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INTRODUCTION

Water supply systems play a critical role in providing quality drinking water to household consumers, 
for agricultural purposes, and industrial usage (Cosgrove and Rijsberman, 2014).  However, water 
leakage and water loss from burst pipes pose a serious threat to uninterrupted water supply (Yazdekhasti 
et al., 2018). This has a dire consequence to the quality of life, hygiene and health of hundreds or 
even thousands of inhabitants  (Cosgrove and Loucks, 2015).   Moreover,  water is one of the vital 
and scarce resources of life (Pfister et al., 2017).  In South Africa, this water scarcity is made even 
worse by the amount of municipality-supplied water being lost through leaking or burst pipes and 
dripping taps. This is highly concerning from an economic perspective, as the leaks and pipe bursts 
cost municipalities a lot of money. For instance, it is estimated that water loss due to burst pipes or 
water leakages costs eThekwini Municipality approximately 400 million ZAR annually  (Thakur et 
al., 2019). Equally concerning, the recent water scarcity and drought experienced in the Western 
Cape (Cassim, 2018)called for an urgent need for effective management of water supply in South 
Africa. 

Despite these concerns, Hay et al. (2012) highlighted that water losses are very high in many towns 
in South Africa and no effective strategies are in place or have been developed by the municipalities 
to effectively address water losses.  Consequently, Du Plessis (2017) moots that a clear understanding 
of the real potential for reducing water losses is needed before measures are adopted to avoid costly 
and ineffective demand management strategies.tab  They proposed that such water management 
measures must be both cost effective and ultimately effective in implementing water conservation 
and water demand management measures, targets, and structures. Therefore, the detection, location 
and correction of water leakages on time would help in minimising water loss, thereby saving 
water and money (Seyoum et al., 2017). Unfortunately, in many South African towns and locations 
the infrastructure needed to adequately monitor water leaks is either non-existent or inadequate  
(Hay et al., 2012).  

Significantly, a proactive investment in existing infrastructure and programmes to reduce the leakages 
is urgently required along the full cycle – from the treatment plant to tap. Hence, it is sensible for 
South Africa to make use of leading leakage detection technology on pressurised systems, which 
can rapidly alert operators to leaks and breakages, and detect leaks in old, low-pressure reticulation 
systems.   Traditionally, detecting and identifying water leaks at household level requires the analysis 
of the different types of sensored data in the household piping system.  Seyoum et al. (2017), however, 
noted that this method is expensive and difficult to implement.   Equally worth mentioning is that 
many leaks at the domestic level contribute significantly to unaccounted-for water in many water 
distribution networks.   These, Seyoum et al. (2017) noted, are minor but numerous, thus may go 
unnoticed by the traditional monitoring techniques. This present study, therefore, reports on the use 
of a simple, inexpensive microfluidic paper device (µPAD) equipped with a trackable device for the 
detection of water leaks. 

Meredith et al. (2016) reported that low-cost microfluidic paper-based analytical devices (µPADs) 
offer an opportunity to tackle environmental need by increasing the frequency and geographic 
coverage of environmental monitoring while also reducing analytical costs and complexity of the 
measurement. Equally important, the fabrication of µPADs is relatively simple, requiring the use 
of conventional inkjet printing techniques that involve paper-sizing agents (Jayawardane et al., 
2015). In recent years, µPADs have gained attention amongst researchers for their ability to sense 
multiplex analytes, their rapid sample analysis, and usefulness for confirming diagnostic test results, 
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South Africa is a water-scarce country due to the shortage of rainfall. This scarcity is further exacerbated by the 
loss of water through leakage from faulty pipes. This paper reports on the use of a simple microfluidic device in 
the early detection of water leakages. The microfluidic paper-based device (µPADs) were prepared by printing 
patterns of wax (100 μm width) on the paper surface and melting the wax into the paper to form hydrophobic 
barriers. Solutions of lower to higher pH were also prepared and were introduced to the chlorophenol red test 
strips and a range of colours from yellow (lower pH) to purple (higher pH) were obtained. The digital images 
obtained with the μPADs were analysed using the CIELab colour system. The optimized pH range was wider 
than the typical grayscale-based image analysis and was successful for a wide pH range of 2–12. The QR codes 
attached to the strips enable tracking to obtain the real-time location from which leakage was detected. The 
study conclusively shows that the combination of digital image analysis and a μPAD device is highly efficient 
for quantitative analysis, and thus useful for the detection of household water leaks.
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and reducing the volume of samples (Lim et al., 2017). Owing 
to these unique attributes, µPADs have been successfully used 
in the quantification of ammonia in wastewater (Jayawardane 
et al., 2015); blood separation (Songjaroen et al., 2012); glucose 
detection (Liu et al., 2016); quantification of particulate chromium 
(Rattanarat et al., 2013); detection of small size molecules (Busa et 
al., 2016); determination of nitrite in saliva (Bhakta et al., 2014); 
and detection of disease biomarkers (Lim et al., 2017). Despite 
these benefits, there is limited evidence of the use of µPADs for 
the monitoring of water leakage in South Africa.

Colorimetric methods that are based on the analysis of digital 
images are most commonly used as they are simple and easy to 
operate. Such methods require no special instrument or apparatus, 
only a digital camera or a smartphone. Additionally, they allow 
quantitative analysis by reading out the colour information in 
terms of red, green, and blue region (RGB) value or cyan, magenta, 
yellow, black (CMYK) value of the detection area of a μPAD in the 
digital image. The RGB colour model is device-dependent and the 
colour information is obtained as separate RGB colour coordinates. 
The CIELab colour system is device-independent and has three 
colour coordinates L indicating lightness, a* coordinates where +a 
indicates red and –a* indicates green, and b* coordinates where 
+b indicates yellow and –b indicates blue. Komatsu et al. (2016) 
demonstrated a quantitative analysis based on multiple colour 
changes on μPADs using the CIELab colour system to analyse the 
digital images. Kim et al. (2017) reported a smartphone-based 
optical platform for colorimetric analysis of μPADs. Hossain et 
al. (2015) studied a lab-in-a-phone, a smartphone-based portable 
fluorometer for pH measurements of environmental water. Image 
analysis and μPADs are a suitable combination for the point-of-care 
applications and testing in resource-limited locations. The mean 
of RGB values (grayscale) is one of the most common conditions 
in image-analysis-based colorimetry (Komatsu et al., 2016; Shen, 
2003). However, the grayscale does not allow quantitative analysis 
based on multiple changes of colour such as a universal pH test 
strip because the grayscale cannot follow multiple colour changes 
(Komatsu et al., 2016).

Colour difference is a measurement of the numerical differences 
between colour specifications and is given by the following 
equation:

                                � � � � � � �E L a b( ) ( ) ( )2 2 2  (1)

Chromaticity or chroma is the saturation level or intensity of a 
particular hue and is defined as the distance of departure of a 
chromatic colour from the neutral (grayscale) colour with the same 
value. Chroma is the dullness or vividness of colour and is given by 
Eq. 2. Hue angle is defined as the attribute by which we distinguish 
red from green, blue from yellow, etc., and is given by Eq. 3.
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This study aimed to combine chemistry with technology by 
fabricating a colorimetric test strip that will help in detecting 
water leaks and alerting the municipality in near-real-time. Thus, 
this paper reports on a simple colorimetric pH measurement 
method using a μPAD based on the CIELab colour space.

MATERIALS AND METHODS

Chemicals and materials

Chlorophenol red (CAS number 4430-20-0) andsodium hydrox-
ide were purchased at Nexor chemicals (98% purity, South Africa).

Preparation of indicators

0.1 g of chlorophenol red was dissolved in a 250 mL flask 
containing 23.6 mL of 0.01 M NaOH, which aids in the dissolution 
of chlorophenol red. Paper was soaked in this solution, drained and 
dried in an oven to achieve a yellow colour. The paper was then cut 
into small strips and stored in a desiccator with dry silica gel.

Humidity test

The prepared chlorophenol red test strip was investigated to 
determine its stability in a moist environment. The analysis was 
perform using EQ 072 and EQ 073 at different time intervals and 
different temperatures.

Fabrication traceable microfluidic (μPADs) paper device

Patterns of wax were printed on chromatographic paper using 
a wax printer. CorelDraw Home and Student X7 were used to 
design the colour filter. The colour filter was printed on a No.1 
chromatography paper using a wax printer (ColorQube 8570DN, 
Xerox), and was cut to A4 size before use. The sheets of Whatman 
No.1 chromatography paper were directly fed into the printer. The 
printed paper was then heated on a hotplate at 120°C for 8 min, 
thereby melting the wax to form hydrophobic barriers. A drop 
of the prepared suitable indicator solution was introduced into 
hydrophilic circles of wax patterns on chromatographic paper 
and left to dry overnight. A quick-response code (QR code) was 
generated using an online QR code generator (https://www.qr-
code-generator.com/) and was used to encode and decode field test 
results. A uniform resource locator (URL) was created, that was 
used to link the QR code with the Google Analytics application 
that was used to analyse the data. QR codes were printed and 
attached to the chromatographic paper and the top side covered 
with a clear tape to protect paper from tearing. CorelDraw Home 
and Student X7 was used for the design of Lovibond colour filter. 
The colour filter was printed on a plastic slide using a wax printer 
(ColorQube 8570DN, Xerox). The fabricated Lovibond colour 
filter was used to confirm the pH observed using both the cuvette 
and colorimetric filter paper. This was done to optimise the 
fabrication process. The complementary reading for each colour 
was printed at an angle of 90° to the complementary colour. 
These were captured with the QR scanner of a smartphone which 
directed the reading to Google Analytics.

Scanning electron microscopy (SEM) observation of the 
microfluidic paper

A scanning electron microscope (Field Emission-Carl Zeiss) 
operating at controlled atmospheric conditions at 20 kV was 
used to examine the surface structure of the developed μPAD 
devices. Prior to SEM observation, the surface was coated with 
a thin, electro-conductive gold film to prevent the build-up of 
electrostatic charge.

Google Analytics and location

A Google Analytics account was created. The website URL for this 
study is (https://zodidi68.wixsite.com/website), where one can 
find more information about the results obtained. AQR code was 
downloaded using the smartphone, which enables tracking and 
thus obtaining the location at which a leakage was detected. The 
website is tracked by Google Analytics to indicate how many leaks 
have been reported (real-time view) and where exactly those leaks 
are situated. GPS locations can be viewed by country, province, 
city, etc.

South Africa has nine provinces; however, the study location was 
limited to KwaZulu-Natal and Gauteng provinces. Figure 1 shows 
the map of the study location.

https://zodidi68.wixsite.com/website
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Figure 3. (A) SEM images of chromatography paper (B) EDX elemental composition (1 – before; 2 – after indicator application)

Figure 2. Dried chlorophenol red test strips

RESULTS AND DISCUSSION

Humidity detection and indicator investigations

The humidity test reveals that chlorophenol red was stable when 
exposed to moisture. Equally significant, the irreversible colour 
change observed for the chlorophenol red test when the indicator 
is exposed to a humidity above 55% suggests that it is suitable for 
use in this study, since it offers stability at high humidity. Hence 
it was assumed that chlorophenol-prepared test strips will not 
interfere with the leak detection test.

Nevertheless, the chlorophenol red colour change varies with pH; 
it is more yellow in highly acidic solutions and more purple in 

highly basic solutions. With this variation, we tried validating the 
colour change by treating the solutions with tap water of different 
pH levels with three drops of the indicator at 572 nm wavelength. 
It was observed that at highly acidic solutions the plotted line was 
level, but when approaching pH 4 the line starts rising until about 
pH 10, and then starts levelling off for the most basic pH solutions. 
This made it difficult to tell the difference in colour intensities 
between pH 1 and 2. There were also difficulties analysing the 
strip with ImageJ as the colour intensities were closely matched 
for pH 1 and 2 (Fig.2).

Scanning electron microscope observation of the device

The microstructure and elemental composition of the microfluidic 
paper before and after chlorophenol red application are given by 
SEM and EDX images (Fig. 3).   In Fig. 3 A1 and A2, the porous 
structure of the paper is visibly evident.  This is in agreement with 
Costa et al. (2014) who showed that chromatography paper has a 
high porosity  (~68%) with a corresponding high pore diameter 
(100 µm).  The EDX images revealed differences in the elemental 
composition of the paper before and after indicator application.   
For example, the EDX spectrum before indicator application 
(B1) revealed the presence of carbon, oxygen and sodium.  

Figure 1. Map of study location
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The presence of these elements may be attributed to the 
composition of the chromatography paper, which is primarily 
cellulose.   Chromatography paper is manufactured from high-
quality cotton liners that have been treated to achieve a high 
cellulose content (>98%) (Costa et al. (2014).   After indicator 
application, the presence of chlorine was evident in the EDX 
spectrum (B2), which may be attributed to the chlorophenol red.

Leak detection test

The fabricated μPADs were then used for the colorimetric 
detection of water leaks using the chlorophenol red indicator. 
Drops of chlorophenol red indicator were dropping into a 
reagent zone of the µPAD and allowed to dry overnight. Once the 
microfluidic paper dried, QR codes were attached and the surface 
of the microfluidic paper covered by a clear plastictape to prevent 
tearing when in-contact with water (Fig. 4).

The fabricated chlorophenol red test strip was then wrapped 
around the water pipes at various places to detect leakages. The 
strip turned purple/violet immediately where water leaks were 
observed and did not change colour on dry pipes. The monitoring 
system can be linked to a network of plumbers and/or municipal 
personnel that attends to the leaks.

The strips are then tracked using Google Analytics for each scan 
done. Scanning the QR codes takes the smartphone user to a 
website that has information on the chlorophenol red test strips, 
along with contact details (Fig. 5). Whilst on the website it is 

possible to track the user’s location using GPS, making it easier to 
respond in a short time on detected water leaks.

The colour change of the strip was verified using Lovibond filter as 
shown in Fig. 6. The colour change was compared by rotating the 
disk until the similar colour matches the colour that was obtained 
from the leakage, and was scanned using QR code scanner 
application. The QR code become active when it overlapped with 
the black dot that is printed in Fig. 6c. As result only one QR code 
that corresponds with the colour will be scanned. Apart from 
information regarding leakage of water, the disk is also designed 
to read the pH of the system. ImageJ software was used to measure 
the intensity of the colour formation in the detection zones. The 
RBG (red, green, blue) colour intensity profile plot was obtained 
passing through the centre of each detection zone. Figure 6a shows 
plots of grayscale and absorbance against the pH obtained from 
the leakage. A significant decrease was observed from the plot 
of grayscale against pH between 2 and 10, whereas a significant 
increase was noted in the plot of absorbance against pH in the range 
of 2–12, indicating that the absorbance is directly proportional to 
pH. The red and green coordinates of the RGB curves decreased 
rapidly while a rapid increase was noted in the blue coordinates 
as the pH values increased (Fig. 6b). The RGB colour coordinates 
for each pH value were converted to L, a* and b* values (using 
conversions available at http://colormine.org/convert/rgb-to-
hunterlab) (McLaren, 1976; Yusufu and Mills, 2018). The L and 
the b* curves decreased rapidly as the pH increased (Fig. 6c), 
indicating that as the pH increased the water became darker.  

Figure 4.  Schematic illustration of the fabrication, preparation and application of the test strips
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The gradual increase at pH 5 in the a* curve suggests that the 
water was red; after that it started to drop, leaning towards the 
green region. Colour difference, chroma, and hue angle were 
calculated using Eqs 1–3, respectively. The L0, a0* and b0* for the 
ΔE were the colours produced at initial pH 2. The colour difference 
curve in Fig. 6d increased monotonously with an increasing pH 
value obtained from water sample analysis. Chroma decreased 

gradually with the increase in pH, indicating that the water was 
a dull colour. A steep rise in the hue angle was obtained between 
pH 4 and 5. 

The real-time users from the website and their locations are shown 
in Table 1. This proves that the QR code scanner is conveying the 
message to Google Analytics.

(a) (b)

(c) (d)

Figure 6. (a) Graph of absorbance at 572 nm and grayscale value against pH, (b) plots of (a) RGB colour coordnates against pH value, (c) L a* b* 
values against pH and (d) plots of ΔE, hue and chroma vs pH

Table 1.  Schematic illustration of Google Analytics which can indicate real-time users from the website and their locations

Date Time Type of smartphone Country and province

18.04.2018 15:23 PM Samsung SM-G570F South Africa  

Chrome Mobile 64 (Android 6.0.1)  KwaZulu-Natal, Durban

     Lng/Lat: 30.8707, -29.8594 (accuracy: 28 meters)  

04.05.2018 23:44 Samsung SM-G570F South Africa  

Chrome Mobile 64 (Android 6.0.1)  KwaZulu-Natal, Ballito

     Lng/Lat: 30.891, -29.8723 (accuracy: 12 meters)  

     Lng/Lat: 31.0061, -29.8494 (accuracy: 9 meters)  

12.05.2018 13:01 Samsung SM-G570F South Africa  

Chrome Mobile 64 (Android 6.0.1)  Western Cape, Cape Town

     Position could not be retrieved  

18.10.2018 10:10 Apple iPhone South Africa  

Mobile Safari (iOS 12.0)  Gauteng, Johannesburg

     Position could not be retrieved  

18.10.2018 10:45 Apple iPhone South Africa  

Mobile Safari (iOS 12.0)  Gauteng, Johannesburg

     Lng/Lat: 31.0097, -29.8503 (accuracy: 46 meters)  

 Leaks detected but not trackable     Leaks detected and trackable
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CONCLUSIONS

Chromatographic paper is an inexpensive, biodegradable, and 
combustible material. The porous structure of paper makes it ideal 
for lateral flow assays and chromatography applications; paper 
devices can be easily used successfully for detection of water with 
the chlorophenol red strips. In this paper, the use of a simple pH 
measurement in the microfluidic device in the early detection of 
water leakages was demonstrated. A colorimetric method based 
on the RGB colour coordinates, CIELab colour difference (ΔE), 
hue, and chroma was successfully optimised. Multiple colour 
changes due to the chlorophenol red pH indicator were suitable 
for a colorimetric pH measurement based on the use of ΔE. 
The combination of the μPADs and image analysis facilitated 
quantitative analysis for multiple colour changes and confirmed 
high assay reproducibility. The optimized paper-based analytical 
method will accelerate applications to point-of-care testing and in 
resource-limited settings.
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