
PPOR, Vol. 19, No. 4, 2018, pp. 361-370 

ISSN: print - 1726-4685; online - 2519-2876 
361 

OXIDATION OF TERT-BUTYLPHENOLS WITH AQUEOUS SOLUTIONS OF 

HYDROGEN PEROXIDE IN THE PRESENCE OF TITANIUM-CONTAINING 

CATALYSTS 

1
Regina R. Talipova, 

1,2
Marat R. Agliullin, 

1
Alfira N. Khazipova, 

1,2
Boris I. Kutepov

 

1
 Federal State Budgetary Institution of Science Institute of Petrochemistry and Catalysis 

of Russian Academy of Sciences, 141 Pr. Oktyabrya, Ufa 450075, Russian Federation 
2
 Federal State Budgetary Educational Institution of Higher Professional Education Ufa 

State Petroleum Technological University, 1 Cosmonavtov St., Ufa 450062, Russian Federation 

e-mail: kutepoff@inbox.ru 

Abstract 

The catalytic properties of various porous titanosilicates in the oxidative 

conversion of tert-butylphenols (2-, 3-, 4-tert-butylphenols and 2,6-di-tert-

butylphenol) under the action of aqueous solutions of hydrogen peroxide are 

investigated. It was found that the greatest catalytic activity and selectivity of the 

formation of the desired oxidation products of tert-butylphenols is characteristic 

for mesoporous titanosilicate containing 1.9% by weight of titanium and 

synthesized at variable pH. It has been shown that tert-butylphenols are reactive 

in the presence of mesoporous titanosilicates in the following order: 4-tert-

butylphenol> 3-tert-butylphenol ≈ 2-tert-butylphenol> 2,6-di-tert-butylphenol. A 

method for the synthesis of 2,6-di-tert-butylbenzoquinone by oxidation of 2,6-di-

tert-butylphenol with a selectivity of about 95.0 mol% is proposed with a 

complete conversion of the latter. The method is based on the use of a stable 

mesoporous titanosilicate in the reaction medium with a titanium content of 

1.9% by weight, prepared by sol-gel synthesis at a pH-variable 

Keywords:   liquid phase oxidation, mesoporous titanosilicates, tert-butylphenols,                       

sol-gel synthesis 

Introduction  

A number of alkyl-substituted dihydroxyalkylbenzenes (pyrocatechols and 

hydroquinones) are valuable chemical products. For example, 4-tert-butylpyrocatechin is 

commonly applied as an inhibitor of the polymerization of diene hydrocarbons and styrene, tert-

butyl hydroquinone is an effective antioxidant of fats and oils, 2,5-di-tert-butyl hydroquinone is 

used as a thermal stabilizer of polyolefins and 2,6-di-tert-butyl benzoquinone is a highly active 

antioxidant. Conventional methods for the preparation of alkyl-substituted dihydroxyalkyl-

benzenes are based on the alkylation of pyrocatechol or hydroquinone with olefins or alcohols in 

the presence of inorganic acids (predominantly sulfuric). These methods are characterized by 

multistage process, low selectivity of the formation of the desired product and the use of 

aggressive media. 
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Selective oxidation of tert-butylphenols with aqueous solutions of hydrogen peroxide in 

the presence of titanosilicate catalysts is an alternative way of synthesis of the above mentioned 

products. 

The process of liquid-phase oxidation of phenol with aqueous solutions of hydrogen 

peroxide in the presence of a heterogeneous catalyst based on the TS-1 crystalline microporous 

titanosilicate with ZSM-5 zeolite structure in which some of the silicon atoms is isomorphically 

replaced by titanium atoms (no more than 2.5% by weight ) have already been commercially 

implemented [1]. Despite the fact that the porous structure of Ti-MFI (5.1×5.5Å, 5.3×5.6Å) 

limits the application of TS-1 in the oxidation of large molecules with a kinetic diameter more 

than 6 Å, this catalyst is still considered the standard among heterogeneous liquid-phase 

oxidation catalysts with aqueous solutions of hydrogen peroxide [2]. 

Mesoporous mesophase titanosilicates might meet the challenge of accessibility of active 

sites. However, alongside with such drawbacks as complexity and high cost of this kind of 

synthesis, a significant disadvantage of mesostructured titanosilicates is destruction under the 

action of aqueous solutions of hydrogen peroxide [3, 4]. Mesoporous amorphous titanosilicates 

could be an effective alternative to mesostructured titanosilicates [4,5].  

The results of research studies on liquid-phase oxidation of 4-tert-butylphenol with 

aqueous solutions of hydrogen peroxide in the presence of certain titanium-containing catalysts 

were detailed in [5-8] and 2,6-di-tert-butylphenol in [7-13]. 

This paper presents the results of a comparative study of catalytic oxidative conversions of 

tert-butylphenol (2-, 3-, 4-tert-butylphenol and 2,6-di-tert-butylphenol) under the action of 

aqueous solutions of hydrogen peroxide in the presence of mesoporous titanosilicates 

synthesized by two-step sol-gel synthesis, and other titanium-containing materials differing in 

the coordination state of titanium and the characteristics of the porous structure. 

 

Experimental Part 

Synthesis of catalysts 
Mesoporous amorphous titanosilicate (1.9% titanium by weight) was produced by two-step 

sol-gel synthesis at a variable pH using a mixture of oligomeric 40-ethylsilicate 

oligoethoxysiloxanes (TU 2435-427-05763441-2004) and alcohol solutions of Ti(OC2H5)4 

tetraethoxytitanium (Acros, 99.9%) [5]. The sample was designated as ATS. The GTS sample, a 

highly dispersed titanium oxide deposited on the surface of mesoporous silica gel (1.9% titanium 

by weight), was prepared by impregnating a mesoporous SiО2 carrier with heptane solution of 

Ti(OC2H5)4 tetraethoxytitanium, followed by treatment with aqueous ammonia solution, drying 

at 120 °C for 4h and calcination at 550 °C for 4h. Synthesis of microporous crystalline TS-1 

titanosilicate (1.9% titanium by weight) using tetrapropylammonium hydroxide as a template 

was carried out according to the known technique [14]. TiO2 titanium oxide was obtained by 

hydrolysis of TiCl4 in ammonia-alcohol solution, followed by washing off from NH4Cl, drying 

and heat treatment at 550 °C.   
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Methods for analyzing catalysts 
The chemical composition of the resulting titanosilicates was analyzed with Shimadzu 

EDX-800HS energy dispersive X-ray fluorescence spectrometer with an X-ray tube with a 

rhodium anode (voltage 15-50 kV, current 20-1000 μA, vacuum, collimator 3-5 mm).  

The phase composition of the samples was analyzed with Bruker D8 Advance 

diffractometer in monochromatic CuKα emission within 2θ angular range of 5 to 40
0
 in 0.5 

deg/min increments with 2 s integration time at each point. 

The coordination sphere of titanium atoms was evaluated by the UF-DO spectra recorded 

with Shimadzu UV-VIS 2501PC. 

The characteristics of the porous structure were measured by the low-temperature (77 K) 

nitrogen adsorption-desorption method using Micromeritics ASAP-2020 sorptometer. The 

samples had been vacuum-treated at 350 °C for 6 h prior to the analysis. The specific surface 

area was calculated by the BET method at the relative partial pressure of P/P0=0.2. The pore size 

distribution was calculated by the BJH desorption curve; the total pore volume was calculated by 

the BJH method at the relative partial pressure of P/P0=0.95. The volume of the micropores in 

the presence of mesopores was calculated by means of the t-method of de Boer and Lippens [15]. 

Study of catalytic conversions of tert-butylphenols 
The experiments on the conversion of tert-butylphenol (TBP, Acros, 99%) were carried out 

in a laboratory plant with an isothermal batch reactor equipped with a stirrer (200 rpm), a reflux 

condenser and a thermometer. 

Previously [6], it was demonstrated that acetonitrile was an effective solvent. For this 

study, 5 ml of acetonitrile (Acros, 99%), TBP (initial concentration of TBP was 0.12 mol/l), the 

calculated amount of catalyst (0.10-0.66 g) were charged into the reactor, followed by the 

addition of 0.12-0.36 ml of the required amount of 35% aqueous solution of Н2О2 (Reachim) and 

the reaction start time was recorded. The molar ratio of the initial concentrations of TBP and 

Н2О2 (C
0

TBP/C
0

H2O2) was from 1/1 to 1/6. The experiments were carried out at 35, 50 and 75 °C 

in the presence of 5-20% of the catalyst by weight of the reaction mixture. The duration of the 

experiments varied from 20 min up to 2 h. 

80-100 μm catalyst fraction was used. The resulting reaction mass was filtered off from the 

catalyst and the residual amount of Н2О2 in the sample was measured by iodometric titration 

method. To remove high molecular weight products of oxidative condensation of TBP, the 

reaction mass was sent through a column of silica gel (100-200 μm fraction). The resulting 

reaction mass was analyzed by HPLC method with HP 1050 chromatograph (reverse-phase 

column No. K20050133, Zorbax C18 phase, 70CH3CN/30H2O+0.01CH3COOH eluent, 0.7 

ml/min eluent, 60 bar pressure, UV detector, λ=275 nm). Biphenyl was used as an internal 

standard in the chemical analysis.  

Preliminary experiments proved that TBP and Н2О2 do not undergo conversion in the 

absence of a catalyst. It should be pointed out, however, that even without hydrogen peroxide, 

TBP does not undergo conversion over any of the catalyst samples under study. The composition 

of the gas phase (air or nitrogen) does not affect the conversion of TBP and the composition of 
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the reaction products. Thus, both the catalyst and Н2О2 must be present in the reactor for 

oxidative conversions of TBP under tested conditions. 

Results and Discussion 

Physical and chemical properties of titanium-containing materials 
According to XRF data, anatase crystal structure is characteristic for titanium oxide, the 

TS-1 sample is a crystalline microporous titanosilicate with MFI structure, and the GTS and ATS 

titanosilicate samples are X-ray amorphous. 

Another important feature of titanosilicates, catalytically active in the selective oxidation 

of organic compounds, is the coordination state of titanium atoms in the silicate matrix. It is 

stated that in the crystalline microporous TS-1 titanosilicate, tetracoordinated titanium (IV) 

atoms, which replace isomorphically silicon atoms in the crystalline lattice of silicalite [16-18], 

are active sites with which Н2О2 molecules form selective oxidation TiOOH 

hydroperoxotitanium complexes. In the sol-gel synthesis of amorphous mesoporous 

titanosilicates, it is also possible to incorporate titanium atoms into the silica matrix as a result of 

interaction of the hydroxyl groups of the metal complexes with the hydroxyl groups of the 

silicon complexes with -Ti-O-Si- bonds formed at the condensation stage. At the same time, 

titanium complexes can also precipitate in the form of a highly dispersed phase of crystalline 

hydroxide. Heat treatment of the latter results in the formation of TiО2 phase with the sites active 

in the unproductive decomposition of Н2О2 formed on the surface.  

The UV-DO spectra detailing the characteristic of the coordination state of titanium atoms 

in the titanium-containing materials synthesized as a part of the research is represented in Fig.1. 

 
          Fig.1. The UV-DO spectra 

We see that there is an absorption band in the region of 350 nm in the TiO2 spectrum 

(curve 1), typical for titanium atoms in an octahedral environment (crystalline titanium oxide). 

There is a clear peak in the TS-1 crystalline spectrum (curve 2) with a maximum at 210 nm 
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revealing isolated titanium atoms in the tetrahedral coordination environment. The supported 

GTS titanosilicate sample (curve 3) with 1.9% titanium by weight has a broad absorption band 

with a maximum in the range of 260-280 nm. The absorption band in this region indicates the 

presence of highly dispersed titanium oxide particles with octahedrally coordinated titanium 

atoms well dispersed on the surface of mesoporous silicate matrix. 

Fig. 2 pictures isotherms of adsorption-desorption of nitrogen of titanium-containing 

samples. The TS-1 sample is characterized by type I isotherm according to IUPAC classification 

without hysteresis loop characteristic for microporous materials [15]. The isotherm of the ATS 

sample relates to type IV with a hysteresis loop of H2 type, characteristic of mesoporous 

materials with a narrow pore size distribution. The micropore volume of the ATS sample (Tab.1) 

calculated by the t-method is close to 0. The pore size distribution diagram (Fig. 3) shows that 

the mesoporous ATS sample synthesized at a variable pH value is characterized by a narrow 

mesopore size distribution of 4-6 nm. 

 
 

  Fig.2. Pictures isotherms of adsorption-desorption of nitrogen of titanium-containing 

samples 

The GTS sample isotherms (Fig. 2) also relate to type IV with a hysteresis loop of H2 

type, characteristic of mesoporous materials with a narrow pore size distribution. The micropore 

volume of the GTS samples calculated by the t-method is close to 0. As presented in the pore 

size distribution graph shown in Fig. 3, the mesoporous GTS sample is characterized by 

mesopore distribution of 2.5 to 20 nm. 
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Fig.3. The pore size distribution diagram 

Table 1. Texture characteristics of titanium-containing samples 

Sample SBET, m
2
/g Vmeso

 
,cm

3
/g

 
Vmicro

 
,cm

3
/g

 D, nm 

TiO2 51  0.26 0.02 - 

TS-1 360 - 0.21 0.5 

GTS 511 0.88 0.02 10 

ATS 505 0.92 0.05 5 

● (SBET) BET Specific Surface Area  

● (Vmeso)mesoporous volume 

● (Vmicro) microporous volume  

● (D) average pore size   

Catalytic conversions of tert-butylphenols under the action of aqueous solutions of hydrogen 

peroxide in the presence of various titanium-containing porous materials 

The results of the research study on the activity of the synthesized porous materials in the 

decomposition of Н2О2 are detailed in Tab. 2. 
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Table 2. Catalytic properties of silicon and titanium oxides, titanosilicates in the decomposition 

of Н2О2 (35 °C, 1% wt catalyst, C
0

H2O2=0.24 mol/l, CCH3CN=19 mol/l, 20 min) 

Sample  
C(Ti), 

% wt 

X H2O2, 

mol % 

AН2О2 , 

μmol Н2О2/m
2
 

SiO2 - 0.0 0.0 

TiO2(anatase) 59.9 43.2 25.8 

TS-1 1.9 7.4 0.62 

GTS 1.9 17.1 0.72 

ATS 1.9 14.4 0.64 

The figures show that Н2О2 does not decompose on the surface of mesoporous SiО2. The 

maximum conversion of Н2О2 (AН2О2) equal to 25.8 μmol Н2О2/m
2
 is registered in the presence 

of the TiO2 sample with anatase structure. The research results prove the literature data that 

titanium-containing sites are responsible for the activation and conversion of Н2О2. In this case, 

the Ti atoms in octahedral positions in the oxide crystal lattice are more active in the 

decomposition of Н2О2 compared to the Ti atoms located in tetrahedral environment of the -O-

Si-O groups of the silicon-oxygen matrix of the crystalline TS-1 titanosilicate. 

The values of АН2О2 of the mesoporous ATS titanosilicate and microporous TS-1 

crystalline samples containing 1.9% wt Ti are similar. Presumably, the content of titanium atoms 

in tetrahedral environment in these samples is similar as well.  

The experiments showed that the conversion of TBP in the presence of crystalline 

microporous titanosilicate and anatase does not exceed 3.0 mol%. The low activity of the TS-1 

sample in the conversion of TBP is caused by the spatial limitations for the diffusion of substrate 

molecules to the catalytically active sites. As for considerably smaller Н2О2 molecules, they 

remain accessible, as illustrated by the high conversion of the oxidant (40-50%) due to the 

decomposition in the TS-1 pores. 

Low conversion of TBP in the presence of the TiO2 sample is attributable to the side 

reaction of Н2О2 decomposition. 

The outcomings of the study on oxidative conversions of TBP in the presence of various 

titanium-containing materials are given in Tab. 3. The data show that the reactivity of tert-

butylphenols in the same oxidation conditions decreases in the following order: 4-tert-

butylphenol > 3-tert-butylphenol ≈ 2-tert-butylphenol > 2,6-di-tert-butyl phenol, although the 

presence of two electron donating tert-butyl substituents in 2,6-TBP is supposed to increase its 

reactivity with respect to electrophile molecules [19].  

The research results may be attributed to the fact that the presence of two substituents 

slows the coordination of 2,6-TBP over the active hydroperoxotitan complexes of the surface of 

the catalytic system. 

In the catalytic conversions of 2,6-TBP, the desired product is 2,6-di-tert-

butylbenzoquinone (TBBQ), for oxidation of 3-TBP it is tert-butylhydroquinone (TBHQ) and 4-

TBPH, for oxidation of 2-TBP it is TBHQ. In addition, high-molecular products of oxidative 

condensation (resin) of both phenols and target products are formed. 
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Table 3. Catalytic properties of titanium-containing materials in the oxidation* of tert-

butylphenols with aqueous solutions of Н2О2  

 

Catalyst 

 

Substrate  
Conversion  

Н2О2, mol % 

Conversion 

of TBP, mol 

%  

Selectivity of hydroxylation 

product, mol% 

4-TBPH TBHQ TBBQ 

TiO2 

(anatase) 

4-TBP 98.2 8.0 20.1 - - 

3- TBP 95.4 6.1 18.4 15.2 - 

2- TBP 96.3 6.7 - 18.1 - 

2,6- TBP 96.5 5.3 - - 75.2 

GTS 

4- TBP 74.5 27.4 48.3   

3- TBP 68.3 20.4 26.3 13.5 - 

2- TBP 70.2 19.3 - 23.0 - 

2,6- TBP 65.1 16.1 - - 89.1 

АТS 

4- TBP 55.1 30.1 62.2 - - 

3- TBP 44.7 20.2 35.1 20.2 - 

2- TBP 48.3 22.1 - - 27.3 

2,6- TBP 42.1 14.3 - - 96.4 

* 50 °С, 10% wt catalyst, C
0

TBP=0.12 mol/l, CН2О2=0.24 mol/l, CCH3CN=19 mol/l, 1h. 

It is worth noting that mono-tert-butylphenols are oxidized to the corresponding 

pyrocatechols and hydroquinones under tested conditions. Meanwhile, TBBQ is formed from 

2,6-TBP, which is not a hydroxylation product. 

According to the generalized scheme of oxidation of substituted phenols described in [13], 

the hydroxylation products of mono-tert-butylphenols, the corresponding pyrocatechols and 

hydroquinones, are formed by the homolytic mechanism of electrophilic transfer of the oxygen 

atom from the hydroperoxotitanium complex on the surface of titanosilicates to the phenol 

molecule, whereas alkyl benzoquinones are formed as a result of further oxidation of 

hydroxylation products. We assume that the presence of two electron-donating tert-butyl groups 

increases the rate of deeper oxidation reactions of 2,6-TBP into TBBQ. It should be pointed out 

that TBBQ is the main oxidation product of 2,6-TBP even at small conversions of the latter. 

The study of the influence of the catalyst content and the reaction temperature on the 

conversion of tert-butylphenols and the yield of reaction products illustrated that the maximum 

selectivity of TBHQ formation under tested conditions does not exceed 33 mol% with the 

conversion of 2-TBP 15 mol %. 
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Oxidation of 2,6-TBP with complete substrate conversion into TBBQ proceeds with more 

than 95 mol% selectivity of formation in the presence of both mesoporous ATS titanosilicate and 

the supported GTS titanosilicate (75 °C, 15% wt ATS-3 or 10% wt GTS-4, TBP/ H2O2=1/4, 2 h). 

To evaluate the stability of catalytic properties of the mesoporous ATS sample, 12 

experiments under the above conditions without changing the catalyst were carried out. The tests 

demonstrated that the conversion of 2,6-TBP and the selectivity of the formation of TBBQ 

remained practically unchanged. The results indicate that the properties of the catalyst under the 

action of the reaction medium do not change under tested conditions. 

Conclusion  
The research study of catalytic conversions of tert-butylphenols under the action of 

aqueous solutions of hydrogen peroxide in the presence of various titanium-containing materials 

revealed that tert-butylphenols are arranged in the following order according to the reactivity in 

catalytic conversions under the action of aqueous solutions of Н2О2 in the presence of 

mesoporous titanosilicates: 4-tert-butylphenol > 3-tert-butylphenol ≈ 2-tert-butylphenol > 2,6-di-

tert-butylphenol.  

 The experiments illustrated that mesoporous titanosilicate containing 1.9% by weight of 

titanium and synthesized at variable pH exhibited the highest level of catalytic activity and 

selectivity in the formation of the desired oxidation products of tert-butylphenols under the 

action of aqueous solutions of Н2О2. 

A method for the synthesis of 2,6-di-tert-butylbenzoquinone by oxidation of 2,6-di-tert-

butylphenol with selectivity of about 95.0 mol% with a complete conversion of the latter is 

suggested in the paper. The method is based on the use of mesoporous titanosilicate stable in the 

reaction medium with 1.9% by weight titanium prepared by sol-gel synthesis at a variable pH. 
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