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Abstract 
This thesis is dedicated to the investigation and optimization of catalytic hydropyrolysis of biomass for the 
production of renewable hydrocarbon fuels. This has been achieved through studying the effect of process 
conditions and the type of catalyst in the fluid bed hydropyrolysis reactor. 

The experiments were conducted in a bench scale setup up, where up to 1 kg of biomass, mainly beech 
wood, was continuously fed into a fluid bed reactor in a high pressure hydrogen atmosphere containing a 
catalytic material, which produces char, light gasses (COx, C1-C3), water, and oil. The char was removed 
with a filter and the vapors were sent to a deep hydrodeoxygenation (HDO) reactor, which could be by-
passed, followed by a 3 step condensation system. Support materials, commercial catalysts, and catalysts 
prepared in-house were tested in the experimental setup and the produced organic phases were extensively 
analyzed e.g. gas chromatography (GC) with atomic emission detector (AED) and GC×GC-mass spectrome-
try (MS)/flame ionization detector (FID). The prepared fresh and spent catalysts were characterized with 
NH3 temperature programmed desorption (TPD), X-ray diffraction (XRD), Raman spectroscopy, electron 
microscopy (SEM and HAADF-STEM) and the surface area and elemental composition were determined.  

An oxygen free (<0.01 wt.%) oil with a condensable organic (condensed organics and C4+ in gas) yield of 
16.6-22.5 wt.% dry ash free (daf) was obtained using a commercial CoMoS/MgAl2O4 catalyst supplied by 
Haldor Topsøe A/S in the fluid bed reactor (365-511°C) and a NiMoS/Al2O3 catalyst in the HDO reactor 
(350-400°C) and operating at a hydrogen pressure of 15.9 bar or higher. GC×GC-MS/FID of the condensed 
organic phase showed that it consisted of 42-75 % FID-area aromatics. and that the concentration was kinet-
ically controlled at fluid bed temperatures below 430°C and controlled by the thermodynamics at higher 
temperatures. Decreasing the hydrogen partial pressure to 8.0 and 3.0 bar increased the oxygen content in the 
organic phase to 3.3 and 7.8 wt.% dry basis (db), respectively, where the remaining oxygen was mainly in 
the form of phenols. The maximum concentration of monoaromatics (57 % FID-area) was detected at 15.9 
bar and further increasing the hydrogen pressure decreased the monoaromatics concentration forming naph-
thenes. This indicated that the concentration of monoaromatics is controlled by the thermodynamics at hy-
drogen partial pressures of 15.9 bar and higher, while the concentration is controlled by the kinetics for con-
version of phenols at lower hydrogen partial pressures. 

Using pure support materials (MgAl2O4 and H-ZSM-5-Al2O3) in the fluid bed reactor increased the char and 
coke yield up to 21.1 wt.% daf, while it was between 11.4 and 13.1 wt.% daf when using different commer-
cial catalysts. Having a catalyst in the fluid bed reactor decreases the degree of coking due to stabilization of 
the reactive oxygenates by hydrogenation. Furthermore, an energy recovery of up to 58 % in the condensable 
organics was obtained when using bog iron, a cheap and non-toxic natural mineral, in the fluid bed reactor, 
while the highest energy recovery obtained with a commercial catalyst was 54 % (NiMoS/H-ZSM-5-Al2O3). 
This indicates that bog iron can replace the more expensive and toxic Co(/Ni)Mo catalysts in catalytic hy-
dropyrolysis. 

To investigate the difference in deoxygenation activity, selectivity and product composition for sulfided 
CoMo, NiMo, and MoS, these catalysts were prepared, using MgAl2O4 as support, and tested in the fluid bed 
reactor without the HDO reactor. This showed that the NiMo catalyst had the highest hydrogenation, crack-
ing, decarboxylation and/or decarbonylation activity, while the Mo catalyst had the lowest. The carbon re-
covery in the condensable organics for the NiMo catalyst was 37 %, while it was 39 % for both the CoMo 
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and Mo catalyst. The CoMo catalyst had the highest hydrodeoxygenation activity and the Mo the lowest, 
thus the CoMo catalyst is considered to be the most suitable catalyst for the fluid bed reactor. 

Varying the CoMo loading between 4.0 and 12.0 wt.% and using MgAl2O4 as support showed that increasing 
the CoMo loading increased the yield of light gasses (C1-C3), decreased the oxygen content from 9.0 to 4.7 
wt.% db, but decreased the carbon recovery of the condensable organics from 39 to 37 %. The effect of vary-
ing the catalyst acidity was also investigated by using a mixture of zeolite and alumina (H-ZSM-5-Al2O3) 
instead of MgAl2O4, while maintaining a CoMo concentration at approximately 4.0-4.3 wt.%. This showed 
that using a more acidic support increases the hydrocracking activity and decreases the oxygen content in the 
condensed organic phase from 9.0 wt.% db to between 5.2 and 6.1 wt.% db, depending on the zeolite to alu-
mina ratio. However, the carbon recovery was not affected by the acidity, most likely because the zeolite 
increases the alkylation activity, which increases the aromatic yield through incorporation of light oxygen-
ates and olefins into the condensable organics. 

In order to test the process stability a 5 day semi-continuous experiment was conducted with a commercial 
CoMoS/MgAl2O4 catalyst in the fluid bed reactor and a NiMoS/Al2O3 catalyst in the HDO reactor. The total 
time on stream was 16.2 h and approximately 5 kg of biomass was used with 50 g of catalyst. The condensa-
ble organic yield was fairly stable during the experiment and varied between 21.2 and 23.2 wt.% daf, but the 
oxygen content in the organic phase increased during the experiment from 40 to 2832 wt-ppm, indicating 
that some deactivation of the catalyst in fluid bed and the HDO reactor may have occurred. It should also be 
noted that 40 wt.% of the catalyst in fluid bed reactor was lost during the experiment due entrainment, which 
most likely also decreased the conversion of reactive oxygenates in the fluid bed reactor and thereby acceler-
ated the deactivation of the HDO reactor. Furthermore, analysis of the spent catalyst from the fluid bed reac-
tor showed that the carbon content increased with time on stream. It was 3.7 wt.% after 3.5 h, but 7.2 wt.% 
after 16.2 h, indicating that the carbon deposition rate decreased with time on stream. Interestingly the potas-
sium and calcium content on the spent catalysts increased proportionally to the time on stream, hence propor-
tionally to the amount of biomass used, thus it was 0.14 and 0.075 wt.% after 3.5 hours, respectively, but 
0.67 and 0.28 wt.% after 16.2 hours, respectively. Calcium was found as single particles (40-200 nm) and 
therefore only expected to have a minor effect on the catalytic activity, while potassium was well-distributed 
on the catalyst and could therefore have a larger impact on the activity. To investigate this a CoMo catalyst 
was prepared and doped with 1.9 wt.% potassium prior to the sulfidation, tested in the fluid bed reactor and 
compared to a similar un-doped CoMoS catalyst. This showed that potassium decreases the cracking and 
hydrogenation while increasing the decarboxylation activity and only led to a small decrease in the total de-
oxygenation activity. However, it should be noted that potassium also altered the catalyst morphology by 
increasing the MoS2 slab length and increasing the degree of stacking. This most likely led to the formation 
of the more active type II sites, which may have enhanced the deoxygenation activity. Interestingly doping 
the catalyst with potassium led to encapsulation of the catalyst particles with coke, indicating that potassium 
can act as a catalyst for polymerization reactions. Furthermore, using wheat straw instead of beech wood as 
feedstock, which contains 10 times more potassium, led to fast defluidization due to agglomeration and SEM 
images of the agglomerates showed that that potassium had acted as a catalyst for polymerization reactions.  

Based on the experimental results the important chemical reactions in catalytic hydropyrolysis have been 
identified and a mechanistic model for catalytic hydropyrolysis is proposed. Catalytic hydropyrolysis has 
also been compared to other pyrolysis technologies, which indicated that it is promising process for the pro-
duction of renewable liquid hydrocarbon fuels. 
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Resumé 
Denne afhandling er dedikeret til at undersøge og optimere katalytisk hydropyrolyse af biomasse til produk-
tion af vedvarede brændstof. Dette er blevet opnået ved at undersøge effekten af at variere proces betingel-
serne og katalysatoren i fluid bed reaktoren. 

Forsøgene er blevet udført i et pilot anlæg, hvor op til 1 kg biomasse, hovedsageligt bøgetræ, blev fødet ind i 
en fluid bed reaktor i en brint atmosfære med et katalytisk materiale, hvilket producerer koks, lette gasser 
(COx, C1-C3), vand og olie. Koksen blev fjernet med et filter og gasserne blev sendt til en hydrodeoxygne-
ringsreaktor (HDO reaktor), som kunne bypasses, efterfulgt af et 3 trins kondensations system. Bærer mate-
rialer, kommercielle katalysatorer og katalysatorer produceret på Danmarks tekniske universitet (DTU) er 
blevet testet i anlægget og den produceret olie blev grundigt analyseret med f.eks. gas kromatografi (GC) 
med atom emission detektor (AED) og GC×GC- masse spektroskopi detektor (MS)/ flamme ionisation de-
tektor (FID). De produceret friske og brugte katalysatorer blev karakteriseret med NH3 temperatur program-
meret desorption (TPD), X-ray diffraktion (XRD), Raman spektroskopi, elektron mikroskopi (SEM og 
HAADF-STEM) og overfalde areal og elementær sammensætning blev bestemt. 

En ilt fri (<0.01 vægt (wt.) %) olie med et kondensérbart organisk (kondenseret olie og C4+ i gassen) udbytte 
på 16.6-22.5 wt.% tør aske fri basis (daf) blev opnået ved brug af en kommerciel CoMoS/MgAl2O4 katalysa-
tor i fluid bed reaktoren (365-511°C) og en NiMoS/Al2O3 katalysator i HDO reaktoren (350-400°C) og ved 
brug af et brint tryk på 15.9 bar eller højere. Begge katalysatorer var leveret af Haldor Topsøe A/S. GC×GC-
MS/FID på den organisk fase viste at den bestod af 42-75 % areal-FID aromater og at koncentrationen var 
kinetisk styret ved fluid bed temperaturer under 430°C og termodynamisk styret ved højre temperature. 
Mindske brint trykket til 8.0 og 3.0 bar øgede ilt indholdet i den organiske fase til 3.3 og 7.8 wt.% tør basis 
(db), respektivt, hvor det tilbageværende ilt hovedsageligt var phenoler. Den maksimale koncentration af 
monoaromater (57 % areal-FID) var detekteret ved 15.9 bar og yderligere øgning af brint trykket mindskede 
koncentrationen. Dette viser at koncentrationen af monoaromater er kontrolleret af termodynamikken ved 
brint tryk på 15.9 bar og højere, mens koncentration er kinetisk styret ved lavere brint tryk. 

Brug af rene bærer materialer (MgAl2O4 og H-ZSM-5-Al2O3) i fluid bed reaktoren øgede koks og kul udbyt-
tet op til 21.1 wt.% daf, mens det var mellem 11.4 og 13.1 wt.% daf ved brug af kommercielle katalysatorer. 
Hvilket indikere at katalysatoren i fluid bed reaktoren mindsker graden af kulaflejring grundet stabilisering 
af de reaktive ilt indeholdende forbindelser. Yderligere, en energi genindvinding på op til 58 % i den kon-
densérbar olie var opnået ved brug af myremalm, et billigt og ikke giftig naturligt mineral, i fluid bed reakto-
ren, mens den højeste energi genindvinding med en kommerciel katalysator var 54 % (NiMo/H-ZSM-5-
Al2O3). Dette indikerer at myremalm kan erstatte de dyre og giftige Co(/Ni)Mo katalysatorer i katalytisk 
hydropyrolyse. 

For at undersøge forskellen i HDO aktivitet, selektivitet og produkt sammensætning for sulfideret CoMo, 
NiMo, og Mo, blev disse katalysatorer produceret, ved brug af MgAl2O4 som bærer materiale, og testet i 
fluid bed reaktoren uden brug af HDO reaktoren. Dette viste at NiMo katalysatoren har den højeste brint-
nings, kraknings, og decarboxylering/decarbonylering aktivitet, mens Mo katalysatoren havde den laveste. 
Kulstof genindvindingen i den kondensérbar organiske fase for NiMo katalysatoren var 37 %, mens den var 
39 % for både CoMo og Mo katalysatorerne. CoMo katalysatoren havde den højeste iltfjernelses aktivitet og 
Mo katalysatoren den laveste, derfor kan CoMo katalysatoren anses for at være den bedst egnet i fluid bed 
reaktoren. 
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Effekten af at varier CoMo indholdet mellem 4.0 og 12.0 wt.% og bruge MgAl2O4 som bærer materiale viste 
at udbyttet af lette gasser (C1-C3) steg når CoMo indholdet blev øget, dette førte også til fald i ilt indholdet i 
den organiske fase fra 9.0 til 4.7 wt.% db, men mindskede kulstof genindvindingen fra 39 til 37 %. Effekten 
af at varier katalysator surheden blev også undersøgt ved at bruge en blanding af zeolit og alumina (H-ZSM-
5-Al2O3) i stedet for MgAl2O4, mens indholdet af CoMo blev holdt konstant (4.0-4.3 wt.%). Dette viste at 
brugen af et mere surt bærer materiale øger brintkraknings aktiviteten og mindsker ilt indholdet i den kon-
denseret organiske fase fra 9.0 wt.% db til mellem 5.2 og 6.1 wt.% db, afhængig af zeolit til alumina forhol-
det. Men kulstof genindvindingen var ikke påvirket af surheden, hvilket øgede alkylerings aktiviteten og 
derved øgede aromat udbyttet ved indbinding af korte ilt forbindelser.  

For at teste hvor stabil processen er, blev et fem dages delvist kontinueret forsøg udført med en Co-
MoS/MgAl2O4 katalysator i fluid bed reaktoren og en NiMoS/Al2O3 katalysator i HDO reaktoren. Den totale 
forsøgs tid var 16.2 timer og cirka 5 kg biomasse blev brugt. Det kondensérbar olie udbyttet var forholdsvist 
konstant og varieret mellem 21.2 og 23.2 wt.% daf, mens det totale ilt indhold i den organiske fase steg un-
derforsøget fra 40 til 2832 wt-ppm, hvilket indikere at deaktivering af katalysatoren i fluid bed og HDO re-
aktoren kan have fundet sted. 40 wt.% af katalysatoren i fluid bed reaktoren blev også overføret til filteret 
under forsøget, hvilket sandsynligvis har mindsket omdannelsen af de reaktive oxygenater. Yderligere analy-
se af den brugte katalysator fra fluid bed reaktoren viste at kulstofindholdet blev øget med tiden, derved 
mængden af brugt biomasse. Kulstof koncentration på katalysatoren var derfor 3.7 wt.% efter 3.5 timer, men 
7.2 wt.% efter 16.2 timer. Kalium og calcium indholdet på den brugte katalysator steg proportionalt med 
tiden, deraf mængden af biomasse brugt. Mængden af kalium var 0.14 wt.% efter 3.5 timer og 0.67 wt.% 
efter 16.2 timer og mængden af calcium var 0.075 wt.% efter 3.5 timer og 0.14 wt.% efter 16.2 timer. Calci-
um blev fundet som isoleret partikler (40-200 nm) og har derfor højst sandsynlig kun en mindre effekt på 
katalysator aktiviteten, mens kalium var velfordelt over hele katalysatoren og kan derfor have en større ind-
flydelse på dens aktivitet. En CoMo katalysator blev derfor dopet med 1.9 wt.% kalium inden sulfidering, 
testet i fluid bed reaktoren og sammenlignet med en lignede katalysator uden kalium. Dette viste at kalium 
mindsker krakning og brintnings aktiviteten, mens det øger decarboxylering aktiviteten, som dog faldt med 
tiden. Tilsætning af kalium ændrede også katalysatorens morfologi ved at øge længden og graden af stabling 
af de aktive sites, hvilket indikerer dannelsen af den mere aktive type II site, som kan have øget iltfjernelses 
aktiviteten. Bemærkelsesværdigt, dope katalysatoren med kalium førte til indkapsling af katalysator partik-
lerne med kul, derved indikere at kalium kan ager som en katalysator og for polymeriseringsreaktioner. Ved 
brug af halm i stedet for bøgetræ, som indeholder 10 gange så meget kalium, førte til defludisering grundet 
dannelse af agglomerater og SEM billeder af disse indikerede også at kalium fungerede som en katalysator 
for polymeriseringsreaktioner og var derfor højst sandsynligvis årsagen til agglomerationen.  

På basis af disse resultater er de vigtigste kemiske reaktioner i katalytisk hydropyrolyse identificeret og en 
mekanistisk model for katalytisk hydropyrolyse er udarbejdet. Katalytisk hydropyrolyse er også blevet sam-
menlignet med andre pyrolyse teknologier, hvilket indiker at katalytisk hydropyrolyse er en lovede proces 
for produktion af bæredygtige flydende brændstof.  
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