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A secondary condensible phase from the Fischer-Tropsch step is essenti-
ally a binary of normal-propanol and water. The off gases from the
‘liquid fuels reactors are heavy in the low molecular weight paraffins
(Cy - Cc) and thus are of high heating value. It is anticipated that
thASe wduld be recycled back to the gasification system.

. The research scale process has a capacity of about 25 1bs/hr of feed-
stock. ~A flow diagram is shown in Figure 2. A fluidized bed with
-separate regenerator is employed for the pyrolysis step. :The heat
transfer medium can either be catalytic or inert. The system (both
functionally and operationally) is a direct analogy to a catalytic
cracker in a petroleum refinery which has been successfully employed
since the 1940's. A fluidized bed is also used for the Fischer-Tropsch
step- (to control the temperature). ‘The reformer is a fixed catalytic
bed. Equipment and procedure development have accompanied factor
studies for the chemical reactor systems. Previous experimental
results for the process hsve been reported in several publications
(1-5]. These inc]gde a 2¢ factorial design (temperature, feed rate)
for pyrolysis, a 2° central composite design (CO, H2, c H4 feed compo-
sition) and temperature, pressure, catalyst loading stuaies for the
Fischer-Tropsch system and a 23 central composite design (temperature,
pressure, feedrate) for the catalytic reformer. In each case, the
_responses were the product yields and composition. Additional physical
~ properties were reported (octane number, cetane number, heating values,
specific gravity, etc.). In this paper the following. additional stud-
jes will be :.presented: . ‘ o
1) gasification data for alternative feedstocks, .
temperature effects on gasification performance;, . - ,
steam and residence time effects on gasification performance, and

2
3 A
4) water gas shift catalyst effects.

— —

- FEEDSTOCK STUDY

A large number of feedstocks were investigated through the gasification
step. (Table 1). The industrial wastes refer to by-products of indus-
trial processes. The forest residues tested are all cut by the U. S.
Forest Service in the southwest United States for water conservation
‘purposes and burned in the field. Environmental pressures will pre-
clude burning in the future. Eco-Fuel II is a preprocessed municipal
. refuse. Almond prunings are cut and burned in the almond orchards and
thus represent an environmental problem. Russian thistle (tumbleweeds),

raw guayule, water hyacinth and peat represent materials that might be

~harvested deliberately for energy production purposes. Some of the

feedstocks were tested at the initiative of the Principal Investigator

‘while others were at the request of the industrial concerns, government

agencies and other University laboratories. Elemental and ash analysis

for some. of the feedstocks are listed in Tables 2 and 3. As indicated,

the carbon, hydrogen, oxygen and nitrogen compositions are similar for

‘the biomass materials. The sulfur content is very low except for pre-

processed municipal refuse (Eco-Fuel II). The ash content does vary

. significantly for the materials, ranging from negligable for the syn-

- thetic polymers to over 15% for a few materials (e.g., Eco-Fuel II,
Russian thistle, water hyacinth). :
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Table 1 .
FEEDSTOCKS - -

Indhstrial Wastes
Sawdust . almond hulls’
firbark . almond shells
guayule bagasse C paper chips-
~guayule cork . : ’ polyethylene
jojoba meal oo polypropy]ene
Forest Residues < V
‘creosote bush : : - shrub live .oak
. sugar sumac R hairy mountain
_Arizona cypress : . " . Utah juniper
pringle manzanita ) pinion pine
Wright silktassel ' S mesquite

pointleaf manzanita
: Urban.Wastes
Eco-Fuel I1

"Agricultural Wastes

" " almond prunings

Energy Croés

_ Russian thistle
.raw ‘guayule
. water hyacinth
" -peat-

mahogany



Sample Harking

Guayule - Cork
Guayule - Bagasse
Guayule - Raw
Jojoba Meal

Water Hyacinth
Almond - Hulls

Almond - Shells

Almond - Cured Prunings
Eco II - Brockton
Sawdust

Paper Chips

Table 2

FEEDSTOCK ANALYSIS

(W1 7%
= Loss
% Nitrogen s Sulfur % Ash On Ignition

0.91 0.34 3.53 96.47
0.66 0.11 3527 96.73
0.81 0.18 5.14 94.86
3.94 0.36 3.04 96.96
1.87 f258 18.97 81.03
0.88 0.08 5291 94.09
0.68 0.03 8.75 91,25
1.01 0.21 25.44 75.46
0.50 1.44 24.41 75.59
0.28 0.12 7.03 92.97
0.13 0.08 0.58 99 412




TR l+33 0.19 15.45 84,55
Peat 0.97 0.15 7.63 92.37
Polyethylene 0.09 0.17 0.04 99.96
Polypropyiene 0.13 0.03 0.03 99.97




Table 3 -

FEEDSTOCK ANALYSIS
(Wiz)—
. Péper  :" Guayule
Eco Fuel I1I Chips Bagasse
rockton S -
8.0 L - 40.2
4.9 ' 57 4.7
31.4 : Cos 48.4
Table 4

~ PYROLYSIS OPERATING CONDITIONS

Température, °F L ..., ';‘; . . 1200-1700
Pressure, psig . . . . . ;;. !;}'...04 -
Residence Time, Seci. e ,:;,;-. .. 3-8

Feed Rate, Tbs/hr ... . . . . ... .. 215




Gasificétion‘operétjng-conditions for the feedstock survey runs. are

- Tisted in Table 4. The runs were performed over a neriod of several

months and some equipment modifications were implemented (e.g., feeder
modification). Pyrolysis gas composition data is shown in Tables 5-7.
Gas phase yield measurements varied from 50-97% but were subject to
some_experimental error due to lack of a continuous feedback measure-

ment from the solids feeder and occasional coating of the venturi gas
flow meter. ‘ . -

The‘operéting-Conditions for the gasification data should not be con-
sidered optimal but are representative of. the state-of-the-art of the
system at the time the runs were performed. Thus for a given feed-

stock, improvements. in performance are anticipated,

A11: the cellulosic. feedstocks yield a gas with a heating value of
about 500 Btu/SCF. The gas from the synthetic polymers has a much
higher heating value due tgo the absence of oxygenated compounds. The
gas composition results are masked somewhat by the variation in opera-
ting ‘conditions for the different runs. ‘However, several conclusions

_can be drawn: - '

1) The more cellulosic type feedsto¢k$<yie]d the Towest total olefin
content (generally in the 5-15 mole % range). ‘

.2) Materials containing hydrocarbon materials (e.g.,Aoils, latex,

synthetic polymers) result in total olefin yields in the 10-25
mole % range. : - ,

3) Pure synthetic carbon chain polymers. result in total olefin yields
of over 30 mole %. , E _ :

4) Hydrogen/carbon monoxide mole ratios of 0.25 to 0.95 are encoun-
tered for dry feedstocks without steam addition (excluding the

~ 'synthetic polymers). :

5) .Hgs was not detected for any feedétoékL This includes high sulfur
: m

terials such as Eco-Fuel II. This is of significance with
- regard to potential effects on catalyst activity qownstream.

Previous studies [1-5] on the system have indicated that an optimal

- pyrolysis gas composition for maximizing -Tiquid hydrocarbon fuel
- yields is 20 mole % + olefins and a Hg/CO ratio of 1-1.5. Selected

feedstocks are capable of producing the desired amounts of olefins
(e.g., guayule cork). Without steam addition, all the materials
(except the synthetic polymers) result in a. suboptimal H2/CO mole

ratio. = .

- TEMPERATURE 'STUDY

Gas phase compbsition results for paper chip feedstock are shown in

Figure 3. Only the major components are included in the amalysis

(HZ’ co, C H4, c H6’ CH,s CO,). Recycle pyrolysis gas was used for
fluidizati n.,-Tﬁe feedétock was dry and steam was not fed to the sys-
tem. However, the recycle gas-is saturated with water after passing

through the wet scrubbing system. The results shown in Figure 3
. .indicate an apparent water gas shift effect with increasing tempera-

ture with a conresponding decline in paraffin and olefin production.

- When considering that gas phase yields increase with inqreasing
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‘Table 5.

“ PYROLYSIS GAS COMPOSITION (mole %)’

. Polypro-

HZ/CO ratio

1 - water, nitrogen free basis ¢ .
2 - Steam fluidization with recycie pyrolysis gas to sparges (other runs with total recycle gas)

-

Atnond Almond". -~ Almond Poly- Paper - ‘
Feedstock: Hul]i__' fﬁflli ‘_Pkunings 4 ‘ethzlene . pylene Chips lﬁfﬁ?
, - 28.08 26.03 2570 1419 13,57 4. " 45.05
) 000 -. 0.00 © 0,16 0.00 . 0.00 0.2 0.00
€0 35.49 38.06 42.68 - 0.96 0.69 '58.86 18.48
o, 13.92 12.15 5.97 0.23 0.00 3.27 16.29
S 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CH, 14.96 17.21 14.88 43.56 42.43 14.76 10.69
C M, 0.05 0.06 0.17 0.61 1.18 0.10 0.12
CoMy 401 3.09 . 5.68 19.29 13,34 £3.70 - 415
g V.29 2 .05 6.78 6.13 2.26 1.88
' €y olefins 1.23° 0.5 02 5.30 977 .21 .21
Cylly 0.03 0.06 0.00 0.00 0.00 - 0.08 0.09
C, olefins 0.12 0.10 0.08 0.59 3.64 0.18 0.19
o 0.00 0.00 - 0.0) . 0.02 0.06 1000 0.0)
_ Cs“né ©0.00 0.0l 0.00 10.00 0.00 " 0.00 0.02
&5 + olefins 0.86 0.97 3.4 7.49 9.20 0.57 1.83
total unsaturated  6.27 a6 9.55 33.26 37.13 5.76 7.38
' 0.79 0.68 0.60 14.78 19.67 0.25 2.44
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Table 6. -

r.

PYROLYSIS GAS COMPOSITION (iole %)

I - "water, nitrogen free basis

. . . Sugar Raw Guayule. Guayule Russian Hater . . Jojobe

Feudstock: CFir Bark * Sumac Guayule 'ngasse C'oﬁ Ihlsgln Uyacinth Sewdust © -Heal fco-Fue) 1}
i, 16.58 w89 17.28 25.02 20.57 2.1 23.00 15.13 11,96 15.24

é 0.10 0.00 0.00 0.07 017 0.00 - 0.00 0.42 0.41 0.05
€0 53.42 .88 3.98 39.60 22.14 36.08 42.43 55.57 317.56 50.40
o, 2.99 10.57 a.51 6.1 .n M.62 . 139 5,31 10,32 .20
", 0.00 0.0  o0.00 0.00 0.00 0.00.  0.00 0.00 - 0.00 0.00
o, w0 15.16 26.17 15.36 26.03 16.23 . 16.37 23.21 15.03
Cn, 0.0 0.01 0.04 0.21 " 0.05 - 0.00 0.10 0.00 0.00
C,, ‘ s ss 550 1w 14.80 Jlar s 2.63 9.15 6.08
SR . 1.60 . . 2.85 2 0.6 .19 .69 e 2.3 EXTE 3.60
Cyelefios 0w T vm s 0.00 3.04 R XU ¥ 113 2.01 2.03
c]'u,l ’ o1 0.41 .05 0.13 0.16 0.02 0.02 0.09 0.03 0.10
Ly ulefing 0.18 0.65 0.56 0.06 0.83 O M 03— 20 0.45 0.59
Cy T v.02 0.04 0.01 0.00  o.08 T.m 0.00 mo.m 0.00 0.1}
iy, 0.00 0.00 0.04 0.00 0.00 0.0 0.03 0.c0 0.80 0.00
.EL' oluting 0.9} - 2.2 2.91 5.64 3.58, 102 035 0.67 ) 3.
total unsoturated  7.22 1042 ) 10.64 L 13.08 22.30 a.38 . 4.5 “n 13.39 nn
W0 ratto om0 0.49 0.63. 0.93 0.73 - 0.54 0.27 .32 0.3



" PYROLYSIS GAS COMPOSITION (mole %)’

Table 7.

1 - waler; nitrogen free basis

0.69

. 0.13

c Arfzons . Prln.glc Creosute’ Pinton Hright ' Utah .Pol'nlieaf Shrub . Ho::l:::{n
© Feedstock: Cypress Manzanita Bush ,Pl_ne Silhtassel Juniper Manzanits t tve Dak Bahogany 2340
41'12 664 24.99 25.99 25.82 C25.60 28.83 24.96 27.99 21.61 33.01
0, 0.07 0.04 0.03 0.44 0.04 " 0.05 0.34 0.0/ 0.04 0.06
co 38.40 40.68 39.43 41.78 38.69 39.54 35.50 4128 37.8¢ 44.35
o, 7.04 . 6.76 2.10 4.39 5.43 6.41 10.58 4.53 4.76 5.0
“a,S ©0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0:00° 0.00
o, 15.82 15.10 15.6) 15.68 16.56 16.20 14.08 16.86 15,32 121
Ci 0.01 . 0.1 0.02 0.14 0.7 0.1 0.15 0.1 0.30 003
'czuq 6.40 6.29 - 6.8 6.3 7.3 6.56 5.64 s'.ss' 10,26 2.6)
¢, 1,65 129 _ 0.9 1.87 1.68 1.60 '2.09 1z 153 o8
€y olefins 0.65 0.40 0.45 0.28 0.5 0.43 - o 0.15 0.67 0.00
'CJ"B ' 0.02 -0.01 0.05 ' 0.0} ‘ 0.05 0.02 0.08 0.0 0.04 ¢.7
¢, olefias 0.2 0.10 0.18 0.08 0.15 0.12 0.29 0.09 0.16 0.0
o 0.01 0.02 0.02 0.0l 0.03 0.04 0.12 0.0) 0.02 0.00
Gy, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co + olefins - 3.07 4 301 3.7 LN 0.11 5.56 2.22 1.48° 2.3
'(olel'm)salurued 10.34 e 10.24 10.00 11.89 7.23 12.85 8.13 12.83 5.00
u.:/co"rauo " o.69 ‘0.60 - 0.66 0.62. . 0.66 0.73 0.68 0.74
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temperature and that an optimal balance of carbon monoxide, hydrogen
and olefin production is desired, it is apparent that temperature
alone .is insufficient as a control variable in the gasification system.

FLUIDIZING GAS, RESIDENCE TIME, CATALYST STUDY

[t is difficult to isolate the effects of fluidizing gas type and com-
position and residence time in a fluidized bed system.. Thus for a
given reactor size, lower residence times are achieved by increasing
the gas throughput. This is constrained by proper particle size to
prevent excessive solids carryover. Experimentation in this area con-
sisted of steam addition to the system with fixed reactor dimensions
and particle size. Results for various feedstocks are shown in

Tables 8-10. The steam was superheated to approximately 600°F via a
coil in the gasification system combustor.  With this system, the
reactor temperature was lowered with a significant amount of steam

addition to the pyrolyzer. For fir bark and guayule cork feedstock
. (Tables 8, 9), an increase in unsaturated compounds and H,/CO ratio
. were observed with steam addition. An autocatalytic watef gas shift

reaction effect is apparent in each case. This could be due to the
presence of mixed metal oxides in the ash content of the biomass (simi-
lar to commercial water gas shift catalyst composition).. Eco-Fuel II
feedstock did not exhibit as significant a water gas shift effect
(Table 10). However, the H,/CO ratio was increased by a factor of 7
when a section of the reactGr overhead line was packed with a commer-
cial water gas. shift catalyst. In general, it appears that the H,/CO
ratio can be manipulated with steam addition for virtually any feed-
stock candidate. If an autocatalytic effect is not present, a simple
fixed bed shift catalyst section will achieve the desired result.
Olefin production appears more complicated. The most dramatic effect
occurred with guayule cork feedstock with an increase from 22 to 39%
with steam addition. This however corresponded to a substantial
reduction in residence time (8 to 1 seconds) and may also be feedstock
dependent. Current research is aimed at lowering the residence time

to less than one second via a combination of steam addition and

recycle off gas from the liquefaction system. The liquefaction off gas
normally would be depleted of hydrogen and olefins and thus use of

" this gas would avoid an effective increase in residence time with res-
- pect to these components as is the case_when recycling pyrolysis gas.

~ SUMMARY, CONCLUSIONS, CONTINUING RESEARCH

The particular experiments emphasized in this paper lead to the follow-

ing conclusions: - - S

1) A wide variety of feedstocks can be processed through the gasifica-

- tion system to a gas with a heating value of 500 + Btu/SCF.

2)- Some feedstocks are more attractive than others with regard to pro-
ducing a high olefin content. This appears to be related to hydro-

carbon content of the material.

3) The Hy/CO ratio can be manipulated over a wide range in the gasi-

ficatTon system with steam addition. Some feedstocks require the
aid of a water gas shift catalyst while others appear to exhibit

s T T .- et E. 2 3

Ll 4L




Tahle 8‘. '

" STEAM EFFECT - FIR BARK FEEDSTOCK

.- dlg §ggém |

rating Conditi
temperature, °F 1400
pressure, psig - 0.9
residence time, sec. 4
feed rate, lbs/hr 5 -
heat transfer media sand

fluidizing gas

' Pyrolysis Gas Compoosition (mole %)1;

pyrolysis gas

1250
0.9
3.2
g .
sand . .
pyrolysis gas + steam

29.24

Hy - 16.58

0, - C 0,10 - 0.14

o _ 53.42° 48,41
e, - 2.9 3.33

HyS C 0.0 0.00
"CH4 ‘ . ]8.07 10.60

Coty ‘ 0.05 . 0.03

GHy . 5.71 7.30.

csz C ’ _ - 1.60 O.$4i

C3 olefins . ) ~ 0.37 A 1.93

Caftg . - S 0,01 0.06 -
~ C, olefins ' 0,18 - 0.46 -,
CCyMhg | - 0.00- " 0.00 -

C5H12‘ . ; - o.Qo - 0.00

Cc +olefins L 0.91 1.89
_ -total unsaturated 7.13 . 11.58 .
© Hy/CO ratio A 0.3 0.66

1 < water, nitrogen free basis



Table 9.

- STEAM-RESIDENCE TIME-RECYCLE EFFECTS .

(Guayule Cork Feédstock)

Operating Conditions:

.temperature, °F

" pressure, psig
residence time, sec
feed rate, lbs/hr,
heat transfer media
fluidizing gas

No_Steam
1300 1200
0.9 0.9.
8 1
.5 5
70 mesh sand 70 mesh sand

recycle pyrolysis

recycle pyrolysis

. - gas gas + steam
Pyrolysis Gas Composition (mole %)% o

"Hz. 20.57 '24.51
0, 0.17 0.47
€0 22.14 10.87
€, . R 10.76
Hy$ 0.00 0.00
CH, 26,03 - 10.95
CoH, 7 0.08 0.04
CoHy " 14.80 16.67
CoHe 4.79 324
C4 olefins 308 6.49°
CiHg - - 0.16 - 0.25
Cd‘glefins - 0.83 . 2.65
Chg 1 0.08 0.21
Cehy, £0.00 . 0.00
|C5 + olefjns_ 3.58 12.88
total unsaturated 22.30 38.73

HZ/CO_ratio

1 - yéter, nitrogen free basis

0.93 . 2.25




" Table 10.

-"STEAM EFFECT - ECO-FUELAIIAFEEDSTOCK

. : + Hater-5
, - E No Stgam . hean ' ft Catalyst
- Qperating Conditions: L
temperature; °F . 1250 1180 : 1260
pressure, psig 0.9 0.9 1.5
residence time, sec. 4 T 5 5
feed rate, "1bs/hr 4 4 - ' 8
heat transfer media sand sand - sand
fluidizing gas pyrolysis . pyrolysis gas © pyrolysis gas
: - ' + steam ‘ + steam
Pyrolysis Gas Composition {male %)]: _ N
Hy o 16.81 " 23.82 : - 42.59
0, ‘ , 0.09 - 0.08 ©0.00
o . 50.62 T 45,24 ﬁ 17.18
co, - ; 2.30 N W2 12,52
HyS o 0.00 . - 0,00 - 0.00
' CH, ' 15,92 0 11,34 ' 16.45
oYY S 0.02 . - 0.05 on
C2H4 oL o 7.14 - 7.90 o 5.03
C2H6~ o a - 3.43 : 2.26 , e 3.67
" Cyolefins - .72 2.8 o 1.)03
- CHg 011 0417 ©0.03
C, olefins = o 0.25 - - 0.78 0430
C4H10v' S - 0.04 Lo 0.06 o .0.02
CSH]2 . o .00 ~.. °  0.00 : 0.02
C5+ olefins . Slse 2.3 : 1.05
total .unsaturated 10.67 L 1342 o 7.52
H,/C0 ratio 0.33 S 0.52 ' 2.48

"1 - water, nitrogen free basis




_ an auto-catalytic effect to achieve the conversion. .
4) H,S content . (beyond the gasification system wet scrubber) is negli-
g%b]e for the -feedstocks surveyed.
- 5) The water gas shift reaction appears to be enhanced with an

increase in pyrolysis reactor temperature over the range of 1300 -
1700°F, : : o

Continuing research .includes integrated system performance assessment,
alternative feedstock characterization and factor studies for gasifica-
tion (e.q., catalyst usage, atternate heat transfer media, steam usage,
recycle effects, residence time study) and Tiquefaction (e.g., improved
catalysts, catalyst activity characterization). An additional task in
. Progress includes the characterization of various feedstocks by com-

. pound types and corresponding correlation with reactor system per-
formance. : -

ACKNOWLEDGEMENTS

..The work described in this paper is supported by the U. S. Department
- of Energy (Contract No. DE-AC02-76CS40202, Alternate Materials Utili-
' 2ation Branch), The U. S. Department of Agriculture (Grant No.
59-2043-0-2-094-0, Science and Education Administration) and The Ari-
zona Solar Energy Commission (Contract No. 205-80). Feedstocks were
supplied by Golden Byproducts, Inc., Phillips Petroleum, Colony Farms,
U. S. Forest Service, Centro de Investigacion en Quimica Aplicada,
Office of Arid Land Studies (University of Arizona), Environmental
Research Laboratory (University of Arizona), Combustion Equipment
Associates, San Carlos Apache Indian Reservation and Weyerhaeuser
Corporation. : '

REFERENCES

1. Kuester, J. L., "Conversion of Cellulosic and Waste Polymer
Material to Gasoline," presented at the American Chemical Society
Symposium on- Thermal Conversion of Solid Wastes, Residues and
Energy Crops, Washington, D.C., September, 1979.

2. Kuester, J. L.; "Conversion of Cellulosic Wastes to Liquid Fuels"
presented at Engineering Foundation Conference on Municipal Solid
Waste as a Resource: The Problems and the Promise, Henniker,

New Hampshire, July, 1979 (publtished by Ann Arbor Press).

- 3. Kuester, J. L., "Liquid Hydrocarbon Fuels from Biomass," presented
at The Biomass as a Non-Fossil Fuel Source Symposijum, American
Chemical Society, Honolulu, April, 1979 (published in Preprints
and Symposium Series). o o

4. Kuester, J. L., "Liquid Fuels from Biomass," presénted at the AIAA/
ASERC Conference on Solar Energy, Phoenix, November, 1978 (pub-
lished in Proceedings). . ' :




Kuester;:d. L., "“Conversion of Naste‘OrganTc Materials to Gaso-

line," Proceedings of the Fou
the Environment, Cincinnati,

rth Natjonal Conference on Energy and
October,.1976.




