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Abstract: Malodorous compounds arise at practically every stage of wastewater management,
starting from the sewer network, via the technological sewage-treatment system, through to the
sludge-management stage. The formation of hydrogen sulphide is a significant problem even
while sewage remains in sewers, as anaerobic conditions prevalent in the network are conducive
to wastewater putrefaction, and therefore contribute to increased malodorous emissions. The
development of such anaerobic conditions is favoured by the oversizing of conduits or designs that
feature inadequate gradients, causing wastewater in the network to stagnate. Where emissions
to the air from wastewater occur, they are found to constitute a complex mixture of perhaps even
1000 different substances, produced under varying process conditions. Among those present are
compounds of sulphur and nitrogen, chlorinated compounds, and other organics. In Poland, the
issue of odour annoyance has not yet been subject to standardisation in either legal or methodological
terms. Indeed, as only 11 EU Member States have regulations in place regarding air-quality standards,
it is likely that such a law will soon be developed to try and resolve problems with odour annoyance,
including those originating in the systems dealing with wastewater. This denotes a need to develop
methods of counteracting the formation of odours, and those of a chemical nature are regarded as
among the most effective, hence their growing popularity. They also abide by green-technology
principles. Against that background, this article seeks to consider the process by which malodorous
substances arise in sewer and wastewater-treatment systems, as well as to discuss methods of odour
abatement. The work also presents the current legal regulations of relevance to the issue.

Keywords: odorous compounds; sewerage network; legal regulations; elimination of odours;
chemical deodorization methods

1. Introduction

Odour-related annoyance reflects a state of subjective discomfort experienced by a person
physically and mentally, as a result of the smell of a substance introduced into the air. The annoyance
thus arises from the interaction between sources of malodourous compounds and a human being’s
sense of smell, as denoting recognition by receptors in the nose. Economic activity in general, and
the development of individual branches of a country’s economy, are invariably connected with some
negative on-air quality, including smells and their olfactory reception [1,2]. Virtually all branches of
industry and the economy can give rise to compounds capable of generating odour-annoyances [1].
However, the most onerous sources, continuously or periodically, are facilities connected with
livestock-breeding and raising, as well as the management of solid and aqueous wastes. Specifically,
the greater part of odour emissions are seen to result from the breeding of livestock, the production of
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animal feed, the processing of fats, oil-refining, the chemicals industry and tanning, food production
and papermaking, fish processing, gastronomy, the use of landfills, and—of course—wastewater
treatment plants and sewerage [3].

Odours emitted from individual sources can generate psychological discomfort at the level of
individuals, or of entire populations living in the vicinity [4]. Malodorous compounds generated
provoke complaints and may even prove influential at a national level. Recent years have in fact
brought more and more vehement (at times aggressive) protests against odour annoyance, arising at
or in the vicinity of sewers, sewage pumping stations, expansion wells, and wastewater treatment
plants [5].

Proper design, construction, and operation of the above installations can do much to reduce—and
sometimes even eliminate—odour annoyance [6]. Where systems already exist, various methods
of odour annoyance abatement are being looked into [7-9]. However, this area of research goes
partly unrecognised and under-reported due to a lack of legal regulations as well as methodological
difficulties with determining individual odour-generating substances. Where findings are available,
analysis points to the efficacy of chemical methods of odour abatement.

2. Malodorous Gases in the Sewer System

Odour annoyance is very much associated with municipal water and wastewater management [10].
Component installations of relevance to this are networks of sewers (or “sewerage”), stations pumping
wastewater, catchment points, wastewater treatment plants, and sludge-management facilities [11,12].
Such infrastructure supplying treatment plants with wastewater represents a stage that may cause
major odour annoyance, depending on both the type of sewage and the conditions of sewerage [13].
Raw wastewater in most towns and cities is collected and transferred to a central treatment plant
via a network of fully surcharged, pressurised rising mains, and/or through partially filled gravity
sewers [14].

Sewer systems comprise elements by which both storm water and wastewater can be collected,
transported (possibly with retention at some point), and discharged for either utilisation or collection [15].
From the point of view of the generation or accumulation of odours, the most vulnerable systems are
sanitary sewerage and combined sewerage systems [16].

Each system [17] is characterised by zones sensitive to odour accumulation [18]. In sewerage,
these comprise:

e  Conduits characterised by limited gradients and hence low flow rates;
e  Connection sewerage wells;

e Sewage pumping stations;

e  Syphon transitions.

Places of accumulation in the system are as presented in the overview diagram, shown in Figure 1.

A major zone of accumulation of sewage involves conduits (No. 1 in Figure 1), given their limited
bottom slope [19]. Very often, a conduit of this kind in a newly established catchment transports only
limited volumes of sewage initially [20]. That denotes problems with wastewater being maintained in
a “fresh” state, as opposed to putrefying. A low flow rate also inhibits self-cleaning (with tangential
stressing of channel walls taking place). Ultimately, channels can tend to operate as settling tanks.

Other strategic elements present along gravity conduits are sewer manholes (No. 2 in Figure 1).
These are associated with connections to channels, allowing for changes of slope, diameter, or direction
of flow [17]. Given gravitational flow, the problem resembles that faced in gravity sewage conduits.
Velocity of flow is insufficient, so sewage accumulates in the base units of inspection chambers.
Where ventilation is inadequate and temperatures are high, a process of putrefaction can begin at
these locations.

Therefore, a system operating via gravitational flow may often require a pumping station
(designated by No. 3 in Figure 1) [21] as an installation transferring wastewater to a higher level,
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e.g., in flat areas or those with very variable slopes. Pumping may also be necessary along sections
just prior to treatment plants. Gravity systems operating in conjunction with pressure conduits are
particularly unsuited to maintaining wastewater in a state of appropriate quality [22]. This reflects the
retention volume of wastewater [23], as adjusted in line with flow conditions. The fact that wastewater
accumulates periodically as a consequence of uneven and low flow, combines with high temperatures
and the emergence of anaerobic conditions to encourage putrefaction and the consequent emission
of odours.
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Figure 1. Accumulation of sewage in or at: 1—conduits, 2—sewer manholes, 3—sewage pumping
stations, 4—syphon transitions, 5—sewage contaminations).

Odour annoyance is noticeable where sewage from neighbouring municipalities discharges into
municipal sewerage. This reflects both the qualitative aspects of the sewage itself; and the long
potential wait at pumping stations, where crushing also takes place. Turbulent movement encourages
degassing here, with malodorous substances released. A significant amount of the slurry arising
from petroleum-ether extraction adheres to well walls or bottoms, where malodourous putrefaction
processes may again take place.

Other characteristic elements of sewerage (less often combined) are syphon transitions (marked as
No. 4 in Figure 1). These allow for the transport of sewage under pressure within the gravity network.
Thanks to the specific construction of a syphon transition (with a downhill section, a horizontal outflow
section of limited slope; and a rising section), it is possible for an obstacle (e.g., a watercourse, track, or
other infrastructure) to be bypassed. However, correct functioning of a syphon transition requires a
constant flow of wastewater, which is not always achievable. In fact, the hour-by-hour consumption
of water (and thus, the wastewater outflow) proves to be extremely irregular, such that flow rates
fluctuate greatly. At times, flow velocities approach (or even go below) the speed at which sand falls,
with a sewer then effectively converting into a settler. Zones most vulnerable to accumulation are then
those in which pressure falls most, e.g., with a change of direction, and most especially prior to the
aforementioned rising section.

Systems of drains carrying storm waters away from sealed surfaces (as in combined systems,
shown in Figure 2) also have critical zones where solids may accumulate, especially:

e  Sedimentation wells;
e Rain inlets;
e  Siphons at inlets.

Potential accumulation sites in combined sewerage + stormwater drainage systems are as shown
in Figure 2.

Systems also incorporating runoff from roads include sediment wells (marked No. 6 in Figure 2).
These function as settling tanks in which larger items settle on the bottom, allowing for a reduction in
pollutant loading of the receiving water [24]. A similar situation applies to roadside inlets (marked No.
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7 in Figure 2), whose structure also foresees sedimentation elements capturing polluting items of larger
size [25].

Figure 2. Accumulation of sewage in combined sewerage/stormwater drainage systems: 5—sewage
accumulation, 6—sediment wells, 7—roadside inlets, 8—siphons.

Rain inlets are most often installed in road lanes whose surface runoff has very unfavourable
quality parameters [26]. This affects oil leaks and the presence of solid deposits of pollutants from cars,
as well as dusts and sand.

The last elements facilitating settlement of pollutants are siphons (marked No. 8 in Figure 2),
which combine street inlets with combined sewerage conduits. Their particular use is in preventing
the escape of gas from combined systems. Nevertheless, the stormwater may be contaminated with
petroleum-derived compounds and suspended matter which can affect lower emission of odours—in
opposition to sanitary sewerage.

Emissions from wastewater to the air constitute a complex mixture of as many as a thousand
different substances produced and emitted in varying conditions [27]. Molecules typically responsible
for odour would be compounds of sulphur or nitrogen, chlorinated compounds, or other substances
containing carbon [28]. Table 1 offers examples of malodorous volatile compounds associated
with wastewater.

Table 1. Examples of malodorous volatile compounds associated with wastewater (adapted from [29]).

Substance Compound Formula Boiling Point (°C)
Hydrogen sulphide H,S -60
Methyl mercaptan CH3SH 6
Ethyl mercaptan C,H5SH 35
Sulphur compounds Allyl mercaptan CH,=CHCH,SH 69
Benzyl mercaptan C¢HsCH,SH 195
Dimethyl sulphide CH;3SCHj3 37-38
Dimethyl disulphide CHj3S,CH3 108-110
Ammonia NH;3; -33.4
Nitrogenous Methylamine CH3NH, -6.4
compounds Ethylamine Co,H5NH, 17
Dimethylamine (CH3),NH 7

Pyridine C6H6N 115
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Table 1. Cont.

Substance Compound Formula Boiling Point (°C)
Chlorine Cl, -34
Chlorinated Chlorophenol CICH,OH 175
compounds
Carbon tetrachloride CCly 77
Acetic acid CH;COOH 118
Other organic Butyric acid C,HsCOOH 162
compounds Formaldehyde HCHO -19
Phenol C¢Hs0OH 79
Acetone CH3;COCHj3; 56

Emissions of odours at wastewater management facilities may also be dependent on sewage pH
or temperature, as well as atmospheric pressure and air turbulence over the source. The presence of
oxygen is also important in the generation of odours (Figure 3) [28].

Figure 3. Odour emission in the sewage system.

Meteorological conditions do much to ensure marked season-to-season variability in
odour emissions, especially from surface sources. The range of impact of malodorous
water/wastewater-management buildings and installations may even double in summer as opposed to
winter (Table 2). Table 2 also presents typical concentrations of selected odours at various locations
throughout a network. Substances occurring most frequently, and at highest concentrations, are
hydrogen sulphide H,S (at 0.21-21,000 jtg/m®) and dimethyl sulphide (at 1.1-45,000 ug/m3). Hydrogen
sulphide is an inorganic sulphide, taking the form of a highly toxic, colourless gas of unpleasant
rotten-egg smell. It is responsible for several problems in the environment, such as biogenic corrosion
of concrete structures, odour annoyance in urban areas, and toxicity to sewer workers. Dimethyl
sulphide is also known for its strong “rotten cabbage” or “canned corn” odour.

When the elements of a network are compared, the largest releases of malodorous substances are
seen to be from pumping stations, as well as from siphons. This reflects a greater capacity to retain
high volumes of sewage that may begin to putrefy—should conditions favour that—e.g., at pumping
station tanks, or in the directional-change parts of syphon transitions.
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Table 2. Examples of malodorous substances concentrating at various points in a system.

Compound Concentration Location Reference
0.21-270 pg/m3 Sewer [30]
1880 ug/m3 Australian sewers [7]
29,000 ug/m3 Pumping station waste gas [31]
3770 + 1100 pg/m3 Upstream of a siphon, Sydney, winter [32]
Hydrogen sulphide H,S 11,198 + 2951 pg/m3 Upstream of a siphon, Sydney, summer [32]
357 + 160 ug/m3 Pump stations wet well, Sydney, winter [32]
1162 + 521 ug/m3 Pump stations wet well, Sydney, summer [32]
1102 +34.4 pg/m3 Inlet (downstream of a siphon), Sydney, winter [32]
4625.1 + 148 pg/m3 Inlet (downstream of a siphon), Sydney, summer [32]
0.0003-38 pg/m3 Sewer [30]
7000 ug/m3 Pumping station waste gas [31]
293 ug/m3 Australian sewers [7]
Methyl mercaptan 856 + 78.6 pg/m> Upstream of a siphon, Sydney, winter [32]
CH;3SH 1290.5 + 434 pg/m? Upstream of a siphon, Sydney, summer [32]
74.7 + 76.7 pg/m3 Pump stations wet well, Sydney, winter [32]
359 + 165 ug/m3 Pump stations wet well, Sydney, summer [32]
4139 + 197 p.g/m3 Inlet (downstream of a siphon), Sydney, winter [32]
701 + 14.5 ug/m3 Inlet (downstream of a siphon), Sydney, summer [32]
0.043-21 pg/m3 Sewer [30]
3.81 ug/m3 Australian sewers [7]
ND Upstream of a siphon, Sydney, winter [32]
Ethyl mercaptan ND-5.6 pg/m? Upstream of a siphon, Sydney, summer [32]
C,H5SH
ND Pump stations wet well, Sydney, winter [32]
ND Pump stations wet well, Sydney, summer [32]
ND Inlet (downstream of a siphon), Sydney, winter [32]
ND Inlet (downstream of a siphon), Sydney, summer [32]
0.3-160 pg/m3 Sewer [30]
45,000 rg/m? Pumping station waste gas [31]
65.4 ug/m3 Australian sewers [7]
Dimethyl sulphide 112 + 36.4 pg/m® Upstream of a siphon, Sydney, winter [32]
CH3SCH3 208 + 50.5 pg/m?> Upstream of a siphon, Sydney, summer [32]
51+11 pg/m3 Pump stations wet well, Sydney, winter [32]
839 +222 ug/m3 Pump stations wet well, Sydney, summer [32]
63.5 + 21.9 pg/m3 Inlet (downstream of a siphon), Sydney, winter [32]
64.6 +3 ug/m?’ Inlet (downstream of a siphon), Sydney, summer [32]
8.72 p.g/m3 Australian sewers [7]
<20 pg/m3 Pumping station waste gas [31]
1.1-78 pg/m? Sewer [30]
Dimethyl disulphide 19.3 + 3.27 pg/m?3 Upstream of a siphon, Sydney, winter [32]
CH,S,CHs 44.4 + 2.3 pg/m? Upstream of a siphon, Sydney, summer [32]
15.1 £ 6.75 ug/m3 Pump stations wet well, Sydney, winter [32]
19.5 +1.53 ug/m3 Pump stations wet well, Sydney, summer [32]
791 +3.21 ug/m3 Inlet (downstream of a siphon), Sydney, winter [32]

15.7 + 7.83 p.g/m3 Inlet (downstream of a siphon), Sydney, summer [32]
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Compound Concentration Location Reference
1.4-310 pg/m? Sewer [30]
Diét:ll_};i ;LCIIZI;_}I‘:de <70 ug/rn3 Pumping station waste gas [31]
1.12 ug/m3 Australian sewers [71
0.3-90 pg/m?3 Sewer [30]
0.15 ug/m3 Australian sewers [7]
Dieégl}_lll;éi:g:%};ide 1.43 ug/m3 Sewer [30]
90 ug/m3 Pumping station waste gas [31]
22-124 pgfm?3 sewer [30]
620 pg/m3 Pumping station waste gas [31]
11 ug/m3 Australian sewers [7]
13.8 +5.42 ug/m3 Upstream of a siphon, Sydney, winter [32]
27.1 + 2.7 pg/m?3 Upstream of a siphon, Sydney, summer [32]
Carbon disulfide CS; 6.09 + 4.39 p.g/m3 Pump stations wet well, Sydney, winter [32]
9.45 +2.09 ug/m3 Pump stations wet well, Sydney, summer [32]
4.02 + 0.09 pg/m3 Inlet (downstream of a siphon), Sydney, winter [32]
9.83 +1.02 ug/m3 Inlet (downstream of a siphon), Sydney, summer [32]
70-180 pig/m3 Sewer [30]
Carbonyl sulfide COS 250 ug/m3 Sewer [30]
Is?é’;‘;?:g};tsl:ld <0.25 pg/m? Pumping station waste gas [31]
Sulfur dioxide SO, 870-2600 pg/m?3 Sewer [30]
202 ug/m3 Sewer upstream of a siphon [28]
Tri““gr}‘l“c“lzthane 654.25 pg/m’ Sewer line 28]
55.4 ug/m3 Australian sewers [7]
Benzene CgHj 5.52 ug/m3 Sewer upstream of a siphon [28]
8.85 ug/m3 Sewer line [28]
111.33 ug/m?’ Sewer upstream of a siphon [28]
Toluene C7Hg 61.15 pLg/m3 Sewer line [28]
31.7 ug/m3 Australian sewers [7]
105.66 ug/m3 Sewer upstream of a siphon [28]
m,p-xylene CgHyg 183.7 pg/m?’ Sewer line [28]
7.35 ug/m3 Australian sewers [7]
45.71 ug/m3 Sewer upstream of a siphon [28]
o-xylene CgHio 70.61 pg/m3 Sewer line [28]
0.31 ug/m3 Australian sewers [71
14.36 pg/m3 Sewer upstream of a siphon [28]
Decane C1oHp» 141.88 |,Lg/m3 Sewer line [28]
5.70 pg/m3 Australian sewers [7]
110.03 ug/m?’ Sewer upstream of a siphon [28]
Limonene CyoHyg 191.15 ug/m3 Sewer line [28]
37.8 ug/m3 Australian sewers [7]

3. Legal Conditions

There is nothing new about complications resulting in the generation of malodorous substances as
wastewater is carried through sewers and pipelines. Yet, relevant legal provisions are still lacking, and
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the European Union has no legal act regulating abatement of odour annoyance in any comprehensive
way. Difficulties with measuring odours have a great deal to do with this, though standardisation may
anyway prove difficult, given various cultural, educational, and other factors affecting risk perception.

The failure of the European law in this regard also reflects a widespread subsidiarity-relevant
view that counteraction of odour annoyance is a matter for the local government. Thus, while EU law
obviously addresses the safeguarding of air quality, it fails to tackle the prevention or abatement of
odour annoyance. Work to achieve regulation of odour annoyance has, however, been ongoing for
years at a domestic level, as well as in the name of the whole EU [33]. However, such is the complexity
of this problem that only 11 Member States currently have regulations based on air-quality standards
in place. The number is nevertheless increasing. States regulating this annoyance currently include the
United Kingdom, The Netherlands, Belgium, Germany, France, and the Czech Republic in the EU; as
well as Turkey, Japan, New Zealand, Australia, the USA, and Canada. Naturally, approaches do differ
(Table 3), for example, with the criteria vis-a-vis odour annoyance relating to odour concentration,
substance concentration, minimum distance, duration and frequency, intensity of fragrance, odour
index, annoyance prevention, quantitative emission, complaints, and best available technology [33].

Exact ranges of concentrations of individual odour components have been determined in the
Japanese case. Currently, Japan has 22 designated Offensive Odour Substances, with local governments
determining each standard value within the range described below (Table 4). Law enforcement seeks
to ensure that concentrations in air/water do not exceed standard values.

Table 3. Management to prevent or curb odour annoyance in selected countries.

Country Criterion Name of the Regulation Reference

e  Department for Environment, Food
and Rural Affairs, Odour Guidance for
Local Authorities

e  Odour guidance 2010 (Scotland)

e  Environment Agency, Additional

guidance for H4 Odour Management.
The best available

i i How to comply with your
The United Kingdom technology (Scotland) environmeng lypermiz [33]
. DEFRA, Code of Practice on Odour
Nuisance from Sewage
Treatment Works
e  Health Protection Agency,
Odour-Frequently Asked Questions
The minimum distance
Duration and frequency
Intensity of fragrance e Detection and Assessment of Odour in
Germany Prevention of nuisance Ambient Air [33]
Quantitative emission
The best available
technology
e  Meten luchtemissies Normen voor
luchtemissiemetingen Netherlands
Technical Agreement NTA 9065 Air
quality-Odour measurements—-Odour
measurement and calculation emeente
Intensity of fragrance Raalte, Verordfening geurhinder
The Netherlands Prevention of nuisance en veehouderij [33]
Quantitative emission e  Nederlandse Emissie Richtlijnen NeR,

Nederlandse Emissierichtlijn Lucht
§3.6 (NeR): Handleiding geur:
Bepalen van het aanvaardbare
hinderniveau van industrie en
bedrijven (niet veehouderijen)
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Country Criterion Name of the Regulation Reference
) Department of Environmental
Odour concentration Protection (PEP), Odour Methodology
Concentration of Guideline. Perth, Western Australia
. .stllbstance. Department of Environment and
Australia The minimum distance Conservation (DEC/NSW), 2006b [33]
The best available Technical notes: Assessment and
technol(?gy management of odour from stationary
Complaints sources in NSW. Sydney NSW
Odour concentration
Japan Odour indicator The “Offensive Odor Control Law” [33-35]
Quantitative emission
Concentration of
) substance The Resolution SEMA 016:2014
Brazil . . (Parana) [33]
Prevention of nuisance
Quantitative emission
The minimum distance The Good Practice Guide for
New Zealand Duration and frequency Assessing and Managing Odour in [33]

Intensity of fragrance

New Zealand

Complaints

Table 4. Permissible contents of odour-generating substances in Japan (adapted from [35]).

Number Substance Concentration (ppm)
1 Acetaldehyde 0.05-0.5
2 Ammonia 1-5
3 Butyl aldehyde 0.009-0.08
4 Butyric acid 0.001-0.006
5 Dimethyl disulphide 0.009-0.1
6 Dimethyl sulphide 0.01-0.2
7 Ethyl acetate 3-20
8 Hydrogen sulphide 0.02-0.2
9 Isobutyl alcohol 0.9-20
10 Isobutyl aldehyde 0.02-0.2
11 Isovaleraldehyde 0.003-0.01
12 Isovaleric acid 0.001-0.01
13 Methyl isobutyl ketone 1-6
14 Methyl mercaptan 0.002-0.01
15 Propionic acid 0.03-0.2
16 Propoinaldehyde 0.05-0.5
17 Styrene 0.4-2
18 Toluene 10-60
19 Trimethylamine 0.005-0.07
20 Valeraldehyde 0.009-0.05
21 Valeric acid 0.0009-0.004
22 Xylene 1-5
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4. Possibilities of Preventing Odour Annoyance

Air protection is currently a key aspect of the broader concept of environmental protection. The
correct design, construction, and operation of networks dealing with wastewater can often reduce
or even eliminate odour annoyance [36]. In turn, where the systems in question are already in place,
odour annoyance abatement should entail all possible modifications of existing technological solutions,
as well as necessary modernisation. The introduction of new systems not generating any favourable
conditions for gaseous emissions is also possible. Effective emission abatement can mostly be achieved
if sanitary and general engineering rules are adhered to strictly. Attempts to deodorise malodourous
substances that do arise can also be made inter alia, where the odour annoyance is separated from
the gases themselves, e.g., via admixtures that change the nature of a scent or reduce its intensity.
Malodorous pollutants become odourless in this way, or at least come to be characterised by high(er)
thresholds of olfactory perceptibility. The most frequently used methods of deodorisation are sorption,
biological gas cleaning, thermal and catalytic combustion, and odour neutralisation [37]. However,
gaseous compounds such as oxides of carbon and nitrogen, methane, ethene, ammonia, compounds
of sulphur, etc., cannot be purified effectively by activated carbon alone [38]. Alternative, competing
methods seeking to achieve the limitation or complete elimination of odour-generating processes
along networks transferring wastewaters may make use of chemical reagents and so-called advanced
oxidation processes (AOPs) [38—43].

To this end, use has so far been made of hydrogen peroxide, chlorine, ozone, and potassium
permanganate to reduce odour emissions effectively. An example of dosing reagents to sewage systems
is shown in Figure 4.

Dosage reagents
Domestic Water

Sewerage system pipe

Anaerobic zone ress nﬁnoxic zone
< o)
- @ ey o
A A@? TS ®‘\’“ﬂasnu
4 4 4

Figure 4. An example of reagents being dosed into sewer systems.

Hydrogen peroxide is the most popular compound here, considered environment-friendly on
account of its non-formation of harmful by-products with solid compounds. The only by-products of
reactions are in fact water and CO,. At the same time, H,O, is versatile enough to oxidise organic
compounds of most different groups. In a process effective in eliminating odours, hydrogen peroxide
achieves 85-100% removal of sulphides, leaving the aforesaid water and oxygen as by-products [41]. A
further great advantage of introducing hydrogen peroxide into sewers is the resultant oxygenation that
helps counteract wastewater putrefaction. The dose of oxidant will obviously need adjusting correctly
to achieve the desired effect. A 1.5 h duration of action also needs to be borne in mind [38,39].

When dosing with chlorine compounds, limitations may arise due to the potential generation of
halogen-based organics like the carcinogenic trihalomethanes. However, chlorine is useful in reducing
sulphur to sulphate, and, not only are some of the available sulphide ions eliminated, but oxidation of
organic matter in wastewater also takes place, with BOD (Biochemical Oxygen Demand) reduced in
consequence. Sodium hypochlorite removes ammonia odours effectively, while also disinfecting and
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destroying cyanides. Chlorine dioxide is likewise effective in ridding wastewater of sulphides, phenols,
and mercaptans (thiols). For its part, potassium permanganate (KMNOy) is a strong oxidising agent
also capable of converting sulphide to sulphate, as well as oxidising organic substances responsible for
odours. While rates of reaction are very fast, its high cost represents a major limitation. The pH of
wastewater also plays an important role conditioning oxidation, with pH in the 6.5-7 range known to
be optimal [38,44,45].

Ozone is another effective oxidiser of compounds impacting upon taste and odour, and not just
thanks to its reducing quantities of malodorous substances. A study conducted by Laplanche et al.
(1994) [46] shows the superiority of ozone + hydrogen peroxide over ozone alone. Beyond that,
oxidants such as ammonium, potassium, and sodium perchlorates; sodium and potassium chlorates;
sodium peroxide; sodium perborate; hydrogen peroxide; and mixtures of several of the above are all
used in deodorising malodorous polyolefins [45].

However, as none of these different processes prove sufficiently effective in odour abatement,
new methods or new combinations of processes are still being sought, while “advanced oxidation
methods/processes” are resorted to. The latter are a series of chemical reactions ultimately generating
the eOH radicals representing relatively nonselective and high-rate reactants [47,48].

Conventional processes are often combined to raise levels of efficiency of contaminant removal.
Thus, ozonation is, for example, combined with the use of hydrogen peroxide. Such approaches
indeed prove superior to individual applications, when it comes to reducing amounts of flavours
and odours, including the musty/earthy geosmin and isoborneol. The latter can also be eliminated
effectively when hydrogen peroxide is combined with UV radiation under medium pressure lamps.
Studies also report high-efficiency photocatalytic decomposition (with a titanium dioxide catalyst) of
mercaptobenzimidazole, mercaptobenzoxazole, mercaptopyridine, and mercaptan paratolil [44,45].

Highly effective advanced oxidation methods include the so-called Fenton process, which can
achieve rapid breakdown of pollutants. The versatility and high efficiency of this process assures it of
more and more attention as a promising alternative method by which to remove contaminants, including
those responsible for odour annoyance [41]. The classic Fenton reaction occurs via hydrogen peroxide
breakdown, with the participation of Fe?* ions as a process catalyst [49]. However, the reaction is
actually far more complex, consisting of the series of subreactions described in Equations (1)—(8) [50,51].

Fe**+ H,0, — Fe* + «OH + OH™, 1)
Fe3* + H,O, — Fe** + HO,e + HY, )
eOH + H,0, — H,0 + HO»e, 3)
eOH + Fe?* — Fe* + OH™, (4)
Fe’* + HOye — Fe* + O, + HY, (5)
Fe?* + HOye + HY — Fe** + H,0,, (6)
2HO,® — H,0, + O, @)

oOH + e¢OH — H;0,. (8)

In any case, it generates the aforementioned hydroxyl radicals with their high oxidation potential,
which react with almost all organic compounds and are efficient inhibitors of the folding process.
The utility of the Fenton process in removing malodorous substances (e.g., hydrogen sulphide) has
been confirmed by Debowski et al. (2008) [41], among others. The addition of the Fenton reagent to
wastewater apparently curbs the formation of H,S in a process commencing in sewage from day 2
of detention, where conditions are anaerobic. Where the Fenton reaction was applied, no H,S was
present in sewage biogas after just 8 days.
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5. Summary

Many complaints from inhabitants single out networks of installations dealing with wastewater
as sources of odours, and this is particularly so when air-pressure changes follow on from prolonged
dry periods. Odours deserve special attention, not only because of the annoyance they represent (as
the main reason for the aforesaid complaints), but also because of the potential role of the substances
involved in degrading buildings and operating devices. Operators of such facilities helping to ensure
the treatment and utilisation of wastewater also face threats. Thus, there is a justified need to seek out
effective and economical techniques providing for the rapid abatement of unpleasant odours arising
from sewage sludge.

The review of odour generation in sewerage systems and potential methods of abatement that has
been provided here represents a first step on the road to further research. The subject is to be followed
up via laboratory research, focusing on the use of the Fenton process in neutralising odours in a model
system of sewerage. The influence of wastewater flow and airflow rates will also gain study in this way.
On completion, this research will gain further validation in the real-world sewerage system present in
a Polish city.
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