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Abstract: Selection of appropriate river water treatment methods is important for the restoration
of river ecosystems. An in-depth review of different river water treatment technologies has been
carried out in this study. Among the physical-engineering processes, aeration is an effective,
sustainable and popular technique which increases microbial activity and degrades organic pollutants.
Other engineering techniques (water diversion, mechanical algae removal, hydraulic structures
and dredging) are effective as well, but they are cost intensive and detrimental to river ecosystems.
Riverbank filtration is a natural, slow and self-sustainable process which does not pose any adverse
effects. Chemical treatments are criticised for their short-term solution, high cost and potential
for secondary pollution. Ecological engineering-based techniques are preferable due to their high
economic, environmental and ecological benefits, their ease of maintenance and the fact that they
are free from secondary pollution. Constructed wetlands, microbial dosing, ecological floating beds
and biofilms technologies are the most widely applicable ecological techniques, although some
variabilities are observed in their performances. Constructed wetlands perform well under low
hydraulic and pollutant loads. Sequential constructed wetland floating bed systems can overcome
this limitation. Ecological floating beds are highly recommended for their low cost, high effectiveness
and optimum plant growth facilities.

Keywords: polluted river water; water treatment; ecological restoration; constructed wetland;
ecological floating bed; biofilm technology

1. Introduction

Pollution of river water is one of the biggest environmental problems, particularly in developing
and underdeveloped countries. River water is the source of water for drinking and for domestic,
agricultural, commercial, industrial and recreation uses. However, river water pollution in some
countries is so severe that it cannot be used at all. Furthermore, it causes the spread of water
borne diseases in many developing countries, emits severe and intolerable odours and pollutes the
air. Water quality management depends on the strict policy controls for discharge of solid waste,
wastewater, stormwater and standards of treated or untreated wastewater, which requires cost and
time for successful execution [1]. Therefore, water management plans must consider sustainable
strategies and policies for the successful remediation of polluted water [2].

1.1. Sources of River Water Pollution

Uncontrolled, unplanned, rapid and extensive growth of urbanisation and industrial activities
generate large amounts of solid and liquid waste in urban areas. Disposal of untreated solid waste,
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stormwater and agricultural runoff, along with municipal and industrial wastewater, into the river is the
main cause of physical, chemical (nutrients, metals, organic matters, nanomaterials, etc.) and microbial
contamination of river water [3-5]. Sources of these wastes include industrial production, sewage,
domestic waste, municipal waste, shopping markets, restaurants, agricultural waste, etc. [4]. In India,
about 50% of total human waste is discharged into the rivers and other water bodies without proper
treatment [6]. In developing countries, agricultural crop production is practiced on vast land areas in
order to meet the food demand of the increasing population. Agrochemicals (fertilizers, pesticides,
herbicides, etc.) used in agricultural activities discharge different chemicals, including nutrients (nitrate
and phosphate), into the river water. These contaminants originate from both point and non-point
sources. Stormwater runoff is another major contamination transport route, which brings treated and
untreated sewage, industrial waste, petroleum hydro-chemicals and road dust into the river water [6].

1.2. Remediation of Polluted River Water

The remediation of contaminated river water is a burning issue in many developing countries due
to the high level of pollution. In addition, the remediation of secondary tributaries is also important
for maintaining the higher water quality of channels and streams in rural areas [7]. Polluted river
water can be remediated by either in-situ water treatment or pollution control at the source point.
Different methods that can be applied for remediation of polluted river water are categorised into
physical, chemical, biological, ecological and engineering techniques [8,9], but a single method is
not sometimes effective for the purification of heavily contaminated river water. Therefore, hybrid
techniques, which combine two or more single methods, are more widely recommended for their
efficient treatment.

Engineering and physical treatment processes include mechanical aeration processes, water
transfer or diversion and dilution, mechanical algae removal, building hydraulic structures, dredging
river sediment, etc. (Table 1). Application of these engineering processes can effectively improve
river water and sediment quality, resulting in river restoration. Some of these methods may exert
adverse effects, such as the destruction of natural ecosystems and an economic burden from their
high capital and maintenance cost [10]. Therefore, these methods should be applied together with
biological, chemical and ecological process to accelerate their remediation actions in a sustainable way.

Chemical treatment of polluted water by flocculation, precipitation, oxidation and algaecides can
remove suspended solids (SS) and algae. Chemical processes provide a quick remediation of polluted
river water [10], but they are temporary and may produce secondary wastes, which can create other
hazards. Therefore, flocculation or precipitation processes should focus on the use of environmentally
safe chemicals for destruction of suspended solids and algae by chemical treatment. Wang et al. [11]
reported that poly aluminium chloride can be used as non-polluting flocculation foam, which can
effectively separate algae from water. Adsorptive removal of contaminants by minerals or material
surface from river water is commonly observed in hybrid remediation techniques.

There are several biological-ecological treatment technologies available in the literature, such as
microbial bioremediation, biofilms, contact oxidation, membrane bioreactor technology, ecological
ponds, plant purification treatment, ecological floating beds and constructed wetlands [9]. Polluted
river water exhibits odour, turbidity, lack of water transparency, high concentrations of chemical
oxygen demand (COD), biological oxygen demand (BOD) and organic and inorganic contaminants.
Some studies have used the processes of microorganism, plant and aquatic animal-assisted
bioremediation or biodegradation processes to destroy or decompose the organic chemical contaminants,
absorb metals (inorganic contaminants) and completely remove the COD, BOD, odour, turbidity
and organic and inorganic contaminants from river water [10,12-14]. These processes used both
microbial dosing and in-situ microbial techniques. In-situ microbial techniques, which use native
bacteria, are more environmentally sustainable and economically feasible. Consequently, in-situ
microbial techniques are widely acceptable and applicable and have attracted more attention in
wastewater treatment. The most common in-situ microbial techniques used for the treatment of river
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water are the plant-assisted floating bed techniques and constructed wetlands. These techniques can
naturally produce bacteria, fungi and fauna, which play important roles in biodegradation of organic
contaminants in river water. Biological methods are more environment-friendly, self-sustaining and less
expensive than the physical and chemical processes. However, the processes need an extended time,
ranging from several months to years for microbial growth and, sometimes, different environmental
factors such as temperature and rainfall affect their performance [9]. Some of these technologies require
high cost, labour and maintenance as well.

Table 1. Efficiency, advantages, and disadvantages of different physical/engineering-based treatment

methods of river water.

T i .
reatr.nent Process Description Advantages Disadvantages Reference
Techniques
Air flow into river Effectively improve
water increases water quality, simple Cost intensive during
Artificial aeration =~ microbial diversity and and easy to apply, operation and [9,15]
degrades organic sustainable and widely maintenance phase
compounds in water applicable
Improve river water
Mixing of clean water quality, water supply, . .
. . ; . Potential destruction of
Water with polluted river river pollution control,
. . o ecosystem, cost and [16,17]
transfer/diversion water and dilution of promote . .
. e labour intensive
pollution self-purification
process
. . Cost intensive during
Mechanical algae Removal of algae by Improve river water .
. . . operation and [18]
removal mechanical process and sediment quality .
maintenance phase
L Removal of polluted ~ Improve sediment and POtennal.mcrease of
Dredging river . : . pollution, cost
. sediment by dredging river water . . . [9,19]
sediment . . intensive mechanical
machine environment
process
g1 . Irrigation weirs or Improve river water Potential destruction of
Building hydraulic . . . IS
structures infrastructure built on quality for irrigation ecosystem health, cost [20,21]
the river purposes intensive
. R i
Flow through riverbed CIove Organic and
and groundwater morganic
Riverbank filtration & contaminants through Slow process [22-25]

aquifer to the pumping
wells

natural filtration
process

Ecological engineering-based techniques, such as plant purification treatment, ecological floating
beds, artificial floating islands and constructed wetlands, have attracted the greatest attention due
to their overall economic, environmental and ecological benefits, but these methods demonstrate
variable performances to remediate polluted river water [9,10,26,27]. The remediation of river water is
a critical process which needs the combination of engineering and ecological technologies for successful
treatment of river water.

Therefore, further research is needed to improve these remediation processes. The advantages
and drawbacks of currently developed methods are to be comparatively discussed to find out the most
effective, sustainable, economic and environment friendly processes. Overall, this review discussed
the various single and hybrid techniques applied for the remediation of polluted river water along
with their efficiencies, advantages and disadvantages. Finally, this review explored the most viable
and sustainable techniques for the treatment of river water and how these techniques can be further
improved to make them more cost effective and sustainable.
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2. Engineering and Physical Processes

2.1. Aeration

Aeration, which maximizes the oxygen saturation of water, plays an important role in the
remediation of polluted river water and in the effective treatment of wastewater [15]. Aeration
techniques are simple, easy to operate, sustainable and widely applicable; however, their
implementation can be expensive. Aeration increases the diversity and abundance of microbial
communities, which degrade organic compounds in river water and wastewater (Figure 1); however,
its performance depends on the rate of aeration and type of aeration approach, such as fixed point
aeration and mobile aeration (moving one point to another). Therefore, it should be appropriately
applied in water treatment. For example, fixed-point aeration should be applied in sediment-rooted
constructed wetland, while mobile aeration should be used in floating bed wetland techniques. Several
previous studies have demonstrated that the application of aeration techniques effectively improved
the water quality of some rivers, such as the Oeiras River in Portugal, the Emsche River in Germany,
the Thames River in the UK and the Homewood Canal in the U.S. [28], and removed the black colour,
odour, COD and BOD of river water in Busan (South Korea), Qing River, Guancheng downstream and
Shanghai Suzhou River [29].

Aquatic plant
Buoyant mat 0 P

Aeration

I

‘Waf&éi‘ depth

;.jSediI:;;l:ent

Figure 1. Schematic diagram of aeration technique in ecological treatment of river water.
2.2. Water Diversion and Water Transfer

Inter-basin water transfer engineering can change the living style of people, agriculture and
industrial growth and the natural environment, and it has been applied in many places in the
world [17]. Globally, more than 160 large-scale inter-basin water transfer projects have been constructed
in 24 countries, especially in Canada, the United States, the former Soviet Union and India [30]. China is
embracing rapid urbanization, industrialization and highly accelerated economic development, which
has exploited a large amount of water causing the extensive pollution of water resources. Consequently,
China has implemented several small- and large-scale water transfer projects across the country.

Water transfer engineering provides multiple benefits, such as irrigation, water supply, navigation,
flood control, power generation [31,32], reducing water crisis, increasing water security [33,34], reducing
the concentration of nutrients and phytoplankton [35,36] and improving water quality [31,32,37].
The mixing of clean water with polluted river water dilutes the contamination in river water and
removes the colour and odour of water. The water diversion technique augments the self-purification
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capacity of the watershed [11,20]. This technology was used in Fuzhou, Zhongshan and other cities in
China to remove the contaminants from river water [11]. Water transfers from the Yangtze River to
the Lixia River in China clearly showed a positive impact to increase the water quality of the river,
especially for sites closer to water intake points [38]. Water quality parameters showed various spatial
and temporal variations in patterns within the watershed. This method demonstrated the explicit
evidence of reduction in the concentrations of NH;-N and COD in river water. However, the authors
recommended the use of this method as an emergency strategy only to flush out contaminants from
the river water due to its quick response [35]. The estimation of diversion scale is the key factor, which
depends on the effluent water quality. Sometimes, the task of river water diversion is too large, because
it is costly and labour intensive.

The combination of two processes that can more effectively purify the river water are
(1) contamination control through wastewater collection and (2) treatment through water transfer/
introduction of clean water into polluted flowing river water [39]. However, these processes exert
some environmental effects through the utilization of energy and resources, which should be estimated
based on the life cycle assessment process. Therefore, in order to reduce the adverse environmental
effects, the optimal integration of the processes should be carried out considering the local pollution
concentration and the self-purification coefficient of the river water. Song et al. [16] reported that
large amounts of water diversion can decrease the water quality by carrying organisms from one
catchment to another. Therefore, it is necessary to estimate the optimal diversion of water. If the water
transfer rate is reduced, then the water residence time should be extended, which can augment the
degradation of contaminants and improve water quality. Therefore, Martinez et al. [40] developed
an engineering model to determine the optimum process for the treatment of polluted river water by
pouring a minimum amount of clean water.

2.3. Hydraulic Structures

River water, polluted by the dumping of untreated urban sewage, has been used for irrigation and
agricultural crop production in some countries such as India [20]. The quality of river water naturally
improves by self-purification processes through dilution, sedimentation and biological processes.
The construction of hydraulic structures such as irrigation weirs or irrigation infrastructure on the river
can improve water quality and make the river water suitable for irrigation [20]. The installation of
irrigation weirs on the river reduces water flow velocity but increases hydraulic retention time, which
facilitate sedimentation, aeration, sunlight irradiation and anaerobic reactions, resulting in improving
water quality. The protection of riverbanks using appropriate materials can enhance the riparian
biodiversity and ecosystem restoration process. For example, the use of riprap plants, geotextile
combination plants, natural material fabric pads and natural prototypes for riverbank protection could
change plant community structure and biodiversity on bank slopes, resulting in the stabilization and
protection of riverbank slopes [21].

2.4. Riverbank Filtration

Riverbank filtration processes remove organic and inorganic contaminants (COD, NH4"-N and
NO;37-N) from river water, particularly when water flows through the river-bed and groundwater
aquifer to the pumping wells [22-25]. The performance of riverbank filtration in purification of water
varies from one region to another because the contaminant removal efficiency of this filtration system
depends on the local hydrogeology of aquifers, properties of unsaturated and saturated aquifers,
climatic conditions, temperature and river water quality [41]. Other factors that affect the removal
efficiency of organic and inorganic pollutants from river water are the redox chemistry, content of
organic matter and biogeochemistry of riverbed sediments [42—44].

Some studies demonstrated the high potential of the riverbank filtration system to remove COD,
NH,*-N and NOj3-N from river water [41-46]. For example, this process was successful in removing
nitrogen (N) and organic pollutants from the Qingyang River water in China, which was polluted by
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reclaimed water [41]. Seasonal variations and water temperature impacted the attenuation of NOs;™-N
through riverbank filtration to groundwater. However, these parameters did not show any effect on
the removal of COD. The riverbank filtration system removed nitrogen through biochemical processes
in the saturated zone of the Kuihe riverbed in China. However, the unsaturated zone did not show any
effect on nitrogen removal [45]. The contrary results were reported by the lab-based column and field
studies of Wang et al. [46] at the Kui River in China, which showed that the unsaturated zone and
the colmation layer adsorbed and degraded the contaminants of COD, NH;*-N and NO3;™-N in river
water. Therefore, further research is needed to understand the role of the unsaturated zone on nitrogen
removal. The contaminants accumulated at the interface between the unsaturated and saturated zones
of the aquifer, resulting in the very low concentrations of the contaminants in the saturated zone of
groundwater and tube well water.

3. Ecological Engineering-Based Processes

Ecological restoration of river ecosystems and treatment of river water can be successfully done by
applying riparian wetlands, nitrogen (N) and phosphorus (P) sedimentation and absorption, aeration
and ecological floating beds [10]. The most widely used methods for the treatment of river water
are constructed floating wetlands, ecological floating islands and other bioremediation technologies.
The combination of physical, chemical, biological, ecological and engineering techniques is applied to
conduct the ecological restoration of the river ecosystem. For example, Sheng et al. [47] used a hybrid
process combining the biological, chemical and engineering processes (aeration) to treat the highly
polluted river water at the field level [48]. Their process significantly removed COD, BOD (>70%) and
odour from the polluted river water.

Although aquatic plants such as Pontederia cordata demonstrated potential for treating river water
polluted with N, P and organic chemicals, the engineering process of aeration enhanced the water
treatment efficiency of this aquatic plant [49]. The seasonal variations and aeration exhibited variable
effects on the growth of diverse microbial communities around plant roots and their water purification
efficiency. The aquatic plants and moderate aeration exhibited the optimum efficiency for COD, total N
and P removal from water. Aeration exerted the combined effect of turbulence and dissolved oxygen
(DO), which was stronger than the individual effect of DO [15]. Some researchers developed the
near-natural restoration technique [10] and near-natural river governance model [50] for the treatment
of rural river water and enhancing water quality [51].

3.1. Phytoremediation Process

Aquatic plants, including algae, demonstrate a high potential to purify river water, wastewater
effluents and contaminated water [52]. The tolerant plants, planted in the riverbank, can purify the
river water by absorption, adsorption, accumulation and degradation of contaminants. These plants
exhibited significant capacity to remove nutrients such as total N and P from water bodies [53].
The plant roots provide strong and extensive rhizosphere systems, which facilitate the growth of
bacteria and other microorganisms, and secretion of root exudates [54,55]. These microorganisms
play a significant role in the removal of organic and inorganic contaminants from wastewater and
contaminated water by degradation of organic chemicals and accumulation of nutrients and other
metal contaminants. This phytoremediation process can be applied along either the riverbank
or wastewater/stormwater discharge point. The technique has low cost and wider community
acceptance, irrespective of geographical locations. The most widely used aquatic plants for wastewater
treatment (shown in Table 2) are reed (Phragmites australis), water hyacinth (Eichhornia crassipes),
alligator weed (Alternanthera philoxeroides) [56], water lettuce (Pistia stratiotes) [55], Whorl-leaf
watermilfoil (Myriophyllum verticillatum), pondweed (Potamogeton spp.), cattail (Typha latifolia),
duckweed (Lemna gibba) and canna (Canna indica) [57]. These aquatic plants can be used in conventional
wastewater treatment processes, constructed wetlands and vegetative biofiltration systems, and in
ecological floating bed systems (discussed in next sub-sections). Table 2 describes some examples
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of these plant-based remediation techniques and the plants used in these processes. The success of
plant-based remediation technology depends on the coverage of plant growth area. Besides this,
plant species have different contaminant removal efficiencies and variable tolerances to contaminant
loading rates. Therefore, the selection of an appropriate plant species is an important factor for the
maximum performance of plant-based technologies [58].

Table 2. Plant species used in ecological restoration of river ecosystems and remediation of river water.

Techniques Processes or Systems Plant Species Reference
Removal of nutrients and
organic matter by aquatic Pontederia cordata [15,49]
plants and aeration
Wetland Reed (Phragmites communis),
Constructed wetlands, E. crassipes (Water hyacmth), [56]
floating bed systems A. philoxeroides
Water lettuce (Pistia stratiotes) [55]
Watermilfoil (M. verticillatum),
pondweed (Potamogeton spp.), [57]
cattail (T. latifolia), duckweed
(L. gibba), canna (C. indica)
Removal of TN and TP;
Hydroponic floating bed ~ Water spinach performs Water spinach, sticky rice [26]
better than sticky rice
Revetment Ecological revetment Goosegrass, sedges, and water [59]
plants grasses
Removal of BOD, COD,  Polygonum hydropiper bagen, reeds, [59]
nutrient, metal bulrushes
Floati . o
oating bed Multistage floating-bed Macrophytes [60]
system
Enhanced ecological oo .
floating beds Canna indica L., Iris pseudacorus L. [61]
Ecological floating bed Canna indica, Accorés qzlamus,
. Cyperus alternifolius, [62]
for removal of nutrients A,
Vetiveria zizanioides
EndoPhyte-assmted Typha domingensis, Leptochloa fusca [63]
Floating wetland floating wetlands y
Floating treatment Elodea nuttallii [64]
wetland Carex spp., Lythrum salicaria [65]

3.2. Constructed Wetlands

Sediment-rooted plant constructed wetlands exhibit high a potential for the remediation of polluted
urban river/creek water [66]. Constructed wetlands combine physical and biogeochemical processes
for the effective removal of water pollutants and restoration of the natural river ecosystem (Figure 2).
These methods have some advantages over other traditional water treatment processes, which include
low running cost, easy maintenance, no secondary pollution, economic and environmental benefits
and high efficiency in the restoration of river ecosystems and river water quality [67]. However,
they require a large area, have low hydraulic load and exhibit intolerance to heavy pollutant loading
rate [9], including the observation of seasonal death and plant diseases [68]. Therefore, living plants
are recommended to be replaced by aqua mats and artificial seaweed, which can enhance the growth
of microorganisms and overcome the above drawbacks [69]. Given the low removal rate of single
constructed wetland, Bai et al. [9] sequentially constructed floating bed wetland, horizontal subsurface
flow constructed wetland and surface flow constructed wetland for the treatment of urban river water.
The combination of three wetland systems effectively removed COD, NH;*-N, TN (total nitrogen),
TP (total phosphorus) and SS from river water. The cost of these multiple treatment systems was much
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lower than the conventional sewage treatment methods. Therefore, constructed wetlands are classified
to several types such as surface flow wetland, subsurface flow wetland, horizontal flow wetland, and
vertical flow wetland. In subsurface flow wetland, organic pollutants get in contact with bed matrix
and biofilm resulting in their aerobic degradation [70,71].

Effect of flooding,
drying and water level

Aeration

Remeval of black color,
oder, COD. BOD

* Combine physical; chemical
L& biologilda_al procgsses

‘Bliodeg:l'adaf:ton of OC .EIm‘bulence, Do
) Growth of “bacteria,

ZJ : : y Water depth
: ; Absorp.tionq adsorption & accumulation of Low hydraulic load and
fungi, fauna & biofilms

nutrients, metals by aquatic plants & algae requirement of large area

=

::: Sedﬁllent Eélepth

;,;Sedi:.1:nent;‘;

Figure 2. Schematic diagram of constructed wetland with sediment-rooted emergent plants and biofilm
for ecological treatment of river water (OC—organic chemicals).

3.3. Biofilm Reactors

The biofilm reactors consist of a biomembrane, which is adhered to some media substrate such
as the riverbed or a micro-carrier. The manipulation of sediment and wastewater release controls
the growth of biomass and microbial diversities in the biofilm reactor. Xu et al. [72] evaluated the
growth of microbial communities in biofilm and the efficiency of biofilm reactors equipped with
different bio-fillers to remediate the polluted river water. The treatment system exhibited very high
efficiency to remove ammonia nitrogen and COD from water. Aeration of or introduction of DO
into the water helps the biofilm techniques to remove the organic and inorganic contaminants by
adsorption, degradation and filtration mechanisms. The removal efficiency of contaminants and the
structural stability of the biofilm-based systems depend on the hydraulic loading rate, water flow
velocity, temperature, and the materials of biofilm [73]. While the technology has been successfully
applied in many developed and developing countries [11], there are some drawbacks, such as the
potential breaking of the system due to strong water flow, waves [74] and the requirement of extensive
construction works [9]. There are several different biofilm technologies used for the remediation
of polluted river water, such as gravel contact oxidation, aerated bio-filter biological fluidized bed,
artificial packing contact oxidation, thin layer flow method, underground stream purification method
and suspended carrier biofilm reactors.

The gravel contact oxidation method was found effective in removing BOD (72.3%) and suspended
solids (84.9%) from polluted water [11]. Takada et al. [75] reported that the batch culture and
continuous culture studies using the biofilm attached to the streambed degraded more than 80% of
linear alkylbenzene sulfonates within 2 to 3 hours of travelling time. A gravel contact oxidation system
constructed at the riverside could remove BOD, TSS (total suspended solid) and NH,;*-N by 46%,
71% and 24%, respectively [76]; however, the removal efficiency was found to be lower (33.6%, 56.3%
and 10.7%, respectively for 5 days) when the system was built under the riverbed of the stream [77].
The riverbed system was easy to operate and less expensive, but the high-water flow rate can reduce
the efficiency of the process. Therefore, the system performance depends on the water flow rate and
hydraulic retention time.
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The plant-biofilm oxidation ditch demonstrated high performance for remediation of municipal
sewage and polluted lake water containing COD, NH4*-N and PO,-P. The plant root exudates and
biofilms in the system played a major role in the treatment of wastewater [78]. The process is cost
effective and requires limited land space compared to conventional sewage treatment plants.

Moving bed biofilm reactors are generally used for the treatment of industrial wastewater,
secondary sewage effluent, river water and agricultural drainage water, and show high efficiency
for the removal of COD and organic chemicals [79,80]. Moving bed biofilm reactors have several
advantages, such as ease of operation, insignificant biomass loss, less dependence on temperature,
stability in biofilm thickness and low potential for clogging. The heavily polluted river water
and wastewater can be remediated by a biological contact oxidation process, which exhibits some
advantages, such as being free from bed clogging and having the ability to facilitate sludge bulking.
However, its removal efficiency varies with seasonal temperature.

Wang et al. [81] developed a combined technique by using aerators, biofilms and special bacteria
in the river to remove COD, BOD, TN, TP and SS. A few more different technologies have been
developed to remove N, P, COD, organic matter, turbidity and colour from polluted water, which
include bio-ceramics carrier [82], biological filter media, composite packing of pebbles and zeolite
for biofilm formation, biological streamer treatment, biocord technology and recirculating sand filter
(moderately effective) [83]. Cao et al. [84] showed that the use of filamentous bamboo as a biofilm
carrier exhibited high potential in the remediation of polluted river water. They made a hybrid system
composed of filamentous bamboo, glucose, air supply and microorganisms. The filamentous bamboo
helped to enrich the microbial community in the system, leading to higher bioremediation potential
than conventional bio-carriers and phytoremediation techniques.

3.4. Application of Microbial Agents

The treatment of polluted river water by engineering-based application of microbial
agents/photosynthetic bacteria and microalgae-bacteria media significantly degrades organic matter
and removes COD and BOD (about 70%) [47] and nutrients [85]. Gao et al. [8] observed that the
direct mixing of microbial agents with river water increased the DO level to 5.0 mg/L, moderately
removed NH3-N, COD and TP and significantly improved the river water colour. The microbial
agents-based techniques are simple in operation, are viable long-term and their application does not
need additional constructions. The use of microbial technology in combination with engineering
technique exhibits moderate efficiency to remediate polluted river water. The success of this process
depends on the selection or natural growth of specific microorganisms and development of low cost
and efficient ecological engineering technologies. The use of carriers (AquaMats and semi flexible
supports), in combination with aeration, played a vital role in the decontamination of river water [86].
The microbial agents, composed of nitrobacteria, mixed bacteria and humic acid efficiently removed
TN, TP, NHy4-N, COD and turbidity from surface water [87].

3.5. Ecological Floating Beds

The floating treatment wetland is a relatively new technology that does not use soil for a plant
growth medium [88]. Instead, it uses a synthetic buoyant mat, which acts as a substrate for the
growth of plants and roots extending into the water body. Ecological floating beds use ecological
processes and they can be used as decentralized in-stream water reclamation technology [6]. Their
pollutant removal mechanisms involve phytoremediation (heavy metal uptake by plants), microbial
biodegradation of organic chemicals and removal of N and P by absorption and sedimentation
processes (Figure 3). Although constructed wetlands and ecological floating beds are commonly
used for water purification and ecological restoration of river water, the use of constructed wetlands
exhibits some constraints due to clogging in the substratum layer and the requirement of a large cover
area [58,89,90]. By contrast, ecological floating beds are becoming popular for river water treatment
because of their cost effectiveness, good removal efficiency and better plant accommodation facility.
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These systems are movable and can be deployed anywhere in the river. They can provide living places
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for birds and fish [14] but prevent the growth of phytoplankton. Furthermore, they can disrupt the

river wave, prevent erosion of the riverbank and promote the growth of vegetation along the riverbank.
Overall, these techniques increase the ecological diversity in river ecosystem [90]. Table 3 describes the
advantages, disadvantages and removal efficiency of different ecological floating beds for treatment of

river water.

Table 3. Efficiency, advantages and disadvantages of different ecological floating beds for remediation

of river water.

Techniques Process Description Advantage/Disadvantage Reference
5321;16?5 (I)DIla;tthigrvg};OI:;dlfz;S Low to moderate performance
Plant-based floating bed poiyerty . for eutrophic river water; [62,92]
example) like hydroponic .
vulnerable to natural disasters
system
Aquatic plants and microbes Efficiently removes nutrients,
absorb nutrients and degrade organic compounds and metals;
Ecological floating bed organic chemicals; plants used increase DO and transparency; [6,59,68,91]
include polygonum hydropiper,  cost effective; facilitates better
reeds, bulrushes, etc. plant accommodation
Not affected by water
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Figure 3. Schematic diagram of ecological floating bed and biofilm for treatment of river water.
3.5.1. Types of Floating Beds and Their Performance

Planted floating bed systems effectively remove nutrients and increase DO and transparency in
urban river water [91]. Sun et al. [26] treated polluted saline river water using water spinach and
sticky rice in hydroponic floating-bed systems. The water spinach floating-bed system exhibited
superior performance in removing total N (75.2-92.3%) and P (75.2-96.4%) under variable salinity
stress conditions.

Floating beds consisting of specific, highly absorptive, porous materials can show higher pollutant
removal efficiency. Therefore, Rao et al. [97] built a double-layer homogeneous porous media artificial
ecological floating bed system to investigate the effects of floating beds on water flow pattern and
water level distribution. They observed that water flow velocity increases under the floating beds and
water level rises in the floating bed region. Bu and Xu [62] developed a floating bed using polyethylene
foam as the plant growth media and investigated the performance of four different plant species
such as Canna indica, Accords calamus, Cyperus alternifolius and Vetiveria zizanioides in removing water
contaminants. The system exhibited a low to moderate performance in the removal of COD, TN, TP
and Chla (Chlorophyll a) from river water. Wu et al. [61] constructed enhanced ecological floating beds
using growth substrate and plant species of Canna indica L. and Iris pseudacorus L. The constructed
floating beds made of Canna indica L. and substrate performed better in nutrient removal from water
than the beds made of substrate only or Iris pseudacorus L. and substrate.

The multistage floating-bed system consisting of macrophytes, aquatic animals and aquamats
ecobase can show higher pollutant removal performance [60]. Chen et al. [60] showed that this
technology was effective in nutrient removal, water quality improvement and overall ecological
restoration of urban river. Zheng et al. [95] constructed an integrated technique by combining several
individual wetland treatment technologies, where different processes were used in horizontal and
vertical spaces of the water body. The integrated system was effective in nutrient removal and
improving water transparency. The combined application of ecological revetment and an ecological
floating bed significantly removed BOD (84.76%), COD (57.14%), TN (86.76%), NH3-N (83.78%), NO3-N
(89.26%), TP (94.02%), TDP (total dissolved phosphorus); 95.89%) and heavy metals from surface
water [59]. The results indicate that ecological protection and restoration engineering technology can
be applied to improve the polluted river water quality.

Artificial floating islands are popular and sustainable technologies for the treatment of river water,
particularly for polluted rivers that experience water level fluctuations and waves [10]. These techniques
need minor engineering works, but their maintenance is easy and they show significant efficiency in
the treatment of polluted river water without any secondary pollution problem [94].
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3.5.2. Contaminants Removal Mechanisms in Floating Beds

The plants and microbes grown in and around the plant roots of floating beds help to remove
pathogenic microorganisms, nutrients, heavy metals and organic compounds from water [98,99].
The primary removal mechanisms in these plants-microbes interactions are decomposition, assimilation,
denitrification, sorption and entrapment in roots and sedimentation [100].

Endophytes present in plant roots actively take part in the phytoremediation process of floating
beds. Previous studies observed that endophyte-assisted floating treatment wetlands, planted with
Typha domingensis and Leptochloa fusca, exhibited high efficiency for the remediation of sewage, industrial
wastewater and polluted river water [63,96]. These processes removed COD and BOD by about 87%
within 4 days [96]. The endophytes in plant roots enhance the remediation potential of the systems,
which significantly remove nutrients, organic compounds, heavy metals (Fe, Ni, Mn, Pb, Cr) and ions
(Na, K, Cl and sulphate). Furthermore, the plant species T. domingensis performed better than L. fusca
in the treatment system.

During the removal of nutrients from river water by the Elodea nuttallii aquatic plant, nitrate and
ammonium nitrogen were divided into different fractions, such as precipitation in sediment, absorption
by Elodea nuttallii and consumption by microbial processes [64]. Their study found that 15NH,*
deposited in sediments at a higher rate than that of 15NO3~, and the plant E. nuttallii assimilated more
15NH4* than 15NO;". By reducing nutrients, floating bed techniques prevent algae growth in river
water. Nutrient removal in floating beds mostly occurs by sedimentation (more than about 60%) and
plant uptake mechanisms (20.2-29.4%) [62].

3.5.3. Factors Affecting Performance of Floating Bed

Water fluctuation and inundation do not affect the performance of floating treatment wetlands,
although they can be rarely and slightly affected by natural disasters such as cyclones or hurricanes [83,93].
The selection of proper plant species is important to build highly efficient floating beds for the treatment
of polluted river water [62]. For example, the aquatic plant Canna indica performed better than other
plant species such as Accords calamus, Cyperus alternifolius and Vetiveria zizanioides for treatment of
eutrophic river water. In a study by Pappalardo et al. [65], the plant species of Carex spp. and
Lythrum salicaria were used in floating bed wetlands for the treatment of agricultural runoff into
surface water. The overall nutrient removal efficiency was about 70-90%, but the bed with Carex
spp. performed better than the other. Nutrient removal efficiency of floating beds is primarily
governed by the selection of plant species and their microbial community structure ((3-Proteobacteria,
x-Proteobacteria and Nitrosomonadaceae) grown in the bed [60]. Other factors that affect their
performance include temperature, seasonal variation, reaction contact time and concentration of
contaminants [68]. The addition of adsorbent materials (e.g., zeolites, phyllosilicate minerals, red
mud adsorbent, activated carbon and bio-sorbents, etc.) in the bed matrix may enhance the removal
efficiency of the floating bed systems.

3.6. Remediation by Aquatic Animals

Aquatic animals can be applied to the restoration of polluted river water [83]. For example,
the freshwater gastropod was used as a bioindicator to estimate the contamination levels of some heavy
metals in river water and sediments [101]. Some aquatic animals, such as clams, snails, silver carp,
common carp and other filter-feeding fish, are able to reduce concentrations of nutrients, eutrophication
and algae in river water, and thus improve the water quality [69]. However, some studies reported
that the capability of silver carp fish to control algal biomass is restricted by the toxic effects of the
bio-toxins secreted by algae and by the presence of inorganic or organic contaminants in polluted
water, which ultimately hamper the performance of this biological treatment system [83].
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4. Conclusions and Perspectives

The random disposal of treated and untreated solid and liquid wastes into water pollutes the
receiving river water with nutrients, organic chemicals, metals and nanomaterials. There are different
physical, chemical, biological, ecological and engineering methods available for the treatment of
polluted river water. The most widely applied engineering and physical processes are aeration,
water transfer, mechanical algae removal, building hydraulic structures and dredging river sediment.
Aeration is an effective, sustainable and widely applicable technique that plays an important role in
increasing the diversity of the microbial community and degrading organic chemicals in river water.
Despite the effective remediation of polluted river water, other engineering methods may cause the
destruction of the river ecosystem. Therefore, physical engineering techniques should be applied in
combination with biological and ecological engineering processes to enhance the ecological restoration
process of rivers. Riverbank filtration is a natural, slow and self-sustainable process which removes
organic and inorganic contaminants from river water without any adverse effects.

The microbial agents, ecological floating beds, constructed wetlands and biofilm reactor techniques
use microorganisms and plant-based bioremediation processes to decompose organic chemicals and
remove nutrients and metals from river water. Despite their variable purification performances,
these methods have shown high economic, environmental and ecological benefits, have an ease of
maintenance and are free from secondary pollution. These techniques combine physical, chemical,
biological and ecological engineering processes for the effective removal of water pollutants and the
restoration of the river ecosystem.

Biofilm reactors are highly efficient at remediating polluted river water through the growth
of microbial communities in biofilms. The efficiency and stability of the biofilm-based systems are
dependent on water flow velocity, hydraulic loading rate, temperature, components of media and
water depth. The gravel contact oxidation method is applicable to shallow creeks, but not to deep river
water. The moving bed biofilm reactors show high efficiency in the removal of COD and organic matter.

The direct mixing of microbial agents with river water moderately removes NH3-N, COD and
TP, whereas engineering-based applications of microbial agents significantly degrades organic matter
and removes COD, BOD and nutrients. However, their application should be monitored cautiously to
avoid microbial contamination.

Ecological floating bed techniques are more widely applicable for the treatment of river
water. Water fluctuation, river waves and inundation do not affect their treatment performances.
The appropriate selection of plant species is the key influential parameter for them. Inclusion of
high capacity adsorbent materials in the matrix of floating mats enhances their contaminant removal
efficiency. The hybrid, integrated, sequential and engineering-based floating bed wetlands can
demonstrate the maximum water purification efficiency and overcome the drawbacks of single
constructed floating beds or wetland.

Aquatic animals have shown contradictory and moderate performances for the restoration of
polluted river water. Therefore, this technique is not recommended for the treatment of river water.
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