
i | P a g e  
 

 
 

 

 

 

ADDIS ABABA UNIVERSITY 

 

 

COLLEGE OF NATURAL AND COMPUTATIONAL SCIENCES                                                             

CENTER FOR ENVIRONMENTAL SCIENCE 

 

 

DEVELOPMENT OF A LOW- COST, SIMPLE AND RAPID MICROFLUIDIC PAPER-

BASED ANALYTICAL DEVICE (µPAD) FOR THE DETERMINATION OF 

ORTHOPHOSPHATE IN WATER. 

 

                                    MASTER THESIS 

 

YIRGALEM ESUNEH 

 

 

THESIS SUBMITTED TO CENTER FOR ENVIRONMENTAL SCIENCE IN PARTIAL 

FULFILLMENT OF THE REQUIREMENT FOR THE DEGREE OF MASTER OF SCIENCE 

IN ENVIRONMENTAL SCIENCE 

 

 

AUGUST, 2021 

 

ADDIS ABABA UNIVERSITY 

 

 

 

 

 

 

 



ii | P a g e  
 

ADDIS ABABA, ETHIOPIA 

ADDIS ABABAUNIVERSITY 

 COLLEGE OF NATURAL AND COMPUTATIONAL SCIENCE CENTER FOR 

ENVIRONMENTAL SCIENCE.  

 

 

This is to certify that the thesis prepared by YIRGALEM ESUNEH ENDALEW, entitled 

‘’Development of Microfluidic Paper-Based Analytical Device (µPAD) for The Determination of 

Orthophosphate in Water’’ submitted in partial fulfilment of for the degree of masters of Science 

in Environmental science complies with the regulation of the university and meets the accepted 

standards with respect to originality and quality. 

 

Signed by examination committee: 

Advisor: Dr. Ahmed Hussen (Associate Professor) Signature ------ Date ------------ 

Examiner ---------------------------- Signature --------------------------- Date ------------ 

Examiner ---------------------------- Signature --------------------------- Date ------------ 

Chairman of the Center for Environmental Science ----------Signature --------Date ------------ 

 

 

 

 

 

  

 

 

 

 

 

 



iii | P a g e  
 

Abstract 

Phosphorus is the limiting nutrient in most freshwater systems, and when found in excess, it can 

accelerate eutrophication. Eutrophication causes algal blooms, aquatic plant growth, taste, odor 

problems and oxygen depletion in the water column. Most of the detection techniques are 

expensive, demand trained person and large reagents and sample volume. The main purpose of 

this study was to develop inexpensive, simple and fast microfluidic paper- based analytical 

devices (µPADs) using wax screen-printing technique for the determination of reactive 

phosphate in water samples. Phosphate is determined by molybdenum blue method using 

molybdate/antimony reagent and ascorbic acid. Phosphomolybdenum blue complex was formed 

by adding molybdate/antimony reagent on the hydrophilic circle zone of paper before spotting 

the sample and reducing agent. The combined reagent was prepared by the ratio of [H+]/ [Mo4
2-] 

= 40 - 80 and [Mo4
2-]/ [Sb] = 21. The produced complex of color intensity was measured by 

using ImageJ software. Different parameters which are affecting the determination of phosphate 

were optimized by using Minitab 19.1.2 software of RSM. Under optimal condition, the limits of 

detection 0.043 mg/L of reactive phosphate of the developed paper device were characterized. 

The µPAD method showed a very good agreement with UV-Visible spectrophotometry method 

in recovery study and real sample analysis with paired t-test (0.285) and (0.576), respectively. 

The RSD of intraday and inter-day were 1.94% and 2.34%, respectively. There was no 

significant difference between the results obtained using µPADs and UV-spectrophotometer 

methods paired t-test (0.285). The developed paper-based device is portable, simple, require 

small volume of reagent and sample, low cost, environmental friendly, suitable for in-situ water 

quality monitoring and analysis, well-disposed and excellent analytical performance. 

Keywords: µPADs, Orthophosphate, Molybdenum blue, wax screen-printing, colorimetric 

detection, RSM. 
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Chapter 1 

1. Introduction 

    1.1. Background of the study 

Phosphate is one of inorganic chemical which mostly used on application of fertilizers, 

detergents, paints and coatings, dispersing agent, flame-retardants for textiles, plastics, coatings, 

paper, sealants and mastics and treatment of potable (drinking) water. Phosphorus is the 

restrictive nutrient in most freshwater systems, and when found in excess, it can accelerate 

eutrophication. Eutrophication causes algal blooms, aquatic plant growth, taste, odor problems 

and oxygen depletion in the water column. Unlike nitrogen and carbon, it is closed to the 

atmosphere and cannot escape from a waterway by gaseous diffusion (Keup, 1968).  

 

The main sources of phosphorus to water bodies are runoff from varying land uses (e.g., arable 

land, native grassland, forested, urban), septic fields, industrial wastes, groundwater seepage, 

atmospheric deposition (dust fall and precipitation), internal sediment release, waterfowl and 

other wildlife, and the decomposition of organic matter. Eutrophication of lakes may be 

accelerated when phosphorus concentrations in the water are greater than or equal to 0.1 mg L-1. 

This is an order of magnitude more sensitive than soil concentrations of phosphorus considered 

critical for plant growth, which range from 0.20 to 0.30 mg L-1 in soil solution (Daniel et al., 

1998). Thus, small additions of phosphorus can result in large changes in aquatic systems. 

 

Due to its environmental impact, WHO had fixed standard permissible limit for phosphate in 

drinking water to be  not beyond 0.1 mg L-1(Organization, 1993). Phosphate analyses consists of 

two general procedural steps: (a) conversion of phosphorus to dissolved orthophosphate, and (b) 

colorimetric determination of dissolved orthophosphate. Phosphates that respond to colorimetric 

tests without preliminary hydrolysis or oxidative digestion of sample are termed as reactive 

phosphate. While reactive phosphorus is largely a measure of orthophosphate, a small fraction of 

any condensed phosphate present usually is hydrolyzed unavoidably in the procedure.  

 

Colorimetric method for phosphate determination can be performed in three methods: (1) 

Vanadomolybidophosphuric acid method which is useful for routine analyses in the range of 1 to 

20 mg/L P (2) Stannous chloride method and (3) Ascorbic acid method is most suit for the range 
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of 0.01 to 6 mg/L P (APHA , 2005). Phosphate can be measured by using different analytical 

methods gravimetric or titrimetric methods (Broberg & Pettersson, 1988), photometric 

determination (Barton, 2002), semi-automated colorimetry (O’Dell, 1996), Colorimetric 

detection method (Ghosh et al., 2002) Ion chromatography (Pech et al., 2011), 

Spectrophotometric (Boltz & Mellon, 2002; Habibah et al., 2018), atomic absorption 

spectrometry (Welz et al., 2009), sequential injection analysis (Mesquita et al., 2012; Mas-Torres 

& Cerdà, 1997), flow-injection analysis (Lyddy-Meaney et al., 2002; Karadağ et al., 2018) and 

Gas Chromatography-Mass Spectrometry (Smillie et al., 1988). Some of these methods can be 

used to directly measure both elemental phosphorus and phosphate individually. There are also a 

number of registered test kits based on the measurement of phosphomolybdenum blue (PMB) 

which are suitable for the rapid determination of reactive phosphate. This approach uses 

prepackaged reagents and necessitate sample and reagent manipulation, with determination 

either by visual comparison with a disc comparator or a colour card, or by use of a dedicated 

photometer (Jayawardane et al., 2012a). Therefore, it is indispensable to explore simple, portable 

and cost-effective analytical devices to conducting regular monitoring of the environmental 

concentration of these analytes particularly in resource limited set-up. Therefore, very simple and 

sensitive analytical methodologies are highly recommended for the determination of 

orthophosphate in water sample. Microfluidic paper-based analytical devices (μPADs) are 

recognized as a powerful analytical platform that can satisfy these requirements (Almeida et al., 

2017).  

 

The fundamental principle in the fabrication of μPADs is to pattern a sheet of paper into 

hydrophilic channels bounded by hydrophobic barriers in order to create micro-scale capillary 

channels on the paper. The pattern is generated by depositing a hydrophobic material, such as 

polymer or wax, on the paper serving as a barrier to guide the liquid wicking through micro 

channels within the base material to perform the analysis. Fabrication techniques such as wax 

printing, screen-printing, photolithography, chemical vapor-phase deposition, pattern cutting, 

plasma treatment, Flexographic printing, stamping, Inkjet printing etc. have been reported in the 

literature (Xia et al., 2016). The μPADs device fabricated by contact printing methodology for 

the detection of phosphate in water by using PDMS (Polydimethylsiloxane) as a hydrophobic 

barrier (Waghwani & Balpande, 2019) inkjet printer method (Jayawardane et al., 2012) for the 

determination of reactive phosphate in water samples has been reported. Recently, μPADs 
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fabricated based on wax printing has been reported for the determination of phosphate in sea 

water (Racicot et al., 2020). However, wax printing technique requires a relatively expensive 

printer and need heating step for wax spreading and decreases the feature resolution (Lu et al., 

2010).  

In this study, a simple home-made Wax- screen printing method has been used for the fabrication 

of μPADs using wax as a hydrophobic barrier in our laboratory.  Various operational parameters 

that affect the colorimetric determination of orthophosphate were optimized by using surface 

response methodology (SRM). The developed device was applied for the determination of 

reactive phosphate in wastewater collected from Lake Koka and Heineken brewery. 

 

1.2. Statement of the problem 

Macronutrients (N & P) and micronutrients (Fe) are discharged from Floriculture, watershed, 

near-shore Agriculture and Tanneries into Lake Koka, leads to persistent increases in harmful 

cyanobacteria bloom and expansion of water hyacinth. The average concentration of total 

phosphorus was reported to be 0.56 ± 0.33 mg L-1 (Hailu et al., 2020) which is above the 

threshold concentration set by WHO (0.1 mgL-1) and capable of causing massive eutrophication. 

Irrespective of such high incidence and prevalence of phosphate pollution in Ethiopia, 

widespread environmental monitoring activities are impeded by technical limitation and cost-

prohibitive analytical instruments. To bridge this gap exploring on miniaturized, simple, cheap 

and portable devices is mandatory and timely issue in Ethiopian context. Therefore, the purpose 

of this research project is to come-up with μPAD based technology suitable for routine 

environmental monitoring of phosphate in a resource limited set-up of developing countries like 

Ethiopia.  
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1.3. Objective 

1.3.1. General objective 

The main objective of this study was to develop a low-cost, simple and rapid microfluidic paper-

based analytical devices (µPADs) for the determination of orthophosphate ion concentration in 

water. 

1.3.2. Specific objectives 

1. To fabricate and characterize µPAD device based on wax screen printing technique. 

2. To Optimize parameters that affect the colorimetric determination of orthophosphate (pH, 

[H+]/ [MoO4
-2] ratio, molybdate, sulphuric acid  and ascorbic acid reagents, volume of  

molybdate/antimony reagent, ascorbic acid and Sample, the color stability of the 

developed complex) by using RSM. 

3. To determine method validation parameters including Linearity, LOD, LOQ, 

repeatability, reproducibility, interference and percentage recovery of the developed 

μPADs method for phosphate analysis.  

4. To analyze the real samples and comparing the results of developed μPADs techniques 

with the conventional method of spectrophotometer.  

1.4. Significance of the study 

Pesticide and fertilizer applications, municipal wastewater and industrial wastewater are sources 

of nitrogen and phosphate ending up in water bodies causing eutrophication. Eutrophication 

change the oxygen-levels of the water body, affect the aquatic ecosystem and water levels. The 

Koka reservoir and Lake Tana are experiencing water hyacinth due to the effects of the 

eutrophication. Water hyacinth has become a national issue due to its effect on aquatic 

ecosystem and socio economic of local community (Enyew et al., 2020). An intervention effort 

to overcome such problems must start with identification of source point and regular monitoring 

of the centration of phosphate in the effluents released. The later demands the developments of 

simple, inexpensive, highly sensitive, portable and environmental friendly analytical devices. 
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Nowadays, inexpensive health care and environmental monitoring devices have gained 

enormous attention particularly in the developing countries. WHO came up with a policy that 

states diagnostic and health hazard monitoring devices for developing countries should fulfill the 

criteria of being ASSURED: an acronym to mean affordable, sensitive, specific, user-friendly, 

rapid and robust, equipment free and deliverable to end-users (Martinez et al., 2010). The 

microfluidic paper-based analytical devices (µPADs) for the determination of phosphate in the 

present study has a significant contribution towards realizing the ASSURED policy. The 

developed µPADs devices can used for insitu environmental monitoring by replacing the 

existing analytical methods which requires expensive equipment and high level of training. By 

the application of such simple devices for environmental monitoring, it is possible to update the 

pollution level on regular basis and give feedback to the concerned body for an intervention 

action.  From this perspective, this research work has a significant contribution towards realizing 

the UN sustainable development goals (SDG 6- Clean Water and Sanitation) and (SDG 14- Life 

below water) in particular. 
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Figure 1: The overall flow chart of the µPAD development. 
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Experimental analysis flowchart  

 

  

 

 

  

 

 

 

 
 

Figure 2: The overall flow chart of the experimental analysis. 

 

 

 

 

 

 

 

 

 

Preparation of standard solutions 

and reagent solutions of: 

 Orthophosphate standard 

solution 

 Molybdate reagent solution 

 Antimony reagent solution 

 Sulfuric acid reagent solution 

 Combined reagent solution 

 Ascorbic acid solution 

Optimize factors affecting reaction 

mechanism:  

 PH 

 Concentration  of reagents using 

BBD 

 Volume of reagents and sample 

using CCD 

 The reaction and color 

development time, stability and 

analyze using ImageJ software 

by scanning the image on canon 

scanner.  

Check and form: 

  Calibration curve of PO4
3- 

 Analytical figures of merit 

 Determine the amount of 

orthophosphate in real sample 



8 | P a g e  
 

Chapter 2 

2.  Literature review 

Water quality issue is one of the main challenges that the world will face in the 21st century, 

threatening human health, limiting food production, dropping bionetwork functions, and 

delaying economic growth. The deterioration of the water quality can cause the social economic 

and environmental problems. There is scarce water availability in the world due to increasing of 

freshwater pollution by the introduction of untreated wastewater into the rivers, lakes, aquifers 

and coastal waters. In addition Pollutants which are a new water quality challenges rising from 

point and none point sources of (personal care products, domestic wastes, pesticides 

pharmaceuticals, and industrial) are changing environment patterns, with still unknown long-

term impacts on human health and ecosystems (UNESCO, 2016). Introducing toxic inorganic 

pollutants in water bodies causes great risk to humans and the aquatic ecosystem (Palmate et al., 

2017). Hence, there is a need to conduct water quality monitoring for environmental 

management and protection. Phosphate is one of the inorganic chemical mostly used in 

application of fertilizers, detergents, paints and coatings, dispersing agent, flame-retardants for 

textiles, plastics, coatings, paper, sealants and mastics and treatment of potable (drinking) water. 

While these application release high amount of phosphate to the surface water, the pollution of 

water bodies increase by production of toxic algal blooms and excessive aquatic plant growth 

(eutrophication) that influences harmfully on biodiversity, water quality for domestic use, fish 

stocks, and the recreational use of the water body. 

2.1. Source, environmental impact and analytical methods for determination of 

orthophosphate: 

Phosphorus (P) is the limiting nutrient in most freshwater systems (Riemersma et al., 2006) and a 

key element for all living things. Phosphorus is a component of DNA and RNA and essential for 

active metabolism (ADP/ATP) of living organisms(Kroiss et al., 2011). It is also an irreplaceable 

element for living things and needs a focus attention to effectively use in agriculture for the 

growth of crops for food, fiber, and bioenergy (Johnston et al., 2014). Phosphorus widely found 

in nature in plants, micro-organisms, animal wastes. It is widely used as an agricultural fertilizer 

and as a major constituent of detergents, particularly those for domestic use. Run-off and sewage 

discharges are thus important contributors of phosphorus to surface waters(EPA, 2001). 

Phosphates in water comes from in different sources. Among those, runoff from fertilizer 
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agriculture, human and domestic sewage, chemical industries, vegetable and fruit processing, 

detergents and the pulp and paper industry (Jenny Green, 2018). 

In general phosphorus is found in two forms, organic and inorganic. Organic forms of 

phosphorus include dead plant/animal residues and soil micro-organisms and Inorganic forms are 

Plant-available phosphorus (dissolved phosphorus), Sorbed phosphorus(inorganic phosphorus 

attached to clay surfaces, iron (Fe), aluminum (Al), and calcium (Ca) oxides in soil.) and Mineral 

phosphorus (comprised of primary and secondary phosphate minerals) (Chakraborty & Prasad, 

2019). 

During the natural process of weathering, the rocks gradually release the phosphorus as 

phosphate ions which are soluble in water and the mineralize phosphate compounds breakdown. 

Phosphates PO4
-3 are formed from this element. Phosphates exist in three forms: orthophosphate, 

met phosphate (or polyphosphate) and organically bound phosphate each compound contains 

phosphorous in a different chemical arrangement.  These forms of phosphate occur in living and 

decaying plant and animal remains, as free ions or weakly chemically bounded in aqueous 

systems, chemically bonded to sediments and soils, or as mineralized compounds in soil, rocks, 

and sediments (Brian Oram, 2014). 

Deterioration in the quality of many surface water bodies has been an issue since the 1960s (Foy 

& Withers, 1995). Increasing nutrient concentrations in the water has led to increasing toxic algal 

blooms and excessive aquatic plant growth that impacts adversely on biodiversity, water quality 

for domestic use, fish stocks, and the recreational use of the water body. Often, these adverse 

effects are associated with the transportation of phosphorus from agriculturally managed soil to 

water. Much of the phosphorus that is transported appears to derive from specific areas (hot 

spots) within a river catchment and is associated with eroded soil mineral and organic particles 

or application of excessive amounts of P fertilizer or animal manure applied when soil conditions 

are not suitable (Gburek et al., 2002). 

The impact of phosphorus is basically on the formation eutrophication (over-enrichment) of lakes and, to 

a smaller level in rivers. If phosphorus get a chance to inter to water bodies like nitrate, it stimulates the 

growth of algae and other plants leading to blooms, dissolved oxygen variations of great magnitude and 

related problems (EPA, 2001). 
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Figure 3: Effect of Phosphorus on Eutrophication 
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There are several classical and modern techniques by which Phosphate can be measured. Among 

these, gravimetric or titrimetric methods (Broberg & Pettersson, 1988), photometric 

determination (Barton, 2002), semi-automated colorimetry (O’Dell, 1996), Colorimetric 

detection method (Ghosh et al., 2002) Ion chromatography (Pech et al., 2011), 

Spectrophotometric (Boltz & Mellon, 2002) and (Habibah et al., 2018), atomic absorption 

spectrometry(Welz et al., 2009), sequential injection analysis (Mesquita et al., 2012) and (Mas-

Torres & Cerdà, 1997), flow-injection analysis(Lyddy-Meaney et al., 2002) and (Karadağ et al., 

Phosphorus Sunlight 

Algal Growth Reduced Light 

Cloudy Water Death 
Oxygen 

Decomposition 
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Low Oxygen 
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2018) and Gas Chromatography-Mass Spectrometry (Smillie et al., 1988). Some of these 

methods have drawbacks such as requiring complicated and expensive equipment and a few of 

these are also involving extraction procedures, so obviously limiting the practice method in the 

common laboratory. Of mentioned analytical methods, the spectrophotometric the most 

commonly practiced method by using ammonium molybdate and ascorbic acid reagents 

(Habibah et al., 2018; Jayawardane et al., 2012). 

2.2.  Phosphate determination by using molybdenum blue method.  

Mostly used for the determination of orthophosphate in environmental waters is molybdenum 

blue reaction (Nagul et al., 2015). It can also be used for the spectrophotometric determination of 

silicate and arsenate. Similarly, this reaction can  determines the 'molybdate reactive phosphorus' 

(MRP) fraction which includes other labile phosphorus species in addition to orthophosphate 

(D. McKelvie et al., 1995).  

Molybdenum blue formation combined with spectrophotometric detection has been the standard 

method employed for centuries, typically for the continuous monitoring of phosphate 

concentration (and phosphorus compounds in general) in water samples (Lacy et al., 1989).  

This Molybdenum blue formation method of colorimetric approach was firstly introduced by 

Murphy and Riley and currently used for the determination of soluble phosphate in water 

(Murphy & Riley, 1962). In this method, they suggested that a spectrophotometric laboratory 

method is standard method that ammonium molybdate [(NH4)6 Mo7 O24.4H2 O)], Sulfuric acid, 

Potassium Antimony (III) Tartrate, Ascorbic acid reagents and the phosphate analyte solution(s) 

are employed in which phosphate ions first react with an acidic reagent consisting of a mixture of 

ammonium molybdate and potassium antimony (III) tartrate to generate phosphomolybdate 

complex and the complex is reduced by ascorbic acid to form intensive blue color.(Jayawardane 

et al., 2014). In this method, orthophosphates react with ammonium heptamolybdate to form a 

phosphomolybdic acid. This complex then is reduced by ascorbic acid in the presence of 

potassium antimony tartrate to form molybdenum blue. Consequently, measured concentration of 

molybdenum blue by spectroscopy stoichiometrically determines the concentration of 

orthophosphates in the water sample.  

The basic chemical reactions describing this color change are the formation of phosphomolybdic 

acid. 

72H+ + PO4
3−+ 12Mo7O24

6−                                        7PMo12O40
3− + 36H2O … (Equation 1) 
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Which is followed by the formation of molybdenum blue from phosphomolybdic acid: 

P Mo12 O40
3−+ 2C6H8O6                          PMo12O40

7−+ 2 C6H6O6 + 4 H+ … (Equation 2) 

 

 

All of molybdenum blue methods need a strong acid, a source of molybdate (Mo (VI)) and a 

reducing agent, in aqueous solution. For the formation of the heteropoly (phosphomolybdic) acid 

and for reduction controlling, the concentrations of molybdate and acid have a great role.  

Like other tetrahedral anions of the form XO4, orthophosphate (PO4
3-) also form Keggin ions of 

composition [Xn+Mo12O40]
(8-n)- where X is the heteroatom which known as 12-

molybdophosphoric acid (12-MPA) (Nagul et al., 2015). 

 

 +          +                                    H+ (aq)                 

 

 

 

 

Phosphate                        Heptamolybdate                                              Phosphomolybdic acid 

                                                                                                       

 

                                                                                       C6H8O6 (Reduction)   Sb3+ 
                             

 
 
 
 
 

                                                                                                                PMB 

 

 

Figure 4: Illustration of PMB reaction mechanism. 

 

Previous studies with this method have identified different factors that affect the colorimetric 

detection and interference. Among these, the concentration of (ascorbic acid, antimony, sulfuric 

acid and molybdate reagents), volume of molybdate/antimony reagent, analyte and ascorbic 
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acid), Effect of [H+]/ [Mo4
2-] and pH and stability of reduced phosphoantimonylmolybdenum 

blue were optimized.  

Effects of reagent conditions 

The reagent conditions described by Drummond and Maher (Drummond & Maher, 1995) were 

used as the basis to determine the optimal reagent concentrations for the proposed paper-based 

device. The colour intensity of the PMB complex was examined as a function of acidity, 

molybdate concentration, the volumes of the molybdate/antimony and ascorbic acid reagents 

applied to the paper, and the colour development time(Jayawardane et al., 2012). 

Effect of ascorbic acid 

Ascorbic acid is excellent reducing agent and facilitates many metabolic reactions and repair 

processes (Du et al., 2012). In a colorimetric detection of orthophosphate concentration using 

molybdenum blue method, ascorbic acid was used as the reducing agent. It has a great role by 

reducing phosphomolybdic acid to PMB complex and increase  reaction time(Jayawardane et al., 

2012). The concentration of ascorbic acid was optimized in order to achieve the fastest reaction 

time and most economical use of the reagent (Drummond & Maher, 1995). The previous 

researchers reported that, phosphomolybdic acid was reduced and fastest reaction time was 

observed at the concentration of 0.5 M of ascorbic acid (Jayawardane et al., 2012). 

 Effect of antimony 

The concentration of antimony was optimized for increasing the speed of reaction and to enhance 

the precision of the blank. In previous study, the shortest reaction time was obtained within when 

the concentration was 0.03 mM and acceptable precision of the blank occurred when antimony 

concentration was 0.06 mM(Drummond & Maher, 1995). Antimony(III) is involved in the 

formation of the PMB complex, in addition to having a possible catalytic role (Towns, 2002a). 

The concentration of 0.006 mol L-1 antimony(III) was selected as the optimum value 

(Jayawardane et al., 2012). 

 

Effects of sulfuric acid 

The acid concentration affect the amount of the PMB complex formed and the rate of its 

formation. If the acidity is increased auto - reduction could occur in the absence of 

orthophosphate. Hence, the concentration of sulfuric acid is the key factor for optimal formation 

https://www.sciencedirect.com/topics/chemistry/metabolic-reaction
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of PMB complex (Jayawardane et al., 2012).  In the previous studies, High amount of PMB 

complex was obtained and auto- reduction was not occurred when  the concentration of sulfuric 

acid was 6.6 M (Jayawardane et al., 2012; Drummond & Maher, 1995). 

Effects of Molybdate 

The effect of varying the molybdate concentration, [MoO4
2-], in the molybdate/antimony reagent 

on colour intensity was studied. The results of the previous studies showed that, the colour 

intensity initially increased with increasing the molybdate concentration and reached a plateau at 

0.126 mol L-1   molybdate (Jayawardane et al., 2012) and 0.018 M (Drummond & Maher, 1995). 

These values were assumed to be the optimal molybdate concentrations. 

Reagent volumes 

The volumes of the molybdate/antimony and ascorbic acid reagents applied to hydrophilic zone 

were optimized in order to determine the values that gave the maximum colour intensity. In 

previous study, 1.5 mL of ascorbic acid volume and 0.5 mL of molybdate/antimony reagents 

were obtained. 

Reaction time and colour development 

The time required to complete the PMB complex formation of the reaction between 

orthophosphate solutions, combined reagent and reducing reagent of ascorbic acid was 

optimized. This optimization process was used to minimize the sample processing time and to 

get the acceptable sensitivity. The previous study of Jayawardane et al stated that the maximum 

and most reproducible colour intensity occurred at 40 min after sample addition. Thereafter there 

was a gradual decrease in the colour intensity. Due to this authors recommend that measurements 

should be made within a time window of 10–40 min before the complex starts degrading 

(Jayawardane et al., 2012). After 10 min development time there was sufficient colour 

development to permit reliable quantification to be performed, and this time was adopted for the 

analysis protocol as it gave acceptable sensitivity while minimizing the sample processing 

time(Jayawardane et al., 2012). 

 

Effect of [H+]/ [Mo4
2-] and pH 

The [H+]/ [Mo4
2-] ratio and pH are key factors for optimal formation of PMB complex. A pH 

range of 0.3 – 0.9 favours the formation of the molybdenum dimer(Towns, 2002; Stanley R. 

Crouch and H. V. Malmstadt, 1967). Going and Eisenreich(Going & Eisenreich, 1974) and 
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Drummond and Maher(Drummond & Maher, 1995) have shown that a [H+]/ [Mo4
2-] ratio of 45–

80 is required in order to achieve complete formation of the PMB complex while avoiding self-

reduction of molybdate. 

 

2.3. Basic Principles of microfluidic paper based analytical devise 

Analytical testing using paper has a long history, such as the litmus test dating back to the early 

18th century (Bassous et al., 1977). Paper patterning with hydrophobic materials can be traced 

back to the early 19th century where reaction zones were fabricated with paraffin(Terry et al., 

1979) and (Manz et al., 1990). The microfluidic paper based analytical devise was first 

introduced for the first time since 2007 by the Whiteside’s group, (Martinez et al., 2007). 

Paper has played an important role in chemical or biochemical analysis, including home 

pregnancy tests(Gong & Sinton, 2017), paper chromatography (Meredith et al., 2016), paper-

based colorimetry, paper-based filtration and purification, pH test, etc.  

Microfluidic paper-based analytical devices (μPADs) are consists of a patterned, hydrophilic 

zones used for many analytic detection and shows swift development since it originated. 

Throughout the literature there are various definitions of “microfluidic”; however, one common 

theme involves manipulating small volumes of fluids within micrometer-scale channels in 

engineered devices. Paper and related porous hydrophilic materials offer many unique 

advantages over traditional microfluidic technologies such as power-free fluid transport via 

capillary action, high surface area to volume ratios for chemical reactions and detection, 

lightweight designs (∼10 mg cm−2), and the capacity for storing reagents in active form within 

the fiber network (Meredith et al., 2016) 

After μPADs introduced in 2007, it has continued to develop with high rate on the academic and 

industrial communities. In μPAD method, cellulose uses as a substrate to serve as devices for the 

point-of-care diagnosis, bio-sensing, environmental monitoring, biomedical and pharmaceutical 

analysis, clinical diagnosis, and forensic investigations(Lisowski & Zarzycki, 2013a).  The 

μPADs have several benefits, including very low-cost, power-free due to cellulose fiber 

networks(Abe et al., 2008), characteristic with small volume of samples and reagents, the ability 

to store reagents, easy operation and construction, portability and disposability. Paper is an 

attractive substrate for microfluidic devices; it is abundant, inexpensive, disposable, easy to use, 

store, and transport, has a high surface area for visualization, and is easy to modify 

chemically(Mentele et al., 2012). Paper is made with a porous network of hydrophilic fibers that 
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can wick solution via the use of capillary action. Reagents can then be stored and subsequently 

mixed within the capillary network, all without the use of an external power supply that would 

normally be necessary for traditional microfluidics. Fluid control and manipulation was managed 

by patterning hydrophobic barriers, creating hydrophilic regions for sample addition and 

subsequent detection within multiple detection regions. 

Microfluidic devices are also very economical to make chemical and biochemical reactions and 

thus can make reactions faster, better and more effective. Hence, these devices being developed 

and used for many applications and research areas (Hitzbleck & Delamarche, 2013). 

The previous report indicated that, different types of papers were used as the substrate methods 

to develop the detection methods for sensing of biomarkers (Abdollahi et al., 2018). The papers 

are mostly selected based on the application and design of the development method. Some 

researchers have been used Whatman® grade 4 filters (Li et al., 2010), Whatman® 

chromatography paper 1 (Martinez et al., 2008), polyester–cellulose blended-paper (Z. Nie et al., 

2010), and glass microfiber filters (Bandara et al., 2018). Due to their suitable flow rate, 

porosity, and particle preservation, the standard grade filters of Whatman® grade 1 filter has 

been widely used for the development of sensors and microfluidics(Yu et al., 2011; Ellerbee et 

al., 2009).  

2.4.Fabrication techniques 

The fabrication of µPADs basically consist of an arrangement of hydrophilic/hydrophobic 

microstructures patterned on paper substrates using different techniques such as Inkjet printing, 

wax printing, screen- printing, photolithography, plasma treatment, laser treatment and so on. 

µPADs have many practical advantages, including a lower cost, a straightforward fabrication 

process, strong capillary action, and good biological compatibility. As a result, they are 

increasingly used for application in the biomedical, environmental, clinical analysis, food 

processing, and chemical industry fields and suitable for field testing and point-of-care (POC) 

diagnosis application (Lisowski & Zarzycki, 2013b). The major fabrications techniques are 

subsequently reviewed. 

 

2.4.1. Wax printing  

The wax-patterning method is a simple fabrication process, rapid, require low-cost (both wax 

and paper are cheap and easy to get), and environmentally friendly (Cai et al., 2013; Z. W. 
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Zhong et al., 2012). The method contains the fewest number of steps and is best suited for 

fabricating large numbers of devices in a single batch. The paper and wax can also be easily 

disposed of by burning (Lu et al., 2010). This method also requires a relatively expensive printer 

and need heating step for wax spreading and decreases the feature resolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure 5: Schematic diagram of wax printing techniques. 

2.4.2. Plasma treatment 

This fabrication method forming the hydrophobic zones using octadecyltrichlorosilane (OTS) 

silanization and then by selecting the regions of OTS and plasma treated by a mask with channel 

network. Finally the plasma exposed part of the paper changed to hydrophilic zone because of 

the degradation of hydrophobic OTS molecules coupled to the paper’s cellulose fibers before 

(Yan et al., 2014).   

2.4.3. Laser treatment 

 A laser treatment method for fabrication of microfluidic paper based analytical device 

incorporates polymerization of a photopolymer (Sones et al., 2014), CO2 laser method (J. Nie et 

al., 2013) and selectively modify the surface structure and property of several papers 

( hydrophobic surface coating) (Chitnis et al., 2011). The CO2 laser method is versatile and 

involves only one operation for cutting a piece of paper by laser according to a pre-designed 

pattern. The hydrophobic surface coating method also can cut a variety of components that are 
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useful in the fabrication of paper-based devices, including cellulose wicking pads, glass fiber 

source pads, and Mylar-based substrates for the device housing. 

2.4.4. Inkjet printing 

This is a new production method that incorporates paper inkjet printing techniques for paper-

based micro-liquid instruments (Li et al., 2010). Inkjet printing can accurately transmit biological 

molecules and markers into microfluidic patterns to establish biological / chemical sensor zones 

in bio molecules and pointer reagents, as well as to complete navigation tools. The potential for 

low cost and commercialization was achieved by combining paper chemistry and inkjet printing 

to produce paper-based sensors. Figure6 shows the manufacturing process of a microfluidic 

multi-analytical chemical sensor paper printed for inkjet. The drawback of this fabrication 

technique is not suitable for mass fabrication(W. W. Yu & White, 2010). 

 

Figure 6: Illustrates the schematic presentation of fabrication process for the inkjet printer 

microfluidic multi analyte chemical sensing paper. 

2.4.5. Photo lithography  

Photo-lithography can use a cheap photographic formula that allows paper-based surfaces 

(Figure 7) to be viewed faster (15 minutes) (Carrilho et al., 2009). Paper-based plates can be 

made using paper photography based on paper into hydrophilic zones surrounded by 

hydrophobic polymeric barriers. One publisher compared μPADs to flash bubble stamp 

lithography and compared fiction and facial production techniques to conventional production 

methods such as wax printing and color printing. 



19 | P a g e  
 

This publication has shown that the method of lithography is convenient, fast, and cheap(He et 

al., 2014). Other publications have suggested new ways to produce paper-based micro-liquid 

devices using (i) Hydroxypropyl cellulose; the photo can be transferred by attaching it to a 

methyl acrylic anhydrate, and its bonding cause’s hydrolytic contamination at the node. (ii) Fast 

Lithographic Activation of Sheets; this is also a rapid method for laboratory prototyping of 

microfluidic devices on paper. The major limitations of this technique are requires organic 

solvents, expensive photoresists (SU-8 is approximately $800/L; SC photoresist is about $100/L) 

(Dungchai et al., 2011). 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 7:  A produced Paper plates for multi zone assays by using photolithography(Carrilho et 

al., 2009). 

 

2.4.6. Wax screen-printing  

Wax screen-printing is a technique in which a film is generated on a screen of silk or other fine 

mesh, the hydrophilic areas on paper coated with an impermeable film and the other washed out 

and open. Designed patterns are transferred on the paper with scrubbing wax. It is well-

established for the production of biosensors and chemical sensors due to advantages such as 

mass production, versatility, low cost and miniaturization. Printing materials commonly use 

liquid inks and dyes (Dungchai et al., 2011) and for the case of wax - screens printing, solid wax, 

PDMS, and others are used. 
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Wax Screen-Printing follows two simple steps: (1) Create a simple hydrophobic barrier using a 

simple screen printing method and conventional home supplies and strong wax printing 

techniques on paper and (2) melt the wax into paper using a hot plate. 

Traditional wax printing requires wax printing (at $ 2,500) but printing screens are cheaper ($ 

5USor200ThaiBahtper 100cm2) and can be easily found around the world. In addition, wax is 

inexpensive, can be purchased anywhere in the world, and is environmentally friendly. 

In addition, the wax screen printing process can be carried out without the use of sanitary ware, 

UV light, organic solvents, or complex equipment. The main advantage of this method is  its 

suitability for the production of μPAD in developing countries because it only requires a 

common hotplate and a  printing screen produced anywhere in the world (Dungchai et al., 2011) 

The steps are schematically  displayed as in Figure 8. 

 

 

Figure 8: Schematic diagram of fabrication step for wax screen-printing method (Dungchai et al., 

2011). 

2.5. Detection Techniques  

The detection methods in the field of the μPAD includes (1) colorimetric (2) fluorescent (3) 

electrochemical and photo electrochemical (4) chemiluminescent and (5) 

electrochemiluminescent. The most frequently used ones are discussed below. 
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2.5.1. Electrochemical detection 

Electrochemical detection approaches show well-known advantages, such as their inherent small 

size, low cost, low power consumption, portability, high selectivity and sensitivity, as well as the 

availability of a large number measuring techniques, which can be adapted to different analytical 

detection schemes (Gutiérrez-Capitán et al., 2020). The detection method requires a framework 

of three terminals - a working cathode, a counter cathode and a reference electrode. Dungchai et 

al., (Dungchai et al., 2009) were the first to familiarize this technique to paper-based 

microfluidics to detect glucose, lactate and uric acid in urine. The cathodes were printed onto the 

µPADs using screen-printing, and cyclic-voltammetry was used for reading the signals given by 

the electrodes. 

 2.5.2. Fluorescent detection and applications 

The μPAD use fluorescence-based interactions between target molecules and fluorescent 

dyes(Boonsri et al., 2017). The fluorescent testing process involves three stages: stimulation, age, 

and fluorescent emissions. The detecting process involves using the appropriate wavelength light 

source to luminescence of the fluorophores. The emitted light is filtered to distinguish emission 

photos from excitation photons, and measures the intensity of emission photons and serves as an 

indicator of the target's analytical concentration (Fu & Wang, 2018). 

2.5.3. Chemiluminescence detection and applications 

Chemiluminescence (CL) detection has gained a great deal of attention as a detection technique 

for μPADs due to its inexpensive reagents (Lim et al., 2017). In addition, CL is characterized by 

a high signal-to noise ratio, and hence low limits of detection are potentially achievable. As a 

result, CL measurement in conjunction with immunoassays is routinely performed nowadays for 

the determination of trace biomedical analytes such as tumor marker proteins on a microtiter 

plate.  

2.5.4.  Colorimetry 

It is one of the most common detection techniques used to detect color changes during the 

response and to use in qualitative or quantitative analysis with the help of eyes. 

This method allows the analysis of biological agents such as glucose, proteins (Martinez et al., 

2010) and environmental pollutants such as  chromium, copper , nitrate and nitrites. 
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Colorimetry is perhaps the most popular since only a scanner (or a digital camera) and software 

needed for image processing are necessary for quantitative analysis, i.e., both the devices as well 

as the detection system are inexpensive, and easy to use (Pathirannahel, 2018).  

For colorimetric detection, digital photography or digital scanning is typically utilized to analyze 

color changes. The intensity of the color changes was analyzed using ImageJ software. The colors 

can be analyzed as RGB (Red, Green, and Blue), CMYK (Cyan, Magenta, Yellow, and Key), HSV 

(Hue, Saturation, and Value) or grayscale(Birch & Stickle, 2003). Although colorimetric detection is 

widely used, there are some drawbacks in terms of sensitivity and reproducibility(Cate et al., 2014). 

2.6.   Data analysis 

 The scanned color image is usually processed by ImageJ software ImageJ is a free software, 

commonly use, easy graphic interface, making it as scientifically accessible and good developer 

support. It can be applied by using the toolbars of edit (in order to invert the image), Image (to 

change image types like, 8–bit, 16–bit and 32–bit and to adjust the color threshold), analyze (in 

order to set scale, set measurements and measure the intensity of the developed color), and 

plugin to measure the angel.  It can also be used for calculating the area and pixel value statistics 

of user-defined selections and measure distances and angles and create density histograms and 

line profile plots. It also supports standard image processing functions such as contrast 

manipulation, sharpening, smoothing, edge detection and median filtering.  

2.7.  Paper-Based Analytical Devices (μPADs) for phosphate determination. 

Phosphate is a limiting macronutrient for algal growth in aquatic ecosystems. If it is more than 

0.1 mg/L it can result in eutrophication. Anthropogenic phosphorus raised from point and non-

point sources can get a chance to inter into water bodies by runoff from agriculture, domestic 

sewage and industrial wastewater(Jayawardane et al., 2014).   

In 2012 Jayawardane et al studied a paper-based device for measurement of reactive phosphate 

in water. The preparation and evaluation of a simple paper-based device for the determination of 

reactive phosphate in natural waters based on the formation of phosphomolybdenum blue was 

reported. Hydrophilic reagent zones were defined by printing filter paper with a hydrophobic 

paper-sizing agent using an inkjet printer. The printed paper was heated at 105 ºC for 30 min 

during which time the AKD was distributed over the cellulose fibre surface by processes such as 

capillary wicking, evaporation–redisposition and surface diffusion to form a well defined 

hydrophilic pattern.  



23 | P a g e  
 

The fabrication technique was designed as a channel and folded design. The channel design had 

two zones, one is ascorbic acid reductant zone (8 mm diameter, 0.8 mL reagent) midway along 

its length, and another zone of acidic molybdate/antimonyl tartrate (4 mm diameter, 0.4 mL 

reagent) at the end of the channel(Jayawardane et al., 2012).  The folded (3D) design had also 

two zones in which the molybdate/antimony and ascorbic acid reagents were located in spatially 

separated pairs of 3 mm (Zone 1) and 7 mm (Zone 2) circular hydrophilic zones, 

respectively(Jayawardane et al., 2012).  

 

Figure 9: Development of paper based devices for the determination of reactive phosphorus: (a) 

A channel design, (b) A folded paper design, and (c) Summary of the sequence of 

operations involved in.  

In 2014, Jayawardane et al reported a Paper-Based Device for the Determination of Reactive 

Phosphate in Soil Solution. The design was consisted of two layers of patterned paper, each with 

a 5 × 3 hydrophilic zone pattern. Patterning was performed by printing a hydrophobic coating of 

a 4% (v/v) solution of alkyl ketene dimer (Precise 900, Hercules Chemicals) in n-heptane on 

Whatman no. 4 filter paper using a Canon P4700 ink jet printer.  After addition of the acidic 

molybdate and ascorbic acid reducing reagent to the appropriate hydrophilic zones on the paper 

(Figure 11), the paper was carefully folded so that corresponding molybdate and reductant zones 

were in alignment (Jayawardane et al., 2014). 
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Figure 10: Exploded representation of the microfluidic paper-based analytical device for the 

determination of dissolved reactive P. 

Colorimetric Phosphate Detection in Seawater was also studied in 2020 by Racicot et al. In this 

study the paper-based devices were patterned using a wax printer onto Whatman grade 4 filter 

paper and hydrophobic wax barriers were fixed in place by melting the wax in an oven at a 

temperature of 120 ◦C for 2 min. The device was designed as shown in (Figure 11) (Racicot et 

al., 2020) 

 

Figure 11: (a) Dimensions of the wax-printed paper device; (b) expanded view of device paper 

layer and associated laminate layers. 
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Table 1 Summary of Microfluidic Paper-Based Analytical Devices (μPADs) for phosphate 

determination. 

 

The reported Inkjet printing with AKD and the wax printing methods have a draw back in 

accessibility, cost (expensive wax printer) and not  suitable for mass fabrication (in the case 

Inkjet ) (W. W. Yu & White, 2010, Lu et al., 2010). Therefore, wax – screen printing method is 

more easily accessible and suitable for mass fabrication compared with previously reported 

methods summarized in Table 1. Hence, chosen for the present study.  

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fabrication Detection Determinati

on of 

phosphate 

in: 

LOD 

[mg/L-1] 

R2 Reference 

Inkjet printing with 

AKD (3D) 

Colorimetric with 

molybdenum blue  

reaction 

Water 0.05 0.9997 (Jayawardane et al., 2012) 

Inkjet printing with   

AKD (3D) 

Colorimetric with 

molybdenum blue  

reaction 

Soil 0.05 

 

0.997 (Jayawardane et al., 2014) 

Wax printing  Colorimetric 

molybdenum  reaction 

method   

Sea water 0.16 0.999 (Racicot et al., 2020) 
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Chapter 3 

3. Materials and method  

3.1. Chemicals and reagents 

The chemicals used in this study including sodium dihydrogen orthophosphate dihydrate (98 – 

100.5% purity, Central Drug House (P) Ltd, India), Ascorbic acid (99% purity, Trust Chemical 

Laboratories), Ammonium molybdate (99% purity, Blulux, India), Sulfuric acid (98% purity), 

Potassium antimony tartrate (98.5% purity) and Sodium metasilicate pentahydrate (95% purity) 

from Care Laboratory and Medical Suppliers, India were purchased from local chemical 

suppliers in Addis Ababa. All chemicals and reagents were analytical grade. 

 

In this study, a stock solution of 100 mg L-1 orthophosphate was prepared from anhydrous 

sodium dihydrogen orthophosphate dihydrate and used to make working standards daily, 

Molybdate /antimony reagent was prepared as described by Going and Eisenreich (Going & 

Eisenreich, 1974) and Drummond and Maher (Drummond & Maher, 1995). It was synthesized 

by mixing [H+]: [MoO4 
2-] ratio of 40–80 is required in order to achieve complete formation of 

the PAMB complex while avoiding self-reduction of molybdate and a constant [MoO4 2-]/ [Sb] 

ratio of 21 was kept in good condition during these experiments. Molybdate /antimony reagent 

(combined reagent) was prepared from 0.32 mole/L ammonium molybdate and 2.875 mM 

potassiumantimony tartrate hydrate by dissolving in 6 mole/L sulphuric acid. The acidified 

molybdate reagent is only stable for 4-24 h should prepared freshly during the work (Murphy & 

Riley, 1962;  Lennox, 1979;  EPA Method 365.2, 1993). 0.2 M reducing reagent ascorbic acid 

was prepared from anhydrous ascorbic acid in 50 mL distilled water and kept at 4°C for a 

maximum of one week (Drummond & Maher, 1995). A stock solution of silicate (100 ppm Si) 

was prepared from sodium metasilicate pentahydrate to prepare standards in order to test silicate 

interference in the reactive phosphate determination and diazo sensitizer and fotolack were used 

to prepare lacquer.  

 

3.2. Materials and Equipment 

Whatman grade number 1 paper, hot plate, UV-Visible spectrophotometer (HACH DR6000), 

micropipettes (dragon, Germany), OMAX light microscope, electronic balance, hair dryer foam, 
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solid wax, squeegee, transparency film, Brother HL–L5200DW printer, pH meter, smart phone 

camera, canon scanner. 

Development of patterned paper-based device  

The screen printing method involves three steps: 1) print appropriate design on A4 transparency 

using normal printer 2) transferring the design on the mesh screen and 3) fabricating the device 

on filter paper  

Step 1: print appropriate design on A4 transparency using normal printer. The Microsoft 

office power point 2010 was used to design the graphics and printed on a transparency 

using laser printer.  As shown in Figure 12, the white circular spots were designed in a 

size of 10 mm diameter. Black areas on the transparency were used to generate a 

hydrophobic area on the paper, while the white circles were used to generate 

hydrophilic zones.  

 

 

 

 

 

 

 

 
 

Figure 12: The printed design on the transparent paper of paper zone. 

Step 2: Transferring the design to the mesh screen. 

A fine mesh size of 77 µm was stretched on the wooden frame. The emulsion was prepared by 

mixing 10mL of diazo sensitizer with 90 mL of Fotolack TR-88 (Figure 13A). The mixture was 

steered slowly to prevent bubbling until light green color appeared and placed in dark room for 

24 hours reaction time. The prepared emulsion was poured on the screen and placed in dark 

room for three days (Figure 13B). After the emulsion was dried, the transparency was laid on the 

screen and exposed to fluorescence light source (2500 lux) at a distance of 30 cm for 30 minute 
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(Figure 13C).  The fluorescence light passes through the clear areas (circular zones) and creates a 

polymerization (hardening) of the emulsion. The area of emulsion that is exposed to light harden, 

so blocking the screen (circular zones) which will be used for creating hydrophilic part on the 

paper. On the other hand, the part protected from light by the opaque areas (black part) remain 

soluble and washed away with pressurized water opening the mesh for creating the hydrophobic 

part on the paper. Finally, the design printed on the mesh screen and ready to be used for the 

fabrication of the μPADs (Figure 13D).   

 

 

 

 

 

 

Figure 13: Transferring the design on the mesh screen by exposing to light. 

 

Step 3:  Patterning the filter paper. 

To fabricate the μPADs, a filter paper was put at the bottom of the patterned screen (Figure 14C) 

and the melted solid wax (Figure 14A) was applied on the patterned screen and squeezed to 

insert the melted wax into the screen (Figure 14B). The paper was separated from the mesh 

screen by blowing with a home hair dryer (power of 2000watt). The melted wax passed through 

the screen on to the paper creating hydrophobic barrier on the paper (Figure 14E) and prior to 

using μPADs, clear packing tape was put on the backside of the patterned paper to prevent 

leaking during the analysis. 

 

 

 

 

B A 
D C 
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Figure 14: Fabrication (developing) of Microfluidic paper based analytical device on Whatman 

grade number 1 filter paper. 

3.4. Optimization of main parameters for colorimetric determination  

The concentration of each reagents was optimized by surface response methodology (RSM) 

using minitab19.1.2 software. In RSM, response surfaces are graphical representation used to 

describe the interactive effects of process variables and their consequent effects on response 

(Rezaee et al., 2014; Ye et al., 2017). Central composite design (CCD) and Box–Behnken design 

(BBD) are the two major factorial designs, used to assess the quadratic response surface and for 

developing second-order polynomial models in RSM (Nazzal & Khan, 2002). The advantage of 

BBD is that it needs reasonably small group of parameters for determining the complex response 

function and avoids experiments performed under simple conditions (Singh et al., 2012). 

Therefore, the concentration of each continuous variables ammonium heptamolybdate (0.02M-

0.32M), antimony (2.875mM-46mM), sulfuric acid (2M-10M) and ascorbic acid (0.2M-1M) 

were examined in the respective ranges indicated in parenthesis. A total of 27 runs including 

three replicates at the center point were carried out (see Appendix1). 

3.5. Volume of reagents and samples 

The holding (carrying) capacity of the µPAD of the hydrophilic zone (circle) was evaluated by 

adding different volumes of blue color food dye (1, 2, 3, 4, 5, 6 and 7 µL) and the  total holding 

capacity was found to be  6 µL. Keeping this holding capacity of the hydrophilic zone into 

account the volume of molybdate/antimony, ascorbic acid and  orthophosphate standard solution 

E 

D 

C A B 
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(25 ppm) were optimized in the range of 0.4-2, 0.4-3  and 1-4 µL, respectively for their effect on 

the intensity. 

 

3.7. Effect of [H+]/ [Mo4
-2] and pH 

The ratio of [H+]/ [Mo4
-2] and pH values have a great role on the formation of PMB complex and 

its stability.  The color intensity of 25 ppm of phosphate standard solution with the ratio of (10, 

20,30,40,50,60,70,80 and 90) of [H+]: [Mo4
2-] at different pH values (0.17, 0.18, 0.21, 0.29, 0.44, 

0.53, 0.73, 0.86 and 1.02) were optimized at room temperature.  

Each ratio was shaken to homogenize the combined reagents and kept for 5 minute to check self-

reduction of molybdate. After addition of each ratio of combined reagents followed by sample 

and allowed to dry, the picture of the developed color of complex was taken and the equivalent 

color intensity was further analyzed by using ImageJ software.  

 

3.8. Stability of phosphomolybdenum blue complex 

The time required to complete the PMB complex formation of the reaction between 

orthophosphate solutions, combined reagent and reducing reagent of ascorbic acid was optimized 

by taking a picture of developed color with different time range and measured the intensity using 

ImageJ software. Combined reagent, the sample and reducing reagents were spotted on triplicate 

hydrophilic zones. Subsequently, in order to get the optimal time required to complete the PMB 

complex formation reaction, the image of developed color were scanned by canon scanner every 

5-minute staring from 5-minute of reaction time up to 95 minutes. The color intensity value were 

measured by using ImageJ software.   

3.9. Analytical features of the method  

 Ten different phosphate standard solutions were prepared and the linearity between 

concentration of the analyte to the signal in µPAD in the range of (0.1 to 3.2 ppm) for low 

concentration and (5 to 50 ppm) for high concentration of orthophosphate and UV-Visible 

spectrophotometer were evaluated in the range of 1 − 5 ppm.  After adding the standards and 

reagents on the hydrophilic zone, images were taken within 10 minutes using a canon scanner 

and analyzed using ImageJ software. The calibration curve for phosphate standard solution to the 

response were constructed using µPAD and UV-Visible spectrophotometry. 
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The LOD of both UV-Vis spectroscopy and μPADs techniques was calculated using equation (3)  

  

LOD = 3.9 X (Standard deviation of the blank)       … (Equation 3) 

                                                 (Slope of the calibration curve)  

 

The main interfering ion, silicate, in the molybdenum blue method was studied by spiking 10 

mg/L of phosphate standard solution into various concentrations (0-15 mg/L) of silicate.  

The repeatability and reproducibility were also studied with intraday and inter-day and expressed 

as %RSD.  

 3.10. Method validation 

The tap water samples were collected from “Arat kilo” campus compound for method validation. 

Samples were collected from four places (near the gate of the campus in St.Silasie direction, near 

main library, at students lounge and graduate building). These collected samples were mixed 

together to make it representative. Phosphate concentration of 20, 25 and 30 mg/L was spiked 

into the tap water with equal volume ratio. An initial concentration of phosphate in the tap water 

was measured by both UV spectrometer.  All the samples were analyzed within 48 hours as 

recommended by EPA Method 365.2, 1993.  The percent recovery (%R) was obtained by 

(equation 4).  

 

% R = (𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑠𝑢𝑙𝑡 - 𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑠𝑢𝑙𝑡𝑘𝑛𝑜𝑤𝑛) X 100         … (Equation 4) 

                  𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑑𝑑𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  

3.11. Real sample analysis  

Water samples were collected from Lake Koka known for its extensive water hyacinth 

infestation and also from Heineken brewery wastewater at the exit point of the drainage. The 

samples were collected using pre-cleaned 500 mL plastic bottles and transported to Addis Ababa 

University, Environmental Science laboratory in ice-box. The samples were stored in a 

refrigerator at 4 °C and analyzed within 48 hours.  

 

3.12. Data analysis 

The developed color was scanned by canon scanner and the image was processed by ImageJ 

software. After the color intensities were measured, the data was be analyzed by Minitab 19.1.2 

software using RSM.  
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Chapter 4 

4. Results and discussions 

This chapter discuss about the characterization of the fabricated µPADs and various parameters 

optimized for the colorimetric assay of orthophosphate. The parameters include reagents 

concentration, reagents and sample volume, pH, effect of ratio of [H+]/ MoO4
2-] to the reaction 

and stability of the formed complex were optimized. Under the optimum condition, the 

calibration curve for orthophosphate ion was constructed and the results was compared with UV-

Visible spectrophotometry. Finally, the performance of the analytical method and application to 

the real sample analysis are discussed. 

4.1.  Characterization of the fabricated µPADs 

The reproducibility in size of the printed internal zone of hydrophilic zone were calculated by 

using ImageJ software. Its size plays a great role to reduce the reagent and sample volume. The 

average and standard deviation of triplicate measurements of inner zones diameter was 9.903 ± 

0.187 mm (Figure 16A), indicating a very good fabrication reproducibility of the screen-printing 

method.  

The light microscope result (Figure 15 A), clearly shows the porosity of the fiber part of the 

cellulose (hydrophilic paper), which helps to hold chemicals for the reaction. However, on the 

hydrophobic region (wax applied part), the fiber part of the cellulose was blocked by the melted 

wax. This showed that the wax was well distributed through the hydrophobic zone and block any 

aqueous solution. The holding capacity of the developed device was also evaluated by adding 

food dye on hydrophilic zones. The result showed that the maximum holding capacity of a 

circles (reaction wells) was found to be 6 µL. 
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Figure 15: Microscopic view of hydrophobic and hydrophilic zones of the developed device (A) 

and overview of the holding capacity of hydrophilic zone (B and C). 

 

When applying the same volume of aqueous food dye solution on the hydrophilic and 

hydrophobic regions of the filter paper (Figure 15B), the hydrophobic part do not moisturize by 

the aqueous solution (it remains intact as droplets). This clearly shows that on the hydrophobic 

zone, wax penetrates throughout the thickness of the filter paper and hence effectively blocks the 

flow of the aqueous solution within the hydrophilic region.   

Hydrophobicity was also measured in terms of the contact angle of the water drops to the surface 

of hydrophobic (the wax coated zone) using ImageJ software (Figure16 B). The contact angle of 

hydrophobic and superhydrophobic should be greater than 90 degrees and more than 

150 degrees, respectively (Hemant et al., 2019). Hence, the angle of the developed μPADs was 

found to be Ɵ =130.48◦ which is greater than 90 degrees. This implies that, repellent properties 

(hydrophobicity) of the paper is very high and hydrophobic barrier can effectively blocks the 

flow of the aqueous solution within the hydrophilic region.   

Hydrophobic 

zone 
 

Hydrophilic 

zone 
 

1 µL               2 µL          3 µL            4 µL        5µL            6 µL          7 µL 
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Figure 16: The efficiency of hydrophobicity (B) and the reproducibility of inner size of 

hydrophilic zone (A) of developed µPADs. 

The color change before and after adding the reagents and analyte on the hydrophilic zone was 

also evaluated. As can be seen (Figure 17 B) below the blue color was developed in the presence 

of reagents and analyte in hydrophilic zones. In other way, there was no color formed without 

any addition of reagents in hydrophilic zones (Figure 17 A). 

 

 

  

 

 

 

 

 

 

Figure 17: The color change of before and after addition of reagents and analyte  

4.2. Factors affecting colorimetric assay 

4.2.1. Effects of concentration. 

Concentration of Sulfuric acid, Molybdate, Antimony tartrate and Ascorbic acid were optimized. 

The optimal conditions  were desired to increase sensitivity to orthophosphate, fast  complex 

(PMB) formation , enhance the stability of colour, minimal blank response  and broad linear 

calibration ranges (Nagul et al., 2015). 

The colour intensity of the PMB complex was examined as a function of acidity, Molybdate, 

Antimony Tartrate and Ascorbic acid concentration. The RSM experimental design was applied 

to optimize these four factors. Under response surface methodology (RSM) the Box–Behnken 

design (BBD) was employed. 

A 

B 

Ɵ =130.48◦ 

A B 
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 Based on the table of the BBD (Appendix1), the multiple factor experiments, Ammonium 

heptamolybdate (A), Antimony (B), Sulfuric acid(C)  and Ascorbic acid (D) were chosen as 

continuous variables with the concentration range of (0.02M - 0.32M), (2.875mM - 46mM), (2M 

- 10M) and (0.2M - 1M), respectively with a total of 27 runs containing three replications at the 

center point was carried out. Center point values were 3 for each continuous variables (see 

Appendix1).  

The coefficient R2 (0.9921) and R2 Adj (0.9829) of the model for the concentration optimization 

showed that the data variability could be fully described by the model (L. Wang et al., 2017). 

The results of ANOVA of the quadratic response showed the color intensity is significantly 

influenced by all linear, square and interaction parameters (P-value<0.05).  

 

 

Table 1: Variance analysis and parameter estimation for regression equation 
 

Source DF Adj SS Adj MS F-Value P-Value Remark 

Model 14 31485.5 2249.0 107.88 0.000 Significant 

  Linear 4 20261.0 5065.2 242.97 0.000  

    A 1 11687.5 11687.5 560.63 0.000  

    B 1 8004.7 8004.7 383.97 0.000  

    C 1 119.5 119.5 5.73 0.034  

    D 1 449.2 449.2 21.55 0.001  

  Square 4 7190.2 1797.5 86.22 0.000  

    A*A 1 2379.7 2379.7 114.15 0.000  

    B*B 1 6028.1 6028.1 289.16 0.000  

    C*C 1 367.4 367.4 17.62 0.001  

    D*D 1 2180.7 2180.7 104.60 0.000  

  2-Way interaction 6 4034.4 672.4 32.25 0.000  

    A*B 1 3226.8 3226.8 154.78 0.000  

    A*C 1 125.9 125.9 6.04 0.030  

    A*D 1 13.7 13.7 0.65 0.434  

    B*C 1 159.9 159.9 7.67 0.017  

    B*D 1 431.6 431.6 20.70 0.001  

    C*D 1 76.6 76.6 3.67 0.079  

Error 12 250.2 20.8      

  Lack-of-Fit 10 247.6 24.8 19.02 0.051 Not significant 

  Pure Error 2 2.6 1.3      

Total 26 31735.7        

 Note: R2 = 0.9921; R2Adj = 0.9829. 
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(Equation 5) 

 

 

Where A= Ammonium heptamolybdate, B = Antimony tartrate, C= Sulfuric acid, D = 

Ascorbic acid and Y = the predicted Intensity 

As displayed in (Table 1)  ANOVA results, the high F-Value (F=107.88) and very low (P < 

0.0001) implied that the model explained the experimental data very significantly (Z.-W. Wang 

& Liu, 2008; Miao et al., 2015 and L. Wang et al., 2017). There is no possibility (0.00%) that a 

model with a high F-value could happen by chance. The determination coefficient (R2 = 0.9921) 

and the adjusted determination coefficient (R2 Adj = 0.9829) were very good; showing a low 

experimental error and a well-fit regression equation (Liu et al., 2009a; Miao et al., 2015) and 

mean that the sample variation of more than 99% was given to the variables and only less than 

1% of the total variance could not be explained by the model (Table 2) (Zhou et al., 2013; Chen 

et al., 2005).  Even if the color intensity is influenced by Linear, quadratic and interaction 

parameters, the color intensity is not influenced during the interaction of ammonium molybdate 

with ascorbic acid and sulfuric acid with ascorbic acid by the F-Values of 0.434 and 0.079, 

respectively. The F-value (19.02) and P-value (0.051) of lack-of-fit indicated that the lack-of-fit 

was not significant relative to the pure error (Miao et al., 2015; Sharma et al., 2009). 

As residual plots for response (intensity) of normal probability plot of standardized, and 

predicted or fitted line plot (Figure 18) the graph shows a well distribution of points along the 

straight line with the values of R2 = 0.988. 

 

 
 

 

 

 

 

 

 

Y =  88.5 + 65.8 A - 2.077 B - 6.87 C - 148.7 D + 938.8 A*A              

         + 0.07231 B*B+ 0.519 C*C+ 126.4 D*D - 8.781 A*B + 9.35 A*C -        

          30.8 A*D - 0.0733 B*C - 1.204 B*D + 2.73 C*D 
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Figure 18: Graphical plot of predicted Vs actual values and Residual plots for color intensity in 

concentration optimization. 

The two-dimension (2D) contour plot and three-dimension (3D) response surface plot were the 

graphical representation of the regression equation (equ 5). An oval or saddle nature of the 

contour plots indicated the significance of the interactions between the two significant variables. 

In the case of contour plots, the optimum values were obtained at the point of intersection of 

lines that formed by joining the zones (regions). (Figure 19 A and B) shows the response surface 

plots and corresponding contour plots for the intensity (color development activity) generated by 

the predicted model. From the response surface plots, it was easy and convenient to understand 

the interactions between two factors and locate their optimum levels. The maximal intensity was 

obtained when antimony and sulfuric acid concentrations were 2.875 mM and 2-10 M, 

respectively. This area appears at the left point of the plot on deep green zone. Deep green zone 

(˃80) means that it is comfortable zone to get a good intensity results during the interaction.  

 

Further investigation was carried out to confirm and fix the exact optimum value of sulfuric acid 

concentration by using interaction plot. The result showed that 6 M of sulfuric acid and 2.875 

mM of antimony had given high intensity on interaction. Hence, 6 M sulfuric acid and 2.875 mM 

of antimony concentrations were fixed as the optimum value throughout this experiment. 
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Figure 19: Contour (2D) and surface (3D) plot of Intensity Vs sulfuric acid and antimony 

reagents.   

 

As can be seen from (Figure 20 C &D) the maximum intensity of molybdate was observed at 

0.32 M while that of ascorbic acid reagent was observed at the concentrations of 0.2 M and 1 M 

This means that the interaction of 0.2 M ascorbic acid with 0.32 M of molybdate and 1 M 

ascorbic acid with 0.32 M of molybdate concentration could give a good intensity. However, 

further test by the interaction plot   (Figure 21) confirmed that 0.2 M was an optimum value. 

Therefore, 0.2 M and 0.32 M of ascorbic acid and molybdate concentration respectively was 

used throughout the whole experiment.  

 

 

 

 

 

 

 

A B 
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Figure 20: The contour and surface plot of intensity Vs ascorbic acid, molybdate reagents. 

 

Similarly, same optimum values of molybdate and antimony were obtained in the contour and 

surface plot of intensity Vs molybdate and antimony reagents. 

In general as can be seen in (Figure 21), the result of the interaction plot for intensity of the 

four continuous factors showed the highest yield of intensity when concentration of 

molybdate, antimony, sulfuric acid and ascorbic acid were 0.32 M, 2.875 mM, 6 M, and 0.2 

M, respectively. 

C D 
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Figure 21: The interaction plot for intensity of four continuous factors.  

4.2.2 Effects of volume conditions on color intensity 

The optimal volume of reagents, samples and holding capacity of the circle were the basic 

experiment to begin with the determination of orthophosphate concentration. The colour 

intensity of the complex was examined as a function of volume of the sample, 

Molybdate/Antimony reagent and Ascorbic acid. The total volume of reagents and sample could 

not be beyond the holding capacity (6 µL) of reaction wells (circle).  

4.2.2.1 Effect of reagent volume 

The two categorical factors (volume of Molybdate/Antimony and Ascorbic acid reagents) were 

designed by RSM experimental design. Hence, 12 runs containing three replications at the center 

point for each estimated volume were conducted. 

Based on the ANOVA results shown in Table 2, the effects of both reagents were identified as 

influencing the intensity significantly (P < 0.05). The coefficient of regression R2= 0.9984 in the 

experimental model means that the model could explain 99.84% of the total variations in the 
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system (Liu et al., 2009). The high F-value (F = 771.44) and a very low P-value (P = 0.0000) of 

the model implied that the model explain the experimental data very well (K. Zhong & Wang, 

2010). There is no possibility (0%) that a model with an F-value of high could occur by chance. 

The Lack-of-Fit = 0.602 not significant relative to the pure error and the model is well fit for this 

experiment. 

Table 2: Variance analysis and parameter estimation for regression equation for volume 

optimization. 

Source DF Adj. SS Adj MS F-Value P-Value Remark 

Model 5 1386.57 277.313 771.44 0.000 Significant 

Linear 2 1066.88 533.438 1483.94 0.000  

X1 1 604.24 604.238 1680.90 0.000  

X2 1 462.64 462.638 1286.99 0.000  

Square 2 140.99 70.493 196.10 0.000  

X1*X1 1 31.71 31.712 88.22 0.000  

X2*X2 1 101.27 101.268 281.71 0.000  

2-Way Interaction 1 230.58 230.584 641.45 0.000  

X1*X2 1 230.58 230.584 641.45 0.000  

Error 6 2.16 0.359      

Lack-of-Fit 2 0.48 0.242 0.58 0.602 Not significant 

Pure Error 4 1.67 0.418      

Total 11 1388.72        

Note: R-sq = 99.84%, R-sq (adj) = 99.72% and R-sq (pred) = 99.15% 

 

… (Equation 6) 

 

Where Y = Intensity, X1 = Volume of molybdate/antimony and X2 volume of ascorbic acid. 

 

 

 

Y = 70.631 + 31.57 X1 + 26.179 X2 - 3.455 X1*X1 -

 2.902 X2*X2 - 7.300 X1*X2 
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As can be seen in the residual plots for response (intensity) of normal probability plot, 

there was a well distribution of points along the straight line.  
 

 

 

 

 
 
 

 

 

 

 

Figure 22: Relationship between observed and predicted values of volume optimization. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: contour and surface plots of both volume of reagents Molybdate/antimony and 

ascorbic acid with respect to intensity. 
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As can be seen (Figure23 A and B) above the results of 2D and 3D plot, the maximum intensities 

> 124 were observed at 1.2 – 2 µL and 1.7 - 3 µL of molybdate/antimony and ascorbic acid 

reagents volume ,respectively. Thus, 1.2 µL and 1.7 µL of molybdate/antimony and ascorbic 

acid reagents volume, respectively have been taken as the optimum value. 

4.2.2.2 Effect of sample volume  

In order to check whether the volume of sample has an effect on the intensity of the color or not, 

volume of orthophosphate solution was optimized by using the constant volume of two reagents 

1.2 µL molybdate/antimony reagent and 1.7 µL of ascorbic acid and varying sample volume (1, 

2, 3 and 4 µL) of 25 ppm concentration of orthophosphate solution. 

When increasing of the sample volume, the color intensity also increases in the reaction zone. As 

can be seen in (Figure 24), the color intensity of volume 3 and 4 µL were 89.85 and 92.21, 

respectively. By checking of t-test there were no significant difference between the two results.   

Hence, by considering the holding capacity of the device, 3 µL of sample volume was taken as 

the optimum value.  

 

Figure 24: Intensity variation with respect to sample volume.  
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4.2.3. PH optimization 

The color intensity [H+]: [Mo4
2-] ratio of (10 - 90) for 25 ppm of phosphate solutions at different 

pH values (0.17 - 1.02) were optimized. At lower pH and ratio of [H+]: [MOO4
2-] <30 the color 

intensities were increased and were not stable. The blue color was also observed in solutions 

within 5 minutes without analyte.  This was due to self-reduction of molybdate occurred (Huang 

& Zhang, 2008).  

At high ratio of [H+] / [MOO4
2-] > 80, the color intensity was decreased due to formation of 

molybdenum species which were unreactive with phosphate occurred and there was no self-

reduction (Drummond & Maher, 1995). This is an evident that there was not occurrence of 

reduction at pH of 1.02. For each pH there was a [H+] / [MoO4
2-] range which gives a constant 

analytical response. The ranges of [H+] / [MOO4
2-] which gave the constant response at all pH 

values tasted (0.29 – 0.86) and the ratio 40 - 80 were taken as a safe zone due to the molybdenum 

dimer existed (Going & Eisenreich, 1974; Drummond & Maher, 1995). The ratio of [H+] / 

[MOO4
2-] = 70 and pH of 0.73 was used in the whole this experiment. The results were 

comparable with the previous studies of (Towns, 2002b; Stanley R. et al., 1967;  Drummond & 

Maher, 1995; B.Manori Jayawardane et al., 2012) pH range of 0.3-0.9 with the range of 50 – 80 

of the  [H+] / [MOO4
2-] ratio favours the formation of the molybdenum dimer and high sensitivity 

for detection of phosphate. 

 

 

 

 

 

 

 

 

 

 

Figure 25: Effect of pH on color intensity for phosphate determination. 



45 | P a g e  
 

 

 

 

 

 

 

 

 

 

Figure 26: Effect of ratio of [H+]/ MoO4
2-] on color intensity for phosphate determination. 

4.2.4. Stability of  PMB complex  

As can be seen below (Figure 27), the formation of the PMB complex was confirmed by the 

maximum absorbance at 878 – 880 nm.  

 

Figure 27. Absorption spectra of PMB complex using UV-Visible spectrophotometer.  

 

The color development of the PMB complex was assessed at room temperature by measuring the 

color intensity within 5 minutes after the PMB complex formation takes place. The constant 

color intensity of 25 mg/L of phosphate sample was observed at 10 - 25 minutes and showed 

gradual decrement after 25 minutes. This implies that, the formation PMB complex was 
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completed starting from 10 - 25 minutes and gradual decrement with time. This indicates the 

degradation of PMB complex. Therefore, the colour intensity measurement should be held within 

10 - 25 minutes before the complex start to degrade. Other authors recommend that the 

measurement should be made within a time of 10 - 30 minutes (B.Manori Jayawardane et al., 

2012). It is suitable time to measure the sample and to do insitu environmental analysis.  

 

 

Figure 28: The graph of reaction time and color development optimization 
 

4.3. Analytical features for the method  

1) Linearity test 

Calibration curve using µPADs was studied with the range (5 to 50 mg/L for high range 

concentration) and (0.1 to 3.2 mg/L low range concentration) of orthophosphate standard 

solution. As can be seen in (Figure 29 A and C) a good linearity was obtained for high 

concentration and low concentration with correlation coefficient (R) value of 0.9985 and 0.9977, 

respectively. Similarly, the calibration curve of phosphate was studied in the range of 1 to 5 

mg/L using UV-Visible spectrophotometry and very good linearity (R2 = 0.9991) was obtained 

(Figure 29 B).  
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Figure 29: Calibration curve for orthophosphate using μPADs (A and C) and UV-Visible 

spectrophotometry (B). 

2)  LOD and LOQ test  

Under optimal condition, detection limit of µPADs and UV-vis were determined. Based on 

(European Commission. Joint Research Centre., 2016) the limit of detection was determined as 

3.9 × standard deviation of the blank/ slope of calibration curve and limit of quantitation was 

determined (LOQ = 3.3*LOD) were calculated. In µPADs method of analysis the LOD and LOQ 

for orthophosphate ion were found to be 0.043 mg/L P and 0.14 mg/L of P while the slope of 

C 

B A 
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calibration curve = 0.6429 and standard deviation of the blank = 0.006992. Similarly, the limit of 

detection and quantification of UV-Spectrophotometer were found to be 0.0063 and 0. 021 mg/L, 

respectively.  This implies that the µPADs has less sensitive than that of the conventional 

method (UV-Spectrophotometer). However, better LOD and LOQ  have been  found compared 

with the previous work  (Jayawardane et al., 2012) which reported LOD and LOQ of 0.05 and 

0.16 mg/L, respectively  for determination of orthophosphate. In general, this study demonstrates 

that the developed µ- PAD method has adequate sensitivity to evaluate compliance with the 

maximum permissible limits of orthophosphate (0.1 mg/L) without need for an expensive 

analytical instrument.  

 

The RSD of intraday and inter-day were 1.94 and 2.34%, respectively. This implies the device 

has very good precision to do the analysis.  

Interference studies 

The effect of silicate on the determination of orthophosphate was evaluated by spiking 10 mg/L 

phosphate standard solution with different silicate concentrations 1-15 mg/L. As can be seen 

from (Figure 30), the result showed that there is no silicate interference on orthophosphate ion 

concentration determination in the presence of silicate standard solution 1-10 mg/L and have a 

positive impact on color intensity at 15 ppm silicate concentration. In terms of phosphate the 

result was high by 0.35 mg/L for silica concentration of 15 mg/L. This is due to the formation of 

silicomolybdenum blue complex. This can be agreed with the finding of (Murphy & Riley, 1962; 

Lennox, 1979), and confirms the suitability of the detection conditions chosen and the 

effectiveness of tartrate in preventing silicate interference as reported by Koenig et al., 2014. 

Therefore, it is recommended that, orthophosphate can be detected in the presence of 1 – 10 

mg/L of silicate without interference.  
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Figure 30: Effect of the presence of silicate concentration in phosphate determination. 

3) Method validation 

The determination of orthophosphate ion in spiked tap water were carried out using the 

developed µPADs and compared with UV-Visible spectrophotometer. Initially the tap water was 

measured using UV-Vis spectrometer and found to have 0.017 ppm. Then 5 mL of 20, 25 and 30 

ppm of P standard was spiked in to 5 mL tap water solution with ratio of 1:1 which makes the 

final concentration of spiked standard solution to be 10 ppm, 12.5 ppm, 15 ppm, respectively. 

The average percentage recovery were calculated to be 100.66% and 98.45%, for UV and µPAD, 

respectively. There is no significant difference in between two methods by checking paired t-test 

(0.285). This indicates that the µPAD method is in a very good agreement with UV-Visible 

spectrophotometry. The RSD of intraday and inter-day were 1.94 and 2.34%, respectively which 

implies very good precision of the device. Therefore it could be used for the analysis of 

orthophosphate in a resource limited area without a need for an expensive benchtop analytical 

device. 
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Table 3: Reactive phosphate analysis in spiked tap water samples using μ-PADs and UV-Visible 

spectrophotometry method. 

Concentration in 

Spiked solution 

[mg/L] 

Found Concentration        % Recovery 

 UV Spectrometer method µPAD method 

[ppm] 

UV Spectrometer method µPAD 

method 
10 10.04 9.85 100.23 98.33 

12.5 12.7 12.1 101.46 96.66 

15 15.06 15.07 100.29 100.35 

Mean 100.66 98.45 

Standard deviation  1.848 

 

Table 4: Assay method validation sheet 

Parameter Value 

Accuracy 98.45 ± 1.848 

Slope 0.6429 

Intercept 0.2553 

Linearity range 0.1-3.2 

Correlation Coefficient 0.9977 

LOD 0.043 

LOQ 0.14 

4.4. Real sample analysis 

Under optimum condition, surface and wastewater samples collected from Koka reservoir and 

Heineken brewery were analyzed by using μPAD and UV-Visible spectrophotometry. The 

surface water samples were sampled using composite sampling method in three different places 

(Lake Koka at Ziway road near the bridge (SW1), in between Ziway road and high amount of 

water hyacinth observed at agricultural practices area (SW2) and at high amounts of water 

hyacinth observed area (SW3)) and one sample was taken in Heineken brewery. Excess levels of 

orthophosphate ions were observed in the samples (Table 6). The magnitude of reactive 

phosphate in surface water sample (SW1 = 0.5 ± 0.06 mg/L, SW2= 0.77 ± 0.19 mg/L and SW3= 

0.778 ± 0.11 mg/L) and 0.921± 0.1 mg/L of orthophosphate concentrations in wastewater sample 

were obtained using UV-Visible spectrophotometry method. Using μPAD method, the 
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magnitude of reactive phosphate in surface water sample (SW1 = 0.53 ± 0.1 mg/L, SW2= 0.687± 

0.15 mg/L and SW3= 0. 85 ± 0.12 mg/L) and in wastewater, 1.00 ± 0.4mg/L of orthophosphate 

concentrations were found, respectively. The result showed that, in both methods the 

concentrations of orthophosphate in the samples were  above the permissible limit of water 

quality standards 0.1 mg/L (WHO, 1993; U.S. Environmental Protection Agency, 1986). This 

has a high impact on the aquatic ecosystem by acceleration the eutrophication like water 

hyacinth. It was confirmed by the existence of water hyacinth from Koka reservoir.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 31: Sampling of the surface water of Lake Koka during real sample taking. 

In addition, as can be seen in Table 5, Analytical features for the method, there is no significant 

difference between the results obtained using the μPAD and UV-Visible spectrophotometry 

methods and have a good agreement between the two devices by checking paired t-test (0.576). 

Therefore, μPAD can be used for environmental monitoring.  
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Table 5: Comparison of the results for reactive phosphate obtained by UV-Visible 

spectrophotometry and the proposed paper- based device method by analyzing natural water 

samples and wastewater samples.  

Sample name Orthophosphate analysis using UV-Visible 

Spectrophotometry (Reference method [mg L-1 ] 

Paper-based analytical device 

method [mg L-1 ] 

SW1 0.5 ± 0.06 0.53 ± 0.1 

SW2 0.77 ± 0.19 0.687 ± 0.15 

SW3 0.778 ±0.11 0.85± 0.12 

WW 0.921 ± 0.1 1.00 ± 0.4 

Where Sw is surface water and WW is wastewater which was collected from Heineken brewery. 
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Chapter 5 

5.1. Conclusion 

The paper-based analytical device is a very attractive due to its simple and portable, 

environmentally friendly, insitu or online detection method and ease of use for determination of 

reactive phosphate in natural water and wastewater samples. The Wax - screen printing is most 

widely used fabrication method in the development of μPADs for water analysis. Wax – screen 

printing method is more suitable for mass fabrication and inexpensive than that of previously 

reported methods.  

The developed μ-PAD showed excellent agreement with UV-Vis spectrophotometry during 

surface water and wastewater analysis results. The determination of reactive phosphate using μ-

PAD method requires small amounts of sample and reagents volume only. The optimized device 

has phosphate detection limit of 0.043 ppm for natural and wastewater. Therefore, μ-PAD has a 

potential for environmental monitoring instead of its conventional method.   

Beyond the development of this analytical method, the sample analysis result of both surface and 

wastewater samples were in excess level which means it was above the permissible limit of 

(WHO, 1993) and (U.S. Environmental Protection Agency, 1986) 0.1 mg/L standards of 

orthophosphate concentration and can accelerate the algal bloom or eutrophication. This is the 

national issue which needs continuous monitoring and serious consideration at all level of water 

body in order to control the expansion of water hyacinth.  
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5.2. Recommendations 

Our study shows that, the development of μ-PAD with wax –screen printing is a good technique 

and suitable for environmental monitoring. We also further recommended that to increase the 

color stability of molybdenum blue complex and have a better resistance for photodegradation 

and making it suitable for in field determination of reactive phosphate, the developed μPADs 

should be evaluated by different UV resistant laminating pouches.  Furthermore, the method is 

suitable for onsite environmental monitoring. Thus, further studies should be conducted for other 

water quality parameters. 
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Appendix1: Design summary of BBD method used to optimize concentration of four continuous 

factors (parameters). 

Factors: 4 Replicates: 3 

Base 

runs: 

27 Total runs: 27 

Base 

blocks: 

1 Total 

blocks: 

1 

    

StdOrder RunOrder PtType Blocks Ammonium 

heptamolybdate(A) 

Potassium antimony 

tartrate(B) 

Sulfuric 

acid(C) 

Ascorbic 

acid(D) 

15 1 2 1 0.17 2.875 10 0.6 

1 2 2 1 0.02 2.875 6 0.6 

3 3 2 1 0.02 46 6 0.6 

10 4 2 1 0.32 24.4375 6 0.2 

24 5 2 1 0.17 46 6 1 

20 6 2 1 0.32 24.4375 10 0.6 

11 7 2 1 0.02 24.4375 6 1 

21 8 2 1 0.17 2.875 6 0.2 

8 9 2 1 0.17 24.4375 10 1 

16 10 2 1 0.17 46 10 0.6 

7 11 2 1 0.17 24.4375 2 1 

9 12 2 1 0.02 24.4375 6 0.2 

23 13 2 1 0.17 2.875 6 1 

26 14 0 1 0.17 24.4375 6 0.6 

25 15 0 1 0.17 24.4375 6 0.6 

17 16 2 1 0.02 24.4375 2 0.6 

19 17 2 1 0.02 24.4375 10 0.6 

6 18 2 1 0.17 24.4375 10 0.2 

12 19 2 1 0.32 24.4375 6 1 

22 20 2 1 0.17 46 6 0.2 

2 21 2 1 0.32 2.875 6 0.6 



71 | P a g e  
 

13 22 2 1 0.17 2.875 2 0.6 

5 23 2 1 0.17 24.4375 2 0.2 

14 24 2 1 0.17 46 2 0.6 

27 25 0 1 0.17 24.4375 6 0.6 

18 26 2 1 0.32 24.4375 2 0.6 

4 27 2 1 0.32 46 6 0.6 
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Appendix2: Table of BBD for four parameters including response (Intensity) and predicted 

value of the response. 

 

 

 

 

 

 

 

 

Std 

Order 

RunOr

der 

PtTy

pe 

Blocks Ammonium 

heptamolybdate(A) 

Potassium 

antimony 

tartrate(B) 

Sulfuric 

acid(C) 

Ascorbic 

acid(D) 

Intensity 

(Y) 

PFITS 

15 1 2 1 0.17 2.875 10 0.6 77.75 83.67 

1 2 2 1 0.02 2.875 6 0.6 22.84 27.61 

3 3 2 1 0.02 46 6 0.6 30.79 32.26 

10 4 2 1 0.32 24.4375 6 0.2 83.53 81.63 

24 5 2 1 0.17 46 6 1 17.71 16.82 

20 6 2 1 0.32 24.4375 10 0.6 77.3 73.05 

11 7 2 1 0.02 24.4375 6 1 10.35 8.97 

21 8 2 1 0.17 2.875 6 0.2 81.83 79.55 

8 9 2 1 0.17 24.4375 10 1 31.4 36.08 

16 10 2 1 0.17 46 10 0.6 11.48 20.37 

7 11 2 1 0.17 24.4375 2 1 13.94 22.85 

9 12 2 1 0.02 24.4375 6 0.2 14.02 20.85 

23 13 2 1 0.17 2.875 6 1 90.97 89.75 

26 14 0 1 0.17 24.4375 6 0.6 3.61 4.36 

25 15 0 1 0.17 24.4375 6 0.6 3.79 4.36 

17 16 2 1 0.02 24.4375 2 0.6 5.4 6.48 

19 17 2 1 0.02 24.4375 10 0.6 6.51 5.74 

6 18 2 1 0.17 24.4375 10 0.2 40.36 37.90 

12 19 2 1 0.32 24.4375 6 1 72.47 72.36 

22 20 2 1 0.17 46 6 0.2 50.12 48.17 

2 21 2 1 0.32 2.875 6 0.6 141.51 146.50 

13 22 2 1 0.17 2.875 2 0.6 67.21 68.04 

5 23 2 1 0.17 24.4375 2 0.2 40.4 42.17 

14 24 2 1 0.17 46 2 0.6 26.23 27.03 

27 25 0 1 0.17 24.4375 6 0.6 5.67 4.36 

18 26 2 1 0.32 24.4375 2 0.6 53.75 63.35 

4 27 2 1 0.32 46 6 0.6 35.85 37.54 
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Appendix 3: Design summary of CCD method used to optimize volume of two continuous 

factors (parameters). 

Design Summary 

Factors: 2 Replicates: 1 

Base runs: 13 Total runs: 13 

Base 

blocks: 

1 Total 

blocks: 

1 

 

StdOrder RunOrder PtType Blocks Molybdate/Antimony 

volume 

Ascorbic acid volume 

1 1 1 1 0.4 0.4 

2 2 1 1 2 0.4 

3 3 1 1 0.4 3 

4 4 1 1 2 3 

5 5 -1 1 0.068629 1.7 

6 6 -1 1 2.331371 1.7 

7 7 -1 1 1.2 -0.138477631 

8 8 -1 1 1.2 3.538477631 

9 9 0 1 1.2 1.7 

10 10 0 1 1.2 1.7 

11 11 0 1 1.2 1.7 

12 12 0 1 1.2 1.7 

13 13 0 1 1.2 1.7 
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Appendix 4: Table of CCD for two parameters including response (Intensity) and predicted 

value of the response. 

StdOrder RunOrder PtType Blocks Volume of 

molybdate 

/antimony (µL) 

volume of Ascorbic 

acid 

(µL) 

Intensity 

1 1 1 1 0.4 0.4 91.34 

2 2 1 1 2 0.4 124.36 

3 3 1 1 0.4 3 126.27 

4 4 1 1 2 3 128.92 

5 5 -1 1 0.069 1.7 108.29 

6 6 -1 1 2.3 1.7 132.23 

7 8 -1 1 1.2 3.54 128.68 

8 9 0 1 1.2 1.7 125.67 

9 10 0 1 1.2 1.7 124.7 

10 11 0 1 1.2 1.7 124.34 

11 12 0 1 1.2 1.7 125.08 

12 13 0 1 1.2 1.7 124.01 
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Appendix 5. Color intensity analysis using ImageJ software  

By scanning the images using canon scanner, the developed color intensities of each 

optimization and method validations were measured and analyzed by using ImageJ software. In 

this study, the following detail procedure of ImageJ software was followed step by step to 

analyze the developed color (Ross, 2007).  

1. Starting ImageJ program: Start ImageJ/or double click at icon of program on desktop of 

computer. Then the box will appear.  

2. Choosing the image: file → open, and choose the image  

3.  Setting scale: Analyze → Set Scale, under set scale specify known distance, unit of length 

and activate global and then clicks OK  

4. Adjust color: Image →Adjust → click on Color Threshold, then Threshold dialog Box 

appears.  

5.  Activate all point box “pass” in the hue, saturation and brightness, and select in Color space: 

RGB, in Threshold color: White, in Thresholding method: Default  

6.  Setting gray scale: Image →Type →8-bit, then image is converted to the picture.  

7. Adjust to gray intensity: Edit →Invert  

8.  Set measurements: Analyze → Set measurements, then select Area, Mean Gray value, limit 

to threshold and then click OK  

9. Measuring the color intensity: click “Oval selection”. Then drag at the color shaded area for 

measurement. Next, go to analyze → Measure or Ctrl + M. The mean gray intensity appears 

in the box’s result.  
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Appendix 6. Experimental designing with response surface methodology 

1. Start Minitab program and click on stat and select DOE         select response surface and 

then click on create response surface design. 

2. On create response surface design, select type of design central composite for 2 to 10 

continuous factors and  Box-Behnken for 3,4,5,6,7,9 or 10 continuous factors will be 

designed 

3. Adjust display available design, designs, factors and options and click ok 

4. The design that can be run appear on worksheet.  

 

 

 


