Food Research International 172 (2023) 113216

ELSEVIER

Contents lists available at ScienceDirect
Food Research International

journal homepage: www.elsevier.com/locate/foodres

FOOD
RESEARGH

t.)

Check for

Authentication and discrimination of new Brazilian Canephora coffees with  [&&s
geographical indication using a miniaturized near-infrared spectrometer

d,*

Michel Rocha Baqueta * b Federico Marini ”, Rodrigo Barros Rocha ©, Patricia Valderrama “ ,

Juliana Azevedo Lima Pallone *"

& University of Campinas — UNICAMP, School of Food Engineering, Department of Food Science and Nutrition, Campinas, Sao Paulo, Brazil
Y Department of Chemistry, University of Rome “La Sapienza”, Piazzale Aldo Moro 5, 00185 Rome, Italy
¢ Empresa Brasileira de Pesquisa Agropecudria — EMBRAPA Rondonia, Porto Velho, Rondonia, Brazil

d Universidade Tecnolégica Federal do Parand — UTFPR, Campo Mourdo, Parand, Brazil

ARTICLE INFO ABSTRACT

Keywords: New Brazilian Canephora coffees (Conilon and Robusta) of high added value from specific origins have been
Aut_henticat'ion protected by geographical indication to guarantee their origin and quality. Recently, benchtop near-infrared
Chemometrics (NIR) spectroscopy combined with chemometrics has demonstrated its usefulness to discriminate them. It was
]();eDt;Z?eﬁi[i\cal origin the first study, however, and therefore the possibility exists to develop a new portable NIR method for this
MicroNIR purpose. This work assessed a miniaturized NIR as a cheaper spectrometer to discriminate and authenticate new
PLS-DA Brazilian Canephora coffees with certified geographical origins and to differentiate them from specialty Arabica.

Discriminant chemometric and class modeling techniques have been applied and have obtained good predictive
ability on external test sets. In addition, models with similar classification purpose were compared with those
obtained in previous research carried out with benchtop NIR for the same samples, obtaining comparable results.
In this context, the portable method was used as a laboratory technique and has the advantage of being cheaper
than benchtop NIR spectrometer. Furthermore, it brings a high possibility to be implemented in small coffee

cooperatives, industries or control agencies in the future that do not have high economic resources.

1. Introduction

Brazil is the second-largest Canephora producer in the world,
ranking only behind Vietnam (ICO, 2021). The most important pro-
ducing states in the country are Espirito Santo, Rondonia, and Bahia, as
illustrated in Fig. 1. They produce two distinct botanical varieties of
Canephora: Robusta and Conilon. Conilon is typically cultivated in
Espirito Santo (Southeast region) and Bahia (Northeast region), while
Robusta is produced in Rondonia (North region) (CONAB, 2023; de
Souza et al., 2021).

Conilon and Robusta coffees have historically been undervalued
coffees in the world (Liu et al., 2019). However, their quality standards
in Brazil have improved currently, and new Canephora have emerged
with qualities that are comparable or superior to specialty Arabica
(Alves et al., 2020; Filete et al., 2022; Gomes et al., 2022; Lemos et al.,
2020; de Souza et al., 2021; Zani Agnoletti et al., 2022). Consequently,
Conilon produced in Espirito Santo (Brazil, 2021b) and Robusta
Amazonico from Rondonia (Brazil, 2021d) were registered with the

* Corresponding authors.

geographical indication (GI) (Brazil, 2021c). Robusta Amazonico coffees
from Rondonia are cultivated in a sustainable agroforestry system in the
Amazon region by indigenous and non-indigenous coffee producers
(Brazil, 2021a), with different manufacturers providing a differentiation
issue. In turn, Espirito Santo has a consolidated history in the production
of the Conilon variety (Brazil, 2021b).

Recently, benchtop near-infrared (NIR) spectroscopy combined with
chemometrics has demonstrated its usefulness to discriminate roasted
Brazilian Canephora coffees, their origins, cultivars from Western Bra-
zilian Amazon, and specialty Canephora and Arabica in a previous
research carried out by the authors of this study (Baqueta et al., 2023).
The comprehensive sample set comprised 527 samples analyzed by the
benchtop NIR adopting different strategies of multi-class partial least
squares with discriminant analysis (PLS-DA) to classify the five available
coffee classes. Subsequently, it was applied binary PLS-DA models to
discriminate only GI Canephora coffees from those without GI specifi-
cation, as well as GI Canephora versus GI Canephora coffees (Robusta
Amazonico versus Conilon from Espirito Santo). The results indicated
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that the discrimination among the three GI Canephora coffees, and be-
tween indigenous and non-indigenous producers of Robusta Amazonico
was not a straightforward task even for benchtop NIR. It was the first
study, however, and therefore the possibility exists to develop a new
portable NIR method for this purpose.

Miniaturization of NIR spectroscopy has made substantial progress
with the trend towards portability, especially for in-field analysis for
natural samples (Bec et al., 2022). However, different studies have
introduced the applicability of portable NIR as a laboratory technique to
analyze prepared samples, expanding its application and making it
versatile and cheaper compared to the benchtop spectrometer. For cof-
fee, measurements directly in the field on raw coffee beans do not reflect
the final product that reaches the consumer. In addition, a portable NIR
is much more affordable for the reality of many coffee industries and for
control agencies that do not have high economic resources.

The application of portable NIR has simplified coffee analyses
(Baqueta, Coqueiro, Marco, & Valderrama, 2021; Baqueta, Coqueiro,
Marco, Mandrone, et al., 2021; Correia et al., 2018, 2020; Souza et al.,
2022). However, the main limitation with portable NIR is that almost all
available instruments are not designed to cover a wide NIR spectral
range. Portable sensors with InGaAs-based short wave infrared (SWIR)
detector cover 900-1700 nm range and capture partly the 1st and the
2nd overtones of most functional group vibrations. Therefore, in coun-
terpart to the benchtop spectrometer, this is its main drawback, which
makes the application of chemometrics a challenging task (Mishra et al.,
2021).

This work assessed a miniaturized NIR as a cheaper spectrometer to
discriminate and authenticate a very large set of new Brazilian Cane-
phora coffees with certified geographical origins and to differentiate
them from specialty Arabica. Exploratory and discriminant chemo-
metric techniques have been applied to evaluate the spectral data and
then fairly compared (because the same samples have been analyzed)
with the classification results obtained previously with benchtop NIR in
Baqueta et al. (Baqueta et al., 2023). Additionally, one class-modeling
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2. Materials and methods
2.1. Coffee samples

A large sample set composed of 527 roasted and ground coffee
samples was analyzed. It comprised the same set previously analyzed
(Baqueta et al., 2023) by the authors of this study. They were roasted to
a medium degree in a Probat sample roaster with the initial temperature
of 160 °C and 190 °C at the end, with a time ranging between 7.5 min
and 9 min to obtain the desired profile. Table 1 specifies the number of
samples and their origins. From the 99 Robusta Amazonico samples
from the indigenous producers, 78 were from “Sete de Setembro”
indigenous land and 21 from “Rio Branco” indigenous land. Conilon
from Sao Paulo and low-quality Robusta/Conilon coffees were included
for a brief comparison and were not the focus of the study. Robusta
Amazoénico samples and Conilon from Espirito Santo were provided by
the Brazilian Agricultural Research Corporation (EMBRAPA) located in
Porto Velho in the state of Rondonia, which guaranteed their GI
authenticity.

2.2. Portable NIR spectra collection

The coffee beans were milled and sieved through a 20-mesh sieve for
particle size standardization before analysis. The analyses were carried
out in the solid roasted coffees, in ground form, to reflect the final
product that reaches the consumer. MicroNIR spectra of the milled
coffee samples were obtained directly using a portable NIR spectrometer
(microNIR™ 1700) from JDSU Uniphase Corporation with a glass
cuvette, in reflectance mode. This spectrometer was designed with an
InGaAs-based short wave infrared (SWIR) that covers the 906-1676 nm

Table 1
Coffee samples included in the study.
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range. The samples were randomly analyzed at room temperature
(22 °C). Three different sample aliquots were used, and the spectrum of
each aliquot was recorded with 50 scans and a resolution of 6.25 nm,
resulting in a measurement time of 0.50 s. The blank was evaluated
using a standard NIR reflectance (Spectralon™) with a diffuse reflection
coefficient of 99%, while a dark reference (zero-to simulate non-
reflection) was obtained with the lamp off. The MicroNIR had a diam-
eter of 45 mm and a height of 42 mm, weighing about 60 g.

2.3. Spectral pre-process and exploratory analysis

Each sample’s average microNIR spectra were calculated and im-
ported into Matlab R2019a (The Mathworks, Natick, MA) with the
PLS_Toolbox 8.6 computational package. The 527 original spectroscopic

profiles had 121 variables per spectrum and were transformed into
absorbance (log 1/R). Different pre-processing methods were studied

Class 1

Class 2

Class 3

Part 1

Class 4

Class 5

Class 1

Class 2

Class 1

Class 2
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before the chemometric analysis. The best one was combining Savitz-
ky-Golay smoothing with a 5-point window (Savitzky & Golay, 1964),
and multiplicative scatter correction (MSC) (Geladi et al.,, 1985).
Moreover, the spectra were mean centered after pre-processing. First,
PCA was used as an unsupervised method to map patterns in samples,
trying to differentiate them in terms of varietal types (Robusta and
Conilon), species (Canephora and Arabica), quality (high and low
quality Canephora), or geographical origin (Rondonia and its different
producers, Espirito Santo, Bahia, and Sao Paulo).

2.4. Chemometric classification

The samples belonging to each dataset in the supervised models were
selected by the Kennard-Stone algorithm (Kennard & Stone, 1969).
Calibration datasets (training sets) comprised 75% of the samples
selected from each class. Prediction datasets (test sets) composed 25% of

> Multi-class PLS-DA

Binary PLS-DA

New class Class 4
Robusta Amazénico samples together from
indi indi versus
(232 samples)
Class 3 Class 4
_ e _
New class Class 3
Robusta Amazénico samples together from
indi and indi versus
(232 samples)

DD-SIMCA

New class/target class Class 4

Robusta Amazénico samples together from

versus
(232 samples)

Class 3/target class

Class 4

Fig. 2. Scheme applied to perform the 5-class discrimination (multi-class PLS-DA or PLS2-DA), 2-class discrimination (binary PLS-DA or PLS1-DA), and one-class

authentication of the coffee samples.
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the remaining samples to evaluate the model’s predictive ability.

Fig. 2 shows a graphical representation of the data sets and from the
chemometric analyses performed divided into 3 parts. In the part 1, a
multi-class PLS-DA, which can be called as PLS2-DA, was developed to
model and classify five coffee classes of interest: Robusta Amazonico
from all indigenous producers in a single class (class 1), Robusta
Amazonico from non-indigenous producers (class 2), Conilon from
Espirito Santo (class 3), Conilon from Bahia (class 4), and specialty
Arabica (class 5). Conilon from Sao Paulo and low-quality Canephora
were not included in the classification/authentication models consid-
ering the small number of samples.

In the part 2, three binary PLS-DA, which can be called as PLS1-DA,
were built: a first to distinguish between all Robusta Amazonico and
non-GI Canephora coffees, one second to differentiate between Conilon
from Espirito Santo and non-GI Canephora coffees, and a third to
distinguish between Robusta Amazonico and Conilon from Espirito
Santo. Non-GI Canephora coffees were represented by Conilon from
Bahia that is not currently registered with GI.

The PLS1-DA models were developed taking into account that the
multi-class PLS2-DA model had excessive variability (five modeled
classes) and a strong variance contribution between the Canephora/
Arabica coffee species that could influence the desired discrimination
between only the Canephora groups.

All PLS-DA models were implemented using Matlab R2019a (The
Mathworks, Natick, MA) with the PLS Toolbox 8.6 computational
package. The internal validation of the model was carried out through a
venetian blinds cross-validation procedure with five samples. The cri-
terion for choosing the optimal number of latent variables (LVs) was
determined by figures of merit as sensitivity and specificity and classi-
fication errors. In addition, samples showing both high leverage and
high Q residuals were detected and removed since they could be outliers.
The quality and reliability of the PLS-DA models were evaluated in terms
of sensitivity and specificity. The performance of the PLS-DA models was
assessed by determining sensitivity and specificity values for calibration
(CAL), cross-validation (CV), and prediction (PRED) datasets (Baqueta,
Coqueiro, et al., 2021; Lopez et al., 2015). Sensitivity is defined for each
class as the percentage of samples of this class, which are correctly
recognized as members of this class in the discriminant model. Speci-
ficity is defined for each class as the percentage of samples from other
classes, which are correctly rejected by the model and therefore attrib-
uted as inconsistent with the class of interest. These parameters can
assume values from O to 1 or 0% to 100%. A perfect sample discrimi-
nation occurs when 100% sensitivity and 100% specificity are obtained
(Rodionova & Pomerantsev, 2020).

2.5. Chemometric authentication

DD-SIMCA was applied as a one-class classifier (Rodionova, Titova,
et al., 2016) to authenticate the GI Canephora coffees. Two DD-SIMCA
models were built as shown in Fig. 2: the first with all Robusta
Amazonico samples as a single target class, thus creating the training set
for model building. Another DD-SIMCA was developed using Conilon
from Espirito Santo as the target class, where these samples comprised,
the training set for model building. Training and test sets of the target
classes were the same used in the PLS-DA models. Non-GI Canephora
coffees (those represented by Conilon from Bahia) were exclusively
considered for testing the predictive ability of the two DD-SIMCA
models and were included in the test set together with the validation
samples of each target class. The acceptance significance and the outlier
significance with levels of 0.01 were adopted. The number of principal
components (PCs) was selected according to their explained variance in
PCA and was applied to the training samples (target class). DD-SIMCA is
freely available at https://github.com/yzontov/dd-simca, and imple-
mentation details can be found in the reference paper (Zontov et al.,
2017). The quality and reliability of the DD-SIMCA models were also
evaluated in terms of sensitivity and specificity. Sensitivity was
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determined for training sets, while sensitivity and specificity were
verified for the test sets. In the case of SIMCA, sensitivity is obtained
exclusively for the target class, while the sensitivity and specificity can
be calculated for the non-target class (Rodionova, Oliveri, et al., 2016).

3. Results and discussion
3.1. Visualization of the spectra

The original, pre-processed, and average microNIR spectra of the
ground and roasted coffee samples are shown in Fig. 3A-C. In all cases,
the differences among classes were not easily observed. The molecular
vibration bands occurred similarly throughout the spectra region with
high spectral overlap between coffee classes. The spectra were very
similar over almost the entire range, except for the region around 1450
nm, where the differences between the spectra were visible.

Even though previous studies have reported a clear effect of coffee
variety/species/origin on the NIR spectrum (Giraudo et al., 2019;
Monteiro et al., 2018), the current analysis with the portable instrument
has shown that the determination of different varietal types,
geographical origins, and distinction of producers for the new Brazilian
Canephora coffees can be a complex task, even though there are dif-
ferences in their composition, as already shown in previous studies
(Francisco et al., 2021; Oliveira et al., 2020). An adequate spectra
analysis requires the application of chemometric methods.

3.2. Exploratory analysis

A PCA brought more information of interest about the samples. The
first three principal components (PCs) and respective loadings are
shown in Fig. 4. Overall, PC1 (62.94% of explained variance) in Fig. 4A,
and the joint observation of PC1 and PC2 (26.00% of explained vari-
ance) in Fig. 4B, tended to differentiate between GI Canephora coffees
(Robusta Amazonico and Conilon from Espirito Santo) and others
(Conilon from Bahia, Arabica, and low-quality Canephora). Conilon
from Sao Paulo showed similar behavior to the GI Canephora coffees.
This was even better observed in Fig. 4C with the visualization of PC1
and PC3 with 7.20% of variance explained. However, the analysis of the
PCs together also showed a huge overlap of samples, not differentiating
all the available classes.

The loadings of PC1 and PC2 (Fig. 4D) were more intense between
1400 and 1600 nm. High absorption bands in this region were previ-
ously assigned to the vibration bands of carbohydrates and chlorogenic
acids (Barbin et al., 2014; Ribeiro et al., 2011). Previous studies have
shown that Arabica contains more sugars than Conilon and Robusta
(Caporaso et al., 2018; Lemos et al., 2020; Liu et al., 2019). However,
new Brazilian Conilon genotypes have been found with higher concen-
trations of sugars and even higher than Arabica (Lemos et al., 2020).
Furthermore, Robusta and Conilon were associated with higher con-
centrations of chlorogenic acids than Arabica (Ky et al., 2001; Lemos
etal., 2020; Liu et al., 2019). Interestingly, a recent study showed that a
Brazilian Conilon genotype and a Brazilian Robusta contained nearly
three times as much caffeoylquinic acid as Arabica (Lemos et al., 2020).

There was a region of importance for PC3 between 900 and 1150 nm
(Fig. 4D). It was previously associated with the difference absorption of
caffeine and trigonelline in coffee species, where caffeine content is
typically higher in Canephora than in Arabica, whereas Arabica has
more trigonelline than Robusta (Caporaso et al., 2018; ICO, 2022; Lemos
et al., 2020; Liu et al., 2019). However, it was shown recently (Lemos
et al.,, 2020) that Conilon with 100% mature cherry fruit can have
similar or even higher trigonelline content than Arabica.

3.3. Discrimination of Robusta, Conilon, and Arabica

A multi-class PLS-DA model was developed for distinguishing the
five coffee classes of interest in this study: Robusta Amazonico from
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indigenous producers (class 1), Robusta Amazonico from non-
indigenous Rondonia producers (class 2), Conilon from Espirito Santo
(class 3), Conilon from Bahia (class 4), and specialty Arabica coffees
(class 5). A total of 19 LVs were used in the multi-class PLS-DA.

The current PLS-DA model dealt with a typical case reported in
multi-class modeling, which requires a high number of variables to
obtain reasonable results. Each class takes around 2 to 3 LVs for the
internal modeling, and another 1 to 2 LVs are necessary to describe the
external links between classes, not meaning an overfitting (Pomerantsev
& Rodionova, 2018). In the 5-class discrimination, this means at least 17
LVs. With the 19 LVs selected for the PLS-DA, it was possible to obtain
about 72% of the explained variation in Y, which is low and has been
reported previously for a similar case study (Baqueta, Coqueiro, et al.,
2021). The attempt to discriminate the five classes of roasted coffee in a
single model is challenging in this work and reflects it in the model
complexity.

Sensitivity and specificity rates obtained in the multi-class PLS-DA
are shown in Table 2a. The model discriminated perfectly the Conilon
from Bahia that still has predominantly an intermediate quality, and
Arabica. It correctly classified all these samples, showing 100 % sensi-
tivity and specificity in the prediction. However, the main interest was
in discriminating high value-added Canephora coffees from specific
Brazilian geographical indications or producers: Robusta Amazonico
from indigenous producers, Robusta Amazonico from non-indigenous
producers, and Conilon from Espirito Santo. For these three classes,
the sensitivity and specificity were in the range of 84.0-97.0 % in the
prediction. This may indicate that GI Canephora share characteristics
from a chemical point of view, creating misclassifications. No Arabica or
Conilon samples produced in Bahia were wrongly assigned to the other
classes.

Robusta Amazonico coffees are produced in the delimitation of the
GI “Matas de Rondonia” shown in Fig. 1, which includes the two
indigenous lands. However, a relatively high discrimination between
them was obtained and this may be associated with the specific soil type
of the protected indigenous regions (that maintains native forest) and
also the beans processing carried out by each group. It is known that
indigenous people produce their coffee mostly with induced fermenta-
tion techniques.

Few cases in the literature have addressed real problems with more
than three classes available, especially using portable equipment that
often has less information contained in the spectra. The results found
there are consistent with previous studies that have faced the same
challenge (Baqueta, Coqueiro, et al., 2021; dos Santos et al., 2021).

Original (A), pre-processed (B), and average (C) microNIR spectra of the coffee samples.

3.4. Discrimination of GI and non-GI Canephora

After multi-class classification, binary PLS-DA models were applied
to discriminate specifically GI Canephora coffees from those without GI.
Even though to some extent this discrimination was partially tested in
the previous multi-class model, here the variation between coffee spe-
cies was not considered. Furthermore, it is worth noting that a two-class
model is simpler and less challenging than a five-class model.

The results are shown in Table 2b. The model to discriminate
Robusta Amazonico coffees from non-GI Canephora and the model to
discriminate Conilon from Espirito Santo from non-GI Canephora both
had 100% correct classification in calibration, cross-validation, and
prediction. Both models were built using 2 LVs. These results demon-
strated that the models perfectly discriminate GI Canephora from those
without the GI certification, inferring that the geographical origin and
other factors relevant to a food with GI protection (quality of raw
product and production system, for example) had effect in this
discrimination.

When applying a third model to try to differentiate between Robusta
Amazonico and Conilon from Espirito Santo (GI Canephora versus
another GI Canephora), sensitivity and specificity range between 93.1
and 93.5%, and 19 LVs were necessary to achieve the best compromise
between sensitivity and specificity values. This indicates that PLS-DA
model for discriminating GI Canephora from a non-GI Canephora per-
forms better than trying to discriminate two GI Canephora.

3.5. Comparison of classification results obtained between portable and
benchtop NIR

In order to explore the advantages associated to the use of a portable
spectrophotometer for Canephora coffee classification, the performance
of the portable NIR and benchtop NIR was compared. For this purpose,
PLS-DA results developed with identical classification purposes using
benchtop NIR for the same samples in a previous research carried out by
the authors of this study (Baqueta et al., 2023) were considered. The
results obtained in the prediction sets of PLS-DA models from both in-
struments were examined by comparing the percentage of sensibility
and specificity in Table 3.

The sensitivity and specificity percentages for the multi-class models
obtained with NIR instruments (Table 3a) showed that the results were
comparable/distinct depending on the predicted class. The 100 % cor-
rect classification was repeated for Conilon from Bahia and Arabica. The
results obtained for binary PLS-DA models were similar for both NIR
instruments (Table 3b), exhibiting always 100 %. In general, it is
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possible to say that the portable NIR performed similarly to the benchtop
NIR in this case. The main advantage of portable NIR in this study is that
it is cheaper to apply it as laboratory equipment, even though its main
objective is field analysis. For industrial-scale analysis with a larger
number of samples, it can further simplify the procedure and increase
the flow of analysis.

3.6. Authentication of GI Canephora coffees

GI Canephora coffees were also authenticated using DD-SIMCA
models (Table 2¢), where 3 PCs achieved a 100% correct classification
in both the training and test sets. Therefore, DD-SIMCA provided more a
method to certify Canephora from specific GI in Brazil. These results are
consistent with those obtained by the binary PLS-DA models.

3.7. Chemical interpretation of the PLS-DA with VIP scores

An advantage of PLS-DA under DD-SIMCA is that through VIP
(Variable Importance in Projection) scores, it is possible to identify
significant variables in the modeling and recognize useful complemen-
tary information for chemical interpretation (Foschi et al., 2021). Fig. 5
shows VIP scores. The dashed line corresponds to a cut-off to define
significant spectral variables, those with a VIP index greater than one.
Multi-class PLS-DA (Fig. 5A-E) exhibited different patterns of NIR-VIP-
bands to discriminate the five coffee classes. Robusta Amazonico from
indigenous (Fig. 5A) and non-indigenous producers (Fig. 5B) showed
slightly similar NIR-VIP-bands. Conilon from Espirito Santo showed the
most distinct NIR-VIP band pattern (Fig. 5C). Conilon from Bahia
(Fig. 5D) and Arabica coffees (Fig. 5E) also showed a similar NIR-VIP
band profile. However, a prominent band around 900 nm for Arabica
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Table 2

Food Research International 172 (2023) 113216

Results for PLS-DA (a and b) and DD-SIMCA (c) models to classify and authenticate coffee samples using portable microNIR.

(a) Multi-class PLS-DA Robusta Amazonico Robusta Amazonico from  Conilon from Conilon from Arabica coffees
from the indigenous the non-indigenous Espirito Santo Bahia
LVs 19
Variance captured in Y 72.06
block
Sensitivity CAL 95.9 90.9 96.8 100.0 100.0
Specificity CAL 94.1 90.7 95.1 100.0 100.0
Sensitivity CV 89.0 79.8 92.6 100.0 100.0
Specificity CV 91.9 87.9 93.0 100.0 100.0
Sensitivity PRED 84.0 97.0 96.8 100.0 100.0
Specificity PRED 95.0 92.4 91.5 100.0 100.0
(b) GI classification Robustas Amazonicos Canephora without GI Conilon from Canephora Robustas Conilon from
with PLS-DA Espirito Santo without GI Amazonicos Espirito Santo
LVs 2 2 19
Variance captured in Y 81.1 92.9 70.9
block
Sensitivity CAL 100.0 100.0 100.0 100.0 96.0 96.8
Specificity CAL 100.0 100.0 100.0 100.0 96.8 96.0
Sensitivity CV 100.0 100.0 100.0 100.0 91.4 92.6
Specificity CV 100.0 100.0 100.0 100.0 92.6 91.4
Sensitivity PRED 100.0 100.0 100.0 100.0 93.1 93.5
Specificity PRED 100.0 100.0 100.0 100.0 93.5 93.1
(c) GI authentication Robustas Amazonicos Canephora without GI Conilon from Canephora
with DD-SIMCA Espirito Santo without GI
PCs 3 3
Variance captured in 96.9 96.8
the PCA
Sensitivity TRAINING 100.0 - 100.0 -
Specificity TEST 100.0 100.0 100.0 100.0
Table 3

Comparison of PLS-DA models obtained with portable (present work) and benchtop (obtained in Baqueta et al. 2023) NIR instruments based on prediction data sets.

(a) Multi-class PLS-DA Robustas Amazonicos from  Robustas Amazonicos from

Conilon from Espirito Conilon from Bahia Arabica coffees

the indigenous the non- indigenous Santo

Portable Benchtop Portable Benchtop Portable Benchtop Portable Benchtop Portable Benchtop

NIR NIR NIR NIR NIR NIR NIR NIR NIR NIR
Sensitivity PRED 84.0 100.0 97.0 93.9 96.8 96.8 100.0 100.0 100.0 100.0
Specificity PRED 95.0 97.0 92.4 90.2 91.5 98.9 100.0 100.0 100.0 100.0

(b) GI classification Robustas Amazonicos Canephora without GI

Conilon from Espirito Canephora without GI

with PLS-DA Santo
Portable Benchtop Portable Benchtop Portable Benchtop Portable Benchtop NIR
NIR NIR NIR NIR NIR NIR NIR
Sensitivity PRED 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Specificity PRED 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

coffees (Fig. 5E) differed from its NIR-VIP bands.

In binary PLS-DA models, similar NIR-VIP-bands were significant in
discriminating GI Canephora coffees from those without GI (Fig. 5F-G).
There was a slight difference that comes more from the magnitude of the
VIP index than from its profile. For Robusta Amazonico and Conilon
from Espirito Santo, a series of NIR-VIP-bands in the spectral microNIR
region were significant to model their differences (Fig. 5H).

It is not a simple task to assign the absorption bands in NIR spec-
troscopy because of the overlapping wide bands and this becomes even
more challenging when applied to the coffee matrix, as in this study. The
coffee beans before roasting contain several chemical compounds,
which react and interact amongst during the roasting, resulting in
hundreds of products (Ribeiro et al., 2011). However, caffeine, trig-
onelline, sugars, lipids and chlorogenic acids are often reported to be of
importance for NIR coffee spectra. Fig. 6 illustrates the region of

absorbance of the main compounds found in coffee analyzed by the NIR
spectroscopy in the range of the portable equipment (around 900-1700
nm) based on previous literature (Barbin et al., 2014; Ribeiro et al.,
2011).

It is difficult to make specific assignments taking into account even
the NIR-VIP-bands with variables selected and consequently reduced
than the whole spectra, because many compounds present in coffee
share the same absorption region. Therefore, other types of analysis
could be tested for interpreting the absorption regions in future studies.
One of them is the quantum chemical spectra simulation of NIR spectra,
which could reveal more specific information about the wavelength
regions where the best-correlated spectral information resides and un-
veils the interactions of the target analyte with the surrounding matrix,
as previously demonstrated by Be¢ et al. (Bec et al., 2022). Although it
should be noted that this is only a feasibility study, the results obtained
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Fig. 5. VIP analysis and chemical interpretation of the PLS-DA models. Multi-class PLS-DA (A — class 1 — Robusta Amazonico from indigenous producers), (B — class 2
— Robusta Amazonico from non-indigenous Rondonia producers), (C — class 3 — Conilon from Espirito Santo), (D — class 4 — Conilon from Bahia), (E — class 5 —
specialty Arabica coffees); Binary PLS-DA models to differentiate all Robusta Amazonico together of both producers versus Canephora without GI (E), Conilon from
Espirito Santo versus Canephora without GI (F) and all Robusta Amazonico together of both producers versus Conilon from Espirito Santo (H).
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Fig. 6. Graphical representation of the wavelength range of the portable NIR in
which have been reported the greatest absorbance of main components found in
coffee (adapted from Barbin et al., 2014).

encourage the realization of a future work dedicated to the development
of a practical guide for interpretive NIR spectra in coffee, which could
benefit from this approach to realize the assignment of absorption bands
more specifically. However, the applicability of the proposed method-
ology requires further research.

Previous studies have shown that caffeine, trigonelline, sugars,

lipids, and chlorogenic acids exhibit several vibration bands in the range
of the portable NIR from ~ 906 to ~ 1650 nm (Barbin et al., 2014;
Ribeiro et al., 2011). In all cases, VIP indexes were often higher for
variables in the spectral region around 1400 nm, an area strongly
associated with the presence of carbohydrates or the absorption of
chlorogenic acid and lipids (Baqueta, Coqueiro, Marco, Mandrone, et al.,
2021; Barbin et al., 2014; Ribeiro et al., 2011). Variables around 1200
nm were also highlighted as relevant predictors for all PLS-DA models,
except for binary versions of GI versus non-GI Canephora, where they
were insignificant (Fig. 5F and G). These spectral intervals are associated
with caffeine, proteins, lipids, and carbohydrates in coffee. Since
portable NIR does not cover the range of combination bands, the ab-
sorption bands of specific metabolites and other chemical assignments in
coffee beans are linked to the third, second, and first overtones (Barbin
et al., 2014; Ribeiro et al., 2011).

4. Conclusion

This paper has brought a scientific contribution with a new portable
spectroscopy method for the direct chemical analysis of new roasted
Brazilian Canephora coffees. The subject is relevant in coffee analytical
chemistry because the use of portable spectrophotometer is particularly
attractive for the industry. The new contribution was to apply and
validate the use of portable spectroscopy in the certification of new
Canephora coffees of high added value from specific origins registered
with geographical indication. The study was meticulously done by using
more than 500 real samples to exhaustively explore the use chemometric
models with different authentication/classification purposes. Having a
very large dataset was a plus of this study. The results indicated that the
discrimination among the three Canephora coffees with geographical
indication (Robusta Amazonico from indigenous and non-indigenous
producers, and Conilon from Espirito Santo) as well as the discrimina-
tion between indigenous and non-indigenous producers of Robusta
Amazonico was not a straightforward task.

Also, it was shown that portable NIR can provide similar classifica-
tion results to benchtop NIR when used for the same discrimination
purpose and same samples, using a cheaper spectrometer. The models
could be applied to the final product according to the discrimination



M.R. Baqueta et al.

problem. A suggested strategy would be to use the multi-class PLS-DA
model for a preliminary analysis of the sample and then certify thatitisa
GI Canephora using the binary PLS-DA models and DD-SIMCA, which is
more appropriate for authentication. The portable spectroscopy is a
trend, and this method brings a high possibility to be implemented in
small cooperatives, industries, or control agencies in the future to
dispose of a cheaper coffee certification method.
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