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Evaluation of dry rubber content of natural rubber
sheets by near-infrared spectroscopy: benchtop
versus portable instruments

Avaliacao do teor de borracha seca (DRC) em laminas
de coagulos de borracha natural por espectrometria
de infravermelho préximo (N/IRS): instrumento de
bancada versus portatil
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Highlights

Multivariate statistical model can be used to evaluate the quality of natural rubber.
Near-infrared spectroscopy (NIRS) enabled rapid, nondestructive analysis of DRC.

NIRS DRC analysis can support quality-based payment systems for natural rubber latex.
Portable and benchtop NIRS devices showed similar performance predicting rubber DRC.

Abstract

The aim of this study was to develop a rapid and accurate method for determining dry rubber content
(DRC) in natural rubber sheets using near-infrared spectroscopy (NIRS), an analytical method that is
performed via both benchtop and portable spectrometers. Samples of rubber coagula for benchtop
NIRS (n = 936) and portable NIRS (n = 987) were collected from a rubber processing cooperative
between January 2024 and July 2025 under edaphoclimatic conditions during the dry, transition,
and wet seasons. Three different collection methods were used: Conventional, frame, and turning.
The coagulum samples were processed into rubber sheets and analyzed for DRC. NIR spectra were
subsequently acquired using the transflectance method and the accuracy and precision of the models
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were evaluated. The NIR spectra were correlated with reference values to develop chemometric models
of calibration using partial least squares (PLS) regression. The calibration equation for benchtop NIRS
exhibited R?, root mean square error of calibration (RMSEC), root mean square error of cross-validation
(RMSECV), slope, and offset values of 0.63, 2.04, 2.18, 0.63, and 24.5, respectively. In comparison,
portable NIRS presented calibration parameters of 0.51, 2.37, 2.40, 0.51, and 32.0, respectively,
for the same coefficients. The precision and accuracy (external validation) of the fitted models were
tested using an independent sample set (n = 163) not included in the calibration step and randomly
selected by the chemometric software. The external validation results revealed that both benchtop and
portable NIRS exhibited similar performance in predicting the DRC in natural rubber sheets, with very
close values of R?, root mean square error of prediction (RMSEP), SEP, Pearson’s correlation coefficient
(r), and bias. The R2 values of 0.68 for benchtop NIRS and 0.61 for portable NIRS, as well as the other
performance metrics [residual prediction deviation (RPD) and range error ratio (RER)], reveal that the
models should be applied with caution in direct operational use. Overall, both the benchtop and portable
NIRS models exhibited potential for predicting DRC in natural rubber sheets. However, before routine
analytical application, the models should be further improved through the inclusion of new samples
and continuous recalibration. Although the benchtop model exhibited slightly higher accuracy, analyses
must be performed under laboratory conditions. Conversely, the portable model offers the advantage
of real-time and in situ analysis.

Key words: Chemometrics. DRC. Natural rubber. NIR spectroscopy. PLS. Seasonal variation.

Resumo

O objetivo deste trabalho foi desenvolver um método rapido e preciso para determinagdo do teor de
borracha seca (DRC) em lamina de coagulo de borracha, utilizando a espectroscopia no infravermelho,
Near Infrared (NIR) Spectroscopy (NIRS), como técnica analitica, em espectrometros de bancada e
portatil. Amostras de coagulos de borracha natural para o NIRS de bancada (n = 936) e NIRS portatil (n
= 987) foram coletadas de uma cooperativa processadora de borracha, no periodo de janeiro de 2024
a julho de 2025, nas condi¢cdes edafoclimaticas das épocas de seca, de transi¢cdo e de aguas. Foram
utilizados trés diferentes métodos de coleta: convencional, quadrado e revolvimento. Os coagulos foram
processados na forma de laminas e analisados o DRC. Apds, os espectros NIR das amostras foram
obtidos utilizando o método transflectancia, e a acuracia e a precisao do modelo foram investigadas. Os
espectros NIR foram associados aos resultados laboratoriais para construir modelos quimiométricos
de calibragdo pelo método de regressao por minimos quadrados parciais (PLS). A equagao de
calibracao utilizando o NIRS de bancada apresentou valores dos parametros de calibragdo R2, RMSEC,
RMSECV, Slope e Offset de 0,63; 2,04; 2,18; 0,63; 24,5, respectivamente. Por sua vez, o NIRS portatil
apresentou parametros de calibracdo 0,51; 2,37; 2,40; 0,51; 32,0, respectivamente para os mesmos
coeficientes. Os modelos ajustados foram testados quanto a precisao e exatidao (validagao externa)
utilizando um conjunto independente de amostras (n = 163) ndo incluidas na constru¢cdo dos modelos
de calibracao e selecionadas aleatoriamente pelo software quimiométrico. Os resultados da validacao
externa mostraram que os NIRS de bancada e portatil apresentaram habilidades similares na predicao
do DRC de coagulo de borracha em laminas, com R2, RMSEP, SEP, r (Pearson) e bias muito préximos.
Os valores de R? iguais a 0,68 (NIRS de bancada) e 0,61 (NIRS portatil) e demais métricas (RPD e RER),
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indicam que os modelos ainda devem ser aplicados com cautela em uso operacional direto. De modo
geral, os métodos desenvolvidos tanto para o NIRS de bancada como o portétil apresentam potencial
para predizer os valores de DRC em coagulo de borracha em laminas. Entretanto, antes da aplicacao
rotineira nas analises, os modelos devem ser aprimorados por meio da inclusdo de novas amostras e
de recalibracdes continuas. Embora o modelo de bancada tenha a vantagem de ser ligeiramente mais
preciso, as analises precisam ser realizadas sob condi¢cdes laboratoriais. Em contrapartida, o modelo
portatil tem a vantagem de ser usado em tempo real e em analise in situ.

Palavras-chave: Quimiometria; DRC; Codgulo de borracha; Espectrometria NIR ; PLS; Variag&o sazonal.

Introduction

Thedryrubbercontent(DRC) of latexis
the weight percentage of dry rubber present
in 100 g of latex, precipitated by the action
of an acid solution, whose liquid (whey) part
is separated from the solid part by pressure
(Maraphum et al., 2022). After being pressed,
the rubber clot can undergo drying at varying
parameters from 16 h to 70 °C (Maraphum
et al., 2022), 10 h to 105 °C (Suchat et al.,
2015) or other parameters (Puttipipatkajorn
& Puttipipatkajorn, 2020). In Brazil, there is
no consensus regarding the parameters for
determining the DRC of natural rubber clots
by processing plants. The research team
of the Sado Paulo Agribusiness Technology
Agency (Agéncia Paulista de Tecnologia dos
Agronegécios - APTA) of the Secretariat of
Agriculture and Supply of the State of Sao
Paulo audited and determined that, as in the
case of soil analysis laboratories, there is no
standardized methodology for DRC analysis
in Brazilian rubber processing plants; each
unit has its own methodology. Even today,
most Brazilian producers are paid by the
weight of the rubber measured in the field and
the buyer establishes the amount to be paid
to the producer without considering the DRC

(Goncgalves et al., 2024a,b). To address the
lack of standardization of the methodology
for determining the DRC, the APTA research
team, with support from the private sector,
has been working since 2023 to define the
methodology to form the basis of payments
to producers in the future.

Near-infrared spectroscopy (NIRS)
has been considered an alternative to
conventional analytical methods in the
laboratory (wet method) because of the lack
of use of chemical reagents, low operational
cost and rapid acquisition of results without
causing destruction of the sample. It is
an analytical technique widely used in the
development of predictive models of the
chemical composition of various agricultural
products (Abreuetal., 2023a,b; Campos etal.,
2024; Cozzolino & Labandera, 2002; Lobos
et al., 2019; Murphy et al.,, 2019; Rambo et
al., 2020; Serafim et al., 2020; Trépia et al,,
2023), among others. NIRS analysis reveals
the vibration of functional groups present
in matter in the infrared region (750 nm to
2500 nm) that are correlated with chemical
measurements, allowing the development
of multivariate calibration models (Pasquini,
2003).
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NIR spectrometers are extremely
versatile instruments that do not cause
destruction of the sample, and the portable
version is suitable for field applications.
Studies conducted in Thailand have reported
that NIRS can be used to evaluate the quality
of rubber clots in terms of moisture content
(Suchat et al, 2015; Puttipipatkajorn &
Puttipipatkajorn, 2020), total solids content
(Maraphum et al., 2022), and DRC (Maraphum
etal., 2022; Siano etal., 2022) and evenreveal
evidence of fraud (Maraphum et al., 2022).
Therefore, we assume that it is possible
to develop mathematical models for the
evaluation of DRC in Brazilian samples using
NIRS.

Thus, this study was conducted on
the basis of the following hypotheses: i) It is
possible to develop a robust chemometric
model for estimating the DRC in rubber
clots using NIRS, even when the samples
are obtained under nonexistent conditions
of controlled collection, coagulation and
storage; and ii) the variability among the
different practices adopted by farmers can
be incorporated into the model, resulting
in the development of a predictive tool
representative of the real conditions in
rubber processing plants. In this context,
the objective of this study was to construct
chemometric calibration models to estimate
the DRC in rubber clots, using two types
of NIR spectrometers, benchtop and
portable, and to compare the calibration and
validation parameters of the models. For the
benchtop version, the NIRFlex N-500° (Buchi
Labortechnik, Flawil, Switzerland) model was
used; for the portable version, the MicroNIR
OnSite-W model (Viavi Solutions, Milpitas,
USA) was used.

360

Material and Methods

Natural rubber clots

A total of 79 lots from different
farmers, containing approximately 15 kg of
rubber clots per lot, were collected from a
processing company in the northern region
of the state of Sdo Paulo, Brazil, during the
period from 01/18/2024 to 07/01/2025,
under the edaphoclimatic conditions of the
wet season, transition period and drought.
The rural producers of natural rubber curds
were located in the northwestern region of
the state of Sao Paulo, west of the state of
Minas Gerais and east of Mato Grosso do
Sul, Brazil. In these regions, from where the
samples were obtained, the wet season,
with the highest rainfall, is from November
to February; the transition period occurs in
March, April, May and October; and the dry
season, with lower rainfall, is from June to
September.

Each lot (15 kg) was divided into
3 sublots of 5 kg each according to the
clot collection procedure followed in the
company: 1) Conventional; 2) frame/square;
and 3) turning/mechanical separation of the
load. Conventional collection is adopted by
the cooperative and consists of randomly
removing clots from the sides of the heap.
Frame/square-type collection consists of
randomly throwing a 1 x 1 m square mold
at 4 different points of the load, and 4
clots, one from each point, are collected.
Collection by turning/mechanical separation
consists of separating the load with the aid
of a tractor and removing the samples from
6 points of the central part. The objective of
investigating the 3 types of collection was to
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randomize and reduce the effect of human
variation regarding the choice of clots.

The rubber clot processing company
works inthe cooperative systemandreceives
lots from several rural producers in the states
of Sao Paulo, Minas Gerais and Mato Grosso
do Sul. The frequency of collection varied
according to the season: Once a week in the
wet season and, according to supply, in the
dry season, owing to the natural decrease in
latex production. The seasonal range is highly
important in the construction of robust linear
regression models, given the variability of
the DRC results as a function of high or low
rainfall.

Preparation of rubber clot slides

The clot lots (15 kg), subdivided
into sublots (3 kg), were prepared in the
form of slides at APTA Regional de Marilia
(APTA Regional-Marilia) on the day following
collection. The preparation consisted of
pressing the clots in a calender, a crepe
model with a 200 mm diameter and 400 mm
wide rollers (Usitecnica, Olimpia, Brazil). The
calender results in the joining of the clots
under pressure until a blanket is obtained.
Each mat was passed 5 times through the
calender until a sheet of approximately 7 mm
was obtained (Figure 1a). From the central
part of the slides, samples of 130 x 130 x 7
mm (L x P x A) (Figure 1a, 1b) were removed
and sent for DRC analysis in the same
research unit.

Figure 1. Image of the 7-mm-thick rubber clot slide. (a) Sections measuring 130 x 130 x 70 mm
for spectrum collection in portable NIRS, and (b) details of the 9-cm diameter disc for spectrum

collection in benchtop NIRS.
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Analysis of DRC by the laboratory reference
method (LRM)

In total, 948 samples (79 lots x 3 types
ofcollectionx4replicates)oflaminatedrubber
(130 x 130 x 7 mm) were subjected to DRC
analysis via the LRM at the APTA Regional-
Marilia. The DRC was determined by drying
the samples in an oven with air circulation at
120 °C for 4 hours until a constant weight was
reached, with 4 repetitions, according to the
methodology adapted from the International
Organization for Standardization (ISO) 126
standard (Associacao Brasileira de Normas
Técnicas [ABNT], 2011). DRC was calculated
by gravimetry according to Equation 1.

DRC=(12) x (£) x100 Eq. 1

where:
P1 - Initial weight of the total sample (kg)

P2 — Total weight of the mat after lamination
(calendering) (kg)

P3 — Weight of the mat subsample (g)

P4 — Weight of the mat subsample after oven
drying (g)

Analysis of DRC by NIRS

DRCanalysisinportableandbenchtop
NIR spectrometers was performed at APTA
Regional de Colina (APTA Regional-Colina).
Nine hundred thirty-six samples (n = 936) of
laminated rubber (130 x 130 x 7 mm) (Figure
1a) were analyzed on a portable MicroNIR
OnSite-W spectrometer (Viavi Solutions,
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Milpitas, CA, USA), and nine hundred eighty-
seven samples (n = 987) were analyzed on
a NIRFlex benchtop spectrometer N-500°
(Buchi Labortechnik, Flawil, Switzerland).

For each sample, 12 spectral
measurements were obtained at different
points, and the mean was calculated, which
wasusedinthedevelopmentoftheregression
model. In the portable NIR spectrometer, 12
measurements were obtained by manually
activating the equipment at different points
of the sample to capture the spectrum with
a mean spectral resolution of 6 nm in the
region of 908 to 1676 nm using Spectral
Software v.4.3.5.1. 105 (Viavi Solutions,
Milpitas, USA). Each spectral measurement
consisted of 200 spectra with a 6.5 ms
acquisition time for each spectrum, resulting
in a total time of 1.3 s for the acquisition of
a spectral measurement. In the benchtop
NIR spectrometer, the 12 measurements
were programmed in the spectrum capture
software NIRWare Operator version 1.6.6000
(Buchi, Flawil, Switzerland). The spectral data
were collected in the region of 1000 to 2500
nm(10,000to 4000 cm")witharesolutionof 8
cm™. Each spectral measurement consisted
of an average of 32 spectra, resulting in an
acquisition time of 30 seconds for each
sample. Owing to the specificity of benchtop
NIRS, it was necessary to section the
subsamples into 9 cm diameter discs (Figure
1b). Both devices measured the variations
in the dipole moment (electronegativity
difference) as a result of the vibrational
movement of its atoms present in matter but
differed in terms of configuration, as shown
in Table 1.
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Table 1

Bromatological composition of the Control Diet (CD) and Silage Diet (SD) on a dry matter basis

Characteristics

NIRFlex N-500 ©

MicroNIR OnSite-W

Portable
Viavi
900to 1700 nm
6 nm
33cm™’

25.000:1
Integrated vacuum tungsten
LVF - Linear Variable Filter
128 elements InGaAs D AD
194 x 47 mm (w x h)
2759
Portable
Viavi

Type Bench
Manufacturer Blichi Labortechnik
Wavelength range (nm) 800 to 2500 nm
Wavelength range (cm) 4000 to 12.000 cm™
Resolution (nm) 1.25x 106 nm
Resolution (cm) 8cm™’
Scan by spectrum 32
Signal/Noise 10.000:1
Bulb type Tungsten-halogen
Laser type 12 VDC HeNe, up to 633 nm
Monochromator FT-NIR polarization Interferometer
Detector Single element InGaAs
Dimensions 350 x 250 x 450 mm (w x h x 1)
Weight 15kg
Type Bench
Manufacturer Blichi Labortechnik
Statistical analysis

Descriptive analysis of DRC values
in rubber clots via the LRM was performed
using the PROC MEANS procedure. For the
regression model and Pearson’s correlation,
the PROC REG and PROC CORR procedures,
respectively, were used. The DRC data were
analyzed by fitting mixed models using the
MIXED procedure, considering the following
fixed effects: Type of collection, time of
collection, and interaction between the type
and time of collection, and repetitions as a
random effect. The effects were separated
by least square (LS) means using Tukey's test
at a 5% SAS probability for collection time
and collection type. The data were analyzed
using SAS® OnDemand for Academics
software (SAS Institute Inc., Cary, NC, USA).

The multivariate calibration models
for the DRC were constructed using the
chemometric software Unscrambler X,
version 10.4 (CAMO Software, Oslo, Norway).
The dataset was randomly divided into two
groups, with one group for calibration and
cross validation and the other group for
external validation, resulting in the formation
of two subgroups of independent samples.
Of the total samples analyzed using the
NIRflex (n = 936) and MicroNIR (n = 987)
methods, 773 and 824 samples, respectively,
were used for calibration, and 163 samples
from each model were randomly separated
by the Unscrambler software for external
validation. Thus, the same dataset was used
for both calibration and external validation,
but with different sets of samples at each
step. To obtain a more uniform spectrum,
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the 12 spectral replicates of each sample
were reduced to the average of one
spectrum per sample. Initially, the spectral
data were converted into logarithms of the
inverse of the reflectance [log(1/R)], where
R is the reflectance value obtained for each
wavelength. After this transformation, some
chemometric pretreatments were applied to
the spectral matrix. To reduce overlapping
bandsandto correctthespectralbaseline, the
Algorithm 1st derivative Savitzky—Golay (sg-
1) withawindow of 1 to 15 points was applied.
In addition, total normalization (normalization
full, n-fulll was applied to reduce system-
based variations, such as differences in the
size of the parts or sample thickness, of the
NIRFlexand MicroNIR. Afterward, the spectral
data (matrix X) were linearly combined with
the DRC values determined in the laboratory
through linear regression via partial least
squares (PLS) regression, whichis a statistical
technique for multivariate data analysis.
The model was built by PLS calibration,
with cross-validation applied internally to
optimize the number of latent variables and
evaluate the predictive capacity, preventing
overfitting. Cross-validation (Random cross-
validation) with 20 segments consisted of
the sequential removal of a group of samples
from the calibration set for model validation.
The predicted values were continuously
compared with the reference values and
the deviations were used to calculate the
root mean square error of cross-validation
(RMSECV).

After the mathematical treatments
were applied, the samples considered
outliers were excluded from the dataset
and a new PLS regression model was
subsequently developed. The outliers were
evaluated using the statistical tool Hotelling's

364

T2 and Q-residuals [squared prediction error
(SPE)] derived from the PLS model, with a
significance level of 5%. The interpretation
was performed jointly, considering both the
distance in the model space (T?) and the
reconstruction error (Q-residuals), allowing
us to differentiate between structurally
extreme samples and samples that fit poorly
into the model. The removal or retention
decisions were based on the original data
and the chemical consistency of the samples.

The PLS regression was performed
considering the following statistical indices:
1) The coefficient of determination (R?) of the
calibration sets (R?)) and cross-validation
(R%.); 2) the square root of the standard
error of calibration [root mean square error
of calibration (RMSEC)]; 3) the square root
of the standard error of cross-validation
[root mean square error of cross-validation
(RMSECV)]; and 4) the slope and offset, which
are, respectively, the slope of the curve (B,)
and the intercept (B ) of the linear regression
model:

y = B, + B, x X, where X represents
the predicted value and y represents the
observed value (Tropia et al., 2023).

The models that had the highest R?
value and the lowest possible RMSEC and
RMSECYV values were selected.

According to Guimaraes et al. (2023),
a correlation is considered good when R? >
0.75, with lower standard error of prediction
(SEP) and standard error of calibration
(SEC) values that are closer to each other,
in addition to the lowest value of the square
root of the mean prediction error [root mean
square error of prediction (RMSEP)] obtained
in the external validation. The systematic
error (bias) should not be greater than 0.6
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times the SEC value (Guimaraes et al., 2023).
The closer the slopeis to 1 and the closer the
offset is to zero, the better the quality of the
regression (Trépia et al., 2023).

The values of the residual prediction
deviation (RPD)and therange errorratio (RER)
were used to evaluate the performance of the
calibration models and for external validation
(Maraphum et al.,, 2022; Puttipipatkajorn &
Puttipipatkajorn, 2020; Rambo et al., 2020;
Serafim et al, 2020; Siano et al., 2022;
Suchat et al., 2015). The RPD is calculated by
the ratio between the standard deviation of
the reference values by RMSEC or RMSECV
(Puttipipatkajorn & Puttipipatkajorn, 2020),
andthe RERis calculated by the ratio between
the amplitude of the concentration range of
the reference values by the SEC or SEP value
(Serafim et al., 2020).

The PLS model was chosen, an
external validation test was performed
to estimate the precision and accuracy
parameters using an independent sample
group (n = 163). In addition to R?, slope and
offset, other statistical indices obtained
in the external validation were included:
Correlation, r (Pearson), RMSEP, SEP, and
systematic error (bias). The RMSEP exhibited
agreement between the values estimated
by the NIRS and the reference values (LRM).
RMSEP = standard error + slope + bias;
SEP = standard error + slope (Guimaraes et
al., 2023). Thus, the RMSEP is considered
the most complete index for estimating
the standard error (Guimaraes et al., 2023).
Parallel to the use of chemometric tools to
evaluate the external validation parameters,
a paired Student's t test was performed to
compare the mean DRC values predicted
by the calibration models of the NIRFlex and
MicroNIR equipment, using an independent

set of samples (n = 116) not used in the
development of the calibration models. The
test was used to evaluate the agreement and
predictive performance of the two devices.

Results

Results of the descriptive analyses
of the DRC data of the rubber clot samples
obtained by the LRM used in the construction
of the regression models via benchtop NIRS
(n = 936) and portable NIRS (n = 987) are
presented in Tables 2a and 2b, respectively.
The results revealed low variation in the
DRC values, with a coefficient of variation
(CV) of 5% (Table 2a and 2b) and a standard
error of the mean (SEM) between 0.15 and
0.23 (Table 3a and 3b), at different times of
the year (wet, transition and dry) and under
different types of collection (conventional,
frame/square and turning/mechanical load
separation). Analysis of variance (ANOVA),
through a fixed effects test applied to the
laboratory DRC data obtained for NIRFex (n =
936) (Table 3a) and MicroNIR (n = 987) (Table
3b) revealed that there was a difference (p
< 0.0001; p < 0.001) in the collection time
effect (E) of the two devices. No differences
were observed for the type of collection (TC),
with p = 0.3726 for NIRFlex (Table 3a) and
p = 0.4942 for MicroNIR (Table 3b), nor for
the interaction between the effects (E [ TC),
with p = 0.2288 for NIRFex (Table 3a) and p
= 0.093 for MicroNIR (Table 3b). A Tukey test
was performed, which revealed differences
between the means of the DRC values, with
higher values (p < 0.05) for samples collected
inthe dry season, i.e., 67.23% (NIRFlex) (Table
3a) and 66.39% (MicroNIR) (Table 3b), and
lower values (p < 0.05) for samples collected
in the wet season, ie., 65.09% (NIRFlex)
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(Table 3a) and 65.25% (MicroNIR) (Table 3b). and 66.03% (MicroNIR) (Table 3b) calculated
For samples collected during the transition between the 3 types of collection were
period, means of 66.04% (NIRFlex) (Table 3a) statistically equal (p > 0.05).

Table 2.a

Descriptive analysis of dry rubber content (DRC) values of rubber clots obtained by the laboratory
reference method (LRM) by collection time (n = 936) and type of collection (n = 936) used in the
calibration of the NIRFlex benchtop NIRS

Collection time Minimum Maximum

Wet 219 65.11 54.57 73.35 0.23 5%
Transition 501 66.04 58.10 74.90 0.15 5%
Dry 216 67.23 60.10 73.25 0.23 5%

Total 936

Type of collection

Conventional GillS 66.24 56.06 74.90 0.20 5%
Frame 308 65.84 54.57 73.98 0.21 5%
Turning 313 66.20 55.81 73.35 0.21 5%

Total 936

"Number of samples; 2 Standard Error; 2 Coefficient of Variation

Table 2.b

Descriptive analysis of dry rubber content (DRC) values of rubber clots obtained by the laboratory
reference method (LRM) by collection time (n = 987) and type of collection (n = 987) used in the
calibration of the MicroNIR portable NIRS

Collection time Minimum Maximum

Wet 224 65.24 54.57 73.73 0.23 5%
Transition 476 66.03 58.10 74.90 0.17 5%
Dry 287 66.40 60.10 73.25 0.20 5%

Total 987

Type of collection

Conventional 327 66.03 58.39 74.90 0.20 5%
Frame 331 65.74 54.57 73.98 0.19 5%
Turning 329 66.11 55.81 73.35 0.20 5%

Total 987

"Number of samples; 2 Standard Error; 2 Coefficient of Variation
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Table 3.a

Analysis of Variance: Fixed effects test for Time of collection (E), Type of Collection (TC), and Interaction
(E x TC) of the dry rubber content (DRC) of rubber clots obtained by the laboratory reference method
(LRM) (n = 936) for benchtop NIRS calibration (NIRFex)

Type of collection Mean
Season .- . Type of ., Season Collection
Traditional Frame  Turning collection SEM E) Type (TC) ExCT
Wet 65.70>A  64.47°~ 65.10b4 65.09 0.23
Transition 66.152*4  65.68>A 66.28"A 66.04 0.15 <0.0001 0.3726 0.2288
Dry BrRat  GFrE2e” G715 67.23 0.23

' Standard Error of the Mean
Different lowercase letters in columns indicate differences according to Tukey's test at 5% probability. The same
uppercase letters in a row indicate no differences according to Tukey's test at 5% probability.

Table 3.b

Analysis of Variance: Fixed effects test for Time of collection (E), Type of Collection (TC), and Interaction
(E x TC) of the dry rubber content (DRC) of rubber clots obtained by the laboratory reference method
(LRM) (n = 987) for calibration in portable NIRS (MicroNIR)

Type of collection Mean
Season - . Type of ., Season Collection
Traditional Frame  Turning collection SEM (E) Type (TC) E x
Wet 65,9224  64.84PA 64.99b4 65.25 0.20
Transition  66.13**  65.65>4 66.30>4 66.03 0.16 <0.001 0.4942 0.0930
Dry 65.942A  66.61** 66.6324 66.39 0.23

1 Standard error of the mean
Different lowercase letters in columns indicate differences according to Tukey's test at 5% probability. The same

uppercase letters in a row indicate no differences according to Tukey's test at 5% probability.

The raw spectra, i.e., without any
chemometric pretreatment, obtained
from three samples of rubber clot slides
selected from the different edaphoclimatic
seasons (wet, transition and dry) through the
respective benchtop (Figure 2a) and portable
NIRS (Figure 2b) systems are shown in Figure
2. The wavelength ranges varied according
to the specificity of the equipment, i.e.,
1000 to 2500 nm for the benchtop NIRFlex
spectrometer and 900 to 1700 nm for the
portable MicroNIR spectrometer. The raw

Semina: Ciénc. Agrar. Londrina, v. 47, n. 2, p. 357-380, mar./abr. 2026

spectra obtained via benchtop NIRS (Figure
2a) revealed a greater number of peaks
compared with those obtained via portable
NIRS (Figure 2b). This difference in spectral
behavior is due to the greater number of
points used to form the spectra (1501
points per average spectrum or sample)
of benchtop NIRS compared with the data
matrix (125 points per average spectrum or
sample) of portable NIRS. In the raw spectra
of portable NIRS, there were three distinct
absorbance peaks in different wavelength
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ranges: 1063 to 1106 nm (peak 1), 1273 to
1280 nm (peak 2) and 1620 to 1658 nm (peak
3). In turn, in benchtop NIRS raw spectra, 5
peaks were observed in the ranges of 1054
to 1109 nm (peak 1), 1266 to 1288 nm (peak
2), 1625 to 1645 nm (peak 3), 1822 to 1829
nm (peak 4) and 2222 to 2234 nm (peak 5). In
the region from 1000 to 2500 nm (Figure 2a)
or in the region from 908 to 1300 nm (Figure
2b), the red line indicating lower absorbance
corresponded to the dry season sample
with a higher DRC (67.70% dry base). The
upper lines indicated higher absorbance,
which were associated with lower DRC,
corresponding to samples collected in the

0.6

Absorbance
o ° ° °
~ “w i w

e
=

wet season (54.20% dry base) and transition
period (64.78% dry base). Maraphum et al.
(2022) reported that the band corresponding
to water vibrates in the range of 1152 to 1205
nm and 1715 to 1779 nm in natural rubber
clots. Puttipipatkajorn and Puttipipatkajorn
(2020) reported that different moisture levels
of rubber clots on 3 mm slides resulted
in different spectral behaviors, which is in
agreement with the findings of this study.
Samples with lower moisture content (higher
DRC) had lower absorbance values, whereas
samples with higher moisture content (lower
DRC) had higher absorbance values in the
range of 1400 to 1600 nm.

Wavelengh (nm)

Wet, 59.20% db ——— Dry, 67.70% db

0.5

Absorbance
) =)
w -

o
~

0
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01 S
908 045 976 1032.08438 1106 1143 1190 1236 1202 1320 1366 1410 1447 1484 1521 1559 1596 1633 1640
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—— Dry, 69.72% db

Wavelenght (nm)

Transition, 62,28% db

Figure 2. Raw NIR spectra obtained from three samples of rubber clot slides during the wet,
transition and dry periods in a benchtop NIRFlex spectrometer (a) and a portable MicroNIR
spectrometer (b). The colored lines represent the samples.
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The spectral variability according
to the principal component analysis (PCA)
of the rubber clot samples are illustrated in
Figure 3. Of the three principal components
that were considered for the construction of
the model, two components corresponded

to 97% (Figure 3a) and 98% (Figure 3b) of the
data variability, of which 86% and 85% were
explained by component 1 (PC1) and 11%
and 13% by component 2 (PC2) for benchtop
NIRS (Figure 3a) and portable NIRS (Figure
3b), respectively.

Scores

PC-2 (11%)

PC-1 (86%)

A Transiton W Wet

(a)

Scores

PC-2 (13%)

-0.6

T T T T T T T T T
-09 -08 -07 -06 -05 -04 -03 -02 -01 0

Dry

T
0.1

(b)

T
1.1

T T T T T T T T T
02 03 04 05 06 07 08 09 1

PC-1(85%)

A Transion H Wet

Figure 3. Principal componentanalysis (PCA) of the rubber clot slide samples, grouped according
to season (dry, wet and transition), in an NIRFlex (a) and portable MicroNIR (b) spectrometer.
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The  statistical parameters of
the linear regression model for DRC are
presented in Table 4 for benchtop NIRS
(NIRFlex) and portable NIRS (MicroNIR). The
same pretreatments (dg-1 and n- full) were
appliedto fitthe models for bothinstruments.
The numbers of samples in the calibration
and cross-validation, and in the external
validation, in the benchtop and portable NIRS
models,werenotequalbecause ofthe outliers
detected in each procedure. The range of
variation in the DRC values of the calibration
model was 55.80% to 74.90% (Table 4). For
benchtop NIRS (NIRFlex), the calibration
(RMSEC) and cross-validation (RMSECV)
errors were 2.04 and 2.18, respectively, and
the coefficients of determination (R2) of the
calibration and cross-validation were 0.63
and 0.57, respectively (Table 4). Conversely,
for portable NIRS, RMSEC and RMSECV
were close to 2.4, and R2 was equal to 0.51
(calibration) and 0.50 (cross-validation) (Table
4). The slope (Slope) and the intersection on
the Y axis (Offset) of the linear regression
were 0.63 (p <0.0001) and 24.48 (p < 0.0001),
respectively, for benchtop NIRS and 0.51 (p <
0.0001) and 32.02 (p < 0.0001), respectively,
for portable NIRS (Table 4). Thus, the
benchtop NIRS model presented better
correlation coefficients in the calibration
(R2cal) and cross-validation (R2cv) equal to
0.63 and 0.57, respectively, when compared
with those obtained for portable NIRS, with
R2cal = 0.51 and R2cv = 0.50 (Table 4). The

370

quality indices of the predictive ability of
the models, namely, the RPD and the RER,
were 1.64 and 9, respectively, for the NIRFlex
(Table 4) and 1.44 and 8, respectively, for the
MicroNIR (Table 4).

The results of the descriptive analysis
and the statistical parameters of the sample
groups used in the model accuracy test
(external validation), considering all the
samples (n = 163) and after the removal of
samples with residues greater than 4 for
NIRFlex (n = 144) and MicroNIR (n = 140)
are shown in Table 5. With the withdrawal
of discrepant samples, all the validation
statistical parameters were satisfactory; for
example, the coefficient of determination
(R2), RMSEP, SEP, RPD and RER values for
benchtop NIRS were 0.68, 1.84, 1.83, 1.78
and 9, respectively. For portable NIRS, the
same parameters were 0.61, 1.95, 1.94,
1.60 and 8, respectively. The prediction
errors were similar but slightly lower for
NIRFlex (RMSEP = 1.84) than for MicroNIR
(RMSEP = 1.95). Analysis of the systematic
error (bias) revealed similar values between
the devices, which were 0.199 for portable
NIRS and -0.166 for benchtop NIRS. The
Pearson correlation coefficients were 0.83
(p < 0.0001) for benchtop NIRS and 0.78 (p
< 0.0001) for portable NIRS indicating good
correlation between the values predicted by
NIRS and the laboratory reference values.
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Paired t tests revealed that there
was no significant difference between the
DRC values predicted by the PLS models
obtained with the NIRFlex and MicroNIR
equipment (t = 0.025; p = 0.9802), indicating
the absence of systematic bias between the
methods. The predicted means of DRC were
practicallyidentical, corresponding to 64.522
for NIRFlex and 64.518 for MicroNIR. The
Pearson correlation coefficient (r = 0.767)
indicated a moderate to strong positive
association between the values obtained by
the NIRFlex and MicroNIR devices, indicating
that both exhibit consistent behavior,
although not perfectly concordant. The
regressions between the reference values
(LRM) and the predicted values for benchtop
and portable NIRS in the external validation
are shown in Figure 4. The relationships
between the DRC values obtained by the LRM
and those predicted by NIRS revealed low
coefficients of determination R? values of the
regressions, 0.68 (Figure 4a) and 0.61 (Figure
4c), respectively. The Pearson correlation
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coefficient (r) was 0.83 (p < 0.0001) for
benchtop NIRS and 0.78 (p < 0.0001) for
portable NIRS, indicating good correlation
between the predicted values (NIRS) and
laboratory reference values. The distribution
analysis of the residuals of the PLS model
for benchtop (Figure 4b) and portable NIRS
(Figure 4d) revealed random dispersion
around zero, with no systematic trend along
the concentration range evaluated for both
devices. There was also no evident nonlinear
behavior, suggesting the stability of the
equipment in the external validation. In the
benchtop NIRS, small punctual deviations
were observed but lacked structural
characteristics, indicating good predictive
performance of the equipment (Figure 4b).
Compared with the benchtop model, the
portable NIRS model (Figure 4d) had greater
error dispersion and presence of extreme
values. These results reveal the adequate
performance of both devices in the external
validation with greater variability associated
with the portable device.

Semina: Ciénc. Agrar. Londrina, v. 47, n. 2, p. 357-380, mar./abr. 2026



——— SEMINA

Evaluation of dry rubber content of natural rubber sheets by near-infrared... Ciéncias Agrarias I
76 41 'S
74 - *
[ *
B 7 ® -® 3 * o ¢
S 7 Rk ¢ *
B 68 € ’ ¢ ) <& * o *
2 66 3 ¢ ‘:: ¢ *
= o4 2 * ey NGNS e
2 g, XN LA T IR
(=) - =0,66x + 22,56 . '
0| @.-7 ® (] y R2=x0768 g 58 60 620:5’.& ?0 %002’ 74
58 g MR RS RS AR
58 63 68 73 78 = * * o
0, o 2 '3 L 2 < ‘ "
DRC % Reference N
3 * e s
4 - ‘
DRC % Reference
(@) (b)
78
76 °
- 74 . 4
g P lad
T 70 ° g
()
o 68
=2 66 g
S e 3
0 g »n
- =0,63x + 24,69 ]
o |90 &- R 20,8104 <
o’ -
58 L= @ .
58 60 62 64 66 68 70 72 74 2
a .

DRC % Reference

(©

DRC % Reference

(d)
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(Y=X)(a, o).
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Discussion

Safe and rapid determination of
the DRC in the rubber coagulum is highly
important for the production chain because
it introduces the possibility of remuneration
on the basis of quality instead of only weight,
as currently occurs in Brazil with most rural
natural rubber producers. The determination
of DRC by NIRS is considered reliable
because it is a technique with high analytical
frequency (Pasquini, 2003) and is capable of
obtaining measurements in a few minutes
(Grizotto et al., 2019). It is much faster than
laboratory-based methods that require 16
h for DRC determination (Maraphum et al.,
2022).

An interesting finding was the
influence of seasonal variation on DRC
values. Higher DRC values were obtained
for samples collected in the dry season,
which lasts from June to September in
Brazil. During this season, characterized by
lower rainfall, there is a natural decrease in
latex production. In contrast, for samples
collected in the wet season (November to
February) and during the transition season
(March to May and October), the DRC
values decreased. These findings may be
important for decision-making regarding the
implementation of systems that favor the
production of latex during the dry season,
such as the irrigation of rubber plantations.
The differences in the absorbances of the
raw spectra acquired for samples collected
in different edaphoclimatic seasons (wet,
transition and dry) provide insights into the
significant differences in the DRC values of
the samples collected during these periods.

With respect to the types of collection
(conventional, frame/square and turning/
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mechanical separation), there were no
differences (p < 0.05); i.e., the randomness or
the human effect in the choice of clots was
not proven, which is reflected in higher or
lower DRC values. However, standardization
of the method of clot collection may increase
the uniformity of the methodology for
determining DRC by the research team.

The objective of the evaluation of
chemometric models was to determine
the accuracy, precision and robustness
in the prediction of chemical properties.
NIR spectroscopy of agricultural products
is challenging because the nonuniform
characteristics of the samples can affect the
quality of the spectra (Maraphum etal., 2022).
In an initial study on rubber clots, Grizotto et
al. (2024) reported high heterogeneity of the
material, which resulted in the use of low-
accuracy calibration models in portable and
benchtop NIRS, suggesting the inclusion of
new samples for recalibration.

The models developed for benchtop
(NIRFlex) and portable NIRS (MicroNIR)
exhibited coefficients of determination (R?)
within the range of 0.50 to 0.63 and may be
classified as inaccurate by Guimaréaes et al.
(2023). An explanation for the low value of
R? can be attributed to the heterogeneity
of the rubber clots, since the samples
came from different farmers from different
regions of Brazil under conditions of different
storage times on the farm. Furthermore, the
presence of water molecules in the samples
may have hindered the adjustment of the
NIRS calibration models. Although water
sometimes obscures the detection of other
constituents,suchasproteins,lipidsandother
chemical components (Lobos et al., 2019),
NIRS technology has been successfully used
in the prediction of moisture contentin foods
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with highwater content, such as meat (Alomar
et al, 2003; Alvarenga et al., 2021; Bonin
et al., 2020) and freshly harvested forage
(Cozzolino & Labandera, 2002; Decruyenaere
et al,, 2009; Lobos et al., 2019; Murphy et al.,
2019), taking advantage of the strong water
absorption bands in the near-infrared region
(Puttipipatkajorn & Puttipipatkajorn, 2020).

On the one hand, the heterogeneity
of the samples is a problem for model
development because of spectral
nonuniformity; on the other hand, this
heterogeneity provides robustness to
the model in the prediction of unknown
samples, as long as a range of clot types
and a large number of samples are included.
In homogeneous materials, such as natural
latex, Maraphum et al. (2022), in a study
evaluating DRC (n = 115), reported excellent
values of R%, RMSEC, and RMSEP (0.97, 1.58
and 1.20, respectively), using the online
portable NIRS model AvaSpec-NIR256 from
Avantes (Holland). Similarly, Puttipipatkajorn
and Puttipipatkajorn (2020), in a study on
natural latex coagulated in the laboratory
(n = 300), reported excellent R%,, RMSEC
and RMSEV values, 0.99, 0.177 and 0.227,
respectively, for portable NIRS model DLP
NIR Scan Nano (Texas Instr., USA). In a study
on coagulatedlatex(n=180)underlaboratory
conditions, Suchat et al. (2015) obtained R?,
SEC, and SEP values of 0.98, 1.68 and 1.48,
respectively, for a portable NIRS NIRSystem
6500 (Foss NIR Systems, USA). Despite the
exceptional values of R? and low calibration
errors, Suchat et al. (2015) emphasized that
their model is not ready for use, since only
a certain type of latex sample can be used
for prediction by the model. The authors
emphasized that the model was developed
for acidified and coagulated latex in a specific
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manner of RRIMM 600 clones and that other
forms of preparation or clones could produce
latex with different characteristics.

The error indices of the regression
models (RMSEC, RMSECV, and RMSEP)
were similar, indicating internal consistency
of the calibrations and good behavior in
the external validation. The values of the
systematic error (bias) of the two types of
spectrometers were low, with values well
below 60% of the SEC value, according
to Guimaraes et al. (2023), suggesting the
absence of significant systematic errorin the
predictions. In terms of overall performance,
the quality indices of the predictive ability
of the models, RPD and RER, were below
the limits usually recommended for robust
quantitative applications (RPD > 2.0 and RER
= 10) and were more suitable for screening
purposes. in accordance with the criteria
reported in the literature. The exclusion of
discrepant samples improved these indices
but not enough to change their classification.
According to the literature, RPD values
higher than 2.0 (Maraphum et al., 2022) or
2.5 (Wiliams & Sobering, 1996) indicate
satisfactory performance of the models,
whereas values lower than 1.4 (Maraphum
et al., 2022) or 1.5 (Wiliams & Sobering,
1996) reflect low predictive ability. For the
RER, values greater than 5 are considered
acceptable for screening samples (Rambo
et al, 2020), whereas values above 10
indicate models with high predictive capacity
(Williams & Sobering, 1996).

The precisiontest (externalvalidation),
performed with a group of samples unknown
by the model, is an important step for the
validation of the regression model. The
use of a group of unknown samples and
the RMSEP is recommended because it
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produces reliable results, independent of
any data used in the construction of the
model (Pasquini, 2003). In terms of the
equipment, compared with MicroNIR, NIRFlex
consistently resultedinlower prediction error
and lower dispersion of residues, indicating
greater analytical stability of the benchtop
equipment. However, the differences
between the devices were small and do not
represent a relevant practical advantage,
suggesting similar predictive performances
under the analyzed conditions. These
results are in line with those reported in the
literature, which indicate greater robustness
of benchtop spectrometers in multivariate
calibrations, especially in quantitative
applications (Pasquini, 2018). Nevertheless,
the use of portable spectrometers, such
as MicroNIR and others, has increased in
virtually all areas in which conventional
benchtop spectrometers were originally
used (Pasquini, 2018).

Analysis of the distribution of the
residuals revealed good adherence to the
linear regression model becauseitis possible
to visually perceive the normal distribution
of the data, indicating the absence of
a trend in the constructed models. The
correlations (r) between the predicted and
laboratory values were positive, with values
equal to 83% for benchtop NIRS and 78%
for portable NIRS after the outliers were
removed. These results reinforce the ability
of the models to capture the variation in DRC,
even when real variability associated with
different producers, collection practices and
processing conditions is included.

The dataset, composed of a large
number of samples collected over two
years and in various seasons, contributed
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to the representativeness of the regression
models, but it also introduced variability that
limited the absolute predictive performance
of the models. Thus, continuous updating of
the models with the inclusion of new samples
is recommended.

Finally, the main operational
advantage of NIR spectroscopy is its
analytical speed, allowing the determination
of the DRC to occur within minutes, in
contrast to the conventional method, which
can require up to 16 hours for completion.
From an operational point of view, benchtop
NIRS exhibited slightly higher accuracy;
however, controlled conditions are needed
to perform the analyses. The portable model,
in turn, has the advantage of being mobile
and able to be transported to the processing
site, enabling the results to be obtained in real
time. In addition to DRC determination, the
NIRS technique has the potential to be used
for the evaluation of other rubber quality
parameters. Thus, the use of NIRS technology
may assist operators in obtaining quick
results and contribute to the implementation
of payment systems based on the quality of
the natural rubber coagulum.

Conclusion

Chemometric models were
developed to estimate the DRC in natural
rubber slides using NIRS with both benchtop
and portable equipment. Both devices
exhibited the potential to quickly estimate
the DRC values in rubber sheets, even in
the context of variability associated with
different producers, collection practices and
processing conditions.
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Although the developed models
did not meet the most rigorous criteria of
predictive ability reported in the literature,
the results reveal satisfactory performance
for sample screening purposes. The
benchtop equipment exhibited slightly better
performance in terms of accuracy and error
stability, whereas the portable equipment
exhibited high potential for practical
application because of the possibility of
using it directly in the processing plant and
obtaining results in real time.

However, the direct operational
application of chemometric models should
be done with caution, requiring the expansion
of the dataset, with the inclusion of new
samples from different producing regions
and periodic recalibration of the models. The
estimation of DRC by NIR spectroscopy is
highly important for the rubber production
chain, allowing the analysis of a greater
number of samples in a short period of time,
with the potential to assist quality control
programs and remuneration systems based
on the quality of the natural rubber clot.
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