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ARTICLE INFO ABSTRACT

Keywords: Compositional analysis of non-woody biomass is quite important to determine its possible applications. However,
Non-woody biomass current standard methods developed for woody biomass compositional analysis have been revealed to be unsuit-
Compositional analysis able when applied to non-woody biomass. Therefore, a novel and less-time consuming modified method which
Biomass ternary diagram enables for a proper isolation of holocellulose in non-woody biomass samples while increasing lignin degradation
HOIOCEIWOS? has been developed. The novel method mainly consists in a treatment with sodium chlorite and glacial acetic
Crystallinity index

acid at boiling point, which precludes changes in the holocellulose crystallinity degree or losses of carbohydrates,
as shown by DSC, XRPD, and HPLC analysis. It was successfully applied to the determination of the structural
components of 10 different non-woody biomass samples. Also, its use revealed that non-woody biomass belongs
to LHC and LCH groups in the biomass structural composition ternary diagram, which are completely different
than the ones the woody biomass belongs to.

List of Acronyms

Cel70 Cellulose obtained from hollocellulose 70 (Holo70) LCH Biomass group whose lignin content > cellulose con-
Cel96 Cellulose obtained from hollocellulose 70 (Holo96) tent > hemicellulose content
CHL Biomass group whose cellulose content > hemicellulose LHC Biomass group whose lignin content > hemicellulose
content > lignin content content > cellulose content
CLH Biomass group whose cellulose content > lignin con- MCC Commercial microcrystaline cellulose
tent > hemicellulose content SEM Scanning electron microscopy
DSC Differential scanning calorimetry XRPD  X-ray powder diffraction
HCL Biomass group whose hemicellulose content > cellulose
content > lignin content
HLC Biomass group whose hemicellulose content > lignin 1. Introduction

content > cellulose content
Holo70 Holocellulose obtained by following the ASTM standard
Holo96 Holocellulose obtained by following the novel method

Olive oil extraction, as well as table olive and fruits production,
represent highly relevant economic activities in wide areas of Europe
-such as the Mediterranean countries- and in the rest of the world, as

proposed B L .
HPLC High-performance liquid chromatography well (Rodriguez et al., 2008). Taking into account the input and output
IC Crystallinity index mass balance of the olive oil industry, the crops’ yield and the culti-

vated area, only the amounts of olive stone and olive pomace in Europe
are estimated to be of 2,012,211 t/year and 4,724,322 t/year, respec-
tively (Agencia Andaluza de la Energia, 2016; elEconomista.es, 2017;
Eurostat, 2015; Rosia & Pasadas, 2012; Secretaria General Técnica and
Subdireccién General de Estadistica, 2016).
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Olive non-woody wastes like those aforementioned, as well as
non-woody grapevine and fruit production wastes, could find several
applications, such as eco-friendly adsorbents (Vecino, Devesa-Rey, Cruz,
& Moldes, 2015), cosmetic and therapeutic products (Moudache, Colon,
Nerin, & Zaidi, 2016), and energy production. Also, their upgrading
would enable the increase of the profitability of olive and fruit produc-
ers as well as wineries; the reduction of fossil fuels dependence for dif-
ferent agricultural and industrial activities, as well as the reduction of
carbon footprint.

In spite of the aforementioned potential applications and advan-
tages, non-woody wastes remain underused. This is due to the lack of
knowledge about the composition of the different non-woody wastes of
several species, which is, for instance, quite important for the evalua-
tion of conversion yields in biofuels production industry (Sluiter, Ruiz,
Scarlata, Sluiter, & Templeton, 2010). Also, in order to determine the
possible uses of a specific type of biomass is important to classify it in
the ternary diagram. The ternary diagram divides biomass into six dif-
ferent organic structural types: CHL, CLH, HCL, LCH, HLC, and LHC.
The classification of a biomass in the ternary diagram requires an ac-
curate determination of its composition (Vassilev, Vassileva, & Vassilev,
2015) and is a key step for establishing a normalized biomass classifica-
tion and to determining the possible use of biomass wastes, too.

Previous compositional analysis results for woody biomass have
shown that this kind of biomass belongs to the groups which have
higher quantities of cellulose such as CLH and CHL (Alvarez et al.,
2015). The main compositional analysis method to determine the con-
tent of the structural components in a biomass sample is the summative
mass closure, which consists in the determination of lignin and holo-
cellulose by means of an acid hydrolysis with sulphuric acid according
to NREL TP-510-42618 method (Sluiter et al., 2008). The solid residue
is the acid-insoluble lignin and ashes, while the hydrolysates are the
monomers and dimers of holocellulose and a minor part of the lignin
called acid soluble lignin. Thus, this method gives information about
the amount of holocellulose in the sample through the hydrolysates.
However, if it is needed to isolate holocellulose as a solid fraction, the
method proposed in this paper enables an appropriate one-step quan-
tification and isolation of the holocellulose fraction. This is really im-
portant in order to study the properties of this fraction in some appli-
cations such as the holocellulose use as filler in composite materials,
whose mechanical properties may be affected by the lignin presence in
holocellulose (Angelini, Cerruti, Immirzi, Scarinzi, & Malinconico, 2016;
Simkovic et al., 2017). In addition, holocellulose is the starting-point
of most work in carbohydrates study of biomass (Rabemanolontsoa
& Saka, 2012). The most common methods used to isolate holocellu-
lose are the Wise method (Wise, 1946) and the ASTM D1104 standard
method based on the Wise’s one (ASTM International, 1978). These
methods consist in subjecting biomass samples to a specific number of
acid chlorination stages in order to remove the lignin using a sodium
chlorite and glacial acetic acid mixture.

Previous research works on non-woody biomass give an extremely
high total summative or data of the structural composition normalised
to 100%, because of the inability of the standard methods to achieve a
proper separation of the lignin and holocellulose fractions of non-woody
biomass samples (Alvarez et al, 2015; Demirbag, 2001;
Miiller-Hagedorn, Bockhorn, Krebs, & Miiller, 2002; Rabemanolontsoa,
Ayada, & Saka, 2011). Although lignin and ash corrections could be
done, in some cases there is a need for holocellulose isolation as men-
tioned above. To this end, a work of Rabemanolontsoa modified the
Wise method for holocellulose determination in bamboo and sargasso.
To prevent carbohydrate loss from the samples, they reduced the num-
ber of chlorination stages and made lignin, ash and protein corrections
on crude holocellulose (Rabemanolontsoa & Saka, 2012). Other authors
(Yeh, Chang, & Kadla, 2004) modified the reaction temperature and
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time as well as the amounts of reactants in order to isolate the holocel-
lulose fraction of loblolly pine.

Also, current standard procedures (ASTM International, 1978;
Sluiter et al., 2008; Wise, 1946) have been developed for woody and
herbaceous biomass; however these procedures could be unsuitable for
other lignocellulosic non-woody biomass, such as stones, shells or ker-
nels, if it is necessary to isolate holocellulose as a solid fraction. A paper
of Sluiter et al. highlighted the need for improved methods to character-
ize the components of biomass as well as the validation of the existing
methods on a wider variety of biomass types (Sluiter et al., 2010). In this
paper, it is shown that the standard method is unsuitable for the extrac-
tion of holocellulose from stones or shells, as the holocellulose fractions
obtained following this method were brownish instead of whitish, due
to the poor delignification of the samples. Therefore, this paper is de-
voted to a novel method for holocellulose determination for non-woody
biomass. The novel method developed in this paper is based on the
ASTM’s one (ASTM International, 1978, but it is less time consuming
and has the advantage of enhancing the degradation of lignin without
any additional carbohydrate loss. That is, the novel method proposed in
this paper enables a better delignification of non-woody biomass sam-
ples without changing the crystallinity nor the amount of monomers
present in the isolated holocellulose.

2. Materials and methods
2.1. Samples

Structural components of 10 non-woody biomass samples (almond
shell, dry olive oil mill stone — olive stone obtained after drying process
of the raw olive oil mill stone —, extracted olive pomace, extracted olive
pomace pellets, hazelnut shell, nut shell, raw olive oil mill stone, olive
pomace oil-extractor, raw olive stone and pine nut shell), belonging to
industrial wastes, were determined following the novel method of holo-
cellulose determination proposed in this paper.

Commercial Microcrystalline Cellulose (MCC) from Western Red-
cedar (Thuja plicata) was supplied by Acros Organic (Belgium) and used
as a reference in DSC and XRPD analysis. It has an average particle di-
ameter of 50 pm.

Commercial kraft lignin from Sigma-Aldrich (USA) was also used as
a reference. It is a polymeric lignin material isolated from a commercial
pulp mill using Norway Spruce as raw material. Its number and weight
average molecular weights were 1750 and 14200 g/mol respectively.

2.2. Compositional analysis procedure

All studied samples were ground and sieved until particle size was
in the range 250-500 um (TAPPI, 2007), as a pre-treatment to sort and
isolate the analyzed fractions.

To determine the structural composition of biomass waste samples,
the chemical extraction sequence shown in Fig. 1 was followed. Differ-
ent fractions data are expressed in dry, ash and extractives free basis.
Every experimental run, except singular extractive determinations and
four times holocellulose determination, was performed thrice to ensure
a suitable reproducibility of experiments.

2.2.1. Extractives fraction determination

As shown in Fig. 1, samples were subjected to a two-stage extrac-
tion (TAPPIL, 2007) in order to remove a group of substances known
as “extractives” that might interfere with a rigorous characterization.
The first of these stages consists in an acetone treatment of biomass
samples in a Soxhlet extractor during 7-8h to get rid of resins, waxes,
sterols, fats and fatty acids. The second extraction stage is carried out
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Hemicellulose
by difference

Fig. 1. Chemical extraction procedure to determine the structural composition of biomass.

with boiling water during 1h in order to remove tannins, gums, sugars
and colored matter. Once both stages were completed, extractives-free
biomass was air-dried to reduce its moisture content below 15%.

2.2.2. Holocellulose fraction determination

As shown in Fig. 1, this fraction was obtained from extractive-free
biomass by means of a sodium chlorite and glacial acetic acid treatment
at 70-80°C. ASTM D-1104 standard (ASTM International, 1978) and the
novel method were used for this purpose.

2.2.3. Cellulose and hemicellulose fraction determination

According to TAPPI T 212 standard, previously obtained holocel-
lulose fractions were treated with sodium hydroxide to determine the
sample cellulose content (TAPPI, 2002). Sample hemicellulose content
was calculated by the difference between holocellulose and cellulose
quantities.

% Hemicellulose = % Holocellulose — % Cellulose

2.2.4. Lignin fraction determination

Extractives-free biomass was subjected to a two-step acid hydroly-
sis for lignin quantification according to NREL/TP-510-42618 method
(Sluiter et al., 2008). Concentrated sulphuric acid and then diluted sul-
phuric acid at high pressure were used. The same standard method was
also used to determine the lignin content of holocellulose and cellulose
fractions.

2.2.5. Ash fraction determination

Ash quantification was carried out according to NREL/
TP-510-42622 method (Sluiter et al., 2005). This procedure consists in
a thermal treatment at 600 °C using a muffle furnace (see Fig. 1).

Milling &
Sieving
T o |

Acetic acid
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2.3. Differential scanning calorimeter

Thermograms of cellulose and holocellulose samples were regis-
tered using a Differential Scanning Calorimeter, mod. DSC 822e (Met-
tler-Toledo, Switzerland), under a nitrogen atmosphere. Among other
factors, DSC peak position may substantially be affected by sample
mass. In addition, the heating rate may also affect peak position. For
these reasons, peaks position in DSC thermograms was determined for
sample masses of 5, 10, 15 and 20mg and heating rates of 5, 10, 15 and
20K/min. Since the volume occupied by the different cellulosic samples
in the DSC pan may vary, to keep samples weight exactly the same is
quite difficult, and some peak position variations were found to be in-
herent to the thermal analysis of this kind of samples. However, low
peak position differences were found when working with sample masses
ranging between 15 and 20mg at a heating rate of 20K/min. The use of
the faster heating rate (20K/min) also avoids any possibility of sample
recrystallization during the DSC experiments.

2.4. X-ray diffraction (crystallinity index)

Three different samples were analyzed: holocellulose obtained fol-
lowing the standard (Holo70) and novel (Holo96) methods and com-
mercial microcrystalline cellulose (MCC). The crystallinity index of the
raw material was determined from X-ray powder diffraction data. The
X-ray diffraction was performed on an XPERT-PRO Panalytical diffrac-
tometer using side-loaded samples and CuKa radiation (A = 1.5418A) at
25°C in a range of 5°-40° with a step of 0.02°. Crystallinity index values
were calculated by the peak subtraction method (Segal, Creely, Martin,
& Conrad, 1959; Vieira & Pasquini, 2014) following the Eq. (1):
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where Iy, is the height of the (002) peak (at 260~22.5°) assumed as
the crystalline signal, and I, is the height of the minimum intensity (at
20~18.0°) assumed as the amorphous band.

2.5. Determination of structural carbohydrates

The monomers of structural carbohydrates arising from the hy-
drolysates of lignin determination were measured by HPLC using an Ag-
ilent 1100 system with a BioRad Aminex HPX-87C column at 80°C and
a flow rate of milliQ water of 0.6 ml/min.

3. Results and discussion
3.1. Summative mass and SEM images

The standard methods for determining holocellulose (ASTM
International, 1978) and lignin (Sluiter et al., 2008) were applied to
samples of non-woody biomass. Surprisingly, the sum of holocellulose
and lignin was higher than 100% in most cases, as can be seen in Table
1.

Also, the holocellulose fraction obtained showed a brownish color
instead of a whitish one as usual after the holocellulose determination

Table 1
Compositional analysis data when applying standard methods (Alvarez et al., 2015).
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procedure (Fig. 2). In order to ascertain the reason for this experimen-
tal result, SEM images were taken for different samples.The holocellu-
lose fraction obtained at 70-80°C according to the standard procedure
(Fig. 2b) showed some irregularities and a poor fibrous-like morphology
due to the lignin content in this holocellulose fraction. Lignin particles,
like that pointed out with a red circle in Fig. 2b could also be observed.
This result indicated that the standard holocellulose determination pro-
cedure could be unsuitable for non-woody biomass samples. After sev-
eral unsuccessful optimizations of the standard method, the aforemen-
tioned novel method was developed. The raw olive stone sample was
selected for the development of the novel method due to its high pro-
duction in Spain and Europe.

Table 2 shows a comparison between the standard and the novel
method proposed in this paper. Among the differences between both
methods, the addition of all the reactants at the beginning of the pro-
cedure, the higher temperature used (96°C) and the much lower time
(90 min) that feature the novel method can be mentioned.

As can be seen in Table 3, the results were much better when the
novel method for holocellulose determination was used. To ascertain the
reasons for this fact, samples of raw olive stone and its holocellulose,
obtained from the standard and the novel methods, were examined by
SEM. The SEM images of these samples were compared to SEM images
of cherry tree holocellulose isolated according to the standard procedure
(Fig. 2d). As mentioned above, the holocellulose fraction from the stan-
dard method (Fig. 2b) showed lignin particles, while no lignin particles
were found to be present in the holocellulose isolated by following the
novel method (Fig. 2c).

Biomass Extractives (%) Moisture (%) Holocellulose (%) Lignin (%) Total* (%)
Almond shell 8.02 10.2+0.2 81+3 33+3 114+3
Dry olive oil mill stone 2.30 10.0+0.2 88+1 33.2+0.9 121+1
Extracted olive pomace 67.79 10.6+0.1 53+10 40+1 93+10
Extracted olive pomace pellets 55.96 7.0+0.2 63+4 38.1+0.6 101+4
Olive pomace oil-extractor 36.84 10.5+0.3 73.4+0.4 34+3 107 +3
Raw olive oil mill stone 7.99 10.1+0.3 89+1 34.7+0.6 123+1
Raw olive stone 2.29 9.29+0.04 95+2 36.8+0.3 132+2

Total = Holocellulose + Lignin

Fig. 2. SEM micrographs of raw biomass and holocellulose fractions. (a) Raw olive stone, (b) raw olive stone holocellulose obtained at 70-80°C following the standard method, (c) Raw
olive stone holocellulose isolated following the novel method, (d) cherry tree holocellulose obtained following the standard method.
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Table 2
Comparison between the ASTM D-1104 method and the novel method.

Novel method based on

ASTM D-1104 ASTM D-1104
Temperature 70-80°C 96°C
Reactants 150mL H,0+1g 150mL H,0 + 5g
addition NaClO, + 0.2mL NacClO, + 1.08 mL
(2g of CH,COOH at the CH,COOH at the
biomass) beginning beginning

1g NaClO, + 0.22mL

CH3COOH each hour (for

5h)
Time 5h 90 min
Refrigeration No Yes

3.2. Analysis of celluloses obtained from holocelluloses isolated following
the novel and standard methods

Since the novel method conditions are stronger than those corre-
sponding to the standard one, a change of cellulose crystallinity could be
taking place and hence, results obtained when using the novel method
might be biased. In order to ascertain if major changes in cellulose crys-
tallinity may occur, celluloses (Cel96 and Cel70) obtained from holo-
celluloses isolated following the novel (Holo96) and standard (Holo70)
methods, were subjected to Differential Scanning Calorimetry (DSC).
Microcrystalline cellulose (MCC) was used as a reference for determin-
ing the crystallinity degree of Cel96 and Cel70.

As can be seen in Fig. 3a, the thermogram of Cel96 shows two en-
dothermic dips with minima at 141.6°C and 348.2°C. The thermogram
of the microcrystalline cellulose (MCC) used as reference also shows two
endothermic dips with minima at 131.6°C and 342.6°C. The first en-
dothermic dip can be attributed to the presence of bound moisture in
the cellulose samples that would evolve upon heating (Yang, Yan, Chen,
Lee, & Zheng, 2007). The second dip may be attributed to cellulose
crystalline structure (Miranda, Bica, Nachtigall, Rehman, & Rosa, 2013;
Morién, Alvarez, Cyras, & Vazquez, 2008; Rosa, Rehman, de Miranda,
Nachtigall, & Bica, 2012; Soares, Camino, & Levchik, 1995; Yang et
al., 2007). However, the endothermic dip corresponding to Cel96 is
less pronounced than the one corresponding to MCC. In order to as-
certain the reasons for this behavior, lignin content of Cel96 was de-
termined and was found to be 2.3%, by weight. According to litera-

Table 3
Compositional analysis of non-woody biomass samples when using the novel method.
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ture (Yang et al., 2007), it could be hypothesized that, at that high tem-
perature, some lignin degradation to volatile compounds with the evo-
lution of heat would be taking place, therefore giving to a less endother-
mic dip (Collard & Blin, 2014; Dominguez-Robles et al., 2017; Naron,
Collard, Tyhoda, & Gorgens, 2017; Yang et al., 2007). To check for
the validity of this hypothesis, increasing amounts of commercial Kraft
lignin were added to Cel96 to reach final lignin contents of 14 and 21%,
by weight, in the Cel96/Kraft lignin blends. As can be seen in Fig. 3a,
as Kraft lignin content increases, the second thermogram dip becomes
less endothermic. Furthermore, for Cel70 an exothermic peak with max-
ima at 350.2°C was observed. This behavior is in good agreement with
the higher lignin content of Cel70, which was found to be 26.6%, by
weight, thereby confirming the hypothesis previously posed regarding
the exothermic degradation of lignin to volatile compounds.

While the overlapping of the exothermic peak corresponding to
lignin degradation with the endothermic dip corresponding to cellulose
crystalline structure decomposition precludes the determination of the
degree of crystallinity by DSC, the observed behavior does not point to
major crystallinity differences between Cel96 and Cel70.

3.3. Crystallinity degree of holocelluloses isolated following the novel and
standard methods

The ultimate goal of holocellulose determination method is to pro-
vide a residue (the holocellulose) as pure as possible without any loss
nor major change of holocellulosic components. However, under the
stronger conditions of the novel method, there is a risk of loss in hemi-
cellulose. To ascertain if a major change in the hemicellulose content
of holocelluloses isolated following the standard (Holo70) and novel
(Holo96) methods could have been taking place, samples of both kinds
of holocelluloses were also subjected to Differential Scanning Calorime-
try (DSC).

As can be seen in Fig. 3b, thermograms corresponding to both holo-
celluloses show a first endothermic dip and two exothermic peaks. The
first dip (endothermic) seems to be due to the presence of bound mois-
ture that would evolve upon heating. The second peak (exothermic)
may be ascribed to hemicelluloses degradation upon heating (Yang et
al., 2007). The third peak (exothermic) can be attributed to the afore-
mentioned exothermic lignin degradation to volatile compounds, be-
cause lignin contents of Holo96 and Holo70 were determined to be 6
and 28%, by weight, respectively. According to that stated in the Ma-
terials and Methods section, thermograms registered for Holo96 and
Holo70 can be considered similar, and hence, any major change in the

Extractives Moisture Holocellulose Cellulose Hemicellulose Lignin Total
Biomass (%) (%) (%) (%) (%) (%) Ash (%) (%)
Almond shell 3.25 10.2+0.2 58+2 27+2 30+2 36+3 0.5+0.1 94+3
Dry olive oil 12.48 11.05+0.02 68+4 31+4 37+4 32.0+0.3 0.43+0.01 100+4
mill stone
Extracted 35.29 10+1 40+3 19+3 22+3 40.0+0.9 3.45+0.07 81+3
olive pomace
Extracted 27.28 8+2 44+3 19+2 24+2 35.0+0.4 3.90+0.02 79+3
olive pomace
pellets
Hazelnut shell 3.74 9.7+0.2 54+2 30+2 23+2 38.0+0.5 0.49+0.02 92+2
Nut shell 3.73 9.8+0.1 60+2 37+3 22+3 36+3 0.1500+5-10~* 95+2
Olive pomace 12.59 10.04+0.03 58+6 29+5 29+5 34.0+0.4 2.37+0.03 92+6
oil-extractor
Pine nut shell 3.89 10.0+0.2 56+8 31+5 25+5 38.0+£0.8 0.890+6:1073 94+8
Raw olive oil 4.98 8.99+0.07 69+2 30+2 38+2 34.0+0.3 0.34+0.04 102+2
mill stone
Raw olive 2.26 9.29+0.04 54+6 27 +4 28+4 37.0+0.3 0.75+0.03 91+6
stone
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Fig. 3. DSC curves of (a) MCC, Cel70, Cel96, 14% lignin-containing Cel96/Kraft lignin
blend and 21% lignin-containing Cel96/Kraft lignin blend and (b) Holo70 and Holo96.

hemicellulose content or crystallinity degree of holocelluloses isolated
following the standard (Holo70) and novel (Holo96) methods can be
discarded.

However, in order to compare the crystallinity degree of both holo-
celluloses, Holo70 and Holo96 samples were subjected to X-ray diffrac-
tion analysis (see Fig. 4b and c¢). MCC sample was used in order to vali-
date the methodology (see Fig. 4a). Before calculating the values of the
Ipo2 and I, heights, the background intensity was subtracted for the ex-
perimental profiles of all the samples in order to calculate their crys-
tallinity index (Park, Baker, Himmel, Parilla, & Johnson, 2010; Terinte,
Ibbett, & Schuster, 2011).

The obtained crystallinity index value for the MCC sample was
91.9%, similar to that published in the literature for microcrystalline
cellulose samples (Ioelovich & Veveris, 1987; Park et al., 2010). The
diffraction pattern from Holo70 and Holo96 samples showed a simi-
lar minor crystallinity degree, and the values found (60.0% and 68.0%,
respectively) were in good agreement with the X-ray powder diffrac-
tion profiles found by other authors (Poletto, Ornaghi, & Zattera, 2014;
Vieira & Pasquini, 2014).

3.4. Carbohydrate analysis of Holo70 and Holo96

To ascertain whether the loss of carbohydrates is higher when ap-
plying the novel method than when using the standard one, the carbo-

4]
-
[=]
s
o
]
(=]
]
(4]
(4]
[=]
[#4]
3]
o
[=]

206 ()

Fig. 4. X-ray powder diffraction profiles of (a) MCC, (b) Holo70 and (c) Holo96.
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hydrate content of both holocelluloses was determined by HPLC and
compared. Only cellobiose, glucose and xylose were found and their
amounts were found to be 2.01%, 36.65% and 31.12% for Holo70 and
1.82%, 42.80% and 30.90% for Holo96. Therefore, no significant differ-
ences between the monomeric composition of both holocelluloses were
found. Consequently, the higher temperature of the novel method did
not seem to affect the carbohydrate content although lignin degradation
increased.

3.5. Structural analysis of non-woody biomass according to the novel
method

Once the optimization of the novel method was carried out, a to-
tal amount of 10 non-woody biomass samples were analyzed using the
novel method proposed in this paper. The structural composition is
shown in Table 3. All holocellulose contents of samples ranged between
40 and 69%. When the standard method was used, the holocellulose
content determined for the raw olive stone sample was 95%. However,
when the novel method was used, the holocellulose content was found
to be only 54%. Raw olive oil mill and dry olive oil mill contained the
highest quantities of holocellulose, while extracted olive pomace and ex-
tracted olive pomace pellets contained the lowest ones. All of the lignin
contents were found to be in the 32-40% range.

Fig. 5 shows a ternary diagram to classify biomass based on struc-
tural composition (Vassilev et al., 2015). As can be seen in Fig. 5,
non-woody biomass samples analyzed in this paper belong to the groups
which have higher quantities of lignin such as LHC, LCH, HLC, and CLH.
Previous results for woody biomass have been added in order to com-
pare to non-woody biomass data (Alvarez et al., 2015). As can be seen,
woody biomass belongs to completely different groups, such as those
which have higher quantities of cellulose, that is CLH and CHL (Alvarez
et al., 2015).

The standard methods work well for woody and herbaceous bio-
mass (i.e., samples with higher contents of cellulose and hemicellulose
than lignin, such as CLH, CHL, HCL and HLC groups). Most part of
non-woody biomass samples studied in this paper belongs to groups in
which lignin is the main component (i.e., LCH and LHC groups). There
are also three samples which belong to groups with a higher amount
of cellulose or hemicellulose than lignin (nut shell belongs to the CLH
group, and dry olive oil mill stone and raw olive oil mill stone belong to
the HLC group). However, these samples show a high amount of lignin
and, therefore, they are very close to groups in which lignin is the main
component (i.e., LCH and LHC groups). From our expertise in this field,
we only found problems when isolating the holocellulose of samples be-
longing to the groups with a higher amount of lignin (LCH and LHC).
Thus, the different group classifications enable to state if the holocel-
lulose extraction process is going to be influenced by the location of a
specific sample in the ternary diagram. The higher the sample lignin
content, the higher the probability that our novel method be needed for
isolating the holocellulose of biomass samples.

4. Conclusions

A novel method for holocellulose determination was developed. It
mainly consists in a treatment with sodium chlorite and glacial acetic
acid at boiling point. The novel method developed enables the determi-
nation of holocellulose in one-third of the time needed when using the
standard method (i.e. from 5h to just 90 min).

The crystallinity index of holocellulose isolated by following the
novel method remained unchanged compared to the holocellulose iso-
lated by following the standard one. Moreover, during the holocellulose
determination, the lignin degradation increased without losing of carbo-
hydrates.
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Fig. 5. Ternary diagram of structural composition of biomass.

Lignin was found to be the major component of non-woody biomass
samples since most of them belong to LHC and LCH groups, which are
completely different than the ones the woody biomass belongs to in
the ternary diagram of the structural composition of biomass (i.e., CLH
and CHL). This finding reveals that cellulose is not the main structural
component in non-woody biomass samples since the amount of lignin is
the largest in most of the samples. This is the main difference between
woody and non-woody biomass samples.
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