o

M.E. Paulaitis, J M.L. Penninger, R.D.Gray, H.W.P. Davidson:
Chemical Engineering at Superecritical Fluid Conditions,
Ann Arbor Science Publ., Ann Arbor 1983 CHAPTER 25
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The dramatic increase of prizes for crude oil
since the beginning of the seventies revived the
interest, especially in the high industrialized
countries, in biomass as renewable energy source
and feedstock for chemical industries. This is well-
documented in a number of conference reports[1] and
monographs[2] on this subject, Mainly different me-
thods of pyrolysis, hydrolysis and hydrogenolysis
are described. These methods yield more or less
effectively low molecular weight compounds.

The objective of our own work was to disintegrate
biomass completely into its single components in an
environmentally safe way and to obtain these compo-
nents in a state, which would allow further chemical
treatment and usage. Furthermore we searched for
methods, which would allow controlled degradation of
biopolymers to low molecular weight compounds of
high value.

Firstly, our interest focused on wood and its
single components hemicellulose, cellulose and lig-
nin. Secondly on peat, which is very abundant in
some parts of the northern hemisphere; thirdly on
chitin, which forms the skeleton of crustaceans but
is also part of the cell walls of molds and mush-
rooms and fourthly on sewage sludge, the disposal
of which is a severe environmental problem in cer-
tain parts of Europe. The mentioned examples of bio-
mass are readily available and are alltogether not
used normally as food. Therefore their chemical
usage would not directly compete with food produc-
tion.

In our search for transforming these products in
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an efficient way to interesting chemicals, we found,
that the special properties of fluids at high tempe-
ratures, in our case mainly organic solvents,allowed
us to develop an alternative degradation procedure
for biomass of different kinds.

The experimental part of this development has
been performed in a high pressure/high temperature
flow apparatus ("HP-HT-apparatus”),which has been
described in detail by us in the literature{3,4] and
which is largely made up of commercially available
HPLC equipment and a GC furnace to heat the tubular
reactor. The only modification necessary is to use
a preparative HPLC column (V = 50 ml) as reactor.
The biomass sample (1 - 20 g) is transferred into
this reactor, which withstands temperatures up to
400°C and pressures up to a few hundred bars.

Thus it is possible to degrade cellulose in su-
percritical acetone almost quantitatively(3], with
anhydrosugars as the main reaction products ( see
Figure 1 ). Glucosan 1 , 1,6-anhydroglucofurancose 2,
dianhydroglucose 3 and levoglucosenone 4 amount to
nearly 50%. For comparison the results of typical
pyrolyses are shown in Table I[5].

Table I . Products from pyrolysis of cellulose
at 300°C ( data taken from [5])

Nitrogen Vacuum
1 bar
Char 34.2(%) 17.8(%)
Tar 19.1 55.8
Glucosan 1 3.6 28.1
1,6-Anhydrogluco-
furanose 2 0.4 5.6

The advantages of the degradation procedure em-
ploying supercritical fluids are obvious. The high
amount of residue left, called "char", is a charac-
teristic of pyrolytic methods. This is almost to-
tally avoided by our procedure : only 2 % residue
was left and 98 % of the cellulose was liquefied.

( Reaction conditions : 18 g cellulose, micro-
crystalline, temperature 250°C raising to 340°C
within 10 hours, flow rate 4,5 ml acetone/min.).

The comparatively smooth degradation with super-
critical organic solvents is also observed with
chitin[3]. Again with acetone as solvent( flow rate
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5> ml/min; temperature up from 250°C to 340°C within
7.5 hours, pressure 250 bars) 85 % were liquefied.
In the tar obtained, interestingly the amino ana-
logue 5 of glucosan 1 is found in pPreparatively in-
teresting amounts (see Figure 1). 5 has never been
reported as pyrolysis product of chitin and, in
fact, this also was our experience in pyrolyzing
chitin[6]. The main reaction product in both cases,
besides water of course, is acetamide[3,6]. The re-
maining degradation product consists of a very com-
plex mixture of mainly oxygen- and nitrogen contai-
ning heterocycles([7].

With this results in hand, we tried to degrade
whole wood. We took birch wood for our investi-
gations[8], because this is a tree, which grows fast
eéven on poor soils and in cold c¢limates and which is
not high in value. Table II shows the results we ob-
tained with different solvents under standardized
conditions.

Table II. Degradation of birch wood with super-
critical fluids (sample weight 3 gram,
reaction time 1.0 h, pressure 100 bar,
solvent feed rate 1 ml/min). Q gives
the ratio of lignin to carbohydrate

. . .
N LW N W oW

degradation.
Solvent Temp. Weight Residual Weight loss of 0Q
loss lignin carbohyd.lignin
(°c) (%) (%) (%) (%)
Ether 250 20.77 28.02 29.99 —-_— 0
n-Pentane 250 24.29 34.26 38.90 -— 0
2-Propanol 250 24.62 17.20 23.39 30.06 1.
Acetone 250 22.77 19.55 23.72 18.57 0.
Methanol 250 25.30 13.04 20.25 47.47 2,
Ethanol 250 21.78 12.59 16.06 46.88 2
Ethyl 270 36.76  26.55  42.98  9.44 0
acetate
2-Butanol 270 31.00 16.52 29.29 38.52 1.
1~Propanocl 270 32.45 11.88 26.92 56.72 2.
2TMethyl- 580 39.61  12.66  35.26  58.78 1

~1-propanol

Column 3 ("weight loss") gives the percentage of
wood degraded. All organic solvents employed dissol-
ve 20-40 % of the birch wood within one hour. In-
terestingly the carbohydrates and the lignin are

301




‘ OH
' 0 HO A0~
OH OHO OH
Cellulose
— HO.
\0 e 0
o/
0 OH H | 0
38.3% 4.3% 4% 1%
1 2 3 4

N~

0
NHAC o’ HO :

NHAc
Chitin
0
4
0
HO NHAc
5

Figure 1. Products of cellulose and chitin degradation
with supercritical acetone at 250-340°C,
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degraded at different rates, as can be seen from-

columns 5 and 6. A high ratio Q of lignin to carbo-
- hydrate degradation in column 7 shows a high selec-
tivity for lignin. Thus it can be seen that alcohols
show strong preference for delignification with mi-
nor attack on carbohydrates, while ethers, esters

and alkanes on the other hand preferentially attack
carbohydrates at 250°C. Methanol shows a high degra-
dation capability; ethanol has a better selectivity.

The selectivity is maintained over the tempera-
ture range from 240 - 280°C as was shown with etha-
nol and propanol-2 as solvents. The amount of degra-
dation increases with temperature. But as can be
seen from Figure 2, which shows the temperature in-
fluence in case of propanol-2, the ratio of Q de-
creases heyond 280°C, which can be explained by an
increase of the pyrolytic decomposition of carbo-
hydrates. The reaction products form nonhydrolyzable
condensation products which are also analyzed as
"lignin" and better should be called "humins".

Variation of pressure above critical pressure is
of little influence. By increasing same from 100 to
350 bars in the aforementioned experiments the amount
of degradation rises only slightly (1 - 2 %). The
mass balance shows losses from 0 to 6 % due to for-
mation of gases and low molecular weight compounds
which are evaporated with the solvent and therefore
escape analysis. This is contradictory to the re-
sults obtained by Calimli and Olcay(9] with the
supercritical extraction of spruce wood with orga-
nic solvents. These outhors performed static ex-
periments in an autoclave and observed high losses
due to formation of highly volatile compounds. Our
data demonstrate clearly the advantage of a flow
apparatus; sensitive compounds are guickly removed
from the hot reaction zone, which apparently pre-
vents further decomposition.

Figures 3 and 4 show results obtained by pro-
longed treatment of birch wood at 250°C with propa-
nol-2 and 94 % ethanol respectively as solvents.

In both cases an initial high reaction rate is
observed. Purther degradation (after 1 hour) pro-
ceeds at lower rate. Lignin degradation reaches in
Figure 4 almost 80 % of the theoretical level after
4 hours. In principle total degradation of wood can
be acchieved with all solvents tested but this re-
quires an inrease of the temperature. Acetone for
instance dissoclves 92.5 % of wood within 12 hours
with a simultaneous temperature increase slowly up
from 250 to 340°cC.
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Figure 2.

Figure 3.
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of birch wood with propanol-2 (standard conditions
sample weight 3g, solvent feed rate 3 ml/min,
reaction time 1 h at 100 bar). Curve A: lignin;
B: carbohydrates; C: ratio A:B x 10.
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Figure 4,

Figure 5.
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From Figure 4, in connection with the results
given in Table II for absolute ethanol, it can be
derived, that a water content of 6 % (v/v) of the
solvent significantly increases total degradation.
With pure ethanol after 1 hour 16 % of carbohydra-
tes and 47 % of lignin are dissolved (Table II)
while with 6 % water content (Figure 4) 28 % and
60 % respectively are degraded. Therefore we tested
the properties of different mixtures of ethanol/
water systematically. The results are given in Fi-
gure 5. _

We founu - and that corresponds with results ob-
tained by Kleinert already some fifty years ago[10]
- that there exists a broad range of mixtures of
ethanol/water, where cellulose is left almost un-
changed while lignin and hemicelluloses are dissol-
ved on the other hand almost totally. If the water
content is raised to 25 % (v/v) (molar ratio ca.
0.5) a dramatic increase of the degradation rates
is observed for both lignin and carbohydrates to
92 % and 60 % respectivly. Higher water contents
of up to 50 % (v/v) (molar ratio ca. 0.8) do not
change the results significantly. The extraction
residue amounts to 35 %, which represents the ori-
ginal cellulose content of birch wood. - Can an
alternative to preparing pulp for the paper or
chemical industries under elimination of problema-
tic inorganic chemicals and the related disposal
problems be based on only water and ethanol? It
should be mentioned in this context, that chipping
or milling of the wood is almost unnecessary be-
cause of the high penetrating power of the sol-
vents employed. But the cellulose thus obtained has
an averadge degree of polymerization DP of 351 (that's
relatively low), a content of alpha-cellulose of
87.2 % (that's low too) and a kappa number of 27.2,
which corresponds to lignin left of about 4 % by
weight. This is also low for wood pulp. Non hydro-
lyzable material (by sulfuric acid) amounts also to
4 %. These properties make our cellulose perhaps
not so suitable for paper making; the Kleinert proce-
dure[10,11] which works at lower temperatures could
be a better alternative. However for chemical and
for microbiological purposes the described treat-
ment may have an advantage.

The lignin can be obtained as a fine powder. It
has an average molecular weight of about 940, cor-
responding to 4 to 5 monomeric phenylpropane units.
This indicates severe degradation of the original
lignin. By gel chromatography (see Figure 6) we
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Gel chromatogramm of dissolved lignin (Sephadex
LH 20 in DMF). Weight of fractions I-V = I 525 %,

IT 12.6 %, II1 5.6 %, IV (dimers) 12.9 % and V
(monomers) 16.4 %.
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could show that monomeric and dimeric phencls are
already present in the extract amounting to almost
30 %. Vacuum destillation of this lignin, which in
itself is an interesting product gives more than
50 % yield of mostly monomeric phenols and some
dimers.

Hemicelluloses are easily separated from lignin
if they are simultaneously extracted from wood, but
it is also possible to extract separately with more
or less degradation all components from wood. This
is shown in Figure 7. Beginning with water alone at
moderate temperatures of about 180°C only hemicellu-
loses are extracted ("prehydrolysis"); by subsequent
use of a water/ethanol mixture at temperatures of
around 250°C lignin is extracted and cellulose is
left unchanged. The mass balance approaches 100 %
and demonstrates that only a small amount of gase~
ous products is formed.

From Figure 5 follows that ethanol/water mix-
tures with more than 60 % water content attack cel-
lulose too. Thus it is possible to liquefy birch
wood quantitatively within 1 hour at 250°C. The op-
timum seems to be in the range of a 70 % water con-
tent. Pure water is a bad degradation medium and
imposes experimental difficulties because of poor
solubility of reaction products in water. It should
be mentioned that in most cases the experiments
with ethanol/water mixtures have been performed at
temperatures below the critical temperatures of
these mixtures.

Cellulose degradation has been optimized with
respect to low molecular weight compounds[12]. Fi-
gure 8 shows the time dependence of the conversion
of microcrystalline cellulose ("Avicel") at 250°C
with a 4:6 (v/v) ethanol/water mixture. After 2
hours conversion reaches 95 %. Glucose analyzes for
31 %. Besides it are found 13.5 % ethyl glucosides,
7 % anhydrosugars and 10 % hydroxymethylfurfural
(HMF) .

From Figure 9 the influence of temperature and
the variation of water content on conversion rates
and combined yields of monomeric sugars can be de-
rived. The analyses of these products are summarized
in Figure 10. By further variation of solvent flow
rate the results of Figure 11 can be reached. At
260°C cellulose is hydrolyzed to a degree of 96 %
within 1 hour with a 3:7 (v/v) ethanol/water mix-
ture. Combined monosaccharides (including HMF) ana-
lyze for about 75 % of theoretical value. Glucose
alone are 56 % of theoretical. This opens new ways
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for wood saccharification.

The same ethanol/water mixture was used for peat
degradation[13]. Table III gives the results for
white peat (low degraded, experiments No. 1 - 4) and
black peat (high degraded, experiment No. 5). While
almost 90 % of white peat can be dissolved, only
30 % of black peat is degraded under comparable con-
ditions.

Table III. Degradation of peat with an ethanol/
water mixture 3:7 (v/v). Experiments
No. 1-4: white peat. No. 5: black
peat. "Extr". = Extract weight %.

Experiment Reaction Conditions Results

No. Temp. Flow Rate Press.Time Weight loss Extr.
(°C)  (ml/min) (bar) (min) (%) (%)

1 265 1 -2 150 30 68,0 not d.

2 265 7 ~ 150 60 79,8 75,6

3 265 8 150 120 89,9 85,1
265 ' 30

4 275 7 150 30 84,3 80,7
275 30

5 285 6 - 7 150 30 29,5 14,9

Higher weight losses (up to more than 60 %) are
also attainable for black peat with solvents of
higher ethanol content. The losses due to formation
of gases are considerably higher for black peat than
for white peat. In neither case the degradation
products are liquids (or tars) but solids, which are
partly water soluble (up to 55 %).

Contrary to this results with peat, municipal
sewage sludge treated in the same manner yields
again an oil which has an interestingly high content
of long chain fatty acids[14]). Advantage of this
treatment is the fact, that it is not necessary to
dry the sewage sludge intensively before liquefac-
tion, which is necessary precondition in other pro-
cesses and which is expensive.

CONCLUSIONS

Organic solvents in the supercritical state such
as alkanes, ethers, esters and alcohols ("supercri-
tical fluids") are suitable for biomass disintegra-
tion and biopolymer dissolution and degradation in
a temperature range of 240 - 340°C. Good properties
for the mentioned purposes show also ethanol/water
mixtures which are employed as liquids at subcriti-
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cal conditions. From this it may be concluded, that
a high density, an optimum high temperature and
good solution properties of fluids are prerequisite
for biomass transformation irrespective whether it
are supercritical or subcritical fluids. Thus wood
can be totally liquefied. On the other hand it is
possible to prepare cellulose by dissolving hemi-
celluloses and lignin only. Obtained lignin gives
high yields of monomeric and dimeric phenols by
vacuum destillation. High glucose vields are ob-
tained by cellulose degradation with ethanol/water
mixtures (3:7 v/v) thus opening new ways for wood
saccharification.
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