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INTRODUCTION 

P a c i f i c  Northwest Laboratory (PNL) I s  i n v e s t i g a t i n g  the  c a t a l y t i c  upgrading o f  
biomass-derived o i l s  t o  l i q u i d  hydrocarbon fue l s .  Tests have been conducted i n  a 1- 
l i t e r ,  continuous feed, f ixed-bed c a t a l y t i c  reac to r  a t  250-450°C and 2,000 psig.  
This i s  envisioned as the second stage i n  a two-stage process t o  produce hydrocarbon 
fue l s  from biomass. Given t h a t  biomass can be converted t o  a l i q u i d  product, wide ly  
repor ted as phenol ic  (1-4), then oxygen removal and molecular weight reduc t i on  are 
necessary t o  produce usable hydrocarbon fue ls .  
d i f f e r s  from processing petroleum f r a c t i o n s  o r  coal l i q u i d s  because o f  t he  impor- 
tance o f  deoxygenation. 
1 i t e r a t u r e  (5-9). 

Upgrading biomass de r i ved  o i l s  

This t o p i c  has received on ly  l i m i t e d  a t t e n t i o n  i n  the  

HYDROTREATING BIOMASS-DERIVED OILS 

Two types o f  biomass-derived o i l s  have been s tud ied  a t  PNL. The f i r s t  t y p e  o f  
o i l  i s  produced by h igh  pressure l i q u e f a c t i o n  a t  r e l a t i v e l y  long residence t imes. 
O i l s  i d e n t i f i e d  as TR7 and TR12 i n  Table 1 were produced by t h i s  type o f  process a t  
the A1 bany, Oregon Biomass L ique fac t i on  Experimental F a c i l i t y .  These h i g h l y  viscous 
o i l s  cons i s t  p r i m a r i l y  o f  subs t i t u ted  phenols and naphthols. The o t h e r  type o f  o i l  
i s  produced by low pressure f l a s h  p y r o l y s i s  a t  somewhat h igher  temperature and very 
shor t  residence times. These o i l s  are h i g h l y  oxygenated and conta in  a l a r g e  f r a c -  
t i o n  o f  d isso lved water. Because o f  t he  so lub le  water these have a much lower 
v i scos i t y .  The f l a s h  p y r o l y s i s  o i l  produced a t  Georgia Tech i s  t y p i c a l  o f  t h i s  type 
of o i l .  The f o u r t h  o i l  shown i n  Table 1 was made a t  ?NL by p r e t r e a t i n g  t h e  Georgia 
Tech p y r o l y s i s  o i l  t o  produce an o i l  more s i m i l a r  t o  the  h igh pressure o i l s .  
of t he  p re t rea t i ng  s tep are g iven by E l l i o t t  and Baker (10). 

produce l i q u i d  hydrocarbon f u e l s  from biomass-derived o i l s .  The three compounds, 2- 
methyl -2-cyclopentene-one, 4-methyl guaiacol, and naphthol are t y p i c a l  components o f  
biomass-derived o i l s .  The s i n g l e  r i n g  compounds are upgraded p r i m a r i l y  by deoxyge- 
nat ion.  Hydrogenation o f  the aromatic s t r u c t u r e  i s  n o t  des i rab le  i f  h igh  octane 
gasol ine i s  the intended product, b u t  It may be necessary as p a r t  o f  t he  pathway t o  
crack ing m u l t i p l e  r i n g  compounds. 
t i c u l a r  s u l f i d e d  CoMo t o  be the most e f f e c t i v e  c a t a l y s t s  f o r  t h i s  combination o f  
react ions (6). 
t e r i z e d  and the reac t i on  mechanism f o r  upgrading i s  unknown. 
support (such as a z e o l i t e )  compared t o  alumina may be b e n e f i c i a l  f o r  upgrading the 
h igh molecular weight f rac t i on .  

De ta i l s  

I 

Figure 1 shows some model reac t i ons  t h a t  are t y p i c a l  o f  what i s  requ i red  t o  

Previous s tud ies showed CoMo, NiMo and i n  par-  

The heavy f r a c t i o n  o f  biomass-derived o i l s  i s  no t  as w e l l  charac- 
Use o f  an a c i d i c  

(a) Operated f o r  the U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  
under Contract DE-AC06-76RLO 1830. 
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TABLE 1. Feedstock O i l s  f o r  Hydrotreating Tes ts  

Treated 
Georgia Tech Georgia Tech 

TR7 TR12 Pyro1y;is Oil Pyro l i s i s  Oil 
As Fed Dry As Fed Dry As Fe Dry As Fe Dry 

Elemental Analysis, w t  % 

Carbon 74.8 77.5 72.6 76.5 39.5 55.8 61.6 71.6 
Hydrogen 8.0 7.9 8.0 7.8 7.5 6.1 7.6 7.1 
Oxygen 16.6 14.1 16.3 12.5 52.6 37.9 30.8 21.1 

Ash 0.5 0.5 3.0 3.0 0.2 0.3 0.0 0.0 
Moisture 3.5 0.0 5.1 0.0 29.0 0.0 14.1 0.0 

Nitrogen < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

Density, g/ml @ 55OC 1.10 -- 1.09 -- 1.23 -- 1. 14(a) 
Viscosi ty ,  cps, @ 6OoC 3,000 -- 17,000 -- &) -- 14,200 
Carbon Residue, wt%(b) 13.5 13.9 26.9 28.3 -- 27-31(') _ _  
a )  a t  2o0c 
b) TGA simulated Conradson carbon, see reference 12 
c) Viscosi ty  and carbon residue were measured f o r  o ther  s i m i l a r  pyrolysis  o i l s  

EXPERIMENTAL 

The reac tor  system used f o r  this study i s  a nominal 1 - l i t e r ,  continuous feed, 
fixed-bed r e a c t o r  operated i n  an upflow mode. 
viously ( 1 0 , l l ) .  
i i n e  of the r e a c t o r  w i t h  coke-like mater ia l  and tests i n  t h i s  mode were discontinued. 
The o i l  feedstock,  preheated t o  4O-8O0C, i s  pumped by a high-pressure metering pump. 
Hydrogen from a high-pressure cy l inder  is  metered through a high-pressure rotameter 
i n t o  the o i l  feed l ine p r i o r  t o  enter ing the reac tor  vessel .  The reac tor  i s  7.5 cm 
I.D. by 25 cm and holds approximately 900 ml of c a t a l y s t .  

A two phase flow pa t te rn  exists i n  t h e  reactor .  Gas and v o l a t i l e  products move 
through the r e a c t o r  q u i t e  rapidly.  Unconverted, non-volat i le  mater ia l  does not leave 
the reac tor  u n t i l  i t  reaches the top of t h e  l i q u i d  level  and overflows i n t o  the pro- 
duct l ine .  Pressure i n  the system is maintained by a Grove back-pressure regulator .  
Liquid product is recovered i n  a condenser/separator and the of fgas  is metered and 
analyzed before  i t  is  vented. 

Catalysts  used i n  t h e  most recent hydrotreat ing tests a r e  shown i n  Table 2. 
Harshaw c a t a l y s t s  a r e  conventional extruded CoMo and NiMo hydrotreat ing ca ta lys t s .  
The Haldor Topsoe c a t a l y s t s  a r e  a composite system using low a c t i v i t y  r ings i n  t h e  
bottom of t h e  bed t o  prevent plugging from carbon and metals, and high a c t i v i t y  
extrudates  i n  the t o p  of the  bed. 
incorporat ing a z e o l i t e  i n  the  base t o  provide more a c i d i t y  and promote cracking 
react ions.  

I t  has been described i n  d e t a i l  pre- 
Operation i n  t h e  downflow mode ( t r ickle-bed)  plugged the  o u t l e t  

The 

The l a s t  two c a t a l y s t s  a r e  spec ia l ty  c a t a l y s t s  
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TABLE 2. Cata lysts  Used for Hydrot reat ing Tests 

PNL/ 
Suppl ier  Harshaw Harshaw Haldor Topsoe(b) Union Carbide Amoco 
Cata lyst  I D  HT-400 HT-500 TK-710 TK-750 TK-770 CoMo/Y NiMo/Y 

Ac t i ve  3% COO 3.5% NiO 2% COO 2.3% COO 3.4% COO 3.5% COO 3.5% N i O  
metals, 15% Moo3 15.5% Moo3 6% Moo3 10% Moo3 14% Moo3 13.9% Moo3 18% MOO 
w t %  2.5% P&j 

Support A1203 A1203 A1203 A1203 A1203 Y-zeol i te /  Y-zeol i te /  
2'3 2'3 

Form(a) 1 /8 - i n  E 1 /8- in  E 3/16-in R 3/16-in R 1/16-in E 1 /16- in  E 1/16-in E 

a) E - Extrudate, R- Rings, s i z e  given i s  O.D. 
b) A l l  t h ree  c a t a l y s t s  used i n  a layered bed 

RESULTS AND DISCUSSION 

The f o l l o w i n g  d iscuss ion deals  p r i m a r i l y  w i t h  recent t e s t s  w i t h  TR12 o i l  and CoMo 
Results o f  previous t e s t s  w i t h  o the r  o i l s  and c a t a l y s t s  w i l l  be summarized ca ta l ys ts .  

as they r e l a t e  t o  the most recent e f f o r t s .  

Tests w i t h  Cobalt-Moly Cata lysts  

f i d e d  CoMo cata lysts .  Table 3 shows r e s u l t s  obtained w i t h  the TR12 o i l  and the  Haldor 
Topsoe composite c a t a l y s t  system a t  about 4OOoC, 2,000 p s i g  and th ree  d i f f e r e n t  space 
v e l o c i t i e s .  Typ ica l l y ,  t he  l i q u i d  product y i e l d  from the TR12 o i l  i s  about 0.9 1/1 o f  
o i l  fed. 
one - th i rd  h igh  q u a l i t y  aromatic gasol ine (C A t  even lower  space v e l o c i t i e s  
(-0.05) a l i q u i d  product con ta in ing  about 68%-gasoline and almost no oxygen can be 
produced. A t  h igher  space v e l o c i t i e s  (up t o  0.44) deoxygenation i s  s t i l l  good, near ly  

Most o f  t he  t e s t  work has been done w i t h  the  TR12 and TR7 o i l s  and var ious s u l -  

A t  t h e  low space v e l o c i t y  (0.11) the o i l  i s  96% deoxygenated and i s  about 
225'C). 

TABLE 3. Results o f  Hydrot reat ing TR12 O i l  w i t h  Haldor Topsoe Composite Cata lyst  

Run No. 

Temperature, 'C 
Pressure, p s i g  
Space Veloc i ty ,  LHSV, hr-' 

HT-34 HT-34 HT-34 

397 395 403 
2,020 2,015 2,030 
.ll .30 .44 

Hydrogen Consumption, 1/1 o i l  f ed  548 296 212 
Product Y ie ld ,  1/1 o i l  f e d  .92 .08 .94 
Deoxygenati on, W t %  96 07 79 

Product Inspect ions 

Oxygen, w t %  
H/C r a t i o ,  mole/mole 
Density, kg / l  
Y ie ld  C5 - 225'C, LV% 

0.8 2.5 3.8 
1.5 1.3 1.3 
0.91 1.0 1.03 
37 24 11 
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8096, b u t  hydrogen consumption decreases 50% o r  more r e s u l t i n g  i n  a lower H/C r a t i o ,  
h igher  densi ty,  and lower gaso l ine  y ie ld .  The theo re t i ca l  hydrogen requirement t o  
deoxygenate TR12 i s  about 200 1/1 o f  o i l .  This i nd i ca tes  t h a t  a t  t he  low space 
v e l o c i t y  350 1 H /1 o i l  i s  be ing  used f o r  hydrogenation, hydrocracking and o ther  
react ions.  A t  t 2 e  h ighes t  space v e l o c i t y  on l y  about 50 1 H2/1 o i l  i s  being used by 
these o the r  reac t ions .  

Table 4 shows r e s u l t s  from hydro t rea t ing  TR7 w i t h  Harshaw CoMo/Al 0 ca ta lys t .  
Tests w i t h  the  Harshaw c a t a l y s t  and TR12 o i l  were s i m i l a r  t o  those w i t {  $he Haldor 
Topsoe composite c a t a l y s t  i n d i c a t i n g  the  d i f fe rences  between Tables 3 and 4 are due 
p r i m a r i l y  t o  t h e  o i l .  A t  s i m i l a r  processing condi t ions,  t he  products from TR7 are 
h igher  q u a l i t y  than those obtained from TR12. Analysis o f  TR7 and TR12 o i l s  ind ica tes  
TR7 i s pr imar i  l y  s ing le  r i n g  phenol i c s  which when deoxygenated become gaso l ine  bo i  1 i ng 
range aromatics. 
add i t i ona l  c rack ing  and hydrogenation t o  produce l i g h t  d i s t i l l a t e s .  

a t  cond i t ions  s i m i l a r  t o  those used w i t h  TR7 and TR12 t h e  runs had t o  be terminated 
due t o  severe cok ing  i n  the  bed. 
prevent coking. 
shown i n  Table 1 under the  heading o f  t rea ted  Georgia Tech p y r o l y s i s  o i l .  This o i l  
was f u r t h e r  hydro t rea ted  a t  350'C and 2,000 p s i g  w i t h  a s u l f i d e d  CoMo c a t a l y s t  and the  
r e s u l t s  were s i m i l a r  t o  those obtained w i t h  TR7 and TR12. This i s  t he  bas i s  f o r  a 
proposed two stage upgrading process f o r  biomass p y r o l y s i s  o i l s  (10). 

biomass-derived o i l s .  
product q u a l i t y  improves somewhat compared t o  400'C bu t  the  y i e l d  i s  reduced due t o  
increased gas produc t ion .  

The TR12 o i l  i s  p r i m a r i l y  double r i n g  phenol ics which requ i re  

When the  Georgia Tech py ro l ys i s  o i l  was hydrotreated w i t h  a s u l f i d e d  CoMo ca ta l ys t  

The temperature had t o  be reduced t o  250'-270°C t o  
The p roper t i es  o f  the o i l  produced a t  these low temperatures are 

Resul ts t o  d a t e  i n d i c a t e  400'C i s  about the  optimum temperature f o r  hydro t rea t ing  
A t  35OoC a much poorer q u a l i t y  o i l  i s  produced. A t  45OoC the  

TABLE 4. Resul ts o f  Hydro t rea t ing  TR7 O i l  w i t h  Harshaw CoMo/A1203* 

Fun. No. HT-I5 HT-14 HT-14 

Temperature, O C  398 394 389 
Pressure, p s i g  2,003 2,021 2,026 
Space Ve loc i ty ,  HSV, hr-' 0.10 0.30 0.55 

Hydrogen Consumr i on ,  1/1 o i l  f ed  616 435 202 
Product Yield,  1 1 o i l  fed  0.99 1.0 0.88 
Deoxygenation, w t %  -100 94 88 

Product Inspec t ions  

Oxygen 
H/C r a t i o ,  mole/mole 
Density, kg / l  
Y i e l d  C5-225'C, LV% 

0.0 1.1 2.6 
1.65 1.41 1.32 
0.84 0.91 0.96 
>87 60 28 

* adapted from re fe rence 11 
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Other Cata lysts  

I n  e a r l y  t e s t s  w i t h  the  TR7 o i l  where gasol ine b o i l i n g  range mate r ia l  was the 
primary product, t he  CoMo ca ta l ys ts  were p re fe r red  over NiMo because they re ta ined  the 
aromatic character and antiknock p roper t i es  o f  t he  product. 
more a c t i v e  f o r  hydrogenation and produced p r i m a r i l y  saturated c y c l i c  compounds (naph- 
thenics) w i t h  a lower octane ra t i ng .  With the TR12 o i l  a more a c t i v e  hydrogenation 
c a t a l y s t  such as NiMo may be b e n e f i c i a l .  
t o  the c a t a l y s t  may a l so  be advantageous w i t h  the TR12 o i l .  
NiMoP/y-zeolite/A1203 c a t a l y s t  obtained from Amoco are promising i n  t h i s  regard. 

The NiMo c a t a l y s t s  were 

Adding a crack ing component such as y - z e o l i t e  
Pre l iminary t e s t s  w i t h  a 

Cata lyst  Deact ivat ion 

A 48-hour t e s t  run was recen t l y  completed w i t h  TR12 o i l  and the Haldor Topsoe 
Figure 2 shows the t rend  o f  deoxygenation 
Hydrogen consumption and the  H/C mole 

c a t a l y s t  t o  evaluate c a t a l y s t  deact ivat ion.  
and hydrogen consumption a t  an LHSV o f  0.1. 
r a t i o  (not  shown) f e l l  r a p i d l y  i n  the  e a r l y  stages o f  the t e s t  and then leve led  o f f .  
Deoxygenation f e l l  throughout the  tes t .  

l i k e l y  due t o  coking o f  t h e  c a t a l y s t  which we have shown i n  e a r l i e r  t e s t s  occurs 
p r i m a r i l y  i n  t h e  f i r s t  t e n  hours (11). 
t o  bu i ldup o f  metals, p r i m a r i l y  sodium, from the o i l .  The TR12 o i l  conta ins about 3% 
ash, mostly res idua l  sodium c a t a l y s t  from the l i q u e f a c t i o n  process. 

Two causes o f  deac t i va t i on  have been postulated. The i n i t i a l  deac t i va t i on  i s  

The longer term deac t i va t i on  i s  probably due 

CONCLUSIONS 

A v a r i e t y  o f  biomass-derived o i l s  have been upgraded by c a t a l y t i c  hyd ro t rea t i ng  
i n  a 1 - l i t e r  reac to r  system. Spec i f i c  conclusions from ou r  s tud ies are as fo l lows:  

High y i e l d s  o f  h igh  q u a l i t y  gasol ine (C 
be produced from biomass-derived o i l s ,  Zowever, low space ve loc i -  
t i e s  ( long residence t imes) are required. 
a low oxygen, h i g h l y  aromatic crude o i l  i s  produced. 

Cracking and hydrogenation o f  t he  h igher  molecular weight compo- 
nents are the  r a t e  l i m i t i n g  steps i n  upgrading biomass-derived 
o i l s .  Ca ta l ys t  development should be d i r e c t e d  a t  these react ions.  

The TR7 o i l  i s  super ior  t o  TR12 and both are much super io r  t o  
p y r o l y s i s  o i l s  as feedstocks f o r  c a t a l y t i c  hyd ro t rea t i ng  t o  produce 
hydrocarbon fue ls .  

Py ro l ys i s  o i l s  can be upgraded by c a t a l y t i c  hydrot reat ing,  however, 
a c a t a l y t i c  pretreatment step i s  required. 

products t o  prevent r a p i d  c a t a l y s t  f ou l i ng .  

225OC b o i l i n g  range) can 

A t  h igh  space v e l o c i t i e s  

Residual sodium c a t a l y s t  needs t o  be removed from l i q u e f a c t i o n  
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FIGURE 1. Some Reactions In Catalytlc Hydrotreating Biomass-Derived Oils 
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FIGURE 2. Effect of Catalyst Age on Deoxygenatlon and Hydrogenation, 
4OO0C, 2,000 psig, LHSV = 0.1 
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