
i 
 

ADDIS ABABA UNIVERSITY 

COLLEGE OF NATURAL AND COMPUTATIONAL SCIENCE 

CENTER FOR ENVIRONMENTAL SCIENCES 

 

DEVELOPMENT OF MICROFLUIDIC PAPER-BASED ANALYTICAL DEVICES 

(µ-PADs) FOR CHROMIUM AND COPPER DETECTION IN ENVIRONMENTAL 

SAMPLES 

PhD DISSERTATION 

BY 

ABDELLAH MUHAMMED AHMED 

 

 

JUNE 2021 

ADDIS ABABA, ETHIOPIA  

https://upload.wikimedia.org/wikipedia/en/d/dc/Addis_Ababa_University_logo.png


ii 
 

DEVELOPMENT OF MICROFLUIDIC PAPER-BASED ANALYTICAL DEVICES 

(µ-PADs) FOR CHROMIUM AND COPPER DETECTION IN ENVIRONMENTAL 

SAMPLES 

 

 

A Dissertation submitted to the College of Natural and Computational Science of 

Addis Ababa University in partial fulfillment of the requirements for the Degree of 

Doctor of Philosophy in Environmental Science 

 

 

By 

 

Abdellah Muhammed Ahmed 

 

 

 

 

June 2021 

Addis Ababa, Ethiopia 

 



iii 
 

Addis Ababa University 

College of Natural and Computational Science 

Center for Environmental Sciences 

As members of the Examining Board of the final PhD open defense, we certify that we 

have read and evaluated the Dissertation prepared by Abdellah Muhammed Ahmed Titled: 

“DEVELOPMENT OF MICROFLUIDIC PAPER-BASED ANALYTICAL 

DEVICES (µ-PADs) FOR CHROMIUM AND COPPER DETECTION IN 

ENVIRONMENTAL SAMPLES” and recommend that it be accepted as fulfilling the 

Dissertation requirement for the Degree of Philosophy in Environmental Science, complies 

with the regulations of the university and meets the accepted standards with respect to 

originality and quality. 

Dr. Ahmed Hussen  

(PhD, Assoc. Prof)   

_______________  25/06/2021 

Major advisor  Signature  Date 

Dr. Mesfin Redi  

(PhD, Assoc. Prof)  

_____________  25/06/2021 

Co-advisor  Signature  Date 

Prof. Takashi Kaneta (PhD) _______________ 25/06/2021 

Co-advisor Signature Date 

Dr. Abera  Gure Tufa ______________  25/06/2021 

External Examiner  Signature  Date 

Dr. Weldegebriel Yohannes ______________  25/06/2021 

Internal Examiner  Signature  Date 

  



iv 
 

STATEMENT OF THE AUTHOR 

This dissertation is my original work and all sources of materials used for this dissertation 

have been duly acknowledged. The dissertation has been submitted to the requirements for 

PhD Degree at Addis Ababa University, College of Natural and Computational Science, 

Center for Environmental Sciences and is deposited at the University‟s Library to be made 

available to borrowers under rules of the Library. The dissertation has not been submitted 

to in this and any other institution anywhere for the award of any academic degree, 

diploma, or certificate.  

Name: Abdellah Muhammed Ahmed   

Signature _____________________________ 

College of Natural and Computational Science, Center for Environmental Sciences  

Date of Submission: ________________________ 

 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENTS 

Above all I thank the Almighty Allah, the Lord of the Universe, for everything throughout 

my life and the success of this dissertation work. 

Next, I would like to express my deepest gratitude to my advisor Dr. Ahmed Hussen for 

his dedicated advice and closer help starting from idea generation, title selection, proposal 

formulation and proposal implementation throughout this study. His support and 

encouragement from the beginning up to the completion of this study is kindly 

appreciated. I have a special respect and appreciation to him for his kind effort in 

arranging all conditions and necessities for my research work in Japan. 

I would like to express my sincere gratitude and appreciation to my research co-advisor 

Prof. Takashi Kaneta, for his technical support, guidance, assistance, kindness and for his 

invitation to execute my research work in Japan. I would like to thank all members of 

Analytical Chemistry Group at Okayama University, Japan for their kind cooperation 

whenever I need their assistance throughout my stay in Japan. Similarly, I would like to 

thank my research co-advisor Dr. Mesfin Redi for his technical support, guidance, advice, 

comments and suggestions.  

I would like to thank the Addis Ababa University Thematic Research Fund for supporting 

the project entitled “Developing Innovative Microfluidic Paper-Based Analytical Devices 

(μ-PADs): Viable solution for Environmental Monitoring in Ethiopia” at the Centre for 

Environmental Sciences. I would like to thank all staff members and students of the Center 

for Environmental Sciences, and all of my friends for their unreserved knowledge sharing, 

cooperation and encouragement.   

My sincere appreciation and thanks also go to Wollo University and Okayama University 

for providing me a Ph. D. study leave and the opportunity of working for the Ph. D. study, 

respectively. I also would like to thank the Division of Instrumental Analysis, Department 

of Instrumental Analysis & Cryogenics, Advanced Science Research Center, Okayama 

University for the ICP-OES measurements. 

It is my deepest and warm gratitude to my family especially my mother for her praying. 

Finally, I would like to express my great appreciation to my wife, Zinet Muhammed, for 

taking full responsibility to nurse my children and encouragement.  



vi 
 

TABLE OF CONTENTS 

Contents                                                                                                                          Page 

STATEMENT OF THE AUTHOR……………………………...……...…………………iv 

ACKNOWLEDGEMENTS…………………………….…………………………………..v 

TABLE OF CONTENTS……………..……….…………………………………………...vi 

LIST OF TABLES………………………………………………………...……………….ix  

LIST OF FIGURES………………………………………...………………………………x 

LIST OF ABBRIVIATIONS AND ACRONYMS.……………...………… …………...xiii 

ABSTRACT……………………………………………………………….………………xv 

CHAPTER ONE 

INTRODUCTION…..…………………………………...………………………………....1                                                                                                                                   

   1.1. Background of the Study……….…………………...……………………………….1 

   1.2. Objectives of the Study……………...........………………………………………….5 

      1.2.1. General objective……………………………...…………………………………5 

      1.2.2. Specific objectives…………………………...…………………………………..5 

CHAPTER TWO 

LITERATURE REVIEW……...………………………...…………………………………6 

   2.1. Historical Development of Microfluidic Paper-Based Analytical Devices………….6 

   2.2. Paper Based Microfluidic Device and its Substrate………………………………….7 

   2.3. Theoretical Overview of Paper-Based Microfluidic Devices………………………11 

   2.4. Fabrication Methods of μ-PADs……………………………………………………13 

   2.5. Detection Techniques of μ-PADs……………………...…………………………...21 

   2.6. Colorimetric Detection……………………………………………………………...24 

   2.7. Basic Principles of Colorimetric Detection…………………...……………………24 

   2.8. Image Capturing and Reporting Systems for Quantitative Analysis……………….28 

   2.9. Digital Image Analysis……………………...……………………………………...33 

CHAPTER THREE 

MATERIALS AND METHODS………………..…………………….…………………..35 

   3.1. Total Cr Determination in Environmental Samples Collected from Kombolcha   

          industrial Area, Ethiopia…………………….......………………………………….35 

      3.1.1. Description of the study area………………………...…………………………35 

      3.1.2. Sample collection and pretreatment…………………………………………….36 

      3.1.3. Reagents and solution preparation………………………...……………………37 



vii 
 

      3.1.4. Instruments and apparatus………………………………………………………38 

      3.1.5. Digestion of soil and lettuce samples………………………………..………….38 

      3.1.6. Device design and fabrication…………………………………………………..39 

      3.1.7. Reagent deposition and colorimetric μ-PAD assay of total Cr…………...…….39 

      3.1.8. Quantitative image processing………………………….……..………………..43 

   3.2. Speciation of Cr in Water Samples Using Microfluidic Paper-Based Analytical  

         Devices (μ-PADs) with Online Oxidation of Trivalent Cr…………….…....………44 

      3.2.1. Chemicals and samples…………………………………………………………44 

      3.2.2. Equipment and apparatus………………...…………….……………………….44 

      3.2.3. Design and fabrication of the μ-PAD……………………...……….…………..45 

      3.2.4. Colorimetric assay procedure and image processing……………….…..………46 

   3.3. Trace Cu Analysis in Water Samples by Microfluidic Paper-Based Analytical  

          Devices Coupled with Coprecipitation Enrichment…………………………..…….48 

      3.3.1. Chemicals and samples…………………………………….……………..…….48 

      3.3.2. Equipment and apparatus……………………………………………………….49 

      3.3.3. Coprecipitation procedure………………………………….………..………….49 

      3.3.4. Design and fabrication of the μ-PAD………………...…….………..…………50 

      3.3.5. Colorimetric assay procedure and image processing……………………….…..51 

CHAPTER FOUR 

RESULTS AND DISCUSSION………………………….……………………………….53 

   4.1. Total Cr Determination Using μ-PADs in Environmental Samples of  

          Kombolcha Industrial Area, Ethiopia………….……………………..…………….53    

      4.1.1. Background of the study……………………...…………………………….…..53 

      4.1.2. Analytical parameters for μ-PADs and UV-Vis spectrophotometry……...……54 

      4.1.3. Method validation…………………...……………….…………..……………..58 

      4.1.4. Real sample analysis…………………………………………..………………..59 

         4.1.4.1. Total Cr analysis in soil samples…………………...………………………59 

         4.1.4.2. Total Cr analysis in lettuce samples…………………….………..…………61 

         4.1.4.3. Assessment of total Cr pollution in SS1 and SS2 soil samples……………...62 

         4.1.4.4. Assessment of total Cr pollution in MP and LP lettuce samples……….......64 

   4.2. Speciation of Cr in Water Samples Using Microfluidic Paper-Based Analytical  

          Devices (μ-PADs) with Online Oxidation of Trivalent Cr……………………..…..66     

      4.2.1. Background of the study……………………...…………….…………………..66 

      4.2.2. Optimizations of parameters affecting mean color intensity……………..…….67  



viii 
 

         4.2.2.1. Effect of pH on mean color intensity………………………………..……...67 

         4.2.2.2. Effect of DPC concentration on intensity………………...…………..…….70 

         4.2.2.3. Online oxidation of Cr(III) to Cr(VI) on μ-PADs…………………..………72 

      4.2.3. Analytical features…………………………...…………………..……………..78 

      4.2.4. Speciation of Cr(III) and Cr(VI) in spiked water samples…………………..….82 

   4.3. Trace Cu Analysis in Water Samples by Microfluidic Paper-Based Analytical  

          Devices Coupled with Coprecipitation Enrichment…………………..…………….84 

      4.3.1. Background of the study……………………...……………………..………….84 

      4.3.2. Optimizations of parameters for complexation and reduction reactions…….....85 

         4.3.2.1. Effect of composition of bathocuproine mixture solution…………...……..85 

         4.3.2.2. Effect of number of deposition of bathocuproine solution………...……….87 

         4.3.2.3. Effect of pH on mean color intensity………………………….……..……..88 

         4.3.2.4. Effect of mass of hydroxylamine on mean color intensity………………....89 

      4.3.3. Optimization of coprecipitation procedure……………...………...……………90 

         4.3.3.1. Effect of volume of carrier element on intensity……………...……………92 

         4.3.3.2. Effect of volume of carrier element with proportional volume of  

                      carbonate on intensity……….…………………………...…………………93 

         4.3.3.3. Carbonate volume and pH optimization for coprecipitation………………..94 

         4.3.3.4. pH adjustment after digestion of precipitate………………………….…….96 

         4.3.3.5. Effect of centrifugation rate and time……………...…………….…………98 

      4.3.4. Analytical parameters…………………………...…………..……….…………99 

      4.3.5. Interference and stability study of µ-PADs……………...…….…………..….101 

      4.3.6. Analysis of Cu(II) in spiked water samples…………………………………...105 

CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS………………...…………………….107 

   5.1. Conclusions………………………………………………………………………..107 

   5.2. Recommendations…………………………………………………………………109 

REFERENCES……………………………...…………………………………………...111 

ANNEX…………………………………………………………………………………..136 

 

 

 

 

 



ix 
 

LIST OF TABLES 

Table                                                                                                                              Page  

Table 1. Requirements for µ-PADs substrate……………..........…………………………11 

Table 2. Properties of cellulosic (paper) substrates compared to glass, silicon, and   

              PDMS…………………….………………………………………………………17 

Table 3. Comparison of different fabrication methods for patterning paper………....…...19 

Table 4. Summary of some inorganic species for food and water analyses on paper- 

               based platforms using wax printing…………..………...……………………….23 

Table 5. Mean color intensities of the standards with their corresponding visual  

              images……………………...…………………………………………………….55 

Table 6. Analytical parameters observed using μ-PADs and UV-Vis  

               spectrophotometric analysis and comparison to other studies…………….....….57 

Table 7. Determination of total Cr in spiked soil samples with μ-PADs and UV-Vis  

              spectrophotometry……………….………………………………….……………59  

Table 8. Concentrations of the total Cr in the soil samples analyzed using µ-PADs and  

              UV-Vis spectrophotometry……………………….…………..………………….60 

Table 9. Concentrations of the total Cr in the Lettuce samples analyzed using µ-PADs  

              and UV-Vis spectrophotometry…………………...……………………………..62 

Table 10. Geo-accumulation index of Cr in wastewater-irrigated soil samples……...…...64 

Table 11. Ratio of color intensities for Cr(III) to Cr(VI) and Cr(VI) with Ce(IV) to  

                Cr(VI)………………………………………………………..………………….76 

Table 12. Analytical features for Cr(VI), Cr(III), and total Cr from their calibration  

                curves…………………………...……………………………………………....79 

Table 13. Relationship between concentration and mean color intensity with  

                corresponding image of μ-PAD……………….………...…………..………….79 

Table 14. Comparison of the analytical features between the present method and other  

                paper-based studies for chromium speciation…………………………..………81 

Table 15. Recovery studies of Cr (III) and Cr(VI) added to different water samples…….83 

Table 16. Intensity associated with volumes of carrier element with proportional  

                volumes of carbonate……………….…………...………………..…………….94 

Table 17. Intensity associated with volumes of carbonate and pH………………………..95 

Table 18. Analytical parameters of the present method………………..………..……….100 

Table 19. Comparison in analytical features between the present method and other  

                 paper-based studies for Cu assay……………...………………………….…..101 

Table 20.  Tolerable concentrations of foreign metal ions and recovery of Cu(II)…...…104 

Table 21. Recovery studies of Cu (II) added to different water samples………….…..…106 

 

 



x 
 

LIST OF FIGURES 

Figure                                                                                                                              Page 

Figure 1. Applications of paper based microfluidics……………………………………….8 

Figure 2. The most commonly used commercial papers for fabrication of  

               microfluidic analytical devices………………………..………………………….9 

Figure 3. Surface topography of different papers…………….…….....…………………..10  

Figure 4. Schematic of hydrophilic channels patterned with hydrophobic barrier………..15 

Figure 5. The microscope image of a water wetted microfluidic channel on filter  

                paper……………..……………………………………………………………...15 

Figure 6. General procedure for designing pattern, printing and melting in the wax- 

               based fabrication of microfluidic channels…………………..………………….20 

Figure 7. Absorption spectra for diphenylcarbazide systems………….…….....…………27 

Figure 8. Schematic representation of front and back side of μ-PADs……………...….....28 

Figure 9. Examples of devices and techniques for semi-quantitative to quantitative  

               assay readout……………..………………………….…………………………..29 

Figure 10.   Location map of the study area……………………….………………………36 

Figure 11. Fabricated μ-PADs used in the study……………………...……..……………39 

Figure 12. Color intensity on µ-PADs with single and two reagent deposition……...…...40 

Figure 13. µ-PADs with deposited reagents and sample……………...…………….…….43 

Figure 14. Schematic of pattern design and operation of the μ-PAD………………..……46 

Figure 15. Mixture of solution in the centrifuge tube for coprecipitation and  

                 subsequent analysis of Cu(II)………………….….…………………..………..50 

Figure 16. Partial view of Leyole river containing industrial waste water and its   

                 utilization for irrigation to grow lettuce………………………………..………54 

Figure 17. Effect of pH of acetate buffer and acetic acid solution on mean color  

                 intensity of Cr-DPC complex………………………….……….………………68 

Figure 18. Effect of nitric acid concentration on the mean color intensity of the Cr- 

                 DPC complex when nitric acid is added to the sample and detection     

                 zones……………….………………...………………………………………...70   

Figure 19. Effect of DPC concentration and DPC solvents on mean color intensity of  

                 Cr-DPC complex……………………………………………………………….71 

Figure 20. Effect of Ce(IV) concentration on the mean color intensity of the Cr-DPC  

                 complex obtained by online oxidation of Cr(III)………………………………73 

Figure 21. Effect of HNO3 concentration in the sample solution on the mean color  



xi 
 

                  intensity of the Cr-DPC complex obtained by online oxidation…………..…..74 

Figure 22. The mean color intensity for Cr(III) with and without HNO3 in the  

                  pretreatment zones………….……………...……………..……………..…….75 

Figure 23. Images of the μ-PADs for the spiked water samples………………………..…77 

Figure 24. Effect of mixture of different components with bathocuproine solution on  

                  intensity of Cu- bathocuproine complex………………….…..……………….86 

Figure 25. Effect of presence and absence of methanol in bathocuproine solution on  

                  intensity of Cu-bathocuproine complex……….………………..………..……87 

Figure 26. Effect of number of deposition of reagent on intensity of Cu-  

                  bathocuproine complex………………...……………………..……………….88 

Figure 27. Effect of pH on mean color intensity of Cu-bathocuproine………………...…89 

Figure 28. Effect of mass of hydroxyl amine on mean color intensity of Cu-  

                  bathocuproine complex………………………………………….…………….90 

Figure 29. Effect of volumes of carrier element on intensity of Cu-bathocuproine  

                  complex at constant volume of carbonate…………………………..…………93 

Figure 30. Effect of volumes of carbonate on intensity of Cu-bathocuproine  

                 complex……………….………….……………………..……………………...96 

Figure 31. Images of μ-PADs obtained by 2 mg L
-1

 Cu assay with and without   

                  coprecipitation preconcentration……………………..……………………..…97 

Figure 32. Effect of addition of sodium acetate to sample solution and deposition on  

                  sample zone on intensity of Cu-bathocuproine complex…..………...…..……98 

Figure 33. Effect of centrifugation rate and centrifugation time on intensity of Cu- 

                  bathocuproine complex……………………………………….……………….99 

Figure 34. Effect of storage time and storage conditions on the μ-PADs  

                  performance………………………...……………………………..………....105 

 

 

 

 

 

 

 

 

 



xii 
 

LIST OF ANNEX 

Annex                                                                                                                             Page 

Annex 1. Images of a 10 mg L
-1

 Cr(VI) sample at different drying times after sample   

               introduction…………..……………………………..………………………….136 

Annex 2.  Calibration plot for log mean color intensity as a function of log Cr mass   

                added to the μ-PADs, used for the determination of total Cr in soil and    

                plant samples…………………………….…………………………………….136 

Annex 3.  Calibration plot for absorbance versus Cr(VI) concentration, used for the  

                 determination of total Cr in soil and plant samples……….……...……..……137 

Annex 4. Calibration curve established by plotting log intensity against log   

                concentrations of Cr(VI), in the absence of Ce(IV), used for the detection      

                of   Cr(VI)……………………...……………………………….……………..137 

Annex 5. Calibration curve established by plotting log intensity against log  

                concentrations of Cr(VI), in the presence of Ce(IV)……………...…………..138 

Annex 6. Calibration curve established by plotting log intensity against log  

                concentrations of Cr(III)………………...…………………………………….138 

Annex 7. Calibration curve established by plotting log average intensity against log  

               concentrations, used for the determination of total Cr for subsequent  

               determination of Cr (III)……………………...………………………………..139 

Annex 8. Calibration curve and images of μ-PADs for Cu standard                

               analyses…………………….………………………………………………..…139 

 

 

 

 

 

 

 

 

 

 



xiii 
 

LIST OF ABBRIVIATIONS AND ACRONYMS  

ASSURED                       Affordable, Sensitive, Specific, User-friendly, Rapid and            

                                         Robust, Equipment free and Deliverable to end-users 

ATSDR                            Agency for Toxic Substances and Disease Registry  

Bathocuproine                  2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 

CEPA                               California Environmental Protection Agency 

CMYK                             Cyan-Magenta-Yellow Key  

CVAC                              Computer Vision-based Analytical  

1,5-DPC                           1,5-Diphenylcarbazide 

DPCO                              Diphenylcarbazone 

EMoI                               Ethiopian Ministry of Industry 

ESMF                              Environmental and Social Management Framework 

ETAAS                            Electrothermal Atomic Absorption Spectrometer 

EUS                                 European Union Standards 

FAAS                              Flame Atomic Absorption Spectrometer 

FMoE                              Finland Ministry of the environment 

GFAAS                           Graphite Furnace Atomic Absorption Spectrometry  

HPLC                              High Performance Liquid Chromatography  

HSV                                Hue-Saturation-Value  

IARC                               International Agency for Research on Cancer 

ICP-MS                           Inductively Coupled Plasma Mass Spectrometry  

ICP-OES                         Inductively Coupled Plasma Optical Emission Spectrometry  

LOD                                Limit of Detections 

LOQ                                Limit of quantification  

MCL                               Maximum Contaminant Level  

PDDA                             Polydiallyldimethylammonium chloride 

PDMS                             Polydimethylsiloxane 

PEG                                Polyethylene glycol   

PMMA                           Polymethyl methacrylate  

POC                               Point-of-Care 

 PON                              Point-of-Need 

RGB                               Red-Green-Blue 

rpm                                Revolution per minute of centrifuge machine 

SPE                                Solid Phase Extraction  

USEPA                          United States Environmental Protection Authority  

μ-PAD                           Microfluidic Paper-Based Analytical Device 

 



xiv 
 

LIST OF PUBLICATIONS AND SUBMITTED ARTICLE FROM THIS STUDY 

1. Muhammed, A., Hussen, A., Redi, M. and Kaneta, T., 2020. Remote Investigation 

of Total Chromium Determination in Environmental Samples of the Kombolcha 

Industrial Zone, Ethiopia, Using Microfluidic Paper-based Analytical Devices. 

Analytical Sciences, 37: 585-592.  

2. Muhammed, A., Hussen, A. and Kaneta, T., 2021. Speciation of chromium in 

water samples using microfluidic paper-based analytical devices with online 

oxidation of trivalent chromium. Analytical and Bioanalytical Chemistry, 413(12): 

3339-3347. 

3. Trace Cu Analysis in Water Samples by Microfluidic Paper-Based Analytical           

Devices Coupled with Coprecipitation Enrichment, submitted to Talanta journal 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

ABSTRACT 

In this study, simple, cheap, fast, and portable microfluidic paper-based analytical devices (μ-

PADs) were developed and used for chromium (Cr) and copper (Cu) assay in environmental 

samples. The μ-PADs were prepared for the determination of total Cr by adding reagents to the 

pretreatment and detection zones. The concentrations in soil and lettuce samples collected from old 

Kombolcha industrial area were determined by the μ-PADs and a UV-Vis spectrophotometer. The 

mean concentrations of total Cr in soil samples were in the range of 737-810 μg g
-1 

for μ-PADs and 

726-776 μg g
-1 

for UV-Vis spectrophotometric analysis, respectively. Similarly, the mean 

concentrations of total Cr in lettuce samples were in the range of 27-31 and 20-21 μg g
-1 

for μ-

PADs and UV-Vis spectrophotometric analysis, respectively. A paired t-test showed that the mean 

total Cr concentrations determined in the soil and lettuce samples were not significantly different 

between μ-PADs and UV-Vis spectrophotometric analysis at the 5% level of significance. 

Concentrations of total Cr in all soil samples were above the permissible limit set by European 

Union Standards (100 μg g
-1

). Similarly, the concentrations of Cr in all lettuce samples were above 

the maximum permissible levels set by FAO/WHO standards (2.3 μg g
-1
). Moreover, evaluating Cr 

contamination level using the geo-accumulation index indicated that the soils were contaminated 

with Cr moderately to heavily. The μ-PADs demonstrated good detection capability in soil and 

lettuce samples with higher levels of Cr, but poor sensitivity in water samples. Thereby in the 

subsequent study, reagent optimization and enrichment approaches were used for the assay of Cr 

and Cu in water samples, respectively to enhance analytical sensitivity of μ-PADs. Speciation of 

Cr was demonstrated using μ-PADs that permit the determination of (Cr(VI)) and (Cr(III)) via 

online oxidation. The μ-PADs consist of left and right channels that allow the simultaneous 

measurements of Cr(VI) and total Cr based on the colorimetric reaction of Cr(VI) with 1,5-

diphenylcarbazide (DPC). For the determination of Cr(VI), a sample solution was directly reacted 

with DPC in the left channels whereas total Cr was determined in the right channels, which 

permitted online oxidation in the pretreatment zone containing cerium (IV) (Ce(IV)). Speciation 

was achieved by measuring the Cr(VI) and total Cr mean color intensity in the left and right 

channels followed by determination of Cr(III) by subtracting Cr(VI) from total Cr concentration. 

The limits of detection and quantification were 0.008 and 0.02 mg L
-1

 for Cr(VI) and 0.08 and 0.1 

mg L
-1

 for Cr(III), respectively. The linear dynamic ranges were 0.02-100 mg L
-1

 and 0.1-60 mg L
-

1
 for Cr(VI) and Cr(III), respectively. The RSDs were less than 7.5%. The results obtained using μ-

PADs were in good agreement with those obtained via ICP-OES. Trace analysis of metal ions is 

problematic in the μ-PADs due to their inherent low sensitivity. Thus, the μ-PADs were coupled 

with an enrichment method called coprecipitation approach using aluminum hydroxide for 

determining the trace level of Cu(II) in water samples. The experimental conditions including pH, 

centrifugation rate and time, reagent volumes and concentrations were optimized. The enrichment 

factor was found to be 250. Detection limit as low as 0.003 mg L
-1

 with 0.01-2 mg L
-1

 of linear 

dynamic range were achieved. The relative standard deviations for intra-day and inter-day 

precision were 3.2 and 4.6%, respectively (n = 9). The results of spiked water samples using μ-

PADs coupled with coprecipitation and ICP-OES analysis were in a good agreement as paired t-

test indicated no significant differences between the results. Thus, the results of the study 

demonstrated that μ-PADs could potentially be utilized for environmental monitoring in 

developing countries where environmental pollution is rampant and the availability of 

sophisticated analytical instruments are scarce.  
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CHAPTER ONE 

INTRODUCTION 

1.1. Background of the Study 

The rapid growths of global economy and associated technological progress have caused 

increased environmental concerns recently, particularly in developing countries since 

chemicals are increasingly used as input in various economic sectors (Lin et al., 2016b, 

WHO, 2014). Among these pollutants, heavy metals have shown great threat to the 

environment and public health worldwide as they are severely toxic, non-biodegradable 

and can easily accumulate in ecological systems (Lin et al., 2016b, Sun et al., 2018) which 

undermine global sustainability.  

Heavy metals are natural components of the earth‟s crust. They are released into the 

environment by both natural and anthropogenic sources (Ahluwalia and Goyal, 2007). 

However, anthropogenic activities could contribute more as industries such as textile, 

leather, tannery, electroplating, galvanizing, dyes, and other metal processing and refining 

operations at small and large-scale sector release a great number of heavy metal ions and 

metal-containing pollutants into air, surface and ground water, soils and ultimately tend to 

enter and accumulate in the food chain (Li et al., 2019, Nazir et al., 2015). Thus metal ions 

in the environment bioaccumulate and are biomagnified along the food chain. Therefore, 

their toxic effect is more pronounced in animals at higher trophic levels (Ahluwalia and 

Goyal, 2007).  

Although some metal, such as copper (Cu), is essential metal for human biological 

functions in small quantities, it is harmful to the environment and human health at higher 

concentrations exceeding the standard limit (ATSDR, 2004, Dorsey and Ingerman, 2004, 
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Li et al., 2019, Wang et al., 2018). On the other hand, some other metal, such as chromium 

(Cr), is harmful and can cause damaging effects even at trace levels (Dayan and Paine, 

2001).  

Heavy metals could be taken into the human body from the environment (air, soil, water, 

etc.) via inhalation, ingestion, and skin absorption and then could adsorb on cell walls or 

diffuse through cell membranes, and can be stored in soft (e.g., kidney) and hard tissues 

(e.g., bone). Toxicity occurs when an organism is unable to cope either by direct use, 

storage, or excretion with additional metal concentration (Ahluwalia and Goyal, 2007, 

Chirila and Draghici, 2011). Thereby heavy metals could lead to adverse effects on health, 

including reduced growth and development, cancer, organ damage, nervous system 

damage, and in extreme cases, death (Yu, 2011).  

The biochemical mechanisms of heavy metal intoxication involve binding to proteins and 

enzymes, altering their activity and causing damage. Moreover, heavy metals could 

generate free radicals which promote oxidative stress damaging lipids, proteins and DNA 

molecules (Engwa et al., 2019). Thus accurate detection and large-scale monitoring of 

heavy metal pollution in the environment using cheap, simple, sensitive, specific, accurate, 

user-friendly, and environmental-friendly detection devices without sophisticated 

instrumentation is extremely important in order to mitigate and prevent pollution, 

particularly in developing country.  

Many well established conventional analytical methods have been reported with high 

sensitivity and good selectivity for the detection of heavy metals, including inductively 

coupled plasma mass spectrometry (ICP-MS) (Al-Masoud et al., 2020, Wang et al., 2020), 

inductively coupled plasma optical emission spectrometry (ICP-OES) (Takei et al., 2020), 

graphite furnace atomic absorption spectrometry (GFAAS) (de Souza, 2020), 



3 
 

electrothermal atomic absorption spectrometer (ETAAS) (Yang and Fan, 2012), flame 

atomic absorption spectrometer (FAAS) (Sperling et al., 1992, Yalçin and Apak, 2004), 

high performance liquid chromatography hyphenated to inductively coupled plasma mass 

spectrometry (HPLC/ICP-MS) (Markiewicz et al., 2015), UV-VIS spectrophotometer with 

sequential injection system (Mulaudzi et al., 2002), UV–VIS spectrophotometer (Patil et 

al.), capillary electrophoresis with on-column UV-VIS detection (Jung et al., 1997), UV-

VIS with sorption by surfactant coated alumina (Manzoori∗ et al., 1996),  voltammetry 

(Zhao et al., 2020), adsorptive stripping voltammetry (Bobrowski et al., 2004), 

electrophoresis (Poboży et al., 2003) and chromatographic methods (Marques et al., 2000). 

However, these methods are time-consuming, expensive, requiring professional personnel, 

complex equipment, laborious operations and not suitable for on-site analysis (Sun et al., 

2018, Yang et al., 2016). Thus, there is still great demand for the development of very 

simple, low-cost, portable, environmental friendly and user-friendly detection approaches, 

particularly in developing countries and remote areas with a lack of sufficient 

infrastructure, professional experts, and appropriate environmental treatment.  

Microfluidic paper-based analytical devices (μ-PADs) have a tremendous potential to fill 

this gap since such devices are simple, low-cost, rapid, portable and are highly demanded 

in developing countries (Martinez et al., 2009). Thus, μ-PADs have been showing 

considerable promise in both point-of-care (POC) and point-of-need (PON) diagnostics 

due to several inherent advantages including; a small footprint, small reagent volumes, 

small waste volumes, and increased portability and accessibility for detection relative to 

conventional laboratory testing methods (Adkins, 2016). Although the original purpose of 

developing μ-PADs was for use as biomedically related POC, their use has expanded into 

environmental research in an effort to combat the impact of pollution on the environment. 

Environmental analysis usually scans for heavy metals and toxic contaminants, which are 
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often linked to excessive pollution from surplus of factory waste, insecticides, and 

pesticides (Lee, 2018). Thus, to date, μ-PADs have been used for point-of care diagnostic 

assays, food safety assessment, and environmental monitoring (Rattanarat et al., 2014). 

Environmental pollutants may be of inorganic (metals and nonmetals), organic, or 

biological (bacteria etc.) origin (Yang et al., 2016). Many colorimetric μ-PADs have been 

developed for metal detection because of their known toxicity (Cate et al., 2014a). 

Paper as an analytical platform material, has the advantage of providing inexpensive, 

power-free fluid manipulation, and an easily modifiable approach for microfluidic device 

development. Fluid control and manipulation is managed by patterning hydrophobic 

barriers, creating hydrophilic regions for sample addition and subsequent detection within 

multiple detection regions (Adkins, 2016).  

As far as literature survey, the use of μ-PADs has not been yet introduced into Ethiopia 

particularly in environmental monitoring. Thus, introducing, developing and using μ-

PADs as a new analytical method for detection and monitoring of heavy metals is greatly 

valuable. Therefore, this research was initiated to develop and explore the μ-PAD 

technology for the first time in Ethiopia for heavy metal analysis. Thus in the startup of the 

study, μ-PADs fabricated in Japan and transported to Ethiopia were used for total Cr 

determination in soil, plant and water samples. The μ-PADs demonstrated good detection 

capability in soil and lettuce samples possessing higher levels of Cr, but poor sensitivity in 

water samples. Thereby in the subsequent study, reagent optimization and enrichment 

approaches were used for the assay of Cr and Cu in water samples, respectively to enhance 

analytical sensitivity of μ-PADs. In this dissertation, determination of total Cr in soil, plant 

and water samples; speciation of Cr in water samples and trace copper analysis in water 

samples using μ-PADs coupled with enrichment procedure are described.   
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1.2. Objectives of the Study 

1.2.1. General objective 

The main objective of this study is to develop microfluidic paper-based analytical devices 

for the determination of Cr and Cu in environmental samples. 

1.2.2. Specific objectives 

1. To determine total Cr using μ-PADS in soil and lettuce samples irrigated with 

contaminated river water. 

2. To develop μ-PADs suitable for Cr speciation in water samples. 

3. To develop μ-PADs for the assay of trace Cu in water samples. 

4. To compare the developed μ-PADs with UV-Vis spectrophotometry and 

inductively coupled plasma-optical emission spectrometer (ICP-OES).  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Historical Development of Microfluidic Paper-Based Analytical Devices  

Paper has been used as a substrate material in analytical testing for centuries, with 

scientific reports dating back to the early 1800s with litmus paper (Cate et al., 2014a). In 

laboratories, paper is commonly used as basic material for filtration and chromatography 

(Lisowski and Zarzycki, 2013). Paper as a substrate material for microfluidic assays was 

largely ignored until 2007 when Martinez et al. (2007) reported the first μPAD for 

chemical analysis (Cate et al., 2014a, Martinez et al., 2007).  

The use of paper has primarily been limited to one-dimensional methods like litmus paper 

and lateral flow immunoassays. μ-PADs have challenged this paradigm resulting in 

increasingly complex devices and analytical assays. In particular, the development of 

complicated 3D devices that carry out multiple chemical reactions in a simple format that 

does not require any external reading equipment is an example of the potential of this field 

for solving complex problems (Li et al., 2012, Lisowski and Zarzycki, 2013).  

The first μ-PADs, created by a photolithographic technique, with the exception of paper 

strips to pH determination, was developed and described by Whiteside Group at Harvard 

University in 2007 for bioassay application (Martinez et al., 2007, Sriram et al., 2017). 

Since 2007, μ-PADs are being developed for a diverse set of applications ranging from the 

original clinical diagnostic applications to environmental applications (Lisowski and 

Zarzycki, 2013, Shen et al., 2000). Thus paper-based analytical devices introduce an 

innovative platform technology for fluid handling and analysis, with wide range of 

applications, promoting low cost, ease of fabrication/operation and equipment 
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independence (Akyazi et al., 2018). Particularly, μ-PADs may open the door to widespread 

environmental monitoring with spatial resolution that has never been achieved in previous 

studies (Lin et al., 2016b). 

2.2. Paper Based Microfluidic Device and its Substrate 

Microfluidics is defined as the science and technology of systems that process and 

manipulate small amounts of fluid up to 10
-9

 to 10
-18 

L using fluidic channels with 

dimensions ranging from tens to hundreds of micrometers (Whitesides, 2006). Recently, μ-

PADs fabricated from cellulose paper as a substrate can process 0.1 to 100 μL of liquids 

using fluidic channels with millimeter dimensions (Yang et al., 2016). Manipulation of 

small volumes of fluids using microchannels is very appealing and has been regarded as 

the most powerful advantage of lab-on-chip (Lisowski and Zarzycki, 2013).  

According to the World Health Organization, diagnostic devices for developing countries 

should be ASSURED: affordable, sensitive, specific, user-friendly, rapid and robust, 

equipment free and deliverable to end-users. Thus, microfluidic paper-based analytical 

devices (μ-PADs) are a new platform and originally it was designed to realize ASSURED 

policy (Martinez et al., 2010). However, currently paper-based microfluidic devices are 

emerging as a new technology and they have been used for wide range of practical 

applications in many research fields including biomedical science, toxicology, 

immunology, clinical analysis, food safety and environmental monitoring (Lisowski and 

Zarzycki, 2013, Yetisen et al., 2013) as shown in Fig. 1. 
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Figure 1. Applications of paper based microfluidics (adapted from Yetisen et al. (2013)) 

The advantages including abundance of material, simplicity of operation, excellent 

biocompatibility, low-cost, accuracy and portability converted μ-PADs to a new platform 

for environmental monitoring (Feng, 2013, Meredith et al., 2016) where routine testing is 

performed, such as for the analysis of river/soil contamination, occupational exposures, or 

air pollution (Cate et al., 2014a). Moreover, the reagents used for the detection could be 

pre-stored on the paper in dry form, which made the paper-based device suitable for on-

site environmental analysis (Sun et al., 2018). 

Paper devices are made from naturally abundant, biodegradable and inexpensive materials 

primarily composed of cellulose. So far cellulose paper has been commonly used for 

printing, writing and packaging, but more recently it has received a great deal of interest as 

a substrate for analytical devices as paper-based analytical devices offer many additional 

advantages in terms of simplicity, portability, high surface area, and high optical contrast 
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for colorimetric detection (Akyazi et al., 2018, Kirk et al., 2018, Yang et al., 2016). 

Moreover, cellulose consists of β-anhydroglucose units with hydroxyl groups which 

enable facile modification, imparting additional functionality for expanding the range of 

applications of paper material in various fields. Chromatography papers, Whatman filter 

paper grade one, and nitrocellulose membranes are the most commonly used substrates for 

μ-PADs (Busa et al., 2016, Lin et al., 2016b). However as shown in Fig. 2, the majority of 

analytical applications reported are based on Whatman paper (Kirk et al., 2018).  

 

Figure 2. The most commonly used commercial papers for fabrication of microfluidic 

analytical devices (adapted from Kirk et al. (2018))  

In general, each Whatman filter paper has thicker fibers than the parallel grade of 

chromatography paper as shown in Fig. 3. The thick fibers in the filter paper are used to 

form pores to trap solids (Evans, 2014). 
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Figure 3. Surface topography of different papers. (a) grade 1 Whatman filter paper, (b) 

grade 1 chromatography papers (adapted from Evans (2014)) 

Paper as the starting material for fabricating low-cost micro analytical devices has several 

advantages: (i) paper is thin, lightweight, inexpensive, abundant, available in a wide range 

of thicknesses and easy to stack, store, and transport; (ii) paper typically is made of 

cellulose or cellulose-polymer blends, thereby it is compatible with biological samples and 

can be easily modified chemically to incorporate a wide variety of functional groups; (iii) 

paper is usually white (because it scatters light) and is a good medium for colorimetric 

tests because it provides strong contrast with a colored substrate; (iv) paper is flammable, 

so μ-PADs can be disposed of by incineration easily and safely after use; (v) paper is 

flexible and compatible with a host of existing printing technologies that could, in 

principle, be used to fabricate μ-PADs (Martinez et al., 2009); (vi) paper requires very 

small volume of fluid and does not require pumps or power; (vii) paper has high surface 

area to volume ratio that enhances detection limits for colorimetric assays; (viii) papers  

have the ability to store reagents in their active form within the paper fiber network and 

can easily printed, easily coated, easily impregnated (Busa et al., 2016, Cate et al., 2014a, 

Chailapakul, 2012). The cellulose fiber network of the paper acts as capillaries which 

enables wicking of aqueous solutions without the need for active pumping (Mentele et al., 

 (b)  (a) 
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2012). As a result of these benefits and unique features summarized in Table 1, paper is a 

very promising substrate material for microfluidic device fabrication and has been used in 

applications ranging from spot tests for metals (West, 1945) and paper chromatography 

(Consden et al., 1944) to lateral flow immunoassays (Cate et al., 2014a, Chailapakul, 2012, 

Posthuma-Trumpie, 2009).  

Table 1. Requirements for μ-PAD substrate (adapted from Lin et al. (2016b)) 

Requirements  Impacts Type 

Absorbency Storing sufficient amounts of samples in the devices Physical 

Flexibility Reducing the resistance of bending and folding 

especially in three dimensional structures 

Physical 

Stiffness Increasing the robustness of the devices  Physical 

Thermally stable Enhancing the resistance to wards temperature  Physical 

High surface-to-

volume ratio 

Enhancing the amounts of reactive molecules that 

immobilized on the surface of the substrates  

Physical 

Capillary flow Wicking liquid without the requirement of pumps  Physical 

Proper porosity Influencing the size of the particles retained in the 

papers 

Physical 

Proper thickness Influencing the visibility, tensile strength, and bed 

volume of the substrates 

Physical 

Biocompatibility Suitability of immunoassay, detection of food 

contamination and monitoring of environment 

Chemica

l 

Biodegradability Minimizing the burden to environment  Chemica

l 

Low price Satisfying the demands of analytical devices in the 

countries with low purchasing power 

Other 

Lightweight Achieving in-field applications without bulky 

equipment  

Other 

High throughput Satisfying the demands of developing countries and 

lower the price by batch production 

Other 

Disposability Reducing the expenses for post-treatment  Other 

2.3. Theoretical Overview of Paper-Based Microfluidic Devices 

From the perspective of paper fluidics application, critical properties include paper surface 

chemistry, porosity and optical properties. Surface chemistry and porosity influence the 

immobilization as well as fluid wicking. The paper‟s optical property is critically 

important for colorimetric detection by reading results with naked eye without the use of 
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additional equipment (Costa et al., 2014). Wicking-based flow in capillary systems is 

considered laminar because fiber length scales and associated pores are typically less than 

20 μm, resulting in low Reynolds numbers (Cate et al., 2014a, Kim and Kim, 2012, 

Osborn et al., 2010, Xu and Enomae, 2014). Spontaneous imbibition in porous media with 

constant cross section, and on short time scales, can be modeled by Darcy‟s law: 

                                                                           (1) 

where Q is the volumetric flow rate, κ is paper permeability, A is the cross-sectional area 

of the paper normal to flow, μ is the dynamic viscosity, and ΔP is the pressure drop 

occurring over a length L in the channel along the axis of flow. Darcy‟s law assumes 

kinetic energy can be ignored, the fiber cross-section is circular, and that capillaries are 

straight. One-dimensional fluid flow in porous networks during wetting can also be 

approximated by the Lucas-Washburn equation assuming constant cross-

section/cylindrical pores, negligible gravitational effects, chemical homogeneity, and 

unlimited reservoir volume: 

                       ( )  √
        

  
                                   (2) 

where fluid with surface tension γ and viscosity μ imbibes a distance x in time t, r is 

capillary radius, and θ is the contact angle between the fluid and capillary wall. Fluid 

penetration distance increases with increasing effective capillary radius. Washburn‟s 

equation holds for lateral flow as long as x ≪ z where z is the height of fluid in a vertical 

column when the negative force of gravity is equal to the positive capillary force (Cate et 

al., 2014a, Ponomarenko et al., 2011). The above equation (2) is a first-order 

approximation of fluid transport, and it tends to overestimate lateral wicking speed with 

fluid penetration distance (Hodgson and Berg, 1988). Capillary flow in 1D and 2D tube 
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models has been studied extensively, and researchers are beginning to understand 

asymmetric transport behavior, which is more indicative of flow behavior in paper- based 

sensors (Cate et al., 2014a, Shou et al., 2014). 

2.4. Fabrication Methods of μ-PADs 

The novelty of μ-PADs comes from device fabrication and the low-cost relative to 

conventional analytical methods. Thus fabrication methods often target lowering the cost 

per device, increasing production volume, or adding assay functionality (Yang et al., 

2016). Müller (1949) produced a paraffin-patterned paper that can be named as the first 

time fabrication of a fluidic channel on paper, as well as the first paper-based assay 

(Müller, 1949). The real introduction of paper-based microfluidics to the scientific world 

was attributed to Whitesides' Group at Harvard University using a lithography fabrication 

method (Martinez et al., 2007). Since then, a large variety of fabrication techniques have 

been developed. 

Fabrication of paper-based microfluidic devices can be divided into two general 

categories: selective cutting and/or removal of paper (two-dimensional shaping/cutting of 

paper) and patterning hydrophilic/hydrophobic contrasts on paper to create multifunctional 

μ-PADs (Akyazi et al., 2018, Cate et al., 2014a). In the cutting category, the paper 

channels are generally obtained by cutting the paper with a cutter plotter capable of 

controlling the X-Y axis or with a CO2 laser cutting apparatus. Then, in most cases, the cut 

channels are covered with a sticky tape as a backing to give certain microfluidic like 

structure and higher strength of the full device (Yetisen et al., 2013). The main drawbacks 

of the cutting method for mass production are the fabrication costs, since it requires a 

specialized type of equipment sometimes not economically viable, and the energy power 

limitations in limited resources areas or in field (Akyazi et al., 2018).  



14 
 

On the other hand, achieving a hydrophilic pattern on paper with hydrophobic borders 

would define the fluidic channel on a μ-PAD. In order to obtain a hydrophilic/hydrophobic 

contrast on paper there are several patterning techniques which are divided into three 

subcategories, depending on the binding states of hydrophobic agents to paper: 1) Physical 

blocking of the pores, 2) Physical deposition of a hydrophobising agent on the paper fiber 

surfaces, 3) Chemical modification of the paper fiber surface (Akyazi et al., 2018). 

Physical blocking (using agents such as photoresist and PDMS) and physical deposition on 

the fiber surface (using polystyrene, wax or commercial ink) do not involve any chemical 

reaction between the agents and the paper fiber (Akyazi et al., 2018, Li et al., 2012).  

Patterning hydrophilic/hydrophobic contrasts on paper is based on patterning sheets of 

paper into hydrophilic channels (paper) bounded by hydrophobic barriers (Martinez et al., 

2009, Nouanthavong, 2015). The main goal of manufacturing  a μ-PAD is to create 

hydrophobic barriers, which are directing fluid flow through microchannels within the 

base material (paper) to control flow direction and maintain analyte concentration by 

preventing analyte losses from reagent spreading on the paper (Adkins, 2016, Cate, 2015, 

Lisowski and Zarzycki, 2013). Moreover, constructing hydrophobic barriers in a paper 

matrix is a simple way to prevent mixing of detector reagents and achieve multiplexed 

assays (Yetisen et al., 2013).  

In physical deposition patterning technique, barrier materials (hydrophobic materials) 

including rosin, waxes, cellulose esters, ethyl cellulose, fluoropolymers, silicones, and 

polystyrene have been proposed (Cate, 2015) for creating channels to confine and direct 

microliter volumes of liquid flow (Mentele et al., 2012). Thus as shown in Fig. 4, the 

pattern is generated by depositing a hydrophobic material on the paper serving as a barrier 

to guide the liquid wicking to wanted directions to perform the analysis (Martinez et al., 
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2010, Nouanthavong, 2015). The patterning process defines the width and length of paper-

based microfluidic channels; the height of the channel is defined by the thickness of the 

paper (Martinez et al., 2010). 

 

Figure 4. Schematic of hydrophilic channels patterned with hydrophobic barrier (adapted 

from Martinez et al. (2010)) 

The hydrophobic agents change the wetting property of paper by filling the paper pores or 

adsorb on the fiber surface (Akyazi et al., 2018, Li et al., 2012). As shown in Fig. 5, the 

hydrophobic channel wall is strong enough to guide capillary penetration of water within 

the channel (Li, 2010). 

 

Figure 5. The microscope image of a water wetted microfluidic channel on filter paper 

(adapted from Li (2010)) 
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Traditional microfluidic devices are fabricated by etching or molding channels into glass, 

silicone, PDMS (polydimethylsiloxane), or other polymers or plastics (Martinez et al., 

2009). While μ-PADs may lack the high mechanical robustness of traditional microfluidic 

materials (i.e., glass, silicon, polymers), it has a very promising substrate material for 

microfluidic device fabrication as it has many unique advantages over traditional 

substrates (glass, silicon, and polymers) as shown in Table 2 (Cate et al., 2014a, 

Chailapakul, 2012). Cellulose‟s hydrophilicity and porosity generate flow via capillary 

action without the need for external pumps or power supplies (Yang et al., 2016). The 

cellulose matrix also provides a solid support for reagents, for filtering samples, or for 

performing chromatographic separations (Martinez et al., 2009). Moreover, μ-PADs 

patterning techniques exist to create well-defined channels using any one of several 

fabrication methods (Yang et al., 2016). 
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Table 2. Properties of cellulosic (paper) substrates compared to glass, silicon, and PDMS 

(adapted from Cate (2015)) 

Property 

 

Material Impact 

Glass  Silicon PDMS Paper 

Flexibility  

 

None None Some High Multi-layer 

construction; less likely 

to become damaged 

during transport, 

handling, and repeated 

use 

Permeability Solid Solid Gas Gas/liqui

d 

 

Permeable materials are 

amenable for cell 

culture, multi-layer 

construction, gas 

sensing applications 

Surface to 

volume ratio 

Low  Low Low High Paper provides more 

surface area for 

chemical reactions 

per unit area/volume 

Fluid control 

(primarily) 

Active  Active Active Passive Active pumping 

requires external 

instrumentation. 

Imbibition in paper is 

controlled by capillary 

action. 

Biocompatibili

ty  

Yes Yes Yes Yes  Amenable for 

biological applications 

Optical 

transparency 

Yes  No  Modera

te  

No Not compatible with 

many optical 

microscopy 

techniques 

Biodegradabili

ty 

No  No  Limited  Yes Recyclable; can 

incinerate 

Ease of 

fabrication 

Moderate  Difficult  Modera

te  

Easy Commercially available 

resources can be used 

for 

fabrication 

Functionalizati

on 

Difficult  Moderat

e  

Modera

te  

Simple Ability to change 

surface properties for 

unique 

chemical applications 

Chemical 

homogeneity 

Yes  Yes  Yes  No Changing surface 

chemistry 

can decrease assay 

precision 

Material cost Moderate  High  Modera

te  

Low Very low cost per 

device factor 
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Patterning a piece of paper into hydrophilic channels demarcated by hydrophobic barriers 

requires that these barriers extend through the entire thickness of the paper (Martinez et al., 

2009). However, most simple printing technologies are not suitable for patterning the full 

thickness of the paper because they are designed to deposit inks on the surface of paper. 

Thus, currently several techniques have been reported to fabricate μ-PADs such as 

photolithography, plotting with an analogue plotter, inkjet etching, plasma treatment, wax 

printing, flexography printing, screen printing and laser patterning techniques. The 

fundamental principle of these μ-PAD fabrications in all techniques is to form hydrophilic-

hydrophobic barriers on a chromatography or filter paper to create fluidic channel 

networks (Busa et al., 2016, Chailapakul, 2012, Li et al., 2012, Lisowski and Zarzycki, 

2013).  

In 2007, Martinez et al. (2007) first developed μ-PADs by photolithography, but the 

method was complicated due to the usage of photoresist, clean-room facility, UV light, 

mask, mask aligner (Sriram et al., 2017), high cost equipment, multiple steps to get the 

device and the bending vulnerability of the final devices that could easily crack (Akyazi et 

al., 2018). In order to avoid such sophisticated techniques, new methodologies were 

developed to fabricate these devices, giving rise to the patterning of hydrophobic barrier 

and hydrophilic channel on filter paper (Sriram et al., 2017). The fundamental techniques 

for μ-PAD fabrications are compared in Table 3. 
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Table 3. Comparison of different fabrication methods for patterning paper (adapted from 

(Lin et al. (2016b) and Martinez et al. (2009)) 

Method Channel 

(µm) 

Barrier 

(µm) 

Advantages Disadvantages 

Photolithogra

phy 

186±13 248±13 Can pattern a wide variety of papers 

up to 360 µm in width. High 

resolution 

Hydrophilic areas 

exposed to polymers 

and solvents. 

Low resistance to 

bending and folding; 

Expensive fees for a 

cleanroom and 

chemicals 

Plotting ~1000a ~1000a Hydrophilic channels not exposed 

to polymers or solvents; 

hydrophobic barriers are flexible. 

Suitable for any type of surface 

Requires a customized 

plotter, special plotter 

is needed 

Inkjet 

etching 

420±50 -a Reagents can be inkjet printed into 

the test zones using the printer. 

High efficiency; no mask is 

needed;availablewith modified 

office printer 

Requires a customized 

inkjet printer, 

hydrophilic areas 

exposed to polymers 

and solvents. Requires 

expensive modification 

of the office printer 

Plasma 

etching 

~1500a -a Useful for laboratories equipped 

with a plasma cleaner that wish to 

make many replicates of a few 

simple patterns. 

Hydrophilic areas 

exposed to polymers 

and solvents; metal 

masks must be made 

for each pattern; 

cannot produce arrays 

of free-standing 

hydrophobic patterns.  

Cutting 1000 700 hydrophilic channels not exposed to 

polymers or solvents 

Simple operation; no chemical 

contamination; extra- ordinary 

cheap 

Devices must be 

encased in tape; cannot 

produce arrays of free-

standing hydrophilic 

patterns. 

Very low resolution 

Wax printing 561±45 850±50 Rapid (~5minutes): requires only a 

commercially available printer and 

hot plate, hydrophilic channels not 

exposed to polymers or solvents. 

Simple operation; cheap; no mask 

needed, less expensive, and faster 

than other reported methods 

The design of the 

patterns must account 

for the spreading of the 

wax in the paper. 

Needs special wax 

printer; low resolution; 

un- stable at high 

temperatures 

aThe minimum dimensions were not reported  
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The most widely used techniques for creating hydrophobic barriers are those involving 

wax patterning. Whether by printing, dipping, or screen-printing, wax-based fabrication 

methods are amenable for laboratory scale μ-PAD processing as wax patterning is rapid, 

inexpensive, requires minimal technical expertise, can be  performed outside of a 

controlled laboratory environment (Cate, 2015), easily accessible fabrication technology 

using relatively inert materials (Carrilho et al., 2009), water insoluble, low viscosity after 

melting, can rapidly penetrate into the filter paper, eco-friendly for easy disposable in 

comparison with other hydrophobic substances such as SU-8 photoresist, PDMS and 

hydrophobic chemicals (Sriram et al., 2017).  

Wax-based fabrication techniques are based on selective hydrophobisation using nontoxic 

patterning reagents (Akyazi et al., 2018). The recent wax impregnation technology, wax 

printing, was introduced by Lu et al. in 2009 (Lu et al., 2009). Despite being a two-step 

method including paper printing and heating, it is suitable for mass production, since wax 

printers are commercially available and inexpensive to operate (He et al., 2015, Yang et 

al., 2016). Once wax is printed on a paper substrate and melted, the wax coats the cellulose 

fibers creating a barrier (Yang et al., 2016) as shown in Fig. 6 (Smith et al., 2015). 

 

 

 

Figure 6. General procedure for designing pattern, printing and melting in the wax-based 

fabrication of microfluidic channels (adopted from Smith et al. (2015)) 

The drawback of wax printing is the melting of the wax during long term-storage at 

ambient air conditions, the possible cross contamination of the samples with the wax and  

Design layout Print device Wax melting device  Microfluidic  

device channels               
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the modification of device dimensions (channels) over time (Yetisen et al., 2013). 

Surfactants and organic solvents can wet the surface, resulting in solution penetration over 

and/or through the wax barrier and a loss of sample to the device (Yang et al., 2016). 

Although many devices fabricated for research and proof of concept purposes are simply 

open channel and testing zones, it is useful and sometimes necessary to consider packaging 

the devices. Sealing the devices, especially when reagents are stored in paper, is necessary 

to prevent device contamination and for long-term storage. Sealing has also been used to 

minimize or control solvent evaporation within devices, which can increase detection 

sensitivity (Cate et al., 2014a). Although adding plastic packaging increases the device 

cost, it also has the advantage of providing physical support and keeps the devices more 

mechanically stable. Several materials have been incorporated as both a support and as a 

sealant. Adhesive tapes have been used extensively to seal and package devices, especially 

since tapes are inexpensive, easily available, transparent and can be used as viewing 

windows into the device (Martinez et al., 2008b). A potential problem with using 

adhesives with paper-based devices is that the adhesive could impact the chemical 

reactivity for detection and/or change paper wettability. Depending on the fabrication 

method, sealing can also be accomplished using the same materials used to create the 

hydrophobic regions (Cate et al., 2014a). 

2.5. Detection Techniques of μ-PADs 

μ-PADs have been developed to monitor environmental contamination both qualitatively 

and quantitatively due to their versatility for in-field testing (Yang et al., 2016). Multiple 

detection zones for different target species are created by deposition of reagents on the 

paper surface. When the sample reaches the detection zone, a reaction occurs and a 

detection system signals the reaction (Costa et al., 2014). Thus detection is one of the most 
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critical steps in paper-based assays to quantify and/or identify the presence of the analyte 

of interest (Cate et al., 2014a, Morbioli et al., 2017). Versatile μ-PADs have been 

developed with a variety of detection techniques, such as colorimetry (Teengam et al., 

2017), fluorescence (Li et al., 2017), chemiluminescence (Liu et al., 2013), surface-

enhanced Raman scattering (Zhang et al., 2014) as well as electrochemical detection (Ge et 

al., 2015, Lisowski and Zarzycki, 2013, Sun et al., 2018). 

However, colorimetric detection is widely regarded as the most suitable detection 

technique to integrate with μ-PADs, due to its simple operation, compatibility with 

relatively low-cost reporting systems and straightforward quantitative results as color 

intensity is proportional to analyte concentration (Martinez et al., 2007, Martinez et al., 

2008a, Lisowski and Zarzycki, 2013, Nery and Kubota, 2013, Tian et al., 2016, Wang et 

al., 2014). Moreover, paper substrate offers a bright, high-contrast and colorless 

background for color change readings (Akyazi et al., 2018) which make colorimetric 

sensing the most prevalent method (Adkins, 2016, Cate et al., 2014a).  

Electrochemical detection is more sensitive than colorimetric detection; however the 

device is complicated due to construction of sensing electrodes on paper. In colorimetric 

detection, which is based on the color formation of analytes with appropriate reagents, it is 

easy to fabricate the device. In order to employ this advantage of colorimetric method, it is 

important to improve the sensitivity of the method. As shown in Table 4, colorimetric 

paper-based sensors for analyses of inorganic species have been recently reported that 

offer attractive alternatives to the more sophisticated, expensive and laboratory-extensive 

techniques (Cate et al., 2014a, Yang et al., 2016). 
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Table 4. Summary of some inorganic species for food and water analyses on paper-based 

platforms using wax printing (adapted from Busa et al. (2016)) 

Targe

t 

µPAD wall 

fabricatio

n Method 

Paper 

substrate 

Detection 

method 

Linear 

detection 

range 

LOD Real 

sample 

applicati

on 

Hg(II), 

Cu(II), 

Cr(VI)

, Ni(II) 

Wax 

printing 

Whatma

n No. 1 

paper 

Colorimetri

c 

- ~0.5–1 

ppm 

- 

Cu(II) Wax 

printing 

Whatma

n No. 1 

filter 

paper 

Colorimetri

c 

0.5–200 

ng.mL
-1

 

0.3 

ng.mL
-1

 

Drinking 

water, 

ground 

water, 

tomato, 

rice 

Hg(II) Wax screen 

printing 

Whatma

n No. 1 

filter 

paper 

Colorimetri

c 

5–75 ppm 0.12 ppm Commerc

ial bottled 

drinking 

water, tap 

water 

Hg(II), 

Ag(I), 

neomy

cin 

Wax 

printing 

Whatma

n No. 1 

chromat

ography 

paper 

fluorescence 0.39µmol.L
-1

–

3.89µmol.L
-1

 

0.16 

µmol.L
-1

 

- 

Cu(II), 

Cr(VI)

, Ni(II) 

Wax 

patterning 

Whatma

n No. 1 

chromat

ography 

paper 

Colorimetri

c 

- ≥0.8 mg 

L
-1

, >0.5 

mg L
-1

, 

≥0.5 

mgL
-1

 

Tap water 
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2.6. Colorimetric Detection 

One advantage of μ-PADs is the ability to store reagents at various points along the flow 

channels to carry out different chemistries on samples. Thus reagents, buffers, and surface 

modifiers can be impregnated into specific areas of the paper device, creating zones where 

metal samples can be pretreated prior to detection (Mentele et al., 2012). Results of 

colorimetric assays can be qualitative, semiquantitative or quantitative depending on the 

assay goals. Qualitative assays on μ-PADs are commonly achieved without any external 

instrumentation as they give yes/no results that can be readily determined by eye (Li et al., 

2015). Semiquantitative analysis can involve the use of a color chart for estimating relative 

analyte amount based on a pre-established calibration curve (Lin et al., 2016a). More 

rigorous and carefully controlled measurements are required for quantitative analyses on 

μ-PADs in order to obtain accurate and precise analyte levels. These measurements are 

typically performed by employing instruments to acquire images and image-processing 

software to quantify the color signal intensities and/or hues (Yang et al., 2016). 

2.7. Basic Principles of Colorimetric Detection  

Colorimetric device configurations work on the principle that visible colors result from the 

reaction between analyte and chromogenic reagents (Cate et al., 2015, Yang et al., 2016). 

Colorimetric detection uses three different detection chemistries: enzymatic reactions, 

chemical reaction or nanoparticle aggregation on the detection region to yield a 

chrominance change (Cate et al., 2014a, Juntao et al., 2015). Many of colorimetric sensors 

with chemical reaction involve metal complexation with ligands (Cate et al., 2014a, Yang 

et al., 2016) because colored metal-ligand complexes are easily discernable with the 

unaided eye and/or can be quantified inexpensively with other optical motifs (e.g. scanner 
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or camera-phone). Additionally, much of the complexation chemistry is well-characterized 

(Meredith et al., 2016).  

The variety of color among transition metal complexes has long fascinated researchers. 

The color of these transition metal complexes is due to absorption of light in the UV-VIS 

radiation spectrum. Many of these facts can be rationalized from d-d transitions and charge 

transfer process. However, the resulting d–d transitions for transition metal ions are 

relatively weak (Harvey, 2000), there by such transition is not commonly used for 

transition metal analysis. A more important source of UV-Vis absorption for metal–ligand 

complexes is charge transfer, in which absorbing a photon produces an excited state 

species that can be described in terms of the transfer of an electron from the metal, M, to 

the ligand, L. 

 

Charge-transfer absorptions involve movement of electrons between metal and ligand. 

Absorption of radiation then involves transfer of an electron from the metal to a ligand. 

However, in most charge transfer complexes involving a metal ion, the metal serves as the 

electron acceptor (Harvey, 2000). For example, diphenylcarbazide is an organic ligand 

which has long been used for the colorimetric determination of chromium (Pflaum and 

Howick, 1956). Based on Pflaum and Howick (1956) study on chromium-

diphenylcarbazide reaction, the reaction of chromium(VI) in acidic solution with 

diphenylcarbazide involves an oxidation of the reagent to diphenylcarbazone by the 

dichromate with simultaneous reduction of chromium(V1) to chromium(III). Pure 

diphenylcarbazone does not react with chromium (VI) ion since solutions of the reagent 

and chromium(V1) do not show any color change even after a period of standing. 

Complexation then between diphenylcarbazone and chromium(III) accounts for the intense 
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purple-red color in the reaction as shown in the following reaction scheme (Pflaum and 

Howick, 1956, Stancheva et al., 2012) via charge transfer process. 

 

As shown in the schematic reaction, it is envisaged to acidify the solution containing 

chromate and reagent as the complex forms and is stable only in an acidic environment 

(Stancheva et al., 2012). The colorful reaction between diphenylcarbazide and chromium 

has been used for the colorimetric determination of chromium due to the sensitivity, 

selectivity, and simplicity inherent in the reaction (Pflaum and Howick, 1956). The 

absorption maximum for Cr(III)-diphenylcarbazone colored complex occurs at 540 nm 

with molar absorptivity (ε) of 31,000 L mol
-1

cm (Ege and Silverman, 1947). This large 

value indicates that the complex absorbs very strongly which provides an excellent and 

sensitive method for determining chromium in acidified aqueous solution. The UV/Vis 

absorption spectrum for that of Cr(III)-diphenylcarbazone colored complex is shown in 

Fig. 7 and the complex species is responsible for the absorption observed (Pflaum and 

Howick, 1956). 

Substances which absorb UV and visible light by charge transfer process are important 

because they have strong molar absorptivity there by charge transfer bands often 1000 

times stronger than d-d transition bands (Harvey, 2000). Thus, a colorimetric analysis 

involving charge-transfer absorption provides a much more sensitive analytical method 

due to very large absorbances. Thus the formation of colored complex compounds is a 

useful method for colorimetric detection on μ-PADs, and has been used for sensing heavy 
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metals in different matrixes (Ariza-Avidad et al., 2014, Hossain and Brennan, 2011, 

Mentele et al., 2012) with limits of detection from ppm to ppb (Hossain and Brennan, 

2011, Morbioli et al., 2017). 

 

Figure 7. Absorption spectra for diphenylcarbazide systems. (1) 1.0 x 10
-3 

M reagent in 

water at pH 1.5, (2) 8.0 x 10
-5 

M Cr(III) and reagent in dimethylformamide, (3) 4.0 x 10
-5

 

M Cr(VI) and reagent in water at pH 2.09, (4) 4.0 x 10
-5 

M Cr(VI) and reagent in H2O at 

pH 1.30 (adapted from Pflaum and Howick (1956)) 

In colorimetry, μ-PADs are developed with sample introduction, preconcentration and 

sensing channels (detection zones) for analysis using color intensity. The detection zones 

are created for conducting simultaneous detection of analytes. Multiplexed detection is not 

only beneficial to save reagent consumption and time but also contributed to give accurate 

and comprehensive evaluation for the sample (Sun et al., 2018). The preconcentration 

channel could be designed mainly to enhance selectivity and sensitivity problems 

associated with colorimetric method (Lin et al., 2016b). Moreover, the chromogenic 
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reagents could be chosen to selectively react with the analyte with minimal interference 

from other substances (Yang et al., 2016). An ideal chromophore to be used in conjunction 

with μ-PADs should be colorless in the absence of the analyte of interest and generate a 

colored product in the presence of the analyte (Morbioli et al., 2017). Thus specific 

chromogenic reagents are preimmobilized on the sensing channel of μ-PADs (Li et al., 

2019, Martinez et al., 2009, Rattanarat et al., 2013).  

After the sample is loaded and distributed over different reaction zones, chemical reactions 

of reagents and target analytes occur that allow visual determination of target analytes 

through the color changes in the reaction zones (Lin et al., 2016b, Martinez et al., 2009) as 

shown in Fig. 8. The developed color intensity correlates with analyte concentration since 

the color intensity is proportional to analyte concentration (Martinez et al., 2009). 

 

Figure 8. Schematic representation of A) front and B) back side of μ-PADs: Capillary 

action of yellow color dye in μ-PADs and rapid color change in detection zone due to the 

reaction with preloaded reagents (adapted from Sriram et al. (2017)) 

2.8. Image Capturing and Reporting Systems for Quantitative Analysis 

After the colorimetric assay has been performed, it is necessary to read off the information 

displayed in the μ-PAD. This is a critical step for equipment-dependent quantitative 
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readouts, but can be performed for qualitative and semi-quantitative readouts as well 

depending on the purpose (Morbioli et al., 2017) as shown in Fig. 9. 

 

Figure 9. Examples of devices and techniques for semi-quantitative to quantitative assay 

readout. (A) Electrochemical biosensor array, (B) handheld potentiostat, (C) optical 

imaging of nanoscale objects with a cellphone, (D) an adapter on a smartphone, (E) 

smartphone, (F) paper device using „time‟ as a readout, (G) multiple colorimetric 

indicators, (H) distance-based detection, (I) bar-code device (adapted from Cate (2015)) 

Quantitative colorimetric detection of analytes using μ-PADs is possible by reflectance 

detection as the intensity of the color that develops in the test zones is a function of the 

concentration of the analyte (Ariza-Avidad et al., 2014). Reflectance detection is based on 

the measurement of the light reflected off from the surface of the test zone and well suited 

for use with μ-PADs because it is easy to perform and requires simple equipment. Thus, 

the reflected light can be captured by a desktop scanner, digital camera or cell phone 
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camera (Martinez et al., 2009, Morbioli et al., 2017, Quesada-González and Merkoçi, 

2017). The use of cameras, scanners as well as smart-phone, in conjunction with imaging 

software, allowed for the rapid and relatively inexpensive measurement of color intensity 

on μ-PADs (Sun et al., 2018). Thereby recently, scanners, digital cameras, and 

smartphones, together with imaging software such as ImageJ and Adobe Photoshop, have 

been used as a novel convenient and rapid detection method to measure the color intensity 

of μ-PADs (Alahmad et al., 2018, Calabria et al., 2017, Hossain and Brennan, 2011). By 

measuring the intensity of the color in a digital image of the test zone, it is possible to 

calculate the concentration of the analyte by comparing its intensity to a calibration curve 

(Martinez et al., 2009). 

μ-PADs combined with small, portable, and widespread smartphones as a detector in 

conjunction with professional applications (apps) for readout hold great application 

potential for routine on-site analysis (Li et al., 2019). Cell phone cameras have been touted 

as a low cost detection method for quantitative analysis in μ-PADs (Lopez-Ruiz et al., 

2014) since the first reports of these microdevices (Martinez et al., 2008a). Cell phones are 

lightweight, portable, inexpensive, require little to no training to operate and have the 

possibility of transmitting data from the hardware itself to a specialist off-site. Moreover, 

the number of cell phone lines have surpassed the world population, indicating the broad 

reach of this technology (Morbioli et al., 2017). Thus because of their market penetration 

and worldwide ubiquity, smartphones have created new opportunities for analysis in 

resource-limited settings either through on-site processing or remote data transfer to a 

centralized facility. Moreover, increased device data storage capacity enables information 

to be collected on-site and stored for transport to a central location without requiring 

sample transport. Camera phones have recently been used for detection of toxic metals 

(Delaney et al., 2013, Wei et al., 2014).  
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Smartphones are superior to flatbed scanners in regards to portability (Cate et al., 2014a), 

however compared to flatbed scanners, cell phone cameras present minor disadvantages in 

terms of the figures of merit of the method. This is due to variations in lighting conditions, 

angle of imaging, shadows, and focal distance, which contribute to the variability intra and 

inter-assays (Morbioli et al., 2017). The variations in lighting conditions render image 

intensities inconsistent (Cate et al., 2014a). To reduce bias from varying ambient light, 

images of both test and control strips could be taken simultaneously without a flash while 

maintaining focus. In addition, image acquisition variability could also be reduced by 

fixing the phone camera on a stand (Yang et al., 2016). Moreover, smartphone equipped 

with an image processing application, a pixel counting algorithm, has also been used to 

minimize user subjectivity (Sicard et al., 2015).  

Recently, several groups also addressed this problem, the variations in lighting conditions, 

by developing intensity correction software for smartphones or by creating devices to 

physically block ambient light during image acquisition (Cate et al., 2014a) by positioning 

the cell phone in a polymethyl methacrylate (PMMA) box illuminated by 4 white LEDs 

(Salles et al., 2014). This approach provides a fixed focal distance and eliminates most of 

the inconveniences of cell phone camera detection, increasing the reproducibility and 

improving the analytical figures of merit of the method. However, it diminishes the 

universality of the method as it requires extra material, some degree of training, and also 

applies only to the dimensions of a specific cell phone (an Apple® iPhone 4S, in this case) 

to analyze a specific design paper-device. These issues may be alleviated with careful 

engineering in the future (Morbioli et al., 2017).  

Conventional flatbed scanners are heavily used in laboratory settings to capture paper 

device images due to low-cost (Grudpan et al., 2015) and high-precision light sources, 
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making it unnecessary to employ additional features to obtain constant illumination 

intensities (Yang et al., 2016). When using a flatbed scanner, the focal distance and the 

illumination conditions are the same, both for the entire test plate in a single read, but also 

between consecutive reads. This translates to better reproducibility and better figures of 

merit for the method (Martinez et al., 2008a).  

Although reflectance is the most common colorimetric detection mode used with μ-PADs, 

it only allows detection of the surface-bound analytes and often requires high analyte 

concentrations (i.e., high micromolar) to give detectable signals (Peters et al., 2015). 

Saturation of signals due to the finite amount of analyte that can be accumulated on the 

paper substrate surface also limits the linear range in reflectance-based measurements to 

typically 1 or 2 order(s) of magnitude (Sicard et al., 2015). Transmittance-based 

measurements, on the other hand, assess the cumulative density of light absorbing 

materials throughout the thickness of paper and may offer enhanced sensitivity. In 

addition, sensitivity can also be tuned by controlling the device thickness through using 

thicker paper or multiple paper layers (Yang et al., 2016).  

Although much work has been done to reduce the cost and increase the portability of 

external readers, another goal (particularly for POC applications) is the development of 

accurate and easy-to-use devices that do not require external instrumentation. Quantitative 

or semiquantitative readouts are desired in many applications, particularly in the context of 

on-site diagnostics where treatment could be dictated by a simple yes/no or 

normal/abnormal response (Fu, 2014, Phillips, 2013). Thus μ-PADs can also be designed 

to provide interpretable analysis results without any external equipment or reader. One 

approach for noninstrumented analysis is use of external calibration with a standard 

colorimetric chart can be used in semiquantitative analyses. The chart allows users to 
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estimate the amount of analyte present in the sample by visually comparing its color to 

associated references (Fang, 2014, Hao, 2014, Yang et al., 2016). Distance-based detection 

that relies on reading a visual signal length linearly corresponding to analyte concentration 

is also popular (Cate et al., 2015, Yang et al., 2016).  

2.9. Digital Image Analysis  

After the colorimetric assay has been performed and digitized, it is necessary to analyze 

the digital image, obtaining the color information contained in each pixel (Morbioli et al., 

2017). Normally, images of the paper devices will be captured using external devices and 

collected images will be saved in JPEG format at 600 dpi or at 300 dpi and then analyzed 

using ImageJ software (National Institutes of Health, USA) for quantitative analysis 

(Rattanarat et al., 2014). There are multiple ways to obtain and evaluate colorimetric data 

from μ-PADs and determine the figures of merit of the analytical method.  

Capitan-Vallvey (2015) presented a comprehensive list of work dealing with computer 

vision-based analytical (CVAC) procedures and how data can be processed in distinct 

color spaces (RGB, HSV, CIE, CIELAB) (Capitan-Vallvey, 2015, Morbioli et al., 2017). 

Different channels such as RGB, hue-saturation-value (HSV) and cyan-magenta-yellow 

key (CMYK) have been applied for analyzing images to find an appropriate color space 

for optimal results (Cardoso et al., 2015, Jung et al., 2015).  

Each paper-based system is unique, and thus there has been little drive towards the 

adoption of a universal data treatment method. Some authors obtain better figures of merit 

using gray scale (Mazzu-Nascimento et al., 2016), while others prefer the use of a single 

channel of the RGB color space (Capitan-Vallvey, 2015), or even a different color space 

itself. It becomes relevant then to test multiple approaches in order to find the optimal 

color space and treatment for each new assay (Morbioli et al., 2017).  
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Average gray intensity of color formation at the detection reservoirs is measured using the 

public domain software ImageJ. A color threshold is applied to each image by adjusting 

the hue so that only the color of interest is visible. For each assay color, the hue is adjusted 

to a specific suitable range, within which colors not attributed to the desired metal complex 

are filtered out. Once optimized, the threshold ranges set for each assay will be fixed. After 

threshold adjustment, images will be converted to 8-bit gray scale and inverted so that 

darker color yields greater intensity. The program then automatically selects the regions of 

interest in the image, and average gray intensity will be measured. Data will be imported 

into Origin or Microsoft Excel. Control reservoirs are present on the device so that any 

colored compounds are not confused as product. These reservoirs are only needed as a 

visual control, however, because the color threshold adjustment performed with the 

imaging software filters out unwanted color in the detection zone (Mentele et al., 2012). 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1. Total Cr Determination in Environmental Samples Collected from Kombolcha 

Industrial Area, Ethiopia  

3.1.1. Description of the study area 

Kombolcha is a fast growing town in Ethiopia. It is approximately 380 km far from Addis 

Ababa in the north central part of Ethiopia. Kombolcha is one of the five national 

industrial development zones because of its close proximity to both the capital city of 

Ethiopia and the port in Djibouti. Consequently, the industrialization activity in 

Kombolcha town has been developing rapidly. However, for most industries, there is no 

proper waste treatment system. Effluent treatment predominantly takes place in lagoons or 

retaining ponds, but these facilities are quite old and designed to treat organic and 

sediment wastes only, rather than metal pollutants (Zinabu et al., 2018). The old industries 

and the new industrial zones are located close to each other, but no joint efforts have been 

made by the industries to properly treat the generated waste.  

As shown in Fig. 10, most industries, including steel processing, textile, tannery, and meat 

processing, discharge their effluents into the Leyole River whereas the brewery industry 

dumps effluent into the Worka River. These two rivers join the Borkena River, which 

passes through Kombolcha town and merges with the Awash River in the Afar region. 

These inputs may markedly increase the chemical pollution load in the receiving rivers. 
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Figure 10.   Location map of the study area (source: South Wollo urban development, 

housing and construction office) 

3.1.2. Sample collection and pretreatment 

The samples included soil, lettuce (Lectuca sativa L.), and water were collected from plots 

adjacent to the Borkena River at Kombolcha town in Ethiopia during the rainy season. A 

purposive sampling technique was used to collect samples from purposely selected 

sampling sites. Composite soil samples were collected from the supporting soil of lettuce 

plants at depths of 15 to 20 cm. The samples were placed in pre-cleaned polyethylene bags 

and bottles and then transported to a laboratory for further pretreatments. The plant 

samples were washed with tap water and rinsed with distilled water to remove extraneous 

substances, such as soil and dust particles, and finally chopped. Water samples were 

filtered through a 0.45 𝜇m membrane filter, acidified with 10% HNO3 during collection, 

and kept at 4 °C until analysis. The lettuce samples were first air-dried, then dried in an 

oven at 65 °C for approximately 2 h and finally powdered using a mortar and pestle. The 

soil samples were similarly air-dried and further dried in an oven at 105 °C for 
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approximately 2 h. The dried samples were ground, homogenized, sieved using a 2 mm 

sieve, and kept in pre-cleaned plastic bags until digestion. 

3.1.3. Reagents and solution preparation 

Ammonium dichromate, cerium(IV)ammonium nitrate, phthalic anhydride, methanol, 

glacial acetic acid and sodium acetate were obtained from (Uni-Chem, NJ, USA). 1,5- 

diphenylcarbazide (1,5-DPC) and polydiallyldimethylammonium chloride (PDDA) were 

obtained from Nacalai Tesque (Kyoto, Japan). Nitric acid and hydrogen peroxide were 

also used. All reagents were of analytical grade and used as received. Doubly distilled 

water was used throughout the process for reagent, standard and sample solution 

preparation as well as for rinsing apparatus. A standard stock solution of 500 mg L
-1 

Cr 

was made by dissolving 0.30 g of ammonium dichromate in double-distilled water. 

Working standards of concentrations 1, 5, 7.5, 10, 20, 35, 50, 75, 100, 125 and 150 mg L
-1

 

Cr were prepared daily from the stock solution for μ-PADs analysis. Moreover, working 

standards of concentrations 0.2, 0.4, 0.8, 2, 4, 6 and 8 mg L
-1

  were prepared daily from the 

same stock solution for UV-Vis spectrophotometric analysis. A Ce(IV) solution was 

prepared by dissolving 20 mg of cerium (IV) ammonium nitrate with sufficient double-

distilled water to achieve a final volume of 100 mL. The buffer solution (pH 4.5) was 

prepared using 1 M sodium acetate and 1.67 M glacial acetic acid. A 10% nitric acid 

solution was prepared by adding 10 mL of concentrated nitric acid (69%) to double-

distilled water and diluted to 100 mL with the same solvent. A 1,5-Diphenylcarbazide 

(1,5-DPC) solution was prepared by dissolving 80 mg of 1,5-DPC and 170 mg of phthalic 

anhydride in 5 mL of methanol for both μ-PADs and UV-Vis spectrophotometric analysis. 
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3.1.4. Instruments and apparatus 

An electronic balance with ± 0.0001 g precision was used to weigh samples and chemical 

reagents. A drying oven (GX-65B) was used to dry plant and soil samples. Ceramic mortar 

and pestle was used for grinding dried samples to homogenize the samples. A high-

performance microwave digestion system (WAGTECH) was used to digest the dried and 

powdered plant and soil samples. UV-Vis spectrophotometer (HACHLANGE DR6000, 

Germany) with 0.1 precision and 1cm plastic cuvette (cell) was used for total Cr 

absorbance measurements at 540 nm wave length. Cellphone camera (TECHNO WX4 Pro, 

8.3 Megapixels) was used for image capturing developed on paper devices. Micropipettes 

were used to deposit reagents and samples on paper devices. All the sample containers and 

tools, such as plastic bags, glass wares, micropipettes and microwave digestion vessels, 

mortar, pestle, funnel, and spatulas, were washed with detergents and tap water, and then 

rinsed with 10% HNO3 and doubly distilled water. 

3.1.5. Digestion of soil and lettuce samples 

Microwave digestion using either only nitric acid or a mixture of nitric acid and hydrogen 

peroxide is an innovative technique used widely for elemental analysis of soil and plant 

samples (Xing and Yeneman, 1998). Thus microwave digestion (EPA method 3052) was 

used for the digestion of soil and lettuce samples (Mangum, 2009). Samples of 0.5 g were 

weighed into each digestion vessel and digested using 7 mL concentrated HNO3 and 1.5 

mL of 30% H2O2. For method validation, 20 mg L
-1

 standard solution was spiked into 0.5 

g of soil irrigated with a mixture of Liyole and Borkena River (SS1). Each sample was 

digested in triplicate. The microwave power program was set for 30 minutes at 200 
o
C and 

1000 w and the temperature was held at 200 °C for 10 min. After cooling, the samples 

were filtered through acid-washed (Whatman No. 1) papers and transferred into acid-



39 
 

washed 50 mL volumetric flasks. The digestion vessels were rinsed three times with 

double-distilled water, filtered, and transferred into 50 mL volumetric flasks, and the 

volume was adjusted to the mark using double-distilled water. Triplicate blank solutions 

were prepared following the same digestion procedure as the samples. The solutions were 

kept at 4 °C until analysis with the μ-PADs and UV-Vis spectrophotometer. 

3.1.6. Device design and fabrication 

The μ-PADs were fabricated in Japan as follows: the pattern of the μ-PADs was drawn 

using Microsoft Office PowerPoint 2013 and printed on a sheet of filter paper (200 x 200 

mm, Chromatography Paper 1CHR, WhatmanTM, GE Healthcare Lifesciences, UK) using 

a wax printer (ColorQube 8580N, Xerox, CT, USA), followed by heating at 150 °C for 2 

min in a drying machine (ONW-300S, AS ONE, Tokyo, Japan). The printed μ-PADs 

(Figure 11) were transported to Ethiopia where reagents for the determination of total Cr 

were added before the use.  

 

Figure 11. Fabricated μ-PADs used in the study 

3.1.7.   Reagent deposition and colorimetric μ-PAD assay of total Cr 

Diphenylcarbazide (1,5-DPC) was used as a chromogenic reagent since the reaction 

between 1,5-DPC and Cr takes place with minimum interference from other substances 
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(USEPA, 1992, Cate et al., 2014b, Pflaum and Howick, 1956, Rattanarat et al., 2013). 

However, an optimized amount of 1,5-DPC solution should be loaded to achieve 

appropriate sensitivity for the Cr assay. The addition of 1,5-DPC solution twice to the 

detection zone resulted in a more intense color image than a single addition, as shown in 

Fig. 12. The triple deposition did not show a further increase in the color intensity. 

Therefore, two deposits of 1,5-DPC solution represented an optimum amount used 

throughout the μ-PAD analysis.  

 

Figure 12. Color intensity on µ-PADs. (a) With single reagent deposition, (b) with two 

reagent deposition 

The procedures reported by Rattanarat et al. (2013) and Cate (2015) were followed for the 

total chromium assay using μ-PADs. Thus, oxidizing and chromogenic reagents were 

loaded on the pretreatment and detection zones, respectively. Prior to reagent deposition, 

the backside of the μ-PAD was covered with clear scotch tape to prevent the solution from 

leaking out underneath the paper device. Using a micropipette, a 0.2 μL solution of 

ceric(IV) ammonium nitrate was added twice onto the pretreatment zone, and 

subsequently, a 0.2 μL solution of polydiallyldimethylammonium chloride (PDDA) 

(0.0025 M) was added to the same zone. PDDA is used to stabilize the reaction product 
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between Cr(VI) and 1,5-DPC and to prevent the complex from flowing to the edges of the 

hydrophilic channels as expansion to edges reduce measurement accuracy and sensitivity. 

(Cate, 2015, Rattanarat et al., 2013). Additionally, a 0.2 μL solution of 1,5-DPC and 

phthalic anhydride was deposited on the detection zone. The device was allowed to dry 

completely between each reagent addition.  

During the standard and sample analysis for the Cr assay, a 20 μL solution was loaded on 

the sample reservoir. The device was allowed to dry before color intensity was measured. 

Cerium(IV) was used to oxidize all forms of soluble Cr in the sample solution to Cr(VI) 

for reaction with 1,5-DPC (Cate, 2015, Rattanarat et al., 2013). Ce(IV) was chosen over 

hydrogen peroxide (Andersen, 1998), perchloric acid and bromine as these latter chemicals 

typically require multiple reagent additions, time-consuming steps, and precise 

temperature control. Alternatively, Ce(IV) does not require precise temperature control, is 

easy to use, and can be stored on paper (Rattanarat et al., 2013). Cr(VI) reacts with 1,5-

diphenylcarbazide to form 1,5-diphenylcarbazone (DPCO) and Cr(III). Finally, the 

resulting trivalent chromium forms a distinct and intense purple colored complex with 

DPCO (Cate, 2015, Pflaum and Howick, 1956, Rattanarat et al., 2013). This reaction is 

highly selective to Cr(VI) on the μ-PAD as demonstrated in the previous work, which has 

shown no interferences of other metal ions, including Fe(III), Ni(II), Cu(II), Al(III), Zn(II), 

Na(I), Co(II), Mg(II), Ca(II), Cd(II), and Mn(II) (Li et al., 2019).  

In terms of the effect from humic substances, microwave digestion decomposed them, as 

can be seen by the color change of the soil samples. The soil samples dissolved in HNO3 

containing H2O2 initially showed a yellow color, which indicated the presence of humic 

substances. However, after microwave digestion, it turned into colorless, which revealed 
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the decomposition of humic substances. Therefore, the digestion process removed the 

influence of humic substances in this study. 

As shown in Fig. 13, the pattern of the μ-PAD is tree-shaped, with narrow channels 

connected to a sample reservoir and detection zones. The device includes separate 

detection zones to provide an estimate of analytic precision and to ensure reproducibility. 

For preparing the pretreatment zone, a Ce(IV) solution was added and dried at the channel 

indicated by an arrow in Fig. 13. A 20 μL sample solution was added at the same place as 

the pretreatment zone.  

The device includes separate detection zones, three of which are used for triple 

measurement and one as a control. When the standard sample was loaded and distributed 

over five channels by capillary action, a purple color appeared in the detection zones (Fig. 

13). Thus chemical reaction of chromogenic reagent and target analyte resulted in visual 

signal which could allow intensity based as well as visual based determination of target 

analyte through the color development in the detection zones. Throughout the 

experimental procedures, the μ-PADs were allowed to dry completely between each 

reagent addition and before color intensity measurement. 

 



43 
 

 

Figure 13. µ-PADs. (a) Device with deposited reagents, (b) visual signal developed on 

device after introduction of a standard sample 

3.1.8. Quantitative image processing 

In this work, μ-PADs consisting of sample introduction and sensing channels were used 

for Cr assay. Oxidizing and stabilizing agents were deposited on the sample reservoir prior 

to sample loading to enhance total Cr detection sensitivity. The developed color intensity 

as a result of interaction between analyte and chromogenic reagent was correlated with the 

target analyte concentration for quantification. A color image on the μ-PAD was captured 

by a cell phone camera without a flash to reduce bias from varying ambient light. A 

procedure reported by Mentele et al. (2012) and Nouanthavong (2015) was followed for 

color intensity analysis by ImageJ software. The gray scale was set at 8 bit and adjusted to 

gray intensity to yield higher intensity values. Finally, a color threshold window was 

applied to effectively remove the wax background. For background measurements, color 

intensities for blank samples were measured using the same protocol described above. The 

background values were used to determine the baseline intensity for detection limit 
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calculations. ORIGIN 8 and R softwares (R-3.3.2-win version) were used for the statistical 

analysis. 

3.2. Speciation of Cr in Water Samples Using Microfluidic Paper-Based Analytical 

Devices (μ-PADs) with Online Oxidation of Trivalent Cr 

3.2.1. Chemicals and samples 

All reagents used in this study were of analytical grade and used without further 

purification. All solutions were prepared with deionized water purified by means of an 

Elix water purification system (Millipore Co., Ltd., Molsheim, France). Potassium 

dichromate (K2Cr2O7) and DPC were obtained from Nacalai Tesque (Kyoto, Japan). 

Sodium acetate, acetic acid, isopropyl alcohol, ammonium cerium(IV) nitrate 

(Ce(NH4)2(NO3)6) and chromium (III) nitrate nonahydrate (Cr(NO3)3.9H2O) were obtained 

from Wako Pure Chemical Industries (Osaka, Japan). Methanol was obtained from Sigma-

Aldrich (MO, USA). Nitric acid (6 M) was obtained from Junsei Chemical Co., Ltd. 

(Tokyo, Japan). A mineral water sample was purchased from a local store at Okayama 

University, Japan. Tap water samples were obtained from an outlet at the Analytical 

Chemistry Group, Department of Chemistry, Graduate School of Natural Science and 

Technology, Okayama University, Okayama, Japan.  

3.2.2. Equipment and apparatus  

A pH meter (model D-52, HORIBA, Kyoto, Japan) was used for pH measurements. 

Thermostated water bath (Model 606, Ultra Thermostat MTA KUTESZ) was used for 

heating solution. Wax printer was used for printing μ-PADs design on a sheet of filter 

paper. The printed sheets were heated using a drying machine to penetrate wax to the 

backside of the sheets. A desktop scanner (Canon MG 6300 Series, Tokyo, Japan) was 
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used to capture images developed on μ-PADs. The total chromium was also determined by 

inductively coupled, plasma-optical, emission spectrometry (ICP-OES) (Model VISTA-

PRO, Seiko Electronics, Tokyo, Japan).  

3.2.3. Design and fabrication of the μ-PAD  

The pattern of the μ-PAD was drawn using Microsoft Office Power Point 2010. Each μ-

PAD consisted of an independent control zone and a sample reservoir that was connected 

to six flow channels that lead to pretreatment and detection zones on the left and right 

sides (Fig. 14(a)). The μ-PAD has a height of 25.1 mm and a width of 30.1 mm with an 8 

mm sample reservoir in the shape of a circle at the center. The pretreatment and detection 

zones had diameters of 4 mm. The sample reservoirs were connected to the pretreatment 

and detection zones by channels with widths of 2 mm and lengths of 6 mm. Among the six 

detection zones, three of them located on the right side of the paper device were used for 

total Cr assay and the remaining three on the left side of the device were used for Cr(VI) 

assay.  

The three detection zones on both sides of each μ-PAD gave triplicate measurements for 

Cr(VI) and total Cr to evaluate reproducibility. The pretreatment zones in the left channels 

had no depositing reagents and used to control the flow rate in both the left and right 

channels, whereas the pretreatment zones in the right channels were used for online 

oxidation via Ce(IV). Thus, using this device mean color intensity of total Cr and 

hexavalent Cr were analyzed simultaneously with an online oxidation of trivalent Cr to 

Cr(VI) on pretreatment zones along microfluidic channels containing total Cr detection 

zones (Fig. 14(b)). The mean color intensity of Cr(III) was determined by subtraction of 

mean color intensity of Cr(VI) from that of total Cr.  
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The designed μ-PADs were printed using a wax printer on a sheet of filter paper (200 x 

200 mm) followed by heating at 120 
o
C for 2 min in a drying machine to melt wax and 

create hydrophobic barrier as described in previous studies (Alahmad et al., 2016, Cate, 

2015, Mentele et al., 2012, Rattanarat et al., 2013). The back side of the paper device was 

covered with clear packing tape in order to prevent leakage of the solutions through the 

bottom of the μ-PADs during the assay. 

 

 

 

 

 

 

 

 

 

 

Figure 14. Schematic of pattern design and operation of the μ-PAD. (a) Designed pattern 

and roles of the zones, (b) operation protocols 

3.2.4. Colorimetric assay procedure and image processing  

The pattern design and operation protocol of the μ-PAD is shown in Fig. 14. As per 

optimized experimental conditions for Cr speciation, all detection zones were prepared by 

adding 0.5 μL of 50 mM DPC twice and 0.5 μL of 0.1 M HNO3 once. In the pretreatment 
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zones of the right channels, 0.5 μL of 0.5 M HNO3 and 0.5 μL of 0.8% (w/v) Ce(IV) 

dissolved in 0.5 M HNO3 were deposited once to oxidize Cr(III) to Cr(VI), but no reagent 

was added to the pretreatment zones of the left channels. After drying the devices, 20 μL 

of either a sample or a standard solution was introduced into the sample reservoir. When 

the solution reached the detection zones by capillary action, the immediate appearance of a 

purple color was visible to the naked eye. The reaction briefly, Cr(VI) reacts with 1,5-DPC 

to form 1,5-diphenylcarbazone (DPCO) and Cr(III). Finally, the resulting Cr(III) forms a 

distinct and intense purple color complex with the DPCO (Cate, 2015, Pflaum and 

Howick, 1956, Rattanarat et al., 2013, Stancheva et al., 2012). Thereby the original amount 

of Cr(VI) reacted with 1,5-DPC to form a colored complex in the left channels whereas the 

total Cr(IV), which included additional Cr(VI) that originated from the online oxidation of 

Cr(III) by Ce(IV), produced a purple color in the right channels (Fig. 14(b)).  

The devices were allowed to dry at room temperature (21-22 
o
C) for 6 min and then a 

desktop scanner was used to capture images of the μ-PADs for quantitative analysis. The 

scanned images of the μ-PADs were stored in PNG format at 600 dpi resolution. The time 

taken for the entire process from printing of the μ-PADs to color image analysis was 

roughly 20 min. The color of the Cr-DPC complex gradually faded as the drying time 

increased (Annex 1) and hence, the images were taken immediately after drying, which 

amounted to a total of approximately 6 min from sample introduction. In the present study, 

the mean color intensity was measured using ImageJ software according to reported 

methods (Alahmad et al., 2018, Cantrell et al., 2010, Mentele et al., 2012). Thus the 

background color was removed by adjusting the hue and brightness window in the image 

color threshold until only the color of interest was visible. Images were then converted to 

gray scale and inverted, and the mean color intensity was measured.  
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The adjustment of hue, saturation and brightness was carried out in order to achieve 

maximum mean color intensity of images. Moreover, different parameters were optimized 

to achieve optimum hue intensity prior to Cr(III) and Cr(VI) assay. During image 

threshold color adjustment; the hue threshold range set, saturation set as well as the 

brightness set was kept consistent throughout all experiments to maintain a positive slope 

of intensity measurements when plotted against Cr(III) and Cr(VI) standard solutions. The 

logarithms of the mean color intensities were plotted against the logarithms of the analyte 

concentrations, and resulted in linear relationships. R statistical package software (R-3.3.2-

win version) was used for statistical data analysis.  

3.3. Trace Cu Analysis in Water Samples by Microfluidic Paper-Based Analytical 

Devices Coupled with Coprecipitation Enrichment 

3.3.1. Chemicals and samples 

All reagents used in this study were of analytical grade and used without further 

purification, and all solutions were prepared with deionized water. Cobalt(II)nitrate 

hexahydrate, 2-propanol, hydroxylamine hydrochloride, bathocuproine, magnesium 

sulfate, acetonitrile, barium chloride dehydrate, aluminium nitrate nonahydrate, sodium 

acetate, sodium hydroxide, potassium iodide, n-dodecyltrimethyl ammonium bromide, and 

standard solution of copper, zinc, calcium, iron and Tween20 were obtained from Wako 

Pure Chemical Industries (Osaka, Japan). Ethanol and standard solution of nickel and 

manganese were obtained from Kishida Chemicals (Osaka, Japan). Sodium carbonate was 

obtained from Kanto chemical co. Inc. (Tokyo, Japan). Nitric acid was obtained from 

Junsei Chemical Co., Ltd. (Tokyo, Japan). Polyethylene glycol 200 (PEG) was purchased 

from Nacalai Tesque (Kyoto, Japan). Chloroform was obtained from Katayama Chemical 

Industries Co, Ltd. (Osaka, Japan). A mineral water sample was purchased from a local 
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store in Okayama University, Japan. Tap water samples were obtained from an outlet at 

the Analytical Chemistry group, Department of Chemistry, Graduate School of Natural 

Science and Technology, Okayama University.  

3.3.2. Equipment and apparatus 

A pH meter and thermostated water bath was used for pH measurements and heating 

solution, respectively. pH test paper (Toyo roshi, Tokyo, Japan) was used for rough pH 

measurements of solutions that were too small to use pH meter. A centrifugal machine 

(Model 3740, KUBOTA, Tokyo, Japan) was employed to separate the precipitate from the 

supernatant. A wax printer was used to print the design of the μ-PADs on a sheet of filter 

paper. The printed sheets were heated using a drying machine to penetrate wax to the 

backside of the sheets. A desktop scanner was employed to capture images of the μ-PADs 

that were dried before scanning. Copper was also determined by ICP-OES.   

3.3.3. Coprecipitation procedure  

The coprecipitation method was optimized prior to its application to the real samples. A 12 

mL of sample/standard solution was used for coprecipitation procedure. 20 μL of 1 M 

Al(NO3)3·9H2O and 50 μL of 1 M Na2CO3 solution was added into a centrifuge tube 

containing aliquots of sample/standard solution. The added sodium carbonate was used as 

a hydroxide ion source as well as to adjust the pH at 7. A cloudy suspension of aluminium 

hydroxide was formed. The mixture solution in the centrifuge tube was turned up and 

down manually to mix well. The solution was centrifuged at 3500 rpm for 5 min and a 

white precipitate with clear supernatant was resulted as shown in Fig. 15(c). The 

supernatant was decanted, and any residual water was removed with a micropipette. The 

precipitate was dissolved with 11 μL of 6 M HNO3 and subsequently 1.7 μL of 4 M 

sodium acetate was added to increase the pH of the sample/standard solution to 2.2 prior to 
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loading on sample zone as Cu-bathocuproine interaction suppressed at pH values lower 

than 2. Finally, 8 μL of the sample solution was loaded on μ-PAD for Cu assay. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Mixture of solution in the centrifuge tube for coprecipitation and subsequent 

analysis of Cu(II). (a) clear solution with carrier element before the addition of sodium 

carbonate, (b) cloudy suspension of Al(OH)3 after addition of sodium carbonate, (c) settled 

precipitate with clear supernatant after centrifugation, (d) sample loading on μ-PADs, (e) 

developed color images on detection zones, and (f) mean color intensity analysis using 

ImageJ software 

3.3.4. Design and fabrication of the μ-PAD  

The pattern of the μ-PAD was drawn using Microsoft Office Power Point 2010. The 

designed μ-PAD consisted of a sample reservoir attached to three channels that lead to 

detection reservoirs, and one control reservoir as shown in Fig. 15(d). Thus, using these 

devices intensities were analyzed subsequent to an online reduction of Cu(II) to Cu(I) on 

sample reservoir. The μ-PAD has 17 mm height and 20 mm width and its hydrophilic area 
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consisted of sample reservoir, and detection zones with diameters of 6 and 4 mm, 

respectively. As well as, the hydrophilic channels in the device have 2 mm width and 3 

mm length. The designed μ-PADs were printed using a wax printer on a sheet of filter 

paper (200 x 200 mm) followed by heating at 120 
o
C for 2 min in a drying machine to melt 

wax and create hydrophobic barrier as described in previous studies (Alahmad et al., 2016, 

Cate, 2015, Mentele et al., 2012, Rattanarat et al., 2013). The back side of the printed 

paper was covered with clear packing tape in order to prevent leakage of the solutions 

through the bottom of the μ-PADs during the assay.  

3.3.5. Colorimetric assay procedure and image processing   

As per optimized experimental conditions for Cu assay; 1 μL of 10% Hydroxylamine was 

twice deposited on a sample zone, 0.5 μL of pH 6 acetate buffer solution adjusted to pH 6 

with 0.1 M NaOH was deposited one time and 0.5 μL of bathocuproine (5%) was 

deposited thrice on all detection zones. The μ-PADs were allowed to dry completely 

between each reagent addition. Finally, 8 μL of sample/standard solution was introduced 

to the sample reservoir (Fig. 15(d). When the sample/standard solution was loaded and 

distributed over different reaction zones by capillary action, an orange red color appeared 

immediately in the detection zones that were visible to the naked eye (Fig. 15(e)). The 

devices were then allowed to dry at room temperature and then scanned. The reaction 

briefly: hydroxylamine reduces Cu(II) to Cu(I) and finally the resulting Cu(I) reacts with 

bathocuproine to form colored complex (Mentele et al., 2012, Nery and Kubota, 2013, 

Smith and Wilkins, 1953).  

A desktop scanner was used to capture images developed on the μ-PADs for quantitative 

analysis. The scanned images of the μ-PADs were stored in JPG format at 600 dpi 

resolution. In the present study, the mean color intensity was measured using ImageJ 
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software according to a method reported by Henry‟s group (Alahmad et al., 2018, Mentele 

et al., 2012). Thus the background color as well as the blank signal was removed by 

adjusting the hue and brightness window in the image color threshold until only the color 

of interest was visible. Images were then converted to gray scale and inverted in order to 

achieve greater intensity, and the mean color intensity was then measured. The mean color 

intensity values were increasing with analyte concentrations. During image threshold color 

adjustment; the hue threshold range set, saturation set as well as the brightness set was 

kept consistent throughout all experiments to maintain a positive slope of intensity 

measurements when plotted against Cu(II) standard solutions. The adjustment of hue, 

saturation and brightness was carried out in order to achieve maximum mean color 

intensity of images. Moreover, different parameters were optimized to achieve optimum 

intensity prior to Cu(II) assay. R statistical package (R-3.3.2-win version) was used for 

statistical data analysis.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1. Total Cr Determination Using μ-PADs in Environmental Samples of Kombolcha 

Industrial Area, Ethiopia   

4.1.1. Background of the study 

In Ethiopia, as a developing country, there is an observable disparity between the 

development activities and waste removal facilities. Thus waste generated from industries, 

municipalities, transportation, construction, horticulture and metal working end up with 

unsafe disposal into the ambient environment without appropriate treatment. Kombolcha is 

one of the industrial towns in Ethiopia where most of the industries discharge their effluent 

into nearby rivers without appropriate treatment. This condition is easily manifested by 

color change of river waters as shown in Fig. 16. These effluent receiving rivers have been 

used for irrigation which could increase chemical load in the soil as well as in plants 

growing there. Environmental pollution and the availability of sophisticated instruments 

are significant problems in this area. Therefore, detection of potentially harmful metal ions 

such as Cr in environmental samples (soil, plant and water) with simple and inexpensive 

devices is very important. Although, the μ-PADs technology is very compelling to 

Ethiopia in particular and to Africa in general, most of the works related to μ-PADs are 

being carried out in developed countries.  

To the best of our knowledge studies have not been conducted in Africa, except for a 

group in South Africa working on point-of-care diagnostics (Smith et al., 2016, Smith et 

al., 2015), to innovate and apply the μ-PADs for environmental monitoring of various 

pollutants. Therefore, in this study the blank μ-PADs fabricated in Japan is transported to 
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Ethiopia without depositing reagents of colorimetric detection of Cr.  The colorimetric-

based μ-PADs were prepared in Ethiopia and used for the first time to determine total Cr 

in water, soil and plant samples collected from old industrial area of Kombolcha town in 

Ethiopia.  

 

 

 

 

 

 

 

 

 

Figure 16: Partial view of Leyole River containing industrial waste water and its utilization 

for irrigation to grow lettuce (photo taken during field survey in dry season, Feb 2018)  

4.1.2. Analytical parameters for μ-PADs and UV-Vis spectrophotometry 

In the μ-PAD analysis, a series of standard solutions of Cr(VI) was analyzed to produce a 

calibration curve. Calibration curve was constructed to assess the sensitivity as well as 

linear range for total Cr determination. The mean color intensities and the corresponding 

visual images for the standard solutions were proportional with their concentrations as 
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shown in Table 5. A log-log graph results in a linear relationship in the form of a straight 

line. Therefore, the calibration curve was plotted as the log of mean color intensity versus 

the log of Cr mass added to the μ-PADs (Annex 2). This produced a linear response, in the 

range of 0.016-2 μg for the loaded 20 μL solution, with a correlation coefficient of 0.99499 

and a linear equation of                     

Table 5. Mean color intensities of the standards with their corresponding visual images 

In the UV-Vis spectrophotometer, the wavelength associated with maximum absorption 

(λmax) was established at 540 nm by scanning a 6 mg L
-1

 standard solution of Cr(VI) 

treated with 1,5- DPC over a wavelength range of 340 to 900 nm. Thus, the absorbance 

was measured at 540 nm after 15 to 30 min of the reaction time to allow a complete 

reaction between 1,5-DPC and Cr(VI) in the acidic solution. Following the λmax 

determination, a series of working standard solutions of Cr(VI) was analyzed to produce a 

calibration curve (Annex 3). The concentrations of the standard solutions were linearly 

related to absorbance values and yielded a linear equation of                   

which was employed for the determination of the Cr content in real samples. The 

correlation coefficient (R
2
) of the calibration curve was found to be 0.99681with a working 

range of 0.2 to 6 mg L
-1

. 

Mass of Cr added to 

µ-PADs (µg) with corresponding 

image 

Mean color 

Intensity  

Log(mean 

color intensity) 

Log(µg 

Cr(VI)) 

0 
 

   

0.1 
 

108.8±6.3 2.037 -1 

0.2 
 

129.6±5.2 2.113 -0.7 

0.4 
 

145.1±5.9 2.162 -0.4 

0.7 
 

167.4±9.6 2.224 -0.15 

2 
 

200.4±6.4 2.302 0.3 
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The analytical parameters obtained by analyzing working standards and blank samples 

using μ-PADs and UV-Vis spectrophotometry are summarized in Table 6. In both cases, 

the limit of detection was determined as the concentration which gave the mean signal 

intensity (color intensity or absorbance) plus three times the standard deviation of a set of 

method blanks. The results indicate that the limit of detection in the μ-PADs (0.005 μg or 

0.25 mg L
-1

) was higher than the limit of detection in UV-Vis spectrophotometry (0.06 mg 

L
-1

). Although the μ-PADs are less sensitive than UV-Vis spectrophotometry in this study, 

the detection limit (0.25 mg L
-1

) is below the established regulatory limits, such as 2 mg L
-

1
 for industrial discharge (EMoI, 2014)  and 100 mg kg

-1
 for soil (FMoE, 2007). This 

implies that the μ-PADs have adequate sensitivity to evaluate compliance with the 

maximum allowable limits in industrial effluents and agricultural soil set by regulatory 

bodies.  

The analytical parameters obtained using the μ-PADs and UV-Vis spectrophotometry are 

summarized (Table 6) and compared with reported values. In Table 6, the limit of 

detection in the present μ-PAD assay is lower than those in previously reported studies 

(Cate et al., 2014b, Rattanarat et al., 2014, Rattanarat et al., 2013), except for that 

including a preconcentration method (Alahmad et al., 2018). Thus, the present study 

demonstrates that the μ-PAD analysis has good analytical parameters (better sensitivity 

and wider linear range) for the determination of total Cr in environmental samples. 
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Table 6. Analytical parameters observed using μ-PADs and UV-Vis spectrophotometric analysis and comparison to other studies 

Method Limit of detection  Linear range  R
2c

 References 

µ-PAD (total Cr) 0.25 mg L
-1

 0.81-100 mg L
-1

 0.995 Present work 

UV-Vis 

spectrophotometry 

(total Cr) 

0.06 mg L
-1

  0.2-6 mg L
-1

  0.997 Present work 

µ-PAD (total Cr) 0.12 μg (3 mg L
-1

)
a
 0.23–3.75 μg (5.75-93.75 mg L

-1
) 0.998 Rattanarat et al. (2014) 

µ-PAD (total Cr) 0.12 μg (2.4 mg L
-1

)
b
 0.38−6.0 μg (7.6-120 mg L

-1
) 0.998 Rattanarat et al. (2013) 

µ-PAD (total Cr) 0.12 μg (3 mg L
-1

)
a
 0.15-6 μg Cr (3.75-150 mg L

-1
) 0.997 Cate

 
et al. (2014) 

µ-PAD (Cr(VI)) 3 μg/L (0.003 mg L
-1

) 10–90 μg L
-1

 (0.01-0.09 mg L
-1

 ) 0.993 Alahmad et al. (2018) 

a
40 μL sample volume 

b
50 μL sample volume 

c
R is the correlation coefficient 
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4.1.3. Method validation 

For every sample matrix analyzed, verification is required to ensure that neither a reducing 

condition nor chemical interference affects the color development. As stated by the US 

EPA, the spike recovery must be from 85-115% to verify the absence of interference and 

exhaustiveness of the sample preparation method (USEPA, 1992). The quantity of Cr in 

the soil samples was quantified by both the μ-PADs and UV-Vis spectrophotometry. Thus 

the performance of the μ-PADs for total Cr detection in real sample was verified by 

analyzing spiked soil sample. Moreover, levels measured with μ-PADs were verified by 

levels measured with UV-Vis spectrophotometry to demonstrate the utility of μ-PADs for 

real sample analysis. To 0.5 g of SS1 soil sample 9 mL of 20 mg L
-1

 standard solution was 

added and digested with 8 mL HNO3 using microwave for 30 minutes at 200 
o
C and 1000 

w. After cooling, the digested spikes were diluted to 50 mL with doubly distilled water. 

The quantity of Cr in samples was quantified by both μ-PADs and UV-Vis 

spectrophotometry. 

As shown in Table 7, the spiked Cr level was quantitatively recovered from the spiked 

samples by both μ-PADs and UV-Vis spectrophotometry in a good agreement with 

percentage recovery of 110 and 89%, respectively. Both recoveries fall within the 

acceptable range. The reproducibility of the μ-PAD method was also evaluated for 6 

replicate measurements of a standard solution at a concentration of 10 mg L
-1

. Thus, the 

relative standard deviations for intra-day and inter-day was 3.7 and 4.1%, respectively. 

Both of the relative standard deviations are less than 5%, which is an acceptable level of 

variability at the concentration level of mg L
-1

. Therefore, these results collectively reveal 

that the μ-PADs have good accuracy and reliability and have the potential to be applied for 

real sample analysis. 
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Table 7. Determination of total Cr in spiked soil samples with μ-PADs and UV-Vis 

spectrophotometry 

Method Amount 

spiked 

/µg g
-1

 

Amount found Amount determined  

before addition 

 

Amount 

recovered 

/µg g
-1

 

Recovery, 

% 

 

 

Concentration / 

µg g
-1

 

Concentration / 

µg g
-1

 

µ-PADs 360 1208± 57 810 ± 126 397 110 

UV-Vis 

Spectroph

otometry 

360 1055 735 ±53 

 

320 89 

4.1.4. Real sample analysis 

In this part of the study, the levels of total Cr were determined in soil, lettuce and water 

samples using the μ-PADs and UV-Vis spectrophotometry to evaluate Cr pollution status 

in the sampling area as well as to evaluate the potential application of colorimetric based 

μ-PADs for determining total Cr in real samples. The results from the water sample 

analysis were below the detection limits of UV-Vis spectrophotometry and μ-PADs 

analysis. This could be due to the dilution effect as the water samples were collected 

during the rainy season. The results from the analysis of irrigated soil and lettuce samples 

are presented in the following sections. 

4.1.4.1. Total Cr analysis in soil samples 

The concentrations of total Cr in the SS1 and SS2 soil samples analyzed by the μ-PADs and 

UV-Vis spectrophotometry are presented in Table 8. Mean concentrations of total Cr 

obtained from μ-PADs and UV-Vis spectrophotometry analysis were 810.33 and 776.74 

μg g
-1

 in SS1 and 737.38 and 726.17 μg g
-1

 in SS2, respectively. The results showed that 

the trend in total Cr concentrations between the two soil samples is consistent in both μ-

PADs and UV-Vis spectrophotometry as the total Cr concentrations in soil samples 
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decreased in the order SS1 to SS2 in both μ-PADs and UV-Vis spectrophotometric 

analysis. 

Table 8. Concentrations of the total Cr in the soil samples analyzed using µ-PADs and 

UV-Vis spectrophotometry 

Soil sample Method 

µ-PADs UV-Vis Spectrophotometry 

Concentration 

(µg g
-1

, n=3) 

Concentration 

(µg g
-1

, n=3) 

SS1 810.33±126.31 776.74±66.90 

SS2 737.38±14.19 

 

726.17± 25.29 

SS1 = soil irrigated with a mixture of Liyole and Borkena river  

SS2 = soil irrigated with Liyole river water  

The SS1 soil sample was collected from a plot irrigated with a mixture of Leyole and 

Borkena river water, whereas the SS2 soil sample was collected from a plot irrigated with 

Leyole river water. The Leyole River directly receives industrial effluents from tannery, 

meat processing, textile, and steel processing industries. Additionally, the Borkena River 

receives wastewater from households, hospitals, small- and large-scale enterprises, 

garages, and extensive car washes from the towns of both Dessie and Kombolcha. Soil 

samples were collected from the two sites, hypothesizing that there might be a difference 

in the level of Cr contamination between the two soil samples. However, the F-test 

followed by the t-test at the probability 0.05 level revealed that there is no statistically 

significant difference in the mean concentration of total chromium between the two soil 

samples. From this result, it can be concluded that both sites were equally affected in terms 

of total Cr contamination, irrespective of the differences in the effluents input into the two 

rivers. The similarity in the effluents input into the two rivers and then into the irrigated 

soil could be possible reason for the observed elevated concentrations of total Cr in both 
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the SS1 and SS2 soil samples. A previous investigation by Zinabu et al. (2018) in the same 

study area also reported Cr concentrations as high as 64.600 mg L
-1

 in the tannery effluent, 

which exceeded the US EPA emission guidelines (Zinabu et al., 2018). 

Although the μ-PAD results are greater than the UV-Vis results for both soil samples 

(Table 8), a paired t-test indicates that there is no statistically significant difference 

between the two techniques at the 95% confidence level. This implies the potential 

suitability of the μ-PAD method for the analysis of Cr in environmental samples in the 

absence of benchtop analytical instruments, such as a UV-Vis spectrophotometer. This 

result suggests that the paper-based approach could be a good alternative or 

complementary device for detecting and monitoring environmental pollutants in 

developing countries.  

4.1.4.2. Total Cr analysis in lettuce samples 

Both the μ-PADs and UV-Vis spectrophotometry were also used for total Cr detection in 

leafy vegetable lettuce samples; the results are also summarized in Table 9. Mean 

concentrations of total Cr obtained from μ-PADs analysis were 27.48 and 31.03 μg g
-1

 in 

lettuce sample grown in soil irrigated with a mixture of Leyole and Borkena river (MP) 

and lettuce sample grown in soil irrigated with Leyole river (LP) samples, respectively. 

Whereas mean concentrations of total Cr obtained from UV-Vis spectrophotometric 

analysis were 20.36 and 21.20 μg g
-1

 in MP and LP lettuce samples, respectively. The 

results of both μ-PADs and UV-Vis spectrophotometry analysis showed that the total Cr 

concentration increased from MP to LP lettuce samples. However, there is no statistically 

significant difference (F-test, followed by t-test at 5% probability) in the mean 

concentrations of total Cr in lettuce samples grown in soils irrigated with river water. This 

is because the MP and LP lettuce samples were collected from soils (SS1 and SS2) with 
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statistically similar loads of total Cr. Therefore, the same species of plant growing on a 

field with comparable total Cr concentrations would be expected to exhibit a similar 

uptake of Cr. 

The results furtherly showed that UV-Vis spectrophotometry analysis in both MP and LP 

lettuce samples were smaller than that of μ-PADs analysis (Table 9). However, similar to 

the wastewater-irrigated soil analysis, the paired t-test showed that there is no statistically 

significant difference between the mean concentrations of total Cr in lettuce samples 

obtained by the two methods, which once again reveals the reliability of the μ-PAD 

technique for environmental monitoring in resource-limited settings.  

Table 9. Concentrations of the total Cr in the lettuce samples analyzed using µ-PADs and 

UV-Vis spectrophotometry 

Lettuce sample Method 

µ-PADs UV-Vis 

Spectrophotometry 

Concentration 

(µg g
-1

, n=3) 

Concentration 

(µg g
-1

, n=3) 

MP 27.48±7.57 20.36± 1.46 

LP 31.03±8.96 

 

21.20± 5.26 

MP = Lettuce sample grown in soil irrigated with a mixture of Leyole and Borkena river 

LP = Lettuce sample grown in soil irrigated with Leyole river 

4.1.4.3. Assessment of total Cr pollution in SS1 and SS2 soil samples  

Industrial activities have been recognized as the major sources of soil heavy metal 

contamination (Balkhair and Ashraf, 2016, Guan et al., 2014). Morover continuous 

irrigation of agricultural land with wastewater leads to the accumulation of heavy metals in 

soil (Kirkby, 1978, Mahmood and Malik, 2014, Maleki and Zarasvand, 2008, Sundar et al., 

2002, Tiwari et al., 2011) as they are extremely persistent in the environment because of 

their nonbiodegradable and nonthermodegradable nature (Sharma et al., 2007). In line with 
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this, in all samples studied the highest mean concentrations of total Cr were observed in 

soil samples in both μ-PADs and UV-Vis spectrophotometric analyses. Thus, the results of 

the present study shows that soil pollution by Cr differs from plant pollution as Cr could 

persist and accumulate to elevated levels in soils irrigated with waste water which could in 

turn lead to Cr uptake by vegetables to considerable level. 

As depicted in Table 8, all concentrations of the total Cr in the soil samples were above the 

permissible limit (100 μg g
-1

) set by European Union Standards (EUS, 2006). Therefore, 

the resulted higher concentrations of total Cr in waste water irrigated soil samples could 

indicate elevated accumulation of Cr in irrigated soils as a consequence of anthropogenic 

activities.  

The Cr contamination was also evaluated with respect to the global geochemical 

background values in average shale. As reported by Ahmed and Amare (2016) and Guan et 

al. (2014), Muller (1969) introduced the geo-accumulation index (Igeo) to assess metal 

pollution in sediments (Ahmed and Amare, 2016, Guan et al., 2014). Thus seven classes of 

Igeo were proposed as: Igeo ≤ 0, uncontaminated (Class 0); 0 < Igeo ≤ 1, uncontaminated to 

moderately contaminated (Class 1); 1 < Igeo ≤ 2, moderately contaminated (Class 2); 2 < 

Igeo ≤ 3, moderately to heavily contaminated (Class 3); 3 < Igeo ≤ 4, heavily contaminated 

(Class 4); 4 < Igeo ≤ 5, heavily to extremely contaminated (Class 5); and Igeo > 5, extremely 

contaminated (Class 6). The geo-accumulation index has been applied in recent pollution 

studies for the qualitative assessment of heavy metal contamination in soil (Guan et al., 

2014). The Igeo value is computed as follows: Igeo = log2 (Cn/1.5Bn) where Cn is the heavy 

metal concentration in the soil samples and Bn is the geochemical background value of the 

heavy metal element in average shale. The constant 1.5 compensates for the natural 

fluctuations of a given metal and minor anthropogenic impacts (Guan et al., 2014). The 
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geo-accumulation index of Cr in the irrigated soil samples of the present study is 

calculated with this equation, and the results are presented in Table 10. The results show 

that all of the Igeo values were higher than 2.4, which indicates that the irrigated soils were 

contaminated moderately to heavily by Cr derived from anthropogenic sources. The study 

revealed that the industrial activities around Kombolcha town are the main contributors to 

Cr contamination in the soil. Furtherly, results indicate poor environmental management 

by industries and regulating institutions. 

Table 10. Geo-accumulation index of Cr in wastewater-irrigated soil samples 

 Method Sample Cr 

concentration  

in sample/μg g
-1

 

Geochemical 

background  

value of Cr in 

soil
a 
/μg g

-1
 

Igeo 

μ-PADs SS1 810.33 90 2.59 

SS2 737.38  2.45 

UV-Vis 

Spectrophotometry 

SS1 776.74  2.52 

SS2 726.17  2.43 

a
Global geochemical background value in average shale (Ahmed and Amare, 2016) 

4.1.4.4. Assessment of total Cr pollution in MP and LP lettuce samples   

In μ-PADs and UV-Vis analysis, the mean concentrations of total Cr observed were 31.03 

and 21.20 μg g
-1

 in LP and 27.48 and 20.36 μg g
-1

 in MP sample, respectively.  Plants 

absorb nutrients, including trace elements from soil essentially via the soil solution, which 

represents the most mobile and plant-available fraction. It is widely accepted that the risk 

of spreading trace element contaminants into the wider environment increases with their 

soil concentrations (Hooda, 2010). Therefore, the high concentration of heavy metals in 

soils could be reflected by higher concentrations of metals in plants. In line with this, as 
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shown in Table 9, the concentrations of Cr in the lettuce samples were approximately 10-

times above the maximum permissible levels (2.3 mg kg
-1

) set by FAO/WHO Joint Codex 

Alimentarius Commission (FAO/WHO, 2001). Thus the results of the present study in 

comparison with FAO/WHO safe limit show high degree of contamination in lettuce 

vegetable.  

Leafy vegetables, such as lettuce and cabbage, uptake metals at higher concentrations than 

other vegetables because they have a higher transpiration rate to sustain the growth and 

moisture content (Mahmood and Malik, 2014). From the results of this study, it could be 

concluded that the practice of routine irrigation with water from rivers receiving industrial 

effluents and municipal waste water has resulted in increased Cr concentrations in the 

irrigated soil. Consequently, this contamination is manifested in lettuce and is becoming a 

threat to consumers.  

Heavy metal contamination of vegetables cannot be underestimated as these foodstuffs are 

important components of human diet and rich sources of vitamins, minerals, and fibers. 

However, intake of heavy metal-contaminated vegetables may pose a risk to the human 

health (Ali and Al-Qahtani, 2012). Therefore, to avoid excess accumulation of heavy 

metals in the body and their subsequent toxicity, the people living in the present study area 

should not eat large quantities of lettuce. In addition, industrial effluents and municipal 

wastes should be well treated before discharge into nearby rivers, and regular monitoring 

of Cr in effluents, sewage, rivers, soils, and vegetables should be carried out to prevent 

excessive accumulation of Cr in the food chain. Immediate intervention is also required to 

achieve safe levels of Cr in the soils and plants in the study area; particularly, the federal, 

regional, and local environmental authorities should monitor industrial pollution and 

evaluate compliance with the established standards.  
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4.2. Speciation of Cr in Water Samples Using Microfluidic Paper-Based Analytical 

Devices (μ-PADs) with Online Oxidation of Trivalent Cr     

4.2.1. Background of the Study 

Although Cr exists in oxidation states ranging from -2 to +6 (Dayan and Paine, 2001, 

Lazo, 2009), only trivalent chromium (Cr(III)) and hexavalent chromium (Cr(VI)) are 

biologically and environmentally stable (Ducros, 1992, Onchoke and Sasu, 2016). Cr has 

both beneficial actions and potential risks for humans, depending on the oxidation states. 

Cr(III) has lower human toxicity (Lokothwayo, 2008); and is an essential nutrient 

(Onchoke and Sasu, 2016). Cr(VI), on the other hand, is extremely toxic and poses risk for 

diseases ranging from dermatitis to lung and kidney cancers (Hemmatkhah et al., 2009, 

Korshoj et al., 2015, Lazo, 2009, Liu and Wang, 2013, Martone et al., 2013, Zhitkovich, 

2005). The United States Environmental Protection Agency (EPA) and the International 

Agency for Research on Cancer (IARC) have classified Cr(VI) as a human carcinogen and 

as a class I human carcinogen, respectively (IARC, 1990, USEPA, 1992).   

Both Cr(III) and Cr(VI) are possibly present in drinking water due to the use of corrosion 

inhibitors in water pipes and containers, or from contamination of underground water due 

to leaching from sanitary landfills (Zhitkovich, 2011). Consequently, fast and reliable 

speciation of chromium is an important requirement for drinking water, particularly in 

remote areas and in developing countries because of the different toxicological relevance 

of Cr(III) and Cr(VI) species.  

Because of the risk to humans, interest in the development of highly sensitive and selective 

analytical methods for the speciation of Cr has grown exponentially over the past few 

decades. Recently, several research groups have reported the colorimetric detection of  

Cr(VI) using μ-PADs due to its simplicity, portability and easy operation (Alahmad et al., 
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2018, Asano and Shiraishi, 2018, Li et al., 2015, Wang et al., 2014). Alahmad et al. (2019) 

demonstrated Cr speciation in water samples via μ-PADs coupled with microextraction 

involving offline oxidation of Cr(III) to Cr(VI) (Alahmad et al., 2019). Zhai et al. (2020) 

achieved Cr speciation in water samples by using an electrokinetic stacking mode in which 

Cr(III) ions in a sample solution were oxidized to Cr(VI) prior to μ-PADs analysis (Zhai et 

al., 2020). Although the latter two methods achieved low detection limits for both Cr(III) 

and Cr(VI), Cr speciation was accompanied by a preconcentration technique as well as 

offline oxidation of Cr(III) to Cr(VI) prior to detection by μ-PADs which resulted in 

additional complexity, cost and time. 

In the present study, a simpler, cheaper, and faster colorimetric assays for Cr(III) and 

Cr(VI) is presented in which the oxidation of Cr(III) to Cr(VI) was achieved online. 

Without the need for tedious separation and enrichment techniques, the proposed 

colorimetric μ-PADs permits the speciation of Cr at limits of detection that are lower than 

the maximum contaminant levels (MCL) of Cr in drinking water (0.05 mg L
-1

) and MCL 

of Cr(VI) (0.010 mg L
-1

) set by the WHO (WHO, 2011) and the California Environmental 

Protection Agency (CEPA, 2011), respectively. 

4.2.2. Optimizations of parameters affecting mean color intensity  

4.2.2.1. Effect of pH on mean color intensity   

pH is one of the parameters affecting mean color intensity of images developed on μ-

PADs as complexation reaction of Cr with DPC is pH dependent. The solution containing 

chromate and reagent need to be acidified as the complex forms and is stable only in an 

acidic environment (Mulaudzi et al., 2002, Stancheva et al., 2012). Therefore, 1 mL of 10 

mg L
-1

 Cr(VI) solutions consisting of 0.1 mL of different solutions of acetate buffer, acetic 

acid as well as different concentrations of nitric acid were investigated separately. Acetate 
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buffer solutions with pH ranging from 3.99 to 5.6 and subsequently different 

concentrations of acetic acid alone (pH 1.61-2.45) were studied and acidified 10 mg L
-1

 

Cr(VI) solutions were loaded on the sampling zone. As shown in Fig. 17, the mean color 

intensity of Cr-DPC complex increased to pH 1.95 of the acidifying solution and then 

decreased with increasing pH of acidifying solution. 

 

Figure 17. Effect of pH of acetate buffer and acetic acid solution on mean color intensity 

of Cr-DPC complex   

Some acids were employed for the complex formation of Cr(VI) with DPC. To accomplish 

the formation, Zhai et al. (2020) used 7 M phosphoric acid (Zhai et al., 2020) while de 

Andrade et al. (1984) recommend nitric acid (HNO3) to enhance the yield of the Cr 

complex since the formation of the Cr-DPC complex is more complete with nitric acid as a 

medium (de Andrade et al., 1984). In the present study, therefore, 1 mL of 10 mg L
-1

 

Cr(VI) solutions containing 0.1 mL of different concentrations of HNO3 ranging from 

0.005 to 0.5 M were employed and studied to evaluate the effect on mean color intensity. 

The resulted solution was loaded on sampling zone and results are presented in Fig. 18. As 

shown in Fig. 18, higher mean color intensity than those of the aforementioned acetate 

0

5

10

15

20

25

30

35

40

45

50

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

In
te

n
si

ty
 

pH 



69 
 

buffer and acetic acid solutions were obtained and the mean color intensity of Cr-DPC 

complex increased with increasing concentrations of HNO3 up to 0.1 M but decreased as 

concentration increasing. The highest mean color intensity was observed at 0.1 M and 

hence concentration of 0.1 M HNO3 was chosen for subsequent experiments.  

In order to evaluate the effect of loading site, HNO3 concentrations ranging from 0.005 to 

0.5M were loaded on detection zones at different μ-PADs without acidifying standard 

solutions. The results of solutions loaded on detection zones are shown in Fig. 18. In a 

similar trend with deposition of acidified standard solution on sampling zone, the mean 

color intensity of Cr-DPC complex increased with increasing concentrations of HNO3 up 

to 0.1 M but decreased as concentration increasing higher than 0.1 M. The mean color 

intensities observed when HNO3 solutions (0.5 μL) loaded on detection zones were 

considerably greater than those of HNO3 solutions loaded on sampling zones blended with 

standard solutions and particularly the effect was more pronounced at lower 

concentrations. Consequently, loading 0.1M HNO3 solution on detection zone after DPC 

drying was chosen for the upcoming experiments.  

The addition of HNO3 to the detection zones is preferable for simplifying the operation 

because no pretreatment is needed for the samples. The pre-deposition of HNO3 also has 

the advantage of considerably reducing the consumption of HNO3. Therefore, 0.1 M HNO3 

was added to the detection zones following DPC in the preparation of the μ-PADs. Lower 

intensity shown for the deposition of HNO3 with sample relative to deposition of HNO3 on 

detection zone could be due to dilution effect with sample solution which in turn could 

affect creation of appropriate acidic environment for Cr-DPC complex formation. The later 

study on HNO3 showed that dilute solution of HNO3, 0.1M, can be stored well on paper 
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device and which made the procedure convenient to use on paper devices for speciation of 

chromium as it was associated with images with enhanced intensity. 

 

Figure 18. Effect of nitric acid concentration on the mean color intensity of the Cr-DPC 

complex.  Open circle; nitric acid is added to the detection zones (0.5 µL of different 

concentrations of HNO3 loaded into detection zones), closed circle; nitric acid is added to 

the sample solutions 

4.2.2.2. Effect of DPC concentration on intensity  

Diphenylcarbazide (DPC) is an organic ligand which has long been used for the 

colorimetric determination of Cr as the reaction between Cr(VI) and DPC is inherently 

highly sensitive, highly selective, and simple (USEPA, 1992; Cate et al., 2014b; Mulaudzi 

et al., 2002; Pflaum and Howick, 1956; Rattanarat et al., 2013). Furtherly, optimized 

amount of DPC solution should be used to achieve maximum sensitivity for Cr speciation. 

Evaluating the effect of DPC solvent on mean color intensity of Cr-DPC complex is 

important as well. Thus the effect of DPC concentration and the intensity associated to 

DPC in methanol and DPC in mixture of methanol and isopropyl alcohol were studied. 

Thereby DPC concentrations ranging from 0.5 to 30 mM were investigated for DPC 
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dissolved in 5% of methanol and 95% of isopropyl alcohol. Similarly, DPC concentrations 

ranging from 0.5 to 50 mM were investigated for DPC dissolved in methanol. Only up to 

30 mM of DPC was prepared using 5% of methanol and 95% of isopropyl alcohol with 

heating to 60 
o
C in a thermostated water bath as higher concentrations were not completely 

soluble. As shown in Fig. 19, the mean color intensity of Cr-DPC complex increased with 

increasing DPC concentration in both cases. However, a bit intensity increasement was 

shown for DPC dissolved in methanol relative to that of DPC dissolved in mixture of 

methanol and isopropyl alcohol. Thereby to use the advantage of the proportionality 

between DPC concentration and mean color intensity as well as solubility, 50 mM DPC 

dissolved in methanol was used for subsequent experiments to achieve optimum mean 

color intensity. The mean color intensity gradually increased with an increase in the 

concentration of DPC up to 40 mM and then plateaued at concentrations higher than 40 

mM (Fig. 19). In a previous publication, the concentration of DPC deposited in the 

detection zones was 50 mM (Rattanarat et al., 2013), which is consistent with this study 

results. Therefore, 50 mM of DPC was added to the detection zones in this study. 

 

Figure 19. Effect of DPC concentration and DPC solvents on mean color intensity of Cr-

DPC complex 
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4.2.2.3. Online oxidation of Cr(III) to Cr(VI) on μ-PADs  

As tested in the present study, Cr(III) did not show any signal when treated with DPC. 

Thereby Cr(III) has to be oxidized to Cr(VI) prior to its assay using DPC reagent with an 

appropriate oxidizing agent. Thus in Cr assays using μ-PADs, the total Cr was determined 

by oxidizing Cr(III) to Cr(VI) using an appropriate oxidizing agent before the reaction 

with DPC. While de Andrade et al. (1984) tested peroxydisulfate and Ce(IV) ions as 

possible oxidants, the results showed that Ce(IV) oxidized Cr(III) more efficiently than 

peroxydisulfate (de Andrade et al., 1984). In addition, Ce(IV) was the most extensively 

used reagent in various reactions, which could be attributed to its large reduction potential, 

low toxicity, ease of handling, experimental simplicity, and solubility in several solvents 

(Nair and Deepthi, 2007). Therefore, Ce(IV) was selected as an oxidant for online 

oxidation of Cr(III) to Cr(VI) in the present work.  

Ce(IV) dissolved in deionized water was studied, but did not show any signal when treated 

with DPC. The reaction between Ce(IV) and Cr(III) takes place in an acidic medium 

(Alahmad et al., 2019, de Andrade et al., 1984). Therefore, the different concentrations of 

Ce(IV) in 0.1 M HNO3 were investigated to optimize online oxidation. Concentrations of 

Ce(IV) ranging from 0.5 to 128 mg mL
-1

 (0.0025-0.64 g in 5 mL of 0.1 M HNO3) were 

studied to evaluate the oxidation efficiency of Cr(III) to Cr(VI) via the mean color 

intensity of the detection zones. As shown in Fig. 20, the mean color intensity increased 

with increasing in the concentration of Ce(IV) to 8 mg mL
-1

 and then decreased at higher 

concentrations. The decrease in the mean color intensity at concentrations higher than 8 

mg mL
-1

 could be attributed to the oxidation of DPC because of the high oxidizing 

properties of Ce(IV). Thus, 8 mg mL
-1

 of Ce(IV) was chosen for use in the subsequent 

experiments. Furtherly, the effect of temperature on trivalent Cr oxidation was investigated 
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from room temperature (16 
o
C) to 80 

o
C. However, intensities obtained with temperature 

treatment were almost similar to an intensity obtained at room temperature. Thus the 

oxidation of trivalent Cr was carried out at room temperature and hence which was 

convenient and offered an advantage to conduct online oxidation of trivalent chromium on 

microfluidic paper based analytical devices. 

 

Figure 20. Effect of Ce(IV) concentration on the mean color intensity of the Cr-DPC 

complex obtained by online oxidation of Cr(III)  

The concentration of HNO3 also influenced the oxidation reaction by Ce(IV). Therefore, 

concentrations of HNO3 ranging from 0.05 to 6 M were furtherly investigated as a solvent 

for Ce(IV) salt in order to enhance the oxidation of trivalent Cr using Ce(IV). As shown in 

Fig. 21, intensity increased with increasing concentration of HNO3 and reached climax at 

0.5 M. Tuazon (1959) suggested that Ce(IV) hydrolyses into Ce(NO3)(OH)
2+

 species in 

medium HNO3 concentrations (Tuazon, 1959). Thus the decrease in the mean color 

intensity at concentrations higher than 0.5 M could be attributed to the hydrolysis of 

Ce(IV) while the acidity would be insufficient at concentrations lower than 0.5 M. 

Therefore, optimum amount of HNO3 need to be used to dissolve the cerium(IV) salt and 
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to prevent its hydrolysis. Thus for a test solution, Ce(IV) was dissolved in 0.5 M HNO3 

because the optimum concentration of HNO3 proved to be 0.5 M, which represents the 

mean for maximum color intensity (Fig. 21). 

 

Figure 21. Effect of HNO3 concentration in the sample solution on the mean color intensity 

of the Cr-DPC complex obtained by online oxidation  

 

Furthermore, the effect of deposition of 0.5M HNO3 on mean color intensity was also 

investigated. Thus two types of μ-PADs were prepared to optimize the online oxidation; 

the first type contained both Ce(IV) in 0.5 M HNO3 (0.5 μL) and an additional 0.5 M 

HNO3 (0.5 μL) in the pretreatment zone, while the second type contained only Ce(IV) in 

0.5 M HNO3 (0.5 μL) in the pretreatment zone. A sample of Cr(III) in water was 

introduced into the first type whereas a sample of Cr(III) containing 0.5 M HNO3 was 

introduced into the second. As shown in Fig. 22, the results indicated that the mean color 

intensity was closely the same in both cases. Therefore, an additional 0.5 μL of 0.5 M 

HNO3 was deposited into the pretreatment zones to simplify the sample preparation and to 

enable simultaneous detection of Cr(VI) and total Cr on a μ-PAD.  
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Thus the optimized experimental conditions used for on-line μ-PADs assay of total Cr 

were: twice deposition of 0.5 μL of 50 mM DPC and a deposition of 0.5 μL of 0.1M HNO3 

on the detection zones. A deposition of 0.5 μL of 0.5M HNO3 and 0.5 μL of 8 mg mL
-1

 

(0.8%) Ce(IV) solution on pretreatment zones and finally loading of 20 μL 

sample/standard solution on sampling zone. Deposition of 0.5M HNO3 solution on 

pretreatment zone was used to achieve optimum oxidation of Cr(III) to Cr(VI), whereas 

deposition of 0.1M HNO3 solution on detection zones was used to achieve optimum Cr-

DPC complex formation and stability. 

 

Figure 22. The mean color intensity for Cr(III). Blue bar, Cr(III) solutions in 0.5 M HNO3 

were measured by the device without HNO3 in the pretreatment zones; red bar, Cr(III) 

solutions in water were measured by the device with 0.5 M HNO3 in the pretreatment 

zones 

To evaluate the yield of the oxidation reaction, the standard solutions of Cr(III) and Cr(VI) 

were measured independently using the μ-PADs. Table 11 shows the mean color 

intensities of Cr(III) with Ce(IV) (ICr(III), Ce(IV)) obtained from the right channels, Cr(VI) 

with Ce(IV) (ICr(VI), Ce(IV)) was also obtained from the right channels, and Cr(VI) without 

0

10

20

30

40

50

60

70

0.1 0.5 1  5 10 20 30 40  50 60

In
te

n
si

ty
 

Cr(III) concentration/ mg L-1 



76 
 

Ce(IV) (ICr(VI)) was obtained from the left channels along with the relative intensities of 

ICr(III), Ce(IV)/ICr(VI), Ce(IV) and ICr(VI), Ce(IV)/ICr(VI). 

Table 11. Ratio of color intensities for Cr(III) to Cr(VI) and Cr(VI) with Ce(IV) to Cr(VI) 

Concentration/ 

mg L
-1

 

Intensity ICr(III), 

Ce(IV) 

ICr(VI), 

Ce(IV) 

ICr(VI), 

Ce(IV) 

ICr(VI) 

ICr(III), 

Ce(IV) 

ICr(VI), 

Ce(IV) 

ICr(VI) 

1 13.2±1.1 11.2±1.0 19.3±1.1 1.18 0.58 

5 24.8±1.1 21.5±1.0 35.7±1.0 1.15 0.60 

10 33.2±1.1 26.8±1.1 48.0±1.1 1.24 0.56 

30 46.5±1.1 38.2±1.0 67.5±1.0 1.21 0.57 

50 54.3±1.1 47.0±1.1 78.6±1.1 1.15 0.60 

 

Interestingly, ICr(III), Ce(IV) was a bit similar to ICr(VI), Ce(IV), which suggests that the online 

oxidation reaction proceeded 100% although incomplete oxidation was suspected in 

previous studies where the complete oxidation required a high temperature of 60 to 80 °C 

(Alahmad et al., 2019; de Andrade et al., 1984). Conversely, ICr(VI), Ce(IV)/ICr(VI) was kept at 

0.56-0.60, which implies that Ce(IV) interfered with the colorimetric reaction of DPC with 

Cr(VI) to reduce the yield to 58 ± 2%.  

The interference of Ce(IV) was apparent in the comparison between the left and right 

channels for the 10 ppm Cr(VI) sample (Fig. 23(a)). In Fig. 23(a), the color in the left 

detection zones is more intense than that in the right detection zones, which suggests the 

interference of Ce(IV). Conversely, in Fig. 23(b), the color intensities of the right detection 

zones were increased for the sample containing 10 ppm Cr(III) and 10 ppm Cr(VI) because 

Cr(III) produces additional Cr(VI) via the online oxidation. In Fig. 23(a) and (b), the color 

intensities of the left detection zones are similar due to the same concentration of Cr(VI) in 
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both samples. Therefore, the subtraction of the color intensity for (a) from that for (b) in 

the right intensity represents the color intensity of Cr(III). 

 

Figure 23. Images of the μ-PADs for the spiked water samples. (a) 10 ppm Cr(VI), (b) 10 

ppm Cr(VI) plus 10 ppm Cr(III) 

As Table 11 shows, the mean color intensities of Cr(III) were roughly similar to but 

slightly higher than those of Cr(VI) in the presence of Ce(IV). Therefore, in the speciation 

of Cr(III) and Cr(VI), we examined two methods: (a) three calibration curves were 

constructed for Cr(VI) in both the absence and presence of Ce(IV) measured in both 

channels and for Cr(III) in the presence of Ce(IV) measured in the right channels (Annex 

4-6), and (b) two calibration curves were constructed for Cr(VI) and for total Cr measured 

in the left and right channels, respectively (Annex 4,7). The calibration curve for total Cr 

was constructed by plotting the average intensities of Cr(III) and Cr(VI) in the presence of 

Ce(IV).   

The first protocol is summarized as follows: (1) ICr(VI), which was obtained in the left 

channels, gives the concentration of Cr(VI); (2) ICr(VI), Ce, which was the intensity of 

Cr(VI) in the presence of Ce(IV), was estimated from the concentration of Cr(VI) obtained 

with ICr(VI) and the calibration curve of Cr(VI) with Ce(IV); (3) ICr(III) was calculated by 

subtracting ICr(VI), Ce from Itotal obtained in the right channels; and, (4) the concentration of 

(b)(a)
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Cr(III) was measured with ICr(III) using the calibration for Cr(III) in the presence of Ce(IV). 

For the second protocol, the average intensities of ICr(VI), Ce and ICr(III), Ce were plotted 

against the concentration of Cr. The concentration of Cr(III) was then obtained by 

subtracting the concentration of Cr(VI) from that of total Cr. Thus a μ-PAD equipped with 

two types of channels was used: one channel directly measured Cr(VI) via a colorimetric 

reaction with DPC; the other measured total Cr via online oxidation of Cr(III) to Cr(VI) 

followed by colorimetric reaction with DPC. The developed approach for the conversion 

of Cr(III) to Cr(VI) via online oxidation with Ce(IV) achieved simultaneous 

determinations of Cr(VI) and total Cr using a μ-PAD. 

4.2.3. Analytical features  

To evaluate the analytical features of the method, series of standard solutions for Cr(VI) 

(0.01, 0.1, 0.5, 1, 5, 10, 30, 50, 70, and 100 mg L
-1

) and for Cr(III) (0.01, 0.1, 0.5, 1, 5, 10, 

20, 30, 40, 50, and 60 mg L
-1

) were prepared and analyzed to construct the calibration 

curves (Annex 4, Annex 6). Experimental conditions briefly; as per optimized conditions 

0.5 μL of 50 mM DPC was deposited on detection zone two times and subsequently 0.5 μL 

of 0.1M HNO3 was deposited one time on the detection zone, 0.5 μL of 0.5M HNO3 and 

0.5 μL of 0.8% Ce(IV) solution were deposited on pretreatment zone of right channels one 

time and finally 20 μL sample/standard solution was loaded on sampling zone. The 

devices were allowed to air dry and images developed on μ-PADs were captured using 

scanner and image mean color intensities were analyzed using imageJ software.   
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Table 12. Analytical features for Cr(VI), Cr(III), and total Cr from their calibration curves 

 Equation Correlation Coefficient (R
2
) 

Cr(VI) in the absence of 

Ce(IV) 

y = 0.331x + 1.33 0.997 

Cr(VI) in the presence of 

Ce(IV) 

y = 0.331x + 1.10 0.997 

Cr(III) in the presence of 

Ce(IV) 

y = 0.374x + 1.12 0.999 

Total Cr y = 0.351x + 1.11 0.999 

The color intensities and images at different concentrations of Cr(III) and Cr(VI) were 

increased in intensity with concentrations as shown in Table 13.  

Table 13. Relationship between concentration and mean color intensity with corresponding 

image of μ-PAD 

Cr(III) Cr(VI) 

Concentrati

on (mg L
-1

) 

Mean color 

intensity 

Color 

image 

Concentrati

on (mg L
-1

) 

Mean color 

intensity 

Color 

image 

0 
4.77 

 0 
3.71 

 

0.01 7.06 
 

0.01 8.89  

0.1 10.57 
 

0.1 12.97 
 

0.5 14.57  0.5 20.43 
 

1 17.94 
 

1 23.0 
 

5 29.51 
 

5 39.36  

10 37.92  10 51.76 
 

20 45.22  30 71.21  
30 51.26  50 82.28  
40 57.54  70 91.00  
50 59.05  100 104.11  
60 65.07  

The logarithm of the mean color intensity showed linear relationships against the 

logarithms of the Cr(VI), Cr(III), and total Cr concentrations, as shown in Table 12. The 

correlation coefficients were 0.997 for Cr(VI) in the absence of Ce(IV), 0.997 for Cr(VI) 

in the presence of  Ce(IV), 0.999 for Cr(III), and 0.999 for total Cr. The linear dynamic 
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ranges were 0.02-100 mg L
-1

 and 0.1-60 mg L
-1

 for Cr(VI) and Cr(III), respectively. The 

sensitivities were similar in the three calibration curves whereas the intensities for Cr(VI) 

and Cr(III) in the presence of Ce(IV) were smaller than those for Cr(VI) in the absence of 

Ce(IV). The limits of detection (LODs) and quantification (LOQs) were calculated from 

the concentrations determined from 3σ plus the mean and 10σ plus the mean of the color 

intensity, respectively, where σ was the standard deviation of the mean color intensity for a 

blank solution (n = 3). The LODs and LOQs were estimated at 0.008 and 0.02 mg L
-1

 for 

Cr(VI) and 0.08 and 0.1 mg L
-1

 for Cr(III). The reproducibility of the proposed method 

was also evaluated using the relative standard deviation (%RSD) for six replicate 

measurements of a standard solution at a concentration of 10 mg L
-1

. The RSD was less 

than 5.2 and 7.5% for Cr(VI) and Cr(III), respectively.  

Table 14 compares the analytical parameters obtained using the present method with the 

reported values. The LODs for Cr(VI) and Cr(III) in the present study were lower than 

those found in studies that employed no preconcentration method. Moreover, the linear 

dynamic ranges were wide in the present study. The reaction between Cr(VI) and DPC is 

highly selective without interferences of metal ions in the μ-PADs. For example, 

Rattanarat et al. (2013) have found no interference for the determination of Cr in the 

presence of Mg, Mn, Zn, Al, Ba, V, Co, Cu, Fe, and Ni in metal:Cr ratios of 1:1 and 4:1 

(Rattanarat et al., 2013). Li et al. (2019) also reported that Na(I), Co(II), Mg(II), Ca(II), 

Cd(II), Mn(II), Fe(III), Ni(II), Cu(II), Al(III), and Zn(II) showed no interference in the 

determination of Cr(VI) using DPC in the μ-PADs (Li et al., 2019). Therefore, the 

speciation of Cr should experience no interference from any of these metal ions. However, 

even though DPC and cerium(IV) are standard reagents commonly used in the speciation 

of chromium they are light-sensitive (Li et al., 2015, Tuazon, 1959). Therefore, further 

study is required to improve their stability and hence the shelf life of the paper device.
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Table 14. Comparison of the analytical features between the present method and other paper-based studies for chromium speciation 

Study Limits of 

detection/ mg L
−1

 

Linear dynamic range/ mg L
−1

 

RSD (%) 

 

Technique used 

Cr(III)  Cr(VI) Cr(III)  Cr(VI) 

Present 0.08 0.008 0.1-60 0.02-100 <7.5 Reagent optimization 

Alahmad et al. (2018)  0.003  0.01-0.09 <6 Liquid phase microextraction 

Asano and Shiraishi (2018)   30   40 – 400 < 8.7 Photolithographic fabrication 

Alahmad et al. (2019) 0.001  0.0007 0.003-0.03 0.003-0.07 <7 Electromembrane microextraction 

Zhai et al. (2020) 0.0146 0.0104  0.0484-0.312 0.0348-0.260 <7.9 Field amplified stacking 

Alahmad et al. (2016) 0.020  0.05–1  <6.5 Chemiluminescence detection 

system 
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4.2.4. Speciation of Cr(III) and Cr(VI) in spiked water samples  

Using the proposed method, the contents of both Cr(III) and Cr(VI) in tap and mineral 

water samples were determined using μ-PADs. Recovery tests were conducted by spiking 

the samples with different concentrations of standards in order to evaluate the potential 

application and reliability of the proposed method. The results obtained by the proposed 

method were validated by ICP-OES, which permitted measurement of the total chromium. 

In Table 15, the contents of both Cr(III) and Cr(VI) in these samples were below the 

LOQs, as seen in the results of ICP-OES. Therefore, these samples were spiked with 5 and 

10 mg L
-1

 of Cr(III) and Cr(VI), respectively, to validate the proposed method. Two 

calibration methods showed no significant difference in the results for the spiked samples. 

Thus, method (b) would be preferable for simplifying the data processing because it 

needed only two calibration curves for Cr(VI) and total Cr. Consequently, the present 

method showed content recoveries of 92-108% for Cr(III) and 108-110% for Cr(VI) by the 

μ-PADs, and 106-110% for total chromium measured by ICP-OES. The two sets of μ-

PADs and ICP-OES results were in good agreement, as a paired t-test indicated no 

significant differences. Thus, the proposed method permits the speciation of Cr(III) and 

Cr(VI) in water samples. 
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Table 15. Recovery studies of Cr (III) and Cr(VI) added to different water samples 

Sample 

 

 

Present method ICP-OES 

Cr(III) (mg L
-1

) Cr(VI) (mg L
-1

) Total Chromium (mg L
-1

) 

Added Found Recovery 

(%) 

Added Found Recovery 

(%) 

Added Found Recovery (%) 

Tap water
1
 0 ND  0 ND  0 0.0019±0.0009  

Method (a) 5 4.6±0.3 92 5 5.4± 0.1 108 10
 c
 11.0±0.2 110 

 
10 9.3±0.5 93 10 10.9± 0.3 109 20

 c
 21.8±0.3 109 

Method (b) 5 4.6±0.2 92 5 5.4± 0.1 108    

 
10 10.7±0.7 107 10 10.9± 0.3 109    

Mineral 

water
2
 

0 ND  0 ND  0 0.0035±0.0015  

Method (a) 5 4.5±0.5 90 5 5.5± 0.2 110 10
 c
 11.0± 0.2 110 

 
10 8.8±0.4 88 10 11.0±0.5 110 20

 c
 21.2± 0.4 106 

Method (b) 5 5.4±0.6 108 5 5.5± 0.2 110    

 
10 9.7±0.6 97 10 11.0±0.5 110    

ND = Not detected. 
1
Tap water from an outlet at the Analytical Chemistry Group, Department of Chemistry, Graduate School of Natural Science and 

Technology, Okayama University, Okayama, Japan. 
2
Mineral water purchased from a local market in Okayama University, Japan.  

c
The samples were diluted 

to 80 ppb. 
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4.3. Trace Cu Analysis in Water Samples by Microfluidic Paper-Based Analytical 

Devices Coupled with Coprecipitation Enrichment 

4.3.1. Background of the study   

Water has been conveyed to consumers through metal pipes, so the major concern of the 

drinking water supply is corrosion of the distribution system that possibly influences the 

health of consumers. Corrosion of copper pipe possibly leads to a certain level of copper 

ion that exceeds health guidelines and causes bitter or metallic tasting water for drinking 

water (Dietrich et al., 2004, ATSDR, 2004). Health-based Cu guidelines established by 

World Health Organization (WHO) recommend 2.0 mg L
-1

 Cu in drinking water (WHO, 

2004), and the United States Environmental Protection Agency (US-EPA) developed a 

health-based action level of 1.3 mg L
-1

 Cu for drinking water (USEPA, 1991, Dietrich et 

al., 2004). Therefore, fast and reliable monitoring of Cu is essential, particularly in tap and 

drinking water used in daily life. 

The colorimetric μ-PADs, which have been so far developed for Cu assay, have limitations 

to detect the regulatory limits set by WHO and EPA because of their insufficient 

sensitivity (Mentele et al., 2012). Therefore, the Cu assay using μ-PADs requires coupling 

with an enrichment procedure to enhance the analytical sensitivity. Recently, Wu et al. 

used a solid phase extraction for subsequent quantification using μ-PADs (Wu et al., 

2019). However, liquid-liquid extraction, cloud point extraction and SPE procedures are 

labor intensive, time and reagent consuming, and require large volume of sample 

(Mohammadi et al., 2019).  

Because of the technical and economic feasibility, coprecipitation is compatible with µ-

PADs for the sensitive analysis of metal ions. Thus in this study, a simple and sensitive 
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assay of Cu ion via combining colorimetric µ-PADs with coprecipitation using 

inexpensive Al(OH)3 was demonstrated. The effect of different experimental conditions on 

intensity was investigated to achieve optimum intensity for trace Cu assay. 

4.3.2. Optimizations of parameters for complexation and reduction reactions  

4.3.2.1. Effect of composition of bathocuproine mixture solution  

The complexing organic ligand, bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline), has been used for decades to chelate with Cu(I) as it is specific and 

sensitive for copper (Mentele et al., 2012, Smith and Wilkins, 1953). Thereby in the 

present study, bathocuproine was used for the colorimetric assay of Cu(II) using μ-PADs 

after its enrichment with coprecipitation procedure. Furtherly, mixture of different 

components with bathocuproine solution was investigated to achieve optimum sensitivity 

for Cu assay.  

The solubility of bathocuproine was also evaluated in advance in ethanol-water mixture, 

ethanol, acetone, methanol, 2-propanol, acetonitrile and chloroform. However, 

bathocuproine was soluble only in chloroform and thus chloroform was used as a solvent 

for the reagent throughout the experiment. Thus the effects of bathocuproine in 

chloroform, bathocuproine and polyethylene glycol 200 (PEG) in chloroform, and 

bathocuproine and PEG in chloroform with last deposition of Tween 20 on intensity were 

studied. PEG 200 was used to trap the hydrophobic bathocuproine and Cu-bathocuproine 

complex, whereas Tween 20 was used to increase the color uniformity on the detection 

zone (Li et al., 2019). As shown in Fig. 24, higher intensities were observed for a mixture 

containing bathocuproine and polyethylene glycol (PEG) in chloroform. The presence of 

Tween 20 on detection zone improved color uniformity, however the intensities were 
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declined lower than the others. Therefore, the mixture containing bathocuproine and 

polyethylene glycol (PEG) in chloroform was selected for the subsequent experiment. 

 

Figure 24. Effect of mixture of different components with bathocuproine solution on 

intensity of Cu- bathocuproine complex 

The chloroform solution of bathocuproine spread from the hydrophilic area to the 

hydrophobic area when adding it to the detection zones due to the high hydrophobicity of 

chloroform. The addition of methanol at the concentration of 20%(v/v) reduced the 

hydrophobicity of chloroform and suppressed penetration of the solvent into the 

hydrophobic area. In addition, the content of 20%(v/v) methanol suppressed the 

volatilization of the solvent, resulting in preventing the change in the concentration during 

long storage of the solution. As shown in Fig. 25, addition of methanol to reagent solution 

furtherly a bit increased intensity. Thus, bathocuproine was dissolved in the mixture of 

chloroform and methanol containing PEG throughout the subsequent experiments. 
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Figure 25. Effect of presence and absence of methanol in bathocuproine solution on 

intensity of Cu-bathocuproine complex 

4.3.2.2. Effect of number of deposition of bathocuproine solution  

In order to evaluate the effect of number of reagent loading, 0.5 μL of bathocuproine 

solution (5%) was deposited on detection zone from 1 to 6 times. As shown in Fig. 26, the 

color intensity of Cu-bathocuproine complex a bit increased with increasing number of 

deposition peaking at 3 times deposition and then steadily a bit declined. The intensity 

decrement at higher number of deposition could be ascribed to hydrophobicity of 

bathocuproine. Thus the increased hydrophobicity associated with increasing number of 

deposition could hinder aqueous sample solution penetration into detection reservoir. 

Thereby a 3 time deposition was chosen to be used in the subsequent experiments. 
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Figure 26. Effect of number of deposition of reagent on intensity of Cu- bathocuproine 

complex  

4.3.2.3. Effect of pH on mean color intensity  

pH is one of the prominent parameters affecting mean color intensity of images developing 

on μ-PADs as complexation reaction of Cu(I) with bathocuproine is pH dependent. As 

tested in the present study, pH less than 2 completely suppressed the formation of Cu-

bathocuproine colored complex. Therefore, 0.5 mg L
-1

 Cu(II) solution was introduced into 

the μ-PADs prepared by acetate buffer solutions and  acetate buffer solutions adjusted with 

HCl and NaOH with different pHs ranging from 2 to  8 to find the optimum pH for the Cu 

assay. As shown in Fig. 27, the mean color intensity of Cu-bathocuproine complex 

increased to pH 6 and then decreased with increasing pH deposited on detection zone. 

Thus pH 6 was chosen for the subsequent experiments.  
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Figure 27. Effect of pH on mean color intensity of Cu-bathocuproine  

4.3.2.4. Effect of mass of hydroxylamine on mean color intensity  

Bathocuproine forms chelation with Cu(I) and thus Cu(II) ion need to be reduced using 

hydroxylamine (Smith and Wilkins, 1953). Thereby hydroxylamine was used in the 

present study to reduce Cu(II) to Cu(I) for subsequent reaction with bathocuproine (BCP) 

as shown in the following reaction scheme (Imamura and Fujimoto, 1975).  

 

Hydroxylamine is unstable in neutral or alkaline solution (Anderson, 1964), therefore 

hydroxylamine hydrochloride was used in the present study. The effects of different 

masses of hydroxylamine hydrochloride on intensity were investigated so as to establish 

the optimum one. Thus masses of hydroxylamine hydrochloride in the range of 0.01-1g in 

1 mL aqueous solution were studied. As shown in Fig. 28, intensity increased with 

increasing mass reaching climax at 0.1g and then gradually declined. 0.1g of 

hydroxylamine hydrochloride was readily soluble in aqueous solution, however, higher 

masses of hydroxylamine hydrochloride was heated in a thermostated water bath as they 
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were not completely soluble at room temperature. Thus at masses higher than 0.1g, the 

mean color intensities declined gradually which could be attributed to partial 

recrystallization when solutions cooled to room temperature. Thereby 0.1g of 

hydroxylamine hydrochloride was chosen to be used in the subsequent experiments, which 

was in a good agreement with that reported in literature (Rattanarat et al., 2014). 

 

Figure 28. Effect of mass of hydroxyl amine on mean color intensity of Cu-bathocuproine 

complex 

4.3.3. Optimization of coprecipitation procedure  

μ-PADs have been developed for Cu assay, however this method has limitations in 

sensitivity to detect Cu concentrations at or below the EPA limit of 1.3 mg L
-1

 (Dietrich et 

al., 2004, Quinn et al., 2018). Therefore, enrichment procedure is required prior to 

determination using μ-PADs to enhance analytical sensitivity significantly. Several  

enrichment techniques have been reported including liquid–liquid extraction (de Lemos et 

al., 2012, Kislik, 2012), membrane filtration (Hedberg et al., 2011, Soylak et al., 2010),  

microextraction, cloud point extraction (Abbas et al., 2018, Citak and Tuzen, 2010, 

Shokrollahi et al., 2008), ion exchange (Knežević et al., 1998), solid phase extraction 
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(SPE) (Elvan et al., 2013, Mohammadi et al., 2014), and coprecipitation (Bader et al., 

2014, Doner and Ege, 2005) prior to analysis with conventional methods. In this study, 

surfactant based solid phase extraction was evaluated for preconcentration of Cu, but the 

resulted solution after preconcentration was hydrophobic in nature and suppressed Cu-

bathocuproine interaction as well as it affected sample wicking on the paper device. 

Moreover, liquid-liquid extraction, cloud point extraction and SPE procedures are labor 

intensive, time and reagent consuming, and require large volume of sample (Mohammadi 

et al., 2019).  

Coprecipitation methods could overcome the limitations of the other methods of 

extractions (Bader et al., 2014) since high recoveries (Doner and Ege, 2005) and high 

enrichment factors (Mohammadi et al., 2019) can be achieved quickly with small volume 

of sample and easily handled procedure (Doner and Ege, 2005). Furthermore, the required 

reagents and equipments are readily accessible in poorly-equipped laboratories. Metal 

hydroxides coprecipitate trace metal ions in a solution via adsorption or incorporation into 

their structures (Bader et al., 2014, Divrikli and Elçi, 2002). Subsequently, a centrifugation 

or filtration process separates the metal hydroxide from the solution, followed by the 

dissolution in an acidic solution (Doner and Ege, 2005, Saracoglu et al., 2002). 

Thus in this study, coprecipitation technique for the preconcentration of copper prior to its 

determination in water samples using μ-PADs was investigated. Several parameters 

affecting the performance of the coprecipitation such as volumes of reagents, pH, 

centrifugation time and rate were optimized in order to obtain the best experimental 

conditions with optimum intensity.  
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4.3.3.1. Effect of volume of carrier element on intensity  

Aluminum hydroxide is a fascinating coprecipitation method for collecting traces of 

copper(II) in aqueous solution as copper is co-precipitated quantitatively with aluminum 

hydroxide (Doner and Ege, 2005). Thereby in the present method, aluminum hydroxide 

was used as a carrier element for coprecipitation of copper(II) prior to its determination in 

water samples by μ-PADs.  

Initially, volumes of Al(NO3)3 ranging from 50 to 250 μL were investigated at constant 

carbonate volume (156 μL) to set a volume with optimum intensity. Na2CO3 was used as a 

hydroxide ion source. As shown in Fig. 29, intensity sharply increased with increasing 

volume to 75 μL and then sharply declined at higher volumes. The highest intensity 

observed at 75 μL showed that the given volume of carbonate could be more suitable in 

providing sufficient amount of hydroxide ion than the other volumes of carbonate. On the 

other hand, for lower volumes of Al(NO3)3 the condition would be more basic due to 

excess hydroxide ion and for higher volumes of Al(NO3)3 the condition would be acidic 

due to insufficient hydroxide ion as higher basic pH and lower acidic pH is less favorable 

for aluminum hydroxide precipitate formation. Consequently, small amount of aluminum 

hydroxide precipitate was observed which in turn could result in limited coprecipitation of 

Cu(II). Therefore, these results indicated that relatively proportional amount of Na2CO3 

and Al(NO3)3 need to be used to achieve complete aluminum hydroxide precipitate, 

complete coprecipitation of Cu(II) and then optimum intensity. 
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Figure 29. Effect of volumes of carrier element on intensity of Cu-bathocuproine complex 

at constant volume of carbonate 

4.3.3.2. Effect of volume of carrier element with proportional volume of carbonate on 

intensity  

Relatively proportional amounts of Na2CO3 and Al(NO3)3 with volume ratio of 0.46 were 

investigated to evaluate their corresponding effect on intensity. Thus volumes of Al(NO3)3 

ranging from 20 to 250 μL with their corresponding proportional volumes of Na2CO3 were 

investigated in order to fix a volume with optimum intensity as shown in Table 16. 

Maximum intensity was observed at the lowest volume and then the intensity 

progressively declined at higher volumes. The size of aluminum hydroxide precipitate 

observed after centrifugation was increased with increasing volume of Al(NO3)3 which in 

turn consumed larger volume of HNO3 for dissolving the precipitate and hence increased 

the final volume of the sample. Moreover, larger precipitate also created larger volume 

when dissolved. Therefore, the decrement of intensity with increasing volume of Al(NO3)3 

was attributed to dilution effect and subsequent decrement in preconcentration factor 

during precipitate dissolution. On the other hand, yet the intensity could be furtherly 
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increased by decreasing volume of Al(NO3)3 below 20 μL. However, the smaller volume 

of the carrier element, 20 μL, was found to be sufficient enough to detect Cu(II) even far 

below EPA setting. Consequently, 20 μL of Al(NO3)3 was chosen as optimum volume for 

subsequent experiments. 

Table 16. Intensity associated with volumes of carrier element with proportional volumes 

of carbonate 

Volume of carbonate (µL) Volume of carrier element 

(Al (NO3)3) (µL) 

Intensity 

43.3 20 125.39 

65 30 119.60 

86.7 40 113.18 

109 50 109.76 

163 75 106.21 

217 100 93.54 

326 150 88.08 

434 200 87.29 

543 250 85.36 

4.3.3.3. Carbonate volume and pH optimization for coprecipitation  

Aluminum hydroxide precipitate is easily coagulated when sodium carbonate is used, 

moreover controlling pH gradient using sodium carbonate is simple and convenient (Doner 

and Ege, 2005). Thereby in the present study, sodium carbonate was used as a hydroxide 

ion source as well as for pH adjustment in the coprecipitation procedure. In the study, it 

was observed that aluminum hydroxide precipitate settled rapidly and easily separated 

from the matrix solution after centrifugation for brief time. Volumes of sodium carbonate 

ranging from 20 to 156 μL were investigated at constant volume of carrier element to  

identify and fix the volume of sodium carbonate corresponding with optimum intensity. As 

shown in Table 17 and Fig. 30, intensity increased with increasing volume of sodium 

carbonate and reached climax at 50 μL. Table 17 furtherly showed that aluminum 

hydroxide precipitate formation was dependent on pH and the coprecipitate formation was 

more complete and quantitative at pH 7.  
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In the study, aluminum hydroxide precipitate was not observed for sodium carbonate 

volumes lower than 30 μL and higher than 80 μL because Al exists as Al
3+ 

and H2AlO3
-
 in 

acidic and alkaline solutions, respectively (Gayer, 1958) demonstrating that the working 

pH range was narrow and ranged from 5.3 to 9.1. Thereby quantitative result was obtained 

at pH 7 which was in a good agreement with those reported in literature (Doner and Ege, 

2005, Hiraide et al., 1997). Therefore, the observed intensity decrement at volumes lower 

than 50 μL and higher than 50 μL could be attributed to increasing solubility of aluminum 

hydroxide precipitate as pH decreasing lower than 5.3 and increasing higher than 9.1, 

respectively. Thus 50 μL of sodium carbonate was chosen as an optimum volume for the 

subsequent experiments. 

Table 17. Intensity associated with volumes of carbonate and pH 

Volume of carbonate (µL) pH Intensity 

30 5.3 50.38 

35 5.7 53.24 

40 6 104.8 

45 6.4 122.82 

50 7.0 130.22 

55 7.3 120.03 

60 7.7 119.73 

65 8.4 103.57 

70 8.8 100.30 

75 9 91.95 

80 9.1 82.83 
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Figure 30. Effect of volumes of carbonate on intensity of Cu-bathocuproine complex 

4.3.3.4. pH adjustment after digestion of precipitate  

The resulted precipitate after centrifugation and removal of supernatant was dissolved in 

HNO3. The results of the study demonstrated that final volume is critically important to get 

higher concentration factor. Therefore, the precipitate was dissolved in 11 µL of 6 M 

HNO3 that was the minimum amount to dissolve it completely so as to obtain higher 

concentration factor. However, the higher concentration of HNO3 lowered the pH of the 

sample solution less than 2 and hence completely suppressed Cu-bathocuproine 

interaction. Thereby pH adjustment was done using basic solution to achieve the desired 

Cu-bathocuproine interaction. Thus initially drops of 8 M NaOH was used to increase the 

pH of the sample solution, however addition of NaOH caused reprecipitation. Therefore 

organic base, sodium acetate was added to the sample solution to increase the pH. Thus 

after dissolving the precipitate in 11 µL of 6 M HNO3, the minimum volume of sodium 

acetate to adjust the pH higher than 2 was found to be 1.7 µL that changed the pH to 2.2. 

Sodium acetate offered two advantages, firstly it increased the pH to the value at which 

Cu-bathocuproine interaction can occur and secondly it made the solution acidic due to 
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slight dissociation of acetic acid which suppressed reprecipitation and retained metal ions 

in solution. Therefore, to maximize the enrichment factor (EF), minimum volumes of 6 M 

HNO3 (11 µL) and 4 M sodium acetate (1.7 µL) were added to the precipitate for 

dissolution and pH adjustment, respectively. 

The enrichment factor was found to be 250, which was calculated as the ratio of initial 

sample volume (12 mL) to final sample volume (48 μL). The resulted high enrichment 

factor demonstrated that preconcentration prior to paper based assay could improve 

sensitivity considerably. Examples of the μ-PADs assay with and without coprecipitation 

are shown in Fig. 31. The sample containing 2.0 mg L
-1

 of Cu(II) was coprecipitated with 

Al(OH)3 under the optimum conditions. In Fig. 31, 2.0 mg L
-1

 Cu(II) solution shows no 

color change without coprecipitation (a) whereas the sample preconcentrated by 

coprecipitation represents the color of the Cu-bathocuproine complex (b). The results 

indicate that the coprecipitation method improves the detectability of Cu(II) in water 

samples. 

 

 

 

Figure 31. Images of μ-PADs obtained by 2 mg L
-1

 Cu assay. (a) Without coprecipitation 

preconcentration, (b) with coprecipitation preconcentration; sample concentration, 2 mg L
-

1 

Following pH adjustment with sodium acetate, effect of sodium acetate on intensity when 

added in sample solution and when deposited on sample zone was studied. As shown in 

Fig. 32, a bit higher intensities were observed when sodium acetate was added to sample 

(a) (b) 
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solution and thus addition of sodium acetate to sample solution was chosen for the 

upcoming experiments. 

 

Figure 32. Effect of addition of sodium acetate to sample solution and deposition on 

sample zone on intensity of Cu-bathocuproine complex 

4.3.3.5. Effect of centrifugation rate and time  

In the present study, centrifugation process was used to properly settle the suspension of 

aluminum hydroxide as precipitate and to separate the coprecipitated part from the 

supernatant. Thus the effect of centrifugation rate (revolution per minute of centrifuge 

machine, rpm) on intensity was investigated in the range of 1500-3500 rpm. Fig. 33(a) 

shows that the intensity of Cu-bathocuproine complex increased with increasing 

centrifugation rate and hence a centrifugation rate of 3500 rpm was chosen for the 

subsequent experiments. Centrifugation rates higher than 3500 was not examined as 3500 

rpm was found to be sufficient for Cu assay at trace levels.  

Similarly, the effect of centrifugation time on the analytical signal was also studied in the 

range of 5-25 min. As shown in Fig. 33(b), intensity a bit decreased with increasing 
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centrifugation time. Thereby a centrifugation time of 5 min at 3500 rpm was selected for 

the subsequent experiments which made the procedure rapid and convenient. 

 

 

 

 

 

Figure 33. Effect of centrifugation rate (a), and effect of centrifugation time (b) on 

intensity of Cu-bathocuproine complex  

4.3.4. Analytical parameters  

A series of standard solutions of Cu(II), 0.01, 0.05, 0.5, 1 and 2 mg L
-1

, were prepared 

from a stock of 1000 ppm Cu standard solution and analyzed based on the optimized 

conditions to plot a calibration curve. Thus the analytical parameters of the present method 

were examined using the established calibration curve and are summarized in Table 18. 

The linearity of log intensity was studied with the increasing of log Cu(II) concentration 

and the intensities of working standards were increased with their corresponding 

concentrations (Appendix 8). The calibration curve exhibited linearity over the range of 

0.01-2 mg L
-1

 with a correlation coefficient of 0.9979. The experimental conditions 

briefly; as per optimized conditions for Cu assay, 1 μL of 10% hydroxylamine was twice 

deposited on a sample zone; 0.5 μL of pH 6 acetate buffer solution diluted with 0.1M 

NaOH was deposited one time and 0.5 μL of bathocuproine (5%) solution was deposited 

thrice on all detection zones and finally 8 μL sample/standard solution was loaded on 

sampling zone. The devices were allowed to air dry completely and images developed on 

0

20

40

60

80

100

120

140

1000 2000 3000 4000

In
te

n
si

ty
 

Centrifugation rate (rpm) 

0

20

40

60

80

100

120

140

160

0 10 20 30

In
te

n
si

ty
 

Centrifugation time (min) 

(a) (b) 



100 
 

μ-PADs were captured using scanner and image intensities were analyzed using imageJ 

software. 

Analytical features for Cu assay were examined using optimized conditions. The limit of 

detection (LOD) and limit of quantification (LOQ) were determined by the concentration 

equivalent to three times and 10 times the standard deviation of intensity measurements of 

spiked blank, respectively (n = 9). As shown in Table 18, low limit of detection for Cu(II) 

was achieved using μ-PADs coupled with coprecipitation procedure. Thus the low LOD 

obtained demonstrated that preconcentration prior to paper based assay could improve 

sensitivity considerably. The upper end of the range was 2 mg L
-1

 and additional 

complexation at higher concentrations did not result in additional increasing of color 

intensity as expected, which could be attributable to saturation of the paper with the 

complex in line with reported studies (Mentele et al., 2012; Rattanarat et al., 2014). The 

reproducibility of the present method was also evaluated using the relative standard 

deviation (%RSD). Thus the relative standard deviation (%RSD) for 9 replicate 

measurements of a standard solution at a concentration of 0.5 mg L
-1

 was 3.2% for intra-

day and 4.6% for inter-day precision which are acceptable level of variability for practical 

analyses. 

Table 18. Analytical parameters of the present method  

Analytical parameters 

Limit of detection (mg L
-1

) 0.003 

Limit of quantitation (mg L
-1

) 0.01 

Slope of calibration curve 0.2086 

Regression coefficient 0.9979 

Linear dynamic range (mg L
-1

) 0.01-2 

RSD (%) (n=9) <4.6 

 



101 
 

Analytical parameters obtained in the present method are furtherly compared with reported 

values as summarized in Table 19. In the present study, the limit of detection of Cu was 

one to two orders of magnitude less than most of reported studies. Moreover, the 

coprecipitation method coupled with μ-PADs analysis decreases the measurable 

concentration as low as 0.01 mg L
-1

 which is the lowest value among the reported results. 

Thus, the present study demonstrates that coupling of coprecipitation procedure with µ-

PADs is useful for the determination of trace Cu(II) in water samples. 

Table 19. Comparison in analytical features between the present method and other paper-

based studies for Cu assay  

Limit of 

detection  

(mg L
−1

) 

Linear 

range  

(mg L
−1

)  

Regression 

coefficient 

(R
2
) 

RSD 

(%) 

 

 

Used technique References 

0.003 0.01-2 0.9979 <4.6 Coprecipitation Present study 

0.02 0.06-0.4 0.994 NA SPE, distance-based Wu et al. (2019) 

0.03 0.05-24 0.9953 <7.6 3-dimensional µ-PAD Li et al. (2019) 

0.02 0.02-500 0.97 1.8 SPE Quinn et al. 

(2018) 

1.6 5–80 0.994 <3.98 Rotational µ-PAD Sun et al. (2018) 

15 60–300 0.992 9.54 Visual detection Rattanarat et al. 

(2014) 

0.0005 0.5-4 0.992 NA Nano particle based  Ratnarathorn et 

al. (2012)  

NA = Not available 

4.3.5. Interference and stability study of µ-PADs 

Water samples usually contain various common metal ions as well as anions. Thus, an 

interference study was conducted to evaluate the effects of other ions on the detection of 

the target metal ion. The complexing reagent, bathocuproine, is specific for copper. The 

presence of commonly occurring ions such as chloride, nitrate, perchlorate, phosphate as 

well as sulfate and citrate does not interfere (Smith and Wilkins, 1953). Moreover, 
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hydroxylamine plays the role of masking nickel, zinc, and cobalt (Nery and Kubota, 2013) 

in addition to its function for Cu(II) reduction. In line with this, the common metal ions, 

Ca(II), Mg(II), Ba(II), Mn(II), Fe(III), Ni(II), Co(II), and Zn(II) did not show color signal 

with bathocuproine at concentrated levels in the absence of Cu(II).  

The interference of the aforementioned metal ions was also examined under optimized 

conditions to evaluate the possible analytical applications of the coprecipitation procedure 

for Cu assay. Except Fe(OH)3 (Ksp = 2.5 x 10
-39

), Al(OH)3 (Ksp = 1.10 x 10
-33

)  has smaller 

solubility product constant than other metals‟ hydroxide mentioned above (Gayer, 1958, 

Skoog et al., 2013, Stefánsson, 2007) and hence Al(OH)3 can precipitate primarily over the 

other metals‟ hydroxide. However, due to concentration effect a metal with higher 

solubility product of its hydroxide than Al(OH)3 could precipitate preferentially. Thereby 

the selectivity of the proposed coprecipitation method was evaluated by adding metal ions 

at 1, 2.5, 5, and 10 mg L
-1

 (10 to 100 times the concentration of Cu(II)) in 0.1 mg L
-1

 

Cu(II) solution and the optimized procedure was carried out. 

When Al(NO3)3 was added after the addition of Na2CO3, Mn(II) formed brown precipitate 

which was insoluble in 11 µL of 6 M HNO3. This indicates that the order of adding 

reagents is important in the presence of Mn(II), i.e., Al(NO3)3 must be added in advance to 

the addition of Na2CO3. In fact, the addition of Al(NO3)3 followed by Na2CO3 produced 

white precipitate corresponding to Al(OH)3 even in the presence of Mn(II), resulting in no 

interference of Mn(II) in the µ-PADs assay. Consequently, the order of adding Al(NO3)3 

followed by Na2CO3 excluded the interference of Mn(II) at the concentration up to 10 mg 

L
-1

 in the coprecipitation process. The changed order of reagent addition was also 

convenient for other metals interference study. Although Fe(III) also showed reddish-

brown precipitate, it was completely soluble in  11 µL of 6 M HNO3. Possibly, Fe(III) 
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dominantly forms hydroxide prior to Al(III) because the solubility product of Fe(OH)3 

(Ksp = 2.5 × 10
-39

) (Stefánsson, 2007) is smaller than that of Al(OH)3 (Ksp = 1.10 × 10
-33

) 

(Gayer et al., 1958). Consequently, Fe(III) showed no interference in the quantification of 

Cu(II) up to 5 mg L
-1

. This fact implies that Fe(OH)3 also coprecipitates Cu(II)  

quantitatively. As shown in Table 20, Cu(II) was quantitatively obtained when Ca(II), 

Mn(II) and Ni(II) was added 100 times the Cu(II) concentration. Similarly, 50 times for 

Ba(II) and Fe(III), 25 times for Co(II) and Zn(II) and 10 times for Mg(II) was convenient 

for quantitative determination of Cu(II) using the optimized coprecipitation procedure.  

Generally, the tolerance level for the metal ions can be increased by adjusting volumes of 

aluminium nitrate and sodium carbonate. The results demonstrated that the interferent ions 

had not considerable effect practically on the Cu coprecipitation procedure. Thus, the 

proposed method showed high selectivity and could be applied for the assay of Cu(II) in 

water samples to comply environmental settings. This high selectivity could be attributed 

to coprecipitation of Cu, the selectivity of the chromogenic reagent and the separation of 

the Cu(II) reduction reaction and the chromogenic reaction on different zones of the paper 

device. The criterion for interference was an intensity value varying by more than 5% from 

the expected value for Cu(II) alone (Ojeda et al., 1987). Thus the tolerance limit is defined 

as the largest interfering ion concentration causing a relative error smaller than ±5%. 

The storage stability of the proposed method was examined for consecutive 1, 10, 20 and 

30 days since the μ-PADs are promising for remote investigation in developing countries. 

The prepared μ-PADs were stored in the dark at room temperature (20-25 
o
C) and in a 

refrigerator at 4 
o
C. As shown in Fig. 34, the μ-PADs stored in the dark at room 

temperature showed response consistent with that of freshly-prepared μ-PADs up to 10 

days whereas the intensity was progressively decreased in the subsequent 20 and 30 days. 
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Conversely, the μ-PADs stored in the refrigerator showed no change in the color intensity 

even after 20 and 30 days which demonstrated that storing μ-PADs in the refrigerator 

could maintain reagents stored on the μ-PADs safely and hence could increase the shelf 

life of the μ-PADs for long period of time. Thus, the prepared μ-PADs would be 

transportable by storing them under a cooled condition at 4 
o
C. 

Table 20.  Tolerable concentrations of foreign metal ions and recovery of Cu(II) (amount 

of analyte: 0.1 mg L
–1

 of Cu(II), n=3)  

Species Tolerance ratio
a
 Recovery (%) 

Ca(II) 100
b
 

104.7 

Mg(II) 10
c
 

102.2 

Ba(II) 50
d
 

101.4 

Mn(II) 100 
104.4 

Fe(III) 50 
95.8 

Ni(II) 100 
96.1 

Co(II) 25
e
 

104.9 

Zn(II) 25 
95.2 

a
Tolerance ratio, [Species]/[Cu(II)], 

b
with 10 mg L

–1
, 

c
with 1 mg L

–1
, 

d
with 5 mg L

–1
, 

e
with 2.5 mg 

L
–1

 of species 
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Figure 34. Effect of storage time and storage conditions on the μ-PADs performance 

4.3.6. Analysis of Cu(II) in spiked water samples 

The proposed method was applied for Cu(II) measurements in tap and mineral water 

samples to evaluate its potential application and reliability. Aliquots of tap and mineral 

water samples were spiked with Cu(II) and  subjected to the coprecipitation method for the 

subsequent determination of Cu(II) using the µ-PADs. The recovery tests were carried out 

by spiking different concentrations of standards (0.05 and 0.1 mg L
-1

) to the water 

samples. The results are shown in Table 21 where the spiked Cu(II) is quantitatively 

recovered from the samples using the developed method as seen in the recovery values of 

97.1-104.1%. Furthermore, inductively coupled plasma-optical emission spectroscopy 

(ICP-OES) validated the reliability of the results obtained by the proposed method. The 

recoveries of ICP-OES were 98.7-105.4% which are in a good agreement with those of the 

µ-PADs as a paired t-test showed no significant differences between them. Thus, the 

proposed method is applicable to analyze trace levels of Cu(II) in water samples without 

need for advanced analytical instrument.  
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Table 21. Recovery studies of Cu (II) added to different water samples 

Water 

sample 

Present method ICP-OES 

Added 

(mg L
-1

) 

Found 

(mg L
-1

)
x
 

Recovery 

(%) 

Added 

(mg L
-1

) 

Found  

(mg L
-1

)
x
 

Recovery 

(%) 

Mineral 

water
1
 

0 ND  0 0.004±0.0004   

 

0.05 0.0494± 0.004 
 

98.8 0.05 0.0502±0.001 100.4 

0.1 0.0971± 0.004 

 

97.1 0.1 0.0998±0.001 99.8 

 

Tap 

water
2
 

0 ND  0 0.0076±0.0002  

0.05 0.0505± 0.003 101 0.05 0.0527± 0.0001 105.4 

0.1 0.1041±0.007 104.1 0.1 0.0987± 0.001 98.7 

ND: Not detected. 
1
Mineral water purchased from a local market in Okayama University, Japan. 

2
Tap water from an outlet at the Analytical Chemistry Group, Department of Chemistry, Graduate 

School of Natural Science and Technology, Okayama University, Okayama, Japan.
 x

Mean ± 

standard deviation (n = 3). 
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CHAPTER FIVE  

CONCLUSIONS AND RECOMENDATIONS 

5.1. Conclusions 

In this study, simple, cheap, fast, and portable μ-PADs were used for total Cr 

determination in soil, lettuce and water samples for the first time in Ethiopia. Moreover, μ-

PADs were developed for Cr speciation and trace Cu assay in water samples. In the total 

Cr determination, levels of total Cr in soil and lettuce samples obtained from μ-PADs 

analysis were in a good agreement with that of UV-Vis spectrophotometric analysis. The 

concentrations of total Cr in the two soil samples were above the permissible limit set by 

European Union Standards. The Cr contamination evaluated using the geo-accumulation 

index indicated that the contaminated river water irrigated soils are contaminated 

moderately to heavily. Similarly, the concentrations of Cr in all lettuce samples were 

approximately 10-times above the maximum permissible levels set by the FAO/WHO 

Joint Codex Alimentarius Commission, indicating a high degree of contamination in 

lettuce. From the results of the study, it could be concluded that the practice of routine 

irrigation with rivers receiving industrial effluent and municipal waste water has resulted 

in elevated concentration of Cr in the irrigated soil as well as in lettuce growing therein 

which in turn shows poor environmental management by industries and regulating 

institutions.  

Speciation of Cr via μ-PADs coupling with online oxidation of Cr(III) by Ce(IV) was 

presented. This study is the first to demonstrate the speciation of Cr by online oxidation of 

Cr(III) to Cr(VI) using μ-PADs. It was found that the online oxidation proceeded 100% 

and Ce(IV) interfered the colorimetric reaction of Cr(VI). The interference problem was 

solved by correcting for the influence of Ce(IV) on the decreased mean color intensity of 
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Cr(VI). The proposed μ-PADs showed performance sufficient to evaluate the safety of 

drinking water and environmental pollution in developing countries. The proposed method 

demonstrated suitability for the speciation of chromium in water samples. ICP-OES 

validated the analytical results obtained by the μ-PADs.  

A simple, cheap, fast, selective and sensitive coprecipitation method coupled with μ-PADs 

was also presented for the assay of trace Cu(II) in water samples. Coprecipitation with 

aluminum hydroxide was successfully applied to the determination of trace amounts of Cu 

with acceptable accuracy and precision. Coprecipitation procedure is fast and 

straightforward with high recoveries and a high enrichment factor of 250-folds, resulting in 

significant improvement in the sensitivity of the μ-PADs. The coprecipitation procedure 

allowed achieving limit of detection as low as 0.003 mg L
-1

. Moreover, the proposed 

method was successfully applied to spiked water samples with results in a good agreement 

to those obtained using the conventional ICP-OES method.  

The results of the study demonstrated that μ-PAD detection system has the potential to 

substitute or compliment conventional analytical methods for environmental monitoring, 

particularly in resource-limited settings. This developed method requires no expensive 

instrumentation because the μ-PADs require only simple operational skills and 

inexpensive substrates for fabrication. These features fulfill the criteria of affordability, 

user-friendliness, equipment-free operation, and deliverability to the end-users, as 

stipulated by the WHO, making it widely applicable in developing countries.  
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5.2. Recommendations 

From this study it could be recommended that 

 Immediate intervention is required to attain safe levels of Cr in soils and lettuces; 

until then, the community should consume a limited amount of lettuce grown in 

the investigated area since the concentrations of total Cr in all soil and lettuce 

samples were above the permissible limit.  

 The federal, regional and local environmental authorities should push industries to 

establish and use appropriate waste treatment systems.  

 Total Cr should be monitored and evaluated in accordance with environmental 

requirements in industrial and municipal waste waters prior to their discharge to 

the nearby rivers. 

 DPC and cerium(IV) are standard reagents commonly used in the colorimetric 

determination of Cr, however they are light-sensitive. Therefore, further study is 

required to improve their stability and hence the shelf life of the paper device.  

 The colorimetric μ-PADs have limitations to detect metal ions at trace levels. 

Therefore, use of enrichment procedure is important prior to μ-PADs analysis to 

enhance analytical sensitivity of the paper based method.  

 Coprecipitation method for trace metal ion enrichment is a potential candidate to 

improve analytical sensitivity of μ-PADs as the coprecipitation procedure is 

simple and fast with high recovery and high enrichment factor. 

 Further research is necessary to improve analytical sensitivity of μ-PADs with fast, 

simple operation and low cost system. 

 Further research is required to develop accurate and easy-to-use μ-PADs that do 

not require external instrumentation for quantitative analysis. 
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 Continued development of the basic chemistry of sensing with μ-PADs is required 

to improve the color homogeneity and sensitivity of the method. 

  It is important to keep prepared μ-PADs in a cold environment during storing the 

device for long period of time to maintain its performance. 
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7. ANNEX 

 

Annex 1. Images of a 10 mg L
-1

 Cr(VI) sample at different drying times after sample 

introduction 

 

 

 

 

 

Annex 2. Calibration plot for log mean color intensity as a function of log Cr mass added 

to the μ-PADs, used for the determination of total Cr in soil and plant samples 
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Annex 3.  Calibration plot for absorbance versus Cr(VI) concentration, used for the 

determination of total Cr in soil and plant samples 

 

 

Annex 4. Calibration curve established by plotting log intensity against log concentrations 

of Cr(VI), in the absence of Ce(IV), used for the detection of Cr(VI)   

 

 

0 3 6

0.0

0.1

0.2

0.3

A
b

s
o

rb
a

n
c
e

Concentration (ppm)

y = 0.3309x + 1.3296 
R² = 0.9966 

0

0.5

1

1.5

2

2.5

-3 -2 -1 0 1 2 3

lo
g
(Δ

H
u

e
 i

n
te

n
si

ty
) 

 

log(Cr(VI)concentration (mg L-1))  



138 
 

Annex 5. Calibration curve established by plotting log intensity against log concentrations 

of Cr(VI), in the presence of Ce(IV) 

 

 

 

Annex 6. Calibration curve established by plotting log intensity against log            

concentrations of Cr(III) 
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Annex 7. Calibration curve established by plotting log average intensity against log 

concentrations, used for the determination of total Cr for subsequent determination of Cr 

(III)  

 

 

Annex 8. Calibration curve and images of μ-PADs for Cu standard analyses. The images 

correspond to the concentrations 0.01, 0.05, 0.5, 1 and 2 mg L
-1

 Cu(II). Each data point 

was obtained by replicate measurements of n = 3 
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