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Abstract

Effects of tin incorporation in titanium silicalite-1 (TS-1) on the kinetic modelling of phenol hydroxylation to dihydroxybenzenes with aqueous
hydrogen peroxide have been investigated. The modelling of the hydroxylation reaction was from the results of a batch reactor, minimizing mass
transfer conditions. The kinetic analysis indicates that under the same reaction conditions, titanium-tin silicalite-1 (Ti-Sn-S-1) gave a higher phenol
conversion rate than TS-1. This was attributed to the Sn active sites. Incorporation of tin influences the initiation of intermediate reactions of
products with hydrogen peroxide. Tin increases the rate of benzoquinone conversion to tar; however, it does not affect hydroquinone and catechol
reactions. A Langmuir-Hinshelwood-type mechanism model was used to fit the proposed phenol hydroxylation and parallel reactions of products
with the observed rate data. The intrinsic kinetic constants were found to be proportional to the concentration of reactants and the Ti and Sn active
sites. The surface reaction yielded the best fit of the model for reactions in the system. It however failed to predict the outcome of the catechol
reaction using TS-1, in which the catechol adsorption on the Ti active site was rate-limiting. The model fitted to the experimental data generated
in this study was determined to provide the best values for the kinetic parameters. The effect of temperature on the hydroxylation rate is also

documented in further detail.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroxylation of phenol (PH) has attracted considerable
attention in the industry in recent years due to the products
generated from this reaction, i.e. hydroquinone (HQ) and cat-
echol (CT). These compounds are used in a broad range of
applications, such as photographic developers, polymerization
inhibitors, rubber antioxidants, food antioxidants, and pharma-
ceuticals [1]. Since Taramasso et al. reported a new invention of
framework substituted microporous materials titanium silicalite-
1 (TS-1) [2], a new route of PH hydroxylation using hydrogen
peroxide (H,O» or HP) as an oxidant was made possible [3]. The
nature of solvents [4], the catalyst properties (external surface,
pore size, and crystal size) [5,6], and the framework titanium
content [7,8], have been identified as the key parameters for this
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reaction. Consequently, the identification and characterization
of active sites [9,10] or the experimental determination of the
conversion and selectivity data [11,12] have been reported in
the literatures. However, few studies have examined the mecha-
nistic details of PH hydroxylation using a kinetic analysis. Such
analysis is fundamental for determining the design and industrial
operating conditions of an optimized large scale catalytic reactor.

An attempt was made by WilkenhOner et al. to develop a
kinetic rate expression for the PH hydroxylation reaction [6].
They monitored the rates of disappearance of PH and H,O; and
appearance of desired products, HQ and CT, and fitted the data
with a power law model in which the reaction orders correspond
to both reactant concentrations. They concluded that the pore
structure and the external surface of TS-1 play an important role
on the PH conversion and the product formation rates. However,
statistical analyses of the experimental data generated using their
models were not proven.

Recently we reported that a bimetallic framework titanium-
tin silicalite-1 (Ti-Sn-S-1) performed with higher catalytic
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Nomenclature

C; concentration of the component “7”” (mol 1=
k, K symbols used for kinetic constants

SBET catalyst surface area (m2 g_l)
t reaction time (s)

T reaction temperature (°C)

w catalyst weight (g)

Xi partial conversion

activity for PH hydroxylation than TS-1 (at the same Si/Ti ratio),
estimated 26% [13]. The optimal tin content provides for a faster
adsorption of the reactants, especially H,O;, due to a higher
Lewis acid property of tin than titanium in silicalite-1 molecule.
The same paper also reported experimental data showing the
influence of the solvent, the catalyst pore structure, and the tin
incorporation on the time evolution of the conversion and selec-
tivity of the PH hydroxylation with dilute H,O». In this work, an
extensive calculation was performed of the equilibrium concen-
tration using a Langmuir—Hinshelwood approach. The scope of
this paper is to investigate the effect of tin incorporated in TS-1
framework on the kinetics of PH hydroxylation and interme-
diate reactions of products compared with using TS-1. These
estimations were made under the same conditions as mentioned
in the previous report. The objectives of the present work are to
combine the reported kinetic data and to reexamine the kinetic
analysis in order to represent the time-dependent reaction rate
and establish a plausible reaction mechanism for the selective
hydroxylation of PH using TS-1 or Ti-Sn-S-1.

2. Experimental
2.1. Catalyst preparation and characterization

TS-1, obtained from National Chemical Laboratory (NCL),
Pune, India, was prepared based on the literature recipe [11].
Ti-Sn-S-1 was synthesized according to the ref. [14]. The char-
acterization data of these catalysts are shown elsewhere [13].
The surface area, porosity, UV, IR, and XRD spectra, crys-
tallinity, tetrahedral tin and titanium location, acidity, etc., are
documented.

2.2. PH hydroxylation and intermediate reaction of
products

The hydroxylation reaction was carried out in a 100 ml,
water jacketed, three-necked, glassflask fitted with a condenser
and a mechanical stirrer. The stirring rate was kept constant
and controlled at a speed ensuring intrinsic kinetic observa-
tion. The temperature was controlled by a thermostated water
bath (LAUDA ecoline RE 206). To initiate the reaction, HyO;
(30 wt%, Aldrich) was added all at once to the mechanically
well stirred aqueous solution of PH (99.5 wt%, Aldrich) which
contained catalyst at the desired reaction temperature. Typically,
1 wt% of catalyst based on the total solution was used. Although,

most of the open and patent literature describes GC methods for
analysis [3-5,7,8,11-13], our earlier study indicated that the GC
methodology was not reliable. This is because a hot GC injection
port can cause secondary reactions which will change the prod-
uct composition. Therefore, in this study, the reaction products
were collected and analyzed using a HPLC (Hewlett Packard,
Series 1050). The HPLC was equipped with a C-18 column
(Altima, Alltech) using 40 vol% of acetonitrile in 0.1 vol% of
aqueous phosphoric acid solution as a mobile phase and a UV
detector operating at 254 nm. The tar formation was calculated
based on mass balance. The H,O; consumption was determined
by iodometric titration (ASTM Test Method D 2340-96).

For the concentration effects, the reactions were carried out
with different molar ratios of PH to HyO, as follows: 3to 1, 2
tol,1to1,1to2,and 1 to 3.

The temperature effects were studied by carrying out the
reaction at different temperatures: 50, 60, 70, and 80 °C.

The intermediate reactions of hydroxylation products were
carried out in the same conditions as mentioned for PH except
using HQ (>99 wt%, Aldrich), CT (>99 wt%, Aldrich), or ben-
zoquinone (BQ, 98 wt%, Aldrich) instead.

3. Results and discussion
3.1. Mass transfer considerations

The effect of stirring rate on the rate of reaction was stud-
ied in the range of 600-1200 rpm under standard conditions. It
was observed that the initial rate of PH hydroxylation was inde-
pendent of the stirring rate above 800 rpm. Beyond 1000 rpm, a
vortex flow pattern occurred. This indicates that the resistance to
mass transfer from the liquid phase to the solid surface is absent
at 800—1000 rpm. In order to ascertain the absence of pore dif-
fusion, catalysts having different crystal sizes (particle sizes) in
the range of 120-200 nm were tested for their initial hydroxyla-
tion rate, at 1000 rpm stirring rate. It was found that there was no
affect in regards to particle size of the catalyst, on the initial rate
of reaction. The effectiveness factor is unity. From this data, the
conclusion was made that the intrinsic kinetics could be derived
from the experimental data. Thus, all further experiments were
carried out at stirring rate of 1000 rpm.

3.2. Effect of tin incorporation on PH hydroxylation

Catalytic activities on PH and H,O» conversions compared
when using TS-1 and Ti-Sn-S-1 are shown in Fig. 1. The results
indicate that under the same conditions, Ti-Sn-S-1 shows con-
siderably higher activity than TS-1. This result was obtained
for every studied PH to HyO, molar ratio; however, the selec-
tivity of the desired products when using Ti-Sn-S-1 and TS-1
were almost the same, 60% to HQ and 35% to CT. Moreover,
the conversions of PH and H,O, with these two catalysts were
strongly influenced by the initial concentrations and the reac-
tion time while the distributions of the preferred products were
roughly independent of these factors. In addition to HQ and CT,
BQ and tar (TA) were produced in these systems, at an estimated
5% selectivity. This indicates that the tin incorporation affects
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Fig. 1. Comparison of (a) PH and (b) H,O, conversions using TS-1 and Ti-Sn-
S-1 in water at 60 °C (PH:H,O, =2:1).

the PH and H,O; conversion rates but not the overall product
selectivity.

3.3. Effect of tin incorporation on the intermediate
reactions of products

During PH hydroxylation, the products produced in the sys-
tem are also active for reaction with H,O; in the presence of
catalyst. Fig. 2 shows the reaction of these products with H;O»
under the same conditions of PH hydroxylation.

Fig. 2(a and b) show the comparison results of BQ reac-
tions with different H, O, molar ratios using TS-1 and Ti-Sn-S-1,
respectively, in water at 60 °C. BQ converted to TA with 100%
selectivity over the range of the studied conditions with TS-1 and
Ti-Sn-S-1. It is clearly seen that the conversion of BQ strongly
depends on concentrations of both BQ and H, O, but not reaction
time. However, when using Ti-Sn-S-1 as a catalyst, BQ con-
version was affected by the reactant concentrations more than
using TS-1. Additionally, the reaction did not take place without
H>0» or a catalyst. It can be concluded from these results that
tin incorporation only affects the BQ conversion but not the TA
selectivity.

The reactions of HQ, using TS-1 and Ti-Sn-S-1 with different
H>0O;, molar ratios in water at 60 °C, were also studied. The

results are shown in Fig. 2(c and d). BQ was the only product
produced during the reaction with TS-1 and Ti-Sn-S-1, despite
very low HQ conversion. When using TS-1 as a catalyst, the
reactant concentrations had more effect on HQ conversion than
using Ti-Sn-S-1. The HQ conversions using TS-1 and Ti-Sn-S-1
were not influenced by the reaction time.

Fig. 2(e and f) shows the CT reactions using TS-1 and Ti-
Sn-S-1 with different HyO, molar ratios under the specified
conditions. The reactions were only selective to TA in which TS-
1 gave a higher CT conversion than Ti-Sn-S-1. Furthermore, the
results indicated that CT conversions using TS-1 and Ti-Sn-S-1
were affected by reactant concentrations, but not the reaction
time. It should be noted that the CT reaction did not occur in the
absence of H,O» or catalyst.

3.4. Effect of tar formation on the reaction rate

Although TA was highly produced from two reactions, BQ
and CT (Fig. 2), it was not favored in the PH hydroxylation
system. TA can plug catalyst pores resulting in lower catalyst
activity [6], consequently retarding reaction rates. To verify this,
the reactions of PH, BQ, HQ, and CT with H,O; using spent
catalysts (tar-plugged TS-1 and tar-plugged Ti-Sn-S-1) were
carried out.

Fig. 3 shows the comparison of PH conversion with H,O» (a)
between using TS-1 and spent TS-1 and (b) between using Ti-Sn-
S-1 and spent Ti-Sn-S-1, in water at 60 °C. PH conversion was
extremely low with spent catalyst compared with fresh one. The
reaction rate of PH significantly decreased with spent catalyst.
Furthermore, it was found that no conversions were observed
in the reactions of BQ, HQ, and CT with these spent catalysts
(not shown). These results support our belief that the produced
TA can plug the catalyst pores then decrease the catalyst activity,
and therefore the reaction rate. Thus, a constant conversion in the
reactions of intermediate products was observed (Fig. 2), allow-
ing one the determination of constant overall product selectivity.
Nevertheless, these intermediate reactions influence the reaction
mechanism.

3.5. Kinetic models

3.5.1. Reaction pathway

From these results, the parallel-sequential reaction scheme
can be drawn as shown in Scheme 1. PH reacts with H,O,,
which then irreversibly converts to BQ, HQ, and CT. Subse-
quently these products change under hydroxylation conditions;
BQ and CT change to TA, and HQ changes to BQ. Since the
rates of H,O, decomposition and non-catalytic PH hydroxyla-
tion are insignificant under the studied conditions, they are of
little consequence to the kinetic model.

3.5.2. Reaction mechanism

Based on the reaction pathway, a series of mechanistic
hypotheses were proposed. A possible mechanism for catalytic
PH hydroxylation using TS-1 was formulated in which the prod-
ucts formed as a consequence of a sequence of elementary
reaction steps, shown in Scheme 2. Both H,O, (HP) and PH
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Fig. 2. Effect of tin incorporation on the intermediate reaction of products with different H,O, molar ratios (reactant:H,0O,) using TS-1 and Ti-Sn-S-1 in water at

60 °C: (a and b) BQ reactions, (c and d) HQ reactions, (e and f) CT reactions.

adsorb on the Ti active site (S), step (1) and (2). The interac-
tion of sites with HP gives a titanium-hydroperoxo group [9].
Subsequently, the interacted HP molecule further reacts with
the activated PH to form the products, step (3) to step (5). The
products are also activated by H,O» under the hydroxylation
conditions, step (6) to step (8) show these reactions. The cat-
alytic cycle is finally ended with desorption of products in step
(9) to step (12).

For Ti-Sn-S-1, the reaction mechanism is almost the same
as TS-1 except the addition of the tin active site (S") adsorption
with the reactants, PH and HP, and the irreversible reactions of
these adsorbed active sites on the catalyst surface, as shown in
Scheme 3.

The systematic efforts of kinetic model derivations using
the classical Langmuir—Hinshelwood approach were conducted.
The two hypotheses were introduced to evaluate the kinetic equa-
tions on a theoretical basis: (1) the existence of a rate-limiting

step and (2) the assumption of a stationary state approxima-
tion for the unstable intermediate appearing in the mechanism
(Pseudo-Steady-State Hypothesis (PSSH)) application. In this
work, we considered the adsorption or the surface reaction as
the rate-limiting step as the rate of desorption for the product is
very rapid, under the studied conditions.

For TS-1, the selective rate equation derived from the assump-
tion that the adsorption of a reactant on the Ti active site is the
rate-limiting step is: for HP adsorption as the rate-limiting step;

kiC
= i HP (1
1+ KisC;
for PH (or BQ, HQ, and CT) adsorption as the rate-limiting step;
kiCi
—=— )
1 + KupsCup

where “7” is PH, BQ, HQ or CT and S is available Ti active site.
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Scheme 2. Mechanisistic scheme for PH hydroxylation and intermediate reac-
tions of its products with H, O, using TS-1: HP represents H>O; and S represents
the catalytic Ti active sites available.

For the assumption that both PH and HP are adsorbed on
the active site and that surface reaction between adsorbed PH
and adsorbed HP is the rate-limiting step, the following rate
expression is obtained:
= lel Cup 5 (3)

(1 + KupsCup + KisCi)
where “i”” is PH, BQ, HQ or CT and S is available Ti active site.

For Ti-Sn-S-1, the rate equation which the adsorption of reac-
tant on the active site Ti and Sn is the rate-limiting step is similar
to Egs. (1) and (2). However, for surface reaction as the rate-
limiting step, the adsorbed PH and HP on Sn active sites are
also involved in the rate equation as follows:

i GCiCh
(1 4+ KupsCup + KisCi)*(1 + Kyps Cp + KiS’Ci)2(4)

where “i” is PH, BQ, HQ or CT, S the available Ti active site,
and S is available Sn active site.

3.5.3. Kinetic calculation

Designating conversions of PH through the reactions (1)-(3)
(based on Scheme 1) are Xpy pQ, XpH,HQ, and Xpy,cT, respec-
tively. The conversions of BQ and CT to TA as in reactions (4)
and (5) (Scheme 1) are assigned as Xpq,a, and XcT,TA, respec-
tively. And for HQ conversion to BQ, reaction (6) in Scheme 1,
is given by Xy . Concentration of components in the system
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tions of its products with HyO, using Ti-Sn-S-1: HP represents H,O,, S
represents the catalytic Ti active site available and S’ represents the Sn active
site available.

at any reaction time in batch reactor will be

Cpu = Cpuo(1 — Xpu,BQ — XpPH,HQ — XPH,CT),

CH,0, = CH,0,0(1 — XH,0,,0verall)

CBQ = CpHo(XPH,BQ — XBQ,TA) + CHQXHQBQ:
CHQ = CpHo(XPH,HQ — XHQ,BQ)

Ccr = Cpro(XpH,cT — XCT,TA)S
Cta = CeoXBQ,1A + CcrXCT,TA

Finally, the differential equation form for the reaction is

dc;

dr
where C; is the concentration of component “” at any
time (moll™!), r; the reaction rate of component i’
(moll_1 m—2 s_l), W the catalyst weight (g), and Sggt is the

catalyst surface area (m> g~ ).

= —r; X W x SBET

3.5.4. Parameter estimation

The kinetic parameters, i.e. the rate constant (k;) and the
equilibrium constant (Kj), were determined based on the exper-
imental data. The POLYMATH non-linear regression analysis
[15] was applied for this purpose. The procedure is that assum-
ing the common equilibrium constants and then determining the
kinetic constant based on the simulation [16]. Further varying
these values until find their best value that minimizes the sum of
squares (02). The criteria used to evaluate the best rate equation
are based on the agreement between the calculated and exper-
imentally obtained conversions and the statistic significance,
F-test and #-test [17].

A summary of rate equations and parameters evaluated using
POLYMATH program for the reactions using TS-1 and Ti-Sn-
S-1 with the 95% confidence limits is shown in Tables 1-4. For
PH, HQ, and BQ reactions using TS-1 (Tables 1 and 2), the
Langmuir—Hinshelwood kinetic rate expression which involved

Table 1
Summary of rate expressions and kinetic parameters for the PH hydroxylation using TS-1
Eq. Rate expression Rate parameter 95% confidence limits Fo.95 value to.95 value
- - kBQCpu Crp k= -6 -7 —10
1 U= TBQ = ([ Ko Cort Ko sCon kpg=k1=3.05x 10 £9.59 x 10 9.08 x 10 0.56
Kups=3.75 +3.42
Kpus=>5.56 +4.21
_ _ kuQCruCrp k= -5 -5 —12
2 "2 = THQ = (ks Com t KomsCorn kng =k2=9.21 x 10 +1.26 x 10 9.38 x 10 0.43
Kups=3.75 +3.42
Kphs=5.56 +4.21
— — ket Cpr Crp — ey = -5 —6 —11
3 "3 =TCT = (5 Rops Caot Keois Coni kcr=k3=5.44 x 10 +9.89 x 10 4.03 x 10 0.40
Kups=3.75 +3.42
Kpns=5.56 +4.21
_ — _ kpuCpuCup _ —4 _5 _
PPH.overall = (e e kpn=1.55 %10 +1.61 x 10 0.99 1.29
Kups=3.75 +3.42
Kpns=5.56 +4.21

Note: ki, ka, k3, and kpy in the unit of 1mol~! m~2

s™'; Kups and Kpy g in unit of 1mol~!; tabulated F o5 value = 6.39; tabulated 995 value =3.18.
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Table 2
Summary of rate expressions and kinetic parameters for the intermediate reactions of products using TS-1
Eq. Rate expression Rate parameter 95% confidence limits Fo.95 value 10.95 value
k. CeqCurp _
_ — BQ I — 4 —4
4 r4 = —IrpQ T+ KumsCant Kooy o) kpq =ka =3.39 x 10 +2.62 x 10 5.33 1.91
Kups=3.75 +3.42
Kpos=11.82 +5.34
kl..Cer -5 -5
5 rs = —rcr = Hglm ke =ks =2.17 x 10 +1.78 x 10 0.56 2.05
Knps=3.75 +3.42
k! CuqQCup _
_ _ HQ / _ _ 7 -7 _
6 re = —rHQ = (7K Cort Ky Cna)? kg = ke = 6.95 x 10 +1.37 x 10 0.54 1.25
Kups=3.75 +3.42
Kugs=191 +1.86

Note: ks and kg in the unit of 1mol~! m—2

value =4.30.

the surface reaction between the adsorbed HP and the adsorbed
reactant “i” (PH, HQ or BQ) on the active sites Ti (HP-S, PH-S,
HQ-S, and BQ-S) yielded the best statistical and meaningful
data. The calculated F 95 value (comparing the regression sum
of squares to the residual sum of squares) is the highest among
the rival rate equations, which using different assumptions (Egs.
(1) and (2)), and exceeds the tabulated Fyy 95 value. Furthermore,
the calculated F 95 value comparing between the data from the
chosen model and the replicated experiments (Fp 95 value in the
table) is much lower than the tabulated F) 95 value. This indicates
that the selected model is statistically adequate and provides the
parameters satisfying the physicochemical constraints, positive,
and statistically, significantly different from zero.

s™!; ks in unit of m~2s™!; Kups, Kpqs, and Kuqs in unit of Imol~!; tabulated Fygs value=19.00; tabulated #99s

Besides the F 95 values, the #y.95 values (compared between
the model predicted and the experimental data) are also shown in
the tables. The calculated #( 95 values for every rate equation are
in the interval of the accepted #y.95 value based on the statistical
t-test table. This indicates that each of these kinetic parameters
represent our experimental data.

For CT reaction using TS-1, the statistical significance exhib-
ited that the adsorption of CT on the active site Ti as the
rate-limiting step gave the best fit. This can be explained by
limitation of CT adsorption on TS-1 due to the shape selec-
tivity effect, the steric restrictions in the transition state and
different diffusivity of ortho- and para-product due to the large
cross-section of CT [18].

Table 3
Summary of rate expressions and kinetic parameters for the PH hydroxylation using Ti-Sn-S-1
Eq. Rate expression Rate parameter 95% confidence Fo o5 value t0.95 value
limits
kpqC2,C?
1 ri=rsg = PO PP . kso=k =450 x 1073 £1.50x 1073 174 %1078 047
(1 + KupsCup + KpusCpu)~(1 + Kup s/ Cup + Kpns Cpn)
Kuyps=3.75 +3.42
Kpys=5.56 +4.21
Kups =9.63 +£90.48
Kppg =17.34 +15.57
knqCayC
2 r2 = rug = HQ P P . kio=ky=1.10x 1071 £2.67 x 1072 1.09 x 10710 —0.55
(I + KupsCup + KpusCpu)“(1 + Kyps' Cup + Kpus Cpn)
Kups=3.75 +3.42
Kpys=5.56 +4.21
Kyps =9.63 +9.48
Kpug =17.34 £15.57
kerCaC3
3 rs = rer = CIPHTHP . ker=k;=6.31x 1072 £1.76 x 1072 6.92x 1011 0.99
(I + KupsCnp + KpusCpr)“ (1 + Kups' Cup + Kpus' Crr)
Kups=3.75 +£3.42
Kpys=5.56 +4.21
Kups =9.63 +9.48
Kpyg =17.34 +15.57
kpnC2,C3
—FPH,overall = TPt HP > kpn=182x10"" +1.37 x 10~ 1.23 1.35
(1 + KupsCup + KpusCpu)~(1 + Kpps' Cup + Kpus Crn)
Kups=3.75 +3.42
Kpys=5.56 +4.21
Kyps =9.63 +£9.48
Kppg =17.34 +15.57

Note: ki, k, k3 and kpy in the unit of 1> mol=> m~2s~!; Kyps, Kypy, Kpus, and Kpy ¢ in unit of 1 mol~!; tabulated F 95 value = 6.39; tabulated fo.95 value =3.18.
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Table 4
Summary of rate expressions and kinetic parameters for the intermediate reactions of products using Ti-Sn-S-1
Eq. Rate expression Rate parameter 95% confidence Foos value  1y9s5 value
limits
k. C2 C2
4 ry=-ro= b 5 kho=hks=533x10"" £356x 107! 1.24 1.99
(1 + KupsCup + KBQsCnq)~ (1 + Kups' Cup + KpQs'CBQ)
Kups=3.75 +3.42
Kpos=11.82 +5.34
Kypg =9.63 +9.48
Kpggs =3.34 +1.58
ki C2C3
5 rs = —rcr = o 5 kpp =ks = 158 x 107! £2.80 x 1072 2.00 -0.36
(1 + KupsCup + KcrsCer)™(1 + Kups' Cup + Kcrs Cer)
Kups=3.75 +3.42
Kcrs=2.75 +1.86
Kypg =9.63 +9.48
Kerg =1.49 +1.46
ko C40 Ch
6  re=-rmo= 2 T > Kig=ke=182x10"* £8.09x1073 2.76 -2.10
(1 + KupsCup + KnosCn)“(1 + Kups' Cup + Knos' Cuo)
Kups=3.75 +3.42
Kugs=191 +1.86
Kypg =9.63 +9.48
Kugs =0.17 +0.13

Note: k, ks, and ke in the unit of P mol 3 m~2s™!; Kypys, Kupyss KBQs: Kpqs'»> Kers, Kerg's Kngs, and Kyg g in unit of 1 mol~!; tabulated Fo o5 value=19.00;

tabulated 7 95 value =4.30.

Using Ti-Sn-S-1 as a catalyst for the PH hydroxylation, the
Langmuir—Hinshelwood rate expression with the surface reac-
tion between the adsorption of PH and HP on the active sites Ti
and Sn, PH-S, PH-S’, HP-S, and HP-§', gave the best statistically
adequate parameters (Table 3). Additionally, the surface reac-
tion as the rate-determining step provided the best results for the
intermediate reactions of products using Ti-Sn-S-1 as a catalyst
(Table 4). For CT reaction with Ti-Sn-S-1, the tin incorporation
decreases the limit of CT adsorption due to the increasing of cat-
alyst pore size [13], thus less shape selectivity effect than using
TS-1.

Fig. 4 shows the parity plot of the fractional conversion of
PH: (a) with TS-1 and (b) with Ti-Sn-S-1. It shows excellent
agreement over the range of PH conversions when random devi-
ation from the diagonal line is observed. These results confirm
the absence of systematic error in the analysis.

Fig. 5 shows the concentration plots of the components in the
system during the reaction with TS-1 and Ti-Sn-S-1 under stan-
dard conditions compared between the values from the model
prediction and the experimental data. The results show a good
fit between these two data confirming that the kinetic model can
describe the catalytic PH hydroxylation with these two catalysts.
However, some deviations at high conversion are visible. A pos-
sible explanation for such behavior is that the kinetic resolution
was not accounted by the model, only the primary reactions were
considered while the secondary reactions were neglected.

3.6. Effect of tin incorporation on the kinetics of PH
hydroxylation and the intermediate reactions of products

Tin incorporation in TS-1 framework enhanced PH hydroxy-
lation rate through the higher adsorptions of PH and HP on the tin
active sites than the titanium ones, as a result of kinetic analysis
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Fig. 4. Parity plot for the fractional PH conversion (a) with TS-1 and (b) with
Ti-Sn-S-1.



R. Klaewkla et al. / Chemical Engineering Journal 129 (2007) 21-30

29

TS-1
1.2
o e ® PH (exp) —— PH (cal)
= " HP (exp) —— HP (cal)
£
=]
=
g
g
©
@]
00 T T T T T T
0 10 20 30 40 50 60
(a) Time (min)
0.6
j; 5] ® HQ(exp) —— HQ(cal)
) B CT (exp) — CT (cal)
E 044
=
2
E
g
2]
@]

(c) Time (min)
0.03
o ® BQexp) — BQ(aal)
g 0024 " TA (exp) —— TA (cal)
g -
E
5
<9
S
@]
(e) Time (min)

Ti-Sn-S-1
1.2
TR 10 ® PH (exp) — PH (cal)
% ®  HP (exp) —— HP (cal)
Z 08 g
.E 0.6
g
g o ]H\k'\.\i\.
S 02
&}
00 T T T T T T
0 10 20 30 40 50 60
(b) Time (min)
0.6
e sl @ HQexp) ——HQ(eal)
= 5 CT (exp) — CT (cal)
E 044
=1
2
E 03
5 02
2
5
o 014 [ ]
OO ' T T T T T T
0 10 20 30 40 50 60
(d) Time (min)
0.03
o™ ® BQ(exp) —BQ(cal)
E bl ® TA (exp) ——TA (cal)
=
g
2 =
g
0011
] ]
15}
o ] [ ] °
000 T T T T T T
0 10 20 30 40 50 60
(f) Time (min)

Fig. 5. Comparison of model predictions (solid line) with the experimental data (open line) of components in PH hydroxylation system using TS-1 and Ti-Sn-S-1
in water at 60 °C, 60 min (PH:H2O, =2:1): (a and b) for reactants, (c and d) for desired products, and (e and f) for by-products.

(Tables 1 and 3). Namely, the two comparisons of Kyp g > Knps
and Kpy ¢ > Kpy s are the important keys. Not only the equilib-
rium constants but also the kinetic constants are quite higher on
the Ti-Sn-S-1 than those on TS-1. The value of k; in Table 3 is
1000 times higher than k1 in Table 1. This shows that the incor-
poration of tin enhanced the reaction between the adsorbed HP
and PH, not only the adsorption. These are logically provided
by the Langmuir-Hinshelwood like models.

Tin incorporation in TS-1 framework also influenced the rate
of intermediate reactions of products. For BQ reaction using
TS-1, the rate of reaction strongly depends on the adsorption of
BQ on the titanium active site (Kgqs) (Table 2). When tin was
incorporated, an increase in HP adsorption on the tin active sites
played an effect. Furthermore, it was observed that the value of
k4 in Table 4 was much higher than that of k4 in Table 2. This
indicates that a higher BQ conversion when Ti-Sn-S-1 was used
instead TS-1 (Fig. 2) resulted from a higher adsorption of BQ
and HP and a higher reaction between these adsorbed reactants.

For CT reaction using TS-1, the reaction rate is mainly influ-
enced by the adsorption of HP on the titanium active site (Kgp s
in Table 2) and the concentration of CT, due to the limitation of
CT adsorption. When tin was incorporation in TS-1, the adsorp-
tion of CT was fewer limits. However, the rate of CT reaction
using TS-1 was higher than using Ti-Sn-S-1 (Fig. 2). This sug-
gests that the higher adsorptions of CT and HP on the tin active
sites retard the reaction of CT.

For HQ reaction, HQ adsorption on the titanium active sites
is lower than that on the tin ones, Kuq s > Kyq 5. However, these
two values are small giving that the reaction rate of HQ was very
little.

3.7. Effect of temperature and activation energy
The effect of temperature on the hydroxylation of PH using

TS-1 and Ti-Sn-S-1 was also investigated. The reactions were
carried out using 2 to 1 of PH to H,O; molar ratio in water at
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Fig. 6. Arrhenius plot of the overall rate constant “kpy ” for the PH hydroxylation
with HyO, (PH:H20; =2:1) using TS-1 and Ti-Sn-S-1 in water.

different temperatures between 50 and 80 °C. The result shows
that the conversion of PH increased with the increasing of the
temperature due to a higher HyO, activation at high tempera-
ture. The influence of reaction temperature on the reaction rate
described as the Arrhenius expression:

—Eq0
kpH,overall = kpH,f €Xp < RT ) )
where kpy f is the pre-exponential factor and E, is the apparent
activation energy is shown in Fig. 6. From the Arrhenius plot, the
straight line represents the linear fit of the data points estimated
Eyo for PH hydroxylation using TS-1 and Ti-Sn-S-1 equals to
63.5 and 64.3 kJ mol~!, respectively.

4. Conclusion

In summary, TS-1 and Ti-Sn-S-1 are highly active and selec-
tive for PH hydroxylation and the reactions of intermediate
products. Tin incorporation in TS-1 increases the rate of PH
and BQ conversions; however, it does not for the HQ and CT
ones. TA formed during the reaction of BQ and CT can plug
the catalyst pores then decrease the catalyst activity, and conse-
quently retard all reaction rates. As a result, the overall product
selectivity was constant. A possible reaction pathway proposed
based on the experimental results indicates that the PH hydroxy-
lation is a complex reaction; PH was permanently hydroxylated
to BQ, HQ, and CT, then BQ and CT converted under the
same conditions to TA while HQ changed to BQ. The maxi-
mum reaction rate is the formation of TA from BQ and CT;
however, as produced TA plugs the catalyst pores, these reac-
tion rates are declined. According to the statistical analysis, the
Langmuir—Hinshelwood mechanism as the surface reaction is
the rate-limiting step. It yields the best model fitting for almost

all reaction with TS-1 and Ti-Sn-S-1 with exception for the CT
reaction where the adsorption of CT on the surface of TS-1 is the
rate-limiting step. The proposed reaction mechanisms, the estab-
lished kinetic equations, and all parameters can be accepted for
representing the experimental data. Based on the kinetic model,
tin affects the PH hydroxylation by increasing the adsorption of
reactants (HP and PH) and the reaction between these adsorbed
reactants. However, tin incorporation lowered the adsorption of
BQ, CT, and HQ, and retarded the reactions of HQ and CT.
PH hydroxylation reaction with TS-1 and Ti-Sn-S-1 strongly
depends on the reaction temperature. The apparent activation
energy of this reaction is estimated 64 kJ mol~! for using TS-1
and Ti-Sn-S-1.
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