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Abstract: In the food industry, beverage is one of the important sectors that includes various alcoholic and non-
alcoholic beverages. The quality of raw materials, equipment, and satisfaction of consumers are the important factors
that determine the quality of the beverage manufacturing system. The nonfulfillment of any of the aforementioned
factors can lead to the rejection of goods by consumers. This review paper provides a comprehensive examination of
beverage quality control and addresses the various challenges faced by the beverage industry. The critical role of water
quality in beverage production and the diverse quality attributes encompassing microbiological, physicochemical,
and organoleptic characteristics are thoroughly discussed. The microbial contamination and poor product quality like
off-flavor, unpleasant smell, and textural changes result in product recall. The quality of beverages can be ensured
by sequential assessment of raw material quality, the process of production and packaging, microbial assessment,
and sensorial attributes. The review also explores novel approaches such as biosensors, electronic tongues and noses,
smart packaging, and the application of artificial intelligence and machine learning to address these issues. These
developments provide novel solutions to ensure the quality and safety of products.
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1. Introduction

Beverages not only satisfy hydration needs but also weave a complex tapestry of human experience. They extend
beyond mere pleasure to play a vital role in human nutrition, with milk providing essential nourishment for children and
fermented products bolstering gut health. Beverages contain essential vitamins, minerals, and phytochemicals, which
are beneficial to health. Both young children and the elderly can consume juices more conveniently than whole fruits.
An additional benefit of juices over whole fruits and vegetables is their ease of manufacturing and shipping [1]. The
beverage industry can be divided into two primary categories namely non-alcoholic and alcoholic as shown in Figure
1. Soft drinks, syrups, fruit juices, and fruit-based products are from non-alcoholic industries while alcoholic industries
manufacture distilled and non-distilled beverages [2]. The incessant need for traditional foods and the growing interest
in novel industrial beverages have drawn attention to the fermented beverage industry. Since the earliest days of human
civilization, people have produced and consumed fermented foods, which are essential components of the human diet [3].
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Figure 1. Classification of beverages

Fermentation is the process by which microorganisms and their enzymes modify food ingredients to produce
desirable changes [4]. The byproducts of fermentation include hydrogen peroxide, bacteriocin, and organic acids that
inhibit the growth of pathogens, and further provide a natural preservative property for the product [5]. Fermentation
enhances organoleptic properties, nutritional bioavailability, shelf-life, and gut microbiome balance through an
orchestrated acidic microenvironment, enzymatic enrichment, and targeted antimicrobial activity [4]. The beverage
industries have grown from local to global markets since the turn of the 20th century [2]. The invention of glass, cans,
and plastic bottles as well as high-speed packaging lines and changing packaging systems, technological advances
have undoubtedly contributed to the rise in the intake of carbonated beverages [6]. There are three types of claims for
fermented beverages: (a) drinks contain live, active cultures; (b) drinks contain probiotics but lack sufficient proof of
their positive effects on human health; and (c) drinks contain microbes, for which there is sufficient proof of a positive
impact and the product label may make specific claims [5]. Even though microorganisms that can be used as probiotics
in beverage production change over time, they typically include lactic acid bacteria, Bifidobacterium sp., Streptococcus
sp., Leuconostoc sp., Enterococcus., Aspergillus sp. And Saccharomyces sp. [7]. Dairy-based beverages like yogurt,
Bulgarian butter milk, acidophilus milk, kefir, and cultured milk are obtained by lactic acid fermentation. Beverage
industries will expand rapidly with the assistance of artificial intelligence [2]. The Food and Drug Administration (FDA)
advocates for the implementation of best practices that require mandatory labeling for untreatable beverages and their
products. These products fall short of achieving a 5-log reduction in pertinent microorganisms, signifying an elevated
risk of harboring harmful pathogens. Good Manufacturing Practice (GMP) guidelines, cover the significance of plant
management practices particularly emphasizing aspects like personal hygiene to guarantee product quality consistency.
The outlined system safeguards against contamination by pathogens throughout processing which ensures a hygienic
workspace, and mandates proper handwashing and responsible personal habits of employees. Additionally, construction
and ground management for appropriate equipment storage, waste disposal, and pest control measures are needed.
Specifications are provided for building controls (floors, walls, ceilings, ventilation, lighting, and pest detection),
sanitary facilities (water, plumbing, sewage, and toilets), and handwashing practices (hot water, sanitary towels, and
sanitizer usage signage). Importantly, all processing line elements which include lubricants, fuel, and water, must be
devoid of contamination. Production and processing practices emphasize secure food packaging materials, clean raw
materials, comprehensive sanitation, and Clean-in-Place (CIP) procedures for quality control. It is crucial to monitor
processing stages like freezing, dehydration, heat treatment, acidification, and refrigeration, as these phases present
potential contamination risks due to mechanical failures, delays, and temperature fluctuations. The implementation of
these multifaceted GMP plant management practices can effectively secure product quality and consumer safety [8].
The challenges of the modern world have caused the food packaging industry to evolve rapidly [9]. The objective of
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the paper is to provide an extensive overview of beverage quality control, by addressing various challenges faced by
the beverage industry such as microbiological contamination, undesirable chemical reactions, and sensory qualities
associated with it, and to provide insights into advanced techniques for efficient quality control, such as biosensors,
artificial intelligence and machine learning, e-noses and e-tongue. The novel information cited in the manuscript is about
the emerging technologies in beverage quality control including smart packaging with integrated sensors, biosensors for
microbial detection, electronic noses and tongues for beverage analysis, and flexible printed chemical sensors for real-
time monitoring, Al and ML-based sensors for quality checking. These advancements offer innovative solutions for
ensuring product safety and quality.

2. Different quality issues in the beverage industry

The section delves into the detrimental effects of light exposure and chemical reactions on beverage flavor, texture,
and nutritional content. It highlights the necessity of employing reliable analytical methods and innovative approaches
like smart packaging.

The contaminants present in the beverages can be of 4 different classifications namely, organic contaminants
(urea, fat, formaldehyde), inorganic contaminants (lead, silica, copper), microorganism-based contaminants (yeasts,
fungicides, bacteria), and nano-sized contaminants (silver nanoparticles) [10]. The various reactions involved in this
quality deterioration are lipid oxidation, proteolysis, phase separation in emulsion, changes in organoleptic properties,
and enzymatic and non-enzymatic browning [11]. Major chemical reactions responsible for deterioration are hydrolysis
and lipid oxidation which in turn leads to changes in texture, denaturation of enzymes, and development of off-flavor
[11]. Lipid oxidation is an important cause of quality degradation in beverages that contain high amounts of unsaturated
fatty acids, for example, milk-based beverages. It can also lead to the generation of volatile and non-volatile compounds
responsible for unpleasant flavor and smell. In addition to the changes in the sensorial attributes, it can also change
texture and nutritional composition [11]. The oxidation reaction can damage the proteins due to the generation of free
radicals on the side chain and backbone of protein molecules. Another quality concern is induced chemical reactions
that generate singlet oxygen which causes oxidation of lipids and proteins. Furthermore, oxidation can generate volatile
compounds responsible for off-flavor in beverages especially those rich in fats and vitamins [11]. The light absorption
can cause degradation of chlorophyll and vitamins which leads to the formation of singlet oxygen. Photooxidation in
alcoholic beverages can cause the development of off-flavor, and photoisomerization of vitamins and terpenes. The color
of beverages rich in natural colorants like carotenoidsand chlorophyll will undergo photoisomerization which results
in color change [11]. The assessment of beverage quality consistently necessitates the development of more reliable,
sensitive, and efficient analytical techniques to ensure traceability, safety, and quality to meet legal requirements and
consumer preferences. The development of affordable methods for the quick and low-cost identification of analytes has
drawn increased attention in recent years, with a focus on safety control and contamination analysis [12]. The rapid
expansion of nanoscale materials in sensing and detection applications offers a substitute for conventional methods to
identify chemical and biological contaminants in beverages. Significant advancements in nanoscience over the past few
years resulted in the development of sensors and other systems that are increasingly being used for beverage analysis [ 13,
14]. Recently, beverage companies have used smart packaging for their finished goods and products. Smart packaging
involves sensor technology to monitor the temperature, moisture, and gas composition (oxygen and carbon dioxide)
of the beverages [15, 16]. Indicators present in packaging material provide a color change in response to changes in
beverage composition [17]. The different indicators used in beverage industries include temperature indicators, oxygen
indicators, microbial indicators, and freshness indicators [18]. The freshness sensor in packaging material monitors the
freshness inside the container and provides information about the quality and safety of the beverage during storage,
distribution, and transportation [19]. Moreover, the quality sensors will have the ability to convey information about
the safety and quality of the beverages directly to the consumer through label devices or sensor films. The distribution
control can be optimized along with a stock rotation management system, waste reduction, and sensors in packaging
material function as active shelf-life labeling devices in combination with ‘use-by-date’ labeling [19].
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3. Significance of water quality

The significance of water quality in beverage production highlights the need for efficient treatment through various
filtration and disinfection procedures to eliminate contaminants, guarantee safety, and meet consumer expectations.

Water quality has a significant connection with the physiochemical, microbiological, and organoleptic
characteristics of beverages. The removal of elements that degrade water quality guarantees both beverage safety and
improves sensory qualities. The beverage industry is required to establish a water treatment facility before initiating
other manufacturing processes associated with the production of beverages [11]. The elements that cause quality
deterioration like suspended matter, algae, and pathogenic microorganisms must be removed from raw water to produce
high-quality beverages [20]. The presence of inorganic substances, suspended organic materials like trihalomethane,
and foreign physiochemical components such as dissolved minerals should be eliminated [21, 22]. The presence of
lower concentrations of sulfates, iron, and chlorides can result in off taste of beverages. This also can affect the pH or
alkalinity of the water, which would ultimately have negative sensory effects. The main objective of water treatment is

to eradicate or reduce these factors within the permissible limit [23].
The organoleptic qualities of mineral water make it an appealing option rather than normal tap water [24]. In the
beverage industry microorganisms in drinks are effectively inactivated by UV disinfection treatment [25].

Table 1. Requirements of water quality for beverages by the FDA

Physical Quality Maximum permissible level
Turbidity SNTU
Color 15 Color Units (CU)
Odor Odor. No. 3
Chemical Quality Concentration in milligrams per liter
Chloride 250.0
Iron 0.3
Manganese 0.05
Total Dissolved Solids 0001
Zinc 5.0

Chemical Contaminants (Inorganic substances)

Concentration in milligrams per liter (or as specified)

Arsenic 0.010
Antimony 0.006
Barium 2
Beryllium 0.004
Cadmium 0.005
Chromium 0.1
Copper 1.0
Cyanide 0.2
Lead 0.005
Mercury 0.002
Nickel 0.1
Nitrate 10 (as nitrogen)
Nitrite 1 (as nitrogen)

Total nitrate and nitrite

10 (as nitrogen)
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Table 1. (cont.)

Chemical Contaminants (Inorganic substances) Concentration in milligrams per liter (or as specified)
Selenium 0.05
thallium 0.002

Allowable levels for volatile organic chemicals (VOC's)

Contaminant (CAS Reg. No.) Concentration (mg/L)
Benzene (71-43-2) 0.005
Carbon tetrachloride (56-23-5) 0.005
o-Dichlorobenzene (95-50-1) 0.6
p-Dichlorobenzene (106-46-7) 0.075
1,2-Dichloroethane (107-06-2) 0.005
1,1-Dichloroethylene (75-35-4) 0.007
cis-1,2-Dichloroethylene (156-59-2) 0.07
trans-1,2-Dichloroethylene (156-60-5) 0.1
Dichloromethane (75-09-2) 0.005
1,2-Dichloropropane (78-87-5) 0.005
Ethylbenzene (100-41-4) 0.7
Monochlorobenzene (108-90-7) 0.1
Styrene (100-42-5) 0.1
Tetrachloroethylene (127-18-4) 0.005
Toluene (108-88-3) 1
1,2,4-Trichlorobenzene (120-82-1) 0.07
1,1,1-Trichloroethane (71-55-6) 0.2
1,1,2-Trichloroethane (79-00-5) 0.005
Trichloroethylene (79-01-6) 0.005
Vinyl chloride (75-01-4) 0.002
Xylenes (1330-20-7) 10

Allowable levels for pesticides and other synthetic organic chemicals (SOC’S)

Contaminant (CAS Reg. No.) Concentration (mg/L)
Alachlor (15972-60-8) 0.002
Atrazine (1912-24-9) 0.003
Benzo(a)pyrene (50-32-8) 0.0002
Carbofuran (1563-66-2) 0.04
Chlordane (57-74-9) 0.002
Dalapon (75-99-0) 0.2
1,2-Dibromo-3-chloropropane (96-12-8) 0.0002
2,4-D (94-75-7) 0.07
Di(2-ethylhexyl) adipate (103-23-1) 0.4
Di(2-ethylhexyl) phthalate (117-81-7) 0.006
Dinoseb (88-85-7) 0.007
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Table 1. (cont.)

Allowable levels for pesticides and other synthetic organic chemicals (SOC’S)

Contaminant (CAS Reg. No.) Concentration (mg/L)
Diquat (85-00-7) 0.02
Endothall (145-73-3) 0.1
Endrin (72-20-8) 0.002
Ethylene dibromide (106-93-4) 0.00005
Glyphosate (1071-53-6) 0.7
Heptachlor (76-44-8) 0.0004
Heptachlor epoxide (1024-57-3) 0.0002
Hexachlorobenzene (118-74-4) 0.001
Hexachlorocyclopentadiene (77-47-4) 0.05
Lindane (58-89-9) 0.0002
Methoxychlor (72-43-5) 0.04
Oxamyl (23135-22-0) 0.2
Pentachlorophenol (87-86-5) 0.001
PCBs (as decachlorobiphenyl) (1336-36-3) 0.0005
Picloram (1918-02-1) 0.5
Simazine (122-34-9) 0.004
2,3,7,8-TCDD (Dioxin) (1746-01-6) 3x10®
Toxaphene (8001-35-2) 0.003
2,4,5-TP (Silvex) (93-72-1) 0.05
Disinfection byproducts Concentration (mg/L)
Bromate 0.10
Chlorite 1.0
Haloacetic acids (five) (HAAS) 0.060
Total Trihalomethanes (TTHM) 0.080

Residual disinfectants

Chloramine 4.0 (as Cl,)
Chlorine 4.0 (as Cl,)
Chlorine dioxide 0.8 (as Cl,)

Source: (FDA, 21 CFR Part 165 Subpart B)

Simple filtration techniques that use activated carbon and polish filters can remove the suspended matter based
on the size and shape while advanced filtration systems such as reverse osmosis, nanofiltration, and ultrafiltration
can remove unwanted microorganisms from water [11]. The filtered water will undergo alkalinity reduction by using
hydrated lime treatment in which soluble bicarbonates are converted into insoluble bicarbonates and removed as sludge.
The final step is disinfection of water which can be achieved by chlorination for complete eradication of microorganisms
or to reduce it to an acceptable limit. Ultraviolet irradiation is an alternate method for chlorine-based disinfection due to
the drawback of the generation of trihalomethanes [11]. Recently, ozone has been gaining popularity for water treatment
but the higher cost and health concern associated with the inhalation of ozone limits their application. The application of
Hazard Analysis and Critical Control Points (HACCP) and GMP in a bottling plant can limit microbial contamination
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leading to the production of superior-quality bottled water [26]. The advent of IoT contributed to an advancement in
the food and beverage sector, improving productivity and quality assurance [27]. In a study, a microcontroller (ESP32)
based Internet of Things (IoT) liquid quality tester system with several sensors for temperature, turbidity, gas, and pH
measurements has been used to analyze the normal water, Pepsi, and 7 up. The results with water indicated the absence
of gas. It gave a graphical result for temperature, turbidity, and pH measurements for all the 3 samples [27].

Sensors are used in an Internet of Things-based beverage quality check to assess temperature, turbidity, pH, and
gas presence. A cloud platform receives the data for analysis and real-time monitoring. If quality requirements are
not achieved, alerts are generated. Data visualizations in real time are offered via a web portal. Accurate and efficient
beverage quality control is ensured by this approach.

The liquid quality analyzer offers immediate data on the quality of the liquid and it is a vital device for practical
applications as the analysis is revolutionized through on-site and real-time monitoring in remote or field situations
made feasible by its compactness and portability [27]. Requirements of water quality for beverages by the FDA [28] are
shown in Table 1.

4. Quality control in the beverage industry

Quality control guarantees both customer satisfaction and safety. To prevent microbial contamination, assess
sensory qualities, and maintain product quality requirements, beverage quality control uses sophisticated tools including
sensory analysis and biosensors, a thorough examination of raw ingredients, and hygienic manufacturing practices.

Table 2. Permissible levels of preservatives and additives in beverages according to FSSAI are listed below

SN ) N Ready-to-serve Carbonated fruit Carbonated water, soft Fruit-based beverage mix/
No Preservatives/Additives (tealcoffee) beverages/fruit drinks drink conc. (liquid/ powdered fruit based fruit-
powder) based beverages

A.  Acidifying agents (singly or in combination)

1. Citric acid - GMP GMP GMP

2. Fumaric acid - - GMP GMP

3. Lactic acid - - GMP GMP

4. L-tartaric acid - GMP GMP GMP

5. Malic acid - GMP GMP GMP

6. Phosphoric acid - - GMP in cgrlli};)everages GMP

B.  Anti-caking agents (singly or in combination)

1 Carbonates of calcium and ) B ) 2% maximum in powders

' magnesium only

C.  Antioxidants

1. Ascorbic acid - GMP GMP GMP

D.  Colors (can be used singly or in combination within the specified limits)

(a) Natural
1. Chlorophyll - 100 ppm maximum 100 ppm maximum 200 ppm maximum
(b) Synthetic
1. Ponceau 4R - 100 ppm maximum 100 ppm maximum 200 ppm maximum
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Table 2. (cont.)

Carbonated water, soft Fruit-based beverage mix/
drink conc. (liquid/ powdered fruit based fruit-
powder) based beverages

Carbonated fruit
beverages/fruit drinks

Ready-to-serve

S.No Preservatives/Additives (tea/coffec)

E. Flavors

Natural flavoring and
natural flavoring substances/
1. natural identical flavoring - GMP GMP GMP
substances/artificial
flavoring substances

F. Preservatives (singly or in combination)

Benzoic acid and its sodium,
1. potassium salt, or both -
(calculated as benzoic acid)

120 ppm maximum 120 ppm maximum -

2. Sulphur di-oxide - 70 ppm maximum 70 ppm maximum 120 ppm maximum

Sorbic acid and its sodium,

3. potassium, and calcium salts 300 ppm 300 ppm - -
(calculated as sorbic acid)

G.  Thickening agents/ stabilizing/ emulsifying agents

A.  Vegetable gums (singly or in combination)

1. Gum arabic - GMP GMP GMP

B.  Alginates (singly or in combination)

1. Calcium alginates - GMP -

2. Potassium alginates GMP - -

3. Sodium alginates - - -

C.  Pectinases GMP GMP GMP

D.  Ester gum 100 ppm maximum 100 ppm maximum 100 ppm maximum

E. Xanthan gum - 0.5% maximum 0.5% maximum

F.  Alginic acid GMP GMP GMP

G.  Quinine (as sulphate) - 100 ppm maximum 100 ppm maximum

H.  Phosphorus penta oxide

Sodium hexa meta
phosphate

1,000 ppm maximum

1,000 ppm maximum in
carbonated water only

Source: (Food Safety Standards Authority of India, 2011)

The quality of food products is determined by different attributes accompanied during the manufacturing process
[29]. These characteristics of food quality can be broken down into aspects related to microbiology, biochemistry, and
organoleptic properties. Food quality attributes encompass the appearance, accessibility, and nutritional value of food.
Sensorial attributes are determined in terms of appearance, flavor, consistency, odor, and structure. The important
objective of quality management is to improve knowledge and understandability for method development to assess
the product quality according to the specifications provided by international standards and prepare and maintain the
records. The best quality management system should maintain a fail-safe system in which all the possible defects can be
identified during the manufacturing process. The raw ingredients affect the overall quality of beverages while water used
for manufacturing soft drinks should be free from odor, taste, and color. It should be free from sedimentation, turbidity (<
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1 mg/L), and organic matter (< 1 mg/L). Soft drinks can be prepared from crystalline sugar which is a cheap source or
from sugar syrups such as fructose corn syrup and artificial sweeteners. Granulated sugar should be free from abnormal
color and taste with ash and arsenic content less than 0.02 and 1%, respectively. Fructose corn syrup should contain 72°
Brix and be free from the contamination of foreign matter. The carbon dioxide should be free from oil contamination
which can be produced through dry ice and can be stored in cylinders either in liquid or gas form. The sanitizing
treatment of equipment involved in the manufacturing of beverages and the other items that are in direct contact with the
products has to undergo suitable sterilization treatment. Permissible levels of preservatives and additives in beverages
according to FSSAI [30] (Food Safety Standards Authority of India, 2011) are shown in Table 2.

4.1 Microbiological quality control of beverages

Beverages are rich sources of nutrients which makes them a suitable medium for the growth of various
microorganisms. Yeast and mold are the major spoilage microorganisms in beverages which are rich in sugar and acids.
It is essential to maintain the quality by optimizing nutritional efficiency that can better shield consumers from disease.
In fact, among the different sectors, the beverage industry has stringent regulations to protect the health and safety of
consumers [12]. Alcoholic beverages are made up of various compounds, each with unique qualities that give them their
flavor, aroma, and other characteristics [31]. In the case of microbial contamination, non-spore-forming bacteria have
been associated with the deterioration of alcoholic beverages. On the other hand, spore-forming bacteria (Clostridium
sp.) can target the raw materials such as grains and malt in alcoholic beverages. These microorganisms can be eliminated
by pasteurization or through sterile filtration. Temperature and time are two extremely important variables because they
can alter the final quality in terms of textural haziness and flavor degradation. Additional variables include ropiness or
inadequate fermentation, changes in acidity may impart physical haze in beer, wine, and other beverages [11]. Some
beverages are less likely to become contaminated by microorganisms because they contain high levels of acidity, salt,
sugar, or alcohol, which act as barriers against bacterial survival. However, some pathogenic microorganisms are strictly
regulated and controlled in fruit juices and milk-derived beverages, including Salmonella, Listeria monocytogenes, and
Escherichia coli [32]. Together with biosensors based on acoustic transduction, which are primarily meant to be used
for detecting microbiological contaminants, optical-based biosensor systems have also been widely developed as an
alternative to the electrochemical transduction method. Targeting the presence of food-contaminating microorganisms
like Salmonella typhimurium, E. coli 0157:H7, Staphylococcal enterotoxins, and Salmonella has been done using these
techniques [33, 34].

Table 3. Microbiological limits for ready-to-serve, carbonated, and fruit beverages according to FSSAI are listed below

Product Parameters Limits
a) Total plate count Not more than 50 cfu/ml
Carbonated beverfalzgis];;iga}‘/;os—serve beverages, b) Yeast and mold count Not more than 2.0 cfu/ml
¢) Coli form count Absent in 100 ml

Source: (Food Safety Standards Authority of India, 2011)

The conventional enumeration methods are time-consuming and labor-intensive due to these drawbacks, most of
the food industries started to adopt rapid methods like spectroscopic techniques combined with chemometric methods,
biosensors, and mass spectroscopy. The microbial contamination of beverages can be prevented by identifying the
sources and provision for the contamination throughout the production chain. This can be done by adapting the suitable
GMP, HACCP, standard operating procedures (SOPs), and sanitation standard operating procedures (SSOPs) [11].
Microbial control by maintaining a suitable temperature is the widely used approach in beverage industries by chilling (<
8 °C) or freezing (-18 °C) [11]. It involves proper temperature management during the product handling and production
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chain. The number of microorganisms can be controlled by the application of thermal, non-thermal processing methods,
packaging techniques, and incorporation of antimicrobial agents and preservatives [11]. Microbiological limits for
ready-to-serve, carbonated, and fruit beverages according to FSSAI [30] (Food Safety Standards Authority of India,
2011) are shown in Table 3.

4.2 Sensory analysis for beverage quality control

Food analyte quantification has been made quick and clear with the use of sensors [35]. The organoleptic properties
of any food product can be measured using two different forms of sensory analysis namely subjective and objective
which use human senses and instruments, respectively. The beverage quality is mainly determined by their sensorial
attributes such as taste, aroma, color, texture, and flavor which are analyzed by the sensory choices of consumers
[36]. The sensory scales are designed to differentiate the preferred products in terms of the magnitude of aroma, color,
and other organoleptic properties. The overall product quality of alcoholic beverages is dependent on the color and
bitterness. Beverages can be divided into opaque, translucent, and transparent for evaluation of color by analytical
instruments [11]. Instruments used to analyze beverages based on color are shown in Table 4. Opaque beverages contain
higher solids which include tomato juice, orange juice, and milk [11]. Translucent beverages have a moderate range
of solids, for example, apple juice, soft drinks, and alcoholic beverages [11]. The reflectance or transmittance of light
by opaque beverages can be measured by analytical instruments [11]. Transparent beverages contain lower amounts of
soluble solids and the color can be analyzed by transmission instruments (Table 1).

Table 4. Instruments used to analyze beverages based on color

Types of beverages Instrument for analysis Example
Opaque beverage Diffuse reflectance instrument Tomato juice, orange juice, milk, smoothies, soy milk,protein drinks
Transmittance or reflectance measuring Apple juice, lemonade, soft drinks, coffee, tea, alcoholic beverages,
Translucent beverage . ;
instrument andenergy drinks
Transparent juice Transmission instrument Filtered apple, cranberry and grape juice

Source: (Aadil RM, 2019b)

The textural attributes include viscosity, fizzy, fibrous, foamy, grainy, sticky, and soft nature of beverages that
determine the taste quality [11]. The complex rheology of beverages depends on the ingredients and processing
conditions [11]. The electronic nose along with the electronic tongue for the evaluation of different beverages. Sensory
evaluation of alcoholic beverages includes certain fundamental issues such as the reduction of alcohol content [37]. The
assessment of beverages with a high alcohol content can be challenging because alcohol distorts taste perception and
hides both undesired off-tastes, and delicate, and subtle flavors (Figure 2). The dilution of alcoholic beverages with de-
ionized water to a moderate range between 15-25% alcohol can preserve delicate flavors while improving the detection
of off-tastes like geosmin [37]. Aged products require special attention to prevent the loss of their subtle qualities.
The accurate and pertinent sensory evaluations of high-alcohol beverages can be attained by maintaining consistent
dilution across evaluations [37]. Biofilm formations can be dodged with periodic sanitization of the processing plant and
contact premises. Food processing monitoring is made easy with the use of e-nose and e-tongue, which are robust, cost-
effective, and highly accurate analytical instruments for both in-line and offline measurements as well as end-product
quality detection [38]. The E-tongue is a crucial tool in the food sector, particularly for quality control and assurance of
food and beverages, since it can sense any taste like a human olfactory system [39]. E-tongue has been used to measure
the bitterness of drinks or dissolving chemicals, as well as to determine the aging of flavor in beverages [40, 41].
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Figure 2. Factors affecting the development of off-flavors and taints in alcoholic beverages

To analyze complex fluid media, such as food and beverages, a taste sensor system called the electronic tongue or
electrochemical sensor is connected to a model recognition device. Among the methods employed in electrochemical
techniques were cyclic voltage monitoring [42-44] and potentiometry [45]. The type and brand of orange beverage
and Chinese vinegar may be distinguished using commercial e-tongue by employing pattern classifiers such as
random forest, artificial neural network, and support vector machines [46]. It can also be used to identify the sensory
characteristics of alcoholic beverages using pattern recognition algorithms such as principal component analysis, and
fuzzy evaluation [47]. Voltametric sensors are employed to monitor the quality and duration of storage for unsealed
pasteurized milk using classifiers such as Principal Component analysis, support vector machines, and partial least
squares regression [48]. The signals gathered by an electronic nose system, in conjunction with pattern recognition
algorithms, and various machine learning classifiers, facilitate the identification of distinct sample types by grouping
comparable emissions into clusters that reflect substances derived from related food volatiles.

The ability of the latest generation of electronic noses (e-noses) to get around the drawbacks of conventional
methods makes them promising for beverage analysis [49]. A schematic representation of the E-nose system is shown in
Figure 3.

Various kinds of sensors used in the development of E-noses are as follows, Metal Oxide Semiconductor (MOS)
Sensors, Conducting Polymer (CP) Sensors, Surface Acoustic Wave (SAW) Sensors, Metal Oxide Semiconductor Field
Effect Transistors (MOSFETs), Electrochemical (EC) Sensors, Optical Sensors, Colorimetric Sensors, and fluorescence
sensors [50]. Various types of e-nose sensors, mechanisms of action, and detection are given in Table 5. E-noses are
unaffected by the presence of ethanol, in contrast to mass spectrometry (MS), which frequently experiences saturation
problems with it. They can therefore perform a wide range of analytical techniques on beverages and are extremely
versatile. Additionally, the e-nose and e-tongue are used to measure the amount of alcohol in drinks made from various
source materials, classify beverages based on flavor types [51], distinguish beverages based on botanical sources [52],
and measure the quantity of alcohol in a variety of commercially sold alcoholic beverage types: whiskey, grappa,
beer, and wine [49]. A sampling device, a detector unit with ten metal oxide sensors, and pattern recognition software
equipped in the portable electronic nose (PEN 3) are used to analyze the flavors in Chinese spirits. Then the spirits were
let into the sensors, the Win Muster program was used to record and examine the spirits’ reactions [51]. Moreover,
conducting polymers and other biosensors can be employed to identify the gases emitted during microbial metabolism
[53, 54]. Flexible printed chemical sensors integrated into food packaging have a bright future, even though the majority
of these advancements remain unexplored [55].
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Table 5. Various types of e-nose sensors, mechanism of action, and detection

E-nose sensors

Mechanism

Detection

Metal oxide
semiconductor
Sensors

Conducting polymer
sensors

Surface acoustic wave
Sensors

Metal oxide
semiconductor field
effect transistors

Electrochemical
Sensors

Optical sensors

Colorimetric sensors

Fluorescence sensors

Gas sensors react to various gases which are of two types: n-type and p-type.
P-type sensors detect oxidizing substances, whereas N-type sensors respond
to reducing compounds. Both types of sensors operate by through oxidation-
reduction reactions with chemisorbed oxygen on the surface of the sensor
material.

Their mechanism of operation is based on the variations in electrical
resistance caused by the adsorption of volatile gases on the sensor surface.

These sensors operate by utilizing mechanical waves, or acoustic waves, to
detect the presence of volatile molecules on the detecting surface. thereby
changing the amplitude.

The sensor comprises three layers: silicon semiconductor, silicon oxide
insulator, and catalytic metal, which generates an electric field when voltage
is applied. The transistor modifies and records the electric field in response to
interactions between polar chemicals and metal.

The sensors work based on the interaction between the volatile gaseous
molecules and the sensing materials that produce the electrical signals.

Optical sensors function through light modulation measurements

These sensors use color change and absorbance as the basis for their detection
when volatile gaseous molecules interact with chromogenic materials.

These sensors work by detecting lower wavelength fluorescent light emissions
from the target gaseous molecules.

Detects the distinct volatile gas molecules.

Detects a variety of volatile organic
compounds (VOCs) including aldehydes,
acetates, alcohols from drinks, and
ammonia.

Used for the rapid identification of food

deterioration and pathogens.

Detects various gas mixtures.

Detects and measures the
electrochemically active gases.

Detects changes in wavelength, color, and
fluorescent light emissions upon exposure
to analytes.

Detects the spoilage of meat.

Detects the food contaminants.

Source: (Kaushal, 2022)

Artificial intelligence (Al), is well-known for its simplicity, precision, and cost-saving features, and has
established a substantial impact on the food sector through modeling, prediction, sensory evaluation, quality control,
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and complicated problem-solving ability [56]. The Sensomics-Based Expert System (SEBES) was designed to forecast
important aroma compounds without the use of human olfactory systems for sensory evaluation and quality control of
red wine and rum. This resulted in a good agreement in the main odorants for the food aroma distillate [57]. Samples of
rum and wine were distilled, specific aroma compounds were identified and quantified using GC-MS analysis, and vital
components were predicted using SEBES application based on concentrations and odor activity values. In a study, three
machine learning systems (Support Vector Machines, Radio Frequency, and Multi-Layer Perception) were evaluated to
assess wine quality. The Radio Frequency approach was superior to others, by achieving the best results with an average
precision of 81.96%. This implies that the RF algorithm is capable of assessing wine quality [58].

5. Conclusion

The beverage industry plays a vital role in human health and well-being, but ensuring the highest quality beverages
demands a multifaceted approach that prioritizes consumer health, maximizes nutritional value, and adheres to
regulations. This review article examined various aspects of beverage quality control, and the various challenges faced
by the industry like undesirable chemical reactions, microbiological contamination, and sensory quality variations.
Upholding Good Manufacturing Practices (GMP) is crucial for consistent product safety and quality. Fortunately,
technological developments provide potential solutions to these challenges. Innovative analytical techniques such as
Electronic-tongues and noses, biosensors, and smart packaging with built-in sensors provide quicker and more effective
quality control processes. The Internet of Things (IoT), helps in monitoring a wide range of characteristics in real-time
both during manufacturing and storage and this can further improve the quality assurance in the beverage industry.
However, the ever-changing market demands further innovation.
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