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Alternating motion of liquid in catalyst pores in a
liguid/liquid—gas reaction with heat or gas production

Leonid B. Datsevich
University of Bayreuth, LS CVT, Universitatstr. 30, D-95447 Bayreuth, Germany

Abstract

A theoretical analysis of liquid—gas reactions with heat or gas production on a porous catalyst shows the possibility of
pulsating motion of liquid in pores caused by the formation of bubbles inside pores due to gas or vapor generation. The
criterion number determining the conditions under which such behavior occurs is given. Since the mass transfer and chemical
reaction in pores take place under forced, oscillating motion, the description of such a phenomenon cannot be made by the
Thiele model. The approach to modeling for such processes is being developed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction In the case of exothermic gas—liquid reactions, if
the heat released in the pore is sufficient for a temper-
Gas-liquid reactions with heat and gas production ature increase at which the vapor pressure exceeds the
are mainly analyzed with the model suggested by capillary pressure, then the bubble consisting of the
Thiele [1]. In this model, the chemical reaction in gas and vapor comes into existence.
the porous catalyst is considered together with mass In both cases, if the quantity of the generated gas
and heat transfer, which is carried out by the molec- and heat is considerable, the growing bubble pushes
ular mechanism, i.e. liquid in pores has no forced the liquid out of the pore and the reaction fades. Since
convection. Such an approach, however, cannot bethe liquid is no longer in the pore, the pressure in the
applied for some reactions during which considerable pore becomes equal to the outside pressure and a new
guantities of gas or heat are released. portion of liquid occupies the pore again driven by
Indeed, in the case of the reaction with gas produc- capillary force, and the whole process repeats.
tion, a gaseous compound remains in a soluble state The author calls such behavior thescillation
in liquid until the total pressure in a pore (equal to model
the sum of pressure in the reactor and pressure corre- Here a simplified description is considered with the
sponding to a soluble gaseous compound) exceeds thdollowing model assumptions: (a) the reaction takes
maximum possible pressure, which can be defined asplace only in the liquid phase; (b) the liquid surround-
the sum of the outside and capillary pressures. If this ing a catalyst particle is saturated with gas; (c) the
occurs, a gas bubble will appear inside the pore. catalyst possesses a wetting quality.
Following are some examples of reactions that can
demonstrate the features of the oscillation model.
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Nomenclature

Aparticle

Coi
CDg

Cp
Cs

dparticle
dpore
Deff oscillation

Da
Dapore
H
—AH
kv

M

A Pcapillary
Pgas

Pmax
Preactor
Pvapor
Quiffusion
Qdiffusion max
Qgenerated
Qreaction
Qremoved
I'particle

Is

I'vapor

pores surface per particle
volume (nT1)

concentration of gaseous reagent
in liquid (mol/m3)
concentration of gas reagent
in gas phase (mol/f)

specific heat of liquid (J/(kg K))
concentration on outside particle
surface (mol/rd)

diameter of catalyst particle (m)
diameter of catalyst pore (m)
effective diffusion coefficient
at oscillation (m/s)

criterion number defined by
Egs. (8) or (15)

criterion numbemDa based

0N Ypore

Henry coefficient

heat of reaction (J/mol)

true rate constant related to
particle volume (s1)

molar mass of evaporated
compound (kg/mol)

capillary pressure (N/R)

partial pressure of gas (NAn
maximum possible pressure
inside pore (N/rf)

pressure in system (NAp
partial pressure of vapor (NAn
diffusion flow through pore
filled with liquid (mol/s)
maximal possible diffusion
flow through pore (mol/s)

heat generated in pore per
unit time (W)

molar rate of compound D
formation (mol/s)

heat removed from pore per
unit time (W)

reaction rate on single particle
(mol/s)

mean reaction rate related to
pore surface (mol/(/s))

heat of vaporization per

mol (J/mol)

ry chemical reaction rate related
to catalyst volume (mol/(fhs))

R gas constant (8.314 J/(mol K))

T current temperature in particle (K

Ts temperature on outer surface of the
particle (K)

Udisplace velocity of displacement
motion (m/s)

Usin velocity of filling motion (m/s)

y length of pore from outer surface
to center (m)

Yer length of pore at which oscillation

appears (m)
distance of displacement (m)
length of pore (m)

Ydisplace
Ypore

Greek letters

8 tortuosity factor of catalyst

A thickness of layer generating gas
or heat into macropores (m)

Mliquid thermal conductivity of
liquid (W/(m K))

v stoichiometric coefficient

Pliquid density of liquid (kg/ni)

o liquid surface tension (N/m)

Atgisplace time of displacement (s)

AT time of pore filling (s)

ATwarm time of liquid warming (s)

leaching processes (e.g. Al leaching in Ni-Reney
catalyst), decarbonization (e.g. furfurol to furan).
Exothermic reactions: hydrogenation and oxidation
of organic compounds. There are also reactions with
simultaneous gas and heat production, e.g. hydro-
genation of furfurol to furfuril alcohol or bO»
decomposition (at high $O, concentrations).

2. Mass and heat equilibrium in the porein
reactions with gas and heat production

2.1. Reactions with gas production:
A(liquid) — B(liquid) + vD(gas

Let us consider an isothermal pore that is initially
empty and then filled with liquid by means of capillary
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Gas Liquid Catalyst Since the maximum pressure that ever can be achieved
in the pore is
Preactor
vy Tl Pmax = Preactor+ Apcapillary ()
> reaction Dg| pubble . i i
> ENYY) one can express the maximum possible concentration
-~ > of compound D in liquid as
cr
H (Preactor+ Apcapillary)
Cpy CD1| max Cbilmax = HCpglbubble = RT
[ CDI| y=0 y (4)
Taking into account
— Formation of the gas bubble Preactor
Diffusion flux- Qaigusion \ | pecause of impossibility to Cpgly=0 = (5)
The liquid at the mouth of| | draw away the generated gas RT
the pore is in equilibrium| | phase by diffusion. and
with the gas phase. Pressure in the bubble is Ao
Cpi ‘y=0 =HP;puctor(RT) ) \ P, 'max—Freactor T 4P, capillary Ap capillary = d, (6)
pore
Fig. 1. Representation of a catalyst pore in the reaction with gas [3], the maximum possible mass flux through the pore
production. can be obtained as
7 dporeDplo H
I e 7
Qdiffusion max RTy ( )

force. The time necessary to fill the pore depends on L desi h 0 of th f .
the pore diameter and physical properties of the liquid et us designate the ratlo of the rate of gas generation

[2] and is nearly always far less than the characteristic on th? part of the porg to the maximum possible
reaction time. This means that the concentration of the 94antity of gas that can b_e removed from the same
reacting compound as well as the reaction rate related part of the porey as a criterion number:
to the pore surface are the same throughout the poreDa_ Oreaction y2rsyRT

. . = = 8
length at given time. Odifiusionmax  Dpio H (®)
During the reaction (sefeig. 1) the gas is generated
at the pore wall at the rate: 2.2. Exothermic reactions
Qreaction= 7 dporeyTsV @) As in the case of reactions with gas production, let

us consider a pore that is initially empty and is then
filled with liquid. Since the time for filling the pore

is very short in comparison with the reaction time,
the concentration of the reacting substances and the
reaction rate related to the pore surface are the same
along the pore length occupied by liquid.

The pore filled with liquid is shown ifrig. 2 In the
process of the reaction on the pore wall, the released
heat increases the temperature. The heat equilibrium
in the pore can be defined, on the one hand, by the
rate of the reaction and, on the other hand, by the heat
removal from the reaction zone by means of molecular
thermal conductivity. The heat generated per unit time
on the pore lengtly is

Two possibilities can occur: either gas remains in the
liquid, in the saturated state or, alternatively, part of
the gas, which cannot be removed by molecular dif-
fusion, forms the gas bubble. The latter happens if the
concentration of the gas compound D saturated in the
liquid—Cp is equal to its equilibrium concentration,
which corresponds to the maximum pressure in the
capillary.

As long as the distancg from the pore mouth is
short, the diffusion of the generated gas, which re-
mains in soluble state, is sufficient in order to remove
the formed gas. The rate of diffusion is

2
Tdpore Coily — Cbily=0
Dp

i @

Qdiffusion = Qgenerated= Vsﬂdporey(—AH) 9
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Gas Liguid Catalyst J=

Ypore

B P .

P m:u:=P reacrar+APcapr'Hmy
Ver .
. &w_/ g I By
Gas bubble A~ b ¥
1 @a < 1; Bubble cannot appear) @" >1; Bubble must “PP‘?‘")

(Da =I; The critical length yc,)

+P,

Proactor= PgastPyapor

1 Daype < 1; Thiele model, no oscillation (yo, > ¥pore)

1 Day,,, > I1; Oscillation model (V. < ¥pore)

T
1
V—_;(T'Ts)max Fig. 3. Conditions of oscillation appearance.
ol SESSNE -

- = y
Yer ' - This maximum increment is
40TM
Fig. 2. Representation of a catalyst pore in the exothermic reaction. (T — T)max = —d (14)
poréevaporPvapor

By inserting it inEq. (11) one can obtain
The heat that can be led away from the same part

2
rsh —AH
Da— Y“rsrvaporOvapor )

7 diore Miquid (T — Ts) Miquido TM

= 10
Cremoved 4 y (10) As can be seen for both types of reactions, the higher

is the pore lengtly, the higher is the numbdda. At

the part of the porg whereDa becomes equal to unity,

_ QOgenerated 4rsy?(—AH) (11) the bubble—either consisting of gas (gas production)

" Oremoved Miquiddpore(T — Ts) or consisting of vapor and gas (heat production)—

is created because generated gas and heat cannot be

In order to retain the equilibrium in the pore, number taken away by the molecular mechanism (Beg 3).

Da should be equal to unity. That means that as the Depending on the rate of bubble growth and its size,

pore lengthy increases, the difference — 7s should the liquid in the pore can be replaced completely or

also increase. However, an increase in temperaturepartially. If the bubble pushes the liquid from the pore

leads to an increase in the partial pressure of the liquid completely, the pressure in the pore becomes equal

vapor. The total pressure of saturated gas and vaporto the pressure in the reactBfeactor (N0 liquid and,

increases and, if it grows to the maximum possible therefore, no capillary pressure), and the liquid outside

pressure in the poreEQ. (3), a bubble consisting of  the pore, forced by the capillary effect, begins to fill

the gas and vapor will appefs]. the pore again and the whole process of oscillations
The maximum possible increment of temperature recurs. If only part of the liquid is pushed out of the

T — Ts, which causes an increase of the vapor pres- pore, the process of oscillation still takes place but

sure corresponding ta\pcapilary and, consequently,  with less intensity.

the appearance of a bubble can be found by taking

into account the dependence of the vapor pressure on

temperature and density as 3. Conditions for the occurrence of oscillation

and distance of oscillation penetration

(15)

Let us introduce the ratio of both values as

Da

Pyapor= Po eXp(— rvapor) (12)
RT Introducing the length of the pore agore =
and dparticie/2 and calculating numbeDa with it, the
PvapoRT Dagore NUmMber, which shows if the bubble has ap-
Pyapor = Y 13) peared or not, is obtained. WhdPagore > 1, the



L.B. Datsevich/Catalysis Today 79-80 (2003) 341-348

possibility of gas or heat removal by means of molec-
ular diffusion or thermal conductivity is less than gas
or heat generation.

We can determine co-ordinatg from the pore
mouth at which the bubble should appear—the dis-
tance of oscillation penetratiopgr—equatingDa in
Egs. (8) and (15Jo unity. Interpreting the formation
of the bubble from the point of view of this distance,
we can conclude that i, is less thanypere, then
Dapore > 1 and oscillatory behavior must occur (see

Fig. 3.

4. Reaction rate rg related to the surface of
micropores and macropores

Since the real catalyst particle has a complex net-
work of micropores and macropores of different di-
ameters (seEig. 4), it is important to estimates pro-
ceeding from an experimental study which gives the
chemical reaction rate related to the volume of a cat-
alyst particlery, taking into account that micropores
branching out of the macropore bring significant con-
tribution of heat and gas production. This approach to
such an estimation is shown ig. 4.

5. Elementary steps of oscillatory motions
in pores

At first, the pore is empty (or partially empty),
and then due to the capillary force, liquid begins to
fill the pore (time: Az ; velocity: Us). In the case
of exothermic reactions, the second step is warming

345

micropores

‘macropores} (gas or heat generateaD

in micropores

micro _
Ts - rV/Aparticle

ry 1202 Addyore)’= Tl fre V4
mpﬂre

15T = 0.75 dpgye 1y

macro _
l‘; =

A=dyore 12

Fig. 4. Definition ofrg related to the surface of the macropore
(the catalyst consists of a pressed powder with the fine porous
structure).

of the liquid until a vapor-gas bubble appears (time:
Atwarm). The third step is the vaporization of the lig-
uid in the pore and its displacement out of the pore
(displacement distanc§gispiace time: Atgisplacs V-
locity: Ugispiace- In the case of reactions with gas pro-
duction, the second step is the displacement of liquid
out of the pore due to the growth of the bubble in the
course of the reaction. A detailed description of all
these steps will be published lafér5].

The oscillation process is illustrated with the reac-
tions described if6,7]: H,O2 decomposition, the re-
action with gas production, and hydrogenation of dini-
trotoluene (DNT), the reaction with heat production.
The reaction conditions are listed Tiable 1

Values ofDayere and the temporal characteristics of
oscillatory motion are given ifiables 2 and 3~or both
reactions, sinc®apgre > 1, the oscillatory motion of

Table 1
Experimental data and physical properties
Reference
6] [7]
Reaction HO, — H20 + 0.50, 2,4-DNT+ 6H; — 2,4-TDA+ 4H,0
Catalyst CuCr (Engelhard)iparticie = 1.6 x 10-3m, 5% Pd on ApOs, dparticle = 2 x 1073 m,

pp = 1.05x 10°kg/m®, § = 3 (assumption),

A=126x 10Fm~?
Experimental conditions P = 1-138 bar, T = 295K, Ch,0, = 2%
Reaction rate ry =21x 10 e #100RI o (true)
Physical data

H =2.92x 1072, Do,| = 2.41x 109 m?/s,
o =728 x 103N/m, 1 = 0.96 x 103 Ns/n?

op = 1.8 x 10°kg/m®, § = 7.5,

A =360x 10°m~! (assumption)

P = 30bar,T = 328K, Cpnt = 500 mol/n?¥,

C},, = 268 mol/n?

robsy = 20 mobnT/(m3s) (observed)

Tvapor = 3.2 x 1074 3/mol, Aliquig = 0.102 W/(mK),
o =198 x 1073 N/m, . = 0.31 x 10~3 Ns/n?
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Table 2

The main characteristics of oscillation process aObl decomposition

dpore (M) Dapore Ugisplace (M/S) Atgisplace (S) Usii (m/s) Aty (s)
1078 109 1.28x 10711 78 3x 1077 3.2x 1073
2 x 1078 109 2.6x 10711 160 3x 1077 1.3 x 1073
4 x 1078 109 5.1x 10711 310 3x 1077 5.2 x 1072
1076 10t 1.2 x 107 83 0.4x 10°° 2.8

1.42 x 10762 1.44 x 10* 1.9 x 108 83 1.5 1.34x 1073
2 x 1078 2.0 x 10 4.84 x 1077 35 2.5 0.7x 10°°
3 x 1076 2.9 x 104 1.1x 10 13 4.5 0.3x 10°°
4 x 1076 4.0 x 104 1.9x 107 6.3 7.0 0.17x 10°°
5x 107 4.7 x 104 3x 10°% 3.6 9.6 0.11x 1073
105 10° 1.2 x 10°° 0.9 28 0.27x 1078

aAt this diameteryer = ydisplace

Table 3

Characteristics of the oscillation process in macropores at hydrogenation of DNT
dpore (M) Dapore Udisplace (M/S) At gisplace (S) Utii (m/s) Aty (S) ATwarm? ()
5 x 1078 33 360 5.5x 107 0.7 x 1073 2.0 30.0

1077 66 180 1.1x 1076 2 x 1078 0.5 14.6

5 x 1077 330 36 5.5x 1076 23x 1072 1.6 x 102 3.0

1076 660 18 1.1x 1075 6.4 x 1072 0.52 x 1072 15

2 x 1079 1300 9.5 2.2x 1075 17.5x 1072 0.12 x 1072 0.7

5 x 1076 3300 2.4 5.5x 10°° 0.7 0.2x 1073 0.3

a Atwarm is the characteristic time of the reaction in the pore.
b At this pore diameterr = yaisplace

liquid occurs in all pores. The velocity of liquid motion

YdisplacelS more tharyc, in pores bigger than 1.42m

in macropores (filling process) can reach values of at HhO, decomposition and in pores bigger than

more than 10 m/s. 2.0m at DNT hydrogenation. That means that bub-
The dependence g andydispiaceOn pore diameter  bles formed in these pores remove liquid out of pores

is shown inFigs. 5 and 6 The displacement distance completely. For these pores, the appearance of small

1600
160.00
Bubbles
appear in pore -~ 1200 -
5 12000 - mouths at s Bubbles appear
Ver d pore™> 1.42 pm N f
K8 ¢ 8 | in pore mouths
¥ 80.00 - — 3 800 \Ver  ata,,,>2um
;: 40.00 A £ 400 n ydisplace
ydisplace _—
\
L) L] L) L) L)
1.00 2.00 3.00 4.00 2 4 6
d pore (um) d pore (,um)

Fig. 5. yer andygispiace at H2O2 decompositionypore = 2400um.

Fig. 6.ycr andyaisplaceat hydrogenation of DNTypore = 7500um.
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N\ first is the zone of intensive reaction and is near the

-
Da > ] AP capittary 1 = Weapittary 2 particle shell where oscillations take place (difference
eat from small pores in the concentration is insignificant). The second is

goes to big pores.

the stagnation zone on which oscillations have a little

Despite the fact that influence.

D“pore = 1,

the oscillation in this pore . . )

cannot occur. 6.2. Reaction rate on a single particlgaficle
\ J
: For reactions with gas production with true kinetics
Micropores - heat generator, 05 .
no oscillation rv = KyvC at Dagore > 1, rparticie ~ Cs™ (Thiele

model: rparticle ~ Cé). For exothermic reactions of
two reagents (e.g. hydrogenation) with true kinetics
rv = KyCaCs, rparticle ~ (CasCss)%> at Dagore > 1
(Thiele modelrpariicie ~ C32Cgs, when compound B

is in deficiency, e.g. asHn hydrogenation reactions,
at Thiele modulep > 3 [8]).

6.3. Intensification of outer mass and heat
transfer and effective diffusion in pores

oscillation
oscillation

\

Rt

‘Macropores - heat acceptor,
intensive oscillation

It is to be expected that forced motion of lig-
uid in pores, especially when the bubble leaves the
pore mouth, will create a strong disturbance around
the particle, intensifying outer mass and heat trans-
fer and increasing the effective diffusion in pores.
For exothermic reactions, iAtywam IS more than
bubbles on the outer surface of the catalyst particle At + Atgisplace the effective diffusion coefficient
can be observed in experiments. in the pore is calculated as

It is necessary to point out that in exothermic reac-
tions pores of different diameters behave differently. Deff oscillation =
Liquid in macropores can undergo oscillation with
far greater intensity than liquid in micropores since This gives a value which is several times greater than
the slight overheating of the liquid in macropores is a molecular diffusion coefficient. Considering the ap-
enough to create the gas—vapor bubble due to low cap-pearance of gas bubbles at the outer catalyst surface,
illary pressure. On the other hand, the capillary pres- an analogy can be made between the oscillation model
sure is significant in micropores and cannot be ex- and the boiling theory permitting a better understand-
ceeded since heat dissipation goes in the direction of ing as well as providing some quantity estimations

Fig. 7. Oscillations and dissipation of heat in pores of different
diameters.

)hliquid

16
PliquidCp (16)

makropores (seEig. 7). of a reaction’s influence on both outer mass and heat
transfer.

6. Some main consequences of the oscillation 6.4. Possible loss of catalyst activity in reactions

model with non-evaporating substance

6.1. Concentration profile In exothermic reactions with a non-evaporating

substance, on the part of the pore where the bub-
At Dapore > 1 for the catalyst particle of parallel ble appears, a non-evaporating substance can leave
pores of equal diameters there are two zones. Thea deposit which deactivates the pore. This can lead
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to the loss of catalyst activity (often encountered in References

hydrogenation of nitrocompounds).

7. Conclusion

The oscillation model under consideration pro-
vides an explanation—not only observed in some
experiments—of a high grade of mass transfer
[9], a lack of correspondence in estimation of
non-isothermality in a particle made by Prater’s for-
mula [10], and an interpretation in some cases of
the observed dependence of the reaction rate on
the reagent concentration. It also indicates the way
of process intensification and catalyst development
(which solvent to choose; how to optimize the pore
structure; how to provoke oscillation behavior (when
there is no oscillation) by means of additional heat or
gas generation, or by means of pressure pulsation).

The author has described here a simplified ap-
proach to the phenomenon of oscillation. The real
picture is more complex involving both statistical and
non-steady features and some other physical effects
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