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ABSTRACT Development work has been underway for extraction of multiple high-value products 
from flax shive, an agricultural byproduct of flax straw processing for fibre.  Such flax shive 
extraction leaves behind cellulosic residuals that could represent a low-cost feedstock for further 
fermentation to produce energy products, notably ethanol and hydrogen.  To test this possibility, 
samples of flax shive after varying pretreatment extractions were tested as fermentation substrates 
for the microbe Clostridium thermocellum.  The results showed that pretreatment using sodium 
ethoxide in anhydrous ethanol and/or aqueous sodium hydroxide had no effect on subsequent 
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ethanol yield.  Yields for all flax shive fermentations, including untreated flax shive, were not 
statistically different.  The mean ethanol yield was 76.5 ± 19.4 mg/g cellulose on a dry basis (db, n 
= 17).  The corresponding comparable ethanol yield for pure α-cellulose was 267.2 ± 14.0 mg/g 
cellulose (db, n = 2).  Regarding hydrogen yield, there was also no reasonable improvement in 
yield due to pretreatment or alkaline extraction.  The highest hydrogen yield was for untreated flax 
shive, 14.5 ± 4.1 µg/g cellulose (db, n = 3).  The corresponding comparable hydrogen yield for pure 
α-cellulose was 17.3 ± 1.6 µg/g cellulose (db, n = 3).  Although results were not positive, this study 
illustrated the importance of investigating combined biorefining approaches to produce bioproducts 
and energy. 

Keywords: biorefining; biomass pretreatment; high-value bio-products; fermentation; ethanol; 
hydrogen; Clostridium thermocellum.  

 

INTRODUCTION Next-generation biofuels are moving toward commercial status.  The costs and 
risks associated with production of these fuels, however, remain very high.  As described by Zhang 
(2011), one proposed approach to address such issues is to consider the co-production of high-
value products to help defray associated costs and risk.  Recent work by Parsons et al. (2011b) 
and Parsons et al. (2013) showed the potential to recover multiple bio-products from flax shive in 
separate sequential extraction steps.  This involved firstly extraction of phenolic organics using 
sodium ethoxide catalyst in anhydrous ethanol, followed by extraction of hemicellulose-derived 
glucuronoxylan polymers using aqueous sodium hydroxide, with all processing steps undertaken at 
room temperature and atmospheric pressure conditions.  The intent of such processing was to 
leave cellulose largely intact, raising the possibility to use the residual material left after such 
extraction as substrate for subsequent fermentation. 

Flax shive is a byproduct of the decortication of flax straw, whereby fibre is removed from the 
periphery of the flax stem.  Flax shive essentially represents the woody core, and consists of 
lignified xylem tissue.  It is available in large volumes, at low cost, and with relatively consistent 
chemical composition and particle size characteristics.  Given that flax shive is essentially a waste, 
there has been strong interest to find additional uses for this material (Flax Council of Canada 
2002).  The objectives of this work were two fold.  First was to evaluate compositional changes in 
flax shive due to pretreatment and alkaline extraction.  Second was to evaluate fermentation of flax 
shive samples, both for ethanol and hydrogen production, in order to determine if pretreatment and 
alkaline pre-extraction might enhance fermentation yield of biofuels. 

 

METHODS AND MATERIALS 

Flax Shive Samples of flax shive were obtained from the decortication facility of SWM Intl. Inc., 
located near Carman, Manitoba.  Samples were screen-separated prior to pretreatments in order to 
ensure particle size consistency.  Separations were as outlined by Parsons et al. (2008), with 
selected material being that passing through a screen size with 2.36 mm nominal opening and 
retained on a screen size with 1.18 mm nominal opening.  After pretreatments and prior to 
fermentation, treated samples were further ground using a mortar and pestle so as to pass through 
0.5 mm screen.  Only materials passing 0.5 mm were used for fermentation as substrate. 

Pretreatments and Alkaline Extractions Six different treatment conditions were assessed for 
composition covering the course of processing steps, as follows: (i) untreated flax shive, as base-
case material; (ii) flax shive pretreated using 1.0 M sodium ethoxide in anhydrous ethanol; (iii) flax 
shive pretreated using azeotropic ethanol; (iv) flax shive extracted with 1.0 M aqueous NaOH 
alone; (v) flax shive extracted with 1.0 M aqueous NaOH, after pretreatment using 1.0 M sodium 
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ethoxide in anhydrous ethanol; and (vi) flax shive extracted with 1.0 M aqueous NaOH, after 
pretreatment using azeotropic ethanol. 

Each of the samples was assessed for content of cellulose, hemicellulose, lignin, ash and moisture 
content, with the methods employed being consistent with those outlined in Walter et al. (2010).  
The accuracy of these analyses was indicated to be ±3%.  Given that none of the processes 
undertaken should significantly affect the cellulose component of the flax shive, results were also 
reported for each sample in terms of the mass ratio of hemicellulose-to-cellulose and the mass ratio 
of lignin-to-cellulose, essentially using the cellulose content of the samples as an internal standard. 

Sample preparation for compositional analysis necessitated the processing of relatively larger 
quantities of materials.  Sufficient quantities of flax shive were processed through pretreatments to 
permit materials to be carried through the subsequent alkaline extraction, with allowance for losses.  
This meant processing upwards of 70 g using 1.0 M sodium ethoxide solution in anhydrous ethanol, 
and using azeotropic ethanol.   

For pretreatments and alkaline extractions, similar procedures were used as for small-scale 
extractions as outlined in Parsons et al. (2013), with selected changes.  Reagent grade sodium 
ethoxide was obtained from Aldrich.  Anhydrous ethanol, used to dissolve sodium ethoxide, and 
azeotropic ethanol were obtained from Commercial Alcohols.  Reagent grade sodium hydroxide 
(NaOH) was obtained from Fisher Scientific.  High purity water was obtained using a Millipore Q 
system. 

Pretreatments were undertaken using a 1,000 mL beaker with an aspect ratio (height-to-diameter) 
of 2-to-1.  A 10% mass per volume solution was used rather than 5% as for small-scale tests.  A 
higher solids proportion was used in order to ensure a total volume requirement of less than 1,000 
mL.  After 70 g of flax shive was added to the respective 700 mL of solution, the beaker was fitted 
with a stir bar, sealed using sealing film, and placed on a magnetic stir-plate.  After pretreatment for 
1 h, the flax shive was filtered under vacuum and retained, using a mesh screen with nominal 
openings of approximately 0.5 mm.  The flax shive was then rinsed using an equal volume of either 
anhydrous ethanol or azeotropic ethanol respectively (i.e., 700 mL total in each case).  The retained 
flax shive remained under vacuum for 30 min.   

For 1.0 M aqueous NaOH extractions involving pretreatment, flax shive samples were carried over, 
while for NaOH-only extraction, fresh flax shive was used.  The NaOH extraction was undertaken 
using the same 1,000 mL beaker, again using 10% mass per volume of flax shive.  After flax shive 
was added to the alkaline solution, the beaker was fitted with a stir bar, sealed using sealing film, 
and placed on a magnetic stir-plate.  After extraction for 1 h, the flax shive was filtered under 
vacuum using the mesh screen with nominal opening of approximately 0.5 mm, and then rinsed 
using an equal volume of high purity water.  Filtrate solutions were discarded.  The retained flax 
shive samples were removed and dried in an oven at 103ºC for 24 h 

Fermentations The anaerobic bacterium Clostridium thermocellum was used to ferment 
pretreated flax shives samples in serum bottles at 2 g/L substrate loading.  Clostridium 
thermocellum strain 1237 was obtained from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (GmbH (DSMZ) (Braunschweig, Germany) and maintained by culturing in 1191 
medium (Islam et al., 2006).  This strain is equivalent to C. thermocellum strain 27405 available at 
the America Type Culture Collection (ATCC).  Cells used for inoculation were cultured in a 1 L 
Corning bottle that was used to inoculate all batch reactors used in growth experiments to ensure 
reproducibility.  Batch experiments were conducted in serum bottles with a working volume of 127 
mL (Wheaton Science) obtained from Fisher Scientific.  Chemicals and reagents used were 
obtained from Fisher Scientific unless otherwise stated.  Yeast extract was obtained from Biobasic 
Inc., bacteriological grade.  Subcultures of C. thermocellum were used to prepare and maintain 
fresh cultures in 1191 media containing the 2 g/L α-cellulose.  The composition of the 1191 medium 
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per Litre of Millipore Q (high purity) water: KH2PO4, 1.5 g; Na2HPO4, 3.35 g; NH4Cl, 0.5 g; 
MgCl2.6H2O, 0.18 g; yeast extract, 2.0 g; resazurin (Sigma Aldrich, Saint Louis, USA, 0.25 mg/mL), 
2.0 ml; 10× vitamin solution, 0.50 mL; 10× mineral solution, 1.00 mL.  A previously described 
procedure by Islam et al. (2006) was used to prepare vitamin and mineral concentrate solutions.  
L-Cysteine 1 g/L was used to reduce the 1191 medium.  

Serum bottles were loaded with 45 mL of 1191 medium containing 2 g/L of the substrate.  Bottles 
were sealed using butyl-rubber stoppers and crimped with aluminum seals. The crimped bottles 
were then gassed using nitrogen (1 minute) and degassed (4 minutes) for four cycles culminating 
with a gas phase to maintain an anaerobic environment.  The bottles were then sterilized by 
autoclaving.  Test bottles were inoculated with 10% volume of medium in serum bottles with a fresh 
culture of C. thermocellum at exponential phase. Batch experiments were conducted with three 
replicates.  

Ethanol and other aqueous product analyses were undertaken using a Waters high-pressure liquid 
chromatograph (HPLC) equipped with an HPX-Aminex 87 column (Bio-Rad Laboratories, Hercules, 
CA) equipped with refractive index (RI) detector.  The column was maintained at 60°C with dilute 
sulfuric acid as mobile phase maintain at flow of 0.6 mL/min.  Hydrogen and other gas analyses 
were conducted using an Agilent 7890 Gas Chromatograph (GC) equipped with thermal 
conductivity detector (TCD) and flame ionization detector (FID) using argon as carrier gas.  Key 
details of GC setup were: gas sample valve with a 0.25 cc loop; split inlet and two PLOT columns in 
series; and PLOT Q 30 m x 0.53 mm ID and a PLOT molecular sieve column 30 m x 0.53 mm ID.  

All fermentation yields were calculated and reported on a dry basis (db), based on composition 
analyses for the different feed samples, noted earlier.  Ethanol yield was calculated in terms of mg 
ethanol per g cellulose content (db), and hydrogen yield was similarly calculated in terms of µg 
hydrogen per g cellulose content (db). 

Statistical Analyses Fermentation experiments were undertaken in triplicate for both ethanol 
and hydrogen yield.  Results for ethanol yield and hydrogen yield were assessed separately using 
two-way analysis of variance (ANOVA), with the two main-effects factors being (i) pretreatment 
method, and (ii) alkaline extraction.  ANOVA calculations were undertaken manually using methods 
as outlined by Weiss (2006), and based on a significance level of 95% (P < 0.05).  Critical F-
statistic and associated probability (P) values were obtained from Moore and McCabe (2006). 

 

RESULTS AND DISCUSSION  

Compositional Changes Results of compositional analyses for treated samples are presented 
in Table 1 in terms of cellulose, hemicellulose, lignin and ash content (db), and in Table 2 in terms of 
the ratios of hemicellulose-to-cellulose, and lignin-to-cellulose by mass (db).  The most obvious 
result in this case was the consistency of ratios of hemicellulose-to-cellulose in Table 2 across the 
three treatments involving 1.0 M NaOH extraction, whether alone or following pretreatment.  The 
mass proportion of hemicellulose was significantly reduced, in the range of 25% to 30% across the 
three conditions. 

Tests showed that 1.0 M NaOH was effective for reducing the relative hemicellulose content of flax 
shive.  This confirmed the extraction of hemicellulose-derived polysaccharides.  Pretreatment either 
by sodium ethoxide in anhydrous ethanol or by azeotropic ethanol had no effect on the subsequent 
reduction of hemicellulose content by NaOH, confirming pretreatments did not affect 
polysaccharide extraction.   

Pretreatment using 1.0 M sodium ethoxide in anhydrous ethanol appeared to increase the ratio of 
hemicellulose-to-cellulose by +12%, as indicated in Table 2.  Reviewing the composition of 
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components in Table 1 showed that this pretreatment method also had the lowest content of 
cellulose, the highest content of hemicellulose, and the highest content of ash of any of the tested 
conditions.  Elevated ash content was also seen with NaOH extractions, and these increased 
values could be readily explained in terms of residual sodium ethoxide or NaOH, respectively.  
However, ash content in absolute terms was relatively small, and the change in the ratio of 
hemicellulose-to-cellulose was primarily due to the combination of reduced cellulose content and 
increased hemicellulose content.  These results were not expected.   

The use of sodium ethoxide in anhydrous ethanol was not expected to affect either cellulose or 
hemicellulose.  Earlier work by Parsons et al (2011b) using 1H NMR analyses, showed that 
recovered organic extracts contained no signature signals that would indicate the presence of 
carbohydrates or attached carbohydrate fragments.  Also unexpected in this case was that in 
absolute terms the content of lignin was virtually unchanged from the untreated flax shive sample.  

For all treatment conditions evaluated, the mass ratios of lignin-to-cellulose were found to be higher 
than for untreated flax shive, as shown in Table 2.  These results were unexpected.  The largest 
increases were for the NaOH extractions.  Consistent with the effects observed for hemicellulose, 
the ratio values for NaOH extractions were found to be similar to one another, whether or not 
pretreatment was involved. 

 

 

Table 1. Composition results for flax shive after processing treatments. 
 
  Treatment Condition Content of Component (mg/g db) 

Cellulose Hemicellulose Lignin Ash 
Untreated flax shive 495 169 224 19 
Pretreatment using 1.0 M 
sodium ethoxide in 
anhydrous ethanol 

479 183 223 34 

Pretreatment using 
azeotropic ethanol 

491 174 231 18 

Extraction with 1.0 M NaOH 
alone 

533 130 261 26 

Extraction with 1.0 M NaOH 
after pretreatment using 
1.0 M sodium ethoxide in 
anhydrous ethanol 

532 135 266 25 

Extraction with 1.0 M NaOH 
after pretreatment using 
azeotropic ethanol 

532 128 268 29 
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Table 2. Mass ratios (db) of hemicellulose-to-cellulose and lignin-to-cellulose for flax 
shive samples after processing treatments. 

 
  Treatment Condition Hemicellulose-to-Cellulose Lignin-to-Cellulose 

Mass Ratio % Change Mass Ratio % Change 
Untreated flax shive 0.341 − 0.452 − 
Pretreatment using 1.0 M 
sodium ethoxide in 
anhydrous ethanol 

0.382 + 12.0% 0.466 +   3.3% 

Pretreatment using 
azeotropic ethanol 

0.354 +   3.8% 0.471 +   3.9% 

Extraction with 1.0 M NaOH 
alone 

0.244 - 28.4% 0.489 +   8.4% 

Extraction with 1.0 M NaOH 
after pretreatment using 
1.0 M sodium ethoxide in 
anhydrous ethanol 

0.255 - 25.5% 0.501 + 10.6% 

Extraction with 1.0 M NaOH 
after pretreatment using 
azeotropic ethanol 

0.241 - 29.3% 0.504 + 11.4% 

 

 

Ethanol Fermentation Yields Ethanol yield results for the different treatment conditions are 
presented in Table 3, including means and standard deviations for all conditions.  All results were 
based on three replicates except for the condition involving no pretreatment followed by extraction 
using 1.0 M aqueous NaOH.  In this case, one of the replicate samples did not work properly.   
Results of the ANOVA for ethanol yield are presented in Table 4.  This showed that neither of the 
main-effects nor the interaction of effects had any statistically significant effect.  The F-statistic for 
pretreatment was only 2.04, whereas the critical F2,12  in this case was 3.89.  The corresponding 
probability value was P > 0.10, and as such not significant.  The calculated F-statistics for alkaline 
extraction and for interaction of main-effects were both less than one. 

These results suggested that subsequent ethanol yield was not affected by any of the 
pretreatments nor by the use of alkaline extraction.  This was particularly important for alkaline 
extraction given that the results also confirmed in this case that a very significant reduction in 
hemicellulose content was produced.  The overall mean value for ethanol yield was calculated as 
76.5 ± 19.4 mg/g cellulose (db, n = 17).  This corresponds to an ethanol yield of about 97 L/tonne of 
cellulose or about 48 L/tonne flax shive.  The corresponding yield value for α-cellulose was found to 
be 267.2 ± 14.0 mg/g cellulose (db, n = 2), which translates to approximately 338 L/tonne cellulose.  
As part of evaluations undertaken by Parsons et al. (2011a), a preliminary target for ethanol 
production from left over cellulose, as part of an overall multi-product extraction process, was 
identified as about 150 L/tonne flax shive.  The yield from preliminary experiments was only roughly 
one third of this value, suggesting significant development work is still required. 
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Table 3. Mass ratios (db) of hemicellulose-to-cellulose and lignin-to-cellulose for flax 
shive samples after processing treatments. 

 
  Treatment Condition Ethanol Yield 

(mg/g cellulose db) 
Hydrogen Yield 

(µg/g cellulose db) 
Untreated flax shive 78.0  ±   4.6 14.5  ±  4.1 
Pretreatment using 1.0 M sodium ethoxide 
in anhydrous ethanol 

64.4  ±   2.3 11.6  ±  2.4 

Pretreatment using azeotropic ethanol 78.3  ± 17.0   9.2  ±  0.4 
Extraction with 1.0 M NaOH alone   72.8  ±   9.7 * 10.0  ±  0.5 
Extraction with 1.0 M NaOH after 
pretreatment using 1.0 M sodium ethoxide 
in anhydrous ethanol 

67.6  ±   3.4 11.4  ±  1.2 

Extraction with 1.0 M NaOH after 
pretreatment using azeotropic ethanol 

96.7  ± 40.3 11.6  ±  0.5 

Note: * Only two replicates for this condition. 

 

 

Table 4. ANOVA for ethanol yield results. 
 
   Source df SS MS F-ratio Critical F P value 
 Pretreatment 2 1,396.0 698.0 2.04 3.89 P > 0.10 
 Alkaline Extraction 1    134.5 134.5 0.39 4.75 F < 1 
 Interaction 2    428.4 214.2 0.63 3.89 F < 1 
 Error 12 4,100.5 341.7    

Note: df = degrees of freedom; SS = sum of squares; MS = mean square 

 

 

Hydrogen Fermentation Yields Hydrogen yield results for different treatment conditions are 
also presented in Table 3, including means and standard deviations for all conditions.  Results of 
the ANOVA for hydrogen yield are presented in Table 5.  This showed that neither of the main-
effects had a statistically significant effect, but that the interaction of main effects was significant.  
The F-statistic for pretreatment was only 1.22, whereas the critical F2,12 in this case was 3.89.  The 
calculated F-statistic for alkaline extraction was less than one.   The F-statistic for interaction of 
main-effects was 4.40, again compared to the F2,12 in this case of 3.89.  Further reviewing the data 
in Table 3, however, showed of all of the treatment conditions considered, the best hydrogen yield 
result was for untreated flax shive, with a value of 14.5 ± 4.1 µg/g cellulose (db).  The 
corresponding yield value for α-cellulose was found to be 17.3 ± 1.6 µg/g cellulose (db, n = 3).  This 
suggested that none of the treatments had a desirable effect. 
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Table 5. ANOVA for hydrogen yield results. 
 
   Source df SS MS F-ratio Critical F P value 
 Pretreatment 2 10.32   5.16 1.23 3.89 P > 0.10 
 Alkaline Extraction 1    2.74   2.74 0.65 4.75 F <1 
 Interaction 2 37.02 18.51 4.40 3.89 P < 0.05 
 Error 12 50.50   4.21    

Note: df = degrees of freedom; SS = sum of squares; MS = mean square 

 

CONCLUSIONS The results of this work showed that pretreatment using sodium ethoxide or 
alkaline extraction had no statistically significant effect on unit ethanol yield in fermentation.   
Pretreatment using sodium ethoxide or alkaline extraction also had no positive benefit for hydrogen 
yield.  Additional development work is required in order for flax shive residues to be a practical 
substrate for production of ethanol, hydrogen or other energy products. Although results were not 
positive, this work demonstrated collaboration on high-value product extraction and biofuels 
production.  Exploring further work using different pretreatment technologies is warranted. 
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