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Abstract: Styrene is one of the most important monomers utilized in the synthesis of various polymers.
Nevertheless, during distillation, storage, and transportation of ST, undesired polymer (i.e., UP)
formation can take place. Thus, the control of undesired polymerization of styrene is a challenging
issue facing industry. To tackle the mentioned issue, the antipolymer and antioxidant activity of
stable nitroxide radicals (i.e., SNRs) and phenolics in styrene polymerization were studied by density
functional theory (DFT) calculation and experimental approach. The electrophilicity index and
growth percentage have been determined by DFT calculation and experimental approach, respectively.
It is depicted that 2,6-di-tert-butyl-4-methoxyphenol (DTBMP) and 2,6-di-tert-butyl-4-methylphenol
(BHT) from phenolics, and 4-hydroxy-2,2,6,6-tetramethyl piperidine 1-Oxyl (4-hydroxy-TEMPO)
and 4-oxo-2,2,6,6-tetramethylpiperidine 1-Oxyl (4-oxo-TEMPO) from stable nitroxide radicals were
the most effective inhibitors. Also, the growth percentage of DTMBP, BHT, 4-hydroxy-TEMPO, and
4-oxo-TEMPO after 4 h were 16.40, 42.50, 24.85, and 46.8, respectively. In addition, the conversion
percentage of DTMBP, BHT, 4-hydroxy-TEMPO, and 4-oxo-TEMPO after 4 h were obtained to be
0.048, 0.111, 0.065, and 0.134, respectively. Furthermore, the synergistic effect of these inhibitors was
investigated experimentally, indicating that DTMBP/4-hydroxy-TEMPO exerted the best synergistic
effects on the inhibition of polymerization. The optimum inhibition effect was observed at the blend of
4-hydroxy-TEMPO (25 wt.%) and DTMBP (75 wt.%) corresponding to 6.8% polymer growth after 4 h.

Keywords: density functional theory; inhibitors; phenolic; stable nitroxide radicals; styrene;
polymerization

1. Introduction

Over decades, styrene (ST) monomer has been employed to manufacture important commercial
commodities such as acrylonitrile butadiene styrene (ABS), and styrene butadiene rubber (SBR) [1–4].
However, during distillation, storage, and transportation of ST, undesired polymer (UP) formation or
organic peroxides fouling can presumably occur in the processing equipment, which reduces the heat
transfer rate and increases the required time of cleaning [5,6].

In this respect, the three major mechanisms contributing to thermal self-initiation polymerization
of styrene are Mayo, Flory, as well as a mechanism that is initiated through the reaction of oxygen and
styrene, which are depicted in Figure 1, and explained briefly in the following.

Firstly, Mayo mechanism involves a Diels–Alder dimerization between two styrene molecules,
which is followed by molecule-assisted hemolysis of dimer with a styrene molecule to produce two
benzylic radicals. The high reactivity of the produced radicals initiate polymerization provided that
they are added to a monomer (see r7).
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Secondly, according to Flory mechanism, the initiation of styrene polymerization is attributed
to the formation of a biradical, which is followed by biradical propagation through the addition of
monomers on both active centers (see r1).

Figure 1. Reaction mechanism for styrene (ST) polymerization. Hydrogen atoms are omitted for clarity.

Thirdly, regarding the oxygen-related mechanism, the oxygen reacts with some of the ST molecules
to form an organic peroxide (r2). Following that, considering the fact that organic peroxides are very
reactive molecules containing very weak oxygen–oxygen single bonds that can break easily to give free
radicals, chain-growth polymerization occurs. Then, these chain-extended polymers react with another
monomer, further extending the polymer chains, and subsequently produce very stable compounds.
As a result, these stable compounds tend to sediment easily as undesired polymers regarding their low
activity in the reaction [7,8].

It should be noted that under some specific conditions, the UP formation can be intensified.
By way of illustration, the autocatalytic phenomenon has been reported to take place in the styrene
polymerization at high temperatures of around 85 to 130 ◦C [9–12].

Moreover, the number of methylene groups can play a key role in intensifying polymerization.
Indeed, a polymer with greater number of methylene groups exhibit higher activity to react with
oxygen, and consequently intensify UP formation.

Furthermore, exposure to heat and light have also been reported as other factors contributing
to more sever UP formation. As a matter of fact, when ST monomer is exposed to heat or light,
generation of free radicals (ST*) is accelerated, which eventually results in more rapid polymerization.
More details of free radical polymerization mechanism can be found elsewhere [13–18].
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To talk about the configuration of the UP such as polystyrene, it is in fact highly dependent on the
spatial structure of monomer and how it is added to the growing radical chain during polymerization.
For example, the polymerized polystyrene formed undesirably is regarded as an atactic polymer;
in other words, it has an amorphous’ structure. The production of polystyrene through the radical
polymerization leads to formation of atactic polymers in the polymer chains [19].

To address the mentioned issues regarding UP formation, a practical method for the removal of
undesired polymers is the mechanical cleaning in which the disassembly of apparatus is inevitable.
Nevertheless, this procedure is undeniably accompanied by some drawbacks. As a matter of fact,
it is time-consuming, expensive, and also total elimination of UP cannot thoroughly be accomplished
through the mechanical cleaning. As a result, the remaining UP could further intensify the growth of
UP in the next operation cycles [5,6].

Accordingly, various inhibitors have been suggested to prevent undesired polymer formation [6,20].
Generally, according to mechanism of action, they could be classified into two main types of materials,
i.e., acceptor type and donor type, which are called antipolymers and antioxidants, respectively, and are
discussed briefly in the following [21].

In the first place, the acceptor radical inhibitors (i.e., antipolymers) are capable of oxidizing
the alkyl radicals by accepting hydrogen or even an electron via an addition mechanism through
reactions r5 and r9 in Figure 1. The recombination of radicals is an important termination route in
any polymerization pathway. As the concentration of radicals increases, the rate of recombination
increases as well. These antipolymers directly react with the radical to remove it from the propagation.
Acceptor radical inhibitors are efficient in the low-oxygen environments for the deactivation of alkyl
radicals [22]. It should be noted that these antipolymers are injected in low concentrations, indicating
their low amount of consumption for the purpose of antipolymerization. These inhibitors have quite
rapid action on propagator radicals. In fact, they can transform initiator and propagator radicals into
either non-radical form or radicals with low reactivity in propagation reaction, and thus inhibiting the
radical polymerization [23,24].

By way of illustration, stable nitroxide radicals (SNRs) are typical antipolymers, which are able to
terminate the propagation chains through the reaction pathway demonstrating in Figure 2.

Figure 2. Mechanism of inhibition of styrene polymerization by a typical nitroxide radical. Hydrogen
atoms are omitted for clarity.

In the second place, radical donor inhibitors (i.e., antioxidant), as shown in Figure 1, tend to
reduce proxy radicals by giving a hydrogen or an electron (see reaction r6). As a result, in contrast
with antipolymers, antioxidants exhibit more favorable performance in oxygen-rich environments.
Actually, as mentioned before, oxygen can act as the initiator of the polymerization when attacks
the styrene molecules. As a consequence, in the absence of antioxidant, ST monomer can react with
peroxide radicals to form peroxide chains (see reaction r4), and subsequently lead to formation of UP.
This is where the role of using antioxidants becomes noticeable as it can shift the reaction pathway
from reaction 4 to reaction 6, which is followed by less polymer formation in the process.

It can generally be claimed that antioxidants are capable of suppressing the formation of new
UP seeds. However, they cannot stop UP polymerization thoroughly. To compare the performance
of antioxidant with antipolymers, the reaction rate of antioxidants is much lower than that of the
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antipolymers. Accordingly, they are consumed more slowly, and hence their preventing effects last
longer [22,25].

Possible pathways of inhibition in the presence of phenolic antioxidants are shown in
Figure 3 [26,27]. The mechanisms of Figure 3a,b occur in the absence of oxygen, while the mechanism
in Figure 3c, which is faster than the two former ones, occurs in the presence of oxygen [26–29].
The conventional representative of phenolic antioxidant is 4-tert-butylpyrocatechol (TBC) [5,6,27,30].

Figure 3. Mechanism of (a): H-atom donation, (b) electron donation, and (c) H-atom donation reaction
in the presence of oxygen by typical phenolics. Hydrogen atoms are omitted for clarity.

Nonetheless, in almost all cases, both routes of r1-r3, r7-r8, and r2-r6 successive reactions occur
simultaneously to generate UP. Therefore, the main drawback of utilizing antioxidants or antipolymersis
that they are not individually capable of inhibiting both routes of UP formation. To address the
mentioned issue, the utilization of antipolymer/antioxidant blends has been proposed as the state of
the art currently [31–33]. This strategy would result in the simultaneous inhibition of three UP routes.

In order to study the mechanisms and performance of inhibition processes, the two major
approaches are experimental evaluation and mathematical calculations such as density functional
theory (DFT).

The DFT method demonstrates advantageous features including less demanding computational
effort and computing time in conjunction with better agreement with experimental results relative
to other procedures. (e.g., Hartree–Fock base method) [34,35]. In fact, the results of calculation
through this method are in an acceptable agreement with the experimental chemical properties such as
electron-withdrawing of some components. For instance, it is generally known that the reactivity of
antioxidant and antipolymer is related to the electron withdrawing tendency of the moieties [36,37]. In
addition, Pellecchia and Grassi [38] reported that electron-releasing substituent atom or group enhanced
polymerization, whereas the electron-withdrawing substituent atom or group acted as deactivator.
Thus, in order to evaluate the electron-withdrawing property of a component, DFT calculations can
appropriately be applied.

The main objective of the present study is the investigation of approaches and remedies for
eliminating, or at least reducing the blockage of styrene purification units occurred by undesired
polymerization. In this regard, a combination of theoretical and experimental approaches is employed
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to screen and compare different inhibitors including SNRs and phenolics. Furthermore, the synergic
effect of antipolymer/antioxidant blends on the undesired ST polymerization is investigated. For the
purpose of screening new inhibitors, DFT method is implemented, which can be conducted without
experiment. The results of the present study would shed light on the impact of UP inhibitors and pave
a reliable path to the optimum utilization of these inhibitors.

2. Method

2.1. Theoretical

In the present study, the global electrophilicity index is utilized as a criterion for the usefulness
of different additives in polymerization inhibition. This index can be determined by employing DFT
calculations. In fact, in order to calculate the electrophilicity index (i.e., ω) two other parameters
including η (i.e., chemical hardness of a radical) and µ (i.e., global chemical potential) indexes are
firstly required to be calculated (see Equations (1)–(3)) [39,40]. The η index is the degree of persistence
to the charge transfer, while theω index is the degree of tendency of an atom to attract electrons. The µ
index demonstrates the stabilization energy of the components and their electron affinity. In order to
calculate µ and η, in the first place, ELUMO and EHOMO should be determined through DFT calculations
(UB3LYP/6-311+G level).

η = (ELUMO − EHOMO)/2 (1)

µ = (EHOMO + ELUMO)/2 (2)

ω = µ2/2η (3)

where ELUMO denotes electron energies of the lowest unoccupied molecular orbital (i.e., LUMO)
and EHOMO indicates electron energies of the highest occupied molecular orbital for a neutral
component (i.e., HOMO). Higher HOMO energy corresponds to stronger electron-donating ability of
the molecule [41–46].

2.2. Experimental

2.2.1. Material

2,2,6,6-tetramethylpiperidine 1-Oxyl (TEMPO, 98%), 4-Amino-2,2,6,6-tetramethylpiperidine 1-Oxyl
(4-amino-TEMPO, 97%), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-Oxyl (4-hydroxy-TEMPO, 97%),
4-oxo-2,2,6,6-tetramethylpiperidine 1-Oxyl (4-oxo-TEMPO, 97%), 2,6-di-tert-butyl-4-methylphenol (BHT,
(99%), Tert-butyl hydroquinone (TBHQ, 97%), 2,6-di-tert- butyl-4-methoxyphenol (DTBMP, 98%), and
4-Methoxyphenol (MEHQ, 98%) were supplied from Sigma Aldrich. The structures of inhibitors
sketched by DFT are summarized in Figure 4. Styrene, styrene polymer, and TBC were supplied from
the domestic plant.
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Figure 4. The name and structure of stable nitroxide radicals (SNR) and phenolic components.
Hydrogen atoms are omitted for clarity.

The FT-IR spectra were recorded for UP seed (Figure 5). In the FT-IR spectrum of the UP seed,
the peaks at 3004 cm−1–3083 cm−1 are attributed to the sp2 C-H stretch, and band at 2923 cm−1 and
2850 cm−1 corresponds to the sp3 C–H stretch. Also, signals at 1630 cm−1–1680 cm−1 are assigned to
the stretching vibrations of aromatic C=C in the UP seed. The signal at 1452 cm−1 corresponding to
CH2 + C=C bond stretching. Finally, a slight shift of C–O aromatic stretching modes towards lower
wavenumbers can be observed.
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Figure 5. The FT-IR spectrum of undesired polymer seed.

2.2.2. Thermogravimetric Analysis

The initial decomposition temperature is measured via thermogravimetric analysis (TGA) test.
The test is performed from ambient temperature up to 350 ◦C with 10 ◦C/min temperature ramp and
under a nitrogen flow.

2.2.3. Analysis of Product (Styrene, Dimer Styrene, and Trimer Styrene)

The samples were analyzed by GC-MS (model: Agilent 7890A series GC coupled with an Agilent
5975C series MS detector), equipped with a HP-5MS capillary column (inner diameter: 250 µm; film
thickness: 0.25 µm; length: 30 m).

2.2.4. FTIR

The structural changes of sample were characterized by an attenuated total reflection
Fourier-transformed infrared spectroscopy (ATR/FT-IR).

2.2.5. Inhibition Test

The effect of SNRs, phenolic compounds, and their blends on the polymerization of ST at 115 ◦C
was evaluated by utilizing the apparatus depicted in Figure 6. The system includes an adiabatic
cell reactor (ACR), which is made of stainless steel (60 mm length, and 50 mm inside diameter).
A K-type thermocouple installed in the middle of ACR is employed to control the ACR temperature.
Syringe pumps supply the desired mass of monomer, inhibitor, and water. Before initiation, oxygen
is eliminated by nitrogen purge to avoid peroxide formation. The ST polymer was utilized as the
nucleation source. The sample was then placed in the ACR, 2 mL of deionized water as an oxygen
source was injected into the system, and after adding a 50 ppm inhibitor, 50 mL of monomer was
injected. The oxygen dissolved in water acts as initiator. The concentration of dissolved oxygen in
water equaled 8.5 mg/L [47]. After 4 h of polymerization, the reacting mixture was cooled, and the
polymer was precipitated by adding about 5 mL of methanol. The precipitate was filtered, dried at
100 ◦C to remove methanol, and weighed. The experimental conditions are tabulated in Table 1.
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Figure 6. The schematic diagram of experimental setup.

Table 1. Experimental conditions.

Properties Value Unit

Temperature 115 ◦C
Pressure 1 bar

Inhibitor dosing 50 ppm
Monomer volume 50 mL

Water dosing 2 mL
Initial weight of ST polymer 0.2 g

3. Result

Different inhibitors and their blends were investigated to examine the effect of the inhibitor on the
growth and formation of UP as well as ST conversion. As aforementioned, these studies are based on
the DFT calculation and an experimental procedure.

3.1. DFT Calculation Results

The results of DFT calculations applied on SNRs and phenolics are tabulated in Table 2.

Table 2. Calculated values of µ, η, andω indexes for SNRs and phenolics.

Sample ID Component µ η ω

SNRs

S1 TEMPO −3.1688 2.4450 2.0170
S2 4-amino-TEMPO −3.4344 2.5718 2.2675
S3 4-oxo-TEMPO −3.6544 2.1485 3.1079
S4 4-hydroxy-TEMPO −3.8239 1.6973 4.3075

Phenolics

S5 BHT −2.6654 2.9900 1.1880
S6 TBC −3.2072 2.7878 1.8448
S7 TBHQ −3.2376 2.6937 1.9457
S8 DTBMP −2.5161 2.8021 1.1297
S9 MEHQ −3.2282 2.6478 1.9680
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As mentioned previously, inhibitors are divided into antipolymers (i.e., S1, S2, S3, and S4 in
Table 2) and antioxidants (S5, S6, S7, S8, and S9 in Table 2). The most important difference is that for
the antipolymers, higher electrophilicity is desirable, while it is reverse for the antioxidants. In other
words, for the purpose of inhibiting polymerization, a suitable antipolymer should possess higher
electrophilicity, and inversely, a suitable antioxidant should have lower electrophilicity.

Among the first group (i.e., antipoymers), TEMPO has the lowest electrophilicity index, indicating
that this antipolymer has the lowest reactivity, and thus it is more stable. Conversely, the highest
electrophilicity index of 4-hydroxy TEMPO indicates that it is less stable and more reactive in
comparison with other SNR inhibitors. In addition, it is known that the hardness index is related
to molecular stability, and consequently higher hardness means higher stability of molecule [48,49].
In this respect, hard molecules (e.g., TEMPO and 4-amino-TEMPO) possess higher values of chemical
hardness, and subsequently, larger gaps between the HOMO and LUMO, whereas soft molecules
(e.g., 4-hydroxy-TEMPO and 4-oxo-TEMPO) exhibit lower values of chemical hardness and smaller gaps.
The obtained results demonstrate good consistency with those reported in the previous studies [50].

To compare performance of the second group inhibitors (i.e., antioxidants), firstly it should be
noted that the distribution of the HOMO energy is a criterion of inhibitory performance of phenolic
antioxidants. Thus, considering the fact that the molecules with lower gap energy shows weaker
electrophilicity [51,52], among the studied phenolics, DTBMP (1.1297 eV) and BHT (1.1880eV) possess
higher electrophilicity in comparison with TBC (1.8448 eV), TBHQ (1.9457 eV), and MEHQ (1.9680 eV).

The electrophilicity of selected SNRs and phenolics that are calculated utilizing DFT are presented
in Figure 7.

Figure 7. Calculated electrophilicity of SNRs and phenolics utilizing density functional theory (DFT).

For the case of antipolymers, based on the theoretical studies [53], the capability of hydrogen
bonding by SNRs affects the properties and proton affinities. In fact, the present oxygen in the N–O
bond of SNRs is a suitable H-bond acceptor. The mentioned oxygen can compete with other oxygen
atoms, which are present within the structure, even in the solid state. It is observedthat the order
of electrophilicity of SNRs is: 4-hydroxy-TEMPO > 4-oxo-TEMPO > 4-amino-TEMPO > TEMPO.
Hence, it is expected that 4-oxo-TEMPO shows the best inhibition effect in the UP formation and
styrene conversion.
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For the case of antioxidants, however, it can be observed that electrophilicity of phenolic
antioxidants are in the following order: MEHQ > TBHQ > TBC > BHT > DTBMP. Hence, DTBMP is
expected to show the best inhibition effect in the UP formation.

In order to acquire a deeper understanding of the performance of different inhibitors and to
confirm the findings of DFT calculations, the experimental results are presented and compared in the
following section.

3.2. Experimental Results

The growth percentage, which is calculated by Equation (4), is considered as a criterion to compare
the performance of inhibitors.

Growth % =
weightFinal −weightInitial

weightInitial
× 100 (4)

The initial weight equals to nucleation source, and the final weight equals to the summation of
UP formation weight added to the initial weight. Firstly, it should be noted that aside from the UP
formation, dimer and oligomer formation is inevitable as well. However, the number of undesired
dimers and oligomers production is very small because the radical mechanism is prevailing, which
mainly leads to the polymerization. However, these quantities must be controlled in a specified range
because dimers and oligomers are regarded as impurities, which do not participate in further reactions
in the polymerization unit. As a result, they must be separated in the styrene purification unit.

In this set of experiments, styrene conversion as well as the formation of dimers and oligomers
are investigated after 4 and 8 h of operation to ensure those small quantities of dimer and oligomer are
generated. In this respect, Tables 3 and 4 tabulate the effects of inhibitors on the weight and growth
of undesired polymer, the quantities of generated dimer and oligomer, and conversion of styrene.
The obtained results reveal that inhibition effects do not change significantly when the reaction time
increases from 4 to 8 h, and they are approximately identical.

Table 3. Measured weights of polymer and the growth percentage in the presence of inhibitors after 4 h.

Sample ID Component Weight [g] Growth Percentage Outlet Mass Fraction [wt.%] Conversion [%]

SNRs Styrene Dimer Trimer

S1 TEMPO 0.395 97.35 99.719 0.034 0.015 0.231
S2 4-amino-TEMPO 0.320 60.05 99.808 0.021 0.009 0.142
S3 4-oxo-TEMPO 0.313 56.30 99.811 0.020 0.009 0.134
S4 4-hydroxy-TEMPO 0.250 24.85 99.885 0.013 0.006 0.065

Phenolics Styrene Dimer Trimer

S5 BHT 0.285 42.50 99.839 0.022 0.010 0.111
S6 Commercial TBC 0.305 52.65 99.811 0.028 0.012 0.139
S7 TBHQ 0.363 81.25 99.749 0.034 0.015 0.201
S8 DTBMP 0.233 16.40 99.902 0.012 0.005 0.048
S9 MEHQ 0.387 93.35 99.730 0.053 0.023 0.251

Table 4. Measured weights of polymer and the growth percentage in the presence of inhibitors after 8 h.

Sample ID Component Weight [g] Growth Percentage Outlet Mass Fraction [wt.%] Conversion [%]

SNRs Styrene Dimer Trimer

S1 TEMPO 0.474 136.82 99.630 0.045 0.019 0.320
S2 4-amino-TEMPO 0.464 132.07 99.654 0.034 0.015 0.296
S3 4-oxo-TEMPO 0.422 111.00 99.703 0.035 0.015 0.257
S4 4-hydroxy-TEMPO 0.350 74.79 99.783 0.019 0.008 0.167

Phenolics Styrene Dimer Trimer

S5 BHT 0.399 99.50 99.713 0.036 0.015 0.237
S6 Commercial TBC 0.470 135.08 99.643 0.038 0.016 0.307
S7 TBHQ 0.526 162.81 99.568 0.054 0.023 0.382
S8 DTBMP 0.319 59.47 99.812 0.019 0.008 0.138
S9 MEHQ 0.630 215.16 99.493 0.062 0.027 0.491
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The obtained results regarding styrene conversion is proportionally in agreement with that of UP
growth. Hence, only one of these two parameters is required to be evaluated as the inhibition criterion.
It should also be mentioned that the styrene dimer and trimer only refer to 2,4-diphenyl-1-butene and
2,4,6-triphenyl-1-hexene, respectively.

The lower weight of polymer, growth percentage, and conversion all imply better inhibition effect.
Hence, 4-hydroxy-TEMPO and DTBMP offer better inhibition effect among the SNRs and phenolics,
respectively. It can be understood from the result that the substituent in the 4′-position of the cyclic
structure has a significant effect on the ability of TEMPO in inhibiting polymerization. Consequently,
among the SNRs, 4-hydroxy TEMPO (24.85% growth and 0.065% conversion) and 4-oxo-TEMPO (56.3%
growth and 0.134% conversion) have the greatest effectiveness, respectively, after 4 h. As presented in
Tables 3 and 4, the styrene conversion and polymerization inhibition performance of phenolics are in
the following order: DTBMP > BHT > commercial TBC > TBHQ > MEHQ. Results show that DTBMP
and BHT are the most effective phenolics.

The experimental results of growth percentage are plotted against the calculated electrophilicity
from DFT calculations in Figure 8. The observed trends show that in SNRs, increase in electrophilicity
leads to lower growth percentage, while in the phenolics, higher growth percentage can be seen with
the increase in electrophilicity. Consequently, phenolics with lower electrophilicity and SNRs with
higher electrophilicity are preferred. Such a difference could be explained by different mechanisms
presented in Figure 1 (see r5, r6, and r9).

Figure 8. Calculated electrophilicity and measured growth percentage after 4 h of SNRs and phenolics.

A comparison of electrophilicity and growth percentage of 4-amino-TEMPO and 4-oxo-TMEPO
reveals that in spite of the considerable difference in electrophilicity, their growth percentage differs
slightly. This observation can be attributed to their different thermal behavior at various experimental
condition. Actually, the key parameter that plays a very influential role in the performance of inhibitors
is the operating temperature, which is around 115 ◦C in the styrene purification process. To clarify
the thermal behavior of inhibitors toward temperature, TGA patterns, which determine the initial
decomposition temperature, are shown in Figure 9a,b.
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In fact, as the temperature reaches the initial decomposition temperature, the inhibitors start to
break down, and thereby lose their capability of inhibiting polymerization. As displayed in Figure 9,
the initial decomposition temperature of BHT, DTMBP, and 4-hydroxy-TEMPO are higher than 115 ◦C,
while that of 4-oxo-TEMPO starts from 110 ◦C. These results imply that at the operating temperature
of 115 ◦C, 4-oxo-TEMPO molecules decompose and lose their ability in UP inhibition.

The mechanism of 4-oxo-TEMPO decomposition, which is called keto-enol tautomerism,
is well-explained in the literature [54,55]. Through the decomposition of 4-oxo-TEMPO, nitroso
and hydroxylamine compounds are formed, which is followed by further decomposition of nitroso and
hydroxylamine compounds, leading to production of TEMPOH and TEMPO with low electrophilicity.
The formation of less electrophilic TEMPOH and TEMPO justifies the unexpected performance of
4-oxo-TEMPO molecule, considering its high electrophilicity [54,55].

The functional groups of the 4-oxo-TEMPO and its decomposition products are further
characterized by FT-IR to investigate the chemical structure changes during 4-oxo-TEMPO heating.
The FT-IR spectra in the range of 400–4000 cm−1 are shown in Figure 10. The peaks at 1700 cm−1 in the
FT-IR spectra of 4-oxo-TEMPO were assigned to the C=O stretching mode. For decomposition product
of 4-oxo-TEMPO, no peak at 1700 cm−1 (main peak for 4-oxo-TEMPO) is observed, which means the
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breakage of C=O bond in 4-oxo-TEMPO, and absence of 4-oxo-TEMPO in the decomposition product.
This finding provides another strong evidence which indicates that the mass losses observed in the
TGA is merely attributed to the decomposition of 4-oxo-TEMPO, rather than other reasons (e.g., boiling
or evaporation).

Figure 10. The FTIR spectrum of 4-oxo-TEMPO and decomposition products of 4-oxo-TEMPO.

As previously mentioned, 4-hydroxy-TEMPO and 4-oxo-TEMPO from SNRs and DTBMP and
BHT from phenolics show the best performance in the inhibition of UP and styrene conversion. Hence,
their synergistic effect in the inhibition process is worth investigating.

3.3. Synergic effect of Antioxidant and Antipolymer

In order to determine the synergistic effect of the optimum blend of antioxidants and antipolymers
in the inhibition process, a mixture of antioxidants and antipolymers (50 wt.%), which is injected to the
process with the overall concentration of 50 ppm, was prepared and evaluated at the experimental
conditions explained previously.

As tabulated in Table 5, the blends of optimum antioxidants and antipolymers improve the
inhibition process in comparison with the commercial TBC sample. Moreover, the results show
that the blends illustrate superior performance relative to single-component inhibitors, which arises
from the fact that antipolymers are responsible for the inhibition of two polymerization pathways
(i.e., r1–r3 and r7–r8 shown in Figure 1) and antioxidants just terminate the other polymerization
pathway (i.e., r2–r6). The growth percentage of DTMBP/4-hydroxy-TEMPO, DTMBP/4-oxo-TEMPO,
and BHT/4-hydroxy-TEMPO blends are 8.60, 10.25, and 12.65, respectively.

Table 5. Measured weights of polymer and the growth percentage in the presence of inhibitor blends
after 4 h.

Sample ID Component Weight [g] Growth Percentage

S6 Commercial TBC 0.3053 52.65
S10 DTMBP/4-hydroxy-TEMPO 0.2042 8.60
S11 DTMBP/4-oxo-TEMPO 0.2185 10.25
S12 BHT/4-hydroxy-TEMPO 0.2093 12.65
S13 BHT/4-oxo-TEMPO 0.2847 42.35
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The growth percentage of all the single and blended inhibitors are compared in Figure 11. As can be
seen, the inhibitor composed of DTMBP/4-hydroxy-TEMPO provides the best inhibition performance,
while TEMPO shows the worst one.

Figure 11. Growth percentage of SNRs, phenolics, and blends.

The synergism of SNRs and phenolics blends depends on the reversible hydrogen atom transfer
between them. In fact, by utilizing the blends of SNRs and phenolics, hydrogen acceptance by
SNRs and hydrogen donation by phenolics are enhanced, which is followed by improvement in
inhibition performance.

Hydrogen atom hopping between 4-hydroxy-TEMPO and DTMBP results in a dynamic equilibrium
of phenoxyl radical and 4-hydroxy-TEMPO. The phenoxyl radical can abstract the labile hydrogen
from the product of dimerization of styrene Diels-Alder self-reaction [56,57]. This reaction yields
a high flux of alkyl radicals and accelerates oxygen consumption. Hydrogen abstraction from DTMBP
by TEMPO is not favorable due to the bond dissociation energies of TEMPOH and MEHQ [58].
The reaction is driven by hydrogen abstraction from styrene dimer by the phenoxyl radical to form
an aromatic compound.

The blend of BHT/4-oxo-TEMPO did improve the inhibition of UP. This is, in fact, due to low
abstraction of BHT hydrogen by the 4-oxo-TEMPO and decomposition of 4-oxo-TEMPO.

The effect of concentration of DTMBP/4-hydroxy-TEMPO blend on the inhibition process is
depicted in Figure 12. The obtained results reveal that the blend of 4-hydroxy-TEMPO (25 wt.%)
and DTMBP (75 wt.%), causes the lowest growth percentage, and thereby higher inhibition
efficiency is obtained. However, other concentrations are also more effective than single SNR
or phenolic compounds.
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Figure 12. The effect of DTMBP/4-hydroxy-TEMPO concentration on the growth percentage.

4. Conclusions

The DFT calculation and an experimental procedure were employed to analyze the inhibition
performance of various antioxidants and antipolymer inhibitors regarding the undesired styrene
polymerization during styrene purification process. The electrophilicity index and growth percentage
(or styrene conversion) were obtained by DFT calculation and experiments, respectively. Furthermore,
the relation between the calculated electrophilicity and the measured growth percentage and styrene
conversion was determined. In addition, in order to find the optimum inhibitor, both growth percentage
and electrophilicity were taken into consideration. Accordingly, 4-oxo-TEMP and 4-hydroxy-TEMPO
were the best antipolymers, while DTMBP and BHT were the best antioxidant inhibitors. After four
hours of operation, the lowest growth percentage of 16.40 and conversion percentage of 0.048 were
obtained in the case of DTBMP. Besides, the synergistic effect of antioxidant and antipolymer inhibitors
were also investigated by the experimental procedure. Results showed that a combination of
4-hydroxy-TEMPO (25 wt.%) and DTMBP (75 wt.%) provided the best synergistic inhibition effect
with the lowest growth percentage of 8.60 after 4 h of operation.
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