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1. Introduction to the fundamental laws of
transport phenomena

A system can be considered at equilibrium
when composition, pressure and temperature are
uniform at any point. On the contrary, if differ-
ences exist transformations spontaneously occur
with mass or energy transfer with a gradual
evolution toward equilibrium conditions. Ther-
mal, pressure and concentration gradients are
the driving forces for these transformations
which can be considered at the different levels:
the molecular and macroscopic one.

Molecular transport phenomena are normally
much slower than the macroscopic ones; there-
fore, those phenomena can limit chemical reac-
tion rates. In this paper we will see how and
when these limitations occur.

In a fluid, a pressure gradient originates a
mass transfer from the high pressure to the low
pressure zone. The mass transfer encounters the
internal resistance given by the fluid viscosity
and the motion can be interpreted with the
Newton law:

du, )
T= + —_—
T (1)
7 being the force of internal friction per unit
surface area, p the viscosity coefficient of the
fluid, z a coordinate normal to the direction of

the motion x and u, the speed component in
the same direction.

A temperature gradient determines a heat flow
from high to low temperature occurring accord-
ing to the Fourier’s law:

T
Y

= Heat transmitted per unit of time per unit

of surface area in the direction z (2)

where k is the thermal conductivity of the fluid
and T the absolute temperature.

When concentration gradients are operative
and related, for example, to component i, a
mass flow of this component from higher to
lower concentration occurs according to the
Fick’s law:

aC,
i= —D;—
9z

= Number of moles i diffusing in the unit of

time per unit of surface area in z
direction (3)

It is opportune to remark that the similarity
of the three fundamental laws of transport is
justified because these laws can be derived from
a unique physical model based on the molecular
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properties. As a matter of fact, transport phe-
nomena are influenced from the motion of the
molecules and their interactions. A general
equation of the transport can be derived from
the kinetic molecular theory of gases:

d
G(y)= nﬁ/\% (4)

where \ is the free mean path of the molecules,
u the mean velocity of the molecules, n the
molecular concentration, and y the transport
property.

On the basis of the kinetic molecular theory,
relations can be given for w, £ and D,, as
function of molecular properties. These rela-
tions are valid for very low pressure gases,
approaching the properties of ideal gases. Pro-
cessing these relations, even taking account of
the mass of the molecules and their interactions,
gives the following expressions:

SACIC
7, (e

ozﬂu cm s K

p=2.6693 X 10~

k=1.989x107*

(6)

T (M, + M)

1.858 X 1073
MM, (cmz)

D, =
12
]

()
It is easy to demonstrate that D,, =D,,;. In
these relations M is the molecular weight, o
the kinetic diameter of the molecules, Qu and
O, function of kzT/€, are named collision
integral and are tabulated, ky the Boltzmann
constant, € a molecular interaction parameter.
Both ¢ and € can be evaluated from the inter-
molecular potential relation of Lennard-Jones:

o[~ (2]

0;;= (0, + 0;) /2 (arithmetic mean)

Pa'lz2 0,

€, =€€ (8)

where r is the distance between two molecules.

Parameters € and o can be determined from
the critical properties of the molecules. For
example €/kg =0.75T. and o = 0.8333V}/3.
In the presence of more components than two,
the properties of the mixture must be defined
through an opportune averaging procedure. In
the case of the diffusion coefficient of the i
component in the mixture, we will have, for
example;

The transport phenomena of major interest
occurring in heterogeneous catalysis are those
occurring at the fluid-solid interface. The mo-
tion of the fluid inside the catalyst bed can be
turbulent, but at the interface, a thin film of the
fluid exists, the boundary layer, through which
mass and heat fluxes occur by diffusion. At the
boundary layer, concentration and temperature
gradients, are, therefore, located. The molar flow
rate will be:

Ivi = kc(cib —Cis
= moles of i diffused /times surface area
(10)
where ¢, is the concentration of i in the fluid
bulk, and ¢, the concentration of i on the solid

surface. For gaseous mixtures the following re-
lation is more convenient:

Ni=kg(Pib_Pis) (11)
where p,, and p, are partial pressures of i in
the bulk of the fluid and on the solid surface,
respectively.

k. and k, are related to the molecular diffu-
sion coefficient D,, and to the thickness & of
the boundary layer as in the following relations:

D D
e - (12)
& & ORT

Similarly, the heat flow through the boundary

layer can be expressed as:

g = h(T, — T) = (heat/time X surface area)

(13)




E. Santacesaria / Catalysis Today 34 (1997) 411420 413

where A is the heat transfer coefficient related
to the thermal conductivity of the fluid and to
the size of the boundary layer.

Average transport coefficients between the
bulk stream and particle surface can be corre-
lated in terms of dimensionless groups. For
mass transfer, the Sherwood number Sh=
k.p/G is an empirical function of the Reynolds
number Re = (Gd,,/u.) and the Schmidt number
Sc = (w/Dp). Experimental data are normally
correlated in terms of j-factors:

41
jp="ShXSc?*?=—Re ® (14)
€

where G is the mass velocity based upon cross-
sectional area of empty reactor, p. viscosity of
fluid, p density of the fluid, d, diameter of
catalyst particles, D molecular diffusivity of the
transferred component, € void fraction of the
catalyst bed. a and B must be experimentally
determined for a defined system. For a tubular
reactor working at Re > 10 it results in a =
0.458 and B = 0.407.

A similar approach can be followed also for
the estimation of £, the heat transfer coefficient
and we will have:

a
c GPr2/3 = —Re P (15)
€

P

Ju=

in accordance with the analogy proposed by
Chilton and Colburn. Pr is the Prandtl number
Pr=uC,/k, with C, = specific heat and k=
thermal conductivity of the fluid. Therefore, a
correlation exists between J and Jy, according
to which it is possible to write J; = 1.08 J,.

2. Temperature and concentration gradients
set from the chemical reaction

When a solid porous catalyst is employed to
promote a chemical reaction, this occurs mainly
inside catalyst particles consuming reagents,

giving products, and absorbing or releasing heat.
The chemical reaction is, therefore, responsible
for both the temperature and concentration gra-
dients. These gradients are first originated in-
side the pores of the catalyst particles, diffusion
occurs here together with the chemical reaction.
For higher reaction rates we have significant
gradients also in the boundary layer at the exter-
nal fluid-solid external interface. The following
possibilities can be distinguished:

(1) Reaction rates depend on the extension of
the catalytic surface area. In this case, gradients
are negligible and we can measure the true
chemical reaction rate.

(2) Reaction rates are limited from the resis-
tance to the internal diffusion of reagents or
products. In this case, we have a concentration
profile of each component, inside the particle
different from the concentration on the external
catalytic surface.

(3) When the reaction is exothermic or en-
dothermic we can have also a temperature pro-
file inside the catalyst particles.

(4) A temperature gradient can be operative
at the boundary layer. As a consequence the
temperature of the fluid flowing can be different
from that of the external catalytic surface.

(5) Reaction rates are limited by the resis-
tance to the external diffusion at the boundary
layer.

All the situations mentioned can be seen as
particular kinetic regimes and treated separately.
In the gas—liquid—solid reactors, gradients 3 and
4 can be neglected for the high thermal conduc-
tivity of the liquid wetting the solid. By increas-
ing reaction rates, the regimes involved pass
from 1 to 5.

3. Kinetic regime and reaction rates. Deter-
mination of mass transfer parameters

Let us consider now in detail the five possi-
ble kinetic regimes mentioned before.
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3.1. Regime 1. Intrinsic chemical reaction kinet-
ics

This case is characterized by negligible gra-
dients and is an ideal situation for the laboratory
kinetic runs. The measured reaction rates are, in
this case, true chemical reaction rates not lim-
ited or affected from diffusional resistances.

3.2. Regime 2. Reaction rate influenced by in-
ternal diffusion

The diffusion of reagents and products inside
the pores of the catalyst occurs together with the
reaction, that is, the two processes are simulta-
neous and not consecutive. For this reason, the
influence of the internal diffusion in limiting the
reaction rate must be described introducing this
limitation in the reaction rate relationship. For a
reaction of order n we will have, for example:

r=nk,Cx, (16)

where ) is the effectiveness factor:
observedreaction rate

n= (17)

intrinsic chemical reaction rate

that is, m is a factor describing the effect of the
internal diffusion on the reaction rate. In the
same relation, C A, is the concentration of the
reagent A on the catalyst surface.

The effectiveness factor is related to the
Thiele or Weisz modulus, the first being useful
when the goal is the reactor modeling and the
kinetic equation is known, the second being
used when data of the reaction rate are available
but the kinetic equation is still unknown. The
mentioned moduli are respectively:

n—1
Thiele modulus ¢ = = (18)
D, eff
. raL?
Weisz modulus M,, = ¢*n = (19)
CASD eff

where L is the volume of the -catalyst
particles /external surface, that is, L is a shape

N} Chemical regime
~

Oitfusional
regime

Fig. 1. Plot of the effectiveness factor as a function of the Thiele
modulus.

factor equal to R/2 for cylinders, R/3 for
spheres, thickness /2 for slabs etc. The relations
of m with ¢ change with the shape of the
catalyst particles: we will have for example:

Slabs étghd) (20)
1 1 1
Spheres P ( PrEYSS g) (21)

Fig. 1 and Fig. 2 report the plots of m versus
¢ and M, respectively, for the spherical parti-
cles of the catalyst calculated for a first order
reaction. It is useful to observe that for the first
order reactions, the Thiele modulus ¢ is inde-
pendent of the surface concentration of the
reagent.

Observing the plots reported in Fig. 1 and
Fig. 2, two large asymptotic zones can be recog-
nized: the first characterized by the chemical
regime (¢ < 0.4 or M, <0.15) and the second
in which internal diffusion limitations are pre-
dominant (¢ >4 and M, > 7). In this last case

M| Chemical regime

! Ditfusional

! regime

I

| 7]:1/Mw

o1s |

103N A 1
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My

Fig. 2. Plot of the effectiveness factor as a function of the Weisz
modulus.
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Fig. 3. Effect of the shape of the catalyst particles on the
effectiveness factor in relation to the Thiele modulus.

the effectiveness factor can be calculated in a
simplified way as n=1/b=1/M,,.

In the intermediate zone a more rigorous
calculation of m is necessary, but if the asymp-
totic approximation is adopted also in this case
the error introduced in the calculation of m is
less than 5%.

The effect of the shape of the catalyst parti-
cles on the effectiveness factor is moderate as
can be seen in Fig. 3. The effect of the reaction
order is small, too, as it can be observed in Fig.
4.

The influence of the internal diffusion on the
reaction rates can be shown by two types of
experiences: (i) the determination of the reac-
tion rates in the presence of catalyst particles of
different sizes, (ii) the determination of the reac-
tion rates for a given size at different tempera-
tures. In the first case, as the effectiveness
factor is very sensitive to the particle sizes, the
reaction rate strongly decreases by increasing
the catalyst particle size as shown in Fig. 5. In
this case, the effectiveness factor m can be
determined directly as the ratio of the reaction
rates in the diffusional and chemical regime,

Zero order

First
order

Second”
order

-

01l ! [
1 10

¢

Fig. 4. Effect of the reaction order on the effectiveness factor in
relation to the Thiele modulus.

T
Chemical regime

£

Diffusional
_-regime

Rp

Fig. 5. Evolution of the reaction rate with the particle radius.

respectively. As to the second case if we plot
the logarithm of the reaction rate as a function
of the temperature reciprocal, when the internal
diffusion is operative, a trend as that reported in
Fig. 6 is obtained.

The apparent activation energy corresponding
to the diffusional regime will be about 1/2 of
that in the chemical regime, that is the mean
between the activation energy of the chemical
reaction observed at lower temperature and that
of the diffusional process which is very low.

To evaluate the effectiveness factor T, it is
necessary to determine D,g, effective diffu-
sional coefficient, using the following relations:

1 1 1

-t — (22)
Deff Dbe Dke

where D, = bulk diffusion coefficient, that is,
the diffusion coefficient of the fluid in the
macropores, D,. = Knudsen diffusion coeffi-
cient, that is, diffusion in micropores.

p = 2rf 23
be — T ( )
62 T
D,. =194 X 104 — (24)
TSpp V¥ M
log AN

Diffusional
regime

Chemical
regime

1097

Fig. 6. Effect of internal diffusion on the apparent activation
energy.
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0 being the porosity of the solid, T the tortuos-
ity factor, a factor depending on the porosity
characteristics of the catalyst which values can
be assumed in the range 0.3-10, Sg the specific
surface area of the catalyst, and p, the catalyst
particle density.

The rigorous evaluation of the effectiveness
factor m requires the definition of the profile of
the reagents concentrations inside the catalyst
particles. For spherical particles, in steady state
conditions, the profile is obtained by solving the
following differential equation derived from the
mass balance:

1 d de T
- r’—|=— (29)
redr dr D

with the following boundary conditions: ¢ = cg
at r=R and dc/dr=0at r=0.

The solution is normally obtained with itera-
tive numerical procedures. Sometimes, D, is
experimentally evaluated because calculated
values can be doubtful especially for the value
to be attributed to the tortuosity factor 7.

3.3. Regime 3. Effects of the intraparticle tem-
perature gradient

The temperature gradient inside the catalyst
particles reflects the corresponding concentra-
tion gradient and depends on the reaction en-
thalpy. Indeed, the heat balance on a single
particle gives place to a relation quite similar to
that obtained from mass balance [see relation

(29)1:
1 d dr —AH)r
14 rz_)=( )7a 26)
rodr dr kg
with the boundary conditions r =R when T =
T and dT/dr =0 for r = 0. k_ is the thermal
conductivity of the solid, AH the reaction en-
thalpy.

Eliminating the common terms between rela-
tions (25) and (26), we obtain:

D eff

T—TS=—k—(CS—C)(—AH) (27)

eff

CCEI’\(GF
center

TS' CS

Endothermic

Exothermic

Fig. 7. Temperature and concentration gradients in a catalyst
particle for, respectively, an endothermic and an exothermic reac-
tion.

that is, for any value of C inside the particle,
we have a corresponding value of T. Therefore,
it is sufficient to evaluate the concentration
profile because with relation (27) the tempera-
ture profile is promptly defined. An example of
the profiles obtainable is reported in Fig. 7.

When C_,.. =0, we have AC = C,; in this
case, we have AT, , that is:
Deff
AT, =~ C,(~ AH) (28)
keff

This value gives an idea of the importance of
the temperature gradients in affecting reaction
rates AT, . can be referred to the surface tem-
perature T, that is, B = AT, /T, is called the
‘Prater number’.

Catalysts are normally insulating materials;
nevertheless, their thermal conductivities are
much higher than those of the reacting gases.
For this reason, in steady state conditions, the
internal temperature gradient is seldom impor-
tant in practice. When this gradient is present,
the effectiveness factor can assume values
greater than one as shown in Fig. 8 and Fig. 9
where plots for m — ¢ and m — M, are reported
for different of values E/RT, and of the Prater
number.

The internal temperature gradient can pro-
duce thermal shock to the catalyst particles
followed by breaking and sintering. The temper-
ature inside the particle can be measured insert-
ing a thin thermocouple.

3.4. Regimes 4 and 5. External gradients

Also in these cases, the chemical reaction
consuming the reagents is responsible for the
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Thiele moduius

Fig. 8. Plots of the effectiveness factor against the Thiele modulus
in the case of both exothermic and endothermic reactions with an
internal temperature gradient.

gradients. These will fall between the two lim-
its:

AC,,=C,— C,=0thatis C, =C,
AC,,,=C,— C,=C, thatis C,;=0 (29)

where C, is the bulk concentration of the reagent
and C, the concentration on the external surface
of the catalyst. If the reaction is exothermic or
endothermic together with the concentration
gradient we also have a temperature gradient at
the interphase.

In Fig. 10 and Fig. 11 examples of gradients
are reported which could be obtained at the
catalyst interphase for an exothermic and an
endothermic reaction, respectively.

To evaluate the influence of the external
transport phenomena on the reaction rate, the
fluid dynamic conditions of the reactor must be
known. In this case, diffusion and reaction are
consecutive steps and can, therefore, be treated
separately. Moreover, when necessary, we can
apply the useful approximations of the slow step

Weisz modulus

Fig. 9. Plots of the effectiveness factor against the Weisz modulus
in the case of both exothermic and endothermic reactions with an
internal temperature gradient.

Cs

Fig. 10. Typical external gradients of temperature and concentra-
tion in the case of an exothermic reaction.

or of the steady state. Applying this latter we
have, for example:

r= kmam(cb - Cs”) = sz (30)
where a, is the external surface area of the
catalyst. C, can be determined and introduced in

either of the two members. In the case of n =1,
we obtain, for example:

C = Gy Cy

Tk T T Uk 1k,
+

(31)
Ko,

To the contrary, by assuming the slow step
approximation, the two limit conditions initially
described are obtained, that is:

AC =0 r = kCy, Chemical regime
AC = Cy r=k,a,C, Diffusionalregime (32)

External diffusion has a masking effect on
the kinetics, for this reason laboratory operative
conditions are chosen in such a way to exclude
this influence. This can be done with an experi-
mental approach or by calculation. In the exper-
imental approach kinetic runs are performed for
different gas linear velocity conditions (i.e. to
maintain the same contact time when doubling

Chy— Ts
CS

Fig. 11. Typical external gradients of temperature and concentra-
tion in the case of an endothermic reaction.
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Fig. 12. Effect of the flow rate on the reaction rate in the external
diffusional regime.

linear velocity, the catalyst loading should be
doubled too). Plots shown in Fig. 12 were drawn.
When limitations to external mass transfer are
present we could observe an increase in reaction
rate on increasing the fluid linear velocity until
chemical reaction becomes slower than mass
transfer itself. Also kinetic runs, at different
temperatures, give a useful indication of the
external diffusion occurrence as it will be seen
from Fig. 13. Transport phenomena depend
weakly by temperature (E, _—0) so their
presence is envisaged by a change of slope
when plotting In r vs. 1/T.
In the transition zone

E L + Eattdiff ~ Eanchem

Attyrans ~ 2 2

The transport coefficient can easily be deter-
mined by calculation through relations of the
type already seen in (14) and (15).

Heat transfer can be expressed by the rela-
tion:

Q0 = hay(T, — T,) = kpan(C, = C,)(~ 4AH)
(33)

lnr

Chemical
Diffusional ! regime
regime :

1
'

1091

Fig. 13. Effect of the external diffusional regime on the apparent
activation energy.

where h is the heat transfer coefficient, 7 the
external catalyst surface temperature, 7, the
fluid bulk temperature, and AH the reaction
enthalpy. Therefore, it is again possible to ob-
tain the temperature gradient as a function of
the concentration gradient:

AT = AC(—AH)kh—m (34)

The heat transfer coefficient can be calcu-
lated with empirical relation (15). Putting in
(34) k_, and h determined through the empirical
relations (14) and (15) we obtain:

1 (Cop/k > (T
AT = AC(— AH)— —"f/—f) (—9)
pC, \ n/pD I
Lewis number =1 =1
(35)
As a consequence:
ar=actZ2H) (36)
= oC,

This relation shows that a significant temper-
ature gradient is possible even though the con-
centration gradient is very low. Therefore, the
concentration gradient can sometimes be ne-
glected, while this is impossible for the temper-
ature gradient. In the case of the reaction:

1 @
H,+ -0, = H,0 (37)

the result was, for example, that for AC/C, =
0.05, AT=115°C. The external temperature
gradient is usually more important than the
internal one in affecting the reaction rate. In the
limit condition for which C, = 0, we will easily
calculate the maximum gradient possible:

AT = M (38)

This calculation can be used as a useful
criterion for evaluating the importance of this
gradient.

To conclude, in order to evaluate quantita-
tively the effects of the external mass and the
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heat transfer four equations are needed, two
corresponding to the physical transport rates and
two corresponding to the chemical rates:

J= kmam(Cb - Cs)

0= ha (T, ~T) } Physical transport rates

(39)

r=f(C.T,)

O = r(—AH) } Chemical rates (40)

By introducing the steady state approxima-
tion, the needed relations are reduced to two:

kmam(cb—cs) =f(Cs’ Ts) (41)
ham(Tb_Ts) =f(cs’Ts)(—AH) (42)

4. Gas-liquid-solid reactors

For the gas—liquid—solid reactors all the ob-
servations reported in the previous sections are
valid with the exclusion of the following:

(a) In the gas-liquid—solid reactor, thermal
gradients can normally be neglected for the high
thermal conductivity of the liquids compared
with those of the gases.

(b) The resistance to the diffusion within the
catalyst pores is higher than that observed in a
gas—solid system because the molecular diffu-
sion in the liquid is much slower.

(¢) Transfer phenomena at the gas—liquid
interphase could give reaction rate limitations.
That is, an additional interphase must be consid-
ered.

(d) Kinetic runs are normally performed in
batch reactors instead of continuous tubular re-
actors, as in the gas—solid system.

Let us consider a reaction of the type:

A+zB—-P (43)
(gas)

and suppose that the reaction is of first order in

respect of the gaseous reagent. By applying the

steady state approximation to all the possible

steps occurring before and after the reaction and

Catalyst
particle

Fig. 14. A picture of the gradients that could be possible in a
slurry reactor.

considering all the possible gradients depicted
in Fig. 14, we can write.
Overall reaction rate = r, = (44)

=k,a (P — Pa;) = Gas liquid mass transfer

(gas side)
Pai .
=k, aL( ' C AL) Gas liquid mass transfer
(liquid side)
= k,a(C,, — C, ) = Liquid solid mass

transfer
= nk,a,C, = Internal diffusion and chemical

reaction rate
where a; is the gas-liquid interphase area, a,
the liquid-solid interphase area, and H the
Henry solubility constant for A.
Combining the different relations with the
elimination of the interphase concentrations, we
obtain:

Pa

A= H H H
+

+
keay,  kpap  kyag

(45)

nklas

Normally 1/k,a; can be ignored, mainly
when a pure gas reagent is used. As a, =
6m/p,d,, where m is the catalyst hold up, p,
the density of catalyst particle and d, the parti-
cle diameter, we can obtain by substituting in
relation (45):

Pa 1 %%(1 1)

= +
Hr, ki a, 6m

+ 46
ks mk, (46)
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that is, a linear correlation exists between
Pa/Hr, and 1/m. When the reaction order is
different from 1 this linear correlation is not
valid. The description of reactions with orders
different from one requires the determination of
the concentration profiles of the gaseous reagent
inside the catalyst particles. The parameters of
the kinetic model, useful for describing gas—
liquid-solid reactors are k;, a;, k, a,, H, k,
and m. Many of them would be determined
independently with respect to the chemical reac-
tion in order to avoid statistical correlation.
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