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ABSTRACT

The purpose of this dissertation was to fabricate new and simpler paper-based
analytical devices (PADs) for the rapid detection of primary macronutrients in soil.
The fabrication method using a simple, inexpensive screen-printing method together
with new hydrophobic materials was developed. The study consisted of four parts
including new paper-based analytical devices with colorimetric assay application to
the determination of nitrate, ammonium, phosphate, and potassium, respectively.
The first part of study presented an environmentally friendly microfluidic paper-based
analytical device (uPAD) that uses beeswax as a new hydrophobic material with
a screen-printing method for determination of nitrate in soil. Functionality of the
new WPAD was optimized for colorimetric determination of nitrate in soil. A linear
range was obtained in the range of 0.5-40 mg L' with a limit of detection (LOD)
and limit of quantitation (LOQ) of 0.41 mg L' and 1.35 mg L', respectively.
The respective RSD values for nitrate was 1.15-2.24% (inter-day precision), and
1.50-2.16% (intra-day precision). The reaction time of this method was obtained in
10 min. The second part focused on a convenient and low-cost PAD for ammonium
measuring in soil, This PAD has been developed using an inexpensive UV resin
solution, as a new hydrophobic material, with a screen-printing method to create
hydrophobic areas. The paper-based colorimetric device was developed using a
modified Berthelot reaction in which salicylate and dichloroisocyanurate are used to

produce a green compound of 2-2 dicarboxyindophenol in the presence of ammonium.



A variety of tests was carried out to optimize and evaluate various aspects of
the PAD’s fabrication and utilization. A linear range was obtained in the range of
10-100 mg L with a LOD and LOQ of 0.50 mg L' and 1.65 mg L™, respectively.
The relative standard deviation of intra-day measurements was 1.57-2.58% and the
inter-day precision was 1.86-3.81% with good reproducibility. The analysis time was
obtained in 10 min. The third part demonstrated a one-step fabrication method for
a WPAD using epoxy resin as a novel hydrophobic material in conjunction with
the screen-printing method. The pPAD was applied to analysis the phosphate in soil,
by using the molybdenum blue method. This method provided a linear range
of 0.5-40 mg L' phosphate with the LOD and the LOQ being 0.25 mg L and
0.83 mg L', respectively. The relative standard deviation of intra-day measurements
was 1.52-2.46% and the inter-day precision was 1.89-2.74% with good
reproducibility. The reaction time of this method was obtained in 10 min. The final
part explored the indirect determination of potassium based on ion pair extraction of
dibenzo-18-crown-6 - K™ complex into dichloromethane with an excess amount of
calmagite as the counter ion. The remaining calmagite in aqueous phase after
extraction was examined on a paper based platform and digitized with a smartphone,
allowing the amount of potassium in the original test solution to be calculated.
This method provided a linear range from 20-120 mg L ! with the LOD and LOQ at
541 and 18.03 mg L, respectively. The respective RSD values for nitrate were
2.02-3.51% (inter-day precision), and 2.42-3.86% (intra-day precision). The analysis
of this method was obtained in 5 min. Furthermore, the four propose methods were
applied to detect nitrate, ammonium, phosphate, and potassium, respectively in a
variety of actual soil samples, and the results were validated against
spectrophotometric results using a paired t-test, which showed good accuracy.
The developed methods are simple, fast, inexpensive, disposable, and requires no

expensive instrument suitable for highly limited regions.
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CHAPTER1

INTRODUCTION

Introduction

Soil is a major source of nutrients for plant growth, It is a complex system
which includes minerals, organic matter, water, air, and organisms. The primary
macronutrients are nitrogen (N), phosphorus (P), and potassium (K) commonly known
as NPK, which are essential elements for crops growth and development (1-3).
Nitrogen is an essential nutrient for plant growth. It is present in the form of nitrate
(NO3) and ammonium (NH,"). Nitrogen is promotes growth of leaves and stems (4).
The orthophosphates, H,PO4™ and HPO,* are macro compound of phosphorus that is
needed for plants growth. Phosphorus helps transfer energy from sunlight, stimulates
early roots, plant growth, and hastens maturity (5). Potassium is always present as K*
in soils (6). It increases strength of plants and disease resistance, helps form and move
starches, sugars and oils in plants, and can improve fruit quality (7). The quantity of
NPK varies depending on type of crops and plant growth level. Therefore, the quantity
of fertilizer have to be estimated based on the requirements for optimum production at
each location in the field (8). However, a deficiency of the macronutrients leads to
oxidative stress, which is assessed by markers, such as malondialdehyde, protein
oxidation, and the ratio of reductant to oxidant. By alleviating oxidative stress, N, P,
and K use efficiency might be improved and plant growth be promoted under the N, P,
and K deficiency (9). In addition, excessive use of NPK has created serious impact on
the environment which is not only contaminating the land and eventually plants But
also threating human health, as well as it can be just as detrimental as a deficiency,
may impait plant growth, contaminate surface and groundwater (10-12). Therefore,
the application of sufficient quantities of plant nutrients is essential to increasing
agricultural productivity, economic return, reduce negative environmental impact, and
reduce production costs. In the effective fertilization of agricultural fields, agriculturists
should know the concentration of soil nutrients before adding fertilizer to meet the

nutrition requirements of the crops by quantitative nutrients assays in the soil before plant.



Various methods are available for the measurement of nutrients in soil with
high sensitivity and accuracy, such as spectrophotometric methods (13), electrochemical
method (14), chemiluminescence (15), capillary electrophoresis (16) and chromatography
(17). Unfortunately, most detection techniques require expensive laboratory
instruments, time consuming, and large amounts of chemicals using. Nowadays,
different commercial test kits have been manufactured by several companies under
different trade names for soil testing. However, these commercial test kits are
expensive, and some have been imported from overseas. This makes is inconvenient or
unaffordable for the agriculturist to use these test kits for monitoring the soil nutrients.
This work therefore is an attempt to develop a simple low cost device that can lead to
be more effective and convenient for detection of soil primary macronutrients.

One revolutionary approach for conducting inexpensive analysis is based on
the use of microfluidic paper-based analytical devices (uWPADs) that were first
introduced by the Whitesides group in 2007 (18). The uPADs are miniaturized devices
developed with a cellulose paper on which hydrophobic barriers are constructed, creating
hydrophilic channels which allows the water to penetrate and/or transport within its
hydrophilic zone, by using capillary actions (19-22). It is easy-to-use, disposable,
biodegradable, small sample and reagent consumption, low-cost analytical platform,
and amenable to use by unskilled operators. The fabrication of the channels on the
paper can be performed by modifying some of the hydrophilic zones to become
hydrophobic barriers, in order to confine the liquid flow with in the hydrophilic
channels in a controlled manner (23). The uPADs have great potential for analysis
applications beyond laboratory settings, such as environmental analysis (24-26), food
safety inspection (27-30), biosensing (31-32), pharmaceutical analysis (33-34), and
clinical diagnosis (35-38). Therefore, the uPADs was investigated for determination of
primary macronutrients in the soil.

The aims of the thesis were: (i) to design and fabricate the (W)PADs by using
new hydrophobic materials in conjunction with the screen printing method (ii) to
develop more convenient devices for the determination of primary macronutrients in
the soil, which are nitrogen, phosphorus, and potassium in the forms of nitrate (NO3")
and ammonium (NH,"), phosphate (PO,™), and potassium (K") by using the colorimetric

detection methods.



Research aim
1. To fabricate (microfluidic) paper-based analytical devices - (W)PADs - for
colorimetric detection of nitrate, ammonium, phosphate, and potassium.

2. To apply (W)PADs for the detection of primary macronutrients in soil.

The scope of the study

This study consists of four major parts. The first is the fabrication of an
environmental friendly pPAD for the determination of nitrate in the soil samples, by
using beeswax to screen print patterns onto the paper. The pPAD measures the nitrate
content using VCl3 as a reductant for reducing nitrate to nitrite. The reduced nitrate,
plus the nitrite originally present in the sample, reacts with the Griess reagent
(sulfanilamide and NED) under écidic conditions.

The second is the fabrication of the 3D PAD, using the UV resin screen
printing method for the determination of ammonium in soil. The colorimetric detection
based on the modified Berthelot reaction was used for rapid determination of
ammonium on the 3D PAD. Sodium salicylate and dichloroisocyanurate respectively
can be substituted as safer alternatives to toxic phenol and unstable hypochlorite, for
the indophenol reaction.

The third is to investigate the 3D PAD which is produced by the one-step
epoxy resin screen printing method, for the determination of phosphate in soil.
The colorimetric detection of phosphate is based on the molybdenum blue method.
The 3D PAD measures the phosphate content using ammonium molybdate, then
reduced by stannous chloride.

The fourth will focus on the use of crown ether with counter ion for the
determination of potassium on the PAD. The method is based on the extraction of
dibenzo-18-crown-6-potassium-counter ion ternary complex in dichloromethane.
The pore diameter of the crown ether matches the diameter of the potassium very well,
and the colored dye was used as counter ion, which can be used for the qualitative and

quantitative analysis of potassium in soil.



Expected outcomes

The fabricated (W)PADs can be used as devices for the detection of soil
primary macronutrients. This information is useful for evaluation of the fertility status
of the soil and planning a nutrient management program to reduce cost and increase
agricultural production. These (WPADs can serve as fast, easy-to-use, low cost, and

disposable devices.



CHAPTER II

LITERATURE REVIEWS

All literature reviews, including of soil, soil nutrients, microfluidic paper-based
analytical devices (UPADs), and colorimetric detection of nitrate, ammonium, phosphate

and potassium are presented.

Seil

Soil is a dynamic natural body developed as a result of pedogenic processes
through weathering of rocks, consisting of mineral and organic constituents,
possessing definite chemical, physical, mineralogical and biological properties, having
a variable depth over the surface of the earth, and providing a medium for plant
growth. The soil consists of four major components: mineral matter, organic matter,
soil air and soil water. By volume, the air-dry soil contains about 45% mineral matter,

5% organic matter and 25% each of water and air (Figure 1) (39).
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Figure 1 Composition of soil (39)

The arrangement of solid particles and pore space is called the soil matrix.
The matrix is a three-phase system of solid (mineral matter and organic matter), liquid
(water) and gas (air). The proportion of air and water are subject to rapid and great
fluctuations under natural conditions, depending on the weather and other factors.
The interactions among these components are of great significance in providing plants

with water, air and essential nutrients (39).



Soil nutrients

Nutrients are chemical elements that are essential for growth and fertility.
Soil fertility is the capacity to receive, store and transmit energy to support plant
growth. It is the component of overall soil productivity that deals with its available
nutrient status, and its ability to provide nutrients from its own reserves and through
external applications for crop production (40). Soil fertility management is most
important for optimizing nutrition for both short and long-term basis to achieve
sustainable crop production, because plants require at least 16 elements to complete
their life cycle. These nutrients can originate from weathered minerals or from
decomposing organic matter. The non-mineral nutrients include carbon (C), hydrogen
(H) and oxygen (O) originating from the air and water during photosynthesis (41).

Mineral nutrients are divided into two types: macronutrients and micronutrients.
Macronutrients are further divided into primary and secondary, with the primary
nutrients being required by plants in relatively large proportions. The three main
nutrients are nitrogen (N), phosphorus (P) and potassium (K), which are commonly
known as NPK. Secondary nutrients include calcium (Ca) magnesium (Mg) and sulfur
(S). Micronutrients are needed in very small amounts and they include boron (B), iron
(Fe), manganese (Mn), copper (Cu), zinc (Zn), molybdenum (Mo) and chlorine (CI)
(42). 1t is important to note that though the soil nutrients are separated into different
groups (based on the quantity required by the plant), each nutrient is equally
important. A shortage of any nutrient can limit the growth and yield of a plant. Soil pH
is also important for maintaining proper fertility, and this affects the availability of the
nutrients (43). As shown in Table 1, each nutrient has a different function for plant
growth. The role of primary macronutrients in soil, including nitrogen, phosphorus and
potassium as follows:

1. Nitrogen

Mineral and organic nitrogen (N) forms undergo a number of changes

throughout the N-cycle. Nitrogen is easily transformed among various reduced and
oxidized forms and is readily distributed by hydrologic and atmospheric processes.
The amount of plant available nitrogen is positively influenced by nitrogen
fertilization, mineralization of soil organic matter, biological nitrogen fixation and by

precipitation. Negative influences result from immobilization, crop uptake and removal,



denitrification, volatilization, leaching, run-off and erosion (44). Nitrogen is the first
fertilizer element of the macronutrients usually applied as commercial fertilizers,
which is very important nutrient for plants and it seems to have the quickest and most
pronounced effect. Nitrogen is the most important plant nutrient for crop production.
It is a constituent of the building blocks of almost all plant structures. It is an essential
component of chlorophyll, enzymes, proteins, etc (45). Nitrogen occupies a unique
position as a plant nutrient because rather high amounts are required compared to the
other essential nutrients. It stimulates root growth and crop development as well as
uptake of the other nutrients. Nitrogen tends primarily to encourage above ground
vegetative growth and it imparts dark green color to plants. It is a regulator that
governs to a considerable degree the utilization of potassium, phosphorus and other
constituents. It promotes vegetative growth and improves the quality of produce
including fodder, leafy vegetable and food crops. It increases the tillering of cereal
crops. Nitrogen occurs in soil as organic and inorganic forms. Inorganic or mineral
nitrogen is commonly found in the forms of nitrate (NO3) and ammonium (NH4")
(46). Nitrate is the most abundant form of nitrogen available for plant uptake.
Ammonium is the first form of nitrogen produced when soil microorganisms convert
organic nitrogen into mineral nitrogen. It is also the main form in which fertilizer
nitrogen is applied in agriculture (47). However, the ammonium that plants do not take
up, is subject to change (conversion to NO3’) by the biological transformation
occurring within days of its application to the soil system (48). However, it nitrogen is
low, growth is stunted, and all plant functions are disturbed. Nitrogen is mobile and
when in short supply, will drift from older leaves to younger ones. Deprived of
nitrogen, the older leaves will often turn light green, yellow, or in some cases pink.
In addition, the excessive use of this element causes serious problems agriculture and
environment. This can disrupt the development of many important plants. Over much
accumulation of nitrogen in plants may cause toxicity problems for human health like
methemoglobinemia, nitrous oxide emissions, and groundwater’s nitrate pollution (49).
2. Phosphorus

Phosphorus is the second fertilizer element and it is an essential

constituent of every living cells and for the nutrition of plant and animal. It takes

active part in all type of metabolism of plant. It is an essential constituent of majority



of enzyme and also structural component of membrane system of cell, the chloroplasts
and the mitochondria. It is intimately associated with the life process. It participates in
metabolic processes such as photosynthesis, energy transfer, synthesis and the
breakdown of carbohydrates. It is also critical in biological energy transfer processes
that are vital for life and growth. Adequate phosphorus results in higher grain
production, improved crop quality, greater stalk strength, increased root growth, and
earlier crop maturity (50). Phosphorus is found in soils both in an organic form and an
in-organic (mineral) form and its solubility in soil is low. There is equilibrium between
the solid phase phosphorus in soil, and the phosphorus in the soil solution. Plants can
only take up phosphorus dissolved in the soil solution, and since most of the soil
phosphorus exists in stable chemical compounds, only a small amount of it is available
to the plant at any given time, Plants take up phosphorus from the soil solution as
orthophosphate (H,PO4, HPO,>), although the uptake of HPO,4”> appears to be slower
than the uptake of HPO4". The ratio of these two forms is dictated by the pH, with
H,PO, dominant in acid solutions, while HPO,* is dominant in alkaline solutions.
It is important to note that these ions are negatively charged (anions), so the plant will
need a different mechanism to take up phosphorus, than the one used for cations
uptake (51). However, without phosphorus, plant growth is retarded, and will have
spindly and stunted roots. Deficiency symptoms also include dull greyish-green
leaves, red pigment at their bases and dying leaves. Phosphorus deficiency is difficult
to diagnose, and by the time it is recognized it may be too late to do anything. If plants
are starved of phosphorus as seedlings they may not recover when phosphorus is
applied later (52). In addition, higher concentration of phosphorus mostly interferes
with uptake of other elements, such as iron, manganese and zinc. Over-fertilization
with phosphorus is common and many growers apply unnecessarily high amounts of
it, especially when compound NPK fertilizers are used or when irrigation water is
acidified using phosphoric acid (53).
3. Potassium

Potassium is the third fertilizer element that is absorbed by plants in the
form of K'. Potassium in fertilizer is usually defined as K,O and is used to express the
content of various fertilizer materials containing potassium, such as potassium (KCl),

sulfate of potassium (K,;SO,), double sulfate of potassium and magnesium (K;SOy,



MgS0,), and nitrate of potassium (KNO3). Potassium is an essential element for the
development of chlorophyll. It is essential for photosynthesis, i.e., converting carbon-
dioxide and hydrogen into sugars and for translocation of sugars and also for starch
formation. It is, therefore, of special value for crops like sugarcane and potatoes which
are rich in sugar and starch (7). It is absolutely necessary for tuber development.
Potassium improves the health and vigor of the plant, enabling it to withstand adverse
climatic condition. It strengthens the straw of cereals and keeps the plant green and
functioning longer that it would otherwise do. Thus it reduces lodging in cereal crops.
Potassium improves the quality of crops like tobacco, potatoes, sugarcane, vegetables and
fruits. It also increases the crop resistance to certain diseases and counteract the
damaging effects of excess nitrogen. It is necessary for the production of best quality
of grains and fruits. Potassium plays a key role in production of quality vegetables.
In delaying maturity, potassium works against undue ripening influences of
phosphorus. In a general way it exerts a balancing effect on both nitrogen and
phosphorus and consequently is especially important in a mixed fertilizer. Potassium
improves water balance, promotes metabolism and increases the production of
carbohydrates. However, potassium deficiency is often called the “hidden hunger” as
crop potassium requirements are often large and visual symptoms to a potassium
deficiency can be quite difficult to identify during the growing season. Potassium
deficiency will be most likely when potassium concentrations in the soil are
suboptimal for grass or crop production. In general, potassium deficiency can be
evident in older leaves as potassium is mobilised to the stems with the result of the
necrosis of the leaf tips (dying). One of the most common signs of potassium
deficiency is the yellow scorching, or firing (chlorosis), along the leaf margin.
In severe cases, the fired margin of the leaf may fall out. Potassium-deficient crops
grow slowly and have poorly developed root systems. Stalks are weak, and lodging of
cereal crops such as corn and small grain is common (54). As important as it is, too
much potassium can be unhealthy for plants because it affects the way the soil absorbs

other critical nutrients.
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Table 1 Forms in which plant of nutrients are utilized by plants (55)

Element Abbreviation  Forms of nutrients used by the plants
Nitrogen N NOj  (nitrate) and NH4' (ammonium)
Phosphorus P H,PO, and HPO,* (orthophosphate)
Potassium K K*

It is useful for agriculturists to know which and how much nutrients are
required by analyzing their soil before planting, because each plant requires different
kinds and amounts of nutrients. Guidelines for evaluating major nutrients and soil

fertility levels are shown in Table 2.

Table 2 Guidelines for interpreting nutrients levels in soil for rice grown (56-57)

Fertility level Nitrogen Phosphorus Potassium
(mg kg'') (mg kg (mgkg)
Low <10 <10 <60
Medium 10-20 10-20 60—90
High 20-30 20 —40 90 -120
Excessive > 30 > 40 >120

This work therefore is an attempt to develop a new and simpler microfluidic
paper-based analytical device (UPAD) for the rapid detection of soil primary

macronutrients.

Microfluidic paper-based analytical devices (nWPADs)

Microfluidic paper-based analytical devices (WPADs) were first described by
Martinez, et al., 2007 (18). This method has continued to develop at an exponential
rate with notable impacts to academic and industrial communities. Nowadays there is
a growing trend to use it as substrate for sensors due to its several inherent advantages

including; a small footprint, small reagent volumes generating small waste volumes,
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and increased portability and accessibility for detection relative to traditional
laboratory testing methods (58). Generally, pPADs are produced from filter paper
(also called cellulose paper) which is a material that can process 0.1 to 100 pL of
liquids using fluidic channels (59). Using pPADs made from these methods, samples
were transported through the hydrophilic flow channel of the paper by capillary forces
without external power sources (60). The common detection method is colorimetry,
which uses chemical reaction on the hydrophilic area of the paper to fabricate a color
change. The resulting color intensity is proportional to the analyte’s concentration.
To quantify the analytes, a digital camera, cell phone, or scanner is typically used to
record the color intensity (61). The use of paper as a substrate for analytical purposes
has several advantages because it is readily available and inexpensive. Paper-based
devices can be easily patterned into discrete hydrophilic and hydrophobic zones
(Figure 2) which is lightweight, easy to transport, disposable and biodegradable (62).
In particular, the Whatman filter paper is popular to use as paper-based devices
because of the important parameters such as porosity, flow rate and patticle retention.
Application of pPADs is particularly favored in point-of-need settings that require
rapid analysis with low cost and simple operation. Recently, tPADs have been used
for a variety of analytes, such as environmental analysis (62-63), food safety
inspection (64), biosensing (65), pharmaceutical analysis (33-34), and clinical diagnosis
(35-38).

Hydrophobic barrier
Hydrophilic zone

Capillary actions of yellow dye

Filter paper

¥

Sample load zone—{ o cvuen.

Colorimetric detection zone

Figure 2 Schematic representation of pPAD (66)
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The hydrophobic barriers and hydrophilic channels of pPADs can be
fabricated using a variety of methods. Described below are the most common methods
for fabrication of uPADs including photolithography (67-68), wax printing (69-72),
inkjet printing (73-75), screen-printing (20, 76-78), cutting (79-80), wax dipping (81),
and stamping (82-87) method. Pattern principles and hydrophobic material of these
methods have also been summarized in Table 3.

1. Photolithography

Production of the paper based plates by patterning sheets of paper into
hydrophilic zones bounded by hydrophobic barriers. This method can use low cost
formulation photo resistant that permits fast prototyping of paper based plates which
around 15 minutes, Martinez, et al. (18) was the first to demonstrate the use of
photolithography to fabricate microfluidic channels on paper. The first step of the
process is to impregnate the filter paper with photdresist. Then a transparency film is
placed on top of the paper and a black paper is placed under the filter paper. Next, the
desired pattern is printed onto the transparency film and exposed to UV light.
The photoresist will polymerize, forming a hydrophobic barrier in the paper.
The paper is then removed from the film and broken to crosslink the exposed portion.
Finally, the paper is washed with solvent to remove the unexposed photoresist from
the paper. A diagtam of the process and a picture of the microfluidic device are shown
in Figure 3. However, there are a few drawbacks in photolithography. It is a multistep,
and time-consuming process. Moreover, the paper channels are exposed to polymers
and solvents which might affect the fluids that flow through the channels and
ultimately the assays being performed. Photolithography method was used for multiple
detections, such as glucose, protein (88), copper (89), iron (67), and chromium (90).
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Figure 3 The process of photolithography and an example of a pPAD fabricated
via photolithography method (67, 91)

2. Wax printing

Wax printing was introduced by Carrilho, et al. (71). Hydrophilic patterns
can be printed on flexible substrates using a desktop wax printer that uses colored
solid wax cubes as ink. The wax printer heats the wax cube to melt and jet out the
molten wax to print patterns on a substrate. The printed wax was then melted in an
oven or hotplate. Due to the porous structure of the filter paper, the wax penetrates
into the paper to form well-defined micro-channels on the paper. Because wax printing
is easy to accomplish with a wax printer, it has now become a major method for
fabrication of pPADs. A diagram of the process and an example of paper-based
microfluidics fabricated by wax printing is shown in Figure 4. The advantages of this
method are high resolution, high throughput, biodegradable and biocompatible
barriers. However, these methods still require expensive wax printer (>150%), extra
controlling steps for fabrication and unavailability in developing countries.
Wax printed pnPADs was applied to colorimetric detection of copper (92), lead (93),
cadmium (93), iron (94), adulterants (70), formaldehyde (95-96), human chorionic
gonadotropin (97) etc.
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Microdevice design ~ Wax printing Melting

Figure 4 Step-by-step fabrication of pPADs and an example of a pPAD
fabricated via wax printing method (98-99)

3. Inkjet printing

Inkjet printing method is known as digital writing, which is used to deposit
functional materials onto a substrate. It is a cost effective and widely adopted tool for
the fabrication of microfluidic devices by depositing hydrophobic materials. One such
chemical is alkyl ketene dimer (AKD), which can selectively hydrophobic paper (21).
The method involves printing AKD-heptane solution on paper and curing it at 100°C
for 8 min to create hydrophobic barriers. Although a simple technique, it is
disadvantage is the damage caused to the printer, especially to the cartridge, by
organic solvents. Abe et al. described the polymer solution using polystyrene with
inkjet printing to fabricate paper-based microfluidic devices (74). This method
described by Citterio et al. and Maejima et al. used a UV-curable acrylate ink instead
of the hazardous organic solvents for printing on paper; further, for curing, the pattern
was exposed to UV light for 60 s (75, 100). Moreover, Xu et al. also described a low-
cost and rapid method using permanent marker with inkjet printing to fabricate paper-
based microfluidic devices. The printed filter paper was allowed to air dry for 15 min,
allowing the evaporation of ethanol (101). Therefore, the cartridge and printers are not

easily attacked and damaged by the solvent. Recently, Prabhu et al.used a paraffin



15

wax-heptane solution on paper and curing it at 100°C for 15 min to allow the paraffin
to penetrate into the paper pores (102). The hydrophilic-hydrophobic contrast of
patterns so created provides an excellent ability to control capillary penetration of
aqueous liquids in paper channels. Fabrication of pPADs by inkjet printing has
advantages such as cost-effectiveness, time-savings, ease of mass fabrication, and
direct patterning of hydrophilic and hydrophobic barriers on paper. The inkjet printing
method has become a common method for the detection of a variety of analytes, such
as glucose (101, 103-104), phosphate (105), ammonia (106), uric acid (107), and
mercury (108). Figure 5 shows schematic illustration and uPAD fabricated by inkjet

printing.
Design drawing in Inkjet printing of Paraffin Paraflin penetration by heating
CorelDraw hydrophobic barrier ’

Figure 5 Fabrication process of inkjet printing and images of pattern printed

(102, 109)

4. Screen printing
One of the simple fabrication methods is screen printing. Screen printing
method was also used to develop hydrophobic barriers and hydrophilic channels on
filter paper using hydrophobic materials such as wax (20, 110), polystyrene (77),
poly(dimethylsiloxane) (111), polylactic acid (78), and polymeric ink (112) can be

screen printed onto the surface of paper (Figure 6). The polymer solution is squeezed
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to pass through the screen and penetrate to the bottom of the paper for creating of 3D
patterned hydrophobic barrier. The patterned paper is ready to use after drying.
This method has the advantages of low cost and simple fabrication steps. However, it
demonstrates low resolution of microfluidic channels and rough barriers. Moreover, it
is required to produce different designs. The utility of pPADs fabricated by the screen-
printing was demonstrated using colorimetric detection for glucose (112), uric acid

(113), nitrite (78) etc.

Polylactic acid
Patterned screen. solution

Chromatography paper

One-step

Figure 6 Schematic of the screen printing method and an example of a pPAD (78)

5. Plotting

Generally, the uPADs were fabricated through technical drawing pens
adapted in a plotter by using difference hydrophobic materials such as permanent
marker inks (114), PDMS (115). Moreover, Sousa et al. (116) used 3D pens for
fabrication of pPADs followed by a UV-curing using a portable flashlight. These pens
make use of polymer filaments or liquid resins based on acrylate monomer, which are
UV-curable. With the liquid polymer filaments or liquid resins, it is possible to create
barriers on paper rapidly and in a variety of designs in a highly flexible manner.
Considering the time required drawing and curing the hydrophobic barriers, the

resulting pPAD is obtained within 60 s (Figure 7). This method is simple, flexible,
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quick and inexpensive. However, the drawbacks of plotting method are very low
resolution, and required special pen and plotter. The utility of pPADs fabricated by the
plotting method was used for colorimetric detection of protein (117), glucose (118)

nitrite (119) etc.
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Figure 7 Scheme showing the fabrication of pPADs through 3D pen drawing (116)

6. Stamping

The general process of stamping is prevalent in common life. Its ease and
convenience have prompted of use many researchers to try and fabricate UPADs using
different types of stamps and ink. Garcia et al, have fabricated pPADs by metal
stamping, and it is schematically shown in Figure 8. A paper piece was impregnated
with paraffin sheet. The metal stamp was preheated at 150°C and then brought in
contact with the paraffin paper to enable the thermal transfer of the paraffin to the
paper. This step enables the quick transference of the paraffin from the paraffin to
paper, thus forming the hydrophobic barriers. The developed pPADs can be used for

determination of various ions such as nitrite (82), creatinine (83), glucose and uric acid (84).

.~ Poaper

n-paper

Figure 8 Steps involved in the stamping-based fabrication method (84)
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7. Cutting

The fabricating methods, mentioned earlier, always use hydrophobic
materials to pattern papers. However, it is equally feasible to simply cut though the paper,
allowing the geometric shape of the paper to guide the liquid flow. Therefore, a myriad
of cutting approaches have been developed and adopted on the basis of different
cutting mechanisms and devices, including laser cutting (80, 120), plotter (121),
mechanical cutting (122-123), and any combination of these techniques (124-126).
All paper cutting method may have a drawback-difficult to precisely control the
channel size. In addition, another limitation is that the assembly process may be only
suitable for handle operation and fabricating prototype pPADs. These advantages have
enabled the use of colorimetric pPADs for the analysis of nitrite, proteins (79),
glucose (127), urine (128), and others analytes. Figure 9 shows the process of cutting
method and a final pPAD.

Layout designing Microsystem cutting

PVC Sheet Glass fiber

Figure 9 The process of cutting method and a final pPAD (128)
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Technology Hydrophobic material Pattern principles Reference
Photolithography =~ SU-8 photoresist Physical blocking (67-68, 129)
of pores in paper
Wax printing Wax Physical deposition (130)
of reagent on fiber
surface
Inkjet printing Alkyl ketene dimer Chemical (21, 73,75,
(AKD), permanent modification of 101)
marker ink fiber surface
Screen printing Wax, polystyrene, Physical deposition (77, 111)
poly(dimethylsiloxane)  of reagent on fiber
surface
Plotting poly(dimethylsiloxane), Physical blocking (131-132)
chemical ink of pores in paper
Cutting — — (79, 120, 133)
Stamping Indelible ink, Physical deposition (84, 134)

poly(dimethylsiloxane)

of reagent on fiber

surface

A summary of the advantages and disadvantage of these methods is provided

in Table 4, with particular attention paid to the resolution and cost of each method.

Table 5 shows the summary of colorimetric detection of different ions from various

samples. Given their many strong features, uPADs are a very promising development

to investigate for determination of nutrients in soil.
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Table 4 Summary of the main advantages and disadvantages of different method

for producing paper-based microfluidic devices (60-61, 135-136)

Technology Advantages Disadvantages

Photolithography High resolution of Requires expensive equipment,
microfluidic channels, the complex steps, expensive
barrier is sharp reagents

Wax printing High resolution, high Requires expensive wax
throughput method, printers, requires an extra
biodegradable and heating step after wax
biocompatible barriers. deposition.

Inkjet printing Uses very cheap AKD, can Requires an extra heating step
mass produce devices quickly, after AKD deposition, requires
requires only a desktop printer modified inkjet printers.
to produce devices

Screen printing  Produces devices through a Low resolution of microfluidic
simple process channels (rough barrier),

requires different printing
screens.

Plotting Patterning agent (PDMS) is Very low resolution and special
cheap, devices are flexible, pen and plotter is needed

Stamping Simple and fast production Requires different iron mold for
process. creating different patterns, Low

resolution of microfluidic
channels

Cutting Sharp defined features Requires expensive equipment.




Table 5 Summary of colorimetric detection of different from various samples
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in pPADs
Target Fabrication Samples Analytical figures Device Ref.
analyte(s) (design) of merit image
Glucose, SU-8 Serum LR 0.5-20 mM
lactate, and photoresist and urine glucose, 1-25 mM
uric acid lactate, and 0.1—
7 mM uric acid

Copper(1l) Wax Water LOD 4.7 nM

printing LR 0.0079-3.1 uM
Glucose Laser Fruit LOD 3.12 mM

cutting LR 5-50 mM
Lead(Il) Inkjet Water LOD 0.05 uM

printing LR 0.05-0.5 pM
Procaine Wax Seized LR 5-60 pmol L™

printing cocaine  LOD 0.9 pmol L
Magnesium Screen—  Rubber LR 25-200mg L™

printing latex LOD25mgL™”

waste

Dopamine Wax Serum LOD 0.37 ymol L™

printing LR 0.5274.75

pmol L

Doxycycline Wax Pharmac LOD 0.24 mg L™ (142)
hyclate printing  eutical LR 0.5-35mg L™
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Colorimetric detection
1. Nitrate
Griess reaction has been used frequently for the detection of nitrite.
This reaction is based on diazo coupling reaction, wherein nitrite ion converts
sulphanilamide into  diazonium salt that subsequently coupled with
naphthylethylenediamine (NED) to extract a highly colored azo dye, the color
intensity of which related to the original nitrite concentration. The principle of nitrite

measurement using the Griess reaction as shown in equation 1 (143).

? 0y
0=S O —
NH

0Oy o,

NH, i % s % A

e S O
NH, O

NH,

[1]

A portable test kit for nitrate determination was reported by Murray et al.
(144) who used zinc reduction in combination with the Griess assay, for the detection
of nitrate in water. Zinc represents an example of a less toxic solid state reductant
which can be used to reduce nitrate to nitrite. Nitration of salicylic acid by nitrate
occurs under acidic conditions, and the subsequent addition of an alkaline solution
results in a yellow complex. Under acidic conditions, nitrite reacts with sulfanilamide
and NED, to form a pink azo compound (Figure 10). The linear range for the method
was 0.5-45 mg L™ and the limit of detection (LOD) was 0.5 mg L™

(mg/L NOy)

Figure 10 Colorimetric of nitrate through Griess’s reaction (144)

Unfortunately, these methods require considerable amounts of reagents,

and samples, as well as specialized equipment with skilled operators. The development of
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a simpler and less expensive method that requires fewer reagents would be very
desirable to overcome these disadvantages. The pPADs have gained increasing interest
as a simple, faster, low cost, disposable method that also requires fewer reagents.
The pPADs is a method which can be used to determine nitrite and nitrate in water, as
described by Jayawardane et al. (145). The present paper reports on the development of
uPADs with identical fluidic design which employs the Griess reaction for the
determination of nitrite and nitrate in environmental samples (Figure 11). One of the
uPADs is used for the determination of nitrite only, while the other one allows the
determination of both nifrite and nitrate after reduction in a hydrophilic channel
containing Zn microparticles. The limits of detection and quantification for nitrite are
1.0 and 7.8 uM, respectively, while the corresponding values for nitrate are 19 and 48 pM,

respectively.
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Figure 11 Schematic diagrams of the pPADs (145)

Next, Teepoo et al. (78) reported on a one-step approach for fabricating
screened-printed pPAD using polylactic acid as a new hydrophobic material. A uPAD
was evaluated for nitrite and nitrate detection in food samples, based on the Griess
method (Figure 12). Nitrate to nitrite reduction was attained with zinc followed by
derivatization with sulfanilamide and N-1 naphthylethylenediamine dihydrochloride
(NED), which resulted in a red-pink azo dye being formed. The detection limits and the
linear ranges, respectively, were 1.2 mg L' and 2-10 mg L™ for nitrite and 3.6 mg Lt
and 10-50 mg L™ for nitrate, and the detection times for both ions were found to be

within 12 min.
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Figure 12 Schematic diagram of the detection assay for nitrite and nitrate in food

samples based on colorimetric pPAD (78)

Recently, Ferreira et al. (72) developed two pPADs for the quantification of
nitrite and nitrate anions in human saliva samples based on the Griess reaction with
zinc (Figure 13). These pPADs allowed a nitrite determination in a range of 5-250 uM
with limits of detection and quantification of 0.05 uM and 0.17 pM, respectively, and
a nitrate determination in the range 0.2-1.2 mM with limits of detection and
quantification of 0.08 mM and 0.27 mM, respectively. As for the stability, both of the
uPADs were stable when stored in vacuum at 4°C (the nitrite pPAD for at least 60 days
and the nitrate pPAD for at least of 14 days). The idea was for these pPADs to
ultimately be capable of being used as a screening option not only in healthcare
facilities, but also to aid in the diagnosis of some diseases and health conditions in

remote locations.
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Figure 13 Schematic assembly of the mixed pPAD for determination of nitrite

and nitrate (72)

2. Ammonium

Ammonium is usually quantified by spectrophotometric methods.
Two reactions of measuring ammonium concentration are used in agriculture and the
environment which include standard laboratory colorimeter procedures using Nessler
(146-148) and Berthelot reaction (phenol and salicylate methods) (149-151).
Nessler’s reagent is a solution consisting of mercury (II) iodide and potassium iodide.
It is a standard method for the determination of ammonia nitrogen in water.
The advantages of this method are easy operation and high sensitivity towards
ammonia. It can be observed, that the Nessler reagent (KoHgly) reacts with the
ammonia present in the sample under highly alkaline conditions to produce a yellow-
brown color complex when assessed colorimetrically (147, 149). The color intensity is

in direct proportion to the ammonia concentration. The basic reaction is:

/

2K, Hgl, + NH; + 3KOH —* O NH,1 + 7KI + 2H,0 2]

BN
/
The indophenol bule method is based on the Bethelot reaction in which

ammonia reacts with phenol and hypochlorite under alkaline condition. Ammonia is

converted to monochloramine at pH 9.7-11.5, which reacts with phenol in the
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presence of hydrochlorine, to form blue-colored indophenol under the catalytic
influence of a nitroprusside salt (152). Each experimental procedure is easy, rapid,
and simple. Afkhami and Norooz-Asl (153) proposed a method for the
spectrophotometric determination of ammonia that was based on the color reactions of
ammonia with phenol under suitable oxidizing conditions in an alkaline medium, and
cloud point extraction of produced indophenol dye. Linearity was obeyed in the range
of 2—125 ng mL"! of ammonia. The detection limit of this method was 1.0 ng mL"

of ammonia. The reactions of indophenol blue are highlighted in equations 3, 4 and 5.

NH3+ OCI"’ — NH,Cl + OH" [3]
catalyst
NH,CI + O +30H —» O N-Cl +3H,0 [4]
Quinonechloramine
Orva o Haol Do
Indophenol

However, these standard methods require expensive laboratory instruments,
which are difficult to be employed in the field, time consuming, and use large amounts
of chemicals. Therefore, it is necessary to develop a new method to overcome the
disadvantages. tPADs is a renewable method in research technology, which are disposable,
fast and easy to use for sample monitoring, and field analysis.

Given their many strong features, pPADs are a very promising
development for determining the amount of ammonium in the environment. Up to this
time, many researches have applied pPADs for the determination of ammonium.
Jayawadance et al. (106) were the first to demonstrate the use of pPAD for
determination of ammonia in wastewater based on gas-diffusion separation (Figure 14).
The determination of ammonia in the proposed gas-diffusion pPAD involves mixing
an ammonia sample or standard with excess solid NaOH deposited in a hydrophilic
reagent zone, to produce molecular ammonia which then diffuses across a

polytetrafluoroethylene (PTFE) hydrophobic microporous membrane into a detection
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zone containing an acid—base indicator solution (3-nitrophenol or bromothymol blue).
Under optimal conditions, the pPAD is characterized by a limit of detection of 0.8 and
1.8 mg L and repeatability of 3.1 and 3.7% (20 mg L"), expressed as relative

standard deviation, in the case of 3-nitrophenol or bromothymol blue, respectively.

Laminating film with a Sample
sample insertion hole

Acid-base indicator
(Zone 2)

A Scanning area

Figure 14 Schematic diagram of the colorimetric ammonium assay by
3-nitrophenol or bromothymol blue: A) Proposed gas diffusion pPAD;
B) Photograph of a bromothymel blue pPAD and a 3-nitrophenol pPAD
(106)

The second method for determining ammonia was Nessler reagent, which
was introduced by Phansi et al. (154). A new concept of gas—liquid separation in
uPAD format that can be employed for direct analysis without pretreatment of the
sample (membraneless gas-separation microfluidic paper-based analytical devices,
MBL-GS pPADs) as show in Figure 15. MBL-GS pPADs offer direct quantitative
analysis of volatile and nonvolatile compounds. The detection limit of this method

was 3.14 mg L of ammonia. The observed linear range for Nessler reagent is
10-100 mg L™
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. Sample loading
- (on Donor)

- Readent loading
(on acceptar)

Figure 15 Schematic diagram of the colorimetric ammonium assay by Nessler

Reagent (154)

The modified Berthelot’s reaction is a method which can be used to
determine ammonia, as described by Cho et al. (155). This is a new method for
quantifying ammonia in water samples by means of the evaporation of dissolved
ammonia into headspace, followed by selective detection using a colorimetric sensor.
Gaseous ammonia detection is attained by the selective formation of blue indophenol
dye through the modified Berthelot’s reaction on porous paper. The colorimetric
response of the low-cost paper sensors were saturated within 10 min, and color change
was observed by the naked eye for an ammonia solution of 10 mg L. These cheap
NHj paper sensors demonstrated a good colorimetric response to ammonia samples in

the concentration range of 10-1020 mg L' (Figure 16).

102 204 510 1020 mg/L

Figure 16 Optical images of the ammonia sensor at different concentrations (155)
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3. Phosphate
The method most commonly used for the colorimetric analysis of
phosphate is the molybdenum blue. In this method, ammonium molybdate and
antimony potassium tartrate teact in an acidic medium with dilute solution of
orthophosphate to form an intensity colored of antimony-phosphomolybdate complex.
The complex is reduced to an intensity blue colored complex by ascorbic, stannous

chloride, or hydrazine. The chemical reactions are shown in equation 6 and 7 (156).

PO, + 12MoO4> +27H" —— H3PO4(Mo03)1; + 12H,0 [6]
H3PMo(VD)12040 + Reductant — [HyPMo(VI)sMo(V)4O40]> (7]

The colorimetric analyzer for detection of phosphorus in form of solutions
as reported by Moonrungsee et al. (157), who studied the molybdenum blue method,
and developed a new colorimetric analyzer application for use with a smartphone,
that could be used for the determination of the available phosphorus content in the
soil. The calibration graph was created by measuring the blue intensity of a series of
standard phosphorus solutions (0—1.0 mg L"), and the results obtained from this
method agreed well with the spectrophotometric method, with a detection limit
(LOD) of 0.01 mg L. The developed method provided good accuracy (RE < 5%),
precision (RSD < 2%, intra and inter-day), fast and cheap analysis, and was
especially suitable for analysing the soil in the crop fields for phosphorus nutrient.
Although these methods provide low LOD, they are sophisticated, large amount of
chemicals, and high-cost. Thus, there is a clear need for a simple, rapid, highly
sensitive and selective method for phosphate detection.

uPADs is one of easy to use method, rapidly implemented, inexpensive,
and portable, there has been considerable interest of late in using such methods for
environmental analysis. Jayawardane et al. (23) also developed a simple PADs for
the determination of reactive phosphate in natural and soil waters based on the
formation of phosphomolybdenum blue (Figure 17). The molybdate/potassium
antimony(IIl)-tartrate reagent and ascorbic acid reductant merged together from
adjacent hydrophilic zones after spotting the liquid sample onto the paper. The color

intensity of the phosphoantimonyl molybdenumblue complex was measured using
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a flatbed scanner. Under optimal conditions, the PAD is characterized by a working
range of 0.2-10 mg L', with limits of detection and quantitation of 0.05 and
0.16 mg L.

Figure 17 PAD for the determination of phosphorus (23)

Recently, Deng et al. (158) designed a microfluidic paper-based
phosphorus detection chip (uPPC) for the determination of phosphate, as shows in
Figure 18. The SU-8 photoresist was used for the fabrication of the pPPC.
In the colorimetric detection, orthophosphate can react with ammonium molybdate
and potassium antimony tartrate to form phosphomolybdic acid, which can be reduced
by ascorbic acid to form the molybdenum blue complex. The limit of detection was
0.86 pg mL" for orthophosphate. The uPPC is a rapid and low-cost orthophosphate

detective platform.

0 pg/mL 7.4 pg/mi 27.2 pg/ml

Figure 18 pPPC for the determination of phosphate (158)

Pinyorospathum et al. proposed the colorimetric sensor for the detection of
phosphate ions performed on paper-based analytical devices (PADs) based on the anti-
aggregation of 2-mercaptoethanesulfonate (MS)-modified silver nanoplates (Figure 19).

This method can detect phosphate in the range of 1-30 mg L, with a detection limit of
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0.33 mg L™ and a limit of quantification equal to 1.01 mg L. Finally, this method was
applied in real samples and showed satisfactory results that agreed with those of the
conventional method. This method was performed on PADs for the first time, which

comprised the advantages of simple, rapid, and inexpensive instrumentation.
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Figure 19 Colorimetric sensor for the detection of phesphate performed on
paper-based analytical devices (PADs) based on the anti-aggregation
of 2-mercaptoethanesulfonate (MS)-modified silver nanoplates (159)

4. Potassium

A method for the estimation of potassium depends on precipitation as
cobaltinitrite (equation 8), and subsequent estimation of one of the constituents of the
precipitate. Jacobs (160) described the formation of a green compound from
cobalt, choline, and sodium ferrocyanide, gives a method for the colorimetric estimation
of cobalt, which may be extended to the estimation of potassium in biological fluids,
after precipitation as potassium cobaltinitrite. Moreover, Looney et al. (161) modified
the silver cobaltinitrite method for the determination of potassium by the use of
sulfanilamide and NED. The reaction is based on the formation of an azo compound
by the nitrite radicals of cobaltinitrite, Abdul (162) also reported a method for the
estimation of potassium in sera and biological fluids. The method depends on the
precipitation of potassium as cobaltinitrite, and the colorimetric estimation of the cobalt
in the latter by the reduction of the Folin-Ciocalteu phenol reagent, which gives a

stable blue color. The colorimetric method for the determination of potassium in soil
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was also studied by Whittles et al. (163). The determination of potassium precipitated
involves the diazotization of sulphanilic acid, using the nitrite groups, of the
cobaltinitrite precipitate, and subsequent coupling with dimethylaniline to give methyl
orange. However, the basic disadvantage of precipitation methods is the production of
a large amount of sludge that poses handling and disposal problems, insensitive, and

longtime reaction.

2KCI + Nas[Co(NO,)s] — K;Na[Co(NOy)e] + 2NaCl 8]

In order to overcome some disadvantages of chemical precipitation and to
increase the efficiency of the detection method, the colorimetric detection in form of
solution was interested. Song et al. (164) reported a colorimetric potassium sensor
(KS7) in which a hemicyanine dye was used as a fluorophore and phenylaza-18-
crown-6 lariat ether (ACLE) was utilized as a potassium ligand (Figure 20).
This sensor exhibited a linear response range to potassium from 1 to 200 mM,

indicating its wide detection range for cellular, urinary, and environmental potassium.

Figure 20 Colorimetric detection of potassium (164)

Next, Qiu et al. (165) developed a detection method for K* by using
crown-ether-modified Au NPs (Figure 21). The amino group on the crown ether
(4-aminobenzo-18-crown-6, ABC) can be modified onto the surface of gold
nanoparticle through gold nitrogen bonds. The pore diameter of the crown ether
matches with the diameter of K very well, and the sandwich structure between ABC
and K' can be formed, The detection method is not only simple and convenient to
operate, but also has excellent selectivity. It takes only 20 min to achieve on-site

inspection. There is a good linear relationship (R?*=0.9979) in the range of 0-200 puM
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K" concentration and this detection method can be successfully applied in the
detection of K' in real urine samples. However, these methods require expensive

instrument and high skilled operators.

lank 16 20 40 60 80 100 140 160 200 30

Figure 21 The photograph of Au NPs with different concentrations of potassium
(165)

uPAD has gained recent interest as an analytical platform due to several
advantages such as low cost, easy to fabricate, low reagent consumption, without
requirement of high skilled operators. The feasibility of the use of lipophilic phase
containing potassium ionophore I (valinomycin) as a reagent in the quantitative
determination of potassium has been reported from Gerold, Bakker, & Henry (166).
In this reach, uPADs capable of potassium quantification in aqueous samples.
The channels are a distinctive blue and change to a reddish-purple color upon the
addition of samples containing potassium. The color transition from the region
exposed to potassium (reddish-purple) to the region where potassium is no longer present
(blue) due to consumption by the lipophilic phase is sharp and easily identified by eye
(Figure 22).

Figure 22 Quantification of potassium using a distance-based pPAD (166)



CHAPTER III

FABRICATION OF ENVIRONMENTAL FRIENDLY
MICROFLUIDIC PAPER-BASED ANALYTICAL DEVICES FOR
THE DETERMINATION OF NITRATE

Introduction

Nitrate (NOj3) is a critical nitrogen source for plant growth. It is one of the
most important compounds in soil fertility, and its measurement in soil materials has
received much attention (167). Nitrate is assailable by plants and serve as a basis for
the nitrogenous diet of many cultivated plants (168), and can also be assimilated by
soil microorganisms in competition with plants. Sources of soil nitrate include
decomposing plant residues and animal manure/compost, chemical fertilizers,
exudates from living plants, and rainfall. In well-drained soil ammonium (NH;") and
ammonia (NH;) are converted into nitrate by very specific populations of aerobic
bacteria, which is known as nitrification, Nitrate is very soluble in water and can be
easily transported by runoff and other surface and subsurface flows to rivers and lakes
or moved downwards to ground water (169). The amount of nitrate required in the soil
for crops should not fall below 10 mg kg and should not exceed 40 mg kg™ (170).

The determination of the nitrate that exists in the soil profile and in the plow
layer, is critical for regulating the required amounts of nitrogen fertilizer.
The goal is to avoid excess application of nitrogen, because it can reduce the levels of
nitrate and enter aquifers, as well as negatively affecting crop yield and quality (171).
Nitrate is usually quantified by spectrophotometric methods (46, 167, 172) that
normally requires time-consuming laboratory procedures using advance instruments,
and large quantities of chemicals which are expensive and inconvenient for field work.
The development of simpler and less expensive methods to overcome these
disadvantages would be very desirable.

Microfluidic paper-based analytical devices (WPADs) have gained increasing
interest as simple, low cost, disposable, and portable analytical tools. The pPADs are

devices developed with a cellulose paper on which hydrophobic barriers are constructed,
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creating hydrophilic channels (19-21). Several method have been used for pPAD
fabrication including photolithography (67, 129), wax printing (19, 69, 71), plasma
treatment (173), cutting (79-80), and inkjet printing (174). While these methods
provide good precision and reproducibility, they are associated with some drawbacks
such as complicated processes and expensive equipment. In addition, a variety of one
step fabrication method have been reported such as plotting using a permanent marker
and a metal template (117) contact stamping using indelible ink (134), and writing
using a wax pen (175). Although these methods have shown their potential in rapid
fabrication, they are less practical for mass production. Wax screen-printing is an
alternative method that is simple, inexpensive, and quick because it requires only a
screen, wax, and a hot plate (20, 110, 176). One limitation of this method is that it
normally utilizes solid paraffin wax rubbed through a mesh screen, which makes it
difficult to achieve an even layer on the paper underneath the screen. To overcome this
limitation of solid paraffin, this study was conducted to seek an alternative wax
material that can be used to consistently fabricate pPAD repetitively in large quantities
with reasonable precision and be more environmentally friendly. Ultimately, beeswax
was used as a new hydrophobic material for the fabrication of pPAD using screen-
printing method. This beeswax pPAD is proposed for green chemical analysis as it uses
a natural material and does not require any organic solvent.

The present work developed a method using beeswax to screen print patterns
onto paper and fabricated a new pPAD for determination of nitrate in soil. Beeswax
screen printing method is a comparatively quick procedure that results in high
resolution, with good repeatability. The uPAD measures the nitrate content using VCl;
as a reductant for reducing nitrate to nitrite. The reduced nitrate plus the nitrite
originally present in the sample reacts with the Griess reagent (sulfanilamide and
NED) under acidic condition. Then by measuring the color intensity of the result using
ImagelJ software, the concentrations of nitrate can be ascertained. The effectiveness
and reliability of the new pPAD for detection of nitrate was tested and confirmed
using a variety of soil samples. This developed device for colorimetric detection of

nitrate is easy to use, quick, inexpensive, and environmentally friendly.
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Experimental
1. Chemicals
All chemicals used in this study were analytical grade or better,
and deionized water (DI water) was used for the preparation of all solutions in
the experiments. Potassium nitrate and potassium chloride were purchased from
Ajax  (Finechem, Australia). Sulfanilamide and N-(1-Naphthyl)ethylenediamine
dihydrochloride (NED) were purchased from PanReac AppliChem (Darmstadt,
Germany). Hydrochloric acid was purchased from RCI Labscan Ltd. (Bangkok,
Thailand). Vanadium (IIT) chloride was purchased from Merck (Darmstadt, Germany).
Cetyltrimethyl ammonium bromide (CTAB) was purchased from LOBA Chemie
(Mumbai, India). Beeswax from Germany was purchased from Chemipan (Bangkok,
Thailand).
2. Apparatus
Whatman Grade 1 and Grade 5 qualitative filter paper were purchased
from Whatman International, Ltd. (Buckinghamshire, UK). The stencil screen, made
with polyester fabric on a wooden frame (35 cm x 45 cm) was custom ordered from a
local screen-printing shop (Phitsanulok, Thailand). An HP 2135 scanner was used for
colorimetric analysis. An OCA20 contact-angle measuring instrument (DataPhysics
Instrument GmbH, Germany) was used for contact angle measurement. A shaking
water bath (Daihan Scientific, Korea) was used to extract of nitrate from soil.
A synergy H1 hybrid multi-mode microplate reader (BioTex, Vermont, USA) was
used for the reference spectrophotometric method.
3. Preparation of solutions
3.1 Nitrate stock solution (1000 mg LY
The nitrate stock solution was prepared by dissolving 0.7221 g of
potassium nitrate to 100 mL using DI water in a volumetric flask.
3.2 Nitrate standard solution (0.5—40 mg L)
The nitrate standard solutions with concentration of 0.5, 2.5, 5, 10, 20,
30, and 40 mg L were prepared by added 0.5, 2.5, 5, 10, 20, 30, and 40 mL of 100 mg L
nitrate stock solution to 100 mL volumetric flask and adjusted to the volume with DI

water, respectively.
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3.3 Reagent
Sulfanilic acid solution of 1% w/v was prepared by dissolving
sulfanilamide in 2 mol L™ hydrochloric acid. NED solution of 0.1% w/v was prepared
by dissolving 0.1 g of NED in 100 mL of DI water. The reducing reagent of 3% w/v
was prepared by dissolving 3.0 g of VCl; in 100 mL of 6 mol L hydrochloric acid.
It took about 1 h for the solid to be fully dissolved with agitation. The reagent for
nitrate detection was prepared by mixing sulfanilic acid solution, NED solution, and
VCl; in equal volumes (1:1:1 ratio).
3.4 Potassium chloride solution (2 mol L)
A 2 mol L' potassium chloride solution was prepared by dissolving
74.55 g of potassium chloride to 500 mL using DI water in a volumetric flask.
4. Optimization of the beeswax screen-printing method
The screen-printing method was used to transfer beeswax onto filter paper,
thereby creating hydrophobic barriers and hydrophilic analysis zones for the pPADs.
The fabrication of microfluidic paper-based devices has various factors which can
affect the efficiency of them. These factors are the CTAB concentration, melting
temperature and time, hydrophobicity tests, resolution and reproducibility, and
chemical compatibility tests. Therefore, the influences of these variables were verified
by the experiment.
4.1 Optimization of CTAB concentration on beeswax emulsion
40 mL portion of 0.1, 0.5, 1, 5, 10, and 15 g L' CTAB solution was
added to 10.0 g of melted beeswax in an Erlenmeyer flask. The mixture was heated
and stirred for 5 min on a hot plate stirrer at 90°C. Then the mixture was thoroughly
homogenized at a speed of 21,000 rpm for 2 min using a homogenizer, and the hot
wax emulsion was quickly cooled to room temperature in an ice bath. This emulsification
process was adapted from that of Zhang, Lu (177).
4.2 Optimization of melting temperature and time on wax diffusion
The screen patterns were designed using Silhouette Studio software
(version 4, Silhouette America, Lindon, Utah, USA). The beeswax emulsion is first
screen-printed onto the filter paper surface, and the printed paper is then heated in
oven (varied at 60, 80, and 100°C), whereas the time on wax diffusion were 1, 2, 5, 10,

15, and 20 min in order to cause the wax to melt and penetrate downward completely
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to the bottom of the filter paper. The beeswax emulsion thus forms hydrophobic
barriers that delimit the hydrophilic sample zone, reaction zones, and channels. Figure 23

provides an overview of the pPAD fabrication.

Squeegee

Beeswax emulsion

60°C

Filter paper Patterned paper
Whatman No.1 Screen printing
Cross-section view Hydrophilic

Stencil screen

Filter paper E_-_:EI & crock printing Patterned paper

Beeswax barrier

Figure 23 A schematic diagram showing fabrication process of the pnPAD with

beeswax using the screen-printing method

4.3 Optimization of hydrophobicity test

The experiment was carried out according to the procedure described
in section 4.2 under optimum conditions. After producing the uPADs, the contact
angle of the water on the hydrophobic surface was measured to examine the
hydrophobicity of the barrier, and then a drop of blue dye solution was applied to the
hydrophilic zone of the plain filter paper. A microscope was also used to examine the
border between the hydrophobic and hydrophilic zones, and the application of the blue
dye. Examples of other various patterns which could be used for different chemical

reactions were also studied.
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4.4 Optimization of resolution, and reproducibility

The experiment was carried out according to the procedure described
in section 4.2 under optimum conditions. To evaluate the resolution between the
hydrophobic and the hydrophilic areas of the fabrication of the hydrophilic channels,
a shape mould composed of a 5 mm sample zone, and 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2 mm
hydrophilic channel (length 10 ¢cm) detection zones were fabricated. A 10 pL of blue
dye solution was applied to the hydrophilic zone (5 mm circular inlet) of the filter
paper and stand for 5 minutes. The resolution was evaluated by conducting flow tests
of a blue dye solution in each hydrophilic channel.

To evaluate the reproducibility of the fabrication of the hydrophilic
channels, 24 pieces of paper with a shape mold composed of a 5 mm sample zone,
6 mm detection zones and a 2 mm hydrophilic channel were fabricated. Pictures of the
paper devices were scanned and used to measure the widths of the hydrophilic channel
by using Imagel.

4.5 Chemical compatibility test

The experiment was then carried out according to the procedure as
described in a section 4.2 under optimum conditions. To evaluate the beeswax
barrier’s compatibility with various sorts of reagents, 5 pL of aqueous solutions
containing surfactants (1% w/v of Triton X-100, CTAB, and SLS), organic solvents
(methanol, ethanol, toluene, hexane, and heptane), salts (2 mol I"! ammonium chloride
and ammonium sulphate), acids (2 mol L™ sulfuric, nitric and hydrochloric acids) and
a base (2 mol L' sodium hydroxide, potassium hydroxide, and ammonium hydroxide),
were added to the hydrophilic zone, then a drop of blue dye solution was applied to the
hydrophilic zone of the filter paper.

5. Optimization of the Griess reaction on UPAD
The objective of this part of the work is to investigate the effect of the
variables that impose on the Griess reaction involving in nitrate determination.
The concentration of color development reagent (sulfanilic acid, NED, and VCls), and

the reaction time were optimized to provide the highest values of color intensity.
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5.1 Concentration of sulfanilic acid
The first step is the addition of 2 pl of reagent containing sulfanilic
acid (varied at 0.05, 0.1, 0.5, 1.0, 1.5, and 2.0% w/v), 0.2% w/v NED, and 2% w/v
VCl; to the detection zones. The reagents take approximately 5 minutes to dry at room
temperature. After that, 20 pL of 40 mg L™ nitrate standard solution was added in the
sample zone, and wait for 10 minutes (n=6). The resulting colors are digitalized with a

scanner, quantified with ImagelJ software in RGB mode (Figure 24).

Ad;i';g{figent Detection zone
=0=0) - C=C=0) =» |
Adding extracted Colorimetric Scanning Imag
Sample zone sample reaction Analysis
by ImageJ

Figure 24 Schematic diagram of the nitrate assay using the colorimetric pPAD

5.2 Concentration of NED
The experiment was carried out according to the procedure as
described in a section 5.1, except the concentration of reagents was changed as follow:
The concentrations of NED were 0.05, 0.1, 0.2, 0.3, and 0.4% w/v. The sulfanilic acid
and VCls were set at 1% w/v and 2% w/v, respectively.
5.3 Concentration of VCl3
The experiment was carried out according to the procedure as
described in a section 5.1, except the concentration of reagents was changed as follow:
The concentrations of VCl; were 0.1, 0.2, 0.5, 1, 2, 3, and 4% w/v. The sulfanilic acid
and NED were set at 1% w/v and 0.1% w/v, respectively.
5.4 Reaction time
The experiment was carried out according to the procedure as
described in a section 5.1, with the reaction times of 2, 4, 6, 8, 10, 15, 20, 30, and
40 minutes. The sulfanilic acid, NED, and VCl; were set at 1 % w/v, 0.1 % w/v, and

3% wlv, respectively.
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6. Interference
A 4 mL of 100 mg L™ nitrate standard solution and 2 mL of 1000 mg L™
NaCl, KCl CaCl,, and K»SO;4 stock solution were added into each 10 mL volumetric
flask, and adjusted to 10 ml. with DI water. After that, the experiment was carried out
according to the procedure as described in a section 5 under optimum conditions
(n=6).
7. Analytical Method Validation
Validation of the proposed VCl; combined with detection by the Griess
reaction for nitrate determination in soil samples is performed. The validation
parameters included linearity, limit of detection (LOD), limit of quantitation (LOQ),
precision, and accuracy of the proposed method were evaluated under a selected
condition.
7.1 Linearity
The experiment was carried out according to the procedure as
described in a section 5 under optimum conditions (n=3), by using nitrate standard
solution in the concentrations of 0.5, 2.5, 5, 10, 20, 30, and 40 mg L. A graph plotted
between color intensity and concentration of nitrate was constructed to find the
linearity.
7.2 LOD and LOQ
The experiment was carried out according to the procedure as
described in a section 5 under optimum conditions. The DI water was analyzed by the
VCl; combined with detection by the Griess reaction in 10 replicates. The SD of the
response and the slopes of the concentration of the calibration curves were used to
estimate the LOD (3o/slope) and LOQ (100/slope).
7.3 Precision
Evaluation of method repeatability (intraday precision) and reproducibility
(interday precision) were performed. The nitrate standard solutions at three different
concentrations (2.5, 10, and 40 mg L) were analyzed using procedure with optimum
conditions in section 5. Intraday precision was determined from six replications within

1 day, and the interday precision was analyzed in six replications on 5 days.
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7.4 Accuracy and Recovery
Accuracy was evaluated across the specified range of the analytical
procedure by a recovery study. The standard solution of the nitrate was spiked into the
soil samples extract in triplicate. The recovery was determined as follows: (total
nitrate amount — original nitrate amount in real sample)/nitrate amount of added.
8. Optimization of the stability of the pPAD
The first step is the addition of 2 pL of reagent containing 1% w/v
sulfanilic acid, 0.1% w/v NED, and 3% w/v VCls to the detection zones of the puPAD,
which take approximately 60 minutes to dry at room temperature. Then, the pPAD
was placed in a plastic bag and vacuum sealed, and stored in a dark ziplock bag in a
refrigerator at < 2°C. To evaluate the stability of the pPAD, the 6 pieces of pPADs
were tested by determination the concentration of 40 mg L' nitrate standard solution
every 10 days of storage over 120 days.
9. Application in real samples
The pPAD was applied to the determination nitrate in soil. Seven soil
samples were collected from rice fields in five provinces of Thailand: Phitsanulok,
Sukhothai, Khamphaeng Phet, Sa Kaeo, and Ubon Ratchathani. All samples were
dried in the open-air to remove the moisture, and then sieved to a particle size of 2
mm.
To validate the accuracy of the proposed method, 5.0 g of the soil sample
was added in 7 centrifuge tubes. Then, 6 of the 7 sampled were spiked with 0.125,
0.625, 1.25, 2.50, 5.00, 7.50, and 10.00 mL of 100 mg L' nitrate standard solution to
achieve concentrations of 0.5, 2.5, 5, 10, 20, 30, and 40 mg L, respectively. After that,
the soil samples were mixed with 25 mL of 2 mol L potassium chloride and shaken for
15 min. The mixture was filtered through a filter paper (Whatman#5). The filtrate was
then carried out according to the procedure as described in a section 5 under optimum
conditions. The results fromthe uPADs were compared to spectrophotometry.
10. Spectrophotometric method
The volume of 0.5 mL of filtrate (from section 9) was added into a
microcentrifuge tube, then added 0.5 mL of Griess reagent. The solution was shaken,
and then allowed to stand for 10 min to ensure complete color development.

The absorbance was measured with a spectrophotometry at 540 nm.
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Results and discussion
1. The pPAD fabrication using beeswax screen printing method
1.1 Effect of CTAB concentration on beeswax emulsion

In order to enable the beeswax to pass through the stencil screen, the
cationic surfactant CTAB is used to prepare an emulsion of beeswax and water.
Changing the concentration of the emulsifying agent, CTAB, affects the viscosity of
the emulsion and its behavior as a liquid (178). Therefore, six different concentrations
of CTAB (0.1, 0.5, 1, 5, 10, and 15 g L'l) were examined to determine which
concentration produced the most effective beeswax emulsion. The appearance of the
emulsions from the six investigated CTAB concentrations is shown in Figure 25, and
the viscosity and density values of these emulsions are shown in Table 6.
Phase separation was obvious after 30 min when the CTAB concentration was
0.1, 0.5, and 1 g L' indicating that the emulsification was insufficient. Properly
formed emulsion was obtained when the CTAB concentration was 5 g L and above,
which is evident from the large increase of viscosity at CTAB concentrations of 5 g L™
and above. After emulsification was complete, a slight increase of viscosity and
density of emulsion were observed for CTAB concentrations of 5, 10, and 15 g L,
which is due to lowering of water content. However, the CTAB concentration of 5 g L!
produced too low viscosity for screen-printing method, causing wax to spread
horizontally outside of the target area. A practical and dependable beeswax emulsion
was obtained when the CTAB concentration reached 10 g L. This emulsion passed
smoothly through the stencil screen as desired. The highest trialed CTAB
concentration of 15 g L' produced excessive viscosity, and this emulsion could not
pass properly through the stencil screen. So, 10 g L was determined as the optimal
CTAB concentration to produce the best beeswax emulsion, without phase separation
or stickiness. The shelf life of the prepared emulsion for screen-printing on to the filter
paper was determined and it was found that the beeswax emulsion kept acceptable

quality for 3 months at room temperature.
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Figure 25 The appearance resulting of the emulsifier CTAB

Table 6 Viscosity and density data of the prepared beeswax emulsion

CTAB concentration Viscosity (mPa.s) Density (g cm's)
(gL" (n=3) (n=3)
0.1 1040 + 40 1.028 £ 0.022
0.5 2973 + 46 1.012 £ 0.008
1.0 13100 + 361 0.917 £+ 0.060
5.0 77467 £ 2479 0.820 +0.017
10.0 81800 + 1453 0.926 &+ 0.001
15.0 89033 + 7057 0.931 £ 0.002

1.2 Effect of melting temperature and time on wax diffusion

It was important to identify the optimal melting temperature and time
that would result in the wax penetrating completely to the bottom of the filter paper.
Three different melting temperatures (60, 80, and 100°C) were investigated in
combination with six different melting times (1, 2, 5, 10, 15, and 20 minutes) in order
to find the most effective combination of these two variables. The results were
evaluated by dropping a blue dye solution into the finished hydrophilic zones to
highlight them and facilitate visual examination and measurement of each diameter.
Table 7 shows the wax barriers that resulted from the various combinations of melting
temperature and melting time. When the melting time was 1 or 2 minutes, the resulting
viscosity of the wax was still too high, regardless of which temperature was used, and
the wax could not penetrate the paper sufficiently to correctly form the barriers

needed. The result was shown that hydrophilic zones were too large and had a
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smudged appearance, as the unbridled blue dye overstepped its intended bounds.
The opposite danger is that if either the melting temperature or time is too high, then
the viscosity of the wax will become too low, and the wax will spread out excessively
within the filter paper. The further the wax spreads beyond the intended target area,
the smaller the resulting hydrophilic zone will be. This experiment revealed that the
optimal degree of viscosity was achieved by heating the wax-printed paper at 60°C for
5 min. This particular combination of melting temperature and time produced a tidy
circular hydrophilic zone with the desired 6 mm diameter, the same diameter as the
stencil. Thus, the melting temperature of 60°C and melting time of 5 minutes were

used to create the hydrophobic barrier.

Table 7 Effect of melting temperature and time on wax barrier formation

Temperature Melting time (min)
°C) 1 2 5 10 15 20
60
80 a &
100 e

1.3 Evaluating hydrophobicity of the finished beeswax barriers

A drop of blue dye solution was applied to a finished beeswax coated
region (hydrophobic zone) and another drop was applied to plain filter paper
(hydrophilic zone) in order to evaluate barrier hydrophobicity and compare this to the
behavior of unprinted filter paper. Figure 26A shows that the drop of dye placed on the
hydrophobic zone maintained its expected position faithfully without entering the filter
paper, while the drop placed on the filter paper immediately entered the paper as
expected. The degree of hydrophobicity of the beeswdx coated region was also
evaluated by measuring the contact angle of the water droplet on the beeswax surface.

The measured contact angle was 129.1°, indicating a reliably hydrophobic barrier.
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When the contact angle determined in this experiment is above 90°, the surface is
considered hydrophobic (179). Figure 26B and 26C show the magnified border
between hydrophobic and hydrophilic zones, before and after (respectively)
application of the blue dye to the hydrophilic zone. These microscope images reveal a
distinct border, which the dye was not able to breach.

A variety of screen-printed beeswax patterns were produced in order to test
the robustness and versatility of the new method, and to confirm hydrophobicity of the
finished beeswax barriers. Figure 26D shows five different screen-printed beeswax
patterns that were produced in order to apply and test this new method in a variety of

ways. Dyes added to the hydrophilic zones indicate well-defined hydrophobic barriers.
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Figure 26 Evaluating hydrophobicity A) Blue dye dropped onto hydrophobic
and hydrophilic zones, B) Magnified border, before blue dye is applied
to the hydrophilic zone, C) Magnified border, after blue dye is applied
to the hydrophilic zone, D) Various screen—printed beeswax patterns

with dye, showing clear hydrophobic barriers

1.4 Resolution, reproducibility, and stability of the uPAD
In order to determine the resolution that the beeswax screen printing
method can produce, channels of seven different widths, ranging from 0.2 mm to
2 mm, were evaluated by conducting flow tests with a blue dye solution. Each channel
is 10 mm long, with a 5 mm circular inlet at one end, and a 10 pL portion of dye was
dropped into the inlets. A successful test result is defined as the dye entering the
channel and traveling completely to the other end, which indicates a correctly

functioning hydrophilic channel. Figure 27 shows the results of testing the resolution
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of the new device. The channel widths of 0.2, 0.4, and 0.6 mm prevented the dye from
flowing into the channel, while the flow in channel width of 0.8 mm was incomplete.
Although these unusually narrow channels are beyond the capability of this new
method because these very narrow widths cannot prevent the wax from reaching under

the stencil, the channel widths of 1.0 mm and wider have a 100% success rate.

P - -

2.0 1.5 08 06 04 02mm

Figure 27 Resolution test results of the beeswax screen printing method

Reproducibility of the pyPAD fabrication method was evaluated by
dyeing the hydrophilic zone, and then taking three measurements from each device:
1) the sample zone diameter, 2) the averaged diameters of the left and right detection
zones, and 3) the averaged widths of the left and right channels. All measurements
were carried out using Imagel software and subsequently analyzed. Figure 28 shows
the measurements of the stencil pattern, as they are intended to appear on each
finished uPAD. The results of measuring the 24 finished pPADs yielded an average
sample zone diameter of 4.95 + 0.07 mm and an average detection zone diameter of
594 + 0.08 mm, with relative standard deviation (RSD) of 1.39 and 1.33%,
respectively. The mean channel width was 1.95 + 0.07 mm, with an RSD of 3.38%.
Thus, all RSDs were below 5%, indicating good fabrication reproducibility of the
beeswax screen printing method. The results of the stability test after 12 months
shoWed that all the stored devices remained stable, with their hydrophobic barriers and
hydrophilic zones intact and unchanged, indicating reliable stability of the beeswax

printed pPADs.
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Figure 28 Measurement results from the 24 pPADs

1.5 Chemical compatibility

In order to employ this puPAD fabrication method for analytical
chemistry, it was important to test the beeswax barrier’s compatibility with various
sorts of reagents that the barrier could potentially contact. The proposed beeswax
barrier was tested by exposing it to 16 common reagents including aqueous solutions
containing surfactants (1% w/v of Triton X-100, CTAB, and SLS), organic solvents
(methanol, ethanol, toluene, hexane, and heptane), salts (2 mol L' ammonium chloride
and ammonium sulphate), acids (2 mol L'] sulfuric, nitric and hydrochloric acids) and
a base (2 mol L™ sodium hydroxide, potassium hydroxide, and ammonium hydroxide),
and their compatibility with the barrier was evaluated by visual inspection of the
hydrophilic circles to see if barrier remained effective. The results showed that the
beeswax formed solid hydrophobic barriers which performed well in containing all
eight of the tested inorganic solutions (Figure 29). However, the beeswax was not
resilient to either of the three surfactants (Triton X-100, CTAB, and SLS), and five

organic solvents (methanol, ethanol, toluene, hexane, and heptane) that were tested.
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Triton X-100 CTAB SLS Methanol  Ethanol Toluene  Hexane Heptane

NH,C1  (NHy).80; H,S0, HNO; HCI NaOH KOH NH,OH

Figure 29 The effect of various chemicals on the integrity of the hydrophobic barrier

2. Effect of colorimetric detection of nitrate

The pPAD measures the nitrate content using VCls as a reductant for
reducing nitrate to nitrite. The reduced nitrate plus the nitrite originally present in the
sample reacts with the Griess reagent (sulfanilamide and NED) under acidic condition
(equation 9-10). In order to determine the optimum conditions of colorimetric
detection on the pPAD, various concentrations of the three critical chemicals in the
reaction were evaluated, along with various reaction times. The goal is to obtain high
color intensity when the nitrate concentration is 40 mg L™, which was the concentration

of the test sample used.

NOy + 2V +2H" —> NO, +2V* + H,0 [9]

i~ NH:

(Sulphanilic acid 10
ulphanilic ac )NOZ' (NED) [10]
9

Pink-purple azo dye

2.1 Effect of sulfanilic acid concentrations
The color intensity initially also increased, up to 1% w/v for nitrate
determination, after which point the color intensity decreased at higher sulfanilic acid
concentrations. Thus 1% w/v sulfanilic acid was used for nitrate determination, as seen

in Figure 30.
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Figure 30 The effect of sulfanilic acid concentrations

2.2 Effect of NED concentrations
As NED concentrations increased in Figure 31, the color intensity
initially also increased, up to 0.1% w/v, after which point the color intensity decreased
at higher NED concentrations for nitrate determination. Thus 0.1% w/v NED was used

for nitrate determination.
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NED concentration (%ow/v)
Figure 31 The effect of NED concentrations

2.3 Effect of VCl; concentrations
Figure 32 shows how increasing VCl; concentration caused increasing
color intensity up to 3% w/v, but the increase plateaued at that concentration,

so 3% w/v VCl3 was used to convert nitrate to nitrite.
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Figure 32 The effect of VCI; concentrations

2.4 Effect of reaction time
The effect of reaction time was also investigated, as shown in Figure
33. The color intensity of nitrate detection was observed to stabilize in about 10 min,
and then leveled off above 15 min. Therefore, the optimized reaction time selected

was 10 min for nitrate determination.
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Figure 33 The effect of reaction time on color intensity

The optimum concentration of sulfanilic acid, NED, and VCl; were found to
be 1% w/v, 0.1% w/v, and 3% w/v for nitrate determination, respectively. The analysis

of the reaction using this method was obtained in 10 min.
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3. Effect of interference

Soil are usually complex mixtures of various ions, which could be
naturally occurring or added. Therefore, it is important to find out if some kinds of
ions could interfere with the soil nitrate testing. Various ions were added to nitrate
solutions then each of these solutions was tested for nitrate with the pPAD.
The resulting color intensity was compared against the corresponding control solution
that had no ion added, in order to see if the added ion affected the color intensity
result. The interference effect of the various common ions (at 100 mg L) such as Na®,
K, C—a2+, Crl, SO42' on the determination of nitrate (at 40 mg L'l) were studied.
Figure 34 shows that no significant change in the color intensity resulted from any of
the ions. All interference recovery deviations were smaller than 5% for nitrate
(2.57-4.25%). This indicates that there is negligible interference from any of these

ions in the determination of nitrate by the uPAD.
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Figure 34 The effect of interfering ions on the determination of 40 mg L nitrate
using pPAD. The concentrations of interfering ions were 100 mg L!

for Na™, K', Ca®", CI', and SO
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4. Analytical performance

Calibration curve was established by plotting the color intensity against
seven different concentrations of nitrate (0.5-40 mg L), as shown in Figure 35.
The response fitted to a linear model with > = 0.9924. The precision of the pPAD was
evaluated by studying inter-day and intra-day result variations. Each of the three
nitrate solutions (2.5, 10, and 40 mg L) were tested with the pPAD for nitrate content
in sixplicate in one day, and then the same procedure was carried out every day for
five days. The RSD values was 1.15-2.24% (inter-day precision), and 1.50-2.16%
(intra-day precision). The RSD values obtained indicated good precision of the
analytical method. The limit of detection (LOD) values was 0.41 mg L™, and the limit
of qualification (LOQ) values was 1.35 mg L™,

EBSORZENYS 10 30 40mol
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Figure 35 Calibration curve of nitrate

S. Stability of the pPAD

The proposed pPADs were individually kept in vacuum sealed bags up
to 120 days at temperatures < 2°C. The stability of the uPAD, was evaluated by
determining the amount of nitrate every 10 days. The color intensity of nitrate
detection was observed to stabilize in about 40 days, and then leveled off after that
(Figure 36). The one-way ANOVA showed that there were no statistically significant
difference over 40 days of storage (F = 2.22, Fiticat = 2.76). Therefore, the devices can
be stored for 40 days.
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Figure 36 The effect of the stability of the yPADs stored at 2°C

6. Sample analysis

The intended functionality of the proposed uPAD was tested by applying
the device to determine nitrate in soil. Images of the colorimetric reaction of nitrate on
the pPAD is shown in Figure 37. Six soil samples were analyzed for determination of
nitrate in actual samples, and the results were compared with the results of a
spectrophotometric method according to the procedure described by Garcia-Robledo
et al. and Miranda et al. (180-181). The analysis results are shown in Table 8. The pair
t-test at 95% confidence level showed that there were no statistically significant
differences between two method (i = 1.30, Zhsea = 2.20). The accuracy of the pPAD
was further evaluated by measuring the recovery of nitrate in the ten spiked samples at
40 mg L™ concentration. Excellent percentage recoveries of 88.4-99.8% was obtained
for nitrate (n=6). It can therefore be concluded that the pPAD fabricated by the

beeswax screen-printing method can be used for quantitative assays in the soil.

Figure 37 Image of the fabricated pPAD before and after reaction with nitrate
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Table 8 Comparison of nitrate detection results in soil using the pPAD versus

the spectrophotometric methed.

Sample  Added puPAD Spectrophotometric method
(mg kg'l) Found Recovery Found Recovery
(mg kg'") (%) (mg kg™ (%)
Soil 1 0.0 29+1.3 - 3.1+1.3 -
200.0 1945+50 958+3.0 194.6 +£2.2 95.8+1.8
Soil 2 0.0 2.6+0.9 - 34+25 —
200.0 1949+12 964+1.0 199.6 + 7.4 98.1+3.8
Soil 3 0.0 12.1+1.5 - 10.1+3.9 -
200.0 2007+2.1 943+038 2053+7.9 97.6+1.3
Soil 4 0.0 19.5+4.1 — 154+75 —
200.0 196.7+£4.1 88.4+4.0 198.5+ 0.7 91.6+3.6
Soil 5 0.0 3.7£0.7 - 3.5+0.8 -
200.0 198.0+2.1 971+1.1 202.6 £ 9.1 99.51+4.4
Soil 6 0.0 7.5+22 — 7.0+3.9 —
200.0 207.0+25 99.8+2.2 209.3 +£3.9 101.1+1.4

Table 9 compares the features of the proposed UPAD with those of other

reported methods used for detection of nitrate in various samples. Most of the features of

the yPADs are comparable or preferable to other existing methods, affirming the

effectiveness of this new device. The LOD for nitrate detection is lower than in other

existing methods. The pPAD is easy to make, easy to use, inexpensive, and environmental

friendly.
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Table 9 Comparison of the features of the proposed pPADs with those of other

reported methods for nitrate determination

Colorimetric Sample Linear range LOD Reaction time  Reference
assay (min)
Zinc combined Water 50-1000 pM 19 uyM 5 (182)

with Griess reaction

Zinc combined Food product 10-50 mg L™ 3.6mgL’ 12 (78)
with Griess reaction

Zinc combined Human saliva 0.2-12 mM 0.08 mM 35 X))
with Griess reaction

VCl; combined with Soil 0.5-40mgL' 041 mgL" 10 This work

Griess reaction

Conclusions

A paper-based microfluidic device fabrication method using beeswax as a
new environmentally friendly hydrophobic material with a screen—printing method
was developed. Under the optimal condition, the method provides a well-defined
hydrophobic barrier with an efficient resolution, good reproducibility, and high
stability without requiring organic solvent or complicated instruments. The uPAD was
successfully applied to determination of nitrate content in soil using Griess reaction as
the colorimetric assay. The analytical results obtained by the pPAD were in good
agreement with those obtained by the spectrophotometric method. The cost of the
paper-based devices with the reagents for assay of nitrate was approximately 1.25
baht. The developed uWPAD using the beeswax screen-printing method exhibited
simplicity, low-cost, reliability, and environmental friendliness suitable for highly

limited regions.



CHAPTER IV

FABRICATION OF 3D PAPER-BASED ANALYTICAL DEVICES
BY USING THE UV RESIN SCREEN PRINTING METHOD FOR
THE DETERMINATION OF AMMONIUM

Introduction

Ammonium (NHy") is one of the preferential N forms taken up by rice and
may account for up to 60 % of the crop demand (183). Ammonium in soil serves not
only as a major source of N for plant growth, but also as an important product or
reactant in the N transformation processes in soil, and is also the main form in which
fertilizer N is applied in agriculture (184). It occurs chiefly in amino acids, proteins,
and sugars (185). The positive charged ammonium is held by the negative charges of
the soil, which prevents ammonium leaching, except in low cation exchange capacity
soil (186). Ammonium concentrationsin soil are common 2-10 ppm. Too much
ammonium can cause acidification of soil from excess aqueous acid production. Plants
cannot use ammonium directly, therefore, large quantities of it may actually impair the
health of the soil. The ability to accurately determine ammonium levels in soil is of
vital importance in agriculture. The main purpose of nitrogen soil testing is to assess
current soil fertility and thereby know the optimal amount of nitrogen to supplement in
the form of fertilizer. This information allows farmers to both maximize crop
productivity and minimize fertilizer costs (148).

Conventional methods that are used in the field of agriculture and environmental
sciences to measure ammonium concentration include common laboratory colorimeter
procedures using the Nessler reaction (146, 148) and the Berthelot reaction (indophenol
method) (149, 151). Nessler’s reagent is a solution consisting of mercury (II) iodide
and potassium iodide in a highly alkaline solution. In the presence of ammonium,
Nessler’s reagent will react to form a yellow color (187). Unfortunately, the use of
Nessler’s reagent for testing has two disadvantages. First, the method has low
sensitivity, and second, mercury (I) iodide is a toxic substance (188). The Berthelot

method is based on the formation of indophenol blue dye when ammonia reacts with
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phenol, hypochlorite, and the catalyst sodium nitroprusside in an alkaline solution
(153, 189-191). There is a modified version of the Berthelot method in which sodium
salicylate and dichloroisocyanurate are used instead of toxic phenol and unstable
hypochlorite, respectively (149). Both the Nessler Method and Berthelot Method
normally require time-consuming laboratory procedures, expensive instruments, and
large quantities of chemicals, which is inconvenient for field work (192). The current
study, therefore, find out a better alternative method, one that is simpler, faster,
cheaper, and requires fewer reagents.

The purpose of this study was to develop a new and simple 3D paper-based
analytical device (3D PAD) for the rapid detection of ammonium in soil.
The fabrication method consisted of using a simple, inexpensive screen-printing
method together with a commonly available commercial UV resin dissolved in ethyl
acetate. The advantages of using the UV resin are that it cures quickly at a low
temperature. Initially, optimization of the UV resin concentrations and curing times
were studied to obtain well-defined hydrophobic barriets on the paper.
The hydrophobic barrier’s chemical compatibility with commonly used aqueous
solutions and organic solvents were also studied. In order to use colorimetric detection
based on the modified Berthelot reaction, salicylate was substituted for phenol.
This modification eliminates the production of phenol which is toxic and highly
volatile. The tri-sodium citrate is included as a complexing agent to prevent the
possible interference by metals. The various concentrations of salicylate and
dichloroisocyanurate were investigated. After these investigations and completing the
fabrication of a suitable 3D PAD, their performance were tested and evaluated for
multiple parameters. Finally, the fabricated 3D PAD was applied to ammonium

determination in soil samples.
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Experimental
1. Chemicals
All the chemicals used in this study were analytical reagent grade.
Ammonium chloride was purchased from Carlo Erba Reagents (Val-de-Reuil, France).
Sodium salicylate, sodium nitroprusside, tri-sodium citrate, sodium hydroxide, and
potassium chloride were purchased from Ajax (Finechem, Australia). Sodium
dichloroisocyanurate was purchased from Sigma-Aldrich (Castle Hill, NSW,
Australia). Ethyl acetate was purchased from RCI Labscan Ltd (Bangkok, Thailand).
UV resin (epoxy acrylate) was purchased from Qiaogiao Brand (China).
2. Apparatus
Whatman Grade 1 and Grade 5 qualitative filter paper were purchased
from Whatman International, Ltd. (Buckinghamshire, UK). The stencil screen, made
with polyester fabric on a wooden frame (35 cm x 45 cm) was custom ordered from a
local screen-printing shop (Phitsanulok, Thailand). An HP 2135 scanner was used for
colorimetric analysis. The UV curing box was made from wood (15 x 20 x 15 cm) in
conjunction with 10W UV-A lamp. An OCA20 contact-angle measuring instrument
(DataPhysics Instrument GmbH, Germany) was used for contact angle measurement.
A shaking water bath (Daihan Scientific, Switzerland) was used to extract of nitrate
from soil. A synergy H1 hybrid multi-mode microplate reader (BioTex, Vermont,
USA) was used for the reference spectrophotometric method.
3. Preparation of solutions
3.1 Ammonium stock solution (1000 mg L)
The ammonium stock solution was prepared by dissolving 0.3821 g of
ammonium chloride to 100 mL using DI water in a volumetric flask.
3.2 Ammonium standard solution (10-100 mg L)
The ammonium standard solution with concentration of 10, 20, 40, 60,
80, and 100 mg L' were prepared by adding 1, 2, 4, 6, 8, and 10 mL of 1000 mg Lt
ammonium stock solution to 100 mL using DI water in a volumetric flask, respectively.
3.3 Reagent A
Reagent A was prepared by dissolving 10.0 g of sodium salicylate and

0.5 g of sodium nitroprusside dehydrate to 100 mL using DI water in a volumetric flask.
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3.4 Reagent B
A 1% w/v sodium dichloroisocyanurate solution was prepared by
dissolving 1.0 g of sodium dichloroisocyanurate, 2.0 g of sodium hydroxide, and 20 g
of tri-sodium citrate dihydrate to 100 mL using DI water in a volumetric flask.
3.5 Potassium chloride solution (2 mol L")
A 2 mol L™ potassium chloride solution was prepared by dissolving
74.55 g of potassium chloride to 500 mL using DI water in a volumetric flask.
4. Optimization of the UV resin screen-printing method
The screen-printing method was used to transfer UV resin onto filter
paper, thereby creating hydrophobic barriers and hydrophilic analysis zones for the
PADs. The fabrication of paper-based devices has various factors which can affect the
efficiency of them. These factors are the UV resin concentrations, curing times,
chemical compatibility tests, and hydrophobicity tests. Therefore, the influences of
these variables were verified by the experiment.
4.1 UV resin concentration optimization
A blocking stencil, with a pattern of 6 mm diam. circles arranged in
rows were designed using the Silhouette Studio software. The filter paper was placed
under the blocking stencil, and then 20 mL of the solution of UV resin in ethyl acetate
(varied at 1:1, 2:1, 3:1, and 4:1 by volume) was poured onto the stencil and distributed
using a squeegee (Figure 38). The resin solution needed to penetrate to the bottom of
the filter paper. The circles (6 mm diam.) on the blocking stencil prevented the resin
solution from reaching the portions of the filter paper directly below them.
The printing of the circular hydrophilic pattern onto the filter paper, was followed by
careful removal of the stencil. The patterned paper was then put under a 10W UV-A
backlight for 30 min to cure the UV resin. After curing, the patterned paper was ready
to use. A drop of pink dye solution was applied to the finished hydrophilic zones to

highlight them and facilitate visual examination.
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Figure 38 Schematic diagram of UV resin screen-printing for the fabrication of

3D PAD

4.2 UV resin curing time optimization
The experiment was carried out according to the procedure as
described in a section 4.1, whereas the curing times of UV resin in ethyl acetate were
5, 10, 15, 20, and 30 minutes, with a ratio of 4:1 by volume.
4.3 Chemical compatibility test
The experiment was carried out according to the procedure as
described in a section 4.1 under optimum conditions. To evaluate the UV resin
barrier’s compatibility with various shorts of reagent, 5 pL of aqueous solutions
containing surfactants (1% w/v of Triton X-100, CTAB, and SLS), organic solvents
(methanol, ethanol, toluene, hexane, and heptane), salts (2 mol L' ammonium chloride
and ammonium sulphate), acids (2 mol L™ sulfuric, nitric and hydrochloric acids) and
bases (2 mol L sodium hydroxide, potassium hydroxide, and ammonium hydroxide),
were added to the hydrophilic zone.
4.4 Hydrophobicity test and applicability of the method to various patterns
The experiment was carried out according to the procedure described
in section 4.1 under optimum conditions. After producing the PADs, the contact angle
of the water on the hydrophobic surface was measured to examine the hydrophobicity
of the barrier, and then a drop of pink dye solution was applied to the hydrophilic zone

of the plain filter paper. A microscope was also used to examine the border between
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the hydrophobic and hydrophilic zones, and the application of the pink dye. Examples
of other various patterns could be used for different chemical reactions.
5. Optimization of the modified Berthelot’s reaction on 3D PAD
The objective of this part of the work is to investigate the effect of the
variables that impose on the Berthelot’s reaction involving in ammonium
determination. The concentration of color development reagents (sodium salicylate
and sodium dichloroisocyanurate solution), and the reaction time were optimized to
provide the highest values of color intensity.
5.1 Concentration of sodium salicylate

Using a micropipette, each circular area in region 1 received 5 pL of
reagent A containing sodium salicylate (varied at 1, 5, 10, 15, and 20% w/v), and 0.5% w/v
sodium nitroprusside. Similarly, each circular area in region 2 received 5 pL of reagent
B containing 1% w/v sodium dichloroisocyanurate, 2% w/v sodium hydroxide, and
20% w/¥ tri-sodium citrate. The solutions applied to the two regions were allowed to
dry at room temperature. The filter paper was then folded down the middle so that
region 1 is on top, region 2 is on the bottom, and both sets of circular wells were
aligned. After folding, the paper was inserted into a rectangular plastic holder with a
plastic sheet on each side of the filter paper resulting in both layers being attached.
Both the top (T) and bottom (B) plastic sheets have six holes, or “windows”, that align
with the circular areas of the paper inside. The 3D PAD was now teady to use (Figure 39).

A test sample, 10 plL of 100 mg L' ammonium was deposited through
each of the windows of the top plastic sheet to the hydrophilic areas inside on the top
layer, and then the sample and reagent A in region 1 would flow toward the detection
zones in the bottom layer. The 3D PAD was then left for 10 min while the chemical
reactions occurred. During the reaction period, a green color appeared in the windows
of the bottom plastic sheet. The color that appeared in the detection zones was scanned
by an image scanner, and the intensity was analyzed using Imagel software (n=6).
The obtained RGB values were used for the analytical study. It was found that R
parameter showed a linear response to concentration. Therefore, the R parameter was

taken as the analytical response for the detection of ammonium.
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Figure 39 Schematic diagram of the colorimetric ammonium assay using the 3D PAD

5.2 Concentration of sodium dichloroisocyanurate

The experiment was carried out according to the procedure
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as

described in a section 5.1, except the concentration of reagents was changed as follow:

The concentrations of sodium dichloroisocyanurate were 0.05, 0.10, 0.50, 1.0, and

2.0% w/v (n1=6). The sodium salicylate was set at 10% w/v.
5.3 Reaction time

The experiment was carried out according to the procedure

as

described in a section 5.1, with the reaction times of 5, 10, 15, 20, and 30 minutes

(n=6). The sodium salicylate and sodium dichloroisocyanurate were set at 10% w/v

and 1% w/v, respectively.
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6. Interference
1 mL of 1000 mg L' ammonium stock solution and 1 mL of 1000 mg L
KNO3, NaH;PO4, KCl, Fe(NO3),, Mn(NOs),, and Cu(NO3); stock solution were added
into each 10 mL volumetric flask, and adjusted to 10 mL with DI water. After that, the
experiment was carried out according to the procedure as described in a section 5.1
under optimum conditions (n=6).
7. Analytical Method Validation
Validation of the proposed modified Berthelot’s reaction for ammonium
determination in soil samples is performed. The validation parameters included
linearity, limit of detection (LOD), limit of quantitation (LOQ), precision, and
accuracy of the proposed method were evaluated under a selected condition.
7.1 Linearity
The experiment was carried out according to the procedure as
described in a section 5 under optimum conditions (n=3), by using ammonium
standard solution in the concentrations of 10, 20, 40, 60, 80, and 100 mg L. A graph
plotted between color intensity and concentration of ammonium were constructed to
find the linearity.
7.2 LOD and LOQ
The experiment was carried out according to the procedure as
described in a section 5 under optimum conditions. The DI water was analyzed by the
modified Berthelot’s reaction in 10 replicates. The SD of the response and the slopes
of the concentration curves of the calibration curves were used to estimate the LOD
(3o/slope)) and LOQ (100/slope).
7.3 Precision
Evaluation of method repeatability (intraday precision) and
reproducibility (interday precision) were performed. The ammonium standard
solutions at three different concentrations (20, 60, 100 mg L") were analyzed using
procedure with optimum conditions in section 5. Intraday precision was determined
from six replications within 1 day, and the interday precision was analyzed in six

replications on 5 days.
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7.4 Accuracy and Recovery
Accuracy was evaluated across the specified range of the analytical
procedure by a recovery study. The standard solution of the ammonium was spiked
into the soil samples extract in triplicate. The recovery was determined as follows:
(total ammonium amount — original ammonium amount in real sample)/ammonium
amount of added.
8. Application in real samples

The 3D PAD was applied to the determination ammonium in soil.
Potassium chloride is used to extract ammonium from the soil samples. Seven soil
samples were collected from rice fields in five provinces of Thailand: Phitsanulok,
Sukhothai, Khamphaeng Phet, Sa Kaeo, and Ubon Ratchathani. All soil samples were
dried in the open-air to remove the moisture, and then sieved to a particle size of 2 mm.

To validate the accuracy of the proposed method, 5.0 g of the soil sample
was added in 7centrifuge tubes. Then, 6 of the 7 samples were spiked with 0.25, 0.50,
1.00, 1.50, 2.0, and 2.50 mL of ammonium stock solution to achieve the
concentrations of 10, 20, 40, 60, 80, and 100 mg L respectively. After that, the soil
samples were mixed with 25 mL of 2 mol L™ potassium chloride and shaken for 15 min.
The mixture was filtered through a filter paper (Whatman #5). The filtrate was then
carried out according to the procedure as described in a section 5 under optimum
conditions. The results from the 3D PAD were compared to the results from
spectrophotometry.

9. Spectrophotometric method

The volume of 200 pl of filtrate (from section 8) was added into a
microcentrifuge tube, then added 200 pL reagent A, and 200 pl of the ragent B
(oxidizing solution). The solution was shaken, and then allowed to stand for 10 min to
ensute complete color development. The absorbance was measured with a

spectrophotometry at 670 nm.



68

Results and discussion
1. Effect of the UV resin screen-printing method

An ideal hydrophobic barrier will result in circular hydrophilic zones with
a clear, crisp perimeter. The resin must penetrate vertically from the top side of the
paper through to the bottom side and must not spread horizontally outside of the target
area. The results of hydrophobic barrier optimization experiments were examined by
dropping a pink dye solution into the hydrophilic zone, followed by visual inspection.

1.1 Effect of UV resin concentration

In order to enable the UV resin to pass through the stencil screen, the

ethyl acetate is used to diluted of UV resin. Decreasing the concentration of UV resin,
ethyl acetate in this case, affects the viscosity of UV resin. Thus four different ratio of
UV resin with ethyl acetate (1:1, 2:1, 3:1, and 4:1 by volume) were trialed to
determine which concentration produced the most effective UV resin barrier. The first
three ratios (1:1, 2:1, and 3:1 by volume) all resulted in hydrophilic regions that were
measurably smaller than the stencil pattern (Figure 40). The images were recorded on
the inverted side of the paper. This indicates that viscosity of the resin was too low,
causing the resin to spread beyond the stencil pattern. In contrast, the fourth ratio (4:1)
resulted in the correct 6 mm size of the hydrophilic region with a very clear perimeter.

The 4:1 ratio was, therefore, chosen to create the hydrophobic barrier.

Pattern  1:1 2:1 3:1 4:1
(UV resin:ethyl acetate volume)

Figure 40 The effect of UV resin concentration

1.2 Effect of UV resin curing time
It was important to identify the optimal curing time that would cause
the UV resin to crosslink on the filter paper. Five different curing times (5, 10, 15, 20,
and 30 minutes) were tested using the optimum UV resin concentration. At 5 min, the

resin is not sufficiently rigid to block the dye correctly, so the resulting hydrophilic
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area was too large and it had a smudged appearance (Figure 41). A 10 min curing
time was better, but the resin was still wet in appearance and the resulting hydrophilic
area was not consistently reliable. When the curing time was increased to 15 min or
longer, the hydrophilic zone was reliably formed into a 6 mm circle. Since no benefit

was gained by waiting longer than 15 min, this time was selected as optimal.

Pattern 5 10 15 20 30 minutes

Figure 41 The effect of curing time on the hydrophobic and hydrophilic zone

1.3 Effect of hydrophobicity test

The contact angle of water on the hydrophobic surface was measured
to examine the hydrophobicity of the barrier. If the water contact angle is larger than
90°, then the surface is considered hydrophobic (193, 194). The test revealed that the
contact angle of the water droplet was 113.2°, as seen in Figure 42A, indicating that
there were well-formed hydrophobic surfaces produced by the UV resin.
The effectiveness of the optimized hydrophobic barrier was also verified by dropping
dye solution onto the hydrophilic area and inspecting the results under a microscope.
Figure 42B shows that the border between the filter paper’s hydrophobic and
hydrophilic regions is distinct. The optimized UV resin screen-printing method was
further tested by applying it to produce four different sample patterns, the first being
the intended pattern for use in the current study, and the other four being examples of
other various patterns that could be used for other chemical reactions, as shown in

Figure 42C.
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Figure 42 Filter paper printed with UV resin using the screen printing method:
A) contact angle of a water droplet placed on the UV resin coated
region, B) the hydrophilic-hydrophebic boundary, as seen under a
microscope at Sx magnification, C) various sample patterns created to

highlight the versatility of the UV resin screen printing method

1.4 Chemical compatibility

In order to employ this 3D PAD fabrication method for analytical
chemistry, it was important to test the UV resin barrier’s compatibility with various
sorts of reagents that the barrier could potentially contact. The proposed UV resin
barrier was tested by exposing it to 16 common reagents including aqueous solutions
containing surfactants (1% w/v of Triton X-100, CTAB, and SLS), organic solvents
(methanol, ethanol, toluene, hexane, and heptane), salts (2 mol L' ammonium chloride
and ammonium sulphate), acids (2 mol L™ sulfuric, nitric and hydrochloric acids) and
bases (2 mol L™ sodium hydroxide, potassium hydroxide, and ammonium hydroxide),
and their compatibility with the barrier was evaluated by visual inspection of the
hydrophilic circles to see if barrier remained effective. The results showed that the UV
resin formed solid hydrophobic barriers which performed well in containing all eight
of the tested inorganic solutions (Figure 43). However, the UV resin was not resilient
to either of the three organic solvents (methanol, ethanol, and toluene), and three

surfactants (Triton X-100, CTAB, and SLS) that were tested.
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Triton X-100 CTAB SLS Methanol  Ethanol  Toluene  Hexane Heptane

NH,Cl  (NH,),S80; H,S0, HNO; HCl1 NaOH KOH NH,;OH
Figure 43 The effect of various chemicals on the integrity of the hydrophobic barrier

2. Effect of modified Berthelot’s reaction on 3D PAD

The ammonium is converted to uncharged ammonia in the presence of the
alkaline solution. The actual modified Berthelot reaction then causes the formation of
the green color of 2-2 dicarboxy indophenol, as shown in the equation 11-13 (149,
155, 195-197). In order to determine the optimum conditions conducive to the
modified Berthelot’s reaction on the 3D PAD, various concentrations of the two
critical chemicals in the reaction were evaluated, along with various reaction times.
The goal is to obtain high color intensity when the ammonium concentration is 100 mg L™,

which was the concentration of the test sample used.

NH; + oCIr — NH,Cl + OH" [11]
NH,CI + QOH Nitroprusside NH:Q:O (121
CoOr Ccoo"
QOH + NH o —» OQNQO‘ [13]
COO- CoOr "00C CoO"

2.1 Effect of sodium salicylate concentrations
The color intensity was increased when the concentrations of sodium
salicylate was increased up to 10 % w/v, and then decreased at higher concentrations.
The color intensity increase was probably due to a higher yield of the colored product.
Therefore, a 10% w/v sodium salicylate concentration was used as the optimal

concentrations (Figure 44).
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Figure 44 The effect of sodium salicylate concentrations

2.2 Effect of sodium dichloroisocyanurate concentrations
The color intensity was increased when the concentrations of sodium
dichloroisocyanurate were increased up to 1.0 % w/v, and then decreased at higher
concentrations. The color intensity increase was probably due to a higher yield of the
colored product. Therefore, a 1.0% w/v sodium dichloroisocyanurate concentration

was used as the optimal concentrations (Figure 45).

120 -
100 -+
80 -
60 A
40
20

0 T T [ 1
0.0 0.5 1.0 1.5 2.0

Color intensity

Sodium dichloroisocyanurate (Yow/v)

Figure 45 The effect of sodium dichloroisocyanurate concentrations
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2.3 Effect of reaction time
The results in Figure 46 show that color intensity reached a maximum
at 5 min then remained constant up to 10 min and decreased after that. Therefore, a
reaction time at 5 min was selected in this method because it was sufficient to

complete the reaction.

120
100 -

60

Color intensity

20

O L] ] L] 1
0 10 20 30 40

Reaction time (minutes)

Figure 46 The effect of reaction time on color intensity

The optimum concentration of sodium salicylate, and sodium
dichloroisocyanurate were found to be 10% w/v, and 1% w/v for ammonium
determination, respectively. The analysis of the reaction using this method was
obtained in 10 min.

3. Effect of interference

Soil samples are known to contain other various ions which can interfere
with colorimetric detection by the Berthelot reaction (198-199). The green indophenol
compound is generated in a strong alkaline solution. This high alkaline condition
promotes precipitation of metal hydroxides, which can interfere with proper color
formation. The tri-sodium citrate added as a complexing reagent prevents the
formation of metal hydroxides during testing of the soil samples. Six ions were tested
(at 100 mg L") for possible interference in the modified Berthelot’s reaction on the 3D
PAD and, no significant change in the color intensity was observed for any of these
ions, as can be seen in Figure 47. This indicates that there is negligible interference

from any of these ions in the formation of 2-2 dicarboxyindophenol.
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Figure 47 The effect of interfering ions on the determination of 100 mg L!
ammonium using 3D PAD. The concentrations of interfering ions were

100 mg L™ for NO3, PO*, K', Fe**, Mn*', and Cu®",

4. Analytical Performance

The completed 3D PAD exhibited a linear response over the range of
10-100 mg L' (Figure 48). The linear regression equation was y = 0.8343x + 32.691
with a correlation coefficient of 0.9963 (n=6). The lower limit of detection was
determined to be 0.49 mg L', and the limit of quantification was found to be
1.65 mg L', based respectively on three times and ten times the standard deviation of
the color intensity of blank samples as described by Apilux et al. (200). These two
limits are comfortably low and easily accommodate the typical ammonium levels in
soils, which are 10-90 mg kg™ in coarse-textured soils, 60-270 mg kg in medium-
textured soils, and 90-460 mg kg™ in fine-textured soils (201). The precision of 3D
PAD was calculated in terms of the repeatability (intra-day precision, n = 6) and
reproducibility (inter-day precision, 5 days) using 20, 60 and 100 mg L
concentration levels for ammonium. The repeatability of the method evaluated as the
relative standard deviation (%RSD) ranged from 1.57-2.58%, and the reproducibility

was in the range 1.86-3.81%, indicating good precision.
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Figure 48 Calibration curve of ammonium

5. Sample analysis

To evaluate the actual application of the 3D PAD, seven soil and five
pound samples were used to test the accuracy of ammonium detection. Recovery
values in the ranged between 95.5 to 107.5% (Table 10), indicating good accuracy of
the developed 3D PAD. These results showed the capability of the 3D PAD to detect
ammonium in actual soil samples. The analytical results were compared with a
previously established UV-Vis spectrophotometric reference method (196) using a
statistic paired /—test, It was found that ty, is lower than tgihea at the 95% confidence
level. This indicates that there is no evidence of systematic error in the proposed

method.
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Table 16 Comparison of ammonium detection results and recovery rate in various

soil samples using the 3D PAD versus the spectrophotometric method.

3D PAD Spectrophotometric method
Samples Added] Found Recovery Found Recovery
(mgkg™) 1 1
(mg kg™) (%) (mg kg™) (%)
Soil 1 0.0 24.7+£2.0 - 25.0+1.8 -
50.0 76.1+£2.6 1029+1.7 77.8+2.4 105.5+4.7
Soil 2 0.0 243 +2.7 - 23.5+0.8 -
50.0 740+2.6 99.5+48 77.8+1.3 108.6 + 1.1
Soil 3 0.0 18.5+2.1 - 19.8 £ 3.1 -
50.0 69.6+43 1022+44 66.7+2.3 93.8+ 1.6
Soil 4 0.0 18.8+1.5 — 18.5+0.6 -
50.0 684+3.0 992437 69.9+1.3 102.9+2.1
Soil 5 0.0 10.7 £1.3 — 10.5+2.8 -
50.0 613+£25 101.2+3.0 60.8+ 0.6 100.6 + 4.6
Soil 6 0.0 85+£5.0 ~ 94+1.7 —
50.0 623+17 107.5+4.0 60.9+1.3 1032+ 1.0
Soil 7 0.0 9.5+4.0 — 13.9+1.4 -
50.0 572+42 955442 592+1.6 90.4+29

Table 11 compares the features of the proposed pPAD with those of other

various methods used for detection of ammonia/ammonium in environmental samples.

Most of the features of the PAD are comparable or preferable to other existing

methods, affirming the effectiveness of this new device. The PAD is easy to make,

easy to use, and inexpensive. The only materials needed are filter paper,

a plastic holder, a stencil screen, and a UV lamp.
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6. Creation of convenient paper color comparison chart
A convenient color comparison chart was successfully created on paper to
enable the user to interpret the color results and find the ammonium concentration
without the need for a color scanner or imaging software. The chart is shown in Figure 49.
An opening at middle of the chart, corresponding to the size of the detection zone,
allows the user to conveniently compare the color result to all the chart’s shades

simultaneously.

SOIL AMMONIUM COLOR CARD (mg kg'')

500 0

400 25

300 50

200 100

Figure 49 The color comparison chart for testing soil ammonium content

Conclusion

This study has introduced the use of UV resin solution as a new efficient
hydrophobic material for the fabrication of PAD. This UV resin screen-printing
method creates well-defined hydrophobic barriers that enable efficient measurement of
ammonium without any need for expensive instruments. The use of a PAD for the
colorimetric detection of ammonium in soil samples has been demonstrated herein by
carrying out the modified Berthelot reaction. The multiple validation tests in this study
have established that the proposed PAD can analyse ammonium content of actual soil
samples with good accuracy and reliability. Therefore, the developed modified
Berthelot reaction for the determination of ammonium, can be used as an alternative
method to the existing one for ammonium. A convenient color comparison chart was
successfully created on paper to eliminate the need for a scanner. The cost of materials
per device is approximately 1 baht. The PAD developed here has numerous desirable
qualities. They are simple and inexpensive method of production, quick and easy use,

portability, and being environmentally friendly.



CHAPTER V

FABRICATION OF 3D PAPER-BASED ANALYTICAL DEVICES
BY USING ONE-STEP EPOXY RESIN SCREEN PRINTING
METHOD FOR THE DETERMINATION OF PHOSPHATE

Introduction

Phosphorus (P) is a major element in soil which has both organic and
inorganic forms. It is known terrestrial minerals are orthophosphates and is often the
primary limiting nutrient in freshwater ecosystems (203). The simplest of this is
orthophosphate, has the chemical formula of PO,>. Plants can only take up
phosphorus dissolved in the soil solution, and since most of the soil phosphorus exists
in stable chemical compounds, only a small amount of it is available to the plant at any
given time. When plant roots remove phosphorus from the soil solution, some of it
gets adsorbed into the solid phase in order to maintain equilibrium. Phosphorus is an
essential element for plant growth, and plays an important role in a variety of
processes (e.g., nucleic acid synthesis, photosynthesis, glycolysis, respiration, enzyme
activation/deactivation, carbohydrate metabolisms, and nitrogen fixation) (204).
Excess amounts of phosphorus mostly interfere with the uptake of other elements,
such as iron, manganese and zinc. Over-fertilization with phosphorus is common and
many growers apply unnecessarily high amounts of it, especially when NPK fertilizers
are used or when irrigation water is acidified using phosphoric acid. Nutrient pollution
causes excess algae growth over large bodies of water, resulting in a significant impact
on the environment, human health, and the economy (205). The amount of phosphorus
required in the soil for crops should not fall below 10 mg kg™ and should not exceed
40 mg kg™ ‘

Conventional methods that are used in agriculture and environmental sciences
to measure phosphate concentrations, include common laboratory colorimeter procedures
using the molybdenum blue and vanadomolybdate methods. In molybdenum blue, a
solution consisting of ammonium molybdate, and reductant (ascorbic acid or stannous

chloride), which are reacts with the phosphate to produce a blue colored phosphomolybdate
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complex (156, 206, 207). For the vanadomolybdate methods, a solution that consists
of ammonium molybdate, and ammonium metavanadate in hydrochloric acid solution,
which are reacts with the phosphate to a yellow colored complex (208). However, the
molybdenum blue method became broadly used due to its higher sensitivity and lower

susceptibility to interferences than the vanadomolybdate method.

The aims of the research were: (i) to fabricate paper-based devices using
one-step epoxy resin in conjunction with the screen-printing method (i) to apply 3D
PADs for the determination of phosphate in the soil. The colorimetric detection of
phosphate was based on the molybdenum blue method. These were reduced by
stannous chloride which formed the molybdenum blue complex. The stannous
chloride was used as a reducing agent for phosphate in the solution because its
reaction was rapid and the absorptivity was greater than that of ascorbic acid.
The molybdenum blue method that involved ascorbic acid had limitations associated

with its stability (23, 209).

Experimental
1. Chemicals
Potassium dihydrogen orthophosphate (KH,PO4) was purchased from
Ajax (Finechem, Australia). Ammonium molybdate ((NH;)¢Mo07024°4H,0) was
purchased from Carlo Erba (Italy). Sulfuric acid (HaSO4) and hydrochloric acid (HCI)
were purchased from RCI Labscan Ltd. (Bangkok, Thailand). Stannous chloride
(SnCly*2H,0) was purchased from Acros (USA). Ammonium fluoride (NH4F) was
purchased from Chemicals (Belgium). Epoxy resin YD127 and Curing agent TH7301
was supported by Aditya Birla Chemicals (Bangkok, Thailand).
2. Apparatus
Whatman Grade 1 and Grade 5 qualitative filter paper were purchased
from Whatman International, Ltd. (Buckinghamshire, UK). The stencil screen, made
with polyester fabric on a wooden frame (35 cm x 45 cm) was custom ordered from a
local screen-printing shop (Phitsanulok, Thailand). An HP 2135 scanner was used for
colorimetric analysis. An OCA20 contact-angle measuring instrument (DataPhysics
Instrument GmbH, Germany) was used for contact angle measurement. A shaking

water bath (Daihan Scientific, Switzerland) was used to extract of phosphate from soil.
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A synergy H1 hybrid multi-mode microplate reader (BioTex, Vermont, USA) was
used for the reference spectrophotometric method.
3. Preparation of solutions
3.1 Phosphate stock solution (1000 mg L™)
The phosphate stock solution was prepared by dissolving 0.4404 g of
potassium dihydrogen orthophosphate to 100 mL using DI water in a volumetric flask.
3.2 Phosphate standard solution (100 mg L)
The phosphate standard solution with concentration of 100 mg L™
were prepared by added 10 mL of 1000 mg L' phosphate stock solution to 100 mL
using DI water in a volumetric flask, respectively.
3.3 Phosphate standard solution (0.5-40 mg L
The phosphate standard solution with concentration of 0.5, 2.5, 5, 10,
20, 30, and 40 mg L were prepared by added 0.5, 2.5, 5, 10, 20, 30, and 40 mL of
100 mg L phosphate standard solution to 100 mL using DI water in a volumetric
flask, respectively.
3.4 Reagent A
Reagent A was prepared by dissolving 4.0 g of ammonium molybdate
in 25 mL of DI water, and then adjusted to 100 mL using 4 mol L™ sulfuric acid in a
volumetric flask.
3.5 Reagent B (reducing agent)
A 0.2% w/v stannous chloride was prepared by dissolving 0.2 g of
stannous chloride to 100 mL using DI water in a volumetric flask.
3.6 Bray II solution (0.03 mol L' NH,F and 0.1 mol L™ HCI)
A Bray II solution was prepared by 15.0 mL of 1.0 mol L” ammonium
fluoride and 100 mL 0.5 mol L™ hydrochloric acid to 500 mL using DI water in a
volumetric flask.
4. Optimization of the epoxy resin screen-printing method
The screen-printing method was used to transfer epoxy resin onto filter
paper, thereby creating hydrophobic barriers and hydrophilic analysis zones for the
PADs. The fabrication of paper-based devices has various factors which can affect the
efficiency of them. These factors are the epoxy resin concentrations, curing times and

temperature. Therefore, the influences of these variables were verified by the
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experiment. Chemical compatibility and hydrophobicity of epoxy resin barrier were
also evaluated.
4.1 Epoxy resin concentration and curing temperature optimization

The pattern was first designed using the Silhouette Studio software.
The filter paper was placed under the blocking stencil, and then 20 mL of the solution
of epoxy resin in curing agent (varied at 3:1, 2:1, 1:1, 1:2, and 1:3 by volume) was
poured onto the stencil and distributed using a squeegee (Figure 50). The epoxy resin
solution needed to penetrate to the bottom of the filter paper. The patterned papers
were then curing at room temperature for 3 hours. After curing, the patterned papers
were ready to use. A drop of green dye solution was applied to the finished

hydrophilic zones to highlight them and facilitate visual examination.

Squeegee

Stencil screen

Filter paper

Figure 50 Schematic diagram of epoxy resin screen-printing for the fabrication

of PADs

4.2 Hydrophobicity test and applicability of the method to various patterns

The experiment was carried out according to the procedure described
in section 4.1 under optimum conditions. After producing the PADs, the contact angle
of the water on the hydrophobic surface was measured to examine the hydrophobicity
of the barrier, and then a drop of green dye solution was applied to the hydrophilic
zone of the plain filter paper. A microscope was also used to examine the border
between the hydrophobic and hydrophilic zones, and the application of the green dye.
Examples of other various patterns could be used for different chemical reactions.

To evaluate the resolution between the hydrophobic and the

hydrophilic areas of the fabrication of the hydrophilic channels, a shape mould
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composed of a 5 mm circular inlet, and 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2 mm (length 10 mm)
hydrophilic channel. A 10 pL of green dye solution was applied to the inlet zone and
stand for 5 minutes.

To examine the reproducibility of the fabrication of the hydrophilic
circular, 24 pieces of paper and a shape mold composed of a 5 mm and 6 mm circular
hydrophilic zones. Pictures of the paper devices were scanned and used to measure the
widths of the hydrophilic circular by using Image].

4.3 Chemical compatibility test

The experiment was carried out according to the procedure as
described in a section 4.1 under optimum conditions. To evaluate the epoxy resin
barrier’s compatibility with various sorts of reagent, 5 puL of aqueous solutions
containing surfactants (1% w/v of Triton X-100, CTAB, and SLS), organic solvents
(methanol, ethanol, toluene, hexane, and heptane), salts (2 mol L™ ammonium chloride
and ammonium sulphate), acids (2 mol L™ sulfuric, nitric and hydrochloric acids) and
bases (2 mol L™ sodium hydroxide, potassium hydroxide, and ammonium hydroxide),
were added to the hydrophilic zone.

5. Optimization of the molybdenum blue reaction on 3D PAD
The objective of this part of the work is to investigate the effect of the
variables that impose on the molybdenum blue involving in phosphate determination.
The concentration of color development reagent (ammonium molybdate, sulfuric acid,
and stannous chloride solution), and the reaction time were optimized to provide the
highest values of color intensity.
5.1 Concentration of ammonium molybdate

Using a micropipette, each circular area in region 1 received 5 plL of
reagent A containing ammonium molybdate (varied at 2, 3, 4, 5, 6, 7, and 8% w/v),
and 4 mol L™ sulfuric acid. Similarly, each circular area in region 2 received 5 pL of
reagent B containing 0.2% w/v stannous chloride. The solutions applied to the two
regions were allowed to dry at room temperature. The 3D PAD was now ready to use
(Figure 51).

The 3D PAD was folded in half and placed on rubber magnetic sheet
(3x3 cm) with a 7 mm window, then another rubber magnetic sheet was placed on top

of the first one. To determine the amount of phosphate, 10 pL of a 40 mg L
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phosphate was dropped onto the sample zone of the 3D PAD via the window of the
top rubber magnetic sheet, then the solution would seep through to the detection zone
on the bottom layer. The 3D PAD was then left for 10 min while the chemical
reactions occurred. During the reaction period, the rubber magnetic sheets are
inverted, which enabled the observation of the intensity of the blue on the detection
zone of the 3D PAD, which was then scanned and processed by using ImagelJ
software. The obtained RGB values were used for the analytical study. It was found
that R parameter showed a linear response to concentration. Therefore, the R

parameter was taken as the analytical response for the detection of phosphate.

: Reagent A | >0 O« ReagentB
o (Sample zone) (Detection zone)

. .
Drop of sample ~ Colorimetric Scanning Image
(Top layer) reaction analysis by
Rubber magnetic (Bottom layer) ImagelJ

sheet with hole

Figure 51 Step for detection of phosphate on 3D PAD

5.2 Concentration of sulfuric acid
The experiment was carried out according to the procedure as
described in a section 5.1, except the concentration of reagents was changed as follow:
The concentrations of sulfuric acid were 0.5, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 mol L.
The ammonium molybdate and stannous chloride were set at 4.0% w/v and 0.2% w/v,
respectively.
5.3 Concentration of stannous chloride
The experiment was carried out according to the procedure as described

in a section 5.1, except the concentration of reagents was changed as follow:



85

The concentrations of stannous chloride were 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6% w/v. The ammonium molybdate and sulfuric acid were set at 4.0% w/v and
4.0 mol L™, respectively.
5.4 Reaction time
The experiment was carried out according to the procedure as
described in a section 5.1, with the reaction times of 3, 5, 10, 15, 20, 30 and 40
minutes. The ammonium molybdate, sulfuric acid, and stannous chloride were set at
4% wiv, 4 mol L ! and 0.2% w/v, respectively.
6. Interference
A 4 mL of 100 mg L™ phosphate standard solution and 1 mL of 1000 mg L!
KNO;, NH4Cl, KCI, Fe(NO3),, Mn(NO3),, Cu(NOs),, and CaCl, stock solution were
added into each 10 mL volumetric flask, and adjusted to 10 mL with DI water. After
that, the experiment was carried out according to the procedure as described in a
section 5.1 under optimum conditions (n=6).
7. Analytical Method Validation
Validation of the proposed molybdenum blue reaction for phosphorus
determination in soil samples is performed. The validation parameters included
linearity, limit of detection (LOD), limit of quantitation (LOQ), precision, and
accuracy of the proposed method were evaluated under a selected condition.
7.1 Linearity
The experiment was carried out according to the procedure as described
in a section 5 under optimum conditions (n=3), by using phosphate standard solution
in the concentrations of 0.5, 2.5, 5, 10, 20, 30, and 40 mg LA graph plotted between
color intensity and concentration of phosphate were constructed to find the linearity.
7.2 LOD and LOQ
The experiment was carried out according to the procedure as
described in a section 5 under optimum conditions. The DI water was analyzed by the
molybdenum blue reaction in 10 replicates. The SD of the response and the slopes of
the concentration curves of the calibration curves were used to estimate the LOD
(30/slope) and LOQ (100/slope).

7.3 Precision
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Evaluation of method repeatability (intraday precision) and
reproducibility (interday precision) were performed. The phosphate standard solution
at the concentrations of 10, 20, and 40 mg L™ was analyzed using procedure with
optimum conditions in section 5. Intraday precision was determined from six
replications within 1 day, and the interday precision was analyzed in six replications
on 5 days.

7.4 Accuracy and Recovery

Accuracy was evaluated across the specified range of the analytical
procedure by a recovery study. The standard solution of the phosphorus was spiked
into the soil samples extract in triplicate. The recovery was determined as follows:
(total phosphate amount—original phosphate amount in real sample)/phosphate amount
of added.

8. Stability of the pPAD
The first step is the addition of 5 pl. of reagent A and B to each circular
area in region 1 and 2 of the 3D PAD, respectively, which take approximately 60
minutes to dry at room temperature. Then, the 3D PAD was placed in a plastic bag and
vacuum sealed, and stored in a black ziplock bag in a refrigerator at < 2°C.
To evaluate the stability of the 3D PAD, the 6 pieces of 3D PADs were tested by
determination the concentration of 40 mg L phosphate standard solution every 10
days of storage over 120 days.
9. Application in real samples
The 3D PAD was applied to the determination phosphate in soil. Seven
soil samples were collected from rice fields in five provinces of Thailand: Phitsanulok,
Sukhothai, Khamphaeng Phet, Sa Kaeo, and Ubon Ratchathani. All soil samples were
dried in the open-air to remove the moisture, and then sieved to a particle size of 2 mm.
To validate the accuracy of the proposed method, 2.0 g of the soil sample
was added in 6 centrifuge tubes. Then 5 of the 6 samples were spiked with 1.25, 2.50,
5.00, 7.50, and 10.00 mL of phosphate standard solution to achieve the concentrations
of 5, 10, 20, 30, and 40 mg L'l, respectively. After that, the soil samples were added to
25 mL of Bray II solution and shaken for 5 min. The mixture was filtered through a

filter paper (Whatman #5). The filtrate was then carried out according to the procedure
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as described in a section 5.1 under optimum conditions. The results from the 3D PAD
were compared to the results from spectrophotometry.
10. Spectrophotometric method
The volume of 200 pL of filtrate (from section 9) was added into a
microcentrifuge tube, then added 200 ul. of reagent A, and 200 pL of ragent B
(reducing agent). The solution was shaken, and then allowed to stand for 10 min to
ensure complete color development. The absorbance was measured with a

spectrophotometry at 650 nm.

Results and discussion
1. Effect of the epoxy resin screen-printing method
1.1 Effect of epoxy resin concentrations and temperatures

To verify the best conditions for the fabrication of microfluidic paper-
based device, the effects of the ratios between the epoxy resin and the curing agent,
and the temperatures required for curing the resin on the paper were investigated, with
the aim of producing hydrophobic barrier. The epoxy resin and the curing agent were
combined together in ratios of 3:1, 2:1, 1:1, 1:2, and 1:3. The curing temperatures
were studied at room temperature (30°C), and 60°C. As shown in Table 12, the epoxy
resin screen-printing effects were dependent to a certain extent on the ratios of epoxy
resin/curing agent, and curing temperatures. The results of the hydrophobic barrier
optimization experiments were examined by dropping a green dye solution into the
hydrophilic zone, followed by a visual inspection. At room temperature, the first two
ratios (3:1, and 2:1 by volume) resulted in hydrophilic regions that were the correct
sizes and had very clear perimeters. However, the 3:1 ratio was difficult to pass
through the stencil screen because it produced a higher viscosity than the 2:1 ratio.
The last three ratios (1:1, 1:2, and 1:3 by volume) all resulted in the hydrophilic
regions not separating correctly due to the spread of excessive molten epoxy resin, and
at the same time the dye solution leaked from the printed pattern. A possible reason for
this phenomenon, was that the last three ratios did not contain enough polymer to set
correctly on the paper. As stated above, the curing temperature of the epoxy resin had
an impact on the formation of the pPADs. At 60°C, all the ratios resulted in

hydrophilic regions that were measurably smaller than the stencil pattern, because at
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this temperature the epoxy resin was diffused. Therefore, room temperature (30°C)
and the epoxy resin/curing agent mixture at a ratio of 2:1 were chosen to create the

hydrophobic barrier.

Table 12 Optimization of the mixing ratios between the epoxy resin and the

curing agent, and the effects of the curing temperatures

Epoxy resin: Temperature

Curing agent Room temperature (30°C) 60°C

Front Back Front Back

3:1

2:1

1:1

1:2

1:3

1.2 Hydrophobicity test, applicability of the method for various patterns,

resolution and reproducibility of the uPADs fabrication
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The contact angle of water on the hydrophobic surface was measured
to examine the hydrophobicity of the barrier. If the water contact angle was greater
than 90°, then the surface was considered to be hydrophobic (193, 194). The test
revealed that the contact angle of the water droplet was 107.4°, indicating that
hydrophobic properties were formed on the paper, as shown in Figure 52A.
Hydrophobicity of the paper was further confirmed by the comparison of both the
hydrophobic and hydrophilic regions images that were obtained using a microscope
(5xmagnification). As shown in Figure 52B, the investigation showed that the dye
solution could not penetrate into the hydrophobic region because of the epoxy resin
barrier. Figure 52C shows examples of the optical images of the uPADs, and observed
that the epoxy resin hydrophobic barriers allowed the dye solution to flow without any
leakage. Furthermore, puPAD pattern was constructed with well-defined hydrophobic
barriers, and their resolutions were also studied. To determine the minimum resolution
of the epoxy resin screen-printing method, the patterns were designed to include
different channel widths for sample transfer (Figure 52D). After fabrication, 8 puL of
dye solution was dropped onto the paper to allow the observation of the hydrophobic
and hydrophilic zones. The parallel lines with increasing thickness represent the epoxy
resin hydrophobic barriers (0.1 to 1.4 mm). As shown, the hydrophilic channels from
0.1-0.5 mm were observed but the solvent could not flow all the way through the
lines. Thus, the narrowest hydrophobic barrier by the epoxy resin screen printing
method to deliver an aqueous sample, was 0.6 mm. To evaluate the reproducibility of
the fabrication of the hydrophilic channels, 20 pieces of paper (n = 20) with circular
hydrophilic diameters of 5 and 6 mm, were fabricated by the epoxy resin screen-
printing method under optimal conditions. The mean diameter of the circles were 5.13
+ 0.11 mm (%RSD 2.09), and 6.13 + 0.10 mm (% RSD = 1.67), respectively. These

results indicated that the epoxy resin screen-printing method has good reproducibility.
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Figure 52 Hydrophilic—hydrophobic contrast on the paper: A) comparison of
hydrophilic and hydrophobic regions of the paper after applying a drop
of dye solution and water contact angle on the hydrophobic region, B)
a comparison of the hydrophilic and hydrophebic areas imaged with a
microscope (5xmagnification), C) examples of pPADs with epoxy resin
barriers fabricated using the screen printing method, D) a pattern of
hydrophilic lines with different channel widths of 0.1, 0.2, 0.3, 0.4, 0.5,

0.6, 0.7, 0.8, 1.0, 1.2, and 1.4 mm were immersed in a dye solution.

1.3 Chemical compatibility

Chemical compatibility is an important parameter that needs to be
defined when a new hydrophobic barrier is proposed for the pPADs. The proposed
epoxy resin barrier was tested by exposing it to 16 common reagents that were
aqueous solutions containing surfactants (1% w/v of Triton X-100, CTAB, and SLS),
organic solvents (methanol, ethanol, toluene, hexane, and heptane), salts (2 mol L!
ammonium chloride and sodium chloride), acids (2 mol L7 sulfuric, nitric and
hydrochloric acids) and bases (2 mol L sodium hydroxide, potassium hydroxide, and

ammonium hydroxide), and their compatibility with the barrier was evaluated by
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visual inspection of the hydrophilic circles, to see if it remained effective. The results
in Figure 53 showed that the epoxy resin formed solid hydrophobic barriers which
performed well in containing all of the tested organic and inorganic solvents, but was
not resilient to any of the three surfactants (Triton X-100, CTAB, and SLS) that were
tested. These findings are particularly interesting given that acid, base and neutral
solutions are the most utilized inorganic aqueous solutions for colorimetric detection,
while organic solvents are also commonly used in extraction experiments. The pPAD
that was fabricated from epoxy resin are better than the beeswax and UV resin ones
shown in chapter III, and IV, as well as solid wax (20, 70, 81, 210) that was proposed

by many researchers.

Triton X-100 CTAB SLS Methanol  Fthanol  Toluene  Hexane Heptane

-

NH,Cl NaCl H,S0O, HNO; HCl NaOH KOH NH,0OH

Figure S3 Epoxy resin barriers with some surfactants, orgamic, and inorganic
solvents. Images of the circles on the pPADs after contact with a green

dye solution of different solvents.

2. Effect of the molybdenum blue method on 3D PADs

The colorimetric detection of phosphate was based on the molybdenum
blue method. While the molybdenum blue reaction was occurring, the phosphate
reacted with the ammonium molybdate and formed the phosphomolybdenum
complexes. These were then reduced by stannous chloride which formed the
molybdenum blue complex (equation 14-15). In order to determine the optimum
conditions conducive to the molybdenum blue method on the 3D PAD, various
concentrations of the three critical chemicals in the reaction were evaluated, along with
various reaction times. The goal is to obtain high color intensity when the phosphate

concentration is 40 mg L™, which was the concentration of the test sample used.
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PO, + 12(NH4);MoOy + 24H" — (NH,)3[PO4(M0O3) 2] + 21NH," + 12H,0  [14]
(NHy)3[PO4(Mo003)12] + SnCl; —— molybdenum blue [15]

2.1 Effect of ammonium molybdate concentrations
The ammonium molybdate concentrations play a significant role in
the formation of the phosphomolydenum blue complex. In order to determine the
effect of ammonium molybdate, various concentrations of it ranging from 2-8 % w/v
were applied onto the paper-based devices. The results showed that the color intensity
of the phosphate was increased when the concentrations of ammonium molybdate
were raised to 4% w/v, and then started to decline (Figure 54). Therefore, a concentration

of 4% w/v of ammonium molybdate was selected for the determination of phosphate.
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Figure 54 The effect of ammonium molybdate concentrations

2.2 Effect of sulfuric acid concentrations
The effect of sulfuric acid concentrations at 0.5-8.0 mol L were
studied. As can be observed in Figure 55, the color intensity of the phosphate
increased when the sulfuric acid concentration was set to 4 mol L™ and then rapidly
decreased at higher levels of acidity. This was mainly due to the fact that at high
acidity the formation of phosphomolybdenum blue complex decreased. Therefore,

4 mol L™ of sulfuric acid was used as the optimal concentration.



93

150 -+
2
2 100 -
[}
&
5
< 50 1
1]
O T T T 1
0 2 4 6 8

Sulfuric acid concentration (mol L)

Figure 55 The effect of sulfuric acid concentrations

2.3 Effect of stannous chloride concentrations

In the molybdenum blue method, the reducing agent reduced the
phosphormolybdic acid thereby forming the phosphormolybdenum blue. Hence the
formation of the phosphormolybdenum was also dependent on the concentration of the
reducing agent. Stannous chloride has been used as a reductant, especially for the
determination of phosphate in soil, because of its rapid reaction, high sensitivity and
its absorptivity is greater than that of ascorbic acid (23, 209). The effect of stannous
concentrations in the range of 0.05-0.6 % w/v were also studied. As shown in Figure
56, the color intensity of the phosphate increased by raising the stannous chloride
concentration to 0.2% w/v and remained almost constant at higher amounts. Therefore,
0.2% w/v of stannous chloride was used as the optimal concentration for complete

color development.



150 -

£

& 100

Q

g |

g

3 50 -

Q

0

0 01 02 03 04 05 06

Stanous chloride concentration (%ow/v)

Figure 56 The effect of stannous chloride concentrations

2.4. Effect of the reaction time
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The effect of the reaction time was studied in the range of 3—40 min.

As shown in Figure 57, the rate of the blue formation gradually increased until the

maximum intensity was observed at 10—15 minutes, after which it started to decrease.

This may be due to the dissociation of the phosphor molybdenum blue complex.

Therefore, 10 minutes was chosen as the optimal reaction time for the phosphate

analysis.
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Figure 57 The effect of reaction time on color intensity
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The optimum concentration of ammonium molybdate, sulfuric acid, and
stannous chloride were found to be 4% w/v, 4 mol L™, and 0.2% w/v for phosphate
determination, respectively. The analysis of the reaction using this method was
obtained in 10 min.

3. Effect of interference

The influence of interferences was investigated by combining a standard
phosphate solution with the six interfering compounds. It was therefore important to
study these interferences to ensure that the autonomous platform could achieve
successful analytical results in varying sample matrices. The constituents of soil that
are commonly found include nitrate, ammonium, potassium, iron, manganese, copper,
and calcium were examined throughout their range of concentrations, while the
phosphate was fixed at 40 mg L. The interference effects of various common ions at
100 mg L' were studied, and the results obtained are shown in Figure 58. The results
showed that no significant change in the color intensity resulted for any of the ions.
All interference recovery deviations were smaller than 5% (0.75-2.75%), and

indicated that all the ions did not interfere with the determination of the phosphate.
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Figure 58 The effect of interfering ions on the determination of 40 mg L™
phosphate using 3D PADs. The concentrations of interfering ions were

100 mg L™ for NO3, NH,", K*, Fe?', Mn*", Cu®*, and Ca™".
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4. Analytical performance

The analytical features of the 3D PAD including the linear range of the
calibration curve, limit of detection, precision, and accuracy were investigated.
The linearity of the calibration curve was found to be 0.5-40 mg L' with a correlation
coefficient of 0.9920 (Figure 59). The detection limit was determined to be 0.25 mg L
and the limit of quantification was found to be 0.83 mg L. To evaluate the precision of
the 3D PADs, intra-repeatability (n = 6) and inter-reproducibility (5 days) were
measured, both using a phosphate concentration of 10, 20, and 40 mg L", and
expressed as %RSD. The % values of RSD for repeatability and reproducibility were
1.52-2.46 and 1.89-2.74, respectively, indicating high precision.
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Figure 59 Calibration curve of phosphate

5. Stability of the uPAD
The proposed pPADs were individually kept in vacuum sealed bags up to
30 days at temperatures < 2°C. The stability of the 3D PAD was evaluated by
determining the amount of phosphate every 3 days. The color intensity of phosphate
detection of phosphate detection was observed to stabilize in about 15 days, and then
leveled off after that (Figure 60). The one-way ANOVA showed that there were no
statistically significant difference over 30 days of storage (F = 2.53, Friticwr = 3.35).

Therefore, the devices can be stored for 15 days.
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Figure 60 The effect of the stability of the 3D PADs stored at 2°C

6. Sample analysis

The accuracy of the proposed 3D PADs was checked by using the spiked
standard, which was then validated by employing the spectrophotometric method.
The soil samples were pretreated according to the published method (171), and then
the developed device was applied for the determination of phosphate in these samples,
and the results are summarized in Table 13. These samples were spiked with 40 mg L!
of phosphate, and the analytical recoveries were in the acceptable range of
88.8-101.0% and exhibited precisions of RSD in the range of 0.9-3.1%, which
indicated that the proposed method was reliable. To demonstrate the accuracy of the
proposed method, the concentrations of phosphate found in the soil samples were
compared to those obtained from the spectrophotometric method. Therefore, in order
to validate the proposed method, a comparison between both the methods was carried
out, by using the paired t-test. Statistical analysis of the data showed no significant
difference between the two methods (ty, = 2.11, terticat = 2.23), with a confidence level
of 95%. Thus, the fabrication of the 3D PAD by the proposed method, demonstrated

enormous potential for the determination of phosphate in the soil samples.
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Table 13 Comparison of phosphate detection results from soil samples using the

3D PAD versus the spectrophotometric method

Sample Added 3D PAD Spectrophotometric method
(mg kg'l) Found Recovery Found Recovery
(mg kg™ (%) (mg kg™) (%)
Soil 1 0.0 42.1+4.1 - 34.1+8.8 -
500.0 489.8+8.1 89.5+1.0 497.8+6.9 92.7+3.1
Soil 2 0.0 28.3+9.0 - 27.8+8.9 -
500.0  496.8+10.6 97.4+3.5 503.1+£5.8 951+1.5
Soil 3 0.0 ND - 50+43 —
500.0 500.1+6.6 101.0+1.3 5063 +2.4 102.8+1.9
Soil 4 0.0 384+2.1 - 42.3+£22.6 -
500.0  491.4+13.0 90.6 +£2.6 500.6+£6.9 91.1+£59
Soil 5 0.0 47.6+9.5 - 489+11.3 —
500.0 491.6+153 88.8+3.3 496.3 + 8.5 89.5+4.0
Soil 6 0.0 31.5+£33 - 334459 -
500.0 4909+94 93.2+2.4 491.5+4.8 91.6+2.0

ND = Not detected

A comparative study of different uPADs from the literature is presented in

Table 14, showing that the molybdenum blue method combined with stannous

chloride described here has advantages such as: 1) a wide range and good detection

limit; 2) a shorter reaction time (10 min); 3) a stability better than ascorbic acid in the

reducing layer (23); and 4) more simple, cost-effective, and rapid.
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Table 14 Comparison of the features of the proposed pPADs with those of other

reported methods for phosphate determination

Colorimetric Sample Linear range LOD Reaction time Reference
assay (min)

Molybdenum blue Water 02-10mg L™ 0.05mg L’ 40 (23)
method combined
with ascorbic acid
Molybdenum blue Vegetable - 0.86 pg mL”’ 30 (158)
method combined
with ascorbic acid
Molybdenum Water 1-20 mg mL™ - — 211
yellow method
Molybdenum blue Seawater 1-10 mg kg 1.3 and 2.8 4 212)
method combined mg kg™
with ascorbic acid
MS-AgNPIS Soil and water  1-30 mg L™ 033 mg L™ 3 (159)
Molybdenum blue Soil 0.540mgL"  025mgL’" 10 This work

method combined
with stannous

chloride

Conclusions

A novel hydrophobic material for the fabrication of a 3D PAD was proposed
by using epoxy resin, in conjunction with the screen-printing method. The fabrication
was performed by using a single process at room temperature, which did not require
complicated and expensive instruments. This method was simple, fast, solvent free,
inexpensive, and had a high production rate. The use of a 3D PAD for the colorimetric
detection of phosphate in soil samples has been demonstrated herein by carrying out
the molybdenum blue method. The results of the 3D PAD were compared to the

spectrophotometric method and good agreement was observed. Therefore, the
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developed molybdenum blue method with reducing agent stannous chloride can be
used as an alternative method to the existing one for phosphate determination
involving reducing agent, ascorbic acid (23). The developed 3D PAD is simple, fast,
portable, and disposable.



CHAPTER VI

INDIRECT DETERMINATION OF POTASSIUM BY EXTRACTION
WITH DIBENZO-18-CROWN-6 AND CALMAGITE USING
PAPER-BASED PLATFORM IN CONJUNCTION WITH
SMARTPHONE

Introduction

Potassium (K) is an essential nutrient for healthy growth, development of
plants, and one of the three main macronutrients together with nitrogen and
phosphorus (213-215). It plays a vital role in plant physiological and metabolic
processes including photosynthesis, plant growth, metabolism, rate of assimilation,
accumulation of sugars, and provides resistance against biotic and abiotic stresses
(216-217). Potassium exists in soil in different forms, which are water-soluble,
exchangeable, nonexchangeable, and mineral (218). These four forms of potassium
give a general representation of the potential sources for plant available potassium, but
no distinct boundaries exist among them. The soil solution potassium is readily taken
up by the plants root system, which is readily replenished by soil exchangeable
potassium (219, 220). Non-exchangeable potassium become exchangeable when
solution and exchangeable potassium are depleted by plant removal, leaching, or
exchange reactions with other cations. However, mineral potassium is the major
proportion of total potassium in soils, is regarded as slowly available to plants via
long-term soil weathering (221). Distribution of potassium among mineral forms also
occurs when it is added to the soil as fertilizer, manure, or crop residues.
The requirement of available potassium for most field crops, range from 60 t0120
ppm. The high level of potassium affects the germination of seeds, and inhibit uptake
of other useful minerals, whereas potassium deficiency causes plants to be more
sensitive to drought, frost, high salt content, restricted growth, spotting, curling of
leaves, reduced flowering, low yields and poor quality products (214, 222). Continues
planting, depletes the soils potassium and requires fertilizers to obtain crop yields of

good quality. The application of sufficient quantities of plant nutrients is essential to
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increase agricultural productivity, economic return, and reduce negative environmental
impact. In the effective fertilization of agricultural fields, agriculturists should know
the concentration of soil nutrients before adding fertilizer to meet the nutrition
requirements of the crops. Considering the level of potassium for different crops,
monitoring its content in the soil is necessary to optimize the use of fertilizers.
Therefore, the development of a highly selective test for potassium is extremely
important for soil analysis.

To date, a variety of techniques have been employed to detect potassium,
such as atomic absorption spectroscopy (AAS), inductively coupled plasma mass
spectroscopy (ICP-MS), ion chromatography, UV-Vis spectrometry, and electrochemistry.
However, these conventional methods are complex, time consuming, requires
expensive instrumentation, generally large in size and elaborate laboratory setup.
Therefore, it is necessary to develop new device for potassium detection.
The colorimetric detection method for analytes of potassium has been extensively
used, including the counter ion (223-224), gold nanoparticles (AuNPs) (165, 225-229)
and ionophore (166, 230-232) reaction. For example, Escobar et al. 1989, and
Dadfarnia et al. 1992 (223-224) reported the methods for determination of potassium
by using spectrophotometric method. This method using dibenzo-18-crown-6, and
counter ion (bromothymol blue and camagite) for determination of potassium and its
application for fruits and beverage, and biological fluids, respectively. Next, Naderi et
al., 2018 (229) developed AulNPs and a cationic dye in an aptasensor system for the
colorimetric detection of potassium, was distinguishable by different colors (between
orange and green) appeared after reaction. Cationic dye acts as a new aggregator for
AuNP based sensors which changes the aggregated AuNP solution color from
blue-purple to green. In the presence of potassium, the aptamer dissociated from the
surface of the AuNP so that free AuNPs and cationic dye make the solution green.
The aptasensor has a wide linear range from 10 nM to 50 mM. Recently, Qiu et al.,
2019 (165) developed a detection method for potassium by using crown ether
(4-aminobenzo-18-crown-6, ABC) modified AuNPs. The sensor exhibited a linear
response to potassium from 0 to 200 pM. Although the colorimetric detection has the
advantage being simple, rapid, and high sensitivity, it has the disadvantages of

requiring synthesis enzymes, complicated operation, and large amount of chemicals.
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Therefore, the development of enzyme-free colorimetric method that use small
amounts of chemicals volume for easy detection of potassium, is still preferred for
field applications.

The purpose of this study was to develop a new and simple colorimetric assay
using a paper-based platform coupled with smartphone for determination of potassium
in soil. The method for the indirect determination of potassium based upon the ion-pair
extraction of potassium ion into dichloromethane by using dibenzo-18-crown-6 and an
excess amount of calmagite as counter ion. When the extraction was complete,
the remaining calmagite in aqueous phase was examined on a paper-based platform
and digitized with a smartphone, without the need of expensive analytical instruments.
A decrease in color intensity for dyes was proportional to the amount of potassium
present. The proposed method is novel, simple, rapid, and require only small volume

of chemicals.

Experimental
1. Chemicals
All chemicals used in the study were analytical grade or better, and
deionized water (DI water) was used in the preparation of all solutions in the
experiments. Potassium chloride was purchased from Ajax (Finechem, Australia).
Dibenzo-18-crown-6 was purchased from Sigma-Aldrich (Castle Hill, NSW,
Australia). Ethylenediaminetetraacetic acid (EDTA) and lithium hydroxide were
purchased from Loba Chemie (India). Acetic acid, glacial was purchased from Macron
chemicals (China). Congo red, malachite, methyl orange, bromophenol blue,
bromothylmol blue, calmagite were purchased from Carlo Erba (Italy).
2. Apparatus
Whatman Grade 1 and Grade 5 qualitative filter paper were purchased
from Whatman International, Ltd. (Buckinghamshire, UK). The stencil screen, made
with polyester fabric on a wooden frame (35 cm x 45 cm) was custom ordered from a
local screen-printing shop (Phitsanulok, Thailand). An Apple iPhone 7S plus with
RGB color value application was used for colorimetric analysis. A photo light box was
made from wood with LED lights (15x15x15 c¢m; width x lenght x height). A shaking

water bath (Daihan Scientific, Switzerland) was used to extract phosphate from soil.
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A synergy H1 hybrid multi-mode microplate reader (BioTex, Vermont, USA) was
used for the reference spectrophotometric method.
3. Preparation of solutions
3.1 Potassium stock solution (1000 mg L™)

The potassium stock solution was prepared by dissolving 0.1912 g of

potassium chloride to 100 mL using DI water in a volumetric flask.
3.2 Potassium standard solution (20~120 mg L")

The potassium standard solution with concentrations of 20, 40, 60, 80,
100, and 120 mg L were prepared by 2, 4, 6, 8, 10, and 12 mL of 100 mg L!
potassium standard solution to 100 mL using DI water in a volumetric flask,
respectively.

3.3 Dibenzo-18-crown-6 (0.1-0.8% w/v)

The dibenzo-18-crown-6 with the concentrations of 0.1, 0.2, 0.4, 0.6,
0.8, 1.0% w/v were prepared by dissolving 0.10, 0.20, 0.40, 0.60, 0.80, 1.00 g of
dibenzo-18-crown-6 in 100 mL of dichloromethane.

3.4 Bromothylmol blue (0.04% w/v)

The bromothylmol blue with the concentration of 0.04% w/v was
prepared by dissolving 0.04 g of bromothylmol blue in 10 mL of ethanol and diluting
to 100 mL with DI water.

3.5 Calmagite (0.02% w/v)

The calmagite with the concentration of 0.02% w/v was prepared by
dissolving 0.02 g of calmagite in 10 mL of ethanol and diluting to 100 mL with DI
water.

3.6 Buffer pH 3.5

Buffer with a pH of 3.5 was prepared by mixing EDTA (0.20 g),

lithium hydroxide (0.22 g) and glacial acetic acid (1.80 ml) in 100 mL DI water.
3.7 BufferpH S

Buffer with a pH of 5 was prepared by mixing EDTA (0.20 g), lithium

hydroxide (0.48 g) and glacial acetic acid (1.3 ml) in 100 mL DI water.
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4. Preparation of the paper-based platform
The pattern was first designed using the Microsoft word software (Figure
61). The filter paper was placed under the blocking stencil, and then 20 mL of the
solution of epoxy resin in curing agent at 2:1 v/v was poured onto the stencil and
distributed using a squeegee. The epoxy resin solution needed to penetrate to the
bottom of the filter paper. The patterned papers were then curing at room temperature

for overnight. After curing, the patterned papers were ready to use.

0.6 cm ——t—bp-

=~ 4.5 em

3.5cm

Figure 61 Pattern of paper-based platform

5. Optimization of ion-pair extraction conditions

The objective of this part of the work was to investigate the effect of the
variables that impose on the ion-pair extraction process involved in the indirect
determination of potassium. The four parameters are the selection of counter ion, pH
of solution, concentration of dibenzo-18-crown-6, and the reaction time, were
optimized to provide the lowest values of color intensity of remaining dyes in aqueous.

5.1 Selection of counter ion
300 pL of 20 and 120 mg L™ potassium were added to 300 pL of each
buffer with a pH of 3, 5, and 7. Then, 300 pL of 0.1% w/v dibenzo-18-crown-6, and
100 pL of 0.04% w/v congo red, malachite, methyl orange, bromophenol blue,
bromothylmol blue, and calmagite were added. The solutions were shaken, then the

water phase was allowed to separate from the organic layer for 10 minutes.
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5.2 pH of solution

For bromothylmol blue; 300 pl of potassium solution at
concentrations of 20, 40, 60, 80, 100, and 120 mg L were added into 300 pL of the
buffer with a pH of 3, 3.5, 4, 4.5, 5, 5.5, and 6. Then, 300 uL of 0.1% dibenzo-18-
crown-6 and 100 pL of 0.04% w/v bromothylmol blue were added. The solutions were
shaken, then the water phase was allowed to separate from the organic layer for 10
minutes. After that, the water phase was measured at 430 nm by using a
spectrophotometer.

For calmagite; 300 pL of potassium solution at concentrations of 20,
40, 60, 80, 100, and 120 mg L were added into 300 pL of the buffer with a pH of 3,
3.5,4,4.5,5,5.5, and 6. Then, 300 pL of 0.1% dibenzo-18-crown-6 and 100 pL of
0.02% w/v calmagite were added. The solutions were shaken, then the water phase
was allowed to separate from the organic layer for 10 minutes. After that, the water

phase was measured at 530 nm by using a spectrophotometer (Figure 62).

St
// 4
/ / Counter ion
%

— ] ]

96 Well  Spectrophotometer
Dibenzo 18-crown-6
in dichloromethane

Figure 62 Process for the detection of potassium by using spectrophotometric method

5.3 Concentration of dibenzo-18-crown-6
For bromothylmol blue; 300 upl. of potassium solution at a
concentration of 120 mg L' was added into 300 pL of the buffer with a pH of 5.
Then, 300 pLl. dibenzo-18-crown-6 with concentrations in the range of 0.025-1.0% w/v

and 100 pL of 0.04% w/v bromothylmol blue were added. The solutions were shaken,
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then the aqueous phase was allowed to separate from the organic layer for 10 minutes.
After that, the aqueous phase was measured at 430 nm by using a spectrophotometer.
For calmagite; 300 pL of potassium solution at a concentration of
120 mg L™ was added into 300 pL of the buffer with a pH of 3.5. Then, 300 uL
dibenzo-18-crown-6 with concentrations in the range of 0.025-1.0% w/v and 100 puL
of 0.02% w/v calmagite were added. The solutions were shaken, then the water phase
was allowed to separate from the organic layer for 10 minutes. After that, the water
phase was measured at 530 nm by using a spectrophotometer.
5.4 Reaction time
The experiments were carried out according to the procedures
described in section 5.3, with the reaction times of 5, 10, 15, 20, 30, 40, 50, and 60
minutes. The dibenzo-18-crown-6, and bromothylmol blue were set at 0.2% w/v, and
0.4% wlv, respectively, whereas the dibenzo-18-crown-6, and calmagite were set at
0.8% wi/v, and 0.02% w/v, respectively.
6. Interference |
The experiments were carried out using 300 UL of 100 mg L” NaCl,
CuNO3;, PbNO;, FeNOs, and MnNO; according to the procedures described in section
5.3, under optimum conditions.
7. Application to paper-based platform with smartphone readout
The proposed method for potassium detection was applied to paper-based
platform couple with smartphone. The validation parameters included linearity, LOD,
LOQ, precision, and accuracy, were evaluated under selected conditions.
7.1 Linearity
For bromothylmol blue: 300 pLl. of potassium standard solution at
concentrations of 20, 40, 60, 80, 100, and 120 mg L were added into 300 pL of the
buffer with a pH of 5. Then, 300 pL dibenzo-18-crown-6 with concentrations in the
range of 0.2% w/v and 100 pL of 0.4% w/v bromothylmol blue were added. The solutions
were shaken, then the aqueous phase was allowed to separate from the organic layer
for 10 minutes. After that, 5 pL of aqueous phase were dropped onto the circular areas
on the paper-based platform, then photographed with a smartphone (iPhone 7s plus,
Apple Inc.) in a photo light box. The images were then imported to RGB color value



108

software for measurement of their mean color intensities. A graph was produced to plot
the linearity between the color intensity and the concentrations of potassium.

For calmagite: 300 pL of potassium standard solution at concentrations
of 20, 40, 60, 80, 100, and 120 mg L' were added into 300 pL of the buffer with a pH
of 3.5. Then, 300 pL dibenzo-18-crown-6 with concentrations in the range of
0.8% w/v and 100 pL of 0.02% w/v calmagite were added. The solutions were shaken,
then the aqueous phase was allowed to separate from the organic layer for 10 minutes.
After that, 5 pL of aqueous phase were dropped onto the circular areas on the
paper-based platform, then photographed with a smartphone (iPhone 7s plus, Apple
Inc.) in a photo light box. The images were then imported to RGB color value
software for measurement of their mean color intensities. A graph was produced to
plot the linearity between the color intensity and the concentrations of potassium

(Figure 63).

// Counter ion

/

. 7 Paper-based Smartphone for Image analysis
Dibenzo 18-crown-6 platform  capturing image by RGB
in dichlorometane color value

Figure 63 Process for the detection of potassium by using paper-based platform

with smartphone readout

7.2 LOD and LOQ
The experiment was carried out according to the procedure as
described in a section 7.1 under optimum conditions. The DI water was analyzed by
using calmagite as counter ion in 10 replicates. The SD of the response and the slopes

of the concentration curves of the calibration curves were used to estimate the LOD

(3o/slope) and LOQ (100/slope).
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7.3 Precision
Evaluation of method repeatability (intraday precision) and

reproducibility (interday precision) were performed. The potassium standard solution
at the concentrations of 20, 60, and 100 mg L was analyzed. The experiment was
carried out according to the procedure described in a section 7.1 under optimum
conditions. Intraday precision was determined from six replications within 1 day, and
the interday precision was analyzed in six replications on 5 days.

7.4 Accuracy and Recovery

Accuracy was evaluated across the specified range of the analytical
procedure by a recovery study. The standard solution of the potassium was spiked into
the soil samples extract in triplicate. The experiment was carried out according to the
procedure described in a section 7.1 under optimum conditions. The recovery was
determined as follows: (total potassium amount — original potassium amount in real
sample)/potassium amount of added.
8. Application in real samples

The paper-based platform was applied to the determination potassium in
soil. Seven soil samples were collected from rice fields in five provinces of Thailand:
Phitsanulok, Sukhothai, Khamphaeng Phet, Sa Kaeo, and Ubon Ratchathani. All soil
samples were dried in the open-air to remove the moisture, and then sieved to a particle
size of 2 mm.

To validate the accuracy of the proposed method, 5.0 g of the soil sample
was added in 7 centrifuge tubes. Then, 6 of the 7 samples were spiked with 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 mL of potassium standard solution to achieve concentrations of
20, 40, 60, 80, 100, and 120 mg L respectively. After that, adjusted to 25 mL of DI
water and shaken for 15 min. The mixture was filtered through a filter paper
(Whatman #5). The filtrate was then carried out according to the procedure as
described in a section 7.1. The results from the paper-based platform were compared

to spectrophotometry.



110

esults and discussion

The indirect determination of potassium based on the ion-pair extraction of
potassium ion into dichloromethane by using dibenzo-18-crown-6 and an excess
amount of dyes (bromothymol blue or calmagite) as counter ion. It is well known that
K", which has a radius of 133 pm, fits very well into the cavity of 18-crown-6 (233).
While in the presence of potassium and dibenzo-18-crown-6, K' can be well chelated
with dibenzo-18-crown-6. Then when an excess dye was added, ion-pair formed
between the positively charged of dibenzo-18 crown-6 - K complex and dye anion
through the electrostatic attraction and anion—= interactions (233), as shown in
equation 16, and extracted into dichloromethane. When the extraction was complete,
the remaining dye in aqueous phase was examined on a paper-based platform and
digitized with a smartphone. A decrease in color intensity for dyes was proportional to

the amount of potassium present, allowing the amount of potassium to be calculated.

electrostatic attraction . )

(\0/\/‘/ \anion- 7 mferactions
4 \

1S S8\

l‘\/ [16]

X = bromothylmol blue or calmagite

1. Effect of selection of counter ions

Several colored dyes, including congo red, malachite, methyl orange,
bromophenol blue, bromothylmol blue, and calmagite, were used as counter ions.
As shown in Table 15, the color intensity of congo red, malachite, methyl orange and
bromophenol blue in both aqueous and organic phase with concentration of 20 and
120 mg L™ at all the pH levels, did not change when compared with the blank one.
While the color intensity of bromothylmol blue and calmagite changed at pH 3, 5, and
7. Therefore, bromothymol blue and calmagite, which are the anionic chromophoric
reagents, were studied as counter ion for the ion pair extraction of potassium using

dibenzo-18 crown-6.
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Table 15 Comparison of potassium detection results by using varied counter ions at

various pH levels

Counter ions pH3 pHS pH 7
Blank 20 120 Blank 20 120 Blank 20 120

Congo red

Malachite

Methyl orange

Bromophenol blue

Bromothylmol blue

Calmagite

2. Effect of pH
Dibenzo-18-crown-6 have been reported to be proton complexing agents
and this, together with the fact that bromothylmol blue and calmagite behaves as a
weak acid, probably explains the influence of pH on the absorbance of the
dichloromethane extract. Therefore, the optimum pH for the extraction of potassium
with dibenzo-18-crown-6 and counter ion (bromothylmol blue or calmagite) was
investigated. In the course of the experiment, the pH value of the solution was first

adjusted to a range of 3-6. Then, a certain amount of dibenzo-18-crown-6 solutions
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and counter ions (bromothylmol blue or calmagite) were added into the potassium
solutions with different pH values, and the reaction time lasted for 5 min.
The absorbance of remaining dye in aqueous phase was measured by
spectrophotometer for indirect determination of potassium. A graph plotted between
absorbance and concentrations of potassium were constructed to find the linearity.
The obtained linearity and correlation coefficient are shown in Table 16. When the pH
is 5, and 3.5 for bromothymol blue and calmagite, respectively, the results showed the
highest linearity. Therefore, a pH of 5 and 3.5 was chosen as the optimal for the
detection of potassium by using bromothylmol blue and calmagite, respectively.

Table 16 The effect of pH on linearity of potassium

pH Bromothylmol blue Calmagite
3 y = -6E-06x + 0.0625 y =-0.001x + 0.5889
R2=10.0021 R?=0.6926
3.5 y =-0.0001x + 0.0731 y =-0.0013x + 0.6186
R2=10.6791 R2=0.9935
4 y =-0.0002x + 0.0844 y = -0.0009x + 0.5994
R2=0.8437 R2=0.8161
4.5 y =-0.0009x + 0.1642 y =-0.001x + 0.6278
R2=0.9511 R2=0.5357
5 y =-0.001x +0.1773 y =-0.0011x + 0.6506
R?=10.9858 R2=10.7567
5.5 y =-0.001x + 0.1818 y =-0.001x+ 0.6718
R?=0.9785 R2=0.6863
6 y =-0.0011x + 0.2017 y =-0.0017x + 0.7059
R2=0.8841 R2=10.9772
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3. Effect of the dibenzo 18-crown-6 concentrations

The concentration of dibenzo-18-crown-6 for the extraction of potassium
was varied from 0.025 to 1% w/v. Figure 64 shows how increasing dibenzo-18-crown-6
concentration caused decreasing absorbance of remaining dye in aqueous phase down
to 0.2 and 0.8% w/v for bromothymol bue and calmagite, respectively.
A high concentration of the crown ether required for efficient extraction of potassium
due to the formation of a relatively weak complex between dibenzo-18-crown-6 and
potassium. Consequently, a higher concentration of the crown ether is needed to push
the complex formation equilibrium to completion (224). Therefore, 0.2 and 0.8% w/v
dibenzo 18-crown-6 were selected to be the optimal conditions for bromothymol blue

and calmagite, respectively.
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Figure 64 The effect of dibenzo-18-crown-6 concentrations

4. Effect of the reaction time
The effect of reaction time was also investigated, as shown in Figure 65.
The absorbance of remaining dye in aqueous phase was observed to stabilize in about
5 min, and then became invariable. Therefore, the optimized reaction time selected

was 5 min for potassium determination, using both bromothylmol blue and calmagite.
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Figure 65 The effect of the reaction time

Under optimum ion pair extraction conditions, bromothymol blue and
calmagite were used for the determination of potassium at pH 5 and 3.5, respectively.
The optimum concentration of dibenzo-18-crown-6 was found to be 0.2 and 0.8% w/v
for bromothymol bue and calmagite, respectively. The analysis of the reaction using
this method was obtained in 5 min.

5. Effect of interference

In order to evaluate the selectivity of the detection system, the response of
the detection to potassium was compared with five other ions, that were Na®, Cu2+,
Pb2+, Fez+, and Mn>" under the optimal experimental conditions. Furthermore, some
transition metals could be eliminated by the addition of a masking agent such as
EDTA as reported by other studies (223), therefore EDTA was added into the solution
to mask transition metals. The absorbance of bromothymol blue and calmagite with
and without EDTA are shown in Figure 6.6, compared with the blank one and other
ions.

For bromothylmol blue (Figure 66A): three ions, Pb**, Fe**, and Mn**
changed the color of bromothymol from high color intensity to colorless, when
without EDTA. However, with EDTA adding, the results showed that no significant
change in the color intensity resulted for any of the ions. The one-way ANOVA
showed that no significant change in the absorbance resulted for Na', Cu2+, Pb2+, Fe?*,

and Mn®" of the ions compared with the blank one, when added EDTA.
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For calmagite (Figure 66B): four ions, Cu®", Pb**, Fe**, and Mn*" changed
the color of calmagite from high color intensity to weak color intensity, when without
EDTA. However, with EDTA adding, the results showed that no significant change in
the color intensity resulted for any of the ions. The one-way ANOVA showed that no
significant change in the absorbance resulted for Na®, Cu®, Pb2+, Fez+, and Mn?" of
the ions compared with the blank one, when added EDTA. Therefore, additional
masking reagents, suéh as EDTA, are needed to eliminate the ions interference in the

soil samples that contain high transition metals in its matrix.
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Figure 66 The effect of interfering ions with and without EDTA from the

reaction of A) bromothylmol blue, and B) calmagite
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6. Paper-based platform in comjunction with smartphone for potassium

determination

A paper-based platform coupled with smartphone was applied for
determination of potassium, instead of spectrophotometric method. The solutions of
aqueous phases were dropped on the paper-based platform, and then digitized and
analyzed with a smartphone. This method is fast, low-cost, portable with high
sensitivity, and does not require any complicated equipment.

For bromothylmol blue: the linear range between 20-120 mg L' was
y = 0.2176X + 213.2667 with a correlation coefficiency (R?) of 0.7125 as shown in
Figure 67A. It can be inferred from the calibration curves that the bromothymol blue
has a less defined slope and a low correlation coefficiency, which is not acceptable,
because there is a weak color change on the paper-based platforms.

For calmagite: the linear range between 20—120 mg L" wasy=0.6919X +
172.9556 with a correlation coefficiency (R*) of 0.9906 as shown in Figure 67B.
The detection limit was determined to be 5.4 mg L™, and the limit of quantification was
found to be 18.0 mg L. To evaluate the precision of the paper-based platform,
intra-repeatability (n = 6) and inter-reproducibility (5 days) were measured, both using
a potassium concentration of 20, 60, and 100 mg L, and expressed as %RSD.
The percentage values of RSD for repeatability and reproducibility were 2.02-3.51%
and 2.42-3.86%, respectively, indicating high precision.
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Figure 67 Calibration curve of potassium by using a paper-based platform:

A) bromothylmol blue B) calmagite

7. Sample analysis
To assess the accuracy of the developed method, seven soil samples were
analyzed by the paper-based platforms and the spectrophotometer method. In this
study, 50 mg L' of standard solution of potassium was added into the soil samples.
The concentrations of potassium in the soil samples were obtained by calculation,

which were then compared with the results of the spectrophotometer method.
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The detailed results are shown in Table 17. It was found that the results detected by
both methods were similar, and the recoveries were in the range of 83.8-117.4%
which exhibited precisions of RSD in the range of 0.28-0.85%. Therefore, our
developed method can be used for rapid colorimetric detection of potassium in soil
samples. In order to validate the proposed method, a comparison between both the
methods was carried out, by using the paired t—test, which proved that there was no
significant different between them (tya = 0.37, teriticat = 2.31), with a confidence level
of 95%. Therefore, the paper-based platform associated with smartphone detection is
reliable and considered as a promising method for potassium determination in soil

samples.

Table 17 Comparison of potassium detection results from soil samples using the

paper-based platform versus the spectrophotometric method

Sample Added Paper-based platform Spectrophotometric method
(mg kg'l) Found Recovery Found Recovery
(mg kg (%) (mg kg™) (%)

Soil 1 0.0 ND — 16.2+9.4 —
250.0 2822+7.2 1129+2.9 2724+ 6.7 102.5+2.2

Soil 2 0.0 ND — 21.7+£5.2 -
250.0 2822+72 1129+29 294.0+ 7.5 108.9+1.9

Soil 3 0.0 ND - 26.6 £7.3 -
250.0 2942+ 11.0 117.7+44 271.7+4.8 98.1+4.7

Soil 4 0.0 34+42 — 32.8+10.5 —
250.0 296.6+72 105.0+1.7 282.2+10.5 99.7+4.2

Soil 5 0.0 55.7+11.0 - 48.1 + 8.3 -
250.0 2653 +4.2 83.8+2.9 282.8 + 8.7 93.9+2.6

Soil 6 0.0 ND - 26.6 + 8.4 —
250.0 2846+83  113.8+33 286.7 + 8.1 104.0+ 4.5

Soil 7 0.0 ND - 19.7 +£5.2 -
250.0 270.1+11.0 108.0+4.4 2794+ 6.3 103.9 + 2.1
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A comparative study of different methods from other studies is presented
in Table 18, showing that the proposed method described here has advantages such as:
low detection limits, fast, easy to use as well as the only materials needed are paper-

based platforms, and a smartphone.

Table 18 Comparison of the features of the proposed method with those of other

reported methods for potassium determination

Methods Sample Linear range LOD Reaction time Reference
(min)

Crown ether Urine 0-200 pM 5.24 yM 20 (165)
modified Au NPs
sensor
Potassium Human serum  0.1-5.0 mM 0.1 mM 5 (166)
ionophore I based
on uPADs
Aptamer- Urine 5nM - 1uM 5 nM - (228)
functionalized gold
nanoparticles
Gold nanoparticle Urine 10 nM — 50 4.4 nM 45 (229)
aggregation-based mM
aptasensor
lonophore-Based Human serum — 4.38 mM 30 (232)
Titrimetric
Paper-Based Fluids and 104 -10"M 10*M 15 (234)
Potentiometric fon  environmental
Sensing or industrial
Dibenzo-18-crown- Soil 20-120mg L' 541 mgL’” 5 This work

6 and counter ion
based on paper-

based plat form
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Conclusions

A simple indirect method base on the ion-pair extraction of potassium ion
into dichloromethane by using dibenzo-18-crown-6 and an excess amount of calmagite
as counter ion was combined with a paper-based colorimetric assay for determination
of potassium. Colorimetric change of calmagite has been effectively integrated with
smartphone assisted RGB color value application. Samples with transition metal
matrix had no significant effect on the potassium determination, and satisfactory
results in terms of precision, accuracy, and recovery were achieved by the developed
method in real soil sample analysis. The proposed method has the advantage of being
simple, fast, portable, user-friendly, inexpensive, very low consumption of sample and
reagents in micro amounts, and miniaturization of the method for on-site
determination of potassium, compared to methods that require expensive
instrumentation. This has tremendous potential in the field of agriculture and can be

utilized in a wide range of other applications.



CHAPTER VII

CONCLUSIONS

Conclusions

In this study, four (microfluidic) paper-based analytical devices were
developed for the detection of primary macronutrients in soil including nitrate,
ammonium, phosphate, and potassium. The fabrication method using a simple,
inexpensive screen-printing method together with new hydrophobic materials was
presented.

In the first part of this study, the fabrication of a microfluidic paper-based
device for the detection of nitrate, was produced from beeswax which is a new
environmentally friendly hydrophobic material with the screen-printing method.
This method provided a well-defined hydrophobic barrier with an efficient resolution,
good reproducibility and high stability without requiring organic solvents or
complicated instruments. The uPAD was successfully applied to determined nitrate in
soil samples, using the Griess reaction and VCl; for the colorimetric assay.
Consequently, the analytical results obtained by the pPAD were in good agreement
with those obtained by the spectrophotometric method. Therefore, this beeswax
screen-printing method provides an alternative and inexpensive fabrication method for
uPADs. The proposed pPAD, which is probably first used for the detection of nitrate
in soil, is advantageous as a lower cost, simple, shorter detection time, and
environmentally friendly device.

In the second part of this study, UV resin was used as a new hydrophobic
material for the fabrication of 3D PADs. The advantages of using the UV resin are that
it is commercially available, inexpensive, easy to use with a low toxicity, and delivers
fast cure at room temperature. The PADs produced by this method were applied by
carrying out the modified Berthelot reaction for colorimetric determination of
ammonium, in which sodium salicylate and dichloroisocyanurate are used instead of
toxic phenol and unstable hypochlorite, respectively. The developed 3D PAD , which

is probably first used for the detection of ammonium in soil, was applied for the
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determination of ammonium in soil samples, and no significant differences in the
analytical results were observed compared to the spectrophotometric method.
The developed 3D PAD exhibited rapid results, inexpensive, low consumption of
reagents, and simplicity, in that it does not require instrumentation for the read-out.

In the third part of this study, a one-step fabrication method for pPAD, using
epoxy resin, as new hydrophobic material, in conjunction with the screen-printing
method was described. This method was simple, fast, solvent and instrument free, and
had a high production rate. The use of a pPAD for the colorimetric detection of
phosphate, was analyzed by using the molybdenum blue method with reducing agent
stannous chloride which is more stable than ascorbic in previous work. The results
obtained by the proposed method were in good agreement with those of the
spectrophotometric method. These pPADs have the advantage of being cost effective
simple, and wide operating range, which makes it suitable for the determination of
phosphate in soil samples.

The (WPADs were successfully developed by using new hydrophobic
materials in conjunction with the screen-printing method. The beeswax is easy to
make, inexpensive, and it is environmental friendly. UV resin are commercially
available, inexpensive, easy to use with a low toxicity, and delivers fast cure at room
temperature, Moreover, the epoxy resin was performed by using a single process at
room temperature, which did not require complicated and expensive instruments.
It has resistance to variety of chemicals and solvent free.

Finally, an indirect method for the determination of potassium, based on the
ion-pair extraction using dibenzo-18-crown-6 and calmagite as the counter ion was
described. When the extraction was complete, the remaining calmagite in aqueous
phase was examined on a paper-based platform and digitized with a smartphone,
allowing the amount of potassium to be determined. The proposed indirect method for
potassium analysis is selectivity and simple, and specific compounds does not require.
In addition, the developed analytical platform is rapid, cost-efficient, and potentially
applicable at the point-of-need. The proposed approach was successfully applied to the
detection of potassium in soil samples.

The summarize of the analytical performances of four developed methods for

primary macronutrients, are described in Table 19.
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Table 19 Summarize of the analytical performances of the four developed methods

Nutrients Nitrate Ammonium  Phosphate Potassium
Fabrication Beeswax UV resin Epoxy resin  Epoxy resin
methods screen-printing screen-printing screen-printing screen-printing
method method method method
Reaction time 10 5 10 5
(min)
Linearity (mg L™) 0.5-40 10-100 0.5-40 20-120
Calibration curve y=2.2341x y=0.8343x+ y=2.6426x y=0.6919x
+26.998 32.691 +14.6123 + 172.9556
R? 0.9924 0.9963 0.9920 0.9906
LOD (mg L) 0.41 0.50 0.25 5.41
LOQ (mgL™) 1.35 1.65 0.83 18.03
Intraday (%) 1.50-2.16 - 1.57-2.58 1.52-2.46 1.50-2.16
Interday (%) 1.15-2.24 1.86-3.81 1.89-2.74 1.15-2.24
Recovery (%) 88.4-99.8 95.5-107.5 88.8-101.0 83.8-117.7

Future works

An interesting topic for future work is the development of (W)PADs for the

simultaneous detection of nitrate, ammonium, phosphate, and potassium in soil

samples. In addition, further development of these (u)PADs as a simple, sensitive, and

easy-to-use test kit are required to make them fully functional for Thai farmers.
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