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Abstract

Cachaga is one of Brazil’s most important distilled spirits, and its chemical and sensory
quality is strongly influenced by the technological conditions adopted throughout pro-
duction. Among the physicochemical parameters used to assess quality, volatile acidity
has traditionally been regarded as a regulatory criterion; conversely, increasing evidence
indicates that its significance extends beyond legal compliance, reflecting microbial con-
trol, fermentation performance, distillation practices, storage conditions, and consumer
perception. This narrative review critically examines the current knowledge regarding the
formation, technological modulation, regulatory relevance, and sensory implications of
volatile acidity in Brazilian cachaca. The literature was selected from major scientific da-
tabases and official regulatory documents, emphasizing studies addressing fermentation,
distillation, aging, chemical quality, and sensory evaluation. The review discusses the bi-
ochemical pathways involved in acetic acid formation, the influence of acetic acid bacteria,
oxygen availability, hygienic practices, distillation fraction separation, and oxidative pro-
cesses during storage. It further compares Brazilian regulatory requirements with those
adopted for other distilled beverages and examines the relationship between volatile acid-
ity and sensory perception, highlighting the absence of consensus regarding sensory
thresholds specific to cachaca and the influence of beverage matrix and volatile interac-
tions on consumer acceptance. Finally, the review proposes volatile acidity as an inte-
grated quality marker capable of reflecting multiple technological stages rather than an
isolated analytical parameter. Current knowledge gaps, particularly regarding the inte-
gration of chemical, microbiological, and sensory data, are discussed to support future
research and contribute to the continuous improvement, standardization, and interna-
tional competitiveness of Brazilian cachaga.

Keywords: cachaca; volatile acidity; acetic acid; distilled spirits; fermentation;
distillation; sensory quality; acetic acid bacteria; quality control; food authenticity

1. Introduction

Cachaca represents one of the most economically, historically, and culturally
significant distilled spirits in Brazil, internationally recognized as a genuinely Brazilian
beverage and protected by specific identity and quality legislation. In addition to
occupying a prominent position in the national alcoholic beverage market, cachaga shows
increasing potential for appreciation in the international market, driven by the growing
number of registered producers, the diversification of premium products, and the
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recognition of sensory characteristics associated with traditional pot-still production [1,2].
In contrast, despite the sector’s growth, challenges related to the standardization of
chemical and sensory quality represent significant barriers to the competitiveness of the
Brazilian spirit, especially in foreign markets with more restrictive regulatory
requirements [3,4].

The chemical and sensory quality of cachaca is influenced by the quality of the raw
material and by successive production stages, including must preparation, alcoholic
fermentation, distillation, storage, and aging. Each of these factors contributes differently
to the formation, transformation, or concentration of volatile compounds throughout
production. During these stages, volatile compounds are formed, transformed, and
extracted throughout cachaca production and aging, collectively defining the beverage’s
chemical composition and sensory profile, such as higher alcohols, aldehydes, esters, and
organic acids [5,6]. Although many of these compounds contribute positively to the
characteristic aromatic bouquet of cachaga, alterations in microbiological control,
fermentation conditions, and operational distillation parameters can favor the formation
of undesirable compounds and contaminants capable of compromising sensory quality,
consumer safety, and product compliance with legislation [7,8].

Volatile acidity is one of the main chemical indicators of technological quality in
cachaca production because it reflects fermentation performance, microbiological control,
and storage conditions. Saccharomyces cerevisine may produce small amounts of acetic acid
as a secondary metabolite associated with cellular metabolism. In contrast, relevant
accumulation of acetic acid generally results from the oxidative metabolism of acetic acid
bacteria under conditions of oxygen availability, making microbial contamination and
aeration meaningful technological factors influencing volatile acidity. Its influence
extends beyond regulatory compliance, affecting sensory perception and consumer
acceptance. The mechanisms involved in its formation and control are discussed in detail
in Sections 2 and 3.

In recent decades, the adoption of Good Manufacturing Practices (GMP) and Hazard
Analysis and Critical Control Points (HACCP) systems has contributed substantially to
improving the chemical quality of Brazilian cachaga, reducing the occurrence of
contaminants and increasing product compliance with the identity and quality standards
established by legislation [9]. Despite this, gaps still exist in the literature regarding the
integration between chemical parameters and sensory perception of the beverage,
especially concerning the influence of volatile acidity on the consumer experience and on
the characterization of the sensory quality of cachaca.

Given this context, this review aims to discuss volatile acidity in Brazilian cachaga
from an integrated perspective, relating its formation to different stages of the production
process, chemical and microbiological control strategies, regulatory aspects, and sensory
impacts associated with the quality and acceptance of the distillate. Furthermore, the
study proposes volatile acidity as a potential integrated marker of the chemical and
sensory quality of cachaga, contributing to future discussions on technological control,
product valorization, and competitiveness in the international market.

2. Literature Selection Approach

This narrative review was based on scientific articles, books, official regulations, and
technical documents related to cachaga, sugarcane spirits, volatile acidity, fermentation,
distillation, chemical quality, and sensory perception. The literature was selected from
databases including Scopus, Web of Science, ScienceDirect, PubMed, Google Scholar, and
official Brazilian regulatory sources. Priority was given to peer-reviewed studies, review
articles, legislation, and technical references published between 2000 and 2026, although
classical references were also included when necessary to explain chemical mechanisms,
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distillation technology, or sensory thresholds. The search terms included “cachacga”, “sug-
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arcane spirit”, “volatile acidity”, “acetic acid”, “acetic acid bacteria”, “fermentation”, “dis-
tillation”, “sensory quality”, and “consumer acceptance”. As this is a narrative review, no
meta-analysis or systematic quantitative synthesis was performed [4,6].

Although considerable advances have been achieved in understanding volatile acid-
ity in cachaga, the available scientific evidence remains fragmented. Most published stud-
ies investigate individual production stages, such as fermentation, distillation, or aging,
whereas comparatively few studies evaluate volatile acidity as the cumulative outcome of
the entire production chain. Moreover, differences in raw materials, production scale, an-
alytical methodologies, and sensory protocols make direct comparisons among studies
difficult and often limit the extrapolation of their findings. These methodological differ-
ences partly explain the absence of a universally accepted framework relating volatile
acidity to chemical quality, sensory perception, and technological performance. Conse-
quently, beyond summarizing the available evidence, the present review relevantly dis-
cusses current limitations of the literature and highlights research gaps that should be
addressed to strengthen future quality assessment strategies for Brazilian cachaga.

Recent reviews and methodological advances published over the last few years have
further reinforced that distilled beverage quality should be interpreted through an inte-
grated framework encompassing microbiological dynamics, volatile compound for-
mation, processing conditions, and sensory perception rather than isolated analytical pa-
rameters. This broader perspective has motivated increasing efforts to combine chemical
characterization with microbial ecology, process engineering, and sensory science,
providing a more comprehensive understanding of quality development throughout dis-
tilled spirit production. Accordingly, the present review adopts this integrative approach
to discuss volatile acidity as a technological quality marker rather than merely a regula-
tory parameter [10].

3. Cachaca: Identity, Production and Quality Challenges
3.1. Identity and Regulatory Standards

Brazilian legislation defines cachagca as the typical and exclusive name for sugarcane
brandy produced in Brazil, obtained by distilling the fermented must of sugarcane juice,
with an alcoholic strength between 38 and 48% v/v at 20 °C [1]. These regulatory standards
establish the identity of the beverage and provide the basis for chemical quality control
discussed throughout this review. In contrast, despite the international recognition of
cachaca as a genuinely Brazilian product, its competitiveness in the foreign market still
faces challenges related to the standardization of chemical quality and compliance with
more restrictive international legislation [3,4].

Recent data reinforce that cachaga quality standardization remains a strategic issue
for the consolidation of the beverage in both domestic and international markets. The
Anudrio da Cachaca 2024 indicates continued expansion and diversification of registered
producers, while recent discussions on exportation emphasize that chemical consistency,
regulatory compliance, and sensory identity are central challenges for the international
positioning of Brazilian cachaga [2,4].

The chemical composition of cachaga results from the interaction between raw mate-
rials, fermentation, distillation, storage, and aging, when applicable. During these stages,
various volatile compounds are formed or extracted, responsible for the physicochemical
and sensory characteristics of the beverage, including higher alcohols, aldehydes, esters,
organic acids, and phenolic compounds [5,6]. Even minor alterations in process control
can markedly influence the chemical profile of the distillate, favoring both the formation
of desirable compounds and undesirable contaminants and congeners. Therefore, the final
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quality of cachaga is directly associated with the adoption of appropriate production prac-
tices, hygiene, and technological control throughout the entire production chain.

Among the chemical parameters used to assess the quality of cachaca, volatile acidity
deserves special attention due to its strong relationship with the microbiological and op-
erational conditions of the production process. Volatile acidity is mainly expressed by the
concentration of acetic acid present in the beverage, and its formation is influenced by
factors such as bacterial contamination, excess oxygen during fermentation, prolonged
fermentations, inadequate hygiene conditions, and oxidative processes during storage
and aging [5,11]. Unlike other contaminants whose formation may occur sporadically, an
increase in volatile acidity generally reflects integrated failures across different produc-
tion stages, making this parameter particularly relevant for monitoring the technological
quality of the beverage.

During alcoholic fermentation, the chemical composition of the fermented wine results
from complex interactions between fermentative yeasts, bacterial populations, and technolog-
ical management of the process. Although Saccharomyces cerevisiae drives ethanol produc-
tion and contributes to the formation of desirable volatile compounds, inadequate hygienic
practices and excessive oxygen availability favor the proliferation of acetic acid bacteria, pro-
moting ethanol oxidation to acetic acid. These microbiological imbalances reduce fermentative
efficiency and modify the volatile composition of the fermented wine, with direct conse-
quences for the chemical and sensory quality of the distilled spirit [10,12].

Furthermore, inadequate practices related to yeast reuse, temperature control, and
equipment sanitization can intensify the formation of acidic compounds and other unde-
sirable metabolites such as acetaldehyde, excessive higher alcohols, volatile sulfur com-
pounds, and organic acids. In the distillation stage, volatile acidity also plays a significant
role due to the higher concentration of acetic acid in the final distillation fractions, especially
in the “tail” fraction, making the control of the distillate cut an relevant factor for maintaining
the quality of cachaca [5,6]. Distillation does not directly promote acetic acid formation; rather,
it determines the distribution and concentration of acidic compounds among the head, heart,
and tail fractions, thereby influencing the volatile acidity of the final distillate.

During batch distillation, the distillate is conventionally divided into three sequential
fractions, commonly referred to as the head, heart, and tail fractions. These fractions are
collected according to the progressive decrease in alcohol content throughout distillation
and differ markedly in their chemical composition owing to the distinct volatility of indi-
vidual compounds. The head fraction is obtained at the beginning of distillation and is
characterized by a high concentration of highly volatile compounds, including aldehydes,
esters, methanol, and acetaldehyde. The heart fraction constitutes the central portion of
the distillate and is considered the most suitable for beverage production because it con-
tains the highest ethanol concentration and the most balanced chemical composition. Con-
versely, the tail fraction is collected at the end of the process, when the alcoholic strength
decreases, and is enriched with less volatile compounds, such as higher organic acids,
furfural, heavy alcohols, and other high-boiling congeners that may negatively affect the
chemical and sensory quality of cachaca [5,6].

The distribution of volatile acidity during distillation is closely associated with the
physicochemical properties of acetic acid and its interactions with ethanol and water. Alt-
hough acetic acid is classified as a volatile organic acid, its relatively high boiling point
and greater affinity for the aqueous phase favor its progressive concentration in the later
stages of distillation. Consequently, the tail fraction generally contains higher concentra-
tions of volatile acidity than the heart fraction. Appropriate fraction cutting is therefore
essential to prevent excessive incorporation of the tail fraction into the final beverage, as this
may lead to marked increases in acetic acid concentration, compromising both regulatory
compliance and sensory quality. Conversely, excessively early separation of the heart fraction
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may reduce beverage yield without proportionally improving chemical quality, highlighting
the importance of optimizing operational cut points during distillation [4,5].

The selection of fraction cut points represents one of the most relevant technological
decisions during cachaga production because it directly determines the balance between
desirable and undesirable volatile compounds in the final distillate (Figure 1). Proper sep-
aration minimizes the carryover of compounds associated with off-flavors while preserv-
ing the volatile constituents responsible for the characteristic aroma and flavor of cachaca.
Therefore, fraction cutting should not be viewed solely as a strategy for controlling vola-
tile acidity but rather as an integrated quality control measure that simultaneously influ-
ences ethanol concentration, congener profile, sensory acceptance, and compliance with
regulatory standards. Recent studies emphasize that the optimization of distillation pa-
rameters contributes substantially to the production of chemically balanced and sensori-
ally acceptable cachacas, reinforcing the central role of distillation in determining overall
beverage quality [6,8].

Beyond fraction separation, recent studies have highlighted that distillation should
be regarded as a process responsible for shaping the overall volatile profile of distilled
beverages. Process variables such as heating rate, reflux intensity, equipment design, and
interactions among volatile compounds influence not only the concentration of acetic acid
but also the preservation of aroma-active constituents that determine sensory complexity.
Consequently, optimization of distillation conditions contributes simultaneously to chem-
ical stability, regulatory compliance, and sensory quality, reinforcing the importance of
integrated process control throughout distilled spirit production [13].

|  DISTILLATION
SEQUENCE

HEAD

< — TAIL
(FIRST FRACTION) - < (LAST FRACTION)
] HEART |

i (CENTRAL FRACTION)

—

- i

« First portion collected

« Higher volatility

« Low ethanol content

* Rich in: aldehydes,
esters, methanol,
acetaldehyde

* Usually discarded or
used in small amounts

« Main portion collected

« Highest ethanol content

« Balanced composition

« Contains desirable

aroma compounds

« Used as the base

for cachaca

« Final portion collected
« Lower volatility

* Low ethanol content
« Rich in: acetic acid,

higher alcohols,
furfural, heavy
compounds

* Usually discarded or

recycled

HIGHER VOLATILITY LOWER VOLATILITY
LOWER ETHANOL CONTENT LOWER ETHANOL CONTENT

Figure 1. Schematic representation of the head, heart, and tail fractions obtained during batch dis-
tillation of cachaca. Source: Created by the authors based on [1,4-6,14].

The relevance of volatile acidity is also associated with the limits established by Bra-
zilian legislation for cachaga and sugarcane spirit. Ordinance No. 539/2022 establishes a
maximum limit of 150 mg of acetic acid per 100 mL of anhydrous alcohol for volatile acid-
ity [1]. Although this regulatory threshold aims to ensure minimum standards of identity
and quality, elevated acetic acid concentrations generally reflect deficiencies in microbio-
logical control, fermentation management, or distillation practices, while also compromis-
ing the chemical stability of the distillate. Beyond compliance with Brazilian legislation, ef-

https://doi.org/10.3390/beverages12080084


https://doi.org/10.3390/beverages12080084

Beverages 2026, 12, 84

6 of 22

fective control of volatile acidity has become increasingly important for strengthening the
international competitiveness of cachaga, as export markets place growing emphasis on prod-
uct consistency, chemical quality, authenticity, and regulatory compliance (Table 1) [8,10].

Table 1. Comparison of regulatory provisions related to volatile acidity and quality requirements
for cachaga and selected distilled spirits.

Maxi
. Distilled . .. axu‘num Legal Basis/Refer-

Country/Region Expression of Limit  Permitted

Beverage .. ence
Limit
MAPA Normative
M ic acid/1 L of

Brazil Cachaga g acetic acid/100 mL o 150 Instruction No. 13,

anhydrous alcohol of 29 June 2005 [1]

Commission Reg-

European Union Fruit Spirits Mg}?;(eiil(:uzcjc/;ghflan 2000 ulli(t)l/ozr(; és,i) fT;) ’
January 2008 [15]
TTB— Alcohol and
Tobacco Tax and
. . Mg acetic acid/100 mL of Trade Bureau.
United States Whiskey anhydrous alcohol 100 Standards of Iden-
tity for Distilled
Spirits [16]
NOM-006-SCFI-
. . Mg acetic acid/100 mL of 2012: Aleoholic
Mexico Tequila 300 Beverages—Te-
anhydrous alcohol . o
quila—Specifica-
tions [17]
NTP
Peru Pisco Mg acetic acid/100 mL of 200 2'11.001:201§—
anhydrous alcohol Pisco. Require-
ments [18]
Australian New
Australia/ Mg acetic acid/100 mL of 150 Zealand Food
New Zealand anhydrous alcohol Standards Code—

Standard 2.7.3 [19]

Note: Volatile acidity limits are expressed as acetic acid. Because international regulations adopt

different analytical criteria and reporting units (e.g., mg acetic acid/100 mL anhydrous alcohol, mg/L
anhydrous alcohol, or g/hL pure alcohol), direct numerical comparison should be interpreted with
caution. The table is intended to provide a regulatory overview rather than an analytical equivalence
among distilled beverages. Source: [1,15-19].

In recent decades, the implementation of Good Manufacturing Practices (GMP) and
Hazard Analysis and Critical Control Points (HACCP) systems has contributed to im-
provements in the chemical quality of Brazilian cachaga by reducing the occurrence of
contaminants and increasing the compliance of commercial products with regulatory
standards [11]. In this context, volatile acidity assumes a strategic role as it directly reflects
the efficiency of the control measures adopted throughout the production process. Thus,
understanding the factors involved in its formation and control represents a production
step for the technological improvement of the cachaga production chain and for strength-
ening the quality of the Brazilian spirit in national and international markets.
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3.2. Production Stages Affecting Volatile Composition

Recent reviews on sugarcane spirits have reinforced that chemical quality should be
interpreted as the result of multiple interacting variables rather than as the isolated effect
of a single production step. In this context, volatile acidity should be considered together
with other congeners, including aldehydes, esters, higher alcohols, methanol, copper, and
ethyl carbamate, since the overall chemical profile is what ultimately defines both compli-
ance and sensory quality [6,15].

3.2.1. Sugarcane Quality and Must Preparation

The quality of the sugarcane raw material plays a fundamental role in determining
the chemical composition of cachaga and the formation of compounds associated with
volatile acidity. Delays between harvesting and milling, together with the use of deterio-
rated or overripe sugarcane, promote microbial proliferation and favor undesirable bio-
chemical changes that compromise the quality of the must even before alcoholic fermen-
tation begins. Consequently, the initial microbiological condition of the raw material di-
rectly influences fermentation performance and the formation of volatile compounds
throughout the production process [5,10]. Furthermore, inadequate agricultural practices,
such as pre-harvest burning, may accelerate the physicochemical and microbiological de-
terioration of sugarcane, increasing the availability of undesirable microorganisms and
substrates that negatively affect fermentation stability and the chemical quality of the re-
sulting distillate [5].

Inadequate wort preparation is another critical factor contributing to increased vola-
tile acidity. The presence of impurities, including soil particles, bagasse, and plant resi-
dues, favors microbial contamination and creates conditions that facilitate the prolifera-
tion of acetic acid bacteria and other spoilage microorganisms [10]. Likewise, inadequate
wort composition, characterized by inappropriate sugar concentrations, unfavorable pH,
nutrient imbalance, or insufficient assimilable nitrogen, impairs yeast metabolic perfor-
mance and fermentation efficiency, increasing the susceptibility of the process to microbi-
ological contamination and undesirable metabolic deviations. Under these conditions,
acetic acid bacteria can proliferate more readily, promoting ethanol oxidation and increas-
ing volatile acidity. Consequently, inadequate hygienic practices, contaminated equip-
ment, poor sanitation procedures, and oxygen availability represent the main technologi-
cal factors associated with excessive acetic acid formation. Conversely, prolonged fermen-
tation conducted under adequate sanitary conditions and effective microbiological control
do not necessarily result in elevated volatile acidity [12,20].

Recent studies have reinforced that the microbiological dynamics of cachaca fermen-
tation extend beyond the isolated activity of Saccharomyces cerevisiae or acetic acid bacteria.
The composition and stability of the fermentative microbiota are influenced by raw mate-
rial quality, yeast selection, cell recycling practices, hygienic conditions, and technological
management, all of which affect fermentation performance and the formation of volatile
compounds. Native and selected yeast strains differ substantially in their metabolic be-
havior, leading to distinct congener profiles and sensory characteristics of the final distil-
late. Consequently, volatile acidity should be interpreted as the outcome of complex mi-
crobiological and technological interactions throughout fermentation rather than solely as
an indicator of acetic acid bacteria proliferation, reinforcing the importance of microbio-
logical monitoring and process control for producing chemically balanced and sensorially
acceptable cachagas [10,12,20,21].

3.2.2. Fermentation and Formation of Volatile Acidity

Alcoholic fermentation represents the most critical stage in determining the chemical
composition and technological quality of cachaga, as it governs not only ethanol produc-
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tion but also the formation of volatile congeners that define the sensory identity of the
final distillate. During this process, Saccharomyces cerevisiae converts fermentable sugars
into ethanol while simultaneously producing secondary metabolites, including higher al-
cohols, esters, aldehydes, and organic acids. Under appropriate microbiological and tech-
nological conditions, these compounds contribute positively to the aromatic complexity
of the beverage. However, when microbial balance is disrupted, particularly by the pro-
liferation of acetic acid bacteria under aerobic conditions, ethanol is oxidized to acetic acid,
leading to increased volatile acidity and alterations in both the chemical composition and
sensory quality of cachaca [5,10,12,20,21].

Several technological variables influence the formation of volatile acidity during al-
coholic fermentation, including fermentation temperature, fermentation time, sugar con-
centration, oxygen availability, inoculum management, and hygienic conditions through-
out the process. These factors directly affect yeast metabolic activity and the microbiolog-
ical stability of the fermentation, thereby influencing the formation of ethanol and second-
ary metabolites. Inadequate control of fermentation conditions may reduce the predomi-
nance of Saccharomyces cerevisiae, favor microbial competition, and facilitate the establish-
ment of oxidative microorganisms capable of increasing acetic acid formation. Likewise,
inappropriate reuse of starter cultures or successive recycling without adequate microbi-
ological control may alter the microbial population, compromising fermentative perfor-
mance and the chemical quality of the wine destined for distillation [10,20,22].

The excessive presence of oxygen during fermentation also deserves specific atten-
tion due to its relationship with the activity of AAB. Although small amounts of oxygen
are required for the initial development of yeasts, excessively aerobic conditions favor the
oxidation of ethanol to acetic acid, leading to marked increases in the volatile acidity of
the fermented wine [11]. Therefore, rigorous control of fermentation conditions represents one
of the main strategies for preventing excessive acidity formation in cachaga production.

Although current evidence consistently demonstrates that microbial contamination,
oxygen availability, and fermentation management influence volatile acidity, direct com-
parisons among studies remain challenging due to the inherent variability of cachaca pro-
duction systems. Differences in sugarcane cultivar and quality, indigenous or selected
yeast populations, starter management, fermentation scale, recycling practices, and ana-
lytical approaches contribute to considerable heterogeneity in reported results. Conse-
quently, the relative contribution of each technological or microbiological factor to acetic
acid accumulation cannot be interpreted independently. Instead, volatile acidity should
be regarded as the outcome of dynamic interactions between microbial ecology, fermen-
tation conditions, and process management throughout cachaca production [6,12,20,22].

3.2.3. Distillation and Fraction Separation

Distillation plays a central role in the concentration and separation of volatile com-
pounds present in fermented wine, directly influencing the final chemical composition of
cachaca. Among the compounds related to volatile acidity, acetic acid exhibits character-
istic behavior during distillation due to its greater affinity for water and lower volatility
compared to other congeners, concentrating predominantly in the final fractions of the
distillate, known as the “tail” [5,6].

In this context, proper distillation fractionation is an necessary step in controlling
volatile acidity in pot-still cachaca. Inadequate cuts between the “heart” and “tail” frac-
tions can favor the excessive incorporation of acetic acid into the final product, compro-
mising its chemical quality. Furthermore, practices such as indiscriminate recirculation of
distillation fractions can contribute to the progressive accumulation of acidic compounds
throughout the production process [5].
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Differences between distillation systems also influence the acid composition of the
beverage. Studies show that cachagas produced in pot stills often have higher concentra-
tions of acetic acid compared to those produced in column stills, mainly due to the oper-
ational particularities of discontinuous distillation and the higher concentration of conge-
ners present in these distillates [23]. Therefore, monitoring the distillation process and
properly defining the cuts play a decisive role in controlling volatile acidity and standard-
izing the quality of cachaga.

Although pot-still distillation is frequently associated with higher concentrations of
volatile acidity than continuous column distillation, this characteristic should not be in-
terpreted exclusively as evidence of inferior quality. Batch distillation generally preserves
a broader spectrum of volatile compounds, contributing to the chemical complexity and
sensory identity that distinguish traditional cachagas from industrially produced spirits.
Consequently, moderate increases in volatile acidity may coexist with desirable sensory
characteristics when accompanied by balanced concentrations of esters, higher alcohols,
and other aroma-active compounds. This observation reinforces that quality assessment
should not rely solely on volatile acidity values but rather on an integrated interpretation
of the complete chemical profile, production practices, and sensory performance of the
beverage [6,21,24].

Nevertheless, the higher volatile acidity frequently reported in pot-still cachagas
should not be interpreted exclusively as an indicator of inferior quality. Traditional batch
distillation generally produces beverages with a more complex volatile composition than
continuous column distillation, reflecting differences in copper contact, fraction separa-
tion, and process dynamics. When volatile acidity remains within balanced concentrations
and is accompanied by desirable levels of esters and other aroma-active compounds, it
may contribute to the sensory identity and authenticity of artisanal products rather than
representing a technological defect. Therefore, quality assessment should consider not
only the absolute concentration of volatile acidity but also the overall chemical profile,
sensory characteristics, and production style of the beverage [6,21,24].

In contrast, higher concentrations of congeners or volatile acidity in pot-still distil-
lates should not automatically be interpreted as a defect. In traditional distilled beverages,
batch distillation may produce a more complex chemical profile than continuous distilla-
tion, and this complexity can contribute positively to sensory identity when compounds
remain within balanced concentration ranges. Recent evidence from other distilled bever-
ages also shows that fermentation and distillation conditions can modify the distribution
of volatile aroma compounds and influence sensory preference. For example, Choi et al.
(2024) [24] reported that co-fermentation in distilled soju increased several volatile aromatic
compounds and improved odor and overall preference, illustrating that changes in volatile
composition may enhance or impair quality depending on the matrix, compound balance, and
sensory context. Therefore, in cachaga, the determining issue is not simply whether volatile
acidity is higher in a given production system, but whether it remains compatible with chem-
ical stability, regulatory compliance, and desirable sensory complexity [6,21,24].

3.2.4. Storage and Aging Effects

Additionally to the fermentation and distillation stages, during storage and aging,
cachaca undergoes progressive chemical transformations resulting from oxidation reac-
tions, extraction of wood-derived compounds, evaporation phenomena, and interactions
between the beverage and the barrel. These processes continuously modify the volatile
composition and consequently influence both the chemical quality and sensory profile of
the final product [11]. In wooden containers, this process can be even more intense due to
the material’s permeability to oxygen and the extraction of phenolic compounds and or-
ganic acids from the wood.
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Aging in barrels also promotes complex chemical changes related to esterification,
oxidation, and degradation of volatile compounds, modifying the chemical balance of the
beverage over time [5]. Although some of these transformations contribute positively to
the aromatic complexity of cachaga, an excessive increase in acidity can compromise its
chemical stability and indicate inadequate storage conditions or prolonged aging.

Wooden barrels behave as semi-permeable systems that simultaneously allow oxy-
gen ingress and the gradual loss of volatile compounds through evaporation. Oxygen dif-
fusion promotes oxidative reactions, whereas the evaporation of water, ethanol, and vol-
atile aroma compounds modifies the concentration and equilibrium of the remaining con-
stituents. Therefore, the final concentration of volatile acidity reflects not only acetic acid
formation but also the dynamic balance between oxidative processes and volatile losses
occurring during storage [11].

The extent of these compositional changes depends on several technological varia-
bles, including barrel species, wood porosity, barrel age, storage temperature, relative hu-
midity, oxygen transfer rate, and storage duration. These factors influence oxidation ki-
netics, esterification reactions, and the extraction of phenolic compounds from the wood,
ultimately affecting the balance between acidity, aroma complexity, and overall sensory
quality [5].

Furthermore, factors such as improper reuse of barrels, poor hygiene, and the use of
deteriorated containers can promote secondary microbiological contamination and accel-
erate the formation of acidic compounds. Therefore, controlling storage and aging condi-
tions is an determining step in maintaining the chemical quality of cachaga and preventing
excessive increases in volatile acidity throughout the distillate’s shelf life.

Although oxidative reactions during storage and aging are recognized as relevant
contributors to changes in volatile acidity, the magnitude of these effects remains highly
dependent on storage conditions and production practices. Factors such as barrel species,
wood porosity, storage temperature, relative humidity, aging time, and oxygen transfer
rates vary considerably among studies, making direct comparisons difficult. Furthermore,
most investigations evaluate aging under specific experimental conditions, which limits
the extrapolation of their findings to commercial production systems. Future studies inte-
grating chemical characterization, sensory evaluation, and chemometric approaches un-
der standardized aging conditions would contribute to a better understanding of how
storage influences volatile acidity and the overall quality of cachaca [6,21,25].

4. Volatile Acidity in Cachaca: Chemical Mechanisms and
Technological Modulation

Volatile acidity in cachaga arises from a complex network of microbiological, bio-
chemical, and physicochemical reactions occurring throughout fermentation, distillation,
and subsequent processing stages. Although acetic acid represents the predominant con-
stituent of volatile acidity, its accumulation reflects the dynamic balance between ethanol
oxidation, microbial metabolism, organic acid formation, esterification reactions, and pro-
cess-related oxidative phenomena. Consequently, the concentration of volatile acidity is
modulated by multiple technological variables, including fermentation management, ox-
ygen exposure, distillation practices, and storage conditions, rather than by a single iso-
lated mechanism. Therefore, understanding the chemical pathways involved in acetic acid
formation provides a broader interpretation of volatile acidity as an integrated indicator
of technological performance and beverage quality, rather than merely a regulatory pa-
rameter [10,21,26].

During alcoholic fermentation, Saccharomyces cerevisiae naturally produces small
amounts of acetic acid as a secondary metabolite associated with central carbon metabo-
lism and intracellular redox balance. Under adequate fermentation conditions, this phys-
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iological production remains limited and has little influence on the final volatile acidity of
the distillate. In contrast, when oxygen becomes available and AAB, particularly species
belonging to the genera Acetobacter and Gluconobacter, proliferate, ethanol oxidation be-
comes the predominant pathway for acetic acid accumulation. Consequently, excessive
volatile acidity is generally associated with bacterial activity rather than with yeast me-
tabolism itself.

This distinction is particularly relevant because the origin of acetic acid is not exclu-
sively microbiological contamination, but rather the balance between yeast metabolism
and bacterial oxidation. While S. cerevisize may contribute to basal acetic acid formation
during alcoholic fermentation, significant accumulation is generally associated with the
activity of acetic acid bacteria under oxygen availability. Therefore, recent interpretations
of distilled beverage quality emphasize the need to evaluate volatile acidity as a marker
of microbial ecology, fermentation management, and oxidative control rather than simply
as an endpoint chemical parameter [14].

Environmental and technological conditions strongly modulate the biochemical
pathways involved in volatile acidity formation. Factors such as oxygen availability, fer-
mentation temperature, fermentation duration, nutrient availability, and yeast physiolog-
ical status directly influence microbial metabolism and the production of volatile com-
pounds. Under unfavorable fermentation conditions, reduced yeast performance and in-
creased microbial competition facilitate ethanol oxidation and alter the formation of
aroma-active congeners, including acetaldehyde, higher alcohols, esters, and organic ac-
ids. These compositional changes may persist throughout distillation, ultimately affecting
both the chemical composition and the sensory quality of cachaca [12,22,26,27].

After fermentation, the concentration of volatile acidity may continue to change due
to physicochemical phenomena occurring during distillation and storage. Because acetic
acid exhibits relatively high affinity for the aqueous phase and lower volatility than many
aroma compounds, its distribution during distillation differs from that of alcohols and
esters, contributing to its preferential concentration in later distillation fractions. During
storage and aging, oxidative reactions involving ethanol and acetaldehyde may further
increase acetic acid concentration, particularly under conditions of excessive oxygen ex-
posure or inadequate storage. Consequently, volatile acidity should be interpreted as the
cumulative result of biochemical and chemical reactions occurring throughout the entire
production chain rather than as the consequence of a single processing stage.

Recent studies have reinforced that the formation of organic acids and other volatile
compounds in cachaga results from the combined influence of microbial activity and tech-
nological management throughout the production process. Factors such as yeast strain
selection, fermentation conditions, oxygen availability, and process hygiene determine
the metabolic performance of fermentative microorganisms, directly affecting the for-
mation of volatile congeners and the chemical composition of the final distillate. These
findings support the interpretation that volatile acidity should be regarded as the outcome
of integrated microbiological and technological processes rather than the product of a sin-
gle metabolic pathway (Figure 2) [10,12,20,21,28].
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Figure 2. Technological factors contributing to volatile acidity formation throughout cachaga pro-
duction. Source: Created by the authors based on [1,4-6,14].

5. Regulatory Limits Versus Sensory Perception
5.1. Legal Limits for Volatile Acidity in Brazilian Cachaga

The physicochemical parameters established by Brazilian legislation for cachaca have
the main objective of guaranteeing the identity, standardization, and safety of the mar-
keted product. Among these parameters, volatile acidity occupies a prominent position as
it represents an reliable indicator of the microbiological and technological conditions of
the production process. According to Ordinance No. 539 of 2022 from the Ministry of Ag-
riculture and Livestock (MAPA), the maximum permitted limit for volatile acidity in
cachaca and sugarcane brandy is 150 mg of acetic acid per 100 mL of anhydrous alcohol
[1]. This limit seeks to ensure adequate levels of chemical quality and prevent fermenta-
tion, distillation, or storage failures from compromising the stability of the distillate.

Despite the existence of well-defined regulatory limits, several studies demonstrate
that volatile acidity remains among the parameters with the highest frequency of non-
compliance in cachaga produced in Brazil, especially in artisanal and small-scale produc-
tions [3,9]. This scenario is frequently associated with deficiencies in Good Manufacturing
Practices, difficulties in microbiological control, and a lack of operational standardization
throughout the production process. Furthermore, the high variability observed between
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batches of cachaca reinforces the importance of continuous monitoring of volatile acidity
as a parameter of quality and legal compliance.

In the international context, the chemical composition of distilled beverages also rep-
resents an determining factor for commercial acceptance and export. Although specific
limits for acidity vary between different legislations and categories of distillates, interna-
tional markets frequently adopt rigorous criteria related to the presence of contaminants
and the chemical stability of the product [8]. Therefore, controlling volatile acidity as-
sumes strategic relevance not only for complying with Brazilian legislation, but also for
strengthening the competitiveness of Brazilian cachaca in foreign markets with higher
technical and sensory demands.

5.2. Sensory Impact of Volatile Acidity

Additionally, to its regulatory importance, volatile acidity exerts a relevant influence
on the sensory characteristics of cachaca. Acetic acid, the main component associated with
volatile acidity, makes a high contribution to the aromatic and gustatory attributes of the
distillate, and can alter the sensory balance of the beverage when present in high concen-
trations [29]. Although small concentrations of acidic compounds participate in the natu-
ral chemical complexity of cachaga, excess acidity is associated with the intensification of
sensory characteristics considered undesirable.

Among the main sensory impacts related to increased volatile acidity are a vinegary
aroma, excessive pungency, an irritating mouthfeel, and an imbalance between alcoholic,
sweet, and fruity notes [30]. Increased acetic acid concentration can also mask desirable
aromatic compounds from fermentation and aging, reducing the sensory complexity of
the beverage. Furthermore, high acidity levels are often associated with the perception of
an aggressive or technologically poor quality beverage, especially in unaged spirits.

The influence of acidity on the sensory profile of cachaca also depends on the inter-
action between different congeners present in the beverage. Compounds such as esters,
higher alcohols, and aldehydes can modulate the perception of organic acids, altering the
intensity and quality of the aromatic and gustatory sensations perceived by the consumer
[5,28]. Therefore, the evaluation of volatile acidity should not be interpreted in isolation,
but rather as part of a complex set of chemical interactions responsible for the formation
of the sensory profile of cachaca.

Contemporary studies on distilled beverages increasingly recognize that sensory per-
ception cannot be explained by the concentration of individual compounds alone. Instead,
aroma perception emerges from complex interactions among volatile constituents, matrix
composition, and consumer experience. Consequently, the sensory impact of volatile acid-
ity should be interpreted within the broader context of the complete volatile profile, sup-
porting multidimensional approaches that integrate chemical analysis with descriptive
and consumer sensory evaluation [28,31].

5.3. Thresholds, Sensory Descriptors, and Consumer Rejection

The sensory perception of volatile acidity is directly related to individual thresholds
for detecting and accepting acetic acid in the beverage. Although Brazilian legislation es-
tablishes maximum limits for chemical compliance, sensory studies suggest that negative
changes in quality perception can occur even at concentrations below the legal limits, de-
pending on the overall composition of the distillate and the consumer’s sensitivity [30].
This demonstrates that regulatory compliance does not always correspond to maximum
sensory acceptance of the product.

The sensory perception of acetic acid is also strongly influenced by the ethanol con-
centration of the beverage. Ethanol modifies aroma volatility, oral perception, and trigem-
inal sensations, which may alter both the detection threshold and the perceived intensity
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of acetic acid. Consequently, the same acetic acid concentration may produce distinct sen-
sory responses in beverages with different alcoholic strengths, making threshold values
obtained in hydroalcoholic model solutions or other distilled beverages not directly trans-
ferable to cachacga [30].

Reported detection thresholds for acetic acid vary considerably depending on the
beverage matrix and experimental methodology. In hydroalcoholic model solutions,
threshold values have been reported within the low hundreds of milligrams per liter,
whereas substantially different values may be observed in fermented and distilled bever-
ages due to matrix complexity and sensory interactions. Therefore, no universally ac-
cepted sensory threshold has been established specifically for cachaga, reinforcing the
need for additional studies relating chemical composition to sensory perception and con-
sumer acceptance [3,30]. Reported acetic acid thresholds range from approximately 200
mg/L in simple aqueous systems to values exceeding 1 g/L in alcoholic beverages, depend-
ing on ethanol concentration, beverage matrix, and sensory methodology [7].

The sensory perception of volatile acidity should also be interpreted as the result of
complex interactions among multiple volatile compounds rather than the isolated effect
of acetic acid. Esters may partially mask acidic notes by contributing fruity and sweet
aromas, whereas aldehydes, higher alcohols, volatile phenols, and wood-derived com-
pounds can modify, enhance, or suppress the perception of acidity depending on their
concentration and relative proportions. Consequently, the sensory impact of volatile acid-
ity depends on the overall volatile composition of the beverage, reinforcing that chemical
analyses should be interpreted together with sensory evaluation to better predict con-
sumer perception and acceptance [4,6,7,14,32].

Recent studies on distilled spirits reinforce that sensory quality results from the com-
bined effect of numerous aroma-active compounds rather than from isolated chemical pa-
rameters. Barnes et al. (2022) [21] identified a broad diversity of volatile compounds in
distilled spirits, including alcohols, esters, lactones, carbonyls, fatty acids, phenols, furans,
aromatics, terpenoids, alkenes, and alkanes, highlighting the complexity of these matrices
and the need for analytical approaches capable of capturing this diversity. This evidence
supports the interpretation that the sensory impact of volatile acidity in cachaca should
be evaluated together with the complete volatile profile of the beverage, since acetic acid
perception may be modulated by fruity esters, aldehydes, wood-derived compounds, and
other aroma-active molecules present in the distillate [6,14,21].

Although acetic acid detection thresholds have been reported for hydroalcoholic
model solutions and other alcoholic beverages, there is currently no universally accepted
sensory threshold specifically established for cachaca. The perception of volatile acidity
depends not only on acetic acid concentration but also on ethanol content, beverage ma-
trix, interactions with volatile congeners, and consumer experience. Consequently, regu-
latory limits should not be interpreted as sensory thresholds, reinforcing the need for fur-
ther studies relating chemical composition to sensory perception in cachaga.

Sensory descriptors associated with high volatile acidity include terms such as “vin-
egary,” “aggressive,” “burning,” “fermented,” and “unbalanced,” frequently linked to
negative evaluations in descriptive analyses and hedonic acceptance tests. Conversely,
beverages with moderate and balanced acidity tend to exhibit greater harmony between
aromatic and gustatory attributes, favoring the perception of quality and sensory com-
plexity. Thus, the intensity of perceived acidity depends not only on the absolute concen-
tration of acetic acid but also on the interaction of this compound with the other volatile
constituents of the beverage.

The increasing appreciation for premium and aged cachagas has amplified the im-
portance of sensory parameters related to the overall quality of the spirit, increasing in-
terest in studies that integrate chemical composition and consumer perception. In this
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context, understanding the effects of volatile acidity on the sensory experience of cachaga
represents an meaningful step in developing quality control strategies more aligned with
the expectations of the contemporary market. Furthermore, the integration of chemical
analyses and sensory evaluations can contribute to greater standardization of the bever-
age and to strengthening the image of Brazilian cachaca on the international stage.

Recent studies on distilled spirits have reinforced that sensory quality should not be
interpreted as the consequence of isolated volatile compounds but rather as the result of
complex interactions among multiple aroma-active substances. Barnes et al. (2022) [21],
while developing a comprehensive analytical method for distilled spirits, emphasized that
distilled beverages contain compounds belonging to numerous chemical classes —includ-
ing alcohols, esters, aldehydes, fatty acids, phenols, furans, terpenoids, and lactones—
which are formed or modified throughout fermentation, distillation, and aging. The au-
thors further highlighted that many aroma-active compounds occur at concentrations be-
low their individual odor thresholds but still contribute to the overall sensory profile
through synergistic interactions. This evidence reinforces that the sensory impact of vola-
tile acidity in cachaga cannot be interpreted solely based on acetic acid concentration, but
rather within the context of the complete volatile composition of the beverage. Conse-
quently, future investigations should integrate physicochemical analyses with sensory
evaluation to better understand how volatile acidity interacts with other aroma com-
pounds and influences consumer perception.

It is relevant to note that sensory conclusions regarding volatile acidity depend on
the type of sensory test applied. Detection or recognition thresholds are generally ob-
tained through discrimination tests or threshold methodologies, frequently using trained
or semi-trained assessors, whereas consumer rejection is more appropriately evaluated
through hedonic or acceptability tests with naive consumers. Therefore, sensory thresh-
olds should not be directly interpreted as consumer rejection limits. This distinction is
particularly relevant for cachaca, since the perception of acetic acid may be modulated by
ethanol content, volatile congeners, aging-derived compounds, and consumer familiarity
with the beverage.

Despite the growing interest in volatile acidity as a quality parameter, relevant limi-
tations remain in the available literature. Most published studies involve relatively small
sample sets, evaluate beverages produced under specific technological conditions, or in-
vestigate volatile acidity together with multiple quality attributes, making it difficult to
isolate its individual contribution to sensory perception. Furthermore, methodological
differences in sensory protocols, panel composition, analytical techniques, and beverage
matrices limit direct comparisons among studies and hinder the establishment of univer-
sally accepted sensory thresholds for cachaca. These limitations reinforce the need for
multicenter studies integrating microbiological, chemical, sensory, and chemometric ap-
proaches to improve the understanding of volatile acidity and its practical application in
quality assessment.

6. Volatile Acidity as a Quality Marker

Volatile acidity can be interpreted as an integrated quality marker because it reflects
the cumulative effects of raw material quality, microbial ecology, fermentation manage-
ment, distillation efficiency, and storage stability. Unlike isolated contaminants that may
be associated with specific processing failures, volatile acidity integrates several techno-
logical and sensory dimensions of the product. This interpretation is consistent with re-
cent approaches to cachaga and sugarcane spirits quality control, which emphasize the
need to combine chemical composition, regulatory compliance, and sensory perception to
support product standardization and market differentiation [4,14].
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Recent advances in spectroscopy and chemometric tools have expanded the possibil-
ities for quality control in sugarcane spirits by allowing rapid, non-destructive, and mul-
tivariate assessment of chemical parameters. Oliveira et al. (2023) [25] demonstrated that
near-infrared spectroscopy combined with chemometric models could classify commer-
cial cachaca samples according to geographical origin and predict alcohol content and
density, reinforcing the potential of integrated analytical approaches for authentication
and quality monitoring. Although volatile acidity was not the primary target of that study,
its findings support the broader concept that quality markers in cachaca should be inter-
preted within multivariate analytical frameworks rather than as isolated parameters. In
this context, volatile acidity may be more useful when combined with alcohol content,
density, volatile congeners, sensory descriptors, and production records, allowing more
robust interpretation of technological deviations and product quality [14,25].

Emerging analytical approaches published recently have reinforced the value of in-
tegrating advanced instrumental techniques with multivariate data analysis for quality
assessment of fermented and distilled beverages. Such strategies improve the identifica-
tion of quality markers, facilitate authentication, and provide a more comprehensive un-
derstanding of the relationships among processing variables, chemical composition, and
sensory attributes. Within this context, volatile acidity may be interpreted as one compo-
nent of a broader analytical framework for quality monitoring rather than as an isolated
indicator [12].

Furthermore to its technological relevance, volatile acidity is closely related to the
chemical stability of the beverage during storage and aging. The progressive increase in
acetic acid concentration may indicate an intensification of oxidative processes capable of
altering the chemical composition of the distillate and compromising its standardization
[29]. In aged beverages, the interaction between oxygen, wood, and volatile compounds
makes acidity monitoring even more relevant, especially considering the need for chemi-
cal balance in higher value-added products.

The use of volatile acidity as a quality indicator is also strategically relevant for the
commercial valuation of Brazilian cachaga. The growth of the premium market and the
increase in international requirements related to the chemical composition of alcoholic
beverages reinforce the need for parameters capable of reflecting not only legal compliance,
but also technological efficiency and product stability [4]. In this scenario, rigorous control of
volatile acidity can contribute to greater standardization between batches, reduction of pro-
duction losses, and strengthening the competitiveness of cachaga in foreign markets.

Recent studies demonstrate that production systems with higher levels of microbio-
logical and operational control tend to exhibit lower concentrations of volatile acidity and
greater chemical stability of the distillate [3]. Thus, the incorporation of volatile acidity
into integrated quality control programs represents a relevant tool for monitoring produc-
tion efficiency and preventing technological deviations. Furthermore, the association be-
tween chemical analyses and preventive control strategies can contribute to the continu-
ous improvement of the cachaga production chain.

Therefore, volatile acidity should be understood as a multifactorial parameter asso-
ciated with microbiological dynamics, operational conditions, and the chemical stability
of the beverage. Its integrated interpretation allows for the identification of production
failures, the evaluation of the efficiency of technological control, and the direction of strategies
aimed at improving the quality of Brazilian cachaca. Thus, monitoring volatile acidity plays
an relevant role in consolidating more consistent quality standards and strengthening the im-
age of cachaca as a distillate of excellence in the national and international markets.

Although volatile acidity represents a valuable integrated quality marker, it should
not be interpreted as a standalone diagnostic parameter. Similar volatile acidity values
may arise from distinct technological scenarios, including microbial contamination during
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fermentation, excessive oxygen exposure, inappropriate distillation cut points, or oxida-
tive changes during storage and aging. Consequently, the interpretation of volatile acidity
requires complementary analytical information capable of identifying its most probable
origin. Parameters such as volatile congener profiles, ethanol concentration, aldehyde and
ester contents, sensory evaluation, and production records may substantially improve the
diagnosis of technological deviations. Therefore, volatile acidity should be interpreted
within a multidisciplinary quality assessment framework rather than as an isolated regu-
latory parameter (Figure 3) [6,21,25].
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Figure 3. Conceptual framework for interpreting high volatile acidity through complementary

chemical, sensory, and technological analyses. Source: Prepared by the authors based on the litera-
ture [1,6,11,21,24,25].

Although considerable progress has been achieved in understanding volatile acidity
in Brazilian cachaga, several scientific challenges remain. Current knowledge is largely
based on studies investigating isolated stages of production or individual analytical pa-
rameters, whereas integrated approaches simultaneously considering microbiological,
chemical, technological, and sensory factors are still scarce. This fragmentation limits the
establishment of robust cause-and-effect relationships and reduces the practical applica-
bility of volatile acidity as a standalone quality indicator [6,21,25].

Future research should prioritize multidisciplinary approaches combining advanced
analytical techniques, chemometric tools, sensory science, and production data to better
distinguish the different technological origins of volatile acidity. Furthermore, establish-
ing sensory thresholds specific to cachaga, validating predictive quality models, and in-
vestigating consumer perception across different production styles represent important
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research priorities that may strengthen quality control strategies and support the interna-
tional competitiveness of Brazilian cachaca [7,24,25].

7. Future Perspectives: From Volatile Acidity to Integrated
Quality Prediction

Although volatile acidity has historically been regarded as an individual physico-
chemical parameter for regulatory compliance, recent advances in analytical chemistry,
food microbiology, chemometrics, and artificial intelligence suggest that its role should be
interpreted within a broader framework of integrated quality assessment. Rather than serving
solely as an indicator of excessive acetic acid formation, volatile acidity may contribute to pre-
dictive models capable of describing fermentation performance, process consistency, sen-
sory quality, authenticity, and consumer acceptance. The convergence of emerging ana-
lytical technologies with multivariate data analysis has created new opportunities for
rapid, non-destructive, and high-throughput monitoring throughout distilled spirit produc-
tion, representing an important perspective for future research on cachaga [33,34].

7.1. Current Limitations and Future Challenges

Recent advances in analytical chemistry have considerably expanded the possibilities
for quality evaluation of distilled beverages beyond conventional chromatographic tech-
niques. While gas chromatography remains the reference method for quantifying volatile
compounds, emerging analytical platforms have demonstrated significant potential for
rapid, non-destructive, and high-throughput assessment of spirit quality.

Near-infrared spectroscopy (NIR) has become one of the most promising technolo-
gies because it enables rapid determination of alcohol content, acidity, esters and other
quality parameters without sample preparation. When combined with multivariate cali-
bration, NIR allows simultaneous prediction of several physicochemical variables and
supports authentication, geographical origin discrimination and process monitoring,
making it particularly attractive for industrial applications [33,35].

Similarly, Fourier-transform infrared spectroscopy (FTIR) has shown excellent per-
formance for rapid determination of chemical markers in alcoholic beverages. Recent
studies demonstrated that FTIR associated with chemometric models can accurately
quantify alcohol content, acidity and other relevant compositional parameters while sub-
stantially reducing analytical time and operational costs. Such approaches represent
promising alternatives for routine quality control in cachaca production [36].

More recently, metabolomics has emerged as a powerful strategy for comprehensive
characterization of distilled beverages. Unlike targeted analytical methods, metabolomic
approaches simultaneously evaluate hundreds of metabolites, allowing a more complete
understanding of fermentation dynamics, raw material characteristics and flavor devel-
opment. These techniques have substantially improved the identification of chemical
markers associated with product quality and technological performance [37,38].

7.2. Chemometrics and Artificial Intelligence

The increasing complexity of chemical datasets generated by modern analytical plat-
forms has stimulated the incorporation of chemometric methods and artificial intelligence
into beverage quality assessment. Principal component analysis, partial least squares re-
gression, discriminant analysis, random forest algorithms and artificial neural networks
have become valuable tools for interpreting multidimensional datasets generated by spec-
troscopy, chromatography and metabolomics.

Beyond exploratory analysis, machine learning algorithms have demonstrated re-
markable performance in beverage classification, authenticity assessment, geographical
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origin discrimination and prediction of sensory quality. Recent studies using ATR-FTIR
associated with artificial neural networks successfully classified different distilled spirits
with excellent predictive performance, demonstrating the potential of artificial intelli-
gence to reduce subjectivity in quality assessment and sensory evaluation [39].

Similarly, the integration of NIR spectroscopy with chemometric modeling has ena-
bled simultaneous prediction of alcohol content, acidity, flavor compounds and aging
characteristics, indicating that future quality control systems may rely on predictive mod-
els rather than isolated physicochemical analyses [33].

7.3. Integration of Microbiology, Chemistry and Sensory Science

Current evidence indicates that beverage quality cannot be fully explained by iso-
lated chemical parameters. Instead, it emerges from the interaction between microbial
ecology, metabolic pathways, volatile compound formation and sensory perception. Fer-
mentation microbiota determine the production of numerous aroma-active compounds,
while subsequent technological steps modulate their persistence and sensory relevance.

Metabolomic studies have demonstrated that different yeast species and fermenta-
tion strategies produce distinct metabolite profiles capable of altering aroma complexity
and consumer perception. Likewise, recent research in distilled beverages emphasizes
that flavor quality depends on the interaction among volatile compounds rather than on
the concentration of individual analytes. Consequently, volatile acidity should be inter-
preted as one component within a broader network of quality markers integrating micro-
biological performance, chemical composition and sensory acceptance [38,40].

The development of electronic nose technologies further reinforces this integrated
approach. Modern sensor arrays combined with pattern-recognition algorithms have
demonstrated high accuracy in discriminating distilled spirits, identifying aroma profiles
and supporting rapid quality assessment. Recent advances include portable systems cou-
pled with deep-learning algorithms and low-cost electronic noses capable of classifying
spirits according to aroma profile, aging conditions or botanical origin, suggesting con-
siderable potential for future applications in cachaga production [41,42].

7.4. Future Research

Future investigations should move beyond the traditional evaluation of volatile acid-
ity as an isolated regulatory parameter and prioritize integrated approaches capable of
describing the complexity of cachaga production. The combination of rapid spectroscopic
techniques, metabolomics, microbiological characterization, chemometric modeling and
artificial intelligence is expected to improve process monitoring, authenticity assessment
and prediction of sensory quality.

Another important challenge is the development of standardized analytical protocols
capable of integrating chemical, microbiological and sensory information into predictive
quality models. Such approaches may facilitate real-time decision-making during fermen-
tation and distillation, reduce production variability and support the establishment of
more comprehensive quality criteria for Brazilian cachaga.

Ultimately, volatile acidity should be considered not only as an indicator of techno-
logical deviations but also as part of a multidimensional quality framework that integrates
microbial ecology, chemical composition, sensory perception and process management.
This perspective may contribute to the development of more robust quality control strat-
egies, strengthen the international competitiveness of cachaca and stimulate future inno-
vations in distilled beverage science.
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8. Conclusions

Volatile acidity has emerged as one of the most informative indicators for evaluating
the quality of Brazilian cachaga because it reflects the combined influence of microbiolog-
ical, biochemical, technological, and oxidative processes occurring throughout produc-
tion. Rather than representing an isolated analytical parameter, its concentration inte-
grates the cumulative effects of raw material quality, fermentation management, distilla-
tion practices, oxygen exposure, storage conditions, and aging, thereby providing valua-
ble insight into the overall efficiency and consistency of the production process.

Although Brazilian legislation establishes maximum permissible limits for volatile
acidity, the evidence compiled in this review demonstrates that its importance extends
well beyond regulatory compliance. Elevated concentrations of acetic acid are consistently
associated with undesirable sensory attributes and may negatively affect consumer ac-
ceptance even when legal requirements are fulfilled. These findings emphasize that com-
pliance with legislation alone cannot fully guarantee product quality and reinforce the
importance of interpreting volatile acidity together with complementary chemical anal-
yses and sensory evaluation.

The literature further indicates that the implementation of Good Manufacturing Prac-
tices, microbiological monitoring of fermentation, optimized distillation procedures, and ap-
propriate storage and aging conditions constitutes the most effective strategy for controlling
excessive acetic acid accumulation. Collectively, these measures contribute to improved batch-
to-batch consistency, enhanced chemical stability, and greater standardization of cachaga,
while preserving the sensory characteristics that define product identity and authenticity.

Beyond synthesizing the current state of knowledge, this review proposes an inte-
grated framework for interpreting volatile acidity as a multidimensional quality marker
that connects production practices, chemical composition, regulatory requirements, and
sensory perception. Such an approach provides a more comprehensive basis for quality
assessment than reliance on regulatory limits alone and may support decision-making by
producers, quality control laboratories, and regulatory agencies.

Despite the substantial advances achieved in recent years, important scientific chal-
lenges remain. The limited availability of multidisciplinary studies simultaneously inte-
grating microbiological dynamics, volatile composition, sensory science, and chemomet-
ric approaches continues to restrict a comprehensive understanding of volatile acidity and
its practical application as a predictive quality marker. Future research should therefore
prioritize integrated analytical strategies capable of distinguishing the technological ori-
gins of elevated volatile acidity, establishing robust sensory thresholds specific to cachaga,
and developing predictive models that strengthen quality assurance and support the in-
ternational competitiveness of Brazilian cachaca.
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