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A novel filtration system based 
on ceramic silver‑impregnated pot 
filter combined with adsorption 
processes to remove waterborne 
bacteria
Sandra Patricia Rivera‑Sánchez1, Iván Darío Ocampo‑Ibáñez1*, Jorge Antonio Silva‑Leal2, 
Liliana Janeth Flórez‑Elvira3, Ana Valentina Castaño‑Hincapié1, Andreina Dávila‑Estupiñan1, 
Jorge Iván Martínez‑Rivera1 & Andrea Pérez‑Vidal2

Halving the proportion of the people without sustainable access to safe drinking water and basic 
sanitation is among the Sustainable Development Goals (SDG). Lack of access to safe drinking water 
has been associated with the prevalence of waterborne diseases. Due to this reported association, 
the development of household water treatment devices has been an alternative to improve the 
quality supply of domestic water. In this study, we aimed to evaluate the performance of a ceramic 
silver-impregnated pot filter (CSF) system coupled with an adsorption process, composed of silver-
impregnated granular activated carbon and zeolite (CSF + GAC-Z), to remove waterborne bacteria 
Escherichia coli and Salmonella spp. from spiked water. The performance of this system was compared 
with the conventional CSF system. In this respect, we evaluated six CSF and six CSF + GAC-Z using 
spiked water with 103 and 102 CFU/mL of E. coli and Salmonella spp. The mean percentage of 
removals ranged between 98% and 99.98%. The highest bacterial removal efficiency was recorded 
by the CSF + GAC-Z (99%) and CSF (99.98%) for E. coli and Salmonella spp., respectively, but no 
significant statistical differences were found between filtration systems. Our findings suggest that the 
CSF + GAC-Z system was effective in the removal of waterborne bacteria from spiked water.

According to World Health Organization (WHO), the access to safe drinking water is essential for health pro-
tection and sustenance of life, because this is required for all usual domestic purposes, including drinking, food 
preparation and personal hygiene1. However, about 1.8 billion people around the world use water polluted by 
faecal material which includes pathogenic microorganisms, such as Escherichia coli and Salmonella species 
(Salmonella spp.)2–6. These enteric pathogens are causative agents of waterborne diseases, and they can be trans-
mitted to humans by ingestion of contaminated water, creating serious complications, including diarrhea and 
even death5,7,8. About 2.2 million deaths globally are associated with diarrhea each year, because of the reported 
association between microbiological contamination of drinking water and the prevalence of waterborne diseases 
2,3,9–11. This situation is striking in most developing countries where access to basic sanitation services and safe 
drinking water is very limited2–4,12,13. About 38 million people do not have access to sources of drinking water 
in Latin America and the Caribbean, and the water-related diseases are among the ten principal causes of death 
every year in this region14. In Colombia, the drinking water reached a coverage of 97% at the national level in 
2015, but the quality of water varies according to its source as well as its location13–15. In this respect, the drinking 
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water quality standards are not met in a high percentage of municipalities in Colombia, where problems related 
to the presence of E. coli and Salmonella spp. have been identified in urban and rural areas15,16.

Goal 6 included in the Sustainable Development Goals (SDG) is halving the proportion of the people without 
sustainable access to safe drinking water and basic sanitation by 203017. In this respect, the lack of access to safe 
drinking water is a notable hindrance to the improvement in human health and development of the community 
in rural/urban areas in developing countries13. To counter this, several low-cost water treating methods at the 
household level have been developed and implemented to provide consistent access to safe drinking water in 
developing countries12,18–21. In this context, currently, the point-of-use water treatment (PoUWT) systems have 
shown to be a promising option for improving the water quality at the household level in rural areas of these 
countries12,19,22–26.

Several PoUWT systems can be used to provide microbiological, physical and chemical water treatment, 
including among others disinfection, particle filtration (for instance ceramic pot filters—CPF), adsorption media 
(for instance granular activated carbon—GAC) and combined systems1,27–29. The CPFs are commonly manufac-
tured by combining clay, water, and sawdust to make a pot-shaped ceramic filter with small pores inside a plastic 
bucket. These CPFs physically remove colloidal particles and microorganisms, such as bacteria and even viruses, 
when water is passed through the filter and then the treated water is stored in the plastic bucket 12,18–20,23,25,30–35. 
These ceramic water filter systems are often impregnated with colloidal silver for disinfection purposes and 
control bacterial growth19,20,22,23,30–32,36,37. CPFs have been widely evaluated for efficient and effective removal 
of bacteria over the short term, showing significant reductions of pathogenic bacteria concentration in raw 
and spiked waters after the filtration12,18–20,22,23,25,31–33,36. On the other hand, the activated carbon and zeolite no 
impregnated with colloidal silver have shown an important microbicidal property, in order to reduce the risk of 
water contamination with microorganisms1,38–44. GAC and activated carbon fibers (ACF) are generally impreg-
nated with silver to enhance their antibacterial effect, which has demonstrated a strong bactericidal effect against 
E. coli38,39. GAC can be integrated into common filtration methods to improve the efficiency and effectiveness 
of the filter systems, in order to produce water of acceptable drinking quality37,42.

In this study, we evaluated the performance of a modified point-of-use ceramic silver-impregnated pot filter 
(CSF) system coupled with an adsorption process, composed of silver-impregnated granular activated carbon 
(GAC) and zeolite (CSF + GAC-Z) to remove E. coli and Salmonella spp. The performance of this modified sys-
tem was compared with a conventional CSF system. This is the first evaluation of a CSF system coupled with an 
adsorption process to remove waterborne bacteria from spiked water. The two enteric bacteria were included 
in this study because they are commonly used as an index of pollution in water globally, the water is known to 
be a common vehicle for their transmission, and they are related to waterborne intestinal diseases outbreaks in 
developing countries1,6–8,33,45.

Materials and methods
Filters characteristics.  Two types of point-of-use CPFs were evaluated in this study. The CSF is made 
of red clay and coconut husk impregnated with colloidal silver in a 500 ppm concentration. The pot-shaped 
ceramic filter is located inside a 25-L plastic bucket which serves as a filtered water storage container (Fig. 1A). 
The CSF + GAC-Z filter is a CSF modified. This modified system includes a preliminarily plastic storage bucket, 
which receives the water initially filtered by the pot-shaped ceramic filter, and a post-filter made of granular 

Figure 1.   Ceramic-based point-of-use water treatment systems. (A) Ceramic silver-impregnated pot filter 
(CSF). (B) Ceramic silver-impregnated pot filter with a post-filter composed of granular activated carbon (GAC) 
impregnated with colloidal silver and zeolite (Z) (CSF + GAC-Z).
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activated carbon impregnated with colloidal silver and zeolite. This system is located inside a 25-L plastic bucket 
which serves as the last storage container of filtered water (Fig. 1B).

Preparation of spiked water.  To evaluate the performance of the filters, tap water spiked with E. coli and 
Salmonella spp. was prepared. Firstly, sodium thiosulfate pentahydrate (Na2S2O3.5H2O) in a 20 mg/L concentra-
tion was added to eliminate the free residual chlorine of tap water. A color disc test kit (HACH, CNe70F) was 
used to verify the absence of chlorine and avoid an excess of thiosulfate. Before the addition of bacteria to tap 
water, kaolin (0.12 g/L) was added to obtain a value near to 30 Nephelometric Turbidity Unit (NTU), as well as 
analytical grade NaCl (Merck, 0.12 g/L) to obtain a concentration of 100 mg/L of Total Dissolved Solids (TDS) 
to avoid the early lysis of bacterial cells46–48. Then, the tap water was spiked with E. coli and Salmonella spp. to 
concentrations of 103 CFU/mL (spiked water 1) and 102 CFU/mL (spiked water 2). In order to do this, E. coli 
(ATCC 25922) and Salmonella spp. (ATCC 14028) strains were used. These strains were obtained from the 
American Type Culture (Collection Rockville, MD.T) and their purity was verified with crystal biochemical 
tests for Enterobacteriaceae non-fermenters of BBL-BD. In order to prepare spiked water, first, a bacterial growth 
calibration graph according to the McFarland scale between 0.5 and 10 at 620 nm wavelength was made (Thermo 
Scientific Genesys 20 Spectrophotometer). Then, the preparation of the inoculum was started by reactivating 
the strains, transferring 20 mL to 150 mL of nutrient broth (Merck, 105443) followed by an incubation period 
between 18 and 24 h and 35 ± 2 °C, to obtain the bacteria growth stationary phase. The cell washing procedure 
and the initial bacteria adjustment were carried out following the methodology of Rivera et al.49. Additionally, 
the microbiological quality of tap water used to prepare spiked water was periodically verified in terms of the 
heterotrophic bacteria, Pseudomonas, Total Coliforms, E. coli, and Salmonella spp. according to the standard 
methods50. Finally, as a result of the bacterial replication time being 30 min and the filtration time was three 
hours, the bacterial regrowth during filtration time was controlled. In order to do this, the bacterial concentra-
tion was measured in a surplus of non-filtered spiked water immediately after inoculation and again after three 
hours. The bacterial concentration after three hours was considered as the initial bacterial concentration of the 
spiked water before filtration.

Performance evaluation of the filtration systems.  All experiments were carried out in the Univer-
sidad Santiago de Cali located at an altitude of 1018 m above the sea. A total of 12 new filters were used, six 
CSF and six CSF + GAC-Z, for the long-term performance study. The filtration systems were operated in batch 
mode at an average environmental temperature of 21 °C for 135 days, changing the microbiological quality of 
the spiked water every five weeks. In order to reach an average microbiological removal efficiency of filters, a 
progressive periodic reduction of the bacteria concentration was made using spiked water, starting the operation 
of systems with E. coli and Salmonella spp. concentration of 103 CFU/mL, then it was reduced to 102 CFU/mL.

A total of 50 L of spiked water was prepared daily for CSF and CSF + GAC-Z systems and 7.5 L was added 
to each filter. The total amount of filtered water used during the evaluation was 1013 L per filter. The sampling 
of the filtered water was made three hours after the filter was full. The ceramic pot and the plastic parts of the 
filtration systems were cleaned daily with tap water and a soft brush. Two times per month we measured total 
silver in the filtered effluents to control the silver leaching (n = 10)50. When the filtration rate efficiency decreased, 
the systems were cleaned using a sponge and water with a sodium hypochlorite concentration of 4%, and the 
remaining chlorine content after cleaning was reduced by washing the filters with sufficient tap water. The evalu-
ation of filtration systems was carried out determining the bacteria concentrations for spiked water as well as 
for the filtered water through membrane filtration—SM9222B for E. coli and Most Probable Number (MPN) 
—SM9225C3 for Salmonella spp.49,50.

Statistical analysis.  The results were analyzed using descriptive statistical tools with median and inter-
quartile range. The removal efficiencies of the systems were evaluated using the Kruskal–Wallis test, a non-
parametric alternative to the ANOVA test, with the R-Project free software Version 1.1.463. The average log 
reduction value (LRV) was calculated using colony-forming units (CFU) and most probable number (MPN) 
values for every individual sample.

Results and discussion
Analysis of spiked water.  The microbiological characteristics of the spiked water initially prepared to 
evaluate filtration systems in this study were consistent with those suggested by EPA46 with a maximum criti-
cal value of 104 CFU/mL and 30 NTU (Table 1). The water turbidity average was 29.3 ± 5.6 NTU. However, an 

Table 1.   Microbiological characteristics of spiked water. a Bacterial concentration of spiked water immediately 
after inoculation. b Bacterial concentration in the surplus of spiked water after three hours.

Spiked water Bacteria Units n Initial concentrationa Final concentrationb

1 E. coli CFU/100 mL 5 1.2 × 103 0.8 × 103

Salmonella spp. MPN/mL 5 2.4 × 103 2.3 × 105

2 E. coli CFU/100 mL 5 1.6 × 102 3.0 × 102

Salmonella spp. MPN/mL 5 5.0 × 102 2.3 × 105
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increase in the bacterial concentration was found in the spiked water after three hours. The log increase of E. coli 
was 0.2, whereas an increase of Salmonella ranged between 2.0 and 2.7 logs was observed (Table 1). This high 
increase observed in Salmonella concentration can be explained by the high sensitivity of the MPN in compari-
son to membrane filtration for bacterial detection in water51,52. The membrane filtration has shown to be less 
sensitive than fermentation tube techniques, which can detect small numbers of bacteria in waters51,52. In this 
respect, a log reduction of 0.1 for E. coli was found in the surplus of spiked water 1 after three hours, suggesting 
a sub-estimation related to the detection method used for this bacterium (Table 1).

Performance of the filtration systems for the removal of waterborne bacteria.  The total silver 
concentration in filtered effluents was lower than ranged 0.01 mg/L. These values were lower than levels of silver 
in drinking-water recommended by EPA46 and WHO13 to protect people from the possible health effects from 
long-term exposure to silver46. Additionally, this result suggests the low mobility of colloidal silver.

Both filter systems evaluated in this study were able to decrease the concentration of bacteria in spiked water 
samples (Tables 2 and 3). However, the bacterial removal had some variations depending on the performance 
of the filters and target microorganisms. The removal reached in this study ranged between 1.8 and 3.6 logs for 
both filter systems here evaluated (Tables 2 and 3). Overall, the LRVs found in this study are similar to those 
found in other studies where bacterial removals by silver-impregnated porous pot filters have been reported to 
range between 1 and 3.5 log10 reductions20,21,31,32,47,53.

The percentage removal of E. coli and Salmonella spp. from spiked water by the CSF ranged between 98% and 
99.98%, which were within percentages reported in previous studies where the removal rates ranged between 
84 and 100%21,25,31,53. In this respect, the log10 reductions of 1.8 for E. coli (Table 2) were slightly lower in com-
parison to those found in most studies for this bacterial species (log10 reduction ranged between 2 and 3) using 
silver-impregnated pot filters21,22,25,31,53. On the other hand, removals of Salmonella spp. by silver-impregnated 
pot filters have been reported to range between 2 and 3 log reductions25,31, however, we found slightly higher 
removal values in this study with log10 reductions that ranged between 3.4 and 3.6 for CSF system (Table 3).

This is the first evaluation of the CSF + GAC-Z system, which includes a post-filtration device composed of 
silver-impregnated GAC and zeolite downstream of the silver-impregnated pot filter (Fig. 1). The log reduction of 
bacteria for this system ranged between 2 (99%) and 3.5 (99.97%) logs (Tables 1 and 2). Despite this CSF + GAC-Z 
system being never evaluated before, the filtration rates efficiency found here (Tables 1 and 2) were comparable 
to those reported in a study where GAC was integrated into ceramic filters (average removal of 99%) 42. However, 
we found a higher percentage of removal compared to GAC based-filters which showed poor performance with 
80% of bacterial removal54.

When both systems were compared, no significant statistical differences were found between filtration sys-
tems for removal of both E. coli and Salmonella (p value > 0.05) (Tables 2 and 3), but the CSF device exhibited 
higher performance to remove Salmonella spp. (Table 3). However, it is recognized that adsorption processes are 
used for the removal of chemical contaminants such as heavy metals and organic substances1. In this respect, 
in future research, it is advisable to evaluate the microbiological and chemical risk of the CSF + GAC-Z system 
in an integrated way. This finding suggests that the silver-impregnated GAC and zeolite did not contribute to 

Table 2.   Concentrations of E. coli in the spiked water before and after filtration. CFU Colony-forming unit, 
IQR Interquartile range, LRV Log Reduction Value. a Median. NS, Non-significant differences found with a 
significance level of 0.05.

Spiked water n
Filtration 
system

CFU/100 mL Removal

p value

Concentration 
before 
filtrationa

Concentration 
after filtrationa IQR LRV (average) Efficiency (%)

1
30 CSF 0.87 × 103 3.5 × 101 5 × 100–5.9 × 101 1.8 98.0

0.25NS

30 CSF + GAC-Z 0.87 × 103 1.6 × 101 0–4.1 × 101 2.0 99.0

2
30 CSF 3.00 × 102 4.0 × 100 0–7.0 × 100 2.0 99.0

0.67NS

30 CSF + GAC-Z 3.00 × 102 3.0 × 100 0–7.0 × 100 2.0 99.0

Table 3.   Concentrations of Salmonella spp. in the spiked water before and after filtration. MPN Most Probable 
Number, IQR Interquartile range, LRV Log Reduction Value. a Median. NS, Non-significant differences found 
with a significance level of 0.05.

Spiked water n Filtration system

MPN/100 mL Removal

p valueConcentration before filtrationa Concentration after filtrationa IQR LRV (average) Efficiency (%)

1
30 CSF 2.30 × 105 2.0 × 100 2.0 × 100–2.3 × 103 3.4 99.96

0.68NS

30 CSF + GAC-Z 2.30 × 105 2.3 × 103 2.0 × 100–2.3 × 103 3.2 99.94

2
30 CSF 2.30 × 105 1.2 × 102 0.3 × 102–2.3 × 102 3.6 99.98

0.66NS

30 CSF + GAC-Z 2.30 × 105 0.8 × 102 0.4 × 102–7.0 × 102 3.5 99.97
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increasing the removal and disinfection efficiency of filters, despite the anti-microbial properties attributed to 
silver supported by Zeolite41 and activated carbon38,39. In contrast, the removal effectivity and efficiency of the 
CSF unit can be attributed to the silver-coating onto the pot before filtering, because of the bactericidal prop-
erties of silver and its uses as a disinfectant22,31. According to the results found in this study, an improvement 
of drinking water quality is obtained using CSF and CSF + GAC-Z systems. However, the filtered water is not 
adjusted to permissible limits of bacteriological parameters for drinking water according to WHO and Colom-
bia standards, which establish a maximum value of 0 CFU/100 mL for E. coli in acceptable drinking water for 
human consumption1,55. Nevertheless, these systems were not evaluated using raw environmental water samples 
with lower concentrations of target potential pathogenic bacteria. When these types of water samples were used 
previously with CPFs, these systems showed performances of 100% for the removal of presumptive bacteria 
species31. In this context, this suggests that the operational limit of filter systems here evaluated is bottom than 
1 × 103 CFU/100 mL. Alternatively, an additional simple disinfection step of the filtered water could be included 
in CSF and CSF + GAC-Z systems. A combination of the filter with a silver-embedded ceramic tablet placed in 
the lower of the plastic bucket has shown to be an effective alternative to remove E. coli at 100% over the time, 
as a result of this method provides continual disinfection of filtered water19.

Economic analysis and costing comparison of removal systems.  The combination of CSF 
and adsorption process increases the basic cost of the system. In this context, a 31% increase in the cost of 
CSF + GAC-Z system compared to basic cost of the CSF was calculated. The cost of conventional CSF system 
was calculated to be COP$180,000 (US$53.1), whereas the cost of CSF + GAC-Z was COP$260,000 (US$76.62), 
when the adsorption system was included. Because of no significant differences were found in the bacterial 
removal efficiency between the CSF + GAC-Z and CSF systems, the proportions of communities who would be 
willing to pay for the increase of CSF + GAC-Z system cost would be lower. However, inclusion of adsorption 
system could be considered as an added value of CSF + GAC-Z, because of adsorption processes could remove 
of heavy metals and organic substances1, even though studies to evaluate the removal of chemical contaminants 
by CSF + GAC-Z system are necessary.

Conclusion
The outcomes of this study showed that the CSF + GAC-Z system decreased the concentration of bacteria from 
spiked water. No significant differences were found between the CSF + GAC-Z filtration system and the con-
ventional CSF system for the removal of pathogenic bacteria here compared. In this respect, the integration of 
GAC did not improve the efficiency and effectiveness of the CPF system. Regardless, high removal efficiencies 
of waterborne bacteria were observed with maximum log reductions of 3.6 log for Salmonella spp. and 2.0 log 
for E. coli with CSF and CSF + GAC-Z, respectively. Even though the bacterial removal efficiency was not 100% 
in spiked water, bacteriologically the water obtained after filtration can be categorized as ’low risk’ as per WHO 
standards. Although no significant differences in the performance of bacterial removal between both systems 
were observed, the combination of CSF with adsorption process would be socially effective and efficient for 
the removal of chemical pollutants, which would be needed to be clarified through further research before its 
practical application.

Received: 16 October 2019; Accepted: 15 June 2020

References
	 1.	 WHO. Guidelines for Drinking-Water Quality: Fourth Edition Incorporating the First Addendum (World Health Organization, 

Geneva, 2017).
	 2.	 WHO. UN-Water Global Analysis and Assessment of Sanitation and Drinking-Water (GLAAS) (World Health Organization, Geneva, 

2014).
	 3.	 WHO. UN-Water Global Analysis and Assessment of Sanitation and Drinking-Water (GLAAS) (World Health Organization, Geneva, 

2017).
	 4.	 WHO. Health in 2015: From MDGs, Millennium Development Goals to SDGs, Sustainable Development Goals (World Health 

Organization, Geneva, 2015).
	 5.	 Momtaz, H., Dehkordi, F. S., Rahimi, E. & Asgarifar, A. Detection of Escherichia coli, Salmonella species, and Vibrio cholerae in tap 

water and bottled drinking water in Isfahan, Iran. BMC Public Health 13, 1 (2013).
	 6.	 Liu, H., Whitehouse, C. A. & Li, B. Presence and persistence of salmonella in water: the impact on microbial quality of water and 

food safety. Front. Public Health 6, 1–13 (2018).
	 7.	 Momba, M. N. B., Malakate, V. K. & Theron, J. Abundance of pathogenic Escherichia coli, Salmonella typhimurium and Vibrio 

cholerae in Nkonkobe drinking water sources. J. Water Health 4, 289–296 (2006).
	 8.	 Cherry, W. B. et al. Salmonellae as an index of pollution of surface waters. Appl. Microbiol. 24, 334–340 (1972).
	 9.	 Luby, S. P. et al. Microbiological contamination of drinking water associated with subsequent child diarrhea. Am. J. Trop. Med. 

Hyg. 93, 904–911 (2015).
	10.	 Troeger, C. et al. Estimates of global, regional, and national morbidity, mortality, and aetiologies of diarrhoeal diseases: a systematic 

analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis. 17, 909–948 (2017).
	11.	 Troeger, C. et al. Estimates of the global, regional, and national morbidity, mortality, and aetiologies of diarrhoea in 195 countries: 

a systematic analysis for the Global Burden of Disease Study 2016. Lancet Infect. Dis. 18, 1211–1228 (2018).
	12.	 Clark, K. N. & Elmore, A. C. Bacteria removal effectiveness of ceramic pot filters not applied with colloidal silver. Water Sci. Technol. 

Water Supply 11, 765–772 (2011).
	13.	 WHO & UNICEF. Progress on Drinking Water, Sanitation and Hygiene: 2017 Update and SDG Baselines. World Health Organiza-

tion and the United Nations Children’s Fund. (2017).
	14.	 PAHO. Water and Sanitation: Evidence for Public Policies Focused on Human Rights and Public Health Results (Pan American Health 

Organization, Washington, 2011).



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11198  | https://doi.org/10.1038/s41598-020-68192-y

www.nature.com/scientificreports/

	15.	 Guzmán, B. L., Nava, G. & Díaz, P. L. calidad del agua para consumo humano y su asociación con la morbimortalidad en Colombia, 
2008–2012. Biomédica 35, 177–190 (2015).

	16.	 MSPS & INS. Enfermedades Vehiculizadas por Agua e Índice de Riesgo de la Calidad del Agua en Colombia 2015 (Ministerio de 
Salud y Proteccion Social, Instituto Nacional de salud, 2016).

	17.	 UNDP. The Sustainable Development Goals Report 2018. United Nations Development Programme. (United Nations (UN), 2018). 
doi:10.18356/7d014b41-en

	18.	 Lamichhane, S. & Kansakar, B. R. Comparison of the Performance of Ceramic Filters in Drinking Water Treatment. Int. J. Eng. 
Innov. Technol. 3, 481–485 (2013).

	19.	 Ehdaie, B. et al. Evaluation of a silver-embedded ceramic tablet as a primary and secondary point-ofuse water purification technol-
ogy in Limpopo Province, S. Africa. PLoS ONE 12, 1–20 (2017).

	20.	 Pérez-Vidal, A. et al. Removal of E. coli and Salmonella in pot ceramic filters operating at different filtration rates. Water Res. 159, 
358–364 (2019).

	21.	 Karim, M. R. et al. Microbiological effectiveness of mineral pot filters as household water treatment in the coastal areas of Bang-
ladesh. Microb. Risk Anal. 4, 7–15 (2016).

	22.	 Oyanedel-Craver, V. A. & Smith, J. A. Sustainable colloidal-silver-impregnated ceramic filter for point-of-use water treatment. 
Environ. Sci. Technol. 42, 927–933 (2008).

	23.	 Abebe, L. S. et al. Ceramic water filters impregnated with silver nanoparticles as a point-of-use water-treatment intervention 
for HIV-positive individuals in Limpopo Province, South Africa: A pilot study of technological performance and human health 
benefits. J. Water Health 12, 288–300 (2014).

	24.	 Mellor, J., Kallman, E., Oyanedel-Craver, V. & Smith, J. Comparison of three household water treatment technologies in San Mateo 
Ixtatán, Guatemala. J. Environ. Eng. 141, 5 (2014).

	25.	 Mwabi, J., Mamba, B. & Momba, M. Removal of waterborne bacteria from surface water and groundwater by cost-effective house-
hold water treatment systems (HWTS): A sustainable solution for. Water SA 39, 445–456 (2013).

	26.	 Shamsuddin, N., Das, D. B. & Starov, V. M. Membrane-based point-of-use water treatment (PoUWT) system in emergency situ-
ations. Sep. Purif. Rev. 45, 50–67 (2016).

	27.	 Liu, X. & Fitzpatrick, C. S. B. Removal of humic substances using solar irradiation followed by granular activated carbon adsorp-
tion. Water Sci. Technol. Water Supply 10, 15–22 (2010).

	28.	 Yakub, I. et al. Porosity, flow, and filtration characteristics of frustum-shaped ceramic water filters. J. Environ. Eng. 139, 986–994 
(2013).

	29.	 Murphy, H. M., McBean, E. A. & Farahbakhsh, K. A critical evaluation of two point-of-use water treatment technologies: Can they 
provide water that meets WHO drinking water guidelines?. J. Water Health 8, 611–630 (2010).

	30.	 WHO. Combating Waterborne Disease at the Household Level/International Network to Promote Household Water Treatment and 
Safe Storage (World Health Organization, Geneva, 2007).

	31.	 Mwabi, J. K. et al. Household water treatment systems: A solution to the production of safe drinking water by the low-income 
communities of Southern Africa. Phys. Chem. Earth 36, 1120–1128 (2011).

	32.	 van Halem, D., Heijman, S. G. J., Soppe, A. I. A., Van Dijk, J. C. & Amy, G. L. Ceramic silver-impregnated pot filters for household 
drinking water treatment in developing countries: Material characterization and performance study. Water Sci. Technol. Water 
Supply 7, 9–17 (2007).

	33.	 Bielefeldt, A. R., Kowalski, K. & Summers, R. S. Bacterial treatment effectiveness of point-of-use ceramic water filters. Water Res. 
43, 3559–3565 (2009).

	34.	 Bielefeldt, A. R. et al. Removal of virus to protozoan sized particles in point-of-use ceramic water filters. Water Res. 44, 1482–1488 
(2010).

	35.	 van Halem, D., van der Laan, H., Soppe, A. I. A. & Heijman, S. G. J. High flow ceramic pot filters. Water Res. 124, 398–406 (2017).
	36.	 van Halem, D., van der Laan, H., Heijman, S. G. J., van Dijk, J. C. & Amy, G. L. Assessing the sustainability of the silver-impregnated 

ceramic pot filter for low-cost household drinking water treatment. Phys. Chem. Earth 34, 36–42 (2009).
	37.	 Hoslett, J. et al. Surface water filtration using granular media and membranes: A review. Sci. Total Environ. 639, 1268–1282 (2018).
	38.	 Le Pape, H. et al. Evaluation of the anti-microbial properties of an activated carbon fibre supporting silver using a dynamic method. 

Carbon N. Y. 40, 2947–2954 (2009).
	39.	 Le Pape, H. et al. Involvement of reactive oxygen species in the bactericidal activity of activated carbon fibre supporting silver: 

Bactericidal activity of ACF(Ag) mediated by ROS. J. Inorg. Biochem. 98, 1054–1060 (2004).
	40.	 Garoma, T. & Kocher, J. Investigation of surfactant-modified activated carbon for recycled water disinfection. Water Sci. Technol. 

62, 1755–1766 (2010).
	41.	 Rivera-Garza, M., Olguín, M. T., García-Sosa, I., Alcántara, D. & Rodríguez-Fuentes, G. Silver supported on natural Mexican 

zeolite as an antibacterial material. Microporous Mesoporous Mater. 39, 431–444 (2000).
	42.	 Striebig, B. et al. Activated carbon amended ceramic drinking water filters for benin. J. Eng. Sustain. Dev. 2, 3–11 (2007).
	43.	 Schulze-Makuch, D., Bowman, R. S., Pillai, S. D. & Guan, H. Field evaluation of the effectiveness of surfactant modified zeolite 

and iron-oxide-coated sand for removing viruses and bacteria from ground water. Groundw. Monit. Remediat. 23, 68–74 (2003).
	44.	 Widiastuti, N., Wu, H., Ang, M. & Zhang, D. ke. The potential application of natural zeolite for greywater treatment. Desalination 

218, 271–280 (2008).
	45.	 Levantesi, C. et al. Salmonella in surface and drinking water: Occurrence and water-mediated transmission. Food Res. Int. 45, 

587–602 (2012).
	46.	 USEPA. Guide Standard and Protocol for Testing Microbiological Water Purifiers (United States Environmental Protection Agency, 

Washington, 1987).
	47.	 Pérez Vidal, A., Diaz Gómez, J., Castellanos Rozo, J. & Usaquen Perilla, O. L. Long-term evaluation of the performance of four 

point-of-use water filters. Water Res. 98, 176–182 (2016).
	48.	 Sanabria, J., Wist, J. & Pulgarin, C. Photocataltytic desinfection treatments: viability, cultivability and metablic changes of E. coli 

using different mesurements methods. Dyna 78, 150–157 (2011).
	49.	 Rivera, S. P., Florez, L. J. & Sanabria, J. Standardization of a quantification method for Salmonella spp. and Shigella spp. in specific 

liquid media. Colomb. Med. 41, 60–70 (2010).
	50.	 APHA. Standard Methods for the Examination of Water and Wastewater. American Public Health Association (APHA), American 

Water Works Association (AWWA) and Water Environment Federation (WEF) (2012).
	51.	 Jenkins, M. B., Endale, D. M. & Fisher, D. S. Most probable number methodology for quantifying dilute concentrations and fluxes 

of Salmonella in surface waters. J. Appl. Microbiol. 104, 1562–1568 (2008).
	52.	 UNEP & WHO. Water quality monitoring - a practical guide to the design and implementation of freshwater quality studies and 

monitoring programs. In Quality Studies and Monitoring Programmes. United Nations Environment Programme and the World 
Health Organization, Washington (eds. Bartram, J. & Ballance, R.) 383 (1996).

	53.	 Gupta, S. et al. Household production of ceramic water filters in Western Rajasthan, India. Int. J. Serv. Learn. Eng. Humanit. Eng. 
Soc. Entrep. 13, 53–66 (2018).

	54.	 Undabeytia, T. et al. Removal of waterborne microorganisms by filtration using clay-polymer complexes. J. Hazard. Mater. 279, 
190–196 (2014).

	55.	 MSPS. Decreto N° 1575. Ministerio de Salud y Proteccion Social. 2007, 1–14 (2007).



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11198  | https://doi.org/10.1038/s41598-020-68192-y

www.nature.com/scientificreports/

Acknowledgements
This project was supported by Universidad Santiago de Cali and the company REPLACOL (manufacturer of 
EKOFIL filters) [Grant Number 711-621116-D30]. The authors thank Andrea Valencia for her support in the 
data statistical analysis and Michele Underwood for checking English grammar of the manuscript.

Author contributions
S. P. R.-S.: Methodology, investigation, conceptualization. I. D. O.-I.: Conceptualization, wrote the main manu-
script text, figures and tables preparation. J. A. S.-L.: Conceptualization, supervision. L. J. F.-E.: Statistical analysis 
and tables preparation. A. V. C.-H.: Methodology, investigation. A. D.-E.: Methodology, investigation. J. I. M.-R.: 
Methodology, investigation. A. P.-V.: Conceptualization, methodology, supervision, project administration, fund-
ing acquisition, figure preparation. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.D.O.-I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A novel filtration system based on ceramic silver-impregnated pot filter combined with adsorption processes to remove waterborne bacteria
	Anchor 2
	Anchor 3
	Materials and methods
	Filters characteristics. 
	Preparation of spiked water. 
	Performance evaluation of the filtration systems. 
	Statistical analysis. 

	Results and discussion
	Analysis of spiked water. 
	Performance of the filtration systems for the removal of waterborne bacteria. 
	Economic analysis and costing comparison of removal systems. 

	Conclusion
	References
	Acknowledgements


