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SUMMARY

The Lawrence Berkeley Laboratory's continuous- Tiquefaction unit
(CLU)}has-been successfully opérated since July 1981. The operation has
been single pass, feeding water slurries of prehydrolyzed Douglas fir wood
(LBL process). Significant differences from results with the oil slurry, -
high 0il and water recycle pfocess (PERC prdcess) tested at Albany, Oregon,
have been found. The LBL procéss,,at practicable temperatures and residence
times, makes somewhat less wood 0il and considerable more water-§o1ub]e
product than does PERC. Conshmption of carbon monoxidé in LBL, other than
- by water gas shift reaction, is minimal, as oppoSéd to several tenths of‘a
mole per 100 gréms of wood in PERC. Replacement of carboh'monoxide with
“hydrogen as reactant gas makes little or no difference in yield distribution

“or product analysis.

- Progress in characterizing the oil and water-soluble product, the
overall stoichiometry of the LBL and PERC processes, and the role of formate

ion is described.

Keywords: Biomass liquefaction; continuous biomass liquefaction unit; wood

liquefaction.



INTRODUCTION?

Wood, an underutilized, renewable energy resource that is virtually
sulfur and nitrogen-free, can be converted to a dense, liquid fuel suitable
for steam and power productioﬁ by thermal treatment under a pressure of water and ]
reducing gas in the presence‘of aqueous alkali [1]. Recognition of the role
wood residues could play in the nation's long-term energy supply picture
stimulated research by Appell and co-workers at the Pittsburgh Energy Research
Center (PERC) [2] that led to the design and construction of a process devel- ;
opment unit (PDU) for wood liquefaction at Albany, Oregon. ' During operation
of fhe PDU from 1976-80, the technical feasibility of;two different processes
was demonstrated, resulting in the prdduction of some 70 barrels of wood oil.
However, work ai Albany also revealed serious operational or economic flaws

in both processes, demonstrating the need for further detailed investigation

of basic process parameters.

In the original PERC recycle process that sefved»as the design
basis for the Albany PDU, wood flour was fed to the reactor as a's]ufry in |
anthracene oil or, as it became'ava11a51e, recycle oil [3]. Three major
economic or operational difficulties betame'apparent: 1) drying and grind-
- ing requiréd’to prepare wood flour from chips is very energy-~intensive;

2) wood solids could hot be fed at concentfatiohs greater than 10% without
plugging; 3) excessive heat is required to sustéin the proéess bécause of
the need for oil recycle ratios as high as 19:1, plus substantial water re-

cycle. S .



» The need for a feasible, low‘recycle ratio process led to the
deye]opment at LBL of a single-pass, water-based é]ternative‘[4]. Ih this
process wood chips are prepared byvchemfcal pretreatment (dilute acid hy-
dfolysis) followed by mechahical.refining. The resulting aqueous slurries
have beén found to be'pumpab1e'at concentrations. in excess of 30%. However,
éxperience at_A]bany suggested that low oil yields wefe the major short-

coming of the water-based process [5].

A bench-scale, continuous liquefaction unit (CLU) was designed
and built at LBL to investigate»the problem of yield and to further the
deveiopment of a water-based proceSs. This report summarizes the major
findings of the first nine months of operation and fheir implications for'

the future of wood liquefaction.

GENERAL DESCRIPTION OF APPARATUS

~ A detailed description of LBL's continuous liquefaction unit has

been given elsewhere [6]. Briefly, it consists of three sections: reactant

gas and slurry feed system, reactor assembly, and product collection system

(see Fig. 1).

The slurry feed assembly consists of a continuously weighed slurry

hold tank fitted with a recirculation loop powered by.a progressiye cavity

pump. Douglas fir wood slurry preparedﬂby acid Hydrolysis, neutraliiation »
-~ with sodium carbonate and mechanical refihing-is'paésed through a colloid

mill for rehomogenization, added manually to the hold tank and continuously

recirculated, A portion-fé pressurized to 200-230 atm with a high-pressure
reciprocating piston pump and fed to the reactor, Reducing gas is compreséed

to 300 atm and fed to. the reactor from a-oneagallon storage vessel,
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The reactor is a one-liter, stirred stainless steel autoclave
equipped\uithan external electrical heater. The slurry-gas mixture is
sparged toward the bottom of the reacto}. The product §tream exits near -
the top of the reactor and flows downward through an air-cooled line to
one of two pressure let~down vessels. Product is alternately collected

in one and then the other of these two vessels for periods of four hours.

Off-gases exit through a back-pressure control valve, are
volumetrically metered and vented outdoors. Every 12 minutes or so-a
slipstream is diverted to an automatic gas chromatograph for'séparation

and analysis Of‘HZ, 0,5, N, and CO.

The entire system is made of 316 stainless steel, The. maximum

1

slurry feed rate is about 2 kg hr' although best operationvhas been

achieved at 1.2 kg hel. At a concentration of 20% by weight of wood

solids and an oil yield of 40%, wood input and 0il output rates are about

1

250 and 100 g hr™', respectively,

The product of four hours operation consists ofvabouf 40Q g of
~a heavier, black oil phase and ca 4 kg of a'1ighter,'greenvyellow.aqueous
phase.  The 1attér fé decanted and ‘the 0il taken up in chloroform or
ch]orofOrm-ﬁethano] and'recovered hy rotary evaporation of solyent under
reduced pressure. A britt1e; coke-1ike materia]‘(char) is recovered

directly from the reactor after conclusion of a run.

The yield of char varies from < 1 to 10% and appears to be in-
dependent of the basic reaction variables. - Although some dependence on
‘reaction temperature can be infefred,vefficiency of agitation (i.e.,

nature, number and placement of impellers on stirking shaft)-and'"smoothness

-5-



of run" appear to be more important variables. It is apparently formed at
the hot walls of the externally-heated reactor and is probably due in part
to inéomp]ete dispersioh of the multi-phase reaction mixture. Thus we be-
lieve char formation to be an operational problem rather than a chemical

feature of the process, although this has yet to be demonstrated conclusively.

A detailed accounting of the first 12 runs conducted in the CLU
has been given [6]. Several of the earlier runs had to be terminated
prematurely due.to plug formation in inlet and exit Tines. These problems
have been all but e]iminated by better temperature control of the lines.
Subsequently, premature shutdowns have been due to random equipment failures,
gas leaks, stuck check valves and the 1ike. - Several runs have been volun-
tarily terminated after 24 hours of contjnuous operation. Operating parameters
for some of the more infofmative.runs are given in Table I. Table II gives

raw yield and analytical data for the same éet of runs.

CHARACTERIZATION OF PRODUCTS
Several methods for the characterization of wood 0ils have been
developed and routine]y'abpliedi‘ In addition to the estimation of number
and weight average molecular weights by gel permeation chromatography (GPC)
[7], chemical group separations are made by column chrométography [8].
Speciationand quantitation of thé majorfcarboxy]ic acids of the aqueous

phase has been accomplished by high performance ion exchangé chromatography

(HPIEC) [8].

Crude wood oils are fractionated into chemical groups of increasing
 polarity/molecular weight by an adaptation of the SESC technique developed by

Mobil Research for coal-derived fluids [9]. Nine solvent mixtures of

-6~



TABLE 1

OPERATING PARAMETERS OF "SELECTED RUNS

Run No. 8 10 1 12 13

Run time (hrs) 24 10 24 24 20
Temperature (°C) 330 350 gggggg’ ggggég’ 340
Pressure (atm). 205 232 232 232 232
Sturry Feed rate (kg/hr) 0.9 1.1 1.2 1.2 1.04
Gas feed rate (L/min) 1.6 1.0 1.0 1.0 0.9
% c0@ 50 100 100 0 0

b

Slurry, initial pH 7.5 8.9 7.7 8.0 8.9

Remainder Hz.‘

b Adjusted with sodium carbonate



Run No.
0i1 yield (wt %)
% C
% H
%0
"y

.Mw

Char yield (wt %)
Soluble orgahics (wt %)
Final pH

TABLE II

PRODUCT YIELD AND ANALYTICAL DATA

8
32
74.5
6.8
18.5
282

364

16
272

344

22
5.1

1>
|

33
76 77
7.2 7.3
1716
323 254

400 336

26
4.3 4.5

7.0 7.3
17.5 16

271 246

349 336

24
4.2 4.5

295

389

5.0



increasing polarity or hydrogen donor/acceptor strength are used to sequen-

tially elute distinct chemical -groups-from-silica-gel-—After-evaporation— —

}of-so1vent, the recovered fractions are weighed. Recovery is generally in
the 85-100% range. Partial characterization of the recovered fractions by
elemental analysis, GPC, infrared spectroscopy and solubility classification
provides the structural information shown in Table III. A comparison of
SESC profiles for the CLU runs of Table I and A]bany runs TR-7 (LBL mode)
and TR-12 (PERC mode) is made in Table IV.

Wood Tiquefaction results in the formation of a variety of water-
soluble acids. This causes a drop in the pH of thevaqueous phase from 6-9
to 4-5 and an increase in the concentration of titratable acid and anibn
from about 0.2 N to 0.4 - 0.6 N. A]fhough a number of cafboxy]iC'acids have
previously been identified by GC-MS [7], none save aéetic proved to be méjor :
components of the acfd fraction. The other major acids ﬁave now been shown
by HPIEC to be-gTyco]ic (hydroxyacetic) and formic. The concentrations of
_ thesé-acids in slurry prehydro]ysaté and in effluent waters. for the runs of

Table I are given in Table V.

EFFECT OF PROCESS VARIABLES
The relative importance of two key process variables, temperature
and the nature of the reducing gas; was investigated in runs CL-11 and CL-12,
Both were cphducted at 340°C for 12 houfs and then at 360°C for another 12
hours at constant flow rates and system pressure. The feducing gases were
pure CO and pure hydrogen, respectively. Reference to Tahle II shows that
higher temperature resulted in an oil of somewhat lower oxygen content and

lower molecular weight in both instances. Comparison of the SESC profiles



Fract.

- Liquids:

CHARACTERIZATION OF WOOD OIL SESC FRACTIONS?

Wt %

TABLE III

Mol. Wt.

20

Predominant’Cpd Type

Aromatic hydrocarbons%

Semipolar aromatics

Monomeric phenols

DfmeriC'phenols

Solids:

w O N o

- 10-25
1- 3
5-20
O-jO

d

540
590
560 -

Phenol oligomers

Dashed lines represent approximate dividing lines among 0ils, asphaltenes and

preasphaltenes, as these terms are usually defined for coal-derived fluids.
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TABLE IV
~ SESC PROFILES OF WOOD OILS

Fraction - CLU Run No. A]bany Run No.
| 8 10 1A 1B 128 TR7  TR-128
1 +2 1 37 4 .3 1 6
3 2 18 1 16 15 16 12
4 5 8 6 20 25 39 21
5 37 50 53. & 39 19 34
6 26 14 19 1212 o 14
7 21 0o 0 1 .
8 10 319 12 | 6 2
9 - 2 - 6 33 -
a

"~ PERC mode. = All other runs were conducted in the LBL Sing]e pass mode.
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Run

TABLE 'V

CONCENTRATIONS® OF WATER-SOLUBLE CARBOXYLIC ACIDS
FORMED IN LIQUEFACTION OF DOUGLAS FIR

Sturry Water:"

8
10
11A
118
12A
128

a

Equfva]ents per litef.

Glycolic
.04
.26
.30
.25
.21

.18

b

22

Acetic

.10
.15
.19

b

.16

17
J12
.16

Formic

1
.09
.06
.05
.04
.01
.01

Total®"
.26
.52
.57
.50
.45
.40
.37

b Determined by HPIEC. ¢ Measured by acid-base

-12-
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of Table IV for 11A and 11B shows a distinct shift from higher fractions

(55_6mand_8lfto_lower_(J:A)”as_angapparent_tesult_of;the_increased,temppr-‘
ature. This finding is in general agreement with a number of observations
suggesting that the optimum temperature for wood liquefaction is in the

350°-360°C range [10].

-

On the other hand,'changing ffom €O to Hz-reducing'gas appears
not to make a difference, at least not under the conditions and constraints
of the LBL CLU. It is clear from the data of Tables II and IV that, at the
same temperature, no distinctions between CL-11 and CL-12 are possible on
the basiS'Qf'eTementa] analyses, molecular weights, yields or SESC profiles.
Somewhat higher carboxylate titers are obtained in CL-11 (Table V), but
this‘is.partWy duevto the production of éxcess formate by the reaction of

€0 and hydroxide ion.

The effecf'of pH oﬁ 0il yield and quality has not yet been ade-
aquately defined. Slurries rénging in pH from 6.1 to 8.9 have giVen fise
td aqueous effluents of pH 4.1 - 5.]1. Since wood liquefaction is an acid-
forming reaction, the buffering capécity of thé slurry is as important a

consideration as its initial pH.

STOICHIOMETRY AND YIELDS
The highest actual yield of oil obtained in CLU runs was 33%,
based on ]Oovparts of wood organics fed. The higheét'combihed’yield of
0il and char was 37%. However, there are material losses due to hold-up
of heavy 0il in downstream lines, valyes and pressure letdown vesseis'and‘

evaporation of volatiles upon solvent removal, Correcting for these losses

on the basis of material balance considerations, i.e., carbon and oxygen

-13-



balances, leads to a consistent yield figure of about 40% oil plus char
for the runs of Table I and others. The yield of water solubles is typically
25%. Carbon dioxide is formed in about 25%‘yie1d, exclusive of that derived

from the water gas shift reaction. These results are summarized in Table VI.

Ahalysis of the amounts of 0il collected in successive collection
periods has shown that the initial collections are inevitably low. This is
the direct result of hang-up on the walls of the receiver vessels. Thus in
calculating yié]ds, it is necéssary to eliminate the first Co1Tection in
each of the two vessels. Table VII shows the yields so calculated for the
smobthest series of runs to date -- . CL-10 through 13. The average yield
of 0i1 so calculated, 37.5%, is the best estimate of yie]ds from:the water-
slurry process currently available. With an average coke yield of 5%,‘this

gives 42.5% for oil plus char in reasonable agreement with the estimate from
balances.
If, as we believe, the formation of char is an operational diffi-

culty, then the maximum yield of wood oil obtainable by the LBL process
using 20% wood slurries is 40 to 42%. About 53% wood 0il was produced in
Albany run TR-12 with theﬁofl—s]urry recycle (PERC) process, The difference
is clearly dhe to the 1ar§e fraction of product that goes iﬁto the aqueous

phase in the LBL process.

Calculations show that the amount of CO consumed by other than
the water gas shift reaction is 0.1 *+ 0,1 mols per 100 1bs wood. Thus
there is little if any reduction of wood by CO in the operation of the CLU;
the dominant pathway for oxygen removal 1s decarboxylation, The conclusion
is consistent with the conclusion that replacement of CO with H, or reducing

gas makes little or no difference in the LBL process, It is in contrast to

-14-



- TABLE VI |
CORRECTED MASS BALANCE FOR CLU RUNS

c H 0 Total
Orgahic Feed
Douglas fir wood 51 6 43 100
Products
c0,? | | 7 0 19 26

a

H,0 0 1 8 9
Water solubles’ 14 2 9 25
Wood 0i1/char 30 3 7. 40
Totals 51 6 43 100

2 Based on oxygen balance. b Estimated from total organic carbon.



TABLE VII
OIL YIELDS BASED ON STEADY-STATE PORTION OF RUNS*

RUN T % 0IL
CL-10 39
CL-T1 "
12 32
CL-13 38

AVERAGE 37.5%

* First two collection periods omitted.

-16-



the experience of Albany runs TR-8 and TR-12, where the corre;ponding
figufe for CO consumption wasvfound to be 0.5 mols (ca. 14 1bs) per
100 1bs wood [11]. The major bathway for lowering oxygen content is
lsti]] decarboxyiation in these PERC runs, but chemical reduction by CO
how competee with dehydration as the secondrmost important mechanism. |
Unfortunately no comparable figure is available for Albany run TR-7 in

the LBL process mode:

DISCUSSION
CLU Performance Evaluation
The full potential of the CLU has yet to be realized, but
- continuous operation using comparatively concentrated slurries of biomass
under a range of operating conditions has been successfully demonstrated.
Although several problems, such as char formation, remain to be solved,-
. the major test, whether the results of the Albany PDU can be dup]icated,

seems largely to have been met.

‘The development of methods sucheas.GPC and SESC fractionation
now permit'feasdnably détai]ed’comparisons between CLU and PDU wodd.oi1s.
In Table VIII, CL-11B oil is compared with TR-7 and TR-12 oils. -A1though
the temperatures of these runs were similar, the residence times were
much greater in the case of the PDU runs, In TR-7 the residence time was
on the order of several hours as compared to the 20 minutes of CL-11B; in
TR-12 the average residence time was probably even longer than in TR-7 be-

- cause of the high (19—1) recycle.ratio. ~ Nevertheless the similarities
among these three product 0ils are more strikihg than their
differences. Although it would be tempting to speculate on the

~effects of time, oil recycle and CO uptake on the basis of the data of

-17-



| TABLE VIII
COMPARISON BETWEEN CLU AND PDU DOUGLAS FIR WOOD OILS

CL-11B TR-7 TR-12
T, °C | 360 = 340 360
W 254 215 240
m, 336 306 370
%0 16 13 13

IF 1-52 81 75 73

3 sum of the volatile SESC fractions from Table IV.

-18-



Table IV and VIII, the main point is simply that the CLU apparently produces
0i1 comparable in quality to that made by the Albany PDU. In other words,
despite its small size and nonsca]able reactor, the CLU appears to be a valid

tool for process development.

There remains, however, ong'troublesome point. A tru]y continuous
process cannot tolerate appreciable coking or char formation. Although run
vCL$8 produced. almost negligible char, this result has not been duplicated in
subsequent operation. Evidence from Albany is encouraging in this regard.

In runs TR-10, 11 and 12, where a gas-fired, tubular reactor was employed
under conditions of turbulent flow, virtually no coking'occurred I 5]. Both
0il and water slurries were fed. This was a particularly significaht obser-
vation since, unlike the stirred tank reactor of the CLU, a tubular reactor
is scalable to commercial size. |

In addition to the problem of coking, there is also a need to define
. the upper concentration 1imit of slurry feed, Although 30% slurry can be
pumped through a small test loop, it remains to be seen whether continuous

operation can be sustained at these concentrations.

Having established a reasonab]y‘firm data base for Douglas fir;
another short-term project is to examine selected alternative biomass feed-
stocks qnder comparable conditions. Aspen or poplar species, known to be
rather more reactive than Douglas fir in pulping, are of spétia1 interest
because of fhe recent development of}fast-growing hybrids [12]. A study‘of

the liquefaction of aspen (Populus tremuloides) is in progress.

«19-~.



Further Proceés Deve]opmént
The most significant finding of the present work is that 25% of
the organic produét is lost to the aqueous phase in the LBL process. So
although the water-based process solves several major problems inherent in
the PERC oil-recycle scheme, it does'so onTy by paying an intolerably high

price.

There are probably two major reasons for the high yield of water
solubles. First, since there is some 10-12 times more water present per
unit mass of oil in the LBL than in the PERC process, a ‘much greater frac-
tion of oil constituents is extracted into the aqueous phase. Second,
since water as we11 as oil is recycled many times in PERC opération, a
high percehtage of the:water solubles decompose, e.g., by decaﬁboxy]a
ation of organic acids or reduction by formate, or condense with
reactive constituents of the oil phase. For example, g]ycb]ic acid, the
mose’abuﬁdant component of the aqueous phase, may condehse wfth reactive
phenols upon‘¢ontin§ed recycling, resulting in a‘net transfer of mass frbmv

aqueous to oil phase.

DecreaSing the yield of water solubles by recycling effluent
water to the prehydrolysis step would not be economical because‘the need
to alternately acidify (for hydro1ysis).and neutralize (for liquefaction)
would consume excessive amounts of sulfuric acid and sodium carbonate,

. While there are possibilities for double recycles ——.hydrolysis water to
hydro]yéis and Tiquefaction watgr to ]iquefaction --solving the problem
almost certainly will require lowering the ratio of water to 0il, Success
- in feeding 30% slurries would be a step in the right direction but may ndt

be sufficient to rescue the process.

-20-



A clear answer tb the question of which of the two processes,
PERC and LBL, is the better can now be inen: neither! However, a
modified process concept, combining the best features of both, may bro-
vide the way to ultimate economic feasiblity. Several such ideas are
under consideration. For example, prehydrolysis and o0il recycle could
be retained in separate ]6ops, integrated by means,of a phenomenon we
call solvolysis. Solvolysis refers to the dissolution of wood solids -
effected by phenols, e.qg., wood oil, that occurs at temperatures of 180-
270°C [13]. The possibi]ity that prehydrolyzed wood solids could be
diséoTved'in wood oil at concentrations of 25-50% in the preheat stage

of an di]-recycle process shows promise in preliminary investigations.

» Upgrading Product 0il
Combustion tests conducted at the Pittsburgh Energy Techno]ogy

Center have shown Doug1as fir wood 0il to be a satisfactory

boiler fuel T5]. However, the hope that a higher quality fuel such as
diesel could be made from wood simply by the action of alkali, carbon |
monoxide and heat now seems unlikely to be realized. The available evidence

indicates that the formate ion mechanism, once thought responsible for
effecting deoxygenation, plays a mihor role at best, The liquefaction of .
wood under these conditioné is better described as a controlled wet pyrolysis
in which oxygéh is Tost primarily through the removal of carbon dioxide.
Optimum conditions can be expected to make probably no more than a.10%.
yield of actual hydrocarbon and perhaps an upper limit of 20% of vo]éti]e :
ndnphenolics. A good portion of the remainder of the product resultingkfrOm
the optimum process can be eXpected to be-monopheno]s, for which ‘a number of

poténtia] uses as a chemical feedstock have heen described [14].

-21-



It wou]d-seem,'therefore, that the goal of converting wood to
automotive fuel will be attained only be additional chemical processing.
Experiments on hydrocracking by techniques reported to be applicable to
coal-derived fuels, shale 0il and tar sand oils are needed. Since hydro-
gen has proved as effective as carbon monoxide in.our experiments, it
may be feasible to integfate catalytic hydrogenation or hydrocracking
within the existing process framework. Since CO feed reacts largely to
form H2 and.CO2 by the.shift reaction anyway, the use of pure hydrogen
jwou]d probably be economically advantageous, especially if, in conjUncﬁion
with transition metal catalysis, a higher grade disti]Tatebeel were
produced. Calculations indicate that the hydrogen requirement should be

less per unit vo1umé-of’product-than is -needed for overall coal conversion,

CONCLUSIONS
e The LBL continuous liquefaction unit, employing a CSTR reactor,

1ot organic feed. While

is operational on a scale of about 0.25 kg hr~
operated to date with aqueoﬁs slurries of prehydrolyzed Douglas fir wood,

it should be able to process a wide variety of biomass forms and peat.

e The product wood oil made at this bench scale conforms closely
in chemical and physical properties to that produced at the DOE's process

development unit at A]bany,FOregon.

e In runs-to date, no significant differences resulting from
operation with carboh_monoxide; hydrogen or mixtures of these as reactant

gases have been found.



¢ In the single-pass water-slurry process, yields of water-

~soluble organics amount to 25%, about half of which 7i3 carboxylic acids.
The 10Wer yield of wood 0i1 in the water-based process as compared tb the
oil-recycle process (PERC) is entirely attributable to the larger amount

of water soluble product made in the former process.

o The highest temperature of operation,‘360°C, results in the
highest quality wood oil in terms of oxygen content and molecular weight

distribution.

e The major pathway for oxygen removal is decarboxylation; de-
hydration is the second most important route. In contrast to the oil-
recycle process, no evidence for chemical reduction by carbon monoxide via

-~ intermediate formates. can be discerned.
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