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ABSTRACT
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Aims: The study was conducted to evaluate microplastic (MP) concentrations in water from the Sutlej River in Punjab, India 
Study design: The Microplastic was screened by following National Oceanic and Atmospheric Administration (NOAA) NOAA laboratory protocol 
Place and Duration of Study: For the comparative assessment of the MP pollution samples have been collected on a bimonthly basis from September 2024 to February 2025 from selected sampling station of river Sutlej
Methodology: 54 Samples were collected and processed on a hot plate for 30 to 40 minutes at 50°C. after immediately followed by wet peroxidation using Fe (II) solution and 30% H₂O₂ to dissolve the remaining organic matter. Following density separation was carried out with NaCl and ZnCl₂ solution 
Results: Fibre, fragment, film, granules, beads, foam and honeycomb shaped MPs were identified from the Sutlej River stretch. Fibers were the most dominant shape, comprising 52.80% of the total MPs Microscopic study revealed that the most abundant MPs were in the 0.1 to 0.5 mm size range (33.02%). blue coloured particles were the most dominant, accounting for 33.10%. Through surface morphological analysis using FE-SEM, degradation features such as pits, grooves, cracks, sharp edges and fractured surfaces were observed. Among identified MP-polymers using Attenuated Total Reflection–Fourier Transform Infrared (ATR-FTIR), polypropylene (PP) (50%) was the most abundant type observed. Water from Walipur Kalan contained 29.7% more MPs than Phillaur because of continuous influx of polluted water influx from Buddha Nullah. Based on the risk index, the Sutlej River was classified as moderately polluted, with a Pollution Load Index (PLI) of 5.645 (PLI > 1), Hazard Index (HI) was 20.824 and Pollution Risk Index (PRI) was 107 indicating significant contamination. 
Conclusion: The need for focused management strategies was highlighted by identifying untreated wastewater releases from domestic and industrial sources as likely sources of contamination. 
Keywords Microplastics. Pollution. polymer. Sutlej Rivers. Biomagnification
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1.INTRODUCTION
Environmental challenges such as global warming, biodiversity loss, sea level rise, ocean acidification, climate change, and air and water pollution have pre-existed so far. Plastic pollution was raising issue since it takes a long time to decay. Due to their unique features like low weight, durability and superior cost-to-performance ratio, they were utilized in day-to-day lives as well as in all commercial works (Phuong et al., 2016). From $990.64 billion in 2022 to $1066.84 billion in 2023, the global market for plastic goods grew at a compound annual growth rate of 7.7% (Mallick & Vairakannu, 2023). Plastics account for at least 85% of all marine waste. Although packaging makes up 36% of the total production, only less than 9% of plastics are recycled. while remaining being buried (46%), burned (17%), scattered as litter (22%), or only partially collected for recycling (15%) (Yinuo, 2023).
 The MP can be categorized into two types based on their source, primary MPs (< 5 mm), which are known as microbeads as they were utilized firmly in variety of the products such as cosmetic products and scrubs etc. on the other hand secondary MP were produced after from the large plastic due to physical, chemical and biological processes (Kernchen et al., 2022). Each plastic has its own physical, chemical, and mechanical properties that interact together to affect the fragmentation process (Randhawa, 2025). As they are quite minute, MPs can easily spread throughout the environment and can lead to widespread contamination. Additionally, their strength and durability also have long-term effects on the environment (Born & Brüll, 2022). 
The size and density of plastics determine how they are transported and accumulated in water (Nizzetto et al., 2016). MPs possess a high surface area-to-volume ratio, extremely small size, and a density lower than that of water, which together contribute to their neutral buoyancy in aquatic environments. The large surface area of MPs provides an advantage to the microorganism to colonise and transverse to a new environment, which causes havoc for the species inhabited (Arias-Andres et al., 2018). They have a potent ability to adsorb the hazardous pollutants and toxic compounds from the surrounding environment, like heavy metals (Hartmann et al., 2018).This was coupled with the wind action that tends to disperse them from one location to another location (Mathalon & Hill, 2014). Finally, they reach into the oceans; as a result, 100 million MPs and 51 trillion nano plastics have settled on the surface of the ocean (Agamuthu et al., 2019). 
MP pollution in marine environments was well documented but less concentrated in freshwater and estuary ecosystems (Li et al., 2018). Rivers are the main pathways for marine MP pollution transporting 70–80% of inadequately managed plastic waste into the oceans each year, which ultimately act as the final sinks for this persistent environmental contaminant (Talbot & Chang, 2022). Due to this, seawater is expected to get a large quantity and variety of MPs (Klein et al., 2018). Many freshwater lakes and rivers were located near densely populated areas, which were heavily contaminated due to the direct discharge of untreated wastewater and garbage (Lebreton & Andrady, 2019).
The aim of the study was assess the MP pollution in water from selected sites on middle stretch of one of major River of Indus River system, Sutlej River (Punjab, India) addressing the gaps and also understanding their sources as well as the distribution pattern from upstream to downstream. The work related to the assessment of the MPs in freshwater system is scanty and no work has been reported in River Sutlej stretch in Punjab. Data base from this study may serve as the foundation for prevention and treatment of MPs pollution in the future.
2 MATERIALS AND METHODS
2.1 Study area
[bookmark: _Hlk207791562]The present study was carried on the two selected sites on the middle of Sutlej River. Site A- River Sutlej stretch at Phillaur near Ladowal Toll Plaza (31 0’12” N and 75 47’14” E) with 3 sampling station i.e. substations A1 (less impacted area), A2 (religiously impacted area), and A3 (slum impacted area) which were separated by 250 m. Site B - Walipur Kalan, where Buddha Nullah meets with River Sutlej (30 59’52” N and 75 39’2” E) with 3 sampling station i.e. substations B1 (pre-confluence), B2 (confluence), and B3 (post-confluence) (Fig.1). The sampling site as well as substations were identified based on the diverse anthropogenic activities and environmental concerns, which include industrial pollution, religious impacts, and anthropogenic factors.
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Fig.1. Selected sampling sites along with the sampling stations on Sutlej River
2.2 Sample collection
For the comparative assessment of the MP pollution, a total of  54 samples have been collected on a bimonthly basis from September 2024 to February 2025 using grab sampling method with net of 333-μm mesh by following the protocol of Haque et al. (2024). At a particular site, a plankton net had been suspended one foot below the water surface for five minutes, and the collected water sample containing MPs had been stored in a glass container for further analysis. The speed of the water flow is calculated with the help of a velocimeter.
The calculation of the sample volume collected was based on the procedure explained by Haque et al. (2024). Time-averaged velocity (V) of the river was recorded using a velocimeter at least two minutes prior to submerging the plankton net. The Velocity flow rate (Q) (m³/s) was calculated Q = A*V, where, v = Velocity per meter (m/s), A=Area of the plankton net entrance (A=πr2) (m2). Volume of water passing (V) = Q* t  where, t=Time of the immersion of the net inside the water (t=5 min).The number of MPs (MPs/L) was calculated subsequently in relation to the volume of water. 
2.3 Sample preparation 
Along with the MP particles, several organic and other non-plastic materials were also present in the water samples, which were separated with a 5-mm steel mesh screen by following NOAA laboratory protocol (Masura et al., 2015). After separation the water sample was carefully transferred into a 500 ml beaker and covered with aluminium foil. The prepared sample was processed on a hot plate for 30 to 40 minutes at 50°C. The process was immediately followed by wet peroxidation using 20 ml of Fe (II) solution and 30 ml of 30% H₂O₂ to dissolve the remaining organic matter. This procedure was repeated until no organic matter remained (Sambandam et al., 2022). Following this, the NaCl solution (1.2 g/mL of NaCl in distilled water) was added and manually stirred for 3 minutes, then the ZnCl₂ solution (1.5 g/mL) was added and left without disturbing for 22-24 hrs by covering with the aluminium foil. After density separation, the digested solution was passed through a 125 μm scientific sieve, and the residue was collected in petri dishes using ultra-pure water.
2.4 Quality assurance and quality control
For analysing the MPs, it is very essential and important to check quality assurance as well as quality control due to MPs are omnipresent (Di Giacinto et al., 2023). The probability of occurring contamination will be higher. To overcome the problem of contamination, necessary precautionary measures were taken. Throughout the process, plasticware was not used. During the collection of the water samples, only glass bottles were used, and also fish samples were wrapped in aluminium foil. During the whole process, like rinsing of the glassware, washing, segregation, etc. only deionized water was used, which is 100 % pure with no impurities. Before and after, the sieve was washed thrice to eliminate the unwanted particles to settle on the surface. The digestion was continued by closing the glassware with glass petri dishes, which prevent the entry of MPs from the environment. Proper dressed with cotton lab coats, gloves, mask & headgear were used to prevent contamination. As per scientific procedure, an experimental blank was used to find the level of contamination from environment at least from every 3 samples (Nuelle et al., 2014; Min et al., 2023). In this case, the experimental blank was de-ionized water of 200 ml to which left at the working area to find the contamination of MP from the environment because they were ubiquitous (Di Giacinto et al., 2023). The quality assurance was executed while working with both water & fish samples. During the analysis of fish as well as water samples, the MPs found in the blank were deducted, and the remaining MPs have been counted and analysed.
2.5 Quantitative analysis of microplastic
The MPs were identified, counted and categorized into different sizes, shapes and colours under a stereo zoom microscope (Model No.: - LEICA S 6D) with a digital camera. These identified particles were separated and once again studied clearly with a Nikon microscope. To measure the MPs accurately, the IMAGE J software (version 2.0.0) was used. A hot needle test was performed on the suspected particles to confirm whether they were plastic or non-plastic material to reduce the possibility of misidentification (Beckingham et al., 2023).
2.6 Qualitative analysis of microplastic 
Selective MP particles were cleaned, rinsed and transferred to microscopic slides under a stereo optical microscope for further study with Field Emission Scanning Electron Microscopy (FE-SEM) (Model No: JSM IT-800 HL) to study the sample morphology as well as any other particle sticking to the MPs, and the higher resolution images were captured. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Model No: Spectrum 3, Perkin Elmer) was used to identify the types of polymers present in the water samples, such as high and low density polyethylene (HDPE, LDPE), polypropylene (PP), poly ethylene terephthalate (PET) and polystyrene (PS) (Radhakrishnan et al., 2024). For each sample, 24 scans were averaged at a resolution of 4 cm⁻¹ with a wavenumber range of 400-4000 cm⁻¹. The obtained spectral data was cross-referenced with established reference spectra (Jung et al., 2018). Alternatively, spectra were compared by using the online free software Open Specy (Cowger et al., 2021). Similarity of ≥75% was considered for conformation of different MP-polymer.
2.7 Risk assessment of the Sutlej River
Risk evaluations began by considering the MP-quantity, shape, size, colour, and type of the polymer. However, there was no standard method for assessing the dangers of MP contamination, but Kabir et al. (2021) and Xu et al. (2022) was fallowed for the risk assessment of plastic pollution in Sutlej River was carried out.
 Cfi (Contamination Factor) in the Sutlej River of Punjab is calculated as fallows 
Cfi = Ci / Coi
Where Ci is the abundance of the MP in the particular site, Coi is the minimum abundance value for MP which includes all the sites or least concentration throughout the study.
2.7.1 The Pollution Load Index (PLI) is calculated as the fallowing, if PLI >1 is considered as polluted (Tomlinson et al., 1980).
PLIi = 
2.7.2 The Pollution Load Index of the zone (PLI zone ) is the study of the MP pollution over all. Study area can be calculated by using the fallowing equation.
PLI zone = 
Where n is number of samples
In contrast, PLI studies were entirely dependent on the quantity of MPs in selected station or site. However, PLI alone can’t represent the danger related to various polymer levels with varying hazard toxicity scores. So Potential Ecological Risk Index (PRI) was used to determine the danger due to abundance of different polymer (Hakanson et al., 1980). PLI and HI were utilized to find the Potential Ecological Risk Index.
2.7.3 Hazard Indication (HI) calculated with the fallowing equation.
HI = ∑[(Pi /Ci) ∗ S]
‘Pi’ - number of specific polymer types collected at each sampling location; S’ - hazard scores of polymers of MPs obtained from Lithner et al. (2011); Ci - abundance of the MP in the particular site.
Hzone = 
2.7.4 Potential Ecological Risk Index (PRI) is the combination of both Pollution Load Index and Hazard Indication.
PRI = 
2.8 Statistical analysis
    MPs concentration in each sample have been calculated using the ratio between MPs number and the total volume of water (L) for water samples. Statistical differences in terms of MPs concentrations between sampled locations have been tested using independent-samples Kruskal-Walli’s test and one-way ANOVA followed by a post-hoc Tukey test. p-values smaller than 0.05 has been considered statistically significant differences. The statistical tests were performed using SPSS version 20.0.
3 RESULTS AND DISCUSSION
3.1 Microplastic abundance in the water samples 
Among the total MPs recovered, 45.64% extracted from sampling sites in Phillaur, whereas Walipur Kalan exhibited a higher contribution of 54.36%. The abundance of MPs ranged from 3.63 to 18.96 MPs/L (Table 1). Water in various sampling months with mean concentration value of 9.99 MPs/L. Among the sub stations of Phillaur, the highest and lowest number recorded was 17.7 and 3.63 MPs/L at A3 and A1, respectively. Among the of sub stations of Walipur Kalan, the highest and lowest recorded was 18.96 and 6.45 MPs/L at B1 and B2, respectively. Samples of Walipur Kalan had accumulated 29.7% more MPs than Phillaur although the mean ± SD values of abundance of MP/L didn’t differ significantly between the sites and among the sampling sites (p > 0.05).
In present study mean concentration of 9.99 MPs/L. MPs were detected in all water samples collected from the selected sampling stations, which highlights the significant and persistent nature of MP pollution within the Sutlej River system. Sampling station B2 recorded the highest number of MPs in almost all sampling months, mainly because the polluted water from the Buddha Nullah carrying plastic debris, domestic sewage, and industrial effluents from the city of Ludhiana confluences with the Sutlej River, making it a significant point source of MPs and causing a perceptible rise in pollution at this site (Goyal, 2024). It was also observed that downstream of the river Sutlej, there has been an abrupt increase in the MP concentration in all the sampling months. Inadequate waste management along with a lack of effective policies contributes to the increment of the MP in the aquatic ecosystem and fauna (Honorato-Zimmer et al., 2024). In comparison with the other MP study in Indian rivers, the Sutlej River exhibits lower levels than the Mahanadi and Ganga River systems, with 15.1 ± 5.4 items/L and 17 to 36 particles/L (Singh et al., 2024; Patidar et al., 2023). However, the present study surpassed the MP concentrations in the coastal rivers Chapora and Zuari of Goa (0.25 MPs/L; 0.26 MPs/L) (Kalangutkar et al., 2024). Similarly, Sekar & Sundaram (2023) also found less MP concentration (3.9 items/L) in the Godavari River.

Table1. Microplastic abundance in water samples from selected sampling sites in Sutlej River
	
Sampling
 month
	Sampling site

	
	Phillaur
	Walipur Kalan

	
	A1
	A2
	A3
	B1
	B2
	B3

	September
	3.63
	6.1
	8.8
	6.45
	7.81
	8.18

	November
	14.2
	15.8
	17.7
	15.1
	18.96
	16.5

	February
	7.3
	9.2
	9.46
	12.2
	13
	11.6

	Average
	8.38 a ±5.36
	10.36 a ±4.95
	11.98 a ±4.95
	11.25 a ±4.4
	13.25 a ±5.5
	12.09 a ±4.1


Values (Mean ± standard deviation) with different alphabetical superscripts (a, b, c...) differ significantly between the sites (in a row) (P < 0.05).
3.2 Overall morphometric profiling of microplastic based on size, shape and colour screened from the water samples 
In present study on Sutlej River identified different type of MP shapes including fibre, fragment, film, granules, beads, foam and honeycomb etc as shown in the fig.2. Fibers were the most dominant shape, comprising 52.80% of the total. Films and fragments follow at 22.98% and 14.10%, respectively. Other shapes, such as granules (4.67%), flakes (3.04%), beads (2.02%), honeycomb (0.23%) and foam (0.16%), were present in much least proportions, while foam was completely absent (Fig.3).Microscopic study revealed that the most abundant MPs were in the 0.1 to 0.5 mm size range (33.02%), followed by 0.5 to 1 mm (21.73%), 1 to 1.5 mm (14.34%), 1.5 to 2 mm (10.90%) and < 0.1 mm (10.12%), with the least abundant size being 2 to 5 mm (9.89%) (Fig.4).Among the observed colours of MP, blue coloured particles were the most dominant, accounting for 33.10%, followed by transparent particles at 22.74%. Other colours like red (13.40%), yellow (11.29%) and violet (8.96%) were present in moderate amounts. while orange, brown, black and green each accumulated < 5% (Fig.5). 
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Fig.2. Different shapes of MP available in the river Sutlej: (a) Fibers; (b) fragments; (c,d) film;(e) foam;(f) beads;(g) granules ;(h) flakes ;(i) honeycomb.

Fig. 3. Overall assessment of microplastics based on shape (%) in the water samples

Fig. 4. Overall assessment of microplastics based on size (%) in the water samples

Fig.5. Overall assessment of microplastics based on colour (%) in the water samples
3.3 Assessment of microplastics (MP/L) based on Size, shape and colour in the water samples collected from the selected stations of the sampling sites
Across the different MP size range, the highest abundance size was 0.1–0.5 mm range, station A2 showed the maximum (4.48 MP/L) and B3 the minimum (3.25 MP/L). In the 0.5–1 mm range, A3 had the highest (3.36 MP/L) and B2 the lowest (1.87 MP/L). In the 1–1.5 mm size class, the highest was found at A3 (2.59 MP/L), whereas the lowest was at A1 (1.24 MP/L). The 1.5–2 mm particles were most abundant at B3 (1.84 MP/L) and least at A1 (0.56 MP/L). The <0.1 mm particles highest abundance recorded at station B2 (2.80 MP/L), while the lowest occurred at A3 (0.16 MP/L). In the largest size class, 2–5 mm, B2 recorded the highest concentration (1.90 MP/L) and A2 the lowest (0.40 MP/L). The mean ± SD values didn’t differ significantly between stations (p > 0.05) but exhibited significant differences within the station (p < 0.05).
This highlights the secondary MP formation processes through high fragmentation rates as observed similarly in various aquatic ecosystems, which were accidentally ingested by aquatic animals and then biomagnified through the food chain. Such variance exemplified the intricate web of relationships that exists among environmental processes, river dynamics, and pollution sources (Xiao et al., 2023; Allen et al., 2022). Similar studies reported that higher abundance of MPs <1 mm in the Mahanadi River (Patidar et al., 2023) and Zandvlei Estuary (Samuels et al., 2024). The larger-sized MPs displayed fewer indications of physical or chemical degradation, suggesting their greater persistence in the aquatic environment (Zbyszewski et al., 2014).
Table 2. Abundance of various size of MP/L in water samples collected from sampling station
	Sampling Station
	MP-SIZE

	
	<0.1mm
	0.1 - 0.5 mm
	0.5 - 1mm
	1 - 1.5 mm
	1.5 - 2 mm
	2 - 5 mm

	A1
	0.42 a,1±0.74
	3.39 a,1±2.49
	2.22 a,1±1.35
	1.24 a,1±0.76
	0.56 a,1±0.30
	0.59 a,1±0.44

	A2
	0.42 a,2±0.52
	4.48 a,1±2.66
	2.67 a,12±1.60
	1.36 a,12±0.37
	1.01 a,12±0.23
	0.40 a,2±0.35

	A3
	0.16 a,2±0.08
	3.94 a,1±0.57
	3.36 a,12±1.96
	2.59 a,12±2.24
	1.15 a,12±0.56
	0.68 a,12±0.40

	B1
	1.24 a,1±0.19
	3.59 a,1±1.59
	2.15 a,1±1.43
	1.63 a,1±0.70
	1.40a,1±1.00
	1.27 a,1±0.59

	B2
	2.80 a,1±0.91
	3.71 a,1±2.21
	1.87 a,1±1.51
	1.34 a,1±0.41
	1.64 a,1±0.60
	1.90 a,1±0.91

	B3
	1.56 a,1±0.36
	3.25 a,1±1.39
	2.5 a,1±1.12
	1.58 a,1±0.67
	1.84 a,1±1.18
	1.37 a,1±0.54


Values are expressed as the mean±SD. The mean values in the same column with different letters differ significantly (P<0.05) 
MPs of various shapes were detected such as fibers, fragments, films, granules, beads, foam, flakes and honeycomb. Among the different MP shapes, fibres were most abundant at station A3 (7.00 MP/L) and least at A1 (4.75 MP/L). Fragments exhibited the highest concentration at B2 (2.25 MP/L) and the lowest at A1 (0.68 MP/L), while films peaked at A3 (3.13 MP/L) and were lowest at A1 (2.25 MP/L). Foam was detected only in A2 (0.04 MP/L) and B1 (0.03 MP/L). Beads were most common at B1 (0.43 MP/L) and least at A2 (0.17 MP/L), whereas granules were highest at B3 (0.92 MP/L) and lowest at A1 (0.20 MP/L), with A3 exhibited no granules. Flakes accumulated maximum at A3 (0.71 MP/L) and a minimum at B3 (0.07 MP/L). Honey comb particles were present only in B1 and B2 (0.06 each MP/L) and were least at A3 (0.03 MP/L). The mean ± SD values didn’t differ significantly between stations (p > 0.05) except for flakes, but exhibited significant differences within the station (p < 0.05). 
Our findings on MP shapes aligned with previous MP studies, which found fibers as the dominant shape in the Chapora and Zuari rivers (Kalangutkar et al., 2024), the Udyavara estuary (Unnikrishnan et al., 2023), and the Mahanadi River (Patidar et al., 2023). Maximum secondary MPs were obtained, which can be linked to their origin. The high fiber abundance may be attributed to the fact that it takes a long period to degrade and reach the aquatic environment through the sewage system as well as surface runoff (Saha et al., 2021; Hoellein et al., 2017). Films, which are extremely thin sheets, might be produced by degradation of plastic bags (Syakti et al., 2018). 

Table 3. Abundance of various shape of MP/L in water samples collected from sampling station 
	Sampling station
	MP- Shape 

	
	Fibre
	Fragment
	Film
	Foam
	Beads
	Granules
	Flakes
	Honey comb

	A1
	4.75 a,1±3.14
	0.68 a,2±0.41
	2.25 a,12±1.27
	NA*
	0.41 a,2±0.54
	0.20 a,2±0.07
	0.13 ab,2±0.13
	NA*

	A2
	5.47 a,1±2.15
	1.56 a,2±0.86
	2.36 a,2±1.68
	0.04 a,2±0.08
	0.17 a,2±0.29
	0.16 a,2±0.14
	0.60 ab,2±0.44
	NA*

	A3
	7.00 a,1±4.1
	1.14 a,2±0.25
	3.13 a,12±1.18
	NA*
	NA*
	NA*
	0.71 a,2±0.18
	0.03 a,2±0.06

	B1
	5.49 a,1±2.09
	1.60 a,2±0.6
	2.52 a,2±1.04
	0.03 a,2±0.05
	0.43 a,2±0.14
	0.85 a,2±0.61
	0.28 ab,2±0.16
	0.06 a,2±0.10

	B2
	6.95 a,1±3.58
	2.25 a,2±1.31
	2.69 a,2±1.18
	NA*
	0.26 a,2±0.31
	0.91 a,2±0.31
	0.16 ab,2±0.16
	0.06 a,2±0.10

	B3
	6.13 a,1±1.56
	1.81 a,23±0.67
	2.98 a,2± 1.52
	NA*
	0.19 a,3±0.20
	0.92 a,23±0.69
	0.07 b,3±0.12
	NA*


The description about the statistical analysis is provided in Table 3
Among the observed MP colours, blue particles were most abundant at station B2 (4.75 MP/L) and least at A1 (3.13 MP/L). Transparent MPs most abundant at B3 (3.37 MP/L) and were lowest at A3 (1.90 MP/L). Red MPs were highest at B2 (2.08 MP/L) and lowest at A1 (0.71 MP/L), while yellow MPs reached their maximum at B2 (1.82 MP/L) and minimum at A1 (0.82 MP/L). Green particles were most common at A3 (0.78 MP/L) and least at B2 (0.03 MP/L), being absent in B1 and B3. Black MPs showed the highest value at A3 (0.90 MP/L) and the lowest at B1 and B2 (0.06 MP/L). Brown MPs were most abundant at B2 (0.61 MP/L) and least at A2 (0.18 MP/L). Violet MPs highest at B1 (1.43 MP/L) and were lowest at A1 (0.55 MP/L). Orange MPs were most frequent at A3 (0.20 MP/L) and least at B1 (0.12 MP/L), with no occurrence in A2 or B2. Multi-coloured MPs were detected only at B2 (0.03 MP/L). The mean ± SD values differed significantly between stations and within the station (p < 0.05).
Blue particles were found predominant in the U-Taphao River of Thailand (Pradit et al., 2023). Zhao et al. (2014) and Yan et al. (2019) found that blue and transparent MPs were common in the Yangtze Estuary and Pearl River Estuary in China. Blue, red, black and transparent MPs were found abundant in the Jiaojiang, Oujiang and Minjiang estuaries (Zhao et al., 2015), while blue, pink and grey particles were found in the Changjiang Estuary (Xu et al., 2018). Because marketing firms utilize various dyes and pigments to make plastic products attractive, which leach slowly and release pollutants into the environment (Gewert et al., 2015). 
Table 4. Abundance of various shape of MP/L in water samples collected sites and sampling station 
	MP-Colour
	Sampling station

	
	A1
	A2
	A3
	B1
	B2
	B3

	Blue
	3.13 a,1±2.04
	3.43 a,1±2.48
	3.63 a,1±3.26 
	3.72 a,1±1.99 
	4.75 a,1±2.61 
	4.59 a,1±2.05 

	Transparent
	2.15 a,1±2.11
	2.45 ab,1±1.86
	1.90 a,1±0.71 
	2.82 a,1±0.84 
	2.52 ab,1±0.10 
	3.37 ab,1±1.88 

	Red
	0.71 a,1±0.35
	1.25 ab,1±0.10 
	1.45 a,1±0.96 
	1.49 ab,1±0.74 
	2.08 ab,1±0.88 
	1.65 bc,1±0.22 

	Yellow
	0.82 a,1±0.61
	1.21 ab,1±0.64
	1.35 a,1±1.04 
	1.51 ab,1±0.60
	1.82 ab,1±0.73 
	1.12 bc,1±0.55 

	Green
	0.19 a,1±0.17
	0.63 ab,1±0.20
	0.78 a,1±0.68 
	NA*
	0.03 b,1±0.05 
	NA*

	Black
	0.34 a,23±0.21
	0.64 ab,12±0.12 
	0.90 a,1±0.42 
	0.06 b,3±0.10
	0.06 b,3±0.10 
	0.12 c,3±0.10 

	Brown
	0.39 a,1±0.59
	0.18 b,1±0.17 
	0.51 a,1±0.44 
	0.12 b,1±0.11 
	0.61 b,1±0.54 
	0.19 c,1±0.20 

	Violet
	0.55 a,1±0.64
	0.57 ab,1±0.50 
	1.29 a,1±0.21 
	1.43 ab,1±0.64 
	1.36 b,1±1.25
	0.89 bc,1±0.70

	Orange
	0.13 a,1±0.23
	NA*
	0.20 a,1±0.18 
	0.12 b,1±0.11 
	NA*
	0.18 c,1±0.17 

	Multi colour
	NA*
	NA*
	NA*
	NA*
	0.03 b,1±0.05
	NA*



The description about the statistical analysis is provided in Table 3
3.4 Surface Morphological characteristics of MPs found in water samples
In present study, MP-fibres revealed the longitudinal striations, breakage and splitting, which were signs of mechanical stress and prolonged exposure to the environment (Fig.6.a) (Militký et al.,2024). MP-fragments displayed angular, irregular forms with pits, sharp edges and fractured surfaces due to advanced physical and photo-oxidative deterioration (Fig.6.b) (Babaei et al.,2023). Film-type MPs were thin, pliable and often folded, usually originating from deteriorated plastic bags or packaging (Fig. 6.c) (Wright et al., 2020; Di et al., 2019). The primary causes of weathering damage were UV radiation and oxygen depletion (Liu et al., 2022). MP-Granules were rough, irregular, or smooth surface particles (Fig. 6.d). Despite being less common, honeycomb-patterned MPs were distinct in that they exhibited lattice-like and structured surface patterns (Fig.6.e), which might have resulted from the breakdown of composite materials. MPs with flake forms often had a flat, plate-like appearance with uneven edges and delaminated layers (Fig.6.f), and they frequently showed surface roughness, peeling and fragmentation. Wind-assisted transport and photolytic deterioration may cause foamed PS to fracture as shown in (Fig.6.g) (Turner, 2020). MP-beads were rod or filamentous structures with adhesive surface (Fig.6.h)
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Fig.6. FE-SEM analysis of different MP found in water samples of Sutlej River.
3.5 Qualitative analysis of MPs using ATR-FTIR spectroscopy
                 In the present study 54 MPs selected from the water sample were analysed and identified polymers in the Sutlej River were polypropylene (PP) was abundant (50%), followed by high-density polyethylene (HDPE) (27.3%), polyethylene terephthalate (PET) (9.1%), and polystyrene (PS) (4.5%). Spectral identification of MP-Polypropylene (PP), revealed the peaks at 2921.60 cm⁻¹ and 2852.43 cm⁻¹ corresponding to the stretch vibrations of CH₂ and CH₃ groups, which was typical features of aliphatic hydrocarbons. The presence of peaks at 1324.56 cm⁻¹ and in the range of 873.67–779.91 cm⁻¹ confirms the presence of methyl bending and rocking modes, indicating a branched structure consistent with polypropylene (Fig.7). The spectral identification of MP-HDPE revealed the noticeable absorption bands at 2915.86 cm⁻¹ and 2848.23 cm⁻¹ correspond to asymmetric and symmetric stretching vibrations of methylene (–CH₂) C–H bonds, indicative of saturated hydrocarbon chains typical of polyolefins (Fig.8). Additionally, the bands at 729.47 cm⁻¹ and 719.11 cm⁻¹ are linked to CH₂ rocking vibrations, which indicate its crystalline structure. PET: The strong absorption at 1713.00 cm⁻¹ is due to the C=O stretching vibration of ester or carboxylic acid groups, a hallmark of polyester materials. The accompanying C–O stretching bands at 1237.02 cm⁻¹ and 1093.65 cm⁻¹ further support the presence of ester linkages typical Polyethylene terephthalate (PET) (Fig.9). The band at 3025.65 cm⁻¹ corresponds to the aromatic C-H stretching vibration, while the peak at 2852.03 cm⁻¹ was associated with the symmetric stretching of CH₂ groups, strong absorptions at 1601.45 cm⁻¹ and 1492.96 cm⁻¹ were attributed to aromatic ring stretching vibrations suggesting the presence of alkyl side chains of polystyrene (PS) (Fig.10). 
In Phillaur near Kaasabaad village, PP and HDPE polymers were found abundantly in the water samples, which was one of the point sources of MP pollution in the Sutlej River. In Budha Nallah PE, PP and PET were detected in high concentrations.  PE and PP polymers were observed globally in fresh as well as marine waters (Suaria et al., 2016; Eriksen et al., 2014). Numerous plastic items, including bottles, synthetic clothes, packaging, fishing gear and others, were found to be abandoned during fieldwork. These materials break down over time due to fragmentation and inadequate waste management, greatly increasing the amount of MP contamination in the aquatic environment (Michielssen et al., 2016).
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Fig.7 FTIR spectrum of High-Density Polyethylene in water samples
[image: ]Fig.8 FTIR spectrum of polypropylene in water samples
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Fig.9 FTIR spectrum of Polyethylene terephthalate in water samples
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Fig.10 FTIR spectrum of Polystyrene in water samples
3.6 Pollution risk assessment of the Sutlej River 
The pollution load index of the sampling site Phillaur and Wallipur Kalan was 2.84 and 3.35 (Table 5), PLI of the total zone was 5.645 (PLI > 1) indicated significant MP pollution at both sites as well as total zone of Sutlej River. Although the river's overall Hazard Index (HI) of 20.824 placed it in risk category II, indicating moderate sub-lethal effects on aquatic life, the HI at Phillaur and Wallipur Kalan was below 10 (5.6 and 8.08, respectively), indicating low but existing ecological risk (risk category I). The Pollution Risk Index (PRI) values were also in the minor risk category (Phillaur: 15.9; Wallipur Kalan: 27; zone: 107).
In the present study, PLI values at Phillaur and Wallipur Kalan were >1, indicating significant MP pollution in the Sutlej River. This suggests that poor plastic disposal, urban runoff and textile waste are the likely causes of the contamination (Talang et al., 2024). PLI values were similar in the Udyavara Estuary, Limbe-Idenau, and Goa rivers, but Changjiang Bay (18.4) and parts of the Indian coast had much higher levels, reaching hazard level II (Ranjani et al., 2021). Although the river's overall Hazard Index (HI) reached risk category II, indicating moderate sub-lethal effects on aquatic life (Jeong et al., 2024). The Pollution Risk Index (PRI) values were also in the minor risk category. Similar findings were found for the Raquette River and the Jajroud River in Tehran (Haque et al., 2024). The primary reason for MP pollution was industrial discharges, fiber shedding from textile industries, urban runoff carrying synthetic and domestic waste, and fragmentation of improperly discarded plastic waste (Chan et al., 2023).
Table 5 Pollution risk assessment studies of the selected sampling stations of the river Sutlej.
	Risk categories
	Pollution Load Index (PLI)
	Hazard index
(HI)
	Pollution Risk Index
(PRI)

	Phillaur
	2.84 (polluted)
	5.6 (Cat- I )
	15.904 (minor )

	Wallipur Kalan
	3.35 (polluted)
	8.08 (Cat- I )
	27 (minor )

	zone
	5.645 (polluted)
	20.824 (Cat-II )
	107 (Minor )



5.CONCLUSION
Microplastics were traced in all the water samples collected during the sampling period in the Sutlej River stretch in Punjab. Various sources has been identified for the occurrence of MP contamination in the selected stretch of river Sutlej like industries, surface runoff, sewage waste discharge and fishing activities. The most common MP form found was fibers fallowed by films and fragments, which were probably associated with the discharge of domestic sewage and textile industry without proper treatment. The majority of MPs were 0.1–0.5 mm fallowed by 0.5-1.0mm size range which represents that most of the macro plastic which were abandoned or reached the aquatic environment were undergone high fragmentation rate and diluted in the aquatic ecosystem. Blue coloured MPs were dominant fallowed by transparent, red and yellow, signifies different source of contamination. Furthermore, the significant MP-degradation was observed through FE-SEM analysis for the most of the MP suggests a prolonged residence time within the river system. In terms of pollution risk due to MPs contamination, the Sutlej River can be rated as a moderate risk category. The observed PLI zone was 5.645 (>1), HI zone was 20.824 falls under risk category II and PRI zone was 107 which was placed under minor risk category. This shows the immense raise of the MP pollution which effect the aquatic animals but also human too. The higher possibilities of bioaccumulation and biomagnification of MPs through food chain cannot be overlooked. Results of this investigation offer significant perspectives for formulating focused tactics to mitigate MP contamination in the Sutlej River stretch in Punjab. 
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