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aggregative behaviour, but mn the present work particulate
fluidisation was obtained over the whole range of voidages

The technique will now be used to permit a more extensive
study of segregation and pressure fluctuations, together with the
effect on heat transfer to smalf immersed surfaces
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Uy mmmum fluidising velocity, LT™!
uo free falling velocity of particles, LT™*

Greek symbols
p hqud density, ML
ps sold density, ML™3
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On the effect of a diffusing catalyst on the rate of absorption
with a catalytic chemical reaction

(Recewed 29 March 1977, accepted 16 May 1978)

Recently da Silva and Danckwerts[1] presented a contnbution 1n
which the effect of a diffusing catalyst on the rate of mass
transfer with chemical reaction 1s analyzed both theoretical and
experimentally

Specifically they studied the simultaneous absorption of CO,
with small amounts of Cl, or Br, in a buffer hquid solution of
KHCO; and K,CO; The CIO~ (or BrO™) formed acts as a
catalyst i the reaction of CO, with H,O while this reaction 1s
neghgible in the absence of the catalytic species Therr experi-
mental results were compared wtth theoretical predictions based
on the well known film model Under same assumption da
Silva[2] presented a theoretical analysis for penetration theory
but no attempt was made to compare its predictions with
experimental results

The purpose of this contribution 1s to show that some of the
restrichons imposed are not necessary and that a rather sumple
solution can be obtained to predict the rate of absorption of CO;
under therr experimental conditions In fact our results would be
in close agreement with da Silva and Danckwerts[1] predictions
if therr system of equations were properly solved It can be
shown that therr final result of the rate of mass transfer in terms
of the Arry functions 1s incorrect Nevertheless it will be shown
that, under theirr experimental conditions and same assumptions,
a sumple expression to predict the rate of mass transfer can be
obtained which 1s identical with ours which will be deduced
under less restrictive assumptions

The main pont 1s concerned with catalytic species (in this case
Cl10") profile Da Silva and Danckwerts{1], and also da Silva[2],
assumed that Cl, absorption takes place through an instantaneous
reaction Thus the concentration profile of the catalyst will be
governed by a differential mass balance for pure physical
diffusion (1e for the film model a hnear function from the
mterface) However this 1s truly vahd from the reaction plane
inward since the non-permeability condition of CIO™ through the
mnterface must be taken into account Moreover if the reaction
were mstantaneous the OH™ concentration would decay to zero
at the reaction plane and the overall model should be one of
simultaneous absorption with instantaneous reactions Since In
therr experiments OH~ source was the buffer CO:>"/CO,H™
system it seems appropriate the assumption that CO, absorption
takes place with the sum of a pseudo first order reaction with

OH™ and the second order catalyzed reaction mentioned above
So, even if Cl; reaction with OH™ 1s very rapid 1t cannot be
considered as instantaneous 1n such a buffer system and specially
under experimental conditions where Cl, partial pressure was
very low However 1n our theoretical development there i1s no
need to assume any order for Cl, reaction with OH~ Moreover 1t
will be shown that, under these conditions, the CIO™ concen-
tration profile 1s not important in determining the rate of CO,
absorption but interfacial value 1s fundamental

APPROXIMATE TEEORY
Assuming vahd film model (of thickness &) the following
system of differential equations wifl describe the mass balance
for each species
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where the following dimensionless variables were defined

a = (AlAs), b = (BIBs), ¢ =(C/Bs), x =(X'18),

B = (k.Cslk\), Dy = klsleA: m = D¢/Dg (4a-g)
A, B and C being the dimensional concentrations of CO,, Cl; and
ClO™ respectively, k; and k. the pseudo first order and second
order catalytic reaction constants, D the diffusivity coefficient,
Ry the rate of reaction of Cl; per umit volume and the subindexes
A, B, C and S stand for CO,, Cl,;, C10~ and interfacial value
respectively

The equation system (1), (2) and (3) 1s subject to the following
boundary conditions

a=1,b=1,(dc/dx)=0atx=0 (5a)

a=0,b=0, c=0atx=1 (5b)
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From eqns (2) and (3) 1t results

d*(b + mc) _
i - 0 ®)
So after using conditions (5a) for # and ¢ 1t can be found

—5"——1}(1/m) ™

il VR

Ry bemg the rate of absorption of Cl, 1n the reactive film and
k% p the mass transfer coefficient of 7' n the absence of chem-
ical reaction Rg was measured in the work of da Silva and
Danckwerts[1] while the rate of Cl, physical absorption (k% zBs)
can be estimated for each run Clearly if the reaction factor for
Cl, were much greater than 1, the approximate expression

Rp
Cs k?’.Am(DBIDA) ®
proposed by da Silva and Danckwertsf1] would be correct In
eqn (8) &9 4 1s the mass transfer coefficient for CO, pure physical
absorption which was measured in Ref [1] However it can be
shown that 1n most of the experimental runs expression (8) does
not give a good approximation of Cs Thus mn this work eqn (7)
will be used to predict Cg

Before solving approximately eqn (1) two facts shouid be
taken into account First, the reported value of the reaction
factor (E), for CO, absorption, reported in Ref [1], even in the
absence of the catalytic species, suggests that a valid solution
can be obtained with the asymptotic form for a very rapid first
order reaction Second, due to the interfacial boundary condition
for the catalytic species a valid asymptotic approximation for ¢
profile (up to terms of order x? after an expansion from the
interface) 1s C = Cs Thus a simple approximate solution of eqn
(1) n terms of reaction factor can be written in the following
form

Bo=(+p) ®

E. and Ep. being the reaction factors with and without the
diffusing catalytic species respectively

It can be shown, using as perturbation parameter (D))", that
the linear ¢ profile suggested by da Siva and Danckwerts[1]
would produce the foliowing approximate solution

E, =1+ 1/2{1_ D'~ } 10
Ev.” TR T amem )
In the most adverse situation of experimental conditions reported
in Ref {1} 1t can be shown that the term in the bracket 1s at least
095 and in most cases 1s 099 This 1s to prove that under
expermmental conditions the form of ¢ profile 1s 1nmaterial to
predict the ratio E./En. However its interfacial value plays an
important role since it affects 8 lhnearly (see eqn 4e)

In Fig 1 theoretical predictions are plotted as continuous
curves of E_/Ey. as a function of Rp

The upper curve was calculated with the reported value of
k;=418sec”™ and the lower curve with &, =6 18sec™ since
according with simple calculations 1t appears to be more consis-
tent with expermmental value of E,. reported in Ref [1]
Experimental vaiues of E./Ey. are also shown in the same figure
as dispersed pomts Numerical differences among experimental
and theoretical values of E.J/En. were calculated for k, =
6 18sec”™! The maximum observed deviation 1s of the order of
30% but for most of the tabulated values i Ref [1] 1t 1s below
20%

It should be noted that E./Ey. must be a unique function of 8
while 1t 1s expected that a plot of E/Ey. as a function of Ry
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Fig 1 Effect of Rz on the ratic of reaction factors E./En.
Curves (a), calculated with k; =4 18sec™ and (b), with k, =
6 18 sec™’

should show the influence of the Cl, partial pressure However
within the range of partial pressure investigated it gives a unique
curve

In performing B8 calculations expression (7) was used to esti-
mate Cs The followwng data were taken

(a) According to Sherwood and Pigford[3] B, was esttmated
as

B, =04H(pg/2) an

Cl; partial pressure (ps) was divided by 2 since wmn all expen-
mental runs the outlet value of pg was almost zero H =
6 247 x 107° gml/cm® atm at 25°C The coefficient ¢ 4 1s to correct
the Cl, solubility due to the effect of 1onic strength (which in this
case equals 4) The value of this coefficient was obtamed
graphically from Fig 7 of the work of Hikita et al [4]

(b) Ratio

2

m= =0 786

from data given in Ref [4] Assuming that the ratio of diffusivity
coefficient 15 not affected by 1cnic strength from data given in
Refs [1, 4]

Dy _ 148 %1075 cm?/sec _ 076
D, 195x107° cm?/sec

(c) k. =6670 l/gmol sec,
1

It can be concluded that experimental values of Ref [1] can be
fairly well correlated by our simple expression (9) while ¢s must
be estimated by its exact value (eqn 7) Nevertheless it should be
noted that this system 1s essentially unsteady since the interfacial
ClO~ concentration 1s a growing function of time Thus m our
simple model only a rough average value can be estimated with
eqn (7) of this work Thus 1t would be of great interest the
analysts of the unsteady state system of equations also to explore
the theoretical possibility that the rate of mass transfer of CO,
(in this case) would increase with time

Finally 1n this contribution the reported results of CO, and Br,
absorption were not considered due to the uncertain value of k.
for this system

24=413x10cm/sec from Ref
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NOTATION

dimensionless CO, concentration (A/Ag)

dimensional! CO, concentration, gmol/l

dimensionless Cl, concentration, (B/Bs)

dimensional Cl, concentration, gmol/l

dimensionless CIO™ concentration (C/Bs)

dimensional ClO™ concentration, gmol/fl

dimensionless kinetics parameter (k;8%/D.)

diffusivity coefficient, cm?/sec

reaction factor with the catalytic reaction

reaction factor without the catalytic reaction

Henry constant for Cl,, gmol/cm? atm

first order rate constant for the reaction between CO, and
OH™, sec™!

catalytic rate constant for the reaction between CO, and
H,0, 1 /Jgmol sec

k? hqud-film mass transfer coefficient for pure physical ab-

sorption, cm/sec

m diffusivity rano (D./Dpg)

ps Cl, partial pressure, atm

rg reaction rate for Clz, gmol/l sec

rate of absorption of Cl,, gmoljcm® sec
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X dmensionless distance from the imnterface
X' dimensional distance from the interface, cm

Greek symbols
B dimensionless parameter (k.Cs/k,)
8 film thickness, cm

Subindexes
A refers to CO,
B refers to Cl,
C refers to CIO™
S mterfacial value
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Analysis of an axially irradiated cylindrical photoreactor—I. Plug flow model

(Receved 27 January 1977, accepted 25 Apnl 1978)

The kinetic studies of photochemical reactions using transversely
wradiated reactor (T I R ), encounters uncertainties regarding in-
cident radiation intensity distnbution, for analyzing the data[1-
3} In this communication, axially iuradiated reactor (A I R ), with
two configurations, PFI and PFII, depending on the directions of
flow and rradiation, being either identical or opposite, (Fig 1) 1s
analyzed

The analysis of AIR 1s carned out (1) to test its efficacy in
kinetic studies, (1) to test the effect of mixing and levelling of
mtensity gradient mn axial direction and compare 1t with beneficial
effect{4] of levelling of concentration and intensity gradient
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Fig 1 Basic features of the plug flow model of an axially
uradiated photo reactor

CES Vol 34 No 1-J

transverse direction in T I R and (i) to compare the performance
of the two configurations cited

ANALYSIS

The analysts 1s restricted to the following assumptions (1)
uniform, monochromatic incident radiation, perpendicular to
reactor cross-section, (1) power-law type rate expression, (ui)
complete lateral mixing for absorbing and reacting species over
the entire reactor length and (1v) 1dealized boundary conditions at
z =0 andfor z = L This would involve simultaneous solution of
two ordinary differential equations descnbing mass and radiation
balances Two broad classes of photochemical reactions are
considered below

Sensttizer absorption (SA)
For this class of photochemical reactions where some
substances which absorbs the uradiation and pass the energy to

the actual reactant, remains, usually, unchanged mn concentration,
the mass and radiation balances are decoupled Symbolically

A—> Products

where s 1s the absorbing sensitizer The corresponding rate law 1s
given by

r=k[LYc"
where volumetric rate of absorption of radiation, I, 1s given by

Ia = F-IO e_"z

= ”Io eu(z-L)

for PF1
for PFII

Lo _our
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