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A B S T R A C T   

There is an urgent need to develop low-cost technology for effective wastewater treatment and its further 
disinfection to the level that makes it economically useful. This work has designed and evaluated the various 
types of constructed wetlands (CWs) followed by a slow sand filter (SSF) for wastewater treatment and disin
fection. The studied CWs were, CWs with gravels (CW-G), free water surface-CW (FWS-CWs), and CWs integrated 
microbial fuel cell (MFC) with granular graphite (CW-MFC-GG) planted with Canna indica plant species. These 
CWs were operated as secondary wastewater treatment technologies followed by SSF for disinfection purposes. 
The highest total coliform removal was observed in the combination of CW-MFC-GG-SSF which achieved a final 
concentration of 172 CFU/100 mL, whereas faecal coliform removal was 100 % with the combinations of CW-G- 
SSF and CW-MFC-GG-SSF, achieving 0 CFU/100 mL in the effluent. In contrast, FWS-SSF achieved the lowest 
total and faecal coliform removal attaining a final concentration of 542 CFU/100 mL and 240 CFU/100 mL, 
respectively. Furthermore, E. coli were detected as negative/absent in CW-G-SSF and CW-MFC-GG-SSF, while it 
was positive for FWS-SSF. In addition, the highest turbidity removal was achieved in CW-MFC-GG and SSF 
combination of 92.75 % from the municipal wastewater influent turbidity of 82.8 NTU. Furthermore, in terms of 
overall treatment performance of CW-G-SSF and CW-MFC-GG-SSF, these systems were able to treat 72.7 ± 5.5 % 
and 67.0 ± 2.4 % of COD and 92.3 % and 87.6 % of phosphate, respectively. Additionally, CW-MFC-GG also 
exhibited a power density of 85.71 mA/m3 and a current density of 25.71 mW/m3 with 700 Ω of internal 
resistance. Thus, CW-G and CW-MFC-GG followed by SSF could be a promising solution for enhanced disinfection 
and wastewater treatment.   

1. Introduction 

Globally, the agricultural sector demands approximately 70 % of 
global water withdrawal in numerous arid regions of the world, this 
demand periodically or permanently surpasses the available water re
sources (Hejazi et al., 2014; Seeger et al., 2016). One of the major factors 
responsible for aggravated water scarcity is exponentially increasing 
population growth and their growing needs. Consequently, leading to a 
substantial increase in domestic water utilization, thus generating a 
tremendous quantity of wastewater. It is estimated by the Indian Central 
Public Health and Environmental Engineering Organization (CPHEEO) 
that 70–80 % of the water supplied for domestic purposes emerges as 
wastewater (Narayan et al., 2018). 

To mitigate this problem, reusing generated municipal wastewater 
after treatment in irrigation can be a good alternative. However, the use 
of inadequately treated or untreated wastewater in irrigation to agri
cultural fields is questionable since it embraces undesirable organics, 
turbidity, salinity, and most importantly, pathogenic load originating 
from human excreta. For unrestricted irrigation with the intention of 
raw consumption for crop feeding the required levels of total/faecal/ 
thermotolerant coliforms should be <1000 colony forming units (CFU)/ 
100 mL (United States. Environmental Protection Agency. Office of 
Wastewater Management. Municipal Support Division et al., 2004; 
World Health Organization, 2006) and at the same time, European 
guidelines only allow E. coli loads of <200 or 100 CFU/100 mL (Iglesias 
et al., 2010; Seeger et al., 2016). Thus, there is an imperative need for 
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the high-quality treatment of municipal wastewater prior to reuse for 
agricultural purposes to achieve these stringent discharge restrictions 
and the safety of end users. To fulfil this purpose, low-cost technologies 
should be developed and opted (Saz et al., 2018; Xu et al., 2018a). 

One of the conventional nature-based technologies for municipal 
wastewater treatment is CWs. CWs are widely adopted as secondary 
wastewater treatment technology and have many types; where, sub
surface flow CWs are one type of CWs that are majorly used for the 
treatment of domestic and municipal wastewater (Corbella et al., 
2016b). Whereas, other types i.e., free water surface (FWS) or floating 
CWs, are also widely applicable for wastewater and water bodies 
pollution remediation (Gupta et al., 2021a). However, high land area 
requirement and slow treatment limit its employment (Srivastava et al., 
2019). To improve the performance of CWs, microbial electrochemical 
technologies (METs) such as microbial fuel cells (MFCs) are merged into 
CWs to form a merged technology with a name of constructed wetlands- 
microbial fuel cell (CW-MFC) (Yadav, 2010). Naturally occurring redox 
conditions in CWs facilitated a suitable environment for MFCs integra
tion into the wetland matrix, leading to the emergence of CW-MFCs 
(Yang et al., 2021). CW-MFCs have also gained visibility in recent 
years as a promising secondary wastewater treatment technology owing 
to their capability of enhanced wastewater treatment with simultaneous 
electricity recovery as a secondary benefit (Gupta et al., 2020, 2023; Xu 
et al., 2018b). 

The pathogen disinfection in CWs is primarily governed by vegeta
tion and substrate, occurring either through (i) antibiotics or biocides 
secretion through its roots, (ii) attachment of microbes to the roots and 
filtration, (iii) physical processes like attachment, sedimentation, 
adsorption, mechanical filtration through macrophyte roots, and filter 
materials, killing of microbes through ultraviolet light of sun-rays, and 
(iv) plant and microbe interaction within the biofilm (Alufasi et al., 
2017; Shingare et al., 2019). However, researchers indicated that the 
effluent received from CWs still records a high number of total coliform 
(TC), faecal coliform (FC), and E. coli of 4 × 106, 9 × 105, and 3 × 103 to 
2 × 106 CFU/100 mL, respectively which are excessively high in com
parison to discharge standard, making effluent water unsafe for reuse 
(Seeger et al., 2016; United States. Environmental Protection Agency. 
Office of Wastewater Management. Municipal Support Division et al., 
2004; World Health Organization, 2006). Like other BES, some CW-MFC 
studies have shown the capability to produce in situ hydrogen peroxide 
(H2O2), which has a strong oxidizing and disinfection ability (Yang 
et al., 2022). The highest yield of H2O2 was only 2.91 mg/L in CW-MFC 
operated in intermittent flow conditions with filler substrate as activated 
carbon (Yang et al., 2022). Overall, post disinfection step of secondary 
effluent obtained from CWs is requisite in order to achieve the final 
effluent as pathogen free. 

In this context, slow sand filters (SSF) could be an effective approach 
that has been implemented from decades for disinfection and turbidity 
removal in drinking water purification (Andreoli and Sabogal-Paz, 
2020). Where SSF emerged as a promising technique combining both 
physical and biological processes for wastewater treatment. In contin
uous SSF, slow percolation through the filter enables physical processes 
like sedimentation, filtration, and adsorption, allowing retention of the 
large particles in the filter pore medium. At the same time, a biologically 
active component formed on the SSF surface with continuous waste
water flow termed as Schmutzdecke/dirt/hypogeal layer is responsible 
for most of the pathogen removal. Schmutzdecke layer generally consists 
of bacteria, protozoa, rotifer, fungi, various aquatic insect larvae, allu
vial mud, zooplanktons, diatoms, and thread-like algae forms due to 
microbial excretion, all these facilitate pathogen removal through, 
elimination, natural death/inactivation, predation, mechanical trap
pings, adsorption, etc. (Andreoli and Sabogal-Paz, 2020; Bolton and 
Randall, 2019; Seeger et al., 2016). Overall a broad range of disinfection 
efficiencies has been observed through SSF for TC, FC, E. coli, and 
enterococci of 0.3–3.5 log units, 2–2.4 log units, 1.9–4.1 log units, and 
0.7–3.7 log units, respectively (Kader Yettefti et al., 2013; Seeger et al., 

2016). Thus, SSF could be a promising approach for the disinfection of 
secondary effluent with the purpose of reuse. 

Accordingly, the present study investigates CW (non-conductive 
substrate), CW-MFC (conductive substrate), and free water surface CW 
(without substrate) as secondary wastewater treatment technology fol
lowed by SSF as a tertiary treatment step with the aim of enhanced 
treatment and disinfection of real municipal wastewater. So far, not 
many studies have collectively investigated different secondary waste
water treatment technologies followed by SSF in a real field setting with 
real wastewater treatment and addressed the following objectives. As 
per the author’s knowledge, this study is among the first of its kind 
presenting main objectives as (i) evaluation of pollutant performance 
efficiencies of planted upscaled CW-MFCs, CWs, and FWS CWs followed 
by SSF for real municipal wastewater treatment, (ii) understanding how 
the TC, FC and E. coli removal efficiencies can differ with different 
substrates and variable Canna indica vegetation growth in CW-MFCs, 
CWs and FWS CWs, and (iii) to ensure the final effluent received after 
SSF treatment is safe for use in irrigation purposes. 

2. Materials and methods 

2.1. Fabrication of upscaled microcosms 

Three upscaled CW microcosms were fabricated using linear low- 
density polyethylene (LLDPE) cylindrical containers of measurement 
60 cm × 32.5 cm (height x diameter) and kept in natural environmental 
conditions in the field. All these containers were preinstalled with 3.0 
sampling ports. The ports were provided from the top; the first port was 
at 5.5 cm followed by the middle port at 33.0 cm, and the bottom port at 
57.0 cm. The top port was kept open for the entire study to ensure every 
microcosm maintains an equal sub-surface water level as shown in 
Figs. 1a and 2a. The middle and the bottom-most port for sampling and 
decanting the microcosms since microcosms were operated in batch 
mode. Three microcosms were named according to their configuration 
and filter substrate, such as CWs with garden gravel (CW-G), CW-MFC 
with granular graphite (CW-MFC-GG), and free water surface without 
any filter substrate (FWS-CW). Each microcosm was planted with Canna 
indica macrophyte collected from the CWs facility of CSIR-IMMT, Bhu
baneswar, India. Before planting microcosms, the uprooted Canna indica 
sapling was rinsed five times using tap water. Average root length, shoot 
length, and weight of each Canna indica sapling ranged between 14.5 ±
0.5 cm, 70 ± 8 cm, and 200 ± 70 g, respectively. Each uprooted Canna 
sapling had an average of three to four leaves before transplanting to 
each microcosm as shown in Fig. 2b. While fabricating the microcosms, 
large gravels with an average diameter of 20.0–25.0 mm were added to 
each microcosm up to the height of 10.0 cm from the bottom as a sup
porting layer except for FWS-CWs system in which large gravels layer 
was up to 14.0 cm to hold a polyvinyle chloride (PVC) pipe of Ø 
(diameter 20.0 mm) situated in center for supporting the Canna indica 
plant, as shown in Fig. 1c. In each microcosm a PVC pipe (Ø = 20.0 mm) 
was fitted in the center to serve multiple purposes such as gas vent, 
water level measurement (evapotranspiration) and supporting the 
plants for the case of FWS-CW. 

On the top of large gravels, CW-G was filled with small size gravels 
(Ø = 5.0–8.0 mm). Canna indica plants were planted in all the micro
cosms. The fabrication of CW-MFC-GG (Fig. 1a) differed from CW-G 
(Fig. 1b). In CW-MFC-GG, after the lining of a 10.0 cm layer of large 
gravels, it was overlaid by a 15.0 cm layer of granular graphite (Ø = 5–8 
mm) for working as an anode, in this layer, a graphite plate of 400.55 
cm2 surface area was also inserted to work as electron collector. 
Thereafter, a 20 cm layer of normal gravel (Ø = 5–8 mm) was used as a 
separator enclosed by a double lining of high-density polyethylene 
(HDPE) liner (with some holes for water percolation) at both ends, 
further overlaid by 15.0 cm of granular graphite layer for working as a 
cathodic layer. In the cathodic layer, a graphite plate was inserted to 
work as an electron dispenser (400.55 cm2 area) was kept. The anode 
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and cathode charge collector/dispenser were connected with insulated 
copper wire and the exposed area was sealed and insulated with epoxy. 
The other free ends of the anode and cathode charge collectors/ 
dispenser were connected with a resistance (as shown in Fig. 1a) 

2.2. Slow sand filter assembly 

SSF with a bed depth of 60 cm was constructed in an LLDPE 
container of 60 cm height and 31.5 cm diameter and equipped with 3 
ports at a distance of 4 cm, 27 cm, and 49 cm from the bottom, as shown 
in Fig. 1d. In the SSF unit, a 3.0 cm deep bed of large gravels (Ø = 20–25 
mm) followed by a 3 cm deep bed of garden gravel (Ø = 5–8 mm) was 
placed in the bottom section. The rest of the space in the SSF unit was 
filled with river sand. The river sand used in SSF was having effective 

size i.e., D10 (average particle diameter in mm) and D60
D10 

uniformity co
efficient (grain size distribution) as 0.240 mm and 2.70 mm, respec
tively. Further, fabricated SSF was continuously monitored and operated 
in continuous mode for 2 months with the final effluent of CSIR-IMMT 
CW facility for acclimatization of schmutzdecke layer. SSF was fed 
with 48 h treated effluent from CW-G, CW-MFC-GG, and FWS CWs mi
crocosms. SSF was operated in continuous mode through drop-wise 
wastewater distribution from the reservoir tank (30 cm height, Ø =
15 cm) outfitted with a tap. To maintain the average flow rate of 116 
mL/h it was ensured that the reservoir was always filled >75 % of its 
capacity. Since SSFs operate in down flow motion, the effluent pipe was 
siphoned from the bottom port to maintain the water level above the top 
active schmutzdecke layer (promotes pathogen removal), and the 
effluent pipe was further curved over the top port permitting the 

Fig. 1. Schematic view of (a) constructed wetlands cum microbial fuel cell with granular graphite (CW-MFC-GG), (b) constructed wetlands with gravel (CW-G), (c) 
free water surface-constructed wetlands (FWS-CW), and (d) slow sand filter (SSF) with an enlarged view of its top bioactive (schmutzdecke) layer. In Fig. 1, (i) 
represents a boulder of average size 20–25 mm; (ii) is the anodic layer of granular graphite (5–8 mm Ø); (iii) double layered high density polyethylene liner (HPDE); 
(iv) gravel (5–8 mm Ø) separation; (v) anode charge collector/dispenser; (vi) cathode charge collector/dispenser, and (vii) resistance load connected between anode 
and cathode. 
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discharge through gravity, as shown in Fig. 1d. Thus, siphoning of 
effluent pipe enabled the maintenance of water level up to 3 cm above 
the top active schmutzdecke layer (Fig. 1d). The SSF unit was used for 
each microcosm’s effluent for a study duration of 45 days. Effluent of a 
microcosm was fed to SSF then after a retention time of 48 h SSF effluent 
was collected. Similarly, the same procedure was repeated for other 
disinfection experiment with the 48 h effluent of other microcosms. The 
collected samples from the SSF were further analyzed for assessing the 
treatment performance and disinfection. Analyzed parameters were 
turbidity, chemical oxygen demand (COD), phosphate, total coliform 
(TC), faecal coliform (FC), and E. coli. 

2.3. Experimental operation and sample collection 

During the experiment, real municipal wastewater, after primary 
treatment, was fed to the microcosms from the CW facility situated on- 
campus at CSIR-IMMT, Bhubaneswar, India. During the acclimatization 
phase of nearly two months, microcosms were fed in a 1:1 ratio of new 
wastewater and effluent from the microcosms. Acclimatization of mi
crocosms was considered on parameters such as the development of 
Canna indica vegetation, the stable voltage output by CW-MFC-GG, and 
consistency in pollutant removal efficiencies of microcosms. After the 
completion of the acclimatization phase, microcosms were considered 
ready for further studies. 

At first, 80 liters (L) of real municipal wastewater was stored in a PVC 
tank to maintain and mixed well to feed homogenous wastewater into 
the microcosms; approximately 50 mL was collected as influent waste
water in a sample bottle from the tank. After that, wastewater was fed 
through the top of each microcosm by slowly percolating the wastewater 
from the top; the initial working volume for each microcosm was 
measured as: 16.75 L (CW-G), 18.5 L (CW-MFC-GG) and 33 L (FWS). 
This hour (h) of microcosm filling was considered as 0 h of batch 
loading, here onwards each microcosm was gone through the entire 
following procedure at each 8 h, 24 h, and 48 h: (i) each microcosm was 
entirely decanted, (ii) decanted wastewater was homogeneously mixed 
for sample collection (volume collected: 50 mL), (iii) decanted volume 

was measured for evaluation of evapotranspiration (ET) through each 
microcosm and (iv) refilled again with the same decanted wastewater. 
This entire cycle of 48 h was carried out once a week after the rainy 
season’s end and continued for 6 months from September 2020 to 
February 2021. Further, collected samples were kept at 4 ◦C and 
analyzed on the second day of sample collection for COD and phosphate. 

2.4. Most probable number (MPN) for the enumeration and 
quantification of bacteria 

MPN was conducted in three steps, namely presumptive test, 
confirmatory test, and complete test for the determination of total 
coliform (TC), faecal coliform (FC), and presence/absence of E. coli in 
the wastewater samples. MPN was conducted with influent samples and 
was compared with effluent samples collected after treatment from each 
CW microcosm and their respective collected SSF effluent. 

In the presumption test, three sets of sterilized test tubes were pre
pared; each set contained five test tubes with an inverted Durham tube. 
Each tube was prepared with 10 mL of broth, whereas one set contained 
double-strength MacConkey broth while the other two sets contained 
neutral-strength MacConkey broth and were inoculated with 10, 1, and 
0.1 mL of 48 h treated wastewater samples of each microcosm and 
further SSF treated samples of each microcosm, respectively. Afterward, 
all the test tubes were incubated at 37 ◦C for 24–48 h. After incubation 
for 24 h, each test tube was examined for gas production (coliform 
bacteria produce gas from the lactose which was trapped in the inverted 
Durham tube) (ISI, 1982). The positive tubes with gas production were 
counted, and MPN determination was carried out through a standard 
chart in terms of coliform forming units per 100 mL (CFU/100 mL) of 
wastewater sample as carried out by other researchers (Ajonina et al., 
2015; Torrens et al., 2009). 

Further, the confirmatory test was carried out for faecal coliform in 
brilliant green bile lactose broth medium (BGLB). For that 100 μL of 
positive samples from the presumptive test were taken and inoculated in 
BGLB broth. Two sets of BGLB tests were prepared containing inverted 
Durham tubes, where one of the sets was incubated at 37 ◦C and the 

Fig. 2. (a) Real field pictures of CW-G and CW-MFC-GG microcosms (b) Representative initially planted Canna indica saplings, (c) and (d) Representative harvested 
plant biomass from CW and CW-MFC microcosms, respectively. 
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other one at 44 ◦C for 24–48 h. 
Thereafter for the E. coli confirmation test, 100 μL of subculture from 

positive tubes of the confirmatory test was inoculated into peptone 
water broth and incubated at 44.5 ◦C for 24 h. At the end of the incu
bation period, a test for indole production by adding a few drops of 
Kovac’s reagent was performed (ISI, 1982). Further, the percentage 
removal of CFU units was also carried out with the obtained data 
through Equation (Eq.) (1), where the number of viable microorganisms 
before treatment is represented by Vbefore, and the number of viable 
microorganisms after treatment is represented by Vafter: 

%removal =
Vbefore − Vafter

Vbefore
× 100 (1)  

2.5. Analysis for pollutant assimilation in plant biomass 

After six months of experimental operation, biomass was harvested 
completely (along with root) from all the microcosms. The root length, 
shoot length and weight of harvested biomass were measured and noted 
for comparison with the initial Canna indica planted sapling. Each plant 
biomass collected from the microcosms was further separated out as 
leaves, stems, and roots and dried at 80 ◦C until a constant weight was 
recorded on weighing at frequent intervals. The dried biomass was 
ground to powder and collected separately as roots, stems, and leaves. 
Later, 0.5 g of each collected sample was digested in a 50 mL mixture of 
HClO4 and HNO3 (1:1 ratio) at 100 ◦C in a fume hood (SS Godrej fume 
hood, India) till residual digestion acid mixture became 2 % of the initial 
mixture (i.e., 1 mL). Further, each sample was filtered out (0.45 μ pore 
size Whatman filter paper), and filter paper was thoroughly rinsed with 
distilled water to make volume up to 100 mL in a volumetric flask (Du 
et al., 2018). After that phosphate analysis was carried out. Further, 
assimilation in plants has been expressed in mg/g and calculated with 
the Eq. (2): 

PO3−
4 (mg/g) =

PO3−
4 (mg/L) × 0.1 (volume factor in L) × dilution factor

0.5 (dry weight of sample in g)
(2)  

2.6. Wastewater analysis 

All samples were analyzed for (COD) and phosphate as described in 
standard methods of American Public Health Association (APHA) as 
5220D-Closed Reflux, Colorimetric Method, and 4500-P D stannous 
chloride method, respectively (American Public Health Association, 
2005). All samples were filtered out using 0.45 μ pore size Whatman 
filter paper. The final pollutant treatment efficiency (%) after consid
ering ET was calculated by entering the received pollutants effluent 
concentration in Eq. (3) followed by Eq. (4) and Eq. (5): 

Loss of water volume (%) =
Influent volume ( L) − Effluent volume ( L)

Influent volume ( L)
× 100

(3) 

Effluent pollutant concentration after removing water loss (%) (Q) in 
mg/L was calculated by Eq. (4). 

Q(mg/L) = Effluent pollutant concentration
(mg

L

)
×

(

1

−
loss of water volume (%)

100

)

(4) 

Further, the total percentage removal efficiency (RE) of the pollutant 
after considering ET was calculated by Eq. (5) 

RE(%) =
Influent pollutant concentration

( mg
L

)
− Q

( mg
L

)

Influent pollutant concentration
( mg

L

) (5) 

Influent was also analyzed for biological oxygen demand (BOD) as 
described by other researchers (Samantray et al., 2009). 

In addition, percentage (%) volume reduction was calculated based 
on the volume at the start of the experiment (Volumestart) and reduction 
in the working volume of microcosms at the end of the experiment 
(Volumeend) by Eq. (6): 

%volumereduction =
Volumestart(L) − Volumeend(L)

Volumestart(L)
× 100 (6) 

The dissolved oxygen (DO) of the top, middle and lower region of 
each microcosm was measured with DO probe, HACH HQ-40D (USA), 
while the pH was measured using a pH meter (Eutech instruments 
cyberscan pH 1500, Canada). Furthermore, the turbidity of samples was 
measured by turbidimeter (2100P, HACH, USA). 

In the case of CW-MFC-GG, voltage generation was recorded on a 
daily basis with a digital handheld multimeter (Fluke 17B, USA). The 
polarization experiment was performed at variable external resistances 
(10 K Ω–100 Ω) under closed circuit conditions to obtain current and 
power. Internal resistance was determined through a polarization curve 
plot between current density (mA m− 3), power density (mW m− 3), and 
attained voltage (V). Current density and power density were calculated 
by dividing generated current and power by the anodic volume (m3) of 
CW-MFC-GG. 

3. Results and discussion 

3.1. Macrophytes growth assessment 

After the transplantation of macrophytes into each microcosm, it 
exhibits healthy growth throughout the experimental period with the 
flourished root system. At the end of the study, root length increased 
from 14 cm to 37.75 cm and 34.57 cm for CW-G and CW-MFC-GG, 
respectively, as shown in Fig. 2b, c, and d. The shoot length increased 
from 70 ± 8 cm to 139.03 cm and 133.07 cm for CW-G and CW-MFC- 
GG, respectively. The grown root and shoot length indicated the mac
rophytes had proper growth conditions to reproduce well in the mi
crocosms. However, macrophytes in the FWS microcosm could not 
flourish well due to the unavailability of substrates to hold the vegeta
tion. A similar increase in root and shoot has also been observed with 
different types of vegetation such as Typha angustifolia, Juncus gerardii, 
Carex divisa (Saz et al., 2018), Iris pseudacorus, and Phragmites australis 
(Yang et al., 2020) in CW and CW-MFC microcosms. After harvesting the 
macrophytes from the microcosms, a total wet weight of 4.254 kg and 
4.628 kg was observed for CW-MFC-GG and CW-G, respectively. The 
total dry biomass computed was 48.89 kg/m2 for CW-MFC-GG. Whereas 
CW-G exhibited total dry biomass of 50.313 kg/m2. A slight difference in 
total dry biomass of CW-MFC-GG and CW-G may be due to the posi
tioning of the HDPE liner (double plastic layer) in CW-MFC-GG. It was 
placed just beneath the macrophytes to avoid the cross-over of roots to 
the anodic region of CW-MFC-GG. This may have restricted roots from 
growing further and thus moderately reducing the overall dry biomass of 
CW-MFC-GG compared to CW-G. Further, total working volume reduc
tion in microcosms was calculated from the start of the experiment 
(planting a plant sapling) to the end of the experiment (fully flowered 
Canna indica plant growth). The volume reduction was observed highest 
for CW-G i.e., 16.41 % followed by CW-MFC-GG (10.81 %), and FWS of 
4.69 %. One associated phenomenon with volume reduction is the 
amount of sludge generation (Srivastava et al., 2021a, 2021b). Accu
mulation of organic/inorganic substances in sludge can ultimately lead 
to clogging, resulting in a decreased life span of the system in the long 
term. Clogging can further complicate the pollutants removal in the 
system and hinder the system’s treatment performance (Corbella et al., 
2016a). Among substrate-based microcosms, i.e., CW-G and CW-MFC- 
GG, the highest volume reduction was observed in CW-G; this signifies 
that CW-G will earlier reach the clogging stage with reduced treatment 
performance compared to CW-MFC-GG. Similar results are also revealed 
by Srivastava et al. (2021a), where a high volume reduction of 1.3 L was 
observed in CW compared to 0.5 L in CW-MFC. Besides, the reason for 
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the lowest volume reduction in FWS resulted from its design and 
configuration i.e., without substrate. The maximum volume reduction in 
CW-G was also in agreement with overall biomass generation i.e., the 
highest in CW-G. This signifies a more significant consumption of void 
spaces in CW-G by the root expansion with time, leading to the 
maximum reduction in microcosm volume. The difference in root 
growth and biomass can also cause variations in the disinfection effi
ciency, pollutant removal performance of different microcosms, and 
electricity generation in the case of CW-MFC-GG (Yang et al., 2021). 

3.2. Disinfection and turbidity removal assessment 

MPN technique was employed for the enumeration and quantifica
tion of TC, FC, and E. coli bacteria. The reduction in TC and FC was 
observed at 48 h in treated effluent of CW-G, CW-MFC-GG, and FWS, as 
shown in Fig. 3. Gas formation within the incubation period at 44 ◦C was 
considered a positive reaction for FC, whereas gas formation at 37 ◦C 
provided TC. The maximum reduction of TC was observed in CW-G, and 
the minimum was for FWS microcosm effluent, on the other hand, FC 
was removed by 55.71 % in both CW-G and CW-MFC-GG and minimally 
removed in FWS (Fig. 3a and b). Further, 48 h treated wastewater from 
CW-G, CW-MFC-GG, and FWS were fed to SSF having a retention time of 
48 h. SSF presented 50.57 % and 100 % reduction in TC and FC, 
respectively from CW-G effluent and 68.26 % and 100 %, respectively 
from CW-MFC effluent, shown in Fig. 3a and b. The presence and 
absence of faecal coliform E. coli from the effluent of all microcosms 
were also evaluated and found to be absent/negative in the SSF effluents 
where effluents of CW-G and CW-MFC-GG were fed as influents. In 
contrast, it was positive in SSF effluent where effluent of FWS was used 
as an influent (Fig. 3c). This indicated even after 48 h of treatment 
through FWS-SSF coupled system, the faecal coliform E. coli number was 
high. The high pathogen removal from SSF was mainly due to a slow 
filtration rate of 0.10 cm h− 1, which allowed longer retention and 
competitive interaction of pathogens with other organisms in the 

microcosms. Similarly, in another study by Tyagi et al. (2009), SSF was 
also found promising as a post treatment technique for upflow anaerobic 
sludge blanket microcosm effluent, reporting significant removal of 
99.95 % of TC and FC in SSF effluent at a filtration rate of 0.14 m/h. In 
SSF, the schmutzdecke layer has played a crucial role in biological 
pathogen removal mechanisms. This layer slowly forms over the top of 
fine sand particles due to the establishment of a microbial and algal 
community. In this majority of the microbial population are predatory 
bacteria which feed upon the water-borne microbes passing through the 
filter (Ranjan and Prem, 2018). It may include predation by eukaryotic 
bacterivores (such as heterotrophic non-flagellates and protozoa), and 
by Bdellovibrio species together with lysis stimulated by bacteriophages. 
The other involved mechanism in SSF for TC, FC, and E. coli removal are: 
(i) straining, (ii) adsorption, (iii) natural die off in non-biological sand 
filter zone due to starvation, and (iv) algal derived reactive oxygen 
species (Seeger et al., 2016). Whereas, the role of macrophytes is also 
being reported for pathogen removal by secreting antibiotics or biocides 
through their roots (Shingare et al., 2019); perhaps similar reasons may 
also be active in our studies. In CW-MFC-GG, slightly low removal of 
total coliform may be due to the fact that roots of Canna indica could not 
cross over to lower anodic region and since microcosms were operated in 
batch mode, wastewater could not sufficiently circulate inside the mi
crocosms. In addition, a persistently low BOD/COD ratio indicates 
complex wastewater with low biodegradability, which leads to a 
decrease in the functioning of electroactive microbes for degradation of 
non-biodegradable matter in CW-MFCs (Deval et al., 2017; Liu et al., 
2014). The planted CWs have been reported by several studies for 
enteric pathogen removal, such as Coliform, Shigella, Salmonella, Coli
phage, and Enterococcus (Shingare et al., 2019). For instance, a reduction 
of E. coli by 2.58 log and TC by 0.82 log was observed in pilot scale 
horizontal surface flow CW planted with Canna indica, and further 
reduction of TC by 1.55 log was achieved in followed vertical flow CW 
also planted with Canna indica (Zurita and Carreón-Álvarez, 2015). FWS 
has less reduction of TC and FC since Canna indica could not flourish 

Fig. 3. (a) Total coliform removal (CFU/100 mL), (b) Faecal coliform removal (CFU/100 mL), (c) E. coli coliform, and (d) Turbidity in NTU, for influent, CW-G, CW- 
MFC-GG, FWS at 48 h and after treatment through SSF. 
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properly in the system and limited biological activity as lesser microbial 
biofilm formation due to non-availability of filter materials. 

Furthermore, microbiological variables (TC, FC, and E. coli) are also 
directly correlated with the physicochemical parameter for example 
turbidity. Tyagi et al. (2009), revealed that reduction in all types of 
microbiological variables is related to physicochemical parameters with 
a correlation coefficient of 0.91 to 0.97. Both physicochemical and 
microbiological parameters follow the same downward trend and were 
driven by the common force i.e., the straining and attachment pattern to 
medium/filter material/substrate for removal of pollutants are almost 
similar to the straining and attachment pattern followed by biofilm 
growth and predator capturing in Schmutzdecke layer (Tyagi et al., 
2009; Weber-Shirk and Dick, 1997). In the present study, the waste
water fed to the microcosms had high levels of turbidity. 

The turbidity of 82.8 NTU was observed in influent wastewater, 
which significantly decreased in 48 h of retention time to 22.3 NTU, 13.5 
NTU, and 32 NTU for CW-G, CW-MFC-GG, and FWS, respectively, as 
shown in Fig. 3d. The highest decrease in turbidity was noted in CW- 
MFC-GG and lowest in FWS, which could be due to the microcosm’s 
filter materials (porous graphite granules) that acted as a better filter. 
However, the absence of filter materials in the FWS microcosm could be 
the reason for minimal turbidity removal (Fig. 3d). Zhao et al. (2013) 
also reported higher turbidity removal efficiency in batch-operated CW- 
MFC. Moreover, high root biomass in CW-G and CW-MFC-GG also 
played an important role in trapping suspended particles, resulting in 
high turbidity removal. Generally, 10 to 50 NTU is recommended to be 
treated in the slow sand filters to avoid clogging and proper functioning 
of slow sand filters (CAWST, 2012). In this study, the obtained turbidity 
after 48 h treatment through microcosms was within the recommended 
range to be treated by SSF. The microcosms effluents were further 
passed through SSF, where a considerable decrement of turbidity 43.9 % 
(12.5 NTU), 55.55 % (6 NTU), and 28.12 % (23 NTU) was observed for 
CW-G, CW-MFC-GG, and FWS effluent, respectively as shown in Fig. 3d. 
The obtained results are in agreement with other studies, where tradi
tional household SSF and compact household SSF has reduced the 
turbidity from 13.2 ± 14.6 NTU to 3.13 ± 4.77 NTU, and 3.30 ± 5.24 
NTU, respectively (Freitas et al., 2021). The high turbidity removal ef
ficiencies through SSF could be owing to stable Schmutzdecke devel
opment via constant and low filtration rates in SSF (Andreoli and 
Sabogal-Paz, 2020). Altogether, turbidity removal through CW-MFC- 
GG-SSF outperformed CW-G-SSF and FWS-SSF with obtained removal 
efficiencies of 92.75 %, 84.90 %, and 72.22 %, respectively. Decisively, 
tertiary treatment through SSF in combination with secondary treat
ment through CW-MFC-GG could be a promising approach towards 
disinfection along with turbidity removal. 

3.3. Treatment performance assessment 

3.3.1. COD removal 
The upper, middle and lower DO profile and pH profiles of CW-G, 

CW-MFC-GG and FWS were also measured. However, upper DO and 
pH of CW-G and CW-MFC-GG could not be measured due to the un
availability of water samples on the upper surface owing to high ET 
through the systems (Fig. 5d). This further allows high diffusion of at
mospheric oxygen inside the upper region of CW-G and CW-MFC-GG. 
Although, middle and lower regions seems to be mostly anaerobic by 
nature for CW-G and CW-MFC-GG with DO levels 1.21 ± 1.35 mg/L, 
1.35 ± 0.75 mg/L in CW-G; 1.27 ± 0.89 mg/L, 1.12 ± 0.35 mg/L in CW- 
MFC-GG respectively. Although, attained DO range in the anode of CW- 
MFC-GG was suitable for the functioning of electroactive bacteria 
(EABs) (Mittal et al., 2022). FWS showed upper, middle, and lower DO 
levels of 1.12 ± 0.43 mg/L, 0.92 ± 0.45 mg/L, and 0.98 ± 0.88 mg/L 
respectively indicating low DO in all regions with an insignificant dif
ference in DO values of different regions. Similar results were also 
observed in the winter season by He et al. (2012), where DO vary in the 
range of 0.37 ± 0.28 mg/L to 0.91 ± 0.28 mg/L in FWS systems. 

Furthermore, pH values were measured as 6.3 ± 0.15, 6.27 ± 0.22 in 
CW-G; 6.33 ± 0.17, 6.31 ± 0.12 in CW-MFC-GG in the middle and lower 
region, respectively, whereas in the case of FWS, it was 6.62 ± 0.10, 
6.57 ± 0.16, 6.47 ± 0.18 in upper, middle, and lower regions, respec
tively. The insignificant difference in pH values in different regions of all 
microcosms signifies high buffering capacity and efficient growth of 
microbes throughout systems (Mittal et al., 2023b; Saket et al., 2021; 
Saeed et al., 2022). 

The treatment assessment of the microcosms was observed based on 
COD removal performance. The influent COD concentration of waste
water varied between 25.63 mg/L to 327.41 mg/L with 125.35 ± 77.93 
mg/L average influent concentration. However, influent wastewater 
showed low BOD resulting in a very low BOD/COD ratio of 0.0005, 
indicating the highly recalcitrant nature of municipal wastewater with 
low biodegradability. The COD removal of all microcosms at 8 h, 24 h, 
and 48 h have been displayed in Fig. 4a, b, and c. The average COD 
percentage removal in 8 h, 24 h, and 48 h for CW-G was 38 ± 22 %, 46 
± 28 %, and 63 ± 20 %, respectively, likewise in CW-MFC-GG it was 33 
± 22 %, 48 ± 23 %, 57 ± 24 %, and in FWS, it was 12 ± 13 %, 28 ± 12 
%, and 30 ± 20 %, respectively. The high variation in COD removal 
throughout the study was due to fluctuation in initial COD concentration 
from low to high. That fluctuation could have affected the overall 
microbiology of the microcosms. Further, in Fig. 4a, b, and c, an increase 
in overall COD removal with an increase in HRT was also observed, 
where, in 48 h slightly higher average removal was observed in CW-G 
compared to CW-MFC-GG. Similar results were also observed in a 
recently published study by Yang et al. (2022) while treating pond water 
containing a low initial COD concentration of 132 mg/L with CW-MFC 
and CW pilot scale microcosms. The study reported that the effluent 
COD concentration of CW-G and CW-MFC were 30 mg/L and 44 mg/L, 
respectively, the reason behind high COD removal in CW microcosm 
compared to CW-MFC was reported as low influent COD concentration, 
which restricted the exertion of CW-MFC advantages (Yang et al., 2022). 
Moreover, in the present study, a very low BOD/COD ratio shows the 
complexity of wastewater that created complexity for electrogenic mi
croorganisms existing in CW-MFC-GG to extract energy from such 
wastewater and thus limiting the COD removal in CW-MFC-GG (Deval 
et al., 2017; Liu et al., 2014). Furthermore, the difference in void volume 
can also play a significant role in COD removal. Lower the void volume 
higher will be the loading rate of pollutants, thus, allowing different 
loading rates. This could be one of the reasons for slightly low COD 
removal in CW-MFC-GG compared to CW-G since the void volume of 
CW-G is higher than CW-MFC-GG; thus, the COD loading rate is higher 
in CW-MFC-GG. These results are in agreement with the studies 
demonstrating decreasing trend in the removal efficiency with an in
crease in pollutant loading rate (Ávila et al., 2014; Tamta et al., 2023; 
Yang et al., 2016). This also explains the reason for the lowest COD 
removal in FWS since it had twice the void volume, thus twice the 
loading rate than CW-G and CW-MFC-GG. 

3.3.2. Phosphate removal 
The performance of all microcosms was also assessed based on 

phosphate removal. The influent phosphate concentration varied be
tween 0.87 mg/L to 9.68 mg/L with 5.12 ± 2.43 as the average influent 
concentration. The average phosphate removal at 48 h HRT from CW-G, 
CW-MFC-GG, and FWS was 91 ± 7 %, 84 ± 11 %, and 31 ± 19 %, 
respectively, as shown in Fig. 5a, b and c. The higher phosphate removal 
in CW-G and CW-MFC-GG could be due to high plant biomass which 
increased adsorption and accumulation of phosphate in the plant tissues 
(Saz et al., 2018). Results indicated maximum phosphate assimilation of 
0.52 mg/g and 0.51 mg/g in the stem of CW-G and CW-MFC-GG, 
respectively, as shown in Fig. 5e. There are other studies which also 
reports similar phosphate uptake by different plant species such as Li 
et al. (2013) found 0.89–2.18 mg/g total phosphorous uptake by six 
different vegetation in CW, including Canna indica whereas 1.4 mg/g of 
phosphorous uptake was observed by Zhang et al. (2009) by Canna 
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indica from simulated secondary treated wastewater. This suggests that 
assimilation in vegetation played significant role in phosphate removal. 
The results similar to the present study are also reported by Yang et al. 
(2022) while treating pond water with a very low total phosphorous 
concentration of 0.34 mg/L. This study by Yang et al. (2022) reported 
that at the end of 56 days of stable operation, total phosphorous con
centration in CW-MFC effluent was found to be higher than CW effluent 
i.e., 0.029 and 0.014, respectively. 

It is very well known that phosphate removal is primarily governed 
by filtration media. The efficiency of filtration is closely related to the 
physical and chemical properties of filter media such as specific surface 
area, size, porosity, and adsorption (Mu et al., 2021). Both gravel and 
granular graphite filter material had almost similar sizes; however, 
granular graphite particles are comparatively coarser than gravel par
ticles. Along with this, granular graphite is also conducive to the diffu
sion of pollutants due to its high surface area and its porous structure 
(Taskan and Hasar, 2015; Zhou et al., 2011). But at the same time, 
granular graphite only contains inert fixed carbon material and along 

with this graphite is a more structured material so it may be less inter
active than normal gravel, allowing differences in adsorption properties 
of gravel and graphite and the reason for lesser adsorption capacity in 
granular graphite. The extracellular polymeric substances (EPS) in the 
biofilm formed over the surface of gravel and granular graphite can also 
contribute to phosphorous removal through adsorption (Xu et al., 2019; 
Zhao et al., 2020). 

Furthermore, extensive root systems in both CW-G and CW-MFC-GG 
played a crucial role in phosphate removal through adsorption. The 
slightly high phosphorous removal in CW-G compared to CW-MFC-GG 
could be due to a more extensive root system due to the higher 
biomass of CW-G compared to CW-MFC-GG. Whereas lowest phosphate 
removal in FWS was due to the unavailability of the substrate and non- 
flourished Canna indica vegetation. 

The high ET in CW-G and CW-MFC-GG (as shown in Fig. 5d) allows 
the formation of large air exposed upper portion, which may have 
provided favorable conditions for the functioning of phosphorous- 
accumulating organisms (PAOs) in both microcosms for phosphate 

Fig. 4. COD removal by (a) CW-G, (b) CW-MFC-GG, and (c) FWS microcosm at 8 h, 24 h and 48 h.  

Fig. 5. Phosphate removal by (a) CW-G, (b) CW-MFC-GG, and (c) FWS microcosms, (d) Range of ET, and (e) phosphate uptake by root, stem, and leaves of Canna 
indica vegetation in CW-G and CW-MFC-GG. 
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removal. However, a similar could not apply in the case of FWS since 
Canna indica vegetation could not flourish in the system, and very low 
ET was computed which was mainly due to evaporation. 

3.4. Treatment performance of slow sand filter (SSF) 

SSF was employed as tertiary treatment technology with the primary 
purpose of disinfecting the secondary effluent received from CW-G, CW- 
MFC-GG, and FWS microcosms. Simultaneously, it was also investigated 
for pollutant removal efficiency, where COD and phosphate concentra
tion before and after the slow sand filter is represented in Fig. 6. The 
COD removal observed in SSF was not significant due to very low re
sidual COD concentration caused by residual recalcitrant pollutants 
after treatment through CW-G and CW-MFC-GG. However, the residual 
COD concentration after treatment through FWS was higher, and 
thereby removal of 19.08 % was observed, decreasing the average COD 
concentration from 59.92 ± 2.04 mg/L to 48.49 ± 1.48 mg/L, as shown 
in Fig. 6. These results are in agreement with other studies reporting less 
organic matter removal in slow sand filters at low influent COD con
centration (Verma et al., 2017). Generally, COD is utilized by the mi
crobial population present in schmutzdecke layer, and limited COD 
availability could restrain the development of the microbial community. 
As a result, microorganism growth is often accompanied by a dying-off 
process, releasing organic matter that is then accessible to bacteria up to 
some depths. These bacteria utilize some part of it as food to gain the 
energy required for their metabolism and other parts for their cell ma
terial and their growth. In this way, the dead matter generates live 
matter again allowing survival and sustenance of schmutzdecke layer 
microbial community even at low influent COD concentration (Ranjan 
and Prem, 2018). 

Furthermore, some reduction in the concentration of phosphate was 
observed in SSF after treatment through all the microcosms, as shown in 
Fig. 6. The phosphate removal of 85 % ± 0.05, 76.63 ± 0.01 % and 
43.45 ± 0.2 % was observed through SSF, attaining phosphate con
centration in the effluent as 0.42 ± 0.002 mg/L, 0.68 ± 0.005 mg/L and 
2.03 ± 0.02 mg/L for CW-G-SSF, CW-MFC-GG-SSF, and FWS-SSF, 
respectively. The observed removal could be through the formed 

gelatinous layer/schmutzdecke layer (Seeger et al., 2016). In SSF, the 
top zone of the reddish-brown sticky film was observed. It is mentioned 
in several studies that this reddish-brown sticky film also contains 
thread-like algae developed by microorganism excretion (Verma et al., 
2017). This thread-like algae present in the schmutzdecke layer is 
generally responsible for utilizing phosphate for their growth and 
metabolism along with passive aeration (Gupta et al., 2021b). Further
more, since in SSF, wastewater slowly percolates in a downward motion 
through the sand column, increasing the contact time between waste
water and schmutzdecke layer and resulting in higher phosphate 
removal (Seeger et al., 2016). In summary, the effluent concentration of 
phosphate and COD by CW-G-SSF and CW-MFC-GG-SSF have fulfilled 
the standard discharge limits as set by the Environmental Protection 
Agency (EPA) (USEPA, 2010). Furthermore, to validate that the final 
effluent is suitable for agricultural reuse, Table 1 outlines the discharge 
limits for non-food irrigation and food irrigation, demonstrating that 
effluent characteristics of CW-G-SSF and CW-MFC-GG-SSF is most 
appropriate for agriculture re-use. 

3.5. Electricity generation in CW-MFC-GG 

The voltage profile of CW-MFC-GG at 48 h is shown in Fig. 7a. At 48 
h, variation in voltage was observed in the range of 518 ± 202.7 mV, 
and the highest voltage generation of 910 mV was observed. The sub
stantial voltage at 48 h could be ascribed to enhanced ET from 16.37 ±
5.97 % (8 h) to 24.31 ± 8.89 % (48 h), respectively, as shown in Fig. 5d. 
This leads to high water loss, which augments the air-exposed cathode, 
thus increasing the O2 concentration in the cathodic region (Mittal et al., 
2023a; Srivastava et al., 2021c). This further improved the reaction 
kinetics by accelerating the electron flow from the anode to the cathode, 
thereby increasing voltage generation. In the present study, 700 Ω of 
internal resistance was estimated through a polarization curve with the 
highest current density and power density of 85.71 mA/m3 and 25.71 
mW/m3, respectively (Fig. 7b). A similar finding reported internal 
resistance of 486.8 Ω in integrated vertical flow CW-MFC planted with 
Canna indica having an effective working volume of 11.5 L while 
treating swine wastewater (Liu et al., 2020). 

Fig. 6. COD and phosphate concentration before and after SSF treatment.  
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4. Conclusion 

The present research demonstrated promising results with a combi
nation of CW-MFC-GG followed by SSF as secondary and tertiary 
wastewater treatment technology, respectively, in terms of total coli
form, faecal coliform, E. coli, and turbidity removal. Whereas, treatment 
performance of the CW-MFC-GG microcosm was slightly lower than CW- 
G microcosm as a consequence of complex wastewater with a very low 
BOD/COD ratio. However, high volume reduction in CW-G indicates a 
high amount of sludge generation, suggesting early clogging, unstable 
long-term performance, and reduced life span in the long term. Never
theless, both CW-G-SSF and CW-MFC-GG-SSF have fulfilled the standard 
discharge limits for COD and phosphate concentrations, and most 
significantly total coliform and faecal coliform number in the effluent 
pass the stringent regulations for reuse in agricultural purposes together 
with the absence of coliform E. coli. SSF as tertiary treatment has played 
a substantial role in achieving disinfection through a biologically active 
schmutzdecke layer, whereas wastewater treatment was mainly attained 
with secondary treatment technologies i.e., CW-G, CW-MFC-GG, and 

FWS. Nonetheless, further research will be needed to optimize the sys
tems in continuous mode, and life-cycle assessment studies of the inte
grated process for evaluating their sustainability. 
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Table 1 
Summarizes the characteristics of treated water in the present study and the limits for reuse in food and non-food crop irrigation purpose.   

Standard effluent 
discharge permissible 
limit 

Food crop irrigation 
permissible limit 

Non-food crop irrigation 
permissible limit 

Effluent characteristics in present 
work 

References 

pH 6–9 6–9 6–9 CW-G-SSF; CW-MFC-GG-SSF; FWS- 
SSF Circumneutral (near to 7) 

(Owusu-Ansah et al., 2015; Ritter, 
2021) 

COD 250 mg/L ≤40 mg/L 100 mg/L CW-G-SSF: 39.31 mg/L 
CW-MFC-GG-SSF: 47.42 mg/L 
FWS-SSF: 48.49 mg/L 

(Abdel-Shafy and Mansour, 2020;  
Owusu-Ansah et al., 2015; Rossi et al., 
2021) 

Phosphate 2 mg/L 0–2 mg/L 0–2 mg/L CW-G-SSF: 0.42 mg/L 
CW-MFC-GG-SSF: 0.68 mg/L 
FWS-SSF: 2.03 mg/L 

(Owusu-Ansah et al., 2015) 

Turbidity 75 NTU ≤ 2 NTU – CW-G-SSF: 12.5 NTU 
CW-MFC-GG-SSF: 6 NTU 
FWS-SSF: 23 NTU 

(Owusu-Ansah et al., 2015) 

Total 
coliform 

1000 CFU/100 mL ≤ 240 CFU/100 mL – CW-G-SSF: 221 CFU/100 mL 
CW-MFC-GG-SSF: 172 CFU/100 mL 
FWS-SSF: 542 CFU/100 mL 

(Balkhair, 2016; Jeong et al., 2016) 

Faecal 
coliform 

<1000 CFU/100 mL ≤75 CFU/100 mL 200 CFU/100 mL 
(average) 

CW-G-SSF: 0 CFU/100 mL 
CW-MFC-GG-SSF: 0 CFU/100 mL 
FWS-SSF: 240 CFU/100 mL 

(Jeong et al., 2016; Owusu-Ansah et al., 
2015; Ritter, 2021) 

E. coli <1000 CFU/100 mL 0 CFU/100 mL ≤200 CFU/100 mL 
(average) 

CW-G-SSF: negative 
CW-MFC-GG-SSF: negative 
FWS-SSF: positive 

(Jeong et al., 2016; Ritter, 2021)  

Fig. 7. (a) Voltage profile of CW-MFC-GG at 48 h throughout the course of study and (b) 48 h polarization curve of CW-MFC-GG.  
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