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Abstract—2, 5-furandicarboxylic acid (FDCA) is a one of the most promising biomass-derived chemicals to substi-
tute the non-renewable terephthalic acid as the monomer for producing polyethyleneterephthalate. At present, the oxi-
dation of HMF is regarded as a prevalent way to prepare FDCA. Nevertheless, the isolation and storage of HMF is still
a challenge. Herein, based on the higher stability of 5-formyloxymethylfurfural (FMF) than 5-hydroxymethylfurfural
(HMF), we present an effective preparation route to prepare FDCA by substituting HMF with FMF as feedstock. A
complete conversion of FMF and a 93.55% selectivity of FDCA were obtained in the mixed solvent of water and 1, 2-
dioxane using Ru/C as catalyst and O, as oxidant. An improved process was developed for preparing FDCA using
FMF as feedstock. The investigation of conversion pathway showed that FMF and HMF were simultaneously oxidized
to 2, 5-diformylfuran (DFF) in a case of the existence of the reversible equilibrium between FMF and HME Then DFF
was oxidized to 5-formyl-2-furancarboxylic acid (FFCA). Subsequently, FFCA was oxidized to FDCA. In this process,
the oxidation of FFCA to FDCA was determined as the rate-determining step. Furthermore, appropriate alkalinity
favored the selectivity of FDCA and the conversion of FME
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INTRODUCTION

The current problems of environmental pollution prompted us
to search for a green alternative to the conventional petrochemicals
[1-3]. Under this background, comprehensive utilization of the bio-
mass has attracted much attention of researchers, because of its irre-
placeable advantages, such as abundance and renewability. In general,
biorefinery is regarded as the most promising and feasible mea-
sure to utilize biomass resource, including biological treatment, ther-
molysis and chemical conversion [4-6]. One of the most important
and attractive biorefinery process is converting carbohydrates to 5-
hydroxymethylfurfural (HMF), the versatile biomass based plat-
form chemicals hydrolyzed from cellulose [7]. As a research hotspot,
the preparation methods of HMF have been studied in detail by
the global researchers. And the downstream reactions of HMF have
also been extensively studied, basically including the reduction to
obtain 2, 5-bis(hydroxymethyl)furan (BHMF) [8], the oxidation to
get the 2, 5-diformylfuran (DFF) and the deep oxidation to achieve
2, 5-furandicarboxylic acid (FDCA) [9].

In industry, terephthalic acid is an important monomer for pro-
ducing polyethyleneterephthalate (PET plastic). Being the similar
aromatic structure, FDCA is considered as a most potential alter-
native to replace terephthalic acid [10]. According to previous reports,
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HMEF was invariably used as feedstock for producing FDCA [11-
13]. To achieve an excellent FDCA yield, noble-metal catalysts were
usually the preferred choice. As reported, Au/HY achieved over 99%
FDCA yield in water under the conditions of 60 °C and 0.3 MPa
O, [14]. When using Pt/CNT as catalyst, 98% FDCA yield was ob-
tained in water with complete HMF conversion [15]. Gorbanev et
al. [16] reported that the supported Ru(OH), catalyst performed
well in aerobic oxidation of HMF to FDCA under a moderate oxy-
gen pressure. Considering the high cost, scarcity and long-term avail-
ability of noble metals, a new tendency of using non-noble catalyst
arose in recent years. Han et al. [3] used MnO,-CeO, composite
catalysts in the oxidation of HMF to FDCA, achieving a 91% yield
of FDCA.

Although a great deal of excellent results were obtained in the
oxidation of HMF to FDCA, the isolation and storage of HMF is
still a challenge. Property of instability results in no commercial HMF
products in the market, which has been one bottleneck to realize
the low-cost production of FDCA from HME 1t is worthwhile to
point out here that FMF is more stable, less polar and more hydro-
phobic than HME favoring its isolation from the reaction mixture
by extraction and vacuum distillation. Our lab has developed the
preparation process of FMF with the purity of 98.8% based on the
one-pot pathway from cellulose and two-step pathway from fruc-
tose [17,18]. The prepared FMF in our lab remains a good purity
of 97.8% after a storage of 90 days (Fig. 1). Based on these advan-
tages of FME it was regarded as a promising platform chemical. In
this study, we attempt to validate possibility of using FMF as feed-
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Fig. 1. Color change of FMF during storage. (a) FMF stored 9
months, (b) FMF stored 3 months, (c) Fresh FME

stock to produce FDCA like HMF do. Some catalysts usually used
to oxidize HMF to FDCA were screened for the oxidation of FME
Some influencing factors, such as reaction solvent and reaction
parameters, were investigated. More importantly, the reaction path-
way of FMF to FDCA was revealed in detail.
1. Materials

HME FDCA, FFCA, HMFCA, DFF, 1, 4-dioxane, dimethyl sulf-
oxide (DMSO), tetrahydrofuran (THF), acetonitrile, phosphonitri-
lic chloride trimer, Ru/C (5wt% Ru, containing 60-70% water),
Pd/C (5wt% Pd, containing 40-60% water), Pt/C (5wt% Pt, con-
taining water less than 80%), ruthenium chloride hydrate (35.0-42.0%
Ru basis), as well as MnO,, Fe,0;, Co;0,, ZSM-5, were purchased
from Aladdin Chemical Technology Co. Ltd. (Shanghai, China).
All reagents used in this study were analytical grade. FMF was pre-
pared in our laboratory.
2. Preparation of Ru Supported Catalysts

The Ru supported catalysts were prepared with the impregna-
tion method. In short, Ru was loaded on several supports respec-
tively by the impregnation with RuCl;-nH,O aqueous solution, then
the reduction procedure of the RuCl; was performed with the flow
of H,/N, (10 vol% H,) mixture gas at 350 °C. The loading of Ru to
support was kept at 5wt%. The nitrogen doped carbon support
(NC) was prepared using the method reported by other research-
ers [19].
3. Characterization

The specific surface area and pore distribution of the catalysts
were determined using Micromeritics ASAP 2020 HD88. Prior to
the measurement of adsorption, the samples were degassed under
vacuum at 373K for 4 h.
4. Typical Reactions and Product Analysis

The oxidation reactions of HMF and FMF were performed using
a 20 mL stainless steel reactor with magnetic stirring. In a typical
experiment run, 0.154 g FMF (1mmol) or 0.126 g HMF (1 mmol),
2g l4-dioxane, 8 g H,0, a certain amount of catalyst and alkali
were added in the reactor firstly, followed by filling with O, (purity
>98%), then the reactor was heated in an oil bath to the target tem-
perature for a certain amount of time. After the reaction was fin-
ished, the reactor was cooled to room temperature in cold water,
and the supernatant was separated for subsequent analysis.

HPLC analysis of reaction products, such as FDCA, HMFCA,
FFCA, HMF and DFF was performed using high-performance
liquid chromatography (HPLC, Waters 2695 Separation Module)
equipped with Bio-Rad Aminex HPX-87H ion exclusion column
(300x7.8 mm). The column oven temperature was 60 °C and the
mobile phase was 0.005M H,SO;, at a flow rate of 0.6 mL-min "
Moreover, the gas products were analyzed using Agilent 7890B Gas
Chromatograph.

The product conversion and yield were calculated according to
the following equations:

Carbon balance=FDCA Yield+FFCA yield+ HMFCA yield 1
+HMF yield+DFF yield+FMF yield
FDCA yield= (Mole of FDCA in the products) «100% )
Initial mole of reactant
FFCA yield= (Mole of FFCA in the products) % 100% 3)
Initial mole of reactant

Mole of HMFCA in the productsj «100%  (4)
Initial mole of reactant

HMFCA yield= (

HMEF yield= (Mole of HMEF in the products) «100% ®)
Initial mole of reactant
DFF yield= (Mole.o.f DFF in the products) «100% ©)
Initial mole of reactant
FMF yield= (Mole.o_f FMEF in the products) «100% @
Initial mole of reactant

RESULTS AND DISCUSSION

1. Reaction Pathways for the Aerobic Oxidation of FMF
Usually, the FDCA can hardly dissolve in most common solvents.
Therefore, the preparation of FDCA required the assistance of alkali
to form organic salt, which facilitates the dissolution of FDCA in
water, promoting the reaction efficiency. In addition, study in sub-
sequent section on the effect of reaction temperature showed the
conversion of FMF was too fast at 140 °C. To grasp more informa-
tion about the distribution of intermediates generated in the oxi-
dation of FME the declined reaction temperature was required to
lower the reaction rate. In experiments, we compared the oxida-
tion behaviors of FMF in NaHCO; solution with different alkalin-
ity at 100 °C (Fig. 2). When 4 mole equivalent NaHCO; was used
in the reaction, except for FDCA, the intermediates, such as HME
DFE, FFCA and HMFCA, were detected. Form Fig. 3 in subse-
quent chapter, we found that FFCA was dominant among all the
intermediates till 10h. Furthermore, it was generated rapidly in
initial 15 min, verifying the conversion of FMF to FFCA was rapid
reaction and the oxidation of FFCA to FDCA was the rate-deter-
mining step. Compared with reaction using 4 mole equivalent
NaHCO;, we found the generation rate of FFCA from FMF was
faster, as well as the conversion rate of FFCA to FDCA, when 2
mole equivalent NaHCO; was used in the reaction. It appeared that
the excess alkalinity was unfavorable for the oxidation of FME To
confirm this assumption, the experiments without NaHCO; were
performed. To our surprise, the intermediates HMF and DFF be-
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Fig. 2. Production distribution and carbon balance of the oxidation of FMF and HMF to FDCA with different equivalent NaHCO;. Reac-
tion conditions: 10 g mixed solvent of 1, 2-dioxane and H,0 (w/w; 2:8), 0.1 g Ru/C (mole ratio of FMF/Ru=20), 100 °C, 1 MPa O,,
500 rpm, completed FMF conversion in each reaction except for marked out. (a) 1 mmol FME no NaHCOs; (b) 1 mmol HME, no
NaHCO;; () 1 mmol FME 2 equivalent NaHCO;; (d) 1 mmol HME, 2 equivalent NaHCO;; (¢) 1 mmol FME, 4 equivalent NaHCO;;

(f) 1 mmol HME 4 equivalent NaHCO;.

came dominant, suggesting that the insufficient alkalinity also did
not benefit the formation of FFCA. Furthermore, the following oxi-
dation of FFCA to FDCA also was influenced, leading to the low
yield of FDCA. Especially, the formation of FFCA and FDCA was
drastically affected by alkalinity due to the carboxyl in these chem-
icals. The possible cause was the alkalinity affected the dispersing
of intermediates and FDCA in the reaction solution.

By comparison with HMF as feedstock, the change trend of
products distribution was similar to that using FMF as feedstock.
No matter adding 2 or 4 mole equivalent NaHCO,; into the reac-
tion, the yield of intermediate DFF using FMF as feed stock was
always slightly more than that using HMF as feedstock. Further-
more, the carbon balance in the reaction using FMF as feedstock
was slightly more than that using HMF as feedstock. Moreover,
the yield of intermediate FFCA using FMF as feedstock was more
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than that using HMF as feed stock after 30 minutes. These results
indicated that FMF could be directly oxidized to FFCA or indirectly
oxidized via HMF to FFCA due to the existence of reversible equi-
librium between HMF and FME

During the reaction, both DFF and HMFCA were found as inter-
mediates. Some literatures reported that the oxidation of HMF to
FDCA underwent DFF or HMFCA [13,20]. To confirm the con-
version pathway in this reaction, DFF or HMFCA was used as feed-
stock to produce FDCA (Table 1). The results showed that DFF
performed better than HMFCA, confirming that primary conver-
sion pathway underwent the intermediate DFF in this reaction,
whereas the secondary pathway was the oxidation of HMFCA.

Therefore, in view of the analysis above and previous studies [20-
22], a possible reaction mechanism for this oxidation reaction was
proposed as illustrated in Scheme 1. The most important differ-
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Fig. 3. Effect of reaction time on the oxidation of FMF to FDCA. Reaction condition: (a) 1 mmol FMF or (b) 1 mmol HME, 10 g mixed sol-
vent of 1, 2-dioxane and H,O (w/w; 2:8), 0.1 g Ru/C (the mole ratio of substrate/Ru=20), 4 mole equivalent NaHCO;, 1 MPa O,,
120°C, 750 rpm, complete FMF/HMF conversion in 0.5 h for each reaction.

Table 1. Comparison between using DFF and HMFCA as reactant’

E R Yield (%) Carbon
nt eactant
R FDCA HMFCA FECA balance (%)
1  DFF 9.17 0 83.80 92.97
1  HMFCA 552 5427 3820 97.99

“Reaction condition: 1 mmol DFF or HMFCA, 10 g mixed solvent of
1, 2-dioxane and H,O (w/w; 2:8), 0.1 g Ru/C (mole ratio of FMF/Ru=
20), 4 mole equivalent NaHCO;, 100 °C, 1 MPa O,, 30 min, 500 rpm

ence is the conversion of FME Initially, FMF and HMF existed in
the reaction together through the reversible equilibrium. Next, FMF
could be oxidized to DFF directly. And it could also be indirectly
oxidized to DFF through intermediate HMEF, which was a rapid
reaction. Meanwhile, the oxidation of a small amount of HMF to
HMFCA was determined as the secondary reaction pathway, since
it was detected in the reaction. Subsequently, DFF and HMFCA
were oxidized to FFCA. Finally, FFCA was oxidized to FDCA, fur-
thermore, the oxidation of FFCA to FDCA was the rate-determin-

OH 0 OH
0 o
o) | - HOH_?)
HMF HMFCA ~ 0 0 0 o}
l \ o. | }\M
0 HO” T\ J — HO” T\ H
|/
o 't o 2 / FFCA FDCA
U \WJJ
MF DFF
Scheme 1. Proposed mechanism for the oxidation of FMF to FDCA.
Table 2. Effect of different catalysts on the oxidation of FMF to FDCA®
Yield (%) Carbon
Ent Catalyst
R v FDCA HMFCA FFCA HMF DFF balance (%)
4 Pd/C 67.77 19.57 5.59 0 0 92.93
5 Ru/C 81.35 0 8.83 0 0 90.18
6 Pt/C 77.69 0 0 0 0 77.69
7 MnO, 0 1.53 1.58 53.88 2.8 59.79
8 Fe, O, 0 1.10 1.19 64.41 4.39 70.99
9 Co;0, 0 1.05 0.8 67.68 5.16 74.69
10 MoO, 0 0.78 0.86 68.2 2.64 72.48

“Reaction condition: 1 mmol FME 0.1 g dry non-noble catalysts or 0.1 g dry noble catalysts (5%), 4 mole equivalent of NaHCO,, 120 °C,
1 MPa O,, 5h, 750 rpm, 10 g mixed solvent of 1, 2-dioxane and H,O (w/w, 2 : 8), complete FMF conversion in each reaction
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Table 3. Effect of the catalyst support to the FDCA yield"

E Catal Yield (%) Carbon
ntr atalyst
Y 7 FDCA HMFCA FFCA HMF DFF balance (%)
1 Ru/ZSM-5 0 1.20 432 41.88 439 51.79
2 Ru/ZSM-5¢ 0 0.77 234 64.06 4.56 71.73
3 Ru/C 81.35 0 8.83 0 0 90.18
4 Ru/NC* 13.62 0 74.58 0 121 89.41

“Reaction condition: 1 mmol FME 0.1 g dry catalysts, 4 mole equivalent of NaHCO;, 120 °C, 1 MPa O,, 5h, 750 rpm, 10 g mixed solvent of
1, 2-dioxane and H,O (w/w, 1 : 4), complete FMF conversion in each reaction.

bSi/Al=45-80
“Si/ Al=150-300

“The support NC was prepared using method reported by other researchers [19].

ing step.
2. Catalyst Screening

As the experiment results collected in Table 2, several catalysts,
usually used in the oxidation of HME were employed in the oxi-
dation of FMF under the optimized condition of 120°C, 5h and
1 MPa O,. The results showed the Ru/C catalyst presented the much
better selectivity for the oxidation of FMF to FDCA with the yield
of 81.3% and the carbon balance of 90.2%. By comparison, the
non-noble metal oxide catalysts used in this reaction presented
hardly any catalytic activity for the oxidation of FMF to FDCA,
the resulting by-product 5-HMF inferred that these metal oxides
were more inclined to hydrolyze FME Owing to the high activity
of Ru/C compared with other catalysts, Ru/C was screened as the
catalyst for the oxidation of FMF to FDCA in the following study:.

Subsequently, several Ru-based catalysts with different supports
were tested in the oxidation of FMF to FDCA. From the results in
Table 3, it can be seen that there was no FDCA produced when
using ZSM-5 as catalyst support, HMF was the main product instead,
which suggested ZSM-5 appeared not to favor the improvement
of Ru for the oxidation of FMF to FDCA. It is well known that
ZSM-5 is a kind of acid molecular sieves, therefore, it was sup-
posed that acidity of ZSM-5 improve the hydrolysis of FMF to
HMEF and influence following oxidation. In addition, the specific
surface area analysis of the catalysts showed the commercial Ru/C
had the obviously larger surface area, which may contribute to the
higher yield of FDCA (Table 4).

Table 4. Physicochemical properties of catalysts

Langmuir surface ~ Median pore
E

ntry Catalyst area (m?/ g) width (nm)*

1 Ru/ZSM-5" 478.06 0.37

2 Ru/ZSM-5" 512.69 0.38

3 Ru/C 1901.71 0.51

4 Ru/NC* 1626.04 0.52

“Si/Al=45-80

’Si/Al=150-300

“The support NC was prepared using method reported by other
researchers [19].

“HK pore size distribution.

3. Effect of the Reaction Conditions on the Oxidation of FMF
to FDCA
3-1. Effect of Solvent

According to previous reports [23,24], solvent presented signifi-
cant effect on the reaction pathway or the oxidation rate of HME
therefore several common solvents were employed for further exam-
ination (Table 5). Considering previous experiment result that most
organic solvent performed bad in the oxidation of FMF to FDCA,
therefore the mixed solvents, such as THF/water, DMSO/water, ace-
tonitrile/water and 1, 4-dioxane/water, were tested in our experi-
ments. The results showed 1, 4-dioxane/water mixture performed

Table 5. The effect of different solvent composition and ratio on FDCA yield*

Yield (%)
Entry Solvent

FDCA HMFCA FFCA HMF DFF
1 DMSO : H,O (w/w, 1:4) 86.90 0 0 0 0
2 THEF : H,O (w/w, 1:4) 73.94 0 225 0 0
3 Acetonitrile : H,O (w/w;, 1:4) 66.31 0 5.01 0 1.42
4 1,4-Dioxane : H,O (w/w;, 1:9) 90.23 0 0 0 0
5 1,4-Dioxane : H,O (w/w; 1:4) 91.34 0 0 0 0
6 1,4-Dioxane : H,O (w/w;, 3:7) 90.08 0 0 0 0
7 1,4-Dioxane : H,O (w/w, 1:1) 91.02 0 0 0 0

“Reaction condition: 1 mmol FME 0.1 g Ru/C (mole ratio of FMF/Ru=20), 4 mole equivalent NaHCO;, 120 °C, 1 MPa O,, 24 h, 750 rpm,
complete FMF conversion in each reaction.
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much better in the selectivity of FDCA, even under the condition
that the mass ratio of 1, 4-dioxane/water substantially ranged from
1:9to 1:1. Owing to the alkalinity of NaHCO,, FDCA was prone
to from the salt of FDCA, especially at the presence of water. There-
fore, the addition of water facilitated the conversion of FMF and
generation of FDCA.
3-2. Effect of Reaction Time

The effect of the reaction time on the conversion of FMF to
FDCA was presented in Fig. 3(a). It was found that FMF was com-
pletely converted within 0.5h, along with the appearance of the
main product FFCA. As prolonging the reaction time to 10h, the
yield of FDCA climbed to 93.55%. During the reaction, except for
FFCA, only few other intermediates, such as HME DFF and HMFC,
were detected. In addition, further prolonging the reaction time
bring hardly any positive effect on the yield of FDCA. It seemed
that FMF was firstly oxidized to FFCA, followed by the oxidation
of FFCA to FDCA. It also suggested that the oxidation of FFCA to
FDCA was the rate-determining step in this reaction. By compari-
son the conversion of HMF to FDCA (Fig. 3(b)), the carbon bal-
ance and the yield of FDCA using FMF as feedstock was slightly
higher that of HME It might be ascribe to FMF is more stable
than HME
3-3. Effect of Reaction Temperature

The reaction temperature also influenced the product selectiv-
ity greatly. As seen in Fig. 4, during the reaction temperature rose
from 80 °C to 160 °C, the highest FDCA vyield of 92.58% was ob-
tained at 140 °C in 5h. What’s more, the relatively low tempera-
ture had little effect on the oxidation of FMF to FFCA, whereas the
oxidation of FFCA to FDCA was greatly dependent on the higher
reaction temperature. Notably, when the reaction temperature was
lower than 100°C, the low carbon balance showed that some unde-
sired intermediates not detected were possibly produced.
3-4. Effect of O, Pressure

The effect of O, pressure was also investigated in this study. The

100

80

—s—FDCA
—a— FFCA
—¢— Carbon balance

6l

40 -

20 4

Yield or carbon balance (%)

X T ) T Y T . T
80 100 120 140 160

Temperature (°C)

Fig. 4. Effect of the reaction temperature to the FDCA yield. Reac-
tion condition: 1 mmol FME 2 g 1,2-dioxane and 8 g H,0,
0.1g Ru/C (mole ratio of FMF/Ru=20), 4 mole equivalent
NaHCO;, 1 MPa O,, 5h, 750 rpm, complete FMF conversion
in each reaction.
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Fig. 5. Effect of the reaction O, pressure to the FDCA yield. Reac-
tion condition: 1 mmol FME, 10 g mixed solvent of 1, 2-diox-
ane and H,O (w/w; 2:8), 0.1 g Ru/C (mole ratio of FMF/Ru=
20), 4 mole equivalent NaHCO;, 140 °C, 5h, 750 rpm, com-
plete FMF conversion in each reaction.

results were presented in Fig. 5. When the pressure rose to 1 MPa,
the yield of FDCA substantially increased. However, continually
increasing O, pressure resulted in a slight decrease in the yield of
FDCA. Finally, the yield of FDCA remained at around 83% level.
Moreover, the solution after reaction turned brown when high pres-
sure O, was used. The probable reason is that a little humin dis-
solved in the solution was producted by side reaction. These results
inferred the excessive O, possibly caused some side reaction, along
with a decline in the FDCA yield.

CONCLUSION

We developed an efficient method to produce the promising
biomass-derived chemical FDCA from FME which is more stable
and easier to separate by distillation than HMFE The FDCA selec-
tivity of 93.55% and complete conversion were achieved in the
mixed solvent of water and 1, 2-dioxane, when using Ru/C as cat-
alyst and O, as oxidant. The investigation of conversion pathway
of EMF to FDCA showed that FMF and HMF were simultane-
ously oxidized to DFF due to the reversible equilibrium between
FMF and HME which was a rapid reaction; then DFF was oxi-
dized to FFCA as the primary conversion pathway and HMFCA
to FFCA as the secondary reaction pathway. Finally, FFCA was
oxidized to FDCA. The oxidation of FFCA to FDCA was the rate-
determining step. Furthermore, appropriate alkalinity favored the
selectivity of FDCA and the conversion of FME
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