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HIGHLIGHTS GRAPHICAL ABSTRACT

¢ An efficient catalyst based on solid
NaOH coated a hydrophobic layer

was developed. ¢

e The hydrophobic coating has con- & ¥ﬁ D . ‘\ \
sisted of sodium phenolate and 3 B _—
titanate. L %) #g

o (C14H,,0Na/NaTiOs)@NaOH
possessed excellent catalytic ac-
tivity and stability.

e The rate expression of intrinsic
kinetics was proposed.
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plays a role as a skeleton framework partially covering the solid NaOH surface, enhancing
its mechanical durability, while sodium phenolate fills accessible surface areas and forms
catalytically active sites. The chemical properties and morphological characterizations of
the catalyst were characterized using SEM-EDS, TEM, FT-IR, TLC, HPLC. It has been
demonstrated that the studied catalyst was highly active and extremely stable for the first
stage of 4,4'-bis(2,6-di-tert-butylphenol) synthesis. Detailed analysis of kinetic regularities
for this stage showed that the reaction rate was directly proportional to the first power of
catalyst amount and starting material concentration as well as to the three-half power of

the oxygen concentration. Additionally, the rate law expression of this stage was estab-
lished and its apparent activation energy was also determined to be approximately

38.40 kJ/mol.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Polymer is an irreplaceable material in modern life. Polymer-
based products can be found everywhere, from everyday ob-
jects to intricate mechanical details. In connection with the
rapid development of the polymer industry, the task of pre-
venting the chemical aging of polymeric materials has
become more critical than ever. It not only improves the
quality of polymer-based products but also safeguards human
health. Another point worth mentioning is that increasing
antioxidant consumption can significantly contribute to
limiting the emission of waste plastics, which is one of the
most pressing problems facing the world today.

Currently, phenolic and aminic antioxidants are mainly
used to protect polymer-based products from chemical aging
[1-3]. Phenolic antioxidants are primary antioxidants that
possess one or more hydroxyl groups associated with an ar-
omatic ring structure. Phenolic antioxidants act as free radical
scavengers and hence, slow down the oxidation rate and
improve the shelf life of polymer materials [4]. The Research
Institute of the Tire Industry (Russia) conducted a technical
and environmental analysis of synthetic rubber stabilizer
production, which revealed that phenolic antioxidant out-
performs all types of the aminic antioxidant commonly used
for synthetic rubber, not only in terms of preventing oxidative
degradation but also in terms of environmental friendliness
[5]- In particular, the use of the toxic aminic antioxidant will
have a direct impact on consumer health. Phenolic antioxi-
dants are highly effective, non-volatile, and non-toxic stabi-
lizers that have been approved for use even in the materials
directly contacting with food and beverage, pharmaceutical &
personal care products, feed additives [5—7]. In addition, in
order to inhibit unspecific oxygen reactions, phenolic antiox-
idants were added into most susceptible industrial products,
such as liquid hydrocarbon-based aviation fuels [8]. With the
robust growth of end-use industries, the global phenolic
antioxidant market is anticipated to experience rapid growth
in the coming years [9]. Currently, phenolic antioxidants have
accounted for more than half of the stabilizer consumption in
the plastics industry [10,11]. Among phenolic antioxidant
compounds, 4,4'-bis(2,6-di-tert-butylphenol) (I) (abbreviated
bisphenol-5) offers an intriguing promise because it possesses

all of the desirable properties necessary for use in anti-aging
rubber in general and plastic in particular [12,13]. According
to the conclusion of the Russian Research Institute of Syn-
thetic Rubber, bisphenol-5 is the only phenolic antioxidant
capable of providing effective protection against chemical
aging of the SKI-3 polyisoprene rubber which has the same
basic chemical formula as natural rubber and is widely used in
various industries [5,13]. Based on the outstanding antioxi-
dant properties of bisphenol-5, we are also researching its
cancer-inhibiting abilities and various pharmacological
properties [14]. The preliminary research findings are very
positive and promise to create new directions for bisphenol-5
application.

Along-standing problem concerning bisphenol-5 is that an
optimal method for synthesizing this multi-purpose antioxi-
dant has not been found. The currently known methods for
bisphenol-5 synthesis have been analyzed and described
systematically [15—18]. Accordingly, it is shown that the syn-
thesis of bisphenol-5 can be divided into two consecutive
stages (Fig. 1). In the first stage, 2,6-di-tert-butyl-phenol (II)
(termed butylphenol) is oxidatively coupled to form 3,3',5,5'-
tetra-tert-butyl-4,4'-diphenoquinone (III) (termed dipheno-
quinone). In the second stage, the newly formed dipheno-
quinone is hydrogenated by the starting material (butylphenol
(I)) to produce bisphenol-5. In particular, the overall perfor-
mance of bisphenol-5 synthesis is entirely determined by the
amount of diphenoquinone (III) produced in the first stage,
and all the synthesis problems also arise in this stage.

The first stage of the bisphenol-5 synthesis can be carried
out by either oxidizing the butylphenol with molecular oxygen
in the presence of catalysts or directly oxidizing it with strong
oxidants such as organic [19] and inorganic peroxides [20],
sulfur chloride, perchloro-carboxylic anhydrides, perfluoro-
carboxylic acids, iodic acid, etc. [21,22]. Despite achieving
sufficiently high yields of diphenoquinone, the direct oxida-
tion of butylphenol by these agents is not economically and
technologically feasible. This approach not only necessitates
the continuous use of expensive chemical reagents, but it is
also fraught with the difficulties of separating the desired
product from the oxidants. In this regard, catalytic oxidation
based on the use of air oxygen as a cheap oxidant is more
promising for antioxidant synthesis [23,24]. Another point
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Fig. 1 — The overall scheme of bisphenol-5 synthesis.

worth mentioning is that the catalyst for oxidation dimer-
ization of butylphenol would be further used in the second
stage of bisphenol-5 synthesis, resulting in higher synthesis
efficiency and lower operating costs. Hitherto, alkali hydrox-
ide is the most common catalyst that has long been used for
industrial-scale bisphenol-5 production. This catalyst has the
potential to increase diphenoquinone selectivity up to 98%
while also being effective in both the oxidation and reduction
stages of antioxidant production. Although, many novel ho-
mogeneous catalysts based on transition metals and their
compounds have been developed in recent years to synthesize
phenolic antioxidants [19,25—27]. However, the complicated
manufacturing process, high cost, and ease of mixing into the
finished product are typical drawbacks that prevent these
catalysts from being employed in the production of bisphenol-
5. Because of its high catalytic activity, low cost, non-toxicity,
and easy availability, alkali hydroxide is still the best solution
for the bisphenol-5 synthesis in the industry today [5,13]. In
response to the increasing market demand for bisphenol-5,
we have used solid sodium hydroxide (NaOH) for the pilot-
scale production of bisphenol-5 with a capacity of 5 kg/day.
Practical experience revealed that the water generated during
the butylphenol oxidation would rapidly reduce the catalytic
activity of NaOH. Dissolving the catalyst with water not only
caused it to lose stability but also dispersed it into the
resulting product. As a result, neutralizing the obtained
bisphenol-5 was required to prevent it from being oxidized by
air oxygen. This had a significant impact on the production of
bisphenol-5 as well as the quality of the finished product

[5,12]. Thus, enhancing alkali hydroxide stability by prevent-
ing its deactivation caused by water formed during the reac-
tion, maintaining it in a heterogeneous-heterophasic state,
and ensuring its complete separation from the reaction solu-
tion is what we are most interested in doing in the bisphenol-5
synthesis at present. In studying the morphological changes
of NaOH during the bisphenol-5 synthesis, we discovered that
a protective hydrophobic layer coated on the NaOH surface at
the initial moment of the synthesis. The hydrophobic coating
is essentially a phenolate layer formed during the butylphenol
hydrolysis with NaOH (hereinafter referred to as CiqHps-
ONa@NaOH). Preliminary survey results showed that solid
NaOH coated with a hydrophobic layer possessed higher sta-
bility and catalytic activity than the original NaOH. However,
its catalytic activity was still reduced after many catalytic
cycles. According to our knowledge, titanium dioxide (TiO,)
reacting with NaOH is capable of forming a stable titanate
layer (NaTiOs) on the alkali surface. Thus, to improve the
stability of NaOH, a titanate layer was coated onto the surface
of NaOH before it was protected by the hydrophobic phenolate
layer. The improved form of Cy4H,;ONa@NaOH (hereinafter
referred to as (C14H,;0Na/NaTiO3)@NaOH promises to solve
the aforementioned problems in bisphenol-5 production.

In this study, we first described an approach for enhancing
the stability of NaOH in bisphenol-5 production. Furthermore,
the morphology and catalytic properties of C;4H,;ONa@NaOH
and its improved form were assessed and compared in detail
in the first stage of bisphenol-5 synthesis. In addition, the ki-
netic regularity of this stage was also established.
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Experimental
Materials

Chemical reagents for bisphenol-5 synthesis, such as C;Hg
(Russia, GOST 6789-78), decan C;oHy, (Russia, GOST 8751-72),
2,6-di-tert-butylphenol C14H,,0 (Russia, GOST 10894-76), tita-
nium dioxide TiO, (Russia, GOST 9808-84), sodium hydroxide
NaOH (Russia, GOST 4328-77), technical gaseous oxygen in
cylinders (Russia, GOST 5583-78), and technical gaseous argon
in cylinders (Russia, GOST 10157-79) were purchased
commercially from PJSC Kazanorgsintez (Kazan, Russia) and
were used without further refinement.

C14H,;0Na@NaOH preparation

The C;4H,;ONa@NaOH preparation was performed in a
150 mL four-necked cylindrical glass reactor under a dry argon
atmosphere. The mixture, including 50 mL of decane and 1.0 g
of NaOH ground to a fine powder, was loaded into the reactor,
then magnetically stirred and heated up to 100 °C. Once the
required temperature was reached, 0.5 g of butylphenol was
added to the reaction mixture. The NaOH/C14H,,0Na prepa-
ration was carried out in less than 30 min at the given tem-
perature. During the catalyst preparation, the reaction water
was continuously removed by the argon stream. The obtained
catalyst was then filtered and thoroughly washed with
toluene before being vacuum-dried at 120 °C. After being used
for the bisphenol-5 synthesis, the catalyst was also purified by
this method for use in subsequent synthesis and to determine
its physicochemical properties.

(C14H2:0Na/NaTiO3)@NaOH preparation

The preparation of (C;14H,;0Na/NaTiO3)@NaOH was carried
out under entirely similar conditions as in the Ci4Hys.
ONa@NaOH preparation. The only difference was that the
initial mixture, which consisted of 50 mL of decane and 1.0 g of
NaOH ground to a fine powder, was supplemented with 0.1 g
of titanium dioxide.

Catalyst characterization and analytical methods

The catalysts, including C14H,;0Na@NaOH and its improved
form, were neutralized with hydrochloric acid 0.1 N at room
temperature before determining the butylphenolate content
in the hydrophobic protective layer. Fourier transform
infrared (FT-IR) spectroscopy of the organic extract released
simultaneously was performed on a Bruker VECTOR22 spec-
trometer in the mid-infrared range of 400—4000 cm™* (sus-
pensions in liquid paraffin, KBr plates). The elemental
composition of these catalysts was determined by the X-ray
fluorescence method using a Canberra 1510 fluorescence
spectrometer. The particle morphology of the catalyst was
observed on a transmission electron microscope (TEM)
EMMA-4 with an acceleration voltage of 100 kV and Scanning
Electron Microscope (SEM, ZEISS EVO 50 XVP with a LaB6
source), working at an accelerated voltage of 10 kV and
equipped with detectors for secondary electrons as well as a
backscattered electron collection.

Oxidative dimerization of butylphenol

The first stage of bisphenol-5 synthesis was carried out in a
150 mL four-necked cylindrical glass reactor at atmospheric
pressure. Glass reactor was used to avoid any contact of the
reaction mixture with metals that would accelerate the
butylphenol oxidation. The reaction mixture containing 50 mL
of toluene and 1 g of the catalyst was loaded into the reactor
and heated under a dry argon atmosphere until the given
temperature reached 90 °C. Following that, 5 g of butylphenol
was added to the reaction mixture, and oxygen from the cyl-
inder was simultaneously introduced at a rate of 3 L. h~*. The
reaction solution was magnetically stirred at a constant speed
of 1400 rpm. To study the kinetics of catalytic oxidative of
butylphenol, oxygen diluted in argon was continuously
injected into the reaction solution at a rate of 50—350 L h™?, the
initial concentrations of catalyst and butylphenol were varied
from 0.5 to 4%wt and from 0.25 to 1.0 mol L~* respectively, the
reaction solution was stirred at a speed of 500—1400 rpm, and
its temperature was maintained in the range of 60—90 °C for
the indicated time. The kinetic regularity of butylphenol
oxidation was investigated by changing the initial accumula-
tion rate of diphenoquinone. The determination of the initial
rate is based on the equation of the kinetic curve of butyl-
phenol oxidation as described in the previous study [28]. The
concentration changes of butylphenol and diphenoquinone
during the oxidative process were analyzed by high-
performance liquid chromatography (HPLC) on a Spectra-
Physics chromatograph “SP8800-20” or by thin-layer chroma-
tography (TLC).

Results and discussion

Catalytic efficiency of C;4H,;0Na@NaOH in the first stage of
bisphenol-5 synthesis

Preliminary survey results revealed that C;4H,;ONa@NaOH
possessed superior catalytic activity compared to traditional
NaOH in the oxidative dimerization of butylphenol. The initial
rate of butylphenol oxidation in the presence of CisHjq.
ONa@NaOH was 4 times faster than in the presence of NaOH.
The finding indicated that the modification of NaOH by our
method had a significant impact on its catalytic properties.
Aside from catalytic activity, we are more interested in the
stability of C14H,;0Na@NaOH, which is one of the significant
properties determining the applicability of any catalyst in
practice. Thus, a series of continuous experiments were con-
ducted for one working week to monitor the change of cata-
lytic activity of NaOH and C;4H,;ONa@NaCH in the first stage
of bisphenol-5 synthesis. The obtained result clearly showed
that NaOH was gradually liquefied and rapidly lost its activity
after each catalytic cycle (Fig. 2). In contrast, Ci4Ho;.
ONa@NaOH exhibited unexpected high stability. The catalytic
activity of C;4H,;0Na@NaOH in over 10 usage cycles was only
reduced by no more than 9.1%. Meanwhile, the catalytic ac-
tivity of NaOH during this time decreased to almost zero. The
decrease in the catalytic activity of NaOH was approximately
6.6 times that of C14H,;ONa@NaOH. The results presented in
Fig. 2 partially demonstrated our hypothesis about the
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Fig. 2 — The effective rate constant of butylphenol
oxidation as a function of the number of reaction cycles in
the presence of alkaline catalysts based on NaOH and
C14H,,0Na@NaOH.

possibility of forming a hydrophobic layer covering NaOH
during the preprocessing of this catalyst with butylphenol.
To study the catalytic system in detail, the surface
morphology of C;4H,;0Na@NaOH and its elemental composi-
tion analysis have been investigated by SEM-EDS and TEM. The
TEM image of the structural morphology of C14H,;ONa@NaOH
was clearly illustrated in Fig. 3. As can be seen from this image,
the C14H,,0Na@NaOH was a nano-sized pseudospherical par-
ticle surrounded by a translucent surface layer of presumably
sodium phenolate, within which are visible dark particles
believed to be NaOH. To more accurately confirm the presence
of the hydrophobic coating, the elemental analysis of the Cy4.
H,,ONa@NaOH surface was carried out using energy-
dispersive spectroscopy (EDS) analysis. The obtained results
(Fig. 4) showed that the catalyst surface was characterized by
the following main elements: carbon (26.66—65.90%), Natri
(9.41-42.50%), and oxygen (32.86—39.15%). The detection of a
significant amount of carbon in the EDS analysis has
convincingly proved the presence of the hydrocarbon layer on

Fig. 3 — TEM image of C;,H,;ONa@NaOH.

the NaOH surface. Overall, preprocessing NaOH particles with
butylphenol in the anhydrous hydrocarbon solvent has resul-
ted in the formation of a reliably protective hydrophobic layer
named phenolate on the surface of this catalyst, thereby
increasing its stability in the bisphenol-5 synthesis. A general
schematic diagram of the C14H,;0ONa@NaOH synthesis can be
described as given in Fig. 5.

Catalytic efficiency of (C14H,;0Na/NaTiO3;)@NaOH in the
first stage of bisphenol-5 synthesis

As visible in Fig. 4, the significant difference in sodium content
between various points on catalyst samples has partly indi-
cated that coating the hydrophobic layer on the catalyst surface
occurred neither completely nor uniformly. During studying
the Cy4H,;ONa@NaOH stability, we have also noticed that
although the activity of the catalyst was almost preserved for a
long time with repeated use over 10 catalytic cycles, its depo-
sition ability decreased over time and its volume gradually
increased. This has made it difficult for us to recover the
catalyst, and simultaneously, this has also reduced the catalyst
activity after a long period of use. This phenomenon can be
explained by the mechanical destruction of the catalyst into
smaller particles during use, resulting in newly formed surfaces
that would not be protected by the hydrophobic phenolate layer
and would become vulnerable to attack by water molecules.
The overall schematic diagram of the mechanical destruction
of C14H,;0Na@NaOH is illustrated in Fig. 6.

This unexpected discovery prompted us to find ways to
increase the mechanical durability of C;4H,;ONa@NaOH to
further perfect and improve its performance in the bisphenol-
5 synthesis. According to the literature [29—-31], it is known
that the reaction of TiO, with NaOH could strengthen the
structure of NaOH thanks to a skeleton framework composed
of sodium titanate formed on the NaOH surface, which is
insoluble in water and hydrocarbons. Inspired by the findings
mentioned in this literature, it can be assumed that pre-
processing NaOH with titanium dioxide before it is protected
by the hydrophobic phenolate layer can strengthen the
durability of C14H,;ONa@NaOH particles.

Indeed, modifying the NaOH structure with TiO, not only led
to a significant improvement in its deposition ability in the
hydrocarbon reaction solution but also stabilized its initial
volume and performance after repeated use. More specifically,
the activity of (C14H,;0Na/NaTiO3)@NaOH in the first stage of
bisphenol-5 synthesis remains unchanged at least after
twenty-three consecutive catalytic runs with a total duration of
up to 57.5 (Table 1). It should be emphasized that all experi-
ments were carried out in the same toluene solution. At the end
of each experiment, the heterogeneous catalyst was deposited
as well as extracted from the organic solution. The hydrocar-
bon phase was then cooled to room temperature, and simul-
taneously, the rapidly crystallized diphenoquinone was filtered
off. The toluene filtrate along with the residue of dissolved
diphenoquinone was returned to the reactor for further syn-
thesis. Noticeably, the diphenoquinone, which exists in the
recyclable toluene, acts as a catalyst for butylphenol oxidation.
This explains why there is a significant increase in the effective
rate constant of the monophenol oxidation in the second cat-
alytic cycle compared with the first one (Fig. 2 and Table 1).
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Fig. 4 — SEM micrograph and EDX spectra of C;4H,;0Na@NaOH surface.

OH
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Fig. 5 — Overall schematic diagram of the C;,H,;ONa@NaOH preparation.

Another important finding to emerge from the analysis was
that the reaction water generated during the butylphenol
oxidation was not absorbed by the (C;4H,;0Na/NaTiO3;)@NaOH
but accumulated in toluene. In addition, the catalyst was not
dissolved in water-saturated toluene and retained its original
form after the synthesis was complete. As also shown in Table
1, there was a clear trend of decreasing phenol oxidation rate
under the influence of a certain amount of water accumulated
in the reaction solution. After distillation of the generated

water from toluene, the oxidation rate was completely
restored. Consequently, in order to provide a stable high rate of
the phenol oxidation process, a separate unit for the periodic or
continuous removal of generated water from toluene by evap-
oration, distillation, or blowing should be provided in the
technological scheme of diphenoquinoe synthesis.

One thing to note here is that TiO, hardly changed the
catalytic activity of C14H,;0Na@NaOH. A separate experiment
for butylphenol oxidation in the presence of NaTiO; based-
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Fig. 6 — Overall schematic diagram of the mechanical destruction of C;,H,;ONa@NaOH.

Table 1 — Assessment of catalytic performance of

(C14H,10Na/NaTiO;)@NaOH in the first stage of
bisphenol-5 synthesis.

The time
for complete

Number The time for Number
of complete of

catalytic =~ conversion of  catalytic = conversion of
cycles butylphenol, min  cycles  butylphenol, min
1 50 12 25

2 25 13 25

3 25 14 25

4 25 15 25

5 35 16 35

6 70 17 60

Drying toluene from water Drying toluene from water
7 25 18 25

8 25 19 25

9 25 20 25

10 30 21 25

11 50 22 30

Drying toluene from water 23 35

catalyst was carried out. The outcome showed that only 0.1 wt
% diphenoquinone was formed during the oxidation time of
300 min. The obtained results demonstrated that modifying
NaOH with TiO, created only a skeleton framework based on
NaTiOs, partially covering the catalyst surface and increasing
its mechanical durability. In the interim alkylated phenol fil-
led free surface areas, forming catalytically active sites.

The morphology study of the (C;4H,;0ONa/NaTiOs;)@NaOH
surface by using TEM analysis indicated that NaOH was coated
with an entirely different translucent layer compared to that of
C14H,;0Na@NaOH (Fig. 7a). To confirm the presence of a hy-
drophobic organic layer on the surface of (C14H,;0Na/NaTiOs)
@NaOH, this catalyst was first neutralized with a 0.1 N hydro-
chloric acid solution, and then the upper organic layer was
separated from the acidic solution by extraction. Finally, the FT-
IR spectrum of the obtained extract was compared with those of
other organic compounds such as butylphenol, bisphenol-5, and
diphenoquinone (Fig. 7b). It can be seen that the FT-IR spectrum
of extracted organic matter from (C;4H,;0Na/NaTiO;)@NaOH
was almost similar to those of organic samples. Specifically, the
characteristic absorption peaks at 3640, 1421, 1231-1133 cm™?
were associated with the OH band of phenol [32]. The adsorption
bands for the C—H bending vibration of CH; groups were char-
acterized at 2866—2952 cm '. The broadbands at 1360 and
1256 cm~* were assigned to tert-butyl. The adsorption peaks at
3002, 1437, 1420, 960, and 730 cm™* were attributed to aromatic
ring stretch vibrations. The adsorption band located at
1710 cm™! was identified for the C=0 group of the quinoid
compound [32,33]. This finding provided substantial confirma-
tion of the presence of the hydrophobic phenolates layer on the
(C14H»,0ONa/NaTiO3)@NaOH surface. To verify the existence of
titanium in the hydrophobic coating, further study of the
morphological properties of the hydrophobic surface layer of
(C14H»;0Na/NaTiO;)@NaOH was performed using SEM with EDS

(b)

Butylphenol

Diphenoquinone

W

750 1500 22'501 3000 3750

v,cm’

Fig. 7 — (a) TEM images of C;,H,,;0Na/NaTiO;)@NaOH, (b) and comparison of FT-IR spectra of G;4,H,;0Na/NaTiO;)@NaOH
surface with those of bisphenol-5, diphenoquinone, and butylphenol.
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Fig. 8 — SEM photomicrographs and EDS analysis results of the (C,4,H,,0Na/NaTiO3;)@NaOH at different resolution values: (a)-

50 pm; (b) - 2 pm.

analysis. Not unexpectedly, in addition to the main elements
such as C, Na, and O, the hydrophobic surface layer also con-
sisted of Ti (Fig. 8). Alternatively, the appearance of bright spots
in the backscattered SEM image of C;4H,,0Na/NaTiO3;)@NaOH
can be accepted as conclusive evidence of the titanium exis-
tence in the catalyst surface.

Another important finding to emerge from the analysis was
that the sodium content only accounted for a tiny percentage of
the elemental composition on the surface of C14H,,0Na/NaTiO3)

Oxygen supply rate, L h'!
1 2

"o 60 . : 3
&
jol
= 1
S :
2 44 "
9 jKinetic region
9 | —
® |
= 1
R !
5 :
T I
400 800 1200

Stirring speed, rpm

Fig. 9 — Effective rate constant of catalytic oxidatively
dimerization of butylphenol as a function of stirring speed
and oxygen supply rate.

@NaOH. Furthermore, this percentage did not vary significantly
between different regions of the catalyst surface (14.54—16.33%).
This partly indicated that the NaOH surface was more evenly
coated and complete with the hydrophobic layer consisting of
both the organic component-based sodium phenolate and the
inorganic component-based sodium titanate. All the stated re-
sults have firmly supported our hypothesis about forming the
phenolate-titanate layer on the catalyst surface.

In general, the method of NaOH modification developed by
us has provided an effective and sustainable catalyst for
bisphenol-5 synthesis. However, applying this catalyst to the
formulation of an alternative technique for bisphenol-5 syn-
thesis requires a detailed understanding of the kinetic
behavior of the catalytic reaction process. Therefore, the ef-
fects of various process variables, such as the amount of
starting material, oxygen levels in the oxidizing gas stream,
catalyst content, and reaction temperature were investigated
in detail in the following section.

Kinetic study of butylphenol oxidation catalyzed by
(C14H110Na/NaTiO3)@NaOH

The reaction of butylphenol oxidation catalyzed by the
(C14H,10Na/NaTiO3)@NaOH takes place at the interface of the
dispersed system consisting of the gaseous phase (oxygen),
organic liquid phase (toluene), and solid-phase ((C14H,1;0Na/
NaTiOs)@NaOH). Consequently, the performance of the cata-
lytic reaction is determined not only by the chemical reaction
rate but also by the reactant diffusion rate and catalyst par-
ticle size. Itis a well-known fact [34,35] that the heterogeneous
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Fig. 10 — Plots of the logarithmic initial rate of
diphenoquinone accumulation against the logarithmic
initial concentrations of reactants.

catalytic reaction is almost kinetically controlled when the
diameter of catalyst particles is less than 100.0 um, and in this
case, the inner surface of the heterogeneous catalyst is also
involved in the reaction. Fortunately, the morphological study
of (C14H2;0Na/NaTiO3)@NaOH using TEM analysis has clearly
shown that the catalyst was a polydisperse solid particles with
a size of 0,15—1,3 um. To identify the process controlling the
catalytic butylphenol oxidation in the presence of (C;4H,,0Na/
NaTiO3;)@NaOH based-catalyst, a series of sequential experi-
ments were carried out, in which the oxygen supply rate and
the stirring rotational speed varied at the same initial condi-
tions. The obtained results (Fig. 9) indicated that the catalytic

oxidation rate of butylphenol remained almost unchanged
when the rotation frequency of the stirrer exceeded 1000 rpm,
and the oxygen supply rate was above 2.5 L h %, indicating that
the process occurred in the kinetically controlled region.
Therefore, the rotation rate of 1400 rpm with the oxygen
supply rate above 3 L. h~! was chosen for all subsequent ex-
periments studying the kinetic regularities of butylphenol
oxidation catalyzed by (C14H,;0ONa/NaTiO3)@NaOH.

To study the kinetics of the catalytic oxidation of butyl-
phenol in the presence of (C;4H,;0Na/NaTiO;)@NaOH, a dif-
ferential method with varying initial concentrations of
reactants was adopted so that the individual order of reaction
for reactants can be identified. Shown in Fig. 10 are plots of the
logarithmic initial rate of diphenoquinone accumulation (1gvo)
against the logarithmic concentrations of the catalyst lg
[(C14H,,0Na/NaTiOz)@NaOH] and butylphenol (II) lg [butyl-
phenol] as well as oxygen Ig [O,]. It is evident that the plots of
1g [(C14H,:0ONa/NaTiO3)@NaOH] — log vo and Ig [butylphenol] —
log vy were good straight lines with the slopes of 1. This
observation indicated that the reaction was in the first order in
both oxygen concentration and catalyst amount. Based on the
linear dependence of log v, on 1g [O,], three half-orders of the
reaction to oxygen concentration were also established. Thus,
the overall kinetic equation for the catalytic oxidation of
butylphenol in the presence of (Ci4H,;0ONa/NaTiO;)@NaOH
can be represented as:

v =k[butylphenol]'[0,]**[(C14H,;ONa/NaTiOs;)@NaOH]" (1)

In general, the determination of the reaction order pre-
sented above enables concluding that the reaction rate of
butylphenol oxidation catalyzed by (Ci4H,;0Na/NaTiOs)
@NaOH depends on the butylphenol and catalyst concentra-
tions raised to the first power as well as on the oxygen

Effective rate L Pre-exponential
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Ne oc constant, enerev. kl/mol factor , ¢
Kerx10°, 1 2
1 60 1.5
2 70 23
384 151.1

3 80 34
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Fig. 11 — (a) Diphenoquinone concentration as a function of temperature, and (b) Arrhenius equation of butylphenol

oxidation in the presence of C;4H,10Na/NaTiO3)@NaOH.
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concentration raised to the 1.5 power. The kinetic equation of
this reaction is generally described as:

v =k[butylphenol]*[0,]**[(C14H,,ONa/NaTiO;)@NaOH]* ()

where v — the rate of catalytic oxidation of butylphenol, k —
the rate constant.

The study of temperature effects on the catalytic oxidative
dimerization of butylphenol showed that this process was
efficient at a high temperature ranging from 85 to 90 °C
(Fig. 11a). The activation energy of the reaction was obtained
from the Arrhenius plot of the effective rate constants k. at
various temperatures (60—90 °C) as described in Fig. 11b. The
value of apparent activation energy was found to be 38.40 kJ/
mol and the pre-coefficient in the Arrhenius equation at 90 °C
was 151.1 ¢ . Based on the obtained kinetic and thermody-
namic parameters, the rate law expression for the reaction of
catalytic oxidation butylphenol in the presence of C14H,;0Na/
NaTiO3)@NaOH is described as follows:

38400

v=151,1-¢'F - [butylphenol]" - [0,]"*

3
+[(C14H2,ONa/NaTiO3)@NaOH]" @)

where R is gas constant, T is Kelvin temperature.

The resulting rate law provides us with an overview of the
kinetics of the catalytic oxidation of butylphenol. And ac-
cording to that, we can control the bisphenol-5 synthesis
performance by adjusting the temperature and concentration
of the reactants.

Conclusion

In summary, we have developed a simple and highly efficient
synthetic route for preparing an effective catalyst based on
solid NaOH coated with a hydrophobic layer consisting of
phenolate and titanate. The as-prepared catalyst was highly
active and extremely stable for the first stage of bisphenol-5
synthesis. It has been demonstrated that the activity and
stability of the catalyst remained almost unchanged at least
after twenty-three consecutive catalytic runs for the reaction
of butylphenol oxidation. The rate law expression and ki-
netic regularity of this reaction were also established. The
findings to emerge from this study have many important
implications, not only for the bisphenol-5 synthesis but also
for any phenolic antioxidant synthesis using the base as a
catalyst.
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