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[57] ABSTRACT 

Entrained pyrolysis oflignocellulosic material proceeds 
from a controlled pyrolysis-initiating temperature to 
completion of an oxygen free environment at atmo­
spheric pressure and controlled residence time to pro­
vide a high yield recovery of pyrolysis oil together with 
char and non-condensable, combustible gases. The resi­
dence time is a function of gas flow rate and the initiat­
ing temperature is likewise a function of the gas flow 
rate, varying therewith. A controlled initiating temper­
ature range of about 400° c. to 550° c. with correspond­
ing gas flow rates to maximize oil yield is disclosed. 

19 Claims, 2 Drawing Sheets 
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prototypical testing, yields of more than 60% are attain­
able. OIL PRODUCTION BY ENTRAINED PYROLYSIS 

OF BIOMASS AND PROCESSING OF OIL AND 
CHAR 

More particularly, the invention disclosed herein 
involves pyrolysis of lignocellulosic material (e.g., 

5 wood, forestry residues, agriculture residues and similar 
BACKGROUND OF THE INVENTION lignocellulosic materials including peat) by entrainment 

It is known that lignocellulosic materials such as thereof in combustion product gases (i.e., in the substan-
wood waste products will yield char, an organic liquid tial absence of oxygen) at atmospheric pressure to pro-
phase and non-condensable gases as well as water when vide a high yield of wood pyrolysis oil along with non-
the material is subjected to pyrolysis. Initially, efforts 10 condensable (combustible) gaseous phase and char. The 
were directed to pyrolysis of the material when it was in inlet temperature control of the entraining column of 
the form of a more or less fixed, compact bed thereof or pyrolyzing gases at the region where pyrolysis com-
with the bed being fluidized. The yield of useful prod- mences is controlled to lie within a selected range and, 
ucts, particularly organic liquid phase, was no high. 

15 
for each given inlet temperature within this range, the 

More recently, as is set forth in Esterer patent 3,298,928, effective residence time during which the cellulosic 
fluidized bed pyrolysis of lignocellulosic material has material is being subjected to pyrolysis is controlled in 
been used to recover levoglucosan along with char and order to provide the desired yield of wood pyrolysis oil 
organic liquid phase as well as combustible gases. The attainable at that temperature. Whereas the residence 
levoglucosan is recovered from the aqueous phase of 

20 
time of the lignocellulosic material during which it is 

the condensable gases and the yield of organic liquid being subjected to pyrolysis cannot be stated with preci-
phase is also low (i.e., less than 35%). sion because of the uncertainty of the precise time that 

Single stage, entrained pyrolysis of lignocellulosic an individual particle of tl.ie lignocellulosic material 
materials at atmospheric pressure is a very energy effi- remains in the region of pyrolysis, the residence time 
cient conversion process. The products of this pyrolysis 25 can be indicated by reference to the flow rate of the 
are an organic liquid phase, char, gases and water. The total inlet gases passing into the pyrolysis reactor where 
organic liquid phase, hereinafter wood pyrolysis oil, is a the reactor is of fixed length and diameter. The total 
versatile product and has been used successfully as a inlet gas feed rate based upon a reactor tube of fixed 
fuel in commercial kiln operation and in the operation length and diameter can be defined for maximum pyrol-
of power boilers. It has been blended with pulverized 30 ysis yield at each temperature selected within the tem-
char and/or fuel oils to provide an acceptable fuel oil in perature range of interest. 
commercial applications. It has also been demonstrated An object of this invention is to provide a method as 
to be a technically viable fuel for use in gas turbines. aforesaid within the uield of pyrolytic wood woil is of a 
Wood pyrolysis oil also has potential as a chemical value in excess of those previously known in the art. 
feedstock. 35 More particularly, an object of this invention is to 

Therefore, it· would be desirable to utilize such an effect entrained flow pyrolysis of lignocellulosic mate-
energy efficient process in order to yield significantly rial by controlling the particle size of the material to be ·. 
greater yields of wood pyrolysis oils than have hereto- within a relatively small range, controlling the relative 
fore been possible. flows of inlet gases and thus the inlet temperature at 

BRIEF SUMMARY OF THE INVENTION 40 which pyrolysis begins, and substantially milximizing 
the· recovery of wood pyrolysis oil by controlling the 
flow of total inlet gases entering the reactor. It is a primary concern of this invention to provide a 

process for the pyrolytic decomposition of lignocellu­
losic materials which produces a high yield of wood 
pyrolysis ofr. 45 

Basic to this invention is the discovery that the en­
trained pyrolysis of lignocellulosic materials can be 
made to produce high yields of wood pyrolysis oil if the 
temperature which characterizes the onset of pyrolysis 
is controlled in consonance with the time during which 50 
pyrolysis is permitted to proceed. 

More particularly, a highly energy efficient process is 
obtained by the pyrolysis of lignocellulosic materials in 
a single stage entrainment carried out at substantially 
atmospheric pressure to produce high yields of wood 55 
pyrolysis oil when the temperature and time duration 
are controlled as aforesaid. Generally speaking, as the 
temperature is increased the time duration must be di­
minished to obtain the highest yields of wood pyrolysis 
oil and, within the range of temperatures at which rea- 60 
sonably high yields may be obtained, there is a tempera­
ture or narrow range thereof, where maximum yield is 
obtained. By "high yield" as used herein, wood pyroly-
sis oil yield of at least about 35% on a weight percent 
basis to moisture and ash-free feed is meant. Based upon 65 
the results of prototypical testing as disclosed herein, 
yields of more than 50% are readily achieved. Further, 
on the basis of mathematical modeling derived from the 

Specifically, it is an object of this invention to effect 
the aforesaid controls to achieve a yield of wood pyrol­
ysis oil which is in excess of about 35-50% by weight of 
the dry ash-free weight of the lignocellulosic material. 
To this end, the controlled temperature range is about 
400-550° C. or higher. 

Another object of this invention is the provision of a 
method in which the heat of the products of pyrolysis is 
advantageously utilized. For example, the hot organic 
vapors recovered from the reaction zone when pyroly­
sis has been completed or substantially completed may 
be catalyzed (with or without added hydrogen) to re-
move oxygen (as water) to produce aromatic, olefinic 
and paraffinic compounds. This product is an excellent 
feedstock for conversion to gasoline and diesel fuels and 
for petrochemical processes for the manufacture of 
plastics, synthetic fibers, etc. Alternatively or in paral­
lel, the hot organic vapors may be subjected to thermal 
cracking to unsaturated hydrocarbon gases such as 
acetylene, ethylene, propylene and the butenes. 

The hot organic vapors may also be converted by 
partial oxidation to carbon black in an oxidation reac­
tor . 

The hot and highly reactive char recovered may be 
converted directly to activated carbon as, for example, 
by entrainment in and reaction with steam. 
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These, together with other objects of the invention 
will become more evident with reference to the follow­
ing detailed description. 

BRIEF DESCRIPTION OF THE ORA WING 
FIGURES 

After removal of the hot char at 16, the gases and 
vapors are discharged at 24 and may be subjected to 
indirect cooling in the stage 25. The input and output 
lines 26 and 27 of a suitable cooling medium such as air 

5 are illustrated although it will be understood that any 
suitable indirect cooling may be effected at a tempera-

FIG. 1 is a diagrammatic illustration of the invention ture at which the organic vapors with some water will 
which indicates the general principles thereof; and be condensed to a liquid phase which is recovered at 28 

FIG. 2 is a more detailed diagram of an embodiment whereas the water vapor and noncondensable gases 
of the invention. 10 leave the system at 29 for recovery as fuel. 

DETAILED DESCRIPTION OF THE As an alternative to or in parallel with the cooling 
INVENTION stage 25, all or some of the stream discharged at 24 may 

be directed to one or more of the stages 30, 31 and 32. 
As shown in FIG. 1, the pyrolyzer 10 comprises an The valves 33, 34, 35 and 36 illustrate the flow controls 

elongate chamber which may be vertically disposed or 15 which may be effected. The, stage 30 represents catalyst 
it may be in any other orientation. At the inlet end, fuel (e.g., zeolites) reaction stage in which the hot mixture of 
and air are introduced at 11 and 12 ~toic~ometrically to organic vapors, water vapor and noncondensable gases 
f'?rm gaseous products of combustion m th~ lower re- are processed to produce gaseous and liquid hydrocar-
~on 13 of the pyrolyzer. 'J?lese ~ases co~tain su~tan- bons at 37 which are enriched as to hydrocarbon con-
tially no oxygen. Above this region, particulate ligno- 20 tent 
cellulosic ~terial is intr~uced at 14 p~e~atic~y The stage 31 represents a vapor base thermal crack-
conveyed m a cooled earner gas, at a region m which . p 
th inl t t tur t hi h th Ii llul 

. t mg reactor to produce ethylene, propylene and other 
e e empera e ow c e gnoce osicma e- h dr bo · · 38 I will b d 

rial particles are initially subjected to pyrolysis is within Y ocar . n g~ exiting a~ · t ? un erstood 
a temperature range hereinafter described. The flow 25 that .heat; :upplied by a swtable ~uel which may be a 
rate of the generated combustion gases plus. that of the portion ° t e products of pyrolysis. . . 
gases introduced at 14 and 40 (the flow rate of the total The. stage 32 repr~nts a flow reactor m which the 
inlet gases) is controlled such that the particles ofligno- hot mixture of org~c v.apors, water :'apor. an~ non-
cellulosic material become entrained in these inlet gases, c?ndensable gases ts subjected to partial oxidation to 
are well separated therein to move with the gaseous 30 yield carbon black at 39. 
stream toward the outlet end of the pyrolyzer 10, and The various stages menti?ned .above are all known 
are subjected to the desired inlet temperature for pyrol- and ~d.erstood by ~ose skilled m the art and further 
ysis. The cooled carrier gas which conveys the particu- descnption thereof ts ~eeme~ ~e~essary. . . 
late cellulosic material is substantially free of oxygen As.noted above: the mventio~ ts dtrec~ed pnmai?IY. to 
and such cooled gas can be introduced as needed at 40 35 entr~ed pyrolysis of cell~o~ic maten~ to m~e 
as a temperature moderating gas. the yield of wood prr?~~sts oil. FIG. 1 illustrates this 

Pyrolysis is substantially completed within the cham- feature plus the possib~ties for further product reco~-
ber 10 and a combination of noncondensable gases, ~ry. In FIG. 2, a flow diagram .of a prototype system ~s 
water vapor (entering moisture plus that produced by ~ustrated to demonstrate th': xmportanc7 of ~y~olysis 
combustion and pyrolysis), char, and pyrolysis oil va- 40 ~e and temperature control m accord with this mven-
pors is discharged in the line 15. The temperature of the tton. . . 
stream at 15 is somewhat less than the inlet temperature, ~e react~r 100 mcludes the reacto~ tube section 101. 
usually about 30-45• C. less. Hot char is removed at the A mixer section 102 and a burner section 103. The reac-
stage 16 and may be immediately directed, as indicated tion ?Ibe section 101 is a 21 foot long stainless steel pipe 
at 17, to the reaction chamber 18. 45 of 8 mch ID. 

The hot char at 17 is in a highly reactive state and Propane gas is introduced into the burner section at 
may be converted to activated carbon by entrainment in line 104 in amount controlled by the valve 105 and an 
and reaction with steam introduced at 19 so that acti- essentially ·stoichiometric amount of air is also intro-
vated carbon and a mixture consisting primarily of acti- duced in the line 106. Temperature moderating gas is 
vated char, steam, hydrogen, carbon monoxide, carbon 50 also introduced as required into the burner section 
dioxide and hydrocarbon gases exits at 20. Thereafter, through the line 107 under control of the valve 108. 
the activated carbon is removed at the stage 21 and This gas is generated in the burner/cooler 109 wherein 
recovered for use at 22 whereas the gaseous/vapor propane gas is burned in the presence of a substantially 
phase is recovered and leaves the system at 23. It will be stoichiometric amount of air. This fuel is introduced 
appreciated that solids removal in the stages 16 and 21 55 through the line 110 as controlled by the valve 111 and 
may be effected by conventional means such as cy- the proper amount of air is introduced through the line 
clones. 112. The products of combustion in the generator 109 

It will also be understood that the conversion of the are then quenched by the introduction of a sufficient 
hot char to activated carbon in the reactor 18 is prefera- amount of water through the line 113 and a suitable 
bly effected without significant cooling of the hot, 60 internal spraying device to cause the combustion gases 
highly reactive char entering at 17. For this purpose, to exit at the line 114 saturated with water vapor at a 
the steam input temperature at 19 may be sufficiently cooled temperature which may be about 38° C. Other 
high to assure this, or the reaction chamber 18 may be means for supplying inert gas (oxygen free) may be 
indirectly heated as by combustion of fuel such as com- used. Recycled product gas may be used directly as is 
bustible off gases of the system. Further; it is to be un- 65 without combustion. Also, feed, product gas, or char 
derstood that the hot char at 17 may alternatively be may be used instead of propane and burned stoichiomet-
recovered directly without the subsequent activation rically with air. In addition, the feed material could be 
thereof. conveyed with air in such a proportion that only a 



4,891,459 
6 5 

partial oxidation occurs sufficient to provide the energy 
needed to obtain the appropriate reactor temperature. 

This cooled, inert gas is split into two streams, one of 
which is the temperature moderating stream 107 enter­
ing the burner section 103 through the valve 108 and the 5 
other of which is the secondary temperature moderat­
ing carrier stream 116 passed through the valve 115 and 
into which the dried lignocellulosic material is continu­
ously and uniformly introduced. The feeder 134 intro­
duces the lignocellulosic feed from the line 132 at a 10 
predetermined rate into the carrier stream 116 so that it 
is pneumatically conveyed into the mixer section 102. 
The inlet temperature of the total gases mixture enter­
ing the section 102 commences the entrained pyrolysis 
of the lignocellulosic material at the inlet of the reactor 15 
tube 101 and this temperature is controlled by the 
amount of propane and air burned in the burner section 
103 as temperature moderated by the amount of cooled 
moderating gas entering the burner section through the 
line 107 as well as the amount of carrier gas entering the 20 
mixing section 102 through the line 116. 

The entrained pyrolysis proceeds in the reactor tube 
101 under substantially atmospheric pressure and the 
temperature of the stream leaving the reactor tube, as 
indicated at the line 117 is less, typically about 45° C. 25 
less, than the inlet temperature of the total gases enter­
ing the reactor tube 101. 

The mixture entering the reactor tube 101 consists of 
inert or substantially oxygen free temperature moderat­
ing gas supplied at 107, inert conveying or temperature 30 
moderating carrier gas entering at 116, combustion 
products of both the burner section 103 and the inert gas 
generator 109, water vapor and feed particles, all mov­
ing vertically upwardly in the reactor tube 101. The 
resulting mixture in the line 117 consists ofnoncondens- 35 
able gases, water vapor (entering moisture plus mois­
ture produced by pyrolysis), pyrolysis oil vapors and 
char particles. In the cyclone 118, almost all of the char 
particles are removed and collected at 119 and the 
stream 120 leaving the cyclone 118 consists of non-con- 40 
densable gases, water vapor, pyrolysis oil vapors, aero-
sol and some char fines. This mixture enters the air 
cooled condenser 121 where the pyrolysis oil and some 
water vapor are recovered as condensed phases as indi­
cated at 122 by suitable sumps and collection receivers. 45 
The exiting mixture at 123 consists of non-condensable 
gases, water vapor, light oil vapors and an aerosol of 
pyrolysis oil. This mixture is fed to the demister 124 
where most of the aerosol is removed and recovered at 
125. The line 126 consists mainly of non-condensable 50 
gases, water vapor and some residual aerosol, some of 
which may be diverted through the valve 127 to the 
drying oven 128 where it is burned in the presence of air 
supplied at 129 to dry the wood chips which are sup­
plied to the oven as indicated at 130. The remainder of 55 
the stream is passed through the valve 131 for on-site 
use. The dried feed is then comminuted and passed to 
the feeder 134 as indicated at 132. 

Data with reference to eleven screening runs are 
presented in the following table: 60 

TABLE 1 
Inlet Feedb 
gas rate Feedc % Oild % Char 

Temp.• rate lb/hr Screen Yield Yield 
Run# 'C. lb/hr (mat) Size dry basis dry basis 65 

13 504 194 52.9 40 x 50 35.0 7.8 
14 454 184 63.1 40 x 50 41.8 13.1 
15 549 210 56.7 40 x 50 31.0 6.1 

TABLE I-continued 
Inlet Feedb 
gas rate Feedc %0ild % Char 

Temp.• rate lb/hr Screen Yield Yield 
Run# ·c. lb/hr (mat) Size dry basis dry basis 

16 404 188 63.2 40 x 50 33.7 20.0 
17 416 198 59.2 40 x 50 40.l 19.8 
18 471 206 62.5 40 x 50 49.4 12.0 
19 471 223 59.0 50 x 60 46.0 7.9 
20 471 254 84.7 40 x 50 51.3 12.9 
21 477 281 113.2 40 x 50 47.6 10.7 
22 460 220 89.6 50 x 60 46.0 9.0 

0 • Reference temperature - K thermocouple located at the entrance to the reactor 
tube. 
b. maf-moisture-ash·frce. 
c. Sieve cut as produced with Sweco screener. 
d. The oil yield represents on a dry basis the organic material of the condensates from 
the condenser, demister, the gas and vapor sampling train (downstream of the 
demister) and the tarry deposits In the first section of the condenser. Yield based on 
maffeed. 

The results of the above screening runs were ana­
lyzed using non-linear least squares with a postulated 
kinetics model. 

The purpose of the modeling effort was to give some 
insight into the chemical kinetics of hardwood pyroly­
sis, and to develop a means of using the results of the 
screening runs as a guide for planning future experi­
ments. The decision was made to use a non-linear least­
squares procedure to determine numerical values for 
the pertinent parameters which could then be used to 
predict the oil yield. Rather than use a polynomial ex­
pression with no physical significance, the model was 
idealized to two series, first order, irreversible reac­
tions. Further, the assumption was made that tlie reac­
tions took place under isothermal conditions (at the 
temperature at the reactor entrance). Although the 
reactor is not isothermal, the assumption of isothermal 
conditions is believed to be sufficient for this prelimi­
nary modeling effort. A more detailed model which 
includes particle dynamics and transient heating is pres­
ently being developed. The results being reported here 
will serve as the starting point for this second genera­
tion model. 

The first r.eaction is indicated symbolically by the 
following: 

Hardwood->Oil+Char+Gases (!) 

Similarly, the second reaction is given by the following: 

QiJ...,."Char"+Gases (2) 

The "char" in reaction (2) is considered to be differ­
ent from the usual pyrolytic char. 

Instead of using a residence time, the space time based 
on the total inlet gas flow rate was used. The residence 
time cannot be determined without the use of a detailed 
mathematical model which includes the effect of pyrol­
ysis gas and vapor evolution as well as particle lag 
(particle velocity is not the same as the gas velocity). 
The development of such a detailed model has been 
initiated, but the model is not available at this time. 

The expressions for the rate constants used (kt. k1) 
are: 

(3) 

(4) 
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where bl and b3 are preexponential factors, and b2 and 
b4 are the respective activation energies divided by the 
gas constant. Using the well-known solution to the 
idealized problem, the following expression was used to 
give the predicted fractional oil yield, where bs corre- 5 
sponds to the maximum fractional conversion of wood 

rate which gives the maximum oil yield. As a matter of 
fact, this can be predicted analytically for the idealized 
model used. The results of such calculations are summa­
rized in Table 5. 

TABLE 5 

to oil (without a secondary reaction). Maximum Inlet Gas Rate 
Temperature Oil Yield for Maximum Yield Space Time 

(5) 
('C.) (%) (lb/hr) (s) 

400 35 128 7.1 
425 41 185 4.7 10 

450 47 261 3.2 
The objective function for the nonlinear least-square 

computer program consisted of an expression for the 
space time (which did not include any parameters to be 

475 
500 
525 
550 

52 
56 
60 
63 

363 2.2 
499 1.6 
674 1.1 
899 .82 

determined) plus equations (3) through (5) which have 15 ------------...------­
a total of five parameters (b1 to b5). An available com­
puter code (from the International Mathematics and 
Science Library) was used with the experimentally 
determined values of temperature, inlet gas flow rates, 
and corresponding oil yields for the 10 screening runs to 20 
determine the parameters. The nonlinear least-squares 

The temperature range used in determining the re-
sults in Table 5 is the same as that of the experimental 
results. Although some of the inlet gas rates in Table 5 
are greater than those used in the experiments, the re­
sults are not really extrapolations. The reason is that the 

results are given in Table 2. true residence time, which is reflected in the space time 
s, is the key parameter. Instead of increasing the gas TABLE2 

Parameter Value flow, the residence time can be reduced by shortening --------1.-48-3-x-10-6"'"8
-_-1--------- 25 the reactor, by decreasing the flow area, or both. 

~~ 10,760 K (Ei = 21.38 kcal/g mole) In Tables 1 and 3, runs 18 and 20 were identical ex-
b3 23.12 s-I cept for the gas flow rates of 206 and 254 lb/hr, with 
b4 3554 K (E2 = 7.06 kcal/g mole) run 20 yielding the highest % of pyrolysis oil of all the 
bs ·811 runs tabulated. Indeed, it appears that a temperature of 

30 about 475° C. may be optimum for pyrolysis oil yield, 
A comparison between the experimental and calcu- provided the flow rate is adjusted accordingly. This is 

lated oil yields is given in Table 3. The average percent borne out in Table 4 within .the temperature range of 
deviation between the experimental and calculated re- 400-550° C., clearly indicating the increase in oil recov~ 
sults listed in Table 3 is 4.1 % . In order to consider the ery as the flow rate is increased to an optimum valae. In 
trends based on the modeling results, Table 4 was pre- 35 this table, the relation between flow rate and tempera-
pared using the range of temperatures covered in the ture is also clearly evident. Thus, at 400• C. it is seen 
experimental runs and also essentially the same range of that the flow rate of 150 lb/hr is probably too high; that 
total inlet gas flow rates. · at 425° C. the flow rate of 200 lb/hr is near optimum; 

Run Temperature 
No. ·c. 
16 404 
17 416 
14 454 
18 471 
19 471 
20 471 
21 477 
22 460 
13 504 
15 549 

Temperature 
·c. 
400 
425 
450 
475 
500 
525 
550 

TABLE 3 that at 450° C. the flow rate of250 lb/hr is low, and so 
40 on. Table 5 provides more information on the interde­

pendence between temperature and gas flow rate and 
specifies particular values at maximum oil yields, based 
on modeling. This table also illustrates that although the 

Inlet Gas Rate %Oil Yield 
lb/hr Experimental Calculated 

188 33.7 34.7 
198 40.1 38.6 
184 41.8 44.0 
206 49.4 44.9 
223 46.0 46.7 
254 51.3 48.9 
281 47.7 50.3 
220 46.0 46.8 
194 35.2 36.8 
210 31.0 30.5 

TABLE4 
Inlet Gas Rate Qb/hr} 

150 200 250 
% Oil Yield 

35 33 30 
40 41 40 
40 45 47 
35 44 49 
29 39 46 
24 33 41 
20 29 36 

45 yield increases with temperature, the gas flow rates 
increase rapidly. 

Comparing Tables 1 and 5, it will be seen that in the 
former, the experimental flow rate of 254 lb/hr in run 20 
should be increased to a value in the order of 363 lb/hr 

50 to maximize oil yield. Similarly, the temperatures of 
500° c., 525° c. and 550° c. should proceed at flow 
rates in the order tabulated. 

What is claimed is: 
1. A method of pyrolyzing lignocellulosic material to 

55 produce a high yield of pyrolysis oil, which comprises 
the steps of : 

60 

(a) providing an entrained flow reactor tube; 
(b) subjecting the lignocellulosic material to a pyro­

lytic temperature and substantially atmospheric 
pressure while the material is entrained within the 
reactor tube in a column of flowing gases, wherein 

As indicated by the results, for a given inlet gas rate, 
the oil yields increase as the temperature increases 65 
above 400° C. and reach a maximum before a tempera­
ture of 550° C. is reached. Although it is not obvious 
from Table 4, for a given temperature there is a flow 

the flowing gases consist essentially of gases gener­
ated by burning a quantity of fuel and are substan­
tially free of oxygen; 

( c) withdrawing the entraining gas containing the 
pyrolysis products from the reactor tube; 

(d) cooling the flowing gases including pyrolysis 
products entrained therein when pyrolysis has been 
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10 
substantially completed and recovering pyrolysis 
oil condensed by the cooling; and 

(e) controlling the temperature of the flowing gases at 
the onset of pyrolysis, the feed size of the lignocel­
lulosic material, and the space time during which 5 
the material is subjected to pyrolysis to recover in 
excess of 35% of the pyrolysis oil in step (d) on the 
basis of dry lignocellulosic material, the space time 
being in the range of about 0.8 to less than about 7 
seconds and being controlled in inverse relation to 10 
the temperature of the flowing gases. 

2. The method as defined in claiin 1 wherein the 
controlled temperature of step (e) is in the range of 400° 
C. to 550" C. 

3. The method as defined in claim 1 wherein the 15 
column of flowing gases in step (b) is 'generated by 
burning a quantity of fuel to generate hot combustion 
gases at a temperature substantially greater than the 
temperature of step (e) and mixing cool gas with such 
hot combustion gases. to effect the temperature control 20 
of step (e). 

4. The method as defined in claim 3 wherein the 
controlled temperature of step ( e) is in the range of 400° 
c. to sso· c. 

5. The method as defined in claim 3 wherein the 25 
lignocellulosic material is pneumatically introduced 
into the column of flowing gases in at least a portion of 
said cool gas. 

6. The method as defined in claim 5 wherein said cool 
gas is generated by burning a fuel and quenching the 30 
combustion gases thereof with water to provide a cool 
gas which is saturated with water vapor. 

7. The method as defined in claim 3 wherein said cool 
gas is generated by burning a fuel and quenching the 
combustion gases thereof with water to provide a cool 35 
gas which is saturated with water vapor. 

8. The method as defined in claim 7 wherein the 
quenched combustion gases are the products of essen­
tially stoichiometric burning. 

9. The method as defined in claim 6 wherein the 40 
quenched combustion gases are the products of essen­
tially stoichiometric burning. 

10. The method of pyrolyzing lignocellulosic mate­
rial to recover, based upon dry weight of the lignocellu­
losic material, at least about 35% by weight of pyrolysis 45 
oil, as well as char and combustible gases, which com­
prises: 

(a) drying lignocellulosic material to a moisture con­
tent of not more than 10% by weight; 

(b) comminuting the dried lignocellulosic material; 50 
( c) stoichiometrically burning a fuel to provide a 

substantially oxygen free carrier/moderating gas 
and then cooling the carrier/modulating gas: 

{d) stoichiometrically burning a fuel to provide a 
substantially oxygen free hot gas; 55 

(e) generating a confined column of flowing gases 
substantially at atmospheric pressure by mixing the 
hot gas of step {d) and a temperature moderating 
portion of the cooled carrier/moderating gas of 
step (c) while introducing comminuted lignocellu- 60 
losic material of step (b) at a uniform rate to give 
maximum yield adjacent the upstream end of the 
column of flowing gases by pneumatic conveyance 
in a carrier portion of the cooled carrier/moderat-
ing gas of step (c); 65 

(t) controlling the relative flow rates of the hot gas 
and the cooled carrier/moderating gas introduced 
in step (e) to provide a selected pyrolysis tempera-

ture for the cellulosic material which is within the 
range of about 400° -550° C., the hot gas and the 
cooled carrier/moderating gas forming a combined 
total of inlet gases and controlling the flow rate of 
the combined total of the inlet gases, relative to the 
rate of material introduced in step (e) and the 
length and cross-sectional area of said column of 
flowing gases, to at least that value which, for said 
selected temperature, produces at least 35%, by 
weight of dry lignocellulosic material, of pyrolysis 
oil; and . 

(g) recovering char from the downstream end of the 
column and then substantially immediately con­
densing the pyrolysis . oil to separately recover 
char, pyrolysis oil and combustible gases from the 
process. 

11. The method as defined in claim 10 wherein the 
carrier/moderating gas of step (c) is cooled by quench­
ing with water to provide a carrier/moderating gas 
which is substantially saturated with water vapor. 

12. The method as defined in claim 11 wherein the 
pyrolysis oil produced in step (t) is in excess of about 
50% by weight of dry lignocellulosic material. 

13. A method of pyrolyzing lignocellulosic material 
to recover a high yield of pyrolysis oil, which comprises 
the steps of: 

(a) drying and comminuting lignocellulosic material; 
(b) entraining the material step (a) in a column of 

flowing gases in a reactor of a selected length and 
cross-sectional area to give a space time in a range 
of about 0.8 to about 7.1 seconds wherein the flow­
ing gases consist essentially of gases generated by 
burning a quantity of fuel and are substantially free 
of oxygen; 

(c) subjecting the entrained lignocellulosic material 
to a pyrolysis-initiating temperature in the range of 
about 400° C. to about 550° C. near the upstream 
end of said reactor; 

{d) substantially completing pyrolysis of the lignocel­
lulosic material by the time it reaches the down­
stream of the reactor; 

(e) recovering char from the flowing gases beyond 
the downstream end of the reactor and then imme­
diately cooling the flowing gases to condense py­
rolysis oil therefrom; and 

(t) controlling the pyrolysis-initiating temperature of 
step (c), the size of the lignocellulosic material of 
step (a), and the space time of the lignocellulosic 
material in the reactor to yield pyrolysis oil recov­
ery of in excess of 35% by weight of dry lignocellu­
losic material, the feed size of the lignocellulosic 
material being about 40 X 50 screen size or smaller 
and the space time being controlled in inverse rela­
tion to the pyrolysis-initiating temperature. 

14. The method as defined in claim 13 wherein the 
pyrolysis-initiating temperature of step (c) is about 475° 
C. and the recovery of pyrolysis oil is at least about 50% 
by weight of dry lignocellulosic material. 

15. A method of pyrolyzing lignocellulosic material 
to produce a yield of pyrolysis oil which exceeds about 
35% by weight of dry lignocellulosic material, which 
comprises the steps of: 

(a) subjecting the lignocellulosic material to a pyrol­
ysis-initiating temperature in the range of about 
400° -550° C. at the upstream end of a column of 
oxygen free gases consisting essentially of gases 
generated by burning a quantity of fuel flowing at 
a mass flow rate adjusted to entrain the lignocellu~ 
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losic material therein and maximize subsequent 
pyrolysis oil recovery; 

(b) substantially completing pyrolysis of the lignocel­
lulosic material within the column of flowing gases 
to yield flowing gases at the downstream end of the 5 
column which are cooled relative to the pyrolysis­
initiating temperature of step (a); 

(c) immediately further cooling the flowing gases 
from the downstream end of the column to recover 
pyrolysis oil condensed by the further cooling; and 10 

{d) controlling the temperature of step {a), the feed 
size of the lignocellulosic material and the space 
time during which the material is subjected to py­
rolysis in the column to recover in excess of about 
35% of pyrolysis oil in step (b) on the basis of dry 15 
lignocellulosic material, the feed size of the ligno­
cellulosic material being about 40XSO screen size 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

or smaller, and the space time being in the range of 
about 0.8 to less than about 7.1 seconds and being 
controlled in inverse relation to the pyrolysis­
initiating temperature. 

16. The method as defined in claim 15 wherein the 
pyrolysis initiating temperature is about 475° C. and the 
space time is about 2.2 seconds. 

17. The method as defined in claim 15 wherein the 
pyrolysis initiating temperature is about 500° c. and the 
space time is about 1.6 seconds. 

18. The method as defined in claim 15 wherein the 
pyrolysis initiating temperature is about 525° C: and the 
space time is about 1.1 seconds. 

19. The method as defined in claim 15 wherein the 
pyrolysis initiating temperature is about 550° c. and the 
space time is about 0.8 seconds. 

• • • • • 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. 4,891,459 
DATED January 2, 1990 

INVENTOR(S) : Knight, James A. 

It is certified that error appears in the above-indentified patent and that said Letters Patent is hereby 
corrected as shown below: 

Column 1, line 5, insert: 

--This invention was made with Government support under Contract No. 
DE-AC06-76RLO 1830 awarded by the U.S. Department of Energy. The 
Government has certain rights in this invention--. 

Alie st: 

Attesting Officer 

Signed and Sealed this 

Seventeenth Day of August, 1993 

BRUCE LEHMAl'i 

Commissioner of Patents and Trademarks 


