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Abstract

The selective double bond isomerization reaction of linoleic acitit6 trans-11-conjugated linoleic acid ameins-10 cis-12-conjugated linoleic
acid on commercial Hpreactivated Ru/AlO; catalyst studied at 135—-166 under kinetic control in a slurry reactor under atmospheric pressure in
n-decane solution using the linoleic acid-to-surface ruthenium molar ratios 2.5, 5, and 10, was investigated by mathematical modeling. Gver such
alystand at the conditions used, the reaction scheme involves competitive isomerization of linoleic acid to conjugated linoleic acid isohaers as we
hydrogenation of linoleic acid to oleic acid. These competing steps are through a complex relation strongly affected by chemisorbed hydrogen or
Ru surface. The concentrations of chemisorbed hydrogen and adsorbed key intermediates on the ruthenium surface influenced the catalytic ac
and the selectivities toward isomerization and hydrogenation products through a complex relation. The isomerization rate was enhanced by cat
preactivation under hydrogen, butincreased hydrogen coverage on the Ru surface also restrained the isomerization selectivity. A reacioh networ
mechanism were advanced. Mechanistic models were developed from proposed elementary stage mechanism and corresponding kinetic equ
were derived. Data fitting allowed discrimination between rival mechanistic models, more specifically the influence of hydrogen on the isomerizati
kinetics.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Catalytic surface reactions

Inthe selective double bond isomerization reaction of linoleic  Over supported metal cataly4ts-6], the reaction network
acid tocis-9,trans-11-conjugated linoleic acid aneuns-10 cis- involves six steps: (1) double bond migration of linoleic acid to
12-conjugated linoleic acid (CLA) isomers over aluminium conjugated linoleic acid, (2) positional and geometric isomeriza-
oxide supported ruthenium catalyst, one of linoleic acids twdaion of conjugated linoleic acid, (3) double bond hydrogenation
double bond migrates to form a conjugated systdm6]. of linoleic acid to mono-enoic acids, (4) double bond hydro-
This is the second paper in the series aiming to investigatgenation of conjugated linoleic acid to mono-enoic acids, (5)
the kinetics of Ru/AdO3 catalyzed linoleic acid isomeriza- positional and geometricisomerization of mono-enoic acids, and
tion at different conditions and to present a kinetic model,(6) double bond hydrogenation of mono-enoic acids to stearic
which is consistent with mechanistic data and observed kinetiacid. In the following discussion, the term isomerization refers to
regularities. double bond migration yielding a conjugated system. The sum

of the overall isomerization selectivity and the hydrogenation
selectivity is equal to unity.
Adetailed description of the characterization of the Rp(2y
catalyst by nitrogen adsorption, X-ray photoelectron spec-
* Corresponding author. Tel.: +358 2 215 4985; fax: +358 2 215 4479, [OSCOPY, scanning electronmicroscopy-energy dispersive X-ray

E-mail addresses: abernas@abo.fi (A. Bernas), dmurzin@abo.fi analysis, and temperature programmed desorption of hydrogen

(D.Yu. Murzin). techniques as well as a detailed description of the linoleic acid
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Nomenclature

a activity

ao initial activity

A linoleic acid

B cis-9trans-11-CLA

c concentration

c model constants

C trans-10,is-12-CLA

Cis 18 carbon atom fatty acids

d order of deactivation

D trans-9rans-11-CLA

E cis-9,cis-11-CLA

E, activation energy

Eq activation energy or temperature dependency |of
deactivation

H hydrogen

1 number of intermediates

k kinetic constant

kg deactivation constant

kdo frequency factor of deactivation

K0 pre-exponential/frequency factor

K equilibrium factor

L oleic acid

m catalyst mass

N(i) independent basic route

N mole fraction

N number of basic routes

p pressure

(0] conversion independent constant

r consumption/generation rate

Tiso overall linoleic acid isomerization rate

Thydr linoleic acid hydrogenation rate

—ra rate at which the catalyst converts reactant

—rao rate of reaction oA with a fresh catalyst

R sum of kinetic constants;, k;2, k;3, k;4, andk; s

R? coefficient of determination

Rgas the gas constant

s state of the system

S sum of kinetic constants,, ks, kg, k7, andkg

S number of stages

SRS sum of residual squares

t unit time

T reaction temperature

Tmean Mean temperature of the experiments

U unknown CLA isomer

w weight matrix for observations

w number of balance equations

X design variables

y average of data points

Yps response variables

z vacant surface site for chemisorption of organi|c
molecule

z vacant surface site for chemisorption of hydrogen

Zi chemisorbed compound

Z'H chemisorbed hydrogen
ZI(1) chemisorbed half-hydrogenated intermediates
derived fromA
Z1(2) chemisorbed dehydrogenated intermediates
derived fromA

Greek letters
chemical equilibrium
estimated parameters
fractional surface coverage of chemisorbed com-
poundi
61y  fractional surface coverage of chemisorbed half-
hydrogenated intermediates derived fram
Oi(2) fractional surface coverage of chemisorbed dehy-
drogenated intermediates derived fram

%%[I]

() fractional surface coverage of vacant sites
b fractional surface coverage of chemisorbgd
hydrogen

isomerization, product analysis procedures and investigation of
external and internal mass transfer are given in our previous
report[7].

3. Mathematical modeling
3.1. Elementary step mechanism

The double bond migration reaction of linoleic acid to CLA
over H-preactivated Ru/AlO3 catalyst is thought to occur via
the Horiuti—Polanyi mechanisii8] describing hydrogenation
and isomerization of olefins. After the initialoHpreactivation,
linoleic acid is chemisorbed by the ruthenium surface. There-
after, a hydrogen atom derived from a hydrogen-chemisorbed
site is added to the chemisorbed acid to give a chemisorbed
half-hydrogenated intermediate. If the hydrogen coverage on
the catalyst surface is rather low, predominantly hydrogen
abstraction by the metal takes place from an adjacent carbon
atom, which might lead to a double bond migration depending
from which carbon atom hydrogen is abstracted. If, on the other
hand, the coverage of hydrogen is high, a second hydrogen atom
is mainly added to the chemisorbed half-hydrogenated interme-
diate to result in a double bond hydrogenation. Free rotation of
the half-hydrogenated intermediate, hydrogen abstraction, and
desorption of the olefin result iis/trans-isomerizations.

If, on the other hand, the first catalytic stage involvedHC
bond cleavage, an allylic intermediate is formed on a supported
metal atom or on an acidic site. Subsequent hydrogenation at a
different carbon atom results in double bond migraf@hn

Based on the obtained data, activity and selectivity can be
treated separately. For further discussion, let us briefly analyze
the reaction network and reaction kinetics. At present optimal
conditions, the surface reaction network can be significantly
simplified. As proposed irFig. 1, linoleic acid undergoes
isomerization to cis-9,trans-11-CLA, trans-10cis-12-CLA,
trans-9trans-11-CLA, cis-9,is-11-CLA, and an unknown
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Fig. 1. Main linoleic acid isomerization and hydrogenation network over RWAtatalyst.

CLA isomer as well as hydrogenation to oleic acid whichany CLA compound is conversion independent while the selec-
is the main mono-unsaturated compound. Linoleic acig, tivity to L, on the other hand, increases with the catalyst mass,
9,trans-11-CLA, trans-10cis-12-CLA, trans-9trans-11-CLA,  as shown irFig. 3(e), since a higher catalyst mass contributes
cis-9,cis-11-CLA, the unknown CLA isomer, and oleic acid are to a larger total amount of hydrogen in the system, which is
hereafter referred to as, B, C, D, E, U, andL, respectively. promoting the double bond hydrogenation stepndb L.
Hydrogenation oL to stearic acid is neglected since the mole  Consequently, following basic facts were considered in the
fraction of stearic acid was less than one percent at all reactiobuild-up of the kinetic model:

temperatures and catalyst masses. Moreover, the hydrogenation

reactions oB, C, D, E, andU to L and the positional and geo- (1) A is the single olefinic acid that undergoes hydrogenation
metricisomerization betwed) C, D, E, andU can be neglected toL.

because in the present study, no typical consecutive trends of2) Isomerization and hydrogenationAfare two irreversible
the isomerization kinetics were detected and the selectivity to ~ competing parallel reactions.

any compound within the CLA group is rather independent on (3) The isomerization reactions within the CLA group can be
conversion, as demonstratedrig. 2 In fact, in the reaction tem- neglected.

perature interval of 135-16% and in the catalyst mass interval (4) There are no non-catalytic isomerization or hydrogenation
of 0.2-0.8¢, the ratios between the product concentrations at ~ reactions ofA.

any reaction time or conversion, and thereby the ratios betweer{5) Double bond migration and double bond hydrogenation
the net reaction product generation rates, of any pair of products ~ take place through the Horiuti-Polanyi mechanism.

B, C, D, E, andU, for exampleC versusB, D versusB, etc., are Moreover, double bond migration takes place through a
constant values, a8ig. 3a—d) demonstrate. The selectivity to dehydrogenation pathway.
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Fig. 2. (a) Kinetics of CLA generation and (b) dependence of selectivity on conversion in linoleic acid isomerizatipp@attivated Ru/AlOs catalyst: ¢) B,
(A)C, (@)D, (O E, (0) U, (A) L, (O) overall isomerizationConditions: raw material, 0.2 g of reagent grade linoleic acid; solvent, 70 mtdécane; catalyst
mass, 0.8 g; catalyst metal loading, 6.2 wt%,; catalyst particle diameter intervalp@:6&tirring rate, 800 rpm; reaction temperature, 165 Hy-preactivation
temperature, 100C; H,-preactivation time, 1 h; reaction pressure, 1 atm of nitrogen; reaction time, 6 h.
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Fig. 3. Compositions of (af vs.B, (b) D vs. B, (c) E vs. B, (d) U vs. B, and (e)L vs. B in linoleic acid isomerization on Hpreactivated Ru/AlO3 catalyst at

varied levels of reaction temperature and catalyst m#s185/0.8, ¢) 145/0.8, &) 155/0.8, @) 165/0.8, (J) 165/0.4, () 165/0.2; stirring rate, 800 rpm. Other
conditions same dsig. 2

(6) Adsorption of hydrogen and adsorption of organic(10) Diffusion of linoleic acid from the bulk of the solution

()
(8)

9)

molecules is non-competitive in nature, hence sites for
chemisorption of hydrogen and sites for chemisorption of consumption rate oA.
organic molecules are separated. (11) The internal effectiveness factor is 1.

Adsorption ofA, CLA, L, andrn-decane is competitive in  (12) Except for hydrogenation of to L, no side reactions
nature. occur.

A is chemisorbed either through one or through both

olefinic bonds. One active site, denoted with Z, is used for

chemisorption of only one olefinic acid molecule or one  The above mechanism can be presented as follows: linoleic
intermediate. acid isomerization on Ru/AD3 corresponding to the simpli-
The catalytic surface reactions are irreversible while adsorfied scheme can be described by 11 reaction routes, i.e. sets of
ption/desorption steps afand products are at equilibrium.  stoichiometric numbers of steps, and written as

to the vicinity of the catalyst does not influence the
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Elementary steps Basic routes
NQ) N ) NE) N(4) N(5) N(B) N(T) N(®) N(9) N(10)  N(1)

1.2Z 1 Hp 27 H 0 0 0 0 0 1 0 0 0 0 0
2.2+ AZZA 1 1 1 1 1 1 1 1 1 1 1
3.2A + ZH- 2 210) 4+ 7 1 1 1 1 1 1 0 0 0 0 0
4.21(1)+ 2/ X4 7B 4+ ZH 1 0 0 0 0 0 0 0 0 0 0
5.21(1)+ 225 zC + ZH 0 1 0 0 0 0 0 0 0 0 0
6. ZI(1)+ 257D + Z’H 0 0 1 0 0 0 0 0 0 0 0
7.2(1) + 2% ZE + ZH 0 0 0 1 0 0 0 0 0 0 0
8.2I(1)+ 2% zU + ZH 0 0 0 0 1 0 0 0 0 0 0
9.2I0) + ZH 7L + 7/ 0 0 0 0 0 1 0 0 0 0 0
10.2A + 2782120 + ZH 0 0 0 0 0 0 1 1 1 1 1
11.21Q)+ Z HES 7B 4+ 7/ 0 0 0 0 0 0 1 0 0 0 0
12.212)+ ZHX2 2¢ + 7/ 0 0 0 0 0 0 0 1 0 0 0
13.212)+ ZH 37D + 7/ 0 0 0 0 0 0 0 0 1 0 0
14.21Q2)+ Z HE4 7E 4+ 7/ 0 0 0 0 0 0 0 0 0 1 0
15.2I)+ ZH2 70 + 7 0 0 0 0 0 0 0 0 0 0 1
16.ZB'2°Z + B 1 0 0 0 0 0 1 0 0 0 0
17. 2%z 4+ ¢ 0 1 0 0 0 0 0 1 0 0 0
18.D'&7 D 0 0 1 0 0 0 0 0 1 0 0
19.ZE 7+ E 0 0 0 1 0 0 0 0 0 1 0
20. 208z + U 0 0 0 0 1 0 0 0 0 0 1
21. %7 4L 0 0 0 0 0 1 0 0 0 0 0

Overall reactions-#(1), N(7): A — B; N(2), N(8): A — C; N(3), N(9): A — D; N(4), N(10): A — E; N(5), N(11):A — U; N(6): A+Hy — L.

In the catalytic stages, symbols Z, Zand H denote vacant overall equations can be identical. In the case of Ri4lcat-
surface site for chemisorption of organic molecule, vacant surdlyzed linoleic acid isomerization where overall reaction are
face site for chemisorption of hydrogen, and atomic hydrogenifreversible, the number of basic routas,is determined by the
respectively. Chemisorbed compounds are describedbyRB,  following equation:
etc. Symbolsz, k, andK denote chemical equilibrium, kinetic NeS+W_1I (1)
constants, and equilibrium factor. The two types of adsorbed
intermediate species on the catalyst surface are grouped togethehiere S is the number of stagesy the number of balance
in symbols ZI(1) and ZI(2), which denote chemisorbed half-equations, andis the number of intermediates. Balance equa-
hydrogenated intermediates and chemisorbed dehydrogenatégns determine the relationship between adsorbed intermedi-
intermediates, correspondingly, both descending fAom ates. Such equations can correspond to the total coverage equal

Elementary reactions are grouped in steps, and chemic&b unity. It follows from Eq.(1) that there are 21 equations of
equations of stages contain reactants and surface species. §tages, 12 intermediates, and 2 balance equations as there are
the right hand side of the equations of stages, the stoichiometrigvo different types of sites, and consequently 11 basic routes.
numbers (positive, negative, of zero) for the different indepen- In the first stage, hydrogen dissociates on the ruthenium
dent routes(1), etc.) of the complex heterogeneous catalyticsurface. Stage 2 and stages 16-21 describe adsorption and
reaction are given. These numbers must be chosen in a way théésorption of A and products. In basic route®(1)-N(5),
the overall equations contain no surface species. The equatiostage 3 describe hydrogen addition to chemisorhesult-
describing the overall reaction are obtained by the summatioing in chemisorbed half-hydrogenated intermediates ZI(1) while
of chemical equations of stages multiplied by the stoichiometrigtages 4-8 described hydrogen abstraction from these intermedi-
numbers. A set of stoichiometric numbers of stages is defined asges giving chemisorbed CLA isomers. Similarly, in basic routes
a reaction rout¢10,11] Routes must be essentially different, N(7)-N(11), stage 10 describes abstraction of a hydrogen atom
and it is impossible to obtain one route through multiplica-from chemisorbedA to give a chemisorbed dehydrogenated
tion of another route by a number, although their respectivéntermediate ZI(2) while stages 11-15 described hydrogen addi-
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tion to these intermediates to give chemisorbed CLA isomers,
In basic routeV(6), stage 9 correspond to addition of a hydrogenK 20= Oy
atom to intermediate ZI(1) resulting in chemisortiegccording

to the hydrogen addition part of the Horiuti—Polanyi mechanismg,; =
[8]. Deactivation stages are not depicted in this mechanism.

3.2. Rate equations

6
oy (21)

BocL
oL
wherec denotes concentration of respective species.

The overall linoleic acid isomerization ratgg,, and the
linoleic acid hydrogenation ratesyq, can be defined as

(22)

It is assumed that the surface of the catalyst is uniformor
quasiuniform meaning that rate constants are coverage indepefse = 74 T 75 T 76 + 77+ 78 + 11 + 712 + 113 + 114 + 115
dent and that organic compounds form an ideal liquid mixture. (23)

Speaking in terms of kinetics, the rate equations for each sta

can be written as

r3 = k300 )
ra = kabi1)(1 — 0) 3)
rs = ksfi(1)(1 — 6p) 4)
re = kebi(1)(1 — Op) (5)
r7 = k76i2)(1 — 6) (6)
rg = kgbi(1)(1 — 6p) (7)
ro = kobi(1)04 (8)
r10 = k106a(1 — 6f) )
r11 = k11612)04 (10)
r12 = k12012)04 (11)
r13 = k13912)04 (12)
r14 = k149\2)0 13)
r15 = k1s01(2)0h (14)

g

e
and
Fhydr = 79 (24)

Deriving kinetic equations from the mechanism above, one
arrives at the following expression, which relates the overall
isomerization selectivity and the selectivityko

Tiso Ta+rs+re+r7+rg+rii+rio+riz+riua+ris
T'hydr r9

(25)

An insertion of Egqs(3)—(8) and Eqs(10)—(14)in Eq. (25)
gives the expression

riso _ R (1-6) + SBi2)fy

Thydr kobi(1)04 (26)
where

R = ka + ks + kg + k7 + kg 27)
and

S = k11 + k12 + k13 + k1a + k15 (28)

where r, k, and # denote reaction rate, rate constant, and This relation, which describes the ratio of CLAkogenera-

fractional surface coverage, respectively. In E@—(7) and

tion rates, will increase wheff, and6,1) decrease and when

Eg. (9) vacant sites for hydrogen are expressed directly vi&)2) increases. Such a connection indicates that a low frac-

hydrogen coverage.

tional coverage on the catalyst surface of chemisorbed hydrogen,

The rates for the adsorption—desorption stages are assumedxdow coverage of the chemisorbed half-hydrogenated inter-
be high compared to the rate of the complex reaction as a whol@iediates, and a high coverage of the chemisorbed dehydro-
Thus, the equilibrium constant, for these stages are given by genated intermediates favors the overall isomerization reaction,

0%
- a (15)
(1 - 0)%ph
[7)
Kp= 2 (16)
Boca
Boc
K16 = 2B (17)
8
Boc
Ki7= =% (18)
fc
Boc
Kig= 22 (19)
fb
7/
Kig= —>E (20)
O

as expected. Accordingly, the isomerization selectivity versus
conversion dependence is slightly increasing while the hydro-
genation selectivity versus conversion dependence, on the other
hand, decreases with conversion, as demonstrated in our pre-
vious papef7], since a part of chemisorbed hydrogen on the
ruthenium surface is consumed in the hydrogenation step during
the course of the reaction. In essence, the availability of hydro-
gen affects the ratio given in ER6) and the selectivity pattern.

In addition, Eg. (26) explains why the isomerization
selectivity is vaguely higher over a non-preactivated metal
catalyst with lower surface coverage of hydrogen than that over
hydrogen-preactivated catalyst with high hydrogen coverage,
a phenomenon that also came visible in our previous paper
[7]. This effect is to a larger extent noted at lower reaction
temperatures, which in turn gives higher hydrogen coverage on
the catalyst surfac].
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It should also be noted that E(R6) reveals the fact that Solving Eq.(41) for 6
the isomerization selectivity decreases with decreased reaction 6L
temperature, which increases the value of the pararigieas g, — i O
shown earlier[(7]; Table 2, entries 3 and 9-11). kio(1—6)

If more of the CLA is g_engrated via the allylic mechanl_s.m, and inserting Eq42)into Eq.(40)gives a relatiom1) = (0)2)).
where hydrogen abstraction is followed by hydrogen addition,
than via the Horiuti—Polanyi mechanism, where hydrogen takes k3 59|(2)9’$|

art as an astoichiometric component by hydrogen addition folfi(1) = (43)
partas a oichiometric component by hydrogen addition fo kao(1 — 0y) [R(L— 613) + kobly]
lowed by hydrogen abstraction, the overall isomerization selec-
tivity will increase. Most ofA reacts via intermediatg ) if the which can be written as

(42)

sumR is larger thanS and via intermediaté,o) if S is larger 2
thanr. O _ kaS0h (44)
The consumption/generation rates are defined by i) k1o(1 — O)[R(L — 6) + kob},]
1 dea , , Eq. (44) illustrating the ratio between the coverage of the
ra=— -~ =ratrio=kelaby +kiofa(l —04)  (29)  chemisorbed half-hydrogenated intermediates and the coverage
1 q of the chemisorbed dehydrogenated intermediates also gives an
re = B = 4+ r11 = kafiy) (L — 6) + kb (30) indication if the reaction is following the half-hydrogenation
m dr route or the dehydrogenation route. This ratio has a high value
1 dec when the coverage of chemisorbed hydroggnis high and vice

/ /
C= "9 -5 +r12 = ksO)(1 - Oy) + k2026 (B1)  yersa. Elimination of)(1) andéy(z) by insertion of Eqs(40) and
(41) into Egs.(30)—(35)gives the following expressions for the

1d ;
D = ;? = re +r13 = kefi)(1 — 6)) + k120 (32)  product generation rates:
m
1 q 1 deg n
IB=———=r4+r
rE = = gtE =r7+riy= k79|(1)(1 — 9|/_|) + k149|(2)9|/_| (33) B~ m dt 4 1
1 do [ k3ka klokll] OOl (L — 61)) (45)
rg = gdftu = rg 4 r15 = kgfi1)(1 — 0) + kisti2)0y  (34) R(1—6p) +kebly SO, " "
1 dep 1 dcc
VL—m O —r9=k949|(1)9|/_| (35) VCZZE_TB-FHZ
wherem denotes total catalyst mass. Steady state approxima- _ ksks kiok12 Op6l4 (1 — 61,) (46)
tions for intermediate®1y and 6,2) give, respectively, the R(1 —6y) + kob, S6y, ATH H
equations
1 dep
r3=ra+rs+re+r7+rg+ro (36) = =retrs
and kake k1ok13
rio=ri1+ri2+ri3+ria+ris (37) o H
Insertion of Eqs(2)—(14)in Eq. (36) and in Eq.(37) yields _ idﬁ _
the expressions TE= g T T
kak k1ok
k30a0y = RO (1y(1 - o) + k99|(1)9|/_| (38) _ ? 7 _ 4+ 10 /14 a0 (1 — 6} (48)
. R(1—6[,) + kot SOy
an
/ / 1 dey
k100A(1 — 6) = SOi2)04 (39) ry = o =rg+ris
EqC(g\g)arage of intermediate specig) can be obtained from B { kaks . k1ok1s ondl(L— 1) “9)
: T LRA—6) + ke, SH H H
k39A9|/_|
6 40
W= RE—6;,) + kot (40) L _Lda kakeb'Z0a 50)
LT dr 0T RA—6)) + kedly

Accordingly, coverage of intermediagy) is obtained from
Eq.(39) The coverage ik, 64, can be expressed via fraction of vacant
krofa(l — 01 sites. Insertion of

100A(1 — 6) (41)

Oi2) =
12) = Se/ 0A = KZQOCA (51)
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into Eq. (29) and Egs.(45)—(50) results in the consump-
tion/generation rates
1 dCA / /
ra = —— = =rs+rio= [kaby + kol — 6)] K2foca
1 dcg (52)
B= ——— =Tr4+r11
m dt
kska kiok11 , ,
= K26pcab(1— 6
{R(l—eg)wgeg * s, } 2focafi(1 =)
(53)
1 dcc n
rc=———=r5+r
C m dr 5 12
ksks kiok12 , ,
= K200cab64(1 — 6,
[R(l—@,’_l)+k99{_| Soy, } 2focafi(1 = i)
(54)
1 dep n
D= ———=reg+7r
D= 6+ 713
kske k1ok13 / /
= K26pcpb(1 — 6,
[R(l—@,/_')+k90,’_| S6, ] 200cabi(l = On)
(55)
1 dcg
TE=———=r7+r14
m dt
ksk7 k1ok14 / /
= K26pcpby(1— 6
{R(l—@,’_')—i—kg@,’_l " s, } 200cafi(1 = On)
(56)
1 dcy n
ry=———=rg+r
U= 8+ ris
kskg kiok1s , ,
= K26pcab(1 — 6,
[R(l—e,qwrkge,q S6r, ] 2bocafh(L = bn)
(57)
1d K2000'%
rg = fi =rg = k3k9 2909 HCA (58)
m dr R(1— 6,) + kob

The coverage of vacant site%, in Egs.(52)—(58)can be
obtained from the balance equation

Oa+08+0c+0p+0+0u+0L+6)+6)+6=1
(59)

After solving for coverages of respective reaction product

from Eqgs.(17)—(22)

6oce

g = 60
1o (60)
focc

Oc = — 61
ron (61)
focp

Op = (62)
K1s

Ooce

g = — 63
1o (63)
Bocu

bu = 64
Kao (64)
BocL

O =—— (65)
K21

and inserting Eq(51), the coverages given by Eq$0)—(65)
and the intermediate coverages given by E48) and(41)into
Eq. (59), one arrives at the following expression:

Boc Boc Ooc Boc Boc Boc
K2906A+05+oc ocb ocE ocu ocL
Kie K17 Kis K19 Ky K21
k3K200ca0, k10K 20, 1-6
3 2/OCA H 10K2 OCA;( ) +=1 (66)
Eq. (66) can be written as
B cC D CE [4V] CL
6o |Koech+ —+—+—+—"+—+—
Kig K17 Kis Ki9 Ky K21
k3Kocpb, k10K 1-¢
n 3 /2CA (i 10 ZCA(/ H)+1 1 (67)

hence the coverage of vacant sitgg,can be expressed through
reactant concentrations and coverage of hydrogen

1

90: oo +i+i+&+i+cfu+g (68)
2€A T Kg Kaz Kisg Kig K20 K21
ksKacab, k1oK2ca(1-6,)
T RA—0) kol /A 1}
The consumption/generation rates are then given by
1 dca 1
= (ra)* (69)
1 dcg "
B=———=r r
B= 4 4+ 7111
kaka k1ok11 / iy L
[R(l —0L) +ketly SO, ] 2eath(l =) 5
= (r8)* (70)
1 dcc n
rc=———=r r
C= L a 5+ r12
kaks k1oka2 / iy 1
= Kocab(1—06y) - =
[R(l 0L + kel | SO, ] 2eafh(l =) 5
= (rc)® (71)
1 dep "
ID=———=7r r
D= 6+ 113

_ k3ke
~ [ RA=00) + ket

= (rp)*

k1ok13
S6,

1
Kocab,(1—6) - —
} 2eA0h( H) D

(72)
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1 deg amount ofL,, i.e. 1 mol of B on the metal surface is needed for
= 7 +r14 generation of 1 mol oL..
As described earlier, the selectivities toward compouBds
= { kakz k10k14} Kacally(1— 6L, - 1 C, D, E, andU are rather independent on conversion as shown
R(1—6y) +keby SOy 4 "D in Fig. 3. After division of the generation rates 6f D, E, and
= () (73) U given in Eqs(71)—(74)by the generation rate & given in

Eq.(70), one arrives at expressions, which explicitly do not have
unit time as a parameter,
1 dcy

ry=———=rg+tris Q1=

rc dcc . Nc
m dr o No

s o @ - Np
_ [ kakg n k10k15] K2£‘A9|/-|(1 B 9{4) . % k3k559|/_| + k1ok12[ R(1 — 9|/_|) + k99|/_|]

= 77
RO =6h) + kothy Sy KakaS6 + Kaok1i[ R(L — () + kofl] 7
= (ru)* (74)
0 D dep Np
2=—=—=—
1d kakoK20'% 1 e de N
oL 3k K20'icA
= e =rg= R — 6 +Hk99/ 5 = (rL)A (75) _ k3k6S9|/_| + k1ok13[R(1 — 9{_') + k99|/_|] (78)
: 4 k3kaS}; + kaok1a[ R(1 — 6;) + kobj]
where
cB cc D CE cu CL
D= Koea+——+——+ o re _ dee _ Ne
Kie K17 Kis K19 Kz K2 QO3 = e den . Nm
B ce  NB
/ o
foKacathy | aokzeal=0) 4 (7q) kokr 01, + kaokial R(L — 01 + kot
R(L—6)) + kofl, S6! = : : : (79)
H H H k3ka SOy, + k1ok11[R(1 — 6) + koby]
The variableg); can be calculated as follows. The amount
of chemisorbed hydrogen that desorbed from the rutheniunb _ry_dey Ny
surface in the B-TPD measuremen(d] while increasing the ~*~ 75 ~ deg _ Ng
temperature from 100C to 600°C is obtained by numerical kaka SO / /
. . A . S6 k1ok1s[R(1 — 6 kob
integration of the -TPD pattern [7], shown in Fig. 3) in the _ KakeSOy + kaokis[R(L — 61y) + kofhy] (80)

- / / /
corresponding temperature interval. This hydrogen amount can kaka SOy + k1ok1a[ R(1 — 6) + keb]

be considered as the total hydrogen uptake because in the kinejigiere N; denote mole fraction of compouricand Q1—Q4 are
isomerization experiments the catalyst was preactivated undebnversion independent constants. It should be noted that Egs.
hydrogen at 100C. The amount of hydrogen left on the cata- (77)—(80)assume a constant hydrogen coverage at steady state,
lyst surface after an increase of the temperature to the reactiqghich can be justified by only some tiny generatiorloi a
temperature of 13%C, 145°C, 155°C, or 165°C is obtained hydrogen Consuming step.

in the same manner by integration under the HPD curve The kinetic constant, of stages 3—15 are assumed to follow
from consequent reaction temperature to 800 The initial  the Arrhenius dependence

coverage of chemisorbed hydrogéfj, which depends on the

reaction temperature, is estimated by dividing the amount of _ ;0 exp(_Ea (1 _ 1 >) (81)
chemisorbed hydrogen left on the catalyst surface after a tem- T Tmean

perature increase to the reaction temperature used with the total

hydrogen uptake. For example, the total hydrogen adsorption In the expression abové?, Ej, Rgas T, and Trmean denote
capacity was 1.7% 10~* mol Ho/g catalyst (related to the total frequency factor, activation energy, the gas constant, reac-
catalyst mass) and the amount of chemisorbed hydrogen lefion temperature, and mean temperature of the experiments,
on the metal surface after increasing the temperature t6@65 correspondingly.

was 1.10x 10-4mol Ho/g catalyst. Hence, at the reaction tem-  First of all, two essential and necessary simplifications
perature of 165C, the initial coverage of chemisorbed hydro- of the model can be done. It is clear froRig. 3 that the
genis 1.10< 10~4mol Hy/g catalyst/1.7% 10~*mol Hy/g cat-  selectivities toward compound8, C, D, E, U, and L are
alyst=0.62. The solveni-decane does not act as a hydrogentemperature independent. Such a result indicates that the
transfer agent during the course of the kinetic runs, which leavesatalytic stages 3-15 have the same activation enékgy
the chemisorbed hydrogen that is generated on the rutheniuMoreover, itis assumed that stages 16—21 describing desorption
surface in the catalyst preactivation step as the singe hydrogexf reaction products, have the same equilibrium factors, i.e.
source. Since the variab# in principle is dependent on the Ki16=K17=K18=K19=K20=K>1, because of the molecular
conversion ofA to L, its value is obtained by calculating the similarity of these products. Thereafter, parameter estimation
required decrease @f, for matching the observed generated can be done on the mathematical model described by Egs.

Rgas
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(69)—(76) and Eq.(81), which hereafter is referred to as ;| 5 dep Np ke As
model A. _ _ 2= T G4s  Ne ki As

However, model A, which as parameters contains the rate
constantsk, of stages 3—-15 as well as the equilibrium constants

(91)

K> and Kj6, is considerably over-parameterized. The modeIQ/3 _TE_ deg _ Ne _ ki _ A7 (92)

was thus split into two separate mechanisms. The role of the = 78 de8 Ng ks  Ag

Horiuti—-Polanyi mechanisii8] in isomerization and hydrogen

of linoleic acid can be investigated by simply excluding stagesy’ — 'Y _ dLU — Ny - kg - As (93)

11-15 from the set of elementary stages. Similarly, the role of rg dee N ka Ag

isomerization via the dehydrogenation pathway can be evaluated

by excluding stages 4-8 from the set of elementary stages. The This allows essential simplification in the solving of the set of

Horiuti—Polanyi pathway involving half-hydrogenated interme- differential Eqs(82)—(93) the remaining unknown parameters

diates (stages 11-15 excluded) and the second pathway involin model A areEa, K2, K1g, k3, k3, andkg.

ing dehydrogenated intermediates (stages 4-8 excluded) are Regarding model C, on the other hand, the consump-

hereafter referred to as models B and C, respectively. tion/generation rates can be obtained by setting the kinetic
For model B, the consumption/generation rates are achieveepnstantss = ks =k =k7 =kg =0 and the sum of kinetic con-

by setting the kinetic constanits; =k12=k13=k14=kis=0and  stantsk =0 in Eqs.(69)—(80)

the sum of kinetic constanfs=0 in Egs.(69)—(80) 1 dea ) : 1
1 dea 1 ra = ———— =r3+rio= [kafy + kio(1 — O)] K2ca - —
_ T YA _ r = B m dr D
rA = — =r3 = kaKacaby - — = (ra) (82)
m b = (a)° (94)
rg = idC‘i =Tr4 = k3k4K2€A9{_|(1_ 9{_') . i = (}" )B
B mdr T "7 TRA-6)+key, D 0 o Ldes o kokuKaca(l—6y) 1 (re)C
®83) "TTwma M7 S pr VP
(95)
ro— ldec _ o — ksksKacabp(l—6p) 1 ()
m dt R(1— 9{4) + k99|/_| D’ . 1 dcc _ _ k1ok12K2ca(1 — 9{4) 1 _ c
(84) "C—%E—Flz— S 'ﬁ—(”C)
(96)
1 dep k3k6K2CA9|/_|(1 — 9|/_|) 1 ( )B
Ip = ——7F"=TFg = -— = \UD
m dr R(l — 9|/_|) + k99|/_| D’ 1 ch k10k13K2CA(1 _ 0|/_|) 1 c
(85) ”DZZW=7’13= S 'ﬁz(”D)
97
1 dce k3k7K26A9;_|(1 — 9{_{) 1 ( )B o7
]"Ez—i:r?: _/ 7 —/: ]"E
m dt R(1—6y) +kety D ) 1 dee kiokiaKaca(l—0L) 1 .
B M 5 pr =
1 dey kskaKoonth(1—0) 1 _ g (98)
14 = —— = rQ = - — = |r]
T TR ke D 1d kiokisKz2ca(1—6) 1
(87) o = 10y _ 15 — K1okis 2CA WL e
m dt S D"
1 dcp kgkgKgcAéVlz_i 1 B (99)
VL=*CT=”9= 7 7 ~—/=(r|_) (88)
where r. = %E =1r9= k3K2CA9H ' ﬁ = (”L) (100)
C C C C Ci C
D' = Koca+ o+ g2 B U L where
Kis K1z Kis Ki9 Kz K21 , 8 cc o CcE cu  qa
D'=Koecp+—+—+—+—+—+——
k3Kacabiy (89) AT Kie K1z Kis | Kio Kz | Kot
/ /
R(1—6y) + koby, +k3[(20A N k1oKaca (1 — 6}y) T (101)
The slopes of the mole fractions of compoudD, E, and kg S6y,

U, versus the mole fraction of compouBdshown inFig. 3are ) " . )
equal to theY’ factors, and thus these factors can be evaluatedf_ An evaluation of the2” factors results in the following rela-
ion:

, rc GOdec Nc ks As
A g deg N ka Ag (°0) T e e 2 iz

L = = =t =< 102
rg dee N ki An (102)

"
Ql =
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, o _dep  No  kiz A 103 of Eqg. (75), and the numerator of the second last ratio of Eq.
Q2 = rs  deg  Ng ki1 Ap (103) (76) include the termksK>. Additionally, the second part of
. de N k A Eq. (69), the numerators of the second ratios of HG8)—(74)
Qj=—==—C="FE-_1_"1 (104)  and numerator of the last ratio of E(¥6) contain the term
r8  deg N ki Au k10K2. In model B, on the other hand, which is given by Egs.
, ru dey Ny ks Ags (82)—-(93)and Eq(81), the termk3zK> appears in E(82), in the
Q4= s = des = Ng = k11 = AL (105)  numerators of the ratios of Eq83)—(88) and in the numerator

o ) . of the last ratio of Eq(89). The factorsks and k1o are both
_ The remaining unknown parameters in the set of differen;nq|yeq in model C. Regarding model C, which is given by
t'gl %qs.(94)0— (105)describing model B ar&a, K2, K16, k3, Eqs.(94)—(105)and Eq.(81), the termksK> appears in the first
kg, k1o, andkyy. The values of the factors of models B and C 4yt of Eq(94), in Eq.(100), and in the numerator of the second
areQ) = 01 = 058,05 = 03 = 038,053 = 03 =008,and |55t ratio of Eq.(101), while the second part of E¢94), the
Q) = Q4 = 0.17. The consumption/generation rates of com-nymerators of Eq$95)—(99) and the numerator of the last ratio
poundi in models A, B, and C are hereafter referred to@é\( of Eq. (101) include the termkigK>. Further, the equilibrium
(ri)®, and ¢;)°, respectively. For example, the consumption rateconstanty ¢ (which has the same value as equilibrium constants
of compoundA (linoleic acid) in model B is denoted byA)®. k.- ks Kyo, Koo, andk>1) comes into view in the denominator
of Eq.(76)in model A, in the denominator of E¢B9)in model
B, and in the denominator of E{L01)in model C. These facts

The systems of differential equations portraying models Alntroduced crucial difficulties in the numerical solution of the

~ B systems of differential equations expressing the mathematical
gi%s'é(s%)z qggj;‘ij(fgé()gi rz)d iéE?Sslg)s ?/\)/ eEZ?’i)r?r:g :‘gﬁ;&’ o. Models. However, the problem can be solved in the following
ter estimations solved numerically with the backward differ-?o?/r;rr];gezéom etheef(l;duoa:‘“gqt?szg)tirs]eezldg} tcg 3:i t;]tirrizei(rj\late
H% 11 1 1 1 A! Ba "y . H
ence method by minimization of the sum of residual squarestéjm required that the sum of all termfoca, focs/Kag, etc.,

SRS, with non-linear regression analysis using the Simplex an . . .
Levenberg—Marquardt optimization algorithms implemented inmCIUded in Eq(66)is equal to unity. In order to make parameter

the software Modesf12] The closeness of data and modet (18 O PRSP 2 LI 20 A Sl T o o
predicted values were measured with two criteria. If the mech- ' S :
e . . K200ca, 6ocsl/K1g, €tc., involved in Eq(66) at steady state have
anistic model formally is written e : S
rather similar values due to the chemical similarity of adsorbed
s= f(x,6,c) 106 compounds A, 7B, ZC, ZD, ZE, ZU, ZL, and surface interme-
yp = g(s) (106) diates ZI(1) and ZI(2). Eq66) consists of 10 equally valuated
terms whose sum is 1. Therefore, these values can be chosen to
wheres, yp, x, 6, andc denote state of the system, response variy 1 considering the magnitude of the concentrations of reactant
ables, design variables, estimated parameters, and constants,

3 ; . : products, particularly the concentrations of compoutds
sum of residual squares is for the observed variables availablg g it is possible to get an indication of the values of the

3.3. Parameter estimation

Yije, 8t éxperimental points;, defined by adsorption/desorption equilibrium constaits and K16 from
o e the constraing>0pca =0.1 anocg/K16=0.1, wheregdg=0.1,
nsets nobgk) nydatd;, . . . .
o - ) since this in turn requires that the termkisca andcg/Kig in
SRS=1(0) =11y —yell,, = Z Z Z O = Ypise) Wi Eq. (68) have values:1. Thus, in models A-C, these constants
k=1 j=1 i=1

(107) Wwere fixed tok> =250 dn¥ mol~1 andK16=0.002 mol dnv3.

The results from the parameter value estimations are col-
wherew, giving the weight matrix for the observations, is equal |gcted inTable 1 Model A showed the lowest SRS and highest
to unif[y since all the response components are of comparabl@ o 0 3648x 104 and 98.63%, respectively, for the three
magnitude. In order to get the valuesy@indy, as close as pos-  inyestigated mechanisms, but also very large estimated relative
sible, Fhe above sum was minimized with respec 8ing @  standard errors of the parameters, excepEfoks, andkio, due
step size of 0.1 and a value 0f110~° for both the absolute and 1 the large number of parameters involved in the model. Model
relative tolerances of the Simplex and Levenberg—Marquards spowed a lower SRS and a high%; i.e. 0.5139%« 10~* and
optimizer (starting with Simplex and thereafter switching t098.08%, than those for model C, i.e. 0.106203 and 96.03%,
Levenberg-Marquardt). The second criteria of the goodness thgspectively, and moreover the relative standard errors of the

fit of the model was the degree of explanatiff, parameters of model B are reasonably low compared to those of
5 ( y — yp“z) model C. Sensitivity analysis performed on all combinations of
R°=100|1- —=> | % (108)  the estimated parameters showed that the parameters in models
1y = yll B and C are still not well identified, except for the activation
wherey is the average of the data points. energyE,, which showed a well identified minimum at corre-
Taking a closer look at model A, which is given by Egs. sponding estimated values of these parameters.
(69)—(76)and Eq(81), itis seen that the first part of E9), the Comparisons of design and response linoleic acid concen-

numerators of the first ratios of Eq&.0)—(74) the numerator tration variables of the models are demonstrated in the parity
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Table 1

Values of the estimated parameters of models A-C

A. Bernas, D.Yu. Murzin / Chemical Engineering Journal 115 (2005) 23-43

Parameter Estimated value Estimated relative standard error (%)
A B C A B C

Ea(Jmol1) 0.722x 1P 0.800x 10° 0.41x 10° 8.6 5.0 21.1

k§ (mol g~ min—1 dm=3) 0.580x 104 0.989% 104 0.721x 1072 17.2 3.8 >100

k8 (mol gt min~—t dm3) 0.713x 1P 0.209% 10° - >100 16.2 -

k2 (molg~t min~t dm~3) 0.560x 10° - - >100 - -

k2 (mol g~ min—1 dm=3) 0.280x 1P - - >100 - -

k2 (mol gt min~t dm3) 0.152x 1P - - >100 - -

k9 (molg~t min~t dm~3) 0.133x 1P - - >100 - -

kS (mol g~ min—1 dm=3) 0.432x 1P 0.635x 1071 0.427x 10° >100 1.8 NaN

k%, (mol g~ min~ dm~3) 0.417x 1074 - 0.507x 10° 30.0 - >100

k9, (mol g~ min~t dm~3) 0.573x 107t - 0.188x 10~* >100 - 19.0

k9, (mol g~ min~1 dm~3) 0.285x 107t - - >100 - -

k95 (mol g~ min~t dm3) 0.259x 107t - - >100 - -

k9, (mol g~ min~t dm3) 0.350x 1072 - - >100 - -

k9 (mol g~ min~1 dm~3) 0.161x 107t - - >100 - -

Note: Model A—SRS =0.364& 104, R2 = 98.63%; model B—SRS =0.5139104, R?=98.08%; model C—SRS =0.105910 3, R = 96.03%.

diagrams given irF-ig. 4 for all levels of the temperature and ity. Therefore, the predicted CLA isomer concentrations increase
the catalysts mass that was used in the build-up of the modelsontinuously inFig. 5c) (this paper) while the CLA generation
The parity diagrams of observed and predicted concentrationate approaches zero after some reaction tinkégn5(b). These
of generated conjugated linoleic acid isomers and oleic acid foltwo observations reflect the fact that isomerization kinetics on
lowed the same pattern as the parity diagrams of the observewhn-preactivated catalyst follows the dehydrogenation pathway
and predicted linoleic acid concentration. fig. 4, it can be  while isomerization kinetics on Hpreactivated catalyst pre-
seen that the predicted versus observed linoleic acid concentrdeminantly follow the Horiuti—Polanyi mechanism, but only as
tion dependence is better linearly collected for model B thariong as chemisorbed hydrogen is available. Consequently, the
those of model C. prediction of model B, describing the Horiuti—-Polanyi mecha-
Comparisons of all calculated concentrations with experinism, follows the observed values with rather high accuracy in
mental data for linoleic acid isomerization onddreactivated the beginning of the reaction, while a deviation appears after
Ru/Al>O3 catalyst at a single temperature (X&) are demon- some conversion, as shown fing. 5b), which is an expected
strated irFig. 5. Model B clearly shows a better fit that model C, trend. The fits of the two mechanistic models specify the fore-
which could be taken to mean as an indication that the majoritynost conclusion: when the coverage of chemisorbed hydrogen
of A is converted via half-hydrogenated surface intermediatesn the H-preactivated ruthenium surface has decreased after
according to the Horiuti—Polanyi mechanism while only sgxne some conversion o, the dehydrogenation mechanism starts to
reacts to CLA viathe second pathway involving dehydrogenateglay a role.
intermediates. A second possible explanation to the observed phenomenais
Let us briefly put models B and C side by side. Model Cthe influence of catalyst deactivation. While comparing the val-
describing the dehydrogenation mechanism follows a reactiones of the observed linoleic acid concentrations with the values
order that is close to zero with a fairly small deviation while of the predicted linoleic acid concentrations of models A-C,
model B describing the Horiuti—-Polanyi mechanism has a higheone more typical trend can be observed. Compared to the model
reaction order, as seen kg. 5b and c). As demonstrated in predicted linoleic acid concentrations shownHiy. 5 (solid
Fig. 5a) in our previous papé7], the kinetics of isomerization lines), the observed linoleic acid concentrations (markers) drop
of linoleic acid over non-preactivated Rupfl; catalyst has a faster in the beginning of the reaction, and thereafter the linoleic
reaction order that is close to zero compared to that for isomemacid consumption rate decreases and a deviation appears, which
izations over H-preactivated Ru/AlO3 catalyst with a higher could be attributed to some loss of catalytic activity with time.
reaction order. Moreover, as described earlier, a typical fash-or this reason a deactivation step was inserted to the elemen-
ion for isomerizations on Ru/ADj3 catalyst preactivated under tary stage mechanism and the concept was applied to each
a hydrogen atmosphere, is that the isomerization selectivitynodel.
increases with conversion, as was showfit 5b) in[7], since
the hydrogenation reaction promoting chemisorbed hydrogeB. 4. Modeling of catalyst deactivation
is consumed in the hydrogenation step under the course of the

reaction. A non-preactivated catalyst, on the other hand, shows a The previous models assumed that the effectiveness of the
more constant or conversion independentisomerization selecti¢atalyst in promoting the reaction would remain unchanged
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Fig. 4. Parity diagrams comparing observed linoleic acid concentration with predicted values of models (a) A, (b) B, and (c) C in isomerizatain a€ithon
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with time, but still, as described in the previous papél;,  the surface uniformly. Deactivation is caused only by reactant

conversion, initial rate, and TOF, decreased with a factoand product and since the total fatty acid concentration remains

of two as a second consecutive isomerization experimentonstant at any reaction time, this type of deactivation reduces

was performed over the same regenerated RWAIsample, to the “simple-to-treat” concentration independent deactivation

without any changes in BET specific surface area, pore volumand the profile of the total fatty acid concentration in the cata-

distribution, or product selectivities. Thus, the reason for thdyst particle remain time independent. One arrives at expressions

observed deactivation is believed to lie within fouling of the that although they are quite simple, they are general enough to

active ruthenium sites or poisoning rather than irreversiblembrace many of the decay equations used to date. The internal

plugging of pores by the heavy fatty acid molecules. The impaceffectiveness factor was earlier proven to be 1 and the deposition

of deactivation such as structural modification of the surfacavill be uniformly distributed in the catalyst particle.

due to sintering can be neglected at these mild conditions. The activity,a, of a catalyst particle at any time is defined by
First of all, it is assumed, due to of the type of catalytic Levenspie[13] and Butt[14] as

reaction, that the loss in activity occurs both through parallel

deactivation and series deactivations. The key difference inthese  —ra

two forms of decay is that the deposition depends, respectivelf/l, T —rpo

on the concentration of reactant and the concentration products.

However, no other reaction steps are observed than isomerizashere—ra and—rap denote the rate at which the catalyst con-

tion and hydrogenation of linoleic acid and due to the similarityverts reactamk and the rate of reaction afwith a fresh catalyst,

of the chemical structures of the reactant and the reaction prodespectively. Further, the rate of reactionAdfs a function of

ucts, it is assumed that the reactanas well as isomerB, C, temperature, concentration, and present activity of the catalyst.

D, E, U and the hydrogenation produEtdo all to the same Similarly, the rate at which the catalyst deactivates may be a

extent produce side products, which deposits and deactivatésnction of temperature and present state of the catalyst.

(109)
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The mathematical expression for the rate of deactivation casecond, and third order of deactivation are collectetible 2

be written as In the parameter estimation procedure, the same assump-
da tions and numerical methods are used as described above in
i kga? (110)  the previous chapter. The new parametersdariyo, and Eq,

. o o and the single difference is that in terms of kinetics, after insert-
whered is the order of deactivation. The deactivation constaning the mathematical expression for catalyst deactivation, Eqgs.

kq follows the dependence (69)—(75)model A becomes
—E4 (1 1
kg = kdo eXp< d ( — )) (111) A= (ra)* -a (113)
Rgas T Tmean A
rg=(rg)" -a (114)

wherekqo and Eq describe the frequency factor and the acti-
vation energy or temperature dependency of the deactivation.
The constants, kqo, andEqy are because of the similarity of the 1apje 2
chemical structures of all involved compounds assumed to be thieactivation functions obtained by integration of Ef10)
same, correspondingly, for each catalytic stage in the reactiog ., o

. Analytical solution Initial activity ap=1
mechanism. deactivation of Eq.(110) (used in models)
If the initial activity ag = 1 and the order of deactivatiah# 1,
integration of Eq(110)gives the expression d=0 @=do —kt a=1-kat
g q 9 p d=1 a=ap e)1<p(—kdt) a= expl(—kdt)
a=[1+(d— Dkgr]¥/+4 (112) 972 o 4= i
. . . . . . d=3 a= 1 a= 1
Deactivation functions used in the modeling obtained by [2hgi+ V2kt+1
agy

analytical solution, i.e. integration, of E{{L10)for zero, first,
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Table 3
Values of the estimated parameters of models A(1), A(2), and A(3)
Parameter Estimated value Estimated relative standard error (%)
A1) A2) A3) A1) A(2) A3)
Ea (Jmol1) 0.526x 10° 0.765x 10° 0.651x 10° 115 16.9 NaN
k3 (mol gt min~tdm~3) 0.479%x 104 0.960x 104 0.547x 1074 45.6 52.5 NaN
&8 (mol gt min~t dm~3) 0.590x% 10° 0.501x 1072 0.167x 1% >100 >100 NaN
k2 (molg~t min~t dm~3) 0.652x 10° 0.428x 1072 0.135x 10? >100 >100 NaN
k2 (mol gt min~—tdm3) 0.556% 101 0.188x 102 0.694x 10t >100 >100 NaN
k8 (mol gt min~t dm3) 0.795x 1071 0.105x 1072 0.276x 10* >100 >100 NaN
k9 (molg~t min~t dm~3) 0.168x 1071 0.102x 10° 0.381x 10t >100 >100 NaN
k3 (mol gt min~tdm3) 0.101x 10 0.395x 102 0.112x 1% >100 >100 NaN
k9o (mol g~ min~t dm3) 0.158x 1073 0.122x 1073 0.472x 0% 21.0 31.1 NaN
k9, (mol g~ min~t dm3) 0.212x 10° 0.672x 1071 0.223x 10? >100 >100 NaN
&%, (mol g~ min~t dm~3) 0.116x 10° 0.342x 1071 0.113x 1% >100 >100 NaN
k95 (mol g~ min~t dm3) 0.101x 10° 0.299x 1071 0.965x 10t >100 >100 NaN
k9, (mol g~ min~t dm3) 0.204x 1071 0.311x 1072 0.187x 10t >100 >100 NaN
K9 (mol g~ min~t dm~3) 0.601x 101 0.247x 1071 0.550x 10t >100 >100 NaN
kgo (min~1) 0.102x 101 0.245x 1071 0.548x 1072 7.9 28.6 NaN
Eq4 (Imol 1) 0.100x 10° 0.100x 10° 0.999x 10* 89.3 >100 NaN

Note: Model A(1)—SRS=0.1714 104, R2 =99.36%; model A(2)—SRS =0.2032104, R? = 99.24%; model A(3)—SRS =0.362710~3, R? =98.65%.

Table 4
Values of the estimated parameters of models B(0), B(1), B(2), and B(3)
Parameter Estimated value Estimated relative standard error (%)

B(0) B(1) B(2) B(3) B(0) B(1) B(2) B(3)
Ea (Jmott) 0.798x 10° 0.800x 10° 0.736x 1CP 0.800x 10° 7.4 9.3 13.6 NaN
&g (molg~t min~t dm~3) 0.138x 1073 0.157x 1073 0.184x 1073 0.989x 104 6.3 8.3 12.1 NaN
&3 (mol gt min~tdm3) 0.345x 10° 0.639% 1071 0.160x 107t 0.332x 1071 14.8 14.5 14.4 NaN
&3 (mol gt min~t dm3) 0.988x 1071 0.181x 1071 0.447x 1072 0.101x 1071 1.6 1.7 1.9 NaN
kqo (min~1) 0.375x 1072 0.738x 102 0.175x 107t 0.140x 1072 10.3 15.7 26.4 NaN
Eg (Jmot?1) 0.998x 10* 0.100x 10° 0.100x 1CP 0.100x 10° >100 >100 >100 NaN

Note: Model B(0)—SRS =0.4259 104, R? = 98.40%; model B(1)—SRS = 0.41%710~4, R? = 98.46%; model B(2)—SRS =0.399210~3, R2 = 98.51%; model
B(3)—SRS=0.514& 10-3, R2 = 98.08%.

Table 5
Values of the estimated parameters of models C(1), C(2), and C(3)
Parameter Estimated value Estimated relative standard error (%)
Cc(1) C(2) C(3) C(1) C(2) C@3)
Ea (Imol 1) 0.400x 10° 0.420x 10° 0.400x 10° 12.2 18.6 NaN
&3 (mol gt min~t dm3) 0.251x 104 0.357x 104 0.143x 104 25.9 375 NaN
k9 (molg~t min~t dm~3) 0.660x 102 0.433x 1072 0.102x 1071 >100 >100 NaN
k9 (mol g~ min~t dm~3) 0.204x 1073 0.288x 1073 0.952x 104 24.1 36.8 NaN
&%, (mol g~ min~t dm~3) 0.319x 102 0.309% 1072 0.117x 1071 44.0 475 NaN
kdo (min—1) 0.107x 1071 0.390x 1071 0.695x 1072 9.5 23.2 NaN
Eq (Jmot?1) 0.100x 10° 0.240x 10* 0.997x 10* 81.0 >100 NaN

Note: Model C(1)—SRS =0.1688 10~4, R?=99.37%; model C(2)—SRS =0.13%910~4, R? = 99.48%; model C(3)—SRS =0.3938103, R? = 98.53%.
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rce= @) -a (115) IncIu_ding thg catalyst deactivation expression in model B, the
set of differential Eqs(82)—(88)becomes
A
rp = \Ip -a 116
o) O = B (120)
— (A
re = ()" -a WD e = (re)® -« (121)
A
rg=(ru)" -a (118) o= (rc)B-a (122)
— A _ B
rnn=0)"-a (1199 rmp=(@p)°-a (123)
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Fig. 6. Comparison of predictions of mathematical model B(2) (solid lines) with experimental data (markers) for linoleic acid isomerizagiqmeattivated
Ru/Al,O3 catalyst at varied levels of reaction temperature and catalyst nilisA; (¢) B, (o) C, (@)D, (O) E, (¢) U, (2) L. (a) 135/0.8, (b) 145/0.8, (c) 155/0.8,
(d) 165/0.8, (e) 165/0.4, and (f) 165/0@2/g. Other conditions same &gg. 2
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rL = (rL)B -a

As the final point, after including the expression of the”
new concept model C, the set of differential E¢{@4)—(100)

changes to
ra = (rA)C -a

re =(r8)"-a
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rc=(rc)°a (129)
rp=(rp)°-a (130)
re=(re)°a (131)

u=(u)Ca (132)
r= () a (133)

After involving mathematical expressions describing
deactivation in models A—C, they are hereby referred to as
models Ag), B(d), and Cg). For example, after applying Egs.
(110) and (111) to model A with the order of deactivation
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Fig. 7. Comparison of predictions of mathematical model C(2) (solid lines) with experimental data (markers) for linoleic acid isomerizajipnearctitated
Ru/Al,O3 catalyst at varied levels of reaction temperature and catalyst nilisa; (¢) B, (o) C, (@)D, (O) E, (0) U, (2) L. (a) 135/0.8, (b) 145/0.8, (c) 155/0.8,
(d) 165/0.8, (e) 165/0.4, (f) 165/02E/g. Other conditions same &gy. 2
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d=0, it is referred to as model A(0). Similarly, model B with ing the catalyst deactivation of the isomerization reaction is
second order of deactivation is denoted by B(2), etc. Valuesf second order. From a statistical point of view it might be
of estimated kinetic parameters, estimated relative standadifficult to elucidate whether model B(2) or C(2) is more con-
error of the parameters, sum of residual squares (SRS), argistent with concrete mechanistic data. Model B(2) describes
degree of explanation (R2) after a parameter estimation asomerization and hydrogenation of linoleic acid via half-
models A¢), B(d), and C{) for d=0, 1, 2, and 3 are presented hydrogenated intermediates according to the Horiuti-Polanyi
in Tables 3-5 mechanism with second order of catalyst deactivation. Model

All models A(1), A(2), and A(3) including deactivation steps C(2) including second order of catalyst deactivation, on the
showed a lower SRS term and a higi®érterm than model A other hand, portrays isomerization of linoleic acid via dehydro-
as presented ifiable 3 The degree of explanation terms were genated intermediates according to the mechanism described
99.36%, 99.24%, and 98.65%, and the sum of residual squaretbove as well as hydrogenation of linoleic acid via half-
were 0.1714< 1074, 0.2022x 104, and 0.361% 102 for  hydrogenated intermediates according to the Horiuti-Polanyi
models A(1), A(2), and A(3), respectively, while model A only mechanism. We are slightly contradicting with ourselves as
showed arR? of 98.63% and an SRS of 0.3648L0~*. Unfor-  we were emphasizing importance of both routes. Both mod-
tunately, it was not possible to solve the systems of differentiaéls very well accomplish the two criteria for closeness of data
equations representing model A(0) numerically. Thé)&jod-  and model-predicted values and the systems have quite low rel-
els, specifically model A(1) due to its lowest sum of squaresative parameter standard errors. However, two more facts can
also gave a better fit of experimental and estimated componebe observed. Froriiables 4 and 5t can be seen that model
concentrations than model A. It still cannot be concludedB(2) has an SRS of 0.399210-3 and anRr? term of 98.51%.
based only on data fitting that the reason for the better qualitforresponding values of model C(2) are 0.13980* and
of model A(1) would be that the linoleic acid isomerization RZ = 99.48%. Moreover, while comparing experimental data and
reaction follows the reaction mechanism corresponding to thisnodel-predicted values, it can be observed that model B(2)
model, that is a combination of the Horiuti-Polanyi mechanisncannot fulfill the criteria of the goodness the fit for all condi-
and the dehydrogenation mechanism. The fact that the twtons.
kinetic term kqo and Eq have been included in the models  Comparisons of all predicted concentrations with experi-
A(d) contributes to their lower SRS and better fit. As shown inmental data for linoleic acid isomerization ondreactivated
Table 3 the estimated relative standard errors of the parameteiBu/Al,O3 catalyst at all conditions that were used in the build-
of model Ag) are far too large for any attempt to correlate up of these models are demonstrated in F&émodel B(2))
these models to observed kinetic regularities. Thé Aystems and 7 (model C(2)). While model C(2) shows a more or less
have too many parameters and too polynomial nature foperfect data fitting as seen kig. 7, some deviations between
achieving low estimated relative standard errors of the kinetipredicted and observed concentration values of model B(2)
parameters. appear as the catalyst mass is lower via the half amount to the

Considering the B{) systems, the degree of explanation quarter amount of catalyst as seerfig. &f). This is an indi-
terms were 98.40%, 98.46%, 98.51%, and 98.08%, and theation that of the investigated models, the mechanistic data of
sum of residual squared were 0.42690~4, 0.4117x 104,
0.3992x 103, and 0.5140< 103, ford=0, 1, 2, and 3, respec-
tively, while model B showed a®? of 98.08% and an SRS
of 0.5139x 10~“. As expected from the statistic values, model
B(2) gave a better fit of experimental and estimated concen-
trations than model B, B(0), B(1), and B(3) and moreover a
promising indication is that, as shownTable 4 the estimated
relative standard errors of the parameters of models B(0), B(1)
and B(2) are reasonably low.

Although the Simplex and Levenberg—Marquardt optimized
could not solve Eq(107) for model C(0), model C was dra-
matically improved when the first, second, and third order
deactivation functions were applied to it. Model C initially
showed rather low SRS arkf terms, i.e. 0.105% 102 and
96.03%, respectively, which are improved to 0.16880“ and
99.37%ford=1,0.1379 10~* and 99.48% forl = 2, as well as )
0.3938x 10~ and 98.53% for/ = 3. Model C(2) gave the best T, S e e R S
fit of the C@) systems but model C(1) is almost as good and experimental linoleic acid concentration (mol/dm3)
as demonstrated ifable 5 models C(1) and C(2) both showed
rather low estimated relative standard errors of the paramete@' 8. Parity diagram comp_ari_ng obs_erV(_ed Iinol_eic a_cid c_oncentratio‘n with pre-

dicted values of model C(2) in isomerization of linoleic acid onpteactivated
compared to model C. . Ru/Al,O3 catalyst at varied temperature and catalyst masy:135/0.8, ()

Model B(2) has the lowest SRS of thed}(systems while  145/0.8, ¢) 155/0.8, () 165/0.8, &) 165/0.4, (+) 165/0.2C/g. Other condi-
model C(2) has the lowest SRS of thedC6ystems, indicat- tions same aBig. 2
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model C(2) is most consistent and observed kinetic regulari- Thus, the sensitivity plots of these parameters indicate a

ties. relatively low parameter correlation, &g. 10 demonstrates.
A comparisons of design and response variables of modélhe sensitivity plots of the parametefs and kqo versuskg
C(2) is demonstrated in the parity diagram givefig. 8forall  in Fig. 1Qb and c) are quite similar t‘k(l)o versuskg in

levels of the temperature and the catalysts mass that was useg. 10a). All sensitivity analyses, in which parametéfsand
in the build-up of the models. It can be seen that the predictegg1 where involved, showed somewhat higher parameter corre-
versus observed linoleic acid concentration dependence rathghjon. Moreover. most of the minima of the objective functions

linearly collected. _ of the parameters of models A(1) and B(2) not well defied.
The SRS values as a function of the parameters of model

C(2) was obtained by sensitivity analysis. As can be seen in

Fig. 9, Eq, k3, andk?,, which also have low values of the relative 4. Conclusions

parameter standard errdrable § entries 1, 2, and 4) compared

to, for examplekg (Table § entry 3), showed a rather sharp  Isomerization of linoleic acid teis-9 trans-11-conjugated
minima of the objective function. linoleic acid andsrans-10¢cis-12-conjugated linoleic acid on
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H»-preactivated as well as non-preactivated Rphl catalyst  observed kinetic regularities. Moreover, parity plots gave better
was studied at 135-16& under kinetic control in slurry linearly collected data points for model C(2) than for other
reactor under atmospheric pressureridecane solution. The models and sensitivity analyses showed rather clear minima of
isomerization and hydrogenation kinetics was mechanisticallghe objective function versus the parameters of this model.
modeled based on a proposed elementary step reaction network
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