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Abstract

The influence of the reaction start-up procedure on the oxidation of a polyol, naefndlucopyranoside, was investigated. Results were
obtained from semi-batch experiments with Pt catalysts and molecular oxygen as oxidant. Three types of reaction start-up procedures wel
applied with respect to the pretreatment of the catalyst slurry: reductive, oxidative, and inert. The experimental results are described by :
recently developed dynamic electrochemical kinetic model. The reductive start-up results in the highest initial catalyst activity, compared
with the other start-up procedures. It was found that the catalyst needs pretreatment before the reaction is started, as inert start-up result
in no catalytic activity at all. The formation of inactive platinum oxides (i.e., overoxidation) is the main cause of catalyst deactivation
under oxygen-rich conditions, for a weak reducing compound, and is independent of the start-up procedure. It also appeared that the rate
overoxidation is lower in the absence of reaction, which could be modelled with the assumption that overoxidation needs free sites to take
place. The mechanism of catalyst deactivation has been verified through intermediate catalyst reactivation. The model adequately describ
this reactivation step.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction The major obstacle for the large-scale operation of this
process is the limited lifetime of the catal\jj40]. The na-
| ture of catalyst deactivation is largely influenced by the
amount of oxygen present at the catalytic surface. In the
oxygen mass transport limited regime, the catalyst surface
is reduced, that is, it shows a low electrochemical poten-
tial (0.2-0.7 V vs reversible hydrogen electrode, RHE). The
rate of alcohol dehydrogenation is low, and the catalyst may
deactivate by adsorption of carbonaceous deposits and CO
[11-15] This phenomenon is more pronounced when the

There is an increasing trend, for heterogeneously cata
ysed liquid-phase oxidation, toward replacement of stoichio-
metric quantities of inorganic oxidanfd]. The stoichio-
metric oxidation process suffers from a low atom efficiency
and high toxic waste productid@]. Noble-metal-catalysed
oxidations with molecular oxygen are an attractive alterna-
tive, as the oxidant is converted to water and the oxidations
are in general more selectiy@-5]. It is generally accepted . i )
that alcohol oxidation on noble-metal catalysts takes place catglyst IS prereduced by the organic reacfa6t18] With
via a dehydrogenation mechanism followed by the oxidation an increase in the oxygen mass transfer rate, the rate of dehy-

of the adsorbed hydrogen atoms by dissociatively adsorbeddrogenation increases with increasing electrochemical cata-
oxygen[6-9]. lyst potential, and an optimum alcohol dehydrogenation rate

can be obtainefll4]. However, it is rather difficult to main-
tain an optimum dehydrogenation rate because the rate of

* Corresponding author. Fax: +31 40 2446653. oxygen supply easily exceeds the rate of oxygen consump-
E-mail address: j.c.schouten@tue.if0.C. Schouten). tion, because of the low reactivity of the alcohol compound.
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In the intrinsic kinetic regime, the catalyst surface is suc- alcohol oxidation under oxygen-rich conditions. Results are
cessively oxidised, leading to the formation of inactive sur- obtained with a three-phase stirred slurry semi-batch reactor

face oxides, that is, it shows high catalyst potentiall(V and Pt-catalysed oxidation of methylD-glucopyranoside,
vs RHE). The rate of alcohol dehydrogenation is low, and a weakly reducing compound, as a test reaction. Experi-
the catalyst deactivates because of overoxiddfidyi19—-24] ments are performed at a constant pH of 8 and a sufficiently

Depending on the type of reaction and the conditions, other high oxygen partial pressure of 40 kPa. A detailed semi-
catalyst deactivation mechanisms may exist, such as aldolbatch reactor model is used to describe and validate the

condensation (polymerisation or cokif@)l], metal crystal- observed catalytic reaction rates. Long-term catalyst deac-
lite growth (Ostwald ripening)18,21], and metal dissolution tivation by coking, attrition, crystalline growth, and leaching
(leaching)[17,18,21,22] is not subject of this study. These types of catalyst deactiva-

The open-circuit catalyst potential measured during the tion are negligible under the chosen experimental conditions.
reaction is a direct indication of the oxidation state of the Since the reactor was operated batchwise (i.e., the reac-
catalyst surfac¢l1,25] The catalyst potential is mainly in-  tant alcohol concentration was continuously decreasing with
fluenced by the relative amounts of adsorbed species, suchtime), multiple steady-state behaviour could not be identified
as hydrogen species, oxygen-containing species, and organiand is not part of this study.
species. Mallat and Baik§26] even suggested that the cat-
alyst potential is a key to controlling alcohol oxidation, and
catalyst deactivation can be avoided by proper monitoring of 2. Modelling
the catalyst potential. Recently, Gangwal e{aF] success-
fully demonstrated the ability of a developed electrochemi- 2.1. Kinetic model
cal kinetic model, which uses the relation between the sur-
face coverage and the catalyst potential, to describe the dy- |n this work the recently developed dynamic electro-
namic behaviour of alcohol oxidation. On-line open-circuit chemical kinetic model is usef@7], which uses the elec-
catalyst potential measurements showed that catalyst deactitrochemical potential of the catalyst to describe the experi-
vation is accompanied by an increase in the catalyst potentialmentally observed data in a heterogeneous catalytic system.
[13,18,21,22,26,27However, there is no agreement on the The reaction mechanism is presentedTable 1with the
interpretation of the increase in the catalyst potential. It has reaction rate equations. The details of the reaction mech-
been attributed to an increase in the oxygen coverage, lead-anism and the model construction are described elsewhere
ing to catalyst deactivation due to overoxidation, and to site [27]. The model assumes that catalyst deactivation occurs
coverage by carbonaceous deposits and CO. through strong chemisorption of oxygen, leading to the for-

Dirkx and van der Baarj28,29] have clearly demon-  mation of inactive platinum oxide. The formation of the
strated the importance of the start-up procedure for the cat-oxide is represented through steps (VIII) and (IXable 1,
alyst activity. It was found that for gluconic acid (weak wherexs denotes oxide formation sites. Throughout the pa-
reducing agent) oxidation on Pt catalyst in a semi-batch re- per this process is referred to as overoxidation. The surface-
actor, starting with a reduced catalyst resulted in a 14 times specific alcohol dehydrogenation raie (step (lI1), Table J)
higher activity than starting with an oxidised catalyst. How- increases with increasing free site fractigny, and con-
ever, for glucose (strong reducing agent) oxidation on Pt sequently decreases with increasing oxygen coverage,
catalyst, the catalyst activity difference between the two pro- Based upon the non-steady-state site balances and the rate
cedures amounted to a factor of only 1.4. Furthermore, Dijk- equations given imTable 1 the rates of change of oxygen

graaf et al[20,30] have presented an elementary model for coverage and oxide coverage are determined by the follow-
a catalyst deactivation and regeneration process, used foiing differential equations:

the Pt-catalysed oxidation of sodium-D-gluconate (weak re-
ducing agent). Jelemensky et @1] found that, depending % = 2k1Co, O %% — k70, exp(—ﬁ)
on the start-up procedure, multiple steady states can exist df 2 RT
during ethanol oxidation in a continuous stirred-tank reac- — kg®o(1 — Opx), (2)
tor (CSTR). A low steady-state activity was established with d©y EF
an oxidative start-up, and a high steady-state activity witha g, — kgBo(1 — Box) + koConO* eXp(ﬁ)
reductive start-up. This behaviour was described by a con- EE
sideration of the transformation of surface oxygen species — k11Oox @ % exp(——), (2)
into subsurface oxyg€id2,33] RT

It is clear that the reaction start-up procedure has a sig- where®, is the oxygen surface coverageyy is the cover-
nificant influence on the catalytic activity, and interpretation age of inactive oxide formatior§ « is the free site surface
of the measured catalyst potential is important to an under- coveragek; are the reaction rate parameters definedian
standing of the cause of catalyst deactivation. The goal of ble 2 andCo, (mol m~3) is the oxygen concentration at the
this study is to provide detailed quantitative analysis of the catalyst surfacek (V) is the electrochemical catalyst poten-
effect of reaction start-up and catalyst deactivation during tial, F (C mol1) is Faraday’s constang (Jmor1K—1)is
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Table 1
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Reaction steps and rate equations for alcohol oxidation mechanism (Gangw#2&})al.

Reaction step

Rate equation

Oy + 2x — 20x

RCHpOH + %, = RCH;OHx

RCHO+ %, = RCHOx,

RCHyOHs, + % — RCHOx, + 2HT + 267 + %

Ry =k1Co,0%2

ORCH,0H = K2CRCH,0HO*p
OrcHO = K2aCRCHOO*p

R3 = k3OrcH,onO* exp( £5)

0]
(n
(a)
(m

RCHyOHxp + % + OH™ — RCHOx, + HpO + HY +2e 4% R4 = k4ORcH,0HO*CoH exp(%) (Iv)
RCHOx, + * + HpO — RCOOHx, + 2HT 426 + % R5 = ks ORcHOO * exp(%) V)
RCHOx, + * + OH™ — RCOOH«, + Ht 4+2e™ + % R = ke®ORrcHOO*CoH exp(%) (v
Ox + HpO + 26~ — 20H™ + % R7 = k700 exp(— £L) (Vi)
O + *g — Oxg+ % Rg = kg®o(1 — Opx) (vhn
Ox + % — Oxg+ * Rga = kga®oOx (Vllla)
OH™ + % — Oxg+ Ht +2e~ Rg = kgCon@*exp( £5) (1X)
RCOOH+ *p = RCOOHkp OrcooH= K10CrcooH® *p X)
Oxs+ HpO+ 26~ + % — 20H™ + % + xs R11=k1100xOxexp(—£5) (X1)
Table 2 Roxid2 = k11Ltpp@oxO, ©)
Kinetic parameters for reaction steps definedlable 1(Gangwal et al.
27]) Rred1= k3LtppORCH,0HO *, (6)
Parameter Reaction step /Bt(dispersion 42%) Rred2= kaLtppCoHORCH,0HO*, (7
k1 (m3mol~1s~1) oxygen adsorption 20x 101 Rred3= ksLtppORcHOO *, (8)
K> (m3mol~1)  alcohol adsorption F8x 1072

. Rreda=keL (] ) 9
Koo (M3mol~1)  aldehyde adsorption B8x 1072 red4 = k6L1ppCOHORCHOO*. ©)
K1p(m¥mol~1)  acid adsorption P9x 1071 Rreds= ko LtppCoHO* (10)
k3 (sh alcohol dehydrogenation Bx 1079

k4 (M3 mol~1s~1) alcohol dehydrogenation (pH) .80 x 104
ks (571 aldehyde dehydrogenation .88 x 10~/
kg (m3mol~1s~1) aldehyde dehydrogenation (pH)$D

k7 (s oxygen reduction 30x 10°

kg (s™h oxide formation 13x 103
kga(s™h) modified oxide formation ~ (2.63+0.09) x 10~3
kg (m3mols~1)  oxide formation (pH) B9 x 1077

k11 (s7h oxide reduction (1.50-200) x 103

the ideal gas constarf, (K) is the reaction temperature, and
t is time.

where k; are the reaction rate parameters definedlaa

ble 2 L; is the specific number of platinum surface atoms
(i.e., mol Ptkg~! catalyst, based on the assumption that one
Pt surface atom equals one catalytic site), (kg m3) is

the catalyst particle densit¥)rch,oH is the reactant alco-
hol surface coverage&)rcHo is the intermediate aldehyde
surface coverage, ar@on (mol m—3) is the hydroxyl con-
centration. It should be noted that two important phenomena
limit the range of the catalyst potential. First, at a potential
lower than 0.4 V RHE, catalyst coverage with adsorbed hy-
drogen species and CO formation become significant. Sec-

The steady-state catalyst potential during alcohol oxida- ond, above a potential of 1.5 V RHE, oxygen gas evolves

tion is based on the mixed potential thedB4,35] It is

because of water oxidation. Since these reactions are not

assumed that each Pt particle acts as a “short-circuited” electaken into account in the kinetic model presentedidble 1,

trochemical cell, in which the anodic (alcohol dehydrogena-
tion) and cathodic (oxygen reduction) half-reactions take
place at the same rate and the same catalyst pot¢p&al
26]. The catalyst potential is a function of the surface cov-
erages of various reducing and oxidising spefi8s36,37]

The catalyst potential is determined by balancing the rate of

electrons produced®s + R4+ Rs+ Rg+ Rg) per volume of
the catalyst and the rate of electrons consunfed{ R11)

per volume of the catalyst. The resulting catalyst potential
can be expressed by the Nernst equation:

RT
E@) = ﬁln<

Roxid1 + Roxid2 ) 3)
Rred1+ Rred2+ Rred3+ Rreda+ Rreds

with

Roxid1 = k7Lt,0p@o, (4)

Eq. (3) can only be applied if

04VRHE< E <15V RHE (11)

2.2. Semi-batch reactor model

In practice, the oxidation reaction is generally carried out
with the agueous alcohol reactant in a batch mode and the
oxidant, molecular oxygen, in a continuous mode. For the
reaction to take place, oxygen has to be transferred from the
gas phase to the liquid phase, through the liquid to the cat-
alyst particle, and finally has to diffuse through the pores to
the catalytic site inside the particle. For this work, it was ver-
ified that liquid-to-solid mass transport limitation and intra-
particle diffusion limitations are not present and hence were
not taken into accouriB8]. The transient material balance
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equations for oxygen in the gas phase and in the liquid phaseTable 3

are as follows: Catalyst properties
: Catalyst properties Eggshell @&
Ed_P =Fc pn—p —keLagLVL(HP — CL), (Engelhard, code-43545)
RT dt , RT Dispersion (%) 42
gas phase (G) (12) BET surface area (Ag~1m~1) 900
dC Pt content (wt%) 5
W T =keLacLVL(HP — CL) — VLRv 0, Particle size (um) 35-40
L Moisture content (% 46.88
liquid phase (L), 13) oy og -
whereV g (m?) is the volume of gas in the reactat,(Pa)is ~ Densiy (kam ) 1050
. . 3y Lt (molkg™1) 0.1078
the oxygen partial pressure in the react®y,g (m°s ) is
the total volumetric gas flow ratég acL (s71) is the volu-
metric gas-to-liquid mass transport coefficielt(mol m—3 Table 4
Pa 1) is the Henry coefficientC (molm~3) is the oxygen  Experimental operating conditions
concentration in the liquid phasg, (m~3) is the total liquid Operating condition Semi-batch reactor
volume, andRy o, (molm~—3s71) is the overall volumetric HO) p
oxygen consumption rate: Degree of conversion (%) 5-30
TemperatureT (K) 323
Rv.0, = Ceatltk10%°CL, (14) Catalyst concentratior;cat (kg m—3) 2
) . Stirring speed (rpm) 1000
whereCcat (kgm3) is the catalyst concentration. The rate Oxygen partial pressur@" (kPa) 40
of reaction can also be expressed in terms of the specific con-nitial MGP concentrationCygp (mol m—3) 100
sumption of the reactant alcoh@rcp,on (Molkg™ts™1), Initial MG concentrationCyg (mol m—3) 0
from Eq. (Ill) in Table las Liquid volume, v (m?) 0.5x 1073
Gas volumey g (m~3) 0.35x 1073
EF Volumetric gas flowFy, g (m®s™1) 14x 106
RRCH,0H = Ltk3®RcH,0HO * exp(ﬁ>, (15) koLacL (1) 0.4
where®rch,oH is the reactant alcohol surface coverage and
is calculated from Eq. (I1) ifable 1 mental conditions as given fables 3 and 4The differential

The liquid reactant alcohol is in a batch mode and equations, Eqg12), (13), (16), (17), and (19are solved by
is Continuou3|y Converting to the product as the reac- a stiff ordinary differential equation solver routine (OdeZ3S).
tion progresses; for example, methyl glucoside (MGP)
gives methyl glucuronic acid (MG) with methyl aldehydo-
glucoside (MAGP) as an intermediate. The material balances
for the liquid reactant and the products are described as fol-3. Experimental

lows:
The rate of disappearance of alcohol to aldehyde is 3.1. Conditions
dCrcH,0H i i ' i
HOH _ — CeatRRCH,OH (16) In this work, experiments were performed in a stirred
dt three-phase semi-batch reactor. The aqueous alcohol reac-
tant is added in a batch mode. The gaseous oxidant (molec-
dCreho = Ceal RreryoH — RRCHO), (17) ular oxygen) is supplied. continuously by a mass floyv con-
dr troller. The oxygen partial pressure is set by the nitrogen
where RrcHo is the rate of aldehyde disappearance and is flow, also supplied by a mass flow controller. The pH of the
determined from Eq. (IV) ifable las reaction medium is kept at a constant level, by controlled ad-
dition of a known concentration of an alkali (NaOH). During
Rrcho = Lika®@rcHo® * exp<ﬁ>, (18) the reaction, the alcohol reactant is converted to the product
R acid with time. The acid formation rate is measured through

where@grchois the aldehyde surface coverage and is calcu- the rate of addition of alkali. The oxygen concentration in the
lated from Eq. (Ila) inTable 1 The rate of acid formation is  liquid phase is measured with an oxygen electrode. The open

calculated from the rate of disappearance of the aldehyde ascircuit electrochemical catalyst potential is measured with
a smooth Pt wire as the working electrode and Ag/AgCl,
dCrcooH _ CeatRRCHO. (19) saturated KCl as a reference electrode. A commercial non-
dr uniform (egg shell), 5 wt% Pt on carbon (Engelhard; code-
The reactor model equations are solved with Matlab soft- 43545) catalyst is used. The properties of the catalyst are

ware, with the use of the catalyst properties and the experi-listed in Table 3 Experiments were performed under the re-
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action conditions listed ifable 4 and further details of the
procedure are described elsewhi@g].

In the literature, it has been argued that overoxidation is
the result of catalyst deactivation due to carbonaceous de-
position and that overoxidation is not the direct cause of
catalyst deactivatiofd,12]. The simplest way to verify the
main cause of the deactivation is to restore the initial rate

Depending on the pretreatment of the catalyst, three dif- Of reaction by interruption of the oxygen supply to the re-

ferent reaction starting procedures are investigated, as fol-actor or to stop the gas-inducing stirrer for a few minutes
lows: [30], which facilitates the reduction of the catalyst by the al-

cohol reactantFig. 1a shows that after 2500 s of reaction
time, the oxygen supply to the reactor was stopped for about

For the reductive start-up procedure, the catalyst slurry 1100 s and then was started again. There is a temlporary
is prereduced in a hydrogen atmosphere for about 1800 s aharP increase mlthelreactlon_ rate, from 1.75 mmofiey
323 K. After it is flushed with nitrogen, the liquid reactant, t© 2-23 mmolkg=s~, at the initial stage of the regenera-
aqueous alcohol, is added to the slurry, and the experimento": and thel? the reaction rate |mmed|ately drpps. After the
is started by a specific partial pressure of oxygen introduced ©xY9€n flow is resumed, the rate of reaction is restored to

by the gas inlet to the reactor. The details of the experimental (€ l€vel of the fresh active catalyst. The catalyst is regener-
procedure are described elsewhi@]. ated by a simple in situ reduction process, which shows that

overoxidation is the main cause of deactivation and not the
deposition of carbonaceous compounds. However, the mag-
nitude of the recovered reaction rate is not the same as at
the beginning of the reaction, because of the drop in the
reactant concentration (conversion 17%). The temporary in-
Srease in the reaction rate, shortly after the oxygen flow is
stopped, may be an indication of the consumption of inac-
tive oxide together with the negative order dependence on
oxygen concentration, which has been demonstrated in our
previous modelling work39]. The reduction of the catalyst
can also be seen through the drop in the measured electro-
3.2.3. Inert start-up chemical catalyst potentiaF{g. 1c), which reaches 0.4 V.

The term “inert mear}s Lhat thelreach(;n IS stalrted V‘I”th' As soon as the oxygen flow is resumed, the catalyst poten-
.OUt any pretreatment o the catalyst. 1€ cate_l yst slurry tial follows its previous track; however, it reaches a higher
is brought to the reaction temperature in a nitrogen at- level of 0.97 V more quickly.

mosphere. The liquid reactant, aqueous alcohol, is added to Fig. 1a shows that the dynamic semi-batch reactor model,

the aqueous catalyst slurry, at the reaction temperature, ang nich assumes overoxidation to be the main cause of cata-
the experiment s started by simultaneous addition of 0xygen o4 eactivation, is well able to describe the observed reac-

to the reactor. tion rates. The high initial catalytic activity followed by the
strong catalyst deactivation accompanied by reactant conver-
sion is accurately described by the model. In order to mimic
the experimental data, after a simulation time of 2500 s, the
gas-phase oxygen partial pressure in the model was forced to
zero for 1100 s and then switched back to its original value.
The reactor model with the electrochemical kinetics clearly
demonstrates that the catalyst activity is fully regenerated,

3.2. Reaction start-up procedure

3.2.1. Reductive start-up

3.2.2. Oxidative start-up

For the oxidative start-up procedure, the catalyst pretreat-
ment is similar to the reductive start-up. However, before
starting the reaction, the catalyst slurry is oxidised by ex-
posure to a 40-kPa partial pressure of gaseous oxygen, for
specific time of 1800 s. The reaction is then started in oxi-
dising medium, by the addition of a known concentration of
aqueous alcohol to the reactor.

4, Resultsand discussion
4.1. Reductive start-up

Fig. la shows the experimentally observed acid for-

mation rate as a function of time for the reductive start-
up procedure. The initial acid formation rate obtained is
5.6 mmolkg1s~1. As the reaction progresses the reaction
rate clearly drops. This drop is due not only to conversion of
the liquid reactant, but also to strong catalyst deactivation.

and overoxidation is the main cause of the deactivation. In
order to describe a temporary increase in the acid formation
rate as observed in the experiment at the beginning of the
reactivation period, diffusion limitation inside the catalyst
particle has to be considered in the mof@8l]. Immediately

To visualise this catalyst deactivation phenomenon, the ob-after the oxygen partial pressure is set to zero, the model
served catalyst potential against time is presentddgnic. shows a temporary increase in the reaction r&ig.(1b).
Starting from a reduced catalyst (0.1 V potential) surface, However, the magnitude of this increased rate is lower than
the catalyst potential instantly increases to 0.9 V as soon asthat observed in the experiment. This may be due to the fact
the oxygen reaches the catalyst surface; thereafter it slowlythat the model insufficiently accounts for the oxygen storage
increases further and stabilises around 0.97 V. This further capacity of the catalyst support and the platinum oxide.
increase in the catalyst potential indicates that the catalyst The calculated potentials presentedrig. 1c, show the
deactivates because of overoxidatjad,25] right magnitude for the increase in the reaction rate with
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Fig. 1. Effect of the reductive startup procedure: (a) acid formation rate; (b) enlarged view of the acid formation rate using diffusion modelafiogsine
reactivation period; (c) electrochemical catalyst potential; (d) oxide coverage; (e) oxygen coverage; and (f) MGP concentration. The oxyg@ppegpl
from 2500 to 3600 s. Symbols represent experimental data and lines represent model results.

increase in potential from the reduced state followed by cat- to a level of 0.4 V. There is a discrepancy between the model
alyst deactivation with time, corresponding to an oxidised and the experiments because the measured electrochemical
potential level of approximately 1 V. During the reduction catalyst potential is quite dynamic, as it is a mixed potential
period, the drop in the model predicted potential is smaller, of colliding catalyst particles, the reaction mixture, and the
compared with the measured catalyst potential. However, af-smooth Pt wire, whereas in the model the removal of oxide
ter some time, the model shows a rapid drop in the potential is a relatively slow process. As soon as the oxygen pressure
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is switched back to its original value, the potential increases ply to the reactor was stopped for about 800 s and started
faster and stabilizes to a slightly higher level (1 V) than the again. There is a temporary increase in the reaction rate,
original level (0.99 V), similar to the experimentally mea- from 1.95 to 3.45 mmolkg!s~1, at the initial stage of the
sured catalyst potential. regeneration and then the reaction rate immediately drops.
The degree of catalyst deactivation due to overoxidation This temporary increase in the reaction rate is almost 3 times
is presented as the simulated oxide coverage against time irhigher than that for the reductive start-up. After the oxygen
Fig. 1d. After 2500 s, approximately 60%6x = 0.58) of flow is resumed, the rate of reaction is restored to the level
the catalyst surface is covered with inactive platinum oxide. of fresh active catalyst. The catalyst is regenerated by the
During the reduction time, the drop in oxide coverage co- simple in situ reduction process, which confirms that overox-
incides with the catalyst potential. It can be seen from the idation is the main cause of deactivation. The reduction of
figure that at 3200 s the oxide coverage decreases to zerothe catalyst can also be seen through the drop in the mea-
which means 700 s of reduction time is sufficient for re- sured catalyst potentiaF{g. 2b), which reaches 0.4 V. As
generation of the catalyst. This means that with this model soon as the oxygen flow is resumed, the catalyst potential
the reduction period can be optimised, which is essential to follows its previous track; however it rather quickly reaches
avoid carbonaceous deposits due to prolonged exposure of higher level of 0.97 V.
the reduced catalyst to organic compoufig17] For modelling of the oxidative start-up, the semi-batch
Fig. le shows the simulated oxygen coverage with time. reactor model has been modified, containing two parts: first
The initial oxygen coverage (approx. 0.5) decreases with the oxidised period (no reaction), where the reactant alco-
time because of the increase in oxide formation. During the hol is not present, followed by the reaction period, with the
reduction period the coverage quickly drops to zero. As soon standard set of equations.
as the oxygen pressure is switched to its original value, the  For the oxidised period (no reaction), E¢s), (2), (12),
oxygen coverage at the catalyst surface increases, goes to and (13)are used, whereas the catalyst potential Bjis
higher level because of lower alcohol coverage (conversion), modified, because of the absence of alcohol reactant and re-
and drops again because of overoxidatibig. 1f shows action products, as follows:
the simulated concentration of the reactant alcohol, MGP, T/ Roidi + Roxi
as a function of time. It can be seen that the calculated con-E = —In<M>.
version, from MGP concentration data, is around 26% over Rreds
5000 s of the simulation time. Within this conversion level, Itis found that during the preoxidising period, in the absence
it can be accepted that the MGP oxidation has close to 100%o0f the alcohol reactant, the model predicts a high degree of

(20)

selectivity[24]. catalyst deactivation&ox = 0.8), which results in a much
lower reaction rate (not shown here) compared with the ob-
4.2. Oxidative start-up served reaction rate. However, after the reduction period, the

model shows complete regeneration of the catalytic activ-

Fig. 2a shows the experimentally observed acid formation ity and gives an accurate description of the reaction rates
rate as a function of time for the oxidative start-up proce- thereafter, which duplicates the reductive start-up. In order
dure. The catalyst slurry, after reduction with hydrogen, is to describe the initial observed reaction rates, for the oxida-
oxidised with a 40 kPa partial pressure of oxygen, for about tive start-up, the kinetic step (VIII), ifable 1 is modified
1800 s, in the absence of the alcohol reactant. The reactionto step (VIlla). It is assumed that free sites are needed for the
is started by the addition of a known amount of alcohol re- transformation of chemisorbed oxygen into inactive oxide. It
actant to the catalyst slurry, in the presence of oxygen. Thecan be envisaged that chemisorbed oxygen, in the absence of
initial acid formation rate obtained is 4.21 mmolkgs 1, co-reactants, forms a regular layer on the platinum surface,
which is 1.3 times lower than the initial rate for the reductive which only decomposes into inactive oxide, depending on
start-up. As the reaction progresses the drop in the reactionthe degree of layer disruption (creation of free sites). This is
rate can clearly be seen. This drop occurs not only becausesimilar to the “oxygen passivation” phenomena in corrosion
of conversion of the reactant but also because of strong catascience, or place exchange mechanisms observed in electro-
lyst deactivation. Again to visualise the catalyst deactivation, chemistry[40]. This is also in agreement with Dirkx and
the observed catalyst potential against time is presented invan der Baafi28], who have found that catalyst deactivation
Fig. 2b. In the oxidising medium the catalyst has a potential due to overoxidation is higher in the presence of the reac-
of about 1.1V, and as soon as the alcohol reactant is added tdant alcohol (reaction) than in the absence of the reactant.
the catalyst slurry the potential drops to 0.9 V, and thereafter The kinetic parametekg,, of the modified step, (Vllla) in
it slowly increases to 0.97 V and stabilises. This increase in Table ], is estimated with the use of former experimental
the catalyst potential indicates that the catalyst has deacti-data, obtained under different pH conditid2§], with the
vated. other parameters kept fixed. It is verified that the results pre-

To verify the mechanism of deactivation, the regeneration sented for the reductive start-up are not altered, because of
procedure as described in the previous section is followed.the modification in this step. The parametggis exchanged
Fig. 2a shows that after 4000 s of run time, the oxygen sup- for kga x @ in the model, and the average free site cover-
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Fig. 2. Effect of the oxidative startup procedure: (a) acid formation rate; (b) electrochemical catalyst potential; (c) oxide coverage; (dfaxyyeous
line) and free site coverage (dashed line); and (e) MGP concentration. The reactant alcohol, MGP, is added after 1800 s and the oxygen supply stopped fr

4000 to 4800 s. Symbols represent experimental data and lines represent model results.

age, @+, during the reaction is approximately 0.43, which a simulation time of 4000 s, the gas-phase oxygen partial
results inkgg ~ 2.35 x kg. pressure in the model was forced to zero for 800 s and

Fig. 2a shows that the reactor model is well able to de- then switched back to its original value. The model clearly
scribe the observed reaction rates. The acid formation ratedemonstrates that the catalyst activity is fully regenerated
after the pre-oxidation period (no reaction) is now properly and overoxidation is the main cause of catalyst deactivation.
simulated. In order to mimic the experimental data, after Immediately after the oxygen partial pressure is set to zero,
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the model shows a temporary increase in the reaction rate.oxygen pressure is switched to its original value, the oxy-
However, the magnitude of the increased rate is lower than gen coverage at the catalyst surface increases and goes to a
observed in the experiment, similar to the reductive start-up higher level (approx. 0.6), because of a lower alcohol cover-
simulations. age (conversion), and drops again because of overoxidation.
The calculated potentials presentedig. 2b show that Fig. 2e shows the simulated concentration of the reactant
the model adequately describes the measured electrochemalcohol, MGP, as a function of time. It can be seen that
ical catalyst potentials. In the oxidised period the electro- the calculated conversion, from MGP concentration data, is
chemical catalyst potential reaches a high value, aroundaround 22% over 6000 s of the simulation time.
1.2 V, compared with the reaction period. The potential de-
creases to a lower value of 0.99 V with the addition of the 4.3. Inert start-up
alcohol reactant. However, during the reduction period, the
model predicts a slower drop in the catalyst potential com-  Fig. 3a shows the experimentally observed acid formation
pared with the measured potential, similar to that for the rate as a function of time for the inert start-up procedure; that
reductive start-up. is, the catalyst was used from the shelf. It can be seen that
The degree of catalyst deactivation due to overoxidation the catalyst shows hardly any activity. The inert start-up rep-
is presented as the simulated oxide coverage against time irresents an extreme case of the oxidative start-up. The initial
Fig. 2c. During the pre-oxidation period of 1800 s, approx- rate obtained was only 0.3 mmolkys—t, which is nearly
imately 22% (ox = 0.22) of the catalyst surface is covered 19 times lower than the reductive start-up and 14 times lower
with inactive platinum oxide. It can be determined that after than the oxidative start-up. Furthermore, to understand the
approximately 33 h of continuous exposure of the catalyst to cause of such a low activity, the oxygen flow was stopped
the oxygen supply, full coverage with inactive platinum ox- after 3500 s for about 1000 s and started again. It can be
ide (Oox = 1) is obtained. After the addition of the reactant seen from the figure that the catalyst was fully regenerated
alcohol, the reaction starts but the level of the oxide coverageand an acid formation rate of 5.8 mmolikgs—! was ob-
remains the same. This shows that the reactant alcohol is untained, which is of the same magnitude as for the reductive
able to reduce the oxide in the presence of oxygen, which start-up. This shows that with the inert start-up procedure,
confirms that the reactant MGP is a weak reducing com- before the reaction was started, the catalyst was fully overox-
pound. However, the oxygen coverage presentdeidn2d idised. The initial reaction rate is close to the reaction rate
drops from 0.8 to below 0.4, which has a slight effect on obtained by Dirkx and van der Ba§20] for an overoxidised
the catalyst potential, lowering its value from 1.2 to 1 V catalyst. The complete reactivation of the catalyst confirms
(Fig. 2o). that overoxidation is the main cause of the catalyst deac-
After 4000 s of simulation time the model shows 60% cat- tivation. The temporary increase in the reaction rate, from
alyst deactivation, whereas the same degree of catalyst deac9.5 to 1.1 mmolkg!s™1, at the initial stage of the regen-
tivation (60%) was obtained after 2500 s with the reductive eration, matches the findings from the other start-up proce-
start-up. This means that a higher catalyst deactivation ratedures.
is observed with reaction than without reaction. In practice,  To understand catalyst deactivation, the observed elec-
catalyst deactivation seems to be proportional to the turnovertrochemical catalyst potential against time is presented in
frequency[28]. This can be understood by considering that Fig. 3b. Starting from an oxidised surface with a potential
the alcohol dehydrogenation rate, step (lll)Table 1 and around 1V, after addition of the reactant, the potential drops
the inactive oxide formation rate, steps (Vllla) and (1X), are to a lower value of 0.9 V. The catalyst potential stays at
proportional to the number of available free sites. During the the same level over the reaction time. This inertness of the
reduction time, the drop in oxide coverage coincides with catalyst potential corresponds to the unaltered concentration
the catalyst potential. The oxide is completely removed after (no conversion) of the reactant alcohol. During the reduc-
800 s of catalyst reduction, which indicates complete regen- tion period, the catalyst potential drops to 0.4 V. As soon as
eration of the catalyst. the oxygen flow is resumed, the catalyst potential instanta-
Fig. 2d shows the simulated oxygen coverage and free neously increases to 0.9 V and quickly reaches 0.97 V during
site coverage with time. The oxidative start-up leads to a the reaction, where it stabilises, confirming the overoxida-
higher initial oxygen coverage (approx. 0.9) than the reduc- tion.
tive start-up (approx. 0.5). As soon as the reactant alcoholis  For modelling of the inert start-up, it is assumed that the
added to the slurry, the oxygen coverage drops from a level catalyst is fully oxidised, that is, there is a high coverage of
of 0.8 to below 0.4, whereas the free site coverage increasexide ((ox = 0.9). In agreement with the previous section,
to 0.38. The oxygen coverage further decreases with timethe modified kinetic step (Vllla) is used to determine the in-
due to an increase in oxide formation. The increased numberactive oxide formationkig. 3a shows that the reactor model
of available free sites contributes to overoxidation during the is well able to describe the observed low reaction rates. In or-
reaction, through kinetic steps (Vllla) and (1X) rable 1 der to mimic the experimental data, after a simulation time
During the reduction period the oxygen coverage quickly of 3500 s, the gas-phase oxygen partial pressure in the model
drops to zero, and the free site coverage reaches 1. When thevas forced to zero for 1000 s and then switched back to its
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Fig. 3. Effect of the inert startup procedure: (a) acid formation rate; (b) electrochemical catalyst potential; (c) oxide coverage; (d) oxyapg aoder
(e) MGP concentration. The oxygen supply stopped from 3500 to 4600 s. Symbols represent experimental data and lines represent model results.

original value. The model clearly demonstrates that the cat- of the increased rate was lower than observed in the experi-
alyst activity is fully regenerated and overoxidation is the ment, similar to that for the reductive start-up.

main cause of the deactivation. Immediately after the oxygen  The calculated potentials presentedFig. 3b properly
partial pressure was set to zero, the model showed a tempodescribe the observed electrochemical catalyst potential.
rary increase in the reaction rate. However, the magnitude During the reduction period the drop in the model predicted
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potential is smaller compared with the measured catalystsites are needed for transformation of chemisorbed oxygen
potential, as observed for the other start-ups. The potentialinto inactive oxide, gave a good description of the oxidative
then drops to the level of 0.4 V, and, as soon as the oxygenstart-up. Investigation of the effect of varying oxygen patrtial
pressure is switched back to its original value, the potential pressure, length of the pre-oxidising period, pH, and metal
increases faster and stabilizes at a higher level (1 V) than thecrystallite size on the initial reaction rate would give useful
original level (0.95 V), similar to the experimentally mea- additional data to verify or adjust the kinetic equations that
sured catalyst potential. describe overoxidation.

Fig. 3c shows the simulated oxide coverage against time.
The oxide coverage remains at a high level, for a long period,
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