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Accurate, fast, quantitative on-site analysis of wastewater is an environmental necessity. Therefore, we report a quantitative spectroscopic study
in order to analyse organic contaminants in wastewater. For this purpose, two spectroscopy-based techniques were utilised and their results are
compared. The first technique is ultraviolet/visible (UV/vis) spectrophotometry. This technique is a standard laboratory technique, however, it is
inappropriate for working in the field. Besides, the analysis results of the standard laboratory technique display low accuracy in detecting small
concentrations of wastewater contaminants such as methylene blue (< 20 ppm). Accordingly, there is a need for another technique to overcome the
shortcomings of UV/vis spectrophotometry. Hyperspectral imaging (HSI) combines imaging and spectrometry. HSI works on-site since it is port-
able and easy to operate. The analysis of the data acquired by HSI showed a higher efficacy in accurately detecting both low (<20 ppm) and high
concentrations (> 50 ppm) of water contaminants such as methylene blue and methyl orange. For verification, Pearson correlation coefficients were
computed between the concentration of contaminants and their absorbance for all the operating spectral bands. The results of the two techniques

were statistically compared using Bland and Altman’s limit of agreement. This study showed that HSI is potentially a promising technique for the

analysis of wastewater contaminants on-site.
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Introduction

The past half-century has witnessed a significant increase
in the disposal of industry-produced wastewater into
the Earth’s natural water resources due to the immense
growth of industrial establishments. Industrial waste-
water contains a variety of contaminants which can be
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solids, liquids, inorganic and organic materials." Among
these contaminants, organic materials require particular
care when determining the level of water contamina-
tion on-site.® Organic pollutants, such as manufacturing
dyes including methylene blue (MB) and methyl orange
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(MQ), are among the most common organic contami-
nants in wastewater. These dyes are commonly used in
the production of many goods such as leather, paper,
detergents and cosmetics.? If untreated, organic contami-
nants, which flow to water sources with the effluent
stream, pose a serious hazard to all living creatures when
they reach a certain concentration: the discharge of large
amounts of chemical dyes in industrial effluent can lead
to a highly toxic effect.® Organic contaminantion also
requires expensive treatment of water due to problems
such as high turbidity, bad odour and adverse colour.

A high concentration of organic contaminants in
natural water decreases the penetration of sunlight,
which is required for photosynthesis by some aquatic
microorganisms.* Moreover, dye contaminants decrease
oxygen dissolution in water by preventing gaseous
oxygen from crossing the air-water interface. Rather,
they exert an oxygen demand. Hence, marine life can be
affected harshly due to dissolved oxygen depletion.” If
the contaminated water reaches soil, it will clog its pores
and the roots of the existing plants will cease to grow.”
Furthermore, MB and MO are carcinogenic if they reach
the human body through drinking water, absorption
through the skin or the ingestion of contaminated
food.® Thus, MB and MO were selected in this study
as organic dyes heavily produced in large amounts by
industry.” Industries such as fabric, medicinal, leather,
foodstuff production, cosmetic and paint release into the
environment approximately 10-15% of the more than
800,000tons of distinct types of dyes manufactured
worldwide each year.®

MBisacationicdyedistinguished byaremarkable change
in its optical properties when aggregated in a sample.” For
instance, it exhibits two absorption peaks around 293 nm
and 664 nm in diluted aquatic solutions.'® The chemical
structure of MB is responsible for its absorption peaks. To
explain more, the MB monomer displays an absorption
peak around 664 nm, for the MB dimer structure this
peak moves to 605nm and in the MB trimer the peak
moves to 575nm.'° The molar coefficients of absorption
for all MB chemical structures were reported to be in the
range from 40 to 90x10°M1cm ™. MO dyes belong
to the azo group of anionic dyes.™* This group includes
the nitrogen chromophore and the aromatic structure,
as such it is cumbersome to extract it from wastewater
either by chemical or biological degradation.™

International environmental and health organisations
have established guidelines limiting the concentration

of contaminants in wastewater produced by industry.™
For this purpose, monitoring the concentrations of the
industrial effluent is essential. Different methods are
used to accomplish this goal by analysing samples either
on-site or at in-field laboratories. A popular approach
for precise qualitative and quantitative analysis of the
chemical dyes in aqueous solutions is ultraviolet/visible
(UV/vis) spectroscopy.>'%'® The UV/vis spectrum has
sufficient energy to excite valence electrons in various
atoms and molecules. Spectrophotometers are highly
reliable and precise in spectral measurements, as such
they are considered the gold standard for many chemical
analysis procedures. However, spectrophotometers are
not flawless. For instance, they are less favoured for use
outdoors due to being bulky, requiring time-consuming
sample preparation and being highly sensitive to the
surrounding optical and electronic noise.'*

Compared to spectrophotometry, hyperspectral
imaging (HSI) has a lower spectral resolution. However,
HSI is very consistent in spectral measurements
in addition to being entirely suitable for outdoor
measurements, simple to maintain and easy to use. The
analysis of HSI data is typically customised for each case
so as to achieve classification of the particular objects
of interest to the user.”®*” HSI combines imaging
and spectroscopy in one platform. This combination
produces a three-dimensional data format.'®*? This
data includes two-dimensional spatial information along
a third spectral dimension to form a datacube. The
datacube’s spatial information is contained in an image
of the object, and its spectral information is included in
capturing the same image using a sequence of spectral
bands. A great advantage of HSI is providing a spectral
identity for every single pixel enclosed in the field
of view. For that advantage, HSI finds application in
divergent fields of research such as in agriculture,?>?!
nutrients production,???® space science,'® forensic
medicine?* and health science.?>"?® To the best of our
knowledge, there has been no report in the literature
of the use of HSI for quantitative chemical analysis
on-site. The present work is a steady accumulation
of the ongoing research regarding the application of
HSI in the chemical analysis field of research. In this
work, HSI is employed to quantitatively analyse two
wastewater organic contaminants, MB and MO, since
they are produced in large quantities by factories. This
work reports a comparative study between HSI and
UV/vis spectrophotometry for monitoring wastewater
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contamination. For the comparison, various aqueous
concentrations of the two contaminants were prepared,
measured, imaged and finally quantitatively analysed.
Figure 1 displays a schematic diagram for the two
techniques compared in this work.

Materials and methods

Preparation of dye samples

The organic dyes used in this study, MB and MO, were
purchased from Sigma-Aldrich (St Louis, Missouri, USA).”
The MB and MO dyes did not undergo any purification
process after being purchased. The water used for sample
preparation was distilled using the reverse osmosis
procedure following normal laboratory procedures.'® The

aqueous dye solutions were meticulously prepared from
recently purchased MB and MO stocks. The dilution of
the dye solution was carried out at room temperature
(24 +1°C). The pH value was measured to be 7.48+0.13
for MB samples and 7.95+0.19 for MO.

MB and MO samples were prepared in the laboratory
in an ample quantity (0.25 L) for each concentration listed
in Table 1. The prepared quantity is calculated to provide
three samples (2cm?®) for the UV/vis spectrophotometer,
three other samples (10cm?) for the HSI system and
a sufficient amount for any accidental loss. The
process of preparing this quantity (0.25L) for each dye
concentration was repeated two times over the elapsed
time of the study. The temperature and pH level for the
dye samples were maintained in order to prevent MB and
MO dimerisation.”
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Figure 1. A schematic diagram of the UV/vis spectrophotometer and hyperspectral imaging (HSI) experimental
setups used to objectively measure the concentration of MB and MO in aqueous solutions. Top: the UV/vis spec-
trophotometer, in this study, consists of tungsten and deuterium lamps that radiate toward a wavelength selection
module. The selection module is responsible for passing certain bands of the illumination one after another to
interact with the sample under test. The transmitted radiation intensity is detected with a light detector. Bottom:
the HSI system, on the other hand, is composed of a broadband light-emitting diode (LED) for illuminating the
samples of interest and the backscattered light is filtered and recorded band by band using a matrix of light detec-
tors. Computers, in both setups, are used for data acquisition and analysis. The back scattered light is collected by
the HSI system in order to acquire the optical properties, based on the computed reflectance, of the dye aque-
ous solution. The reflectance of the dye solution is computed based on the scattered photons that interact with
the particles of the dye. This interaction provides a spectral signature which identifies the dye qualitatively and
quantitatively.
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Table 1. The set of the prepared cationic and anionic dye
aqueous solutions

Dye aqueous
solution Methylene blue Methyl orange
1 10ppm 10ppm
2 12 ppm 12 ppm
3 14 ppm 14 ppm
4 16ppm 16ppm
5 18 ppm 18 ppm
6 20ppm 20ppm
7 30ppm 30ppm
8 40ppm 40ppm
9 50ppm 50ppm

Absorption spectrophotometer

The study measurements were carried out in one day for
all the samples of each dye group to preserve the same
conditions (temperature and humidity). All the samples,
including distilled water samples, were poured into
quartz cuvettes, of 1cm thickness, immediately before
the absorption spectra measurements. The absorption
spectra of the agueous MB and MO samples were meas-
ured three times consecutively on the spectrophotom-
eter (UV-1800, TOMOS, USA) according to the standard
operating procedure.

Hyperspectral imaging system

Typically, an HSI optical setup employs a broadband illumi-
nation source emitting radiation in the spectral region of
interest. The illumination source employed for this study
was a light-emitting diode (LED) white lamp (wavelength
range 400-700nm). The reason for the employment of
the LED source is our interest in the visible region of
the optical spectrum. The HSI-collected data was, in this
study, captured via a portable SOC-710 hyperspectral
imaging camera (Surface Optics Corporation, San Diego,
CA, USA). The SOC-710 features a 12-bit image sensor
(high signal-to-noise ratio charge-coupled device) with an
average spectral resolution of ~5.3nm. The sensor oper-
ates in ambient/external lighting conditions using vari-
able times of exposure and electronic gain. The SOC-710
camera is capable of acquiring spectral data in the range
of 380-1051nm in 128 consecutive bands.

HSI data consist of an uninterrupted sequence of
images for the field of view (FOV), yet each image is
taken at a distinct spectral band. The spectral sequence

of images for the FOV is termed a datacube, since it is a
three-dimensional matrix. The hyperspectral datacube,
produced by the SOC-710 model of hyperspectralimaging
camera, has the following dimensions: x =696 pixels,
y=520pixels and z=128 spectral bands). The spectral
profile computed for each dye sample is equal to the
average reflectance of seven pixels selected along the
test tube we used to hold the sample from the top to the
bottom. The seven pixels are separated by 30 pixels along
the longitudinal axis of the test tube.

Two datacubes, otherthan the object’s one, are captured
as a rule: one for the dark current of the image sensor
and the second for a white standard diffuse reflectance
surface. Using the three datacubes, the reflectance for
the object of interest is computed. Initially, the dark
current pixel intensities (I,.) are subtracted from both the
corresponding object (Iobj) and the white surface (I,,.) pixel
intensities. Afterwards, the noise-free object’s datacube
is compensated for uneven illumination by dividing it by
the corresponding pixel intensities for the white standard.
Accurate compensation necessitates preserving the exact
environment of imaging for all the datacubes. Summing
up, the object reflectance (Robj) is calculated as shown in
Equation 1). The selection of the user-defined pixels and
the computed-based-reflectance were done with custom
code written in MATLAB (The Mathworks Inc., Natick,
Massachusetts, USA).

R — obj _ldc (1)

Experimental work and results
Absorption experiments

The experiments were carried out on two groups of
aqueous solutions, one for MB and the other for MO dye.
The experimental work was performed at room tempera-
ture and ambient humidity. The pH of the aqueous solu-
tions was standardised by taking the average of multiple
points on the calibration curve measurements. The
absorbance value was computed according to the Beer-
Lambert law:

A=ebC (2)

where A is the absorbance, ¢ is the molar absorptivity
(MTem™), b is the width of the cuvette carrying the
sample and C is the instantaneous concentration of the
dyeinthe solution. Using Equation (2), the spectral profiles
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Figure 2. The measured absorption spectra for (a) MB samples (10, 12, 14, 16, 18, 20, 30, 40 and 50 ppm), (b)
MO samples (10, 12, 14, 16, 18, 20, 30, 40 and 50 ppm) using the UV/vis spectrophotometer.
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for the samples of both MB and MO in the concentration
range of 10-50ppm were obtained from the UV/vis
spectrophotometer measurements. The spectral profiles
for both the MB and the MO dyes are displayed in Figure
2(a, b), respectively.

The UV/vis spectrophotometer measurements for
the MB and MO dyes exhibited a higher absorption at
the wavelengths of 660nm and 440nm, respectively.
Figure 3 displays the relation between the computed
absorbance and the concentration for each dye solution

at its distinguished absorption spectral band. According to
Equation (2) this relation should be linear. However, the
absorption measurements for the MB samples showed
an obvious non-linearity in the absorption/concentration
relationship. This non-linearity pointed to the low accuracy
of the UV/vis spectrophotometer in detecting the high
concentrations of some dyes, including MB in aqueous
solutions as shown in Figure 3(a).The observed non-linearity
of the UV/vis spectrophotometer also accounts for the
poor performance of the device for dilute dye solutions.
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Figure 3. (a) the absorbance measured at 660 nm, using the UV/vis spectrophotometer for the group of MB
aqueous solutions with concentrations of 10, 12, 14, 16, 18, 20, 30, 40 and 50 ppm. (b) the absorbance
measured at 440 nm for the group of MO aqueous solutions with concentrations of 10, 12, 14, 16, 18,
20, 30, 40 and 50 ppm. Both graphs have linear fitting in black dots to estimate how close the absorbance
measurements of the dye samples are related to its concentrations.
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Hyperspectral imaging and data processing

All the dye samples prepared for this study were imaged
and their reflectance was computed three times. The
reason for repeating the computation is the minimisa-
tion of possible random errors. Based on the reflectance,
the absorbance is calculated using Equation (3), where
A signifies the absorbance of the dye sample using
HSI-collected data.

Aobjzlog[ ! ] (3)

obj

Figure 4 displays the average computed absorbance for
the MB and MO samples listed in Table 1.

Following the absorbance computation, it is of
interest to identify the distinguishing spectral band
that highlights the change of the dye concentration
and verify that with the spectrophotometer. For this,
Pearson correlation coefficients were calculated for
all the spectral bands captured by the HSI camera
against the concentrations of the dyes in all samples.
The spectral band that had the highest correlation
coefficients was the optimal one. The absorbance of
the dye samples in the optimal band was considered
the reference for comparison between HSI and the
spectrophotometer as shown in Figure 5.

Discussion
The results of the absorption experiment demonstrated
that UV/vis spectrophotometry is limited in the precise
identification of the different dye aqueous solutions
as shown in Figure 3(a). Beer-Lambert’s law implies a
linear relationship, however, this relation is contravened
for molecules of large size and heavy molecular weight
including certain chemical dyes. This contravention is
attributed to the interaction between analyte molecules.
These interactions of the dye molecules are controlled
by intermolecular attractive forces such as hydrogen
bonding and van der Waals forces. Such forces change
the absorptivity of the analyte and result in a non-linear
response as concentration increases. Added to the
former, changes in the solution refractive index (n) with
analyte concentration probably alters the position, size
and solid angle of the captured image upon the detector.
The UV/vis spectrophotometer performance in
differentiating the MB samples in the concentration
range of 10-50ppm is less accurate compared to
the lower range of 10-20ppm, as shown in Figure
5(a). So, we tried to find an alternative method that
could differentiate accurately between the high and
low concentrations of dye-based MB samples. HSI
should be useful for this since it is a combination of
spectrophotometry and imaging in one platform. Thus, it

@5

=
= wn N

Mgthylene Blue Absorbance (a.u.)
U

0
400

500
Wavelength (nm)

600 700

Figure 4. Results of the hyperspectral imaging of both MB and MO aqueous solutions. (a) the computed aver-
age absorbance for the group of MB with concentrations in the range of 10-50 ppm along the spectral range
of 350-700 nm and (b) the computed average absorbance for the group of MO with concentrations in the
range of 10-50 ppm along the spectral range of 400-600 nm.
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Figure 5. (a) the maximum absorbance, detected at 660 nm, of MB using the UV-VIS-1800 spectrophotometer
combined with linear fitting (blue dashed line), and the corresponding absorbance of the SOC-710 HSI camera,
captured at 660nm and 571 nm bands combined with linear fitting (red and black dashed lines, respectively). (b)
the maximum absorbance, detected at 440 nm, of MO using the UV-VIS-1800 spectrophotometer combined
with linear fitting (blue dotted line), and the corresponding absorbance of the SOC-710 HSI camera, captured at
440nm and 513 nm bands combined with linear fitting (red and black dashed lines, respectively). The R? value
(coefficient of determination) is displayed for each group of data points.

simultaneously provides spectral and spatial information.
Using this information, HSI is able to quantitatively
differentiate between the different solutions with
variable concentrations. For verification purposes, a
comparison between the computed absorbance of the
dye-based solutions, using spectrophotometry and
HSI, is shown in Figure 5(a and b, respectively). The
computed absorbance, in Figure 5, shows a very close
performance of HSI compared to the spectrophotometer,
in differentiating between the MB samples (10-20 ppm)
and the MO samples (10-50ppm). However, HSI
out-performs the spectrophotometer in differentiating
the high concentrations of MB samples (20-50 ppm), as
shown in Figure 5(a). The spectrophotometer identified
the wavelengths 660nm and 440nm for MB and MO
maximum absorbance, respectively. However, these
bands were not the ones with the highest correlation
with MB and MO dyes using the HSI system. HSI was
able to better distinguish the different concentrations
of MB and MO at bands close to the one identified by
the spectrophotometer as shown in Figure 5(a and b) at
576 nm and 513 nm, respectively.

Beside the experimental analysis, it was informative to
measure the degree of agreement of HSI compared to UV/
vis spectrophotometry in order to assess HSI reliability.

For this purpose, a correlation between the computed
absorbance of one group of dye-based samples, based
on UV/vis spectrophotometry and HSI, was computed.
The MO group of samples was used for computing the
correlation coefficients, since the computed absorbance
from both spectroscopic techniques is similar. The
correlation coefficients were plotted against a diagonal
line, representing the state of equality between the two
instruments, with angle of 45°, as shown in Figure 6.
The computed correlation coefficient indicated a very
close agreement for the measured MO samples using
the two methods investigated in this study. Thus, HSI
is likely to be a reliable alternative technique to UV/vis
spectrophotometry for both qualitative and quantitative
in situ analysis.

Bland and Altman’s limits of agreement (LOA) is a
reliable statistical tool used to check the agreement
between two techniques used for the same purpose. The
obtained results from HSI and UV/vis spectrophotometry
were the input data for the Bland and Altman’s LOA in this
study. The LOA are depicted in Figure 7. Since the results
from HSI and UV/vis spectrophotometry lie between
the upper and lower LOA, HSI is statistically verified as a
suitable technique to replace UV/vis spectrophotometry
for in situ analysis of dye samples.
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Conclusion

This study confirms the consistency of using HSI as a
guantitative analysis technique to detect and quantify
organic wastewater contaminants. Dye samples of both
MB and MO underwent analysis by UV/vis spectropho-
tometry and HSI, which were shown to be precise, simple,
rapid and low-cost methods for analysing samples for
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wastewater organic contaminants in the laboratory. In
fact, UV/vis spectrophotometry is one of the standard
methods used for analysing contaminated water.
However, by experiment, it is found that the spectropho-
tometer has certain limitations. These limitations were
clear while evaluating the presence of industrial dyes
like MB in water. We hypothesised that hyperspectral
imaging could overcome the limitations of UV/vis spec-
trophotometry in detecting dyes present in water like MB
and MO.

For verification purposes, nine distinct concentrations
of both MB and MO dyes in aqueous solutions were
accurately prepared in the chemistry laboratory using
standard laboratory procedures. The prepared dye
samples were split into two groups, one tested by
UV/vis spectrophotometry and the other by HSI. We
concluded:

1. UV/vis spectrophotometry is a standard technique for
analytical chemistry, but it is limited in detecting low
concentrations of dyes like MB in aqueous solutions.

2. UV/visspectrophotometryislimited to smallamounts
of samples that fit into the standard cuvette of the
device. For large amounts or numbers of samples,
experiments need to be repeated several times
which is a time expensive process when working in
the field.

® Individual difference value

--B--lower LOA

-0.15 Becmccccm e

-0.2
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Figure 7. Bland-Altman plot of mean and percentage difference between UV/vis
spectrophotometry and HSI. Bland and Altman’s LOA is a reliable statistical tool
used to check the agreement between two techniques used for the same purpose.
Dashed lines show intervals for +1.96 multiple of the standard deviation using
the spectrophotometer results in the denominator. The dot points represent five
distinct concentrations (10, 20, 30, 40 and 50 ppm) of MO aqueous solutions.
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3. The UV-vis device is a laboratory-friendly instrument,
yet it is hard to tailor it for the harsh environment of
contaminated water produced by industry.

4. HSI overcomes the limit of small quantity of samples by
analysing an adjustable field of view for the object of
interest. Thus, it saves the processing time for analysis
done by the UV/vis spectrophotometer in the labora-
tory. Therefore, HSI is more appropriate for on-site
analysis of industrial contaminated water.

5. More investigation is required to generalise this tech-
nique of analysis for inorganic contaminates such as
chromates and heavy metals.
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