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Abstract

The chemical kinetics of phenol hydroxylation  with hydroperoxide over the SnO2/MCM-41  catalyst in a bath condition were studied at 60-90oC. Identification and quantification of reactant and reaction products were estimated by High Performance Liquid Chromatography-Mass Spectrometry(HPLC-MS). The experimental kinetics data were treated by statistical tests using Excel-Solver and Statistical Package for Social Sciences version 19 (SPSS-19). The results showed that the SnO2/MCM-41 exhibited the excellent catalytic activity and high selectivity to dihydroxylbenzene. The rate of hydroxylation of phenol was found to increase with the rise in temperature.  Three bimolecular reactions involving surfaces were discussed. The resulted showed that the Eley–Rideal and Langmuir-Hinshelwood models were fitted well to experimental data. The higher selectivity to hydroquinone than to catechol was possibly related to the steric selectivity of MCM-41 catalyst with hexagonal mesoporous structure.
Keywords: Kinetic, phenol hydroxylation, hydroperoxide, SnO2/MCM-41.

1. INTRODUCTION

Hydroxylation of phenol has attracted considerable attention in the industry in recent years due to the products generated from this reaction, i.e. hydroquinone and catechol. These compounds are used in a broad range of applications, such as photographic developers, polymerization inhibitors, rubber antioxidants, food antioxidants, and pharmaceuticals [1]. An invention of framework substituted microporous materials titaniumsilicalite-1 (TS-1) by Taramasso et al [2] provided a new route of hydroxylation using hydrogen peroxide as an oxidant over TS-1 catalyst.  Several attempts have been studying TS-1 and developing  to find new catalysts for hydroxylation of phenol so far [3]. WilkenhÖner et al. reported a kinetic rate expression for the phenol hydroxylation reaction [4]. They concluded that the pore and surface area of TS-1 effect significantly on the phenol conversion. Klaewkla et al [5] reported that a bimetallic framework titanium-tin silicalite-1 (Ti-Sn-S-1) performed with higher catalytic activity for phenol hydroxylation than TS-1(at the same Si/Ti ratio), estimated 26%. Recently, Klaewkla et al performed kinetics of phenol hydroxylation reaction using a Langmuir–Hinshelwood approach in which reaction mechanism for the selective hydroxylation of phenol using TS-1 or Ti-Sn-S-1 was discussed [6].
Mesoporous molecular sieves designated as M41S have attracted the attention of many researchers since their discovery at Mobil Oil Corporation [7]. Among them, MCM-41with well-deﬁned mesopores the diameters of which can be tailored to the desired value (18–100 Å)  have been the promising substrates for catalyst and adsorbents.  Several reports have appeared on the incorporation of some oxide into MCM-41 such as  Ti [8], vanadium [9], Sn [10], Fe [11], and e.t.c. The above catalysts were also active as catalysts for the selective oxidation of organic molecules under mild conditions. 
In the previous paper, we reported the synthesis of SnO2/MCM-41 with highly ordered mesoporous structure and high tin oxide content [12]. In the present paper, the kinetics of phenol hydroxylation reaction over obtained SnO2/MCM-41 using some models of bimolecular surface reactions were investigated.  
2. EXPERIMENTAL

SnO2/MCM-41 materials were synthesized as previous work [12]. SnO2/MCM-41 possesses a specific area of 707 m2/g. Phenol (PN) (99%, Aldrich), hydroperoxide H2O2 (HP) (30wt%, Merck) were used in this work.  Hydroquinone (HQ) (99%, Merck), catechol (CT) (99%, Merck) and benzoquinone (99%, Merck) were used as standard compounds for HPLC analysis. The hydroxylation reaction was carried out in a three-necked-100 mL, glass flask fitted with a condenser and agitated by a magnetic stirrer. The stirring rate was kept constant and controlled at a speed ensuring intrinsic kinetic observation. The temperature was controlled by a thermostated water bath. To initiate the reaction, H2O2  was added all at once to the mechanically well stirred aqueous solution of PN which contained catalyst (0.01 g)  at the desired reaction temperature. The reactions were carried out with molar ratios of PN to HP as 1 to 1. The reaction mixture was sampled periodically by syringe and analyzed using a HPLC-MS (Series 20A – Shimadzu)  equipped with a C-8 column using 65 vol % of acetonitrile in 0.1vol% of aqueous phosphoric acid solution as a mobile phase and a UV detector operating at 280 nm. The H2O2 consumption  was determined by iodometric titration (ASTM Test Method D 2340-96). 
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The temperature effects were studied by carrying out the reaction at different temperatures: 60, 70, 80 and 90oC. 
The concentration data of PN, CT and HQ were further treated with expressions as follows, where conversion of phenol is expressed by XPN
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The selectivity to products is shown by Si
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where Ci is the molar concentration of product and i = CT, HQ, Tar (TA). Product conversion is expressed by Xi

[image: image5.wmf]100

.

(%)

0

PN

i

i

C

C

X

=


 where  subscript  "i"  is HQ, CT and TA.

The reaction rate is calculated as following expression
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where Ci is the concentration of phenol or hydroperoxide (mg/L) at any time and w the catalyst weight (SnO2/MCM-41) (g) and SBET is specific surface area of SnO2/MCM-41 (m2/g).

3. RESULTS AND DISCUSSION

Fig. 1 shows HPLC diagram of reaction products which phenol was hydroxylated by hydroperoxide over SnO2/MCM-41. Mass spectrometry (MS) revealed that the retention time at 4.8; 3.0; 2.2 min correspond to  phenol, catechol and hydroquinone, respectively. It is noted that no benzoquinone is observed all studied cases, even benzoquinone together with other main products of catechol and hydroquinone are often formed in the hydroxylation of phenol over Fe-MCM-41 [11] and Sn-TS-1 [6].
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Fig. 1:  HPLC diagram of phenol and its oxidized products
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Fig. 2: The time dependence of the conversion of phenol and selectivity products at different temperature: (a) phenol, (b) hydroquinone, (c) catechol, (d) tar
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Fig. 2 shows the kinetics of phenol hydroxylation  at temperature range of 60 ÷ 90oC. At low temperature, the reaction occurred slowly, the phenol conversion reached around 5 % up to  240 minutes. At the higher temperature over 80oC the reaction processed faster, it was approximate 45% for 240 minutes. The reaction  occurred slowly at the first time around 175 minutes for 80oC and  120 minutes for 90oC and  then progressed sharply in short time  and then kept constant. The same manner also occurred for hydroquinone and catechol. An existence of induction time could be explained by the fact that the reagents need activating through its adsorption onto catalyst. Therefore the hydroxylation reaction of phenol should be related to the species of  adsorbed phenol and hydroperoxide.  
Table  1 lists the  phenol conversion  and its selectivity to catechol and hydroquinone. These results also exhibited the remarkably high reactivity of SnO2/MCM-41 compared with the same reaction using  SnO2/TS-1 [6] and Cu/MCM-41 [13,14]. In contrary to previous works [1,2,4,5,6],  the amount of  hydroquinone  is alway higher than that of catechol in the present work. The high reactivity and high selectivity to dihydroxylbezene, particularly hydroquinone could be possible related to the improvement of surface properties of tin oxide as it was incorporated into MCM-41 framework. The reasons why still need further research. Based on the previous study on the roles of copper sites over Cu-MCM-41 for phenol hydroxylation [14], it could be explained that  the formation of benzoquinone is evidently  as a result of hydroquinone oxidation and depends remarkably on the kind of tin oxide incorporated into MCM-41 including dispersed isolated Sn(IV) species, non-isolated Sn(IV) clusters or oxide [12]. It is possible that a certain kind of tin oxide  that is responsible for the deep oxidation of hydroquinone is absence in SnO2/MCM-41. In consequences, the hydroquinone is also predominated in both catechol and hydroquinone. In the study of the hydroxylation of phenol, we observed when the molar ratio of phenol/H2O2 was equal 1, the oxidation of dihydroxybenzenes to tar would occur; the higher the reaction temperature, the more serious the side reactions above became.

Table 1: The conversion and reaction selectivity of phenol oxidation by hydroperoxide over SnO2/MCM-41   

	Time
	Reaction temperature, oC

	
	60
	70
	80
	90

	
	XPH (%)
	SHQ (%)
	SCT 

(%)
	STA
(%)
	XPH (%)
	SHQ 

(%)
	SCT 

(%)
	STA
(%)
	XPH (%)
	SHQ (%)
	SCT 

(%)
	STA
(%)
	XPH (%)
	SHQ (%)
	SCT

 (%)
	STA
(%)

	30
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2.78
	1.29
	2.44
	0.96

	60
	0
	0
	0
	0
	0.0
	0
	0
	0
	2.14
	1.56
	1.46
	0.97
	4.46
	6.65
	13.96
	0.81

	90
	0
	0
	0
	0
	1.73
	1.18
	0
	0.98
	3.08
	2.1
	3.32
	0.95
	7.67
	10.76
	4.51
	0.86

	120
	1.8
	0.19
	1.16
	0.99
	2.74
	6.04
	14.45
	0.81
	3.23
	0.67
	12.1
	0.88
	12.32
	4.96
	10.16
	0.86

	150
	2.32
	0.27
	4.59
	0.95
	2.85
	0.34
	1.57
	0.98
	4.03
	5.59
	1.95
	0.92
	45.83
	44.35
	34.95
	0.25

	180
	3.22
	3.47
	7.74
	0.89
	4.17
	0.07
	0.23
	0.99
	6.42
	12.02
	28.56
	0.62
	46.17
	32.84
	23.78
	0.47

	210
	3.52
	0.03
	0.08
	0.99
	4.96
	0.01
	0.02
	0.99
	41.78
	43.26
	39.04
	0.23
	46.55
	44.19
	34.41
	0.26

	240
	3.91
	0
	0.07
	0.99
	5.44
	0.02
	0.05
	0.99
	43.31
	42.9
	38.24
	0.24
	46.27
	44.81
	34.73
	0.25


Based on the HPLC-MS results, the possible reactions in oxidation of phenol by hydroperoxide over SnO2/MCM-41 are shown in scheme 1.
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Scheme 1: Schematic diagram of the main reactions in the oxidation of phenol with hydroperoxide
The reaction of phenol hydroxylation as  bimolecular reactions involving surfaces fall into several different categories, depending on whether one or both molecules are adsorbed on the surface.  Three types of bimolecular surface reactions will be considered
a) Reaction between two adsorbed molecules (Langmuir-Hinshelwood mechanism). 

For Langmuir-Hinshelwood model, HP and PN are adsorbed in activity sites of SnO2/MCM-41 (reaction (1) and (2)) and then, these adsorbed species will react together (reaction (3)). It is assumed that the reaction of (1) and (2) reach quickly an equilibrium and is not the rate determining-step and the catalytic reaction between adsorbed HP and PN occur slowly and is the rate-determining step.

HP    +   S  
[image: image9.emf]k

HPS

  [HP.S]
       (1) 
(fast)
 
                   k’HP.S
PN   +   S  
[image: image10.emf]k

PNS

  [PN.S]
     (2)
(fast)

                               k’PNS


[HP.S] +  [PN.S]
[image: image11.wmf]¾

¾

®

¾

PN

K

 products (catechol, hydroquinone, tar) (slow)
      (3)

where S represents the active site of  SnO2/MCM-41,  [HP.S] and [PN.S] represent  adsorbed H2O2 and phenol, respectively, kHPS and kPNS represent adsorption rate constant and kPN represents the rate constant of surface reaction.

Let θHP as the area fraction  of  adsorbed HP  over the sites of catalyst S.
Let θPN as the area fraction of adsorbed PN over the sites of catalyst S.
Then
θHP  +  θPN = 1.
For reaction (1):

The rate of forward reaction:  
r1 = kHPS.CHP. (1 – θHP – θPN)

The rate of backward reaction:  
r1’ = kHPS’. θHP
k’HPS: rate constant of HP desorption.
As the process reach an equilibrium r1 =  r1’  then:
kHPS.CHP. (1 – θHP – θPN) =  kHPS’. θHP
 (4)
For reaction (2).
The rate of forward reaction:  
r2 = kPNS.CPN. (1 – θHP – θPN)

The rate of backward reaction: 
r2’ = kPNS’. θPN
k’PNS: rate constant of desorption of PN.
As the process reach equilibrium: 
r2  = r2’   then  
kPNS.CPN. (1 – θHP – θPN) =  kPNS’. θPN
 (5)
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Rearrange:
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Let  KHPS =
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Rearrange (5), (6) and (7).
θHP= 
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In the same manner,   
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          (9)

So the rate of phenol hydroxylation reaction under Langmuir-Hinshelwood mechanism is as following:


[image: image19.wmf]2

.

)

.

.

1

(

.

.

.

.

.

HP

HPS

PN

PNS

HP

HPS

PN

PNS

PN

HP

PN

PN

PN

C

K

C

K

C

K

C

K

k

k

r

+

+

=

=

q

q


where kPN is rate constant [L.min.m2.mol-1]
b) Reaction between a free molecule and an adsorbed molecule (Eley-Rideal mechanism).
For this model, the adsorbed reagent will react with free reagent in solution. There are two possible cases in this model .
(i) The adsorbed HP reacts with free PN. The HP is adsorbed over catalyst as reaction (1) to form [HP.S] which reacts with free phenol in solution to form products as following reaction:

[HP.S]   + PN (in solution) 
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where kPN (mol.-1.l.m-2.s-1) is rate constant. 
It is assumed that reaction (10) is slow and rate determining step. The rate is given by:
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where kPN is rate constant [min-1.m-2].
(ii) the adsorbed PN reacts with free HP. Phenol is adsorbed over catalyst to form [PN.S] which reacts with free HP in solution to form products as following reaction.
HP (in solution)  + [PN.S] 
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where kPN is rate constant [m-2.s-1]  .

The rate is given by:
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c) Adsorption of two moleculaes without mutual displacement

A third possibility is that reaction occurs between two molecules which adsorb on different types of surface sites.  In this case they do not displace each other from the  surface (i.e. A and B do not compete for surface sites).  
The rate of forward reaction of PN:  
r1 = kPNS.CPN. (1 – θPN)

The rate of reversed reaction of HP:  
r1’ = kPNS’. θHP
The rate of forward reaction of PN:  
r2 = kHPS.CHP. (1 – θPN)

The rate of backward reaction of PN:  
r2’ = kHPS’. θHP
At equilibrium, we have:
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where kPN is rate constant [L.min.m2.mol-1]
The rate constants (kPN) and equilibrium constant (KPNS, KHPS) were determined based on the experimental data. Non-linear regression analysis using Solver-Excel was applied for this purpose. The results were listed in table 2.  
Table 2: Kinetics equations based on the mechanisms proposed
	Model
	Assumptions and kinetics equations
	KPN

	kHPS
(L.mol-1)
	kPNS
(L.mol-1)
	p
-value

	Eley-Rideal
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(phenol and H2O2 adsorbed onto the tin-active site, surface reactive controlling) 
	5.10-5
mol-1.L.

m-2.s-1
	1,488
	1,459
	0,841

	Adsorption of two moleculaes without mutual displacement
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(phenol and H2O2 adsorbed onto the tin-active site without mutual displacment, surface reactive controlling) 
	-0,316

mol-1.L.

m-2.s-1
	0,001
	-0,024
	-


-uncalculated.
It is clear that the model of adsorption of two moleculaes without mutual displacement is not reasonable because of the negative values of rate constant as well as equilibrium constant. 

A model is considered to be appropriate one as the data estimated from model is closed to the experimental data. Paired sample t-test using SPSS-19 was performed to estimate the appropriate degree of model. In statistical hypothesis testing, the p-value is the probability of obtaining a test statistic at least as extreme as the one that was actually observed, assuming that the null hypothesis is true. With the significant level of 0.001, the p-value for both mechanism are similar and larger than significant level. It means that nul hyprothesis is true for both mechanism indicating that the proposed mechanism is reasonable. Then,  H2O2 undergoes dissociative adsorption on a SnO2/MCM-41 surface, while phenol is strongly chemisorbed.  If H2O2 is adsorbed first, its surface distribution is quite open.  Subsequent adsorption of phenol is therefore possible, and reaction could occur via either a LangmuirHinshelwood or an Eley-Rideal mechanism.

4. CONCLUSION
SnO2/MCM-41 is a relevant catalyst for hydroxylation of phenol solution by hydroperoxide to produce dihydroxylbenzene. It possesses excellent catalytic activity and selectivity to dihydroxylbenzene  of catechol and hydroquinone in which hydroquinone is prominent. The phenol conversion was estimated approximate 45 % at the temperature  range of 80-90oC. The phenol hydroxylation reaction undergoes the bimolecular reaction which could occur via either a LangmuirHinshelwood or an Eley-Rideal mechanism.
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