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ABSTRACT: Incorporation of a polar filler such as silica into a nonpolar rubber matrix is challenging and energy consuming due to
their large difference in polarity. Epoxidation of carbon—carbon double bonds in unsaturated rubber, especially for rubber with low
unsaturation such as butyl rubber, is an effective method to introduce polar functional groups to the rubber macromolecules for
better filler dispersion. Although different epoxidation reagents including hydrogen peroxide (H,0,), peracid, and meta-
chloroperoxybenzoic acid (mCPBA) have been previously reported, these reagents have different drawbacks. In this article, a metal-
free epoxidation reagent, dimethyl dioxirane (DMDO), generated from acetone and Oxone is explored for efficient epoxidation of
rubber with low unsaturation. The effects of the addition manner of the reactant Oxone and buffer sodium bicarbonate (NaHCO;)
and reaction temperature on the epoxide formation are studied. Compared to peracid, a faster and more efficient epoxidation
without the generation of a ring-opened product is achieved when DMDO is used as the epoxidation reagent. Furthermore, it is
found that the epoxidation using DMDO is not sensitive to the water concentration in the rubber solution up to 20 wt %. The
addition of quaternary ammonium salt as a phase transfer catalyst not only improves the conversion but also further increases the
water tolerance to 25 wt %. The reaction conditions for preparation of epoxidized butyl rubber with different percentages of epoxide
group are optimized by Design of Experiments (DoE). At the end, improved dispersion of silica in the matrix of epoxidized butyl
rubber is achieved, as revealed by the rubber process analyzer (RPA) and atomic force microscopy (AFM).

1. INTRODUCTION monomers in the polymerization or by postpolymerization
modification on the unsaturated sites. The introduction of
functional monomers with polar groups such as aldehyde and
anhydride into butyl rubber polymerization is challenging as
they can poison the polymerization.'®'” Therefore, postpoly-
merization modification is a more feasible way to introduce polar
moieties along the backbone of the butyl rubber.””’

Behera et al.”’ recently published a review on the
postpolymerization functionalization of butyl rubber, from
which we can understand that epoxidation is a relatively easy
way to functionalize butyl rubber in one step as compared to
other reactions that often require multiple steps. Meanwhile, the
epoxy group in butyl rubber opens the possibility for further

Butyl rubber is prepared by the cationic copolymerization of
isobutylene and isoprene (0.5—2.5 mol %).'~> The incorpo-
ration of isoprene units provides butyl rubber with unsatura-
tion,* which allows for vulcanization® and further postpolyme-
rization functionalization.””” Despite the low unsaturation as
compared to other synthetic rubbers such as butadiene rubber
(BR), butyl rubber is widely used as an innerliner in tires® and
for pharmaceutical stoppers'® owing to its exceptional
impermeability to gas resulting from the densely packed
polymeric chains.'”'> Meanwhile, in rubber compounding,
fillers such as carbon black, clay, and silica are often added to
reduce the cost and improve the physical properties of rubber
compounds.”’ The dispersion of fillers in a rubber compound
plays an important role in the performance of a rubber Received:  February 11, 2024
product."*'> However, because of the nonpolar nature of Revised:  March 27, 2024
butyl rubber, the dispersion of fillers, especially polar fillers such Accepted:  March 28, 2024
as silica, into the butyl rubber matrix is difficult.’® To achieve a Published: April 15, 2024
better filler dispersion, increasing the polarity of butyl rubber is

desired,'” which can be attained by introducing polar functional
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functionalization, such as the formation of allylic alcohol and
exodiene. Different epoxidation reagents, including hydrogen
peroxide (H,0,),””*’ and peracids, such as performic acid
(PFA),”* peracetic acid (PAA),” and meta-chloroperoxyben-
zoic acid (mCPBA),”**® have been previously reported;
however, these reagents have different drawbacks that limit
their viability. For example, a catalyst is usually required for the
epoxidation using H,0,.”>*”*° The peracid systems suffer from
the potential ring opening of the epoxy group and subsequent
gelation,” ™ and an elevated temperature is required to
accelerate the reaction for performic acid and peracetic acid.
In addition, mCPBA has a high price and the removal of the
excess mCPBA and reaction side ?roduct benzoic acid from
organic solvents is time-consuming.” * Therefore, a fast, efficient,
and cost-effective process for the epoxidation of butyl rubber
without the contamination of the ring-opening and gelation
products is desired.

Oxone (KHSO;-0.SKHSO,-0.5K,SO,) is a cheap and green
oxidant with K,SO, as the only byproduct in the oxidation
reaction, and it has been widely used in synthetic chemistry.*®
The active component in Oxone is potassium peroxymono-
sulfate (KHSOj;). Epoxidation of small molecules such as olefins
and synthetic rubber with high unsaturation, such as styrene—
butadiene-styrene (SBS) rubber, using potassium peroxymono-
sulfate/acetone has been previously reported. For example,
Rajabi et al.’® studied the epoxidation of styrene—butadiene
rubber (SBR) using in situ-generated dimethyl dioxirane
(DMDO) generated from Oxone/acetone at 50—60 °C. Nikje
et al.”” reported the epoxidation of ethylene propylene diene
monomer (EPDM) using the in situ-generated DMDO/MoO,
complex, where the authors found that the reaction did not
proceed without MoO;. However, to the best of our knowledge,
there are no reports on the epoxidation of butyl rubber, which
has a relatively low unsaturation as compared to other synthetic
rubber using Oxone without the addition of a transition metal
catalyst. In addition, for butyl rubber produced from a slurry
process in industry, 6—12 wt % of water is present in the cement
(cement is defined as the viscous solution of unvulcanized
rubber in an organic solvent) before the postpolymerization
modification such as halogenation. Therefore, it is of interest to
explore an epoxidation method that is tolerant to fluctuation of
water concentration.

Herein, we report a fast and efficient method for the
epoxidation of butyl rubber using Oxone and acetone, which
are used to in situ generate DMDO. The reaction is buffered by
NaHCO;. The experimental results reveal that both the addition
manner of Oxone and NaHCO; and the reaction temperature
exert great effects on the reaction. Epoxidized butyl rubber with
a high epoxy content is achieved when the reaction is performed
at room temperature with multiple additions of Oxone/
NaHCOj;. Compared to PFA epoxidation, the Oxone/acetone
epoxidation system shows a faster reaction rate and no water
sensitivity with water concentration up to 20 wt %. The addition
of a quaternary ammonium salt as a phase transfer catalyst
(PTC) further improves the degree of epoxidation by 10% and
increases the water tolerance up to 25 wt %. Design of
Experiments (DoE)”® is employed to optimize the conditions
for the epoxidation reaction. At the end, silica dispersion in the
epoxidized butyl rubber is studied using a rubber process
analyzer (RPA) and atomic force microscopy (AFM) and the
results indicate improved dispersion of silica in the rubber matrix
as compared to the parent butyl rubber. The better dispersion of
silica is beneficial to the reduction of the energy consumption

during the mixing process and the improvement of the physical
property of the rubber compound.

2. EXPERIMENTAL SECTION

2.1. Materials. Regular butyl rubber (1.72 mol %
unsaturation, M, = 135000 g/mol) was obtained from the
ARLANXEO Canada Inc. Sarnia site. Reagent-grade acetone,
ethanol, hexane, chloroform, and sodium bicarbonate were
purchased from VWR and used as received. Oxone with 44.7%
active oxidant potassium peroxymonosulfate (PMS), methyl-
trioctylammonium hydrogen sulfate (>95%), 88 wt % formic
acid, and 30 wt % hydrogen peroxide were purchased from
Sigma-Aldrich. 98 wt % sulfuric acid was purchased from Jahn—
Teller (JT) Baker. Silica filler HI-SIL 233 was obtained from
PPG. All of the chemicals were used as received unless otherwise
stated.

2.2. Characterization. 2.2.1. Nuclear Magnetic Reso-
nance (NMR) Analysis. "H and "*C NMR characterization data
were obtained by using a Bruker DRX 500 MHz spectrometer
(500.13 MHz). '"H NMR and "*C NMR samples were run in
CDCl, and referenced to TMS.

2.2.2. Rubber Process Analyzer (RPA) Analysis. Rubber
process analyzer (RPA) analysis was performed to determine the
Payne effect at 60 °C at a frequency of 0.1 Hz and strain sweep
between 0.3 and 450%. This test was used as an indication of
filler—filler interactions, where a lower modulus at low strain
indicates less filler—filler interactions and in theory better filler
dispersion.

2.2.3. Atom Force Microscopy (AFM) Analysis. Uncured
butyl rubber/silica compounds were pressed at 100 °C for S min
into 2 mm thick sheets. These sheets were sliced with a razor
blade for analysis of a fresh surface by AFM. The phase
separation in the samples was investigated by analyzing the
surface created by cutting with a razor blade. The surface was
imaged by using the dynamic force mode of a Park Systems XE-
100 AFM. A silicon cantilever with a nominal spring constant of
40 N/m, a resonant frequency of 300 kHz, and a tip radius of 10
nm was used. The phase shift angle (phase difference between
the piezo driver signal and the oscillation of the cantilever as
detected by the photodetector) of the dynamic force mode AFM
is sensitive to the tip—sample interaction. A smaller phase shift
angle (i.e., darker contrast in the phase image) suggests a softer
component, and a larger phase shift angle (brighter contrast)
suggests a more rigid component. Images were collected from
areas of S ym X S um.

2.3. Epoxidation of Butyl Rubber Using Oxone/
Acetone. A 10 wt % rubber cement was prepared by dissolving
regular butyl rubber in hexanes overnight in a round-bottom
flask equipped with a magnetic stir bar. For reactions that
required heating, the flasks were submerged in a heated oil bath
equipped with a thermocouple. Water, acetone, and, in
applicable experiments, methyltrioctylammonium hydrogen
sulfate were added to the reaction flask before addition of the
Oxone and NaHCOj; buffering agent. Oxone and NaHCO; were
mixed in the solid state and placed in the reaction flask. The
addition manner of Oxone and NaHCQj and the reaction times
were varied in the experiments to obtain optimal conversion.
Aliquots were taken by pipetting out approximately 3 mL of the
reaction mixture at the desired times, and the samples were
coagulated into ethanol. On completion of the reaction, the final
product was coagulated into ethanol, dried, and characterized by
'"H NMR spectroscopy.

https://doi.org/10.1021/acsomega.4c01360
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2.4. Preparation of 10 wt % of Performic Acid (PFA)
Solution. Ten wt % performic acid solution was prepared by
mixing 12.5 mL of 88 wt % formic acid, 12.5 mL of 30 wt %
hydrogen peroxide, and 1.2 mL of 98 wt % of sulfuric acid in an
ice bath for 2 h. The concentration of the resulting PFA solution
was determined by two-step titrations.>”

2.5. Procedure of Mixing of Butyl Rubber or
Epoxidized Butyl Rubber with Silica. The rubber sample
was added to a Brabender internal mixer (70 g capacity) at 60 °C
and 60 rpm. The sample was allowed to mix alone for a short
period of time (1 min) followed by the addition of the silica filler.
The ram of the mixer was left up for 2 min in order to allow the
silica to enter the mixer. After the ram was lowered, the
compound was mixed for an additional minute (4 min total) and
a sweep was performed. The compound was mixed for 5 min
total. The compound was then processed on a 4 X 6” mill
operating at 30 °C and 18 rpm with a thin nip. Any loose silica
from the mixer was added, and 6 three-quarter cuts and 6
endwise passes were performed. RPA was run exactly 1 h after
mixing.

3. RESULTS AND DISCUSSION

Zhu et al. demonstrated that the epoxidation of olefins is
possible in an aqueous potassium peroxymonosulfate (PMS)

Scheme 1. Epoxidation of Butyl Rubber by Dimethyl
Dioxirane (DMDO) Generated from Potassium
Peroxymonosulfate and Acetone

HSO5
° epoxidized butyl rubber

HSO4 X
butyl rubber

DMDO

solution without the requirement of a ketone dioxirane
precursor.’” However, the 'H NMR results indicated negligible
conversion for the epoxidation of butyl rubber when only Oxone
was used. Subsequent epoxidation experiments were carried out
using the in situ-generated dimethyl dioxirane (DMDO)
intermediate as the epoxidation agent. DMDO is generated
from the nucleophilic attack of potassium peroxymonosulfate on
the ketone, followed by a single oxygen transfer to the alkene
substrate® (Scheme 1). The regeneration of the ketone renders
this process catalytic. The mechanism for the generation of
DMDO and its epoxidation on the isoprene units of butyl rubber
is illustrated in Scheme 1. In this work, acetone was selected as a
simple and effective precursor to dimethyl dioxirane, and
NaHCO; was selected as the buffering agent.

3.1. Effect of Addition Manner on the Formation of the
Epoxide Group. The epoxidation was first attempted with 5.0 g
(Run 1 and 2) of regular butyl rubber, which has an unsaturation
of 1.72 mol %. Run 1 and 2 have the same reaction conditions
except for the addition manner of Oxone and NaHCOj. Before
the addition of Oxone and NaHCO;, water and acetone were
first added to the round-bottom flask containing 10 wt % of
rubber cement. Afterward, for Run 1, Oxone and NaHCO; were
mixed in the solid state and added at one time. In contrast, for
Run 2, the Oxone and NaHCO; solid mixture were propor-
tionally added stepwise at every 10 min in the 1 h reaction time.
In Run 3, the epoxidation was scaled up to 20.0 g with stepwise
reagent addition. In Run 4, the reaction was scaled up to 500.0 g
and was performed in a 20.0 L reactor, again with stepwise
addition. The molar ratios of unsaturation, Oxone, NaHCO;,
and acetone remain consistent for the four epoxidation reactions
listed in Table 1.

After the reaction, the product was collected by ethanol or
steam coagulation and characterized by "H NMR spectroscopy.
The '"H NMR spectrum for regular butyl rubber and the
epoxidation product from Run 1 and 2 is illustrated in Figure 1.
For the regular butyl rubber, two peaks at 5.1 ppm (triplet) and
4.9 ppm (doublet) are observed, which are attributed to the
isoprene units adopting the 1,4-configuration and the rearranged
structure, respectively.””*’ After epoxidation, the intensity for
the peak at 5.1 ppm decreases and a new peak at 2.7 ppm
resulting from the epoxide group indicates the occurrence of
epoxidation.

In addition to "H NMR spectroscopy, the epoxidized butyl
rubber from Run 2 in Table 1 was also analyzed by *C NMR
(Figure 2) and Fourier transform infrared (FT-IR) spectroscopy
(Figure S1). As shown in Figure 2, two resonance signals at
132.36 and 129.98 ppm attributed to the isoprene units from
regular butyl rubber are observed. The chemical shift for the
saturated carbons is found at high fields. After the epoxidation,
these two isoprene peaks disappear, indicating that the
unsaturation has been converted into the epoxide group.**

The percentage of epoxide group is calculated from the 'H
NMR spectroscopy results as shown in eq 1, where I is the signal
intensity and the subscripts represent the values of the chemical
shift in ppm.

L,
—— X 100%
(L + L) (1)

According to eq 1, 70 and 95% epoxide are obtained for Run 1
and Run 2, respectively. It is apparent that when Oxone/
NaHCO; is added stepwise to the cement, a higher percentage
of epoxide is produced. A kinetic study on the epoxidation of
butyl rubber was performed to understand the effect of addition
manner on the generation of the epoxide group. 3.0 mL of
aliquots of the reaction mixture were taken at S, 15, 30, 45, and
60 min. The sample was coagulated into ethanol and the
percentage of epoxide group was calculated by 'H NMR

% epoxide group =

Table 1. Effects of the Addition Manner of Oxone/NaHCO; and Scaling-Up of the Reaction on the Epoxidation of Butyl Rubber

run butyl rubber (g) Oxone (g) NaHCO; (g)

14 5.0 2.35 1.28 8.0
27 5.0 2.35 1.28 8.0
3“ 20.0 9.39 5.13 32.0
44 500.0 234.71 128.28 796.0

“The molar ratio of unsaturation: Oxone/NaHCO;/acetone = 1:5:10:71.

acetone (mL)

addition manner of Oxone/NaHCO, percentage of epoxide (%)

one addition 70
multiple addition 9s
multiple addition ~100
multiple addition ~100

YThe reaction stopped at 60 min reaction time.

https://doi.org/10.1021/acsomega.4c01360
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Figure 1. "H NMR spectra for (a) regular butyl rubber; (b) epoxidized butyl rubber produced by single addition of Oxone/NaHCOj; in Run 1; and (c)

stepwise addition of Oxone/NaHCOj in Run 2.
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Figure 2. *C NMR spectra for (a) regular butyl rubber and (b) epoxidized butyl rubber produced by stepwise addition of Oxone and NaHCO, in Run
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Percentage of epoxide (%)
o
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o
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Figure 3. Kinetic study on the formation of an epoxide group by single
addition (blue) and stepwise addition (orange) of Oxone/NaHCOs.

spectroscopy using eq 1. As illustrated in Figures 3 and S2, with a
single addition of Oxone and NaHCO;, 55.2% of epoxide is
produced in the first 15 min of the reaction (blue curve in Figure
3). Subsequently, the reaction rate decreases and plateaus at
around 45 min with 66% epoxide at the end of the reaction. In
contrast, with stepwise addition of Oxone and NaHCO;, the
reaction rate remains more constant throughout the 1 h reaction
time (orange curve in Figure 3). Although the single-addition
method allows for higher conversion within 45 min, the gradual

19604

Table 2. Effect of Reaction Temperature on the Epoxidation
of Butyl Rubber

butyl

rubber  temp. acetone Oxone NaHCO; percentage of
w0 (O (D) ® @ eponde ()
14 5.0 23 8.0 2.35 1.28 70
5° S.0 45 8.0 2.35 1.28 20

“Oxone and NaHCO; were added by single addition, The molar ratio
of unsaturation: Oxone:NaHCO:acetone = 1:5:10:71. “The reaction
stopped at 60 min reaction time.

addition of Oxone and NaHCOj; provides a more constant
conversion over time and results in an overall higher epoxide
group of 95% at 60 min.

The above result suggests that when Oxone and NaHCO;
were added by a single addition, not all of the Oxone participated
in the epoxidation reaction. In other words, there was
nonproductive consumption of the Oxone that can be avoided
by slower Oxone addition. Edwards et al.*> showed through
isotopic '*O labeling that in an Oxone-abundant environment,
dimethyl dioxirane causes the conversion of KHSOj; (potassium
potassium peroxymonosulfate), which is the active component
in Oxone, to oxygen and potassium hydrogen sulfate. Therefore,
limiting the concentration of Oxone in the rubber cement

https://doi.org/10.1021/acsomega.4c01360
ACS Omega 2024, 9, 19601-19612
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Figure 4. Kinetic study on the formation of the epoxide group using
Oxone/acetone when epoxidation is performed at 23 °C (blue) and 45
°C (orange).
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Figure S. Kinetic study on the formation of an epoxide group when
Oxone/acetone (blue) and performic acid (orange) are used as the
epoxidation reagents.

suppresses this side reaction and a higher percentage of epoxide
can be achieved at the end.

In Runs 3 and 4, the reaction was scaled up t0 20.0 and 500.0 g
and all of the isoprene units with 1,4 conformations were
converted into epoxide as indicated by the "H NMR spectrum in
Figure S3. Therefore, the efficiency for the epoxidation was not
compromised when the reaction was scaled up.

3.2. Effect of Temperature on the Formation of the
Epoxide Group. The efficiency of the Oxone/acetone
epoxidation of butyl rubber was also evaluated at an elevated
temperature. As shown in Table 2, Run 1 and Run 5 have the
same reaction conditions except that Run S was conducted at 45
°C while Run 1 was performed at room temperature. In both
runs, Oxone and NaHCOj; were added with a single addition.
Based on the 'H NMR analysis, increasing the reaction
temperature to 45 °C leads to a low percentage epoxide of 20%.

A kinetic study of the epoxidation at 45 °C was performed and
compared with that performed at 23 °C. As shown in Figures 4
and S4, 20% of epoxide was generated at 45 °C after 10 min of
reaction. After that, the reaction stopped, and the percentage of
epoxide remained unchanged. The low epoxide formation can

Unsaturation conversion (%)

5 10 15 20 25 30
Water concentration (wt%)

-0-PFA  -#-Oxone/acetone O /

1e with PTC

Figure 6. Plot of unsaturation conversion versus water concentration in
the cement when performic acid (blue), Oxone/acetone (orange), and
xone/acetone in the presence of the phase transfer catalyst (gray) is
used as the epoxidation reagent.

be attributed to the thermal instability of dimethyl dioxirane,
which decomposes into dioxyl diradical at elevated temper-
ature.*® Therefore, to achieve a higher percentage of epoxide, a
lower temperature is preferred.

3.3. Comparison of Oxone/acetone with Performic
Acid (PFA) for the Epoxidation of Butyl Rubber. Performic
acid (PFA) is a common oxidant that is known to epoxidize
natural rubber. An experiment was performed to compare the
efficiency of using PFA to epoxidize butyl rubber with the
epoxidation using Oxone/acetone. The PFA solution was
prepared by mixing formic acid with H,O, for 2 h at 0 °C
(Figure S5),"”** with the concentration determined by
titration.* During the experiments, it is observed that it is
necessary to quench any remaining acid from PFA. Without this
purposeful quenching, undesirable ring opening and gelation
occur, as shown in Figures S6 and S7. The percentage of epoxide
as a function of the reaction time for both reactions is plotted in
Figure S. The data indicate clearly that the Oxone-acetone
system has a much faster conversion, allowing for greater than
20% conversion in S min, while the PFA system has only about
1% conversion in the same amount of time. As shown in Table 3,
after 60 min, the final epoxide for the PFA system is only 36%,
while the Oxone-acetone system achieves a 70% conversion. In
an industrial environment, using Oxone-acetone for epoxidation
shows benefit over a PFA system in both speed and overall
conversion, in addition to providing a gel-free epoxidation.

3.4. Water Sensitivity Study. Butyl rubber prepared via a
slurry process contains 6—12 wt % water in the rubber
cement,’’ "> which means that in practice the epoxidation of
butyl rubber is a biphasic reaction. It is of interest to determine
the effect of water on the epoxidation of butyl rubber as it has not
been studied for known epoxidation systems including H,O,,
performic acid, and peracetic acid. To investigate the water
sensitivity, the epoxidation of butyl rubber was carried out at
different water concentrations ranging from 0 to 25 wt % when
PFA and Oxone/acetone was used as the epoxidation reagent.
The experimental conditions are detailed in Tables S1 and S2.

All experiments were performed at room temperature for 1 h.
The butyl rubber was first epoxidized using a performic acid

Table 3. Comparison of Oxone/Acetone with Performic Acid for the Epoxidation of Butyl Rubber

run butyl rubber (g) temp. (°C) acetone (mL) Oxone (g)
14 5.0 23 8.0 2.35
6 5.0 23

NaHCO; (g) 10 wt % PFA (mL) percentage of epoxide (%)”

1.28 70
6.3 36

“Oxone and NaHCO; was added by single addition. “The reaction stopped at 60 min reaction time.
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Scheme 2. Proposed Mechanism for the Epoxidation of Butyl Rubber with PMS-Acetone System in the Presence of a Phase

Transfer Catalyst
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Table 4. Factors and Responses for DoE

name type low high

equivalent of oxone factor 1 1.2 S

equivalent of NaHCO; factor 2 2.5 10

equivalent of acetone factor 3 18 72

% of epoxide at 15 min response 1

% of epoxide at 1 h response 2

Table S. Experiments Generated from the DoE and
Experimental Results

run factor 1 factor 2 factor 3 response 1 response 2

1 5.0 10.0 72.0 49 61

2 3.3 9.9 42.3 24 27

3 13 5.9 42.3 17 17

4 13 5.9 42.3 12 15

S 13 10.0 18.0 7 7

6 3.3 5.9 70.9 61 75

7 2.5 2.5 49.6 25 33

8 3.3 5.9 70.9 S0 64

9 13 10.0 72.0 S1 27
10 5.0 7.2 18.0 17 35
11 3.7 5.2 36.6 23 45
12 2.7 2.5 18.0 7 11
13 5.0 2.5 18.0 1 1
14 5.0 7.4 50.4 9 50
15 2.9 7.9 18.0 15 15
16 33 9.9 42.3 2S5 25
17 13 5.9 42.3 16 17
18 5.0 2.5 52.0 2 7
19 33 5.9 70.9 SS 67
20 13 2.5 72.0 44 51

system. The PFA solution with concentration of 10 wt % was
freshly prepared before the reaction. After the reaction, the
product was coagulated, dried, and characterized by "H NMR
spectroscopy. The conversion of unsaturation concentration
was calculated according to eq 2 and is plotted as a function of
water concentration in Figure 6.

1.72 — A

% unsaturation conversion = X 100%

(2)

where 1.72 represents the percentage of unsaturation by mole in
regular butyl rubber, and A represents the percentage of
unsaturation by mole in epoxidized regular butyl rubber.

As revealed in the blue curve in Figure 6, water concentration
exerts a significant effect on the conversion when PFA is the
epoxidation agent. An initial epoxidation reaction with 0 wt %
water in the cement results in 38% conversion. As the water
concentration increases to S and 10 wt %, the epoxide formation
gradually decreases, yielding 23 and 14% conversion,
respectively. When the water concentration is larger than 10
wt %, the epoxide formation is consistent at approximately 14%
conversion. In contrast, when Oxone/acetone was used for the
epoxidation, as indicated by the orange curve, the epoxide
formation did not decrease with an increase in water
concentration up to 20%. In other words, the conversion
remains consistent at 70% until the water concentration is above
20%. A significant decrease is observed when the water
concentration reaches 25 wt %, yielding a conversion of 48%.
This demonstrates that when the water concentration is in the
range of 0—20 wt %, the Oxone-acetone system is more robust
than the PFA system.

Quaternary ammonium salts have been widely used as phase
transfer catalysts in biphasic reactions. Kachasakul et al.”* used
tetra butyl ammonium hydrogen sulfate as a PTC when
conducting a similar series of experiments investigating the
epoxidation of cyclohexene in biphasic conditions. The potential
to improve epoxide conversion and eliminate water sensitivity at
high water concentrations was explored by utilizing methyl-
trioctylammonium hydrogen sulfate as a phase transfer catalyst.
Reaction conditions are detailed in Table S3. As revealed in the
gray curve in Figure 6, the addition of a PTC increases the
conversion of the unsaturation by 13% when compared to the
identical experiment without a PTC. Furthermore, with the
addition of PTC, the conversion of unsaturation remains
unchanged with the water concentration up to 25 wt %, which
means that the presence of PTC eliminates the water sensitivity
to a higher level, which will allow for the consistent high epoxide
formation when the water concentration in the cement
fluctuates in the range of 0—25 wt %. The improvement in the
conversion of unsaturation and reduced water sensitivity can be
first explained by Scheme 2. There are two routes for the
formation of DMDO. In route 1, DMDO is produced in the
aqueous phase through the reaction between acetone and
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Figure 7. One-factor graphs for the effect of amount of (a) Oxone; (b) NaHCO5; and (c) acetone on the formation of the epoxide group in butyl

rubber.

KHSOjs. Inroute 2, DMDO is produced in the organic phase. To
be specific, PTC complexes with the HSO;™ anion through ionic
interaction in the aqueous phase to form an organic salt, which
subsequently migrates to the organic phase. In the organic
phase, the organic salt reacts with acetone to form dimethyl
dioxirane and regenerates the PTC, which returns to the
aqueous phase. The dioxirane then epoxidizes the unsaturation
unit and regenerates the acetone. In brief, the addition of a PTC
offers another way which is route 2 to form DMDO, leading to
an increase in the rate of DMDO formation and a further
decrease in water sensitivity.

In addition, as discussed above, DMDO and peroxymono-
sulfate can react to form oxygen and potassium hydrogen
sulfate.** In experiments without a PTC, all DMDO is formed in
the peroxymonosulfate-abundant aqueous phase as Oxone is
water-soluble but hexane-insoluble, which will result in some of
the newly formed DMDO reacting with peroxymonosulfate.
When a PTC is used, there is less DMDO formed in the aqueous
layer as some of it is formed directly in the organic layer.
Consequentially, less DMDO is consumed unproductively,
ultimately resulting in greater epoxidation of the rubber. Thus,

19607

the use of a PTC results in more DMDO being used to epoxidize
the rubber.

3.5. DoE Study on the Epoxidation. In the above studies,
excess amounts of Oxone, acetone, and NaHCO; were used to
achieve a high degree of epoxidation. In this section, Design of
Experiment (DoE)*' is employed to optimize the conditions for
the epoxidation. Three factors including the equivalent of
Oxone, equivalent of NaHCO;, and equivalent of acetone
against the unsaturation were studied. The range for each factor
is shown in Table 4. The percentages of epoxide from 15 min
and 1 h reaction time were investigated as the responses.

Based on the above three factors and the range for each factor,
20 epoxidation experiments were generated from an optimized
response surface DoE in the software program Design Expert.
All epoxidation reactions were performed at 23 °C with a single
addition of Oxone and NaHCOj. The percentage of epoxide is
calculated by using eq 1 from 'H NMR analysis. The design and
results are presented in Table 5.

The modeling equations obtained from the DoE for
percentage of epoxide at 15 and 60 min are shown in eqgs 3
and 4 based on the DoE factors. Equation 3 shows that the
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formation of epoxide in butyl rubber at 15 min reaction time.

Table 6. Optimized Reaction Conditions from DoE to
Prepare Epoxidized Butyl Rubber at 15 Min Reaction Time

equiv of equivof equivof % of epoxide at % of epoxide at
run  Oxone NaHCO; acetone 15 min from DoE 15 min from exp
1 3.10 5.3 72.0 56 54
2 2.90 2.5 70.3 N
3 3.1 2.7 63.9 40
4 3.1 2.5 56.4 30 22
S 3.1 2.6 46.0 20
6 3.1 2.5 28.7 12 10

percentage of epoxide at 15 min is linear to the equivalent of
NaHCO;, but quadratic with respect to the equivalent of Oxone
and acetone. In contrast, eq 4 indicates that the percentage of
epoxide at 1 h is quadratic with respect to Oxone, acetone, and
NaHCO;.

19608

% of epoxide at 15 min

= —6.29175 + 19.03160 equiv of oxone + 1.10475 equiv of NaHCO,
— 0.977911 equiv of acetone — 3.21449 equiv of oxone®

+ 0.019030 equiv of acetone”

(©)

% of expoxide at 1h
= —11.33993 + 11.71125equiv of oxone + 7.99659 equiv of NaHCO,

— 0.771739 equiv of acetone + 1.52927 equiv of oxone
X equiv of NaHCO,

— 2.77843 equiv of oxone” — 0.972228 equiv of NaHCO32
+ 0.016276 equiv of acetone”

(4)

As shown in Figures 7 and 8, at 15 min reaction time, the
percentage of epoxide is maximized when 3.1 equiv of Oxone
and the highest level of acetone are added. To be specific,
epoxide formation increases up to 3.1 equiv of Oxone, but when
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Figure 9. One-factor graphs for the effect of amount of (a) Oxone; (b) NaHCO5; and (c) acetone on the formation of epoxide at 1 h reaction time.

Table 7. Optimized Reaction Conditions from DoE to
Prepare Epoxidized Butyl Rubber at 1 h Reaction Rime

equiv of equiv of equivof % ofepoxideat % of epoxide at
run  Oxone NaHCO, acetone 60 min 60 min
1 1.25 6.5 18.0 14 10
2 1.25 6.5 479 23
3 125 6.5 56.2 30 29
4 125 6.5 64.3 40
N 1.25 6.5 71.7 S0
6 1.88 6.5 72.0 59 SS

more than 3.1 equiv of Oxone is added, a decrease in the epoxide
formation results. Different from Oxone, it was found that the
increase in NaHCO; and acetone always leads to the increase in
epoxide formation and the slope in the graphs from the DoE
confirms that an increase in acetone has a much bigger impact on
the formation of epoxide than the increase in NaHCO;.
Therefore, during the software optimization of the reaction,
3.1 equiv of Oxone, the minimized amount of NaHCO;, and
amount of acetone in the range 18—72 equiv are generally
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Figure 10. Payne effect plot of uncured butyl/silica and epoxidized
butyl rubber/silica compound.
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Figure 11. AFM images of the uncured regular butyl/silica and epoxidized butyl rubber/silica compound.

suggested to achieve the target percentages of epoxide in the
product. The optimized experimental conditions from the
software with predicted % epoxide at 15 min are listed in Table
6. Furthermore, three epoxidation reactions (Runs 1, 4, and 6)
are preformed experimentally to test the accuracy of the model,
and the results are summarized in Table 6. Epoxidized butyl
rubber with 54, 22, and 10% are prepared in Runs 1, 4, and 6,
which match the prediction from DoE with a high degree of
accuracy.

The modeling for the formation of epoxide at 1 h is more
complicated than at 15 min as it involves the AB interaction as
well as quadratic dependence of both the factors Oxone and
NaHCO;. Due to the quadratic dependency, maximum levels of
these two factors are determined from Figure 9. It is found that
the highest percentage of epoxide is produced for 3.8 equiv of
Oxone and 6.5 equiv of NaHCO;. As the epoxide formation is
more strongly affected by NaHCOj;, during the optimization,
the NaHCO; is set at 6.5, the amount of Oxone is minimized,
and acetone is set in the range of 18—72 equiv to produce the
target percentage of epoxide.

Table 7 shows the predicted experimental conditions
generated from the DoE model to produce epoxidized butyl
rubber with the epoxide percentage ranging from 14 to 59%.
Three epoxidations using the conditions from Runs 1, 3, and 6
were performed, and the percentages of epoxide by 'H NMR are
all close to DoE’s prediction, confirming the model’s accuracy.

3.6. Improved Interaction between Epoxidized Butyl
Rubber and Silica. Incorporating silica into a butyl rubber
matrix is challenging due to the large difference in polarity.™ It is
not possible to thoroughly mix the two by mechanical force
alone, because the silica tends to agglomerate as a result of
hydrogen bonding.” To know whether the epoxidized butyl
rubber shows better silica dispersion than its parent regular

butyl, regular butyl rubber and epoxidized butyl rubber with 1.13
and 1.49 mol % of epoxy group were mixed with 50 phr of high
surface area-precipitated silica. The filler—filler interactions are
first measured using RPA (rubber process analyzer), which is
known as the Payne effect test (strain sweep). As shown in
Figure 10, the regular butyl rubber sample had a very high
modulus at low strain, indicating high filler—filler interaction and
implying agglomerates or low dispersion within the rubber.>” In
contrast, the modulus is decreased for the two epoxidized butyl
rubbers at low strain, indicating the polar epoxy groups assist in
dispersion of the silica.

Atomic force microcopy (AFM) imaging on the same
compounds to determine “hard” and “soft” areas by response
to a tapping cantilever was also performed.’® The analysis in
Figure 11 clearly demonstrates domains of rubber and silica
agglomerates in regular butyl rubber but a more dispersed
system in the two epoxidized samples.

4. CONCLUSIONS

In summary, dimethyl dioxirane (DMDO) generated from
Oxone/acetone is explored for the epoxidation of synthetic
rubber with low unsaturation such as butyl rubber. Compared to
H,0, and peracid, a faster and more efficient epoxidation
process without the formation of ring-opening and gelation
products is achieved at room temperature when Oxone/acetone
is used. In addition, the usage of Oxone/acetone allows for
epoxidation without water sensitivity with water concentration
up to 20 wt % in the cement, or further to 25 wt % water with the
assistance of methyltrioctylammonium hydrogen sulfate acting
as a phase transfer catalyst. The reaction conditions were
modeled and optimized by DoE. Improved dispersion of silica in
the rubber phase as compared to the parent butyl rubber is
achieved.
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