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Visible colour changes estimation in colorimetric
determination of chromium (VI) using polymeric sensors
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ABSTRACT

The paper describes an application of a kind of optical analytical method, digital colour analysis (DCA), using colorimetric
polymethacrylate sensors (optodes) in order to determine Cr (VI). The optodes are made of optically transparent polymethacrylate
matrix (PMM) with 1.5-diphenylcarbazide immobilized. The developed optode can be used in determination of the analytes using solid
phase spectrophotometry and calculating colour coordinates as functions of absorbance spectra. Also colour coordinates can be
represented as basic colour (e.g. RGB) data after the optode image digitizing. Then one can determine the content of an analyte in a
sample by an appropriate colour difference calculated for these coordinates. Experimental results of Cr (VI) determination in tap water
show that the DCA relative standard deviation is 8-17 % and recovery is < 12 % at the range of determined concentrations 0.05-1.0

mg-L_l. The characteristics are comparable with those of the solid phase spectrophotometry.
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1. INTRODUCTION

Chromium compounds are powerful oxidizing agents and
tend to be irritating and corrosive. They appear to be well
known toxic substances governing various health and ecological
risks [1].

Trace levels of chromium can be determined by different
analytical techniques most of which are based on atomic
absorption spectrometry [2], inductively coupled plasma—
mass/atomic emission spectrometry [3], and high-performance
liquid chromatography [4]. These methods, in spite of high
sensitivity, need expensive instrumentation and skilled staff.

Optochemical sensors play an important part in industrial,
environmental and clinical monitoring thanks to their low cost,
possibility for miniaturization and great flexibility [5], [6].
Among different types of optochemical sensors, colorimetric
sensors (optodes) are especially attractive because they
recognize analytes through colour change that allows obtaining
the visually observed and easily measurable analytical signal [7],
[8]. The analytical signal measurement can be carried out using

not only standard spectrophotometric equipment, but also the
naked eye without the use of an expensive equipment.
Naturally, the naked eye techniques cannot be as accurate as
spectrophotometry. That is why the visible colour changes
should be measured using different chromaticity coordinates (in
RGB, XYZ, L*a*b*, and/or other systems) and parameters
such as total colour difference (colour variation) AE. Usually
chromaticity parameters are calculated as functions of
absorption or reflection spectra by means of computer
programs intended for spectral data processing.

Nowadays, the measurement of colorimetric parameters has
become easier due to a wide use of scanners, digital photo and
video cameras, etc. [9]-[11]. An image of an optode is captured
and transferred to a computer and its colour is interpreted using
imaging software. This approach can be implemented also with
transformation of an optode colour into an electric signal by
means of a diode target array. It provides an opportunity for
carrying out rapid chemical analysis in an industrial working
environment and/or in the field. It also allows to design a
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reliable and easy-to-use measuring instrument that can be
calibrated to be able to measure mass concentration of a whole
series of substances. In the Tomsk Polytechnic University, such
an analytical instrument has been created, which is called a
digital colorimetric analyzer (DC  analyzer) [12]. This portable
instrument allows to measure colorimetric parameters of solid
transparent optodes with high precision. The DC analyzer is
controlled by a laptop or computer through a USB interface.
Specially developed software enables the instrument calibration
for different test systems. Due to compactness and ease of use,
the DC analyzer can be used for rapid determinations in various
practical domains.

In the present work, an application of the DC analyser, using
colorimetric polymethacrylate sensors as optodes, is considered
in order to determine Cr (VI). The optodes are made of
optically transparent polymethacrylate matrix (PMM) with 1.5-
diphenylcarbazide immobilized. The developed optodes have
been used in determining Cr (VI) wusing solid-phase
spectrophotometry and calculating colour coordinates as
functions of absorbance spectra. As an alternative approach,
colour coordinates can be represented by means of RGB data
after the optode image digitizing. Subsequent determination of
the content of Cr (VI) in a sample has been carried out on the
base of calculating an approptiate colour difference as a
function of the RGB coordinates. Additionally, colorimetric
parameters of the optode for Cr (VI) determination were
measured by means of the DC analyser. Obtained outcomes are
discussed in the present paper which is an extended version of
the conference paper [13].

2. METHODS

2.1. Materials

The PMM is a specially created material containing
functional groups which provide the ability to extract both the
reagent and determined substance [14]. Transparent 10 X 10 cm
polymethacrylate plates, thickness (0.60 * 0.04) mm, were
prepared by the radical block polymerization of methacrylate
and (alkyl)acrylates of alkaline (or alkaline earth) metals at the
temperature 60-70 “C for 3-4 h. The plates were cut to platelets
6.0 X 8.0 mm (weight ca. 0.05 g) intended for analyses.

All reagents were of analytical grade and used as purchased
without further purification. Deionized and distilled water was
used in all experiments. The work solutions of 0.025-0.200 %
1.5-diphenylcarbazide were prepared by dissolving precise loads
in ethanol by heating in a water bath with subsequent diluting
by distilled water. The stock solutions of metals (1 mg-mL")
were prepared by dissolving precise loads of their salts in 0.01
M acids. The work standard solutions of the required
concentration were prepared by dilution of the stock solution in
the day of the experiment. The required pH was adjusted using
acid and alkali and controlled using an I-160 ionometer.

2.2. Procedure

The immobilization of 1.5-diphenylcarbazide (DPC) into the
polymethacrylate matrix was performed by sorption from
water-alcohol solution of DPC under bath conditions during 3—
10 min. The tailoring of the optimum conditions of the
interaction of immobilized DPC with Cr (VI) are described in
detail in [15]. Briefly, PMM with immobilized DPC was put into
50 ml of Cr (VI) solution of different concentration and pH
and stirred for 15-30 min. After that absorption spectra or
absorbance of PMM was measured. Then the polymethacrylate

matrix with the immobilized DPC was put into 50.0 mL of an
analysed solution of definite concentration of Cr (VI) ata pH =
0 and stirred for 15 min. After that absorption spectra of the
PMM were measured. Then the colour coordinates X, Y and Z
were calculated according to equations [16]:

780

X =&Y t(M)SA)T 0 (WAL, (1)
380
780

Y =&Y w1 (WA, )
380
780

Z=kY 1(MSMZ (WAL, 3
380

where &= 780* , x10(A), Jwo(h), z10(A) are

D ST (WAL

380
addition functions of CIE 1964 Supplementary Standard
Observer, t(A) is transmittance of the PMM, S(A) is relative
spectral power distribution of the CIE Standard Iluminant
Do65.
After that, chromaticity coordinates x, y, ¥ were found
according to equations:

x=X/X+Y+2Z), 4
J}:Y/<X+Y+Z), )
=Z/(X+Y+2Z), (6)

where the condition x + y + 7= 1 is valid.
Then the transition from the XYZ to the RGB system was
made in accordance to the following equations:

r=3.2405x —1.5371 y —0.476z, )
g=-0.9693x +1.8760 y +0.041z , ®)
b =0.0556x —0.2040 y +1.0572% . )

The conversion from the XYZ to the CIE L*a*b* system
was done as described by the following equations [17]:

e Z J16(Y /Y, =16 Hf Y/ Y, > 0.008856 10)
903.3(Y / Y,,) if Y /Y, <0.008856

a*=500[f(Y/Y,)=f(Y /Y], an

=200 /(Y /Y,)~ f(Z/ Z)] » (12)

1

7° if # > 0.008856

where f(#)= )
7.787¢+16/116  if # < 0.008856

X,, Y, and Z, are values of coordinates of the white point of the
system.
The total colour differences AE”, AE: and AEL" for the

chromaticity coordinates in XYZ, CIE L*a*b* and RGB colour
systems calculated from absorption spectra were estimated
according to the equations:

AES: = (Ax® + A% +AZH)Y2, (13)
b = +Aa” + ,

AE™ =(AL? + Ad® + Ab*Y? 14
Eft =(Arc+Ag" + ,

AEX" = (Ar? + Ag® + Ab* Y2 15
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where Ax, Ay, Az; AL, Aa, Ab and Ar, Ag, Ab are the colour
coordinate changes in the XYZ, CIE L*a*b* and RGB systems,
respectively.

Visible colour changes of the PMM were estimated with
digital imaging by means of a scanner and image processing
software. The PMM image was captured and transferred to a
computer and its colour was interpreted using imaging software
where the colorimetric data in RGB format were related to the
concentration of the analyte.

The total colour difference AE . for the scanned images of
the PMM [18] evaluated by means of scanner and software
Photoshop CS was estimated according to equation:

AE, . =[(r —r)* +(g0 — 2)* + (b — )12, (16)

where n, g, b are the colour coordinates of samples after
contact with a plain solution; 7, g, b are the colour coordinates
of samples after contact with the solution containing the
substance under determination.

Visible colour changes of the PMM were also estimated with
the DC analyzer. For this aim, the PMM after contact with
solution under determination was placed into the receiving bin
of the analyzer and measurements were carried out. The
measurement results were obtained as series of RGB
coordinates and the corresponding colour difference AEjq: was
calculated by formula similar to (16).

2.3. Apparatus

The absorption spectra and absorbencies of the PMM were
recorded on the Schimadzu UV-mini-1240 (Schimadzu
Corporation, Japan) and Spekol 21 (Catl Zeiss Jena, Germany)
spectrophotometers. A non-modified polymethacrylate matrix
was used as the reference sample.

As the desktop scanner the Hewlett Packard Scanjet 4400 C
was used. The personal computer was Pentium II (333 MHz).
The software packages were used as follows: Photoshop CS for
image collection and taking colour intensities, Excel
spreadsheet for general calculations and Origin 7.0 for plotting.

The colorimetric parameters were measured by means of the
developed DC analyzer (instrumental error < 1%, response
time < 25 ms).

The pH values were measured by the I-160 ionometer (NPO
“Izmeritelnaya tekhnika”, Russia) with a glass pH-selective
electrode. The ionometer had an absolute error £0.020 pH and
was calibrated at 25 °C using buffer solutions with pH 1.00 and
9.18.

3. RESULTS AND DISCUSSION

Traditional colorimetric determination of chromium (VI) is
based on the formation of the red-violet colored

NH—NH@ gu
2HCrO. +30:< —
NH—NH@

DPC

NH—NH@
20" + 30—
N=——/N

diphenylcarbazonate of chromium (III) complex as a result of
interaction of DPC and Cr (VI) ions in acid media. The
interaction includes the following two stages (Figure 1): redox
reaction between chromium (VI) and 1.5-diphenyl-carbazide
with  formation  of  chromium (III) and  diphenyl-
carbazonate (DPCO), and complex formation reaction between
chromium (III) and DPCO.

The exact structure of this complex is not known but it
appeats to be a cationic complex [Cx(III)DPCO]@* in which
an unknown number of protons 7 are liberated [19].

Other colorimetric methods for chromium determination

can be found in papers [20]-[23].

3.1. Cr (V1) colorimetric determination using PMM

The PMM with immobilized DPC after contact with Cr (VI)
solution had red-violet colour due to the formation of the
cationic complex. The absorption spectra of this complex in the
PMM and scanned images of the PMM are presented in Figure
2. The absorption spectrum has a maximum at 545 nm. The
absorption at the wavelength 545 nm was taken as the analytical
signal for solid phase spectrophotometric determination of
Cr (VI) which was explained in more detail in [15].

3.2. Acidity influence investigation

Investigations of the influence of analyzed solution acidity
on the analytical signal showed that maximum analytical signal

400 500 600

A, nm

Figure 2. Absorption spectrum of PMM with immobilized DPC after contact
with Cr (VI) solution with concentration, mg~L_1: curve 1-0; curve 2 —0.05;
curve 3—0.10; curve 4 —0.25; curve 5—-0.50; curve 6 —0.75; curve 7 — 1.00.

NH—NH

3o:< +2Cr” + 8H,0
=)

DPCO

: —> 2[Cr(IDPCOH]*""* + nH*

Figure 1. Scheme of Cr(VI) and DPC interaction.
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is reached at pH = 0. Also, the nature of acid plays a significant
role in shaping the analytical signal for solid phase
spectrophotometric  determination of Cr (VI). Therefore,
sulphuric acid and orthophosphoric acid are not suitable for
maintaining the medium acidity. Among hydrochloric acid and
nitric acid the use of the former to maintain the medium acidity
provided a maximum analytical signal which was stable during
several hours, whereas the latter decreased the analytical signal
and increased its stability up to several days. Thus, the
hydrochloric acid was used in further work due to the
maximum analytical signal.

3.3. Interfering ions influence investigation

Influence of interfering ions such as Fe (III), Cu (II),
Hg (II), V (V), Co (11I), Pb (I), Ni (II) and Mn (II) on the
determination of Cr (VI) by using PMM with immobilized DPC
was investigated. Ions of each of the interfering elements were
added individually to a 50 mg L' chromium (VI) solution and
relative error 8 of Cr (VI) determination in presence of the
interfering element ions was calculated according to equation
8 = [(Ay—A)/AJ-100, 17
where A is an analytical signal from the PMM with immobilized
DPC after contact with Cr (VI) solution without interfering
ions; Ay is the analytical signal after contact with the solution

containing interfering ions. The interference investigation
results are shown in Table 1.

3.4. Calibration dependences

The calibration dependences for Cr (VI) were obtained for
different methods and analytical signals, namely: traditional
solid phase spectrophotometry and absorbance maximum As4s;
the solid phase spectrophotometry and total colour differences
AEY?, AEy and AELY" computed by equations (14)-(16) on
the base of the colour coordinates obtained from the
absorption spectra; and the digital colour analysis (DCA) [10]
with total colour differences AE . for scanned optode images
and AEjn measured by the DC analyzer. The concentration
dependences for Cr (VI) are described by equations with high
correlation coefficient values for all estimation methods of the
visible colour changes. Analytical performance for the
equations of the colour changes are presented in Table 2.

Graphical dependencies of the analytical signal versus
concentration of Cr (VI) in the analyzed solution are shown in
Figure 3. One can see in Figure 3 that the slope of the

RGB

calibration line AE)" is greater than that of the calibration line

Table 1. Influence of interfering ions.

lons Concentration ratios 8, %
10 5
Fe (I)
50 7
10 5
Cu (1)
50 10
10 5
V (V)
50 13
Hg (1) 10 >
& 50 13
10 5
Mn (1)
50 13
Co (Il) 50 5
Pb (I1) 50 5
Ni (I1) 50 5

Table 2. Analytical performance of the Cr (VI) colorimetric sensor.

Ar;?::;fal Calibration equation R RDC?, mg-L™
Asas 0.003 + 0.525 - Cory 0.998  0.05-1.00
AEgp 0.002 +0.167 - Cerquy 0.999  0.05-1.00
AE 0.4 +47.8 - Cequy 0.999  0.05-1.00
AEjps 0.003 +0.103 - Ceyy 0.998  0.05-1.00
Ao ;62 ; sz(:fv'fg " Cerny = 0.997  0.05-1.00
AEipgie 3.335 + 118.85 - Cer 0.992 0.05-1.00

' Ris a correlation coefficient
*RDC is a range of determined concentrations

XYZ

e - 1t means that the use of RGB colour coordinates when

computing the total colour difference for absorbance spectrum
data provides a better sensitivity compared to XYZ coordinates.

It should be noticed that, in the case of Cr (VI), the
calibration dependence for AE ., appears to have quadratic
character. The calibration dependence for AEj: could be
described by both a second degree polynomial and a linear
equation. As soon as the correlation coefficients for the two
options were equal to each other, for the sake of simplicity, the
linear equation was selected.

Precision of the procedure was expressed as the relative
standard deviation (RSD) for the determination of 0.1 mg-I-!
of Cr (VI). Values of range of determined concentrations
(RDC), as well as of RSD, wete obtained under conditions of
reproducibility for a number of determinations # = 5 according to
ISO 5725-1994.

Expressed in percents RSD was estimated by the formula

1]1 n _2
RSD=—=,——) . . (C,-C) , 18
C\/HZ“( ;=0 (18)

where # is the number of determinations (optodes); C; is the
tesult of ith concentration determination; and C is the
arithmetic mean of the # determination results.

Expressed in percents recovery () was estimated by the
formula

,Q _ Qadded _Qf(>und , (1 9)

Oadded

where Qudded is introduced addition content and Qfound is found
addition content as an averaged value of 7 determinations.

The accuracy and precision of Cr (V1) determination results
were verified by the standard addition method using drinking
water (Table 3). One can see from Table 3 that the
characteristics of accuracy and precision for analytical signals
and AE., of the digital colour analysis are comparable with
those of the solid phase spectrophotometry (As4s and AE;ps).

4. CONCLUSION

The proposed colorimetric sensor on the base of the PMM
with immobilized DPC can be successfully used for the
determination of Cr(VI) by both solid phase
spectrophotometry and digital colour analysis (DCA). Different
analytical signals based on estimation of visible colour changes
were studied. Metrological performance of the DCA method
was shown to be comparable with those of the solid phase
spectrophotometry.
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Figure 3. Calibration dependences for determination of Cr (VI) obtained for estimation of visible colour changes using the analytical signals: Asss, [E5p,,

£y, KR, AEscan and AFig.

Table 3. Determination of Cr (V1) in tap water (sample size n = 5, confidence level P = 0.95).

Technique Analytical signal Added, mg-L" Found, mg-L* RSD, % Recovery, %
0.070 0.065 *0.016 15 -7
Asss 0.300 0.29 £ 0.03 7 -3
0.600 0.601 +0.023 2 0.2
0.070 0.066 + 0.008 14 -6
AEY 0.300 0.29 £ 0.02 8 -3
Solid-phase 0.600 0.63 +0.05 8 5
spectrophotometry 0.070 0.068 + 0.008 14 -3
Colour coordinates AE; 0.300 0.280 +0.023 8 -5
0.600 0.62 +0.05 8 3
0.070 0.070 + 0.013 21 0.2
AE} 0.300 0.29+0.03 12 -3
0.600 0.63 +0.04 7 4
0.070 0.069 + 0.012 20 -2
AEan 0.300 0.31+0.03 11 2
Digital colour analysis 0.600 059006 1 2
0.070 0.066 + 0.005 8 -6
AEingy 0.300 0.34+0.05 17 12
0.600 0.65 +0.08 14 9

' RSD is a relative standard deviation
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The DCA for determination of not only Cr (VI) but also a
wide spectrum of other elements and/or substances can be
implemented using an office scanner with graphic software or
the DC analyzer. Regardless of the implementation mode, it can
be applied as a highly sensitive method of chemical analysis in
both laboratory and field conditions. Use of the DC analyzer
facilitates field measurements by means of the DCA due to its
compactness.
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