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Int roduct ion 

Environmental Issues 
Government Regulations 

Technical  

 
 
 
 

Gas phase reactions 
Elementary Reactions 

Modelling construction 
Model discrimination 

 
 
 

 

Three Phase reactions 
Non ideality 

Aggregation state effects 
Extension of model to 
three phase reactions 

 
 
 

 
 

Trickle Bed Reactor 
(Ni/ Co)Mo/  Al2O3  

200 – 400 ⁰C  
 10 – 40 bar 

 
 
 
 

HDN 

• Answ ering basic quest ions 

− Why ? 

− How  ? 

− What ?  
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• Research mot ivat ion & methodology 

• Thermodynamic non-ideality in the liquid phase 

• Comparison : Gas and liquid experiments  

• Liquid phase experimental program 

• Gas phase modelling and extension to liquid phase   

• Results and conclusions 

• Appendices 



Research mot ivat ion 

• Research aim 

− Elementary react ions, to understand the underlying react ion 
mechanisms  

− Comparison of gas and three phase react ions  

− Scale up to pilot / indust rial scale data 

 

• Some previous w ork 

− Case study by Bera et .al, on Naphthalene hydrogenat ion 

− Published w ork on Tet ralin hydrogenat ion by Guevara et .al  

− Not  a significant  amount  of w ork done w ith respect  to HDN  
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Research Methodology  

 
– Validation of 

data available 
from industrial /  
Pilot plant 
studies 

 
 

– Operating 
conditions  

– Reaction pathway 
– Detailed kinetics  
– Model 

construction          
and 
discrimination 

– Evaluation 
estimated 
parameters 

 
 

–Effect of  
 

– 3-phase 
conditions on  

– Formation of 
new compounds 

– Solvent 
adsorption 

– Assessment of 
liquid phase non 
ideality 

 
 

Extended set of 
gas phase 

experimentation 
 

Limited three 
phase 

experimentation 
 

Industrial 
reactor 

simulation 
 



 
Thermodynamic non-ideality in the liquid 
phase 
 

• Non ideality in mixtures 

  

• Chemical potent ial : Independent  of standard state used  

 

− Condit ion for phase equilibrium 

 

 

 

− Basis of V-L relat ionships : Relate fugacity to composit ions 
and intensive propert ies (T, P) 
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𝜇𝑖𝑣 =  𝜇𝑖𝑙                    𝑖 = 1, … ,𝑛 

𝑓 = 𝑓𝑛(𝑇,𝑃,𝑦𝑖) 

𝜇𝑖 = 𝜇𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑅𝑇 ln𝑎𝑖 

𝑓𝑖𝑣 =  𝑓𝑖𝑙                    𝑖 = 1, … ,𝑛 



• Effect  of aggregat ion state  

− Chemisorbed and non chemisorbed species 

− Descript ion of kinet ics, independent  of aggregat ion state 

− Difference betw een vapour and liquid phase kinet ics is 
situated in the chemisorpt ion step 

 

 

• Methods and correlat ions (𝜑𝑖) 

 

 

 

 

 

Thermodynamic non-ideality in the liquid 
phase 

8 

𝑓𝑖 = 𝜑𝑖 .𝑃𝑦𝑖 =  𝜑𝑘𝐶𝑖𝑉𝑚𝑃 

𝐴 +  τ ↔ 𝐴 − 𝜏 𝐾𝐴,𝜏 =
𝜃𝐴−𝜏
𝑓𝐴𝜃𝜏

 

𝜑𝑖 =
𝑓𝑖,𝐺
𝑃𝑦𝑖

 

Catalyst 
Fluid phase 



Comparison : Gas and three experiments  
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Program Gas Phase Three Phase 

Reactor type Berty type (CSTR) Robinson Mahoney 

(CSTR) 

Temperature range (K) 573 – 633 543 – 613 

Pressure (MPa) 1.5 – 4.0 6.0 – 8.0 

H2/ pyridine (mol/ mol) 80 – 600 10 – 15 

Space t ime (kgcat  

s/ mmol) 

0.36 – 1.8 0.65 – 3 

Solvent / pyridine 

 

40 20 - 40 

   



Int roducing the compounds 
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• Pentylpiperidine observed in the liquid phase experiments only 
• observed w ith 2D GC - MS analysis 
• due to the varying operat ing condit ions 
• higher bi molecular react ions in the liquid phase  

• Highly react ive/ unstable intermediates not  observed during 
analysis 
 
  

• Species not  observed 

• Observed in liquid 
phase experiments 
only 
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Three phase experiments 

• Aim 

− Study effects of various process parameters on react ion 
kinet ics 

− Difference in the kinet ics of the react ions due to change in 
aggregat ion state 

− Acquisit ion of int rinsic kinet ic data  

• Preliminary Preparat ions  

− VLE calculat ions for phase equilibrium analysis 

− Thermodynamic equilibrium analysis 

− Verificat ion of kinet ic regime (Eurokin spread sheet ) 

− Carberry number : MT limitat ions : G–L, L–S, G–S  

− Weisz Modulus :  Int rapart icle diffusion : Pyridine, H2 

− Mears criteria : Temperature gradient  : L–S   
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Experimental setup & reactor 
Experimental setup showing different sections 



Experimental results (1) 
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•  Increased select ivity tow ards pentane implies higher C – N bond scission 
•  C-N bond breaking is temperature dependant   
•  Pentyl piperidine select ivity decreases meaning disproport ion is less 
likely  



Experimental results (2) 
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•  Posit ive react ion order w ith respect  to Pyridine 
• Compet it ively adsorbing solvent   

 



Experimental results (3) 
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•  H2S has posit ive effect  on the C-N bond scission :  
• Higher hydrocarbon yield at  higher H2S/ P 
• Low er intermediate piperidine yield 

• Subst itut ion pathw ay is more pronounced at  higher H2S flow  rates  



Gas phase modelling  
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Model assumpt ions1 : 

• Sulphided NiMo catalyst, 2 act ive sites at  the edges : 
− Coordinat ively Unsaturated Sites (CUS, ‘ *  ’) 

− Sulphur anion sites (SA, ‘ S2- ’) 

• Dissociat ive adsorpt ion of H2 and H2S, both on CUS and 
SA 
− Heterolyt ically,  Ex. : H2 + *  + S2- → H-*  + S2-H+ 

− Homolyt ically, Ex. : H2 + 2 *  → 2 H*  

• Adsorpt ion of hydrocarbon and  
nit rogen species on CUS 

 1Romero, C.M.C., J.W. Thybaut , and G.B. Marin,  
Naphthalene hydrogenat ion over a NiMo/ γ-Al2O3 catalyst : Experimental study and kinet ic modelling 
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React ion mechanism : Gas phase 
modelling 

Hydrogenation 

• Hydrogenat ion occurs through successive H addit ions 

− Homolyt ic adsorpt ion H2 , hydrogen addit ions from CUS or SA 

− Heterolyt ic adsorpt ion H2 , proton or hydride addit ion first  

− Each hydrogen addit ion is potent ially RDS 

 



React ion mechanism : Gas phase 
modelling 
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React ion mechanism : Gas phase 
modelling 

• Mult i-step netw ork : 
– Protonat ion piperidine 
– Subst itut ion via SH addit ion 
– Thiol intermediate 
– SH-group is good leaving 

group 

• 2 potential RDS  
(protonat ion or ring 
opening) 

 

C-N bond scission of piperidine 



React ion mechanism : Gas phase 
modelling 
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C-N bond breaking of pentylamine 

• Analogous as piperidine hydrogenolysis  

• Hydrogenolysis of pentylamine occurs instantaneously 
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Summary : Gas phase modelling 

• Development  of gas phase model   

− Based on experiments in gas phase 

− Model discriminat ion performed betw een 48 rivals 

− Based on physical and stat ist ical significance, Model corresponding 
to RDS : 3rd Hydrogen addit ion and 2nd hydrogenolysis step 

𝑅𝑃→𝑃𝑃 = 𝑘𝑝,+𝐾𝑃−𝑃𝑃𝑃 𝐾𝑃𝑃 𝐾𝑃 𝐶∗𝑃 𝛿 𝜇  𝑃𝑃2𝑃𝐶5𝑃5𝑁 −
1

𝐾𝐸𝐸𝐸𝑖

𝑃𝐶5𝑃10𝑁𝑃
𝑃𝑃𝑃𝑃

  

𝑅𝑃𝑃→𝑃𝐴 = 𝑘𝑃𝑃  𝐾𝑃𝑃−𝑃𝑃𝑃 𝐾𝑃𝑃  𝜇 𝑃𝐶5𝑃10𝑁𝑃 𝐶∗ 𝑃 

𝛿 =  1 +  𝐾𝑃 𝑃𝐶5𝑃5𝑁 + 𝐾𝑃𝑃𝑃𝐶5𝑃10𝑁𝑃 + 𝐾𝑁𝑃3𝑃𝑁𝑃3 

𝜇 =  𝐾𝑃2𝑃𝑃2  +  𝐾𝑃2𝑆𝑃𝑃2𝑆 
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Extension to liquid phase react ions 

• Taking into 
considerat ion the 
non ideality  

• Modificat ion for site 
balances 

  
• Account ing for addit ional response, pentyl piperidine 

• Tw o possible react ion netw orks 
1. 2 Piperidine → 1-Pentylpiperidine  
2. Piperidine + Pentylamine → 1-Pentylpiperidine  

  
 

𝑟𝑃→𝑃𝑃 = 𝑘𝑝,+𝐾𝑃−𝑃𝑃𝑃 𝐾𝑃𝑃 𝐾𝑃 𝐶∗𝑃 𝛿 𝜇  𝑓𝑃2𝑓𝐶5𝑃5𝑁 −
1

𝐾𝐸𝐸𝐸𝑖

𝑓𝐶5𝑃10𝑁𝑃
𝑓𝑃2

𝑃   

𝑟𝑃𝑃→𝑃𝐴 = 𝑘𝑃𝑃 𝐾𝑃𝑃−𝑃𝑃𝑃 𝐾𝑃𝑃  𝜇 𝑓𝐶5𝑃10𝑁𝑃  𝐶∗ 𝑃 

𝛿 = 1 + 𝐾𝑃𝑓𝐶5𝑃5𝑁 + 𝐾𝑃𝑃𝑓𝐶5𝑃10𝑁𝑃 + 𝐾𝑁𝑃3𝑓𝑁𝑃3 
+𝐾𝑠𝑠𝑙𝑣𝑠𝑠𝑠𝑓𝑠𝑠𝑙𝑣𝑠𝑠𝑠 + 𝐾𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃𝑓𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃 

𝜇 = 𝐾𝑃2𝑆 𝑓𝑃2𝑆 + 𝐾𝑃2  𝑓𝑃2 



Liquid phase modelling 

Pentyl amine hydrogenolysis    

Disproport ion of PP and PA  

Conversion of PPP to PP + Pentane  

 

(1) (2) 

(3) (4) 
(3) 

1) Gas phase kinetics 
2) Gas phase kinetics 
3) Relative pentylamine reaction rate 
4) Hydrogenolysis of 1-pentylpiperidine 

 

𝑟𝑃𝐴→𝐶𝐶 = 𝑘𝑃𝐴 𝐾𝑃𝐴−𝑃𝐴𝑃 𝐾𝑃𝐴  𝜇 𝑓𝐶5𝑃11𝑁𝑃2  𝐶∗ 𝑃 

𝑟𝑃𝐴+𝑃𝑃→𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃 = 𝑘𝑃𝐴+𝑃𝑃 𝐾𝑃𝑃 𝐾𝑃𝐴 
𝜇
𝛿

 𝑓𝐶5𝑃10𝑁𝑃𝑓𝐶5𝑃11𝑁𝑃2𝐶∗ 𝑃 

𝑟𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃→𝑃𝑃+𝐶𝐶
= 𝑘𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃 𝐾𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃−𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃𝑃  𝐾𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃  𝜇 𝑓𝑃𝑠𝑠𝑠𝑃𝑙𝑃𝑃 𝐶∗ 𝑃 



Units -ΔS [J/mol-K], -ΔH [kJ/mol], k* [mol/hr-kgcat], Ea [kJ/mol] 

Liquid phase modelling : Results 

Parameter    Value 

Ksolvent   -ΔS 98 

 -ΔH 37.6 ± 30.9 
K1-

pentylpiperidine  -ΔS 105 

 -ΔH 82.4 ± 29.1 

krat io k*  0.05 

krat io = kPA
∗

kPA+PP
∗ Ea 368.6 ± 115.9 

kPentylPP->PP+C5 k*  1.07E+04 

Ea NS  

C*  - 1.81 
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Liquid phase modelling : Results 
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Conclusions 

• Proof of methodology w ith a case study on 
HDN 

• Successful extension of gas phase kinet ics to 
liquid phase react ions  

− Liquid phase to gas phase show n earlier 

• A robust  model that  performed w ell in three 
phase and gas phase condit ions 

• First  steps tow ards the extension to simulat ion 
to pilot  plant  data 
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Int rinsic kinet ic regime verificat ion 
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MT – Interface Dimensionless 
Quantity 

Limits Reference 

Gas – liquid Carberry number for 
hydrogen 

Ca<0.05/ n Kapteijn et .al., 1993 

Liquid – solid  Carberry number for 
hydrogen and pyridine 

Ca<0.05/ n Kapteijn et .al., 1993 

Gas – solid  Carberry number for 
hydrogen and pyridine  

Ca< 0.05/ n Kapteijn et .al., 1993 

Int rapart icle diffusion 
(catalyst  side) 

Weisz Modulus for 
hydrogen and pyridine 

Ф<0.08 if n>0.5 Weiss-Prater, 1954 

Catalyst  effect iveness >95% 

∆T at  the L – S 
interface 

∆TL-S < 0.63 K  
∆Tint  < 0.63 K 

Mears, 1971 
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