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ABSTRACT. In this study a paper-based analytical device was developed using screen printing technique for the 
determination of particulate iron from welding fumes. The operational parameters such as volume and concentration 
of 1,10-phenanthroline, volume and concentration of hydroxylamine were optimized by the Box Behnken Design 
(BBD) using Minitab. Additionally, the µ-PAD's sample solution holding capacity and reaction time were also 
optimized. Under the optimized condition, particulate metal concentrations were colorimetrically quantified using 
a handheld mobile phone and image processing software, ImageJ. Very good analytical performance such as good 
linearity of the calibration curve and better selectivity was observed by the developed method. The limit of detection 
for Fe3+ assay was 4.6 mg/L; which is adequate to determine the threshold concentration limit of particulate iron set 
by the regulatory bodies (6 mg/L). The µ-PAD revealed 95-99% recovery compared with the UV-Vis 
spectrophotometry (98-100%). Furthermore, welding fume samples were collected in Addis Ababa over five days, 
using mixed cellulose ester filters and the findings show a high concentration that exceeds the standard levels. 
Analyzing particulate iron with µ-PADs yielded results consistent with UV-Vis spectrophotometry, suggesting µ-
PADs' potential application for occupational particulate iron exposure measurement, eliminating the need for 
expensive analytical devices. 

 
KEY WORDS: µ-PADs, Particulate iron, Response surface methodology, Wax screen-printing, Welding fume, 
Colorimetric detection 

INTRODUCTION 
 

Particulate metals are among the potent pollutants to humans and its environs as they are non-
biodegradable and can accumulate in ecological systems. Apart from their natural existence, 
metallic aerosols could be released into the environment by both natural and anthropogenic 
sources [1]. These particulates are known to be toxic and carcinogenic, thus contributing mainly 
to the development of lung cancer [2-4], pneumoconiosis [5, 6], respiratory impairment and 
cardiovascular disease [7-9] and metal fume fever [10-12].  

Particulate iron (Fe) has been selected for this study, since it accounts for the highest 
proportion of the metal particulates found in welding fumes [13]. The Occupational safety and 
health administration (OSHA) has set the workplace exposure limit of iron oxide (measured as 
Fe) to be 14 mg/m3  (6 mg/L) [14], and the Ethiopian Environmental Protection Authority (EPA) 
limit values for emissions to air in production and processing of iron and steel is 10 mg/L.  
According to the Addis Ababa city government's labor enterprise and industry development 
bureau, there are now roughly 1691 firms operating in the welding sector. These welding 
workplaces are scattered around the city, near residential and commercial areas, increasing the 
risk of contamination to the rest of the neighborhood. Despite the risks posed by the inhalation of 
these hazardous metal particulates, assessment of welders’ exposure is very limited in developing 
nations due to unaffordability of the conventional analytical instruments such as Inductively 
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Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), Isotope Dilution/Inductively 
Coupled Plasma Mass Spectrometry (ID/ICP-MS) and Photometric. The conventional 
instruments are expensive, needs time-consuming sample pre-treatment and skilled personnel for 
operation. The demand for environmental and worker's safety analysis in an affordable approach 
necessitates the exploration for sensitive and rapid determination methods for particulate metals 
[15-21]. 

Microfluidic paper-based analytical device (µ-PAD) is a device involving manipulation of 
microliter volumes of a sample through capillary action directed along defined flow paths in a 
fibrous network, with or without the assistance of reagents or added energy. Subsequent to 
fabrication, colorimetric methods are primarily employed for the quantification of the analyte, 
owing to their simplicity and compatibility with cost-effective reporting systems such as 
smartphones. μ-PADs possess competitive advantages over conventional analytical instruments, 
such as being inexpensive, portability and simplicity. They are also identified as point-of-care 
devices and successfully applied in several fields such as diagnostics, biological, food safety, 
environmental monitoring and biotechnology [22-29]. 

Several studies have employed μ-PADs for the detection of iron in environmental samples 
such as water, welding fume standards, incineration ash, dust and natural hot spring. The majority 
of the studies reported a high limit of detection (LOD) in the range of 12-20 mg/L. All of the 
reported LODs fail to meet the permissible limits set by various regulatory bodies such as OSHA 
and EPA. This suggests that the sensitivity of the reported μ-PADs is insufficient to predict the 
threshold concentration that could cause an environmental threat [30-34]. 

Thus, in this work we are reporting a µ-PAD system with an improved analytical sensitivity 
to meet the OSHA and EPA's permissible exposure limit (PEL). Unlike previously reported 
analysis techniques, we incorporate two pretreatment zones which helps to remove interferences 
more effectively than a single pretreatment zone and improve the device’s sensitivity for 
particulate iron analysis by improving the selectivity and masking capacity of the preloaded 
reagents [35]. Furthermore, the effect from surrounding light to the image capturing was 
controlled by using smart phone in-built free application called OpenCamera. And also, a 
Multivariate approach which was rarely employed in the previous studies has been used for 
optimization of experimental parameters in the development of µ-PAD. 

 

EXPERIMENTAL 
 
Chemicals and Reagents 
 
Iron(III) chloride hexahydrate (97%), 1,10-phenanthroline (99%), methyl orange, sodium acetate 
trihydrate (99%), cadmium(II) nitrate tetrahydrate (98%) and zinc(II) nitrate hexahydrate (98%)  
were purchased from Sigma-Aldrich. Nickel(II) sulfate hexahydrate (Alfa Aesar, 98%), glacial 
acetic acid (Fisher Scientific, 95%), Nitric acid (EMD Millipore, 65%), Fotolack TR-88 and diazo 
F sensitizer (Feteks), sodium bicarbonate (99.7%) and sodium acetate (99%) (UNI-CHEM) were 
used to carry out the experiments. All chemicals used were of analytical grade and used as 
received without further purification. Aqueous solutions were prepared using deionized (DI) 
water, which was obtained from a water purification system (EXL 3, Vivagen, Korea). 
 
Apparatus 
 
Spectral measurements were carried out using a UV-Vis spectrophotometer (HACH DR600). 
OMAX light microscope and electronic balance were used to examine the 
hydrophilic/hydrophobic region and for weight measurement, respectively. Intermediate air 
sampling pump (SKC 224-PCTX4 Model, SKC Ltd), Whatman No. 1 qualitative grade filter 
paper, mixed cellulose ester (MCE) filter (0.8 µm, Ø 25 mm) (Fisher Scientific), micropipettes 
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0.1–2.5, 10–100, 100–1000 µL (Eppendorf, Germany), Nikai microwave oven (1000 W, 
NMO2309MW), Samsung galaxy A30 phone, Hairdryer (2000 watts), wooden frame (20 cm x 
30 cm), Nylon mesh (75 micron), solid candle-making wax, squeegee and adhesive tape were 
purchased from local market. 
 
Device design and fabrication 
 
A wax screen-printing method reported by Tesfaye and Hussen [36] has been used with some 
modifications, such as using ecofriendly A4 paper instead of plastic films. The fabrication process 
can be categorized into three phases: i) printing the design of interest on A4 paper ii) transferring 
the pattern to the mesh and iii) fabricating the µ-PAD. Each phase involves a series of steps as 
illustrated in Figure 1A. The design of interest was sketched using Microsoft PowerPoint 2019 
and printed on A4 paper using a laser printer. Black areas on the paper are used to create a 
hydrophobic area on the filter paper, while white areas yield hydrophilic zones (Figure1A (Ia)). 

 

 
 
Figure 1. A) µ-PAD fabricated by wax screen printing on Whatman filter paper, grade 1. B) µ-

PAD with the dimensions of each zone.  
 

A fine mesh of size 75 micron was stretched on a 20x30 cm wooden frame. A lacquer emulsion 
was prepared by mixing FOTOLACK CH88 photo emulsion with diazo F sensitizer (9:1) and left 
overnight in a dark area. The emulsion was applied on both sides of the mesh and dried in a dark 
box to keep away from light exposure (Figure 1A (Ib)). After drying, the printed A4 paper was 
placed over the coated-screen and then exposed to a UV-light source (2500 lux) at a distance of 
30 cm (Figure 1A (IIa)). The light passes through the white areas and creates a polymerization 
(hardening) of the emulsion directly on the coated mesh. The area of coated-screen that is exposed 
to light becomes tough which will create a hydrophilic part on the filter paper, preventing the 
percolation of the wax applied later on, while the unexposed area could easily be flashed with 
pressurized water opening the mesh for creating the hydrophobic part on the filter paper (Figure 
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1A (IIb)). In due course, to fabricate the μ-PAD, a Whatman No. 1 qualitative grade filter paper 
was put on the bottom of the patterned screen and pre-melted candle-making wax was poured on 
to the patterned screen from the top and squeegeed to insert the melted wax into the screen (Figure 
1A (III)). The wax printed paper was made ready for use after removing the paper from the mesh 
using a household hair drier (2000 watts). It was allowed to cool to room temperature followed 
by sealing the backside of the device with clear packing tape to prevent the leakage of the fluid 
through the flow channel during analysis. As shown in Figure 1B, the fabricated μ-PAD has 
separate zones with defined dimensions. 
 
Optimization of operation parameters 
 
In response surface methodology (RSM), a MINITAB 2021 software was used for the 
experimental design, determination of the coefficients, data analysis, and graph plotting. The 
mathematical model was developed and established to get a functional relationship between 
independent variables and the response. An empirical second-order polynomial model (Eq. 1) was 
utilized to characterize the effect of variables in terms of linear, quadratic, and interaction terms 
with in the mathematical model. 
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where, Y is response variable, b0, bi, bii and bij are the constant coefficient, linear coefficient, 
quadratic coefficient and the interactive coefficients, respectively and e represents the random 
error.  

The statistical significance of the developed model and terms were evaluated by analysis of 
variance (ANOVA). The quality of the model was determined by the coefficients of determination 
(R2). The significance of the model terms was determined according to the p-value and a 95% of 
confidence level. The contour plots with its corresponding surface plots were constructed to 
estimate the relationship between the independent variables and response (intensity) [37]. 

The operation parameters such as concentration of 1,10-phenanthroline (4–20 mg/mL), 
volume of phenanthroline (0.1–1.5 µL), concentration of hydroxylamine (0.05-0.2 g/mL) and 
volume of hydroxylamine (0.1-1.5 µL) were optimized in the range indicated by RSM using the 
Box Behnken Design (BBD). Subsequently, the reaction time (60-240 sec) was evaluated by 
measuring the color intensity formed at the detection zones at different time interval. Moreover, 
the holding capacity (volume) of the device was optimized by using 2 mM of methyl orange 
indicator solution. 

 
Colorimetric detection 
 
After optimizing the operational parameters, a solution of an acetate buffer (6.3 M, pH 4.5) for 
the Fe assay was prepared by using sodium acetate trihydrate (15 g) and glacial acetic acid (11.75 
mL) in 50 mL of water. Both 1,10-phenanthroline (20 mg/mL) and hydroxylamine (0.05 g/mL) 
were prepared as separate solutions, each in the acetate buffer. The μ-PAD was prepared for 
detection of Fe by first adding the optimum volume (0.1 μL) of hydroxylamine solution to each 
pretreatment zones followed by 1.5 μL aliquots of 1,10-phenanthroline to the detection reservoir. 
The device was allowed to dry completely between each addition of reagent and finally 15 μL 
aliquot of sample solution containing analyte of interest was added to form an orange colored 
ferroin complex [Fe(phen)3]2+ as shown in scheme 1 [32]. 
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Scheme 1. Reaction of Fe2+ with 1,10-phenanthroline. 
 

The color developed was captured using a Samsung galaxy A30 smartphone in-built free 
application OpenCamera, fixing the camera settings as ISO value (100), Exposure (Locked), 
Camera Flash (Off), Exposure compensation (+1EV) and Zoom (x2). A smartphone's built-in 
application system reduces the impact of ambient light variation on intensity, encouraging on-site 
use of the device. Finally, the corresponding color intensity was analyzed as mean grayscale 
intensity using ImageJ software. 
 
Real sample collection, digestion and analysis 
 
 Real samples were obtained from metal arc welding workplaces located at Gurara (site 1) and 
Akaki kaliti (site 2) in the city of Addis Ababa where the metal arc welding technology is being 
widely used. 

The US Occupational Safety and Health Administration's sampling approach, an air sample 
taken near an individual's breathing zone over the course of an eight-hour shift, was employed 
[38]. As a result, a person-carried device (Figure 2) called the Intermediate air sampling pump 
(SKC 224-PCTX4 Model, SKC Ltd, UK) was used, with the sampling unit consisting of a portable 
Institute of Occupational Medicine (IOM) multi fraction dust sampler. The air flow rate was set 
to 4 L/min, which is widely used for personal exposure assessment since it approximates the 
average human breath rate as mentioned by Mentele et al. [32]. The pump was slung around the 
welder's waist, and the inlet cyclone (IOM) was hooked to the collar as close to the breathing zone 
of the welder as possible. 

Samples were taken on multiple days in the vicinity of each welding operation. Aerosol was 
sampled onto 25 mm mixed cellulose ester (MCE) filters (0.8 µm pore size) and sampling duration 
lasts approximately eight hours. After sample collection, 10 mm punches were taken from each 
filter using biopsy punch and subjected to household microwave-assisted acid digestion [32] by 
adding 5 μL of concentrated nitric acid, followed by 30 μL of water to the filter punches. After 
that, the punches were placed in a domestic microwave oven on high power for 45 s. Every 15 s, 
the process was stopped, and an additional 30 μL of water was added to punches to stimulate 
further digestion. Finally, 8 μL of sodium bicarbonate (0.5 M) was added to neutralize the acid 
on the filter punches, which were then analyzed under the optimal conditions of the developed 
colorimetric μ-PAD system. 
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Figure 2. Sampling technique for particulate metal collection. 

 

RESULTS AND DISCUSSION 
 
Characterization of printed microfluidic channels in the paper surface 
 
The surface of the filter paper was modified using molten candle wax. And the digital microscopy 
was used to examine the surface changes that occur on the cellulose fibers after modification. 
 

 
 
Figure 3. A) The hydrophilic and hydrophobic barrier of the device using digital microscope 

image (40X) B) Water contact angle (WCA) measurement. 
 

The digital microscope image result (Figure 3A), clearly shows the permeability of the paper 
to hold the loaded reagents with in the given flow channel. However, on the hydrophobic region 
(light region) the porous part of the cellulose was blocked by the wax creating the patterned paper 
of interest which directs the flow of the reagents through the proper channel. Another evidence 
for the efficient formation of the hydrophobic barrier comes from contact angle measurement. 
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The measurement of the contact angle formed by a droplet of liquid placed on a horizontal surface, 
the so-called sessile drop, is one of the most used methods to study the surface properties. It is an 
easy and quick method that can be used to evaluate the homogeneity of the coating, surface 
cleanliness and adhesion.  If the solid surface is hydrophobic, the contact angle would be greater 
than 90o, and surfaces with a contact angle greater than 150o are known to be super-hydrophobic 
[39, 40]. As it can be seen from Figure 3B, the surface of a candle-making wax modified filter 
paper showed a contact angle of 138.7o. This clearly demonstrates that the hydrophobic wax 
penetrates throughout the thickness of the filter paper and able to effectively guide the flow of the 
aqueous solution within the hydrophilic region. Similar result (contact angle of 129o )  has been 
reported in a recent work  by Tesfaye and Hussen [36].  
 
Optimization of sample volume and reaction time 
 
The sample volume is the amount of reagent needed to spread onto the entire test region 
(hydrophilic part) to complete colorimetric reaction. Figure 4 shows the holding capacity of the 
μ-PADs for the sample volume obtained after a few seconds of stay using 2 mM methyl orange 
solution. The trials showed that the optimum drop volume should fall on 15 μL. This maximum 
holding capacity was taken into consideration while loading reagents and sample solution 
throughout the whole experiments. 
 

 
 
Figure 4. Optimization of fluid holding capacity of the designed μ-PAD using methyl orange 

(MO) indicator. 
 

The reaction time for maximum color intensity was investigated by capturing the image 
developed at the detection zone. The intensity saturates beyond 90 s and therefore 120 s was 
considered as the best time for image acquisition. 
 
RSM optimization of operational parameters in µ-PADs  
 
The use of RSM was found to have several advantages over the one factor at time, such as the 
identification of interaction, the use of statistical analysis that produces model equations for 
optimization and prediction of a specific system's behavior. These upsides would absolutely help 
in minimizing the cost and time spent for the experiment by reducing the number of trials [41]. 

In this study a total of 27 experiments were designed and performed to optimize the effect of 
the individual independent variables (concentration of 1,10-phenanthroline, volume of 1,10- 
phenanthroline, concentration of hydroxylamine and volume of hydroxylamine) using BBD 
method. The complete experimental design was developed and a quadratic model was proposed 
to correlate the independent variables for maximum intensity output by using RSM.  
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Intensity = 49.45 - 0.053 A - 1.61 B + 194.7 C + 18.55 D + 0.0594 A*A + 18.29 B*B + 881 C*C- 
2.41 D*D +   2.210 A*B - 18.98 A*C + 0.129 A*D - 164.6 B*C - 29.23 B*D + 43.3 
C*D 

where A-concentration of 1-10 phenanthroline, B-volume of 1,10-phenanthroline, C-
concentration of hydroxylamine and D-volume of hydroxylamine. 

The reliability of the proposed model was verified using coefficients of determination (R2), 
the percent of the variation of the response explained by the model. It is also a measure of fit, i.e. 
how well the model fits the data [42]. The results of the analysis of variance (ANOVA) and lack-
of-fit (LOF) tests as generated from the experimental data are shown in Table 1.  A higher F-value 
indicates that the regression equation can explain the majority of the variables in the response, 
and probability values less than 0.05 are considered statistically significant. Hence, from the 
regression model summary results, the values of R2 and adjusted-R2 are close to 1 revealing a high 
degree of correlation between the observed and predicted values of the hue intensity. This could 
also imply that the proposed quadratic model equation provides the foreseen levels of accuracy 
[43, 44]. Furthermore, the insignificant lack of fit (p = 1.81 > 0.05) depicts that the quadratic 
model is suitable for predicting the response and adequately fits the experimental data. The linear, 
quadratic, and interaction effects of the studied parameters also reveals that the linear effect of all 
parameters have negative significance, except the volume of hydroxylamine has positive 
significant effect. The quadratic and 2-way interaction effects of all the studied variables have 
negative significant effects on the color intensity except the interaction between the concentration 
of 1,10-phenanthroline/volume of hydroxylamine and concentration of hydroxylamine/volume of 
hydroxylamine. 

 
Table 1. ANOVA of the developed model for the μ-PAD analysis. 
 

Source DF Adj SS Adj MS F-value p-value 
Model 14 4635.54 331.110 32.25 0.000 
Linear 4 1760.43 440.108 42.86 0.000 

A 1 581.72 581.717 56.65 0.000 
B 1 612.47 612.469 59.65 0.000 
C 1 548.51 548.506 53.42 0.000 
D 1 17.74 17.739 1.73 0.213 

Square 4 601.23 150.307 14.64 0.000 
A*A 1 77.03 77.030 7.50 0.018 
B*B 1 428.45 428.447 41.72 0.000 
C*C 1 130.97 130.966 12.75 0.004 
D*D 1 7.45 7.452 0.73 0.411 

2-Way interaction 6 2273.88 378.979 36.91 0.000 
A*B 1 612.56 612.563 59.65 0.000 
A*C 1 518.93 518.928 50.54 0.000 
A*D 1 2.09 2.088 0.20 0.660 
B*C 1 298.77 298.771 29.10 0.000 
B*D 1 820.82 820.823 79.94 0.000 
C*D 1 20.70 20.703 2.02 0.181 
Error 12 123.22 10.269   

Lack-of-fit 10 110.95 11.095 1.81 0.408 
Pure error 2 12.27 6.135   

Total 26 4758.76    

 
The response optimization of the independent variables revealed that as the values of A and 

B approach the maximum, the intensity increases, while the values of C and D become sufficient 
to achieve the maximum intensity with the minimum amount. As a result, the optimal values, for 
variables A, B, C, and D are found to be 20 mg/mL, 1.5 µL, 0.05 g/mL, and 0.1 L, respectively. 
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Similarly, the contour plot of individual variables and the surface plot (Figure5) illustrate that 
the highest intensity was achieved at high concentration (A) and volume (B) of the chromophore 
whereas the effect of the concentration (C) and volume (D) of reducing agent looks enough at 
minimal values. The result obtained from both plots showed that the interaction was mainly 
dependent on the chromophore concentration and volume where as there is no need of excess 
volume of the reducing/masking agent. 

 

 

 

Figure 5. The response surface plot and response contour plot of the effects of parameters A 
(concentration of 1,10-phenanthroline), B (volume of 1,10-phenanthroline), C 
(concentration of hydroxylamine) and D (volume of hydroxylamine). 
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Analytical performance of the method 
 
Calibration curves 
 
The calibration curve was constructed using a standard solution of Fe3+ in the concentration range 
of 0.1 to 50 mg/L under pre-optimized conditions. The calibration curve obtained using µ-PADs 
has a good linearity with a correlation coefficient R2-value of 0.993 whereas using UV-Visible 
spectrophotometry the R2 = 0.999. 
 
Limit of Detection 
 
In both µPADs and UV-vis, the detection limit was determined based on the international 
committee on harmonization (ICH) of analytical techniques which recommends to estimate the 
LOD and LOQ from standard deviation of the response and slope of the calibration curve obtained 
from the Excel regression output [45]. In µ-PAD analysis the limit of detection (LOD) and limit 
of quantification (LOQ) for Fe3+ assay was found to be 4.6 and 15.2 mg/L, respectively. In the 
case of UV-Vis, LOD and LOQ was 0.32 and 0.97 mg/L, respectively. Although μ-PADs are less 
sensitive compared with UV-Vis, the result indicates the potential applicability of the µ-PADs for 
the point-of-need purpose since its LOD is below the regulatory limits set by OSHA or EPA.  
 
Table 2. Comparison with previously reported µ-PADs for the determination of iron. 

 
Target metal ion LOD (mg/L) Complexing agent Reference 

Fe(III) 15 1,10-Phenanthroline Rattanarat, et al. [34] 
Fe(III) 20 4,7-Diphenyl-1-1, 10-

phenanthroline 
Cate, et al. [31] 

Fe(III) 12 1,10-Phenanthroline (phen) 
monohydrate 

Ogawa and Kaneta [33] 

Fe(III) 15 1,10-Phenanthroline Mentele, et al. [32] 
Fe(III) 0.64 1,10-Phenanthroline monohydrate Asano and Shiraishi [30] 
Fe(III) 4.6 1,10-Phenanthroline This study 

 
The data in Table 2 indicates that the limit of detection (LOD) for iron assay in this study (4.6 

mg/L) demonstrates greater sensitivity compared to previously published findings. [31-34]. In 
contrast, Asano and Shiraishi [30] revealed a lower LOD by utilizing a paper device with test 
spots where no diffusion occurred due to the usage of a single spot reservoir. In general, the 
present study demonstrates that the developed µ-PAD analysis of iron has suitable sensitivity to 
evaluate compliance with the PEL of iron (10 mg/L) in working areas set by the Ethiopian EPA 
without need for the conventional analytical instrument/approach [18]. 

 
Interference study  
 
As shown in Figure 6, the result demonstrates there is a negligible effect from the coexisting ions 
at a concentration level of 1:1 and 1:2 ratio of iron to other metal ions (Cd, Ni and Zn). This is 
because 1,10-phenanthroline hardly form complexes with those ions; instead  it prefers to form 
stable complex with iron [30]. Additionally, in this study two pretreatment zone design was 
employed which enhances the masking of the coexisting metals and improve the sensitivity. 
Likewise, the application of two pretreatment zone for other metal assay was investigated by 
kamnoet et al. [35] and similar effects were reported. 
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Figure 6. Interference study of coexisting ions. 
 
Method validation 
 
The proposed μ-PAD was applied for the determination of spiked Fe3+ in aqueous solution and 
the assay results were compared to those obtained by UV-Vis spectrophotometer. Various 
concentration levels were spiked in aqueous solution and determined using the fabricated µ-PADs 
and a UV-Visible spectrophotometer.  The percentage recovery observed for Fe3+ was 95-99 and 
98-100% by using µ-PADs and UV-Visible spectrophotometry, respectively. The μ-PAD method 
result is in a very good agreement with UV-Visible spectrophotometry and therefore it could also 
be used for the basic assay of Fe3+ in a resource-limited area without a need for an expensive and 
complicated analytical technique. 
 
Real sample analysis and air quality status in the welding area 
 
The samples were collected, digested and analyzed with the μ-PAD and parallelly with the UV-
Vis spectroscopy for comparison purpose. Table 3 shows the concentrations of particulate iron 
for five consecutive days, depending on average 8 h exposure of the workers.  Each sample 
reading from both μ-PAD and UV-Vis showed almost the same result and thus we can employ μ-
PADs device for the analysis of trace levels of particulate iron in welding fumes without the need 
of sophisticated analytical methods.  
 
Table 3. Concentration of particulate iron measured from 10 mm filter punch. 
 

 
 

Day 

Measured values of Fe3+ (mg/L) ± SD from 10 mm punch (n = 3) 

μ-PAD UV-Vis 

Site 1 Site 2 Site 1 Site 2 

1 37.65 ±0.014 85.65±0.022 38.03±0.017 86.11±0.011 

2 56.60±0.008 45.65±0.015 55.86±0.014 45.66±0.009 

3 36.80±0.024 54.52±0.014 37.55±0.011 54.30±0.009 

4 80.71±0.019 109.49±0.008 83.25±0.011 111.17±0.005 
5 106.01±0.010 80.80±0.003 108.13±0.006 81.05±0.005 

Average 63.55 75.22 64.56 75.66 

Site 1 = Gurara, Site 2 = Akaki Kaliti. 
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As shown above, the results obtained from the μ-PAD measurement ranges from 36.8 – 109.49 
mg/L. The average concentration of the two sites also reveals that particulate iron is prevalent. 
Though, workers at the second welding site are more vulnerable to high concentrations of 
particulate iron than workers at the first working site. Because the time weighted average (TWA) 
for an 8 h workday concentration of the metal exceeds the PEL for iron (6 mg/L) set by the OSHA 
[14], workers in both areas must take precautionary measures. Welder's lung is a pulmonary 
disease caused by inhaling welding fumes. A recent study on welders discovered that welders who 
are exposed to fumes for an extended period of time can develop severe liver iron overload [46]. 
In conclusion, occupational exposure is more likely to be continuous or prolonged, potentially 
increasing the risk of chronic health conditions. 

 

CONCLUSION 
 

In this study we proposed and demonstrated a simple and affordable wax-screen printing µ-PAD 
fabrication approach for the determination of particulate iron from a welding fume. The proposed 
paper-based sensor demonstrated highly selective and sensitive detection of Fe3+ with good 
linearity and low limits of detection. Hence, the proposed paper-based device can serve as a 
promising tool for point-of-use application in resource limiting regions especially dealing with 
iron particulate contamination. The incorporation of two pretreatment zones, the control of 
surrounding light interference, and the use of a multivariate approach for optimizing experimental 
parameters all contribute to the device's improved sensitivity for particulate iron analysis. The 
results from the real sample analysis informed us that there should be an immediate action to be 
taken by the welders and the concerned body due to the alarming levels of particulate iron found 
within the welding fume to keep the environment and also the workers’ health safe.  
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