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Abstract

In this study we focus our attention on a strategy to deal with packed-bed catalytic reactors in order to present an alternative methodology for the
derivation of a new explicit equation for the determination of apparent kinetics coefficients for first order reactions. The Ozdural-Alkan methodology,
originally used in membrane separations, was followed during the analytical solution of the governing PDE of the system whose solution have
resulted the explicit equation sought. The apparent kinetics coefficients obtained through the above-mentioned explicit equation were compared
and verified with the numerical solution results of the same system where two different numerical techniques were employed independently. It was
concluded that the proposed equation successfully predicts the apparent first order kinetics coefficient in recycling packed-bed catalytic reactors

with the use of a single reservoir concentration measurement and the corresponding time data.
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1. Introduction

The successful design of a catalytic industrial reactor lies
primarily on the reliability of the experimentally determined
parameters used in the scale-up. As a consequence, it is very
important to collect accurate and meaningful laboratory data,
with proper experimental set-ups, and to interpret the data using
sound mathematical techniques. In order to determine the appar-
ent kinetic coefficients in continuous mode operating packed-
bed catalytic reactors, via established techniques, simultaneous
measurement of the concentration differences between the bed
inlet and outlet flows are required [1]. However, when the reac-
tion rate is low and/or the packed-bed reactor residence time
is small, this imposes a significant limitation on the determina-
tion of apparent kinetic coefficients. In these circumstances, it is
likely to come across with very small concentration differences
between the bed inlet and outlet flows. Thus, the measurement
of the concentration differences between the inlet and outlet
streams, so as to find apparent kinetic coefficients, can be very
difficult and inaccurate.
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The aim of this study was the derivation of an explicit equa-
tion for the determination of apparent kinetics coefficients for
first order reactions at recycling flow packed-bed catalytic reac-
tors using the Ozdural-Alkan technique described elsewhere
[2]. This technique is free from the probable limitations of
the above-mentioned once through flow systems and, benefit-
ing the advantages of recycling flow systems, a new and simple
explicit equation is proposed for the determination of apparent
first order kinetic coefficients in packed-bed catalytic reactors.
The proposed equation brings into a considerable advantage over
currently employed procedures. It allows the determination of
packed-bed catalytic reactor kinetics parameters, for first order
reactions, by mathematical interpretation of the experimental
data gathered from a bench scale recycling flow packed-bed
catalytic reactor where cumulated time change of reservoir con-
centration is monitored. The experimentation can be continued
as long as noticeable changes are observed in the reservoir con-
centration and thus makes it possible the use of the proposed
equation for a wide range of experimental conditions.

Subsequent to the explicit equation derivation, to be used for
the determination of apparent kinetics coefficients, validity of
the predictions of the explicit equation was sought. For this pur-
pose explicit equation predictions were compared and verified
with the numerical solution results of the same system where two
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Nomenclature

A, B reactant and product, described in Eq. (1)

B1, B> integration constants

Cy reactant concentration in the void fraction of
packed-bed catalytic reactor, mmol cm ™3

Cuo reservoir initial concentration, mmol cm ™3

h increment in distance used in numerical solution,
cm

i x panel index used in numerical solution

Jj t panel index used in numerical solution

k increment in time used in numerical solution, s

ki first order kinetics constant, cm3 g;&alyst g1

L packed-bed height, cm

m mass of catalyst, g

Ny reacted amount of A, mmol

0 recycle rate, cm3s~!

TA reaction rate based on mass of catalyst particles,
mmMOlreacted g;llalyst s

S packed-bed cross-sectional area, cm?

t time, s

T function described in Eq. (5)

%4 reservoir solution volume, cm?3

X cartesian coordinate, cm

X function described in Eq. (5)

Greek letters

o coefficient described in Eq. (4)

B coefficient described in Eq. (33)

€ void fraction of the packed-bed

e constant described in Eq. (8).

v interstitial velocity, cm g1

0 corresponding time, when designated “thin slice
of solution” is at packed-bed catalytic reactor inlet
(x=0),s

Pp catalyst particle density, gcm™>

Thed residence time of packed-bed catalytic reactor
(Toea =L/v), s

Tres residence time of reservoir (Tes = V/Q), s

different numerical techniques were employed independently.
Since the determination of apparent kinetics coefficients for first
order irreversible reactions is envisaged the appropriate reaction
kinetics based on the weight of catalyst beads can be expressed
as follows [1]:

AL B (1)
1 dNy

= ——— 2 — ki C 2

rA a4 1Ca (2

where A and B are the reactant and the product, respectively, k;
the first order kinetics constant, cm?> gc_aialysl s~1: €y the reac-
tant concentration in the void fraction of packed-bed catalytic
reactor, mmol cm™3; m the mass of catalyst, g; N4 the reacted
amount of A, mmol; 74 the reaction rate based on mass of catalyst
particles, mmolieacted gc_alalyst s~! and 7 is the time, s.
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Fig. 1. Schematic drawing of the recycled packed-bed catalytic reactor.

2. Derivation of a simple explicit equation for the
determination of apparent Kinetics coefficients for first
order irreversible reactions

Referring to Fig. 1, let’s take a control volume (SAx) in the
packed-bed reactor, where S is the column cross-sectional area,
cm? and Ax is the height of elemental volume, cm. Neglecting
axial dispersion, the material balance for A gives the following
governing equation.

0Csq  0C4

—_— 4+ — k1Ca =0 3
v8x+8t+alA (3)

where ¢ is the void fraction of the bed; v the interstitial velocity,
cms™! and pp is the catalyst particle density, g cm™3 and

I-9

&

Pp “

For the present recycle system, the reactant concentration in
the packed-bed catalytic reactor, Cy is a function of time and dis-
tance. By assuming a product solution for the partial differential
Eq. (3) and applying the separation of variables technique,

Ca=XX)T() Q)
aC 0X
TA_r(Z2 (6)
0x 0x
aC4 oT
TA_x (= (7)
ot ot
Substituting Eqs. (5)—(7) into Eq. (3) and after rearrangement:
1dX 1 dT ok ’
= -2l ®)
X dx vT dt v

In Eq. (8) the first term and the second term can only become
equal to each other if they are both equal to a same constant such
as —A? (positive or zero values of constant have no significance
in relation to the solution of problem we are considering). From
Eq. (8) the solutions of X and T are

X = B exp(—)\2x) 9)

T = B> exp {()\zv — otk])tJ (10)
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B and B, are the integration constants. Substituting Egs. (9)
and (10) into Eq. (5) gives

Ca = B1 By exp(—32x) exp {(sz - (xkl)tJ (11)

Using the initial condition (at #=0; for all x, C4 =0 except
x=0, C4 =Cya0), B1 B> becomes equal to C49. Hence,

Ca = Cao exp(—22x) exp {(xzv . ozkl)tJ (12)

Referring to Fig. 1, let us consider a “thin slice of solution”
at the packed-bed catalytic reactor inlet (x = 0), which is moving
with a velocity of v, under plug flow conditions. Furthermore,
when this designated “thin slice of solution” is at packed-bed cat-
alytic reactor inlet (x =0), let us show the corresponding time, as
t=0. Since this designated “thin slice of solution” is moving with
a velocity of v, it will reach to the packed-bed catalytic reactor
outlet (x=L), at a time, =6 + Tpeq, Where Tpeq 1S residence time
in the packed-bed catalytic reactor (tpeg = L/v). Consequently,
the boundary conditions (#>0) for the designated “thin slice
of solution” moving with packed-bed interstitial fluid velocity
become:

B.C.1 fort=26
B.C.2 fort =6+ tyeq

(x=0)

(x = L) CA = CAin|T=9+‘L’bed

Ca = Caoutli=0

Employing B.C. 1 in Eq. (12) and solving for A? gives

1 C poutlr=0 aky
3= — I A= L o7 13
Vo n{ Cao } + v (13)

An interesting point arises for the present problem, where
A2, as given in Eq. (13) contains the time term. Ozdural and
Alkan [2] observed this kind of behavior through the derivation
of an explicit equation to be used for the determination of overall
mass transfer coefficients in membrane separation operations. In
order to elucidate the behavior of A2, associated with the present
problem, the relationship between Cgin|/=9+7,,q and Caoutlr=0
is required. For this purpose let us combine Egs. (12) and (13).

C _ —)C/\)H k
Ca= CAcvut|t:9{Aout|le} exp [—W] (14)
C a0 v
Employing B.C. 2 in Eq. (14) gives

C poutlr=0

—Thed /O
} exp[—akq Toed]
Cao

(15)

Cinli=9+10ea = CAout|t_0{

where Tpeq = L/v. Let us re-arrange Eq. (15)

1 C — 1 C _
z ln{ Aout|t9} _ In |: Aout|t79 :| - ak1 (16)
0 Cao Thed C Ainlr=9+tpea

If the R.H.S. of Eq. (16) is constant, so is A> as given by
Eq. (13). The second term of the R.H.S. of Eq. (16) is constant.
Furthermore, it is not difficult to show that if the control volume
moves with the velocity of v (i.e. the above given B.C. 1 and

B.C. 2 are pertinent) then dC4/0x term in Eq. (3) becomes zero,
and final equation reduces to:
Q—FaleA:O an
dr

For the present recycling system, Eq. (17) is only valid for
the case where “outside observer” is moving with the packed-
bed interstitial fluid velocity. Thus, for a stationary observer, it
is incorrect to use Eq. (17) for gaining an insight on Cy4 values.
During the integration Eq. (17) the integral limits should be so
chosen that the moving outside observer criterion be met such
as given below.

t=0, Cp = Cpoutli=9 and

1 =0+ thed, Ca = Cainlt=6+1peq

Integration of Eq. (17) gives

1 |: CAout|t=6
n | ——"—

} = ak1Tped (18)
C Ainlt=9+1peq

Substituting of Eq. (18) into Eq. (16) provides

1 _
2 n CAout|t—9 -0 (19)
0 Cao

This proves that the first term of the R.H.S. of Eq. (16) is also
a constant and so is A2

It is obvious that if the packed-bed column is treated as a
once through column (single pass, where there is no reservoir)
both Cyoutlr=¢ and C4p might be regarded as the column inlet
concentrations and have the same value. This explains why the
term is found as zero in Eq. (19), since when Caout|r=9 = Cap the
logarithmic term in Eq. (19) becomes In (1) =0.

Since A2 value that is given in Eq. (13) is now proved to be a
constant, then dA/df=0. The derivative of Eq. (13) gives

CAout|t:(9 + 1 g <ln CAout|t—9):| -0
Cao

da 1 1
vt2 C a0 vt dt
(20)

dt 2

where A — o0 is a trivial solution. Therefore one should use the
following relationship in order to satisfy dA/df=0 condition:

1 C — 1d C _
Aoutl =6 L L1d <ln Aoutlt_(9> _0 @1

—— In il
vt Cao vt dt C a0

From the properties of the derivatives of logarithmic func-
tions [3]:

d CAout|t:9 1 d
— (1 = —C - 22
dt <n Cao C aoutli=o dt Aoutli=2 2

If Eq. (22) is substituted into Eq. (21) and rearranged

dCAout|t=9 _ CAout|t=9 In CAout|t=9 (23)

dr t Cao

Withreference to Fig. 1, let us make a material balance around
the reservoir where the reservoir inlet and outlet concentrations
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are evaluated for the same time, r=0.
(Input rate of reactant into the reservoir)
= (Output rate of reactant from the reservoir)

~+ (Accumulation rate of reactant in the reservoir)

dCAout

QC pinli=0 = OCaoutli=6 + Vidt (24)
dCy 1
M — —(Cainli=s — Caoutli=0) (25)
dr Tres

where Q is the recycle rate, cm? s~ L: V the reservoir solution

volume, cm? and 7, is the residence time of reservoir, s.

Vv
Tres — E (26)
If Tpeq is small and/or the reaction rate is not very fast, then
for a good approximation, Cginli=0+ 1.,y = CAinlr=¢. From Egs.
(15) and (25) one gets

dCAout _ CAout|t=(-)
dr Tres
C R
X {{Agzt_g} expl—aki Thed] — 1} 27

From Eq. (23) and (27) it is not difficult to obtain Eq. (28),
which is the new explicit equation for the determination of appar-
ent kinetics coefficients for first order reactions

(CAout‘t ) —Tbed/l

1 C

h=—" " In A (28)
(I = &)pp Thed In (7‘73?(;“) +1

Eq. (28) shows that, using only a single reservoir concentra-
tion measurement and the corresponding time data, the explicit
determination of apparentkinetic coefficient, k1 for the first order
reaction is possible.

3. Numerical solution strategies for the determination
of the change of reservoir concentration with time in
recycling packed-bed catalytic reactor systems

The purpose of this section is to predict and compare Caout
versus ¢ profiles of the reservoir, by using two independent
numerical solution strategies. The first numerical technique
makes no reference to the A% term that is given by Eq. (13),
whereas the second numerical technique employs A2. For the
same parameter values, if the Cpoy versus ¢ profiles of the two
independent numerical solution strategies were the same then
this can be taken, as a further validation of A2 is indeed con-
stant, besides the analysis given in Section 2.

3.1. Numerical generation of Caoy: versus t profiles with
implicit scheme finite differences technique

The finite differences technique has been employed to pro-
vide a numerical solution to the re-circulating packed-bed cat-

alytic reactor with an irreversible first order reaction where
no reference is made to the A? expression given in Eq. (13).
Reservoir concentration Cyoye versus time ¢ profiles, for a pre-
determined set of system parameters, was calculated with the
employment of a certain value of k.

For the numerical solution of Eq. (3) in addition to the packed-
bed reactor initial condition given in Section 2, the following
reservoir initial condition is used so as to represent the recycling
process that is composed of a packed-bed catalytic reactor and
a reservoir:

I.C.forreservoir: t =0; Ca = Cao

Furthermore, the boundary conditions in Section 2 are given
for an outside observer moving with the interstitial velocity of v.
The corresponding boundary conditions for a stationary observer
are:

B.C.I fort>0,x=0, Ca=Cpoul(t)=Car(t)
B.C.Il fort>0,x=L, Cg = Cain(t) = Canx+1(t)

dC4(x,0)/0x is evaluated by the central difference approxi-
mation and dC4(x,t)/0t is evaluated by the backward difference
approximation. Fig. 1 shows that the column is divided into n
hypothetical slices of thickness Ax=h where time increment is
At=k. For distance, x and time, ¢ step indices i and j are used,
respectively.

i=1 (represents column inlet and well mixed reservoir):

k k
Calj+1 = (1 — ) Carj+ fCAan,j (29)

Tres res

I<i<nx+1
The central difference approximation for dC4/dx gives

0Ca  —0C4i—1,j+1 + 0CAi+1,j+1

= 30
ox 2h (30)

The backward (referring to the evaluation of dC4/0x) differ-
ence approximation for dC4/dt gives

0Cy  —0C4;;+0Ca; 11

a4 _ 31
ot 2h ©h

Substituting Eqs. (30) and (31) into Eq. (3)

—BCai-1,j+1 + Cai jr1 + BCaiz1,j+1 = (1 — kkja)Ca; j (32)

kv

P=

(33)
i=nx+ 1 (packed-bed outlet)

It is assumed that the reactant concentration at i=nx+ 1 can
be calculated by extrapolating i =nx — 1 and i =nx data.

Canx—1,j+1 — 2Canx, j+1 + Canx+1,j+1 =0 (34

By solving the equation system presented in Fig. 2, we can
determine Ca1, Ca2, . .., Cant1 attime step j+ 1 from Cy1, Cao,
..., Cant1 at time step j.
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Fig. 2. Assembly of the set of n+ 1 equations for numerical solution.

3.2. Alternative numerical generation of Caoyr versus t
profiles associated with A?

Eq. (27) is a first order ordinary differential equation where
the dependent and the independent variables are reservoir con-
centration, C4oy and time, £, respectively. Its solution gives Cout
versus ¢ profiles. On the other hand, the derivation of Eq. (27)
is directly connected with A2 and thus the solution of Eq. (27)
will obviously reflect the properties associated with A2. Eq. (27)
is solved by numerical integration (fourth order Runge—Kutta
method) using the same parameters of the above given A2 free
implicit scheme finite differences techniques. The Cyqy versus
t profiles, generated by the solution of Eq. (27), were compared
with those obtained through the use of A% free implicit scheme
finite differences techniques.

4. Results and discussion

Table 1 gives the parameters used during the model solutions
that were taken from the literature [4] where acetic acid and cam-
phane reacted in a recycled packed-bed (Amberlist 15 catalyst
particles) system, to give the pine-fragrance isobornyl acetate.
The authors concluded that reaction rate was a pseudo first order,
and the unavailable reservoir volume was estimated using the
information given in the article. During the numerical generation
of Cpout versus ¢ profiles, k1 value of 2.1 x 1072 cm? g;dlalyst s7!
was employed in this study. The prediction of the reservoir con-
centration, Caoy Versus time, ¢ profiles were carried out by two
independent numerical solution methodologies as explained in
the above given Sections 3.1 and 3.2, i.e. 22 free implicit scheme

Table 1

The parameters used

Parameter (units) Value
Re-circulation rate, Q (cm> min~!) 4.0
Packed-bed reactor i.d. (cm) 1.0
Packed-bed height, / (cm) 3.9
Packed-bed porosity, & 0.49
Reservoir volume, V (cm?) 156.3
Reservoir initial concentration, C4o (mmol cm™3) 4.48
Catalyst weight, m (g) 1.86

finite differences technique and the numerical integration by
fourth order Runge—Kutta method that is related with A2. Time
change of Cyoy predictions of both methods were compared
with each other for every 20 min for the first 2 h and addition-
ally for r=200 and 400 min. Fig. 3 shows the comparison of
Caout versus time predictions of the two independent numeri-
cal solution methods, where Cgoy; values, obtained by the 22
free implicit scheme finite differences technique, were plotted
against to those obtained by the numerical integration, using
fourth order Runge—Kutta method, that is related with A2. Fig. 3
clearly illustrates that the predictions of both methods were in an
excellent agreement. In addition to the theoretical analysis pre-
sented in Section 2, the consistency of the Cyoy values shown
at Fig. 3 can be considered as a further justification of A? that
is given in Eq. (13), is a constant and thus its time derivative
becomes zero.

It is expected that, for a given recycled packed-bed catalytic
reactor set-up, one should obtain the same k| values regardless of
the reservoir Caoy versus ¢ data couple employed in Eq. (28) as
long as the other parameters were the same. Furthermore, if t and
the corresponding Caoy: data couple are gathered from a numer-
ical solution by using either technique explained in Section 3,
then the ki value obtained from Eq. (28) should be consistent
with the kj value that was assumed during the numerical gen-
eration of Cyoy versus ¢ profiles. Table 2 clearly demonstrates
that the above-mentioned requirements were met precisely.

5,0
—~ 40
£
QO
=30}
g y=x Time (min)
E: 20 F o 20 m 100
g a 40 & 120
Q Lo F o 60 & 200
o g0 * 400
0,0 . L .
0,0 1,0 2,0 3,0 4,0 5,0

Caout (mmol/cm3)

Fig. 3. Predictions of reservoir concentrations with two different numerical solu-
tion methods. x-axis = C4oy values calculated by numerical integration that is
related with A2, using fourth order Runge—Kutta equations. y-axis = Cout Values
calculated by A2 free implicit scheme finite differences technique.
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Table 2
Apparent first order kinetics coefficient, k; values calculated from Eq. (28) for
various times

t(min)  Cyou® ki x 10% (cm®  Cyou® ky x 10? (cm?
(mmol cm™3) g;{alysl s7h (mmol cm™?) gc_ﬂlﬂ]yst s7)
20 3.9343 2.1 3.9279 2.1
40 3.4497 2.1 3.4442 2.1
60 3.0247 2.1 3.0200 2.1
80 2.6521 2.1 2.6481 2.1
100 23254 2.1 23220 2.1
120 2.0390 2.1 2.0361 2.1
200 1.2052 2.1 1.2037 2.1
400 0.3237 2.1 0.3234 2.1

4 After method in Section 3.1.
b After method in Section 3.2.

5. Conclusion

The present work proposes an equation for estimation of
apparent first order irreversible kinetics coefficient in packed-
bed catalytic reactors. Instead of the current practices that require
simultaneous measurement of inlet and outlet concentrations of
a packed-bed catalytic reactor, the first order irreversible reac-
tion rate constant, k| value can be determined by Eq. (28) of this
study. During the employment of the established techniques, one
might frequently encounter the measurement of a small concen-
tration difference between the inlet and outlet streams, and such

small concentration differences might lead to inaccurate estima-
tion of the kinetics coefficients. The proposed equation Eq. (28)
allows the determination of packed-bed catalytic reactor appar-
entkinetics parameters, for first order reactions, by mathematical
interpretation of the experimental data gathered from a bench
scale recycling flow packed-bed catalytic reactor where cumu-
lated time change of reservoir concentration is monitored. The
experimentation can be continued as long as noticeable changes
are observed in the reservoir concentration and thus makes it
possible the use of the proposed equation for a wide range of
experimental conditions. It was concluded that the proposed Eq.
(28) successfully predicts the apparent first order kinetics coef-
ficient in recycling packed-bed catalytic reactors with the use
of a single reservoir concentration measurement and the corre-
sponding time data.
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