
Hydration of lsobutene in a Trickle-bed 
Reactor: Wetting Efficiency 
and Mass Transfer 

Reaction rates for the hydration of isobutene were measured at 323 K 
and atmospheric pressure in a trickle-bed reactor over a sixfold range 
of liquid rates. Three widely different feed conditions were used to vary 
the effect of mass transfer and wetting efficiency. The effect of wetting 
efficiency on the rate was analyzed using the additive procedure of Tan 
and Smith. The results showed that mass transfer from liquid to particle, 
wetting efficiency, and intraparticle kinetics all influenced the total rate, 
but that the gas-to-liquid mass transfer resistance was unimportant. 
Most of the resultant values of wetting efficiency and liquid-to-mass 
transfer coefficients were a little lower than literature values. This may 
be due to the high surface tension of our aqueous system. The derived 
total rate equations agreed well with the experimental rates, suggesting 
that the additive procedure is a satisfactory method of accounting for 
wetting efficiency. 
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Introduction 
In trickle-bed reactors gas and liquid flow concurrently down- 

ward through a fixed bed of catalyst particles. Such reactors are 
widely used, particularly when one reactant is very volatile and 
another is normally a liquid, as in processes involving hydrogen 
(hydrogenation and desulfurization of oils) or oxygen (oxidation 
of liquid-phase reactants). Interphase mass transfer and wetting 
efficiency, as well as intraparticle diffusion and intrinsic kinet- 
ics, can affect the performance of such systems (Satterfield, 
1975; Herskowitz and Smith, 1983). 

Wetting efficiency refers to the extent of liquid-solid contact- 
ing and is important a t  low liquid flow rates. Under these condi- 
tions part of the outer surface of the catalyst particles is covered 
by only a thin film of liquid through which there is little mass 
transfer resistance. The actual flow pattern of liquid and gas is 
complicated, involving nearly stagnant filaments of liquid, liq- 
uid rivulets, and thin films. Wetting efficiency, A is used to 
account for mass transfer to the particle in this complex system. 
It has been defined in different ways (Colombo et al., 1976; 
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Ramachandran et al., 1986; Satterfield, 1975). The definition 
we used is based upon dividing the outer particle surface into 
two parts, a fraction fcovered by flowing liquid rivulets, and a 
fraction I-fcovered with only a thin film of liquid (the so-called 
gas-covered part). The internal volume of the particles has been 
shown to be completely filled with liquid (Colombo et al., 1976; 
Schwartz et al., 1976). Because of the low mass-transfer resis- 
tance on the gas-covered surface, and because this surface 
increases as the liquid rate decreases, the global reaction rate 
does not necessarily increase with liquid rate. When the rate 
depends upon the concentration of a gaseous reactant for an 
active catalyst, the curve of reaction rate vs. liquid flow rate 
exhibits a minimum. This has been observed experimentally by 
Mata and Smith (1981) and Herskowitz and Smith (1978) for 
the oxidation of sulfur dioxide in water with activated carbon 
catalyst and for the hydrogenation of a-methyl styrene with a 
palladium catalyst. 

Two methods have been prominent among those used to eval- 
uate the wetting efficiency. In the dynamic method an adsorbing 
or nonadsorbing tracer is introduced into the liquid feed under 
nonreacting conditions. Then the response curve in the effluent 
is measured to determine f (Ramachandran et  a]., 1986; 
Schwartz et al., 1976). Alternatively, the reaction rate is mea- 
sured vs. liquid flow rate a t  steady state. From this information, 
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and with intrinsic kinetics and intraparticle diffusivity known,f 
is evaluated (Herskowitz et al., 1979). 

The key problem is determining wetting efficiency from 
experimental reaction rates is that the usual effectiveness factor 
concepts are not applicable whenfis not equal to zero or unity. 
This is because the concentration of reactant on the gas-covered 
outer surface is not the same as the concentration of the liquid- 
covered part. Herskowitz et al. (1979) solved this problem for 
discrete values off by assuming a cube-shaped particle with one 
or more faces gas-covered. Tan and Smith (1980) generalized 
this approach for any f by assuming that the total rate of reac- 
tion was equal to that if all the surface was covered by liquid, 
multiplied by f, plus the rate if all the surface was covered by 
gas, multiplied by (1 - f). Comparison with the experimental 
data of Herskowitz et al. (1979) showed that this additive proce- 
dure gave excellent agreement for f = 1 / 6 , 2 / 6 , 3 / 6 ,  etc. 

Herskowitz et al. could quantitatively analyze data only for 
liquid and gas feed streams in equilibrium with respect to the 
reactant, hydrogen in their case. However, nonequilibrium feed 
streams with reactant primarily in the liquid or the gas provide a 
more accurate measurement of both interphase mass transfer 
and wetting efficiency. As an illustration, if the limiting reac- 
tant is only in the gas entering the catalyst bed, there must be 
mass transfer from gas to liquid or from gas to particle if reac- 
tion is to occur. Iff = 1, the extent of reaction is expected to be 
much less than i f f <  1, where reaction can occur with less mass 
transfer resistance by direct transfer of reactant from gas to par- 
ticle surface. Our objectives were to measure! and interphase 
mass transfer rates by the reaction method for widely different 
feed stream compositions: absorption runs where the reactant 
was primarily in the gas entering the bed, desorption runs for 
which reactant was primarily in the liquid, and equilibrium runs 
in which the reactant concentration in gas and liquid were in 
equilibrium. The additive assumption was used to obtain the 
wetting efficiency. 

The reaction system chosen was the hydration of isobutene to 
tertiary butyl alcohol using ion-exchange resin Amberlyst-15 as  
a catalyst. This reaction is first order in isobutene, zero order in 
water, and irreversible a t  323 K and atmospheric pressure, the 
conditions of the experiments. The first-order rate constant and 
intraparticle diffusivity is known for the same catalyst (Leung et 
al. 1986). Also, the alcohol product is not very volatile, so the 
reaction rate can be determined from the tertiary butyl alcohol 
content in the effluent liquid. Side reactions do not occur. A 
batch recycle reactor for the liquid was employed. This permit- 
ted accurate concentration measurements, yet the conversion 
per pass was low, so the rate could be obtained from the simple 
differential reactor equation. 

Using the additive procedure for treating the wetting effi- 
ciency, expressions for the total reaction rate were derived for 
the three feed conditions. These equations and the rate data 
were sufficient to establish f and the mass transfer coefficients 
kbar from liquid to particle, and k,,a, from gas to liquid. In the 
analysis the mass transfer between gas and liquid in the regions 
above and below the catalyst bed had to be accounted for. These 
mass transfer corrections were evaluated from separate experi- 
mental data obtained by removing the catalyst bed. 

The reaction results showed that f and kbar were sensitive to 
the rate data and could be accurately determined. The wetting 
efficiencies were a little lower than those of Herskowitz et al. 
(1979), Morita and Smith (1978), and Satterfield (1975). The 

higher surface tension for the aqueous system may explain the 
lower values. The liquid-to-particle mass transfer coefficients 
agreed with those of Morita and Smith but were lower than 
those of Dharwadkar and Sylvester (1977) and Goto and Smith 
(1975). The rate data were not sensitive to kELuL. Hence gas- 
to-liquid mass transfer did not significantly influence the rate 
data, and accurate values of k,,a, could not be determined. The 
derived rate equations predicted the observed rates, lending con- 
fidence to the additive procedure for treating the wetting effi- 
ciency. 

Experimental Procedure 
Water containing different amounts of isobutene flowed 

downward through the catalyst bed and was returned to a reser- 
voir where the isobutene content was readjusted to the desired 
feed condition. From the reservoir the aqueous solution was 
recycled back to the reactor. The gas feed, containing different 
amounts of isobutene, flowed on a once-through basis downward 
concurrently with the liquid. The reactor consisted of a 1.5 x 
lo-’ m ID glass reactor equipped with a liquid distributor con- 
taining twelve lo-’ m ID capillary tubes. The reactor, reservoir, 
and auxiliary apparatus are shown in Figure I .  Reaction runs 
were made with and without a small bed of glass beads as pre- 
packing. Operating conditions and dimensions are listed in 
Table 1. A complete description of the apparatus and operating 
procedure is available (Leung, 1986). 

The catalyst particles, Amberlyst-15, are  spherical beads that 
consist of agglomerates of gel-type microparticles of sulfonated 
copolymers of styrene, crosslinked with 20% divinyl benzene. 
Catalyst properties are given by Leung, et al. (1986). A small 
amount, 0.788 x lo-’ kg, of catalyst was used in order to 
achieve differential reactor operation. Conversions of isobutene 
were less than 15% per pass. For a first-order reaction Massaldi 
and Maymo (1969) have shown that negligible error is intro- 
duced in assuming a constant rate of reaction when the conver- 
sion does not exceed 15%. With proper pretreatment, as 
described by Leung et al., the catalyst activity does not decay 
over a period of several months. 

Analytical methods 
Reaction rates were obtained by periodically sampling the liq- 

uid leaving the reactor (location 3 in Figure 1) and analyzing for 
tertiary butyl alcohol. The analysis was carried out in a gas 
chromatograph with flame ionization detector and a column of 
15% Carbowax 20M on SO/lOO mesh Chromosorb W, operated 
a t  358 K. Nitrogen was used as carrier gas, and isopropyl alco- 
hol was employed as an internal standard to improve accuracy. 

In order to evaluate isobutene concentrations in the liquid 
entering the distributor and leaving the reactor, 2 x m3 
samples were taken using a gas-tight syringe, and were immedi- 
ately injected into the gas chromatograph. The necessary cali- 
bration curve was obtained by injecting samples of known isobu- 
tene concentration. The isobutene analyses were carried out 
with the same chromatograph column operated a t  358 K. 

Feed conditions 
For the equilibrium feed condition, pure isobutene gas (Phil- 

lips Chemical Co., 99% purity) and distilled water saturated 
with isobutene were fed to the reactor. Since the streams were in 
equilibrium, there was no mass transfer in the regions above the 
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Is0 - Butene I J 
Figure 1. Apparatus. 

I .  Gas rotameters 
2. Liquid rotameter 
3. Sampling septa 
4. Recycle pump 
5 .  Reservoir with 

isobutene sparger 

Table 1. Operating Conditions 

Reactor ID 
Catalyst 
Catalyst* and prepacking particle 

Mass of catalyst, m 
Glass bead prepacking height, zp 
Height of empty column above pre- 

Height of empty column below pre- 

Catalyst bed height, z, 
Liquid flow rate, QL 

Gas flow rate** to reactor, Q, 
Gas flow rate** to reservoir 
Reactor temp. 
Reactor press. 
Liquid volume in reservoir and lines, 

size, dp 

packing, z ,  

packing, z2 

v, 

1.5 x 10-2m 
Amberlyst-15D 

0.45 x lO-’m 
0.788 x lo-’ kg 

5 x 10-’m 

50 x lO-’m 

0.55 to 3.42 x m’/s 
1.7 and 5.5 x m3/s 
4.2 x m’/s 
323 K 
1 x 10’Pa 

1 0 - ~  m3 

13 x 10-3m 

10 x 10-)m 

*Effective wet size, after conditioning dry-sieved fractions of catalyst particles 

**At rwm temperature and atmospheric pressure 
(35-50 mesh) 

6. Constant-temperature bath 
7. Trickle-bed reactor 
8. Reflux condenser 
9. Flow controllers 

10. Needle valves 

catalyst bed. Isobutene was continuou-.: bubbled t..:ough 1 ie 
water in the reservoir. Analysis of the data showed that mass 
transfer resistance from gas to liquid in the catalyst bed was 
much less than the resistance of the other rate steps. Therefore, 
the gas and liquid streams were in near equilibrium with respect 
to isobutene throughout the catalyst bed. 

For the absorption runs, pure isobutene gas and water par- 
tially stripped of isobutene (in the reservoir) were fed to the 
reactor. Nitrogen was continuously bubbled through the water 
returned to the reservoir to remove isobutene. Stripping was not 
complete and also there was some transfer of isobutene to the 
liquid in the regions above the catalyst bed. The concentration of 
isobutene entering the catalyst bed was calculated from inde- 
pendent mass transfer data as described later. 

For desorption runs, pure nitrogen and water partially satu- 
rated with isobutene were fed to the reactor. Isobutene was con- 
tinuously bubbled through the water in the reservoir during a 
run. However, there was considerable transfer from the liquid to 
the nitrogen gas in the region above the catalyst bed. Hence, the 
water entering the catalyst bed was not saturated. Again sepa- 
rate mass transfer data were used in order to evaluate the isobu- 
tene concentration entering the catalyst bed. 
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Calculation of Reaction Rates 
Figure 2 shows alcohol concentration vs. time for a typical 

equilibrium run. The linear relationship verifies that the rate is 
constant during a run. The line does not pass through the origin 
because pure water was not used at the beginning of each run. 
Earlier data in a liquid-full reactor (Leung et al., 1986) indi- 
cated that alocohol concentrations as high as 3 x lo-’ kmol/m3 
did not affect the solubility of isobutene or influence the reaction 
rate. 

Because of the slight volatility of the alcohol, a small amount 
was stripped from the liquid in the reservoir and the reactor. The 
method of accounting for this loss is described by Leung, et al. 
The result is the inclusion of a correction factor ,f3 in the follow- 
ing batch-recycle reactor expression for the rate: 

The value of p, the ratio of the evaporation rate to the accumula- 
tion rate of alcohol, is 0.087 at the operating conditions of 323 K 
and atmospheric pressure. Equation 1 and the alcohol concen- 
tration vs. time measurements were used to calculate reaction 
rates. 

lsobutene Concentration Entering Catalyst Bed 
Figure 3 displays the three arrangements used to evaluate the 

mass transfer between gas and liquid in the regions above the 
catalyst bed and then the isobutene concentration in the liquid 
entering the catalyst bed. When data were taken with prepack- 
ing there were two such regions, labeled top and p p  in Figure 

Screen 

QL 

v 
QL 

QL 

t 
QL 

t 
QL 

3.0 
T 323 K ,  m 0.788 x kg 
dp = 0.45 x m 
QL = 3.42 x m3/s 

Run 39 
9, = 1.7 1 0 - W ~  m 

E -. - 
I r 

( i i i )  

Figure 3. Apparatus arrangements for mass transfer 
study. 

0 3 6 9 12 

Time, t , k t  

Figure 2. Accumulation of TBA vs. time in trickle-bed recycle reactor. 
A-1 5D catalyst, equilibrium run 
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3(i). The top region refers to the empty tube space (5 x lo-’ m 
in length) between the outlet of the distributor and the top of the 
prepacking, Figure 3(i), or the screen, Figure 3(ii). In all cases 
the catalyst bed was removed, leaving only the screen that held 
the catalyst bed. The mass transfer rates of isobutene from gas 
to liquid were measured at 323 K and atmospheric pressure. The 
dimensions of the top, prepacking, and bottom (between screen 
and liquid exit) were the same as for the reaction runs, Table 1 .  

The method of analyzing the data was to write mass balances 
for each of the three arrangements. These equations were then 
solved for the rate coefficients (kgLuL)z for each region, z , ,  z,,, 
and z2. Figure 4 shows the results for combinations of the three 
coefficients as a function of flow rate. The two curves that in- 
clude the prepacking show a maximum at an intermediate flow 
rate. This may be due to a change in flow regime in the prepack- 
ing region. The flow regime map of Tosun (1984) indicates that 
at a liquid rate in our reactor of about 2.5 x m3/s, transi- 
tion from trickling to pulsing flow occurs. 

The values of (k&z for the top and prepacking sections 
were then used with the measured liquid feed concentrations C, 
to calculate the concentrations C,,, and Ccol,d of isobutene in the 
liquid entering the catalyst bed. Figures 5 and 6 show these 
results, as well as the feed concentrations, for absorption and 
desorption conditions, with and without prepacking. For the 
absorption runs with prepacking the concentrations entering the 
catalyst bed were as high as 42% of saturation, while for desorp- 
tion the concentrations were as low as 60% of saturation. With- 
out prepacking these values were no more than 20% for absorp- 
tion and more than 80% for the desorption condition. Details of 
the method of calculation are given in the Supplementary Mate- 
rial. 

8 

The absorption and desorption concentrations were suffi- 
ciently different to provide independent equations relating A 
kgLur, and kh a, in the catalyst bed. The C,, values shown in 
Figures 5 and 6 were used along with the measured reaction 
rates to analyze the reaction data. 

Experimental Rates and Derived 
Rate Equations 
Equilibrium feed condition 

Reaction rates calculated from the experimental data are 
shown in Figure 7 (with prepacking) and Figure 8 (without pre- 
packing) for the three feed arrangements. The maxima and 
minima in the curves at a liquid flow rate of about 2.5 x 
m’/s are likely due to a change in flow regime. This phenome- 
non was also noted in the mass transfer experiments involving a 
packed section, Figure 4. In Figure 7 the experimental point for 
a threefold change in gas flow rate (equilibrium runs) indicates 
a negligible effect of gas rate. 

According to the additive procedure of Tan and Smith 
(1 980), the total rate of reaction for a first-order reaction is 
given by 

The concentration C,B., is that on the liquid-covered outer sur- 
face, and the whole term represents the contribution to the reac- 
tion rate from this part of the surface. The second term repre- 
sents the contribution from the gas-covered surface. Since the 
mass transfer resistance through the thin film of liquid on the 
gas-covered surface is very low, the concentration is assumed to 

o Top + Prepacking + Bottom (T+P+B ) 
x Top + Prepacking ( T + P )  
o Top + Bottom (T+B)  0 

0 1 2 3 4 

Liquid Flow Rate, QL x lo6 ,  m 3 / S  

Figure 4. Effect of liquid rate on gas-to-liquid mass transfer in the three regions. 
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Subscript iB Omitted 
From all  Concentrations 

1.0 

'f,d"; 

' 'cat, d /'; 
0.8 ' 

* Cf,a /C;  

A C c a t , a / G .  

0.6 

0.4 

0.2 

0 
0 1 2 3 4 

Liquid Flow Rate, QL x lo6, m3/s  

Figure 5. Concentration of isobutene in liquid feed and at top of catalyst bed. 
Absorption and desorption runs with prepcking 
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0.8 

s 
0 -. 
0 

0.6 .- 
c. 

0 c 
(0 Y) 

0 
.b.. 

0.4 
8 
L 

0.2 

0 
0 1 2 3 4 

Liquid Flow Rate, QL x 10 , m 1 s  6 3  

Figure 6. Concentratlon of lsobutene in liquid feed and at top of catalyst bed. 
Absorption and desorption runs without prepacking 
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0 1 2 3 4 

Liquid Flow Rate, QL x l o 6 ,  m3/S  

Figure 7. Trickle-bed reaction rates with prepacking. 

0 1 2 3 4 

Liquid Flow Rate, QL x 1 0  , rn /S 6 3  

Figure 8. Trickle-bed reaction rates without prepacking. 
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be that in equilibrium with the concentration in the gas, that is 

To apply Eq. 2, CiBj needs to be expressed in terms of known 
concentrations and the rate parameters. This is done by first 
writing the following mass balance of isobutene in the liquid 
phase around the differential reactor: 

C 2 . L .  

where CiB,e is the concentration in the effluent liquid. The mass 
transfer term from gas to liquid in Eq. 3 includes the factorf. 
This assumes that the gas-liquid area is proportional to the frac- 
tion of the particle surface area covered by liquid. Whether or 
notfis included in this term has little effect on the final equation 
for the rate (Eq. 8). 

The mass transfer rate to the liquid-covered surface is equal 
to the contribution to the reaction rate from this surface. Again 
using the Tan and Smith (1980) concept, this contribution is 
given by 

The average concentration differences are nearly equal to the 
arithmetic averages for the differential reactor. Thus, 

Since 2QJf Sz, > krLaL, the inclusion off has a negligible 

Equation 8 is in terms of three rate parameters k,a,, and 
effect on the rate. 

kgLa,. 

Absorption feed condition 
For this condition of a relatively high concentration of isobu- 

tene in the gas feed and a low concentration in the liquid feed, 
Figures 7 and 8 show that the rate increases slightly at low liquid 
flow rates. Since the mass transfer rate from liquid to particle 
should decrease as Q L  decreases, the rate is expected to decrease. 
The opposite result is because f is less than unity at low liquid 
rates. Hence, an increasing amount of reaction occurs on the 
gas-covered surface for which the mass transfer rate is high. The 
desorption results in Figures 7 and 8 provide further evidence for 
this interpretation, as discussed later. 

The same analysis employed for the equilibrium runs can be 
used to obtain a predictive equation for the rate r,. The mass 
balance of isobutene in the liquid phase for the absorption condi- 
tion is 

QLfc iB .caz  - ciB,e) = f (kLsas)(ciB,L - c iB j )aveszc  

-f (kgLaL)(c$,L - ciB.L)awszc = (9 )  

where C i B , m r  is the concentration in the liquid entering the cata- 
lyst bed, as obtained from Figures 5 and 6. Equations similar to 
Eqs. 5 and 6 may be written for the average concentration dif- 
ferences. Equation 4 also is applicable. The resulting expression 
for CiBJ is 

(7) 

Substitution of this expression for CiBc in Eq. 2 gives a predictive 
equation for the rate for the equilibrium feed condition: 

req = 
f C 2 . L  

+ (1 - f ) h C & , L  (8) 
In Eq. 8, TJ is the conventional first-order effectiveness factor 
corresponding to a uniform concentration on the outer surface of 
the particle. For the same catalyst, temperature, and particle 
size, Leung et al. (1986) determined, from liquid-full experi- 
ments, kq to be 1.66 x m3/kg cat . s. If the mass transfer 
surface from gas to liquid in Eq. 3 does not include the factorf, 
then f also appears in the kgLaL term in Eq. 8. 

Since kq is known, Eq. 11  is also an expression for the reaction 
rate in terms of the three parametersf, kLsas, and krLa,. 

Desorption feed condition 
The rate data shown in Figures 7 and 8, for a feed condition of 

zero isobutene in the gas (pure N2 feed) and much isobutene in 
the liquid, show a continuous increase with liquid flow rate. The 
rate is very low at the lowest liquid rate, wheref < 1, because 
there is little contribution from the gas-covered surface. The 
increase in rate with QL is explainable by the increased contribu- 
tion from the liquid-covered surface due to increasing turbu- 
lence, i.e., an increase in K,a,. 

Since the gas feed is pure nitrogen, the concentration of isobu- 
tene in the gas entering the catalyst bed is very Low. Mass bal- 
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ances of isobutene in the gas and liquid phases in the region 
above and in the catalyst bed show that the average liquid con- 
centrations, in equilibrium with the gas entering an! leaving the 
catalyst bed, are of the order of 1.6 x kmol/m . This is only 
about 1% of concentration in the bulk liquid. Neglecting this liq- 
uid concentration (C$,L - 0), the mass balance of isobutene in 
the liquid, analogous to Eqs. 3 and 9, is 

p I/ I 

Again Eq. 4 is applicable, and appropriate expressions, similar 
to Eqs. 5 and 6, may be written for the average concentration 
differences. Then Eq. 2 becomes 

-..- Calc. for f 1 ; kLs a, From Dharwadkar and Sylvester 
(1977) ; k a From Goto and Smith (1975) 

gL L 

Proceeding as before, the expressions for ciB, and rd are 

CiB.cot 

Equation 15 provides a third expression for the rate in terms ofJ; 
kha,, and kgLaL. 

Evaluation of Rate Parameters 

rates are related by the equation 
Only two of Eqs. 8, 11, and 15 are independent. The three 

(16) 

where (ciB,co,)a and (Cj&or)d are the concentrations in the liquid 
entering the catalyst bed for the absorption and desorption feed 
conditions, respectively. Therefore only two of the rate parame- 
ters can be evaluated from the three sets of rate data in Figures 7 
and 8. The sensitivity of the rate to each parameter was evalu- 
ated using available correlations for k,a, and kgLaL from Dhar- 
wadkar and Sylvester (1977), Goto and Smith (1975), and 
Fukushima and Kusaka (1 977). All the results are shown in Fig- 
ure 9. Three of the curves are f o r f =  1, 0.9, and 0.8 with k,as 
and kgLaL evaluated from the correlation of Goto and Smith. 
The relatively large deviation between the curves indicates that 
the equations are sensitive to the wetting efficiency. The effect 
of k,as on the rate is shown by the two curves, both forf= 1 and 
kgLaL from Goto and Smith, but khar evaluated in one case from 
Goto and Smith and in the other Dharwadkar and Sylvester. 
The two correlations for khas differ significantly, but still the 
two curves show a strong dependency on khas. Finally, two 
curves are shown, both forf- 1 and kLras from Goto and Smith, 
but kgLa, from Fukushima and Kusaka for one curve and from 

__-  req - r o  Ci*B.L - (C iB .cor )o  - 

rd ( ciB,cat) d 

I 

Calc. Rates for f = 1 

Calc. Rates for f = 0.8 

I - 1 
--- Calc. Rates for f = 0.9 kLs aL and kgL aL From Goto and Smith (1975) 

..-..- 
A- 4- -.- 

.. -.. 
I -.. -**  

'. I--- Calc. for f = 1 ; kLs as From Goto and Smith (1975), 
kgLaL From Fukushima and Kusaka (1977) 

0 1 2 3 4 

Liquid Flow Rate, QL x lo6, m3/s 

Figure 9. Sensitivity of reaction rates to f, kL.a,, and k,aL. 
Desorption runs without prepacking 
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Table 2. Results of Two-Parameter Optimization* 

10-2 

Q L x  lo6 
m’/s 

3.42 
2.46 
1.70 
1.31 
0.92 
0.55 
0.16 

I 

With Prepacking Without Prepacking 

0.83 0.187 
0.89 0.230 
0.88 0.187 
0.86 0.158 
0.85 0.141 
0.77 9.64 x lo-’ 
0.71 2.71 x lo-’ 

0.89 0.259 
0.85 0.28 1 
0.79 0.205 

0.78 0.129 
0.75 8.29 x 
0.72 4.85 x 

- - 

*Using Subroutine ZXMWD with k,L aL from Goto and Smith (1975) 

Goto and Smith for the second curve. Even though the two cor- 
relations gave kgLaL values that differ by two- to threefold, the 
two curves nearly coincide. It is concluded, for the reaction and 
conditions of this study, that gas-to-liquid mass transfer had lit- 
tle effect on the reaction rate. Hence, the rate can be analyzed to 
provide accurate results for k,u, andf, but the data are not sen- 
sitive to kgLa,. 

Optimal values off and k,a, were determined by minimizing 
the sum of the squares of the deviations between the predicted 
rates from Eq. 8,11, and 15 and the experimental rates shown in 
Figures 7 and 8. The Goto and Smith correlation was used for 
kgLaL. Separate results wereobtained for the runs with and with- 
out the prepacking section above the catalyst bed. The calcula- 
tions were carried out utilizing an IMSL (1984) Library User 
Manual subroutine called ZXMWD (1984). This subroutine 
employed a quasi-Newton method for the optimization process. 

The results forfand kba, are listed in Table 2. As expected, 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

This Work, Without 

A This Work, With 

0.3 0.5 0.7 1.0 2 3 5 7 10 20 30 50 

ReL 
Figure 10. Comparison of wetting efficiencies. 

both wetting efficiency and kbas decreased with decreasing liq- 
uid flow rate. Thefvalues with prepacking are a little higher 
than f without prepacking at  all the intermediate liquid rates. 
This may indicate that an improved liquid distribution increased 
the wetting efficiency. However, the ratio of reactor diameter to 
particle size, about 33, along with the liquid distributor met the 
criteria for uniform liquid distribution (Herskowitz and Smith, 
1978). A more plausible explanation is that the difference in f 
values with and without prepacking is a measure of the accuracy 
of the data. 

Figures 10 and 11 cornparefand k,a, with data from the lit- 
erature. Most of thefvalues in Figure 10 are somwhat lower 
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Figure 11. Comparison of liquid-to-particle mass transfer coefficients. 
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Flgure 12. Predicted and experimental rates for runs with prepacking. 
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Figure 13. Predicted and experlmental rates for run8 without prepacking. 
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than the  band proposed by Satterfield (1975) and most of the 
specific literature results. I t  may be  tha t  the  high surface tension 
of water (73 x lo-’ N/m a t  293 K; Weast [ 19821) in our system 
explains whyf i s  lower than the  values found by Herskowitz et 
al. (1979) and Morita and Smi th  (1978), who used a-methyl 
styrene (surface tension = 32 x lo-’ N/m at 292K; Weast 
[ 19821). The comparison shown in Figure 1 1 indicates lower 
values of kLus than the results from the literature. Again the  
reason may be due to  differences in surface tension that could 
affect the effective mass-transfer area. T h e  dependency of kLas 
on liquid velocity from our data agrees with that of the  earlier 
studies. 

Figures 12 and 13 compare the  experimental rates with those 
predicted using the  optimal values of f  and  k,u,. Good agree- 
ment is obtained with and without the  prepacking section. T h e  
predicted rates exhibit the  slight increase with decreasing liquid 
ra te  for the  absorption feed condition and  the  strong decrease in 
ra te  with decreasing liquid rate observed for the  desorption feed 
condition. These trends a r e  required of a predictive method tha t  
satisfactorily explains the  effect of a wetting efficiency less than 
unity a t  low liquid rates. 

Thus  the  results of this study support t he  additive method, Eq. 
2, of accounting for wetting efficiency. 
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Notation 
aL = effective gas-liquid mass transfer area, m’/m’ 
a, = effective liquid-solid mass transfer area, m’/m’ 
C = concentration, kmol/m’ 
d, = particle diameter, m 
f = wetting efficiency 
k - intrinsic rate constant, m’/kg cat . s 

kb = liquid-solid mass transfer coefficient, m/s 
k ,  = gas-liquid mass transfer coefficient, m/s 
m = mass of catalyst bed, kg 
Q = flow rate, m’/s 
r = total reaction rate, kmol/kg cat . s 

Re, - liquid Reynolds number, dpuLpL/pL 
S = cross-sectional area of reactor, m2 

uL = superficial liquid velocity, m/s 
V, = total liquid volume, m3 
z = reactor length, m 

zi = height of empty column above bed, 5 x lo-’ m 
z2 = height of empty column below bed, 5 x lo-* m 
z, = height of catalyst bed = 1 .O x lo-’ m 
zp = height of prepacking = 1.3 x lo-* m 

Greek letters 
p = ratio of evaporation rate to accumulation rate of TBA 

pr = liquid density, kg/m’ 
7 = effectiveness factor 

p L  = liquid viscosity, N . s/m2 

Subscripts 
a = absorption feed condition 

ave = average 
btm = bottom section below catalyst bed 
cat - catalyst bed 

d = desorption feed condition 
e = exit 

eq = equilibrium feed condition 

f = feed 
g = gas 

gL = gas-liquid 
iB = isobutene 
L = liquid 

Ls = liquid-solid 
p p  = prepacking section above catalyst bed 

r x n  = reaction 
s = outer surface of particle 
T = total 

TBA = tertiary butyl alcohol 
top = top section above catalyst bed or prepacking section 

Superscript 
* = equilibrium or saturated value 
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