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Abstract

The kinetics of the depolymerization of natural rubber (NR) to hydroxyl-terminated natural
rubber (HTNR) by hydrogen peroxide (H,O;) in the presence of a Fenton catalyst within
an acidic milieu and under ultraviolet radiation has been rigorously examined utilizing
infrared spectroscopy to determine the alterations in molar mass and the functional char-
acteristics. The kinetic model was analyzed in accordance with the elementary reaction,
encompassing the following mechanisms: the interaction between hydroxyl radicals and
NR, producing radical NR and hydroxylated NR; the reaction wherein radical NR and
hydroxyl radicals yield hydroxylated NR; and the subsequent reaction of hydroxylated NR
with hydroxyl radicals producing lower radical NR, hydroxylated terminated NR, radical
NR, and hydroxylated NR. The conversion of the NR polymer and the total hydroxyl
content were discerned at the absorption bands of the CH,-CH, and OH groups located
at 850 cm~! and 3400 cm ™!, respectively. The absorption peak at 1850 cm ™! attributed to
CHj3 was employed as the reference group for calibration. The influence of the temperature
on the depolymerization process conformed to the Arrhenius equation, characterized by
activation energies of 750 K and 1200 K. The impact of the HyO,/Fenton ratio on the
depolymerization process follows a power law with power coefficients of 1.97 and 1.82.

Keywords: hydroxylated natural rubber; Photo-Fenton; photochemical depolymerization;
depolymerization kinetics; natural rubber

1. Introduction

Natural rubber has been extensively utilized across various applications owing to
its sustainable and renewable characteristics. Innovative elastomeric materials can be
synthesized through the modification of the structural composition of natural rubber.
Natural rubber possesses the capability to undergo depolymerization, resulting in smaller
natural rubber oligomers that feature hydroxyl or carboxyl functional groups at the terminal
positions of their polymer chains. Novel materials derived from natural rubber have been
produced via the polymer chain scission (depolymerization) of liquid natural rubber (LNR),
yielding lower molar mass rubber oligomers, while incorporating reactive terminal groups
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to generate telechelic natural rubber (TLNR) [1-3]. One of the synthesized derivatives
of natural rubber is hydroxyl-terminated natural rubber (HTNR), which possesses -OH
functional groups at the terminal ends of the polymer and has been employed in various
applications including grafting [4,5] and chain extension [6-8], as an adhesive [5,9-11], as a
chain modifier [12-15], and as a binder in propellant formulations [16-20].

LNR depolymerization into HTNR has been executed through a variety of depoly-
merization reaction methodologies [21-23]. The synthesis of HTNR can be achieved via
photochemical processes [24-28], metal catalysis [21-23,29-31], redox reactions [11,31], ther-
mal degradation [32,33], and specific chemical oxidation techniques [27]. Ravindran [24,25]
and Pham [26] investigated the application of radicals derived from H,O; in a depolymer-
ization reaction facilitated by ultraviolet irradiation from a mercury vapor lamp. In his
initial experiment, Ravindran employed a 125 W UV mercury vapor lamp in conjunction
with 30% HyO, for a 30-h duration of LNR depolymerization [24], while in his subsequent
trial, he utilized a 400 W mercury vapor lamp for a 52-h depolymerization reaction [25].
The outcomes of Ravindran’s first depolymerization experiment yielded a 90% HTNR
product characterized by a My, of 5000 g/mol; M,y of 8100 g/mol; a dispersity of 1.61; and
a hydroxyl functionality of 1.91. His second endeavor also achieved a 90% HTNR product
with a My, of 4100 g/mol; M,y of 8300 g/mol; a dispersity of 2.02; and a marginally superior
-OH functionality of 1.97. Pham [26] introduced the incorporation of FeSOy4 as a Photo-
Fenton catalyst to enhance the generation of hydroxyl radicals through the decomposition
of HyO;,. The utilization of a Photo-Fenton catalyst permitted Pham to operate with a lower
specification of UV mercury vapor lamp compared to Ravindran’s setup. Pham employed
a 160 W mercury vapor lamp with a radiation duration of 32 h for the depolymerization of
LNR into HTNR, achieving a reported yield of HTNR products between 92 and 93% with
-OH functionality ranging from 1.97 to 1.98 and a My, of 3060. The depolymerization mech-
anisms elucidated in the studies conducted by Ravindran and Pham are consistent with a
radical depolymerization paradigm, characterized by the preferential attack of hydroxyl
radicals on the CH,-CH; bond (C«) at sites exhibiting lower steric effect.

Baharulrazi [16] and Giang [27] executed the depolymerization of LNR through a
meticulously controlled reduction-oxidation methodology. Baharulrazi [16] employed Co-
bis-acetylacetonate in conjunction with ethanol and NaBH, to synthesize an oxidizing agent,
NaBO,, which subsequently oxidized the CH,-CH; bond (C«), followed by a reduction
utilizing NaBHy, yielding an HTNR product characterized by a M;, of 6691 g/mol, My,
of 27,560 g/mol, and a dispersity score of 4.12, all achieved within a reaction timeframe
of one hour. Conversely, Giang [27] adopted a distinct methodology by utilizing a pH
9 borate buffer solution (comprising HyB4O7, NaCl, and NayH»yB4O;7), THE, and 0.1 g
of (NH4)25,07 to generate hydroxyl radical specimens via a redox reaction between the
OH- ions and the borate buffer solution. The HTNR product obtained was isolated and
demonstrated properties of My, 4334 g/mol, M, 11,702 g/mol, and a dispersity score of 2.7.

Azhar [34] implemented a synergistic photosensitizer system composed of methylene
blue and rose Bengal in the degradation reaction of LNR under visible light exposure
over a duration of fourteen days. The oxidation process transpired in two distinct phases:
the initial phase involved the use of H,O, and acetic acid in conjunction with a Na,WO,
catalyst. The primary oxidation reaction facilitated the transformation of LNR structures
into their epoxidized variants, known as LENR, which subsequently underwent additional
oxidation to yield hydroxylated LNR, denoted as LNR-OH. The hydroxyl functional groups
present in LNR-OH, as established in Azhar’s investigation, were not solely located at
the terminal ends but were also bonded to other carbon atoms (Cf3). A yield of 55.4% of
LNR-OH products was obtained, exhibiting properties of M, 1800 g/mol, M,y 3200 g/mol,
and a dispersity score of 1.78.
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The kinetics associated with the photochemical depolymerization of natural rubber
or polyisoprene utilizing the H,O, /Fenton/Acid catalyst were scrutinized based on the
radical reaction mechanism posited by Pham and Ravindran [25,26]. Hydroxyl radicals
are produced through the redox reaction involving H,O, /Fenton/Acid in the presence of
ultraviolet radiation. The depolymerization of rubber is initiated by the attack of hydroxyl
radicals on the «a-CH,-CH; bond of natural rubber. The termination of depolymerization
occurs due to radical-radical interactions. The ultimate product consists of hydroxyl-
terminated natural rubber accompanied by byproducts that are lightly cross-linked with
carbonyl, carboxyl, and hydroxyl functional groups. The characterization of molar mass
and functionality is influenced by factors such as acidity, composition, UV radiation, and
the catalyst employed. Variations in functional groups may serve as a foundational basis
for the kinetics study pertaining to the depolymerization of natural rubber. The reaction
rate is governed by the interactions between the polymer and the radicals. The stages
of initiation and termination are characterized by rapid dynamics. It is postulated that
the reaction may be relatively straightforward and adheres to a second-order reaction
mechanism [25,35]. Nonetheless, this kinetics model may not adequately encapsulate the
alterations in the molar mass and functionality of HTNR. However, the kinetics model
premised on a molecular approach is proficient in describing the molar mass and function-
ality of hydroxyl-terminated polybutadiene [36] and the polycondensation of hydroxylated
polybutadiene [37]. This kinetics model is anticipated to be applied to elucidate the depoly-
merization of natural rubber, particularly concerning the functionality and cross-linking
characteristics. The radical polymer is categorized into mono-hydroxylated rubber (R-OH)
and di-hydroxylated rubber (OH-R-OH). The incorporation of these functional groups
serves to elucidate the properties and interlinkages of HTNR.

The kinetics of these processes have been examined through gravimetric analysis [25],
viscometry techniques [25,26], and thermal methodologies [38,39]. Infrared spectroscopy
represents the most straightforward and expedient approach for investigating the kinetics
associated with polymerization and depolymerization [37]. Within this manuscript, the
kinetics model was assessed utilizing infrared spectroscopy. The hydroxyl, carbonyl,
carboxyl, and methyl functional groups were quantified through their respective infrared
absorption spectra. The reference spectra employed pertain to the absorption characteristics
of methyl (CH3).

2. Materials and Methods
2.1. Materials

Acetone, toluene, methanol, tetrahydrofuran (THF), sodium ascorbate, FeSO4-7H,0,
H,0; (50%, w/w), HySO4, and NaOH were supplied by BRIN. Deproteinized liquid natural
rubber (DPLNR) was supplied by the Indonesian Rubber Institute. Natural crumb rubber
was obtained by coagulating DPLNR with acetone.

2.2. Methods
2.2.1. Synthesis of HTNR

Natural crumb rubber (NCR) was masticated at a temperature of 30 °C for 60 min.
Then, 15 g of the masticated NCR was dissolved in 150 mL toluene and charged into a
1000 mL glass reactor. The reactor was equipped with a magnetic stirrer, water heater,
water condenser, and mercury vapor UV lamp 320 W. Precise amounts of Fenton reagent
(H20O; and Fe (II)) were added dropwise and continuously stirred with a magnetic bar. The
mixture was homogenized with 50 mL THF. The reaction of the mixture was conducted
at 60 °C and a pH of about 2.5-3.0 by the addition of H,SO, in THF solution, and the
molar ratio of HyO, /Fe (II) was set at 1.5 [26]. The UV radiation was exposed to the reactor
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after a 50 h reaction. The distance between the reactor wall and the UV beam source was
3 cm. Next, 0.06 g hydroquinone (about 0.02% w/v of the sample mixture) was dispersed
to the solution and allowed to remain for a certain time. The water layer at the bottom was
separated and removed, while the liquid rubber was recovered from the toluene layer by
distilling the solvent at low pressure. The rubber product was washed using aquadest and
methanol, respectively, and antioxidant sodium ascorbate 0.04 g (0.6 w/w) was added. The
HTNR layer was separated and washed with toluene and methanol. The sample for the
test and analysis was purified by the repeated precipitation of methanol from the toluene
solution. The remaining solvents were removed by drying in a vacuum oven at 70 °C for
4h.

2.2.2. Analysis

FTIR (Fourier transform infrared) spectra of HTNR samples were tested using an FI-IR
Spectrometer BRUKER Model: Alpha II by BRUKER OPTIK GmbH, Germany, for analysis,
scanned from 400 to 4000 cm~!. The infrared spectra of HTNR were analyzed at 20 h
intervals during a period of 80 h of UV radiation exposure. The H-NMR and C-NMR were
used to measure the chemical shift, such as the H-shift and C-shift of the NR Crumb(t)
and HTNR samples (tyg, tao, teo, tgo). H-INMR and C-NMR analyses were carried out using
NMR (nuclear magnetic resonance) BRUKER ASCEND 700 MHz with a 54 mm ASCEND
Magnet by BRUKER GmbH, which was operated at 28 °C. The solvent used for H-NMR
and C-NMR analysis was CDCl;3 (deuterated chloroform).

The molar masses of the NR and HTNR were determined by GPC (gel permeating
chromatography) Shimadzu LC-20AD by Shimadzu Corporation, Japan, with a DGU-
20ASR degassing unit and an RID-10A Detector [40]. The GPC measurement used PEEK
Columns of 8 um, 50 mm x 7.5 mm, maintained at 30 °C, with THF as the mobile phase,
flowing at 1.0 mL/min.

The hydroxyl, hydroperoxide, carbonyl, and carboxyl functional groups were quanti-
tatively assessed employing attenuated total reflectance (ATR) methodologies, utilizing
a precisely weighed sample of 0.3 g [41-45]. The concentration of the additive within the
rubber matrix was subjected to thorough quantitative analysis via the attenuated total
reflection Fourier transform infrared (ATR-FTIR) technique. By employing partial least
squares (PLS) multivariate analysis, a significant prediction accuracy was achieved, yield-
ing an error margin of approximately 0.15 wt% [46]. The broad absorption band associated
with hydroxyl (O-H Stretching, b, 3600-3400 cm ') alongside the C-O stretching absorption
band characteristic of primary alcohols (m, 1310 cm~!) can be utilized to verify the exis-
tence of primary hydroxyl groups in hydrocarbon thermoplastic natural rubber (HTNR).
Tetramethyl silane (TMS) was incorporated as a reference compound during the nuclear
magnetic resonance (NMR) measurement. The variations in the 1H and 13C shielding
shifts, along with the emergence of novel peaks, serve as indicators to distinguish between
natural rubber (NR) and its depolymerized variant, HTNR.

2.2.3. Kinetics Model

Ravindran (1988) and Pham (2015) proposed a mechanism of HTNR production from
LNR depolymerization initiated by hydroxyl radical production from H,O, decomposition
under UV light radiation, with the presence of a Fenton catalyst or other catalyst in an
acidic solution that undergoes a redox reaction [25,26].

H,0; + [HY] —— OH* + H0 )

H,0, + Fe*t + [HT] —— OH* + F&** + H,0 )
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The hydroxyl radical will carry out an attack on the CH,-CH; bond with the Cx
site that has a lower steric hindrance, which is the preferred attack point, to produce a
hydroxylated natural rubber structure (AOH) and a radical natural rubber structure (A*),
as depicted in Equation (3). The radical structure of natural rubber (A*) will react with
another hydroxyl radical (OH*) to produce another hydroxylated natural rubber, which
would have a lower molecular mass, as depicted in Equation (4). These reactions will
occur steadily, resulting in a much smaller hydroxylated rubber structure size until the
depolymerization reaction is terminated.

PN
v AN
7
Ri—CH, HC—CH, HL—R; \\ R'_Cbl H%C_OH HC H,C—R,
N \_/ / 3)
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The reaction mechanism was not developed enough to illustrate the production of
HTNR, which can be developed further by introducing the HTNR production reaction. The
model of liquid deproteinated natural rubber (DPLNR) [A] reacted with OH radicals gener-
ated from the Fenton reaction. The hydroxyl radicals attack the Ca site (-CH,-CH,-), with
the site of lower steric hindrance preferred, to produce a one-sided hydroxyl-terminated
natural rubber structure [AOH] and a CH, radical structure [A*], which will be termi-
nated with OH radicals resulting another one-sided hydroxyl-terminated natural rubber
structure [AOH].
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Structure [AOH], which has a one-sided hydroxyl group in termination, reacted
further with hydroxyl radicals. We proposed two reaction pathways, which resulted
in a one-sided hydroxyl-terminated natural rubber structure [F] similar to the previous
reaction and a two-sided hydroxyl-terminated natural rubber structure [H]. The difference
in reaction pathways is the radical formation [AOH*] and [A(OH),], which may influence
the characteristic of the two-sided hydroxyl-terminated natural rubber structure.

/’_—7 T—
// OH ™~ HO, OH
CH, H,C e HC”
" H H
| Ha H | OH l c c l (8)
o /"4\\ C\\ = (J\ < ~ ~cZ "~
HyC” c Ry c” H HiC CI R c H
] T |
rll (‘IH H CH,
3

Hydroxyl radical (OH*) was produced by the decomposition of HyO, under radiation
of ultraviolet from a mercury lamp [24], sunlight [25], and catalyzation by a Fenton agent
under ultraviolet radiation in an acidic solution [26]. The rate constant of hydroxyl radical
production grew 1000-10,000 times in the presence of a Fenton catalyst [26]. The hydroxyl
radical attack on natural rubber (A) resulted in a radical polymer structure (A*) and
hydroxylated polymer (AOH) with a rate reaction constant of k. The radicalized polymer
will react with hydroxyl radicals to produce a hydroxylated polymer at a rate reaction
coefficient of k;. The depolymerization reaction will occur continuously until the hydroxyl
radical is depleted or a termination process occurs. The depolymerization equation of
natural rubber followed Equations (9) and (10). The rate equation of depletion of the
reacting polymer (A) will follow a second-order reaction and is presented in Equation (11),
in which the concentration of the hydroxyl radical is excessive. [31].

k
A+OH* —"— A* + AOH ©9)
A* + OH* —™ 5 AOH (10)
dlA] 2
5 K [A] (11)

The formation rate of polymer radicals [A*] is steady against time, in which we assume
the concentration is constant (d[A*]/dt = 0). The rate of the radical polymer [A*] formation
is presented in Equation (12), while the rate of the hydroxylated natural rubber [AOH] is
depicted in Equation (13).

d[A*]
dt

= ky[A]? —ki[A"] =0 (12)
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d[AOH]
dt
Referring to Equation (13), the kinetics of the depolymerization reaction of natural

= kp[A]® + ki[A*] = ky[A]* + kp[A]* = 2k, [A]? (13)

rubber are sufficiently represented by Equation (11). The differential Equation (11), with
natural rubber’s initial concentration of [A],, with time from 0 to t, can be solved as
Equation (14). The value of the reaction rate coefficient k, can be obtained by using the
data from the concentration of natural rubber [A] against time.

1 1

AL AT kpt (14)

The equation reaction in (14) cannot properly explain the changes in hydroxyl function-
ality during the depolymerization of NR polymer to HTNR. The equation of the reaction
can be solved by presenting the formation phase of hydroxylated terminated natural rubber
from NR polymer, which will be written as Equations (15)—(19). In the initial phase, natural
rubber reacts with the hydroxyl radical to form a polymer radical [A*] and a hydroxylated
polymer [AOH] with a reaction rate coefficient of k1. The polymer radical will react further
with another hydroxyl radical to form a new hydroxylated polymer [AOH] with a rate
constant of ky. The hydroxylated polymer will react with the hydroxyl radical to form
a hydroxylated terminated natural rubber [A(OH),] and another polymer radical with a
reaction rate coefficient of k3. The hydroxylated polymer could also react with a hydroxyl
radical to form a hydroxylated polymer radical [AOH*] and hydroxylated polymer of
[AOH] with the rate constant of k4. The radical of the hydroxylated polymer [AOH] will
undergo a termination reaction with a hydroxyl radical to form a hydroxylated terminated
natural rubber [A(OH),] with a rate constant of ks.

A+OH" —" 4 A* 4 AOH (15)

A* 4 OH* — 5 AOH (16)
AOH + OH* —2— A* + A(OH), (17)
AOH + OH* —™ _, AOH* + AOH (18)
AOH* + OH* — 5 A(OH), (19)

The reaction of the hydroxyl radical with reactant [A] is a second-order reaction with
a rate equation similar to Equations (13) and (14), with the rate constant being k;. The
equation of the reactant depletion rate is depicted in Equation (21).

d[A]

—= = =hla] (20)
1 1

The polymer radical [A*] concentration is relatively constant during the depolymeriza-
tion. Thus, the change in the rate of the polymer radical formation is equal to zero. The
concentration of the polymer radical is derived in Equation (22). The concentration of the
hydroxylated polymer radical [*AOH] is also relatively constant, with the change in the rate
of the hydroxylated polymer radical formation being zero, as presented in Equation (24).

d[A¥]

o =k [A]? 4 k3[AOH] — ko[A*] = 0 (22)
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k1[A]? + k3[AOH]

an) = AL L @)
2
% — ky[* AOH] — ks[AOH] = 0 (24)
* AOH] = %5 [a0H] (25)
ky

The change in the growth of concentration of the hydroxylated polymer (AOH) is
represented in Equation (26). Substituting Equation (26) into Equations (25) and (24) results
in Equation (27). The value of the [AOH] concentration is a function of the concentration of
[A] with a rate constant of k.

AAOH] — ko [AP + (ks + k) [AOH] — ks [AOH] + ko [A) (26)
d[Adct)H} — 2k, [A]? (27)

By combining Equation (27) with Equation (21), we have Equation (28), with the
solving of the differential Equation (28) under the initial condition as boundary [A]y,
[AOH]y, and a reaction time of 0 to t resulting in Equation (29).

d[AOH] _
Al "2 (28)
[AOH] — [AOH], = 2[A] — 2[A]y0 (29)

The change in the rate of formation of the hydroxylated terminated polymer is pre-
sented in Equation (30). The incorporation of Equations (25) and (26) into Equation (30)
results in Equation (31) with kss = k3 + k4. The substitution of Equation (25) into
Equation (30) results in the equation of [A(OH),] as a function of [A]. The solution to
the differential equation of (31) by the initial conditions as boundary [A]y, [AOH]p, and
[A(OH);]o from time O to t results in Equation (33).

% — k3[AOH] + (ks)[ AOH] = k3[AOH] + ks[AOH]= kss|[AOH]  (30)
d[A(OH),] k [AOH], + 2[A]
- (8) v
(AOH);] ~ (aOm), = () (140l +2(4) - (1) @)
[AOH) + [A(OH),] = [A(OH)Jy + (AOH], +24] + ({2 ) (11OHlin g +2(4) - (4l)) (39

According to equation (25), the value of the reaction rate coefficient k1 is obtained from
the slope of 1/[A] — 1/[A]y plotted against the reaction time (t). If the concentration of
the hydroxylated polymer of [AOH] and [A(OH),] is measured at any given time, then the
value of (k34/kq) is obtained from the relationship of [AOH] + [A(OH),] plotted against
[AOH]OZn% +2([A] = [A]y)- The value of k34 can be determined from the calculated
value of ky and (kzq/kq).

The equation of reaction can be simplified into Equations (13), (15) and (34) to solve
the reaction kinetics.

AOH + OH* ' A* 1 A(OH), + AOH* + AOH (34)
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The hydroxyl functionality value can be determined by using the value of the hydrox-
ylated polymer [AOH], which had functionality of 1, and [A(OH);], with a functionality
score of 2 as depicted in Equation (35).

[AOH] +2[A(OH),]

fou = [AOH] + [A(OH),] (35)

The average molecule weight of polyurethane can be calculated by using a Stockmayer
equation [36,47]. The molar mass average of a number of polymer’s depolymerization can
be calculated using Equation (36), which is the mole fraction of the initial polymer 74, the
weighted average of the polymer My, the functionality f4, and the converted fraction p4.

-— na M A

M= i) = (1afapa) (36)

M., — nAzMA
(na2) — (”AzfAszz)

The influence of the reaction temperature against the reaction rate coefficient was

(37)

studied by observing the reaction temperature variation toward the changes in reaction
rates [23,48]. The relationship of the reaction temperature with the reaction rates coefficients
of k1 and ks34 followed the Arrhenius Equations (38) and (39) with A; and As4 as the
frequency factors, Ea; and Easy as the activation energies, R as the ideal gas constant, and T
as the reaction temperature. By plotting the value of In(k) against (—1/T), the activation
energy values of Ea1 /R and Eass/R can be derived.

kl = A1exp < _RE,;l ) (38)
—Ea
k34 = A348Xp< RT34> (39)

3. Results and Discussion
3.1. HTNR Characterization

Figure 1 presents the infrared spectra of the HTNR product and NR under a reaction
temperature of 30 °C and a pH system of 2. The concentration of [H,O,] was 2 mol L1,
the ratio of [HyO,]/[Fe*] was set at 1.5, and the ratio of [A]/[H,O,] was equal to 5. The
samples were irradiated under UV lights of 320 Watts for 80 h of radiation time (tgp).

The following presents the absorption on IR spectra: both HTNR and NR show
absorption in 3040-3032 cm~! (m), 2980-2958 cm~! (s), 2862 cm ™! (s), 2726 cm~! (s)
(C-H str); 1661 cm™! (m, C=C, cis-vinylene); 1446 em™! (s), 1377 em™? (s) (C-H def.);
891 cm~! (m, -CHj3 def.); 830 cm ™! (s, C-H out of plane def. in -CHR=CCR1) as the major IR
absorption band characteristics for cis-1,4-polyisoprene (cis-1,4-PIP) [17,24,26]. The HTNR
product is characterized by a broad absorption band at 3600-3400 cm ™!, characteristic
of OH stretching vibration, and an absorption band at 1310 cm ™! (m, C-O str., aliphatic
primary alcohol). Meanwhile, the presence of other groups on the LNR chains prepared in
neutral and alkaline media can be attributed to the appearance of carbonyl peaks (C=0)
at 1720 cm ! for ketone and 1739 cm~! for aldehyde, respectively. The chain breaking of
NR at the carbon—carbon single bond is usually due to an attack of radicals and leaving a
hydroxyl end group. In contrast, an oxidizing agent can oxidize the broken carbon—carbon
double bond in the NR chains to leave a carbonyl end group [31,48].
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Figure 1. NR and HTNR infrared spectra under specific reaction conditions.

The 'H-NMR and 3C-NMR spectra of HTNR, acquired following a radiation duration
of 20 h at a temperature of 30 °C in CDCl; with [H,O5] set at 2 mol L1, a [HyO5]/[Fe?*]
ratio of 1.5, and an [A]/[H,O5] ratio of 5, along with a pH of 2 and irradiation from a
320 Watt UV lamp, are illustrated in Figures 2 and 3. The 'H-NMR spectra exhibited
absorption peaks at 6 = 1.679 p.p.m. [s; -CHjs (5), 3H]; 6 = 2.042 p.p.m. [brs; -CH;-(1)
and -CHj-(4), 4H]; 6 = 5.125 p.p.m. [m; CH (3), 1H]. Additionally, minor peaks emerged
in the range of 6 = 1.254-1.611 ppm, suggesting the existence of byproducts. The minor
peaks at & = 2.69 ppm further clarify that an epoxy group formation transpired [25,26]. The
signal attributable to hydroxyl protons from hydroxymethyl indicates the nonexistence of
functional groups within the chemical shift range of 6 = 4.0 ppm to 4.2 ppm.

H3 CH3

CH2

—— 71 —7F ¢ ~§ T 1 1 1 3
PPM

(a) (b)

Figure 2. H-NMR spectra of (a) NR and (b) HTNR, which were prepared using the photo-Fenton
process.

The '3C-NMR spectra delineated the presence of cis-1,4-PIP at the following chemical
shifts: C1: 6 =32.23 p.p.m.; C2: $ =135.16 p.p.m.; C3:  =125.03 p.p.m.; C4:  =26.38 p.p.m,;
C5: 6 = 23.4 p.p.m. Minor peaks were noted at 4 = 78.39, 76.98, and 75.57 p.p.m., at-
tributable to CDCI3, as well as 6 = 60.847 and 64.540 p.p.m. This observation may be
ascribed to a-carbons bonded to hydroxyl groups in molecular structures analogous to
(I) and (II) [25,26]. The protons associated with allylic hydroxyl groups in the TH-NMR
spectra were obscured by the multiplet observed at 6 = 5.125 p.p.m., corresponding to
the >C=C-H protons (Equation (9)). Numerous minor peaks were also discernible in the
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I3C-NMR spectrum of HTNR (Figure 2b) within the & range of 2.00 to 3.53 p.p.m., indi-
cating the presence of side products due to epoxy group formation. The existence of the
hydroxyl group from CH,-OH was corroborated by the detection of absorption peaks at
6 = 60.847 p.p.m. and 64.540 p.p.m., characteristic of the x-carbons of allyl-alcohol in the
I3C-NMR spectrum of HTNR, suggesting the presence of terminal hydroxyl groups in the
resultant product. The allylic hydroxyl protons in the !H-NMR spectra were obscured by
the multiplet at 4 = 5.125 p.p.m., corresponding to the >C=C-H protons. All other charac-
teristic signals for both NR and HTNR were noted in the 'H-NMR spectrum (Figure 2a,b):
5 =5.08 p.p.m., (=CH); 6 =2.00 p.p.m., (-(CH2-); 6 = 1.67 p.p.m., (-CH3), in addition to the
13C-NMR spectrum (Figure 3): 6 = 135.012 p.p.m., (C2 atom); 6 = 124.900 p.p.m., (C3 atom);
5 =32.216 p.p.m., (C1 atom); 4 = 26.409 p.p.m., (C4 atom); and & = 23.433 p.p.m., (C5 atom).
Further evidence was the fact that there was no observed change in the absorption band of
the isoprene unit, i.e., at 836 cm~! in the FTIR spectrum.

||

coci3

cpci3

(&) a s

10

120

100

80

PPM

(a) (b)

Figure 3. C-NMR spectra of (a) NR and (b) HTNR, which were prepared using the photo-Fenton
process.

3.2. The Role of Infrared Absorption in Depolymerization Analysis

The kinetics of the depolymerization reaction were studied by determining the specific
absorption peaks of HTNR and NR'’s functional groups. The formation of the hydroxyl
group could be characterized by an absorption peak of O-H stretch at a wave number of
3400 cm~!. The NR Polymer was undergoing degradation by the breaking of the CH,-CH,
bond, which can be indicated by the decline of the sharp absorption peak at 830 cm 1.
The peak at wavenumber 1610 cm ™! had a lot of interferences to be used as a reference,
while the absorption peak of the methyl CHj3 group could be used as the reference with
the absorption peaks at 2980 cm !, which is relatively unchanged. As a matter of reaction
kinetics, the absorption peak at 830 cm ™! could be used to observe the reduction of the
reactant, while the absorption peak of 3400 cm ! can be used to determine the quantity of
hydroxyl group at any given time. Reactant conversion to the product was calculated by
Equation (40)

x[A] = Agzo — Az980 (40)
A2980

The observed changes at wavenumbers 830 cm 1, 2980 cm !, and 3400 cm ! for
every 20 h of observation for the depolymerization of NR with hydrogen peroxide with
[H,0,] =2 mol L™}, a ratio of [HyO,]/[Fe**] = 1.5, and a ratio of [A]/[H,0,] = 5, pH=2,
irradiated by 320 Watts of UV light for 80 h (tgy) are shown in Figure 4. There was an
indication of the significant growth of hydroxyl concentration [OH] at wave number
2400 cm ™! and a notable concentration decline in reactant [A], with the reduction in the
methylene group absorption at 830 cm~!. The quantity of the methyl group remains
constant at a wavenumber of 2980 cm !, which can be used as a reference absorption peak.
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Figure 4. The concentration decline in CH,-CH, and the growth in CH,-OH concentration at wave
numbers 830 cm~! and 3400 cm ! from NR depolymerization by H,O, /Fenton.

3.3. The Kinetics of HTNR Formation Reaction

Figure 5 presents the concentration changes of polymer [A] against time. The polymer
concentration declined as the reaction time increased. After 60 h of depolymerization
reaction, the concentration decline was relatively small with a more than 90% conversion
rate. The reaction was conditioned under excessive hydroxyl radical conditions; thus, the
reaction rate coefficient of hydroxyl group formation was not studied.

polymer concentration [A] vs time

concentration (mol.L?)
(=

0 Al 2 = = =
0 20 40 60 80 100
time (h)

Figure 5. The changes in [A] concentration against HNTR reaction time.

The conversion reaction of the polymer [A] followed a second-order reaction, which
is depicted by the graph of 1/[A] — 1/[A]y against time as a linear line. The second-
order depolymerization reaction with hydroxyl radical is in accordance with the previous
work on the depolymerization reaction of natural rubber with hydrogen peroxide under
high temperature [48], UV radiation [24], and the catalyst addition of NaNO; [31]. The
relationship of 1/[A] — 1/[A]y against time following Equations (3)—(13) is shown in
Figure 6. The value of k; was obtained as the slope of that graph, with the calculated value
of k1 being 0.01356 L-mol~!-s~! with R? = 0.9988.

The ratio of the degradation reaction rate coefficient of AOH against A (ks / k1) was
obtained as the slope of the concentration of the measured hydroxyl group [AOH] + [A(OH),]
graph against [AOH]oLn([A]/[Al]o) + 2([A] — [A]p), as illustrated in Figure 7, which followed
Equations (3)-(24), with a regression coefficient R? = 0.9995. From the calculated value of
(ksq / k1), the value of k34 was measured at 0.9337 mol-L~1-s71. The value of k34 > k; indicates
that most of the AOH reacted with the hydroxyl radical to form hydroxyl-terminated natural
rubber (HTNR). Thus, the dominant product is the HTNR.
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Figure 6. The relationship of 1/[A] — 1/[A]y against time.
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Figure 7. Relationship between [AOH] + [A(OH);] and [AOH]oLn([A]/[A]o) + 2([A] — [A]o).

The changes in the average molar mass (M) and weight average molar mass (M)
from the measurement and simulation using Equations (3)-(27) are presented in Figure 8.
The results of the measurement and simulation showed a similar trend. The error in the
estimation rate was determined to be 2.7%. The result showed a similar trend to the
previous work of Ravindran [25], Wisetkhamsai [31], and Pham [26], in which the decline in
molar mass is not linear. The decline with the second-order base reaction revealed a decline
in 1/[Mn] — 1/[Mn]p against time, which was also not linear (linearity score of 0.820).
These results strengthen the hypothesis that the reaction formed hydroxyl-terminated
natural rubber.

The simulation results of the weight, average molar mass, average molar mass at any
given time, and the measurement results are presented in Figure 9. The simulation result
showed a slightly lower value than the experiment result. The error in the estimation rate
was determined to be 0.7% for M;, and 0.2% for M,,. The trend was similar to the previous
results of Pham [26] and Ravindran [25]. The value of the dispersity score (polydispersity
index) from this work is around 2, as presented in Table 1. The dispersity score rose steadily
against time until the reaction time of 60 h, then dropped slightly in the next 20 h of
reaction time.
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Figure 9. Relationship between M, and M,y against time and their simulation results.
Table 1. Dispersity of HTNR.
Time (h) M, _exp/g/mol My,_exp/g/mol 1/[My} — 1/[Mxlo Dispersity
0 840,000 868,000 0 1.033333
20 210,000 305,100 357 x 10 1.452857
40 69,700 120,500 1.32 x 107> 1.728838
60 21,500 51,000 453 x 10~° 2.372093
80 5300 11,100 8.00 x 107° 2.09434

The functionality of HTNR was calculated using Equations (3)—(27), while the re-
lationship between the simulation and real-time measurement is depicted in Figure 10.

The calculated value was lower than the simulated value, with an error rate of 2%. The

functionality value was well-matched by the kinetics model.
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Figure 10. Hydroxyl functionality changes over time.

3.4. The Influence of Reaction Temperature

The influence of the reaction time against the reaction rate of HTNR formation was
studied under variations in the reaction temperature of 30, 40, 50, and 60 °C, with other vari-
ables fixed at [H,O5] = 0.2 mol L™, [HyO,]/[Fe(I)**] = 1.5, pH = 2.5, and [H,0,]/[A] = 1.5.
The value of k; and k34 were obtained from the graph at 1/[My] — 1/[Mp]y against the
reaction time and [AOH] + [A(OH);] against [AOH]y Ln([A]/[A]p) + 2([A] — [A]p). The
calculated values of ki and k34 were used to model the relationship of In k against (-1/T),
as depicted in Figure 11. The activation energy value (Ea; /R dan Eass/R) was determined
as the slope of that graph, which followed the Arrhenius Equations (3) to (28) and (3) to
(29). The values of the pre-exponential factor of A; and Asy are reported as intercepts of the
graph. The calculated values of Ea; /R, Eazs /R, A1, and Agy are 750 K, 1200 K, 1.854, and
2.72. The Ea/R positive value indicates that the reaction is exothermic. The value coefficient
of determination (R?) is 1 for k; and 1 for k34. The value of Ea; /R < Eaz, /R revealed that
the formation reaction of radicals is faster than the cleavage reaction of AOH. According to
Pham [26], the reactivity of the hydroxyl radical in attacking the site of the CH,-CH; bond
is much higher compared to the CH,-CH, bond, in which the hydroxyl group is already
present due to more positive electronegativity. Thus, the reaction is quite selective. The
growth of the k1 and k34 values for every 10 degrees of temperature increase revealed those
are lower than twice the initial k; and k34 values, indicating that the depolymerization
reaction is a diffuse regime reaction. Diffusivity is the step that controls the reaction, and
the reaction is considered to be quite quick. The Ea value is calculated as -slope *R; the Ea;
is 90 J, while the Easy is 144 ].

3.5. The Influence of Reactant and Catalyst Ratio

The optimal ratio of [A]/[H,O;] optimal was 1.5, which indicates the excessive pres-
ence of hydroxyl radicals. Meanwhile, the influence of the [H,O,]/[Fe(Il)] ratio against the
reaction rate was studied using the ratio variations of 1, 1.5, 2.0, and 2.5. The ratio influence
of [A]/[HO;] toward the calculated reaction rate coefficient is depicted in Figure 12. The
graph illustrates the relationship of k; and k34 against [A]/[HpO;] as a power equation,
with a power value of 1.97 against k; and 1.82 toward kz4. The coefficient of determination
is 0.9995. This result is in accordance with previous works [31] of similar depolymerization
reactions using NaNO, catalysts, which depicts the influence of the concentration of H,O,
and NaNO, against radical production as a power equation.
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Figure 12. Reaction rate coefficient relationship toward the changes in reactant/catalyst concentration.

4. Conclusions

In general, the depolymerization reaction kinetics of NR’s conversion to HTNR using
H,0; under the presence of a Fenton catalyst in an acidic environment and ultraviolet
radiation can be studied using infrared spectroscopy to examine the changes in the molecu-
lar mass and the functionality of the HTNR product. HTNR synthesis has the following
reaction mechanism: (a) hydrogen peroxide reacts with Fenton in the acid condition to
produce the hydroxyl radical, (b) the hydroxyl radical is reacted with NR to produce radical
NR and hydroxylated NR, (c) the radical NR is reacted with the hydroxyl radical to produce
hydroxylated NR, and (d) the hydroxylated NR is reacted with the hydroxyl radical to
produce lower radical NR, hydroxylated terminated NR, radical NR, and hydroxylated NR.

The analysis of the product revealed the presence of HTNR with hydroxyl group
absorption at a wave number of 3400 cm~!. Depolymerization also occurred with a decline
in the average molar mass for each period of sample measurement. The NR polymer
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decline due to conversion to HTNR was observed at the absorption band of the CH,-CHj
group at 850 cm ™!, the value of total hydroxyl produced at 3400 cm~!, and the absorption
of the CHj reference group, which remained unchanged at 1850 cm ™.

The reaction kinetics were studied by employing an assumption of excessive hydroxyl
concentration. The NR polymer degradation reaction follows a reaction order of 2 with
a rate constant k;. The hydroxylated natural rubber production reaction conformed to a
first-order reaction with a rate constant of k34. The number average of molar mass (My),
weight average of molar mass (M), and OH functionality matched well. The reaction rate
coefficient data of k34 > k; described the conversion reaction of HTNR as quickly occurring.
The average functionality is between 1.8 and 1.9, revealing a dominant HTNR production.
The reaction reached an optimum rate at 60 h, at which the OH functionality was at its
maximum value. Based on the constructed kinetic model and supporting experimental
results, the kinetic parameters of the depolymerization reaction are elementary reactions,
similar to other depolymerization reactions.

The influence of reaction temperature against the reaction rate coefficient followed
the Arrhenius reaction, with activation energy values of Ea; /R and Eazs /R of 750 K and
1200 K, respectively. Meanwhile, the effect of the concentration of H,O, /Fenton followed
the Fenton reaction, with a power coefficient of 1.97 against k1 and 1.82 toward kay.

Author Contributions: Conceptualization, H.B.W.; Methodology, H.B.W.,, S.S., and H.R.D.S.; Software,
H.B.W. and HR.D.S,; Validation, H.B.W. and S.S.; Formal analysis, HB.W., S.S., and HR.D.S;;
Investigation, H.B.W., S.5.,, HR.D.S,, R.A,, LH.A., KH., and A.W.; Resources, S.S.; Data curation,
H.B.W. and H.R.D.S.; Writing—original draft, H.B.W.; Writing—review and editing, H.B.W,, S.S., and
H.R.D.S,; Visualization, S.S. and H.R.D.S.; Supervision, H.B.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Aeronautics and Space Research Organization—National
Research and Innovation Agency, grant number 27 /LPDP /2020.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Nor, HM.,; Ebdon, J.R. Telechelic Liquid Natural Rubber: A Review. Prog. Polym. Sci. 1998, 23, 143-177. [CrossRef]

2. Saleh, A.B,; Ishak, Z.A.M.; Mahmood, W.A K.; Hashim, A.S. On the Stability of Natural Rubber Latex Depolymerization by Hydrogen
Peroxide and Subsequent Epoxidation by Peracetic Acid; Universiti Sains Malaysia: Penang, Malaysia, 2004.

3.  Cifriadi, A.; Chalid, M.; Puspitasari, S. Characterization of Hydrogenated Natural Rubber Synthesized by Diimide Transfer
Hydrogenation. Int. J. Technol. 2017, 8, 448. [CrossRef]

4. Ly, PH. Reinforcement of Natural Rubber from Hydroxyl-Terminated Liquid Natural Rubber Grafted Carbon Black. I. Grafting of
Acyl Chloride Capped Liquid Natural Rubber onto Carbon Black. J. Macromol. Sci. Part A 1996, 33, 1931-1937. [CrossRef]

5. Sukhawipat, N.; Saetung, N.; Pasetto, P; Pilard, J.-F; Bistac, S.; Saetung, A. A Novel High Adhesion Cationic Waterborne
Polyurethane for Green Coating Applications. Prog. Org. Coat. 2020, 148, 105854. [CrossRef]

6.  Gopakumar, S.; Nair, M.R.G. Natural Rubber—Polyurethane Block Copolymers: Nonlinear Structural Variations with NCO/OH
Ratio. Polym. Eng. Sci. 2006, 46, 1812-1821. [CrossRef]

7. Saetung, A.; Kaenhin, L.; Klinpituksa, P.; Rungvichaniwat, A.; Tulyapitak, T.; Munleh, S.; Campistron, I; Pilard, J. Synthesis,
Characteristic, and Properties of Waterborne Polyurethane Based on Natural Rubber. . Appl. Polym. Sci. 2012, 124, 2742-2752.
[CrossRef]

8.  Ha, N.T,; Shiobara, K.; Yamamoto, Y.; Fukuhara, L.; Nghia, P.T.; Kawahara, S. Preparation and Characterization of Hydrogenated
Natural Rubber with Hydroxyl Groups. Polym. Adv. Technol. 2015, 26, 1504-1511. [CrossRef]

9.  Tsupphayakorn-aek, P.; Suwan, A.; Tulyapitak, T.; Saetung, N.; Saetung, A. A Novel UV-Curable Waterborne Polyurethane-
Acrylate Coating Based on Green Polyol from Hydroxyl Telechelic Natural Rubber. Prog. Org. Coat. 2022, 163, 106585. [CrossRef]


https://doi.org/10.1016/S0079-6700(97)00028-2
https://doi.org/10.14716/ijtech.v8i3.1991
https://doi.org/10.1080/10601329608011017
https://doi.org/10.1016/j.porgcoat.2020.105854
https://doi.org/10.1002/pen.20635
https://doi.org/10.1002/app.35318
https://doi.org/10.1002/pat.3571
https://doi.org/10.1016/j.porgcoat.2021.106585

Polymers 2025, 17, 1847 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Panwiriyarat, W.; Tanrattanakul, V.; Pilard, ].-F.; Pasetto, P.; Khaokong, C. Preparation and Properties of Bio-Based Polyurethane
Containing Polycaprolactone and Natural Rubber. J. Polym. Environ. 2013, 21, 807-815. [CrossRef]

Zainudin, Z.; Baharulrazi, N.; Che Man, S. Natural Rubber Derivatives for Adhesives Applications: A Review. Chem. Eng. Trans.
2020, 83, 493-498. [CrossRef]

Kandil, H.; Abo-Salem, H.M. A Novel Thiourea Based Interfacial Modifier for Silica-filled Natural Rubber Composites. J. Appl.
Polym. Sci. 2023, 140, €53550. [CrossRef]

Katueangngan, K.; Tulyapitak, T.; Saetung, A.; Soontaranon, S.; Nithi-uthai, N. Renewable Interfacial Modifier for Silica Filled
Natural Rubber Compound. Procedia Chem. 2016, 19, 447—-454. [CrossRef]

Srisuwan, S.; Ruksakulpiwat, Y.; Chumsamrong, P. Physical Properties of Poly (Lactic Acid)/Hydroxyl Terminated Natural
Rubber Blends. Macromol. Symp. 2015, 354, 118-124. [CrossRef]

Triampanichkul, N.; Boochathum, P. Hydroxylated Natural Rubber Effect on Crystallinity and Mechanical Properties of PLA. Key
Eng. Mater. 2019, 798, 310-315. [CrossRef]

Baharulrazi, N.; Mohd Nor, H.; Wan Ali, WK. Hydroxyl Terminated Natural Rubber (HTNR) as a Binder in Solid Rocket
Propellant. Appl. Mech. Mater. 2014, 695, 174-178. [CrossRef]

Gupta, S.K.; Kurup, M.R,; Devadoss, E.; Muthiah, R.M.; Thomas, S. Development and Evaluation of a Novel Binder Based on
Natural Rubber and High-Energy Polyurethane/Composite Propellants. J. Appl. Polym. Sci. 1985, 30, 1095-1112. [CrossRef]
Krishnamurthy, V.N.; Thomas, S. ISRO Polyol-The Versatile Binder for Composite Solid Propellants for Launch Vehicles and
Missiles. Def. Sci. . 1987, 37, 29-37. [CrossRef]

Onn, M.; Md Nor, H.; Wan Ali, WK. Development of Solid Rocket Propellant Based on Isophorone Diisocyanate-Hydroxyl
Terminated Natural Rubber Binder. J. Teknol. 2014, 69, 53-58. [CrossRef]

Thomas, S.; Varghese, T.L.; Gupta, S.K.; Ram, T.S.; Krishnamurthy, V.N. Natural Rubber Based Fuel Rich Propellant for Ramjet
Rocket. Def. Sci. ]. 1992, 42, 141. [CrossRef]

Sillapasuwan, A.; Saekhow, P.; Rojruthai, P.; Sakdapipanich, J. The Preparation of Hydroxyl-Terminated Deproteinized Natural
Rubber Latex by Photochemical Reaction Utilizing Nanometric TiO, Depositing on Quartz Substrate as a Photocatalyst. Polymers
2022, 14, 2877. [CrossRef]

Banan, A.; Mehdipour, H. Controlled Degradation and Functionalization of Natural Rubber by Ozonolysis in Organic Solvent. .
Polym. Res. 2021, 28, 333. [CrossRef]

Ibrahim, S.; Daik, R.; Abdullah, I. Functionalization of Liquid Natural Rubber via Oxidative Degradation of Natural Rubber.
Polymers 2014, 6, 2928-2941. [CrossRef]

Ravindran, T.; Nayar, M.R.G.; Francis, ].D. A Novel Method for the Preparation of Hydroxyl Terminated Liquid Natural Rubber.
Die Makromol. Chem. Rapid Commun. 1986, 7, 159-163. [CrossRef]

Ravindran, T.; Nayar, M.R.G.; Francis, D.]J. Production of Hydroxyl-terminated Liquid Natural Rubber—Mechanism of Photo-
chemical Depolymerization and Hydroxylation. J. Appl. Polym. Sci. 1988, 35, 1227-1239. [CrossRef]

Pham, H.L.; Do, B.T,; Pham, T.S.; Le, D.G. Synthesis and Characterisation of Hydroxyl-Terminated Liquid Natural Rubber by
Photo-Fenton Reaction. ASEAN ]. Sci. Technol. Dev. 2017, 30, 29-36. [CrossRef]

Giang, L.D.; Thao, D.L.M.; Huong, H.T.; Thu Hiep, L.T. Synthesis of Hydroxyl Terminated Liquid Natural Rubber by Oxidative
Depolymerization of Deproteinized Natural Rubber. Vietnam J. Sci. Technol. 2016, 54, 340. [CrossRef]

Nijpanich, S.; Nimpaiboon, A.; Rojruthai, P.; Sakdapipanich, J. Hydroxyl-Terminated Saponified Natural Rubber Based on the
H202/P25-TiO2 Powder/UVC-Irradiation System. Polymers 2021, 13, 1319. [CrossRef]

Baharulrazi, N.; Man, S.H.C.; Mohamad, Z.; Nor, HM.; Ali, WK.W. Effect of Various Alcohols and Reaction Time on the Properties
of Hydroxyl Terminated Natural Rubber Synthesized via Oxidative Degradation. Chem. Eng. Trans. 2017, 56, 583-588.

Aina Shafinaz, M.B.K.; Baharulrazi, N.; Che Man, S.H. Preparation of Reinforced Hydroxyl Terminated Liquid Epoxidized
Natural Rubber Nanocomposite by Grafting of Graphene Oxide. Mater. Today. Proc. 2019, 17, 761-767. [CrossRef]
Wisetkhamsai, K.; Patthaveekongka, W.; Arayapranee, W. Study on Degradation of Natural Rubber Latex Using Hydrogen
Peroxide and Sodium Nitrite in the Presence of Formic Acid. Polymers 2023, 15, 1031. [CrossRef]

Ibrahim, S.; Othman, N.; Sreekantan, S.; Tan, K.S.; Mohd Nor, Z.; Ismail, H. Preparation and Characterization of Low-Molecular-
Weight Natural Rubber Latex via Photodegradation Catalyzed by Nano TiO2. Polymers 2018, 10, 1216. [CrossRef] [PubMed]
Saetung, N.; Campistron, I.; Pascual, S.; Soutif, ].-C.; Pilard, ]J.-F; Fontaine, L. Synthesis of Natural Rubber-Based Telechelic
Cis-1,4-Polyisoprenes and Their Use to Prepare Block Copolymers via RAFT Polymerization. Eur. Polym. J. 2011, 47, 1151-1159.
[CrossRef]

Azhar, N.H.A.; Rasid, HM.; Yusoff, S.F. Epoxidation and Hydroxylation of Liquid Natural Rubber. Sains Malays. 2017,
46, 485-491. [CrossRef]

Flory, PJ. Statistical Thermodynamics of Random Networks. Proc. R. Soc. Lond. A Math. Phys. Sci. 1976, 351, 351-380. [CrossRef]
Wibowo, H.B.; Dharmawan, W.C.; Wibowo, R.S.M. Bulk Polymerization Kinetics of Hydroxy Terminated Polybutadiene and
Toluene Diisocyanate with Infrared Spectroscopy. Indones. ]. Chem. 2018, 18, 552. [CrossRef]


https://doi.org/10.1007/s10924-012-0567-6
https://doi.org/10.3303/CET2183083
https://doi.org/10.1002/app.53550
https://doi.org/10.1016/j.proche.2016.03.037
https://doi.org/10.1002/masy.201400099
https://doi.org/10.4028/www.scientific.net/KEM.798.310
https://doi.org/10.4028/www.scientific.net/AMM.695.174
https://doi.org/10.1002/app.1985.070300317
https://doi.org/10.14429/dsj.37.5889
https://doi.org/10.11113/jt.v69.3107
https://doi.org/10.14429/dsj.42.4373
https://doi.org/10.3390/polym14142877
https://doi.org/10.1007/s10965-021-02671-2
https://doi.org/10.3390/polym6122928
https://doi.org/10.1002/marc.1986.030070311
https://doi.org/10.1002/app.1988.070350509
https://doi.org/10.29037/ajstd.347
https://doi.org/10.15625/0866-708X/54/3/7240
https://doi.org/10.3390/polym13081319
https://doi.org/10.1016/j.matpr.2019.06.360
https://doi.org/10.3390/polym15041031
https://doi.org/10.3390/polym10111216
https://www.ncbi.nlm.nih.gov/pubmed/30961141
https://doi.org/10.1016/j.eurpolymj.2011.01.013
https://doi.org/10.17576/jsm-2017-4603-17
https://doi.org/10.1098/rspa.1976.0146
https://doi.org/10.22146/ijc.24807

Polymers 2025, 17, 1847 19 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wibowo, H.; Sitompul, H.; Budi, R.; Hartaya, K.; Abdillah, L.; Ardianingsih, R.; Wibowo, R. Hexogen Coating Kinetics with
Polyurethane-Based Hydroxyl-Terminated Polybutadiene (HTPB) Using Infrared Spectroscopy. Polymers 2022, 14, 1184. [CrossRef]
Nogueira, R.EP,; Trov6, A.G,; Silva, M.R.A.D.; Villa, R.D.; Oliveira, M.C.D. Fundamentos e Aplicacbes Ambientais Dos Processos
Fenton e Foto-Fenton. Quim. Nova 2007, 30, 400—408. [CrossRef]

dos Santos, K.J.L.; dos Santos, G.E.D.S.; de S4, IM.G.L.; Ide, A.H.; da Silva Duarte, J.L.; de Carvalho, S.H.V,; Soletti, J.I.; Meili, L.
Wodyetia Bifurcata Biochar for Methylene Blue Removal from Aqueous Matrix. Bioresour. Technol. 2019, 293, 122093. [CrossRef]
Bahruddin; Fadhillah, I.; Septian; Wiranata, A.; Zahrina, I. Molecular Weight of Liquid Natural Rubber (LNR) Product from
the Chemical Depolymerization Process of High Molecular Weight Narutal Rubber Latex. J. Phys. Conf. Ser. 2020, 1655, 012091.
[CrossRef]

Krause, A.; Lange, A.; Ezrin, M.; Ruby, K. Plastics Analysis Guide: Chemical and Instrumental Methods; Hauser Publishers: Munich,
Germany, 1983; ISBN 9783446135871.

Hadjiivanov, K. Identification and Characterization of Surface Hydroxyl Groups by Infrared Spectroscopy. In Advances in Catalysis;
Academic Press: Cambridge, MA, USA, 2014; pp. 99-318.

Chalmers, ].M. Infrared Spectroscopy in Analysis of Polymers and Rubbers. In Encyclopedia of Analytical Chemistry; Wiley:
Hoboken, NJ, USA, 2000.

Remizov, A.B.; Kamalova, D.I.; Skochilov, R.A.; Suvorova, I.A.; Batyrshin, N.N.; Kharlampidi, K.E. FI-IR Study of Self-Association
of Some Hydroperoxides. J. Mol. Struct. 2004, 700, 73-79. [CrossRef]

Rolere, S.; Liengprayoon, S.; Vaysse, L.; Sainte-Beuve, J.; Bonfils, F. Investigating Natural Rubber Composition with Fourier
Transform Infrared (FT-IR) Spectroscopy: A Rapid and Non-Destructive Method to Determine Both Protein and Lipid Contents
Simultaneously. Polym. Test. 2015, 43, 83-93. [CrossRef]

Merriman, S.; Chandra, D.; Borowczak, M.; Dhinojwala, A.; Benko, D. Simultaneous Determination of Additive Concentration in
Rubber Using ATR-FTIR Spectroscopy. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2022, 281, 121614. [CrossRef] [PubMed]
Wibowo, H.B. KAJTIAN PROGRAM PENINGKATAN KINERJA PROPELAN KOMPOSIT BERBASIS AP/HTPB/AL. J. Teknol.
Dirgant. 2019, 16, 123-138. [CrossRef]

Grishchenko, V.K.; Boiko, V.P,; Svistova, E.I.; Yatsimirskaya, T.S.; Valuev, V.I.; Dmitrieva, T.S. Hydrogen-peroxide-initiated
Polymerization of Isoprene in Alcohol Solutions. J. Appl. Polym. Sci. 1992, 46, 2081-2087. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/polym14061184
https://doi.org/10.1590/S0100-40422007000200030
https://doi.org/10.1016/j.biortech.2019.122093
https://doi.org/10.1088/1742-6596/1655/1/012091
https://doi.org/10.1016/j.molstruc.2003.12.051
https://doi.org/10.1016/j.polymertesting.2015.02.011
https://doi.org/10.1016/j.saa.2022.121614
https://www.ncbi.nlm.nih.gov/pubmed/35850044
https://doi.org/10.30536/j.jtd.2018.v16.a3002
https://doi.org/10.1002/app.1992.070461203

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Synthesis of HTNR 
	Analysis 
	Kinetics Model 


	Results and Discussion 
	HTNR Characterization 
	The Role of Infrared Absorption in Depolymerization Analysis 
	The Kinetics of HTNR Formation Reaction 
	The Influence of Reaction Temperature 
	The Influence of Reactant and Catalyst Ratio 

	Conclusions 
	References

