CHAPTER 3

SMARTPHONE BASED SPECTROSCOPIC SENSING
FOR ESTIMATION OF PH LEVEL AND TOXIC METAL
[ONS IN SOIL

This chapter outlines the development of a spectroscopic based sensing platform using
a smartphone. The developed sensor has been utilized for estimation of pH level in
soil. The importance of monitoring pH value in soil is also included in the chapter.
Further, the applicability of the developed sensor has been demonstrated for localized
surface plasmon resonance (LSPR) based sensing. The quantitative estimation of two
metal ions namely arsenic and lead in soil using the synthesized gold nanoparticles on a
smartphone platform has been discussed. The feasibility of the developed sensing plat-

form has been verified by comparing the experimental results with laboratory-grade tool.

3.1 Introduction

In agriculture, the pH value of soil determines the yields of good quality crops. Soil
pH is a critical parameter for all chemical and biological processes [1]. The pH
value of soil provides information not only about its acidity or alkalinity but also
on metal solubility, nutrient availability, and microorganism activity [2, 3]. A small
change in pH value (0.1 units) can affect the soil’s biological or chemical process [4].
Thus, a precise estimation of pH value in soil is essential to improve the productivity
and management of agricultural farmland. Different techniques, such as colorimet-
ric, spectrometric, electrochemical, are available to measure the soil’s pH value [5].
Conventional methods of soil pH measurement, such as glass electrodes, have some

inherent limitations [6]. For instance, the existence of asymmetry potentials in the
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electrode junction may result in an error in pH value [7, 8]. Both colorimetric and
spectrometric methods involve pH-sensitive dye. Earlier, the soil pH measurement
was done by adding a single pH indicator dye or a mixed indicator dye into soil
extracts, and the developed color was compared visually to a standard color chart
[9, 10]. The colorimetric method has a very low accuracy (+0.5 pH units) due to
the usage of standard color charts. Again, the spectrometric methods require optical
tools that are bulky, costly, and, in general, are laboratory-confined [11-13].

Again, heavy metal contamination in agricultural soils is a significant environ-
mental issue that adversely affects the crop development and human health which
might enter to our body through the food chain. The contamination of heavy metals
in soil is primarily increased by chemical waste from industries, and the exploitation
of chemical fertilisers and pesticides. Arsenic (As) is one of the toxic elements present
in water and soil which has dangerous impacts on human life [14]. It has four po-
tential oxidation states (3, +3, 0, and +5) out of which As(III) is considered as the
most hazardous one due to its carcinogenic tendency [15]. Consumption of As(III)
could lead to various diseases like peripheral vascular disorder, keratosis, diarrhea,
abdominal pain and different types of cancer etc. [16-18]. Lead (Pb) is another toxic
heavy metal present in the crust of the earth, water, and soil that may possibly harm
every system in the human body, including the reproductive, nervous, hematopoi-
etic, hepatic, and renal systems [19, 20]. Due to the harmful impacts of As and Pb in
human health, monitoring of these toxic pollutants present in different sources is of
utmost importance. Different regulatory organisations have issued permissible limit
for certain toxic pollutants in water and soil medium. The world Health Organization
(WHO) has set the limit for As as 10 ppb in drinking water [21]. The Environmental
Protection Agency (EPA) has set a hazardous limit for Pb in drinking water as 15
ppb [22]. As(III) is mostly found in soil medium contaminated from waste water.
Although geographical differences affect the amount of As(III) present in soils, the
average As value present in soil is 5 mg/kg i.e. 5 ppm [23]. Naturally, low quantities
of Pb are present in soil. The amount of Pb present in agricultural soil ranges be-
tween 15 and 40 ppm [24]. Therefore, it is crucial to identify As(III) and Pb(II) in
soil to prevent these pollutants from entering into the food chain.

In this chapter, the development and application of smartphone as a spectrometric
sensing tool has been demonstrated for detection of pH value and toxic metal ions
in soil. In the first part of the chapter, design of the spectrometric sensing tool on
a smartphone platform has been demonstrated. The transmission signal intensity of
captured by the rear camera of the smartphone has been utilized for spectrometric
based sensing of pH value in soil. In the next phase, the applicability of the designed
spectrometric sensing tool has been explored for localized surface plasmon resonance

(LSPR) based detection of hazardous metal ions (arsenic and lead) present in soil.
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The detailed methodology of estimation of the metal ions based on the LSPR shift

of gold nanoparticles has been demonstrated in section 3.3 of the chapter.

3.2 Design of smartphone-based spectrometric sen-

sor for accurate estimation of pH value in Soil

Considering the need of an alternative pH sensing tool, this section of the thesis
describes the development of a spectrometric tool on a smartphone platform that
is low-cost, robust, and easily portable to estimate pH value in soil with a good
degree of accuracy and reliability. A 3D printed cradle has been developed to hold
the optical components which can be attached easily to the phone as a plug and play
device. The performance of the designed smartphone sensor has been compared with a
laboratory-grade spectrometer. The designed tool has been successfully implemented
while measuring the pH value of different field-collected soil samples. The various
stages of developing the proposed smartphone spectrometric tool are described in the

following subsections.

3.2.1 Materials and methods

3.2.2 Preparation of the standard solutions and reagents

To investigate the optical response over a wide range of pH values in the range 4 to
10, we choose a universal indicator dye (product no. Q38126) procured from Thermo
Fisher Scientific India as a pH-sensitive dye. Buffer solutions of pH values 4, 7, and
9 (Merck, India) have been used as standard pH media. Also, buffer solutions of
varying pH values of 5, 6, 8, and 10 were synthesized in the laboratory following the
standard procedure [25]. Using a standard pH meter (Cyber Scan pH 700), all the
seven samples were measured to ensure the correct pH values of the samples. 3mL
each of the pH buffer samples has been treated with 60 pul universal indicator dye to
get various colored pH media. The photo image of the universal dye treated standard

pH samples is given figure 3.1.

3.2.3 Soil sample collection and extraction procedure

Six field-collected soil samples have been acquired from the Department of Environ-
mental Science, Tezpur University to demonstrate the applicability of the proposed
tool. The samples were collected from various locations of West Bengal, India. The
soil samples were air-dried and sieved to obtain a size (< 2-mm) for further use.

Soil extracts were prepared from each soil in the ratio of 1:2.5 w/v (10 g soil/25
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Figure 3.1: Photo images of cuvette containg standard pH samples in the pH range
4-10 treated with universal pH indicator dye.

mL water). The soil solutions were shaken for one hour on an orbital shaker to mix
well, centrifuged at 2000 RPM for 30 min as per standard methods [26]. Following
this step, 15 mL each of the soil extract supernatant was carefully pipetted into a
clean test tube for further use. The pH value of each sample was investigated before
the experiment using a commercially available pH meter. After this step, 3 ml of
each soil sample has been treated with 60 pl of universal indicator dye for immediate

spectrometric analysis.

3.2.4 Design of the sensing setup

Prior to designing of the sensing setup, the optical elements have been mounted in
an optical breadboard and measured the focal length of the lenses for the precise
alignment of the optical components. The measured data has been used to design
the lens holders and adapters using a 3D modeling software- "ZW3D”. The designed
parts have been fabricated in a 3D printer- "Raise3D”, having 10-Micron Layer Res-
olution. Using high resolution 3D printing technology, lens holder, sample holder
and adapters with precise dimension can be fabricated. After fabrication, the op-
tical components have been placed in exact measured position of the 3D printed
holders and can be attached and aligned with each other in order to achieve a pre-
cise opto-mechanical alignment.The schematic of the proposed smartphone sensor is
shown in figure 3.2(a). A broadband optical source having a tungsten halogen light
from Ocean Optics (Model: LS-1) has been used in the present study, which emits
wideband continuous wavelengths in the range 360-2000 nm. The light signal from
a broadband optical source is allowed to pass through a pinhole of diameter 50 pm.
The emerging light from the pinhole is collimated by using a collimator lens (7 mm
diameter, Edmund Optics) of focal length 11 mm. The collimated light signal then
passes through the sample placed in a quartz cuvette having a dimension 45 x 12.5
x 12.5 mm and an optical path length 10 mm. The transmitted light beam from the

sample is received by a cylindrical lens (12.5 mm diameter, Edmund Optics) with a
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focal length of 50 mm. The emergent light from the cylindrical lens is focused tightly
into a line beam on a piece of DVD that acts as a transmission grating in the present
set-up. The DVD grating disperses the line beam into its component wavelengths,
which has been recorded by the imaging sensor of the phone. The reflective layer
of the DVD has been removed by using an adhesive tape. The grating is placed at
an angle of 47° to the direction of the incoming light so that the first-order diffrac-
tion spectrum is captured by the CMOS sensor (16 MP, 1920 x 1080 pixels) of the
smartphone (Samsung Galaxy C9 Pro). Figure 3.2(b) shows the photo image of the
proposed smartphone sensing set-up. The dispersed spectrum can be seen on the dis-
play panel of the smartphone. The dispersed spectrum image of a broadband optical
source (Ocean Optics, Model: LS-1) collected from DVD based grating element is
shown in figure 3.2(c). The broadband optical source emits wideband of continuous
wavelengths in the range 360-2000 nm. But the phone camera sensor response is
sensitive only in the wavelength range 400 nm to 700 nm due to the involvement
of an infrared (IR) filter in the CMOS sensor chip, therefore, the captured dispersed
spectrum consists of light intensity within the wavelength range 400-700 nm i.e. from
blue to red as given in figure 3.2(c). The SEM image of the DVD grating is shown
in figure 3.3. The track pitch of the DVD is measured to be 0.74 mu m or 1351
lines per mm. By using the standard formula [27], the angular dispersion or change
in diffraction angle per unit wavelength of the grating of the first-order diffraction
is calculated to be 0.00197 rad per nm. The dimension of the compact 3D printed
optical set-up is measured to be 8 mm length, 30 mm breadth, and 30 mm height,
and the weight is approximately 150g, excluding the smartphone.

3.2.5 Calibration of the device

At first, the dispersed spectrum of the broadband source, and two laser pointers green
(529.5 nm) and red (652 nm) were recorded by the smartphone’s camera. Image-
J, a freely available mobile app, has been used to determine pixel positions of the
two laser sources. At first, the pixel intensity distribution along the pixels of the
spectrum images of broadband and laser sources have been plotted by using the
ImagelJ software. The pixel positions of the laser sources have been determined from
the pixel vs intensity plot. After this step, the pixel positions of these laser sources
have been plotted with respect to their corresponding wavelength value. Thus the
pixel based visible spectrum information recorded by the designed set up can be
converted to wavelength scale. Figure 3.4 represents the pixel intensity distribution
of the laser sources (green and red) along with the spectrum of broadband source
measured by the designed smartphone sensing setup. For the designed optical set-

up, the pixel positions for the red (652 nm) and green (529.5 nm) lasers are found to
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Figure 3.2: (a) Schematic of the smartphone-based sensor, (b) photo image of the
designed sensor (c) cropped image of the bare spectrum taken by the designed sensor.
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Figure 3.3: The SEM image of the used DVD grating.
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Figure 3.4: Pixel to wavelength scale conversion using broadband source and two
other laser sources for the designed smartphone-based pH sensor.

be 1272 pixels and 717 pixels, respectively. The difference in pixel number of the two
laser sources (555) has been correalated with the wavelength diffrence (122.5 nm).
Therefore, 1 pixel shift is found to be (122.5/555) i.e. 0.22 nm. Upon converting
the pixel to the wavelength scale, the spectral resolution of the developed sensor
is obtained as 0.22 nm/pixel, which implies for every shift of pixel position, the
wavelength will be shifted by 0.22 nm. The device has been calibrated with standard
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pH samples ranging from 4 to 10 in an incremental step value of 1. An extended pH
range has been considered in the present study to cover a broad soil pH range. The
spectrum image of each dye treated sample has been recorded for ten consecutive
times without removing it from the set-up to determine the transmittance. Upon
recording the images for one sample, its average intensity value has been estimated

and then convert it into the corresponding spectrum using Image-J App.

3.2.6 Spectrometric based pH sensing using smartphone

The characteristic spectra of standard dye treated pH samples have been analyzed to
study the optical response of the designed smartphone-based sensor. Figure 3.5(a)
shows the characteristic plot of the transmittance values recorded by our designed
sensor. The captured spectrum images of each dye treated sample are shown as an
inset in figure 3.5 (a). At 605 nm, the universal indicator dye shows peak transmit-
tance conditions, with value decreasing with the increment of the samples’ pH value.
Although a spectral shift primarily in the wavelength range 500-550 nm has been
occurred due to the change in the sample colour, but the spectral shift is not found
to be correlating with the variation of pH values. However, a drop in the transmission
intensity has been observed in the wavelength range 580-680 nm. This drop in inten-
sity is due to the change in the colors of the pH samples from light pink to dark blue
as shown in figure 3.1 , where the dark coloured samples with pH values absorbs more
light and subsequently transmitting less light from the sample. The peak intensity
variation with the pH values has been observed to be prominent at the wavelength
605 nm. Therefore, the wavelength 605 nm is considered as the peak wavelength con-
dition where the transmission intensity is decreasing with the increase in pH values
for sensing of the pH level in soil medium. The same samples’ transmission plots
have been recorded using a standard spectrophotometer (UV 2450, SHIMADZU).
Figure 3.5(b) shows the characteristic plots of the same samples measured by the
standard spectrophotometer. The detector used in the proposed smartphone based
spectrometer is CMOS camera of the smartphone which is different from the detector
used in standard UV-Visible spectrometer.i.e. a photomultiplier tube. Owing to the
variation of detector characteristic in both the sensing setup, the spectral response of
the universal dye treated pH sample has been found to be different from the standard
UV-visible spectrometer. Also the application that has been used for processing the
data in the smartphone is different from the software that is used in the commercial
grade spectrometer. Therefore, the spectra recorded by the smartphone spectrometer
is not exactly same with the spectra obtained with standard spectrometer. However,
a similar trend of spectrometric intensity variation with the change in the pH value

has been noticed.
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Figure 3.5: Characteristic transmission spectra of universal dye treated standard pH
samples from 4 to 10 as obtained with (a) designed smartphone sensor (b) standard
spectrophotometer.

In both the spectrum, the change in transmittance value at 605 nm is found to
be correlating with the change in pH value. Using 'Origin software,” the regression
analysis of the recorded data at 605 nm has been plotted, as shown in figure 3.6.

From the regression analysis of the recorded data at 605 nm, a good linear fit has been
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observed within the pH range 4 to 10 with a co-efficient of regression R? = 0.96373.
Following calibration equation can be obtained from the regression analysis between

pH value and the normalized transmittance value for our designed sensor:

1545811
- 0.12923

where, I is the normalized transmittance value with respect to the broadband

p (3.1)

source at 605 nm as captured by the designed sensor. By plotting the % transmit-
tance value, the pH value of an unknown sample can be estimated from equation
3.1. As shown in figure 3.5(a), at 605 nm peak wavelength, the designed sensor can
discriminate the sensor response value well in the pH range 4 to 10. However, the
sensitivity of the sensor is observed to be low in the low pH range between 4 and 5
and in the high range between 9 and 10 pH values of the medium. The sensitivity of

the designed sensor is observed to be linear in the pH range 5 to 9 of the sample.

Figure 3.6: Characteristic normalized transmittance plot for standard pH samples
from 4 to 10 obtained with the designed smartphone sensor.

3.2.7 [Evaluation of different sensoristic parameters of the de-

signed smartphone based photometric sensor

Important sensoristic parameters of the designed sensor have been evaluated and
discussed as follows: Sensitivity of a sensor is defined as the change in output for a
unit change in the input [28]. It represents the slope of the calibration curve. From

the characteristic sensor response curve for dye treated pH samples ranging from pH 4
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to 10, the sensitivity for the designed sensing tool is estimated to be 0.129 per pH unit.
Limit of detection (LoD) is another important figure of merit of any sensor. It is
the lowest concentration of an analyte likely to be reliably detected from the analyte
having zero concentration [29]. As per the guidelines of the International Conference
on Harmonization (ICH) [30], the LoD of a sensing system can be estimated from the
following equation:
LoD = 3.3 (3.2)
S
where, o is the standard deviation of the y-intercept of the regression line, and
S is the slope of the calibrated data. By putting the values of o and S in equation
3.2, the theoretical value of LoD of the designed sensor is estimated to be 1.7 pH.
However, the practical value of LoD for the designed tool is found to be 4 pH units.
The performance of the designed sensor has further been evaluated by estimating its
accuracy and precision value. To determine these parameters, we considered three
standard pH samples with pH values 4, 7, and 10 so that it covers the low, medium,
and high pH value within the calibration range. The pH values of these samples were
initially measured with the standard pH meter before we estimate the values with
the designed sensor. Each sample has been measured rapidly for five consecutive
times, and the mean pH value and their respective standard deviation (SD) have
been estimated. The accuracy is expressed as % bias from the calculated mean pH
value as

, Known pH value — Mean pH value
Y%obias =

x 100 3.3
Known pH value (3:3)

The precision is determined in terms of % residual standard deviations (% RSD)

and is given as:

SD

ean

%RSD =

x 100 (3.4)

Table 3.1 shows the mean bias of accuracy of pH values and the mean RSD in precision
for the considered samples. The mean bias accuracy is found to be 0.73%, while the
mean RSD is 1.86%. The lower value of % RSD suggests a high accuracy of the
designed tool while measuring the pH value of the sample.

In the next step, the reproducibility characteristic of the proposed sensor has been
studied. A dye treated medium with a pH value of 5 has been considered as the test
sample. The spectrum images of the sample were captured seven times by inserting
the sample consecutively in the optical set-up. Figure 3.7 shows the characteristic
transmittance plots recorded by the designed smartphone sensor. The transmittance
plots indicate that there is no significant variation in the transmission characteristic

of the sample. This, again, suggests a good degree of reproducibility of the designed
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Table 3.1: Accuracy and precision data for pH value of buffer samples (n=3).

pH value | Mean Standard | Accuracy (% | Precision (%
buffer deviation | Bias) R.S.D)
samples
4 4.05 0.011 1.25 0.27048
7 7.04 0.015 0.685 0.20852
10 10.02 0.008 0.26 0.07979
Mean % Bias =
0.73%
Mean %R.S.D =
1.86%

Figure 3.7: Transmission spectra of universal dye treated standard sample of pH 5
obtained with the designed smartphone sensor for seven consecutive measurements.

Sensor.

3.2.8 Sensor performance for different field collected samples

To demonstrate the usability of the designed tool to measure the pH value of field-
collected samples, six soil samples acquired from different farmlands, as described in
section 3.2.3, have been prepared in the laboratory. Figure 3.8(a) shows the charac-
teristic transmission spectra of the soil samples captured by the designed sensor. The

sample’s peak transmission responses at 605 nm are observed to be increasing with
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Figure 3.8: Characteristic transmittance plot of universal dye treated six field-
collected soil samples obtained with (a) designed smartphone sensor (b) standard
spectrophotometer.

the decrement of its pH value. Figure 3.8(b) shows the corresponding transmission
plots of the same samples recorded by the standard spectrophotometer (UV 2450,
SHIMADZU). The spectral data yield from both the tools can be easily correlated.
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The designed sensor yields a distinguishable response for the soil samples even if the
sample pH values are separated by 0.09 pH units. However, beyond this, the sensor
is unable to discriminate the response. This indicates that the resolution of the pro-
posed tool with the considered pH indicator dye is 0.09 pH unit in the pH range of 5
to 9.

Table 3.2 represents the pH value measurements by both the commercial pH
meter and the smartphone sensor. The maximum variation in pH value measured
by our designed sensor was found to be less than £ 5% than that of its commercial

counterpart, which again suggests a good degree of reliability of the proposed tool.

Table 3.2: Measured pH value of field-collected soil samples by laboratory pH meter
and smartphone optical sensor.

Soil samples pH value recorded | pH value recorded
by standard pH | by the smartphone
meter platform pH sensor

Sample 1 7.48 7.50

Sample 2 7.61 7.65

Sample 3 7.85 7.88

Sample 4 6.74 6.75

Sample 5 7.32 7.33

Sample 6 6.83 6.85

3.3 Extending the applicability of the designed
smartphone-based spectrometer for the esti-
mation of arsenic (As) and lead (Pb) ion con-

centrations in soil

In the present work the working of a compact smartphone-based LSPR sensing plat-
form for quantitative detection of As(III) and Pb(II) in soil medium through modu-
lating the LSPR band of gold nanoparticles (AuNPs) has been demonstrated. AuNPs
functionalized with glucose (AuNPs/Glu) are found to be aggregated upon treatment
with As(III) and Pb(II), which resulted the shifting of the LSPR band in the visible
region due to the non-covalent interaction between the metal ions and AuNPs/Glu.
The LSPR signal intensities of the AuNPs/Glu samples due to the presence of As(III)
and Pb(II) in the samples have been recorded by the rear camera of smartphone. The
concentration of As(III) and Pb(II) is quantitatively determined by measuring the

signal intensities at peak absorption wavelength by the designed smartphone sensor.
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The detection and analysis of the analytes is performed by using a custom designed
android application- “Soil Quality Monitoring” (SoQM) to convert the designed sen-
sor into a truly standalone tool. The results obtained with field-collected soil samples
have been compared with standard laboratory grade tool. The following subsections
provide more information on the methodologies used for detection of the mentioned

metal ions.

3.3.1 Materials and methods

3.3.2 Chemicals and reagents

All the chemicals used in the present study are of analytical grade and have been used
as received without further purification. Glucose, trisodium citrate, and chloroauric
acid AuHCl, were procured from Sigma-Aldrich Inc. 1000 ppm of standard stock
samples of both Arsenic and Lead were procured from Sigma-Aldrich Inc. Various
working standard solutions of As(IIl) and Pb(II) were prepared by serially diluting
the standard stock solution. For maintaining the pH level of the sample solution,
0.1 M solutions of both hydrogen chloride (HCl) and sodium hydroxide NaOH (ACS
reagent, 97%, Sigma-Aldrich) have been prepared in the laboratory and mixed with

the solutions in proportionate amount.

3.3.3 Instrumentation

The size and shape of the synthesized AuNP /Glu sample were first investigated by ac-
quiring the images with a transmission electron microscope (TECNAI G2 20 S-TWIN,
FEI Company). The LSPR absorption signal intensities from the AuNP /Glu sample
were recorded with a standard UV—visible spectrometer (Shimadzu/ UV-1700). The
pH levels of the prepared samples was maintained using a laboratory standard pH
meter (Cyber Scan pH 700). The metal ion content in the field collected samples were
measured by Atomic Absorption Spectrometer (Thermo Scientific, UK Model: AAS-
ICE 3500 AAS) and Inductively Coupled Plasma optical Emission Spectrophotometer
(Perkin Elmer/ Optima 2100DV). The deionized (DI) water used for preparation of

the samples was acquired from a Milli-Q water filtering system.

3.3.4 Synthesis of the functionalized gold nanoparticles

AuNP/Glu has been synthesized in the laboratory by treating trisodium citrate as
the reducing agent during the reduction process of AuHCl,, while glucose was served
as a stabilising agent [31]. In a conical flask, 40 mL of aqueous solution of HAuCl,
(195 mM) was heated to 100°C and then the solution was immediately mixed with 540

nL trisodium citrate (0.1 M). The solution mixture turned into pink color indicating
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the formation of AuNPs in the absence of stabilizing agent. The solution mixture
was then heated at 100°C for 2 hours and then centrifuged for 20 min at 7000 RPM
to remove the excess trisodium citrate from the AuNP solution. In the next step, 0.5
mL of glucose solution (0.05 mM) was added into 40 mL of the synthesized AuNPs,
and after that sonication was carried out for ligand exchange reaction. To remove
any remaining ligands from the solution, the nanoparticles colloidal suspension was
again centrifuged at 7000 rpm for 20 min. The prepared nanoparticles were stored
at 4°C for further use.

3.3.5 Sample preparation

Standard solutions of As(III) and Pb(II) of varying concentrations in the range 5-50
ppm have been synthesized from the stock solution by diluting serially with distilled
water. 1 mL of each standard solution was added to 4 mL of AuNP/Glu solution
and adjusted the pH value at 7.0 by adding 0.1 M solutions of HCI or NaOH. All
the prepared standard samples were then kept at room temperature for 10 min to
observe the chemical reaction and the color shift of the nanoparticles. The color
of the nanoparticle solution gradually changes from pink to purple and bluish grey
on addition of As(III) and Pb(II), respectively, indicating the agglomeration of the
AuNPs in the presence of the target ions.

3.3.6 Design and calibration of the sensing setup

The experimental setup as illustrated in section 3.2.4 has been modified for the present
sensing studies. The DVD grating was replaced with a laboratory grade transmission
grating for better sensitivity. Also, the sensor has been calibrated with LEDs instead
of laser sources. The LEDs can be powered by smartphone’s internal battery by
connecting with USB-OTG cable which reduces the requirement of external power
supply and also minimises the cost of the device. The schematic diagram and pho-
toimage of the modified setup are shown in figure 3.9 (a) and 3.9 (b), respectively.
To convert the pixel position to wavelength information first the dispersed spectrums
of the three LEDs with peak wavelength 470 nm, 525 nm and 636 nm have been
captured and from the captured images the grey scale intensity values have been ex-
tracted by using the developed android application “SoQM”. The dispersed spectra
of the three LEDs are shown in figure 3.10(a). The pixel positions and the respective
peak wavelengths of the LEDs have been fitted from these spectra data and a linear
equation has been obtained as shown in figure 3.10(b). The developed sensor has a
spectral resolution of 0.25 nm/pixel when converted to wavelength scale, indicating

that for every change in pixel position, the wavelength will shift by 0.25 nm.
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Figure 3.9: (a) Schematic diagram of the designed smartphone sensor (b) Photoimage
of the designed smartphone sensor.

3.3.7 Development of the android application

A custom designed android application, “Soil Quality Monitoring” (SoQM) has been
developed to analyse the recorded data within the phone itself. The application
has been designed using “MIT App Inventor 2”7 a cloud-based application developer
platform that allows users to design and create applications based on individual needs

[32]. Several important features are needed to be incorporated in the algorithm of the
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Figure 3.10: (a) Intensity vs pixel plot of three LEDs obtained by the designed sensor
and (b) Pixel to wavelength calibration of developed sensor.

Figure 3.11: (a) Workflow and (b) screen shot images of the custom developed android
application “SoQM”.

designed application in order to transform the experimental data to a readable format.
Figure 3.11(a) and 3.11(b) shows the process flow and some screen shot images of the
developed android application, respectively. The designed sensor is required to be
well calibrated to estimate the parameter of interest. The calibration part is critical

to ensure the accuracy of the spectrum that is extracted from the spectrum image
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recorded by any smartphone camera. For different variants of smartphone the camera
specifications are diffrenet. In that case, the calibration process might be done prior
to the measurement of the samples but it can be done within the application itself. In
the custom designed application, the calibration feature has been included and given
with step by step instructions. To do this user needs to click on the “soil analysis”
button on the home screen of the SoQM. Upon hitting this two options- “capture” or
“load” will pop up on the screen. User can capture the spectrum image directly by
clicking the “capture” button or the earlier captured images can be loaded by clicking
the “load” button. After this step, the spectrum portion of the image needs to be
cropped in order to extract the grey scale value from the recorded image spectrum.
By using image processing algorithm incorporated in the designed application, the
grey scale intensity values of the captured images can be scanned over a wavelength
range of 400-700 nm. The wavelength length range on X-axis and the grey scale
values of the images on Y-axis are plotted with the help of the application. The
grey scale intensity values of known concentration of As(IIT) and Pb(II) samples at
their respective peak wavelength condition are recorded and from the recoded data
a calibration equation is obtained. The generated calibration equation is embedded
in the application algorithm so that the concentration of an unknown sample can be
obtained by clicking the “analyse” button in the application. Finally, the analysed
data may be shared online via the smartphone’s internet functionality or it can be

stored on the phone as a text file for future record.

3.3.8 Characterization of the nanoparticles

The morphology and particle size of the synthesized AuNP/Glu were examined by
transmission electron microscopy (TEM). The change in particle size of AuNPs/Glu
without and in presence of the analyte samples were confirmed by TEM imaging.
The TEM images for the synthesized AuNP/Glu were clearly indicate that the
AuNPs were spherical in shape, monodisperse in nature, and well-dispersed in aque-
ous solution in the absence of metal ions (As(III) and Pb(II)). The TEM images of
AuNPs/Glu with and without the addition of As(IIT) and Pb(II) metal ions are given
in figure 3.12(a), 3.12(b) and 3.12(c), respectively. The mean diameter of dispersed
AuNPs/Glu is observed to be around 12 nm and aggregated AuNPs/Glu in presence
of As(III) and Pb(II) were found to be 25 nm and 32 nm, respectively.

3.3.9 Mechanism for detection of As(III) and Pb(II) utilising

AulNPs and Glucose as chemical sensor

The colloidal AuNP /Glu solution shows colorimetric variation in presence of As(III)
and Pb(II) in the medium. As shown in figure 3.13(a) the AuNPs/Glu exhibits a
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Figure 3.12: TEM image of (a) synthesized AuNPs/Glu, (b) aggregate AuNPs/Glu
with As(III), (c) aggregate AuNPs/Glu with Pb(II).

mono-dispersion in the aqueous solution (pink colour) attributed to the presence of
glucose molecules on the surface of NPs containing oxygen and hydroxyl groups,
that prevents self-agglomeration of AuNPs. However, the colour of the NPs solution
changes from pink to purple (figure 3.13(b)) and from pink to bluish grey (figure
3.13(c)) on the addition of As(IIl) and Pb(II) to the sample, respectively. The UV-
Vis spectrum of AuNPs/Glu showed a distinct LSPR absorption band at around 520
nm shown in figure 3.13(d). The occurrence of the LSPR absorption peak at 520
nm suggests the formation of AuNPs of 10-50 nm size range [33, 34]. Upon addition
of As(III) and Pb(II) to the AuNPs/Glu, the aggregation of nanoparticles occurred
resulting the increase in size of the nanoparticles as confirmed by the TEM images
shown in figure 3.13(b) and 3.13(c), respectively. The mean diameter of dispersed
AuNPs/Glu is observed to be around 12 nm and aggregated AuNPs/Glu in presence
of As(III) and Pb(II) were found to be 25 nm and 32 nm, respectively. The increase
in the hydrodynamic diameter is attributed to analyte aggregation and a decrease in
the electrostatic interaction between the analyte and AuNPs/Glu due to the chemical
adsorption process [35]. Because of the aggregation of the NPs, a red shift has been
observed for As(III) from 520 nm to 650 nm while for Pb(II) this has been shifted
to 680 nm, respectively. The aggregation of NPs leads to the decrease in the inter-
particle distance among the particles that causes an enhancement of the localized
electric field, which is the primary reason for red shift in the LSPR band due to the
presence of As(IIT) and Pb(II) in the sensing medium. The optical properties of gold
nanoparticles change when particles aggregate and the conduction electrons near each
particle surface become delocalized and are shared amongst neighboring particles.
When this occurs, the surface plasmon resonance shifts to lower energies, causing the
absorption and scattering peaks to red-shift to longer wavelengths [36-38|. Therefore,
on addition of As(III) to the AuNPs/Glu, aggregation of the NPs, a red shift has been
observed from 520 nm to 650 nm while for Pb(II) this has been shifted to 680 nm,

as shown in figure 3.14(a) and 3.14(b), respectively. The sensing mechanism is based
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Figure 3.13: Photo images of cuvette containg (a) synthesized AuNPs/Glu, (b)
AuNPs/Glu mixed with As(III), and (¢) AuNPs/Glu mixed with Pb(II) and (d)
UV-Vis spectrum of synthesized AuNPs/Glu.

on the interaction of glucose at the surface of the AuNPs. The sensing mechanism
for the detection of As(III) and Pb(II) ion using AuNP/Glu has been illustrated
in figure 3.15. The reaction between the analyte and AuNPs/Glu is completed in
three steps as shown the figure 3.16. Step-I in figure 3.16 describes the preparation
of AuNPs utilising the standard process and trisodium citrate as a reducing agent

[31]. The interaction of the hydrogen bond with the carboxylate group of trisodium
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Figure 3.14: UV-Vis spectra of synthesized AuNPs/Glu mixed with various concen-
trations of (a) As(III) and (b) Pb(II).

citrate resulted in a significant adsorption of the compound onto the colloidal AuNPs
surface.

In Step-II, glucose was added as a functionalizing agent to the citrate-stabilized
AuNPs in order to modify their surface. The OH groups present in glucose molecules

have a high affinity for As(IIT) and Pb(II) metal ions in aqueous media. The ex-
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Figure 3.15: Plausible mechanism for the detection of As(III) and Pb(II) ion using
AuNP/Glu.

Figure 3.16: Probable reaction pathways in the determination of As(III) and Pb(II)
using AuNPs/Glu.
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cess ligands (the carboxylate group of citrate molecules) were immediately removed
by sonicating the solution mixture of NPs for the ligand exchange reaction (LER)
for 15 minutes. At that instant, the hydroxyl ion (-OH) of the glucose molecule in-
teracts with the colloidal gold solution providing the AuNPs more stability than the
citrate molecules. Furthermore, the glucose-stabilized AuNPs limit NPs’ tendency to
aggregate on their own or with other ionic substances. As a result, the interaction of
the hydrogen bond in an aqueous solution causes the terminal portion of glucose on
the surface of NPs to join with the Au-O bond to generate surface-modified AuNPs.
On addition of As(III) and Pb(II), the colour of AuNPs/Glu sample changes. This
colour change can be attributed by electrostatic and non-covalent interactions be-
tween As(IIT) and Pb(II) and AuNPs/Glu (Step-III). During the interaction with the
AuNPs, glucose molecules form a new stabilising As-O bond by breaking the Au-O
bond. Similarly, non-covalent interaction has been observed between the Pb(II) ion
and the glucose-capped AuNPs. However, the AuNPs/Glu solution on addition of
As(III) and Pb(II) exhibits a decrease in the LSPR peak at 520 nm while a broader
band is appeared in the longer wavelength region, which suggests the binding of the
analyte with glucose molecules. Upon treatment with As(IIl) a new absorption band
centred at 650 nm has been appeared in the UV-vis spectra of AuNPs/Glu as shown
in figure 3.14(a). The signal intensities of As(III) mixed AuNPs/Glu vary with the
concentration of As(III) in the samples. Similarly, for AuNPs/Glu samples, on adding
Pb(II) to the sample, a new absorption band centred at 680 nm appeared and the
signal intensities of the samples at this peak wavelength condition increases with the
concentration of Pb(II) in the mixture as shown in figure 3.14(b). These variations
of the signal intensities with analyte’s concentrations have been used for quantitative

determination of As(III) and Pb(II) present in the samples.

3.3.10 Calibration of the designed smartphone sensing sys-
tem for detection of As(IIT) and Pb(II)

The AuNP/Glu sample exhibits colorimetric change upon addition of As(III) and
Pb(II) to the sample. At first the device has been calibrated with AuNP/Glu treated
with standard As(III) samples for varying concentrations of As in the range 5-50
ppm. The characteristic absorption spectra of these samples has been recorded with
the designed sensor and is shown in figure 3.17(a). Clearly, the LSPR peak of the
AuNP/Glu at 520 nm is seen to be decreased while a new absorption peak appears
at 650 nm on addition of As(III), which is in agreement with the standard UV-Vis
spectral data discussed in section 3.3.9. Figure 3.17(a) shows that at the newly
appeared absorption peak of wavelength 650 nm, the signal intensities of the As(III)
treated AuNP/Glu samples increases with the concentration of the As(III) present
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in the samples. The signal intensity variations at 650 nm vs the concentrations of
As(III) in the range of 5-50 ppm has been plotted to perform quantitative analysis
of As(ITT), and a linear fitted graph with a regression coefficient value R? = 0.98 has
been obtained as shown in figure 3.17(b).
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Figure 3.17: (a) Absorbance plot of AuNP/Glu samples mixed with As(III) in the
concentration range 5-50 ppm (b) linear fitted plot at peak absorbance condition as
recorded by the designed sensor.
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The error bar in the graph represents the standard deviations for five consecutive
measurements of each sample recorded by the designed smartphone sensor. From the
linear fitted graph, a calibration equation has been obtained for detection of As(III)

levels as given below:

Normalized Absorbance — 0.20536
0.01579

where, normalized intensity is the normalized sensor response recorded by the de-

Arsenic(I1T)conc. = (3.5)

signed sensor.

For the quantitative estimation of Pb(II), the designed sensor has also been cali-
brated with standard Pb(II) samples in the concentration range 5-50 ppm mixed with
AuNP/Glu solutions. Figure 3.18(a) shows the characteristic absorbance plot of the
aggregated AuNP/Glu with Pb(II) samples as recorded by the smartphone sensor.
Figure 3.18(a) it can be observed that the absorbance values at the peak wavelength
680 nm increases with Pb(II) in the samples, which is similar to the UV-Vis absorp-
tion spectra illustrated in figure 3.14(b). The changes in absorbance values at the
peak wavelength condition 680 nm with the Pb(II) concentration in the range 5-50
ppm has been plotted to study the variation, and a linearly fitted curve has been
obtained with regression coefficient of R? = 0.99 as given in figure 3.18(b). The error
bars in the graph shows the sensor response’s standard deviations for five successive
measurements of each sample. From the calibration curve a calibration equation has

been obtained to measure Pb(II) concentration of unknown sample:

Normalized Absorbance — 0.1414
0.01757

Using the equation 3.5 and 3.6, the developed smartphone sensing tool has been

Lead(II)conc. =

(3.6)

initially calibrated for detection and estimation of As(IIT) and Pb(IT) concentration
of unknown samples. The user can use the equations 3.5 and 3.6 to calculate the

unknown concentration after measuring the absorbance value of a specific analyte.

3.3.11 Evaluation of sensoristic parameters of the designed

sensor

Sensitivity and Limit of detection (LoD) are two important parameters of a
sensor. Sensitivity represents the change in output for a unit change in the input
[28]. The sensitivity of the designed sensor while measuring As(III) and Pb(II) is
calculated from the slope of the calibration curves given in figure 3.17(b) and 3.18(b),
respectively. For the proposed sensing platform, sensitivity of the sensor are found
to be 0.01579 A.U./ppm and 0.01757 A.U./ppm, while monitoring the As(IIT) and

Pb(II), respectively. According to the International Conference on Harmonization
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Figure 3.18: (a) Absorbance plot of AuNP/Glu samples mixed with Pb(II) in the
concentration range 5-50 ppm (b) linear fitted plot at peak absorbance condition as
recorded by the designed sensor.
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(ICH) guidelines [29, 30], the LoD is calculated using the following equation:

3.30
LoD = —— 3.7
oD = = (37)
where S is the slope of the calibration curve and is ¢ the standard deviation of
the regression line’s y-intercept. The LoDs are calculated to be 1.2 ppm and 1.5 ppm

for As(III) and Pb(II), respectively.

3.3.12 Effect of interfering ions on the measurement of As(III)
and Pb(II)

The interference of other ions on the measurement of the As(III) and Pb(II) is
a crucial factor before considering the reliability of the present sensing scheme.
AuNPs/Glu samples were mixed with several metal ions that might be present in soil
samples, including K(I), Na(I), Mg(II), Ca(II), Mn(II), Co(II), Ni(II), Zn(II), Cu(1I),
Cd(II), Hg(II), AI(III), Fe(III), and Cr(IV) under optimal condition. 1 nM solution of
each of the interfering elements that may possibly be present in soil medium has been
added to AuNPs/Glu sample mixed with 5 ppm of standard As(III) and Pb(II) sam-
ple. The concentration of As(III) and Pb(II) sample in the presence of each interfering
element has been measured by the smartphone-based sensor and the results have been
compared with the data obtained using a laboratory grade inductive coupled plasma
spectrometer and atomic absorption spectrophotometer. Figure 3.19(a) and 3.19(b)
shows a bar graph comparison of the designed sensor’s anti-interference performance
against that of the standard tools for As(IIT) and Pb(II) detection, respectively. A
tolerable low fluctuation of about 3% in the As(III) and Pb(II) measurement has
been observed. These results yet again suggest that even in the presence of interfer-
ing components in the test sample, the proposed sensing system can be employed to

reliably monitor the As(III) and Pb(II) concentration in soil medium.

3.3.13 Evaluation of sensor performance for field-collected

sample

The performances of the developed sensing schemes have been evaluated for field-
collected soil samples. Fifteen soil samples (S1—S15) have been acquired from differ-
ent farmlands to investigate the As(III) and Pb(II) concentration in the soil samples
with the designed sensor. Following the standard protocol reported elsewhere [39, 40],
the soil samples have been prepared in the laboratory for extraction of As(III) and
Pb(II) from the soil samples. In some of the soil samples, As(III) and Pb(II) have
been spiked due to the presence of very low level concentrations of the target ana-

lyte in soil. Figure 3.20(a) and 3.20(b) illustrate the bar-graph comparison of the
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Figure 3.19: Comparative bar-graph illustration of measurements done by the stan-
dard inductive coupled plasma spectrometer, atomic absorption spectrophotometer,
and designed smartphone-based sensor for AuNP /Glu samples mixed with considered
interfering ions for the detection of (a) Arsenic(III) and (b) Lead(II).

smartphone sensing data, the standard atomic absorption spectrophotometer data

and the inductive coupled plasma (Perkin Elmer/ Optima 2100DV) measurements
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Figure 3.20: Comparative bar-graph illustration of measurements done by the atomic
absorption spectrophotometer, designed smartphone-based sensor, and inductive cou-
pled plasma spectrometer for (a) Arsenic(III) and (b) Lead(II).

for As(IIT) and Pb(II), respectively. For As(IIT) a maximum variation of 4% has been

noticed between the experimental results obtained from the smartphone sensor and
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the standard analytical tools, while for the Pb(III) the variation was found to be
2%. These results suggest that the designed smartphone sensor can reliably estimate
these toxic metal ions As(IIT) and Pb(II) in soil medium.

Table 3.3 represents the As(III) and Pb(II) measurements of field-collected soil
samples by standard inductive coupled spectrometer, atomic absorption spectropho-
tometer and designed smartphone sensor. The maximum variation in As(III) concen-
tration measurement by the designed sensor and the standard analytical tools was
found to be less than 4%, while for the Pb(III) concentration measurement the vari-
ation was found to be 2%. This obtained data suggests a good degree of reliability
of the proposed tool.

3.4 Summary

In conclusion, the applicability of a smartphone has been demonstrated as a low-cost
option for spectrometric sensing research that is effective for estimation of important
parameters of soil. Two optical detection methods have been discussed by using a
truly compact and robust smartphone based spectroscopic sensing systems. At first,
smartphone’s inbuilt rare camera along with optical components have been utilised to
transform the device into a spectrometric platform, and its viability has been demon-
strated to estimate the pH level in soil samples. The sensing system consists of a
3D printed compact optical set-up which can be attached to the smartphone’s rear
camera. The proposed smartphone-based spectrometric technique involves measur-
ing the change of transmission intensity, which is correlated with the change in the
sample’s pH value. The performance of the device has been evaluated by compar-
ing the pH values of field collected soil samples with a laboratory grade pH meter.
Further the experimental setup of the designed sensing tool has been modified to
detect toxic metal ions present in soil. The LSPR based sensing approach for se-
lective and sensitive estimation of As(IIT) and Pb(II) in soil using smartphone has
been demonstrated. The performance of the designed sensor has been evaluated by
estimating As(III) and Pb(II) levels in agricultural soil samples and the results were
found to be at par with the laboratory grade tool. The designed sensor offers other
advantages like portability and data sharing ability of the sensor, thus can be used as
an alternative to exiting toxic metal ion detection techniques for in-field applications.
The need for an additional computational analysis system has been eliminated with
the usage of custom developed android application for detection as well as analysis of
the samples within the phone itself. It is envisioned that the proposed sensor could
emerge as an alternative sensing tool which would facilitate common people for an

easy, rapid and cost-effective soil quality analysis in the near future.
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Table 3.3: Measured As(III) and Pb(II) concentration of field-collected soil samples
by standard inductive coupled spectrometer, atomic absorption spectrophotometer

and designed smartphone sensor.

Soil sam- | Analyte ICP measure- | AAS measure- | Smartphone
ples ment ment sensor  mea-
surement

As 3.9 4.2 4.1
Sample 1

pb 3.4 3.8 4.1

As 0.4 0.8 1.1
Sample 2

pb 6.3 6.8 6.1

As 2.0 2.2 2.5
Sample 3

pb 2.2 2.2 2.5

As 1.3 1.8 2.0
Sample 4

pb 2.1 2.1 24

As 2.1 2.5 2.2
Sample 5

pb 3.4 3.5 3.8

As 1.5 1.9 2.0
Sample 6

pb 5.5 5.9 5.7

As 1.1 1.5 1.2
Sample 7

pb 1.8 1.5 1.2

As 5.0 5.1 4.8
Sample 8

pb 4.6 5.1 5.4

As 1.3 1.6 1.8
Sample 9

pb 2.3 2.6 2.8

As 2.2 2.5 2.7
Sample 10

pb 2.3 2.9 2.7

As 1.3 1.5 1.8
Sample 11

pb 11.5 11.5 11.8

As 1.8 1.5 2.0
Sample 12

pb 2.7 2.5 2.4

As 2.9 3.2 3.4
Sample 13

pb 4.7 5.2 5.4

As 4.9 5.0 5.1
Sample 14

pb 10.0 10.2 10.1

As 6.0 6.2 5.9
Sample 15

pb 7.6 7.5 7.9
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