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Abstract

This work focused on the kinetic modelling of heterogengoaatalysed chemical reac-
tions making use of experimental data produced by tempergitogrammed methods.
These methods are traditionally applied in the characteois of gas—solid interactions.
However, as is demonstrated in this thesis, the results rapéeature-programmed
methods are also suitable for deriving kinetic models, Whitescribe the rates of
reactions. The derived kinetic models are valuable for th€igh and optimisation of

chemical reactors, for the study of reaction mechanismda@nzhtalyst development.

The methodology of kinetic modelling based on data from terare-programmed
experiments was developed through two case studies. Thesfiidy dealt with the
regeneration of a ferrierite catalyst deactivated by caken&tion in skeletal isomerisa-
tion of alkenes. Many industrial processes dealing withrbgdrbons suffer from the
formation of relatively large carbon and hydrogen contagnmolecules (coke) on the
catalyst, which decrease its activity. The removal of cokdnbat treatment under inert
gas flow was studied with temperature-programmed gasgicatiVith the results of the
experiments, kinetic models, suitable for reactor desrggre derived for the evolution
of light hydrocarbon fractions ranging fromp@o Cs. The regeneration of the catalyst
by coke oxidation was studied with temperature-programmedation (TPO). Several
power law models and models based on assumed mechanisressiutly described the
evolution of carbon oxides and water. The models that desdrihe experimental data
indicated that oxygen forms a reactive intermediate in gdgsilibrium reaction, and the

formation of CO and C@proceeds through one or more common precursors.

The second study focused on adsorption and desorption hvéene fundamental steps
in heterogeneously catalysed reactions. The interplayd®st readsorption and mass
transfer in a micro-reactor were studied from the point @wiof kinetic modelling.
The results clearly favour the pseudohomogeneous plug-feagtor model for the
description of the reactor if intraparticle mass transiarthtions are negligible. The

derived modelling methodology was applied in the study oboa dioxide adsorption



on zirconia catalysts. Pulse adsorption followed by te@afge-programmed desorption
(TPD) resulted in informative experimental data for kinetnodelling. The derived
kinetic models indicated that carbon dioxide adsorbs oradtlthree types of sites on

zirconia catalysts.

In conclusion, this work shows that properly designed tenamjpee-programmed ex-
periments yield rich information for kinetic modelling, mey because of the strong
dependence of most reaction rates on temperature. Thedefindelling methodology
provides a basis for further research that utilises tempergprogrammed methods for

the study of kinetics of heterogeneously catalysed re@astio

keywords: kinetics, modelling, temperature-programmed methodgrbgeneous catal-

ysis, temperature-programmed oxidation, temperatusgrpmmed desorption



Tiivistelma

Tama vaitoskirjatyd kasittelee heterogeenisesti katéygen reaktioiden kinetiikan
mallinnusta hyddyntden lampdtilaohjelmoitujen koemelmeten tuloksia. Lampo-
tilaohjelmoituja menetelmid kaytetddn yleisesti kaasuj@a kiinteiden aineiden
vuorovaikutusten karakterisointiin.  Ty0 osoittaa, et@m@ menetelmat soveltuvat
my0s reaktioiden nopeuksia kuvaavien kineettisten nrakiehittamiseen. Kineettisten
mallien sovelluskohteita ovat kemiallisten reaktoreidgmnnittelu ja toiminnan opti-

mointi, reaktiomekanismien tutkimus ja katalyyttien kghi

Kinetilkan mallinnuksen metodologiaa kehitettiin kahdsvelluskohteen tutkimuksen
puitteissa. Ensimmaé&inen kohde oli alkeenien skeletahesointireaktiossa kok-
saantumisen vuoksi deaktivoituneen katalyytin regenéroi Koksin muodostuminen
katalyytille pienentdd katalyytin aktiivisuutta monissaollisissa hiilivetyja kasittele-
vissa prosesseissa. Koksin poistoa inerttivirtauksestdtttin |Ampdtilaohjelmoidun
kaasutusmenetelman avulla. Koetuloksiin pohjautuentétimn kineettisia malleja
hiilivetyfraktioiden G - Cs muodostumiselle koksaantuneesta katalyytistd. Katalyyt
regenerointi voidaan suorittaa myos polttamalla, mit&itin lampdotilaohjelmoidun
hapetuksen (TPO) avulla. Useat mekanismiin pohjautuvaeitiset mallit kuvasivat
koetuloksia hyvin. Mallien yhteiset piirteet viittavatitsén, ettd happi muodostaa
reaktiivisen valituotteen nopeassa tasapainoreaktigssiilen oksidit muodostuvat

yhden tai useamman yhteisen valituotteen kautta.

Toinen tutkimuskohde oli kaasumaisten aineiden adsorjatialesorptio katalyytin
pinnalle. Nama reaktioaskeleet ovat tarke& osa katalyjaaieaktioita. Mikroreaktorissa
tapahtuvien oleellisten prosessien matemaattista kuggamarten systeemia tutkit-
tiin simuloinnin avulla.  Kiinnostuksen kohteena oli erd#gsti takaisinadsorption
vaikutus. Tulokset puoltavat pseudohomogeenisen tulgpagreaktorimallin kaytt6a
reaktorin kuvaamiseen, kun partikkelin siséinen ainedgasei ole rajoittava tekija.
Tybssa kehitettyd mallinnusmetodologiaa hyodynnettiiidioksidin adsorption ja

desorption tutkimuksessa, jossa kaytettiin zirkoniundikatalyytteja. Kokeet tehtiin
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pulssiadsorptio- ja TPD-menetelmien mukaisesti. Malistlosten perusteella hiili-

dioksidi adsorboituu ainakin kolmen tyyppisille pintalaille tutkituille katalyyteille.

Yhteenvetona voidaan todeta, etta lampoétilaohjelmoiderietelmat tuottavat tehokkaasti
suuren informaatiomdaran omaavia mittaustuloksia, jot@veltuvat kinetiikan
mallinnukseen. Tama& johtuu erityisesti siita, etta realapeudet tyypillisesti riip-
puvat lampdtilasta erittdin paljon ja lampotilaohjelnupen menetelmien tulokset
kattavat laajan lampatilavalin.  Tyossa kehitettyd mallismetodologiaa voidaan
hyodyntad edelleen heterogeenisesti katalysoitujenticedén tutkimuksessa, jossa

kaytetaan lampaotilaohjelmoitujen menetelmien tuloksreekikan mallinnukseen.

avainsanat: kinetiikka, mallinnus, lampétilaohjelmoidut menetelméeterogeeninen

katalyysi, lampdotilaohjelmoitu hapetus, lampdtilaoheitu desorptio
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model, n. (quotation 8.a.)

A simplified or idealised description or conception of a gatr system,
situation, or process, often in mathematical terms, thatiigorward as a
basis for theoretical or empirical understanding, or fdc@iations,

predictions, etc.

modelling, n. (quotation 2.c.)

The devising or use of abstract or mathematical models.

— Oxford English Dictionary, draft revision Sept. 2002
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1 Temperature-programmed methods

This work focuses on the kinetic modelling of gas—solid tieas utilising experimental
data produced by temperature-programmed (TP) methods. efRoas [1-4] rely on a
continuously operated micro-reactor with a gas feed systethan analysis system for
the outflow. “Temperature-programmed” refers to the hgator cooling) of the reactor
in a closely controlled way. TP methods are well-known treramalysis techniques
suitable for studying gas—solid interactions, and theypameular methods for catalyst
characterisation. However, the results of this work shoat these methods are also

suitable for producing transient experimental data foeknmodelling.

1.1 Types of temperature-programmed experiments

TP methods can be classified by reaction into several cagsg(it, 2]. Adsorption

and desorption of a gas phase compound on a catalyst sudacée studied by a
combination of various adsorption methods with tempeeaprogrammed desorption
(TPD). The TPD can be carried out either in vacuum or with @&ntigas feed. Reduction
of a catalyst surface under a reductive gas stream, suchdaedgn, can be probed by
temperature-programmed reduction (TPR) [5]. Oxidatioa cétalyst, or of a component
on the catalyst surface, can be studied by temperaturegroged oxidation (TPO)
by applying an oxidative gas stream. In general, any chdmeeation taking place on
a catalyst surface under reactant flow can be studied wittmpdgature-programmed
surface reaction (TPSR) method. Instead of the particdaction, TP methods are
sometimes classified according to the feed gas compositiéor. example, removal
of coke from a catalyst under helium flow is referred to as teramre-programmed

gasification (TPHe) [2, 6], even though the method is esalntdentical with TPD.

The first part of this thesis (Chapter 3, I-lll) focuses on ealegeneration studied
by TPHe and TPO methods. TPO is a particularly popular mefbodoke charac-
terisation [6], and the method has also been used to extraetik information on
oxidation [7—12]. For example, the presence of several paakhe TPO spectrum is

indicative of a heterogeneity, such as chemically diffeigyecies or variation in coke
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morphology [8]. If these or other heterogeneities are adeil) however, multiple peaks

are due to actual reaction kinetics.

The focus of the second part of the thesis (Chapter 4, 1V, djsorption and desorption
studied by TPD [1, 2]. Ultra-high vacuum (UHV) TPD experinhave traditionally
been used to study desorption kinetics [1, 13], but appdinatdf the results suffers from
the difference of pressures between UHV and industrial itimms (pressure gap). While
atmospheric TPD (flow TPD) is much closer to industrial ctiodss than UHV TPD, the
simultaneous occurrence of adsorption, desorption and tnasssfer in the reactor and
inside the catalyst particles may make the use of these iexpetal data challenging [14,
15]. Some results of kinetic analyses have recently nestasls been published [16-19].
A proper description of the reactor flow is especially impattin atmospheric TPD [20].
Another feature of adsorption and desorption in atmosphE?PD is that these reactions
tend to be fast compared with other processes. An equitibgpecific to the location in
the reactor and to time (quasi-equilibrium) is formed, aedds to be accounted for in the

kinetic modelling.

1.2 Kinetic modelling and temperature-programmed methods

The aim of kinetic modelling [21-24] is to derive mathematimodels that describe the
rates of chemical reactions. A kinetic model can be appbetktermine the reaction rate
guantitatively once the values of the variables in the ratedre known. Kinetic models
are essential in the design of chemical reactors, in theysiidhemical reactions and in

catalyst development.

Kinetic models can be tested and parameters estimated byas@vethods utilising data
from transient TP experiments [25]. Methods based on Ardseplots can be used to
obtain parameter estimates, but the range of applicabldittams of these methods is
often limited and the methods typically include restrigt@ssumptions on the intrinsic

kinetics. In contrast, regression methods [22, 26] set smictions on kinetic models.
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1.3 Aim of the work

The aim of the work was to derive kinetic models for the regatien of a coked ferrierite
catalyst and for the adsorption and desorption of carboridgoon zirconia catalysts.
Relevant applications of the models include reactor deargh catalysis research. The
experimental data needed for the modelling was obtainecimpérature-programmed
methods. A broader aim of the work was to show that such datheatilised in kinetic
modelling. This was demonstrated by two case studies tktateatalyst regeneration,
and the adsorption and desorption of carbon dioxide. Tlevaak methodological aspects
of the modelling which emerged during the work are reportéd aview to encouraging

and assisting future kinetic modelling of TP experimentibd
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2 Details of the kinetic modelling

The focus of this thesis is kinetic modelling utilising d&tam temperature-programmed
experiments. This chapter summarises the details of theshiagl relevant to the case

studies described in chapters 3 and 4.

2.1 Design of temperature-programmed experiments

Kinetic experiments were designed so that the mathemat&sdription of the reactor
would be as simple as possible. Table 1 presents the rangariables applied in the
TP experiments of this work. As far as possible the expertmeere carried out under
kinetically controlled conditions so that other procedsesides reaction kinetics would
have minimal effect on the results of measurements. For pkara small particle size of
the catalyst was employed to remove mass and heat transiitaitions inside particles
(V).

Table 1: Parameters and properties in temperature-progeanexperiments (I-111,V).

carrier gas He

feed gases QCO
guantified gases CO, GOH0, CGHy (x=2-5)
flow rate of carrier gas, Q (cfimin) 30 — 100
catalyst mass, W (mg) 10 -300
catalyst particle radius, Rcm) 0.012-0.035
catalyst densitypp (Mgcat/cM®) 900 — 1300
reactor bed length, L (cm) 09-1.2
reactor diameter,g(cm) 0.2-0.9
pressure (bar) 1.0-14
heating rateqC/min) 5-30
temperature rangéQ) 30-850

By design, temperature and the conversion level of the icraeate highly correlated in
a TP experiment. To decrease this correlation and to thea&byhe identification of
kinetic models [27, 28], TP experiments were carried outeabsl heating rates. The
use of different heating rates may also reveal importargrbgeneity. Concentration of

the feed gas was also varied in several ways. In TPO expetsiétil) the feed oxygen
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concentration was constant during a single experiment andd between experiments.
The concentration of oxygen in the feed was thus accuratedywk. In TPD experiments

(V) the pulsing technique [15] was applied in adsorption.néic modelling with the

results of the pulsing technique requires that the conaBoib-time data of the feed
entering the catalyst bed is accurately known, so that tlaa@ds in concentration can
be precisely simulated. The input was determined with bexperiments in an empty
reactor. Axial mixing of the adsorption pulse with the carmas in the catalyst bed was

established to be negligible in an experiment with inertenat in place of the catalyst.

Various experimental errors were revealed by repetitiaihefTP experiments. Tempera-
ture shift of the measured thermogram (ll) was attributesisgbght change in the location
of the thermocouple inside the reactor. Changes in the et#ie measured thermograms
(1) were due to experimental errors in the analysis of comuls (calibration vs. actual
experiment). Considering the information content of TPeskpents for kinetic mod-
elling, even a few experiments with different heating rades sufficient, and the value
of numerous additional experiments is relatively smallwdeer, with only a few exper-
iments, the effect of errors is more pronounced than withtexhdl experiments. The
use of repetitions of experiments in the kinetic modellingled to the computational
workload of the parameter estimation but decreased théniadfect of the errors on

parameter estimates.

2.2 Testing of kinetic models and evaluation of the results

Nonlinear regression was applied in the modelling becauseépendence of some vari-
ables is nonlinear with respect to the reaction rate. Fomgka, the temperature depen-
dence of the rate constant (k) in this work was often desdriyethe Arrhenius equation

presented in reparametrised form [21] as

-E/1 1
re

in order to decrease the correlation between the reacti@no@nstant at a reference

temperature (k;) and the activation energy (E). Even though nonlinear s=jo®

15



requires somewhat more involved programming, the appdicaif numerical methods,
and a greater computational workload than for linear appration techniques, the
advantages mentioned above outweighed the downsidesdilioad nonlinear regression

utilising TP experimental data has been shown to be a saitabthod [25].

The derivation of the objective function, which is minindse the estimation of param-
eters by nonlinear regression, was not straightforwart whié applied TP experimental

data. In principle, each independent point of data (i) ofvilueable (y) should contribute

Ri2 - (M) ’ )

Oi

a value

to the objective function, which typically is the sum oveethquared residuals i%R
of all data points (residual sum of squares, RSS) [26, 29].ednation 2,0 is the
estimate of the standard deviation of the data point. Thelpno lies in how to derive
the value of this estimate for all points of data, becausarpater estimates depend
on these values. In principle, the standard deviations ldhaflect the error in the
measurements. However, several features of the TP exp#smeake it difficult to
determine standard deviations. These include the interdgnce of the data, the wide
range of concentrations, the inclusion of several typesxpeBments in parameter
estimation and the need simultaneously to take into acceawéral components at
several concentration levels in a number of experimentth B standard deviation and
the scale of the variablesy, affect how much the data point contributes to the objective
function. As a practical solution, the standard deviatimese adjusted so that the sum
of Ri2 related to each variable clearly affected the value of tHeative function. In the
case of catalyst regeneration (ll,111), the standard dewmis for all points of experimental
data were set to 1.0, which was sufficient for the respectata tbr CO, CQ and HO

to affect the value of the objective function. In the case Gbhteractions with zirconia
catalysts (V), the standard deviation for the TPD data wa$osene tenth of that for
pulse adsorption data in order to equalise the effects tdrdifit number of data points

and the scale of concentrations on the objective function.
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The error estimates (confidence intervals) for the paramésy were evaluated by the
t-test [22, 23]. Accordingly, the 10@ — a )% confidence interval was calculated for each

parameter i with equation
& =t/ 9 3)

in which ty /> is the value from Student's t-distribution with N-1 degreddreedom, 5

is the estimate of the variance of the parameter and N is thrauof experimental data
points. Equation 3 is not strictly accurate for nonlineardels, but it produces indicative
estimates. Confidence region plots would give accuraternmdtion on the reliability
of parameter estimates, but since the presentation of siatt with more than three
parameters is not easy or efficient [22, 23], equation 3 waliexpinstead. Correlations
between parameters were also considered, since a highatimmeindicates that the
parameters involved are not well identified. Parametersgaiat exhibited an absolute

value of the correlation coefficient over 0.95 were reparted

Evaluation of the goodness of the fit and the selection of best” model(s) were not

straightforward. The coefficient of determination, defiasd

_ ZiNzl(yexpi - )’calc,i)2
ZiNzl(yexpi —ye—xp)z

R*=1 : @)

is suitable for determining which model fits the experimedtda best (by RSS). In this

work, residual root mean square (RRMS) values, defined by

2
RRMS— | L < (w) | 5)
N =1

o

were used instead of equation 4, though the difference itvibeneasures of model fit
is slight. Neither equation 4 or 5 is informative in regardrodel complexity, however,
and neither gives a measure of possible overfitting of theaisotb the errors in the
experimental data. Several theoretical information detee.g. Akaike’s information
criterion, are available for the evaluation of models [ZHjese take into account both the
model fit (by RSS) and the number of parameters in the modelieder, all these criteria

require an accurate estimate of the number of statisticallgpendent experimental data
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points, and the determination of this number is not easyrimsient TP experiments
where most of the variables are dependent, at least thraumgh et another important
factor to be considered in model selection is the religbdftthe parameter estimates, and
this is not accounted for in the information criteria. Fog #tbove reasons, models in this
work are ranked by their RRMS values, and all models thaioperiwell, regardless of

their complexity, are presented in detail.

2.3 Computational details

The mathematical description and the subsequent numesicallation of the TP
experiments were somewhat involved, but still feasibledlgh the use of well-known,
reliable and suitable numerical methods. The mathematleatription of the TP
experiments led to a set of ordinary differential equati(@®E), partial differential
equations (PDE) or differential-algebraic equations (DARhich were calculated
numerically. In publications IV and V, discussed in Chaptethe PDE resulting from
the PFR model was transformed into a set of ODESs by disctitisaf the reactor length
coordinate so that numerical ODE solvers could be used. Tdssmatrix of the ODE
system resulting from the discretisation is sparse, anckthee the calculation utilised
solvers suitable for sparse systems. In addition, the femtges in variables necessitate
that the solver is suitable for the calculation of stiff ODgst®ms. The reasons listed
above added to the computational workload, but did not mhkenumerical solution
impractical with today’s computational power. The numakisolvers applied included
“rkck”, an implicit embedded fourth order Runge—Kutta Galkhrp ODE solver in the
GNU scientific library [30] (IL,11I), “RADAU5”, an implicit Runge—Kutta solver for
differential-algebraic problems based on a fifth order Radallocation formula [31]
(I1,111), and “odel5s”, a variable order backward diffecenmethod suitable for sparse

Jacobian problems in Matlab [32] (1,1V,V).

In addition to numerical ODE solvers, kinetic modelling uegs numerical optimisation
methods and statistical analysis tools to evaluate thdtsd2@]. Both the polytope search
(Simplex) method by Nelder and Mead [33] (I-lll, V) and thevieaberg—Marquardt
method [26, 34, 35] (IL,Ill) were utilised in optimisatioriThe polytope algorithm was
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preferred due to the robustness of the method in these ceges,though it is less
efficient than the Levenberg—Marquardt method. The contipugwere carried out with
the functions and algorithms available in the GNU scientiicary [30] (I1,111) or with
Matlab (RMathWorks, Inc.) (1,1V,V).

A large number of iterations (more than 500 for the polytogarsh algorithm and more
than 20 for the Levenberg-Marquardt method) and two or mestarts of the optimisation
methods ensured that the minimisation of the objective ttancreached an optimum
for the parameters. At least two different initial valuesrgv@pplied in the estimation
of parameters in an effort to obtain globally represengatiglues. The application of
numerical algorithms involves numerical errors, which tos considered [26]. The
errors were assessed by decreasing the requirementsdolatedn tolerances by a decade
and comparing the results with those obtained with the maigblerances. If the decrease
in the tolerances affected the value of the objective fumaby less than 0.1%, the original

tolerances were considered adequate.

2.4 Case studies

The methodology of kinetic modelling discussed above widised in two case studies.
The first, presented in Chapter 3, deal with coke removakefretation) kinetics under
an inert gas stream (I) and a gas feed containing oxyget)(The catalyst was a fer-
rierite zeolite deactivated in a pilot-scale skeletal isoisation of alkenes. The second,
presented in Chapter 4, focuse on adsorption and desotptietics. The results of the
study of mathematical description of TPD experiments (Idfhied the basis for the ki-
netic modelling of adsorption and desorption of £38h zirconia catalysts (V). Modelling
of the TP experimental data in all cases resulted in kineticlets suitable for design
purposes and gave insight into the kinetics and overall ar@sm of the reactions in

question. The results confirm the suitability of TP methamtskinetic modelling.
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3 Modelling of catalyst regeneration kinetics

3.1 Importance of coke formation and regeneration of catalgts

Formation of coke on a catalyst causes deactivation in madysirial catalytic pro-

cesses involving hydrocarbons. The catalysts applied id 8atalytic cracking (FCC),

continuous catalytic reforming (CCR) and skeletal isoseion all suffer from the loss
of activity due to coke formation [6, 36—38]. Coke deactsthe active sites on the
catalyst either by covering the sites themselves or by lmhgckavities in the catalyst,
which prevents the transport of molecules to the activessiteFCC, severe deactivation
occurs within just a few seconds [39] and in skeletal isosation in the time scale of

minutes [40]. Catalyst deactivation is clearly an impor&spect in such processes.

Catalysts deactivated by coke formation can be regeneiatdourning off the coke.
The combustion is typically carried out in diluted air, bntsome cases partial coke
removal is achieved with hydrogen or inert gases [6]. Thekdefinition of coke varies
depending on the source, but the deactivating effect is sanéisl characteristic of the
substance. In this work, coke refers to any carbon—comgicompounds remaining on
a deactivated catalyst after flushing the catalyst ovetmigh an inert gas at 285C (the

temperature of the main reaction described below).

The most important variables affecting the compositionhaf toke on the catalyst are
reaction temperature, feed composition and time-on+stfd®, 41]. Regardless of the
exact composition, the oxidation reactions of all types afecare highly exothermic,
as indicated by the formation enthalpies of the oxidatioodpcts shown in Table 2.
Exothermicity of the catalyst reactivation by coke oxidatis one of the key concerns
in the design of a regenerator. If the rates of the reactioesnat closely controlled,
the generated heat may cause damage to the catalyst andy¢ineration unit. If a safe
operation is to be devised, the reaction rates occurringerrégeneration unit must be
known. A kinetic model that describes the rates of regeimratactions is therefore

needed for the design of a catalyst regeneration unit.
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Table 2: Enthalpies of formation of oxidation products a8 2% K. [42]

compound AHs 29515 k(kJ-mol™?)

CO(g) -110.50
COu(g) -390.50
H.0(g) -241.80

In continuous processes, regeneration of the catalyst aadmain reaction can be
carried out in separate units. The deactivated catalysbearouted through a dip leg
to the regenerator and returned to the reactor after renodvtée coke. In this design,
coke removal takes place in two steps. The first step occutiseirdip leg, where the
catalyst forms a bed while being fed to the regenerator. tlgas is fed to the dip
leg, countercurrent to the catalyst flow, to desorb lightrogdrbons before the coke
oxidation. However, this inert flow treatment also removasg pf the coke from the
catalyst. The second step is the coke oxidation in the regtre The reactions in

these two interconnected steps of coke removal were stbgli&®He (1) and TPO (I1,11I).

The studied catalyst was a ferrierite zeolite, deactivatestteletal isomerisation of42C5
alkenes [43]. The isomerisation reaction was carried oat ilot scale reactor, operat-
ing at 285°C for 21 h. Before unpacking, the catalyst bed was flushednoyletr with
nitrogen at the reaction temperature. The coke on the ctalsgs analysed (I) by in
situ diffuse reflectance Fourier transform infrared spestiopy (DRIFTS)'3C cross-
polarisation magic angle spinning nuclear magnetic resomgdCPMAS NMR) spec-
troscopy, and gas chromatography combined with mass speetry (GC-MS). The re-
sults of all three methods were in agreement, showing tleatttke was composed of
various aromatic hydrocarbons with short alkyl side-chaifhe total contents of carbon
(4.3 wt%) and hydrogen (0.4 wt%) on the catalyst were medsuith an elemental anal-
yser. Before the TP experiments, the catalyst sample wad drisitu in helium stream at
200°C for 12 h.
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3.2 Removal of coke during temperature-programmed gasifidzon

The acid sites on ferrierite are active in skeletal isonagias of alkenes [40] and catalytic
cracking [44,45]. Alkenes react with the acid sites and fearbenium ions, which are
the reactive intermediate species. The carbenium ioniogecf44] include fast proton,
double bond and alkyl-group shifts and oligomerisatione Thacking reactions, which
break the C—C bonds in the intermediate species, finallyltr@slight hydrocarbons.
These catalysed reactions were assumed to be relevanefoatisformation of the coke
as well, since characterisation of the coke showed it toainridoth alkenes and alkanes

(). Thermal cracking may play a role as well.

Temperature-programmed gasification of the coked catalyder helium feed (TPHe)
from 200 to 500°C resulted in the evolution of G Cs alkenes and alkanes between 300
and 500°C (). Propene and ethene were the main components in thewuTfhe kinetic
modelling was based on the results of six TPHe experimemtgdaout at heating rates
of 5, 10 and 15C/min. Two power law models were derived. The models desdtib
rate of formation (r) of each carbon fraction from © Cs as a function of concentration

of coke carbon on the catalyst ([C]) according to
n=k[C%, i=Cy,..,Cs. (6)

Equation 6 includes an order paramggerin model 1 (1), the order parameteg(, Bc..
Bc, andfc;) were fixed to 1.0, whereas in model 2 (1) they were estimal@ubawith the
other kinetic parameters. The result was that the ordenpatexs in model 2 were close
to the value of 2.0, and model 1 did not describe the expeaheata as well as model

2.

Model 3 (I) was derived to test a possible reaction netwost tdould explain why the
order parameters in model 2 (I) are close to 2.0. Model 3 de=sthe formation of the
observed hydrocarbons with equation 6, in whigh1 (as in model 1), but additionally
includes a parallel reaction in which the initial coke carliorms irreversible non-active

carbon. This formation of irreversible carbon was sucegysflescribed by the second
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order rate law
Firrev = kirrev[C]z- (7)

Model 3 described the experimental data adequately (Figjyrand its mechanistic in-
terpretation suggests details of the coke removal reactitbiamely, the order of carbon
concentration suggests the molecularity of the reactioher@by, the second order of
equation 7 suggests that the formation of the irreversible proceeds through one or
more bimolecular reactions. Such a reaction might be théiaddf an alkyl chain to
the aromatic skeleton. Similarly, the first order in the fatimn of carbon fractions £-
Cs suggests that a monomolecular reaction, possibly theiegie$ carbon—carbon bond
in the coke molecules, limits the formation of these compsunin conclusion, kinetic
modelling of the TPHe experiments resulted in models appatgpfor design purposes

and suggested aspects of the overall mechanism of coke atonuder inert atmosphere.

model 3

a

w &

Flow rate / nmol/s
N

[y

............

Temperature /°C

Figure 1: Fit of model 3 for the evolution of hydrocarbonsidgrTPHe of a coked fer-
rierite catalyst (I). Symbols denote the experimental @aland the continuous line the
calculated values. (cross){circle) G, (diamond) G, and (square) £

3.3 Oxidation of coke during temperature-programmed oxiddion

Catalyst regeneration kinetics was further studied by amidation with TPO (I1,III).
TPO was carried out in situ, after TPHe, from 200 to 8&0 The oxidation of the
coke resulted in CO, CHand HO. The concentrations of CO and €Were de-
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termined with methanation equipment (I1,1l1) and a massctpeeter (lll) and the
concentration of KO with the mass spectrometer (lll). The determinations cbaa
oxides with the methanation equipment and the mass spestieomvere found to
be accurate. The evolutions of CO and £@ere closely similar, and the evolution

took place between 400 and 700 at the three heating rates tested (5, 10 andCImin).

The evolution of water continued at temperatures highen fH@0 °C, even after the
evolution of carbon oxides had ceased. Comparison of thdtsefor a fresh and a
deactivated ferrierite revealed that part of the water washfa source other than coke
oxidation, presumably from the crystal lattice of the ferte. This demonstrates
the importance of knowing the source of the observed predudtiodelling of the
oxidation reactions for coke hydrogen began with subtoactf the TPO spectra of
water obtained with the fresh catalyst from the spectrainbthwith the coked cat-

alyst. The fresh and deactivated catalysts were treatée iseme way in the experiments.

Power law models utilised in the description of coke oxiolatieactions were

frco,= kcongZOX [C]BCOX, x=1lor2 (8)
H,0= kHzngzzo[H]BHZO. (9)

The orders of the oxygen concentratian) @nd coke concentratiorB] in equations 8

and 9 were either free parameters or fixed. Power law mode#iia common [8,9,46,47]
and reasonable approach to kinetic modelling for desigpgses. Equations 8 and 9
described the experimental data well. The fit of the modetésgnted in Figure 2. The
order of oxygen concentration of about 0.5 in equation 8 and in equation 9, and the
orders of coke carbon and hydrogen of 1.0 in equations 8 aeddited in an adequate

model fit.
The results of the kinetic modelling utilising power law net&l provided information
on coke oxidation. First, the effectively zero order of ogggconcentration in equation

9 indicates that, within the range of oxygen feed tested (2 v@%), oxygen is in
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Figure 2: Experimental (large symbols) and model 2 simaitafcontinuous lines, small
symbols) results of selected TPO experiments (lll). COaasp is denoted with symbol
(X), COz with (O) and BO with (+).

excess for the oxidation of hydrogen, so that the conceoiratff oxygen does not affect
the rate of the reaction. Second, the differences in oxyg&centration order for the
oxidation of carbon dco, ~ 0.5) and hydrogendn,o ~ 0) underline the difference in
the combustion kinetics of coke carbon and hydrogen. Thinelporder of 1.0 for carbon

concentration suggests that the coke is present in the fotharofilms.

The mechanism of coke oxidation was studied by deriving a&stirtg kinetic models
based on an assumed reaction network. As in the case of colkevaéunder inert flow
discussed in section 3.2, the number of elementary reactimolved in coke oxidation
is large [48], and therefore simplified case-specific stidiee common [49]. Although
the detailed picture of the elementary reactions is lodténsimplified reaction networks,
the reaction steps and their rate expressions still haveysigai interpretation and are

useful.
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Several models were tested, and three models proved suitablthe description of
oxidation of coke carbon (Il). The first model (model 3, I)hih includes one inter-

mediate oxide species (GPis described by the following reactions and equations:

(€O

C+0z(9) = CG; Kegse1= ma (10)
CO, — CO(g) +0O-  rco=keco[CO, (11)
CO, — COx(g)  rco, = keo,[CO). (12)

The second model (model 10, Il) includes a surface-siteiep€8) and an associatively

adsorbed oxygen species§()OThis model describes the oxidation reactions as

02(9) +S=05  Kegsor= & (13)

Co, [S] ’
C+05 — CO(g) +S+0- rco = kcolCJ[03], (14)
C+05—COxg)+S  Ico, = Keo,[CJ[03). (15)

The species Gin the two models above is included only to balance the stombtry of
the reactions and has no other importance in the reactianshCombination of o

gas phase dioxygen might occur, for example.

Finally, the third model (model 14, 1) incorporates a sudaite species (S), a dissocia-
tively adsorbed oxygen species)aand a carbon dioxide complex (@D The model

reactions are

0,(g)+2S=20> K _ [or (16)
2(0 = eqso2 = Co, 52’

C+20° - CO+S  Igoe = kees[CI[O%2, (17)
CO5 —CO(g)+0°  rco=keo[CO3), (18)
CO5 —~CO9)+S  fco, = keoy[CO). (19)

Unfortunately there was no experimental information on itnermediate species in

coke oxidation and no model could be favoured over the otler tit was possible,
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nevertheless, to draw conclusions on the basis of the conpraperties of the models

and thereby gain insight into the overall mechanism of cokdation.

One property shared by all three models (3, 10 and 14, 1) as tiey include a fast
equilibrium reaction between gas phase oxygen and an daoteenediate species. Six
other models that did not include such a reaction step didintite experimental data.
The results suggest that coke oxidation includes an aadire bf oxygen, which in the

studied temperature range is essentially in equilibriuth wie gas phase oxygen.

Another shared feature of the three models is that the feomadf the two oxides
occurs through the same precursors, resulting in matheaflgtisimilar reaction rate
expressions. Three other models included a different madtieal rate expression for
the formation of CO and C§& but none of them described the experimental data. The
results of the modelling suggest that the formation of battban oxides occurs through

common intermediate species.

The parameter estimates of model 3 (Il) were all reliablelénge confidence intervals),
but some in models 10 and 14 could not be identified. Only mdaebuitable, therefore,
for process design purposes. The mechanisms of models 1@4andnnot, however,
be ruled out simply because some of the parameters were ribidestified. The
mechanisms of models 10 and 14 may, in fact, have a recomngefeiture. Namely,
the surface-site species in these models may representithsites of the zeolite, as
suggested by the carbocation mechanism for coke oxidatapoged by Dong et al. [50]
(Figure 3). Other authors also report a correlation betwhkerstrength of the acid sites
and coke oxidation [51-53].

0, -O,H
+Frads 02
Ph-H ;A
H2 Jads H Jads ‘0, H -Jads

Figure 3: Carbocation mechanism for the reaction of oxygéh an adsorbed coke
molecule presented by Dong et al. [50].
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The models described above were extended (1) to incluedexidation of coke hydrogen
(H2(s)). Two models that describe the oxidation as a whole weree@riThe first model

(model 5, 1) is an extension of model 3 (II) and is descrilbgdeactions

[CO

C+0,(9) =CO;  Kga= ol (20)
CO, — CO(g) +0O-  rsp=Ksp[CO], (21)

CO, = COx(9)  rsc=ks[CO, (22)

Ha(s) = H3  rsq=ksa[H2], (23)

H;+C0O, — C+Hx0(g) +O rse=Tsg. (24)

An active coke hydrogen speciesj)Hs formed in reaction 23. Reaction 24 is assumed
to be fast in comparison with reaction 23, and therefore #te of water formation in

reaction 24 is equal to the rate of reaction 23.

The second model (model 6, Ill) includes both associativkdissociative adsorption of
oxygen on a site (S). The associatively adsorbed oxygenibates to the oxidation of
carbon, and the dissociatively adsorbed oxygen to the tgidaf hydrogen. The model

reactions were

02(9) +S=05  Kega= S (25)
2(9 = U3 6a = N Ch

02(9)+2S=20° Kg= o7° (26)

Co,[SJ?’

C+05—CO5  rec= kec[C[O3), (27)

CO; — CO(g)+0°  req= keg[COS], (28)

CO>—COx(9)+S  fee=KeelCO), (29)

Ho(s) +0° — Hy0(g) +S et = ket[H2][O7). (30)

Both of the above models described the experimental datdyreswell as the power

law model (model 2, 11l). The parameter estimates of modedlsa@5 (IIl) were reliable,
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but some parameters of model 6 were poorly identified. Eithailel 2 or model 5 could

be used for purposes of designing a catalyst regeneratian un

In summary, models based on assumed reaction mechanisradestred to study the
oxidation reactions in more detail, and several such modketsribed the experimental
data nearly as well as the power law model. Although no singtelel proved superior,
the common features of those models that described the imgrgal data adequately
suggested two properties for the mechanism of oxidatiomké carbon. First, gas-phase
oxygen forms a reactive intermediate in a fast equilibrig@ction before the production
of carbon oxides, and second, the formation of the two cadyades occurs through
common intermediate species. Although the actual numbeteshentary reactions in
coke oxidation is large, this work shows that some kinetidete based on simplified

reaction networks capture the essential dynamics of the orklation reactions.

For the future, in situ coke formation and regeneration mpgbvide a useful experimen-
tal setup for the study of coke removal kinetics. In such diganation the fresh catalyst
would be pretreated, deactivated, and studied by TPHe afid TRis setup would make
it possible to obtain variation in the coke composition andldy, which would assist the
kinetic analysis. Study of the reaction intermediates bgiin spectroscopy might also
prove beneficial. In general, a combination of results fr@vesal analysis techniques

increases the information available for kinetic modelljs4j.
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4 Modelling of adsorption and desorption kinetics

Since adsorption and desorption are elementary steps icedalysed reaction cycle, their
study is a step towards fundamental understanding of aysathlsurface reaction. TPD
is an efficient method to that end. Publication IV, discusse8ection 4.1, deals with
the simultaneous processes relevant in the study of adsorgbhd desorption kinetics
by atmospheric TPD. The results were utilised in a case stdlyhich deals with the
adsorption and desorption of G@n two zirconia catalysts, as summarised in Section
4.2.

4.1 Kinetic modelling of atmospheric temperature-progranmed

desorption data

To obtain practical guidelines for kinetic modelling withmespheric TPD data, the
interplay of intrinsic kinetics and mass transfer in thectea and inside the catalyst
particles was studied by simulation (IV). The work utilisia$t order adsorption and
desorption kinetics, with parameters in agreement withsiteon state theory [55]. A
wide range of values for the rate constants and activatienggrprovided both fast and
slow adsorption and desorption steps, so that the resuitbeaonsidered valid for the
typical range of parameters and conditions that was specifiany of the results in this
work rely on comparisons between the results of differentdet® The basic principle
was that if a simplified model gives essentially the samelt®sis a complete model,
then the process that was not described in detail is insogmififrom the practical point

of view and can be simplified.

The system including the relevant processes (kineticgpatticle mass transfer, flow in
the reactor) was studied with a heterogeneous model, whidhded the PFR model,
radial mass transfer in the catalyst modelled by the effediffusion model, and first
order intrinsic kinetics. In addition, adsorption and dpsion at the reactor inlet,
where the changes in conditions are most severe, were igat=st by simulations of a
single catalyst particle with the assumption of infiniteezrall mass transfer. By way of

example, Figure 4 presents a typical TPD spectrum calailatth the heterogeneous
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model and the gas phase concentrations at three differempetatures during the
calculation. The figure shows that concentration gradiexist along the reactor length

coordinate, while only minimal variations exist inside fhegticle.

a.) TPD spectrum b.) Temperature: 550K
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Figure 4: (a) TPD response simulated with a heterogeneodslnrluding intraparticle
mass transfer and PFR model. The figure shows the gas phasent@tions in the
reactor at (b) 550 K, (c) 633 K and (d) 670 K. Values of paramsetesed in simulation:
W=100 mg, Q=100 ml/min, L=0.4 cmye0.4 cm, Q=0.01 cm?/s, R,=0.01 cm, Not=0.5
umol/mg, k=10 cm?®/(umol s), kg=10'®exp(—125 k¥mol/(RT)) 1/s.

In the description of atmospheric TPD, the results cleasfyperted the PFR model over
both CSTR and the convection-axial dispersion reactor IRA model. Significant
concentration gradients may occur in the packed-bed nigaotor, as depicted in Figure
4. The choice of the reactor model was often found to affectticulated TPD spectrum
and the choice is therefore very important in modelling. Tiim&ing values of the reactor

Peclet number (Refor PFR and CSTR operation were derived by comparing thdtses
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of the C-ADR model with the results of PFR and CSTR models.icalpvalues of Pe
for conditions in TPD given in several published correlati@learly supported the PFR
model. A pulse tracer experiment with a large amount of gatauggested the same
(IV). In some cases, such as TPO (Il,Ill), however, wheredhe a lack of readsorption
and only nominal consumption of reactive gases, it is ptsddtreat the reactor as a
CSTR.

The calculations showed that the adsorption and desormtes were so fast that locally
species adsorbed on the surface and species in gas phasgadgseached equilibrium.
This finding means that, if the kinetics follows the trarmitistate theory, modelling
must take this quasi-equilibrium into account. In this cése not possible to identify
the adsorption and desorption rate constants from the iexpetal data, but only the

equilibrium constant between adsorption and desorptiarbeadetermined.

A significant simplification of the TPD system was achieveddegreasing the size of
the catalyst particles so that intraparticle diffusiondijeats became insignificant. The

criterion
1/t B QF\%pp(l—eb)

- 0.16 31
De/R2 DoWg, = (31)

which is appropriate in the tested range of conditions am@bkes, was derived for the
determination of insignificant mass transfer limitationghe catalyst particle. If no in-

traparticle limitations are present, the derived pseudaigeneous PFR model equation

doax U doax  (1—é&b)pprax
dt Legy, dx &b

(32)

can be applied. Equation 32 describes the change in coatientof component A at an

axial point x in the packed-bed.

For practical computation of equation 32, the reactor lermgbrdinate x was discretised
with an equidistant grid. As a result of the discretisatitre use of numerical ODE
solvers designed for sparse mass matrices could be useead s the calculations.

Concerning the evaluation of fg/dx, it was noted that a three—point central difference
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formula resulted in numerical fluctuations, probably duthtacharacteristics of the PFR
model. A three point backward difference formula, on theeothand, was stable and

appropriate for the application.

The most important conclusion of this work is that kineticdathng of atmospheric TPD
data is valid as long as the experiments are properly designe the relevant processes
occurring in the TPD system are adequately described. Bysadg the particle size of
the catalyst it is possible to obtain purely kinetic data thaludes no interference from
intraparticle mass transfer limitations. The pseudohanegus PFR model (equation

32) can then be applied in the description of the packed-kbetbmeactor.

4.2 Adsorption and desorption of carbon dioxide on zirconiacata-

lysts

Adsorption of carbon dioxide on a catalyst is required beforaction of the carbon
dioxide with hydrogen to methanol. The synthesis of methdmon carbon oxides
and hydrogen is an industrially important production roj&é, 57]. The use of C®

is interesting from the environmental point of view, tooncg carbon dioxide is a
greenhouse gas. Knowledge of the adsorption and desodtio®, on a catalyst and of
the rates of these steps is important to understand how talysiaworks and to optimise

the reaction conditions for the synthesis of methanol.

Traditional catalysts for the low pressure synthesis ofhawesl include copper on zinc
oxide and/or alumina [56, 57]. During the last ten yearsraasing attention has been
paid to zirconia-based catalysts [58-70]. £&isorption on zirconia has been actively
studied, and the C£is known to adsorb as bicarbonates as well as carbonates. On
Cu/ZrOy,, virtually all of the CQ adsorption takes place on the zirconia [65, 66], while

hydrogen is adsorbed on copper and then reacts with thelstbocarbon dioxide species.

This work (V) focused on the adsorption and desorption obcardioxide on CUZrO,

and ZrQ catalysts. DRIFTS analysis of G@dsorption on Zr@suggested, as expected,
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that adsorption of carbon dioxide involves the hydroxylugpe on the catalyst. The
kinetic experiments were carried out with use of pulse gusmr and TPD methods.
After the in situ pretreatment of about 300 mg of the catalgXD, was adsorbed by
introducing ten 1-ml CQ pulses at 30°C, followed by an inert flush at 30C and
subsequent TPD at a heating rate of 15, 20, 25 ciGin.

The results of the pulse adsorption experiments showedrbatatalysts adsorb the first
pulse almost completely, and the pulses stabilise aftepdiges. Comparison of the feed
input pulse (averaged pulses measured through an emptypréaloe) with the stabilised

pulse response revealed a difference due to adsorptioneswdption. The height of the
input pulse decreased while the peak width increased indgghat some sites on the
catalysts adsorb and release £fiickly at 30°C (weak interaction). Since little carbon
dioxide was detected during the inert flush, it was assumatatpart of the adsorbed
CO; is bound to the catalyst surface. These strongly bound epélcen desorb during
TPD.

The study showed that pulse adsorption combined with TPBsgiich information for
kinetic modelling of adsorption and desorption. The kinetiodelling revealed that both
Cu/ZrO; and ZrQ catalysts adsorb C{bn at least three distinct types of sites. The sites
of type 1 adsorbed carbon dioxide reversibly at°80 The adsorbed species desorbed
quickly from these sites during the inert flush following th@sorption pulse. Possibly
the adsorption on sites of type 1 was physisorption. The sitéypes 2 and 3, however,
adsorbed Ce@irreversibly during the pulsing, and released the adsdrdaring TPD
(Figure 5).

The kinetic modelling also showed that the adsorption of, @6uld be described by
first order kinetics if the model includes a Freundlich-typ#&] logarithmic dependence
of adsorption enthalpy on coverage for sites of type 2 (mddel The need of such
dependence suggests that the catalyst contains a diginbot different adsorption
sites, which seems likely considering the heterogeneiirobnia [60]. Another model,

in which the kinetics of desorption were of second ordercdbed the experimental
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Figure 5: Interactions of the three types of sites accortbhngodel 1 (V) during a TPD
experiment carried out at 2@/min with (a) CyZrO, and (b) ZrQ as catalysts. The
bold line denotes the simulated total flow rate of carbon idiexXvalues on left y—axis)
and the broken lines the average of the derivatives of tHaseicoverages (A.U.) of site
1 (dotted line), site 2 (dot-dashed line) and site 3 (dasimed. |

data as well as model 1. However, since there is no experahewidence in favour of

bimolecular desorption, model 1 was concluded to be phigicere realistic.

Comparison of the estimated parameters fof M, and ZrQ showed that the addition
of copper to zirconia affected the sites of type 3 least. Tdsogption capacity of type 3
sites was decreased slightly, but the kinetics remaineffagted. Changes in the values
of the kinetic parameters showed that addition of coppenaattalyst affect the sites of
type 2 most, and the sites of type 1 only slightly. In summkingtic modelling utilising
experimental pulse adsorption and TP data proved to be alueef, providing insight

into the kinetics of carbon dioxide adsorption on the tegiezbnia catalysts.

The results of the present work revealed two additional rpatars appropriate for the

design of TP experiments. First, the duration of the inegfflbetween adsorption and

35



the beginning of TPD should be varied to test for the existenicslow desorption of

the species from the catalyst. The start of TPD after a fashgp inert flush exposes a
catalyst with high coverage of adsorbent to high tempeeatwwhereas after a long inert
flush all but the irreversibly adsorbed component will hagerbremoved. Second, the
adsorption temperature in experiments should be variedusecexposure of the catalyst
to a wide range of concentrations at many adsorption teryresawould give more

information for kinetic modelling. These two variationstime design of experiments
would likely aid identification of the temperature—depemidearameters of all relevant
sites and could prove especially advantageous if the atigorpccurs through several

parallel reactions.
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5 Conclusions

The case studies in this work showed that TP methods ardkufta generating experi-
mental data for kinetic modelling of gas—solid interacioiModelling of coke removal
utilising data from TPHe (I) and TPO (II,Ill) experimentsoprded kinetic models
suitable for the design and optimisation of catalyst regaien units. Furthermore,
models based on reaction mechanisms provided informatnahe overall mechanisms
involved in coke removal. The results suggest that oxygeth @oke form an active
intermediate species in a fast equilibrium reaction, arad ghcommon intermediate or
intermediates are involved in the formation of CO and,CThe results of the modelling
show that relatively simple models can describe the overatlamics of the complex

reaction network of coke oxidation.

The simulation study on adsorption and desorption kin€li¢¥ resulted in a general
methodology for kinetic modelling utilising results fronPD experiments. The results
showed the importance of taking into account readsorpti@hthe reactor flow model
in the modelling of TPD data. The developed methodology wdsed in a study of
adsorption and desorption of GOn zirconia catalysts (V). The results of the modelling
indicated that C@adsorbs on at least three different types of sites on ziec@uccessful
modelling assuming monomolecular adsorption and desorpgquired the incorpora-
tion of a Freundlich-type logarithmic dependence of adsonpenthalpy on coverage.
This kind of dependence suggests that there is a distrilbwdfodifferent adsorption

sites on the catalyst, which is reasonable consideringatexdgeneous nature of zirconia.

To sum up, TP methods are attractive for kinetic modellingdeveral reasons. The
micro-reactor can often be treated as a continuously dtiagk reactor (CSTR) or an
ideal plug-flow reactor (PFR). The experimental equipmentiatively simple to design.
Owing to their transient nature, TP methods produce humsdocédexperimental data
points in a comparatively short time. The large number ofsneaments produces good
reliability of the parameter estimates. Temperature, tviisca key variable for most

reaction rates, is varied and closely controlled. DuringPa€kperiment the catalyst is
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subjected to a wide range of reactant concentrations, anthttilitates the identification
of the dependence of reaction rate on concentration. Usedsarption techniques and

TPD together extends the probed range of concentrations.

Generally speaking, TP methods involve some restrictidhkast today, study is limited
to gas—solid interactions. Moreover, owing to the comjeat the underlying chemistry
and physics, only rarely can an existing approach (prograaes, processing of experi-
mental data, kinetic models) be utilised in a new case as Suchetheless, the need for
reliable and accurate kinetic models continues, for thegdes reactors, for fundamental
research on surface reactions and for catalyst developnherthis work, kinetic mod-
elling utilising the results of TP methods was found to beitable approach to that end.
It can be expected that, as more cases are studied, the rakthpdelated to the kinetic
modelling with TP experimental data will become better lgisthed, and the similarities
of the different cases will speed up the modelling processaddition, developments in
the relevant areas of computational science will likelyuezlthe time required for the

modelling.

38



Notation
Symbols

[i] concentration of intermediate or surface species i (mgt)
a parameter
¢ concentration of gas phase component i (ndoh—3)
d, diameter of tubular reactor (m)
De effective diffusion coefficient (% s™1)
E activation energy (dmol—1)
F molar flow rate (mols™1)
AH; enthalpy of formation (Jmol—1)
k reaction rate constant($, dn®-mol~1-s ! or gea- mol~t-s71)
ka rate constant of adsorption famol=1.s71)
kg rate constant of desorption(§
K equilibrium constant (dih- mol~ or no unit)
L reactor bed length (m)
n molar amount (mol)
N number of data points or degrees of freedom
Ntor number of active sites on catalyst (mggalt)
Pe reactor Peclet number
Q volumetric flow rate (dri- min—1)
r reaction rate (molg.;-s)
R universal gas constant-(@ol~t- K1)
R? coefficient of determination (the’Rialue)
Ri residual of data pointi
Rp particle radius (m)
s? estimate of variance
t time (s)

tq/2 value from Student’s t-distribution
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T temperature°C or K)
Trer reference temperature (K)
U superficial velocity (ms™?)
W mass of catalyst gy
x dimensionless reactor length coordinate
y state variable

z dimensionless particle radius coordinate
Greek letters

o reaction order for oxygen concentration

B reaction order for carbon or hydrogen concentration
& bed porosity

& particle porosity

pp catalyst density (g dm~3)

T space-time of packed bed reactor (s)
Superscripts

x intermediate active compound

S compound adsorbed to a surface site
Abbreviations

C-ADR convection-axial dispersion reactor
CSTR continuously-stirred tank reactor
DRIFTS diffuse reflectance Fourier transform infrared smscopy
FCC fluid catalytic cracking
FID flame-ionisation detector
ODE ordinary differential equation
PFR plug-flow reactor
PDE partial differential equation

RSS residual sum of squares
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RRMS residual root mean square
TP temperature-programmed
TPD temperature-programmed desorption
TPHe temperature-programmed gasification under helium flow
TPO temperature-programmed oxidation

UHV ultra-high vacuum
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