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Abstract     The present study deals with the assess-
ment of different physicochemical parameters (pH, 
electrical conductivity (E.C.), turbidity, total dis-
solved solids (TDS), and dissolved oxygen) in dif-
ferent surface water such as pond, river, and canal 
water in four different seasons, viz. March, June, Sep-
tember, and December 2023. The research endeav-
ors to assess the impact of a cationic polyelectro-
lyte, specifically poly(diallyl dimethyl ammonium 
chloride) (PDADMAC), utilized as a coagulation 

aid in conjunction with lime for water treatment. 
Employing a conventional jar test apparatus, turbid-
ity removal from diverse water samples is examined. 
Furthermore, the samples undergo characterization 
utilizing X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) techniques. The study also 
conducts correlation analyses on various parameters 
such as electrical conductivity (EC), pH, total dis-
solved solids (TDS), turbidity of raw water, polyelec-
trolyte dosage, and percentage of turbidity removal 
across different water sources. Utilizing the Statisti-
cal Package for Social Science (SPSS) software, these 
analyses aim to establish robust relationships among 
initial turbidity, temperature, percentage of turbidity 
removal, dosage of coagulant aid, electrical conduc-
tivity, and total dissolved solids (TDS) in pond water, 
river water, and canal water. A strong positive corre-
lation could be found between the percentage of tur-
bidity removal and the value of initial turbidity of all 
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surface water. However, a negative correlation could 
be observed between the polyelectrolyte dosage and 
raw water’s turbidity. By elucidating these correla-
tions, the study contributes to a deeper understanding 
of the effectiveness of PDADMAC and lime in water 
treatment processes across diverse environmental 
conditions. This research enhances our comprehen-
sion of surface water treatment methodologies and 
provides valuable insights for optimizing water treat-
ment strategies to address the challenges posed by 
varying water sources and seasonal fluctuations.

Keywords  Surface water · SPSS software · 
Polyelectrolyte · Turbidity · Different water

Introduction

The well-being of mankind mainly depends upon the 
availability of clean water. Despite the great effort, 
human beings in the present era continue to face 
water pollution challenges. A large quantity of parti-
cles are picked up by surface water as it flows over the 
ground to streams and then through rivers and canals. 
Industrial discharge and human activities carry sig-
nificant contaminants to the surface water. The qual-
ity of surface water gets polluted because it is highly 
used by humans for drinking, bathing, agriculture, 
and other needs (Sánchez-Martín et  al., 2010; Soros 
et al., 2019). Turbidity, a measure of suspended and 
colloidal matter in water, is a key indicator of water 
quality, affecting both aesthetics and functionality 
(Asthana et al., 2017). High turbidity levels not only 
diminish water purity but also introduce unpleasant 
tastes and odors, impacting water treatment processes 
and increasing treatment costs (Muthuraman & Sasi-
kala, 2014). Moreover, turbid water inhibits respira-
tory processes and reduces visibility, underscoring 
the importance of minimizing turbidity levels in sur-
face water (Frieder et al., 2012; Gautam, 2011; Har-
greaves & Tucker, 2002; Li et  al., 2013; Paul et  al., 
2019).

In India, the pollution of rivers has reached alarm-
ing levels due to rapid urbanization and industrial 
growth, posing significant threats to aquatic ecosys-
tems and human health (Roy & Shamim, 2020). Pol-
lution stems from various sources, including indus-
trial and sewage waste discharge, agricultural runoff, 
and solid waste deposition (Singh et al., 2005; Wang 

et al., 2019). The influx of untreated and treated sus-
pensions further exacerbates water quality degrada-
tion, necessitating effective suspension removal strat-
egies (Voulvoulis, 2018).

Ahmed et  al. (2022) have done a Pearson cor-
relation study for the physicochemical parameters 
of Rawal water shed. They concluded that there is a 
positive correlation between turbidity and tempera-
ture. However, dissolved oxygen could not show any 
significant correlation with lithological parameters. 
Panda et al. (2018) studied the correlation of 16 differ-
ent parameters, including biological oxygen demand 
(BOD), dissolved oxygen, chromium, iron, chlorides, 
and pathogenic bacteria of river Salandi, Odisha, 
and revealed both positive and negative correlations 
among specific parameters. Sahu et  al. (2024) used 
K means to determine the correlation study of differ-
ent physicochemical parameters of groundwater of 
Raipur, India. The positive correlation could be found 
by the researchers among TDS, hardness, alkalinity, 
and EC ( Sahu et al., 2024; https://doi.org/10.1016/j.
measen.2024.101278).

Polyelectrolytes have emerged as crucial agents 
for water treatment, offering enhanced flocculation 
capabilities and versatility in controlling properties 
such as charge units and molecular weight (Yadav & 
Goyal, 2022). When used in conjunction with metal 
coagulants, polyelectrolytes aid in destabilizing sus-
pended particles and enhancing flocculation pro-
cesses (Jabin et al., 2021, 2023). Poly(diallyl dimethyl 
ammonium chloride) (PDADMAC), a high-charge 
density cationic polyelectrolyte, is particularly effec-
tive as a secondary coagulant for suspension removal 
(Jabin & Kapoor, 2020).

In this study, surface water samples were collected 
from various sources in India, including ponds, rivers, 
and canals, to assess turbidity levels and water quality 
parameters. Pond water, sourced from Thanthri, Pal-
wal District, Haryana, river water from the Yamuna 
River, and canal water from the Kheri canal in Greater 
Faridabad, Haryana, were analyzed. The Yamuna River, 
a major tributary of the Ganga River, faces substantial 
pollution from treated and untreated waste, highlighting 
the urgency of effective water treatment measures. A 
view of the area and collection site of all three sources 
of surface water has been shown in Fig. 1.

The objective of this study was to determine the 
optimum dosage of lime and PDADMAC for mini-
mizing turbidity in pond, river, and canal water in 
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all four seasons, viz., March, June, September, and 
December 2023. Additionally, correlation analy-
ses were conducted to understand the relationships 
among various water quality parameters including 
initial turbidity, electrical conductivity, total dis-
solved solids, pH, polyelectrolyte dosage, and per-
centage removal of turbidity. By elucidating these 
correlations, the study aims to provide insights into 
effective water treatment strategies and facilitate 
informed decision-making for water quality manage-
ment. The X-ray diffraction analysis of the sludge-
lime and sludge-lime-polymer composite was con-
ducted to explore the interaction mechanism among 
sludge, lime, and polymer. SEM analysis was also 
done in this study to explore the surface topography 
and adsorption behavior of lime as a primary coagu-
lant and polymer as a secondary coagulant in differ-
ent kinds of surface water (pond, river, and canal).

To the best of our knowledge, no research work 
has been done to date on physicochemical parameters 
assessment and its correlation study on the pond of 
the village Thanthri, Palwal District, Haryana, India, 
and Kheri Canal, Faridabad, India. The research work 
on turbidity removal was also not done earlier on this 
Pond water and Kheri Canal water of Faridabad. This 

research will be helpful in the long run for the people 
of village Thanthari and those in the vicinity of Kheri 
Canal, Faridabad, because they are a significant water 
source for the people of a particular area. Extensive 
research has been done on the water samples of the 
Yamuna River. However, the comparative study on 
the water of Yamuna River, pond water of village 
Thanthari, and Kheri Canal water has been done for 
the first time to the best of our knowledge. Based on 
the Pearson correlation study in all three water sam-
ples, it can be understood that this result will be help-
ful in the long run for the researchers. Hence, it is sig-
nificant and different from conventional studies.

Materials and methods

Water samples were collected throughout the year 
2023 across four distinct seasons: March (spring), 
June (summer), September (autumn), and Decem-
ber (winter). Physicochemical parameters, includ-
ing pH, electrical conductivity (E.C.), turbidity, total 
dissolved solids (TDS), and dissolved oxygen, were 
determined using standard methods outlined by the 

Fig. 1   View of area and image of collection site of A pond of village Thanthri, Palwal District, Haryana, India; B Yamuna river, 
Okhla New Delhi, India, and C Kheri Canal, Faridabad District, Haryana, India
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American Public Health Association (APHA, 1995) 
(Association, 1926).

The samples were collected in clean polyethylene 
bottles, rinsed with de-ionized water to avoid contam-
ination, and stored in a refrigerator before analysis. 
This study provides insights into surface water qual-
ity and anthropogenic activities’ impacts on water 
resources.

Inorganic coagulant lime was sourced from CDH 
(India) and prepared in distilled water to obtain a 
10 mg/L concentration. Poly(diallyl dimethyl ammo-
nium chloride) (PDADMAC), obtained from Sigma 
Aldrich, was utilized as a coagulant aid.

Water pH was measured using a pH meter (Anna 
HI 8314, USA), while electrical conductivity was 
assessed with a Philips conductivity bridge and dip-
type cell at a temperature of 27 °C ± 3 °C. Turbidity 
measurements were conducted using a turbidity meter 
(Hanna HI93703, USA), and TDS values were calcu-
lated using a tubular TDS meter.

Tables  1, 2, and 3 present the turbidity, tempera-
ture, E.C., TDS, and pH values of pond water, river 
water, and canal water across different seasons, along 
with a summary of basic statistical analysis. These 

tables offer comprehensive insights into the variations 
of key water quality parameters across different sea-
sons and water sources.

Raw pond water characteristics

The E.C. of pond water exhibited notable variations 
throughout the investigation, reaching its peak in 
September and lowest point in December. This fluc-
tuation in E.C. mirrored the trends observed in TDS. 
Additionally, the pH levels of pond water displayed 
seasonal variations. In March, June, and December 
2023, the mean pH was recorded at 8, whereas in 
September 2023, it decreased to 7.0. This pH varia-
tion is significant as it influences subsequent turbidity 
treatment processes. The pond water temperature was 
found to be 30 °C, 39 °C, 27 °C, and 20 °C in March, 
June, September, and December 2023, respectively. 
As per the literature, pond water’s temperature should 
be between 10 and 40 °C ( Mehta & Kumari, 2022). 
However, a temperature of more than 25 °C is found 
to be objectionable for the survival of flora and fauna 
present in aquatic medium.

Table 1   Characteristics 
of raw pond water with a 
summary of basic statistics

Season Parameter Minimum Maximum Mean Median Standard 
deviation

March Turbidity (NTU) 166.0 183.0 175.0 175.5 8.29
Temperature (°C) 28 32 30 30 1.83
E.C. (mho) 0.82 0.98 0.90 0.90 0.067
TDS (mg. L−1) 572 596 585 584 19.08
pH 7.8 8.2 8.0 8.0 0.18

June Turbidity (NTU) 179.0 198.0 189.0 189.5 9.9
Temperature (°C) 38.0 41.0 39.0 38.5 1.41
E.C. (mho) 0.74 0.86 0.80 0.80 0.059
TDS (mg. L−1) 499.0 520.0 511.0 512.5 9.49
pH 7.90 8.50 8.00 8.24 0.31

September Turbidity (NTU) 85.0 104.0 96.0 96.5 10.55
Temperature (°C) 25.0 30.0 27.0 26.5 2.16
E.C. (mho) 1.15 1.27 1.20 1.19 0.051
TDS (mg. L−1) 680 700 688 686 8.64
pH 6.8 7.4 7.0 7.1 0.29

December Turbidity (NTU) 138.0 156.0 145.0 143.0 8.08
Temperature (°C) 18.0 23.0 20.0 19.5 2.16
E.C. (mho) 0.44 0.56 0.50 0.50 0.064
TDS (mg. L−1) 312 330 326 324 14.14
pH 7.4 7.8 8.0 7.6 0.16
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Table 2   Characteristics 
of raw river water with a 
summary of basic statistics

Season Parameter Minimum Maximum Mean Median Standard deviation

March Turbidity (NTU) 86.0 102.0 94.0 94.0 7.70
Temperature (°C) 17.0 23.0 19.5 19.0 2.65
E.C. (mho) 0.94 1.23 1.10 1.115 0.147
TDS (mg. L−1) 838 866 849 846 11.944
pH 8.3 8.8 8.6 8.65 0.244

June Turbidity (NTU) 236.0 268.0 249.0 246.0 15.01
Temperature (°C) 35.9 39.2 37.4 37.25 1.49
E.C. (mho) 1.48 1.69 1.60 1.615 0.092
TDS (mg. L−1) 834 861 849 850.5 12.027
pH 8.1 8.5 8.3 8.30 0.182

September Turbidity (NTU) 99 121.0 110.0 110.0 9.13
Temperature (°C) 28.0 30.0 29.0 29.0 1.15
E.C. (mho) 1.13 1.30 1.20 1.185 0.084
TDS (mg. L−1) 398 684 595 647 136.142
pH 8.00 8.50 8.30 8.35 0.244

December Turbidity (NTU) 146.0 172.0 158.0 157.0 10.71
Temperature (°C) 16.0 26.0 21.0 21.0 4.16
E.C. (mho) 1.20 1.42 1.30 1.29 0.099
TDS (mg. L−1) 674 706 689 688 14.00
pH 7.2 7.6 7.4 7.4 0.163

Table 3   Characteristics 
of raw canal water with a 
summary of basic statistics

Seasons Parameters Minimum Maximum Mean Median Standard deviation

March Turbidity (NTU) 240.0 262.0 248.0 247.0 12.110
Temperature (°C) 22.0 25.0 23.0 22.5 1.414
E.C. (mho) 0.70 0.92 0.8 0.79 0.107
TDS (mg. L−1) 270 300 285 285 16.206
pH 7.1 7.5 7.3 7.3 0.182

June Turbidity (NTU) 312.0 350.0 333.0 335.0 15.705
Temperature (°C) 38.0 40.0 39.0 39.0 1.154
E.C. (mho) 0.43 0.57 0.50 0.50 0.070
TDS (mg. L−1) 195 226 210 209.5 13.440
pH 7.20 8.10 7.60 7.55 0.424

September Turbidity (NTU) 192.0 220.0 205.0 204.0 12.49
Temperature (°C) 30 33 31 30.5 1.414
E.C. (mho) 1.11 1.33 1.20 1.18 0.983
TDS (mg. L−1) 302 333 315 312.5 13.038
pH 7.0 7.2 7.1 7.1 0.115

December Turbidity (NTU) 180.0 215.0 198.0 198.5 18.055
Temperature (°C) 20.0 24.0 22.0 22.0 1.993
E.C. (mho) 1.35 1.46 1.40 1.39 0.058
TDS (mg. L−1) 336 360 348 348 12.754
pH 8.0 8.2 8.1 8.1 0.115
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The turbidity levels of pond water also varied 
across different seasons. In March, June, Septem-
ber, and December 2023, the turbidity measurements 
were recorded at 175 NTU, 189 NTU, 96 NTU, and 
145 NTU, respectively. These fluctuations in turbid-
ity levels underscore the dynamic nature of water 
quality in ponds and emphasize the importance of 
continuous monitoring and treatment measures. Both 
EC and TDS were found to be highest in the month 
of September 2023 for pond water. A linear correla-
tion could be observed between EC and TDS in pond 
water. The result is in close agreement with the work 
of Sarang et al. (2018).

Raw river water characteristics

Upon evaluating the raw water from the Yamuna, it 
was observed that the turbidity levels peaked at 249 
NTU in June and reached their lowest point at 94 
NTU in March. Concurrently, the temperature of the 
water samples exhibited fluctuations ranging from 19 
to 38  °C, with the highest temperatures recorded in 
June and the lowest in March.

Similarly, the E.C. demonstrated its highest val-
ues in June and its lowest in March. The elevated 
E.C. values in June indicate significant dissolved 
inorganic substances in the ionized water. TDS indi-
cates water’s overall salinity, with the highest TDS 
recorded in June at 849 mg/L and the lowest in Sep-
tember at 595 mg/L.

The pH levels of the water samples ranged from 
7.4 to 8.6, showcasing variations in acidity and alka-
linity. These findings highlight the dynamic nature of 
water quality parameters in the Yamuna, emphasizing 
the importance of continued monitoring and manage-
ment strategies to ensure water safety and purity.

Raw canal water characteristics

The turbidity levels in canal water were notably 
higher than other surface water sources. In June 2023, 
the average turbidity reached 333 NTU, decreasing to 
a minimum of 198 NTU in December 2023. It could 
be observed from the results that turbidity is highest 
in the summer season in pond, river, and canal water. 
It may be because of water loss in the summer sea-
son in all kinds of surface water due to high tempera-
tures, which leads to an increase in the concentration 
of siliceous materials  in the water bodies. Siliceous 

materials and colloidal particles present in surface 
water cause turbidity. Colloidal matter can be small 
organisms and mud. Small organisms grow at a faster 
rate in the summer season (Dey et al., 2021).

Concurrently, the temperature of the water samples 
exhibited fluctuations ranging from 22 to 39 °C, with 
June 2023 recording the highest temperatures and 
December 2023 the lowest. Similarly, the E.C. values 
fluctuated between 0.5 and 1.4 mho, mirroring the 
trend observed in TDS. Notably, the E.C. peaked in 
December 2023 and was at its lowest in June 2023, 
demonstrating seasonal variations in water quality 
parameters.

Removal of turbidity using polyelectrolyte

The raw water underwent filtration using a stainless 
sieve followed by filter paper with a 7–8 µm pore size. 
Subsequently, a jar test procedure was conducted, a 
widely adopted laboratory method for assessing coag-
ulation and flocculation processes at a bench scale.

This experiment utilized a conventional jar test 
apparatus featuring the Phipps and Bird six-paddle 
stirrer with an illuminated base within 2 L square 
Plexiglas containers. An RPM (rotation per minute) 
gauge at the top Centre of the device is present for 
uniformly controlling the mixing speed in all contain-
ers. Each jar was filled with one L of water. Desired 
lime was added to each jar and agitated for one min-
ute at 100 RPM. Then, the desired dosage of PDAD-
MAC as a coagulant aid was added after mixing the 
lime. The mixing speed was reduced to 50  rpm for 
7.5  min, followed by 20 RPM for another 7.5  min. 
After a 30-min sedimentation period, a 10-ml aliquot 
was extracted from the mid-depth of the beaker, and 
the residual turbidity was measured (Chiavola et  al., 
2023; Haghiri et al., 2018). This process was repeated 
for all types of water samples. Variations in results 
were observed due to disparities in the physicochemi-
cal properties of water quality. The optimum dosage 
of lime and polymer has been tabulated and discussed 
in the results and discussion section.

X‑ray diffraction (XRD) analysis

The studies of X-ray diffraction were carried out 
using a Rigaku D/Max-2500 X-ray diffractometer. 
This instrument utilized a Cu-Kα X-ray tube with 
a wavelength of 1.540538 angstroms, operating at 
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a current of 20  mA and an input voltage of 40  kV. 
Throughout the study, two diffractograms were gener-
ated to investigate the interactions within the sludge-
lime-polymer system-one for sludge with lime and 
another for sludge with lime and polyelectrolyte. 
These analyses aimed to provide insights into the 
complex interactions occurring within the composite 
material.

Scanning electron microscopy (SEM) analysis

Materials were imaged using an SEM apparatus 
manufactured by Jeol (Japan), specifically the JSM 
6510Lv model. Operating at a 15  kV accelerating 
voltage, this SEM enabled detailed visualization of 
the specimens. A typical SEM allows for scanning 
areas ranging from 1 to 5 μm, offering magnifications 
between 20x and 30,000 × with a spatial resolution of 
50–100 nm. In SEM analysis, a focused beam of elec-
trons interacts with the specimen, producing images 
that unveil the sample’s surface topography.

Result and discussion

Result of different surface water with basic statistics

Sixteen water samples were collected from various 
surface water sources over 1  year. Table  4 summa-
rizes the optimization of lime dosage for four differ-
ent samples.

The optimal lime dosage varied across differ-
ent water sources and seasons, with specific dos-
ages identified for each scenario. In March, the opti-
mal lime dosage was 7.5  mg/L for pond water and 
10  mg/L for river water. Conversely, canal water 
consistently required 5 mg/L of lime dosage through-
out all seasons due to its consistently high turbidity 
compared to other surface water sources. Notably, 
an inverse relationship was observed between turbid-
ity levels and optimal lime dosage, with higher tur-
bidity necessitating lower lime dosages. This trend 
was consistent across all four seasons. These results 
are in close agreement with Kapoor et al. (2015). To 
address residual lime concentration in treated water 
and further reduce turbidity, cationic polyelectro-
lyte PDADMAC was employed in conjunction with 
lime for turbidity removal from various water sam-
ples. Enhanced performance was achieved when the 

coagulant aid was added to the water sample after 
proper lime mixing, in contrast to the simultaneous 
addition of polyelectrolyte and lime.

PDADMAC, characterized by its quaternary 
ammonium salt nature and synthetic polyelectro-
lyte properties, demonstrated efficacy in turbidity 
removal. Its high charge density and molecular weight 
facilitated the flocculation of negatively charged sus-
pended particles through adsorption and charge neu-
tralization mechanisms. This effectiveness was par-
ticularly notable in high turbidity water compared to 
low turbidity water (Kapoor et al., 2015; Piaskowski 
et al., 2023).

The treatment results for pond water across four 
different seasons are depicted in Fig. 2A–B. Follow-
ing treatment, the average residual turbidity of pond 
water ranged from 4.76 to 9.0 NTU for March, June, 
September, and December 2023, respectively. Inter-
estingly, the lowest residual turbidity was observed 
when the raw water exhibited the highest turbidity 
levels. This underscores PDADMAC’s superior per-
formance in highly turbid water conditions compared 
to situations with lower turbidity levels.

The efficacy of PDADMAC in turbidity removal 
from river water is illustrated in Fig.  3A–D across 
the months of March, June, September, and Decem-
ber 2023. Notably, the combined action of lime and 
PDADMAC proved notably more effective at higher 
initial turbidity levels compared to lower turbid-
ity conditions. This heightened effectiveness can be 

Table 4   Optimum lime dosages in different surface water 
samples in different seasons

Water sample Season Dosage 
of lime 
(mg/L)

Turbidity of 
raw water 
(NTU)

Pond water March 2023 7.5 175
River water 10 94
Canal water 5 248
Pond water June 2023 7.5 189
River water 5 249
Canal water 5 333
Pond water September 2023 10 96
River water 10 110
Canal water 5 205
Pond water December 2023 7.5 145
River water 7.5 158
Canal water 5 198
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attributed to the presence of ample colloidal suspen-
sions during periods of maximum turbidity, facilitat-
ing adsorption and charge neutralization processes. 
June 2023 exhibited the highest turbidity levels in 
river water, as depicted in Fig. 3B.

In canal water, using polyelectrolyte as a coagu-
lant aid in the flocculation process resulted in reduced 
lime dosage and residual turbidity, as shown in 
Fig.  4A–B. Since canal water exhibited the highest 
raw turbidity in June compared to other surface water 
sources, the removal of turbidity peaked during this 
period (97.99%), as illustrated in Fig. 4. Following jar 
testing, minimal changes in pH (within ± 0.1) were 
observed across all treated water samples.

Table  5 summarizes the optimal polyelectrolyte 
dosage alongside the percentage of turbidity removal 
across various surface water sources. Polyelectro-
lyte dosage emerged as a critical factor in turbid-
ity removal, with the highest removal rates achieved 
at minimal polyelectrolyte dosages across all water 
samples. In the presence of suspended solids, low 
molecular mass polymers primarily react with solu-
ble organics, while high molecular mass polymers, at 
low dosages, preferentially interact with suspended 
solids (Kapoor et al., 2015; Piaskowski et al., 2023). 

Consequently, PDADMAC, a high molecular weight 
polyelectrolyte, operates optimally at a dosage of 
2  mg/L for highly turbid canal and river water in 
June. Maintaining an optimal dosage of coagulant 
aid is crucial to prevent excessive adsorption, which 
could lead to poor adsorption site accessibility.

Moreover, the optimal polyelectrolyte dosage was 
identified as 4  mg/L in river water for the March, 
June, and December seasons. This optimized dosage 
strategy balances effective turbidity removal while 
minimizing excess polyelectrolyte adsorption, ensur-
ing optimal treatment outcomes.

Due to the significant variation in turbidity of dif-
ferent raw water, it is very challenging to predict the 
dosage of polyelectrolyte to be used in a particular 
kind of water. Determination of optimum dosage of 
polyelectrolyte can only be determined by jar tests, 
because there is no set formula for defining polymer 
dosage in the coagulation-flocculation process. Based 
on the results obtained, it can be concluded that treat-
ing surface water with lime as a primary coagulant 
decreases the required dosage of PDADMAC as a 
coagulant aid because a high dosage of polymer cov-
ers the particle to a more significant extent and does 
not give sufficient space for adsorption. It is also 

Fig. 2   Minimum, maxi-
mum, and mean turbidity 
value of pond water before 
and after treatment with 
PDADMAC: A March 
2023, B June 2023, C 
September 2023, and D 
December 2023



Environ Monit Assess         (2024) 196:874 	 Page 9 of 17    874 

Vol.: (0123456789)

noted that a dose more than the optimum polymer 
dosage does not enhance turbidity removal.

X‑ray powder diffraction (XRD) analysis

The XRD spectra obtained for the samples containing 
sludge with lime and sludge with lime with polyelec-
trolyte provide valuable insights into these compo-
nents’ structural composition and interaction.

The XRD spectra obtained for the sludge with 
lime combination reveal distinctive diffraction peaks 
corresponding to the crystalline phases present in 
the sample. Typically, the XRD pattern for sludge 
with lime exhibits peaks corresponding to the crys-
talline phases of lime, including calcium hydroxide 
(Ca(OH)2), calcium carbonate (CaCO3), and calcium 
oxide (CaO). These peaks align well with the char-
acteristic peaks of calcite at 2θ ~ 29.20°, indicative of 
the (111) plane, as observed in Card No. 5–586 from 
the International Center for Diffraction Data (ICDD) 

(Galván-Ruiz et al., 2009; Pires, 2015). However, the 
intensity of the peak at 39.02° corresponding to the 
(200) plane is comparatively low due to the overlay of 
sludge samples onto the lime (Nasrazadani & Eureste, 
2008) (Fig. 5A). These peaks facilitate the identifica-
tion of crystalline phases formed upon the addition of 
lime to the sludge, providing insights into the degree 
of crystallinity and phase composition of the sample. 
Moreover, shifts or changes in peak intensity suggest 
potential interactions or reactions between the sludge 
and lime components.

In contrast, the XRD spectra obtained for the 
sludge with lime plus polyelectrolyte combina-
tion exhibit alterations in peak intensity, position, or 
appearance compared to the sludge with lime alone. 
These changes indicate potential modifications in the 
crystalline structure or phase composition induced by 
adding polyelectrolyte. Specifically, a sharp peak near 
2θ ~ 30° becomes more intense and undergoes a slight 
shift in angle after interaction with polyelectrolyte, 

Fig. 3   Minimum, maxi-
mum, and mean turbidity 
value of river water before 
and after treatment with 
PDADMAC: A March 
2023, B June 2023, C 
September 2023, and D 
December 2023
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Fig. 4   Minimum, maxi-
mum, and mean turbidity 
value of canal water before 
and after treatment with 
PDADMAC: A March 
2023, B June 2023, C 
September 2023, and D 
December 2023

Table 5   The optimum dosage of polyelectrolyte in the removal of turbidity in different surface

Types of surface water Seasons Optimum dosage of polyelectro-
lyte (mg L−1)

Turbidity of raw water 
(NTU)

Percentage of 
removal of turbidity 
(%)

Pond water March 4 175 97.28
June 4 189 97.04
September 6 96 90.62
December 4 145 97.09

River water Mach 6 94 92.09
June 2 249 97.14
September 6 110 96.36
December 4 158 94.87

Canal water March 4 248 97.81
June 2 333 97.91
September 4 205 95.70
December 4 198 96.78
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while a peak observed at 2θ ~ 17 disappears upon the 
addition of polyelectrolyte. Furthermore, a new peak 
emerges at 2θ ~ 31.68°, characteristic of PDADMAC, 
suggesting an increase in the semicrystalline nature 
of the sample following the addition of polyelectro-
lyte (Tyagi & Sharma, 2016). The disappearance of 
the peak at 2θ ~ 34° from the spectra indicates the 
dominance of polyelectrolyte in the material over 
lime (Fig.  5B). These alterations in peak character-
istics signify interactions between the polyelectrolyte 
and the sludge-lime matrix, potentially leading to 
new crystalline phases or changes in crystallographic 
parameters. Overall, XRD analysis provides valuable 
insights into the structural modifications induced by 
the incorporation of polyelectrolyte into the sludge-
lime composite, shedding light on its influence on the 
material’s overall properties.

Scanning electron microscopy (SEM) analysis

SEM analysis was conducted on sludge samples (after 
filtration) treated with lime alone and combined with 
polyelectrolyte. The impact of lime as a standalone 
metal coagulant on sludge was examined at magnifi-
cation scales of 500X (Fig. 6A), 25KX (Fig. 6B), and 
50KX (Fig.  6C). Similarly, sludge treated with lime 
in conjunction with polyelectrolyte was studied at the 
same magnification scales of 500X (Fig. 6D), 25KX 
(Fig. 6E), and 50KX (Fig. 6F).

Figure  6A presents the original sludge particles 
treated with lime alone. These particles exhibit a 

smaller size, an unevenly dispersed surface arrange-
ment, and strong adhesion to water. Figure 6B and C 
depict the unadjusted spaces observable on the sur-
face without uniform consistency. These observations 
provide insight into the structural changes induced by 
applying lime as a solo metal coagulant.

Following the addition of polyelectrolyte, mol-
ecules permeate and occupy spaces within the struc-
ture, indicating the formation of a sludge-lime-polye-
lectrolyte composite (Fig. 6E and F). Analysis of the 
sludge treated with lime and polyelectrolyte confirms 
the development of dense and smooth floc structures 
during treatment (Fig. 6D). Under SEM examination, 
strong bonding within the sludge-lime-polyelectrolyte 
composite is evident, showcasing unique and well-
defined features (Fig. 6D–F).

Polyelectrolytes are crucial in enlarging sludge 
particles and facilitating strong aggregation through 
charge neutralization mechanisms (Fig.  6E and F). 
This phenomenon enhances water separation from 
sludge, leading to improved water purification. Fur-
thermore, adsorption and charge neutralization trans-
form destabilized particles into larger aggregates and 
flocs, aiding in effective water cleaning.

SPSS Pearson correlations

Monitoring water quality is facilitated through cor-
relation studies among various parameters (Chekkala 
et al., 2023; Shroff et al., 2015). Using SPSS, a cor-
relation matrix for different variables is constructed 

Fig. 5   X-ray diffractogram of impurities/sludge after filtration A with lime and B with lime + polyelectrolyte
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to establish correlations between different aspects 
of surface water. The degree of correlation between 
variables is assessed through the Pearson correla-
tion coefficient. This coefficient, denoted as r, indi-
cates the strength and direction of linear relationships 
between pairs of continuous variables. The analysis 
determines whether variables are strongly correlated 
with each other. Essentially, the Pearson correlation 
assesses whether statistical evidence supports a linear 
relationship among the parameters.

Analysis of pond water

The Statistical Package for Social Science (SPSS) 
software was employed to analyze certain factors’ 
influence on pond water characteristics. Table 6 pre-
sents the Pearson correlation coefficient, illustrating 
the relationship between turbidity, temperature, E.C., 
TDS, pH, percentage removal of turbidity, and initial 
turbidity.

The correlation analysis of pond water revealed 
several significant relationships. There was a strong 
positive linear correlation between the percentage 
removal of turbidity and initial turbidity (r = 0.887), 

which was statistically significant (p = 0.000). Addi-
tionally, the polyelectrolyte dosage exhibited a strong 
negative correlation with the percentage of removal 
(r =  − 0.881), which is also statistically significant.

Furthermore, the turbidity of raw water displayed a 
strong positive correlation with the removal percent-
age. Higher initial turbidity corresponded to a more 
significant percentage of turbidity removal. Moreo-
ver, the E.C. showed a significant positive correlation 
with TDS (r =  + 0.977), indicating a direct relation-
ship between the two parameters. Lastly, a direct cor-
relation was observed between temperature and the 
initial turbidity of raw water (r =  + 0.570).

Analysis of  river water  The correlation analysis of 
river water variables was conducted using IBM SPSS 
software, and the Pearson correlation coefficients are 
presented in Table 7. The Pearson correlation coeffi-
cient indicates the strength and direction of the rela-
tionship between different parameters.

The correlation matrix revealed several sig-
nificant relationships. Initial turbidity exhibited 
a strong positive correlation (r = 0.740) with the 
temperature of river water, which was statistically 

Fig. 6   Scanning electron micrographs of sludge-lime (A–C) and sludge-lime-polyelectrolyte composite (D–F)
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significant. Furthermore, the dosage of polyelectro-
lyte displayed a strong negative linear relationship 
with initial turbidity (r =  − 0.879), which was also 
statistically significant (p = 0.000). Additionally, 
initial turbidity showed a strong negative correla-
tion (r =  − 0.914) with E.C., also statistically sig-
nificant (p = 0.000).

Moreover, the correlation matrix indicated 
a strong negative linear relationship between 
the polyelectrolyte dosage and initial turbid-
ity (r =  − 0.977), with statistical significance 
(p = 0.000). Furthermore, the percentage removal 
of turbidity showed a strong positive linear relation 
with initial turbidity (r = 0.851), which was statisti-
cally significant (p = 0.000). Additionally, there was 
a statistically significant relationship between the 
percentage of removal and the dosage of polyelec-
trolyte (p = 0.000), with both parameters negatively 
correlated (r =  − 0.825) with each other.

Analysis of canal water  The correlation analysis for 
various variables was conducted using SPSS software, 
revealing the relationships between different param-
eters. Table 8 presents the Pearson correlation coef-
ficients for other parameters of canal water.

The correlation matrix indicated several signifi-
cant findings. Initial turbidity demonstrated a statis-
tically significant (p = 0.002) strong positive correla-
tion (r = 0.712) with the temperature of canal water. 
Furthermore, initial turbidity exhibited a strong nega-
tive correlation with E.C. (r =  − 0.917) and TDS 
(r =  − 0.945), both of which were statistically signifi-
cant (p = 0.000). However, no significant correlation 
was observed between initial turbidity and pH.

Moreover, the polyelectrolyte dosage displayed 
a strong negative linear relationship with initial tur-
bidity (r =  − 0.910), which was statistically signifi-
cant (p = 0.000). Additionally, the correlation matrix 
showed a strong positive linear relationship between 

Table 6   Pearson correlation coefficient for pond water

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)

Parameter Temp E.C TDS pH Dosage % Removal 
of turbidity

Initial turbidity

Temp Pearson correlation 1 0.293 0.372 0.612*  − 0.164 0.334 0.570*

Sig(2-tailed) 0.270 0.156 0.012 0.543 0.206 0.021
N 16 16 16 16 16 16 16

E.C Pearson correlation 0.293 1 0.977**  − 0.431 0.784**  − 0.596*  − 0.453
Sig(2-tailed) 0.270 0.000 0.095 0.000 0.015 0.078
N 16 16 16 16 16 16 16

TDS Pearson correlation 0.372 0.977** 1  − 0.293 0.699**  − 0.501*  − 0.350
Sig(2-tailed) 0.156 0.000 0.270 0.003 0.048 0.183
N 16 16 16 16 16 16 16

pH Pearson correlation 0.612*  − 0.431  − 0.293 1  − 0.796** 0.821** 0.905**

Sig(2-tailed) 0.012 0.095 0.270 0.000 0.000 0.000
N 16 16 16 16 16 16 16

Dosage Pearson correlation  − 0.164 0.784** 0.699**  − 0.796** 1  − 0.881**  − 0.879**

Sig(2-tailed) 0.543 0.000 0.003 0.000 0.000 0.000
N 16 16 16 16 16 16 16

% Removal of turbidity Pearson correlation 0.334  − 0.596*  − 0.501* 0.821**  − 0.881** 1 0.887**

Sig(2-tailed) 0.206 0.015 0.048 0.000 0.000 0.000
N 16 16 16 16 16 16 16

Initial turbidity Pearson correlation 0.570*  − 0.453  − 0.350 0.905**  − 0.879** 0.887** 1
Sig(2-tailed) 0.021 0.078 0.183 0.000 0.000 0.000
N 16 16 16 16 16 16 16
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the percentage removal of turbidity and initial tur-
bidity (r = 0.690), which was statistically signifi-
cant (p = 0.003). Furthermore, a negative correlation 
(r =  − 0.584) was observed between the dosages 
of polyelectrolyte and the percentage of turbidity 
removal.

The correlation analysis across different surface 
water types revealed consistent trends. Initial tur-
bidity showed a strong correlation with temperature 
across all surface water types, and the polyelectrolyte 
dosage exhibited a strong correlation with initial tur-
bidity across all surface water types.

Conclusion

The results from the SPSS correlation analysis 
revealed a robust and interesting correlation between 
initial turbidity with removal percentage of turbid-
ity, dosage of polyelectrolyte, and temperature. 

Specifically, a notable negative correlation was 
observed between the polymer dosage and initial 
turbidity in all kinds of surface water. However, a 
positive correlation could be concluded between ini-
tial turbidity and temperature as well as turbidity of 
raw water with a percentage of turbidity removal. 
Moreover, in pond and canal water, E.C. and TDS 
were found to be strongly correlated with each other, 
whereas they exhibited a moderate correlation in river 
water. Notably, the performance of lime in conjunc-
tion with polyelectrolyte was significantly more effec-
tive at high initial turbidity levels than at low turbid-
ity levels. Adding PDADMAC alongside lime led 
to an enhancement in flocculation size, indicating 
improved treatment efficiency. Thus, the findings sup-
port the successful application of polyelectrolytes as 
a coagulant aid for turbidity removal in various sur-
face water contexts. Generally, the fluctuating water 
turbidity levels at different stages further complicate 
the treatment process. However, the usage of lime 

Table 7   Correlation coefficient values for river water

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)

Parameter Temp E.C TDS pH Dosage % Removal 
of turbidity

Initial turbidity

Temp Pearson correlation 1 0.783** 0.121  − 0.190  − 0.628** 0.687** 0.740**

Sig(2-tailed) 0.000 0.655 0.482 0.009 0.003 0.001
N 16 16 16 16 16 16 16

E.C Pearson correlation 0.783** 1 0.323  − 0.091  − 0.879** 0.825** 0.914**

Sig(2-tailed) 0.000 0.222 0.737 0.000 0.000 0.000
N 16 16 16 16 16 16 16

TDS Pearson correlation 0.121 0.323 1 0.293  − 0.415  − 0.138 0.381
Sig(2-tailed) 0.655 0.222 0.270 0.110 0.611 0.146
N 16 16 16 16 16 16 16

pH Pearson correlation  − 0.190  − 0.091 0.293 1 0.240  − 0.352  − 0.218
Sig(2-tailed) 0.482 0.737 0.270 0.371 0.181 0.418
N 16 16 16 16 16 16 16

Dosage Pearson correlation  − 0.628**  − 0.879**  − 0.415 0.240 1  − 0.825**  − 0.977**

Sig(2-tailed) 0.009 0.000 0.110 0.371 0.000 0.000
N 16 16 16 16 16 16 16

% Removal of turbidity Pearson correlation 0.687** 0.825**  − 0.138  − 0.352  − 0.825** 1 0.851**

Sig(2-tailed) 0.003 0.000 0.611 0.181 0.000 0.000
N 16 16 16 16 16 16 16

Initial turbidity Pearson correlation 0.740** 0.914** 0.381  − 0.218  − 0.977** 0.851** 1
Sig(2-tailed) 0.001 0.000 0.146 0.418 0.000 0.000
N 16 16 16 16 16 16 16
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in conjunction with PDADMAC has given remark-
able results in this study, which can be recommended 
in the long run as a reference for further research in 
the field of water engineering. In addition, insights 
into the interaction of impurities with lime and poly-
electrolyte were gained through XRD studies of 
sludge with lime and polyelectrolyte. Additionally, 
SEM analysis confirmed that treating sludge with 
lime and polyelectrolyte resulted in the formation of 
dense flocs, aiding in water purification via charge 
neutralization.

Recommendations

Overall results showed that adding a low dosage of 
lime significantly improved suspended particles and 
colloid removal by polyelectrolyte. The combined 
coagulant and coagulant aid removes the turbidity in 
different kinds of surface water efficiently. The study 

also showed that the specific dosage of PDADMAC 
is significantly low in all kinds of surface water when 
used as a coagulant aid. Pearson correlation helped to 
conclude a strong relationship between initial turbid-
ity with a dosage of polymer and removal percentage. 
This correlation can be helpful in the long run for fur-
ther research in water engineering.

Limitations and future work

This work is limited to chemical methods for remov-
ing turbidity from different kinds of surface water. 
The chemical method is a sustainable solution for 
different surface water (ponds, rivers, canals, etc.). 
In the future, novel polyelectrolytes can be synthe-
sized and applied to the same water sources. Evalua-
tion of the correlation of different parameters can be 
explored further on the same water samples by using 
discretization.

Table 8   Correlation coefficient values for canal water

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)

Parameter Temp E.C TDS pH Dosage % Removal 
of turbidity

Initial 
turbidity

Temp Pearson correlation 1  − 0.621*  − 0.765** 0.152  − 0.692** 0.013 0.712**

Sig(2-tailed) 0.010 0.001 0.574 0.003 0.963 0.002
N 16 16 16 16 16 16 16

E.C Pearson correlation  − 0.621* 1 0.970** 0.266 0.973**  − 0.680**  − 0.917**

Sig(2-tailed) 0.010 0.000 0.319 0.000 0.004 0.000
N 16 16 16 16 16 16 16

TDS Pearson correlation  − 0.765** 0.970** 1 0.222 0.948**  − 0.574*  − 0.945**

Sig(2-tailed) 0.001 0.000 0.409 0.000 0.020 0.000
N 16 16 16 16 16 16 16

pH Pearson correlation 0.152 0.266 0.222 1 0.125  − 0.478  − 0.241
Sig(2-tailed) 0.574 0.319 0.409 0.644 0.061 0.369
N 16 16 16 16 16 16 16

Dosage Pearson correlation  − 0.692** 0.973** 0.948** 0.125 1  − 0.584*  − 0.910**

Sig(2-tailed) 0.003 0.000 0.000 0.644 0.017 0.000
N 16 16 16 16 16 16 16

% Removal of 
turbidity

Pearson correlation 0.013  − 0.680**  − 0.574*  − 0.478  − 0.584* 1 0.690**

Sig(2-tailed) 0.963 0.004 0.020 0.061 0.017 0.003
N 16 16 16 16 16 16 16

Initial turbidity Pearson correlation 0.712**  − 0.917**  − 0.945**  − 0.241  − 0.910** 0.690** 1
Sig(2-tailed) 0.002 0.000 0.000 0.369 0.000 0.003
N 16 16 16 16 16 16 16
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