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We herein report a universal calibration curve for the UV-visible spectrophotometric determination  

of the concentration of polymerizable dyes in solution. The method has been successfully applied to con-
struct a calibration curve of methylene blue in water that is applicable over a wide range of methylene blue 
and chloride concentrations, regardless of both the aggregate concentration distribution and the tempera-
ture. In addition, it was found that the molar fractions of each methylene blue species in solution could be 
well approximated by means of simple algebraic expressions in the A650/A607 absorbance ratio.  

Keywords: calibration curve, polymerizable dye, methylene blue, UV-visible spectrophotometry, self-
aggregation. 
 
 
 
СПЕКТРОСКОПИЧЕСКИЙ АНАЛИЗ ВОДНОГО РАСТВОРА  
МЕТИЛЕНОВОГО СИНЕГО В ВИДИМОМ ДИАПАЗОНЕ 
 
A. Fernández-Pérez, G. Marbán* 

УДК 543.42 

Институт углеродной науки и техники (INCAR-CSIC),  
33011 Овьедо, Испания; e-mail: greca@incar.csic.es 

 
(Поступила 10 ноября 2020) 

 
Получена универсальная калибровочная кривая для определения концентрации полимеризуемых 

красителей в растворах в УФ-видимом диапазоне методом спектрофотометрии. Метод успешно 
применен для водных растворов метиленового синего в широком диапазоне концентраций метилено-
вого синего и добавки NaCl независимо от распределения суммарной концентрации и температуры. 
Показано, что молярные доли каждого вида метиленового синего в растворе могут быть хорошо 
аппроксимированы с помощью простых алгебраических выражений для соотношения A650/A607. 

Ключевые слова: калибровочная кривая, полимеризуемый краситель, метиленовый синий,  
УФ-видимая спектрофотометрия, самоагрегация. 

 
Introduction. The ecotoxicity of dyes in water effluents  has attracted widespread interest in the scien-

tific community during recent years and motivated the development of a number of water treatment methods 
to remove these contaminants, with adsorption, photocatalysis, and biodegradation the main processes stud-
ied [1, 2]. In those studies, the colored nature of dyes meant that spectrometry in the UV-Vis range became 
the most often used analysis tool. For the evaluation of the concentration of an unknown sample, a calibra-
tion curve must be constructed beforehand. A calibration curve is created by first preparing a set of standard 
solutions with known concentrations of the analyte. The instrument response is measured for each and plot-
ted against the concentration of the standard solution. Common practice for producing the calibration curve 
with a UV-Vis spectrophotometer is based on the linear relationship between the absorbance and the dye 
concentration at a given wavelength, according to the Beer-Lambert law:  

 Cdye =  A/IFL,          (1) 

 
**Full text is published in JAS V. 88, No. 6 (http://springer.com/journal/10812) and in electronic version of ZhPS 
V. 88, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru). 
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where Cdye is the dye concentration (mol/L), A is the absorbance at the  wavelength, β is the inverse of ε, 
the molar attenuation coefficient of the solution at the same wavelength (L/mol  cm), L is the path length 
(cm) and IF is an instrumental factor that ensures that the molar attenuation factors evaluated with a given so-
lution are independent of the cuvette used for the evaluation [3]. Ideally, the values of IF should be 1 when 
the cuvettes materials show exactly the same transmittance for each cuvette and the true path lengths are 
equal to the nominal path lengths (L). To build the calibration curve of aqueous solutions of methylene blue (MB), 
the wavelength at the maximum absorbance (~664 nm) is typically used. However, deviations from linearity 
in the relationship between A664 and CMB are commonplace [4–10]. These deviations must be ascribed to the 
tendency of the dyes in solution to aggregate, affecting the shape of the UV-Vis spectra. In the case of meth-
ylene blue, the long scientific effort to provide reliable identification of aggregates existing in solution to-
gether with accurate optical and thermodynamic parameters of formation of the different species [11—30] 
has recently been successful [3]. In aqueous MB solutions, monomer molecules, dimers and tetramers coex-
ist in a wide range of MB and chloride concentrations [3], exhibiting quite different absorption spectra  
(Fig. 1) [3, 31]. The Supplementary Information file includes a short summary of the methods used to prove 
the presence of each species. 
 

 

Fig. 1. Optical spectra for all the MB species either virtually (mesomers) or truly contained in aqueous 
solutions, 1 – monomer (mesomer I), 2 – monomer (mesomer II), 3 – dimer, 4 – tetramer. 

 
We have proven that the monomer exhibits a temperature-dependent absorption behaviour that is caused 

by the change in its electron charge distribution with the variation in the temperature-dependent dielectric 
constant of water. The monomer charge distribution lies between those of two virtual resonance forms, with 
the absorption spectrum of the monomer being a composition of the theoretical spectra for the virtual me-
somers (Fig. 1), the proportions of which are established by a temperature-dependent virtual equilibrium 
constant (resonance virtual equilibrium hypothesis) [31].  

The molar fractions of the monomeric, dimeric, and tetrameric forms are highly dependent on both the 
total concentration of MB molecules and the temperature. Surprisingly, to the best of our knowledge, is the 
fact that the obvious distortion introduced into the shape of the standard calibration curve (Eq. (1)) by the 
self-aggregation phenomenon has never been considered. The taken-for-granted use of the standard calibra-
tion curve at the maximum wavelength in all modern studies [32–41] is concrete evidence of that. This ap-
proximation may be valid for small concentration ranges, though the application conditions should be the re-
sult of a complex decision-making process to tackle the measurement uncertainty [4, 42]. The present study 
is the final piece of a detailed research project into the self-aggregation behaviour of methylene blue in water 
[3, 31]. Here, we describe a simple way to build the calibration curve of aqueous methylene blue and, by ex-
tension, of any polymerizable dye in water. The calibration curve can be applied to a wide range of MB and 
chloride concentrations regardless of both the aggregate concentration distribution and the temperature, and 
thus merits the label universal. 
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Experimental. The absorption spectra (400–800 nm) of 56 aqueous MB solutions in the 1.1×10–6–
3.4×10–3 mol/L concentration range, in which different NaCl amounts were added (0.00–0.15 mol/L), were 
obtained at four different temperatures in the 282–333 K range using a UV-Visible spectrometer (Shimadzu 
UV-2401PC), giving a total of 224 spectra. The temperature of the optical cuvettes was kept constant using a 
Lauda Alpha RA8 thermo circulating bath. Every measurement was performed in triplicate, with exhaustive 
cleaning of the cuvettes (water, ethanol, and air drying) between measurements. A total of three optical cu-
vettes were used for all the analyses (two cuvettes of 1 cm and one cuvette of 0.01 cm). The instrumental 
factors were evaluated for all cuvettes [IF = 1, 1.004 (1 cm path length) and 1.145 (0.01 cm path length)].  

The universal calibration curves. The method consists of simply using the Beer-Lambert equation at 
each of the wavelengths of the absorbance spectrum that are characteristic of the optical spectra of the differ-
ent species in solution, either monomeric or aggregates. We consider the characteristic wavelengths to be 
those corresponding to the absorption maxima (empty circles in Fig. 1). The characteristic wavelengths and 
corresponding values of molar attenuation coefficients of the different MB species are listed in Table 1. 
Thus, application of the Beer–Lambert equation to the absorption spectrum of a polymerizable dye yields: 

 
1 1

i i i

m m

j F j j
j j

A A I L C  
 

    ,           (2) 

where i is the summation index from 1 to m wavelengths (in the case of MB, m = 4 and 1 = 650 nm, 
2 = 664 nm, 3 = 607 nm, and 4 = 600 nm) and j is the summation index from 1 to m species (in the case of 
MB, mesomer I when j = 1, mesomer II when j = 2, trimer when j = 3, and tetramer when j = 4) [3, 31]. The 
molar attenuation coefficients 

i j  of the different MB species are shown in Table 1. The dye species con-

centrations Cj are the m unknowns in the system of Eq. (2). The total dye concentration can be evaluated by 
the mass balance as 

1

m

dye j j
j

C n C


  ,               (3) 

where nj is the aggregation order, which is to say the number of single dye molecules of each species (in the 
case of MB, n1 = 1, n2 = 1, n3 = 2, and n4 = 4 for mesomer I, mesomer II, dimer, and tetramer, respectively). 
By solving the system of Eq. (2) with Cramer’s rule and entering the result in Eq. (3), the following equation 
is obtained: 
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where 

i j  is the (i, j) minor of the mm matrix formed by the 
i j  coefficients, whose determinant is the 

denominator of Eq. (5). Thus, the βi proportionality coefficients only depend on the values of the molar at-
tenuation coefficients and the aggregation order (nj values) and are independent of other variables such as 
temperature, degree of aggregation, or ionic strength. Therefore, if the optical spectra of the different mono-
mers and aggregates are known, Eq. (4) should be applicable as a universal calibration curve for any 
polymerizable dye. Such is the case of MB, whose βi parameters evaluated as explained above are indicated 
in Table 1.  

Figure 2 shows the normalized absorbance spectra of the MB solutions analysed at 282 K. An equal 
number of spectra, not included here, were measured at each of the other three temperatures (296, 313, and 
333 K), with curve shape trends being similar to those observed in Fig. 2.  
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TABLE 1. Molar Attenuation Coefficients of the Different MB Species [3, 31]  
 

 
i, nm 

Mesomer I 

1i
 , 

L/mol cm 

Mesomer II 

2i
 , 

L/mol cm

Dimer 

3i
 , 

L/mol cm

Tetramer 

4i
 , 

L/mol cm 

 

βi, 
105 

650 43988.4 79417.0 70522.3 43759.4 1.8830 
664 30853.3 107751.5 74672.5 40573.3 –0.5213 
607 30401.1 33020.1 101444.8 131649.4 –7.9365 
600 27479.3 26894.8 91212.0 138491.0 9.9905 

 
 

Fig. 2. Normalized absorbance (absorbance divided by maximum absorbance) spectra at 282 K,  
CNaCl = 0 (a), 0.5 (b), 0.10 (c), and 0.15 M (d). 

 
The blueshift on increasing the MB and chloride concentrations is evident, which means that the MB 

concentration can in no way be predicted with confidence by means of the standard calibration curve  
(Eq. (1)) over the full concentration and temperature ranges used in the measurements (Fig. 3). In fact, the 
standard deviation of the mean relative error in CMB, used as an error function in the optimization of β in 
Eq. (1) with the 224 experimental points (β = 2.0410–5), is as high as 37.2%. With Eq. (1), the CMB values 
are clearly overestimated at low MB concentrations and underestimated at high concentrations, exhibiting 
a great dispersion for a given value of CMB due to differences in temperature and/or chloride concentration 
(Fig. 3). On the other hand, Eq. (4) demonstrates a more than satisfactory prediction (Fig. 3) with a mean 
relative error as low as 0.00 ± 3.16%. This error was obtained via an error minimization procedure in which 
the IF values were optimized with respect to those evaluated experimentally, though the differences between 
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experimental and optimized values were found to be negligible (1 versus 1, 1.004 versus 1.018 and 1.145 
versus 1.153 for the experimental and optimized values of the three cuvettes, respectively). 

 

 

Fig. 3. Comparison between the standard (crosses) and universal (circles) calibration curves. 
 
In addition to the characteristic wavelengths, Eq. (4) was tested with all wavelengths in the 500–700 nm 

range though no improvement in the calibration error was seen. When the molar attenuation coefficients 
of the different species in solution for a given dye are unknown, the universal calibration curve might still be 
used if a given value of m is assumed and the characteristic wavelengths of each of the m species can be ap-
proximated by a rational approach. In such a case, the βi values can be obtained by error minimization. 
In fact, even when the attenuation coefficients are known, as in the case of MB, small differences in instru-
ment sensitivity might cause the βi coefficients listed in Table 1 to work slightly incorrectly with absorbance 
spectra of MB solutions produced by a different analyser to the one used in this study, in which case the 
proper procedure is to again optimize the βi coefficients via error minimization, this time using the absorb-
ance values at the same wavelengths as those indicated in Table 1 and the values of βi shown in the same  
table as initial estimates. 

For predictive purposes, it would be interesting to find an easy way to relate the molar fraction of each 
species in solution (Xj = njCj/Cdye) to the values of absorbance at their characteristic wavelengths. The fol-
lowing expression is obtained from Eqs. (2) and (3):   
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However, this expression is complex and can result in a significant error with even a very small differ-
ence in instrument sensitivity. From a practical point of view, the most important thing is to relate each frac-
tion to the ratio of a single pair of characteristic absorbances so that we may have an easy and sufficiently 
accurate evaluation of the molar fractions with just two points on the absorbance spectra, regardless of type 
of cell, dye concentration, ionic strength or temperature.  Of  course,  this  procedure cannot  yield  the  same 

  

 

Fig. 4. Variation of the molar fraction of the different MB species in solution with the A650/A607 ratio. 
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result for the whole set of conditions at a given absorbance ratio, since the molar fractions depend on the 
characteristic absorbances for all species (Eq. (6)). It may, however, yield a fair approximation. In this study 
we evaluated the molar fractions of the different MB species for all solutions prepared in the study by fol-
lowing the methodology described in our previous work [3]. Then we plotted these values against the differ-
ent Ai/Ak ratios (1  i, k  4, i  k) and found that the best correlations were when using the A650/A607 ratio.  
Figure 4 shows these correlations for the monomer (Xm), dimer (Xd) and tetramer (Xt). The algebraic expres-
sions that relate the different molar fractions to the A650/A607 ratio are indicated in the figure. The regression 
coefficients are over 0.99 in all cases. Considering that the points displayed in Fig. 4 cover wide ranges of 
MB concentrations (1.1×10–6  CMB  3.4×10–3 mol/L), ionic strengths (1.1×10–6  [Cl–]  0.15 mol/L) and 
temperatures (282–333 K), the values evaluated with the algebraic expressions can be regarded as sufficient-
ly precise. 

Conclusions. A universal calibration curve for the UV-Vis spectrophotometric determination of the 
concentration of polymerizable dyes in solution was deduced from the Beer–Lambert law. The dye concen-
tration is a linear function of the absorbance values at the characteristic wavelengths. The proportionality co-
efficients only depend on the values of the molar attenuation coefficients and the aggregation order and are 
independent of other variables such as temperature, degree of aggregation, or ionic strength. These coeffi-
cients can be evaluated either with the molar attenuation coefficients of the different dye species (if known) 
or via error minimization. The method has been successfully applied to construct a calibration curve for 
methylene blue in water over a wide range of methylene blue and chloride concentrations, regardless of both 
the aggregate concentration distribution and the temperature. The molar fractions of each MB species in so-
lution were well approximated by means of simple algebraic expressions in the A650/A607 absorbance ratio. 
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