Chemical Engineering Journal 138 (2008) 367-378

Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Optimization of experimental procedure and statistical data treatment for
kinetics of ethylene hydrogenation on a copper-magnesia catalyst

Sophie L. Pirard®*, Benoit Heinrichs?, Georges Heyen, Jean-Paul Pirard ®

2 Laboratoire de Génie Chimique, B6a, Université de Liége, B-4000 Liege, Belgium
b Laboratoire d’Analyse et de Synthése des Systémes Chimiques, B6a, Université de Liége, B-4000 Liége, Belgium

Received 22 February 2007; received in revised form 31 May 2007; accepted 6 June 2007

Abstract

This study is an example of practical application of kinetic data treatment for simultaneous model discrimination and parameter estimation. The
study is applied to the hydrogenation of ethylene on a copper-magnesia catalyst and brings a deepened analysis about the experimental strategy by
comparing several alternative strategies using a priori and sequential experimental designs. The best model corresponds to a Langmuir-Hinshelwood
mechanism with non-competing adsorption of hydrogen and ethylene and where the rate-determining step is either the addition of molecularly
adsorbed hydrogen or the addition of the second atom of hydrogen adsorbed dissociatively. Furthermore, the important question of knowing in
practice how many designs and how many measurements per design are actually necessary to determine accurate kinetic and physico-chemical
parameters, is addressed. A data correction procedure is also presented that takes catalyst deactivation into account.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The hydrogenation of ethylene, the simplest olefin, has been
investigated by many researchers as one of typical catalytic reac-
tions since the classical work of Horiuti and Polanyi and the
step-by-step reaction mechanism proposed by them in the 1930s
[1]. Ethylene hydrogenation on a variety of catalytic surfaces
has been extensively studied over years [2—7]. Numerous efforts
have been devoted to the study of ethylene hydrogenation on
well-defined crystallographic planes of transition metal catalysts
(group VIII): Ru(00 1) [8],Pd(1 1 1)[9],Pt(111)[10],Rh(100)
[11,12],Pd(1 10) [13],Ni(100) [14,15], and Cu [16,17]. Those
studies essentially deal with the influence of surface coverage
(preadsorption of ethylene [15,18], variation of partial pressures,
surface coverage with a thin metallic film [12]) in order to bet-
ter understand energetic bonds between species and the catalytic
surface. Most often, authors suggest a reaction mechanism based
on molecular adsorption of ethylene, dissociative adsorption of
hydrogen, and the stepwise addition of hydrogen atoms to ethy-
lene on the surface of the catalyst [1,19-21]. CoH4 and H»
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adsorb either competitively [1,19,20,22] or non-competitively
[1,20,22,23]. On metals from group VIII, the apparent activa-
tion energy of ethylene hydrogenation most of the time lies in
the range from 30 to 45kJ mol—! [20,21]. In the particular case
of copper, activation energies between 17 and 82 kJ mol~! have
been found [21].

The present study deals with ethylene hydrogenation on a
copper-magnesia catalyst. It is partly based on experimental
data published previously [16] and it aims at proposing efficient
statistical methodologies, based on a priori and/or sequential
experimental designs, allowing to quickly identify the kinetic
model that best fits the data and to estimate its parameters as
precisely as possible with a small number of experiments. The
necessary correction of experimental rate values to relate them
to a reference activity level and its statistical implications are
also addressed.

2. Experimental
2.1. Catalyst preparation
The catalyst used for this kinetic study was a Cu-MgO cata-

lyst prepared by impregnation in boiling ethanol of magnesium
basic carbonate with an ammonia solution of copper nitrate.
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Nomenclature

ethylene adsorption constant (atm~!)
preexponential constant of C (atm™!)

activation energy (Jmol~!)

Fischer distribution with 95% of confidence, a
and b degrees of freedom for the numerator and
the denominator of the calculated variable F,
respectively

free energy (Jmol~!)

enthalpy (Jmol™!)

ethylene adsorption enthalpy (J mol~!)
1

kinetic rate constant (mol min™— g’] atm™1)
preexponential constant of k
(molmin~! g~ atm™!)

number of active sites on the catalytic surface
sequence number of measurement

number of mean values

total number of mean values corresponding to
temperature i

Nmeasures NUumber of measures including replicates
Nparameters Number of parameters

number of different measurements in an experi-
mental design; the same number indicates that the
measurement is a replicate of the measurements
with the same number

objective function for the x? test

weighed factor for experiment corresponding to
mean value j and temperature i

ethylene partial pressure (atm)

hydrogen partial pressure (atm)

measured reaction rate (mol min~! g_l)

gas constant (= 8.368 Jmol 'K~ 1)

experimental variance (mol”> min—2 g~2)
experimental variance for temperature i
(mol® min—2 g=2)

residual variance corresponding to model i
(mol? min—2 g_z)

entropy (Jmol~!' K—1)

standard entropy of ethylene (J mol~! K1)
ethylene adsorption entropy (J mol~! K1)
temperature (K)

reference temperature (K)

reaction rate predicted from model 1 and corre-
sponding to temperature i and mean value j and
(mol min~! g_])

mean reaction rate corresponding to temperature
i and mean value j (mol min~! g~ 1)

chi-square distribution with 95% of confidence
and v degrees of freedom

number of degrees of freedom

After impregnation, the mixture was decanted, filtered, washed,
and dried. The so-obtained Cu-Mg hydroxycarbonate was then
decomposed and activated in Ar flow at 460 °C during 18h
[16,17].

2.2. Experimental setup and procedure

Kinetic data were obtained using a steady state, continuous,
differential and isothermal reactor. The reactor was continu-
ously fed with ethylene, hydrogen and argon [16]. Its operating
conditions were fixed by adjusting the feed flow rates. By-pass
valves allowed to adjust independently the ethylene, hydrogen
and argon flow rates. Each experiment lasted 1 h. Among those
60 min, 50 min corresponded to the stabilization phase. Then,
the effluent of the reactor was analyzed by gas chromatogra-
phy using a silicagel column and a hot wire detector. Data were
recorded and analyzed during 10 min. Then, the conversion in
the reactor was deduced from recorded gas composition.

2.3. Kinetic data acquisition

Several experimental designs were carried out at two temper-
atures (498 K and 363 K). At first, one octagonal design at 498 K
was repeated three times and noted O1-03, and was supple-
mented by one octagonal design at 363 K, noted O4. Octagonal
design presents the advantage to cover coarsely the whole exper-
imental field. Two additional designs were carried out in order
to determine activation energy and thermodynamic adsorption
constants. They consisted in changing temperature from 400 to
550K at the central point of the octagonal design at 498 K, and
from 320 to 370 K at the central point of the octagonal design at
363 K. Those two designs were noted Q1 and Q2, respectively.

Subsequently, one sequential design at 498 K, noted S1, and
one sequential design at 363 K, noted S2, were performed.
Sequential designs were built so as to allow fast discrimina-
tion between models or fast parameter estimation by choosing
adequate experimental points. The sequential design used the
weighted criterion proposed by Hill et al. [24] which is described
in Appendix A. That criterion consists in choosing the exper-
imental point which maximizes differences between models
and/or gives the best parameter estimation [25]. At first, the
reaction rate was measured at three different experimental points
which correspond to the central point of octagonal designs and
two randomly chosen vertices. Parameters of the competing
models (with a number of parameters < 3) were then estimated.
Data were analyzed by the sequential design program in order to
determine the best next experimental point which discriminates
between kinetic models as much as possible and which estimate
their parameters with the greater accuracy. Then, reaction rate
was measured at this predicted point. A new discrimination,
including the new point, between competing models was car-
ried out which could lead to the rejection of some among them.
Finally, the last measure and the three previous ones were mem-
orized and the procedure continued by estimating the new best
point in the experimental field. The procedure was repeated until
the desired precision for model discrimination and parameter
estimation was reached.
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Fig. 1. Representation of octagonal and sequential designs: () O1-O3; (A)
04; (O) S1; (A) S2.

It is important to remark on Fig. 1 that sequential and
octagonal designs do not correspond to the same area in the
experimental field. Those two approaches (a priori octagonal
and sequential designs) are compared in Section 4.

3. Results

The experimental reaction rates measured for each experi-
mental design are presented in Tables la—Ic.

4. Discussion
4.1. Kinetic models

Four phenomenological kinetic rate expressions or models
have been studied. Ethane partial pressure does not appear in

those rate equations since preliminary experimental measure-
ments highlight that it has no influence on reaction rate [16].

Model 1:
kCPgP
re= e (1)
14+ CPg
Model 2:
kC Pg P,
r=——— @
(1+CPg)
Model 3:
kCPgP)/*
rg = ——— 3
1+CPg
Model 4:
kCPg
= 4
ST 1y crs @)

Table 1a
Experimental reaction rates for octagonal designs O1-04
Design  n° poins  Ts (x10 73 molmin~! g~y T Pg Py
(K) (atm) (atm)
01 1 1 4.87 498 0.287 0.451
2 2 4.30 498 0.147  0.679
3 3 6.86 498 0.463 0.427
4 4 6.59 498 0.257 0.741
5 5 3.99 498 0.424  0.276
6 1 4.54 498 0.289 0453
7 1 447 498 0.289 0.454
8 6 7.38 498 0.354 0.614
9 7 2.00 498 0.173  0.295
10 8 2.24 498 0.118 0.474
11 9 2.12 498 0.305 0.211
12 1 4.42 498 0290 0.455
02 1 1 3.83 498 0.287 0.442
2 9 1.84 498 0.302 0.209
3 8 1.92 498 0.120  0.468
4 7 1.67 498 0.175 0.296
5 6 6.24 498 0.360 0.613
6 1 3.83 498 0.289  0.446
7 1 3.85 498 0.289 0.446
8 5 3.28 498 0418 0.275
9 4 5.20 498 0.261 0.726
10 3 5.50 498 0.464 0.429
11 2 3.18 498 0.155 0.666
12 1 3.55 498 0.291 0.448
13 1 3.64 498 0.290 0.447
03 1 1 3.65 498 0290 0.447
2 2 3.03 498 0.156  0.667
3 3 4.98 498 0.468 0.433
4 4 4.92 498 0.265 0.727
5 5 3.04 498 0.420 0.278
6 1 3.36 498 0.295 0.454
7 1 3.41 498 0.295 0.454
8 6 5717 498 0.368 0.622
9 7 1.55 498 0.178  0.299
10 8 1.76 498 0.123 0473
11 9 1.61 498 0.307 0.213
12 1 3.41 498 0295 0.454
13 1 3.38 498 0.295 0.454
04 1 1 0.149 363 0.338  0.499
2 2 0.073 363 0.345 0.245
3 3 0.144 363 0.145 0.513
4 4 0.101 363 0.203 0.332
5 5 0.191 363 0.433  0.689
6 1 0.141 363 0.341 0.504
7 1 0.140 363 0.341  0.504
8 6 0.117 363 0254 0415
9 7 0.215 363 0.320 0.790
10 8 0.149 363 0.531 0.496
11 9 0.200 363 0.193 0.727
12 1 0.142 363 0.342  0.504
13 1 0.140 363 0.342  0.504

where rs, Pg, Py, and C are reaction rate, ethylene and hydrogen
partial pressures, and ethylene adsorption constant, respec-
tively. The constant k corresponds to the product of the kinetic
constant of rate-determining step and of the hydrogen adsorp-
tion constant. On the one hand, model 1 could correspond
to a Langmuir—Hinshelwood mechanism with non-competing
adsorption of hydrogen and ethylene and where the rate-
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Table 1b

Experimental reaction rates for sequential designs S1 and S2
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1

Design  n° points  Ts (x1073molmin~!g=!) T Pg P
(K) (atm) (atm)
S1 1 1 3.18 498 0.292  0.477
2 2 293 498 0.428 0.285
3 3 494 498 0.273  0.736
4 1 3.68 498 0.288 0.474
5 1 3.56 498 0.289 0.475
6 4 6.01 498 0.621 0.390
7 1 3.84 498 0.287 0.473
8 4 5.73 498 0.637 0.377
9 5 275 498 0.756  0.155
10 5 2.89 498 0.761 0.153
11 1 3.64 498 0.289 0.477
12 6 2.19 498 0.482 0.164
13 6 2.10 498 0.494  0.158
14 6 2.11 498 0.494 0.161
15 7 5.72 498 0.544  0.450
16 1 3.56 498 0.289 0.475
17 1 3.55 498 0.292 0479
18 8 3.94 498 0.654 0.273
S2 1 1 0.156 363 0.368 0.582
2 2 0.090 363 0.529 0.363
3 3 0.209 363 0.343  0.847
4 1 0.157 363 0.373  0.591
5 1 0.160 363 0.368 0.582
6 4 0.250 363 0.138  1.040
7 1 0.136 363 0.368 0.583
8 5 0.113 363 0.808 0.417
9 5 0.108 363 0.801 0.413
10 4 0.270 363 0.141 1.040
11 6 0.258 363 0.116  1.076
12 7 0.231 363 0.305 0.887
Table 1c
Experimental reaction rates for designs varying temperature Q1 and Q2
Design n° Rpoints~ T's (X 1073 mol min~—! gfl) T Pg Py
(K) (atm) (atm)
Q1 1 1 3.55 500 0.287 0.443
2 2 3.41 489 0.289 0.444
3 3 3.18 476 0.291 0.446
4 4 271 462 0.295 0.449
5 5 2.11 440 0.302  0.456
6 6 1.27 421 0.310 0.462
7 7 0.61 401 0.316 0.467
8 8 0.27 384 0.319  0.469
9 9 3.61 512 0.286 0.442
10 10 3.59 521 0.286 0.442
11 11 3.63 535 0.286 0.442
12 12 3.58 550 0.286 0.442
Q2 1 1 0.152 369 0.346  0.510
2 2 0.095 360 0.346  0.510
3 3 0.063 351 0.346  0.510
4 4 0.047 345 0.346  0.510
5 5 0.030 338 0.346  0.510
6 [§ 0.019 330 0.346  0.510
7 7 0.013 325 0.346  0.510
8 8 0.019 332 0.346  0.510
9 9 0.029 340 0.346  0.510
10 10 0.043 346 0.346  0.510
11 11 0.060 352 0.346  0.510
12 12 0.097 360 0.346  0.510
13 13 0.163 371 0.346  0.510

determining step is either the addition of molecularly adsorbed
hydrogen or the addition of the second atom of hydrogen
adsorbed dissociatively. In such a case, the hydrogen adsorp-
tion should be weak enough to be neglected. On the other hand,
model 1 could also correspond to an Eley-Rideal mechanism in
which gaseous hydrogen would be directly added on adsorbed
ethylene. Model 2 corresponds to competitive adsorption of both
reactants. The rate-determining step is either the addition of
molecularly adsorbed hydrogen or the addition of the second
atom of hydrogen adsorbed dissociatively. Model 3 is character-
ized by a non-competitive adsorption of ethylene and hydrogen,
and by an atomic mechanism for which the addition of the first
hydrogen atom to adsorbed ethylene is the rate-determining step.
For those two last models, it is supposed that hydrogen adsorp-
tion is very weak. As far as the fourth model is concerned, it
corresponds to a mechanism characterized by a non-competitive
adsorption of reactants and by a hydrogen adsorption inde-
pendent of hydrogen partial pressure due to strong hydrogen
adsorption. While unlikely, that model has been retained so as
to test the design of experiments. It has to be mentioned that more
rate equations are phenomenologically possible for rather simple
hydrogenation reaction of ethylene, but these can be excluded
on the basis of the obtained results.

4.2. Discrimination between kinetic models

The first part of the study consists in the discrimination
between those four models. With this intention, parameter
estimation was performed with each model and for each exper-
imental design. The software used is derived from NLPE
program. The Gauss—Newton method was used to optimize
the parameters [26]. A maximum likelihood formulation was
adopted, thus minimizing the weighed sum of squares of the dif-
ferences between calculated and measured reaction rates. The
experimental variances used as weight were estimated from
replicated measurements. It has to be noted that this analysis
assumes that all points have the same weight, thus the measure-
ment variance is constant. Results are presented in Table 2. Each
parameter is given with its 95% confidence interval calculated
from the 7-Student test [25,27-29].

4.2.1. Study of octagonal designs

The first step consists in considering results of F-tests real-
ized on octagonal designs [25,27-29]. With octagonal designs
01-04, the number of observations is equal to 13 and the num-
ber of degrees of freedom, v, is therefore equal to 13 —2=11.
Concerning octagonal designs at 498 K (O3), the ratio between
residual variances of models 3 and 1 (13.4) is larger than the
Fo.95.11,11 variable (2.82), which means that model 3 and a for-
tiori model 4 do not fit data as well as model 1. Indeed, the
residual variance corresponding to model 4 (1.2) is larger than
the residual variance corresponding to model 3 (0.27). Thus the
ratio of the residual variances corresponding to models 4 and 1
(60) is larger than the variable Fp 951111 (2.82). On the contrary,
the sum of squares of residuals for models 1 and 2 are identical.
Therefore, those two models cannot be discriminated at 498 K
(s3/s1 =1 < Fyos 11,11 = 2.82).
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Table 2
Parameter estimation with Egs. (1)—(4) with each experimental design separately
Design K =kC (x1073 mol min~! g_] atm™2) k (x1073 mol min™! g_1 atm™!) C (atm™!)
Modell
o1 41 £5 a 0.49 + 0.44
02 32+3 a 0.33 + 0.30
03 30+£3 a 0.49 £+ 0.32
S1 27 £2 a 0.22 £ 0.18
04 b 0.27 £ 0.01 c
S2 b 0.27 £ 0.01 c
Model2
0Ol 40+ 5 a 0.22 + 0.20
02 31+3 a 0.15 £ 0.14
03 30+ 3 a 0.22 + 0.14
S1 27 +£2 a 0.10 £+ 0.08
04 b c c
S2 b c c
Model3
o1 36 £ 16 a ¢
02 27+9 a ¢
03 25+ 10 a ¢
S1 20 +£8 a 20+ 1.5
04 b c c
S2 b 0.22 + 0.06 ¢
Model4
O] C a C
02 21 £ 19 a ¢
03 19 £ 19 a ¢
Sl c a C
04 b c c
S2 b 0.18 £ 0.07 ¢

@ Parameter k not adjusted (product kC replaced by k” for parameter estimation).

b Parameter &’ not adjusted (product kC retained for parameter estimation).

¢ Parameter impossible to adjust precisely and non-significantly different from 0.

At 363 K, the F-testrealized on the octagonal design O4 leads
to the conclusion that models 2—4 can be eliminated (s% /s% =
900, s3/s3 = 12, s3/s3 =59 > Foos,11,11 = 2.82).

Those two statistical tests lead to the elimination of models
2-4. Model 1 is the only one able to fit all experimental data at
363 and 498 K. Between competitive or non-competitive mech-
anisms, and hydrogen order 1 (non-adsorbed or molecularly
adsorbed H; addition as rate-determining step or dissociative
adsorption with addition of the second H as rate-determining
step) or order 1/2 (dissociative adsorption with addition of the
first H) proposed in literature [1,19,20,22,23], the present sta-
tistical study thus concludes that ethylene hydrogenation on
a Cu-MgO catalyst occurs via a non-competitive mechanism
with order 1 for hydrogen, the latter being non or very weakly
adsorbed.

4.2.2. Study of sequential designs

Subsequently, sequential designs are considered. Sequential
designs are built to allow fast discrimination between models or
fast precise parameter estimation by choosing adequate exper-
imental points. Five successive experimental points at 498 K
and four successive points at 363 K were calculated from the
three points initially chosen. Successive parameter estimations
were performed by adding one by one the calculated points.

Results are presented in Table 3. It must be noted that param-
eter C, estimated for each model, is not significantly different
from zero whatever the number of points considered. That is the
reason why this parameter is not specified in Table 3. Several
conclusions can be drawn. The discrimination between models
at 498 K (S1) indicates that only four experiments, which cor-
respond to one point added, allow to reject models 3 and 4 on
the basis of the F-test. On the contrary, models 1 and 2 cannot
be discriminated. It is true whatever the number of observa-
tions. At 363K (S2), the addition of only one point allows to
reject all models except model 1. Concerning parameter esti-
mation, it is observed that the addition of a single experiment
(npoints =4) allows to reach the best precision. The addition of
next points in S1 for models 1 and 2 and in S2 for model 1 does
not improve the knowledge of parameters. The conclusion is
that the four first experimental points only were necessary in S1
and S2.

4.2.3. Simplification of model 1

It is important to note that the constant C cannot be adjusted
precisely at 363 K for the first model (Table 2). Indeed, ethylene
adsorption becomes stronger at low temperature, which results in
the increase of Cin (1). Therefore, the term 1 of the denominator
becomes negligible. In others words, at low temperature, kinetic
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Table 3

Parameter estimation with Egs. (1)—(4) and F-test for sequential designs by adding one by one points calculated by the sequential design?

2

8 .
Design Tpoints K =kC (x1073 mol min~! g~! atm~2) k (x1073 mol min~! g~ ! atm™~T) —polnts. F0.95 np0inis—2.poinis —2
“Lnpoints
S1
Model 1 3 28 + 22 a 1 161
4 27 +£2 a 1 19
5 27 £2 a 1 9
6 27 +£2 a 1 6
7 27 £2 a 1 5
8 27 +£2 a 1 4
Model 2 3 28 + 20 a 1 161
4 27 +£2 a 1 19
5 27 £2 a 1 9
6 27 +£2 a 1 6
7 27 £2 a 1 5
8 28 £ 2 a 1 4
Model 3 3 ¢ a 6 161
4 ¢ a 31 19
Model 4 3 ¢ a 140 161
4 e a 1200 19
S2
Model 1 3 b c 1 161
4 b 0.26 + 0.02 1 19
5 b 0.27 £ 0.02 1 9
6 b 0.27 + 0.02 1 6
7 b 0.27 + 0.02 1 5
Model 2 3 b ¢ 156 161
4 ¢ 30500 19
Model 3 3 b ¢ 4 161
4 b c 84 19
Model 4 3 b ¢ 16 161
4 b c 400 19
2 Parameter k not adjusted (product kC replaced by k” for parameter estimation).
b Parameter &’ not adjusted (product kC retained for parameter estimation).
¢ Parameter impossible to adjust precisely.
4 When the model is eliminated, the parameter estimation is not performed.
Eq. (1) simplifies in
CoHy + Niad CyHy — 51
rs = kPy 5) Sequence 1 Hy +s52 < Hy — 52
CyHy —s1 +Hy — 50 —
The only parameter is the kinetic constant k. This is the rea- E2H4;‘~L1 “’zfﬁ
son why the constant C is badly known. At high temperature, Sequence 2 ng S—ZS t H;;z(_) CoHe — 51 48
2Hq — 51 =5 oHs — 51+ 52
the Ver?/ weak value of C l.eads to peglc?ct t1.1e ter.m CPg of the CoHs —s;+H—s, >
denominator, and the kinetic equation simplifies in
CoHy +5 < CoHy — s
Sequence 3 —_

r¢ = kCPgPy = k' PE Py (6)

In this case, kand C are completely correlated. Only their product
k' =kC can be precisely estimated.

4.2.4. Sequences of elementary steps

Octagonal designs as well as sequential designs reject all
models proposed, except model 1. The three sequences of ele-
mentary steps corresponding to model 1 are thus:

CyHy —s+Hpy —

The two first sequences of elementary steps correspond to a
Langmuir—Hinshelwood mechanism, while the last sequence of
elementary steps corresponds to an Eley-Rideal mechanism, as
explained in Section 4.1.

4.3. Catalyst deactivation

From a quantitative point of view, the comparison between
values of parameter k at 363K for O4 and S2 highlights
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Fig. 2. Residuals of parameter estimation ((A) O4; (O) S2) as a function of
sequence number of measurement.

the perfect agreement between those two designs (Table 2:
k=0.27 x 107> molmin—! g~! atm™"). Fig. 2 gathers residuals
of octagonal and sequential designs at 363 K, as a function of
the sequence number of measurement. Ideally, residuals should
be distributed randomly which is the case for Fig. 2. On the
contrary, some differences can be underlined at 498 K: the con-
stant k" is slightly different for the four designs performed at
that temperature. The reason for this discordance is the decrease
of catalytic activity between each experimental design, while
the very slight decrease of catalytic activity can be neglected
inside each design. The decrease of catalytic activity level results
from the decrease of the number of active sites on the cat-
alytic surface. That is the reason why the parameter k’ decreases
when moving from design O1 to designs O2, O3 and S1 (from
41 x 1073 to 27 x 1073 mol min~! g~! atm™2). This problem
must be solved in order to determine the correct values of param-
eters. A correction of reaction rates taking catalytic deactivation
into account is necessary in order to obtain the same activity
level for each experimental data so that confidence ellipses of
parameters will become centered on the same point. The octag-
onal design O3 is chosen to be the reference for the activity
level. Initial rates are corrected by dividing them by the value
of ¥ in model 1 obtained from the corresponding design, and
by multiplying them by the value of k¥’ corresponding to O3,
i.e. 30 x 1073 mol min~! g~ atm~2. Values obtained for k" are
identical for the four designs, but the parameter C does not differ
significantly from zero. The simplified Eq. (6) of model 1 should
therefore be used for correction, by using the k¥’ values obtained
from parameter estimation with this simplified model.

The activity level correction procedure consists in introduc-
ing a third parameter [L] in model 1, corresponding to the number
of active sites on the catalytic surface. Therefore, model 1 can
be represented by Eq. (7):

[LIkCPEPy  [L]K' PEPu
Ve = =
s 1+ CPg 1+ CPg

The parameter [L] is adjusted for each design by dividing the
value of k" of the corresponding design by the value of k' cor-
responding to O3 and by taking [L] =1 for the reference design
03. It has to be noted that at 363 K, [L] = 1 for both the octagonal
design O4 and the sequential design S2 because k is the same
for those two designs (Table 2), which thus correspond to the
same activity level.
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Fig. 3. Residuals of parametric adjustment ((¢) O1; (O) O2; (a) O3; (O) S1)
as a function of sequence number of measurement (a) on the non-simplified
model 1 without any correction on initial reaction rate; (b) on the non-simplified
model 1 after rate correction on the non-simplified model 1; (c) on the simplified
model 1 after rate correction on the simplified model 1; (d) on the non-simplified
model 1 after rate correction on the simplified model 1.

Fig. 3 illustrates the evolution of the rate correction procedure
by means of residuals maps corresponding to parameter estima-
tion of model 1 with the four designs at 498 K. Ideally, residuals
must be distributed randomly and the residuals sum of squares
must be as small as possible, which is the case after the final
correction (Fig. 3(d)). The residuals sum of squares quantifies
the benefit of taking catalytic deactivation into account. Further-
more, Fig. 5(a) shows that the confidence ellipses of parameters
are centered on the same point.

It has to be noted that another way to correct reaction rates in
order to obtain the same activity level consists in calculating one
mean value for the central point of the three octagons O1-O3.
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One mean value is also calculated for the sequential design S1
on the experimental point corresponding to the central point of
the octagon at 498 K, repeated seven times in design S1 and
corresponding to the npoints €qual to 1 in Table 1b. Then, reac-
tion rates are corrected by dividing them by the mean value of
the corresponding design and by multiplying them by the mean
value corresponding to design O3. This kind of correction con-
sists in determining parameter [L] for each design by dividing
the mean value of the corresponding design by the mean value
corresponding to design O3. While correction from mean val-
ues at the central point of octagons is easier, correction from &’
obtained by parameter estimation with non-corrected data allows
to take deactivation over all experimental field into account.
Results provided by those two methods do not differ in this
study.

As a conclusion of this paragraph, parameter estimation of
model 1 can be divided into two steps. The first step consists in
the determination of the parameter [L] which quantifies catalytic
deactivation, while the second step results in the estimation of
the two parameters kK’ and C. So two successive adjustments are
carried out.

4.4. Temperature dependent model

Model 1 can be refined by taking into account temperature.
This involves the knowledge of the temperature dependence of
parameters k and C. The rate constant k is developed according to
Arrhenius law, while the ethylene adsorption constant C follows
van’t Hoff’s law [27]:

- E, /1 1 )
= exX _— —_—
el KPITR T T T
C=cC Az (11 )
TRt ORI TTRA\T T Ty

where E,, AH®, Cief, krer and Trer, are, respectively, the activa-
tion energy, the adsorption enthalpy, the preexponential constant
of C, the preexponential constant of k and a reference tempera-
ture which is intermediate between 363 and 498 K and chosen
equal to 450 K. In order to answer later the question of knowing
which designs are really necessary, several parameter estima-
tions as a function of temperature have been performed with
different experimental designs according to Fig. 4. First, one
octagonal design at 498 K (O3) and one octagonal design at
363 K (04) were only considered. It corresponds to adjustment
(1). Secondly, in order to underline the influence of additional
non-isothermal data on the results, two designs with varying
temperatures Q1 and Q2 were added and this corresponds to
adjustment (iii). Finally, the two sequential designs S1 and S2
were added, which corresponds to adjustment (v). The influ-
ence of replicates was studied by adding the two other octagonal
designs O1 and O2 at 498 K to those three groups of data. The
corresponding adjustments are (ii), (iv) and (vi), respectively.
Furthermore, the two sequential designs S1 and S2 were tested
separately from other designs, and compared to adjustments (i)
and (ii). This adjustment is noted (vii). Then, the two designs
with varying temperature, Q1 and Q2, were added to sequential

designs in order to compare with adjustments (iii) and (iv). This
group of data is noted (viii).

Itis important to note that experimental variance has not been
kept constant at all temperatures. Observations were replicated
at 363 and 498 K to allow estimation of experimental variance,
whose inverse is used as a weight in the objective function to
be optimized. That is the reason why all experimental data can
be treated simultaneously. Results are presented in Table 4. Sev-
eral conclusions can be drawn. First, the two octagonal designs at
498 and 363 K, corresponding to adjustment (i), are not sufficient
to estimate adsorption parameters, Cref and AH®, with accept-
able precision. With the two sequential designs corresponding to
adjustment (vii), three parameters, kief, Crer and AH®, are only
coarsely estimated. Secondly, the addition of designs QI and
Q2 to the two octagonal designs, i.e. adjustment (iii), brings
much more information on temperature dependence, and all
four parameters are better known. Parameter uncertainty is also
reduced when Q1 and Q2 are added to S1 and S2, correspond-
ing to adjustment (viii), compared with adjustment (vii). On
the other hand, the addition of sequential designs to adjustment
(iii), which corresponds to adjustment (v), does not significantly
improve the knowledge of parameters. Furthermore, the addition
of O1 and O2 to adjustments (i), (iii) and (v), which corresponds
to adjustments (ii), (iv) and (vi), respectively, does not lead to a
reduction of parameter uncertainty. So designs O1 and O2 are
useless.

The last step consists in determining the ethylene adsorption
entropy AS°. By introducing the van’t Hoff’s law (Eq. (10))
[27] and the Gibbs’ free energy (Eq. (11)) into Egs. (1), (8) and
(9), the adsorption entropy is related to the four parameters kpr,
Cret, Eq and AH® by Eq. (12) and its estimation value is equal
to —133+8Jmol ' K.

C =exp (— AGO) (10)

RT

G=H-TS (11)
AH®

AS® = RInCrer + —

ref

12)

Let us mention that ethylene adsorption enthalpy and entropy,
AH° and AS°, must verify thermodynamic constraints. Indeed,
adsorption is an exothermic process with decreasing entropy
[30]:

AH® <0 13)
0 < —AS® < S¢,u, =220Tmol ' K™ (14)

Values of AH° and AS° obtained here are in agreement with
those constraints.

4.5. Which is the minimum set of observations required?

Several parameter estimations have been performed with dif-
ferent experimental designs at 498 K in order to determine the
constant k" with a precision as good as possible. Fig. 5(a) shows
the precision improvement for kK at 498 K. The simultaneous
treatment of the three octagonal designs improves very slightly
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(i) O3 and 04 (iii) 03, 04, (v) 03,04,
Q1 and Q2 Q1,Q2,
S1 and S2

Addition of Q1 and Q2

A J

(11) O1, 02, 03 and O4

(iv) 01, 02, 03, 04,

Addition of S1 and S2

»

(vi) 01, 02, 03, 04,

Q1 and Q2 Q1,Q2,
S1and S2
Addition of Q1 and Q2
(vii) S1 and S2 P (viii) S1, 82,
QI and Q2

Fig. 4. Diagram representing the different data groups for parameter estimation.

the knowledge of K/, in the same way that the simultaneous
treatment of one octagonal design and one sequential design,
while the addition of the sequential design to the three octag-
onal designs reduces very few the confidence interval of this
parameter. So, it was not necessary to complete three octagonal
designs and one sequential design. Indeed, one octagonal design
and one sequential design are sufficient to lead to a very good
precision. At 363 K, the sequential design S2 and the octago-
nal design O4 lead to the same precision of the parameter k, as
shown in Fig. 5(b). Fig. 5(b) represents the confidence interval
of parameter k at 363 K, for designs O4 and S2 separately and
designs O4 and S2 together. The addition of those two designs
does not lead to an actual improvement of the knowledge of k.
Nevertheless, as shown in Table 3, whatever the temperature,
the four first observations of sequential designs are sufficient
to obtain the same precision as with octagonal designs, and the
following observations of sequential designs do not lead to a
precision improvement. So the sequential design leads faster
to a good parameter estimation and should be used preferen-
tially. Furthermore, sequential design makes possible to set the
minimum amount of experiments before performing too many
experiments. Indeed, sequential design is built from three ini-
tial points by adding new points one by one, making possible
to freely stop experiments when parameter estimation is good
enough and model discrimination successfully performed. This
is not possible for octagonal design which is built a priori. So
only sequential designs allow to limit experimental efforts.

By examining results in Table 4 corresponding to adjustments
as a function of temperature, the addition of the two first octag-

Table 4

onal designs O1 and O2 to adjustments (i), (iii) and (v), which
corresponds to adjustments (ii), (iv) and (vi), respectively, does
not lead to a better precision. From this point of view, O1 and O2
are useless. Furthermore, parameter estimations with sequential
designs, S1 and S2, and designs with varying temperature, Q1
and Q2, which corresponds to adjustment (viii), gives also a very
precise estimation of parameters, which is similar to precision
obtained with adjustment (iii) including O3, O4, Q1 and Q2.
Furthermore, the addition of sequential designs to adjustments
(iii) and (iv), which corresponds to adjustments (v) and (vi),
respectively, very slightly improves the parameter knowledge.
So, in this case, the use of all experimental designs is necessary
only if a very good parameter precision is required. In practice
however, 03,04, Q1 and Q2 or S1, S2, Q1 and Q2 are sufficient.

Now the question of knowing which designs are really nec-
essary can be answered. If the two designs Q1 and Q2 with
varying temperature are obviously necessary to determine the
five parameters [L], kef, Cref, Ea and AH®, only one octagonal
design at 498 K (O3) and one at 363 K (O4), or one sequential
design at 498 K (S1) and one sequential design at 363 K (S2),
are enough to obtain a good precision of parameters. However,
the simultaneous treatment of sequential and octagonal designs
allows to reach a slightly better precision. In fact, experimental
points corresponding to sequential designs sweep another area
of the experimental field than the area spanned by octagonal
designs. So the treatment of all experimental data, from sequen-
tial and octagonal designs, provides more precision resulting
from more different experimental conditions. As a conclusion,
it can be stated that sequential designs allow to reach a good

Kinetic and thermodynamic parameters, standard error and residual variances for model 1 and for each data group

ket (x1073 mol min~! g~ ! atm ") Cref (atm™1) E, (kI mol™1) AH° (KImol™1)

i 13+4 a 61 5 a

i 16 + 7 a 64+ 3 a

iii 11+2 29+ 1.0 60 + 3 —61 £2
iv 13£3 24409 61 £ 4 —62+3
v 15+£3 1.8 £05 64 +3 —62+3
vi 15+3 2.0+05 63+3 —62+3
vii 2048 15+ 14 68 + 6 —72+3
viii 15+3 1.9 £ 06 64 +3 —63+3

4 Parameter impossible to adjust with precision.
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Fig. 5. (a) Confidence ellipses at 498 K for designs (A) O3; ((0) O1-03; () O3
and S1; (@) O1-03 and S1. (b) Interval of confidence of k at 363 K: () O4;
(#) S2; (O) 04 and S2.

precision more rapidly, to discriminate between kinetic models
more rapidly, and to limit experimental efforts. If the precision
required is not reached, experimental points in another area of
experimental conditions must be performed.

4.6. Checking of catalytic activity level

Data obtained from the three octagonal designs at 498 K have
been corrected to correspond to the same activity level, thatis the
reference level of O3 (see Section 4.3). However, the equality
between activity levels at498 K and 363 K has still to be checked.
Because the temperature dependence of the parameter k is known
(Eq. (9)), the idea is to calculate the constant k. again, from the
value of k and k" obtained at 363 K and 498 K, respectively. The
two values of kef at 363 K (15.0) and at 498 K (14.7) are not
significantly different. They prove the good agreement between
the activity levels at both temperatures.

4.7. Experimental error and validation of model 1

The experimental error at 363 and 498 K has been calculated
in order to validate model 1 by performing a F-test [25,28,29].
This test compares the experimental variance and the residual
variance of model 1. Because the octagonal design at 498 K was
repeated three times, it is possible to calculate an experimen-
tal variance s2 at 498 K. Two different experimental variances
can be calculated. The first experimental variance results from
all the points of Ol, O2 and O3, by calculating nine aver-

ages, i.e. one average on three points at each vertex of the
octagon, and one average at the central point of the octagon
repeated four times for Ol and five times for O2 and O3.
The number of degrees of freedom v and the corresponding
experimental variance sg are equal to (12+13+13-9)=29
and 0.02 x 107 mol> min=2 g2, respectively. The second
experimental variance at 498 K considers that the octag-
onal designs O1-O3 are three different designs with the
same central point, on which the experimental variance is
calculated. This second experimental variance is equal to
0.02 x 1074 mol> min—2 g~2, with (4+5+5—1)=13 degrees
of freedom. At 363 K, the experimental variance s? is calculated
from the central point of the octagon repeated five times, and is
equal to 107> x 10~ mol?> min—2 g2, with (5 — 1) =4 degrees
of freedom.

The F-test was performed on the octagonal design O4 at
363K and on the three octagonal designs O1-O3 at 498 K.
For the latter temperature, two tests were performed which
use the two experimental variances from the two methods
explained above. For each temperature, the residual variance
of the model 1 is not significantly different from experimen-
tal variance (04 : s3/5s2 = 3.0 < Fyo57.4 = 6.1, i.e. 57 = s%;
01-03 with only one average: s%/sg =14 < Fyo52.13 =24,
i.e. s7 = 52; 01-0O3 with one average for each points of the
octagon: s%/sg =23 < Fpos562 =24, ie. s% = sg). Results
of F-tests allow to validate model 1 for both temperatures.

If F-tests validate model 1 at 363 K and at 498 K separately,
model 1 as a function of temperature has yet to be validated.
With this intention, a X2 test [25,29] was performed on the
four octagonal designs O1-04, and on the two designs Q1 and
Q2 with varying temperature. This statistical test takes the fact
that experimental variances are different at 363 K and at 498 K
into account. Because no repetition were performed for the two
designs Q1 and Q2 with varying temperature, it is supposed that
the experimental variance corresponding to Q1 is equal to the
experimental variance at 498 K, and that the experimental vari-
ance corresponding to Q2 is equal to the experimental variance
at 363 K. According to x2 test, model 1 is validated if the cal-
culated objective function O is smaller than the variable x> for
the corresponding degrees of freedom v. The objective function
corresponds to the sum of squares of residuals standardized by
the adequate experimental variance.

2

2 n; 5 S
’ Yy — Yij)
0= Pij {”] (15)
;le ! Se,i

In Eq. (15), the subscript i corresponds to the temperature. i
equal to 1 corresponds to 498 K and design Q1, while i equal
to 2 corresponds to 363 K and design Q2. The subscript j refers
to the number of means calculated for each temperature. n; is
the total number of mean values calculated for each temperature
and p;; is the weight attributed to each mean. In the case where
experimental variance at 498 K is calculated only with the central
point of the octagon repeated 14 times, n; =50 — (14 — 1) =37

and np =26 — (5 —1)=22.
Furthermore, the numbers of degree of freedom cor-

responding to SZ,,l and 53,2 are equal to (14—1)=13
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and (5 —1)=4, respectively. In the case where experimen-
tal variance is calculated with the 38 points of O1-03,
n=50—(14—-1)—B3—-1)x8=21and np =26 — (5§ — 1)=22.

Furthermore, the numbers of degrees of freedom corre-
sponding to s2 | and 52, are equal to ((12+13+13) —9)=29
and (5 — 1) =4, respectively. The variable X%.Qs,u depends on the
degrees of freedom. Seventy six measurements corresponding
to O1-04, Q1 and Q2 are included in this adjustment on model 1
belonging five parameters [L], kref, Cref, AH® and E,. In the case
where experimental variance at 498 K is calculated only with the
central point of the octagon, the number of degrees of freedom
is equal to (50— ((5+5+4)—1)+26—(5—1)—5)=53. The
objective function was found to be equal to 37, while x(z).95’53
is greater and equal to 71 with a probability of 95%. So model
1 is validated as a function of temperature. In the second
case where experimental variance is calculated with the 38
points of O1-03, the number of degrees of freedom is equal to
BO—(5+5+4)—-1H)—-8xB3—-1)+26—(5—1)—5)=38.
The objective function was found to be equal to 48, while
X%.95,38 is greater and equal to 53 with a probability of 95%. So
model 1 is also validated as a function of temperature with this
second X(2),95,,, test.

4.8. Comparison with previous literature

Model 1 has been found to be the best model in agree-
ment with experimental data and has been validated with
experimental data. Parameter estimation provides an activa-
tion energy equal to 64 & 3 kJ mol~!, while ethylene adsorption
enthalpy and entropy are equal to —63+3kJmol~!' and
—133+£8Jmol~! K~!, respectively. Activation energies given
in previous literature for ethylene hydrogenation on copper at
temperatures between 273 and 523 K, which contains roughly
the range examined here, are between 29 and 55kJmol~!
[16,21]. The rate of ethylene hydrogenation on copper—nickel
alloy films in the temperature range 0-21°C was also mea-
sured [31]. The apparent energies of activation for the reaction
over the copper—nickel alloys vary with composition in the
range 38-50kJmol~!, while the apparent activation energies
over gold—nickel alloys are about 17 kJ mol~!. Concerning ethy-
lene hydrogenation on other metal-supported catalysts, Hirschl
et al. [32] performed a density-functional study for hydro-
genation of ethylene on Pt(1 1 1) and PtggFeso(1 1 1) and they
obtained an activation energy equal to 77 and 67kJmol™!,
respectively. In the same way, Duca et al. [33] combined kinetic
and thermodynamic methods to mimic surface reactions and
reported Arrhenius plot for the hydrogenation of ethylene on
Pt/silica catalysts. They related an activation energy equal to
67 +8kJmol~!, in agreement with Hirschl et al. Concerning
supported Pd catalysts, the apparent activation energy for ethy-
lene hydrogenation decreases with increasing temperature and
experimentally reported values range from 25 to 45kJ mol~!
when temperature varies from 436 to 248K [1,34-40]. It can
be concluded that activation energy obtained in this study is
in the same order of magnitude comparing to values related to
ethylene hydrogenation on different kind of catalysts. Finally,

on metals from group VIII, the activation energy of ethylene
hydrogenation most of the time is contained between 30 and
45kJI mol~! [20,21]. Those values were determined at very dif-
ferent temperatures contained between 153 and 873 K. In the
particular case of palladium, values of 35kJmol~! (for tem-
peratures around 243 K), 31 kJ mol~! (343K < T<403K), and
23kImol~! 273K <T<373K) were reported. On silver, a
much higher activation energy of 113 JkJ mol~! was obtained
for ethylene hydrogenation between 823 and 973 K [21].

Comparisons can also been made concerning kinetic reaction
orders. This study performed on a Cu-MgO catalyst determines
model 1 as the best model able to fit with experimental data.
This model corresponds to an ethylene order varying from O to
1, while hydrogen order is equal to 1. In experimental studies
on Pt, the kinetic reaction orders vary from 0.5 to 1 in hydro-
gen and from slightly negative to slightly positive in ethylene
[41,42]. Concerning Pd catalysts, the hydrogen order is around
0.8 and the ethylene order varies from —0.2 to 0 [34]. Over
copper—nickel alloys, the reaction rate is first order with respect
to hydrogen and independent of ethylene for the copper—nickel
alloys and for pure nickel. It is first order with respect to both
hydrogen and ethylene for copper catalysts. Those results are in
good agreement with the hydrogen partial order value obtained
in the present study, while they are compatible with the ethylene
partial order value obtained in this study and ranging between 0O
and 1.

5. Conclusion

The kinetic study of ethylene hydrogenation over copper-
magnesia catalysts was performed. Two different approaches
have been tested in order to determine which experimental data
are really necessary to rapidly discriminate between different
kinetic models and to reach the best precision for parameter
estimation. Sequential designs allow to identify more rapidly
the best kinetic model and a good parameter estimation is
achieved with only a few observations. So comparing to octag-
onal designs, sequential designs limit experimental efforts. The
best model involves a Langmuir—Hinshelwood mechanism with
non-competing adsorption of hydrogen and ethylene, where
the rate-determining step is either the addition of molecu-
larly adsorbed hydrogen or the addition of the second atom of
hydrogen adsorbed dissociatively. In such a case, the hydrogen
adsorption should be weak enough to be neglected. Further-
more, initial reaction rates have been corrected to reach the
same activity level for each measurement. The conclusion of
parametric adjustment on different experimental designs is that
the four octagonal designs, the two sequential designs and the
two designs varying the temperature for the central point of
octagonal designs are not necessary to determine parameters
with a good precision. The repetition of octagonal designs is
useless, and the precision obtained with octagonal or sequential
designs is of the same order of magnitude. Furthermore, only the
four first observations of sequential designs are enough to reach
this precision. So sequential designs allow to estimate parame-
ters more rapidly. The activation energy of the kinetic constant,
the adsorption enthalpy and the adsorption entropy were found
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to be equal to 63kJmol~!, —63kImol~!, —133 Tmol~! K1,
respectively, in agreement with previous studies.
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Appendix A

The weighted criterion proposed by Hill et al. [24] is used
to optimize discrimination between models and parameter esti-
mation. This criterion consists in balancing a discrimination
criterion E and a parameter estimation criterion D.

C=w1D+wE

where
p= K

Kv,max

v

A

E=) P®W_—T_

2 G

A
v(l — P ,

w=|—) with) < A < 00

(v—1)

wy =1—w

The criterion K, consists in researching experimental point
maximizing differences between models. In the same way, opti-
mizing A, consists in researching experimental points providing
the best parameter estimation for model r. Ky max and A, max are,
respectively, maximal values of K, and A, in experimental area.
P™ is the probability related to model r after n observations.
Subscript b corresponds to the best model, i.e. model for which
probability P is maximal. If uncertainty of each model is the
same, Pr(o) = 1/v and consequently, w; = 1 and w, = 0. So the
Hill et al. criterion is reduced to the discrimination criterion D.
If P,gb) =1, w; =0 and wy = 1. So the Hill et al. criterion is
reduced to the parameter estimation criterion D. The value of A
can be fixed freely. High values support parameter estimation,
while low values support model discrimination.
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