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with the experimental results.

INTRODUCTION

Propylene oxide, which is an essential chemical material
used in the synthesis of polyether polyols, propylene glycols
and propylene glycol ethers'? has become increasingly
important in the chemical industry since 1950s**. The global
consumption of propylene oxide increased from approximately
3.9 million tons in 1991 to 6 million tons in 2009, which is
predicted to grow over 7 % annually from 2009 to 2014 owing
to the increasing demand”’.

Propylene oxide is currently produced by two different
commercial processes, i.e., the chlorohydrin process and the
hydroperoxidation process'. However, both of these processes
suffer from inevitable disadvantages. The former one is not
environmentally friendly due to the utilization of environ-
mentally hazardous chlorine and the production of chlorinated
organic byproducts as well as calcium chloride. The latter
process produces equimolar amounts of co-products, styrene
or tert-butanol and the viability of this process depends on the
existence of a market for such co-products. In recent years,
seeking novel approaches instead of the conventional ones to
produce propylene oxide has attracted worldwide attention
and many studies concerning the gas-phase propylene
epoxidation using molecular oxygen or the mixture of oxygen
and hydrogen have been reported®*’. For example, Haruta
et al.”"* studied the gas-phase propylene epoxidation by the
mixture of oxygen and hydrogen over TiO,, titanosilicate- 1
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(TS-1), Ti-MCM-41 and Ti-MCM-48 supported gold catalysts.
Recently, Nguyen et al.’ studied the photocatalytic epoxidation
of propylene by molecular oxygen. However, the gas-phase
epoxidation of propylene catalyzed by the currently available
catalysts exhibited extremely low propylene oxide yield and
selectivity, a considerable gap still existed between industrial
applications and the fundamental academic research.

Compared to the propylene oxide production processes
mentioned above, the process of epoxidizing propylene with
hydrogen peroxide to propylene oxide (HPPO) catalyzed by
TS-1 is advantageous in the aspects of co-products and environ-
mental friendliness”"*®. Figs. 1 and 2 depict the epoxidation
of propylene with hydrogen peroxide over TS-1.

CHsCH— CH, H*/OH" CH,CH—CH,
\ / + H20 —_— |
o OH OH

Fig. 1. Main reaction

H*/OH

CH,CH—CH,
\/ + CHOH —»

CH;CH—CH, / CH;CH—CH,

OH  OCH; OCH; OH

Fig. 2. Side reaction

Until now, the industrialized HPPO processes of Dow/
BASF and Evonik/Uhde are the most mature, which have
been commercialized in Belgium, Korea and Thailand®*?'. A
higher H,O, conversion and propylene oxide selectivity can
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be obtained over TS-1 or modified TS-1 using CH;OH/H,O
as the solvent™™,

Previous studies**** have reported the effects of solvents
such as methanol/water and isopropanol and other operating
conditions on the epoxidation of propylene with hydrogen
peroxide. Especially, studies on the kinetics of propylene
epoxidation have also been reported with slurry reactors™*.
Liang et al.* developed a kinetic model derived from the Eley-
Rideal mechanism with H,O, adsorbed on the active sites and
free C;Hs. Shin et al.** proposed a kinetic model following the
Langmuir-Hinshelwood mechanism with CsHg and H,O, both
adsorbed on the active sites. However, slurry reactors, either
continuous or batch, require the separation of catalysts, sugges-
ting extra cost and operation time with the abrasion of the
catalyst. Moreover, the severe back mixing in the continuous
operation and the high ratios of liquid to catalysts will lead to
possible side reactions, resulting in the decrease of propylene
oxide selectivity. Due to these disadvantages described above,
slurry reactors are not suitable for the reaction from both the
industrial and the economic points of view.

Based on the requirements and characteristics of the HPPO
process and the engineering considerations, fixed-bed reactors
are currently regarded more suitable. However, in contrast to
the massive research on slurry reactors reported, investigations
on the application of fixed-bed reactors have seldom been
accessed. Pan et al.*' studied the effects of operating conditions
on the propylene epoxidation over TS-1 in a fixed-bed reactor
and high H,O, conversion (> 94 %) and propylene oxide
selectivity (> 90 %) were obtained under optional conditions.
Li et al.** reported that the supported TS-1 used in a fixed-
bed reactor exhibited a long catalytic life (200 h) and the studies
concerning the effects of solvents and sodium ions on the
epoxidation of propylene in the fixed-bed reactor were succe-
ssively reported by them. Recently, the epoxidation of propylene
over modified TS-1 zeolite catalysts in a fixed-bed reactor was
studied by Dong and Guo* and the catalytic life of the modified
TS-1 was more than 1000 h with H,O, conversion and propylene
oxide selectivity being above 95 and 95 %, respectively.
Nevertheless, modeling of hydrogen peroxide to propylene
oxide over TS-1 in the fixed-bed reactor has not been explored
in detail hitherto. Therefore, accurate understanding of the
reaction kinetics is imperative in order to establish a realistic
model of propylene oxide reactor for industry applications.

Thereby motivated, the present work aims to systema-
tically examine the propylene epoxidation catalyzed by TS-1
and develop a kinetic model for a fixed-bed reactor. Continuous
reactions were carried out under high-pressure and the effects
of temperature, pressure, methanol concentration and hydrogen
peroxide concentration on the propylene epoxidation were
studied. Four kinetic models were proposed to describe the
formation of propylene oxide to correlate with the experimental
results to elucidate the reaction mechanism.

EXPERIMENTAL

Methanol (AR), isopropyl alcohol (AR), 30 wt and 50 wt
% hydrogen peroxide (AR), tetraethyl orthosilicate (AR) and
butyl titanate (AR) were purchased from Tianjin Guang fu
Fine Chemical Research Institute Co., Ltd., China. Propylene
(99.99 %) was purchased from Tianjin Division of SINOPEC.

Silica sol was purchased from Sigma-Aldrich. Tetrapropyl-
ammonium hydroxide was prepared through ion-exchange.

Synthesis of titanosilicate-1: Titanosilicate- 1 was prepared
according to the method described in the literature**. A
solution of 2.2 g butyl titanate, 23.7 g dried isopropyl alcohol
and 94.5 g tetraethyl orthosilicate were added into a solution
of 15 wt % tetrapropyl-ammonium hydroxide (TPAOH) in
water with vigorous magnetic stirring under N, atmosphere.
The resulting mixture was continuously stirred for 2 h to evapo-
rate ethanol formed. During this time, distilled water was added
to compensate for the weight loss. The molar ratio of SiO,/
TiO, was 70 in the final solution. Then the mixture was
transferred to a 300 mL PTFE lined stainless steel autoclave
and heated in an oven at 175 °C, under autogenous pressure
without stirring, for 72 h. After cooling to the room tempera-
ture, the crystalline product was separated from the liquid by
filtration, washed with water to pH =7, dried for 6 h at 120 °C
and finally calcined for 6 h at 550 °C in air.

Synthesis of TS-1/Si0,: TS-1/SiO, was prepared accor-
ding to the procedure described in the literature®. The mixture
of 1.98 gsilica sol, 4 g TS-1 and 0.16 g tianging powder was
grinded for 40 min and then extruded into ¢1 mm strips with
an extrudating machine. Titanosilicate-1/SiO, was dried for
6 h at 120 °C and finally calcined for 6 h at 550 °C in air. The
strip TS-1/Si0, was cut into cylindrical pieces of ¢$1 mm x
1 mm for the use in the fixed-bed reactor. In the testing to
remove the internal diffusion effects, the strips were grounded
into 20-40, 40-60 and 60-80 mesh.

Experimental apparatus and procedure: The schematic
diagram of the experimental apparatus for the epoxidation of
propylene is illustrated in Fig. 3.

8.82 g Titanosilicate-1 (15 mL) diluted with 8.55 mL
ceramic particles was added into a stainless steel tube reactor
(L =1200 mm, d =6 mm) and a little bit of stainless steel wire
was put into the entrance and exit of the reactor respectively
to avoid the dropping of catalysts. A stainless steel tube of
2 mm diameter with a thermocouple was embedded in the
reactor to determine the temperature. The reaction temperature
was controlled by a thermostatic circulating water bath with
the constant flow rate of 6 L min"' and the temperature
difference along the reactor was less than 0.5 °C. The high
pressures were realized with N, and the propylene was always
in liquid and excess in the experiments (the molar ratios of
C;H¢/H,O, were from 1.65 to 4). After the pressure reached
the needed one, the flow rate of N, was kept at 40 mL min™.
When the pressure and temperature were stabilized at the
required ones, CsHs (liquid) was introduced into the reactor at
0.244 mL min™ by a high-pressure micro-pump, the mixed
solutions of HO,/CH3OH/H,O with different flow rates were
introduced into the reactor with another pump to react with
C3He (30 wt % H,0, in water was used to make up the mixture
of H,O,/CH;OH/H-O in all the experiments except the one
with 70 wt % CH;OH, which was made up by 50 wt % H,O,
in water. The concentration of H,O, was expressed in wt %
H,0, in CH;0H + H,O + H,0.. The concentration of H,O,
was expressed in wt % H,O, in CH;0H + H,O + H,O.. After
reaction, the products entered the condenser with alcohols
which was cooled to 2 °C. At the bottom of the apparatus, a
liquid-receiver was used to collect the samples for the analysis.



Vol. 26, No. 4 (2014)

Epoxidation of Propylene Over Titanosilicate-1 in Fixed-bed Reactor: Experiments and Kinetics 945

o " 4+ o

Water
Thermocouple

CaHe(L) r"‘—ﬁ}_D[fq—l__M_
—

C -’,1 DX Water

—

H,0,/CHZOH/H,0

N,

— Coolant out

Condenser

Pressure gauge

Coolant in —s £\

\PJ A
= 4

f\ N

]

:J— Receiver

&

T Sampling

Fig. 3. Schematic diagram of experimental apparatus

The reaction was carried out at 5-10 wt % H,0,, 40-70 wt %
CH;0H, T = 35-50 °C, P = 1.8-3.0 MPa (N»). During the
reaction, the liquid samples were collected at given intervals
(0.5 h).

Product analysis: The products of the reaction were analyzed
with a HP 4890 gas chromatography (GC) equipped with a
flame ionization detector (FID) and an OV-1701 (30 m x 0.25
mm X 0.33 um) capillary column with nitrogen as the carrier
gas. The unreacted H,O, was measured by iodometric titration.
The conversion of H,O, and propylene oxide selectivity were
calculated based on the starting amount of H,O, according to
the following two equations, respectively.

_ nHzOz _nH202
Ko, =— ——— x100% (1)
H207
S, = fro %100 %
PO ° )

Npy + Ny + Npg

Xu,0, and Spo denote the conversion of H,O, and the selec-
tivity of propylene oxide, respectively. n” and n represent the
initial and the final amount in moles, respectively. MME and
PG denote propylene glycol monomethyl ethers and propylene
glycol, respectively.

The total reaction rate can be calculated as follows:

“TdV = Fr?,HzOZ dXy,0, (3)
which can be converted to
“TdV = FVC%ZOZ dXy0, (4)

From which the total reaction rate, r,.;, can be obtained
as follows:

dX
_ 0 H202
~Toa = Chiyo, d(V/F,) 5
\'

In this work, the reaction rates (r) were calculated based
on the 1y per gram catalyst, i.e.,
r= rtolal/mcal (6)

In repeating the experiments, it was found that both the
reaction rates and the propylene oxide selectivity exhibited
the errors within £5 %.

RESULTS AND DISCUSSION

Effects of operating conditions: To avoid the formation
of hot spots, the reaction has been conducted in a down-flow
mode for the convenience of removing the reaction heat during
reactions. In addition, the reactor was heated with circulating
water, which at the same time also removes the reaction heat”’.
The temperature difference between the entry and the exit of
the coolant was maintained within + 0.5 °C to keep the reaction
temperature fluctuation within a smaller range. Furthermore,
small TS-1 particles (1 mm x 1 mm) was used to remove the
mass and heat transfer gradients”. Hanika and Hajkova*®
proved that reactions with the particles of this dimension
exhibited no temperature peak. And also, the catalysts were
diluted with ceramic particles, which could improve the mass
and heat transfer to eliminate hot spots. Therefore, it is believed
that there should be no hot spots in the reaction.

In the preliminary experiments, we found that at the liquid
flow rate of the mixture of H,O,/CH;OH/H,0 > 0.29 mL/min,
the external diffusion effect disappeared and at the catalyst
particle sizes < ¢1 mm x 1 mm, the internal diffusion effect
could be neglected®. So in the kinetic experiments, the catalyst
particle sizes of ¢1 mm x 1 mm were used and the liquid flow
rates were all above 0.29 mL/min. In addition, in the testing
to the decomposition of hydrogen peroxide over TS-1 at 35 to
55 °C, it was found that the decomposition of hydrogen per-
oxide at 35 to 50 °C was less than 6 % and could be neglected.

Effect of methanol concentration: It is known that
methanol is the best among many kinds of protic or aprotic
solvents for the epoxidation of propylene”’. Therefore, metha-
nol/water mixtures were used as the solvent and the effect of
the methanol concentration on the reaction was studied.

As shown in Fig. 4, the reaction rate and propylene oxide
selectivity increased with the rising methanol concentration,
but did not change appreciably when the methanol concen-
tration increased from 65 to 70 %.

On one hand, the increase of the reaction rate with increa-
sing the methanol concentration could be attributed to the
increase in the solubility of propylene in H,O,/CH;OH/H,O.
On the other hand, the results could be also explained by the
5-membered ring mechanism of epoxidation proposed in the
literature, in which the increase of the methanol concentration
improved the formation rate of the 5-membered ring active
adducts?****, When the methanol concentration exceeded 65
wt %, the reaction rate did not change appreciably. The water
concentration decreased with the rising methanol concen-
tration, as aresult, the side reactions were reduced and propylene
oxide selectivity increased. Therefore, 65 wt % was the suitable
concentration for the reaction.

Effect of hydrogen peroxide concentration: The effects
of hydrogen peroxide concentration on the reaction rate and
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Fig. 4. Effect of methanol concentration on reaction rate and propylene

oxide selectivity. Reaction conditions: T=40 °C, P=2.5 MPa, 10.64
wt % H»O, with H,O in balance

propylene oxide selectivity are shown in Fig. 4. The results
indicated that the reaction rate increased with the rising
hydrogen peroxide concentration, but propylene oxide selec-
tivity decreased conversely.

It has been reported that the reaction order with respects
to hydrogen peroxide ranged between zero and unity***.
According to this conclusion, the increase of the reaction rate
with the increasing hydrogen peroxide concentration shown
in Fig. 5 was reasonable.
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Fig. 5. Effect of hydrogen peroxide concentration on reaction rate and

propylene oxide selectivity. Reaction conditions: T=40 °C, P =2.5
MPa, the H,O concentration is 7/3 times the corresponding H.O,
concentration with CH;OH in balance

The water concentration increased with the increasing
hydrogen peroxide concentration, which accelerated the side
reactions, as a result, the propylene oxide selectivity decreased.
It was noteworthy that the selectivity between 10 and 20 %

H,0, changed significantly; indicating that side reactions were
promoted at more than about 25 % H,0O,. The order of the
H,O, concentration would be obtained in the following part.

Effect of pressure: The effect of pressure on the reaction
is shown in Fig. 6. The reaction rate decreased with the rising
pressure, but propylene oxide selectivity increased slightly. In
addition, the reaction rate did not change appreciably after
the pressure increased from 2.5 MPa to 3 MPa.
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Fig. 6. Effect of pressure on reaction rate and propylene oxide selectivity.
Reaction conditions: T =40 °C, 10.64 wt % H,0,, 65 wt % CH;OH,
24.36 wt % H,O

Pan et al.*' reported that the reaction rate increased with
the increasing pressure in the fixed-bed reactor. However, the
results obtained in this work differed from those reported
markedly. The effect of pressure on the solution in liquid phase
can be expressed as (dlnk/dp)r = (-DV,,")/RT>. AV,” is the
activation volume of the reaction, which is equal to the partial
molar volume of the activated complex (V,,”) minus the sum
of the partial molar volume of the reactants (XVy;), that is,
AV.” =V~ -V Therefore, if AV, > 0, the reaction rate will
decrease with the rising pressure. In the HPPO reaction, the
activated complex in the reaction is believed to a 5S-membered
ring active adduct with a large molar volume®', which is larger
than the sum of the partial molar volume of H,O, and C;Hs.
Therefore, the results that the reaction rate decreased with the
rising pressure were reasonable.

Effect of temperature: The effect of the reaction tempe-
rature was studied by examining the performance of TS-1 in
the temperature range of 35-50 °C. Fig. 7 showed that the
reaction rate increased with the increasing temperature.
However, the propylene oxide selectivity decreased, which led
to the reduction of the propylene oxide production rate.
Especially, when the reaction temperature increased from 45
and 50 °C, the propylene oxide selectivity changed obviously,
indicating that more alkyl ether of propylene glycol was
produced in this temperature range.

Reaction kinetics: Eventhough the commercial-scale
propylene oxide plant based on hydrogen peroxide has been
employed hitherto, the reaction mechanism is still controversial
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and the kinetics for fixed bed reactors has not yet been reported.
Thus, the kinetics was studied below to explore the reaction
in a fixed-bed reactor.

Reaction rate equation: The propylene epoxidation is a
consecutive reaction, yielding propylene oxide by the reaction
of propylene with H,O,. Therefore, the reaction rate equation
could be expressed as follows:

Ea o B
r=Ax EXp (— ﬁj X CH202 X CC3H6

Based on the experimental data of the reactions at 35 to
50 °C shown in Figs. 4-7, the rate equation was obtained by
the statistical software ISTOPT and the fitting results were
listed in Table-1.

TABLE-1
ESTIMATED DATA OF o, B, A, E,
o B A E, (kJ mol™) R F
0.71 029 1.87x10" 57.4 0.962 517.6

F, Statistics and probability; R, correlation coefficient

Based on the estimation data listed in Table-1, the activa-
tion energy of the reaction was obtained as 57.4 kJ mol™ and
the kinetic equation (35-50 °C) was expressed as follows:

0.71 0.29
X CH202 X CH306

4
=170 xiap 2100
It could be derived from the kinetic equation that the order
of the reaction was 0.71 with respect to hydrogen peroxide,

which was consistent with the result in Fig. 5.
Kinetic Model

Reaction mechanism: Owing to the formation of 5-mem-
bered rings mechanism described by Clerici et al.”’, the 5-
membered ring intermediate among Ti active sites, H,O, and
alcohol was formed with the decrease of the system energy,
which could account for the excellent activity of the epoxi-

dation of propylene. Therefore, the adsorptions of methanol
and hydrogen peroxide on TS-1 active sites should be taken
into consideration in deducing the kinetic models. Due to the
large concentration of methanol used in this experiment and
its strong adsorption on TS-1 active sites, it was considered
that the epoxidation occurred on TS-1 with adsorbed methanol
molecules. In addition, the adsorption of H,O molecules and
the diffusion were neglected for the hydrophobicity of TS-1
and the adsorption of propylene was studied for the competitive
adsorption with other reactants on Ti active sites*’. The product
propylene oxide could inhibit the epoxidation for the
competitive adsorption with the reactants on Ti active sites.
Judging from it, the adsorption of propylene oxide might also
have its contribution to the kinetics.

Therefore, three steps including the adsorption of H,O,
and C;Hg, surface reaction and desorption of propylene oxide
occurred in the reaction; however, the results in the section of
effect of methanol concentration and effect of hydrogen
peroxide concentration showed that the rate of epoxidation
was correlative to the concentration of reactants and increased
with the concentration of CsHg or H>O,, so the controlling step
of the whole reaction was the surface reaction.

S+ROH—=S.ROH €]
SROH +H,0, =—2=S-ROH-H,0, 2)
S-ROH + C,H, =——=S-ROH-C H, 3)

SROHH,0, +C,H,—L>SROH-PO+H,0 (4

S'ROH-PO—%=S.ROH + PO ©))

SROH +C,H, +H,0,—2—SROHPO+H,0, (6)

S'ROH.C,H, +S-ROH-H,0, —&—
SROHPO+SROH+H,0 7

Proposed reaction steps

Four kinetic models of the reactions were established
based on the proposed mechanism above, which were in accor-
dance with the Eley-Rideal or Langmuir Hinshelwood
mechanisms™.

(1) Eley-Rideal mechanism, H,O, adsorbed, C;H, free,
surface reaction controlling.

— leZCHzoz CC3H6
1+ KICCH3OH + KZCH202 + K3CC3H6 + K4CPO

(2) Eley-Rideal mechanism, CsHe adsorbed, H,O, free,
surface reaction controlling.

_ kIK3CH202 CC3H6
1 + KICCH3OH + KZCH202 + K3CC3H6 + K4CPO

(3) L-H mechanism, CsHs and H,O, adsorbed on the single
active sites, surface reaction controlling.

o k3K ,K5Chy0, Coyire
L=
(1 + K ,Coppon + K>Ciyo, +KiCopne +KiCro

b

L
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(4) L-H mechanism, C;Hg and H,O, adsorbed on different
active sites, surface reaction controlling.

k4K2K3CH202 CC3H6
(1 + KSCC3H6 )(1+ KICCH3OH + KZCH202 + K4CPO)

r, =

The propylene concentration (Cc,u,) in the models was a
function of the propylene solubility, Wthh was related to the
reaction temperatures, pressures and mass ratios of methanol/
water. Therefore, according to the coefficient equation of Peng-
Robinson equation, the solubility of propylene at different
reaction temperatures, pressures and mass ratios of methanol/
water was obtained by the software ASPEN.

Estimation of kinetic parameters: One reaction rate
constant and three adsorption equilibrium constants were
present in every kinetic model. The effect of temperature on
the rate constant and adsorption equilibrium constants was
assumed to obey with the Arrhenius equation and van't Hoff
equation, respectively. Based on the experimental data of the
propylene epoxidation in the fixed-bed reactor, the parameters
of the models were estimated (Table-2) by the statistical
software 1STOPT and the statistical results of the models were
listed in Table-3.

As displayed in Table-3, the Eley-Rideal mechanism fitted
the experimental data well, especially with the assumption that
the epoxidation reaction took place between H,O, adsorbed
on Ti active sites and propylene in free state (Model 1). Model
1 exhibiting the optimal fitting result was regarded as the
expected model which was consistent with the model obtained
by Liang et al.”’ based on the results obtained in a slurry reactor.

TABLE-3
STATISTICAL RESULTS OF THE MODELS
Model 1 Model 2 Model 3  Model 4
R 0.9642 0.9373 0.9450 0.8970
F 558.6 304.1 350.2 172.8

F, Statistics and probability; R, correlation coefficient

As shown in Model 1, although Cy,0, and Cc,u, existed in
both the numerator and denominator of the kinetic equation,
the concentrations in the denominator had less influence on
the reaction rate. Therefore, the reaction rate increased with
the rising reactant concentration. That was why the reaction
rate would increase with the increasing CH;OH and H-O,

concentrations. The existence of propylene oxide concentration
in the denominator of the model equation showed the
decreasing effect on the reaction. Therefore, propylene oxide
should be removed from the reaction system as soon as possible
in the practical process.

The reaction rate constant and equilibrium adsorption
constants of the four models at 40 °C were calculated and the
obtained values were summarized in Table-4.

TABLE-4
PARAMETERS OF THE FOUR MODELS AT 40 °C
Model I Model2 Model3 Model 4
k(mol L'g" cat min™) 0.83 0.02 5.90 0.012
K, (mol L") 2.19 - 0.0001 0.64
K, (mol L) 17.04 0.28 222 27.26
K, (mol L) 2.01 - 0.15 0.00005

According to Model 1, the absorption equilibrium cons-
tants of H,O,, CsHs and propylene oxide at 40 °C were K, =
2.19, K5 = 17.04 and K4 = 2.01 respectively as showed in
Table-4. The values of the adsorption constants were consistent
with the polarities of these species.

Simulation of the reaction using Eley-Rideal and
Langmuir-Hinshelwood models: The reaction rates of epoxi-
dation of propylene were calculated according to the estimated
parameters of the four models and the calculated reaction rates
were plotted against the experimental ones as shown in Figs.
8 and 9. The results showed that the experimental data
satisfactorily fitted the Eley-Rideal mechanism, whereas they
exhibited poor agreements with the Langmuir-Hinshelwood
mechanisms.

Conclusion

Operating conditions such as methanol concentration,
pressure, hydrogen peroxide concentration and reaction tempe-
rature remarkably affected the reaction rate and propylene
oxide selectivity. The rates of propylene oxide production were
observed to increase with the rising methanol concentration,
reaction temperature and hydrogen peroxide concentration,
however, decrease with the rising reaction pressure. Propylene
oxide selectivity increased with the rising methanol concen-
tration and reaction pressure, but decreased with the increasing
hydrogen peroxide concentration and reaction temperature.

TABLE-2
KINETIC PARAMETERS OF VARIOUS MODELS
Model 1 Model 2 Model 3 Model 4
K 4 4 4
3. 14><104 441x10 6 3.29 x10 4.17x10
_ 4.17x1 05><E -— 1.80x10~ XE -—_— X -—
1.46x105 xExp (-2 = xp (= xp (- =) 1.09x10° XExp ( _—
K, 4 3 4 4
5 3.04x10 9.76x10 6 6.53%10 3 2.18x10
200 D76X107 g 0ox106 xExp (222250 ) 281x107 XExp (- 2o’
2.58%10” XExp ( 0 ) 5.75%Exp ( RT Xp ( — ) Xp ( o )
Ks 4 4 4 4
6 4x10 365X10% g 6 (325X10 >3l x g (SO0X10
359XI0OXEXp (<o) 3.42x10° XExp ( e P 2 P (=)
K, 4 3 4
1.89x10% 3 2.39x10 3.45%10 3.80x10
A —1.35%10” XE — 0.04 X E x _ Sttt
282XI0°XExp ( ) X (= P () LIGXIOPXExp ( o)
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. 9. Experimental rates and calculated rates according with Eley-Rideal
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Fig. 10. Experimental rates and calculated rates according with L-H models

(Texp. VS. Teal)

The reaction rate equation was obtained with E,=57.4 kJ

mol” and the orders with respects to hydrogen peroxide and
propylene were 0.71 and 0.29, respectively. The Eley-Rideal
(H>O, adsorbed) kinetic model satisfactorily predicted the
experimental results and could be utilized to describe the
reaction mechanism.

Nomenclature

Xi = conversion of species i (%)

n = initial number of moles of species i (mol)
n; = number of moles of species i (mol)

Si = selectivity to product I (%)

I'ow = total reaction rate (mol L™ min™),

r = reaction rate (mol L' g cat min™)

F.? 10, = initial flow rate of moles of H,O, (mol min™)

FV = flow rate of volume (L min™)

V =reactor volume (L)

k; = reaction rate constant of species i (mol L'g" cat min™)
K; = adsorption equilibrium constant of species i (mol L")
o, B = orders of CH,0, and CC;Hg

A = preexponential factor (mol L'g" cat min™)
C; = concentration of species i (mol kg™ or mol L™)

E. = apparent activation energy of the reaction (kJ mol™)
m, = catalyst mass (g)

AV,,” = the activation volume of the reaction

V." = the molar volume of the activated complex

Y Vg; = the sum of the molar volume of the reactant i
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