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Abstract

Background: Malachite green (MG) and brilliant green (BG) are two synthetic triphenylmethane dyes with applications in the
textile and aquaculture industries. They are considered to be environmental contaminants due to their carcinogenic and
mutagenic properties. Both dyes have the same bluish-green color in aqueous solutions.

Objective: The aim of this study is to develop a colorimetric analysis as a very simple and cost-effective method to determine
the residues of MG and BG simultaneously in aqueous industrial samples.

Method: This method is based on the alterations in red, blue, green (RGB) color histograms of the dyes in the presence and
absence of Triton X-100 micelle. The images of the samples were taken by a digital camera and converted to the RGB color
system using MATLAB software. Partial least-squares regression as a powerful chemometrics tool was used for multivariate
calibrations and quantitative measurements. The performance of the proposed method was compared with a simple

spectrophotometric method as a reference.

Results: Relative errors of prediction for colorimetric and spectrophotometric analysis, respectively, in micellar media were
6.56 and 4.61% for MG and 6.38 and 5.24% for BG. The shortest linear ranges for colorimetric and spectrophotometric

analysis, respectively, in micellar media were 0.1-10 and 0.5-5 mg/L for MG and 0.1-15 and 0.5-6 mg/L for BG. The recovery
percentages obtained from the analysis of the dyes in real samples of fish-pond water and textile wastewater ranged

between 91 and 107%.

Conclusions: The good correlation between the results of the colorimetric analysis and the spectrophotometric analysis
indicates the reliability of the proposed colorimetric method. Also, the results of the relative recovery study showed

insignificant matrix effect.

Highlights: This study demonstrates the ability of the colorimetric analysis coupled with chemometrics tools for
simultaneous determination of the analytes even with nearly identical colors.

Simple methods of chemical analysis that are handled with
lower expenses and technical skills are always in demand (1-6).
Such methods enable scientists to efficiently study different
chemical systems in a very short time. Among these methods,
colorimetric methods are considered very simple, rapid, cost-
effective, and precise ways of analysis for a large variety of com-
pounds. There are different techniques for qualitative and

quantitative colorimetric analysis, and, recently, they all have
received much attention due to the benefits mentioned above.
In some cases, the analyte interacts with a chemical reagent,
resulting in a change in the color (7, 8). In other cases, the inten-
sity of the analyte’s color is directly measured (9). For any type
of measurement, digital images taken by a camera, a scanner,
or a cell phone are usually the source of the required data, and
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they later undergo the image processing steps (10-12). The strat-
egies for image-based colorimetric analysis are based on the
type of data acquired from the image—for instance, mean pixel
values of the red, blue, green (RGB) channel or cyan, magenta,
yellow, black (CMYK) channel (13, 14), RGB color histogram (15),
hue, saturation, value (HSV) color space (13), or grayscale image
data (16). However, in simultaneous measurement of a series of
analytes, colorimetric analysis may face some limitations when
the colors of the analytes are very similar to one another. MG
and BG are two synthetic dyes that can be an example of such,
as they are chromatically identical and almost indistinguishable
to the naked eye (Figure 1).

MG and BG are two cationic triphenylmethane dyes that are
well-known for their usage in textile industries as coloring
agents (17, 18). These dyes exhibit some antifungal, antibacte-
rial, and antiparasitic properties and have a broad application
in aquaculture industries for disinfection and treatment of cer-
tain fish diseases (19, 20). It has been proven that MG and BG are
mutagenic and carcinogenic; therefore, releasing them in natu-
ral environments can be harmful for human beings and other
biological species (21, 22). There are several methods for re-
moval of the above-mentioned dyes from aqueous solutions by
using different materials such as coffee beans (18), carbon-
based adsorbents (23), bagasse fly ash (24), or rice husk ash (25),
and industries are highly encouraged to use a method for treat-
ment of their wastewater. Thus, it is important to determine
the residues of these dyes in aquaculture products and indus-
trial effluents. To date, several methods have been carried out
for simultaneous determination of MG and BG, such as liquid
chromatography-tandem mass spectrometry (LC-MS/MS) in
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aquaculture products (26), ultrahigh-performance liquid
chromatography-tandem mass spectrometry (UHPLC-QgQ-MS/
MS) in seafood (27), and laser wave-mixing detection interfaced
to capillary electrophoresis in aquatic environments (28).

As discussed above, applying colorimetric analysis for simul-
taneous determination of MG and BG is problematic due to the
high similarity between the colors of these dyes. Herein, we of-
fer a novel approach to resolve this problem using the RGB color
histogram of the dyes combined with partial least-squares (PLS)
regression. PLS is a powerful regression model that is com-
monly used to calibrate different types of chemical data. The
basis of the PLS regression can be found in the literature (29).
The analysis of the dyes was simply performed in a light box
with a digital camera as a detector. The dyes were also analyzed
using an ultraviolet-visible (UV-Vis) spectrophotometer as a ref-
erence method to compare with the proposed colorimetric
method. In the final step, we examined our proposed method
on some real industrial samples.

Experimental
Apparatus and Software

All the experiments were performed at room temperature
(25°C). The absorption data were recorded using the Agilent
8453 UV-Vis spectrophotometer equipped with a diode-array
detector. A light box similar to the one used in a study by
Damirchi et al. (30) was employed for digital-image-based color-
imetric analysis. The dimensions of the light box were 18 x 25 x
17.5cm (width x length x height) with a 3 x 3cm window on
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Figure 1. BG 6 mg/L (left solution) and MG 6 mg/L (right solution).
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the front side. Six white LEDs mounted on the left and the right
interior sides of the box were used as the light source. A quartz
cuvette and a glass cuvette with 1cm width were used as sam-
ple holders. To measure and adjust the pH, a digital pH meter
(SL-901 Sana Electronics, Iran) was used. Images were captured
by a Canon EOS 1300D digital camera.

MATLAB 8.6 (The MathWorks, Natick, USA) software was
used for image processing and quantitative analysis of the data.
RGB color values of the digital images were acquired by ImageJ
software. Minitab 17 software was used for design of experi-
ments and statistical tests.

Reagents and Samples

Analytical grade of all chemicals was used in the experiments
with no further purification. BG, MG, and Triton X-100 were sup-
plied by Sigma-Aldrich (St. Louis, USA). Sodium acetate, acetic
acid, and potassium chloride were purchased from Dr. Mojallali
Co. (Tehran, Iran).

All the solutions were prepared using deionized water. A
buffer solution of 0.1 mol/L of acetic-acetate was prepared by
dissolving appropriate amounts of sodium acetate and acetic
acid in 1.0L water. Then, the pH was adjusted in 4. Stock solu-
tions of BG and MG (50 mg/L) were prepared by dissolving 0.01 g
of each dye in 50 mL of the prepared buffer solution and diluting
them to 200 mL with the same buffer in volumetric flasks. Due
to the photosensitivity and thermosensitivity of the dyes, the
volumetric flasks were subsequently covered by aluminum foil
to avoid light exposure and stored at 4°C. A 330 mmol/L of TX-
100 solution was prepared by dissolving 2mL of TX-100 in 10 mL
water. In all the experiments, 50 pL of this solution was added
to 2mL of the solutions containing dye to form a micellar me-
dium. The concentration of TX-100 in these solutions was
8.25 mmol/L, which is above the critical micelle concentration
of this surfactant (0.22 mmol/L) (30).

Method

To compare the behaviors of the dyes in the presence and ab-
sence of TX-100 micelle, MG and BG were individually analyzed
in aquatic and micellar media. In the next step, quantitative col-
orimetric and spectrophotometric measurement of the dyes
was performed. Calibration sets and prediction sets composed
of binary mixtures of the dyes were designed according to the
linear dynamic range of each dye for each method. The calibra-
tion sets were obtained by a five-level two-factor design from
Minitab software. This design gave 25 runs for the calibration
sets. Since orthogonality is not necessary for designing the pre-
diction sets, these sets were obtained by a random design con-
taining nine runs that were different from the calibration runs.
The concentration ranges at which the sets were designed were
spanned in the linear dynamic range of the dyes obtained by
the univariate analysis.

Solutions of the binary mixtures of MG and BG were pre-
pared by adding appropriate volumes of their stock solutions in
25mL volumetric flasks and diluting them with acetic-acetate
buffer (0.1 mol/L). For digital-image-based colorimetric analysis,
2mL of the intended solution was transferred to a glass cuvette,
and then it was placed inside the light box. Images of aqueous
solutions were taken by the camera before adding micelle. Due
to the gradual change in the color of BG in the presence of TX-
100 micelle, the images of micellar solutions were taken 20 min
after adding micelle, at which the aforementioned trend had
been ended (30). After capturing, the original images were

transferred to MATLAB and Image] software to obtain the RGB
color histogram and pixel values. Quantitative measurements
using PLS regression were performed in MVC1 toolbox in
MATLAB (31).

For spectrophotometric analysis, the solution preparation
procedure was the same as colorimetric analysis. The absorp-
tion spectra of the dye solutions in the quartz cuvette were
recorded before adding micelle and again 20 min after that. The
obtained absorbance data were processed using MVC1 toolbox
in MATLAB.

Image Processing

Original images that were recorded by the camera were cropped
to specific dimensions. After that, the images were inserted to
MATLAB software using the imread function. These images were
split into three layers of matrixes using the image function. Each
of the matrixes belonged to one of the RGB channels. Then, the
histogram values for each channel were obtained using the imh-
ist function.

To extract the mean pixel values for the RGB channels, the
cropped images were inserted into Image] software and the
Histogram option was selected from the Analyze tab.

Statistical Evaluation

The methods were evaluated by calculating statistical parame-
ters including root-mean-square errors for prediction set
(RMSEP), root-mean-square errors for calibration set (RMSEC)
coefficient of determination (R?), and relative errors of predic-
tion (REP) (32).

The number of the latent variables for the PLS regression
was selected based on a leave-one-out cross-validation method.
This number provided the minimum root-mean-square errors
of cross-validation (RMSECV) (32).

LOD and LOQ for univariate analysis were calculated as
follows:

3o

LOD = o (1)
10c

LOQ = —m 2

where o is the standard deviation of blank, and m is the slope of
the calibration curve.

To assess the prediction ability of the model, the ratio per-
formance to deviation (RPD) was calculated as follows:

SD

RPD = pMSEP @)

where SD is the standard deviation of the reference data, and
RMSEP is the root-mean-square errors of the prediction set. It
has been suggested that a model is good for screening with a
RPD >3, good for quality control with a RPD >5, and excellent
for all analytical tasks with a RPD >8 (33).

Real Samples Analysis

Fish-pond water and textile wastewater samples were collected
from a fish farm and a textile factory near the city of Mashhad
in Iran, respectively. First, 25mL of each sample was filtered
with Whatman grade 40 filter-paper to eliminate any sus-
pended matter. Then, each of the samples was added to 10 mL
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potassium chloride solution (2 M) and diluted to 200 mL with
acetic-acetate buffer (0.1 M). Eventually, samples were spiked
with standards of MG and BG and submitted to the measure-
ment procedure already described.

Results and Discussion
MG and BG Analysis in Aquatic and Micellar Media

Many of the characteristics of MG and BG—for example, their
chemical structures and absorption spectra—are strongly simi-
lar to one another. Also, the high similarity between the colors
of these two dyes can be observed in their RGB color histogram.
Figure 2 displays the RGB color histograms of MG and BG in
aquatic and micellar media. Region of interest (ROI) for the
images was defined as a fixed 70 x 70 pixels area of the sample
image. As can be seen, the RGB curves in the histogram of MG
and BG (especially the red channels and the green channels) ex-
hibit a high degree of overlap in aquatic environments. This
amount of overlap will hinder the calibration methods (for ex-
ample, PLS) from having a proper function. When micelle is
added to the dye solutions, a small shift to the right side of the
histogram has occurred on the red and the green curves of MG,
whereas the blue curve has moved to the left side. It can be
seen that by adding micelle, the red and the green curves of BG
have shifted to the left side and the blue curve has shifted to
the right side. These shifts are the result of slight changes in the
colors of the dyes’ solutions after micelle addition. The partial
separation in the RGB curves of the two dyes caused by adding
micelle can improve the measurements. The original reason for
such phenomena can be elucidated by studying the absorption
spectra of the dyes.

Figure 3 demonstrates the MG and BG individual and mix-
ture absorption spectra in aqueous and micellar solutions from
the wavelength 350 to 700 nm. As in the histograms, it can be
seen that the spectra of the dyes in aqueous solutions are highly
overlapped in this region but partially deconvoluted in micellar
media. After adding TX-100 micelle to the solutions, a batho-
chromic shift has occurred at the absorption maximum of BG
from 625 to 634nm, accompanied by an increase in the

absorbance value at the Apax. A similar bathochromic shift from
618 to 624nm is observed at the absorption maximum of MG,
and the absorbance value at its A,qx has been reduced.

The bathochromic shift can be caused by a change in the mi-
croenvironment available to MG and BG after adding micelle,
leading to a decrease in the energy gap between the HOMO and
LUMO orbitals of these dyes (34). Since MG and BG are consid-
ered to be cationic dyes, and TX-100 is a nonionic surfactant,
different types of interactions between each dye and TX-100 are
likely to happen. It appears that the BG molecules get incorpo-
rated within TX-100 micellar aggregates, resulting to an in-
crease in the solubility and stability of this dye and, eventually,
a rise in the absorbance value at its Ayqx. On the other hand, MG
molecules present a lower tendency for solubilization in the mi-
cellar aggregates, and the absorbance value at the Ayoxdecreases
due to the formation of moderately soluble precipitate of MG.
Similar observations can be found in studies on the dye-surfac-
tant interactions (35-38).

Analytical Parameters

The univariate analysis of the dyes is important for preparing
the standard solutions for the calibration and prediction sets
because that the concentration of each compound must be
bound to their respective linear dynamic range (39). The calibra-
tion curves of the univariate analysis of MG and BG in aquatic
and micellar media were plotted to determine the linear ranges,
limits of detection (LODs), and limits of quantification (LOQs).
For this purpose, standard solutions of MG and BG were ana-
lyzed by the camera and the spectrophotometer. For spectro-
photometric analysis, the plots were conveniently obtained
using the absorbance values at the Amax of each dye. To enhance
the repeatability and sustainability of the colorimetric analysis,
a specific manual setting was adjusted to the camera in all the
experiments. The optimum conditions for image acquisition are
summarized in Table 1. The calibration curves of the univariate
analysis for colorimetric method were plotted using the mean
pixel value of each channel (red, blue, and green) modified by
subtraction from the mean pixel value of the blank.
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Figure 2. RGB color histogram of (a) MG (6 mg/L) and (b) BG (6 mg/L) in aquatic and micellar media. TX-100 concentration in solutions: 8.25 mmol/L.
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Figure 3. UV-Vis absorption spectra of MG (6 mg/L) and BG (3 mg/L) in aqueous and micellar solutions. TX-100 concentration in solutions: 8.25 mmol/L.

Table 1. Optimum conditions for image acquisition

Option Aperture

Shutter speed

1SO White balance Distance?®

Optimum condition f/4 1/500

100 Fluorescence 15cm

@Distance between the sample and the camera.

Relative standard deviations of standard samples were cal-
culated using six replicants. Analytical figures of merits for both
methods are summarized in Table 2. According to Table 2, the
spectrophotometric analysis gave wider linear ranges and lower
LODs and LOQs.

ROI Optimization

Figure 4 shows the RGB histograms of a sample originated from
different regions of interest (ROIs). As can be seen, small ROI
(10 x 10 pixels area) leads to very narrow RGB curves with noise.
Likewise, the RGB curves of the large ROI (170 x 170 pixels area)
are noisy, but they are also wider.

As the ROI dwindles, the total number of the pixels
decreases. Therefore, the RGB curves in the histogram become
narrower. The narrow RGB curves are not suitable for multi-
variate calibrations as they provide few data points. In large
ROIs, the total number of the pixels and, subsequently, their
distributions grow larger. This gives RGB curves with a high
amount of noise, which can cause errors in the measure-
ments. Here, a 70 x 70 pixels area gave sharp curves without
noise; thus, it was considered the optimum ROI for multivari-
ate calibrations.

Formation of the Calibration and Prediction Matrixes

To use multivariate calibration methods, e.g., PLS for quantita-
tive analysis, a calibration set and a prediction set are needed.
Each set consists of several mixtures with specific concentra-
tions of the analytes. The compositions of the calibration and
prediction sets for experimental analysis are presented in
Table 3. To set the most accurate measurement conditions, the
following points were taken into account for preparing the cali-
bration and prediction sets: (1) Since the linear ranges for the

channels of RGB were different, the concentration range in
which all of the channels were linear was considered for the
calibration and prediction sets of the colorimetric analysis. (2)
The prediction sets were designed with random concentrations
that were not used in the calibration sets. (3) Initially, there
were 25 samples in the calibration set of the spectrophotomet-
ric analysis. After performing a statistical F-test for regression
analysis, the sample numbers 7, 9, 13, 17, 19, and 25 were iden-
tified as outliers by the F-ratios above 1 (Figure 5). Therefore,
they were omitted from the calibration set, and the 19 remain-
ing samples were used for further measurements. To create
identical conditions for both spectrophotometric and colori-
metric analysis, the sample numbers 1, 2, 6, 7, 24, and 25 of the
calibration set for the colorimetric analysis that had the lowest
and highest responses were removed to achieve a 19-sample
set. The F-ratios of the statistical F-test showed no outlier for
these samples.

The histogram values and absorbance values obtained
from the calibration and prediction experiments were collo-
cated as follows to form specific matrixes to be used in the
PLS model.

The sets generated a 351 x 19 matrix for the calibration
and a 351 x 9 matrix for the prediction in spectrophotometric
analysis, according to the examined wavelength range (350 to
700nm), which included 351 data points. The matrix produc-
tion for colorimetric analysis was different. There were
three vectors with the length of 256 in the histogram of
every sample, each belonging to one of the channels of RGB.
These vectors were aligned together to form a single vector
with a length of 768, which was used as an input for
every sample. Then, matrixes with the size of 768 x 19 and
768 x 9 were attained for the calibration and prediction,
respectively.
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Table 2. Analytical figures of merit for the univariate analysis
Dye Medium Method Equation (R?) Linear range® LOD? LOQ* RSD, %
MG Aquatic Spectrophotometry 0.076x + 0.004 (0.99) 0.10-12.00 0.06 0.19 0.25
Colorimetry R channel 6.73x + 12.14 (0.99) 0.50-10.00 0.08 0.26 1.15
G channel 1.22x + 9.89 (0.98) 0.50-10.00 0.09 0.29 1.22
B channel 1.73x + 6.84 (0.97) 0.50-6.00 0.10 0.33 1.33
Micellar Spectrophotometry 0.068x + 0.008 (0.99) 0.10-10.00 0.06 0.19 0.27
Colorimetry R channel 6.52x + 9.28 (0.99) 0.50-10.00 0.08 0.26 0.98
G channel 2.32x + 4.52 (0.98) 0.50-6.00 0.10 0.33 1.02
B channel 2.1x + 7.21 (0.98) 0.50-5.00 0.10 0.33 1.15
BG Aquatic Spectrophotometry 0.11x + 0.05 (0.99) 0.10-12.00 0.02 0.06 0.28
Colorimetry R channel 7.67x 4+ 16.77 (0.98) 0.50-8.00 0.10 0.33 1.17
G channel 1.69x + 7.89 (0.97) 0.50-8.00 0.10 0.33 1.76
B channel 1.93x + 9.91 (0.97) 0.50-8.00 0.10 0.33 1.83
Micellar Spectrophotometry 0.14x + 0.01 (0.99) 0.10-15.00 0.01 0.03 0.19
Colorimetry R channel 6.87x + 21.61 (0.99) 0.50-10.00 0.09 0.29 1.25
G channel 3.43x + 1.57 (0.99) 0.50-6.00 0.08 0.26 1.40
B channel 4.9x + 5.53 (0.99) 0.50-6.00 0.08 0.26 141
“mg/L.
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Figure 4. Histograms of a sample (mixture of MG: 3mg/L and BG: 2 mg/L) with different ROIs. (a) 10 x 10 pixels area, (b) 170 x 170 pixels area, and (c) 70 x 70 pixels area.

Quantitative Measurement of MG and BG

The results of the experimental analysis are given in Table 4,
and the plots of predicted values versus real values for both

methods are displayed in Figure6. It can be seen that micelle

addition has made a remarkable improvement in the analysis
of the dyes. As expected, the proposed colorimetric method
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Table 3. Composition of calibration and prediction sets for experimental analysis (concentrations of MG and BG: mg/L)

Calibration for Prediction for
Mixt spectrophotometry spectrophotometry Calibration for colorimetry Prediction for colorimetry
ixture
number MG BG MG BG MG BG MG BG
1 2.00 1.00 2.50 3.30 0.50 0.50 1.88 1.68
2 4.00 1.00 5.00 3.20 1.00 0.50 2.15 2.55
3 6.00 1.00 6.90 1.20 2.00 0.50 0.86 1.92
4 8.00 1.00 8.90 4.00 3.00 0.50 2.55 3.10
5 10.00 1.00 9.50 2.40 4.0 0.50 2.65 1.66
6 2.00 2.00 5.40 4.70 0.50 1.50 1.23 2.14
7 4.00 2.00 2.40 1.70 1.00 1.50 1.62 2.64
8 6.00 2.00 9.20 2.90 2.00 1.50 2.75 2.95
9 8.00 2.00 2.50 1.10 3.00 1.50 3.22 2.75
10 10.00 2.00 4.00 1.50
11 2.00 3.00 0.50 2.50
12 4.00 3.00 1.00 2.50
13 6.00 3.00 2.00 2.50
14 8.00 3.00 3.00 2.50
15 10.00 3.00 4.00 2.50
16 2.00 4.00 0.50 3.50
17 4.00 4.00 1.00 3.50
18 6.00 4.00 2.00 3.50
19 8.00 4.00 3.00 3.50
20 10.00 4.00 4.00 3.50
21 2.00 5.00 0.50 5.00
22 4.00 5.00 1.00 5.00
23 6.00 5.00 2.00 5.00
24 8.00 5.00 3.00 5.00
25 10.00 5.00 4.00 5.00
2
MG colorimetry
18
—a— BG colorimetry
16
MG spectrophotometry
14
—e— BG spectrophotometry
L 12 '
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Figure 5. Statistical F-test results for calibration sets of the colorimetric and spectrophotometric analysis.

combined with the PLS regression failed to accurately deter-
mine the amounts of MG and BG simultaneously in aquatic me-
dia due to the high overlap in the RGB curves in the color
histogram of the dyes. This can be concluded from the low val-
ues of R? and high percentages of REP for the analysis of the

dyes in aquatic media. When micelle is added, the RGB curves
of the dyes are separated, and the method’s function has been
improved. The same trend can be observed in the spectrophoto-
metric analysis of the dyes. The spectral deconvolution related
to micelle addition has enhanced the method’s performance.
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Table 4. Results of experimental analysis
Method Matrix Dye LVs RMSEC RMSECV R? RMSEP REP, % RPD
Colorimetry Aquatic media MG 3 0.26 0.19 0.64 0.43 20.56 1.67
BG 3 0.55 0.42 0.39 0.82 36.73 0.62
Micellar media MG 3 0.11 0.10 0.95 0.14 6.56 5.14
BG 3 0.12 0.16 0.93 0.14 6.38 3.64
Spectrophotometry Aquatic media MG 3 0.28 0.13 0.96 0.52 8.99 5.36
BG 2 0.89 0.33 0.53 1.24 43.01 0.93
Micellar media MG 3 0.19 0.11 0.99 0.27 4.61 10.22
BG 2 0.14 0.19 0.98 0.14 5.24 8.28
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Figure 6. Scatter plots of predicted values versus real values for BG in (a) colorimetric and (b) spectrophotometric analysis; and for MG in (c) colorimetric and (d) spectro-

photometric analysis (real values and predicted values: mg/L).

Additionally, the good agreement between the results of the
colorimetric analysis and the spectrophotometric analysis as a
reference method indicates that the proposed method is
reliable.

The RPD values calculated for the colorimetric analysis of
the dyes in aquatic media are considerably low. This can be
interpreted as this method not having an efficient performance

in such media. By adding micelle, the RPD values significantly
increased, falling within the acceptable range. The RPD value
for the colorimetric analysis of BG is above 3, which shows that
this method is good for screening, and the RPD value for the col-
orimetric analysis of MG is above 5, showing that this method is
good for quality control of this dye. The RPD values for the spec-
trophotometric analysis of the dyes in micellar media are both
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above 8, which indicates that this method is good for all analyti-
cal tasks for these dyes.

Figure 7 shows the elliptical joint confidence region (EJCR)
plots for both methods performed in micellar media. These
plots, which were acquired from MVC1 toolbox in MATLAB, are
applied to evaluate the security and the precision of the meth-
ods. They demonstrate the estimated intercept versus the slope,
and if the points [0,1] lie inside the graph, then bias is absent. As
can be observed, all the plots included the ideal [0,1] points.
This means that the results are not biased, and the methods are
secure for the respective purposes.

Real Samples Analysis

Simultaneous determination of MG and BG has been carried out
in two different types of real sample, including fish-pond water
and textile wastewater, to evaluate the method’s reliability in
the presence of unknown amounts of interferences. The results
of relative recovery study for both intra-day and inter-day
(5 days) analysis of the dyes implemented in the micellar media,
respectively, are shown in Tables 5 and 6. The closeness of rela-
tive recoveries to 100% is satisfactory, which proves that the
matrix effect in determination of the analytes is insignificant.
To assess this factor, a statistical t-test with a 99% confidence
level has been done using Minitab software. The results

(a) . __EJCR

O  Ideal
EJCR

Intercept
o

O  Ideal
EJCR

Intercept

-1.5 . :
0.6 0.8 1 1.2 1.4 1.6

Slope

presented in Table 7 show that the P-values calculated from
intra-day relative recoveries were all above the significance
level or o (0.01). This provides evidence that the relative recover-
ies were not different from the hypothesized mean, which was
considered to be 100. On the other hand, the P-values of inter-
day analysis were significantly lower than «, showing that the
relative recoveries had a considerable difference from 100. This
can be related to the thermosensitive nature of the dyes. After
keeping the samples with added dyes for 5days, the fluctua-
tions in temperature affected the measurements. It can be con-
cluded that the measurements must be done immediately after
the dyes are added.

Conclusions

In this study, MG and BG were simultaneously determined us-
ing a colorimetric method coupled with a multivariate calibra-
tion model. This method has employed the RGB color histogram
of the dyes for the analysis. As was observed, the RGB curves in
the histograms were highly overlapped because both dyes ex-
hibit similar a bluish-green tint. Adding Triton X-100 micelle to
the solutions was an effective approach as it could partially sep-
arate the RGB curves and improve the method’s performance.
The method yielded adequately accurate results for the analysis
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Figure 7. EJCR plots for the colorimetric analysis of (a) BG and (c) MG, and spectrophotometric analysis of (b) BG and (d) MG.
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Malachite green

Brilliant green

Sample
Method Sample matrix number Added® Found® Recovery,% RSD,% Added® Found® Recovery,% RSD,%
Colorimetry Textile wastewater 1 0 1.28 NDP 1.25 0 1.18 ND 1.66
2 1 2.25 97 1.18 1 2.25 107 2.05
3 2 3.14 93 2.09 2 3.20 101 1.79
4 3 4.10 94 141 3 4.06 96 1.96
Fish-pond water 5 0 - ND - 0 - ND -
6 1 0.92 92 1.12 1 1.02 102 1.45
7 2 1.82 91 1.22 2 2.14 107 1.57
8 3 2.79 93 0.97 3 3.15 105 1.94
Spectrophotometry Textile wastewater 1 0 1.40 ND 0.77 0 1.05 ND 0.79
2 1 241 101 0.52 1 1.99 94 0.46
3 2 3.44 102 0.33 2 3.03 99 0.68
4 3 4.28 96 0.63 3 4.20 105 0.84
Fish-pond water 5 0 - ND - 0 - ND -
6 1 0.95 95 0.76 1 0.96 96 0.92
7 2 1.94 97 0.39 2 2 100 0.97
8 3 2.94 98 0.41 3 3.09 103 0.88
#Concentration unit: mg/L.
PND = Not detected.
Table 6. Relative recovery study of real samples (inter-day)
Malachite green Brilliant green
Sample
Method Sample matrix number Added® Found® Recovery,% RSD,% Added® Found® Recovery,% RSD,%
Colorimetry Textile wastewater 1 0 1.25 NDP 1.85 0 0.92 ND 1.90
2 1 2.19 94 1.64 1 1.87 95 2.12
3 2 3.17 96 2.06 2 2.90 96 1.86
4 3 4.02 92 1.98 3 3.77 95 1.59
Fish-pond water 5 0 - ND - 0 - ND -
6 1 0.93 93 1.19 1 0.91 91 1.99
7 2 1.82 91 1.44 2 1.89 94 1.75
8 3 2.83 94 1.12 3 2.80 93 1.65
Spectrophotometry Textile wastewater 1 0 1.32 ND 0.77 0 0.98 ND 1.01
2 1 2.25 93 0.87 1 1.88 90 0.95
3 2 3.16 92 0.94 2 2.93 97 1.12
4 3 4.09 92 0.81 3 4.05 102 0.74
Fish-pond water 5 0 - ND - 0 - ND -
6 1 0.95 95 0.78 1 0.93 93 0.86
7 2 1.92 96 0.69 2 1.86 94 0.89
8 3 2.86 95 0.81 3 2.85 95 0.75

@Concentration unit: mg/L.
PND = Not detected.

Table 7. Results of the statistical t-test for relative recovery
percentages

Intra-day Inter-day
Method Analyte t-value P-value t-value P-value
Spectrophotometry MG -1.61 0.168 -8.77 0.001
BG —0.30 0.779 -3.91 0.003
Colorimetry MG -1.91 0.015 -9.33 0.001
BG 1.73 0.144 -8.21 0.001

of the dyes in micellar media. The effect of micelle addition
studied by a spectrophotometric method also indicated reduced
overlapped spectra and improved results. It proved that this
technique is advantageous for simultaneous analysis of dyes

even with very similar colors. As opposed to many complex sep-
aration methods, e.g., HPLC, this method is very simple and
does not need any tedious sample preparation steps. The
method takes advantage of the PLS model, a very powerful mul-
tivariate calibration method, for a rapid and nondestructive
measurement. Furthermore, this method employs an inexpen-
sive instrument, i.e., a digital camera, for quantitative analysis.
The relative recovery study of the real samples also confirmed
insignificant interferences with other unknown compounds in
the matrix.
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