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Introductory Chapter: Overview of Disinfection

Sahra Kırmusaoğlu

Additional information is available at the end of the chapter

1. Introduction

1.1. Importance of disinfection

Disinfection is the method to destroy most microbial forms, especially vegetative pathogens 
rather than bacterial spores, by using physical and chemical procedures such as UV radia-
tion, boiling, vapor. Each surgical process and medical applications need sterile procedures 
to avoid infection of tissue by surgical and medical equipment that are contaminated. During 
these processes, surgical and medical equipment can be contaminated by pathogens via con-
taminated surgical gloves. This leads to entrance of bacteria adhered on surgical and medical 
equipment or devices to sterile tissues of patient as a result of infection. Not only contami-
nated surgical and medical equipment are risk factors for infection but also contaminated 
common areas used by community such as toilets, public transport vehicles and door handles 
and contaminated air causing transmission of pathogens from person to person and con-
taminated kitchen equipment causing cross contamination between equipment and foods are 
risk factors for health-threatening infections. Inadequate disinfections of these equipment and 
air are risk factors for transmission of pathogens to patients. Hepatitis B, hepatitis C, Rota 
virus, Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli O157:H7, Salmonella 
typhimurium, Shigella dysenteriae, Vibrio cholera, and Helicobacter pylori are the most common 
examples of pathogens transmitted. Failure to apply disinfection applications has been lead-
ing to various outbreaks [1].

2. Guidelines for disinfection applications

There are many guidelines for choosing and using proper disinfection and sterilization meth-
ods by effective disinfectants in distinct areas, and application of disinfection and sterilization 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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4 Disinfection 

methods in many countries, such as Centers for Disease Control and Prevention (CDC), and 
the Society for Healthcare Epidemiology of America (SHEA). Guideline for Disinfection and 
Sterilization in Healthcare Facilities that searched and used articles published in American 
Journal of Infection Control, Infection Control and Hospital Epidemiology, and Journal of 
Hospital Infection that are the three common journals for controlling infection was written by 
Rutala and Weber (2008 and updated in February 15, 2017) and published by CDC [1]. 

3. Disinfectants 

Contaminated biotic surfaces such as skin, contaminated abiotic surfaces such as medical devices, 
and kitchen equipment exposed to cross contamination must be disinfected to prevent pathogens. 
Alcohols, chlorine and chlorine compounds, quaternary ammonium compounds, phenolics, 
iodophors, formaldehyde, glutaraldehyde, ortho-phthalaldehyde, hydrogen peroxide, peracetic 
acid are examples of disinfectants used. Microbicide metals, ultraviolet radiation (UV), pasteuri-
zation were also used for disinfection of surfaces, as miscellaneous inactivating agents [1]. 

4. Efficacy of disinfection�

Bactericidal effects of disinfectants vary against each microorganism. According to efficacy of 
disinfectant, appropriate disinfectant must be used against each microorganism. For example, 
a few types of disinfectants are not suitable for cold, due to inefficacy of disinfectant at lower 
temperatures of environment. This problem can be overcome by selecting appropriate disin-
fectant of which effect is high in cold conditions [2, 3]. 

Temperature and pH of the disinfection process, amount of microorganism, physical factors 
such as surface type, chemical factors such as chemical composition of surface or disinfec-
tant, antibacterial resistance of microorganism, biofilm production of microorganism, dose 
of disinfection, and duration of exposure to disinfection are the factors affecting efficacy of 
disinfectant against pathogens [1]. 

Susceptibilities of biofilm-embedded bacteria (sessile cells) and spores to disinfectants are 
lesser than planktonic and vegetative cells. It is hard to destroy bacterial biofilms, bacterial 
spores, and resistant microorganisms that can stay alive. Bacterial spores and resistant micro-
organisms can resist disinfectants. Studies showed that the effect of some disinfectants such 
as chlorhexidine, propamidine, and quaternary ammonium compound cetrimide against 
methicillin-sensitive Staphylococcus aureus (MSSA) was greater than that of methicillin-resis-
tant Staphylococcus aureus (MRSA) which is a life-threatening pathogen [4]. Researchers found 
that the susceptibility of gentamicin-resistant Staphylococcus aureus (S. aureus) isolates against 
propamidine, quaternary ammonium compounds, and ethidium bromide was lesser than 
gentamicin-susceptible S. aureus isolates [5]. Tennent et al. demonstrated that the suscepti-
bility of staphylococci carrying qacA gene that encodes cytoplasmic membrane-associated 
protein which is a member of an efflux system was reduced against some disinfectants such 
as quaternary ammonium compounds [6]. 
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In contrary to these studies, some other studies demonstrated that susceptibility of common 
antibiotic-resistant nosocomial isolates such as Enterococcus, Pseudomonas aeruginosa, Klebsiella 
pneumoniae, E. coli, S. aureus, and Staphylococcus epidermidis against disinfectants was the 
same as antibiotic-sensitive ones [7–10]. Other studies concluded that vancomycin-resistant 
Enterococcus (VRE) was eliminated by disinfectants [11]. 

Although biofilm-embedded bacteria are 10- to 1000-fold more resistant than planktonic ones 
[12], disinfectants such as chlorine and monochloramines eliminate biofilm-embedded bacte-
ria [13–15]. 
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Abstract

This chapter deals with disinfection of water used for human and animal consumption. 
Water is the most abundant chemical component of the Earth and is very extensively 
used by mankind. Anthropogenic pressure on the environment leads to decrease in water 
quality. The quality of water is determined using the most important range of param-
eters (physical, chemical, and microbiological). This chapter discusses major pollutants 
of water, protection of water sources, micro-organisms causing the main waterborne dis-
eases and methods of treatment, and disinfection of water. Different methods are used to 
disinfect drinking water. One of the most frequently used methods is disinfection with 
active chlorine, which is the only method providing continuous protection against micro-
bial regrowth. However, this method has also some disadvantages (e.g., formation of 
trihalomethane and haloacetic acid precursors) linked to increased risk of cancer. It is 
important to remember that none of the products used to disinfect water is capable of 
ensuring complete safety of treated water if the water comes from unsuitable sources.

Keywords: disinfection, chlorination, drinking water safety, farm animal watering, 
microbiological examination, physico-chemical examination

1. Introduction

Water is essential for the existence of life. It should be available to all at adequate quantity and
quality. Access to safe drinking water is the basic requirement for ensuring good health of animals
and humans, so every effort should be made to achieve this goal [1]. The safety of drinking water
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is assessed on the basis of national standards or international guidelines. The WHO Guidelines 
for Drinking Water Quality form an authoritative basis for the setting of national regulations and�
standards for water safety in support of public health. In Slovakia, regulation of the government 
of the SR Act No. 368/2007 Coll. [2], which amends and supplements the Act No. 322/2003 Coll. 
[3], on protection of farm animals, specifies that all sources of water used for watering of animals�
must comply with the requirements on water intended for human consumption. The require-
ments on the quality of water used for human consumption are determined by the regulation of 
the government of the SR No. 496/2010 Coll. [4], which complies with the criteria set by European 
Communities regulations and WHO guidelines. This regulation specifies also methods for the�
control of quality of water used for human consumption. 

Water sources can be contaminated by numerous man-made pollutants, classified into two 
categories of sources, point and diffuse. Industrial premises, towns, agricultural installations 
including animal farms and landfills—point sources—can be more easily identified and con-
trolled. Diffuse sources, such as run-off from agricultural land and hard surfaces (roads and 
acid rains), are less obvious and more difficult to control. Such sources are responsible for 
considerable variations in the contaminant load over time [5]. 

Source protection zones (SPZs) form a key part of the approach to controlling the risk to 
groundwater supplies from potentially polluting activities and accidental releases of pollut-
ants. The procedure for land-surface zoning related to the protection of groundwater against 
both point and diffuse pollution is hydrogeologically based but not so complex as to be 
unworkable in practice. The SPZ approach is primarily a policy tool used to control activities 
close to water supplies intended for human consumption. For source protection, three zones 
have typically been defined:�

1. Inner protection zone is defined as the 50-day travel time from any point below the water 
table to the source. The minimum radius of this zone is 50 m. 

2. Outer protection zone is defined by a 400-day travel time from a point below the water table.�

3. Source catchment protection zone is defined as the area around a source within which all 
groundwater recharge is presumed to be discharged at the source. 

In the case of diffuse pollution, it will also be necessary to consider the nature of the soil cover 
in the area where the polluting activity occurs [6, 7]. 

Many agents of infectious diseases of animals and humans are waterborne. The greatest risk 
of their transfer is associated with ingestion of water that is contaminated with human or ani-
mal faeces that may become a source of pathogenic bacteria, viruses, and parasites (protozoa, 
eggs of parasites). They may survive in water for different periods and cause diseases in many 
people throughout the world. Monitoring of safety of water sources involves physical, chemi-
cal, microbiological, biological, and radiological parameters. The most frequently determined 
parameters indicate pollution caused by sewage, animal excrements, storage of waste, animal 
manure, and artificial fertilisers [8, 9]. With regard to protection of water, one should also 
mention the Directive 2010/75/EU [10] on integrated prevention of pollution and control that 
applies to industrial and agricultural installations with large pollution potential and helps to 
eliminate pollution of water sources. However, there are many smaller sources, particularly 
the non-point ones that do not fall under this directive. 



 

 
  

 
 

 

Disinfection of Water Used for Human and Animal Consumption 11 
http://dx.doi.org/10.5772/intechopen.76430 

The safety of drinking water with regard to harmful micro-organisms has traditionally been 
determined by monitoring the counts of bacteria, which indicate faecal contamination. This 
monitoring is done at entry to the supply system and at certain fixed and randomly located 
points within the distribution system. Much effort has been made to find ideal indicator 
micro-organisms, but, at present, no single micro-organism meets satisfactorily all the desired 
criteria. When using disinfection technologies based on active chlorine, the only reliable indi-
cator of chlorination performance for real-time control of bacteria and viruses is the existence 
of a target chlorine residual concentration after a specified contact time [7]. 

The heterotrophic plate count that includes all micro-organisms in water capable of growing 
on or in a nutrient-rich solid agar is determined to indicate the overall quality of water sources. 
At incubation for 24 hours at a temperature of 37°C (bacteria cultivated at 37°C, BC37), the 
counts of bacteria of animal origin are obtained, while at 22°C and cultivation for 72 hours 
(bacteria cultivated at 22°C, BC22), one can enumerate bacteria that are derived principally 
from environmental sources. Substantial increase of BC22 and particularly of BC37 above, nor-
mal values may be cause for concern. Faecal enterococci as an evidence of faecal contamina-
tion are capable of persisting longer in the environment in comparison with thermotolerant or 
total coliforms. They exhibit high resistance to drying. Faecal enterococci are cultivated in or 
on sodium azide containing medium, at incubation temperature ranging from 37 to 44°C [11]. 

According to WHO [12], Escherichia coli are the only true indicator of faecal contamination. 
These bacteria are exclusively of intestinal origin and are found in human and animal fae-
ces. They are indicators of mostly fresh faecal contamination, and their presence suggests 
inadequate protection of the specific water source, deficient treatment of water, and need for 
improving its safety. 

Leclerc et�al. [13] clarified the diversified roles that coliforms have in the environment and the 
real meanings of the tests on total coliforms and faecal coliforms. He concluded that: (1) in the 
enterobacteria, E. coli are the only true and reliable indicator of faecal pollution in environ-
mental waters; (2) the traditional total coliform test should be abandoned because it can detect 
bacteria that have no connection with faecal pollution; (3) the detection of faecal coliforms 
must be carried out at 44.5°C, and positive results confirmed by identification to species levels 
in order to exclude false positives such as Klebsiella pneumoniae. 

The intestinal enterococci group has been used as an index of faecal pollution. In human 
faeces, the numbers of intestinal enterococci are generally about an order of magnitude lower 
than those of E. coli. However, caution should be taken with interpreting the results obtained 
by the enterococci procedure in water analysis. Enterococci and other group D-streptococci 
are present in many foods, especially those of animal origin [14]. 

Managing microbial risks in water supply relies primarily on identifying catchment risk and, 
as far as possible, applying control measures to mitigate it—treatment and disinfection sys-
tems designed to deal effectively with expected microbial loads, raw water quality, prevent-
ing microbial contamination in distribution system and at consumers. This is consistent with 
the Drinking Water Safety Plan (DWSP) approach for water supply risk, which is a risk-based 
approach to managing water quality that is designed to ensure delivery of safe drinking water 
in terms of both quality and quantity. Then, effectiveness of controls and barriers has to be 
validated and action plan to reduce risks to an acceptable level identified [7]. 
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The physico-chemical properties of water, particularly pH, temperature, the presence of 
organic matter (chemical oxygen demand, COD), low level of dissolved oxygen (DO), electric 
conductivity (EC), turbidity, content of ammonium ion, presence of heavy metals, and others, 
affect the quality of drinking water, and some of them have direct effect on the health of con-
sumers [15]. In addition, these parameters can affect the survival of potential disease agents, 
the effectiveness of the performed disinfection [16]. 

Although the groundwater is filtered when passing through the soil, it is often susceptible 
to microbial contamination and must be checked periodically and disinfected if necessary. 
A major groundwater pathogen occurrence study supported by the American Water Works 
Association (AWWA) Research Foundation and the U.S. Environmental Protection Agency 
(EPA), involving testing for total coliform bacteria, E. coli, coliphage, and human viruses, indi-
cated positivity for one or more indicators of faecal contamination that in 60% of vulnerable 
wells and about 50% of wells initially considered not vulnerable. 

1.1. Disinfection of drinking water 

The current drinking water regulations specify parametric values for various chemicals in 
drinking water, and compliance with the limits for microbiological parameters is of primary 
concern in the protection of human health. Different disinfectant technologies can be used to 
eliminate the risks consequent to the presence of organic and inorganic impurities in source 
waters and to meet the pathogen inactivation demands, as a part of a treatment process and/ 
or subsequent disinfection processes. 

The control of residual organic or inorganic compounds in water before disinfection limits 
disinfection by-products in water supplied to consumers. The maintenance of a disinfectant 
residual within the distribution system that is not ensured by all disinfection technologies is 
an important factor that prevents the regrowth of microorganisms in water. 

The following key factors influence the selection of a disinfection system: the effectiveness of the�
disinfectant in destroying pathogens of concern; the quality of the water to be disinfected; the for-
mation of undesirable by-products as a result of disinfection; the ability to easily verify the opera-
tion of the chosen disinfection system; the ease of handling and health and safety implications of 
a disinfectant; the preceding treatment processes; and the overall cost [7]. 

Chlorination is a chemical disinfection based on the application of various substances with 
different concentration of active chlorine ranging from gaseous chlorine, through sodium or 
calcium hypochlorite and chloramines, up to chlorine dioxide. Chlorine-based compounds 
are the only major disinfectants ensuring residual levels of the disinfectant agent capable of 
providing continuous protection against microbial regrowth [17]. 

When chlorination is performed with gas chlorine, the active forms of chlorine in water are 
a hydrolysis product, hypochlorous acid. At pH values below 6, the chlorine exists almost 
exclusively as hypochlorous acid, and at pH values above 9, it exists as hypochlorite. Since 
hypochlorous acid is a more potent disinfectant, chlorination under slightly acidic conditions 
is recommended [18]. 

The dose of chlorine is affected by the quality of the treated water and the form of the chlorine 
preparation used for disinfection. The above factors affect the residual active chlorine levels 
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present in water supplied to the consumer. Active chlorine preparations have been consid-
ered the most suitable way of disinfection of on-farm groundwater (wells) for numerous rea-
sons. Such disinfection is cost effective, reliable, relatively simple, measurable and provides a 
protective residual level of active chlorine [17, 19]. 

Different techniques of chlorination have been developed. Breakpoint chlorination uses active�
chlorine dose sufficient to rapidly oxidise all the ammonia nitrogen present in the water and�
to leave free residual chlorine capable of protecting the water against reinfection from the 
point of disinfection always up to the consumer. Superchlorination/dechlorination is based 
on the addition of a large dose of chlorine ensuring rapid disinfection by-products of relevant 
chemical reaction, followed by reduction in the excess of free chlorine residual, which must 
be removed to prevent taste problems and reduce corrosion of pipelines. The latter method�
is used mainly in case of variable bacterial load or inadequate detention time in the tank. 
Marginal chlorination is used for disinfection of high quality water supplies. It involves simple 
dosing of chlorine to produce a desired level of free residual chlorine. The chlorine demand of 
water from these sources is very low, and the breakpoint might not even occur [1]. 

The original WHO recommendations for the use of chlorine as a disinfectant stipulated a mini-
mum free chlorine concentration of 0.5 mg/L after 30 min contact time at a pH of less than 8 
provided that the turbidity is less than 1 nephelometric turbidity unit (NTU). A site specific�
approach may need to take into account: the levels of contamination with pathogens expected,�
and any specific pathogens of concern for the site (catchment risk); the extent and performance�
of treatment prior to final disinfection; the design of the contact tank, in relation to short-
circuiting; and expected variations in temperature and pH [7]. 

The by-products (BPs) of chlorine disinfectants can affect the health of consumers of the disin-
fected water or induce in them various responses. Their extent depends on numerous factors 
such as the period of action, concentration, and frequency of exposure [20]. 

Chlorine dioxide is a more powerful disinfectant than chlorine and does not form trihalometh-
anes (THMs) by reaction with humic substances. However, its generation is also associated 
with some BPs, such as chlorites and chlorates [21]. One of the most undesirable BPs in gen-
erators is the toxic chlorate ion [18]. It cannot be stored in compressed form in tanks because it 
is explosive under pressure and must be generated on site and thus is likely to be substantially 
more expensive than chlorine. 

Chloramination of water is based on the formation of monochloramine, which is formed when 
ammonia and chlorine are dosed, and react, under well-controlled conditions. It is essential to 
control the process to prevent the formation of strong tastes and by-products. The disinfection 
capability of monochloramine is poor when compared with chlorine. The key advantage of 
monochloramine is that it does not form THMs but still provides a disinfectant residual [7]. 

Chloramine-T is an organic N-chloramine. Chloramine-T is a slow-release chlorinating agent, 
and it is an exception to the organic chloramines because of its considerable value as a disinfec-
tant and a sanitiser. The hydrolysis mechanism involves the production of aqueous free chlo-
rine (HClO, ClO−). Organic chloramines in general are thought to be considerably less toxic to 
aquatic life than the inorganic chloramines, such as mono-, di-, and trichloramine. Inorganic 
chloramines usually exist as monochloramine in aqueous solutions [22]. The detailed hydro-
lysis mechanism of chloramine-T varies with pH and is quite complex. In aqueous solutions of 

http://dx.doi.org/10.5772/intechopen.76430


 
 
 

  
  

  
 
 
 
 
 
 

   

 

 

 
 

  
  

 

14 Disinfection 

chloramine-T, caused by dissociation, hydrolysis, and disproportionation processes, seven differ-
ent kinds of molecules emerge (HClO, ClO−, R─NCl─, R─NHCl, R─NCl2, R─NH2, and R─NH─ 
[R═CH3─C6H4─SO2]) [23]. The use of chloramine-T solutions for disinfection of water includes 
its use in aquaculture. Tests performed on brook trout by Cipriano et�al. [24] substantiated the 
therapeutic value of single treatment with chloramine-T (15 mg/L) against Aeromonas salmonicida, 
which was more successful than that treatment with formalin or salt. 

Schmidt et�al. [22] presented detailed environmental assessment of the effects of chloramine-T�
use in and discharge by freshwater aquaculture. Intensive aquaculture facilities discharge into 
streams, rivers, and lakes. Both before and after discharge, chloramine-T can remain unchanged, 
release its chlorine as aqueous free chlorine, or donate its chlorine directly to produce ammonia 
chloramines or other chlorinated organic-N or non-N compounds. Since chloramine-T is used 
as an antiseptic and a surface sanitising agent, toxicity to bacteria is to be expected at some 
concentration level. Chloramine-T was an effective microbicide against Pseudomonas aeruginosa 
at 300 mg/L (reduced colony forming units by 105) and at 5000 mg/L against Vibrio cholerae [25]. 

Ozone is more powerful disinfectant when compared with either chlorine or chlorine 
dioxide. It is the only chemical that can ensure effective inactivation of either Giardia or 
Cryptosporidium. It also destructs organic micropollutants (pesticides, odour compounds). 
However, its residual is insufficiently low lasting for distribution.�

The non-chemical disinfection system involves ultraviolet (UV) radiation. It is necessary 
to ensure suitable intensity and duration of UV radiation to give a UV “dose,” which will 
depend on the application. Dose of 40 mJ/cm2 is commonly used for UV disinfection systems 
as it is capable of inactivating a broad spectrum of waterborne pathogens. It is effective for 
protozoa, bacteria, and most viruses but less effective for viruses than chlorine [7]. 

The main drawback of disinfection with gaseous chlorine and active chlorine releasing prepa-
rations is that chlorine can react with natural organic matter (NOM) present in water to gen-
erate various types of disinfection BPs, such as trihalomethane and haloacetic acid. The BPs 
are associated with increased incidence of the risk of cancer in areas served with chlorinated 
water [26, 27]. Zhao et�al. [28] mentioned chloro- and bromobenzochinones as additional by-
products of chlorination. 

The presence of NOM in water and their chemical and physical characteristics can be investi-
gated by excitation emission matrix (EEM) fluorescence spectroscopy that serves as a power-
ful tool [27]. 

As the effectiveness of chlorination can be affected by NOM, it is important to obtain adequate 
information about this parameter. As the content of NOM in water from natural sources may 
vary considerably, the optimum dose of chlorine disinfectants necessary for complying with 
the respective legislative requirements on active chlorine residuals should be determined, for 
example, by experimental chlorination [29]. 

With regard to the negative effects of gaseous chlorine and stricter legislation, new methods and�
technological procedures were searched for to find a way of ensuring hygiene safety of drinking�
water. Of the physical methods, Jirotkova et�al. [30] proposed the use of electrolytic methods, and 
Hussain et�al. [31] presented the combination of adsorption and electrochemical disinfection. 
Recently, UV technologies with online fluorescence detection were employed for disinfection of�
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secondary water sources [32], for example, the combination of mechanical filtration and disin-
fection by solar radiation [33], or combined action of UV radiation and chlorine [34]. With these 
new approaches, one could achieve reduction in the level of undesirable BPs and elimination of 
negative effects on physical properties of water, resembling that after disinfection with ozone�
[35]. However, the majority of them do not ensure the residual disinfection power. 

The aim of this study was to monitor the quality and safety of three groundwater sources 
located in the eastern Slovakia and to determine experimentally the optimum dose of chlo-
ramine-T (commercial preparation) needed for their adequate disinfection that could ensure 
hygiene safety of water in terms of devitalisation of potential pathogens and observation of 
the relevant limit for residual active chlorine (0.3�mg/L) in drinking water [36]. 

2. Materials and methods 

The study involved monitoring of three groundwater sources supplying water to three farms, 
two cattle farms, and one farm keeping both cattle and sheep, located in a hilly area in the 
Prešov region (eastern Slovakia), about 4 km apart. The samples of groundwater from these 
wells were collected from January to May, in intervals specified below. The quality of water in 
the investigated sources and its potential to form disinfectant BPs was assessed on the basis of 
microbiological, physico-chemical, and fluorescence analyses. After obtaining unfavourable 
bacteriological results during preliminary sampling in January and February, experimental 
chlorination of water was carried out for each source. Subsequently, the effectiveness of such 
dose was then checked under field conditions.�

The experimental chlorination was conducted using a chloramine-T (sodium tosylchlora-
mid; sodium salt of N-chloro-4-methylbenzene-1-sulfonamide) as disinfectant. It involves the 
determination of optimum dose of chloramine T and intervals between application of this 
disinfectant necessary to prevent transmission of waterborne diseases and ensure such level 
of residual chlorine, so that the water can be used for watering of animals (complying with 
the national limit for residual active chlorine 0.3�mg/L) and for other related processes [37, 38]. 

2.1. Description of the monitored water sources 

Source 1: It was located on a farm in eastern Slovakia at a distance of approximately 13 km 
from the town Prešov. The farm focused on fattening and rearing of cattle and included milk-
producing dairy cows and a calf rearing section. The farm was well-known abroad because 
of fattening of bulls [39]. Five groundwater sources with a capacity of about 8000 L/d and 
depth in the range of 6–11 m were situated in close proximity of this farm. Water from these 
wells was brought to a storage tank of capacity about 40,000 L/d, from which the water was 
supplied to animals and used for other related operations. Water samples were collected from 
the common storage tank. 

Source 2: It was located on a farm situated 15 km northeast of Prešov. Sheep of Tsigai breed 
and Slovak-spotted cattle were kept on this farm. The source was a 23-m deep well. Water 
from this well was collected in a storage reservoir located up on a hill above the farm, of 
capacity 150,000 L/d. Water samples were collected from the storage reservoir. 
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16 Disinfection 

Source 3: A well of depth of 20 m and a reservoir of capacity of about 90,000 L/d were located 
on a farm 12.5�km away from Prešov. On this farm, young cattle and dairy cows were kept. 
The water samples for examination were collected from a tap in a cow house. 

2.2. Microbiological examination 

Determination of counts of relevant bacteria complied with the regulation of the government 
of the SR 496/2010 Coll. We determined colony forming units (CFUs) of bacteria cultivated 
at 22°C (BC22) and 37°C (BC37) (heterotrophic count) according to STN EN ISO 6222 [7], 
coliform bacteria (CB) and E. coli according to STN EN ISO 9308–1 [40], and faecal entero-
cocci (FE) according to STN EN ISO 7899–2 [41]. A pour-plate method was used to determine 
counts of BC22 and BC37 in nutrient agar medium after aerobic incubation. The number of 
colony forming units (CFUs) per mL of sample was determined. According to the regulation 
of the government of the SR 496/2010 Coll. [4], the limit value is 200 CFU/mL for BC22 and 
20 CFU/mL for BC37. 

Coliform bacteria (CB) and E. coli were cultivated on Endo agar (HiMedia, India) for 24 hours at 
37 and 43°C, respectively, and the characteristic colonies were counted. In the absence of colo-
nies, the incubation was prolonged for additional 24 hours. According to respective regulation, 
lactose fermentation test was performed for the confirmation of coliform bacteria. According�
to WHO (2008) [1], neither E. coli nor thermotolerant coliform bacteria can be detected in any 
100-mL sample. The same applies to total coliform bacteria that must not be detected in any 
100-mL sample (WHO, 1996, STN EN ISO 9308-1:90) [11, 40]. 

Determination of faecal enterococci (FE) consisted of filtering 100 or 10�mL of water sample�
(for water intended for mass consumption or individual consumption, respectively) through a 
membrane filter (filter size 0.45�μm). The filter was then placed onto a solid selective medium�
containing sodium azide (to suppress growth of Gram-negative bacteria) and colourless 2,3,5-tri-
fenyltetrazolium chloride, which is reduced by intestinal enterococci to red formazan. The regu-
lation stipulates that faecal enterococci must not be detected in any 100�mL sample of water [42]. 

2.3. Experimental chlorination of water 

The preliminary bacteriological examination of water from all three sources showed the need 
to carry out experimental chlorination of water. This allowed us to determine appropriate 
doses of chloramine-T necessary for disinfection of water in the investigated sources. 

Procedure—Horakova et�al. [29]: We used 0.1% solution of chloramine-T for experimental 
chlorination (active ingredient Tosylchloramide sodium, 81% active chlorine, manufactured 
by Bochemie—http://www.bochemie.cz/en-US/contact) [43]. The dosage recommended by 
the manufacturer is 10 g per 1000 L of water (this presumes maximum pollution of water). 
After measuring equal volumes of water into a series of bottles, we added to them increasing 
doses of 0.1% solution of chloramine-T, allowed it to act for the prescribed time (30 min) and 
determined content of residual free chlorine in each bottle. The optimum dose of chloramine-
T (g/L) for each source was determined by recalculation on the basis of the volume of 0.1% 
chloramine-T added to the bottle with the residual free chlorine within the range stipulated 
by the legislation (0.05–0.3 mg/L). 
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The doses of chloramine-T determined by experimental chlorination and dissolved in a suf-
ficient volume of water before added to each source were used to disinfect water in the inves-
tigated sources three times in regular intervals during the first half of 2015. On the 5th day 
after disinfection, we carried out bacteriological examination of water. On the basis of results, 
the chloramine-T dose originally determined by experimental chlorination (100 g) for Source 
1—100 were doubled after heavy rain in April to 200�g. The dose for Source 2 was 360�g for 
reservoir with a capacity of about 150,000 L/d and 180 g (90,000 L/d) for Source 3. 

2.4. Physico-chemical examination of water 

The water was examined on site for sensorial properties (colour, odour, turbidity) and checked 
again after transported to a laboratory. No changes were detected, and the results met the 
requirements set by legislation for drinking water. The temperature of samples was measured 
at sampling and ranged between 7 and 10.5°C. Water was sampled and examined from January 
to May 2015. 

The pH was determined according to STN ISO 10523 by means of a pH-meter HACH and a 
WATERPROF pH Tester 30. Conductivity was determined by a conductometer WTW InoLab 
Cond 720 (Germany). 

Quantitative determination of nitrates was carried out with ion-selective nitrate electrode 
WTW (InoLab pH/ION 735P, Germany), and chlorides and active chlorine were determined by 
titration (STN ISO 9297 [44] and EN ISO 7393-3 [45], respectively) and Ca2+ and Mg2+ by titration 
method according to Horakova et�al. [29]. Dissolved oxygen was determined electrochemically 
using an oxygen probe LDO HQ Series Portable Meters, supplied by HACH (STN EN ISO 
5814:2013 [46], ion selective method), and for determination of chemical oxygen demand, the 
samples were oxidisied with KMnO4 using the procedure specified in STN EN ISO 8467 [47]. 

In parallel with collection of samples for microbiological and physico-chemical analysis, sam-
ples of water from all three water sources were taken for FEEM spectroscopy and examined 
by a luminescence spectrophotometer Perkin Elmer LS 55 (USA) at the following settings: 
excitation wavelength in the range 250–450 nm with a gradual increment increase (10 nm), 
range λ�=�250–600�nm (excitation/emission slit: 5/10�nm, quartz cuvette of width 1�cm, scan-
ning rate of emission monochromator: 20�nm/s). Excitation-emission matrices (EEMs) were 
obtained using a FIW Inlab programme [48]. 

3. Results and discussion 

Water problems face virtually every nation in the world. Major water supply problems are 
related to shortages, overexploitation of supplies, flooding and insufficient protection of water 
sources, either surface or ground, against contamination with human and animal wastes, and 
other human activities. Good quality of water intended for human consumption and watering 
of animals is essential for its safety and prevention of disease transfer. 

Surface water serves as a recipient not only for rain water from relevant catchment areas 
but also of wastewater (treated and untreated) and waters penetrated by infiltration from 
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landfills. Because removal of some pollutants is very difficult and expensive, pollution of 
surface water that is used for drinking after appropriate treatment must be prevented. This is 
achieved by zones of protection, the size of which depends on particular situation [18]. 

The primary pollution of groundwater can be caused by substances naturally occurring in 
groundwater and the mineral environment or by all types of wastewater, industry, agri-
culture, transportation, and exploitation of minerals. Therefore, groundwater sources also 
require protection, regular monitoring, and some treatment—the process of converting raw 
water from subsurface source into a potable form, suitable for drinking and other domestic 
uses. The method used for the treatment of groundwater will depend on the contaminants 
involved [49]. Although scientists look for new methods of disinfection or combine several 
technologies in order to reduce some harmful by-products associated with some ways of dis-
infection [50], processes based on active chlorine releasing substances are still most frequently 
used owing to their effectiveness, relatively low cost and residual disinfection power.�

3.1. Results of microbiological examination of disinfected groundwater 

Because we monitored water that should meet the limits for drinking water, we compared our 
results with those set by the relevant legislation Act 496/2010 Coll. [1, 4, 11, 40]. 

3.1.1. Source 1 

In the period from January to May 2015, this source was disinfected five times, and on 5th 
day post each chlorination, the bacteriological quality of water was checked. The results are 
presented in Table 1. 

The first chlorination was performed using 20�g of chloramine-T dose for one well, based�
on previous experimental chlorination. Because bacteriological results obtained 5 days after 

Parameter CB (CFU) E. coli BC 37 BC 22 FE (CFU) Cl2 (mg/L) 
(CFU) (CFU) (CFU) 

Before disinfection 

Mean value 160 1 18 23 1 0 

5 days after disinfection by chloramine-T 

1 sample (20 g) 130 0 42 2 5 0 

2 sample (40 g) 15 0 12 15 0 0 

3 sample (40 g) 0 0 0 2 2 0 

4 sample (40 g) 21 0 6 8 0 0 

5 sample (40 g) 0 0 0 3 1 0.05 

Limit (CFU) 0a 0a 20b 200b 0a 0.05–0.3 

aCFU in 100 ml. 
bCFU in 1 ml. 
CB: coliform bacteria; BC 37 or BC 22: bacteria cultivated at 37 or 22°C; FE: faecal enterococci; Cl2: free chlorine; CFU: 
colony forming unit. 

Table 1. Results of microbiological examination and the level of free chlorine for Source 1 before and after disinfection 
with chloramine-T. 
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the first chlorination indicated that the dose cannot ensure effective disinfection, this dose�
was doubled in subsequent months to 40 g of chloramine-T per well. After the 4th chlorina-
tion, we observed that at the beginning of May no residual chlorine was present in water, 
and total coliform bacteria were detected in the relevant sample. Their presence suggested 
that a source of pollution may exist in the vicinity of one or more wells and that this source 
should be identified and eliminated in order to ensure safety of water. After the fifth chlo-
rination at the end of May, before which there was a period without precipitations, the 
40�g dose of chloramine-T appeared sufficient again. The wells that supplied water to the�
reservoir were not very deep (6–11 m), so in the period of intensive precipitations, they were 
more susceptible to contamination with various groups of bacteria including those of faecal 
origin, which could reach through run-off the relevant aquifer, as the wells were situated�
in an agricultural area. In such periods, we recommend more frequent disinfection of water 
with the 40 g dose. 

Bonton et�al. [51] observed that bacteriological pollution of groundwater in an agricultural area 
varied in space and time, and its contamination was higher during summer. Contamination 
exceeding the drinking water standard for treated water was determined in only 2% of the 
raw water samples. Total coliforms appeared to be a good precursor of E. coli or enterococci 
contamination. 

Cho et�al. [52] observed that heavy rainfall supports the transport of pathogenic bacteria. If 
these bacteria are introduced into groundwater, they can survive in a viable state but may or 
may not be culturable. 

The studies of groundwater pollution focus usually on two to three indicator bacteria (e.g., 
total coliforms, faecal coliforms, and faecal enterococci) that were used to evaluate water qual-
ity. Because the combination of different kinds of pollution indicator bacteria provides better 
picture about faecal contamination in a given environment, we also used such approach in 
our study and determined heterotrophic counts besides indicator bacteria. 

3.1.2. Source 2 

After the experimental chlorination, Source 2 was disinfected with a dose of 180 g chloramine-
T, which, however, appeared insufficient at checking on day 5 post disinfection as total coli-
forms and faecal coliforms were detected in the sample. This again required to increase the 
dose of chloramine-T to 360 g (Table 2). This increased dose was used in all four subsequent 
chlorinations and appeared effective up to May. After using 360�g dose, increased coliform 
counts were detected in this source at the beginning of May after intensive precipitations. 
Although the groundwater source has a depth of 23 m, it is located again in agricultural area 
where it can also run-off from the farm supplied from this source. Similar to the previous 
farm, change in intervals between disinfection is recommended in dependence on weather in 
order to ensure bacteriological safety of water. 

3.1.3. Source 3 

On the basis of experimental chlorination of water from Source 3, 180 g of chloramine-T was 
proposed as the optimum single dose. This amount was sufficient, and neither E. coli nor entero-
cocci were detected after disinfection. The increased counts of coliform bacteria in the samples 
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20 Disinfection 

Parameter CB (CFU) E. coli BC 37 BC 22 FE (CFU) Cl2 (mg/L) 
(CFU) (CFU) (CFU) 

Before disinfection 

Mean value 150 0 35 88 20 0 

5 days after disinfection by chloramine-T 

1 sample (180 g) 55 0 195 192 2 0 

2 sample (360 g) 1 0 32 125 0 0 

3 sample (360 g) 1 0 15 30 0 0.05 

4 sample (360 g) 8 0 85 136 0 0 

5 sample (360 g) 0 0 0 2 0 0.15 

Limit (CFU) 0a 0a 20b 200b 0a 0.05–0.3 

aCFU in 100 ml. 
bCFU in 1 ml. 
CB: coliform bacteria; BC 37 or BC 22: bacteria cultivated at 37 or 22°C’; FE: faecal enterococci; Cl2: free chlorine; CFU: 
colony forming unit. 

Table 2. Results of microbiological examination and the level of free chlorine for Source 2 before and after disinfection 
with chloramine-T. 

after fourth chlorination together with the detection of 1 CFU of E. coli and the absence of resid-
ual free chlorine could be ascribed to heavy rain, so more frequent disinfection is recommended 
in such period (Table 3). 

Parameter CB (CFU) E. coli BC 37 BC 22 FE (CFU) Cl2 (mg/l) 
(CFU) (CFU) (CFU) 

Before disinfection 

Mean value 10 0 2 11 0 0 

5 days after disinfection by chloramine-T 

1 sample (180 g) 1 0 3 8 0 0 

2 sample (180 g) 3 1 0 19 1 0.05 

3 sample (180 g) 2 0 0 12 0 0.05 

4 sample (180 g) 9 1 13 38 0 0 

5 sample (180 g) 0 0 1 2 0 0.05 

Limit (CFU) 0a 0a 20b 200b 0a 0.05–0.3 

aCFU in 100 ml. 
bCFU in 1 ml. 
CB: coliform bacteria; BC 37 or BC 22: bacteria cultivated at 37 or 22°C; FE: faecal enterococci; Cl2: free chlorine; CFU: 
colony forming unit. 

Table 3. Results of microbiological examination and the level of free chlorine for Source 3 before and after disinfection 
with chloramine-T. 
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Our results indicated better quality of water in this source in comparison with Sources 1 and 
2. The depth of this source was considerable, and soil should ensure sufficient filtration of 
water. However, potential infiltration of pollutants is affected by many factors, such as the 
aquifer itself, immediate environment of well, geological conditions, existence of potential 
sources of pollution, and others. 

3.2. Results of physico-chemical examination 

Physico-chemical examination of water is important for assessment of its acceptability and 
potential health risks. Some chemical parameters indicate the risk of faecal or environmental 
contamination of water sources and may help to identify the sources of such contamination 
and take preventive measures. 

Active chlorine added to water reacts to form hypochlorous acid and hypochlorite ion that are 
referred to as “free” or “available” chlorine. Their relative amounts vary with pH, when the 
pH rises above 8, the free chlorine loses most of its disinfectant power [53]. 

The presence of N-NH4
+ in groundwaters is one of the most important indicators of fresh fae-

cal pollution of water sources as a product of microbiological decomposition of organic matter�
and unused nutrients in the animal excrements. Although ammonium ions are retained by 
the cation exchange complex in the soil, Fridrich et�al. [8] and Bartel-Hunt et�al. [54] detected 
increased levels of ammonium nitrogen in shallow groundwater of the wells downstream from 
the pig housings and slurry lagoons. Natural levels of N─NH4

+ in groundwater and surface 
water are usually below 0.2�mg/L, and anaerobic groundwaters may contain up to 3�mg/L [1]. 

Nitrates found in water as a final product of oxidation of N─NH4
+ may also serve as indicators of 

older pollution. Due to various activities, such as excess application of inorganic nitrogenous fer-
tilisers and animal manures, wastewater disposal, or leaking septic tanks, nitrates can reach both 
surface water and groundwater. While the concentration of nitrates in surface water can change 
rapidly as a result of run-off from the surface, application of fertilisers, uptake by phytoplank-
ton, and action of denitrification bacteria, their concentrations in groundwater generally exhibit�
relatively slow changes. Although the most important sources of human exposure to nitrates 
and nitrites are vegetables and meat in the diet, under some circumstances, drinking water can 
significantly contribute to nitrate and, occasionally, nitrite intake [55]. Exposure of bottle-fed�
infants to nitrates and nitrites through drinking water can result in serious consequences. 

In the majority of countries, the contribution of surface waters to nitrate levels in drinking 
water does not exceed 10 mg/L. However, nitrate levels in groundwater are often higher, 
exceeding the acceptable limit for adults (50 mg/L), particularly in agricultural areas. Nitrite 
levels are usually lower, rarely exceeding a few milligrammes per litre. Bonton et�al. [51] 
monitored quality of groundwater and its variations in an agricultural area and reported con-
siderable spatial and temporal variations in nitrate concentration from 6 to 125 mg/L. 

Drinking water contains chlorides that originate from natural sources, sewage and industrial 
effluents, urban run-off containing de-icing salt, and saline intrusion. Urine of animals and 
humans contains relatively high levels of chlorides; therefore, values above 250 mg/L indicate 
risk of pollution of water with faeces [42]. 
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The mineral content of natural and treated waters varies in considerable range. It could be 
important for individuals who are marginal for calcium and magnesium intake that drink-
ing water may contribute to calcium and magnesium in the diet. Although epidemiological 
studies provided some information about a protective effect of magnesium or hardness on 
cardiovascular mortality, the evidence is being debated and does not prove causality. Further 
studies are being conducted in this respect. Because we lack sufficient data to suggest either 
minimum or maximum concentrations of minerals at this time, no guideline values for cal-
cium and magnesium (hardness) are proposed [12]. 

Source 1: In water from Source 1, the pH was in the range of 6.9–7.4, which corresponded with the 
requirements on drinking water. Saturation with oxygen ranged from 55.4 to 80.9%. Saturation 
below the recommended level was determined in May (45.4% vs. recommended min. 50%), 
which could be related to intensive precipitations in the first half of this month. The contamina-
tion caused by increased run-off could result in processes with increased demand on oxygen.�

Conductivity was in the range of 94.9–100.3 mS/m and was lower than the limit for this param-
eter (125 mS/m). Chemical oxygen demand ranged from 0.9 to 1.3 mg/L (limit 3.0 mg/L). 
Negative results were obtained for ammonium ions and nitrites. Nitrate levels ranged 
from 5.0 to 24 mg/L (limit 50 mg/L) and chlorides from 18.0 to 24.8 mg/L (limit 250 mg/L). 
Determination of calcium and magnesium showed that the recommended maximum concen-
tration of these two elements (5 mmol/L) was exceeded at all samplings (5.18–5.78 mmol/L). 

Contrary to the positive results for bacterial indicators, the physico-chemical examination 
of groundwater from Source 1 failed to indicate increased faecal contamination, even in the 
period of heavy precipitation. 

Source 2: Determination of pH showed that all samples complied with the recommendations 
for drinking water. Level of dissolved oxygen (DO) in drinking water serves as an indication of 
its pollution and potability. Depletion of DO in water supplies can result in microbial reduction 
in nitrate to nitrite and sulphate to sulphide [1]. Saturation of water in this source was in the 
range of 81.9–95.6%, and thus well above the minimum limit, indicating good quality of water. 

Electrical conductivity (EC) is a measure to the capacity of water to conduct electrical current, 
and it is directly related to the concentration of salts dissolved in water and therefore to the total 
dissolved solids (TDSs) principally calcium, magnesium, potassium, sodium, bicarbonates, 
chlorides, and sulphates and some small amounts of organic matter that are dissolved in water.�
The EC of the groundwater is a general indicator of manure pit leakage [56]. Conductivity of 
water in Source 2 ranged from 76.0 to 83.1 mS/m and complied with the standard (125 mS/m). 
Oxidisability (chemical oxygen demand—CODMn) ranged from 1.2 to 1.24 mg/L, i.e., well below 
the maximum limit (3.0 mg/L). The level of nitrates was in the range of 6–18 mg/L, i.e., well below 
the 50 mg/L limit. With regard to the level of calcium and magnesium, water from this reservoir 
was within the recommended range (1.1–5.0 mmol/L) as it ranged from 3.8 to 3.9 mmol/L. 

Overall, similar to Source 1, the results of physico-chemical examination of water from Source 
2 did not indicate significant pollution with faeces.�

Source 3: pH values determined in all samples were within the recommended range as they 
varied between 6.6 and 7.7. Compliance with the standard was also observed for saturation 
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with oxygen (64.5–98.3%). Conductivity of water (40.3–77.2 mS/m) is directly related to the 
concentration of salts dissolved in water. The level of this parameter was lower than in 
Sources 1 and 2, so were also the values of oxidisability CODMn, which ranged from 0.16 
to 0.8 mg/L. These values indicated very low level of chemically oxidisable pollutants, and 
therefore low possibility of development of disinfection BPs at chlorination. 

When disinfecting water with active chlorine, the level of chemical oxygen demand (COD) or 
oxidisability is very important. COD is a measure of the capacity of water to consume oxygen 
during the decomposition of organic matter�and the oxidation of inorganic chemicals, such 
as ammonia and nitrite. Thus, it indicates potential risk of development of BPs, such as THMs 
and haloacetic acid, which are linked to increased risk of cancer [26, 27]. When assessing the 
vulnerability of groundwater, there is an assumption that the water closer to the soil surface 
is of greater risk of contamination by pollutants, including N compounds. The proportion of 
N forms in groundwater is also affected by the depth [57]. 

Nitrites and ammonium ions were not detected in Source 3 and nitrates ranged between 25 
and 32 mg/L and only at one sampling exceeded the limit by 8 mg/L. Chloride levels persisted 
well below the limit of 250 mg/L (6.8–22.3 mg/L). The sum of calcium and magnesium in water 
from Source 3 ranged between 2.0 and 2.4 mmol/L, which was in the recommended range. 

3.3. EEM fluorescence spectra of water from Sources 1 to 3�

Contamination of treated drinking water may occur while passing through the distribution 
system consumers. Elevated levels of dissolved organic matter (DOM) by the consumer com-
pared to the water leaving the treatment plant indicates potential contamination that can be 
measured sensitively, inexpensively, and potentially online via fluorescence and absorbance 
spectroscopy. However, we lack the knowledge how much natural variation can be expected 
in a stable distribution system [58]. 

DOM plays an essential role in biogeochemical cycles and in transport of organic matter�
throughout the hydrological continuum. Fox et�al. [59] used excitation-emission matrix (EEM) 
fluorescence spectroscopy to characterise microbially derived organic matter from common�
environmental microorganisms (E. coli, Bacillus subtilis, and P. aeruginosa). Their study showed 
that bacterial organisms can produce fluorescent organic matter (FOM) in situ and, further-
more, that the production of FOM differs at a bacterial species level. Fluorescence spectros-
copy is a reliable and highly sensitive optical technique that allows one to carry out rapid 
monitoring of DOM in both natural and engineered systems. Fluorescence excitation emission 
matrices (EEMs) provide plenty of information about DOM [60]. 

EEM indicates the presence of pollutants by means of fluorescence characteristics, namely 
position of fluorophore in EEM, or excitation and emission maximum. Recent studies showed 
that different ways of disinfection of water affect its fluorescence�properties due to develop-
ment of various disinfection BPs [61]. The basis for correct evaluation of EEM of respective 
samples is the determination of a standard that can be used for comparison of quality at the 
absence of previous chemical analysis. Sample of drinking water taken from public drinking 
water supply (Figure 1) was used as a graphic standard in our study. 
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Figure 1. EEM of potable water sample from public water main. 

4. Conclusion 

Physico-chemical, microbiological examination, and EEM fluorescence spectroscopy used to 
investigate water from three monitored sources showed that the Source 3 provided water of 
better quality than Sources 1 and 2 (Figures 2–4). The results obtained did not indicate pol-
lution of water with animal or human wastes. Some discrepancies between results of EEM 
spectroscopy and other analyses could be explained by limited number of EEM examinations 
and inability to identify the sources of NOM detected by this method. 

Our results also suggested that weather (precipitations) was most likely the reason why qual-
ity of water was adversely affected at some samplings. The presence of total coliform bacte-
ria indicated potential risk to animals consuming this water. However, according to some 
sources, total coliform testing can detect bacteria that have no connection with faecal contami-
nation. Also, results of physico-chemical examination did not indicate faecal pollution. This is 
a complex issue requiring additional more detailed investigations. 

The dose of chloramine-T determined by experimental chlorination and used for disinfection 
of investigated sources appeared effective only for Source 3, while they have to be doubled for�
Sources 1 and 2, and even these increased doses were much lower than the dose recommended 
by the manufacturer of this preparation. This is important from the point of view of decreas-
ing production of potential BPs of water disinfection with active chlorine preparation. It may 
be more appropriate to adjust the intervals between individual treatments (disinfection) to 
weather conditions (heavy rain) instead of significantly increasing the active chlorine doses.�
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Figure 2. EEM of water sample of Source 1. 

Figure 3. EEM of water sample of Source 2. 
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Figure 4. EEM of water sample of Source 3. 
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Abstract

Viral inactivation is typically studied using virus suspended in liquid (liquid inactivation) or
virus deposited on surfaces (carrier inactivation). Carrier inactivation more closely mimics
disinfection of virus contaminating a surface, while liquid inactivation mimics virus inactiva-
tion in process solutions. The prevailing opinion has been that viruses are more susceptible
to heat inactivation when suspended in liquid than when deposited on surfaces. In part,
this reflects a paucity of comparative studies performed in a side-by-side manner. In the
present study, we investigated the relative susceptibilities of the enteroviruses poliovirus-1
and adenovirus type 5 to heat inactivation in liquid versus carrier studies. The results of our
side-by-side studies suggest that these two viruses are more readily inactivated when heat
is applied to virus deposited on carriers. Decimal reduction values (i.e., the amount of time
required to reduce the virus titer by one log10) measured at 46°C displayed the greatest dif-
ference between carrier and liquid inactivation approaches, with values ranging from 14.0 to
15.2 min (carrier) and from 47.4 to 64.1 min (liquid) for poliovirus. The corresponding values
for adenovirus 5 were 18.2–29.2 min (carrier) and 20.8–38.3 min (liquid). At 65°C, the decimal
reduction values were more similar (from 4 to 6 min) for the various inactivation approaches.

Keywords: adenovirus, carrier inactivation, enterovirus, liquid inactivation, poliovirus, 
thermal inactivation

1. Introduction

Heat (thermal) inactivation is one of several physical approaches that may be employed to inac-
tivate viruses suspended in solutions or deposited on surfaces. Unlike chemical inactivation
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Viral inactivation is typically studied using virus suspended in liquid (liquid inactivation) or 
virus deposited on surfaces (carrier inactivation). Carrier inactivation more closely mimics 
disinfection of virus contaminating a surface, while liquid inactivation mimics virus inactiva-
tion in process solutions. The prevailing opinion has been that viruses are more susceptible 
to heat inactivation when suspended in liquid than when deposited on surfaces. In part, 
this reflects a paucity of comparative studies performed in a side-by-side manner. In the�
present study, we investigated the relative susceptibilities of the enteroviruses poliovirus-1 
and adenovirus type 5 to heat inactivation in liquid versus carrier studies. The results of our 
side-by-side studies suggest that these two viruses are more readily inactivated when heat 
is applied to virus deposited on carriers. Decimal reduction values (i.e., the amount of time 
required to reduce the virus titer by one log10) measured at 46°C displayed the greatest dif-
ference between carrier and liquid inactivation approaches, with values ranging from 14.0 to 
15.2 min (carrier) and from 47.4 to 64.1 min (liquid) for poliovirus. The corresponding values 
for adenovirus 5 were 18.2–29.2 min (carrier) and 20.8–38.3 min (liquid). At 65°C, the decimal 
reduction values were more similar (from 4 to 6 min) for the various inactivation approaches. 
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36 Disinfection 

approaches that often display greater efficacy for lipid-enveloped viruses than for nonenveloped�
viruses, heat inactivation has been found to display effectiveness for both enveloped and non-
enveloped viruses [1]. Heating appears to open the viral capsid, exposing the genomic material 
to nucleases present in the immediate environment [2, 3]. Therefore, the capsid conformation 
appears to be the main determinant of heat inactivation susceptibility [3, 4], not the envelope 
status. 

In the past, heat inactivation has more typically been evaluated in liquid inactivation studies. 
In these studies, a solution of known virus titer is heated at a given temperature for a given 
amount of time and the final titer is measured (Scheme 1). A decimal reduction value (D) in 
units of time required for one log10 decrease in titer is then calculated. Such studies are appro-
priate when evaluating the effectiveness of inactivation processes aimed at virus infectivity 
reduction in solutions (e.g., pasteurization). When the susceptibility of viruses deposited on 
a surface to heating is to be evaluated, such studies are most appropriately performed using 
carriers (Scheme 1) [5, 6]. A known amount of virus is applied to the carriers (small repre-
sentative pieces of a given material type) and allowed to dry in the absence or presence of a 
matrix (such as blood, saline, or culture medium). After a given drying time, the carriers and 
virus deposited thereon are subjected to a given duration of heating at a given temperature. 
The remaining infectious virus is recovered from the carriers and is measured and, again, a 
log10 reduction value and corresponding D value may be determined. 

Scheme 1. High-level flow diagrams for carrier (A) and liquid (B) inactivation study design.�
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There have been relatively few studies that have evaluated heat inactivation of viruses on 
carriers [5–11], and we are aware of only a single study directly comparing liquid and carrier 
heat inactivation in a side-by-side format [11]. The prevailing opinion has been that viruses 
are more susceptible to heating in liquid than when deposited on surfaces and that dry heat 
efficacy is related to residual moisture or relative humidity [7, 9–12]. In order to clarify the 
relative susceptibilities of model enteroviruses to liquid and carrier inactivation, we have 
evaluated poliovirus-1 (PV-1; family Picornaviridae) and adenovirus type 5 (Ad5; family 
Adenoviridae) inactivation in two liquid matrices (medium containing 5% serum [medium] 
or undiluted fetal bovine serum [serum]) or when deposited on two carrier materials (stain-
less steel [Steel] or glass). The two enteroviruses may be transmitted by the fecal-oral route 
and therefore ability to inactivate viruses dried onto surfaces following deposition from con-
taminated water is of public health interest. See Box 1 for information about poliovirus, ade-
novirus and associated disease. 

Box 1. Poliovirus, adenovirus, and associated disease. The majority of PV-1 infections result in an abortive flu-like 
prodrome or are asymptomatic. In ~5% of infections, a meningitic phase follows the prodrome as the virus displays 
a predilection for the nervous system [13]. Spinal poliomyelitis with varying degrees of flaccid weakness follows 
shortly in some cases, while a bulbar form with minimal limb involvement but higher mortality can also occur. 
Interestingly, the “summer plague” of poliomyelitis that was experienced between 1916 and the advent of vaccina-
tion in the mid-1950s has been attributed in part to improvements in community sanitation [13] occurring around 
the turn of the century. The herd immunity that previously existed due to early infection coinciding with presence 
of maternal antibodies was lost when sanitation improved. Acquisition of the infection later in childhood was asso-
ciated with a greater chance for poliomyelitis. Poliomyelitis still occurs in certain underdeveloped regions of the 
world, despite efforts at global eradication.�

Adenoviruses can cause respiratory and gastrointestinal infections. Adenovirus types 40 and 41 represent com-
mon cases of infantile gastroenteritis, although most of the 41 types of adenovirus may be recovered from the 
feces of patients. These enteroviruses may be spread by the fecal-oral route. Contamination of water supplies and 
fomites (environmental surfaces) can lead to transmission of the enteritis from infected to noninfected individu-
als [14]. 

2. Materials and methods 

2.1. Viruses 

Poliovirus type 1 (PV-1), strain Chat, was propagated in rhesus monkey kidney LLC-MK2 
derivative cells (American Type Culture Collection CCL-7.1). The virus was diluted in Roswell 
Park Memorial Institute (RPMI) medium supplemented with 5% newborn calf serum (NCS, 
source: ThermoFisher Scientific, Waltham, MA) and added to T-75 flasks of the LLC-MK2 
cells. The flasks were incubated at 36�±�2°C with 5�±�1% CO2 for 90 min to allow for viral 
adsorption, after which they were refed with growth medium. Incubation was continued at 
36�±�2°C with 5�±�1% CO2 until 90% of the cells exhibited viral cytopathic effect (CPE). The 
flasks were frozen at −80°C and then thawed at room temperature. The medium from the 
flasks was collected and clarified by centrifugation at 2000�rpm for 15�min and the resulting 
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38 Disinfection 

supernatant was aliquoted and stored at −80°C until use. The certified titer of the stock PV-1 
was determined to be 6.79 log10 tissue culture infective dose50 per mL (TCID50/mL) in MA-104 
cells (Charles River Laboratories, Germantown, MD). 

Adenovirus type 5 (Ad5), strain Adenoid 75, was propagated in human lung epithelial A549 
cells (American Type Culture Collection CCL-185). The virus was diluted in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 5% fetal bovine serum (FBS, source: 
ThermoFisher Scientific, Waltham, MA) and added to T-75 flasks of the A549 cells. The flasks 
were incubated at 36�±�2°C with 5�±�1% CO2 for 90 min to allow for viral adsorption, after 
which they were refed with the growth medium. Incubation was continued at 36�±�2°C with 
5�±�1% CO2 until 100% of the cells exhibited viral CPE.�The flasks were frozen at −80°C and 
then thawed at room temperature. The medium from the flasks was collected and clarified by 
centrifugation at 2000 rpm for 15 min and the resulting supernatant was aliquoted and stored 
at −80°C until use. The certified titer of the stock Ad5 virus stock was determined to be 7.01 
log10 TCID50/mL in A549 cells. 

2.2. Carriers and liquid matrices 

Glass carriers consisted of 4-in2 area of a sterile glass Petri dish. Steel carriers consisted of 
brushed stainless steel discs of 1 cm in diameter. The serum matrix consisted of undiluted 
FBS, while the medium matrix consisted of RPMI medium containing 5% NCS for PV-1 and 
DMEM medium containing 5% FBS for Ad5.�

2.3. Evaluation of heat inactivation (duplicate replicates) 

Virus was spread onto the glass carriers (0.4 mL virus suspension) or steel carriers (0.05 mL 
virus suspension) and allowed to dry at room temperature (20–21°C) per ASTM International 
(ASTM) standard E1053 [15]. For liquid inactivation, 0.2 mL of virus suspension was added to 
1.8�mL of serum or medium in glass tubes per ASTM standard E1052 [16]. 

Carriers containing virus were placed into a hot-air oven (Isotemp™ General Purpose, Fisher 
Scientific Catalog No. 151030509) set at one of three test temperatures (46, 56 and 65°C) for 5, 
20, or 60 min. The relative humidity of the oven was not measured. 

Glass tubes containing virus/medium or virus/serum solutions prepared as described earlier 
were placed into a hot air oven set at one of three test temperatures (46, 56 and 65°C) for 5, 20, 
or 60 min. The relative humidity of the oven was not measured. 

Following the heating times, 4�mL of neutralizer (FBS) was added to the virus film on the glass 
or steel carriers and used to remove the film from the surface with cell scrapers. The liquid 
heat inactivation conditions were neutralized following heating by addition of 2 mL of cold 
neutralizer. 

Post-neutralization samples were serially diluted and selected dilutions were inoculated onto 
the proper host cells for each virus (8-wells per dilution in 96-well plates). A virus recovery 
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control (VRC) was included to determine the relative loss in virus infectivity as a result of 
drying and neutralization. Virus was applied to the carriers (glass or steel) or added to liquids 
(serum or medium) and held at room temperature (20�±�1°C) for the longest contact time eval-
uated (60 min). The resulting TCID50/mL titer results for the VRC were then compared to heat-
treated titers for the corresponding carrier/matrix type to calculate the reduction in infectivity 
caused by heat treatment. The various 96-well plates were incubated at 36�±�2°C with 5�±�1% 
CO2 for 6–9 days (PV-1) or 11–14 days (Ad5). Following incubation, the plates were scored 
for CPE.�The 50% tissue culture infective dose per mL (TCID50/mL) was calculated using the 
Spearman-Kärber formula [17]. 

2.4. Calculation of D and z values and power function analysis 

Decimal reduction (D) values were estimated from the most linear portions of the inactiva-
tion versus time curves for the various set temperatures (not shown). The plots included both 
replicate values for any given temperature and time point, therefore represent an analysis of 
the pooled replicate data, with a single D value being generated. Rapid deviation from linear-
ity in these plots was noted as complete inactivation of virus occurred rapidly at the higher 
temperatures. We acknowledge that a certain degree of error is associated with the D value 
estimation process. Such errors do not detract from the validity of the comparisons to be made 
between carrier and liquid inactivation results, since comparison of the raw inactivation ver-
sus time results obtained leads to similar conclusions. 

The z value (°C per log10 change in D) for a given data set was obtained from plots of log10D 
versus temperature (not shown), evaluated using the linear regression function of Excel. The 
z value is obtained as 1/slope (m) from the linear fit equation (Eq. (1)):�

(1) 

where y = log10D, x = temperature, m = slope and b = y-axis intercept. 

Plots of D versus temperature were evaluated using the power function of Excel to obtain the 
line fit equation (Eq. (2)):�

(2) 

where y = D, x = temperature and a and b are constants unique to each line fit equation. This 
equation allows one to extrapolate the D value at any given inactivation temperature and can 
also be rearranged to solve for temperature, as shown in (Eq. (3)).�

(3) 

allowing one to estimate the inactivation temperature required to achieve a desired D value 
[18] (see also discussion later). 
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3. Results 

3.1. Carrier and liquid heat inactivation results for PV-1 

Replicate results for heat inactivation of PV-1 on carriers or in solutions are displayed in Table 1. 
Three exposure times (5, 20 and 60 min) and three temperatures (46, 56 and 65°C) were 
evaluated. 

Mode Inactivation matrix Inactivation time Log10 reduction at inactivation temperature 
(min) 

46°C 56°C 65°C 

Carrier inactivation 

Glass 5 −0.25a 0.00 0.25 

5 −0.50� 1.50 0.50 

20 −0.25� ≥ 4.86� 5.21 

20 0.00 ≥ 5.72� ≥ 5.10�

60 4.26 ≥ 4.85� ≥ 4.97�

60 4.71 ≥ 5.72� ≥ 5.10�

Steel 5 −0.25� 0.25 0.25 

5 0.37 0.87 0.50 

20 1.63 ≥ 4.97� ≥ 4.72�

20 1.37 ≥ 5.22� ≥ 4.85�

60 ≥ 4.35� ≥ 4.97� ≥ 4.72�

60 ≥ 4.22� ≥ 5.22� ≥ 4.85�

Liquid inactivation 

Medium 5 0.00 0.00 0.12 

5 0.00 −0.13� 0.75 

20 0.13 2.25 ≥ 5.22�

20 0.13 2.12 ≥ 5.60�

60 1.13 ≥ 5.10� ≥ 5.22�

60 0.88 ≥ 4.22� ≥ 5.60�

Serum 5 −0.25� 0.37 0.00 

5 0.13 0.00 0.50 

20 0.00 2.12 ≥ 5.22�

20 −0.12� 2.00 5.38 

60 1.38 ≥ 4.97� ≥ 5.22�

60 1.50 ≥ 4.35� ≥ 5.47�

aThe values indicate the log10 reduction (log10 titer heated – log10 titer for VRC) for two replicates per time point. Values 
shown as “≥” indicate complete inactivation.�

Table 1. Heat inactivation data for PV-1. 
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The results of a virus recovery control for the virus stock have been subtracted from the log10 

reduction values displayed in this table. This corrects for any loss of infectivity associated 
with drying of the virus stock and recovery after a 1-h hold at room temperature. A striking 
difference in carrier versus liquid inactivation was noted for the 46°C study. The PV-1 heated 
on steel carriers was completely inactivated (≥4.2 log10) in 60 min. 

On glass carriers, 4.3–4.7 log10 PV-1 inactivation occurred in 60 min. During this time frame, 
less than 1.5 log10 inactivation of PV-1 occurred when liquid heating was compared. In the 
56°C study, greater inactivation occurred on carriers by 20 min, compared to virus heated 
in solution. In the 65°C study, similar inactivation occurred for virus heated on carriers or in 
solution, regardless of the inactivation time. 

In order to reduce the heat inactivation data for PV-1 to a form usable for comparisons 
between viruses and between matrices/carriers, D values (minutes required for 1 log10 

titer reduction) were estimated from the most linear portions of the inactivation versus 
time curves for the various set temperatures. The D values, displayed in Table 2, were 
then used to generate log10D versus temperature curves from which z values (°C per log10 

change in D) were obtained. Plots of D versus temperature (Figure 1) depict a surface 
along which the D required for 1 log10 inactivation at any given heating temperature is 
displayed. 

3.2. Carrier and liquid heat inactivation results for Ad5 

Replicate results for heat inactivation of Ad5 on carriers and in solutions are shown in Table 3. 
These studies involved the same temperatures and exposure times used for the PV-1 studies 
described earlier. The log10 reduction values have again been corrected for the virus recovery 
control. In the case of Ad5, differences in susceptibility to heat inactivation on glass carriers, 
relative to steel carriers, were noted at each temperature, with greater inactivation at any 

Temperature D values (min) 

Glass Steel Medium Serum 

46°C 15.2 14.0 64.1 47.4 

56°C 3.9 4.1 12.5 10.1 

65°C 4.0 4.4 3.9 9.3 

z values (°C per log10 change in D) 

32 37 16 27 

Power function coefficients�

a 6 × 107 8 × 106 2 × 1015 5 × 109 

b 4.02 3.50 8.11 4.87 

Table 2. Estimated D, z and power function values for PV-1. 
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exposure time being observed on steel carriers. In general, heat inactivation on carriers was 
found to be similar to that observed in solutions, with no clear differences noted between 
temperature dependence and time kinetics. 

Figure 1. D vs. temperature relationships for heat inactivation of PV-1 on Steel ( ) or Glass ( ) carriers and Medium ( ) 
or Serum ( ) liquid matrices. All points along the fit lines represent 1 log10 inactivation of PV-1. 

Mode Inactivation matrix Inactivation time Log10 reduction at inactivation temperature 
(min) 

46°C 56°C 65°C 

Carrier inactivation 

Glass 5 1.12a 1.25 1.63 

5 0.50 1.00 2.00 

20 2.00 1.63 2.88 

20 0.88 1.00 2.75 

60 2.37 4.85 ≥4.10�

60 1.13 4.47 ≥4.10�

Steel 5 0.62 −0.25� 0.75 

5 0.88 −0.13� −0.37�

20 2.25 3.20 3.85 

20 1.63 3.12 3.10 

60 3.10 ≥ 3.97� ≥ 3.85�

60 2.86 ≥ 4.22� ≥ 3.10�



 

 

Carrier and Liquid Heat Inactivation of Poliovirus and Adenovirus 43 
http://dx.doi.org/10.5772/intechopen.76340 

Mode Inactivation matrix Inactivation time Log10 reduction at inactivation temperature 
(min) 

46°C 56°C 65°C 

Liquid inactivation 

Medium 5 0.25 −0.12� 0.63 

5 0.38 −0.25� −0.25�

20 0.37 1.13 4.10 

20 0.63 1.75 3.35 

60 1.37 4.10 ≥ 4.10�

60 1.75 4.10 ≥ 3.35�

Serum 5 0.50 −0.37� 0.62 

5 0.63 0.25 0.25 

20 0.38 2.25 4.22 

20 1.00 1.25 3.85 

60 2.63 4.10 ≥ 4.22�

60 3.25 4.35 ≥ 4.85�

aThe values indicate the log10 reduction (log10 titer heated – log10 titer for VRC) for two replicates per time point. Values 
shown as “≥” indicate complete inactivation.�

Table 3. Heat inactivation data for Ad5. 

Temperature 

46°C 

56°C 

65°C 

D values (min) 

Glass 

29.2 

12.9 

6.5 

Steel 

18.2 

6.8 

6.0 

Medium 

38.3 

14.7 

5.6 

Serum 

20.8 

14.0 

5.1 

z values (°C per log10 change in D) 

29 39 23 32 

a 

b 

Power function coefficients�

5 × 108 

4.34 

5 × 106 

3.28 

6 × 1010 

5.51 

8 × 107 

3.95 

Table 4. Estimated D, z and power function values for Ad5. 
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Figure 2. D vs. temperature relationships for heat inactivation of Ad5 on Steel ( ) or Glass ( ) carriers and Medium ( ) 
or Serum ( ) liquid matrices. All points along the fit lines represent 1 log10 inactivation of Ad5. 

This conclusion may also be reached through examination of the calculated D and z val-
ues (Table 4) and the power function curves displaying the relationship between D and 
temperature (Figure 2). In no case was complete inactivation of the virus observed in expo-
sure times under 60 min and with the exception of heating on steel carriers, complete inac-
tivation was not observed at temperatures under 65°C. 

4. Discussion of study results 

A recent paradigm shift in virology has been the recognition of the important role of fomites 
(environmental porous and nonporous surfaces) in disseminating infectious virus (reviewed 
in [19, 20]). With this recognition has come a movement toward the conduct of carrier studies 
(in lieu of solution inactivation studies) to evaluate survival of viruses on typical fomite sur-
faces (glass, stainless steel, plastic, Formica, etc.) and to determine the efficacy of inactivation 
approaches for disinfection of contaminated fomites. This is not to say that carrier studies 
were not performed previously (e.g., [21]), but the literature for carrier inactivation of viruses 
was relatively sparse prior to the turn of the century. Arguments for and methodologies for 
conduct of carrier studies have become more common within the past two decades (e.g., [22, 
23]) and a literature data base for viral inactivation on carriers is now accumulating. As men-
tioned within the introduction, however, side-by-side comparisons of inactivation efficacy 
in solutions versus on carriers are lacking. This is true in particular for thermal inactivation. 

On the basis of the prevailing opinion [7, 9–12], our assumption going into these compari-
son studies was that we would confirm the expected increased resistance of viruses to dry 
heat inactivation as compared to heating in solutions. Although the humidity associated with 
carrier heating was not measured in our studies, this was expected to be low for a dry heat 
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oven. This condition was predicted, on the basis of previous work [7, 11], to further reduce 
the effectiveness of the carrier heating approach, relative to liquid heating. Our side-by-side 
studies clearly did not confirm these expectations. For instance, PV-1 exhibited markedly 
reduced D values when subjected to dry heating at the relatively low temperature of 46°C, 
indicating increased susceptibility of this enterovirus, relative to liquid heating. This differ-
ence is not attributed to experimental artifact, since our liquid heating results compare rea-
sonably well with previous results obtained for hepatitis A virus (another enterovirus from 
the Picornavirus family) inactivation in culture medium [24] and food homogenates [25, 26] 
(Figure 3; see also review by Bozkurt et�al. [27]). 

Our carrier results indicate a much greater sensitivity of PV-1 to dry heat than was determined�
by Sauerbrei and Wutzler [9]. These authors observed 4.3 log10 inactivation after 60 min at 75°C, 
providing an approximate D value of 13�min at this temperature. The differences may be due�
to methodology, as these authors also reported much different results for Ad5 relative to our�
results (see below). The impact of organic load on heat inactivation of PV-1 in our study was 
minimal, as shown by the similarity in D values and D versus temperature curves for liquid inac-
tivation in culture medium vs. bovine serum. This is in marked contrast to our findings [6] for 
the flaviviruses Zika virus, bovine viral diarrhea virus and West Nile virus, where dry heating at�
56°C was much more effective in the absence compared to the presence of a high organic load.�

There have been few reports on heat inactivation of adenovirus. Maheswari et al. [28] eval-
uated liquid heat inactivation and observed over a 7.5 log10 reduction in titer following 
10 min heating at 70°C. This corresponds to a D of ~1.3 min at this temperature. Tuladhar 
et al. [29] examined liquid heating of Ad5 in the presence of organic load (1% stool) and in 
culture medium. The D values at 73°C were 0.53 and 0.40 min, respectively [29]. This indi-
cated a minor impact of organic load on heat inactivation, as we found in the present study. 

Figure 3. D vs. temperature relationships for heat inactivation of PV-1 in Medium ( ) or Serum ( ) liquid matrices; 
comparison to hepatitis A virus inactivation in culture medium (×, Ref. [24]) or in homogenates of mussels (o; Ref. [25]) 
and (□; Ref. [26]). 
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Comparisons between carrier and liquid heat inactivation for adenoviruses have not been 
reported. Sauerbrei and Wutzler [9] found Ad5 to be relatively resistant to dry heating. Their 
data indicate a D value of 67 min at 75°C [9]. This is very discrepant from our carrier results 
for Ad5. The reason is not clear, although the time kinetics for inactivation were not studied 
in detail in the previous study (time points included 60 and 120 min only). In our study, clear 
differences between liquid heating and dry (carrier) heating were observed primarily at 46°C, 
as the time kinetics were relatively similar for the higher temperatures evaluated. 

Questions regarding the impact of organic load and carrier versus liquid heating on the effi-
cacy of thermal inactivation of enteroviruses spread by the fecal-oral route are relevant in 
achieving adequate disinfection of surfaces in healthcare settings where such viruses might 
be present in organic-containing physiological substrates (blood, sputum, feces, etc.). It has 
been shown that transfer of infectious virus from contaminated fomites to humans can result 
in acquisition of disease [30, 31]. It is important therefore to collect information on the utility 
of different inactivation approaches, whether these are chemical or physical that might be 
used to disinfect contaminated fomites. Our results with two enteroviruses from different 
nonenveloped families suggest that the efficacy of heat inactivation assessed in a liquid versus 
carrier test format varies according to the virus under evaluation. If extent of heat inactivation 
is dependent more on the protein composition of the virus than the presence or absence of 
a lipid envelope, perhaps the differences observed for these two enteroviruses are not unex-
pected. The variability observed, even among these two nonenveloped viruses, suggests that 
extrapolation of carrier versus liquid inactivation efficacy should not be made across virus 
families. As a result, we are now conducting similar studies with a wider range of viruses to 
more fully characterize the requirements for heat inactivation under these varied conditions. 

5. Our interpretation of heat inactivation data 

Historically, the relationship between D and temperature has been displayed in plots of 
log10D versus temperature (e.g., Figure 4). The slope of the (typically) linear relationship thus 
generated is equivalent to −1/z. The z value so obtained can then be used to predict D values 
at other (nonmeasured) temperatures, using the rather cumbersome formula shown in Eq. (4):�

(4)

 is the temperature at which D is to be predicted and Tref is the temperature atwhere Tpredicted 

which Dref was actually measured [32]. On the other hand, the plotting of D versus tempera-
ture is much more straightforward and intuitive and is occasionally seen in the inactivation 
literature (e.g., [29]). 

The utility of the plot of D versus temperature is greatly enhanced when the power function 
line fit is added to the plots, as has been done in Figures 1–3. The resulting fit lines may be 
viewed as surfaces along which any temperature and D-value pair is associated with 1 log10 

inactivation. The extrapolation of D to nonempirical temperatures that requires some effort 
using the z values therefore becomes quite easy and straightforward using the D vs. tempera-
ture power curve plots. 
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Figure 4. A plot of log10D vs. temperature for heat inactivation of the OPN strain of the Picornavirus foot and mouth 
disease virus (Figure from [18], data are from reference [33]). 

The nonlinear relationship displayed in the D versus temperature plot (Figures 1–3), with 
the steep portion of the curve at relatively lower temperatures followed by a flattening out 
at higher temperatures, is more informative also from a mechanism of inactivation point of 
view than the log10 D versus temperature plot. If heat inactivation is attributed to capsid open-
ing followed by nuclease destruction of genomic material [2, 3], then the steep portion of the 
curve may represent reaching a threshold temperature required for capsid opening. Once 
this threshold temperature has been reached, relatively small incremental increases in tem-
perature result in dramatic decreases in the time required for 1 log10 inactivation. Differences 
between carrier and liquid heat inactivation observed at the lower end of the D versus tem-
perature plot might then correspond to differences in extent or kinetics of heat exchange or 
other factors to be described below. 

There are frequent errors associated with calculation of D values and our own results are not 
immune to this, as we acknowledged in the methods section earlier. Some might argue that 
the concept behind the D value for heat inactivation is not always correct. The implication 
behind D values is that heat inactivation at a given temperature is first order with respect to 
time, such that a constant log10 inactivation occurs within a given unit of time. In reality, the 
time frames over which linear behavior is observed experimentally are very short at high tem-
peratures and are limited by the titers of the virus stocks being inactivated. At lower tempera-
tures, extended contact times are required to obtain several log10 of inactivation, so again the 
determinations of D values can be challenging. In addition, there is always a degree of error 
associated with the measurement of virus titers before and after heat treatment. D values at 
three or more different temperatures are required for calculation of power function coeffi-
cients and for determining z values, so thoroughly characterizing heat inactivation efficacy in 
this manner is a rather complicated endeavor. 

In general, experimental error associated with calculation of D values translates to poorer linear 
line fits (i.e., lower coefficients of determination or R2 values) in the log10D versus temperature 

http://dx.doi.org/10.5772/intechopen.76340
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curves. Since the D versus temperature relationship is merely a transformation of the log10D ver-
sus temperature relationship, we have routinely noted that deviations from linearity for the log10D 
versus temperature plots (such as those shown in Figure 4) are associated with poorer power 
function fits for the D versus temperature curves generated from the same inactivation results. In 
Figure 4, the R2 value for the line fit to all six points is 0.82, while the R2 value for the line fit only�
to the higher five points is 0.90. The corresponding R2 values for the power function fits are 0.89�
(for all six points) and 0.94 (for the highest five points). The two constants (a and b) from the power 
function equation (Eq. (2)) are derived from the y-intercept and slope, respectively, from the linear 
line equation (Eq. (1)) of the corresponding log10D versus temperature plots. 

In sum, regardless of the method used for the analysis of heat inactivation results, it is the D 
value itself that is the source of most error. However, the conclusions made above regarding 
efficacy of heat inactivation applied to viruses in solution versus viruses dried on carriers, 
or the impact of organic load on heat inactivation, can be made directly by evaluation of the 
raw inactivation data itself. Therefore, the difficulties associated with the appropriateness or 
accuracy of the D value concept do not detract from our overall conclusions regarding heat 
inactivation of these two enteroviruses. 

6. Executive summary 

• Virus inactivation by chemical and physical means may be evaluated either in liquid stud-
ies or in carrier studies. 

• Liquid inactivation studies are relevant to a barrier or clearance process intended to reduce 
the viral titer of a solution, while carrier inactivation studies are relevant for surface disin-
fection approaches. 

• A greater volume of virus inactivation data exists in the literature for liquid, relative to 
carrier, inactivation. Very few studies have compared liquid and carrier inactivation in a 
side-by-side design. 

• Prevailing opinion has been that viruses are less susceptible to heat inactivation in the car-
rier format relative to the liquid format. Our studies have not confirmed this.�

• We found that PV-1 was much more susceptible to inactivation at 46°C on carriers than in 
liquids, while the susceptibility to inactivation at 65°C was similar for both test formats. 

• We found that Ad5 was only slightly more susceptible to inactivation at 46°C on carriers 
than in liquids, while the susceptibility to 65°C was similar for both test formats. 

• Regardless of study format (liquid or carrier) complete inactivation of PV-1 occurred with-
in 20 min at 65°C, while 1 h was required at this temperature to completely inactivate Ad5. 

• The presence or absence of increased organic load in the liquid inactivation matrix did not 
impact heat inactivation efficacy for either PV-1 or Ad5.�

• The decimal reduction value (D) versus temperature relationship is described well by a 
power function line fit and the resulting line fit equation may be used in a straightforward 
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manner to extrapolate log10 reduction in virus titer from empirically tested temperatures to 
other temperatures of interest. 

7. Future perspectives 

Inactivation studies performed in solutions have been useful in providing comparative effi-
cacy data for different physical and chemical inactivation approaches targeting a given virus 
or for comparing the intra- and inter-family susceptibilities of different viruses to a given 
inactivation approach. The current rankings of viruses in terms of susceptibilities to such 
approaches (e.g., [34, 35]) have largely been derived from liquid inactivation studies. The 
results of liquid inactivation studies should not be extrapolated to inactivation of viruses on 
surfaces, however. This is because differences in presentation of the virus to the active, in dif-
fusion of the active through the liquid or virus film (for chemical approaches) or in penetrabil-
ity of radiation to the viruses or in kinetics of heat exchange (for physical approaches), almost 
certainly exist. Such differences may favor inactivation in one or the other of the liquid or car-
rier formats. Generalizations on the relative sensitivities of viruses to inactivation on carriers 
versus in liquids should not be made in the absence of data. Side-by-side carrier and liquid 
inactivation studies such as the ones described in this chapter are needed to elucidate the 
possible differences in efficacy for the various chemical and physical inactivation approaches. 
This aspect of the inactivation literature is in its infancy, but with time it is expected that the 
database will continue to grow. 

As more sophisticated thinking about the relationship between our environmental micro-
biome and public health has been evolving, arguments have been made that the current 
approach to surface disinfection should change. In other words, there is a viewpoint that 
advocates replacement of the current “sterilization approach’ with the use of “smart” anti-
microbial agents that target the pathogens while sparing the nonpathogenic population [36]. 
Heat is, in some regards, capable of serving as a targeted inactivation approach. This is due 
to the rather striking differences in heat inactivation sensitivity of various viruses or, indeed, 
various microorganisms in general. At least for the moment though, and especially where 
viruses are concerned, it would appear that our current “sterilization” approach to heat inac-
tivation will prevail, as we are not overly concerned about the possibility of nonpathogenic 
viruses competing with pathogenic ones. 
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Abstract

The disinfection by-products are special category of emergent pollutants, and their for-
mation is widely known when the organic matter present in the catchment water reaches 
the disinfection agent in the water treatment plants. These kinds of compounds are close 
to more than 500 molecules classified in the following main families: halomethanes, 
haloacetic acids, haloacetonitriles and haloketones. Their adverse effects in the health 
are widely recognized for international health organisms and normally are in trace levels 
that promote the development of smart strategies for their analysis in aquatic environ-
ments where these compounds are generally not alone. In this way, the microextraction 
techniques for analysis of emergent contaminants in the environment which are in trace 
amounts have gained a lot of space because they comply fully with the objectives estab-
lished in the sample preparation field: reduction in the number of steps, adaptability to 
field sampling, automation and reduction or total elimination of solvents required for 
extraction by meeting in one step the main tasks of any sample preparation technique: 
extraction, clean up and enrichment. There are a lot of possibilities in this field: solid 
phase microextraction (SPME), liquid phase microextraction (LPME), stir bar sorptive 
extraction (SBSE) and rotating disk sorptive extraction (RDSE).

Keywords: microextraction, disinfection by-products, halomethanes, haloacetic acids, 
water treatment plant, solid phase microextraction, chemical risk

1. Introduction

The sample preparation SP is the most critical step and on it is spent a lot of time in the 
chemical analysis, in addition herein the people make the higher number of mistakes in the 
whole procedure, so that in other words the SP is the “neck of bottle” of analytical procedure. 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In special, this step turn off more difficult when the matrices to analyze are foods, complex 
materials or the target analytes are in trace amounts. Taking into account the above premises 
and the ideology of green chemistry based on: elimination or reduction of organic solvents, 
reduction of the steps number in the procedure, integration and automation of sampling 
and analysis in just one step, by leading to more eco-efficient and productive analytical pro-
cedures. That allows to reach the three major challenges on sample preparation: isolation, 
cleanup and preconcentration with better practices an optimum results [1]. In this way, the 
solventless microextraction techniques have gained a lot of space because fully comply with 
the objectives and goals above established. Additionally, they meet in one step the main tasks 
of any sample preparation technique: extraction, clean up and enrichment.�

The disinfection by-products (DBPs) are a special kind of compounds which appear in a trace 
amounts during the chlorination processes in the water treatment plants (WTP). These low 
concentrations represent a challenge for analytical chemists. The aqueous matrices are easier 
to manage than sludge, air or biological fluids because the presence of interferences are low, 
but some of these compounds are volatile and other are nonvolatile and polar analytes, that 
drives to take a compromise decision for that in a single run can analyze all these compounds 
by facilitating the through routine in a laboratory water analysis. In this sense, the micro-
extraction techniques help to reach the low requested detection limits for the preconcentra-
tion factor as a special characteristic of these kind of procedures. By the other side, there are 
the possibilities to eliminate interferences and to use a minimal amount of organic solvents. 
Taking into account that all this valuable merit figures are possible to do in one step, the 
automation operation have been reached easily. 

2. Chemical formation of disinfection by-products and health 
implications 

The disinfection process in the water treatment plant is a routine practice for microbial control 
risk due to the presence in raw water of the microbial pathogens. The disinfection agent more 
widespread is chlorine for its effectiveness, low cost, easier management and high residual 
effect for assurance protection along to the distribution network.�

2.1. The formation reaction of disinfection by-products: natural organic matter 
(NOM) + Chlorine 

Rook in 1974 had established that the disinfection by-products formation is due to reaction 
between natural organic matter NOM and chlorine [2, 3]. The NOM precedence is basically 
from leaching tannin compounds from leaves and soil, which have a common structure of 
polyphenol rings (resorcinol-type molecules) [4, 5]. The primary disinfection by-products 
results from breakage under chlorine influence of polyphenol ring through the next three 
pathways a, b and c, such as is shown in Figure 1. 

As shown in Figure 1, if the breakage is by pathway a, it will form halomethanes, through 
pathway b with insertion of a hydroxide, the haloacetic acids and the pathway c will produce 
haloketones. From these primary DPBs and the reaction with bromine or iodine inclusively 
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Figure 1. Mechanism of the DBP’s formation. 

the mixture between alone primary disinfection by-products will occur the emergent or sec-
ondary DPBs such as bromohalomethane, iodotrihalomethane, haloacetonitrile, etc. These 
last inclusively with a higher chemical risk for the health due to higher toxicity in the bromine 
and iodine atoms [6]. 

2.2. The pondering risk: microbial versus chemical risk 

The chronic risk is associated with cancer´s presence due to intake of foods with toxic chemical 
compounds, this is the case of DBPs in the drinking water, and their effects normally are developed�
in advanced ages of human being but the acute risk related with microbial infection due to presence 
of the microbial pathogens show their consequences immediately and their effects can be mor-
tally. The drinking water is a good scenery for pondering the effects and consequences of damage�
between the chemical associated with presence of DBPs and for the other side with microbial issues 
due to bacteria diseases related with bacterial contamination. The dosage application of disinfectant 
in the drinking water is in all development countries (emergent countries) a measure to prevent 
the microbial risk due to its accelerated development and tragic consequences but simultaneously 
formation of chemical compounds and many evidences of cancer formation has been done. 

The issue in the disinfection proposals in the water treatment plants is the key for control 
of both risks, that means to find the ideal chlorine dosage for avoiding and diminishing the 
microbial problem and for other way to control the formation of DBPs in big amounts that 
represents a severe risk to the drinking water servers [7–9]. 

2.3. The disinfection by-products and regulations 

The disinfection by-products DBPs are cataloged as emergent contaminants, [10] due to its 
recognized effects to the health and that its formation is frequently in the WTP and the exposi-
tion is high and direct by the culture of consumption of drinking water during all day without 
a forbidden recommendation of the authorities. 

Table 1 shows the different normatives and rules with respect to control and prevention direc-
tives of DBPs under the guidance of health and technical institutions with wide knowledge 
in the target issue. 

The most known DPBs are the trihalomethanes THMs, then the haloacetic acids HAA, allows 
in the importance and recognition the HAN haloacetonitrile. Nowadays, the emergent DBPs 
have become important in the emergent DBPs due to lower and trace amounts, meanwhile 
more severe and toxic health effects, such as bromohalomethanes and iodohalomethanes.�
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Item Organization DBPs Value IARC Health Ref. 
Categories*µg L−1 

1 World Health Organization (WHO)� Chloroform 200 Group 2B [11, 14, 
22] 

[CH Cl3] [CH Cl2 Br] [CH Cl Br2] [CH Br3] Bromodichloromethane 60 Group 2B 
+ + + = 1200 60 100 100 Dibromochloromethane 100 Group 3 

Bromoform 100 Group 3 

Dichloroacetic acid 50 Group 2B 

Trichloroacetic acid 100 Group 3 

Dichloroacetonitrile 90 Group 3 

Dibromoacetonitrile 100 Group 2B 

Trichloroacetonitrile 1 Group 3 

2 Environmental Protection Agency (EPA) Chloroform 30 Group 2B [12, 22] 

TTHMs 80 Group 3 

Haloacetic acids 60 Group 2B 

3 European Union (EU) Total trihalomethanes 100 Group 3 [13, 22] 

4 South Korean Regulation Total trihalomethanes 100 Group 3 [47] 

Haloacetic acids 100 Group 2B 

Dichloroacetonitrile 90 Group 3 
Dibromoacetonitrile 100 Group 2B 
Trichloroacetonitrile 4 Group 3 

5 Australian Regulatory Limits Trihalomethanes 250 Group 3 [43] 

6 Colombian Regulation Trihalomethanes 200 Group 3 [23] 

*Group�1: the agent is carcinogenic to humans; Group�2A: the agent is probably carcinogenic to humans; Group�2B: 
the agent is possibly carcinogenic to humans; Group�3: the agent is not classifiable as to its carcinogenicity to humans; 
Group�4: the agent is probably not carcinogenic to humans [14]. 

Table 1. Rules, guides and regulation normatives to prevent and control of DBPs for drinking water (µg L−1). 

2.4. The health implications and evidences WHO and IARC 

The epidemiological and toxicological evidences of cancer by drinking water with contents 
higher that mentioned guidelines in Table 1 have been demonstrated in numerous cases, this 
is correlated with consumer’s frequency and anatomical and physiological conditions of town 
server [7, 8, 11–14]. The difference among the several DBPs fill down in to the carcinogenic 
categories, there being two well defined kinds: possible and probable carcinogenic agent in 
dependence of the number of incidence and prevalence cases. In Table 1, this remarkable 
issue is shown and explained for each one DBPs. 

2.5. The alternative disinfectants 

Taking into account the health implications of DBP´s present in the drinking water as result of 
the reaction between NOM and chlorine in the WTP but�with the imperious necessity by con-
trolling the action of microbial pathogens in the raw water due to uncontrolled wastewater dis-
charges into the catchment water, has been raised the use of other alternative disinfectants with 
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the same or better�properties than chlorine or chloride derivatives:�effectiveness, low cost, easy�
management and big residual effect. Among candidates can be mentioned are as follows: ozone,�
hydrogen peroxide, UV-light, potassium permanganate, peroxyacetic acid,and so on [15]. 

Ozone: the ozone O3 has a good effectiveness, high cost, technical management and low 
residual effect. It is properly used in the industrial deals.�

Hydrogen peroxide: The hydrogen peroxide H2O2 has a medium effectiveness, low cost, tech-
nical management and low residual effect. Its use is widespread for catalytic experiments as 
•OH promoter in Fenton or pseudo Fenton reactions.�

UV-light: This physical source of disinfectant has high effectiveness, high cost, technical manage-
ment and low residual effect. This is properly for condominial and individual solutions of sup-
plier drinking water. Its drawbacks with the cost can diminish in permanent solar offer places.�

Potassium permanganate: The KMnO4 is a strong oxidant close to 1.1�eV.�It has good effec-
tiveness, low cost, technical management and high residual effect but to the moment are 
unknown its by-products formation, letting a strong flavor and taste of final drinking water 
and can increase the network damage due to its strong oxidation capacity. 

Peroxyacetic acid: C2H4O3 is an emergent sanitizer in the market for agricultural, medical 
environments, water and wastewater industry, food processing, beverage and pharmaceuti-
cal industries. It has good effectiveness, low cost, easy management and medium residual 
effects due to depletion into its precursors: hydrogen peroxide and acetic acid promotes by 
heat and bad storage and obviously letting low admissible characteristic flavor and taste to 
the drinking water [15]. 

As can inference from the mentioned alternatives disinfectants, we are so far to find soon a 
replacement to the chlorine. 

2.6. The disinfection: Pondering between microbial and chemical risks 

Some researchers like Craun [7–9] have established a basic model to pondering the weight 
and evolution of both risks associated and in interdependence with the chlorine dosage prac-
tice in the WTP (see Figure 2). 

As shown in Figure 2, and with strict dependence of formation reaction of DBPs, there are two 
ways for controlling in the just measures both risks: to have good quality raw water (that means�
low precursors amounts and microbes) and to do a rationalize chlorine dosage practice. 

2.7. Classification of disinfection by-products�

There are at least 500 chemical compounds catalogued as disinfection by-products [16], which 
are classified in four great families:�

• Halomethanes 

• Haloacetic acids 

• Haloketones 

• Haloacetonitriles 
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Figure 2. Pondering the microbial and chemical risk in the disinfection practice with chlorine. 

These compounds are also catalogued as emergent contaminants due to widespread use or 
formation and uncontrolled measures by sanitary authorities. 

In Table 2, it is shown the DBPs classification containing the most cited molecules, their 
chemical formula and some references about found reported cases. 

2.8. Routinely chemical analysis of DBPs 

Due to their physicochemical condition, the most disinfection by-products are volatile and 
non or low polar compounds. In this sense, the proper chemical way for their analysis is the 
gas chromatography (GC) coupled with electron capture detection (ECD) for the presence in 
the molecule of electronegative atoms (halogens) or MS. In special for haloacetic acids due to 
their low vapor pressure and to be polar molecules is preferable the liquid chromatography 
by UV-detection or to derivatize to their methylesther derivatives (volatile and nonpolar com-
pounds) with methanol under acidic conditions and catalize by anhydride chloroacetic, by 
doing possible their analysis by GC. 

2.8.1. Liquid: liquid extraction 

The USEPA method 502 established the liquid–liquid extraction (LLE) as official method 
for their analysis based on their physicochemical properties (Table 2). To 20 mL of aque-
ous sample to be add 5 mL of hexane, pentane or MtBE as extraction organic solvent into a 
50�mL separation funnel, then the mixture is degasified by opening the key’s funnel with the 
separation funnel slightly inclined, this operation is done by five times and then returns to 
initial and vertical position. Then let be the funnel in vertical position overnight to warranty 
the complete separation of both phases organic and aqueous, passed this time to recover the 
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Family Compound Chemical Molar CAS B.p. Log P Ref. 
Formula mass °C 

g mol−1 

Halomethanes Chloroform CHCl3 119.37 67-66-3 61.2 1.83 [41] 

Dibromochloro methane CHBr2Cl 208.28 124-48-1 119 2.13 [41] 

Bromodichloro methane CHCl2Br 163.82 75-27-4 90 1.98 

Bromoform CHBr3 252.731 75-25-2 149.1 2.28 

Haloacetic Acids Monochloroacetic acid (MCA) C2H3ClO2 94.49 79-11-8 189.3 0.31 [48] 

Bromochloroacetic acid (BCA) C2H2Cl2O2 128.94 79-43-6 194 1.06 

Dichloroacetic acid (DCA) C2HCl3O2 163.38 76-03-9 196 1.53 

Trichloroacetic acid (TCA) C2H3BrO2 138.948 79-08-3 208 0.50 

Monobromoacetic acid (MBA) C2H2Br2O2 217.844 631-64-1 128 0.70 

Dibromoacetic acid (DBA) C2HBr3O2 296.74 N/A� 245 1.98 

Tribromoacetic acid (TBA) C2H2BrClO2 173.39 5589-96-8 210 0.79 

Dichlorobromoacetic acid (DCBA) C2HBrCl2O2 207.83 71133-14-7 N/A� 1.68 

Dibromochloroacetic acid (DBCA) C2HBr2ClO2 252.29 5278-95-5 N/A� 1.83 

Haloketones 1,1-dichloropropanone (1,1-DCP) C3H4Cl2O� 126.96 513-88-2 118 1.39 [22, 48] 

1,3-dichloropropanone (1,3-DCP) C3H4Cl2O� 126.96 534-07-6 173 1.18 

1,1,1-trichloropropanone C3H3Cl3O� 161.41 918-00-3 134 1.86 
(1,1,1-TCP) 

Haloacetonitrile Monochloroacetonitrile (MCAN)� C2H2ClN� 75.5 107-14-2 124 0.37 [47] 

Monobromoacetonitrile (MBAN)� C2H2BrN� 119.949 590-17-0 60 0.56 [48] 

Dibromoacetonitrile (DBAN)� C2HBr2N� 198.845 3252-43-5 67 0.68 

Dichloroacetonitrile (DCAN)� C2HCl2N� 109.94 3018-12-0 110 1.12 

Trichloroacetonitrile (TCAN)� C2Cl3N� 144.38 545-06-2 83 1.59 

Bromochloroacetonitrile (BCAN)� C2HBrClN� 154.39 83463-62-1 0.77 

CAS: Chemical Abstracts Service; B.p: Boiling point.�

Table 2. Disinfection by-products classification and physicochemical properties.�

organic extract in the overhead (less dense phase) by releasing the aqueous phase, opening 
the key’s funnel and exactly closing when in the funnel there have been just the organic phase, 
from this phase to take and direct inject into chromatograph equipped with electron capture 
detection ECD.�The yield of this method is calculated in the equation [1] 

[S]
0 V1 1[S] = = [S] (1)1 D 0 V2V1 + V2 __1 + D( V1 

) 

where 

[S]1 = Concentration of solute in the phase 1 

[S]o = Initial concentration of solute 

http://dx.doi.org/10.5772/intechopen.77254
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V1 = Aqueous volume phase 

V2 =�Organic volume phase�

D = Distribution relation 

This operation is possible to do n times reaching better results, because in an exhaustive 
method, in dependence on the next equation [2] 

[S]
1 = [S]

0
1 

V2 

n 

(2) 
1 + D( V1 

) 

2.8.2. Solid phase extraction SPE 

This procedure is properly for concentration and cleanup method for nonvolatile compounds [17]. 
The cartridges available for extraction are SDB, NH2, C18, C8, HLB, SAX and SCX sorbents. The 
whole SPE procedure includes four steps: conditioning, loading, wash and elution. It has been used�
for solid-phase extraction of 35 DBPs with analysis by GC-ECD and GC–MS [18, 19] (Figure 3). 

2.8.3. Head space extraction HSE 

Due the volatility of the major DPBs one very affordable technique for their analysis is the 
head space extraction, there are in the market two automatized possibilities: with transfer-
ence line [20–22], and high volume syringe [23, 24]. In both cases, the stirring and heating 
are promoted by the same equipment, two of the most important and critical variables in the 
extraction process. In addition and with the similarity concept from Schdmidt’s group has 
come the device coined in tube extraction (ITEX), in this case the high volume syringe are 
coated with specific sorbent material with big affinity for the target analytes [25]. 

Figure 3. Steps of solid phase extraction SPE. 
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2.9. New trends in chemical analysis of DBPs 

Based on the green chemistry ideology, the new trends in chemical analysis of DBPs advice 
to lead the sample preparation in route of miniaturization, automation and lower solvent 
amounts. The first attempts to meet these criteria have been done by Pawliszyn et�al. (1989) 
with the solid phase microextraction (SPME) development [26]. Also, Jeannot [27] in 1997 did 
miniaturize the liquid–liquid extraction in the form of single drop microextraction (SDME). 
Then, simultaneously from different origins and countries�were developed in 1999: the stir bar 
sorption extraction (SBSE) and the liquid phase microextraction with hollow fiber (HF-LPME) 
by Sandra [28] and Pederssen [29], respectively. In 2009, Richter [30] has discovered the rotat-
ing disk sorption extraction (RDSE). Thus, in the last three decades smart devices have been 
invented giving compliment to the goals of the new trends in chemical analysis. 

The thermodynamic principles that rules the distribution of analyte from aqueous phase (1) 
to organic phase (2) are summarized in the next three equations. 

aS [S]
K = 2 = 2 (3)aS [S]

1 1 

K V2R = (4)K V2 + V2 

V1 R _____EF = 100 V2 
(5) 

where 

K = distribution or partition constant 

aS1 = [S]1 = Activity or concentration of analyte in aqueous phase 

aS2 = [S]2 = Activity or concentration of analyte in organic phase 

V1 = Volume aqueous phase 

V2 = Volume organic phase 

R = Recovery 

EF = Enrichment factor 

The next extraction techniques to study are equilibrium processes, that means their distribu-
tion constants are on strong dependence of temperature, time, ionic force and stirring speed. 

2.9.1. Solid phase microextraction SPME 

This device consists of a sorbent polymer coating over thin stainless steel wire. It is a robustness, 
selectivity and powerful technique for volatile compounds, in special for DBPs compounds. 
There are two working modes: in headspace HS and direct immersion DI.�For nonvolatile 
analytes is possible to lead the derivatization reaction in fiber or out fiber (Figure 4). 
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There are a wide range of polarities of sorbents polymer coatings from nonpolar until polar 
moieties, allowing a great spectrum of affinities by polarity for extraction of several kinds 
of molecules, for example, polydimethylsiloxane PDMS, polydivinylbenzene DVB, carboxen 
[26], and nowadays has been gone gain a lot of terrain, the greener sorbents such as modified 
clays, cork, agarose, chitosan, magnetite, nanoparticles or nanotubes [31]. 

2.9.2. Liquid phase microextraction LPME 

It is the miniaturization of liquid–liquid extraction (LLE). The basic principle is the distribu-
tion or partition of the analyte between aqueous phase and organic phase. The amount of 
organic phase used is micro amounts from 5 until 30 µL. 

2.9.2.1. LPME with protected membrane 

In this specific technique, the solvent is supported by a porous polymer membrane. The HF is�
made in hydrophobic polypropylene (300 µm internal diameter ID; 1.2 mm wall thickness, and�
0.2 µm pore size), and act as a filter due to its microporous constitution less than 0.2�μm size pore�
(Figure 5). 

2.9.2.1.1. HF-LPME two phases HF-2-LPME 

With porous membrane (hollow fiber) used as support for the extractant solvent, there are 
two specific working modes: in two and three phases. In two mode, the solvent is filled 
into the hollow fiber (HF) and also dipped into the pores, in other words the solvent is 

Figure 4. Schematic representation of extraction device by SPME. Source: [26]. 
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Figure 5. SEM micrographs of HF. 

Figure 6. HF liquid phase microextraction modes:�Two phases (left); three phases (right). Source: [1]. 

immobilized in the membrane pore’s and filled inside it (Figure 6, https://drive.google.com/�
drive/folders/1dE94Qe_VhY-U3x0909WPIOWpoPtIvVHg). The force that facilitates the trans-
fer mass is the mass gradient. 

2.9.2.1.2. HF-LPME three phases HF-3-LPME 

As shown in Figure 6, the three phases mode implied the immobilization of the organic sol-
vent into the membrane pores, then outsider and insider of HF, both phases are aqueous, 
normally in this mode is necessary put a pH gradient to enhance the transfer mass. In the 
donor phase (outsider), the type of pH (acidic o basic aqueous phase) is on dependence of 
pKa target analyte, in any case herein is important to assure the molecular or neutral form of 
target molecule to reach higher affinity with organic solvent, and in the insider phase should 
turn on to ionic form of the analyte in study to avoid the back extraction. 

https://drive.google.com
http://dx.doi.org/10.5772/intechopen.77254
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In 2014, we developed the new microextraction technique on hollow fiber liquid phase micro-
extraction (HF-LPME) basis [32, 33]. The enhancement consisted in the functionalization of 
the HF as solvent bar because the stirring promotes a better mass transfer. For this accom-
plishment, we put a small stainless steel wire into the HF prior to fill it with extracting solvent�
(preferably 1-octanol). The new approach was coined hollow fiber solvent bar microextrac-
tion (HF-SBME) (see Figure 7 and https://drive.google.com/drive/folders/1dE94Qe_VhY-
U3x0909WPIOWpoPtIvVHg), by adding to the early advantages the possibilities to reduce the 
Nernst’s layer diffusion and enhancing the analyte transfer from aqueous to organic phases.�

2.9.2.1.3. Electromembrane extraction EME 

The EME is a one class of three phase LPME mode, but now the driven force to assure the 
transfer mass is the external electric force impost under power supply. The electrodes are 
made in platinum and the electric field necessary is the 10�V.�This kind of technique is espe-
cially for ionic or ionizable compounds and biological matrices [29]. 

The extraction process with electromembrane has been carried out with two platinum elec-
trodes 5 cm in length and applying a 10 V potential with power supply Enduro™ 300 V 
(Labnet International Inc.), through the semipermeable membrane of 50 mm in length 
(50 µL acceptor medium). Several liquid extractants that served as supporting liquid mem-
brane (SLM) have been analyzed, for example, ionic liquid hexadecyl methylimidazolium 
hexafluorophosphate [C6MIM][PF6], 1-octanol, 2-nitrophenyl octyl ether (NPOE). For ana-
lytes with high values of pKa, a conventional reverse electrode arrangement has been used 
as shown in Figure 8 and an acidic acceptor medium has been used, while maintaining the 
analyte ionized at pH near 7 in the donor media. 

2.9.2.2. LPME without protected membrane 

Is the classic liquid–liquid extraction LLE but using microvolumes of organic solvent. There 
are two special techniques:�

Figure 7. Assembly system of HF-SBME. 

https://drive.google.com/drive/folders/1dE94Qe_VhY
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Figure 8. Outline electromembrane EME isolation technique.�

2.9.2.2.1. Dispersive liquid–liquid microextraction DLLME 

This method involves the dispersion of micro amounts of water-insoluble extraction solvent, 
normally organic solvent (e.g., chloroform, ionic liquids). This solvent is mixed with 100–500 µL 
of dispersive agent (methanol normally), followed by the addition of 5 mL of aqueous sample. 
The whole system has been shaken and further centrifuged (3000 rpm) for 10 min. After cen-
trifugation, a portion of the extracting solvent is concentrated and redissolved in 100 µL of 
methanol prior to chromatography analysis [34] (Figure 9). 

2.9.2.2.2. Single drop microextraction SDME 

Herein, the miniaturization is concentrated in a single drop (from 1 to 5 µL) of organic solvent 
which is suspended in a 10 µL Hamilton syringe in a proper holder to assure a stability and 
avoid the breakout of the drop (Figure 10). The organic solvent should be viscous, thermally 
stable and affordable with the chromatographic system. Also, this extraction mode is possible 
to do in two formats: direct immersion and headspace.�

2.9.3. Stir bar sorption extraction SBSE 

The last two microextraction techniques are seemed with the SPME, but these have the advan-
tage to facilitate the mass transfer to the solid sorbent from aqueous sample due to device 
agitation that allows decrease the stagnant water layer (Nernst’s diffusion layer). In special 
for SBSE, the device has a lot of possibilities to reach the wide sorbent polarities from nonpo-
lar to polar moieties (Figure 11). 

The research group from Lisbon University headed by Nogueira [38] has been developed a 
miniaturized SBSE coined as BAμE due to smaller size, giving the possibilities the flotation 
process with the added issue that has a wider range of sorbent’s polarities than original SBSE 
special for polar target compounds inclusively in one same extraction step has been put two 
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Figure 9. Photography of DLLME. Source: [35]. 

Figure 10. Assembly for single drop microextraction SDME. 
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Figure 11. The stir bar sorption extraction (SBSE) representation. Source: [36, 37]. 

different bars, one of them in flotation and the other one in stirring mode (one bar coated with 
different sorbent’s polarities e.g. PDMS and Carboxen).�

2.9.4. Rotating Sorptive disk extraction RDSE 

Like that the last microextraction technique, the essential falls in the agitation possibilities, but 
herein the sorbent phase can be packed or immobilized in the rotating disk made in Teflon 
with magnet into the body. In both cases, there is no contact between sorbent phase and vial 
glass of sample, allowing the enlarge shelf life to the extraction sorbent, more tuning abilities 
respect to the availability of sorbent phases in the market and inclusively faster stirring speed 
is possible to reach with this device (4000 rpm approx.) and also has the advantage a larger 
contact surface of the sorbent with the sample allowing satisfactory conditions for extraction 
and preconcentration of the analytes (Figure 12). 

2.9.4.1. New sorbent phases and materials 

During the last decades, eco-efficiency is acquiring an important position among the typical fig-
ures of merit of an analytical methodology [39]. Particularly microextraction techniques have 
been characterized as a green technology [1] mainly because the use of chemicals is significantly�
reduced. More recently, the use of eco-sorbents in microextraction techniques have been described 
such as clays, cork, zeolites, magnetite, biomass, nanotubes, nanoparticules alone or covered with 
biodegradable material such as agarose, chitosan, polylactic acid PLA, polyhidroxyalcanoate 
PHA, among others which provides an additional green connotation to this technology [31]. 

For example, in 2015, we developed a new material by modifying by intercalation way of ionic 
liquid (IL) based on imidazolium quaternary ammonium salts into the galleries of natural 
montmorillonite clays (Figure 13) has been demonstrated by exhibiting the big possibilities 
of their use in the extraction and sample preparation field [40]. In this way, the new sorbent 
MMT-HDMIM-Br developed has been working as a novel solid phase in the rotating disk 
sorptive extraction with high performance in the PCBs retention, had been exhibited good 
analytical performance (see Table 3). 

In 2017, we developed a novel sorptive phase consisting of an ionic liquid intercalated in 
montmorillonite that has been immobilized onto agarose gel MMT-IL-AF (Figure 14). The 
sorptive phase, a new ecosorbent, has been used in a thin film of 1�mm thickness x 2.5�cm ID 
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Figure 12. Assembly of rotating sorptive disk extraction (RDSE). Source: [30]. 

Figure 13. Schematic preparation of new sorbent phase on basis of montmorillonite intercalated with ionic liquids. 
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Analyte Matrix Microextraction Chromatographic LoD LDR Recovery RSD Reference 

technique system ng mL−1 ng mL−1 % % 

THMs Drinking 
water 

HF-SBME GC-µECD 0.017-0.037 10-900 74-91 5.7-10.3 [33] 

THMs Drinking 
water 

HS-SPME GC-µECD 0.057-0.319 5-200. 74.7-120.9 1.8-11.0 [41] 

THMs Drinking 
water 

HF-LPME 

HS 

GC-ECD 

GC-MS 

0.018-0.049 

0.023-0.102 

0.88-337.5 

1.04-230.8 

80.3-104.2 

86.3-90.0 

1.8-3.7 

6.8-7.8 

[23] 

HAA Waste 

water 

EME HPLC-UV 0.72-40.3 
(pg mL−1) 

5-200 87-106 2.9-6.7 [42] 

HAN� Drinking 
water 

DLLME GC-MS 79-105 [19] 

HAA River and 
tap water 

SDME GC-MS 82-98 [19] 

THMs Water SBSE GC-HRMS N.R� N.R� [19] 

THMs Tap and 
recycled 
waters 

HS GC-µECD 0.09-0.14 0.1-100 2.4-4.3 [43] 

HAN,HK�Drinking 
water 

SPME GC-MS 2-180 0.01-20 N.R.� 4-7 [44] 

HAA Drinking 
water 

SBME GC-µECD 1-100 [45] 

THMs Drinking 
water 

ITEX GC-MS 1-10 

(pg mL−1) 

90-103 < 10 [25] 

THMs Drinking 
water 

SPME with 
MMT-IL-AF 
under liquid 
desorption 

GC-µECD 0.020 2-500 > 75 < 12 This work 

PCBs Drinking 
water 

RDSE GC-ECD 3-43 

(pg mL−1) 

500-3000 80-86 2-24 [40] 

TCS Drinking 
water 

RDSE GC-MS 1.8 1000-5000 70 [45] 

Parabens River and 
Tap waters 

RDSE-cork 

RDSE-clay 

LC-MS/MS� 0.27 

2.0 

0.80-75 

6-50 

80.1-123.9 

82.4-119.9 

< 17 

< 13 

[46] 

RDSE-C18 4.2 12.5-100 

LoD: Limit of detection; LDR: Linear dynamic range; RSD: Relative standard deviation.�

Table 3. Developed methods for analyzing DBPs (and other halogenated compounds) by using microextraction 
techniques as sample preparation and greener sorbents. 

that was supported onto the top of a rotating disk or as a novel SPME configuration for head 
space extraction of volatile DBPs (Figure 14). 

For other side, in 2016, we used the bio sorbents cork and clay for the development of the 
method for analyzing of four parabens: methyl 4-hydroxybenzoate, ethyl 4-hydroxybenzoate,�
propyl 4-hydroxybenzoate and isobutyl 4-hydroxybenzoate as the targets compounds because 
they are widely used as preservatives in daily hygiene products and are associated with the 
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Figure 14. Preparation of the new eco-material and extraction assembly. 

Figure 15. Device used in RDSE. 

incidence of cancer. The rotating-disk sorptive extraction (RDSE) was used as supported 
device for the above mentioned biomaterials (Figure 15). 

2.10. Sampling and monitoring of aqueous matrices for DBPs analysis 

Once reviewed the new microextraction techniques and the possibilities for using greener 
sorbents, let us present in Table 3 the different arrangements for the analysis of DPBs by using 
these new procedure for sample preparation. 

3. Conclusions 

The existence nowadays over 500 by-products disinfection in low concentrations, by request-
ing for more sensible and more selectiveness methods of analysis in water samples and all 
matrices of its whole water’s production cycle (wastewater, sludge and surrounded wells 
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samples) and their big direct implications in the public health, is leading to develop new 
methodologies for their extraction, signal magnification and validate analysis but inspired in 
the green chemistry ideology. In this sense, the microextraction techniques, a very interesting 
role until now have been complied, because in the one whole step, they can isolate, preconcen-
trate and cleanup the target analytes from proved matrix’s interferences using less amounts of 
toxic organic solvents invocating the necessity of automation and with obviously enhancing 
of its performance and its analytical figures. Some researchers have been pointed that the new 
trends in the analysis are requesting for developing greener and more selectiveness sorbents/�
solvents by attaching the high performance of the revised miniaturized methods in this chap-
ter with the advantages of these new eco-materials that are biodegradable materials, has been 
generated less production of waste, and these composites have a wide natural distribution by 
assuring the equilibrium of the relationships between the man and its environment. 
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Disinfection is a method used to destroy most microbial forms, especially vegetative 
pathogens, by using physical and chemical procedures such as chlorination, UV 

radiation, boiling, vapor, etc. Biotic surfaces such as skin and abiotic surfaces such as 
contaminated medical devices and kitchen equipment exposed to cross contamination 
must be disinfected. Especially, inadequate disinfection of water can be fatal and cause 

life-threatening outbreaks. For this reason, water must be disinfected adequately by 
appropriate methods. Tere are several factors that afect the efcacy of disinfection 
against pathogens, such as capacity of bioflm and spore formation, having antibiotic 
resistance, etc. It is hard to destroy bacterial bioflms, bacterial spores, and resistant 
microorganisms. Some bacterial spores and resistant microorganisms can withstand 

disinfectants, so adequate disinfection must be done by appropriate methods. Te aim 
of this book is to summarize disinfection, disinfection methods, and chemical analysis 

of by-products by providing up-to-date topics. 
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