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Treated municipal wastewater to fulﬁl crop water
footprints and irrigation demand – a review
Amit Biswas, Damodhara Rao Mailapalli and Narendra Singh Raghuwanshi

ABSTRACT
Direct application of raw municipal wastewater for irrigation purposes may create many undesirable
harmful consequences. Therefore, treated efﬂuent through different technologies is generally
preferred for reuse especially in water-scarce regions. In the present study, the performances of
some treatment technologies like constructed wetland (CW), waste stabilisation pond (WSP),
membrane bioreactor (MBR), vermi-bioﬁltration (VBF) and land treatment methods for removal of
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chemical and biological impurities from municipal wastewater were reviewed. The study revealed
that the treated water quality varied depending on the hydraulic retention time under different
treatment methods. The reservoir should be considered an integral part of the wastewater treatment
system and not merely an operative ponding volume for irrigation. The comparatively advanced MBR
technique showed better performance for removal of BOD, COD, fecal coliforms, Escherichia coli and
other biological impurities than the traditional approach. Some techniques like land treatment
methods and VBF were found to be equally attractive in developed as well as developing nations. The
future projections of global green and blue water scarcities indicate treated water to be a valuable
alternative water resource to fulﬁl required crop water footprints as well as irrigation demands.
Key words

| BOD, COD, coliforms, membrane bioreactor, municipal wastewater, water footprints

HIGHLIGHTS

•
•
•
•

The treated water quality varied depending on the hydraulic retention time under different
treatment methods.
The reservoir should be considered an integral part of the wastewater treatment system.
Land treatment methods and VBF were found to be equally attractive in developed as well as
developing nations.
The treated water is a valuable alternative water resource to fulﬁl crop water footprints and
irrigation demands.

INTRODUCTION
Water is an indispensable component in agricultural crop pro-

(Biswas et al. ). In India, the agricultural sector accounts

duction. Out of the total freshwater resources withdrawn

for more than 80% of water usage. Hoekstra & Hung ()

3

(3,906.70 km /yr), about 70% is used for agricultural purposes

introduced the concept of water footprint to assess the
total freshwater requirement during crop production. The agri-

This is an Open Access article distributed under the terms of the Creative

cultural sector accounts for about 99% of the global

Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying

consumptive water footprint (CWF), which includes both pre-

and redistribution for non-commercial purposes with no derivatives,
provided the original work is properly cited (http://creativecommons.org/

cipitation and irrigation (Mekonnen & Hoekstra ).

licenses/by-nc-nd/4.0/).

According to the 2011 census report, the world population is
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about 7 billion and is projected to be about 9.50 billion by the

removing different contaminants vary from one to another.

year 2050 (Biswas et al. ). Such population growth, rapid

In some cases, combined technologies (like CW þ WSP,

urbanisation, industrialisation and advanced lifestyles will lead

CW þ VBF etc.) provided satisfactory results from chemical

to an unprecedented increase in freshwater demand as well as

and biological points of view. Although different technol-

water footprints for agricultural crops in the future. Speciﬁ-

ogies for wastewater treatment are available, many have

cally, paddy rice is the largest consumer of water (Xinchun

countries faced the problem of public resistance to the

3 1

et al. ). The global average CWF of rice is 1,486 m t .

implementation of these modern innovative water projects

The CWF for food fodder crop production is expected to be

(Dolnicar et al. ). The worldwide amount of treated waste-

3

increased to 9,600 billion m per year in 2050 from 6,400
3

water reuse is very small (<1%) compared with the total

billion m per year in 2000 (Mekonnen & Hoekstra ).

withdrawal of water. Some previous studies (Dolnicar et al.

Therefore, other alternative water resources will be indispensa-

; Brahim-Neji et al. ) pointed out that the age, edu-

ble to satisfy the unparalleled freshwater requirement (AbdEL-

cation and knowledge of the local farmers about the reuse

rahman et al. ). In such a critical situation, municipal

of treated wastewater were the main reasons behind this

wastewater can play a vital role as an alternative source of

public resistance. Therefore, a greater level of awareness

water particularly for agricultural irrigation.

about the advantages of wastewater reuse in agriculture

Municipal wastewater can be categorised as one of the

should be frequently highlighted by researchers through

major types of marginal-quality water. In India, the munici-

social experiments. Therefore, the present study aims to

pal

towns

review the performances of the four well-known technologies

(representing 72% of the urban population) was estimated

of CW, WSP, VBF, MBR and the land treatment method to

at 38,524 million litres day1 (Banerjee ). Only 30% of

remove different hazardous chemical and biological impuri-

generated municipal wastewater is treated through different

ties from municipal wastewater. This review article will also

treatment facilities. In Pakistan, only 26% of vegetable pro-

discuss the suitability of treated municipal wastewater for

duction is irrigated with wastewater (Ensink et al. ).

agricultural irrigation purposes to fulﬁl crop water footprints

In Ghana, informal irrigation including diluted wastewater

with reduced freshwater irrigation requirements.

wastewater

generation

from

cities

and

from rivers and streams occurs on about 11,500 ha of area,
which is larger than the formal irrigated areas (Pedrero
et al. ). In Mexico about 260,000 ha are irrigated with
untreated wastewater mostly (Mexico CAN ). In most

MATERIALS AND METHODS
Concept of water footprints of crop production

cases, farmers irrigate the crop ﬁeld with diluted, untreated
or partially treated wastewater. The absence of proper treat-

The total water footprint (TWF) of crop production refers to

ment facilities leads to health risk for farmers as well as

the volume of freshwater that is consumed during the crop

consumers from heavy metals, viruses, parasitic worms

growing period (Xinchun et al. ). It consists of three

and bacteria. Therefore, the proper treatment facilities for

parts: blue, green and grey WFs. Green WF (GWF) is

reclamation of generated municipal wastewater and its

expressed as the volume of rainwater consumed to crop

application for agricultural irrigation purposes are the big-

yield, and blue WF (BWF) is deﬁned as the volume of irriga-

gest challenge in the coming decades (Banerjee ).

tion water consumed to crop yield. Green and blue WFs in

For the treatment of municipal wastewater, different

crop production are combined as consumptive WF (CWF).

technologies are practiced in different parts of the world.

This CWF refers to the total evapotranspiration (ET)

These different technologies are waste stabilisation pond

during the crop growth period (Biswas & Mailapalli ).

(WSP) (Gruchlik et al. ), vermi-bioﬁltration (VBF)

The grey WF (GrWF) refers to the freshwater volume that

(Bhavini et al. ), membrane bioreactor (MBR) (Biswas

is required to assimilate the pollutant loads caused by ferti-

a, b), constructed wetlands (CWs) (Biswas a,

liser leaching given natural background concentrations as

b), land treatment method (Ritter ) etc. The per-

well as existing ambient water quality standards. The

formances

GrWF is also known as degradable WF.

and

intricacies

of

these

technologies

in

Downloaded from http://iwaponline.com/ws/article-pdf/doi/10.2166/ws.2021.031/853645/ws2021031.pdf
by guest

Corrected Proof
3

A. Biswas et al.

Table 1

|

|

Treated municipal wastewater for agricultural irrigation

Water quality standards according to USEPA and FAO guidelines

Water Supply

Table 1

|

parameters

in press

Guidelines

Unit

FAO

no.

parameters

Unit

USEPA

FAO

*

6.50–8.40 6.50–8.50

36.

Vanadium (V)

mg/l

0.10

**b

2.

Total dissolved solid
(TDS)

mg/l

<450

37.

Selenium (Se)

mg/l

0.02

**b

38.

Lithium (Li)

mg/l

2.50

**b

39.

Fecal coliform (FC)

Count per 23
100 ml

4.

a

USEPA

pH

Biochemical oxygen
demand (BOD)

2021

Serial Chemical and biological

1.

3.

|

continued

Guidelines
Serial Chemical and biological
no.

|

mg/l

2,000
b

10

**

Chemical oxygen demand mg/l
(COD)

**b

**b

5.

Ammonium (NH4)

mg/l

**b

0–5

6.

Nitrite (NO2)

mg/l

**b

**b

Permissible limits of different chemical and biological

7.

Nitrate (NO3)

mg/l

<5

0–10

parameters for agricultural irrigation

8.

Total nitrogen (TN)

mg/l

**b

30

9.

Phosphate (PO4)

mg/l

**b

0–2

The allowable limits of different chemical and biological

10.

Total phosphorus (TP)

mg/l

**b

**b

properties of wastewater for irrigation purposes are docu-

11.

Potassium (K)

mg/l

**b

0–2

mented in this section. The standard levels of different

12.

Calcium (Ca)

mg/l

**b

400

chemical and biological impurities provided by the United

13.

Magnesium (Mg)

mg/l

**b

60

States Environmental Protection Agency (USEPA )

14.

Sodium (Na)

mg/l

<69

900

and Food and Agriculture Organisation (FAO-AQUASTAT

15.

Manganese (Mn)

mg/l

0.20

0.20

) are presented in Table 1.

16.

Iron (Fe)

mg/l

5.00

5.00

17.

Cadmium (Cd)

mg/l

0.01

0.01

18.

Chromium (Cr)

mg/l

0.10

0.10

19.

Zinc (Zn)

mg/l

2.00

**b

20.

Lead (Pb)

mg/l

5.00

2.00

21.

Nickel (Ni)

mg/l

0.20

5.00

22.

Boron (B)

mg/l

0.75

0–2

Wetlands are ‘innate ﬁlters of water’ (Biswas et al. ). The

<200

*aindicates no units; **bindicates data unavailability.

Concept of different wastewater treatment methods
Constructed wetland (CW)

23.

Chloride (Cl)

mg/l

<70

1,100

capability of wetland to renovate and accumulate organic

24.

Sulphate (SO4)

mg/l

**b

1,000

matter and nutrients makes this technology ‘the natural kid-

b

0–100

neys of the land’ (Hammer ). CWs were primarily used

25

Carbonate (CO3)

mg/l

**

26.

Bicarbonate (HCO3)

mg/l

<150

600

for secondary treatment of municipal wastewaters and these
systems were capable of eliminating organics and suspended

a

27.

Sodium adsorption ratio
(SAR)

*

<3

15

28.

Electrical conductivity
(EC)

dS/m

<0.70

3.00

29.

Copper (Cu)

mg/l

0.20

0.10

30.

Aluminium (Al)

mg/l

5.00

**b

31.

Cobalt (Co)

mg/l

0.05

0.05

water–sediment and plant–water interfaces). The CWs can

32.

Fluoride (F)

mg/l

1.00

**b

Arsenic (As)

mg/l

0.10

**b

be categorised according to different criteria such as ﬂow

33.
34.

Beryllium (Be)

mg/l

0.10

**b

35.

Molybdenum (Mo)

mg/l

0.01

**b

solids signiﬁcantly (Biswas et al. ). Treatment of wastewater by this method is generally accomplished through
biological processes (like microbial metabolic activity and

(continued)

Downloaded from http://iwaponline.com/ws/article-pdf/doi/10.2166/ws.2021.031/853645/ws2021031.pdf
by guest

plant uptake) and physicochemical processes (like precipitation, adsorption and sedimentation at the root–sediment,

path in subsurface wetlands (such as vertical and horizontal), hydrology (like open surface and subsurface ﬂow) and
macrophytic growth (such as free ﬂoating, emergent, submerged) etc. (Vymazal ). The most common CWs are

Corrected Proof
4

A. Biswas et al.

|

Treated municipal wastewater for agricultural irrigation

Water Supply

|

in press

|

2021

the horizontal subsurface ﬂow type. Horizontal ﬂow con-

separation of the activated sludge from the mixed liquor in

structed wetlands (HF CWs) have the capability to

the ﬁnal clariﬁcation process, (iv) return of the proper

treat

concentrations

amount of activated sludge for mixing with the wastewater

(Bakhshoodeh et al. ). But, the vertical type is also

and (v) disposal of the excess activated sludge. The perform-

being admired recently (Badejo et al. ). Sometimes

ance of the AS process depends on some important factors

hybrid CWs (combination of different types of CWs) have

such as temperature, return rates, amount of available

also been utilised instead of a particular type for successful

oxygen, amount of available organic matter, pH, waste

treatment of wastewater (Ali et al. a, b).

rates, time of aeration and wastewater toxicity (Roy &

wastewater

having

low

organic

Biswas ). During the MBR process, liquid–solid separWaste stabilisation pond (WSP)

ation is accomplished by ultra-ﬁltration or micro-ﬁltration
membranes. Sometimes, a pre-treatment step is required to

Waste stabilisation pond (WSP) is one of the natural treat-

remove unwanted solids from the raw wastewater. Mem-

ment methods for municipal wastewater (Kamyotra &

brane fouling is a major limitation in MBR operation.

Bhardwaj ). This is generally a shallow artiﬁcial basin

Generally, fouling indicates the deposition and accumulation

(Buchanan et al. ). It consists of a single or a series of

of solids and biomass on membranes (Biswas a, b). It

several anaerobic (2–5 m depth in general), facultative, or

is formed due to two major incidents: (i) pore blocking

maturation ponds (1–1.50 m depth in general). The treat-

caused by colloidal materials and (ii) formation of cake by

ment through anaerobic ponds is considered as the ﬁrst

suspended solids (Zahid & El-Shafai ; Aslam et al.

step of the ﬁltration process. At this ﬁrst stage (anaerobic

). The MBR is generally categorised into two groups: (i)

ponds), generally sludge generation takes place (Eland

integrated and (ii) re-circulated. Generally, outer skin mem-

et al. ). At the second stage (facultative ponds), algae

branes are involved in the ﬁrst group. Under this category,

grows on the water surface and provides oxygen for both

the operational force is obtained by the formation of a nega-

aerobic and anaerobic digestion of the organic pollutants.

tive force on the permeate face. In the second group, mixed

The last stage (maturation ponds) plays a vital role in stabi-

liquor recirculation takes place. In this case, the pressure

lising solids and inactivating pathogens completely. The

formed by high cross-ﬂow velocity develops the driving

temperature and intensity of sunlight play the key role in

force for operation (Goswami et al. ).

the operation of the WSP method. Therefore, it is suitable
for wastewater treatment, especially in tropical and subtropi-

Vermi-bioﬁltration (VBF)

cal countries (Gopalang & Letshwenyo ).
The usage of earthworms in wastewater or sewage treatment
Membrane bioreactor (MBR)

is called vermi-bioﬁltration (Tomar & Suthar ; Phothisansakul & Runguphan ). The VBF is an innovation

Membrane bioreactor (MBR) is an innovative approach for

that gives a reasonable answer for the treatment of waste-

wastewater treatment. It is a biochemical engineering pro-

water with synchronous sewage reduction and treatment

cess. It involves the action of both a suspended growth

(Krishnasamy et al. ). This treatment method is the com-

bioreactor and a membrane separator (Ozgun et al. ;

bination of traditional ﬁltration mechanisms and vermi-

Biswas a, b). The MBR combines the traditional acti-

composting systems. Raw wastewater is treated by this

vated sludge (AS) process (Roy & Biswas ) and

method through the earthworms. The earthworm’s body

membrane ﬁltration technique (Younggeun et al. ) for

acts as a bioﬁlter in this wastewater treatment. The earth-

removal of hazardous impurities from wastewater. The tra-

worms disintegrate organic particles into small particles

ditional AS process consists of different treatment stages.

and increase the hydraulic conductivity and aeration of

These are: (i) the making of a mixed liquor by mixing the acti-

those organic substances. The earthworms increase the

vated sludge with the wastewater to be treated, (ii) aeration

total speciﬁc surface area of media particles by grinding

and agitation of this mixed liquor for a certain duration, (iii)

them and increase the contaminant adsorption capability
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of the ﬁlter. Biodegradation, microbial simulation and enzy-

from wastewaters. However, the SAR and EC values of trea-

matic degradation of waste solids are brought about by

ted water were still above the allowable limits for

earthworms in this ﬁlter (Chowdhary et al. ).

agricultural reuse. He et al. () experimented with hybrid
CW at pilot scale over a nine-month period and reported

Land treatment methods

mean removal efﬁciency of COD, TP and TN of 59%, 83%
and 58%, respectively. The study suggested that HSF CW

Land treatment is one of the most cost-effective ways of

was more suitable for denitrifying bacteria growth. Ali et al.

wastewater treatment. The process refers to the application

(a, b) used hybrid CW (vertical subsurface ﬂow

of wastewater to the land at a controlled rate in a designed

CW þ phyto-treatment pond) with Hydrocotyle umbellata

and engineered setting. The purpose of the activity is to

L., Canna indica L., Typha latifolia L. and Phragmites

obtain beneﬁcial use of these materials, to improve environ-

australis Cav. Trin. ex Steud. The process removed EC,

mental quality, and to achieve treatment and disposal goals

BOD, COD, TDS, chloride, alkalinity, sulphate, phosphate,

in a cost-effective manner. Land treatment systems include

Mn, Ni, Na, Cr, Fe, Cd, Pb, Co, Cu, Ca, K, Zn, Mg and total

slow rate (SR), overland ﬂow (OF), and soil aquifer treatment

hardness by about 57%, 69%, 64%, 57%, 40%, 40%, 47%,

(SAT) or rapid inﬁltration (RI). These systems require mini-

55%, 65%, 81%, 29%, 78%, 70%, 100%, 81%, 100%, 68%,

mal effort for operation and maintenance (Ritter ).

22%, 60%, 60%, 17% and 20% respectively. The study recommended the treated water for safe irrigation under waterlimited areas. Russo et al. () reported that the HSSF

RESULTS AND DISCUSSIONS

CW alone might not be effective in pathogen removal from
raw wastewater. Even the change in plant species (Typha lati-

Performance of different treatment methods

folia, Phragmites australis etc.) did not inﬂuence the
performance of CW signiﬁcantly. However, the HSSF CW

Removal through CWs

coupled with UV treatment performed better for removal of
different biological (E. coli, total coliforms, Enterococcus,

Morari & Giardini () used two pilot-scale vertical ﬂow

somatic coliphages) impurities. Rahi & Faisal () studied

constructed wetlands with Typha latifolia and Phragmites

the performance of HSSF CW with coarse gravel (40–

australis. Both wetlands performed well for removal of

60 mm) to treat wastewater. In this study, a local plant

BOD and COD, whereas lower efﬁciencies for Na and Mg

(Phragmites australis) was utilised in CW. The highest BOD

indicated that an efﬁcient pre-cleaning system was necessary

and phosphate removal efﬁciency through this method was

for better performance of the wetlands. García et al. ()

achieved as 84% and 55%, respectively at a two-day detention

worked with hybrid technology (with Cyperus sp. (papyrus))

period. The pilot-scale experiment of Collivignarelli et al.

and documented satisfactory performance in removal of total

() with HF CW (Phragmites australis, Carex oshimensis

coliforms (3 log units), Escherichia coli (E. coli; 4 log units)

and Cyperus papyrus) reported 88% BOD and 89% COD

and helminth eggs (99%) from raw wastewater. The COD

removal efﬁciency with HRT of 1–3 days. But, the study

and BOD removal efﬁciency was also more than 85%.

suggested the requirement of a disinfection process along

Morari et al. () reported better removal efﬁcacy for Cu

with HF CW for improving bacterial elimination. In addition,

(91%), Zn (85%), Al (96%) and Pb (88%) as compared with

the investigation also emphasised higher (>3 days) HRTs for

B (40%), Fe (44%) and Co (31%) by CW with Typha latifolia

better BOD removal efﬁcacy.

L. and Phragmites australis L. The study suggested an
additional pre-cleaning system with CW for making treated

Removal through WSP

water suitable for agricultural irrigation. According to
Andreo-Martínez et al. (), horizontal subsurface ﬂow

Mozaheb et al. () evaluated the performance of stabilis-

(HSSF) CW was able to remove BOD, COD, nematode

ation ponds consisting of three phases: anaerobic pond

eggs and E. coli by 98%, 93%, 100% and 100%, respectively

(AP), primary facultative pond (PFP) and secondary
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facultative pond (SFP). The performance of AP and PFP was

Johnson et al. () reported that total ammonia removal

signiﬁcant from the BOD-removal point of view, while as for

by microbial oxidation and anabolic uptake varied from

COD concern the performance of AP and SFP was signiﬁ-

45% to 60% at HRT of 0.5–2 days at pilot-scale level.

cant. The treated efﬂuent was found to contain 2,400

Zacharia et al. () reported the highest removal of FC

MPN/100 ml. But, the levels of BOD and COD in the efﬂu-

by 3.80 log units (100 m L1) under this method. Adhikari

ent were found to exceed the recommended Iranian

& Fedler () also documented 86% BOD removal efﬁ-

standard limit for irrigation. Therefore, up-gradation of the

cacy with HRT of 22 days under this treatment mechanism.

method was recommended in this study for better performance. Kihila et al. () reported that the combined method

Removal through MBR

of WSP-CW was able to remove COD, TDS, FC and chloride by 32%, 8%, 86% and 4% respectively from raw

Zhang et al. () experimented with anaerobic dynamic

wastewater. The treated water contained sufﬁcient quantity

MBR with high ﬂux (65 l/m2-h) for 100 days to remove

of nutrients. But, the low removal efﬁciency for some chemi-

particulate COD from raw wastewater. The dynamic mem-

cal parameters made the treated water applicable to

brane of the AnMBR could not retain soluble COD

restricted irrigation for maize or other cereals. The study

effectively. Efﬂuent pH was 7.20–7.60. Ultimately, further

emphasised proper management of the CW so that the

downstream treatment was recommended for soluble COD

outlet of the CW was not blocked as blocking might

removal. Martinez-Sosa et al. () used anaerobic sub-

decrease the performance efﬁcacy of the CW. According

merged MBR (AnSMBR) for their study. The anaerobic

to AbdEL-rahman et al. (), season-wise variations in con-

process depends mainly on operational temperature. Such

centrations of different chemical parameters were observed

an anaerobic treatment technique performs successfully

along the pond series. During the study, the maximum temp-

under tropical climatic conditions. The chief advantages of

erature was 35  C (in summer) and the minimum was 18  C

such an anaerobic process include production of biogas

(in winter). The BOD removal efﬁciency was maximum in

(energy source), 20 times less production of sludge com-

summer and minimum in winter. The season-wise variation

pared with the aerobic process and the presence of

of DO concentration was due to the rate of algal photosyn-

inorganic nutrients like nitrogen and phosphorus in the trea-

thesis and cellular metabolism of microorganisms in the

ted efﬂuents. In this study, operation continued for 100 days.

ponds. The EC concentration variation took place because

The AnSMBR consisted of two containers as anaerobic reac-

of water and air temperature and rate of evapo-transpiration.

tor and membrane container. The total volume of the

High pH values indicated high heavy-metal removal efﬁ-

reactor was 350 litres. A ﬂat-sheet polythene sulfone ultra-ﬁl-

ciency in this study. The study suggested that the

tration membrane (mean pore size 38 nm) was used and the

operational simplicity and cost effectiveness would make

total membrane surface area was 3.50 m2. Operation was

this technology an ideal choice for wastewater decontamina-

accomplished in four steps: feeding, ﬁltration, relaxation

tion especially in developing countries. Along with these

and backwashing. Mesophilic conditions (35  C) prevailed

advantages, this technology also has some drawbacks: the

in the ﬁrst 69 days. After that, a transition period lasted

large land area required, high capital cost depending on

for ten days. After 79 days, the operation was done in psy-

land price, expert design requirement and not always

chrophilic conditions (20  C). The overall performance of

being effective in cold climates. The maintenance of this

this reactor indicated 94% BOD and 5 log units FC removal

system can be accomplished by froth elimination, ﬂoating

efﬁciency. The study suggested that the ﬁnal efﬂuent was

vegetation removal from the pond surfaces and by maintain-

suitable for irrigation purposes. Zahid & El-Shafai ()

ing clean inlets and outlets. The investigation of Bansah &

used a cloth media ﬁlter in MBR technology for treatment

Suglo () revealed the satisfactory performance of WSP

of municipal wastewater. The performance of this method

for removal of FC (99.94%), BOD (97.30%) and different

in terms of COD removal was satisfactory. Four log of

heavy metals from raw wastewater. The treated water met

faecal reduction was observed in this study. Therefore, this

the chemical and biological quality guidelines successfully.

method can be considered as an ideal alternative over the
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traditional activated sludge process because of high biomass

ﬁlter for wastewater treatment. Among those four types of

concentration resulting in better elimination of nutrients as

ﬁlter media, river bed materials performed the best in

well as improved preservation capacity of slow-growing

terms of BOD (81.20%) and COD (72.30%) removal. This

microorganisms like nitriﬁers. Finally, the treated efﬂuent

media also performed excellently in removal of FC, total

was found suitable for restricted irrigation purposes.

coliform, fecal streptococci and E. coli. This study suggested

Gouveia et al. () used ultra-ﬁltration with anaerobic

that the produced vermi-compost was suitable for sewage



submerged MBR at 18 ± 2 C temperatures and 12.8–

farming as it was rich in phosphate and nitrate. The vermi-

14.2 h HRT for treating municipal wastewater. This

ﬁltration mechanism for wastewater treatment is economi-

advanced technique revealed 90% COD removal efﬁciency.

cally feasible (Arora et al. ). Jiang et al. () reported

Harb & Hong () recommended anaerobic MBR with

the possibility of 98% BOD and 81% COD removal efﬁ-

some improvement for removal (2–5.5 log) of pathogens

ciency from raw wastewater by this method. The chemical

effectively from municipal wastewater. The single anaerobic

quality of the treated efﬂuent was also found to be com-

MBR treated efﬂuent had potential risks in agricultural irri-

parable to that of other methods like MBR, WSPs and

gation application. Dolar et al. () reported 96% COD

batch reactor. The study emphasised proper earthworm

and 88% dissolved organic carbon removal efﬁcacy by

species, different types of ﬁlter materials (like agricultural

MBR coupled with reverse osmosis and nano-ﬁltration.

waste, artiﬁcial products and industrial by-products) and

The treated efﬂuent was recommended for irrigation pur-

integration with some traditional methods for better per-

poses. Peña et al. () used anaerobic submerged MBR

formance of this technique. Lourenço & Nunes ()

with 8–10 h HRT and obtained 89% COD removal

recommended multistage VBFs (98.50% BOD, 74%–91%

efﬁciency. The treated water quality met the Spanish guide-

COD removal efﬁcacy) as compared with a single stage for

line for agricultural irrigation.

gaining better quality efﬂuents. Singh et al. () documented 78%–98% BOD and 64%–95% COD removal efﬁciency

Removal through VBF

by this method with HRT of 2–9 h. Addy et al. () showed
that this VBF technique had the capability to remove differ-

Xing () used a vermi-bioﬁlter with two ﬁlter media of

ent types of bacteria (like E. coli) and fungi (like Aspergillus)

quartz sand and ceramisite grain. The performance of the

by 68%–98% from raw inﬂuent.

ceramisite grain was 15.07%, 7.39% and 49.70% better in
terms of COD, BOD and NH4-N removal than the quartz

Land treatment methods

sand medium. On the other hand, no obvious removal of
TN and TP was observed during this experiment. More

Taebi & Droste () used evaluated OF systems at pilot-scale

organics were used by the earthworms for their movement

level. Each pilot was operated for eight months. Treatment of

in the ceramisite grain media. The results of the study indi-

primary

cated that the ceramisite grain medium was less damaged

and lagoon efﬂuent of wastewater were investigated at

than the quartz sand under identical experimental situ-

application rates of 0.15, 0.25, and 0.35 m3 m1 h1. During

ations. The study concluded that this VBF technique was

ﬁve months of stable operation after a three-month adaptation

more appropriate than the conventional activated sludge

period, mean removals of BOD5 and COD were 74.5% and

method for small towns in Southern China. The total cost

54.8% for primary efﬂuent; 52.9% for activated sludge efﬂuent;

efﬂuent,

activated

sludge

secondary

efﬂuent,

involved in this method was found to be 36% lower than

65.7% and 58.7% for lagoon efﬂuent, respectively. The con-

that of AS. Tomar & Suthar () obtained better perform-

structed rapid inﬁltration system (CRIS) is a reasonable

ance of VBF compared with vertical subsurface-ﬂow

option for treating wastewater, owing to its simplicity, low

constructed wetlands. The VBF was able to remove TDS

cost and low energy consumption (Zhang et al. ). However,

and COD by more than 90%. Kumar et al. () used differ-

the RI system has a difﬁculty with blockage due to usage of

ent types of natural ingredients like river bed material, glass

natural soil as a ﬁltration medium, and a low hydraulic loading

balls, wood coal and mud balls as ﬁlter media in a vermi-

rate (HLR), etc. (Su et al. ). The SAT, an environmentally
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friendly and robust multi-contaminant removal system, is effec-

fertiliser addition minimised the environmental pollution

tive in removing pathogens, nitrogen, bulk organic matter and

related to chemical run-off. Gatta et al. () experimented

the majority of organic micro-pollutants. The contaminant

with secondary and tertiary treated municipal wastewater to

removal efﬁciency of the SAT system depends on source

assess soil and artichoke crop heavy metal content with

water quality, local hydro-geological conditions and process

human risks. The study illustrated that the heavy metal con-

conditions. The SAT system performance can be improved by

tents of the crops harvested after irrigation were less than

proper site selection and appropriate design of its components

the international threshold values and small bioaccumula-

including pre- and post-treatment. SAT serves as an environ-

tion factors suggested that these heavy metals did not

mental and psychological barrier for water use applications

accumulate in the edible part of the crop. The hazard indices

(Sharma & Kennedy ).

that were based on the consumption of the artichoke heads
remained less than 1.0 for both adults and children, thus

Suitability of treated sewage for agricultural irrigation

indicating that the health risks involving the different
heavy metals were not considerable. Da Silva Júnior et al.

Biswas et al. () tested the quality of low-cost technique

() documented that irrigation with treated sewage efﬂu-

treated municipal wastewater for irrigation purposes. Low-

ents added 10 kg ha1 total nitrogen and potassium along

cost ﬁltering materials like sand, wood dust, rice husks,

with 0.50 kg ha1 total phosphate to the soil, providing

brick chips, charcoal and gravel were used in the study.

better productivity of pepper than that from irrigation with

The EC and TDS levels in the efﬂuent were acceptable for

river water. Tripathi et al. () obtained reduced total coli-

use in irrigation. However, the pH level was not allowable

forms (12%–20%) and E. coli (15%–25%) populations when

according to the FAO. Heavy metal removal percentages

evaluated against untreated wastewater in vegetable cultiva-

varied from 46% to 95% depending on the type of ﬁltering

tion. Singh et al. () investigated the incidence of E. coli

media as well as heavy metal. The maximum amount of

(35 ± 2.66 and 25 ± 2.26 colony forming units (CFU) g1) in

Cu and Zn was absorbed by wood charcoal, As and Pb by

cauliﬂower, bitter gourd and soil proﬁle irrigated with trea-

sawdust, Cu and Mn by sand and Fe by gravel. However,

ted municipal wastewater in a semi-arid peri-urban area of

As and Pb exceeded their safe limits for irrigation. The trea-

India. Along with the proper treatment, optimum storage

ted efﬂuent was concluded to be suitable for agricultural

time of treated sewage water within a reservoir is also essen-

irrigation with some restrictions. Moghadam et al. ()

tial to remove BOD, detergents, and heavy metals as well as

investigated potential salinity, soluble sodium percentage

coliforms quite effectively. A system of more than two reser-

(SSP) and sodium adsorption ratio (SAR) through appli-

voirs either in series or in parallel (depending on regions)

cation of treated wastewater for irrigation. In this study

can reduce 90% of the BOD and detergents, and ﬁve

the SAR and SSP for efﬂuent were 2.62 and 39.7%, respect-

orders of magnitude of faecal coliforms. Therefore, the reser-

ively. According to the FAO, these were excellent for

voir should be considered an integral part of the wastewater

irrigation. Potential salinity of 4.81 meq/l showed the

treatment system and not merely an operative ponding

medium suitability of the treated water for irrigation.

volume for irrigation.

Along with these, the 1,250 μS/cm EC value of the efﬂuent
illustrated that the treated water was permissible for irriga-

Global average water footprints of a few different

tion. According to Jasim et al. (), properly treated

agricultural crops

sewage water was able to promote soil enrichment due to
the possible presence of essential macro- and micro-nutri-

The global average water footprints of different agricultural

ents

crops (Mekonnen & Hoekstra ) are presented in Table 2.

like

nitrogen,

phosphorus,

potassium,

iron,

manganese, zinc, copper etc. The treated sewage could

Hoekstra et al. () improved upon previous works by

play a key role in agricultural ﬁelds by improving soil con-

assessment of BWFs (consumptive use of surface and

dition as well as plant biological health with reduced use

groundwater ﬂows) rather than water withdrawals, account-

of additional chemical fertilisers. The reduction in chemical

ing for the ﬂows required to maintain essential ecological
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wastewater. Along with these, the suitability and essentiality

CWF (m3 t

Paddy

1,486

187

1,673

prints were discussed in this study. Positive responses of

Wheat

1,620

208

1,828

some pilot-scale studies showed a ray of hope for mitigating

Potatoes

224

63

287

Maize

1,028

194

1,222

Cotton

3,589

440

4,029

Sorghum

2,960

87

3,047

Millet

4,363

115

4,478

Sugarcane

197

13

210

Barley

1,292

131

1,423

Soybean

2,107

37

2,144

)

TWF (m3 t

|

Agricultural crops

)

GrWF (m3 t

in press

of chemical and biological contaminants from municipal

Global average water footprints of a few different agricultural crops
1

|

)

of treated water for agricultural irrigation and water foot-

the problem of freshwater scarcities in the agricultural
sector in the future. Some techniques like land treatment
methods and VBF were found to be equally attractive in
developed as well as developing nations. This review indicated that the reservoir for treated water should be
considered an integral part of the wastewater treatment
system and not merely an operative ponding volume for irrigation. The green and blue water shortages in some large
river basins are quite obvious for the future. Hence, the

functions and by taking into consideration monthly rather

application of treated water for agricultural irrigation pur-

than yearly values. The study explored 405 river basins for

poses can play an important role in fulﬁlling required crop

the period 1996–2005 and concluded that in 201 basins

water footprints in the future by mitigating global green

with 2.67 billion inhabitants there was severe water scarcity

and blue water scarcities.

during at least one month of the year. The ecological and
economic consequences of rising degrees of water shortage
– as proved by the Rio Grande (Rio Bravo), Murray-Darling
and Indus River Basins – could be complete aridity in dry
seasons, decimation of aquatic biodiversity, and considerable economic disorder. Some recent studies such as
Schyns et al. (), Hogeboom et al. () and Xie et al.
() also documented that several regions including
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India, Central America, the Middle East and Southern
Europe are subject to severe green and blue water scarcities.
Under such circumstances, an alternative water source like
properly treated municipal wastewater can play a signiﬁcant
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reclamation and water reuse for irrigation by membrane
processes. Chemical and Biochemical Engineering Quarterly
33 (3), 417–425.
Dolnicar, S., Hurlimann, A. & Grün, B.  What affects public
acceptance of recycled and desalinated water? Water
Research 45 (2), 933–943.
Eland, L. E., Davenport, R. J., dos Santos, A. B. & Mota Filho,
C. R.  Molecular evaluation of microalgal communities in
full-scale waste stabilisation ponds. Environmental
Technology 40 (15), 1969–1976.
Ensink, J. H. J., Mahmood, T., van der Hoek, W., Raschid-Sally, L.
& Amerasinghe, F. P.  A nationwide assessment of
wastewater use in Pakistan: an obscure activity or a vitally
important one? Water Policy 6 (3), 197–206.
FAO-AQUASTAT  Global Information System on Water and
Agriculture. Available from: http://www.fao.org/nr/water/
aquastat/main/index.stm.
García, J. A., Paredes, D. & Cubillos, J. A.  Effect of plants and
the combination of wetland treatment type systems on
pathogen removal in tropical climate conditions. Ecological
Engineering 58, 57–62.
Gatta, G., Gagliardi, A., Disciglio, G., Lonigro, A., Francavilla, M.,
Tarantino, E. & Giuliani, M. M.  Irrigation with treated

Corrected Proof
11

A. Biswas et al.

|

Treated municipal wastewater for agricultural irrigation

municipal wastewater on artichoke crop: assessment of soil
and yield heavy metal content and human risk. Water 10 (3),
255.
Gopolang, O. P. & Letshwenyo, M. W.  Performance
evaluation of waste stabilisation ponds. Journal of Water
Resource and Protection 10 (11), 1129–1147.
Goswami, L., Kumar, R. V., Borah, S. N., Manikandan, N. A.,
Pakshirajan, K. & Pugazhenthi, G.  Membrane
bioreactor and integrated membrane bioreactor systems for
micropollutant removal from wastewater: a review. Journal
of Water Process Engineering 26, 314–328.
Gouveia, J., Plaza, F., Garralon, G., Fdz-Polanco, F. & Peña, M.
 A novel conﬁguration for an anaerobic submerged
membrane bioreactor (AnSMBR). Long-term treatment of
municipal wastewater under psychrophilic conditions.
Bioresource Technology 198, 510–519.
Gruchlik, Y., Linge, K. & Joll, C.  Removal of organic
micropollutants in waste stabilisation ponds: a review.
Journal of Environmental Management 206, 202–214.
Hammer, D. A. (ed.)  Constructed Wetlands for Wastewater
Treatment: Municipal, Industrial, and Agricultural. CRC
Press, Boca Raton, FL, USA.
Harb, M. & Hong, P. Y.  Molecular-based detection of
potentially pathogenic bacteria in membrane bioreactor
(MBR) systems treating municipal wastewater: a case study.
Environmental Science and Pollution Research 24 (6),
5370–5380.
He, Y., Peng, L., Hua, Y., Zhao, J. & Xiao, N.  Treatment for
domestic wastewater from university dorms using a hybrid
constructed wetland at pilot scale. Environmental Science
and Pollution Research 25 (9), 8532–8541.
Hoekstra, A. Y. & Hung, P. Q.  Virtual Water Trade: A
Quantiﬁcation of Virtual Water Flows between Nations in
Relation to International Crop Trade, Value of Water
Research Report Series 11. IHE Delft, Delft, The
Netherlands.
Hoekstra, A. Y., Mekonnen, M. M., Chapagain, A. K., Mathews,
R. E. & Richter, B. D.  Global monthly water scarcity:
blue water footprints versus blue water availability. PloS
ONE 7 (2), e32688.
Hogeboom, R. J., de Bruin, D., Schyns, J. F., Krol, M. S. &
Hoekstra, A. Y.  Capping human water footprints in the
world’s river basins. Earth’s Future 8 (2), e2019EF001363.
Jasim, S. Y., Saththasivam, J., Loganathan, K., Ogunbiyi, O. O. &
Sarp, S.  Reuse of treated sewage efﬂuent (TSE) in Qatar.
Journal of Water Process Engineering 11, 174–182.
Jiang, L., Liu, Y., Hu, X., Zeng, G., Wang, H., Zhou, L., Tan, X.,
Huang, B., Liu, S. & Liu, S.  The use of microbialearthworm ecoﬁlters for wastewater treatment with special
attention to inﬂuencing factors in performance: a review.
Bioresource Technology 200, 999–1007.
Johnson, D. B., Schideman, L. C., Canam, T. & Hudson, R. J. M.
 Pilot-scale demonstration of efﬁcient ammonia removal
from a high-strength municipal wastewater treatment

Downloaded from http://iwaponline.com/ws/article-pdf/doi/10.2166/ws.2021.031/853645/ws2021031.pdf
by guest

Water Supply

|

in press

|

2021

sidestream by algal–bacterial bioﬁlms afﬁxed to rotating
contactors. Algal Research 34, 143–153.
Kamyotra, J. S. & Bhardwaj, R. M.  Municipal wastewater
management in India. In: India Infrastructure Report 2011,
Oxford University Press, New Delhi, India, pp. 299–311.
Kihila, J., Mtei, K. M. & Njau, K. N.  Wastewater treatment for
reuse in urban agriculture; the case of Moshi Municipality,
Tanzania. Physics and Chemistry of the Earth, Parts A/B/C
72–75, 104–110.
Krishnasamy, K., Nair, J. & Hughes, R. J.  Vermiﬁltration
systems for liquid waste management: a review. International
Journal of Environment and Waste Management 12 (4),
382–396.
Kumar, T., Bhargava, R., Prasad, K. S. H. & Pruthi, V. 
Evaluation of vermiﬁltration process using natural
ingredients for effective wastewater treatment. Ecological
Engineering 75, 370–377.
Lourenço, N. & Nunes, L. M.  Optimization of a
vermiﬁltration process for treating urban wastewater.
Ecological Engineering 100, 138–146.
Martinez-Sosa, D., Helmreich, B., Netter, T., Paris, S., Bischof, F.
& Horn, H.  Anaerobic submerged membrane bioreactor
(AnSMBR) for municipal wastewater treatment under
mesophilic and psychrophilic temperature conditions.
Bioresource Technology 102 (22), 10377–10385.
Mekonnen, M. M. & Hoekstra, A. Y.  Water footprint
benchmarks for crop production: a ﬁrst global assessment.
Ecological Indicators 46, 214–223.
Mexico CAN (Comision Nacional del Agua)  Water Statistics.
National Water Commission, Mexico City, Mexico.
Moghadam, F. M., Mahdavi, M., Ebrahimi, A., Tashauoei, H. R. &
Mahvi, A. H.  Feasibility study of wastewater reuse for
irrigation in Isfahan, Iran. Middle East Journal of Scientiﬁc
Research 23, 2366–2373.
Morari, F. & Giardini, L.  Municipal wastewater treatment
with vertical ﬂow constructed wetlands for irrigation reuse.
Ecological Engineering 35 (5), 643–653.
Morari, F., Dal Ferro, N. & Cocco, E.  Municipal wastewater
treatment with Phragmites australis L. and Typha latifolia L.
for irrigation reuse. Boron and heavy metals. Water, Air, and
Soil Pollution 226 (3), 56.
Mozaheb, S. A., Ghaneian, M. T., Ghanizadeh, G. H. &
Fallahzadeh, M.  Evaluation of the stabilisation ponds
performance for municipal wastewater treatment in Yazd –
Iran. Middle East Journal of Scientiﬁc Research 6 (1), 76–82.
Ozgun, H., Dereli, R. K., Ersahin, M. E., Kinaci, C., Spanjers, H. &
van Lier, J. B.  A review of anaerobic membrane
bioreactors for municipal wastewater treatment: integration
options, limitations and expectations. Separation and
Puriﬁcation Technology 118, 89–104.
Pedrero, F., Kalavrouziotis, I., Alarcón, J. J., Koukoulakis, P. &
Asano, T.  Use of treated municipal wastewater in
irrigated agriculture – review of some practices in Spain and
Greece. Agricultural Water Management 97 (9), 1233–1241.

Corrected Proof
12

A. Biswas et al.

|

Treated municipal wastewater for agricultural irrigation

Peña, M., do Nascimento, T., Gouveia, J., Escudero, J., Gómez, A.,
Letona, A. & Fdz-Polanco, F.  Anaerobic submerged
membrane bioreactor (AnSMBR) treating municipal
wastewater at ambient temperature: operation and potential use
for agricultural irrigation. Bioresource Technology 282, 285–293.
Phothisansakul, A. & Runguphan, T.  Remediation of
domestic wastewater runoff using vermi-bioﬁltration.
International Journal of Environmental Bioremediation
Biodegradation 5 (2), 60–64.
Rahi, M. A. & Faisal, A. A. H.  Using horizontal subsurface
ﬂow constructed wetland system in the treatment of
municipal wastewater for agriculture purposes. Iraqi Journal
of Agricultural Sciences 50 (4), 1208–1217.
Ritter, W. F.  The history and challenges of wastewater reuse
in Delaware and Maryland. In: World Environmental and
Water Resources Congress 2020: Water Resources Planning
and Management and Irrigation and Drainage. (S. Ahmad &
R. Murray, eds.), American Society of Civil Engineers,
Reston, VA, USA, pp. 109–120.
Roy, S. M. & Biswas, A.  Application of aerator in
aquaculture: a review. E-planet 18 (2), 185–188.
Russo, N., Marzo, A., Randazzo, C., Caggia, C., Toscano, A. &
Cirelli, G. L.  Constructed wetlands combined with
disinfection systems for removal of urban wastewater
contaminants. Science of the Total Environment 656, 558–566.
Schyns, J. F., Hoekstra, A. Y., Booij, M. J., Hogeboom, R. J. &
Mekonnen, M. M.  Limits to the world’s green water
resources for food, feed, ﬁber, timber, and bioenergy. Proceedings
of the National Academy of Sciences 116 (11), 4893–4898.
Sharma, S. K. & Kennedy, M. D.  Soil aquifer treatment for
wastewater treatment and reuse. International
Biodeterioration & Biodegradation 119, 671–677.
Singh, R., Bhunia, P. & Dash, R. R.  A mechanistic review on
vermiﬁltration of wastewater: design, operation and
performance. Journal of Environmental Management 197,
656–672.
Singh, D., Patel, N., Gadedjisso-Tossou, A., Patra, S., Singh, N. &
Singh, P. K.  Incidence of Escherichia coli in vegetable
crops and soil proﬁle drip irrigated with primarily treated
municipal wastewater in a semi-arid peri urban area.
Agriculture 10 (7), 291.
Su, C., Zhu, X., Shi, X., Xie, Y., Fang, Y., Zhou, X., Huang, , Z., Lin, X.
& Chen, M.  Removal efﬁciency and pathways of
phosphorus from wastewater in a modiﬁed constructed rapid
inﬁltration system. Journal of Cleaner Production 267, 122063.
Taebi, A. & Droste, R. L.  Performance of an overland ﬂow
system for advanced treatment of wastewater plant efﬂuent.
Journal of Environmental Management 88 (4), 688–696.
Tomar, P. & Suthar, S.  Urban wastewater treatment using
vermi-bioﬁltration system. Desalination 282, 95–103.
Tripathi, V. K., Rajput, T. B. S., Patel, N. & Nain, L.  Impact of
municipal wastewater reuse through micro-irrigation system

Water Supply

in press

|

2021

on the incidence of coliforms in selected vegetable crops.
Journal of Environmental Management 251, 109532.
USEPA  2012 Guidelines for Water Reuse, EPA/600/R-12/618.
USEPA, Cincinnati, OH, and National Risk Management
Research Laboratory USAID, Washington, DC, USA.
Vymazal, J.  Constructed wetlands for treatment of industrial
wastewaters: a review. Ecological Engineering 73, 724–751.
Xie, P., Zhuo, L., Yang, X., Huang, H., Gao, X. & Wu, P. 
Spatial–temporal variations in blue and green water
resources, water footprints and water scarcities in a large
river basin: a case for the Yellow River basin. Journal of
Hydrology 590, 125222.
Xinchun, C., Mengyang, W., Xiangping, G., Yalian, Z., Yan, G.,
Nan, W. & Weiguang, W.  Assessing water scarcity in
agricultural production system based on the generalized
water resources and water footprint framework. Science of
the Total Environment 609, 587–597.
Xinchun, C., Mengyang, W., Rui, S., La, Z., Dan, C., Guangcheng, S.,
Xiangping, G., Weiguang, W. & Shuhai, T.  Water footprint
assessment for crop production based on ﬁeld measurements: a
case study of irrigated paddy rice in East China. Science of the
Total Environment 610–611, 84–93.
Xing, M. Y.  Study on the Performance of Vermin-Bioﬁlter for
Municipal Wastewater Treatment. PhD thesis, University of
Tongji, Shanghai, China.
Yimam, A. Y., Assefa, T. T., Adane, N. F., Tilahun, S. A., Jha, M. K.
& Reyes, M. R.  Experimental evaluation for the impacts
of conservation agriculture with drip irrigation on crop
coefﬁcient and soil properties in the sub-humid Ethiopian
Highlands. Water 12 (4), 947.
Younggeun, L., Hyungkeun, R., Gunmyung, L. & Ho, J. 
Sewage/wastewater treatment system using granular
activated sludge and membrane bio-reactor and sewage/
wastewater treatment method using the same. US Patent
Application No. 16/726,770 (30 April 2020).
Zacharia, A., Ahmada, W., Outwater, A. H., Ngasala, B. & Van
Deun, R.  Evaluation of occurrence, concentration, and
removal of pathogenic parasites and fecal coliforms in three
waste stabilization pond systems in Tanzania. The Scientiﬁc
World Journal 2019, 3415617.
Zahid, W. M. & El-Shafai, S. A.  Use of cloth-media ﬁlter for
membrane bioreactor treating municipal wastewater.
Bioresource Technology 102 (3), 2193–2198.
Zhang, X., Wang, Z., Wu, Z., Lu, F., Tong, J. & Zang, L. 
Formation of dynamic membrane in an anaerobic membrane
bioreactor for municipal wastewater treatment. Journal of
Chemical Engineering 165 (1), 175–183.
Zhang, X., Guo, L., Huang, H., Jiang, Y., Li, M. & Leng, Y. 
Removal of phosphorus by the core–shell bio-ceramic/Znlayered double hydroxides (LDHs) composites for municipal
wastewater treatment in constructed rapid inﬁltration system.
Water Research 96, 280–291.

First received 28 October 2020; accepted in revised form 15 January 2021. Available online 1 February 2021

Downloaded from http://iwaponline.com/ws/article-pdf/doi/10.2166/ws.2021.031/853645/ws2021031.pdf
by guest

|

