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AUTOHYDROLYSIS PRETREATMENT OF MIXED HARDWOODS
TO EXTRACT VALUE PRIOR TO COMBUSTION

Yan Pu, Trevor Treasure, Ronalds Gonzalez, Richard Venditti,* and Hasan Jameel

Biomass pretreatment by autohydrolysis uses hot-water to extract
soluble components from wood prior to converting the woody residuals
into paper, wood products, or fuel, etc. Mixed hardwood chips were
autohydrolyzed in hot-water at 150, 160, 170, and 180 °C, for 1 and 2 h.
The tradeoff between fermentable sugar yield and caloric value of the
residual solids was studied for a process that will be referred to as “value
prior to combustion”. The extracted liquid was treated with dilute sulfuric
acid to break down sugar oligomers into fermentable monomers. Material
balances were performed around autohydrolysis to evaluate the role of
temperature and residence time on sugar production and residual solid
heating value. The composition (sugars and byproducts) of the extracted
liquid was determined. As the autohydrolysis temperature increased, the
material balance became less precise, presumably due to more volatile
byproducts being formed that were not quantified. More hemicelluloses
were extracted from the wood by the hot water extraction process under
higher temperature and longer residence time, but a greater degree of
sugar degradation was also observed. After hot-water extraction the
heating value of the solid residues was higher than the original wood.
The total energy content of the residual solid after extraction ranged from
74 to 95% of the original energy content of the feed.
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INTRODUCTION

Motivated by the urgency to discover alternative sources of sustainable and
environmentally friendly energy, cellulosic ethanol has received increasing attention from
private and public research sectors. Biofuels produce much lower greenhouse gas
emissions and might potentially provide more employment in rural and industrial areas in
comparison with fossil fuel products (Von Blottnitz et al. 2007; Bai et al. 2010; Cherubini
et al. 2010). Conversion of biomass to ethanol and chemicals may be able to sustain our
way of life, since woody biomass (lignocellulosic) can be replenished. Unlike fossil fuel
energy sources whose natural replenishment is in the time scale of 200 million years
(regarded as nonrenewable), biomass can be regenerated in the time scale ranging from 3
months to 80 years and is therefore considered renewable (Liu et al. 2006). Moreover,
lignocellulosic biomass is the most abundant organic source on earth with approximately
170 billion metric tons annual production (Sticklen 2006; Kumar et al. 2009).

Lignocellulosic feedstocks are basically composed of three components: cellulose,
hemicelluloses, and lignin (Amidon et al. 2008; Willfor et al. 2008). Cellulose is a linear
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homopolymer composed of D-glucose units connected by a P(1,4) linkage. Cellulose
provides structure and strength for the plant or tree. Hemicelluloses are heteropolymers
composed of five- and six-carbon sugars with short branched side connections. Lignin is
an amorphous heteropolymer with three-dimensional structure synthesized from three
phenyl propylene alcohol units. Lignin has a carbon to oxygen atom ratio higher than 2:1
and is more energy-dense compared to cellulose (1:1) and hemicelluloses (1:1) (White
1987; Amidon et al. 2008).

In bioenergy conversion processes, biomass is the major cost driver, accounting
for 35 to 50% of total productions costs (Gonzalez et al. 2008, 2011b,d). Though
technical/economic analyses of several bioenergy conversion processes (with special
emphasis on cellulosic ethanol) have highlighted the importance of recovering all major
lignocellulosic components to offset high feedstock cost (Gregg et al. 1996a,b; Gonzalez
et al. 2011c), commercial byproducts of lignocellulosic ethanol processes are minimal
thus far. Researchers are working to find possible uses of hemicelluloses in the manufac-
ture of polymers (Salam et al. 2011) and identifying more profitable uses of lignin other
than heat-steam-power generation (Pan et al. 2005a,b; Janssen et al. 2008, 2010;
Gonzalez et al. 2011a,c). The production of marketable byproducts is of great importance
for the economy of the biorefinery. The need to utilize all parts of the biomass is the basis
for this study. The technology examined here could be deployed as a front
end/pretreatment for many different pathways that use biomass to produce fuels,
chemicals, and materials.

The hot-water extraction process, which is also known as autohydrolysis, can
partially extract hemicellulose oligomers (mainly xylo-oligmers with different degrees of
polymerization) from wood while leaving other components intact (White 1987; Amidon
et al. 2008, 2009; Taherzadeh et al. 2008; Leschinsky et al. 2009). The extracted xylose
and other hemicellulose sugars can undergo fermentation to ethanol and can be consid-
ered a potential renewable resource for bio-based fuels (Hess et al. 2007; Stoutenburg et
al. 2008). Hemicellulosic sugars can also be used to produce biodegradable plastics and
chemicals that are currently derived from petroleum (Amidon et al. 2008, 2009; Salam et
al. 2011). The residues after hot water extraction can be burned to produce steam and
electricity or alternatively can be used as a raw material for wood and paper products.

During the process of hot-water extraction, acids are produced by the hydrolysis
of hemicelluloses (Amidon et al. 2009). These acids, coupled with the dissolution of
extractives in the biomass, cause the liquor pH to drop and effectively self-catalyze the
process. That is the reason why the hot-water extraction process is also known as auto-
catalytic. Previous studies have demonstrated that hot-water extraction (160°C) of sugar
maple wood chips largely removed extractives and hemicellulose, while most of the
lignin and cellulose remained with the residual wood structure (Amidon et al. 2008). The
residual solids are then processed for production of pulp and paper, wood products, or
power.

In this study, hot-water extraction was used to pretreat mixed hardwood chips at
150, 160, 170, and 180 °C and two residence times (1 and 2 hours) to obtain an
understanding of the extraction of hemicelluloses and other components under different
conditions. The heating value measurements of original wood and solid residues obtained
for each treatment were also determined to evaluate the amount of heat in the wood that
could be recovered after the autohydrolysis treatment. The objective was to understand
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the tradeoff between fermentable sugar yield and caloric value of the residual solids. This
process layout will be referred to as “value prior to combustion” or VPC. The study aims
to develop a clear understanding of some of the tradeoffs that occur under different
temperature, time conditions, and can be used for economic modeling of the proposed
process.

MATERIALS AND METHODS

Feedstock

Hardwood chips (obtained from a local North Carolina pulp and paper mill) with
dimensions of 30 mm length, 20 mm width, and 3 mm thickness were used as raw
material for hot-water extraction. This feedstock is composed of several hardwood
species naturally growing in the Southeastern U.S. Some of the species commonly found
in this mix are maple, birch, and oak (USDA 2011). Wood chips were stored in a cold
room at 4 °C and air dried for two days prior to use. Moisture content of the air-dried
chips was measured by oven drying at 105 °C until constant weight was achieved. The
composition of the original biomass, which was determined using the Klason lignin assay,
acid hydrolysis, and HPLC, was determined to be: lignin 27%, glucan 41%,
hemicellulose 20%, and unidentified components 12%.

Hot-Water Extraction

Hot-water extraction was performed in a pulp digester (M/K Systems Inc.,
Danvers, MA). Batches of ca. 800 grams air dry wood chips were used for each trial. The
oven-dry weight of these chips was calculated based on the moisture content obtained
from parallel chip moisture measurements. A water to solid ratio of 4:1 was used in all
trials. Pre-treatment conditions differed in temperature (150, 160, 170, and 180 °C) and
residence time (1 and 2 hours). After the extraction, filtrate was released from the bottom
of the digester and collected after going through a water-cooling system. No difficulty
was observed for the separation of the filtrate and solid residues. The remaining solid
residues after extraction were washed and then centrifuged to achieve relatively uniform
moisture content. Some of the obtained wet residual chips were subjected to moisture
content measurement: some were air-dried before performing heating value measure-
ments, and others were used for composition analysis. The wash water was not analyzed
for sugars and other compounds.

Potential Process Configuration

The overall process flow is illustrated in Fig. 1, where an integrated hemicellulose
extraction is envisioned as being part of an ethanol biorefinery and a power plant. In this
system, wood chips are fed into a digester for hot-water extraction, then the slurry is
screw pressed such that two streams are generated, one stream with low solid content
(filtrate) and one stream with high solid content (extracted residues). Another alternative
for the screw press can be a washing system to reduce sugar carryover with residues. The
extracted solid residues are sent to combustion for generation of power and process steam.
The filtrate needs to be cleaned up to remove agents that might interfere with hydrolysis
and fermentation (White 1987; Amidon et al. 2008, 2009). After stream clean-up, the
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stream is hydrolyzed (by means of acid or enzymes) in order to convert sugar oligomers
into fermentable monomeric sugars. Then fermentation and distillation processes take
place for alcohol production. With respect to oligomer hydrolysis, as previously noted, it
can be done by means of acid or enzymes. Acid hydrolysis will require addition of more
capital investment for chemical recovery so that the process can be profitable and also
avoid downstream contamination problems in fermentation; also additional cost is
required in equipment for acid-resistant metallurgy. An economic analysis comparing
clean-up options may assess the economic potential and risk of the different options.
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Figure 1. Autohydrolysis extraction integrated in a facility coproducing power and ethanol

Analysis of Original Wood and Extracted Wood Residues

Original wood chips and air-dried extracted wood residues were ground to pass
through a 40 mesh screen and be retained on a 60 mesh screen. A certain amount of such
ground wood powder (0.300 g) was subjected to acid hydrolysis by adding 1.5 mL of
72% sulfuric acid and thoroughly stirring every 15 minutes at room temperature. After
1.5 hours, the resulting sample was carefully transferred to a serum bottle by washing
with 56 mL DI water. The serum bottle was sealed and autoclaved for 90 minutes at 122
°C. The autoclaved hydrolysis solution was vacuum-filtered through a previously
weighed filtering crucible and collected. This sample was used to determine acid soluble
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lignin as well as structural sugars (original sugars found in the biomass), as described
above. Deionized water was used to quantitatively transfer all remaining solids in the
serum bottle into the filtering crucible (medium porosity) after the filtrate had been
collected. The crucible accompanied with acid insoluble residue was oven dried at 105 °C
until a constant weight was achieved. Acid insoluble lignin (AISL), which is also known
as Klason lignin, was calculated after the gravimetric analysis as described above (NREL
2005).

Analysis of Extracts

The solid content of the extract was determined gravimetrically by oven drying at
105 °C to a constant weight. Triplicate measurements were carried out for each sample.
Sugar monosaccharides of the extract were determined with an ion chromatography
system (Dionex ICS-3000, Sunnyvale, CA) before and after acid hydrolysis (sulfuric acid,
122°C, 1.5 hour autoclaved). The monomeric sugar content difference before and after
the acid hydrolysis represents the oligo- and polysaccharide content in the sample
(Andersson et al. 2007; Persson et al. 2007). The chromatograph was equipped with an
auto sampler, a dual pump (model DP-1), an eluent generator (model EG-2), and a
detector/chromatography module (model DC-1). Milli-Q water and 400 mN sodium
hydroxide (NaOH) solution were used as the eluents at the flow rate of 1.1 mL/min.
Fucose was added to each sample as an internal standard. D-fucose, D-arabinose, D-
rhamnose, D-galactose, D-glucose, D-xylose, and D-mannose were used as calibration
standards to make the sugar calibration curve (Pettersen 1991).

Acid-soluble lignin (ASL) in the extract was measured by UV absorption at a
wavelength of 205 nm (Gatenholm 2008). A 3% sulfuric acid solution was employed as
the baseline for comparison. The extracted sample was diluted with deionized water to
appropriate levels (10-500x) to bring the absorbance into the range of 0.1 to 1. The
quantity of ASL was calculated by the following equation:

AXtXV

ASL(9) = 3 ax 1000

(1)

where A is the absorbance obtained by the UV measurement, b is the light path (cm), a is
the absorptivity (L g'cm™), t is the times dilution relative to the original sample, and V is
the total volume of sample (mL)

Furfural, hydroxymethyl furfural (HMF), formic acid, and acetic acid were
determined by a Dionex HPLC system, (Dionex, Sunnyvale, CA), which consisted of an
ASI-100 automated sample injector, Solvent Rack SOR-100 module, P680 HPLC pump,
and UVD170U multi wavelength ultraviolet detector. Chromatographic separation was
achieved using a 4.0 mm x 250 mm Acclaim® Organic Acid column (5 mm, Dionex,
Sunnyvale, CA) coupled to an Acclaim Organic Acid-Guard column (5 mm, Dionex,
Sunnyvale, CA). Non-linear gradient separations were carried out using 2.5 mmol L™
methanesulfonic acid and water/acetonitrile (10:90, v/v) as the Mobile phase A and
Mobile phase B solvents, respectively. Concentrations of formic acid and acetic acid of
samples were measured at 210 nm and HMF and furfural at 277 nm. 4-tert-
butylphenoxyacetic acid (Alfa Aesar, Ward Hill, MA) was used as an internal standard
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(Chen et al. 2006; Lee et al. 2010). Standard curves were made for each byproduct by
using a 6-point calibration. All the standard samples were dissolved in the ACS grade
methanol, and 4-tert-buylphenoxyacetic acid was used as the internal standard.
Methanesulfonic acid and acetonitrile were used as the two eluents, with a flow rate of
ImL/min.

Standard Bomb Calorimeter Method for Heat Content of Samples

All samples were subjected to a standard bomb calorimeter (1341 Oxygen Bomb
Calorimeter, Parr Instrument Company, Moline, IL) measurement. Samples were first
ground to pass a 20 mesh screen and then compressed into pellets using a pellet press
(Perkin Elmer 15.011, Britain) prior to being weighed.

Heat content was determined by burning the samples with excess of oxygen at a
pressure of 30 atmospheres in a sealed steel bomb, which is regarded as a near-adiabatic
system. The steel bomb was submerged in a certain amount of water, whose temperature
changes during the combustion process were monitored by a thermometer. Time versus
water temperature over the entire combustion process was recorded. The total tempera-
ture rise and other pertinent thermochemical corrections, which included correction for
heat in formation of nitric acid, sulfuric acid, and heat of combustion of fuse wire, were
determined and used in the final heating value calculations.

Before the heat of combustion measurement, four trials were carried out
combusting standard benzoic acid pellets provided by Parr Instrument Company to obtain
the energy equivalent of the calorimeter (ASTM 2011). The procedure was strictly
performed following the procedure from the Instruction Sheet No. 204M (Operating
Instruction Manual, Parr Instrument Company). All samples were first ground into
powder form by Wiley Mill and then pressed into pellets, to facilitate a slow and
complete combustion in the bomb.

RESULTS AND DISCUSSION

Solid Content of Extracts and Residues

The solid yield after the autohydrolysis treatment decreased from 90% to 70% as
the treatment temperature increased from 150°C to 180°C and the residence time
increased from 1 to 2 hours (Table 1). The effect of residence time on yield was greater at
lower temperatures. At higher temperatures and longer residence times the moisture
content of wet residues after centrifugation was higher. A possible explanation for this
may be a more open structure of the wood chips, which absorbs and holds more water.
This phenomenon may have implications for subsequent pressing or drying operations if
the chips are used for fuel. The residues obtained by harsher conditions will need more
pressing or drying operations in order to maximize the efficiency of the heating
generation.

The dissolved solid content of the extract solution increased with increasing
temperature from 150°C to 160°C and by increasing the residence time from 1 to 2 hours
(Table 2). However, yet higher temperature (greater than 170°C) and longer residence
times resulted in lower sugar recovery in the extract solution. This can be explained by
higher temperature and longer extraction times promoting the formation of furfural and
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hydroxyl-methyl furfural (HMF) when pentose and hexose sugars are degraded by the
elevated temperatures (Jeoh 1998; Jeoh et al. 2001; Sun et al. 2002; Yang et al. 2007).
When the solid content was measured by atmospheric oven drying, the volatile
components such as furfural, HMF, methanol, and other light organics were evaporated,
resulting in a lower solid content measurement.

Table 1. Autohydrolysis Solid Yield at Various Temperatures and Residence

Times *

Temp Time Original Wood Solid Residue after Yield Moisture
(°C) (hour) (OD g) Autohydrolysis (OD g) (%) Content (%)
150 1 721.0+1.6 658.6 91.3 54.7+0.6

2 721.0+1.6 625.7 86.8 55.4+0.9
160 1 713.7+¢1.1 557.1 78.1 58.9+0.7
2 721.0+1.6 539.4 74.8 60.0+0.8
170 1 713.7+1.1 540.9 75.8 60.8+0.3
2 713.7+1.1 520.5 73.0 62.4+0.9
180 1 713.7¢1.1 504.6 70.8 62.0+0.9
2 713.7¢1.1 501.4 70.3 63.7+1.0

* The mean value and deviation of duplicate experiments are reported

Table 2. Solid Content in the Extract after Auto-Hydrolysis Treatment under Each Condition *

Temp Time Original o.d Total Total Solid Ovendried  vYield'
(C) (hour) wood®(g) extract’ (g) extract® (ml) content® (%) solids ¢(g) (%)
150 1 721.0+1.6 2,911.4 2,850.1 1.9+0.0 53.8 7.5
2 721.0+1.6 2,944.3 2,910.1 2.8+0.0 84.4 11.7
160 1 713.741.1 3,007.9 2,904.7 3.7£0.1 111.1 15.6
2 721.0£1.6 3,030.6 2,992.8 4.7+0.0 142.1 19.7
170 1 713.7+1.1 3,027.3 2,993.9 4.0+£0.0 120.2 16.8
2 713.741.1 3,047.8 2,961.1 3.4+0.1 102.2 14.4
180 1 713.7£1.1 3,060.4 2,973.6 2.7£0.0 83.3 11.7
2 713.7£1.1 3,066.9 3,006.7 2.1+0.1 63.4 8.9

& Calculated by weight of air-dried wood chips times consistency measured gravimetrically

® Calculated by subtracting OD solids of the residue from total raw material (wood + water)

¢ Calculated from extract weight with known volume

dWeight percentage, measured gravimetrically, calculated by (oven dried solid weight in the
filtrate / weight of extract*100)

® Total solids in the extract, calculated by (solid content (w/w%) times total grams of extract)
fWeight percentage, calculated by (total solids in the extract / total original solid weight*100)
* The mean value and deviation of duplicate experiments are reported.
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Autohydrolysis Byproducts

Other byproducts identified in the extract solution were quantified using HPLC.
The amount of acetic acid, which is produced from the degradation of the acetyl groups
in the hemicelluloses, increased with temperature and residence time (Table 3) (Amidon
et al. 2008). Furfural and HMF exhibited the same increasing trends with increasing
extraction temperature and time.

Table 3. Acetic Acid, Furfural, HMF and Formic Acid in the Filtrate Measured by
HPLC (based on 100 grams of original OD wood)

Temperature (°C) 150 160 170 180

Time (hour) 1 2 1 2 1 2 1 2

Acetic Acid (g) | 1.3+0.1 1.5+0.2 | 1.5+0.1 3.1+0.4 (2.7+0.0 4.0+£0.4 (5.4+0.0 6.2+0.6
Furfural (g) 0.1+0.0 0.2+0.0 | 0.2+0.0 0.6+0.0 |0.4+0.0 1.0+0.1 |1.1+0.1 1.2+0.0
HMF (g) 0.0£0.0 0.0+0.0 | 0.0£0.0 0.1+0.0 |0.1+0.0 0.2+0.0 (0.4+0.0 0.5+£0.0
Formic acid (g) | 2.5+0.0 1.4+0.1 | 1.7+0.2 1.7+0.2 [1.5+0.1 1.4+0.3 |1.7+£0.0 1.840.2

Table 4 summarizes the solid recovery yield of both solid residues and extract
solutions after auto-hydrolysis. As temperature increased, the total solid recovery yield
was consistently decreased from nearly 99% at 150°C to about 80% at 180°C. There was
a similar solid yield decrease tendency with the extension of residence time, if the
temperature was above 170 °C. The increasing loss of total solids is associated with the
increasing volatile components formed during the extraction (Table 3). Even when the
byproducts in Table 3 are accounted for, the material balance becomes more open when
the temperature is greater than 170°C. The opening of the material balance is likely due
to the formation of other sugar degradation byproducts that are not being quantified.

Table 4. Summarized Solid Content in the Solid Residue and Extract after Auto-
Hydrolysis Treatment under Different Conditions as Grams based on 100 Grams
of OD Original Wood

Temp ("C) 150 160 170 180
Time (hour) 1 2 1 2 1 2 1 2
Solid in residue (g) | 91.3 86.8 78.1 74.8 75.8 73.0 70.8 70.3
Solid in filtrate (g) 7.5 11.7 15.6 19.7 16.8 14.4 11.7 8.9
Total (g) 98.8 98.5 93.7 94.5 92.6 87.3 82.5 79.2

Sugars in the Extract Solution

During the auto-hydrolysis process, water under high temperature and high
pressure penetrates into the wood, causing partial hydrolysis of cellulose, dissolving part
of the hemicelluloses, and removing a portion of lignin (Taherzadeh et al. 2008). The
hemicellulose is extracted from the wood chips in the form of liquid-soluble
oligosaccharides with various degrees of polymerization. The oligosaccharides can be
further hydrolyzed to monosaccharides by using acid or enzymes. The monomeric sugars
formed during the auto-hydrolysis can be degraded at the extraction temperatures into
furfural and HMF (which are not desirable for the overall process). In the present study,
monomeric sugars, formed during auto-hydrolysis and after acid hydrolysis (using 3%
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H,S0,), were analyzed with a Dionex ICS 3000 system (Table 5). For the 170°C and 2
hours residence time condition, the total extracted carbohydrates amounted to almost 10
grams out of 100 grams (oven dried) of starting material. Carbohydrate yields decreased
as the extraction temperature increased to 180 °C. The decrease was extensive for
arabinose and xylose under severe conditions that went beyond 170 °C, 2 hour, mainly
due to their acidic degradation to furfural (Jeoh et al. 2001; Yang et al. 2007; Amidon et
al. 2008, 2009).

Arabinose was mostly extracted in the monomeric form under all the conditions,
while rhamnose was in the form of monomer only under higher temperatures (170 °C and
180 °C). A major portion of xylose was extracted in the polymeric form except for the
180 °C extraction. Xylose in the auto-hydrolysis filtrate was at a maximum level of 4.1g
at 180 °C, 1 hour. This was the highest yield of mono-sugar in the filtrate compared to all
other sugars. Glucomannan was detected mostly in the polymeric form even under higher
temperatures and longer residence times. This is revealed by the fact that after the acid
treatment, monomeric glucose and mannose amount increased even for the trials at severe
conditions. Most of the glucose formed in the extract was derived from glucomannan,
while an unknown amount may have originated from the hydrolysis of cellulose.

Table 5. Sugar Composition in the Autohydrolysis Extracts under Each Condition
Before (Mono) and After Acid-hydrolysis (Total) by 3% H,SO,4 as Grams of Mono-
sugar Recovered from 100 grams of OD Original Wood

Temp 150°C 160°C 170°C 180°C
Time (hour) 1 2 1 2 1 2 1 2
Mono®* 0.27 034 055 037 033 032 027 0.13
Tota® 0.37 040 054 040 029 026 0415 0.04
Mono®* 0.04 005 0.14 017 013 024 022 0.12
Tota® 011 016 028 028 020 024 016 0.10
Mono® 0.07 011 021 030 030 049 055 041
Tota® 034 051 061 0.58 069 063 046 034
Mono® 0.03 0.04 005 0.07 002 020 034 043
Tota® 015 0.19 025 0.24 033 042 044 054
Mono® 0.11 024 110 210 261 384 410 240
Total® 190 376 756 7.84 726 745 529 254
Mono? 005 009 0.10 033 052 0.46
Tota® 024 031 057 063 059 083 0.76 0.60
Mono®* 052 078 210 3.09 349 542 6.00 3.93
Tota® 310 5.34 981 9.96 935 982 7.27 4.15

Extract® 41.48 45.67 62.95 50.57 5551 68.62 62.22 46.66
Lost’ 3578 40.43 44.66 4053 38.64 36.26 24.77 13.92

Arabinose (g)

Rhamnose (g)

Galactose (g)

Glucose (g)

Xylose (g)

Mannose (g)

Sum (9)

Yield (%)

4 The amount of monosaccharides formed in the extracts during auto-hydrolysis

® The total amount of monosaccharides in the extracts after acid-hydrolysis by 3% H,SO,

° Sugar yield per solid in the extract, calculated by (total sugar / total solid yield in the extract *100)
d Sugar yield out of solid loss of original OD wood material, calculated by (total sugar / (100 —
solid recovery yield of solid residue after hot-water extraction)*100)
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After 1 hour pretreatment at 180 °C, 6.0 g of mono-sugars per 100 g of feed were
contained in the autohydrolysis filtrate. All the filtrate was subjected to acid hydrolysis
at 3% H,SO4, and after that a total of 9.9 g sugar was recovered from the extracted
solution (170 °C for 2 hours), which accounted for 68.6% of the total solid recovered
from the extracted solution and 36.3% relative to the total solid lost during the extraction.
Hot-water extraction at 160 °C for 1 hour had the highest sugar recovery yield relative to
the total solid lost: in total 9.8 g sugar was recovered, which is 62.9% of the total solid in
the extract and 44.7% of the solid lost.

Table 6. Sugar Composition of the Raw Material and of the Auto-hydrolysis
Residue from Each Condition as Grams Recovered from 100 Grams of OD
Original Wood

Temp 150°C 160°C 170°C 180°C
Time (hour) Raw l1hour 2hour l1hour 2hour 1hour 2hour 1hour 2 hour
Arabinose (g) 0.8 - - - - - - _ -
Rhamnose (g) 0.5 - - - - - - ; -

Galactose (g) 1 0.5 0.4 - - - - - -
Glucose (g) 41.2 43.8 42.6 38.4 43.1 42 42.3 39.3 40.1
Xylose (g) 16.2 12.7 11 7.4 5.1 5.1 3.7 3.1 2.4
Mannose (g) 1.6 1.2 1.2 1.1 0.6 0.8 0.5 0.3 0.2
Sum (g) 61.2 58.3 55.2 46.9 48.8 47.8 46.6 42.7 42.6
% of sugar® 63.8 63.6 60 53.5 63 63.9 60.3 60.7

% Percentage of total sugar out of solid recovery yield of solid residue after auto-hydrolysis

The high yield of xylose in the extract was in agreement with the analysis of sugar
content in the solid residues after extraction. The amount of xylose in the solid residues
decreased from almost 13 g at 150 °C for 1 hour to only 2.4 g at 180 °C for 2 hours,
which means that more xylose was removed under higher temperatures and longer
retention time.

A majority of the arabinose, rhamnose, and galactose were removed under higher
reaction temperature and longer reaction time, while there was a significant amount of

glucose found in the residues, suggesting very little cellulose degradation (Song et al.
2008).

Heat Content of Residues

The heating values of all the residues from different auto-hydrolysis treatment
conditions as well as from the original wood sample were determined by a standard bomb
calorimeter method. The heating value determined was the “high heating value” (HHV),
which includes the latent heat given up when newly formed water vapor condenses and
cools to the temperature of the bomb (Thipse et al. 2002). Table 7 shows all the heating
value results obtained in duplicate for each sample.
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Table 7. High Heating Value of the Original Wood and of the Residues under
Each Condition

Heat of combustion (calories/gram)

Exp. 1 Exp. 2 Mean
From Reference n/a n/a 4,630°

Original wood 4,391 4,363 4,377
1 hour 4,566 4,549 4,557

150°C
2 hour 4,627 4,629 4,628
1 hour 4,400 4,420 4,410

160°C
2 hour 4,500 4,503 4,502
1 hour 4,480 4,508 4,494

170°C
2 hour 4,533 4,534 4,534
1 hour 4,628 4,626 4,627

180°C
2 hour 4,656 4,576 4,616

% Data obtained from a reference (Thipse et al. 2002).

The heating value of the original wood sample was about 4,376 calories per gram
(oven dry), which was the lowest value compared with all other extracted samples. As the
extraction temperature increased, the corresponding heating values of the residues
steadily increased. This is a reasonable tendency, since the higher the temperature the
more extensive the hemicellulose and cellulose extraction. As a result, the residues after
the hot-water extraction had a higher concentration of lignin (Table 8), which has a
higher heating value than the carbohydrates in woody material (White 1987; Demirba
2001, 2002). However, this did not mean that a higher extraction temperature will always
achieve a higher total energy content, since higher temperatures resulted in a dramatic
weight loss of the solid residues (Table 4). Figure 2 shows the percentage of total energy
remaining in the solid residues, compared with the original starting material. At 150 °C
and 1 hour treatment the energy content of the solid residues was 95% of the original
wood. As the extraction temperature increased to 160 °C, 75% of the total energy was
retained in the residue.

Table 8. Lignin Content in the Residues (Based on oven dry residues)

Temp (°C) | Residence time (hours) | Lignin * (%)
] 22
160 : 279
170 : 257
180 : s

# Including both acid soluble lignin and acid insoluble lignin
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When considering the use of the solid residues for energy content in a combustion
process and the use of the extracted carbohydrates as feedstock for ethanol production, a
careful analysis of the overall net benefit of the system versus extraction temperature and
time needs to be carried out. A subsequent paper on the relative economics of the
proposed “value prior to combustion” process will use these results as modeling inputs.
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Figure 2. Percentage of total energy left in the solid residue

CONCLUSIONS

The hot-water extraction of mixed hardwood was carried out from 150 °C to 180
°C, with 1 and 2 hours residence time. By examining the solid content in both the
extraction liquid and solid residues, a significant weight loss was found for the higher
temperature and longer reaction time treatment, which correlated to a greater amount of
volatile byproducts formed during the extraction process. Acetic acid, furfural, and HMF
formed during the hot-water extraction were found to steadily increase with increasing
extraction temperature and reaction time. There were four “optimal” conditions found for
sugar extraction, in terms of different criteria: 180 °C, 1 hour had the highest mono-
sugars (6.00 grams) in the filtrate without acid hydrolysis treatment; 160 °C, 2 hours had
the highest sugar monomers after breaking down all the oligo-sugars to mono-sugars
(9.96 grams); 170 °C, 2 hours resulted in the highest yield of sugar per unit of solid in the
extract (68.6%); and 160 °C, 1 hour ended up with the highest sugar yield per unit of
solid that supposed to be dissolved in the filtrate (44.7%). Xylose had the highest yield
out of all extracted sugars. Xylose was primarily extracted in a polymeric form. The
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composition analysis of the solid residues verified that most of the hemicelluloses were
effectively extracted into the liquid, while the cellulose remained in the residue. As the
extraction temperature increased, more material was dissolved, leaving higher
proportions of lignin in the residues and thus higher heating values of the residues. The
total energy that could be recovered in the residue after the hot-water extraction was
approximately 75% after extraction of the hemicelluloses.
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