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Current Status and Outlook of Odor Removal Technologies 

in Wastewater Treatment Plant
Baiming Ren · Yaqian Zhao · Nathalie Lyczko · Ange Nzihou

Abstract
The ever increasing public complaints arising from wastewater treatment plants (WWTPs) grow since sewerage treatment has 
been associated with nauseous odorous on account of the anaerobic decomposition process and emission. Various physical/
chemical and/or biological methods were used for abating odours worldwide. Thus, an updated comprehensive review for 
the WWTP odor abatement technologies is urgently required. This study reviews the new achievements of odor abatement 
technologies (adsorption, chemical scrubbing, biofiltration, biotrickling, bioscrubbing, activated sludge diffusion) in WWTPs 
and then identifies a new aspect for the future studies. Overall, hybrid technologies (physical/chemical + biotechnologies) 
attract increasing attention since their highly reliable removal efficiency for various odorants, however, the high costs for 
investment and O&M (operation & maintenance) of the adsorption part and the complexity and variability of odorants are 
still the major challenging for wide engineering application and technological innovation. Thus, developing the cost-effective, 
environmentally friendly odor control technologies, like using the alum sludge (waterworks residue) based adsorbents/media, 
in terms of using “waste” for waste treatment, could be a highly promising prospect.
Graphical Abstract
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Statement of Novelty

This study provided the updated information for the WWTPs 
odor management as well as to identify the promising areas 
of further research and development. Given that alum sludge 
(waterworks residues) could be the promising low-cost 
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adsorbent for odor removal even to the media in the bio-
filters and biotrickling due to its inherent characteristics, 
developing the low-cost adsorbents/media for WWTPs odor 
treatment could be a vital innovative aspect of the environ-
mentally friendly development as well as the “Blue Econom-
ics”. It not only opens the new prospects for the waterworks 
sludge management but also fits in the circular approach of 
using a waste for waste gas control.

Introduction

In recent years, the release of unpleasant odours from waste-
water treatment plants (WWTPs) has attracted broad atten-
tion, especially among the high population density countries. 
For technological reasons, WWTPs always occupy a large 
surface area, ranging from several to more than a dozen hec-
tares and, as a result, are often considered responsible for 
odor emissions [1]. They not only have a negative impact 
on the local population but also represent a significant con-
tribution to photochemical smog formation and particulate 
secondary contaminant emission [2–4]. Odorous compounds 
in sewage mainly originate from two processes: anaerobic 
decomposition of biodegradable materials in the wastewa-
ter or direct emission of specific chemicals with wastewa-
ter discharges [5, 6]. Furthermore, odours emanating from 
WWTPs are composed of a mixture of various chemical 
compounds including ammonia  (NH4), hydrogen sulfide 
 (H2S) and butanone etc., 78 kinds of main odor-producing 
compounds relating to wastewater collection and treatment 
facilities have been reported [7–10], such as various volatile 
organic compounds (VOCs), indoles, skatoles, mercaptans 
etc. [11]. Stuetz and Frechen [12] had summarized a range 
of odorous emissions from WWTPs (Table 1). Significantly, 
 H2S is considered the most important cause for both odor 
emission and corrosion in wastewater collection and treat-
ment facilities [12].  H2S is a toxic, flammable, and colour-
less gas with an unpleasant smell, similar to that of rotten 
eggs. It can be smelled at low concentrations (about 0.5 ppb) 

[13]. Based on the European, American, and Chinese stand-
ards, the maximum permissible  H2S emission through a 
chimney is 5–10 ppm [7].

It is worth noting that  H2S is a key element in sulphide 
chemical species according to the equilibrium:

where, the equilibrium constants Ka1, Ka2, determine the 
ratio between the concentrations, C, at equilibrium:

The  H2S release to the atmosphere is thereby strongly 
dependent on the pH (CH+ in Eqs. (2) and (3)) [12]. Simul-
taneously, another substance that produces odor in WWTPs 
is ammonia, which is caused by bacterial decomposition of 
urea produced in the sewage networks. Ammonia possesses 
a low evaporation temperature, it is therefore easily evapo-
rated and leads to the release of wastewater odours in the 
environment [15–19].

Consequently, a careful management of WWTP odor 
is required to avoid the annoyance and to meet the strict 
regulations. Until now, odor treatment technologies can be 
classified into physical/chemical and biological methods. 
Adsorption and chemical scrubbers are among the physi-
cal/chemical methods, while biofilters, biotrickling filters, 
bioscrubbers, and activated sludge diffusion reactors etc. 
are biological approaches for odor control. Physical/chemi-
cal technologies have been broadly implemented since 
their rapid start-up, low empty bed residence time (EBRT) 
and extensive experience in design and operation [20–24]. 
These techniques are often based on the transfer of odor-
ants from the gas emission to either a solid (adsorption) or 
liquid (absorption) phase. These pollutants can be further 

(1)H2S (g)
Water−air

⇔ H2S (aq)
pKa1=7.0

⇔ HS−
pKa2=14

⇔ S2−

(2)Ka1 =
CH+ × CHS−

CH2S(aq)

(3)Ka2 =
CH+ × CS2−

CHS−

Table 1  A range of odorous 
emissions from WWTPs. 
Reproduced with permission 
from [12, 14]

Compound Odor description Chemical formula Odor threshold (ppb)

Ammonia Sharp, pungent NH4 130–15300
Butanone Sweet, minty, green apple CH3C(O)CH2CH3 270
Dimethyl sulfide Decayed vegetables (CH3)2S 0.12–0.4
Geosmin Earthy, musty C12H22O 4
Hydrogen sulfide Rotten eggs H2S 0.5
Indole Fecal, repulsive C8H7N 0.3–1.4
Methyl mercaptan Decayed cabbage, garlic CH4S 0.0014–18
Skatole Fecal C9H9N 0.006
Sulfur dioxide Pungent, acidic SO2 9
Thiophenol Garlic, stench C6H6S 0.064



transformed into by-products according to their reactivity 
with the chemicals used. However, in the last decades bio-
logical systems have been increasingly implemented due 
to their ability to efficiently treat malodorous emissions at 
lower operating costs. The main merits of biotechnologies 
compared to their physical/chemical counterparts derive 
from their low generation of secondary wastes and low 
demand of resources, such as chemicals or adsorbent media. 
On the other hand, biological processes often require larger 
EBRT (2–120 vs. 1–5 s) and associated footprint than physi-
cal/chemical alternatives at similar odor removal efficiencies 
[25–28].

Although various technologies have been widely reported 
in the past [2, 29], few comprehensive review was made to 
analyse and compare complete odor treatment technologies 
in spite of the recent report of [2, 7, 30]. Moreover, a cost-
effective and environmentally friendly abatement of odours 
is still urgently needed as the increasingly public concerns 
as well as the stringent legislation. Thus, the aim of this 
study is trying to conduct a comprehensive review on the 
current six main odor treatment technologies emerged in the 
last 30 years. It is expected to provide an updated guideline 
for the WWTPs odor management as well as to identify the 
promising areas of further research and development.

Odor Treatment Technologies in WWTPs

Physical/Chemical Technologies

Physical/chemical technologies consist of two types of reac-
tors, namely adsorption systems and chemical scrubbing, 
as illustrated in Fig. 1. Either of them is commonly used in 
practice for odor removal in WWTPs because of their low 

EBRT, extensive experience in design and operation, and 
rapid start-up, etc. [2].

Adsorption Systems

Adsorption systems generally consist of static beds of granu-
lar materials in vertical cylindrical columns (Fig. 1). Accord-
ingly, the odorous air steam enters the column, process in 
the direction of air flow, and continues until odor “break 
through” at the exit end. Its efficiency is severely limited 
by the high moisture content prevailing in WWTPs malo-
dors emissions. Moreover, capacity, temperature etc. are the 
vital characteristics of a robustness adsorption system [31]. 
Several sorbents have been studied, including fly ash, car-
bon, activated carbon, polymers, carbon-coated polymers, 
ceramics, micro- and mesoporous materials, metal organic 
frameworks, natural zeolites, and synthetic zeolites [32]. 
It’s worth noting that specific surface area, pore structure 
together with surface chemical functional groups are three 
crucial factors of adsorbents, which would directly deter-
mine their performance on odorants adsorption [33]. How-
ever, it is difficult to find an adsorbent with all the features 
of an excellent adsorbent, some of the adsorbent properties 
must be compromised, such as removal capacity, regenera-
tion, or cost impact [34].

Activated carbon (AC) is widely used as adsorbent 
for odor control in WWTPs. In the initial stage, AC was 
impregnated with caustics (NaOH or KOH) for  H2S con-
trol. Both NaOH and KOH reacted with atmospheric  CO2 
to form the corresponding carbonates, thus facilitating  H2S 
removal. Other impregnated sorbents for  H2S removal are 
carbons impregnated with heavy metal salts such as copper 
sulphate or lead acetate. These media are usually classified 
as hazardous materials because of their content of heavy 

Fig. 1  Physical/chemical abatement technologies: adsorption system (left), chemical scrubber (right) (Reproduced with permission from [12])



metals. Among non-carbonaceous sorbents, activated alu-
mina impregnated with potassium permanganate has also 
been used for oxidative removal of  H2S [12]. However, it has 
been demonstrated by Bandosz et al. [35] that unmodified 
carbon can provide enough capacity to efficiency removal 
of  H2S from effluent gas in WWTPs. It is worth noting that 
AC adsorption presented the highest operating costs (0.45 € 
per 1000 m3 treated) among the odor abatement technologies 
[2]. This is because the AC filtration presented the highest 
annual packed-bed-material requirements and the 6 months 
replacement short life span as well as the needs for specific 
management procedures (regeneration or disposal as hazard-
ous waste). Thus, although lots of efforts have been made in 
terms of the development of different sorbents in WWTPs 
odor treatment, the high cost of operation continues to be 
their major drawbacks for wide engineering application of 
the AC system. As such, generation of high performance 
sewage sludge-based ACs is continuously studied world-
wide, while Yang et al. [36] reported a new generated sew-
age sludge-based ACs, which possesses excellent adsorp-
tion capacity (259.9 mg/g) of methyl mercaptan  (CH3SH). 
Additionally, Aziz and Kim [34] investigated the removal 
of VOCs (benzene, toluene, ethylbenzene, and p-xylene) 
by Na-ZSM-5 and H-ZSM-5 (a synthesized material have a 
high ratios of  SiO2/Al2O3). NaZSM-5 rapidly removed 75% 
of toluene and ethylbenzene and 50% of Benzene, but xylene 
was not efficiently removed. On the other hand, HZSM-5 
could remove all of the VOCs. Furthermore, Sempere et al. 
[37] reported that a AC adsorption combined with biotech-
nologies to form the hybrid technology becomes a popular 
odor control approach in WWTPs. Overall, adsorption-based 
systems provide an excellent performance in the treatment of 
highly hydrophobic odorants (90–99%) [32, 38].

Several mechanisms have been proposed for the adsorp-
tion reactions. However, it is not yet fully understood. Gen-
erally, the mechanism of odor adsorption consists of seven 
steps as follows: (i) transport of the gas from the bulk of a 
mixture to a solid particle, (ii) transport of the reactants in 
the pores of the adsorbent particles to an active site, (iii) 
adsorption of the reactants to the active site via Van der 
Waals forces, (iv) reaction of reactants to form an adsorbed 
product, (v) desorption of the product from the active site, 
(vi) transport of the products in the pores of the catalytic 
particle out of the particle, (vii) and transport of the products 
from the particle to the bulk of the mixture [39].

Chemical Odor Scrubbing

Chemical scrubbers (CS) are among the most commonly 
employed abatement techniques in WWTPs due to the exten-
sive experience and high robustness as well as the short gas 
retention time (as low as 1–2.5 s) [40]. Various types of CS 
include the counter-current scrubber, cross-flow scrubber, 

and venture scrubber have been reported [7]. The most com-
mon configuration (Fig. 1) is a vertical shell with gas flow 
going up through packing and the liquid solution (depend-
ing on the target compounds) going down. Liquid solution 
is usually circulated over the packing by pumping from a 
collection sump in the bottom of the tower, while chemicals 
are added either in the sump or in the recirculation piping.

For best performance, a multi-stage scrubber is often 
used. Yang and Chen [41] investigated the oxidation of 
150 ppm nitric oxide with a two-stage chemical scrubber 
using the dc corona as an alternative for one of the scrub-
bing chemicals. Bandyopadhyay and Biswas [42] studied 
the scrubbing of sulfur dioxide in a two-stage hybrid scrub-
ber using water and dilute sodium alkali. Chen et al. [43] 
reported a novel two-stage wet scrubbing for composting 
gases treatment, which consisted of acidic chlorination fol-
lowed by alkaline sulfurization. However, a water/oil emul-
sion for VOCs removal has recently been developed by Hariz 
et al. [44], it is an alternative that reduces the number of 
towers and thus reduces the investment and operation costs. 
Significantly, thermal regeneration of the VOC-saturated oil 
was reported in the first time to reduce the solvent consump-
tion and to reduce the impact on the environment.

Generally, since a portion of solution is continually 
wasted to remove the accumulated contaminants, CS 
required the large annual amounts of chemical reagents 
and higher quality (preferably softened) potable water. The 
purchase of chemicals accounts for the highest contribution 
(69%) to the CS operating cost and followed by the energy 
consumption (22%) as a result of the high liquid recycling 
rates [45]. Moreover, NaClO as the commonly used oxi-
dant in CS is likely to form chlorinated by-products which 
are harmful for human health and to produce another pun-
gent odor, hypochloric acid [46, 47]. Alfonsín et al. [27] 
also pointed out that CS presented the highest impacts in 
freshwater eutrophication, photochemical oxidant forma-
tion, human toxicity and ecotoxicity due to the use of large 
amounts of chemicals.  H2O2 is a promising oxidant except 
for its instability in basic aqueous solution and the low effi-
ciency of  CH3SH removal [48, 49]. The emerging oxidants 
of CS like peroxymonosulfate (PMS) has a similar structure 
with  H2O2 but the oxidation–reduction potential is stronger 
than  H2O2 [50]. However, Talaiekhozani et al. [7] pointed 
out that Venturi scrubbers can be a highly cost-efficient can-
didate for many industries, due to their simplicity of con-
struction and usage, the ability to purify large volume of air 
in a short time and to simultaneously remove particles and 
gases. Significantly, Venturi scrubbers can even be distin-
guished from biological methods, such as biofilters, since 
it can quickly reach the maximum efficiency comparison 
with biofilters, while the alkaline substances, such as lime-
water, can convert sulfur into calcium sulfide and inhibit 
the reproduction of hydrogen sulfide etc. On the other hand, 



CS showed the lowest geographic dependence worldwide, 
because chemicals, which constitute the main cost in these 
systems, were considered to be part of a global market and 
their prices did not depend on the geographical location 
[51]. Overall, despite the high removal efficiencies (> 99%) 
achieved for  H2S [50, 52], CS presents serious limitations 
in the elimination of hydrophobic VOCs (high Henry Law 
constants) as they are finally based on odorant transfer to 
an aqueous solution of oxidant. In addition, the hazardous 
nature of the chemical reagents employed and by-products 
generated represent a serious challenge to its supremacy in 
a world increasingly devoted to sustainable development.

Biotechnological Treatment

Biotechnologies, particularly hybrid technologies (physical/
chemical + biotechnologies) become the main approach in 
the last decades for odor control, since their low-cost and 
environmentally friendly nature. To date, four types of reac-
tors are commonly used in WWTPs [53]: biofilters (BF), 
biotrickling filters (BTF), bioscrubbers (BS) and activated 
sludge diffusion reactors (ASD), as illustrated in Fig. 2.

Biofiltration

BF is indisputably the most commonly employed biotechnol-
ogy for odor treatment in WWTPs [29]. In a biofilter system 

(Fig. 2a), the humified odorant is forced through a packed 
bed (compost, peat, bark or a mixture of these) on which the 
microorganisms are attached as a biofilm [54–59]. The pol-
lutants are sorbed by the filter material and degraded by the 
biofilm. However, to control the key parameters such as pH 
and moisture content within the packed bed, and to avoid the 
accumulation of inhibitory by-products are still the technical 
difficulties and limitations [37, 60, 61].

Performance data of a series of lab-scale BF and engi-
neering applications are summarized in Table 2. An impor-
tant advantage of biological treatment methods over physical 
and chemical technologies is that the biological processes 
can be conducted at moderate temperatures (10–40 °C) 
and atmospheric pressure. Moreover, microbial degrada-
tion processes are generally oxidative in nature and pro-
duce compounds such as carbon dioxide, water, sulfate and 
nitrate that are ecologically safe [54]. The microorganisms 
are the engine of the biotreatment process. Biofilms con-
tain a mixture of bacteria, fungi, yeasts, ciliated protozoa, 
amoebae, nematodes and algae. Bacteria and fungi are the 
two dominant microorganisms groups in biofilters, however 
as bacteria populations (primary degraders) grow they can 
sustain yeasts and other fungi, algae and higher organisms 
such as protozoa, rotifers, nematodes, etc., the optimum pH 
for microorganisms is 7 [53].

By providing support for microbial growth, BF media are 
very often regarded as the key issue to determine removal 

Fig. 2  Biotechnological treatment: a open biofilter; b biotrickling filter; c bioscrubber; d activated sludge diffusion (Reproduced with permission 
from [12])



Table 2  Performance of BF in lab and on-site systems

Reference/loca-
tiona

Media Parameters Odorant Concentration 
(mg/m3)

RE (%)
EBRT (s) pH Temp. (°C) Nutrients

[69] Perlite, polyu-
rethane foam, 
compost, wood 
chips, straw

– 7–7.5 20 NaNO3,  KH2PO4, 
 Na2HPO4, 
 MgSO4, 
 CaCl2·2H2O, 
 FeSO4·7H2O, 
 ZnSO4·H2O, 
 MnSO4·H2O, 
 CuSO4·5H2O, 
 CoCl2·6H2O, 
 H3BO3, 
 Na2MoO7·2H2O

Acetone, 
n-butanol

methane
ethylene
ammonia

23.9
7.0
21.7 ppm
20.2 ppm
10–30 ppm

100
100
0
95
85–98

[75] Pine bark, com-
posted wood 
mulch

70–290 2.7–8.7 Room temp K2HPO4
(NH4)2SO4
Na2CO3

H2S
DMDS
ethanethiol

3.8–7.6 100
95
82

[70] Compost & wood-
chip

34 6.1–8.1 Room temp None Ammonia 40 ppm 35–63

[74] Wood bark 1.6–3.1 – 11.3–30.8 None Ammonia
H2S

0.25–75.00 ppm
0.05–8.00 ppm

95.2–97.9
95.8–100

Los Angeles, U.S Compost, perlite, 
oyster shell

14–69 7–9 – None Benzene
Xylenes
Toluene
Dichloro-
Benzene
H2S
Carbon disulfide, 

Methyl mer-
captan

Dimethyl sulfide
Carbonyl sulfide

0.002–0.003
0.18–0.66
0.077–0.23
0.024–0.049
10–50
0.02–0.03
0.30–0.33
0.02–0.03
0.05–0.13

0–50
40–75
42–86
43–60
> 99
32–36
91–94
0–21
30–35

Ojai Valley, U.S Lava rock 18–54 7.9–8.1 – Nitrogen
Phosphorous
Potassium

MTBE
Acetone
Toluene
Xylenes
Dichloro-
methane Chloro-

form
H2S

1.8
1.6
2.3
1.3
3.5
0.3
0.01–42

20
80
60
40
30
15
> 90

Carson, U.S Compost, wood 
chips, oyster 
shell, perlite

45–180 – – None Benzene
Toluene
m,p-Xylene
o-Xylene
H2S

3.0
4.0
1.1
0.4
13.9

83–95
88–97
88–93
88–91
> 99

Yarmouth, U.S Compost, bark 
mulch, wood 
chips

45 – Low temp Chemical misting α-Pinene
β-Pinene
Dimethyl sulfide
DMDS
D-Limonene
Carbon disulfide
Methyl mercaptan

675 ppb
345
0.02
0.16
70
0.01
0.006

100
100
100
100
97
100
100

Tampa, U.S Top soil, peat, 
mulch

60 – – None H2S 7–120 100

Albany, U.S – 150 – – – H2S
Dimethyl sulfide
Methyl mercaptan

200
8.8
22

100
21
66

Hillsborough, 
U.S

Pine bark 115 – – None H2S
DMDS
Carbon disulfide
Methyl mercaptan

140
936
618
330

99.5
97
82
100



efficiencies and BF lifespan [13, 64]. Nontoxic organic or 
inorganic supports with high specific surface areas and 
porosities, good water retention capacities, high buffer 
capacities, and high nutrients content have provided the best 
odor removal performances. Organic media provide an extra 
C source necessary to maintain microbial activity, likely 
challenged by the extremely low C concentrations present 
at the biofilm-water/air interface [65–67]. On the other hand, 
inorganic materials such as ceramic, plastics, lava rock, and 
activated carbon provide an extra structural stability, which 
increases BF lifespan [68, 69].

Moisture content of the packing is the most critical 
parameter to control in BF. Indeed, many references listed 
in Table 2 mentioned system upsets causing excessive drying 
of the packed bed and declining performance. Although the 
relative humidity of the air undergoing treatment is often 
over 80% at WWTPs, the waste air is frequently humidified 
in packed towers before entering the BF [70].

As shown in Table 2, BFs at industrial applications are 
operated at EBRTs from 20 to 200 s. Removal of  H2S is 
generally between 90 and 100%, indicating the effectiveness 
of BF. On the other hand, removal of odorous compounds 

like dimethyl sulfide, DMDS, and methyl mercaptan is often 
instable, with reported removal efficiencies ranging from 
about 20 to 100% [71–74]. However, Jaber et al. [75] pointed 
out the accumulation of sulfuric acid, the most abundant 
product of the biological oxidation of sulfur compounds 
in the packing material caused the pH decreasing, led to 
a reduction of the elimination efficiencies of DMDS etc., 
while the microorganisms involved in  H2S degradation 
appeared active in a large pH range, from 3 to 9.

Because of the need to maintain low pressure drops across 
the packing bed and the high EBRT needed for efficient odor 
treatment, BF presented the highest land requirements [76]. 
This footprint was 7 and 25 times higher than that of the 
BTF and CS, respectively, and can limit the application of 
this biotechnology during plant upgrading in WWTPs when 
facing land limitations [40, 77, 78].

Biotrickling

To overcome the disadvantages of BF, more sophisticated 
filtration equipment called biotrickling has been developed. 
In BTF or fixed-film bioscrubber (Fig. 2b), the odorous gas 

a Reproduced with permission from [27, 62, 63]

Table 2  (continued)
Reference/loca-
tiona

Media Parameters Odorant Concentration 
(mg/m3)

RE (%)
EBRT (s) pH Temp. (°C) Nutrients

Boca-Grande, 
U.S

Peat, wood chips, 
top soil

130 – – None H2S 140 100

Charlotte, U.S Wood chips, 
compost, perlite, 
granular fill

111 – – – Dimethyl sulfide
Carbon disulfide

625
448

100
100

Fountain Valley, 
U.S

Two units with 
GAC and yard 
waste compost

17–70 1–2.7 – – Benzene
Toluene
Xylenes
Dimethyl sulfide
Chloroform
TCE
PCE
Total gaseous 

nonmethane 
organics

H2S

0.01
0.1
0.08
0.07
0.06
0.01
0.37
26 ppm
4.3

36–93
24–99
96
35
11
82
98
99
99

Martinez, U.S Wood chips, yard 
waste, compost, 
lime

38 – – – H2S
Dimethyl sulfide
DMDS
Methyl mercaptan

0.11
0.03
0.01
0.054

95
68
41
90

Renton, U.S Bark, topsoil, 
compost, peat, 
moss, oyster 
shells

40–60 – – – Acetone
H2S
Benzene
Mercaptans
Amines
TCE
PCE
Chloroform

0.03–0.09
1.5–34
0.01–0.25
0.16–3.8 ppm
2.5–6 ppm
0.02–0.05
0.02–0.5
0.10–0.21

55
97
25
62
> 60
44
40
43



is forced through a packed bed filled with a chemically inert 
carrier material which is colonized by microorganism, simi-
lar to trickling filters in wastewater treatment. The liquid 
medium is circulated over the packed bed and the pollutants 
are first taken up by the biofilm on the carrier material and 
then degreed by the microorganisms. The liquid medium 
can be recirculated continuously or discontinuously and in 
co-or countercurrent to the gas stream. Flow directions will 
not affect the efficiency of the process.

Performance data of BTF in lab and WWTPs are given 
in Table 3. Various types of packing materials have been 
used: inorganic salts, polyurethane foam, activated carbon 
fibers, multi-surface hollow balls etc. The high porosity of 
these packings causes less headloss compared to that of BF 
with organic packings, even though BTF are operated at a 
higher gas velocity [62], It is thus noted that BTF footprints 

are comparable to those of physical/chemical technologies 
partly as a result of their relative higher media depth. Moreo-
ver, a distinctive feature of BTF is the continuous trickling of 
liquid over the packing, which allows for improved control 
of nutrient addition, pH, acid product neutralization, end 
product removal, and (potentially) temperature [79]. The 
composition of liquid phase can affect the efficiency of BTF 
process, thus the trickling liquid is continuously enriched 
with elementary mineral nutrients containing nitrogen, 
phosphorus, potassium, and trace elements. Usually, BTF 
is operated in the temperature range between 10 and 40 °C, 
which is characteristics of the mesophilic microorganisms 
growth. The efficiency of biotreatment process may be lim-
ited by both biological reaction rate and the mass transfer 
rate. Therefore, it is important to notice that temperature 
can affect either these limitations [63]. Hydrocarbon vapors 

Table 3  Performance of BTF in lab and on-site systems

a Reproduced with permission from [27, 62, 63]

Reference/locationa Media EBRT (s) Odorant Concentration (mg/m3) RE (%)

[71] A special inorganic salt 9.6 Dichloromethane 0.7–3.12 72–99
[37] Polypropylene rings 25–60 Ethanol & ethyl acetate 50–90 46.6–68.9
[84] Activated carbon fibers 

& multi-surface hollow 
balls

28–56 Chlorobenzene 878.53–1522.48 91.34

[85] Polyurethane foam cubes 4–84 Methyl mercaptan, 
toluene, α-pinene, 
hexane

0.75–4.9 > 90

[76] Tween-20 & Zn(II) 15–60 Ethylbenzene 64.8–189.0 54–94
[73]/Penn Valley, California, 

U.S
Seashell 19/13 1st /2nd stage H2S

Methyl mercaptan
Dimethyl sulfide

10–18 ppm
–
–

> 99

Headworks, Los Angeles, U.S Structured
PVC

24 H2S
Xylenes
Toluene
Methyl mercaptan
Dichlorobenzene

10–50
0.18–0.66
0.077–0.23
0.30–0.33
0.024–0.049

> 99
0–23
0–17
64–72
0–6

Headworks, Los Angeles, U.S Lava rock 14 H2S 14–100 99
Primary clarifier; Fountain Val-

ley, U.S
Continuous synthetic type 11–20 Benzene

H2S
Xylenes
Toluene
1,1,1,-Trichloro-
ethane
Carbon tetrachloride
Chloroform
Dichloromethane TCE
PCE
Vinylchloride

0–0.11
1.8–16
0.08–0.42
0.10–0.74
0.08–0.64
0.003–0.012
0.05–0.17
0.07–0.57
0.01–0.04
0.36–4.8
0.003–0.02

19–29
87–99
6–57
50–74
0–38
2–15
0–25
0–61
0–24
0–8
0–13

Industrial wastewater treatment; 
San Diego, U.S

Random inorganic 36 Benzene
H2S
Xylenes
Toluene
MTBE
Chloroform
Dichloromethane

0.03
0–2
3.5
0.7
0.09
0.01
1.2

59
> 99
92
85
60
3
11



are removed by aerobic heterotrophic microorganisms that 
utilize the vapors as a source of carbon and energy [80, 81]. 
In the case of odorous waste air containing reduced sulfur 
compounds, production of sulfuric acid with declining pH 
and/or accumulation of sodium sulfate (after neutralization 
with caustic soda) is an important design parameter. Perfor-
mance data for BTF indicate that these reactors are capable 
of efficient removal of high concentrations of  H2S at rela-
tively low EBRTs. Thus, BTF appear to be a good option 
when the gas to be treated contains high concentrations of 
 H2S and possibly other reduced sulfur compounds. BTF per-
formance could be limited by mass transfer of oxygen into 
the biofilm because oxygen solubility in water is low [82, 
83]. However, there are still some drawbacks of BTF, such 
as the problem of gas transfer arising from the necessity of 
dissolving the gaseous pollutants in the aqueous phase, the 
biofilm development on the carrier surface which progres-
sively reduces the empty volume of the filter bed and may 
lead to excessive pressure drop even the complete clogging 
of the bed [63].

Bioscrubbers

BS or suspended growth BS could be a solution of the lim-
ited suitability of BTF for handling high pollutant concen-
trations and large gas flows. In the early 1980s, the first BS 
units were applied to the treatment of waste gases [63]. In 
BS (Fig. 2c), the pollutant is adsorbed in an aqueous phase 
in an absorption tower then converted by the active microor-
ganisms into  CO2,  H2O, and biomass in a separate activated 
sludge unit, the effluent is circulated over the absorption 
tower in a co-or countercurrent way to the gas stream. Mean-
while, Bowker [86] has proofed that bubble size in activated 
sludge unit is an important factor, since the reduction of 
 H2S and odors in fine-bubble diffusers can be higher (above 
99.5%) than in coarse-bubble diffusers (95% for odors and 
92% for  H2S).

Most existing BSs are designed for the removal of a sin-
gle pollutant. For example, Nisola et al. [87] developed a 
single BS for ammonia removal; Potivichayanon et al. [88] 
investigated a fixed-film BS for hydrogen sulfide removal. 
Contrarily, various design modifications have been reported 
to handling pollutant mixtures, such as sorptive-slurry BS, 
anoxic BS, two-liquid phase BS, airlift BS, spray column 
or two-stage BS [89]. Friedrich et al. [90] investigated a 
3-stage system (two identical BS + dry chemical scrubber) 
for the abatement of odors from sludge thickeners. Over 
90% abatement efficiency was observed from the first BS 
and the removal efficiency exceeded 99% when applied two 
series-connected BS; Liu et al. [91] reported a two-series 
connected field-scale BS for simultaneous removal of  NH3 
and  CH4 from the animal houses. Furthermore, BS offers 
operational stability and effective control of operating 

parameters such as pH and nutrients dosage, relatively low 
gas pressure drop and small space requirement. For exam-
ple, Hansen and Rindel [92] pointed out the pH values of 
8.5–9.0 as the optimal range that facilitates maintaining a 
high biological activity and at the same time, ensuring effec-
tive absorption of  H2S. Compared to BTF, the risk of clog-
ging of the packing material by growing biomass is avoided, 
large gas flow rates and high pollutant concentrations can 
be handled, moreover, as reaction products are removed 
by washing, concentrations of toxic byproducts generated 
in the reactor can be maintained at low levels. However, 
the separate treatment system of the liquid phase increases 
the initial costs of establishing such kind systems. BS also 
possess low capacity for treatment in the removal of poorly 
soluble contaminants, such as hydrogen sulfide [79], thus, 
adding chemical compounds such as sodium hydroxide or 
lime water to the circulating liquid provides higher removal 
rates for such kind of compounds. Alternatively, the choice 
of microorganisms could be considered, since immobilized 
cells of Chlorobium limicola have been identified to trans-
form  H2S into elemental sulfur in an autotrophic reaction, 
and heterotrophic Xanthomonas species are also known to 
remove  H2S from gas streams [93]. Efficient degradation of 
sulfur-containing compounds by certain strains of Thioba-
cillus and Hyphomicrobium has also been reported by Tóth 
et al. [94]. The mechanisms of odorous compounds removal 
in BS involves mainly the physical and biochemical pro-
cesses such as absorption, biodegradation or biotransforma-
tion, significantly, biodegradation is the main process for the 
removal of the pollutants [63].

Activated Sludge Diffusion

The economical and practical odor abatement choice is 
simply moving them from the gaseous phase to the liquid 
phase [63]. A variety of systems can be employed for this 
purpose, for WWTPs, ASD offers a low-cost alternative. As 
shown in Fig. 2d, by collection of the odorous gas and its 
diversion into an activated sludge aeration basin, odours can 
be eliminated using relatively technology. Complete mixing 
ensures an adequate food supply for the microbial cells and 
maximizes the oxygen gradient to optimize mass transfer 
and disperse the products of metabolism from inside the 
flocs, wastewater entry displaces mixed liquor into a clari-
fier, where the flocculated biomass separates into sludge and 
clarified effluent.

Lebrero et  al. [40] compared BF with ASD for the 
synthetic odor  (H2S, butanone and toluene) removal. 
The results confirmed ASD being a robust and efficient 
technology with over 95% removal efficiency for syn-
thetic odor. Recently, Rodríguez et al. [95] investigated 
the microbial community and bioreactor function rela-
tionships at different EBRTs in an ASD, when treating a 



synthetic malodorous  (H2S, toluene, butanone and alpha-
pinene). A stable and efficient abatement performance of 
 H2S, butanone and toluene was observed, regard less of 
the EBRT and fluctuations applied, while no clear posi-
tive or negative relationship between community charac-
teristics and bioreactor functions was confirmed. The most 
abundant groups namely Actinobacteria, Proteobacteria 
and Fungi (Hypocreales, Chaetothyriales) play a putative 
key role in the degradation of butanone and toluene. On 
the other hand, Barbosa et al. [96] reported the effects 
of  H2S diffusion into ASD on odor and VOC concentra-
tions in offgas, indicating a negative effect of  H2S on VOC 
removal and minimal effect on odor emissions. Moreo-
ver, Barbosa and Stuetz [97] identified hydrogen sulfide 
can act as an energy source for microorganisms, while the 
carbon sources can be provided by compounds such as 
glucose, methanol or untreated domestic sewage. Since the 
solubility of hydrogen sulfide in water with pH of 7 and 
temperature of 19 °C is 4 g/l [7], ASD are recommended 
in treatment of this contaminant [98]. Additionally, Blonda 
et al. [99] pointed out that there is no significant effects 
of sulphide on COD removal efficiencies as well as nitri-
fication and denitrification in ASD. Contaminant removal 
mechanisms in ASD include absorption, adsorption (high 

molecular mass compounds with low solubility adsorb 
onto flocs) or condensation (VOCs in warm air condense 
on contact with the cooler mixed liquor), followed by bio-
degradation [8]. ASD is used as an alternative to more 
established bioreactors for waste gas treatment, such as 
BF, BS, BTF. Despite ASD systems have been used for 
over 30 years with high  H2S removal efficiencies, their 
widespread implementation is still limited by the lack of 
reliable data concerning its performance during the treat-
ment of odorous volatile organic compounds (VOCs).

Comparison of Odor Control Technologies in WWTPs

Summary of Different Odor Control Technologies

The benefits and disadvantages of various odor treat-
ment technologies in WWTPs are compared in Table 4. 
It should be noted that none of the six main odor abate-
ment technologies could be “one-size-fits-all”. In the last 
decades, lot of efforts have been done in the selection of 
various odor control technologies. Among the efforts, life 
cycle assessment (LCA) could be a promising solution 
which has been proofed by [14, 27, 45] etc.

Table 4  Summary of different odor control technologies in WWTPs

Technology Benefits Disadvantages

Adsorption system – High odor removal efficiency
– Simplicity of mechanism

– Short life span
– Air humidity and small molecule size
– High reduction costs
– Efficient only in small concentrations of contaminant

Chemical scrubbing – Simple, effective, efficient, reliable & proper utilization
– Low maintenance costs

– High costs than biotechnologies
– Secondary treatment of leftover sludge

Biofilter system – Low investment & operating costs
– Absence of secondary waste streams
– Low pressure drop & suitability for treating large

volume of low concentration odorous gases

– Low efficiency of the treatment of high concentration
pollutants

– Difficult control of moisture and pH
– Filter bed replacement every 2–5 years & risk of bed

clogging by particulate matter
Biotrickling – Simple and low-cost technology

– Medium capital, low operating costs
– Effective removal of pollutants including acid-produc-

ing ones
– Low pressure drop

– When treating high pollutant concentrations, too high
nutrient doses may lead to filter-bed clogging by grow-
ing biomass

Bioscrubber – Stability of operation
– Proper biological parameters control, including pH,

temperature, nutrients
– High pressure drop
– Harmful environmental compounds are easily elimi-

nated
– Avoids inhibitory effects

– Low efficiency in case of poorly soluble substances
– Treatment efficiency is reduced by special contact area

of gas/liquid
– High pressure drop

Activated sludge diffusion – Utilization of available equipment (lower costs) & easy 
operation

– Higher management capability for larger loadings
– Simultaneous treatment of air and wastewater

– Complex steering by experts
– Tower efficiency due to the limits of gas/liquid trans-

ference
– Possibility of corrosion in equipment



Fig. 3  The range of various odorant removal efficiency by AC adsorption, BT, BTF in WWTPs from literature [62, 63, 69, 75, 79, 89, 100–103]



Comparison of Different Odor Removal Performance

The range of 37 kinds of odorant removal performance in 
AC adsorption, BF and BTF are reviewed and summarised in 
Fig. 3. The single point represents the only one available data 
from the literature, indicating that there are less studies on the 
relevant odorant.

Generally, the performance data of odorant removal in AC 
adsorption were less reported than the relevant biotechnolo-
gies, 19 kinds of odorants were investigated by AC adsorption 
in the lab and/or field tests,  H2S and methyl mercaptan are 
well removed by AC, however, dimethyl disulfide was poorly 
removed since its generation from the breakdown of methyl 
mercaptan on AC systems [104]. Moreover, the removal of 
benzene, xylene, toluene, TCE and PCE reduced with the 
active lifetime decreased of the AC systems. Although AC 
has a longer history than BTF, in-depth studies on the per-
formance of field units generally rely on one or two samples 
to justify removal. It’s worth to note that there is little data 
available on the long-term performance of these units, particu-
larly with respect to removal efficiency other than  H2S. The 
majority odorants could be removed by BF and nearly 35 kinds 
of different odorants were reported. BF is good at removing 
 H2S (RE range from 90 to 100%), Toluene (20–100%) while 
dimethyl disulfide and carbonyl sulfide exhibit poor removal 
efficiency, higher retention times might facilitate dimethyl 
disulfide and carbonyl sulfide removal. Twenty-one kinds of 
odorants were removed by BTF in the past. BTF was able to 
remove  H2S at lower EBRT than in BF due to the high solubil-
ity of the pollutant. They were widely used in the higher load 
of  H2S. However, VOC removal is poorer in BTF than BF 
which could be due to the low solubility of many VOCs and 
the continuous trickling water layer acting as a barrier to VOC 
bioreaction in BTF.

Perspective

In the last 30 years, hybrid technologies (physical/chemical 
with biological technologies) have become popular, which 
agrees with the robustness evaluation [51] as well as the 
life LCA study [27]. Although it presents a highly reliable 
removal efficiency for various odorants, a large amount of 
media replacement cost in hybrid technologies, significantly, 
the replacement of AC in adsorption system still the major 
concerns. Consequently, development of low-cost and environ-
mental friendly adsorbents/media for odor adsorption system/

biotechnologies is urgently needed in the future study. Not-
withstanding various media/sorbents for odor treatment have 
been reported in previous studies, such as peat, zeolite, silicon, 
sewage sludge derived sorbents, etc. To the best of our knowl-
edge, none of the studies ever chose the waterworks residue 
(alum sludge) as the low-cost adsorbent even the media in odor 
control of WWTPs, even it has been intensively studied and 
demonstrated to be a good material for wastewater treatment 
[105, 106].

Alum sludge is an inescapable by-product of the process-
ing of drinking water in waterworks where aluminium salt 
is used as the coagulant for purifying raw water [107]. It has 
been advocated that waterworks sludge could be a potential 
recyclable product, offering promising potential as a low-
cost adsorbent for various pollutants immobilization with 
unique feature of using “waste” for wastewater treatment 
[108, 109]. Thus, it has been widely reused in wastewater 
treatment, building & construction material, etc. moreover, 
alum sludge is a locally, easily and largely available mate-
rial in towns, cities and metropolis and free of charge for 
the moment, unfortunately treated as a waste for landfilling 
[106]. Table 5 summaries the major characterization of two 
sources alum sludge which have been collected from Dub-
lin (Ireland) and Carmaux (France), it is worth to note that 
alum sludge has a large specific surface area (40–300 m2/g) 
and porous structure, contains various metal elements like 
Al, Ca, Fe, etc., particularly it has been successfully reused 
in constructed wetlands as substrate for high P-containing 
wastewater treatment and our group is a leading group in the 
study of alum sludge reuse [110–112].

Therefore, it is highly expected and reasonable to believe 
that alum sludge could be a good material/adsorbent for 
adsorption system. Preliminary trials have been conducted, 
two sources of alum sludges collected from Carmaux 
(France) and Dublin (Ireland) have demonstrated the  H2S 
adsorption effectiveness, significantly, the  H2S adsorp-
tion breakthrough capacity of Carmaux sludge (78 mg/g 
after 90 h) at ambient condition is several times than the 
capacity of calcium carbonate based solid wastes, sewage 
sludge based sorbents, even few active carbons [113–115]. 
Therefore, developing the alum sludge based adsorbent and 
figuring out the potential effectiveness for various odorants 
removal even the mechanisms and kinetics for WWTPs odor 
control should be a promising perspective.

Table 5  Characterization of two 
sources alum sludges Sludge SP (BET) 

 (m2/g)
pH Al (mg/kg) Ca K, Fe, Mo Si, P

Dublin 47 6.9 17,983 2673 4210 106
Carmaux 257 10.0 17,581 21,156 9483 3015



Conclusion

Six odor abatement technologies were reviewed. Initially, 
adsorption systems and CS were developed and gradually 
replaced by the low-cost and environmental friendly bio-
technologies. BF has dominated odor treatment applica-
tions and later, more sophisticated types of filtration equip-
ment such as BTF and BS have been developed. However, 
the usage of water and the regular replacement of media is 
still a big concern. Particularly, the high costs of adsorp-
tion system limited their wide engineering application. 
Subsequently, hybrid technologies (adsorption + biotech-
nologies) present an environmentally friendly solution. 
Further research is required on the selection of low-cost 
sorbent to ensure a high efficiency of pollutant removal 
and satisfactory process robustness. Alum sludge due to 
its inherent characteristics could be a promising replace-
ment to the traditional activated carbon in the adsorption 
system even to the media in the biofilters and biotrickling. 
Developing the alum sludge-based adsorbents/media for 
WWTPs odor treatment could be a vital innovative aspect 
of the environmentally friendly development as well as the 
“Blue Economics”. It not only opens the new prospects 
for the waterworks sludge management but also fits in the 
circular approach of using a waste for waste gas control. 
It is hoped in this review, a clear overview of the state of 
the art of odor treatment technologies as well as a future 
study prospect was provided.

Acknowledgements The first author greatly acknowledges the PhD 
scholarship received jointly from University College Dublin, Ireland 
and China Scholarship Council (CSC). The RAPSODEE research cen-
tre (CNRS UMR 5302), France is also gratefully acknowledged for the 
technological support.

References

1. Stellacci, P., Liberti, L., Notarnicola, M., Haas, C.N.: Hygienic
sustainability of site location of wastewater treatment plants: a
case study. I. Estimating odour emission impact. Desalination
253, 51–56 (2010)

2. Estrada, J.M., Kraakman, N.J.R.B., Muñoz, R., Lebrero, R.: A
comparative analysis of odour treatment technologies in waste-
water treatment plants. Environ. Sci. Technol. 45, 1100–1106
(2011)

3. Latos, M., Karageorgos, P., Kalogerakis, N., Lazaridis, M.: Dis-
persion of odorous gaseous compounds emitted from wastewater 
treatment plants. Water Air Soil Pollut. 215, 667–677 (2011)

4. Hayes, J.E., Stevenson, R.J., Stuetz, R.M.: The impact of malo-
dour on communities: a review of assessment techniques. Sci.
Total Environ. 500–501, 395–407 (2014)

5. Easter, C., Quigley, C., Burrowes, P., Witherspoon, J., Apgar,
D.: Odor and air emissions control using biotechnology for both 
collection and wastewater treatment systems. Chem. Eng. J. 113,
93–104 (2005)

6. Jiang, G., Melder, D., Keller, J., Yuan, Z.: Odor emissions from
domestic wastewater: a review. Crit. Rev. Environ. Sci. Technol. 
47(17), 1581–1611 (2017)

7. Talaiekhozani, A., Bagheri, M., Goli, A., Talaei Khoozani, M.R.: 
An overview of principles of odor production, emission, and
control methods in wastewater collection and treatment systems.
J. Environ. Manag. 170, 186–206 (2016)

8. Burgess, J.E., Parsons, S.A., Stuetz, R.M.: Developments in
odour control and waste gas treatment biotechnology: a review.
Biotechnol. Adv. 19, 35–63 (2001)

9. Suffet, I.H., Rosenfeld, P.: The anatomy of odour wheels for
odours of drinking water, wastewater, compost and the urban
environment. Water Sci. Technol. 55, 335–344 (2007)

10. Shaw, A.R., Koh, S.H.: Gaseous emissions from wastewater
facilities. Water Environ. Res. 84, 1325–1331 (2012)

11. Zhou, Y., Hallis, S.A., Vitko, T., Suffet, I.H.: Identification, quan-
tification and treatment of fecal odors released into the air at two 
wastewater treatment plants. J. Environ. Manag. 180, 257–263
(2016)

12. Stuetz, R.M., Frechen, F.B.: Odours in Wastewater Treatment.
IWA Publishing, London (2001)

13. Omri, I., Aouidi, F., Bouallagui, H., Godon, J.J., Hamdi, M.:
Performance study of biofilter developed to treat  H2S from waste-
water odour. Saudi J. Biol. Sci. 20, 169–176 (2013)

14. Agus, E., Zhang, L., Sedlak, D.L.: A framework for identifying
characteristic odor compounds in municipal wastewater effluent.
Water Res. 46(18), 5970–5980 (2012)

15. Liang, Y., Quan, X., Chen, J., Chung, J.S., Sung, J.Y., Chen, S.,
Xue, D., Zhao, Y.: Long-term results of ammonia removal and
transformation by biofiltration. J. Hazard. Mater. 80, 259–269
(2000)

16. Kim, H., Kim, Y.J., Chung, J.S., Xie, Q.: Long-term operation
of a biofilter for simultaneous removal of  H2S and  NH3. J. Air
Waste Manag. Assoc. 52, 1389–1398 (2002)

17. Malhautier, L., Gracian, C., Roux, J.C., Fanlo, J.L., Le Cloirec,
P.: Biological treatment process of air loaded with an ammonia
and hydrogen sulfide mixture. Chemosphere 50, 145–153 (2003)

18. Yu, G., Xu, X., He, P.: Isolates identification and characteristics
of microorganisms in biotrickling filter and biofilter system treat-
ing  H2S and  NH3. J. Environ. Sci. 19, 859–863 (2007)

19. Jiang, X., Tay, J.H.: Operational characteristics of efficient co-
removal of  H2S and  NH3 in a horizontal biotrickling filter using
exhausted carbon. J. Hazard. Mater. 176, 638–643 (2010)

20. Lagoudianaki, E., Manios, T., Geniatakis, M., Frantzeskaki, N.,
Manios, V.: Odor control in evaporation ponds treating olive mill 
wastewater through the use of Ca(OH)2. J. Environ. Sci. Health
A 38, 2537–2547 (2003)

21. Zhang, L., De Schryver, P., De Gusseme, B., De Muynck, W.,
Boon, N., Verstraete, W.: Chemical and biological technologies
for hydrogen sulfide emission control in sewer systems: a review.
Water Res. 42, 1–12 (2008)

22. Anfruns, A., Canals-Batlle, C., Ros, A., Lillo-Ródenas, M.A.,
Linares-Solano, A., Fuente, E., Montes-Morán, M.A., Martin,
M.J.: Removal of odour-causing compounds using carbonaceous 
adsorbents/catalysts prepared from sewage sludge. Water Sci.
Technol. 59, 1371–1376 (2009)

23. Karageorgos, P., Latos, M., Kotsifaki, C., Lazaridis, M., Kaloge-
rakis, N.: Treatment of unpleasant odors in municipal wastewater
treatment plants. Water Sci. Technol. 61, 2635–2644 (2010)

24. Rajbansi, B., Sarkar, U., Hobbs, S.E.: Hazardous odor markers
from sewage wastewater: a step towards simultaneous assess-
ment, dearomatization and removal. J. Taiwan Inst. Chem. Eng.
45, 1549–1557 (2014)

25. Kim, J.R., Dec, J., Bruns, M.A., Logan, B.E.: Removal of odors
from swine wastewater by using microbial fuel cells. Appl. Envi-
ron. Microbiol. 74, 2540–2543 (2008)



26. Xie, B., Liang, S.B., Tang, Y., Mi, W.X., Xu, Y.: Petrochemical
wastewater odor treatment by biofiltration. Biores. Technol. 100,
2204–2209 (2009)

27. Alfonsín, C., Lebrero, R., Estrada, J.M., Muñoz, R., Kraakman,
N.J.R., Feijoo, G., Moreira, M.T.: Selection of odour removal
technologies in wastewater treatment plants: a guideline based
on life cycle assessment. J. Environ. Manag. 149, 77–84 (2015)

28. Lebrero, R., Rodríguez, E., Martin, M., García-Encina, P.A.,
Muñoz, R.:  H2S and VOCs abatement robustness in biofilters
and air diffusion bioreactors: a comparative study. Water Res.
44, 3905–3914 (2010)

29. Lebrero, R., Bouchy, L., Stuetz, R., Munoz, R.: Odor assessment 
and management in wastewater treatment plants: a review. Crit.
Rev. Environ. Sci. Technol. 41, 915–950 (2011)

30. Lewkowska, P., Cieślik, B., Dymerski, T., Konieczka, P.,
Namieśnik, J.: Characteristics of odors emitted from municipal
wastewater treatment plant and methods for their identifica-
tion and deodorization techniques. Environ. Res. 151, 573–586
(2016)

31. Zarra, T., Giuliani, S., Naddeo, V., Belgiorno, V.: Control of
odour emission in wastewater treatment plants by direct and
undirected measurement of odour emission capacity. Water Sci.
Technol. 66, 1627–1633 (2012)

32. Gil, R.R., Ruiz, B., Lozano, M.S., Martín, M.J., Fuente, E.:
VOCs removal by adsorption onto activated carbons from bio-
collagenic wastes of vegetable tanning. Chem. Eng. J. 245(Sup-
plement C), 80–88 (2014)

33. Zhang, X., Gao, B., Creamer, A.E., Cao, C., Li, Y.: Adsorption
of VOCs onto engineered carbon materials: a review. J. Hazard.
Mater. 338, 102–123 (2017)

34. Aziz, A., Kim, K.S.: Adsorptive volatile organic removal from
air onto NaZSM-5 and HZSM-5: kinetic and equilibrium stud-
ies. Water Air Soil Pollut. (2017). https ://doi.org/10.1007/s1127 
0-017-3497-z

35. Bandosz, T.J., Bagreev, A., Adib, F., Turk, A.: Unmodified ver-
sus caustics-impregnated carbons for control of hydrogen sulfide 
emissions from sewage treatment plants. Environ. Sci. Technol.
34, 1069–1074 (2000)

36. Yang, J., Xu, W., He, C., Huang, Y., Zhang, Z., Wang, Y., Hu,
L., Xia, D., Shu, D.: One-step synthesis of silicon carbide foams 
supported hierarchical porous sludge-derived activated carbon
as efficient odor gas adsorbent. J. Hazard. Mater. (2017). https ://
doi.org/10.1016/j.jhazm at.2017.09.056

37. Sempere, F., Gabaldón, C., Martínez-Soria, V., Penya-roja, J.M., 
Álvarez-Hornos, F.J.: Evaluation of a combined activated carbon
prefilter and biotrickling filter system treating variable ethanol
and ethyl acetate gaseous emissions. Eng. Life Sci. 9(4), 317–323
(2009)

38. Anfruns, A., Martin, M.J., Montes-Morán, M.A.: Removal of
odourous VOCs using sludge-based adsorbents. Chem. Eng. J.
166, 1022–1031 (2011)

39. Bamdad, H., Hawboldt, K., MacQuarrie, S.: A review on com-
mon adsorbents for acid gases removal: Focus on biochar. Renew. 
Sustain. Energy Rev. 81, 1705–1720 (2018)

40. Lebrero, R., Rodríguez, E., García-Encina, P.A., Muñoz, R.:
A comparative assessment of biofiltration and activated sludge
diffusion for odour abatement. J. Hazard. Mater. 190, 622–630
(2011)

41. Yang, C.L., Chen, L.: Oxidation of nitric oxide in a two-stage
chemical scrubber using dc corona discharge. J. Hazard. Mater.
80(1), 135–146 (2000)

42. Bandyopadhyaya, A., Biswasa, M.N.: Prediction of the removal
efficiency of a novel two-stage hybrid scrubber for flue gas des-
ulfurization. Chem. Eng. Technol. 29(1), 130–145 (2006)

43. Chen, W.H., Lin, Y.C., Lin, J.H., Yang, P.M., Jhang, S.R.: Treat-
ing odorous and nitrogenous compounds from waste composting 
by acidic chlorination followed by alkaline sulfurization. Envi-
ron. Eng. Sci. 31(11), 583–592 (2014)

44. Hariz, R., del Rio Sanz, J.I., Mercier, C., Valentin, R., Dietrich,
N., Mouloungui, Z.: Absorption of toluene by vegetable oil–
water emulsion in scrubbing tower: Experiments and modeling.
Chem. Eng. Sci. 157, 264–271 (2017)

45. Bindra, N., Dubey, B., Dutta, A.: Technological and life cycle
assessment of organics processing odour control technologies.
Sci. Total Environ. 527–528, 401–412 (2015)

46. Yang, S., Li, Y., Wang, L., Feng, L.: Use of peroxymonosulfate
in wet scrubbing process for efficient odor control. Sep. Purif.
Technol. 158, 80–86 (2016)

47. Wu, C.Y., Chou, M.S., Lin, J.H.: Oxidative scrubbing of DMS-
containing waste gases by hypochlorite solution. J. Taiwan Inst.
Chem. Eng. 45(2), 596–602 (2014)

48. Ding, L., Liu, T.X., Li, X.Z.: Removal of  CH3SH with in-situ
generated ferrate(VI) in a wet-scrubbing reactor. J. Chem. Tech-
nol. Biotechnol. 89(3), 455–461 (2013)

49. Charron, I., Féliers, C., Couvert, A., Laplanche, A., Patria, L.,
Requieme, B.: Use of hydrogen peroxide in scrubbing towers for 
odor removal in wastewater treatment plants. Water Sci. Technol.
50(4), 267–274 (2004)

50. Couvert, A., Charron, I., Laplanche, A., Renner, C., Patria, L.,
Requieme, B.: Treatment of odorous sulphur compounds by
chemical scrubbing with hydrogen peroxide—application to a
laboratory plant. Chem. Eng. Sci. 61(22), 7240–7248 (2006)

51. Estrada, J.M., Kraakman, N.J.R., Lebrero, R., Muñoz, R.: A sen-
sitivity analysis of process design parameters, commodity prices
and robustness on the economics of odour abatement technolo-
gies. Biotechnol. Adv. 30, 1354–1363 (2012)

52. Biard, P.F., Couvert, A., Renner, C., Levasseur, J.P.: Wet scrub-
bing intensification applied to hydrogen sulphide removal in
waste water treatment plant. Can. J. Chem. Eng. 88(4), 682–687 
(2010)

53. Shareefdeen, Z., Singh, A.: Biotechnology for Odor and Air Pol-
lution Control. Springer, Berlin (2005)

54. Elias, A., Barona, A., Arreguy, A., Rios, J., Aranguiz, I., Peñas,
J.: Evaluation of a packing material for the biodegradation of  H2S
and product analysis. Process Biochem. 37, 813–820 (2002)

55. Sakuma, T., Hattori, T., Deshusses, M.A.: Comparison of dif-
ferent packing materials for the biofiltration of air toxics. J. Air
Waste Manag. Assoc. 56, 1567–1575 (2006)

56. Dumont, E., Andrès, Y., Le Cloirec, P., Gaudin, F.: Evaluation
of a new packing material for  H2S removed by biofiltration. Bio-
chem. Eng. J. 42, 120–127 (2008)

57. Bhaskaran, K., Nadaraja, A.V., Balakrishnan, M.V., Haridas, A.: 
Dynamics of sustainable grazing fauna and effect on performance 
of gas biofilter. J. Biosci. Bioeng. 105, 192–197 (2008)

58. Park, J., Evans, E.A., Ellis, T.G.: Development of a biofilter with 
tire-derived rubber particle media for hydrogen sulfide odor
removal. Water Air Soil Pollut. 215, 145–153 (2011)

59. Dumont, E., Cabral, F.D.S., Cloirec, P.L., Andrès, Y.: Biofil-
tration using peat and a nutritional synthetic packing material:
influence of the packing configuration on H2S removal. Environ. 
Technol. 34, 1123–1129 (2013)

60. Premkumar, R., Krishnamohan, N.: Effect of secondary param-
eters on biofilter treating industrial effluent. Int. J. PharmTech
Res. 4, 1279–1287 (2012)

61. Zehraoui, A., Hassan, A.A., Sorial, G.A.: Biological treatment of
n-hexane and methanol in trickle bed air biofilters under acidic
conditions. Biochem. Eng. J. 77, 129–135 (2013)

62. Iranpour, R., Coxa, H.H.J., Deshusses, M.A., Schroeder,
E.D.: Literature review of air pollution control biofilters and



biotrickling filters for odor and volatile organic compound 
removal. Environ. Prog. 24, 254–267 (2005)

63. Barbusinski, K., Kalemba, K., Kasperczyk, D., Urbaniec, K.,
Kozik, V.: Biological methods for odor treatment—a review. J. 
Clean. Prod. 152, 223–241 (2017)

64. Oyarzún, P., Arancibia, F., Canales, C., Aroca, G.E.: Biofiltration 
of high concentration of hydrogen sulphide using Thiobacillus 
thioparus. Process Biochem. 39, 165–170 (2003)

65. Rattanapan, C., Boonsawang, P., Kantachote, D.: Removal of
 H2S in down-flow GAC biofiltration using sulfide oxidizing bac-
teria from concentrated latex wastewater. Biores. Technol. 100, 
125–130 (2009)

66. Chung, Y.C., Cheng, C.Y., Chen, T.Y., Hsu, J.S., Kui, C.C.:
Structure of the bacterial community in a biofilter during dime-
thyl sulfide (DMS) removal processes. Biores. Technol. 101,
7165–7168 (2010)

67. Chouari, R., Dardouri, W., Sallami, F., Rais, M.B., Le Paslier,
D., Sghir, A.: Microbial analysis and efficiency of biofiltration
packing systems for hydrogen sulfide removal from wastewater
off gas. Environ. Eng. Sci. 32, 121–128 (2014)

68. Liu, Q., Li, M., Chen, R., Li, Z., Qian, G., An, T., Fu, J., Sheng,
G.: Biofiltration treatment of odors from municipal solid waste
treatment plants. Waste Manag. 29, 2051–2058 (2009)

69. Lee, S., Li, C., Heber, A.J., Ni, J., Huang, H.: Biofiltration of
a mixture of ethylene, ammonia, n-butanol, and acetone gases.
Biores. Technol. 127, 366–377 (2013)

70. Yang, L., Kent, A.D., Wang, X., Funk, T.L., Gates, R.S., Zhang,
Y.: Moisture effects on gas-phase biofilter ammonia removal effi-
ciency, nitrous oxide generation, and microbial communities. J.
Hazard. Mater. 271, 292–301 (2014)

71. Yu, J., Chen, J., Wang, J.: Removal of dichloromethane from
waste gases by a biotrickling filter. J. Environ. Sci. 18, 1073–
1076 (2016)

72. Zhang, Y., Liss, S.N., Allen, D.G.: Enhancing and modeling the
biofiltration of dimethyl sulfide under dynamic methanol addi-
tion. Chem. Eng. Sci. 62, 2474–2481 (2007)

73. Abraham, S., Joslyn, S., Suffet, I.H.: Treatment of odor by a
seashell biofilter at a wastewater treatment plant. J. Air Waste
Manag. Assoc. 65, 1217–1228 (2015)

74. Kafle, G.K., Chen, L., Neibling, H., Brian He, B.: Field evalu-
ation of wood bark-based down-flow biofilters for mitigation of
odor, ammonia, and hydrogen sulfide emissions from confined
swine nursery barns. J. Environ. Manag. 147, 164–174 (2015)

75. Jaber, M.B., Anet, B., Amrane, A., Couriol, C., Lendormi, T.,
Cloirec, P.L., Cogny, G., Fillières, R.: Impact of nutrients supply 
and pH changes on the elimination of hydrogen sulfide, dime-
thyl disulfide and ethanethiol by biofiltration. Chem. Eng. J. 258,
420–426 (2014)

76. Wang, L., Yang, C., Cheng, Y., Huang, J., Yang, H., Zeng, G., Lu, 
L., He, S.: Enhanced removal of ethylbenzene from gas streams
in biotrickling filters by Tween-20 and Zn(II). J. Environ. Sci.
26, 2500–2507 (2014)

77. Alfonsín, C., Hernández, J., Omil, F., Prado, ÓJ., Gabriel, D.,
Feijoo, G., Moreira, M.T.: Environmental assessment of differ-
ent biofilters for the treatment of gaseous streams. J. Environ.
Manag. 129, 463–470 (2013)

78. Cheng, Y., He, H., Yang, C., Zeng, G., Li, X., Chen, H., Yu, G.:
Challenges and solutions for biofiltration of hydrophobic volatile
organic compounds. Biotechnol. Adv. 34, 1091–1102 (2016)

79. Talaiekhozani, A., Fulazzaky, M.A., Ponraj, M., Majid, M.Z.A.:
Removal of formaldehyde from polluted air in a biotrickling filter
reactor. Desalin. Water Treat. 52, 3663–3671 (2014)

80. Vikromvarasiri, N., Juntranapaporn, J., Pisutpaisal, N.: Perfor-
mance of Paracoccus pantotrophus for  H2S removal in biotrick-
ling filter. Int. J. Hydrog. Energy 42(45), 27820–27825 (2017)

81. Wu, H., Guo, C., Yin, Z., Quan, Y., Yin, C.: Performance and
bacterial diversity of biotrickling filters filled with conductive
packing material for the treatment of toluene. Biores. Technol.
257, 201–209 (2018)

82. Salamanca, D., Dobslaw, D., Engesser, K.H.: Removal of
cyclohexane gaseous emissions using a biotrickling filter system. 
Chemosphere 176, 97–107 (2017)

83. Aguirre, A., Bernal, P., Maureira, D., Ramos, N., Vásquez, J.,
Urrutia, H.: Biofiltration of trimethylamine in biotrickling filter
inoculated with Aminobacter aminovorans. Electron. J. Biotech-
nol. 33, 63–67 (2018)

84. Yang, B., Niu, X., Ding, C., Xu, X., Liu, D.: Performance of
biotrickling filter inoculated with activated sludge for chloroben-
zene removal. Procedia Environ. Sci. 18, 391–396 (2013)

85. Lebrero, R., Gondim, A.C., Pérez, R., García-Encina, P.A.,
Muñoz, R.: Comparative assessment of a biofilter, a biotrickling
filter and a hollow fiber membrane bioreactor for odor treatment 
in wastewater treatment plants. Water Res. 49, 339–350 (2014)

86. Bowker, R.P.: Biological odour control by diffusion into activated 
sludge basins. Water Sci. Technol. 41(6), 127–132 (2000)

87. Nisola, G.M., Cho, E., Orata, J.D., Redillas, M.C.F.R., Farnazo, 
D.M.C., Tuuguu, E.:  NH3 gas absorption and bio-oxidation in
a single bioscrubber system. Process Biochem. 44(2), 161–167
(2009)

88. Potivichayanon, S., Pokethitiyook, P., Kruatrachue, M.: Hydro-
gen sulfide removal by a novel fixed-film bioscrubber system.
Process Biochem. 41(3), 708–715 (2006)

89. Mudliar, S., Giri, B., Padoley, K., Satpute, D., Dixit, R., Bhatt, P., 
Pandey, R., Juwarkar, A., Vaidya, A.: Bioreactors for treatment of
VOCs and odours—a review. J. Environ. Manag. 91, 1039–1054
(2010)

90. Friedrich, M., Kos ̈midera, J., Terebecki, P., Mizerna-Nowotna,
P.: Odour abatement of waste gases from sludge thickeners in
wastewater treatment plant using bioscrubber. Chem. Eng. Trans. 
40, 205–210 (2014)

91. Liu, F., Fiencke, C., Guo, J., Rieth, R., Dong, R., Pfeiffer, E.M.:
Performance evaluation and optimization of field-scale bioscrub-
bers for intensive pig house exhaust air treatment in northern
Germany. Sci. Total Environ. 579, 694–701 (2017)

92. Hansen, N.G., Rindel, K.: Bioscrubbing, an effective and eco-
nomic solution to odour control at wastewater treatment plants.
Water Sci. Technol. 41(6), 155–164 (2000)

93. Ball, A.S., Nedwell, D.B., Perkins, R.G.: Oxidation of hydrogen 
sulphide in sour gas by Chlorobium limicola. Enzym. Microb.
Technol. 41(6), 702–705 (2007)

94. Tóth, G., Lövitusz, É, Nemestóthy, N., Bélafi-Bakó, K.: Biocata-
lytic hydrogen sulphide removal from gaseous streams. Hung. J.
Ind. Chem. 40(2), 87–91 (2012)

95. Rodríguez, E., García-Encina, P.A., Muñoz, R., Lebrero, R.:
Microbial community changes during different empty bed resi-
dence times and operational fluctuations in an air diffusion reac-
tor for odor abatement. Sci. Total Environ. 590–591, 352–360
(2017)

96. Barbosa, V., Hobbs, P., Sneath, R., Burgess, J., Callan, J., Stuetz, 
R.: Investigating the capacity of an activated sludge process to
reduce volatile organic compounds and odor emissions. Water
Environ. Res. 78(8), 842–851 (2006)

97. Barbosa, V.L., Stuetz, R.M.: Performance of activated sludge
diffusion for biological treatment of hydrogen sulphide gas emis-
sions. Water Sci. Technol. 68(9), 1932–1939 (2013)

98. Moussavi, G., Naddafi, K., Mesdaghinia, A., Deshusses, M.A.:
The removal of  H2S from process air by diffusion into activated
sludge. Environ. Technol. 28(9), 987–993 (2007)

99. Blonda, M., Di Pinto, A.C., Laera, G., Palumbo, R., Pollice, A.:
Activated sludge diffusion for odour removal—effects of  H2S on
the biomass. Environ. Technol. 27(8), 875–883 (2006)



 100. Barcón, T., Hernández, J., Gómez-Cuervo, S., Garrido, J.M., 
Omil, F.: Characterization and biological abatement of diffuse 
methane emissions and odour in an innovative wastewater treat-
ment plant. Environ. Technol. 36, 2105–2114 (2015)

 101. Lebrero, R., Rangel, M.G.L., Muñoz, R.: Characterization and 
biofiltration of a real odorous emission from wastewater treat-
ment plant sludge. J. Environ. Manag. 116, 50–57 (2013)

 102. Omri, I., Bouallagui, H., Aouidi, F., Godon, J.J., Hamdi, M.: 
 H2S gas biological removal efficiency and bacterial community 
diversity in biofilter treating wastewater odor. Biores. Technol. 
102, 10202–10209 (2011)

 103. Rabbani, K.A., Charles, W., Kayaalp, A., Cord-Ruwisch, R., Ho, 
G.: Pilot-scale biofilter for the simultaneous removal of hydrogen 
sulphide and ammonia at a wastewater treatment plant. Biochem. 
Eng. J. 107, 1–10 (2016)

 104. Shammay, A., Sivret, E.C., Le-Minh, N., Lebrero Fernandez, R., 
Evanson, I., Stuetz, R.M.: Review of odour abatement in sewer 
networks. J. Environ. Chem. Eng. 4, 3866–3881 (2016)

 105. Hu, Y., Zhao, Y., Zhao, X., Kumar, J.L.G.: High rate nitrogen 
removal in an alum sludge-based intermittent aeration con-
structed wetland. Environ. Sci. Technol. 46, 4583–4590 (2012)

 106. Liu, R., Zhao, Y., Sibille, C., Ren, B.: Evaluation of natural 
organic matter release from alum sludge reuse in wastewater 
treatment and its role in P adsorption. Chem. Eng. J. 302, 120–
127 (2016)

 107. Zhao, Y., Ren, B., O’Brien, A., O’Toole, S.: Using alum sludge 
for clay brick: an Irish investigation. Int. J. Environ. Stud. 73, 
719–730 (2016)

 108. Doherty, L., Zhao, Y., Zhao, X., Wang, W.: Nutrient and organics 
removal from swine slurry with simultaneous electricity genera-
tion in an alum sludge-based constructed wetland incorporating 
microbial fuel cell technology. Chem. Eng. J. 266, 74–81 (2015)

 109. Hu, Y., Zhao, Y., Rymszewicz, A.: Robust biological nitrogen 
removal by creating multiple tides in a single bed tidal flow con-
structed wetland. Sci. Total Environ. 470, 1197–1204 (2014)

 110. Babatunde, A.O., Zhao, Y.Q., Yang, Y., Kearney, P.: From ‘fills’ 
to filter: insights into the reuse of dewatered alum sludge as a 
filter media in a constructed wetland. J. Residuals Sci. Technol. 
4, 147–152 (2007)

 111. Zhao, Y., Liu, R., Zhao, J., Xu, L., Sibille, C.: A fancy eco-com-
patible wastewater treatment system: green bio-sorption reactor. 
Biores. Technol. 234, 224–232 (2017)

 112. Zhao, Y.Q., Zhao, X.H., Babatunde, A.O.: Use of dewatered alum 
sludge as main substrate in treatment reed bed receiving agricul-
tural wastewater: long-term trial. Biores. Technol. 100, 644–648 
(2009)

 113. Pham Xuan, H., Minh, P., Galera, D., Martínez, M., Nzihou, 
A., Sharrock, P.: Valorization of calcium carbonate-based solid 
wastes for the treatment of hydrogen sulfide from the gas phase. 
Ind. Eng. Chem. Res. 54, 4915–4922 (2015)

 114. Bagreev, A., Bashkova, S., Locke, D.C., Bandosz, T.J.: Sewage 
sludge-derived materials as efficient adsorbents for removal of 
hydrogen sulfide. Environ. Sci. Technol. 35, 1537–1543 (2001)

 115. Awe, O.W., Zhao, Y., Nzihou, A., Minh, D.P., Lyczko, N.: A 
review of biogas utilisation, purification and upgrading technolo-
gies. Waste Biomass Valor. 8, 267–283 (2017)


