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Abstract— A new method of rapidly detecting iron in water using 

a smartphone assisted device is introduced. Currently, point-of-need 

devices have largely explored patterned paper as a substrate. While 

paper is affordable and detection is rapid, its sensitivity is 

compromised by its fast-wicking nature hence the need for methods of 

retaining and immobilizing analytes. Silica generally has a higher 

absorptive power than paper therefore can better immobilize analytes 

for better detection. The improvement of sensitivity in such devices is 

important in the monitoring of heavy metals such as iron that can be 

dangerous to plant and animal life. Testing of such metals not only 

requires rapid methods of detection but those with low detection limits. 

The pairing of these devices with smartphones contributes to their 

rapidity. The aim of this paper is to present findings on the method 

development and validation of silica-based smart-phone assisted rapid 

detection of iron in water. Iron standards were prepared in various 

amounts (0-60 ng) and converted to iron (II). A silica plate was 

prepared by adding 1,10-phenanthroline that would turn bright orange 

on reacting with iron (II). A box structure was built around the silica 

plate to control light and the distance of the light source (smartphone). 

The standards and reference material were tested by depositing on the 

treated silica plate before capturing with the smartphone and analyzed 

using a software called ImageJ. Detection limit, linear range, accuracy 

and precision were determined. The results showed a limit of detection 

of 0.2 ng, a limit of quantification of 0.6 ng, a linear range of 0.6 ng to 

30.0 ng and RSD of <5%. The results also showed that for silica not 

only are complex immobilizing reagents not necessary but they in fact, 

lead to worse precision, accuracy and sensitivity. From this study we 

conclude that silica-based substrates make a more sensitive detection 

method while requiring less reagents. The settings of the software were 

found to be unique to the substrate.  

Keywords— Silica, rapid testing, iron detection, ImageJ, heavy 

metals, method validation 

I.  INTRODUCTION 

Analytical chemistry methods are an important part of 
everyday life including areas such as medical diagnostics, 
product development, quality control and environmental 
monitoring [1], [2]. The ability to carry out tests and analyses in 
and out of the laboratory is a big part of informed decision 
making that in many cases can be life-saving. 

Currently, the detection of toxic substances like heavy 
metals is done through Inductively Coupled Plasma – Mass 
Spectrometry (ICP-MS) and Atomic Absorption Spectroscopy 
(AAS) among others. These methods have low detection limits, 

good sample throughput and are a reliable way of analysis in the 
laboratory [3]–[5]. However, the cost of using these can be very 
high. Cate (2016), notes that the cost of these instruments can 
exceed USD150 for just one sample. Additionally, 
transportation and sample processing drive up the costs of 
testing with these instruments [6]. The turnaround time for using 
such instruments may range from a couple of weeks to a few 
months [3], [7]–[10]. In the case of environmental monitoring, 
there is a need for high frequency testing in order to capture what 
is happening in real time [7], [11]. This means there is a need to 
increase rapidity of testing. The current methods of analysis 
consume significant amounts of reagents while requiring highly 
skilled personnel to operate. These challenges have significant 
implications on accessibility especially for developing countries 
and their communities.  

In recent years, there has been a growing interest in 
improving environmental monitoring through lab-on-a-chip and 
point-of-need devices [3], [7]–[10], [12], [13]. Such devices 
have been around since the early 90s and researchers have been 
advancing on their construction and development. Point-of-need 
devices can use micro litre (or even less) levels of analyte and 
reagents. They can be rapid in detection and allow for analysis 
to be carried out at the outside the laboratory. Most have a 
designated point of introducing a solution, a pre-treatment zone 
and a detection zone. These zones are usually connected by 
small channels that have attributes of driving solutions without 
the need of an external driver such as gas (e.g capillary 
movement in paper devices). Some of the substrates commonly 
used in the construction of point-of-need devices include paper, 
carbon, alumina and silica. The method of detection may be 
electrochemical, chemiluminescent or colorimetric among many 
others.  

Heavy metals make up some of the most ubiquitous and 
potentially toxic pollutants globally (Kaur et al. 2019)(WHO). 
Many of these metals can cause cancer in humans even at low 
concentrations (WHO). Poisoning of communities and their 
livestock has been reported in many instances after drinking 
groundwater laden with some toxic metals especially arsenic, 
lead, iron and chromium. Iron is one of the most significant 
heavy metals for its effects to human physiology and 
concentrations in the environment. As a micronutrient, iron is 
the major component in the heamoglobin molecule that helps to 
transport oxygen in the body [14]. Iron at higher concentrations 
in the environment has been reported to pollute underground 
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water sources [15]. This poses a threat as water reserves are said 
to be steadily dwindling, globally [16]. Additionally, iron plays 
a major role in the release and attenuation of other toxic metals 
such as arsenic [17]. The rapid detection of this metal in the 
environment is important. 

The aim of this paper is therefore to present findings of 
method development and validation of a new rapid method of 
iron analysis. This paper specifically explores silica as a 
substrate for out-of-the-lab iron analysis in water with the 
assistance of a smartphone. 

II. MATERIALS AND METHODS 

A. Chemicals and materials 

Analytical grade chemicals were used as is in this study. 
AAS grade Iron standard 1000ppm, hydroxylamine 
hydrochloride, 1,10-phenanthroline, poly (acrylic acid), TLC 
silica plate on aluminium base. 

B. Sample Preparations 

The samples were prepared in concentrations ranging 0-30 
mg/L of Fe from the 1000 ppm standard solution. To each 
sample was then added 2mL of hydroxylamine hydroxide 
solutions (5g prepared in 50mL water) to convert all Fe into Fe 
(II). 

C. Fabrication on Silica Plate 

On the silica plate, circles representing detection points were 
drawn using an HB (hard black) lead pencil. 2H (too hard) 
pencils were damaging to the silica plate. 3 aliquots of 1,10-
phenanthroline (0.52g in 100mL water) were deposited on these 
detection points. The plate was allowed to dry before each 
deposition. Poly (acrylic acid) was added to detection points for 
immobilization of the ferroin complex that would be formed 
from Fe reacting with 1,10-phenanthroline. The silica plate was 
then ready for rapid detection. 

D. Fe detection 

The prepared standard samples were deposited in designated 
detection points in triplicate. That it, one concentration had 3 
detection points. The blank and a standard reference material 
(TraceCERT CRM Iron in water (ISO/IEC 17025)) were also 
included. A second silica plate that did not have poly (acylic 
acid) as a ferroin complex immobilizer, was done in a similar 
manner. 

E. Image Processing 

Images of the silica plate after color development, were 
captured using an iPhone 11 Pro® in wide camera mode, 
aperture f/1.8, 26 mm, 12 MP, 3024 x 4032. The images were 
also scanned using the smartphone’s notes application scanning 
component for comparison. The images were then sent to a 
laptop through email to be processed. The image software used 
was ImageJ, a public domain software developed by the 
National Institute of Health (US). For use with this software, all 
images had to be converted to JPEG format. Upon being loaded 
on the software, images were first inverted to negatives such that 
the areas outside the color development are black and measure 

zero in color intensity as done previously [18] [19]. After 
inverting, the image was set to an auto color contrast in contrary 
to color thresholding in previous studies [18] as this gave a 
clearer image. Color intensity was measured in gray intensity 
and integrated density for comparison. 

III. RESULTS AND DISCUSSION 

A. Color Development on Silica Plate 

A bright orange color developed upon introducing samples 
to the prepared silica showing the formation of a ferroin 
complex. The detection points that were also treated with poly 
(acrylic acid) to immobilize the complex, resulted in poor color 
development. This is in contrast to the effect of poly (acrylic 
acid) in literature [18], [19]. While these studies found that 
treating paper substrate with poly (acrylic acid) improves the 
color development, in this study, it did the opposite and made 
the color development worse (Figure 1). Poly (acrylic acid) is 
said to have low mobility particularly on paper [20]. It is a weak 
anion therefore making is highly mobile on silica substrate [1]. 
This explains its failure to immobilize ferroin complex on silica. 

B. Results of Image Processing 

Although image processing methodology from literature was 
followed, results show that the type of substrate has an effect on 
the output of the software. Figure 2 shows the results of the 
image of the silica plate when color thresholding as done by 
[18]. It is observed that this method leads to loud background 
noise and is not suitable for silica substrate (Figure 2a). A better 
image was obtained from manually adjusting the color contrast 
(Figure 2b) with much of the background noise eliminated. The 
best image resulted from setting the color contrast to “Auto” i.e. 
allowing the software to correct the color contrast (Figure 2c). 
Through this setting, the background noise was successfully 
reduced to zero. This was evidenced by color intensity 
measurements in non-detection zones recording zero. 

 

Fig. 1: Detection points of ferroin complex color development with poly 
(acrylic acid) (top) and without poly (acrylic acid) (bottom) 
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Fig. 2: Images of the silica device after color detection (a), after color 
thresholding (b), after manual contrast adjustment (c) and after automatic 
contrast adjustment (d) 

C. Color Intensity Measurements 

As the software had already showed specificity for type of 
substrate, the color intensity of the ferroin complex was 
measured in both mean gray and integrated density. Results 
show that both measurements successfully measured color 
intensity on silica substrate. However, there were differences 
noted in the two methods. Figure 3 shows calibration curves 
from both methods. Results show no statistical difference 
(p<0.05), between mean gray and integrated density. Despite 
this, all measurements of integrated density seemed to have a 
coefficient of determination (R2) that is closer to 1 than those 
measure in mean gray. In other studies mean gray has been the 
choice of measurement in this software due to the accurate 
results it yielded [13], [21]–[27]. With scanty information of 
integrated density as a measurement for color intensity, this 
study found it equally accurate. A trend was also observed where 
images higher background noise seem best measured in mean 
gray while those with lower background are best measured in 
integrated density. According to literature [28], [29], integrated 
density captures bright and dim colors more accurately while 
mean gray “corrects” the dim colors to be brighter and the 
brighter colors to be dimmer.  

Figure 4 presents the calibration curve from the image being 
scanned instead of photographed. It is clear that scanning 
produced better images for analysis in the improved R2 value. 
This was attributed to how the scanning application 
automatically adjusts lighting to illuminate shadows on the silica 
plate. A box enclosure was therefore not as needed. 

D. Method Validation 

To validate the method, figures of merit were determined and 
are presented. Table 1 shows the relative standard deviation 
(RSD) was found to be under 5% in all test samples. A good 
analytical method is generally considered to have an RSD of less 
than 20% [30]–[32]. 

 

Fig. 3: Color intensity of ferroin complex measured in mean gray and measured 
in integrated density 

 

Fig. 4: Fe calibration curve measured in mean gray from scanned silica 
device 

TABLE 1: Relative Standard Deviations of Fe standards (5 mg/L, 15 mg/L 
and 30 mg/L) in % 

Measurement 

Tool 

Calculated RSD in % 

5 mg/L 15 mg/L 30 mg/L 

Mean Gray 3.14 3.26 0.96 

Integrated 

Density 

3.77 2.42 2.96 

N=10 

 

TABLE 2: Certified reference material concentration determination with 
silica device compared to AAS analysis in mg/L 

TraceCERT

® CRM Iron 

in water 

(ISO/IEC 

17025) 

(mg/L) 
 

AAS Analysis 

(mg/L) 

Silica Device 

analysis 

(mg/L) 

20.00 20.03 ± 0.17 20.13 ± 0.29 

N=10 

Results show that this method was accurate as measurements 
of CRM was were statistically not different (p<0.05, n=10) from 
those of AAS (Table 2). The CRM which was Fe of 
concentration 20.0 mg/L was measured to be 20.09 ± 0.17 mg/L 
using AAS and 20.13 ± 0.29 mg/L using the silica device. 

The limit of detection and limit of quantification (calculated 
on equation (1) and equation (2) were determined as 0.2 and 0.6 
µg of Fe, respectively. This LOD is less than that previously 
reported for paper using the same method [33] 

(
3𝑠

𝑚
) = 𝐿𝑂𝐷                                                 (1) 
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(
10𝑠

𝑚
) = 𝐿𝑂𝑄                                                (2) 

IV. CONCLUSION 

The development and method validation of a new 
smartphone assisted method was successfully done. With an 
LOQ of 0.6 ng of Fe, good precision (RSD of <5%), accuracy 
against AAS using certified reference material and a linear range 
of 0.6 – 30.0 ng of Fe. The developed method proved more 
sensitive than methods in literature for paper substrate. This 
study also found that with silica as a substrate, ferroin complex 
immobilization with poly (acrylic acid) is not necessary. The 
software ImageJ is unique to the substrate in its settings. Going 
forward, the same method may be applied to other metals and 
environmental samples. 
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