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Abstract: Swimming pools are examples of water-intensive facilities, where solutions for reducing 7

economic and environmental costs are increasingly frequently searched. One of the solutions is the 8

recovery of water from wastewater, including from washings obtained through the process of rins- 9

ing filter bed. The study objective was the qualitative and quantitative assessment of post-coagula- 10

tion sludges, the main pollutant found in the washings. During the analyses, assessment of the sed- 11

imentation capabilities of the sludges was performed (gravitationally), particle size distribution was 12

assessed (particle size distribution analyzer) and assessment of phytotoxicity with the use of plant 13

indicators in short-term tests was performed (Lemna minor, Lepidium sativum, Sinapis alba, Raphanus 14

sativus). The samples were collected from two independent circulations, which differed in terms of 15

capacity and type of coagulant used. The tested post-coagulation sludges were characterized by 16

high content of total suspended solids: in samples from Circulation 1 from 251 to 128 mg/l, in Cir- 17

culation 2 from 489 to 228 mg/l. However, the sedimentation processes enabled significant separa- 18

tion of sludges. The hydrolyzed coagulant contributed to the improvement of sedimentation capa- 19

bilities of sludges. Despite the fact that in many samples low sludge concentrations favored stimu- 20

lation of plant growth, the post-coagulation sludges can constitute a hazard to plant growth, partic- 21

ularly in the long-term perspective. 22
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26

1. Introduction 27

Considering the increasing frequency and duration of heat waves in Europe and the 28

local shortage of fresh water resources, more attention should be paid to the possibilities 29

of recovering usable water from waste streams [1,2]. Possibilities of utilization of wash- 30

ings from porous beds rinsing constitute a problem analyzed in the literature, e.g. heat 31

recovery and use for flushing toilets [3-5]. The interest in water recovery and washings 32

reuse will increase in the near future due to the regulations of the European Parliament 33

introduced in 2020 regarding the minimum quality requirements for reused wastewater 34

[6]. At the same time, washings from swimming pool facilities, due to their quality, offer 35

much greater possibilities of recovery than wastewater [3,7]. 36

The efficiency of the filtration process has a significant impact on the quality of the 37

water in the pool [8]. Water in a closed circuit is purified and disinfected continuously 38

and its losses are supplemented with feed water, e.g. tap water. In the process of water 39

filtration, a gradual bed collimation takes place, which consists in the fact that suspended 40

solids, fibers and post-coagulation sediments attach to the grains. As a result, the space 41

between them gradually fills up (bed porosity decreases) and the hydraulic resistance of 42

the bed increases. In this process, rinsing water flows under pressure from the bottom 43

upwards through the nozzles located at the bottom of the filter (in the direction opposite 44
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to normal filtration) [8-11]. Rinsing of pressure filters should last as long as the rinsing 45

water (washings) is completely clear. According to the recommendations, it is necessary 46

to use from 4 to 6 m3 of water for each m2 of filter bed for proper rinsing [12]. 47

The operation of a swimming pool facility requires a significant demand for water 48

for domestic and household purposes. Apart from rinsing the filters, water for technolog- 49

ical purposes is used to replenish losses in the circulation. Monthly water loss in a single 50

pool is about 10% of its capacity (for a swimming pool of average capacity of 576 m3, it is 51

over 57 m3). The daily recommended fresh water intake is 30 dm3 per swimmer [12]. How- 52

ever, in practice this consumption varies and depends on the load and size of the facility 53

(from 28 to 86 dm3/person) [13, 14]. In addition, water is consumed for the sanitary needs 54

of the facility users and staff and for cleaning works within the building and adjacent 55

green areas.  56

For example, daily water consumption in the facility with swimming pool, leisure 57

pool and spa bath, in which water treatment circuits have a total capacity of 75.9 m3/h, is 58

9.88 m3/d (calculated based on the efficiency of the sample cycle). The volume of water 59

consumed depends on the function and type of the pool, the method of technological so- 60

lution, the efficiency of the equipment used, the attendance, the standard of equipment of 61

the facility, the season of the year, the standard of living of the population and additional 62

purposes [13,14].  63

The quality of the washings depends on many factors, including the length of the 64

filtration cycle, the type and number of filters, the method of bed rinsing, the quality of 65

supplementary water, the technology used, and the hydraulic conditions of the pool basin 66

[3]. The washings are characterized by a large amount of suspended solids and residues 67

of coagulants, added to the treated water before entering the filter bed [3,15]. The concen- 68

tration of organic matter in the washings is mainly concentrated around particles larger 69

than 45 µm [15]. A high proportion of 30 µm size fractions was also reported, as well as 70

nanoparticles, approximately 955 nm in size [16].  71

Previous results of studies on evaluating the possibility of discharging washings into 72

water or land show that it is necessary to apply sedimentation and dechlorination to re- 73

duce the most problematic physicochemical indicators [3,4,17]. The content of total sus- 74

pended solids in the washings shows varied values ranging from 28 to 360 mg/dm3 [3,17]. 75

They are characterized by high precipitation, ranging from 81 to 96% relative to their total 76

volume. For example, a two-hour sedimentation process reduces total suspended solids 77

from 360 to 84 mg/dm3 [17]. As a result of a 12-hour free chlorine disappearance process, 78

the value of this parameter can be reduced by up to 80% [3,17]. Sedimentation also allows 79

for partial reduction of COD [17].  80

Considering the significant share of sludge and suspended particles in the volume of 81

washings, we should also analyze the potential possibilities of managing sludge from 82

swimming pool washings - its volume share in the stream, its physicochemical properties, 83

chemical stability and ecotoxicological risk. Because the management of waste sludge is 84

an increasingly studied problem of the circular economy [18]. 85

The aim of this study is a preliminary analysis of the physicochemical and ecotoxico- 86

logical quality of gravity thickened sludge from washings collected in two pool water cir- 87

cuits.  88

2. Materials and Methods 89

2.1. Subject of the study 90

The subject of the study were samples of sludge from washings collected after rinsing 91

of the filter beds operating in swimming pool facilities. The washings were collected in 92

two municipal swimming pools once a week, in four independent samplings for each of 93

the circuits.  94

In the swimming pool no. 1, the samples were taken from the common circuit of the 95

swimming pool and the slow lane (located by the slide) - hereinafter referred to as circuit 96
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1 (Circuit 1, the characteristics of the objects can also be found in the Supplement). Water 97

in this circuit is purified by a multilayer sand bed with a hydroanthracite layer. There are 98

three similar beds with 1800 mm diameter and filtration area of 2.54 m2 each. The rinsing 99

process is carried out manually with compressed air and water. The volume of water used 100

for rinsing in this cycle is 4.75 m3/m2 of bed. Each of the beds is rinsed every 24 hours, and 101

the water is discharged into the municipal sewage system. The filtration process is accom- 102

panied by coagulation with aluminum sulfate (8.5%) and disinfection with sodium hypo- 103

chlorite produced in situ by membrane electrolysis.  104

In the swimming pool No. 2, the samples were taken from the common circuit of the 105

swimming pool, the recreation pool and the slow lane, further designated as circuit 2 (Cir- 106

cuit 2). Water in this circuit is purified on multilayer sand beds with a hydroanthracite 107

layer, of various dimensions. In this circuit there are two filters with diameter of 1800 mm 108

(area of each bed is 2.54 m2), two filters with diameter of 2350 mm (area of each bed is 4.30 109

m2) and a filter with diameter of 2000 mm (area of bed is 3.14 m2). Rinsing process is car- 110

ried out with compressed air and water. The volume of water used for rinsing is 4.09, 4.16 111

and 4.39 m3/m2 of bed (given according to the order mentioned earlier). The beds serving 112

the swimming and recreational pools are rinsed every 24 hours, whereas the bed for the 113

slow lane is rinsed every 48 hours. The filtration process is accompanied by coagulation 114

with aluminum hydroxychloride (10%) and disinfection with stabilized sodium hypo- 115

chlorite.  116

The samples were collected into 10-liter plastic canisters through drain channels dur- 117

ing the rinsing process conducted after the facility was closed in the evening. 118

The sedimentation process in Imhoff funnels was carried out for 24 hours, the change 119

of selected physicochemical parameters (described in subsection 2.2) was analyzed during 120

this time. After 24 hours, the treated washings were decanted from the sludge. The sludge 121

was collected for further analyses. 122

123

2.2. Characteristics of the sludge 124

During sedimentation of the sludge, the changes in the content of total suspended 125

solids and the increase in the sludge settled by gravity in the Imhoff funnel were meas- 126

ured. The total suspended solids (TSS) content was determined by the method of filtration 127

through glass fiber filters [19]. The TSS results and sediment volumes [mL] presented are 128

the mean value of four independent replicates. The graphs show the value of the arithme- 129

tic mean together with the standard deviation. 130

Then, samples of gravity thickened sediments were analyzed with the use of a Mas- 131

tersizer 3000 particle size distribution analyzer (Malvern) with Hydro EV (dip-in wet sam- 132

ple dispersion), in the range of 0.01 - 3500 µm. The presented results are the average of 133

five measurements taken automatically by the device.  134

Photographs were taken with an optical microscope of the samples of the tested sed- 135

iments. At the same time, the assessment of the sediment phytotoxicity was started. 136

137

2.3. Assessment of the phytotoxicity of sludge 138

The gravitationally compacted sludge were subjected to ecotoxicological analyzes. 139

The influence of sludge in the samples was assessed for 10, 30, 50, 80, 100% of the hydrated 140

sludge volume in deionized water. Control samples consisted of deionized water. The 141

assessment of the changes of phytotoxicity of method based on the US EPA recommenda- 142

tions [20] using L. minor as the indicator organism. The assessment of matrices phytotoxi- 143

city was made based on the observation of either stimulation or inhibition of the growth 144

in the number of fronds in a 7-day test (from day t1 = 0 to day t2 = 7). The average specific 145

growth rate for a specific period is calculated as the logarithmic increase in the growth 146

variables - frond numbers, using the formula below for each replicate of control and treat- 147

ments: 148

149

150
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  µi-j =((ln(Nj) – ln (Ni)/t) (1) 

151

where: µi-j - average specific growth rate from time i to j; Ni - measurement variable 152

in the test or control vessel at time i; Nj - measurement variable in the test or control vessel 153

at time j; t - time period from i to j.  154

Percent inhibition of growth rate (Ir) may then be calculated for each test concentra- 155

tion (treatment group) according to the following formula: 156

157

 %Ir = ((µC – µT)/µC) · 100 (2) 

158

where: Ir - percent inhibition in average specific growth rate, µC - mean value for µ in 159

the control; µT - mean value for µ in the treatment group.  160

The plant growth inhibition (phytotoxicity) indicator and growth inhibition coeffi- 161

cient values were positive, while the growth stimulation was indicated by negative values. 162

The phytotoxicity tests of the samples were performed in parallel with the physicochem- 163

ical assessment. To describe the results of ecotoxicological analyzes, a unified concept of 164

the toxic effect was used, denoted as E (%) [21]. Negative frond growth inhibition values 165

mean stimulation of their growth. The samples are classified according to the magnitude 166

of the toxic effect: I < 25% - non-toxic; I = 25.1 - 50% - low toxic; I = 50.1 - 75% toxic; I = 75.1 167

-100% - highly toxic [21]. 168

All samples in Inhibition Test were carried out in triplicate, and the results were ex- 169

pressed as mean ± SD. The results presented graphically represent the mean value of all 170

the independent trials performed. 171

172

2.4.1. Germination Inhibition Test 173

The assessment of the phytotoxicity of matrices using common radish (Raphanus sa- 174

tivus), watercress (Lepidium sativum) and white mustard (Sinapis alba) was made based on 175

the Phytotoxkit® test method [22]. The 5 ml of test samples (10, 30, 50, 80, 100% of the 176

hydrated sludge volume in deionized water) were poured on Petri dishes, and then 10 177

pieces of R. sativus and S. alba seeds were sown on each of the samples, the plates were 178

placed in a laboratory incubator (Elkon) at a temperature of 25±0.5°C. The number of 179

sprouted seeds and the length of the roots were read after 72 hours.  180

The presented results are the mean values of three performed repetitions. The phy- 181

totoxicity test included a test with fresh matrices as well as control. The examined effects 182

of phytotoxicity included relative seed germination (RSG), plants relative root growth 183

(RRG) and germination index (GI) [23]:  184

185

𝑅𝑆𝐺(%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (3) 

𝑅𝑅𝐺(%) =  
𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100 (4) 

𝐺𝐼(%) =
𝑅𝑆𝐺 × 𝑅𝑅𝐺

100
(5) 

186

The toxicity classification is presented in Table 1 was used to interpret the Germination 187

Index values [23, 24]. 188

189

190

191
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Table 1. Toxicity classification based on the germination index GI [23,24]. 192

Germination Index Value Effect 

GI ≥ 100 Growth stimulation 

100 > GI ≥ 80 Non-toxicity 

80 > GI ≥ 50 Moderate toxicity 

50 > GI High toxicity 

193

All samples in Germination Test were carried out in triplicate, and the results were ex- 194

pressed as mean ± SD. Means and standard deviation were calculated using the MS Excel 195

statistical package. The results presented graphically represent the mean value of all the 196

independent trials performed. 197

3. Results 198

3.1. Characteristic of the sludge 199

Total suspended solids concentration in the tested samples was high, yet it differed 200

significantly depending on the individual sampling. The washings collected from Circuit 201

1 had the TSS content ranging between 251 and 128 mg/L (Figure 1 (a) – (d)). And the 202

highest value was recorded for Sample 1 (251.00 ± 23.48 mg/L), while the lowest for Sam- 203

ple 3 (128.00 ± 4.76 mg/L). Sludge from Circuit 1 was characterized by susceptibility to 204

sedimentation. Within first 30 minutes the content of total suspended solids were reduced 205

to 130.25 ± 26.65 mg/L and 92.25 ± 8.66 mg/L, respectively, for Sample 1 and 3 (Figure 1 (a) 206

– (d)). 207

In this period, the increase of sludge on the bottom of Imhoff funnel was analyzed by 208

reading the volume. First readings after 30 min of sedimentation were: 5.2 ± 0.7 mL; 4.7 ± 209

0.6 mL; 4.0 ± 0.2 mL and 3.8 ± 0.3 mL, respectively, for Samples 1; 2; 3; and 4 from Circuit 210

1 (Figure 1 (a) – (d)). With increasing sedimentation time the volume of the sludge first 211

increased and then decreased, and the sludge settled on the bottom of the funnel, subject 212

to concentration. After 24 hours of sedimentation the volume of the concentrated sludge 213

in the samples was: 4.9 ± 0.7 mL; 3.8 ± 0.8 mL; 4.1 ± 0.5 mL and 3.7 ± 0.3 mL, respectively, 214

for Samples 1; 2; 3 and 4 (Circuit 1) (Figure 1 (a) – (d)). 215

Prolongation of the sedimentation process to 24 hours aimed at the removal of the 216

highest amount of sludge possible and obtaining values compliant with the legal regula- 217

tions [25]. This makes it possible to discharge the supernatant liquid into the environment. 218

The majority of the tested samples met those requirements. In Circuit 1 only for Sample 4, 219

the required removal of total suspended solids below 35 mg/L or 90% reduction (reduc- 220

tion level was 76.40%) was not obtained. The total suspended solids concentration after a 221

day of sedimentation was: 27.75 ± 7.41 mg/L; 33.25 ± 3.77 mg/L; 25.25 ± 4.99 mg/L and 222

38.75 ± 2.99 mg/L, respectively, for Samples 1; 2; 3 and 4 (Circuit 1) (Figure 1 (a) – (d)).  223

The analogous analysis was conducted for washing samples in Circuit 2. Washing 224

samples from Circuit 2 were characterized by higher concentrations of total suspended 225

solids. The TSS content ranged from 489 to 228 mg/L (Figure 1 (e) – (h)). And the highest 226

value was recorded for Sample 1 (489.00 ± 15.34 mg/L), while the lowest for Sample 4 227

(228.00 ± 14.97 mg/L).  228

After 30 minutes of sedimentation the total suspended solids concentration was re- 229

duced to the following values: 247.50 ± 11.73 mg/L; 259.75 ± 25.79 mg/L; 142.50 ± 10.85 230

mg/L and 133.25 ± 7.09 mg/L, respectively for Samples 1; 2; 3 and 4 (Figure 2 (e) – (h)). On 231

the other hand, the TSS values after 24 hours amounted to: 37.25 ± 6.65 mg/L; 35.00 ± 6.22 232

mg/L; 34.25 ± 8.66 mg/L and 35.25 ± 9.00 mg/L, respectively, for Samples 1; 2; 3 and 4.  233

234
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 1. Analysis of the total suspended solids content and the volume increase of the sediment in the washings samples 235

(Circuit number: Sample number): (a) Circuit 1: Sample 1; (b) Circuit 1: Sample 2; (c) Circuit 1: Sample 3; (d) Circuit 1: 236

Sample 4; (e) Circuit 2: Sample 1; (f) Circuit 2: Sample 2; (g) Circuit 2: Sample 3; (h) Circuit 2: Sample 4.  237
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Despite the higher content of total suspended solids in samples from Circuit 2 as 238

compared with Circuit 1, no significant increase in sludge volume could be observed. 239

Mean volume of sludge in the samples after 30 minutes of sedimentation was: 5.2 ± 0.9 240

mL; 3.4 ± 0.5 mL; 3.8 ± 0.2 mL and 3.6 ± 0.32 mL, respectively for Samples 1; 2; 3; and 4. 241

After 24 hours of sedimentation the volume of sludge in these samples was: 2.4 ± 0.2 mL; 242

4.7 ± 0.2 mL; 3.8 ± 0.2 mL and 3.8 ± 0.29 mL (Figure 2 (e) – (h)). It was also observed that 243

Sample 1 Circuit 2 did not differ in terms of the course of the concentration process from 244

other sludge samples analyzed. 245

The concentrated sludge was compared in terms of the percentage contribution of a 246

specified particle size in the concentrated sample. Distribution analysis demonstrated het- 247

erogeneity of the tested sludge samples (Figure 2). However, all samples were character- 248

ized by the presence of particles with diameters ranging between 1.0 and 1000 µm, and 249

the maximum % of volume did not exceed 8%. In Sample 1 Circuit 1 the highest percent- 250

age contribution characterized particles in the range between 10 µm and 100 µm (Figure 251

2(a)). In the case of the Sample 2 the range of particle size was greater, and close to 4% of 252

particles ranged between 100 and 500 µm (Figure 2(b)). In Sample 3 the distinction be- 253

tween two particle size ranges was even clearer, with over 4 % contribution of volume 254

concerned their sizes between 40 and 50 µm and from 110 to 130 µm (Figure 2(c)). In Sam- 255

ple 4 Circuit 1 one particle size range was distinguished. Over 5% of volume contribution 256

characterized samples from 10 to 80 µm (Figure 2(d)). The main methodological problem 257

at this stage was the concentration of the sludge and the selection of measurement param- 258

eters so that the delicate flocs did not disintegrate (which can make reliable measurement 259

difficult). 260

Samples collected from Circuit 2 demonstrated similar size ranges to the samples 261

from Circuit 1 (Figure 2 (e) – (h)). Sample 1 had the 10 ÷ 50 µm range, characterized by 262

close to 6% contribution in the sludge, and about 3% contribution characterized samples 263

with size close to 110 µm (Figure 2 (e)). Sample 2 exhibited over 6% contribution in the 264

range between 20 to 50 µm (Figure 2 (f)). Sample 3 was characterized by over 2% contri- 265

bution in the range 60 ÷ 600 µm, and the particles in the range from 10 to 30 µm contrib- 266

uted to over 4% of the sample (Figure 2 (g)). Sample 4 was characterized by the highest 267

percentage share of samples in the range from 10 to 50 µm (Figure 2 (h)).  268

    Due to the possibility of diverse contaminants occurring in swimming pool 269

washings, as well as in their sludge. The selected samples were subject to a microscopic 270

observation. Apart from the sludge particles with different size, typically forming aggre- 271

gates, the samples were observed to feature: numerous fibers and fine fragments (below 272

10 mm) from swimwear (Figure 3 (a), (b), (c), (d)). As well as sand and hydroanthracite 273

grains, which were flushed from the medium during the backflushing process (Figure 2 274

(a), (c)). Moreover, the sludge was observed to have small cilliates feeding on the flocculi, 275

i.a. of the genus Colpidium and Paramecium (Figure 3 (d) – (h)). 276

277

278

279

280
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 2. Particle size distribution in the analyzed washings samples (Circuit number: Sample number): (a) Circuit 1: 281

Sample 1; (b) Circuit 1: Sample 2; (c) Circuit 1: Sample 3; (d) Circuit 1: Sample 4; (e) Circuit 2: Sample 1; (f) Circuit 2: Sample 282

2; (g) Circuit 2: Sample 3; (h) Circuit 2: Sample 4.   283
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(a) (b) 

(c) (d) 

(e) (f) 
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(g) (h) 

Figure 3. Photographs of the tested sediment samples taken with an optical microscope at x10 magnification (Circuit num- 284

ber: Sample number): (a) Circuit 1: Sample 1; (b) Circuit 1: Sample 2; (c) Circuit 1: Sample 3; (d) Circuit 1: Sample 4; (e) 285

Circuit 2: Sample 1; (f) Circuit 2: Sample 2; (g) Circuit 2: Sample 3; (h) Circuit 2: Sample 4.  286

3.2. Phytotoxicity assessment of the sludges 287

Figures 4 (a-d) present the toxic effect of sludges on the common duckweed Lemna 288

minor – inhibition/stimulation of growth and the number of necroses observed (individual 289

values are listed in Table 1S in the Supplement). It was demonstrated that samples of 290

sludges differed in the level of the toxic effect depending on the circulation investigated 291

(1 or 2), as well as the independent sampling (Sampling 1÷4). Moreover, relationship be- 292

tween increase of sludge contribution in sample and increase of inhibition was not noted 293

in all of the presented cases. None of the samples collected in Circulation 1 (Figures 4(a)) 294

demonstrated toxicity, mean values of growth inhibition did not show toxicity or were 295

characterized by low toxicity. In the case of some samples growth stimulation was ob- 296

served (for instance Sample 1 and 3 with sludge contribution of 10%). In the samples w 297

100% sludge contribution samples 3, 4 exhibited low toxicity. The highest number of ne- 298

croses was recorded in sample 4, with 80% sludge contribution (Figure 4 (c)) - 45% of 299

duckweed were damaged and this result was reflected by the value of growth inhibition, 300

which under such conditions was also at its highest – 48.21% ± 10.20.  301

Samples from Circulation 2 were characterized by higher inhibition of growth of 302

Lemna minor (Figure 4 (b)). All analyzed samples with 100% sludge contribution and ma- 303

jority of samples with 80% sludge contribution were characterized by high toxicity. Sig- 304

nificantly, sample 2 was characterized by a high toxicity already at 30% sludge contribu- 305

tion, and in this case the toxicity was also reflected by the higher number of necroses found 306

(Figure 4 (d)), from 75 to up to 100% of duckweed coverage.  307
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(a) (b) 

(c) (d) 

Figure 4. Sludge phytotoxicity evaluation (Circuit number: Sample number): (a) Circuit 1: growth inhibition of Lemna 308

minor; (b) Circuit 2: growth inhibition of Lemna minor; (c) Circuit 1: % necrosis of Lemna minor fronds; (d) Circuit 2: % 309

necrosis of Lemna minor fronds.  310

The second part of the phytotoxicity assessment focused on the parameters of root 311

growth and germination rate – Lepidium sativum, Sinapis alba and Raphanus sativus (full 312

data available in the Supplement Table 2S – 7S). In tests with Lepidium sativum (Figures 313

5(a-d)) in the majority of samples analyzed, toxicity of the collected sludges was recorded 314

(in Circulation 1, sample 1 in the range 30÷100%, sample 2, sludge contribution: 30, 80, 315

100%, sample 3 in the range from 50 to 100% of sludge). In the case of sample 4 from 316

Circulation 1 and sample 3 from Circulation 2, toxicity was found throughout the range 317

of sludge contribution (this data is also presented in the Supplement, Table 4S). On the 318

other hand, sample 2 from Circulation 2 was non-toxic/demonstrated growth stimulation. 319

At the same time, in the majority of the analyzed samples inhibition of germination was 320

recorded, the value of which increased with the percentage contribution of sludge in the 321

samples (Figure 5 (c, d)). Higher toxicity was recorded for samples from Circulation 1, 322

and thus the results were largely contrary to those recorded in the test with Lemna minor. 323

Also, in tests with Sinapis alba (Figures 6(a-d)) toxicity of the majority of samples from 324

Figure 1 was obtained. These results were not confirmed in the test with Raphanus sativus 325

(Figure 7(a-d)), in which only some samples with 100% post-coagulation sludge contribu- 326

tion demonstrated high toxicity (Figures 8(a-d)), whereas the majority of analyzed sludges 327

stimulated the growth of Raphanus sativus roots. Causes for this phenomenon should be 328

searched not only in the diverse sensitivity of the test plant organisms to the investigated 329

sludges, but also in the effect of pollutants present in the post-coagulation sludges on the 330

growth and development of plants. Growth stimulation may be caused by low aluminum 331

concentration [26-28]. 332

Worth noting are the values of the RSG index (Relative Seed Germination, %), which 333

are presented in the Supplements, in many samples a relationship could be observed be- 334

tween the increase of sludge contribution in sample and inhibition of seed germination 335

(Supplement: Table 3S, 5S, 7S). 336
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(a) (b) 

(c) (d) 

Figure 5. Sludge phytotoxicity evaluation (Circuit number: Sample number): (a) Circuit 1: Germination Index for Lepidium sa- 337

tivum, %; (b) Circuit 2: Germination Index for Lepidium sativum, %; (c) Circuit 1: Seed germination for Lepidium sativum, %; (d) 338

Circuit 2: Seed germination for Lepidium sativum, %.  339

(a) (b) 
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(c) (d) 

Figure 6 Sludge phytotoxicity evaluation (Circuit number: Sample number): (a) Circuit 1: Germination Index for Sinapis alba, 340

%; (b) Circuit 2: Germination Index for Sinapis alba, %; (c) Circuit 1: Seed germination for Sinapis alba, %; (d) Circuit 2: Seed 341

germination for Sinapis alba, %.  342

343

(a) (b) 

(c) (d) 

Figure 7. Sludge phytotoxicity evaluation (Circuit number: Sample number): (a) Circuit 1: Germination Index as Raphanus sa- 344

tivus, %; (b) Circuit 2: Germination Index as Raphanus sativus, %; (c) Circuit 1: Seed germination as Raphanus sativus, %; (d) 345

Circuit 2: Seed germination as Raphanus sativus, %.  346

4. Discussion 347

Coagulation process is utilized in swimming pool facilities to support the filtration 348

process by means of porous substrate, increasing the efficiency of removing organic com- 349

pounds [29]. Coagulant is added directly upstream of the pump with prefilter, which en- 350

sures its good mixing with water. Subsequently, the precipitated sediment, depending on 351
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the size of aggregates they are retained on the surface or gradually migrate inside the 352

filtration medium which prolongs the contact time with pollutants in the water and in- 353

creases the efficiency of their adsorption. Ready-to-use commercial products containing 354

several percent aluminum salts (hydrolyzed or non-hydrolyzed) are typically used at 355

swimming pool facilities [3, 30]. 356

In order to maintain good water quality in the pool it is necessary to regularly re- 357

move sediments and pollutants accumulated in the medium. The quality and amount of 358

sediments depends on a variety of factors, including the length of the filtration cycle, load 359

of the facility with people using the pool, hygiene habits of the pool users, frequency of 360

exchanging water in the entire circulation, or the type and concentration of chemicals used 361

for cleaning [3,17,31]. In the presented analyses the quality of sediments clearly differed 362

between the subsequent samplings, as well as between the circulations. Diverse sedimen- 363

tation capabilities, as well as volumes of the sediment obtained were characterized. Im- 364

portantly, no clear relationship between the broader distribution of particles found in the 365

sediment (their greater equivalent diameter) and their reduced settling velocity (Figures 366

1(a-h), Figures 1(a-h)). However, the results show that the quality of washings and the 367

sediment present therein is difficult to estimate, and it often depends on the conditions 368

that occurred in the given filtration cycle, e.g. sampling on a day of intensive use of the 369

pool by school youth, swimming classes or days off work when the load on the facility is 370

greater. Thus, the load is the key factor affecting the quality of washings and the amount 371

of pollutants deposited in the post-coagulation sediment. 372

The washings forming during the backwashing contain several percent of sediment 373

(in the presented study this amounted to 2 to 7.5%). The analyses available in the literature 374

focus on the sediments formed in the process of potable water treatment, where the sedi- 375

ment constitutes approximately 5% of washings volume [30,32]. Washings with sediment 376

are typically treated as wastewater and transferred directly to the sewage system. They 377

include not only the precipitated flocculi but also mechanical impurities (hair, fibers from 378

clothing, epidermis) and microorganisms, some of which are pathogenic [29]. Presence of 379

this type of impurities was confirmed also for samples analyzed by the author. The wash- 380

ings were found to contain bacteria Pseudomonas aeruginosa, Escherichia coli, coagulase pos- 381

itive staphylococci, Legionella sp. and Cryptosporidium Parvum oocysts [33-35].  382

Considering the chemical characteristics, the post-coagulation sediments can also 383

contain minor amounts of metals, i.a. Fe, Ca, Cr, Zn, Pb, Ni, Cu, Cd, Mg and Mn [29,36]. 384

As well as considerable amounts of aluminum. Kluczka et. al., 2017, examined post-coag- 385

ulation sediments (from the process of water treatment) comparing their quality with 386

wastewater sediments, and determined that both sediments meet the requirements of the 387

Polish Regulation of the Minister of Environment of 6 February 2015 on the concentration 388

of heavy metals and can be used in agriculture. The total sum of lead, cadmium, nickel, 389

copper and chromium was considerably lower than the permissible values, and the metals 390

were found as residues (with the exception for cadmium bound with organic matter). Alt- 391

hough the amount of tested exchangeable aluminum was low in both sediments, the con- 392

centration of the bioavailable aluminum in the post-coagulation sediment was considera- 393

ble [36]. During the coagulation process it is highly important to maintain the neutral pH, 394

which prevents the release of mobile aluminum (III) ions, which increase toxicity of the 395

sediment and disturb the physicochemical properties of water. In practice, in swimming 396

pool circulations the pH values range between 6.5 and 8.0 [37,38], which may increase the 397

risk of toxic aluminum. Aluminum coagulants with differing characteristics were used in 398

the presented circulations. In Circulation 1 it was non-hydrolyzed (aluminum sulfate 399

(8.5%)), In Circulation 2 it was pre-hydrolyzed (aluminum hydroxychloride (10%)). Pre- 400

hydrolyzed coagulants are characterized by the fact that they contain hydroxyl groups 401

that determine their increased alkalinity. When polyaluminum chlorides are produced, 402

sulfates and silica can be added to their solutions, increasing sedimentation of post-coag- 403

ulation suspensions. It is estimated that lower doses of pre-hydrolyzed coagulants enable 404

obtaining the same effects as in the case of non-hydrolyzed coagulants. Moreover, they 405
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reduce pH to a lesser degree, and their efficacy is not as strongly dependent on tempera- 406

ture [39]. In the analyzed case the type of coagulant was the determining factor for the 407

sedimentation capabilities, but it did not determine the amount of sediment or particle 408

size distribution. The determined mean TSS reduction level, % was for Circulation 1, for 409

sample 1, 2, 3, 4, respectively: 88.96; 86.59; 80.27; 76.37, and for Circulation 2: 92.38; 92.65; 410

89.23, 84.54 (data not presented in Chapter ‘’3. Results’’). However, no direct relationship 411

between the type of coagulant (pre-hydrolyzed/non-hydrolyzed), and the toxic effect to- 412

wards indicator organisms. The preliminary amount of total suspended solids did not 413

impact the phytotoxic effect.   414

Despite the extensive presence of waste from water treatment processes, literature 415

on the topic of potential toxicity of post-coagulation sediments is rather limited and the 416

results are often conflicting [40]. Traditional solutions in the field of waste management 417

include the use of post-coagulation sediments as the agent for impurity removal (e.g. ad- 418

sorbent of heavy metals and phosphorus) [30,41]. In the past, post-coagulation sediments 419

were viewed as inert waste material, with low reuse possibilities, thus they were removed 420

directly to waters. Only later were they considered toxic for living organisms due to the 421

presence of aluminium [41]. That is why they are typically dried and stored or incinerated, 422

which naturally brings about financial costs. Storage is linked to land use, and the incin- 423

eration process is poorly accepted by the society and is efficient only in the case of sedi- 424

ments with low moisture content. That is why different ideas for the management of waste 425

have been proposed, e.g. as an additive to construction materials [41-43]. 426

The concerns related to the use of post-coagulation sediments in the contact with 427

plants, in agriculture and gardening are mostly related to the potential negative effects of 428

accumulation of certain heavy metals (in particular aluminum), which may pose hazard 429

to organisms of higher order. Moreover, the conditions ensuring a balance between alu- 430

minum and phosphorus ions are still not clear [44]. On the other hand, other authors have 431

emphasized that due to the content of carbon, hummus substances and the alkaline prop- 432

erties enriching soil, the addition of post-coagulation sediment may play the role of buffer 433

[29,30]. The use of sediments may improve the structure, hydraulic conductivity, humid- 434

ity and level of nutrients in soil, because it contains a considerable amount of macro- and 435

micronutrients and organic matter [40]. However, development of modern analytics and 436

toxicology brought a deeper insight in the negative effect of aluminum on the environ- 437

ment and living organisms.  438

The issue of aluminum migration from post-coagulation sediments is related to the 439

acidic pH of soil, thus in the presented study an attempt was made to ensure neutral con- 440

ditions (dissolving specific percentage contributions of sediment in deionized water). This 441

will enable including a broader effect of environmental factors in future analyses. Phyto- 442

toxicity of aluminum is related directly to the environmental conditions that control solu- 443

bility of the element in soil [40].  444

The ionic form of aluminum (Al3+) is believed to be toxic for plants already at mi- 445

cromole concentrations [45]. Some plants developed tolerance mechanisms through de- 446

veloping complexes of organic acids with aluminum, in the leaves or in the rhizosphere 447

[45,46]. Being highly reactive, ionic aluminum hits the cell wall, cytoplasmic membrane, 448

nucleus and the cytoskeleton of plants’ roots. It affects the function of the mitochondria 449

due to the overproduction of free radicals. Thus, it has a multi-level, harmful effect on 450

plants. The symptoms also include morphological traits. Growth inhibition, reduced leaf 451

surface area, wilting and increased incidence rate of chloroses are also observed [29,45]. 452

These reports are confirmed in the study. Inhibition of growth, germination and increased 453

incidence rate of necroses was often linked to increased percentage contribution of sedi- 454

ments in samples. However, the determining factor for the obtained level of toxic effect 455

was the resistance of the plant indicator - the highest resistance to post-coagulation sedi- 456

ment in the case of Raphanus sativus, highest sensitivity in the case of Sinapis alba. Moreo- 457

ver, important differences in the values obtained between subsequent conditions were 458
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recorded, which confirms that the quality of washings and sediments changes with the 459

subsequent filtration cycles.  460

Despite the knowledge of the toxic effect of aluminum on living organisms, possibil- 461

ities for using post-coagulation sediments on agricultural areas are still considered. This 462

stems mainly from the growing need to seek new solutions in the field of circular economy 463

in the water and sewage sector. The concept focuses on using also waste raw materials, 464

thus reducing their squandering. The water and sewage management is facing a multi- 465

tude of challenges, because the climate change is inherently linked to the intensification 466

of the water crisis [47]. Water is the carrier of materials and energy, which ought to be 467

used in a more sustainable manner in the modern world.  468

5. Conclusions 469

Preliminary assessment of the quality of post-coagulation sludges originating from rins- 470

ing of filtration media enabled formulating a series of observations and conclusions: 471

• The tested post-coagulation sludges were characterized by high content of 472

total suspended solids: in samples from Circulation 1 from 251 to 128 mg/l, 473

in Circulation 2 from 489 to 228 mg/l. 474

• The sludges were concentrated gravitationally and the volume contribution 475

of sludge in the washings was from 2 to 7.5 %. 476

• The hydrolyzed coagulant (Circulation 2) contributed to the improvement of 477

sedimentation capabilities of sludges. 478

• The concentrated sediments, apart from the flocculent suspension, contained 479

numerous other solid impurities - material fibers, hair, sand and hydroan- 480

thracite particles (washed out of the filter bed during backwashing), as well 481

as microorganisms. Sludge particles had a wide size distribution from 1.0 to 482

1000 µm, while other solid impurities were from a few millimeters in diam- 483

eter (bed fragments) to even several millimeters in length (in the case of fi- 484

bers). 485

• No direct relationship could be observed between the type of coagulant (hy- 486

drolyzed/non-hydrolyzed) and the toxic effect among the tested test organ- 487

isms. 488

• The results of the toxicity assessment indicate that the post-coagulation 489

sludge may pose a hazard to plants. Although growth stimulation was noted 490

in some of the tested samples - in the case of tests with Lemna minor and 491

Raphanus sativus, it must remember that the consequences of long-term con- 492

tact of plants with post-coagulation sediments from swimming pool facilities 493

is unknown. 494

• In this case, the next research step is to extend the analyzes with pot experi- 495

ments, in which sludges could be an admixture to the soil. 496

• The presented results are also important from the point of view of the poten- 497

tial for the management of the washings themselves. Recognizing the 498

strength of the threats posed by post-coagulation sludge allows establishing 499

a strategy for cleaning the washings before using them, for example, for 500

greenery care. 501
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