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A. INTRODUCTION 

In the first quarter of FY 1882, we were primarily occupied in operating 
the continuous liquefaction unit and in a~tJyzing the results. From the 
data through September, it was concluded .... that very little, if any, 
reaction gas was actually used in reducing biomass oxygen. From further 
runs, with acceptable gas balances, we conclude that this is correct. 
Certainly, less than 0.2 mol synthesis gas per 100g biomass feed, and 
probably less than 0.1 mol per 100g feed is used up. This is a d~stinct 
difference from the oil recycle process as operated at Albany(2,3J, where, 
we conclude, up to 0.6-0.7 mol of reducing gas is used per 100g of wood 
feed. . 

If little or no reducing gas is consumed, it should not matter whether 
the gas is carbon 1Il0noxide or hydrogen. The greater part of a carbon 
monoxide feed. :is converted by water ..... gas shift reaction to carbon dioxide 
and hydrogen. Since this is~ in the liquefaction process, a worse than 
useless reaction, there is a distinct economic advantage to being able 
to substitute crude hydrogen or recycle gas for more costly carbon monoxide. 
Experiments so far indicate that the only effect of the substitution is on 
the effluent gas analysis'. 

At low severities of operation it is possible that no reducing gas at all 
is needed. At some time in the near future, runs under steam pressure 
alone or with inert gas will netried. The reaction, of course, is then 
simply a pyrolysis under steam pressure (except as formate ion, always 
present, 'may be beneficial- ... see below). 

In an effort to determine whether formate ion is important in liquefaction, 
we set up methods of determining this' in the process waters. It is con .. 
cluded that formate can be, and is, formed from carbon monoxide during 
liquefaction; that formate added initially is partly decomposed to CO2 and 
H2 under liquefaction condi~ions; and that formate is present in all effluent 
waters, even when hydrogen is' used as the reactant gas. 

In our CLU runs, some coke is always formed. The amount has varied from 
less than 1% to as much as 10% of the organic feed. The amount formed does 
not seem to be consistently dependent on any reaction to variables (except 
perhaps temperature). It is probably related to the high wall temperatures 
necessary to drive heat into our small reactor. The fact that aqueous 
slurry can be heated to reaction temperature in a turbulent, direct",·fired 
tubular heater(4) makes us believe that coking is not an inherent process 
problem. . 

The reduced funding of the grQuphas resulted in a decrease in peJ;sonnel, 
Dieter Kloden~ Cihan Karatas and Nasser Yaghoubzadeh are no longer with 
the group. Our techncians~ Mark Featherstone and Rafael Zamora are working 
half-time while attending UC, Berkeley, and our secretary, Pat Bronnenberg, 
has taken on additional responsibilities in another group. In order to 
conserve limited funds, the entire Laboratory- was closed from December 17 
to January 3 inclusive. 
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B. OPERATION OF THE CONTINUOUS LIQUEFACTION UNIT (CLU) 

As reported last quarte~~)the CLU had reached full operational status. Seven 
experimental runs were performed for ,this quarter. Emphasis of these runs was 
on reaction temperature (340 and 360oC) and reducing gas composition (100% 
carbon monoxide and 100% hydrogen). 

Through all experimental runs to date, two minor problems still persist: 

• coking on the reactor walls 

• water/oil phase separation. 

Several possible solutions to be implemented next quarter are being investigated. 
A series of three upward pitched impellers will be used for run CL-IS in an 
effort to force circulation of the heavier oil phase from the reactor bottom 
upwards. Next, spring-loaded scraper blades in addition to pitched mixer blades 
are under consideration to prevent coke formation on the reactor walls. Spring
loaded-scraper blades were utilized successfully at the Albany, Oregon PDU. 

Run Summary 

CL-llA, Band 12 A, B. 

These were both successful runs with two reaction temperatures (340 and 3600 C) 
explored in each. Product gas flow measurements and analyses for CL-ll showed 
that little or no carbon monoxide was used up except by shift reaction. We 
therefore replaced carbon monoxide with hydrogen for CL-12. 

CL-12 demonstrated no observable operating differences with pure hydrogen as the 
reactant feed gas. Preliminary analytical results from the oil produced also 
suggest no significant differences caused by the change in reactant feed gas. 

CL-13 and 14 

Both these runs were short in duration as they were intended to duplicate the 
results from CL-12. Run CL-14 was scrutinized for coke build-up over a lO-hour 
period. The results of both these runs are presently under study. 

ConcluSions 

In runs to date, no significant differences resulting from operation with 
carbon monoxide, hydrogen, or mixtures of these as reactant gas have been 
found. 

Since a high proportion of carhonmonoxide reacts to form hydrogen and carbon 
dioxide by the water gas shift reaction, use of hydrogen as the reactant gas 
is an economic plus. . 

In the single-pass water-slurry process as operated so far, yields of water
soluble organics are of the order of 2S%. 

Coke formation is somewhat dependent on reaction temperature, but in general 
has seemed to depend on irrelevent variables such as smoothness of run. Coke 
is believed to form at hot reactor surfaces where heat is being added to the 
system. 
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Yields of recovered oil in early runs have been 20 to 35 wt % of wood organics 
fed. Preliminaary atom balances indicate that with improved product recovery 
and reduction in coke formation yields of over 40% should be achievable. 

C. PRODUCT CHARACTERIZATION 

Our work in this area was primarily concerned with following the products of CLU 
runs 10-14. However, because of our interest in formate ion as a possible inter
mediate in product oxygen reduction, we extended our work on water effluents as 
discussed below. 

Characterization of the aqueous effluentquarttiation of formic and acetic acids. 

The titratable weak acid content of our process waters is typically around(g.4N 
Although we had prev~,ously identified a mnnbeT, of ,component ;adds by GC-MS, ~5) 
it was clear th~t these were present in JDUch lowel- concentrations than acetic 
acid and acetic acid accounted for less than half of the total. Furthermore, 
our estimates of the average pKa of component acid led to the conclusion that a 
large proportion of the unidentified fraction must be acids stronger than acetic 
(pKa4.75). 

Two likely possibilities are formic acid .(pKa 3.75) and glycolic acid (pDa 3.83), 
neither of which would have been detected in our earlier GC studies. Therefore, 
two additional methods, one involving GC and the other PHLC, have been pursued 
this quarter to gain information about these and other constituents. Formic 
acid has now been positively identified and quantitated. Glycolic acid remains 
a strong possibility, but the HPLCmethod as it stands does not separate glycolic 
from formic acid. Further work is indicated. 

A gas chromatograph equipped with a thermal .conductivity detector erCD) and a 
collDllIl packed with 10% Alltech AT ... .100Q on 80-l00'mesh Chromosorb WAW'was used 
to separate and detect formic and acetic acids. Formic acid does not respond 
to the flame ionization detection (FID) used previously. Although formic acid 
was present in all process waters examined, poor sensitivity owing to interfer .... 
ence by the tail of the water peak limits the accuracy of the method. These 
results are shown in Table 3. The reliability is probably not much better than 
± 50%. 

The HPLC technique used an RP.,.8 colwnn (E. Merck) with water at pH 2 .... 2.5 .as the 
eluent. UV detection at 210 nnn was employed. Prior to injection, samples were 
acidified and filtered through a Waters C18 Sep-Pak cartridge and a submicron 
filter. Aromatics such as guaiacol which are present and whose absorption at 
210 nm would overwhelm that due to carboxylic acids do not elute with water . 

Atypical chromatogram is shown in Fig. 1. Of the approximately dozen major 
peaks, only formic and acetic aCids have been identified. Glycolic acid elutes 
with formic. It was shown that the major unidentified peaks do not correspond 
to any of the follmling compounds: levulinic acid, succinic acid:-glutaric 
acid~ maleic acid, methylsucciniG acid, butyrolactone, y-valerolactone? citric 
acid, O'..,...ange!icalatone, glyceric acid, pyruvic acid, 3-'methyl-2-cyclopentenone, 
malic acid, propionic acid, butyric acid or acrylic acid. Oxalic acid elutes 
at the same time as the right-hand shoulder '!the:IJ initial peak in Fig. L 



Acetic and formic acids were quantitated by the computer-aided method of 
external standards. Results, shown in Table 1, are reproducible to within 
± 5%. 

Results for acetic acid by the two methods are in good agreement. However, 
the HPLC method gives consistently higher numbers for formic acid, especially 
with samples 12-3 and 12-6 where GC indicates barely detectable levels. Formic 
acid is formed via two major pathways: 

Glucose -+- Hydroxymethylfurfural-+-

HCOOH + Levulinic Acid 
OH- . 

CO + H29 --. --> HCOOH 

(1) 

(2) 

Since in run CL-12 we used pure hydrogen as the reducing gas, the second mode 
of formic acid formation would not occur. (Since a trace of CO is formed by 
reverse shift reaction, a small amount of the reaction 

(3) 

may be occurring.) Therefore the difference probably represents glycolic acid. 

Table 1 compares the sum: of formic/glycolic (1)* plus acetic acid content, as 
determined by HPLC and/or GC, with the total acid content as determined by 
titration. Selected results for total organic carbon (TOC) of these waters are 
also given. It appears that 50 .... 80% of the total add is accounted for by 
ac~tic plus formic/glycolic. The r~sults show that the C1 and C2 acids con
trl.bute only 20% to the total organic carbon content of tfie aqueous effluent. 
The balance must come from the 'small amounts of much higher 'molecular weight 
acids plus the phenols and neutrals, An analytical method which determines 
acetic, formic and glycolic acids separately will be developed. 

Characterization' of major gas' chrOJilatographic 'peaks' iti oil . andwater";'sQluble 
product 

Before he left in September 1981, Dieter Kloden· undertook a massive GC-:MS 
identification program for significant GC peaks, "Significant" is defined 
loosely' as appearing at a level of about 1 area & or more in at least one 
sample or fraction of a sample analyzed. On his own time, since September, 
Dieter has prepared a66 page tabulation of the results, in effect the rough 
draft of a very lengthy report. \\fe are currently considering how to edit 
this into forms appropriate for publication.,. ... as reports and journal articles. 
What appears here is a very brief summary' or outline . 

Water solubles 

A total of 34 carboxyl(1.6· c) acids, including 15 reported in the January.,.;March, l. 
1981 Quarterly Report have been identified, generally as the 'methyl ester, 
Included are some unsaturated adds like 3 ... hexenoic and some aromatic acids 

* Calculated based on formic acid cal:U5..rati.on only. 



like benzoic and p-hydroxybenzoic. From the "neutrals" -- materials not 
titrated at pH 7-8 and therefore extractable some 47 peaks were obtained, 
of which 22 were defined as major and 44 were identified with higher 
probabili ty. Of the "majors" four are substituted furans, six are cyclic 
ketones, one is a linear dione and the balance are phenols--some with 
additional keto or methoxy functionality. The minor compounds include three 
additional cyclic ketones, a dione, a furanone and a long chain carboxylic 
acid (pentadecanoic). The balance are phenols. Many of the phemols found 
are diphenols. 

The overall elementary analysis of neutral extracts indicates an average O/C 
atomic ratio of about 0.48. With a s·ingle exception, a 2-dihydrofunanone.) 
the compounds found have lower values of this ratio, the range being 0.12 
to 0.4. Thus ,the:ne appear to be unidentified neutrals, probably of carbon 
number four or less, of higher oxygen content. These would correspond to 
the low molecular weight acids which we have had to identify by other than 
GC-MS; e.g. formic, acetic, glycolic and propionic. 

Oil products 

GC-MS spectra were obtained on whole product oils, extracts into yadous 
solvents, distillation fractions and phenolic neutral fractions. It is 
safe to say any compound found in a product oil from one source, will be 
found in oils from any other s'ou:tce analyzed. However, there are differences 
among PERC oils and LBL oils and continuous and batch products. 

Well over a hundred compounds were identified with high probability in 
distillation fractions of TR~7 (LBL) and TR .... 12 (PERC process) oils, for 
example. Of these the great majority..,.·-aoout 80%--have one or 'more phenolic 
groups. 

D. STOICHIOMETRY AND YIELDS 

The gas balances we have been able to make on the CLU to date show that no 
significant amount of synthesis gas is consumed. Given the errors of the 
balances, it is safe to conclude that the consumption is not much over 0.1 
Mol/lOa g wood. The observation that CO can be replaced with H as the 
reducing gas is consistent with this. The difference from the PDU PERC runs, 
where the, consumption is in the range of 0.3.0.7 Mol/lOa g wood must come from 
the very high recycle and resulting long residence time in the PERC runs. 

The stoi:chiometry of the LBL process, as we operate it in the PDU, is approx
imately as fOllows: 
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wood organics, 100 lbs 

C - 51 

H - 5.8 

° - 43 
N,S- 0.2 

> CO2, 26 lbs 

C - 7 

° - 19 

+ H20, 8.5 lbs 

H - 0.9 

° - 7.6 

+ Water Solubles, 25 lbs 

C - 14 

H - 21. 9 

° - 9.1 

+"Product", 40.5 lbs 

C - 30 

H - 3 

° - 7.3 

Here "product" includes actual oil recovered plus losses of volatiles during 
!~~oy~!y 9! hefyies by sti~k~up i~ the r~acto~,~lus any char form~d. The 
otder-oflnagrti'tude of-losses is about 3% 'of the feed. Char hasyaried erratically 
from as low as 0.3% to 5%. The largest total (run CL-ll) of oil (33) + char (4) 
+ estimated loss (3) has been 40%. 

We conclude that, so long as the yield of water solubles remains in the 25% 
range, the maximum oil yield achievable is about 40%. And to demonstrate this 
we will have to find an accurate way- of correcting for, or recovering, the 
losses and a -method ofndnimizing coke formation. 

The amount of coke formation in the runs to date has been about random. It 
apparently- depends on the way in which we pour heat through the reactor wall 
into our small system, and there is some evidence that it depends upon the 
type of agitationus-ed in the reactor. The evidence- from the PDU operation 
is that it does not occur under turbulent conditions, as in the direct-fired 
tubular reactor. It did appear to occur-in Runs TR .. lO and 11 in the almost 
stagnant conditions of the standpipe reactor. We feel the evidence is that 
coke can bemainimized and that a 40% oil yield is, therefore, achievable. 

To go higher, we must reduce the yield of water solubles. The obvious question 
to ask is why is this higher than- in PERC. Theyarious reasons suggested 
include; ~ 

(1) On recycle the soluble organics decompose,giYing at least some oil; 

(2) Because of the higher -ratio of. oil to water, less organics remain in the 
aqueous phase. 

(3) The prehydrol:ysis step of the LBL process causes stable soluble organics 
on their precursors to be formedwhlch are not formed otherwise •. As 
slurry ages, more of these organics are formed by microbial action. 

-6 .... 



We can examine each of these hypothesis in turn. 

Number (1) is certainly true in part. But we have tried, in batch experiments, 
both recycling aqueous phase and "liquefying" aqueous phase from a CLU run. 
The degree of decomposition of organics and the formation of oil were small. 
We believe Number (1) is only part of the difference. 

Number (2) can hardly apply to the carboxylic acids, since as Rust Engineering 
ran the PERC process, the effluent water had pH ~ 7. The acids exist as anions 
and will not be extracted into the oil. The high ratio of oil to water phase 
probably keeps the amount of phenolics and neutrals in the water down, however. 

Number (3) would seem to be precluded by experiments we did with unhydrolyzed 
woood. Yields of acids were about as expected from slurry runs. However, we 
have observed an increase of carboxylates with time in old slurry and some 
evidence of corresponding increased yield of water-soluble acids. Use of 
freshly-prepared slurry is at least a step infue right direction. 

We conclude that the higher water.;.solubles yield in the LBL process is a 
composite effect of all the above process differences. Significant reductions 
will require use of a more concentrated freshly-prepared slurry and probably 
the recycle of a portion of the water phase. 



Table I Concentrationsa of Formic and Acetic Acids in Process Waters. 

Formic Acid Aceti c Acid Formic Total 
Sample GC HPLC GC HPLC +Aceticb Acidc TOCd 

7-3 0.10 0.190 0.15 0.143 0.33 0.44 
8-5 0.10 0.112 0.15 0.176 0.29 0.52 , 

\-

10-02 : 0.181 0.144 0.32 0.40 3.4% .' 
10-3 0.11 0.20 0.31 0.57 
11-1 0.05 0.034 0.04 0.036 0.08 0.16 
11-3 0.10 0.228 0.15 0.143 0.37 0.50 
11-6/8 0.10 0.204 0.18 0.156 0.36 0.45 3.1% 
12-3 0.03 0.177 O. 13 O. 127 0.30 0.40 3.1% 
12-6 0.06 0.148 0.14 0.146 0.29 0.37 2.6% 
13-1 0.072 0.029 0.10 0.14 
13-4 0.02 0.56 
13-5 0.140 0.078 0.22 0.52 
13-6 0.08 0.18 0.26 0.52 

aConcentrations are in equivalents per liter, and include anion as wel~ 
as free acid. 

bA1so includes glycolic acid, indistinguishable from formic acid in 
HPLC method. 

CSy titrati on. 
dTota1 organic carbon; analyses performed by Environmental Research 
Group, Inc., Emeryville, CA 94608. 

l 
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Legend, Fig.l"" 

was 

High performance liquid chromatogram of CL12-3 water. The eluent 
water (pH 2.5) at a flow rate of 1.5 ml min- l . An E. Merck RP-8 

column, 25cm x 4.6mm i.d., was used. An RP-8 guard column was also 

employed . 
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