
Milano, 22 September 2000Milano, 22 September 2000

Trends in experimentalTrends in experimental
techniques for kinetictechniques for kinetic

studiesstudies

Freek KapteijnFreek Kapteijn
Jacob MoulijnJacob Moulijn

Industrial CatalysisIndustrial Catalysis
Delft University of TechnologyDelft University of Technology

The NetherlandsThe Netherlands



TTUUDelftDelft

What you can ex pect…..What you can ex pect…..

•• Catalytic processesCatalytic processes
–– Trends in development & desi gnTrends in development & desi gn

•• What is needed ?What is needed ?
–– Current developmentsCurrent developments

•• Experimental methods & techniquesExperimental methods & techniques
–– Intrinsic ratesIntrinsic rates
–– Mass transportMass transport
–– DeactivationDeactivation

•• Other Other needsneeds
•• MessageMessage

‘Catalyst performance‘Catalyst performance
characterization’characterization’
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18001800

‘Catalytic force’‘Catalytic force’

ChemocatalysisChemocatalysis
alcohol decompositionalcohol decomposition

Davy minelampDavy minelamp

20002000

Fine chemicals Fine chemicals 
FarmaceuticalsFarmaceuticals

19001900
Industrial CatalysisIndustrial Catalysis

sulphuric acid (NO)sulphuric acid (NO)

sulphuric acid (Pt)sulphuric acid (Pt)
ammonia synthesisammonia synthesis

b.C.b.C.

BiocatalysisBiocatalysis
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‘Gaps & Needs & O pportunities’‘Gaps & Needs & O pportunities’
in Industrial Catalysisin Industrial Catalysis

NICE,June 1998NICE,June 1998

•• G/S, L/S, G/L/S systemsG/S, L/S, G/L/S systems
–– realistic conditionsrealistic conditions

–– in-situ activity/selectivityin-situ activity/selectivity

–– downscaling reactorsdownscaling reactors

–– parallel screeningparallel screening

–– accelerated deactivationaccelerated deactivation

•• Extrapolation modelsExtrapolation models
–– reduced development timereduced development time

–– reaction & reactor modellingreaction & reactor modelling

»» improved monitoringimproved monitoring

»» process controlprocess control

–– molecular levelmolecular level

•• Catalysis in fine chemicalsCatalysis in fine chemicals
prodctionprodction

•• Catalytic heterogeneous liquidCatalytic heterogeneous liquid
phase processesphase processes

•• Testing and CharacterizationTesting and Characterization

•• Kinetics andKinetics and Modelling Modelling

•• Reactor concepts andReactor concepts and
chemical engineeringchemical engineering

•• New catalysisNew catalysis

•• New feedstocksNew feedstocks

•• Catalysts recycle or disposalCatalysts recycle or disposal

EurokinEurokin
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90-90-iesies : Increased interest catal yst: Increased interest catal yst
performance testin gperformance testin g

•• ZeoliteZeolite  based processes (bulk & fine chemistry) based processes (bulk & fine chemistry)
–– selectivity, activity, molecular transportselectivity, activity, molecular transport

•• Structured catalystsStructured catalysts
–– efficiency, productivity, selectivity,efficiency, productivity, selectivity,  energetics energetics

•• AwarenessAwareness
–– poor kinetic bases many processespoor kinetic bases many processes

•• Combinatorial techniquesCombinatorial techniques
–– rapid new catalyst developmentrapid new catalyst development

•• MicroreactorMicroreactor  technology technology
–– miniaturizationminiaturization

•• ComputersComputers

SpeedSpeed
EfficiencyEfficiency
QuantificationQuantification

Screening & KineticsScreening & Kinetics

Bos et al.Bos et al.
Appl.Catal. A: Gen.Appl.Catal. A: Gen.
160 (1997) 185160 (1997) 185
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PreparationPreparation

ScreeningScreening

Reaction networkReaction network

Stability testsStability tests

Scale-upScale-up

CombinatorialCombinatorial
stagestage

QuantificationQuantification
stagestage

KineticsKinetics

Increasing:Increasing:
•• timetime
•• moneymoney
•• realityreality

O
ptim

ization

O
ptim

ization
Catalyst develo pmentCatalyst develo pment

Efficient testin g methods necessar yEfficient testin g methods necessar y
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VENT

ANALYSIS

MFCMFC

MFCMFC

MFCMFC

MFCMFC

MFCMFC

MFCMFC

MFCMFC

MFCMFC

MFCMFC

SVSV

BPCBPC

P

FEED CONTROL

BPCBPC

REACTOR

ParallelizationParallelization  catalyst testing catalyst testing   sixflowsixflow  set-up set-up

Screening catalystsScreening catalysts
Kinetic studiesKinetic studies

Deactivation/stabilityDeactivation/stability
Easy handling - QuantitativeEasy handling - Quantitative   



TTUUDelftDelft

NN22O/O/NONOxx decomposition set-up decomposition set-up

•• Fischer-Tropsch Fischer-Tropsch
•• Soot abatement  Soot abatement 
•• CFC, Automotive CFC, Automotive
•• SCR SCR

GCGC
NDIRNDIR
GCGC
MS, NOxMS, NOx

Other systems:Other systems:
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Commercial parallel ex perimentation ri gsCommercial parallel ex perimentation ri gs

Argonaut TechnologiesArgonaut Technologies

Zeton-AltamiraZeton-Altamira

gas/liquid/solid slurrygas/liquid/solid slurry gas/solidgas/solid
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Swinging CapillarySwinging Capillary  Microautoclave Microautoclave

Swinging Capillary Stirrer

+ =

Fixed
point

Bent rod Capillary

S. Tajik et al. S. Tajik et al. Meas.Sci.Technol.Meas.Sci.Technol.  1990,  1990, 11, 815-817, 815-817

Imtech SystemsImtech Systems

•• compact (30 ml), no dead volume compact (30 ml), no dead volume
•• no feedthrough sealing no feedthrough sealing
•• high T, high p high T, high p

In/out

Heating



TTUUDelftDelft

Monoliths - Monoliths - Cell densityCell density

200 cpsi200 cpsi 400 cpsi400 cpsi 600 cpsi600 cpsi

1.80/0.27 mm1.80/0.27 mm
1890 m1890 m22/m/m33

εε =  = 0.720.72

1.27/0.16 mm1.27/0.16 mm
2740 m2740 m22/m/m33

εε =  = 0.760.76

1.04/0.11 mm1.04/0.11 mm
3440 m3440 m22/m/m33

εε =  = 0.80.8
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Plug flow, cocurrentPlug flow, cocurrent
Mass transfer excellentMass transfer excellent
Intrinsic kineticsIntrinsic kinetics

monolith wallmonolith wall

Gas-li quid-solid s ystem Gas-li quid-solid s ystem monolithmonolith

porous supportporous support

activeactive
componentcomponent

zeolitezeolite

gases           liquids
gases           liquids

‘Taylor-flow’‘Taylor-flow’
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Monolithic catal yst investi gationsMonolithic catal yst investi gations
Reactor typesReactor types

TurbineTurbine
reactorreactor

ScrewScrew
impellerimpeller
stirredstirred
reactorreactor

Batch/semi-batch/continuousBatch/semi-batch/continuous
Monoliths, packed bedsMonoliths, packed beds
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Turbine reactor - Turbine reactor - Monolithic catalystMonolithic catalyst   studiesstudies

RecirculationRecirculation type type

300 ml300 ml

•• Commercial system Commercial system
                   (Premex)                   (Premex)
•• Inserts for monoliths Inserts for monoliths

10-45 mm 10-45 mm ØØ
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SISR – SSISR – Screw crew IImpeller mpeller SStirred tirred RReactoreactor

•• Standard autoclave Standard autoclave
•• Dedicated insert for monoliths Dedicated insert for monoliths
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Batch reactor - Batch reactor - monolith, monolith, turbineturbine

0

5

10

15

20

25

30

35

0 100 200 300 400

Time (min)Time (min)

C
on

ce
nt

ra
tio

n 
(a

.u
.)

C
on

ce
nt

ra
tio

n 
(a

.u
.)

benzaldehydebenzaldehyde

benzylalcoholbenzylalcohol

toluenetoluene

NiNi//γγ-Al-Al22OO33

410 K410 K
15 bar15 bar

OH

+ H2

OHH2

H2+

CH3



TTUUDelftDelft

In-situ In-situ real-time monitorin g – real-time monitorin g – IR probeIR probe
Esterification 1-octanol and hexanoic acidEsterification 1-octanol and hexanoic acid

SAC-13SAC-13
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Reaction profilesReaction profiles
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•• real-time analysis real-time analysis
•• no sample losses no sample losses

Esterification 1-octanol and hexanoic acidEsterification 1-octanol and hexanoic acid
SAC-13SAC-13
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LabscaleLabscale  Riser reactor -  Riser reactor - FCCFCC
M. P.M. P. Helmsing Helmsing  et al. et al.   ChemChem ..EngngEngng ..SciSci .. 1996,  1996, 5151, 3039-3044, 3039-3044

T T = 798 K= 798 K
ττ  = 0.15-4.5 s= 0.15-4.5 s
ppoiloil   = 20 kPa= 20 kPa

TT = 673 K= 673 K
τ τ = 8 s= 8 s

TT = 798 K= 798 K
ττ = 0.02 s= 0.02 s
(gas)(gas)
ττ = 25 min= 25 min
(catalyst)(catalyst)

TT = 798 K= 798 K
ττ = 2 s= 2 s

N2

well-defined residence timewell-defined residence time
meaningfulmeaningful  catalyst performance catalyst performance
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Labscale riser unitLabscale riser unit

Catalyst feederCatalyst feeder

Labscale Riser reactor – Labscale Riser reactor – Real lookReal look
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Labscale microriser Labscale microriser performanceperformance

•• Gasoline yield proportional to conversion up to 95 wt%Gasoline yield proportional to conversion up to 95 wt%
•• Performance catalyst representative for practical applicationPerformance catalyst representative for practical application

Conversion [wt%]Conversion [wt%]
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MultitrackMultitrack  - TAP   - TAP  Transient kineticsTransient kinetics

Analysis ChamberAnalysis Chamber
MS1MS1

MS2MS2

MS3MS3

MS4MS4
Main vacuum chamberMain vacuum chamber

Pulse 1Pulse 1 Pulse 2Pulse 2

FlowFlow

Pulse inPulse in
 100  100 µµss

TimeTime
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MultitrackMultitrack  equipment equipment

AnalysisAnalysis
sectionsection

Main vacuumMain vacuum
chamberchamber

ReactorReactor
assemblyassembly

•• Diffusion Diffusion
•• Adsorption Adsorption
•• Catalysis Catalysis

fastfast
minute amountsminute amounts
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Comparison of DiffusivitiesComparison of Diffusivities
nn-butane in silicalite-1-butane in silicalite-1
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Similar as microscopic techniquesSimilar as microscopic techniques

T.A. Nijhuis et al., T.A. Nijhuis et al., 
Chem.Eng.Sci. 54 (1999) 4423Chem.Eng.Sci. 54 (1999) 4423
Cat.Today 53 (1999) 189Cat.Today 53 (1999) 189
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Tapered Element OscillatingTapered Element Oscillating  Microbalance Microbalance
TEOMTEOM

Operating principleOperating principle
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Mass changesMass changes
T: 300-823 KT: 300-823 K
p: 0-10 barp: 0-10 bar
sensitivity 1 sensitivity 1 µµgg

Sample gas Sample gas 

Purge gasPurge gas

OpticsOptics

Sample bedSample bed

OscillatingOscillating
elementelement

•• Conditions relevant practice Conditions relevant practice
•• Deactivation Deactivation
•• Adsorption/Diffusion Adsorption/Diffusion
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Adsor ption isothermsAdsor ption isotherms  - - Alkanes Alkanes  in silicalite-1 in silicalite-1
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LangmuirLangmuir model model

Dual site Dual site LangmuirLangmuir model model

nn-Butane-Butane ii-Butane-Butane
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Trends in catal yst testin g equipmentTrends in catal yst testin g equipment

•• ParallellizationParallellization
–– MultiflowMultiflow : black & white or quantitative: black & white or quantitative

•• AutomizationAutomization  – PC control – PC control
–– Running overnight, unattendedRunning overnight, unattended
–– Ramping experimental conditions (TSR)Ramping experimental conditions (TSR)

•• ReactorsReactors
–– Ease of handling, speed, sizeEase of handling, speed, size

•• Analysis techniquesAnalysis techniques
–– micro GCmicro GC
–– MSMS
–– Spectroscopy (FT Spectroscopy (FT techniques)techniques)
–– sensors/probessensors/probes

•• MiniaturizationMiniaturization

transient operationtransient operation

in-situ anal ysisin-situ anal ysis
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Year Year 

ManhourManhour  per reactor hour  per reactor hour 

Bench scaleBench scale
(semi-automated) (semi-automated) 

Pilot plantPilot plant
(non-automated) (non-automated) 

Micro- and Micro- and nanonano-flow-flow
(automated) (automated) 

Bench scaleBench scale
(non-automated) (non-automated) 

22

19601960 19701970 19801980 19901990 20002000
0.010.01

0.10.1

11

0.50.5

0.050.05

Manpower needed in catal yst develo pmentManpower needed in catal yst develo pment
                                                                                  SieSie,, AIChE AIChE  J. 42 (1996) 3498 J. 42 (1996) 3498

•• Downscalin g Downscalin g
•• Reduced cost Reduced cost
•• Safety Safety

•• Confidence data Confidence data
•• Reliable models Reliable models
•• Scale-up Scale-up
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What can be concluded?What can be concluded?

•• Rapid equipmentRapid equipment
developmentdevelopment

–– reactorsreactors
–– analysisanalysis
–– downscalingdownscaling

•• Kinetics studies /Kinetics studies /
quantitative dataquantitative data

•• Deactivation / catalystDeactivation / catalyst
stabilitystability

•• Kinetics & DeactivationKinetics & Deactivation

Fast determination Fast determination 
catal yst performancecatal yst performance

Enabling:Enabling:
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What else can be tackled?What else can be tackled?

•• ‘Irreducible’ ‘Irreducible’ kineticskinetics
•• Downscalin g L/S and G/L/S reactorsDownscalin g L/S and G/L/S reactors
•• PhotocatalyticPhotocatalytic  reactors reactors

–– well-controlled energy well-controlled energy introductionintroduction

•• DeactivationDeactivation

•• Data Data minin gminin g
•• Sequential experimental desi gnSequential experimental desi gn
•• Direct linkin g to practical realizationDirect linkin g to practical realization

–– What are the reactor sizes?What are the reactor sizes?
–– How does the reactor look likeHow does the reactor look like
–– Which reactor is optimal?Which reactor is optimal?

TechniquesTechniques
HardwareHardware
SoftwareSoftware
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Many thanks to…Many thanks to…

•• Xander Nijhuis Xander Nijhuis
•• Guido Mul / Annemarie Beers Guido Mul / Annemarie Beers
•• Saeed Tajik Saeed Tajik
•• Javier P Javier Péérez / Ronald de Deugdrez / Ronald de Deugd
•• Edwin Crezee Edwin Crezee
•• Marion den Hollander Marion den Hollander

•• Workshop IC-TUDelft Workshop IC-TUDelft

and others………….and others………….
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Sequential ex perimental desi gnSequential ex perimental desi gn
Define experimental region (grid)Define experimental region (grid)

IntialIntial experiments: Factorial design experiments: Factorial design

Parameter estimation of the rivalParameter estimation of the rival
models that are leftmodels that are left

ModelModel
Discrimination criterion:Discrimination criterion:

One model left?One model left?

Perform experimentPerform experiment
Add result to data setAdd result to data set

Parameters of Parameters of 
sufficient accuracy?sufficient accuracy?

Design criterion:Design criterion:
MaximiseMaximise divergence divergence
Search for grid pointSearch for grid point

Design criterion:Design criterion:
MinimiseMinimise volume volume
or axis length of or axis length of 

confidence contourconfidence contour
Search for grid pointSearch for grid point

YY

NN NN

YY
STOPSTOP

J.R.J.R. Kittrell Kittrell
G.F.G.F. Froment Froment, L.H., L.H. Hosten Hosten
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Monolithic catal yst investi gationsMonolithic catal yst investi gations
Reactor typesReactor types

TurbineTurbine
reactorreactor

ScrewScrew
impellerimpeller
stirredstirred
reactorreactor
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Monolithic catal ysts: Monolithic catal ysts: test reactorstest reactors

InIn/outout

HeatingHeating

Swinging capillarySwinging capillary RecirculationRecirculation type type Pilot reactorPilot reactor

10 ml10 ml 300 ml300 ml 40 l40 l
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SixflowSixflow  equipment lay-out equipment lay-out


