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Abstract

Qualitative changes in the local (pore level) wetting e&ciency of a porous catalyst as a function of catalyst wettability are proposed
based on monitoring the 1-D motion of the solid-liquid-gas contact line. As catalyst wettability is increased, the resulting wetting e&ciency
is likely to show two distinct transitions viz., (1) a sudden decrease that is inspired by coalescence of neighboring rivulets and, (2)
a sudden increase that is inspired by porous nature of the catalyst. As catalyst wettability decreases, the wetting e&ciency is likely to
decrease in the beginning but can then be held constant due to pinning or holding of the retracting contact line by liquid-5lled pores. This
will result in comparatively much higher wetting efficiencies. It is further proposed that under favorable circumstances this pinning can
disappear and will, thus, allow the contact line to retract and wetting e&ciency to decrease. In the end, the e8ect of catalyst geometry on
the relation between wetting e&ciency and wettability is presented.
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1. Introduction

The catalyst wetting e&ciency i.e., fraction of the exter-
nal catalyst pellet area wetted by the flowing liquid is an
important parameter as it gives an indication of the extent
of catalyst utilization. Partial wetting where only a fraction
of the catalyst pellet surface is wetted by the liquid always
leaves scope for improvement in the wetting e&ciency and
as a result it has been extensively examined in the past (Lem-
co8, Cukierman, & Martinez, 1988; Martinez, Cassanello,
& Cukierman, 1994; Llano, Rosal, Sastre, & Diez, 1997;
Pironti, Mizrahi, Acosta, & Gonzalez-Mendizabal, 1999). It
is now well established that increase in wettability leads to
increase in wetting e&ciency. Horowitz, Martinez, Cukier-
man, and Cassanello (1999) have reported experimental evi-
dence of appreciable decrease in the wetting e&ciency when
hydrophilic catalysts (more wettable catalyst for their sys-
tem) were replaced with hydrophobic (less wettable) ones.

In the present work the relationship between wetting ef-
5ciency and wettability of the solid is explored by moni-
toring the movement of the solid-liquid-gas contact line,

the precursor to change in wetting e&ciency, across the
porous atalyst surface as the catalyst wettability changes.
The guiding principles for the present analysis are the fol-
lowing two observations:

1. Increase in wettability (a decrease in the contact angle)
results in spreading of the contact line whereas decrease
in wettability (increase in contact angle) results in re-
traction of the contact line.

2. The contact line moves across either liquid-5lled (sat-
urated) pores or solid catalyst surface as wettability
changes.

In the presentation that follows, complete internal wetting
whereby the pores of the porous catalyst are completely
5lled with liquid and partial external wetting is assumed.
This is likely to be the actual scenario whenever e.g., a
Trickle Bed Reactor is flooded with the liquid prior to its
operation. The pellet's surface is modeled as alternating
patches of completely wettable saturated pores of width m
and partially wettable solid of width n in a 1-D horizon-
tal geometry. The ratio of m and n is kept in accordance
with the overall porosity of the pellet. Firstly, the case of
continuously increasing wettability that results in advancing



3402 R. Khanna, K. D. P. Nigam / Chemical Engineering Science 57 (2002) 3401-3405

contact line is examined and then the opposite case of con-
tinuously decreasing wettability or retracting contact line is
studied. A simple method to e8ect this continuous change is
to dope the liquid with surfactants. In the end, as a supple-
mentary information, the e8ect of catalyst geometry on the
relation between wettability changes and wetting e&ciency
is presented. However, it is understood that in an industrial
operation where complex 3-D models will simulate the sit-
uation more closely, the e8ect of gravity and catalyst ori-
entation will have a major role (Saez & Carbonell, 1985).
The simple case presented here is to develop the base case
of change in wetting e&ciency. This will help in isolating
the e8ect of other parameters such as liquid hold-up, spatial
orientation, gravity, etc.

2. Increasing wettability: the advancing contact line

We start by looking at the morphology of the liquid 5lm
at very low wettability. Fig. 1 presents the side-view of the
movement of the contact line as wettability is increased. Ini-
tially, the liquid 5lm will be as shown in Stage A, which
is characterized by having liquid rivulets flowing down the
catalyst surface over the saturated pores. In accordance with
low wetting e&ciency or low fractional coverage of the cat-
alyst, it is assumed that there are some free pores that are
not covered by any rivulet, also. Thus, in some cases, a
5lm-covered pore has a covered neighbor (twin drops at the
left) and in some cases it has a free neighbor (isolated drop
to the right in stage A). It should be noted that the con-
tact line has to always reside on the partially wettable solid
patch, as it cannot be on a completely wettable liquid 5lled
pore. As wettability increases the contact line advances on
the solid surface thereby increasing the fractional coverage
and the wetting e&ciency. This advancement will lead to
the contact lines of the neighboring rivulets to come closer
to each other (Stage B). As wettability is increased further,
coalescence of the neighboring rivulets happens (Stage C).
This coalescence will result in a decrease in wetting e&-
ciency as can be shown by the following exercise:

Let the base width (coverage) of the two coalescing drops
be d1 and d2 and the contact angle be 6. The base-width, d,
of the resultant coalesced drop will be given by the following
material balance:

0d2 = ddl or d =( (1)

Here, the drops are thought of as circular caps and the con-
tact angle (a function of wettability) does not change. It is
clear that the resultant coverage, d, will always be less than
the total initial coverage d1 and d2. The fractional loss of
coverage is given by

1 -d/(di +d2) = 2d1d2=(d1 +d2)2: (2)

In fact, in the case of merger of two similar drops (d1 =d2)
the fractional loss of coverage (at the two pore level) will
be as high as 0.5! Thus, contrary to popular perception
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Fig. 1. Di8erent stages (A-C and D) of morphology of the liquid 5lm,
motion of the contact line and coverage of the catalyst as wettability of
the catalyst is increased.

wetting efficiency decreases even though the wettability is
increased. We will refer to this phenomenon of unusual de-
crease in wetting e&ciency due to coalescence of neighbor-
ing rivulets as the 4rst transition. It should be noted that the
isolated drop on the right does not show any such transition.
As wettability is increased further, the contact line advances
some more and reaches the edge of the completely wettable
porous patches (Stage D). It will, now, speed across the wet-
table patch to form a contact at the other side of the patch.
This will result in a quantum jump in the wetting efficiency
even as the wettability remains constant. We will refer to
it as the second transition. It is easy to see that the magni-
tude of this quantum jump will depend entirely on the ratio
m=n or porosity of the catalyst pellet and not on its wettabil-
ity. It should be noted that the liquid which is covering the
pores now, is free to move unlike the liquid which was held
up by the pore earlier, and thus contributes to the wetting
efficiency. More and more cycles of these two transitions
interspread by regular increase in wetting e&ciency will re-
sult as wettability is increased further.

Fig. 2 that presents the qualitative variation of the local
wetting e&ciency (in arbitrary units) as a function of wet-
tability (again in arbitrary units) summarizes the e8ect of
increase in wettability on the wetting e&ciency. One starts
with a wetting e&ciency of I and 5lm morphology as in
Stage A. Increase in wettability results 5rst in a regular in-
crease (Stage B) in the wetting e&ciency followed by a
small decrease (the 5rst transition, B —> C) and then again
a regular increase (Stage C) followed by a sudden vertical
increase (the second transition, C —> D) and once again a
regular increase (Stage D). Any further increase in wettabil-
ity will only repeat the whole cycle (not shown). It should
be noted that at the bed level which encompasses a large
number of pellets with each one of them being in a di8erent
stage (A-C or D), the overall wetting e&ciency changes will
be much smoother and the two transitions are most likely to
be missed.
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Fig. 2. Qualitative variation of local wetting e&ciency as a function of
catalyst wettability as the wettability is 5rst increased (—) and then
decreased (...).

Decreasing wettability

Fig. 3. Changes in the morphology of the liquid 5lm, motion of the
contact line and coverage of the catalyst as wettability of the catalyst is
decreased.

3. Decreasing wettability: the receding contact line

Fig. 3 shows the movement of the contact line as the
catalyst wettability is decreased. The contact line will start
retracting and will result in the reduction in the wetting
e&ciency. The retracting contact line will actually retract on
a wetted solid unlike on a dry solid, which is the case when
it advanced in Section 2. As retracting contact angles are
generally lower than the advancing ones (Heimenz, 1986)
one expects the reduction in wetting e&ciency to be less
(dotted lines of Stage D, Fig. 2).

As soon as the retracting line reaches the edge of the 5rst
saturated pore it will get pinned down or held up by the
completely wettable pore. Thus, any more retraction through
the pore will be extremely di&cult (Stage E, Fig. 3). As
a result, any subsequent decrease in the wettability is not
likely to translate into a reduction in the wetting e&ciency

(dotted horizontal line of Stage E, Fig. 2). This unusually
high constant wetting e&ciency which is only slightly lower
than the initially high wetting e&ciency can lead to lot of
erroneous conclusions from experiments which are designed
to look at the e8ect of wettability on wetting e&ciency.

If somehow the continuous liquid 5lm with the pinned
contact line of Stage E (Fig. 3) can break into a dry patch on
the solid patch on the other side of the saturated pore (Stage
F, Fig. 3) then it will be free to retract and the wetting e&-
ciency will decrease (Stage F, Fig. 3). This situation is sim-
ilar to the breakup of a thin liquid 5lm sandwiched between
a solid substrate and another bounding fluid (a gas/air in
this case). At this point we apply the current understanding
of the breakup of those 5lms to the current context to look
at possible mechanisms through which this can happen.

4. Unstable thin liquid films: effect on wetting efficiency

Thin liquid 5lms over solid substrates (in this case cata-
lyst pellets) and covered by another fluid (in this case gas)
are known to dewet the substrate by forming dry patches
having three-phase contact line. This breakup can occur un-
der the influence of intermolecular forces for homogeneous
substrates (Vrij, 1966; Ruckenstein & Jain, 1974; Williams
& Davis, 1982; Sharma & Jameel, 1994; Khanna & Sharma,
1997; Sharma, Khanna, & Reiter, 1998) or due to nucle-
ation by defects and=or nonhomogeneities at the solid sur-
face (Konnur, Kargupta, & Sharma, 2000).

The 5rst mechanism is not likely to be relevant in the
present context as it is prevalent in extremely thin 5lms (less
than 100 nm) and the 5lm rupture will take a very long time
(normally days). The second mechanism of 5lm breakup
due to nonhomogeneity is very much relevant here as it
can rupture much thicker 5lms within seconds and minutes.
Even if no external nonhomogeneities are present (which is
very unlikely), the alternating completely wettable and par-
tially wettable patches present a source of intrinsic nonho-
mogeneity. Konnur et al. (2000) and Kargupta and Sharma
(2001) have shown that it is possible that under certain con-
ditions which include increased wettability contrast between
the two patches (decreased wettability of the solid patch),
the pinned 5lm can break down at the other side of the pore.
Whenever these conditions are met, the breakup will occur
and the contact line will be free to retract. This will result in a
sudden dip in the wetting e&ciency (dashed lines of Stage F,
Fig. 2). Another factor that will amplify the reduction once
the rupture has occurred will be the loss of dynamic liq-
uid hold-up. Obviously, less liquid will spread over less
area, which means less wetting e&ciency. The loss in dy-
namic liquid hold-up will occur, as the traversed pores will
retain some liquid. The amount of retained liquid will de-
pend more on the thickness of the 5lm that breaks down
and the size of the pore (Konnur et al., 2000; Kargupta &
Sharma, 2001). This is likely to be much more than the static
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liquid in the meniscus that was held up by the pores earlier
due to capillarity.

It can be argued that even though the conditions might
be suitable for 5lm rupture at the 5rst saturated pore they
might not be favorable for rupture at all the subsequent
pores, the reason being the increased thickness of the liq-
uid 5lm at subsequent pores due to lesser coverage of the
pellet for roughly the same volume of liquid. Thicker 5lms
will need more wettability contrast to rupture. As a result,
the retracting contact line might get held up at one of the
subsequent saturated pores, a situation similar to Stage E in
Fig. 3. This will result in wetting e&ciency being constant
again even as the wettability is decreased (horizontal dotted
line of Stage G, Fig. 3). A further reduction in wettability
will be required to break the pinned 5lm again and reduce
the wetting e&ciency (dashed line coming down from Stage
G, Fig. 4). This whole cycle of constant e&ciency, sudden
drop and regular decrease will repeat itself as the contact
line retracts under the influence of reduction in wettability.

It is worthwhile to note that these transitions and stair-case
like hysteresis in the wetting e&ciency are likely to be
missed in large scale experiments due to the presence of
large number of pores and contact lines each in varied Stages
(A-F) of morphology. The overall e8ect is more likely to be
a smooth variation instead. Carefully designed experiments
at the pellet scale are more likely to substantiate the above
hypothesis.

5. Effect of catalyst geometry on relation between
wettability and wetting efficiency

The microscopic wettability of the solid catalyst as char-
acterized by the contact angle, 6, at the liquid-solid-gas
contact line has a direct e8ect on the thickness of the liq-
uid 5lm, 8, which covers the solid catalyst. Higher wettabil-
ity or lower values of 6 would translate into thinner 5lms.
To further illustrate this point, a contact angle of zero de-
gree would lead to complete spreading of the liquid, which
will result in the thinnest possible 5lm for any given liquid
hold-up. Even as the exact relationship between 5 and 6 is
not easy to formulate, the relative e8ect of the catalyst ge-
ometry on the relation between 6 and wetting e&ciency r\
can be estimated. It is su&cient to know that d(8)/d(6) > 0.

Let us consider two catalysts with the same shape and
size but having di8erent wettabilities. Let the wettabilities
and 5lm thicknesses in the two cases be denoted by r\\1 tj2, 8\
and 82, respectively. We now consider di8erent geometries
for a constant liquid hold-up.

5.1. Flat geometry

The equality of liquid hold-up at the pellet level implies

r\\A8\ = f]2A82 or r\2ln\=8\j82. (1)

Here, A is the surface area of the catalyst. Thus, the relative
change in wetting e&ciency is directly proportional to the
relative change in the liquid 5lm thickness, which in turn is
directly related to the contact angle at the solid-liquid-gas
contact.

5.2. Cylindrical geometry

Once again, the equality of liquid hold-up at the pellet
level implies

= tj252(r + 52/2) (2)

or

82/2r)]

+ 52/2r)]. (3)

Here, r is the radius of the cylinder. The term in the square
brackets can be thought of as a geometric ampli5cation fac-
tor as it ampli5es the e8ect of 5 on r\. It is easy to see that
if 8\ > 82. (increase in wettability) then the factor as well
(81/82) is greater than one and if 8\ < 82 (decrease in wet-
tability) then the factor as well (81/82) is less than one.

5.3. Spherical geometry

In this case also, the equality of liquid hold-up at the pellet
level implies

or

- r3) = tj2((r + 52)
3 -r3)

<$2)[(1 +8i/r + (<5i/3r)2)/

82/r + (<52/3r)2)]

m )flat[(l + <5i/2r + ((5i/3r)2)/

82/2r + (<52/3r)2)].

(4)

(5)

It is easy to see that the ampli5cation factor for 8\ > 52 in
this case is more than, and for 8\ < 52 is less than that in
the case of cylindrical geometry. Thus, the e8ect of wetta-
bility change on wetting e&ciency is more pronounced for
spherical pellets than for cylindrical pellets. Also one can
see that the ampli5cation increases as the ratio (81/82) in-
creases for both the geometries. For most of the practical
cases, though, r 3> 81,82 and as a result the ampli5cation
factor for both geometries approach unity.

Finally, we conclude by saying that it is expected that the
present approach to relate wetting e&ciency and wettabil-
ity through movement of contact line, the two transitions as
well as the possibility of unusually high e&ciencies during
retracting contact line will be helpful to design future ex-
periments, reinterpret earlier results and will prompt further
research along these lines.
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