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Abstract

A new approach has been applied to find the global relation between the mode of steady
state rate function (SSF) and the transient state behavior (TSB), by using a computer simulation
technique. A typical complex reaction model producing two different products in parallel in
which & stable surface intermediate participant (In) is added is used as an example.

The mode of the SSF is classified into three typical types according to the values of the
kinetic parameters employed ; Type A: monotonous increase mode for the two products (lower
surface coverage of (In), #1,<0.1); Type B: the volcano mode for one and the monotonous
increase mode for another product (higher surface coverage of (In), #1n=0.1-0.7) and Type C:
volcano mode for the two products (f1n =0.1-0.9). The modes were sensitively characterized by
the amount of the surface intermediates and the kinetic parameters.

The TSB is drastically and sensitively varied depending on the combination of the values
of kinetic parameters and the surface coverage of the adsorbed species relating to the mode of
the SSF. The modes of TSB are classified into four characteristic types; Type I: Over-shoot
mode which appears on a relatively lower surface coverage of (In) (A1n<0.4) plus the slower
regeneration of active species (at the low concentration region of Types A and B); type II:
False start mode which is observed with a relatively lower surface coverage of (In) (0.1-0.3) plus
the inhibition effect of reactant (at the high concentration region of Type A and low concentra-
tion region of Type C); Type III: Extraordinarily slow response mode which appears on very
slow reconfiguration of the adsorbed species (at the medium concentration region of Type C);
Type IV: No change mode which results from the saturated coverage with the surface inter-
mediates (at the high concentration region of Type C).

1. Introduction

In industrial engineering, a parallel consecutive reaction producing a useful
intermediate is basically important. Olefine oxidation to produce epoxides, for
example, has been considered as follows.!~?

Department of Industrial Chemistry, Kitami Institute of Technology 090 Kitami, Hokkaido,

Japan.

* The paper was presented at the Hokkaido regional meeting of the Chemical Society of
Japan in the winter period of 1986.

Hok

Chemical Environmental Engineering.
**%  Department of Industrial Chemistry.



56 Hideaki KoBAYASHI, Tohru KANNO and Masayoshi KOBAYASHI

epoxides

(iii) (1)

CO,, H,0O

Generally speaking, one may divide equation (1) into two cases; (1) the
parallel reaction involving steps (i) and (ii) at the low temperature region and (2)
the parallel consecutive reaction involving steps (i), (ii) and (iii) at the high tem-
perature region.

At the low temperature region, the catalyst surface is considerably covered
by the large amounts of many kinds of adsorbed species. In particular, some
stable surface intermediates (In) are accumulated on the surface in appreciable
amounts as expressed in equation (2).5~9

, epoxides
%

(iv) (v)
(In)}——CO0,, H,0

olefine

The surface coverage of (Inj might play an important role in controlling the
selectivity of epoxide production in the actual reactions. Based on our experi-
mental results for ethylene oxidation, for example, the surface coverage of (In)
falls in the range of #,=0.1—1.0. In this case, the accumulation of the (In)
characterizes a volcano type mode of the steady state rate function displayed by
a function of the concentration of ethylene. A

At the high temperature range, the catalyst surface is relatively free from
the adsorbed species indicating a low surface coverage, and the atoms constituting
the solid surface instead become mobile, which causes an enhancement of the
reactivity of the adsorbed species. In this case, it is the activity of the adsorbed
species that strongly controls the selectivity of the epoxides rather than the
surface coverage of (In). Thus, the competitive reaction between steps (i), (ii) and
(iii) is a key to characterize the mode of the SSF.

In our previous papers'®'”’; we reported that the mode of the transient re-
sponse curves of products caused by the step change in the concentration of
reactants is drastically changed by the combination of kinetic parameters and the
surface coverage of stable intermediates. The object of this study is to find a
global relation between the modes of the SSF and the TSB, and to classify
then into a visualized diagram.

For the computer simulation of transient response curves, a commercial
personal computer (NEC, PC-8001mkIl) was used, to which an arithmetic pro-
cessing unit type AM9511 was attached so as to shorten the computing time.
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2. Presentation of a Model

(1) Reaction Model

In the present study, ethylene oxidation over a silver catalyst is considered
as a simple example of complex triangle reactions. Based on our experimental
data of ethylene oxidation on Ag, a modified reaction model including a stable
surface intermediate may be proposed as follows

A+ B-R |

overall reaction (3)
A+3B,—2F+2G ]
k (4)
A(g)+ By»S——R(9)+ B-S
Alg 5 : (5)
= g)+3B+S——In.3S
eofin s fon s 8 , (6)
In:38+4+28,-S——2F (9)+2G(9)+ B-S+4S
ks
By(g) +S——B,S (7)
ks
A(Q)+B-S—A-B-S (8)
k_s
ke
B;+S+S—2B-S (9)
k_g

where (In) is a surface stable complex which consists of more than two species,
and step (8) means an inhibition effect due to the adsorption of reactant A on
the active species B-S. This term is reasonably added based on the actual
experimental data.

(2) Material Balance Equations

Let us consider a tubular flow reactor as illustrated in Fig. 1. For the
mass balance of reactant A around the differential length dZ:*?

input by flow : UA}ZPLPA (10)
output by flow : Ajgﬁw (PA-{— aa% dZ><U+ {;EZ]* dZ> (11)

consumption by chemical reaction :

(kIPA0B2+k2PA083 +ksPss—k_s0.45) P.A(s) dZ (12)

accumulation :  ©0,cA(s) aaP;A dZ.-. , (13)
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Fig. 1. Schematic explanation for the differential reactor model.

Equating the difference in input/output terms to accumulation in the volume
element A (s)dZ gives

1 oP oU

= R (U 4P 5 ) Pt PO+ b Sa—b )
. € aPA
=W.R,T o (14)

The change in the gas flow rate along the reactor may be caused by the changes
in the temperature, pressure and total molar flow rate. In the present study,
a differential reactor is considered as an example. The pressure drop through
the reactor, in the actual experiment, is kept to less than 2%/ of the total pressure.
The velocity gradient, dU/0Z, may be negligibly small because the differential
reactor will produce only a small change in the total flow rate along the reactor
length. The second term in Eq. (14) thus drops out and the following equation
is obtained.

U opP
T ’p‘cRsT ‘aTA —(kIPAaBZ—"kEPAaBa+k5PA0B—k—50AB)
. & aPA
“oRT ot AL

Similarly, the corresponding equations for B,, R, F and G are
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U -igP, oP

~ o,RT aZR +k1P408 = Pch o -A(‘}TR (17)

U aPI. &€ 3PF
l'cR T al + )k 0[1103 = ERST 7at ) (18)

U: 6P, ¢ aPg
T ORT 07 TS = o o (19}

The boundary conditions for Egs. (15)~(19) are
P(Z,0) =Py (Z 0= f(Z) (20)
0) = Pw(Z,0) = Ps(Z,0)=g(Z) (21)
P, ) PBZ(O; t) = PB(: (22)

Pr(Z,

(0,
Pr(0,2) = Pg’, Pr(0,t) =P P;(0,t) =Py (23)
PZ,t)=g(Zt), P/ at Z=L as t=co (24)
Py (Z,t)=g(Z,t), Pg™ at Z=L as t=oo0 (25)
Pr(Z,t) = f(Z,t), Pg" at Z=L as t = oo (26)
Pp(Z,t)=f(Z 1) (27)
Py (Z ) f( t), (28)

Conditions (20) and (21) are the initial distribution of P, and Py, for the reactants
throughout the length of the reactor. Condition (22) indicates P, and Py, at the
inlet. Condition (23) states the amounts of products in the inlet of the reactor
which are equal to zero in fact. Conditions (24)~(28) demonstrate the functional
forms at the transient state, and they approach the steady states.

For steady state (9P/ot=0) eqs. (17), (18) and (19) become

(=))

,Piat Z=L as't= oo
P at Z=1L as t =0

U aPl

pcRsT <7dizR >t=oo 1 klPAeEz Tr (29)
U dP

o.R,T (’dZF’ >,= = 2klhinlp, = —2r =1y (30)
U dPyg

o.RT ( 22”*): = 2kfiulln? = —2ra=rq (31)

For the adsorbed phase, on the other hand, the material balance equations
may be written by the functional form
005

ot “ = /i (Pa Py, 045, 05, 05, 0r)

T (—kP s, —2kslirnlp?+ kiPp 0, — kel 5,0, +k_fl5) (32)
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0l
= P Py B U e )

1
- T (kl P,ﬁBz == 3k2PA033 -+ k301n0522

—k5PA03+k_50AB+2k303209'—2k_6032) (33)
0 1 : .
"ot :f;)(PA: PBZ, 052, O3, 048, 0In> = {7 (kZPAoB _kaﬁma}f;2 ) (34)
00 4 1 ’
ot :ﬂ(PA’ PB,; 03,, 05, 045, Orm) = q: (k5PAoB_k—50AB> (55>

When the differential reactor is used (see Fig. 1), it has previously been con-
firmed that the concentration of reactants and products is linearly distributed
along the reactor length. The arithmetic average (P;, ) thereby may be taken
to be the averaged concentration of reaction components in the reactor. Equa-
tions (15)~(19) and (32) ~(35) can be replaced by the ordinary differential equations,
for the gas components

dP, U dP,

=L P+ WP+ WP k) 36
ffzﬂi Horeld dj} Y (37
Lo f bl = (39)
L SRR ¢ (39)
o the U dPs oty (40)

for the adsorbed components

E{Z;L 12 ql (— ki Pafls, — 2slenll s 2+ Py Gy — ki B, + oo (41)
dlfy Moo begun 7 D R T 3
dt = En (kLPAaB,_?’kZPAaB +k301n03, —k5PA03+k—50AI}
+ 2ked 5 0, — 2k_of 5?) (42)

dbry 1 =5 o

d = g, P05 —kfuly?) (43)
d 1 = » _
- d;B = qf (k5PA03—k_50AB) (44)

Using the conditions of the differential reactor, dP;/dZ and dP,/dt may approxi-
mately be written
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i (16
Eq. (46) can also be rewritten as

‘gjf— 2 ‘g;f for reactants (47)

agjj = ‘12 a;,I;J for products (48)

Because the conversion of reactants is less than a few percent and the ccncen-
tration of products is zero at the inlet of the reactor. Accordingly the following
equations rearranged for Eqgs. (36)~(40) are obtained.

dP, U
i = o PL—=Pa)—(kPslp, A les o)+ ksP a0 s —k_if)4) (49)

.
dgt %= U Py Py) Py, 59)
d:;" <. ;ig Pt 26 Pulls, (51)
“ZZ o jg Pyt dkyfunfs? (52)
‘g R YW 5%

For Egs. (41)~(44), one can easily obtain similar equations replacing P, and
[3,,2 by P, and Pp. In addition, for the surface coverage #,, the following relation

may be derived
O4+05,+045+00+0,=1.0 (54)

Since ordinary differential equations (41)~(44) and (49)~(53) are nonlinear, they
must numerically be solved by the Runge-Kutta method, using a computer. The
necessary reactor parameters, rate and equilibrium constants were arbitrarily
determined from the references in past papers based on the actual reaction.
These parameters used in this study are listed in Tables 1 and 2.

Table 1. The reactor parameters

Reactor length L=77.0 [cm]

Cross sectional area of reactor A(5)=0.385 [cm?]
Superficial gas velocity U=415 [cm/min] (at 293 K)
Saturated amount of adsorbed species gm=2.6x10-6 [mol/g-cat]
Void fraction of packed bed reactor ¢=0.53 [—]

Catalyst bed density Pe=4.39 [g/cm3]

Temperature ) T'=293[Kl
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Table 2. Summary of the rate constants

Case 1 Case 2 Case 3
k1 [mol/g-cat+min-atm] 1.5x10-5 1.5%x10-5 1.5x10-5
ky [mol/g-cat+min-atm] 1.6 x10-5 1.7%x10-5 1.4x10-5
k3 [mol/g-cat-min] 6.7 X105 6.7x10-5 6.7 X10-5
ky [mol/g-cat-min-atm] 5.0 10-6 4.6x10-6 4.6x10-6
ks [mol/g-cat+min-atm] 5.0Xx10-5 5.0Xx10-5 5.0X10-5
k-5 [mol/g-cat+-min] 1.5x10-5 1.5Xx10-5 1.5%10-5
ks [mol/g-cat-min] T X10-7 8.2x10-3 1.2x10-5
k-6 [mol/g-cat+-min] 8.0x10-6 4.7x104 6.9x10-7
Ks [atm~1] 3.3 3.3 3.3
Ke [-] 9.6 X102 18 18

3. Characterization of Steady State Functions

As is well known, the mode of steady state rate functions is sensitively
affected by the kinetic structures which are specified by the reaction conditions
and the characteristic nature of the catalysts used. One may choose three typical
modes as examples with distinguishing features, as the following describes :

(1) Both R and F show a mono-

tonic increase type with incre- A ' @
asing P, (Case 1) bY

(2) R shows a monotonic increase \

type whereas F shows a decr- 05 S
ease type with increasing P, 0 \BQ
(Case 2) % . D__,.&-?i-—-\—‘:q&-\w;’._*_‘&
(3) Both R and F show a volcano . :;6—’—'—?—1“—'9'—::::: A X
type with increasing P, (Case 3) i T s e .
The three cases are characterized by the e s N S T 10
kinetic parameters presented in Table 2.

In Case 1, as can be seen in Fig. 2, § | e
the rate of R formation (r,) is about Ew s O_Si
ten times greater than the rate of F 3 g |2
formation (r;), and the former shows = ’ / H

a typical monotonous increase mode ‘
whereas the latter shows an S-shape e Sasmanr
mode. The low value of 7, is due to
the low value of #;, which is less than
0.02 resulting from the value of %, being  Fig. 2. (a) Plots of #; vs. P40 in Case 1.

one fourth smaller than %, Comparing (b) Pl_"fs of 7 vs. P4® in Case 1;
Conditions: see Tables. 1 and 2.

I, IT and III indicate three con-
formation of R is due to a one step centration regions.

Region K=l S — 11 - m

these modes, one may consider that the
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reaction whereas F is formed through three steps Equations (5), (6) and (7).
is the smallest of k —k_;, which is why 05, is steeply decreased with P,.

In Case 2, as can be seen in Fig. 3, r, shows a monotonous increase mode
whereas 7, shows a monotonous decrease mode. Comparing the values of k;
presented in Table 2, the smallest is £, which is common with Case 1 and the
largest is ks which is four orders larger than that in Case 1. The large value
of ks decreases r, which becomes of comparable order with 7,. The accumula-
tion of (In) increasing #;, induces a decrease mode of 7, resulting from the
small coverage of active species By+.S.

key

Case 3 presented in Fig. 4 demonstrates a typical volcano mode in both 7,
and 7. kg is an intermediate between Cases 1 and 2. @, is steeply increased
up to 0.92 at P,=0.3 atm which decreases the available surface coverage for

the adsorption of B,. This is the reason why both 7, and 7, show the volcano

mode.
10
; = — —_— i — o o
| @ ] 7 o]
| | ==
| /9/ ‘
| \ Oin _0} Ein (a)
Lk R L. } ‘ \Q B 7 |
98 = ost N\ ‘
it = o7 Gl = EN /
ol L]\ | | . o |
/)/ g o S
& O 0% - RS \
/ Shae, @ ~ .9 |
75‘ N o \1._9‘ b2t Sy
oo O A AB
of BG7S ST trerhe TR T |
: . 2 =t t; ; EN 32 Sia e el
- 2 (b
G100 o (167 !

€ mol/g-cat-min]
Selectivity [—1
[ mol/g-cat-min]

Ui

Selectivity (=1

!

Region

m

Fl J‘ 1l - n 4 Region  rl—

Fig. 3. (a) Plots of ¢ vs. P4 in Case
(b) Plots of 7; vs. P4 in Case

Fig. 4. (a) Plots of 0, vs. P4 in Case 3.

b A
2% (b) Plots of rj vs. P4 in Case 3;

Conditions : see Tables. 1 and 2.
I, II and III indicate three con-
centration regions.

4. Classification of the Transient

4-1.

Conditions : see Tables. 1 and 2.
I, IT and III indicate three con-
centration regions.

Response Curves

Characterization of the Transient Behavior in Case 1

Computer simulation of the transient response has been carried out in three
different regions of P, in Fig. 2; Region I: 0.02~0.05 atm, Region II: 0.1~0.2
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atm, Region III: 0.2~0.3 atm. The simulated curves of Regions I, II and III
are shown in Figs. 5~7, respectively.

Figs. 5 and 6 illustrate a typical over-shoot mode for R and a monotonic
mode for F in Regions I and II. Fig. 7 illustrates a typical false start mode for
both R and F. Thus, one may distinguish two groups, the over-shoot mode
(Regions I and II) and false start mode (Region III). The over-shoot mode is
due to the slow regeneration of active species B,+S from the gas phase resulting
from the smaller value of 2. The false start mode, on the other hand, is caused
by the inhibition effect of the adsorption of A onto B+S to form a complex
A-«B-S according to Equation (8). In Region III, the surface coverage of adsorbed
components is within 0.5~0.6, and thereby the free surface for the adsorption
of B, is less than #=0.4. In addition, the surface coverage of B-.S, @ is
unchanged as from 0.21 to 0.20 depending on the concentration of A whereas
the change in 6,5 is from 0.12 to 0.18. This change usually becomes the char-
acteristic false start mode in Region III.

4-2. Characterization of the Transient Behavior in Case 2

The concentration range of A is divided into three different regions in Fig.
3; Region I: 0.02~0.05 atm, Region II: 0.1~0.2 atm, Region III: 0.2~0.3 atm.
Figs. 8 ~10 respectively illustrate the simulated transient response curves obtained
in the three regions.

In Region I of Fig. 8, both R and F show the over-shoot modes even though
indicating opposite direction. For R, the over-shoot mode can be explained by
the slow regeneration of 05 because of the smaller k. For F, on the other
hand, when P, is increased, A.B-S is stepwisely accumulated on the surface
inducing the minimum value, which is followed by the progress of reaction (6)
accompanying a gradual increase. When P, is decreased, the reverse explana-
tion is available. (Y

In Regions II and III presented in Figs. 9 and 10, the response of F shows
an almost instantaneous mode and the response of R shows an over-shoot mode.
For R, a similar explanation to those in Region I may be acceptable. For F,
when P, is changed stepwisely, the changes in the surface coverages (fy,, 5 and
0p,) are 0.07 at most. This is the reason why the instantaneous mode appears.

4-3. Characterization of the Transient Behavior in Case 3

Three different concentration regions of A are presented ; in Fig. 4, Region
[:0.02~0.05 atm, Region II: 0.1~0.2 atm and Region III: 0.2~0.3 atm.Region
I is at the right hand side of the maximum of ,— P, plots, and Region II is at
the left hand side of them.

In Region I, displayed in Fig. 11, F shows a typical false start mode whereas
R shows an over-shoot mode. As described in sections 4—2 and 4—3, a similar
explanation for both modes is available in the present case. The false start
mode, however, appears at the lower concentration region of A whereas the
mode previously appeared at the high concentration region of A as can be
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Fig. 8.

Fig. 9.

Fig. 10.
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seen in Fig. 7. The surface coverage of A+B-S(f,,) varies from 0.03 to 0.06
caused by the concentration jump, the fraction of the difference (46,45) is two.
This change is much larger than those in Region I of Cases 1 and 2 (4045=
0.016) resulting a large inhibition effect of A+B-S on the formation of F. '

Fig. 12 illustrates the transient behavior of R and F in Region II. The
responses of the two components need more than one hundred minutes to reach
a steady state level because 6, changes very slowly between 0.38 and 0.85.
Noting the mode of both the response curves due to the step change from
P,=0.1 to 0.2 atm, the extraordinarily slow response curves are obtained except
for the change at the initial stage of the response. This results from the value
of £_4(6.9x107") which is much smaller than the others.

Fig. 13 illustrates the response curves in Region III. In this region, both 7,
and 7, do not appreciably vary with the change in P,. The response of R
shows a slight false start mode whereas F shows no change depending on the
change in P,. One may recognize that no surface coverage is available to in-
crease the formations of R and F depending on the concentration change of A.

4-4. Classification of the Mode of the Transient Response Curves

Based on the mode of the response curves obtained so far, one may easily
classify the mode of the response curves as follows, depending on the concentra-
tion regions of A.

(1)  Over shoot mode in both products R and F: The mode appears at the

lower surface coverage of the adsorbed intermediates of less than 8=0.4.
This is characterized by the slow regeneration of the surface active
species at the low concentration region of Cases 1 and 2.

(2) False start mode in both products R and F: This characteristic mode
is caused by the inhibition effect of the reactants to form the inactive
surface complexes, in which the proportion of the surface covetage
change of the complexes is 6,;,>0.03 at the high concentration region
of Case 1 and low region of Case 3.

(3)  Extraordinarily slow response mode: This mode results from a much
slower change in the amount of the surface active complexes at the
medium concentration region of Case 3.

(4) No change in the response curves: When the surface is almost fully
covered with the adsorbed species, the rates of R and F formation are
not changed depending on the concentration jump of A at the high

concentration region of Case 3.

5. Conclusions

Based on a typical triangle complex reaction model involving some stable
adsorbed complexes, the transient behavior of products has been classified into
four characteristic modes depending on the combination of the values of kinetic
parameters. The mode is sensitively characterized by the surface coverage of
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far adsorbed complex, and the surface coverage has a specific range to show the
four modes.
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7. Notation
A: reactant A
A+B-S: adsorbed complex

B
A(s): cross-sectional area of empty reactor (cm?)
B: atomic form of reactant B
B,: molecular form of reactant B
F: product F
G: product G
In: surface intermediate
k;: forward rate coefficient for elementary step j (arbitrary unit)
k_;: reverse rate coefficient for elementary step j (arbitrary unit)
K;: equilibrium constant for elementary step j (arbitrary unit)
L: total length of packed section of reactor (cm)
P . partial pressure of i component newly prepared at the outlet of the
catalyst bed (atm)
P: partial pressure of i component at the inlet of the catalyst bed (atm)
P;: partial pressure of i component at the outlet of the catalyst bed (atm)
P;: averaged partial pressure of i component in the reactor (atm)
g : saturated amount of adsorbed species i on the catalyst surface (mol/
g-cat)
reaction rate of 7 component
product R
gas constant (82.1 cm®~atm+K~!emol™)

th & X2

a catalytic site
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time (min)

temperature (°K)

superficial gas velocity (cm/min)
interstitial gas velocity (=U/e, cm/min)
distance along reactor length (cm)

Greek letters

void fraction of packed section of the reactor (dimensionless)
fraction of catalyst monolayer covered with ¢ component (dimensi-
onless)

fraction of vacant catalyst site a in monolayer (dimensionless)
averaged surface coverage of i component (dimensionless)

. total pressure (atm)

bulk catalyst density (g-cat/cm3-reactor)
molar density ‘z/R,T, mol/cm?)
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