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Sugarcane spirits (cachaga) is one of the most traditional drinks in Brazil, being the third most consumed distilled
beverage in the world. Chemically, a sugarcane spirit is considered a complex product and, among the pro-
duction steps, the type of distillation directly influences the chemical composition and sensory characteristics of
the product. However, some substances considered undesirable may be present in sugarcane spirits which can
pose a risk to human health or decrease the sensory quality of the drink. Sugarcane spirit producers face major
challenges, mainly related to the adoption of good production practices, which reflect the loss of quality and lack
of standardization of the drink. The use of different instrumental analytical techniques used to identify and
quantify the chemical compounds in sugarcane spirit was discussed in this study. Modern chemometric and
artificial intelligence tools for data processing were reported, as well as the use of computer vision as a promising
strategy in the identification of fraud, adulteration and non-compliance with legislation. Innovative methods are
a trend in determining the quality of beverages, considering that most of them are characterized by being simple,
fast, relatively low cost, efficient and environmentally correct.

1. Introduction

Cachaga is the typical and exclusive designation of the sugarcane
spirits produced in Brazil, containing 38-48 % ethanol (v/v) at 20 °C,
obtained by the single distillation of fermented sugarcane juice and can
be aged or not (Bortoletto and Alcarde, 2013). Sugarcane spirit is the
most widely consumed distilled beverage in Brazil (Cravo et al., 2019)
being the third most consumed in the world (Oliveira et al., 2019) and it
is important to highlight that the production is closely linked to regional
heritage and geographic characteristics (Portugal et al., 2017).

Nationally, there are General Rules on Registration, Standardization,
Classification and Inspection and Inspection of Production and Com-
merce of Beverages (Brazil. Ministério da Agricultura e do
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Abastecimento, 2009), following the parameters described in the
‘Normative Instruction N°. 13’ of July 29th, 2005 (Brazil. Ministério da
Agricultura, Pecuaria e Abastecimento, 2005) with modifications in the
‘Normative Instruction N°. 28 of August 8th, 2014 (Brazil. Ministério da
Agricultura, Pecuaria e Abastecimento, 2014). According to the sugar-
cane spirits yearbook of Brazil’s Ministry of Agriculture, Livestock and
Food Supply (MAPA - Ministério da Agricultura, Pecudria e Abasteci-
mento, 2021), in 2020, the number of Brazilian producers of sugarcane
spirits was increased by 6.8 % in comparison to 2019, totalling 955
establishments with valid registration. Concerning trademark, this in-
crease is even bigger (18.5 %), which in 2020, 4743 brands of sugarcane
spirit were produced in Brazil. The state with the largest production is
Minas Gerais, with Brazil’s southeast states corresponding to nearly 69
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% of the total production, showing the high economic importance of this
spirits in the country (MAPA - Ministério da Agricultura, Pecuaria e
Abastecimento, 2021).

The production process of sugarcane spirits can be seen in Fig. 1. It is
important to point out that while the aging process increases the prod-
uct’s overall quality and cost, it is not mandatory. Furthermore, the
distillation process is one of the most important steps when it comes to
ensuring product quality. This process can also be performed in two
different devices: copper stills (usually used in the production of arti-
sanal sugarcane spirits) or stainless-steel columns (favored in large scale
production), as shown in Fig. 2.

According to sugarcane spirits connoisseurs, artisanal sugarcane
spirits are of a higher quality than those industrially made. Artisanal
sugarcane spirits produced in stills are described as having improved
flavour and overall better sensory properties, furthermore, they may
also be aged in wood barrels before selling, which increases their market
value even further (Cardoso, 2021). During aging, many complex re-
actions take place, such as oxidation and esterification. These reactions
reduce the concentration of important substances that improve the
quality of the product from a sensory point of view (Aquino et al., 2006).

The greatest challenge that many sugarcane spirit producers face is
to find new ways to increase product quality, while reducing the chances
of possible contaminants (Ferreira et al., 2020), as well as joining the
global market in order to increase export sales (Paiva et al., 2017). There
is also the need to improve the production process as a whole, for,
despite all the economic importance and tradition attributed to the
production of sugarcane spirit, the production chain is not homogeneous
in a technological sense. Thus, there is a need to pursue new technolo-
gies to improve and control the quality, as well as standardize the
beverage (Santiago et al., 2020). Sugarcane spirit is also highly regarded
for its characteristic flavour and aroma, which are formed during
fermentation, distillation, and aging. The age of the spirits may be
successfully determined based on the concentration of phenolic com-
pound markers extracted from the lignin of the barrel’s inner surface
(Castro et al., 2020).

Due to market expansion, the average sugarcane spirits consumer
becomes more and more discerning regarding the beverages’ complex
sensory properties. It is known that each vintage’s characteristics are
unique, however, chemical and sensory variations may occur even in a
single harvest. The growth in production and the appreciation of sug-
arcane spirit in the domestic and foreign markets have directed the
production of the beverage in Brazil with a focus on its quality and
added value, seeking to obtain international recognition and increase
exports (Caetano et al., 2021a).

A beverage’s flavour and aroma tend to be the main attributes that a
potential consumer considers when making their choice. In the case of
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alcoholic beverages, flavour and aroma are composed of many organic
substances, volatile or not, formed during fermentation that remain even
after the beverage undergoes the distilling process. Thus, it is possible to
say that the chemical composition, flavour, and aroma of a specific
alcoholic beverage are intimately linked to the manufacturing process
(Silva et al., 2020a). Knowing that a beverage’s sensory properties are a
key consideration when attracting new customers, the proper knowl-
edge of which components contribute to the product’s sensory proper-
ties is essential for improving the quality of both artisanal and
industrially made sugarcane spirits. With this in mind, this study aims to
provide an overview of the chemical composition of sugarcane spirits
and current advances in quality control.

2. Brazilian legislation

The distillation of sugarcane derived fermented wort results in a
product that is composed of water, alcohols, aldehydes, acids, ketones
and esters. The recently distilled beverage presents aggressive sensory
features and a strong alcoholic flavour, aversive attributes that can be
attenuated by aging. The volatile fraction of sugarcane spirits plays an
important role in ensuring product quality and acceptance. Certain
compounds may enhance the quality of sugarcane spirits and add aro-
matic notes to the bouquet of the beverage; however, above determined
limits, they may lead to flaws. Volatile congeners are formed during the
fermentation process and their presence in the product depends on the
distillation method used (Alcarde et al., 2014).

The expansion of the sugarcane spirits consumer market encourages
improvements in the production chain via the implementation of stricter
controls and more detailed studies regarding the beverage’s production
process, as well as a focus on improving its chemical and sensory quality
(Barbosa et al., 2016). A useful tool for the quality control of sugarcane
spirit is the identification of its chemical compounds. Producers should
control and evaluate the chemical composition of their beverages via
periodic analyses, following the sampling procedures determined by
Brazilian Law 8918 (Brazil. Ministério da Agricultura e do Abasteci-
mento, 2009), so that their products remain in accordance with the
minimum and maximum limits established by Brazil’s Ministry of
Agriculture, Livestock and Food Supply in the ‘Normative Instruction
N°. 13’ (Brazil. Ministério da Agricultura, Pecudria e Abastecimento,
2005). This specific legislation determines the quality and identity pa-
rameters for sugarcane spirits produced in Brazil, with the parameters to
be evaluated, alongside their minimum and maximum levels are
described in Table 1. Besides the determination of compounds presented
in Table 1, the concentration of total phenolic compounds must be
verified in samples submitted to the aging process.

In order to modify the characteristics of a given product, as well as to

Filtration Sugarcane

Destillation | Fermentation “
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Fig. 1. Depiction of the major production stages of sugarcane spirits.
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01 — Vine inlet

02 — Vinasse outlet

03 — Heating system

04 — Kette

05 — Condenser tube

06 — Condencer Tube
07 — Cooling water inlet
08 — Heated water outlet
09 — Condenser coil

10 — Distillate outlet
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01 — Vine inlet

02 — Steam inlet

03 — Steam outlet

04 — Vinasse outlet

05 —Reflux system with
buble cap travs

06 — Condenser tube

07 — Condencer Tube

08 — Cooling water inlet

09— Heated water outlet

10 — Condenser coil

11 — Distillate outlet

Fig. 2. Copper still (A) and continuous column distiller (B).
Source: Adapted from Riachi et al. (2014).

Table 1
Minimum and maximum tolerable limits for different components of sugarcane
spirit according to Brazilian legislation.

LIMITS UNIT
Min.
Max.
COMPONENTS
Alcohol content 38 48 % (v/v) of ethanol at 20 °C
Volatile acidity, as acetic acid - 150
Total esters, as ethyl acetate - 200
Total aldehydes, as acetaldehyde -30

Furfural and mg (100 mL of anhydrous

R -1
Hydroxymethylfurfural 5 alcohol)
Higher alcohols * - 360
Congeners ** 200 650
CONTAMINANTS
Methanol 20
2-butanol -10 1
1-butanol .3 mg (100 mL of anhydrous alcohol)
Acrolein (2-propenal) -5
Ethyl carbamate *** 210
- -1
Lead 200 pg L
Arsenic 100
Copper -5 mg L~}

Source:Brazil. Ministério da Agricultura, Pecuaria e Abastecimento (2005).
Source: Brazil. Ministério da Agricultura, Pecuaria e Abastecimento (2014).

" Higher alcohols: 2-metil-1-propanol, 2-metil -1—360-butanol + 3 metil-1-
butanol, and 1- propanol.

" Congeners: Volatile acidity + esters +
al+Hydroxymethylfurfural + higher alcohols.

" Change made in legislation.

aldehydes + furfur-

successfully implement quality control tools, it is crucial to know the
final product’s chemical composition (Bueno et al., 2020). Only through
extensive quality control would it be possible to locate and treat possible
contaminants that may be present in raw materials, all the way to the
finished product. The presence of contaminants in distilled beverages
has been the focus of many studies, mostly due to the impact they may
have on the product’s sensory characteristics, as well as the possibility of
negatively impacting the consumer’s health (Silva et al., 2022; Silva al.,
2020b; Santiago et al., 2017; Duarte et al., 2017; Mendonga et al., 2016;
Machado et al., 2014; Lachenmeier et al., 2010).

Table 2 shows the studies focused on the quality control of com-
mercial products and a summary of the results is presented. According to
Brazilian legislation, the concentration of ethanol in sugarcane spirit
must be between 38 and 48 % ethanol at 20 °C. However, it is possible to
observe that a relatively low amount of sugarcane spirit samples eval-
uated by Vilela et al. (2021) have ethanol contents above 48 %.
Furthermore, in a study conducted by Vilela et al. (2007), the concen-
tration of ethanol was below 38 % in approximately 10 % of the samples
evaluated. In this sense, it appears that these products are not in
accordance with the identity standard established in Brazil.

Bortoletto and Alcarde (2015) evaluated 268 samples of sugarcane
spirit collected in the main producing regions of Brazil and found that
50.7 % did not meet the standards of identity and quality in Brazil
(Table 2). Contaminants (ethyl carbamate, copper, 1-butanol and
2-butanol), higher alcohols and volatile acidity were the components
that showed the greatest irregularities. These results indicated that
producers face challenges in adopting good practices for the production
of sugarcane spirit, in order to guarantee its quality and standardization.
This demonstrates the importance of determining the compounds pre-
sent in this drink, both to ensure its identity and to prevent damage to
the health of consumers due to the presence of contaminants.

Vilela et al. (2021) evaluating the physicochemical quality of 38
samples of sugarcane spirit produced in the state of Paraiba/BR, ob-
tained similar results to those found by Bortoletto and Alcarde (2015).
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Table 2
Determination of the quality control of sugarcane spirit.
Substance Analytical n Results Ref.
Technique
10.0% of samples Vilela et al.,
GC-FID 3 B 2021
Alcohol 4.9% of samples > Bortoletto, and
content GC-FID 268 BL. Alcarde, 2015
9.5% of samples Vilela et al.,
GCFID 2 lower than BL. 2007
16.4 % of samples Bortoletto, and
GC-FID 28 BL Alcarde, 2015
Volatile 65.0% of samples Vilela et al.,
-FID
acidity G 38 > BL. 2021
15.4 % of samples Mendes Filho
GC-FID 13 > BL. etal, 2016
1.5% of samples > Bortoletto, and
GC-FID 268 Alcarde, 2015
o .
GC-FID 21 15.0% of samples Mendes Filho
> BL. et al., 2016
Esters (Ethyl 5.0% of samples > Vilela et al
.0% a al.,
Acetate) GC-FID 38 BL. 2021
All samples in .
Vilela et al.
GC-FID 21 accordance with ) reta et al,
2007
BL.
6.3 % of samples > Bortoletto, and
GC-FID 268 g Alcarde, 2015
0, 71
GC-FID 21 19 % of samples > Mendes Filho
BL. etal., 2016
Aldehyde Vilela et al
GC-FID 38 All samples in 202 1‘ o
accordance with Vilela et al
GC-FID 21 BL. 2007
2.1 % of samples > Bortoletto, and
GC-FID 268 b Alcarde, 2015
Furfural All samples in
HMF Vilela et al.
( ) GC-FID 38 accordance with Heaetal,
2021
BL.
39.1% of samples Bortoletto, and
GC-FID 268 gL Alcarde, 2015
Ethyl 15.0% of samples Vilela et al.,
Carbamate GEMS 38 > BL. 2021
5.6 % of samples > Guerreiro et al.,
GC-MS 18 2018
12.5 % of samples Bortoletto, and
GC-FID 268 > BL. Alcarde, 2015
0, 21
GC-FID 21 38.0% of samples Mendes Filho
> BL. et al., 2016
2-butanol Vilela et al
GC-FID 38 All samples in . ,C actals
. 2021
accordance with Vilela et al
GC-FID 21 BL. 2007
7.7% of samples > Bortoletto, and
GC-FID 268 g Alcarde, 2015
.09 M Fil
GC-FID 21 23.0% of samples Cndc's ilho
> BL. et al., 2016
1-butanol Vilela et al
GC-FID 38 All samples in reactd
. 2021
accordance with Vilela et al
GC-FID 21 BL. 2007
0 -
GC.FID 268 2.6 % of samples >  Bortoletto, and
BL. Alcarde, 2015
Methyl .
Alcohol All samples in Vilela et al
GC-FID 38 accordance with co e
2021
BL.
26.2% of samples Bortoletto, and
FAAS 268 > BL. Alcarde, 2015
15.0% of samples Vilela et al.,
FAAS 38 > BL. 2021
25.0% of samples Ferreira et al.,
Conper SWASV 90 < BL. 2020
PP FAAS 21 67.0% of samples Vilela et al.,
> BL. 2007
Tavares et al.
FAAS 5 All samples in 2(;‘{;“ etal,
SPCPE-SiAt 4 aBicordance with Costa et al., 2011
FAAS 21 .
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Table 2 (continued)

Substance Analytical n Results Ref.
Technique
Mendes Filho
et al., 2016
CC 6 Moreira et al.
(2012)
Vilela et al.,
FAAS 38 2021
Ferreira et al.
SWASV 90  All samples in zgrzlgl“ et
Lead accordance with .
FAAS 21 BL Mendes Filho
: et al.,, 2016
Tavares et al.,
FAAS 5 2012
All samples in .
Arsenic FAAS 38 accordance with vilela et al.,

2021
BL.

n: number of samples evaluated.

BL: Brazilian Legislation.

CC: Colorimetric Chemosensor.

FAAS: Flame Atomic Absorption Spectroscopy.

GC-FID: Gas Chromatograph with Flame Ionization Detection.

GC-MS: Gas Chromatograph coupled to a Mass Spectrometer.

SPCPE-SiAt: Solid Paraffin-based Carbon Paste Electrode modified with 2-ami-
nothiazole-silicagel-Anodic Stripping Voltammetry.

SWASV: Square Wave Anodic Stripping Voltammetry.

According to Vilela et al. (2021), only 35 % of the evaluated samples
meet the quality criteria in accordance with Brazilian legislation,
directly influencing the lack of the certification seal for this product.
Miranda et al. (2007) and Ferreira et al. (2020) also observed that 48 %
of the evaluated samples were not in compliance with Brazilian legis-
lation concerning at least one evaluated component. With this, it is
observed that there is no homogeneity of the products. Furthermore,
when it comes to the presence of contaminants, especially those of
inorganic origin, few samples have concentrations within the limits
established by Brazilian legislation, which can cause health problems for
consumers. Several reasons are related to the lack of homogeneity of the
evaluated sugarcane spirit samples, which depends mainly on the
methods of production, good practices during production, among other
factors, which will be described separately (desirable secondary com-
pounds and contaminants) in this review.

3. Desirable secondary compounds
3.1. Organic acids and volatile compounds

3.1.1. Acidity

Organic acids are expressed as total acidity, which is composed of
volatile acidity and fixed acidity. Volatile acidity is used to determine
the acidity quality control of sugarcane spirit, which is expressed in
acetic acid. In addition to acetic and lactic acid, which are normal by-
products of alcoholic fermentation, formic, butyric and propionic
acids, among others, may be present. The formation of acetic acid may
be caused by contamination of the sugarcane wort by acetic bacteria or
even by the yeast itself, as it may produce acetic acid (Cardoso, 2021).

Many other non-volatile acids may also be formed, mostly coming
from the natural metabolism of the yeast used in the fermentation
process. Examples include oxaloacetic acid, as well as citric, pyruvic,
malic, and maleic acids. Another reason as to the formation of acidic
compounds during the fermentation of sugarcane spirit is related to the
yeast’s transition from an aerobic metabolic route (during the expo-
nential growth phase), to an anaerobic one (during the fermentation
proper), where many short-chain fatty acids are formed. During the
exponential growth phase, yeasts tend to produce long-chain fatty acids,
used mostly to create membranes necessary for mitosis to occur. Once
the yeast changes into the anaerobic metabolic route, they cease to
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produce these long-chain fatty acids, but acids containing (Miranda
et al., 2007; Ferreira et al., 2020; Mendes Filho et al., 2016 and Costa
et al., 2011) carbon atoms, such as butyric, caproic, caprylic, and capric
acids, remain inside the yeast cells. Since these acids are no longer used
by the cells, they are expelled as secondary metabolites to prevent them
from interfering with the permeability of the cell membranes (Maia and
Campelo, 2006).

During the distillation process, the initial portions of distillate have
increased acidity, which is reduced during the middle stages of distil-
lation and rises once again at the end of the process. The acidity of
sugarcane spirit is related to the fermentation process and how it was
conducted, with factors such as the predominant yeast strain, fermen-
tation duration, as well as the distillation process temperature and
duration being crucial in controlling the final acidity. During the
fermentation process, aeration should be kept to a minimum, for an
increase in oxygen causes the yeast to convert sugar into acetic acid
instead of ethanol. Once the fermentation process is over, distillation
should be done as soon as possible, in order to prevent the growth of
acetic bacteria (Cardoso, 2021). Increased acidity in sugarcane spirits
may be related to contamination of the raw materials or the wort by
acetic bacteria, which causes ethanol produced by the yeast to be
consumed and converted into acetic acid (Maia, 1994). The recently
distilled beverage normally presents aggressive sensory characters and
strong alcoholic flavour, aversive attributes that can be attenuated by
aging (Bortoletto et al., 2016).

The presence of small amounts of acids in sugarcane spirits, however,
is beneficial to its overall quality, for they react with alcohols, forming
esters, which are responsible for creating the characteristic aroma of
distilled beverages. Thus, it becomes evident that acidity plays a major
role in giving sugarcane spirit its traditional flavour and rich aroma
(Cardeal and Marriott, 2009)

The volatile acidity in sugarcane spirits is one of the parameters in
greatest disagreement with the standards indicated in Brazilian legis-
lation. According to the results shown in Table 2, in all studies in which
volatile acidity was evaluated in sugarcane spirits, samples were found
outside the limits set by Brazilian legislation.

Very similar results were found by Bortoletto and Alcarde (2015) and
Mendes Filho et al. (2016), which found 16.4 and 15.4 %, respectively,
of the samples with volatile acidity above 150 mg (100 mL of anhydrous
alcohol)’l. According to Bortoletto and Alcarde (2015), the lack of
standardization and quality of these products is what still influences the
low export of the product. In a study conducted on 268 samples of
sugarcane spirit from all regions of Brazil, the volatile acidity expressed
in acetic acid was performed using GC with flame ionization detection
(FID). In this study, 16.4 % of the sugarcane spirit samples evaluated
presented volatile acidity above the maximum value allowed by law. In
addition to the acidity negatively influencing the sensory quality, it can
cause greater solubilisation of metallic copper in distillers, thus
increasing the concentration of this contaminant in the final product
(Bortoletto and Alcarde, 2015; Boza and Horii, 2000).

3.1.2. Esters

Esters correspond to the majority of aromatic compounds in alco-
holic beverages (Moreira et al., 2012), their production is associated
with the fat metabolism of the yeast (alcoholysis of Acyl-CoA com-
pounds) or, to a lesser degree, the esterification reaction between fatty
acids and alcohols (Serafim and Lancas, 2019). A fragrant aroma, similar
to that of ripened fruit is desirable and mostly related to the presence of
esters, however, high amounts of these compounds may cause sugarcane
spirits to have an overpowering aroma (Moreira et al., 2012).

Ethyl acetate and ethyl lactate are the main esters found in distilled
alcoholic beverages (Gao et al., 2014). However, other compounds may
also be present, such as isoamyl acetate, isobutyl acetate, 2-phenylethyl
acetate, ethyl caproate (Peddie, 1990), ethyl hexanoate, ethyl octanoate,
furfuryl acetate, phenyl acetate, diethyl succinate, 2-phenylethyl ace-
tate, phenylethyl acetate, ethyl dodecanoate, ethyl tetradecanoate, and
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ethyl 9-hexadecenoate (Amorim et al., 2016). Some esters that are also
usually found in sugarcane spirit may be responsible for its traditional
characteristics, such as ethyl formate, n-pentyl acetate, octyl acetate,
ethyl butyrate, and pentyl butyrate (Nascimento et al., 2008). According
to Chaves and Povoa (1992), in sugarcane spirits, aromatic esters are
formed in large part during the aging process, which gives the product
its usual strong but pleasant aroma, contributing to its bouquet. A study
by Caetano et al. (2021b) has shown that esters were the most prominent
chemicals found in sugarcane spirits from the Salinas region (Minas
Gerais, Brazil). The authors also suggest that these compounds are an
integral part of the regional standard of sugarcane spirits.

According to the studies described in Table 2, it is possible to observe
that, in general, the portion of sugarcane spirit samples that are in
disagreement with the maximum allowed by the Brazilian legislation for
the concentration of esters, expressed in ethyl acetate (200 mg/100 mL
of anhydrous alcoholfl) is low. In the work by Mendes Filho et al.
(2016), content above the permitted level was found in 15 % of the 13
samples evaluated. Thus, it is observed that, in general, these com-
pounds are present at adequate levels in Brazilian sugarcane spirit.

3.1.3. Aldehydes

Aldehydes are extremely volatile carbonyl based compounds, formed
during the fermentation process, they are one of the main components
responsible for giving sugarcane spirit its traditional flavour and aroma.
Aldehydes can also be formed by oxidation reactions of amino acids,
alcohols, or fatty acids (Moreira et al., 2012). Excessive aldehyde con-
centrations may lead to poisoning, which is related to serious issues in
the central nervous system of humans. Aldehydes may display many
different aromas, ranging from subtle to overwhelming, based on the
presence of specific compounds and their concentration (Cardoso,
2021).

The most common aldehyde generated during alcoholic fermenta-
tion is acetaldehyde (Moreira et al., 2012). This compound, like other
aldehydes, is produced by yeast cells during the initial stages of the
fermentative process. Its concentration declines steadily until the final
stages of fermentation, due to it being oxidized into acetic acid (Cardoso,
2021). Acetaldehyde may represent up to 90 % of the total aldehydes
found in whiskey, rum, and brandy (Nykanen and Nykanen, 1991).

Aldehydes are usually determined by gas chromatography, as it is an
easy-to-use technique and widely available in routine analytical labo-
ratories. In this context, evaluating the results by Bortoletto and Alcarde
(2015), Vilela et al. (2007, 2021) and Mendes Filho et al. (2016) by
GC-FID observed very distinct results. Vilela et al. (2007, 2021)
observed that all samples had aldehyde concentrations below those
established by Brazilian legislation, Bortoletto and Alcarde (2015)
observed only 6.3 % of samples with levels above the permitted level
and Mendes Filho et al. (2016) found aldehyde contents slightly above
the permitted level in 19 % of the samples evaluated. The presence of
aldehydes above those established by Brazilian legislation can
compromise the sensory quality of sugarcane spirits and also affect the
consumer’s health. Therefore, it is a worrying point to be considered and
widely evaluated in sugarcane spirit industries, especially for producers
who use the aging process, which is a factor that may be related to the
increase in these compounds (Santiago et al., 2017).

3.1.4. Higher alcohols

Higher alcohols are mostly produced during wort fermentation and
are important components responsible for giving sugarcane spirit its
unique flavour and aroma (Nonato et al., 2001; Brasil, 2014; Teixeira
et al., 2019). As a class, it encompasses all organic compounds with an
alcohol functional group and more than two carbons in their molecular
structure. The main ones found in alcoholic beverages are isoamyl,
propyl, isobutyl and amyl alcohols (Piggott et al., 1989; Teixeira et al.,
2019).

Their formation is influenced by the fermentation conditions,
amount of yeast cells in the wort, fermentation temperature, and final
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alcohol content of the sugarcane wine. Most higher alcohols come from
amino acid degradation that occurs during fermentation. These re-
actions are the most likely cause for the formation of D-amyl alcohol
from D-leucine, isoamyl alcohol from L-leucine, and isobutyl alcohol
from valine, which assist in giving alcoholic beverages their traditional
aroma (Yokoya and Fabricacao de aguardente de cana, 1995). Alcohols
containing three to five carbon atoms may be formed in many different
ways depending on the yeast strains growing in the wort. The formation
of these alcohols is also attributed to some degree to the metabolic
pathway used by the yeasts to consume sugars (Maia, 1994).

Cardoso et al. (2003), investigating the influence of the distiller
material on the chemical composition of sugarcane spirits, verified that
the higher alcohol content decreases in the following order, depending
on the composition of the material used in the distillation: porcelain >
stainless steel > copper > aluminium. When higher alcohols were
evaluated in 268 samples of sugarcane spirit, approximately 26 % had
levels higher than the maximum limit in Brazilian law (360 mg/100 mL
anhydrous alcohol). This congener was not in compliance for the highest
number of samples (Bortoletto and Alcarde, 2015).

3.1.5. Acetals

The 1,1-diethoxy-ethane acetals (acetaldehyde diethyl acetal) and 1-
ethoxy-1-pentoxy-ethane (acetaldehyde ethyl pentyl acetal) are formed
through reactions between aldehydes and alcohols. Both acetals have
already been reported at relatively high levels in sugarcane spirits, 1,1-
diethoxy-ethane should contribute to the final aroma of the beverage,
either by reducing the pungent odour of the major aldehyde (acetalde-
hyde) or by providing aroma characteristics such as "refreshing", "fruity"
and "green" (Nobrega, 2003). According to Bortoletto and Alcarde
(2013), the balance between free aldehydes, hemiacetal and acetal in
sugarcane spirit is influenced by the pH and ethanol content of the
product, and even the wood used for the barrel where the aging process
is conducted.

3.2. Compounds produced during aging in wooden barrels

Brazilian legislation defines aged sugarcane spirits as a beverage
containing at least 50 % sugarcane spirits aged in a wooden cask, with a
maximum capacity of 700 L, for a period of at least one year. The
legislation also requires phenolic compounds to be present in the
beverage (Brazil. Ministério da Agricultura, Pecuaria e Abastecimento,
2005).

The aging of sugarcane spirit in wooden casks is paramount to
improve the product’s overall qualities (Bortoletto et al., 2021; Winstel
et al., 2020; Carvalho et al., 2020). Due to its well-known, and valuable
sensorial characteristics, oak barrels have been used extensively in the
aging process of sugarcane spirits. However, in Brazil, many native
species of flora have also been used to produce barrels. Casks made from
different species of wood add different sensorial properties to sugarcane
spirits, with the wood of choice varying according to regional preference
(Serafim and Lancas, 2019). During the aging process compounds found
in the wood of the cask migrate to the sugarcane spirits, with the most
relevant being volatile oils, phenolic compounds, sugars, glycerol,
non-volatile organic acids and tannic substances that modify the flavor,
aroma and color of the beverage. The aging process causes a significant
increase in the product’s dry extract content. This is due to the migration
of non-volatile compounds from the wood into the liquid. Volatile
acidity and aldehyde concentration are also increased due to the
oxidation of ethanol and acetaldehyde. The esterification of alcohols and
acids produces esters, which are responsible for the pleasant odor of
aged beverages (Cardoso, 2021).

The beverage’s maturation level can be determined based on the
levels of phenolic compounds extracted from the lignin of the cask
(vanillic acid, syringic acid, vanillin, syringaldehyde, coniferaldehyde,
and sinapaldehyde, for example), which act as aging markers. The ef-
fects of the aging process are also influenced by the wood, charring, and
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previous use of the cask. The internal conditions of wooden casks are
highly relevant to the quality of the spirit and the content of extractable
compounds. The use of new barrels that underwent thorough charring,
reduced the aging time considerably. The excessive reuse of the casks,
however, creates products containing low amounts of lignin-derived
products (Silvello et al., 2021).

It is known that low molecular weight phenolic compounds migrate
from wood into the spirit during aging. The lignin transformations that
occur during this step are among the most important factors that influ-
ence the quality of aged sugarcane spirits. Lignin macromolecules have
branches of coniferyl and sinapyl alcohols. Coniferyl alcohol generates
coniferaldehyde, which is converted into vanillin and, in turn, oxidized
to vanillic acid. Sinapyl alcohol generates sinapaldehyde, which is
transformed into syringaldehyde and later oxidized to sermic acid as
described by Castro et al. (2020). These reactions are described in Fig. 3.
Other compounds such as benzoic acid, cinnamic acid, tannins and
coumarins are also frequently found in aged beverages. It is worthy of
note that coumarins such as 1,2-benzopyrone have a history of being
studied due to their relative toxicity to humans (Zacaroni et al., 2011b).

The qualitative characterization of sugarcane spirits during the aging
process poses a significant challenge, since it involves subjective de-
cisions and complex cognitive processes carried out by experienced
tasters or a sensory panel. These tasters might also be undergoing con-
stant training in order to characterize the spirit and ensure that it is in
accordance with the brewer’s quality standards (Silvello and Alcarde,
2020). The quantification of total phenolic compounds can be used to
continuously monitor the aging process, ensuring the product has been
properly aged and to avoid frauds, via the sale of sugarcane spirits of
inferior quality (Carvalho et al., 2020).

4. Unwanted secondary compounds
4.1. Ethyl carbamate

Ethyl carbamate (EC), a chemical substance widely present in fer-
mented food products and alcoholic beverages, has been classified as a
Group 2A carcinogen by the International Agency for Research on
Cancer (IARC) (Gowd et al., 2018). Ethyl carbamate is the most common
contaminant in sugarcane spirits, causing severe health problems when
consumed by humans, as well as being a major hurdle when exporting
the beverage (Labanca et al., 2008).

This compound is potentially carcinogenic and is commonly present
in distilled beverages. The precursors of ethyl carbamate are urea,
citrulline, N-carbamyl phosphates, and cyanide. The main way of ethyl
carbamate formation in sugar cane spirits are related to cyanide ion
formed by enzyme degradation of cyanogenic glycosides present in
sugar cane. The cyanide is oxidized to cyanate, which in turn reacts with
ethanol in the presence of the copper ion forming ethyl carbamate
(Aresta et al., 2001). However, the contaminant formation pathway has
not yet been elucidated (Karp et al., 2019). In Brazil, as well as in the
European Union and the United States of America, the maximum con-
centration of ethyl carbamate in sugarcane spirits is 150 pg L™! (Brasil,
2005; Andrade-Sobrinho et al., 2002).

Andrade-Sobrinho et al. (2002) evaluated the presence of ethyl
carbamate via GC—MS in 126 sugarcane spirit samples and obtained an
average concentration of 770 pg L™, with results ranging from 13 to
5700 pg L™1. Out of the 126 samples, only 21 % were below the estab-
lished maximum of 150 pg L™!. When tracing back the samples to the
province in which they were produced, the group found that samples
produced in Ceara had an average ethyl carbamate concentration of 440
pg L7, in Minas Gerais the average was 1000 pg L™}, followed by Sao
Paulo with 870 pg L™! and Pernambuco with 830 pg L. Furthermore,
sugarcane spirits distilled in copper stills displayed higher values when
compared to distillation columns, with average concentrations of 930
and 630 pg L2, respectively.

In a study conducted by Bortoletto and Alcarde (2015) ethyl
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Fig. 3. Transformation of lignin-derived aromatic compounds during the aging of distilled spirits.

Source: Adapted from Castro et al. (2020).

carbamate was not in compliance with the ancient Brazilian law (<150
pg/L) in 39 % of the samples. Vilela et al. (2021) found 15 % of samples
in disagreement with Brazilian legislation. A new method for ethyl
carbamate determination in sugarcane spirit by QuEChERS and GC-MS
Triple-Quadrupole was developed by Guerreiro et al. (2018), providing
more robustness and reproducibility of quantitative results. In this work,
about 5.6 % of evaluated samples were in disagreement with Brazilian
legislation. This shows that the amount of samples in disagreement is
high and, since it is a compound that poses a risk to the health of con-
sumers, it is extremely important that it be periodically monitored in the
batches produced.

4.2. Furfural and hydroxymethylfurfural

Furfural and hydroxymethylfurfural (HMF) are aldehydes that may
also be found in sugarcane spirit, however, their presence is not related

to the fermentation process. The presence of furfural and HMF is related
to the techniques used to harvest sugarcane, with the pre-harvest
burning of sugarcane increasing the chances of formation; how the
distillation process was conducted, as sugar and pulp residue may favour
HMF and furfural formation; even aging can play a pivotal role in the
formation of HMF and furfural, as certain types of wood may increase
the chances of these compounds being formed, mostly due to the effect
that acids have over pentoses and its polymers, such as hemicellulose
(Novaes, 1974; Yokoya and Fabricacdo de aguardente de cana, 1995;
Maia and Campelo, 2006).

The heating of the fermented sugarcane wine during distillation may
cause the organic matter present in it to burn, especially hexoses and
ketoses, creating furanic aldehydes. This tends to be more common
when the distillation is done in copper stills (Nelson et al., 2014). The
presence of acids and increased temperatures enhance this reaction,
with the concentration of aldehydes formed related to the hexose and
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ketose content of the wine, as well as the temperature of the distillation
process. The formation of furfural and HMF can be minimized by
reducing the solids content present in the sugarcane wine. These com-
pounds give the drink an unpleasant taste and have mutagenic potential
(Milani et al., 2017).

Zacaroni et al. (2011a) evaluated samples of sugarcane spirit from
the southern region of the State of Minas Gerais (Brazil) for furfural
concentration. According to the results obtained, 83.33 % of the samples
were outside the required quality standards, exhibiting values above
those allowed by Brazilian legislation (5 mg/100 mL of anhydrous
alcohol). Evaluating 268 samples of sugarcane spirit from all Brazilian
regions, Bortoletto and Alcarde (2015) found only 2.1 % of samples with
HMF content above what is allowed by law, and Vilela et al. (2021)
evaluating 38 samples from Paraiba, found that all were in agreement
with the established maximum limits. This demonstrates that the pro-
duction process of these sugarcane spirits probably does not influence
the dehydration of pentoses and hexoses, which originate mainly from
thermal degradation (Bortoletto and Alcarde, 2015; Moreira et al.,
2012).

4.3. Acrolein

Acrolein (2-propenal) is considered an important aldehyde in
distilled beverages. It is formed via the dehydration of glycerol during
the distillation, or by lactobacillus that might grow in the wort and
convert glycerol into B-hydroxypropionaldehyde which, in turn, is
converted into acrolein due to the high temperature of the distillation
process (Nykanen and Nykanen, 1991). Its presence in sugarcane spirits
is highly unwelcome, due to its extreme toxicity and mutagenic char-
acteristics for both humans and animals (Fleet, 2003). Acrolein vapours
are lacrimogen and cause irritation to the eyes, nose and throat
(Azevedo et al., 2007).

Masson et al. (2012) evaluated seventy-one samples of sugarcane
spirits from small and average size stills produced in the northern and
southern Minas Gerais (Brazil) were analysed for acrolein. A total of 9.85
% of the samples tested showed levels of acrolein above the legal limits
established by the Brazilian legislation. The analytical method devel-
oped for the determination of acrolein in sugarcane spirits involved the
formation of a dinitrophenylhydrazone derivative with subsequent
analysis by high-performance liquid chromatography.

4.4. 1-butanol and 2-butanol

N-butyl (1-butanol) and 2-butyl (2-butanol) are formed by bacteria
and may compromise the quality of sugarcane spirits, when present in
high concentrations. It is known that the first is formed in fermentation
as a result of contamination by Clostridium acetobutylicum (Cardoso,
2021). According to the results shown in Table 2, Vilela et al. (2007,
2021) when analysing samples of sugarcane spirits obtained results in
accordance with Brazilian law for all samples evaluated. In contrast, in
the studies conducted by Bortoletto and Alcarde (2015) and Mendes
Filho et al. (2016) the contaminants 2-butanol and 1-butanol were
responsible for 12.5 % and 380% of the irregular samples, respectively.
The main factor that causes the occurrence of these compounds in
sugarcane spirits is bacterial contamination during production (Souza
et al., 2013).

4.5. Methyl alcohol

Methyl alcohol (methanol) is a toxic compound commonly found in
alcoholic beverages, albeit in small quantities (Glicksman, 1969). It is
formed via the degradation of pectin, a polysaccharide found in sugar-
cane, which is composed of hundreds of galacturonic acid molecules.
These molecules contain methanol fragments, which are released during
the fermentative process by enzymes (Maia, 1994).

The presence of methanol in sugarcane spirits is deemed undesirable
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(Péres et al., 2012), as, despite its low concentration, prolonged expo-
sure may cause blindness and even death (Onder et al., 1998). When
ingested by humans, methanol is oxidized into formic acid, and then into
carbon dioxide, which can cause severe acidosis (increase in blood
acidity), affecting the respiratory system, and potentially causing coma
and even death (Maia, 1994). Especially dangerous are sugarcane spirits
to which illicit additions of ethanol used as fuel were made, since it may
have been adulterated with methanol (Carneiro et al., 2008).

Vilela et al. (2021) evaluated 38 samples of sugarcane spirits and all
samples presented methanol concentrations lower than 20 mg (100 mL
of anhydrous alcohol)™!. Similar results were obtained in the study
conducted for evaluating the quality control of 268 samples of sugarcane
spirits, methanol was the contaminant responsible for the smallest
disagreement with Brazilian law, which was present exceeding the legal
limit in only 2.6 % of the evaluated samples. This fact could be related to
the absence of adulteration because the raw material sugar cane has low
pectin content and therefore methanol content in sugar cane spirits is
also relatively low (Bortoletto and Alcarde, 2015).

4.6. Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) have been studied in
various food products for many years. This is because these compounds
are considered highly genotoxic and carcinogenic. Some bodies, such as
the Joint Expert Committee on Food Additives (JECFA), which is jointly
administered by the Food and Agriculture Organization of the United
Nations (FAO/UN) and the World Health Organization (WHO) have
already listed 13 PAHs as contaminants in foods, among which, benzo(a)
pyrene, benzo(a)anthracene, benzo(b)fluoranthene, and 5-methylchry-
sene are used as markers of PAH contamination in foods (Official
Journal of the European Union, 2006).

PAHs are formed from the pyrolysis of organic compounds in smaller
chains, which can occur at high temperature. These compounds with a
lower carbon chain are unstable and eventually recombine forming the
PAHs, which are stable and toxic to human health. These compounds
can be present in smoke from wood-burning, in food processed by frying,
drying, cooking, smoking, roasting, baking, among others. Thus, food
and beverages are the most common form of transmission of PAHs to
humans, either by environmental contamination or even by thermal
processing at high temperatures and exposure to combustion gases
(Bansal and Kim, 2015).

According to Bettin and Franco (2005), among beverages, distilled
types have a higher concentration of PAHs. The presence of these con-
taminants can be associated with the place where the raw material is
grown or with contamination during the production process, whether by
the use of lubricant substances, coated tanks, the use of caramel or
previously heat-treated aging barrels. Menezes et al. (2015) developed a
cold fibre (CF) solid-phase microextraction (SPME) sampling method
with gas chromatography-mass spectrometry (GC/MS) to identify 16
PAHs in artisanal sugarcane spirits. The proposed method was attractive
as it extracted larger amounts of PAHs in a single extraction procedure
compared to conventional approaches. The results obtained from the
analysis of 29 sugarcane spirits samples collected have demonstrated the
ability of the method to measure trace levels of PAHs.

Foods contaminated with PAHs can cause serious mutagenic prob-
lems, causing errors in DNA replication. Furthermore, when consumed,
PAHs are metabolized in the liver and can generate carcinogenic me-
tabolites. Nevertheless, Brazilian legislation does not establish a limit for
PAHs in sugarcane spirit. Therefore, strict production control must be
considered to minimize the problem (Riachi et al., 2014).

4.7. Inorganic contaminants
4.7.1. Copper

Copper is a metal used in the construction of stills that makes a
positive contribution to the aroma and flavour of sugarcane spirit and
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has good thermal properties, however, it requires attention with main-
tenance in order not to leave residues in its distillates since in high
concentrations it can have harmful activity for the organism and catal-
yses reactions forming carcinogenic ethyl carbamate (Silva et al.,
2020b).

Copper is a highly unwanted metal to be present in sugarcane spirits,
with its presence being one of the major issues producers face when
trying to export the beverage. In Brazil, the maximum amount of copper
present in distilled beverages should remain below 5 mg L~! (Brasil,
2005). Other countries, however, have much more stringent re-
quirements, establishing a maximum of 2 mg L7 of copper in distilled
beverages. Furthermore, even though copper would not be considered
toxic in these concentrations, its presence negatively impacts the sen-
sory characteristics of the beverages, by giving it an acidic flavour
(Cardoso, 2021).

Regular consumers of sugarcane spirit claim that artisanally-
produced beverages, distilled in copper stills are of better quality than
those industrially made. Copper contamination in artisanal sugarcane
spirits may be further increased when the production process is inade-
quate, especially with regards to the cleaning of equipment (Bortoletto
and Alcarde, 2015). During the distillation process in copper stills,
verdigris may be formed due to oxidation, this is then dissolved into the
sugarcane wine and remains even after distillation (Lima Neto and
Franco, 1994). The lack of copper in the final product, however, may
also negatively impact the product, by giving it a very noticeable sul-
phite aroma (Nascimento et al., 1998).

In most of the works found in the literature on quality control of
sugarcane spirit, copper is one of the most evaluated parameters. It is
also possible to observe that several analytical techniques can be used to
determine the copper content during quality control of sugarcane spirit,
however, most works use Flame Atomic Absorption Spectrometry
(FAAS) as an analytical technique. According to the data shown in
Table 2, half of the works described indicate that all samples evaluated
had copper concentrations lower than the maximum established by
Brazilian legislation (Mendes Filho et al., 2016; Costa et al., 2011;
Tavares et al., 2012; Moreira et al., 2012).

In the studies by Vilela et al. (2021) and Ferreira et al. (2020), the
copper concentration was above that established by Brazilian legislation
in 26, 15 and 25 % of the samples evaluated, respectively. In the work
conducted by Vilela et al. (2007) evaluating 21 samples from the south
of Minas Gerais, a worrying result was found, considering that 67 % of
the samples had copper levels above 5 mg L 1. The authors indicate that
the possible origin of this metal is due to poor sanitization of the still.
This fact is worrying, considering that the product that is reaching the
consumer does not have adequate chemical quality for consumption.

4.7.2. Lead and arsenic

Lead and arsenic are toxic compounds that can be found in water,
soil, or mechanical equipment. They remain deposited in the human
organism for long periods after initial exposure, furthermore, arsenic is
highly carcinogenic. They may also be found in sugarcane spirits due to
migration from packaging materials or improper soldering in the
equipment used to produce the beverage (Cardoso, 2021). In all studies
shown in Table 2, samples of sugarcane spirits are in accordance with
Brazilian legislation.

4.7.3. Cadmium and manganese

Adequate quality control in the production of alcoholic beverages
must be carried out as contamination with heavy metals can pose long-
term risks to human health (Dumitriu et al., 2021). Fontes et al. (2020)
developed a new method for multi-element determination of Cd and Mn
in samples of sugarcane spirits by FAAS using air-assisted dispersive
liquid-liquid microextraction (AA-DLLME). The method proved to be
rapid (about 6 min for the reagent addition, centrifugation, phase sep-
aration, and quantitation are necessary), easy to implement, and good
analytical features (precision, limit of detection, and accuracy).
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4.8. Pesticides

Pesticides used in agriculture are known to be harmful, having
adverse effects on human health (Buckley et al., 2021). In sugarcane
crops, several pesticides are applied simultaneously (Vale et al., 2019).
Considering this, an analytical method based on a solid-phase micro-
extraction coupled with liquid chromatography and tandem sequential
mass spectrometry (SPME-LC-MS/MS) carried out in test tubes was
proposed, to simultaneously identify ten multiclass pesticides in sugar-
cane spirits (Santos et al., 2020). The analyses have shown that five
samples contained clomazone, a type of herbicide widely used in sug-
arcane production. According to Lanca and Serafim (2019), sugarcane
spirit consumers should be heavily concerned about product safety since
pesticides may remain in the product even after distillation, if present in
high enough concentrations in the raw sugarcane.

5. Modern tools for determining the chemical and sensory
quality of sugarcane spirit

The quality of sugarcane spirits depends on two main factors: sensory
properties that are pleasing to the consumer and chemical composition
that does not pose health risks (Bortoletto and Alcarde, 2016). More
than 30,000 producers produce more than 5000 brands of sugarcane
spirits, demanding greater effective control of the production process to
ensure the sensory and chemical quality so that the sugarcane spirits
meet the national and international standards of identity and quality
(Zacaroni et al., 2017). To ensure the safety of the product for human
consumption and also to add value to these products, it is imperative to
apply quality control techniques. The complexity of food matrices along
with the fact that the currently used instrumental techniques have
several disadvantages, such as being expensive, laborious and
time-consuming, have turned research attention to multivariate analysis
techniques. Food fraud and counterfeit products produced to obtain
economic advantages have become a growing concern over the last
decade. The assessment of food safety and authenticity constitute a
powerful tool to mitigate this problem and protect public health.
Nevertheless, the growing sophistication of fraudulent practices requires
a continuous update and improvement of the analytical methodologies
(Medina et al., 2019). In consequence, chemometric techniques have
been applied in laboratories around the world aiming at data reduction,
pattern recognition, cluster analysis, classification and quantification of
data (Oliveira et al., 2019).

The proposed use of GC x GC two-dimensional chromatograms as
images for fingerprinting adulterations in products proved to be very
useful in authentication problems. This showcases the feasibility of
using 2D chromatographic images as a viable fast fingerprint screening
of samples. Chemometrics classifiers, such as DD-SIMCA (Data Driven-
SIMCA), may be successfully applied to chromatographic data and
they have very accurate predictions with few mistakes. Model specificity
was determined as 98 % and 100 % for sugarcane spirits adulteration
and sugarcane spirits branding distinction, respectively. In both cases,
model sensitivity was deemed to be 100 %, with no false negatives found
at the 0.05 significance level (Ferreira et al., 2021). An approach using
both a Multilayer Perceptron (MLPs) network together with a Back-
propagation Algorithm was employed in order to successfully discrimi-
nate the physicochemical data of sugarcane spirits produced in two
Brazilian regions with Indication of Origin (Cardoso, 2015).

From this perspective, Franco et al. (2021) proposed a novel digital
image method for colorimetric determination of reducing sugars in
sugarcane spirits employing digital image and a smartphone as the de-
tector. The method was based on the reduction of Cu(II) to Cu(I) by
sugars and followed by the formation of a coloured Cu(I)-neocuproine
complex. It was observed that the non-aged sugarcane spirits, known
for having inferior flavours and aromas, had a reducing sugar content
three times higher than the aged sugarcane spirits. Once a common
practice among producers was to add sugar to adjust sensory deficits in
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the final product. Furthermore, the method is simple, does not require
complex technical knowledge and could be used as a tool to check
possible fraud, adulteration or non-compliance to the law.

Regarding copper quantification, the most used techniques include
molecular absorption spectrophotometry, flame and graphite furnace
atomic absorption spectrometry, and X-ray fluorescence. These tech-
niques are very sophisticated and expensive, which reduces their
applicability and potential use by small producers. The potential to
perform copper quantification using a portable device such as a smart-
phone, in addition to having a lower cost compared to the previously
mentioned technique, also has the advantage of consuming fewer
chemical reagents, generating less waste and being less harmful to the
environment. Furthermore, portable methodologies are usually faster
and involve simpler experimental procedures (Bock et al., 2022).

A simple and inexpensive analytical procedure for the determination
of Cu(Il) in sugarcane spirits was developed. It was based on the
colorimetric reaction between Cu(Il) and diethyldithiocarbamate
(DDTC) performed onto a filter paper surface. The yellow-brownish
product was formed, and the measurement of the analytical signal was
performed directly on the paper-based device with no need for previous
extraction steps. DDTC is a sensitive reagent for Cu(II), however, due to
the water-insoluble product, its spectrophotometric determination re-
quires an extraction step by a nonpolar organic solvent. The proposed
procedure overcame this inconvenience and combines the high sensi-
tivity of the reaction with the simplicity of the paper device with digital
image recording, resulting in a fast, simple, portable, and low-cost
method for evaluating sugarcane spirits quality control according to
the current legislation (Fernandes et al., 2020). Onca et al. (2020)
demonstrated the feasibility of applying the Schiff base 5-bromo-2-sa-
licyl-p-alanine as a colorimetric chemosensor for the spectrophotometric
quantification of the copper content in artisanal sugarcane spirits. For
this, the experimental conditions were investigated and optimized to
understand the behaviour of the complex in solution and, consequently,
to obtain an efficient, sensitive, reversible, and highly selective che-
mosensor to Cu?* ions. Then, a spectrophotometric method was devel-
oped and validated following Brazilian legislation, confirming that the
proposed method was linear, accurate, precise, selective, and suitable
for the target purpose.

Interest in food products with a designation or indication of origin
has been growing significantly, incentivizing the research and devel-
opment of new methodologies related to chemical traceability (Mandrile
et al., 2016; Becerra-Herrera et al., 2018). Regarding the verification of
sensory quality, Caetano et al. (2021a) evaluated 24 samples of
non-aged artisanal sugarcane spirits from the region of Salinas (Minas
Gerais, Brazil). It is noteworthy that the region in question has an
Indication of Origin for the product and, for the first time, the sensory
profile of this type of sugarcane spirits was determined for the afore-
mentioned region. The attributes (23) were divided between aroma (11)
and flavour (12) and through the Kohonen artificial neural network, it
was possible to group the samples according to their aroma and flavour
characteristics into 9 and 10 distinct groups, respectively, constituting a
promising tool for future applications. The kurtosis-based projection
pursuit coupled with a simple variable selection is a powerful tool for
extracting information from the sensory analysis. Selecting variables
based on kurtosis highlights the sensory attributes related to taste and
smell. This tool was able to show that flavouring can collaborate with
sugarcane spirits cost reduction related to the wood barrels by produc-
ing some sensory attributes with notes similar to those aged in wood
barrels (Cruz et al., 2020). It can be stated that chemometric techniques
have a future as a tool for online determination of the overall quality of
complex systems, such as sugarcane spirits. The methods have several
advantages, being simple, rapid, low-cost, efficient and environmentally
friendly (Oliveira et al., 2019).
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6. Conclusion

Considering the fact that sugarcane spirit is a widely consumed
distilled beverage, Brazilian legislation for the product was presented
and the desirable and undesirable secondary compounds were dis-
cussed. Contaminants, especially ethyl carbamate, higher alcohols, and
volatile acidity were the components that contributed more to the per-
centage of samples not complying with the law and it caused serious
sensory losses in sugarcane spirit. Some results presented in this review
suggest that artisanal and industrial production could be not effectively
using Good Manufacturing Practices in order to guarantee the quality of
the production process aiming to control the quality of the final product.
In this sense, data reinforce the need to implement appropriate training
for producers in order to suppress their technological difficulties and
obtain a product with the best quality. In addition, some modern tools
are considered promising to guarantee the quality of this product in
order to mitigate fraud and counterfeits, such as chemometrics, which is
extremely useful in the interpretation of results, with the dimensionality
of the data and safeguarding important information for later applica-
tions. In addition, the use of computer vision makes it possible to verify
possible fraud, adulteration or non-compliance with legislation.

Data availability

No data was used for the research described in the article.
Data will be made available on request.

CRediT authorship contribution statement

All authors equally contribute to Conceptualization, Methodology,
Formal Analysis, Investigation, Writing, and Visualization, under Su-
pervision of the corresponding author J. Simal-Gandara.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements
Funding for open access charge: University of Vigo / CISUG.

References

Alcarde, A.R., Souza, L.M., Bortoletto, A.M., 2014. Formation of volatile and maturation-
related congeners during the aging of sugarcane spirit in oak barrels. J. Inst. Brew.
120 (4), 529-536.

Amorim, J.C., Schwan, R.F., Duarte, W.F., 2016. Sugar cane spirit (cachaca): effects of
mixed inoculum of yeasts on the sensory and chemical characteristics. Food Res. Int.
85, 76-83.

Andrade-Sobrinho, L.G.D., Boscolo, M., Lima-Neto, B.D.S., Franco, D.W., 2002.
Carbamato de etila em bebidas alcodlicas (sugarcane spirit, tiquira, uisque e grapa).
Quimica Nova 25, 1074-1077.

Aquino, F.W., Nascimento, R.F., Rodrigues, S., Casemiro, A.R.S., 2006. Determinacao de
marcadores de envelhecimento em sugarcane spirits. Food Sci. Technol. 26,
145-149.

Aresta, M., Boscolo, M., Franco, D.W., 2001. Copper (II) catalysis in cyanide conversion
into ethyl carbamate in spirits and relevant reactions. J. Agric. Food Chem. 49 (6),
2819-2824.

Azevedo, L.C.D., Reis, M.M,, Silva, L.A.D., Andrade, J.B.D., 2007. Efeito da presenca e
concentracao de compostos carbonilicos na qualidade de vinhos. Quimica Nova 30,
1968-1975.

Bansal, V., Kim, K.H., 2015. Review of PAH contamination in food products and their
health hazards. Environ. Int. 84, 26-38.

Barbosa, E.A., Souza, M.T.D., Diniz, R.H.S., Godoy-Santos, F., Faria-Oliveira, F.,
Correa, L.F.D.M., Alvarez, F., Coutrim, M.X., Afonso, R.J.C.F., Castro, R.L.,
Brandao, R.L., 2016. Quality improvement and geographical indication of sugarcane
spirit (Brazilian spirit) by using locally selected yeast strains. J. Appl. Microbiol. 121
(4), 1038-1051.

Becerra-Herrera, M., Vélez-Martin, A., Ramos-Merchante, A., Richter, P., Beltran, R.,
Sayago, A., 2018. Characterization and evaluation of phenolic profiles and color as


http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0005
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0005
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0005
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0010
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0010
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0010
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0015
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0015
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0015
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0020
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0020
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0020
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0025
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0025
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0025
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0030
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0030
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0030
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0035
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0035
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0040
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0040
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0040
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0040
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0040
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0045
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0045

C.M.G. Lima et al.

potential discriminating features among Spanish extra virgin olive oils with
protected designation of origin. Food Chem. 241, 328-337.

Bettin, S.M., Franco, D., 2005. Wagner. Hidrocarbonetos policiclicos aromaticos (HPAs)
em aguardentes. Food Sci. Technol. 25, 234-238.

Bock, F.C., Helfer, G.A., da Costa, A.B., Dessuy, M.B., Ferrao, M.F., 2022. Low cost
method for copper determination in sugarcane spirits using Photometrix UVC®
embedded in smartphone. Food Chem. 367, 130669.

Bortoletto, A.M., Alcarde, A.R., 2013. Congeners in sugar cane spirits aged in casks of
different woods. Food Chem. 139 (1-4), 695-701.

Bortoletto, A.M., Alcarde, A.R., 2015. Assessment of chemical quality of Brazilian sugar
cane spirits and sugarcane spirits. Food Control 54, 1-6.

Bortoletto, A.M., Alcarde, A.R., 2016. Assessment of ethyl carbamate contamination in
sugarcane spirit (Brazilian sugar cane spirit). Beverages 2 (4), 28.

Bortoletto, A.M., Correa, A.C., Alcarde, A.R., 2016. Aging practices influence chemical
and sensory quality of sugarcane spirit. Food Res. Int. 86, 46-53.

Bortoletto, A.M., Silvello, G.C., Alcarde, A.R., 2021. Aromatic profiling of flavor active
compounds in sugarcane spirits aged in tropical wooden barrels. Braz. J. Food
Technol. 24, e2019071.

Boza, Y., Horii, J., 2000. Influéncia do grau alcodlico e da acidez do destilado sobre o
teor de cobre na aguardente. Food Sci. Technol. 20 (3), 279-284.

Brazil. Ministério da Agricultura e do Abastecimento, 2009. Decreto No 6.871, De 04.
Regulamenta Da Lei No 8.918 De 14 De Julho De 1994, Que Dispoe Sobre a
Padronizacao, a Classificacao, O Registro, a Inspecao E a Fiscalizacao Da Produgao E
Do Comércio De Bebidas. Didrio Oficial [da]Uniao.

Brazil. Ministério da Agricultura, Pecuaria e Abastecimento, 2005. Instru¢ao Normativa
No. 13, De 29 De Junho De 2005. Aprova O Regulamento Técnico Para Fixacao Dos
Padroes De Identidade E Qualidade Para Aguardente De Cana E Para Sugarcane
Spirit. Didrio Oficial [da] Uniao.

Brazil. Ministério da Agricultura, Pecuaria e Abastecimento, 2014. Instrucao Normativa
No 28, De 08/08/2014. Altera O Regulamento Técnico Para Fixacao Dos Padroes De
Identidade E Qualidade Para Aguardente De Cana E Para Sugarcane Spirit. Didrio
Oficial [da] Uniao.

Buckley, N.A., Fahim, M., Raubenheimer, J., Gawarammana, 1.B., Eddleston, M.,
Roberts, M.S., Dawson, A.H., 2021. Case fatality of agricultural pesticides after self-
poisoning in Sri Lanka: a prospective cohort study. Lancet Glob. Health 9 (6),
e854-e862.

Bueno, R.C., Tonin, A.P.P., Poliseli, C.B., Sinosaki, N.B.M., Oliveira, C.C., Visentainer, J.
V., Ribeiro, M.A.S., Silva, V.M., Meurer, E.C., 2020. Two years monitoring of ethyl
carbamate in sugar cane spirit from Brazilian distilleries. J. Braz. Chem. Soc. 31,
1461-1466.

Caetano, D., Lima, C.M.G., Sanson, A.L., Silva, D.F., Hassemer, G.S., Verruck, S., da
Silva, G.A., Coutrim, M.X., Gregério, S.R., 2021a. Descriptive screening and lexicon
development of non-aged artisanal sugarcane spirit sensorial profile using principal
component analysis and Kohonen artificial neural networks. J. Sens. Stud. 36 (3),
€12645.

Caetano, D., Gongalves Lima, C.M., Lima Sanson, A., Faria Silva, D., de Souza
Hassemer, G., Verruck, S., Gregorio, S.R., da Silva, G.A., de Cassia Franco Afonso, R.
J., Xavier Coutrim, M., El-Saber Batiha, G., Simal-Gandara, J., 2021b. Chemical
fingerprint of non-aged artisanal sugarcane spirits using Kohonen artificial neural
network. Food Anal. Methods. https://doi.org/10.1007/512161-021-02160-8.

Cardeal, Z.L., Marriott, P.J., 2009. Comprehensive two-dimensional gas
chromatography—mass spectrometry analysis and comparison of volatile organic
compounds in Brazilian sugarcane spirit and selected spirits. Food Chem. 112 (3),
747-755.

Cardoso, R.M.D., 2015. Prospeccao E Identificacao De Cachacas Envelhecidas Em
Diferentes Regioes E Madeiras Por Quimiometria. Master’s thesis. Universidade
Estadual do Sudoeste da Bahia, Brasil.

Cardoso, M.G., 2021. Producao De Aguardente De Cana. Lavras, MG. Editora UFLA,
Brazil.

Cardoso, D.R., Lima-Neto, B.S., Franco, D.W., Nascimento, R.F.D., 2003. Influéncia do
material do destilador na composicao quimica das aguardentes de cana: parte II.
Quimica Nova 26, 165-169.

Carneiro, H.S., Medeiros, A.R., Oliveira, F.C., Aguiar, G.H., Rubim, J.C., Suarez, P.A.,
2008. Determination of ethanol fuel adulteration by methanol using partial least-
squares models based on Fourier transform techniques. Energy Fuels 22 (4),
2767-2770.

Carvalho, D.G., Ranzan, L., Trierweiler, L.F., Trierweiler, J.O., 2020. Determination of
the concentration of total phenolic compounds in aged cachaca using two-
dimensional fluorescence and mid-infrared spectroscopy. Food Chem. 329, 127142.

Castro, M.C., Bortoletto, A.M., Silvello, G.C., Alcarde, A.R., 2020. Lignin-derived
phenolic compounds in sugarcane spirit aged in new barrels made from two oak
species. Heliyon 6 (11), e05586.

Chaves, J.B.P., Povoa, M.E.B., 1992. A qualidade da aguardente de cana-de-acticar. In:
Mutton, M.J.R., Mutton, M.A. (Eds.), Aguardente de cana-de-agticar:
producaoProducao E Qualidade. FUNEP, Jaboticabal, SP, Brazil.

Costa, D.A., Takeuchi, R.M., Santos, A.L., 2011. Direct quantification of cu®t in
sugarcane spirit using a solid paraffin-based carbon paste electrode chemically
modified with 2-aminothiazole-silica-gel. Int. J. Electrochem. Sci. 6, 6410-6423.

Cravo, F.D.C., Santiago, W.D., Lunguinho, A.S., Barbosa, R.B., Oliveira, R.E.S.,
Alvarenga, G.F., Santos, S.D., Souza, R.H.Z., de Souza, E.C., de Almeida, K.J., de
Souza, J.A., Nelson, D.L., Cardoso, M.G., 2019. Composition of sugarcane spirits
produced from five varieties of sugarcane and the correlation of the presence of
dhurrin in the cane with that of ethyl carbamate in the product. Am. J. Plant Sci. 10
(2), 339-350.

Cruz, E.B.S., Baqueta, M.R., Neto, R.M., Oviedo, M.S.V.P., Melo, A.D.S.C., Marco, P.H.,
Valderrama, P., Driscoll, S., Wentzell, P.D., 2020. Kurtosis-based projection pursuit

11

Journal of Food Composition and Analysis 106 (2022) 104338

analysis to extract information from sensory attributes of sugarcane spirit. Chemom.
Intell. Lab. Syst. 203, 104075.

Duarte, F.C., Cardoso, M.D.G., Santiago, W.D., Machado, A.M.R., Nelson, D.L., 2017.
Brazilian organic sugarcane spirits: physicochemical and chromatographic profile.
Revista Ciéncia Agronomica 48, 288-295.

Dumitriu, G.D., Teodosiu, C., Morosanu, 1., Plavan, O., Gabur, 1., Cotea, V.V., 2021.
Heavy metals assessment in the major stages of winemaking: chemometric analysis
and impacts on human health and environment. J. Food Compos. Anal. 100, 103935.

Fernandes, G.M., de Sousa, J., da Silveira Petruci, J.F., Batista, A.D., 2020. Paper-based
analytical device for colorimetric detection of Cu?* in Brazilian sugarcane spirits by
digital image treatment. Microchem. J. 159, 105463.

Ferreira, R.J., Rosa, T.R., Ribeiro, J., Barthus, R.C., 2020. Simultaneous metal
determination in artisanal sugarcane spirit by using voltammetry and multivariate
calibration. Food Chem. 314, 126126.

Ferreira, V.H., Hantao, L.W., Poppi, R.J., 2021. Use of color based chromatographic
images obtained from comprehensive two-dimensional gas chromatography in
authentication analyses. Talanta 234, 122616.

Fleet, G.H., 2003. Yeast interactions and wine flavour. Int. J. Food Microbiol. 86 (1-2),
11-22.

Fontes, A.S., Romero, J.C., Guimaraes, L.B., da Silva, E.G., Lima, D.D.C., Amorim, F.A.C.,
2020. Development of method based on dispersive liquid-liquid microextraction air-
assisted for multi-element determination of cadmium and manganese in sugarcane
spirit (Brazilian sugarcane spirit) by FAAS. Food Anal. Methods 13 (1), 222-229.

Franco, M.O.K., Suarez, W.T., Santos, V.B., Resque, 1.S., 2021. A novel digital image
method for determination of reducing sugars in aged and non-aged sugarcane spirits
employing a smartphone. Food Chem. 338, 127800.

Gao, W., Fan, W., Xu, Y., 2014. Characterization of the key odorants in light aroma type
Chinese liquor by gas chromatography-olfactometry, quantitative measurements,
aroma recombination, and omission studies. J. Agric. Food Chem. 62 (25),
5796-5804.

Glicksman, M., 1969. Gum Technology. Academic Press, New York, USA.

Gowd, V., Su, H., Karlovsky, P., Chen, W., 2018. Ethyl carbamate: an emerging food and
environmental toxicant. Food Chem. 248, 312-321.

Guerreiro, T.M., Ozawa, K.S., Lima, E.D.O., Melo, C.F.O.R., de Oliveira, D.N., Triano, S.P.
D.N., Catharino, R.R., 2018. New approach of Quechers and GC-MS triple-
quadrupole for the determination of ethyl carbamate content in Brazilian sugarcane
spirits. Front. Nutr. 5, 21.

Karp, J.R., Hamerski, F., da Silva, V.R., Medeiros, A.B., 2019. Membrane processing of
the Brazilian spirit sugarcane spirit. J. Inst. Brew. 125 (3), 383-388.

Labanca, R.A., Gloria, M.B.A., Afonso, R.J.D.C.F., 2008. Determinacao de carbamato de
etila em aguardentes de cana por CG-EM. Quimica Nova 31 (7), 1860-1864.

Lachenmeier, D.W., Lima, M.C., Nobrega, I.C., Pereira, J.A., Kerr-Corréa, F., Kanteres, F.,
Rehm, J., 2010. Cancer risk assessment of ethyl carbamate in alcoholic beverages
from Brazil with special consideration to the spirits cachaca and tiquira. BMC Cancer
10 (1), 1-15.

Lima Neto, B.S., Franco, D.W., 1994. A aguardente e o controle quimico de sua
qualidade. Engarrafador Moderno 4 (33), 5-8.

Machado, A.M.R., Cardoso, M.G., Dorea, H.S., Emidio, E.S., Silva, M.M.S., dos Anjos, J.
P., Saczk, A.A., Nelson, D.L., 2014. Contamination of cachaca by PAHs from storage
containers. Food Chem. 146, 65-70.

Maia, A.B., 1994. Componentes Secundarios Da Aguardente. STAB, Piracicaba, SP,
Brazil.

Maia, A.B.R.A., Campelo, E.A.P., 2006. Tecnologia Da Cachaca De Alambique. SEBRAE/
MG and SINDBEBIDAS, Belo Horizonte, MG, Brazil.

Mandrile, L., Zeppa, G., Giovannozzi, A.M., Rossi, A.M., 2016. Controlling protected
designation of origin of wine by Raman spectroscopy. Food Chem. 211, 260-267.

MAPA - Ministério da Agricultura, Pecudria e Abastecimento, 2021. A Cachaga No Brasil.
Dados De Registro De Cachacas E Aguardentes. Retrieved November 30, 2021 from
the home page: https://www.gov.br/agricultura/pt-br/assuntos/inspecao/produ
tos-vegetal/arquivos/a-cachaca-no-brasil-web-2021.pdf/.

Masson, J., Cardoso, M.D.G., Zacaroni, L.M., Anjos, J.P.D., Sackz, A.A., Machado, A.M.D.
R., Nelson, D.L., 2012. Determination of acrolein, ethanol, volatile acidity, and
copper in different samples of sugarcane spirits. Food Sci. Technol. 32 (3), 568-572.

Medina, S., Perestrelo, R., Silva, P., Pereira, J.A., Camara, J.S., 2019. Current trends and
recent advances on food authenticity technologies and chemometric approaches.
Trends Food Sci. Technol. 85, 163-176.

Mendes Filho, N.E., Mouchrek Filho, V.E., de Castro, A.C., Martins, V.M.C., de Souza, J.
M., 2016. Caracterizacao de Aguardentes Artesanais de Cana-de-acticar Produzidas
nas Regioes de Alpercatas e Sertao Maranhense. Revista Virtual de Quimica 8 (5).

Mendonca, J.G.P., Cardoso, M.D.G., Santiago, W.D., Rodrigues, L.M.A., Nelson, D.L.,
Brandao, R.M., da Silva, B.L., 2016. Determination of ethyl carbamate in cachacas
produced by selected yeast and spontaneous fermentation. J. Inst. Brew. 122 (1),
63-68.

Menezes, H.C., Paulo, B.P., Paiva, M.J.N., de Barcelos, S.M.R., Macedo, D.F.D.,
Cardeal, Z.L., 2015. Determination of polycyclic aromatic hydrocarbons in artisanal
sugarcane spirit by DI-CF-SPME-GC/MS. Microchem. J. 118, 272-277.

Milani, M.I., Rossini, E.L., Castoldi, K., Pezza, L., Pezza, H.R., 2017. Paper platform for
reflectometric determination of furfural and hydroxymethylfurfural in sugarcane
liquor. Microchem. J. 133, 286-292.

Miranda, M.B.D., Martins, N.G.S., Belluco, A.E.D.S., Horii, J., Alcarde, A.R., 2007.
Qualidade quimica de sugarcane spirits e de aguardentes brasileiras. Food Sci.
Technol. 27, 897-901.

Moreira, R.F., Netto, C.C., de Maria, C.A., 2012. A fracao volatil das aguardentes de cana
produzidas no Brasil. Quimica Nova 35, 1819-1826.


http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0045
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0045
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0050
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0050
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0055
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0055
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0055
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0060
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0060
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0065
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0065
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0070
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0070
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0075
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0075
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0080
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0080
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0080
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0085
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0085
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0090
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0090
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0090
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0090
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0095
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0095
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0095
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0095
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0100
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0100
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0100
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0100
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0105
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0105
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0105
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0105
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0110
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0110
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0110
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0110
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0115
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0115
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0115
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0115
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0115
https://doi.org/10.1007/s12161-021-02160-8
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0125
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0125
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0125
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0125
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0130
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0130
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0130
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0135
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0135
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0140
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0140
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0140
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0145
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0145
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0145
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0145
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0150
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0150
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0150
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0155
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0155
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0155
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0160
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0160
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0160
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0165
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0165
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0165
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0170
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0175
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0175
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0175
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0175
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0180
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0180
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0180
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0185
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0185
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0185
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0190
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0190
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0190
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0195
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0195
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0195
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0200
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0200
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0200
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0205
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0205
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0210
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0210
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0210
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0210
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0215
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0215
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0215
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0220
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0220
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0220
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0220
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0225
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0230
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0230
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0235
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0235
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0235
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0235
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0240
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0240
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0245
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0245
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0250
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0250
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0250
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0250
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0255
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0255
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0260
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0260
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0260
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0265
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0265
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0270
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0270
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0275
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0275
https://www.gov.br/agricultura/pt-br/assuntos/inspecao/produtos-vegetal/arquivos/a-cachaca-no-brasil-web-2021.pdf/
https://www.gov.br/agricultura/pt-br/assuntos/inspecao/produtos-vegetal/arquivos/a-cachaca-no-brasil-web-2021.pdf/
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0285
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0285
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0285
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0290
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0290
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0290
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0295
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0295
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0295
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0300
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0300
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0300
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0300
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0305
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0305
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0305
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0310
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0310
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0310
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0315
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0315
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0315
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0320
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0320

C.M.G. Lima et al.

Nascimento, R.F., Cardoso, D.R., Lima Neto, B.D.S., Franco, D.W., Farias, J.B., 1998.
Influéncia do material do alambique na composicao quimica das aguardentes de
cana-de-acticar. Quimica Nova 21, 735-739.

Nascimento, E.S., Cardoso, D.R., Franco, D.W., 2008. Quantitative ester analysis in
sugarcane spirit and distilled spirits by gas chromatography—mass spectrometry
(GC—MS). J. Agric. Food Chem. 56 (14), 5488-5493.

Nelson, D., Cox, M., Lehninger, A., 2014. Principios De Bioquimica De Lehninger.
Artmed, Porto Alegre, RS, Brazil.

Nobrega, I.C.D.C., 2003. Andlise dos compostos volateis da aguardente de cana por
concentragao dinamica do “headspace” e cromatografia gasosa-espectrometria de
massas. Food Sci. Technol. 23, 210-216.

Nonato, E.A., Carazza, F., Silva, F.C., Carvalho, C.R., de, L., Cardeal, Z., 2001.

A headspace solid-phase microextraction method for the determination of some
secondary compounds of Brazilian sugar cane spirits by gas chromatography.
J. Agric. Food Chem. 49 (8), 3533-3539.

Novaes, F.V., 1974. Tecnologia Da Aguardente. Centro Académico Luiz de Queiroz,
Piracicaba, SP, Brazil.

Nykénen, L., Nykanen, I., 1991. Distilled beverages. In: Maarse, H. (Ed.), Volatile
Compounds in Foods and Beverages. Marcel Dekker, New York, NY, USA,
pp. 548-580.

Official Journal of the European Union, 2006. Commission Regulation (EC) N° 1881/
2006. Setting Maximum Levels for Certain Contaminants in Foodstuffs, 364/5364/
24.

Oliveira, S., Douglas de Sousa Fernandes, D., Véras, G., 2019. Overview of analytical
techniques associated with pattern recognition methods in sugarcane spirits samples.
Crit. Rev. Anal. Chem. 49 (6), 477-487.

Onca, L.O., de Souza, J.C.P., Dos Santos, [.G.N., de Sousa Santos, E., Soares, S.M.,
Diniz, P.H.G.D., 2020. A new highly selective colorimetric Schiff base chemosensor
for determining the copper content in artisanal sugarcane spirits. Spectrochim. Acta
A. Mol. Biomol. Spectrosc. 243, 118783.

Onder, F., ilker, S., Kansu, T., Tatar, T., Kural, G., 1998. Acute blindness and putaminal
necrosis in methanol intoxication. Int. Ophthalmol. 22 (2), 81-84.

Paiva, A.L.D., Souza, R.B.D., Barreto, 1.D.D.C., Brito, M.J.D., 2017. Fluxo das Exportacoes
Brasileiras de cachaca: tracos da influéncia do Estado no setor. Rev. Econ. E Sociol.
Rural. 55, 733-750.

Peddie, H.A., 1990. Ester formation in brewery fermentations. J. Inst. Brew. 96 (5),
327-331.

Péres, L.O., Li, R.W., Yamauchi, E.Y., Lippi, R., Gruber, J., 2012. Conductive polymer gas
sensor for quantitative detection of methanol in Brazilian sugar-cane spirit. Food
Chem. 130 (4), 1105-1107.

Piggott, J.R., Sharp, R., Duncan, R.E.B., 1989. The Science and Technology of Whiskies.
Longman, New York, USA.

Portugal, C.B., de Silva, A.P., Bortoletto, A.M., Alcarde, A.R., 2017. How native yeasts
may influence the chemical profile of the Brazilian spirit, sugarcane spirit? Food Res.
Int. 91, 18-25.

Riachi, L.G., Santos, A., Moreira, R.F.A., de Maria, C.A.B., 2014. A review of ethyl
carbamate and polycyclic aromatic hydrocarbon contamination risk in sugarcane
spirit and other Brazilian sugarcane spirits. Food Chem. 149, 159-169.

Santiago, W.D., Cardoso, M.D.G., Lunguinho, A.D.S., Barbosa, R.B., Cravo, F.D.C.,
Goncalves, G.D.S., Nelson, D.L., 2017. Determination of ethyl carbamate in cachaca
stored in newly made oak, amburana, jatoba, balsa and peroba vats and in glass
containers. J. Inst. Brew. 123 (4), 572-578.

Santiago, W.D., Borges, C.N., Barbosa, R.B., Mendonga, H.A., Nelson, D.L., Cardoso, M.
G., 2020. Investigation of Brazilian sugarcane spirits regarding their standardization
and quality. Res. Soc. Dev. 9 (7), e387974117.

Santos, N.G.P., Maciel, E.V.S., Mejfa-Carmona, K., Lancas, F.M., 2020. Multidimensional
capillary liquid chromatography-tandem mass spectrometry for the determination of
multiclass pesticides in “sugarcane spirits” (cachacas). Anal. Bioanal. Chem. 412
(28), 7789-7797.

12

Journal of Food Composition and Analysis 106 (2022) 104338

Serafim, F.A., Lancas, F.M., 2019. Sugarcane spirits (cachaca) quality assurance and
traceability: an analytical perspective. In: Grumezescu, A.M., Holban, A.M. (Eds.),
Production and Management of Beverages, Vol 1: The Science of Beverages.
Woodhead Publishing, pp. 335-359.

Silva, A.P.D., Silvello, G.C., Bortoletto, A.M., Alcarde, A.R., 2020a. Composicao quimica
de aguardente de cana obtida por diferentes métodos de destilacao. Braz. J. Food
Technol. 23.

Silva, J.H.D.N., Verruma-Bernardi, M.R., Oliveira, A.L.D., 2020b. Sugarcane spirit
production in Brazil and its main contaminant (ethyl carbamate). Sci. Agric. 77 (2),
€20180135.

Silva, J.H.D.N., Belluco, A.E.D.S., Verruma-Bernardi, M.R., Medeiros, S.D.S.D.,
Medeiros, S.R.R.D., Oliveira, A.L.D., 2022. Total nitrogen content and its influence
on ethyl carbamate incidence in cachaga. Sci. Agric. 79.

Silvello, G.C., Alcarde, A.R., 2020. Experimental design and chemometric techniques
applied in electronic nose analysis of wood-aged sugar cane spirit (cachaca).

J. Agricult. Food Res. 2, 100037.

Silvello, G.C., Bortoletto, A.M., de Castro, M.C., Alcarde, A.R., 2021. New approach for
barrel-aged distillates classification based on maturation level and machine learning:
a study of cachaca. LWT - Food Sci. Technol. 140, 110836.

Souza, L.M., Alcarde, A.R., Lima, F.D., Bortoletto, A.M., 2013. Producao De Cachaca De
Qualidade. ESALQ-USP, Piracicaba, SP, Brazil.

Tavares, E.D.F., Okumura, L.L., Cardoso, M.D.G., Oliveira, M.F.D., Magriotis, Z.M.,
Saczk, A.A., 2012. An alternative method for the simultaneous determination of
copper and lead for quality control of sugar cane spirit using a nanotube-based
sensor. J. Braz. Chem. Soc. 23, 1614-1622.

Teixeira, V., Silva, A.F., de Freita, C.M., de Freita, L.A., Mendes, F.Q., Tralli, L.F.,
Mutton, M.J.R., 2019. Using Moringa oleifera Lamarck seed extract for controlling
microbial contamination when producing organic sugarcane spirit. Int. J. Food
Microbiol. 308, 108287.

Vale, R.L., Netto, A.M., de Lima Xavier, B.T., Barreto, M.D.L.P., da Silva, J.P.S., 2019.
Assessment of the gray water footprint of the pesticide mixture in a soil cultivated
with sugarcane in the northern area of the State of Pernambuco, Brazil. J. Clean.
Prod. 234, 925-932.

Vilela, F.J., Cardoso, M.D.G., Masson, J., Anjos, J.P.D., 2007. Determination of the
physical-chemical composition of homemade sugarcane spirits produced in the
South of Minas Gerais and their mixtures. Ciéncia e Agrotecnologia 31 (4),
1089-1094.

Vilela, A.F., Oliveira, L.D.S.C., Muniz, M.B., Mélo, B.C.A.D., Figueiredo, M.J.D., Vieira
Neto, J.D.M., 2021. Assessment of sensory and physical-chemical quality, and
potential for certification of sugarcane spirits from the state of Paraiba, Brazil. Food
Sci. Technol. 41 (3), 661-668.

Winstel, D., Gautier, E., Marchal, A., 2020. Role of oak coumarins in the taste of wines
and spirits: identification, quantitation, and sensory contribution through perceptive
interactions. J. Agric. Food Chem. 68 (28), 7434-7443.

Yokoya, F., Fabricacao de aguardente de cana, 1995. Campinas, SP, Brazil: Fundacao
Tropical De Pesquisas E Tecnologia André Tosello.

Zacaroni, L.M., Cardoso, M.D.G., Saczk, A.A., Santiago, W.D., Anjos, J.P., Masson, J.,
Duarte, F.C., Nelson, D.L., 2011a. Caracterizacao e quantificacao de contaminantes
em aguardentes de cana. Quimica Nova 34, 320-324.

Zacaroni, L.M., das Gragas Cardoso, M., Saczk, A.A., de Moraes, A.R., dos Anjos, J.P., de
Resende Machado, A.M., Nelson, D.L., 2011b. Determination of phenolic compounds
and coumarins in sugar cane spirit aged in different species of wood. Anal. Lett. 44
(12), 2061-2073.

Zacaroni, L.M., de Sales, P.F., Cardoso, M.D.G., Santiago, W.D., Nelson, D.L., 2017.
Response surface optimization of SPME extraction conditions for the analysis of
volatile compounds in Brazilian sugar cane spirits by HS-SPME-GC-MS. J. Inst. Brew.
123 (2), 226-231.


http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0325
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0325
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0325
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0330
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0330
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0330
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0335
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0335
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0340
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0340
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0340
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0345
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0345
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0345
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0345
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0350
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0350
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0355
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0355
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0355
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0360
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0360
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0360
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0365
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0365
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0365
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0370
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0370
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0370
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0370
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0375
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0375
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0380
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0380
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0380
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0385
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0385
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0390
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0390
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0390
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0395
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0395
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0400
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0400
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0400
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0405
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0405
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0405
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0410
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0410
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0410
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0410
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0415
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0415
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0415
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0420
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0420
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0420
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0420
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0425
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0425
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0425
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0425
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0430
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0430
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0430
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0435
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0435
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0435
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0440
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0440
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0440
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0445
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0445
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0445
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0450
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0450
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0450
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0455
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0455
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0460
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0460
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0460
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0460
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0465
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0465
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0465
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0465
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0470
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0470
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0470
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0470
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0475
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0475
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0475
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0475
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0480
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0480
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0480
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0480
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0485
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0485
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0485
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0490
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0490
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0495
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0495
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0495
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0500
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0500
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0500
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0500
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0505
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0505
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0505
http://refhub.elsevier.com/S0889-1575(21)00538-X/sbref0505

	A state-of-the-art review of the chemical composition of sugarcane spirits and current advances in quality control
	1 Introduction
	2 Brazilian legislation
	3 Desirable secondary compounds
	3.1 Organic acids and volatile compounds
	3.1.1 Acidity
	3.1.2 Esters
	3.1.3 Aldehydes
	3.1.4 Higher alcohols
	3.1.5 Acetals

	3.2 Compounds produced during aging in wooden barrels

	4 Unwanted secondary compounds
	4.1 Ethyl carbamate
	4.2 Furfural and hydroxymethylfurfural
	4.3 Acrolein
	4.4 1-butanol and 2-butanol
	4.5 Methyl alcohol
	4.6 Polycyclic aromatic hydrocarbons
	4.7 Inorganic contaminants
	4.7.1 Copper
	4.7.2 Lead and arsenic
	4.7.3 Cadmium and manganese

	4.8 Pesticides

	5 Modern tools for determining the chemical and sensory quality of sugarcane spirit
	6 Conclusion
	Data availability
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


