.0 67.8

Typical reaction conditions were as follows: furfural 1 mmol, iso-
propanol 5 mL, catalyst 200 mg, reaction temperature 70 °C, reaction
time 3 h. The ratios after the catalysts represented the mole ratio of
BCAs:KOH:Zr
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Table 2 Comparison of Zr-TMSA catalyst with different catalysts in typical literatures

Entry Catalysts Reaction conditions C. (%) Y. (%) S. (%) TOF (h™ 1) Refs.

1 Zr-TMSA 70 °C, 3 h 79.0 74.6 95.0 0.60 This work

2 Zr-TMSA 70 °C,5h 93.6 89.5 95.6 0.36 This work

3% Zr-PhyA 100 °C, 2 h 99.3 99.3 100.0 0.77 Song et al. (2015a, b)

4 Zr-SBA-15 90 °C, 6 h 50.0 40.0 80.0 0.76 Iglesias et al. (2015)

5° ZrPN 100 °C, 15 h 93.0 90.0 96.8 0.43 Li et al. (2016a)

6° v-Fe,O; @HAP 180 °C, 3 h 96.2 91.7 95.3 - Wang and Zhang (2017)

74 Fe/NC 160 °C, 15 h 91.6 76.0 83.0 0.58 Li et al. (2016b)

8¢ Ni—Cu/Al,04 200 °C, 4 h 954 954 100 10.90 Reddy Kannapu et al. (2015)
9 MgO 170 °C, 5 h 100.0 74.0 74.0 0.62 Biradar et al. (2016)

C. conversion of furfural, Y. yield of FA, S. selectivity of FA. The values of turnover frequency (TOF) were calculated based on the FAL mole

produced at per mol of active sites and per hour
& Zr-PhyA: Zr-phytic acid hybrid
® Zr-PN: organotriphosphate-zirconium hybrid

¢ Hydroxyapatite-encapsulated magnetic y-Fe,O;. This reaction was metal-free catalysis process, and the amounts of the active sites were not

mentioned in the literature

4 Fe/NC: nitrogen-doped carbon-supported iron

¢ Ni-Cu/Al,05: The amounts of the active Ni were used to calculate the TOF value

catalysts. Ni-Cu/Al,03 gave the highest TOF value, which
may be attributed to the higher reaction temperature and
the co-catalytic effect of Cu (Kannapu et al. 2015). Com-
pared with other catalysts, Zr-TMSA (1:3:0.75) prepared in
this work exhibited high efficiency with almost similar
level of TOF values, but the reaction temperature was
lower and the required time was shorter at similar product
yields. These results indicated that the prepared catalysts
were highly efficient under mild conditions.

In order to understand well the structure of the catalyst,
some characterizations were conducted. The morphology
of Zr-TMSA (1:3:0.75) was characterized by SEM and
TEM, showing that the catalyst was composed of particles
with no uniform shapes (Fig. la, b). From Fig. lc, one
broad diffraction peak around 27° could be seen in XRD
pattern, indicating that the as-prepared catalyst was amor-
phous (Song et al. 2015a, b). From TG-DTG results
(Fig. 1d), there were two obvious DTG peaks around 110
and 590 °C, corresponding to two weight loss processes,
respectively. The first weight loss (about 14%) could be
assigned to the desorption of water and ethanol adsorbed
on the catalyst during the preparation processes (Peng et al.
2012). The second weight loss from 500 to 650 °C could be
attributed to the decomposition of the catalyst. TG results
indicated that the catalyst had a good stability under
reaction temperatures (below 100 °C).

3.2 Effects of the catalyst dosage
The effect of catalyst dosage on the conversion of furfural to

FAL was studied with isopropanol as the hydrogen source
(Fig. 2). It can be seen from the results that both the
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conversion and the yield increased significantly with the
increasing of the dosage of the catalyst. The highest con-
version of 78.5% and FAL yield of 74.6% with high selec-
tivity of 95.0% were obtained when the catalyst dosage was
200 mg. Further increasing the catalyst dosage had a nega-
tive effect on the performance, which could be due to the fact
that the large amount of the catalyst made the reaction slurry
much thicker and the dispersion of the catalyst became poor,
limiting the mass transfer during reaction. A catalyst dosage
of 200 mg and furfural concentration of 0.2 mmol/mL were
used in the following studies.

3.3 Influence of the reaction temperature

The effect of reaction temperature on the performance of the
catalyst was studied and the results were shown in Fig. 3. It
can be seen that reaction temperature had a dramatic influence
on the performance of the catalyst. Within the whole tem-
perature range studied from ambient temperature (25 °C) to
100 °C, both the conversion and the yield increased with the
increasing of the temperatures, while the selectivity had a
slight decrease in high temperature region (after 70 °C).
Considering the reaction rate, product selectivity, and the
energy consumption, we chose the moderate temperature
70 °C as a suitable temperature for the production of FAL
from furfural under the present reaction condition.

3.4 Influence of the reaction time
On the basis of the above studies, the influence of reaction

time was investigated (Fig. 4). The results showed that the
reaction proceeded fast within the first 3 h and the FAL
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Fig. 1 Characterization of the as-prepared Zr-TMSA catalyst by
SEM (a), TEM (b), powder XRD pattern (c¢), and TG-DTG analysis
(d)

yield increased fast to 74.6%. The yield increased at a
slower rate with prolonging the reaction time, and the final
yield came to 97.0% with substrate conversion of 98.0%
with high selectivity of 99.0% when the reaction time was
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Fig. 2 Effect of the catalyst dosage. Reaction conditions: furfural
1 mmol, isopropanol 5 mL, reaction temperature 70 °C, reaction time
3h
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Fig. 3 Influence of the reaction temperatures. Reaction conditions:
furfural 1 mmol, isopropanol 5 mL, Zr-TMSA (1:3:0.75) 200 mg,
reaction time 3 h
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Fig. 4 Influence of the reaction time. Reaction conditions: furfural
1 mmol, isopropanol 5 mL, Zr-TMSA (1:3:0.75) 200 mg, reaction
temperature 70 °C

9 h. These results indicated that the prepared catalyst was
highly efficient for the conversion of furfural to FAL under
mild conditions.
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3.5 The heterogeneity and reusability of the catalyst

To identify the heterogeneity of the catalyst, the reaction
was stopped via removing the catalyst from the reaction
slurry after the reaction was proceeded for 2 h, and the left
solution was allowed to react under the same conditions to
check if the FAL yield further increased without the solid
catalyst (Song et al. 2015a, b). The results were given in
Fig. 5a. It can be seen that there was no further increase in
the FAL yield after the solid catalyst was removed, con-
firming that the active sites in the catalyst was not soluble
in the reaction mixture and it was the solid catalyst to
catalyze heterogeneously the reaction. The reusability of
the catalyst was investigated under the experimental con-
ditions that the conversion was controlled around 40%. The
performances of the catalyst during ten repeated runs were

(a) 100
With catalysts
80
]
-c 60 .
o
" 40
:II 1 Without catalysts
'8
20
0 T L T Ll T
1 3 5 7 9

Reaction time (h)

(b) Il Yicld [ Conversion [l Selectivity

1 2 3 4 5 6 7 8 9 10
Run

Fig. 5 a Time-yield profiles of the conversion of furfural to FAL, and
b Reusability of the catalyst. Typical reaction conditions: furfural
1 mmol, isopropanol 5 mL, Zr-TMSA (1:3:0.75) 200 mg, reaction
temperature 70 °C. For the reusability, the reaction time was 2 h
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Scheme 2 Possible mechanism for Zr-BCAs catalyzed conversion of
furfural to FAL

shown in Fig. 5b. The results showed that there was no
considerable decrease in the conversion, yield, and selec-
tivity after ten cycles compared with the first use, indi-
cating that the catalyst was very stable. The heterogeneity
study together with the above TG-DTG analysis (Sect. 3.1,
Fig. 1d) identified that the catalyst had good solvent and
thermal stability, resulting in the excellent recycling per-
formance under the studied reaction conditions.

3.6 Mechanism analysis

Based on the previous reports (Song et al. 2015a, b), the
possible mechanism of Zr-BCAs catalyzed conversion of
furfural into FAL was proposed (Scheme 2). For the
transfer hydrogenation, both the acidic and basic sites in
the catalyst were reported to be essential (Song et al.
2015a, b; Ikariya and Blacker 2007). In Zr-based catalysts,
Zr*" and O*~ (carboxylate groups in BCAs) formed the
acid and basic sites, respectively (Tang et al. 2013; Val-
vekens et al. 2014). Firstly, isopropanol was adsorbed onto
the catalyst and interacted with the acid—base sites (Zr*'—
02_) on Zr-BCAs, resulting in its dissociation to the cor-
responding alkoxide. Meanwhile, the carbonyl groups in
furfural molecules were adsorbed onto the adjacent sites on
the catalyst. Then, hydrogen transfer took place between
the dissociated alcohol and the activated furfural molecules
via a concerted process involving a six-link intermediate to
form the corresponding products. Furfural was converted
into FAL while isopropanol converted into acetone.

4 Conclusions
A novel strategy to construct Zr-based catalyst for biomass

conversion using BCAs was proposed in this work. Various
Zr-BCAs catalysts were successfully prepared using BCAs
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with different structures, and the preparation conditions
and experiment factors during the reaction were system-
atically studied. The catalyst was proved to be highly
efficient for the conversion of biomass-derived furfural to
FAL with high yield of 97% under mild temperature. The
catalyst can be used at least ten times without obvious
changes in performance, proving the excellent stability.
Using BCAs potentially obtained from LRCs to construct
catalysts and applying them in the biomass conversion is
believed to be an efficient approach for the utilization of
both LRCs and biomass resources.
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