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Abstract

A method for the selective extraction of hemicellulose from wheat straw involving cold alkaline extraction and
subsequent separation by precipitation with ethanol is proposed. Wheat straw affords selective separation of the
hemicellulose fraction from the cellulose and lignin fractions with the proposed method. The hemicellulose yield
was optimized by using a 2" factor design to examine the influence of temperatures from 20 to 40 °C, operation
times from 30 to 60 min and alkali concentrations from 80 to 120 g/L. The optimum conditions for cold alkaline
extraction of hemicellulose from wheat straw were thus found to be a temperature of 40 °C, an operation time of
90 min and an alkali concentration of 100 g/L. These conditions allowed 56.1% of all hemicellulose initially
present in the raw material, and 59.1% of the lignin, to be extracted. Subsequent separation of hemicellulose in
the liquid phase from the cold alkaline extraction by precipitation with ethanol provided a fraction containing

39.4% of all hemicellulose and only 12% of all lignin in the raw material.

Keywords: Wheat straw, cold alkaline extraction, hemicelluloses, xylan
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1. Introduction

Biorefinery is an overall concept of an integrated and diversified processing plant where lignocellulosic biomass
feedstocks are converted into a wide range of valuables products, much likewise to petroleum refineries [1].
Biorefinery is one of the procedures facilitating sustainable development and resource renewal, which rests on
the search for new lignocellulosic biomass resources and their proper use [2]. A number of methods enabling
increasingly efficient use of agro-industrial residues such as sugarcane bagasse, wheat straw or maize stalks have
been developed in recent years. These residues provide low-cost raw materials for the obtainment of end-

products with a high added value [3].

Wheat straw, which is an abundant residue in many countries, has the potential for use as a low-cost raw material
for the industrial production of higher-added value products. Europe alone is estimated to produce more than 170
million ton of wheat straw each year [4]. This amount is large enough for straw to be used as a source of
renewable materials (particularly for the production of chemical derivatives of cellulose, hemicellulose and
lignin [5].

Wheat straw contains about 32.8% cellulose, 36.8% hemicellulose and 16.8% lignin. These components cannot
be easily separated without altering hemicellulose, which is closely bound to lignocellulosic components [6].
One of the prerequisites of an effective utilization of biomass such as cereal straws and grasses is the
fractionation of the main components, polysaccharides and lignin, by a relatively mild procedure, ensuring their
minimum physical and chemical changes as well as an acceptable extraction efficiency. [7]. So, for the full use
of lignocellulosic biomass, one such possibility would be to extract the hemicellulose before cellulose to convert
them to higher value-added products such as prebiotic xylooligosaccharides or polymers and molecules for
chemical, pharmaceutical applications, natural barrier for packaging films, plastics and cellulosic pulp additives
[8, 9]

Different treatments have been applied to hemicellulose extraction with addition of chemicals such as alkali, acid
or hydrogen peroxide [10 - 14]. There are a wide variety of possible approaches for hemicelluloses extraction or
pretreatment [15, 16] including pretreatments or isolation that span the complete range of pH and can use a wide
range of temperatures [17, 20]. Alkali treatment at moderate temperatures is the basis of at least one approach for
hemicelluloses extraction from wood prior to pulping [16, 21]. However, under alkaline-temperature conditions
tested, the yield of extractable sugars from wood chips is usually low and significantly degraded xylan and very

low concentrations of xylose have been obtained.

Alkali treatment of lignocellulosic substances such as cereal straw and bagasse disrupts the cell wall by
dissolving hemicelluloses, lignin, and silica, by hydrolyzing uronic and acetic esters, and by swelling cellulose,
decreasing the crystallinity of cellulose [22]. In addition, the treatment also cleaves the a-ether linkages between
lignin and hemicelluloses and the ester bonds between lignin and/or hemicelluloses and hydroxycinnamic acids,
such as p-coumaric and ferulic acids [23]. More importantly, the alkaline treatment has been proved to be a

promising process to achieve complete utilization of lignocelluloses without impact to the environment [24].
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The alkali extraction of hemicellulose succeeds in separating polymeric heteropolysaccharides from the fiber
source [25]. By this process using alkaline and temperatures below 40 °C, the wheat straw can be simply
fractionated into alkali-soluble lignin and hemicelluloses and residue, which makes it easy to utilize them for

more valuable products with minimal physical and chemical changes.

The end residue, mainly cellulose, can be used for either paper or cellulose derivatives. The lignin can be
converted to valuable products, such as carbon fiber and adhesives From the solubilized hemicelluloses, food
additives and other polymers can be produced. Recently, some important applications for hemicelluloses, such as
xylans have been discovered. The current uses of xylans on an industrial scale involve their conversion to xylose,
xylitol, and furfural. Xylitol is produced by hydrolysis of xylan, crystallization of xylose, and hydrogenation.
This has been tested in a variety of food products [24]. In the paper industry, it has been demonstrated that the
addition of hemicelluloses as additive in the cellulosic pulp can improve some mechanical properties of the

paper, among other features of papermaking [8, 25].

The purpose of this work was examine and optimize the conditions for the cold alkaline extraction (soda
concentration, time and temperature) of hemicellulose from wheat straw and its subsequent precipitation with
ethanol.

2. Material and methods

2.1 Source and analysis of biomass

Wheat straw biomass was obtained on a plantation in Huelva (southwestern Spain).The raw material was
prepared in accordance with TAPPI T-257 and analyzed for the following parameters: 1% NaOH solubles
(TAPPI T 212 om-07), hot water solubles (TAPPI T 207 ¢cm-93), ethanol-benzene extractives (TAPPI T 204
c¢m-07), holocellulose [26], a-cellulose (TAPPI T 203 ¢cm-09) and ash (TAPPI T 211 om-07) contents. All
treatments in this study were in a completely randomized design with four replications (variation coefficient less

than 3% and less than 1% for holocellulose and cellulose contents).

In addition, the cellulose and hemicellulose composition of the material, in the form of glucan, xylan, araban and
acetyl groups, were determined by high performance liquid chromatography (HPLC). Aliquots from the
homogenized wood were subjected to moisture determination (drying at 105°C to constant weight), quantitative
acid hydrolysis with 5 mL of 72% sulfuric acid for an hour (TAPPI T248 sp-08), and quantitative posthydrolysis
with 4% sulfuric acid at 121 °C and 2 atm during 60 min in order to ensure quantitative conversion of oligomers
into monomers [27]. Before HPLC analysis, the solid residue from posthydrolysis was recovered by filtration
and considered as Klason lignin. The monosaccharides and acetic acid contained in hydrolysates were
determined by HPLC in order to estimate (after corrections for stoichiometry and sugar decomposition) the
contents in cellulose (as glucan), hemicelluloses (xylan + araban + acetyl groups). Chromatographic
determination was performed using an Agilent 1100 HPLC equipped with an ion-exchange resin BioRad
Aminex HPX-87H column under the following conditions: mobile phase, 0.005 mol-L-1 of sulphuric acid; flow

rate, 0.6 mL-min-1; and column temperature, 50°C. The volume injected was 20 pL
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All HPLC determinations were in a completely randomized design with three replications (variation coefficient
less than 4%).

Gross heating values of raw materials were determined at a constant volume in accordance with ““CEN/TS
14918:2005 (E) Solid biofuels-Method for the determination of calorific value’” and UNE 164001 EX standards

by using a Parr 6300 Automatic Isoperibol Calorimeter.

2.2. Cold Alkaline Extraction of Hemicellulose

The lignocellulosic material was ground and sieved in order to obtain a uniform chip size. The chips thus
obtained were treated with variable NaOH concentrations at different temperatures for also different lengths of
time. Treatments were conducted in 1 L beakers that were immersed in a thermostated bath and stirred at 5 min
intervals. Once each treatment was finished, the resulting suspension was filtered and the solid washed with 2 L
of water prior to neutralization with 2 N acetic acid and drying at room temperature. The liquid phase from the
extraction was adjusted to pH 4.5-5.5 with 37% HCI, supplied with 4 volumes of 95% ethanol and centrifuged at
4500 rpm for 3 min. Then, the precipitate formed was washed with 95% ethanol and freeze-dried. Figure 1
depicts the operational scheme of the proposed procedure for cold alkaline extraction of hemicellulose from

wheat straw. All tests were conducted in triplicate.

2.3. Experimental Design for Extraction Process, Chemical Determination

A 2" central composite experimental design that enabled the construction of second-order polynomial in the
independent variables and the identification of statistical significance in the variables was used. This allowed
relating the dependent (yield, Klason lignin, glucan, xylan, araban and hemicellulose contents in solid residue,
and Klason lignin, glucose and hemicellulose contents in extraction liquor) and independent (concentration of
soda, temperature and time of process) variables of the extraction process with a minimum number of

experiments.

Independent variables were normalized by using the following equation:

Where X is the absolute value of the independent variable concern, X is the average value of the variable, and

Xmax and Xmin are its maximum and minimum values, respectively.

Based on previous studies operation conditions were selected. The alkali concentrations were 80, 100 and 120
g1, extraction temperature and extraction time were 20, 30 and 40 °C, and 30, 60 and 90minutes, respectively.

The liquid/solid ratio was 15/1 in all experiments.
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The number of tests required was calculated as N = 2" + 2:n + nc, 2" being the number of points constituting the

factor design, 2n that of axial points and nc that of central points. Under our conditions, N = 16.

The experimental results were fitted to the following second-order polynomial:

Y=a,+ Zn:bixni +Zn‘,cixii + idixnixnj (i<]))

i-1 i=1 i=1;j=1

The independent variables used in the equations relating to both types of variables were those having a statistical
significant coefficient (those not exceeding a significance level of 0.05 in the student “s-test —t < 2 - and having

a 95% confidence interval excluding zero).

Aliquots from the homogenized material were subjected to moisture determination (drying at 105°C to constant
weight), quantitative acid hydrolysis with 5 mL of 72% sulfuric acid for an hour (TAPPI T248 sp-08), and
quantitative posthydrolysis with 4% sulfuric acid at 121 °C and 2 atm during 60 min in order to ensure
quantitative conversion of oligomers into monomers [28]. Before HPLC analysis, the solid residue from
posthydrolysis was recovered by filtration and considered as Klason lignin. The monosaccharides and acetic acid
contained in hydrolysates were determined by HPLC in order to estimate (after corrections for stoichiometry and
sugar decomposition) the contents in cellulose (as glucan), hemicelluloses (xylan + araban), and acetyl groups.
Chromatographic determination was performed using an Agilent 1100 HPLC equipped with an ion-exchange
resin BioRad Aminex HPX-87H column under the following conditions: mobile phase, 0.005 mol-L™ of

sulphuric acid; flow rate, 0.6 mL-min™*; and column temperature, 50°C.
3. Results and Discussion
3.1. Raw Material

Annual plants contain large amounts of hot water solubles and 1% NaOH water solubles. The wheat used here
only departed from other plant materials in its 1% NaOH soluble contents, which were 19.8% higher than those
previously reported by Jiménez et al. [29-31] and 8.0% higher than those reported by Pan et al. [32] (see Table
1).

This increased content in 1% NaOH solubles in the straw is consistent with its decreased holocellulose content
(10% lower than that found by Pan et al. [32]) and increased hemicellulose content (the highest among those
shown in Table 4 and 1-56% higher than the others). These contents differ between raw materials and also with
plant variety, location, time of year and collection system, as well as with the particular analytical methods used.
The a-cellulose content of our wheat straw fell in the lower end of the range of reported values and was 52.6%

lower than that reported by Montané et al. [4].

The lignin content of the straw was 16.6%-57.2% lower than reported values obtained a considerably lower

content. The content in soluble lignin of the straw was high in relation to wood materials.
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The content in ethanol-benzene extractives was similar to reported values and also to the reference value for
cereal straw (6%). As can be seen in Table 1, Pan et al. [32] reported unusually high ash content for rice straw
(around 10%).

The heat power on a dry basis of our wheat straw, about 20 MJ/kg, was higher than the typical values for wood
raw materials [e.g. 27.35 MJ/kg for pine wood [33], and 19.6-20.5 MJ/kg for bark, fir wood, softwood, common
Oregon pine, pine woods and cedar wood [34-37]. In fact, it was closer to those for grass crops, agricultural
residues or some hardwoods. Also, it was higher than that for barley straw (15.6-1 6.7 MJ/kg according to
Satvanarayan et al.[36]), but lower than those for wheat straw reported by Brebu et al.[33] and Demirbas [34]
—which can be ascribed to a lower content in cellulose (the most “energetic” among the three main components

of lignocellulosic materials [38].

We used High Performance Liquid Chromatography to determine major polysaccharide groups in the
hemicellulose fraction. The material was found to have a high content (21.4%) in xylan, the main hemicellulosic
component. The content in glucan, 33.1%, was quite consistent with that of a-cellulose as determined according
to the corresponding TAPPI standard. On the other hand, the content in lignin, 18.9%, differed markedly from
Klason lignin as determined in accordance with the applicable TAPPI standard —it should be noted that the
TAPPI method does not subject the raw material to two preliminary extractions with ethanol/benzene and hot
water, which possibly causes the incorporation of greater amounts of soluble lignin than in the determination of
lignin in Table 1. In any case, the lignin content found was within the range of previously reported values (see

Table 1). The contents in araban and acetyl groups were 2.01 and 1.74%, respectively.

3.2. Cold Alkaline Extraction of Hemicellulose

Table 2 shows the results of yield (the solid phase is referred to initial raw material) and composition of solid
phase after cold alkaline extraction of hemicelluloses. Also, the operational conditions in the proposed
experimental were designed. Table 3 shows the characterization of liquid phase after cold alkaline extraction:
lignin, glucose and hemicellulose contents (these results were calculated in terms of the composition of the raw
material and the post-extraction solid phase. They were not determined experimentally owing to the extreme
alkalinity of the post-extraction liquid phase. Total hemicellulose in the extract was determined as the

combination of glucose, xylose, arabinose and acetyl groups in the liquid phase).

As expected, acetyl groups of hemicelluloses are totally neutralized and they are not detected in solid phase after
cold alkaline extraction. Glucan content is little affected. Only a decrease between 1.1 % and 11.2 % of glucan
content in raw material was observed. Hemicelluloses fraction is the most affected by cold alkaline extraction.
The xylan and araban fractions, in raw material, decreases between 26.4 % to 59.6 % and 6.0 % to 38.8 %
respectively. In general, the cold alkaline extraction rates are important, between 25.5 % and 38.8 % (100-yield,
%) of the initial raw material. Such a high extraction yield in the liquid phase was largely due to hemicellulose
(30.1-59.2%). These results are suggestive of highly selective extraction or separation of the hemicellulose
fraction relative to glucan derivatives. The selectivity of the separation is probably even more selective since part

of the glucose present in the liquid phase must have come from hemicellulose rather than from glucan in the raw
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material [39]. Also, it is important the cold alkaline extraction of lignin, between 40.4 % and 59.2 % of the lignin

content in raw material.

The results of tables 2 and 3 were modeled by using the above-described multiple regression methodology. The
ensuing models are shown in Table 4. The yield of the cold alkaline extraction (Yvys, €g. 1) was especially
influenced by the temperature and also, to a lesser extent, by the operation time and alkali concentration. The
lignin content of the solid phase was also primarily influenced by the temperature. This is suggestive of thermal
hydrolysis of the lignin polymer, which can hardly have been affected by the alkali concentration at this
temperature level —in fact, industrial delignification processes are conducted at much higher temperatures (150—
180 °C). Although much less influential than Xy, the term X Xt in eq. 2 (Y) is also significant and anticipates
the effect of the alkali on the delignification efficiency at higher temperatures. This hypothesis is strongly
influenced by the temperature; also, the prevalence of this effect on lignin additionally reflects in the relative
values of the coefficients of equation 7 (Y ex), Where, again, the term Xy is that having the most significant

coefficient.

It is not possible clear conclusions about the influence of independent variables on polysaccharide contents in
solid phase after cold alkaline extraction (equations 3 to 5 in table 4, Yx;, YL and Y ar). However, equations 6
(Yam) and 9 (Yrumex) shows significant influence of lineal terms and the interaction term between alkali

concentration and the process temperature.

In order to determine the values of the independent variables in cold alkaline extraction (alkali concentration and
operation temperature and time) giving the optimum values of total hemicelluloses in solid phase post-
autohydrolysis, the response surfaces for each dependent variable were plotted (Figs. 2 to 3). Through the three-
dimensional plot it is very easy and convenient to understand the interactions between two or three variables and
to locate their optimum ranges. Since operation temperature is the most influential variable, the response

surfaces are showed at outliers (Temperature: +1 and -1) of the proposed experimental design.

As can be seen from Fig. 2, the highest extraction yields for the liquid phase will be obtained at high
temperatures —decreased solid yields— and long operation times. As regards alkali concentration, once the
central levels in the operating range (100 g/L) are surpassed, the extraction yield ceases to increase. Therefore,
such alkali levels should not be exceeded if the process is to be economical. These conditions, however, result in

substantial extraction of lignin into the liquid phase.

Figure 3 shows the variation of the total amount of hemicellulose extracted in the liquid phase, which changed
similarly to the overall extraction yield. The independent variables operation time and alkali concentration were
considerably less influential than the temperature. Interestingly, the equations contained quadratic terms and
interactions involving the alkali concentration; above a given, medium level of this variable, hemicellulose
extraction failed to increase in response to an increase in the other variables. Again, this suggests the need to use
medium alkaline concentrations (90-100 g/L) for economy. Identical conclusions can be drawn from the
response surfaces for the variation of the extraction yield of xylan and araban derivatives in the liquid phase or

the permanence of the xylan and araban fractions in the solid phase (results not shown).
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The graphs in Fig. 3, which show the amount of hemicellulose extracted in relation to its content in the raw
material, facilitated optimization of hemicellulose extraction. Three different values of the independent variables
leading to the maximal hemicellulose extraction yield (about 45%) were used. The third, which resulted in
substantial alkali savings, decreased the hemicellulose yield in the liquid phase by only 1.3% with respect to the
maximum value obtained at point [0.6 (alkali concentration), +1 (temperature), +1 (time)] in the experimental

design.

The optimum operating conditions (determined with JMP 8.0 statistical software) were used to conduct a cold
alkali extraction process the solid and liquid phases from which were characterized following acid post-
hydrolysis as described under Experimental. The strong alkalinity of the medium precluded direct determination
of sugars and oligomers by HPLC. The analytical results are shown in Table 5, which includes the theoretical
composition of the solid phase as determined with the models of Table 4. As can be seen, the calculations, which
provided for intrinsic variability in the process and raw material, were highly consistent with the experimental
results. In fact, the mass balance of araban and acetyl groups in both fractions (liquid phase + solid phase) was
100% consistent with the composition of the raw material. Thus, the glucan content in the combined fractions
was 32.7% (versus 33.1% in the raw material) and the xylan content 19.2% versus 21.4%. It should be noted that
part of the glucose quantified as a product of glucan degradation was in fact a product of hemicellulose [40,41]
and that part of the xylose formed was dehydrated to furfural (by effect of the hydrolytic reaction used in the

analyses) and other degradation products [42].

The total amount of hemicellulose extracted in the liquid phase was 56.1% of that initially present in the raw
material —which contained 3.7% glucan. Therefore, the proposed cold alkaline extraction method affords
selective extraction of the hemicellulose fraction, in addition to also highly efficient delignification —59.1% of

all lignin present in the raw material was extracted.

The liquid phase from a cold alkaline extraction with 100 g/L alkali, a temperature of 40 °C and an operation
time of 90 min was precipitated with ethanol as described under Experimental. A test performed in quadruplicate
provided an average yield of 21.9% (0.56) in the solid phase; this contained 10.3% (0.53) lignin and 0.022%
(0.0014) soluble lignin, which jointly accounted for 12.0% of all lignin initially present in the raw material. The
total content in hemicellulose was 45.2% (0.45); therefore, the separation yield obtained by precipitating

hemicellulose in an alcoholic medium was 70.2% and the cold alkaline extraction yield 39.4%.
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4, Conclusions

Wheat straw, which contains more than 25% hemicellulose (xylan + araban + acetyl groups) and less than 19%
lignin, provides an effective raw material for the selective separation of the hemicellulose fraction from the

cellulose and lignin fractions by cold alkaline extraction.

The cold alkaline extraction of hemicelluloses from wheat straw develops optimally at a temperature of 40 °C,
and operation time of 90 min and an alkali concentration of 100 g/L. These conditions allow 56.1% of all

hemicellulose and 59.1% of all lignin initially present in the raw material to be extracted in the liquid phase.

Subsequent separation of hemicellulose in the liquid fraction from the cold alkaline extraction by precipitation
with ethanol allows 39.4% of all hemicellulose present in the raw material to be recovered; also, the extracted—

precipitated fraction contains only 10.3% lignin, which accounts for 12% of all present in the raw material.
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Figure 1

Figure 1: Scheme for extraction of hemicelluloses from wheat straw.
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Figure 2

Figure 2: Solid residue yield variation as a function of independent variables of extraction
process.
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Figure 3

Figure 3: Liquor Extraction Hemicellulose variation as a function of independent variables of
extraction process.
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Table 1

Table 1 Shows the results of chemical and energetic characterization of wheat straw and
results from other authors

Results in percentages, to respecton  Resultsin  panetal J;Tigzzm Montané et al.,

raw material (over dry basis) this work 2005 2005, 2006 1998

©CO~NOOOTA~AWNPE

11 12,27-
12 Hot water solubles 15.0 17,5 12,49 i

1 1% NaOH solubles 49.7 46 ‘le’fs%' -

17 Etanol-benzene extractives 5.24 53 4,01 -

20 Ash 5.9 9,6 6,49 -

23 Holocellulose 69.6 76,6 76,2 -
a-Cellulose 32.8 - 39,72 32,3-50
28 Hemicellulosa 36.8 - 36,48 23,6-35,6
31 Klason lignin 14.2 16,5 17,28 22,8

34 Soluble lignina 2.8 2,5 - -




Table 2

Table 2. Normalized operational conditions and composition of solid phase after cold alkaline

extraction of hemicelluloses. The concentrations are referred to initial raw material.

Normalized values of alkali

concentrtion (Xc) - Total Hemicelluloses
0, 0, 0, 0, 0,
temperature (Xy) and Yield (%) Klason Lignin (%) Glucan (%) Xylan (%) Araban (%) %)

10 operation time (X,)

©CO~NOOOTA~AWNPE

0 0 0 65,2 98 313 12,2 15 137
13 0 0 0 65,9 97 31,2 121 16 137

1 1 1 61,2 82 311 86 16 10,3
16 1 1 -1 66,9 10,2 307 121 18 13,9
1 -1 1 68,5 93 318 121 15 136
19 1 -1 1 745 11,2 305 145 19 16,4
-1 1 1 64,3 77 323 10,7 18 12,4
22 -1 1 -1 69,3 103 316 131 17 148
24 -1 1 1 68,6 90 32,7 134 16 15,0

25 1 1 1 733 1,2 319 158 18 176

28 1 0 0 67,1 97 238 133 18 151
30 0 1 0 628 93 307 103 15 118
31 0 1 0 685 101 311 136 15 151
33 0 0 1 637 85 313 107 12 120

34 0 0 -1 69,4 10,8 294 135 18 153

38 Xe X¢ Xt Yield (%) Lignin (%) Glucan (%/%), Xylan (%/%), Araban (%/%), Total
41 hemicelluloses (%/% refered to xylan + araban + acetyl groups in raw material) X.: Alkali

43 concentration, X Operation time; X1: Operation temperature



Table 3

Table 3. Normalized operational conditions and composition of liquid phase after cold
alkaline extraction of hemicelluloses. The concentrations are referred to each polymer content

(glucan, xylan, araban) in initial raw material.

Normalized values of alkali

concentrtion (Xc) L Total Hemicelluloses
0, 0,
10 temperature (Xx) and Klason Lignin (%) Glucan (%) %)

11 operation time (X;)
12 0 0

©CO~NOOOTA~AWNPE

o

47,9 5,3 45,6
14 0 0 0 48,7 5,6 45,6
16 1 1 1 56,7 6,1 59,2
1 1 -1 46,1 7,3 44,8
19 1 -1 1 50,9 4,0 45,9
21 1 -1 -1 40,4 7,8 34,6
23 -1 1 1 59,2 2,3 50,5
-1 1 -1 451 4,6 40,9
26 -1 -1 1 52,0 11 40,4
28 -1 -1 -1 40,4 3,7 30,1
30 1 0 0 48,5 4,3 46,2
31 1 0 0 485 1,0 39,7
33 0 1 0 50,6 7,1 53,0
35 0 -1 0 46,4 6,1 40,0
0 0 1 54,8 5,3 52,3
38 0 0 -1 42,5 11,2 39,0

4l X Xt Xt Yield (%) Lignin (%) Glucan (%/%),Total hemicelluloses (%/% refered to xylan
44 + araban + acetyl groups in raw material). X.: Alkali concentration, X;: Operation time; Xr:

46 Operation temperature



Table 4

Table 4. Equations yielded for each dependent variable for solid and liquid phases after cold

alkaline extraction of wheat straw.

Equation R? F- Snedecor

QOWO~NOUAWNE

1
11 Residual Solid

g [1]  Yy,=65,58 - 0,44 Xc -2,89 X, -2,70 X1 + 1,64Xc> + 1,06 X2 - 0,82 X Xy 0,992 192,00
14 [2] Y., =967-052Xt-1,12 X7 +0,11 Xc- X1 0,989 371,93

15 Bl Yyys=12,07- 0,75 Xc - 1,39 X - 1,29 Xy + 0,42 X2 0,980 138,41
is [4]  Yg.s=31,08- 0,56 Xc + 0,52 Xq + 1,16 Xc2 - 0,69 X2 0,901 24,99
18 [5]  Yars=1,50-0,07 Xc- 0,18 X1 + 0,16 Xc” - 0,10 X¢- Xy 0,839 13,65
;g [6]  Yiew = 13,58 - 0,738 Xc - 1,448 X, -1,48 X + 0,68 X - 0,18 X¢ Xr 0,990 207,75
21 Liquid phase

gg [71  Yiex = 48.47 + 2,49 X, + 5,86 Xy + 0,25 X 0,995 814,71

24 [B]  Yaiex=6,07+1,68 Xc - 1,48 Xy + 0,48X, - 3,53 X2 + 2,08 X2 0,924 24,34
25 9] Yuex =45,92+2,91 X + 5,74 X, + 5,88 Xy - 2,70 Xc° + 0,73 Xo: X1 0,990 207,75

26
27
28 - - -

29 Yvs, Yu, Yxy, Yo, Yar, Ytam denote yield, lignin, xylan, glucan, araban and total
30
31
32
33 ) )
34 material (dry basis).

35

36 : . : . . .
37 Xc, X¢ and Xt denotes normalized alkaline concentration, operation time and operation
38

jg temperature respectively.

41

jé YLex, YoLex, YTumex denote lignin, glucan and total hemicelluloses extraction respect initial
44 - . . . .

45 lignin, glucan and totalhemicellulose content in raw material (dry basis).

46

47 . . : . :

48 The differences between the experimental values and those estimated by using the previous
49

50 equations never exceeded 10 % of the former.

51

52

53

54

55

56

57

58

59

60

61

62

63

hemicelluloses contents in solid phase after cold alkaline extraction respect initial raw

65



Table 5

Table 5. Chemical characterization of solid and liquid phases after a cold alkaline extraction
process (operation temperature: 40 °C, operation time: 90 min, alkali concentration: 100 g/L).
* 0 +1 +1 point in de experimental design. ** Each value is a mean of four replicates.
Variation coefficient less than 5 %.
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Extraction of polymers
in liquid phase (refered
to raw material / total
hemicelluloses in raw
material) *

. . Calculated extraction of
10 Calculated composition Bxperimental Lo
11 Percentages refered to polymers in liquid

12 100 g of raw material OfSOI!d phase (models - composition of solid phase (models in table
13 in table 4)* phase * ay*

15 Yield 611 64.0

18 Lignin 8.0 7.7 56.8

20 Glucan 309 314 12
>3 Xylan 9.4 8.0 112
25 Araban 1.3 1.0 11
28 Acetyl Groups 0.0 1.8

30 Total hemicelluloses 57.5% 14.1/56.1 (xylan +
31 araban + acetyl groups)






