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Mobile ‘smart’ phones have become almost ubiquitous in society and are typically equipped with a high-
resolution digital camera which can be used to produce an image very conveniently. In this study, the
built-in digital camera of a smart phone (iPhone) was used to capture the results from a rapid
quantitative colorimetric test for trinitrotoluene (TNT) in soil. The results were compared to those from
a digital single-lens reflex (DSLR) camera. The colored product from the selective test for TNT was
quantified using an innovative application of photography where the relationships between the Red
Green Blue (RGB) values and the concentrations of colorimetric product were exploited. The iPhone
showed itself to be capable of being used more conveniently than the DSLR while providing similar
analytical results with increased sensitivity. The wide linear range and low detection limits achieved
were comparable with those from spectrophotometric quantification methods. Low relative errors in the
range of 0.4 to 6.3% were achieved in the analysis of control samples and 0.4-6.2% for spiked soil extracts
with good precision (2.09-7.43% RSD) for the analysis over 4 days. The results demonstrate that the
iPhone provides the potential to be used as an ideal novel platform for the development of a rapid on site
semi quantitative field test for the analysis of explosives.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of affordable multifunctional mobile phone
devices has occurred very rapidly over recent years. Such devices
have become more technically sophisticated and are being routi-
nely used for purposes outside of basic communication, for
example in healthcare-related applications [1-5]. A typical mobile
phone is also equipped with a high-resolution digital camera and
various camera options are available, such as autofocus, digital
zoom and white balance. This has made it more convenient for the
user to take photographs using ‘built-in’ digital cameras in a
mobile phone instead of other high quality portable digital
cameras.
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The use of digital imaging and particularly digital cameras for
quantitative colorimetric testing has been recommended in var-
ious applications [6-14]. These uses are based on the measure-
ment of the shades of colorimetric products in digital images made
for the test. Although color is subjective, the use of color spaces
and imaging devices facilitates the use of color for quantification
[15].

Recently, rapid quantitative analysis of trinitrotoluene (TNT)
using Nessler's test coupled with digital image analysis has been
reported [14]. A powerful method with the capability to be
deployed as a rapid field test has been successfully performed
using a digital single-lens reflex (DSLR) camera for capturing an
image of the color products from the test.

In this work, a built-in digital camera in a mobile phone was
introduced instead of DSLR camera. The use of the digital camera
within the ‘smart’ phone was selected to facilitate the develop-
ment of a portable rapid quantitative chemical analysis system as a
readily available portable field device. The use of a smart phone
could include the development of Java support and options for
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installing and running externally developed applications (apps)
which would provide the end user readout in relation to sample
analysis. The performance of the built-in digital camera within an
iPhone was compared to that of DSLR camera in order to establish
the feasibility of using an iPhone as a field analytical detector. The
study analyzed control and field samples for the presence of TNT
which is one of the most widely deployed explosive materials in a
global sense. Rapid cost effective field tests for TNT are often
required because of the prevalence of this material in land and
ground water contaminated because of their proximity to military
dumping sites [16] as well as the use of such materials in
improvised explosive devices and conventional milatary
ordinance.

2. Materials and methods
2.1. Color test of TNT

2, 4, 6-Trinitrotoluene in acetonitrile (1 mg mL™") (Supelco, PA) was
purchased and used as the stock solution. The stock solution was
further diluted with acetone to appropriate concentrations in the
range of 1 to 1000 mg L™ to produce a range of TNT standards. A TNT
color test was performed using dicyclohexylamine (DCHA; Aldrich,
WI) as the electron donating reagent [16]. Twenty microliters of each
TNT standard solution was transferred to a micro-centrifuge tube and
50% dicyclohexylamine in acetone was added as the test reagent to
obtain a red-violet product. The volume of test reagent was optimized
to determine the volume required to produce the darkest color
reaction for the least concentrated analyte solution. The resultant
colors were photographed one minute after color development using
the built-in digital camera of an iPhone 4.0 and an Olympus E330
digital camera (17.3 x 13.0 mm? with a 12-bit RGB Live MOS sensor).

Each color test was repeated 3 times across all concentrations
of prepared standards and each resultant color was photographed
six times by each digital camera. The average intensities of the red,
green and blue colors from each of the 6 images obtained for each
standard solution were investigated using Adobe Photoshop and a
calibration graph prepared for each color. The limit of detection
was calculated using standard methods [17] and precision was
expressed as a percentage of the relative standard deviation of the
RGB values for each color from the 6 analyzed images.

2.2. Photographic system

A simple photographic system was set up in a 25 x 22 x 22-in.
opaque safety cabinet which had a white interior in order to obtain
the same environmental light conditions for both devices. Colored
products generated from the TNT test were photographed as
described by each device and under the same lighting conditions.
The Olympus digital camera was set at optimized exposure
conditions to obtain the best determination performances, i.e.
automatic focus, automatic white balance, automatic sensitivity
(where the ISO speed was set within 100-400), and used in single
image mode. Each image was 1.34 MB (3136 x 2352-pixel) and was
saved as a JPEG (24-bits). The built-in digital camera of the iPhone
4.0 was set to flash ‘off’ with the high dynamic range (HDR) on,
and recorded for both the original and enhanced images. Each
image was 2.0 MB (2592 x 1936-pixel) and was saved as a JPEG
(24-bits) on the iPhone's memory.

Once the images were transferred to a computer, they were
opened in Adobe Photoshop CS3. The photograph depicting each
color product in each micro-centrifuge tube was cropped to the
middle of the image to approximately 35 x 30-pixels. The red,
green, and blue color intensities of the cropped area were then
obtained by using the ‘histogram’ tool. The data were transferred

to an Excel (version 2007) spreadsheet for subsequent data
analysis. The RGB intensities from three micro-centrifuge tubes
of 6 repetitive images were averaged and used as one point in all
graphs.

2.3. Color test of TNT in soil sample

The color test of the TNT in the soil sample was performed
following the procedure used in our previous study [14]. A soil
sample (1 g) was extracted using 2.5 mL of acetone after sonica-
tion for 15 min followed by filtration using Whatman No.1 filter
paper. The resulting filtrate was spiked with a TNT standard
solution in order to investigate the effect of the color of the soil
filtrate on the TNT test color derived from the test. The extracted
solution was analyzed using the DCHA test and all extractions and
analyzes were repeated in triplicate and over a four day period.
Concentrations of TNT in the extracted samples were quantified
using the linear calibration graph of both developed methods. The
relative errors between spiked concentration and quantified con-
centration were examined.

3. Results and discussion
3.1. TNT color test

Red-violet products were observed from the DCHA test for the
presence of TNT. The formation of the colored product is based on
a charge-transfer mechanism [16,18] in which the DCHA acts as an
electron donor and TNT acts as an electron acceptor as suggested
by Ercag et al. [18]. No color change was observed for the DCHA
test in the presence of dinitrotoluene (2,4-DNT or 2,6-DNT) or
dinitrobenzene (1,3-DNB) confirming that the test was selective
for TNT. A color change was observed with tetryl but produced an
orange color easily distinguished from the red-violet product of
the TNT complex [18].

The darkness of the red-violet product generated by the
reaction could be related to the concentration of TNT present
facilitating the development of an objective semi quantitative
analytical methodology.

3.2. The analysis of digital images for the quantification of TNT

A color space is required to specify the color of the test product
[15,19] and both digital cameras used the sRGB color space which
is a device-independent. Both digital cameras use internal calibra-
tion data to transform the measured RGB values into the sRGB
color space so that the same color is produced on every device
[20,21]. Thus, both devices were expected to provide the same
color for the test products photographed. Images transferred to
Adobe Photoshop also retain their RGB since Photoshop automa-
tically recognizes the color space of the picture [22]. The R(ed),
G(reen), and B(lue) intensities obtained from analyzing the digital
image representing the total photons in each region of the
spectrum [15] were used for quantification.

It should be noted that the colors obtained from each of the
three channels (RGB) are subtractive colors and selectively absorb
certain wavelengths of light (i.e. 400-500, 500-580, and 580-
700 nm for the blue, green, and red channel, respectively [15]),
and thus affect the observed color [7,13,23]. The eye sees the
converse of the color component that is primarily absorbed [7]. As
a consequence, the red-violet color produced in the TNT test was
expected to reflect or transmit red and blue light and absorb
green light.

Red-violet products of TNT were photographed with the DSLR
at optimized exposure conditions [12-14]. Because most of
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Fig.1. (a) Relationship between individual RGB values and TNT concentration of iPhone digital images with high dynamic range (b) histogram of 50 mg L™! TNT color product

from DSLR's image (c) original iPhone image (d) and HRD iPhone image.
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Fig. 2. Relationship between individual RGB intensity values and TNT concentration (a) DSLR (b) iPhone images.

exposure parameters did not affect the determination perfor-
mance [11], they were set at automatic focus, automatic white
balance, and automatic sensitivity for convenience.

For the built-in digital camera of the iPhone, the products were
imaged with the HDR on, and recorded both as original and
enhanced images. HDR images looked grainy when compared to
the original images. This was probably because the HDR image of
the iPhone combines three images capturing at different expo-
sures, (underexposed, normal, and overexposed). However the
photographic system that was used did not include a specific light
source that may have affected the exposure conditions. The TNT
color product in the HDR images appeared to be underexposed as
all three colors moved toward the left side of the histogram
(Fig. 1d) compared to the original images (Fig. 1c), and the DSLR
images (Fig. 1b). Color intensities of the enhanced images of the
products of TNT at various concentrations (Fig. 1a) also had a
narrower linear determination range (1-25mglL™!). As a

consequence of these observations the original rather than HRD
iPhone images were used to compare with the DSLR images.

The overall trends in the relationship between the intensities of
the red and blue light and the TNT concentration from both
cameras was similar as both were reflected by the colored
products, where as more pronounced differences were observed
for the absorbed green light (Fig. 2a-b). Over a TNT concentration
range of 1 to 500mgL™! of TNT, the intensities of green (Ig)
(Fig. 3b) and blue light (Iz) (Fig.3c) from both the digital cameras
were similar, while the intensity of red light (Ig) from the iPhone
camera (original images) was always lower than that obtained
from the DSLR camera (Fig.3a). Although the backside illumination
(BSI) CMOS image sensor was used in the iPhone 4.0 [24-25],
which allows more incident light to reach the light sensing silicon
[26-27], its size is smaller than those present within the DSLR's.
The intensities of all channels from the DSLR camera were
constant across a TNT concentration range from 500 to
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Fig. 3. Relationship between (a) intensity of red light (b) intensity of green light
(c) intensity of blue light and TNT concentration from DSLR and iPhone images.

1000 mg L™! revealing a clear difference from the iPhone's built-in
camera which had lower intensities. The larger sensor of DSLR
seems to increase the opportunity of photons to be registered even
when less photons were reflected from a darker product and
resulted in an overall increase in intensity with the DSLR images.
However, the BSI CMOS sensor of the iPhone demonstrated a
better ability to detect small differences in photon emission from
darker products, while no difference was observed from the DSLR
for the same samples. This was most likely because the light could
strike the photocathode layer without passing through the wiring
layer in the BSI CMOS sensor providing better sensitivity [26-27].

The molecular absorption of the colored products was calcu-
lated using an equation described in previous studies [12,13,28]
and green light was found to have the highest level of absorbance.
The spectral responsivity of the green channel was typically in the
range of 500 to 580 nm [15]. This result was in agreement with
previous studies that reported ,ax Of this complex at 531 nm [16]
and 530 nm [18]. The absorbance of the TNT complex from the
DSLR camera images increased with TNT concentration from 1 to
500 mg L™! as expected before becoming constant (Fig.4a). This
finding was similar to previous results [12-14] and corroborates
results typically obtained from a spectrophotometer. The calcu-
lated absorbance from the iPhone images continued to increase
from 500 to 1000 mg L' TNT, although not in a linear fashion
(Fig.4b), which was probably due to the improved sensitivity of the
image sensor as previously described. The absorption profiles of
the blank corrected TNT complex for the iPhone images and the
DSLR camera images are shown in respectively Fig. 4d and Fig. 4c.

The total RGB values i.e. the total intensity (FroraL=Ir+Ig+Ig)
and the total absorbance (Atorar=Agr+Ac+Ap) of both cameras
(Fig. 5) were also compared because these would provide more
valuable information in addition to the individual RGB values
[8,13]. Both the total values of the iPhone and DSLR camera images
were very similar at low concentrations of TNT (1-50 mg L),
differentiating at higher concentrations (100 mg L™! and specifi-
cally at 1000 mg L™"). These differences were also observed for
blank corrected images.

3.3. Analytical performance and validation

The linear range, calibration equation, and linearity of the
developed method are summarized in Table 1, while other
analytical performances, i.e. sensitivity, precision, and accuracy
are shown in Table 2. The linear correlations between RGB
absorbance and TNT concentration were observed in the range of
1 to 500 mg L™ of TNT using both the DSLR and iPhone cameras.
Shorter concentration ranges were used for RGB intensity. These
concentration ranges were wider than previously reported using a
spectrophotometer (5-50 mg L™') [18] and our previous digital
image analysis (1-50 mg L™!) [14]. The greater analytical range was
thought to be due to the use of DCHA as the colorimetric reagent
rather than Nessler's reagent which had been previously reported
[14]. Better sensitivity (higher slope of the calibration equation)
was revealed with the iPhone imaging rather than the DSLR
camera. This was because of the use of the BSI CMOS image sensor
as previously mentioned and indicated that the BSI image sensor
of the iPhone provided an overall better ability to detect small
changes within the color product of TNT, even though the sensor
size was smaller. The repeatability of inter-day analysis (n=4)
were in the range of 2.09 to 7.43% RSD and 0.11 to 5.75% RSD for
the iPhone and the DSLR camera, respectively (Table 2). Accuracy
was evaluated based on the percentage relative error ((x.—x.)/
Xc x 100) in the analysis of a control sample of known concentra-
tion of TNT standard solution (x.=75 mg L™!) quantified using an
external calibration (x.) and was found to be less than 6.3%. The
detection limit, taken as the TNT concentration giving a signal
equal to the blank signal plus three standard deviations of the
blank [17], for the determination of TNT using the DSLR camera
imaging were in the range of 0.464+0.001mglL"' to
6.8+ 0.1 mgL™! which was in line with those recently reported
using colorimetry coupled with spectrophotometric detection
(3mgL™!) [18]. By the iPhone built-in digital camera imaging,
the detection limit of the determination method was 3.76 + 0.08
to 4.0 + 0.1 mg L™! for green light, which were close to 3 mg L™! of
previously reported data [18].
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Table 1
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Linear ranges and calibration equations of methods using DSLR and iPhone for capture product images.

Parameter Linear range (mg L") Calibration equation (y=unit, x=mg L") Linearity (R?)
iPhone DSLR iPhone DSLR iPhone DSLR

Ig 1-100 25-500 y=(0.19 + 0.01)x+(92.0 +- 0.5) y=(0.102 £ 0.002)x+(94.3 + 0.6) 0.9907 0.9986
Ic 10-250 50-500 y=(0.22 £ 0.01)x+(112 + 2) y=(0.134 + 0.006)x+(99 + 2) 0.9901 0.9958
Ig 10-100 10-500 y=(0.26 + 0.02)x+(115.8 + 0.9) y=(0.1121 + 0.006)x+(100 + 1) 0.9922 0.9897
Ag 1-500 1-500 y=(0.00080 + 0.00003)x+(0.449 + 0.006) y=(0.00070 £ 0.00003)x+(0.416 + 0.006) 0.9973 0.9925
Ac 1-500 1-500 y=(0.00120 £ 0.00003)x+(0.336 + 0.006) y=(0.00100 + 0.00004)x+(0.36 + 0.01) 0.9974 0.9943
Ag 1-500 1-500 y=(0.00090 + 0.00003)x+(0.346 + 0.007) y=(0.00070 + 0.00002)x+(0.392 + 0.005) 0.9948 0.9956
g-Irblank! 1-100 1-500 y=(0.178 £ 0.008)x+(2.01 + 0.4) y=(0.107 £ 0.004)x+(6 £ 1) 0.9933 0.9913
Hg-Igblank! 10-250 50-500 y=(0.22 £ 0.01)x+(14 + 2) y=(0.134 + 0.006)x+(20 + 2) 0.9901 0.9958
g-Igplank! 10-100 10-500 y=(0.26 + 0.02)x+(5.8 +£ 0.9) y=(0.112 + 0.006)x+(8 + 1) 0.9922 0.9897
IAR-ARbiank! 1-500 1-500 y=(0.00080 + 0.00003)x+(0.015 + 0.006) y=(0.00070 £ 0.00003)x+(0.018 + 0.006) 0.9977 0.9925
|AG-Acbiank! 1-500 1-500 y=(0.001200 + 0.000006)x +(0.031 4 0.002) y=(0.00100 + 0.00004)x+(0.03 + 0.01) 0.9974 0.9943
|Ag-Apblank! 1-500 1-500 y=(0.00090 + 0.00003)x+(0.023 + 0.007) y=(0.00070 £ 0.00002)x+(0.020 + 0.005) 0.9948 0.9956
Irorar (Ir+Ic+Ip) 10-100 25-500 y=(0.70 + 0.04)x+(322 + 2) y=(0.36 + 0.02)x+(294 + 4) 0.9938 0.9941
AroraL (Ag+Ac+Ag) 1-500 1-500 y=(0.00280 + 0.00006)x+(1.13 + 0.01) y=(0.00250 + 0.00008)x+(1.17 + 0.02) 0.9979 0.9948
I(I-Iptank)roTaL 10-100 25-500 y=(0.70 £ 0.04)x+(20 + 2) y=(0.36 £ 0.02)x+(34 + 4) 0.9948 0.9941
I(A-Aplank)lToTAL 1-500 1-500 y=(0.00280 + 0.00006)x+(0.07 + 0.01) y=(0.00250 + 0.00008)x+(0.07 + 0.02) 0.9980 0.9948

Table 2

Analytical performance of methods using DSLR and iPhone for capture product images.

Parameter Sensitivity (unit/(mg L)) Precision (%RSD of 4 days % Relative error® (75 mg L™! % Relative error (50 mg L™! spiked
analysis) control) soil)

iPhone DSLR iPhone DSLR iPhone DSLR iPhone DSLR
Iz 0.19 + 0.01 0.102 + 0.002 2.24 242 +5.7 +0.6 -3.0 -0.4
Ic 0.22 £0.01 0.134 + 0.006 3.65 3.14 +2.6 -0.6 +1.7 +0.02
Ip 0.26 +0.02 0.1121 + 0.006 6.74 532 +4.8 -1.9 +5.6 +1.4
Ag 0.00080 +0.00003  0.00070 + 0.00003 2.21 2.63 +5.8 -2.2 -5.6 -1.1
Ac 0.00120 + 0.00003 0.00100 + 0.00004 4.34 3.51 -1.7 -0.7 +6.2 +0.9
Ag 0.00090 + 0.00003  0.00070 + 0.00002 7.43 5.75 +6.3 0.0 +4.0 +2.7
r=IRp1ank! 0.178 + 0.008 0.107 + 0.004 6.06 3.21 +5.7 +0.6 +2.0 -04
c=Icbiank! 0.22 +0.01 0.134 + 0.006 2.72 4.88 +2.7 +5.6 +1.5 +0.02
Ig=Igblank! 0.26 +0.02 0.112 + 0.006 7.27 3.61 +5.5 -1.9 +0.4 +1.3
IAR=ARblank! 0.00080 + 0.00003  0.00070 + 0.00003 7.36 2.85 -0.7 =22 +1.4 -1.1
IAG=Acblank! 0.001200 + 0.000006 0.00100 + 0.00004 5.23 1.67 -1.7 -0.7 -2.2 +0.7
|1Ag=ABblank! 0.00090 + 0.00003  0.00070 + 0.00002 2.09 0.27 +6.3 0.0 -3.2 +2.7
Iorar dr+lc+Ig) 0.70 + 0.04 0.36 + 0.02 4.44 3.47 +1.6 -4.5 +2.8 +0.3
AroraL Ar+Ac+Ag) 0.00280 +0.00006  0.00250 + 0.00008 4.81 3.81 -0.4 +4.2 -34 +4.8
I(I-Iptank )roTAL 0.70 + 0.04 0.36 + 0.02 2.29 1.1 +1.6 -4.5 +5.2 -1.9
I(A-Apjank)lToTAL 0.00280 + 0.00006  0.00250 + 0.00008 2.93 0.11 -0.4 -3.6 -0.8 +4.9

2 % relative error=(x,—x.)/Xc x 100, x.=a known-concentration of TNT standard solution (75 mg L™"), x.=concentration of TNT quantified using external calibration.

3.4. Quantification of TNT in soil

The correlations between the RGB values and TNT concen-
tration in soil were also investigated. A standard TNT solution
was spiked into a soil extract (x.=50 mg L™') in order to study
the influence of the soil matrices on the resultant sample. The
samples were then analyzed by both methods and the con-
centration of TNT was quantified using each linear calibration
(xe). Both cameras produced impressive results as presented in
Table 2. The relative errors between the spiked concentration
and the quantified concentration using the linear calibration
graph of the developed method were in the range 0.4 to 6.2%
for the iPhone camera and 0.4 to 4.9% for the DSLR camera. This
indicated excellent performance by both cameras for the
quantification of TNT in soil. The results for blue light con-
trasted with our previous study [14] in which the red-purple of
the TNT Nessler's test products were affected by the orange-
brown soil color. This may be due to the color of the soil extract
(pale yellow in this work and orange-brown in previous work

[14]) or the color of the resultant colorimetric test mixture
obtained from DCHA and Nessler's tests.

4. Conclusion

Digital image based analysis of red-violet TNT-DCHA products
was used for the quantification of TNT using a DSLR camera and
the built-in digital camera of an iPhone. Various correlations of the
RGB value and the TNT concentration were successfully estab-
lished using both cameras with a wide linear range and a low
detection limit. The built-in digital camera of the iPhone showed a
better potential for use in digital image based analysis of TNT than
the DSLR camera with low relative error, very good precision, and
better sensitivity. This indicated great potential for the develop-
ment of an accurate, rapid, portable and economically viable semi-
quantitative test for the analysis of TNT using a mobile ‘smart’
phone. This study also provided valuable information for the
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future development of an app enabling a smart phone to be used
as a complete analytical detector.
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