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Abstract 17 

 18 

A system composed of cartridge membrane filters (25 µm, 10 µm and 1 µm opening 19 

size), UVC-lamp and chlorinator was constructed and tested with high turbidity water 20 

(up to 236 NTU). The proposed system treated around 180 L day-1 of river water and 21 

the following parameters were analysed: pressure drop in filters, turbidity, apparent 22 

colour, true colour, Escherichia coli, total coliforms (TC), UV 254 nm transmittance, UV 23 

254 nm absorbance and total organic carbon in both raw and treated water. The study 24 

was conducted in three phases. In Phase 1, the raw water was rested for 24 hours in a 25 

settling tank before filtration in a 10 µm cartridge filter followed by one cartridge of 1 26 
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µm, a UVC-lamp (17 W) and manual chlorination. In Phase 2, a 25 µm filter was added 27 

before the 10 µm filter. In Phase 3, a blanket filtration step was added before the raw 28 

water entered the rest tank. The filtration trials lasted 7, 21 and 69 days in Phases 1, 2 29 

and 3, respectively. The turbidity reduction of the system ranged from 30% to 93%. 30 

Disinfection by UVC-lamp was able to inactivate E. coli up to 5.00log, however the TC 31 

reduction was lower (up to 4.24log). The final manual chlorination with a dose of 3 mg 32 

L-1 of sodium hypochlorite increased the reduction of TC (up to 5.94log), regardless of 33 

water turbidity. The system was effective in improving water quality aimed at 34 

implantation in rural communities for domestic use at household level. 35 

 36 

Keywords: cartridge membrane filters, decentralized, drinking water, low-cost 37 

technologies, turbid raw water, rural communities.  38 

 39 

Highlights 40 

 41 

 Pre-filtration in non-woven synthetic fabric prolonged cartridge filters’ lifespan. 42 

 Surface on cartridge filter treating natural water formed microbiological community. 43 

 UVC disinfection after cartridge filtration removed E. coli to non-detection level. 44 

 Chlorination assured total coliform reduction to virtual absence.  45 

 46 

1. Introduction 47 

 48 

Worldwide, 785 million people still have no access to basic water services, consuming 49 

water from unprotected sources or depending on travel times to collect potable water [1]. It is 50 

estimated that globally 1.8 billion people use drinking water sources that have some type of 51 
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faecal contamination [2,3]. Therefore, inadequate access to safe water contributes to nearly 52 

1.7 billion episodes of diarrhoea per year  [4]. As well as drinking and food preparation, it is 53 

important to have the availability of water for hygiene purposes such as handwashing, which 54 

is crucial against diarrheal episodes [5] and it is imperative to protect human health during all 55 

infectious disease outbreaks, including the COVID-19 outbreak [6]. In 2017, 18% of the 56 

global population still had no handwashing facilities at home [1].   57 

While water on premises is not a reality for many populations, water treatment at a 58 

household level should be considered important as an interim and immediate solution [7]. 59 

Some interventions have provided point-of-use water treatment solutions based on ceramic 60 

pot filtration, household slow sand filtration, solar disinfection, among others [8–10]. 61 

However, many of these technologies are designed to produce limited amounts of water per 62 

day. Other solutions are developed to attend a small group of households [11] and are not 63 

suitable to serve an isolated single-family location. 64 

There is a lack of information in the scientific literature on water treatment systems for 65 

serving family groups of up to 5 members based on materials that are easily available on the 66 

market. Technologies such as cartridge filtration and UV disinfection are solid, and their 67 

applications are widespread around the world. Notwithstanding, there is a lack of information 68 

on evaluating the efficiency of commercial products based on these technologies.  69 

A previous study investigated commercial cartridge filters treating a daily volume of 70 

250 L, considering turbidity removal and a pressure drop of the filter [12]. The evaluated 71 

system required less installation costs and shorter operation times when compared to other 72 

filtration systems, such as ceramic filtration or rapid sand filtration. However, there is still a 73 

gap in the literature regarding cartridge filtration technology considering turbid natural water 74 

treatment with bacterial contamination. It is generally mentioned that the filters clog quickly 75 
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if the source water is cloudy [13], but a combination of filters with different porous and 76 

options of pre-treatment are still to be investigated.  77 

Cartridge filtration systems are the most common worldwide point-of-use water 78 

treatment devices that use various types of filters in designated housing to produce potable 79 

water [14]. They are often needed for prefiltering before other filters or disinfection since they 80 

can reduce turbidity, are inexpensive, require small spaces and have a total reduced weight 81 

when compared to sand or other media filtration [13,15]. 82 

The ease of operation and maintenance of cartridge filters makes them very attractive 83 

for small water systems [16]. Particles can be retained on the membrane surface and form a 84 

cake layer that progressively grows as the filtration cycle continues and it acts as another 85 

physical barrier or sieve to pathogenic organisms [17,18].  86 

UV-lamps are easy to install, they need little operator attention, no on-site storage or 87 

use of potentially harmful chemicals, they are cost-effective and they have a high efficiency 88 

for inactivation of various microorganisms [19,20]. There has been renewed interest in UV 89 

irradiation with lamps in recent years because of its well-documented ability to extensively 90 

inactivate two waterborne, chlorine-resistant protozoans, Cryptosporidium parvum oocysts 91 

and Giardia lamblia cysts, at relatively low irradiation doses [21]. 92 

However, surface water can be cloudy or contain sediment that will limit UV light 93 

penetration, and for that reason, the UV disinfection system is typically combined with other 94 

treatment devices such as cartridge filters [22]. Although UV disinfection is effective and 95 

promising in places with small distribution networks, it does not provide residual protection; 96 

therefore, the water stored after its treatment may be subject to new contamination [20,23]. 97 

Moreover, some microorganisms can be reactivated after inactivation by UV [24]. In order to 98 

achieve extended protection, chlorination can be performed to assure the residual protection 99 

of the water post UV-treatment.  100 



5 

Chlorine is an attractive solution because of its availability, ease of use and 101 

maintenance of residual in storage treated water. However, its effectiveness depends on the 102 

water pH, concentration and contact time, temperature and chlorine demand of the water. 103 

Moreover, natural water containing an elevated concentration of dissolved organic carbon and 104 

bromide may represent a potential of carcinogenic disinfection byproduct (DBP) formation 105 

[25]. Nevertheless, the correct chlorine dose and proper water pre-treatment reduce the 106 

occurrence of DBP precursors [26]. 107 

Considering this context, a water treatment prototype (WTPt) was constructed 108 

associating solid technologies that are applied in the context of isolated communities. The 109 

WTPt was designed to treat 180 L of raw river water per batch, considering one batch per day, 110 

with stressing conditions caused by elevated water turbidity. Sedimentation during 24 h 111 

followed by cartridge filtration was included for sediment removal, UVC-lamp for 112 

disinfection and chlorine for residual protection and safe storage. The purpose was to analyse 113 

the efficiency of the WTPt in terms of bacteria reduction (Escherichia coli and total coliforms 114 

– TC) and physical and chemical parameters (turbidity, apparent and true colour, absorbance 115 

at 254nm and total organic carbon). In addition, microscopic analyses were performed to 116 

observe which microorganisms were retained in the cartridge filters. This study also aimed to 117 

improve the sediment removal step including an additional cartridge filter and introducing a 118 

fabric filtration with a non-woven blanket.  119 

 120 

2. Material and Methods 121 

 122 

2.1. Prototype characteristics and operation 123 

The constructed prototype (Figure 1 and Figure S1 – Supplemental Material) 124 

comprised two 310 L water tanks; one centrifugal pump (1/2 hp 40 L min-1, 40 m maximum 125 
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height, Amanco); pressure gauges; a sequence of filter housings containing cartridge 126 

polypropylene pleated filters of 25 µm, 10 µm and 1 µm opening size; a 17 W UVC-lamp 127 

(Polaris™ UV-4C, Polaris Scientific, USA); and a manual chlorinator. The filter housing 128 

measured 30 cm (height) x 12 cm (diameter). The UV dose commercial information of the 129 

UVC-lamp is presented in Figure S2 (Supplemental material).  130 

 131 

Figure 1 – Configuration of the Water Treatment Prototype in the three phases of the study 132 

and water collecting points indicated 133 

The components of the prototype were assembled in a metal structure. The pump 134 

pumped water from the Settling Tank - ST to the elevated Treated Water Tank - TWT, 135 

passing through the filtration units and the disinfection units. The system inlet piping was 136 

positioned 15 cm above the base of the ST to provide a sedimentation zone for 24 hours 137 

between the raw water entrance and the pump start (Figure 1). One semi-automatic tap float 138 

was installed in each water tank to control the minimum and maximum level of water and the 139 
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pump operation. The pump operation was related to one batch, which corresponded to the 140 

treatment of 180 L of raw water and the filtration rate during the batches ranged from 825 to 141 

180 L m-2 h-1, according to the filter clogging. One batch was performed per day of operation. 142 

The pump operation pressure was kept between 0.6 bar, at the first operation batch and 3.0 143 

bar. 144 

The study was conducted in three phases, with differences in the sediment removal 145 

step. Table 1 summarizes the phases of the study and Figure 2 shows a decision flowchart 146 

regarding the experimental procedure. In Phase 1, a sequence of two pleated filters was 147 

adopted (10 µm and 1 µm opening porous size) after the sedimentation time. In Phase 2, a 25 148 

µm opening porous size pleated filter was added before the 10 µm filter. In Phase 3, two 149 

layers of a non-woven blanket were installed (specific gravity: ±0.2 g cm3, composition: 150 

100% polyester and thickness = 2.8 mm with 25 μm fibres) on the top of the ST to filter the 151 

raw water before the sedimentation time and a sequence of filters was used in Phase 2. The 152 

configuration of each phase is illustrated in Figure 1. The disinfection step performed by the 153 

UVC-lamp and manual chlorinator was used in the three phases. 154 

Table 1– Experimental phases of the study 155 

Phase sediment removal step disinfection step water collection points 

1 Sedimentation (24h) + cartridge 

filtration 10 µ and 1 µm 

UV disinfection 

and chlorination 

raw water entrance, 

after cartridge filters, after 

UVC-lamp, treated water 

tank 

2 Sedimentation (24h) + cartridge 

filtration 25 µm, 10 µm and 1 µm 

UV disinfection 

and chlorination 

raw water entrance, 

after cartridge filters, after 

UVC-lamp, treated water 

tank 

3  Blanket filtration + Sedimentation 

(24h) + cartridge filtration 25 µm, 

10 µm and 1 µm 

UV disinfection 

and chlorination 

raw water entrance, before 

cartridge filters, 

after cartridge filters, after 

UVC-lamp, treated water 

tank 

Bold: Modification from the previous phase. 156 
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 157 

Figure 2 – Decision Flowchart of the experimental procedure 158 

A semi-automatic control system was designed for the prototype operation. A block 159 

diagram of the design of the electrical control of the system is shown in Figure S3 and a 160 

model of the operation protocol is represented in Figure S4, both in the supplemental material 161 

of this manuscript.  162 

 163 

2.2. Source water 164 

The raw water was daily collected from the Monjolinho River (21.9869S; 47.8760W) 165 

in the city of São Carlos, state of São Paulo, Brazil, from August 2019 to February 2020. The 166 

water was moved directly to the ST, without storage time interval. This water is used as a 167 

source for the water treatment plant in the city of São Carlos. Characteristics of the raw water 168 

are presented in Table 2. 169 

Table 2: Raw water characteristics 170 

Characteristic Mean ± standard deviation (median) [range] 

Turbidity (NTU) 28.83 ± 29.83 (17.30) [7.34 – 236] 

Phase 1: 24h of 

sedimentation followed by 

10 µm and 1 µm cartridge 

filter 

Phase 2: 24h of 

sedimentation followed 

by 25 µm, 10 µm and 1 

µm cartridge filter 

Phase 3: blanket 

filtration followed by 

24h of sedimentation 

followed by 25 µm, 10 

µm and 1 µm cartridge 

filter 

Is the filtration 

run superior to 

30 batches? 

Is the filtration 

run superior to 

30 batches? 

Keep 

configuration and 

continue data 

collection 

Keep 

configuration and 

continue data 

collection 

Keep 

configuration and 

continue data 

collection 

No 

Yes 
Yes 

No 



9 

Apparent colour (Hu) 86.72 ± 61.74 (57.90) [25.9 – 316] 

True colour (Hu) 38.60 ± 20.07 (30.70) [18.9 – 98.2] 

UV254 Absorbance 0.131 ± 0.057 (0.109) [0.057 – 0.2812] 

UV254 Transmittance (%) 55.23 ± 16.59 (59.80) [29.30 – 74.6] 

Average Particle Size (nm) 414.93 ± 198.83 (347.25) [194 - 1068] 

Total organic carbon (mg L-1) 3.55 ± 1.20 (3.23) [1.10 – 7.81] 

Escherichia coli (CFU 100 mL-1) 14,911 ± 51,793 (1,400) [750 – 300,000] 

Total coliforms (CFU 100 mL-1) 69,535 ± 205,691 (16,200) [4,900 – 1,000,000] 

 171 

2.3. Sample collection and analyses 172 

Performance analyses of the following parameters were considered for the evaluation 173 

of the WTPt: turbidity (2100N Turbidimeter – Hach Company, USA); apparent colour and 174 

true colour (DM-COR Colorimeter – Digimed, Brazil); absorbance at λ=254 nm and 175 

transmittance at λ=254 nm (Nanocolor® UV VIS II, Macherey-Nagel, Germany); average 176 

particle size (Zeta Sizer Nano Z90, Malvern Company, UK ); total organic carbon – TOC  177 

(TOC-L, Shimazu, Japan); Escherichia coli and TC (Chromocult® coliform, Merck, 178 

Germany). Standard Methods (APHA et al., 2012) were followed to evaluate the above-179 

mentioned parameters. 180 

In Phases 1 and 2, samples were taken from the raw water and from treated water 181 

(after filters, after UVC disinfection and after chlorination in the TWT). In Phase 3, one extra 182 

collecting point was added before the membrane filtration system to evaluate the blanket 183 

filtration step. These water collecting points in the three phases are shown in Figure 1.  184 

The three pressure gauges positioned before each cartridge filtration unit were read in 185 

each batch operation to evaluate the pressure drop. A ball valve after the pump regulated the 186 

flow rate of the system, which was measured daily. The initial flow rate was kept under 4.5 L 187 
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min-1. The ball valve was completely open at the end of the filter run. In the last 17 batches of 188 

Phase 3, the flow rate was deliberately reduced to near 3 L min-1 to investigate the effect of 189 

increasing the UVC irradiation in the treatment. 190 

The filter run was defined here as the number of batches, in which one batch is equal 191 

to one day of operation, between starting the operation and stopping it to clean or replace the 192 

first membrane filtration unit. The path taken by the water after the centrifugal pump defined 193 

the order of the filters. 194 

2.4. Non-woven blanket cleaning 195 

The blanket used in Phase 3 was cleaned when clogging was observed. Maintenance 196 

consisted of removing the blanket from the tank, placing it on the floor and scraping the solids 197 

using a broom for this procedure only. While the blanket was scraped, it was washed with the 198 

water produced by the WTPt. Pictures of the dirty blanket and its cleaning are presented in 199 

Figure S5 of the Supplemental Material of this manuscript.  200 

 201 

2.5. Microscopic analysis 202 

At the end of Phase 3, microorganisms housed on the surfaces of the non-woven 203 

blanket and the three pleated filters (25 µm, 10 µm and 1 µm) were microscopically 204 

identified. To visualise and identify organisms, one drop of the pellet of centrifuged material 205 

of each sample was placed in a glass slide, covered with a coverslip and observed in an optic 206 

microscopic (BX51, Olympus®, Japan), in the bright field under the 40x objective (400x 207 

magnification). 208 

 209 

2.6. Statistical Analyses 210 

The effect of the WTPt on water quality parameters was evaluated by statistical tests 211 

performed using the PAST software – PAlaeontological STatistics, published by Hammer et 212 
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al. [27]. Shapiro-Wilk's test was used to assess data normality (p > 0.05). The two-tailed 213 

Mann-Whitney U test was used to test the medians of the influent water and the treated water 214 

(p < 0.05 means different medians). The Kruskal-Wallis test compared the medians of three or 215 

more groups (i.e., influent water, water after blanket filtration and filtered water). 216 

 217 

3. Results and Discussion 218 

3.1. Source Water 219 

The collected river water represented a scenario where the surface water is the only 220 

available alternative to a household. In Brazil, surface water is the main source of supply for 221 

56% of the cities [28]. This sort of source is susceptible to surface runoff and contamination. 222 

The studied raw water was intended for the stressed challenge phase of testing of the WTPt, 223 

as well as being one real source of supply.  224 

3.2. Pressure drop in cartridge filters 225 

The pressure drop in filter 1 in the three phases is presented in Figure 3, as well as the 226 

pump operation pressure. In Phase 1, Filter 1 (10 µm) started to clog on the fourth day; after 227 

this, the pressure drop raised abruptly for the next three days. The operation in this phase was 228 

interrupted on the seventh day because the flow rate was too low even though the ball valve 229 

after the pump was completely open. The pressure drop in the second filter is shown in Figure 230 

S6 of the Supplemental Material of this manuscript.  231 
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 232 

Figure 3. Pressure-drop in filter 1 in Phase 1 (2 filters – filter 1: 10 µm), Phase 2 (3 filters – 233 

filter 1: 25 µm) and Phase 3 (blanket + 3 filters – filter 1: 25 µm); and the pump operation 234 

pressure. 235 

The cartridge filters in this study are generally used to protect a water purifier from 236 

damage and extend its life [29]. These filters remove suspended solids and should be chosen 237 

according to characteristics such as the particle size and flow rate requirements. It is expected 238 

that head losses increase significantly with prolonged use over time, due to the clogging 239 

particles retained on the outer surface of the cartridge, with a consequent reduction in the 240 

filtration capacity which indicates the need to replace the cartridge itself [30]. The 10 µm 241 

filter was inadequate to be the first filter of the system, despite succeeding the water 242 

decantation for 24 hours in the ST.  243 

In Phase 2, the filter 1 (25 µm) started to clog on the eighth day and the filter run 244 

lasted for 22 days. In general, the largest rating size that will remove the intended 245 

contaminants will require the least maintenance [31]. Although more extended than Phase 1, 246 

the 22-day filter run was still insufficient for household drinking water treatment purposes. 247 
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The pressure drop on the second filter in Phase 2 is shown in Figure S7 of the Supplemental 248 

material of this manuscript. 249 

 Accordingly, in Phase 3 the pre-filtration was adopted in a non-woven blanket before 250 

the water decantation in the ST. The blanket filtration stage preserved the membrane filter's 251 

lifespan.  Nonetheless, as the blanket accumulated suspended solids, it needed to be cleaned, 252 

as shown by the dashed line in Figure 4.  The cleaning procedure took 20 min of one person's 253 

work. Phase 3 lasted 69 days and the first membrane filter started to clog around the 40th day. 254 

In this phase, the flow rate was maintained in the desired value for a long period and the need 255 

to increase the opening of the ball valve until the 50th day was not observed (Figure 4). The 256 

pressure drop in filter 2 in Phase 3 is presented in Figure S8 of the Supplemental material of 257 

this manuscript.  258 

 259 

Figure 4 – Flow rate and filtration rate behaviour of the WTPt in Phase 1 (2 filters), Phase 2 260 

(3 filters) and Phase 3 (blanket + 3 filters). 261 
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 The pleated cartridge filters are surface filters, therefore the filter layer restrains 262 

particles higher than the mean pore size. The filter relies on the mechanism of straining. This 263 

mechanism is still dominant when the cake layer is formed above the surface [32]. Previous 264 

research hypothesized that other deposition mechanisms, such as inertial impact, interception 265 

and Brownian diffusion, also occurs on pleated filters as they observed a removal of particles 266 

smaller than the filter pores [12]. As particles were retained, the interstitial water velocity 267 

increased. This phenomenon can lead to particle breakthrough and Afkhami [12] observed 268 

turbidity removal decline with an increase of pressure and consequent increase of interstitial 269 

water velocity. Particle breakthrough was not investigated in the present study since there was 270 

considerable variation in the turbidity of the natural study water. 271 

3.2. Water quality parameter evaluation 272 

The value of the water quality parameters after the cartridge filters and after UVC 273 

disinfection in Phase 1 and Phase 2 are shown in Table 3, as well as the p-value for statistical 274 

comparisons between the medians of the raw water parameters and treated.   275 

In both Phase 1 and Phase 2, significant differences were observed for the reduction of 276 

turbidity, apparent colour and average particle size.  The treatment did not significantly 277 

change the true colour, absorbance at λ=254 nm and TOC, in both phases. Indeed, TOC is 278 

reported to not be removed at perceptible levels by cartridge filtration and UVC irradiation 279 

[31,33].  280 

The cartridge filtration was reported to remove nearly 54% of turbidity elsewhere [34]. 281 

In Phase 1, turbidity removal ranged from 36%, on the first day to 98% on the last day, when 282 

the filter was almost completely clogged. In Phase 2, the turbidity removal ranged from 48% 283 

to 90%. Data from routine measurements are presented in the figures of the Supplemental 284 

Material (Figure S9 to S19). 285 
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The reductions and variations of water quality parameters from Phase 1 and Phase 2 286 

were similar. Nevertheless, the p-values of Phase 2 indicate a statistically stronger difference 287 

from this phase compared to the p-values of Phase 1 (Table 3). This was due to the greater 288 

filtration run of Phase 2, which enabled greater data collection than the previous phase. 289 

Water after cartridge filters presented elevated values of E. coli and TC. A significant 290 

reduction of these two groups was observed before disinfection only in the last measurement 291 

of Phase 1 (2.87 log for E. coli and 2.34 log for TC) when the filters were almost clogged and 292 

the flow rate was too low (0.86 L min-1). More details can be seen from Figure S14 to Figure 293 

S18 (Supplemental Material). 294 

The evaluated WTPt was challenged to treat 180 L day-1. Achieving such a daily 295 

volume in a household treatment unit can be a difficult task considering the use of compact 296 

devices. In the present study, there was still an aggravating factor such as the treatment of 297 

water with high peaks of turbidity.  298 

The treatment of high turbidity water is usually carried out by decanting the water. 299 

However, this operation depends on product dosing, which can be complicated, and mixing 300 

units, that take up a lot of space. As the cartridge filters showed to be sensitive to turbidity 301 

stress and ineffective, a non-woven blanket was proposed to pre-filter the raw water, which 302 

increased the sustainability of the WTPt. 303 

In Phase 3, the difference between the three groups of samples was evaluated, 304 

therefore, in Table 4, the average value of physical and chemical parameters of the raw water, 305 

the water after blanket filtration and settling, and the water after cartridge filtration are 306 

presented. The microbiological parameters in these three groups of samples and after the 307 

UVC disinfection stage are also presented. Similar to what was observed in Phase 1 and Phase 308 

2, the treatment in Phase 3 presented a statistical effect on turbidity, apparent colour and 309 

average particle size (Table 4).  310 
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Table 3 – Treated water characteristics in Phase 1 and Phase 2, after cartridge filtration and after UVC disinfection. 311 

Parameter Phase 1 Phase 2 

After cartridge filtration After UVC disinfection After cartridge filtration After UVC disinfection 

Value 

(M± SD) 

Reduction 

or variation 

p-value Value 

(M± SD) 

Reduction 

or 

variation 

p-value Value 

(M± SD) 

Reduction 

or variation 

p-value Value 

(M± 

SD) 

Reduction 

or variation 

p-value 

Turbidity (NTU)  7.92 ± 

6.59 

68 ± 23% 0.0215 N.E. N.E. N.E. 4.96 ± 1.42 65 ± 11% <0.0001 N.E. N.E. N.E. 

Apparent colour 

(Hu)  

30.60 ± 

21.07 

57 ± 27% 0.0215 N.E. N.E. N.E. 25.83 ± 

6.22  

47 ± 16% <0.0001 N.E. N.E. N.E. 

True colour (Hu) 21.53 ± 

6.91 

18 ± 15% 0.3837 N.E. N.E. N.E. 26.42 ± 

4.69 

34 ± 11% 0.0606 N.E. N.E. N.E. 

UV254 Absorbance 0.074 ± 

0.017 

16 ± 13% 0.3827 N.E. N.E. N.E. 0.068 ± 

0.012 

27 ± 6% 0.1124 N.E. N.E. N.E. 

Average Particle 

Size (nm) 

306 ± 25 31 ± 14% 0.0369 N.E. N.E. N.E. 292 ± 74 27 ± 18% 0.0312 N.E. N.E. N.E. 

Total organic 

carbon (mg L-1) 

2.84 ± 

0.12 

1 ± 2% 1.0000 N.E. N.E. N.E. 2.78 ± 0.26 6 ± 25% 0.8852 N.E. N.E. N.E. 

Escherichia coli 

(CFU 100 mL-1) 

1,423 ± 

1,253 

0.55 log 

median 

(0.02 – 

2.87 log) 

Not 

applica-

ble* 

<1 3.61 log 

median 

(2.87 – 

4.06 log) 

Not 

applicable* 

371 ± 321 0.58 

median 

(0.20 – 

1.26 log) 

0.0515 <1 2.92 log 

median 

(2.41 -4.08 

log) 

<0.0001 

Total coliforms 

(CFU 100 mL-1) 

5,835 ± 

8,152 

1.22 log 

median 

(0.10 – 

2.33 log) 

Not 

applica-

ble* 

79 ± 46 2.50 log 

median 

(2.08 – 

3.10 log) 

Not 

applicable* 

6,720 ± 

4,276 

0.40 log 

median 

(0.15 – 

0.85 log) 

0.03671 50 ± 24 2.47 log 

median 

(2.35 -2.94 

log) 

0.0051 

*Insufficient data to perform statistical comparison of median. N.E.: parameters not evaluated after UVC-disinfection, as they were not expected to change. M ± SD: mean ± 312 

standard deviation. The p-value < 0.05 indicates that there is a difference between the median of parameter of the treated water compared to the raw water.313 
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Table 4 – Water characteristics in different stages in Phase 3 314 

Parameter Raw water 

(M ± SD) 

After Blanket filtration 

and settling 

(M ± SD) 

After Cartridge 

filtration 

(M ± SD) 

p-value 

(equality of 

medians) 

After UVC 

disinfection 

Total reduction 

or variation 

Turbidity (NTU)  37.28 ± 42.63 14.73 ± 16.79 11.55 ± 13.44 <0.0001 N.E. 67% ± 17% 

Apparent colour (Hu)  103.66 ± 71.11 62.81 ± 54.44 30.60 ± 21,71 <0.0001 N.E. 51% ± 17% 

True colour (Hu) 53.94 ± 21.24 47.48 ± 23.94 40.67 ± 20.36 0.2448 N.E. 26% ± 13% 

UV254 Absorbance 0.183 ± 0.060 0.164 ± 0.065 0.143 ± 0.059 0.3306 N.E. 22% ± 15% 

Average Particle Size 

(nm) 

377 ± 183 270 ± 34 256 ± 25 <0.0001 N.E. 24% ± 20% 

Total organic carbon 

(mg L-1) 

4.29 ± 1.29 3.86 ± 0.98 3.87 ± 0.92 0.4397 N.E. 8% ± 16% 

Escherichia coli (CFU 

100 mL-1) 

20,206 ± 62,201 8,958 ± 28,887 8,286 ± 29,110 <0.0001 <1 3.23 log median  

(2.47 – 5.17 log) 

Total coliforms  

(CFU 100 mL-1) 

95,662 ± 

249,306 

24,078 ± 57,869 20,076 ± 51,022 <0.0001 47 ± 38 2.91 log (median) 

(1.62 – 4.24 log) 

N.E.: parameters not evaluated after UV disinfection. The p-value < 0.05 indicates that at least one of the three compared groups has a different 315 

median; it means a statistical effect of the treatment. M ± SD: mean ± standard deviation. 316 

 317 
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In Phase 3, when comparing the water samples after blanket filtration and settling, and 318 

after cartridge filtration, no statistically significant differences were observed for turbidity 319 

(p=0.0955), apparent colour (p=0.0593), true colour (p=0.4306), average particle size 320 

(p=0.0634), total organic carbon (p=0.9215), E. coli (p=0.5633) and TC (p=0.6798). Turbidity 321 

explains the effect of the blanket filtration in Figure 5, in which removal in this phase ranged 322 

from 30% to 93% (mean 67% ± 16%). 323 

The cartridge filtration step showed little additional removal of turbidity after the 324 

previous stage (Figure 5). This result was expected since the average particle size influent to 325 

the cartridge filtration (270 ± 34 nm) was inferior to the minimum opening size porous (1 µm) 326 

of the filters used.  327 
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Figure 5 – Turbidity in raw water, water after blanket filtration and settling and after cartridge 329 

filtration in Phase 3. 330 
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Occasionally, water may contain fine suspended material, which may be too small to 331 

be removed by typical cartridge filtration [31]. Thus, the WTPt was not able to produce water 332 

with turbidity below the acceptance level of 5.00 NTU [35] when the water after blanket 333 

filtration and sedimentation was above 6.50 NTU. 334 

On the other hand, in Phase 3 the system proved to be efficient when the raw water 335 

showed turbidity values near 10 NTU. On day 26, when the turbidity of the raw water was 336 

12.5 NTU, the water after cartridge filtration presented 1.13 NTU of turbidity. Pontius [34] 337 

showed effective turbidity removal with filters which had smaller size openings, such as 0.45 338 

µm and 0.10 µm. Afkhami et al. [12] showed high removal of turbidity with pleated cartridge 339 

filters, however they adopted a pressure drop in the system limited to 1 bar and water 340 

treatment with artificial turbidity, caused by the addition of kaolinite.  341 

The mean turbidity removal by blanket filtration combined with the settlement was 59 342 

± 18%, varying from 17% to 90%. As the ST possessed a sedimentation zone (Figure 1), the 343 

remaining water from the previous day was mixed with the water that was recently filtered by 344 

the blanket. Therefore, the wide range of turbidity removal in the blanket filtration stage is 345 

explained by the raw water quality variation (Figure 5).  346 

This removal variation can also be explained by the ripening period that may have 347 

improved the performance of the filtration by the blanket [36]. A substantial reduction in the 348 

turbidity is expected to occur when the solids are retained on the surface of the fabric [37]. 349 

The filtration by fabric is shown to have a better performance in removing 350 

contaminants as the number of layers increases. In our research, only two layers of non-351 

woven blanket were considered, mainly because of the large area of the upside of the 310 L 352 

tank. Nonetheless, Siwila and Brink [38] reported improvements of more than 40 percentage 353 

points from one to eight layers of non-woven geotextile, in a bench-scale experiment. 354 

Therefore, the optimization of fabric filtration for producing a large volume has yet to be 355 
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evaluated. The turbidity of the treated water met the minimum acceptable value of 5 NTU in 356 

some moments of Phase 3, however the TC values were not below the detection limit (1 CFU 357 

100 mL-1) after UVC disinfection (Figure 6).   358 

 359 

Figure 6 – Total coliform remaining after UVC disinfection and Transmittance at λ=254 nm 360 

in Phase 3 related to batch number 361 

The efficiency of the UV radiation depends on the transmittance at λ=254 nm of the 362 

medium and the flow rate. The best results for TC inactivation with the flow rate of 4 L min-1 363 

were attained when the transmittance was near 90%.  This agrees with the recommended 364 

values of transmittance-254 for water to use UVC disinfection by the experts in the area, 365 

which is recommended to be > 75-80 % [39]. After the 50th day of the study, the flow rate was 366 

changed to 3 L min-1, aiming to achieve better TC inactivation. 367 

Between days 54 and 57, relatively high values of transmittance were noticed, 368 

however less inactivation of TC was obtained, which indicated that the quartz sleeve that 369 

involved the UVC bulb was dirty (Figure 6). Fouling on the quartz-water interface is a linear 370 

process caused by a broad spectrum of inorganic metals and anionic ligands [20,40]. After 371 

cleaning the quartz sleeve, the distance between the lines of "Transmittance UV at 254 nm" 372 
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and "Total coliform after UVC disinfection" in Figure 6 increased in the part of the 373 

experiment of flow rate 3 L min-1 compared to the one of 4 L min-1. The difference in distance 374 

between these lines indicates the effect of the flow rate on the total coliform removal.  375 

The recommended UV dose for routine drinking water disinfection is set by most 376 

regulatory bodies at 40 mJ cm-2 for a 4-log inactivation, which is sufficient for all bacteria, 377 

protozoans and viruses except adenovirus [41,42]. The flow rates applied here promoted 378 

doses greater than 40 mJ cm-2 of UV radiation (Figure 2). However, increasing levels of 379 

turbidity, particulate matter and natural organic matter absorb more UV light and make it less 380 

available for disinfection [22]. A turbidity value greater than 1 NTU is appointed to shield 381 

microorganisms from UV radiation [29]. 382 

The E. coli count after UVC-disinfection was almost always below the detection limit 383 

of 1 CFU 100 mL-1. The exception to this was observed in batch numbers 53, 54 and 56, 384 

when the quartz sleeve was dirty (Figure S16, Supplemental Material). This group of bacteria 385 

is sensitive to UV irradiation, even when the water presented low transmittance at λ= 254 nm. 386 

As an example, in the 57th batch, the water transmittance was 46% and the E. coli count was 387 

below the limit detection after UVC disinfection. This disinfection step showed to be 388 

protective for drinking water household interventions, i.e. above 2 E. coli log reduction [43], 389 

in all the analyses performed. When the influent water presented E. coli contamination as 105 390 

CFU 100 mL-1, the UVC-disinfection reached above the 4-log reduction, which is considered 391 

highly protective [43]. 392 

The chlorine dose of 3 mg L-1 was applied daily by the manual chlorinator in all tests, 393 

regardless of the water turbidity. This simple device was used to insert the chlorine at a point 394 

before the TWT (Figure 1). The flow through the pipe promoted the successful mixing of 395 

chlorine. The treated water rested for 30 minutes in the TWT after the end of the filtration to 396 
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ensure sufficient contact time for the indicator bacteria to be inactivated by the chlorine 397 

action. 398 

After the chlorination stage, the TC count was below the detection limit of 1 CFU 100 399 

mL-1, as was expected. Even when the turbidity of 40 NTU was measured in the filtered water 400 

(Phase 3, 57th batch), the inactivation of up to 6 log of TC was attained by chlorination. As an 401 

effect of high turbidity of the filtered water, low residual chlorine values were observed, for 402 

instance, the value of 0.4 mg L-1 in the 57th batch of Phase 3. Hence, the final chlorination step 403 

ensured that the treated water presented bacterial contamination indicators (E. coli and TC) 404 

below the detection limit, even when the raw water presented total coliforms at concentrations 405 

of 106 CFU 100 mL-1.  406 

It was not necessary to increase the chlorine dose according to the increase in 407 

turbidity, contrary to what was previously recommended by the literature [44].  As 408 

householders cannot measure the water turbidity before chlorination [44], the present study 409 

aimed to ensure that the dose of 3 mg L-1 would be sufficient to inactivate bacteria, regardless 410 

of turbidity. On the other hand, if the householder realizes that the chlorinated water is turbid, 411 

it is recommended to be consumed within 8 h post-chlorination [45], because the residual 412 

chlorine might not be maintained.  413 

Although there is a concern regarding the formation of potentially carcinogenic by-414 

products when chlorine is dosed in turbid water, Lantagne et al. [46] did not observe a 415 

concentration of trihalomethanes (THM) that exceeded the WHO guidelines when adding 416 

chlorine to turbid waters with TOC concentrations ranging between 0 and 9.8 mg L-1. 417 

Besides, Abdullah et al. [47] did not find a correlation between water turbidity and THM 418 

formation.  419 

 420 
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3.3. Microbiological community on the surface of filters and blanket  421 

According to the microscopic analysis of filter’s surfaces, algae was the most 422 

predominant group, both in the variety of genera and number, with some genera such as 423 

Melosira, Navicula, Pleurosigma and Trachelomonas occurring in all samples. However, 424 

cyanobacteria, helminths and protozoa were also identified. Protozoa was the second most 425 

prevalent group founded herein. Among them, we highlight Corythion spp. and Giardia spp. 426 

found in all samples. The visualized genera retained in each filter of the Phase 3 experiment 427 

are presented in Table 5. 428 

The methodology used observed the pre and post content of the blanket, the 25 µm 429 

filter and the 10 µm, since the sediments retained on the surface of one barrier represented 430 

what passed through the previous one. Hence, it was not possible to observe the 431 

microorganisms post the 1 µm filter.  432 

Table 5 – Microorganisms in the sediments from blanket and cartridge filters identified by 433 

bright field microscopy 434 

Biological class Microorganisms  Blanket Pleated filters 

25 µm      10 µm        1 µm 

 

 

 

 

 

Algae 

Acanthosphaera spp.  x   

Achnanthidium spp. x  x x 

Ankistrodesmus spp. x x   

Aulacoseira spp. x x   

Asterocystis spp.    x 

Chilomonas spp.  x   

Chlorella spp. x x x x 

Chlamydomonas spp.  x   

Closterium spp.    x 

Coelastrum spp. x x   

Cyathomonas spp.  x   

Cyclotella spp.   x  

Desmodesmus spp.  x  x 

Diatoma spp.    x 

Euastrum spp.  x   

Euglena spp. x x   

Kirchneriella spp. x    

Melosira spp. x x x x 

Micrasterias spp.  x   

Navícula spp. x x x x 

Nitzchia spp. x x   

Oocystis spp. x    
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Palmella spp. x    

Phacus spp.  x   

Pleurosigma spp. x x x x 

Rhodomonas spp.  x x  

Scenedesmus spp. x x x  

Sphaerocystis spp. x x   

Staurodesmus spp.  x   

Synedra spp. x x x x 

Tetrastrum spp.  x    

Trachelomonas spp. x x x x 

Helminths Tabellaria spp.  x    

Hymenolepsi spp.  (egg)  x   

Nematode (larvae) x  x  

Protozoa Blastocystis     

Coleps spp. x    

Corythion spp. x x x x 

Entamoeba spp. (cyst)   x x 

Euplotes spp.  x   

Giardia spp. (cyst) x x x x 

Paramecium spp. x    

Vorticella spp.   x   

Others  Anabaena spp. (cyanobateria) x x x x 

Rotifera (animalia) x    

(x): surface above where the microorganisms were identified. 435 

One study has demonstrated infective-stage larvae being able to traverse 436 

polypropylene cartridge filters of 20 μm, 10 μm and 1 μm filtration ratings [48].  Even though 437 

filtration rating as 1 µm is expected to completely retain larger organisms such as nematodes, 438 

nominal pore size ratings are the average pore size rather than the largest; particles larger than 439 

the nominal pore size may pass through the filter [16]. Many filter manufacturers attest that 440 

filter micron sizing is based on nominal particulate ratings of >85% of a given size as 441 

determined from single-pass particle counting results [48]. This characteristic partially 442 

explains the presence of some organisms such as nematode larvae in the surface of 10 µm 443 

filter and Corythion spp. in the surface of 1 µm filter, even though they are organisms larger 444 

(≅ 1mm and ≅ 45µm, respectively) than the porosity of the filters used in the system. As 445 

shown in Table 5, nematode was identified on the surface of the 10 µm filter, which was not 446 

identified after the 10 µm filter. 447 

While some organisms require inactivation doses within the spectrum offered by the 448 

UVC system used, such as Cryptosporidium [42] and nematode larvae [49], some nematode 449 
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eggs are hardly susceptible to this type of water treatment [49].Thus, it is essential to establish 450 

periodic cleaning of the quartz sleeve to inactivate a wide variety of microorganisms, because 451 

clogging reduces UV light transmittance [42] and it is essential to retain the egg form of 452 

helminths by physical barriers.  453 

Despite the evasion of some microorganisms through physical barriers (25 µm and 10 454 

µm) the use of these blanket and three filters in sequence, among other things, increases their 455 

lifespan since the accumulation of microorganisms is partitioned, according to the size, which 456 

postpones the clogging of the filters, which last longer. The partitioned grouping of 457 

microorganisms also results in more than one biofilm. The gelatinous aspect of biofilm 458 

favours the retention of microorganisms which are removed from the water, helping to 459 

improve its quality. 460 

3.4. Operation and cost evaluation  461 

The potential user of the WTPt can have autonomy to operate the system with specific 462 

training and periodic follow-ups. Attention should be paid to the functioning of the UVC-463 

lamp, indicator lights monitor the lamp operation and the user can easily interpret if it is or 464 

not working properly. The commercial UVC-lamp is made of a stainless-steel cylinder that 465 

protects the user from any UV radiation. The mercury bulb is kept inside a quartz-sleeve. 466 

Instructions should be provided to the household user on how to periodically clean the quartz 467 

sleeve and how to change and dispose of the bulb after the end of its lifespan. In the case of 468 

interventions, it would be better to be accompanied by specialized personnel for periodic 469 

maintenance. Maintenance by households would be required to ensure efficient and correct 470 

application of the system. 471 

The WTPt cost US$ 1,114 (February, 2021). The most expensive item of the system 472 

was the UVC-lamp, acquired in Brazil for US$ 415. Each cartridge filter cost US$ 5.90 and 473 

the replacement UV bulb was budgeted at US$ 99.00.  Considering the system working 1h 474 
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per day, it would expend monthly 11.20 KWh and 0.51 KWh of power consumption of the 475 

pump and UVC-lamp, respectively. The power consumption of this system could be reduced 476 

by 75% by replacing the centrifugal pump by one 80W diaphragm pump, which fits in the 477 

configuration of the WTPt. 478 

The operation and maintenance costs of the system are presented in Table 6. The 479 

major expense would be the replacement of the three cartridge filters after 59 days of 480 

operation. By comparison, the flocculant-disinfectant sachet from Protec & Gumble®, which 481 

can treat turbid water, would cost US$ 10 per 1,000 L of water treated [50]. 482 

The proposed system can treat daily larger volumes than presented here. Perhaps a 483 

household could not afford the initial price of the WTPt, nevertheless the cost per litre of 484 

treated water is compatible with the Brazilian minimum income. It could also be a solution in 485 

for small schools, farms, or any isolated facility. 486 

 487 

Table 6 – Operation and maintenance costs of the water treatment prototype 488 

Expense item 1,000 L (US$) 1 month (US$) 

UVC bulb (9,000 h per bulb) 0.06 0.32 

Cartridge filters (12,000 L) 1.42 7.67 

Chlorine  0.07 0.38 

UVC-lamp: expenses on power consumption* 0.01 0.05 

Pump: expenses on power consumption* 0.23 1.23 

Total  1.79 9.66 

*considering US$ 0.11 KWh-1 (average price of electricity in rural areas in Brazil) 489 

  490 

4. Conclusions 491 

This work has experimentally assessed the capacity and effectiveness of a treatment 492 

prototype based on cartridge filtration, UVC disinfection and chlorination to provide the 493 

potable water daily needs for a household of 5 members sourcing from a local river.  494 
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 495 

It was observed that commercial cartridge filters were severely impacted by stressing 496 

conditions of turbidity, as direct filtration through 10 and 1 µm cartridge filters resulted in 497 

only 7 batches treating 180 L each. Nevertheless, pre-treatment with fabric filtration and 25 498 

µm filter increased the sustainability of the evaluated system, resulting in 69 batches (days of 499 

operation). From microscopic observation, an active biological layer was observed on the 500 

surface of filters and the blanket, which could have contributed to both the filter clogging and 501 

retaining of particles. 502 

The proposed system can be an attractive solution considering source water with 503 

turbidity below 10 NTU. When considering sources with higher values of turbidity, more 504 

studies should be conducted to optimize the water clarification since the UVC disinfection 505 

was not carried out properly in case of filtered water turbidity higher than 1 NTU and 506 

transmittance at UV 254 nm higher than 75%. The chlorine disinfection step was one barrier 507 

of safety in the case of the present study as the final water presented E. coli and the total 508 

coliform count was below the detection limit (virtually absence) in all tests performed. 509 
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Supplemental material 690 

691 
Figure S1 – Scheme of the Water Treatment Prototype evaluated  692 
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Figure S2: UVC-lamp Polaris™ UV-4C information dose according to the flow rate, adapted 695 

from HYDRONIX (2018) 696 
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Figure S3 – Block diagram of the electrical control of the Water Treatment Prototype 699 
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 701 

Figure S4 – Model of the semi-automatic operation protocol for the Water Treatment 702 

Prototype. 703 

704 

*ST: highest level TWT: lowest level 

The system is 

energized, and the 

pump and the UVC-

lamp can be started 

- 8:00 am: The pump 

and the UVC-lamp 

are turned on (manual 

action). 

- 8:00-8:05 am**: The water flows through the filters, the UVC-lamp, the 

two-way solenoid valve, and returns to the ST. The UVC-bulb warms up. 

- The operator adds chlorine (sodium hypochlorite or calcium hypochlorite) 

to the manual chlorinator (manual action). 

- 8:05 am: A timer sends a signal to the solenoid valve to close the returning 

way and open the way to the TWT. The water flows through the filters, the 

UVC-system, the manual chlorinator and to the TWT (automatic action). 

- ~8:50 am: The ST goes to the lowest level, and the pump and the UVC-

lamp are turn-off (automatic action). 

- After 8:50 am: The operator opens the raw water entering gauge and the water 

decants in the ST until the next operation day. 

- The treated water is collected from the TWT, which is then empty.  

ST: lowest level TWT: highest level 

The system is de-energized, 

and the pump and the UVC-

lamp are turned off OR 

AND 

* ST: Settling Tank; TWT: Treated Water Tank  

**During the first 5 minutes of the pump operation, the water passed through 

the UVC-lamp and returned to the ST in the control of a two-way solenoid 

valve. This action was performed to remove any air bubble and debris and to 

allow the warming of the UVC-lamp, as a manufacturer UVC-lamp 

recommendation. 
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 705 

 706 

Figure S5- Steps for the blanket cleaning procedure 707 
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 713 

 714 

Figure S6 – Pressure drop in filter 1 (10 µm) and filter 2 (10 µm) during Phase 1 operation 715 

 716 

 717 

Figure S7 – Pressure drop in filter 1 (25 µm) and filter 2 (10 µm) during Phase 2 operation 718 
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 721 

Figure S8 – Pressure drop in filter 1 (25 µm) and filter 2 (10 µm) during Phase 3 operation 722 
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 724 

Figure S9 – Turbidity of raw and filtered water during Phase 1 operation  725 
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 729 

Figure S10 – Turbidity of raw and filtered water during Phase 2 operation 730 

 731 

 732 

 733 

Figure S11 – Apparent colour of raw and filtered Water during Phase 1 operation 734 
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 738 

Figure S12 – Apparent colour of raw and treated water during Phase 2 operation 739 

 740 

 741 

Figure S13 – Apparent colour in raw water, water after blanket filtration and settling, and 742 

water after cartridge filtration, during Phase 3 operation 743 
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 745 

Figure S14 – Escherichia coli in raw water, after cartridge filtration, and after UV irradiation 746 

during Phase 1 operation 747 

 748 

 749 

Figure S15 - Escherichia coli in raw water, after cartridge filtration, and after UV irradiation 750 

during Phase 2 operation 751 
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755 
Figure S16- Escherichia coli in raw water, after blanket filtration and settling, after cartridge 756 

filtration, and after UV irradiation during Phase 3 operation 757 

 758 

 759 

Figure S17 – Total coliforms in raw water, after cartridge filtration, after UV irradiation, and 760 

after chlorination, during Phase 1 operation 761 
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 762 

Figure S18 - Total coliforms in raw water, after cartridge filtration, after UV irradiation, and 763 

after chlorination during Phase 2 operation 764 

 765 

Figure S19 - Total coliforms in raw water, after blanket filtration and settling, after cartridge 766 

filtration, after UV irradiation, and after chlorination during Phase 3 operation 767 
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