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Abstract

Ultraviolet radiation, particularly in the UVC sub-band 200–280 nm, is a non-thermal disin-
fection technology capable of inactivating a broad spectrum of microorganisms primarily
through nucleic acid damage and protein oxidation. Its effectiveness depends on wave-
length, irradiance, exposure time, environmental conditions, and microbial characteristics,
such as species and repair capacity. In food processing environments, where equipment
surfaces and packaging materials are critical control points for microbial contamination,
UVC offers several advantages, including the absence of chemical residues, and compat-
ibility with sustainable sanitization strategies. However, efficacy is strongly influenced
by surface properties. Smooth, non-porous, reflective materials (stainless steel, glass),
and photocatalytic metal coatings, enhance UVC performance, whereas rough, porous,
or fibrous surfaces reduce penetration and create shadowing effects that limit microbial
inactivation. This review synthesizes current evidence on UV-based decontamination in the
food industry, highlighting both its potential and limitations. The findings emphasize that,
although UVC radiation is effective in microbial control, its implementation must consider
the complex interactions between surface properties, microorganisms and irradiation pa-
rameters, requiring optimization for each environment and application. Further research is
therefore needed into: (i) wavelength-tuned systems, (ii) hybrid technologies (UV–plasma
or UV-photocatalysis), (iii) material integrity and durability of materials under repeated
exposure, and (iv) emerging alternative light sources.

Keywords: industry; disinfection; ultraviolet radiation; surface; microbial reduction; cell
damage; bacteria; mold; yeast

1. Introduction
The ultraviolet (UV) region is part of the light spectrum (100–400 nm) that lies between

visible and X-ray regions and is divided into three subregions: UVA (315–400 nm) that has
the longest wavelengths and lowest energy and causes skin tanning, UVB (280–315 nm)
with intermediate wavelengths responsible for skin tanning, sunburns, and skin cancer,
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and UVC (200–280 nm), also known as the UV-germicidal irradiation region, which has
high-energy radiation suitable for microbial inactivation (Figure 1) [1]. UVC radiation, with
the shortest wavelengths, and most UVB, do not reach the Earth’s atmosphere as they are
absorbed by the stratospheric ozone layer, whereas UVA and a small part of UVB reaches
the Earth’s surface and can be absorbed by living beings [2–4]. The UVC irradiation dose
(J/m2) is defined as the irradiance (W/m2) multiplied by the exposure time (in seconds, s).
Higher UVC irradiance and longer exposure times generally result in higher disinfection
efficacy, since more UVC photons can interact with and damage the genetic material of the
microorganisms [5–7].

Figure 1. Light Spectrum showing the ultraviolet region, particularly UVC radiation which, when
penetrating the cell, leads to DNA, RNA and protein damage. T—thymine; U—uracil; T-T dimer.

UVC irradiation deserves special attention, particularly in the 250–260 nm wavelength
range, since it is highly lethal to a wide range of microorganisms, including bacteria,
mold, and yeast [8,9]. When UVC light penetrates the cell wall of a microorganism, it
is absorbed by nucleic acids (DNA and RNA) and most proteins [5,10,11]. The damage
promoted by UVC light is mainly due the formation of intrastrand dimers, more specifi-
cally cyclobutyl–pyrimidine dimers (CPDs) and pyrimidine–pyrimidine photoproducts,
resulting in photodimerization, where two adjacent bases in the DNA/RNA sequence
bind together. Pyrimidines and purines bases are strong UVC photon absorbers; however,
pyrimidines (cytosine, thymine and uracil) absorb about 10-fold more than purines, so
photoproducts derived from pyrimidines are the most important ones [5,12]. These dimers
can occur in the same strand or between adjacent strands, and their presence inhibits the
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progress of DNA polymerase and RNA polymerase II, the enzymes responsible for DNA
replication and RNA transcription, respectively. Consequently, dimers will prevent normal
function of DNA assembly and impair essential cellular processes, leading to mutagenesis
and microbial death [5,13–15]. Therefore, pyrimidine-derived photoproducts are the major
contributors to UV-induced microbial inactivation. DNA is more sensitive to UV light,
while RNA is more resistant due to the presence of the reactive hydroxyl group on its ribose
sugar. However, since RNA is a temporary molecule used for protein synthesis with a high
turnover, the long-term effects differ from DNA damage [12]. Prolonged exposure of RNA
to UV leads to inhibition of protein synthesis and disturbs RNA–protein cross-links [16].
UVC radiation can also lead to the formation of other types of photoproducts, which can
contribute to cell death. Photohydration reactions can occur under UV light in which the
pyrimidines cytosine and uracil bond with elements from water molecules [5]. The for-
mation of reactive free radicals, like reactive oxygen species (ROS) and oxidative damage,
can cause structural changes in proteins such as denaturation, unfolding, and aggregation
(Figure 1) [17].

UVC efficacy varies depending on the microbial state (vegetative cells are more sus-
ceptible than endospores and fungal spores) and on the type of microorganisms involved,
with viruses and bacteria being less resistant than fungi [5,18]. In bacteria, endospores
are very resistant to UV radiation, followed by the vegetative forms of Gram-positive and
Gram-negative bacteria [19]. In fungal spores, the effect of UV radiation differs among
species, with some having thin-walled hyaline conidia while others have pigmented coni-
dia, some dark ones containing melanin. Melanin, being photoprotective, due to the high
UV absorbance [20], increases the survival of fungal spores, while non-melanin compounds
are less defensive against ultraviolet radiation [8,21,22].

Microorganisms exposed to UVC have developed sophisticated mechanisms to repair
DNA damage that can result in a reduced final inactivation. These repair mechanisms
can be divided into two classes, namely photoreactivation, a light-dependent repair that
operates through the enzyme photolyase, and dark repair, a light-independent repair that
requires multiple enzymes and nutrients for energy [5,23]. Photoreactivation is a natural
process in which visible and UV wavelengths promote a partial recovery. This process
unfolds in two stages: initially, an enzyme–substrate complex forms at the site of the
DNA damage and, subsequently, a photolytic reaction takes place, where light energy
is absorbed to facilitate repair of the damage. Dark repair, on the other hand, requires
multiple enzymes and nutrients for energy [5,24]. In both cases, pyrimidine dimers are
the main repair targets, and the DNA repair mechanism, nucleotide excision repair (NER),
leads to the deletion of the damaged strand by endonucleases and the complementary
strand of DNA is used as template [5]. Photoreactivation can be controlled by adjusting
parameters such as temperature, UVC dosage, and wavelength spectrum [25–27].

Disinfection in the food industry poses a challenge for ensuring the microbiological
safety of food, as it is directly related to preventing food contamination and food poisoning.
Despite technological advances and constant vigilance by health authorities, foodborne ill-
ness outbreaks still occur, and contaminations can appear throughout the entire production
chain, from the field to final consumption [28,29]. Surfaces that come in contact with food,
especially equipment during processing, are critical points for microbial risk. The materials
used and the effectiveness of sanitization or disinfection directly influence the presence
and persistence of pathogenic microorganisms. Thus, failures in sanitizing or disinfection
processes can compromise product quality and safety [28,29]. Surface decontamination
strategies are generally classified into thermal and non-thermal methods [30]. Traditional
thermal treatments such as hot water or steam require heat-resistant materials and often
involve high energy consumption and extended treatment times [31]. Non-thermal ap-
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proaches can be chemical or physical. Chemical methods employ approved disinfectants
such as peroxide, ozone, activated water, and organic acids, usually after thorough cleaning
and rinsing [30,32], while physical methods include ultrasound, UV radiation, and cold
plasma (CP) [30]. Non-thermal alternatives, although sometimes more expensive, pro-
vide effective sanitization or disinfection with low surface stress [30,32]. Dry sanitization
methods such as hot air, UVC radiation, pulsed light (PL), gaseous ozone (O3), and CP
can enhance traditional approaches, offering improved sanitization efficiency and reduced
environmental impact due to the absence of waste generation [33–35]. Alternating sanitiza-
tion methods with different mechanisms of action can help reduce microbial resistance and
increase the range of antimicrobial activity [36].

UVC disinfection is a non-thermal, non-toxic, and non-ionizing technique that requires
reduced energy consumption and mild processing conditions, and leaves no chemical
residue, making it useful as an alternative, environmentally friendly disinfection method
in food and healthcare industries [30,32,37,38]. The effectiveness of UVC germicidal ac-
tion depends on several key factors like the intensity and duration of exposure (higher
intensity and exposure times increase microbial inactivation), distance from UVC source
(increasing distances reduces effectiveness) [5,15], surface characteristics (reflective surfaces
enhance UVC exposure) [39], type and load of microorganism and environmental condi-
tions (relative humidity, ambient lighting and shadowing) [40]. A major limitation of UVC
treatment is its small penetration depth into organic matter, which limits its effectiveness
against microorganisms under the surface layer in both solids and liquids [40–42]. Exces-
sive or improper UVC application can induce mutations, potentially increasing microbial
pathogenicity or resistance [5,23].

This review aims to gather and critically analyze the available scientific evidence
on the application of UV radiation to control microorganisms on surfaces in the food
industry. The objective is to evaluate the effectiveness of UV technology as a sanitization
or disinfection method, highlighting its impact on different types of microorganisms and
on various materials commonly used in food production environments. An extensive
comparison of materials investigated in published studies will be conducted to identify
behavioral patterns related to surface characteristics, such as roughness, porosity, and
reflectivity, as well as, where possible, the responses of different microorganisms to UV
treatment. By consolidating current knowledge and identifying knowledge gaps, this
review intends to provide a clearer scientific basis to the food industry for decision-making
regarding the use of UV radiation as a complementary tool to conventional cleaning and
disinfection methods.

2. Methodology
Relevant articles were gathered from Scopus and Web of Science databases. The

literature review was performed using the keywords “food” AND “industry” AND “UV”.
The final search was conducted on 18 June 2025. After a thorough review and elimination
process, only original research articles written in English and specifically addressing the
use of UV for disinfection on industrial surfaces were included in this study (Figure 2).
To ensure reliability and minimize potential bias, two authors independently screened
and evaluated the articles. The selection process was carried out in two stages: first, only
full-text research articles were taken into consideration. On the contrary, review papers,
conference proceedings, books, book chapters, and non-English publications were excluded.
Then, after removing duplicates, the remaining records were screened for relevance at the
level of the title, followed by the abstract and, finally, the full-texts of the remaining studies
were carefully assessed for eligibility. After full-text evaluation, only 19 original research
articles met the inclusion criteria and were therefore considered suitable for analysis in this
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study. The initial 1770 articles identified spanned the period from 2005 to 2026. Following
the screening and selection process, 19 articles were ultimately included for analysis, all
published from 2010 onwards.
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Figure 2. Flow chart of the literature review process.

In addition to the 19 articles selected for analysis, many others that contributed to
deepening the understanding of the topics covered were consulted, resulting in a large
bibliographic reference. Many of these additional references were essential to support
and contextualize the effects of UV radiation, and to rigorously characterize the materials
studied, allowing for a more precise description of their physical, chemical, and functional
properties. During the literature review, several relevant studies related to different types
of food matrices were also identified, which enriches the discussion. Thus, the reference
list resulted not only from direct citations present in the body of the text, but also from
the need to ensure consistency, scientific rigor, and the theoretical foundation of all the
conclusions presented.

Table 1 presents a set of relevant information for understanding and comparing the
different studies, including the surface type where tests were performed, the microorgan-
isms evaluated, the species or the strains used, the type of UV radiation applied, and the
respective wavelength. In addition, the irradiance of the lamps used and the radiation doses
reported by the authors are presented, either as a single value or a range of values. The
organization of the data in Table 1 follows a chronological order, which makes it possible to
observe the evolution of the methodological approaches over time.
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Table 1. Methodological characteristics from the selected publications that studied the in situ applica-
tion of UV radiation. NP: not provided; SS: stainless steel; HDPE: high-density polyethylene; LDPE:
low-density polyethylene; PVC: polyvinyl chloride; PS: polystyrene; PET: polyethylene terephthalate;
PVDC: polyvinylidene Chloride; PP: polypropylene. 1 Currently named by thermotolerant; 2 The
tests were conducted at various lamp-source heights, which prevented the calculation of irradiance.

Surface Type Target Microorganism UV Radiation
(λ nm)

Irradiation
(mW/cm2)

Dose
(mJ/cm2) Reference

Thermoplastics
(4 types)

Listeria monocytogenes serotypes 3A,
4A, 4B and 4C UVC (254) 5.53 and 5.95 [5.53–17.85] [43]

SS, aluminum

Escherichia coli ATCC 25992, L.
monocytogenes, Pseudomonas aeruginosa

BK-76, Salmonella enterica subsp.
enterica ser. Typhimurium

UVC (254)
UVA (365) 1.2 [360–2160] [44]

SS 304, SS 316

S. Typhimurium ATCC 14028,
Salmonella enterica subsp. diarizonae

ATCC 12325, Salmonella enterica subsp.
enterica ser. Abortusequi ATCC 9842,
Salmonella enterica subsp. enterica ser.
Enteritidis, Salmonella enterica subsp.

enterica ser. Montevideo, and
Salmonella enterica subsp. enterica ser.

Infantis

UVC (254) 5.21 [46.86–101.52] [45]

Food bags, fabrics,
hand gloves and

swabs (hands,
surfaces)

Aerobic mesophilic bacteria, total
coliforms, total fecal 1 coliforms,

Staphylococcus spp., Streptococcus spp.

Vacuum-UV
(185)

UVC (253.7)
UVA (365)

NP NP [46]

SS 304, rubber

Alicyclobacillus spp.:
(A. acidoterrestris 0244T, A. herbarius
0246T, A. cycloheptanicus 0297T, A.

acidocaldarius 0299T)

UVC (254) 1.4 [420–2520] [41]

Two types of
Aluminum alloy 6082
T6 surfaces: Untreated,

and treated with
DURALTI® (with
TiO2). With three

surface roughnesses:
0.25, 0.5, and 1 µm

E. coli ATCC 25922, S. Typhimurium
ATCC 1402, Yersinia enterocolitica

ATCC 9610, P. aeruginosa ATCC 27588,
Staphylococcus aureus ATCC 6538,
Enterococcus faecalis ATCC 29212,

Bacillus cereus ATCC 14579, L.
monocytogenes NCTT 10888

UVC (253) NP NP [47]

SS 304 B. cereus ATCC 10876, ATCC 13061,
and ATCC 14579 UVC (254) NP NP [48]

HDPE screw caps

Aspergillus brasiliensis ATCC 16404, A.
hiratsukae SSICA 3913, A. montevidensis

SSICA 28219, Chaetomium globosum
ATCC 6205, Talaromyces bacillisporus

SSICA 10915

UVC (253.7) 0.127 [2.54–101.6] [22]

SS, polymethyl
methacrylate, copper,

surgical facemask,
fabrics (denim,

cotton-polyester)

E. coli, S. aureus, Candida albicans, A.
fumigatus UVC (254) [0.077–15.56] [23.1–14,004] [49]

SS 304 glass finish,
medical-grade 99.999%

copper metal sheets,
copper deposited
polymer sheets

Listeria innocua, E. coli ATCC 25922 UVC (254) 2 [20–990] [50]
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Table 1. Cont.

Surface Type Target Microorganism UV Radiation
(λ nm)

Irradiation
(mW/cm2)

Dose
(mJ/cm2) Reference

Wood (unfinished
basswood Tilia

Americana), nylon,
polycarbonate

L. monocytogenes: L2624 (serotype
1/2b), L2626 (serotype 1/2a), and

J2230 (serotype 4b)
UVC (254) 0.85 102 and 255 [51]

PVC food packages,
PS containers, PET

food containers, PVDC
film for food

E. coli ATCC 25922, S. Typhimurium
TISTR 1469 UVA (ND) 2500 [4,500,000–

27,000,000] [52]

Glass sheet, PP film,
corrugated paper, and

kraft paper
S. aureus ATCC 6538 UVC (222) 9.1 546 [53]

SS, silicon Biofilm of Salmonella enterica subsp.
enterica ser. Thompson UVC (253.7) 1 [60–300] [54]

Meat grinder knife,
cutting knife, cut-proof
glove, knife sharpener

Aerobic mesophilic bacteria, yeasts
and molds, E. coli and coliforms,

Salmonella spp.
UVC (253.7) NP [1070–3060] [55]

SS 304, polyurethane Listeria spp. UVA (365) NP NP [56]

SS L. monocytogenes UVC (265) 0.2039 [11–55] [57]

SS 316 L. monocytogenes ScottA UVA (365) NP NP [58]

SS 316, silicone rubber,
borosilicate glass

E. coli C3040 (kanamycin resistant),
Salmonella Enteritidis ATCC 4931,

Pseudomonas fragi ATCC 4973
UVC (279) 0.07 [1–6] [59]

3. Types of Industrial Surfaces
Industrial surfaces are found in various environments such as food processing plants,

pharmaceutical manufacturing, hospitals, and cleanrooms. The type of surface determines
the appropriate disinfection method based on the material, risk of contamination, and
regulatory requirements. The most common types of industrial surfaces are stainless steel
(SS), plastic polymers, glass surfaces, rubber and elastomeric surfaces, concrete floors and
walls, wooden surfaces, and coated metallic surfaces (Figure 3).

Surfaces of SS are very common in food processing, pharmaceutical, and medical
industries. There are many types of these surfaces, differing in chemical composition,
properties and applications (Table 2). Stainless steel is primarily an alloy of Fe (50–72%),
C (0.03–0.08%), containing at least 10.5% Cr, which gives it toughness, rust resistance,
and versatility. Also, these surfaces are non-porous and easy to clean. There are several
categories of SS: (i) SS 304 (or AISI 304 SS, American Iron and Steel Institute classification),
a category of Austenitic SS, the most widely used type, is known for its high nickel and
chromium content, which improves corrosion resistance. It is very easy to clean, which
makes it perfect for food-related use, medical devices, and pipes. (ii) The SS 304L, the low
C version of SS 304, offers resistance to wear and high temperatures, making it suitable for
harsh environments. It is also used in off-shore construction, cisterns and tubes for chemical
tankers, warehousing and the overland transport of chemicals, food and beverages. (iii) SS
316 (or AISI 316 SS) stands out for its high Mo content, which gives high protection against
media containing chlorides and non-oxidizing acids. It is used in harsh environments
and in offshore technology, production, storage and land transport of chemicals, food and
beverages. (iv) The SS 316L is similar to 316 SS, but has a very low nickel release, making it
hypoallergenic. This property is appreciated in medical devices, jewelry, body piercings,
kitchenware and food storage.
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Figure 3. Examples of materials commonly used in industry.

Elastomers are common surfaces with industrial applications (Table 2), such as rubbers
and silicone rubber. Both natural (rubber) and the synthetic rubbers (Ethylene Propylene
Diene Monomer—EPDM, nitrile, neoprene) are known for their elasticity, versatility, and
durability, and their wide range of applications [60]. Silicone rubber is a polymer of silicon,
oxygen and other elements, characterized by high elasticity, resistance and stability to
temperature, radiation (UV and ionizing), and chemicals, as well as water-proofing and
biocompatibility [61].

Plastic polymers are derived from petroleum and have porous surfaces (Table 2).
They are common in equipment housings, cleanroom walls, packaging areas, and food
containers. Both the porosity and the sensitivity to harsh chemicals varies with the type of
polymer. (i) High-density polyethylene (HDPE) is safe and very resistant to chemicals and
corrosion, long-lasting, and used in piping, cutting boards, and containers. It is also used in
plastic surgery and in skeletal and facial reconstruction [62]. (ii) Low-density polyethylene
(LDPE), is a flexible polymer, known for its transparency and its good chemical and impact
resistance. It is also known for its low resistance to high temperature and corrosion. It is
commonly used in food packaging, irrigation, and coatings. Furthermore, it is applied in
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medical devices [63]. (iii) Polymethyl methacrylate (PMMA) is known for its transparency,
high durability, thermal stability, and excellent chemical resistance, making it ideal for labo-
ratory and industrial use (optics, aerospace and electronics) [64]. (iv) Polycarbonate (PC)
is a transparent thermoplastic, resistant to impact and fracture, lightweight (an excellent
alternative to glass) and thermal-resistant (−20 ◦C to 140 ◦C). With similar characteristics
to PMMA, it is used in protection and as a glass substitute [65]. (v) Polyvinyl chloride
(PVC) is a high-strength thermoplastic material and the third-most widely produced plastic
polymer [66]. It is used in food packages, pipes, medical devices, and in construction.
(vi) Polystyrene (PS) is a polymer of aromatic hydrocarbon styrene. It is stiff, lightweight,
and transparent. PS is most commonly used in foam packaging [67]. (vii) Polyethylene
terephthalate (PET) is a polyester and is transparent, resistant to impact, moisture, and
chemicals, and is commonly used in storing food and beverages and in houseware [68].
(viii) Polyvinylidene Chloride (PVdC) is a homopolymer of vinylidene chloride that forms
transparent films, and, because it has low permeability to gases, moisture, fat and aromas,
it is used in food wrapping [69]. (ix) Polypropylene (PP) [70] and (x) Polyurethane (PU
or PUR) result from a reaction between an isocyanate and a polyol, and are very light,
insulated and flexible. Also, they are known for their high mechanical strength and good
temperature resistance. These materials are available as rigid (surfaces) and flexible (foams,
paints) types, and are applied in many areas [71].

Glass is a mixture of silica with sodium carbonate, and calcium carbonate. It is trans-
parent amorphous, hard, non-porous, chemically inert, and has low thermal and electrical
conductivity. Stainless steel, plastic polymers and glass are the most commonly used
materials. Among the various characteristics of these materials, roughness is a factor to
consider. Irregular or rough surfaces can lead to non-uniform UV dose distribution due to
the geometric shielding effect, particularly when microorganisms are located in surface de-
pressions or protected microstructures [72]. Furthermore, increased surface roughness has
been found to intensify microbial adhesion and facilitate biofilm formation, which in turn
reduces the effectiveness of UV irradiation [73]. Therefore, surface roughness represents
an important parameter that should be considered along with material composition when
evaluating UV disinfection performance on industrial surfaces.

Although less common, disinfecting fabrics or textiles by UV radiation may be of
interest, as cleaning these surfaces can be difficult and time-consuming. These types of
materials include synthetic fibers (nylon, polyester) and natural fibers (cotton). Cotton is a
natural fiber known for being soft, breathable and comfortable (e.g., denim, dyed cotton,
which are durable and thick). Synthetic fibers as polyester (based on petroleum chemicals)
and nylon (polyamide fiber) are lightweight, highly resistant to abrasion and water, and
are elastic and durable [74].
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Table 2. Types of materials used on surfaces in industry or for industrial use and their composition and properties of interest. AISI—American Iron and Steel
Institute. Sources: stainless steel [75,76]; rubber [77]; silicon [78]; plastic polymers [62].

Surface Material Composition Properties Applications

Stainless Steel (SS)

SS 304 (same as AISI 304 SS) Fe (balance), C (0.07%), Cr
(18–20%), Ni (8–12%)

Excellent corrosion resistance in a wide variety of environments
and media Kitchen and food-related use, medical devices, and pipes

SS 304L (low alloy)
Fe (balance), Cr (17.50–19.50%),

Ni (8–10.50%), Mn (0–2%), C
(0.03%)

Superior corrosion resistance than SS 304. With Cr. Resistance to
wear and high temperatures makes it suitable for harsh

environments, ranging from industrial plants to marine settings

Handling aggressive chemicals or high-temperature
processes. Chemical reactors, storage tanks, and pipelines.

Kitchenware, brewery, food, dairy and pharmaceutical
equipment

SS 316 (same as AISI 316 SS)
Fe (balance), C (0.07–0.08%), Cr
(16.5–18.5%), Ni (10–13%), Mo

(2–2.5%)

High resistance to corrosion. For harsh environments, e.g.,
chloride exposure

Medical applications, food and beverages, marine
transport and off-shore construction

SS 316L
(ow alloy)

Fe (balance), C (0.03%), Cr
(16.5–18.5%), Ni (10–13%), Mo

(2–2.5%)

Untreated, and treated with DURALTI® (special anodizing with
TiO2, approved for food contact). Hypoallergenic

Jewelry, implants, body piercings, surgical instruments,
cooking and food storage

Elastomers

Rubber
Natural: polyisoprene, sulfur.
Synthetic: e.g., EPDM, nitrile,

butyl, neoprene

Elasticity, versatility, durability. High elongation before breaking
point and/or strong resistance to tearing, resistance to chemicals

(O3, acids and alkalis)

Surgical gloves, footwear, hoses, industrial flooring, molds,
kitchenware, bottle caps

Silicone rubber Polymer of silicon, O, C, and H
Elasticity, resistant and stable [−50 ◦C to 250 ◦C]. Resistant to
radiation (UV, alpha-, beta- and gamma-rays), water-proofing,

and biocompatible. Silicone surface is non-porous

Cookware, food packing medical applications (skin contact,
medical devices, long term implants)

Plastic polymers

High-density polyethylene
(HDPE) Linear polymer of ethylene High tensile strength, high chemical resistance, low water

absorption and durability

Pipes, cutting boards, food and beverages containers,
detergent and bleach containers. Also used in plastic

surgery

Low-density polyethylene
(LDPE) Branched polymer of ethylene A flexible polymer, transparent, ease of processing, good

chemical and impact resistance
Food storage (flexible films, bags, packaging), irrigation
tubing, and coatings. Pediatric orthotics and prosthetics

Polymethyl methacrylate
(PMMA)

Polymer of methyl
methacrylate

Transparent plastic, high durability and chemical and impact
resistance, and thermal stable

Casting resin, in coatings, cutting-edge industries, and
medical applications

Polycarbonate (PC) Polymer of polycarbonate Similar characteristics to PMMA Safety helmets, bullet-proof glass, glass substitute (car
headlamp lenses, baby-feeding bottles, roofing, glazing)
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Table 2. Cont.

Surface Material Composition Properties Applications

Polyvinyl chloride (PVC) Chlorinated ethylene Lightweight, durable, low-cost, and easy processability Food packages (the rigid form), pipes, medical devices,
construction (good flame retardant)

Polystyrene (PS) Polymer of styrene Stiff, lightweight, transparent, with low resistance to high
temperatures. Can be solid or foamed

Packaging (Styrofoam containers), construction, and
medical equipment

Polyethylene terephthalate
(PET)

Polymer of terephthalic acid
and ethylene glycol, ethylene

glycol and dimethyl
terephthalate

Transparent, and resistant to impact, moisture, alcohols, and
diluted acids, transparent to microwave radiation Food and beverages, household containers, houseware

Polyvinylidene chloride
(PVdC)

Polymer of vinylidene chloride
with vinyl chloride

Transparent films with low gas permeability, moisture, and fat
permeability Cling film for food wrapping, blister packaging

Polypropylene (PP) Polymer of propylene Chemical-resistant, strong, lightweight, good fatigue resistance
and ability to withstand high temperatures

Food packaging, automotive components, medical
industry (trays, simple handles and body contact plates,

surgical face masks), textiles, fibers

Polyurethane (PU or PUR) From a reaction between an
isocyanate and a polyol

Very light, insulated and flexible. Also, high mechanical strength
and good temperature resistance

Used on furniture, water tanks, paints, automotive
components, mops

Glass

Glass sheet, borosilicate glass
Mixture of silica with sodium

carbonate, and calcium
carbonate

Amorphous, transparent, hard, chemical resistant, durable,
non-porous, and low conductivity to heat and electricity

Use in the electronics, construction, energy, transport,
automotive, medical and laboratory equipment industries
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4. Disinfection of Industrial Surfaces by UV
The most tested type of surface in the revised studies was SS, untreated or treated,

followed by plastics, rubber and elastomers, other metallic surfaces (aluminum, copper),
textiles, wood and paper (Table 3). These surfaces are the most used in industry, and SS
is one of the most common contact surface materials in food processing [79]. Weng et al.
reported that, on SS, a dose of 720 mJ/cm2 inhibited S. Typhimurium, but not E. coli and
L. monocytogenes, which were only inhibited at 2160 mJ/cm2 [44]. On SS, at 254 nm, and
under the droplet and smear contamination models, the bacteria E. coli and S. aureus and
the yeast C. albicans were fully inhibited (100%), with an approximately 4-log reduction,
at 14,004 mJ/cm2. By contrast, the inhibition of Aspergillus fumigatus was negligible when
the drop method was applied (6.34%), and increased in the smear method (89.96%). This
result suggests that microenvironments within droplets can shield organisms from UVC
exposure, a factor that should be considered in practical decontamination scenarios [49].

The bacteria E. coli and L. innocua exhibited different inactivation patterns on different
surfaces and under UVC (254 nm): SS 304, medical grade 99.999% copper, and copper-
deposited polymer plastic sheets (CuPoly). The final inactivation effectiveness ranked
SS > Cu > CuPoly, for both bacteria. The reduction of E. coli on SS and Cu showed an
almost linear inactivation trend, and reached a >6-log reduction at 990 mJ/cm2, but, on
CuPoly and a dose of 438 mJ/cm2, it reached a maximum 3.1-log reduction. The maximum
inactivation levels for L. innocua on SS, Cu, and CuPoly were 6.1 (219 mJ/cm2), 5.3, and
4.5 log at 438 mJ/cm2, respectively [50].

On SS 316L, E. coli was more resistant than S. Enteritidis and Pseudomonas fragi, show-
ing only 1.7- to 2.63-log reductions across doses of 1–6 mJ/cm2, while S. Enteritidis and
P. fragi displayed reductions between 2.1 to 3.74 log under the same conditions [59]. As
pointed out by Sharma et al. sated that the surface roughness of SS is strongly influenced
by its grade and can present differences in values greater than 10 times [59]. On SS surfaces
and using 265 nm LEDs, a L. monocytogenes reduction of approximately 2 log was achieved
after exposure to 11, 33 and 55 mJ/cm2 [57]. Interestingly, the biofilms formed at 4 ◦C were
less susceptible to UVC than the ones formed at room temperature. At 4 ◦C, and after
2.5 min (27 mJ/cm2) of exposure to UVC, there was a reduction of 1.1 log that increased
to 1.2 log (5 min, 55 mJ/cm2). At room temperature, a dose of 27 mJ/cm2 provoked a
reduction of 1.5 log, and a log reduction of 2.5 was reached at a dose of 55 mJ/cm2 [57].

The bacteria of the genus Alicyclobacillus, a spore-forming and Gram-variable bac-
teria, poses serious quality problems for the food industry. On SS 304, and at a dose of
2620 mJ/cm2, the biofilm of A. acidocaldarius was susceptible (3-log reduction), followed
by the biofilms of A. acidoterrestris and A. cycloheptanicus, with reductions around 2 log,
and A. herbarius was less susceptible, not exceeding a 2-log reduction [41]. These findings
emphasize that disinfection protocols must be tested against the most resistant organisms
expected in real-world conditions. On SS and under UVC radiation for 15, 30 and 60 min,
the spores of B. cereus, a frequent Gram-positive foodborne pathogen, were reduced by
1.06 log, 1.18 log and 1.68 log, respectively [48]. The authors do not mention either the
wavelength or the irradiance of the lamp used.

The UVC disinfection response on different solid substrates seems to be correlated
with physical properties, such as roughness values (Table 3, highest CuPoly > SS > Cu) and
the water contact angles (CuPoly (108.57◦) > Cu (88.50◦) > SS (31.30◦)) [50]. Differences in
hydrophobicity influence bacterial distribution on hydrophobic surfaces (>65.0◦), causing
bacterial clustering and shading, which decrease inactivation [80]. Also, the high reflectivity
of the surface can affect the disinfection performance. The log reduction of E. coli and L.
innocua increased by 113–271% after 3 min UVC treatment in the presence of the reflective
Al lining [50].
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Table 3. Types of industrial surfaces submitted to UV disinfection and the associated experimental outcomes.

Surface Types Results Reference

Stainless steel

Stainless steel UVC (254–365 nm)—Irradiation at 1200 µW/cm2 for 5 min (360 mJ/cm2) was sufficient to inhibit S. Typhimurium, but not E. coli and L.
monocytogenes, which were inhibited at a dose of 720 mJ/cm2 [44]

Stainless steel coated with PU UVC (254–365 nm)—Irradiation at 1200 µW/cm2 for 5 min (360 mJ/cm2) inhibited L. monocytogenes, but not E. coli and S. Typhimurium,
which were inhibited at 2160 mJ/cm2 and 720 mJ/cm2, respectively

[44]

Stainless steel coated with PU +
TiO2

UVC (254–365 nm)—Irradiation at 1200 µW/cm2 for 5 min (360 mJ/cm2) inhibited both S. Typhimurium and E. coli, but not L. monocytogenes,
which was inhibited at 720 mJ/cm2 [44]

Stainless steel
UVC (254 nm)—Complete inactivation of E. coli, S. aureus and C. albicans was achieved under both contamination models (droplet and

smear), corresponding to a 100% reduction (4.12-log reduction). Aspergillus fumigatus showed a reduction of 6.34% in droplet and 89.86% in
smear methods. All results were obtained under a fluence of 14,004 mJ/cm2

[49]

Stainless steel UVC (253.7 nm)—Treatment at 60–300 mJ/cm2 reduced the population of S. Thompson biofilm on stainless steel by 1.28–3.23 log CFU/cm2 [54]

Stainless steel 304 with a glass
bead-blasted finish

UVC (254 nm)—After 3 min of exposure (437 mJ/cm2), E. coli ATCC 25922 was reduced by more than 6 log, while L. innocua FSL C2-008
reached a maximum inactivation level of 6.1 log under a 219 mJ/cm2 dose

[50]

Stainless steel 304 UVA (365 nm)—The reduction of L. monocytogenes load after 10 min of exposure was 5.0 log CFU/cm2 [56]

Stainless steel 304 UVC (254 nm)—On 2B finish, a dose of 81.99 mJ/cm2 achieved the maximum log reduction of S. enterica. Among all 304 SS samples, the
hairline finish required the highest dose (101.53 mJ/cm2). The mirror finish required the lowest dose (62.46 mJ/cm2)

[45]

Stainless steel 304
UVC (254 nm)—Under a 2520 mJ/cm2 dose, the biofilms of A. acidoterrestris showed a reduction of approximately 2.0 log CFU/cm2.

Alicyclobacillus herbarius reduced less than 2.0 log, indicating higher resistance. The A. cycloheptanicus reduction was around 2.0 log, and A.
acidocaldarius was the most sensitive on SS, with a reduction of approximately 3.03 log

[41]

Stainless steel 304 UVC irradiation for 15, 30, and 60 min reduced B. cereus by 1.06 log, 1.18 log and 1.68 log, respectively [48]

Stainless steel 316 UVC (254 nm)—The 2B finish required 66.34 mJ/cm2 for a maximum log reduction (S. enterica serovars), and hairline finish required the
lowest dose (46.81 mJ/cm2). Mirror finish required the highest dose (93.78 mJ/cm2)

[45]

Stainless steel UVC (265 nm)—Exposure of L. monocytogenes to UVC resulted in an approximate 2-log reduction at fluences of 11, 33 and 55 mJ/cm2 [57]

Stainless steel AISI 316 bare and
covered with TiO2

UVA (365 nm)—Listeria monocytogenes-adherent cells reduced 2 log after 1 h of exposure in bare SS, and reduced 4 log in SS covered with 4
layers of TiO2

[58]

Stainless steel 316L

UVC (279 nm)—Bacteria reduction was dose-dependent. E. coli reduction was dose-dependent: 1.7 log reduction at 1 mJ/cm2 and 2.63 log
reduction at 6 mJ/cm2. S. Enteritidis was more sensitive: 2.1 log reduction at 1 mJ/cm2 and 3.63 log at 6 mJ/cm2. Pseudomonas fragi was the

most sensitive: 2.13 log reduction at 1 mJ/cm2 and 3.74 log reduction at 6 mJ/cm2. Overall, SS surfaces supported effective inactivation,
although E. coli was more resistant than Salmonella spp. and P. fragi

[59]

https://doi.org/10.3390/app16041877

https://doi.org/10.3390/app16041877


Appl. Sci. 2026, 16, 1877 14 of 31

Table 3. Cont.

Surface Types Results Reference

Copper

Copper

UVC (254 nm)—Complete inactivation of E. coli and S. aureus was achieved under both contamination models (droplet and smear),
corresponding to a 100% reduction (4.12 log). Candida albicans was reduced by 99.83 and 100% in droplet and smear models, respectively. By

contrast, A. fumigatus was more resistant, with a 5.05% reduction in the droplet model and 72.04% in the smear model. All results were
obtained under an irradiance of 15.56 mW/cm2 for 15 min (14,004 mJ/cm2)

[49]

Medical-grade 99.999% copper
metal sheets

UVC (254 nm)—After 3 min of exposure to 0.5 mW/cm2 (90 mJ/cm2), E. coli was reduced by more than 6 log, while L. innocua was reduced
by 5.3 log

[50]

Copper deposited polymer sheets UVC (254 nm)—After 3 min of exposure to 0.5 mW/cm2 (90 mJ/cm2), E. coli was reduced by 3.1 log, while L. innocua was reduced by 4.5 log [50]

Aluminum

Aluminum UVC (254–365 nm)—UV irradiation at 1200 µW/cm2 for 30 min (2160 mJ/cm2) inhibited all the three tested species: E. coli, S. Typhimurium
and L. monocytogenes

[44]

Aluminum coated with PU UVC (254–365 nm)—Irradiation at 1200 µW/cm2 for 5 min (360 mJ/cm2) inhibited S. Typhimurium, but not E. coli and L. monocytogenes,
which were only inhibited at a dose of 2160 mJ/cm2 [44]

Aluminum coated with PU + TiO2
UVC (254–365 nm)—Irradiation at 1200 µW/cm2 for 5 min (360 mJ/cm2) inhibited both S. Typhimurium and E. coli, but L. monocytogenes

was only inhibited at a dose of 720 mJ/cm2 [44]

ANTICORODAL alloy 6082 T6,
untreated aluminum

UVC (253 nm)—After 12 h exposure to UV and an initial inoculum of 106 CFU/mL, E. coli counts were 21.67 CFU/mL on roughness R0.25,
58.33 CFU/mL on R0.5. Pseudomonas aeruginosa counts were 13.33 CFU/mL on R0.25 and R0.5. S. Typhimurium counts were 9.66 CFU/mL
on R0.25 and 19.67 CFU/mL on R0.5. Yersinia enterocolitica counts were 13.33 CFU/mL on R0.25 and 11.00 CFU/mL on R0.5. On R1 and for E.
coli, P. aeruginosa, S. Typhimurium and Y. enterocolitica, the counts were lower than the limit of detection. On R1, L. monocytogenes counts were

38.33 CFU/mL, S. aureus 16.67 CFU/mL, E. faecalis 11.67 CFU/mL, and B. cereus 38.33 CFU/mL

[47]

ANTICORODAL alloy 6082 T6, Al
treated with DURALTI®

UVC (253 nm)—For all bacterial species, no detectable counts were reported at all roughness levels. The surface itself differentially affected
bacterial survival [47]

Glass

Glass sheet UVC (222 nm)—Staphylococcus aureus was reduced from 6.3 log CFU/cm2 to 2.8 log CFU/cm2 after 60 s at 9.1mW/cm2 (fluence of 546
mJ/cm2). The combination of UV and cold plasma (CP) reduced the population by 5.4 log CFU/cm2 [53]

Borosilicate glass UVC (279 nm)—After applying a dose of 6 mJ/cm2, E. coli reduced 3.39 log, S. Enteritidis 4.40 log, and P. fragi 4.16 log [59]

Thermoplastics

Food-grade conveyor belts
UVC (254 nm)—Listeria monocytogenes reduced to below the detection limit, 3.2 CFU/cm2 (ND) on belts 1, 2, and 3 after exposure to

5.95 mW/cm2 for 3 s (17.85 mJ/cm2), contrary to belt 4, which had a survival of 1.4 log CFU/cm2. At 5.95 mJ/cm2, on belt 1, L. monocytogenes
was ND. At a dose of 16.59 mJ/cm2, the survival population was ND < 0.74 < 1.31 < 1.73, respectively, for belts 3, 1, 2 and 4

[43]

https://doi.org/10.3390/app16041877

https://doi.org/10.3390/app16041877


Appl. Sci. 2026, 16, 1877 15 of 31

Table 3. Cont.

Surface Types Results Reference

Rubber

Silicone rubber UVC (279 nm)—The mean reduction of E. coli ranged from 1.66 log (1 mJ/cm2) to 2.50 log (6 mJ/cm2), S. Enteritidis from 2.25 log (1 mJ/cm2)
to 3.51 log (6 mJ/cm2), and P. fragi from 2.41 log (1 mJ/cm2) up to 3.67 log (6 mJ/cm2)

[59]

Silicon rubber UVC (253.7 nm)—Treatment reduced the population of wild strains of S. Thompson by 0.80–4.74 log CFU/cm2 (60–300 mJ/cm2) [54]

Rubber
UVC (254 nm)—After 30 min of treatment at 25.2 kJ/m2 (2.52 J/cm2), A. acidoterrestris and A. cycloheptanicus reduced approximately 2.0 log

CFU/cm2. For A. herbarius, the reduction was less than 2.0 log, indicating higher resistance. Alicyclobacillus acidocaldarius was the most
susceptible species, and was reduced by 3.26 log

[41]

Plastics

Plastic food packages (PVC) UVA—After 60 min of irradiation, E. coli reduced 85.91%, and S. Typhimurium reduced 68.94%. For 100% of elimination, E. coli and S.
Typhimurium required more time, 120 (18 kJ/cm2) and 180 min (27 kJ/cm2), respectively [52]

Styrofoam
containers (PS)

UVA—At 9 kJ/cm2, E. coli reduced 96.5% and S. Typhimurium 74.79%. For 100% of elimination E. coli and S. Typhimurium required higher
doses, or high exposure time, 120 (18 kJ/cm2) and 180 min (27 kJ/cm2), respectively

[52]

Transparent PET food containers UVA—At 9 kJ/cm2, E. coli reduced 99.85% and S. Typhimurium 97.8%. For 100% of elimination, E. coli and S. Typhimurium required higher
doses, or high exposure time, 120 (18 kJ/cm2) and 180 min (27 kJ/cm2), respectively

[52]

PVDC cling film for food
wrapping

UVA—After 60 min of irradiation, the reduction of E. coli was 97.14%, and, for S. Typhimurium, 83.71%. For 100% of inactivation, E. coli and
S. Typhimurium required a time of 120 (18 kJ/cm2) and 180 min (27 kJ/cm2), respectively [52]

Polypropylene (PP) film UVC (222 nm) + CP—After 60 s of treatment, S. aureus was reduced from 6.5 log CFU/cm2 to 4.1 log CFU/cm2 [53]

Polyurethane (PU) UVA (365 nm)—The reduction of L. monocytogenes after 10 and 30 min of exposure was 3.6 log CFU/cm2 and 3.77 log CFU/cm2, respectively [56]

High-density polyethylene (HDPE)
screw caps

UVC (253.7 nm) –The first decimal reduction (1D-value) varied with the species and the number of layers. A. hiratsukae,
1D-value = 13.7 ± 4.1 s (single-layer) and 30.3 ± 4.7 s (multi-layer). A. montevidensis had similar behavior: 12.2 ± 2.2 s (single-layer) and

51.6 ± 4.4 s (multi-layer). T. bacillisporus, the most sensitive in single-layer (9.7 ± 0.8 s), became highly resistant in multi-layer (147.1 ± 49.8 s).
C. globosum was resistant in single- and multi-layer, with 99.9 ± 16.4 s, and 153.2 ± 55.1 s, respectively. A. brasiliensis was moderately

resistant in single-layer (24.9 ± 4.0 s), but the most resistant in multi-layer (188.2 ± 26.5 s)

[22]

Polycarbonate UVC (254 nm)—With irradiation of 850 µW/cm2, the number of recovered L. monocytogenes cells was 6.75 log CFU/cm2 after 2 min
(102 mJ/cm2) and 6.35 log CFU/cm2 after 5 min (255 mJ/cm2) of exposure. The initial cell number was 7.68 ± 0.06 log CFU/cm2 [51]

Nylon UVC (254 nm)—With irradiation of 850 µW/cm2, the number of recovered L. monocytogenes cells was 9.45 log CFU/cm2 (2 min exposure)
and 8.85 log CFU/cm2 (5 min exposure). The initial cell number was 9.60 ± 0.32 CFU/cm2 [51]

Polymethyl methacrylate (PMMA)
UVC (254 nm)—Complete inactivation of E. coli, S. aureus and C. albicans achieved in both contamination models (droplet and smear); A.

fumigatus was resistant in the droplet model (only 9% reduction), versus a 92.16% reduction in the smear model. All results were obtained
under an irradiance of 15.56 mW/cm2 for 15 min (14.0 J/cm2)

[49]
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Table 3. Cont.

Surface Types Results Reference

Paper

Corrugated paper UVC (222 nm) + CP—After treatment (60 s), S. aureus reduced 1.5 log CFU/cm2 [53]

Kraft paper UVC (222 nm) + CP—After treatment (60 s), S. aureus reduced 2.4 log CFU/cm2 [53]

Natural materials

Wood UVC (254 nm)—The number of recovered cells was 8.70 log CFU/cm2 after 2 min of exposure and 8.52 log CFU/cm2 after 5 min of exposure [51]

Textiles

Denim UVC (254 nm)—Under droplet model, E. coli was reduced 98.90% (2.05 log) and S. aureus 99.90% (3.0 log). Candida albicans and A. fumigatus
in the droplet model achieved 100% reduction. All results were obtained under an irradiance of 15.56 mW/cm2 for 15 min (14 J/cm2) [49]

Cotton and polyester
UVC (254 nm)—Complete inactivation of E. coli and S. aureus was achieved under both contamination models (droplet and smear),

corresponding to a 100% reduction (4.12 log). Candida albicans and A. fumigatus showed a reduction of 100% in droplet models. All results
were obtained under a dose of 14 J/cm2

[49]

Composites

Surgical facemask
UVC (254 nm)—In the droplet contamination model, E. coli showed a 99.87% reduction (3.36 log), achieving 100% (4.12 log) of reduction in
the smear model. For S. aureus, a complete reduction (100%, 4.12 log) was achieved for both models, a result also achieved in C. albicans. In

contrast, A. fumigatus exhibited only a 12.75% reduction (droplet model), but showed a higher reduction (93.24%) in the smear model
[49]

Equipment

Meat grinder knife
UVC (253.7 nm)—Aerobic mesophilic bacteria decreased from 4.88 log CFU/cm2 to 2.89 log CFU/cm2. Yeasts, molds and E. coli were

reduced to below the detection limits (<1 log CFU/cm2). For coliforms, the initial population of 2.71 log CFU/cm2 was reduced to <1 log
CFU/cm2

[55]

Cutting knife UVC (253.7 nm)—The initial bacterial population of total aerobic mesophilic decreased from 5.37 log CFU/cm2 to 4.89 log CFU/cm2. Yeasts,
molds, E. coli and coliforms were reduced to below the detection limit (<1 log CFU/cm2)

[55]

Cut-proof glove UVC (253.7 nm)—The initial bacterial population of total aerobic mesophilic decreased from 5.44 log CFU/cm2 to 5.01 log CFU/cm2. Yeasts,
molds, E. coli and coliforms were reduced to below the detection limit (<1 log CFU/cm2)

[55]

Knife sharpener UVC (253.7 nm)—Aerobic mesophilic bacteria decreased from 5.45 log CFU/cm2 to 2.84 log CFU/cm2. Yeasts, molds, E. coli and coliforms
were reduced to below the detection limit (< 1 log CFU/cm2)

[55]

Bulk food bags, woven fabrics,
workers’ hand gloves and swabs
(workers’ hands, table surfaces,
floor, utensils, and printing and

feed-machine surface)

UVC (253.7 nm)—The bulk bag manufacturing process was grossly contaminated with multiple types of bacteria (≤3.68 log CFU/unit),
coliforms (≤3.63 log CFU/unit), fecal coliform (1.0–1.25 log CFU/unit) and Staphylococcus spp. (≤3.6 log CFU/unit) on workers’ gloves and
different sections. The combinations of calcinated calcium (CCa; 0.02%), followed by UV light, were able to reduce (1.0–3.68 log CFU/unit)

or eliminate the bacterial contaminants from hand gloves, finished products and floor surfaces

[46]
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The impact of UV radiation on microorganisms, in addition to depending on the type
of surface, also varies with its finishing. Using SS surfaces without or with different finishes,
on the bare SS surface, an UV irradiance at 1200 µW/cm2 for 5 min (720 mJ/cm2) inhib-
ited S. Typhimurium, but not E. coli and L. monocytogenes, which required a higher dose
(2160 mJ/cm2). On PU-coated SS, a dose of 360 mJ/cm2 was sufficient to inhibit L. monocy-
togenes, but not E. coli and S. Typhimurium, which were only inhibited at 2160 mJ/cm2 and
720 mJ/cm2, respectively. On the contrary, on a SS surface coated with PU and TiO2, it took
a dose of 360 mJ/cm2 to inhibit both S. Typhimurium and E. coli, and a dose of 720 mJ/cm2

to inhibit L. monocytogenes [44]. Also, Chen et al. [50] reported that UVC disinfection on
bead-blasted SS 304 was very effective, reducing E. coli ATCC 25922 by more than 6 log
when applied a dose of 437 mJ/cm2. Although reductions in L. innocua were comparable, a
rapid initial reduction followed by a plateau was observed, unlike E. coli, which showed a
linear trend reduction [50].

After 1 h under UVA (365 nm), the number of L. monocytogenes-adherent cells in
bare SS was reduced by 2 log, while, in SS covered with 4 layers of TiO2, there was a
4-log reduction [58]. Another study, which tested the effect of combining acid/enzymatic
detergents with UVA light on L. monocytogenes biofilms formed on SS 304 and PU surfaces,
demonstrated that the treatment efficacy varied between the surfaces and the treatment
combination. The highest reduction level (5 log) was obtained on the SS 304 surface after
10 min of treatment with acid detergent, followed by 10 min of exposure to UVA. On the
PU surface, a reduction of 2.60 log was achieved after 30 min of treatment with enzymatic
solution, followed by 10 min of exposure to UVA [56].

Perhaps the most outstanding findings across the several SS studies related to the
surface finish and its grade was done by Gabriel et al., who demonstrated the impact
of different finishes on SS 304 and 316 on S. enterica inactivation. For instance, in the
SS 304 mirror finish, a dose of 62.46 mJ/cm2 was required for the complete inactivation
of S. enterica. In the 2B finish, complete inactivation required a dose of 81.99 mJ/cm2,
while, in the hairline finish, 101.53 mJ/cm2 was required, indicating that bacteria on this
surface were more resistant to inactivation. On the other hand, on SS 316 with a hairline
finish, bacterial inactivation was easier (46.81 mJ/cm2), followed by 2B (66.34 mJ/cm2)
and mirror (93.78 mJ/cm2) finishes. These data indicate that reflectivity interacts with
microbial adhesion and exposure to UVC in complex ways [45]. However, it is important
to note that the surface roughness of SS can vary substantially depending on its grade. In
addition to SS, other surfaces are used in industry. Copper surfaces, particularly medical-
grade copper, demonstrate strong antimicrobial activity when exposed to UV (254 nm).
Chen et al. reported results of an over 6-log reduction of E. coli and a 5.3-log reduction
of L. innocua within just 3 minutes of treatment, or a dose of 90 mJ/cm2 [50]. Epelle et al.
obtained a 100% reduction of E. coli and S. aureus, and a 99.83% reduction of the yeast
C. albicans on copper surfaces after 15 min of irradiation at 15.56 mW/cm2 (fluence of
14,004 mJ/cm2), regardless the inoculation method. However, the same study showed that
the susceptibility of A. fumigatus to UV depends not only on the surface used, but also on
the contamination method. When spread in droplet form, A. fumigatus was resistant to
treatment (5.5% of reduction), being more susceptible in the smear form, where it showed
a 72.04% reduction [49]. On the other hand, maximum inactivation levels of 3.1 log units
were reported for E. coli and 4.5 log for L. innocua on copper-deposited polymer sheets [50].

Another surface tested in the reviewed publications was aluminum, where effective
inactivation by UVC was achieved. Weng et al. found reductions comparable to those on
SS, with the three tested species E. coli, S. Typhimurium and L. monocytogenes, inhibited
at a dose of 2160 mJ/cm2. The research also tested the impact of the aluminum finish on
bacteria UVC inactivation. On a surface of aluminum coated with PU, a dose of 360 mJ/cm2
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was sufficient to inhibit S. Typhimurium, but not E. coli, and L. monocytogenes, which were
only inhibited at 2160 mJ/cm2. However, on a surface of aluminum coated with PU and
TiO2, a dose of 360 mJ/cm2 was sufficient to inhibit S. Typhimurium and E. coli, while L.
monocytogenes was inhibited at 720 mJ/cm2 [44].

The effect of the finish on microbial susceptibility to UV radiation is related to its
roughness and reflectivity. Research performed by Cerbo et al., on the effect of three
roughness levels (R0.25, R0.5 and R1, for 0.25, 0.5 and 1.0 µm, respectively) of Aluminum
ANTICORODAL alloy 6082 T6 on the susceptibility of seven bacterial species to UVC, found
that the efficacy of the UVC depended on the species, and, in some species, on the roughness
of the aluminum surface. For untreated aluminum, the results showed that, after 12 h of
exposure to UVC, the Gram-negative bacteria (P. aeruginosa, S. Typhimurum, and Yersinia
enterocolitica) were more susceptible than the Gram-positive bacteria (L. monocytogenes, S.
aureus, E. faecalis, and B. cereus) to the UVC treatment. Also, the susceptibility to UVC
varied with roughness: in all the Gram-negative species, and after 12 h of UVC treatment,
no growth was detected on roughness 1 µm (R1), contrary to the Gram-positive bacteria. In
general, the susceptibility of the bacteria varied with roughness: R0.25 > R0.5 > R1 (Table 3).
The susceptibility to UVC of the same bacterial species increased when the surface was
treated with a layer of aluminum oxide combined with titanium oxide—DURALTI®. On all
tested roughness levels, the complete bacterial inactivation by UVC was achieved [47]. The
DURALTI® surface itself has a different impact on the survival of bacteria. Gram-negative
bacteria are affected to an increasing extent with surface roughness (R0.25 > R0.5 > R1).
The susceptibility to UVC on DURALTI® varies greatly among Gram-positive bacteria:
S. aureus exhibited identical behavior to Gram-negative bacteria (R0.25 > R0.5 > R1), L.
monocytogenes, a reverse behavior to Gram-negative bacteria (R1 > R0.5 > R0.25), B. cereus
was more susceptible at R0.5 with DURALTI®, and the susceptibility of E. faecalis was not
affected by the DURALTI® roughness [47]. The TiO2 finishing may have a bacteriostatic
effect due to photocatalytic reactions between the aluminum surface and titanium [81],
which under UVC becomes bactericidal, by enhancing the oxidative stress on bacteria [47].

On glass sheet, a decrease of 3.8 log CFU/cm2 was reported for S. aureus after treatment
with UVC (222 nm) at 9.1 mW/cm2 for 60 s (546 mJ/cm2). When the UVC was combined
with CP, a 4.5 log CFU/cm2 was observed for S. aureus after 60 s of CP + UVC [53]. Borosil-
icate glass was identified as one of the best-performing surfaces among those tested (SS
316L and silicone rubber), being the most favorable for UVC disinfection. Results showed
high log reductions in the three tested bacteria at a dose of 6 mJ/cm2: E. coli (3.39 log),
S. Enteritidis (4.40 log), and P. fragi (4.16 log), compared to SS 316L (reductions of 2.63,
3.63 and 3.74, respectively) and silicon rubber (reductions of 2.5, 3.51 and 3.67, respectively
to E. coli, S. Enteritidis, and P. fragi) [59].

Disinfection with UV in polymers varies widely in performance depending on their
composition and structure. Morey et al. tested several belts made of thermoplastic and
elastomers and found that UV light (254 nm) can rapidly reduce the load of a four-strain
cocktail of L. monocytogenes on conveyor belts (CB), but the degree of reduction is dependent
on the type of belting material (Table 3). Under the lowest tested dose, 5.53 mJ/cm2, the
reduction range for L. monocytogenes was [log 3.4–log 4.2]. At 5.95 mJ/cm2, on belt 1, L.
monocytogenes was not detected (ND). At a dose of 16.59 mJ/cm2, the survival population
was ND < 0.74 < 1.31 < 1.73, respectively, depending on the type of belt (Table 3). After
exposure to 5.95 mW/cm2 for 3 s (17.85 mJ/cm2), L. monocytogenes reduced to below the
detection limit, 3.2 log CFU/cm2 (ND) on belts 1, 2, and 3, contrary to belt 4, which
had a survival population of 1.4 log CFU/cm2. The survival of L. monocytogenes varied
significantly between similar materials such as CB1 (Ropanyl DM 8/2 A2 + 04 Light
Blue thermoplastic polyurethane) and CB4 (Ropanyl DM thermoplastic polyurethane
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04 + 04 White food-grade Amerol). On smoother surfaces, inactivation was more rapid
and complete, compared with the rougher surface (belt 4) that allowed bacterial survival,
which demonstrates the importance of surface texture on protecting cells from the UV
radiation [82]. The results obtained by Morey et al. showed that low doses are effective
in reducing populations of L. monocytogenes, suggesting a potential application for the
sanitization of moving CBs in a processing plant [43].

Along with the thermoplastics, silicon rubber is a type of surface frequently found
in the food industry. Sharma et al. studied the efficacy of low UV doses (1–6 mJ/cm2)
in three bacterial species inoculated on silicone rubber, and found that P. fragi and S.
Enteritidis were easier to reduce than E. coli. At 6 mJ/cm2, the mean log reduction of P.
fragi was 3.67 log, followed by S. Enteritidis (3.51 log), while E. coli only reduced 2.50 log.
Also, it was demonstrated that, in the tested conditions, the reduction values obtained for
each species on silicon rubber were similar to those obtained on SS 316L (Table 3). Once
more, these results highlight that different microbial species respond differently to UVC
even on the same surfaces [59]. Ashrafudoulla et al. also reported a significant reduction
[0.80–4.74 log CFU/cm2] of S. Thompson cells on silicon rubber, but using higher doses
(60–300 mJ/cm2) [54] compared to S. Enteriditis [59]. Even when endospore bacteria are
used, UVC can reduce bacterial load. Four Alicyclobacillus species (A. acidoterrestris, A.
cycloheptanicus, A. herbarius, and A. acidocaldarius) in biofilm, forming on rubber under a
strong UVC dose (2.52 J/cm2 or 2520 mJ/cm2), were reduced by approximately 2–3 log.
The species A. acidocaldarius was the most susceptible (~3 log CFU/cm2 under 2.52 J/cm2),
contrary to A. herbarius, which was particularly resistant, showing a reduction of less than
2 log. The results show that the inactivation of spore-forming bacteria on rubbery materials
can be difficult [41].

A study of UVA disinfection on food packaging polymers like PVC, PS, PET and PVDC
cling film, uncoated and coated with TiO2, found that, in the uncoated substrates, both E.
coli and S. Typhimurium exhibited a steady growth over the incubation time, confirming
that UVA irradiation is not bactericidal. Escherichia coli and S. Typhimurium were more
easily inactivated on PET > PVDC > PS > PVC, but S. Typhimurium was more resilient
to inactivation. On PET and after 60 min of exposure (9 kJ/cm2), E. coli was completely
inactivated, while S. Typhimurium was 97.8% reduced. At 120 min (18 kJ/cm2) E. coli was
fully inactivated in all surfaces, but S. Typhimurium continued to grow in PVC [52]. The
biofilm of L. monocytogenes formed in PU showed greater tolerance to UVA than the one
formed on SS: L. monocytogenes was reduced from 6.05 to <1.0 log CFU/cm2 on SS treated
with an acid detergent and UVA (10 min), and reduced by 3.6 log on PU with the same
treatment and time of exposure [56]. On the other hand, for thin polypropylene films, a
4.1 log reduction was observed for S. aureus after 60 s of a combined treatment with CP
and UV, which compares to results obtained for paper, but in this case the context of the
combined treatment must be considered [53].

Disinfection studies conducted on HDPE caps, a type of plastic very resistant to chem-
icals and corrosion, contaminated with conidia or ascospores from various fungal species,
reported that the first decimal reduction time (1D) values depended on the species and
whether it was in a single layer or multiple layers. Some species were rapidly reduced when
in a single layer, such as Aspergillus hiratsukae SSICA 3913, Aspergillus montevidense SSICA
28,219, and Talaromyces bacillisporus SSICA 10915, with 1D of 13.7 s, 12.2 s and 9.7 s, respec-
tively. On the contrary, Aspergillus brasiliensis showed greater resistance (1D = 24.9 s) than
the other three species, but still significantly less than Chaetomium globosum (1D = 99.9 s). As
multi-layer on HPDE caps, A. hiratsukae (1D = 30.3 s) and A. montevidense (1D = 51.6 s) were
the most susceptible species, while T. bacillisporus (1D = 147.1 s), C. globosum (1D = 153.2 s),
and A. brasiliensis (1D = 188.2 s) were very resistant. In single-layer, the ascospores of C.
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globosum were the less susceptible, followed by the conidia of A. brasiliensis, swapping
places when in multi-layer. These results highlight the importance of the applied inoculum
when testing microbial susceptibility to UV, since the number of layers interfere with the
energy of irradiation, resulting in different inactivation rates [22]. Also, intrinsic micro-
bial characteristics such as pigmentation, type of spores, and cell wall thickness must be
considered. For instance, A. brasiliensis belongs to the Aspergillus section Nigri, known for
their strong pigmentation due to melanin. When the synthesis of melanin was inhibited
in A. brasiliensis, the hypopigmented phenotype significantly increased its sensitivity to
biocides [83].

The disinfection by UVC of two of the surfaces most used by fruit producers, such
as nylon and polycarbonate, was studied after contamination with three strains of L.
monocytogenes, in equal ratio and an initial population of 1 × 108 CFU/mL. The biofilm
treated under 850 µW/cm2 irradiation for 2 (102 mJ/cm2) and 5 (255 mW/cm2) min, were
little affected: a reduction of 0.15–0.75 log CFU/cm2 in nylon and 0.93–1.33 log CFU/cm2

in polycarbonate, concluding that the texture of these materials could explain the low
success of UVC light in disinfecting them, as they require higher doses for a meaningful
reduction [51]. Finally, when comparing PMMA and SS, both non-porous surfaces, Epelle
et al. reported a 100% inactivation in E. coli, S. aureus, and C. albicans on PMMA, but the A.
fumigatus susceptibility was dependent on the contamination mode (9% in droplet versus
92.16% in smear) [49]. This result corroborates the ones obtained by Racchi et al. on the
importance of the number of layers of the inoculum in some species [22]. Also, the results
confirm the general rule that smooth, non-porous surfaces like PMMA and SS allow a more
effective and predictable inactivation.

Along with glass sheet, Sheng et al. tested the efficacy of a combined treatment
of CP and UVC (222 nm) for 60 s on the disinfection of corrugated and kraft paper. In
corrugated paper, the population of S. aureus was reduced 1.5 log CFU/cm2, whereas, in
Kraft paper, the reduction was 2.4 log CFU/cm2. This difference likely results from the
porosity/absorption of the material (Figure 3) [53].

The research articles that studied the use of UV disinfection on SS surfaces used UV-
lamps emitting different wavelengths, including UVA and UVC (Table 3). Among these,
UVC was the most widely used [41,44,45,48–50,54,57,59], followed by UVA applications
that appeared in only two studies [56,58].

Within the polymer category, plastics, thermoplastics and rubber, the cited research
employed lamps emitting UVA and UVC. Notably, even within the UVC range, differences
were observed. Sheng et al. and Sharma et al. used, respectively, a UV-lamp of 222 nm and
279 nm wavelengths [53,59], in contrast to other authors, who applied UVC radiation at
254 nm [22,41,43,49,51]. Ashrafudoulla et al. reported the use of UVC but did not specify
the wavelength [54]. Others employed UVA [52]. Many of the research articles considered
in this review mention that porous and fibrous materials pose the greatest obstacles to UV
disinfection. A strong bacterial reduction was reported on surgical facemasks (Table 3),
but, when A. fumigatus was inoculated as droplets, it was poorly inactivated (12.75%
reduction), showing how porous fibers shield embedded mold spores. In textiles, denim
was identified as one of the most challenging textiles, showing limited inactivation even
under prolonged exposures, due to its thickness and dense texture. Textile blends of
cotton/polyester performed better, allowing complete bacterial and fungal reductions
under the same conditions. In all three types of fabric, C. albicans was 100% inactivated.
Escherichia coli was completely inactivated (100%) in cotton/polyester, but not in denim.
The species S. aureus was completely inactivated in cotton/polyester and surgical masks
(100%), but not in denim, where a reduction of 99.90%, or 3 log was achieved [49].
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In recent years, UV treatments have been increasingly recognized as sustainable
decontamination technologies that ensure microbial safety in industry. Two studies that
evaluated UVC disinfection on equipment used in industry showed that UVC treatment
alone or combined with calcined calcium reduces or eliminates bacterial contaminants.
Kayaardı et al. performed a study on the equipment surfaces used in a catering facility,
such as a meat grinder knife MT, cutting knife CT, cut-proof glove CG, and knife sharper KS.
These surfaces were analyzed before and after UV treatment, showing that the population
of aerobic mesophilic bacteria was reduced in all tested materials: KS 2.61 log CFU/cm2,
MT 1.99 log CFU/cm2, CT 0.48 log CFU/cm2, and CG 0.43 log CFU/cm2. The population
of yeast, molds, E. coli, and coliforms after UVC treatment was reduced to bellow the
detection limit (<1 log CFU/cm2) [55]. Moreover, in a bulk food bag manufacturing
facility, it was found that gloves, fabrics, utensils, and machine surfaces were contaminated
with coliforms, fecal coliforms, and Staphylococcus spp. (≤3.68 log CFU/unit). They
demonstrated that washing gloves with calcined calcium, followed by UV drying, and
UV treatment of finished product storage rooms, combined with sanitizing floors using
0.02% calcined calcium, significantly reduced or eliminated bacterial contaminants (1.0–3.68
log CFU/unit) from surfaces [46]. These studies highlight the importance of using UV
treatment, alone or in combination with chemical sanitization, when dealing with high-risk
production environments.

5. Disinfection of Food Matrices by UV
Along with packaging materials and surfaces in contact with food, UV disinfection has

been studied in various food matrices such as fresh and processed fruits [41,84–91], leafy
green vegetables [92], salad components [57], meat and meat products [93,94], seafood
and fish [95,96], dairy products and cheese [97], shelled eggs [54], grains and seeds [98],
wheat flour [99], powders and seasonings [100,101], and roasted coffee beans [102]. Ta-
ble 4 presents the methodological characteristics of the selected publications, detailing the
food matrices evaluated and the UV irradiation conditions applied. Information includes
UV wavelength, irradiation intensity, applied dose, and irradiation time, allowing for
comparison of the experimental setups used across the studies.

In the microbiological control of winemaking, UVC radiation has shown potential in
controlling fermentative microorganisms, albeit with the use of high doses (1 kJ/L), once
Saccharomyces cerevisiae is more resistant to UVC than Hanseniaspora uvarum. In the same
study, the authors obtained promising results in the disinfection of wine by UVC, which
could replace the use of SO2. Additionally, when compared to the thermal disinfection
of wine, UVC radiation showed a better performance on the preservation of aromatic
compounds [103]. More recently, it was reported that that UVC disinfection of wine must is
highly dependent on the initial microbial load and must turbidity, which are highly variable.
In wine must-treated by UVC, the oxidation of polyphenols and ortho-diphenols increased
and must color increased [104]. These authors demonstrated that, in wine from UVC-treated
must, the aroma-relevant compounds, such as alcohols, terpenes, and C13-norisoprenoids,
decreased [104].

Table 4. Methodological characteristics of selected publications on food matrices. NP: not provided.

Food Matrices UV Radiation
(λ nm)

Irradiation
(mW/cm2)

Dose
(mJ/cm2)

Irradiation Time
(s) Reference

Apple juice 254 NP [95.2–3644.1] NP [85]

Apple peel 254 NP [602.4–10,665.9] NP [85]
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Table 4. Cont.

Food Matrices UV Radiation
(λ nm)

Irradiation
(mW/cm2)

Dose
(mJ/cm2)

Irradiation Time
(s) Reference

Orange juice 254 4.45 4.45 1 [88]

Orange juice 254 1.4 [4.20–2520] [300–1200] [41]

Orange juice 254 [10.09–10.79] [3140–37,060] [300–3600] [87]

Orange peel 254 [9.78–10.01] [30–5990] [3–600] [87]

Tomato juice 273–275 0.1992 251 1260 [91]

Plum tomatoes 254 [1.1–1.14] [70–340] [60–420] [90]

Fresh pistachio 254 5 × 10−7 210 and 450 420 and 900 [84]

Frozen cherries 254
Distance from the lamp:

10 cm—7.1
20 cm—5.6

[3000–12,000]

420, 840, 1260,
1680 at 10 cm and

534, 1062, 1596,
2130 at 20 cm

[89]

Fresh-cut broccoli 254 Two lamps—0.246
Four lamps—0.398 [30–50] 120 [92]

Salad (lettuce and
arugula leaves) 265 0.2039 110 600 [57]

Goat meat and beef NP NP NP NP [93]

Chicken skin 253.7 1.0 300 or 600 300 or 600 [94]

Smoked salmon 254 NP [1–1000] [1–900] [95]

Raw tuna fillets 275 2.0 [500–4000] [250–2000] [96]

White cheese 200–110

Distance from the lamp:
5 cm—2.06
8 cm—1.52

13 cm—0.98

Distance from the lamp:
5 cm—[7600–91,220]

8 cm—[4890–123,690]
13 cm—[4890–58,620]

[5–60] [97]

Shelled eggs 253.7 1.0 [60–300] [60–300] [54]

Maize and wheat
kernels 253.7 3.15 [10–100] NP [98]

Wheat flour 395 450 [270–1620] [600–3600] [99]

Thyme (Thymus
vulgaris L.) 254 26.7 [25,700–205,600] [960–7680] [100]

Powdered food
ingredients 254 4.0 [20–160] [5–40] [101]

Powdered food
ingredients 270 3.2 [16–128] [5–40] [101]

Powdered food
ingredients 365 340 [1700–12,600] [5–40] [101]

Roasted coffee bean 253.7 1.0 [1800–7200] [1800–7200] [102]

6. Pros and Cons of UV Treatment
UV radiation disinfection, particularly UVC at 254 nm, presents clear advantages due

to its high antimicrobial efficacy (Table 3). The UV technology also demonstrates great
versatility, being effective on a wide variety of surfaces relevant to the food industry. The
application of coatings, especially those based on TiO2, emerges as a decisive factor in
enhancing the effectiveness of UV radiation, allowing for high levels of microbial reduction
with lower doses. This is particularly important when UVA is used. The combination of
UVA with photocatalytic surfaces shows significant potential, demonstrating that integrated
approaches can broaden the application spectrum of UV disinfection [52].
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The use of UV radiation in industry has many other benefits that include rapid and
environmentally friendly disinfection without chemical residues, low operating costs
after proper setup, and a synergistic effect with disinfectants [105,106], and seems a valid
procedure in the management of biofilm [107].

However, the use of UV treatments has several important constrains. One of the most
important is the irregular effect of the dose. The effectiveness of UV radiation strongly
depends on the microbial species, and, within the species, the strain, and the vegetative
state, with the surface material, surface characteristics, and the applied dose, which leads to
inconsistent results among the studies analyzed (Table 3). In addition, on certain surfaces,
such as textiles and surgical masks, the variability associated with the contamination
method compromises reproducibility and comparison of results [49]. Other drawbacks
include its limited penetration [82], its ineffectiveness on soiled surfaces [108] and its impact
on materials, especially wood and plastics, over time [109,110]. In addition, during UVC
application, ozone generation may occur [111], which is a risk for children, the elderly and
people with asthma [112].

An undesirable effect of UVC radiation that may arise in less susceptible cells/species
is mutations, which may increase microbial resistance to subsequent UV exposures [113],
or increase their resistance to other environmental stressors such as desiccation and starva-
tion [114]. Also, the exposure to UV radiation may increase the resistance to antibiotics, a
potential risk that needs to be assessed [115]. Additionally, the use of UV radiation raises
safety concerns as it is harmful to human skin and eyes, especially the UVC and UVB
wavelengths, being regulated by legal standards that establish clear guidelines for safe use.
The standards include requirements for UV devices, workplace safety, and the quality and
labelling of UV-irradiated products, ensuring effective protection for people and optimal
use of UV technology [116].

The industrial use of UV-lamps may be limited by cost or by efficiency. Thus, the
type of UV-lamp is a factor that needs to be considered. Among the articles analyzed, only
three mention the type of lamp used, which includes low-pressure mercury lamps [48,50]
and UVC-LEDs [57]. Low-pressure mercury lamps, emitting strongly at 254 nm, are
efficient (up to 35%) and provide high UV output. However, they contain Hg, are fragile,
require a warm-up time, and have a lifespan of about 8000–12,000 h. These lamps have
been used over the last 90 years for UV-based disinfection, and continue to lead the
germicidal UV market, namely in the healthcare industry. But, in the sequence of the
Minamata Convention on Mercury in 2017, due to the hazards it poses to health and
the environment, UVC light-emitting diodes (UVC-LEDs) were developed as a mercury-
free light source, emitting narrow-band wavelengths (255–280 nm). These UV-lamps are
among the most promising alternatives, offering compact and chip-scale solutions, instant
activation, higher lifespan (approximately two times that of mercury lamps) and low-cost
benefits. Nevertheless, the wall plug efficiency of UVC LEDs remains relatively low (up
to 8%), with most of the energy applied to the device converting into heat, which limits
their suitability for large-scale or high-demand applications [117,118]. Other potential
alternatives for specific applications include excited dimer lamps (excimer) and pulsed
xenon lamps, which produce different UV spectra and are used in industrial and scientific
contexts. Despite the fact that excimer lamps, which emit radiation at 222 nm or 172 nm, are
based on older and non-chip technology, they recently attracted attention because they are
safer for humans compared to other more conventional UV sources. Excimer lamps have
instant start and operate at cool temperatures, but are less efficient (up to 15%), and their
production is limited. Xenon UV-lamps have been replaced, despite their potential use in
sterilization and disinfection, especially in the medical field [119–123]. However, further
research is required to comprehensively assess their effectiveness against a broad range of
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microorganisms. Each technology presents distinct advantages in energy efficiency, spectral
purity, lifetime, and system integration potential, guiding source-selection for research and
commercial UVC applications, depending on dose and safety priorities.

Also, the cost of the lamps varies with the lamp type. Low-pressure lamps and UVC-
LEDs have similar costs (0.9–87 € for small units to several hundred euros for industrial
lamps), but UVC-LEDs have a high cost per watt and require thermal management. The
prices of the excimer lamps vary from 260 to 2600 €, depending on voltage [124–127]. These
prices have been converted to euro (1 dollar = 0.86 euro on 18 November 2025).

Overall, the need to adapt specific protocols to each type of surface and environment
constitutes an additional challenge to the widespread and standardized implementation of
UV sanitization or disinfection. Table 5 summarizes the main strengths and limitations of
UV disinfection technology.

Table 5. Summary of strong points and limitations of UV disinfection technology.

Strong Points Limitations

High antimicrobial efficacy: UVC at 254 nm effective across
diverse microorganisms

Variable effectiveness: Depends on species, strain, surface type, and
dose

Surface versatility: Works on multiple surfaces; enhanced by
coatings like TiO2

Limited penetration: Ineffective on soiled surfaces or within
materials

Environmentally friendly: Chemical-free, low operational
costs, synergistic with disinfectants

Material damage: Can degrade plastics, wood, and other materials
over time

Lamp technology options: Low-pressure mercury lamps
(efficient), UVC-LEDs (mercury-free, long lifespan), excimer

lamps (safe for humans)

Safety risks: Harmful to skin and eyes; potential microbial
resistance and mutation

Regulatory framework: Standards for safe use, device
quality, and UV-irradiated products

Cost and implementation challenges: Expensive lamps (LEDs,
excimer), thermal management, surface-specific protocols required

7. Future Research and Conclusions
In food processing, UV irradiation has been used to disinfect or sanitize packaging

materials, surfaces in contact with food, and liquid foods, fruits, vegetables, shelled eggs,
meat, and ready-to-eat meat products, since wavelength, fluence, dose, and exposure time
can ensure consistent microbial control. Nonetheless, surface material variability must
be considered, as different materials (plastics, metals, glass, and food surfaces) interact
differently with UV, influencing penetration depth and overall efficacy. Additionally,
energy efficiency and sustainability are important factors. Optimizing UV systems for
minimal energy use while maintaining effective microbial inactivation is essential for
environmentally responsible implementation. Future research should further explore the
long-term effects of repeated UV exposure on surface integrity, as well as the integration
of UV-photocatalytic or UV–plasma systems for sustainable, high-efficiency sterilization.
Furthermore, other wavelengths, such as 405 nm (blue LEDs), safer than UV radiation,
should be considered in future studies, as positive results were reported regarding the
effects of this type of light [128]. The use of these technologies with precise wavelength and
of combined approaches offers promising avenues for enhancing antimicrobial performance
while maintaining safety and efficiency.

Among available technologies, UVC irradiation is one of the most efficient and reliable
methods for microbial inactivation. As demonstrated, numerous studies have shown
that UVC light, particularly at 254 nm, rapidly and effectively inactivates a broad range
of microorganisms on diverse surfaces. When applied alone or combined with surface
treatments, UVC can significantly reduce or even eliminate microbial populations. Metallic
surfaces, particularly copper, stainless steel, and TiO2-coated aluminum, consistently show
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high levels of microbial elimination at relatively low UVC doses due to their reflective
and photocatalytic properties, which enhance UV exposure. In contrast, porous, fibrous,
and multilayered materials such as denim, wood, paper, and composite plastics, present
significant challenges and often require extended exposure times. Smooth, non-porous,
and transparent materials such as polished stainless steel, borosilicate glass, and certain
plastics demonstrate superior performance by maximizing UV penetration and minimizing
shadowing effects.

The compiled results demonstrate that UV irradiation is an effective disinfection
method capable of significantly reducing microorganisms on a wide variety of surfaces.
However, its performance is highly dependent on numerous interacting factors. Microbial
characteristics (such as species, strain, cell state, and cell wall structure), surface properties
(including smoothness, porosity, opacity, and reflectivity), and irradiation parameters (UV
wavelength and fluence) all strongly influence efficacy. Smooth, reflective, or photocatalytic
surfaces generally enhance UV efficiency, whereas rough, porous, or opaque materials
hinder UV penetration. This high sensitivity to multiple variables limits the reliability
and scalability of UV disinfection, as it is not a universal solution and requires careful,
application-specific optimization of both surface conditions and irradiation parameters to
achieve consistent results.

Beyond these technical considerations, UVC industrial application must also account
for practical factors including operational costs, energy efficiency, system design, and main-
tenance requirements. When properly integrated into sanitization programs, UVC systems
represent a cost-effective and environmentally sustainable solution. Their non-chemical
nature reduces residue formation and minimizes the risk of secondary contamination, mak-
ing them particularly attractive for sectors such as food processing and pharmaceuticals,
which require microbial control.

In conclusion, this review reaffirms that UVC irradiation is a powerful tool for surface
disinfection in industrial environments. Its performance depends on material properties,
environmental conditions, and operational parameters. Continued research into UVC
mechanisms, wavelength optimization, and combined disinfection strategies will further
expand its applicability. The integration of UVC technology represents a significant step
forward in the quest for safer, cleaner and more efficient industrial processes, ensuring
higher standards of microbial safety and overall product quality.
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1D First decimal reduction time
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CG Cut-proof glove
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