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ARTICLE INFO ABSTRACT

The MOF Co-BTC (BTC = benzenetricarboxylate) has been synthesized by a hydrothermal method, and char-
acterized by means of N, physical adsorption, X-ray diffraction, scanning electron microscope, thermogravi-
metric analysis, and X-ray photoelectron spectroscopy. The material has multiple crevices, as opposed to a pore
structure, and shows high thermal stability, with Co in the divalent state. It has been used in conjunction with
N,N-dihydroxypyromellitimide to catalyze the oxidation of p-xylene to terephthalic acid, the reaction conditions
for which have been investigated and optimized. At 150 °C, with acetonitrile as solvent instead of acetic acid and
in the absence of corrosive bromine, the conversion of p-xylene reached 100 % and the selectivity for ter-
ephthalic acid exceeded 97 %. Under the optimized conditions, Co-BTC exhibits stronger catalytic activity than
cobalt(Il) acetate, and maintains excellent stability during the reaction. The reaction mechanism has been de-
duced, and the roles of N,N-dihydroxypyromellitimide and Co-BTC as synergistic catalysts in the reaction have
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been clarified.

1. Introduction

In the polyester industry, terephthalic acid (TA) is an important raw
material used primarily in the manufacture of non-toxic polyethylene
terephthalate (PET), which accounts for about 20 % of the polyester
market. PET is mainly used in machinery parts, fiber materials, and
packaging for foods and medicines.

Oxidation of p-xylene (PX) is the main route for obtaining TA. This
process is shown in Scheme 1, and is consistent with a mechanism of
hydrocarbon radical oxidation. In general, the difficulty of hydrocarbon
oxidation lies mainly in the initiation step, that is, the formation of
hydrocarbon radicals by the removal of hydrogen from alkyl groups
[1-4]. However, in the oxidation of PX, p-methyl benzyl radical and p-
TA will also be present [5], which are resistant to oxidation. Due to the
difficult oxidation characteristics of PX, current industrial production of
TA mainly relies on the harsh Amoco process, using cobalt(II) acetate,
manganese(Il) acetate, and bromine as catalysts, and acetic acid as
solvent, which is conducted at high temperature (about 200 °C) and
high pressure (1.5-3.0 MPa). The selectivity for TA is over 95 %. Under
the high-temperature operating conditions, corrosive bromine acts as a
co-catalyst, resulting in high production and equipment costs. There-
fore, the quest for an efficient and mild catalyzed route for PX oxida-
tion, leading to TA without the need for acid and bromine, has become

a hot topic of research.

N-Hydroxyphthalimide (NHPI) and its derivatives are effective
catalysts for the oxidation of organic compounds by molecular oxygen
under mild conditions [6], and are widely used as initiators for the
oxidation of hydrocarbons. Tashiro et al. [7] used NHPI/Co(OAc)./Mn
(OAc), as a catalyst and acetic acid as a solvent to oxidize PX at 100 °C.
The yield of TA reached 82 % after 14h of reaction; when the tem-
perature was raised to 150 °C, the yield of TA reached 84 % after 3 h.
Koshino et al. found that the PINO formed by the -NO-H cleavage of
NHPI is more likely to capture a proton from the alkyl group on the
alkyl aromatic hydrocarbon in acetonitrile (MeCN) than in acetic acid;
during the oxidation of PX, the effect of N,N-dihydroxypyromellitimide
(NDHPI) as an initiator is superior to that of NHPI because it bears two
-NOH groups [8].

Heterogeneous catalysts have also been used to catalyze the oxi-
dation of PX [9]. Ratnasamy et al. loaded cobalt manganese oxide into a
zeolite to catalyze the oxidation of PX at high temperature (473 K) and
an air pressure of 550 psi. The conversion of PX was 100 %, and the
selectivity for TA was over 98 %, but corrosive bromine was still needed
as a co-catalyst to capture hydrogen from the methyl group [10]. Deka
et al. prepared porous CeO, as a catalyst to catalyze the oxidation of PX
to TA. Using only water as a solvent under extremely mild conditions
(70°C, 1bar O,), the conversion of PX reached 100 % and the
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Fig. 2. XRD of Co-BTC.
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selectivity for TA exceeded 99 % [11]. Guo et al. used a metallopor-
phyrin (T(p-Cl)PPMnCl) as a catalyst to catalyze the oxidation of PX
with acetic acid as a solvent, although its concentration was as high as
20 %. Under these operating conditions (3.5h, 180 °C, 2.0 MPa), the
conversion rate of PX was 41.8 %, the selectivity for p-TA is 82.1 %, but
the selectivity for TA was only 12.4 % [12].

Porous metal-organic frameworks (MOFs), due to their variable
combinations of metals and organic ligands, offer great diversity in
their structures and properties, making them suitable for adsorbing
drugs [13] and harmful substances [14,15] as well as gas absorption
[16-18] and storage [19]. They also have broad prospects and value in
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Fig. 4. XPS spectrum of Co-BTC with peak fittings.

the field of catalysis [18,20,19,20,21,22,23]. To date, MOFs have been
studied as heterogeneous catalysts in the selective oxidation of some
hydrocarbons, such as cyclohexane [24-27], cyclooctane [28], olefins
[27,29-32], alcohols, [27,33-35], and so on. Wang et al. used a Cu-
MOF as a catalyst to catalyze the oxidation of PX to 4-hydro-
xymethylbenzoic acid under a mild conditions [36]. To the best of our
knowledge, however, no MOFs have hitherto been used in the oxidation
of PX to TA.

In this study, Co-BTC (BTC = benzenetricarboxylate) has been used
as a catalyst for the first time in the oxidation of PX to TA. It has been
used in conjunction with NDHPI instead of corrosive bromine as an
initiator for PX oxidation in the non-acidic solvent MeCN. The catalytic
properties of Co-BTC and cobalt(II) acetate have also been compared.
Through suitably designed experiments, the mode of action of NDHPI
and Co-BTC in PX oxidation has been investigated. Furthermore, the
stability of Co-BTC in the oxidation of PX has been studied.

2. Materials and methods
2.1. Materials and reagents

MeCN (AR), PX (AR), Co(OAc),4H>0 (AR), Co(NO3)o6H,0O (AR),
trimesic acid (H3BTC, AR), NDHPI (AR), dimethyl sulfoxide (DMSO,

AR), and ethanol (AR) were purchased from Macklin. Water was pur-
ified and deionized in our laboratory.

2.2. Synthetic procedure

Co-BTC was synthesized according to a method in the literature
[37]1, with some modifications. The specific process was as follows: Co
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Table 1
Study of catalytic performance.
NDHPI Co-BTC Conversion Selectivity/%
/8 /8 /%
pTALD p-TA  4CBA TA
1? 0.1 0 0 0 0 0 0
2° 0 0.1 0 0 0 0 0
3° 0.1 0.1 57.0 3.6 89.4 1.6 5.4
4° 0.372 0 93.5 0 30 2.5 67.5
5 0 0.05 3.1 97 3 0 0
6° 0.372 0.02 100 0 2.5 1.3 96.2
7¢ 0.372 0 100 0 10 0.9 89.1

@ Reaction carried out at 100 °C for 12h, 10 g PX, 20 g MeCN, 3.0 MPa O,.

b Reaction carried out at 150 °C for 12h, 0.54 g PX, 25 g MeCN, 3.0 MPa O,.

¢ Reaction carried out at 150 °C for 12 h, 0.54 g PX, 25 g MeCN, 3.0 MPa Oo;
0.025 g Co(OAc)»6H,0 was added.

(NO3),6H,0 (4.8g) was dissolved in deionized water (20 mL), and
H3BTC (2.0 g) was dissolved in absolute ethanol (130 mL). When the
two materials had completely dissolved, the two solutions were mixed,
and the mixture was transferred to a 200 mL Teflon crystallization
vessel. After agitation in an ultrasonicator for 20 min, the mixture was
transferred to an incubator for crystallization by programmed tem-
perature control. First, the temperature was quickly raised to 140 °C
within 22 min and maintained at this level for 24 h; it was then uni-
formly lowered to 120 °C in 200 min. After 5h, the temperature was
steadily reduced to 100 °C over a period of 200 min and maintained at
this level for 5 h. Finally, the mixture was cooled to room temperature.
The vessel was removed from the incubator, the supernatant was dec-
anted, and the solid was collected by suction filtration and washed with
absolute ethanol until the washings were colorless and transparent.
Thereafter, the solid was placed in a vacuum oven at 80 °C for 24 h. The
dark-blue solid product was designated as Co-BTC.

2.3. Catalysis and product analysis

All reactions were carried out in an autoclave equipped with a
100 mL quartz vessel and operated at a stirring speed of 1000 rpm. In a
representative reaction process, combined catalyst (0.372g NDHPI,
0.05g Co-BTC), raw material (0.54g PX), and solvent (25g

acetonitrile) were combined in the quartz vessel. The autoclave was
then closed, and the inside of the reactor was flushed twice with oxygen
through a valve. The reactor was finally supplied with oxygen (3 MPa,
room temperature), then heated to 150 °C, and the reaction was al-
lowed to proceed for 12h. Thereafter, the product was taken up in
DMSO and analyzed by high-performance liquid chromatography [38].

2.4. Characterization

The specific surface areas and pore structures of samples were
measured by N, adsorption using an ASAP 2020 Plus physisorption
instrument, whereby the specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method. X-ray diffraction (XRD) ana-
lysis was carried out using a Rigaku D/max-2500 X-ray diffractometer
employing Cu-K, radiation at 40kV and 30 mA. The XRD pattern was
recorded in the 20 range 5—45°. A scanning electron microscope (SEM)
image was obtained using an Hitachi S-4800 electron microscope. The
thermal stability of the catalyst was measured by thermogravimetric
analysis (TGA) using a Netzsch TG209 analyzer. The temperature was
raised from ambient to 800 °C at 10 °C/min under a flow of air/N,. The
chemical state of cobalt was characterized by X-ray photoelectron
spectroscopy (XPS).

3. Results and discussion
3.1. Characterization of Co-BTC

Fig. 1 shows the N, sorption isotherm of Co-BTC, which features a
hysteresis loop of H3 type. This implies that the synthesized Co-BTC
had a slit structure. The specific surface area and pore volume were
evaluated as 1.9 m?/g and 0.01 cm®/g, respectively, indicating that the
material had almost no pore structure. Fig. 2 shows the XRD pattern of
the synthesized Co-BTC. It features a strong diffraction peak at 10.02°,
which is distinct from the various crystal forms of Co-BTC MOFs re-
ported in the literature [13,37,39-44]. Fig. 3 shows the thermal weight
loss trace of Co-BTC, which reveals that the material was relatively
stable up to 400 °C. Fig. 4 shows the XPS spectrum of cobalt in Co-BTC.
The main peaks at 781.8 eV and 797.7 eV can be assigned to Co2p3/2
and Co2pl/2, and the corresponding accompanying peaks are located
at 786 eV and 802.7 eV, respectively. Thus, the energy gaps between
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Fig. 6. Reaction parameter study. The conversion of PX was 100 % in Fig. 6a—f. The operating conditions of reactions a-f were varied as follows: NDHPI (0.372 g), Co-

BTC (0.05g), PX (0.54 g), MeCN (25 g), O» (3.0 MPa), 150°C, 12h.

the main peaks and the accompanying peaks are 5.8 eV and 5eV, re-
spectively. The energy gap between the main peak of Co2p and the
satellite peak serves as an important criterion for judging the oxidation
state of the Co cation. It is generally accepted that the energy gap for a
Co(II) cation is about 5—6 eV, whereas that for a Co(IIll) cation is
9—10eV. Therefore, the cobalt in Co-BTC is Co(II). Fig. 5 shows SEM
images of the prepared Co-BTC. It can be seen that the surface of the
synthesized Co-BTC was extremely irregular, with many gaps. This is
consistent with the characterization from the N sorption isotherm.

3.2. Study of catalytic performance

Table 1 shows the performance of Co-BTC in combination with
NDHPI for the catalytic oxidation of PX. It is well known that PX is
difficult to oxidize without a catalyst. Reactions 1 and 2 used NDHPI

and Co-BTC alone as catalysts, respectively, and when the reactions
were attempted at 100 °C for 12 h, no product was detected. Only when
Co-BTC was used in combination with NDHPI was the product detected.
The conversion of PX was 57 %, and the selectivity for the main product
p-TA was 89.4 %. We then increased the reaction temperature to 150 °C,
and the amounts of reactant and solvent were shown as conditions b in
Reactions 5, 6, and 7. Under conditions b, PX was oxidized when
NDHPI and Co-BTC were used alone, and the conversion rates were
93.5 % and 3.1 %, respectively. When they were used together as co-
catalysts (Reaction 6), conversion of PX reached 100 %, and the se-
lectivity for TA reached 96.2 %. In Reactions 6 and 7, under otherwise
identical reaction conditions, we compared Co-BTC and Co(OAc)»4H,0
with the same cobalt content, and found that the selectivity for TA was
higher when Co-BTC was used.
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3.3. Optimization of the reaction parameters

Fig. 6 shows an optimization of the reaction conditions for the
oxidation of PX catalyzed by NDHPI and Co-BTC. The conversions of PX
were 100 % in Fig. 6a-f. It can be seen from Fig. 6a and b that higher
temperature and oxygen pressure are favorable for obtaining TA with
high selectivity. In Fig. 6¢ and d, it is evident that the use of NDHPI as
the main catalyst requires a large amount, which may be due to the self-
decomposition of nitrogen-oxygen radicals by NDHPI during the reac-
tion, as mentioned in the literature [6,45,47]. Conversely, the amount
of Co-BTC required is extremely small; a loading of 0.08 wt% or more in
the reaction mixture is sufficient to obtain a good effect. Fig. 6e shows
that the reaction requires a suitable solvent ratio. In the 100 mL reactor,
25 g of MeCN and 0.54 g of PX gave a suitable ratio. Fig. 6f shows the
relationship between reaction time and the selectivity for TA. The se-
lectivity for TA reached 90 % at 6 h, but a further 6 h was needed to
raise it from 90 % to 97 %. This may be attributed to the low content of
p-TA.

3.4. Reusability study

We investigated the stability of Co-BTC in the oxidation of PX.
When the reaction was complete, the solid product was dissolved in
DMSO, and Co-BTC was separated by centrifugation. The isolated Co-
BTC was washed three times with DMSO, three times with ethanol, and
then vacuum-dried at 80 °C for 12 h for the next reaction. We performed
two reuses and found that the performance of the catalyst was almost
unchanged, as shown in Fig. 7. The first recovered catalysts were
characterized by XRD and SEM, and the results are shown in Figs. 2 and
5. The diffraction peak of Co-BTC-cycle 1 showed little change com-
pared to the fresh catalyst. SEM images showed that the catalyst was
nearly spherical before and after the reaction.

3.5. Reaction mechanism

The oxidation of PX to TA is a very important hydrocarbon oxida-
tion process, which is generally considered to follow a mechanism of
hydrocarbon radical oxidation [5], and has to overcome the barriers
associated with the following three steps:

CH3(CgH4)CH3 + initiator — CH3(C¢H4)CHom + H-initiator (@D)]

NOe CH,e

o

O
e

NOH CH,

Scheme 3. Proposed reaction mechanism for the Co-BTC/NDHPI-catalyzed oxidation of PX. X = CH3, COOH.
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CH3(C¢H4)CHom + O, — CH3(CgH,4)CH,OO0m 2)
HOOC(C¢H4)CH3 + initiator - HOOC(CgH4)CHsm + H-initiator (3)

Eq. (1) is a common requirement in the oxidation of hydrocarbons.
However, the oxidation of PX involves requirements that do not arise in
general hydrocarbon oxidation (expressed by Egs. (2) and (3)). Firstly,
PX undergoes the process according to Eq. (1) to afford a p-methyl
benzyl radical, which is strongly resonance-stabilized. According to Eq.
(2), the peroxy p-methyl benzyl radical is produced. In this inter-
mediate, the free electrons are separated from the ring double-bond
conjugated system, and the radicals cannot form any resonance hybrids.
Hence, it is destabilized, and the equilibrium of Eq. (2) is shifted to-
wards the p-methyl benzyl radical. Therefore, the methyl groups of p-
xylene are difficult to oxidize.

The oxidation of p-TA is even more difficult, because the carboxyl
group is an electron-withdrawing group, as opposed to the initially
oxidized electron-donating methyl group. Hence, electrons in the ben-
zene ring are attracted to the carboxyl group, making it difficult for the
methyl group in p-TA to generate a structurally stable CH, group by
resonance. The presence of the carboxyl group attracts electrons and
enhances the strength of the C—H bonds in the methyl group of p-TA
[5].

NHPI and its derivatives are excellent initiators that can easily
capture protons from alkyl groups, and they have received much at-
tention in academia and industry. In the PX oxidation process, we used
NDHPI as an initiator, the main function of which is to facilitate the
processes described by Egs. (1) and (3), generating hydrocarbon radi-
cals that can react with oxygen.

The process according to Eq. (2) is difficult to achieve due to the
antioxidant action of the p-methyl benzyl radical. To facilitate this step,
we used Co-BTC as a catalyst. First, Co(II) on the surface of the catalyst
coordinated by adsorbed oxygen is oxidized to Co(Ill). The molecular
oxygen withdraws an electron from Co(II) to form O, and Co(IIl), the
p-methyl benzyl radical combines with O, ", the final Co(III)—O bond is
broken, Co(III) is reduced to Co(Il), and a peroxy p-methyl benzyl ra-
dical is formed. The process according to Eq. (2) is completed, as shown
in Scheme 2. Saracco et al. [46] studied the adsorption of oxygen by Co-
ZIF-67. They surmised that most of the cobalt in Co-ZIF-67 did not
participate in the reaction with oxygen, with only the coordinatively
unsaturated cobalt at the surface being involved. We believe that our
non-porous synthesized Co-BTC undergoes a similar process.

We designed experiments to study the mechanism of the synergistic
Co-BTC/NDHPI-catalyzed oxidation of P X. In Reactions 1, 2, and 3 in
Table 1, when NDHPI is used alone, although it has strong hydrogen-
abstracting ability, PX can only be converted into p-methyl benzyl ra-
dical. Due to the resistance to oxidation, Eq. (2) is difficult to accom-
plish. When Co-BTC is used alone, it lacks hydrogen-scavenging ability,
and at 100 °C, the CH bonds of the methyl group are difficult to cleave
to form hydrocarbon radicals. Only when these components are used
together as co-catalysts can PX be readily oxidized at 100 °C.

Based on the above, we speculate that the mechanism of the Co-
BTC/NDHPI-catalyzed oxidation of PX to TA may be as shown in
Scheme 3. The main role of NDHPI is to capture hydrogen from the
methyl group, while Co-BTC catalyzes the oxidation of hydrocarbon
radicals to hydrocarbon peroxy radicals.

4. Conclusions

A new cobalt-based metal-organic framework, Co-BTC, with a non-
porous structure, has been synthesized. It has been used in combination
with NDHPI to co-catalyze the oxidation of PX to TA. Under optimized
conditions of 150 °C in acetonitrile, the conversion rate of PX reached
100 % and the selectivity for TA exceeded 97 %. Co-BTC can be re-
cycled and reused, retaining its structure and activity. Compared to
existing procedures, the lower temperature and avoidance of corrosive
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bromine and acetic acid make this a green, mild reaction process. A
reaction mechanism has been proposed, whereby the main function of
NDHPI is to extract hydrogen from the two methyl groups of PX, whilst
the main function of Co-BTC is to promote the reaction of hydrocarbon
radicals with oxygen to form hydrocarbon peroxy radicals.
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