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Abstract

Sugar cane is a promising raw material for the extraction of hemicelluloses. An alkali treatment of sugar cane bagasse under
proper conditions followed by a precipitation using a reasonable quantity of ethanol can be an effective method to isolate these
polysaccharides. In this work, bagasse is treated to obtain two products: (a) polymeric hemicellulose and (b) an enzymatic
hydrolysate from the treated bagasse after hemicellulose extraction. The effects of charges of sodium hydroxide (10, 20, 40%
w/w) and hydrogen peroxide (0, 10, 20% w/w) in the alkali treatment were evaluated. A 3> experimental design was considered
under control of metal ions and inert atmosphere during alkaline treatment. An acceptable proportion of xylose plus arabinose
could be extracted from bagasse (up to 18.4 g/100 g of bagasse). Both the alkali and peroxide showed strong effects on the yield
of the extraction, as well as on the yield of the precipitation in ethanol-water solution. Besides, the susceptibility of bagasse for
cellulolytic enzymatic hydrolysis is improved. The highest hemicellulose precipitation yield was 85% which corresponded to the
treatment with the highest alkali charge without peroxide. The highest yield of enzymatic hydrolysis was obtained for the highest
alkali and peroxide charges.

Keywords Hemicellulose extraction - Alkali consumption - Peroxide effect - Enzymatic hydrolysis

1 Introduction an integrated industrial process is important to achieve this
objective.

Hemicelluloses are the second most abundant polysaccha-
ride in nature after cellulose and they can be used for
hydrogels, packaging films, or biomedical materials, among
other purposes [1]. Nevertheless, they are not yet industrially
exploited on a large scale. When paper pulps are produced, a
high proportion of the original hemicelluloses are burned to-
gether with the lignin in the recovery boiler, although it is
known that they have half of the calorific value of lignin [2, 3].

Among agricultural crop residues, sugar cane bagasse is the
lignocellulosic by-product generated in the sugar and ethanol
industry. Sugar cane is cultivated in tropical and subtropical
countries throughout the world. The main producers are Brazil
(721 million tons), India (347 million tons), China (123 mil-
lion tons), and Thailand (96 million tons) [4]. Considering that
approximately 250-280 kg of bagasse is generated by 1 ton of
processed sugar cane, it represents an attractive raw material
source for hemicellulose extraction [S]. An efficient well-

In recent years, the substitution of petroleum-based materials
for those obtained from renewable resources has gained great
interest. Optimizing the use of main components of biomass in
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known procedure of wet storage of this biomass in piles locat-
ed close to the sugar mill allows its use during the whole year
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as a raw material for paper production. Bagasse can be used
for other industry processes to produce fuels and chemicals
that offer economic, environmental, and strategic advantages,
according to biorefinery [6]. Particularly, in Argentina, 18.4
million tons of sugar cane were processed annually [7]. The
major hemicelluloses in sugar cane bagasse, as in other
grasses, are L-arabino-(4-O-methyl-D-glucurono)-D-xylans
(or just xylan) [8—11].

Different treatments can be applied for obtaining hemicel-
luloses, but alkaline extractions are the most effective ones for
extracting high molecular weight hemicelluloses [9, 12—14].

Bagasse can be alkali treated under mild conditions (up to
6% NaOH on bagasse and temperature lower than 100 °C)
and then refining in a disk mill to obtain a chemi-mechanical
pulp [15]. Using higher alkali charges (between 8 and 11% on
bagasse) and temperature up to 140 °C, a pulp suitable for
packaging papers can be obtained [16]. A charge of 16%
NaOH on bagasse can be enough for obtaining a highly
delignificated chemical pulp.

On the other hand, if the extraction of hemicellulose from
bagasse is desired, higher alkali charge and lower temperature
than those used for pulping are necessary. Under these condi-
tions, hydroxide ions cause high swelling of the cell wall,
which facilitates hemicellulose removal. Besides, the «-ether
bonds between lignin and hemicelluloses as well as the ester
bonds between lignin, and/or hemicelluloses and
hydroxycinnamic acids, such as p-coumaric and ferulic acids,
are broken [12]. Thus, it can be expected that the hemicellu-
loses obtained through alkaline extraction have a smaller
amount of bonded lignin.

It is known that, in alkaline conditions, carbohydrates suf-
fer undesirable reactions: hydrolysis, which breaks the poly-
mer chains randomly, and the “peeling” reaction in which the
monomeric units are progressively eliminated from the reduc-
ing end groups. These reactions are favored at high tempera-
ture. Besides that, radicals, i.e., reactive species of oxygen,
can also degrade hemicelluloses. In this regard, low tempera-
ture, an inert atmosphere in the reactor, and a control of the
presence of metal ions could be useful to preserve the molar
mass of the extracted hemicelluloses.

Despite the economic impact of chemical consumption of
an alkaline extraction from bagasse, this aspect of the process
is rarely reported in the literature.

It is known that the addition of hydrogen peroxide in an
alkaline medium leads to an improvement in yield of a hemi-
cellulose extraction which can be ascribed to a delignification
effect. Doner and Hicks [17] showed that the presence of
hydrogen peroxide in a corn fiber extraction operation in-
creased the amount of hemicelluloses extracted by approxi-
mately one-third. In that case, a lighter color of hemicelluloses
was also obtained. Alkaline hydrogen peroxide has been used
to pretreat different types of biomass to improve the efficiency
of enzymatic hydrolysis [18]. One of the limitations for the
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use of peroxide is the requirement of an equipment material
that can withstand this reactant. Besides, the degradation of
the hemicelluloses should be minimized by controlling the
presence of metal ions in the medium. These metal ions pro-
mote the decomposition of hydrogen peroxide reducing its
delignification performance [9]. Peroxide induces changes in
the chemical characteristics of the hemicelluloses that should
be considered.

For isolation, xylan can be precipitated by the addition of
ethanol to the extraction liquor. For a potential industrial op-
eration, a low ethanol:liquor ratio should be considered in
order to reduce the energy requirement for the ethanol recov-
ery process.

On the other hand, sugar cane bagasse after hemicellulose
extraction can be used for cellulosic ethanol production. A
successful alkali treatment removes lignin and hemicelluloses,
and makes the cellulose more accessible to enzymatic attack
considering a biological process for bioethanol production
[19-21].

In this paper, the extraction and isolation of hemicelluloses
from sugar cane bagasse are analyzed in detail considering the
following: (a) metal ion control, (b) inert atmosphere in the
reactor, and (c) low ethanol:liquor ratio for xylan precipita-
tion. Charges between 10 and 40% of NaOH and between 0
and 20% of H,O, on bagasse were considered. The chemical
consumption, the yield of the hemicellulose extraction, the
yield of their precipitation in alcoholic medium, and the con-
tents of lignin are analyzed. The enzymatic digestibility of the
solid treated bagasse as a function of the alkaline treatment
conditions is also studied. To facilitate a technical-economic
analysis, all results are referred to the original bagasse mass.

2 Materials and methods
2.1 Materials

Sugar cane bagasse (fiber and pith) was provided by the
Tacuarendi Experimental Center, Santa Fe, Argentina.

2.1.1 Raw bagasse characterization

The size of the raw bagasse was reduced by two passes
through a 300-mm disk mill using clearances of 2.5 and
1.0 mm, respectively. After that, bagasse was air dried (final
moisture content of 10%).

The content of the main carbohydrates (glucose, xylose,
and arabinose), and acid-soluble and acid-insoluble lignin
was determined according to Sluiter et al. [22] in the
extractive-free fresh bagasse. For that, milled raw material
(40 mesh) was subjected to a two-step of Soxhlet extraction
using water first and then ethanol (96%). By duplicate,
300 mg of sample was hydrolyzed with 72% (w/w) H,SO4
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during 60 min at 30 °C. Hydrolyzates were then diluted to 4%
(w/w) H,SO, and treated at 121 °C for 1 h in an autoclave.
The material was filtered through 0.5-um glass filter and the
mass retained was quantified as acid-insoluble lignin plus ash.
The ash content was determined according to TAPPIT 211, at
525 °C. Acid-soluble lignin was quantified, in the filtrate, by
UV-Visible spectrophotometer, determining the absorbance at
240 nm and considering an absorptivity of 25 1 (g cm) . For
carbohydrate analysis, a Shimadzu Lab Solution HPLC sys-
tem was used, which was equipped with refractive index
(RID-10A) and UV-VIS (SPD-20A) configured at 210-nm
detectors. Column and guard column BioradAminex HPX-
87H, sulfuric acid solution (0.005 M) as mobile phase, a flow
rate of 0.6 ml min !, and a column temperature of 35 °C were
also employed. Standard sugars were supplied by Sigma-
Aldrich. The acetyl content in bagasse was also determined
by this method using acetic acid from Sigma-Aldrich as
standard.

2.2 Alkali-peroxide treatment

Different charges of sodium hydroxide and hydrogen perox-
ide were considered in a 3% experimental design, shown in
Table 1.

Prior to alkali treatment, in order to control the presence of
metal ion, air dry milled bagasse was treated during 30 min at
50 °C in water containing a chelating agent (DTPA,
diethylenetriaminepentaacetate), 0.2 g/100 g of bagasse.
This reactant was also added, in the same charge, to the alkali
treatment.

In a 3-1 glass reactor and with a moderate stirring (120 rpm)
by a PTFE paddle stirrer, 60 g of bagasse was treated during
180 min at 50 °C in a bagasse:liquor ratio 1:25. An inert
atmosphere of nitrogen was established in order to prevent
degradation of carbohydrates by alkali reactive oxygen spe-
cies. When hydrogen peroxide was used, a solution of this
compound was added in aliquot portions every 10 min during
the first 2 h of the extraction time. This procedure minimized
foam formation.

Once the period (180 min) was reached, the bagasse was
separated from the liquor (L) by filtration through a cloth bag

Table 1  Identification code of alkali and alkali-peroxide treatments of
bagasse (50 °C, 180 min, under inert atmosphere and metal ion control).
Chemical charges followed a 3 experimental design

H,0, charge (% w/w) NaOH charge (% w/w)

10 20 40
0 AP AsoPy A4oPo
10 AjoP1o AsoPio AsoPio
20 AjoP20 AzoP20 AsoP2o

and the liquor was removed by squeezing the bag in hot con-
dition. The amount of liquor collected was 1420-1300 ml.
The liquor at room temperature was centrifuged during
10 min at 1800g to separate the small debris of bagasse.
Later, the pH of the liquor was quantitatively adjusted to 7.0
using a 3 M solution of hydrochloric acid. Then, the liquor
was centrifuged again during 15 min at 1800g in order to
separate all the material insoluble at this pH. The low amount
of particles precipitated at this point was discharged. The treat-
ed bagasse (S.) was washed with 1 1 of distilled water at room
temperature. Later it was dewatered, weighed, and stored at —
15 °C. The washing liquid (L,) was preserved. The suscepti-
bility of the treated bagasse for enzymatic saccharification was
assessed after washing. A complete scheme of the process is
shown in Fig. 1.

The hydrogen peroxide consumption during the extraction
was determined by titration with sodium thiosulfate (iodine
method). Alkali consumption was determined by titration with
hydrochloric acid solution. All determinations were made in
duplicate.

2.2.1 Precipitation process

Extracted hemicelluloses were precipitated mixing a volume
of'the neutralized liquor with 95% ethanol in 1:1 v/v ratio. The
mixture was left overnight at 4 °C and precipitated hemicel-
luloses were separated by centrifugation at 1800g for 15 min.
The supernatant mixture liquor-ethanol (L) was reserved to
quantify the lignin content. The precipitate was washed with
50 ml of ethanol and centrifuged again under the same condi-
tions. Hemicelluloses were dried (S,) at low temperature
(40 °C) and reserved in plastic-sealed tubes until use.

Bagasse

h 4 02
Chemical | Washing (DTPA0.2%) |
characterization 2
Alkaline or
Alkali-peroxide Extraction
Washing - >
wWalsr Solid (S,) Liquor (L)
Washed Washing Fines
solid liquor
quor (k) Neutralization and Insoluble
l, Centrifugation material
Solid —v
Saccharification | Neutrallzedvllquor (LM

Alcohol —>| Alcoholic Precipitation |

| Solid precipitate (S,,) || Liquor (L) |
I

Precipitation yield
determination

Fig. 1 Experimental process scheme. Hemicellulose extraction and
isolation, and saccharification of treated bagasse are indicated
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2.3 Determination of hemicellulose and lignin in the
extraction liquor and in the precipitated solid

The concentrations of carbohydrate and lignin in the liquor
(L) were determined according to the technique proposed
by Sluiter et al. [23]. By duplicate, a sample of 20 ml of the
neutralized liquor, after addition of 0.7 ml of sulfuric acid
(72% w/w), was treated in an autoclave for 1 h at 121 °C.
The hydrolyzed liquor was filtered through 0.5-um glass fil-
ter. The mass retained was quantified as acid-insoluble lignin.
Acid-soluble lignin was quantified in the filtrate, by UV-
Visible spectrophotometer, determining the absorbance at
240 nm using an absorptivity of 25 1 (g cm) ™.
Carbohydrates and acetyl content were determined by the
same HPLC system with the mobile phase under the same
conditions described above.

The xylose and arabinose concentrations in the neutralized
extraction liquor (L.,) and washing liquor (L,,) were evaluat-
ed by the phenol/sulfuric acid method proposed by Hodge and
Hofteiter [24]. This is a fast method that mainly allows deter-
mining the 5-carbon sugar concentration in a solution by a
spectrophotometric measurement when a 480-nm wavelength
is considered. In this case, xylose was used as standard.
Supernatant solution (1 ml) was shaken in a glass tube with
1 ml of phenol at 5% (m/v) and 5 ml of concentrated sulfuric
acid (95.5-96.5%). After 10 min, the tube was shaken again
and placed in a water bath at 25-30 °C for 20 min.
Absorbance was spectrophotometrically measured at
480 nm. Determinations were made in triplicate.

A quantified mass of the precipitate (S,) was dissolved in
10~* M sodium hydroxide solution in order to obtain a xylan
concentration of 2 g xylose !, approximately. The carbohy-
drates and lignin contents were determined, using the tech-
nique proposed by Sluiter et al. [23] explained above.

2.4 Enzymatic saccharification of bagasse after
extraction

Bagasse treated under different extraction conditions and un-
treated bagasse as control, were submitted to saccharification
with a cellulase from Trichoderma longibrachiatum (C9748
Sigma-Aldrich) according to NRELLAP standards [25], with
a few modifications. Hydrolysis was carried out in triplicate in
50-ml tubes using acetate buffer (0.05 M, pH 5.0) with a solid
loading of 2% (on dry basis) at 150 rpm and 50 °C for 96 h.
The enzyme dosage used was 0.3% w/w (g enzyme/g ba-
gasse). Azide (0.02%) was also added to avoid microbial
growth during enzymatic treatment. Control enzymatic treat-
ment (without cellulase) for each pretreated material as well as
for untreated bagasse was done in parallel. After incubation,
tubes were immersed in a boiling water bath for 10 min to
inactivate the enzymes and conclude the reaction. Glucose
quantification was done, immediately after saccharification,
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using a glucose oxidase kit (Wiener Laboratorios SA,
Rosario, Argentina). Later, samples were filtered through
0.22-um filter and glucose, xylose, and arabinose were quan-
tified by HPLC, as explained above.

3 Results and discussion
3.1 Bagasse chemical composition

The chemical composition of the extractive-free sugar cane
bagasse (in % w/w) was as follows: cellulose 42.2+0.02,
hemicellulose 33.1+ 1.5 (xylose and arabinose in anhydrous
form; 25.3 and 4.1, respectively; acetyl groups; 3.7), lignin
24.2+0.8 (acid soluble lignin; 3.3, acid insoluble lignin;
20.9), and ash 1.2 +0.02. Results are in agreement with those
reported by others [9, 10, 26, 27].

3.2 Chemical consumption during alkali treatment

Hydrogen peroxide was totally consumed according to
iodometric titration for all the extraction conditions.

Alkali consumption is shown in Fig. 2, expressed as sodi-
um hydroxide per 100 g of bagasse. The percentage of sodium
hydroxide consumed referred to the alkali charge is shown in
brackets.

Figure 2 shows that the specific alkali consumption in-
creased when alkali and peroxide charges were raised.
Nevertheless, when the alkali charge was increased from 20
to 40% w/w, a reduction in the slope is observed, and partic-
ularly, without peroxide, the specific alkali consumption

20
¢ 0% H,0,
B 10% H,0,
A 20%H,0,
16 -

(38.8%)
(67.4%)

(32.6%)

(57.4%)

NaOH consumption
(g NaOH/ 100 g bagasse)

(87.9%)
8 1 (83.2%) /—/” (19.9%)
(37.5%)
(63.9%)
4 -
0 T T T )
0 10 20 30 40 50

NaOH charge (%w/w)

Fig.2 Specific NaOH consumption of the different extractions expressed
as sodium hydroxide per 100 g of bagasse. The percentage of NaOH
consumed relative to the initial alkali charge is shown in brackets
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remained almost constant. The highest specific alkali con-
sumption, 15.5 g NaOH/100 g of bagasse, is observed for
the A4oP, condition (the highest alkali and peroxide charges).

The higher alkali consumption brought about by peroxide
addition can be better seen considering the relative consump-
tion. It was 63, 37 and 19% of alkali charge for 10,20 and 40 g
NaOH/100-g bagasse, respectively. These values were in-
creased to 88, 67, and 37%, respectively, when 20% of per-
oxide was added.

Considering the consumption of the reagents, at this point,
it is clear that only a higher isolation yield or a better quality of
xylans can justify the hydrogen peroxide addition in the alka-
line extraction.

3.3 Hemicellulose and lignin extraction and
precipitation yields

3.3.1 Hemicellulose extraction and precipitation yields

Figure 3 shows the yields of hemicellulose (xylose and arab-
inose) determined by HPLC in the liquor collected (L.,) and
in the precipitated (S,). They are expressed as a percentage on
original dry bagasse (% w/w). The hemicellulose extraction
yield was increased with the alkali charge. Regardless of the
alkali charge, the extraction yield was doubled when hydro-
gen peroxide was added, but there was no difference between
the use of 10 or 20% of peroxide charge.

For the maximum alkali charge (40%), the improve-
ment in the hemicellulose extraction was increased only
6% when the peroxide charge was increased from 10 to
20%, even though the NaOH consumption was increased
19% (as was shown in Fig. 2). This result indicates that a
20% peroxide charge involves an important consumption
of alkali that does not entail hemicellulose extraction
yield improvement. Misailidis et al. [28] studied the fea-
sibility of commercial arabinoxylan production in the con-
text of a wheat biorefinery. They concluded that the cost

20
18 A

B Extracted X+A (Ln)

O Precipitated X+A (Sp)

[ = S Y
o N b O
1 L 1 1

Xylose + Arabinose extracted and precipitated
(g / 100 g bagasse)

o N b O
L

AIOPO A10P10 A10P20 AZOPO AZOPIO AZOPZO A40P0 A40P10 A40P20

Fig. 3 Extraction and precipitation yield (xylose + arabinose) determined
by HPLC

of hydrogen peroxide is more significant than the cost of
raw material for arabinoxylan production. In the present
work it is shown that it is worthless to increase the
amount of peroxide charge.

Peng et al. [27] reported yield values of 10.9% and
9.4% of hemicellulose (% on dry matter) applying succes-
sive NaOH treatments of 25 and 75 g NaOH/100 g of
bagasse, respectively, at 50 °C and 180 min after a water
treatment. The conditions of the first alkaline treatment
applied in that work were similar to the A,oPq condition
in the present work, but the water pretreatment and the
lower size of raw material used (0.8-mm size screened)
might have allowed them to obtain a double amount of
hemicelluloses. On the other hand, in the present work,
the addition of peroxide (A,oP;o and A,yP,¢ conditions)
produces a greater yield than that reported by Peng et al.
[27]. Campbell et al. [29] reported an arabinoxylan ex-
traction yield of 66% from sugarcane bagasse (which cor-
responds to 12.9% w/w of the initial arabinoxylan in ba-
gasse). The extraction was made using 2% H,O, solution
at pH of 11.5, and 1:45 bagasse:liquor ratio (which cor-
responds to 90% w/w H,O, on bagasse). They concluded
that the sugarcane is more amenable to arabinoxylan ex-
traction compared with wheat bran.

The maximum amount of xylose plus arabinose was ex-
tracted using the highest charge of both reactants (A4oP»o),
reaching 57% of these sugars existing in the original sugar
cane bagasse. A similar amount of hemicelluloses was obtain-
ed by Carvalho et al. [20], who extracted 52.5% of the hemi-
celluloses under the optimal condition of their work (33 °C,
60 min, and a charge of 110 g of NaOH/100 g of bagasse).

Figure 3 also shows that for the lowest alkali charge, the
amount of hemicelluloses extracted in treatments that included
peroxide was twice the amount extracted without peroxide.
Nevertheless, precipitated quantities were similar.

If we consider the amount of xylose and arabinose extract-
ed, it can be noticed that the precipitation yield was decreased
when the peroxide charge was increased (for all alkali
charges).

It was previously found that hemicelluloses extracted and
precipitated under these conditions show a narrow range of
molecular weight (polydispersity ranged from 1.03 to 1.30)
[11] which was ascribed to the relatively low ratio of
liquor:ethanol used (lower than the 1:4 v/v ratio adopted by
other authors [10, 30]).

This indicates that the peroxide addition not only re-
duces the alkalinity of the medium but can also cause
depolymerization of the hemicellulose, hindering its pre-
cipitation. The metal-catalyzed decomposition of hydro-
gen peroxide is undesirable since it generates more active
radicals, such as hydroxyl radicals, participating in degra-
dation reactions of lignin and carbohydrates [31].
Although a washing step of the raw bagasse and DTPA
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was applied in the present work to remove metal ions,
probably they were not completely eliminated.

The highest percentage of xylose plus arabinose precipitat-
ed relative to the extracted quantity was 85%, using A4Pg
condition.

An interesting alternative is a charge of 40% w/w,
without peroxide, since the excess of alkali can be recov-
ered. One option is the ultra-filtration of the extraction
liquor before neutralization to obtain two fractions, one
of them mostly composed of high molecular weight hemi-
celluloses, and the other, of low molecular weight com-
pounds and a high proportion of the sodium hydroxide.
For alkali hemicellulose extraction from birch wood,
Testova et al. [32] reported that a high level of recovering
can be obtained since only 2% of the residual sodium
hydroxide remained in the concentrated fraction after se-
quential nano-and diafiltration. Schild et al. [33] also re-
ported an efficient separation of xylan from strong alka-
line solutions through ultrafiltration in bench-scale exper-
iments. Campbell et al. [29] successfully used polyether-
sulfone membranes with a molecular weight cut-off of
10 kDa, to reduce the initial extraction volume to one-
fifth. They suggested that ultrafiltration would be useful
in a commercial process to reduce the cost of the ethanol
needed for the subsequent precipitation.

Sugar concentration that was determined by the phenol/
sulfuric (PS) acid method resulted in acceptable agreement
with those obtained by HPLC. If concentration is expressed
in g 1", the correlation found was as follows:

(xylose + arabinose)p; - = 1.0858 (xylose + arabinose)pg
+0.0407; R?
=0.977

In a previous work [1] for liquor of hydrothermal treatment
of eucalyptus wood, it was shown that the phenol/sulfuric acid
method was also acceptable to estimate the 5-carbon sugars.
This method presents the great advantage of being a rapid and
trustworthy technique.

3.3.2 Acetyl content

The acetic acid content in the extraction liquors ranged from
3.05 to 3.41 g of acetyl/100 g of bagasse. These values corre-
spond to 82 and 92% of the original acetyl present in the
original bagasse. Deacetylation is the main reaction that takes
place, at low temperature, during the first stage of any alkaline
pulping process [34, 35]. The specific amount of acetic acid
quantified in the extraction liquor indicates, as expected, that
hemicelluloses were almost deacetylated before being extract-
ed or later.
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3.3.3 Lignin content

Figure 4 shows soluble, insoluble, and total lignin content in
the neutralized extraction liquor (L.,) and total lignin precip-
itated (Sp), relative to the original dry bagasse (% w/w). For
the lowest alkali charge, the total lignin extracted decreases
when the peroxide charge is increased. This result suggests
that for the delignification process, some alkalinity is needed
in the medium, and the peroxide presence slightly decreases it
(as shown in Fig. 2). When 20 and 40% of alkali were used,
the alkalinity reached was high enough, so the peroxide
helped for delignification, and the total lignin extracted did
not show the effect of peroxide increment. The highest value
for total lignin extracted, obtained by A4oP1o and A4oP» con-
ditions, corresponds to 48.3% of the total lignin in the original
bagasse. In the optimal conditions found by Carvalho et al.
[20] the total lignin extracted was 37%. As these authors sug-
gested, higher lignin solubility in alkaline solutions compared
with other lignocellulosic raw materials (such as eucalyptus
wood) can be explained by the amount of free phenolic groups
and ester bonds, which are usually higher in grass lignins. It is
remarkable how even though working with less than half the
NaOH charge used by Carvalho et al. [20] (110%), but adding
peroxide, a greater amount of lignin could be extracted in the
present work.

The amount of acid-insoluble lignin extracted was notably
higher than the amount of acid-soluble lignin in all cases and
had the same tendency as the total lignin. The high amount of
acid-soluble lignin obtained by A,oP,¢ and A4oP, was
66.6% of the acid-soluble lignin reported for the original
bagasse.

The percentage of lignin precipitated relative to the extract-
ed was increased as both chemicals were raised. The peroxide
charge had an unfavorable effect in the content of lignin in the
precipitate, because the percentage of hemicelluloses was de-
creased and the percentage of lignin was increased.

14

M Total lignin extracted
M Soluble lignin extracted

Insoluble lignin extrated

1 O Total lignin precipitated

Lignin extracted and precipitated
(g / 100 g bagasse)

AIOPO AZOPO A40P0 A10P10 A20P10 A40P10 AIOPZO A20P20A40P20

Fig. 4 Soluble, insoluble, and total lignin determined in the neutralized
extraction liquor (L.,) and total lignin in the precipitated (S,)
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3.4 Hemicellulose recovery by washing

Table 2 shows the content of xylose plus arabinose in the
washing liquor (L,). It was quantified by the phenol/sulfuric
acid method and is expressed in relation to the original mass of
bagasse. This fraction of xylose plus arabinose that was not
possible to collect in the liquor by the squeezing stage is also
reported a proportion of the total extracted mass.

It was found that the washing step was able to recover most
of the hemicelluloses remaining in bagasse at the end of the
extraction. As alkali and peroxide charges were increased, the
liquor not collected was lower and this is the main reason why
the amount of hemicelluloses in washing water was decreased
(from 16 to 5.7%).

In an industrial process, this washing streaming could be
added to the main one, in case of being economically
convenient.

3.5 Alkali consumption and alcohol demand related
to xylose and arabinose content in the precipitate

For an economic analysis of the process, it is necessary to
know the specific alkali consumption and the specific alcohol
demand, i.e., values related to the obtained quantity of xylose
plus arabinose.

Figure 5 shows that the specific NaOH consumption and
ethanol demand are both clearly beneficed by a high alkali
charge. For 40% of NaOH, the alcohol demand was reduced
by the addition of 10% of hydrogen peroxide, but the alkali
consumption was not changed.

Nevertheless, to find the most favorable conditions, an
economic analysis is necessary taking into account the
quality of the hemicelluloses (according to their use), hy-
droxide, and peroxide cost, as well as the energy to re-
cover the ethanol involved in the precipitation step and
the requirement of special reactor material resulting from

Table 2  Xylose + arabinose (X + A) content in washing liquor

Extraction condition (X + A) in washing liquor

2/100-g bagasse Total mass extracted (%)

AioPg 0.32 16
AsoPg 0.69 12
A4oPg 0.89 8.3
AioPo 0.46 13
AzoPio 0.67 6.8
A4oP1o 1.00 6.2
AioPao 0.43 13
AP0 0.93 9.3
A4oPao 0.91 5.7
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Fig. 5 NaOH consumption and ethanol demand considering the quantity
of xylose plus arabinose in the precipitate

peroxide addition. As was shown before, when peroxide
is used in the extraction, it was completely consumed.
Misailidis et al. [28] concluded that ethanol and H,O,
requirements represent the main portion of arabinoxylan
production costs. They also affirm that maximizing yield
is the most effective approach for reducing production
costs of arabinoxylan. A priori, conditions of highest al-
kali charge seem to be the best, considering the possibility
of recycling the excess of alkali. In the case of bioethanol
production, arabinoxylans appear as a potential co-
product that would give process integration opportunities
[28].

3.6 Bagasse enzymatic digestibility

Following the biorefinery concept, it is worth studying
alternatives for the integration of process. The susceptibil-
ity of treated bagasse to saccharification as a potential
previous step for ethanol production was investigated.
Figure 6a shows the amount of glucose, xylose, and arab-
inose generated during saccharification of untreated ba-
gasse (Ref) and alkali or alkali-peroxide-treated bagasse.
The glucose quantity determined using the enzymatic kit
(data not shown here) was similar to those obtained by
HPLC.

It is observed that the released glucose is raised as the alkali
charge and also as the peroxide is increased. There is no dif-
ference between the mass of the glucose generated from A (Py
(lowest alkali charge and no peroxide addition) and the refer-
ence. The mass of released xylose was increased when alkali
was raised from 10 to 20%, but remained constant when alkali
was increased to 40%. On the other hand, in all cases, there
was no difference with the reference in the quantity of arabi-
nose released.

Figure 6b shows that the total of sugars generated
during saccharification is clearly related to the total lig-
nin removed during hemicellulose extraction stage. It can
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be observed that the alkali had a favorable effect in the
enzymatic hydrolysis. Besides that, the peroxide im-
proved the enzymatic accessibility during saccharifica-
tion beyond the favorable effect of this reactant on the
delignification of bagasse.

The effect of lignin as an inhibitory biopolymer for the
enzymatic hydrolysis of lignocellulosic biomass can be par-
tially ascribed to differences in lignin structure. For instance,
Rahikainen et al. [36], by quantifying the enzyme adsorption
onto lignin and the inhibition that lignin layer produces,
showed that difference in lignin chemistry can change its role
in the non-productive adsorption of enzyme.

The highest yields of glucose (44.45 mg/g bagasse) and
xylose (33.30 mg/g bagasse) were obtained for the highest
alkali and peroxide charges (A4oP5¢), which increased 170%
and 800% the yield of the reference in glucose and xylose,
respectively.

@ Springer

4 Conclusions

Under metal ion control and inert atmosphere, in an alkaline-
peroxide treatment of bagasse, alkali charge showed a strong
beneficial effect on hemicellulose extraction yield. The incre-
ment in the NaOH charge from 20 to 40% on bagasse led to a
moderate increase in alkali consumption but the hemicellulose
extraction yield was clearly raised. The maximum amount of
hemicellulose extracted corresponded to 56% of the original
content in bagasse. The specific consumption of alkali and the
specific alcohol demand were favorably reduced with the in-
crement of the alkali charge. The enzymatic digestibility of the
treated bagasse was improved by the increase in extraction
chemical charges. For each level of hydrogen peroxide
charge, total sugar generated during saccharification was
clearly related to the total lignin removed during hemicellu-
lose extraction stage.

The hydrogen peroxide addition showed advantages and
disadvantages. The hemicellulose extraction yield was nota-
bly increased and, on the other hand, the sugar release during
saccharification of the treated bagasse was increased.
Nevertheless, there was a reduction in the precipitation yield
of the hemicellulose in the alcoholic medium and there was an
increment in the susceptibility of lignin to precipitate together
with hemicellulose.

Considering that cost is increased when hydrogen peroxide
is used in the hemicellulose extraction, it would not be conve-
nient to raise this charge from 10 to 20% on bagasse. On the
other hand, since alkali maximizes the xylan extraction yield,
40% NaOH charge could be the most convenient, particularly
if alkali can be recovered.
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