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Abstract: The objectives of this research were to understand the process of converting toluene
into phenol in a one-step process directly from a water-toluene mixture using the plasma in-liquid
method. Experiments were conducted using 27.12 MHz radio frequency (RF) in-liquid plasma to
decompose a solution of 30% toluene. Based on the experimental results as evaluated using the
gas chromatography-mass spectrometry (GC-MS) along with additional analysis by the Gaussian
calculation, density functional theory (DFT) hybrid exchange-correlational functional (B3LYP)
and 6-311G basis, the phenol generated from toluene was quantified including any by-products. In
the experiment, it was found that OH radicals from water molecules produced using RF in-liquid
plasma play a significant role in the chemical reaction with toluene. The experimental results
suggest that phenol can be directly produced from a water-toluene mixture. The maximum phenol

yields were 0.0013% and 0.0038%, for irradiation times of 30 s and 60 s respectively, at 120 W.
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1. Introduction

Phenol is one of the compounds used as a raw material for resins and other widely used chemicals

(121 World production exceeded 11 million tons in 2009 ). Presently, most phenol is produced

[1,2,4-7

I'and toluene oxidation 2471,

industrially through the cumene process which reports for
more than 90% of the world phenol production. The cumene process consists of three reactions;
alkylation of benzene by propylene, oxidation of cumene to cumene hydroperoxide, and
decomposition of cumene hydroperoxide to phenol and acetone. The toluene oxidation process

[81; oxidation of toluene and oxidative decomposition of benzoic acid 1.

consists of two reactions
The cumene process has the main advantage of using two relatively inexpensive starting materials,
benzene and propylene, which are subsequently converted into two more useful products, phenol

and acetone. In spite of these positive aspects, the cumene process has some disadvantages such as



5]

a high environmental impact ! an explosive intermediary compound (cumene hydroperoxide)

[5,10] [5,7

, use of a corrosive catalyst 1!, production of unwanted impurities [>7). It is a multi-step
process, which makes it hard to obtain high phenol yields with respect to the amount of benzene
used and requires high energy consumption due to its characteristic multi-step process ', On the
other hand, the toluene oxidation process only requires two steps, but the phenol production result
is very low compared to the cumene process “3°F Therefore, a process whereby phenol can be
formed in a one-step process with high yield and selectivity is highly desired.

Many researchers have reported on the use of benzene in a one-step process in a variety of
methods. Use of a variety of catalysts for the direct hydroxylation of benzene to phenol 1%,
photochemical systems [!13] and electrochemical oxidation systems !'!! have been extensively
investigated.

Unlike studies on making phenol in one-step by using benzene, there have been few, if any,
studies examining the manufacture of phenol by using toluene in a single-step process. Therefore,
the results of this research should provide some new insights into one-step phenol production
method. Toluene is less toxic and more reactive than benzene and is normally cheaper [®.
Moreover, benzene is being commonly produced from toluene. These two facts alone illustrate the
significant advantage of creating phenol with a water-toluene mixture using a single-step RF
plasma in-liquid method. The idea of mixing toluene with pure water to form phenol is based on
the simple assumption that by using the RF plasma in-liquid method, the toluene will produce
various benzene derivatives and the pure water will generate the free radicals needed for the
hydroxylation and oxidation process to convert the benzene derivatives to phenol.

The in-liquid plasma method is used to generate high-frequency plasma inside bubbles in a liquid
by microwaves (MW)!"4l or RF!!*). The electron temperature as measured from the emission
intensity ratio of Ha and Hg is calculated to be from 3000 to 5000 KI'®). The high temperature and
atmospheric pressure platform inside the plasma bubbles can also complement the reaction
process. The application of RF in-liquid plasma has been proven to produce molecular oxygen and
hydrogen, oxygen, hydroxyl, hydroperoxyl, hydrogen peroxide, and other reactive radicals ['*!7)
and is key to direct hydroxylation and oxidation of a toluene solution. Additionally, the RF in-

1819 methylene blue %,

liquid plasma method can be used to decompose methane hydrate
glucose and cellulose 2?21 and other such organic liquids ?*!. For the present study, the possibility
of single step production of phenol from a toluene-water mixture using RF in-liquid plasma was

investigated.

2. Experimental method and analysis

The experimental apparatus is shown schematically in Fig.1. A copper brass container (56 mm
outside diameter (OD), 21 mm inside diameter (ID)) was used as the vessel. Two inspection
windows of transparent quartz glass were provided in the front and rear of the vessel with a

spectroscopy probe positioned just outside the front window, directed into the vessel. An electrode



composed of a copper rod with a diameter of 3 mm inserted into a transparent quartz tube (6 mm
OD) was provided from the bottom of the vessel. A counter electrode composed of a brass pipe 75
mm long with an outer diameter of 6 mm and an inner diameter of 4 mm was inserted from the top
of the vessel. The distance between the electrode and counter electrode was 1.5 mm. The head of
the electrode was shaped to be hemispherical to promote easy plasma generation. The pressure

throughout the system was reduced using an aspirator and maintained between 0.01-0.02 M.Pa.

Fig. 1. Experimental Apparatus

Pure water is water that has been demineralized and has the following properties: a temperature of
25°C, conductivity of 2 uS/cm, and pH of 6.54. A water-toluene mixture is a solution composed of
pure water and toluene. In this study, the 10 mL of water-toluene solution used had the following
initial conditions: a concentration of 30%, temperature of 25°C, conductivity of 3.6 uS/cm, and pH
of 6.65. This solution was injected by a syringe into the vessel which had a maximum volume
capacity of 15 mL. No additional solution was needed during the experiment. The vessel was 2/3
filled with the water-toluene solution, with the remaining 1/3 filled with air. To generate RF in-
liquid plasma, a matching box and 27.12 MHz RF generator were used together to control input
power and impedance. The input power was varied at 100, 110, 120, and 130 W and combined
with plasma irradiation times of 30 and 60 s. The power values were calculated by subtracting the

reflected power from the forward power.

2.1 Spectroscopic Analysis

Two spectroscopic analyses were conducted. The first analysis was conducted by a multichannel
spectral analyzer (Hamamatsu Phototonics PMA-11 C7473-36), which was used to identify the
product from the toluene solution during plasma generation in the liquid solution. The exposure
time for spectrum measurement was 50 millisecond and spectrum values from five emissions were
used to determine average values and standards of deviation. For the second analyses, the liquid
samples generated by RF in-liquid plasma were analyzed using a GC-MS Thermo Scientific TQ
900. These analyses were conducted to measure the chemical product of toluene decomposition.
GC-MS was conducted with a helium carrier gas, split injection mode, 1 pL injection volume, 200
°C inlet temperature, 45 kPa pressure, 30 m length x 0.25 pm thickness x 0.25 mm ID capillary
column, and temperature programming of 40 °C (maintained for 5 minutes), 250 °C (maintained
for 5 minutes) and 40 °C. When employing the GC-MS method, a slightly yellowish colored liquid
remained in the vessel after each experimental RF in-liquid plasma cycle. The liquid is composed
of two phases, a chemical mixture phase on top and a water phase below. A 10-uL liquid sample
was taken from chemical mixture phase and put into a bottle. Then, 1000 puL of methanol was
added to the bottle to mix with the 10-uL liquid sample. A 1-pL liquid sample was then taken

from the mixture bottle and injected to the GC-MS for quantitative analysis. In the next step, pure



standard samples (Toluene, Wako 203-18465, 99.5 %; Benzene, Wako 025-06691, 99.7 %;
Benzyl Alcohol, Wako 027-01276, 99.0%; Formaldehyde, Wako 063-04815; O-Cresol, Wako
036-16372, 99%; and M-Cresol, Wako 036-20922, 99%) was used to plot individual calibrations.
Subsequently, the prevailing concentration of the experimental product was revealed by
comparing the experimental peak area with those obtained by calibration of the standards at the
respective retention times. The standard listing of NIST was used to examine and compare with
the mass spectrometric (MS) fragmentation patterns at matching peak retention times. The error of

the GC-MS analyses remained within £5 %.

2.2 Gaussian Calculation Analysis

The purpose of the calculations was to investigate the reaction route of toluene to phenol by OH
radicals with no potential barrier. It was assumed that toluene decomposition and phenol
production reactions are induced from attacks by OH radicals produced by plasma in water. It is
also assumed that the OH radicals are constantly and sufficiently supplied to the toluene molecule.
Under the above assumptions, configuration optimization ! was undertaken using Gaussian
calculations under the condition that there are only one toluene molecule and one OH molecule
located near the methyl group (-CH3). Geometry optimization usually attempts to locate the
minima on the potential energy surface. Optimization can be used to locate transition structures.
All optimization calculations were done within the framework of DFT B3LYP with 6-311G basis
(251 ysing the Gaussian 09W program >, By applying this framework, the theoretical reaction
mechanism water-toluene mixed decomposition can be predicted for known products and
byproduct. Moreover, the Gaussian calculation analysis is adequate for prediction of a significant
number properties of molecules and reactions, comprised the following: sub-atomic energies and
structure, sub-atomic orbitals, energies and structures of transition states, bond and result energies,
multipole moments, atomic charges and electrostatic possibilities, infrared (IR) and Raman spectra,
vibrational frequencies, nuclear magnetic resonance (NMR) characteristic, thermochemical

24

characteristic, polarizabilities and hyperpolarizabilities, and reaction pathways . However,

Gaussian calculations in this research are only limited to predicting the reaction pathways.

Two models of complete reaction of toluene with OH radicals were proposed for producing
phenols based on the Gaussian calculation. The difference between model 1 and model 2 is only at
step 3 (Eq. 4 and Eq. 8) for each model as shown in Fig. 2. In another calculation, different
models for step 3 were attempted by including 30H and 40H radicals. However, the phenol is not

formed. The following step shows the mechanism reaction of phenol.

Fig. 2. Mechanism reaction toluene with OH radical to produce phenol using Gaussian calculation

Model 1 and 2.



Model 1

Cs¢HsCH3 + 30H — C¢HsOH + CH2OH + H,O @)
The detailed process of model 1 as follow:

Ce¢HsCH; + OH — C¢HsCH, + HoO @
CsHsCH, + OH — C¢HsCH,OH 3)
Cs¢HsCH,OH + OH — C¢HsOH + CH,OH €))
Model 2

Cs¢HsCH; + 40H — C¢HsOH + HCHO + 2H,0 %)
The detailed process of model 2 as follow:

Ce¢HsCH; + OH — C¢HsCH, + HoO (6)
CsHsCH, + OH — C¢HsCH,OH (7)
Cs¢HsCH,OH + 20H — C¢HsOH + HCHO + 2H,0O 8)

3. Results and discussion

3.1 Plasma emission spectrum

RF power was irradiated from the electrode, with the electrode heating and simultaneously
generating water-vapor bubbles. Plasma was then immediately ignited inside the bubbles, and a
bright sphere appeared at the head of the 3 mm diameter copper electrode with the plasma region
touching the counter electrode. Plasma generated from this in-liquid plasma was non-thermal
plasma. One of the characteristics of non-thermal plasma is that the electron temperature is much
higher than that of vapor gas (in the macroscopic temperature plasma region inside the bubble).
The temperature of this boundary condition was low near the ambient temperature of the
surrounding liquid and the plasma was formed at near atmospheric pressure. This type of plasma
is clearly not filamentary or uniform plasma. It was clearly observed that the plasma emission was
continuous. The color of the regional plasma was violet and at the top, the local plasma was bright
white. The diameters of the plasma and surrounding bubble were approximately 3 and 6 mm,
respectively.

Figure 3 shows the typical optical emission spectrum of a toluene solution by RF in-liquid plasma.
Using the multi-channel spectral analyzers during plasma formation using power 100 to 130 W,
the emission spectra of the species of OH (309 nm), Hp (486 nm), Ha (656.3 nm) and O (777 and
845 nm) were observed. The results of the emission spectra in this study were similar to those in
the study of Wang et. al. *”} for which microwaves were used. The emission spectrum of the
species OH at 309 nm was the excited-state for OH radicals ®! and the other emission spectrum

(291 At 120 and 130 W, a new emission spectrum of the

species were excited reactive atoms
species O emerged at 823 nm. This condition suggests that increasing the discharge power will
increase the number of excited reactive atom species of O. However, the emission intensity for all
species will decrease due to the increased discharge power. The increased heat from the electrode

is caused by the increased discharge power, which creates more bubbles that obscure the intensity



of the emissions in the solution surrounding the plasma. Under this condition, the intensity of the

emission captured by the probe will decrease.

All of the above excited reactive species are the products of water decomposition during plasma
ignited in the toluene solution. The major reactions for the production of reactive species for the
formation of ground state OH and H in-liquid plasma are as follows: (1) e + H,O > OH+ H + ¢
(2) e + H,O = OH + H and (3) e + Hb O™ = OH + H with reaction rate (m*s') 2.3 x 10" to 1.8 x
101%,4.9x 10'¥t0 4.7 x 107, and 2.6 x 104, respectively 1.

The formation process of the excited reactive and radicals in this study was as follows. The
process begins when the water bubbled at the interface side. At this time, the evaporated water
molecules were initially decomposed to H and O excited reactive atoms along with the generation
of OH radicals. The OH radicals are formed from the liquid-phase water when the solution is
exposed to the plasma. The OH radicals in the excitation state that caused the emission were
generated by direct excitation from the ground state or dissociated recombination of water cations
(H0") B A sufficient amount of water cations was assumed because the ionization energy of
water is relatively low, and effectively dissociated recombination occurred by thermal electrons
that were far from the electrode. It is believed that OH radicals directly react with liquid-phase
toluene molecules at the gas-liquid interface in a number of pathways. With these direct reactions,
OH radicals perform an important function in the decomposition of a toluene solution into many

chemical substances.

Fig. 3. Emission RF spectrum for 30% water-toluene mixture at less than atmospheric pressure as

a function of power input (100-130 W)

3.2 Laboratory findings

Primary Product Identification. In the output from the liquid residue sample, seven major products
are found: toluene (C¢HsCH3), phenol (C¢HsOH), benzene (CsHg), benzyl alcohol (CsHsCH,OH),
formaldehyde (HCHO), O-cresol and M-cresol (C7HsO) which were identified based on the GC-
MS spectra collected, as shown in Fig. 4.

Fig. 4. Typical graph pattern of experimental results for toluene decomposition by RF in-liquid

plasma as analyzed by GC-MS (120 W with 60 s irradiation sample)

Regarding the Gaussian calculation in model 2, identical results were found in the experimental
products. This model seems appropriate due to the observation of benzyl alcohol (CsHsCH,OH)
and formaldehyde (HCHO) were found. The reaction mechanism of toluene + OH radicals as

shown in Eq. (2, 6) has been previously reported (e.g. Huang et al. ! and Seta et al. 32!, Benzyl



radicals as a product will react with other OH radicals forming benzyl alcohol as shown in Eq. 7.

Then benzyl alcohol with 20H radicals forms phenol, formaldehyde, and water as shown in Eq.8.

The Phenol yield (%) is a ratio of the quantity of produced phenol from the detected phenolic
quantity (Ph = mol) divided by the quantity of initial toluene (T; = mol) in the concentrated water-
toluene mixture solution. The calculation formula for phenol yield is shown in Eq. 9.

Phenol Yield (%) = PTh x 100 ©9)

i

Similarly, the yield calculation formula can be applied to Benzyl Alcohol, Formaldehyde, Benzene,

O-Cresol and M-Cresol which base on the detected quantity of each product in result experiment.

Figure 5 shows the tendency of the graph of the benzyl alcohol yield which can be seen when the
graphs are compared. This trend is in line with reaction predicted by Gaussian calculation of the
steps of the process for producing phenol. From here, it can be seen that one early stage in the
process for decomposition toluene produced benzyl alcohol which eventually formed phenol. In
other words, during the phenol generation, benzyl alcohol is more likely to be formed as an

intermediate product.

Fig. 5. Benzyl alcohol and Phenol yield from the decomposition of water-toluene by RF in-liquid

plasma (a) plasma irradiation of 30 s and (b) plasma irradiation of 60 s.

All the analysis results from the 30 and 60 s experiments show (Figs. 5a & 5b) that the phenol
production by 60 s irradiation is higher than that by 30 s irradiation. This is thought to be because
the extra plasma radiation time may yield a chain reaction producing more phenol. The maximum
phenol yields in this experiment were 0.0013% and 0.0038%, for irradiation times of 30 and 60 s
respectively, at 120 W as shown in Fig. 5a & Sb. Despite the resulting small production of
phenol, several advantages may be considered related to energy efficiency. The first advantage,
this process steps is only a single step compared to the 3-step cumune process or the conventional
2-step process * for converting toluene to phenol. The second advantage, this approach does not
require any catalysts. Another benefit of this research is the successful conversion toluene to
phenol at low pressure (less than atmospheric pressure). Thus, when these three advantages are
taken into consideration, it can be ascertained that this method is better from an energy efficiency
standpoint. Further research is expected to increase the phenol yield. However, there have been no
studies examining the manufacturing of phenol by using toluene in a single-step process. The
novelty of this study is the success of producing phenol with a single step process using the RF in-

liquid plasma.



Fig. 6. (a) Formaldehyde yield (b) benzene yield (¢) M-cresol yield and (d) O-cresol yield as

byproducts of decomposition of water-toluene mixture using RF in-liquid plasma

Besides the formation of an intermediate product that leads to the formation of the phenol product,
another cause that leads to the low production of phenol is the amount of byproducts during the
decomposition process of toluene as shown in Fig. 6 (a-d). In Fig. 6 (a-d) byproducts of toluene,
namely formaldehyde, benzene, O and M-Cresol at 30 and 60 s, can be seen. Every byproduct in

Fig. 6 (a-d). has a greater value than the phenol formed from the decomposition of toluene.

Fig. 7. Mechanism O-Cresol forming from toluene and OH radical

Based on the Gaussian calculation, O-Cresol is formed by the reaction of toluene and 20H. Unlike
the process for formation of phenol which OH radical attack near the methyl group, the process for
creation of O-cresol occur if the OH radical attack one of the C-H atoms in benzene chain. For O-
cresol, OH radicals attack the C-H atoms located near the C-CH3 atoms (right) so that the H atom
break apart from C-H bond and the OH radicals formed H>O molecules. Furthermore, the C atom
that has been released from the H atoms by OH radicals attacks other atoms thus forming O-cresol.
Under the same mechanism, M-cresol is created through attacks on the C-H bond in toluene which
is far away from the C-CHs. The reaction of the process of formation of O-cresol using Gaussian
calculation can be seen in Fig. 7. In order to form benzene, an alternative way to decompose
toluene is possible which is triggered by the radical species HB, HX, and O attacking methyl
groups (-CH3). The separated methyl group causes the molecule to become a phenyl radical
(CsHs) with Hp and Ha merging into benzene. From the comparison of Fig. 6b. and 6a, it can be
seen that the benzene yield is smaller than that of formaldehyde. This means that the formation of
benzene from toluene was a multistep process such as the manner in which formaldehyde is

formed.

In the future research, a higher concentration of a water-toluene mixture with variations in
pressure, power, and irradiation time will be investigated with the aim of increasing the phenol

yield.

4. Conclusions

The initial findings of this study provide a clear understanding of the mechanism of the phenol
generation process, and comes to the conclusion that the RF in-liquid plasma methods becomes
more attractive. Species radicals of OH (309 nm), Hp (486 nm), Ha (656.3 nm) and O (777, 823
and 845 nm) were generated by inducing the water molecule using RF in-liquid plasma in the
range power of 100 to 130 W. These radical species that decompose molecules of toluene to form

phenol and other products were identified clearly from the results of GC-MS analysis.



The RF in-liquid plasma in 27.12 MHz was carried out to confirm that one-step phenol production
from 30% toluene solution is possible. The mechanism of the formation process of phenol from
toluene begins with the formation of OH radicals from water molecules which then attack toluene
molecules at the location near the methyl group (-CH3) to form the benzyl radical (CsHsCHa).
Afterward, the radicals Benzyl on location methanedhyl (-CHz) will attract one another OH radical
to form the benzyl alcohol (C¢HsCH2OH). Finally, the benzyl alcohol is reacted with one or two
OH radicals to form phenol. The maximum phenol yields were 0.0013% and 0.0038%, for
irradiation times of 30 and 60 s respectively, at 120 W. The laboratory findings in which phenol
and byproducts were produced can be explained and supported by Gaussian calculations. The
Gaussian calculations were conducted within the framework of DFT B3LYP and on a 6-311G

basis.
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