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a b s t r a c t
Perchlorate, a hazardous pollutant, is mainly found in untreated wastewater from urban and indus-
trial sites and unregulated surface and groundwater sources. Effective monitoring of perchlorate 
in water is essential to mitigate its potential harmful effects. Microfluidic systems are evolving as 
promising technologies for detecting chemical contaminants in water due to their ability to enable 
rapid analysis with minimal consumption of reagents and samples. The integration of paper-based 
microfluidic devices with digital imaging has garnered enormous attention from the perspective 
of developing portable analytical techniques. Nevertheless, there is a need for further exploration 
to fully realize the potential of these systems. This study aimed to develop and evaluate the per-
formance of a microfluidic paper-based device for measuring perchlorate levels in water samples. 
Smartphone-based digital imaging was integrated with microfluidic paper-based analytical device 
to establish a reliable colorimetric method for detecting perchlorate contamination. The results 
demonstrated successful quantitative estimation of perchlorate levels in water samples using a 
colorimetric assay based on the methylene blue-perchlorate reaction. Real-time, on-site colorimet-
ric data were collected using a digital smartphone, and image processing methods were used to 
detect the occurrence of perchlorate in water samples from digital images. The developed approach 
yielded a broad linear response ranging from 4 to 12 µg/L (R2 = 0.97) for perchlorate detection, with 
a limit of detection of 3.41  µg/L and a limit of quantification of 10.34  µg/L. The findings under-
score the effectiveness of colorimetric analysis and digital imaging for paper-based analytical 
devices. The limitations of this method include the capability to detect only a single analyte and 
the requirement for additional steps in image processing to obtain analytical results. Future devel-
opments should focus on designing devices for simultaneous detection of multiple contaminants 
and exploring automated methods of image analysis.
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1. Introduction

Growing industry and urbanisation have had the 
most negative influence on water supplies. Pollutants 
from industrial and residential sources pollute water 
bodies and present a grave threat to the health of living 

organisms. In this context, an adequate supply of clean 
drinking water has become a distant dream for a large pop-
ulation. Detection of chemical contaminants in the water 
is necessary to develop effective anti-pollution measures. 
Conventional techniques for species estimation include 
atomic absorption spectroscopy [1], inductively coupled 
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plasma mass spectrometry [2], electrochemical imped-
ance spectroscopy and voltammetry [3–5]. Most of these 
techniques need access to specialised equipment and are 
typically cumbersome, costly, and time-consuming. This 
equipment is housed in centralised laboratory facilities and 
is operated by qualified technicians. Samples are gathered 
from many locations handled with care and transported 
to laboratories for analysis which adds to the expense. 
Environmental monitoring applications, portable analytical 
techniques can solve several constraints and supplement 
conventional laboratory-based technology [6].

Introducing lab-on-a-chip devices based on microfluid-
ics is a potential step toward portable analytical instruments. 
There have been successful demonstrations of microfluidic 
devices for numerous sensing applications, including water 
quality measurement, biological diagnostics, and food tox-
icity testing [7,8]. Using paper as a substrate has increased 
the availability and functionality of these devices [9]. The cel-
lulosic fibre structure of paper provides natural microscale 
spaces that facilitate the capillary action of fluids, minimising 
the need for external pumping systems to propel the fluids. 
Miniaturized paper-based analytical instruments are simple 
to manufacture and need small quantities of samples and 
reagents, significantly reducing operational logistics and 
costs. The functions and applications of paper-based analyt-
ical instruments have progressed swiftly over the years [10]. 
Digital imaging and analysis tools have permitted the cap-
ture of data on-site for quick identification of target analytes. 
For water quality monitoring, smartphone-enabled gadgets 
have been developed. Examples include examining water 
samples for heavy metals, phenols, pesticides, and micro-
biological pollutants [11]. Among various approaches, col-
orimetric techniques are highly preferred for water quality 
monitoring due to their simplicity and ease of visualization.

Colorimetric analysis involves detection of analytes in 
samples by measuring changes in the color intensity caused 
by the presence of the analytes. The underlying principle of 
colorimetric assay is the formation of colored complexes or 
compounds by reaction of analytes with specific reagents. 
Quantification of colorimetric assay can be achieved by vari-
ous tools. While naked-eye visual observation is the simplest 
approach, it is usually qualitative and does not allow deter-
mination of concentration of analyte in the sample. Typical 
instruments for quantitative colorimetric analysis include 
UV-Vis spectrophotometer and colorimeter [12]. However, 
these equipment are generally located in research laborato-
ries and are not easily accessible to common populace. Recent 
efforts have been focused on use of simpler and relatively 
common alternative tools for quantitative colorimetric anal-
ysis such as digital camera, scanner and smartphones [13]. 
The use of a digital camera as an image acquisition device for 
paper-based assay was demonstrated for detection of Hg(II) 
[14]. The images captured were processed to determine color 
intensity for Hg(II) concentration range 0.1–100  ppm, In 
another study, a document scanner was used for recording 
digital images of solutions placed in a 96-well microplate for 
glucose assay [12]. The concentration measurements deter-
mined by digital colorimetric analysis were in close agree-
ment with those obtained by spectrophotometric method.

Although effective, digital cameras and scanners come 
with inherent limitations that warrant consideration. 

These limitations encompass factors such as bulkiness and 
cost. They often require additional equipment and power 
sources, making them less convenient for fieldwork or situ-
ations where mobility is essential. In contrast, smartphones 
have emerged as a superior alternative, offering portability, 
cost-effectiveness, standardized imaging capabilities, exten-
sive connectivity, and remarkable energy efficiency. Modern 
smartphones include high-resolution cameras that can cap-
ture and analyse images of exceptional quality. Notably, 
smartphones also offer the possibility of using integrated 
apps for analysis, further enhancing their utility in quantifi-
cation. With the use of specific applications or attachments, 
they may be repurposed as useful colorimetric analytical 
instruments. These merits collectively position smartphone 
as an optimal tool for quantification in colorimetric assays, 
particularly for on-site detection where portability and ease 
of use are paramount.

Perchlorate (ClO4
–) salts, recognized as potent thyroid 

disruptors, have polluted ecosystems across the world and 
emerged as a new subject of study in several disciplines 
[15–19], particularly in ecology and health. The imperative to 
detect perchlorate arises from its potential adverse impacts 
on both human health and the environment. Present meth-
ods for detecting perchlorate use cumbersome or pricey 
analytical equipment [20–23]. These include ion chroma-
tography, liquid chromatography-mass spectrometry, sur-
face-enhanced Raman spectroscopy, infrared spectroscopy, 
and capillary electrophoresis. These methods come with 
their own set of limitations, including inadequate selectivity, 
labor-intensive pre-treatment procedures, and high sample 
throughput requirements. More extensive research has been 
conducted on chemosensors compared to biosensors, such 
as those utilizing ClO4

– reductase-based biosensor [24] and 
Caenorhabditis elegans biosensor [25]. Spectrophotometric 
techniques have been employed for detecting perchlorate in 
aqueous solutions, using methylene blue and brilliant green 
[26–28]. Additionally, fluorescent chemosensors have shown 
promise in perchlorate detection. For instance, the presence of 
perchlorate [29] can transform a previously fluorescence-in-
active imidazole bisthiocarbohydrazone-Cu complex into an 
active one. When a 1-(4-biphenyl)benzimidazolium-based 
dipodal system is exposed to ClO4

– in water, it significantly 
increases the intensity of fluorescent emission of the system. 
Furthermore, colorimetric detection of aqueous perchlorate 
has been achieved using platinum complex salt through 
solid-state anion exchange [30]. In another study, research-
ers developed a device for detecting improvised explosive 
compounds, including perchlorate [31]. Recent work has 
also involved the treatment of gold nanoparticles with meth-
ylene blue, resulting in increased sensitivity to perchlorate 
[32]. Although many of these methods offer notable sensi-
tivity, they are not instrument-free and may involve some 
complexity that limits their suitability for portable detection. 
Hence, there is a pressing need to develop a straightforward, 
rapid, cost-effective yet efficacious technique for on-site 
quantitative estimation of perchlorate in water.

The objective of this study is to develop a facile low-cost 
microfluidic paper-based device for the detection of perchlo-
rate in contaminated water. A simple perchlorate-methylene 
blue assay on paper is integrated with smartphone-assisted 
digital colorimetric analysis for quantification. The research 
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outcome should pave way for the development of a practi-
cal, eco-friendly and affordable point-of-use technique for 
on-site monitoring of water pollutants. This novel work is 
poised to make a substantial impact in addressing environ-
mental concerns related to perchlorate contamination.

2. Materials and methods

2.1. Chemicals and equipment

The design of the microfluidic paper-based analytical 
device (μ-PAD) essentially incorporates hydrophilic circular 
elements surrounded by hydrophobic barriers. The substrate 
used was filter paper (Whatman Qualitative No. 1). White 
candle wax was obtained from a nearby commercial store in 
Chennai, India, due to its excellent thermal and hydropho-
bic properties, making it an ideal choice for creating hydro-
phobic barriers on a paper substrate. When exposed to high 
temperatures, wax quickly melts due to heat and penetrates 
the porous matrix of the paper substrate. Subsequently, it 
solidifies and fills the pores as it cools. As a result, hydro-
phobic barriers can be formed. All chemicals used in the 
experiments were of analytical grade. Sodium perchlorate, 
sodium fluoride, potassium bromide, potassium sodium 
tartrate, sodium nitrate, methylene blue, Coomassie bril-
liant blue, and Whatman filter paper were purchased from 
Sigma-Aldrich (St. Louis, USA). Distilled water was used 
for the preparation of solutions. A smartphone (Oppo F19 
Pro+, model number CPH2213) was used for image capture.

2.2. Collection of samples and study area

The water samples were taken from the southern coast 
of India, encompassing various districts in Tamil Nadu, 
India, including Sivakasi, Thoothukudi, Kalpakkam, 
Coimbatore, Salem, Erode, Madurai, Chengalpattu, Vellore, 
and Kanchipuram. These samples were collected in 100 mL 
sample bottles and stored at 4°C for subsequent analysis. 
Fig. 1 illustrates the geographical locations where the water 
samples were collected for the study. A total of thirty sam-
ples were gathered from various districts and categorized as 
surface water, groundwater, and drinking water. Sampling 
took place during the period May–June 2022. Drinking water 
samples were obtained from public areas such as bus stops, 
railway stations, temples, and churches, while surface water 
was sourced from rivers, lakes, and ponds. Groundwater 
sampling was done at bore wells, public wells, and tube wells.

2.3. Design and fabrication of μ-PAD

The development of a microfluidic paper-based analyt-
ical lab-on-a-chip platform was achieved through the wax 
permeation principle. Fig. 2 depicts the steps involved in 
the fabrication process. A custom-designed rubber stamp 
and its plastic holder, weighing a total of 52 g, were crafted 
by a local shop in Chennai, Tamil Nadu. The rubber pad 
absorbed the molten wax, which was then imprinted onto 
the paper substrate in the form of a circular pattern with a 
14 mm diameter for the detection region [33]. Subsequently, 

 
Fig. 1. Location map showing different sample collection sites in various districts of Tamil Nadu.
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the substrate with the wax-coated pattern was placed on a 
hot plate and heated to 90°C for 10 min. The heat treatment 
caused the wax to melt and permeate the thickness of the 
paper [34]. Thereafter, the substrate was allowed to cool for 
10 min before being stored in a clean and dry area for con-
ducting experiments.

2.4. Perchlorate determination using μ-PAD

The detection zone was coated with 7.5 µL of methylene 
blue and allowed to settle for about 2  min. Water samples 
were spiked with a known concentration of perchlorate. 
0.9  µL of the spiked sample was pipetted onto the detec-
tion zone and the color change was recorded. In compar-
ison to macroscale analytical equipment, a paper-based 
device requires smaller quantities of chemicals and samples. 
Images were captured using a smartphone [35].

2.5. Image analysis and processing

All images were taken using a smartphone camera in 
default mode without flash. Image acquisition was done by 
placing devices inside an imaging box with dimensions of 
(10 cm × 10 cm × 10 cm), equipped with light emitting diodes 
(LEDs) providing a light intensity of 4,000  lx, ensuring no 
interference from surrounding illumination conditions [36]. 
The captured images were transferred to a computer sys-
tem for analysis. ImageJ was employed for image analysis 
and to gather detailed information for each RGB channel.

2.6. Analytical performance evaluation

It is essential to assess the specificity, interference, and 
stability of the microfluidic assay. Specificity and interference 

were evaluated using perchlorate and other anions such 
as fluoride, tartrate, bromide, and nitrate. The specificity 
of the reagent was also checked by following the standard 
experimental protocol. In this case, Coomassie brilliant 
blue was used as a reagent instead of methylene blue. The 
color intensities were recorded and compared with those 
of the methylene blue-coated paper-based device [37,13]. 
Furthermore, the stability of the developed microfluidic 
device was evaluated by observing the color stability of the 
product resulting from the chemical interaction between 
methylene blue and perchlorate for a duration of 24 h after 
conducting the experiment.

2.7. Parametric measurements of real samples

A digital pH meter was used to determine the pH, salin-
ity, total dissolved solids (TDS), and conductivity of real 
water samples (Oakton PCS Tester 35). Instruments and 
sensors were calibrated and washed with deionized water 
before testing the solutions at room temperature.

3. Results and discussion

3.1. Digital colorimetric analysis for perchlorate detection

The colorimetric assay used for perchlorate detection 
on paper-based analytical devices is based on formation 
of a purple color complex due to the interaction between 
perchlorate and methylene blue. The presence or absence 
of a target analyte can be derived from an observed color 
shift in qualitative colorimetric tests; no extra procedures 
are frequently required to interpret the data. However, fur-
ther examination of the colorimetric signal generated by the 
reaction is necessary for quantitative colorimetric tests [38]. 

 
Fig. 2. Schematic illustration of procedure for fabrication of paper-based analytical device. Integration of device with digital colori-
metric analysis enables perchlorate detection.
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To validate the formation of hydrophilic detection zones, 
an easily accessible methylene blue solution was used. 
Methylene blue solution diffuses radially outward from 
the center of the zone. When the fluid comes into contact 
with the wax border the diffusion stops indicating confine-
ment on all sides of the detecting zone. A color change in the 
detection zone in the presence of perchlorate served as an 
indicator of perchlorate contamination in the water sample.

Methylene blue, a cationic dye, interacts with the per-
chlorate ion and forms a complex. This interaction results in 
the formation of an ion pair between the perchlorate anion 
and the adsorbed methylene blue cation. MB+ ClO4

– has a 
weaker hydration sphere suitable for hydrophobic expul-
sion than MB+ Cl– produced with the smaller and thus more 
hydrophilic chloride anion. Consequently, the addition of 
perchlorate leads to the formation of a purple color in the 
detection zone. Fig. 3a illustrates the colorimetric response 
when water samples with varying perchlorate concentrations 

are added to the paper-based analysis devices. Observing 
a change in the color signal is a qualitative method of per-
chlorate detection. It is also quantifiable, as discussed in 
the subsequent subsection. The integration of paper-based 
sensors with digital smartphone imaging facilitates quick 
data gathering, processing, analysis, and transmission to 
stakeholders, making the approach a likely contender for 
commercial acceptance.

3.2. Quantitative analysis and performance testing

The digital images are processed to obtain quantitative 
information for correlating perchlorate concentration with 
color intensity. The grayscale color intensity value is cal-
culated for each detection zone using Eq. (1) from primary 
color intensity values.

GSI 0.7152� � �0 2126 0 0722. .R G B 	 (1)

(a) 
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Fig. 3. Paper-based colorimetric assay for perchlorate detection. (a) Digital images of paper-based analytical devices for vari-
ous concentrations of perchlorate in range between 4 and 12 µg/L. (b) Calibration plot for average grayscale color intensity as a 
function of perchlorate concentration.
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where GSI indicates grayscale intensity and R, G, and B rep-
resent the relative intensities of the red, green, and blue color 
channels, respectively. The scale was inverted to achieve 
the final average grayscale intensity (I) by subtracting GSI 
from 255, using Eq. (2):

I � �255 GSI 	 (2)

Fig. 3b illustrates the calibration plot with average gray-
scale intensity values on y-axis for and perchlorate con-
centration on x-axis. The grayscale is advised to avoid the 
subjectivities of diverse observers. The data points were fit-
ted and the linear equation (y  =  3.77x  +  3.61) provided the 
best fit with coefficient of determination (R2 = 0.97). The cal-
ibration graph plot can readily determine the perchlorate 
concentration in unknown water samples using the platform 
when imaged under standard conditions.

The intensities of the red, green, and blue color channels 
were recorded for different real water samples followed by 
the calculation of grayscale intensity values. The samples 
indicated the maximum gray scale intensities in the drink-
ing water sample of Chengalpattu (CP-1) and groundwater 
samples of Kanchipuram District (KP-3). The surface water 
samples of Erode (ED-2) indicated the second-highest inten-
sities, trailed by the drinking water samples of Coimbatore 
(CT-1) and Erode Districts (ED-1). Thus, only slight differ-
ences in the grayscale intensities were observed in differ-
ent types of water samples from other districts, as evident 
in Fig. 4. However, all the samples indicated the presence of 
perchlorate in them. Thus, paper-based device could be used 
for rapid screening of perchlorate in samples. The positive 
results in water samples suggest continuing cautiously in 
case of further testing or using water samples. Adverse test 
outcomes do not approve a lack of perchlorate unless it is 
known that the sampling techniques were satisfactory.

Further, the analytical figures of merit of the paper-based 
assay were examined. The limit of detection (LOD) is cal-
culated using the expression given in Eq. (3):

LOD �
3 3. �

s
	 (3)

where σ is the standard deviation of the blank response 
and s is the slope of the calibration.

The limit of quantification (LOQ), defined as the min-
imum concentration of analyte in a sample that can be 
quantitatively determined with sufficient precision and 
accuracy, is calculated using Eq. (4). [39].

LOD �
10�

s
	 (4)

LOD and LOQ of the paper-based perchlorate assay 
were estimated to be 3.41 and 10.34  µg/L, respectively. 
These findings demonstrate the viability of the approach for 
measuring low levels of perchlorate in water.

3.3. Stability and specificity analysis

The stability of the signal readout in the assay was 
assessed by monitoring the colorimetric signal intensity over 
time after the reaction [37]. Images were captured at various 
time intervals within a 24-h period following the completion 
of the reaction. Fig. 5 displays the average grayscale inten-
sity results for experiments conducted with a perchlorate 
concentration of 10 µg/L. The intensity levels stayed within 
9% of the initial signal intensity for the first 6 h. After 12 h 
the signal decreased by approximately 12% compared to 
the initial value, and after 24 h, it decreased by about 28%. 
These findings suggest that capturing images within 6 h of 

 
Fig. 4. Real water sample analysis using paper-based analytical devices.
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the reaction yields the most reliable results, as the intensities 
remained relatively steady within this duration. This time 
frame is reasonable for the user, given the quick nature of 
the imaging step. The experiments were limited to a short 
duration within the scope of this work due to the simplicity 
of the procedure involved. Long-term studies can be con-
ducted in a similar manner to explore specific aspects and 
diverse applications [13].

The specificity of the reagent was evaluated using the 
standard experimental procedure employed for paper-
based perchlorate assays. Coomassie brilliant blue was used 
as the reagent coated on the paper, replacing methylene 
blue. Color intensities were recorded and compared with 
the methylene blue-coated paper-based device. The results 
showed a reduction in color intensity of approximately 23% 
when compared to methylene blue, as seen in Fig. 6. Also, 
no purple color complex formation occurred, indicating that 
Coomassie brilliant blue-coated paper-based devices are 
unsuitable for perchlorate detection. Therefore, it is evident 
that methylene blue-coated paper-based devices are specifi-
cally apt for determination of perchlorate in water.

The efficacy of perchlorate detection requires consider-
ation of potential interfering components that can affect the 
accuracy and reliability of results. Co-ions present in the 
water may exhibit similar colorimetric responses or spectral 
properties, potentially leading to cross-reactivity and false 
positives. Fig. 7 provides a visualized representation of the 

results of specificity and interference tests using different 
anions in water samples. Specificity tests involved examin-
ing the interaction of methylene blue with individual ions, 
specifically nitrate, fluoride, tartrate, and bromide, and com-
paring their responses with that of perchlorate. The colori-
metric signal output was found to be specific to the presence 
of perchlorate. This specificity could be attributed to the 
absence of complex formation between methylene blue and 
other ions or only minimal interaction, resulting in a very 
weak color intensity. Interference was assessed by comparing 
the colorimetric signal of a mixture of anions (Br–, F–, NO3

–, 
C4H4O6

2–) added to a perchlorate-containing solution with 
that of perchlorate alone. The colorimetric signals showed 
almost identical intensities, indicating an absence of inter-
ference from the investigated anions. Moreover, oxidative 
compounds within the samples could plausibly interfere 
with the detection if they interact with methylene blue in an 
analogous manner to perchlorate. These compounds might 
induce reactions that modify the colorimetric response, lead-
ing to erroneous outcomes. For instance, the presence of any 
interfering oxidants could cause color changes unrelated to 
perchlorate concentrations, resulting in misleading inter-
pretations. While such reports are not readily available in 
the open literature, this aspect warrants systematic explora-
tion. In such scenarios, it would be advisable to incorporate 
appropriate pre-treatment steps to eliminate undesirable 
interactions. Thus, understanding the influence of oxidative 
compounds and potential interferences is crucial to ensure 
the specificity and reliability of perchlorate detection meth-
ods, contributing to accurate assessments of water quality.

3.4. Parametric measurements

The pH level, salinity, TDS concentration, and conductiv-
ity of the water samples from each district were analyzed as 
part of the characterization process. The outcomes of these 
parametric measurements are summarised here. In field 
circumstances, pH is a significant factor in perchlorate bio-
degradation. It is often observed to influence the biodegra-
dation process. Perchlorate contamination tends to alter the 
pH levels of water bodies. Upon its introduction, it can lead 
to a decrease in pH, rendering the water more acidic. This 
pH shift can disrupt the delicate balance of aquatic ecosys-
tems, affecting the health and survival of organisms that are 
sensitive to alterations in acidity. Significant shifts in pH are 
frequently associated with the release of harmful effluents 
from industrial processes or the disposal of chemical waste 
products. The pH range conducive to perchlorate decompo-
sition typically falls between 5 and 9, with the most effec-
tive reduction occurring within the alkaline range of 7.5–8.5 
[40]. The pH range measured in this study was 7.02–8.3, as 
shown in Fig. 8. For both surface water and groundwater, 
it is recommended to maintain a pH level within the range 
of 6.5 to 8.5 [41]. Consequently, it was observed that the pH 
of numerous samples approached neutrality at approxi-
mately 7.2, and all the samples adhered to the recommended  
pH range.

Furthermore, the presence of perchlorate can influ-
ence salinity levels in water. Perchlorate contamination 
often occurs alongside other ions, potentially leading to 
an increase in overall salinity. Elevated salinity levels can 
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Fig. 5. Stability of the paper-based colorimetric assay. The colo-
rimetric signal output was examined over time for a 24-h period 
after the completion of the reaction.

 

Fig. 6. Specificity of the reagent for paper-based colorimetric 
assay. The color intensities were compared for devices coated 
with methylene blue and Coomassie brilliant blue.
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Fig. 7. Specificity and interference tests on the paper-based analytical devices.

Fig. 8. pH and salinity of drinking water, surface water, and groundwater samples from various locations.
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have detrimental effects on aquatic organisms adapted to 
specific salt concentrations, potentially disrupting their 
physiological processes. The water samples were subjected 
to quantification of their salinity and the results ranged 
from 0.03 to 5.2  ppt, as displayed in Fig. 8. It is reported 
that the microorganisms involved in perchlorate biodeg-
radation tend to thrive under high saline conditions [42]. 
Fig. 8 illustrates the differences in salinity among drinking 
water, groundwater, and surface water samples. The hard-
ness of ground or surface water often rises as pH levels 
decrease. Higher salinity can affect microorganisms because 
the solubility of oxygen decreases. An increase in salinity 
levels can be attributed to industrial effluents released into 
water sources, potentially impacting crop yields. Therefore, 
it is recommended to treat industrial effluents before 
they are released into the environment.

Conductivity is also influenced by the presence of ions 
like perchlorate. Higher concentrations of perchlorate lead 
to an increase in conductivity due to the greater number of 
charged particles in the water. This increased conductivity 
can be indicative of pollution and may affect the behavior of 
aquatic organisms, particularly those sensitive to changes in 
their electrochemical environment. The water samples were 
also subjected to quantification of TDS and conductivity. 
Conductivity is affected by factors like mobility, tempera-
ture, and total ionic concentration. TDS refer to the con-
centration of inorganic and organic substances dissolved in 
water. Perchlorate, being a soluble ion, contributes to total 
dissolved solids levels in water bodies. Elevated TDS can 
impact water quality, affecting the taste, odor, and overall 

suitability for consumption. Additionally, increased TDS 
levels can lead to problems in water treatment processes, 
posing challenges for municipal water supply systems. It 
should be noted that total dissolved solids primarily indi-
cate physico-chemical characteristics, and may not necessar-
ily indicate pollution or environmental hazards. Regulatory 
bodies typically recommend that the TDS level in drinking 
water should not exceed 0.5  g/L. Fig. 9 displays the varia-
tion in total dissolved solids, ranging from 0.28 to 6.68 g/L, 
suggesting that TDS exceeded the standard limit in some 
cases. The conductivity values of all water samples fell 
within the range of 0.05 to 9.52  mS/cm. According to the 
results, drinking water exhibited the lowest conductivity 
(0.05  mS/cm), while surface water showed the highest val-
ues. In most circumstances, a range of 0.05 to 1.5 mS/cm is 
considered acceptable for drinking water. Therefore, sam-
ples from various regions that fall outside this range should 
not be regarded as suitable for human consumption.

4. Conclusion

This study has successfully demonstrated the develop-
ment of a cost-effective paper-based microfluidic platform 
for the rapid and precise detection of perchlorates in water 
samples. The approach utilizes readily available materials 
and harnesses smartphone image acquisition and digital 
analysis for quantitative data interpretation, making it a 
highly practical and suitable solution for analysis of envi-
ronmental contaminants. The microfluidic device designed 
and fabricated in this study holds great promise as a rapid 

Fig. 9. Total dissolved solids and conductivity of drinking water, surface water, and groundwater samples from various locations.
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screening tool for detecting perchlorates in water samples. 
Furthermore, the study rigorously assessed the stability and 
specificity of the microfluidic assay. By combining visual 
colorimetric detection with smartphone technology, this 
technique has the potential to advance the development of 
portable devices for on-site detection of contaminants, pro-
moting sustainability by reducing the need for extensive 
laboratory resources and infrastructure. Overall, this study 
contributes to the development of an innovative and sus-
tainable method for the quantitative detection of perchlo-
rate, offering promise for a wide range of applications in 
the field of water quality monitoring.
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