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a  b  s  t  r  a  c  t

We  adapted  and  optimized  a method  to  quantify  the  cellulose,  hemicellulose,  xylan,  arabinan,  mannan,
galactan  contents  in  lignocellulosic  biomass.  This  method  is  based  on a neutral  detergent  extraction
(NDE)  of the  interfering  biomass  components,  followed  by a sulfuric  acid  hydrolysis  (SAH)  of  the  struc-
tural  polysaccharides,  and  a liquid  chromatography  with  charged  aerosol  detection  (LC-CAD)  to  analyze
the released  monosaccharides.  The  first step  of  this  NDE-SAH-LC-CAD  method  aims  at  removing  all
compounds  that  interfere  with  the  subsequent  sulphuric  acid  hydrolysis  or  with  the subsequent  chro-
matographic  quantification  of  the  cellulosic  and  hemicellulosic  monosaccharides.  This  step  includes
starch  hydrolysis  with  an analytical  thermostable  �-amylase  followed  by  an  extraction  of  soluble  com-
pounds  by  a Van  Soest  neutral  detergent  solution  (NDE).  The  aim  of  this  paper  was  to  assess  the  precision
of  this  method  when  choosing  fiber  sorghum  (Sorghum  bicolor  (L.)  Moench),  tall  fescue  (Festuca  arundi-
nacea  Schreb.)  and  fiber  hemp  (Cannabis  sativa  L.)  as  representative  lignocellulosic  biomass.  The  cellulose
content  of fiber sorghum,  tall  fescue  and  fiber  hemp  determined  by  the  NDE-SAH-LC-CAD  method  were
28.7 ± 1.0, 29.7  ± 1.0  and  43.6 ± 1.2 g/100  g dry matter,  respectively,  and  their  hemicellulose  content
were  18.6  ±  0.5,  16.5  ±  0.5  and  14.5  ±  0.2  g/100  g  dry matter,  respectively.  Cellulose,  mannan  and  galac-
tan  contents  were  higher  in  fiber  hemp  (dicotyledon)  as  compared  to  tall  fescue  and  fiber  sorghum
(monocotyledons).  The  xylan,  arabinan  and  total  hemicellulose  contents  were  higher  in  tall  fescue  and
fiber  sorghum  as  compared  to  fiber  hemp.  The  precision  of the  NDE-SAH-LC-CAD  method  was  better  for
polysaccharide  concentration  levels  above  1 g/100  g dry matter.  Galactan  analysis  offered  a  lower  pre-
cision,  due  to  a lower  CAD  response  intensity  to galactose  as  compared  to  the  other  monosaccharides.
The  dispersions  of  the  results  (expanded  uncertainty)  of  the  NDE-SAH-LC-CAD  method  were  smaller  as
compared to  the  Van  Soest  (VS)  method.  In  addition,  the  NDE-SAH-LC-CAD  method  was  able  to  provide
additional  information  on  the  composition  of  the  hemicellulose  (xylan,  arabinan,  mannan  and  galactan
content)  that  is not  provided  by  the  Van  Soest  method.  The  NDE-SAH-LC-CAD  method  offers  also  the
advantage  of a better  specificity  for hemicellulose  and  cellulose,  as  compared  to  the  NREL  and  Uppsala
methods.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The most abundant compounds in lignocellulosic biomass such
as lignocellulosic crops, agricultural residues or wood are two
types of structural polysaccharides: cellulose and hemicellulose.
Cellulose is a linear homogeneous polysaccharide made of �-1,4-
linked d-glucose units, which is mainly in the form of crystalline
microfibrils [1].  It represents 25–40% DM of lignocellulosic biomass
[reviewed by 2].  Hemicellulose is ramified heterogeneous polysac-
charides mainly made of linked d-xylose, l-arabinose, d-mannose
and d-galactose units [1].  They represent 10–30% DM of lignocellu-
losic biomass [reviewed by 2].  Lignocellulosic biomass also contains
other minor compounds such as lignin (phenolic polymer), pectins
(structural polysaccharide), proteins and inorganic compounds [1].
Cellulose and hemicellulose represent the largest pool in nature of
organic carbon coming from the photosynthetically collected and
stored solar energy [3].  They represent therefore a huge amount
of renewable resource for a sustainable bio-based economy. They
can be used in lignocellulosic feedstock based biorefineries for the
production of biofuels and chemicals as an alternative to products
issued from fossil oil refineries [4].  In order to optimize the pro-
duction of value added products in biorefineries, it is necessary to
refine our knowledge of the composition of lignocellulosic feed-
stocks, especially the amount of cellulose and hemicellulose and
the monosaccharide composition of the hemicellulose fraction [3].

Cellulose and hemicellulose are insoluble in water [5,6].
Hemicellulose can be hydrolyzed into their constitutive monosac-
charides by diluted sulphuric acid, usually 4% (w/w)  at 121 ◦C,
but cellulose needs to be first solubilized by concentrated sul-
phuric acid, usually 72% (w/w) at 30 ◦C, in order to be subsequently
hydrolyzed by the diluted sulphuric acid hydrolysis step [5,6]. The
history of the various developed SAH methods has been reviewed
by [7].  Prior to the determination of the cellulosic and hemicellu-
losic content of biomass, it is necessary to remove all compounds
that can interfere with the sulphuric acid hydrolysis: nitrogen
compounds, inorganic compounds, chlorophyll, waxes and other
minor compounds [5,8]. Non-structural carbohydrates and pectins
must also be removed before the sulphuric acid hydrolysis as their
monosaccharidic constituents could lead to overestimation of the
monosaccharides derived from cellulose (which equates to glucan)
and hemicellulose [9,10].  Cellulosic and hemicellulosic monosac-
charides obtained after the sulfuric acid hydrolysis are usually
separated by gas chromatography (GC) or liquid chromatography
(LC) [11]. The need for chemical derivatization of the monosac-
charides to volatile compounds is the major drawback of GC [11].
Over the last 20 years, refractive index detectors (RI) [6],  pulsed
amperometric detectors (PAD) [11] or evaporating light scattering
detectors (ELSD) [12] have usually been used after LC separation
to quantify monosaccharides [11,7].  The charged aerosol detector
(CAD) is an innovative type of detector to quantify monosaccha-
rides with LC [12]. The CAD first nebulizes the LC column eluent
with nitrogen; the LC solvent evaporates form the droplets and
leaves the non-volatile analytes as aerosol particles. The latter are
charged by a positively charged nitrogen stream that has passed
through a high-voltage platinum corona wire. This positive charge
is then measured by a highly sensitive electrometer [12]. The CAD
is a nebulization detector where no optimization of the settings
is necessary [12]. The signal of a detector based on a nebuliza-
tion step like the CAD depends on the total amount of the analyte.
The CAD signal increases with the power of the injected analyte
mass. This relationship can be linearized by a log transformation
to have a linear calibration [13,14]. The advantages of the CAD
are its better sensitivity compared to an ELSD [14,15] and a RI
[14,15], its reproducibility and dynamic range as compared to an
ELSD [14], its compatibility with gradient elution [16] and with
crude, non derivatized monosaccharides [16] and its ease of use

[16].  The drawbacks of CAD are its incompatibility with eluents
that are not volatile, its unability to quantify volatile compounds
and the destruction of the sample in the detector [16].

The Van Soest (VS) method is a routine gravimetric method used
to predict the animal feed quality of forage crops based on the
cell wall characteristics. The VS method determines the lignocel-
lulosic structural compounds (cellulose, hemicellulose and lignin)
of biomass by the sequential extraction and separation of three cell
wall fractions [17,18]: the neutral detergent fiber residue (NDF),
the acid detergent fiber residue (ADF) and the acid detergent lignin
(ADL) [19]. The NDF is considered as the cell wall fraction of biomass
[19]. The VS method determines cellulose as ADF-ADL and hemi-
cellulose as NDF-ADF [19].

We  developed a new and innovating method to analyze the
structural carbohydrates, cellulose and hemicellulose, in ligno-
cellulosic biomass. This new method is based on the VS method
[17], the Uppsala [5],  and the National Renewable Energy Lab-
oratory (NREL) methods [6].  In our method, we use a modified
Van Soest neutral detergent extraction to remove all compounds
interfering with the subsequent sulphuric acid hydrolysis (nitrogen
compounds, inorganic compounds, chlorophyll, waxes and other
minor compounds) [5,8] or with the subsequent chromatographic
quantification of the cellulosic and hemicellulosic monosaccha-
rides (non-structural carbohydrates and pectins that can lead to
overestimation of the monosaccharides derived from cellulose and
hemicellulose) [9,10,19]. The structural carbohydrates are then
submitted to analytical sulfuric acid hydrolysis and the released
monosaccharides are analyzed by LC-CAD.

ISO 17025 [20] introduces new definitions to specify the vari-
abilities of analytical results. According to ISO 17025 [20], the
random variability of an analytical method is assessed by the
repeatability (same analytical method, same operator, same instru-
ment and same day) and the intermediate precision (same analytical
method but different operators, different instruments and/or dif-
ferent days) [20,21]. The repeatability and intermediate precision
are calculated as standard deviation (SD) or relative standard devi-
ation (RSD). The uncertainty of an analytical method represents an
interval around the mean of the results where the unknown true
value can be found with a confidence level of 68%, i.e. the standard
deviation [20,21]. This uncertainty depends on the repeatabil-
ity, the intermediate precision and the variability of the mean’s
bias [20,21]. The expanded uncertainty (Ux) represents an interval
around the results where the unknown true value can be observed
with a confidence level of 95% [20,21].  The expanded uncertainty
corresponds to the uncertainty multiplied by 2 (coverage factor)
[20,21].

The aim of the present paper is to determine the precision (rela-
tive standard deviation of repeatability and intermediate precision
tests, respectively, RSDr and RSDi) and the expanded uncertainty
[20] of our NDE-SAH-LC-CAD method and to compare it to the
expanded uncertainty of the Van Soest (VS) method. The latter was
established by interlaboratory studies of the Bureau InterProfes-
sionnel d’Etudes Analytiques (BIPEA) [22].

The goal of this paper is also to build the precision profile of our
NDE-SAH-LC-CAD method according to the accuracy profile con-
cept [20] and the guidelines of the French Society of Pharmaceutical
Sciences and Techniques (SFSTP) [21,23–31].  The precision profile
is a decision tool that enables to interpret and compare adequately
results obtained with routine analyses using the same method. The

 ̌ expectation at 95% tolerance limits of the precision profile corre-
sponds to the interval wherein at least 95% of the results of the
analytical method are expected to fall. The acceptance limits of the
precision profile are arbitrarily fixed values for each compound
and concentration levels based on previous studies. The acceptance
limit is the maximum accepted variability limit for the method.
Therefore, they are expected to fall outside the � expectation at
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