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.-fueTs reactors are heavy in the Tow moTecuTar weight paraffins (C

'INTRODUCTION

A process to convert biomass mater1aTs to quality. T1qu1d hydrocarbon

. fuels has been under deveTopment at Ar1zona State Un1vers1ty s1nce 1975. An

indirect 11quefact1on approach is ut111zed, i.e., gaswficat1on fo]]owed by

’cata]yt1c Tiquid fueTs synthesis. The advantage of 1nd1rect Tiquefaction (vs.

_ d1rect) is m1n1m1zat1on of oxygenated compounds in the T1qu1d hydrocarbon fuel pro-

duct. The use of catalysts in the T1qu1d fuels synthesis. resuTts in very mild

',process1ng cond1t1ons, i.e., 10w pressures, temperatures and res1dence times.

The potent1a1 products from the system are lndlcated on F1gure 1. The
med1um Btu pyroTysws gas (500 + Btu/SCF) conceivably cou]d be used as a fuel
gas.  The progect ob3ect1ve however- has aTways been to ta110r the gas compo-
s1t1on with respect to carbon monox1de, hydrogen and o]ef1ns for use as a

synthesis gas for the Tiquid fuels system The first: reactor in the liquid

‘ fueTs system contains a Fischer-Tropsch type catalyst. The condensible hydro-

- carbon phase is a narrow range T1ght paraff1n1c fuel (C - C]7) which can be

read11y ta1Tored to match diesel, kerosene or jet fueTs If a high octane

' gasoline is des1red, a convent1ona1 cataTyt1c reform1ng step is used to

4ach1eve the des1red effect.

A secondary condens1ble phase from the Fischer- Tropsch step is essenti-

aTTy a binary of normal - propano] and water - The off gases from the 1iquid

-C

1 5)

~and thus are of h1gh heating value It 1s ant1c1pated that these would be

' recyc1ed back to the gaswf1cat1on system

The research scaTe process’ has a. capac1ty of about 25 Tbs/hr of feedstock.
A f]u1d1zed bed with separate regenerator is emp]oyed for the pyroTys1s step.

: .




The heat.transfervmedidm can either'be'cata1ytic or inert. The system (both
. functiona11y and operationally) is a_direct analogy to a catalytic cracker
~ina petro1eumhreftnery which has been successfully empioyed since the 1940's. - %

1'A_f1ujdized_bed is also used for the rfscher-Tropsch step (to control the
temperatdre).-f'fhe reformer is a fixed'cata1ytic bed. Equipment and proce-
dure development have accompanied factor studies for the chemical reactor
systems. Previods experimental resu]ts'for the process have been reported

in Seyeral publications (1-5);4 These-dnclude a 22 factorial design (tempera-
2> Cofy
feed cohpoSition) and temperature, pressure catalyst 1oading studies for -

© ture, feed rate) for pyrolysis, a 23_central composite design (CO, H

the F1scher -Tropsch system and a 23 centra1 composite des1gn (temperature,
- pressure, feed rate) for the catalytic reformer. In each case, the responses
were the product yields and composition.r Additional physical properties
o were'reportedA(octane number, cetane numher, heating va]ues; specific grav-
ldity, etcf. In th1s paper the fo110w1ng additional stud1es w111 be presented:
E 1)."gas1f1cat1on data for a1ternat1ve feedstocks |
A2) | steam effects on gas1f1cat1on performance,
:1»3) ~water gas sh1ft cata]yst effects,f
| 4)h: temperaturp pffectc on gas1f1catlun pertormance, and

5). 3temperature effects on Fischer- Tropsch reactor performance
ALTERNATIVE FEﬁDSTOCK STUDY

Fourteen a]ternat1ve feedstocks were processed through the gasification-
'.7system A listing. a]ong with some feedstock analysis 1nformat1on is shown in

Tab]e.1., Many of the mafer1a1s represent 1ndustr1a1 wastes (e g., guayule




cork bagasse Jogoba mea], almond hu11s, she11s, sawdust) The Eco-Fuel II

mater1a1 s a preprocessed municipal refuse (Combust1on Equipment Associates).

The ash content varies among the feedstocks, ranging from negligible for the

synthetlc polymers to over 15% for ‘Eco- Fue] IT, Russ1an thistle and water

hyac1nth The max1mum su]fur content was for Eco- Fuel II (0.75 wt %).
Pyrolys1s gas composition data 1s 11sted 1n Tab]e 2. Run conditions

were as fo]lows

~temperature, ?F:' ' '} _; 1150-1450
- pressure; psig:. . 'Ah:Aﬁ 1.0 |
" residencé time, sec: 36
- solids feed rate, 1bs/hr . 25115
so1idS‘media- » : hf . 70-90 mesh sand

The biomass, refuse and peat feedstocks yield a gas with a heat1ng value of
about 500 Btu/SCF. The gas from the synthetic polymers has a'much higher

heat1ng value due to the absence of oxygenated compounds The gas composi-

'At1on resu]ts are masked somewhat by the. var1at1on in temperature settings
“for. the runs However, severa1 conc]us1ons can be drawn

. 1)' The more ce11u]os1c type feedstocks y1e1d the 1owest tota] olefin

| “content (genera]ly in the 5-10 mole % range)

h 2) - materials’ conta1n1ng hydrocarbon materia1s (e.qg., oils, 1atex, synthet1c

po1ymers) result in total o]ef1n y1e1ds in the 10- 25% mole % range.

©3)  pure synthet1c carbon chain polymers result in total olefin yields of

over 30 mole m;

4) hydrogen/carbon monoxide mo1e‘ratios’of 0.25 to 0.80 are encountered

for dry_feedstocks‘without steam-addition (excluding the Synthetic



polymers).

‘an autocata1yt1c effect is encountered for some feedstocks with respect

nto the water gas sh1ft react1on w1th steam addition to the pyrolys1s'
.reactor.
6)' HZS was not detected'for any feedstock' This is of's1gn1f1cance with
| vregard to potent1a1 effects on cata1yst activity downstream
Prev1ous studies (1,2) on the system have 1nd1cated that an optimal
pyrolysis gas compos1t1on for max1m1z1ng 11qu1d hydrocarbon fuel yields is

20 mo1e % + olef1ns and a H2/C0 mole rat1o of 1 -1.5. Se1ected feedstocks

are capab1e of produc1ng the desired amounts of o1ef1ns (e.o.; guayule cork).

W1thoutsteam add1tlon, all the mater1als (except the synthetic polymers)

result in a suboptimal HZ/CO m01e ratio,
STEAM USAGE.ANojWATER GAS
SHIFT_REACTION EFFECTS
A study was conducted w1th the obJect1ve of alter1ng the’ H2/C0 ratio

‘for various, cand1date feedstock mater1a]s | Two mater1a1s capab]e of produc-
§ 1ng a 1arge amount of olefins were se]ected for study Eco- Fue] IT and
h guayule cork.. The goa] was to 1mp1ement the water gas sh1ft react1on _
"'CO + H20 > H2 + CO2 As indicated -in Table 3, steam add1t1on appeared to

‘have a s]1ght effect on- the HZ/CO ratwo (.31 to .44) for'Eco-Fuel II feed-

_stock w1thout the use of a shift cata]yst . Use of a commerc1a1 shift cata--
lyst . (packed section of the reactor overhead gas 11ne) ach1eved a maJor
shift in the rat1o (2.48). Thus contro] of the HZ/CO rat1o appears possible

for Eco Fuel II but only with the a1d of a. water gas sh1ft cata]yst




' - feedstock was used with analysis on]y for the major components (H

Steam add1t1on w1th guayule cork feedstock (w1thout a water gas shift

catalyst) had a dramatic effect on the H2/CO ratio (Table 4) with an increase

from 0.64 ‘to 2 45, S1m11ar behav1or was observed for other feedstocks (e.g.,

guayule bagasse, peat) where steam‘addition was used. <0ther~feedstocks
: hoWever, (e. g , paper ch1ps) exhibit behav1or similar to Eco- Fue1 IT w1th
.steam add1t1on, i. e , 1ittle if any sh1ft1ng of the H2/CO rat1o occurs with-

" out the a1d of a ‘water gas shift catalyst ' The phenomena ‘is not tota11y

understood but’perhaps is related t0«a1cata1ytic effect of the ash obtained

. for certain'feedstocks It is expected that many additional feedstocks will

behave in a. s1m11ar manner
PYROLYSTS TEMPE?ATURE EFFECT'

' A study to ascerta1n the effect of pyro1ys1s reactor temperatures

‘between 1300 - 1700 °F on gas phase compos1t1on was conducted. Paper chip

05 co,

'C2H4, C2H6’ CH4, COz) Recyc]e pyro]ys1s gas was used for f1u1d1zat1on

The feedstock ‘was dry and steam was" not fed to the system - However, some

'_mo1sture 1s undoubted1y generated in the pyrolyzer A]so the recyc]e pyroly-
sis gas is saturated w1th water after pass1ng through the wet: scrubbing

"<system Results are shown on Figure 2. A water gas shwft effect is apparent

w1th 1ncreas1ng temperature. Thus conce1vab1y a control a]gor1thm could be

- developed for a. feedstock to control the H /CO ratio via adJustments in reac-

tor temperature and: steam f]ow rates.




hydrocarbon phase are shown.

) mize at about 210°C but d1sappear

“‘decrease and. 1soparaff1ns increase w1th 1ncrease in temperature

fF19ure 4. As 1nd1cated

'w1th a wt. % compos1t1on of about 39%.

AFISCHER-TROPSCH»REACTQR TEMPERATURE STUDY

An 1solated study of the effect of reaction temperature .on the material

balance for the F1scher Tropsch system was performed. The constant reactor

' operat1ng cond1t1ons were as follows:

pressure, psig: s' | ':} 110
-fged composition, mo1e%f y H2 .31t7f
| | co 22.06
C2H4 i 29.90
CH, 5.00
C02 ' ]T.33
7residence time, sec;- , fu 16 :

WHSV (g feed/hr -g catalyst):  0.27

A synthet1c feed gas was used for the- study Summary'resu1ts are shown in

Figures 3—7. In F1gure 3 grouped compound analysis effects for the liquid
" Low mo1ecu1ar we1ght a]coho1s (C3 - C6) maxi-
at’ temperatures above 240°C; Olefins

Normal
paraff1n product1on exh1b1ts a b1moda1 behav1or with a m1n1mum at about 210°r

and 4 max1mum at about 260°C. '
o A compos1t1on temperature plot for" the water-alcohol- phase is shown in

s norma1 propano] compos1t1on peaks at about 210°C

Spec1f1c gravity and yield curves
for the two phases as a function of temperature are shown in Figures 5 and

6 Peak y1e]ds for the organ1c phase occurs ‘at about 260°C'while the water-



alcohol phase peaks at about 230°C. Reactant conversion curves are shown in

;VFigure'7. Convers1on increases with temperature for all reactants as expec-

ted. The hydrogen and ethy]ene are depleted at the h1gher temperatures

whereas about half the carbon monox1de s reacted

The obgect1ve for the project has been to maximize the 11qu1d hydrocar-

~ bon product y1e1ds . The above ‘study 1nd1cates that the process conceivably

‘ cou]d a]so be opt1m1zed to maximize for norma] propano1 product1on (1979

. price:. $2. 22/ga1 ).

CONTINUING‘RESEARCH

A Tist’ of stud1es in progress and progected for the near term are listed
in Table 5. A number of a]ternat1ve feedstock cand1dates are under considera-

tion. Of part1cu1ar interest is to estab11sh the re]at1onsh1p between feed-

stock compos1t1on and ‘gasification system performance Further work thh

water gas sh1ft cata]ysts would 1nv01ve 0pt1m1z1ng performance with respect

to. steam add1t1on, res1dence t1me and f1xed bed temperature . Also, the

cata]yst act1v1ty h1story has not been estab11shed

Several paths are being explored to- deve1op the capab111ty to manipulate

8 pyro]ysls gas compos1t1on for any commerc1a11y attract1ve feedstock The
'gas1f1cat1on system 1s 1dea11y setup to hand]e fluidized cata]ysts with con-
f't1nuous regenerat1on Among the cand1dates are standard . petro]eum refinery
.crackIng catalysts A mu]t1 factor study to explore the effect of pyrolysis

. temperature, res1dence t1me, steam usage and. pyrolysis recyc]e gas continues.

The fo11ow1ng ranges are being exp]ored




'investigated.

- residence time:- -7 0.1 to 5 seconds

temperature: A;' . 1100-1700°F

fluidization gas.A. : 100% pyrolysis to 100% steam
Add1t1ona1 stud1es in the gas1f1cat1on system include a survey of alterna-
tive non catalyt1c heat transfer medxa (1mproved therma] propert1es), optimi-

zation of the scrubb1ng system, character1zat1on of the ash, char and tar

: mater1als and deve1opment of techniques: for feeding wet feedstocks.

F1scher Tropsch stud1es are centered on improved mater1a1 balances

"~ (more deta11ed compos1t1on analysis) and a]ternat1ve cata]yst screening stu- -

dies. A]so rema1n1ng is a character1zat1on of cata]yst activity for various

'feedstocks No further work on the reformIng step is p1anned at this time.

The concept of . produc1ng high octane materials has been demonstrated One
pass. ]1qu1d yield losses are about 20% but this man1fests itself in the form

of an extremely h1gh qua11ty off gas (hydrocracklng effects) ‘and thus some

. of the yle]d 1oss cou]d be recovered w1th off gas recycle to the gasifica-

tion system in an 1ntegrated system‘operat1ng mode. It should be noted,

however, that most‘industria1 interest in the process to date has been aimed at

the'ddese1-fue] type product (Fischer-Tropsch hydrocarbon phase). This is

consistent with fuel requirements for such equipment as farm machinery,

- trucks, etc. plus the projected decllne 1n consumption of high octane fuels

in the near -future (in favor of paraff1n1c fuels). (6).

Separat1on of the gas1f1cat1on ‘system scrubber eff1uent and the Fischer-

Tropsch water a1coho1 phase are not currently implemented on the research

scale system. Techn1ques for accomp1fshing desired separations are being




The maJor rema1n1ng task for the research scale is an assessment i

"<_,of performance for the 1ntegrated system for selected feedstocks This

: w111 include recyc]e of liquid fuels system off gases to the gasification
- system (probab]y a sp11t to the pyro1yzer and regenerator) Integrat1on
~of steps for separat1on and recycle of the scrubber eff1uent Fischer-

: Tropsch water phase and pyrolysis char streams will remain for a larger

.sca1e fac111ty
SUMMARY ANoféoNCLUsrons

A progress report on a process to convert biomass type mater1a1s to
"quality 11qu1d hydrocarbon fuels has been presented The part1cu1ar experi-
ments emphas1zed 1n th1s paper lead to the fo110w1ng conc]us1ons

1) ‘A wide var1ety of feedstocks can be processed through the gas1f1catton

»system to a gas with a heatlng va1ue :of 500 + Btu/SCF

' - 2) Some feedstocks are more attract1ve than others with regard to produc-~

' ing a h1gh olefin content. Thismappears to be related'to hydrocarbon
content ofhthe material ‘ )

:; 3) :'The H,/CO ratio can be man1pu1ated over a wide range in. the gasification
| system w1th steam addition. Some feedstocks requ1re the aid of a water-
gas sh1ft cata]yst while others appear to exhibit an auto- cata]ytlc

"effect to ach1eve the convers1on | A
4) »HZS content (beyond the gas1f1cat1on system wet scrubber) is negligible

for the feedstocks surveyed.
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5) - The water gas shift reaction appears to be enhanced with an increase in

pyrolys1s reactor temperature over. the range of 1300 - 1700°F
6) 'Reactor temperature in the F1scher Tropsch step is a s1gn1f1cant factor
with - regard to manipulating product composition analys1s ~ The optimum
‘temperature however will probab]y correspond to max1mum convers1on to
‘l11qu1d hydrocarbons in the C - C]7 range.

Cont1nu1ng research includes 1ntegrated system performance assessment

alternative feedstock character1zat1on (through gasification) and factor
Astud1es for gas1f1cat1on (e.qg., catalyst usage, alternate heat transfer

“media, steam usage, recyc]e effects, res1dence time study) and liquefaction

(e.g., improved cata]ysts, catalyst activity characterization).
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' Tab]e i

FEEDSTOCK ANALYSIS (wt. %) -

| % Loss
: ‘ ' L . on
Feedstock - o % Nitrogen - % Sulfur % Ash Ignition
“Almond Hulls’ ‘ 0.88 10.08 5.9 94.09
Almond Shells 0.68 0.03 8.75  91.25
‘Raw Guayule 0.81 0.18 5.14. - 94.86
Guayu]e‘Bégasse. 0.66 0.1 3.27 - 96.73
~ Guayule Cork 0.91 - 0.34 3.53 96.47
‘Russian Thistle 1.33 0.9 15.45 8455
Peat o 0.97 ©0.15 7.63 . 92.37
Water Hyacinth 1.87 © 0.53 18.97 81.03
Polyethylene 0.09 0.17 0.04 99.96
Polypropylene - 0.13 0.03 . 0.03 99.97
" Paper Chips 0.13 . 0.08 0.58 99.42
Sawdust 0.28 0.12 7.03 92.97
Jojoba Meal 3.94 10.36 3.0 96.96
Eco-Fuel IT . 0.40 0.75 14.68 85.32



g -7 . Table?2

Pyrolysis Gas Compositiqn (mq]e%)?

Feedstock  Biy7s  Shells Guayule  Bagasse? - Cork™ " Thistle ~ Peat® Hyacinth  ethylene pylene Chips  Sawdust Meal
H, ' 28.08  26.03 17.28  41.40 14.37; 26.37 . 45.05 23,00 - 14.19 1357 14.77. 1513 11.96
0, 0.00  0.00 0.00 0.00 0.0 0.00  0.00 . 0.00 . -~ 0.00 0.00 0.23 042 0.4
co 35.44.  38.06 . 34.98 ' 25.29 5111 36.08  18.48  42.43 0.96 069 58.86 . §5.57  37.56
| co, 1392 S5 8 1200 4.30 - 14.62 . 16.29 1394 023 000 3.2 53 1032
H,S 0.00 -0.00 _ 0:00  0.00 . 0,00 0:00  0.00 0.00 . -0.00 0,00 0.00  “0.00 . 0.00
CH, 14.9617.21 2607 3381 - T8.50  16.23  10.69  14.34 43.56 4243 1476 1637 23.2)
CH, 0.06  0.06 ~ 0.04 033 . 0.09 - 0:12 " 0.00° -~ 0.61° . 1.18 0.0 010 0.00
CoHy - 4.01 3.09 5.57 493 - 6.3¢ . 321 415 382 119.29 13.3¢ ° 3.70 2.63 - 9.15
CHe 1.29 1.72 2.3) 0.85 - 2,63  1.69 1.88  1.62 6.78 6.3 -2.26 2.3 3.44
C, olefins  1.23  0.54 1.50 0.31 1.24 0.6 1.21  0.57 5.30 9.77 2 1.13 2.01
C3Hg 0.03  0.06 0.05 _— 0.02 0.02 0.9  0.02 0.00  0.00 0.08 0.09 0.03
C, olefins 012 0.10 0.56  0.04 0.27 0.14 0.19 0.3 . 0.59 3.64 0.18 0.20 0.45°
Cafyg 0.00 0.0  0.01 0.0 0.02 0.0 0.00  0.00 0.02 0.06 0.00 0.0} 0.0
Cehy, 0.01 . 0.01 " 0.04 0.00 0.02. 0.00 0.02  0.08 0.00 °  0.00 0.00 0.00 0.08
0 2 1 0. 0.67  1.78

C + olefins 0.86. . 0.97 . 2.97.  1.10 .- 1.20 1.02 0 1.83 - 0.35 . 749 . 920 . -0.57

]Hater. nitrogen free basis
2Steam fluidization with recycle pyrolysis gas to sparges»(other runs with total recycle gas)

Almond ~ Almond . Raw  Guayule  Guayule -Russian ,  Hater Poly- Polypro- . Paper N Jojoba

| -
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Table 3

. STEAM EFFECT - ECO-FUEL II FEEDSTOCK]'

74 .
05
.40
.20
.00 -
.03
.00
.04
.60
.03
.10
.51
a1
.00
.13

71
.31

21
0

49,

12.

3
0
8
0

9
3.
0
0
0
0
0
2

‘Steém

96 - -
08
66
79
- 0.00
- 8.68
G.08.
.23
02 .
009
.09
.56 -
0.3
.00
.61

49 .
0.44

Tresults in mole % (water, nitrogen free basis)-

Steam + Water Gas

Shift Catalyst

42.59
0.00
17.18
12.52
- 0.00
.45
1
.03
.67
.03
.03
.30
.02
.02
.05
- 9.84
2,48

—
o o

—~ 0 0o o — waun



“Table 4
STEAM EFFECT - GUAYULE?CQRK FEEDSTOCK'
‘No_Steam . ‘Steam
Hy S 14.32 35.24
0, - 0.04 ~0.00
- . 22.23 14.40
co, _ 8.21 12.95
HyS - o | 0.00 0.00
CHy | 29.75 | 19.83
C,H, 0.00 . 0.06
Coy 11.03 | 10.83 .
CoHg 4.62 N . 3.34
C; olefins 4.16 ~1.19
Gy .»oi19_  2 0.03
. L, olefins . 1.45 0.15 -
Catg - 0.2 0.0
CgHyy 0.00 0.02 .
C5 + olefins 3.96 - 1.95
- total olefins ' 20.60° 14.12 -
L Hy/C0 - 0.64 - 2.45

]resultsfin mole % (water, nitrogen free basis)
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