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ABSTRACT: Sustainable approaches for the treatment of river water pollution and
domestic wastewater should have efficient pollutant removal and low energy and
operational requirements. The present study assesses the seasonal variation in the physico-
chemical quality of the Kharun River and explores the possible complementary roles of
natural biofilm formation and phytoremediation in improving water quality. In summer,
rainy and winter seasons, six parameters namely temperature, turbidity, pH, BODs, COD
and Fe were evaluated with 49 observations per season. Significant seasonal variations
were observed for BODs, COD, pH, turbidity and temperature, but Fe did not show any
significant seasonal variation. The BOD5 mean concentrations were 17.41, 16.20 and
16.67 mg/L and the concentrations of COD were 18.55, 17.60 and 17.68 mg/L in
summer, rainy and winter respectively. Turbidity showed marked seasonal variation with
means of 38.67, 7.43 and 15.82 NTU. The results suggest that natural biofilms may have
a direct role in organic matter degradation by microbial activity and that vegetation and
associated rhizospheres serve complementary functions, including particle retention,
sediment stabilization, nutrient uptake and pollutant immobilization. Moreover, the
treatment potential was evaluated by a proposed constructed wetland for gray water
treatment at Atora village, Durg district, Chhattisgarh. Each parameter was tested for ten
inlet and outlet observations. The turbidity, BODs, COD and Fe dectreased from 72.50
to 21.27 NTU (70.66 %), 44.00 to 13.24 mg/L (69.91 %), 105.94 to 41.59 mg/L (60.74
%) and 0.214 to 0.089 mg/L (58.41 %), respectively. Temperature was comparatively
stable and pH showed a slight increase from 7.21 to 7.31. These results demonstrate the
potential of constructed wetlands to enhance gray-water quality through integrated
physical, microbial and plant-mediated processes. In general, biofilm formation and
phytoremediation should be regarded as complementary mechanisms of treatment. But
seasonal observations alone do not allow us to quantify the removal contribution of
individual species; controlled or paired inlet—outlet experiments are necessary to assess
mechanisms.

Water pollution is one of the major environmental problems. It is caused by the discharge of untreated or incompletely treated

wastewater into natural water bodies. It can affect the quality of the water, the aquatic ecosystems, human health and the

aesthetic quality of the environment. The increasing generation of wastewater and the limitations of conventional treatment

technologies have forced the development of treatment approaches that are effective, economically feasible, energy efficient

and environmentally sustainable. The use of engineered treatment systems in combination with natural purification mechanisms
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is a promising approach for improving water quality without the need for energy intensive treatment infrastructure. Constructed
wetlands are a nature-based treatment technology that can combine physical, chemical and biological processes in a single
treatment system. Pollutants are removed from such systems by processes such as screening, settling, sedimentation, filtration,
adsorption and biological transformation. The treatment media provide ideal surfaces for the formation of naturally occurring
microbial biofilms which can degrade or transform organic pollutants. Likewise, the wetland vegetation and its associated
rhizosphere are also involved in the phytoremediation process via filtration, sediment stabilization, pollutant retention and plant
root-microorganism interactions. Synergism between these processes allows the simultaneous removal and transformation of a
number of pollutants under relatively low energy operating conditions. In this study, the potential of an integrated water-
purification approach consisting of constructed wetlands, naturally developed microbial biofilms and phytoremediation to
improve water quality was assessed. The treatment performance was evaluated using the main physico-chemical indicators,
namely, temperature, turbidity, pH, 5-day biochemical oxygen demand (BODs), chemical oxygen demand (COD) and iron (Fe).
The efficiency of constructed wetland was evaluated by comparing water quality parameters of inlet and outlet of treatment
system. The results showed that BOD5, COD, turbidity and Fe were significantly reduced while pH was relatively stable and
temperatute showed little variation. BOD5, COD, turbidity and Fe has been decteased from 44.00 to 13.24 mg/L, 105.94 to
41.59 mg/L, 72.50 to 21.27 N'TU and 0.214 to 0.089 mg/L respectively [1, 2] . These reductions are indicative of the ability of
the integrated wetland system to improve water quality through the combined effects of filtration, microbial activity and plant
associated treatment processes. The study also examined seasonal variations in the water quality of the Kharun River in an
effort to characterize the temporal variability of the selected water-quality parameters and to investigate environmental
conditions that may affect treatment processes. The seasonal variations of temperature, turbidity, pH, BOD5, COD & Fe were
studied. The seasonal variation was significant for BOD5, COD, turbidity, pH and temperature and relatively lower for Fe[3,
4] . This temporal variability could be due to change in temperature, rainfall, dilution, surface runoff and pollutant loading
which can affect both water quality characteristics and biological treatment process. Energy efficiency and operational self-
sufficiency of the integrated treatment system were also studied, as these are important factors for long-term sustainability of

nature-based water-treatment systems.
1. WATER QUALITY PARAMETERS SELECTED FOR ASSESSMENT

Six water quality parameters including temperature, turbidity, pH, BOD5, COD and Fe were selected for evaluation based on
their relevance to the physical, chemical and pollution characteristics of the Kharun River water. These parameters provide
complementary information on the overall status of water quality and pollution status of the river. In Table 1, physico-chemical
characteristics of Kharun River water have been measured in summer season. The observed temperature, turbidity, pH, BODs5,
COD and Fe values were used to characterize the baseline water quality and to evaluate the changes associated with the

integrated treatment process.

Table 1. Physico-chemical parameters of Kharun River water during the summer season.

Sample No. | Temperature (°C) | Turbidity (NTU) | pH | BODs (mg/L) | COD (mg/L) | Fe (mg/L)
1 25.8 35.2 8.02 | 171 18.2 0.24
2 26.2 37.8 81 | 175 18.6 0.27
3 26.7 40.1 8.14 | 17.8 19 0.29
4 27.1 394 8.06 | 17.3 18.4 0.25
5 25.9 34.6 8.18 | 17 18.1 0.22
6 26.4 42.3 8.09 | 17.6 18.7 0.28
7 26.8 36.7 8.12 | 17.4 18.5 0.26
8 25.6 31.8 8 16.9 17.9 0.21
9 26.3 38.5 8.15 | 17.2 18.3 0.25
10 27 441 8.08 | 17.9 19.2 0.31
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11 26.5 37.1 8.11 | 17.5 18.6 0.27
12 25.7 33.9 8.03 | 17 18 0.23
13 26.1 36.4 8.07 | 17.3 18.4 0.24
14 26.9 41.7 82 | 17.7 18.9 0.3

15 27.3 45.2 8.13 | 18 19.3 0.32
16 26 325 8.05 | 16.8 17.8 0.2

17 26.6 39.2 8.09 | 17.4 18.5 0.26
18 25.8 35.8 8.16 | 17.1 18.2 0.23
19 26.4 40.6 8.04 | 17.6 18.8 0.28
20 27.2 43.5 81 | 178 19 0.3

21 26.7 37.5 8.17 | 17.5 18.6 0.27
22 25.5 30.9 8.01 | 16.7 17.7 0.21
23 26.2 34.7 8.06 | 17 18.1 0.24
24 26.9 46.3 8.12 | 18.1 19.4 0.33
25 27 42.8 8.14 | 17.7 18.9 0.29
26 26.3 38.9 8.08 | 17.4 18.5 0.26
27 259 35.1 8.03 | 16.9 18 0.22
28 26.5 39.7 8.11 | 17.6 18.7 0.28
29 27.4 48.2 8.19 | 18.2 19.6 0.34
30 26.8 41.2 8.07 | 17.8 19 0.3

31 25.7 33.4 8.02 | 16.8 17.9 0.21
32 26.1 36.8 8.09 | 17.2 18.3 0.25
33 26.6 40.3 8.15 | 17.5 18.7 0.27
34 27.1 44.7 8.13 | 179 19.2 0.31
35 26.4 38.1 8.05 | 17.3 18.4 0.26
36 25.8 32.7 8 16.7 17.8 0.2

37 26.7 39.5 8.18 | 17.6 18.8 0.29
38 27.3 47.1 81 |18 19.3 0.32
39 26 34.3 8.04 | 17 18.1 0.23
40 26.5 37.6 8.07 | 17.4 18.5 0.26
41 27 43.2 8.16 | 17.8 19 0.3

42 25.6 31.5 8.01 | 16.9 17.9 0.22
43 26.3 36.2 8.12 | 17.2 18.3 0.25
44 26.9 41.9 8.09 | 17.7 18.9 0.28
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45 27.2 45.8 82 | 18.1 19.4 0.33
46 26.1 35.6 8.05 | 17.1 18.2 0.24
47 26.6 39 8.14 | 17.5 18.6 0.27
48 259 33.1 8.03 | 16.8 17.8 0.21
49 26.8 42.5 8.11 | 179 19.1 0.3

Table 2 shows the physico-chemical characteristics of Kharun River water during rainy season including temperature, turbidity,
pH, BODs, COD and Fe.

Table 2. Physico-chemical parameters of Kharun river water in rainy season.

Sample No. | Temperature (°C) | Turbidity (NTU) | pH | BODs (mg/L) | COD (mg/L) | Fe (mg/L)
1 19.8 7.1 7.6 | 15.2 15.8 0.24
2 20.1 7.5 7.8 | 16 17.2 0.27
3 20.5 7.8 7.9 | 16.7 18.4 0.29
4 21 7.2 7.7 | 17.2 19.1 0.25
5 19.5 6.8 7.5 | 154 16 0.22
6 20.4 8 7.9 | 16.5 18 0.28
7 20.7 7.6 8 17 18.7 0.26
8 19.2 6.5 7.6 | 14.9 15.2 0.21
9 20 7.3 7.8 | 15.8 17 0.25
10 21.2 8.3 8.1 | 17.8 20.2 0.31
11 20.3 7.4 7.7 | 16.2 17.5 0.27
12 19.7 6.9 7.6 | 151 16.1 0.23
13 20.6 7.7 7.9 |16.8 18.5 0.24
14 20.9 8.1 8 17.1 19 0.3
15 19.4 6.2 7.5 | 14.8 15 0.32
16 20.2 7 7.8 | 15.7 16.8 0.2
17 20.8 7.9 8 16.9 18.9 0.26
18 19.9 7.2 7.7 | 155 16.5 0.23
19 20.5 7.5 7.9 | 164 17.8 0.28
20 21.1 8.5 8.1 | 17.6 20 0.3
21 20 6.7 7.6 | 15 15.9 0.26
22 19.6 6.4 7.5 | 147 15.4 0.22
23 20.3 7.6 7.8 | 161 17.3 0.25
24 21.3 8.7 82 | 18 20.4 0.33
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25 20.7 7.8 79 | 16.7 18.6 0.29
26 20.1 7.1 7.7 | 15.6 16.7 0.26
27 19.3 6.3 7.6 | 14.6 15.1 0.21
28 20.6 7.4 7.8 | 16.3 17.9 0.28
29 21 8.2 8 17.4 19.5 0.34
30 204 7.7 7.9 | 16.5 18.1 0.3

31 19.7 6.6 75 |15 15.7 0.21
32 20.2 7.3 7.7 | 158 17.1 0.25
33 20.9 8 8 17 18.8 0.27
34 21.4 8.9 82 | 18.2 20.7 0.31
35 20.5 7.5 7.8 | 164 17.9 0.26
36 19.1 6.1 74 | 14.5 14.9 0.2

37 20.3 7.8 7.9 | 16.6 18.3 0.29
38 21.1 8.4 81 | 17.7 20.1 0.32
39 19.8 6.9 7.6 | 152 16 0.23
40 20.4 7.2 7.8 | 16 17.4 0.26
41 20.8 8.1 8 17.2 19.2 0.3

42 19.5 6.5 7.5 | 149 15.5 0.22
43 20 7.4 7.7 | 157 17 0.25
44 20.7 7.9 79 1168 18.6 0.28
45 21.2 8.6 8.2 | 18.1 20.3 0.33
46 19.9 6.8 7.6 | 153 16.2 0.24
47 20.5 7.6 7.8 | 16.3 18 0.27
48 19.4 6.2 7.5 | 147 15.3 0.21
49 20.6 8 8 171 18.9 0.3

Table 3 depicts the physico-chemical characteristics of the Kharun River water in relation to the selected water quality
parameters during the winter season.

Table 3. Physico-chemical characteristics of Kharun River water in winter season

Sample No. | Temperature (°C) | Turbidity (NTU) | pH | BODg (mg/L) | COD (mg/L) | Fe (mg/L)
1 15.2 14.1 7.2 | 148 15.1 0.24
2 16.1 15.4 7.5 1162 17 0.27
3 17.3 16.8 7.8 | 174 18.5 0.29
4 18 17.2 8 18.5 20.1 0.31
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5 15.8 13.9 7.4 | 155 16.2 0.22
6 16.5 15.7 77 | 17 17.8 0.26
7 17.1 16.2 79 |18 19 0.28
8 14.9 13.5 7.1 | 139 14.8 0.21
9 16 15.1 7.6 | 16 16.8 0.25
10 18.2 18.4 81 | 19 20.8 0.32
11 16.7 15.8 77 1 17.2 17.7 0.27
12 15.5 14.4 7.3 | 149 15.8 0.23
13 17 16.5 7.8 | 17.6 18.7 0.29
14 17.8 17.6 8 18.3 19.8 0.3

15 14.7 13.2 7 13.8 14.5 0.2

16 16.3 15 7.6 | 16.1 16.9 0.25
17 17.5 16.9 79 | 18.1 19.2 0.28
18 15.9 14.7 75 | 158 16.5 0.24
19 16.8 15.9 77 | 17 17.9 0.26
20 18.4 19.1 82 | 195 21 0.33
21 15.4 13.8 7.2 | 145 15.2 0.22
22 14.8 12.9 7 13.7 14.3 0.19
23 16.2 15.3 7.6 | 16.5 17.2 0.25
24 18.6 20 83 | 20 21.5 0.35
25 17.2 17 79 1178 18.8 0.29
26 16 14.8 7.5 | 159 16.7 0.24
27 14.6 13.1 7.1 | 13.5 14.7 0.2

28 16.6 15.6 7.7 1169 17.8 0.27
29 17.9 18.2 8 18.7 20 0.31
30 16.9 16.4 7.8 | 17.3 18.4 0.28
31 15.3 13.7 72 | 14.6 15.3 0.21
32 16.4 15.2 7.6 | 16.3 171 0.25
33 17.6 17.3 79 1182 19.4 0.3

34 18.7 20.5 8.3 |20.2 21.8 0.34
35 16.8 15.9 77 | 171 18 0.27
36 14.5 12.7 7 13.4 141 0.19
37 17 16.7 7.8 | 17.5 18.6 0.29
38 18.1 18.8 8.1 | 19.1 20.5 0.32
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39 15.7 14.3 73 |15 15.9 0.23
40 16.5 15.5 7.6 | 164 17.5 0.26
41 17.7 17.8 8 18.6 19.7 0.3

42 15 13.4 7.1 | 14.2 15 0.21
43 16.1 14.9 75 | 157 16.6 0.24
44 17.4 16.6 7.8 | 17.7 18.9 0.28
45 18.3 19.4 82 | 19.6 21.2 0.34
46 15.6 13.9 7.3 | 151 16 0.22
47 16.9 16.1 77 | 17 18.1 0.27
48 14.9 13 7.1 | 139 14.8 0.2

49 17.1 171 79 |18 19.1 0.29

Table 4 presents permissible limits for selected physico-chemical parametets of water quality as teported by UNEP/WHO
(1996) and WHO (2004). The reference values can be used for comparison of the observed water-quality characteristics of the
Kharun River and for assessment of its pollution status.

Table 4. Permissible limits for selected physico-chemical parameters of water quality (UNEP/WHO, 1996; WHO, 2004).

S. No. | Parameter | Unit | Reference value / guideline | Appropriate source
1 Temperature | °C — No universal WHO permissible limit
2 Turbidity NTU | 5 WHO drinking-water reference
3 pH — 6.5-8.5 Common drinking-water standard/reference
4 BODs mg/L | — No universal WHO guideline value
5 COD mg/L | — No universal WHO guideline value
6 Iron (Fe) mg/L | 0.3 WHO teference value
2. RESULTS AND DISCUSSION
2.1. Change of BOD5 and Effect of Natural Biofilm and Phytoremediation in Kharun River

Biochemical Oxygen Demand over 5 days (BODS5) is an important indicator of biodegradable organic pollution and is the
oxygen required by microorganisms in the oxidation of organic matter. The seasonal variation of BOD5 concentrations in the
Kharun River water was assessed in summer, rainy and winter seasons to evaluate the potential role of natural biological
putification mechanisms. One-way ANOVA showed a significant difference in BODjg between seasons (F = 16.15285, p =
2.10435 x 107%). The R2 value of 0.20153 indicates that the seasonal variation can be explained by the BODS5 variation of
20.15% while the remaining variation can be explained by river flow, rainfall, dilution, temperature, organic loading, microbial
activity and wastewater inputs. The mean BOD5 concentrations were 17.41 mg/L in summer, 16.20 mg/L in rainy season and
16.67 mg/L in winter. The highest concentration was found in summer, which might be due to lower river flow and higher
concentration of biodegradable organic matter, while higher flow and dilution during rainy season might have led to lower
BODjs concentration[5, 6]. Natural microbial biofilms on sediments, gravel, stones and plant roots can help the self-purification
of rivers by degrading organic matter through activity of microorganisms. Root-associated microbial activity, filtration, sediment
stabilization and nutrient uptake by aquatic and riparian vegetation can also improve treatment. These mechanisms are
complementary and can work together to reduce BODDb. The seasonal differences were statistically significant, but the present
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analysis does not allow to quantify the individual contribution of biofilm or phytoremediation. The results indicated that the
environmental conditions in different seasons influenced BOD5 concentrations and may affect the efficiency of the natural
biological purification processes in the Kharun River. The mean BODs concentrations are shown in Figure 1 and the results

of the corresponding one-way ANOVA are shown in Figure 2.

30 4 -

B Vean

20

Mean

10 4

Sample Summer Rainy Winter

Biochemical Oxygen Demand (mg/L)
Figure 1. Seasonal variation of mean BOD5 concentration in KKharun River water.
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020133 038385 722507 1882245

Figure 2 One-way ANOVA analysis of BODj5 concentration in different seasons
2.2. Variation in COD and Role of Natural Biofilm and Phytoremediation in the Kharun River

The chemical oxygen demand (COD) is an important index for oxidizable organic pollution in river water. It is the oxygen that
is employed in the chemical oxidation of organic and other oxidizable substances. In this study, the COD concentrations were
measured in summer, rainy and winter seasons to study the seasonal variation and contribution of natural biological purification
mechanisms. The average concentrations of COD wete 18.55 mg/L, 17.60 mg/L and 17.68 mg/L in summet, rainy season and
winter, respectively. Hence summer season had highest COD and rainy season had lowest COD. The higher concentration in
summer may be due to lower river flow and higher concentration of wastewater and oxidizable organic matter. Higher flow
and dilution of rainy season may result in reduced concentrations of COD. The value of winter was higher than the rainy season
one. This can be explained by the seasonal variations of the river flow and the biological transformation processes. The one-
way ANOVA analysis showed a statistically significant seasonal difference in COD (F = 5.61, p = 0.0045) except for the
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inappropriate “Sample” group. Therefore, the null hypothesis was rejected for the mean concentrations of COD in the summer,
rainy and winter seasons. The mean value of COD in rainy season was reduced about 5.13% than the summer value and winter
mean is reduced about 4.70% than the summer value. These are seasonal variations and should not be considered as efficiencies
of treatment removal Natural microbial biofilms on stones, sediments, gravel and roots of plants can be involved in the
degradation and transformation of the biodegradable part of the oxidizable organic matter. The efficiency of the system depends
on temperatute, dissolved oxygen, nutrient availability, amount of organic loading, hydraulic conditions and availability of
surfaces for microbial attachment. Aquatic and riparian vegetation can improve root-zone filtration, sediment stabilization,
nutrient uptake, and surfaces for microbial colonization, and thereby improve these processes. Thus, biofilm formation and
phytoremediation could be additive mechanisms in the natural purification of the Kharun River[7-9] . However, the individual
contribution of biofilm and phytoremediation for COD removal cannot be quantified by seasonal ANOVA. Treatment
efficiency could be estimated by paired measurements of specific treatment zones before and after treatment. The results
indicate a significant seasonal variation in COD, with the highest mean concentration occurring during the summer and the
lowest during the rainy season. Natural microbial and plant-associated processes can influence the river self-purification
capacity[10] . Figure 3 shows the mean concentrations of COD for the entire data set and for each season. The corresponding
one way ANOVA results are shown in Figure 4.

30

B Vean {

Mean

Sample Summar Rany Winter

Chemieal Oxygen Demand (mg/L)

Figure 3 Seasonal variation of mean COD concentration in Kharun River water.

——— et

NAndyss N Missng SE of Mean
Sample 44 0 204124
| Summer 43 0 0.0706
Rainy 49 0 023351
Winter 4 0 0.2994
= One Way ANOVA  ~|
- Overall ANOVA  ~|
DF uares MeanSquare FVaiue Prob>F
Model 3 g 1170535 4454567
Emor 192
ot 195

Root MSE Data Mean

727108 1970867

Figure 4 One-way ANOVA analysis of BODjs concentration in different seasons.
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2.3. Natural Phytoremediation and Biofilm of Kharun River and Seasonal Variation of Iron (Fe)

Iron (Fe) is an important water-quality parameter because its concentration can reflect inputs from natural weathering, soil
erosion, sediments and anthropogenic wastewater sources. In this study Fe concentrations were quantified in 49 water samples
in summer, rainy and winter seasons to evaluate seasonal variation and possible role of natural purification mechanisms. The
mean concentrations of Fe were 0.26429 mg/L in summer, 0.26429 mg/L in rainy season and 0.26347 mg/L in winter with
the overall mean of about 0.26402 mg/L.. The cotresponding standard deviations were 0.03736, 0.03725, and 0.04221 mg/L
respectively, indicating relatively low seasonal variability. The difference between the maximum and minimum seasonal means
was 0.00082 mg/L (~0.31%) which indicate a high degree of stability in Fe concentration over the yeat. The original ANOVA
included a fourth group called “Sample” which is sample identification and not an experimental season. Hence, this group was
removed from the analysis. The corrected one-way ANOVA for the three seasons resulted in F = 0.0072 and p = 0.993 (df =
2, 144) and there was no statistically significant seasonal variation in Fe concentration. Thus, Fe concentrations are probably
more controlled by persistent sources or background geochemical conditions than by seasonal changes in hydrological
conditions. Natural microbial biofilms may play a role in Fe retention and transformation via adsorption, precipitation,
oxidation-reduction reactions and incorporation into extracellular polymeric substances. Biofilms developing on sediments,
stones and plant roots can thus play a role in the immobilization of Fe in the river system[11, 12] . Similarly, Fe may be influenced
by aquatic and riparian vegetation through root-zone filtration, stabilization of sediments, adsorption to root sutfaces and metal
accumulation . In addition, plant roots are surfaces for microbial colonization, resulting in complementary biofilm-rhizosphere
interactions[13, 14] . However, the cutrent seasonal data do not allow quantification of the individual contribution of biofilm
or phytoremediation to Fe removal. Such assessment would need paired inlet and outlet measurements for the respective
treatment zones. Fe concentrations were relatively stable over seasons but natural biofilm and plant associated processes may
contribute to its retention and immobilization . The mean Fe concentrations for the entire dataset and individual seasons are

shown in Figure 5. The results of the corrected one-way ANOVA for the three seasonal groups are shown in Figure 6.

I Vean

o+ N . -

y
Sample Summar Rawy Wirser

Heavy Metals (Fe) (mg/L)

Figure 5 Seasonal variation of mean Fe concentrations in Kharun River water.
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Figure 6 One-way ANOVA analysis of Fe concentrations in different seasons.
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2.4. Seasonal variation of pH and role of natural biofilm and phytoremediation in Kharun River

pH is an important water quality parameter that influences chemical reactions, microbial activity, nutrient availability, metal
mobility and processes in aquatic ecosystems. The pH of 49 samples of Kharun River water was measured in summer, rainy
and winter seasons in the present study to study seasonal variation and to examine the possible role of natural biofilm and
phytoremediation. The mean pH value was 8.09469 in summer, 7.80204 in rainy season and 7.63673 in winter with standard
deviation was 0.05594, 0.21163 and 0.36497, respectively. The water was slightly alkaline with mean pH in summer highest and
lowest in winter. The pH decrease may be associated with seasonal changes in photosynthetic activity, rainfall, dilution,
temperature, respiration and microbial processes. Higher pH values in the summer months may be attributed to higher rates of
photosynthesis and associated CO2 uptake, while higher runoff and lower biological activity in the rainy and winter periods
may explain lower values.
The original ANOVA had a fourth group called “Sample” which was sample ID instead of an experimental season. When this
group was removed, the corrected one-way ANOVA for the three seasons showed I = 43.65, p < 0.001 (df = 2, 144), indicating
a statistically significant variation of pH across the seasons. Average pH decreased from summer to rainy season by 3.61% and
5.65% from summer to winter. These are not efficiencies of treatment but differences between seasons. Natural biofilms can
change the local pH by microbial photosynthesis, respiration and decomposition of organic matter. Aquatic and riparian
vegetation can also influence pH through photosynthesis, respiration, nutrient uptake and interactions in the root zone. Plant
roots also provide surfaces for microbial colonization linking phytoremediation to biofilm mediated processes . In combination,
these mechanisms can help to buffer and regulate the pH of river water in a natural way.
However, the available observational data are not sufficient to quantify the individual contribution of the biofilm or
phytoremediation to the pH regulation. The results indicated that the pH of the Kharun River showed significant seasonal
variation and the regulation and maintenance of suitable aquatic conditions may be related to natural microbial and plant-
associated processes[15-17] . The mean pH values for the whole data set and for each season are shown in Figure 7. The

results of the corrected one-way ANOVA can be seen in Figure 8.
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Figure 7 Seasonal variation of mean pH in Kharun River water.
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Figure 8 One-way ANOVA analysis of pH in different seasons.
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2.5. Seasonal Variation of Turbidity and Effect of Natural Biofilm and Phytoremediation in Kharun River.

Turbidity is an important physical parameter for water quality and indicates the presence of suspended and colloidal substances
such as silt, clay, organic matter and microorganisms. The present study was conducted to measure turbidity in 49 samples of
Kharun river water during summer, rainy and winter seasons to determine seasonal variation and the possible contribution of
natural biofilm and phytoremediation in water clarification. The mean of the turbidity values was 38.67 NTU in summer, 7.43
NTU during the rainy season and 15.82 NTU in winter with standard deviations of 4.42, 0.70 and 1.95 NTU, respectively. The
turbidity was maximum in summer and minimum in rainy season. Greater turbidity in summer could be associated with lower
flow, sediment deposition and resuspension, wastewater and organic particulate matter inputs. The much lower rainy season
value may be a reflection of increased flow and dilution under the sampling conditions. However, rainfall induced runoff can
also increase turbidity depending on local conditions. Winter turbidity was intermediate. The first ANOVA mistakenly included
a fourth group “Sample”, which represented sample identification, not season. The corrected one-way ANOVA for the three
seasons, excluding this group, yielded F = 1611.09, p < 0.001 (df = 2, 144) confirming the highly significant seasonal variation.
The mean turbidity showed a decrease of 80.78% from summer to rainy season and 59.07% from summer to winter. These
values reflect seasonal differences and should not be interpreted as treatment removal efficiencies. The corrected analysis
suggested that the seasonal grouping accounted for about 95.7% of the observed turbidity variability. Natural biofilms on
stones, sediments, gravel, submerged vegetation and plant roots may contribute to particle retention through their extracellular
polymeric matrix which facilitates trapping, aggregation and stabilization of suspended material. Phytoremediation can
contribute to this by increasing the flow velocity by vegetation, filtering the root zone, and stabilizing sediments and trap ping
suspended particles. Plant roots also provide additional surfaces for microbial biofilm development, resulting in an integrated
plant-microbe treatment environment[18, 19]

The results demonstrate the considerable seasonal variation of turbidity; however, the present analysis does not allow for the
quantification of the individual contribution of biofilm or phytoremediation. Such treatment efficiencies would require paired
inlet and outlet turbidity measurements from particular treatment zones. Overall, the results demonstrate high seasonal
variability of Kharun river turbidity with the least mean value in the rainy season. The natural biofilm and vegetation may be
playing a role in the particle-retention and clarification processes of the river. Figure 9 shows mean turbidity values for the

whole dataset and for each season. Figure 10 shows the corrected one-way ANOVA results.
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Figure 9 Seasonal variation of mean turbidity in Kharun River water.
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o et s e e |
L M Analysis = N Missing Mean Standard Deviation = SE of Mean

Sample 43 0 25 14.28869 2.04124
Summer 49 0 38.67347 442101 0.63157
Rainy 49 0 7.43265 0.70101 0.10014
Winter 49 0 1582245 1.95355 0.27908

- One Way ANOVA -]

- Overall ANOVA  ~|
DF  Sum of Squares  Mean Square = F Value Prob=F
Model 3 26831727893 877242631 153.88888| 7.82361E-51
Error| 192 10944 94857 57.00494
Total| 195 372622275
Mull Hypothesis: The means of all levels are equal.

—  Alternative Hypothesis: The means of one or more levels are different.
At the 0.05 level, the population means are significantly different.

- Fit Statistics ~ ~|
|— R-Square Coeff Var Root MSE = Data Mean
070627 034742 755016 2173214
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Figure 10 One-way ANOVA analysis of turbidity in different seasons.
2.6. Seasonal Variation of Temperature and Role of Natural Biofilm and Phytoremediation in Kharun River

Water temperature is an important factor in the river environment, affecting the chemical and biological characteristics of river
water, including microbial metabolism, the amount of dissolved oxygen, the speed of biochemical reactions, and the growth of
aquatic plants and algae. In the present study, seasonal variation and its implication on natural biofilm and phytoremediation
processes were studied by measuring temperature in 49 water samples during summer, rainy and winter seasons. Summer mean
water temperatures were 26.45°C (SD=0.52), rainy season mean water temperature 20.31°C (SD=0.60), and winter mean water
temperature 16.56°C (SD=1.16). Summer temperatures were the highest and winter temperatures the lowest, in accordance
with seasonal variation in solar radiation, ambient temperature, rainfall, cloud cover and river flow The original ANOVA had
a fourth group labeled “Sample” that represented sample identification rather than season. Excluding this group, the corrected
one-way ANOVA of the three seasons gave F = 12306.6, p < 0.001 (df = 2, 144), showing a very significant seasonal variation.
The mean temperature decreased by about 23.22% from summer to rainy season and 37.43% from summer to winter. These
changes reflect environmental seasonality, and are not to be interpreted as efficiencies of treatment removal. Temperature is
not a parameter for pollutant removal but it is an important factor controlling natural biological treatment. Temperature
fluctuations affect microbial growth and metabolism in biofilms on stones, sediments, plant roots and other submerged
surfaces. Warmer conditions can improve microbial degradation of biodegradable organic matter, while lower winter
temperatures can reduce microbial activity. But very high temperatures can influence dissolved oxygen availability and microbial

community composition .

Aquatic and riparian vegetation can indirectly influence temperature-related treatment processes by shading, evapotranspiration,
and alteration of local flow conditions. In addition, plant roots also provide substrates for microbial colonization and biofilm
growth. Thus, vegetation and biofilm processes may interact to create localized microenvironments that allow for the biological
transformation of pollutants. The seasonal temperature pattern thus provides an important environmental context for
interpreting variations in BODs, COD and other biologically influenced water quality parameters[20, 21] . Figure 11 shows the
mean water temperatures for the whole data set and individual seasons. Figure 12 shows the corrected one-way ANOVA results.
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Figure 11 Seasonal variation of mean temperature in Kharun River water.
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Figure 12 One-way ANOVA analysis of temperature in different seasons.

2.7. Biofilm formation-phytoremediation synergism on Kharun River physico-chemical parameters

Biofilm formation and phytoremediation may act as complementary biological processes affecting the physico-chemical quality
of Kharun River water. Biofilms serve as microbial surfaces for biodegradation, transformation, adsorption and immobilization,
and aquatic and riparian vegetation provide through root-zone filtration, sediment stabilization, nutrient uptake, pollutant
immobilization, of
The seasonal average of BOD 5 was 17.41, 16.20 and 16.67 mg/L for summer, rainy and winter season, tespectively and the
average of COD was 18.55, 17.60 and 17.68 mg/L. Lower values in the rainy- and winter-season may be attributed to changes

in organic loading and hydrological conditions. Biofilm associated microorganisms and plant-root rhizospheres may have

and provision surfaces for microbial colonization.

supported organic matter degradation. The iron concentrations were almost constant (0.26429, 0.26429 and 0.26347 mg/L),
with a limited seasonal variation. However, biofilms and plant roots may locally contribute to Fe adsorption, precipitation and
immobilization.

Turbidity had the greatest seasonal variation with means of 38.67, 7.43 and 15.82 N'TU respectively. Biofilms can trap suspended
particles and vegetation may reduce flow velocity, encourage sedimentation and stabilize sediments. Mean pH decreased from
8.09 in summer to 7.80 and 7.64 in rainy and winter seasons, respectively, which may be due to seasonal variations in
photosynthesis, respiration and microbial activity. The temperature decreased from 26.45 °C to 20.31 °C and 16.56 °C and was
acting mainly as an environmental control on biological processes instead of a removable pollutant. To summarize, the results
demonstrate complementary roles of biofilm and phytoremediation, especially for BODs, COD and turbidity. However,

seasonal differences should not be interpreted as direct efficiencies of treatments. Paired inlet-outlet measurements or

651
Natural Resources for Human Health (NRFHH)

httos://nrfhh.com



Natural Resources for
Human Health 9

elSSN: 2583-1194

controlled experiments are required to quantify the removal integrally[4] . Biofilm formation and phytoremediation
synergistically affect water quality in different seasons . Seasonal variation of water quality at Kharun River showed lower
BOD5, COD and turbidity during rainy season and the mean values were 16.20 mg/L, 17.60 mg/L and 7.43 NTU tespectively.
The cortesponding pH, Fe and temperatute were 7.80, 0.264 mg/L and 20.31°C. In summer, BODS5, COD, and turbidity wete
higher whereas minimum temperature and turbidity were moderately higher in winter than in the rainy season. These
observations suggest that seasonal hydrological and environmental conditions influence water quality and could impact on
biofilm and phytoremediation processes. Table 5 Seasonal comparison of selected physico-chemical parameters of water in
Kharun River.

Table 1 Seasonal variation of water quality parameters of Kharun River.

Parameter Summer | Rainy | Winter | Better season based on the observed value
Temperature (°C) | 26.45 20.31 | 16.56 Winter*

Turbidity NTU) | 38.67 7.43 15.82 Rainy

pH 8.09 7.8 7.64 Rainyt

BODs (mg/L) 17.41 16.2 16.67 Rainy

COD (mg/L) 18.55 17.6 17.68 Rainy

Fe (mg/L) 0.2643 0.2643 | 0.2635 | Winter, but difference is negligible

Temperature is an environmental factor, not a pollutant, so lower temperature does not necessarily mean better water quality.
Also pH should be considered in terms of desirable range rather than the absolute value. The best conditions for turbidity and
organic pollution were during the rainy season, with reductions of about 80.8% in turbidity, 6.9% in BOD5 and 5.1% in COD
compared to the summer. Biofilm formation may be more directly responsible for the reduction of BOD5 and COD through
microbial degradation of organic matter. Phytoremediation may provide complementary effects through root-zone filtration,
sediment stabilization and Fe immobilization. Vegetation and associated roots may also provide surfaces for microbial
colonization and particle retention . However, the seasonal data cannot identify which of the mechanisms is quantitatively more
effective. The respective removal efficiencies of controlled biofilm only, plant only and combined systems would be needed to
be determined|22, 23] .

2.8. Water Quality Status at Atora Village after Constructed Wetland Treatment

The proposed constructed wetland (CW) at Atora Village, Patan Block, Durg District, Chhattisgarh is based on filtration,
sedimentation, microbial degradation, plant uptake and rhizosphere interactions for the improvement of the quality of
wastewater. For each parameter, ten observations (N = 10) were recorded at the inlet and outlet. Temperature, turbidity and
pH exhibited different inlet-outlet variations (Figure 13). One-way ANOVA revealed statistically significant difference between
groups (F = 533.89473, p = 5.07787 X 107°2, p < 0.05; Figure 14). Figure 15 shows the average BOD 5, COD and Fe
concentrations before and after treatment. BOD 5 and COD were reduced significantly and Fe concentrations were relatively
low. ANOVA also indicated a significant difference between the inlet and outlet measurements (IF = 1430.91323, p = 2.48524
% 10-65, p < 0.05; Figure 16), which shows significant changes in the measured water-quality parameters after constructed
wetland treatment.
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Figure 13 Mean of water quality parameters in inlet and outlet of constructed wetland.

Descriptive Statistics ~|

TN Analysis | N Missing | Mean | Standard Deviation | SE of Mean
Sample 10 0 66 302766 0065743
CWIT 10 0 2477 0. 78606 0 24867
cwWort 10 0 24 .36 0 765462 0238065
CWIT W 10 0 72.6 723034 2.28043
CWOTw 10 0 21.27 201802 0 02304
CWipH 10 8} 7.21 01012 0 060406
CWOpH 10 0 7.1 01012 0 06046
One Way ANOVA |
Overall ANOVA -]
) DF T Sum of Squares | Mean Square F Value | Prob>F
Model o A2604 27340 6402 A780 533 809472 6 07787E .52
Frror 63 a41 026 10176
Total 6o A2236 29840
MNMull Hypothesis: The means of all levels are eqguasl
Alternative Hypothesis The means of one o more levels are different
Al the O 00 lovel the population moans are significantly differont
Fit Statistics -|
I T Square | Coeff Var | IRoot MSE | Data Mean
008071 013706 318083 22 272806
P T e D e = L o =

Figure 14 One-way ANOVA analysis of temperature, turbidity and pH at the inlet and outlet of constructed wetland.
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Figure 15 Average concentrations of BODg, COD and Fe in inlet and outlet of constructed wetland.
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Figure 16. One-way ANOVA for changes in BOD5, COD and Fe concentrations before and after treatment in the

constructed wetland.

The physico-chemical characteristics of the gray water measured at the inlet and outlet of the constructed wetland are given in
Table 6. They include temperature, turbidity, pH, BOD 5, COD and Fe. The values provide a comparative evaluation of water-
quality conditions before and after wetland treatment.

Table 4.6 Water-quality parameters of gray water at inlet and outlet of the constructed wetland.

Sample | CWIT | CWOT | CWITur | CWOTur | CWIpH | CWOpH
1 24.1 23.8 68 19.5 7.1 7.2
2 24.8 244 72 21.2 7.2 7.3
3 252 249 75 22.8 7.3 7.4
4 25.7 253 81 24.6 7.4 7.5
5 239 235 65 18.1 7 7.1
6 24.6 24.1 70 20.3 7.2 7.3
7 254 24.8 78 234 7.4 7.5
8 23.7 233 62 16.9 6.9 7
9 243 239 69 19.8 7.1 7.2
10 26 255 85 26.1 7.5 7.6

Sample | CWIBODs | CWOBODg | CWICOD | CWOCOD | CWIFe | CWOFe
1 41.8 12.4 101.2 39.8 0.18 0.08

2 43.5 13.1 104.8 41.6 0.21 0.09

3 45.2 13.8 108.5 43.2 0.24 0.1

4 47.1 14.7 112.3 45.1 0.27 0.11

5 40.6 11.8 98.7 37.9 0.16 0.07

6 44 13 106.1 40.5 0.2 0.08
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7 46.3 14.2 110.7 44 0.25 0.1

8 39.8 11.3 96.4 36.8 0.15 0.06
9 42.7 12.6 103.5 39.7 0.19 0.08
10 49 15.5 117.2 47.3 0.29 0.12

The average inlet temperature (CWIT) was 24.77 £ 0.79 °C as compared to 24.35 £ 0.75 °C at the outlet (CWOT), a small drop
of 0.42 °C (1.70%). This change is a response to environmental effects such as shading by vegetation, evapotranspiration and
heat exchange, not removal of pollutants. Turbidity showed the highest improvement from 72.50 + 7.23 N'TU at the inlet to
21.27 £ 2.92 NTU at the outlet, a reduction of 51.23 NTU (70.66%). This reduction may be ascribed to screening,
sedimentation, filtration through the media bed, retention of particles in the root zone and reduced flow velocity. The roots
also provide surfaces for the development of microbial biofilms. pH increased slightly from 7.21 £ 0.19 to 7.31 + 0.19 indicating
maintenance near neutral conditions possibly due to plant-microbe interactions, dissolved CO2, photosynthesis and respiration.
The overall ANOVA (F = 533.895, p = 5.08 X 107°2, R? = 0.98071) cannot be considered as primary evidence because different
parameters and units were aggregated. Separate paired analyzes are preferred [24-206] . The treatment performance of the
constructed wetland for gray-water treatment is shown in Table 7, by comparing the physico-chemical parameters at inlet and
outlet. The comparison shows the variation of temperature, turbidity, pH, BOD5, COD and Fe after wetland treatment and

offers an in-depth evaluation of the improvement in water quality

Table 7 Performance of constructed wetlands in treating water based on inlet-outlet water quality parameters.

Parameter Inlet mean | Outlet mean | Change Interpretation
Temperature | 24.77°C 24.35°C 1 0.42°C (1.70%) | Slight reduction
Turbidity 7250 NTU | 21.27 NTU 1 70.66% Major improvement
pH 7.21 7.31 1 0.10 (1.39%) Slight stabilization

The constructed wetland at Atora Village showed significant improvement of selected gray-water quality parameters. The
reduction of turbidity was the highest among the physical parameters, from 72.50 to 21.27 NTU, equivalent to 70.66% removal.
The improvement may be due to screening, sedimentation, gravel/media filtration, reduction of flow velocity, and patrticle
retention in the plant root zone. The temperature was relatively stable decreasing from 24.77 to 24.35 °C and the pH increased
slightly from 7.21 to 7.31, indicating slight modification of the environment rather than removal of pollutants.
For organic pollutants, the BODS5 was reduced from 44.00+2.93 to 13.24£1.31 mg/L, showing a reduction of 30.76 mg/L or
69.91%. The COD reduced from 105.94 + 6.41 to 41.59 * 3.30 mg/L, which is a reduction of 64.35 mg/L or 60.74 %. These
reductions indicate that microbial degradation, filtration and retention in the wetland bed greatly attenuate biodegradable and
chemically oxidizable organic matter. Biofilms developing on gravel, sediments, and roots of plants provide active surfaces for
microbial transformation. The rhizosphere intensifies the contact between the microorganisms, wastewater and the roots of
the plants.
The iron concentration was reduced from 0.214  0.047 to 0.089 £ 0.019 mg/L, which is a reduction of 0.125 mg/L or 58.41%.
The reduction can be caused by adsorption, precipitation, retention in sediment, interactions with microbes and immobilization
or uptake by plant roots. Thus, the activity of the biofilm and the phytoremediation are complementary parts of the constructed-
wetland process of treatment rather than separate mechanisms.
The genetic treatment sequence is: screening — settling — media filtration — biofilm activity — plant-root/rhizosphere
processes — treated-water outlet. The results showed significant reduction in turbidity, BOD5, COD and Fe where temperature
and pH were fairly stable. Table 8 summarizes the water quality characteristics of inlet and outlet and the treatment performance
of the constructed wetland[18] .
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Table 4.8. Water quality parameters at inlet and outlet of constructed wetland to find out changes after treatment.

Parameter Inlet Mean | Outlet Mean | Reduction | Removal Efficiency
BODs (mg/L) | 44 13.24 30.76 69.91%
COD (mg/L) | 105.94 41.59 64.35 60.74%
Fe (mg/L) 0.214 0.089 0.125 58.41%

The removal efficiency followed the order of BOD5 (69.91%) > COD (60.74%) > Fe (58.41 %). The higher BOD5 reduction
shows that biodegradable organic matter is effectively attenuated while COD reduction indicates removal of chemically
oxidizable substances and Fe reduction indicates retention or transformation within the wetland. The combined ANOVA
indicated F = 1430.913 and p = 2.49 X 107%%, with R? = 0.99272. Howevet, as BOD5, COD and Fe are different parameters
with different units, this overall ANOVA should not be interpreted as a direct test of treatment efficiency. The analysis of inlet—
outlet about the parameters is more proper. In general, the constructed wetland was very effective in decreasing organic

pollution and the concentration of Fe in Atora gray water.
3. CONCLUSION

The study reports significant seasonal variations in physico-chemical properties of Kharun River water indicating the possible
complementary role of natural biofilms and phytoremediation in improving water quality. BOD5, COD, pH, turbidity and
temperature were significantly different between seasons. Fe was relatively stable. In the rainy season the BOD 5, COD and
turbidity were significantly lower than summer. Temperature and pH should be interpreted as environmental parameters and
not as direct indicators of pollutant removal.
Natural biofilms are biologically active surfaces that can be used by microorganisms to degrade and transform organic matter .
Aquatic and riparian vegetation contribute through root-zone filtration, sediment stabilization, immobilization of pollutants
and the support of microbial communities . Cumulative impacts are especially relevant for BOD5, COD and turbidity, but Fe
attenuation and pH regulation are more strongly controlled by environmental and biological conditions.
The proposed constructed wetland at Atora Village showed obvious treatment potential. The turbidity, BOD5, COD and Fe
decreased by 70.66%, 69.91%, 60.74%, and 58.41% respectively, whereas temperature and pH were stable and unchanged.
Results showed that gray-water quality can be improved by combined operation of physical filtration, sedimentation, microbial
biofilm activity and plant-root processes.
Importantly, the seasonal differences noted in the Kharun River should not be viewed as direct removal efficiencies of biofilm
or phytoremediation. Likewise, a combined ANOVA of parameters measured in different units is not a suitable primary test of
treatment efficacy. Future work should incorporate parameter-specific paired inlet-outlet analyzes and controlled comparisons
of biofilm-only, plant-only and combined systems. Such studies would provide quantitative evidence for the individual and
synergistic contributions of microbial and plant-mediated processes and support optimization of constructed wetlands as

sustainable wastewater-treatment systems.
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