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Abstract
Banana production in tropical countries generates significant quantity of waste. Biorefinery of food waste biomass into 
cellulose, hemicellulose, lignin or pectin macromolecules have grown interest in recent scientific literature. In this paper, 
hemicellulose from banana rachis (Musa cavendish) was extracted by steam explosion at three severity levels (2.97, 3.57 and 
3.78) and was further fractionated by graded ethanol precipitation method (15%, 60% and 80%). The recovered hemicelluloses 
sub-fractions (H1, H2 and H3) were characterized for their chemical composition and structural features by HPSEC, TGA/
DTG, FTIR, 1H and 2D NMR techniques. The hemicellulose extraction yield increased with the severity level and treatment 
duration. The average molecular weight of the extracted hemicellulose macromolecules decreased from H1-60% ethanol 
hemicellulose sub-fraction with 143 790 g/mol, followed by H3-60% ethanol hemicellulose sub-fraction with 110 841 g/mol 
and finally H2-60% ethanol hemicellulose sub-fraction with 61 404 g/mol. The H1-60% ethanol hemicellulose sub-fraction 
extracted during the steam explosion at the lowest severity level showed the largest molecular weight and exhibited rather 
a high arabinose/xylose ratio and uronic acid content. Structural analysis revealed that hemicellulose from the 60%-ethanol 
hemicellulose sub-fractions were mainly arabino-glucuronoxylan (AGX). However, chemical analysis also revealed signifi-
cant contents of co-extracted residual lignin. Although the ethanol fractionation helped at lowering the lignin content in the 
60%-ethanol hemicellulose sub-fractions (20.1% in H2-60%, 24.0% in H1-60% and 28.0 in H3-60%) relatively to 80%-ethanol 
hemicellulose sub-fractions, additional purification step was still required to improve the quality of the extracted hemicellu-
lose sub-fractions (purity and coloration). Nevertheless these results proved that steam explosion was an effective technique 
for the extraction of high molecular mass AGX hemicellulose macromolecules from banana rachis residues.
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Statement of Novelty

The valorization of the green residues from agro-industries 
is a real opportunity for the tropical countries practicing an 
intensive agriculture of the cash crops. The extraction of 
biomolecules of interest from agro-industrial biomass could 
contribute to the local economy of the countries as well as 
the protection of the environment. In this article, the hemi-
cellulose from banana rachis was extracted for the first time 
and analyzed by several physico-chemical techniques. The 
paper also highlights the steam explosion as an chemical 
free hemicellulose extraction technique. Finally, this article 
demonstrated that the ethanol fractionation of the extracted 
hemicellulose helped at obtaining a hemicellulose sub-frac-
tion with a lower content of co-extracted lignin residues.
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Introduction

Agro-industrial wastes have gained interest worldwide as 
low cost biomass feedstock. In the banana industry, large 
quantities of green residues (leaves, hemp, corm, peels and 
rachis) are generated and represent about 80% of a banana 
tree wet mass [1]. Banana rachis represents 6% of the wet 
residues and can be easily collected after the packaging 
of banana fruit. In the literature, banana residues are val-
orized mainly as biomaterials, heating materials, organic 
fertilizer (compost) or as animal feeding [2–4]. However, 
research initiatives for valorization into higher value-
added applications are scarce. The chemical compositions 
analysis of banana residues have revealed that they contain 
significant cellulose and hemicellulose sub-fractions [2, 
5–7]. Hemicellulose are the second most abundant hetero-
polymer for vegetal bio-resources after cellulose [8] and 
represents about 20–30% of annual and perennial plants 
biomass [9]. Several hemicellulose extraction techniques 
are described in the literature. Chemical extraction meth-
ods includes alkaline extraction [8, 10–12], soluble acid 
extraction [13, 14] and ionic liquid extraction [15–17]. 
To avoid the subsequent purification steps that may be 
required after a chemical extraction, few physical extrac-
tion methods such as microwave heating [18], ultrasounds 
treatment [19, 20] and steam treatment [21–25] have been 
developed. Steam explosion is a thermo-mechanic process 
[26] generally applied as a pretreatment technique of bio-
mass. It combines a partial extraction of hemicellulose and 
lignin by an auto-hydrolysis reaction initiated during the 
treatment, along with a physical destruction of the biomass 
cell wall induced by the explosive decompression [27]. 
Moreover, the severity factor of a steam explosion treat-
ment could be defined by adjusting the treatment duration 
and temperature inside the treatment reactor.

In this research, steam-explosion was assessed as an 
extraction method of hemicellulose from crude banana 
rachis (Grande naine). Three different severity levels were 
defined for the extraction treatments. The extracted hemicel-
lulose were finally fractionated with ethanol and analyzed 
for their chemical composition and structural features.

Materials and Methods

Plant Material

Banana rachis residues were collected from an industrial 
farm in Cameroon (Central Africa). Before treatment, 
fresh banana rachis were chopped, air dried until constant 
mass and coarsely grinded.

Steam Explosion Treatments

All the treatments were realized with a pilot-scale 50 L 
steam explosion reactor [26]. Each treatment was charac-
terized by a severity factor (SF) which was a combination 
between temperature of the biomass mixture inside the reac-
tor and the treatment duration after the targeted temperature 
is reached and before the explosion. The calculation formula 
of the severity factor was formerly developed by Chornet 
and Overend in 1987 [28]. That formula was improved by 
Jacquet et al. [26] by considering the duration necessary for 
the steam explosion reactor to reach the target temperature 
as this could be significant when a large vessel is used:

where tn and tn+1 are the initial times for increments n and 
n + 1 and Tn and Tn+1 are the process temperature for times 
tn and tn+1 respectively. The factor 14.75 is the activation 
energy value in the conditions where the process kinetic is 
of first order and obey to Arrhenius law and the factor 100 
is the base temperature (in °C) at which the degradation 
rate is chosen as unity. For each treatment, about 500 g of 
banana rachis sample were used and the treatment parame-
ters (maximum pressure and retention time) were adjusted to 
obtain the desired severity (Table 1). Exploded samples were 
further cooled and centrifuged to separate the liquid frac-
tion from the solid residue. The recovered steam explosion 
liquors (SL) were stored in glass bottles at 4 °C before their 
analysis and before ethanol fractionation of the extracted 
hemicellulose.

Ethanol Fractionation

The extracted hemicellulose was fractionated with a 96% 
denaturized ethanol solution (Labconsult, Brussels-Bel-
gium). Steam explosion liquors were adjusted sequentially 
to 15%, 60% and 80% ethanol content and the precipitated 
hemicellulose was recovered by centrifugation (8000 rpm, 
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Table 1   Steam explosion treatments operating conditions

Steam explosion run number 1 2 3

Max temperature (°C)/pressure 
(bars)

201/15.47 220/22.54 217/21.23

Total treatment duration (sec-
ond × s)

175 184 300

Severity factor (SF) 2.97 3.57 3.78
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5 min). The recovered hemicellulose were further rinsed 
three times with 96% ethanol and freeze-dried.

The hemicellulose extraction process including steam-
explosion treatment and ethanol fractionation is described 
in Fig. 1.

Chemical Composition Analysis

Crude banana rachis samples were analyzed for their ash 
content (TAPPI T211 om-02 method), total proteins content 
(AOAC 984.13 method) and extractives compounds (water 
and ethanol) content.

Cellulose and hemicellulose contents were analyzed by 
Van-Soest’s fiber determination technique [29].

Acid insoluble lignin also known as Klason lignin was 
determined after the two steps hydrolysis method (1 h pre-
hydrolysis with 72% sulfuric acid solution followed by a 1 h 
4% sulfuric solution treatment) as described by Sluiter et al. 
[30]. Klason lignin was then calculated as the difference 
between the dry mass of the solid residue and its ash content.

For neutral sugars quantification in crude banana rachis 
samples, a modified version of the classical Saeman’s 
hydrolysis and monosaccharides analysis procedure was 
used [31]: 300 mg of dried samples were submitted to 1 h 
pre-hydrolysis treatment at 30 °C with 72% H2SO4, followed 
by dilution to 4% H2SO4 and 1 h hydrolysis treatment at 
121 °C. For neutral sugars quantification in hemicellulose 
sub-fractions, 5 mg of each sample were hydrolyzed by 5 ml 
of 6% H2SO4 for 6 h at 105 °C.

After each of the above hydrolysis treatment, the released 
monosaccharides were further derivatized into alditol ace-
tates and quantified by gas chromatography equipped with 
a flame ionization detector (GC-FID, Hewlett–Packard 
Co./Column: HP1-methylsiloxane 30 m length/0.32 mm 

diameter/0.25 µm film thickness, Scientific Glass Engineer-
ing, S.G.E. Pty. Ltd., Melbourne, Australia). A mixture of 
six monosaccharides (glucose, xylose, arabinose, rhamnose, 
mannose, galactose) of known concentration was treated in 
the same conditions as described above and used as calibra-
tion solution.

Concentration in 5-hydroxymethyl furfural (5-HMF) in 
steam explosion liquor was determined by liquid chroma-
tography as described by Jacquet et al. [26]. A HPLC-DAD 
was used (Waters 2690 Separation Module, column Agilent 
Zorbax 300SB-C18, 4.6 × 150, equipped with a Waters 996 
Photodiode Array Detector) and a 5-HMF standard solu-
tion (Acros organic, ref. 121460010) was used as calibration 
solution.

Uronic acid content in hemicellulose sub-fractions was 
determined by high performance anion-exchange chroma-
tography with a pulsed amperometric detector (HPAEC-
PAD, Dionex, Sunnyvale, USA) equipped with a Carbopac 
PA100 column (4 × 250 mm) in combination with a Car-
bopac PA100 guard column (4 × 50 mm). Hemicellulose 
samples were submitted to a two-step sulfuric acid hydroly-
sis (1 h pre-hydrolysis with 72% H2SO4 solution at ambient 
temperature followed by a 6 h hydrolysis with 1 M H2SO4 
at 105 °C). A standard glucuronic solution was used as cali-
bration solution.

Thermogravimetry Analysis

Thermogravimetric (TGA) analyses were performed with a 
TGA/DSC1 instrument (Mettler-Toledo, Greifensee, Swit-
zerland). The pyrolysis was conducted under a nitrogen flow 
of 50 ml/min. The experiments were conducted in triplicate 
using 70 µl alumina pans. For each assay, 10 mg of each 
sample was used. Thermo-degradations were performed over 
a temperature range from 30 to 600 °C at a heating rate of 
20 °C/min.

Molecular Mass Distribution Analysis

Molecular mass distribution of the extracted hemicellulose 
sub-fractions was determined by Gel Permeation Chroma-
tography [GPC, Agilent Technologies, 1200 series, equipped 
with Multi-Angles Light Scattering (MALS) and Refraction 
Index detectors (RI)]. Calibration was realized with Dex-
tran standards with molecular weights varying from 80 to 
1300 kDa.

FTIR, Proton and 2D‑HSQC NMR Structural Analysis

About 5 mg of the extracted hemicellulose samples (lyo-
philized) were mixed with potassium bromide in a ratio 
of 1/100 and then mechanically pressed in order to form a 

Crude Banana rachis 

Solid residues

H1 – 15%
H1 – 60%
H1 – 80%

Steam-explosion treatments at three severity levels
(2.97; 3.57 and 3.78)

Ethanol fractionation (15%; 60% and 80%)

H2 – 15%
H2 – 60%
H2 – 80%

H3 – 15%
H3 – 60%
H3 – 80%

Steam liquors (SL1; SL2 and SL3)

Fig. 1   Extraction and fractionation process of hemicelluloses from 
banana rachis by steam explosion



2186	 Waste and Biomass Valorization (2020) 11:2183–2192

1 3

pellet. The pellets were then subjected to infrared spectros-
copy analysis and the FTIR spectra were recorded in the 
2000–400/cm range with 16 scans at a resolution of 4/cm 
on a Bruker IFS 48 spectrometer.

NMR analyses were performed using a Varian Unity 
600 MHz instrument at 298 K. For the 1H NMR analy-
sis (45° pulse angle/3.98 s acquisition time/1 s relaxation 
delay/128 repetitions) about 20 mg of each hemicellulose 
samples was dissolved in 1 ml of D2O. For the 1H-13C 
2D-Heteronuclear Single Quantum Coherence NMR analy-
sis (0.213 s acquisition time/5 s relaxation delay/32 repeti-
tions/2 × 256 increments), around 80 mg were dissolved in 
1 ml of D2O and mixed during 24 h at ambient tempera-
ture and analysis were performed in 5 mm Shigemi NMR 
micro-tubes.

Results and Discussion

Banana Rachis Chemical Composition

The chemical composition of banana rachis from Grande 
naine variety (Musa cavendish) is given in Table 2. The 
major components were cellulose, hemicellulose and ash.

The ash content (28.5%) was slightly higher than observa-
tions made by Oliveira et al. [6] in banana rachis from Dwarf 
Cavendish variety (26.8%). The inorganic compounds such 
as potassium (K) which is the main compound in banana 
rachis ash [5] could have an important influence during 
the steam pretreatment process as they can buffer the auto-
hydrolysis processes [32, 33].

The relative content in hemicellulose (17.9%) was found 
to be lower than the average contents in other herbaceous 
biomass feedstock: 20–39% are found in wheat straw [34, 
35] or 24–36% in miscanthus [36–38]. However the banana 
rachis hemicellulose content was still significant and can 
therefore be valorized.

The relative content in neutral monosaccharides (glucose 
78.3%; xylose 13.4%; arabinose 4.1%; mannose 2.1%; galac-
tose 1.6%; rhamnose 0.3%) were similar to observations 
made for banana rachis from Dwarf Cavendish by Oliveira 
et al. [6].

Chemical Composition of Liquors 
from Steam‑Explosion

Chemical composition of steam explosion liquor is reported 
in Table 3. For each treatment, concentrations in 5-HMF 
increased with severity level. However, concentrations were 
still minor even at maximal severity treatment (< 10 ppm). 
In fact, Jacquet et al. [26] reported for microcrystalline cel-
lulose that sugar degradation products (5-HMF and 2F) dur-
ing steam explosion treatments occurred only with severity 
factors above 4.0, after which an exponential increase of 
5-HMF was observed.

Regarding the relative composition in neutral monosac-
charides, the major components were xylose (28.5–37.4%), 
arabinose (34.6–35.9%) and glucose (11.4–17.2%) and they 
were suggested to be released by solubilization of hemicel-
lulose and amorphous cellulose fraction from banana rachis.

Fractionation of Extracted Hemicellulose

An accurate calculation of hemicellulose extraction yields 
from initial crude banana rachis samples was impossi-
ble because of the significant material losses inside the 
explosion vessel. Total precipitation yields were therefore 
expressed relatively to the steam explosion liquors dry 
weight (Table 4).

Table 2   Chemical composition of crude dried rachis from Grande 
naine (Musa spp.) banana variety

a Value corrected from extracted ash and proteins

Chemical component % (w/w) in 
crude mate-
rial

Total ash 28.5
Total proteins 4.3
Extractivesa (water and ethanol) 9.7
Cellulose (Van Soest) 35.3
Hemicelluloses (Van Soest) 17.9
Acid insoluble lignin (Klason) 6.0
Monosaccharides relative composition (% total sugars)
 Glucose 78.3
 Xylose 13.4
 Arabinose 4.1
 Mannose 2.1
 Galactose 1.6
 Rhamnose 0.3

Table 3   Chemical composition of steam explosion liquors (SL) from 
banana rachis steam explosion treatment

SL1 SL2 SL3

Severity factor (SF) 2.97 3.57 3.78
5-HMF (ppm) 7.1 8.7 9.3
Relative composition in neutral monosaccharides (%)
 Arabinose 34.8 34.6 35.9
 Xylose 28.5 35.9 37.4
 Glucose 17.2 11.4 12.5
 Galactose 14.9 10.6 11.5
 Rhamnose 4.4 4.6 1.7
 Mannose 0.2 2.9 1.0
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An increase in the total extraction yields was observed in 
relation with the increasing severity factor, with a particu-
larly high value found in SL3 fraction. The same observa-
tion was made by García-Aparicio et al. [33] who noticed a 
decrease of insoluble solids recovered from steam-exploded 
Giant Bamboo with an increasing severity factor.

The relative precipitation yields from ethanol fractiona-
tion of steam liquors (SL) are also reported in Table 4. 
The 15% ethanol hemicellulose precipitation yields [SL1 
(10.3%), SL2 (5.3%) and SL3 (3.4%)] were relatively low 
in comparison to 60% and 80% ethanol precipitation yields, 
and were not considered for further analyses. From a global 
point of view, maximum precipitation yields were observed 
for 60% ethanol sub-fractions in SL1 and SL3 (69.0% and 
81.4% respectively) while for SL2, the precipitation yield at 
80% ethanol concentration (55.3%) was the highest.

Molecular Mass Distribution and Chemical 
Composition of Hemicellulose Sub‑fractions

Higher molecular mass were globally observed in 60% etha-
nol hemicellulose sub-fractions (Table 5): 143 790 g/mol 
in H1 followed by H3 (110 841 g/mol) and H2 (61 404 g/
mol). The high molecular mass observed was assimilated to 
highly substituted xylopyranosyl backbones based on their 
arabinose/xylose ratio and uronic acid contents (Table 6). 
The high arabinose/xylose ratios above 0.5 suggested high 
hydro-solubility properties [9] of the extracted hemicellu-
loses. The most substituted macromolecules with greater 
arabinose/xylose ratio and greater contents in uronic acids 
were found in H1 sub-fractions obtained by steam explosion 
treatment with the lowest severity factor (lowest maximum 
temperature and shorter treatment duration). Water-soluble 
hemicellulose are interesting for some rheological applica-
tions as they show a shear-thinning behavior (decrease of 

Table 4   Yields of ethanol 
fractionation (15%, 60% and 
80% ethanol) of extracted 
hemicellulose from steam 
explosion liquors (SL)

SL1 SL2 SL3

Severity factor (SF) 2.97 3.57 3.78
Ethanol percentage 15% 60% 80% 15% 60% 80% 15% 60% 80%
Total yield (% dry weight) 41.7 42.3 70.4
Relative yield (%) 10.3 69.0 20.7 5.3 39.4 55.3 3.4 81.4 15.2

Table 5   Weight-average 
(Mw) and number-average 
(Mn) molecular weights and 
polydispersity (Mw/Mn) of 
the 60% and 80% ethanol 
hemicellulose sub-fractions

H1 H2 H3

Severity factor (SF) 2.97 3.57 3.78
Ethanol percentage 60% 80% 60% 80% 60% 80%
Mw (g/mol) 143 790 35 156 61 404 14 405 110 841 20 569
Mn (g/mol) 22 021 14 542 13 488 8 007 18 747 9 182
Mw/Mn 6.5 2.4 4.5 1.8 5.9 2.2

Table 6   Total neutral sugars, 
neutral monosaccharides (rel. 
%), uronic acids (% DM) and 
Klason lignin (% DM) contents 
in 60% and 80% ethanol 
hemicellulose sub-fractions

a Not detected (below detection limit)

H1 H2 H3

Severity factor (SF) 2.97 3.57 3.78
Ethanol percentage 60% 80% 60% 80% 60% 80%
Uronic acid (% DW) 3.5 1.2 0.9 1.0 0.7 0.8
Klason lignin (% DW) 24.0 74.1 20.1 63.2 28.0 68.5
Total neutral sugars (% DW) 40.1 15.0 57.2 18.9 47.9 17.5
Relative composition in neutral sugars (% DW)
 Xylose 39.0 22.7 45.1 36.1 40.8 40.6
 Arabinose 39.6 27.0 32.7 30 36.1 33.7
 Glucose 4.2 7.2 7.3 5.9 5.5 6.4
 Galactose 14.0 22.4 13.2 22.0 17.6 19.3
 Rhamnose 3.1 14.5 nda 3.8 nda nda

 Mannose nda 6.2 1.7 2.1 nda nda

 Ara/Xyl 1.0 1.2 0.5 0.8 0.9 0.8
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solution viscosity with increasing shear stress during agita-
tion) without thixotropy (no return to initial viscosity) in 
solution [39].

According the results described above, it seems that two 
phenomena occurred during the steam explosion treatment: 
At first, an extraction of polysaccharide macromolecules 
took place, and was then followed by a de-polymerization 
process of extracted macromolecules into lower molecular 
mass molecules. The decrease in molecular weight observed 
for the 60% ethanol hemicellulose between H1 and H2 sub-
fractions can be attributed to the predominance of de-polym-
erization reactions over extraction of hemicellulose mac-
romolecules. This hypothesis is confirmed by the decrease 
in the arabinose/xylose ratio from 1.0 to 0.5 observed for 
the same hemicellulose sub-fractions (see Table 6) and also 
by the decrease of the polydispersity index (Mw/Mn) from 
6.5 to 4.5 (Table 5). This phenomenon also resulted in a 
decrease of the relative yield for the 60% ethanol H2 sub-
fraction from 69.0 to 39.4% (Table 4). Similar observation 
was made by Bian et al. [40] who noticed a decrease in Mw 
and polydispersity index for alkali extraction of hemicel-
lulose from sugarcane bagasse for treatment temperature 
above 40 °C.

Furthermore, the increase of the molecular weight oh 
H3-60% ethanol hemicellulose sub-fraction relatively to 
H2-60% can be attributed to the increase of treatment sever-
ity which allowed a reverse behavior with a predominance of 
extraction of hemicellulose macromolecules over de-polym-
erization reactions. This resulted in an increase of both poly-
dispersity index (5.9) and arabinose/xylose ratio (0.9).

The molecular mass of the 60% ethanol hemicellulose 
sub-fractions were globally higher than alkali-extracted 

hemicellulose in the literature (16,000–93,000 g/mol) [8, 
10–12, 40, 41].

The total neutral sugar contents and the relative mono-
saccharides distribution of the different hemicellulose sub-
fractions are also given in Table 6. The recovered hemi-
cellulose at 60% ethanol fractionation showed the highest 
yield in neutral sugars. H2-60% hemicellulose sub-fraction 
was the highest (57.2%) in neutral sugars content, followed 
by H3-60% (47.9%) and H1-60% (40.1%) sub-fractions. In 
all hemicellulose sub-fractions, the main monosaccharides 
were found to be xylose, arabinose, galactose and glucose 
respectively.

Regarding the 80% ethanol hemicellulose sub-fractions, it 
was noticed that lignin was the main component with 74.1% 
Klason lignin in H1-80%, 63.2% in H2-80% and 68.5% in 
H3-80%. Klason lignin contents in 60% ethanol hemicellu-
lose sub-fractions were also significant (20–28%). The high 
lignin content was assimilated to condensed or re-polymer-
ized lignin residues co-extracted with hemicellulose during 
steam explosion treatment. Several techniques are reported 
to reduce lignin content such as alkaline peroxide treatment 
in order to improve hemicellulose quality and coloration [23, 
41, 42].

Thermogravimetric Analysis

Thermogravimetric analysis curves are provided in Fig. 2. 
Three main pyrolysis phases were identified: the first one 
started from about 40–170 °C and was assimilated to the 
dehydration of the hemicellulose sub-fractions. The second 
stage ranged from 170 to 370 °C and was assimilated to 
hemicellulose polymers fragmentation and decomposition 

Fig. 2   TGA and DTG curves 
of 60%-ethanol hemicelluloses 
sub-fractions H1, H2 and H3
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into smaller molecules like CO, CO2, CH4, CH3COOH and 
HCOOH as suggested by Bian et al. [40]. The final stage 
from 370 to 520 °C was suggested to be the terminal deg-
radation of residual lignin and char formation (27–30%). 
The slight shift between the TGA/DTG curves could be due 
to lignin contribution during the early degradation stages. 
Curves shifts were aligned with decreasing content in Kla-
son lignin from H3 hemicellulose sub-fractions (28.0%), fol-
lowed by H1 (24.0%) and H2 (20.1%).

FT‑IR Spectroscopy Analysis

The FT-IR spectra of the 60% ethanol hemicellulose sub-
fractions are shown in Fig. 3. The hemicellulose fingerprint 
region were found between 1800 and 800/cm [40]. The 
intensive band found at 1047/cm was assigned to C–O and 
C–C links stretching and to C–O–C glycosidic links con-
tribution of xylan backbone. Sun et al. [43] also reported 
that bands between 1152 and 995/cm were typical of ara-
binoxylan. The small peak at 906/cm was indicative of 
the β-configuration of the 1 → 4 xylopyranosyl linkages 
[40]. The signal at 1081/cm was related to the C–OH links 
bending which is strongly influenced by the derivatiza-
tion degree of the hemicellulose macromolecule [11]. The 
signal at 1155/cm was characteristic of arabinofuranosyl 
(Araf) linkages. Signals at 1320 and 1247/cm were assigned 
to –CH stretching, –OH or C–O bending in hemicellulose 
[40] like in carboxylic acid vibration due to 4-O-Methyl-α-
d-glucuronic acids groups [8]. Signal at 1508/cm found by 
Xue et al. [8] is characteristic of residual bounded lignin 
and seemed to be overlapped with adsorbed water signal 
and some other signals in our experiments. From a global 
consideration, the FT-IR spectrum profiles of the analyzed 

hemicellulose sub-fractions were similar and confirmed their 
arabino-glucuronoxylan (AGX) structure.

NMR Analysis

1H NMR spectra of the hemicellulose sub-fractions iso-
lated at 60% ethanol are shown in Fig. 4. Relevant sig-
nals from hemicellulose generally occurred in two main 
regions, namely the anomeric region at δ 4.90–4.30 ppm 
and the ring protons region at δ 4.50–3.00 ppm [8]. The 
strongest signal at 4.70 ppm was assigned to solvent (D2O). 
In the anomeric region, signals at 5.33 and 5.27 ppm were 
assimilated to terminal α-arabinose residues linked to O-3 
and O-2 respectively. This was confirmed by the signal at 
4.57 ppm corresponding to β-d-xylose substituted at C-3 
position [10]. For the H1 hemicellulose sub-fraction, signal 
in the anomeric region were broader and more intense, and 
overlapping with the D2O peak. This could be explained by 
the highest arabinose/xylose ratio found for this fraction 
(Table 6). In the ring protons region, characteristic signals 
of H-3, H-4 and H-5eq/ax protons were found at 3.51, 3.69, 
and 4.08–3.31 ppm respectively and the methyl proton of 
4-O-Methyl-d-glucuronic acid was found at 3.43 ppm [44]. 
The sharp signal at 2.21 ppm was assigned to acetyl group 
of the different acetylated polysaccharides [8]. Apart some 
slight differences, spectra were very similar and in accord-
ance with an AGX structure. This similarity was also con-
firmed by the 1H/13C HSQC NMR spectra (Fig. 5). Only 
signals between 3.1 and 4.5 ppm in the proton dimension 
were represented as they are characteristic of arabinose 
and xylose residues [44]. Chemical shift of H-3/C-3, H-4/
C-4 and H-5/C-5 from the (1 → 4)-β-d-Xylp backbone (A) 
were found respectively at δH/δC 3.62/75.9, 3.54/75.0 and 
3.34/63.2 [8]. The presence of the α-l-Araf residues (D) 

Fig. 3   FTIR spectra of 
60%-ethanol hemicelluloses 
sub-fractions H1, H2 and H3
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was also confirmed by the chemical shift at 5.06/110.2, 
3.83/79.96 and 3.95/87.35 corresponding to the H-1/C-1, 
H-2/C-2 and H-4/C-4 respectively. Residues of 4-OMe-α-
d-Glucuronopyranosyl acetate (C) were identified by the 
chemical shift of their H-2/C-2 and H-3/C-3 at 3.50/72.0 
and 3.88/72.6 respectively. A signal was also detected at 
δ 3.44/76.74 characteristic of H-2/C-2 involved in (1 → 
4)-β-d-Xylp-2-O-(4-OMe-α-d-GlcpA) linkage. Because 
of the significant content in galactose as shown in neutral 
sugar analysis, chemical shift of (1 → 6)-α-d-Galp resi-
due (E) was detected at δ 4.54/105.37 in all the spectra. 
Finally, a strong signal at δ 4.00/58.4 was identified as 

from the lignin-OCH3 residues (F) confirming the pres-
ence of a significant content in lignin residues.

Conclusion

Steam explosion of banana rachis and ethanol fractionation 
(15%, 60% and 80%) allowed the extraction and separation 
of hemicellulose sub-fractions with specific characteristics. 
An increase of the extraction yield along with the increas-
ing severity of the steam explosion treatment was observed. 
During the ethanol fractionation, the relative yields at 

Fig. 4   Proton NMR spectrum 
of 60%-ethanol hemicelluloses 
sub-fractions H1, H2 and H3

Fig. 5   HSQC NMR spectra of 60%-ethanol hemicelluloses sub-fractions H1, H2 and H3. A: (1 → 4)-β-d-Xylp; B: (1 → 4)-β-d-Xylp-2-O-(4-
OMe-α-d-GlcpA); C: α-l-Araf; D: α-l-Araf; E: (1 → 6)-α-d-Galp; F: Lignin-OCH3
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15% ethanol were globally the lowest highest yields were 
obtained for the 60% ethanol hemicellulose sub-fractions. 
The molecular weight of the extracted hemicellulose mac-
romolecules ranged from 143 790 g/mol for H1-60% fol-
lowed by the H3-60% (110 841 g/mol) and finally H2-60% 
(61 404 g/mol). The molecular distribution was found to be 
influenced by the competition between extraction reactions 
of large hemicellulose macromolecules from crude banana 
rachis and their hydrolysis during treatment according to 
the severity. The structural analysis by FTIR, 1H and 1H/13C 
HSQC NMR revealed that the hemicellulose from the 60% 
ethanol fractionation had an AGX structure. This was also 
confirmed by neutral sugar analysis, where xylose and ara-
binose were the main monosaccharides with significant 
amounts of uronic acid. However, Klason lignin analysis 
of the extracted hemicelluloses sub-fractions revealed sig-
nificant contents in lignin residues co-extracted during the 
steam explosion treatment. The ethanol fractionation helped 
to lower lignin content in 60% hemicellulose sub-fraction. 
Additional purification treatment was still needed though 
to decrease the lignin content and improve the coloration 
of the extracted hemicellulose. Nevertheless, these results 
proved that steam-explosion was an effective technique for 
hemicellulose extraction from banana rachis.
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