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Frequentvariations in spectral intensity due to particle size and/or of particte size distribution are observed in plant products processed

in powder form and scanned with near infrared reflectance [NIR]. In this study, two grinders, with differences in time consumption, prac-
ticality and providing homegenates with different particle size range and distribution, were tested to evatuate their effects on NIR spec-
tra. Optimisation of NIR catibration was necessary before predicting lignoceltulosic compounds in sugarcane (Saccharum spp.} samples
with coarse particle size to supply a pre-existing ecophysiotogical growth madel. Sixty samples from three varieties, grown in four con-
trasting pedoclimatic areas and from five anatomicat parts were scanned and then analysed by biochemicat fractionation. Bifferent cali-
bration metheds, resulting in a combination of multiple linear regressions (MLR] applied to three calibration sets {fine, coarse and mixed
particle sizes) treated with six data pretreatments—first derivative (D}, second derivative {D2), multiplicative scatter correction [MSC),
standard normat variate and detrend {SNVD], standard normal variate and detrend successively foltowed by first derivative [SNVD-DI
or second derivative (SNVD-D?—were investigated, The best NIR modet statisticat values were obtained by calibration devetoped on a
mixed calibration sel treated by SNVD-D2, Results confirmed that NIR spectroscopy could he an accurate and efficient method to predict
lignocellutosic compounds in different botanical parts of sugarcane samples when used as input to an ecophysiological growth model.

Keywords: near infrared spectroscopy, calibration, spectral pretreatment, grinding methods, particle size, chemical composition, sugarcane

Introduction

Near infrared [NIR] reflectance spectroscopy is currently used  there is a decrease in spectral repraducibility with an increase
for the rapid determination of chemical compounds in gran-  in the particle size of the sample. Williams and Thompson®
ular or powdered samples,' However, for products scanned in have demonstrated that the most important factors affecting
gowder form, the optical thickness cannot be controlled by the  the accuracy of NIR spectroscopy in the analysis of hard red
operator; it depends on the granular distribution of the parti-  spring wheatl were mean particle size and particle size distri-
cles of the ground matrix. Moreover, samples with coarser  bution. Oshorne et al.* reported that the effects of particle
particle size appear to have a more intense spectrum, primarily  size and particle size distribution were quantitatively the most
due to lower specular reflection.? Blanco ef al.® reported that  important factors in NIR spectra. Dhanoa et al.® showed that
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the diversity of material particle size affected scattering and
was a major source of variation in NIR spectra.

A significant number of studies conducted on the effect of
particle size over recent years underlined that which Barnes et
al.” pointed out as a long-standing problem, continues to be a
problem during NIR calibration. These studies can be divided
inte two broad categories: those linked to the development of
NIR models for the determination of physical characteristics
such as particle size;® ™" and others focused on the effect of
particle size on spectral data acquisition,'”*" NIR calibration
involves maximising the desired signal and minimising the
unwanted signal.’ In our study, the effect of particle size was
considered to be an unwanted signal because it may mask the
chemical information contained in raw NIR spectra. Norris
and Williams'? reported thatinormalised second derivative
treatment of speciral data best predicted the protein content
of samples with widely varying particle size. These authers
also demenstrated that including particle size variation in the
catibration samples improved predictiens. In fact, different
methads of narmalising or "correcting” [i.e. pretreatment
of] spectra are used in NIR calibration to remove physical
information such as the particle size of preducts in powder
form 5712212 Tg date, no study has been conducted on sugar-
cane and no model of prediction of lignocellulosic compounds
in sugarcane samples from different botanical parts has been
devetoped. The primary aim of this study was to investigate
two different grinding methods keth for their advantages
and to evaluate their effects on NIR spectra. The second aim
was to develop an optimum calibration with a combination of
multivariate analysis, data pretreatrnents and calibration sets,
to predict lignocellulosic compounds of sugarcane samples
with a wide range of particle sizes. Finally, we wanted to know
if we could predict, without loss of accuracy, lignecellulosic
cormpounds in different botanical parts of sugarcane samples
prepared using a faster and more convenient grinding method
which resulted in coarser particles. Data on these compounds
are required as input for a sugarcane growth model.?

Materials and methods

Experimental sugarcane samples
The study was based on 60 samples of three sugarcane varieties
{Saccharum spp. R570, R579 and R585] from Reunion Island.
These three varieties are highly variable in their agronomic
characteristics. They were grown in four different areas of La
Reunion Island and harvested at different physiological ages
(200 to 298 days after ptantingl. After harvesting, the whole
plants were separated inte five anatomical fractions [millable
stalk, top of the stalk, green leaf blade, green leaf sheath and
trash] which increased the variability of the samples {Table 1).
It results from these sampling carmpaigns 40 samples=three
varieties * four sites * five anatomical fractions.

After separation, approximately 15kg of millable stalk
were roughly crushed with a cutter grinder (Jeffco Cutter
Grinders, modet L118C, Jetiress Engineering Pty Ltd, Dry

Creek, Australial to obtain sugarcane pulp. A sub-sample
of 1000 g of sugarcane pulp was weighed and pressed for
1.9min at 200bars with a hydraulic press [Pinette Emidecau
press model 0B-103, Pinette Emidecau Industries, Chalon
sur Saone, Francel. After crushing and pressing, a filter press
cake of bagasse was obtained, The other anatomical parts
were simply chopped to facilitate drying. The whole filter
press cake of bagasse and a 500¢g sub-sample of each of the
other anatomical paris were dried for three days at 74°C in a
ventilated incubator to obtain dry matter at a constant weight
{DM.

Grinding methods

Once the samples were dried, they were first ground with a
Thomas Wiley [TW) knife crusher (Swedesboro, NJ, USA] to
pass through a 2mm screen and then a subsample of each
samples ground with TW were ground with a Foss-cyclone
crusher Cyclotec (CT; Nanterre, France] through a 1 mm
screen, as recommended for subseguent {ibre analyses
by Van Soest and Wine.?® Grinding time was t min for both
methods. Maan particle size of the TW and CT samples
were respectively 428 pm and 286 pm. The elementary parti-
cles of TW samples were mainly coarse and of varying size,
ranging from up to 1mm te 160 pm; and CT samples varied
in 3 more narrow range of size, from 630pm to 160 um
{Figure 1).

Chemical analysis

Only CT samples were analysed accerding to the method
reported by Van Soest et al.? and reviewed by Mertens et al.%
CT samples were successively extracted for neutral detergent
fibre [NOF) with alpha amylase, acid datergent fibre [ADF},
and acid detergent lignin {ADLE To remaove residual humidity
before and at each extraction step, the raw matrix and the
products obtained were dried at 70°C overnight and weighed.
Then the raw matrix and each product was ignited gradually
by raising the temperature to 525°C and maintaining it for five
hours to measure ash content [Ash, Ashyge, Ashype and Ashyg
respectively), in order to calculate ash free lignocellulosic
fractions (NDF,,,, ADF,, and Lig].

Spectra collection

Two replicates of TW and CT samples were packed into
circular cups [50 mm in diameter] closed wilth a cardboard
lid, then scanned in reflectance mode on @ monochromator
spectrometer (NIRS XDS, Silver Spring, MD, USA}L Specira
ware obtained for each replicate at 2 nm intervals over the
400-2498 nm wavelength range. The spectra were recorded
as log 1/reflectance Hog 1/R]. Each sarmple was scanned twice
[two different cup fillings) and spectra were averaged for each
sample and saved in a different file for each grinding method
(TW and CT setsi. TW and CT sets were used in the calibration
sets Sy and CSgy, respectively [Figure 2). A third calibra-
tion set [CS,,,) was made by mixing the CS¢y with 30 samples
chosen at random in CSqy, to include wide variations in particle
size in CS4y {ratio 2CT: 1TW).
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Figure 1. Particle size distribution of sugarcane samples
ground by using different grinding methods. TW=Thomas
Wiley knife crusher through a 2mm screen and CT =Cyclone
crusher Cyclotec through a Tmm screen,

Principal components {PC| were computed on TW and CT
sets to define the optical properties of the samples, and the
Mahalanobis distance of each spectrum was calculated with
respect to the average spectra, The aim af this analysis was
to evaluate population structuring and, in the present study,
it was used as a preliminary way to see whether the grinding
methods had a segregating effect on the spactra of the sugar-
cane samples.

Optimisation of calibration method

Data pretreatment

At the first step of optimisation, six pretreatments were tested:
first derivative [D], second derivative {D2), multiplicative scatter
correction (MSC), standard normal variate and detrend [(SNVDY,

Y

3 varieties
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5 anatomical parts
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70°C for 3 days

Grinding mcthods

Y

v

4 contrasted peda-climatic areas

Spectra collection

TW 2 0 50reelt mumemm  NIR acquisition s CSyy = 2 reps x 60 samples

CT 1 mm screen ———w——3p NIR acquisition =% CScp= 2 reps x 60 samples

’

standard normal variate and detrend successively followed
by first derivative [SNYD-D) or second derivative [SNVD-
D2). Spectral pretreatment and multiple tinear regression
(MLR} were performed with the WIN-IS] 3 software [Infrasoft
International, Port Matilda, PA, USA| package. Seven MLR
calibrations with the same number of terms were developed
on Sy without pretreatment and treated with the above six
pretreatments. The standard ercor of calibration {SEC], the
coefficiant of determination of calibraticn {R%), the predicted
error sum of squares [PRESS), the coefficient of datermination
of cross-validation (R?%.,) and the ratio parformance to devia-
tion for cross-validation (RPG, =[1/v[1-R2cll, as described by
Dardenne,? were used ta evaluate the performance of each
MLR calibration. The method described by Fearn™ was used
to evaluate which pretreatment methodl(s] led to the signifi-
canily lowast overall SEC.

Calibration sets

The second step of optimisation is in the comparison of
statistical values from calibration models [Madel;;, Madely,
and Model,,,] developed an each calibration set {CS¢y, CSny
and CS respectivelyl, pretrealed with the most effective
pretreatment determined at the first step of optimisation,
Relationships were developed by regressing the observed
chemical values against the three calibration sets using the
MLR regression technigue. The accuracy of each calibra-
tion with the same number of terms was assessed using the
statistics SFC, R, PRESS, R%, and RPD,.

Validation of calibration method

The last step utilised an independent validation of the three
calibration models {Model.;, Madely, and Model,y,] developed
at the second step on three validstion sets (VSg;, V5qy and
VS,)- Each validation set centained 20 sugarcane samples
not used for calibration, chosen at random and collected
on the same experimental sites at a different harvest time

Calibration data sets (CSy)

¥

Chemical analysis

Figure 2, Flow chart of experimental precedures used for each sample, spectra cotlection and calibration sels {CSx).

CSyp = CSpy + 17 C8py
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(Table 1]. Validation set VS, was obtained by mixing ten
samples randomly chosen in VS¢; and Vg, respectively.
These three calibration models were evaluated, as recom-
mended by Dardenne,” by using prediction parameters such
as the standard error of prediction [SEP], coefficient of deter-
mination of prediction {2, bias [Biasi and average global H
(Av. GH),

Results and discussion

Preparing samples, in particular using fine grinding, is costly
and time-consuming. We propase an optimum calibration
method by using a faster treatment of samples used for NIR
analysis. We first present the results of a small econemic
study to compare the two grinding methods. At the experi-
mental station, sugarcane samples are routinely ground
with the coarse-grinding TW because of its convenience and
rapidity to process a large number of samples [the treatment
of each sample takes about five minutes]. Even though the
CT is very efficient in providing homogeneous samples, it is
still necessary to pre-grind the samgples with the TW, which
is time-consuming {using the fine-grinding CT, the treat-
ment of each sample takes about 10min]. A high number
of samples underlined the need for NIR calibration optimi-
sation to predict lignocellulosic compounds in sugarcane
samples prepared using a faster method resulting in a wider
and coarser particle size.

Chemical composition of sugarcane samples

Table 1 shows the characleristics of the 60 samples frem
different anatomical fractions of the sugarcane plant. Samples
originated from (i} three contrasting varieties, {ii) planted in
four pedoclimatic environments and (iii} harvested at different
times. These faciors contributed to a wide range of chemical
compositions in the resultant database.

Chemical composition aralysis of sugarcane has particu-
larly focused en sugarcane bagasse® ¥ and few studies™
have dealt with other anatomical parts. Resulis presented by
others®¥ are closer to those presented in Table 1. An average
of 34% and 45% were measured in sugarcane bagasse against
ranges from 23% to 58% and from 32% to 58% for hemi-
celluiose [hemicellulose = NDF, _ -ADF| and cetlulose {celiu-
lose = ADF,,, - ADLI, respectively. The lignin content [Lig) of
our sugarcane bagasse samples was lower (4.6% to 7.0%,
average 5.5%] than values reported in the literature® ™ [18%
to 78%]. Table 1 shows wide variations in chemical compo-
sition between dilferent anatomical parts. Sharma ef al.*®
also reported differences in the composition of stalk and
leaf sheath, However, other authors® have found lower NDF,
ADF and Lig content than ours in the leaf sheath. Differences
in the chemical cemposition of the same anatomical parts
may be caused by (i} natural variability between varieties,
ages or padoclimatic growth conditions, [i5) variations in the
characteristics of the sample [for example, between indus-
trially processed bagasse and sugarcane stalk prepared in

the laboratory} and liiil problems due to the method used
(different protocols or difficulties in separating lignocellulosic
compuounds without spoiling them].

Spectral variability

Figures 3(a) and (b] show the raw NIR spectra of TW and
CT sets, respectively. Variations in spectral intensity are
clearly apparent in the two figures. To make these variations
rore readable, the raw NIR spectra of TW and CT sets were
averaged [Figure 3[c)]. TW set spectra presented more varia-
tions in spectral intensity than CT set spectra, as reported
by Bertrand et al.? However Figure 3lc] shows that variation
due to grinding method is low with regard to variation due lo
different anatomical parts and their agro-climatic character-
istics. Figure 4 shows therfirst two PCs of TW and CT sets as
a function of the first PC score. The samples are clearly sepa-
rated accarding to the grinding method used. For example,
samples of green leaf blade (Gb] from TW and CT sets are
circled by a dotted line [Gb TW) and a solid line [Gb CT), respec-
tively, in so doing demonstrating the effect of the grinding
method on the spectral features. However, samples tended to
cluster according to the anatemical part concerned. This indi-
cates that the chemical information contained in the raw NIR
spectra can be masked or modified by physical information,
howeaver analemical and growth characteristics of samples
are the main seurces of variation,

Optimisation of calibration method

Data pretreatment

Table ? shows statistical values from the calibration and the full
{leave-one-out] cross-validatian parameters of a MLR model
developed on the raw and pretreated CSgp. To compare these
statistical values, we performed a paired t-test® which evalu-
ates the significant differences amang the six pretreatments
we Investigated. Significant differences were found {P < 0.05)
between models developad on the raw and pretreated spectra
for each constituent, ADF,,, excapted. These resulls suggest
that performance ranking of each pretreatment dgepends on
the constituent being considered. However, in the comparisen
between pretreatment methods, the SNVD-D? pretreatment
produced the pest calibration and cross-validation param-
eters for at least three out of the four variables to be predicted.
These results are in agreement with results in both clder and
recent publications’ 2222243 showing that the pretreatments
ISNV. Detrend and D2, or their combination} performed well in
calibration. Se, a combination of these three pretreatments,
resulting in a well known pretreatment called SNVD-D?, was
shown to be the most powerful pretreatment among those
tested in the present study. In paratlel, we obtained higher Ry
(0.95 and 0.98 for Lig and Ash, respectively) than others® for
the same variables measured on comparable plant matrices
(corn and switchgrass}: values ranging from 0.44 to 0.98 and
from 0.62 ta 0.92 for Lig and Ash, respectively. Even though Liu
et 5., % reported data with a wide range of Lig and Ash content,
they had access to fewer samples with a smallter range than
us, which was probably why they found lower R?,. Besides,

b
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ground wilh a Thomas Witey through a 2mm screen, {bl
CT=samples ground with a Cyclotec through a 1 mm screen
and (¢} 1/reflectance mean spectra for both methods,

contrary to Liu et al.* calibrations developed on raw specira
wera not always significantly different from those calibrations
developed on treated spectra.
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Figure 3. Raw log 1/reflectance spectra of sugarcane samples
ground using two different methods: la} TW=samples
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Figure 4. PCA of raw spectra of sugarcane samples subjected
to different grinding methods: @ TW [Thomas Wiley through
a2mmscreen} and ° CT {Cyclotec through a 1inm screenk.
Samples are plotted according to the scores of PC1 [verticall
and PC 2 [horizontal). Samples of sugarcane green leaf blade
(Gb} ground with TW and €T were circted by a dashed line [8b,
TW} and a solid line [Gb, CT), respectively, to iltustrate spectral
dissimilarity between treatments

Consequently, as with other authors working on different
matrices, 2% wa balieve that the SNVD-D? pretreatrent has
the greatest potential for removing physical interferences in
the spectra acquired on samples in powder form,

Calibration sets

Restrained by the reference method,” the NiR model had to
be developed using chemicat data acquired on finely ground
samples [CT) in order to make predictions using coarsety
ground samples [TW]. Table 3 shows good calibration statistics
and the values obtained were better and comparable, in spite
of fewer numbers of samples and narrow range, with those
reported by others.’ As expected, Modely; always showed
higher R%,, %, and RPDy, and lower SEC and PRESS than
Model;,, [excepted for Lig). This seems logical, given that the
correlation level between spectral and chemical data was
optirnised when chemical and spectral data were acquired on
samples with the same particle size, The converse is also true
excepted for Lig. We also shows that Model,,, improved the
calibration and cross-validation parameters for two out of four
variables, for example RPO,, rose from 4.1 to 4.7 and from 3.3
to 4.0 for NDF,, and ADF,.. respectively. Howaver, this was not
the case for Lig and Ash. These resulls confirmed thal inclu-
sion of samples with a wide variation in particle size in & cali-
bration set improved the performance of data pretreatment,
as demonstraled by Norris and Williarns.'? Nevertheless,
our results show that the improvement in the calibatien also
depends on the constituent considered.
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Table 3. Statistical vaiues of three NIR calibration models [Model,] developed according to a combination of three calibration sets [CSy,, CSy and CS,,,) treated with standard normal

variate and detrend followed by second derivative (SNVD + D?] and multiple linear regression technique
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standard deviation, Terms=number of terms, SEC=

tatat ash, M= number of samples in calibration set, 5D

tior, R - correlation coefficient of determination for calibration, PRESS - predicied error sum of squares, R, - cerrelation coefficient for cross-validation, RED,, - ration perlormance 1o devialion for cros-validation

lighin-like, Ash

NOF . = neutral detergent hipre, ADF, | =ocid detergen libre, Lig

Validation of calibration method

Globally, Table 4 shows betier statistical values for predictions
when we considered each model independently vs its associ-
ated validation set [see grey shaded). As expecled, Modelyy,
parformed well across both V5, and V5., samples relative to
the others models. Moreover, inclusion of maximum variations
in particle size was associated with decreases in biases and
better representation of the variation in particle size. In fact,
we show lower bias for Modely,, for three out of four variables
than Modely, and much closer Av. GH between both. On the
other hand, Modelg; failed to perform well on Y5, samples,
especially in respect of ADF,,,. Lig and Ash fractions which
show elevated biases and Av. GH statistics. This suggests that
samples were not represented in the calibration set? and
were approaching spectral outlier status brought about by
differences due to the grinder used. Modely, presents equal
and higher SEPs than Modely,, for Lig, NDF_, and ADF .,
respectively. The r2, of Modelyy, values were smaller than
those of Model,y, for two out of four variables and equal for
Lig. The rs of both models were better for NDF, . and Ash but
smaller for ADF,__ than those observed by Cozzoline et al.* on
maize, although our $£Ps were lower than those except for
Ash. The results show that including samples with variations
in particle size in a calibration set can improve the predic-
tion of lignoceliulosic compounds of sugarcane samples with
coarser and wider particle size. It confirms the result of Norris
and Williams." Even though we tested only two grinders, our
sample sets had s wider range of particle size {from 168 pm to
up to Trnm) thar they used. [from 150pm to 335pmj as welt as
different variables to predict in different matrices. Indeed, we
confirmed that improvement in prediction accuracy depends
on the inclusion of samples with variations in particle size
in calibration sets. We also demonstrated that improvement
depends on the constituent we considered which is especially
true for Lig, We affirmed that Modely,, proved to be the best
calibration model to predict lignocellulesic compounds of
sugarcane samples with the coarse particte size (VS;,) we
investigated.

Conclusions

The SNVD-D? pretreatment enabled a significant reduction
in variations in spectral intensity observed on NIR spectra of
sugarcane samples caused by the grinding method. We showed
that the calibration method developed on a mixed calibration
set improved the prediction of lignocellulosic compounds in
coarse sugarcane samples with a wide range in particle size.
We also showed that improvement in prediction depends of the
variable we considered. in conclusion, we confirmed that it is
possible to predict—without less of accuracy—lignocellulosic
compounds in samples of atl parts of the sugarcane prepared
using a faster method resulting in coarse particle size. Resuits
from this study should give analysts using NIR spectroscopy
confidence to avoid time consuming fine grinding of sugarcane
samples. Moreover, analsis ¢f samples with a coarse particle
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Predicting Lignocellulosic Compounds in %ugarcane Samples with Coarse Particle Size

size can be an alternative technigue in the characterisation of
all parts of the sugarcana plant in ecophysiology research and

growth model development.™ With mora representative cali-
bration sets, including more samples with wider character-
istics and new variables, espeacially hemicellulose and cellu-

lose, robust and accurate NIR models can be developed to
predict lignocellulosic compounds of sugarcane for biomass
quantification,
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