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Abstract: A novel central hole-expansion phenomenon is identified, in which the cation-exchange resin is pyrolyzed in a mixed
atmosphere of nitrogen and oxygen at 400-500 °C. In this reaction, the reaction path is predictable and always starts from the
center of the resin particle to form a central hole, then continues and expands around the hole, finally forming a uniformly
distributed hole group; the particle surface remains intact. Analysis shows that this formation mode is due to the different
reaction paths of sulfonic groups between the surface and interior of the particle, caused by the temperature difference. On the
surface, transformation reactions happen at high temperatures (410-500 °C) to form stable organic sulfur structures, while
decomposition occurs inside the particle at a relatively low temperature (<410 °C) and promotes complete pyrolysis of the

copolymer matrix to form holes.
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1 Introduction

Non-catalytic gas-solid reactions, such as those
evident in reduction of iron ore, calcination of lime-
stone, coal gasification, biomass pyrolysis, and repro-
cessing of nuclear waste fuels are an important class
of chemical reactions in chemical engineering, metal-
lurgy, nuclear energy, and other industries. For nearly
a century, scholars (Yagi and Kunii, 1955; Petersen,
1957; Wen, 1968; Szekely and Propster, 1975; Ram-
achandran and Doraiswamy, 1982) have proposed dif-
ferent reaction models to describe non-catalytic gas-
solid reactions. Yagi and Kunii (1955) proposed the
sharp-interface model. They believed that for non-
porous solids, the reaction started from the solid sur-
face and gradually proceeded to the interior of the
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solid reactant, accompanied by shrinking of the solid
volume during the reaction. Petersen (1957) proposed
the pore model and hypothesized that for a porous
solid, the gas first reacted with the pore wall when it
diffused into the solid reactant through the pores. Wen
(1968) proposed the zone-reaction model and believed
that the reaction occurred in a region with a certain
thickness inside the solid reactant and that the gas re-
acted with the solid while diffusing into its interior.
When the reaction rate is much lower than the diffu-
sion rate, the gas concentration inside the solid reac-
tant is uniform. Thus, the reaction can be regarded as
proceeding throughout the entire solid volume, which
develops into the volume-reaction model (Ramachan-
dran and Doraiswamy, 1982). Szekely and Propster
(1975) proposed the grain model, with a solid particle
being made up of many grains. In this model, the gas
diffuses into the solid through the space among the
grains and reacts with them. The reaction processes de-
scribed by the above four models can be divided into
two types. One is the shrinking-core model, in which
the reaction proceeds from the outside to the inside
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of the solid reactant. The other type includes the pore
model, zone reaction model, and grain model, in which
the gas enters the interior of the solid reactant through
pore channels and causes simultaneous internal and
external reactions. This type of reaction process is ran-
dom, and it is difficult to determine the site and direc-
tion of the reaction in a solid. In recent years, scholars
have developed a series of modified reaction models
(based on the above classic models) for different spe-
cific reaction processes (Uhde and Hoffmann, 1997;
Yoshioka et al., 2001; Homma et al., 2005; Safari
et al., 2009; Sadhukhan et al., 2010). These models
complement research on non-catalytic gas-solid reac-
tions to a certain degree.

In this study, we investigated the pyrolysis pro-
cess of cation-exchange resins in a tube furnace reac-
tor under different conditions. We believe we identi-
fied a new type of reaction, which we call the central-
hole expansion mode, and which is entirely different
from the traditional non-catalytic gas-solid reaction
models reported. To further explore this reaction mode,
the influence laws of reaction atmosphere, reaction
temperature, and resin structure on the new pyrolysis
mode were studied. In addition, the formation mecha-
nism of the central-hole expansion mode was prelimi-
narily investigated from the aspect of the decomposi-
tion and transformation of sulfonic groups. The pro-
posed central-hole expansion mode may provide guid-
ance for the verification and development of non-
catalytic gas-solid reaction models due to its regular
reaction process and predictable reaction sites.

2 Experimental
2.1 Materials

Table 1 lists the resins used in this study. An ex-
ample of resin structure is shown in Fig. S1 of the
electronic supplementary materials (ESM). Before use,
cation-exchange resins were pretreated as follows: the

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(12):974-987 | 975

resins were soaked in the saturated saline for 24 h
to remove soluble impurities, and then in 1-mol/L hy-
drochloric acid solution for 5 h and 1-mol/L sodium
hydroxide solution for 5 h in sequence. Finally, the
resins were washed to be neutral and dried to obtain
Na-type cation-exchange resins. After all the above,
the dried resins were put into CsCl or Co(NO,), solu-
tion to be continuously shaken in a thermostatic water-
bath oscillator for 48 h at 25 °C and 200 r/min. Then,
Cs'- or Co*-doped cation-exchange resins were pre-
pared after ion exchange, at a concentration of 30 g/L.

2.2 Experimental methods

The experimental apparatus used for pyrolysis of
the cation-exchange resins is shown in Fig. S2 of the
ESM. In the experiment, the reaction temperature was
between 300 and 520 °C. The reaction atmosphere was
nitrogen or a nitrogen-oxygen mixture (N, (0% O, in
volume), 3% O,, 5% O,, and 10% O,), and the gas-
flow rate was 300 mL/min. The temperature and at-
mosphere in the tube furnace reactor were first ad-
justed to the required conditions. When the reaction
condition was stable, the dried cation-exchange resins
were dispersed in small crucibles (10.0 mmx>10.0 mmx
5.5 mm) to avoid the mutual contact between parti-
cles. Then the small crucibles were placed into a large
crucible (100 mmx=20 mmx20 mm), and the large cru-
cible was put directly into the tube furnace for resin
pyrolysis. The reaction time was from 5 to 30 min.
After reaction, the large crucible was taken out imme-
diately and cooled. The pyrolyzed products were cut
in half along the central axis using a blade with a
thickness of 0.1 mm. After this, we analyzed the sur-
face and internal morphologies, element distribution,
and functional-group information.

2.3 Characterization methods

Morphologies of the pyrolysis products were char-
acterized with a scanning electron microscope (SEM)
(SU-3500, Hitachi, Japan) with an acceleration voltage

Table 1 Resins used in this study

Resin Specification Crosslinking degree (in weight) (%)  Average particle size (um)
Cation-exchange resins IRN-97H 10 400
IRN-120 7 400
D001 7 400
001x7 7 900
Polystyrene-divinylbenzene resin bead St-DVB 2 400
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of 5.0 kV and emission current of 110 pA. We used an
energy dispersive spectrometer (EDS) (X-Max 20,
Oxford Instruments, UK) in conjunction with the SEM
to analyze the element distribution on the surface and
interior of the raw resin (Trubetskaya et al., 2019).
Thermogravimetric (TG) curves and derivative ther-
mogravimetric (DTG) curves of cation-exchange resins
were obtained with a thermogravimetric analyzer
(TGA) (TGA/DSC 3+, Mettler Toledo, Switzerland).
The resins were heated from 30 to 850 °C at a heating
rate of 10 °C/min in the flowing N, (0%-0,) or 3%-0O,
atmospheres. The sulfur speciation on the surface of
pyrolysis products was investigated with an X-ray
photoelectron spectrometer (XPS) (ESCALAB 250X,
Thermo Fisher Scientific, USA) with an Al-Ka light
source (Bava et al., 2019). The gas inside the pyroly-
sis products was adsorbed by KOH solution and then
analyzed with ion chromatography (ICS-90, DIONEX,
USA). The chromatograph was equipped with a con-
ductivity detector, a Dionex lon Pac AG14 guard
column (50 mmx4 mm L.D. (inside diameter)), and a
Dionex Ion Pac AS14 separation column (250 mmX
4 mm L.D.). Suppression was achieved with a Dionex
AMMS-III (4 mm). Typically, 25-pL samples were in-
jected into the column and eluted with a mixture of
Na,CO, and NaHCO, (0.25 mol/L) at a flow rate of
0.5 mL/min (Chen et al., 20006).

SU3500 5.00 kV 6.8 mm x140 SE

SU3500 5.00 kV 6.8 mm x140 SE

(d)

400 pm

3 Results and discussion
3.1 Discovery of the central-hole expansion mode

Fig. 1 shows the morphological change in doped
IRN-97H cation-exchange resins during pyrolysis at
450 °C in a 3%-0, atmosphere. At 5 min, there was
no significant change in the surface or interior of the
particle compared to raw resin. At 10 min, a hole ap-
peared in the center of the particle, but there was no
obvious change in the particle surface, indicating that
the pyrolysis reaction may have started from the
center of the resin particle. As the pyrolysis time in-
creased to 20 min, the number of holes increased, and
a circle of evenly arranged small holes appeared
around the central hole. As the time further increased
to 30 min, the volume of holes inside the resin parti-
cle increased, causing the break and collapse of some
of the hole walls. In addition, the particle size in-
creased from 400 to 460 um. However, the surface of
the resin particles still remained intact at 30 min. Ac-
cording to statistics, an average of 16 out of 20 resin
particles participating in the reaction exhibit the above
pyrolysis behavior during the pyrolysis process, and
the remaining particles break up.

We suspected that the above phenomenon may
have been caused by the non-uniformity of the cation-
exchange resins. Therefore, we obtained the distribution

400 um f# SU3500 5.00 kV 6.8 mmx140 SE

(©

400 um @SU3500 5.00 kV 7.7 mmx=150 SE
(e)

®

Fig. 1 Morphologies of IRN-97H cation-exchange resins (a) and products pyrolyzed at 450 °C in a 3%-O, atmosphere

for 5 min (b), 10 min (c), 20 min (d), and 30 min (e and f)



of elements on the surface and interior of the IRN-
97H raw resins by SEM-EDS, and the results are
shown in Fig. 2. The main constituent elements of both
the surface and interior are C, O, S, Na, and a small
amount of Cs. The relative contents of each element
on the surface and interior of resin particles were not
much different, and the elements were uniformly dis-
tributed. This preliminarily proved that hole formation
was not caused by the non-uniformity of the cation-
exchange resins.

Next, the IRN-97H resins were cut into hemi-
spheres and pyrolyzed at 450 °C in a 3%-O, atmo-
sphere. The morphologies of the products are pre-
sented in Fig. S3 of the ESM. At 10 min, a bulge ap-
peared on the flat surface of the hemispherical resin.
Subsequently, the bulge gradually grew, causing the
flat surface to burst at 15 min. As the reaction time in-
creased to 20 min, the fracture surface expanded, and
the pyrolysis degree of the internal matrix increased.
At 30 min, the internal structure of the hemispherical
resin expanded to the outside from the fractured sur-
face. The spherical surface of the hemispherical resin
particle remained intact, and no fracture appeared. This
indicates that the pyrolysis process of the hemispheri-
cal resins also started from the interior of the parti-
cles, and the phenomenon of pyrolysis starting from
the interior was not caused by the non-uniformity of
the cation-exchange resins.

Surface

Interior
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The pyrolysis behavior of the cation-exchange
resins was not caused by the structural difference be-
tween the surface and interior of the resin, and the re-
action was significantly different from the existing gas-
solid reactions or particle pyrolysis models reported
in the literature, which mainly start from the particle
surface or phase interface, and in which the reac-
tion sites are anisotropic and random (Yoshioka et al.,
2001; Homma et al., 2005; Sadhukhan et al., 2009,
2010; Safari et al., 2009; Oluoti et al., 2014; Yao et al.,
2018). However, in our experiments, the reaction
always started from the exact center of the spherical
particles and then spread uniformly around. The pro-
cess is predictable. So, we decided to name this pyrol-
ysis behavior the central-hole expansion mode in this
paper. Next, it was necessary to investigate the univer-
sality of the reaction.

3.2 Factors influencing the central-hole expansion
mode

3.2.1 Effect of oxygen content

In the pyrolysis of resin, researchers have found
that oxygen can promote the pyrolysis reaction, reduce
the solid residual rate, and decrease the organic content
in the pyrolysis gas (Shen et al., 2011; Amutio et al.,
2012; Ren and Zhao, 2012; Bach et al., 2017). There-
fore, we first investigated the effect of oxygen content
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Fig. 2 Distribution of elements on the surface and interior of the IRN-97H raw resin as shown by SEM-EDS. cps represents

the counts per second per electron-volt
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on the resin pyrolysis behavior. The internal morphol-
ogies of the Cs-doped IRN-97H cation-exchange resins
pyrolyzed for 30 min in different atmospheres are
shown in Fig. 3. In the nitrogen atmosphere, the hole
volume inside the particle was small when the resin
was pyrolyzed for 30 min. This shows that the holes
had not fully grown, and there were still some unre-
acted resin structures around the holes. As the oxygen
content increased, the volume and number of holes in-
side the resin particles both increased within the same
reaction time. In the 10%-0O, atmosphere, a completely
hollow structure was formed in the particles, leaving
only a spherical shell. A plausible explanation for this
phenomenon is that oxygen can penetrate the resins
and react with the organic skeleton, which results in
promotion of the pyrolysis reaction.

We collected the particle diameters of resins py-
rolyzed in different atmospheres for different times for
statistics, and the results are presented in Fig. 4. In the
pyrolysis process under nitrogen (0%-0O,) and 3%-O,
atmospheres, the particle size changed little within
20 min but increased obviously at 30 min. In the
pyrolysis process in the 5%-0, atmosphere, the parti-
cle size gradually increased within 30 min, and the
growth rate also gradually increased. The greater the

SU3500 5.00 kV 7.0 mm x180 SE

oxygen content was in the reaction atmosphere, the
larger the particle size of the products at 30 min. It is
possible that the increased gas generated during the
formation of holes swells the resin particles and leads
to an increase in particle size. This further illustrates
that oxygen can promote expansion of holes during
the resin pyrolysis process.

3.2.2 Effect of reaction temperature

Reaction temperature (7) is another important
factor influencing the pyrolysis process. We conducted
pyrolysis of Cs'-doped IRN-97H cation-exchange
resins at different temperatures for 30 min under a
3%-0, atmosphere, and the interior structures of typi-
cal pyrolysis products are shown in Fig. 5. At 400 °C,
when the reaction time was less than 30 min, the resin
particles remained unchanged, with the only one hole
being formed in the center of the resin particles. At
450 °C, when the resin particles were also pyrolyzed
for 30 min, there were more and larger holes com-
pared with those in evidence at 400 °C. When the re-
action temperature increased to 500 °C, the time re-
quired to form the hole structure in the resin was
shorter. The resin particles formed a hollow structure
with fully grown holes in 5 min. After we increased

Fig. 3 Internal morphologies of IRN-97H cation-exchange resins pyrolyzed at 450 °C for 30 min in N, (0%-0O,) (a), 3%-0O,

(b), 5%-0, (¢), and 10%-0, (d) atmospheres
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Fig. 4 Variations of particle size with time (f) when the
IRN-97H cation-exchange resins were pyrolyzed at 450 °C
in atmospheres with different oxygen contents

the reaction temperature to 520 °C, the pyrolysis rate
in the resin particles increased sharply. The pyrolysis
gas generated in a short time burst the particles. In
summary, when the pyrolysis temperature of resins is
400-500 °C, the hole structure is easily formed in the
particles, while the particle surface remains intact.

3.2.3 Effect of resin structure

Different types of cation-exchange resins have dif-
ferent crosslinking degrees and particle sizes. We used
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IR-120 gel cation-exchange resins to explore the effect
of crosslinking degree on the resin pyrolysis behavior.
We also selected the 0017 gel cation-exchange resins
to investigate the effect of particle size on the pyrolysis
process. The TG curves of different resins in a 3%-0O,
atmosphere are shown in Fig. 6a. The pyrolysis weight-
loss processes of different resins are similar and can
be divided into two stages (Juang and Lee, 2002; Yang
et al., 2014, 2017). The first is the decomposition and
transformation of sulfonic acid groups at 300—500 °C.
The second is the stage of organic skeleton pyrolysis
above 500 °C (Juang and Lee, 2002). However, there
are some differences in the initial weight-loss tem-
perature and rate in each stage. Compared with the
thermal weight-loss process of IRN-97H resin, the
weight-loss rate of IR-120 resin with the same parti-
cle size was higher under the same conditions. This
indicates that the lower crosslinking degree makes the
copolymer structure easier to destroy. The initial
weight-loss temperature of 001x7 resin with an aver-
age particle size of 900 um was higher. The weight-
loss delay may be due to the decrease in the heat-
transfer rate for the larger particle size.

Fig. 6 presents the internal morphologies of three
pyrolyzed resins. The pyrolysis processes of IR-120

(©)

(d

Fig. 5 Morphologies of IRN-97H cation-exchange resins pyrolyzed in a 3%-0, atmosphere at 400 °C, 30 min (a), 450 °C,

30 min (b), 500 °C, 5 min (c), and 520 °C, 5 min (d)
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Fig. 6 TG curves of different resins in a 3%-0, atmosphere (a) and morphologies of IR-120 resin pyrolyzed for 10 min
(b), 001x7 resin pyrolyzed for 20 min (c¢), and IRN-97H resin pyrolyzed for 10 min (d) at 450 °C in a 3%-0O, atmosphere

resin and 001x7 resin were similar to that of IRN-97H
resin. The reactions all started from the center of the
resin particles. As the reaction time increased, the hole
structure was formed inside the particles, while the out-
side surface remained intact. Compared with IRN-97H
resin (Fig. 6d), the volume of the central hole was
larger for IR-120 resin (Fig. 6b) when pyrolyzed
for 10 min. This shows that the degree of pyrolysis is
higher for IR-120 resin, since the resin with a lower
crosslinking degree is more easily pyrolyzed. However,
even though the 001x7 resin (Fig. 6¢) was pyrolyzed
for 20 min, only the central hole formed inside the
particles. This may be due to the lower heat-transfer
rate inside the resin with larger particle size, which
would lead to a decrease in the reaction rate in the
particles and an increase in the reaction time required
to form holes.

The Co-doped resins and pure resins without
metal ions were also pyrolyzed at 450 °C in a 3%-0O,
atmosphere for 30 min to investigate the influence of
doped metal ions on their pyrolysis behaviors, and
their interior structures are shown in Fig. S4 of the
ESM. The pyrolysis behaviors of Co-doped resin and
pure resin are similar to that of Cs’-doped resin

(Fig. 1e). The hole structure is formed inside the parti-
cle at 30 min, while the particle surface remains intact.
These results show that the doped metal ions in the
cation-exchange resin have little effect on the pyroly-
sis behavior of the resin.

In addition, the surface roughness of the parti-
cles may affect the heat and mass-transfer processes
in the reaction, and then affect the pyrolysis behavior
of the resin. The IRN-97H resins were sanded into
rough particles to investigate the effect of surface
roughness on their pyrolysis behavior. The surface
morphologies of the particles before and after polish-
ing, and the internal morphologies of the products py-
rolyzed at 450 °C in a 3%-0, atmosphere for 20 min,
are compared in Fig. 7. The pyrolysis behavior of
rough resins was similar to that of smooth resins. A
hole formed from the center of the particle at first and
then developed into hole structures, while the surface
remained unchanged. The volume of the holes in the
pyrolysis products of rough resins was greater and the
uniformity of hole distribution was less at 20 min
when compared with the original smooth resins. This
may be because the reaction gas was more likely to
enter the interior of the rough particles, which would
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Fig. 7 Morphological comparison of the smooth resin (a) and rough resin (b), and the smooth resin’s pyrolysis product

(c) and rough resin’s pyrolysis product (d) at 20 min

increase the degree of pyrolysis and lead to greater
hole volume. Also, the sphericity degree of the rough
resins was lower, resulting in anisotropy of the heat
transfer inside the particles during the heating process,
and the uniformity of hole distribution decreased.
Furthermore, the pore structure of the resin has a
great influence on the mass transfer during the reaction.
Ion-exchange resins can be divided into the gel type
and macroreticular type. The latter has a larger pore
size than the former. We selected D001 macroreticu-
lar cation-exchange resins with a crosslinking degree
of 7% for pyrolysis at 450 °C in a 3%-0, atmosphere
to explore the effect of pore structure. The morpholo-
gies of the products are shown in Fig. 8. Compared
with the gel-type resin, the cut surface of the macrore-
ticular resin was rougher, and the pores could be ob-
served by SEM, indicating that the pore size was
larger. At 10 min, the copolymer matrix inside the
particle was pyrolyzed and many small holes were
formed in the center area, while there was no obvious
change on the particle surface. With a longer reaction
time, the resin pyrolysis degree increased, and the holes
expanded toward the edge of the particle. Both the
number and volume of holes increased. The pyrolysis

process of macroreticular resin can also be considered
to start from the central region and expand to the edge
of the particle, which follows the same pyrolysis law
as the gel resin.

In summary, the cation-exchange resin always
followed the same pyrolysis law at 400-500 °C with
different parameters; the reaction always proceeded
from the center of the particle to the surface. Specifi-
cally, the resin was pyrolyzed in the center of the par-
ticle to form the central hole at first, and then contin-
ued to be pyrolyzed around the central hole to form a
uniformly distributed hole group. The holes expanded
from the inside to the outside in this way until the par-
ticles burst. The volume and number of holes gradually
increased, while the particle surface remained intact
and there was no obvious change. We once thought
that the resin pyrolysis process might follow the vol-
ume reaction model or shrinking core model just like
other biomass pyrolysis and combustion processes
(Sadhukhan et al., 2009; Oluoti et al., 2014; Yao et al.,
2018), but in fact, the pyrolysis process of the cation-
exchange resin starts from the center of the particle
and then spreads around evenly, which is predictable.
It does not follow any of the four classic non-catalytic
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Fig. 8 Morphologies of D001 macroreticular resins (a) and products pyrolyzed at 450 °C in a 3%-O, atmosphere for

10 min (b), 20 min (c), and 30 min (d)

gas-solid reaction models. Therefore, we identified a
novel non-catalytic gas-solid reaction and named it the
central-hole expansion mode.

A schematic diagram of the central-hole expan-
sion mode is presented in Fig. 9. The reaction gas
coats the solid surface to form a gas film and enters
the interior of the solid during the reaction. The reac-
tion starts from the center of the particle, and a hole is
first formed there. Subsequently, the volume of the
central hole gradually increases, and the surrounding
sites continue to react to form a uniformly distributed
hole group. As the reaction progresses, both the num-
ber and volume of holes inside the particle increase.
Finally, a hollow particle with many holes inside is
formed but the surface remains intact. In this process,
the particle size also gradually increases. When the

Unreacted

\
1
1

Reacted

Fig. 9 Schematic diagram of the central-hole expansion
mode

volume of the particle expands to a certain extent, it
will eventually break up and form fragments.

3.3 Formation mechanism of the central-hole
expansion mode

3.3.1 Pyrolysis of the copolymer matrix

The pyrolysis process of cation-exchange resin
can be divided into two stages. The first stage is
decomposition and transformation of the sulfonic
acid groups, which are bonded to the copolymer
matrix polystyrene-divinylbenzene (St-DVB) and re-
lease part of the SO,, as shown in Eq. (1). The second
stage is pyrolysis of the organic skeleton to form hy-
drocarbons and residue (Eq. (2)) (Yang et al., 2017).

(St-DVB-SO,H),— (St-DVB-S0,-),+
(St-DVB-S-), +(St-DVB), +S0,, (1)
(St-DVB-SO,-), +(St-DVB-S-), +

(St-DVB),—CH,+S0,+H,0 +Residue.  (2)

In order to investigate the effect of the sulfonic-
acid group reaction on the central-hole expansion mode
and clarify the hole-formation conditions, we also



studied the pyrolysis of St-DVB resin particles. The
TG and DTG curves of St-DVB resins in different at-
mospheres are presented in Fig. 10a. It can be seen that
there was only one weight-loss peak in the pyrolysis
of St-DVB resins, indicating that the polystyrene cross-
linked divinylbenzene structure was directly pyrolyzed,
and that the pyrolysis degree reached 100% without
solid residue. In a nitrogen atmosphere, the St-DVB
resins began to reduce in weight at about 400 °C and
were pyrolyzed completely at around 480 °C. In the
3%-0, atmosphere, the initial weight-loss temperature
was about 300 °C, 100 °C lower than that in the nitro-
gen atmosphere. This indicated that oxygen has a
strong promotion effect on the pyrolysis of St-DVB
resins. The St-DVB resins were pyrolyzed at 300 °C
in the 3%-0O, atmosphere, and the morphologies of the
initial particles and pyrolysis products are shown in
Fig. 10. The surface of the initial St-DVB resin parti-
cle was smooth, while the cut surface was rough. When
pyrolyzed for 20 min, the particle surface was dam-
aged, and particle size decreased from the initial 405
to 345 pum. In addition, no holes were formed inside
the particle and there was no significant change of the
interior compared to the original particle, indicating
that no reaction occurred inside the St-DVB resin.
The results show that the pyrolysis process of St-DVB
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resins starts from the surface and proceeds from the
outside to the inside, accompanied by a decrease in
particle volume. This process follows the shrinking
core model, one of the classic non-catalytic gas-solid
reaction models. Therefore, we speculate that the
central-hole expansion mode in the pyrolysis of cation-
exchange resins is related to the sulfonic acid groups.

3.3.2 Decomposition and transformation of sulfonic
acid groups

Fig. 11 shows the TG and DTG curves and heat-
flow curve of IRN-97H resins in the 3%-0O, atmo-
sphere. The sulfonic acid groups (-SO,M) easily de-
composed to form SO, and sulfone groups (-SO,-) at
low temperatures (300—410 °C). At high temperatures
(410-500 °C), sulfonic acid groups transformed into
sulfone groups (-SO,-) and sulfur bonds (-S-), and the
formed sulfone groups were further converted into
sulfur bonds. The sulfone groups and sulfur bonds
cross-linked with the St-DVB copolymer matrix to
form organic sulfur structures such as diphenyl sul-
fone and phenyl sulfide (Matsuda et al., 1987; Chun
et al., 1998). The organic sulfur structures had strong
thermal stability (Singare et al., 2010; Asfaw et al.,
2016) and were gradually destroyed only when the
temperature was higher than 500 °C. In contrast with

(b)

Fig. 10 TG and DTG curves (a), original morphologies (b (surface) and ¢ (cut surface)), and product morphologies (d
(surface) and e (cut surface)) of the St-DVB resins pyrolyzed at 300 °C in a 3%-0O, atmosphere for 20 min
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Fig. 11 TG and DTG curves and heat-flow curve of IRN-
97H resin in the 3%-0, atmosphere

the pyrolysis of St-DVB (Fig. 10), the reason why the
cation-exchange resins still could not be pyrolyzed
completely at 800 °C was simply the formation of the
organic sulfur cross-linked structures, which hindered
pyrolysis of the copolymer matrix. Moreover, it can
be seen from the heat-flow curve that the reaction of
the sulfonic acid groups and pyrolysis of the organic
skeleton were both strong endothermic processes.

Fig. 12 shows the S 2p XPS spectra of the parti-
cle surface of raw resins and pyrolysis products ob-
tained with 450 °C and 3%-0O, atmosphere at different
times. The binding-energy values at 169.6, 168.8,
168.2, and 164.0 eV can be assigned to sulfates, sul-
fonic acid groups, sulfones, and phenyl sulfide, re-
spectively (Matsuda et al., 1987; Hu et al., 2014; Hou
et al., 2018). In the pyrolysis of cation-exchange res-
ins, the sulfonic acid groups on the particle surface
transformed into sulfone groups and sulfur bonds at
10 min and then cross-linked with the copolymer ma-
trix to form organic sulfur structures such as diphenyl

Intensity (a.u.)

I T R S S T R
176 174 172 170 168 166 164 162 160
Binding energy (eV)

Fig. 12 S 2p XPS spectra of the surface of raw resins and
pyrolysis products obtained at 450 °C in a 3%-0O, atmosphere

sulfone and phenyl sulfide. Some sulfurs in the sul-
fonic acid groups were even converted into the final
stable form, sulfates. The relative area of the sulfate
peak gradually increased with the reaction time, indi-
cating that part of the unstable sulfone groups and
sulfur bonds gradually transformed into sulfates, while
the stable organic sulfur structures always existed.
Thus, the organic sulfur structures formed on the parti-
cle surface were difficult to destroy in the subsequent
pyrolysis process, resulting in the intact particle surface.

The formation of holes inside the resin particles
may be due to the different reaction processes of sul-
fonic acid groups on the surface and interior. Re-
searchers have found that when biomass particles at
normal temperatures are placed in a high-temperature
environment for reaction, the surface temperature of
the particles increases instantaneously and reaches the
ambient temperature within a few seconds (Gomez
et al., 2015; Chen et al., 2018). However, there is a
hysteresis in the temperature change inside the parti-
cles due to the effect of the heat-transfer process and
endothermic reaction, resulting in a certain tempera-
ture difference between the surface and interior of
the particles in the initial stage of the reaction. The
pyrolysis of resin studied in this work followed the
same course. When the resin particles at normal tem-
perature were placed in 450-°C environment for pyrol-
ysis, the surface temperature of the particles rose to
450 °C in a very short time. However, it took a certain
amount of time for the heat to transfer from the parti-
cle surface to the interior. More importantly, both the
reaction of sulfonic acid groups and pyrolysis of the
organic skeleton are strongly endothermic reactions.
Thus, the temperature inside the particles at the initial
reaction stage is always below 450 °C. During this
stage, the difference in temperature between the sur-
face and interior of the particles leads to different re-
action processes of the sulfonic acid groups, which af-
fects the pyrolysis behavior inside and on the surface
of the particles.

We preliminarily simulated the temperature change
of the resin particles during the initial reaction stage
with COMSOL Multiphysics. In the simulation, a
sphere geometry with a diameter of 400 um was es-
tablished, and an area with a diameter of 40 um was
added in the center of the sphere as a volume endo-
thermic source to represent the endothermic reaction.
The thermophysical properties of the resin particle



and boundary conditions in the simulation are listed
in Table S1 of the ESM. The heat-transfer module
used in the simulation was heat transfer in solids and
the heat transfer between the particle surface and envi-
ronment was set as natural convection heat transfer
(Eq. (S1) of the ESM). The interior of the particle was
set as a combined heat transfer of heat conduction and
endothermic source (Eqgs. (S2) and (S3) of the ESM).
The temperature changes on the surface and in the
center of the resin particle are shown in Fig. S5 of the
ESM. The temperature of the particle surface quickly
rose to the environment temperature (450 °C) within
5 s, so most of the sulfonic acid groups were trans-
formed. However, due to heat conduction, there was a
hysteresis in the temperature rise in the center of the
particle. During this 5-s period, the interior and sur-
face of the particle began to react, and the endother-
mic source was formed, causing the temperature of the
particle center to stabilize at about 380 °C in the early
stage of the pyrolysis reaction; this induced decompo-
sition of the sulfonic acid groups inside the particle.
We assumed both the decomposition and trans-
formation reactions of the sulfonic acid groups to be
first-order reactions and analyzed the kinetics of the
decomposition and transformation of the sulfonic acid
groups by the Flynn-Ozawa method. The equal con-
version not only reduced the influence of the heating
rate, but also did not involve the reaction mechanism
function (Vyazovkin et al., 2011; Yang et al., 2014).
The mechanism function f{a) and kinetic parameters
are listed in Table 2. To compare the reaction rate of
the two processes, we substituted the peak tempera-
ture of sulfonic-acid-group decomposition at 380 °C
and that of transformation at 450 °C into the Arrhe-
nius kinetic equations of the two processes. The rela-
tionship between conversion a and time ¢ was obtained
by integration (Fig. S6 of the ESM). The decomposi-
tion and transformation processes of sulfonic acid
groups are both fast reactions, and the reaction rate of
decomposition is faster. Although the temperature of
the decomposition process is lower, its conversion
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was already higher than 90% at 30 s, and conversion
above 90% in the transformation process required at
least 65 s. Therefore, from the perspective of numeri-
cal simulation and Kinetics analysis, it appears that in
the early stage of the resin pyrolysis reaction, the sul-
fonic acid groups inside the resin particles mainly de-
compose at low temperatures. The decomposed sul-
fonic acid groups will fall off the copolymer matrix to
form SO,. The copolymer matrix without sulfonic
acid groups can be completely pyrolyzed under the re-
action conditions (Fig. 10), and the release rate of vol-
atile components from the resin’s matrix is greater
than its diffusion rate in the particle, resulting in the
formation of holes.

In order to verify the above conjecture, we im-
mersed the product particles formed by pyrolysis in a
450-°C, 3%-0, atmosphere for 30 min in 1-mol/L
KOH solution, and then crushed them to release the
acid gas inside to be adsorbed by the KOH solution.
The anion component in the solution was analyzed by
ion chromatograph. The chromatographic peak with a
residence time of 9.91 min was SO7, and the peak
with a residence time of 10.88 min was SO,” (Fig. S7
of the ESM). The SO} in the solution was converted
from the sulfonic acid group during the pyrolysis of
cation-exchange resin, but the sulfonic acid group
was not converted to SO3". Therefore, SO is most
likely to be produced by the reaction of SO, inside the
product particles with the KOH solution, indicating
that during the pyrolysis process of the resin, SO, will
be generated inside the particles, corresponding to the
decomposition reaction of the sulfonic acid group.

Thus, the main reason for the formation of holes
in the central-hole expansion mode is that the reaction
path of sulfonic acid groups inside the resin particles
is different from that on the surface. It requires an en-
vironmental reaction temperature higher than the
transformation temperature of sulfonic acid groups
(410 °C) to ensure that transformation of sulfonic acid
groups occurs on the surface. Meanwhile, in order to
prevent the fracture of the particle surface caused by

Table 2 Kinetics of decomposition and transformation of sulfonic acid groups in the pyrolysis of resins

Reaction ste Temperature, Mechanism Activation energy, Pre-exponential Reaction-rate
P T(°C) function, fla) E (kJ/mol) factor, 4 (s™) equation
Decomposition of -SO,M 300410 l-a 188.4 1.0x10" da _E
. — =f(@)de
Transformation of -SO,M 410-500 1-a 317.2 3.1x10™ dt

R is the molar gas constant
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destruction of the organic sulfur structures, the reaction
temperature should also be lower than the pyrolysis
temperature of the organic skeleton, which is 500 °C.
In summary, the theoretical temperature range for the
occurrence of central-hole expansion mode in the py-
rolysis of cation-exchange resins should be 410-500 °C.

4 Conclusions

In this study, we identified a novel non-catalytic
gas-solid reaction, which we call the central-hole ex-
pansion mode, while investigating the pyrolysis pro-
cess of strongly acidic cation-exchange resins. In this
mode, the pyrolysis reaction starts from the center of
the resin particle to form a central hole. Then the resin
continues to be pyrolyzed around the central hole to
form a uniformly distributed hole group. The holes ex-
pand from the inside to the outside in this way. The
volume and number of holes gradually increase, and
the particle size also increases, while the particle sur-
face remains intact and there is no externally obvious
change. The cation-exchange resins always follow
the same pyrolysis law at 400-500 °C with differ-
ent oxygen-content atmospheres, different crosslinking
degrees and particle sizes, different doped metal ions,
and different surface roughness and pore structures.
We also preliminarily investigated the formation mech-
anism of the central-hole expansion mode, and found
that it is mainly related to the reaction path of sulfonic
acid groups. In the early stage of the pyrolysis reac-
tion, there is a certain temperature difference between
the surface and interior of the particle, which leads to
the difference in the reaction paths and reaction rates
of the sulfonic acid groups and copolymer matrices in-
side and outside the particle. The sulfonic acid groups
on the surface of the resin particles mainly transform
into sulfone groups and sulfur bonds at high tempera-
tures (410-500 °C), and these cross-link with the co-
polymer matrix to form stable organic sulfur structures,
resulting in an intact particle surface. The sulfonic acid
groups inside the resin particles primarily decompose
at a relatively low temperature (<410 °C) and fall off
the copolymer matrix to form SO,. The copolymer
matrix without sulfonic acid groups can be completely
pyrolyzed to form holes. The central-hole expansion
mode in this study may provide guidance for the veri-
fication and development of non-catalytic gas-solid

reaction models due to its regular reaction process and
predictable reaction sites.
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