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Abstract: In this work, a newly developed self-contained, portable, and compact iron measurement
system (IMS) based on spectroscopy absorption for determination of Fe2+ in water is presented.
One of the main goals of the IMS is to operate the device in the field as opposed to instruments
commonly used exclusively in the laboratory. In addition, the system has been tuned to quantify iron
concentrations in accordance with the values proposed by the regulations for human consumption.
The instrument uses the phenanthroline standard method for iron determination in water samples.
This device is equipped with an optical sensing system consisting of a light-emitting diode paired with
a photodiode to measure absorption radiation through ferroin complex medium. To assess the sensor
response, four series of Fe2+ standard samples were prepared with different iron concentrations
in various water matrices. Furthermore, a new solid reagent prepared in-house was investigated,
which is intended as a “ready-to-use” sample pre-treatment that optimizes work in the field. The IMS
showed better analytical performance compared with the state-of-the-art instrument. The sensitivity
of the instrument was found to be 2.5 µg Fe2+/L for the measurement range established by the
regulations. The linear response of the photodiode was determined for concentrations between
25 and 1000 µg Fe2+/L, making this device suitable for assessing iron in water bodies.

Keywords: iron; optical sensor; portable device; water; absorbance; opto-electronic; chemistry;
environment; human health

1. Introduction

Water is one of the most important natural resources for humans in everyday life.
Fresh water can be used in multiple activities, such as in agriculture, industry, domestic
settings, recreation, energy production, aquaculture, and livestock watering [1]. Providing
safe water for these activities, especially those involving life, is essential [2]. A concentra-
tion of pollutants above recommended quality standards (200 µg Fe2+/L), as defined by
Directive 98/83/EC, Drinking Water Directive (DWD) [3], can pose a major risk to living
beings [4–7] since water can act as a transport vector of natural or anthropogenic pollutants,
toxins, and pathogenic microorganisms, such as viruses, bacteria, fungi, protozoa, and
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worms [8,9]. A high concentration of iron in water bodies can cause algal blooms, which
can lead to increased demand for oxygen, higher production of neurotoxins, and higher
fish mortality as the iron builds up in the internal organs. A recent study showed a rela-
tionship between high concentrations of iron in rivers and decreased species diversity and
abundance of periphyton, benthic invertebrates, and fishes [10]. Iron is a trace chemical
element that is essential to every organism [11]; it plays a major role as a constituent of
enzymes and on oxygen-carrying proteins, such as hemoglobin and myoglobin. However,
intake of high concentrations of iron is linked to harmful effects for people. As people age,
deposition of iron in different parts of the brain can lead to abnormal cognitive function
and behavior [12]. Some studies link iron accumulation in the human brain to accelerat-
ing progress of Alzheimer’s disease [13–15], or to neurodegenerative conditions such as
Parkinson’s disease and multiple system atrophy [16,17]. Iron is also positively correlated
with arteriosclerosis [18,19] and diabetes mellitus [20,21]. Excess iron in drinking water can
also produce an unpleasant metallic taste [22].

The methodologies to quantify iron in water bodies involve complex logistics, requir-
ing coordination between the laboratory and field operators, presence and use of reagents
for sample preservation, and previous preparation of materials to accommodate samples
during transport to the laboratory [23–25]. In some cases, it takes days between sample
collection and sample analysis. If there is a fault during this period, the properties of
the sample may be changed and it will no longer be representative of the water body
from where it was collected. These laboratory methodologies also require instruments
that involve high acquisition and maintenance costs, such as inductively coupled plasma
(ICP) [26,27]. Flow injection using colorimetry, for example, with its low-cost maintenance,
makes the process less expensive, but the initial investment is significantly high, it has a
large form factor, and it cannot be easily carried into the field [28,29]. Some commercial
solutions capable of performing in situ measurements have emerged in recent years in
devices on the market [30], but they are for single parameter determination as they only
allow determination of one chemical analyte per instrument even when the wavelength
reported between instruments for different parameters is the same. Since these are propri-
etary commercial devices, they are hard-wired for only one preset wavelength, and it is not
possible for the user to calibrate them for determination of other substances. These also cost
more than USD 950 per unit, which inhibits widespread adoption in large-scale monitoring
programs, and, as a result, the scientific community keeps looking at economical and more
affordable alternatives.

The recent development and mass production of embedded systems [31,32] and op-
toelectronic devices, such as diodes and photodiodes, have enabled implementation of
affordable and open-source devices. The first time the term paired emitter detector diode
(PEDD) was used dates back to 1993 [33]. Since then, this methodology of paring a diode
and photodiode has been successfully used for determining water quality parameters
(nitrate, nitrogen [34,35], turbidity [36], phosphate [37], phosphorous [38], paraquat and
diquat [39], fluoxetine and citalopram [40], and chromium [41]). Use of novel signal pro-
cessing algorithms that can replace some hardware leads to better instrument performance
at a lower cost. These recent developments have allowed for customization of solutions for
particular problems or applications. In some cases, the new systems can replace commercial
instruments with the same or higher performance [42]. In the recent literature, a similar
approach to Fe3+ determination to the one developed in this work appears [43] that uses
the thiocyanate method composed of open-source hardware and software. However, it
produces weak color intensity, fading in a short period of time, typically 15 to 30 min [44].
The instrument also uses a built-in white-light-emitting diode (LED) as the photon source.
This implies that the photons are reflected to the sensor using the material on the 3D-printed
cuvette support, which can cause high variation in the scattering geometry [45,46] and
interference of other substances in determination of iron.

In this work, we present the development, setup, characterization, and calibration
of a colorimetric instrument, the iron measurement system (IMS), for determination of
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Fe2+ in water samples based on the phenanthroline standard method [47]. This method
uses hydroxylamine, acetic acid, sodium acetate, and phenanthroline to react with the Fe2+

present in the water sample to produce orange coloration.
The main goals of the IMS are:

• Operate the device in the field in standalone operation, as opposed to instruments
commonly used exclusively in the laboratory, at lower cost.

• Quantify iron concentrations in accordance with the value proposed by the regulations
for human consumption.

• Use of a paired diode–photodiode with three radiation channels (red, green, and blue)
allows the device to determine multiple water parameters without the necessity to
modify the hardware configuration.

In the following sections, the IMS is presented and fully described, highlighting
the main mechanical, optical, and electronic components (Sections 2.1–2.4). Section 2.5
describes preparation of the four series of samples utilized for sensitivity studies. Section 4
describes the IMS calibration. Section 2.5 also explains and clarifies the preparation of the
homemade reagent used for on-field measurements. In Section 2.6, the theoretical aspects
of the extinction law, which is the basis of the retrieval method, are presented together
with the definitions of the detection and quantitation limits, which are calculated and
discussed in the third section to ensure truthfulness of the retrieved concentrations. In
the fourth section, all measurements performed with the IMS and the reference Nicolet
Evolution 300 spectrophotometer (Thermo) on the four series of samples are presented.
A comparative study on the obtained datasets is presented and discussed in detail based
on an analysis of the statistical parameters obtained from comparison of corresponding
absorbance measurements and determined concentrations. Section 5 includes a summary
of this work, with conclusions, remarks, and ongoing and future research plans.

2. Materials and Methods
2.1. Instrument Description

A block diagram showing the main components of the IMS device developed for
colorimetric determination of Fe2+ in fresh water is presented in Figure 1. The flow of
the radiation, data, energy, and control signal are presented as well. The radiation source
module is equipped with a general-purpose red, green, and blue (RGB) LED, a Darlington
transistor IC (UNL2803) for selection of the LED emitting channel, and a voltage regulator
to maintain constant voltage coming from the energy source. The power source module
for this block consists of 2 batteries of 3.7 V with 3200 mAh each. The cuvette sample
holder can accommodate a cuvette of 10 mm path length containing the water samples
being measured, and a stirrer motor was introduced to investigate its efficiency in shaking
solvents and reagents.
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Aiming to reduce voltage fluctuations and maintain better stability of the emitted
radiation, a second power source module, independent and with the same features as the
first one, supplies the sensing and control bloc, which accommodates the RGBC TCS34725
sensor. The sensor has 4 channels, RGB and clear, with a dynamic range of 3,800,000:1 and
an IR filter that almost blocks the detection after 700 nm; i.e., the blue, green, and red chan-
nels have maximum sensitivity at 475, 550, and 620 nm with FWHM of 104, 79, and 55 nm,
respectively. The clear channel ranges from 300 to 700 nm. The RGBC sensor has 4 inte-
grated ADCs that allow the amplified photodiode current to be converted into digital 16-bit
values. The sensor works with voltage of 3.3 V and current of 235 µA. The signal gain can
be set at 1X, 4X, 16X, and 60X. Integration time ranges from 2.4 to 614 ms. The sensing
and control module also includes the ESP32-DEVKITC-32D microcontroller, which drives
the RGB LED and the stirrer motor, allowing for temporary storage of the data coming
from the TCS34725 sensor, and an LCD screen to show the measurement results to the
user. The ESP32 and screen are assembled in a double stack configuration, allowing us
to decrease the size of the instrument. The computer data system is simply a personal
computer (PC) linked to the IMS through a USB connection, and the PC is equipped with
Arduino software for programming the ESP32 board and developed MATLAB scripts for
storing and processing the data. The wireless control block can be any device with standard
Wi-Fi IEEE 802.11 communication and a browser to interact with a web page stored in
the microcontroller. The portable device allows access to a built-in web page to set the
blank water sample in the beginning of the measurement operation, then record the iron
concentration and activate the stirring motor. The final version of the IMS without the
upper cover for demonstration purposes is presented in Figure 2a. The right-side view
of the instrument (Figure 2b) shows the two engraved entrances to charge the first power
supply and the button to turn the sensing and control modules on and off. Figure 2c shows
the upper view of the instrument with the top cover and the cuvette cap. Finally, Figure 2d
shows the back side view of the instrument with two engraved holes to charge the second
power supply and a switch to turn the RGB diode on and off. The device also includes a
button to set the measurement of the blank sample and perform measurement of water
samples containing Fe2+.
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2.2. Sensing System Design

The iron measurement system is designed to quantify the complex ferroin between
Fe2+ and phenanthroline based on the colorimetric method. The diode and photodiode are
aligned parallel on opposite sides of the cuvette support (Figure 3). The support, besides
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allowing these two components to be mounted, also provides insulation from the radiation
of the outside environment, preventing it from interfering with the measurements.
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and representation of RGBC TCS34725 photodiode.

The absorbance spectrum of the ferroin complex formed between the Fe2+ and the
phenanthroline in a water solution, measured using the Nicolet Evolution 300 spectropho-
tometer within 410 to 590 nm wavelength, is shown in Figure 4a. The maximum peak of
absorbance was found at 514 nm, with a value of 0.036 A for a concentration of 200 µg
Fe2+/L. Pairing the multi-function RGB LED with the current sensor (Figure 4b) enables
determination of the ferroin by integrating the obtained signals in the 470–600 nm range,
where the ferroin exhibits the highest absorbance. This ensures that interfering agents from
other spectral regions will not affect the measurements.
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Figure 4. (a) Absorption spectrum of ferroin with maximum absorption wavelength at 514 nm and
integration area by superposition of spectral range 470–600 nm (dashed black line); (b) overlap of
wavelength ranges of photodiode (green line) with radiation emitted from green channel of RGB LED
(dashed black line) with highest spectral response at 525 nm.

2.3. Iron Measurement System Design and Setup

The 3D-printed case was designed to accommodate all the components of the devel-
oped IMS device. It was developed and printed in 3 parts, as shown in Figure 5a, where the
main components are labelled: the main body, where the electronic components are placed;
the upper cover of the instrument; the cap to cover the cuvette; and the cuvette support,
which can accommodate cells of 10 mm width. All parts are printed in black polylactic
acid to decrease absorbance interference from the outside environment and scattering
radiation indoors. The engraved hole on the structure allows excess water to be flushed out.
A rendering of the instrument in a closed assembled configuration is shown in Figure 5b.
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A PCB was developed and built to accommodate all the electronic components of the
IMS. Implementation of the PCB also allows the system to be developed in small form
factor to reduce noise, improve the signal-to-noise ratio, and increase the portability so
the IMS could be used on field campaigns without damaging the connections between
components. The PCB was produced in FR 4 TG 130–140 material with a thickness of
1.6 mm and a green solder mask (Figure 6a). The final version with the main components
assembled is presented in Figure 6b.
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The PCB combines (1) the RGB LED, (2) the TCS34725 sensor, (3) the embedded
ESP32 system, (4) an LCD connector, (5) a Darlington transistor IC to enable use of the
channel of interest on the diode, (6) a voltage regulator to ensure steady constant voltage
for the photon source, (7) an energy supply connector for the signal and control module,
(8) an energy supply connector for the RGB diode, (9) a transistor to control the stirring
motor, (10) a push button for offset and measurement start and control, and (11) a pad for
optional temperature sensor installation.

2.4. Photon Emission Characterization

For better characterization of the photon source, sensitivity analysis based on a statisti-
cal approach was carried out. The integrated intensity of the radiation emission between
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wavelengths of 470 and 600 nm coming from the green channel of the RGB LED was
measured as illustrated in Figure 7. The LED was supplied at 5 V with load resistance of
48 Ω for the green channel, and a TCS34725 photodiode was used to quantify the radiation
reaching the sensor.
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Figure 7. Instrument configuration used for characterization of source radiation. Left side is a
schematic diagram of the RGB LED green channel; right side is a representation of the RGBC
TCS34725 photodiode.

Since the maximum absorption of the ferroin complex is in the green spectral region
(514 nm, as pointed out in Section 2.2), in this paper, only the green channel of the RGB
radiation source is characterized. The radiation emitted from the LED green channel
was acquired 5000 times to determine the stability of the signal and the performance
of the TCS34725 sensor. Chi−square statistical method provides assurance of a normal
distribution of radiation coming from the RGB LED green channel combined with the
photodiode.

The frequency distribution of the emitted radiation of the LED measured using the
RGBC TCS34725 sensor allowed us to verify that the photometric characteristics of the
two opto−electronic components followed a normal distribution (Figure 8a, blue bars). As
expected from a normal distribution, the data present a typical Gaussian shape (Figure 8a,
red line). The average radiation intensity recorded was 55,529 counts, with a standard
deviation of 11 counts. The LED spectrum was characterized using the SNT-BLK-CXR
UV-vis spectrophotometer. The normalized emission intensity for the green channel of the
LED in the spectral range 450–610 nm is presented in Figure 8b. As observed, this channel
had a maximum intensity peak at 520 nm with an FWHM of 26.9 nm.
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2.5. Chemical Reagents and Fe2+ Samples

All solvents and reagents were of analytical grade and prepared with distilled water.
The adopted procedure is described in [47]. The following solutions were prepared:
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(1) Stock solution of Fe2+ of 25 mg Fe2+/L obtained by diluting 0.0176 g of Fe(NH4)2(SO4)2•6H2O
(Panreac) and one drop of concentrated hydrochloric acid to 100 mL.

(2) Solution of hydroxylamine (0.1 M) prepared by dissolving 10 g of NH2OH•HCl
(Panreac) to 100 mL.

(3) Acetate buffer solution with pH 4.5, obtained by mixing 65 mL of acetic acid 0.1 M
with 35 mL of sodium acetate (Panreac) 0.1 M.

(4) Phenanthroline solution (1,10−phenantroline 99+%; Acros Organics) prepared by
diluting 100 mg of a homemade solid reagent (whose composition is described in the
next paragraphs) and two drops of concentrated hydrochloric acid to 100 mL.

The first and second series of standard samples, in concentrations of 50, 100, 200,
500, and 1000 µg Fe2+/L and 25, 50, 75, 100, 125, 150, and 200 µg Fe2+/L, respectively,
were achieved by pouring out an adequate volume of stock solution of Fe2+, 0.5 mL of
hydroxylamine solution, 2.5 mL of phenanthroline solution, and 4 mL of acetate buffer
and finishing to a total volume of 50 mL. A flowchart of the procedure used to prepare the
standard samples of Fe2+ is presented in Figure 9.
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Figure 9. Flowchart for Fe2+ standard solution preparation using phenanthroline. Vi denotes volume
of iron solution necessary to prepare standard sample with concentration Cj, in µg Fe2+/L.

For the third series of standard samples (25, 50, 75, 100, 125, 150, and 200 µg Fe2+/L),
we used the previous methodology and additionally substituted distilled water with
fresh water.

The analytical procedure to prepare the fourth series of standard solutions (25, 50, 100,
150, and 200 µg Fe2+/L) involved preparing a new mix of solid reagents. The new solid
mixture was prepared in 0.2 g doses for field application to 10 mL water samples. In order
to keep the iron dissolved, in the proper oxidation state (+2), and totally complexed with
phenanthroline, the procedure demands the presence of a buffer at an acid pH, a reducing
agent, and the complexing agent. Our mixture included citric acid (PRONALAB) and
calcium hydroxide (Fluka) in adequate proportions as the buffer, ascorbic acid (Merck) as
the reducing agent, and phenanthroline (1,10−phenantroline 99+%; Acros Organics) as the
complexing agent. The four substances were homogenized in a mortar and pestle. A mass
of 0.2 g of this reagent was applied to 10 mL of iron standard solution.

2.6. Calibration of the IMS Instrument

The implemented IMS instrument was calibrated using the standard samples described
in Section 2.5. This methodology allowed us to determine the measurement performance
of the instrument for: (i) different concentrations of Fe2+, (ii) different water matrices
(distilled/fresh water), and (iii) the proposed solid reagent. The numerical relation between
the measured absorbance and standard sample concentrations was also obtained. The
absorbance of the four series of water samples was measured using the typical laboratory
colorimetric analysis. A blank sample with corresponding radiation intensity (I0) devoid of
iron was introduced into the cuvette; then, the signal acquired by the photodiode was sent
to the digital 16−bit AD converter and the digital signal to the microcontroller. An identical
procedure was carried out for each standard sample k. Corresponding to radiation intensity
(Ik), the absorbance (Ak) is calculated using the following expression:

Ak = − log
(

Ik
I0

)
= log

(
CBS
CIS

)
(1)
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where CBS is the digital counts obtained by measuring the radiation attenuation of the
blank sample and CIS the value of the signal for the k standard sample containing known
iron concentration.

The former equation is based on the Lambert–Beer extinction law, which can be
written as:

Ik(λ) = I0(λ) exp(−σ(λ)cL)⇒ A = − log
(

Ik(λ)

I0(λ)

)
k = 1, 2, . . . , n (2)

where σ is the molar absorptivity of the analyte, λ is the wavelength of interest, c is the
molar concentration of the analyte, L is the phat length of the cuvette, and n is the number
of samples. Therefore, reasonably assuming that the integrated values provided by the IMS
in digital counts are directly proportional to the spectral values, Equation (1) is consistent.

The function required to determine the amount of Fe2+ from the absorbance readings
was obtained as the linear best fit of the experimental data to a linear function, as shown in
the following expression:

Y = βX + ε (3)

where Y denotes the concentration of Fe2+ in the water samples, X is the Fe2+ absorbance
measured by the photodiode, and β and ε are the parameters of the linear model.

The limit of detection (LOD) and the limit of quantitation (LOQ) were determined
based on the calibration curve using Equations (4) and (5), respectively, following the
guidelines proposed by the International Committee on Harmonization [48]:

LOD = 3.3σ/S (4)

where S denotes the standard error from the regression analysis (where n = 30) and σ is the
slope coefficient.

LOQ = 10σ/S (5)

The measurement performance of the IMS instrument was evaluated against an
optical reference instrument on 30 replicants per water solution. This approach was
implemented using the Nicolet Evolution 300 UV-vis spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) controlled by the provided VisionPro PC control software.
The main characteristics of the spectrophotometer are presented in Table 1. A multiple
statistical methodology approach was applied to establish the IMS instrument performance,
including the best fit of the linear regression, R-square coefficient, and Pearson’s correlation.

Table 1. Nicolet Evolution 300 spectrophotometer characteristics.

Parameter Value

Holographic grating 1200 lines/mm, blazed at 240 nm
Maximum resolution 0.5 nm

Range 190 to 1100 nm

Accuracy ±0.20 nm (546.11 nm Hg emission line)
±30 nm (190 to 900 nm)

Repeatable peak separation of repetitive scanning
of Hg line source <0.10 nm

Standard deviation of 10 measurements <0.05 nm

Accuracy of instrument
1A: ±0.004 A
2A: ±0.004 A
3A: ±0.006 A

Repeatability of light intensity measurement 1A: ±0.0025 A
Drift <0.0005 Abs/h at 500 nm, 2.0 nm SBW, 2 h warmup

Baseline flatness ±0.0015 A (200–800 nm), 2.0 nm SBW, smoothed
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3. Sensitivity Analysis

A sensitivity analysis was carried out to compare the accuracy and precision of the
developed instrument against the laboratory bench top spectrophotometer and to deter-
mine its sensitivity. The measurement performance of the IMS instrument was evaluated
against the reference Nicolet Evolution 300 optical spectrophotometer according to com-
bined standard uncertainty methodology proposed by the Joint Committee for Guides
in Metrology [48]. The uncertainty of the standard solutions, the retrieved values of Fe2+

concentration, and the measurements of precision (Prec.) and uncertainty (Uncert.) for the
IMS and Nicolet Evolution 300 in the first and second series of measurements are shown
in Table 2. The relative error of 1% in the standard sample concentrations is related to
their preparation. For the first and second series of measurements, the mean IMS uncer-
tainty was ±5 and ±5.6 µg Fe2+/L, respectively, while, for the Nicolet Evolution 300, the
uncertainty was ±16.6 and ±28.2 µg Fe2+/L, respectively. The IMS had a sensitivity of
7.06 and 2.57 µg Fe2+/L in the first and second series, respectively. Overall, for these two
series of measurements, the IMS outperformed the Nicolet Evolution 300. The accuracy of
the Nicolet Evolution 300 is not well suited for low concentrations as the uncertainty was
higher than the measured value. The IMS presented a maximum absorbance overestimation
of 16.6% compared to the Nicolet Evolution 300. The t−test comparing the slopes of the
experimental values showed p−values of 0.92 for the first series and 0.96 for the second
series of measurements, considering α = 0.05, indicating a linear relation between the two
instruments regarding measurement of iron standard solutions.

Table 2. Uncertainty analysis of standard solutions for IMS and Nicolet Evolution 300 in first and
second series of measurements.

Standard
Solution

(µg
Fe2+/L)

Standard
Sample
Uncer-
tainty

(µg Fe2+/L)

First Series Second Series

IMS
(µg

Fe2+/L)

IMS
Prec.
(µg

Fe2+/L)

IMS
Uncert.

(µg
Fe2+/L)

Nicolet
(µg

Fe2+/L)

Nicolet
Prec.
(µg

Fe2+/L)

Nicolet
Uncert.

(µg
Fe2+/L)

IMS
(µg

Fe2+/L)

IMS
Prec.
(µg

Fe2+/L)

IMS
Uncert.

(µg
Fe2+/L)

Nicolet
(µg

Fe2+/L)

Nicolet
Prec.
(µg

Fe2+/L)

Nicolet
Uncert.

(µg
Fe2+/L)

25 ±0.25 - - - - 28.7 ±88.3 ±9.4 28.2 ±795.2 ±28.2
50 ±0.50 54.8 ±27.0 ±5.2 54.7 ±275.5 ±16.6 44.4 ±22.0 ±4.7 41.3 ±795.2 ±28.2
75 ±0.75 - - - - - - 75.6 ±36.0 ±6.0 79.4 ±795.2 ±28.2

100 ±1.00 98.4 ±25.0 ±5.0 98.1 ±275.5 ±16.6 97.0 ±21.1 ±4.6 98.6 ±795.2 ±28.2
125 ±1.25 - - - - - - 122.6 ±49.0 ±7.0 124.1 ±795.2 ±28.2
150 ±1.50 - - - - - - 152.2 ±36.0 ±6.0 149.7 ±795.2 ±28.2
200 ±2.00 196.6 ±18.4 ±4.3 196,0 ±275.5 ±16.6 201.5 ±28.0 ±5.3 200.9 ±795.2 ±28.2
500 ±5.00 513.8 ±28.0 ±5.3 511.2 ±275.5 ±16.6 - - - - - -
1000 ±10.00 993.3 ±27.0 ±5.2 994.9 ±275.5 ±16.6 - - - - - -

The uncertainty analysis for the third and fourth series of measurements is presented
in Table 3. The IMS presented mean uncertainty values of ±2.0 and ±9.0 µg Fe2+/L,
respectively, which are smaller than the values for the Nicolet Evolution 300, ±21.7 and
±27.4 µg Fe2+/L, respectively. Regarding the sensitivity of the IMS, in the third series, the
value was 3.96 µg Fe2+/L, and, in the fourth series, it was 2.48 µg Fe2+/L. Both instruments
exhibited increased uncertainty in the results using the developed solid reagent (fourth
series). This suggests the need to improve this reagent. However, the results can be
considered satisfactory at this first stage. As observed in the previous results, the new
device was able to outperform the reference spectrophotometer. The t-test comparing the
slopes of experimental values showed p-values of 0.89 for the first series and 0.86 for the
second series of measurements considering α = 0.05, demonstrating a highly linear relation
between the two devices for the iron solution standard measurements.

Sensitivity analysis of both instruments allowed us to compare their performance
under the same conditions. The IMS was able to reproduce the results of the benchtop
spectrophotometer and in general presented better precision and accuracy. Overall, in the
four series of measurements, the IMS achieved higher precision and accuracy than the
Nicolet Evolution 300. In the second and third series, at a concentration of 25 µg Fe2+/L,
the instrument presented lower precision and accuracy, evidencing its detection limit. This
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behavior was not observed in the fourth series, which may be related to the new solid
reagent. The t-test comparing the results of the two instruments showed that they have
the same slope, indicating good linear agreement between the two instruments for the
measurements of the standard iron solution. Regarding sensitivity, it was observed that, by
reducing the range of measurement from the first series to the second, the sensitivity of
the instrument increased by a factor of almost 3, which can be considered significant for
determination of iron in the range of concentrations established by the regulations.

Table 3. Uncertainty analysis of standard solutions for IMS and Nicolet Evolution 300 in third and
fourth series of measurements.

Standard
Solution

(µg
Fe2+/L)

Standard
Sample
Uncer-

tainty (µg
Fe2+/L)

Third Series Fourth Series

IMS
µg

(Fe2+/L)

IMS
Prec.
(µg

Fe2+/L)

IMS
Uncert.

(µg
Fe2+/L)

Nicolet
(µg

Fe2+/L)

Nicolet
Prec.
(µg

Fe2+/L)

Nicolet
Uncert.

(µg
Fe2+/L)

IMS
(µg

Fe2+/L)

IMS
Prec.
(µg

Fe2+/L)

IMS
Uncert.

(µg
Fe2+/L)

Nicolet
(µg

Fe2+/L)

Nicolet
Prec.
(µg

Fe2+/L)

Nicolet
Uncert.

(µg
Fe2+/L)

25 ±0.25 25.4 ±13.6 ±3.7 25.3 ±470.8 ±21.7 21.27 ±46.2 ±6.8 27.4 ±750.6 ±27.4
50 ±0.50 50.3 ±9.0 ±3.0 48.6 ±470.8 ±21.7 48.58 ±39.6 ±6.3 43.3 ±750.6 ±27.4
75 ±0.75 73.3 ±4.0 ±2.0 77.7 ±470.8 ±21.7 - - - - - -

100 ±1.00 101.0 ±5.2 ±2.3 95.2 ±470.8 ±21.7 101.19 ±193.2 ±13.9 91,0 ±750.6 ±27.4
125 ±1.25 122.3 ±3.6 ±1.9 124.3 ±470.8 ±21.7 - - - - - -
150 ±1.50 154.0 ±4.8 ±2.2 159.3 ±470.8 ±21.7 158.1 ±163.8 ±12.8 159.9 ±750.6 ±27.4
200 ±2.00 198.4 ±1.0 ±1.0 194.2 ±470.8 ±21.7 193.4 ±46.2 ±6.8 197.0 ±750.6 ±27.4

4. Results and Discussion

The first series of measurements performed with the IMS used standard solutions in
concentrations ranging from 50 to 1000 µg Fe2+/L. The absorbance values obtained for the
iron concentrations were in the range 470–600 nm for the IMS (Figure 10a) and 525 nm for
the Nicolet Evolution 300 spectrophotometer (Figure 10b).
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integration wavelengths between 470 and 600 nm; (b) calibration function for Fe2+ ranging from
50 to 1000 µg/L using Nicolet Evolution 300 spectrophotometer absorption coefficients at 525 nm.

For both instruments, the absorbance was found to vary linearly with increasing iron
concentration in the standard solutions. Both instruments presented R2 = 0.999, indicating
a good correlation between Fe2+ concentration and measured absorbance. The slope of
linear regression for the IMS is 1.5 × 10−4 with an intercept of 1.1 × 10−3, while the slope
for the Nicolet Evolution 300 is 1.8 × 10−4 with an intercept of 9.4 × 10−4.

The agreement in measurements between the two instruments can be seen in the graph
of Figure 11. A Pearson coefficient correlation of 1 with a p-value of 1.37 × 10−10 was found
for the linear relation between the IMS and the reference instrument, with a coefficient of
determination R2 = 1. Magnified views of the absorbances of 50, 100, 200, 500, and 1000 µg
Fe2+/L are presented in order to compare the uncertainty of both measurements (Figure 11).
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The results allow us to conclude that the uncertainty of the IMS is significantly smaller than
that of the spectrophotometer.
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The unity line in the plot on the left in Figure 11 highlights the overestimation of
14.6% compared with the absorbance values measured with the Nicolet Evolution 300.

The mean absorbance values for both instruments and the calculated variance for
the IMS for each standard sample of the first series of measurements are displayed in
Table 4. The numerical results show very similar average absorption within the same
order of magnitude for the two tested devices. For the reference Nicolet Evolution
300 spectrophotometer, the global standard uncertainty in absorbance is 0.004 A according
to the instrument datasheet.

Table 4. Measurement of absorbance in first series of iron standard samples.

Sample Conc.
(Fe2+/L) IMS Mean Abs. Nicolet Abs.

(525 nm) IMS Variance

50 0.010 0.011 2.06 × 10−8

100 0.016 0.019 2.59 × 10−8

200 0.032 0.037 4.62 × 10−8

500 0.081 0.095 1.96 × 10−8

1000 0.157 0.184 2.18 × 10−8

With the second series of measurements, we aimed to study the performance of the IMS
in a range of concentrations lower than 200 µg Fe2+/L. This enabled better assessment of the
sensor response within a concentration range below the quality recommended guidelines.
The IMS absorbance values for the concentration of Fe2+ in seven iron standard samples
ranging from 25 to 200 µg Fe2+/L present a linear response, as presented in Figure 12a.
A Pearson correlation coefficient of 0.99 for a p-value of 5.16 × 10−10 was determined for
the linear relation between the two instruments. As expected, the absorbance measured
with the reference Nicolet Evolution 300 spectrophotometer showed a linear response for
all iron standards (Figure 12b). A Pearson correlation coefficient of 0.99 was determined for
the linear relation between the two instruments. Good linearity with R2 = 0.99 between the
two instruments (Figure 12c) was achieved in the range of 25 to 200 µg Fe2+/L. Maximum
overestimation of IMS absorbance values of 9.6% relative to the Nicolet Evolution 300
was found.
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tions, presenting R2 = 0.99 (Figure 13a). Determination with the reference spectrophotom-
eter using the phenanthroline method for natural water (Figure 13b) showed a good rela-
tion (R2 = 0.99) between the absorbance and Fe2+ concentrations at a wavelength of 525 nm. 
A Pearson coefficient correlation of 0.99 for a p-value of 2.99 × 10−8 for the linear relation 
between the two instruments was obtained (Figure 13c). As previously noted, in these 

Figure 12. (a) Calibration curve for absorption coefficients of Fe2+ concentrations in distilled water
ranging between 25 and 200 ug Fe2+/L using IMS; (b) calibration curve for absorption coefficients of
Fe2+ concentrations in distilled water for same concentration range presented using Nicolet Evolution
300 spectrophotometer; (c) best fit of absorption coefficients measured by both devices to determine
their performance.

In the third series of measurements, distilled water was replaced with water collected
from a dam. Natural water samples were spiked with different concentrations of Fe2+, with
the aim of determining the performance of the instrument in measuring real samples in
water bodies. This procedure is performed to verify whether fresh water would interfere
with measurement. The average absorbance of 30 measurements recorded with the IMS
in contrast to the absorbance measured by the Nicolet Evolution 300 at a wavelength of
525 nm is shown in Table 5; the variance of the IMS is also given. Increasing absorbance of
the two instruments is observed with increasing concentration of Fe2+ in the water solution.
The results show very similar values for both instruments for the same standard sample.
Iron recovery was calculated by comparing the results obtained with iron concentrations
added to the natural water solution. According to the standard methods for examining
water and wastewater, recovery values were found to range between 98 and 110%, which
is considered acceptable recovery in terms of validation.

Table 5. Measurements of absorbance in second series of iron standard samples.

Sample Conc.
(µg Fe2+/L)

IMS Mean
Abs.

Nicolet Abs.
(525 nm) IMS Variance Retrieved (µg Fe2+/L) Recovery (%)

25 0.003 0.004 2.37 × 10−7 27.62 110.50
50 0.005 0.006 2.46 × 10−8 51.97 103.95
75 0.010 0.012 6.15 × 10−8 74.49 99.32
100 0.013 0.015 2.21 × 10−8 101.71 101.71
125 0.016 0.019 9.99 × 10−8 122.52 98.02
150 0.021 0.023 6.12 × 10−8 153.54 102.36
200 0.027 0.031 3.96 × 10−8 197.09 98.54

Absorbance measurements of samples with added Fe2+ ranging between 25 and 200 µg/L
by the IMS instrument demonstrated good linearity with the standard concentrations,
presenting R2 = 0.99 (Figure 13a). Determination with the reference spectrophotometer
using the phenanthroline method for natural water (Figure 13b) showed a good relation
(R2 = 0.99) between the absorbance and Fe2+ concentrations at a wavelength of 525 nm.
A Pearson coefficient correlation of 0.99 for a p-value of 2.99 × 10−8 for the linear relation
between the two instruments was obtained (Figure 13c). As previously noted, in these
measurements, the uncertainty was significantly smaller for the IMS than the reference
Nicolet Evolution 300 spectrophotometer.
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mance of the IMS in determining iron using the new solid reagent. The same performance 
was obtained with the reference spectrophotometer, highlighting the effectiveness of the 
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Figure 13. (a) Calibration curve of Fe2+ for IMS instrument for natural freshwater samples collected
in a dam in concentrations ranging between 25 and 200 µg/L; (b) calibration curve of Fe2+ for same
sample concentrations for reference Nicolet Evolution 300 spectrophotometer; (c) best fit of absorption
coefficients measured with the two instruments for performance comparison.

The results for the IMS, averaged over 30 measurements per sample, the measurement
absorbance for the Nicolet Evolution 300, and the variance for the IMS are presented in
Table 6. Absorbance values vary linearly with increasing Fe2+ concentration in the prepared
standard samples. A slight increase in absorbance values is noted compared with the results
obtained in the second series, indicating the presence of Fe2+ in the original freshwater
samples from a dam.

Table 6. Measurements of absorbance in third series of iron standard samples.

Sample Conc.
(µg Fe2+/L) IMS Mean Abs. Nicolet Abs.

(525 nm) IMS Variance

25 0.004 0.007 5.47 × 10−8

50 0.008 0.011 8.30 × 10−8

75 0.012 0.016 1.32 × 10−7

100 0.016 0.019 1.17 × 10−7

125 0.019 0.024 1.35 × 10−7

150 0.024 0.030 1.19 × 10−7

200 0.031 0.036 3.58 × 10−7

The fourth series of measurements demonstrated the feasibility of the solid reagent for
determination of iron in water samples. A high linear correlation (Figure 14a) was obtained
between the absorbance and standard solutions of Fe2+, indicating good performance of
the IMS in determining iron using the new solid reagent. The same performance was
obtained with the reference spectrophotometer, highlighting the effectiveness of the reagent
(Figure 14b). The comparison of absorbance measured by the two instruments showed
very good linearity and performance (Figure 14c). A Pearson coefficient correlation of 0.99
with a p-value of 1.71E-5 was obtained for this comparison. This relation indicates good
performance of the developed reagent and the instrument. In the absorbance measured
with the IMS, a maximum overestimation of 13.8% relative to the Nicolet Evolution 300
was observed. The LOD and LOQ values were 8.07 and 24.45 µg Fe2+/L, respectively,
which indicates the instrument’s ability to determine and assess iron concentration levels
according to regulatory standards.

The mean absorbance over 30 measurements obtained with the IMS and one sample
measurement with the reference spectrophotometer for each standard sample prepared
with the solid reagent are presented in Table 7. The variance per sample with the IMS is
also shown. The obtained absorbance for both instruments was very similar in value and
magnitude. This shows the feasibility of using the IMS and the solid reagent to determine
the concentration of Fe2+ in water samples.
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Figure 14. (a) Calibration curve of Fe2+ for developed solid reagent using IMS instrument for
concentrations ranging between 25 and 200 µg Fe2+/L in distilled water; (b) calibration curve of Fe2+

for reference Nicolet Evolution 300 spectrophotometer for same concentration range; (c) best fit of
absorbances measured with the two instruments for performance comparison.

Table 7. Measurements of absorbance in fourth series of iron standard samples.

Sample Conc.
(µg Fe2+/L) IMS Mean Abs. Nicolet Abs.

(525 nm) IMS Variance

25 0.003 0.004 1.30 × 10−7

50 0.007 0.007 1.03 × 10−7

100 0.015 0.016 8.63 × 10−7

150 0.024 0.029 7.14 × 10−7

200 0.030 0.036 1.31 × 10−7

A good degree of correlation between the experimental data obtained for the four series
of measurements is highlighted. The first series covered a broad range of concentrations
between 50 and 1000 µg Fe2+/L, with a high correlation. The concentration of Fe2 in the
water solutions was confirmed by the benchtop spectrophotometer, and the relation between
absorbance measured by the two instruments was considered very high. The second series
of measurements, in the range of concentration between 25 and 200 µg Fe2+/L, not only
showed a high correlation between the absorbance and the standard solution but also enabled
a considerable increase in instrument performance. The third series of measurements, using
natural water, made it possible to test the instrument on real samples spiked with iron
standards. The recovery percentage (%Recovery) of the designed instrument, shown in Table 5,
is considered acceptable according to standard methods. The final series of measurements
enabled us to study the ready-to-use solid reagent prepared in-house. The results of the
first tests are promising as a high correlation between the standard iron solutions and the
absorbance was found for the two instruments. In the future, a more dedicated study of this
new reagent using real water samples will be developed. Our method has the potential to be a
valuable tool for iron detection in water samples due to its high accuracy, precision, sensitivity,
affordability, usability, and visualization of the measured parameter.

A summary of the different instruments found in the market and scientific publications
to determine different water quality parameters is presented in Table 8.

These instruments follow the pairing diode–photodiode methodology. The cost of the
commercial instruments was to be found above and below compared to the IMS; however,
some do not offer the same multiplicity of analyzed parameters, wireless communication,
and remote control. The instruments found in the scientific bibliography can present a lower
estimated price, but, as with the Smart Trubidimeter [49], they do not report all the costs associ-
ated with all the components of the system; only prices of principal components are presented.
Moreover, these devices do not present wireless and remote-control communication.
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Table 8. Summary of the different commercial solutions and scientific publications dedicated to determination of water quality parameters.

Instrument Cost Radiation
Source

Measured
Parameter Sensitivity Measuring

Range Precision Accuracy Recalibration Power
Source Reagent Wireless Com-

munication
Remote
Control

IMS EUR 75 LED
Iron (possibility

to extend to more
parameters)

2.57–7.06 mg Fe2+/L 0–1 mg Fe2+/L ±1.0 –
±13.0 µg Fe2+/L ±1.0–±3.7 µg Fe2+/L Yes Battery Yes Yes Yes

HACH Iron DR300 [50] EUR
952 LED Iron - 0–5 mg Fe2+/L ±1.0 ± 0.2 mg/L Fe - Yes Battery Yes Yes Yes

HANNA HI-721 [51] EUR 65 LED Iron - 0–5 mg Fe2+/L ±0.01 mg Fe2+/L ±0.04 mg Fe2+/L Yes Battery Yes No No
Phytoplankton
Fluorescence [52]

USD
150 LED Phytoplankton - 0.029 to

32.6 µg cla/L - - Yes Battery No No No

Smart Turbidimeter [49] EUR
8.30 LED Turbidimetry - 0–200 NTU - - Yes Battery No No No

Water Turbidity Monitoring
System [53] - LED Turbidimetry - 0–40 NTU - - Yes - No No No

Photoelectrochemical
detection of L-Dopa
detector [54]

- LED L-Dopa 31.8 µA/L mmol 20 up to
190 µmol/L - - Yes - Yes No No

FOS-SI-LOV [55] - LED Free chlorine - 10 to 400 µg/L - - Yes - Yes No No
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5. Conclusions and Future Perspectives

The prototype of a stand-alone portable iron measurement system (IMS) capable of
determining concentrations of Fe2+ in freshwater has been presented. Measurement of
absorbances necessary for computation of Fe2+ concentration in water samples was per-
formed through processing attenuated spectroscopic data obtained from the TCS34725
RGBC photodiode, which senses the green channel component of radiation emitted from
the RGB LED. An optoelectronic instrument with high accuracy and precision capable
of repeatable measurements was developed based on measured intensity of integrated
radiation in the range of 470–600 nm. Use of low-cost components enabled production of a
cost-effective instrument compared to the commercially available ones, and its modular
characteristics will facilitate further calibrations for the LED channels not explored in this
paper (red and blue). The linearity of the IMS response function to different Fe2+ concen-
trations has been verified. Comparison of the IMS results against the Nicolet Evolution
300 spectrophotometer, considered as the reference instrument, revealed overestimation
of absorbance values obtained with the prototype device that should be considered in the
calibration function. The t-tests comparing the slopes of different measurement series show
high linear agreement between the two instruments in the four series of measurements. The
novel IMS instrument presented better measurement performance in terms of precision and
accuracy than the Nicolet Evolution 300. Recovery analysis was successfully completed
using natural water. The instrument successfully recovered iron concentrations from fresh-
water, showing its applicability in monitoring water bodies. The developed solid reagent
presented very good performance on the prepared water solutions, making the portability
of the equipment more effective. The next step in this process is to validate the solid reagent
method for iron determination in the field. The IMS showed better performance than a
similar state-of-the-art device, such as the one presented in 5145]; it is also portable and
suitable for use in the field in near-real-time conditions. Further developments are ongoing
to calibrate the instrument for use of the red and blue channels for determination of other
water quality parameters, specifically lead concentration.
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