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ABSTRACT. While provision of safe drinking water is considered a basic human right, there are major challenges in the developing 
world for its provision. The ability to deliver safe water using a cost-appropriate technology is a major aspect of the problem. One of 
the technologies that has the potential to contribute significantly is the ceramic water filter (CWF); however, as shown herein, there are 
significant differences between performance of CWFs in the laboratory and in field applications. The CWFs employed in this study 
(field and laboratory) have a pore fraction of 21.0 - 22.4% and an average maximum pore diameter of 5.7 - 15.2 μm. Field studies were 
completed in Longhai City, China, a rural community in southeastern China with red earth, high precipitation and intensive human/ 
domestic activities. During field trials, CWFs demonstrated an average removal efficiency of 94.7%, with values ranging from 75 - 

100%, whereas in laboratory studies, average removal efficiency was determined to be 99.5%, with values ranging from 97.7 - 99.9%. 
Differences between the lab and field removal efficiencies are attributed to contamination of the filter element and receptacle by 
villagers during field utilization and cleaning. Effective technology transfer to the end-user is required to achieve the bacterial removal 
efficiency attainable by the technology itself. 
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1. Introduction 

The World Health Organization defines access to safe 
drinking water as a basic human right. As of 2015, 663 mil- 
lion people (approximately 1/10th of the global population) lack- 
ed access to a safe drinking water supply and 2.4 billion peo- 
ple (1/3rd of the global population) lacked access to adequate 
sanitation (WHO/UNICEF, 2015). Inadequate sanitation facili- 
ties are a major cause of disease worldwide (WHO, 2017) due 
to faecal contamination of drinking water sources. There is a 
clear need for improved safe water provision and basic sanita- 
tion, but identification of approaches that will function con- 
sistently, including methodologies/ technologies to minimize 
faecal contamination of drinking water, remains a major obs- 
tacle to the provision of potable water (WHO/UNICEF, 2015; 
WHO, 2017) and much work remains to provide universal ac- 
cess to safe drinking water supplies.  

The shortfall in provision of safe drinking water is par- 
ticularly significant due to the impact of faecal contamination 
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on human health. Diarrhoeal diseases, caused primarily by mi- 
crobial contamination of drinking water, are the second lea- 
ding cause of death in children under five years of age (WHO, 
2013). The global impact of diarrhoeal diseases is substan- 
tial: each year, there are 1.7 billion cases and 760,000 child 
fatalities (WHO, 2013). Fatalities due to diarrhoeal diseases 
are typically the result of severe dehydration and fluid loss, 
with malnourished children and immune-compromised indivi- 
duals being at the highest risk (WHO/ UNICEF, 2015).  

Although implementation of improved drinking water sour- 
ces (e.g., piped water into dwellings, public taps, tubewells) 
represent desirable, long-term elements to provide safe drin- 
king water, the installation and maintenance of these systems, 
particularly in rural areas, is difficult and economically im- 
practical in many cases. Additionally, water is often contami- 
nated during transport from centralized water sources (e.g., 
public taps) (Wright et al., 2004). 

In response, promising solutions to supply safe drinking 
water to the rural poor are point-of-use (POU) water filtration 
devices, an example of which is the Ceramic Water Filter 
(CWF) (e.g., Murphy et al., 2010a, b; Farrow et al., 2014; Mellor 
et al., 2014; Berg, 2015). Additional POU technologies also 
exist (e.g., membrane filters, biosand filters, and candle filters) 
(Murphy et al. 2010c; Perez-Vidal et al., 2016). An economic 
assessment indicated that the cost of providing functional CWFs 
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to a typical household for ten years is $63 (assuming a func- 
tional life of 3.5 years); in contrast, the cost of providing a 
centralized water system for the same time period is approxi- 
mately $221/household (Ren et al., 2013). Hence, CWFs pre- 
sent a more affordable solution in comparison to conventional 
centralized systems.  

CWFs are typically constructed of clay and milled rice 
husk. The mixture is separated into 7 ~ 8 kg balls and pressed 
into cylindrical pot form (24 × 34 cm) (height × diameter). 
The CWFs are then fired at 830 °C to burn out the rice husk 
and provide a product with a controlled porosity, thus allow- 
ing adequate transmittance of water (1 ~ 3 L/h). Lantagne (2001) 
reported pore diameters ranging from 0.6 to 3 μm while van 
Halem (2006) reported a pore size distribution ranging from 
0.02 ~ 200 μm, with a predominant pore size of 14 μm. After 
firing, the CWFs are placed in plastic receptacles to allow col- 
lection of filtered water as depicted in Figure 1.  

Bacteria generally range in length from 1 ~ 50 μm; how- 
ever, rod-shaped bacteria (including E. coli) are 0.3 ~ 1.5 μm 
in diameter and 1 ~ 10 μm in length (Tchobanoglous et al., 2003). 
Therefore, the considerable majority of E. coli are expected to 
be filtered from the influent during CWF operation.  

In addition to filtration, the development of a biofilm on 
the surface of the CWF aids in the removal of pathogens. Silver 
nitrate and/or silver nanoparticles are also utilized as disin- 
fectants in some cases (Oyanedel-Craver and Smith, 2008; 
Vinka, et al., 2008; Yakub and Soboyejo, 2012; Rayner et al., 
2013). Hence, the combination of filtration, disinfection and 
biofilm development result in significant removal of micro- 
organisms from source water during CWF operation.  

Of interest is the degree of effectiveness of removal of 
waterborne pathogens. As described below, reported efficien- 
cies within the technical literature vary, depending upon the 
conditions under which removal effectiveness was determined. 
Laboratory studies of the efficacy of E. coli reduction by CWFs 
have indicated log-phase reductions ranging from 2.4 ~ 7.0 

(Lantagne, 2001; Fahlin, 2003; Campbell, 2005; Duke, 2006; 
van Halem, 2007; Thomas et al., 2015). Alternatively, field 
studies have indicated a broader range of results. An investi- 
gation by Malapane and Hackett (2012) in field tests in Lim- 
popo Province, South Africa indicated E. coli removal effi- 
ciencies ranging from 88 ~ 95%. An assessment by Kallman 
et al. (2011) in rural Guatemala indicated removal efficiencies 
ranging from 72 ~ 100%, with a mean removal efficiency of 
87%.  

The differences between removal efficiencies observed in 
laboratory settings and those observed in the field are the 
result of a variety of issues, including: cleaning regime, con- 
tamination of the filter element, and contamination of the 
reservoir/receptacle. Contamination is more likely to occur du- 
ring field operation due to insufficient training of the end-user 
as well as contaminated/non-sterile environments. The shape 
and size (7 ~ 8 kg) of CWFs make it difficult to follow re- 
commended cleaning regimes while avoiding contamination. 
The CWF may be being placed on non-sterile surfaces to aid 
in cleaning as well as being supported using hands on the 
bottom and/or side due to the weight, while performing filter 
maintenance, both of which contribute to contamination of the 
outside surfaces of the CWF.  

The purpose of this research is to determine the impact of 
field conditions on CWF performance and identify possible 
improvements/modifications for future use. Field data are a 
more realistic representation of the effectiveness of CWFs for 
rural populations and therefore identification of issues impac- 
ting field operation enables improved design of CWFs in the 
future. 

2. Materials and Methods 

2.1. Laboratory Study  

Laboratory studies were completed at the University of 
Guelph, Ontario, Canada. Two CWFs were analyzed and a 
non-pathogenic strain of E. coli was employed (ATCC 700891). 
Influent E. coli concentrations employed throughout all labo- 
ratory trials ranged from 104 to 105 CFU/100 mL. All samples 
were plated in triplicate at a variety of dilutions and method 
blanks were utilized during the enumeration procedure. The 
CWFs were sourced from the same manufacturer as those 
employed in field trials. The source water utilized in labo- 
ratory trials was sterile deionized water.  

 

2.2. Field Study  

Field studies took place in Longhai City in the Fujian 
province of the People’s Republic of China. Longhai is a 
county-level city within the prefecture city of Zhangzhou. 
Eight CWFs (sourced from the same manufacturer as those 
utilized in the laboratory study) were utilized in eight separate 
households of which three used one of several well water 
sources (see Figure S1 as a typical example), and five used 
spring water (see Figure S2, where water is collected in a 
concrete reservoir and subsequently piped to households via a 
simple dendritic distribution system). Source water was added 

 
    Figure 1. Ceramic water filter schematic. 
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to each CWF by the village residents, from their designated 
water source, at least once per day to prevent drying of the 
filter element and to aid in the establishment of a biofilm. 
CWFs were used for one month before sampling began. Sam- 
ples were periodically collected over a two-month study period 
(January ~ March 2016). 

 

2.3. E. coli Enumeration Procedure  

E. Coli were enumerated in accordance with EPA Method 
1603: Escherichia coli in Water by Membrane Filtration in 
both laboratory and field studies.  

 

2.4. Microscopy Procedure  

A Keyence VHX-5000 digital microscope was employed 
for surface analysis of CWFs. Images were produced using 
depth-in configuration with automatic 3D image stitching. Au- 
tomatic area measurements were taken to quantify the size 
and number of pores.  

 

2.5. Statistical Analysis  

A t-Test was employed for statistical comparison between 
data sets (McBean and Rovers, 1998). Statistical significance 
was established at 5% (p < 0.05).  

The relationship between log-phase reduction and reduc- 
tion percentage is characterized in Equation (1), where one 
log-phase reduction is equivalent to 90% removal, two log- 
phase reduction is equivalent to 99% removal, etc. 

 

log Removal = -log(1-Removal%/100) 

3. Results and Discussion 

3.1. Microscopic Analysis  

CWFs were analyzed for pore size and distribution (Table 
1, Figure S3). Data indicate a pore fraction of 21.0 ~ 22.4%, 
an average maximum pore diameter of 5.7 ~ 15.2 μm and an 
average minimum pore diameter of 3.9 ~ 10.0 μm. Bacteria 
range in length from 1 ~ 50 μm. Therefore, the majority of bac- 
teria are expected to be removed from the influent water by 
size exclusion. 

 

3.2. Laboratory Study  

E. coli removal efficiency data obtained from laboratory 
trials are depicted in Figure 2. Average removal efficiency of 
E. coli ranged from 97.7 ~ 99.9%. There was insufficient 
evidence of a significant difference (p > 0.05) between the 
two CWFs tested indicating that the two CWFs were not 
significantly different in terms of E. coli removal efficiency. 
CWF 1 demonstrated larger variation in removal efficiency 
compared to CWF 2. This result is due to variations in manu- 
facture, primarily the presence of micro-cracks and/or large 
pores. Micro-cracks and large pores typically dominate flow 
and achieve less removal.  

 

3.3. Field Study  

Data obtained from field studies in Longhai, China are 
shown in Figures 3 and 4. Influent water quality is summari- 
zed in Table 2. The removal efficiencies of E. coli during field 
studies were observed to have a broad range, from 75 ~ 100%. 
There was no evidence of a significant difference (p > 0.05) in 
influent quality between water sourced from the wells and 
water sourced from the concrete reservoir. Influent concen- 
trations ranged from 113 to 1900 CFU/100 mL. There was no 
significant change in removal efficacy over time, indicating 
that CWFs/receptacles did not become increasingly contami- 
nated as the trial progressed and that formation of a biofilm 
did not significantly improve E. coli removal over the period 
of monitoring. There was no evidence of a statistically signi- 
ficant difference (p > 0.05) in E. Coli removal efficiency be- 
tween CWFs that used spring water and those that used well 
water as an influent source. 

Figure 5 depicts the E. coli removal efficiency associated 
with individual CWFs studied during field trials. The mag- 
nitude of variation associated with each CWF indicates that 
the sources of variation reflected in Figures 2 and 3 are not 
solely due to differences between individual CWF removal 
efficiencies but also due to variations in removal efficiencies 
over time. The magnitude of variation observed is much grea- 
ter than can be solely attributed to variations from manufacture. 

Table 1. Pore Size Analysis of CWFs Utilizing Keyence 
VHX-5000 Digital Microscope 

 CWF 1 CWF 2 
Average Pore Size (Max. Diameter, μm*) 5.7 

(16.7) 
15.2 
(11.1) 

Average Pore Size (Min. Diameter, μm*) 3.9 (12) 10.0 
(8.1) 

Largest Pore (μm) 113 63.8 
Pore Fraction  21.0% 22.4% 

*Bracketed values indicate standard deviation. 

Figure 2. Removal efficiency of E. coli during laboratory 
studies at the University of Guelph, Canada utilizing sterile 
source water spiked with a non-pathogenic E. coli (n = 6). 
Note: Box represents 25th and 75th percentiles; lines 
extending vertically from the boxes (whiskers) represent 
maximum/minimum values. 

95

96

97

98

99

100

CWF 1 CWF 2
E

. c
ol

i R
em

ov
al

 E
ffi

ci
en

cy
CWF Reference

(%
) 



C. Farrow et al. / Journal of Environmental Informatics 32(2) 63-68 (2018) 

 

66 
  

Changes in the E. coli removal efficiency of a single CWF, as 
depicted in Figures 2 and 3, include the effect of external 
contamination from either the filter element or the plastic 
receptacle, probably as a result of contamination by the end- 
user. It is unlikely that a CWF would exhibit the fairly high 
level of variation observed in these findings, unless occasional 
contamination of the filter element was occurring. As noted 
previously, removal efficiencies did not decline over time but 
changed irregularly from week to week (see Figure 5) indi- 
cating an irregular source of contamination.  

 

3.4. Comparative Analysis  

A comparison between field and laboratory studies indi- 
cates sufficient evidence of a statistically significant differ- 
rence in E. coli removal efficiency between field and lab- 
oratory studies (p < 0.05). Differences between field and labo- 
ratory studies include: influent concentrations (significantly 
higher source water concentrations in the laboratory studies), 
cleaning regime, and maintenance of sterile conditions arising 
from improper CWF cleaning during field studies. 

Comparison between the study results presented herein 
and other field and laboratory studies (see Figure 6) strength- 
ens the aforementioned trends as observed between field and 
laboratory trials. Field studies conducted by Kallman et al. 
(2011) and Malapane and Hackett (2012) depict similar E. 
coli removal efficiencies to the current field study in Longhai, 
China. Laboratory studies conducted by Lantagne (2001a), 
Fahlin (2003), Campbell (2005), and Duke et al. (2006) also 
show similar removal efficiencies to the current laboratory re- 
sults, although a laboratory study reported by Van Halem et al. 
(2007) shows significantly higher removal of E. coli (evident 

Table 2. Influent Water Quality 
 Spring (n=5) Well (n=3) 
COD (mg/L)* 2.94 (0.61) 2.43 (0.15) 
TN (mg/L)* 11.36 (1.76) 7.83 (0.65) 
NO3-N (mg/L)* 7.84 (0.54) 6.8 (0.36) 

* Bracketed values indicate standard deviation. 

 
Figure 3. Removal efficiency of E. Coli during field 
studies in Longhai, China utilizing source water from 
springs (n = 5). Note: Box represents 25th and 75th 
percentiles; lines extending vertically from the boxes 
(whiskers) represent maximum/minimum values. 
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Figure 4. Removal efficiency of E. Coli during field 
studies in Longhai, China utilizing source water from wells 
(n = 3). Note: On Jan. 22, 2016 only one sample was 
collected. Box represents 25th and 75th percentiles; lines 
extending vertically from the boxes (whiskers) represent 
maximum/minimum values. 
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Figure 5. Removal efficiency of E. Coli during field studies in Longhai, China utilizing both well and spring source water. 
Note: Box represents 25th and 75th percentiles; lines extending vertically from the boxes (whiskers) represent maximum/ 
minimum values. 
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by the plotted values in Figure 6). Average E. coli removal ef- 
ficiencies in the lab and field were observed to be 99.5 and 
94.7% respectively.  

The differences in removal efficiency between field and 
laboratory conditions are attributed primarily to cleaning re- 
gime, influent concentration, and accidental contamination of 
the CWF and receptacle. Clearly, any contamination of the ex- 
terior surface of CWFs during cleaning in the field leads to 
contamination of the filtered water. Although the rural house- 
holders were advised to not do so, users were observed to be 
touching the external surface of the filter element during site 
visits. The CWFs utilized in this study were 8 kg and there- 
fore difficult to clean without supporting the external surface. 
This support leads to contamination of the filter element. Uti- 
lizing a lighter ceramic filter would reduce the occurrence of 
external contamination, but the integrity of microorganism re- 
moval would be impacted and the potential for breakage 
would be increased. The fragile character related to a thinner 
ceramic filter is not worth the benefit of easier cleaning with 
the current CWF design.  

In a laboratory setting, the external surfaces of the CWF 
are never contaminated and utmost care is taken to ensure a 
sterile receptacle. In the field, however, maintaining sterile 
conditions is difficult as referred to above, but issues of user 
activities during transfer of technology are very important.  

4. Conclusions  

The removal efficiency of E. coli by CWFs is significan- 
tly different in laboratory conditions versus field conditions. 
The CWFs employed in this study have a pore fraction of 21.0 
~ 22.4% and an average maximum pore diameter of 5.7 ~ 
15.2 μm. In the field, removal efficiency was observed to 

range from 75 ~ 100%, whereas in laboratory studies removal 
efficiency was observed to range from 97.7 ~ 99.9%. Average 
E. coli removal efficiencies in the lab and field were observed 
to be 99.5 and 94.7% respectively. The variations in removal 
efficiency are attributed to contamination of the filter element 
and receptacle when employed in the field indicating the 
importance of technology transfer to decrease contamination 
and improve performance during field use by end-users. These 
results also indicate that improvement of CWF design is war- 
ranted (lighter/less cumbersome filter element) to decrease the 
degree of contamination during field use. 
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