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Abstract

:

Due to the worldwide water crisis and diminishing water supplies, it is imperative to reduce water use and reuse it. One possible source of water is the washings created during the purification of drinking water. Backwashing constitutes 2–8% of the treated water used globally; it is more commonly used, primarily for irrigation or to expand surface/groundwater resources. Therefore, recirculating it at the beginning of the water treatment system is reasonable and justifiable, as it can lead to a decrease in the cost of the water that is being used. A study of variations in the content of washings in two water treatment plants revealed the requirement for pollutants to be removed before the water is reused. For the safety of consumers, the presence of microbes in backwashings from both facilities was essential. Variability in the amount and composition of backwashings was higher for surface water treatment in comparison to infiltration water treatment; however, the amount of backwashings was greater in infiltration water. The quantity of microorganisms, including indicator ones, was substantially higher in washings following surface water treatment. On the other hand, in the washings from the infiltration water treatment, large amounts of iron and manganese compounds were present, the recycling of which would reduce the effectiveness of infiltration water treatment. Pre-treatment backwashings from both facilities will be suitable for the suspension separation procedures and disinfection. It is essential to compare the costs connected with water use against the anticipated cost of washing. The potential to purify additional water in the event of a worsening water shortage, however, is the most significant advantage of water reuse. Recycling of the washings will allow to reduce the fees for the use of the environment, even to EUR 150,000 and EUR 250,000 per year for surface and infiltration WTP, respectively.
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1. Introduction


Every year, the amount of available water in the world decreases, and due to hydrological droughts, more and more areas are at risk of experiencing a water shortage. Water resources at a level of 1600 m3/person are thought to represent the limit of the water stress zone, which affects many nations [1]. This implies that, in order to minimise water use, sources of drinking water must be made available in developed countries [2]. Reducing water consumption for water treatment facilities’ internal demands by optimising the water treatment procedures is one approach to rational use of water resources. Filtration is one of the fundamental techniques used to treat water, regardless of its intake source. According to the EPA, conventional filtration (preceded by coagulation, flocculation, and sedimentation) is the most widely used process unit in water treatment. It is used in 63% of water treatment plants (WTP) in the USA, and after accounting for the use of direct filtration, this share exceeds 90% of water plants [3]. In other regions of the world, filters are most commonly used for water purification, regardless of their source, and their functionality in technological systems depends on the type of filter material. The most prevalent types of filters are adsorption filters, which operate properly when the beds of sand or activated carbon are routinely backwashed. The resulting backwashings account for 2–8% [1,4] of the treated water and around 10% [5] in the case of DynaSand filters. According to EPA recommendations [6], it should be in the range of 2–10% of treated water, although in properly functioning filters, it drops to less than 5%. This implies that several thousand to several millions of backwashings are produced annually in each plant. Which justifies and calls for reuse in order to manage water resources sustainably. Zielina et al.’s [4] research demonstrated that a municipal water treatment facility in northern Europe with a capacity of about 25,000 m3/d may be able to save as much as 71,045 m3 of water annually from backwashing the sand filter beds. This amount represents about 8.5% of the total volume of water used for this purpose and approximately 0.78% of the water treatment facility’s total output. Recycling washings can help save operational expenses by reducing energy usage, which will also help reduce the quantity of wastewater produced. According to research to examine water losses during filter backwashing in swimming pool installations, process optimization can reduce water consumption and energy costs when using pressure filters [7]. These studies have demonstrated that water losses associated with swimming pool installations are significantly higher than those associated with water filtration systems.



These backwashings are more and more often used, mainly for irrigation or to increase the resources of surface/groundwater [8]. The regulation of the European Parliament and the Council on Minimum Requirements for Water Reuse recommended the use of backwashings for irrigation, but most often they are used to increase intake water resources [9].



Research on the potential for backwashing management and the prerequisites for its reuse is being conducted all around the world [10,11]. According to these studies, backwashing composition varies greatly depending on the kind and degree of contamination in the treated water, the frequency of backwashing, and the backwashing parameters utilized [11,12]. According to the type of coagulant utilized, organic materials, microorganisms, and iron- or aluminium-compounds are listed as limiting factors affecting the return of backwashings from the processing system to the technological system [13,14,14]. However, in the case of groundwater treatment, the dominant pollutants are iron and manganese compounds, whose concentrations are many times higher than those in the intake waters [14]. Due to the level of contamination, they require the implementation of pre-treatment before reuse, most often coagulation and sedimentation processes as well as membrane separation processes. The facility in Wierden, the Netherlands, is one example of the use of microfiltration for backwashing pretreatment. The installation present within the facility with a capacity of 50 m3/h allows for the recovery of roughly 99% of backwashings [15]. On the other hand, in the mixed water treatment plant (surface and groundwater) in WTP “Mosina”, backwashings are treated in the coagulation and sedimentation processes [16]. The choice of backwashing management method and the method of their pre-treatment should be selected on the basis of their composition and their seasonal variability. Therefore, it was reasonable to conduct research on the amount and composition of the backwashings in two plants treating surface and infiltrated water, each with a capacity of about 100,000 m3/d, in order to determine the possibility of their reuse in the main water treatment trial.



There is no information in the literature on the fluctuation of washing composition and its amount over time, despite the specified contaminants present in the washings, which are a factor restricting their reuse. Additionally, there are no clear indicators as to how thoroughly the washings must be cleaned before being returned to the water treatment system. Some argue that washings should be recycled in a certain proportion to the water to be treated (40/60%), which is supposed to increase the efficiency of water treatment and does not require washings to be pre-treated [17]. The findings of a survey of water supply companies reveal that many of them lack information on the volume and, more importantly, the makeup of washings produced in plants. Therefore, it was reasonable to conduct research on surface and infiltration water treatment plants with similar capacities. In order to compare the quantity and provide an assessment of the variability of the quantity and composition of washings produced depending on the kind of treated water. Since the washings must be pre-treated before being combined with the treated water, it is important to assess the effectiveness of any potential pre-treatment installations and specify the procedures required to pre-treat the washings, i.e., to state the minimum volume produced annually. The present study sought to ascertain the volume and composition of washings as well as their variation throughout the course of the year in water treatment facilities run by a single municipal corporation, as well as the viability of returning these washings to water treatment systems. Consequently, a potential assessment of how to increase water resources while decreasing operating expenditures is required.




2. Methodology of Research


The research was conducted at two water treatment facilities, where the first intake of surface water and the second infiltration occurred. Both treated around 100,000 m3/d of water. Coagulation, sedimentation, sand filtration, ozonation, adsorption (filtered by granulated active carbon (GAC)), and disinfection with pH adjustment techniques are used to treat surface water (SWTP) (Figure 1a). Infiltration water (IWTP) is treated with aeration, sand filtration, ozonation, adsorption (poor filtration by GAC), and disinfection with pH correction (Figure 1b). In both cases, chlorine and chlorine dioxide were used for disinfection.



Samples of backwashing from GAC and sand filtration, as well as raw surface and infiltration water, were the focus of research between 2018 and 2020 (Figure 1a,b). The main objective of this research was to assess the possibility of returning the backwash to the system of treated water and define the pollution that must be removed before we can reuse the backwash.



Operating parameters for backwashing sand and granulated active carbon for the SWTP and IWTP, respectively, are shown in Table 1a,b. These materials were backwashed by air without being sterilized.



Between 2018 and 2020, samples of the backwashing water from the sand and GAC filters were taken monthly from each plant. Additionally, raw water samples were collected at the same time for examination in order to compare the composition of the backwashing with its quality criteria. It is reasonable to compare the quality of these two streams (raw water and washings) since recirculation of washings with a composition similar to the quality of the intake water does not interfere with the operation of the water treatment system and does not pose a health hazard.



The pH, conductivity, colour, turbidity, UV254 absorbance, total organic carbon, iron, manganese, ammonium ion, and the overall number of microorganisms between 22 °C and 37 °C, including Escherichia coli, Enterococci, and Clostridium perfingens, were all examined in all samples. Due to the use of aluminium coagulants in the coagulation process, all samples from the water surface treatment facility were examined with reference to their aluminium concentration. Following accepted procedures, every parameter was examined. Size exclusion chromatography and molecular weight distribution techniques were used to examine selected samples of raw water and backwashings.



Using a Hach multiparameter HQ440d, the potentiometric approach was used to measure conductivity and pH. While the UV254 absorbance and colour intensity were measured using a Shimadzu spectrophotometer 1800UV, the measurements of the iron, manganese, and ammonium ion concentrations were performed using the colorimetric method using a spectrophotometer. Turbidity was measured using a Hach turbidimeter 2100 N. Escherichia coli were evaluated using the Colilert test, and the total psychrophilic and mesophilic organism count analysis was carried out using culture methods in compliance with current Polish standards (PN-EN ISO 6222). The membrane filtration method was used to analyse Enterococci and Clostridium perfingens. A highly sensitive TOC analyser from Shimadzu was used to perform a combustion method analysis of the total organic carbon content. TOC-L



The molecular weight distribution was determined using chromatographic analysis using an UltiMate 3000 Dionex liquid chromatograph that has a DAD detector. In order to obtain the data, detection at 254 nm was used. A Shodex OHpak SB-G 6B, 10 m, 6 × 50 mm pre-column and a polymer column with a molecular size of 13 m and dimensions of 8 × 300 mm were employed. Based on variations in peak regions in chromatographs, quantities of molecules of a certain size were analysed. The PSS salts from the American Polymer Standards Corporation, with molecular masses of 891, 1600, 3420, 7420, 15,650, and 29,500 Da, were used for calibration.




3. Results and Discussion


The amount of backwash in the SWTP was analysed, and it was found to be between 3.4 and 6.6% of the water used, with the sand backwash system accounting for between 77.9 and 91.5% of all backwashes. Similar to this, the quantity of backwash from the infiltration treatment plant ranged from 4.9 to 6.1% of the water collected, with sand backwashing accounting for 90% of all backwashes in the highest reported result. Due to the high proportion of sand backwash and the uneven production of GAC backwash (operation frequency: several days; see Table 1a,b), combining the two types of backwashings prior to their pre-treatment is now required. Due to the share of washings from sand filters in the total amount of wastewater, the composition of these two washing streams is crucial in determining whether they can be mixed with raw water. Combining these two washing streams will guarantee a reduction in the daily variability of the amount of washing generated.



Backwashings can be returned to the start of the main water treatment system in both plants up to 100,000 m3 per month (Figure 2) if their composition does not pose a health risk or reduce the effectiveness of unit processes. Hunan et al. [17] showed that the impact of recycled washings on the water treatment system is influenced by the quantity of washings and particularly by the proportion of washings to the total stream of treated water (raw water and washings). Similar results were obtained by recycling 5–10% of the washings into the raw water at Bhagirathi WTP, which improved the removal efficiency of total and dissolved organic carbon [18].



According to their composition with raw surface or infiltration water quality, the necessary levels of pre-treatment of backwashes prior to their return to the water treatment system were evaluated. Table 2 displays the quality parameter ranges for raw and backwashed water.



According to an analysis of backwash from the surface of the water treatment plant, the level of organic pollution was similar to the TOC concentration in raw water. The sand backwash system and raw water both had quotient TOC concentrations in the range of 0.81–1.34, which was similar to the GAC backwash system (Figure 3). In conclusion, taking organic pollution into account, both types of backwash systems can be returned to the beginning of the water treatment system without pre-treatment. Other studies of the composition of washings from surface water treatment revealed a significantly higher level of organic contamination, which was probably related to the intake of water with a higher concentration of TOC [19].



The colour of both types of backwashes was at the same level as raw water; this is because of the effects of organic substances present in water and backwash. This justifies the co-relationship between TOC and colour. A similar result is shown by Huang et al. [20] state that the colour on the surface of the water is due to the presence of humic substances (organic compounds).



There was a significant amount of suspension in the washings, and their turbidity was even 25 times higher than that of the surface water that had been collected. These results are similar to the other analysis of sand filtration [21]. Except for turbidity, the presence of a large number of microorganisms was found, which was confirmed by studies of the composition of sand filter washings conducted worldwide [3,21,22]. Microorganisms, especially pathogenic or potentially pathogenic bacteria, can have a negative impact on consumers’ health. In the washings from the sand filters, the amount of psychrophilic and mesophilic bacteria was directly proportional to the amount in the intake water (Figure 4). This makes it difficult to return these washings to the water treatment system because the efficiency of their elimination from the washings should be greater in high pollution seasons. The variability of the number of microorganisms in washings depending on the season was also found by Wang et al. [23].



The number of microorganisms in GAC’s backwash was much higher than in intake water and sand backwash, and no correlation between them was found. Additionally, the amount of Clostridium perfingens in the sand backwash system was higher than in the raw water and the GAC’s backwash system (Table 2), demonstrating the necessity to disinfect the backwash system before returning to the water treatment trial as it could otherwise be a threat to human health [24]. According to research from many different plants, the key obstacle preventing the reuse of sand backwash systems is the presence of microorganisms in the backwash [25]. Around 100% efficiency was shown by Newcombe and Dixon [8] in the removal of microorganisms by physical and/or chemical disinfection. Additionally, the ultrafiltration process is defined as effective in water biostabilization [15].



In general, the composition of the sand backwash system correlated with the quality of the raw water; however, a similar correlation was not found in the GAC backwash system. Its composition was dependent on the microorganisms developing phase and the intensity of its flash away [26,27], which demonstrates variation in their number over the exploitation time (Figure 5).



It is unclear whether the aluminium coagulant used in coagulation processes, which is present in sand’s backwash, is effective in enhancing water treatment efficiently. Aluminium pollution can be removed through sedimentation or filtration processes and is not a limiting factor for backwash to return to the water treatment system. Redirecting the appropriate volume of washings through the water purification system has occasionally been shown to increase water purification efficiency [28].



In contrast, backwash produced in an infiltration treatment plant had a higher suspension content of iron and manganese compared to raw water (Table 2) and a similar amount of organic compounds (TOC and UV absorbance).



Raw, unfiltered water and the other two types of backwashes (Figure 6) have comparable molecular weight distributions. It provides evidence regarding the characteristics of pollutants and their susceptibility to similar treatment procedures. In conclusion, both plants’ coagulation and absorption procedures can remove the organic compounds from the backwash.



Suspension in the sand’s backwash was 26.7–242.7 times higher than in filtration water. In GAC’s backwash, the maximum value was 2.0. The permitted total number of psychrophilic and mesophilic microorganisms is generally significantly lower in the GAC’s backwash when all examined factors are taken into account (Figure 7).



It is worth emphasising that only a small number of samples from both types of backwashes contain the indicated microorganisms when raw water temperatures are high (summer season). This means that the health risk level is lower than in surface water. However, increased numbers of psychrophilic and mesophilic microorganisms can be dangerous for our health and decrease water treatment efficiency. Therefore, the backwash should be disinfected before reuse in the water treatment system.



Due to the fact that the presence of sparingly soluble iron compounds determined the turbidity of the backwashings, there was no correlation between turbidity and the quantity of microorganisms. This is confirmed by the correlation found between these parameters in both types of backwashings (Figure 8). The possibility of using sedimentation as a backwashing pre-treatment method to lower the values of both parameters is indicated by the presence of iron compounds in undissolved form.



Both types of backwashes contained some manganese compounds, whose concentration in the sand’s backwash was on average 7.2 times higher than in raw water and was directly proportional to the turbidity (Figure 9). In contrast, the manganese concentration in GAC’s backwash was lower than the recommended level for drinking water (0.02 g/m3). The presence of returned manganese in the backwash treatment system has caused a variety of problems with its removal in the treatment trial. As a result, manganese compounds need to be removed before returning to the backwash.



The composition of washings in both plants proves the need to pre-treat them before recirculating them through the technological system, especially in the processes of sedimentation and/or coagulation and disinfection. Such a solution requires research on the effectiveness of these processes and optimising the performance parameters of the purification processes used. As a result, it is impossible to determine the investment or operational expenses of washings pre-treatment, but it is possible to determine the amount of washings recycled and thus limit the amount of water taken up. For surface and infiltration WTP, respectively, the washing volume ranges from 54,874–110,564 m3/month and 97,224–130,954 m3/d. This means that it is possible to reduce the fees for water intake and sewage disposal, which were estimated at EUR 145,000/year and EUR 225,000/year, respectively, in the surface and infiltration water treatment plants depending on the amount of washings obtained. In addition, in the context of the growing water shortage in the world, the research results indicate the possibility of increasing water resources in the company.




4. Conclusions


	
The amount of backwashed water, independent of the water type, is about 5% treated water.



	
Recirculating the sand backwash to the treatment system is reasonable, as it comprises 90% of all backwashings. GAC backwashing is reasonably used in combination with sand due to the variability in its amount and small share. Recirculation allows for reduced water intake and lower operating costs.



	
Organic contamination from backwashing in both plants was similar to that in the intake waters.



	
GAC backwashing, regardless of the type of treated water, is characterised by the presence of a greater microorganism content and therefore poses a greater potential health risk. GAC’s small share of the full amount of washings reduces this risk.



	
In the case of surface water treatment, the water quality parameters in need of removal of returned backwashings by the technological system are microorganisms and suspensions.



	
Iron and manganese compounds, suspensions, and occasionally microbes are the water quality criteria that need to be removed in the case of surface water treatment before using the backwashings again.



	
In the backwashings from IWTP, the presence of pathogenic microorganisms was found in a single sample, while in the washings from SWTP, they were present in all samples from the backwashings.



	
Backwashings from SWTP should be pre-treated in sedimentation or other suspension separation processes and disinfected before being returned to the system.



	
Backwashings from IWTP should be subjected to suspension separation, e.g., in sedimentation, filtration, or membrane separation processes, and periodically disinfected. The ultrafiltration process would ensure the elimination of all parameters limiting the return of backwash to the system.



	
On average, 870,000 m3 and 1,350,000 m3 per year in the surface and infiltration WTP, respectively, can be reused, but the amount of recycled water will depend on the applied pre-treatment processes and the number of losses during these processes.



	
Recycling of the washings will allow to reduce the fees for the use of the environment, even to EUR 150,000 and EUR 250,000 per year for surface and infiltration WTP, respectively.
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Figure 1. (a) Surface water treatment plant (SWTP) technology and location sampling points. (b) Infiltration water treatment plant (IWTP) technology and location sampling points. 
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Figure 2. Variable quantity of backwashing from sand and GAC filters (a) SWTP (b) IWTP. 
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Figure 3. Dependence between TOC concentration in raw water and backwash in surface WTP. 
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Figure 4. Correlation between microorganisms’ total count in raw water and backwash. 
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Figure 5. Variability of psychrophilic and mesophilic microorganisms’ count in GAC backwash. 
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Figure 6. Organic compounds molecular weight distribution in raw water and backwash from IWTP—example chromatogram. 
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Figure 7. Variable number of microorganisms in sand and GAC backwash. 
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Figure 8. Relationship between turbidity and iron content in the backwash from IWTP. 
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Figure 9. Correlation between turbidity and manganese content in sand backwash. 
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Table 1. Backwashing operation parameters.






Table 1. Backwashing operation parameters.





	
a. Backwashing operation parameters in SWTP.




	
Parameters

	
Unit

	
Sand Filter

	
GAC Filter




	
Frequency of backwashing

	

	
24–96 h

	
7–21 d




	
Air backwashing time

	
min

	
10–20

	
1–3




	
Intensity of air backwashing

	
m3/m2h

	
52.5

	
60




	
Time of air backwashing

	
min

	
10–20

	
10–20




	
Intensity of water backwashing

	
m3/m2h

	
29.8

	
36




	
Time of first filtrate removal

	
min

	
10

	
10




	
b. Backwashing operation parameters in IWTP.




	
Parameters

	
Unit

	
Sand Filter

	
GAC Filter




	
Frequency of backwashing

	

	
5 d

	
7–21 d




	
Air backwashing time

	
min

	
10–20

	
1–3




	
Intensity of air backwashing

	
m3/m2h

	
72

	
1.2




	
Time of air backwashing

	
min

	
10–20

	
10–20




	
Intensity of water backwashing

	
m3/m2h

	
45

	
35




	
Time of first filtrate removal

	
min

	
10

	
10
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Table 2. Ranges of quality parameters in backwashes and raw waters.






Table 2. Ranges of quality parameters in backwashes and raw waters.





	
Parameter

	
Unit

	
Surface Water Treatment Plant

	
Infiltration Water Treatment Plant




	
Raw Water

	
Sand Backwash

	
GAC Backwash

	
Raw Water

	
Sand Backwash

	
GAC Backwash




	
min

	
max

	
min

	
max

	
min

	
max

	
min

	
max

	
min

	
max

	
min

	
max






	
pH

	
-

	
7.5

	
8.1

	
7.4

	
8.2

	
6.9

	
7.9

	
6.8

	
7.0

	
7.1

	
7.8

	
6.8

	
7.5




	
Conductivity

	
µS/cm

	
340

	
688

	
351

	
706

	
356

	
691

	
513

	
689

	
517

	
658

	
509

	
670




	
Colour

	
gPt/m3

	
7.0

	
19.0

	
6.0

	
11.0

	
2.0

	
9.0

	
6.0

	
12.0

	
6.0

	
11.0

	
2.0

	
5.0




	
Turbidity

	
NTU

	
2.6

	
14.0

	
7.8

	
92.0

	
6.3

	
84.0

	
7.4

	
18.0

	
347.0

	
2328.0

	
12.0

	
51.0




	
TOC

	
gC/m3

	
3.07

	
7.79

	
3.77

	
8.93

	
3.11

	
6.75

	
3.06

	
5.59

	
3.22

	
6.24

	
3.16

	
6.22




	
UV254

	
m-1

	
6.43

	
15.00

	
5.50

	
8.01

	
2.30

	
7.05

	
6.46

	
9.25

	
6.54

	
10.8

	
3.61

	
5.33




	
Fe

	
mgFe/m3

	
156

	
366

	
91

	
1853

	
82

	
416

	
808

	
2992

	
44,680

	
142,100

	
765

	
4353




	
Mn

	
mgMn/m3

	
19

	
238

	
45

	
1442

	
47

	
2133

	
335

	
455

	
1240

	
5046

	
5

	
74




	
NH4+

	
gNH4+/m3

	
0.05

	
0.28

	
0.05

	
0.15

	
0.05

	
0.15

	
0.37

	
0.52

	
0.15

	
0.15

	
0.05

	
0.19




	
Al.

	
mgAl/m3

	
0.00

	
0.00

	
0.10

	
0.54

	
0.05

	
0.10

	
0.12

	
0.12

	
0.00

	
0.00

	
0.00

	
0.00




	
TNM 22 °C

	
cfu/cm3

	
1200

	
66,000

	
1900

	
300,000

	
6300

	
1,400,000

	
10

	
90

	
590

	
5500

	
9500

	
220,000




	
TNM 36 °C

	
cfu/cm3

	
95

	
3300

	
270

	
22,000

	
59

	
33,000

	
0

	
39

	
62

	
6400

	
140

	
68,000




	
Coli

	
cfu/100 cm3

	
2

	
430

	
0

	
0

	
0

	
22

	
0

	
0

	
0

	
6

	
0

	
1




	
E. coli

	
cfu/100 cm3

	
8

	
8

	
0

	
400

	
0

	
1

	
0

	
0

	
0

	
0

	
0

	
0




	
Enterococci

	
cfu/100 cm3

	
0

	
51

	
0

	
230

	
0

	
2

	
0

	
3

	
0

	
18

	
0

	
2




	
Clostridium perfringens

	
cfu/100 cm3

	
10

	
130

	
0

	
870

	
0

	
20

	
0

	
0

	
0

	
54

	
0

	
1
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