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Abstract: Pyrolysis is a cost-effective and safe method for the disposal of radioactive spent resins. In this work, the catalytic
effects of V,05 on the pyrolysis of cation exchange resin are investigated for the first time. The results show that it is a better
catalyst than others so far studied and achieves a lowering of final pyrolysis temperature and residual rate simultaneously when
aided by physical blending. The maximum reductions of the final pyrolysis temperature and the residual rate are 173 °C and 11.9%
(in weight), respectively. Under the action of V,0s, low-temperature (445 °C) removal of partial sulfonic acid groups occurs and
the pyrolysis of the resin copolymer matrix is promoted. This is demonstrated by the analysis of pyrolysis residues at different
temperatures by X-ray photoelectron spectroscopy (XPS) and element analysis. The catalytic activity of V,0s is determined by
effects both at acid sites and oxidation-reduction centers via Hy-TPR (temperature programmed reduction), O,-TPD (temperature
programmed desorption), CO,-TPD, and NH;-TPD. The catalytic effect of oxidation-reduction centers in V,0s is achieved by
close contact with the sulfur bond through chemisorption under the effect of acid sites. V,Os is also believed to be the reason for
the removal of partial sulfonic acid groups at lower temperatures (445 °C). V,0;s is an effective catalyst for spent resin pyrolysis
and can be further applied in industry.
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1 Introduction radioactivity from these spent resins is about 80% of
the total activity of low- and intermediate-level
radioactive wastes (Zhang and Li, 2015). Therefore,
much attention has been paid to the safe disposal and
minimization of these radioactive spent resins. At
present, the treatment methods (Jantzen et al., 2013;
Wang and Wan, 2015; Zhang and Li, 2015) for them
include cementation, bituminization, plastic solidifi-
cation, glass solidification (Hamodi et al., 2012),
super compaction, incineration, supercritical water

Nuclear power plants produce a large amount of
radioactive spent ion exchange resins containing
60Co, 137Cs, 90Sr, and "C (Wang and Wan, 2015). The
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oxidation (Kim et al., 2010), plasma oxidation (Nezu
et al., 2003; Moustakas et al., 2005), Fenton oxidation
(Zahorodna et al., 2007; Wan et al., 2016), molten salt
oxidation (Eun et al., 2009; Yang et al., 2013), and
steam reforming technology (Jantzen, 2006; Jantzen
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et al., 2007; Mason and Myers, 2010; Pierce et al.,
2014; Song et al., 2020). It is worth noting that
although incineration can greatly reduce the volume
of waste, it leads to the volatilization of radionuclides
at high temperatures (Yang et al., 2013), so it is not
suitable for the disposal of radioactive spent resins.
By steam reforming technology, spent resins are
converted into CO, and H,O by oxidative pyrolysis,
and the nuclides are immobilized by minerals. This
method has the advantages of a high volume reduc-
tion ratio, no pollution of the exhaust gas, and good
stability of the residue (Jantzen, 2006; Jantzen et al.,
2007; Mason and Myers, 2010). The pyrolysis pro-
cess can be divided into three stages (Matsuda et al.,
1986a; Juang and Lee, 2002): first, dehydration;
second, decomposition and transformation of sulfonic
acid groups; finally, the decomposition of the co-
polymer matrix. In the second stage, the sulfonic acid
group transforms into the sulfur bond (-S-), which
forms a cross-linked structure with the copolymer
matrix and inhibits the pyrolysis reaction (Matsuda et
al., 1987; Chun et al., 1998). Apparently, this is con-
trary to the requirement for a high volume-reduction
ratio. Moreover, to destroy the cross-linked polymer
structures, the reaction temperature needed is very
high, which may cause the volatilization of radionu-
clides, such as Cs. Therefore, developing methods to
decrease the residual rate, which is defined as the
percentage of the residue obtained after pyrolysis, and
simultaneously also decrease the pyrolysis tempera-
ture, has become a problem of concern.

Previous investigation has proved that catalytic
pyrolysis is a feasible method for decreasing the
pyrolysis temperature of cation exchange resins
(Singare et al., 2011). Matsuda et al. (1986b) found
that doped metal ions, such as Pd2+, Cu2+, Fez+, Fe3+,
and Co”" (at a concentration of 0.5 mmol/L dry resin),
increased the reaction rate constant of the oxidative
pyrolysis of cation exchange resins. It was explained
that these metal ions could combine with sulfur in the
sulfonic acid group to form sulfides, which were
subsequently oxidized to oxides under the action of
oxygen. These metal oxides may have a catalytic
effect on the pyrolysis reaction of resins. Juang and
Lee (2002) found that some metal salts and metal
oxides, such as CuSO45H,0 and CuO, also had a
catalytic effect on the oxidative pyrolysis of cation
exchange resins. The final pyrolysis temperature

decreased with increase in the additive. The catalytic
effect of metal salts was also explained as the
catalytic effect of metal oxides. During the reaction,
CuS0O4'5H,0 and CuO would transform into Cu,0O,
with many oxygen vacancies in the crystal lattice.
These oxygen vacancies were excellent adsorption
sites for oxygen, and the absorbed reactive oxygen
species enhanced the oxidative pyrolysis of the or-
ganic copolymer matrix (Freund et al., 1996; Triguero
et al., 1999; Juang and Lee, 2002; Wang and Barteau,
2003). Superficially, Juang and Lee (2002) agreed
well with Matsuda et al. (1986b). Whether the
additive was doped metal ions, metal salts or metal
oxides, the catalytic effect was attributed to the oxi-
dability of metal oxides. However, Matsuda et al.
(1986a) found that when directly adding Fe,O3 and
Fe;04, there was little catalytic effect on the oxidative
pyrolysis of resins compared with doped Fe*" and
Fe’*. This was explained by assuming that doped Fe**
and Fe’" would be uniformly distributed inside the
resin particles and thus have a large contact area,
while the non-ionic Fe,O5 and Fe;04 were distributed
only on the surface of the particles. This is in apparent
contradiction with the mechanism of the catalytic
effect of CuO on cation exchange resins proposed by
Juang and Lee (2002). Therefore, the mechanism of
the above catalysts on the pyrolysis of cation ex-
change resin is unclear, and some unexplained ex-
perimental phenomena remain.

On the other hand, in previous research, the py-
rolysis temperature of resins was shown to be lowered
by adding a catalyst, but there was no obvious change
in the amount of pyrolysis residue of the resin. Alt-
hough it has been known that the sulfur bond (-S-)
formed during the reaction inhibits the oxidative
pyrolysis of the copolymer matrix, there are few
reports on the decomposition of sulfur bonds in resins
in the literature. Myrstad et al. (2000) found that
vanadium-based catalysts had an obvious desulfuri-
zation capacity, which could effectively reduce the
sulfur content in fluid catalytic cracking (FCC) gaso-
line, in which thiophene sulfides account for 95% and
have similar sulfur bond structure (-S-). Thus, in view
of the significant desulfurization ability of vanadium
compounds (Myrstad et al., 2000; Sviridova et al.,
2013; Tomskii et al., 2017), the catalytic effect of
V,05 on oxidative pyrolysis of cation exchange resin
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is investigated in this work. It was expected to
decrease the resin residual rate while decreasing the
pyrolysis temperature.

The whole work is organized as follows. Firstly,
V,0s is added by physical blending to investigate its
catalytic effect on the pyrolysis of resins in the
thermogravimetric analyzer and tube furnace. Sec-
ondly, the catalytic effect of V,Os is compared with
other typical catalysts through X-ray photoelectron
spectroscopy (XPS) and elemental analysis of the
pyrolysis residue. Finally, combined with the analyses
of Hj-temperature programmed reduction (TPR),
O,-temperature programmed desorption (TPD),
CO,-TPD, and NH;3-TPD of various catalysts, the
catalytic mechanism is further revealed.

2 Experimental
2.1 Experimental materials

The main material used in this study is Amberlite
IRN-97H cation exchange resin supplied by the
Rohm & Haas Company, USA. The resin consists of
sulfonic acid groups (-SO3;H) and an insoluble skel-
eton formed by copolymerization of styrene and
divinylbenzene. In addition, the catalysts used for
pyrolysis of resins include V,05 (99.99%, Shanghai
Macklin Biochemical Co., Ltd., China), CoO (ana-
lytical reagent (AR), Aladdin Reagent Co., Ltd.,
China), Co,0; (AR, Shanghai Macklin Biochemical
Co., Ltd., China), Co;04 (AR, Shanghai Macklin
Biochemical Co., Ltd., China), and CuO (99%,
Shanghai Macklin Biochemical Co., Ltd., China).

2.2 Experimental methods

Thermogravimetric experiments on resins were
performed on the TGA/DSC 3+ thermogravimetric
analyzer from the Mettler Toledo Company, Swit-
zerland. Resins were first dried and ground into
powders (average diameter of 85 um), and then mixed
with catalyst powders at different catalyst/resin mass
ratios of 0.05, 0.10, 0.15, and 0.20 by physical
blending. The mixture was heated from 30 °C to
900 °C at a heating rate of 10 °C/min in an air flow of
60 mL/min.

Pyrolysis experiments under different tempera-
tures were conducted in a TL1200-S-II tube furnace
(Nanjing Boyuntong Co., Ltd., China). The resin

powders and catalyst powders at the catalyst/resin
mass ratio of 0.10 were first mixed and transferred to
the crucible. Then the mixture was put into the tube
furnace and reacted at different temperatures (350 °C,
445 °C, 515 °C, 630 °C, and 760 °C) for 30 min in an
air flow of 300 mL/min.

2.3 Calculation and analysis method

Considering the effects of water content of resins
and the amount of catalyst added in the mass fraction
of residue, the percentage of residue obtained after
pyrolysis (residual rate) is calculated as follows:

1. If the initial mass of resin is mg, and the
catalyst/resin mass ratio is a, then the amount of cat-
alyst added is mga.

2. If the weight loss rate of resin in the water
removal stage is measured as w,, (generally about
7%-10%), then the mass of the reactant after removal
of water is mo(1+a)(1-wy).

3. If the residual ratio of the reactant is wg, then
the mass of residue is mo(1+a)(1-wy)wg, which con-
tains residual catalyst and resin pyrolysis product.

4. According to the thermogravimetric curves of
each catalyst as shown in Fig. S1, there is no obvious
weight loss below 800 °C, and thus the mass of the
catalyst in the residue is still mgo. Then the mass of
the resin pyrolysis product is m[(1+a)(1-wy)wr—a],
and the residual rate is mo[(1+a)(1—wy)wr—a]/
[mo(1+a)(1-wy)—moa], which can be simplified to
wr—a/[(1+a)(1—wy)].

XPS analysis of the solid residue was performed
on the ESCALAB 250Xi X-ray photoelectron spec-
trometer (Thermo Fisher Scientific, USA). The ele-
ment analysis of the solid residue was performed on
the Vario EL III elemental analyzer (Elementar
Analysensysteme GmbH, Germany). The H,-TPR,
0,-TPD, CO,-TPD, and NH;-TPD analyses of cata-
lysts were performed on the Autosorb IQ-C-TCD
physicochemical adsorption instrument (Quanta-
chrome Instruments, USA).

3 Results and discussion

3.1 Oxidative pyrolysis of resin under the cata-
lytic effects of V,05

The thermogravimetric curves of the resins with
different added amounts of V,0s are shown in Fig. 1.
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The addition of V,0s mainly affects the weight loss
behavior at the fourth weight loss peak (Peak 4),
which is related to the destruction of the copolymer
matrix (Juang and Lee, 2002; Eun et al., 2009). The
characteristic values in the curves are presented in
Table 1. As shown in Fig. 1b, the first and second
weight loss peaks of pure resin appear at 280—400 °C
and 400480 °C, respectively. According to the lit-
erature (Matsuda et al., 1987; Chun et al., 1998), there
is partial-SO3;H transformation into SO, and the oth-
ers form the sulfone group (-SO,-) and sulfur bond
(-S-) under these temperatures. The escape of SO,
causes the weight loss. Since the sulfur bond is em-
bedded in the copolymer matrix to form a stable
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Fig. 1 Thermogravimetric curves of the resin with dif-
ferent amounts of V,05: (a) thermogravimetric (TG)
curves; (b) derivative thermogravimetric (DTG) curves

structure, there is no obvious weight loss for pure
resin at 500-710 °C. As the temperature increases
further, the copolymer matrix is pyrolyzed and the
weight loss peak occurs at 710-830 °C.

The pyrolysis temperature and weight loss rate
of the resin mixed with different amounts of V,05 are
basically the same as those of pure resin at the first
peak (280400 °C) and the second peak (400—
480 °C), which indicates that V,05 has little effect on
the removal and conversion of sulfonic acid groups.
At the third peak (480-570 °C), the initial tempera-
ture of the weight loss peak is basically unchanged
after adding V,0Os, but the terminal temperature of the
weight loss peak and the weight loss rate both in-
crease. This may be due to V,05 promoting the de-
composition of -SO,-. At the fourth one (about
560-830 °C), with the increase in the added amount
of V,0s, the initial temperature, terminal temperature,
and peak temperature of the weight loss peak and the
mass fraction of the pyrolysis product all decrease.
When the mass ratio of V,0s to resin is 0.05 to 0.20,
the peak temperature of the weight loss peak is low-
ered by 140 °C to 173 °C, and the mass fraction of the
pyrolysis product is decreased by 5% to 11.9%. The
results show that V,0s can decrease the residual rate
of the resin while reducing the pyrolysis temperature.

3.2 Performance comparison between V,0s5 and
other catalysts

To further explore the catalytic effect of V,0s on
the oxidative pyrolysis of resin, the relative catalytic
performance of V,0s and other catalysts was com-
pared. As described in the Introduction, there are
mainly three types of catalysts used for this reaction:
metal ions (such as Pd2+, Cu2+, Fe%, Fe3+, and C02+),
metal sulfates (such as CuSO4-5H,0), and metal ox-
ides (such as CuO). It is believed that metal sulfates
form metal oxides during the oxidative pyrolysis
reaction and these oxides act as catalysts. Therefore,
doped Co™" and different metal oxides were selected
as comparative catalysts in this work. The metal

Table 1 Comparison of pyrolysis behaviors of resins with different amounts of V,05

Mass ratio of  Initial temperature Terminal temperature Peak temperature of ~ Weight loss rate of ~ Residual
V,05 to resin of Peak 4 (°C) of Peak 4 (°C) Peak 4 (°C) Peak 4 (%) rate (%)
0 710 830 785 37.9 25.9
0.05 573 700 645 34.6 20.9
0.10 566 690 625 35.2 18.2
0.15 564 680 616 335 16.2
0.20 560 676 612 33.8 14.0
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oxides contain CuO, C0,03, Co304, and CoO, and the
amount added is 5% of the resin. If Co”" is doped on
the resin with a catalyst/resin weight ratio of 5% like
other metal oxides, the doped concentration is 75 g/L,
which exceeds the exchange capacity of the cation
exchange resin. In addition, in the previous study
(Shen et al., 2019), it is found that when the doped
Co”" is more than 10 g/L, the catalytic effect is basi-
cally unchanged. Thus, the results with a doped
amount of 10 g/L were chosen for comparison.
Compared to the oxidative pyrolysis of pure
resin, the changes of final pyrolysis temperature and
residual rate under the influence of different catalysts
are shown in Fig. 2. CuO and various oxides of Co
have almost no catalytic effect under the same con-
ditions, while doped Co®" decreases the final pyrol-
ysis temperature significantly. This is consistent with
the results of Matsuda et al. (1986a, 1986b), who
found that doped Fe’" had a catalytic effect on the
oxidative pyrolysis of resin while directly adding
Fe,0;5 or Fe;04 did not. According to previous stud-
ies (Matsuda et al., 1986b; Shen et al., 2019), the
doped Co*" is combined with the sulfonic acid group
through a chemical bond, and the cobaltous oxide
formed is well dispersed in the resin during the py-
rolysis process. The uniformly distributed cobaltous
oxide will be in full contact with sulfur groups to
supply reactive oxygen. For the physical blending of

300

CuO or various oxides of Co, the contact efficiency
between catalysts and sulfur groups is so low that a
catalytic effect is not evident. However, comparing
the catalytic performance of V,0s with that of other
metal oxides, it can be found that although V,Os is
also added by physical blending, it decreases the final
pyrolysis temperature significantly. Moreover, alt-
hough the decrease of final pyrolysis temperature is
not as large as that of doped Co*", V,0s is the only
catalyst under which the residual rate of resin is sig-
nificantly decreased. In addition, the reduction of
final pyrolysis temperature and residual rate under the
catalytic effect of V,0s are clearly higher than the
results in the literature (Juang and Lee, 2002).

In order to further compare the catalytic effect of
Co’" and V,0:s, the pure resin, C02+—doped resin, and
V,05-mixed resin (the mass ratio of V,0s to resin is
0.10) are pyrolyzed at different temperatures, and the
solid residues are analyzed by XPS and the results are
shown in Fig. 3. As shown in Fig. 3, S 2p exhibits four
peaks in XPS spectrums of residue, located at
169.1 eV, 168.9 eV, 168.2 eV, and 163.8 eV, repre-
senting the sulfonic acid group (-SO;H), sulfate sulfur
(SO4Y), sulfone sulfur (-SO»-), and organic sulfur
bond (-S-), respectively (Hu et al., 2014; Hou et al.,
2018; Tang et al., 2018). For the pure resin shown in
Fig. 3a, the -SOzH in the raw resin is first converted to
-SO,- at 350 °C, then partial -SO,- transforms into -S-

1 5.0
m Final pyrolysis temperature Residual rate 4.0
L 35
200 1 35
3
®
£ 100} 1.6 120 &
g 2
g 8
@ V,05  Co* 0.1 0.1 0.1 0.1 105 3
g 0 erd. |
z -15 -25 G
© 1-10 B
& Co,03 Co30, CuO FeS0O,-7H,0* CuS0,-5H,0* S
5 _ | =
o 100 5
= .
5 -130 25
=200 -
-242
-5.0
-300 -55

Fig. 2 Performance comparison of different catalysts for oxidative pyrolysis of resin
* Results from Juang and Lee (2002)
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at 445 °C. At 515 °C and 630 °C, the sulfur is mainly
present in the forms of SO427 and -S-. Finally, -S-
completely decomposes and the form of sulfur in the
pyrolysis residue is mainly SO,*~ at 760 °C. For the
Co*"-doped resin (Fig. 3b), the -S- is already formed
in the residue at 350 °C and decomposes and trans-
forms into SO4> at 515 °C. This shows that the doped

(a) S04 (2par2),
630°C \ =N\
2| s N
2 ~ i
é 445 °C g /_ﬂpszz)
= -SO2- (2p3p) |
350 °C i
-SO3H (2p3r2)
Resin
1 1 | L 1 L 1 1
176 174 172 170 168 166 164 162 160
Binding energy (eV)
(b) :
760 °C |
~ | e30%c J{L
3 =
S SO,™ (2pan)
2
2
[
2 | s15°C
445 °C %
350 °C [ I\SO:- (2p32) -5~ (2ps1)
Resin -SOsH (2parz
T T T T
176 174 172 170 168 166 164 162 160
Binding energy (eV)
(c) ‘
760 °C
~ | e30°c %¥
3
S
> | s15°C N
g S04 (2pse)
2 | usec N 8- (2paz)
350 °C - :SO2- (2p3p2)
-SOsH (2pap)
Resin
1 1 1 1 EE 1 1 1 H 1 1

176 174 172 170 168 166 16;1 162 160
Binding energy (eV)
Fig. 3 XPS spectrums of pyrolysis residue at different
temperatures: (a) pure resin; (b) C02+-doped resin; (c)
V,05-mixed resin

Co”" can promote the conversion and decomposition
of -S- at lower temperatures (350—445 °C), that is
why doped Co®" decreases the final pyrolysis tem-
perature. For the V,0Os-mixed resin (Fig. 3c), the
-SO;H transforms into -SO,- at 350 °C, which is
consistent with the pure resin. Then partial -SO,- is
converted to SO427, and the other part transforms into
-S- at 445 °C. Finally, the formed -S- is completely
decomposed at 630 °C. V,05 can promote the for-
mation of SO4* at a lower temperature (445 °C) and
decrease the decomposition temperature of -S-.

With a view to quantitatively characterizing the
change of the -SO;H and the copolymer matrix during
the resin pyrolysis process, the solid residues were
subjected to elemental analysis and the results are
presented in Fig. 4. Combining with Fig. 3, for pure
resins, most of C decreases when the temperature
increases from 515 °C to 630 °C, which indicates that
since -S- is formed, the copolymer matrix can only be
decomposed at higher temperatures. However, the C
content of Co**-doped resin is significantly decreased
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Fig. 4 Elemental analysis of pyrolysis residue at different
temperatures: (a) content of C; (b) content of S
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at 515 °C, indicating that the decomposition of the
sulfur bond has a catalytic effect on the pyrolysis of
the copolymer matrix. The situation for V,0s-mixed
resin is totally different. The content of S in V,0s-
mixed resin is a little bit lower than that in Co*'-
doped resin below 445 °C. But the formation of SO427
causes the removal of sulfur structure in the resin,
which facilitates the pyrolysis of copolymer matrix
and the C content is significantly reduced at 445 °C.
When the temperature is further increased to 515 °C
and 630 °C, the content of S in the resin changes little,
indicating that S is finally converted to stable SO,*
remaining in the solid residue. During this process,
the residual copolymer matrix is further decomposed
and the content of C eventually decreases almost to
Zero.

In summary, both doped Co*" and V,0s5 can
promote the conversion and decomposition of the
sulfur bond at low temperatures in the pyrolysis of
resin, which further promotes the pyrolysis of the
copolymer matrix. But their effects are different. For
Co*"-doped resin, the decomposition of -S- completes
at 515 °C, and the copolymer matrix begins to be
pyrolyzed dramatically, after which the -S- is mainly
converted to SO427. The V,0s-mixed resin removes
partial -SO3;H and forms SO427 at 445 °C, so that the
copolymer matrix begins to be pyrolyzed at the same
time. The remaining -SO;H transforms into -S-,
which is converted to SO427 at 630 °C. It is under-
standable that the doped Co”" is uniformly distributed
in the resin with high contact efficiency to the sulfur
structure, resulting in the better catalytic effect on the
conversion of -S-. But how does a physical blending
of V,05 with resin play a better catalytic role than
other oxides? And how could V,0s directly remove
partial -SOsH at a lower temperature and promote the
pyrolysis of the copolymer matrix at such tempera-
tures and finally reduce the residue of resin? To an-
swer those questions the catalytic mechanism of V,0s
was further studied and is described in the following
part.

3.3 Catalytic mechanism of V,0s

According to the literature on the mechanism of
metal oxide catalysts, oxides such as CuO and CoO
have higher adsorption capacity for gas-phase oxygen
because of their large number of oxygen vacancies

(Juang and Lee, 2002). The adsorbed O, is activated
to form active oxygen species (O, , O, and O%)
(Freund et al., 1996; Triguero et al., 1999; Juang and
Lee, 2002; Wang and Barteau, 2003), which promote
the decomposition of -S- and decrease the pyrolysis
temperature of the copolymer matrix. The catalytic
effect of doped Co”" is also due to the formation of its
oxides with good dispersibility in the oxidative py-
rolysis process of resins. Therefore, the oxidation-
reduction performance and oxygen storage perfor-
mance of various metal oxides were investigated by
H,-TPR and O,-TPD in order to study the catalytic
effect of V,0:s.

The oxidation-reduction performance of each
metal oxide was analyzed by H,-TPR, and the results
are shown in Fig. 5. The hydrogen consumptions of
different catalysts from TPR are presented in Table 2.
The peak in the H,-TPR spectrum represents a re-
ducible species, and the peak temperature corre-
sponds to the degree of difficulty of the reduction of
the oxide, and the peak area is proportional to the
amount of the oxide species. As shown in Fig. 5, the
reduction peaks of CuO, Co,03, Co304, and CoO are
all located at 300-500 °C, which is significantly
lower than the reduction peak of V,0s at 650—700 °C.
This indicates that CuO, C0,03, C0304, and CoO are
more easily reduced by H, than V,Os is. In addition,
the hydrogen consumptions of CuO, C0,0;, Co30,,
and CoO are all higher than 0.320 mmol/g, which is
larger than the 0.260 mmol/g of V,0s. So the ease of
reduction by the different catalysts is CoO>CuO>
C0,03~C03;04>V,0:s.

V,0s /k,\

CM

CO304

Intensity (a.u.)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 5 H,-TPR curves of different catalysts
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Table 2 H, consumption, O, desorption, CO, desorp-
tion, and NHj; desorption amounts of different catalysts
from TPR/TPD

H, 0, CO, NH;
Catalyst consumption desorption desorption desorption

(mmol/g)  (mmol/g) (mmol/g) (mmol/g)
V,05 0.260 0.011 0.027 0.126
CoO 0.386 0.030 0.027 0.088
Co;0,4 0.320 0.018 0.016 0.062
Co0,0, 0.323 0.002 0.011 0.031
CuO 0.363 0.002 0.001 0.002

The oxygen storage performance (lattice oxygen
and adsorbed oxygen) of each metal oxide was ex-
amined by O,-TPD, and the results are shown in
Fig. 6. The oxygen desorption amounts of different
catalysts from TPD are presented in Table 2. The
peaks in the O,-TPD spectrum represent the oxygen
species. The desorption of lattice oxygen requires a
certain amount of energy, so the desorption peaks are
generally above 500 °C. The adsorption peaks
(physical and chemical adsorption) are often below
500 °C (Royer et al., 2005; Zhu et al., 2005; Sutthi-
umporn and Kawi, 2011). It can be seen from Fig. 6
that the O, desorption peaks appear at 530-800 °C,
corresponding to the desorption peaks of the lattice
oxygen. At the same time, this temperature range is
close to the pyrolysis temperature of the resin co-
polymer matrix, which also indicates that the catalytic
effect of metal oxides may be related to the reactive
oxygen species produced (Sutthiumporn and Kawi,
2011). Fig. 6 and Table 2 also explain why doped Co*"
has a better catalytic effect than V,0s. On the one
hand, the desorption peak temperature of CoO is
lower than V,05 but, on the other hand, the oxygen
desorption amount of V,0s is 0.011 mmol/g, which is
smaller than the 0.030 mmol/g of CoO, indicating that
the amount of lattice oxygen in V,0s is less than that
of CoO. The oxygen desorption amounts of the dif-
ferent catalysts are in the order CoO>Co;04>
V;,05>C0,03=CuO. The results show that the oxygen
storage performance of V,0s is not the greatest
among these five metal oxides and is significantly
weaker than that of CoO.

According to the results of H,-TPR and O,-TPD,
the ease of reduction by V,05 is lower than that of
CuO, Co0,0, Co0304, and CoO, and its oxygen storage

performance is not outstanding. This result is con-
sistent with the experimental results in Section 3.2.
Combined with previous studies (Matsuda et al.,
1986b; Juang and Lee, 2002), the catalytic mecha-
nism of doped Co" for oxidative pyrolysis of resin is
that the active oxygen species, which is produced by
the formed cobalt oxides after adsorption of oxygen,
promotes the oxidative pyrolysis of the copolymer
matrix. So the structure is pyrolyzed at a lower tem-
perature. As the ease of reduction of V,0s is lower
than that of C0,03, Co3;04, and CoO, and its oxygen
storage performance is unremarkable, the catalytic
effect on temperature decrease of V,0s5 is weaker than
that of doped Co**. However, from the view of active
oxygen species, it is difficult to explain why the
physically blended V,0s not only has a catalytic ef-
fect on temperature decrease but also can reduce the
amount of residue.

CoO

CO304 / \

\C\OZ/‘O’L—_‘,\/\/\/\—_’W’/\,\/
CuO “ﬁ/\_\ﬁ

1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Temperature (°C)

Intensity (a.u.)

Fig. 6 O,-TPD curves of different catalysts

Considering the metal oxides as catalysts, in
addition to the catalytic effect resulting from oxidi-
sation, it may also arise from acidity and alkalinity
(Haber et al., 1997). Therefore, the alkali sites of each
oxide were analyzed by CO,-TPD at first, and the
results are shown in Fig. 7. The CO, desorption
amounts of different catalysts from TPD are presented
in Table 2. The peaks in the CO,-TPD spectrum rep-
resent the alkali sites. In general, the CO, desorption
peaks of the five catalysts are not obvious, and the
amounts of the alkali sites are also low and are all less
than 0.030 mmol/g. The relative strength order of
alkali sites is V,05=Co0>Co03;04>C0,05>CuO. Alt-
hough the alkali sites of V,0s are stronger than those
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of Co304, Co,03, and CuO, that is not the reason why
V,05 has a better catalytic performance. As the alka-
linity of CoO is not much different from that of V,Os,
but the catalytic performance of CoO is poor, it is
indicated that their different catalytic performances
are not due to alkalinity.

V205 \-_/_’\’\

3 /\/-\\

Cowo, A
0,0 \/_/\M

Intensity (a.u.)

0 100 200 300 400
Temperature (°C)

Fig. 7 CO,-TPD curves of different catalysts

Finally, the acid sites of each oxide were inves-
tigated by NH3-TPD, and the results are shown in
Fig. 8. The NH3 desorption amounts of different cat-
alysts from TPD are presented in Table 2. The peak in
the NH;3-TPD spectrum represents the temperature at
which NHj can be desorbed. The higher the desorp-
tion peak temperature, the more difficult it is for the
catalyst to desorb NHj3, indicating that the acid site is
stronger. The five metal oxides all have a broad NH;
desorption peak at 100—300 °C, which belongs both to
the weak acid site and the medium-strong acid site
(Turco et al., 2007). In Table 2, the amount of V,0s
acid sites, which is 0.126 mmol/g, is obviously larger
than those of the other four catalysts, and the relative
strength order of acid sites is: V,05>C0o0>Co03;04>
Co0,05>CuO. This is exactly the difference between
V,0s5 and other catalysts. But how does V,05 produce
its catalytic effect by its acidity? On the one hand,
combining data in the literature (Sviridova et al.,
2013; Tomskii et al., 2017) and the results of
NH;-TPD, the acid sites showing a catalytic effect in
this study mainly refer to the weak Lewis acid sites of
200-300 °C in the curves. The Lewis acid sites are
capable of adsorbing and activating polarized hy-
drocarbon molecules and thiol molecules (Corma and
Orchillés, 2000; Hernandez-Beltran et al., 2004). In
the pyrolysis process of the resin, the sulfonic acid

groups transform into sulfur bonds, which will
cross-link with the copolymer matrix to form thi-
oether. The sulfur bond in the thioether has two lone
pair electrons, which can attract the Lewis acid sites
on V,0s. The process can be represented in formula

(1):

V-0-V
V™*0-V+R-§R — 3 péR (1)

Therefore, although V,05 is mixed with resin by
physical blending, it can directly adsorb to the sulfur
bond through the acid sites to play an oxidative role.
Moreover, even if the oxidability of V,05 is weaker
than that of CoO and CuO, V,0s can still exert a good
catalytic effect to promote the oxidative pyrolysis of
resin while CoO and CuO cannot do so. However,
compared with the doped Co®" which is directly
bonded to the sulfonic acid groups, since the oxidiz-
ing effect of V,05 is weaker than that of CoO, the
decrease of final pyrolysis temperature is smaller. On
the other hand, results in the literature (Jason, 1993;
Patterson et al., 2001; Nambo et al., 2016) indicate
that the removal of sulfonic acid groups in aromatic
sulfonic acids usually requires acid catalysis. So the
acidity of V,0s may also catalyze the removal of
sulfonic acid groups at low temperature (445 °C) to
some extent. The removal of -SO;H further promotes
the decomposition of the copolymer matrix at lower
temperatures and reduces the pyrolysis residue.

V205

CoO /\\NM
CoOy 7N
00203/-\\_\‘__’\’__*“_““

CuO

Intensity (a.u.)

100 200 300 400 500 600
Temperature (°C)

Fig. 8 NH;-TPD curves of different catalysts

In summary, in order to simultaneously achieve
the dual purpose of decreasing the temperature and
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reducing the residue, the catalyst for pyrolysis of
cation exchange resin needs both oxidation-reduction
centers and acid sites. Those acid sites may have a
greater influence on the oxidative pyrolysis reaction
of the resin because of its absorbability by the sulfur
structure. The catalytic mechanism of V,0s on resin
pyrolysis can be expressed as shown in Fig. 9, and it
can be divided into two parts. The first part is that
V,05 may be helpful in removing a small part of
accessible sulfonic acid groups directly at a lower
temperature (445 °C) to form sulfates (SO42_), and
promote the pyrolysis of the copolymer matrix into
hydrocarbons (CH,) to reduce the residue. That
mechanism is proposed based on the experimental
phenomena shown in Figs. 3 and 4. When the tem-
perature is higher than 445 °C, most of the sulfonic
acid groups will transform into the sulfur bond (-S-),
which will cross-link with the copolymer matrix to
form thioether. The sulfur bond in the thioether
structure has two lone pair electrons. The second part
of the catalytic mechanism is then that V,0s, with a
large number of Lewis acid sites, can be in close
contact with the sulfur bond by chemisorption and can
then exert the catalytic effect of the oxidation-
reduction centers through physical blending. Finally,
the sulfur bond structure is destroyed under the redox,
and the copolymer matrix is pyrolyzed subsequently
at 445-630 °C. Therefore, V,0s displays a better
catalytic effect on the pyrolysis of the resin than CuO,
C0,03, Co304, or CoO.
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Fig. 9 Catalytic mechanism of V,05
Dotted line indicates a suggested mechanism based on ex-
perimental phenomena

4 Conclusions

In this study, V,05 is mixed with cation ex-
change resin by physical blending, and shows good

catalytic effects on the oxidative pyrolysis of the resin.
Compared to the oxidative pyrolysis of pure resin,
when the mass ratio of V,0s to resin is increased from
0.05 to 0.20, the peak temperature of the weight loss
peak of the copolymer matrix is lowered by 140 °C to
173 °C, and the mass fraction of the pyrolysis product
is decreased by 5% to 11.9%. Compared with other
common catalysts (CuO, Co,03, Co3;04, CoO, and
doped Co*"), this is the best catalyst and shows good
catalytic performance by physical blending achieving
the decrease of final pyrolysis temperature and of
residue simultaneously.

Further analysis shows that V,0s and doped
Co”" can both promote the conversion and decompo-
sition of the sulfur bond, which will facilitate the
pyrolysis of the copolymer matrix significantly at
lower temperatures compared with pure resin. In
addition, V,0s can remove partial sulfonic acid
groups to form SO, at 445 °C, resulting in the py-
rolysis of the copolymer matrix, which decreases the
residue of the resin.

By investigating the oxidation-reduction per-
formance, oxygen storage performance, and the alkali
and acid sites of different catalysts, it is found that
although the oxidizing power of V,0Os is relatively
weak, its number of acid sites is the highest. Its cat-
alytic effect is achieved by its acid sites and its
oxidation-reduction centers. Under the effect of the
acid sites, V,Os can be in close contact with the sulfur
bond through chemisorption to further exert the cat-
alytic effect of oxidation-reduction centers, although
it is added by physical blending. Moreover, V,0s may
also promote desulfonation at lower temperatures and
further decrease the residue.
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