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Aims and Scope of the Series
Transforming our World: the 2030 Agenda for Sustainable Development endorsed 
by United Nations and 193 Member States, came into effect on Jan 1, 2016, to 
guide decision making and actions to the year 2030 and beyond. Central to this 
Agenda are 17 Goals, 169 associated targets and over 230 indicators that are 
reviewed annually. The vision envisaged in the implementation of the SDGs is 
centered on the five Ps: People, Planet, Prosperity, Peace and Partnership. This call 
for renewed focused efforts ensure we have a safe and healthy planet for current 
and future generations.

This Series focuses on covering research and applied research involving the five Ps 
through the following topics:

1. Sustainable Economy and Fair Society that relates to SDG 1 on No Poverty, 
SDG 2 on Zero Hunger, SDG 8 on Decent Work and Economic Growth, SDG 
10 on Reduced Inequalities, SDG 12 on Responsible Consumption and Pro-
duction, and SDG 17 Partnership for the Goals

2. Health and Wellbeing focusing on SDG 3 on Good Health and Wellbeing and 
SDG 6 on Clean Water and Sanitation

3. Inclusivity and Social Equality involving SDG 4 on Quality Education, SDG 5 
on Gender Equality, and SDG 16 on Peace, Justice and Strong Institutions

4. Climate Change and Environmental Sustainability comprising SDG 13 on 
Climate Action, SDG 14 on Life Below Water, and SDG 15 on Life on Land

5. Urban Planning and Environmental Management embracing SDG 7 on Af-
fordable Clean Energy, SDG 9 on Industry, Innovation and Infrastructure, and 
SDG 11 on Sustainable Cities and Communities.

The series also seeks to support the use of cross cutting SDGs, as many of the 
goals listed above, targets and indicators are all interconnected to impact our lives 
and the decisions we make on a daily basis, making them impossible to tie to a 
single topic.
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Preface

Over the past half-century, the world has experienced a significant economic boom and 
rapid urbanization, resulting in the uplifting of millions of individuals from poverty. 
Nevertheless, this progress has come at the cost of escalating resource consumption and 
environmental decline. The connection between resource utilization and environmen-
tal effects is undeniable. This is mainly due to the linear utilization of resources, which 
results in environmental consequences at every stage, culminating in various forms of 
waste.

Sewage management refers to the collection, treatment, and disposal of the millions 
of gallons of wastewater generated every day by households, industries, institutions, 
commercial establishments and public facilities. This critical aspect of modern society 
is often overlooked or taken for granted. Sewage is a complex mixture of macro and 
micropollutants, as well as pollutants from municipal solid waste and industrial waste-
water. The first step in sewage management is the collection of wastewater through 
a system of pipes, pumps, and storage tanks. The collected wastewater is then trans-
ported to a treatment plant where it undergoes various processes such as screening, 
sedimentation, and biological treatment to remove solids, organic matter, and other 
pollutants. After treatment, the wastewater may be discharged into a water body, such 
as a river or ocean, or reused for irrigation, industrial processes, or other non-potable 
uses. Poorly managed sewage can lead to the spread of waterborne diseases, contamina-
tion of groundwater and surface water, and ecological damage to aquatic ecosystems. 
Effective sewage management requires a comprehensive approach that considers 
a range of factors such as technical feasibility, social acceptability, and economic 
viability. By adopting innovative and sustainable approaches, we can promote resource 
recovery and reuse, protect public health and the environment, and create a more 
sustainable future.    

This book on sewage management aims to provide a comprehensive overview of the 
various aspects of this complex topic, drawing on knowledge from engineering, eco-
nomics, and management. It covers the basics of wastewater treatment and disposal, 
the technologies and processes involved in sewage treatment, and the legal and regula-
tory frameworks that govern sewage management. The book also looks at the emerging 
trends and challenges facing sewage management, such as climate change, population 
growth, and urbanization. It includes case studies of successful sewage management 
practices from around the world, highlighting best practices and innovative solutions. 
There has recently been an increasing focus on sustainable and innovative sewage 
management approaches that promote resource recovery and reuse. For example, some 
sewage treatment plants now use anaerobic digestion to convert organic matter in 
wastewater into biogas, which can be used to generate electricity or heat. The treated 
wastewater can also be used for irrigation, aquaculture, or other non-potable uses.    

The goal of this book is to educate and inform professionals, policymakers, students, 
and the general public about the importance of sewage management and the various 



strategies and technologies available to manage sewage effectively. It is the editor’s hope 
that this book will serve as a valuable resource for anyone seeking to better under-
stand this critical topic. The editor expresses sincere thanks to the authors for their 
contributions.

Başak Kılıç Taşeli
Professor,

Department of Environmental Engineering, 
Giresun University,

Giresun, Turkey
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Chapter 1

Treatment Technologies and 
Guidelines Set for Water Reuse
Ahmed Abou-Shady and Heba El-Araby

Abstract

Water reuse is considered a practice that is currently embraced worldwide owing 
to the exacerbated water crisis, which is the result of several factors such as the 
increasing world population, urbanization, industrial sector, global climate change, 
limited water resources, and agricultural activities. Water reuse is not used intensively 
only in arid and semi-arid regions, which are characterized by limited water supply 
but can also be applied in countries that possess sufficient water resources (e.g., Brazil 
and Canada are implementing policies for water reuse). This chapter discusses the 
treatment technologies proposed for water reuse and presents some recent guidelines 
set for water reuse. Treatment technologies typically have three main processes: 
primary, secondary, and tertiary. There are several set guidelines worldwide for water 
reuse, however, a universal standard guideline to facilitate the reuse of reclaimed 
water has not been established. No federal regulations for reusing recycled water 
have been established in the United States; however, several individual states and 
territories have established specific regulations to manage reclaimed water for various 
purposes, including agricultural irrigation, animal watering, and crop production.

Keywords: water reuse, water treatment, guidelines, water crisis, process safety

1. Introduction

Globally, a big amount of potable water is being seawater, whereas less than 
3% can be considered safe for use. This 3% of potable water exists in groundwater 
which accounts for 20% (requires energy for extraction and pumping) and glacial 
ice (79%), accordingly, the available amount of potable water that is suitable for 
direct use is account for less than 1% [1, 2]. In China, water crisis can be observed in 
two phases, scarcity and deterioration, in which two-thirds of Chinese cities suffer 
from water deficiency, river pollution, and lake eutrophication [3]. At present, the 
global economy withdraws approximately 4000 km3 of water per year from natural 
resources, among which 45% is the discharged wastewater that cannot be handled in 
the currently available wastewater treatment facilities (only 11% of the total discharge 
is being treated through different treatment processes). The wastewater may be 
comprised agricultural runoff (56%), industrial effluents (28%), and household 
water in an urban area (14%) [4]. At present, half of the world’s natural water bodies 
are severely contaminated, and by 2030, it will be imperative to reduce the proportion 
of untreated wastewater by half, according to the SGD agenda 2030 [5].
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The scenario of water reuse is considered ancient as human civilizations them-
selves (e.g., several civilizations, including Egypt, Mesopotamia, and Crete civiliza-
tions utilized sewage (domestic wastewater) for agricultural irrigation from the 
beginning of the Bronze Age (approximately 3200–1100 BC). Afterward, Greek and 
Roman civilizations adapted water reuse during 1000 BC–330 AD [6].

Almost all continents at present such as Europe, Australia, Africa, Asia, and North 
America embrace the notion of potable reuse [7]. The amount of water being reused 
differs from one country to another (e.g., 46% in California, 7% in Japan, 32% in 
Asia, 75% in Israel, and 44% in Florida). Reclaimed water is being reused for envi-
ronmental applications in northern Europe (51%). Also, water reuse is account for 
44% in southern Europe for agricultural irrigation, 25% in Tunisia, and 25% in Spain 
for agriculture. In Singapore, approximately 500 Mm3/year of treated wastewater is 
being reused to fulfill its water demands and by 2060, this amount is expected to be 
increased to 55% [5, 8].

Although some countries have sufficient water resources (e.g., Canada and 
Brazil), the arid regions may suffer in the future owing to the limited water supply. 
This is particularly true for expanding cities, with the situation being exacerbated 
by decreasing glaciers and depleting water sources due to climate change [9, 10]. The 
agricultural sector consumes a huge percentage of the global freshwater (70% of the 
withdrawal and 90% of the consumption), and the water consumption of this sector 
can grow in the future, as 56% of the globally irrigated crops experiences extremely 
high water stress [5, 11]. Approximately 12% of the globally irrigated land (36 million 
ha) irrigates with some urban wastewater, of which only 15% is reclaimed water [6].

Water crises are more evident in megacities, such as London, where water infra-
structure and population growth pose severe challenges. Similar issues and incidents 
have been reported in Mexico City and Tokyo. In these areas, water reuse is imple-
mented at two scales (large and small). At the large scale, reclaimed water is dedicated 
to drinking water (DW) (e.g., Texas, Orange County, and California), whereas at the 
small scale, reclaimed water is used for flushing toilets, cleaning streets, and irrigat-
ing urban areas [12]. A recently emerging term, “One Water,” should be embraced 
worldwide; the term is used to promote the ideology that all water has value and 
should be managed in a sustainable, inclusive, and integrated way. Water reuse may 
be considered one of the available solution, to ensure sustainable water use and 
address food insecurity. The “One Water” approach may involve the following provi-
sions: (1) all water types, from raw source water (for DW treatment plants) to water 
flushed down toilets and drains, should be viewed through the lens of source water 
protection, and (2) different types of water pollutants must be treated to establish 
appropriate standards for their intended downstream applications [11].

The main aim of this chapter is to provide an overview of treatment technologies 
and guidelines set for water reuse as is considered an important factor to overcome 
the future water crisis.

2.  Recently proposed wastewater treatment technologies for water reuse 
purposes

2.1 Primary treatment (PT)

Sewage water is pretreated to remove grease, grit, and gross solids, which are 
considered an obstacle for the subsequent stages of treatment. Afterward, PT is 
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conducted to settle and remove either inorganic or organic suspended solids using 
settlers and septic tanks [6]. The PT can be exploited to provide water for the con-
trolled irrigation of forestland and parks, as long as the safety precautions are ful-
filled. The PT can reduce 30–40% of the organic load and pathogens (Figure 1) [5].

2.2 Secondary treatment (ST)

The ST is conducted to remove or degrade soluble biodegradable organics via bio-
logical processes (e.g., aerobic or anaerobic processes using bacteria and protozoa). 
In this treatment, nutrients such as nitrogen and phosphorous may be also removed. 
The ST involves activated sludge, aerated lagoons, oxidation ditches, trickling filters, 
and constructed wetlands (CWs) [6]. The application of ST reduces the organic load 
and pathogens by ~95% and provides disinfection in some cases. This stage of treat-
ment is convenient and can provide suitable water for the irrigation of trees (e.g., 
in olive orchards and vineyards), as long as there is no direct contact with the crops 
(Figure 1) [5].

2.3 Tertiary treatment (TT)

The TT primarily involves coagulation, flocculation, sedimentation, filtration, 
and UV treatment, aiming to purify the outlet discharge before ultimate reuse. 
Notably, TTs also remove nutrients and residual suspended matter via suitable filtra-
tion as well as microorganisms and provide disinfection through the application of 
UV radiation, ozone, and chlorine. Membrane filtration (micro-, nano-, ultra-, and 
reverse osmosis (RO)), activated carbon, and filtration/percolation are typically a 
part of the TT; however, their applications are not widespread in developing countries 
[6]. The TT is fully capable of reducing the organic load by 99%, and UV disinfection 
completely removes the pathogens. Therefore, TT may be convenient for all types 
of edible crops (Figure 1) [5]. In Spain, 1.4% (63,000 m3) of the TT water produced 
from Lloret de Mar City (northeastern Mediterranean coast) was used for irrigation, 
and the rest was discharged into the sea [13]. Integrating different wastewater treat-
ment technologies can also produce treated water suitable for special purposes. In the 

Figure 1. 
Wastewater treatment technologies.
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following paragraph, we have summarized the recent integrated approaches proposed 
for wastewater reuse.

The advanced wastewater treatment plant (AWTP) may be used for potable 
water production based on the wastewater effluent in terms of the feed. For example, 
AWTP was construed to serve Australian Antarctic Division’s Davis Station at the 
Selfs Point Wastewater Treatment Plant, Hobart, Australia. This AWTP comprises 
seven barriers: ozone, ceramic microfiltration, biologically activated carbon, RO, UV 
radiation, calcite dissolution and chlorination, and activated sludge [14]. Moreover, 
the Groundwater Replenishment Scheme in Australia is operated by the Western 
Water Corporation; they manage the outlet discharge of the Beenyup Wastewater 
Treatment Plant by applying three advanced processes, ultrafiltration (UF), RO, and 
UV disinfection, to recharge the Yarragadee and Leederville aquifers using special 
recharge bores. The same concept was used in other areas to augment surface water 
and lake reservoirs [15]. The Old Ford Water Recycling Plant in London collects and 
treats wastewater from a combined sewer (Northern Outfall Sewer) using a mem-
brane bioreactor, which is then treated by granular activated carbon following which 
sodium hypochlorite is used to produce reclaimed water suitable for irrigation and 
toilet flushing [12]. The Aqueous Phase Reforming approach has been recommended 
for removing the total organic carbon and micro pollutants (e.g., carbamazepine, caf-
feine, ibuprofen, and diclofenac) from sewage at high percentages (90%) with advan-
tages of H2 and CH4 production (via the valorization of organic matter) [8]. Onsite 
chlorination has been proposed for vertical flow CWs, together with a small-scale 
solar-driven system, resulting in the reduction of total coliforms and Escherichia coli 
to ≥5.1 and ≥ 4.6 counts, respectively [16]. A review of the best available technologies 
and treatment trains in the EU countries, to overcome the deficiency of water supply 
through urban wastewater reuse, is published in the literature [17].

In the north of Spain, the performance of five WWTP was investigated based 
on the presence of pathogenic, intestinal protozoa, and nematode eggs. The fifth 
WWTP does not contain any primary or pretreatment stage; however, wastewater is 
directly allowed to be treated in an Imhoff tank. In the fifth WWTP, either nematode 
eggs, Cryptosporidium spp., and Entamoeba spp. were detected, demonstrating 
high resistance to wastewater treatments. Moreover, the produced sludge contained 
Cryptosporidium spp., even after aerobic digestion [18].

Mulugeta et al. (2020) suggested that the installation of low-cost bio-sand filters in 
the decentralized municipal wastewater produces reclaimed water that complied with 
the WHO and USEPA guidelines [19]. The integrated suspended growth biological 
process and postozonation (O3) decreased the organic compounds by 92.1% diesel oil, 
97.4% chemical oxygen demand, and 97.9% MB dye. This combination also established 
the efficacy of integrated industrial and domestic wastewater treatments that is 
ultimately capable of producing reclaimed water appropriate for agricultural irrigation 
[20]. The RO technology may be replaced with the ozone-biological activated carbon 
approach, owing to the reduction of capital and operation and maintenance costs, as 
well as the comprehensive enhancement of the system [21]. The integrated biochar 
vertical flow and free-water surface CW system is an effective approach for remov-
ing pollutants in wastewater, which is inversely correlated to the hydraulic loading 
rate [22]. A hybrid pretreatment process was proposed before the desalination of the 
cooling tower water effluents that included vertical subsurface flow, open water, and 
horizontal subsurface flow CWs [23]. The process of diluted desalination (using UF–
RO) was explored as a preferable economical method to conduct the RO of seawater, 
even when both the UF recovery rate and water flux complied with the least values 
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of thresholds [24]. The integrated biological trickling filters and CW may be suitable 
for treating wastewaters derived from food industry and have several advantages: (a) 
tolerance to loading shocks, (b) simplicity of operation, (c) durability, (d) low capital 
and operation costs, and (e) high pollutant removal efficiencies [25]. The combination 
of osmotic membrane bioreactor and RO could be used to treat wastewater before 
its subsequent reuse [26]. Five scenarios, namely, RO, evaporation, crystallization, 
de-supersaturation, and precipitation, have been evaluated for treating petrochemical 
unit effluents, in which the energy consumption and chlorine-derived compounds 
used in the pretreatment are considered the most influential factors [27]. The integra-
tion of ozonation (oxidation) and biofiltration (adsorption and biological degrada-
tion) is also considered an effective approach to overcome several obstacles during the 
conventional water reuse treatment process, owing to its effectiveness in removing 
trace organic pollutants, byproduct precursors, biodegradable organic matter, and 
concerning substances [28]. Integrating membrane distillation and RO can purify 
RO-concentrated wastewater for potable water reuse with high recovery percentages; 
however, subsequent treatments, such as advanced oxidation (posttreatment), may 
be required to treat nitrosodimethylamine [29]. A UV-based advanced oxidation can 
be used to treat RO concentrates characterized by high content of dissolved organic 
matter; this can ultimately improve the sustainability of water reuse systems [30]. 
Notably, the use of RO was suggested to reclaim wastewater that is characterized by 
high salinity [31]. In general, the membrane distillation process has been proposed for 
potable water reuse following the coagulation and filtration pretreatment processes 
to avoid severe membrane fouling [32]. In a previous study [33], the feasibility of 
combining a vertical flow CW and membrane system for the treatment and reuse of 
decentralized gray and black water was highlighted. Additionally, a breakthrough 
dynamic-osmotic membrane bioreactor/nanofiltration (NF) hybrid system was pro-
posed for the treatment and reuse of real municipal wastewater, in which membrane 
fouling was minimized while maintaining high water quality [34]. An adsorption 
technology was proposed as a promising TT to treat anodized industrial wastewater 
for reuse purposes [35]. The intensification of supercritical water oxidation through 
ion exchange with zeolite was proposed to treat landfill leachates for reuse purposes. 
The intensified process was conducted without using auxiliary substances or oxidants, 
thereby promoting this method as more eco-friendly and less expensive; however, 
further improvements are required regarding arsenic concentrations and ammonium-
saturated clinoptilolite [36, 37]. A photocatalytic membrane reactor was proposed 
to treat produced water; the reactor efficiently decomposes and mineralizes organic 
pollutants, inactivates viruses, detoxifies heavy metals, and recovers valuable minerals 
[38]. An integrated biological and advanced oxidation process followed by microfiltra-
tion and ultrafiltration, suggested to treat laundry wastewater, is a promising and 
highly efficient combination process for water reuse [39]. Integrated adsorption, RO, 
and TiO2/Fe3O4 photocatalytic oxidation were proposed for the reuse and recycling of 
aquatic center sewage comprising shower wastewater, whirlpool tub discharge, pool 
overflow, and sauna wastewater. This method yielded satisfactory results; however, the 
process could not remove organic matter (3.3 mg/L) [40]. Jain et al. (2021) indicated 
that the removal of silica (reactive and colloidal) using diatom biofilms developed 
from water generated from cooling towers of thermal power plants may save annually 
1485 MLD of fresh water, in addition to the generation of value-added products (bio-
genic silica) [41]. In a previous study, the water reuse systems were optimized using an 
advanced control system for RO, in which more than Euro 10,000,000 could be saved 
per year in large RO facilities (>30.000 m3/day) [42]. Additionally, a study combined 
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the mechanisms of sedimentation and flocculation for the in-situ treatment of quartz- 
and chlorite-containing water at the Sijiaying Iron Ore Mine; approximately 65.10% 
grade and 86.50% recovery rate were achieved for iron concentrate under optimum 
conditions [43]. The denitrifying woodchip bioreactor approach was proposed for 
treating nitrate-rich water-containing aquaculture effluents. The tannins-lignin and 
total ammonia nitrogen concentrations were simultaneously increased with Cu and Zn 
concentrations. It was not recommended to immediately reuse the outflows following 
start-ups or restart after a dry period [44]. Integration of decolorization and desali-
nation using Escherichia fergusonii was recently proposed for remediation of textile 
effluents for water reuse; the water was subsequently treated with rice husk-activated 
charcoal treatment to ensure the disinfection and detoxification. This method was not 
energy-intensive, in addition to being simple, economic, and a two-step process as a 
complete solution for textile effluent treatment [45]. The process of ultrafiltration was 
proposed for municipal wastewater reuse as a TT; in this process, the treated water 
was used only for nonpotable applications, according to the national and international 
guidelines [46]. The pond-in-pond wastewater treatment system, in which anaerobic 
and aerobic ponds are combined into a single pond, was also proposed for water reuse. 
This system is considered highly efficient, with low costs and low maintenance [47]. 
Xing et al. (2021) revealed that the integrated chlor(am)ine-UV oxidation and UF may 
be considered a promising alternative for efficient wastewater recycle and reuse [48]. 
Additionally, molecularly imprinted polymers (MIPs) can be used for removing vari-
ous contaminants of emerging concern (CECs); however, the MIPs cannot be applied 
at a large scale and are limited to the lab/bench scale. However, MIPs can remove a 
wide range of CECs, such as diclofenac, atrazine (pesticide), ketoprofen and ibuprofen 
(nonsteroidal anti-inflammatory drugs [NSAIDs]), ciprofloxacin and sulfamethazine 
(antibiotics), triclosan and parabens (personal care products [PCPs]), and bisphenol 
A (plasticizer) [49].

3. Recent guidelines set for water reuse

3.1  Food and Agriculture Organization (FAO), World Health Organization (WHO), 
and United States Environmental Protection Agency (USEPA) guidelines

The guidelines for the safe use of reclaimed water in agricultural irrigation, accord-
ing to FAO, WHO, and USEPA are discussed by Hacıfazlıoğlu et al. [50]; the guidelines 
comprise several parameters, such as electrical conductivity (EC), sodium absorption 
ratio (SAR), total dissolved solids (TDS), total nitrogen, total suspended solid  
(TSS), −3 NNO , −4 PPO , PAR, 3HCO , boron, chloride, sodium, free chloride, pH , 
and turbidity. These parameters were classified according to the degree of restrictions: 
none, slight–moderate, and severe. For example, reused water having EC values 
<0.7 mS/cm is considered to not have any harmful effects on the ecosystem, whereas 
EC values >3 mS/cm will cause severe effects. Additionally, there is a high correlation 
between the SAR values and EC, based on the three classes of restriction on soil 
permeability (none, slight–moderate, and severe) [50].

3.2 Food and drug administration (FDA) guidelines

The regulations set by the United States FDA as part of the Food Safety 
Modernization Act (FSMA) for water quality metrics were discussed by Rock et al. [51]. 
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The regulations set by the FSMA are applied to the crops that are subject to raw agri-
cultural commodities and do not receive commercial processing required to decrease 
the growth of microorganisms (to ensure public health). The FSMA has set standard 
processes, practices, and procedures that reduce the risk of serious health consequences 
or biological hazards in fresh raw crops (e.g., edible leafy greens) to decrease foodborne 
diseases resulting from the consumption of contaminated crops [51]. According to the 
Produce Safety Rule, farmers establish a microbial water quality profile (MWQP) for 
irrigation water sources (e.g., untreated surface and ground water) and are requested 
to perform annual surveys that can be used in the following years. The levels of generic 
E. coli are considered a basic parameter for the water quality profile in agricultural 
(pre-harvest) water. First, the MWQP must be performed, with not less than 20 water 
samples collected as near to the harvest period as possible, over not less than 2 years 
and not more than 4 and 5 years for surface water and ground water, respectively. The 
geometric mean (GM) or statistical threshold value (STV) is to be calculated from the 
collected samples using a minimum of five samples. The MWQP comprises both GM 
(126 CFU/100 mL) and STV (410 CFU/100 mL). The GM is an average that reflects 
the central tendency of the water source, whereas the STV represents the variations 
in water quality. Further details about the FDA FSMA regulations are presented in the 
literature [51].

3.3 State-level guidelines in the United States

In the United States, there are no established federal regulations for reusing 
recycled water. However, several individual states and territories (e.g., Arizona, 
California, Colorado, Florida, Virginia, Delaware, Massachusetts, New Jersey, Hawaii, 
North Carolina, Idaho, Minnesota, and Washington) have established specific 
regulations to manage reclaimed water for various purposes, including agricultural 
irrigation, animal watering, and crop production. Details about these state-level 
regulations are presented in the literature [51]. Notably, the regulations established by 
state standards for irrigation purposes to promote the use of recycled water to grow 
food crops are considered restrictive compared to the FSMA Agricultural Water met-
rics. This is indicated by the higher permitted concentrations of E. coli, total coliform, 
or fecal coliform bacteria, which are comparatively lower than those detailed in the 
FSMA metrics [51].

3.4 Europe (Spain, Italy, Greece, and Cyprus) guidelines

A comparison of guidelines for wastewater reuse in irrigational applications in 
Europe (Greece, Italy, Spain, and Cyprus) and the United States are discussed by 
Otter et al. [16]. These guidelines contain uncommon parameters for water quality, 
prescribing a limit for the number of pathogen indicators, to represent the effective-
ness of the wastewater treatment plants in removing the nutrients, organic matter, 
and pathogens. Accordingly, the disinfection approach (e.g., ultraviolet [UV] radia-
tion, membrane filtration, onsite chlorine generation system, and ozonation) is also 
a mandatory step to minimize public health risks resulting from potential exposure 
to reclaimed water [16]. In May 2020, a new regulation was proposed by European 
Union (EU) regarding the minimum quality requirements (MQR) for reclaimed water 
(EU, 2020/741) to be reused in the agriculture sector; this regulation will be imple-
mented on June 26, 2023, in all the member states. There is also a growing concern 
about potential noncompliance situations regarding the MQR [52].
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3.5 Egypt

The Egyptian government (Ministry of Housing, Utilities, and Urban 
Communities) has published the Egyptian Code, with two versions, for treated waste-
water (TWW) reuse (code 501, 2005, and 2015). The 501 code in the 2005 version 
classifies the TWW into three categories, whereas four categories were proposed in 
(ECP 501, 2015) based on the treatment level. In each category, the Egyptian Code 
specifies the crops that can be cultivated. In general, the Egyptian Code prohibits the 
cultivation of raw vegetables, such as cucumber and tomatoes, using TWW [53].

4. Conclusions

The deficiency of water supply is considered a global issue and in the near future 
(2030; 160% of currently available resources) should be provided to overcome this 
threat. In the present chapter, we have discussed both treatment technologies and 
guidelines set for water reuse that may be considered one of the available solutions 
presented to overcome the future water crisis. The treatment technologies are divided 
into three main categories including pretreatment, PT, ST, and TT based on the main 
endeavors suggested for water reuse. The PT can reduce 30–40% of the organic load 
and pathogens, accordingly, it may be exploited to provide water for the controlled 
irrigation of forestland and parks, as long as the safety precautions are fulfilled. The 
ST is capable of reducing the organic load and pathogens by ~95% and provides dis-
infection in some cases. The ST is suitable water for the irrigation of trees (e.g., olive 
orchards and vineyards), as long as there is no direct contact with the crops. Lastly, 
The TT may be convenient for all types of edible crops owing to it being fully capable 
of reducing the organic load by 99%, and UV disinfection completely removes the 
pathogens. The standard guideline for the application of water reuse at a global scale 
is unavailable, whereas, several guidelines for water reuse were discussed in the pres-
ent chapter including FAO, WHO, USEPA, FDA, State-level guidelines in the United 
States, Europe guidelines, and Egypt.
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Chapter 2

Constructed Wetlands Process for
Treating Sewage to Improve the
Quantitative and Qualitative
Management of Groundwater
Resources
Mounia Achak, Noureddine Barka and Edvina Lamy

Abstract

Water scarcity limits access to safe water for drinking and communities face some
form of water stress, which can be related to insufficient supplies or inadequate
infrastructures. Climate change plays a crucial role in water stress worldwide, as rising
temperatures lead to more unpredictable weather and extreme weather events. In face
of this challenge, the need to seek an alternative to protect groundwater resources and
to decrease the use of public water is imposed. Sewage management seems to be a
significant treatment of removing contaminants and undesirable components from
polluted waters and safely return it to environment for irrigation and other uses.
For this consideration, many treatment technologies are discussed in the literature
including biological, physical and chemical processes. Among biological processes
principally used for the treatment of sewage figured constructed wetlands.
Constructed wetland system is considered as an economic, efficient and environmen-
tally friendly sewage treatment method, based on adsorption and retention of
pollutants by substrates, sorption by plants, and decomposition by microorganisms.
Therefore, the chapter of this book throws will light on the principal mechanisms
responsible to organic matter, nitrogen and phosphorus removal in different types
of constructed wetlands, and provides recommendations concerning the factors
affecting pollutants removal performance of constructed wetlands from sewage.

Keywords: water scarcity, sewage characteristics, treatment, constructed wetlands
process, pollutants removal, mechanism approach

1. Introduction

Many parts of the world suffer of water scarcity and insufficient water quality
demanded by population and environment. Water stress effects can vary dramatically
from one region to another; it can damage not only public health, economic develop-
ment, and global commerce, but also can increase migrations and spark conflict.
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According to Food and Agriculture Organization (FAO), in the case of demand side,
around 70% of the world’s freshwater is used for agriculture, 19% for industrial uses
and 11% for domestic uses [1]. In the case of supply side, the water sources include
groundwater and surface water such as rivers lakes and reservoirs. Indeed, many
causes can trace to the water stress including the increase of human withdrawals from
surface or groundwater and the increased need of agricultural irrigation. The popula-
tion growth who lead to economic development, change of lifestyle and consumption
patterns, and the increase of agriculture production impact dramatically the planet’s
reserves, also the climate disruption as rising temperatures, floods and drought who
can decrease water supply. Another important approach of water scarcity is identified
by discharge of polluted wastewater generated from industry, agriculture and house-
hold activities causing deterioration of freshwater quality and infiltration of contam-
inant compounds in the groundwater [2, 3]. Around 80% of wastewater in the world
is evacuated, largely untreated, in the lakes, rivers, oceans and environment [4]. In
face of this challenge, many countries seek an alternative to protect water resources
and to improve international collaboration on water practices, as well as to implement
innovative and sustainable technologies in order to ameliorate the water quality by
suggesting significant processes to reduce hazardous organic pollutants from polluted
wastewater. Several approaches have been investigated to eliminate the contaminants
from domestic sewage using physical, chemical and biological processes. Physical
processes include evaporation, distillation, combustion, centrifugation, filtration,
pyrolysis and membrane separation [5–7]. While chemical processes include
coagulation-flocculation, electrocoagulation, oxidation and advanced oxidation and
ion exchange [8–10]. Infiltration-percolation, aerobic, anaerobic and constructed
wetland are included in biological processes [11–13].

The limitations of physical and chemical processes like expensiveness, high power
consumption and production of toxic products, as well as the risk of secondary
pollution, can affect the performance of these techniques for the treatment of sewage
[14, 15]. Thus, biological processes are widely considered among the efficient tech-
niques and have become the center of interest of several researchers in the pollutants
removal of sewage. Nowadays, constructed wetlands have been attracting increasing
attention compared to other treatment techniques. Constructed wetlands are a cost-
effective and sustainable approach to treat not only sewage but also agriculture and
industrial wastewater as olive mill wastewater, tannery wastewater, winery wastewa-
ter and petrochemical industry wastewater [16–19]. Constructed wetlands system
offers many benefits, such as less expensive to construct, low operational and main-
tenance expenses, tolerate fluctuation in water flow, eliminate odors associated with
wastewater, allow a high process stability during wastewater treatment and facilitate
wastewater reuse and recycling.

Constructed wetlands are a natural wastewater treatment system that use natural
wetland vegetation (aquatic plants), substrate (sand, soil, gravel, zeolite, pozzolan)
and microorganisms for the removal of conventional pollution parameters such as
metals, organic matter and nutrients (nitrogen and phosphorus) from polluted water
[17, 20–23]. Aquatic plants are considered as a central of sewage treatment and they
play a major role in the adsorbion, precipitation and degradation of organic com-
pounds, as well as concentration of heavy metal from contaminated water. While
substrates are also beneficial to the efficiency of the constructed wetlands, they
provide storage for many contaminants by the adsorption process and they report
support to many microorganisms responsible to degradation of organic matter in the
favorable conditions by biological process. On the other hand, different designs and

18

Sewage Management



structures of constructed wetlands are investigated in the literature. Overall, we can
distinguish three types of constructed wetlands (i) surface flow constructed wetlands
(SF CWs), (ii) horizontal subsurface flow constructed wetlands (HSF CWs) and (iii)
vertical flow constructed wetlands (VF CWs). The selection of the effective
constructed wetlands depends on several parameters such as load and type of pollut-
ants, material of substrates, local available vegetation, climatic conditions, nature of
polluted water, and hydraulic loading rate (HLR) and hydraulic retention time (HRT).

In this chapter, the treatment of sewage using constructed wetlands as approach to
improve the quantitative and qualitative management of groundwater resources will
be discussed. For this purpose, selection of favorable constructed wetlands design,
optimization of operation parameters and factors affecting remediation processes
such as substrates, aquatic plants type and availability of microorganisms can improve
the performance of sewage treatment. Finally, the recommendations and future
possibilities in this field will also be discussed.

2. Characteristics and composition of sewage

Sewage is classified mainly into two categories, namely, domestic and industrial
wastewater. Domestic wastewater is derived from human activities in households
such as bath, laundry, dishwashing, garbage disposal and human waste, mainly feces
and urine [24]. The variation in the characteristics of domestic wastewater depends on
several factors such as the water use, quality and type of water supply, nature and
condition of sewerage system and population habits. Compared to industrial waste-
water, domestic wastewater usually contains low content of pollutants but even small
amounts of contaminants can be responsible of environment pollution. Industrial
wastewater is generated from various industrial processes, namely, the water released
from battery, chemical and pharmaceutical manufacturing, agricultural and mine
activities, paper and fiber plants, refining and petrochemical operations and other
industrial activities [25]. The volume, flow and load of wastewater is closely linked to
the type of industries and industrial establishment.

Generally, the characteristics and composition of sewage depend on the nature of
wastewater discharged and its source. Sewage contains a high content of organic
compounds, which may be in dissolved, suspension and colloidal state. These com-
pounds may be toxic, resist to biological degradation, can damage sewers and other
structures, and affect the condition operation of the wastewater treatment plant.
Sewage also may contains some heavy metals provided through industrial discharges.
These compounds limit the treatment by biological process and their disposal in
stream and land affect the human and aquatic life. On the other hand, various types of
microorganisms may be identified in sewage. Some of these are pathogens and are
harmful to the human and animal life.

Many heavy metals are identified in sewage, such as Lead (Pb), Zinc (Zn), Mer-
cury (Hg), Nickel (Ni), Cadmium (Cd), Copper (Cu), Chromium (Cr) and Arsenic
(As) released by paint and dye manufacturing, textile, pharmaceutical, paper and fine
chemical industries. These metals are non-biodegradable and can be carcinogenic,
their easily adsorption to suspended particles in water threat dramatically ecosystems
and their infiltration in the groundwater can present a risk for living organisms. Solids
contained in sewage may be classified into dissolved solids, suspended solids and
colloidal solids. Suspended solids and dissolved colored material and reduce water
clarity by creating an opaque, hazy or muddy appearance. Their remove can be
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assured by sedimentation if their size comparatively large or by filtration process.
Generally, solids are an important factor for sewage treatment processes. Sewage also
contains high load of organic pollutants, namely, phenolic compounds, dioxins and
dibenzofurans, polycyclic aromatic hydrocarbons, and organochlorine pesticides [26].
Organic pollutants are highly resistant to environmental degradation via physical,
chemical and biological processes. They have long half-lives in soil, water, and air and
their toxicity can pose a threat to human health and environment. High content of
nitrogen and phosphorus are also one of the major contaminants present in sewage.
The principal nitrogen elements in sewage are proteins, amines, amino acids, and
urea. Indeed, the ammonia nitrogen in sewage results from the bio-degradation of
organic matter present in the water. In domestic wastewater, human urine contains
approximately more than 95% of total nitrogen, 90% of total phosphorus and 50% of
the total COD [27]. Phosphorus is contributing to sewage from laundry detergent,
human waste and other household cleaning products with 0.30, 0.60 and 0.10 kg of
phosphorus per capita/year, respectively [28]. It considered as an essential element for
the biological method. With an adequate concentration, phosphorus can support
aerobic biological wastewater treatment. Table 1 summarizes the concentration of
major pollutants resulting from different industrial sector.

3. Constructed wetlands as sewage management pattern

3.1 Free water surface constructed wetlands

Free water surface constructed wetlands (FWS CWs) are defined as wetland
systems comprise shallow basins or channels, with a sealed bottom to prevent waste-
water to infiltrate in the groundwater. FWS CWs are characterized by the presence of
dense aquatic plants covering more than 50% of surface, emerged in 20–40 cm of
water into 20–30 cm of rooting soil [42]. In FWS CWs, water flows through over
vegetated soil surface from an inlet to an outlet point (Figure 1). This operation allows
the physical, chemical and biological processes to take place in order to remove and
degrade the various contaminants. However, in some cases, standing water may
increase the possibility of mosquito breeding, or water may completely lost by evapo-
transpiration especially in the hot region, which affect the treatment process.

Based on the literature, FWS CWs are efficient in removal of organic pollutants
through bio-degradation and settling of colloidal particles. Suspended solids removal
is assured by sedimentation, filtration and aggregation mechanisms in function of
particles size and structure [43]. The smaller and lighter particles may settle out
through the dense wetland plants, while largest and heaviest particles may settle out in

Figure 1.
Free water surface constructed wetlands (FWS CWs).
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the inlet open water zone. Indeed, the wetland plant tissue play a major role in
suspended solids removal by reducing wind speed which supports sedimentation of
suspended solids and prevents re-suspension [44]. On the other hand, many studies
indicated that the high suspended solid concentrations can cause clogging of the soil
and effects negatively the treatment process. To avoid the excess accumulation of
solids, FWS CWs facilities should be coupled with a pretreatment stage, namely septic
tank, lagoons, settling basins or compost filter [45].

Nitrogen is generally removed from wastewater through nitrification/denitrifica-
tion mechanisms. Before nitrification step, organic-nitrogen is converted to ammonia
by hydrolysis process, ammonia is oxidized to nitrate by nitrifying bacteria under
aerobic conditions. Nitrate is reduced to free nitrogen or nitrous oxide under anaero-
bic conditions by denitrification process. Many parameters may influence
nitrification-denitrification processes such as carbon source, temperature, pH,
dissolved oxygen availability and nitrite accumulation. In CWs, nitrogen is effectively
removed primarily by nitrification/denitrification, and ammonia volatilization under
higher pH values due to algal grow. However, the presence of the ammonia in the
atmosphere can pollute aquatic and terrestrial environments [46]. Indeed, in FWS
CWs, the growth of algae is very limited, due to the presence of emergent wetland
plants, which cover completely the surface water and as consequence limit algal
photosynthesis by preventing light to penetrate into the water column. Denitrification
can be increased by availability of carbon provided from decaying plant biomass. The
supply of dissolved oxygen in FWS CWs is assured by the air-water interface and the
plant roots, which release oxygen into the environment media, creating the favorable
conditions for nitrification process. While in the soil layer below the water, the
dissolved oxygen is practically non-existent. A viable solution to this behavior is to
report an extended aeration to achieve nitrification process and provide biological
treatment for the removal of bio-degradation pollutants. Air may be supplied by
diffusion or mechanical in required conditions to maintain the aerobic biological
process.

FWS CWs are efficient in removal of organic pollutants trough aerobic and anaer-
obic processes. The aerobic process is carried out under redox conditions in the water
columns, while anaerobic process is realized by fermentation or biomethanation in the
litter layer near the bed bottom. The decomposition performance of organic pollutants
is assessed by the balance between organic load and available oxygen. Other pathways
for organic matter removal are identified, namely, photochemical reactions, uptake by
plants and metabolization [47, 48]. Removal of phosphorus in CWs is assured by
adsorption, complexation-precipitation and plant uptake if the biomass is harvested,
otherwise, the phosphorus releases in the system and its concentration increase in
wastewater. The complexation-precipitation mechanism is highly dependent on the
origin and chemical composition of the substrate used. Soil rich in reactive minerals
such as Fe, Al or calcareous materials that favorite Ca phosphate precipitation are very
significant in phosphorus removal. In FWS CWs the elimination of phosphorus is
relatively with a slow rate, due to little contact between water column and the soil
containing mineral elements for precipitation.

Based on the literature studies, CWs have been generally designed to treat munic-
ipal and domestic wastewater. Recently, CWs are strongly applied to other type of
wastewater as industrial wastewater. Among effluents treated by FWS CW are petro-
chemical wastewater, pulp mill wastewater, tannery wastewater, aquaculture waste-
water, distillery wastewater, brewery wastewater, meat processing wastewater,
abattoir wastewater, seafood wastewater and olive mill wastewater. Goulet and
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Sérodes [49] reported that the treatment of abattoir wastewater using FWS CWs
planted with Typha sp. and consisted of storage tank (750 m3) and two cells a total
surface area of 1420 m2 allowed removal efficiencies amounted to 95%, 85%, 66%,
54% and 74% for TSS, BOD5, TKN, NH4

+-N and TP respectively. Two FWS CWs
occupied an area of 45.5 m2 for each, planted with Phragmites australis and filled with
gravel were used to treat diluted olive mill wastewater. The results showed that the
bed without recirculation allowed a reduction of 80%, 83%, 80%, 78% and 74% for
TSS, COD, total phosphorus, NH4

+-N and phenols respectively. While the reduction
using bed with recirculation acceded 90%, 98%, 85%, 55% and 87% respectively [50].
In another study, the treatment of petrochemical wastewater by 15.5 m2 FWS CW
planted with P. australis,Typha angustifolia and Typha latifolia, and HLR ranged
between 1.3 and 1.6 cm d�1 was investigated. The average annual removal of COD,
BOD5, TN and total phosphorus from pretreated wastewater reached 54%, 59%, 22%
and 43%, respectively [51]. Allen et al. [52] presented the results from a full-scale
FWS CW (8.19 ha) designed to treat increasing amounts of pre-treated domestic
wastewater. The system received an annual average loading rate of 947 kg/year BOD5,
19,644 kg/year TN, 31039 kg/year NH4-N, 18140 kg/year TKN and 807 kg/year total
phosphorus and removal rate of 8%, 72%, 73%, 78% and �246% respectively. The
study of Bydalek et al. [53] aimed to assess microplastics fate in FWS CW following an
oxidation process. The FWS CW has an operational surface of approximately 8000 m2

and planted with Schoenoplectus lacustris and Typha angustifolia. The results showed
that over 95% of microplastics were retained within the first 20% of the FWS CW and
allowed an aerial removal rate exceed 4000 microplastic m�2 d�1.

3.2 Horizontal sub-surface flow constructed wetlands

Horizontal sub-surface flow constructed wetland (HSF CW) systems are filled
with gravel or soil and usually planted with common reeds [54]. The depth of the
substrate varies between 30 and 80 cm and it is most often selected based on many
parameters such as low patterns, effluent charge and aquatic plant types as a nutrient
source required for removal process [55]. Generally, the media mostly used include
gravel, sand, soil and compost. In HSF CWs, the wastewater is fed in at the inlet and
flows horizontally along bed media below substrate surface through its pores and
plant roots. The treated wastewater is collected in outlet zone from the opposite side
of the system before leaving level control arrangement at the outlet, thus keeping a
large contact between water and substrate (Figure 2). Consequently, the availability

Figure 2.
Horizontal sub-surface flow constructed wetlands (HSF CW).
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of oxygen in the substrate for organic matter oxidation is limited despite the creation
of some aerobic zones by plants by transportation of oxygen from the atmosphere to
the roots through the plant stems. HSF CWs included many processes and mecha-
nisms for removal of contaminant elements and compounds from sewage such as
sedimentation, filtration, and aerobic and anaerobic microbial processes for organic
matter remove, nitrification/denitrification for nitrogen elements remove, and
sorption and precipitation for phosphorus remove.

Organic compounds in HSF CWs are very effectively degraded by aerobic and
anaerobic microbial processes as well as by filtration and sedimentation. The aerobic
process is carried out in plant roots and surface waters where oxygen can be supplied
from atmosphere, while anaerobic process is occurred in the soils with microorgan-
isms adapted to each condition. The aerobic microorganisms consume oxygen to
degrade organic contaminants to produce biomass for microorganism. The methane is
produced through the degradation of organic matter by anaerobic bacteria. The pres-
ence of plant roots favors the development of biofilm, which increase the organic
matter decomposition. The amount decomposed of organics is related dramatically to
the availability of dissolved oxygen in HSF CWs. On the other hand, plant biomass are
capable to storage organic carbon thus making constructed wetlands as an alternative
approach to remove organic matter. Suspended solids are removed in HSF CWs by
gravity sedimentation, flocculation/settling of colloidal particulates and adsorption.
Gravity sedimentation occurred when particle sediment independently without con-
tact with other particles. While, flocculation/settling involves the interacting of parti-
cles in order to form large flocculants result from charge imbalances on the surface of
particles. The settling rapidly take place when a new particle as larger flocs are
formed. Filtration and adsorption onto gravel and plant media play an important part
in suspended solids removal. The surface of gravel, stem, and root plants are coated by
biomass film, which can absorb colloidal and soluble matter. The solids adsorbed may
be metabolized, and then converted to biomass or gases.

As viewed in the literature for nitrogen removal, regardless of removal pathways
including plant uptake, ammonification, plant root and substrate adsorption, volatili-
zation in forms of ammonia, fixation by converting nitrogen gas to organic nitrogen,
and transformation into nitrogen gas, the nitrification-denitrification is usually con-
sidered as the principal mechanism to reduce nitrogen amount in constructed wet-
lands. Nitrification is carried out by converting ammonia and ammonium to nitrite
and then nitrite to nitrate. Many parameters influence nitrification process such as
temperature, pH, alkalinity, dissolved oxygen concentration, retention time, and
organic load. According to Vymazal et al. [55], the optimum temperature for nitrifi-
cation is generally considered from 30°C to 40 °C, pH values range from 6.6 to 8.8,
and dissolved oxygen and alkalinity amounts reach 4.3 mg of oxygen and 8.8 mg/mg
of ammonia oxidized respectively. Denitrification process is the process in which
microorganisms reduce nitrate to nitrite and nitrite to nitrogen gas. The nitrogen gas
produced is in the form of nitric oxide (NO), nitrous oxide (N2O) or nitrogen gas
(N2). Environmental conditions that affect the efficiency of denitrification include
nitrate concentration, anoxic conditions, presence of organic matter as well as pH,
temperature, alkalinity and the effects of trace metals. Denitrification rate decreases
as dissolved oxygen increases and can occur between 5 and 30°C, and under optimum
pH values between 7.0 and 8.5. In HSF CWs the denitrification process is favorable
due to availability of carbon source contained in raw sewage. However, the nitrifica-
tion process is limited by the absence of oxygen in these systems. The alimentation
process of HSF CWs maintain filtration bed submerged continually by water,
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consequently the presence of oxygen is limited and, therefore, the removal of nitrogen
is less effective. The major phosphorus removal mechanisms in wastewater wetlands
are physical/chemical (adsorption, absorption, precipitation) and biological processes.
The main mean for phosphorus removal in constructed wetland is plant absorption.
The absorption is carried out through leaves and root plants, and is increased at the
beginning of the plants growing season. Many aquatic plants were showed their
efficiency in the storage of phosphorus such as Iris pseudacorus, Panicum virgatum,
Canna sp., Oenanthe javanica,Myriophyllum aquaticum, etc. [56, 57]. However, the die
of plant parts and the beginning of their decay generates the release of plant matter
above ground in the water and the secretion of decaying roots into the soil and,
therefore, the contamination of groundwater. Adsorption and precipitation is another
process to removal phosphorus amounts. Different cations present in the substrate
such as Fe3+, Ca2+, Al3+ can be combined with orthophosphate and forme insoluble
phosphates. In addition, phosphates charged negatively can react by anions-cations
exchange with substrate elements. Various substrates such as steel slag and oyster
shell approved their efficiency to removal phosphorus from sewage [58]. Although the
removal of phosphorus can takes place by microorganisms absorption due to their
availability and quick multiplication, microorganisms are unable to storage a large
contents of phosphorus.

Several studies applied HSF Cws as a promote technology to treat industrial
wastewater. Chapple et al. [59] study focused on the reduction of dissolved hydrocar-
bons (Diesel Range Organics-DRO- C10-C40) from oil refinery using four pilot wet-
lands. Two filled with soil and others filled with gravel (300 m2 each), and planted
with P. australis. The results showed that with the mean inflow DRO concentration of
410 mg/L, all beds presented an efficiency removal, which exceed 99%. Choudhary
et al. [60] studied 5.25 m2 HSF CW filled with gravel and planted with Canna indica to
treat chlorinated resin and fatty acids (RFAs) from a paper mill wastewater. The
system achieved 92% removal of 9,10,12,13-tetrachlorostearic acid and 96% removal
of 9,10-dichlorostearic acid. The authors concluded that at hydraulic retention time of
5.9 days, the most probable mechanism for this removal is microbial decomposition in
the plant roots as well as adsorbtion/absorption. To treat a primary treated sewage,
Shukla et al. [61] study three HF CWs (35 m2 each) filled sequentially and supplied
with gravel media. CW1 (unplanted), CW2 (planted with Typha latifolia) and CW3

(planted with Typha latifolia and Commelina benghalensis). The CWs were aerated and
operated in continuous mode at an average hydraulic loading rate of 250 L/h with
different hydraulic retention time (HRT) 12, 24, 36 and 48 h. The authors reported
that among the constructed wetlands used, CW3 was the best performer reducing 79,
77, 79, 79 and 78% of BOD, COD, N-NO3, N-NH4 and phosphate respectively in 48
HRT.

3.3 Vertical sub-surface flow constructed wetlands

Vertical sub-surface flow constructed wetlands (VSF CWs) are a flat bed filled by
graded gravel topped with sand layers and planted with macrophytes usually is com-
mon reeds. Wastewater is poured onto the bed surface from above. The water is
draining vertically down by gravity through the porous media to the bottom of the
bed where is collected by a drainage pipe (Figure 3). With this mode of operation, the
bed inside is aerated by pushing out the trapped air, thus increasing aeration. On the
other hand, the aeration may be enhanced by insertion of aeration pipes, and
employing a wet-dry cycle of operation. This way of feeding plays an important part
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in the provide of aerobic conditions, since increase of oxygen transfer within the filter
enhance the oxidation of ammonia nitrogen by nitrification and decomposition of
organic contaminants. The crucial difference between HSF CWs and VSF CWs is not
only the direction of the flow path, but also the availability of the oxygen in the bed.

In VSF CWs, the mechanisms removal of pollutants follow the same approach
applied in HSF CWs. The main chemical-physical and biological processes mentioned
are filtration, sedimentation, sorption, chemical oxidation, evaporation as well as
aerobic/anaerobic degradation, plants adsorption, phytodegradation and phytoeva-
poration. In addition, due to better aeration of the bed, VSF CWS are very effective in
the removal of organic contaminants (COD, BOD5) and ammonia nitrogen.
Concerning phosphorus, the removal rate remains limited. For this purpose, different
filter materials were investigated in order to improve the efficiency of phosphorus
removal such as fragmented Moleanos limestone, bauxite, and zeolite, a mixture of
river sand and dolomite and wollastonite [62, 63].

VSF CWS are applied for treatment of sewage from different sources, namely,
olive mill wastewater [17, 64], laundry wastewater [65], aquaculture wastewater [66],
textile wastewater [67] and olive pomace leachate [68].

Achak et al. [17] showed the potential application of experimental system com-
posed of sand filter and VSF CW to achieve nutrient and COD removal from olive mill
wastewater. VSF CW consists of a tank (1 m3) filled with gravel and soil, and planted
with a mixture of aquatic plants (Phragmites australis,Typha latifolia and Arundo
donax). The presence of aquatic plants was more efficient in removing of nutrients
and organic load. The average elimination of experimental system in terms of flow
was 62.48% for NTK, 90.43% for NH4

+, 77.25% for NO3
�, 98.51% for PO4

3�, 97.53%
for PT and 99.05% for COD. The same wastewater was treated by Herouvim et al.
[64] using three identical series with four pilot scale VSF CWs filled with various
porous media such as gravel, sand and cobble, with several sizes. Two series of pilot
scale units were planted with common red and the third is as control unit (unplanted).
The authors concluded that COD, phenol and TKN removal seems to be significantly
higher in the planted series, while orthophosphate removal shows no significant
differences among the three series. The purpose of the study reported by Sotiropoulou
et al. [65] aims to indicate the significant improvement in the overall quality of
laundry wastewater due to the use of the VSF CW. The VSF unit had a length of 64 cm
and a diameter of 20 cm, filled with sand/gravel of different gradations, and planted

Figure 3.
Vertical sub-surface flow constructed wetlands (VSF CW).
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with Zantedeschia aethiopica. Results showed an important decrease of microfibers
concentration, COD and turbidity of 98, 93 and 94% respectively from laundry
wastewater when a hydraulic load retention of 63.7 mm/d was applied. The treatment
of aquaculture wastewater by a system composed of an intermittent sand and VF CWs
with a total surface area of 9.5 m2 was studied by Behrends et al. [66]. At 5.5 days of
hydraulic retention time, the inflow concentrations of BOD5, COD, TN, ammonium
and TP of 771 mg/L, 3609 mg/L, 67.4 mg/L, 0.22 mg/L and 40.5 mg/L respectively
were amounted to rate removal of 99.5% for BOD5, 99.1% for COD, 95.5% for TN,
85.9% for ammonia and 84.4% for TP. Davies et al. [67] used VF CWs to remove an
azo dye acid orange (AO7) from textile wastewater. VF CWs planted with Phragmites
australis received an organic loading rates varied between 21 and 105 g COD/m2 d and
reduced to 11–67 g COD/m2 d. The rates removal of COD, total oxygen carbon and
AO7 amounted to 64%, 71% and 74%, respectively. The authors concluded that
Phragmites australis not simply had a principal role in AO7 removal but also can
degrade aromatic amines released during AO7 degradation. The combination of elec-
trochemical oxidation for 360 min at 20 A and VSF CWs planted with Phragmites
australis at retention time of 3 days and hydraulic organic loading between 5 and 15 g
COD/m d was studied by Grafias et al. [68] for treating olive pomace leachate fed
intermittently at organic loadings between 5 and 15 g COD/m d and a residence time
of 3 d. The treatment by VF CWs followed by electrochemical oxidation enhance rates
removal from 86 to 95% for COD and from 77 to 94% for color. However, the reverse
approach yielded only 81% COD and 58% color removals.

4. Conclusion and recommendations

Constructed wetland is a natural wastewater system that have been proven sus-
tainable, eco-friendly and low-cost technology compared with many other wastewater
treatment technologies. Constructed wetlands consist on aquatic plants, soils, bed
media, water, and microorganisms and encompass many processes for eliminating
various wastewater pollutants such as biological process (microbial oxidation),
physical process (sedimentation, precipitation, adsorption, filtration, and absorption)
as well as chemical process (ion exchange and chelation). Many different designs and
structures of constructed wetlands are experimented to remove the maximum con-
taminants from different wastewater sources including FWS CWs, HSF CWs and VSF
CWs. Each system as it has many advantages it also has disadvantages. FWS CWs are
characterized by low operating costs, can be built with locally available materials, do
not use chemical elements for treatment process and provide a high reduction of BOD
and suspended solids. However, FWS CWs require expertise for system construction
and a large land area for setup; also, they are not tolerant to cold climates. Although
HSF CWs necessity low operation and maintenance cost, and allow a high reduction of
BOD and suspended solids, but require large land area, allow a low remove of nitrogen
and phosphorus (absence of oxygen), and can present a clogging risk. Contrary to
FWS CWs and HSF CWs, VSF CWs are a high oxygen transfer capacity, require less
land area, report a good nitrification (presence of oxygen) and present less clogging.
Nevertheless, VSF CWs require frequent maintenance and pre-treatment of waste-
water to prevent clogging.

The increase of water treatment efficiency is mainly based on the optimization of
all operation parameters factors affecting processes application such as vegetation,
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wastewater sources, substrate media, feeding mode, and hydraulic loading rate (HLR)
and hydraulic retention time (HRT).

• Vegetation is one of the important parameters in CW systems and could influence
the depollution performance of wetlands. The performance of plant species
principally depends on plant root characteristics. Since the roots are spread broadly
and uniformly in the constructed wetlands filter bed, the decontamination is
performed. On the other hand, the selection of vegetation with high biomass
productivity while the transpiration needs is low (Higher Water Use Efficiency
index), is a key factor in selection of constructed wetland species.

• Wastewater can be provided of many industries. Its concentration of organic
matter, suspended solid, nitrogen, phosphorus and other contaminants is very
high. The selection of constructed wetlands type to use for depollution of sewage
is based on the BOD/COD ratio. If the ration is greater than 0.5, the sewage is
biologically biodegradable such as wastewaters from dairies, breweries, food
industry, abattoirs or starch and yeast production. While, BOD/COD ratio is
lower than 0.5, the low level of biodegradability is reported such as pulp and
paper wastewater an olive mill wastewater. In order to keep the efficient
constructed wetlands operation, its use proceeded by preliminary treatment is
recommended to remove various contaminants and reduce the potential risk of
system clogging.

• Substrate media is one the main factors makes the use of constructed wetlands
benefit since media can attribute to the decontamination of wastewater. Sand,
soil and gravel are the current conventional materials of porous media. To
enhance the removal efficiency of different types of constructed wetlands,
alternative materials are used including (i) natural substrates which are directly
used without any pretreatment such as zeolite, maifanite, pozzolane and
limestone; (ii) agricultural by-products and industrial wastes are residue
materials produced in the processes of many industries and agricultural operation
such as quartz sand, fly ash, steel slag, oyster shell, sawdust, banana peel and
coconut endocarp; (iii) synthetic substrates are the materials synthesized in the
laboratory which their physical-chemical properties are modified including
bio-ceramic, activated carbon and biochar.

• Feeding mode of wastewater is one of the main parameters, which influence
constructed wetlands treatment processes. There are three modes, including
continuous, batch and intermittent. The effect of each mode is dramatically
related to transfer and diffusion of oxygen in constructed wetlands. The removal
efficiency of pollutants in batch mode is better than in continuous mode, since
the hydraulic retention time in batch mode is higher. While intermittent mode
can provide a high removal of nitrogen and organic matter.

• HLR and HRT are the dominant factors which significantly affect the treatment
processes in constructed wetlands and control flow rate in the system. Long HRT
in constructed wetlands allows enough contact time between microorganisms
and pollutants for organic matter degradation and nitrogen removal. While,
larger HLR does not allow a sufficient contact time and leads to faster transfer of
wastewater trough media that affect the removal efficiency of pollutants.
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Chapter 3

Problems of Centralized 
Depuration Systems
Jesús Cisneros-Aguirre and Maria Afonso-Correa

Abstract

Sewage management produces one of the worse impacts on our environment. 
The current technology applied is obsolete, which results in a huge public spent on 
installation and maintenance, with very negative consequences on the health of 
people and environment. The administration and the water companies try to hide 
these consequences, but the impacts are everyday more and more evident. This 
situation blocks any development of new technology that can solve the problem 
in a few years, changing the management, with strict control of every cubic meter 
of treated water and mud produced, saving an enormous quantity of money from 
public administration and avoiding a huge negative sanitary and environmental 
impact. New technologies can change the centralized depuration for decentralized 
depuration, avoiding the current problems, with a certificate control and saving 
between 80 and 90% of public inversion, and with the possibility to reuse the mud 
and treated water in place.

Keywords: pollution, sewage, sewerage management, maintenance, hiding problems, 
bad quality treatment

1. Introduction

Wastewater management is one of the best indicators of the low health and 
environmental awareness prevalent at different levels of society today. Except for 
some examples of efficient treatment systems implemented, most of the world uses 
highly inadequate technology that requires centralized management of wastewater 
treatment. This produces a series of associated problems well known to public admin-
istrations, which put the health of the public at risk and lead to a huge environmental 
impact that is reducing the quality of inland aquatic systems and coastal waters.

The vast majority of wastewater treatment plants currently being built and 
operated around the world are based on technology that has not seen an appreciable 
development in more than 100 years. This produces purification systems with a low 
capacity to eliminate contaminants from water as well as numerous associated prob-
lems that make it necessary to move treatment plants away from urban centers due to 
the danger to human health they pose [1–3].

The need to move treatment plants away from wastewater production areas makes 
it necessary to create an entire sewage infrastructure, with pumping stations and 
kilometers of pipes; and this represents one of the main problems in wastewater 
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management throughout the world. Only by taking into account the losses from this 
sewage network can we get an idea of the scale of the problem of this management.

The best example demonstrating the precariousness of purification technology 
in a standard wastewater management system is the obligatory marine outfall in 
coastal areas, or discharge pipes to aquifers, lakes, and rivers in inland environments; 
these provide little confidence in being able to manage wastewater properly. They are 
totally necessary because purification processes under normal conditions produce 
an effluent with a high concentration of pollutants, which makes it very difficult to 
achieve the health guarantees for its reuse; so, the most widely used solution is to 
discharge it into the aquatic environment.

Sludge produced from purification is another of the major problems associated 
with these systems since the high concentrations of pollutants it contains exceed the 
capacity of the system and make it extremely dangerous to manage properly. Most of 
the time, this sludge ends up in the environment: discharged through outfalls, accu-
mulated in landfills, dumped into the sea from ships, or unfortunately scattered over 
crop fields [4–8].

All of this bleak panorama—which can be summarized only briefly in this chap-
ter—costs an enormous amount of public money, both for initial investment and for 
maintenance and management of the systems in our cities that treat wastewater; yet 
this water mostly ends up in the environment.

2. The danger of urban wastewater

Increasingly universally accepted, urban wastewater represents one of the 
main problems for coastal ecology. These are liquid residues that are not taken into 
sufficient consideration, as it is assumed they only contain organic matter and its 
degradation products.

As a brief introduction to the danger of urban wastewater, it should be highlighted 
that, in addition to organic matter, it contains all the toxic products from different 
industries, for example, heavy metals, chemical products, and micro and macro 
plastics. These are primarily responsible for over half of hydrocarbon discharges 
into the marine environment; this applies to the so-called emerging and dangerous 
compounds, which the public administration has recently begun to take into account 
as compounds to monitor [4–7, 9–12].

Another of the contents of these wastewaters are pharmaceutical products, which 
when dumped uncontrollably into the sewer, end up in all aquatic systems, whether 
inland or coastal [13].

It should be remembered that wastewater also contains the entire sum of patho-
genic microorganisms for humans, which when cultivated with sublethal doses of 
antibiotics in the sewage system and in the bioreactors of purification systems, are an 
ideal culture medium for the creation of drug-resistant pathogenic microorganisms, 
which are inevitably released into the environment [14–17].

3. Types of discharge into the environment

Having outlined the danger that urban wastewater poses, not only for the environ-
ment but for public health, what follows is a description of the routes of entry into the 
environment of this dangerous waste.
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3.1 Discharges from treatment plants

It should be pointed out that this section describes how wastewater is generally 
managed throughout the world; however, there are a few places where the manage-
ment is better than in others and may be acceptable, but this is after huge investment 
in civil works and maintenance that most countries cannot or will not address.

There is not enough space in this summary to address Membrane Biological 
Reactor (MBR) systems or plant filters, but their results are not very satisfactory 
either. So, this introduction will focus on traditional purification systems that consist 
of several chain treatments, where the most common is a so-called primary treatment 
followed by a secondary one, which is a combination of filtering, biological reactor 
(bacteria culture), and sedimentation process.

In general, pollutant removal from currently used treatment plants operates at low 
efficiency, despite their enormous size, initial investment, and maintenance costs, 
leaving the projects with very little capacity. A typical situation is due to the large civil 
works required which take several years on average, the plant is normally undersized 
when it is opened because of the population increase.

One of the main problems of these plants is their extreme fragility, which cannot 
withstand changes in effluent conditions. The quality of the treated water is affected 
by changes in the concentrations of initial wastewater, such as organic matter, sus-
pended sediments, nutrients, and numerous parameters, which make management a 
continuous headache; even the weather can modify the treatment process [18].

Consequently, their management is very complex and depends on the ability of the 
management team. However, they are not always adequately trained in maintaining a 
culture of living organisms (biological reactor), and engineers are generally overwhelmed 
since these do not depend on precise parameters of pressure, flow, pumping, and tem-
peratures, as happens in desalination plants. Here, the recommended plant conditions 
can be achieved quite well, but the growth of living organisms depends on their inter-
relationship, biogeochemical cycles, stratification, denitrification, foaming, etc. [19].

One of the most critical parameters that need to be controlled, especially in coastal 
places, is the salinity of the effluent. Small levels of salinity affect drastically the 
biological reactor, the core of the treatment [20].

All these changes and variations in the effluent can produce a total collapse of the 
system. This is when it is necessary to empty tanks to the environment and restart 
the cultivation. This period can last several weeks, and lead to even worse quality of 
treated water during this time.

The sewage system does not separate rainwater from wastewater, which over-
whelms the purification system in heavy rain, and then has to be directly discharged 
without purifying. Of all the wastewater management deficiencies, this one-off 
wastewater malfunction is the only one that is admitted within the management 
control system, and yet there are rarely any statistics on it or independent assessment 
of the impact that occurs in these cases [21].

The different public administrations in charge of controlling water treatment, 
whether private or public, do not use to admit these problems and try to hide them. 
Therefore, it is not so easy to have reliable statistics on the frequency with which 
systems are overcome; how long they take to restart; how much is sent to submarine 
outfall or directly into the environment and under what conditions, and for how long. 
It is typically admitted that discharges occur at night, as detected by the bad odors 
suffered in our cities, near the points of discharge.
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The biggest problem of this treatment system, in addition to achieving quite poor 
purification results after the secondary treatment, is that the composition of the 
resulting effluent is tremendously variable [22].

This great variability makes it very difficult to design an adequate disinfection system 
or tertiary treatment. As the dosage of hypochlorite or ultraviolet radiation intensity, for 
example, should depend on the concentration of bacteria; and the same happens with 
filtration systems, which find it impossible with this great unpredictability.

In addition, these discharges from treatment plants also include products added 
in plant management processes, such as substances to promote decantation, cleaning 
of pipes, disinfectants, and other chemicals, all of which end up dumped into the 
environment. For instance, the impact of hypochlorite when it reacts with organic 
matter is well known.

Figure 1 shows the result of the water treatment plant in the Mar Menor (Murcia, 
Spain) with the best traditional technology (activated sludge, prolonged aeration, 
coagulation processes, flocculation, ring filter, and ultraviolet treatment) with 
tertiary treatment. However, what cannot be seen in the figure is the bad smell from 
the treatment plant discharge, which is proof of the serious difficulties in meeting the 
minimum purified water parameters.

In addition to the bad smell from the same discharge, several dead fish, appar-
ently, mullets (Mugil cephalus) of about 15 or 20 cm could be seen, with other smaller, 
unidentified ones, marked with red circles in Figure 2. This gives an idea of the 
impact that this discharge has when it reaches the coastal lagoon of Mar Menor.

The light foam accumulating on the edges of the discharge is a sign of a significant 
concentration of surfactants. The toxicity of these compounds for the life of water 

Figure 2. 
View of the dead fish at the treatment plant outlet from Figure 1, marked with red circles for easier 
identification; and at the entrance to the treatment plant from which the emanation of foul smells was already 
evident. This is all indicative of the limitations of the technology.

Figure 1. 
The outlet from the Torre Pacheco treatment plant into the Rambla de Albion, which ends up in the nearby lagoon 
after passing through the flowmeter located downstream. The bad smell of decomposing organic matter dominates 
the area (Mar Menor, Murcia, Spain).
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courses is well known, as they disturb gaseous exchange between the water surface 
and atmosphere, among other conditions [23].

This is only a small example of the most common day-by-day management, but it 
is also very indicative of the weakness of this technology.

3.2 Discharges from the sewerage and cesspools

The risk of treatment plants means they must be located away from population 
centers, which implies a huge sewerage system is required. This kilometric net is 
almost impossible to control, leading to a large number of problems, including an 
important number of leaks into the soil and aquifer.

This enormous net of pipes needs pumping stations to impulse the effluent to 
the treatment plants. Pumping increases the pressure within the tubes and elevates 
drastically the leaks to the soil, also the turbulence washes the sediments accumula-
tion, producing a variability of the effluent quality, which the treatment plants do not 
support easily. Because of the bad smells effluent pumping produce, this maneuver 
used to be developed during the night.

It must be taken into account that it is estimated that between 8% and more than 
50% of the sewerage effluent is lost by leaks during its travel to the treatment plants, 
which represents an enormous quantity of pollution and sanitary risk that gives it an 
idea about the size of the problem [24–28].

There are numerous works to replace the drinking water system, also due to the 
fact that the danger for human health as a result of these losses in sewerage used to 
be great, if one takes into account that the two pipes usually run parallel and losses 
from the wastewater pipes can seep into drinking water pipes, create a serious health 
problem over the world. Taking into account that the standard consumes of water 
per person in Europe is about 250 liters per day, which approximately means leaks of 
about 20 liters per day per person of wastewater to the aquifer, applying the lower rate 
of leaks (8%), is easy to reckon the size of the problem [29].

Figure 3 shows an example of how the sewage reaches the sand itself and its low tight-
ness, producing a continuous discharge that quickly reaches the shore. These losses provide 
a continuous nutrient flow that feeds the primary producers of any aquatic system.

Fixing this problem is a very complicated matter because the budgets to carry out this 
work are sky-high and require a large amount of time. In addition, the high cost of sewer-
age means many homes are not connected to the general network of pipes and are forced 
to use filtering cesspools. The municipalities are realizing the problem, but there is not 
enough budget to solve it and the long deadlines needed to place them at a dead end.

Figure 3. 
Sewage leaks make a significant contribution to nutrients, in addition to numerous more dangerous pollutants. 
This can be seen in this figure and is directly related to the algae growth on the shore of the beaches. (Mar Menor, 
Murcia, Spain).
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The sewage system contaminates not only when the wastewater leaks into aquifers 
and the shoreline but also when salt water penetrates pipelines in coastal places. 
Together with the discharges from pumps in flood-prone areas in buildings, this 
increases the salinity of water reaching the purification plants, as explained above, 
which hinders the purification processes and makes the quality and purification 
capacity drop even more, as we discuss in the previous chapter.

The sewage system also collects rainwater, which causes the entire treatment 
system to break down, producing a general discharge throughout the hydraulic basin 
made up of sewage system wastewater, washing of the sediments accumulated in the 
sewer system, discharges from the blocked treatment plants, and rainwater, which 
produces a significant polluting effluent. Then, it is necessary to understand that the 
majority of human settlements are a continuous source of a big amount of wastewater 
to the soil, which finished in continental and coastal waters.

The processes of water movement in porous media and the amount of effluent 
spilled by the sewerage and filtering cesspools are difficult to follow and any approxi-
mation must be carried out carefully using a series of data that, usually, do not exist. 
It is very difficult to find the hydraulic model of wastewater spread in the aquifer, 
where speed, quality, and flow, for example, could be estimated [30–32].

However, the filtering will retain mainly larger particles or groups in the form 
of flocs, they can also retain fats and oils that will be adsorbed to the soil particles; 
similar to the effect sought in sand filters from sewage treatment plants [33].

In the case at hand, it should be stated that highly soluble compounds will pass 
through this filtrate to reach the aquifer, while those that precipitate, and form 
crystals or flocs will be retained.

Is typical to the behavior of nitrogen that due to it elevated solubility moves almost 
freely with the effluent through the soil and aquifer, arriving to the coastal areas, 
lagoons, rivers, etc., producing a continuous increment of nitrogen in those places.

As will be seen in the section on the effects of pollution, the arrival of soluble 
phosphorus compounds is one of the novelties that has changed the response of 
the lagoon ecosystem in Europe; producing the possibility of new growth that was 
not possible until 2015–2016, due to the change in the formulations of laundry and 
dishwashing detergents [34, 35].

The phosphorus compounds that were used prior to the European Union regula-
tion of 2012 formed precipitate crystals that were relatively easily retained in the 
ground and most phosphorus did not reach the coastal areas or continental waters. 
However, the high solubility of current phosphorus compounds has led to this being 
an important pathway for the change in speciation.

3.3 Direct discharges

As we have already discussed above, purification systems are often too small, very 
fragile, and with a low capacity to remove pollutants, then a standard sewage manage-
ment organization requires direct discharge points to evacuate raw effluent before 
reaches the treatment system, and partially treated effluent with poor quality, by 
spillways or submarine outfalls.

Spillways are normally used for this purpose, which is discharge points that in 
theory should be used to evacuate excess water in the event of floods. These spillways 
use to be operating all the time when the system is too small, at most, a bar screen 
is usually used, more to prevent the piping infrastructure from clogging than for 
the purpose of reducing environmental impact. However, even an adequately sized 
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system that in theory could absorb all the effluent, commonly produces effluent 
 quality not suitable for purification, then needs to be evacuated as well.

Storm tanks have an interesting use in these operations. In principle, they are meant 
floodwater but are used to accumulate effluent during the day that can then be dis-
charged at night, or pumped into the treatment plant, depending on the effluent quality.

Clearly, these storm tanks are usually placed at the head of the start of marine 
outfalls or in spillway pipes, since they need a discharge point to manage this accumu-
lation of wastewater that often has significant odor problems. They are usually found 
in the middle of cities, promenades, squares, or recreational spaces with an admirable 
combination of recklessness and lack of professionalism.

4. Connivance of the public administrations

This state of affairs is only possible due to collusion between wastewater managers 
and public administrations that should closely monitor the entire system, aware of the 
enormous problems, but they simply do not carry out this function.

The complicity between administrations and water managers begins with drafting 
legislation that is extremely benign and condescending to managing companies. The 
list of flagrant cases of laxness in the legislation of various countries around the world 
would fill this introductory summary.

To give an idea of the legislative problem, it should suffice to point out that until 
1999 the European Union authorized and recommended the discharge of treated 
wastewater into the sea together with the sludge. In other words, after a multimil-
lion investment with equally high maintenance costs, continuous discomfort for the 
public due to unpleasant odors, insects, rodents, pests, noise from pumps at night, 
the facilitation of disease transmission, and exposing the public to contact with the 
dangerous effluent, in the end, the treated water is discharged into the sea, with the 
sludge as well. This process occurs in other parts of the world, and it seems to have 
been the general solution for many years, continuing to be so today due to minimal 
control from the administration [36, 37].

The only way to control the water management system would be to monitor each 
process of management and movement of water and sludge, so that the impact the 
wastewater is having can be at least approximately evaluated. This would be impor-
tant not only for the environment, but also to see the impact on the proliferation of 
resistant bacteria, the return of diseases that had already been overcome, and the 
incidence of parasites, or malnutrition problems in affected populations as a result of 
these diseases from this wastewater mismanagement [8].

The cost of such a control system, for example, with adequate sensors, would be neg-
ligible compared to the amount of money already spent in this sector on the construction 
of conventional treatment plants, the pipes to carry wastewater to these points, and the 
construction of pumping stations, not to mention their maintenance [38].

The results of a sensor system could be offered to the public, so that management 
was transparent. For example, users could know and limit their use of the coast, by not 
fishing when dumping in a submarine outfall occurs; or safe bathing areas or freshwater 
courses affected by a spill could be properly segregated. But anybody with a small 
experience in this sector believes that this transparency will be real in the next 20 years.

Other examples of the ineffective control of the public administrations are 
submarine outfalls, which are lucky to be visited once a year, with totally irrelevant 
surface sampling taken. Also, the specific sampling in treatment plants is carried out 
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in accordance with the operators, and both samplings are carried out in full agree-
ment with the operating companies [39].

The increasing privatization of wastewater management together with this poor 
control by public administrations, augment the still huge problems we have. Private 
management means that the purification quality is varied to save money, probably the 
most common way is to reduce energy consumption in the process. Firstly, as much 
effluent as possible is removed, by direct discharges before it reaches the treatment 
plant, and the biological tank aeration flow rates are decreased, constituting practically 
the biggest expense a traditional treatment plant has. This is very easy to see in sewage 
treatment plants with agitator aeration, with a reduction in stirring speed during the 
night leading to an award for the plant manager for the energy savings achieved. This 
decrease in the already low purification result goes unnoticed, since everything goes 
through submarine outfall, which is not controlled, much less at night.

5. Sanitation and environmental impact

To understand the impact on the environment of this wastewater management, 
a short introduction about the evolution of effluents is needed. There is a greater 
emphasis on marine processes since they are less known and perhaps more difficult to 
understand than continental water systems.

Produced through submarine outfalls, spillways, or streams that discharge on 
the shore or a few meters below sea level, the maximum depth should be around 50 
meters depth. This chapter will describe the fundamental processes that control the 
development of these effluents and will summarize their impact, which is very impor-
tant in the phenomena being studied.

Marine and especially coastal processes are very complicated to differentiate as 
established academic subjects. However, in this chapter, we will try to differentiate 
between physical, chemical, and biological processes that occur after the direct dis-
charge of wastewater into the sea. It is undoubtedly necessary to repeat some concepts 
in various sections, as there may be various points to be discussed.

5.1 Physical evolution of wastewater discharges

5.1.1 Evolution in the water column

From the moment it leaves the pipe, the discharge encounters certain conditions of 
depth, density, salinity, nutrients, marine life, temperature, waves, wind, and coastal 
currents, which establish their mixing and movement processes with respect to the 
point of discharge and coast. This determines the environmental impact on the coast 
and in the area near the discharge point.

The evolution of the discharge on the water column is part of what is technically 
called the Near Field, where the physical processes of evolution are dominated by the 
discharge system design [40–42].

From the point of view of the movement of effluent, when leaving the pipe, it will 
feel several forces, for example, density difference, with the discharge coming up 
against water of greater density since wastewater is less dense, giving it a tendency to 
float toward the surface. It is also found in an environment of slow-moving water, as 
the speeds of marine currents are very weak near the bottom; the discharge normally 
has a higher speed and will run into the seawater until it is stopped (Figure 4).
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This decrease in speed causes the turbulence to decrease, so that the particles 
that were kept in suspension with this turbulent energy within the effluent begin to 
precipitate as the effluent loses speed.

At the outlet to the sea, there will be a sum of these two forces, one floating and 
the other as a jet in the direction of the outlet, which will lead to a result as deter-
mined by the Froude number for the jet:

 =
’

U
g D

Fr   (1)

where U is the exit velocity g’ is a modified gravity that takes into account the 

density difference ´ 1 2
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g g
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=  ρ  
, and D is the pipe diameter.

Figure 5 shows a couple of examples of the exit from the final mouth of a dis-
charge through an underwater outlet without a diffuser section, where the distance 
traveled by the effluent from the mouth depends on the exit speed, where the ten-
dency to rise from the bottom is dependent on the difference in density of the effluent 
and seawater.

At this moment, which is represented in the photos, the exit velocity and the 
difference in density cause the discharge to travel a distance in the jet mode, so that 

Figure 4. 
The view of a spillway on the surface of the water. These discharge points are well known to seagulls, for which 
they are often an easy source of food.

Figure 5. 
Pictures show a coupled of examples of physical behavior of two different submarine outflows. For the 
administration both are considered as depurated wastewater without any environmental impact, despite the 
awful visual appearance.
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after losing the exit velocity, its evolution is in the form of a plume, where the forces 
of buoyancy dominate the movement, producing those volutes that grow and incor-
porate water from the environment into the effluent.

In this ascent, the phenomenon of dilution occurs through very specific mixing 
processes that form increasingly larger eddies or volutes, according to the interface 
between the effluent and seawater. In a limited mixture of the effluent with water 
with less concentration of contaminants, causing the difference between the two 
waters to decrease.

During the ascent, important sedimentation phenomena take place due to the 
change in conditions. This sedimentation is enhanced by the effect of aggregates, a 
mixture of different compounds (bacteria, organic matter, flocculant products, deter-
gents, and other pollutants) that form small flocs that are ingested by fish and other 
filtering organisms. This is perhaps the most direct process of damage to the environ-
ment and to people’s health, since these fish incorporate contaminants directly into 
their tissues in a rapid bioaccumulation process [43–45].

The formation of flocs that gives rise to the phenomenon of “Marine Snow” 
increases sedimentation, and also produces a very negative effect on the organisms 
that are attached to the bottom or depend on it to live. The high sedimentation in the 
areas impacted by the submarine discharge points covers the bottom and suffocates 
the benthic organisms in rocky or sandy systems. However, the ones that suffer 
the most from this abnormal sedimentation process are the filter feeders, whose 
mechanisms for capturing food are obstructed and are not able to survive in these 
conditions.

An indirect effect of sedimentation is the anoxia produced on the seabed where it 
is deposited. The marine snow flocs transport a large amount of organic matter mixed 
with bacteria to the bottom, which is consumed by them that need oxygen for their 
degradation. The amount of oxygen is not sufficient and the processes of oxygenation 
of the sediment stop with this layer of sediments, creating a layer with a high oxygen 
deficit that eliminates all aerobic life [46, 47].

Sedimentation depends as well on the hydrodynamic conditions of the area: 
the higher the current, the less sedimentation there is in each area since turbu-
lence keeps the sediments in suspension. Flocs in this form will travel in the water 
column and settle when they encounter appropriate low turbulence conditions. 
They will be concentrated at these points and will be resuspended when the 
dynamics increase.

This happens in storms arrive or due to high-speed boats in small depths, which 
put a large amount of organic matter back into the water column along with the 
pollutants that have settled during the calm period.

5.1.2 Evolution on surface

When the discharge finally reaches the surface, it is still very buoyant and accu-
mulates against the surface due to this thrust of the effluent density difference. This 
accumulation creates a gravity current that causes the spill to spread out horizontally 
and accelerate toward the surface currents that dominate the area, usually driven by 
the wind (video 1).

At this point, the dilution of the effluent depends on the natural conditions of the 
environment and is independent of the discharge type; the process that takes place 
from this moment on is called Far Field [40–42].
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So, a surface “cloud” is created that remains continuously stationary, with 
slight side movements, which can be pushed in different directions only by energy 
processes, such as the wind, currents, or movement of boats in shallow places.

Figure 6 shows how the tidal ellipse gives shape to the spill on the surface, which 
remains stationary, with slight movements around the spill point, with the tail of 
this case being dragged by the coastal drift. In this case, it is to the right of the photo, 
which corresponds to the southern component. The slick remains stable in this situa-
tion for the duration of the spill and gradually loses its contamination tail.

Figure 7 shows the output of a numerical simulation model for the dispersion of 
pollutants from the discharge at a depth of 42 m from an underwater outfall (corre-
sponding to the spill in Figure 6 and the left picture in Figure 5).

Figure 7 shows various images of a numerical model for the scenario shown in 
Figure 5 left and 6, where the discharge finds a denser medium once it leaves the tube 
and rises to the surface, due to the difference in buoyancy. On the surface, it accumu-
lates and gives rise to the typical spill slick from underwater pipelines.

Figure 6. 
View of the slick of a discharge from a submarine outlet on the coast of the gran Canaria capital. The discharge 
stays on the surface in an elliptical shape, stationary at the mercy of the coastal currents, wind, and waves.

Figure 7. 
Numerical simulations were performed by a pollutant dispersion model of the discharge in Figure 6, produced by 
a submarine outlet at a depth of 42 m. firstly, the ascent to the surface can be verified, with accumulation when it 
reaches this point and a progression on the surface up to 2000 m away. The color code indicates the evolution of the 
concentration.
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In coastal lagoons and close seas like the Mediterranean and Baltic, tidal cur-
rents are negligible, and the slick will grow around the outcrop point, which will be 
dragged by the coastal drift current, although the wind is mainly responsible for the 
movement.

As a summary of the dynamic evolution of the discharge when it comes out of 
the mouth of a submarine drainage conduit, initially, it rises to the surface where 
significant sedimentation and dilution take place, which continues until it reaches 
the surface. During this ascent, the dynamics of the currents lift this plume to the 
seepage point. Here, there is a process of concentration of the discharge pushed 
by the buoyancy against the surface of the water, more or less above the outlet 
(Figure 8) (video 2).

This is why the odor produced by gases from decomposing organic matter is easily 
detectable, especially in a shallow system, such as the Mar Menor and other coastal 
lagoons along the world, since the initial dilution, that is, in the Near Field, is reduced 
and the effluent appears on the surface with practically the same properties as that 
circulating through the sewage system, where hydrogen sulfide clearly stands out 
from other gases in the putrefaction of organic matter.

These areas need to be more controlled by the administrations because is a very 
high dangerous places that are attractive by coastal users, like fishermen, because of 
the fish concentration, sailboat racers (especially kits with small boats like an opti-
mist) because is a point to turn, or to berth, because use to have a big buoy to mark 
the end of outfall point.

Figure 8 shows a scale model experiment of the behavior of dilution and evolution 
in the water column and on the surface of wastewater discharge. This is one of the 
actions necessary to calibrate a numerical model of contaminant dispersion, for the 
case when the discharge is carried by a discharge pipe without a diffuser system.

As already explained initial process is dominated by the effluent outlet velocity 
and the difference in buoyancy between the receiving medium and discharge, or the 
water of the sea and the effluent of a wastewater discharge.

However, the starting situation can change when there is stratification due to 
heavy rain flood processes, estuary, or river presence when the freshwater from the 
continental streams enters the sea and produces a surface layer of water less dense 
than that of the sea.

In this case, wastewater discharge poses a greater risk, since it can be trapped 
between these two water layers, leading to a totally underwater discharge situation.

Figure 8. 
View of an experiment carried out in the fluid mechanics’ laboratory of the physics department, Las Palmas 
university, gran Canaria. It is a scale model of an underwater outlet discharge. An experiment was conducted 
to determine the distribution of effluent with a lower density than the receiving medium and thus calibrate a 
numerical model of contaminant distribution (video 1).
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This discharge makes no contact with the surface of the water, that is, there is no pos-
sibility of oxygen entering from the atmosphere. It cannot undergo the energetic mixing 
processes, produced by wind and waves at the surface (See Figure 9) (videos 1, 2).

Figure 9 shows a laboratory simulation using a physical scale model, where the 
effluent discharged between two layers of water is seen to develop. The spill evolves 
between the two layers, almost exclusively by density difference processes and with 
limited dilution, produced solely by friction between the layers of water.

This process is very likely to be taking place in coastal lagoons when there are dis-
charges under these conditions of strong stratification after a rain flood of water, where 
it is very easy for it to produce large general oxygen deficits in the two layers, since it 
tends to sequester oxygen from both, further impeding oxygenation of the bottom layer.

The effluent can travel in this way, without mixing, for long distances and seep out 
at any point, either on the shoreline or propelled to the surface by powerful storms or 
vessels, which causes it to reach the surface creating a serious foul smell nuisance.

5.2 Chemical evolution of wastewater discharge

When urban wastewater discharges, it meets water from marine coastal areas, 
which has a different chemical composition. In this encounter, in addition to the mix-
ing processes already mentioned, chemical changes are produced in the composition 
of the mixing effluent.

Perhaps the most important change is that of acidity or pH. Seawater has a basic 
pH, above 8, while wastewater maintains a pH of around 7, depending on the chemi-
cal compounds diluted in it [48].

This change in pH favors a process previously established as marine snow, 
which is the product of the transformation of species that are dissolved at acidic pH 
(around 7), which when they encounter a basic pH become insoluble compounds. 
The most common example is the change from oxides (soluble) to hydroxides 
(insoluble). Inorganic contaminants, such as heavy metals and trace elements, 
experience this change the most.

Acidity modification affects the ecosystem because, while the dilution occurs 
and since the discharge is continuous, it creates a differential gradient of acidity that 

Figure 9. 
View of a video frame of a physical simulation of a single point discharge in a receiving medium with strong 
stratification. The discharge rises until it finds the corresponding density and evolves between the two layers of 
water due to the difference in density from the point of accumulation where the effluent arrives (video 2).
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compromises the normal development of marine life, which is dependent on Ph, that 
is, it prevents, for example, the growth of shells and tissues made of calcium carbon-
ate, which poses a danger to the ecosystem and especially to organisms with a shell or 
exoskeleton.

Figure 10 shows a clear example of sedimentation and turbidity processes, while 
in Figure 11, a detail of the consequences of this sedimentation on the seabed is 
shown. The flocs most visible in this photo are the light-colored ones, but the abun-
dance of dark flocs is much higher and they appear in the photo as dark turbidity.

This high organic load provides this effluent with a high content of nitrogen, 
phosphorus, and other compounds, which are responsible for the problems that these 
effluents produce when they are discharged into the environment. They cause growth 
above usual levels of macro or microalgae and bacteria of species in coastal waters.

A large part of organic contaminants are associated with these flocs (Figure 10) 
and remain in suspension. They are ingested by marine organisms or precipitate, as 
described above. Many dissolve in the water, where they are absorbed by the respira-
tory organs (gills), incorporated into the bloodstream directly, and quickly injected 
into the food chain.

Another material dumped into the sea by wastewater is microplastic, mainly due 
to the discharge of water from industry and washing synthetic textiles, but also due 
to the discharge of numerous hygiene products. Plastics not only increase turbidity 
and leave annoying-colored grains on beaches; they also chemically degrade and 
release highly toxic products into the environment that add to the series of pollutants 
outlined in this study.

For example, bisphenols, vinyl, and carbamates, among others, are compounds 
(monomers) of high toxicity and are released into the environment from the degrada-
tion of the polymers in objects made of plastic materials [49–56].

Some of the monomers that act chemically with very toxic biological effects are 
called endocrine disruptors because when organisms assimilate them in their tissues, 
they modify their metabolic and endocrine processes, as their structure is similar 
enough to replace them; they are all highly active carcinogens [57].

Chemical components of wastewater have been shown to have a catalytic effect on 
the populations of opportunistic competitor organisms. They stand out among all the 
vitamins and hormones, and their kinetics are described in the scientific literature as 
being responsible for bacterial emergence [58].

Figure 10. 
Photograph of a spill on the coast where you can see the fall of marine snow, in the form of white dots, which 
transports a lot of pollution to the seabed. You can also see the turbidity that obscures the photo in broad daylight 
and at a relatively shallow depth. (Sta Cruz de Tenerife, Canary Islands, Spain).
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These organic substances are part of a group called persistent compounds since, 
in rapid purification cycles, they do not degrade and even less during their passage 
through the sewage system, poor technology treatment plants, and of course, in 
untreated discharge. In fact, these persistent molecules end up degrading into smaller 
compounds (CO2, N2, and H2O) after at least 96 hours and, during this long period, 
they can be incorporated into the tissues of marine organisms as the complete  
compound or a degradation product [59].

Over time, the remaining nutrients end up mineralizing, which can lead to the 
growth of sulfate-reducing or methanogenic bacteria in increasingly tropical seas that 
are being related to local changes in the pH and sulfur content of these seabeds [60].

All these processes are accentuated in coastal lagoons, or places where accumula-
tion conditions are greater and renewal rates are low.

Thus, in a short time, these areas can no longer support life, as shown in Figure 11, 
of the bed in the vicinity of an underwater discharge pipeline. The dark-colored bot-
tom confirms the existence of these processes with oxygen deficit; the fact that it is 
mud instead of sand, also indicates large fine particulate sedimentation, which covers 
an initial bed of light sand, located just underneath, which leaves the upper sediment 
lifeless.

This sediment devoid of oxygen and with a large amount of partially degraded 
organic matter produces anaerobic processes that can be divided into two broad 
categories:

a. Closed and reducing or hydrogenating anaerobic environments, in which 
hydrogen is produced and digested by hydrogenotrophic bacteria. Organic acid 
and polysaccharide chains break down to CH4 and CO2. Purines and amino acids 
break down to NH3 or NH4+ ammonium anions [61].

b. Nonreducing open anaerobic environment, in which the hydrogen produced 
escapes. In these cases, the organic chains degrade to acetic acid:

 ( )− + = − +3 2 3 3 2 3 2COOH R N CONR R Toxic Amide H O.CH HR CH  

Figure 11. 
Photograph of a coastal seabed affected by an underwater discharge. You can see the dark color of muddy 
sediment, which indicates sedimentation and anaerobic degradation processes. In addition, you can see the 
microplastic particles that cover this sludge where a higher life is not found.
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The seabed is usually type (b) since it is an open and nonreducing system, which 
produces short-chain acids that, in turn, react with amines to produce highly toxic 
amides [62].

The generation of these toxins also finds an absorbent medium through which 
they can percolate, as if they were leachate, eliminating species capable of photosyn-
thesis on that bed. They can be resuspended, however, by especially energetic storms 
or much more efficiently by high-speed sports boats with high-power motors and 
propellers near the bottom, which put new toxins into the water column until they 
settle elsewhere or are ingested by marine life. Thus, there is continuous pollution 
from different sources, from which it has no ability to recover its balance; so-called 
chronic action.

The layer of small, brightly colored, microplastic particles on the seabed, as seen in 
Figure 11, can end up having absorbent spongy properties when degraded, constitut-
ing ideal niches for the stabilization of bacteria provided by fecal water, in particular 
Clostridium prefigens, which causes skin and soft tissue infections in humans and fish. 
Proof of this is the excoriations, infections, and ulcers that fish have that live in the 
environments of the discharge pipe [63, 64].

In addition, there is the dangerous genus of Cryptosporidium protozoa that live 
in wastewater and are one of the most dangerous parasites worldwide, and are very 
difficult to eradicate with common disinfection systems. These are just two examples 
of the dangers to which users of coastal areas polluted by sewage are exposed, and 
they are cited here so that sewage receives attention as a toxic product, with increased 
control over these effluents [65, 66].

In the same way that these microorganisms can affect humans, they also affect 
these phenomena of accumulation of pathogens and other pests in fisheries, and the 
rest of marine organisms.

A clear example is the increase of ciguatera (which produces an accumulation of 
ciguatera toxin in the fatty parts of the fish), which is related to the opportunistic 
growth of populations of bacteria, such as dinoflagellates and some species of cyano-
bacteria that produce hepatotoxins and neurotoxins, in contaminated environments. 
Wastewater especially favors this growth, and it is found in coastal waters with 
increasing frequency [67].

Many of these plastic granules are ingested by living beings so, although in theory, 
they are inert chemically, they are vectors of diseases spread by bacteria. Even if 
the granule is subsequently returned or defecated, the bacteria will affect the fish, 
mollusk, or mammalian host [52–56].

And wastewater impacts in more ways. One of the clearest that gives an idea of the 
enormous damage caused in coastal waters is the oxygen consumption in the water 
column, an environment with a limited amount of oxygen.

Seawater has on average about 6 mg/l of dissolved oxygen. This is consumed by 
bacteria that degrade organic matter, and so can cause anoxia situations that produce 
degradation of organic matter with more harmful by-products.

A good measure of the impact is to calculate how much volume of water will be 
affected by the discharge only in Ref. to the dissolved oxygen to be consumed by the 
degradation of organic matter [68].

A flow of wastewater of one cubic meter, with an average BOD5 of 360 mg/l has an 
impact on approximately 60 m3 of seawater, which will be left without oxygen to be 
able to degrade organic matter.
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5.3 Biological evolution of wastewater discharges

As briefly described in the previous section, the discharge carries a large number 
of polluting compounds, in addition to appearing in various forms and undergoing 
different processes, such as sedimentation and dilution.

The sedimentation process and formation of flocs generally called marine snow, 
evolves in two fundamental ways within the ecosystem. These flocs are either ingested 
by fish before reaching the bottom, or they are deposited and otherwise impact the 
coastal ecosystem.

During the descent of this particulate material, the fish are strongly attracted by 
these flocs since they are made up of organic matter of terrestrial origin, upon which 
bacterial colonies are developing; providing energy to move and proteins to grow 
without making any significant effort.

In addition to fish, there is a type of organism that is especially affected by these 
particles before they reach the bottom, which specifically concerns protected species 
that normally inhabit all marine ecosystems; these are filtering organisms [69, 70].

Filter feeders capture these particles, which also have a negative effect on their 
body, assimilating contaminants in a similar way, but at a faster rate than fish. If the 
amount of sediment or the size of the flocs is greater than the dimensions or capacity 
of the filtering system, these organisms have their feeding mechanisms obstructed 
and disappear from the areas affected by the discharges.

To understand the global impact of this process, it is enough to remember that 
coral reefs disappear due to this same problem, but other filtering organisms, such as 
oysters, will also be affected [71–73].

The enormous increase in suspended particles produced by a discharge pipe 
decreases the transparency of the water, and sunlight has more difficulty reaching 
the bottom. It is not difficult to understand that sunlight is essential for the develop-
ment of another of the most important systems in the coastal waters, such as the 
Cymodocea nodosa meadows, or any seabed plant. However, in this area, they also 
have a negative influence on the development of the coastal rocky areas, since the 
algae that form the basis of this habitat need sunlight to develop, reducing their 
habitat depth as the turbidity caused by suspended sediments increases [74–76].

Once it reaches the bottom, the sediment can be ingested by detritivore organisms 
that incorporate the pollutants. Normally, the amount of sediment is very large, and 
they end up accumulating rapidly, exceeding the capacity of the detritivores [77, 78].

However, the marine ecosystem goes against the intention of the discharges which 
is to dilute the concentration of pollutants, through a process called bioaccumulation.

Bioaccumulation is a process by which marine organisms living in a contaminated 
environment concentrate in their tissues a greater number of pollutants, than in the 
medium, increasing its concentration at each step in the food chain [79, 80].

Wastewater discharges also produce numerous indirect effects in the coastal 
areas, one of the most recognized is their responsibility in the eutrophication 
process because they are by far the largest contributors of both N and P in many 
places. This process of fertilization produces an increase in different opportunistic 
vegetables in water [81–83].

The abnormal and widespread growth of plants is evidence of this excess of nutri-
ents. The specific abundance of species and their growth also depend on other factors, 
such as the dynamic regime, salinity, and availability of consistent substrate.
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The larger these algal growths, the more pollution the coast is suffering from, and 
in the images, it can be seen that these coastal algae are extensive and enormously 
widespread (see Figure 12). These abnormal growths of algae alter the entire ecosys-
tem, where opportunistic species dominate over specialists, changing the ecosystem 
from its baseline status [84, 85].

In an environment with the anthropomorphic input of nutrients, the formation of 
persistent foam is common, especially in large storm events or due to the beating of 
waves on the shores and motorboats. The beating of the water forms this foam from 
the emulsification of biological products associated with the growth and degradation 
of organic matter together with water. In Figure 13, you can see several places on the 
coast of the Mar Menor lagoon where this foam is formed [86, 87].

The biological evolution of the discharge must include a reference to the very high 
concentration of microorganisms that are part of this waste, Escherichia coli values, of 
the order of 108–109 CFU/100 ml (1,000,000,000–100,000,000 formation units of 
colonies/in 100 ml of sample), are normal values in wastewater [88, 89].

But these bacteria are an indirect reference to the number of other species of 
microorganisms transported that are dangerous for the environment and human 
health. A large part of them are pathogens, which were briefly discussed in the 
chapter on chemical impacts [63–66].

When the waste effluent comes into contact with the sea and this mixture is 
produced, the microorganisms find aggressive conditions, that is, high salinity, 
temperature differences, and when they reach the surface, great sunstroke.

These changes make it difficult for organisms from an environment of fresh water 
and darkness to progress. An indicative parameter for the Mediterranean Sea says that 
in 2 hours the concentration of bacteria has been reduced by 90%, which seems an 

Figure 12. 
The problems suffered by the area due to an overabundance of nutrients are shown. In this case, they are taken 
advantage of by opportunistic macroalgae specializing in assimilating nutrients in enormous quantities and 
growing rapidly. Mar Menor (Murcia, Spain).

Figure 13. 
Brown-colored persistent foam on the coast of the Mar Menor lagoon. (Spain).
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important decrease; but not enough, considering the starting concentrations. As the 
mortality of microorganisms seems high, this process has led to incorrect speaking of the 
great purification capacity of the sea and associating this behavior in general with any 
pollutant (hydrocarbons, nutrients, and all the rest of chemical pollutants); this aspect is 
important because it is the basis of all legislation and wastewater management [90, 91].

5.4 Summary of the consequences of wastewater discharge

Everything described above shows that wastewater must be treated as a highly 
dangerous waste, which requires precise and extremely controlled management.

The controls that the legislation requires for a discharge pipeline are practically 
nonexistent and very inefficient. Thus, an underwater discharge pipeline or spillway 
becomes a dangerous point of contamination almost impossible to evaluate. The real 
impact it produces on the environment can only be approximated, in the face of a 
general lack of reliable and certified data.

Common management of discharges both for effluents and sludges is to concen-
trate them at night, which can be ease detected by the bad smells in our capitals or 
coastal population centers around the underwater discharge pipe or in the vicinity of 
the pipes that lead to their start on the coast.

Night discharges are especially serious for coastal areas, especially in lagoon or 
shallow and non-ventilated places, since, at that moment, the aquatic plants stop 
producing oxygen and begin to consume it to fulfill their respiratory metabolism. 
This produces a dangerous situation where oxygen consumption is generalized, and 
anoxic zones can quickly form if the movement of water is limited or is not capable of 
spreading the discharge quickly.

The first thing to mention is that the coastal lagoons are enclosed systems with 
limited connection to the coastal sea, so the dilution of pollutants is less, and they 
accumulate for a longer time. To this is added the low depth that makes the volume 
of waterless and so the water column can be quickly affected in its entirety. Also, the 
low depth means that the benthic system is accustomed to continuous lighting that 
promotes plant growth processes both on the bed and specializes in these conditions. 
However, at the same time, they are likely to produce exponential growth of phyto-
plankton when the right circumstances occur, which blocks the arrival of light to the 
bottom of the lagoon, in a system that is not prepared for low levels of lighting.

Sewage discharges produce a chronic impact because are continuous and it alters 
any marine area, which the ecological system is incapable of coping with, and which 
conditions it absolutely; thereby reducing the capacity of normal development of the 
ecosystem, no matter how small the discharge.

When considering dilution or dispersion or assimilation of discharge into the sea, 
as the final situation that solves the contamination problem, this is nothing more than 
the injection of pollutants into the marine environment. The incidence is direct and 
instantly affects organisms that in one way or another suffer the consequences.

Plastic may be a good example to understand the problem of pollution. It can be 
verified that it does not disappear but breaks into small pieces until it becomes part of 
the trophic web, so we are now aware that we are eating plastic even though it disap-
pears from our sight in the sea. The same happens with pollutants, which become part 
of the food chain and ultimately end up on our tables as well as having a major impact 
on the coastal ecosystem.

It must be taken into account that treatment plants and the large movements of 
wastewater in sewers maintain cultures of all the pathogenic organisms that humans 
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have plus sublethal doses of antibiotics, that is, it is the perfect breeding ground to 
produce resistant microscopic species which are discharged since the purification 
systems are not capable of retaining these microorganisms before discharge.

Having submarine discharges does not reduce pollution, it only dilutes the concen-
tration of the discharge. This dilution is counteracted by the bioaccumulation effect 
of the contaminants, which are quickly incorporated and concentrated in the food 
chain; consequently, affecting all steps in the ecosystem and returning the concen-
trated contamination to our table in the form of fish.

The poor state of coastal ecosystems means that organisms are conditioned 
by pollution, having to use a significant part of their energy to defend themselves 
against this aggression, thus reducing their ability to grow, develop or, for example, 
fight against diseases and parasites. Parasites, especially microparasites, represent an 
increasingly worrying problem and the most worrying are those that prey on fish and 
can transmit themselves to us, such as Ciguatera or Anisakis.

This weakness means that the environment cannot recover from the changes we 
are experiencing, such as global warming, overfishing (both professional and recre-
ational), coastal works, hydrocarbon spills, coastal erosion, and invasive species, are 
all part of the panorama of our bleak coastal waters.

This has led to an immense increase in pollution on the coast, which has been 
accumulating for decades, decreasing water quality dramatically. Therefore, today’s 
biodiversity is very poor, and the marine ecosystem is affected entirely. The system 
is so affected that it is changing the balance at important levels, and the idea that 
nitrogen is no longer a limiting nutrient for the growth of marine plants is finally 
beginning to be generalized, and it is increasingly accepted that phosphorus has also 
become the limiting nutrient in this environment.

Urban wastewater represents by far the greatest impact on the marine environ-
ment in general and on the coastal areas in particular. Both the management and the 
technology involved do not allow the control of the entire production or, of course, 
the elimination of pollutants in the effluent from our cities and urban settlements.

The list of pollutants that these effluents carry includes all the chemical products 
made in our society, plus a large amount of organic matter and chemical compounds 
from sewage treatment plants, which increase their toxic potential for the environ-
ment and, above all human health.

This effluent is a very dangerous toxic waste for people’s health and must be 
handled with great care. It also contains and concentrates all the organisms that cause 
diseases in human beings, some enhanced by its passage through the sewage system 
and by the treatments in sewage treatment plants.

6. Alternatives to centralized management of sewages

The alternative is decentralized treatment, based on having treatment plants 
arranged along the sewerage network to treat wastewater at the place it is produced 
and to make water available for reuse.

This system must necessarily be based on treatment plants that do not produce the 
usual problems, such as bad odors, noise, and proliferation of rodents and insects, 
and which can be installed even inside buildings in optimal health conditions.

The advantages of this new technology are great and largely solve the current 
purification problems, beginning with a change in sewage management, which 
will be used only for the transport of rainwater; so preventing the discharge of raw 
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wastewater into the aquifer. The plants can achieve high purified water quality for 
complete reuse in the production area, without resorting to marine outfalls and 
discharges from pumping stations.

To manage this multiplication of treatment plants, sensor-based control sys-
tems connected to software that manages each part of the plant can be used. After 
calibration, they respond to changes in the variables monitored by the treatment 
plant automatically. The data can then be sent to a central station, where alarms and 
maintenance notices are managed and recorded to keep accurate statistics of all the 
water treated.

Plants can produce a totally degraded sludge that can be used without any hazard 
to health in electrical energy production to reduce consumption; hence, avoiding one 
of the biggest problems of the current purification of wastewater.

The investment necessary for the installation of these new technologies would save 
between 70% and 90% of the initial investment necessary for installing purification 
systems in places where these have not been installed. The same range of invest-
ment savings could be achieved when introducing these systems in cities where the 
traditional centralized purification systems are already installed. This is because only 
the reparation of the entire sewerage or the creation of a separate sewage network 
involves an investment of the order of two orders of magnitude superior to the instal-
lation of compact plants that do not need to use this network.

Energy consumption is higher in these plants but is between 1.8 and 2 kWh/m3 of 
treated water, which is not much higher than the consumption of traditional treat-
ment plants where, in addition to the treatment cost, between 0.5 and 1 kWh, the cost 
of pumping wastewater from several kilometers to the treatment plant must be added.

The higher cost of energy consumption is offset by savings in management since 
the need for personnel, chemical products, sewage maintenance, and sludge purifica-
tion treatment would be less; producing purified water that could be sold with all 
health guarantees.

When considering costs, the pollution parameter must also be considered; that is, 
how much does it cost to pollute? A system may consume slightly less energy, which 
could be compensated by maintenance savings, but where is the pollution produced? 
Clearly, a wastewater management system that produces a lot of pollution should be 
removed from the choice of systems. However, which is not something that is shared 
by the majority of water managers, who simply do not take this effect into account 
and continue as if nothing has happened, seeking to compare electricity consumption 
and justifying that the change is difficult, preventing even a debate or any objective 
evaluation.

These systems of small, high-efficiency, and low-price plants open up the possibil-
ity for minor municipalities or isolated communities to have a wastewater treatment 
solution, which until now has not been addressed with guarantees; preventing health 
and ecological hazards distributed throughout the world that has not even been 
evaluated. Only in Spain, there are thousands of municipalities without any type of 
purification, because the installation of alternative systems is not allowed.

There are enough examples for comparison; however, wastewater management 
in Venice, Italy is a good example. The difficulties in the area, the awareness of the 
water authorities and the conjunction of the private initiative led by applied research 
to solve problems have produced a decentralized system that is an example to fol-
low. Over 100 treatment plants have been installed in the entire historic center of 
the island, specifically designed for each institution (hospitals and medical centers, 
chemical laboratories, grouped houses, hotels, sewage sludge treatment, mechanical 
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workshops, theaters, universities, naval construction areas, etc.) and managed by 
eight people in 24-hour shifts.

There is also the Giniginamar plant, on the island of Fuerteventura, Canary 
Islands, which has been operating since 2008 for a coastal town of 200 inhabitants 
(smaller plants are more difficult to manage than large plants), where water has been 
reused in gardens and not discharged into the environment via the old filtering cess-
pools that were the solution adopted up to that moment. This has led to savings in the 
initial investment of several million euros compared with a standard solution. Despite 
having all the problems of a small, coastal system, with salinization of the effluent, 
seasonal variations in tourists, discharges from the chemical toilets of around 50 
caravans, and all kinds of other discharges, including from a familiar craft cheese 
factory, output values are stable and, without changing membranes since 2008, the 
concentration of bacteria (Escherichia coli) has been zero during all the time and rest 
values under the limits of European water reuse legislation.

A typical bad case is a problem that has arisen in recent years in the Mar Menor 
lagoon, on the southeastern Mediterranean coast in Murcia, Spain. Here, water dis-
charges with different degrees of purification along with other minor contributions of 
nutrients from agricultural and livestock activity have produced a spectacular growth 
of phytoplankton that has revealed the over-exploitation of tourism in the area, which 
caters to hundreds of thousands of people in the summer season.

Discharges that go unnoticed in other parts of the Mediterranean coast are more 
evident in a lagoon with these features. The poor state of the sewage system and the 
deficiencies of the technology explained above, together with the delicacy of the lagoon 
system, which is also visible to all and under the bright lights of the media have given 
rise to an enormous controversy where economic interests are intermingled with politi-
cal ones, leading to a problem with no solution until contaminant inputs are addressed.

The high investment required and the enormous time it takes to improve the 
traditional purification system have given rise to a stalemate situation, where agricul-
ture has received the full burden of responsibility for the degradation of the lagoon 
environment. This is because, as in the rest of the cases, the public administration is 
not capable of assuming responsibility for the real wastewater management situation. 
Since implementing only, the leaks of wastewater due to a sewage fault in the 1980s, 
without much care and in a hurry, both the contributions of organic matter and 
nutrients far exceed any contribution from other sources, together with other hazard-
ous pollutants a pattern repeated all over the world.

7. Conclusions

Current wastewater management shows the failure of all sectors of our society. 
Beginning with a public administration that has no choice but to depend on the 
large water companies, with huge wastewater management businesses; as well as the 
hundreds of research centers that are incapable, not only of offering effective alterna-
tive solutions to the current management but of warning about the hazards entailed. 
In the end, it is clear that there is not the slightest awareness about health protection 
or, of course, about caring for the environment.

The increased concentration in the world population makes separating the contact 
between wastewater and the public much more complicated. There is increasing contact 
with wastewater, which reaches the dams from which we take drinking water, coasts, 
rivers, and lakes where we bathe, fish, and drink water, as well as aquifers and wetlands.
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The saddest part of the situation is that the technology is available, capable of 
closing the water cycle for continuous reuse, with reduced initial investment and 
maintenance savings; managing to prevent the current health and environmental 
problem we suffer [92].

New relevant technology in our society is currently developed by small private 
companies, sometimes with associations of certain scientists from research centers. 
They have sufficient knowledge of reality and are promoting tangible alternatives to 
the great social problems we are facing at the moment. However, these developments 
are systematically blocked, and it is very difficult to generalize their use.

For improvement to be possible, we need independent, transparent public admin-
istrations associated with research institutes that are close to the real problems of our 
society.

The solution to the problem of water pollution is there, as with other contaminat-
ing sectors. We need to start thinking as a human species since our quality of life 
depends on it.

Videos

Video 1 https://www.youtube.com/watch?v=k3KTXtMGoIw.
Video 2 https://www.youtube.com/watch?v=F7k-xn11mBA&t=223s.
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Abstract

Petroleum hydrocarbons in refinery wastewater are considered the main cause of
pollution. Wastewater from oil refineries contains large amounts of oil and fat in the
form of suspended particles, light and heavy hydrocarbons, phenol, and other
dissolved organic substances, which cause environmental pollution if they are
discharged into the environment without treatment. Usually, conventional methods
of treating petroleum wastes have a lot of costs; due to the existence of sufficient area
for the construction of solar distillation ponds and suitable sunlight, as well as a large
number of sunny days near the equator, the solar distillation method can be used.
Membrane bioreactors based on biological decomposition and biological transforma-
tion of oils and waste oil materials have provided new solutions for the biological
treatment of these wastewater. In addition to these methods, Fenton’s advanced
oxidation methods, electrochemical coagulation method, and membrane filtration
method are mentioned in this chapter.

Keywords: petroleum wastewater, solar evaporation, membrane bioreactor,
advanced oxidation Fenton, electrocoagulation, membrane filtration

1. Introduction

Water is one of the most important resources in the development of countries.
During the twentieth century, the world’s population tripled, and water use increased
six-fold. The world’s available water is only sufficient for the current population with
minimal access to clean water [1]. Improper distribution in terms of space and time
and an increase in population and per capita consumption of water have aggravated
this problem. The world’s population is increasing, and drinking water resources are
decreasing, so the world may face the problem of water shortage in the future.
Destructive activities and inefficient use of water resources, along with the increase in
population and increase in water demand, have severely limited water resources in the
last few decades. The United Nations states that the lack of water resources has caused
the reduction of agricultural land, and the production of food in recent decades has
been extremely risky. The lack of water resources is a serious threat to human life [2].

Climate change and the reduction of rain forests and the reduction of the thickness
of the ozone layer all aggravate the water shortage. Lack of water also has side and
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indirect effects, such as increasing poverty and hunger, ecosystem destruction,
desertification, climate change, and even world peace [3].

The per capita standard of drinking water consumption in different countries
rarely exceeds 200 liters per day. But the results of researchers’ studies show that per
capita water consumption is much higher than the standards set in the countries [4].
That is because besides the direct consumption of water, humans consume water
through the consumption of food, fruits, and even services and goods, and its amount
is on average about 3400 L per day per person in the world, which is called virtual
water [5]. Climatic conditions, place and time of production, management and plan-
ning, and culture and habits of people are some of the effective factors in the amount
of virtual water [6].

The security of water resources has become another challenge with increasing
demand. Harvesting and purifying water from surface and underground sources, as
well as treating wastewater produced in underground aquifers, in addition to pollut-
ing aquifers, will also disrupt the natural water cycle [7]. On the other hand, due to the
possibility of the spread of many diseases caused by the contamination of water and
sewage, in order to preserve the health of human societies and prevent disruptions in
the water cycle, sewage must be properly collected, treated, and returned to the
natural water cycle [8]. The most important goals are to build urban and industrial
wastewater treatment systems, maintain public health, protect the environment, pre-
vent the pollution of water sources, and reuse treated wastewater in industry and
agriculture [9].

Wastewater provides a valuable source of recoverable water. Although this source
can contain dangerous compounds that endanger public health and the environment,
at least 90% of the wastewater is water [10]. New technologies to treat wastewater
and return it to water supply networks are an important factor in increasing limited
water resources. Water treatment plants are an important part of the water recovery
process. The main goal of water purification processes is to reduce the concentration
of water pollutants by separation, destruction, and disinfection [11]. Many efforts
have been made to maintain the quality of treated industrial wastewater, recover
them, and prevent them from jeopardizing public health [12].

From another point of view, the disposal of untreated effluents from factories and
industries creates many health risks for human societies [13]. In order to reduce these
risks, wastewater treatment plans for factories must also be developed. Therefore, the
use of water obtained from sewage treatment in agriculture can not only make an
important contribution to the water supply of the society but is also considered a
solution for environmental preservation and sustainable development [14].

The production fluid of oil wells is usually a combination of gas, oil, and water.
Water with oil can be observed as free water or fine suspended droplets or both in the
fluid. Since the production of excess water is an integral part of the production and
preliminary processing of crude oil, in order to prevent environmental pollution,
maintain reservoir pressure, and increase extraction from oil production wells, these
waters, after preliminary treatment in the treatment systems of desalination units, are
again sent to disposal wells that are intended to be injected for this purpose [15].

The production amount of salt water along with oil in desalination units from
crude oil is significant. These effluents have created a big problem for the environ-
ment due to their specific quantitative and qualitative characteristics, which include
soluble salts, the presence of petroleum substances, volatile and non-volatile organic
substances, and other hazardous pollutants in large volumes [16]. Due to the presence
of supersaturated soluble salts and suspended particles and corrosive agents, these
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wastewaters have a strong tendency to deposit, and if they are injected into the well
without preliminary treatment, it may cause clogging of the flow path in the under-
ground flow pipes and/or the opening of the well or cause the corrosion of the flow
pipes as a result of the effluent leaks into the environment.

Oil refineries, as one of the complex process industries, consume significant
amounts of water based on the size and configuration of the process for multiple
operations (65 to 90 gallons of water per barrel of crude oil) and a large volume of
wastewater with diverse natures from 1.6 to 0 [17]. They produce 4 times the amount
of processed crude oil. The recycling and reuse of this significant amount of waste-
water for various purposes, including the supply of water needed for cooling systems,
process units, irrigation, and firefighting after the implementation of purification
based on quality standards in oil refineries, is a significant matter [18]. Several post-
refining approaches, depending on the nature of the type and size of process units in
oil refineries, have evolved over the past decades with the aim of improving water and
wastewater management [19]. These approaches include the investigation and imple-
mentation of traditional techniques such as distillation, evaporation, active carbon
filtration, sand filtration, and chemical oxidation and advanced cases such as mem-
brane separation under pressure, electrodialysis, ion exchange, and advanced oxida-
tion processes [20].

The necessity of treatment includes engineering investigations and the use of
appropriate technology, measuring the quantitative and qualitative parameters of
wastewater in the outlet pool of the treatment plant, comparing with the declared
standards, the fate of excess sludge, and ensuring the absence of unpleasant odors and
floating objects in the outlet wastewater and no change in the color and turbidity of
receiving water at the place of discharge [21].

2. The treatment of crude oil desalination unit wastewater with the solar
evaporation method

Effluents from crude oil desalination units due to their specific qualitative and
quantitative characteristics, which include highly soluble salts of 50 grams per liter, and
the presence of petroleum substances, volatile and non-volatile organic substances, and
other hazardous pollutants for the environment, as well as a large volume, create a big
problem in the vicinity of oil units and the environment around them. At present, these
wastewaters are usually re-injected into operating wells or abandoned wells without
treatment or after initial treatment, including the removal of suspended particles and
major associated oil substances, with the aim of increasing harvest or preserving the
environment. Also, these wastewaters are sent to the evaporation ponds adjacent to
these units after degreasing the crude oil desalination units to protect the environment,
so that over time, with the solar evaporation method, their amount is reduced, and the
volume of the pond to enter the production wastes is emptied again.

This method creates the risk of pollutant leakage into groundwater and release to
air and harm to humans, birds, and other creatures around the pond. Considering the
sufficient temperature and the high intensity of radiation most days of the year, the
use of solar energy seems appropriate. Solar distillation is a relatively simple solution
for brackish water sources. Distillation is one of the processes used to purify water,
and for this purpose, any heat source can be used. In the solar distillation method,
using the energy of the sun, evaporated water and pure water vapor after condensa-
tion are used as pure water. The use of solar distillation method is a solution for water

67

Petroleum Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.109853



supply in remote areas that face a shortage of drinking water and common resources
such as heat and electricity grid.

The possibility of building in small capacities, no need or minimal need for fuel and
electricity, and the absence of environmental pollution caused by fuel consumption
are among the advantages that make the use of this system in areas with significant
renewable energy potential and, at the same time, where electricity and fuel trans-
mission is difficult justifiable. The first and simplest solar device built is a single pond
solar still (solar still). The building of this device consists of a wooden pond whose
floor is blackened by safe pigments.

In a general and apparent classification, pond solar desalination plants can be divided
into two groupswith a one-way slope and a two-way slope liquefaction surface (Figure 1).
According to the investigations, the solar distillation pondwith a liquefaction surfacewith
a one-way slope has a higher efficiency, because the incoming radiation is more.

The main problem of this type of water desalination plant, like most solar water
desalination plants, is the relatively low production of desalinated water. One of the
other obstacles of desalters using the solar distillation method is the absorption of less
solar energy in areas far from the equator, because in these areas, the liquefaction
surface of the device is parallel to the horizon and the oblique radiation of solar rays,
and hence, the absorption of solar energy is very low. After the desalination of sea
water by the solar distillation system, researchers have performed chemical analyses
to check the possibility of using the water produced by this system as drinking water
and compared the results with drinking water. The results showed that the resulting
distilled water could be mixed with well water to obtain drinkable water, and the
quality of this water was acceptable. The results showed that impurities such as
nitrate, chloride, iron, and solids soluble in water were removed by solar distillation
method. Most of the research related to this topic is often reported for seawater
desalination; the treatment of petroleum effluents with this method is a new topic.
One of the parameters affecting the efficiency of pond solar desalination plants is the
optimal depth of salt water. Research has been done on the effect of water depth
inside the pond. In addition to the geometrical parameters of the pond, in recent
years, most researchers have focused on the construction of solar energy absorbent
beds and heat transfer to increase evaporation.

Zhang et al. [22] reported that highly polluted saline wastewater was treated by
carbonized lotus seedpod with the solar evaporation method (Figure 2). In their
research, COD was removed by more than 84%.

Figure 1.
Pond solar desalination plants with a one-way slope (a) and a two-way slope, and (b) liquefaction surface.
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Sun et al. [23] synthesized a new photothermal substrate based on a chitosan/
bamboo fiber matrix with high efficiency for use in water evaporators. According to
Figure 3, this ultra-light substrate had the ability to increase the local temperature up
to 37°C in less than 40 min. The evaporation rate in their research was 6.72 kg m�2 of
purified water with a removal efficiency of 85%.

3. The treatment of petroleum wastewater with the membrane bioreactor

Membrane bioreactor technology or MBR refers to technologies in which waste-
water is biologically treated, and then, the resulting biomass is physically separated
from the mixed liquid using membrane processes. All these steps are performed in a
single bioreactor (Figure 4). Therefore, in this method, the secondary sedimentation
basin is removed from the system. Among the other advantages of this system we can
mention the small amount of space they need, the lack of sludge production, and the
high quality of the output effluent. These systems are used for purification; so far,
urban and domestic wastewater as well as industrial wastewater such as food, phar-
maceutical, oil and petrochemical industries have been used. A lot of research has
been done on the treatment of petroleum industry wastewaters by MBR and methods
of improving its performance. One of the most important wastewaters from oil

Figure 2.
Lotus seedpod-based solar steam generation. Digital photograph of a lotus seedpod (a) before and (b) after
carbonization; (c–j) SEM images of the flower disc, receptacle, and petioles of the lotus seedpod after
carbonization, respectively [22].

Figure 3.
Image of the ultra-light substrate based on a chitosan/bamboo fiber matrix and temperature rise in 40 min [23].
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industries, which has many adverse effects on the environment, is the water produced
in oil fields, which contains large amounts of salt and oil.

Soltani et al. [24] used a submerged MBR with a hollow fiber membrane to treat
this wastewater. Due to the fact that this wastewater contains large amounts of salt,
due to the increase in osmotic pressure, it destroys the cell wall of the normal micro-
organisms in the MBR system. In this study, the purified bacteria that were obtained
from the areas of oil deposits in the sea, after exposure to the main sewage, were able
to decompose 50% of phenanthrene, which is a complex and difficult-to-decompose
aromatic compound with three benzene rings, after 45 days. Based on these results,
these bacteria can break down other compounds in crude oil. By reducing the salt
concentration in this experiment, contrary to expectation, the performance of bacteria
purified from the environment with high salt concentration did not decrease. This
confirms that these bacteria belong to the halotolerant group.

In a similar study, Xianling et al. [7] studied the purification of petroleum hydro-
carbons in a membrane bioreactor by purifying different bacteria from oil-
contaminated areas. In this system, it was found that COD removal efficiency was
different in steady state, and despite the gradual increase of COD, the efficiency
increased from 93 to 96.5%. The reason for this can be seen in the increase in MLSS
concentration in these types of systems, which reached 16.2 g L�1 in this system.

The increase in the concentration of MLSS in such MBR systems is due to the use of
a membrane that prevents the exit of the mixed liquid, and this concentration
increases over time. After entering the petroleum wastewater into the reactor and
physiological adaptation with it, the bacteria responsible for the decomposition begin
to decompose the hydrocarbons, the final product of which is carbon dioxide and
water. First, light hydrocarbons such as alkanes and aromatics with low molecular
weight and then heavy hydrocarbons such as polycyclic aromatics are decomposed.
This rate of decomposition of petroleum materials in an ultrafiltration bioreactor with
transverse flow was observed up to 0.82 g of hydrocarbon per gram of MLVSS per
day. In this study, all hydrocarbons with carbon atom numbers from C10 to C24 were
removed with almost the same efficiency. Due to the complexity and diversity in the
quality of petroleum wastes, in some researches, phenol has been used as a suitable
indicator to investigate the removal of biodegradable compounds.

Zhou and Hong, by investigating the treatability of oil refinery wastewater by a
fixed film bioreactor at a hydraulic retention time of 8 h and an initial phenol con-
centration of 30 mg/liter, reported a COD removal efficiency between 85 and 90%
and a phenol removal efficiency of 100% [25].

Figure 4.
Configurations of membrane bioreactor with the submerged membrane [9].
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The results of Viero et al. study confirm the high efficiency of phenol removal
from petroleum wastewater in a submerged membrane bioreactor. In this research,
which was carried out in three stages, during the operation period, a high organic
loading rate was applied in the long term by mixing the flow of petroleum wastewater
with phenol-rich wastewater to the bioreactor, and it was shown that the treatment of
petroleum wastewater in a submerged membrane bioreactor with specific hydraulic
retention time, in addition to removing organic matter, also caused high efficiency of
phenol removal. The presence of a membrane in this bioreactor increases COD
removal efficiency by 17% [9].

The operating conditions of a membrane bioreactor, such as the pressure applied to
both sides of the membrane (Transmembrane Pressure: TMP), the amount of aera-
tion, the speed of the transverse flow, and so on, affect the purification efficiency in
this system. Increasing the transverse flow speed increases the turbulence of the liquid
flow inside the reactor and increases the mass transfer coefficient in the concentration
polarization layer and consequently the output flux. The relationship between the
output flux (J) and the transverse flow velocity (V) in a bioreactor with transverse
flow, in the treatment of petroleum wastewater in a refinery, is obtained as the
following power relation [26]:

J ¼ kVn (1)

n and k are affected by MLSS, and these two factors decrease with the increase of
MLSS. The COD removal rate in this bioreactor is reported to be more than 93%. Of
course, increasing the speed of the transverse flow and creating a turbulent flow
removes the cake layer of organic materials on the surface of the membrane, which
plays the role of an additional filter and prevents the passage of impurities, and as a
result, the possibility of oil particles passing through the membrane increases. The
pressure applied to the membrane also has a double effect. Although increasing TMP
increases the amount of output flux, on the other hand, it causes more accumulation
of oil droplets on the surface of the membrane as well as inside its pores and intensifies
the clogging of the membrane. If this pressure increases, oil and oil droplets will pass
through the pores of the membrane and reduce the quality of the output effluent.
Aeration also causes the mixing of wastewater inside the bioreactor and provides
better contact between particles and microorganisms. On the other hand, it creates a
shear force that causes the biofilm flocs to break and separate from the membrane
surface. Also, aeration increases dissolved oxygen in the bioreactor, which has a
positive effect on COD removal.

4. The treatment of petroleum wastewater with the advanced oxidation
Fenton method

Advanced oxidation basically refers to methods that destroy organic compounds
by producing oxygen radicals. In these methods, they use strong oxidants, catalysts,
radiation, and ozone to treat wastewater [4]. Fenton process, due to low operational
cost compared to other advanced oxidation processes, low toxicity of iron ion and
hydrogen peroxide, its simple technology, the possibility of its application in ambient
temperature and pressure, high biocompatibility, short process duration, and low
energy consumption, should be widely considered to reduce high pollution levels.
Fenton’s reaction is carried out in an acidic environment, and the optimal pH for this
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reaction is 2.8–3 [27]. Fenton process is defined on the basis of electron transfer between
H2O2 and a metal ion (generally iron ion), which acts as a homogeneous catalyst [28].
According to the mechanism of research in an acidic environment due to the reaction of
hydrogen peroxide with Fe(II) or Fe(III) ions, the oxidation-reduction mechanism of
the Fenton process is as follows. Based on this mechanism, the OH radical produced
by attacking organic materials (RH) causes their destruction [29]. The chemical
relationships of the Fenton process are shown in relationships (2)–(5) [30]:

H2O2 þ Fe2þ ! Fe3þ þHO� þHO∙ (2)

HO∙ þ RH! H2Oþ R∙ (3)

R∙ þ Fe3þ ! Rþ þ Fe2þ (4)

R∙ þH2O2 ! ROHþOH∙ (5)

Hydroxyl radical is able to decompose organic pollutants in a short period of time
and non-selectively [31]. Among the methods of producing hydroxyl radicals, the use
of ultrasonic waves in advanced oxidation methods is considered one of the new
methods [32]. Usually, the destruction of organic pollutants using acoustic and ther-
mal decomposition is attributed to the activity of radicals. The increase in the effect of
thermal decomposition and the reaction with radicals cause an increase in sound
decomposition. Water molecules are broken in this method, and hydroxyl and hydro-
gen radicals are released [33]. This phenomenon includes the formation and destruc-
tion of gas bubbles, which results in the generation of very high pressure and
temperature, which includes the thermal decomposition of dissolved organic com-
pounds and the production of free radicals such as O� and OH�, H� or some oxidants
such as peroxide [34]. It is hydrogen that can react with organic compounds. The
destruction of gas bubbles causes the formation of very high temperatures and pres-
sure, which leads to the separation of water vapor in the reactive hydroxyl radical and
hydrogen atoms with the presence of other species (H2O, O2) [35]. Although
advanced oxidation processes alone are not effective, the sono-chemical oxidation
process can be done by adding chemicals such as persulfate and catalytic particles and
increasing the efficiency of the process [36]. In recent years, a compound called
persulfate (S2O8

2�) with an oxidation potential of 2.01 V has been known and intro-
duced, which is capable of oxidizing toxic and resistant organic compounds, the
advantages of which are cheapness and non-selective oxidation of organic compounds
[37]. The high stability of the radical produced from it in different conditions, high
solubility, a solid form, and, as a result, the ease of moving and storing, have shown
the use of this substance in many research [38]. Regardless of these advantages,
extensive studies on the use of persulfate show [13] that at room temperature, the
ability of persulfate to decompose organic substances is low and slow; therefore, in
order to accelerate the oxidation process with persulfate, it is necessary to perform an
activation operation [12].

According to Figure 5, the activation of persulfate is carried out as an advanced
oxidation process with heat, UV light, and transition metal (Me2þ). The final product
of the activation process is the production of sulfate radical (SO:�

4 ) with an oxidation
potential of 2.6 V. Relations (6) and (7) show thermal and chemical activation of
S2O8

2� [38]:

S2O8
2� þ heat or UV! SO:�

4 (6)
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S2O8
2� þMenþ ! Me nþ1ð Þþ þ SO2�

4 (7)

Persulfate anion is considered a strong oxidant, and when activated, it can produce
stronger oxidants such as sulfate radical. Since persulfate is produced slowly at normal
room temperature, it is converted into radical sulfate by active photochemical or
thermal decompositions, and it is used as a fast method in chemical decomposition
processes [11]. During a study, Bing et al. investigated the effect of hydrogen perox-
ide, persulfate, and periodate in the oxidation of TiO2 photocatalyst. The results
showed that adding 2–10 moles of mineral oxidants, persulfate, periodate, and hydro-
gen peroxide had a faster decomposition rate compared to TiO2/UV. In another study
in which Hosseini et al. [39] investigated the decomposition of Blue 25 acid in aqueous
media using Fe2þ/ultra-sonic and H2O2/ultra-sonic, the results showed that these two
processes had a higher removal efficiency than the ultra-sonic process alone.

5. The treatment of petroleum wastewater with the electrocoagulation

Considering that spilling and leaking of oil into water is unavoidable in most cases
and considering the adverse effects of water contaminated with petroleum derivatives
on humans and the environment, so far, there have been various methods for purify-
ing water, and separating these two important substances (water and oil) has been
suggested by the researchers [40]; among them, methods of gravity separation, types
of filters, reverse osmosis, biological processes, flotation with dissolved air, membrane
bioreactors, adsorption with activated carbon, chemical coagulation, and electric
flotation have been reported [16].

The electrocoagulation method is one of the effective separation methods of oil
from the emulsion. It is the water that is optimal and affordable both technically and
economically. In this method, as shown in Figure 6, the purification process is done in
three stages: (I) The reaction of the electrolyte on the surface of the electrode and the

Figure 5.
Schematic of the Fenton process [32].
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formation of coagulants by electrolytic oxidation in the aqueous phase. (II) Adsorp-
tion of colloidal particles on coagulants. (III) Removal of clots by sedimentation or
flotation [42].

In this method, at the same time as the anode is corroded, electrolyte gases
(generally H2) are produced in the cathode, which leads to more flotation [43]. In
electrocoagulation, metals such as iron and aluminum are usually used as anodes,
which produce hydroxides, oxyhydroxides, and polymeric hydroxides when oxidized
[44]. The metal hydroxides formed act as coagulants of liquid impurities, and the
hydrogen bubbles formed on the cathode side provide foam formation. These prod-
ucts are usually much more effective than added chemicals and are able to destabilize
colloidal suspensions and emulsions [45]. The electrocoagulation method has several
advantages, including no need to add chemicals, simple equipment, convenient oper-
ation, low initial cost and low operating cost, short reaction time, rapid sedimentation
of the created flocs, low sludge production [46], high safety, no need to transport and
move chemicals, and coagulant production on site, and can act as an efficient method
in separating petroleum compounds from water [21]. This method has been very
efficient for purifying water contaminated with solids, dyes, heavy metals, and solu-
ble organic and inorganic substances. As mentioned, iron and aluminum electrodes
are used as anodes, and the reaction mechanism by iron is as follows [47]:

In the Andes:

4Fe! 4Fe2þ þ 8e� (8)

4Fe2þ þ 10H2OþO2 ! 4Fe OHð Þ3 þ 8Hþ (9)

Figure 6.
Schematic diagram of the electrocoagulation process [41].
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In the Cathode:

8Hþ þ 8e� ! 4H2 (10)

Total reactions:

4Feþ 10H2OþO2 ! 4Fe OHð Þ3 þ 8Hþ (11)

At the same time as the anode is corroded, electrolyte gases (generally H2) are
produced in the cathode. Metals such as iron and aluminum are commonly used as
anodes, which produce hydroxides, oxyhydroxides, and polymeric hydroxides upon
oxidation [48]. The formed metal hydroxides act as coagulants of liquid impurities,
and the formed hydrogen bubbles on the cathode side provide foam formation. These
products are usually much more effective than added chemicals and are capable of
destabilizing colloidal suspensions and emulsions. Nidheesh et al. [49] used
electrocoagulation process with iron, aluminum, and steel electrodes to treat oil refin-
ery wastewater, and the results showed that this process could be a suitable method to
reduce sulfate and COD concentration from oil refinery wastewater. Also, in the
research where Asselin et al. used electrocoagulation process with aluminum and steel
electrodes to treat the oil effluents of ships, it was found that the optimal state was
obtained with steel electrodes, and 93% removal for BOD, more than 95% for oil
removal, and about 68% for COD removal are achieved in optimal conditions [41].

6. The treatment of petroleum wastewater with the membrane filtration
method

Several separation processes, including ultrafiltration, nanofiltration, and reverse
osmosis, have been employed for oil/water separation. Membrane ultrafiltration is one
of the most important separation processes in the field of industrial petroleum waste-
water treatment. When the solvent molecules are less than 0.5 microns, ultrafiltration
is used [50]. Before oil emulsions enter the environment, it is necessary to remove the
oil in them to an acceptable level, which is determined by the standards. Petroleum
effluents and oil-water emulsions are two important environmental pollutants [21].
Unlike urban wastewater, industrial wastewater discharged into the environment
does not have any fixed characteristics. The composition and characteristics of indus-
trial effluents are significantly variable, and even in different parts of the industry,
these flows are visibly different. Despite the physicality of the filtration process,
chemical purification processes can also be used. A huge amount of oil refinery
effluents are in the form of oil-in-water or water-in-oil emulsions, which are produced
from different parts of the extraction, transportation, and refining processes [51].

Methods based on membrane separation include dehydration of oil emulsion by
reverse osmosis, coagulation resulting from microfiltration, microfiltration, mem-
brane distillation, and ultrafiltration. Among the benefits of membrane technology are
lower cost, no need for any chemical additives, and the ability to create an acceptable
quality flow. Ultrafiltration is used as an effective method to separate, purify, and
saturate water-soluble solutes or water-dispersed substances. In any case, due to the
deformation of oil droplets with operating pressure, oil droplets can pass through the
holes with pressure and pollute the flow. Despite the reduction in the cost of energy
consumption of the ultrafiltration process, the problems caused by washing in this
process are very expensive [52].
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By replacing membrane processes with traditional purification methods, product
quality is improved, and process efficiency is increased. Microfiltration membranes
purify colloidal particles and bacteria with a diameter of 0.1–10 μm. Ultrafiltration
membranes can separate large soluble molecules such as proteins and petroleum sub-
stances from the solution. In reverse osmosis membranes, the solvents are dissolved in
the membrane and penetrate through the membrane to a lower concentration and are
mainly used in the field of desalination of underground water or sea water. The
difference in cavity drops (or apparent cavity) creates significant differences in the
field of membranes used. Reverse osmosis and ultrafiltration processes are often used
in oil/water treatment. Tubular modules are used in the field of oily wastewater
treatment due to their resistance to the clogging of emulsion particles, easy replace-
ment of the membrane, and the ability to use the high linear speed of the oily
emulsion on the membrane surface [53].

Wollborn et al. have reported that if the shear pressure is lower than the critical
pressure, then the emulsion will reach the maximum possible volume [54]. Ma et al.
showed that in porous hydrophobic membranes, due to the coagulation and sedimen-
tation of oil on the membrane cavities, the separation of oil-in-water emulsions is
reduced [55]. Using a microporous polytetrafluoroethylene flat membrane, Nittami
et al. [56] have investigated the effect of emulsion droplet size, stirrer speed in
penetration test, oil phase volume fraction, and surfactant concentration in the feed
solution on oil flow flux. For industrial/petroleum effluents, the amount of oil in the
flow passing through the membrane is higher than the acceptable amount of the
standard discharge to the environment. Tong et al. [57] used commercial
polyvinylidene fluoride to treat oil field effluents. At the beginning of membrane
filtration, due to the lack of gelatin layer formation on the surface of the membrane,
the quality of the water coming out of the membrane is not very favorable. As the
process progresses and due to the concentration of pollutants and the polarization of
the membrane surface, a gelatinous layer is formed on the membrane surface. The
gelatin layer formed on the surface of the membrane prevents polluting particles from
entering the membrane cavities and leads to a decrease in membrane flux. The flux
recovery percentage of modified membranes reaches 100% after washing with 1%
OP-10 surfactant solution. The relationship between flux and pore pressure is not
completely linear due to resistance in addition to membrane resistance. When oil
recovery has a downward trend with increasing pressure, the amount of flux reduc-
tion is greater. Porosity, pore size distribution, and membrane substrate structure play
an important role in determining the flux through the membrane. Also, by increasing
the concentration of titanium oxide nanoparticles in the polymer solution, the number
of shell cavities increases [58]. Based on the observations of Sutrisna et al. [20],
membrane fouling is a combination of pore-clogging by smaller oil droplets in the
emulsion and sedimentation of the oil layer on the surface. To check the effect of
membrane clogging, the permeability of pure water passing through each membrane
is measured before and after washing the membrane. The results of Wang et al. [59]
showed that liquid droplets passed through the pores of the membrane more easily
with the increase in osmotic pressure. Of course, with the increase of the osmosis
pressure, the operating cost and depreciation of the equipment increase. Also, mem-
brane clogging occurs at high pressure due to the formation of a colloidal layer. As the
colloidal layer increases, the resistance of the droplets passing through the membrane
increases, so the membrane flux decreases. Organic-inorganic composite membranes
such as Al2O3-PVDF are widely used in petroleum wastewater treatment. Flux recov-
ery is better for membranes washed with alkaline solutions. Hashemi et al. [60]
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investigated the ultrafiltration of oil effluent from engine houses using tubular mod-
ules (with a large diameter). Most of the constructed membranes reduced the oil
content in the flow to less than 10 mg/DCM. The current passing through this mem-
brane is suitable for discharge to the environment. Hollow fiber membranes are much
more efficient than tubular and flat plate membranes due to their high surface area to
volume [61]. Due to the high specific area and hydrophilicity of titanium oxide
nanoparticles, the flux increases. Membrane wettability is one of the important factors
that can affect the flux and anti-clogging ability of membranes. By increasing the
titanium oxide particles, the contact angle of water with the membrane surface can be
significantly reduced. As the repulsion decreases, the membrane flux increases.
Therefore, a membrane with maximum porosity and hole size has maximum flux. Due
to the inherent hydrophobicity of PVDF polymer, this type of membrane is used in
petroleum wastewater treatment, organic/water separations, gas absorption and
membrane distillation, and ultrafiltration [62]. Additives such as polyvinylpyr-
rolidone, polyethylene glycol, and lithium chloride are used to improve the morphol-
ogy and performance of the membrane and its mechanical strength. Zhu et al. [19]
used alumina to improve the hydrophilic property and antifouling ability of the
polysulfone membrane. They added SZP particles to the porous polysulfone mem-
brane, which ultimately led to the improvement of polysulfone membrane properties
such as hydrophilicity, antifouling ability, and tensile strength [18]. Composite mem-
branes are used to treat petroleum wastewater. Due to the increase in the hydrophi-
licity of the membrane with the increase of hydrophilic SZP particles, the hydrophilic
layer formed on the surface of the membrane plays an important role in removing the
gel-like layer [63].

One of the reasons for the reduction of the passing flux is concentration polariza-
tion, which is due to the increase in the concentration of oil particles on the surface of
the membrane. As the membrane filtration continues, the concentration of the pre-
servative on the membrane surface becomes higher than the feed concentration,
which ultimately leads to concentration polarization (ultimately creating a gel layer on
the membrane surface). Also, due to the presence of impermeable pores in the mem-
brane for the passage of oil droplets, clogging occurs [64].

Due to the high specific area and hydrophilicity of titanium oxide nanoparticles,
the flux of PVDF ultrafiltration hollow fiber membranes increases. By increasing the
concentration of titanium oxide nanoparticles, the pores of the membrane are blocked
due to the accumulation of particles, and the formation of a dense substrate decreases,
and as a result, the average size of the cavity decreases [65].

As a hydrophilic surface modifier, Pluronic F127 can greatly reduce the water
contact angle of the membrane. Due to the stability of oil droplets on the surface of the
PES/Pluronic F127 membrane, the water contact angle for used membranes is higher
than that for fresh membranes. During the ultrafiltration process, many oil droplets
settle on the surface of the membrane or are adsorbed on the surface. After washing
with water, the membrane surfaces are still hydrophobic, and the oil droplets are not
removed from the membrane surface [17].

The effects of concentration polarization and membrane fouling at constant
pressure are observed with a significant decrease in flux with time. In this case, the
concentration polarization is omitted due to the large size of the emulsified oil parti-
cles. The decrease in the membrane flux is due to the clogging of the membrane
through surface absorption or the settling of oil droplets on the surface of the mem-
brane or inside the membrane cavities. Sodium dodecyl sulfate is used as detergent to
wash the captured membranes. The membrane surface washed with SDS solution is
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very hydrophilic [66]. During the washing process, some SDS molecules distributed in
the aqueous solution are absorbed on the membrane surface and lead to a decrease in
surface tension [67]. Therefore, the stability of oil droplets is improved and prevents
their sticking and coagulation. Polyethersulfone membranes offer very high thermal
stability in addition to mechanical properties, but they also have disadvantages. The
main problem of these membranes is their relative hydrophobicity [50].

7. Management of petroleum wastewater treatment

Wastewater or sewage refers to mainly liquid local, urban, or industrial wastes and
discharges. The method of collecting and discarding it differs in each region,
depending on the local awareness of the environment, and scientists believe that the
future will belong to those who make the best use of water. One of the main axes of
sustainable development in the petrochemical industry is the optimal use of resources,
and the reuse of wastewater in terms of the increasing importance of water as a vital
substance has been one of the goals of the management of petrochemical companies,
so that even, if possible, the wastewater of the production units after performing
purification can be used again in the green space irrigation sector or in the industrial
sector.

The development that petrochemicals are trying to achieve is sustainable and all-
round, and we deeply believe in the fact that without environmental preservation and
optimal use of resources, the development of any industry is one-dimensional and
unstable. Therefore, the reuse of wastewater is one of the interesting options in the
petrochemical industry. The only concern of using wastewater is environmental pol-
lution in the long term. Therefore, in order to solve existing environmental challenges
and provide suitable solutions for the sustainable use of wastewater, determining the
type of pollution caused by irrigation with wastewater and the resulting environmen-
tal effects should be fully investigated.

Wastewater management is planning, organization, care, and executive operations
related to the production, collection, storage, transportation, recycling, processing,
and disposal of wastewater, as well as education and information in the field of
wastewater.

Environmental monitoring is a continuous process of care, examination, compari-
son, and accurate evaluation of environmental qualities, which is developed and
carried out before, during, and after the implementation of projects. The most key
things required for an environmental monitoring program to choose an effective
method of oil waste treatment are: organizational structure, monitoring operations,
timing, reporting, and financial status. By considering the conditions of the operating
area and the facilities and characteristics of the petroleum wastewater and by choosing
the appropriate treatment method, petroleum wastewater can be managed. For
example, if there is enough space and suitable sunlight, the best option is to use the
solar evaporation method, because petroleum wastewater can be managed by using a
free energy with the lowest cost. Of course, if the oil effluent mainly contains volatile
hydrocarbons, this method is not recommended, because pollution enters the air, or
valuable hydrocarbons that can be recovered get lost, and this issue is not economi-
cally justified. The management of petroleum wastes in densely populated cities is
faced with a lack of space to install and operate equipment. Therefore, in conditions
where space is limited, a membrane bioreactor using microorganisms is a better
choice. If the volume of wastewater is large, membrane filtration can be used. Of
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course, in filtration, membrane clogging is a major problem that limits the develop-
ment of this method in petroleum wastewater management.

8. Conclusion

One of the problems of today’s world is the pollution of underground water sources
due to the pollutants imported from various industries, especially refineries. These
harmful particles enter the water in different ways and pollute the water.

The volume of production effluents is increasing, and there are many petroleum
substances in these effluents. Due to the fact that these hydrocarbons are difficult to
decompose biochemically and cause damage and destruction to the environment, they
must be purified before being discharged into the environment.

Therefore, due to the harmful risks that they cause to human health, the environ-
ment, plants, and aquatic organisms, the treatment of petroleum effluents has been
given a lot of attention. In addition, due to the large volume of petroleum effluents, a
method that can be easily performed, is economically viable, and is able to separate oil
pollution with high efficiency is very important.

A specific separation method should be used for each type of industrial waste
according to the physical nature of the oil waste. These petrochemical effluents are
mainly in the form of oil-in-water emulsions; as a result, breaking emulsions and
separating oil require a correct understanding of their physical properties and chem-
ical composition. The choice of each of the methods depends on the economic condi-
tions and the type and form of the oily pollutant in the water. Petroleum wastewater
management is done based on the type of pollutant and its volume. Choosing the right
treatment method depends on many variables (pollutant type, wastewater volume,
pollutant concentration, ability to recycle and extract valuable materials, local energy
sources). For example, if the wastewater volume is small and sunlight is available,
solar evaporation is the best choice.
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Chapter 5

Phyco-Remediation of Sewage 
Wastewater by Microalgae
Radhakrishnan Vandana and Suchitra Rakesh

Abstract

Land and water resources are significant constraints in the present energy 
scenario. Phyco-remediation is crucial in attaining the UNDP’s sixth sustainable 
development goal. The wastewater treatment by microalgae is highly economical, and 
the biomass generated can be further utilized for biofuel production. The successful 
coupling of microalgae with wastewater can overcome the expensive cultivation of 
microalgae and pollutants with wastewater and scale-up production of high-value 
products. A microalgae-based wastewater treatment process reduces BOD, inhibits 
coliforms, removes nutrients and contaminants, and removes heavy metals. In 
wastewater, nutrients are abundant, making it an ideal medium for growing micro-
algae. Microalgal biomass can produce a wide range of high-value products, such as 
biomethane, compost, biofuels, and animal feed.

Keywords: microalgae, biomass, sewage, wastewater, high-value products

1. Introduction

Water plays a vital role in all aspects of life, and the demand for wastewater 
treatment is currently a worldwide priority. Traditional sewage treatment consists of 
pre-treatment, physical, and chemical treatment of sewage water with high over-
head expenses. The exploitation of natural resources worldwide to meet the energy 
demand has created a vast concern over environmental issues. Hence, wastewater 
treatment coupled with energy production and other valuable product generation. 
This method produces biomass that can be used further to produce valuable products 
and has a very low operational cost [1]. Recently, the use of microalgae for wastewater 
treatment has attracted much attention worldwide owing to its multifaceted benefits. 
Integrated biorefinery is a promising approach to microalgae cultivation for waste-
water treatment with simultaneous production of high-value products and biofuel 
production [2, 3].

Furthermore, phycoremediation utilizes microalgae’s ability to bio-sequester carbon 
dioxide, their high growth rates, high biomass production, high lipid productivities, 
and their ability to remove contaminants from wastewater and produce biofuels. Aside 
from bio-manure and biodiesel, algal biomass can also be used to produce bioethanol, 
hydrogen, and other valuable products [4]. Investigation into different microalgal 
species has established that they could bring down more than 98% of COD and BOD of 
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sewage water. The impact of phycoremediation in treating sewage wastewater reduces 
greenhouse gas and sludge formation cost-effectively and energy-affluently.

Many studies have coded the usage of microalgae in various wastewater treatments 
like agricultural, municipal, dairy, piggery, and poultry wastewaters and industrial 
effluents [5]. Recently, some studies have reported on treating sewage wastewater 
and microalgae biomass generation for biofuel production [6]. Chlorella vulgaris is 
the most desired organism for simultaneous wastewater treatment and bioenergy 
production [7]. Pooja et al. [8] used C. vulgaris to simultaneously remove nutrients 
and pollutants from wastewater and recover biomass for biofertilizer application. 
The above study successfully proved the conversion of sewage to chemical fertilizer. 
Kumar et al. [9] used C. vulgaris for wastewater treatment and industrial flue gases 
for biomass production.

2. Conventional sewage treatment process

The main aim of sewage wastewater treatment is to remove the BOD, suspended 
solids, nutrients, pathogenic microbes, and toxicity. The typical sewage treatment 
process involves four to five steps, viz., preliminary, primary, secondary, tertiary, 
and disinfection. Preliminary sewage wastewater treatment removes large solid 
particles like rags, wood, heavy grit particles, and fecal matter. A well-designed 
sedimentation tank removes almost 70% of the settleable solids and 40% of BOD 
during the primary treatment of sewage [10]. A mixed population of heterotrophic 
bacteria further reduces the BOD in secondary sewage treatment. These bacteria 
facilitate the biological oxidation of BOD and can further remove almost 90% 
of pathogenic bacteria from sewage [11]. Tertiary sewage treatment removes all 
the organic ions, viz., ammonium, nitrate, and phosphate, either biologically or 
chemically [12].

In contrast, quaternary treatment aims to remove heavy metals, organic com-
pounds, and soluble minerals [13]. Following tertiary treatment, disinfection kills all 
pathogenic microbes in the effluent. Disinfection can be achieved using a variety of 
physical and chemical methods. Ozone and UV light are the most preferred physical 
disinfection methods, while chlorine has been used extensively for disinfection [14].

3. Microalgae for sewage wastewater treatment

The use of microalgae for sewage wastewater treatment is cost-efficient, renew-
able source for biomass production and helps in carbon sequestration [15]. The 
microalgae can utilize the organic and inorganic carbon and inorganic nitrogen and 
phosphorus present in wastewater for their growth. Photosynthesis in microalgae 
helps heterotrophic bacteria degrade carbonaceous materials in wastewater treat-
ment. Many studies have reported microalgae biomass production using nutrients 
removed from wastewater [16]. In addition, microalgae are efficient for carbon 
dioxide capture and nutrient removal from wastewater and are reported as a potential 
candidate for future energy production [17]. The microalgae can directly assimilate 
ammonia and phosphate from wastewater for their growth and metabolic func-
tions [18]. Furthermore, the microalgae wastewater treatment process emits fewer 
greenhouse gases, as most of the nitrogen is being assimilated instead of converted to 
nitrogen oxide [19].
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Microalgae have recently been extensively studied for their ability to treat 
wastewater effluents. The performance of various microalgal species for wastewater 
treatment varies with the range of wastewater types [20]. Prandini et al. [21] suc-
cessfully demonstrated nutrient removal from piggery wastewater by Scenedesmus 
obliquus. Kothari et al. [22] have used Chlorella pyrenoidosa for dairy effluent treat-
ment. Many studies have reported C. vulgaris as an ideal candidate for municipal 
wastewater effluent treatment [23]. Other microalgae used for wastewater treat-
ment are Chlamydomonas sp., Nanochloropsis sp., Dunaliella sp., Botryococcus sp., etc. 
[24]. Microalgae at the secondary treatment phase or primary sewage wastewater 
to effluent standards are economical and eco-friendly approaches. The nutrient 
composition of primary sewage waste and secondary treatment effluent is almost 
the same but has different concentrations [25]. The concentration of nutrients, 
viz., nitrogen and phosphorus, in primary sewage waste is higher than in secondary 
treatment effluent (Table 1).

4. Mechanism of nutrient removal by microalgae

4.1 Carbon

As a primary carbon source, microalgae use CO2, whereas in aqueous conditions, 
CO2 splits into bicarbonate and carbonate ions depending on pH, temperature, and  
salinity [35]. Due to the low concentration of CO2 in the aquatic environment, 

Sl. no. Microalgae Type of 
wastewater

Nutrient removal efficiency in % References

Phosphorous COD Nitrogen

1 Parachlorella kessleri Domestic sewage 65 95 70 [26]

2 Chlorella fusca Urban sewage — 45.48 24.6 [27]

3 Chlorella 
pyrenoidosa

Sewage treatment 
plant

94.2 87 99.5 [28]

4 Chlamydomonas 
reinhardtii

Swine farm 
sewage

13–14.5 — 42–83 [29]

5 Scenedesmus 
obliquus

Municipal sewage 47–98 — 79–100 [30]

6 Tetraselmis indica Domestic sewage 60–93 72–94 78.46 [31]

7 Nannochloropsis sp. Tannery effluent 99 84 82 [32]

8 Chlorella vulgaris Industrial sewage 70 — 86 [33]

9 C. pyrenoidosa Synthetic sewage 70.1 61 99.2 [28]

10 Scenedesmus 
quadricauda

Industrial sewage 75.33 — 77.50 [26]

11 Chlorella 
sorokiniana 
(WB1DG)

Biogas effluent 91.68 63.42 70.66 [34]

12 C. sorokiniana (P21) Biogas effluent 92.11 73.78 67.33 [34]

Table 1. 
Nutrient removal efficiency of microalgae from various wastewater.
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microalgae use a carbon concentration mechanism to minimize the loss of photosyn-
thetic activity [36]. Microalgae convert inorganic carbon to organic carbon via the 
Calvin cycle, as it provides metabolic reactions to produce amino acids and lipids.

The carbon dioxide concentration in the wastewater is one of the essential fac-
tors that decide the growth of microalgae, i.e., low availability of inorganic carbon 
in wastewater limits microalgal growth. Hence, to improve microalgae growth, the 
wastewater is usually supplemented with carbon dioxide or bicarbonate salts [37].

Shen et al. [38] reported that S. obliquus at 5% CO2 concentration removes total 
nitrogen from the wastewater within 2 days. In contrast, the total nitrogen recovery is 
less even on the third day under ambient and higher concentrations. Many studies have 
reported that at elevated CO2 levels, biomass production and nutrient removal from 
wastewater via microalgae have improved [39, 40]. The microalgae tolerance to CO2 is 
strain specific and has few species acclimatized with CO2 concentrations up to 100% 
[41]. Microalgae metabolize organic carbon compounds from wastewater through 
photo-mixotrophy or strict heterotrophy [42]. Municipal wastewater is highly heteroge-
neous, with complex carbonaceous materials that limit its availability as an ideal carbon 
source for microalgae. Since municipal wastewater comprises majorly complex organic 
carbon compounds, their decomposition by heterotrophic microorganisms must be 
converted to viable carbon sources for microalgae [43]. It has been reported that supple-
menting inorganic carbon to wastewater enhances nutrient removal efficiency [42]. 
However, enriching the wastewater with organic carbon increases production costs.

4.2 Nitrogen

Microalgae can utilize nitrogen from various organic and inorganic sources. 
Ammonia is preferred among the various nitrogen sources as its assimilation and 
incorporation are more efficient. Ruiz-Marin et al. [30] reported that microalgae, 
viz., S. obliquus and C. vulgaris showed a preference for NH3 in wastewater compared 
to other nitrogen sources. Membrane transporter proteins easily assimilate ammo-
nium, and once translocated, the ammonium is directly incorporated into amino acids 
required for growth and other functions. Whereas transport of NO3 and NO2 is an 
energy-dependent process, they must first be reduced to ammonium via enzymatic 
reaction, requiring reductant NADH and ferredoxin [44]. In the microalgae waste-
water treatment process, nitrification decreases the ammonium, and nitrate produc-
tion is not desired as microalgae do not eliminate it if ammonium is present. Many 
studies have reported in steady-state wastewater treatment, almost 80% of the NH3 is 
oxidized to NO3, with a maximum of 40% assimilated by microalgae [45].

In photoautotrophic microalgae, inorganic carbon is fixed by the Calvin cycle and 
enters the glycolytic pathway as glucose-3-phosphate. Once converted to acetyl CoA, 
pyruvate is transported to mitochondria and enters the TCA cycle. Acetyl Co-A is fur-
ther metabolized to CO2, and ATP, reducing equivalents and carbon skeletons [46].

Organic carbon substrates are transported in the cytosol through the glycolytic 
or pentose phosphate pathways in heterotrophic mode. Glycerol can be used as an 
alternative carbon substrate, translocated across the membrane via passive diffusion 
into the cytosol of microalgae [42, 47].

4.3 Phosphorus

Phosphorus is an important element involved in many metabolic processes as well 
as structural component of microalgae [18]. In wastewater, inorganic P exists in many 
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ionic forms and is mostly bioavailable than soluble organic P compounds for micro-
algae. Phosphorus is incorporated into organic compounds by phosphorylation of 
Adenosine diphosphate (ADP). It is an endergonic reaction that obtains energy either 
by oxidation of respiratory substrates or by photosynthetic electron transport chain 
[24]. If a wastewater in enriched with P, microalgae have the capacity to accumulate P 
beyond their metabolic needs and store as acid-insoluble polyphosphate granules via 
luxury uptake mechanism [48].

5. Factors affecting the microalgae wastewater treatment

5.1 Bacteria

The use of microalgae in wastewater treatment has been extensively studied. It 
is impossible to avoid other organisms like bacteria and fungi in wastewater, and 
wastewater sterilization is not feasible due to the huge volumes to be processed. The 
common bacterial species dominated in sewage wastewater are from the classes 
Bacteroidia, Flavobacteria, Betaproteobacteria, and Gamma proteobacteria. In pri-
mary sewage wastewater, variations in bacterial community composition are noticed 
at different inoculation ratios of microalgae to sludge [49].

Bacteria help the microalgae in wastewater treatment by providing CO2 via 
heterotrophic metabolism of organic matter and later mineralizing it to inorganic 
compounds that can be consumed directly by microalgae [50]. In return, microalgae 
produce oxygen via photosynthesis, which is required for heterotrophic bacterial 
growth during organic matter degradation [44]. The activated sludge treatment 
microalgae facilitate nitrification by generating a sufficient quantity of dissolved O2 
[51]. The integration of a bacterial-microalgal approach for wastewater treatment 
is a promising approach as heterotrophic bacteria degrade the organic matter in the 
absence of aerated oxygen, as the microalgae provide O2, and similarly, the need for 
CO2 sparging is eliminated as bacterial respiration produces it [52].

5.2 Industrial contaminants

Microalgae can remove most industrial contaminants like heavy metals. Heavy 
metal contamination in wastewater is primarily due to industrial processing. The 
use of microalgae for wastewater treatment is termed phycoremediation, where 
algae uptake the nutrients, accumulate heavy metals, and degrade organic matter via 
symbiotic interaction with heterotrophic bacteria [53]. Microalgae has the potential 
to utilize waste as a nutritional source and reduce pollutants via enzymatic and 
metabolic processes. The microalgal metabolic pathways make them detoxify, trans-
form and volatilize the heavy metal and xenobiotic pollution in wastewater [54]. 
Biosorption is the most commonly used mechanism by microalgae for either active 
or passive heavy metal uptake. Hence, biosorption is regarded as a cost-efficient way 
to eliminate heavy metals from industrial effluent [55]. The active algal biomass has 
a metal efflux metabolism-driven system for maintaining heavy metal concentration 
in intracellular space to avoid heavy metal toxicity. In microalgae, the heavy metal 
ions are distributed in cell vacuoles and organelles. In microalgae, the oxidation 
number of heavy metals is altered by various enzymatic reactions and makes them 
into less toxic forms. The microprecipitation of heavy metal removal in the form of 
phosphates and sulfates by active algal biomass is a practical approach to removing 
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heavy metals from wastewater [56]. The microalgal cell wall has an overall negative 
charge due to the presence of various functional groups; this makes the algal cell an 
entire binding site for heavy metal cations and involved in metal exchange via an 
ion-exchange mechanism [57].

5.3 pH

pH is an important abiotic parameter that decides the efficiency of wastewater 
treatment. The increased pH of wastewater leads to an adverse effect on bacterial 
activity. If the assimilation of inorganic carbon by microalgae is increased, the 
medium leads to an alkaline environment. Under the alkaline situation, the ben-
eficial activity of aerobic and facultative bacteria in wastewater is impaired. Many 
studies have reported the inactivation of bacterial activity at higher pH [58]. At the 
pH of 8.5–9.5, wastewater bacterial community like coliforms and other pathogenic 
microbes has been drastically reduced [59]. Many mechanisms lead to the elimina-
tion of bacterial community in wastewater, i.e., conformational changes in bacterial 
membrane structure, respiratory chain damage, and increased susceptibility to 
exogenous factors like light, temperature, etc. [60]. Sutherland et al. [61] reported 
a reduction in nutrient removal efficiency at higher pH from primary sewage 
wastewater treatment via a microalgae consortium. Martinez et al. [62] reported 
the disruption of the cell wall of S. obliquus while treated with municipal sewage 
effluent at pH > 11.

5.4 Temperature and light

The indigenous microbial community in the wastewater will also compete for 
nutrients and microalgae. Hence, to promote microalgal growth, the factors like 
temperature and light intensity has to be considered [63]. The rate of photosynthesis 
by microalgae is directly proportional to the optimum light intensity, as, beyond 
optimum, photoinhibition will take place [64]. The illumination saturation point for 
microalgae varies between 200 and 400 μE m−2 s−1 [65]. The illumination period and 
amount of light intensity to microalgae-bacterial culture affect the nutrient removal 
efficiency from wastewater. The prolonged dark conditions during wastewater 
treatment via microalgae-bacteria consortium lower biomass recovery and chloro-
phyll. Gonzalez-Camejo et al. [66] reported in a bacterial-microalgal consortium for 
wastewater treatment, the lower light intensity of 40 μE m−2 s−1 favors the activity of 
nitrifying bacteria. Whereas, higher light intensities of 85–125 μE m−2 s−1 favor more 
microalgal growth over nitrifying bacteria.

The environmental temperature also plays a major role in nutrient removal 
efficiency from wastewater by microalgae. Ruiz-Martinez et al. [67] evaluated 
the ammonium removal efficiency of Scenedesmus sp. at different temperatures 
and found that the removal rate increases from 15 to 34°C. Similarly, Sforza et al. 
[68] assessed at a lower temperature of 15°C Chlorella protothecoides remove more 
NH4+ N from effluent. The optimum temperature range of microalgae for waste-
water treatment is between 10 and 30°C [65]. Usually, under normal conditions, 
higher temperature leads to a high growth rate and increased nutrient uptake 
by microalgae due to higher metabolic activity; these conditions are not always 
desired with wastewater treatment. Cultivating microalgae in wastewater at a lower 
temperature may also require less light intensity to minimize light saturation and 
photo-inhibition.
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6. Future perspective and conclusion

In developing countries, almost 80% of the wastewater is discharged untreated 
to land or waterbodies, which may lead to serious health risks and environmental 
issues like eutrophication. Due to rapid industrialization and the global popula-
tion, the requirement for fresh water and wastewater discharge is increasing daily. 
Conventional sewage treatment processes are not much desired due to their inability 
to reduce the nutrient concentration to acceptable levels in wastewater.

Microalgae-bacteria-based consortium to recover nutrients from wastewater is an 
alternative to conventional processes as both organisms establish a symbiotic relation-
ship. Bacteria utilize the organic matter from sewage wastewater and produce CO2 as 
a by-product. The microalgae, in turn, utilize the bacteria discharges CO2 and produce 
carbohydrates and O2, required for biomass production, and the latter serves as a 
terminal electron acceptor for bacterial respiration.

Integrating microalgae-based biorefinery is a promising approach with dual 
benefits, i.e., wastewater treatment and high-value biomass generation for biofuel 
production to make the wastewater treatment sustainable, eco-friendly, and eco-
nomically viable. The microalgae in sewage wastewater treatment have a tri purpose 
of bioenergy production from generated microalgal biomass, phycoremediation, and 
organic farming with much less damage to soils and human health than chemical 
fertilizers.
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Chapter 6

Predictive Control, a Strategy for
Dissolved Oxygen Control in a
Wastewater Treatment Plant
Jose A. Muñoz Hernandez, Luis Eduardo Leguizamon
and Helmer Muñoz Hernandez

Abstract

This chapter presents a strategy for controlling the concentration of dissolved
oxygen (DO) in the bioreactor of a pilot wastewater plant (WWTP). The control
strategy being developed is model-based predictive control (MPC). To apply the
control algorithm, the estimation of the oxygen transfer function (KLa) is first
performed, then the model and linearization technique are determined and finally the
MBPC controller is designed. The results are simulated in MATLAB® and executed in
the plant control and supervision system Supervisory Control and Data Acquisition
(SCADA) in LabVIEWTM. This chapter is organized as follows: Section 1 presents a
brief introduction, and Section 2 determines and describes the model to be used and
its respective linearization, as well as the results obtained for the KLa parameter.
Finally, Section 3 describes the design methodology of the generalized predictive
control (GPC) controller proposed by Clarke, using the Model Predictive Control
Toolbox and the EPSAC strategy developed by De Keyser. It should be noted that the
simulations in each of the sections were performed in MATLAB® and executed in the
control and supervision system with the MATLAB® script interface in LabVIEWTM.

Keywords: predictive control, oxygen control, wastewater treatment plant, modeling,
linearization

1. Introduction

The WWTP treats water from a pipeline of a sector in a community, and the
activated sludge used comes from the wastewater plant (WWTP) of a nearby resi-
dential complex. Its main objective is to serve as a didactic and experimental means
for learning, simulation, and research in the area of control of this biological process.
Oxygen transfer is an important factor for aerobic biological water purification pro-
cesses; hence, the need to obtain a good estimation of this parameter. Consequently,
this chapter discusses a strategy for the control of dissolved oxygen (DO). The pro-
posed control strategy is the Model-Based Predictive Control (MPC). In this strategy,
a model of the process is used to predict how the system will behave under a proposed
sequence of control actions u(t). Traditionally, a linear model is used where an
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optimal control action can be calculated; however, when nonlinear models are used in
the algorithm, a numerical search algorithm is used to calculate an optimal sequence
uopt(t).

2. Process and modeling of wastewater systems

In this part, the generalities of the process are described, and some techniques for
obtaining important parameters in the modeling process of a wastewater treatment
plant are proposed and a linear version of the ASM1 model is proposed.

2.1 General concepts

In the application of predictive control techniques based on models, it is necessary
to have quality models; otherwise, you will have erroneous predictions and the control
system will not be good. The predictions are carried out using a model of the process,
with which the specification of a reference trajectory is obtained. De Keyser proposed
some process models that can be used in the implementation of predictive control
strategies (EPSAC Model) [1]. The output of the model can be seen in Figure 1.

Figure 1 shows schematically the representation of the system taking into account
the effect of noise n (colored noise), where the response to an input u can be obtained
with the Eq. (1):

y tð Þ ¼ x tð Þ þ n tð Þ (1)

The disturbance is represented by n(t) and corresponds to colored noise, a random
signal that removes the offset. x is the result of the process model, while y corresponds
to the measured value. The colored noise signal n(t) can be represented by Eq. (2):

n tð Þ ¼ C q�1ð Þ
D q�1ð Þ e tð Þ (2)

With, e(t): White noise (uncorrelated noise with zero mean value).
The transfer function (TF) between e(t) and n(t) describes the disturbance class

and corresponds to the noise filter and is given by Eq. (3):

C q�1ð Þ
D q�1ð Þ ¼

1þ cq�1ð Þ
1þ dq�1
� �

1� q�1ð Þ (3)

The output of model x can be written as Eq. (4):

x tð Þ ¼ f x t� 1ð Þ, x t� 2ð Þ, … , u t� 1ð Þ, u t� 2ð Þ, …½ � (4)

Figure 1.
Process model representation.
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A special kind of EPSAC Model is the CARIMA Model [2]. This model links the
process model and the disturbance model, as shown in Eq. (5):

A q�1
� �

y tð Þ ¼ B q�1
� �

u tð Þ þ C q�1ð Þ
1� q�1

y tð Þ ¼ B q�1ð Þ
A q�1ð Þ u tð Þ þ C q�1ð Þ

A q�1ð Þ 1� q�1ð Þ
y tð Þ ¼ x tð Þu tð Þ þ n tð Þe tð Þ

(5)

x(t) represents a pulse transfer function and B(q-1) and A(q-1) are given by Eq. (6):

B q�1
� � ¼ b1q�1 þ … þ bnbq�nb

A q�1
� � ¼ 1þ a1q�1 þ … þ bnaq�na

(6)

The model can also be obtained using neural networks or Fuzzy modeling tech-
niques. The model obtained for the wastewater treatment plant is presented below.

2.2 Oxygen transfer function estimation, KLa

In a wastewater treatment system, oxygen must be available at a rate equivalent to
the oxygen demand load exerted by the wastewater entering the plant. The process
consists of bringing the wastewater in contact with oxygen, transferring it across the
gas-to-liquid interface to dissolve it in the liquid, and then transferring the dissolved
oxygen through the liquid to the microorganisms. The dynamics of DO concentration
change can be represented by Eq. (7):

dSo
dt
¼ KLa Sosat � Soð Þ (7)

where So is the dissolved oxygen concentration DO, Sosat is the oxygen saturation
concentration, KL is the oxygen transfer coefficient, and a is the total interfacial
contact area per unit volume of liquid. Since it is admittedly impossible to measure the
interfacial area a, the total term KLa is estimated [3]. To obtain the KLa parameter, the
integration, differentiation, and with oxygen consumption methods were initially
used in transient regime [4], assuming negligible biomass concentrations, proceeding
first to deoxygenate the wastewater, bringing the DO to a value close to zero. Then
aeration is restarted, measuring the increase in DO concentration over time using the
DO sensor. In Figure 2, it can be seen how the DO concentration increases at different
airflow rates until reaching a steady state.

The determination of KLa with the integration method proposes to separate vari-
ables and integrate Eq. (7). Assuming that KLa does not depend on the sampling time,
it is obtained Eq. (8):

ln Sosat � Soð Þ ¼ �KLat (8)

With this equation, a straight line can be obtained from a semi-logarithmic graph
(Sosat - So) as a function of time, where KLa is its slope, as shown in Eq. (9):

KLa ¼ �
ln Cf=Ci
� �
tf � ti

∗

60 (9)
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where ti and tf are the initial and final time selected for the slope, Ci = (Sosat - So)
in ti and Cf = (Sosat - So) in tf. It is multiplied by 60 to convert from minutes to hours,
when the samples have been taken in minutes. The results obtained can be seen in
Figure 3. Here, it is observed that the greater the airflow, the greater the slope (KLa).

With these results, Figure 4 shows the curve obtained from KLa, whose behavior
resembles a first-order system.

The differentiation method is based on the difference of (Sof - So), where Sof is the
last sampled OD data. KLa is obtained from Eq. 10:

KLa ¼
d ln Sof � So

� �� �
dt

∗

60 (10)

Figure 3.
Slope (-KLa). Left: Function on time. Right: Function on time and airflow.

Figure 4.
KLa integration method.

Figure 2.
DO concentration. Left: Function on time. Right: Function on time and airflow.
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The results are shown in Figure 5, where it is observed that the slope for the
different levels of airflow can be obtained in the first 300 seconds, during which
period the slope remains constant.

In a similar way, the KLa curve is obtained, as a function of the airflow, observing
a behavior similar to that of a first-order system, as shown in Figure 6.

In activated sludge processes, when the wastewater under treatment has a signifi-
cant concentration of microorganisms, it is necessary to take into account the oxygen
consumption (respiration) [4], since the mass balance presented in Eq. (7) is affected
as show in Eq. (11):

dSo
dt
¼ KLa Sosat � Soð Þ � R (11)

where R is the rate of oxygen utilization (respiration rate). Then Eq. (11) can be
written as Eq. (12):

dSo
dt
¼ KLaSosat � Rð Þ � KLaSo (12)

Eq. (12) indicates that the derivative term dSo/dt as a function of So provides a
straight line whose slope is equal to KLa and its cutoff point with the ordinate is (KLa.
Sosat - R), value from which R can also be calculated. Figure 7 shows the derivative

Figure 5.
Slope ln(Sof - So). Left: Function on time. Right: Function on time and airflow.

Figure 6.
KLa differentiation method.
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dSo/dt with respect to So, the value of KLa (slope), and the value of R (cutoff point on
the ordinate).

Figure 8 shows that the behavior of KLa as a function of the airflow obtained by
this method also follows a dynamic similar to that of a first-order system.

The oxygen transfer function KLa describes the rate at which oxygen is transferred
to the activated sludge by the aeration system. This function is nonlinear and depends
on several factors, the main one being the airflow rate. Eq. (7) can be written as
Eq. (13):

dSo
dt
¼ KLa qA tð Þ� �

Sosat � Soð Þ (13)

where qA(t) is the airflow rate entering the bioreactor. Here, it is assumed that
KLa depends on the nonlinearity of the airflow rate. A typical function of KLa is
shown in: Figure 4, Figure 6, and Figure 8, where it is observed that the slope of KLa
changes when the airflow rate changes [3]. Based on the behavior of KLa observed in
these figures, it can be assumed that it corresponds to a first-order system that can be
represented by the differential equation, Eq. (14):

b
dKLa qA tð Þ� �

d qA tð Þ� � þ KLa qA tð Þ� � ¼ au qA tð Þ� �
(14)

Figure 7.
Slope (dSo/dt). Left: Function on time. Right: Function on time and airflow.

Figure 8.
KLa oxygen consumption method.
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where b is the time constant of the system, a is the gain of the system, and u(qA
(t)) is the input of the system. Applying the Laplace transform to Eq. (14), the
transfer function of the system is modeled with Eq. (15):

KLa sð Þ
u sð Þ ¼

a
bsþ 1

(15)

The step response of the system is obtained with of the inverse Laplace transform,
as shown in Eq. (16):

KLa qA tð Þ� � ¼ a 1� e
�qA tð Þ

b

� �
(16)

The values of the parameters a and b are determined by identification using the
Smith model [5]. In this model, it is proposed that the steady state gain a can be easily
obtained from the graph of the step response of the system, while the system constant
b corresponds approximately to the time in which 63.2% of the final steady state
response is reached [6].

The gains (a) at steady state are determined to be 30.05, 61.38, and 61.66 for the
integration, differentiation, and oxygen consumption methods, respectively. On the
other hand, the constants of qA(t) are 1.386, 0.214, and 0.2042. These constants are
calculated by linear interpolation or by a cubic spline. The identified models for
integration, differentiation, and with oxygen consumption correspond to the follow-
ing transfer functions, as shown in Eq. (17), Eq. (18), and Eq. (19):

KLa sð Þ
u sð Þ ¼

30:05
1:386sþ 1

(17)

KLa sð Þ
u sð Þ ¼

61:38
0:214sþ 1

(18)

KLa sð Þ
u sð Þ ¼

61:66
0:2042sþ 1

(19)

The verification of the models is performed by comparing the process signal (red)
with the model signal (blue), as shown in Figure 9, in which it can be seen that there
is a good tracking and consequently the error is low. The value of KLa is found by
applying Eq. (16), for a given value of airflow qA(t).

Figure 9.
Transfer function KLa. Left: integration. Center: differentiation. Right: with oxygen consumption.

105

Predictive Control, a Strategy for Dissolved Oxygen Control in a Wastewater Treatment…
DOI: http://dx.doi.org/10.5772/intechopen.108816



For data acquisition, supervision, and control of theWWTP, a Supervisory Control
and Data Acquisition (SCADA) system is designed in LabVIEWTM [7]. The block
diagram and the front panel of the virtual instrument (VI) in the control and moni-
toring system are shown in Figure 10.

2.3 Modeling and linearization of the WWTP

The use of the ASM1 model [8] is proposed to obtain the mathematical models
(mainly for the biological model and the dissolved oxygen model). Among the main
variables to be controlled in a WWTP are the control of the organic content in the
effluent (BOD) and the control of nutrients (nitrogen and phosphorus). However,
given the low concentrations found of these last two compounds in the wastewater to
be treated, this chapter will focus on DO control in the bioreactor. This leads us to
conclude that the proposed model can be simplified, eliminating for example the
equations that have to do with the rate of change of nitrogen concentration and some
other differential equations and variables that would not be necessary to take into
account in this study.

Figure 11 shows the configuration and ratio of the activated sludge WWTP inlet
and outlet flows, where part of the effluent biomass (XR) is recycled to the bioreactor.
The effluent from the bioreactor (QBS) feeds the clarifier (settler), used to separate
substrate and biomass. On the other hand, part of the biomass in the clarifier is fed
back to the bioreactor (QR), while the excess biomass (QW) is removed from the
process.

Figure 10.
Left: block diagram integration. Right: front panel of the virtual instrument (VI).

Figure 11.
Configuration and flow ratio at the WWTP.
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where,
Qf = Inflow (300 l/min = 18 m3/h).
QBS = Flow from bioreactor to settler (QBS = 1.5 Qf).
QR = Biomass recirculation flow (QBS – Qf), approximately 50% del Qf.
Qe = Output flow (Qe = 0.6QBS).
QW = Residual biomass flow (QW = QBS – QR – Qe), approximately 20% of QR.
QA = Airflow.
V = Bioreactor volume (1.2 m3).
The mass balances for substrate, dissolved oxygen, and heterotrophic biomass

concentrations in the bioreactor are represented by the differential equations
Eqs. (20)-(22).

• Substrate balance:

dSs
dt
¼ Qf

V
Ssf � Ss
� �� μH

YH

Ss
KS þ Ss

� �
So

KOH þ So

� �
XH (20)

• Oxygen balance:

dSo
dt
¼ Qf

V
Sof �

Qf þQR

V
Soþ YH � 1

YH
μH

Ss
KS þ Ss

� �
So

KOH þ So

� �
XH þ a 1� e

�QA
b

� �
Sosat � Soð Þ

(21)

• Heterotrophic biomass balance:

dXH

dt
¼ Qf

V
XHf � Qw

V
Qf þ QR

Qw þ QR

� �
XH þ μH

Ss
KS þ Ss

� �
So

KOH þ So

� �
XH � bHXH (22a)

These equations represent a nonlinear system, where KLa ¼ a 1� e
�QA
b

� �
in accor-

dance with the foregoing, being QR, Qw y QA the manipulated variables, where,
Ss = Substrate concentration in the bioreactor.
Ssf = Substrate concentration in inflow.
So = Oxygen concentration.
Sof = DO concentration in the inflow.
XH = Heterotrophic biomass concentration.
XHf = Heterotrophic inflow biomass.
YH = Yield Heterotrophic biomass.
μH= Maximum specific biomass growth rate.
KS = Average Monod saturation constant for the substrate.
bH = Biomass decay rate.
KOH = Mean Monod saturation constant for oxygen for heterotrophs.
To simplify the system of equations, the following constants are formed:

D ¼ Qf

V
,D1 ¼ μH

YH
,D3 ¼

Qf þ QR

V
,D4 ¼ YH � 1

YH
μH,D5 ¼ Qw

V
Qf þ QR

Qw þ QR

� �

K1 ¼ Ss
KS þ Ss

, K2 ¼ So
KOH þ So

(22b)
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When replacing, you have Eqs. (23)–(25):

dSs
dt
¼ D Ssf � Ss

� ��D1K1K2XH (23)

dSo
dt
¼ DSof �D3SoþD4K1K2XH þ a 1� e

�QA
b

� �
Sosat � Soð Þ (24)

dXH

dt
¼ DXH f �D5XH þ μHK1K2XH � bHXH (25)

The results obtained with the nonlinear model are shown in Figure 12, which
shows the accumulation of biomass until the adaptation of the microorganisms in the
bioreactor, once they begin to grow the substrate decreases. On the left without
airflow and on the right supplying 3.3985 m3/h, for integration (blue), differentiation
(red), and with oxygen consumption (green).

Eqs. (23)–(25), linearized by Taylor series, result in Eqs. (26)–(28):

Δ _Ss ¼ � DþD1K2oK3XHoð ÞΔSs� D1K1oK4XHoð ÞΔSo
� D1K1oK2oð ÞΔXH

(26)

Δ _So ¼ D4K2oK3XHoð ÞΔSsþ D4K1oK4XHo �D3 � a 1� e
�QAo

b

� �h i
ΔSoþ …

D4K1oK2Oð ÞΔXH þ a
b

Sosat � Sooð Þe�QAo
b

h i
ΔQA

(27)

Δ _XH ¼ μHK2oK3XHoð ÞΔSsþ μHK1oK4XHoð ÞΔSo
þ μHK1oK2o �D5 � bHð ÞΔXH

(28)

Here Sso, Soo, XHo, QAo, K1o, and K2o are the parameters and constants evaluated at
the point of operation. The constants K3 y K4 correspond to the partial derivatives of
K1 and K2, respectively. The incremental variables are: ΔSs ¼ Ss� Sso, ΔSo ¼ So� Soo
y ΔXH ¼ XH � XHo.

Figure 12.
Concentrations nonlinear system Top: OD. Center: substrate. Bottom: biomass.
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As a result, the linear model is obtained with Eq. (29):

Δ _Ss
Δ _So
Δ _XH

2
64

3
75 ¼

Ss1 Ss2 Ss3
So1 So2 So3
XH1 XH2 XH3

2
64

3
75

ΔSs
ΔSo
ΔXH

2
64

3
75 þ

D1 0 0 0

0 D1 0 So4
0 0 D1 0

2
64

3
75

ΔSsf
ΔSof
ΔXHf

ΔQA

2
6664

3
7775 (29)

where,

Ss1 ¼ � DþD1K2oK3XHoð Þ
Ss2 ¼ � D1K1oK4XHoð Þ
Ss3 ¼ � D1K1oK2oð Þ
So1 ¼ D4K2oK3XHoð Þ
So2 ¼ D4K1oK4XHo �D3 � a 1� e

�QAo
b

� �h i

So3 ¼ D4K1oK2Oð Þ
So4 ¼ a

b
Sosat � Sooð Þe�QAo

b

h i

XH1 ¼ μHK2oK3XHoð Þ
XH2 ¼ μHK1oK4XHoð Þ
XH3 ¼ μHK1oK2o �D5 � bHð Þ

(30a)

The linear model obtained in incremental variables is Eq. (30).

Δ _Ss
Δ _So
Δ _XH

2
64

3
75 ¼

‐14:8622 ‐0:1117 ‐0:0028
‐4:8220 ‐0:5977 ‐0:0009
9:7902 0:0748 ‐0:0856

2
64

3
75

ΔSs
ΔSo
ΔXH

2
64

3
75 þ

0:25 0 0 0

0 0:25 0 143:9339

0 0 0:25 0

2
64

3
75

ΔSsf
ΔSof
ΔXHf

ΔQA

2
6664

3
7775

(30b)

3. Predictive control strategy

3.1 Concepts

Model-based predictive control, MBPC, corresponds to a control strategy that uses
a model of the system dynamics to predict the future behavior of the system over a
finite time window called horizon. The predictive control strategy corresponds to an
optimal control algorithm, which asks how best to control the system and calculates
the future control action “u(t)” as a function of a penalty or cost function. The
optimization of predictive control is limited to a moving time interval and is carried
out continuously online.

Based on the model predictions and the actual measurement or estimation of the
system state, the optimal control inputs are calculated, based on the defined control
objective, and subject to the imposed constraints. After a time interval, the measure-
ment, estimation, and calculation processes are repeated using a shifted horizon.
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Among the advantages is that the controller can anticipate future disturbances and
can be applied to systems with high nonlinearities without the need to perform system
liberalization and finally can explicitly consider operational, physical, or safety con-
straints of the system.

The following are the three ingredients of an optimal control problem.
Model: the model will be used to predict the evolution of the state for a given

sequence of inputs, as shown in Eq. (31):

xtþ1 ¼ f xt, utð Þ (31)

Given a sequence of inputs, if you have a model, you can predict the evolution of
the trajectory, that is, the evolution of the state in the future.

Objetive is used to assign a cost to a given trajectory and qualifies how good a
given trajectory is for the task to be performed. The objective is written as a cost
function, which depends on the sequence of states x and inputs u, mapping it to a
scalar, as shown in Eq. (32):

J x1:T, u1:Tð Þ ¼
X
t∈ T½ �

gt xt, utð Þ (32a)

where,

x1:T ≔ x1, … , xTð Þ; u1:T ≔ u1, … , uTð Þ

Restrictions codify the allowed domains for states and entries:

xtþ1 ¼ f xt, utð Þ,∀t∈ T � 1½ �
xt ∈X t,ut ∈U t; ∀t∈ T½ �
x1 ¼ xinit

(32b)

3.2 Solution of the optimization problem

In general, there is no closed solution to this type of problem, and in general
numerical methods must be used to solve MATLAB and Python.

Using an optimal control strategy does not guarantee success due to several rea-
sons. Firstly, the prediction model will always have errors, since it is an abstraction of
the real system. Errors accumulate over time resulting in divergent predictions. If the
control sequence u is applied to the open-loop prediction model, it will follow a
different trajectory than the actual one and the task will not be carried out accurately.
Secondly, even if you have a perfect model, knowing how the system behaves to the
inputs that are applied, but you have a very long task horizon, if you want to apply an
optimal control strategy to the entire sequence that is too long, you have the problem
of having many time steps to consider in the optimization. Thus, you have a problem
that is too long and too difficult to solve in a limited amount of time.

3.3 Model-based predictive control

Model-based predictive control adds an idea to the optimization problem
explained in the previous section. Instead of optimizing for the complete trajectory in
the future, the following receding horizon control is done:
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You start at the current time step, considering only the current state.
From there, you only look ahead and only consider a limited preview, e.g. the next

50 steps.
Only the first entry is applied, then plan again.
Figure 13 shows a general scheme of the predictive control strategy, where it is

observed that first the state is measured, then the task is assigned to the optimizer, to
optimize for example the next 50 steps in time in the future, and from these 50 steps
in time, the optimal solution is taken, taking only the first input to be applied to the
system, to then measure the new state, that is, re-planning from there. The advantage
is that errors can be taken into account because replanning introduces feedback and
reduces the size of the problem, because you only need to plan for the next 50 time
steps, for example.

Figure 14 shows a general scheme corresponding to the predictive control strat-
egy, MBPC. The method consists of a computerized algorithmic control software
based on optimization, where the best control policy is chosen so that it meets a
defined criterion, for example, after 10 samples is desired that the output y is on the
set point.

Figure 14 shows that past information is available, past control policy data (u(t-1),
u(t-2)… ) and past process output information (y(t-1), y(t-2)… ). Two cases are
shown on how the process output will evolve in the future for two future inputs u to
the process and the reference output r is shown. N2 corresponds to the prediction

Figure 13.
General block diagram of a MBPC strategy.

Figure 14.
General scheme of a MBPC strategy.
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horizon and corresponds to one of the MBPC design parameters. In this strategy, u is
selected such that the shaded area corresponding to the evolution of the process
output in the future is minimal.

The MBPC algorithm can be described as follows:

• Input: Objective (cost function) J, Dynamics model f, horizon T, initial guess û1:T;

1.u1:T  û1:T;

2.While task not completed do

xinit  Get current state ();

u1:T Solve optimization problem

u first u1:Tð Þ
ApplyInput uð Þ to the system

3.Start again

The Diophantine equations propose the generalized predictive control (GPC)
strategy, while the EPSAC strategy [1] proposes filtering techniques, where the pre-
diction of the process output is given by:

y tþ k=tð Þ, k ¼ 1, 2, … , N2
� �

(33a)

and is based on available measurements of the control input u and the output y at
instant t:

y tð Þ, y t� 1ð Þ… , u t� 1ð Þ, u t� 2ð Þ, …� �
(33b)

What the control algorithm must calculate is the last value of the input u(t).
Similarly, future values of the control input u must be postulated:

u t=tð Þ, u tþ 1ð Þ=t, u tþ 2=tð Þ…f g (33c)

• Output prediction: The process output prediction is given by two terms, namely
the model output prediction and the disturbance prediction, as shown in Eq. (33):

y tþ k=tð Þ ¼ x tþ k=tð Þ þ n tþ k=tð Þ

Model prediction can be obtained using the parallel method as it is simpler and is
used in stable processes, as shown in Figure 15.

• Disturbance prediction: In Eq. (34), the disturbance prediction can be obtained
by defining a hypothetical filter nf (the signal does not exist), and this value must
be stored in the computer memory, as it will be needed at time instant t + 1:

nf ¼ D q�1ð Þ
C q�1ð Þ n tð Þ
¼ �c1nf t� 1ð Þ � c2nf t� 2ð Þ � …

… þ n tð Þ þ d1n t� 1ð Þ þ d2n t� 2ð Þ þ …

(34)
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All the information in Eq. (34) is known, it is from the past and is in the computer’s
memory, and the value of n(t) can be found from (1) for k = 0, as shown in Eq. (35):

n tð Þ ¼ y tð Þ � x tð Þ (35)

The future prediction of nf is given by Eq. (36):

nf tþ k=tð Þ � 0,k ¼ 1…N2 (36)

In Eq. (37), the average of this signal is zero (0), because,

nf tð Þ ¼ D q�1ð Þ
C q�1ð Þ

C q�1ð Þ
D q�1ð Þ e tð Þ ¼ e tð Þ (37)

White noise is an uncorrelated signal, so it cannot be predicted (μe = 0), while n(t)
corresponds to a correlated colored noise signal, where there is trend, then its value
can be predicted (the prediction corresponds to the mean, μe 6¼ 0). The forward
prediction of n(t) is given by Eq. (38):

for k ¼ 1 : N2

n tþ k=tð Þ ¼ C q�1ð Þ
D q�1ð Þ nf tþ k=tð Þ (38)

The best prediction of the future random n signal is obtained using Eq. (39):

n tþ k=tð Þ ¼ d1n tþ k� 1=tð Þ � d2n tþ k� 2=tð Þ � …

þnf tþ k=tð Þ þ c1nf tþ k� 1=tð Þ (39)

• Base/Optimizing response: according to the superposition principle, the
forward response of the system can be written as Eq. (40):

y tþ k=tð Þ ¼ ybase tþ k=tð Þ þ yoptimize tþ k=tð Þ (40)

• ybase t þ k=tð Þ : it takes into account the effects of past control actions, {u(t-1), u
(t-2) … }, the effects of a basic future control scenario (u_base (t + k/t)), which is
chosen for linear systems, and in nonlinear systems it is different, and finally the
effect of future perturbations n(t + k/t).

• yoptimize t þ k=tð Þ: it takes into account the effect of optimization of future control
actions, {δu t=tð Þ, δu tþ 1=tð Þ,… δu tþNu � 1=tð Þ}.

Figure 15.
Parallel model prediction.
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Figure 16 shows the past, base, and sought control actions u(t + k/t). In order to
reduce the number of computations and the size of the matrices, another design
parameter is introduced, the control horizon Nu.

The control algorithm finds by optimization (minimizing the prediction errors),
the future values of δu(t + k/t)(vector with Nu elements), adds them to the control
signal ubase, to obtain the values of u(t + k/t).

yoptimize(t + k/t) can be calculated using the impulse response coefficients up to
the value of Nu, with the last coefficient given by the value of the step response
coefficient given by Eq. (41):

yoptimize tþ k=tð Þ ¼ hkδu t=tð Þ þ hk�1δu tþ 1=tð Þ þ …

… þ gk�Nuþ1δu tþNu � 1=tð Þ (41)

According to [1], the basic equation for the EPSAC algorithm can be written in
Eq. (42):

Y ¼ Y þG:U (42)

Y ¼ y tþN1=tð Þ… y tþN2=tð Þ½ �T

Y ¼ ybase tþN1=tð Þ, … ybase tþN2=tð Þ� �T

U ¼ δu t
t

� �
… δu tþNu � 1=tð Þ…� �T

8>><
>>:

9>>=
>>;

The objective of the predictive controller consists of finding the control vector, {u
(t + k/t), k = 0… N2–1}, that minimizes the following cost function, as shown in Eq. (43):

XN2

k¼N1

r tþ k=tð Þ � y tþ k=tð Þ½ �2 (43)

Figure 17 shows the error between the forward trajectory of the process and the
postulated reference.

EPSAC proposes the following solution for an unconstrained linear system, as
shown in Eqs. (44) and (45):

XN2

k¼N1

r tþ k
t

� �
� y tþ k

t

� �� �2
¼ R�Y �G:U
� �T R� Y �G:U

� �
(44)

Figure 16.
u, past, base, and optimum control actions.

114

Sewage Management



U ∗ ¼ GTG
� ��1

GT R�Y
� �� �

(45)

The actual control action applied to the process is shown in Eq. (46):

u tð Þ ¼ ubase t=tð Þ þ δu t=tð Þ ¼ ubase t=tð Þ þ U ∗ 1ð Þ (46)

3.4 Predictive control of DO concentration in the WWTP

The basic MPC strategy consists of estimating the error of the future to determine
the value of the control signal, predicting the future outputs, by means of the past
outputs and the control signals. GPC control will be used, starting from the CARIMA
prediction model based on a transfer function (TF) model [9], Eq. (44):

y tð Þ ¼ x tð Þ þ n tð Þ ¼ B z�1ð Þ
A z�1ð Þ u t� 1ð Þ þ C z�1ð Þ

ΔD z�1ð Þ e tð Þ (47)

where,
x(t) = process transfer function, n(t) = disturbance transfer function, Δ = integra-

tor in the disturbance, e tð Þ = white noise, and u(t-1) = control action (intrinsic delay in
the process). With A(z�1), B(z�1), C(z�1), and D(z�1), polynomials are obtained by
identification. Following the procedure described in (Aguado A), Eq. (47) is
transformed into Eq. (48):

ŷ tþ i=tð Þ ¼ GiΔu tþ i� 1ð Þ þ ΓiΔuf t� 1ð Þ þ Fiyf tð Þ (48)

This expression allows us to know at instant t, the value of the predicted output at
instant t + i. Here, Gi yΓi y Fi are polynomials FIR in z�1. Δuf and yf are filtered inputs
and outputs, respectively. The vector expression of the prediction model is shown in
Eq. (49):

Y ¼ Guþ ΓΔUf þ FYf (49a)

where,

ΔUf ¼ Δuf t� 1ð Þ…Δuf t� 2ð Þ…Δuf t� ntð Þ� �T
(49b)

Yf ¼ yf tð Þ… yf t� 1ð Þ… yf t� nað Þ� �T

Figure 17.
Objective of the predictive control strategy.
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The N present and future control actions are calculated from the minimization of
the quadratic cost index, as shown in Eq. (50):

J uð Þ ¼
XN
i¼1

αi ŷ tþ i=tð Þ � w tþ ið Þ½ �2 þ
XN
j¼1

λj Δu tþ j� 1ð Þ½ �2 (50)

The index in vector form is shown in Eq. (51):

J uð Þ ¼ Y �Wð ÞTα Y �Wð Þ þ uTλu (51)

α and λ are diagonal matrices of NxN, with:

Y ¼ ŷ tþ 1=tð Þ… ŷ tþ 2=tð Þ… ŷ tþN=tð Þ½ �T (52)

u ¼ Δu tð Þ…Δu tþ 1ð Þ…Δu tþN � 1ð Þ½ �T (53)

W ¼ W tþ 1ð Þ…W tþ 2ð Þ…W tþNð Þ½ �T (54)

Substituting Eq. (49) into equation Eq. (51), we obtain the expression that calcu-
lates the N future changes of the control action that minimizes the quadratic cost
index, as shown in Eq. (55):

u ¼ GTαGþ λ
� ��1

GTα W � ΓΔUf � FYf� �
(55)

Although the N control actions are computed, the linear controller only imple-
ments the first Δu(t), converting u into:

Δu tð Þ ¼ hW � hΓΔUf � hFYf (56)

where h is the first row of GTαGþ λ
� ��1

GTα.
The Z-transform of Δu tð Þ allows us to obtain the configuration of the GPC con-

troller, as shown in Figure 18, represented by Eq. (57):

u zð Þ ¼ T z�1ð Þ
T z�1ð Þ þ R z�1ð Þz�1ð ÞΔ H zðð ÞW zð Þ � S z�1ð Þ

T z�1ð Þ y zð Þ
� �

(57)

From the linear system found, the gain matrix of the KMPC controller was found
using the Model Predictive Control Toolbox:

KMPC ¼ 0:0058156 1:9218e‐006 ‐6:0503e‐006 ‐1:209e‐007 1:8134e‐006 2:4445e‐006½ �

Figure 18.
GPC controller (green).
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To determine the robustness of the GPC, simulations were performed with and
without perturbation for different reference values of the DO. In all of them, the
performance achieved was adequate. By way of explanation, the case is reproduced
when there is no disturbance in Figure 19, where the set point (red) of 2, 1, 4, and
1 mg/l of DO is reached in the upper part, while the lower part shows the control
actions sent to the valve that regulate the airflow.

If disturbances to the controller and to the process output are involved, the block
diagram shown in Figure 20 [10] is obtained.

When the plant is subjected to disturbances, as shown in Figure 21, a faster control
action is observed, causing the response to have a slight overshoot. However, the DO
set point is reached.

The MPC controller design methodology has a great acceptance in the control of
the different variables that are present in the wastewater treatment processes, thanks
to its great robustness and the availability of software that allows the development and
execution of the algorithms necessary for its implementation.

This chapter shows the possibility of controlling the concentration of DO in a
WWTP from a GPC, whose algorithm has been programmed in MATLAB and
executed in a LabVIEW supervisory system.

4. Conclusions

The MPC controller design methodology is widely accepted in the control of the
different variables that occur in wastewater treatment processes, thanks to its great

Figure 19.
Left: no valve restrictions. Right: with valve restrictions.

Figure 20.
GPC controller, with disturbances.
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robustness and the availability of software that allows the development and execution
of algorithms necessary for its implementation. One of its advantages is to guarantee
lower energy consumption due to the fact that the steps of the control action are
smaller and of an anticipated type, resulting in lower opening values of the airflow
valve.

This work shows how to control the concentration of DO in a WWTP from a GPC,
whose algorithm has been programmed in MATLAB and executed in a LabVIEW
SCADA system. It was based on the step response of the system and the description in
state space, with or without restrictions in the airflow (manipulated variable) and/or
in the concentration of DO (controlled variable), either in the presence or not of
disturbances in the system (concentrations of dissolved oxygen, substrate, and bio-
mass in the inlet flow to the bioreactor). In the different simulations and tests in the
implemented controller, it was found that when there are no restrictions neither in the
airflow valve nor in the DO sensor, even if disturbances are present, the set point is
adequately reached in all cases. On the contrary, when physical restrictions are pre-
sent in the airflow and/or the oxygen concentration, there are moments in which the
desired value of the controlled variable is not adequately reached.
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Figure 21.
Left: no valve restrictions. Right: with valve restrictions.
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Chapter 7

Simulation of Permanent
Movement in Collectors
Non-Standardized Sewerage
Mihail Luca

Abstract

Sewage collectors for domestic waste water and rainwater have flow sections that
are standardized in shape and size. The collector with vertical dimension H > 1.50 m is
admitted to be visitable and for H ≤ 0.80 m it is not visitable. Sewage collectors can be
made in demanding situations with non standardized flow sections. A series of natural
and anthropogenic action can change the geometric and hydraulic parameters of the
flow section over time. Thus, the flow section no longer respects the initial geometric
and hydraulic parameters and becomes a non-standardized section. Knowing the
hydraulic parameters at such a flow section becomes difficult for monitoring the
mining process. The circular, ovoid, circular bell, parabolic bell type flow section
transforms into sections consisting of straight lines and circular arcs or only circular
arcs. The factors that produce are erosion, siltation and cementation of transported
material, repair and rehabilitation works and others. The erosion phenomenon also
causes a change in the roughness on the watered perimeter of the section. In order to
obtain the hydraulic operating parameters of the visitable sever collectors with non-
standard flow section, several calculation programs have been elaborated on the forms
of permanent water movement.

Keywords: hydraulic calculation, visitable collector, polycentric sections, variable
roughness, calculation program

1. Introduction

The transport of waste water required the definition of flow cross-sections with
simple geometric shapes, which would achieve high transport velocities towards the
lower part of the section. The most used geometric shapes for sewer collectors are
circle, ovoid and bell with various variants (circular, elliptical and parabolic).
Hydraulic calculation methods were developed for these geometric shapes, which
were standardized and included in design regulations [1].

The hydraulic calculation for dimensioning and verification of sewer collectors has
evolved over time according to the contribution of scientific research. From the
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grapho-analytical calculation used about 50 years ago [2–4], we have reached the use
of special calculation programs based on the classic geometric shapes of sewer
collectors [5, 6].

Current hydraulic research on sewer manifolds is focused on several areas of
interest. One area of research analyzes the velocity profile in the flow section and its
optimization to increase the sediment transport velocity by using the maximum
entropy principle, CFD or numerical methods for special situations and so on [7, 8].
Another field of research analyzes ways to increase the flow rate in the flow section
taking into account the geometric and hydraulic parameters [9, 10]. Research is
mainly carried out on closed and free-flowing channel sections (mainly circular and
ovoid) [10, 11].

An important field of research lately is represented by the monitoring of the
functional parameters of the sewerage networks and especially the hydraulic
parameters (minimum allowed speeds, flow rates, water depths, degree of filling
and others). Modern investigation methods such as CFD [11], fuzzy logic [12], with
improved reliability of hydraulic data [13] and concrete applications on urban sew-
age networks are used in the research. The processes of washing the sediments
deposited in the sewage collectors is a field of research targeted in the last period of
time [5, 14].

The creation of new sewage systems and the rehabilitation and modernization of
the existing ones led to the appearance of pipes with different sections than the classic
ones. Also, the degradation over time of the geometry of the flow section, through the
transformation from a shape made of arcs of a circle to a shape with arcs of a circle +
straight line segments imposed a new field of research, namely that of collectors with
sections of non-standard flow [15].

For now, this field is less addressed, but it has become necessary considering the
monitoring of the operation of these collectors, which occupy the main positions in an
urban sewage network. A series of researches have been carried out for galleries where
the flow is free-level, and the circular section has been transformed into a section
consisting of arcs of a circle and line segments [16]. Accurate knowledge of geometric
and hydraulic operating parameters in various flow regimes requires a more detailed
approach to hydraulic parameters.

2. Sewer collectors with non-standard sections

The sewage system consists of a sequence of closed channels (sewage collectors) in
which the flow of water generally takes place with a free level. Sewer collectors can be
classified according to their position and role in the urban sewer scheme as follows:
service, secondary, main and discharge. The main and exhaust collectors have large
dimensions and are executed on site or by using prefabricated sections. The geometric
form of the main collectors is standardized for the typification of the hydraulic
calculation and the technological process of execution. The most commonly used
standardized geometric shapes are, ovoid, bell and circular (Figure 1). The construc-
tion material of the main collectors of the old type was stone and brick, while the
modern ones use reinforced concrete and composite structures. On the route of the
collectors there are a series of constructions (fireplaces, overflow chambers, basins,
pumping stations, underpasses and others) that ensure a correct exploitation process.
The correct operation of the collector is achieved by corroborating all its structural
components to the temporal variation of the transported flow [1].
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Depending on the height H of the collector section, the following are allowed in
Romania: non-visitable collectors with H ≤ 0.80 m; semi-visitable collectors with
0.80 m ≤ H < 1.50 m; visitable collectors with H > 1.50 m [2, 15].

The natural and anthropogenic factors in the site intervene on the collectors with a
complex of actions, which influence their behavior over time. Among the natural
factors can be listed the geotechnical and hydrogeological characteristics of the site,
seismic action, land subsidence and so on. Anthropogenic factors acting on the collec-
tor show an evolution over time as influence and impact. They influence the behavior
of the sewer collector through the design concept, the execution technology, the
degree of application of the maintenance works and annual repairs and so on. The
most influential anthropogenic factors that degrade the flow section are wastewater
concentration, chemical parameters, transport speed, protection material of the flow
section and absence of maintenance works and so on. Some of the natural factors in
conjunction with the anthropogenic ones cause the appearance of continuous degra-
dation processes of the collector structure and change its functional parameters over
time [16, 17].

Non-standard flow sections are determined by the following situations:

• the production by some production companies of pipes that do not respect the
standardized dimensions;

• degradation of the flow section of the collector through phenomena of
hydrodynamic erosion and clogging: in certain situations cementation of the
clogging materials occurs; these phenomena substantially change the geometric
shape of the flow section;

• the repair works, but especially those for the rehabilitation of the flow section,
determine the modification of the geometric shape; the execution technologies
and the machines used may require a certain shape of the flow section in the
lower area;

• the transformation of the main collectors with unitary operation (domestic waste
water + rainwater) into collectors with separate operation; this mode of

Figure 1.
The profile and the geometrical parameters of drawing the standardized sewerage collectors: (a) Ovoid type;
(b) semi-eliptical bel type.
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operation, imposed by the EU regulations of recent years, determines the
geometric modification of the flow section and implicitly the appearance of a
non-standard shape.

Hydrodynamic erosion and clogging of the flow section change the initial circular,
ovoid or bell-type geometric shape of the collector into a new shape with non-
standard parameters. The new shape presents curves differentiated from the original
ones, but also the presence of straight lines in the flow section. The research carried
out in situ, in a gallery with a circular section, where the water flow was at a free level,
highlighted the modification of the geometric shape by the flattening of the lower area
and the curvature of the watered perimeter. At the same time, the phenomenon of
hydrodynamic erosion and the execution works changed the roughness of the watered
perimeter, causing the appearance of three to four areas of roughness variation
starting from the radius and continuing on the wall (Figure 2a) [16].

Thus, the flow section transforms geometrically over time, where the shape
made of circular arcs changes into a mixed shape (arcs + straight line segments)
(Figure 2b) [16].

The research carried out [17] in the sewage networks in Romania showed that the
flow section of the visitable collectors was substantially modified compared to the
designed one. Thus, an ovoid section can become a polycentric section through the
erosion processes of the flood bed and the walls (Figure 3a). The same situation also
occurs at the bell-type sections (Figure 3b), where the erosion phenomena and the
consolidation of the deposited sediments have substantially transformed the flow
section.

The application of some rehabilitation works to the collectors can geometrically
transform the flow section by creating a transport or support area for the execution
machinery. Monitoring of flow parameters (flow rate, minimum speed and degree of
filling) in non-standardized sections can no longer be performed correctly. In some
cases, the geometric modification of the section determined the reduction of the speed
and the transported flow by about 15–28% [17].

Figure 2.
Standardized circular section for a free-level flow modified by hydrodynamic erosion and technological
repair processes: (a) General view of the registered changes; (b) Modification scheme of the lower area
(blue line – standard section, red line – modification areas of the section), BA – Reinforced concrete, BP
prestressed concrete [16].
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3. Hydraulic calculation of non-standard sewer collectors

3.1 Types of wastewater movement in the sewage network

The movement of waste water with a free level in a sewer network with a closed
section can be of non-permanent and permanent type. The operating safety of a
sewage system is most affected by the non-permanent (transient) flow regime. This,
depending on the speed of variation of the hydraulic parameters - quantitatively, the
flow Q , and qualitatively, the depth, h, or the free water level share, z - can be
considered as being slowly variable, or rapidly variable.

The non-permanent regime can be simulated by using complex hydraulic-
mathematical models formed, in general, from: 1 - motion equations; 2 - continuity
equations; 3 - initial conditions; 4 - contour conditions. The initial conditions are
represented by a permanent flow regime, which can be considered of varied gradual
non-uniform type. To be able to approach any hydraulic simulation, the basic data of
the sewer network must be obtained, namely geometric and hydraulic parameters of
the uniform permanent movement for any form of collector (standardized and non-
standard).

To generalize the analysis of the main sewer collectors in the flow regimes existing
in practice and for all types of collector sections (standardized and non-standardized)
used, their geometric and hydraulic characteristics

A ¼ fA hð Þ,P ¼ f P hð Þ,Rh ¼ fRh hð Þ,B ¼ f B hð Þ, zG ¼ fzG hð Þ,W ¼ fW hð Þ,K ¼ f k hð Þ
(1)

were considered by the matrix M, of the form:

M ¼ h A P B Rh ZG W K½ �: (2)

Figure 3.
Scheme of modification sewer of standardized section at the visitable sewage collectors: (a) ovoid section
(blue line – standard section, red line – Modification areas of the section); (b) circular bell section [17].
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The M matrix was determined based on a series of mathematical models and
computer programs developed for the characteristics of sewer components in various
flow regimes. The elements of the matrix M are NC-dimensional column vectors,
where NC represents the number of distinct values assigned to the value pairs

h,B,A,Rh,f zG,W,Kgi, i ¼ 1, 2, … ,NC (3)

In carrying out the simulations along the length of a collector, it is more convenient
to perform the substitution

h ¼ z� za (4)

where za is the apron elevation of the channel and z - the elevation of the free water
level. Thus, in the characteristics (Eq. (1)) similar characteristics will be generated,
but which presents the z rate as an independent variable,

A ¼ fA zð Þ,P ¼ f P zð Þ,Rh ¼ f Rh zð Þ,B ¼ f B zð Þ, zG ¼ f zG zð Þ,W ¼ fW zð Þ,K ¼ f k zð Þ
(5)

The main sewer collectors were considered on the analysis sections as prismatic/
cylindrical beds, with a constant slope. The connection of collector sections with
different shapes and/or sizes, as well as the confluence with lower-order collectors, is
achieved by using connecting or intersection manholes. In this case, adequate contour
conditions must be allowed in the inspection manhole section.

3.2 Hydraulic calculation elements for sewer collectors

Geometric parameters of the flow section at a sewer collector are as follows
(Figures 1 and 4): section shape, constructive height (D, H), constructive width (B),
radii of curvature (r), angles, geodesic slope of apron collector (I) section and others.
Hydraulic parameters considered in the calculation are the following: total flow (Q) and
specific (q), flow modulus (K), average speed (v), calculation degree of filling (a) and
maximum imposed (amax), minimum (vmin) and maximum imposed speed (vmax),
hydraulic slope (J), the wetted area of the flow section (A), wetted perimeter (P),

Figure 4.
Parameters of the flow section at sewer collectors: (a) ovoid; (b) circular bell; (c) parabolic bell.
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hydraulic radius (R or Rh), roughness (k) or roughness coefficient (n - Manning), depth
of the centre of gravity of the watered area (zG) and others.

The calculation of dimensioning and verification of sewerage collectors goes
through the two forms of movement of water specific to permanent movement: a –
uniform movement; b – non-uniform movement with gradually varied non-uniform
and rapidly varied non-uniform types [1, 3].

The calculation relations used for uniform permanent motion are as follows:

Q ¼ AC
ffiffiffiffiffi
RI
p

(6)

v ¼ C
ffiffiffiffiffi
RI
p

(7)

In the case of sewer pipes with partially filled sections, the analytical expressions
for each of the functions presented in Eq. (1) are used in the calculation and are
customized for each geometric shape of the collector section.

The solution methods are analytical, with the use of numerical calculation pro-
grams and graph analytic, with the use of graphs and tables specialized on section
shapes in the case of calculations with relatively low precision.

The calculation relation of parameters for non-uniform gradually varied perma-
nent motion is as follows [4]:

dl ¼
1� ∝Q2B hð Þ

gA3 hð Þ

I � Q2

K2 hð Þ
dh (8)

l2 � l1 ¼ 1
I

ðh2
h1
f hð Þdh (9)

In the case of closed channels and with special shapes of the section (circular,
ovoid and bell), the determination of the geometric and hydraulic parameters (A, P,
R, C, K, Q, v, and so on) is carried out depending on the degree of filling defined by
the ratio a = h/H. By introducing a correlation of the type Q/Qp = K/Kp = f(a), where
Qp and Kp are the flow, respectively the flow modulus, at the full section, the equation
of the gradually varied non-uniform movement can be written in the form [4]:

jIjL
H
¼

f 2 að Þ 1� ∝Q2B
gA3

� �

f 2 að Þ � Q2

Q2
p

AC
ffiffiffiffiffi
Ri
p

(10)

and by integration over a section of length L and in two sections 1–1 and 2–2 we
obtain:

jIjL
H
¼ φ a1,

Q
Qp

 !
� φ a2,

Q
Qp

 !
� αQ2

gH5 Ψ a1,
Q
Qp

 !
� Ψ a21,

Q
Qp

 !" #
(11)

The functions φ and ψ present different integration domains, according to the sign
of the slope and the ratio between the slope of the bottom of the bed i and the
hydraulic slope J. To solve practical problems, the functions φ and ψ are integrated by
different methods. For calculations with a relatively good precision, the functions φ
and ψ were integrated and presented in tabular or graphical form [4].
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Rapidly varying non-uniform permanent motion in free-flowing sewer collectors
presents special calculation features determined by the magnitude of the second
conjugate depth of the hydraulic jump. The hydraulic jump calculation relation has the
form:

α0Q2

gA1
þ hG1A1 ¼ α0Q2

gA2
þ hG2A2 , (12)

where hG1, hG2, are the depths of the centre of gravity corresponding to the
watered areas A1 and A2.

On a collector section with diameter D, or height H, the second conjugate depth of
the hydraulic jump, depending on its size, can impose a free-level or pressurized flow
downstream on a certain bed length. This aspect determines the differentiation of
hydraulic calculation problems.

In the first case, for the ratio h2/D < 1 (h2 – second conjugate depth), the flow in
the collector will be aerated, and the movement of water downstream of the jump will
be free level (Figure 5a). The hydraulic jump develops as in an open bed, and the
conjugate depths are determined by solving the equation (Eq. (12)).

In the second case, when h2/D > 1, respectively h2 > D, the collector enters under
pressure downstream (after the jump) and at the same time introduces a vacuum
upstream of the jump (Figure 5b). If the air flow is not compensated by a process of
aerating the collector, instability of the movement occurs, manifested by the oscilla-
tion of the parameters of the jump and of the liquid current.

3.3 Hydraulic calculation elements for non-standard sewer collectors from
uniform movement

The monitoring of the operation of the sewer collectors is carried out by taking the
characteristic hydraulic parameters from the imposed control sections. Simulating the
operation of a collector, and especially the main ones, requires the calculation of
hydraulic parameters for permanent and non-permanent movement. For a collector
with a non-standard section and with a variable roughness on the wetted perimeter, it
is necessary to go through several stages of analysis and calculation, respectively:

Stage I. Field analysis and retrieval of geometric and hydraulic data from the flow
section of the collector. Carrying out a topographical study along the length of the
simulation (longitudinal profile and transverse profiles) [16, 17]. Carrying out an in

Figure 5.
Analysis scheme of the hydraulic jump in closed channels and flow with free level: (a) case h2/D < 1; (b) case h2/
D > 1 [4].
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situ research on the way of roughness variation on the perimeter of the flow section.
Data processing and creation of a database specific to each collector.

Stage II. Determination of geometric and hydraulic parameters for uniform per-
manent movement by using calculation programs specific to sections formed by
curves and straight lines. The results obtained will be included in a database specific to
each analyzed collector.

Stage III. Determination of geometric and hydraulic parameters for non-uniform
gradual varied and rapidly varied permanent motion by using calculation programs.
The results obtained will be included in a database specific to each analyzed collector.

The flow sections in sewer collectors geometrically made of curved lines were
treated as “single bed” [18], where they are composed only of circular arcs (Figure 6a).
Also, some sections were considered “multi-bed” being composed of straight line
segments only. In a particular study case [16], a “single bed” composed of both circular
arcs and straight segments was analyzed (the case of gallery-type collectors formed by
a rectangle and a semicircular area on the apron (Figure 6b).

Later, a generalized analysis model was developed for „single bed” sections com-
posed of both curved lines (generally circular arcs) and straight line segments). In the
analysis, it was considered that the tube that forms the collector has symmetry along a
longitudinal vertical plane (Figure 6a,b). It follows that the contour of the cross-
sectional half of the tube is completely determined by an odd number of points, NM,
conveniently established by a yOz coordinate system. The number of points is defined
by the relationship:

yC, zC
� �

k k ¼ 1, 2, … ,NM (13)

The coordinates (Eq. (13)) are related to a Cartesian system of coordinate axes,
yOz, defined as follows: the Oz axis, vertical included in the longitudinal plane of
symmetry; the origin O at the point on the minimum height tube eraser, and the
horizontal axis Oy, normal to the axis Oz, included in the transverse half-section of
the tube.

The hydraulic calculation model of sewer collectors for the permanent and non-
permanent flow regime uses the following hydraulic characteristics depending on the
water depth, h or the elevation of the free water level, z: B(h) or B(z), A(h) or A(z),
P(h) or P(z), Rh(h) or Rh(z), zG(h) or zG(z), W(h) or W(z) and K(h) or K(z).

Figure 6.
Calculation schemes for non-standard collector sections: (a) semicircular bell; (b) rectangular collector with
semicircular groove.

129

Simulation of Permanent Movement in Collectors Non-Standardized Sewerage
DOI: http://dx.doi.org/10.5772/intechopen.109256



In sewer collectors with sections composed of Na ≥ 2 arcs of a circle and/or line
segments, the analytical expressions for each of the functions A(h), P(h), Rh(h),
zG(h), W(h) and K(h) must be rendered by Na functions defined on portions of the
perimeter, respectively:

Ai hð Þ,Pi hð Þ,Rhi hð Þ,Bi hð Þ, zGi hð Þ,W i hð Þ,Ki hð Þ, with zi � zC0 ≤ h≤ ziþ1–zC0ð Þ,
i ¼ 1, … , Na

(14)

where zC0 (usually zC0 = 0) is the height of the tube eraser; zi and zi + 1 ordinates of
the points that delimit the lower, respectively upper, circle arc or line segment i.

To determine the functions (Eq. (14)) the following steps must be solved:

A.Deduction of analytical expressions for circles and/or supporting lines of NA

circle arcs and/or line segments.

B. Determination of the NA + 1 points that border the lower and upper NA circle
arcs and/or straight line segments, (yi, zi), (i = 1, 2, … , NA + 1).

C.Deduction of analytical expressions, by portions, for the hydraulic
characteristics of sewer collectors.

For the analytical expressions describing circles and support lines of circle arcs and
line segments, the NM coordinate points (Eq. (13)) were considered. From these were
formed NA groups of three successive points - Mi1, Mi2, Mi3 - of coordinates:

yi, zi
� �

j, with j ¼ 1, 2, 3ð Þ, i ¼ 1, 2, … ,NAð Þ and zi1 ≤ zi2 ≤ zi3: (15)

Each group of three such points determines:

• the circle arc i, centre Ci (bi, ai) and radius Ri – when the points Mi1, Mi2, Mi3 are
non-collinear;

• the line segment i, with the coefficients of the line (ai, bi, ci) - when the points
Mi1, Mi2, Mi3 are collinear (the line segment i can be considered an arc of a circle
with radius Ri tending to infinity).

Based on the mentioned, the equations describing the circle arcs and the straight
line segments that form the geometric figure of the studied collector were deduced.

To determine the coordinates of the points bordering the NA circle arcs and
straight line segments, proceed as follows:

The NA distinct geometric shapes (circle arcs and/or straight line segments) that
structure the cross-section of the tube are bordered by NA + 1 points, coordinates

yi, zi
� �

i ¼ 1, … ,NA þ 1ð Þ, (16)

For extreme points, coordinates of the type (16) are selected directly from the set
of coordinates (13)

y1,z1
� �

¼ yC,zC
� �

1
¼ yC1,zC1
� �

, yNAþ1, zNAþ1
� �

¼ yC,zC
� �

NM

¼ yCNM,zCNM

� �
(17)

130

Sewage Management



while the coordinates

yiþ1, ziþ1
� �

i ¼ 1, … ,NA � 1ð Þ, (18)

correspond to the intersection points between each grouping of circles or lines
related to adjacent geometric elements i and i + 1.

Depending on the geometric shape (arc of a circle or line segment) of elements
i and i + 1, four distinct analysis situations are distinguished:

1.Both elements, i and i + 1, are arcs of a circle.

2.Element i is an arc of a circle and element i + 1 is a line segment.

3.Element i is a line segment and element i + 1 is an arc of a circle.

4.Both elements, i and i + 1, are line segments.

For the four analysis situations, the equations were deduced that allow obtaining
the coordinates of the points bordering the NA circle arcs and straight line segments
for the geometric shape of the studied collector.

The hydraulic-mathematical model is customized according to the shape and
structure of the non-standard section. In the case of a bell-type collector with a section
modified by a new manufacturing technology, or by rehabilitation works, with the
simulation scheme shown in Figure 6a, the following calculation steps were carried
out:

Stage 1. Definition and calculation of plot coordinates of geometric parameters
(y, z) for the modified cross-section. It is assumed that the bell-shaped section
(Figure 6a) is formed at the bottom by a circle segment with radius R1, with centre O1

(0, R1), a chord of length B and height ζ. Also, the bell-type section is described at the
top (dome) by a semicircle with radius R2 = B/2 from the centre O2 (0, ζ) (Figure 6b).
The way of working for this type of section is as follows:

I.1. Determining the plotting coordinates of the flow area.
I.2. Determination of the drawing coordinates of the hydraulic radius.
I.3. Determining the drawing coordinates of the centre of gravity of the flow area

and so on.
The constructive parameters ζ and R1 are evaluated according to the representative

sizes B and H of the flow section with the relations:

ζ ¼ H � B=2,R1 ¼
B β2 þ 2� βð Þ2
h i

4β 2� βð Þ , with β ¼ B
H

(19)

The semicircular geometric profile of the collector is completely determined by
five coordinate points (yC, zC).

yC, zC
� �

∈ 0, 0ð Þ,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ 4R1 � ζð Þ

p
=2, ζ=2

� �
, B=2, ζð Þ, B

ffiffiffi
3
p

=4,B=4þ ζ
� �

, O,Hð Þ
h i

:

(20)

Stage 2. Mathematical modeling of hydraulic parameters specific to the
non-standard collector (modified geometric shape). The analytical expressions for the
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hydraulic characteristics of the sewer pipes were derived onNa portions, on which the
water depth h satisfies the condition zi < h ≤ zi + 1, (i = 1, … , NA).

The non-uniform distribution of the roughness on the wetted perimeter of the tube
was taken into consideration by assigning a specific value to the roughness coefficient
(the Manning coefficient was accepted), ni, on each circle arc element or right
segment i, i = 1, … ,NA. A series of roughness coefficient values have been determined
by research on main sewer collectors in operation.

The expressions of the geometric parameters proposed to be evaluated for the
circular bell type collector are the following (zc0 = 0 was considered):

2.1. Hydraulic parameters of the flow section: A(h) or A(z), P(h) or P(z), Rh(h) or
Rh(z), B(h) or B(z) and zG(h) or zG(z).

2.2. Mathematical modeling of the hydraulic characteristics for the collector with
modified geometric shape: the velocity module, W(h) or W(z) and the flow modulus,
K(h) or K(z).

To solve the mathematical model, a numerical calculation program Collector.Non-
Standard_Uniform Motion_Unique Bed (Col.NS_UM_UB), was developed in the
MATLAB programming environment.

Each type of non-standard collector geometry has an identification code attached
to it in the uniform motion simulation program. Through this code, the computer
selects the menu and work subroutines.

The program entry data are as follows: E.1 - Work menu (Specific code); E.2 –
General data (Dt_H, Dt_B, respectively the specific calculation distance in the Cartesian
system [calculation step, (m)]: E.3 – Geometric characteristic data of the section (D, B,
H); E.4 - Roughness coefficient values on characteristic perimeter lengths, ni.

The output data from the program is as follows:
O.1. The geometry of the section represented by y, z - the coordinates of the

connection points on the contour of the non-standard collector.
O.2. Geometric and functional characteristics of the collector section: data for

partially filled section (h, B, A, R, zG, W and K) and full section (hp, Bp, Ap, Rhp, zGp,
Wp and Kp). The calculated data are represented in a table depending on the length
gap chosen.

O.3. Graphic representations for contour geometry and hydraulic characteristics:
the characteristic curves of the geometry of the collector section B = fB(h),

zG = fzG(h);
the hydraulic characteristics of the flow section of the collector A = fA(h), P = fP(h),

Rh = fRh (h).
the hydraulic-functional characteristics of the collector W = fW (h) and K = fK (h).
the hydraulic characteristics of partial filling of the collector Q/Qp = K/Kp = fQ

(h/H) and v/vp = W/Wp = fv (h/H).
The simulation results are presented in the form of customized tables on the

operating domains and on the calculation sections of the collector, as well as by
graphical representations of the calculated functions.

3.4 Hydraulic calculation in non-uniform permanent motion

The hydraulic parameters (flow Q and depth h, or elevation z) are a function only of
the one-dimensional spatial coordinate l in the gradually varied permanent motion. The
hydraulic calculation model in the varied gradual non-uniform permanent movement
consists of: 1 - the differential equation of the varied gradual movement; 2 - contour
conditions. A synthesis of the developed hydraulic model is presented next.
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A calculation section of the main sewerage collector, which is delimited by two
successive homes with a feeding role, is considered as a prismatic/cylindrical bed and
with a constant slope. On this section, a permanent flow regime (Q = const) can be
admitted and the fundamental equation of the varied gradual non-uniform movement
has the form (Eq. (8)).

Eq. (8) is a first-order differential equation with partial derivatives, in which case
it can be transposed in the form:

Ψ hð Þdh ¼ dl (21)

where:

Ψ hð Þ ¼ 1� αQ2

g
∙
B hð Þ
A3 hð Þ

� �
= 1� Q2

I � Q2

K2 hð Þ

0
@

1
A: (22)

Equations of the type (Eqs. (8) and (22)) are generally solved with the following
simple boundary condition:

l ¼ l0; h ¼ h0 , (23)

where l0 and h0 represent known values for the coordinate l and the depth h,
respectively.

In this case, the Cauchy problem defined by the relations [Eqs. (21)and (23)]
presents the following particular solution explained in relation to the variable l by the
relation:

l ¼ l0 þΦ hð Þ �Φ h0
� �

(24)

where the function F(h) has the expression,

Φ hð Þ ¼
ð
Ψ hð Þdh (25)

and represents a primitive of the function Y(h).
The solution of the equation (Eq. (24)) is of the form

l ¼ f s h, h0, l0
� �

(26)

and can be explained later in the h variable in the form

h ¼ f�1l l, l0, h0
� �

(27)

The main sewer collectors have complex geometric shapes, where the characteris-
tics A(h), B(h) and K(h) are expressed by complicated functions, which are defined
by portions, or graphically or tabular. The primitive function (Eq. (25)) can be
determined by numerical methods, with the use of quadrature formulas or Taylor
series expansions.

The concrete analytical expressions for the contour conditions in the permanent
regime are established on the basis of the hydraulic-functional characteristics of the
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accessory constructions existing along the length of the collector (manholes with
various functions). For some types of manholes, the hydraulic characteristic was
determined taking into account their structural form and the way of access and
evacuation of waste water.

To solve the mathematical model, a numerical calculation program named
Collector_Movement_Permanent_Gradual_Variate (Col_MPGV) was developed in
the MATLAB programming environment.

The results obtained are represented by hydraulic parameters of the movement
along the collector and in imposed calculation sections, as well as the graphic repre-
sentation of the curves of the free surface of the water. Thus, the water depth h or free
level elevation z, degree of filling a = h/H, water speed v and others can be checked
along the collector.

4. Results and discussion

The Col.NS_UM_UB program was tested and validated for the „standard semi-
circular bell” profile with parameters: B/H = 600/380 mm, uniform roughness on the
perimeter n = 0.0135 and geodesic slope I = 0.0004. The calculation steps for height H
and width B were Dt_H = 0.02 m and Dt_B = 0.02 m, respectively. The number of
points considered was NM = 5.

The data obtained were compared with those obtained by using the classical
calculation method for the standard semicircular bell section. The results obtained
(Table 1) and analyzed comparatively show a good agreement between the values
calculated with the Col.NS_UM_UB program and the values calculated with the classic
model used in the design of standardized sewer collectors.

The calculation program allows obtaining a high accuracy of the obtained data and
a significant reduction of the calculation time. The depths corresponding to the
maximum values for the hydraulic radius Rh and the velocity module W are identical,
because the roughness is uniform throughout the perimeter of the sewer collector.

In the next stage, the uniform movement was simulated for a sewer collector with
non-standardized semicircular bell-type profile (Figure 6a), for which the geometric
and hydraulic parameters were calculated. The section of the collector is bell type with
dimensions B/H = 2.800/2.400 m and is made of reinforced concrete. The roughness
on the perimeter is uneven in the range of values n = 0.015–0.019, specific to
collectors made of reinforced concrete and in operation for a long period of time.

The input data to the program (I.1, I.2, I.3, I.4) in a synthetic presentation were:
calculation code for non-standardized semicircular bell; calculation steps
Dt_H = 0.02 m, Dt_B = 0.02 m, B = 2.800 m,H = 2.400 m, n = 0.017–0.019 (Manning)
and NM = 5.

Type Ap, (m�2) Rhp, (m) Qp, (m3s�1) vp, (ms�1)

CC 0.1738 0.1104 0.591 0.3416

CP 0.1735 0.1107 0.594 0.3406

CC, classical calculation; CP, calculation program.

Table 1.
Comparative analysis of calculation program verification data.
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The exit data from the program, in a synthetic presentation, were as follows:
O.1. Contour geometry: NA = 2, where the coordinates of the connection points y,

z, on the collector contour are shown in bold characters in Table 2; code with analysis
specification, Kod = 2_circle arcs; a = [1.4800, 1.0000]: ordinates of the centres of the
support circles of the arcs, (m); b = [0.0000, 0.0000]: the abscissas of the centres of
the support circles of the circle arcs, (m); R = [1.4800, 1.4000]: radii of the support
circles of the circular arcs, (m).

Five representative points NM of coordinate’s yC, z (Table 2) were considered on
the contour of the collector to define the shape. The spikes were evaluated with the
equation (Eq. (20)).

O.2. The geometric and hydraulic-functional characteristics: N_C = 120. The N_C
elements of each of the vectors hC, BC, AC, RhC, zGC, WC and KC, which consti-
tute the columns of the matrix M, are tabulated (Table 3). Also, the values of the
parameters for the full section hp, Bp, Ap, Rhp, zGp, Wp and Kp are presented in
Table 3, last line in bold. The results presented in Table 3 are used as a database for
the simulation of the gradually varied movement in the collector.

The absolute and relative maximum values of the hydraulic parameters W, K and
for the absolute water depth h and relative h/H at which these parameters are
recorded in the circular bell collector are centralized and presented in Table 4. Due to
the roughness coefficient n, which is uneven on the perimeter of the collector, the

Coordinates 1 2 3 4 5

yC, z (m) 0 1.109 1.400 1.212 0

yC, z (m) 0 0.500 1.000 1.700 2.400

n = [0.0190–0.0150]

Table 2.
The coordinates of the representative points on the contour non-standardized semicircular bell type collector.

hC
(m)

BC
(m)

AC
(m2)

RhC
(m)

zGC
(m)

WC
(ms�1)

KC
(m3s�1)

0.010 0.343 0.002 0.007 0.006 1.863 0.004

0.050 0.764 0.025 0.033 0.030 5.435 0.139

0.291 1.763 0.349 0.185 0.174 17.098 5.977

0.512 2.239 0.795 0.313 0.304 24.282 19.318

0793 2.262 1.483 0.460 0.467 31.392 46.570

1074 2.796 2.253 0.590 0.627 37.172 83.768

1.496 2.618 3.405 0.726 0.849 43.515 148.167

1.918 2.114 4.417 0.778 1.044 46.234 204.224

2.359 0,666 5.106 0.690 1.187 43.382 218.791

2.380 0.473 5.117 0.674 1.190 42.752 218.791

2.400 0.000 5.124 0.635 1.192 41.223 211.225

Table 3.
Matrix elements M = [hC BC AC RhC zGC WC KC] obtained for the non-standard semicircular bell collector
(extracted from 120 values).
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depths corresponding to the maximum values for the hydraulic radius Rh and the
velocity modulus W are different.

O.3. Graphic representations for the contour geometry and the hydraulic and
functional characteristics of the analyzed collector: graphs for the geometric
characteristic curves, the hydraulic characteristic curves and the hydraulic-functional
characteristic curves.

In Figure 7 the geometric characteristic curves A = fA(h), B = fB(h), zG = fzG(h) and
the hydraulic ones P = fP(h), Rh = fRh (h) are presented.

Figure 8a shows the hydraulic-functional characteristicsW = fW (h) and K = fK (h).
Figure 8b shows the hydraulic-functional characteristics when the collector is
partially filled, respectively fQ (h/H) = Q/Qp = K/Kp and fv (h/H) = v/vp = W/Wp.

Performing a simulation of the operation of a collector with standard or non-
standard section in permanent movement requires the serial use of the three simula-
tion programs made for uniform movement, for the hydraulic characteristics of the
inspection chambers and for non-uniform movement.

The results obtained by running the program and which define the parameters of
the permanent uniform movement at this sewer collector can be used in the analysis
of the non-uniform permanent movement, respectively the non-permanent move-
ment. The Col.NS_UM_UB program was also run for a collector with a section

Parameters Geometric parameters Hydraulic parameters

A (m2) B (m) zG (m) P (m) Rh (m) W (m/s) K (m3/s)

1 2 3 4 5 6 7 8

Maximum
values

Abs. 2.800 5.124 1.193 8.070 0.778 46.304 225.68

Rel. — — — — 1.226 1.123 1.068

h, (m) 1.014 2.400 2.400 1.938 1.998 2.259

h/H, (�) 0.422 1.000 1.000 1.000 0.807 0.832 0.941

Table 4.
Maximum values of the geometric and hydraulic parameters obtained for the non-standard ovoid type section B/
H = 2.800/2.400 m.

Figure 7.
Geometric and hydraulic characteristics A = fA(h), B = fB(h), zG = fzG(h) P = fP(h), Rh = fRh (h) at the non-
standardized semicircular bell collector B/H = 2.80/2.40 m.
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consisting of circle arcs + straight line segments (Figure 6b). The obtained results
were used to simulate the non-permanent movement in the case of the transport of
rainwater on a collector with dimensions 3.450/2.250 m and length 2416 m [15, 19].

The separation of domestic wastewater from rainwater in some urban sewerage
networks in Romania has determined the modification of the geometric shape of the
main collectors. The modernization principle consists in creating a pipe inside the
collector, which will separately transport household waste water. The modified
remainder of the collector section will carry storm water only. The monitoring of the
hydraulic and functional parameters of the collector with the modified geometric
shape, especially during the evacuation of torrential rains, requires the use of special
simulation programs. Thus, the research carried out and the creation of a set of pro-
grams for simulating the permanent and non-permanent movement of waste water in
non-standard sewerage collectors contribute to the technical basis of the monitoring
system.

5. Conclusions

The main sewerage collectors of domestic and rainwater with a “visitable” type of
construction have a long operating life, and the action of natural and anthropogenic
factors in the site determines the evolution of complex processes of degradation of the
flow section. Physico-chemical degradation processes cause the flow section to change
to a shape different from the designed one.

The flow section of the visible sewer collectors can be modified as a geometric
shape over time by hydrodynamic erosion and clogging phenomena, but also by
technological repair and rehabilitation works. Degradation processes determine a new
geometric shape consisting of curves and lines that change the value of the hydraulic
parameters in the flow section.

The monitoring of the hydraulic parameters of the collector during the exploitation
process requires a correct measurement and interpretation of them with high preci-
sion, a situation that cannot be achieved with collectors that present geometric shapes
modified over time or non-standardized sections.

Figure 8.
Hydraulic and functional characteristics at the non-standardized semicircular bell collector B/H = 2.80/2.40 m: a –
ForW = fW (h) and K = fK (h); hydraulic flow characteristics fQ (h/H) =Q/Qp = K/Kp and fv (h/H) = v/vp =W/Wp
at partial filling.
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The calculation programs developed for uniform and non-uniform permanent
movement have the advantage that they allow obtaining the geometric and hydraulic
parameters of the sewer collector with non-standardized section with high accuracy
and in a relatively short working time. The developed calculation programs have the
advantage of taking into account the roughness variation on the wetted perimeter of
the flow section.

The application of the developed calculation programs requires the presence of a
database, which must be achieved through measurements and data retrieval from the
inside of the visitable sewage collector. The database must contain a cross-sectional
topographic survey and a detailed longitudinal profile, as well as an analysis of the
values and variation of the roughness on the perimeter of the collector.

The hydraulic-mathematical model created can be generalized to obtain the
geometric and hydraulic characteristics [A = fA(h), P = fP(h), Rh = fRh(h), B = fB(h),
zG = fzG(h), W = fW(h) and K = fK (h)] for single-bed closed channel sections
consisting of curves, circular arcs and straight line segments. The simulations carried
out and on concrete cases existing in practice confirm the viability of the calculation
program.

Nomenclature

h (m) water depth
z (m) free water level share
A (m2) cross sectional area of flow
P (m) wetted perimeter
Rh (m) hydraulic radius
B (m) width of water surface
b (m) width at the bottom of the channel
C (m0,5s�1) Chézy coefficient
g (m s�2) gravitational acceleration
n (s/m1/3) roughness coefficient (Manning)
k (m) roughness
v (m s�1) average speed
Q (m3s�1) flow
a (�) degree of filling
W (m s�1) speed module
K (m3s�1) flow module
J (�) hydraulic slope
za (m) apron share of the collector
D (m) collector diameter
H (m) collector height
r (m) radii of curvature
l (m) calculation length
L (m) total length
vp (m s�1) speed at full section
Qp (m

3s�1) flow at full section
zG, hG (m) ordinate to the centre of gravity of the watered area
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Sewage Management
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Abstract

Due to urbanization, there is an increasing need for infrastructure and services, 
leading to pressure on the sewage system. As a result, water contamination and sewage-
related illnesses are emerging. On-site sanitary facilities are insufficient, and current 
sewage systems are outdated, causing freshwater contamination and diseases such as 
typhoid, malaria, etc. Untreated domestic sewage/wastewater, mining waste, indus-
trial wastewater, agricultural waste, and other contaminants are polluting most aquatic 
ecosystems worldwide, leading to harm to surface water bodies, sewage drainage sys-
tems, surface water, and groundwater. Various sewage disposal methods are discussed, 
but they are not sustainable. The UN proposed Sustainable Development Goals (SDGs) 
in response to the need for sustainability and the effects of pollution and population 
growth. SDG 6 aims to ensure equitable access to safe and affordable drinking water, 
sanitation, and hygiene. It also includes goals to enhance water quality, increase water 
usage efficiency, develop integrated water resource management, and restore aquatic 
ecosystems. Efficient sewage disposal is crucial to reduce detrimental effects on the 
environment and public health. It is necessary to emphasize SDGs to protect the 
environment sustainably. It is crucial for the international community to work together 
to find effective and sustainable solutions to the problem of sewage management.

Keywords: sewage disposal, sustainable development goals, sanitation, eutrophication, 
contamination

1. Introduction

Water scarcity is a major global issue. It is so relevant that United Nation has given 
priority to water management across the globe. Similarly, India also is dealing with 
water crisis and there is a growing need for freshwater at household and commercial 
level. As per the latest reports by the committee of the Ministry of Water Resources 
(2000), India is overall consuming 1093 billion m3 and this consumption will increase 
to 1447 billion m3 by the next 30 years. The common man is enraged and agitated 
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about the pollution issues in India and worried about it getting worse each passing 
day. Negligent disposal of industrial and domestic wastewater is polluting the water-
bodies of India. In Indian culture, the water bodies are not only the source of life but 
are considered very sacred. Indians are religiously sentimental about the water bodies 
of the nation are getting serious about their detriment [1].

Population wise India wears an inglorious crown as a second-highest population 
on the entire planet. India is known as a land of agriculture, thus 93% of freshwater 
water goes in agricultural practices and remaining 7% is consumed by industrial and 
domestic processes. Due to consistent utilization of surface freshwater, currently in 
India, the three fourth of freshwater bodies are now contaminated by the discharge of 
untreated sewage wastewater. Owing to regrettable sanitation practices, 80% of the 
total water consumption of Indian subcontinent is returned as wastewater, polluting 
the waterbodies and soils.

As per recent reports by environmentalists and environmental scientists, many 
major Indian cities and suburbs are facing persistent issues in the matter of solid 
liquid waste management including sewage management, especially in rural areas. 
Current situation of rural India paints a really bad picture of sewage and sanitation 
management. Villages of the country are still lagging behind in the matter of proper 
sanitation practices and better sewer lines in domestic surroundings. Mixing of 
sewage waste in open freshwater is a major cause of pathogenic contamination in 
domestic water supplies and diseases related to it. Water borne pathogens are respon-
sible for approximately 3.5 million human deaths as per recent reports by UNDP [2]. 
According to a report of WHO-UNICEF, Indian villages contributes to more than 50% 
open defecation practices responsible for many health concerns including high infant 
mortality, spread of water-borne diseases and child stunting [2]. Freshwater bodies 
such as lakes, rivers, ponds and groundwater are getting contaminated by sewage due 
to ignorant open defecation practices in their catchments.

Similar situation is recognized in urban settlements as well, according to some 
recent reports, urban domestic sewage is a primary cause of decline in aquatic fresh-
water ecosystem of India. On account of inadequate treatment systems in most the 
Indian cities, untreated or half treated sewage run offs are fusing with the natural 
water resources, also contaminating the rivers of cities with effective treatment plants 
as well. Domestic sewage contributes more than 70% of total pollutants in water as 
per reported in Water Aid (2016a) [1].

Domestic sewage from major cities and towns of north India alone contributes 
for the 1528 million m3 sewage waste along the banks of the river Ganga every day. 
Unfortunately, due to ever growing population and urbanization along with the 
languid implementation of Government policies, the sanitation practices are still not 
on the path of any improvement [3].

In developing nations, sewage or domestic wastewater is main source of water 
supply due to growing water scarcity but to avail that water, it needs to be properly 
treated and analyzed before use. Owing to lack of awareness and improper treatment 
methods, maximum population is consuming this contaminated water on daily basis 
which is posing serious threat to the community as a whole. The gray wastewater 
constitutes the washes coming out from households, institutions, industries, business 
establishments etc. However, the main constituent in sewage wastewater is fecal mat-
ter of human and animal activities. Due to the presence of fecal matter, sewage water 
is rich in organic compounds and pathogenic enterobacteria [4].

Organic wastes, mainly in the form of sewage sludge is recently been considered 
an important resource available to meet the ever-increasing demand of renewable 



145

Achieving Sustainable Development Goal Related to Water and Sanitation through Proper…
DOI: http://dx.doi.org/10.5772/intechopen.109970

energy across the globe. Organic compounds can be employed as a resourceful 
substrate to generate energy in the form of heat and can be utilized in advanced new 
age technologies as well. In addition, the organic contaminants in sewage can be used 
as a source of fertilizers for soils and bioremediation of infertile lands [5]. But most of 
the time these organic contaminants are considered pollutants and cause serious harm 
to the ecosystem.

In lieu of changing environment and challenges posed by water scarcity and grow-
ing demand of clean and hygienic water for consumption, United Nations (UN) gen-
eral assembly reinforced the Agenda 2030 for sustainable development in September, 
2015. Out of 17 Sustainable Development Goals (SDGs) defined for different societal 
issues, SDG 6 was dedicated completely to the access of clean and adequate water to 
every individual. The United Nations Environmental Program (UNEP) adopted SDG 
6 as clean water and sanitation, which is subdivided into targets to be achieved by the 
end of 2030. The main elements of the SDG 6 include the availability of quality water 
to each individual, treatment of wastewater, efficient use of available freshwater, inte-
grated water resource management and sustainable ecosystem. In totality, the SDG 6 
aims to ensure the sustainable management and availability of proper sanitation and 
clean water for one and all by the end of this decade.

These diverse set of objectives is a reflection of the growing realization that a lot 
of problems with water management, adaptability, and administration must be recti-
fied if the humanity ought to be experiencing overall growth in sustainable manner 
[6]. In order to achieve Sustainable Development Goal 6 (SDG 6), it is essential to 
carefully monitor and evaluate social and fiscal water demand at the regional level 
in a way that does not harm the environment on global scale. India holds a crucial 
position among developing nations with a complex interrelated web of a rapidly 
expanding population, geophysical pressure, social insecurity, and economic dis-
parity pertaining to the usage, availability, and access to water and basic sanitation 
systems [7].

2. Evolution of sewerage systems

“The history of men is reflected in the history of sewers” famously quoted by 
Victor Hugo in 1892 in his equally famous literature “Les Misérables”. He claimed that 
“it has been a sepulchre, it has served as asylum, crime, cleverness, social protest, 
the liberty of conscience, thought, theft, all that the human law persecutes or have 
persecuted is hidden in that hole.”

It is well acknowledged that people’s interactions with sanitation and drinking 
water have changed significantly over time as a consequence of societal, cultural, and 
religious factors. Urban communities have been conscious of the need for potable 
drinking water since ancient times. However, modern communities did not entirely 
comprehend the significance of basic sanitation for the safeguarding of public health 
until the 19th century. Historically, for both individuals and governments, managing 
wastewater had always presented political challenges and substantial need for techno-
logical advancement. The history of waste and sewage management is a reflection of 
both human brilliance and human frailty. The progress of sewage management over 
time has been addressed by many economists and scholars, but it is common that they 
typically lack an engineering insight on the issue.

Evolution of sanitation and sewage management over time is divided into few sig-
nificant eras to understand the development of sanitation methods chronologically:
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1. Ancient Civilization: The early human populations were distributed over vast 
areas, and the waste they produced was sent back into the environment where 
it was decomposed by organic processes. Disposal problems were essentially 
non-existent since they were small groups of wandering hunters and subsistence 
farmers. Raw sewage was discharged through holes made in the ground and 
closed after being used, in accordance with the Mosaic Law of Sanitation, until 
the initial developed civilization emerged [8, 9].

2. The Time of Romans: The Romans carried on the Assyrian engineering endeav-
ors and put their concepts into practice to create a substantial infrastructure 
system to serve the entire community. The Romans built two networks to collect 
spring water and remove storm and effluent, thus creating the first integrated 
water service and controlling the water cycle from collection to disposal. The 
Romans recognized that surface water could be utilized for other things outside 
human consumption and that spring water was of far higher quality than surface 
water. They also recycled spa effluent by using it to flush bathrooms before 
disposing of the waste in sewers, which eventually led to the Tiber River. Ancient 
Rome had a very complex sewer system that was made up of multiple smaller 
sewers. Although, sewer and water pipes were already present in other Eastern 
civilizations, Romans did not create them, but they probably made significant 
improvements.

3. The Era of Sanitary Downfall: While the magnificent water distribution 
systems which would have established the Romans famous for generations were 
neglected, the huge baths were robbed of all of their belongings. Water started to 
be collected from streams and aquifers and dumped without even being treated, 
which was a historically unprecedented step in the wrong direction and caused 
disease to proliferate. Several thousand years passed during the unsanitary dark 
ages (476–1800).

4. The Industrial Age: The industrial revolution and the subsequent high pace of 
industrial growth during the 18th century led to an understanding of the sig-
nificance of waste and sewage disposal. The experiment with organized action 
to enhance urban environmental conditions started in Britain, one of the first 
nations to do so. The Bazalgette sewerage system in England, which was built 
between 1858 and 1865, is a perfect demonstration of this concept. Wastewater 
was transported from the streets and then released into the Thames by a network 
of collection sewers and reservoirs. No one understood the river’s capability for 
assimilation or the necessity of removing pollutants before releasing them into 
the stream.

In Frankfurt, the development of a system in 1867 marked the beginning of the 
widespread installation of sewers in German cities. The reconstruction of Paris began 
in June, 1853, when George-Eugene Haussmann took his oath of office as prefect of 
the Seine. Eugène Belgrand was given the task by Haussmann of conducting a signifi-
cant restructuring of the city’s existing sewerage system beginning in 1854.

The Pugliese Aqueduct, which brought water from the Sele River to Bari, was 
the last of the major public works projects in Italy that were built between 1870 and 
1915. These projects included the aqueducts of Serino and Selino. Almost invariably, 
building aqueducts for “aristocratic” drinking water was favored over building sewers 
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to collect effluent, partly because the cost of aqueducts was relatively low due to the 
reusing of old Roman pipeline infrastructure and the construction & maintenance 
were funded by overseas companies.

The construction of “sewers” utilizing hollowed-out logs began in the 1700s in 
large towns like Boston and Chicago. The first “water pollution control” law was 
implemented in Massachusetts, a British colony, in 1647.

5. The Era of Strict Environmental Regulations: The twentieth century ultimately 
saw a breakthrough in environmental research, sewage treatment, and people’s 
sentiments towards pollution. Throughout the century, scientific advancement, 
societal values, and government actions changed, starting with unregulated 
 pollution and concluding with efforts to strengthen control (10).

The 8th Report of the Royal Commission on Sewer Systems in 1912, established 
rules and Biochemical tests to be performed on sewage and sewage sludge and intro-
duced the idea of biochemical oxygen demand (BOD), was a defining moment and 
was already imitated by many other nations.

Scientists were capable of predicting the permissible limits of BOD loads to sur-
face freshwaters owing to the creation of aeration/deaeration models by Streeter and 
Phelps (1925) and later developed by Imhoff and Mahr (1932) [10, 11]. Meanwhile, 
authorities made waste management mandatory. Wastewater treatment plants were 
built in the major cities of Europe prior to the World War I, but warfare contributed 
in their construction to be suspended [12, 13].

However, political ideologies in several nations impeded the management of sew-
age. For instance, when the national socialist party was elected to power in Germany, 
they changed the way wastewater was handled. The “Blood and Soil” philosophy 
emphasized agricultural exploitation over eliminating the contaminants before use, 
resulting in massive irrigation of sewage wastewater for agriculture practices.

Later on, the World War II also slowed down the sewage treatment systems till 
1948, resulting in increased water pollution. Furthermore, several wastewater treat-
ment facilities suffered damage during the conflict and were never repaired [12].

The United Kingdom and the United States saw tremendous advancements in 
sewage waste management after the war, but not Europe [13]. Pollution discussions 
by 1950 were centered on stream use categorization and freshwater quality standards, 
which were prerequisites to the development of a strategy for sewage management 
[14]. The general relationship between industrial water pollution and toxicity was 
established as early as the first decade of the 20th century [15].

In the late 1970s, publicly available gas chromatography and atomic absorption 
spectrophotometry techniques contributed to the further advancement in our knowl-
edge of environmental pollution [16, 17]. This made possible to identify environmen-
tal contaminants accurately. In the early 21st century, a roadmap for the advancement 
of analytical techniques was established [18].

3. Access to sanitation: current Indian scenario

The extent to which modern sanitation systems are utilized is significantly influ-
enced by the availability of water [1]. In metropolitan areas, over 90% of individuals 
have safe drinking water, and therefore more than two-thirds have access to basic 
sanitation facilities, based on research by World Bank in 2011. Access to reliable, 
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cost-effective, and sustainable water supply and sanitation (WSS) services, however, 
is still a challenge. None of the Indian cities have constant piped water access. Flowing 
water is never delivered for more than a few hours on daily basis, regardless of the 
quantity supplied. Untreated sewage regularly spills in exposed sewers. Those who 
live in cities make up only about half of the population. Between 30 and 70 percent of 
the water delivered is thought to be non-revenue water, which is caused by leakage, 
faulty connections, inefficient billing and collection practices, etc. Less than 30–40% 
of maintenance and operational expenses are covered by user fees. The bulk of urban 
businesses depend heavily on grants for operating and capital to survive [19].

4. The untold story of pits in urban India

A flushable toilet has come to symbolize modern urban population living in India 
and throughout the world. More than 80% of Indians living in metropolitan areas 
have access to solitary or communal bathrooms. Instead of being linked to a sewer 
network, most of these toilets are pour-flush and joined to a pit or septic systems. In 
the absence of pipes to remove fecal waste from pits and tankers, it ought to be trans-
ferred by non-waterborne methods. Until about the mid-2000s, most pit cleaning 
work was done by hand. Waste is discarded distant from households in the caste-
based practice of manual “scrounging” after being scraped out of dried, unsewered 
lavatories. Due to recurring sanitation employee fatalities as well as the vile aspect of 
manual scouring, the Indian government approved the “Prohibition of Employment 
as Manual Scavengers and their Rehabilitation Act” in 2013. For collection, a water 
tank with a sturdy, leak-proof design is a requisite [20].

The basic treatment system, or septic tank, lowers the biochemical oxygen 
demand (BOD) by 30 to 50 percent on average while minimally affecting the patho-
gens and nutrient content. The wastewater from the tank therefore has to be remedied 
further, either with underground dispersion systems or impenetrable secondary and 
tertiary treatment methods. Conventional septic tank systems, also known as “septic 
systems,” include a septic tank and a subsurface dispersal mechanism, like a soak pit 
and dispersion trench. The soak pit plan has obstacles due to costs, close communica-
tion with the septic tank, and associated activities.

Due to a shortage of consistent desludging solutions, families opt for bigger septic 
tanks which needs less frequent desludging. However, 67% of pit latrines larger than 
2000 L only have one compartment, rendering them inefficient for their intended 
use. The construction of a subsurface dispersion system in addition to the onsite 
repair of the basic unit would be required in order to handle wastewater through soak 
pits under these circumstances [21].

5. Deteriorating health status

Water availability is essential for human life. According to the report published 
in 2021 on World Water Development by UNESCO, water usage has increased expo-
nentially in the previous century and it has increased by about 1% each year since 
the early 1990s. As a consequence of increased water consumption, water quality 
is experiencing serious crises. Human wellbeing and long-term socioeconomic 
development are eventually harmed by environmental pollution and degradation 
forced by urbanization, subsistent agriculture, and rapid industrialization, which 
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have detrimental effects on the rivers and streams that are critical for health of 
ecosystem [22]. In recent reports of 2022, WHO estimates that 8,29,000 individuals 
annually die from acute diarrhea as a consequence of inadequate hygiene practices, 
sanitation, and potable water. However, diarrhea is generally avoidable, and by 
addressing these health risks, 2,97,000 newborn fatalities under the age of 5 might 
be avoided annually [23].

In India, the pathogens mostly responsible for water-borne infections include the 
bacteria Escherichia coli, Vibrio cholerae and Shigella. Other than that, parasites such as 
hookworm, Entamoeba histolytica and Giardia as well as the viruses Hepatitis A, polio-
virus, and rotavirus are also responsible for the diseases. The presence of chemicals in 
the water are known to cause health issues as well. Pesticides which are washed into 
streams as well as other sources of fresh water can also harm the nervous, endocrine, 
and reproductive organs.

Phosphorus, organophosphorus, and related compounds can all cause cancer. 
Infants who are consuming milk are usually diagnosed with blue baby syndrome if 
nitrate toxicity in drinking water is present. Similarly, Lead contamination affects 
the central nervous system. Malignant melanoma and complications related to it are 
both brought on by arsenic poising. Fluoride contamination can damage the nervous 
system and lighten teeth color. The use of petrochemical products can cause cancer 
even in little dosages [1]. Skin problems such as melanosis and keratosis are connected 
to the high arsenic levels in water supply, main cause of water poisoning in Bangalore, 
as per reported by Kazi et al. in 2009 [24]. According to a different study carried 
out in Bangladesh, stream pollution is a significant contributor to the prevalence of 
scabies there [25]. Nitrate was the leading contaminant in India in 2019, and it was 
discovered in 387 districts. India has been ranked 120 out of 122 nations in regards 
to water quality, having 70% of the country’s fresh water being assessed to be highly 
polluted, as per Niti Aayog [26].

6. Economic and environmental sustainability

The injudicious utilization of freshwater and common wastes from residential, 
farming, and manufacturing sector in natural lakes and rivers has exacerbated the 
challenges related to purity, cleanliness and availability, of water supplies. It has been 
determined that contaminants such as oxygen-demanding substances, diseases caus-
ing microbes, micronutrients, minerals, and synthetic organic substances are possible 
contaminants of municipal effluents.

Ingredients like ammonia in freshwater sources that need oxygen may endanger 
the aquatic ecosystems. Pathogens are introduced into the subsurface waters via 
sewerage from municipal wastes, storm water runoffs and industrial effluents. 
Substantial levels of nutrients including carbonates, nitrate, and phosphate are pres-
ent in farm effluent. High nutrient levels, particularly those of phosphate and nitrate, 
if improperly managed, can lead to enrichment, which encourages the proliferation of 
algae and ultimately result in eutrophication of waterbodies. Hence, prior to getting 
dumped into the water system, effluent must always be monitored and treated to 
prevent harm to aquatic life and natural reservoirs [27].

The easy accessibility to sewage treatment plants is already present in urban 
areas, however, even there in the first, the amount of sewage generated as well as the 
amount handled varied significantly. The nation’s expanding economic and popula-
tion growth are surpassing the development of water infrastructure in India’s key 
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areas. Treatment systems for wastewater should be also be ecologically acceptable for 
wholesome development. But environmental sustainability and efficiency of waste-
water treatment systems is significantly hampered by commercial feasibility. Elevated 
levels of wastewater treatment may boost the cost of the infrastructure without 
necessarily improving the benefits, especially the immediate monetary rewards, that 
would be counterproductive to the facility’s capacity to generate a profit. There are 
trade-offs between wastewater treatment technologies’ economic and ecological effi-
cacy. High levels of sewage treatment, which seem to be expensive, could not produce 
comparable economic advantages by minimizing the impacts of treating wastewater 
just on ecosystem [1]. India today has a fast-growing population, an unproductive 
infrastructure, ecological degradation, and social inequality. The concept of sustain-
able development, which is described as “development that addresses present needs 
without jeopardizing the ability of future generations to fulfill their own needs,” was 
developed to minimize the above-mentioned effects [7].

7. Sustainable development goals

The United Nations adopted seventeen Sustainable Development Objectives in 
addition to 169 other goals in 2015. The Sustainable Development Goals (SDGs) cover 
three main areas of holistic development such as the environment including climate 
change, aquatic ecosystem, land ecosystems, etc.; society including poverty, malnu-
trition, non- discrimination, equality and security, institutional mechanisms, etc. and 
economic growth including reduced injustices, steady work, and economic expan-
sion, etc. [28]. Out of these 17 goals, Sustainable Development Goal 6 is dedicated to 
access to clean water and sanitation for all.

8. Sustainable development goal 6

Access to proper sanitation and safe drinking water is the major health interven-
tion that offers the greatest economic benefits as well. Nearly half of all the instances 
of malnourishment are caused by lack of safe drinking water, unhygienic environ-
ment, and inadequate sanitation. A further issue is the continuing decline in water 
purity and growing scarcity. By 2050, it has been predicted that at least one fourth of 
total world population would live in a country with persistent or long-term freshwater 
scarcity, affecting over 2 billion individuals currently. It is vital to put measures in 
place that will ensure human utilization of water is sustainable and environmentally 
efficient. In light of this, SDG 6 includes far greater array of water related targets than 
just improving accessibility [29] (Figure 1).

SDG 6 is essential since it also affects some other SDGs directly, such as SDG 1 
(No Poverty), SDG 2 (Zero Hunger), SGD 3 (Good Health and Wellbeing), SDG 11 
(Sustainable Cities and Communities), SDG 14 (Life Below Water) and SDG 15 (Life 
on Land) [18]. SDG 6 contains eight targets, all of which deals with different chal-
lenges regarding water [6].

As per the recent reports by Integrated Water Resource Development, India would 
likely require more than 900 billion m3 of water in a low load situation and more 
than 1000 billion m3 in a peak load situation by the end of the year 2050. The nation’s 
present water supply is 695 billion m3, whereas the current sustainable groundwater 
availability has been estimated to be 1137 billion m3.
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Figure 1. 
Targets of SDG 6 to be achieved by 2030.
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6 billion population in India endure mild to severe shortage of water, and fluoride 
poisoning of aquifers has already been found in 184 regions, based on a recent study 
by the Green Governance Initiative [6]. It is crucial for India to start advancing 
towards achieving SDG 6 tragets as early as possible to combat the growing issues of 
water scarcity and poor sanitation among others.

9. Feasibility of SDG 6 in India

Innovation, technology, and materials engineering advancements offer tre-
mendous opportunities to accelerate the implementation of SDG 6. Science solely, 
however, cannot tackle all of the country’s water-related issues. To accomplish SDG 
6, three important pillars have been devised which includes sustainable management, 
science, and commerce. The economic approach towards freshwater scarcity, oppor-
tunities, and pollution cost has been given a little value. Due to its scarcity, water must 
be regarded as a non - renewable resource and its utilization should be controlled 
keeping in mind the sustainable approach.

In addition, the traditional approach to water management and architecture 
has to be reassessed. India’s water technologists must design strategies which reuse 
sewage and other wastewater and differentiate between the water resource coming 
from different sources, expenditures, qualities, and dependability, each utilized for 
specific requirements and objectives. This necessitates a variety of local suppliers as 
well as the use of strategic planning, circularity, decentralization, and potential for 
eco-friendly alternatives.

In order to take connections, unpredictability, and transitions into account, 
management of water resources must be flexible and interconnected. Using inte-
grated strategies makes it simpler to identify market, mitigate them, and comprehend 
unexpected consequences. They also enable integrated water infrastructure by draw-
ing together numerous sectors and partners at all levels, spanning between regional to 
cross-border [30].

10. Conclusions

Management of sewage runoffs is a topic which is becoming ever more relevant. 
Developed economies are now stretching the purview of wastewater management to 
incorporate the elimination of trace nutrients and organic compounds in addition to 
the elimination of carbon - containing contaminants. Eventually, treatment facili-
ties must provide discharge that would be suitable for direct water consumption. 
Considering the potential of recent technological advances, this seems to be feasible 
and will therefore spread across the globe. It’s indeed crucial to comprehend the 
physical and chemical properties of wastewater in order to devise an adequate sewage 
treatment system, select a suitable approach, establish minimum standards for the 
remnants, ascertain the degree of assessment required to verify the system, and 
choose the byproducts to be assessed based on the level of toxicity.

As a nation with growing water issues and ever-growing population, India must 
reconsider its current assumptions and how we perceive and use water in order to 
meet the targets regarding SDG 6. We cannot continue to think of safe drinking water 
as something of an excessively abundant and affordable resource. We will be required 
to employ a considerable measure of creativity, analysis, and ingenuity to come up 
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with solutions that preserve and design water resources environmentally, while also 
attempting to utilize water efficiently and equally. This same outcome of Sustainable 
Development Goal 6 (SDG 6) calls for sustainable improvement in the fields of clean 
water supply and basic sanitation, that further necessitates proper scrutiny and 
understanding of societal and economic need of potable water at the nation’s level 
in a manner that ought not to propagate adverse environmental consequences on the 
regional and global levels.
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Sewage Treatment Using 
Nanoparticles
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Abstract

This chapter provides a brief overview of nanomaterials, including classification, 
shape and structure, nanomaterial types, and applications in the degradation of 
recalcitrant organic contaminants. With the rapid advancement of nanotechnol-
ogy science, the use of nanomaterials in environmental applications, particularly 
water treatment, has piqued the scientific community’s interest in recent decades. 
Nanomaterials have unique properties such as surface-to-volume ratio, quantum 
effect, low band-gap energy, and so on, which enhance catalytic performance. 
Wastewater treatment is a critical task of the twenty-first century since it protects the 
health of our environment and living beings. Because of its ability to affect both living 
and nonliving organisms, wastewater is always viewed as a serious source of environ-
mental contamination. Many physical, biological, and chemical modes of treatment 
are implied to comply with wastewater discharge standards set by competent national 
agencies for environmental protection.

Keywords: nanomaterials, synthetic, lipid based nanoparticle, wastage, sewage

1. Introduction

Sewage treatment is a large component of water enterprise that safeguards public 
health, natural surroundings and economic development. The rapid population 
growth in distinctly urbanized and industrialized societies has resulted in the produc-
tion of enormous volumes of Sewage, which require power and cost-effective rem-
edies to discharge Sewage into receiving water bodies. To meet the discharge limits, 
present Sewage treatment facilities make use of energy-extensive strategies despite 
the current medical knowledge which aims in offering known strategies for power 
saving and restoration of flora. This offers a brief overview of a novel technology that 
has the potential to reduce the power needs of existing, standard Sewage treatment 
facilities, both by using replaceable remedies at some point of treatment to lessen the 
environmental footprint and gain electricity-efficient treatment facilities.

Water and Sewage control are enormously critical and interdependent require-
ments that can strongly affect a human being. Untreated Sewage contains huge 
amounts of organic and inorganic material from domestic, industrial and also public 
facilities, poisonous compounds, and many pathogenic microorganisms. If left 
untreated, Sewage can pollute surface and floor water reservoirs, consequently posing 
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critical threats to public health and the surroundings. Subsequently, the objective 
of Sewage management is to offer reliable safety and adequate discharge of Sewage 
into the aquatic environment. But rapid and localized populace growth has brought 
about massive volumes of clean water being consumed every day and respectively 
huge volumes of Sewage being produced, which stresses, even more on the present 
Sewage management centres. On top of this a rapid deterioration of the high-quality 
water reservoirs, especially because of the elevated urbanization, industrialization 
and farming activities, is found. This is evident by the excess of natural pollutants 
and vitamin (N and P) masses in aquatic bodies. All of the above implies that more 
intensive Sewage treatment technologies, which are associated with high working 
volumes need to be adopted to protect public health and the natural environment. 
Sewage treatment incorporates diverse physical, chemical and organic processes, as 
well as their combination, that allows you to produce an effluent which can be safely 
disposed of into the surroundings without causing any sort of long-term unfavor-
able results to human beings or other living beings. Nevertheless, to meet Sewage 
discharge, high working volume demands are required, leading to high operational 
prices and making Sewage management unsustainable. Therefore, additional green 
and energy-efficient treatment constructions, that require a decrease to zero external 
quantities of strength to perform and therefore lower operational costs, have to be 
delivered on a huge scale. Sewage management is usually carried out in five stages as 
explained below:

1. Pre-treatment consists of bar screens which remove large objects like tree 
branches, fruit and vegetable peels, plastic wrappers, sheets and papers etc. Then 
the resulting water is sent into a flow equalization tank followed by a grit elimi-
nation channel.

2. Primary Treatment includes a primary sedimentation tank where suspended 
solids are settled out via gravity.

3. Secondary treatment consists of an activated sludge system where microorgan-
isms are used for the conversion of organic matter into carbon and nitrogen 
sources.

4. Tertiary treatment includes disinfection of Sewage using UV irradiation and an 
activated carbon filter.

5. Sludge treatment generally is carried out for sludge thickening and later incin-
eration of the final waste and finally waste disposal is carried out.

2. Current technologies of sewage treatment

2.1 Anaerobic digestion (AD)

Anaerobic digestion (AD) is a familiar method in which biodegradable constitu-
ents of Sewage are broken down with the help of micro-organisms in the absence of 
oxygen. This can be carried out in a single stage or multiple stages. This not only leads 
to decreased organic loads but also will simultaneously produce biogas. The process 
takes place under temperatures of about 30 to 38°C, where mesophilic digestion can 
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take place or about 49–57°C where thermophilic digestion takes place [1]. Anaerobic 
Digestion is usually carried out in three stages [2]:

1. Hydrolysis: In this stage, microorganisms degrade organic matter present in 
Sewage into smaller constituents in the presence of water

2. Fermentation of volatile acids: Acidogenesis is carried out thus producing acetic 
acid, carbon dioxide, and hydrogen as end products.

3. Methane formation: At this stage acetic acid, carbon dioxide, and hydrogen 
which were produced in the previous stage get converted to methane and carbon 
dioxide.

Sewage s, as well as the Sludge coming out from the last stage generally is found 
to be rich in organic matter and thus can be used to produce energy in the form of 
biogas. Biogas obtained from anaerobic digestion plants can be utilized for various 
purposes like heating, production of electricity etc. This energy utilization makes the 
anaerobic digesters a versatile piece of equipment as it sustains their energy and heat 
requirements without the need for looking out for other sources of external energy 
requirements [3].

2.2 Photo-fermentation

In this method anaerobic micro-organisms which are photosynthetic like 
Rhodobacter and Rhodopseudomonas act as catalysts and convert organic acids, such as 
acetic and butyric acids, and sugars into glucose, fructose and sucrose in the presence 
of sunlight. There is a similar called as dark fermentation which is mostly carried 
out in the absence of sunlight where anaerobic bacteria, such as Clostridium and 
Enterobacter, convert glucose, sucrose, starch and cellulosic materials to H2 [4]. But 
for the above-mentioned processes Sewage s containing huge amounts of carbohy-
drate content is required to produce adequate amounts of hydrogen typically 15% of 
the maximum theoretical potential. Due to this constraint, these processes have yet to 
emerge on a large industrial scale.

2.3 Microbial fuel cells

Microbial fuel cells (MFCs) are showing promising results in Sewage treatment in 
recent years as these are sustainable technologies which can accomplish the removal 
of organic pollutants with the help of micro-organisms and also produce electricity, 
water, CO2 and other inorganic residues as by-products [5–7]. MFCs come under 
the category of bioreactors and are usually operated under anaerobic conditions. A 
positively charged ion membrane separates both the anode and cathode. Reactions 
at the anode include oxidation of organic materials present in Sewage by microor-
ganisms, therefore generating CO2, electrons and protons. These electrons are then 
relocated to the cathode compartment via an external electric circuit, producing 
electricity, whereas protons are moved to the cathode through the membrane. During 
this process, water is also formed as electrons and protons combine with oxygen in 
the cathode [8, 9]. MFCs offer the benefits of low cost, as they utilize inexpensive 
catalysts, that is, microorganisms present in Sewage s, huge energy efficiencies, and 
low volume of solid disposal.
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2.4 Pyrolysis

Pyrolysis is an age-old technique and also a Green technology in comparison 
to existing Sewage technologies as it is carried out in absence of oxygen result-
ing in toxic-free by-products. Pyrolysis thermally breaks down the sewage sludge 
into biogas, bio-oil, and biochar anaerobically [10]. If seen from a thermodynamic 
perspective, Pyrolysis is an endothermic process (100 kJ kg−1) which is carried out 
at temperatures fluctuating between 350–1000°C [11]. For carrying out pyrolysis 
effectively, Sewage management industries would require complex and expensive 
equipment. Thus the large-scale applications of this process are limited.

3. Sewage treatment using nanoparticles

Nanoparticles are materials in which the structural components lie within sizes 
ranging from 1 and 100 nm in at least one dimension [12]. Because of this special 
nature, nanoparticles highly differ in their properties mechanical, electrical, opti-
cal, and magnetic in comparison with other materials. In recent years, nanoparticles 
have found applications in many fields, such as catalysis [13], medicine [14], sensing 
[15], and biology [16]. Specifically, due to their nano sizes and huge surface areas 
available for chemical and biochemical reactions, High mobility of nanoparticles in 
solutions, nanoparticles are being used in water and Sewage treatment extensively. 
Sewage s contain toxic metal ions like [Hg(II), Pb(II), Cr(III), Cr(VI), Ni(II), Co(II), 
Cu(II), Cd(II), Ag(I), As(V), and As(III)] [17]. Numerous Conventional chemical 
and physical techniques like adsorption, precipitation, ion exchange, reverse osmosis, 
electrochemical treatments, membrane filtration, evaporation, flotation, oxidation 
and biosorption processes are being expansively used for the removal of such toxins. 
These conventional techniques do offer good amounts of toxin removal but to treat 
huge volumes of Sewage, there is an emerging need to search for new alternatives. 
In the current scenario, widely used nanoparticles for water and Sewage treatment 
largely comprise zero-valent metal nanoparticles, metal oxide nanoparticles, carbon 
nanotubes (CNTs), and nanocomposites.

Current research trends show the use of various zero-valent metal nanoparticles, 
viz.; Fe, Zn, Al, and Ni, in sewage treatment. Silver nanoparticles (Ag NPs) which 
come under the category of Zero-Valent Metal Nanoparticles are extremely lethal to 
microorganisms and hence show a strong antibacterial effect against various micro-
organisms, including viruses [18], bacteria [19], and fungi [20]. These can adhere 
to the bacterial cell wall of the microorganisms and increase the permeability of the 
cell walls [21]. They can easily penetrate through the cell walls resulting in structural 
changes in the cell membrane leading to the death of the cells [22]. Further, when Ag 
NPs come in contact with bacteria, they generate free radicals. They can damage the 
cell membrane and are considered to cause the death of cells. Magnetic nanoparticles 
can also be utilized in water treatment to remove heavy metals, sediments, chemical 
effluents, charged particles, bacteria and other pathogens. Lower operating costs, 
Lower energy requirements, lesser sludge discharge, Reduction in the number of 
pesticides and VOCs (organic chemicals), and Reduction of heavy metals, nitrates 
and sulfates, color, tannins, and turbidity are some of the many advantages of Sewage 
treatment using nanoparticles.
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3.1 Carbon nanomaterials

Carbon nanomaterials (CNMs) are sheets made of graphene which are rolled up 
in the form of cylinders having diameters as minor as 1 nm. Carbon nanomaterials 
possess exceptional structures, and a great capacity to adsorb a wide range of con-
taminants like dichlorobenzene, ethyl benzene, Zn2+, Pb2+, Cu2+, and Cd2+, dyes, 
electrical properties, fast kinetics, large surface area, rich porous structures [23]. 
All these contribute to their diverse applications in advantages in sewage treatment 
processes.

The nanocomposite is an emerging field of nanomaterials. Nanocomposites are 
prepared through the chemical deposition of nZVI on CNTs. The resulting adsorbent 
has huge potential for rapid and effective removal of nitrate components present-
ing sewage water. These nanocomposites also have good magnetic properties due to 
which, the adsorbent can be easily separated from the solution by using a magnetic 
field [24]. Many such nanocomposites can be fabricated creating a network on 
polyimide supports. These offer advantages of being nontoxic, long-term stable and 
low-price materials. In concept, ideal composites for physical applications should 
be continuous, bulk immobile materials in which the nano reactivity is acquired by 
impregnating a parent material structure with nanoparticles [25]. Still, much research 
is underway for creating nanocomposites which can serve sewage treatment in a cost-
efficient manner.

3.2 Metallic nanoparticles

Metallic nanoparticles have a great deal of potential for many forms of environmental 
cleanup because of their adaptability. One, two, or three metals and their oxides can 
be found in a variety of nanostructures. The shape-controlled, stable, and monodis-
persed properties of metal-based nanomaterials have been thoroughly studied using 
physical and chemical methods. Water treatments such as adsorption, photodegrada-
tion, membrane separation, and chemical disinfection can all benefit from these 
positive qualities. They have been utilized for self-cleaning surfaces, air purification, 
and water disinfection because of their noteworthy antibacterial, antifungal, and 
antiviral activity, which is employed as water disinfectants [26, 27].

3.3 Nanoparticles based on oxidation

Inorganic oxide-based nanoparticles are often created by combining metals and 
non-metals. The removal of harmful contaminants from wastewater makes consider-
able use of these nanoparticles. There are also ferric oxides titanium oxides [28], 
titanium oxide/dendrimers composites [28–30], zinc oxides [31], magnesium oxides, 
manganese oxides [32, 33] and ferric-oxide [34]. High BET surface area, less environ-
mental impact, less solubility, and lack of secondary pollutants are the characteristics 
of oxide-based nanoparticles [35].

3.4 Silver based nanoparticles

Due to its low toxicity, water-based microbial inactivation, and well-documented 
antibacterial action, silver is the substance that is utilized the most frequently.



Sewage Management

162

Silver salts like silver nitrate and silver chloride are used to make silver nanoparti-
cles, which are known to be excellent biocides. Smaller Ag nanoparticles (8 nm) were 
the most effective, despite the fact that the antibacterial action is size dependant; 
increasing particle size (11–23 nm) resulting in reduced bactericidal activity.

Additionally, truncated triangular silver nanoplates outperformed spherical 
and rod-shaped nanoparticles in terms of antibacterial efficacy, demonstrating the 
importance of shape.

Ag nanoparticles’ bactericidal effects can occur through a variety of methods, such 
as the production of free radicals that damage bacterial membranes, interactions with 
DNA, adherence to cell surfaces that change the characteristics of the membranes, 
and damage to enzymes.

Immobilized nanoparticles have become more significant because of their potent 
antibacterial properties. Gram-positive and Gram negative bacteria have been observed 
to be particularly sensitive to embedded Ag nanoparticles. In a study, cellulose acetate 
fibers that had been directly electrospun with silver nanoparticles incorporated in them 
were demonstrated to be efficient against both types of bacteria. Ag nanoparticles are 
also added to several kinds of polymers to create antibacterial nanocomposites and 
nanofibers. In a study, antimicrobial nanofilters made of poly (−caprolactone) based 
polyurethane nanofiber mats with Ag nanoparticles were created.

Ag nanoparticles are included in several types of nanofibers that have been 
manufactured for antimicrobial applications and have shown excellent antibacterial 
capabilities [36–39].

Ag nanofiber-coated polyurethane foam water filters have demonstrated effective 
antibacterial activities against Escherichia coli (E. coli). Other examples of inexpensive 
drinkable microfilters made with Ag nanoparticles exist and can be applied in rural 
areas of developing nations [40].

Ag nanoparticles are also used in water filtration membranes, such as polysulfone 
membranes, where they are effective in reducing biofouling and are effective against a 
wide range of bacteria and viruses. These membranes with Ag nanoparticles dem-
onstrated effective antibacterial properties against E. coli, Pseudomonas, and other 
microbes. The efficiency of Ag nanocatalyst alone and in combination with carbon 
covered in alumina for the destruction of microbiological pollutants in water has been 
proven.

Although Ag nanoparticles have been successfully employed to destroy bacteria, 
viruses, and reduce membrane biofouling, their long-term effectiveness against 
membrane biofouling has not been observed. This is mostly because silver ions are 
lost over time.

Therefore, additional efforts to stop this loss of silver ions are needed in order to 
permanently control membrane biofouling. As an alternative, the problem can be 
resolved by doping Ag nanoparticles with other metallic nanoparticles or its compos-
ites with metal-oxide nanoparticles. This may also result in the simultaneous removal 
of inorganic and organic substances from water and wastewater [41].

3.5 Titanium based nanoparticles

TiO2 nanoparticles have mostly been utilized as a catalyst in organic reaction and 
wastewater breakdown. Because of their special characteristics and lower tendency 
to aggregate due to the existence of greater repulsive forces, microorganisms (such as 
bacteria) are often used in the biosynthesis of TiO2 nanoparticles. The morphological 
structures of TiO2 nanoparticles, such as spherical titania (TNP), titania nanotubes 
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(TNT), and titania nanosheets, have been extensively researched in the field of water 
purification along with development and improvement. High specific surface area, 
pore volume, and pore size are typical characteristics of TNP. As a result, TNP offers 
an active site that is very easy to reach and can be employed for organic pollutant 
adsorption. The typical hydrothermal method for producing TNT from TNP uses a 
potassium hydroxide/sodium hydroxide (KOH/NaOH) solution. TNT is anticipated to 
be more advantageous than TNP because of its tubular structure, which also provides 
bigger pore volume and a higher interfacial charge carrier transfer rate. TNT also 
offers the high hydrophilicity qualities of TiO2 [42].

One of the most significant chemically stable nanoparticles, titanium dioxide 
(TiO2), has attracted the most interest for its use as a photocatalyst and adsorbent in the 
removal of contaminants from wastewater. Some microorganisms, such as bacteria, can 
biosynthesize these nanoparticles as reducing agents for nanofactories in order to create 
nontoxic, environmentally friendly ways to generate nanoparticles [43].

3.6 Iron based nanoparticles

Ferric oxide is a cheap substance for the adsorption of toxic metals due to the natural 
abundance of iron and its straightforward production technique. It is an environmen-
tally benign substance that can be utilized in contaminated environments without 
raising the risk of secondary contamination. The pH, temperature, amount of adsor-
bent, and incubation period all play a role in how different heavy metals bind to Fe2O3 
nanoparticles. Different researchers modified the surface of Fe2O3 to boost its adsorp-
tion capability. Recently, there have been multiple publications on the use of magnetic 
oxides, particularly Fe3O4, as nanoadsorbents to remove hazardous metal ions such 
Ni2+, Cr3+, Cu2+, Cd2+, Co2+, Hg2+, Pb2+, and As3+ from wastewater. For instance, 
Shen et al. [44] have found that pH, temperature, the quantity of the adsorbent, and the 
incubation duration all have a significant impact on the adsorption efficiency of Ni2+, 
Cu2+, Cd2+, and Cr6+ ions by Fe3O4 nanoparticles. According to Palimi et al. [45], 3 
aminopropyltrimethoxysilane was used to modify the Fe2O3 nanoparticles’ surfaces.

When it comes to simultaneously removing many contaminants from wastewater, 
such as Cr3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+, and As3+, nano-adsorbents have strong 
affinity.

3.7 Manganese oxide based nanoparticles (MnO)

Due to their high BET surface area and polymorphism structure, manganese oxide 
(MnOs) nanoparticles have remarkable adsorption capacity [46]. It has been frequently 
utilized to remove several heavy metals from wastewater, including arsenic [47]. 
Hydrous manganese oxide (HMO) and nanoporous/nanotunnel manganese oxides are 
the most commonly used modified MnOs. HMO was created by mixing MnSO4H2O 
into a NaClO solution. The inner-sphere is usually responsible for the adsorption of 
numerous heavy metals on HMOs, including Pb (II), Cd (II), and Zn (II). Divalent 
metals did, however, adsorb on the surface of HMOs in two stages. Metal ions first 
adsorb on the outside surface of HMOs, and then intraparticle diffusion occurs .

3.8 Zinc oxide (ZnO) based nanoparticles

For the adsorption of heavy metals, zinc oxide (ZnO) possesses a porous micro/
nanostructure with a high BET surface area. For the removal of heavy metals from 
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wastewater, nano assemblies, nano-plates, microspheres with nano-sheets, and 
 hierarchical ZnO nano rods are frequently utilized as nano-adsorbents In comparison 
to commercial ZnO, the aforementioned modified forms of ZnO nano-adsorbent 
exhibit a high removal effectiveness of heavy metals. ZnO nano-plates and porous 
nano-sheets were utilized to remove Cu (II) from wastewater. These modified ZnO 
nano-adsorbents exhibit greater Cu (II) removal effectiveness compared to commer-
cial ZnO because of their distinctive micro/nanostructure. Additionally, nano-assem-
blies were employed to eliminate a variety of heavy metals, including Co2+, Ni2+, 
Cu2+, Cd2+, Pb2+, Hg2+, and As3+. Due to their electropositive character, microp- 
orous nano-assemblies exhibit strong affinity for the adsorption of Pb2+, Hg2+, and 
As3+. According to Kumar et al. [48] mesoporous hierarchical ZnO nano-rods have a 
good removal efficiency for Pb (II) and Cd (II) from wastewater.

Singh et al. [49] reported the removal of numerous harmful metal ions from 
wastewater using porous ZnO nano-assemblies, including Co2+, Ni2+, Cu2+, Cd2+, 
Pb2+, Hg2+, and As3+. It has been claimed that Hg2+, Pb2+, and As3+ demonstrate 
superior removal efficiency (63.5% Hg2+, 100% Pb2+, and 100% As3+) because of 
their stronger attraction to ZnO nano-assemblies due to their high electronegativity.

3.9 Magnesium oxide based nanoparticles (MgO)

Magnesium oxide (MgO) and iron oxide (Fe2O3) are potential metal oxide 
nanoparticles (NPs) for the adsorption of textile and tannery wastes. Due to their 
nanostructure and numerous active sites, these NPs have large surface areas and a 
high capacity for the adsorption of heavy metals. Ecosystem harm from NP biotreat-
ment is nonexistent. In earlier research, for the purification of textile colors and the 
eradication of particular heavy metals magnesium oxide (MgO) is utilized. MgO 
microspheres are a new structure that can increase the removal of heavy metals’ 
adsorption affinity. The shape of NPs has undergone many forms of alteration to 
boost the adsorption capability of MgO. These include nanorods, nanobelts, fish- 
bone fractal nanostructures, nanowires, nanotubes, nanocubes, and three-dimen-
sional things. Kiran et al. [50], reported that the remediation of Reactive Brown 9 dye 
was then carried out using MgO-NPs once the reaction’s key variables (dye concentra-
tion, nanoparticle concentration, pH, and temperature) had been optimized. The 
highest degree of decolorization (95.8%) was achieved at 0.02% dye concentration, 
0.003 mg/L MgO-NP concentration, pH 4, and 40°C. The mineralization of the 
examined dye samples was evaluated using TOC and COD, and their values were 
found to be 88.56% and 85.34%, respectively. Other troublesome colors could also be 
treated using the magnesium oxide nanoparticles in stages. It is imperative to get rid 
of these harmful colors because they ruin the aquatic environment and spread several 
diseases.

3.10 Al2O3 based nanoparticles

Aluminum oxide nanoparticles (ANPs) are used in a variety of industrial and 
personal care products. E. coli has been examined for the growth-inhibitory effect 
of alumina nanoparticles over a broad concentration range (10–1000 g/mL). These 
metal oxides’ antibacterial properties are ascribed to the production of reactive 
oxygen species (ROS), which results in cell wall breakdown and eventual cell death. 
However, alumina nanoparticles might neutralize free radicals. The ability of these 
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NPs to protect cells from oxidative stress-induced cell death appears to depend on the 
particle’s structure but is unrelated to its size between 61,000 nm [51].

3.11 Copper based nanoparticles

A variety of bacterial pathogens responsible for hospital acquired infections were 
successfully eliminated by CuO nanoparticles (CuO NPs). However, a significant 
portion of CuO NPs are scavengers. The ability of these NPs to protect cells from 
oxidative stress-induced cell death appears to depend on the particle’s structure rather 
than its size between 61,000 nm. It is necessary to produce a bactericidal action [52].

3.12 Curcumin-loaded nanocarriers for hospital wastewater treatment

Water contamination with a wide range of chemical, microbiological, and toxic 
substances is a growing environmental concern. In a study by (Mozhgan et al), 
the heated high-speed homogenization process was used to create eco-friendly 
curcumin-loaded nanostructured lipid carriers (NLC-curcumin). NLC-curcumin 
had an average particle size of 137.9 3.21 nm and a zeta potential of −23.36 3.5 mV. The 
nanoparticles’ morphology, thermal behavior, antioxidant properties, and infrared 
spectroscopy were also studied. The potential of NLC-curcumin on bacterial growth 
reduction in the actual environment of hospital wastewater was evaluated using 
colony forming unit per milliliter (CFU/ml) analysis. The results show that 0.125 M 
NLC-curcumin in Mueller-Hinton agar media significantly lowers the proportion of 
wild bacteria strains in autoclaved wastewater at 37°C. NLC-Curcumin (0.125 M) sig-
nificantly reduced the percentage of the microbial total count at 25°C in the original 
hospital wastewater treatment as shown in Table 1 [53].

4. Type of nanomaterials in wastewater treatment

A substantial amount of study has been conducted on the use of nanotechnology 
for wastewater treatment. Based on the materials used, nanotechnology may be 
divided into three categories: Nanoadsorbents, nanocatalysts, and nanomembranes 
present in Table 1 and Figure 1.

4.1 Nano-adsorbents

Adsorbent nanoparticles are nanoparticles composed of organic or inorganic 
materials with a high affinity for adsorbing chemicals. This implies they can remove 
a large amount of pollution. Because of their key qualities, such as catalytic potential, 
small size, high reactivity, and increased surface energy, these nanoparticles may be 
used to remove many types of contaminants. Metallic nanoparticles, mixed oxide 
nanostructures, magnetic nanoparticles, and metal oxide nanoparticles all have 
distinct adsorption mechanisms. Example is Zeolites comprise aluminosilicate miner-
als having a surface morphology filled with electrostatic pores populated by cations 
and water molecules. Cations and water molecules have a wide range of movement 
options, allowing for ion exchange and reversible dehydration. CNTs feature a large 
surface area, a large number of adsorption sites, and variable surface chemistry as 
shown in Table 1.



Sewage Management

166

S. 
No

Nanoparticle Type Load Method of action References

1 Curcumin-
Loaded 
nanocarriers

Nanostructured 
lipid carriers 
(NLC)

Curcumin Antimicrobial properties 
of curcumin are the 
main feature of this 
nanoformulation.

[53]

2 Zeolites Nano-
adsorbents

— Zeolites comprise 
aluminosilicate minerals 
having a surface 
morphology filled with 
electrostatic pores 
populated by cations 
and water molecules. 
Cations and water 
molecules have a wide 
range of movement 
options, allowing for ion 
exchange and reversible 
dehydration.

[54]

3 CNTs 
Nanoadsorbents

Nano-
adsorbents

— CNTs feature a large 
surface area, a large 
number of adsorption 
sites, and variable 
surface chemistry. CNTs 
are used for pollution 
cleanup, determining 
the pre-concentrate, and 
revealing contaminants. 
The engagement of 
carbon nanotubes 
with metal cations via 
electrostatic attraction 
and chemical bonding 
explained the process 
of oil contamination 
in wastewater utilizing 
carbon nanotubes.

[54]

4 Silica, Clay, 
Titanium 
dioxide, Iron, 
Aluminum 
Nano-catalysts

Nano-catalyst Manganese 
Ferrous 
Oxides, 
Silica 
Oxides 
and Silver 
(MnFe2O4-
SiO2-Ag)

Nanoparticles provide 
a wide surface area for 
chemical interaction 
that directly affects the 
reaction rate, providing 
impressive catalytic 
performance. Thus 
its used in catalyzing 
reactions on removal/ 
transformation of 
pollutants in wastewater

[55]

5 CNTs Nano 
membrane

Nano-
membrane

— Carbon nanotubes are 
employed to create a 
nanomembrane that can 
be reused and is capable 
of eliminating pathogens 
and pollutants.

[56]
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4.2 Nano-catalyst

Light energy interacts with metallic nanoparticles in nano-catalysis, resulting 
in high and broad photocatalytic activity. Because of its great and broad photo-
catalytic activity, this therapy is gaining favor. Bacteria and enzymes participate 

S. 
No

Nanoparticle Type Load Method of action References

6 Eugenol NLC Nanostructured 
lipid carriers 
(NLC)

Eugenol Eugenol induced cell 
wall breakdown leading 
to cell death is the 
primary goal of this 
NLC. It aims to diminish 
wild bacterial strains in 
sterilized wastewater 
and hospital wastewater.

[57]

7 Algal 
nanoparticles

Simple 
Nanoparticles

Silver, Gold Euglena gracilis and other 
microalgae were used in 
biosynthesis of metallic 
nanoparticles, proving 
to be a potential source 
for in vivo and in vitro 
biosynthesis of Ag/Au 
NPs.

[58]

Table 1. 
Varied instances of the use of nanocarriers in the treatment of wastewater.

Figure 1. 
Schematic explanation of the method of action followed by different types of nanoformulations used in 
wastewater treatment currently.
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in a photocatalytic reaction. Manganese Ferrous Oxides, Silica Oxides and Silver 
(MnFe2O4-SiO2-Ag) act as catalyst and its mode of action shown in Table 1.

4.3 Nano-membrane

The separation of particles from wastewater is the responsibility of a nano-
membrane. These filters are extremely good in filtering out dyes, heavy metals, and 
other contaminants. Nanomaterials utilized as nano-membranes include nanotubes, 
nanoribbons, and nanofibers.

Nanoparticles integrated into membranes are more convenient and beneficial than 
nano-adsorbents, nano-catalysts, and nano-membranes because this procedure not 
only has a powerful physical treatment, but it also contains nanoparticles to increase 
the quality of the treatment.

To inhibit bacterial development, several eco-friendly nanostructured lipid 
carriers (NLCs) were created as delivery agents to appropriately carry an antibacte-
rial agent (eugenol) into hospital wastewater. Hot high-speed homogenization was 
used to create eugenol-loaded nanostructured lipid carriers. The nanocarriers were 
then analyzed using several methods including transmission electron microscopy, 
Fourier transforms infrared and dynamic scanning calorimetry. The ability of the 
produced eugenol-loaded nanostructured lipid carriers to reduce the bacterial 
growth rate in culture media and hospital wastewater was determined using the 
turbidity test and colony counting technique, respectively. NLC-mean eugenol’s size 
and zeta potentials were 78.12 6.1 nm and 29.43 2.21 mV, respectively. The maximum 
inhibitory impact of NLC-eugenol in culture medium was reported in standard 
and wild Staphylococcus aureus strains (43.42% and 26.41%, respectively) at 0.125 M 
concentration. The antibacterial activity of NLC-eugenol in sterile wastewater on 
wild bacteria strains revealed that 0.125 M was the most effective concentration to 
reduce bacterial quantities on wild S. aureus and Enterococcus faecalis strains (38% 
and 33.47%, respectively) at 37°C. At 25°C, NLC-eugenol at 0.125 M had the best 
impact, lowering total microbiological agents by 28.66% in hospital wastewater as 
shown in Table 1 [57].

4.4 Microalgal

Nanoparticles can be utilized for a variety of applications, including medical 
treatment, solar and fuel cells for efficient energy generation, water, and air filters 
to minimize pollution, and as catalysts in existing industrial processes to remove the 
usage of harmful ingredients. Wet techniques are the most traditional and widely 
utilized ways of producing nanoparticles (physical and chemical). These strategies 
are classified into two approaches: top-down and bottom-up. Growing nanoparticles 
in a liquid medium containing reducing and stabilizing agents such as potassium 
bitartrate, sodium dodecyl benzyl sulfate, methoxypolyethylene glycol, polyvinyl 
pyrrolidone, or sodium borohydride are how nanoparticles are created chemically. 
In addition, physical processes include pyrolysis and attrition. Unfortunately, the 
physical and chemical procedures utilized in both approaches have some implica-
tions due to their poor environmental effect, lengthy manufacturing methodology, 
and prohibitively high cost. According to research, nanoparticles attract atoms 
and molecules owing to their high surface energy, modifying their surface charac-
teristics. As a result, they are unable to live in their natural habitat in their naked 
state. Nanoparticles are not suitable for therapeutic use due to these environmental 
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interactions. This mechanism of action has raised awareness about the importance of 
developing nontoxic and environmentally friendly procedures for the assembly and 
synthesis of nanoparticles.

Physical processes also include pyrolysis and attrition. Unfortunately, both 
systems’ physical and chemical procedures have some issues because of their bad 
environmental impact, delayed production methodology, and excessively expensive 
cost. Nanoparticles, according to study, attract atoms and molecules due to their high 
surface energy, changing their surface features. As a result, they are unable to survive 
in their native habitat while nude. Because of these environmental interactions, 
nanoparticles are not suited for therapeutic usage. This mechanism of action has 
increased awareness of the importance of developing nontoxic and environmentally 
friendly procedures for nanoparticle assembly and synthesis and mode of action as 
shown in Table 1 [59].

I. Direct exploitation of extracted biomolecules from disrupted cells of microalgae

II. Exploitation of cell-free supernatants made of microalgae culture media

III. Biosynthesis of nanoparticles of different natures from whole cells of microalgae

IV. Using living cells of microalgae

To make gold nanoplates, the microalgal biomass is lyophilized and then exposed 
to RP-HPLC, or reverse-phase high-performance liquid chromatography, until the 
gold shape-directing protein (GSP), which controls the shape of nanoparticles, is 
separated. Furthermore, this protein is exposed to an aqueous HAuCl4 solution, 
resulting in the formation of gold nanoparticles of various forms. In the case of silver 
nanoparticles, PLW (proteins with low molecular weight) and PHW (proteins with 
high molecular weight) found in microalgae biomass is responsible for converting 
silver ions into their metallic counterparts. Tang et al. biosynthesized silver and gold 
nanoparticles using a fine powder of Spirogyra insignis (Charophyta) [58].

Many studies on the fate of NPs and their effects on biological wastewater treat-
ment have been conducted, and many successes have been reported [60].

1. At certain concentrations, most NPs, including Ag, ZnO, CuO, Al2O3, SiO2, 
CNTs, and magnetic NPs, can cause varied degrees of harm to microorganisms. 
When compared to other NPs, Ag, Cu, and ZnO NPs have significantly large 
hazardous effects at similar exposure doses. TiO2 NPs, in instance, do not exhibit 
high toxicity to microorganisms in both short-term (even at 500 mg L1) and 
long-term (50 mg L1) exposures.

2. By interacting with biomass, WWTPs utilizing activated sludge have the capac-
ity to remove most forms of NPs, including Ag, Cu, ZnO, CuO, and TiO2, but not 
SiO2. Under specific circumstances, Ag NPs, Cu NPs, and ZnO NPs can be partly 
converted into Ag+, Cu2+, and Zn2+, respectively. The low removal of SiO2 NPs 
is attributed to their strong colloidal stability in wastewater and their limited 
biosorption proclivity.

3. Most NPs have varying degrees of influence on the efficacy of biological 
wastewater treatment, including the removal of nitrogen, phosphorus, and 
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organic contaminants. Under most situations, the effects are dose-dependent, 
and exposure length (short-term or long-term) also plays a role in unfavorable 
consequences.

a. At low concentrations, Ag, CuO, and ZnO NPs have small or moderate 
effects on TN removal; TiO2 NPs have some inhibitory effects on nitrifying 
and denitrifying bacteria, as well as AMO and NOR; and Al2O3 and SiO2 
NPs have negative effects on nitrification and denitrification.

b. Al2O3, TiO2, and SiO2 NPs have no significant adverse effects on phospho-
rus removal, but ZnO NPs can result in net phosphorus removal failure at 
certain concentrations.

c. Ag NPs can reduce COD removal when it comes to organics removal. During 
anaerobic biological wastewater processes, ZnO NPs and CuO NPs can 
suppress methane formation. Under most situations, the effects are dose-
dependent. Some of the effects are caused by the NPs themselves, whereas 
others are caused by liberated ions such as Ag+, Cu2+, and Zn2 +.

5. Discussion

Sixth of the world’s population, on average, lacks access to clean drinking water. 
The availability of freshwater supplies is limited, making it difficult for the world 
to meet growing demands for clean water. Depletion as a result of (i) protracted 
droughts, (ii) rising population, (iii) stricter health-based laws, (iv) conflicting 
demands from various users, and (v) water contamination. Therefore, it is vital to 
take action to create an inventive technology that can supply clean, affordable water 
to suit human needs. A healthy existence requires access to clean drinking water. 80% 
of diseases in nations like India are caused by water, especially drinking water. The 
World Health Organization (WHO) advises that any water meant for drinking should 
have zero fecal and total coliform levels in each 100 mL sample. Today, a variety of 
methods, including chemical and physical processes, are employed to clean water. 
These methods include the treatment of chlorine and its derivatives, ultraviolet light, 
boiling, low-frequency ultrasonic irradiation, distillation, reverse osmosis, and water 
sediment filters [61].

The three primary categories of wastewater treatment techniques are physical, 
chemical, and biological. Filtration is a key component of solid-liquid separations, 
which are the main focus of physical wastewater treatment. There are two broad 
categories that conventional and unconventional filtration methods fall under. 
Applications involving water purification rely on this technique. The treatment pro-
cess is just one component of a conventional water treatment system, which offers a 
variety of technology and equipment alternatives based on the treatment’s objectives. 
Understanding the function of filtration in water purification in comparison to other 
technologies and the goals of various unit processes is crucial. This cost-effective 
method can eliminate wastewater microorganisms and suspended particulates in 
specific circumstances, such as when membranes are used. However, it is unable to 
reduce the wastewater’s organic pollution and heavy metal levels on its own, which 
are dangerous when reused in the home or industrial settings. One of the most 
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prevalent instances of this technique is membrane filtration, whose structure may 
be easily adjusted utilizing cutting-edge technology like nanoparticles as well as used 
with other types of treatment.

Chemical techniques of treatment depend on chemical reactions between the 
contaminants and the person using the chemical agent, and they help either com-
pletely remove contaminants from water or neutralize any negative effects they may 
have. Chemical treatment techniques can be used both alone and in conjunction with 
physical processes to treat a variety of problems. By using this pricey process, the 
wastewater’s organics will be removed, but new compounds, some of which may be 
dangerous, will be introduced. For instance, activated carbon adsorption is frequently 
used in home and industrial treatments to eliminate turbidity and the smell of water 
without causing any negative side effects.

Although the biological treatment of wastewater appears straightforward 
because it depends on natural processes to aid in the breakdown of organic chemi-
cals, it is actually complicated, poorly understood, and occurs where biology and 
biochemistry meet. Organic materials, such as rubbish, organic wastes, partially 
digested foods, heavy metals, and poisons, can be found in wastewater. Organic 
debris is typically broken down by bacteria, nematodes, and other tiny organisms in 
biological treatments. Worldwide application of biological treatment is possible due 
to its adaptability, affordability, and environmental friendliness. Many mechanical 
or chemical techniques fall short of biological treatments in terms of effectiveness 
or efficiency. A notable example of this is the conventional activated sludge (CAS) 
procedure. These systems frequently consist of an aeration tank that serves as a 
biological degrading agent and a secondary clarifier to separate treated wastewater 
sludge [62].

The primary purpose of a wastewater treatment system is to remove primary 
pollutants such as suspended particles, biochemical oxygen demand (BOD), nutrients 
(organic and inorganic), toxicity, and coliform bacteria. The sedimentation process is 
used in a traditional wastewater system to remove dissolved organic matter and sus-
pended particulates. Sewage preliminary treatment removes 60% of large solid mate-
rials through a well-designed sedimentation tank and approximately 35% of BOD 
delivered by sewers responsible for obstructing flow through the plant or damaging 
equipment. Heavy grit particles, rags, fecal materials, and wood can be removed from 
sewage by passing it through screen bars. The secondary treatment method seeks to 
minimize suspended particles and BOD by lowering organic matter by 85 percent. 
This is mostly accomplished by a diverse population of heterotrophic bacteria capable 
of exploiting the organic ingredient for energy and development. Some of the second-
ary wastewater treatment operating systems include fixed film and suspended growth 
reactors. Tertiary treatment techniques strive to eliminate 95% of organic ions. It can 
be done either biologically or chemically, but it is a costly process. Chemical precipita-
tion, reverse osmosis, carbon adsorption, and ozonation are examples of advanced 
treatment methods based on technologically complex techniques. These methods 
remove nutrients like phosphorus and nitrogen, which can cause eutrophication in 
surface water. To remove tiny particles on a small scale, technologies such as land 
application, filtration, and lagoon storage are utilized. Several primary and second-
ary treatment plants have been installed in a variety of locations to remove settled 
materials and oxidize organic material from wastewater. Furthermore, even after 
tertiary treatment, complete removal of the incoming waste load is not possible, and 
as a result, many organisms remain in the water bodies.
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6. Conclusion

Waste water treatment could greatly benefit from the usage of nanoparticles. 
Its distinctive quality of having a large surface area can be effectively employed to 
remove harmful metal ions, microbial pathogens, organic, and inorganic solutes from 
water. Numerous kinds of nanomaterials, including zeolites, dendrimers, carbona-
ceous nanomaterials, and metal-containing nanoparticles, have also been shown to 
be effective for treating water. The chapter discusses recent developments on various 
nanomaterials, including molecularly imprinted polymers (MIPs), bioactive nanopar-
ticles, molecularly structured catalytic membranes, nanosorbents, nanocatalysts, and 
nanosorbents with applications in waste water treatment. On both a small- scale and 
a large-scale, waste water may now be treated in a variety of effective ways with the 
help of nanotechnology.
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Abstract

In recent times, along with urbanization, the population of the city is also  
increasing rapidly. In this regard, the discharge of municipal sewage is increasing year 
by year, which is a worrying situation for living beings as well as the environment. 
In fact, wastewater is an important by-product of modern industry and contributes 
significantly to polluting the aquatic environment. Its sources are based on many 
industries and anthropogenic pollutants. The nature of wastewater is organic and 
inorganic. Many harmful pollutants especially heavy metals are present in sewage 
sludge and wastewater. Phytoremediation has become a significant experimental and 
practical strategy to use plants to remove heavy metals from sewage waters, sludges, 
spillage sites, and polluted places.

Keywords: sewage, sludge, contamination, phytoremediation, wastewater

1. Introduction

A vital requirement for human survival is water. However, this problem will only 
get worse over time because we are still far from fulfilling the world’s standards for 
clean water. Due to declining water quality, global climate change, and population 
growth, there is a growing need for clean drinking water [1]. In recent times, the city’s 
population has been increasing rapidly along with urbanization. In this regard, the 
discharge of municipal sewage is increasing year by year, which is a worrying situation 
for living organisms as well as for the environment [2]. High concentrations of micro-
plastics (MP) have been observed in municipal sewage sludge. In various countries, it 
is used as a fertilizer for agricultural land. The application of microplastics to land can 
contaminate other uncontaminated areas, leading to uncontrolled pollution in those 
areas [3]. Municipal sewage is an accumulation of commercial water, domestic water 
of citizens, and municipal unit water. Municipal wastewater must be properly treated. 
Otherwise, it will be a serious threat to the ecological environment [2].

In fact, wastewater is an important by-product of modern industry and contributes 
significantly to polluting the aquatic environment. Based on the many industries and 
pollutants, there are different types of sewage sludge. Each industry sector releases its 
own unique set of contaminants. In general, there seem to be two types of wastewaters 
released from industries, chemical wastewater and biological wastewater [4].
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2. Types and sources of wastewater

2.1 Chemical (inorganic) wastewater with sources

Among them, the electroplating sector is a significant source of pollution. 
Compounds containing chromium, cadmium, nickel, lead, iron, zinc, and tita-
nium are discharged by the metal working industries. Solvent waste is produced 
by dry cleaning and auto repair industries, Silver is released by photo processing 
industries; ink and dye are released by printing industries. Petroleum products 
and phenolic compounds are widely discharged by the petrochemical industry. 
Additionally, pulp and paper mill effluents comprise suspended particles, organic 
wastes, and chloride organics and dioxins because the pulp and paper sectors 
extensively depend on chlorine-based compounds. Wastewater from factories 
that produce food atoms includes a significant number of suspended particles and 
organic matter (Table 1) [4].

2.2 Biological (organic) wastewater with sources

Biological industrial wastewater is the by-product of large-scale chemical plants 
and other industrial operations that primarily use organic materials for chemical 
reactions. The organic components in the wastewaters have diverse properties and 
originate from various sources. After the wastewater has undergone the proper 
pretreatment, these can only be eradicated through biological treatment. Numerous 
organic industrial wastewaters are produced by the following sectors and locations:

i. Factories that produce soap, synthetic detergents, insecticides, herbicides, 
cosmetics, organic dyes, glue, and adhesives

ii. Paper and cellulose manufacturing factories

iii. Fermentation and brewery and factories

iv. Oil refinery manufacturing industry

Industries Contaminants

Steel and iron COD, BOD, oil, cyanide, phenols, metals, and acids

Refineries and petrochemicals COD, BOD, mineral oils, chemicals COD, heavy metals, 
chromium, organic chemicals, phenols, and cyanide

Leather and textiles Sulfates, solids and chromium, and BOD

Paper and pulp Chlorinated organic compounds COD, solids, and BOD

Microelectronics Organic chemicals and COD

Non-ferrous metals SS and fluorine

Mining Acids, SS, salts, and metals

Industrial wastewater contaminant.

Table 1. 
Sources with contaminants.
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v. Leather and tanneries

vi. Textile industries [4].

3. Types of sewage contaminants

3.1 Organic sewage contaminants

Various sources, such as urban runoff, domestic wastewater, industrial discharges, 
and wet and dry atmospheric deposition, can contribute organic contaminants 
to wastewater. Sewage sludge typically contains large quantities of many kinds of 
organic contaminants because they tend to sorb on the suspended solids in wastewa-
ter. Sewage sludge contains more than 300 chemicals, representing several different 
chemical groups, according to the type of sewage that the household produces, 
whether it’s municipal or industrial. The range of their concentrations is between pg. 
kg-1 and g kg-1. Phthalic acid esters (PAEs), organochlorinated pesticides, mono-
cyclic aromatics, polychlorinated biphenyls (PCBs), phenols, polycyclic aromatic 
hydrocarbons (PAHs), chlorobenzenes (CBs), amines, nitrosamines, and polychlori-
nated dibenzo-p-dioxins and furans (PCDD/Fs) are the contaminants that are most 
frequently found [5].

3.2 Inorganic sewage contaminants

The dangerous inorganic chemicals found in sewage sludge are generally heavy 
metals, having concentrations ranging from cadmium 1–3410, arsenic 3–230, cop-
per 80–2300, zinc 101–49,000, nickel 2–179, lead 13–465 to chromium 10–990,000. 
Environmental risks are not eliminated by thermal procedures, which often trans-
port, and pollutants can build up in both solid and liquid states. Using sewage that has 
not been treated, which is a source of numerous hazardous and lethal substances, it 
may be particularly harmful [6].

4. Role of heavy metals in sewage pollution

There have been many harmful substances introduced into the agro-ecosystem, 
but heavy metals are particularly problematic because they do not degrade and are 
bio toxic. In addition to lowering crop yield and quality, heavy metals in soil can pose 
a hazard to the ecosystem’s security and public health [7]. For the most part, because 
of their toxicity, bioaccumulation, and environmental endurance, heavy metals are 
well-known inorganic contaminants. Along with other contaminants, these inorganic 
ones slowly migrate to the nearby water and soil. Waterways can become contaminated 
by heavy metals in several ways. In places with such contamination, severe cases of 
diseases caused by heavy metals in living systems have been documented. In some 
countries, wastewater can be discharged into lakes, rivers, and other bodies of water. 
Such practices contaminate freshwater, harming the environment. Most the earth’s 
natural species are severely affected by heavy metal contamination. The earth’s crust 
contains heavy metals, but due to human activity, there are geochemical and biochemi-
cal imbalances involving naturally occurring compounds [8]. Because they may cause 
cancer and mutagenesis, heavy metal ions from the paper, leather, and textile industries 
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are a severe issue. Some contaminants are poisonous, damaging, and carcinogenic to 
ecosystems and people. Impurities in some heavy metals are extremely hazardous. 
Arsenic has long been recognized as a deadly substance. The very poisonous heavy met-
als chromium, lead, copper, mercury, cadmium, zinc, and nickel, among others, can 
have detrimental toxic effects. Additionally, the following nitrates, fluoride, selenides, 
chlorides, phosphates, and chromates have a high-level dangerous effect (Table 2) [1].

5. Entrance of heavy metals into our food chain

Compared to other contaminants, heavy metals are considered to pose the main 
threats to food safety [7]. The natural ecosystem services are degraded by heavy 
metals being present in contaminated soils, which ultimately impact human health 
through the food chain. Due to their abundance of advantageous and necessary 
nutrients and minerals, vegetables are a significant component of the human diet. 
Unfortunately, plants can absorb and accumulate excessive amounts of heavy metals 
in both edible and inedible sections of their bodies. Heavy metal concentrations in 
vegetables (fruit, leafy vegetables, and root vegetables) have been found to be high in 
recent years. Finally, the accumulation of heavy metals in vegetables and edible crop 
components in sewage sludge-contaminated soils is a cause for considerable worry 
due to the negative and permanent consequences that metals have on both human and 
animal health overall through the food chain [9].

5.1 Sewage wastewater used in agriculture

Nitrogen and phosphorous are found in sewage sludge, particularly because of 
the nitrification and denitrification phases of the wastewater treatment process. As a 

Source Heavy metal Affect

Use of 
fertilizers

As, Pb, Hg, Cu water, soil, and crops

Use of 
pesticides

As, Cd, Cr, Pb, Ni, Hg Water, soil, and crops

Reclamation of 
land

Cr, As, Cu, Cd Agricultural soil

Dyeing and 
tanning

Zn, Wood preservation, As Water and soil

Manufacturing 
of batteries

Hg Water and soil

Coating and 
plating

Cr Water and soil

Metal refining Zn, Ni, Fe, Water and soil

Mining 
activities

Cd, Ni, Cu, As, Hg, Pb, Zn Water and soil

Smelting 
operations

Cd, Co, Cu, Cr, As, Ni, Sb, Hg, Pb Water and Soil

Table 2. 
Sewage sludge is one of the sources of heavy metals in water and soil.
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result, sludge has special nutritional properties because it contains nutrients that are 
necessary for plant growth. Sludge may also contain other substances, therefore, that 
can be hazardous if they get into the human food chain [10].

6. Types of sewage and wastewater treatments

The accumulation of wastewater through urban wastewater treatment systems 
is a rising environmental problem. A crucial component of sewage management is 
manure sludge. Through the treatment of wastewater, sludge is created. Wastewater 
is made up of liquid or water-borne wastes that are separated from institutions, 
homes, industries, and organizations, as well as groundwater, stormwater, and 
surface water [11].

It is organic because it contains carbon compounds like paper, human waste, 
vegetable matter, and so on. It is composed of 99.9% water and 0.1% solids. In the 
area, there is industrial effluent in addition to sewage from the local communi-
ties. In the same manner that sewage is handled physically, chemically, and/or by 
microorganisms, many industrial wastes also have an organic nature. Using either 
physical–chemical processes or microorganisms, in order to treat sewage and waste-
water, complex organic compounds must be broken down into less unstable, odorless 
substances. The contaminants in wastewater are removed by physical, chemical, and 
biological means [12].

In basic, advanced, and secondary wastewater treatment methods, sludge is 
produced. It is categorized as basic, advanced, and secondary sludge produced in 
innovative wastewater treatment, respectively. Secondary sludge is made up of 
biological solids as well as additional settable solids, while primary sludge is made 
up of settable solids transported in the untreated wastewater. Advanced wastewater 
can produce sludge that contains highly resilient viruses, heavy metals, nitrogen, or 
phosphorus.

6.1 Sludge disposal and treatment

i. Initial treatment (screening, comminuting)

ii. The first thickening (belt, centrifuges, gravity, flotation, drainage)

iii. Stabilizing liquid sludge (lime addition, aerobic digestion, anaerobic Digestion)

iv. Secondary thickening (gravity, flotation, drainage, belt, centrifuges)

v. Conditioning (elutriation, chemical, thermal)

vi. Dewatering (belt press, plate press, drying bed, centrifuge)

vii. Storage (dry sludge, compost, liquid sludge, ash)

viii. Transportation (pipeline, road, sea)

ix. Destination (agriculture/horticulture, landfill, reclaimed land forest, land 
building, other uses).
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x. Final treatment (pyrolysis, wet oxidation, drying, incineration, composting, 
and line addition) [10].

6.2 Disposal of municipal sludge

Sewage sludge is now primarily disposed of via agricultural usage; 11% is burned, 
40% is dumped, 37% of the produced sludge is used in agriculture, and 12% is used in 
other sectors, including forestry, silviculture, land restoration, and so on. Significant 
scientific interest has been produced by the most recent developments in manage-
ment of sewage, including co-combustion of sewage sludge with other substances for 
future use as a source of energy, moist oxidation, decomposition, gasification, and 
combustion of sludge.

6.3 Incineration technique

The most attractive disposal technique is still incineration. In terms of procedure 
engineering, fuel efficiency, and plant efficiency, incineration technology has made sig-
nificant progress in recent years. Advanced fluid bed incinerators are gaining popularity 
due to their lower capital and operating cost. Sludge volume is massively diminished; 
after combustion, it is only about 10% of what it was after mechanical dewatering.

i. Burning hazardous organic compounds to dust

ii. Since sewage sludge has roughly the same calorific value as brown coal, incin-
eration presents the opportunity to recover that energy content.

iii. Reduction of odor production [10].

6.4 Thermal processing

To meet the ever-stricter regulations, sewage sludge is thermally processed, which 
makes use of the energy that has been stored in the sludge while also minimizing 
any negative environmental effects. Sludge is widely recognized for having high 
moisture levels. To decrease the amount of moisture, most of the energy released 
during thermal operations is used. Various contemporary technologies have recently 
been established, providing an alternate tendency to the disposal of sewage sludge, 
particularly with the declining availability and rising cost of land for landfilling. The 
primary representatives of the thermal processing are pyrolysis, gasification, moist 
oxidation, and combustion. These technologies can all be categorized under the head-
ing of thermal exploitation of sewage sludge [10].

6.5 Combustion

For the warm air processing of sewage, several techniques have been developed 
and are available on the market. The most well-established method involves the one-
track- and co-combustion of sewage sludge, with mono-burning (combustion) being 
considerably more prevalent. For the warm air processing of sewage sludge, various 
fluidized bed and hearth technologies have been developed. The extremely well-
recognized ones include the one-track- and co-burning of sewage sludge, with being 
significantly more common. As opposed to single hearth furnaces, multiple hearth 
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furnaces typically consume mechanically wet (dewatered) sludge. Whereas, fluidized 
bed furnaces may burn sludge with a dry matter composition of 41–65 wt% that is 
both wet and semi-dried. The release and combustion of volatiles, drying of sludge, 
and the burning of the extreme residue content left over as char are the dominant 
factors that might possibly alter the general combustion procedure of sewage sludge. 
According to the makeup of sewage sludge, burning of the sludge might be viewed as 
a cause of possible contaminants; thus, caution must be used while disposing of it.

i. Furans and dioxins, HCl, N2O, HF, SO2, as well as NOx, and Cx Hy emissions

ii. Processing solid waste products, such as bed and filter ash

iii. Metals that are released [10]

6.6 Pyrolysis

The process of pyrolysis involves the thermal decomposition of organic materials 
within an oxygen-off environment at temperatures between 300 and 900°C. To put 
it another way, pyrolysis is the process of heating sewage sludge within an inactive 
atmosphere to make available organic stuff that may then be recycled. This process 
focuses the heavy metals around a solid carbonaceous deposit, not necessarily as 
much as in debris from burning, which makes it look less polluted Compared to 
standard procedures (combustion, incineration).

i. The gaseous component of this non-condensable gas (NCG) is mostly com-
posed of hydrogen, carbon monoxide, methane, and carbon dioxide, with 
negligible volumes of numerous additional gases.

ii. The liquid part of the stream is made up of tar and oil, which also includes 
acetic acid, acetone, and methanol.

iii. The portion of the solids is mostly made up of char, which is typically just uncon-
taminated carbon mixed along with trace volumes of inert substances [10].

Pyrolysis consists of the following steps:

i. Volatile compounds vaporizing

ii. Solid char is the primary byproduct of the breakdown of non-volatile compo-
nents. In addition to the char, fumes and tar are also created.

iii. The char could go through a higher-level pyrolysis process. Many hydrocar-
bons and aromatic chemicals are present in this stage’s final volatile phase [10].

6.7 Wet oxidation

The thermal process category includes the wet oxidation of sewage sludge. It 
utilizes pure or ambient oxygen and occurs in an aqueous phase, and its temperatures 
lie between 150 and 330°C and pressures of 1 to 22 MPa. The procedure requires 
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a high temperature to avoid boiling at the necessary temperatures. The procedure 
involves heat degradation, hydrolysis, oxidation, and conversion of the organic 
substance in the sewage sludge to water, nitrogen, and carbon dioxide. Two separate 
regimes operate during the entire operation.

i. The initial happens at temperatures between higher than or below 374°C and 
10 MPa of pressure.

ii. A pressure of 21.8 MPa and supercritical temperatures below 374°C for the 
second.

6.8 Gasification

Technologies that make it possible to use garbage as fuel are extremely important. 
Theoretically, nearly all biological wastes along with a humidity content of 5–30% are 
able to be successfully gasified, yet not all biofuels can do this. Gasification is known to 
be influenced by fuel characteristics like surface, size, and moisture in addition to shape, 
carbon content, and volatile matter. Sludge and other less-priced materials might be use-
ful as the feedstock for gasification. Numerous variables, including the input fuel, reactor 
type, and others, affect the gasification process’ ability to create gas with a given amount 
of energy. To produce a suitable gas for power production, essential research into the 
impacts of sludge on gasification is crucial. Gasification technology can be used to both 
alleviate the environmental issue and turn the sewage sludge into a usable energy source.

7. Phytoremediation of heavy metal polluted sewage and wastewater

Pesticides, oils, colors, phenol, cyanides, hazardous organics, phosphorus, sus-
pended particles, and heavy metals can all be found in untreated industrial and home 
wastewater. Among these harmful compounds, heavy metals are easily collected 
in the environment. To reduce the risk to the environment and human health, it is 
crucial to remove harmful contaminants from the environment. The fact that heavy 
metals can take on various chemical forms makes it challenging to remove them from 
wastewater. Most metals are not biodegradable, and they can easily move between 
trophic levels to accumulate chronically in the biota. High pollutant concentrations in 
wastewater are extremely harmful to both human health and aquatic ecosystems.

The development of several heavy metals, including zinc, cadmium, lead, nickel, 
and so on, is a result of wastewater irrigation. Some of these metals, for instance Ni, 
Zn, Cd, Cu and Pb, are frequently noticed in the soil’s subsurface when untreated 
wastewater is used to irrigate the soil. Long-term wastewater irrigation raises the level 
of hazardous heavy metal content in the soil [13].

Phytoremediation has become a significant experimental and practical strategy 
to use plants to remove heavy metals from sludges, sewage waters, spillage sites, and 
polluted places. When compared to other remediation methods, phytoremediation 
offers several benefits:

i. It can be carried out with little impact on the environment.

ii. It is applicable to an inclusive range of toxins, as well as many metals for which 
there are only some other possibilities.
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iii. It may produce a lesser amount of resultant air and water wastes than conven-
tional techniques.

iv. Organic contaminants can degrade to carbon dioxide and water, eliminating 
their environmental injuriousness.

v. For large quantities of water with low pollutant concentrations, it is economical; 
taking up contaminated groundwater by plants can stop migration off-site [14].

The idea of using metal accumulator plants in phytoremediation for the removal 
of heavy metals and several more-than toxins was originally proposed in 1983, but 
it has been around for 300 years. Numerous terms, including agro-remediation, 
green remediation, vegetative remediation, botanic remedy, and organic (green) 
technology, are used to refer to phytoremediation. For the elimination of potentially 
hazardous metals from the environment, phytoremediation is regarded as an efficient 
incredibly attractive, economically advantageous, and environmentally beneficial 
technology. In phytoremediation, plants collect pollutants through their roots and 
then move them to their aboveground parts of the body [13].

To degrade, remove, or immobilize the pollutants, phytoremediation uses a variety 
of mechanisms, including accumulation (phytoextraction, rhizofiltration,), degrada-
tion (rhizo-degradation, phytodegradation,), immobilization (Phyto stabilization and 
hydraulic control), and dissipation (phytovolatilization). Plants use a variety of these 
methods to lower the amounts of pollutants in soil and water, depending on the con-
taminants. For instance, plants absorb and store HMs in their tissues, and they break-
down organic contaminants to lessen their toxicity in the soil and water. Depending on 
the types, forms, and mediums of the contaminants, various plants use various strate-
gies or combinations of them to remediate soil and water. Rhizo-filtration, phytodegra-
dation, phytovolatilization, rhizo-degradation, and phytodegradation are all methods 
for cleaning up contaminated groundwater. Rhizo-filtration, phytodegradation, and 
rhizo-degradation are three treatment options for surface and wastewater contamina-
tion. Through phytodegradation, phytovolatilization, phytoextraction, and rhizo-
degradation, contamination caused by soil, sediments, or sludge is remedied [15].

7.1 Phytoextraction

Phytoextraction can be used to eliminate heavy metals [15]. By translocation in 
the sections of roots that can be harvested, pollutants are retained in the shoot tissue 
[16]. One of the environmentally safe, long-lasting alternatives for soil cleanup 
is phytoextraction, which also offers the potential for reusing the metals that are 
extracted through phytomining. The hyperaccumulating plants’ tolerance levels and 
development restrictions frequently place a limit on phytoextraction. Through the 
introduction of moderate stress cues that lead to acclimatization in the plant, priming 
can affect the tolerance of plants to stress. Utilizing various types of chemicals that 
are added exogenously to plant organs (such as roots, leaves, etc.), plant priming’s 
capacity to increase abiotic stress tolerance has been thoroughly studied [9].

7.2 Phytodegradation

Enzymatic activity breaks down organic pollutants [16]. Organic substances 
can undergo phytodegradation either inside the plant or in the rhizosphere. This 
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technique can be used to remove a wide variety of substances and classes of com-
pounds from the environment, including as solvents in groundwater, aromatic 
compounds in soils, volatile compounds in the air, and petroleum [8]. Petroleum is a 
pollutant that can remain in the environment for a very long time before vegetation 
fully recovers, and its persistence can be attributed to the hydrocarbons’ slow bio-
degradation. The effects of petroleum on plants might be direct when they encounter 
oil or indirect when biotic and abiotic changes related to plant development occur. 
Because of their potential to degrade contaminants, several species of Caesalpiniacae, 
Mimosaceae, Fabaceae, and Poaceae have been investigated. When compared to soils 
with no vegetation, the decomposition of petroleum and its derivatives in soils with 
Juncus roemerianus Scheele, Sorghum bicolor L. Moench, Vigna sinensis (L.) Endl. 
ex Hassk., Panicum maximum Jacq, Medicago sativa L., Brachiaria brizantha. Stapf., 
and Festuca arundinacea Vill. The Poaceae family of plants are most important as 
compared to other plant families because they encourage the removal of pollutants. 
By altering the physical and chemical properties of the soil, plants and their roots 
have a direct impact on the breakdown of contaminants [10].

7.3 Phytovolatilization

Gas exchange at stomata on leaf surfaces aids in pollutant removal. 
Microbiological processes connected to plant roots may enhance/speed up the trans-
formation of organic pollutants like pesticides and hydrocarbons into harmless forms. 
By combining metal(loid)-immobilizing soil additives with plants that can withstand 
high levels [16].

7.4 Phyto stabilization

Contaminants are immobilized inside the root zone by an adsorption mechanism 
working in conjunction with the accumulation and precipitation phenomenon [16]. 
Microbiological processes connected to plant roots may enhance/speed up the trans-
formation of organic pollutants like pesticides and hydrocarbons into harmless forms. 
By combining metal(loid)-immobilizing soil additives with plants that can withstand 
high levels, Phyto stabilization can be improved [10].

7.5 Rhizo-degradation

It is the microbial breakdown of pollutants in plant root zones [16]. Plants influ-
ence a site’s water balance, alter the pH and redox potential of the soil, and promote 
microbial activity. These unintended effects could increase root zone destruction or 
lessen chemical leakage into groundwater. Upon entering plants, substances may be 
metabolized, retained, or volatilized into the atmosphere [12].

7.6 Rhizo-filtration

It is the storage of contaminants by plants following root absorption from an 
aqueous growth media [16]. Rhizo-filtration is a phytoremediation technology that 
can reduce groundwater contamination by using the root systems of plants to remove 
a variety of contaminants (both organic and inorganic). The chemicals from the 
polluted water are absorbed and deposited in the root systems of the plants. The bio-
availability of pollutants in the food chain can be greatly reduced by the interaction 
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between the roots of plants and pollutants in contaminated groundwater. The plants 
chosen for rhizo-filtration should be easy to cultivate, have a low maintenance cost, 
and produce few wastes when disposed of once the roots of the plant have become 
completely saturated with the pollutants. The effectiveness of rhizo-filtration was 
influenced by a variety of variables, including plant species, groundwater quality (pH 
and temperature), and the chemical properties of organic pollutants. The influencing 
elements placed a cap on how well the plants could execute rhizo-filtration. The ele-
ments could be considered to maximize rhizo-filtration’s effectiveness, hence speed-
ing up the removal of organic contaminants from groundwater [2].

7.7 Phyto desalination

Plant species primarily in saline soils remove salts [16]. Phytoremediation using 
halophytes is preferable since it can be carried out without these issues and is very 
simple to do. Different halophyte species, such as grasses, shrubs, and trees, can 
remove the salt from salt-affected problematic soils by salt excluding, excreting, or 
accumulating through their morphological, anatomical, and physiological adaptation 
at the organelle and cellular levels. Meeting the fundamental needs of people in salt-
affected areas can also be accomplished by utilizing halophytes to reduce salinity [9].

8. Conclusion

Water is a vital requirement for living organisms. However, this problem will 
only get worse over time because we are still far from fulfilling the world’s standards 
for clean water. The discharge of municipal sewage is increasing year by year, which 
is a worrying situation for living organisms as well as for the environment. Heavy 
metals in soil and water can pose a hazard to the ecosystem’s security and public 
health. Most metals are not biodegradable, and they can easily move between tro-
phic levels to accumulate chronically in the biota. High pollutant concentrations in 
wastewater are extremely harmful to both human health and aquatic ecosystems. To 
degrade, remove, or immobilize the pollutants, phytoremediation uses a variety of 
mechanisms, including degradation (phytodegradation, rhizo-degradation), accu-
mulation (rhizo-filtration, phytoextraction), dissipation (phytovolatilization), and 
immobilization (hydraulic control and Phyto stabilization). Plants use a variety of 
these methods to lower the amounts of pollutants in soil and water, depending on the 
contaminants. Municipal sewage is an accumulation of commercial water, domestic 
water of citizens, and municipal unit water. Municipal wastewater must be properly 
treated. Otherwise, it will be a serious threat to the ecological environment.
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Chapter 11

Investigating Issues and Problems
of Using Sewage Effluent in
Agriculture
Amir Moradinejad

Abstract

The ever-increasing growth of the population and the rapid development of
industries are important factors that have caused an increase in water consumption
and wastewater production in communities. On the other hand, in countries located in
arid and semiarid regions, available water resources are limited. Therefore, the use of
non-conventional water resources (sewage) in these countries is becoming more
important day by day. The use of wastewater as a permanent source of water in
agriculture, in addition to providing a part of water needs, also saves and sustains
water resources. In this research, the effluent of the wastewater treatment plant of
Arak city in the central province of Iran was studied in order to check its quality and
usability in agriculture. The quality of the effluent was compared with the standards.
The results of the research showed that the above wastewater has no restrictions for
use in agriculture according to the investigated parameters. This text is compiled
based on the results of various research studies conducted in different parts of the
world. Finally, the challenges and opportunities of using wastewater in agriculture
and providing suitable solutions to reduce the problems have been discussed.

Keywords: irrigation, sewage, sewage treatment plant, soil pollution, water quality

1. Introduction

1.1 What is sewage?

Wastewater is water used for specific consumption that cannot be reused. Because
this water is often impure and has an unpleasant smell, it is also called sewage.

Wastewater composition: Wastewater consists of approximately 9.99% water and
other solid materials, some of which are organic materials and the other part are solid
minerals dissolved or suspended in water. The bad smell of sewage is often due to
organic substances in it. The source of wastewater may be domestic, industrial,
agricultural, or combined. In terms of physical, chemical, biological, and polluting
properties, it has four states: weak, medium, strong, and very strong. In this article,
emphasis is placed on the most common type of treated wastewater, which originates
from urban wastewater. This wastewater is water that contains human body waste
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(excrement and urine) and wastewater resulting from sanitary measures such as
bathing, washing clothes, cooking, and other kitchen uses.

Today, the problem of water shortage and environmental destruction is considered
as one of the biggest problems of human societies. In the last century, due to the
increase in population growth and the development of the range of human activities in
different sectors, the per capita consumption of water has increased greatly. The
increase in per capita consumption as well as indiscriminate use of water resources has
caused the quantitative and qualitative crisis of water resources to appear in many
regions of the world, especially in places that naturally face unfavorable climate and
limited water resources. Effluent from urban sewage treatment plants is a great source
of water that can be used in agriculture and green space. In this situation, wastewater
treatment and recirculation are the most important solution in the development of
water resources management, which can play an important role in water scarcity
problems [1]. The use of wastewater in agriculture is common in many countries of
the world, including the United States of America, Canada, France, Germany, Mexico,
Brazil, Egypt, Morocco, Jordan, Saudi Arabia, Qatar, China, etc. [2–8]. In the country
of Iran, in recent years, due to the limitation of water resources, population growth,
development of urbanization, industries, and agriculture, as well as the development
and implementation of numerous plans for the collection and treatment of wastewa-
ter, the use of wastewater in agricultural lands has become particularly important and
is in the priorities of the program. A study was conducted to identify the state of
sewage treatment and the quality of production effluents in Kish Island. The results of
this study showed that the quality of wastewater in Kish Island was consistent with the
reuse standards of the Environmental Protection Organization for irrigation in all
parameters except the total number of coliforms and fecal coliforms. Compared to the
standards of the World Health Organization, the said effluent is suitable for drip
irrigation and tree irrigation, and it was not found suitable for watering sports fields
and green spaces of hotels. Amjad et al. (2006) by examining the facilities and
capabilities of reusing urban wastewater in Yazd showed that the quality of the
wastewater compared to the standards of the Environmental Protection Organization
for reuse in agriculture and irrigation is suitable for irrigation and agriculture [9].
Alaton et al. (2007) studied the effluents of four selected refineries in Turkey and
showed that the results are appropriate in terms of common control parameters and
heavy metal concentrations. However, the wastewater of selected treatment plants
has not been satisfactory in terms of microbes, especially fecal coliforms [1]. Hong
Yong and Abbaspour (2007) analyzed the potential of reuse in Beijing city by applying
linear programming model. The results of this study evaluated the effective and key
factors of reuse potential and provided the basic foundations of this evaluation in
other Chinese cities as well [10]. Almas et al. (2006) investigated the performance of
sewage stabilization ponds (WSP) in Aden city with experiments on effluents and
showed that it is possible to use effluents for limited irrigation [11]. Due to the
differences in climatic, plant, social, cultural conditions, soil quality, and the variabil-
ity of wastewater characteristics from one region to another and even over time in one
place, it is wrong to only rely on the application of the instructions provided in other
regions of the world, and in the long term, it causes irreparable damage to soil and
water resources [12]. Although the use of wastewater in the agricultural sector has
many advantages, it is because such waters contain substances such as salts, sodium,
chlorine, boron, pathogenic microorganisms, and in some cases, heavy metals or
organic and inorganic compounds. Another disadvantage is that their unplanned use
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can cause very adverse environmental consequences, many of which will not be
possible to compensate for, at least in the short term. Salinization of soils, destruction
of soil structure, poisoning of plants, and reduction of their performance, pollution of
surface and underground water sources, and spread of diseases are prominent exam-
ples of these effects. For this reason, in order to prevent short-term and long-term
adverse effects of wastewater use, special plans and provisions should be considered.
In this article, mainly the challenges associated with the application of wastewater in
agriculture are examined and the points that are necessary to be followed in the
planning and management of wastewater application plans are discussed, and not
paying attention to them will prevent the achievement of the goals of the sustainable
development program of agriculture. It creates ambiguity. The general purpose of
reuse of wastewater in agriculture is to optimize and preserve the availability of water
resources by returning the wastewater flows to the ground and rational use of fresh-
water resources. Experience has shown that the presence of significant amounts of
substances such as phosphate, potassium, and nitrogen in wastewater, which all play a
valuable role in the fertility of agricultural land, has been effective in increasing the
amount of crops. On the other hand, due to the provision of water for agriculture, new
lands can be cultivated, and this will play a key role in controlling the migration of
villagers to cities.

2. Location of the area

The location of Iran in a dry and semiarid climate and severe pressures on renew-
able water sources as a result of recent droughts and the increasing development of
urbanization, today the optimal use of available non-conventional water such as urban
sewage and Home has been taken into consideration. The reuse of wastewater in the
study area of this research is considered important in order to meet the increasing
needs of water. At the time of conducting this research, the effluent of Arak sewage
treatment plant was randomly used by downstream farmers after being discharged to
Mighan desert. Therefore, in order to prevent threats to public health, soil contami-
nation, the entry of pollutants into water sources, and the contamination of agricul-
tural products, it is necessary to reuse it consciously and with the necessary
investigation along with the quality control of the effluent at the source. In this
research, the wastewater treatment plant of Arak city was studied in order to check its
quality and usability in agriculture. The present research is cross-sectional descriptive
and sampling of wastewater and conducting tests to determine the quality of waste-
water and compare it with the standards.

Arak is one of the cities of Central Province in Iran. The study area of North Arak is
an agricultural pole. The water used and needed by different departments is provided
exclusively from underground water. Therefore, the limitation of water resources in
agriculture and the increasing need for water in the industrial sector have become the
concern of the provincial officials. Arak sewage treatment plant is located 10 kilome-
ters north-east of the city (Figure 1). This treatment plant with the capacity to treat
the wastewater of 105,000 people and receiving wastewater from a number of indus-
tries has about 75,000 cubic meters of treated wastewater per day, which is released
into the environment and finally flows into the Meghan desert lake. Many lands in the
villages around the refinery are barren, and cultivating them can be an effective help
in creating employment.
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3. Method of work

This study was a cross-sectional descriptive study. Sampling of wastewater treat-
ment plant effluent in order to determine the required parameters for quality deter-
mination in the two cold seasons of autumn and winter 2013 and hot spring and
summer 2013 in order to influence the maximum and minimum ambient temperature
conditions on the performance of the treatment plant and finally the quality of the
effluent. It was done monthly. The samples were prepared in composite form at 6-
hour intervals (four times a day) and after the required protection, they were trans-
ferred to the laboratory. Samples related to microbial tests were collected in sterile
containers and kept at a temperature of four degrees Celsius and transported to the
laboratory. The samples related to heavy metal testing were transferred to the labora-
tory by adding nitric acid and bringing the pH below two. Also, the COD test samples
were transferred to the laboratory by adding sulfuric acid and bringing the pH below
2. Some parameters such as dissolved oxygen, temperature, and pH were determined
with portable devices on site. All experiments were performed based on the methods
recommended in the 2005 standard method book (Figure 2). In order to determine
health risks, microbial indicators (total coliforms and feces) and heavy metals cad-
mium, lead, and copper were quantified in terms of their importance. BOD5 and COD
parameters were measured to determine the amount of organic substances in the
effluent. The analysis of the results was done in the Excel environment, and the
statistical indicators including the mean and standard deviation were obtained. It is
possible to make a decision about the usability of wastewater in different options
based on the results of the tests conducted on the wastewater and comparison with the
standards. Various standards for using wastewater in different fields have been pro-
vided by international organizations such as EPA,WHO, NAS, and FAO, as well as the
quality standards of Jordan for the use of treated domestic wastewater in irrigation. In
our country, the standard for the use of wastewater in agriculture and irrigation has
been provided by the Environmental Protection Organization. The analysis is based on

Figure 1.
The location of Markazi Province in Iran.
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existing standards including WHO (World Health Organization), EPA (US Environ-
mental Protection Agency), IRNDOE (Iranian Environmental Protection Organiza-
tion), NAS (US National Academy of Sciences), FAO (World Food Organization),
JORS (Jordanian Environmental Standard), and the vice president of strategic plan-
ning and supervision.

4. Results and discussion

Tables 1 and 2 show the comparison of the effluent quality of Arak sewage
treatment plant with the standard of Iran Environmental Organization regarding
reuse in agriculture. According to Tables 1 and 2, the average total and fecal coliforms
were 878.9 and 379.6 per 100 ml, respectively, with a standard deviation of 17.2 and
11.4. The average parameters of COD and BOD5 were 49.6 and 23.3 mg/liter, respec-
tively, and the standard deviation was 6.12 and 2.19. Therefore, it is below the
recommended limits of 1000 total coliforms and 400 fecal coliforms per 100 ml.
Parasite eggs in the samples taken from the sewage are less than the standard with an
average of 0.5 and a standard deviation of 0.1134. The average of heavy metals
cadmium, copper, and lead were 0.0564, 0.08, and 0.513 mg/liter, respectively, and
the standard deviation was 0.0147, 0.0361, and 0.0921. It complies with the standard
of the environmental organization in this field. The average values of pH, turbidity,
and dissolved oxygen parameters in wastewater were 7.55, 21.31 NTU and 5.14 mg/L
with standard deviation of 0.304, 10.3, and 1.2, respectively, which are all in

Figure 2.
Sampling and preparation of wastewater samples to send to the laboratory.
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accordance with the standard of the Environment Organization. Life has been consis-
tent in these areas. According to Table 2, the values of bar, chromium, and oil in the
laboratory samples are lower than the standards, and in terms of these parameters,
there is no problem in different uses. Also, the average values of the elements in the
treated wastewater have been compared with the existing standards (Figure 3). The
results show that there is no problem in terms of use for agriculture. In Figure 4, the
comparison between the average values of heavy elements in treated wastewater in two
hot and cold seasons has been done, the results show that cold and heat do not have a
great effect on the elements. Figure 5 compares the average values of the elements in
the treated wastewater in different seasons. The results show that the average values of
the above eight parameters have the least amount of change in the whole year. The same
results can be seen in the two parameters of total coliform and fecal coliform. Figure 6
shows the comparison of the average values of elements in treated wastewater in
different months of the year. Except for cadmium, DO, and pH elements, the results
show the highest value in July and the lowest value in February. Of course, in the case of
the COD parameter, the highest value happened in September.

5. Discussion

According to Tables 1, 2 and Figure 3, the factors in the effluent are within the
appropriate range compared to the existing standards. Therefore, from the chemical
point of view, the use of wastewater in agriculture has no special limitations. From the
microbial point of view, considering that the products that will be irrigated with
wastewater are fodder products or products that cannot be consumed raw by humans,

Parameter Unit Standard Average
cold

season

Standard
deviation

cold
season

Average
warm
season

Standard
deviation
of the hot
season

Average
for the
whole
year

Standard
deviation
of the
whole
year

COD (mg/L) 200 48.41 5.20 52.6 7.44 49.6 6.12

BOD5 (mg/L) 100 22.79 2.10 24.4 2.12 23.3 2.2

PH 0 6-8.5 7.63 0.24 7.4 0.36 7.5 0.30

DO (mg/L) 2 1.94 0.12 1.9 0.16 1.9 0.13

Total
coliform

Amount
per 100 m

1000 880.58 17.1 874.8 17.60 878.9 17.2

Fecal
coliform

Amount
per 100 m

400 375.33 9.49 389.7 8.957 379.558 11.3

parasite
eggs

Number
per liter

<1 0.508 0.121 0.06 0.086 0.524 0.11

Pb (mg/L) 1 0.5 0.093 0.54 0.086 0.513 0.09

cu (mg/L) 0.2 0.068 0.02 0.11 0.05 0.08 0.04

Cadmium (mg/L) 0.05 0.058 0.014 0.05 0.017 0.056 0.015

Table 1.
Comparison of the quality of Arak wastewater treatment plant effluent with the standard of Iran Environmental
Organization.
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it can be said that the transmission of pathogenic bacteria is very weak and there is a
limit for the use of wastewater in agriculture, green space, and artificial feeding of
underground aquifers does not. Considering that the daily flow rate of the effluent
from the treatment plant is 1000 liters per second, and the average hydromodulus of

Figure 3.
Comparison of the average values of the elements in the treated wastewater with the existing standards.
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crops in the region is 1.4 liters per second per hectare in the month of August, it is
possible to use this water in the cropping season for about 714 hectares of land. He
allocated the lands that are barren due to lack of water in the villages around the
treatment plant to agriculture and green spaces, and in the non-agricultural season, he
used this water for the artificial feeding of the underground aquifers or to the Miqan
desert. By artificially feeding the underground aquifers around the desert, the advance
of salty water to the underground aquifers of the surrounding villages is prevented. If
the effluent is allocated to the irrigation of only one crop, with about 86,400 cubic
meters of treated wastewater per day, according to Table 3, approximately 4198
hectares of wheat or 1998 hectares of alfalfa or 3679 hectares of clover or He irrigated
16,898 hectares of fodder corn or 18,814 hectares of sunflowers or 30,115 hectares of
spruce or 30,586 hectares of walnut trees.

In the application of wastewater for agriculture, the selection of plants should
be in accordance with the principles that do not cause contamination of the
irrigated crops with pathogenic agents and transfer to the consumer. Therefore,
according to the information obtained from the quality of wastewater, compared to
the standards of the World Health Organization, the said wastewater is suitable for
drip irrigation and tree irrigation, but not suitable for watering sports fields and green
spaces of hotels. Also, watering vegetables and products that are consumed raw are
not recommended at all. Irrigation of root crops such as potatoes and sugar beets is
also not recommended due to direct soil contact. Due to the fact that wheat, barley,
and legumes are not consumed directly, they can be cultivated with the effluent of this
refinery. It is important that in all cases of application, irrigation with wastewater
should be stopped at least 2 weeks before harvest (WHO publication, 2006) [13].
Irrigation of fruit gardens is recommended, but irrigation of fruits that are consumed
fresh is not recommended due to the possibility of soil contamination. Trees whose
products are consumed as dry fruits such as walnuts and almonds can be suggested.
Timber trees such as cypress, pine, elm, and fir can be irrigated with wastewater
without restrictions. Also, irrigation of industrial crops such as cotton has no
restrictions. Although in this study, the concentration of heavy metals was lower
than the recommended standards of the Environmental Protection Organization,
but due to the cumulative effect of these elements, the first priority is to irrigate
non-edible industrial plants such as cotton and wood trees (WHO publication,
1989) [14].

Figure 4.
Comparison of the average values of the elements in the treated wastewater in two hot and cold seasons.
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Figure 5.
Comparison of the average values of the elements in the treated wastewater in different seasons.
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5.1 Mixing the wastewater of this treatment plant with primary water

Suitable quality water or primary water can be used directly for product produc-
tion. On the other hand, raw water mixed with wastewater can be reused. This

Figure 6.
Comparison of the average values of the elements in the treated wastewater in different months.
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combination is possible in two ways: periodic use and mixing. In intermittent use, two
water sources are used alternately during the growing season (intra-seasonal inter-
mittent use) or both water sources are used separately during the seasons for different
plants (inter-seasonal intermittent use). Choosing a safe option for reuse depends on
several important factors, which include: the quality of wastewater, plant resistance to
the amount of materials in the wastewater, and the amount of access to freshwater
sources. For example, in a place where wastewater is supposed to be used as irrigation
water in a cropping season, the important issue is whether the wastewater is used
directly or intermittently. The direct use of wastewater is usually done at the farm
level without mixing with suitable primary water. The results of the research
conducted in India, Pakistan, Central Asia, and Egypt show that surface irrigation
with the direct use of wastewater is possible without reducing the yield if the salinity
of the wastewater does not exceed the tolerance threshold for the desired plants and
the conditions. Drainage should be in good condition. Since plants are more sensitive
to salinity in the early stages of growth, according to the research conducted in India,
pre-irrigation with water of appropriate quality is of particular importance. In order to
obtain a higher yield, it is necessary to pre-irrigate with suitable water and to use
wastewater in the subsequent periods of irrigation. Under such conditions, it is possi-
ble to use wastewater with a salinity level higher than the plant’s tolerance threshold
for salinity while preserving the product. Mixing wastewater with water of a suitable
quality in such a ratio that the substances in the resulting irrigation water are less than
the tolerance threshold of the plant is an acceptable practical method and has been
used by many. The option of mixing primary water with wastewater is another
management and practical method. It is easy to use because in this method a tank is
not needed to mix water from two sources. In addition, many scientists have used
good-quality water during the critical stage of plant growth and low-quality water in
other growth stages. When the effluent quality is higher than the threshold tolerance
value for optimal product production, it can be mixed with other available water
sources so that it has an acceptable quality for growing the desired plants. When the
mixing operation is carried out at the field level, the water quality can be modified as
much as the tolerance limit for the quality of each of the plants. Intermittent use,
which is also known as intermittent, is a method that provides the possibility of
combined use of suitable wastewater. In this method, wastewater replaces primary
water in a predetermined cycle. Intermittent use is used in cases where the effluent

Cultivable area (ha) Pure water required (m3/ha) Growth period (Day) Product name

4198 6520 240 Wheat

1998 13,700 260 Wheat

3679 7440 270 Clover

16,898 6080 110 Fodder corn

18,814 6770 130 Sunflower

30,115 10,830 — Walnut tree

30,586 11,000 — Fir tree

714 Average crop yield with hydromodule is 1.3 liters per second per hectare

Table 3.
Water required for the production of some agricultural products.
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quality has exceeded the tolerance of the plant threshold. The intermittent method of
using wastewater can be used intra-seasonally and inter-seasonally.

6. Challenges of wastewater application

6.1 Adverse effects on soil, plant, and public health

In the reuse of wastewater in agriculture, due to its inherent characteristics and
also due to the occurrence of processes such as decomposition of organic substances,
ion exchange, oxidation of minerals, sedimentation, filtration, etc., in the soil system,
soil properties can be affected and change especially in the long term. Many
researchers in different parts of the world have studied and analyzed the effects of
wastewater on the physical, chemical, and biological properties of soil. The increase of
soil salinity and sodium as a result of irrigation with wastewater, which respectively
causes conditions of reduced water availability for plants and destruction of soil
structure, has been reported by various researchers [15–17]. Saber during his research
on irrigation with wastewater in Cairo showed that with the increase in the years of
using wastewater, the amount of dissolved salts in the depth of 0–20 cm of the soil,
significantly up to about three times, compared to non-irrigated soils. It has increased
[18]. The results of Ebrahimizadeh et al.’s research (1) also indicate that as a result of
irrigation with wastewater compared to conventional water, soil salinity in the layers
of 20–40 and 40–60 cm and SAR and sodium in the soil at depths of 0–20, 20–40, 40
and 60 cm has had a significant increase [19]. Smart compared the properties of soils
in the northern Adelaide area in Australia that were irrigated with water or wastewa-
ter, reported that irrigation with wastewater increased the salinity, sodium, and boron
content of the soils in the region, although the observed increase was still to a certain
extent. It has not affected the performance of agricultural products. But the observed
increase in sodium and SAR of the soil is alarming in terms of the destruction of the
soil structure and the reduction of its drainage capacity [20]. The study and research
conducted on the soils of the Moose Jaw region in the Canadian state of Saskatchewan,
which has been irrigated by wastewater in an area of about 1200 hectares since 1982,
have shown that the soil salinity has increased significantly so that the average EC Soil
has reached from 0.75 to 1.6 in 1997. More salt accumulation is reported in the 1 meter
surface layer of the soil. The results of investigations on shallow underground waters
in the mentioned area also indicated an increase in sodium, chloride, sulfate, and
bicarbonate concentrations. Also, the studies conducted in connection with another
big project that started in Swift Current in the same state in 1978 in an area of about
338 hectares indicate that there has been a significant increase in soil salinity in some
places. In the recent region, the amount of chlorine, hardness, sodium, sulfate, and
manganese in shallow underground water has increased [21]. In his research in Aus-
tralia, Patterson concluded that the high SAR in the effluent from domestic sewage
treatment plants leads to a decrease in the saturated hydraulic conductivity of the soil,
so that with the increase of SAR from zero to 3, the hydraulic conductivity The
saturation is 50%, and if it increases to 15%, the hydraulic conductivity is reduced by
75% [22]. In Parvan’s research report, it has been reported that saturated hydraulic
conductivity decreased by 30% in the surface layer of the soil due to long-term
irrigation with wastewater [23]. Alizadeh et al. showed in their research that corn
irrigation with the treated wastewater of Mashhad city for 2 years resulted in a 156%
decrease in the permeability of the soil compared to the time before the beginning of
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the research [24]. Shadkam and others also observed a significant decrease in the
hydraulic conductivity of the studied soils as a result of irrigation with wastewater
[25]. Gholamhossein and Al-Saati in the study of the characteristics of production
wastes in Saudi Arabia reported that the use of such wastes due to the inappropriate
amount of salinity and sodium can increase the salinity of the soil and change the
exchangeable sodium percentage of the soil. Therefore, they recommended the use of
wastewater only as auxiliary water [26]. Moadad and Hanifeh Lu in the investigation
of the quality of the effluent from the wastewater treatment plant west of Ahvaz city
for use in agriculture came to the conclusion that in terms of some parameters such as
sulfate, chloride, and salinity, the said effluent exceeded the standards of the Envi-
ronmental Protection Organization of Iran [27]. And especially in terms of salinity,
according to Ayers and Westcott irrigation water quality guidelines, it is evaluated as
having a very bad outcome. In the reuse of wastewater, the pH of the soil can also be
changed. Since the availability of nutrients required by the plant as well as the solu-
bility of many elements and toxic compounds depends on the pH of the soil, changing
this parameter can reduce the absorption of the nutrients required by the plant and in
this way or by affecting the availability Toxic elements and compounds affect plant
growth and performance [28]. The studies of Saber show that the irrigation of the
lands of Cairo city with sewage has led to a decrease in the pH of the soil, but in the
investigations carried out by Mahida, an increase in the pH in dry and semiarid soils of
India due to irrigation with wastewater was reported. Irrigation with wastewater,
especially due to the chlorination process in treatment plants, can increase the con-
centration of this element in the soil and reach the level of toxicity for plants [29].
Agricultural plants and fruit trees are sensitive to chlorine ion, and if the amount of
this element in the saturated soil extract reaches about 10, it causes poisoning for
many plants [28]. In his research work on the long-term effects of wastewater, Parvan
has reported an increase in the amount of chlorine in different depths of the soil.
Among the other impurities that are found in the wastewater of treatment plants,
especially in industrial areas, stone metals.

7. Standards and guidelines

Standards and guidelines for reuse of wastewater in agriculture are very different
in different countries of the world. One of the most important common guidelines
regarding the physical and chemical parameters of irrigation water is Ayers and
Westcott’s guideline, which is summarized in Table 4. Because Ayres and Westcott’s
guidelines are based on many studies and researches and taking into account factors
such as leaching percentage, changes in soil permeability due to EC and SAR, plants’
tolerable capacity against salinity, sodium, and bar toxicity and other trace elements
have been developed, it can be a suitable basis in evaluating the quality of wastewater
for use in agriculture [28].

Regarding the microbiological parameters of sewage and effluent due to their
importance in public health, guidelines have been provided by various organizations
such as WHO and American EPA for use in agriculture, which are shown in
Tables 4–6, respectively. The purpose of WHO in developing such guidelines is to
determine the guiding indicators for design engineers to choose the appropriate tech-
nologies for wastewater treatment and for planners to choose the best management
options. Comparison of the mentioned tables shows that the American EPA guidelines
are more strict than the WHO guidelines [13, 14, 30]. According to the EPA, for the
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application of wastewater in the irrigation of plants that are not processed (for exam-
ple, plants that are eaten raw), no fecal coliforms should be detectable in 100 ml of
wastewater samples. Meanwhile, for watering such plants, WHO has considered the
total number of fecal forms in 100 ml of wastewater to be less than or equal to 1000.

Investigations show that heavy metals are the most important harmful pollutants
in urban wastewater and irrigation with these wastewaters increases its amount in
plants, especially vegetables and soil. Of course, the wastewaters of small and non-
industrial cities are less contaminated with heavy metals and chemical compounds.
The maximum permissible nitrate concentration that can be present in drinking water
is set by the US Environmental Protection Agency as 45 mg/liter. Also, according to
the standard of Iran’s Environmental Protection Organization, the permissible limit of
nitrate for discharging into surface water is 50 mg/liter and for discharging into water

The amount of restriction in use Unit Irrigation problems

Severe limitation Low to medium restriction Unlimited

Salinity (affecting the amount of water needed for the plant)

>3 0.7–3 <0.7 m/dS ECw

or

>2000 450–2000 0.45< l/mg TDS

Permeability (the effect on the rate of water penetration into the soil, which is evaluated by considering
ECw and SAR)

<0.2 0–7.2 >0.7 = ECw 0-3 = and SAR

<0.3 1–2.3 >1.2 = ECw 3-6= SAR

<0.5 1–9.5 >1.9 = ECw 6-12= SAR

<1.3 2.1–9.3 >2.9 = ECw 12-20= SAR

<2.9 2–5.9 >5 = ECw 20-40= SAR

Toxicity of certain ions (sensitive plants)

Sodium(Na)

>9 3–9 <3 SAR Surface irrigation

>3 <3 me/l Rain irrigation

Chloror(Cl)

>10 4–10 <4 me/l Surface irrigation

>3 <3 me/l Rain irrigation

>3 0.3–7 <0.7 mg/l Br

Other effects (sensitive plants)

>30 5–30 <5 mg/l Nitrogen

Bicarbonate

>8.5 1.8–5.5 <1.5 me/l Rain irrigation

Normal range pH

Table 4.
Water quality guidelines for irrigation [28].
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Purification methods
expected to meet
microbiological
guidelines.

Overall fecal
forms,
geometric
mean
(number in
100 mlc

Intestinal
nematodeb

Arithmetic
mean
(number of
eggs per
liter)c

Vulnerable
groups

Reuse conditions Classification

A series of stabilization
sheets designed to
achieve
microbiological index
or their equivalent
treatment.

≤1000 ≤1 Workers,
consumers
and the
general
public

Watering plants
that are eaten raw,
Sports fields and
public parksd

A

Storage in stabilization
sheets for 8 to 10 days
or equivalent methods
to remove worms and
general fecal forms.

The standard
is not
recommended.

≤1 Workers Irrigation of
grains, industrial
plants, fodder
plants, pastures
and treese

B

The required
pretreatment depends
on the irrigation
method. Minimum:
initial settlement.

Not applicable Not
applicable

None Irrigation of floor
B plants provided
that workers and
the public are not
exposed

C

aIn special cases, epidemiological, social, cultural conditions, and environmental factors should be considered and the
guidelines should be modified based on them.bScaris and Nericoris species and hookworms.cDuring the irrigation
period.dFor public green spaces such as hotels, i.e., where direct public contact is possible, a stricter guideline (less than or
equal to 200 coliforms per 100 ml) should be considered.eIn the case of fruit trees, irrigation should be stopped 2 weeks
before fruit picking and no fruit should be collected from the ground. In addition, rain irrigation should not be used.

Table 5.
WHO (1989) Guidelines for the Application of Effluent (Treated Sewage) in Agriculturea [14].

Buffer distance Recommended
Monitoring

Wastewater
quality

Purification
needed

Type of application

300 feet from
drinking water
sources and
100 feet from
publicly accessible
areas

• pH - weekly
• BOD- weekly
• Turbidity-

Daily
• FC Daily
• remaining

chlorine -
Continuous

• 9-6 = pH
• mg/l 30 ≤ BOD
• mg/l 30 = SS
• ml 100/200 ≤ FC
• mg/l 1 = Cl2

Remainder

• Secondary
purification

• Disinfection

Irrigation:
• Food plants that are

processed commercially
• Orchards and vineyards
• pastures
• Pastures for dairy cattle
• Pastures for livestock

50 feet from
drinking water
supply wells and
100 feet from
publicly accessible
areas

• pH - weekly
• BOD- weekly
• Turbidity-

Daily
• FC Daily
• remaining

chlorine -
Continuous

• 6-9 = pH
• mg/l 30 ≤ BOD
• NTU1 ≤ turbidity
• ml 100/ (0) = FC
• mg/l 1 = Cl2

Remainder

• Secondary
purification

• filteration
• Disinfection

Food plants that are not
commercially processed.

Table 6.
USEPA guidelines for wastewater reuse in irrigation [28].
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absorbent wells, it is 10 mg/liter. Table 7. It shows the permissible concentration
standard of some heavy metals (mg/liter) for irrigation with wastewater.

8. Sewage pollution intensity

The intensity of sewage pollution is called the power of sewage pollution or its
concentration, and the more waste materials in the sewage, the stronger it is. Usually,
the strength and weakness of wastewater in terms of organic matter in it are measured
according to the following indicators:

A.BOD5 (Biological Oxygen Demand)

BOD5 is the amount of oxygen needed by bacteria to decompose organic matter
in wastewater. This standard is the most important tool for measuring
biochemically degradable organic substances, which is commonly used in
wastewater. The higher the oxygen required, the higher the concentration of
organic substances in wastewater that can be oxidized by bacteria. It has been
proved by experience that the BOD of a sample is different in hours and even in
the early days, and today, at the global level, the value of this index within 5 days
(BOD5) has been chosen as the standard. BOD5 relates the reduction of oxygen
in the sample (which is consumed by aerobic bacteria in 5 days to decompose
organic matter) with the concentration of organic matter that can be
decomposed by bacteria, and its unit is mg/liter.

B. COD (Chemical Oxygen Demand)

Chemically required oxygen.

In this method, the amount of oxygen proportional to the chemical
decomposition and stabilization of organic materials is called chemically
required oxygen. This index is in milligrams per liter.

C. TSS (Total Suspended Solids)

Total suspended solids include materials such as organic particles such as plant
roots, soil mineral particles, and plastic particles. Suspended solids are another

Name of metal FAO standard Iranian standard German standard

Pb 5 1 0.2

Ni 0.2 2 0.033

Hexavalent chromium — 1 0.2

Fe 5 3 —

cu 0.2 0.2 0.2

Cd 0.01 0.05 0.0033

Zn 2 2 0.5

Table 7.
Allowable concentration standard of some heavy metals for irrigation with wastewater.
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sign of wastewater quality. This index is expressed in milligrams per liter. The
range of changes of the mentioned three indicators is different depending on the
type of wastewater and its characteristics. Table 8 shows the range of changes in
BOD, COD, and TSS (mg/liter) in some countries.

In addition to the above guidelines, different steps have been taken in various
countries in order to ensure public health and protect the environment, in the
planning of wastewater application in agriculture, an example of which is the
development of microbiological standards and guidelines. In terms of developing
and applying such standards and guidelines, countries can be divided into several
groups: (A) In industrialized and advanced countries such as America and France,
standards and guidelines have been developed with a conservative point of view
and based on advanced technology and high cost, as well as with low risk
tolerance. (B) In some other countries, WHO guidelines, which are based on low
technology and low cost, are accepted and form the basis of control [31, 32] and
(C) In contrast to the above countries, the third group of countries, which mostly
include developing countries, have accepted very strict standards without study
and planning. Although these standards are accepted by legal authorities and are
very good for having an international image, they are practically unacceptable and
unenforceable due to economic and technical reasons. For such countries, perhaps
the best solution is the step-by-step development of standards, which, if
implemented, can effectively prevent health risks. In relation to the country of
Iran, the environmental standards for the use of wastewater are very advanced
and include a total of more than 50 physical, chemical, and microbiological
parameters, which is ideal if implemented. But according to the existing economic
and technical conditions, there are major problems as follows that do not make the
implementation of the standards practical:

1.The standards have not been developed based on the economic, social, and
epidemiological conditions of the country.

2.Some important qualitative parameters that are very important in terms of
agriculture and soil quality, such as: EC, TDS, and SAR, are not included in
the current standards.

3. It is not economically and technically possible to ensure the quality of the
effluent quality parameters to meet the developed standards.

4.At present, the quality monitoring of effluents from treatment plants is
only based on limited parameters such as BOD, PH, TSS, COD, total forms

Indicators Chemical composition of untreated urban wastewater

Iran (Tehran, Refinement) Pakistan America France

BOD 115–300 193–762 110–400 100–400

COD 125–304 83–103 250–1000 300–1000

TSS 110–790 76–658 100–350 150–500

Table 8.
Range of BOD, COD, and TSS changes in some countries (mg/liter).
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and total fecal forms, and other important parameters in agriculture are not
measured. Therefore, such statistics cannot be a suitable basis for
evaluating the quality of wastewater for use in agriculture. It should be
remembered that strict standards and advanced technology do not
necessarily mean reducing environmental risks and risks associated with
wastewater. Because in many cases, the lack of proper operation of sewage
treatment plants, the lack of sufficient funding for the management of
treatment plants and the application of appropriate monitoring systems, or
the lack of enforcement of laws, cause advanced technology and developed
standards to lose their practical meaning. And as a result, environmental
risks increase [31, 32].

9. Lack of coordination between relevant bodies and institutions

In relation to the discussion of wastewater treatment and the use of wastewater in
agricultural lands, many organizations, institutions, and groups are involved, each of
which has specific responsibilities and duties and pursues specific goals. These groups
are mainly:

1.Legislative and law-enforcing institutions and bodies

2.Companies and institutions responsible for supplying water for agriculture and
other uses

3.Institutions and companies responsible for wastewater treatment

4.Organizations responsible for ensuring community health

5.Organizations responsible for planning for agricultural sectors, forests and
pastures

6.Farmers and consumers of agricultural products

Although each of the above groups does its best within the scope of their legal
responsibilities and specific goals, unfortunately, in many countries, they do not pay
attention to the fact that projects such as the use of wastewater in agriculture are not
projects that are only responsible for be the responsibility of a specific organization or
body. These types of plans are multi-dimensional and inter-organizational plans, as
can be seen from their nature, for which comprehensive planning requires full coor-
dination between all the abovementioned organizations. It is obvious that the success
in formulation, implementation, and long-term continuation of such plans, in which
all legal, technical, economic, social, environmental, and health aspects of society
should be considered, can be accompanied by success and continue the alliance. There
should be opinions, unification of goals, and maximum effort to create coordination
among the involved and officials of the relevant organizations. The result of such
cooperation and coordination is the formulation and correct implementation of com-
prehensive and principled plans for the use of wastewater in agriculture, which leads
to increasing the positive effects and reducing the environmental risks associated with
such plans [28–35].
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10. Sociocultural aspects

One of the important and fundamental aspects of the success of wastewater utilization
programs in agriculture is the acceptance of wastewater as a source of irrigation water by
farmers and the acceptance of the general public in buying and consuming products
irrigated by this source [35]. To achieve this goal, it is necessary that farmers and people
are fully informed about the importance of such plans and how to implement them. Also,
if possible, their opinionswill be collected and reviewed andused in developing programs.
In linewith this, education and promotion as well as gaining the public’s trust in terms of
ensuring their health and guaranteeing the protection of natural resources (soil, surface
water, undergroundwater, plants, etc.) can solvemany social-cultural problems.

Inadequacy of statistics, information, and research.
Since the climatic conditions, characteristics of production effluents, types of

crops, economic, social, technical, cultural, and health conditions of different coun-
tries are different from each other, therefore, each country cannot simply use the
results of other countries’ studies in their planning. Good luck. The continuity and
success of long-term plans for the use of wastewater in agriculture depend on the
plans being developed based on comprehensive information and results obtained from
numerous short-term and long-term research conducted in local conditions. The
aforementioned research should cover various topics such as: location, type of crops
and cultivation pattern, environmental and health risks, determining the amount of
acceptable risks, determining risk points, risk reduction management methods, costs
related to different risk reduction options, localization of guidelines and standards,
suitable options for training farmers and people, etc. [34, 36]. The truth is that
currently in many countries, especially developing countries, regardless of the need to
conduct research and obtain the necessary statistics and information, based on the
belief that “because other countries have been successful, we will also be successful.”
Wastewater application plans are compiled and implemented without thinking and
delaying, which unfortunately will affect the future generations.

The use of wastewater in agriculture for economic development purposes will only
be viable if long-term conservation and preservation of resources as well as public
health protection are possible. Examining the challenges associated with the use of
wastewater in agriculture shows that many of these challenges can be solved with
basic planning and the application of correct management methods. In such methods,
an integrated control system (a set of different methods) is used to prevent, reduce,
and compensate for environmental and health risks, which results in reducing costs,
not requiring strict standards and ensuring the success of planning. In the integrated
management system of wastewater application in agriculture, a set of different
options are used, the most important of which are:

1.Using appropriate standards and guidelines,

2.Using optimal purification methods,

3.Application of appropriate cultivation patterns,

4.Using proper planting and irrigation methods,

5.Applying the necessary methods to limit the contact and exposure of workers
and the public,
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6.Compilation and implementation of the necessary instructions (for various
relevant groups such as farmers and controlling executive agents).

Creating and implementing accurate and efficient monitoring systems. It is obvious
that the selection of a suitable set of the above solutions depends on conditions such as
the availability of available resources, the agricultural and social situation of the region,
the prevalence of fecal-origin diseases in the region, and the market demand for prod-
ucts irrigated with wastewater, which must be implemented before implementation.
The selected collection should be carefully examined and studied.

11. Conclusions and suggestions

According to the results of this study, chemically, the use of Arak wastewater
treatment plant effluent in agriculture has no special limitations in terms of the investi-
gated parameters. From a microbial point of view, considering that the products that
will be irrigated with wastewater are fodder products or products that cannot be
consumed raw by humans, it can be said that the transmission of pathogenic bacteria is
very weak. It is recommended to carry out a comprehensive and accurate research on
the elements present in the products harvested with sewage and the results should be
provided to the users and officials. It is necessary to carry out planned reuse in a
prudent manner along with quality control in the wastewater treatment stage. Finally,
from the integrated control management system such as: use of appropriate standards
and guidelines, use of optimal purification methods, use of appropriate cultivation
patterns, use of appropriate planting and irrigation methods, application of necessary
methods in order to limit contact and exposure of workers and the public and formula-
tion and implementation of the necessary instructions (for various relevant groups such
as farmers and controlling executive agents) creation and implementation of accurate
and efficient monitoring systems to prevent, reduce, and compensate for environmen-
tal risks. Environmental and sanitary use. The use of wastewater in agriculture for
economic development purposes will only be viable if long-term conservation and
preservation of resources as well as public health protection are possible. Examining the
challenges associated with the use of wastewater in agriculture shows that many of
these challenges can be solved with basic planning and the application of correct
management methods. In such methods, an integrated control system (a set of different
methods) is used to prevent, reduce, and compensate for environmental and health
risks, which results in reducing costs, not requiring strict standards and ensuring the
success of planning. In the integrated management system of wastewater application in
agriculture, a set of different options are used, the most important of which are: The use
of appropriate standards and guidelines, the use of optimal purification methods, the
use of appropriate cultivation patterns, the use of appropriate planting and irrigation
methods, the application of necessary methods in order to limit the contact and expo-
sure of workers and the public, formulation and implementation of necessary instruc-
tions (for various relevant groups such as farmers and controlling executive agents),
creating and implementing accurate and efficient monitoring systems. It is obvious that
the selection of a suitable set of the above solutions depends on conditions such as the
availability of available resources, the agricultural and social situation of the region, the
prevalence of fecal-origin diseases in the region, and the market demand for products
irrigated with wastewater, which must be implemented before implementation. The
selected collection should be carefully examined and studied.
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Chapter 12

Study on the Impact of Artificial 
Recharge on Treated Domestic 
Sewage
Maipady Ramu Dhanraj and A. Ganesha

Abstract

The proposed research will look into, and study the impact of artificial recharge 
of treated sewage in the unconfined aquifer. In order to enhance the focus on the 
development and planning for wastewater management, finding a solution for the 
disposal of treated sewage has become an important priority. As a result, a quantita-
tive study is necessary to bring out the solution for the disposal of treated sewage. 
There are two types of artificial recharge of treated sewage practiced globally (a) 
confined aquifer recharge and (b) unconfined aquifer recharge. Artificial recharge in 
a confined aquifer may not be sufficient to meet the need for pollutant removal, but 
artificial recharge practice in an unconfined aquifer will meet the needs of pollut-
ant removal as per the review of the literature. At the moment, treated sewage after 
tertiary treatment is reused in a variety of ways, such as landscapes in educational 
institutions, cooling towers in industry, and so on. However, the pollution control 
board insists zero disposal, then the disposal of treated sewage remaining after reus-
ing will become a burning issue to handle and to dispose it. The idea of the recharge 
will serve the purpose of replenishment and also a solution for disposal in all-time 
weathering conditions.

Keywords: biochemical oxygen demand, chemical oxygen demand, total dissolved 
solids, groundwater recharge, pollutant transport

1. Introduction

Water is a vital source of life for all creatures on the planet earth. Indians have 
developed various lifestyles as a result of the country’s diverse culture and because 
of the constant growth in population, wastewater management has become a time-
consuming procedure, especially in urban areas. The demand for water is increasing 
every day, and so is the quantity of water squandered. Furthermore, due to a lack of 
adequate wastewater disposal management, the issue has gained momentum in virtu-
ally all cities inside the present environment.

The focus is on driving away sustainable development as a result of increased 
urbanization and the government’s smart city program. In the current situation, 
adopting a systematic approach to achieve sustainability is critical, since pollution, 
climate change, and deforestation are on the rise on the one hand, while natural 
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existing water supplies are decreasing day by day on the other end. After China, India 
is second of the leading populated countries in the globe. Currently, 61,754 million 
liters of water per day (MLD) of sewage is generated per day, 22,963 MLD of sewage 
is processed, and 62% of sewage is discharged straight into water bodies without 
treatment, according to the estimates.

Water consumption for business and home use might reach 29.2 billion cubic 
meters by 2025 and the population is expected to cross 1.5 billion mark by 2050 [1]. 
Therefore, the aim has to be to utilize the treated sewage as an alternative source to 
replenish and conserve it for future purposes by employing an artificial recharge 
technique. This may increase the efficiency in the use of water by employing the 
conjunctive use of groundwater thereby reducing the demand for freshwater sources. 
Though the practice of stormwater recharge is adopted, the significant effects are 
still unknown after recharge for seasonal emerging pollutants. The artificial recharge 
system of treated sewage is a promising technique that has significant research poten-
tial to understand the mechanism with preliminary hydrogeological investigation to 
evaluate the impact on unconfined aquifer. This study will head into a new form of 
disposal for all weathering conditions and more importantly, the potential of the land 
to adopt this method needs to be addressed.

2. Aquifers

Aquifers are bodies of rock and/or sediment that contain groundwater. The term 
“groundwater” refers to rainwater that penetrated through the soil and accumulated 
in voids of the subsurface of the soil. Aquifers naturally filter groundwater by forc-
ing it to travel through tiny pores and between sediments, which aids in the removal 
of contaminants. However, this natural filtration process may not be sufficient to 
remove all of the pollutants. Aquifers are classified into two types: confined and 
unconfined.

Confined aquifers are also known as “Artesian aquifers” since they are located 
mainly above the base of confined rock strata. Water levels in punctured wells derived 
from artesian aquifers fluctuate owing to pressure changes rather than the quantity 
of stored water. The ruptured wells function primarily as conduits for water transfer 
from replenishment regions to natural or artificial end destinations.

Unconfined aquifers, in contrast to restricted aquifers, are typically found near 
the ground surface above the water table, although sitting comparatively above 
impervious clay rock strata. The water table is the highest barrier of groundwater 
inside an unconfined aquifer. Groundwater in an unconfined aquifer is more sensitive 
to contamination by surface pollution than groundwater in confined aquifers due to 
simple groundwater penetration by terrestrial contaminants. The level of groundwa-
ter fluctuates and is determined by the amount of groundwater stored in the aquifer, 
which impacts the rise or fall of water levels in wells that draw their water from 
aquifers (Figure 1).

2.1 Artificial recharge

Artificial recharge is a strategy for replenishing an unconfined aquifer by send-
ing additional surface water into the earth by distributing it on the surface, using 
recharge wells, or modifying natural conditions to enhance penetration. Artificial 
recharge is also known as planned recharge, which is described as the storage of water 
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underground. During periods of water scarcity, the requirement of additional water 
is been provided as per demand. Artificial groundwater replenishment with treated 
wastewater is a crucial and necessary practice with several benefits. It helps to avoid 
groundwater depletion first and foremost. Second, it maintains water in a certain 
basin or watershed (i.e., the water is not lost to surface water outflow from the water-
shed or discharge to the ocean). Third, it may save a lot of money when compared to 
alternative water sources (Figure 2) [3].

With recovered water, three methods of groundwater recharge are typically used: 
subsurface injection into the vadose zone, surface spreading, and direct injection into 
the aquifer. Figure 3 illustrates these three ways.

Figure 1. 
Unconfined and confined aquifer systems.

Figure 2. 
Different types of aquifer recharge [2].



Sewage Management

224

2.2 Selection of recharge system

The most frequent technique of groundwater recycling with recharge basins is the 
surface spread, although it is constrained to aquifers having vadose areas. Injection 
wells, which have developed recently, are less prevalent in the vadose zone in uncon-
fined aquifers. With confined or unconfined aquifers, direct injection wells may be 
employed; they may be used to inject a variety of aquifers at various depths (Table 1).

2.3 Simulation study

This work is carried out to track contaminant movement in a horizontal direc-
tion and is analyzed using a 2D model of pollutant transport in a porous medium 
with regulated discharge. COMSOL Multiphysics generated a soil matrix for water 
recharging of treated household sewage. With a 2D analysis, the diffusion is posi-
tioned in the center of the recharge as it flows downhill and horizontally through the 
soil matrix. The soil column dimensions are 1.5 × 1.2 m. The flow pattern in lateral 
direction was investigated in COMSOL to study the transport of recharge water as 
well as its pollutant constituents such as completely dissolved solids with adsorption 

Characteristic Recharge basins Vadose zone 
(shallow) wells

Direct injection 
wells

Location where treatment occurs Vadose zone and 
saturated zone

Vadose zone and 
saturated zone

Saturated zone

Aquifer type Unconfined Unconfined Unconfined or 
confined

Pre-treatment Requirement Secondary 
treatment

Secondary treatment 
& Filtration

Advanced filtration

Maintenance Requirements Drying and 
scraping

Drying and 
Disinfection

Disinfection and 
flow reversal

Table 1. 
Characteristics of aquifer recharge for different [4].

Figure 3. 
Different methods in groundwater recharge [4].
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and desorption characteristics in soil. This research was carried out by developing 
and running domestic wastewater subsurface infiltration systems. It was discovered 
that this work discusses the significance of purifying substrates and the types of 
structures for optimizing diverse operation modes such as HLR, PLR, intermittent 
operation, aeration, and shunting distribution operation [5]. Metabolomics analysis 
of a subsurface wastewater infiltration system subjected to organic load fluctuations 
and current microbiology [6]. Depending on the size of the pores involved, the 
transport of pollutants in porous media equation was utilized for saturated porous 
medium. The primary goal of the research is to comprehend the concentration 
distribution and find the impact after infiltration in the porous medium. Variations 
in concentration are seen at the outflow based on the study time from the physical 
model study (Figure 4).

Governing equation for the contaminant transport in porous media

   ( ) ( )ρε ∂∂
+ +∇ ⋅ + ⋅∇ = +

∂ ∂
Pp J uji

i i i i

cc
c R S

t t
  (1)

    ( )= − + ∇D eJi j j iD D c    (2)

θ ε= p  Under no flux condition with the associated boundary conditions.

     θ ε= p     (3)

    ( )− ⋅ + =n J u 0i ic    (4)

The model for the best results, we must partition the entire model into discrete 
portions. Depending on the intended effects, this meshing can be further split in 
a variety of ways. Because the emphasis is on the model’s inlet and outflow, a small 
mesh was chosen based on the geometry of the model. Table 4 shows the statistics 
used to solve the mesh (Figure 5).

Figure 4. 
Flow diagram of pollutant transport modeling.
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3. Results and observation

The quality of the treated effluent of the sewage treatment plant (STP) is studied 
and used as an influent (Recharge water) for research work. The samples were collected 
after the secondary treatment and were tested for parameters such as BOD and COD.

The table below shows the average results of the recharge water used.

4. Media characteristics

Soil is used as media for the recharge in the physical model developed. The media 
characteristics such as permeability, porosity, grain size, specific gravity, and density 
are the parameters determined.

The table indicates the.

Figure 5. 
3D and 2D boundary layer meshing and mesh extrusion make it possible to efficiently discretize.

Property Minimum element 
quality

Average element 
quality

Triangle Edge 
element

Vertex 
element

Value 0.7128 0.9294 1154 72 8

Parameter Raw sewage Treated effluent

BOD (mg/l) 140 39.24

COD (mg/l) 300 114.00

pH 6.65 6.8

Parameters (units) Soil

Permeability (cm/s) 1.79 × 10−5

Grain size 1.44

Specific gravity 2.54

Porosity 0.3

Density (gm/cm3) 1.46
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From the results, it was observed that there is a considerable reduction in the 
pollutant concentration from inlet to outlet which shows the impact of artificial 
recharge. Further, it is observed that the pollutant removal efficiency is higher in soil 
media than in sand media. Hence for the prediction analysis, the properties of soil are 
considered in the simulation model (COMSOL Multiphysics) [7].

Parameter Influent Effluent % Removal

BOD (mg/l) 53.33 23.85 58.02

COD (mg/l) 103.00 53.61 46.75

TDS (mg/l) 246.10 140.60 58.00

Alkalinity (mg/l) 220.00 105.00 52.06

Acidity (mg/l) 135.00 98.00 28.04

pH 7.90 7.56 —

Chloride (mg/l) 12.50 6.20 49.15
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5. Regression analysis

The validation of results from physical and simulation models is further strength-
ened using linear regression analysis for soil media.

5.1 Prediction analysis of pollutant removal using COMSOL multiphysics

Prediction analysis is carried out using COMSOL Multiphysics in order to deter-
mine the pollutant travel distance i.e., (zero concentration at the outlet). For the 
analysis based on the observation from the physical model used, the radius and time 
of flow were suitably assumed. By varying the radius of the model and on the basis of 
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the time required from inlet to outlet for the analysis, the parameter BOD is consid-
ered with the inlet value of 26.66 and 53.33 mg/l. Following are the boundary condi-
tions used for the prediction analysis.

Infiltration pipe: 0.15 m.
Permeability: 1.79 × 10−5 cm/s.
Discharge: 2.5 lpm.
Porosity: 0.3.
Materials used = soil media.
Density = 1.46 gm/cm3 (Table 2)

From the prediction analysis, it is observed that the pollutant concentration 
decreases as the radius increases and reaches zero concentration at a certain distance. 
Hence, for the known quality of recharge water and site condition, it is possible to 
establish the pollutant travel distance.

6. Conclusion

Sewage management is a burning issue and there is a need for this should 
be addressed because of the disposal issue and nuisance most developing and 

Radial distance (m) Time (h) Inlet BOD =26.66 mg/l Inlet BOD =53.33 mg/l

Outlet BOD mg/l Outlet BOD mg/l

0.52 0.5 11.80 23.00

1.05 1 9.50 19.50

2.11 2 8.50 17.30

4.22 4 5.70 11.70

8.44 8 2.85 5.85

16.86 16 1.90 3.90

25.31 24 0.00 0.90

25.91 25 — 0.00

Table 2. 
Simulated model output for pollutant removal (BOD).
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underdeveloped countries face today. Each one of the counties has set up its own 
standards for disposal and degree of the treatment that needs to be provided based 
on the organic load in order to prevent environmental degradation. There is a lag in 
addressing the treated sewage disposal irrespective of the reuse for different purposes 
and needs. Since India is one of the countries where there is a large amount of fresh 
water available and the reuse of treated sewage has never been given importance 
and focus. But today, each continent is facing a drastic climate change and the global 
temperature is increasing, there is a need for addressing and promotig sustainable 
practice and conserving water. This will be one of the sustainability goal that can be 
reached by the United Nations by 2030.
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Chapter 13

Options for the Disposal and Reuse 
of Wastewater Sludge, Associated 
Benefit, and Environmental Risk
Astha Kumari, Nityanand Singh Maurya, Abhishek Kumar, 
Rajanee Kant Yadav and Amit Kumar

Abstract

To protect human and environmental health, wastewater treatment is one of the 
important activities in urban and industrial areas. Urbanized increasing population 
with industrialization demands more amount of wastewater treatment. Despite 
wastewater treatment’s positive impact on human and environmental health, it 
also produces sludge as a by-product of the process. Characteristics of the sludge 
mainly depend on the source of wastewater and the process applied for its treatment. 
Domestic sludge generally contains a large number of pathogenic bacteria carrying 
biodegradable compounds. Characteristics of industrial sludge vary greatly. It may 
contain biodegradable, non-biodegradable, toxic compounds, heavy metals, etc. The 
sludge may be in the form of liquid or semisolid with 0.25–12% solids. Thus, the han-
dling and disposal/reuse of sludge may become a complex task due to its large volume 
and infectious and/or toxic nature. This chapter analyses the characterization and 
quantity estimate of the sludge produced during the application of various municipal 
and industrial wastewater treatment options. Current practices for the disposal and 
reuse options such as anaerobic digestion for biogas production, composting to utilize 
as a fertilizer, brick production, filler material, and bioplastic production will be 
reviewed and the suitability of each option in terms of benefit and risk will be criti-
cally analyzed.

Keywords: sewage sludge, biogas, bioplastic, anaerobic digestion, sludge reuses

1. Introduction

Wastewater contains a lot of solid and liquid waste discarded after use and 
defined in various combinations based on their sources of generation. The waste-
waters from residential apartments, colonies, and institutions are termed domestic, 
wastes from agricultural fields, mining effluents and industrial are termed as 
industrial wastewater [1].

With the increase in population coupled with urbanization and industrialization, 
the quantity of wastewater is also increasing. To cater to the increasing demand for 
water for urban, industrial, and agricultural purposes, the need for its treatment, 
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call for water reuse, and resource recovery are growing exponentially. Wastewater 
treatment is one of the important activities in urban and industrial areas in order to 
protect human and environmental health and to eliminate or neutralize these pollut-
ants. Though wastewater treatment has a positive impact on human and environmen-
tal health, it also produces sludge as by-product of the process. The sludge may be in 
the form of a liquid or a semisolid, with 0.25 to 12% solids that come from households 
and industries [2]. This sewage sludge may cause various environmental and health 
problems such as nutrient leaching, loss of soil biodiversity, emission of GHGs, and 
pathogenic outbreak [2]. Challenges related to managing the sludge thus produced 
are cost related to handling and transportation, disposal methods, strict regulations, 
and environmental threats [3]. A clean and sustainable environment can only be 
built by introducing technologies that are environment friendly and economically 
feasible. Hence, the treatment of wastewater as per quality standards is no longer 
the only objective of WWTPs; they also need to focus on its discharge management 
units. Sewage sludge contains insecticides, cleansing agent, oils, fats, grease, thinners, 
paints, etc. The high fat content of the sludge may be utilized for biofuel productions 
such as biodiesel, biohydrogen, bioethanol, and bio-oils [4].

Therefore, the chapter will include the characterization and quantity estimate 
of the sludge produced during the application of various municipal and industrial 
wastewater treatment options. Current practices for disposal and reuse options 
such as anaerobic digestion for biogas production, composting to utilize as fertil-
izer, brick production, filler materials, or bioplastic production will be reviewed, 
and the suitability of each option in terms of benefit and risk will be critically 
analyzed.

2. Wastewater generation, sludge production, and treatment

2.1 Global scenario of wastewater and sludge generation

According to a research carried out by Qadir et al. [5], around 380 billion m3 of 
wastewater is generated annually across the world. And if we consider the annual 
growth of population and development, the daily wastewater generation can hike up 
by 24% by the end of 2030 and 51% by 2050. Asian countries have contributed largely 
to wastewater generation with 42% (159 billion m3) of wastewater globally and hence 
need attention [5]. Due to population growth and rapid urbanization, immediate 
attention is required to manage wastewater.

2.2 Indian scenario of wastewater and sludge generation

India is the second most populated (1.38 billion) country in the world with 900 
million people living in rural areas and 483 million in urban areas (around 35%). In 
rural regions, the wastewater produced is approximately 39,604 MLD (72,368 MLD 
for the years 2020–2021; NITI [6]). Urban areas have higher waste generation due to 
higher water needs for flushing and sewage drainage as compared to rural areas.

According to a report published by the Central Pollution Control Board (CPCB), 
sewage generated is about 72,368 MLD with treatment capacity of only about 20,235 
(≈28.0%) MLD. 52,133 MLD (≈72.0%) of domestic sewage from cities and towns is 
being disposed of without treatment, thus making it the biggest source of pollution of 
water bodies (NITI [6]). Total 1631 STPs are installed/proposed in India with a total 
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treatment capacity of 36,668 MLD. Out of this, 1093 (68%) STPs are operational, 5% 
are under construction, and 2% are non-operational. Figure 1 describes the current 
status of STPs in India as per a report from CPCB [7]. Around 39,55,000 metric 
tonnes of dry sludge is generated every year after complete treatment of sewage [8].

2.3 Treatment technologies adopted in India

In India, different treatment technologies such as activated sludge process  
(ASP), up-flow anaerobic sludge digester (UASB), oxidation pond (OP), and 
advanced technologies like SBR and MBBR are adopted for the treatment of sewage 
[7]. Figure 2 presents the capacity distribution of technologies adopted for domestic 
wastewater treatment in India.

2.4 Sewage classification and characteristics

Sewage can be broadly classified in three ways: domestic sewage, industrial sewage, 
and storm sewage. Domestic sewage is the water from houses and apartments, contain-
ing 99.9% water by weight and < 0.1% of a wide variety of dissolved and suspended 
impurities [1]. It contains high concentrations of organic matter and nutrients (phos-
phorus and nitrogen) [9]. Water discharged from industries having chemical com-
pounds during various industrial processes is called “Industrial Sewage” [10].

Components of wastewater based on their source of origin are presented in Table 1.
The size and capacity of WWTPs are determined by assessing the total volume of 

sewage generated from nearby areas connected to sewer systems in terms of inflows 
and infiltration [5]. The degree of treatment depends upon environmental conditions 
and effluent discharge standards prescribed by government/local bodies. Stream 
standards include amount of DO, coliforms, turbidity, acidity, and heavy metal 
contents, intended to maintain the existing water quality of streams where it has to be 
disposed of [5].

Figure 1. 
Current status of STPs in India as per CPCB [7].
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“Sludge is a byproduct of STP having organic compounds, macro and micronutri-
ents, trace elements including toxic metals, microorganisms, and micro pollutants” 
[11]. Micro/macro-nutrients are the source of plant nutrients, whereas organic 
constituents serve as soil conditioner [12]. Sewage sludge is neutral to slightly alkaline 
in nature with high organic matter and high concentrations of N, P, Ca, and Mg [9].

Characteristics of the sludge thus produced mainly depend on the source of 
wastewater and the process applied for its treatment. Domestic sludge generally 
contains a large number of pathogenic bacteria along with biodegradable compounds. 
Characteristics of sludge generated in different STP processes are presented in Table 2.

Raw (untreated) sewage has approximately 90 gram per day per capita suspended 
solids, and about 60% solids are removed in PST, leaving behind 4–5% solid, and the 
remaining suspended solids are either oxidized in a secondary tank or amalgamated 
in the biological mass [13]. The amount of solids thus produced depends on the sludge 
age, and the volume of sludge depends on its water content and the volume of the 
solids [4].

Figure 2. 
Wastewater treatment technologies adopted for domestic wastewater treatment in India.

Nature of sludge Sludge components Environmental impact

Domestic Pathogens Waterborne/communicable disease

Domestic
Industrial

Suspended solids Anaerobic layer formation in aquatic 
environment

Biodegradable organics Oxygen depletion and biological degradation

Nutrients Eutrophication

Dissolved inorganic solids

Industrial Refractory organics Carcinogenic

Heavy metals Carcinogenic

Table 1. 
Components of wastewater based on their source of origin.
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2.5 Sludge generation and treatment

The STPs are designed based on the influent characteristics, primarily total 
suspended solids (TSS), biochemical oxygen demand (BOD), and fecal coliform 
(FC). The preliminary treatment process along with the primary sedimentation tank 
is referred as primary treatment. It is designed to remove 60–70% of the suspended 
solids (organic and inorganic) and 30–40% of BOD (organic) associated with it. The 
sludge from PST is gray and slimy with offensive odor and can be digested by employ-
ing simpler operations [11].

In secondary treatment, microorganisms decompose the organic matter and 
more than 85% of both suspended solids and BOD is removed. The treated effluent 
from WWTPs usually contains BOD suitable for disposal. Aerobic systems such as 
stabilization ponds, ASP, SBR, and MBBR and anaerobic systems such as anaerobic 
ponds and UASB are secondary treatment processes. Sludge from the activated sludge 
process approaches the septic conditions rapidly and can be digested alone and/or 
along with primary sludge [11].

Tertiary treatment includes chemical precipitation and membrane technologies. 
Tertiary treatment methods can remove >99% BOD but are used in special cases 
due to their cost of operation. Chemical precipitation with metal salts (FeCl3) and 
nitrification-denitrification is commonly used to remove phosphorus and nitrogen, 
respectively, from sewage in tertiary treatment methods [11].

Sludge-Producing Processes Physical Characteristics of Sludge Digestion process involved

Primary Settling tank sludge • Gray slimy liquid

• Settleable solids around 50–60% 
of the total applied solids

• Offensive odor

• Chemical conditioning fol-
lowed by dewatering

• Can be readily digested due 
to high volatile solid content 
(60–80%)

Chemical-Precipitation sludge • Dark-colored slime with 
objectionable odor, but less from 
sludge obtained from PST

• Decomposition at a slower rate

• Its density is increased by long 
residence time in storage

Activated sludge process • Brown or dark flocculants

• Brown—under-aeration in good 
condition without offensive odor

• Dark—it may be approaching a 
septic condition.

• This can be thickened by floa-
tation or centrifugation with or 
without chemical addition

• It will digest readily alone or 
mixed with fresh sewage solids

Trickling filter • Brownish, flocculants, and 
relatively inoffensive when fresh

• Sludge digests readily

Aerobically digested • Brown to dark brown with a 
flocculent appearance

• Well-digested sludge

Anaerobically digested sludge • Dark brown to black in color with 
lots of gasses

• Primary sludge produces two 
times CH4 than activated 
sludge

Composted sludge • Dark brown to black varying on 
the basis of bulking agents used.

• Inoffensive odor

• Can be used as a soil condi-
tioner by mixing with bulking 
agents such as saw dust and 
wood chips.

Table 2. 
Characteristics of sludge generated in different unit operations and processes in an STP [11].
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“Primary sludge” is the TSS settled in PST, secondary sludge is the mixed liquor 
settled in SST by gravity, “return sludge” is a part of secondary sludge going into aera-
tion tank, and “excess sludge” is wasted sludge from SST [4]. Sewage after chemical 
precipitation produces chemical sludge [14]. In biological treatment, 1–2% of BOD/
COD is converted into solids, making sewage sludge [15].

The sludge from PST and SST is passed through a sludge-thickening process in 
sludge thickeners. If the thickened sludge is put through the digestion process anaero-
bically to produce CH4, it may be termed anaerobic digester, and if digested aerobi-
cally, it is called aerobic digestion [2]. The digested sludge will have to be dewatered 
using sludge drying beds (centrifuge/filter press/natural solar drying beds) [11]. 
Figure 3 explains the various types of sewage sludge generated through various unit 
processes of sludge treatment taken from Metcalf and Eddy [11].

Anaerobic digestion has various advantages over other methods. It leads to recov-
ery of methane, nutrients, and dying-off pathogens due to relatively long detention 
periods. Use of larger closed tanks may lead to increase in capital cost. Further 
sensitivity of micro-organisms involved in anaerobic digestion toward small envi-
ronmental changes is the major con of using this facility. The residue liquid from the 
system has very high oxygen demand, suspended solids, and high concentration of 
nitrogen. Anaerobically digested sludge produces about twice as much methane gas as 
does waste-activated sludge [8].

In aerobic digestion, biological degradation of organic matter takes place in the 
presence of oxygen. In this process, micro organisms (sludge) are oxidized to CO2, H2O, 
and ammonia. Aerobically digested sewage can be dewatered easily on drying beds. The 
pH of the system is required to be maintained as pH drop may occur when ammonia is 
oxidized to nitrate and the alkalinity of the sewage is insufficient [3]. Long-term aera-
tion of the waste-activated sludge creates a bulking material difficult to thicken [9].

Treated wastewater can be viewed as a resource for energy, nutrients, and water, 
which is a much undervalued resource in India [16]. However, the main challenge toward 
generating a common statement about waste management is quantifying it in terms of 
volumes of wastewater generated, collected, treated, and reused at different scales.

3. Sludge management

The methods used to treat and dispose of sludge are sludge thickening, sludge 
digestion or stabilization, conditioning, dewatering, drying, incineration, and 
ultimate disposal, as described in Figure 4.

Figure 3. 
Types of sewage sludge generated through various unit processes of sludge treatment [11].



239

Options for the Disposal and Reuse of Wastewater Sludge, Associated Benefit…
DOI: http://dx.doi.org/10.5772/intechopen.109410

Anaerobic digestion is regarded as a major and essential part of a modern WWTP 
[4]. Three types of anaerobic digesters are being used: single-stage process (single-
chamber bioconversion of sludge), double-stage process (separate acidogenic and 
methanogenic chambers), and temperature-phased anaerobic digestion (combination 
of a thermophilic unit prior to a mesophilic unit) [4]. Table 3 provides details about 
sludge treatment methods along with processes involved and their impact on sludge 
mass and volume.

Thermal drying and incineration can reduce the volume of sludge by carbon-
izing organic constituents in sludge. But thermal drying is very costly due to its high 
energy requirement. In incineration, organic matter gets destroyed, the heavy metals 
get mixed with ash, and its efficiency is based on the degree of dewatering to reduce 

Figure 4. 
Process of treatment and disposal of sewage sludge.

Unit processes Unit operations Impact on sludge

Sludge Thickening Gravity Reduction in sludge volume

Floatation

Centrifugation

Stabilization of sludge Alkaline Stabilized sludge

Anaerobic digestion Stabilized sludge with reduced mass

Aerobic digestion

Thermal aerobic digestion

Composting Stabilization of sludge followed by 
recovery of useful products

Conditioning of sludge Chemical Improvement in dewatering 
conditions

Dewatering of sewage sludge Centrifuge Reduction in sludge volume

Sludge drying beds

Lagoons

Incineration Multiple hearth incineration Resource recovery and reduced 
volume

Lands Application of bio solids Land application Beneficial use + disposal

Dedicated land application Disposal + land reclamation

Landfilling Disposal

Table 3. 
Sludge treatment methods along with processes involved and their impact on sludge [11].
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moisture content that is applied on the sludge prior to incineration. Sewage sludge ash 
has very high P2O5 content compared to commercial superphosphate [12].

The ash can be used as a raw material for the manufacture of construction 
materials, namely, bricks, tiles, pavers, and cement. The energy required to heat 
the sludge for moisture removal can be achieved using oil, natural gas, coal, and 
even electricity [3]. To use the ash as a phosphate fertilizer, it is needed to be 
extracted and also checked for heavy metal content to be within safe limits as per 
standards.

4. Reuse practices commonly adopted

The sludge generated from the different WWTP units, namely, PST, SST, and oth-
ers, has become a problem for mankind due to the unavailability of land for disposal, 
high population growth, and very fast urbanization/industrialization. Therefore, it 
is indeed a requirement to develop long-term solutions by recycling and reusing the 
sludge thus produced to achieve a zero-waste strategy.

4.1 Biogas

Anaerobic digestion of sludge produces fuel-rich biogas as a by-product, which 
can be utilized to meet the energy and fuel demand, making WWTPs self-efficient. 
Biogas is a combination of methane (50–75%), carbon dioxide (25–50%), and other 
gases [17]. It can be collected from an anaerobic digester tank and converted to 
electrical energy and heat energy [12].

Biogas can also be upgraded to a relatively larger fraction of methane. It can be 
used for domestic purpose, electricity generation, and transportation in place of com-
pressed natural gas (CNG). CO2 and H2S produced in the process can be recovered 
by using activated bio-char as adsorbents or biologically using CO2-fixing microalgae 
or sulfur-reducing bacteria (SRB) [9]. Bio-electro-chemical systems may also be 
employed for upgradation of biogas through the electro-methanogenesis process, in 
which CO2 gets converted to CH4 [18].

In a global context, around 10,100–14,000 TWh (1 TWh = 108 KWh) biogas can 
be produced using currently available substrate ranges, and the energy thus produced 
by consuming almost all resources gives 6–9% of the total energy consumption glob-
ally and reduces 23–32% of the world’s coal consumption [9].

4.2 Bio-hydrogen

Bio-hydrogen is an intermediate product of anaerobic digestion (AD), having a 
higher calorific value than biogas. It is considered green energy as its combustion 
only generates water without GHG emissions [19]. This process is known as dark 
fermentation by avoiding methanogenic activity and controlling the operating 
parameters of the AD system, namely, pre-treatment of inoculum, short HRT, 
and acidic pH [20]. Until now, the achieved yield of hydrogen production is very 
less (<6%). Very few studies have been conducted to study yield improvement 
by pre-treating substrates using calcium peroxide and nitrous acid. It can also be 
improved by the co-fermentation of sludge with other materials that can reduce the 
C/N ratio of the sludge [21].
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4.3 Bioplastic

Bioplastic is made from the union of microorganisms, with macromolecules, 
namely, starch, cellulose, and protein [22]. It is biodegradable in nature and thus 
not a threat to humans. It is even used in producing postoperative sutures (medical 
surgical equipment). The high investment cost of these products has made them 
uncommon for regular use and manufacturing. The bio-synthesis of micro-organ-
isms as an energy storage component produces compounds such as polyhydroxyal-
kanoates (PHA) [22].

The bioplastic derived from only biomass materials is often called all-bioplastic 
and others are part-bioplastics. “All-bioplastics” are “protein plastics” (soybean fiber, 
cellulosic, and algae-based resin), and “part-bioplastics” mainly contain “starch 
bioplastic,” modified with starch and cellulose [23]. All-bioplastics are also called 
biodegradable bioplastic, and they have poor water and moisture resistance [18]. PHA 
is a biodegradable plastic, with all good features except high cost of the raw material 
[24]. Bioplastics are broadly used in making packaging products such as shopping and 
trash bags, bottles, labels, packaging films, cushioning, fibers of synthetic clothes, 
children’s toys, and home interior furnishings and décor items [22].

Conventional plastic has petroleum residues as the raw material, which is going 
to be exhausted someday, but the source of bioplastic is organic biomass, which is 
inexhaustible. Bioplastic is biodegradable in nature and can be broken down as water 
and carbon dioxide. It has very low CO2 emission, thereby reducing the temperature 
of Earth [22]. As it is completely biomass-based plastic derived from starch, cellu-
lose, and protein, it does not contain any organic toxic substances. High cost, lack of 
technology and market, and lesser customer awareness have undervalued its use on a 
larger platform.

The global bioplastic production capacity was 2.11 million tonnes in 2018 and is 
expected to exceed 2.6 million tonnes in 2023 [22]. The market price of per kilogram 
of bioplastic PHA is approximately six times higher compared to petroleum-based 
plastic [5]. However, replacing petroleum-derived plastics with bioplastics does 
not necessarily solve the plastic waste issue. To make the bioplastic use an effective 
solution, it is need to study its recycling, reuse, and the carbon footprint gathered in 
throughout life cycle.

4.4 Bio-fertilizers

The sludge from anaerobic digestion process is used to obtain biogas and 
waste is left in the form of slurry, termed “digestate” [25]. This digestate may be 
used as a fertilizer for plants as a source of macro/micro nutrients. Bio-fertilizer 
produced from the digested sludge may become a substitute of chemical fertiliz-
ers. Bio-fertilizer improves the fertility of soil and provides the option for waste 
disposal and resource recovery, thus solving environmental issues associated 
with waste [25].

The fertilizer of sewage sludge gives rise to the problem of bio-accumulation of 
heavy metals in agricultural soil in the topsoil and can be transferred to the food chain 
in a magnified way [18]. Because the higher doses of sludge application on ground 
have higher heavy metal concentration instead of comparatively lower doses, its inter-
mittent uses with additional analysis of its exposures will be a great way to deal with 
its negative impacts.



Sewage Management

242

4.5 Syngas

Syngas is different from biogas as biogas is formed during the biological deg-
radation of organic mass in anaerobic conditions (CO2 + CH4), whereas syngas 
is composed of carbon CO, CO2, and H2 when coal or biomass is gasified [26]. In 
thermochemical treatment, sludge is fed into a reactor, where it is partially oxidized 
at 300–900°C (pyrolysis), and syngas is produced along with tar and other products. 
Various useful products can be derived from this syngas, namely, fertilizers, synthet-
ics, and fuels [17]. Despite the high cost of production and complexity in operating 
procedure, this technology has ranked among the most advanced technologies to 
convert biomass to energy due to a large yield. Gasifying agents such as air, steam, 
and oxygen were used to produce different types of syngases. Air is the most com-
monly used gasifying agent [19].

4.6 Compost

Composting is an efficient and cost-effective method for treating and reusing sewage 
sludge post-digestion and used as soil amendments. The compost properties are con-
trolled and modified by using bulking agents such as high moisture content, lesser poros-
ity, and low C/N ratio [25]. Composting could reduce polycyclic aromatic hydrocarbons 
(PAHs), but biodegradation processes of sludge can form toxic intermediary products, 
causing soil toxicity, leading to environmental stress and reduction in soil microbial 
activity [18]. In this process, the organic matter is turned into a stabilized product, which 
can be applied as a form of returning organic matter to soils, which acts as a carbon sink. 
The safety and efficacy of sewage sludge composting should be monitored carefully in 
terms of microbial indicators such as community structure, diversity, and composition.

4.7 Bio-oil

Sewage sludge can be recycled as a jet fuel (hydrocarbons C8-C16) by pre-condi-
tioning and processing through pyrolysis at temperatures 450–700°C to produce a 
bio-oil [27]. This is a two-stage process of hydrodeoxygenation and hydrocracking 
in a batch reactor under high pressure (autoclave). This fuel may meet the jet fuel 
specifications in terms of calorific value, viscosity, density, and freeze point; however, 
it fails in terms of smoke release, flash point, and total acid number [27]. The conver-
sion of sewage sludge into jet fuel can be a sustainable pathway for energy production 
and a promising route for sewage sludge management [28].

4.8 Construction materials

Use of dried sludge as a clay substitute to produce an engineering quality brick can 
be a suitable option of sludge reuse. The proportion of sludge in the mixture and the 
firing temperature are the two key factors affecting the quality of bricks [10].

Low organic matter sewage sludge is also used in manufacturing concrete mix 
alterations [29]. According to various researchers, strength is inversely proportional 
to sludge content when greater than 10% mixing is done; higher the sludge content, 
greater the strength loss. Though its use in the manufacture of construction materials 
solves a very small portion of the problem, but this method is assumed to be safe for 
human health and environment [1]. The by-products obtained from sludge recycling 
and processing are summarized in Table 4.
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5. Limitations and risks associated

Limitations and challenges while dealing with reuse practices are maintaining the 
quality standards with precise monitoring in order to reduce the pollution risk. In 
this regard, the source and impact of contamination needs to be checked regularly by 
employing risk assessment studies. In this study, environmental systems, exposure 
pathways, and the recipients of the pollution loads including human populations 
should be considered and analyzed for exposure. When the bio-solids are released 
to the soil, they do not need to meet the water quality standards. Figure 5 explains 
the potential risks imposed on humans and the ecological environment on utilizing 
sewage sludge as a resource.

By-product of the sludge treatment process Remarks/significance/process References

Energy source Biogas  
(60% CH4)

1 m3 biogas = 23.3 M/m3 energy value [9]

Cooking fuel Biogas Source of cooking fuel. [9]

Transport fuel CBM and LBM Upgraded from Biogas [12]

Liquid anaerobic 
digestate

Struvite precipitation (with phosphate and 
ammonium ion recovery)

[9]

Dried digested sludge Bio-fertilizer Land spreading within the safe limits. [25]

Electricity and heat Energy is recovered from incineration of 
dried raw or digested sludge

[17]

Production via 
syngas

Bio-methane Steam catalytic/gasification and pyrolysis 
of dried sludge to produces syngas 
feedstock for producing bio-methanol

[12]

Phosphorus recovery Biological 
Phosphorus

Obtained thermo-chemically from ash or 
tar obtained while gasification

[1]

Biofuels Bio Oil
Biodiesel
Bioethanol

Fast pyrolysis
Transesterification of dried sludge
Fermentation

[2, 12, 18]

Carbonaceous 
materials

Bio-char
Hydro-char

Pyrolysis
hydrothermal carbonization

[12]

Green hydrogen Biosyngas Gasification/pyrolysis + bio-methane [26]

Table 4. 
By-products obtained from sludge recycling and processing.

Figure 5. 
Potential risk imposed on humans and the ecological environment on utilizing sewage sludge as a resource.



Sewage Management

244

Author details

Astha Kumari1, Nityanand Singh Maurya2*, Abhishek Kumar3, Rajanee Kant Yadav2 
and Amit Kumar2

1 Department of Civil Engineering, BCE Bakhtiyarpur, Patna, India

2 Department of Civil Engineering, National Institute of Technology, Patna, India

3 Department of Civil Engineering, Government Engineering College, Bihar, India

*Address all correspondence to: nsmaurya@nitp.ac.in

6. Conclusions

Wastewater sludge reuse and recycling prior to disposal serves as the basis of 
sludge management. The energy and resources that can be obtained using sewage 
sludge could be a long-term solution for disposal, resource recovery, and future 
energy needs. The application of these steps on a practical ground will be a fascinat-
ing approach for ensuring the long-term sustainability and lowering the overall 
carbon footprint. This chapter provided a brief discussion of the possible options for 
the treatment of sewage sludge and its reuse options after smaller amendments on 
soil as fertilizer, compost, concrete production, biogas, and bioplastics. Wastewater 
treatment plants generate a certain level of carbon footprint and wastes; therefore, it 
is necessary to reduce the carbon footprint and manage the waste in order to keep the 
world safe.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 14

Development of the Phosphorus 
Recovery System (PRS) Utilizing 
Ultrasonic Wave in Incinerated 
Sewage Sludge Ash (ISSA)
Ye Duk Choi, Jun Yeon Lee, Zoo Ho Jang, Jung Gone Joung,  
Kyu Mun Han, Mok Young Lee and Kweon Jung

Abstract

This study was performed to develop a Phosphorus Recovery System(PRS) for the 
recovery of phosphorus from incinerated sewage sludge ash using struvite precipita-
tion. Fly ash generated at the Seonam Sewage Treatment Plant(SSTP) has a high P2O5 
content (13.9%). We developed a PRS consisting of an ultrasonic extractor, solid-
liquid separator, mixing tank, and phosphorus recovery tank. The ultrasonic extrac-
tor had a 28 kHz vibrator for high speed and efficiency, which could perform the 
extraction in one-quarter of the time required in the conventional stirring method. 
Results of tests on the ultrasonic extractor showed that up to 0.044 g of P per gram 
of ash could be extracted with 1 N NaOH at an L/S ratio of 10 mL/g and an ultrasonic 
output of 500 Wh for 0.5 hr. The PRS is needed to improve the operation method 
and economic analysis to commercialize the technology and its application through 
further studies.

Keywords: phosphorus, recovery, ash, sludge, ultrasonic

1. Introduction

Incineration ash generated from sewage treatment facilities is known to contain 
a large amount of phosphorus, about 10% [1, 2]. Republic of Korea relies entirely on 
imports of phosphorus, which is referred to as the 3rd element of fertilizer, in the form of 
phosphate rock. Phosphate rock is expected to run out of resources within the next 50 to 
100 years because of the increase in world population and demand for fertilizers [1, 3, 4].

Recently, due to the prohibition of dumping of sewage sludge at sea, the rate of 
onshore disposal is greatly increasing. Phosphorus recovery from incineration ash 
has many advantages in terms of improving economic efficiency and minimizing 
volume of t reaction tank through high concentration of phosphorus concentrated in 
incineration ash. Most of the conventional phosphorus recovery technologies eluted 
phosphorus from sewage sludge under anaerobic and high-temperature conditions, 
but commercialization of the technology was not easy due to high water content and 
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low phosphorus content. Water content of sludge in incineration facility is more than 
80%, and percentage of organic matter is higher than 60%.

Looking at the previous research results, phosphorus recovery is mostly in the form 
of MAP (Struvite, MgNH4 PO4 6H2O or MgNH4 PO4 H2O) and HAP (Hydroxyapaptite, 
Ca5(PO4)3OH) [5]. The principle of precipitation or crystallization is applied. Struvite 
can be expected to have a fertilizer effect because it contains essential elements 
necessary for plant growth, and excessive input is possible because it does not dissolve 
instantly due to the slow-release rate of nitrogen and phosphorus [6]. On the other 
hand, Struvite decomposes when heated and has high solubility in acidic conditions.

2. Materials and methods

Currently, the S sewage treatment facility incinerates about 150 ton/day of sewage 
waste by putting it into a fluidized bed incinerator at 800°C or higher. As an incin-
eration by-product, incineration ash is generated at approximately 10 ton/day, and 
incineration ash is largely classified into fly ash and bottom ash. Particle size analysis 
was performed using a particle size analyzer (Sympatec GmbH, HELOS/HAER), and 
the chemical composition was analyzed with an X- ray fluorescence spectrometer 
(Rigaku, NEX-CG) and a scanning electron microscope (Shimadzu, SS-550). First, 
the L/S ratio (Leaching solution/Solid ratio, mL/g) was fixed at 10, which is the same 
as the experimental conditions suggested by other researchers [7]. fly ash 200 g and 
eluate 2 L was put into a standard Jar(2 L), and after stirring, solid-liquid separa-
tion was performed at 2000 rpm for 20 min using a centrifuge. The supernatant was 
analyzed. Heavy metals were prepared by pretreating the sample. Analyzed by ICP-
OES (Varian, VISTA PRO) and PO4 3− and SO4 2− Anions such as were analyzed using 
IC(Metrohm, CH/Advanced IC) .

The phosphorus recovery process largely consists of two steps: phosphorus extrac-
tion and crystallization. First, the phosphorus extraction method is classified into an 
acid extraction method and an alkali extraction method, and the phosphorus crystal-
lization step is MAP and HA depending on the input cation.

Phosphorus Recovery System(PRS), which was developed for the first time 
in Korea by applying the above phosphorus recovery principle, is made of acrylic 

Figure 1. 
Configuration of the PRS.



251

Development of the Phosphorus Recovery System (PRS) Utilizing Ultrasonic Wave in Incinerated…
DOI: http://dx.doi.org/10.5772/intechopen.109981

material except for the ultrasonic extraction tank, and the ultrasonic extractor, Solid-
Liquid Seperator, Mixing Tank, and P-Recovery Tank (Figure 1) .

Ultrasonic extraction tank that elutes phosphorus contained in the incineration 
ash is made of stainless material to prevent corrosion, and the fly ash and An agitator 
was installed to mix the eluate (Figure 2). In addition, by installing a cover on the top, 
evaporation of moisture due to temperature change during operation is minimized. 
The internal volume of the reactor is 48 L (0.4 m × 0.4 m × 0.3 m), and a total of 20 
vibrators (4 × 5) with a frequency of 28 kHz are installed on the floor (Figure 3). The 
maximum ultrasonic power is 700 W, and the fly ash and of the eluate When mixing 
The L/S ratio (leaching solution/solid ratio, mL/g) was set to 10.

The solid-liquid separation tank has an inner diameter at the rear end of ultrasonic 
extraction tank. It is a cylinder with a height of 190 mm and a height of 500 mm and 
has an internal volume of 14 L. It separates the leached mixture of incineration ash. 
The remaining incineration ash is transferred to the hopper at the bottom by a pump, 
and the supernatant is transferred to the mixing tank through the Decanter located on 
the surface. It is a cylinder with a height of 150 mm and a height of 205 mm, and the 

Figure 2. 
Photo of ultrasonic extractor.

Figure 3. 
Arrangement of vibrators.
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internal volume is 3.6 L, and an agitator is installed in the center for complete mixing. 
During MAP crystallization, 2 M MgCl2+ and 2 M NH 4 Cl were used as Mg2+ and NH4

+ 
sources, respectively, and CaCl2 was used as Ca2+ source during HAP crystallization. 
Phosphorus (P) recovery tank inner diameter It is a cylinder with a height of 190 mm 
and a height of 250 mm, and the internal volume is 6.4 L. In addition, it was designed 
so that phosphorus crystal (Struvite) precipitated at the bottom was transferred to 
the storage tank through a pump. The specifications of the P(phosphorus) recovery 
system (PRS) are shown in Table 1.

The recovered precipitate was analyzed using an X- ray diffractometer(XRD, 
Shimadzu, JP/XRD-7000) and an X- ray fluorescence analyzer (XRF, Rigaku, NEX-CG).

3. Result

3.1 Fly ash and bottom ash

3.1.1 Particle size

Ash generated from sewage treatment facilities is largely divided into fly ash and 
bottom ash, and in particular, fly ash accounts for more than 97%. Fly ash and bottom 
ash generated from the incinerator were collected and the distribution by particle size 
was analyzed with a particle size analyzer.

Figures 4 and 5 shows the particle size distribution of fly ash and bottom ash, 
respectively. X50 is Fly ash and bottom ash were 31.02 μm and 42.61 μm, respectively, 

Figure 4. 
Grain size distribution of fly ash.

Component Volume(L) Stirring velocity(rpm) Remark

Ultrasonic Extractor 48.0 200 Vibrator(28 kHz)

Solid-Liquid Seperator 14.0 — Decanter

Mixing Tank 3.6 150 —

P-Recovery tank 6.4 — —

Table 1. 
Specification of the PRS.
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and a large number of relatively small particles were distributed in the fly ash. In 
addition, as a result of specific surface area(Sv) analysis, fly ash and bottom ash 
were 0.46 m2/cm3 respectively and 0.17 m2/cm3, the specific surface area of the fly 
ash was more than 2.5 times larger. Considering the experimental results of Roy [8] 
and the amount of incinerated ash, fly ash is judged to be more suitable for P elution. 
Phosphorus (P) contained in incineration ash is mostly in the form of Whitlockite 
and is known to be thermally stable and not volatilized even at high temperatures of 
800 to 900°C [9].

Figure 6 is a photograph (magnification ratio: 50 times) of the surface of fly 
ash and incineration ash using a Scanning Electron Microscope (SEM), and it was 
confirmed that a large number of relatively large particles were distributed in the 
bottom ash.

3.1.2 Chemical composition

Incineration ash, a by-product of incineration, is mostly emitted in the form of 
metal oxides along with combustion gases. Table 2 shows the test results of fly ash 
and bottom ash analyzed using X- ray fluorescence spectrometry (XRF). First of 
all, the P2O5 of the fly ash was 13.65 ± 2.35%, indicating that it contained more P 
than the bottom ash (10.23 ± 2.38%). Merino et al. [10] reported that P2O5 of sew-
age sludge incineration ash in Spain was 14.2%, and Donatello et al. [11] reported 
P2O5 of incineration ash as 14.8%. Fly ash is also believed to contain similar levels of 

Figure 6. 
SEM photographs(×50) of ash; a) Fly ash, b)bottom ash.

Figure 5. 
Grain size distribution of bottom ash.
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phosphorus. In addition, Al2O3 of fly ash was 16.90 ± 1.19%, and Al2O3 of bottom ash 
was 11.50 ± 1.90%, indicating that fly ash contained more Al. According to literature, 
Donatello et al. [11] reported 13.1% Al2O3 in incineration ash, and Adam et al. [12] 
reported 10.8% Al2O3 in incineration ash. P contained in incineration ash is mostly a 
Whitlockite type(Ca3(PO4)2) orthophosphate.

Incineration ash As a result of analysis by X- ray fluorescence spectrometry (XRF), 
the P2 O5 of the fly ash was 13.65 ± 2.35% and contained more phosphorus (P) than 
the bottom ash (10.23 ± 2.38%). In addition, MgO, a component of MAP precipita-
tion, was 3.40 ± 0.27% and 3.83 ± 0.61% for fly ash and bottom ash, respectively, and 
there was no significant difference.

SiO2(24.15 ± 2.95%) was the oxide that occupied the largest proportion in fly ash, 
which was attributed to the large amount of soil contained in sewage sludge. SiO2 in 
incineration ash reported by other researchers Looking at the content, Huacheng Xu 
et al. [13] and Donatello et al. [11] reported that SiO 2 was the most present in incin-
eration ash, with 43.1 ~ 49.1% and 31.6%, respectively. On the other hand, Fe2 O3 in 
the bottom ash accounted for the largest proportion at 42.45 ± 9.45% due to the iron-
based coagulant mainly used in the return water treatment process of the S sewage 
treatment facility. Comparing the CaO content, fly ash was 16.45 ± 1.55% and bottom 
ash was 12.73 ± 5.38%, similar to the 15.7% CaO content reported by Adam et al. [12].

3.2 Jar-test

3.2.1 Eluted phosphorus

P elution efficiency was compared by adding sulfuric acid and sodium hydroxide 
to the fly ash. For the Jar-test, 0.4 N and 1 N sulfuric acid solutions and sodium 
hydroxide solutions were prepared as extraction liquids, and the stirring time was 
It was set to 120 min. Figure 7 shows P eluted from 1 N sulfuric acid solution and 
sodium hydroxide solution.

Element Fly ash Bottom ash

P2O5 13.65 ± 2.35 10.23 ± 2.38

Al2O3 16.90 ± 1.19 11.50 ± 1.90

SiO2 24.15 ± 2.95 13.75 ± 2.45

Fe2O3 19.40 ± 2.60 42.45 ± 9.45

CaO 16.45 ± 1.55 12.73 ± 5.38

MgO 3.40 ± 0.27 3.83 ± 0.61

K2O 3.31 ± 0.35 2.49 ± 1.34

ZnO 0.64 ± 0.31 1.04 ± 0.71

MnO 0.24 ± 0.04 0.29 ± 0.23

TiO2 1.32 ± 0.20 0.95 ± 0.53

Na2O 1.12 ± 0.19 0.58 ± 0.58

CuO 0.60 ± 0.33 0.72 ± 0.72

Table 2. 
Chemical composition of ash by XRF. (unit: %).
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1 N sulfuric acid and 1 N sodium hydroxide were used, the eluted P was 
9362.2 mg/L and 2462.7 mg/L, respectively, and the elution efficiency of sulfuric 
acid was about 3.8 times higher than that of sodium hydroxide. Through the above 
experimental results, when using sulfuric acid The maximum recovery of phos-
phorus that can be eluted is It was more than 0.094 g of PO4

3−-P/g ash. P eluted 
when 0.4 N sulfuric acid and 0.4 N sodium hydroxide were used under the same 
conditions were 3747.4 mg/L and 1986.1 mg/L, respectively, and P eluted when 1 N 
sulfuric acid was used as the eluent. P increased 2.5 times in proportion to 0.4 N 
sulfuric acid. Biswas, B et al. reported that when sodium hydroxide is used for phos-
phorus elution from incineration ash, about 40% of phosphorus elution is possible 
compared to acid [14].

3.2.2 Stirring speed

Figure 8 shows P eluted at stirring speeds of 150 rpm and 200 rpm when 1 N 
sulfuric acid solution was used as the eluent. In order to select the optimal stirring 
speed for elution of incineration ash, It was fixed at 120 min. Stirring speed PO4

3−-P 

Figure 7. 
Comparison of H2SO4 and NaOH as extraction liquid.

Figure 8. 
Variation of PO4

3−-P with different stirring speed.
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eluted at 200 rpm was 9141.0 mg/L, showing stirring speed It was slightly higher than 
P(8,634.9 mg/L) eluted at 150 rpm.

Based on the above experimental results, the phosphorus elution efficiency 
was determined by the stirring speed. At 200 rpm, Agitation speed through the 
superiority of contact area and the number of collisions It is judged to be better 
than 150 rpm.

3.2.3 Heavy metal

When using 1 N sulfuric acid solution Al, Ca and Mg concentrations are shown 
in Figure 9. After 120 minutes, the Al concentration was 2790.1 mg/L and Mg 
concentration was 1781.4 mg/L. Al and Mg concentrations increased with stirring 
time, but Ca concentration continuously decreased from 2404.1 mg/L(5 min) to 
1211.3 mg/L(120 min).

Figure 9. 
Variations of heavy metals with H2SO4.

Figure 10. 
Variations of heavy metals with NaOH.
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This phenomenon is thought to be due to chemical precipitation of sulfate and 
calcium contained in the eluate as calcium sulfate (CaSO4). In addition, K and Na con-
centrations were produced below 400 mg/L, and As, Cr, Cd, Pb and Se were detected 
below the limit of quantification.

On the other hand, when using 1 N sodium hydroxide solution Al, Ca and Mg 
concentrations are shown in Figure 10. The Al concentration appeared constant 
at a level of 1800 mg/L, and Mg and Ca concentrations were maintained at a low 
concentration of 20 mg/L or less compared to when sulfuric acid was used as an 
eluent. Schaum et al. argued that phosphorus extraction efficiency is as low as 30% or 
less, but heavy metal elution is low when phosphorus is separated by applying alkali 
extraction method from sewage sludge incineration ash [15]. When sulfuric acid is 
used, phosphorus elution efficiency is excellent, but a large amount of other heavy 
metals are generated as by-products, and phosphorus crystallization. It is necessary 
to select an effective phosphorus recovery method in consideration of the process of 
adjusting above pH 9.5 and recovery cost.

3.3 Operating result of PRS

3.3.1 Phosphorus

Figure 11 shows PO4 3−-P according to ultrasonic power in 1 N sodium hydroxide. 
Same as 12. L: S ratio of 10 without ultrasonic irradiation When stirred for 30 min, 
PO4 3−-P was 2117.7 mg/L, and when ultrasonic waves were irradiated at 100 W, 
PO4 3−-P was 3194.8 mg/L at same stirring time during ultrasonic irradiation.

It was found that the elution concentration of phosphorus increased by more than 
50%. when ultrasonic power was increased to 500 W, PO4 3−-P was 4104.6 mg/L, 
indicating that phosphorus elution amount Improved over 94%. This is judged to be 
the result of an increase in the mass transfer rate of phosphorus adsorbed on fly ash or 
bonded in the form of a compound by the shear force of ultrasonic waves. The reason 
why the phosphorus elution concentration is high according to ultrasonic output after 

Figure 11. 
Variations of PO4 3−-P at different ultrasonic power with NaOH.



Sewage Management

258

ultrasonic irradiation time of 10 min is that the P adsorbed on the surface of the fly 
ash is easily separated in the beginning, but P bonded in the form of P compound is 
thought to be because elution is possible through a strong shear force such as ultra-
sound and long exposure.

The amount of PO4 3−-P dissolution by time according to the ultrasonic output was 
Figure 12. In the 0–5 min section, P adsorbed on the surface of the fly ash is easily 
separated, and it is found that a lot of P(phosphorus) over 900 mg/L (0.9 g P/100 g 
Ash) is eluted. On the other hand, ultrasonic waves were irradiated at 500 W, phos-
phorus elution amount It was significantly higher than 1100 mg/L (1.1 g P/100 g Ash) 
in the intervals of 10 ~ 15 min and 15 ~ 20 min.

3.3.2 Dissolution rate

The dissolution rate of PO4 3−-P per unit time according to the ultrasonic power in 
1 N sodium hydroxide is shown in Figure 13. When stirring for 5 min without ultra-
sonic irradiation, PO4

3−-P dissolution rate was 238.4 mg/L-min, and when the ultra-
sonic wave was irradiated at 100 W, PO4

3−-P dissolution rate was 183.2 mg/L-min. 
Appeared as On the other hand, when ultrasonic waves were not irradiated (0 W), the 
dissolution rate decreased to less than 100 mg/L-min, but when ultrasonic waves were 
irradiated at 100 W, it was maintained constant at 100 mg/L-min.

Compared to when ultrasonic waves were not irradiated, P elution concentrations 
increased by 2.1 times and 2.7 times when ultrasonic power was irradiated with 100 W 
and 500 W, respectively. The effect was found to be large. Based on these results, it is 
judged that the phosphorus elution effect can be maximized if the operating condi-
tions are derived in consideration of the phosphorus elution amount and the ultrasonic 
irradiation cost when sodium hydroxide is used for phosphorus recovery from fly ash.

3.3.3 Heavy metal

The concentration of heavy metals eluted from 1 N sodium hydroxide according 
to the ultrasonic power is shown in Figure 14. Without ultrasound irradiation When 

Figure 12. 
Extracted PO4 3−-P at different ultrasonic power with NaOH.
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stirring for 5 min (0 W), Ca concentration was 3.5 mg/L, and when ultrasonic waves 
were irradiated at 100 W, the Ca concentration was 2.6 mg/L. Also, the Mg concentra-
tion was measured without ultrasonic irradiation.

When stirred for 5 min and when irradiated with ultrasonic waves at 100 W, 
0.2 mg/L and non-detection were found, respectively, indicating that the Ca and 
Mg concentrations were insignificantly affected by ultrasonic irradiation. On the 
other hand, the K concentration was measured without ultrasonic irradiation. 
Concentrations were 108.5 mg/L and 224.9 mg/L, respectively, when stirring and 
when ultrasonic waves were irradiated at 500 W, confirming that the K concentration 
increased as the ultrasonic power increased.

Figure 14. 
Variations of heavy metals at different ultrasonic power with NaOH.

Figure 13. 
Variations of extraction rate at different ultrasonic power with NaOH.
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The heavy metal concentration according to the ultrasonic power in 1 N sulfuric 
acid is shown in Figure 15. Mg concentration was measured without ultrasonic 
irradiation. When stirring and ultrasonic irradiation at 100 W were 691.8 mg/L and 
754.9 mg/L, respectively, effect of ultrasonic irradiation was not significant. On the 
other hand K without ultrasonic irradiation When stirred and when irradiated with 
500 W of ultrasonic waves, it was 209.7 mg/L and 269.0 mg/L, respectively, and the 
K concentration slightly increased with the increase in ultrasonic power. On the other 
hand, Ca and Mg concentrations showed a significant increase in heavy metal elution 
concentration in sulfuric acid eluate compared to sodium hydroxide.

When sulfuric acid is used as eluent, Cu concentration more than 10 times 
higher than that of sodium hydroxide is detected. It is expected that the purity of 
struvite will be lowered or secondary contamination will occur. On the other hand, 
when sodium hydroxide was used, As, Ba, Cd, and Ni were not detected, and Cr, Pb, 
Se, and Zn concentrations were detected at low concentrations of less than 1 mg/L. 
When sulfuric acid is used as an eluent, phosphorus elution efficiency is high, but 
heavy metals such as Cu, Zn, and As are eluted at high concentrations, causing 
other side reactions.

3.3.4 Optimization of operating condition

In order to determine the elution conditions of P in fly ash, an experiment was 
conducted by setting the stirring time and irradiation time to 3 hr. On the other 
hand, without ultrasound Stirring time when only stirring at 120 min, PO4

3−-P was 
4360.3 mg/L, compared to P(4,402.0 mg/L) eluted at 30 min at 500 W ultrasonic 
irradiation. It could be drastically reduced to 1/4. Considering this fact, fly ash When 
irradiated with 500 W ultrasound for 30 min in 1 N sodium hydroxide, P elution of 
up to 0.044 g P/g ash is possible. Compared to experimental results of recovering 
more than 0.094 g of P/g ash in 1 N sulfuric acid, about 46.8% or more of phosphorus 

Figure 15. 
Variations of heavy metals at different ultrasonic power with H2SO4.
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contained in incineration ash can be recovered by using ultrasonic waves in 1 N 
sodium hydroxide. Based on the above experimental results, the optimal operating 
condition of ultrasonic elution tank is to minimize the concentration of harmful 
heavy metals and recovery cost when irradiating for 30 min at ultrasonic output of 
500 W using 1 N sodium hydroxide at L/S ratio of 10.

3.4 Phosphorus crystallization analysis

Table 3 shows the results of X-ray Fluorescence Spectrometry (XRF) analysis of 
recovered struvite. Main components Mg and P were 47.84% and 22.6%, respectively, 
and Si and Fe were 3.9% and 1.2%. Struvite recovered through the above analysis 
results contains a large amount of Mg and P at more than 70%, so it is expected that 
it can be used as a fertilizer when cultivating crops. In addition it was confirmed 
through X-ray Diffractometer (XRD) analysis that Mg and P are the main compo-
nents constituting phosphorus crystallization, considering the position of the main 
peak appearing in struvite.

4. Conclusion

1. Fly ash included in the incineration ash generated from the S sewage treatment 
facility was suitable for phosphorus recovery due to its large amount, specific 
surface area and high P2O5 content.

2. Phosphorus Recovery System(PRS) consisting of an ultrasonic extraction tank, a 
solid-liquid separation tank, a mixing tank, and a P recovery tank was developed 
to recover phosphorus from sewage sludge incineration ash.

3. As a result of operated ultrasonic extraction tank, compared to the existing 
agitation method, P(phosphorus) Separation time can be drastically reduced 
by 1/4, and phosphorus elution of up to 0.044 g P/g ash is possible when 
irradiating 500 W ultrasonic waves for 30 min in L/S ratio 10 and 1 N NaOH 
solution.

4. Phosphorus from incineration ash recognized as waste It is expected that the 
recovery will contribute to the expectation of import substitution effect of 
phosphate rock facing the crisis of resource depletion.

Element Content(%) Element Content(%)

Mg 47.84 Si 3.9

P 22.6 Fe 1.2

Al 17.5 K 0.5

S 4.0 Zn 0.1

Table 3. 
Main chemical composition of precipitated struvite by XRF.
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4.1 Discussion

When recovering phosphorus from incineration ash, the biggest problem is 
considered to be economic feasibility. It is still difficult to secure economic feasibility 
because the recovery cost is higher than that of phosphate rock. However, natural 
resources are finite and resource recovery technology needs to be developed to pre-
pare for resource depletion. In particular, when recovering phosphorus from incinera-
tion ash, it is possible under acidic and basic conditions.

Although acidic conditions are favorable for phosphorus extraction efficiency from 
incineration ash, there is a disadvantage in that the purity of phosphorus crystalliza-
tion is low due to the elution of many other heavy metals. In addition, the process is 
complicated because a separate pH control is required under acidic conditions. On the 
other hand, in basic conditions, phosphorus extraction efficiency is low, but phospho-
rus crystallization with high purity can be obtained because the elution concentration 
of heavy metals is low. In the future, considering these problems, it is judged that the 
phosphorus recovery method should be applied according to the site conditions of the 
sewage treatment plant and the e of phosphorus crystal (MAP or HAP).

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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