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BRI EF DESCRI PTI ON OF THE FI GURES Fig. 1is a
schematic of the first stage (ethanol extraction) of
the di sclosed integrated process for the production of
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These and additional features of the present invention and the manner of
obtaining them will become apparent, and the invention will be best understood, by

reference to the following more detailed description and the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1 is a schematic of the first stage (ethanol extraction) of the disclosed
integrated process for the production of biofuel from wood chips.

Fig. 2 is a schematic of the second stage (hot water treatment) of the disclosed

integrated process for the production of biofuel from wood chips.

Fig. 3 is a schematic of the third stage (simultaneous saccharification and
fermentation) of the disclosed integrated process for the production of biofuel from
wood chips. ©

Fig. 4 is a schematic of the fourth stage (product separation/purification) of the
disclosed integrated process for the production of biofuel from wood chips.

Fig. 5 is a schematic of an experimental 100 ml digestor for the pre-treatment

of biomass
Fig. 6 shows a schematic of a 3 1 packed-bed experimental digestor for the

pre-treatment of biomass
Fig. 7 is a schematic of a 40 1 baich experimental digestor for the pre-

I8

treatment of biomass.

Fig. 8 is a graph showing the effect of time on the DM (dry mass) removed
from Salix chips with 70% ethanol solvent at three different scales (100 ml, 3 1and 40
D), expressed as a percentage of the initial DM loaded.

Fig. 9A and B shows the ratio of DM and lignin removed from Salix chips
with 70% ethanol and expressed as a percentage of the initial DM loaded. Fig. 9A
shows the results obtained with the 3 1 digestor, and Fig. 9B shows the results from
individual experiments in the 40 I batch digestor.

Fig. 10 is a graph showing the effect of time on the DM removed from Salix
chips with water solvent applied as a primary treatment or after an ethanol treatment

at two different scales (100 ml, 31), expressed as a percentage of the initial DM
loaded.
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Fig. 11 is a graph showing the proportion of lignin in the DM removed from
Salix chips with 70% ethanol in three different scales (100 ml, 3 1 and 40 1), expressed
as a percentage of the total DM removed.

Fig. 12 is a graph showing the proportion of the total available lignin
recovered after pre-treatment of the Salix chips with 70% ethanol in the 100 ml, 3 1
and 401 digéstors, expressed as a percentage of the lignin content in the untreated
chips.

Fig. 13 shows the ratio of DM and lignin that was removed from Salix chips
with hot waters applied as a primary treatment or, after a 70% ethanol treatment in the
100 ml and 3 1 digestors, expressed as a percentage of the initial DM loaded. .

Fig. 14 is a graph showing the conversion of cellulose recovered following
Organosolv™/liquid hot water treatment of Salix chips into-' gluéose by eﬁzymatié
hydrolysis, compared with commercially obtained pure cellulose and cellulose
recovery from untreated Salix chips.

Fig. 15 is a graph showing the accumulation of xylose, furfural, acétic acid
and glucose during the hot water treatment of 70% ethanol treated Salix chips in the

3 1 digestor.

DETAILED DESCRIPTION
As discussed above, the present invention provides an economically-viable

integrated process for the biorefining of lignocellulosic material from plants, such as
Salix spp., to produce ethanol and natural lignin. Other types of feedstock that may be
effectively employed in the disclosed process include dedicated short rotation woody
or herbaceous biomass (for example, Miscanthus, switchgrass), woody and
agricultural waste (e.g., wheat straw, rice straw, corn stover or sugar cane bagasse)
and dedicated energy crops. In certain embodiments, the plant material is selected
from the group consisting of: Salix, Poplar, Eucalyptus, switch grass, miscanthus,
sugar cane bagasse, soybean stover, corn stover, rice straw, barley straw, wheat straw,
corn fiber, wood fiber, and combinations thereof.

In one embodiment, the process employs a continuous flow counter-current or
co-current digestor. Use of such a digestor results in faster processing rates, increased
throughput and increased efficiency. As such digestors run continuously, they require

less maintenance and less labor than batch digestors. In addition, displacement wood

10



Sal i x schwerinii Kinuyanagi + Sala vimnalis 2 4 25 29
30 8 Average 6 4 25 29 31 10 Standard Deviation 5 1 3
342 Pre-treatnent of Saiix biomass The
pre-ireatnment of Salix chips was tested in 100 n
experinmental digestor 25 and 3 1 packed- bed
experinental digestor that were able to process 6 g

a”%uﬁ% & th)relélfﬁcient than batch processes and differential reaction times are
possible.

Crops of Salix are harvested, air-dried and stockpiled. If reduction of the
particle size of the harvested Salix is desired prior to processing, this can be achieved

5 using a chipper or similar device. In one embodiment, Salix particles of
approximately 5 mm to 5 cm in size are employed in the process disclosed herein.

The first stage of the process disclosed herein is an OrganoSolv™, or ethanol,
extraction (illustrated schematically in Fig. 1). This involves continuous contacting of
the wood chips with a counter-current flow of a solution of up to 70% ethanol in

10  water, undertaken at a temperature of approximately 170°C to 210°C and a pressure
of 19-30 barg. In one embodiment, the digestor is a screw contactor operaﬁng with
wood chips being fed and discharged via cup and cone pressﬁre plugs or feed screws.
Solvent passes against the flow of solids so that chips exiting the machine are exposed
to fresh (solute free) ethanol solution, while chips entering the digestor, which have

15  the highest extractable content, are exposed to the most solute laden solvent solution.
Solvent entering the digestor is pressure pumped to maintain the operating pressure
therein and to provide the hydraulic drive to pass against the flow of chips. Solvent
from within the digestor is re-circulated through external heaters, for example steam
heaters, on a continuous basis to bring the wood chips up to the operating temperature

20 quickly and to maintain the temperature. Operating conditions (such as time,
temperature profile, pressure and solid/liquid ratio) within the digestor are optimized
to provide maximum removal of water insoluble lignin from the wood chips. As the
wood chips pass from the digestor and are exposed to lower pressures, a portion of the
solvent content therein will evaporate, resulting in cooling of the wood chips.

25 In an alternative embodiment, the wood chips are displaced in the digestor
using gravity in a downward gradient. Solvent entering the digestor is pumped
upward passing against the flow of solid.

Chips discharged from this first stage of the process will still contain some
ethanol which must be removed prior to the subsequent water extraction. This is

30 achieved by means of a steam stripping operation. The vapors are recovered from
both this operation and from the flash evaporation of depressurized solids, noted

above, and are re-used directly with the fresh solvent stream. In this way the latent

heat content of the vapors is recovered.

11



dry wood chips, respectively. The design of these two
digestors is illustrated in Fig. 5 (100 nil digestor)
and Fig. 6 (3 1 packed-bed digestor). A 40 1 digestor
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30 DM of the residual insoluble material vyielded after
each pre-treatnment. These results show that the
addition of a second pre-treatnent increased the

di spl acenent of nass by 10% toward the hydrolys ate
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garden mulcher. The wood chips were dried at 40°C for 24 hours and sieved by hand
between two wire meshes of British test sieve with apertures of 2.8 and 4 mm. The
composition of the sieved and unsieved Salix chips was assessed, with the results

being shown in Table 1. The mass compdsition was assessed using laboratory

10  analytical procedures (LAPs) developed by the National Renewable Energy
Laboratory (NREL, Goldeh, CO). Values are expressed as gram of component per
100 g of dry untreated chips. Extractives were isolated using a Soxhlet extractor,
dried and weighed. Lignin concentrations were determined after chemical hydrolysis
of the Salix chips (4 hours with 72% sulfuric acid at 102°C). Acid soluble lignin was
15 measured by densitometry at 320 nm and the concentration of the non-acid soluble
lignin was measured by weight minus ash. The percentage of glucan and xylan
present in the samples were determined after chemical hydrolysis (4 hours with 72%
sulfuric acid at 102°C). Acid soluble sugar was measured by HPLC using the
appropriate range of xylose and glucose standards. '
20
' Table 1: Composition of untreated Salix biomass (* = Sieved material)
. . Extractive Lignin (%) Sugar (%)
Salix variety (%) Soluble Insoluble Total | Glucan | Xylan
Salix viminalis* 16 2 - 31 33 23 .9
Salix viminalis 8 3 24 27 34 8
Salix schwerinii 6 5 23 28 32 14
Salix schwerinii Kinuyanagi 4 5 22 27 33 12
Salix schwerinii Kinuyanagi 4 3 25 28 33 9
Salix .s.'chv.ver:zmz.Kmuyanagl 9 4 28 39 35 9
+ Salix viminalis
Salix s.chvf)erjmzz.Kmuyanagl 2 25 29 30 3
+ Salix viminalis
Average 6 4 25 29 31 10
Standard Deviation 5 1 3 3 4 2

Pre-treatment of Salix biomass

The pre-treatment of Salix chips was tested in 100 ml experimental digestor
25 and 31 packed-bed experimental digestor that were able to process 6 g and 300 g of

14
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At all scales (100 nil, 3 1 packed-bed, and 40 1
batch), the sequential 70% 25 et hanol and hot water
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temperature of the circulating fluid near an outlet 50 of heating loop 29. The heating
tube 52 was insulated with fiberglass.

Operation of the 3 I packed-bed digestor
The 3 1 packed-bed digestor shown in Fig. 6 functioned under the same

principle as the 100 ml digestor with the exception that the digestion chamber 25
contained the biomass within wire mesh sample basket 27 and the solvent was
circulated within the heating loop 29 by way of variable speed drive pump 31. The
solvent was heated electrically to ensure that the target temperature for digestion was
reached. The kinetics of the extraction process was determined by collecting samples
of the mobile solvent by way of needle valve 36 and 10 ml bottle 37 situated
downstream of the pump.

The chipped wood feedstock (up to 300 g) was placed in the wire mesh sample
basket 27, which fitted tightly inside the vessel. The vessel with the sample basket
was filled with up to 3 1 of solvent, and the reactor was sealed tightly with
Swage:lokTM fittings. The recycle loop was filled with liquid by adding water through
the water tank inlet 54. When the reactor was sealed completely, the circulator and
temperature controllers were switched on. The pressure transducer 32, thermocouples
39 and 55 in the reactor, and thermocouple 56 on the tube surface 61 were monitored

using a PicoLog Recorder (Pico Technology, Cambridge, UK).

Description and operation of the 40 1 batch digestor (Fig. 7)

The 40 1 packed-bed digestor shown in Fig. 7 was fabricated from a section of
210 mm high-pressure mild steel tubing which formed a reactor vessel 64. A
surrounding 300 mm tube formed a heating coil 63 which was partitioned by a spiral
steel baffle into a spiral flow channel. The reactor vessel 64 and heating coil 63 were
surrounded by glass fiber insulation 62. The heating coil 63 was connected to an oil
heating circuit 76 and oil inside the oil heating circuit 76 was heated by a heater 69
driven by 6 kW of electrical heating elements. The oil was circulated through the oil
heating circuit 76 by a pump 68, and could also be diverted by two loop valves 71 to a
cooling loop 72 immersed in a water bath 77 to enable faster cooling of the reactor
vessel 64. The heater and pump were controlled by a thermostat 70 and a process

controller 67. An oil reservoir 73 connected to the oil heating circuit 76 was used to
17
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accommodate thermal expansion of the oil. In operation, the reactor vessel 64 was
filled with about 6 kg of Salix biomass and 30 to 40 liters of 70% ethanol via a funnel
57 and an upper ball valve 58. The reactor vessel 64 was then sealed and heated,
taking 3 to 4 hours to reach operating temperature (185°C). The temperature was
monitored by a temperature probe 61 and the pressure by a pressure gauge 59. The
pressure gauge was connected to a pressure relief valve 60. A sampling port 66 was
attached to a lower ball valve 65 in the reactor vessel 64. To enable time-course
samples of the liquid phase to be taken during the extraction step, a liquid sampling
valve (not shown) can be attached to the sampling port 66. After the appropriate
residence time, oil circulation was switched to the cooling loop 72 by means of the
loop valves 71 and the reactor vessel 64 allowed to cool. After removal of the liquid
sampling valve 74, the treated biomass in the form of lignin-containing black liquor
was drained from the reactor vessel 64 by means of the lower ball valve 65 and
sampling port 66, and washed with 70% ethanol and water to remove additional
lignin. Alternatively, attachment of a steam ekpiosion valve (not shown) to the
sampling port 66 enabled a steam explosion step to be performed on the biomass

while still at high temperature and pressure.

Results
Mass Balance
Using the experimental digestors as described above, Salix biomass was

fractionated into two fractions: 1) an ethanol and/or water soluble fraction
(hydrolysate, Hyd.), and 2) a solid fraction (pulp). Table 2 represents the mass
partition of the Salix chips following various pre-treatment sequences. Treatments
were done with 70% ethanol at 170°C to 190°C for 60 minutes either before or after
water treatments performed for 30 min at 170°C to 190°C. In this example, all pre-
treatment experiments were initiated with 6.54 g of dry Salix chips (n=3-5) in the 100
ml digestor. The mass in the hydrolysate represents the dry mass (DM) recovered
after evaporation of hydrolysate, and the mass in the pulp fraction corresponded to the
DM of the residual insoluble material yielded after each pre-treatment. These results
show that the addition of a second pre-treatment increased the displacement of mass
by 10% toward the hydrolysate and that the sequence in which the two treatments are

performed does not have a great impact on the final amount of mass displaced.
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Table 2: Mass balance of pre-treated Salix biomass
Mass in hydrolysate Mass in pulp fraction

Treatment g + Std Dev % + Std Dev g + Std Dev % + Std Dev
Organosolv’ * 1.87+£026 | 28.53+4.04 | 4.79+0.06 7324+ 0.92
Hot water 1.72 +=0.19 26.24+291 4.53+0.07 69.27 + 1.07
Organosolv' " -Hot water | 2.91+032 | 44.40+5.00 | 3.81£0.05 58.26+ 1.68
Hot water- Organosolv " | 2.75+0.26 | 41.96+3.93 3.72 £ 0.05 56.88 & 1.83

The kinetics of mass removal during the primary treatment with 70% ethanol
was studied in the 3 1 packed-bed digestor. Fig. 10 presents the average amount of
DM removed (expressed as a percentage of the initial DM loaded) in a set of five
experiments performed in the 3 1 packed-bed digestor with 70% ethanol for 60 to 480
minutes at a temperature varying between 175°C and 195°C. This set of data,
obtained from the pre-treatment of 250 g of dry Salix chips, was compared with the
percentage of mass removed with 70% ethanol using the smaller (100 ml; 6.54 g) or
larger (40 1 batch; 30 to 40 kg) digestors at various times.

Fig. 8 shows that a three times longer incubation was required using the 3 1
packed-bed digestor to remove comparable amounts of dry matter as the smaller, 100
ml digestor in 60 min. Therefore, incubation times varying between 200 and 400
minutes were assayed for optimum mass removal in the larger 40 1 digestor. As
shown in Fig. 8, in this range of incubation time, 20 to 30% of the input DM was
efficiently removed with 70% ethanol at the 40 1 scale. Fig. 9 illustrates the ratio of
dry matter and lignin removed by the 70% ethanol as the percentage of the DM
loaded, with the results for the 3 1 digestor being shown in Fig. 9A and the results for
the 40 1 batch digestor being shown in Fig. 9B. The average DM removed in 22
extractions with 70% ethanol in the 40 1 batch digestor (Fig. 9B) was 25 %+3ina
running time varying between 200 and 400 minutes at an initial liquid loading ratio
(iLLR; I solvent per kg iDM).

Fig. 10 presents the ratio of DM removed when untreated Salix dry chips and
Salix dry chips pre-treated with 70% ethanol were treated with hot water (170°C to
195°C) in the 100ml and 3 1 digestors. As seen earlier with the 70% ethanol
treatment, the ratio of DM remove removed was lower when using the 3 1 packed-bed
as compared with the smaller 100 m! digestor. Fig. 10 also shows that an increased
incubation time of the untreated chips in the hot water did not result in an increase of
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DM removed as it did for longer incubation in 70% ethanol (shown in Fig. 8). Asin
the 100 ml digestor, when the hot water treatment of Salix chips that were pre-treated
with 70% ethanol was performed in the 3 1 packed-bed digestor, an additional 10% of

DM removal was achieved.

Mass Composition

The Organosolv™/hot water sequence gave optimum lignin and sugar
recovery. Table 3 below shows the representative composition of the hydrolysate and
pulp fraction obtained after sequential treatment of 6.54 g, 250 g or 35 kg of Salix
chips with 70% ethanol at 175°C to 195°C for 60 to 345 minutes followed by water

treatment at 170°C to 195°C for 30 to 375 minutes.

The composition of the comparative untreated Salix was the average of the
analysis of untreated Salix varieties described in Table 1. The concentration of lignin
in the hydrolysate sample was determined after aqueous acid precipitation of the
lignin, separation and drying and weighting of the precipitate lignin. This weight
measurement of lignin concentration was shown to correlate with measurement
obtained by size exclusion chromatography of the same precipitated lignin and
interpretation of the retention time with reference to appropriate pre-run peptide
standards. The glucose and xylan concentration in the hydrolysate was directly
measured by HPLC using the appropriate range of standards. The composition of the

pulp was.assessed as described earlier for the untreated Salix chips.

Lignin recovery
At all scales (100 ml, 3 1 packed-bed, and 40 1 batch), the sequential 70%

ethanol and hot water treatment resulted in the removal of over 30% of the total lignin
content of the untreated chips (Table 3 below). The majority of the lignin (28 to 32%)
was solubilized during the primary treatment with 70% ethanol solvent and an
additional 3 to 8 % of the initial lignin was removed in the subsequent water
treatment. |

As shown in Fig. 11, the ratio of lignin to DM removed by the 70% ethanol
treatment reached 35% in the first hour of treatment at a temperature of 170°C to
190°C using the 100 ml and the 3 1 packed-bed digestors. The lignin composition of
the DM removed in the 3 1 packed-bed digestor during the second hour of treatment

increased by 5% and reached 50% after 4 hours. After 8 hours, the lignin content of
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the DM removed increased only by another 10% to reach 60%. Fig. 11 also shows
that, in the 40 1 batch digestor, the ratio of lignin to DM removed varied between 30
to 48% when Salix dry chips were treated with 70% ethanol solvent.  Fig. 12
illustrates the proportion of the total lignin content in the untreated chips that was
recovered in the 70% ethanol solvent using each of the three digestors. The higher
recovery of lignin (32% +3) in 60 minutes, using the smaller 100 ml digestor, reflects
the higher fate of DM removal achieved with this digestor. With the 3 1 packed-bed
digestor, similar recovery was achieved within 200 to 240 minutes of treatment. The
amount of lignin recovered using the 40 1 batch digestor varied between 22 and 44%
of the initial lignin content of the Salix chips corresponding to 6 to 13 % of the
initially DM loaded. ,

Fig. 13 shows the ratio of DM and lignin removed by hot water treatment
using the 100 ml and 3 1 packed-bed digestors, expressed as a percéntage of the DM
loaded. When the hot water was applied as a primary treatment, up to 3% of the
initial DM was rapidly recovered as lignin in the water solvent (within the first 30 min
of treatment, corresponding to 10% of total lignin available). When the hot water was
applied after the 70% ethanol treatment, no more than 1% of the initial DM was
recovered as lignin in the water solvent (3% of the total available lignin in the
untreated Salix chips).

The lignin precipitated from the ethanol hydrolysate by addition of acidic
water had an average molecular weight of approximately 2,000 Daltons and was
estimated to be small pentameric to decameric polymers with a guaiacyl:syringyl unit
ration of 1:4 as shown by NMR spectroscopy analysis. NMR analysis also showed
that the Salix lignin underwent little modification under the optimum pre-treatment
conditions (70% ethanol at 195°C for 60 minutes).

Table 3 shows the composition of treated Salix wood chips after pre-treatment
with 70% ethanol at 175°C to 195°C (60 min in 100 ml digestor, 180 min in the 3 1.
packed-bed digestor and 345 min in the 40 1 batch digestor) followed by water
treatment at 170°C to 190°C (30 min in the 100 m! digestor, 180 min in the 3 1
packed-bed digestor and 375 min in the 40 1 batch digestor), compared with untreated

Salix wood chips.
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Table 3
<_:9mpo- Compositioq of solid and liqui:i Product Recovery (% of total
ggﬁ::: sfrh{:ra‘t:; - stream after ::;s Dp‘;’e 't’rsatment (% of component in unt?e;ted chips)
nent si,:/f gc\l’ps Hydrolysate Hydrolysate
chips) Ethanol  Water Pulp  Total Ethanol Water Pulp Total
26.5x 179+ 58.3
100 ml DM 4.04 5.00 1.83 102.7
Lignin 20+£3 93 1.0 10.5 21 32 3 36 72
Glucan 31+4 nd nd 304 30 nd nd 98 a8
Xylan 102 nd 2.1 4.6 7 nd 21 46 67
Other 30 17.2 14.8 12.8 45 57 49 43 149
31 DM 25 15 60 100
Lignin 29+3 8.1 0.5 12.2 21 28 2 42 72
Glucan 31x4 0.1 1.25 38.0 39 0 4 123 127
Xylan 10£2 0.4 24 0.04 3 4 24 0 28
Other 30 16.38 10.9 9.8 37 55 36 33 123
401 DM 26 14 60 100 .

Lignin 29+£3 9.1 nd 17.0 26 31 nd 59 a0
Glucan 31x4 nd nd 32.6 33 nd nd 105 105
Xylan 102 0.0 nd 0 0 0 nd 0 0
Other 30 17.0 nd 10.4 27 56 nd 35 91

Glucose recovery and fermentation to ethanol
Pre-treatment of Salix chips yielded most of the cellulose in the pulp as shown

by the recovery of more than 98% of the total input glucan in this fraction at each of.
the digestor scales tested (100 ml, 3 1 or 40 1 digestors, Table 3). As shown in Fig. 15
and Table 4, complete conversion of the recovered cellulose into glucose was
achieved after a standard five hours treatment with cellulase (Trichoderma reesei
(Celluclast, Novozyme, Denmark)) at 80 pfu per gram of glucan (theoretical) and
0.05% beta glucosidase (4dspergillus niger (Novozyme 188)) as recommended by the
enzyme manufacturer. Also, this result indicated that the residual lignin and xylose in
the pulp, at cellulose loading ratio of 1%, did not interfere with the enzyme activity
(Tables 3 and 4). This provided a glucose substrate at a concentration of 10to 12 g

per liter for fermentation to ethanol.
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The effect of the hot water treatment on the hydrolysis of the 70% ethanol
treated chips was observed when the enzymatic reaction was performed using higher
concentration of cellulose (cellulose loading ratio >4). As shown in Table 4, over
20% more glucose was produced at equivalent cellulose loading of 4-5%, when the
70% ethanol pre-treated chips were also treated with hot water. This improvement of
cellulose digestion at higher loading ratio probably reflected the lower content of
lignin and xylose observed in the pulp provided after hot water treatment.

The digestibility of the cellulose yielded by the 70% ethanol and hot water
treatment was further improved by providing agitation using rollers instead of using a
flask shaker during the enzymatic reaction (Table 4).

Glucose was fermented to ethanol using 64 ml hydrolysate and 4.5 ml Still
Spirits Temperature Tolerant Turbo Yeast (Brewcraft USA, Portland, OR) in 6.4 ml
10x YP medium (YP medium: 100 g/l yeast extract and 200 g/l peptone). The
reaction was allowed to proceed at 40°C with agitation at 200 rpm until the growth
curve of the yeast had reached a plateau, determined by measuring the ODggo of
hourly samples. The amount of ethanol and remaining glucose in the medium was
determined by HPLC. The yield of ethanol from the digested Salix cellulose using
Saccharomyces cerevisiae was 0.32 g of ethanol per g of glucose representing 62% of

the theoretical yield of 0.51 g of ethanol per g of glucose.
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Xvlose recovery

Because very small amounts of xylose and acetic acid were detected in the
70% ethanol solvent after the pre-treatment of the Salix chips (Table 3), we concluded
that 70% ethanol treatments have little effect on the hemicellulose degradation. The
recovery of hemicellulose sugars varied according to the hot water pre-treatment
conditions.

When a short hot water treatment (30 min) was performed on Salix chips pre-
treated with 70% ethanol in the 100 ml digestor, residual xylose in the pulp fraction
(4.6% of DM loaded = 46% xylose available; Table 3) indicated an incomplete
hemicellulose break down. |

Fig. 15 shows the level of accumulation of xylose and furfural in the hot water
applied after the 70% ethanol pre-treatment in the 3 1 packed-bed digestor. The level
of xylose peaked at 2.4 % of the DM loaded (24% of the total xylose available) after
120 min, at which time the level of furfural production increased, indicating further
degradation of the xylose yielded through efficient hydrolysis of hemicellulose sugar.
As a result, the cellulose pulp that was produced after the 70% ethariol pre-treatment
and longer hot water treatment contained greatly reduced levels of xylose (Table 3,
<0.1% of DM loaded). Another indication of efficient hemicellulose hydrolysis
during the hot water treatment was the formation of acetic acid as a consequence of
the deacetylation of the acetylated moiety of hemicellulose (Fig. 15). Fig. 15 also
shows that the amount of glucose was maintained at a low level during all times,
indicating that the hot water treatment did not result in cellulose hydrolysis.

The importance on xylose recovery of applying the hot water treatment after
the 70% ethanol pre-treatment was further demonstrated in the 40 1 batch scale
digestor. No xylose was detected in the cellulose pulp produced after the 70% ethanol
and hot water treatment whereas xylose levels up to 7% of DM loaded (70% of total
xylose) was measured in the cellulose pulp produced by the 70% ethanol treatment.

Example 2
Biorefining of Wheat Straw

Table 5 shows the mass composition of untreated wheat straw and the

composition of the hydrolysates and pulp produced during ethanol-water pre-
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treatment of the same wheat straw. The pre-treatiment was applied as described above
for the ethanol-water pre-treatment of the Salix chips in the 40 1 batch digestor.

As seen in Table 5, only 27% of the initial dry matter was removed during
sequential extraction with 70% ethanol and hot water. Therefore, less lignin was
recovered in the ethanol solvent than when Salix chips were treated the same way.
Also, a higher proportion of lignin was found in the wheat straw pulp. This may
reflect the different type of lignin in wheat straw. As for the Salix pre-ireatment, the
pre-treatment of wheat straw with ethanol and water resulted in the recovery of all

available glucose in the pulp.

Table 5

Composition of solid and
. liquid stream after chip pre-
Composition  {reatment {% of total DW In)

Product Recovery (% of total
component in untreated chips)

Scale & Un-Treated
C
cmponent (‘cf}i"S\?J (s:;:::) Hydrolysate . Hydrolysate
Ethanol Water Pulp Ethanol Water Pulp
401 DM 19 8 72
Lignin 27 6 1 14 22 4 52
Glucan 37 nd <1 37 nd 0.3 100
Xyian 19 nd <1 3 nd 1 17

When the pulp was submitted to enzymatic hydrolysis as described earlier for
the Salix ethanol-water extracted pulp (cellulose loading ratio of 5 and cellulase
loading of 80 fpu per gram), the cellulose in the wheat pulp was completely
hydrolyzed (100%) within 6 days of reaction agitated using rollers.

Example 3
Micropropagation of Salix spp.

The technique of micropropagation was used to rapidly develop large numbers
of clonal Salix spp. plantlets at low cost. Planting stakes of S. viminalis and S.
schwerinii ‘Kinuyanagi® were produced via micropropagation as follows.

To establish shoot cultures in vitro, stems from one-year-old Salix species
grown in the field were collected in winter and cut into 25 to 35 cm long cuttings.
The cuttings were washed in water, sterilized in 15% commercial bleach for 15 min

and rinsed three times in water. The cuttings were then placed in a beaker containing
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Ca( NGB) 2386. 80 ng/ 1 KH2Pa4170.00 ng/1 5 K2S04990. 00
ng/ 1 MgSM4180. 54 ng/ 1 NHANGB400.00 rag/1 Vitam ns 10
@ ycine2 00 ng/1 myo-Inositol 100.00 ng/1 Nicotinic

aci d0.50 ng/1 Pyridoxine HC10.50 ng/1 Thi am ne HCl1. 00

nmg/ 1 15 The conposition of Mirashi ge and Skoog
medi um used in these studies was as follows: Anmonium
nitratel, 650 ng/1 Boric aci [¢g/ 1 20 Cal ci um

chlori de440 ng/l Cobalt chlorideQ.025 ng/1 Magnesi um
sul fate370 ng/ 1 Cupric sSeixspefielddgialy/ 1 Pot assi um

phosphatggd 70,,00/1 oﬁ&&f t@ YatetHink A E£ 84758 pbliésland growth regimes

Potassiumnitrate 99 /'1 Manganese sulfate22.3 ng/1.

Potsaitatilefor isitesi wigtn 88 Iwécgll“auzsow eRis|iy Dgwt Zoland, sgfpe1viminalis
30 (glmﬁe C one?taﬁ‘(? S@zl%ﬂwmg%}%ﬁ?gqs@nzm@ﬁﬁ male clone) were

selected as preferred species. These cultivars were initially selected on the basis that
commercial nurseries considered them to be high yielding and resistant to insect pests
such as sawfly. The trials were established using 20 to 33 cm dormant stem cuttings
planted at a stocking of ten to twelve thousand stem per hectare. Parameters that were
10  evaluated for the optimum biomass production included planting density, stake length,
soil preparation methods, fertilization regime, insect and weed management, and
harvesting method.

The trial consisted of 32 plots (16 per species), testing site preparation of
ripping compared with no ripping and cutting length. Cutting lengths of 20, 25 and
15 33 cm were tested. Weed control using Gardoprim® (Orion Crop Protection Iid,
Auckland, New Zealand) was applied to all plots. No fertilizer was applied due to the
need to benchmark soil and foliage analysis in the first year. The designated
measurement plot of forty trees was assessed in May 2006. Height of the dominant
shoot, number of leaders greater than 50 cm from each cutting and the number of live
20  cuttings converted to a stocking (stems/ha) was recorded (Table 6).

As seen in Table 6, there were no significant differences in height and number
of leader stems between Salix viminalis and Salix schwerinii ‘Kinuyanagi’ one year
after planting. Both species were well established on this specific site (light pumice
based Taupo soil) independent of the site preparation method. It should be noted that
ripping would be required if cuttings were planted mechanically. There was an
increase in productivity with 25 cm cutting as compared with the 20 cm cutting but
further increases in cutting length (from 25 o 33) had no impact on the stocking rates

and mean height of the dominant shoot.
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intended to be within the scope of the claims appended hereto.

All of the publications, patent applications and patents cited in this application
are herein incorporated by reference in their entirety to the same extent as if each
individual publication, patent application or patent was specifically and individually

indicated to be incorporated by reference in its entirety.
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St ocki ng (stens/ ha) Species schwerinii 1.21 2.62

8,995 vimnalis 1.18 2.78 9,403 Site preparation
Ripped 1.30 2.84 8,909 Unripped 1.11 2.81 10, 006
Cutting length 201.14 2.51 8, 856

Claims:

1. An integrated method for the treatment of plant material, comprising:
(a) in a first stage extraction process, contacting the plant material with an aqueous
ethanol solution at a first elevated temperature and at a first elevated pressure for a
period of time sufficient to produce treated plant material solids and a liquid
mixture comprising ethanol, ethanol-soluble lignin and water;
(b) separating the treated plant material solids from the liquid mixture;
(c) recovering the ethanol-soluble lignin front the liquid mixture withdrawn from
the first stage extraction process;
(d) in a second stage extraction process, contacting the treated plant material solids
separated from the first stage extraction process with water at a second elevated
temperature and at a second elevated pressure for a period of time sufficient to
solubilize hemicellulose sugars from the treated plant material and produce an
aqueous product stream containing water soluble sugars and a resulting plant pulp

material; and

(e) separating the aqueous product stream containing water soluble sugars from the

resulting plant pulp material.

2. The method of claim 1, additionally recovering water-soluble sugars, acetic acid

and/or furfural from the aqueous product stream.

3. The method of claim 1, wherein the plant material is a lignocellulosic material
selected from the group consisting of: woody or herbaceous materials, agricultural or

forestry residues, and dedicated energy crops.

4. The method of claim 1, wherein the plant material is selected from the group
consisting of: Salix, Poplar, Eucalyptus, switch grass, miscanthus, sugar cane bagasse,
soybean stover, corn stover, rice straw, barley straw, wheat straw, corn fiber, wood fiber,

and combinations thereof.

5. The method of claim 1, wherein the plant material is from a plant selected from the

group consisting of: Salix species and wheat.
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251.23 2.85 9,876 331.25 3.11 9,641 The basic
wood density, noisture content of one year old Salix
schwerinii "“Kinuyanagi' and Salix vimnalis were

cal cul ated (Table 7). Sanples were collected 5 for

bi omass anal ysis fromfour plants per plots where
qeg:un1survival was recorded (2 plots per species).
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%u%ltatlhg{] gfb(galFlef w%ete %%P&Estéa%d Qi dBlihfianly H?t‘h@ @6kence of an

step s e In practicing the
aﬁﬂeaanu I nventi on. such nodi fications are 15
i ntended to be mﬁthln the scope of the clains appended
her et o. Al'l of the publications, patent

9app| iTha iethod oaadmpamrm the sevdnd ﬂe‘tamdgewmrea%beweaﬂéo" C.
r {

oo i B Y e e e 2 8l P oy

pagentdapfllcatlon or patent was speC|f|caIIy and
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1P {10 pl ey 5 e gAY BORRUAE b bRl BRCpulp

idigial fraatsmp id) with @) andquesseplution capwmiping s¢lidase, ﬁ-g1u0051dase and

temperature-tolerant yeast, (ii) yeast growth media, and (iii) buffer for a period time

sufficient to hydrolyze cellulose present in the plant pulp material to glucose.

11. The method of claim 10, further comprising fermenting the glucose to produce

ethanol.

12. The method of claim 1, additionally comprising hydrolyzing cellulose present in the

resulting plant pulp material to produce a glucose-rich product.

13. The method of claim 1, additionally comprising recovering xylose from the aqueous

product stream containing water soluble sugars.

14. The method of claim 12, additionally comprising: fermenting the glucose-rich
product to produce an ethanol-containing fermentation product; and recovering ethanol from

the ethanol-containing fermentation product.

15. The method of claim 14, wherein the recovered ethanol is a mixture of hydrous and

anhydrous ethanol.
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(a) in afirst stage extraction process, contacting

the plant material with an aqueous ethanol solution at

a first elevated tenperature and at a first el evated
pressure for a period of tinme sufficient to produce

treated plant material solids and a liquid m xture

conprising ethanol, ethanol-soluble Iignin and water;
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18. The nmethod of claim1l, wherein the first stage

extraction process involves contacting the plant

material with a counter-current flow of the aqueous

et hanol solution. 19. The nethod of claim1l1l, wherein
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34 The method of claim 27, additionally comprising recovering xylose from the second

stage liquid effluent.
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