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Abstract. Water contaminated with heavy metals, especially iron (Fe), can
have adverse effects on health and the environment. This research developed
an optical sensor-based Fe concentration detection system in water with the
principle of light absorbance. The system is designed using an ESP32
microcontroller, OPT101 photodiode sensor, and OLED display as a data
viewer, and features a WebSocket connection for real-time data transmission
to local websites. The light source uses a green HPL LED (£515 nm) that
corresponds to the peak absorption of the Fe-fenantrolin complex. The
measurement mechanism refers to the Lambert-Beer Law by comparing the
intensity of the blank light (Io) and the sample (Ii). The test results showed
that the system was able to detect Fe in the range of 0.01-10 ppm with an
average measurement error of 6.36%. Testing on samples of PAM water,
groundwater, and drinking water showed that Fe levels were below the
threshold of 0.3 ppm in accordance with the Minister of Health Regulation
No. 32 of 2017. The developed system has the potential to be an IoT-
integrated water quality analysis tool, thus supporting efficient and real-time
monitoring of water pollution, especially in areas with limited laboratory
access.

1 Introduction

Water is a vital component for the sustainability of ecosystems; maintaining water quality is
decisive for the health of living organisms due to its crucial role in various biological
processes in both plants and animals. Given that freshwater constitutes only a minor fraction
of the Earth's total water, efforts to preserve its quality are paramount for the sustainability
of ecosystem services, including drinking water supply, irrigation, recreation, and
biodiversity conservation [1]. However, driven by rapid population growth and industrial
expansion, the demand for clean water continues to rise, whereas the quality of water
resources is degrading due to pollution from domestic and industrial waste. Wastewater from
households, residential areas, and urban zones carries high organic loads (BOD/COD),
nutrients, pathogens, detergents, and pharmaceutical residues, which can trigger
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eutrophication and waterborne diseases [2]. Furthermore, industrial sectors such as
chemicals, textiles, metallurgy, pulp and paper, and food and beverage frequently discharge
heavy metals, toxic organic substances, dyes, and persistent compounds at substantially high
concentrations into water bodies [4]. This pollution load is exacerbated by agricultural run-
off containing fertilizers, pesticides, and livestock waste, which contribute nitrogen,
phosphorus, and microbes; these non-point source (diffuse) loads often dominate nutrient
accumulation in watersheds [5]. Currently, novel pollutants such as microplastics, emerging
contaminants, and heavy metals originating from various sources, including landfills and
wastewater treatment plants, are widely detected in surface waters [6]. Water contaminated
with such chemical pollutants can disrupt the metabolic systems of food crops and
bioaccumulate along the food chain, ultimately posing severe health risks, including disease
and mortality, to both animals and humans [7]. Ecologically, elevated levels of BOD/COD,
nutrients, and microplastics can deplete dissolved oxygen concentrations, leading to fish
mortality and habitat degradation [8]. Furthermore, micropollutants such as hormones and
personal care products pose moderate to high ecotoxicological risks to aquatic organisms and
human health [6,9].

Among various types of pollutants, heavy metals are the most frequently encountered
contaminants in aquatic ecosystems due to their continuously increasing prevalence, high
toxicity, and permanent detrimental impacts on water quality. Iron (Fe) is an essential
element; however, at high concentrations, it becomes a significant pollutant in aquatic
ecosystems and drinking water sources. Numerous studies have evaluated the toxicity of Fe
to aquatic biota, its correlation with water quality standards, and its aesthetic and health
impacts on humans. In aqueous environments, iron predominantly exists in the more soluble
ferrous state (Fe2+) and the easily precipitating ferric state (Fe3+) [10]. Consequently, the
WHO and various national regulations have established a maximum permissible limit of 0.3
mg/L for drinking water to prevent aesthetic issues such as alterations in taste, color, and the
formation of precipitates, even though these levels do not directly induce acute toxicity [11].

The monitoring of iron and other heavy metals is imperative due to the toxic and non-
biodegradable nature of these pollutants. Current conventional analytical methods include
Atomic Absorption Spectroscopy (AAS), emission spectroscopy, and electrode sensors, each
possessing distinct advantages and limitations. AAS techniques and their derivatives (such
as AFS, ICP-OES, ICP-MS, and AES) are renowned for their high sensitivity and accuracy
in detecting trace metals within complex environmental samples [ 12]. The primary advantage
of these methods is their extremely low limit of detection [13]; however, their drawbacks
include high equipment costs, bulky instrumentation, and the requirement for supporting
gases (e.g., argon) alongside highly trained operators [14]. Conversely, the development of
electrode sensors offers a more affordable and portable alternative with rapid response times,
making them suitable for direct in-situ monitoring [12,13]. Nevertheless, electrode sensors
frequently encounter limitations regarding stability and sensitivity when compared to optical-
based methods [12].

Therefore, the development of a detection system for heavy metal-contaminated water,
specifically targeting iron, represents a strategic approach to mitigating pollution and
protecting water resources. Numerous measurement methods rely on the formation of the
orange-red Fe(I[)-1,10-phenanthroline complex, which exhibits a peak absorbance in the
510-512 nm range, in accordance with the Beer—Lambert Law [15]. This research aims to
develop a detection device for iron concentrations in wastewater based on the OPT101
photodiode sensor, characterizing various light sources (miniature bulbs, LEDs, High Power
LEDs (HPL), and lasers) to determine the optimal wavelength.

2 Methods
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This research developed a water detection system using the principle of simple
spectrophotometry with OPT101 photodiode as the main sensor to detect the intensity of light
affected by the concentration of iron in the solution. The ESP32 microcontroller acts as the
control center of the device, which processes the measurement data and displays it on the
OLED screen.

To optimize the measurement results of iron (Fe) detection, a solution of phenantrolin is
used, as a color-forming reagent, so that it can obtain high accuracy at low concentrations.
The measurement data is displayed directly in the device, stored and can be sent to a web-
based system via a network connection. With this, the designed iron detection system has the
potential to be used in the monitoring of liquid waste efficiently and integrated. A design
diagram of the developed prototype is shown in Figure 1.

LCD Display

Iron (Fe) N OPT101 N ESP32

ON/OFF | Light Source > Siit |- Solution Sample Photodiode Microcontroller

Website

Fig. 1. Iron solution concentration detection system block (Fe).

The light passing through the sample is detected by the photodiode, which is in charge of
detecting changes in light intensity due to interaction with the sample. The data obtained is
then sent to ESP32 as a microcontroller to be processed and translated into iron concentration
information. The entire system can be turned on and off using the ON/OFF switch, making
it efficient in power usage and operational. With wiring diagram is shown in Figure 2.

HPLLED

Li-ion Battery

OLED Display

OPT101
Photodiode

Fig. 2. Wiring Diagram of Hardware Devices

The sensor specifications are presented in Table 1. System optimization was performed
to achieve maximum sensitivity in measuring the iron (Fe) solution by adjusting the distance
of the optical components and the gap width, as well as conducting sensitivity tests using tea
solutions at various turbidity levels. The system was tested using an iron (Fe) solution
complexed with phenanthroline and other reagents at concentrations ranging from 0.01 to 14
ppm.

For each iron (Fe) solution, a certain amount of FeCls solution is put into a 10 mL
measuring flask according to the desired concentration, adding 1.1 mL of 100 ppm NaS:0s
solution, 1.5 mL of 1000 ppm phenantrolin solution, 1.5 mL of pH acetate buffer solution,
and 3 mL of acetone. Aquades is added until the total volume of the solution reaches 10 mL.
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The solution is then beaten until homogeneous and left for 30 minutes to ensure that the
formation of the complex takes place perfectly.

Table 1. Sensor specifications.

Parameter OPT101 ESP32 Web Green High
Photodiode | Microcontroller camera Power LED
Sensing range 400 — 1000 nm - 320 — 730 nm 510 — 525 nm
Operating Voltage 2.7-36V 3.0-50V 5V 32-35V
Operating Current <l mA +80 mA 100 — 300 mA <350 mA

To optimize the optical configuration, the distance between the light source and the gap
was varied at 1, 2, and 3 cm, while maintaining a fixed distance of 4.5 cm between the sensor
and the gap. In each configuration, measurements are taken five times to evaluate signal
stability and consistency of readings. The average voltage values and deviations from the
repeating results are then used as the basis for determining the optical configuration that
provides the best measurement performance.

As an initial validation, the results of the system measurement were compared with the
results of PAM Jaya accredited laboratory analysis using the Standard Methods 24th Edition
3120B (ICP) method.

3 Results

The following research results include, characterization of photodiode sensors and light
sources, assembly of detection device prototypes, manufacture and testing of calibration
curves, and integration of Internet of Things (IoT) systems for data storage and display.

3.1 Detector Stability

Tests are carried out to ensure that the OPT101 photodiode detector used can provide stable
reading results under constant light conditions. In this study, a variety of gap size variations
and distance testing of detector response were carried out. Variation of light source distance

to slit is shown in Figure 3.
: W L‘E
(a) (®)

Fig. 3. Variation of light source distance to slit (a). Creation of gap width (b).

The configuration of a distance of 2 cm with a slit measuring 5 mm % 0.5 mm produces a
fairly good combination, namely a voltage of 0.79 V and a standard deviation of 0.009, this
value shows that the received signal is quite strong and stable. Therefore, this configuration
was chosen as the primary optical setting on the detection device because it provides the most
optimal results which is very important in a light intensity-based measurement system. The
result of gap size test at light source distance is shown in Table 2.
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Table 2. Gap size test results at light source distance.

Distance Parameter Length 5Smm Length 10mm
Width (mm) Width (mm
0,3 0,5 1 0,3 0,5 1
1 cm Voltage (v) 0,24 0,90 1,47 0,64 1,15 2,05
Deviation 0,010 0,014 0,028 0.025 0,020 0,055
2 cm Voltage (v) 0,21 0,79 1.28 0,56 1,01 1,83
Deviation 0,005 0,009 0,020 0,020 0,012 0,048
3cm Voltage (v) 0,16 0,61 1,03 0,41 0,82 1,52
Deviation 0,012 0,020 0,032 0,024 0,021 0,062

Next, the stability test of the sensor was performed for 30 seconds at intervals of 0.1
seconds at three variations of the light source—photodiode distance (5.5; 6.5; and 7.5 cm).
The results showed that the signal reached a stable state in the range of 13.8—14.7 seconds,
so the system was programmed to start recording data at 14 to 17 seconds at intervals of 0.5
seconds. This logic is implemented on the microcontroller to ensure only data in stable
conditions is processed. In the data collection range, the system recorded seven consecutive
readings at intervals of 0.5 seconds. The average values of the seven readings are used as the
result of the final measurement to reduce the influence of signal fluctuations and improve
measurement consistency.

3.2 Test of Photodiode Voltage Response to Turbidity

S14 iS2: 1S3} iS4 S5

s6] 57 18 (s 510

S11 512 S13 S14 s

Fig. 4. Concentrated tea solution various degrees of turbidity.

Table 3. Gap size test results at light source distance.

No. | Sample Composition Output voltage (v)
1. S1 6 ml Water 0,753
2. S2 1.5ml Tea + 4.5ml Water 0,252
3. S3 3 ml Tea + 3 ml Water 0,124
4. S4 4.5 ml Tea + 1.5 ml Water 0,000
5. S5 6 ml Tea 0,000
6. S6 6 ml Water 0,762
7. S7 1.5 ml S3 Tea + 4.5 ml Water 0,560
8. S8 3 ml S3 Tea + 3 ml Water 0,366
9. S9 4.5 ml S3 Tea + 1.5 ml Water 0,239

10. S10 6 ml S3 Tea 0,127
11. S11 6 ml Water 0,763
12. S12 1.5 ml S2 Tea + 4.5 ml Water 0,627
13. S13 3 ml S2 Tea + 3 ml Water 0,452
14. S14 4.5 ml S2 Tea + 1.5 ml Water 0,334
15. S15 6 ml S2 Tea 0,249

In this test, observations were made of the performance of the OPT101 photodiode detector
in responding to solutions with different levels of turbidity, using the tea solution as a sample
because it has a distinctive color and level of clarity that can be varied simply through
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dilution. The sample used was a concentrated tea solution mixed with water to form some
degree of turbidity. The volume of each solution is made to be a constant of 6 ml to maintain
stability. The turbidity variation used consisted of 15 samples with different tea solution
mixing compositions

Based on Figure 4 and Table 3 Solution S1 (clear water) produces a voltage of 0.753 V
indicating maximum light intensity. In a solution with concentrated tea, the voltage drops to
0.252 V (S2) and 0.124 V (S3), while S4 and S5 are zeroed because the turbidity is very high.

In rediluted solutions, the voltage increases as the turbidity decreases, e.g. S10 (0.127 V)
approaches S3 (0.124 V) and S15 (0.249 V) approaches S2 (0.252 V), so the system is proven
to be consistent with the difference between measurements <0.005 V.

3.3 Determination of Iron Peak Wavelength (Fe)

The peak wavelength of Fe is determined by reacting a standard solution of Fe and
phenantrolin to form a colored complex. Absorbance was analyzed using a simple webcam-
based spectrophotometer with a white light source, a DVD grid, and Theremino Spectrometer
software.

Calibration is done by matching the peak position of the spectrum to a specific reference
wavelength, so that each pixel on the graph represents an accurate wavelength using green
(532 + 10 nm) and red (650 = 10 nm) lasers. The measurement results showed that the
wavelength was detected at 532 nm and 647 nm respectively with an average error of 1.5 nm,
so the system had good accuracy.

The identification of the maximum wavelength (A max) was carried out by comparing the
spectrum of blank solution and Fe?*-phenantrolin solution using a white light source (300—
700 nm). Spectrum data of 640 points (320.01-733.98 nm) were processed to calculate
absorbance, then plotted in a graph to determine the peak absorption of the Fe-phenantroline
complex, shown in Figure 5.

1.0
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Fig. 5. Iron ore absorbance chart (Fe).

The results of the analysis showed that the peak absorption of Fe-phenantrolin solution
was at 510 nm (range 500-530 nm), where the intensity of light transmitted to the sensor
decreased significantly. Therefore, the selection of light sources in the design of the device
is directed to produce a spectrum that is as close as possible that shows the emission spectrum
results of several types of lamps, green High Power LED (HPL) lamps are chosen as the
main light source. These lamps have a dominant spectrum at wavelengths of about 510 — 525
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nm, which is close to the peak of the absorption of phenantrolin's most complex iron (Fe)
solution.

3.4 Performance Testing of Iron Solution (Fe) Measurement System

The performance test of the detection system was carried out by measuring the absorbance
of Fe-fenantrolin solution at 16 concentration variations (0—14 ppm). Each measurement is
preceded by a blank stage, then a photodiode-based system records changes in light intensity.
The output voltage of the blank solution is used as the initial intensity value (lo), and the
output voltage of the sample solution as the final intensity value (I). Results in the form of
initial stress, sample stress, absorbance value, and theoretical concentration are shown in
Table 4. With absorbance value obtained based on calculations using Equation 1:

A =log (170) (1)

Table 4, shows that at very low concentrations (0—0.01 ppm), changes in absorbance are

difficult to distinguish from tool noise, whereas at high concentrations (>12 ppm) saturation

trends are observed. Therefore, the data were not analyzed with a single linear regression, but

were divided into three concentration ranges (low, medium, and high) to remain in

accordance with the principles of Lambert-Beer's Law. This approach results in a more
representative calibration model and is shown in Figure 6.

Table 4. Value Acquisition Based on Fe Standard Solution Measurements

No. | Concentration (ppm) | Initial Voltage (v) | End Voltage (v) | Absorbance
1. 0,000 0,762 0,762 0,0000
2. 0,010 0,759 0,753 0,0034
3. 0,030 0,770 0,758 0,0068
4. 0,050 0,773 0,744 0,0166
5. 0,070 0,771 0,734 0,0214
6. 0,100 0,776 0,732 0,0254
7. 0,300 0,779 0,718 0,0354
8. 0,500 0,775 0,711 0,0374
9. 0,700 0,775 0,698 0,0454
10 1,000 0,771 0,682 0,0533

11. 3,000 0,772 0,677 0,0570
12. 5,000 0,780 0,616 0,1025
13. 7,000 0,781 0,517 0,1792
14. 10,000 0,782 0,446 0,2439
15. 12,000 0,779 0,435 0,2530
16. 14,000 0,780 0,429 0,2596

Based on Figure 6. The calibration graph yielded three linear regression equations,
namely y =0.3121x —0.0003 for the low range, y = 0.0298x + 0.0239 for the medium range,
and y=0.0275x — 0.0262 for the high range, with R? values of 97.79%, 97.47%, and 98.69%,
respectively. These results suggest that the variation in absorbance at each Fe concentration
range can be explained mostly by concentration, while the rest is affected by noise, tool
deviation, or external factors. Range separation is performed to illustrate the sensitivity of
the system at each concentration and to support more accurate calibration modeling.
Furthermore, programming logic was developed to classify absorbance values according to
the concentration range.
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Fig. 6. Low concentration regression graph (a). Intermediate concentration regression graph (b). High
concentration regression graph (c).

In its implementation, the system reads the voltage value from the sensor and then
calculates the absorbance value. This absorbance value is compared to the limits between
ranges that have been determined based on the results of the calibration curve, namely the
absorbance < 0.0216 for the low range, 0.0216 < the absorbance < 0.0537 for the medium
range, and the absorbance > 0.0537 for the high range. The system can automatically select
the most suitable calculation model based on the absorbance value, so that the accuracy of
the estimated concentration of iron metals in the sample can be improved over the entire
measurement range.

Table 5. Comparison of Actual Concentration and Tool Reading Results

‘ Sample . Fe Concentration (ppm) Relative Error

No. | Fe Solution | Blank Solution Theory Sensor (%)
(ml) (ml) Readings

1. 0,00 10,0 0,000 0,005 Immeasurable
2. 0,08 9,02 0,080 0,071 11,25
3. 0,20 9,80 0,200 0,225 12,50
4. 0,40 9,60 0,400 0,429 7,25
S. 0,60 9,40 0,600 0,637 6,17
6. 0,90 9,10 0,900 0,916 1,78
7. 1,50 8,50 1,500 1,617 7,80
8. 2,00 8,00 2,000 2,057 2,85
9. 0,40 9,60 4,000 4,171 4,28
10. 0,55 9,45 5,500 5,251 4,53
11. 0,80 9,20 8,000 7,564 5,45
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After the design and calibration stage, a validation test is carried out to evaluate the
accuracy of the tool in detecting Fe concentrations. Validation using a standard solution with
a theoretical concentration of 0—8 ppm prepared in a volume of 10 mL with a fenantrolin
reagent as a composter. The tool then measured the sample with the implanted regression
equation (y = absorbance, x = Fe concentration). The readable absorbance value is
automatically converted into concentration, and then compared to the theoretical value. The
difference between the two is used to calculate the relative error percentage, as shown in
Equation (2):

. C -C i
Relative Error (%) — |zmeasured”-theoretical x 100% [2)
Ctheoretical

The results of the validation test in Table 5 show that each absorbance value is processed
with regression equations according to its range to improve the accuracy of concentration
estimation. The system works quite well at medium to high concentrations, with most of the
errors relative <10%. The smallest error value was recorded at 1.78% at 0.9 ppm, while the
overall average was 6.36%, still within acceptable limits for a simple sensor-based detection
system. However, at low concentrations (0.08—0.20 ppm) the error increases to 11.25—
12.50%, indicating the system's limitations in detecting very low Fe levels due to limited
sensor sensitivity and noise influence.

Root Mean Square Error (RMSE) calculation was carried out based on the difference
between the theoretical Fe concentration and the sensor reading results. Based on ten
calibration points in the concentration range of 0.08-8 ppm, an RMSE value of 0.174 ppm
was obtained. The values indicate that the developed system has a good fit for the reference
concentration and is capable of providing an adequate level of accuracy for low-cost Fe
concentration monitoring applications.

3.5 Sample testing

Water sample testing was carried out on four types of water, namely groundwater, PAM
water, drinking water, and vitamin solution. Each sample was homogenized, then 1 mL was
measured three times to ensure the consistency of the reading. Results in Table 6 showed that
drinking water had the lowest absorbance value (£0.0102—0.0105) with an average
concentration of 0.034 ppm, while PAM water and groundwater were 0.068 ppm and 0.041
ppm, respectively. All of these values are far below the threshold of 0.3 ppm according to the
Indonesian Minister of Health Regulation No. 492/MENKES/PER/IV/2010, so it can be
categorized as safe for consumption.

Table 6. Test results on water samples.

No Composition Absorbance Concentration
* | Water Samples | Blank Solution (ppm)
1. 1ml Drink 9ml Reagent 0,0102 0,033
2. 1ml Drink 9ml Reagent 0,0105 0,035
3. 1ml Drink 9ml Reagent 0,0103 0,034
4, 1ml PAM 9ml Reagent 0,0211 0,068
5. 1ml PAM 9ml Reagent 0,0210 0,068

Validation of measurement results is carried out by comparing the results of the developed
system with the results of the analysis of accredited laboratories of PT. PAM Jaya which uses
the Standard Methods 24th Edition 3120B (ICP) method as a reference method. The test
results showed that the Fe concentration obtained from the laboratory was < 0.015 mg/L,



EPJ Web of Conferences 377, 02003 (2026) https://doi.org/10.1051/epjconf/202637702003
IPS 2026

while the optical sensor-based detection system produced a value of 0.041 mg/L. This
comparison showed a difference in results between the reference method and the developed
system.

The difference in measurement results can be influenced by the use of phenantrolin
reagents in the optical sensor method, the possibility of interference from other metal ions
such as Cu?', Co*", Ni**, and Zn?*', and variations in geochemical conditions during the
sampling process. Nonetheless, the measured concentration of Fe is still below the safe
threshold set for water quality. The results of this validation show that the developed system
has the ability to detect the presence of Fe at low concentrations, but further calibration
optimization and evaluation of interference factors are still needed to improve its accuracy
and conformity with the standard ICP method.

In the sample of the vitamin solution, which theoretically contained 50 ppm Fe, the device
detected only £11.28 ppm with an absorbance of 0.284. This shows the limitations of the
system at high concentrations due to the saturation of the phenantrolin reagent. Under
conditions of excess Fe** ions, the number of ligands is insufficient to form the tris (Fe-
phenantroline) complex perfectly, so that the color of the solution does not develop optimally
and the measured absorbance becomes lower than the actual concentration. These findings
confirm that the system is effective at low to medium concentrations, but has limitations at
very high Fe concentrations.

4 Conclusion

A photodiode-based iron (Fe) detection system combined with the phenantrolin complex
formation method and integrated with IoT technology has been successfully developed and
is able to measure Fe levels in the concentration range of 0.01-10 ppm with a fairly good
level of accuracy. The results of validation of standard laboratory methods showed an average
relative error of 6.36%. Tests on samples of groundwater, PAM water, and drinking water
showed that the measured Fe level was below the maximum threshold of 0.3 ppm so that it
met the applicable water quality requirements. The developed system also allows real-time
monitoring and storage of data through a web-based platform. However, the system still has
limitations in very low Fe concentrations, which is indicated by the difference in results
compared to standard laboratory methods. In addition, at higher concentrations the
measurement accuracy has the potential to decrease due to sensor saturation. Therefore,
further development is required to improve the sensitivity, accuracy, and working range of
the system. With a relatively low cost and easy integration of 10T, this instrument has the
potential to be developed as a water quality analysis tool, an interactive practicum trainer kit,
electronic learning media, and a learning facility in vocational education.

This publication was funded by the Indonesia Endowment Fund for Education (LPDP) on behalf of the

Indonesian Ministry of Higher Education, Science and Technology, and managed under the EQUITY
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