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Abstract

The kinetics of the hydration of propene on a Solid Polymer Electrolyte (SPE) and a
silver-supported one have been studied by using the steady state and unsteady state methods
at a temperature range of 100~160°C, using an ordinary flow reactor under atmospheric pressure.
The Teaction gave two products in parallel reaction, iso-propylalcohol and hexene, and the reac-
tion rates are represented as follows

g = m % iy n
Tpron = k PcaHa PHzO and Thex = kPCZHH PHzO

with activation energies 46 and 90 kJ/mol, respectively.

All the transient response curves caused by the concentration jump of propene gave a
monotonic mode suggesting a Langmuir-Hinshelwood mechanism with the rate controlling step
of carbenium ion formation.

1. Introduction

The gas-phase catalysed hydration of olefin has been studied mainly on
solid phosphoric acids (SPA), metallic salts (MS), ion exchange resins (IER) and
metal oxides (MO)”. A large number of reports have proposed general classifica-
tion for reaction mechanism: (1) rate equations involving acidity functions on
the SPA** similar to homogeneous reactions, and (2) Langmuir-Hinshelwood
mechanism on the MS®® and the MO™®. The catalytic activity is strongly
related to the electron negativity of metals and surface acidity, for example,
—8.2<H,< —3.0 for ethylene hydration and —3.0<H,< 1.5 for propene hydra-
tion” are optimum acidity. On the MS and MO, generally speaking, the follow-
ing mechanism has been accepted.

+H,O

2
Olefin (g) Olefin (a) —— carbenium ion +H*

4
alcohol (a) +H* ——— alcohol (g)+H* (1)

* This paper was presented at the Hokkaido regional meeting of the Chemical Society of
Japan in 1989 (Sapporo).
**  Department of Industrial Chemistry.

*#%  Chemical Environmental Engineering.
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The rate of Step 2 is the slowest and the other steps rapidly reach an equilibrium.
Taking into account this information, one may be interested in the use of func-
tionating organic polymers which have increasingly been used as supports for
heterogenized homogeneous catalytic processes'. :

In the present study, ion-exchange (polyelectrolyte) resins have been taken
as a catalyst or a support for metals. Nafion is well-known commercially as
a typical functioning organic polymer. Nafion is a perfluorosulfonic acid and
the detailed analysis of it using a variety of diffraction, spectroscopic and other
techniques has revealed that Nafion is one of the useful materials from the view
of microscopic morphology. The sulfo groups have ionic domains that are
embedded randomly in a fluorocarbon matrix. The size of the ionic domains is
sensitively controlled by the degree of hydration and the concentration of the
ionic sites. The average diameter of the ionic domains is about 30~40 A and
the domains are connected by hydrophilic channels of 10 A in diameter. The
sulfo groups should show strong acidity which should bring about the enhance-
ment of propene hydration at lower temperatures.

In this paper, the catalytic activity of NR-50 (Nafion, from du Pont) has
been examined under atmospheric pressure at a temperature range of 100~160°C,
and the reaction mechanism is revealed by using the steady state rate analysis
and the transient response method"'~®. In addition, a silver ion exchanged
Nafion was also used to reveal the effects of silver ion on the catalytic activity
and the selectivity to alcohols.

2. Experimental Section

The Nafion materials used in the present study are commercially supplied
as NR-50. The white cylindrical granules of NR-50 had average diameter of
ca. 1 mm and length in 1 mm, and an equivalent weight of 1250. Fig. 1 shqws
electron micrographs of NR-50.

The silver supported catalyst was prepared by ion-exchange in 0.1 M aqueous
solution of AgNO, (Wako products), stirring the solution for 7 days. The amount
of the loading was 10.7 wt% of Ag, which was taken from the sample dried in
air for 24 hrs under room temperature and whose weight was obtained by a
chemical analysis technique.

The gases used in the present study were supplied commercially: CzH,
(99.5%) from Nittetsu Kagaku Co. and He (99.99%) from Hokusan Co. Water
vapor was prepared by bubbling helium gas through redistilled water at room
temperature.

A single pass differential reactor which was made of Pyrex glass tube was
used. The reactor 10 mm in diameter was put into the fluidized sand bath whose
temperature was controlled within the accuracy of +1.0°C through all experi-
mental conditions. The sheathed thermocouple of 1.0 mm in diameter was in-
serted directly in the middle of catalyst bed to detect the catalyst temperature
more sensitively. The Hitachi Model 164 gas-chromatograph (G.C.) was used
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Fig. 1. SEM photographs of NR-50.
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to analyse all the gas components at the inlet and outlet of the reactor. Porapack
O (100~200 mesh) which was used to separate C;Hg, isopropylalcohol (designate
PrOH) and hexene was packed in a stainless steel column 1 m in length and 4 mm
in o.d.

The total flow rate of reactant gases was a constant 80 ml/min. The catalyst
bed was exposed to a pure He stream at room temperature and then the tem-
perature was raised to the desired value in this stream. The pure He stream
was stepwisely changed into the reaction gas mixture with no changing of the
total gas flow rate, and the response of reaction gas components at the outlet
of the reactor was followed by the G.C. as continuously as possible.

3. Experimental Results and Discussion

3-1. Steady State Rate Analysis on NR-50

The reaction proceeds steadily forming two products PrOH and hexene at a
temperatures below 160°C. Figs. 2 and 3 illustrate plots of 7pom and 7yex Vs.
P¢ n,, respectively at various temperatures. There was a big reduction in the
rate of PrOH formation at 160°C, whereas the rate of hexene formation was
enhanced. From these results, the hydration of propene may be reduced at
around 140°C, due to the competitive reaction with the dimerization of adsorbed
propene which may be steeply accelerated at higher temperatures. This idea can
be accepted due to the difference of the apparent activation energies of the two
reactions, 46 kJ/mol for alcohol production and 90 kJ/mol for hexene production.
The results are presented in Fig. 4.

At temperatures higher than 160°C, acrolein is formed as shown in Fig. 5
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Fig. 2. Plots of PcanE vs. Ppron on NR-50.
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and this reaction becomes more predominant with increasing temperature, sug-
gesting the advantage of oxyhydration rather than hydration.
The apparent rate equations are expressed as follows.

reron = k& Pou "8 Py o™ (2)
Thex = K PC:,HG PHZOn (3)
(x1075)
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Fig. 3. Plots of Pc,u, vs. Pnex on NR-50.
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Fig. 4. Arrhenius plots of formation of PrOH and Hexene on NR-50.
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Fig. 5. Plots of Pe,n, vs. rj on NR-50.
7Facro—k})CH PHO (4>

Based on the information derived from the homogeneous hydration of olefin, one
may speculate the following mechanism.

Ko, u,
CeH, (g)+S ——— GH,eS (5)
U N
C,H¢S+H*.S A —C—C—C-S (6 )
| A
L L+ 0
—iC = C=€C-S4+H,0— _PrOH.SLH"S (7)
| | | fast
Kou
PrOH.S —PrOH (g)+S (8)

From these elementary steps, the reaction rate can be expressed

kKCH KHOPCH PH()

o8 = T4 Ko g Pas, T+ Kon Pron #KT3 Pio ik
Equation (9) can be linearlized as follows.
Pou P
Lom o = A+BPox (10)
Tprou it
1+KOH PPrO}I+KH OPH (8]
A o hBmn Ko .
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Fig. 6. Plots of (PCaHs PH,O/"P:-OH) VSs. PCJHu'

1
B= #Kuo (12)

The plots of Pg g, Puo/reron vs. Poy, give a good straight line as shown in
Fig. 6, suggesting the suitability of the rate model proposed.

3-2. Steady State Rate Analysis on Silver Supported NR-50 (Ag/NR-50)

All the reaction rates for the three products are reduced due to supporting
sliver ion onto NR-50. The results obtained are presented in Figs. 7 and 8 and
the same apparent rate equations as equations (2)~(4) are also expressed. In
addition, the activation energies are also 46 for alcohol and 90 kJ/mol for hexene
as shown in Fig. 4. These good agreements of the results with NR-50 strongly
indicate the same reaction mechanism between NR-50 and Ag/NR-50, even
though the number of active sites is reduced on Ag/NR-50 resulting from the
adsorption of silver ion on the active sites at temperatures higher than 160°C
as shown in Fig. 9.
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Fig. 8. Plots of Pc,u, vs. Phex on Ag/NR-50.
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Fig. 10. Activity decay on NR-50.
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3-3. Unsteady State Rate Analysis on NR-50

The catalytic activity of NR-50 is gradually decreased in the course of reac-
tion ; when no water vapor is supplied, this reduction tendency is very steep as
shown in Fig. 10 by curve I. Sufficient supply of water vapor into the reactor
gives almost stable activity even after 30 hrs as shown by curve II. Curve I
clearly indicates a typical overshoot mode which strongly suggests the accumula-
tion of some intermediates on the active sites occurs. Curve I finally reaches
zero in 100 hrs and the colour of the catalyst becomes black. Although it is
difficult to clarify the reason for this steep activity decay, one possible considera-
tion could be evaporation of water in the ionic domain of the NR-50 in the
course of reaction, because no water is supplied from the gas phase. In this
paper, we have designated the catalyst in dry gas as DNR-50.

The transient response experiments were conducted at points (i) and (ii) in
the course of curve I in Fig. 10. Figs. 11 and 12 illustrate the response curves
of alcohol and hexene caused by the stepwise change in the concentration of
propene at the inlet of the reactor with no change in the total gas flow rate,
at the points (i) and (ii) respectively. The response of PrOH shows after about
a 15 min delay which is faster than that of hexene where it needs more than
40 min to reach the steady state level. The slow response of hexene may be
due to its slower adsorption and desorption than PrOH. The graphical integra-
tion of the response curves (see the shaded area in Figs. 11 and 12) gives the
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ol
0 1 2 3

Time (hr)
Fig. 11. Transient responses of PrOH and CgH;; on DNR-50 at the point (i) of Fig. 9.
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Fig. 13. Transient response of PrOH on NR-50 at 100°C.
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Fig. 14. Transient response of PrOH on NR-50 at 120°C.
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Fig. 15. Transient responses of PrOH and CgH;, on NR-50 at 140°C.
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Fig. 16. Adsorption isotherms of PrOH and hexene during the reaction.

amounts of adsorbed and desorbed hexene, and evaluates them to be ¢, =6.2x 107
and ¢ =6.7 X 1077 mol/g-NR-50, respectively. The good agreement between the
two amounts can roughly explain the reversible adsorption of hexene. The
amount of adsorbed PrOH is also evaluated to be ¢;=2.37 X 107 mol/g-NR-50
from the graphical integration of the desorption curve of PrOH in Figs. 11 and
12. ¢ and ¢, are independent of the points (i) or (ii) in Fig. 10. The amount
of adsorbed hexene is about 2.5 times larger than that of PrOH.

Figs. 13, 14 and 15 illustrate the transient response of products on NR-50
under conditions of containing a sufficient amount of water vapor in the gas
phase. All the curves of PrOH exhibit very long response times to reach steady
states after more than 2hrs, whereas the response of hexene shows delay in
about 10 min, which almost agrees with results obtained on DNR-50. The
integrated amount of adsorbed PrOH is evaluated to be ¢;=2.59 % 107¢ mol/g-
NR-50 at 140°C, Pgu,=0.20—0.05=0.15 atm and Py 0=0.03 atm, which is about
10 times larger than ¢; obtained from Fig. 12. This enhancement of the amount
adsorbed may result from PrOH dissolved into water in NR-50.
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Fig. 17. Transient responses of PrOH and hexene on Ag/NR-50 at 120°C.
C A B A
x107%) T=140C o
3.0F (6]
O : iso- PrOH
x ® : Hexene
€
UZ0F
x
(]
=
a
5]
(351 O [e}
a e
o 2
@ (
0
1 1 1 1 1 1 1
0 1 2 3
Time (hr)

Fig. 18. Transient responses of PrOH and hexene on Ag/NR-50 at 140°C.
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Fig. 16 shows the adsorption isotherms of PrOH and hexene at various
temperatures. Here, the partial pressure of the two components are taken as
an arithmetic averaged value, actually 0.5 x(partial pressure at the outlet of the
reactor). All the adsorption isotherms obey the Langumuir equation and the
analysis of the equation proposes equilibrium constant (Kou'*=5.4 X 103, K=
7.0x10*atm™1), and fully adsorbed amounts at 140°C (gon=6.4 X 107% mol/g-NR-
50, and @pex=5.9 X 1077 mol/g-NR-50).

3-4. Unsteady State Rate Analysis on Ag/NR-50

Figs. 17 and 18 show the transient response curves obtained on Ag/NR-50.
The mode of the curves is the same as those obtained on NR-50 (see Figs.
13~14), and the adsorption isotherms obtained give 1~2 times larger values of
K; and 2~3 times smaller values of ¢, than NR-50, suggesting the reduction
of the number of active sites due to the existence of silver ion.

* 4. Conclusions

The hydration of propene is easily catalysed on a perfluorosulfonic acid
(Nafion, NR-50) under atmospheric pressure at 100~160°C, and the catalytic
activity is reduced by supporting silver ion because of the reduction of the num-
ber of acid sites. The water which is retained in an ionic domain can react
with propene, and the reduction of the water induces the decay of catalytic
activity, suggesting that water is one of the most important keys for the stable
activity of hydration on NR-50.
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