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Abstract: High water hardness triggers piping system damage and adverse health
effects, necessitating regular monitoring. This study aims to develop a simple, low-
cost, and user-friendly paper-based analytical device (PAD) for on-site water
hardness detection. The device was fabricated by immobilizing Eriochrome Black
T (EBT) indicator and a pH 10 buffer onto a paper matrix based on complexometric
reaction principles. Analytical performance evaluation demonstrated that the PAD
could detect water hardness within the 50-350 ppm concentration range with
strong linearity (R? = 0.9991). The sensor exhibited LOD and LOQ values of 47.16
ppm and 157.19 ppm, respectively; precision (RSD) between 0.32% and 4.30%;
and recovery rates ranging from 108.02% to 114.04%, with a rapid response time
of 5 seconds. Quantitative data analysis was performed colorimetrically using
smartphone-based digital imaging and RGB analysis. Testing on real water
samples yielded good accuracy and clear visual color contrast corresponding to
increasing concentrations, confirming the sensor platform's high sensitivity. In
conclusion, this PAD offers a practical, rapid, and portable analytical alternative
that requires neither complex laboratory equipment nor specialized operational

expertise, making it highly suitable for on-site water quality monitoring.
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INTRODUCTION

Water is a fundamental necessity for human survival
and requires strict health standards to prevent
adverse public health and socioeconomic
consequences. Unsafe water has a wide impact on
the risk of various chronic diseases and infections, as
well as cardiovascular and maternal-neonatal
disorders [1-3]. Water plays a fundamental
macroeconomic and social role, from basic domestic
uses to driving productive economic sectors. At a
fundamental level, water is essential for direct human
consumption, sanitation, and food preparation, and
serves as a vital resource for industrial, agricultural,
and fisheries operations (4-6]. Given its vital role,
water resource management and conservation must
be implemented sustainably [7].

Currently, the availability of water resources is facing
the challenge of declining quality and quantity,
resulting in an inability to meet surging demand,
particularly for the domestic sector [8]. This decline in
water quality has the potential to trigger ecological
disruption and environmental damage [9]. Water

quality degradation, both in aquifers and river bodies,
has impacted the ability of water resources to provide
safe and healthy clean water standards for the
community. Clean water is an integrated quality
standard encompassing three main parameters,
including physical, chemical, and microbiological [10-
12].

Water hardness is a crucial chemical parameter for
assessing water quality [13]. Water hardness is a total
concentration of calcium ions (Ca?*) and magnesium
ions (Mg?*), which are usually expressed as calcium
carbonate equivalents (CaCOs) in milligrams per liter
(mg/L) or part per million (ppm) [14]. Dissolved
calcium and magnesium are two types of divalent
cations found in significant amounts in most water
sources. In natural waters, calcium and magnesium
are often bound to bicarbonate, sulfate, or chloride.
Besides, calcium and magnesium, other dissolved
divalent metals, such as iron, copper, zinc, and lead,
also contribute to total hardness. However, naturally
occurring concentrations of these divalent metals in
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water are so small (trace) that they can be ignored
[15].

Water hardness, primarily driven by elevated calcium
(Ca?*) and magnesium (Mg?*) ions, poses significant
challenges in both domestic and industrial settings. In
households, it diminishes soap efficacy by binding
with fatty acids to form insoluble scum and causes
scaling on appliances. Industrially, uncontrolled
hardness leads to severe scaling, which drastically
reduces the thermal efficiency of boilers and turbines,
and creates explosion hazards due to restricted heat
transfer [16-18]. Furthermore, prolonged
consumption of hard water is clinically linked to an
increased risk of nephrolithiasis and cardiovascular
diseases [18-20]. Water hardness classification
standards are based on the potential for scale
formation. Water with a hardness of 300-350 ppm is
categorized as very hard, and water above 350 ppm
is categorized as aggressively hard, which risks
damaging pipes. Based on regulations, the
Indonesian Ministry of Health sets the maximum limit
for water hardness for sanitation, hygiene, and
drinking water purposes at 500 ppm mg/L [21-22].

Quantitative analysis of water hardness has been
performed using several methods, including titrimetry
(complexometry) [23-24], automated titration systems
[25], spectrophotometry [24], and atomic absorption
spectroscopy (AAS) [26]. Advanced quantitative
technologies, including laser-induced breakdown
spectroscopy (LIBS) [27], inductively coupled plasma
mass spectrometry (ICP-MS) [28], image-based
titration systems [29], and lateral flow-based paper-
based distance sensors [30], offer high accuracy, low
detection limits, and digital data recording
capabilities. However, these instrumental
approaches are limited by their relatively high cost,
high reliance on specialized laboratories, and
complex operating procedures. Qualitative or semi-
quantitative analysis, on the other hand, is generally
performed through soap suds tests, heating, and
chemical precipitation [31]. Although simple and
economical, these conventional methods suffer from
low precision, limited detection ranges, and are
heavily influenced by subjective visual interpretation.

This technical gap drives the urgent need for a
portable platform that can combine the ease of
qualitative testing with reliable semi-quantitative
accuracy in the field. One method currently being
widely developed is a paper-based analytical device
(PAD) platform with colorimetric detection. This
platform offers the advantages of cost-effectiveness,
simplicity, and ease of interpretation through visual
color changes as an indicator of the target analyte's
presence [32-33]. In addition to colorimetric
techniques, other approaches such as
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chemiluminescence (CL) [34], electro-
chemiluminescence (ECL) [35], fluorescence [36],
and electrochemical [37] detection have been used to
monitor analytes. However, these techniques have
operational limitations for field testing. CL and ECL
techniques suffer from rapid signal decay and require
complex fluids or fragile electrode modifications.
Fluorescence relies on external excitation and is
susceptible to photobleaching, while electrochemical
sensors are susceptible to baseline shifts and
environmental noise. These limitations highlight the
advantages of instrument-free visual colorimetric
paper devices for rapid water hardness screening.

Although various PAD have been successfully
implemented for environmental monitoring, analytical
tools specifically designed for water hardness
analysis remain limited. Previously reported lateral-
flow distance-based paper sensors tend to be
complex and require analysis times spanning
minutes, as they rely on regulating fluid viscosity
(using Na-alginate). The PAD developed in this study
offers distinct innovations in terms of fabrication
efficiency and operational simplicity through the
integration of a simple immobilization technique
without complicated chemical modifications between
the Eriochrome Black T (EBT) indicator and pH 10
buffer on a paper matrix. This approach effectively
maintains reagent stability, minimizes chemical
volume, and produces sharp, contrasting, and
homogeneous color transitions upon interaction with
Ca** and Mg** ions within seconds. These
characteristics not only enable semi-quantitative
estimation directly on-site by users without
specialized laboratory training but also support
precise digital quantification through smartphone-
based imaging. The color intensity analysis of the
imaging results is then evaluated using the RGB
(Red, Green, Blue) color model system through
Imaged software. Furthermore, the platform's
analytical performance has been comprehensively
validated based on its linear dynamic range, limit of
detection (LOD), limit of quantification (LOQ),
precision, and accuracy. Thus, this pioneering
platform provides a robust, low-cost, and practical
alternative for rapid on-site water quality monitoring,
particularly ~ suitable  for  resource-constrained
environments.

MATERIALS AND METHODS

Chemicals and instrumentation

All of the reagents and chemicals used in this study
are analytical grades obtained from Sigma-Aldrich
(Merck). The materials used are calcium carbonate
(CaCO0:s), hydrochloric acid (HCI), Eriochrome Black
T (EBT), Ammonium chloride (NH4Cl), ammonium
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hydroxide (NH4OH), and demineralized water. Water
samples were taken directly from Gresik City. All
solutions are prepared in demineralized water and
stored in dark bottles at room temperature.

The absorption spectra were measured using a UV-
1600PC (VWR) spectrophotometer using a 1.0 cm
quartz cuvette. Other equipment supporting the
analysis included an analytical balance, pH meter
(Merck Hanna), oven, desiccator, microburette, a set
of laboratory glassware, Whatman Grade 1 filter
paper and waterproof synthetic paper. All glassware
was cleaned with HCI: HNOs (3:1) and rinsed with
demineralized water before use. Images were
captured using a smartphone (Vivo V50 Lite 5G; 50
MP camera resolution, Sony IMX882 sensor). The
obtained images were analyzed using the ImageJ
program (RGB color mode).

PAD Fabrication Preparation

The reagent absorbent substrate was prepared using
Whatman filter paper that had been heated in an oven
at 110°C for 1 minutes. Substrate immobilization was
performed by immersing the paper in a pH 10 buffer
solution of optimal concentration for 30 minutes in a
closed container. During the immersion process, the
paper was periodically turned over to ensure even
reagent absorption. The same procedure was applied
to the immobilization stage of the EBT indicator of
optimal concentration. The paper containing both
reagents was then dried in a desiccator for 48 hours.
The dried substrate was glued to synthetic matte
paper waterproof and cut to size. The device, as a
colorimetric sensor, was designed to resemble
universal pH indicator paper, thereby increasing its
practicality and portability. The device was stored in
a tightly closed container at room temperature and
was ready to be used for hardness analysis in water
samples.

PAD Characterization

The PAD was used to test water samples containing
a certain level of hardness. The color change of the
paper from blue to red was captured using a
smartphone on a white background in a well-lit area,
away from direct sunlight. The resulting image was
transferred to a computer, and each color change,
including the blank, was extracted using ImageJ/Fiji
software. In this program, the color formed in each
cell was analyzed based on the RGB (red, green,
blue) system. The effective intensity of the color value
was calculated based on equations (1), (2), and (3)
as follows [38].

A=Log (i—i ) )
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Where Ar, Ag, and Ab are the effective intensities for
red, green, and blue. Rs, Gs, Bs, and Rb, Gb, Bb are
the red, green, and blue values of the sample and
blank, respectively. The platform was further
validated based on its dynamic linear range, limit of
detection (LOD), limit of quantification (LOQ),
precision, and accuracy.

PAD Application

The PAD performance was evaluated based on
colorimetric changes caused by the presence of Ca?*
and Mg?* metal ions. The detection mechanism of the
PAD is based on the principle of standard
complexometric titration, where the EBT indicator
binds with Ca?* and Mg?* ions simultaneously at pH
10. The complexation of these divalent cations
induces a distinct color transition from blue to wine
red. The intensity of the color response generated by
the PAD directly represents the total water hardness
expressed as CaCOs equivalent.

.The testing procedure involves dipping the tip of the
device into the water until the entire detection area is
submerged for a few moments, then removing it. If
the sample is too acidic, it must first be neutralized or
adjusted to a pH range of 6.5-8.5. This step ensures
the maintenance of the detection zone's buffer
capacity, thereby preventing interference with the
stability of the metal-EBT complex and the indicator's
specific color transition. The color change of the
paper in the detection area from blue to red indicates
a certain level of hardness in the water sample. The
resulting color intensity is then compared with the
color in the standard solution. The red image provides
quantitative  information extracted using the
ImageJ/Fiji software program.

RESULTS AND DISCUSSION

Optimization of Experimental Conditions

Optimization of experimental conditions affecting the
absorption of Ca?* metal ions using immobilized
reagents has been investigated. This aims to
determine the appropriate reagent concentration to
produce optimal absorption during red color
formation, thereby increasing analytical sensitivity.
The optimum reagent concentration is determined
based on the level of the most significant color
change [39]. In paper-based colorimetric sensors,
clear, intense, and uniform color changes indicate
that the reagent particles have been effectively and
evenly immobilized on the paper fiber structure [40].
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Eriochrome Black T (EBT) indicators at pH 10 or
close to neutral, especially as azo-naphthol
deprotonation shows a blue color. Hard water
contains a considerable concentration of divalent
metal ions, especially Ca?* and Mg?*. These metal
ions form a red chelate complex with EBT at pH 10.
The formation of the EBT-metal complex changes the
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conjugation and distribution of the metal-ligand
charge, shifting the spectrum of its absorption. The
EBT-Ca?*/Mg?* complex absorbs light differently and
appears burgundy (pink-red). The reaction of the
formation of complex compounds between EBT and
Ca?*/Mg?* ions is shown in equations (4) and (5).

EBT (Dark purple) —(pH = 10)— EBT (Blue) (4)

EBT (Blue) + Ca**/Mg?* —(pH = 10)— EBT-Ca?'/Mg?* (Red) (5)

The intensity of the red color formed is proportional to
the number of Ca?* and Mg?* ions bound by EBT.

Effects of pH and EBT

The effect of pH 10 buffer solution and EBT indicator
was evaluated to obtain the optimal EBT-Ca?*
complex formation. Spectrophotometric analysis in
the range of 400-800 nm showed the maximum
absorbance of the EBT-Ca?" complex at A= 540 nm.
The optimum condition was achieved by adding 2.0
mL of pH 10 buffer (Figure 1). Under this condition,
the EBT molecule is completely deprotonated, thus
binding maximally with calcium ions. The addition of
EBT indicator gave the best absorbance at the
addition of 0.433 pmol (Figure 2). This optimization
prevented the effects of self-absorption and weak
signals, thereby increasing the sensitivity and
accuracy of the proposed analytical device.
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Figure 1. Effect of pH 10 buffer solution on EBT-
Ca?* complex formation
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Figure 2. Effect of EBT indikator on EBT-Ca**
complex formation

PAD Fabrication

The PAD was fabricated using a mixture containing a
buffer solution and an EBT indicator. Whatman Grade
1 chromatography paper was selected as the
absorbent substrate due to its superior wicking
properties. This specific paper substrate features a
pore size of 11 ym and a thickness of 180 um, which
facilitates medium flow rates and uniform capillary
action for fluid migration. lts pure cellulose fiber
composition ensures excellent reagent compatibility,
high hydrophilicity, and chemical stability across a
wide pH range without interfering with the reagent
molecules [41-43]. The fabrication of a single-
detection-zone-based dipstick assay represents one
of the most straightforward approaches. This process
involves sequentially saturating the paper with the
buffer and reagents through immersion. Once dried,
the functionalized paper is attached to a non-reactive,
waterproof synthetic paper backing, which serves as
a handle [44].

The process of immobilizing reagents on paper is
greatly influenced by soaking time, temperature, and
drying time. Each layer of reagent must be completely
dry before immobilizing the next layer. This ensures
that all reagents required for the chemical reaction on
the paper can be optimally distributed and absorbed.
Drying at extreme temperatures or exposure to direct
sunlight in open spaces should be avoided, as this
can accelerate the evaporation of the buffer solution
and damage the stability of the indicator.
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fluctuations or decreases in the

Furthermore,
concentration of the buffer solution will directly impact
the stability and accuracy of the color changes of
indicators such as Eriochrome Black T. Figure 3
presents a schematic illustration of the proposed
device fabrication procedure.

Detection zone Detection results

Image
Blank fiter ‘ n analysis
paper (FP) /

R

/
t Paper cut &G
to size /

B

0400042
1
A
2

Immobilization
of buffer pH 10

Acta. Chim. Asiana., 2026, 9(2), 920-930 924
e-ISSN/p-ISSN 2550-0503/2550-049x
Available online at: www.aca.unram.ac.id

analyte concentration and absorption [45]. This
means that the change in analyte concentration is
directly proportional to the change or response of the
sensor on the paper. The relationship between
concentration and hardness absorption shows that
the higher the hardness concentration, the higher the
formation of red color on the paper.

Table 1. Characteristics of the proposed method for
the detection of water hardness

Parameters Value

Maximum wavelength (nm) 540

C j\) ;ﬁiﬁ.‘i?éw@ -
paper E- 39
"I e ‘t %“ Color Red
- g Beer Law concentration range ) o0
(/ \\) ‘\ /, gtt: (ppm)

T ST R Detection limit (LOD) (opm) ~ 47.16
Figure 3. Schematic illustration of the PAD Q“?‘:‘tiﬂcatio” limit (LOQ) 157.19
fabrication procedure for detecting water hardness (Ppm)

. . . Regression parameters
Analytical Performance and Calibration Curves

_ Slope (Sb) 0.0004
The proposed PAD demonstrated excellent analytical
performance. A recovery percentage close to 100% Intercept (Sa) -0.0043
indicates high accuracy of the developed method. Correlation coefficient (r) 0.999

The calibration curve, established between CaCOs
concentration and the effective red color intensity,
exhibited strong linearity (R? = 0,9991) within the
concentration range of 50-350 ppm. Furthermore,
the sharp increase in red color intensity reflects the
high sensitivity of the method. A low relative standard
deviation (RSD) confirms excellent precision and
reproducibility (Table 1). The calibration curve of the
proposed method is illustrated in Figure 4.

0.160

0.140 y = 0.0004x - 0.0043

R*=0.9991
0.120

0.100

oog0 {

0.060

¥ =0.0001x+0.0181
R?=0.9885

0.040

0.020

Effective Intensity of RGB (Ar)

0.000

50 100 150 200 250 300 350 400
Concentration of CaCO; (ppm)

Figure 4. Calibration curve of CaCO3 standard
solution

Based on the calibration curve, three equations were
obtained for red, green, and blue. The best regression
equation was obtained for the red color regression
equation, namely, y = 0.0004x - 0.0043, with a
correlation coefficient (r) of 0.999 (Figure 4). The r-
value is close to 1.0 (r > 0.999 or R? > 0.9991),
indicating a very strong linear relationship between

Recovery (%) 108.02 - 114.04

Standard Relative Deviation

(%RSD) 0.32-4.30

Accuracy and Precision

Accuracy and precision were verified using five
standard solutions with different concentrations
across the linear range. Each parameter was
determined through five replicate analyses using
different devices. Relative error (%Erel) was
evaluated to assess the bias between theoretical and
measured concentrations. The results showed an
average positive bias of 8.36%, attributed to the
coffee-ring effect on the paper matrix and fluctuations
in ambient lighting. Nevertheless, the method
demonstrated good precision, with relative standard
deviation (RSD) values ranging from 0.32% to 4.30%
(RSD < 5%) and recovery percentages between
108.02% and 114.04%. These recovery values fall
within the acceptable limits for on-site analysis
methods (98-115%) at the parts-per-million (ppm)
concentration level [46]. This indicates that RGB color
analysis is highly suitable for semi-quantitative
purposes, whereas precise and accurate quantitative
analysis can be achieved using the calibration curve
equation. Detailed results regarding the accuracy and
precision of the proposed method are summarized in
Table 2.
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Table 2. Accuracy and precision of the proposed method*

CaCO0s CaCO0s sD
given (ppm) obtained (ppm)

50 57.02 2.45
100 103.92 2.25
150 161.29 2.86
250 270.80 3.26
350 378.08 1.20

*) Five replicas
Sensitivity

The method's sensitivity was evaluated to assess the
PAD's ability to detect water hardness, as indicated
by the Limit of Detection (LOD) and Limit of
Quantification (LOQ). The LOD is the lowest
detectable analyte concentration, while the LOQ is
the lowest concentration that can be quantitatively
measured with acceptable precision and accuracy
[47]. The proposed PAD responded within 5 seconds,
with an LOD of 47.16 ppm and an LOQ of 157.19
ppm. Based on these limits, the PAD's analytical
performance was classified into three categories:
qualitative detection at concentrations below the LOD
(<47.16 ppm), semi-quantitative estimation in the
range of 47.16—-157.19 ppm, and full quantification
with high precision in the range of 157.19-350 ppm,
which falls within the device's optimal dynamic
operating range.

PAD Functionalization

The functionalization of PADs for analytical
applications can be significantly enhanced by
increasing the sensitivity of colorimetric detection
[48]. Various strategies can be employed by using
highly effective reagents, enhancing the efficiency of
chromogenic reagent immobilization on paper,
optimizing reaction conditions, selecting suitable
paper substrates, and developing Vvisualization
methods [49-50]. In this study, the optimization of
Eriochrome Black T (EBT) concentration and buffer
solution at pH 10 was investigated to obtain the
maximum absorption response during the reaction.
The appearance of a red color indicates that the EBT
reagent and buffer solution have been optimally
immobilized on the paper. This facilitates the
formation of a more intense red EBT-Ca?* complex
on the device. The formation of the color complex is
evenly distributed, resulting in stronger visual
sensitivity, even at low Ca?* ion concentrations.

RSD

4.30
217
1.77
1.21
0.32

(%) Recovery (%) Ere (%)
114.04 -14.04
103.92 -3.92
107.52 -7.52
108.32 -8.32
108.02 -8.02

Response Time and Operating Time

Response time and operating time were evaluated to
determine device stability. Response time indicates
the ability of the paper-based sensor to interact with
the analyte upon initial contact with the test solution,
which typically ranges from a few minutes to 30
minutes. The faster the response time, the better the
device performance [51-52]. Visual observation of the
device showed rapid red color formation, with the
detection process taking place within 5 seconds.
Color development was monitored for 15 minutes,
and color intensity was analyzed using the RGB color
system. The analysis results showed that the blue
color intensity reached a steady state at 10 minutes.
Therefore, 10 min was selected as the actual
measurement time for both quantitative and semi-
quantitative analyses to ensure data accuracy and
reproducibility.

The operational performance of the PAD was
evaluated to determine its effectiveness in detecting
Ca?* ions, resulting in a stable and consistent
response. Sensor stability refers to the sensor's
ability to maintain consistent performance over time,
particularly ~ under  fluctuating  environmental
conditions [53]. Degradation in sensor performance is
typically detected when the analytical response
decreases by more than 15% from the initial response
[54-55]. The color intensity was measured in triplicate
for each testing interval daily during the first week,
and weekly thereafter until the maximum red intensity
decreased by 15%. The evaluation results indicated
that the PAD was stable and functioned optimally for
up to eight weeks of storage. In this test, the device
was stored in a tightly closed plastic container at room
temperature (25°C-30°C).

RGB Profile

The RGB profile evaluation was performed based on
colorimetric images obtained from the reaction
between the EBT indicator and Ca?* metal ions in a
standard CaCOs solution. The images were
converted into color intensity data to generate RGB

Yazid et al.



\ J‘g!t RESEARCH PAPER

curve profiles, representing the relationship between
pixel distance and color intensity as a function of
brightness (Figure 5). The curves show that the red
channel produces a higher intensity level compared
to the other two channels (green and blue). All three
color channels exhibit parallel fluctuations along the
pixel spacing. This indicates that minor variations in
intensity are influenced by the substrate texture or
lighting factors, rather than by inconsistencies in the
chemical reaction. This consistent pattern confirms
excellent color homogeneity in the paper spots, thus
ensuring the reliability and reproducibility of the
colorimetric readings. This indicates that higher water
hardness levels lead to an increase in the intensity of
the red color formed on the paper. Based on the
calibration curve, the red color intensity reaches
saturation at a concentration of 350 ppm (Figure 6b).

24U T T T T

200 - q

§

Intensity
B &
=] S
T T
1 L

]
=1
T

I

100 ! ! 1 !
0 10 20 30 40 50

Distance (pixels)

Figure 5. RGB profile of the EBT-Ca complex

PAD Application

Before its application to water samples, PAD was
evaluated using a standard CaCOs solution as a
positive control and demineralized water as a
negative control (blank). Visual inspection of the color
chart (Figure 6b) revealed a significant color contrast,
shifting from blue (cyan) at a concentration of 0 ppm
(blank) to purplish red with increasing concentrations
up to 350 ppm. The distinct visual contrast observed
between 0 ppm and 50 ppm indicates the high
sensitivity of the sensor system at low concentrations,
which is triggered by the initial phase of metal-ligand
complex formation. Within the concentration range of
100-350 ppm, a gradual color shift toward red
(saturated magenta) occurs. Although the visual
differentiation between concentration levels in this
higher range becomes narrower due to the natural
saturation limits of the chromophore groups and the
optical resolution of the human eye, each gradation
remains macroscopically distinguishable. This color
evolution represents a shift in chemical equilibrium
resulting from the formation of the metal-indicator
complex as more Ca** ions bind to the chromogenic
ligand.
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The linearity and statistical significance of the method
were evaluated using linear regression analysis
across a CaCOs concentration range of 50-350 ppm
(n = 5) (Figure 6). The resulting calibration curve
demonstrated a strong positive correlation, with a
correlation coefficient (r) of 0.999 and a coefficient of
determination (R?) of 0.9991. This indicates that
changes in the CaCOs concentration can linearly
explain 99.91% of the variation in the effective RGB
intensity. To statistically test the model's significance,
analysis of variance (ANOVA) was performed using
the F-test at a 95% confidence level (a= 0.05; df =
1,3 ). The analysis yielded an F-cacuated Value of
3330.33, which substantially exceeds the F-tabie value
of 10.13. The validity of this model is further
supported by a p-value of <0.0001, falling well below
the critical threshold of 0.05. These findings
empirically demonstrate that the developed
regression model is highly significant and exhibits
robust linearity for quantitative analysis.

(@ o020
\
3
2 016 1
5 y = 0.0004x - 0.0043
£ 012 R2=0.9991
c
g
£ ]
< 008
>
g
2 0.04 4
0.00

0 50 100 150 200 250 300 350 400
Concentration of CaCOj; (ppm)

(b}

Types of detection Total hardness (ppm)

50 100 150 250 350
%

0
-y R

Figure 6. Formation profile of red color on the test
strip. (a), Linear regression of calibration curves and
(b), Formation of red color at various concentrations
of standard solutions

Concentration range

Detection color

The PAD was subsequently applied to field water
samples to detect Ca** and Mg?*" ions, which
represent the total water hardness. The appearance
of a red color in the detection zone was visually
observed and compared against standard solutions
(Figure 6b). Test results were read semi-
quantitatively using a graded scale ranging from
positive (+1) to (+4), which could be converted into
mg/L units. Potential interference from other divalent
metal ions such as Fe?*, Cu?*, Zn**, and Pb*" was
considered negligible, as their concentrations in
natural water samples were at trace levels and thus
did not affect color complex formation. Of the five
water samples tested, four yielded positive results,
indicated by a distinct red color change in the
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detection zone. Conversely, one sample showed a
negative result with no significant color change,
indicating that the concentration of the target ions in
that sample was below the detection limit of the
developed PAD device.

Table 3 presents the results of semi-quantitative and
quantitative analyses of the total hardness of the five
water samples tested. Semi-quantitative testing on
mountain water samples yielded negative results with
estimated total hardness in the range of 0-50 ppm.
Meanwhile, water samples from the Regional
Drinking Water Company (RDWC) showed a positive
result of one (+1) in the range of 50-100 ppm. River
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water samples yielded a positive result of two (+2) in
the range of 100—150 ppm, while borehole water and
seawater both yielded a positive three (+3) in the
range of 150-250 ppm. The results of quantitative
analysis through the calibration curve equation
showed the total hardness levels in order: mountain
water (39.78 ppm), water from RDWC (70.40 ppm),
river water (116.22 ppm), borehole water (171.87
ppm), and seawater (197.43 ppm). The highest
hardness concentration was obtained in seawater
samples, which was influenced by the high content of
dissolved salts such as calcium, magnesium,
chloride, and sulfate, which were calculated as
equivalent to calcium carbonate (CaCO3).

Table 3. Semi-quantitative and quantitative total hardness rate.

Total hardness (ppm)

Water sample Visual observation

Semi-kuantitative

Quantitative

Mountain rgatives <50 39.78
RDWC 50-100 70.40
Borewell + 150-250 171.87
River - 100-150 116.22
Sea + 150-250 197.43
CONCLUSION REFERENCES

This study successfully developed a simple and low-
cost paper-based analytical device (PAD) aiming to
provide a practical, rapid, and portable water quality
monitoring method for detecting water hardness.
Based on the experimental evaluation, the proposed
PAD was capable of operating within a concentration
range of 50-350 ppm with a 5-second response time,
demonstrating strong linearity (R* = 0.9991),
alongside acceptable precision (RSD of 0.32%-—
4.30%) and accuracy for semi-quantitative on-site
analysis. The significance of this research lies in its
ability to offer an affordable and user-friendly testing
alternative without relying on complex laboratory
equipment or specialized operational expertise.
Looking ahead, this platform holds great potential to
be integrated with mobile applications for more
automated colorimetric digitization, and it can be
further developed for the on-site detection of other
environmental contaminants.
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