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The phenomenon of capillary condensation is studied through the weight change ofAbstract
condensed phase in an int ernally wett ed porous pd cata lyst pe llet during the cou rse of
exothermic reacation of cyclohexane hydrogenation in a thermogravimetric analyzer (TGA). The
direct measurement of condensed phase indicates that evaporat ion of condensed phase is
confined to the macropores of catalyst pellet at the lower limit of reaction rate. Phase transition
from lower to upper limit reaction rate associates with the sharp temperature rise in the catalyst
pe llet . A substant ia l fract ion of pelle t pores vo lume opens in the phase t ransit ion and
evaporation of condensed phase extends to the micropores of catalyst pellet. The TGA studies
shows the reacation rate mult iplicit ies is the resu lt of condensation - evaporat ion hysteresis
associated with the internally wetted catalyst pellet.

Mult isteady States, Part ial Internal Wett ing, Phase Transition, Steady StateKey Words
Multiplicity
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INTRODUCTION

Three phase reactors consist of gas, liquid and
so lid phase s an d a re common ly u se d fo r
h yd r o ge n a t io n , h yd r o -de su l fu r iza t io n ,
denitrogenation, along with a variety of other
ca ta lyt ic r eact ion s. In comple t e we t t ing of
catalyst bed is reported to be associated with
the ope rat ion of three phase reactors. This
incomple te we tting is generally att ributed to
poor liquid distribution. However, in the cases
involving high heat s of react ion, incomplete
wetting occurs due to volatility of reactants and

p r o d u c t s , ma ss t r a n sp o r t e f f e c t s a n d
hydrodynamics of flow.
The studie s of Hankia e t al. ( 1) indicated

such comp le xit y in th e behavio r of t h e ir
laboratory trickle bed catalytic reactor. It was
sh own t h a t u n d e r ce r t a in co n d i t io n s
cyclohexene hydrogenation over the bed of Pd
catalyst pellets, the liquid mixture in the trickle
bed reactor could evaporate ( exte rnally dry
condit ion) as a result of the heat liberated by
the reaction. Evaporation of the liquid phase at
some po in t in t he bed br ings more dir ect
contact between gas and the solid catalyst and
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hence, leads to a sharp increase in reaction rate.
Some single catalyst pe lle t studie s, both

experimental and theoretical have addressed the
issue of par t ia l in te rnal we t t ing of catalyst
pellets [2-4]. These studies have not taken into
accoun t th e combine d e ffect s o f re act ion
exothermicity, vaporization of condensed phase
and transport of reacting species.
Partial wetting of the catalyst particle may be

exte rnal or in te rnal. In t he former case , a
fraction of external surface of the part icle is
wetted by the flowing liquid. In partial internal
we t t ing, a po r t ion o r comp le t e vo lume o f
catalyst pelle t is filled by the liquid. Inte rnal
wetting is thus brought about by capillary action
in porou s cat a lyst , and due to the st rong
capillary forces comple te filling of pores is
caused by liquid imbibit ion . But with volatile
liquid phase in exothermic reaction condition, a
situation arises where catalyst pellet is externally
dried but internally wetted by condensed phase
[5-7]. However, quantitative data in this area is
limited.
In order to gain insight into the behavior

three phase reactors and the formation of hot
spots under non isothermal reaction condit ions
with volat ile liquid phase , it is necessary to
e lucidate the phenomena of part ial in ternal
we tt ing in part icle scale at the single pe lle t
level. This is the prime objective of this work.

THEORETICALCONSIDERATION IN
INTERNALWETTINGPHENOMENON

I n ge n e r a l , t h e Ke lving an d Coh an [8]
Equations 1 and 2 are used to describe capillary
evaporation and condensation of condensable
vapor in porous media.

(1)In (P/P 0) = - _______2 s V
R T rm

(2)In (P/P 0) = - _______s V
R T rm

Where Po is vapor pressure, s surface tension ,

V sp e cif ic vo lume an d T the a dso r be n t
temperature and rm mean radius of curvature.

(3)___ = __ + __2
rm

1
r1

1
r2

in which r1 and r2 are two principal radii of the
curved meniscus. Liquid and gas phases are in
equilibrium at the meniscus of the liquid.
In the catalyst inter ior, the we t port ion is

r e fe r e d t o t he po re s t h a t a r e fille d wit h
condensed liquid to the gas filled pores. The
phase transit ion occurs be tween liquid filled
( we t ) a n d ga s f il le d ( d r y) co n d it io n s.
Evaporation and condensation are the refore
associated with the phase changes in catalyst
pores. The vapor liquid interface shape varies in
th e two ext reme case s of e vaporat ion and
condensat ion . Evaporation star ts from filled
poreswith hemispherical vapor-liquid interface
shape, for which rm can be related to the radius
of the cylindrical pore r by

(4)rm = r sec (q)

where q is the contact angle . For pe rfect ly
hemisphe rical meniscus q = 0 and r1 = r2 = r
so that rm = r.
Condensation occurs in empty pores with a

cylindr ical vapor-liquid in terface for which
r1 = r and r2 = È .
This leads to

(5)rm = 2r
Owing to these differences, condensation

and evaporation do not retrace each other on
the same pat h , so that hyst e r e sis e ffect is
associated with the transport of species in the
condensed phase and leading to mult isteady
state situation.

CATALYSTPREPARATION

Wet impre gna t ion te chnique was used for
loading of palladium on g - alumina support .
The required amount of palladium chloride salt
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Figure 1. Proe size distribution data of Pd catalyst pellet.

(59-60 percent w/w pd) was dissolved in a small
vo lume o f hydroch lo r ic acid . The suppo rt
mate r ia l was soaked in th is so lu t ion at the
t empe ra t u re of 30³C unde r vacuum. The
calcination temperature of the catalyst was at
380³C. The catalyst pe lle t was reduced under
hydrogen gas at a temperature of 200³C for 8
hours prior to hydrogenation reaction.
Figure 1 shows pore volume versus pore size

da ta for t he cata lyst pe lle t u sing bo th t he
nitrogen adsorption and mercury porosimetry
techniques. The nitrogen adsorption data are
used to calculate pore size distribution up to the
543 Ð. and mercury porosimetry for data above
the 543 Ð. Table 1 summarizes the physical
properties of this pelle t . The catalyst pelle t is
found to have a surface area of 144. 8 m2/g and
is characterized by an average pore radii of 41.1
Ð (mesopores), 1500 Ð (macropores) and the
total pore volume of 0.389 ml/g.

MATERIALSAND METHODS

The cyclohexane was of high purity (F luka;

> 99.0 pe rcent ). It was treated in a column of
g-A l2O 3 to remove any pe roxide p rio r t o
expe r iments. The high purit y nit rogen and
hydrogen (> 99.0 pe rcent v/v) were fur the r
purified by passing through deoxygenation. The
spherical g-Al2O3 catalyst support was used in
this study.
The composit ion of react ion mixture was

analyzed by gas chromatography. A 15 percent
w/w carbowax column (stationary phase) of 2.0
m length was used to analyze the cyclohexane
and cyclohexane retention time are about 1.09
and 1.63 min at the oven temperature of ³C and
30 ml/min o f n it r o ge n a s a ca r r ie r ga s
respectively. The temperature of injection port
was set at 110³C.

EXPERIMENTALAPPARATUSAND
PROCEDURE THERMOGRAVIMETRIC

ANALYZER(TGA)

A schemat ic diagram of TGA experimental
setup is shown in Figure 2. The experimental
s e t u p c o n s i s t e d o f D u P o n t 9 5 1
The rmogravime t r ic Analyze r (TGA) ,gas
saturator , condense r, constant temperature
bath, Brooks electronic metering system (Model
5850 Flow Controller), deoxygenation column,
drying column and IBM DS/2 data acquisit ion
syst em. The TGA accu racy o f t h e we igh t
measurement is of the order of 0.005 mg. The
Brooks F low controller has an accuracy of 2
percent of the full scale.
The react ion chamber was at tached to the

t he rmogravime t r ic ana lyze r , in wh ich 0.5
percent Pd catalyst pelle t was suspended from
the quartz rod arm of side-loading balance. The
p u r i f i e d ga s a f t e r p a s s i n g t h r o u gh
deoxygenation unit and molecular sieve column,
was bubble d t h rough cyclohexane in t h e
saturator . Any supersaturat ion was removed
from ga se s by a con den se r a t t h e ba t h
temperature before entering the reactor. The
weight change and the temperature of catalyst
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Figure 2. TGA Experimental setup.

part icle were monitored cont inuously by the
data collection inte rface and recorded on an
IBM compu t e r . Th e fr e qu e n cy o f da t a
collection was high (1 data point per 3 second)
pe rmitt ing the data to be repre sented by the
con t inuo us cu rve s. The conne ct ing p ipe
between the saturator and reactor was slightly
h e a t e d t o a vo id a n y co n de n sa t io n o f
cyclohexane. A small flow of purified nitrogen
gas at 5 ml/min was purged in the rear section
of the balance chamber in orde r to prevent
diffusion and condensation of reactor gases on
the balance interior parts.
In the first , the entire weight of holder and

catalyst pelle t was tared before introducing the
saturated nitrogen gas with cyclohexane to the
reaction chamber of TGA, so that any weight
gain direct ly repre sented the amount of the
co nde n se d p ha se in t he p e lle t . H e nce ,
condensat ion of cyclohexane in the catalyst

p e lle t could be dire ct ly monito r ed by the
Thermogravimetric Analyze r (TGA). A fixed
flow of n it rogen gas was bubble d t hrough
cyclohexane in the saturator hold at desired
constant temperature . The saturated nitrogen
gas was t h e n in t roduce d t o t h e re act ion
chamber containing catalyst pellet.
When the entire volume of the catalyst pellet

was filled by condensed cyclohexane no further
we ight gain in the pe lle t was recorded by the
TGA. Th e re a ct ion wa s t he n st a r t e d by
in t roducing hydrogen gas in to the flow of
nit rogen gas and sum of the two flows was
always kept constant. The react ion condit ion
was then changed by gradually in cre asing
hydrogen flow rate in order to increase the
reaction rate . As a result , due to temperrature
r ise in a catalyst pe lle t , evapora t ion of the
condensed liquid in it ia lly took place in the
macropores with a small variation in the amount

146 - Vol. 14, No. 2, May 2001 International Journal of Engineering



Figure 3. Variation of reaction rate with hydrogen partial
pressure in TGA.

of condense d phase in the pe lle t . The low
r e a c t i o n r a t e c o r r e sp o n d e d t o t h e
predominantly liquid filled pores (OA branch of
Figure 3). The effluent gas stream from reactor
was analyzed for cyclohexane content by the gas
chromatography to calculate the reaction rate .
As the reaction condition (hydrogen flow rate)
was fur the r changed to increase the reaction
rate , the evaporation of the condensed liquid
was extended to the micropores of catalyst
pelle t so that the catalyst pelle t exhibited high
reaction rates corresponding to predominantly
vapor filled pores (CD branch of Figure 3).
In the predominantly vapor filled state , the

hydrogen flow rate was gradually reduced to
de crease the react ion rate (DC branch of
F igu re 3) . Consequen t ly, t he t empera tu re
difference between the catalyst pelle t and the
reactor jacket was decreased and eventually
condensation of cyclohexane began in the pores
of catalyst . The reaction rate s corre spond to
those of predominantly liquid filled state under

this condition (C E branch of Figure 3).
In the second step of the expe riment , the

catalyst pelle t was purged with nitrogen gas in
order to remove condensed liquid from the
catalyst pores before introducing hydrogen gas
into the system. The same cycle of experiment is
repeated for gas prefilled catalyst pellet.
T h e o ve r a ll r e su lt o f t h e comp le t e

experimental cycle was plot ted as a react ion
rate , t emperature r ise of catalyst pelle t and
we igh t cha nge o f co nde nsa t e , a s ve r su s
hydrogen pressure. Experiments are carried out
at the atmospheric pressure but the sum of the
two flow rate s of hydrogen and nit rogen is
always kept constan t du r ing the cou rse of
expe riment. The weight of catalyst pelle t was
0.0743 g for the single pelle t experiments. The
same ca t a lys t p e lle t s we r e u se d in a ll
experiments performed.

EXPERIMENTALRESULTS

The TGA experimen ts were carr ied out to
establish the role of partial internal wetting in a
porous catalyst surrounded by reactingmixture
saturated with cyclohexane vapor during the
h yd r o ge n a t i o n o f c yc lo h e xa n e . T h e
phenomenon of capillary condensation and its
associated e ffect on reaction rate are studied
through weight change of condensed phase in
the catalyst pelle t unde r steady state reaction
co n d it io n . T h e de sign o f e xp e r ime n t
represented the case where the liquid phase is a
volatile limit ing reactant . The we ight change
and t empe ra t u re o f ca t a lyst p e lle t we re
recorded during the course of the exothermic
reaction.
Two sets of experiments were performed at

flow rate of 216.0 ml/min and bulk temperatures
of 15 and 22³C. In the fo llowing sect ion, the
experimental results are presented as a plot of
reaction rate , temperature rise of the catalyst
pellet with respect to bulk and weight change of
condensed all versus hydrogen partial pressure.
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Figure 4. Variation of catalyst temperature with hydrogen
partial pressure.

LOWERLIMIT REACTION RATE

Figure 3 shows t he obse rved re act ion rate
versus hydrogen par tial pre ssure at the bulk
temperature of 22³C and flow rate of 216.0
ml/min. The branch OA in Figure 3 represents
the lower limit of exhibited react ion rate in
which a substantial volume of catalyst pelle t is
filled by condensed liquid. As shown in Figure
4A, the maximum temperature rise of catalyst
pelle t is observed to be 0.83³C with respect to
the jacket temperature at this branch. Along
th is branch, 1.33 mg of condensed liquid is
evaporated from the cata lyst pores, as it is
measured by TGA in Figure 5. This shows that
a large fraction of catalyst pore volume is filled
by condensed phase at lower branch OA. It is
seen that evaporat ion of condensed liquid is
confined to the macropores of catalyst at the
lower branch reaction rate.
Figure 5 also shows that the initial uptake of

pe lle t , when it is purged with nit rogen gas
saturated with cyclohexane, is 19.5 mg before

Figure 5. Variation of condensed liquid amount in catalyst
pellet with hydrogen partial pressure.

the reaction starts by introducing hydrogen gas
into the system. The we tted pore volume of
catalyst pellet can be calculated from the weight
and density of condensate in the catalyst pores.
The we tted pore volume of catalyst pelle t is
calculated to be 0.350 ml/g based on the 19.5
mg uptake of cyclohexane with the average
density of 0.7948 g/ml at 22³C. Since the density
of cyclohexane and cyclohexane are very close
to each other, their value is used for calculating
the wetted pore volume of catalyst pellet.
The total pore volume of catalyst pellet using

t h e n it r o ge n a d so r p t io n a n d me r cu r y
porosimet ry techniques was 0.389 ml/gm, as
shown in Table 1.
The filled pore volume of pellet is calculated

to be 0.350 ml/g cat . from TGA obse rvat ion.
This is less than the total pore volume of pellet
which is 0.389 ml/g. This could be due to the
macropores in the catalyst pellet which can not
be fi lle d by t h e mechan ism o f cap il la ry
condensation and existence of fine pores in the
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Figure 6. Variation of catalyst pellet fractional wetting with
hydrogen partial pressure.

catalyst pelle t in which mechanism of filling is
different from that of capillary condensation [8].
The fractional liquid filling of catalyst pelle t

is then calculated as the ratio of wetted pore
volume to the total pore volume of catalyst
pellet and is shown in Figure 6. The total pore
volume is taken to be 0.389 ml/g in calculating
the fractional liquid filling of catalyst pellet. As
shown in Figure 6, the fractional liquid filling
reduces to a value of 0.795 at point A along the
branch OA. A substantial catalyst pore volume
is filled by t he condensed phase and t he
reaction rate corresponds to predominantly
liquid filled pores at this branch.

UPPER LIMIT REACTION RATE

The reaction rate is suddenly increased from
0.0038 gmol/gm cat, hr at poin t A to a 0.0347
gmol/gcat hr at point C, as shown in Figure 3.
This br ings about t en fo lds increase in the
observed reaction rate. This is associated with a
temperature rise of 8.41³C with respect to pellet

temperature at point A where 16.68 mg of the
condensed liquid is evaporated form the catalyst
pores , as shown in Figures 4 and 5 respectively.
F igure 6 shows that the fract ional liqu id

f i l l in g o f ca t a lyst p e lle t ch a n ge s fr om
predominantly liquid to predominantly gas filled
state as the catalyst pellet exhibits reaction rate
corre sponding t o CD branch. This shows a
phase transition from partially liquid to partially
gas filled in the state of catalyst pe lle t . This
observation indicates that the steady states of
catalyst pelle t corresponds to different degrees
of catalyst internal wetting during the course of
reaction at different reaction rate branches. The
fractional liquid filling reduces to 0.077 at point
C on the branch CD and remains constant with
further increase in hydrogen partial pressure.
The hydrogen pa r t ia l p r e ssu re is t h e n

gradually decreased from point D in Figure 3.
The observed react ion rates are shown along
the branch DCÅE in Figure 3. The obse rved
reaction rates reduce along this branch to 0.023
gmol/gmcat hr at point CÅ before transit ion to
t he lowe r branch OA. Wit h de cre ase o f
hydrogen part ial pre ssure, the catalyst pelle t
temperature reduces and the condensat ion
init ia lly begins in the fine r pores of catalyst
pellet and gradually develops in the larger pores
at low hydrogen partial pressure. The fraction
of liquid filling increases from. 0.076 to 0.799
along the branch DE in Figure 6 and as a result,
the catalyst pelle t finally exhibits lower branch
reaction rate at point E in Figure 3.

MIDDLE BRANCH REACTION RATE

Following this experiment and completion of
the last cycle experiment (branch DC ÅE) on the
point E, catalyst pellet is then again purged with
nitrogen gas in order to remove the condensed
liquid from the catalyst pores. Upon introducing
hydrogen gas saturated with cyclohexane into
the reaction chamber where the catalyst pores
are gas prefilled, the catalyst pellet exhibits the
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Figure 7. Variation of reaction rate with hydrogen partial
pressure.

reaction rates corresponding to the branch FG
in Figure 3. In this branch, condensation occurs
simultaneously during the course of reaction
when hydrogen gas saturated with cyclohexane
is int roduced into the reaction chamber. The
initial uptake of catalyst pellet is recorded to be
4.4 mg at the point F in Figure 5. As hydrogen
partial pressure increases along the branch FG
in F igu r e 5 , 1 .58 mg o f co n de n sa t e is
evaporated. A maximum temperature rise of
7.1³C is observed be tween catalyst pelle t and
the bulk at the point G . The extent of catalyst
pellet pore wetting is different along the branch
FG and as a re sult , cata lyst p e lle t exhib it s
d iffe re nt r eact ion ra te from the obse rved
reaction at lower and uppe r branches. This
indicates the effect of catalyst internal wetting
and its past history on reaction rate multiplicity.
Figure 6 shows that fractional liquid filling

varies from a value of 0.189 to 0.121 along the
branch FG. It is also observed that if hydrogen
partial pressure is set at a low value, due to low

Figure 8. Variation of catalyst temperature with hydrogen
partial pressure.

reaction rate , which causes lower temperature
d iffe r e n ce be twe e n ca t a lyst p e lle t a n d
surrounding, the condensation of condensable
species in reacting mixture takes place in the
entire pore volume of catalyst pellet. Under this
situat ion, the obse rved reaction rate (F Å G Å
branch of F igure 3) gradually decreases and
ultimate ly corresponds to the lower reaction
rate branch OA of Figure 3. This indicates that
the re is an optimum temperature diffe rence
between catalyst pelle t and its surroundings in
which the catalyst pelle t exhibits the reaction
rate corresponding to branch FG.

COMPARISON OF BEHAVIORAT
DIFFERENT CONDITIONS

The other set of experiments is pe rformed at
flow r a t e o f 216.0 ml/min an d wit h t he
surrounding temperature of 15³C. F igure 7
shows t he obse rve d re act ion ra t e ve r su s
hydrogen partia l pressure . The branch OA of
F igure 7 represe nts the lower limit of t he
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Figure 9. Variation of condensed liquid amount in catalyst
pellet with hydrogen partial pressure.

reaction rate where a large fraction of catalyst
pore volume is filled with the condensed liquid.
The lower branch reaction rate is extended over
110 mmHg of hydrogen partial pressure at the
surrounding temperature of 15³C as compared
with Figure 3 at the surrounding temperature
22³C. The maximum temperature rise of 2.77³C
is measured in the lower branch, Figure 8. The
total uptake of catalyst pellet is 19.5 mg at point
O and beyond this, 0.98 mg of condensed liquid
is evaporated along the branch OA, as shown in
Figure 9. The fractional liquid filling is reduced
to 0.767 in the lower branch, F igure 10. The
phase t ransit ion from lower to uppe r branch
reaction rates is followed by the evaporation of
13.35 mg of condensed phase, shown in Figure
9. This is accompanied by 3.67³C temperature
r ise and the fract ional liquid filling drops to
0.194. The effect of surrounding temperature
on t he exte nt of pa r t ia l in t e rnal filling of
catalyst pellet is clearly observed by comparing
the extent of catalyst internal wet t ing at the

Figure 10. Variat ion of catalyst pellet fract ional wetting
with hydrogen partial pressure.

surrounding temperatures of 22 and 15³C.
The branch FG in Figure 7 corresponds to

the obse rved react ion rates which starts with
in it ia lly gas p re filled ca talyst pore s whe re
condensat ion occur s du ring t h e cour se o f
reaction. The extent of catalyst fractional liquid
filling in branch FG is different from the upper
and lower branch react ion rate s of catalyst
pellet, Figure 10. This indicates that the state of
catalyst pellet depends on its extent of internal
wetting which is turn depends to its past history
of states.
Table 2 summarizes the weight change, open

pore volume and fractional liquid filling in TGA
experimental runs. The open pore volume of
catalyst pellet is calculated from the amount of
evaporated condensed liquid along the branches
OA and CD . Table 2 shows that about 0.023
ml/g if catalyst po re volume is open to gas
transfer of species at branch OA.
Phase transit ion from predominantly liquid

to predominantly gas filled pores occurs with
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TABLE 2. Comparison of Fractional Liquid Filling of
Pellet at Different Branches from TGA Experimental
Results.

VPWLPH2T³Q
îTml/g catmgmm
l³C____ml

min BranchBranchHg

A COA ACOA ACA C

0.767 0.1940.026 0.2231.61 13.35110.5 126.315.0216.0

0.795 0.0770.020 0.2721.20 16.24107.2 122.522.0216.0

T³: Bulk Temperature ; Q : F low Rate ; PH 2:
Hydrogen Part ia l P re ssure ; WL: Weight of
Evaporated Condensed Phase; VP: Volume of
Open Pore s; î l

T : F ract ional Liquid F illing
Calculated from TGA Results.

evaporat ion of condensed liquid from fine r
pores of catalyst pellet in which approximately
0.22 and 0.27 ml/gm pore volume of catalyst
pellet is open to gas phase transfer of species at
sur rounding t empe ra tu re s of 15 and 22³C
respectively.
An additional experiment was carried out at

the bulk temperature of 15³C and flow rate of
216.0 ml/min in o rde r to con firm that t he
catalyst pellet is not deactivated while exhibiting
the reaction rate corresponding to branch FG.
The experimental run was directly started with
the gas prefilled pores of catalyst pellet. For this
purpose, the catalyst pelle t was reduced in a
sma ll flow r a t e o f hyd ro gen ga s a t t h e
temperature of 200³C for about 8 hours prior to
the expe r imental run . F igure 11 shows the
re su lt s of t h is e xpe r iment a l run and also
compares the obse rved react ion rate s with
symbol of (ú) corresponding to gas prefilled
po re s of ca ta lyst pe lle t with t he obse rved
reaction rates with the symbol of (o). A good
agre emen t is se e n be twe en t he obse rve d
react ion rate s of the confirmat ion te st and

Figure 11 . Compar ison of react ion rat e of fr esh gas
prefilled catalyst pellet with middle branch reaction rate of
figure 7.

experimental results of Figure 7.

DISCUSSION

The experimental observations show that the
catalyst pe lle t acquires diffe rent degrees of
internal wett ing at branch FG as compared to
lower (OA) and upper branch (CD). This shows
that the fract ional liquid filling of pe lle t in
branch FG is different from that of lower and
upper branches and hence, the state of catalyst
pelle t. Therefore, the multiple steady states of
the internally wetted catalyst pellet is associated
with a different degree of internal wetting and
consequent ly diffe r e nt re act ion ra t e s ar e
e xh ib it e d by ca t a lyst p e lle t a t t h e same
hydrogen partial pressure value.
The fractional liquid filling of catalyst pelle t

can also be est imated from the Ke lving and
Cohan equations (1) and (2) and pellet surface
tempe rature . As it is seen from the Ke lvin
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equation, a small uncertainty in the temperature
of pellet has a disproportionately large effect on
the estimated pore radius rm. This may lead to a
large magn itude o f e rror in est imat ing the
f r a c t io n a l we t t in g o f p e l le t . I n TG A
experiments, the accurate measurement of
pellet surface temperature was not possible due
to limitation in the experimental se t up. The
TGA exper iment s confirm that th e phase
t r an sit io n fr om p re dominan t ly liqu id t o
predominantly vapor filled pores occurs during
the exothermic reaction giving rise to a different
degree of fractional wetting inside the pe lle t .
Th e p re se nce o f mobile p hase s and t he
stationaryphase (catalyst pellet) brings out the
phase transition and reaction rate multiplicity.

CONCLUSIONS

The phenomenon of capillary condensation is
expe rimentally invest igated in this work. The
expe r imen ta l de sign pe rmit te d the dir ect
measurement of the partial internal wetting in
the catalyst pelle t during the hydrogenation of
cyclohexane over Pd catalyst pellet. Evaporation
o f condense d phase from pre -condense d
catalyst pe lle t pore s is a re su lt of the heat
liberated from exothermic reaction.
The condensed phase evaporation is confined to
the macropore s of ca ta lyst pe lle t a t lower
branch react ion rate and it is extended ove r
different hydrogen partial pressure during the
cou rse of r eact ion depending on react ion
condit ion. The phase transition from lower to
upper branch reaction rate is associated with
the sharp temperature rise in catalyst pelle t . A
significant fraction of micropores volume is
open at the uppe r branch reaction rate . The
TGA results show that the gas prefilled catalyst
pe lle t exhibit s diffe ren t degrees of in te rnal
wet t ing as compared to the state of catalyst

pellet at lower and upper branches.
The TGA results indicate that the reaction

rate mult ip licity is associated with diffe rent
degrees of pellet internal wetting. The partially
internally wetted catalyst can have any degree
of internal wett ing and hence exhibits reaction
ra t e hyst e r e sis be twe en lower and uppe r
branches. In calculating the fractional wetting of
ca t a lyst p e lle t fr om Ke lvin a nd Coh an
equations, the practical applicability of capillary
condensat ion in the porous media must be
taken into the consideration.
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