

  chemosensors-10-00087




chemosensors-10-00087







Chemosensors 2022, 10(2), 87; doi:10.3390/chemosensors10020087




Article



Modeling the Dichromatic Behavior of Bromophenol Blue to Enhance the Analytical Performance of pH Colorimetric Sensor Arrays



Andrea Pastore, Denis Badocco, Luca Cappellin and Paolo Pastore *[image: Orcid]





Department of Chemical Sciences, University of Padua, Via Marzolo 1, 35131 Padua, Italy









*



Correspondence: paolo.pastore@unipd.it; Tel.: +39-049-8275182







Academic Editors: Zhuangqiang Gao, Philip Gardiner and Luis Crovetto



Received: 24 January 2022 / Accepted: 17 February 2022 / Published: 19 February 2022



Abstract

:

The dichromatism of Bromophenol blue (BPB) was investigated by varying its concentration in the absence and presence of surfactant. A model of the indicator behavior was carried out, justifying the experimental shapes of the sigmoidal profiles of the hue (H) coordinate. The model applied to the solution was compared with the performance of colorimetric sensor arrays (CSAs) with increasing BPB concentrations. The H shape and the prediction errors of the CSAs were very similar to those predicted. The experimental results enable the changing of the slope of the calibration profiles, at will, by varying only the BPB concentration.
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1. Introduction


A colorimetric sensor array (CSA) [1,2,3,4,5,6] consists of an array of spots made up of a polymer encapsulating a pH indicator [7,8,9,10,11]. A camera acquires the pictures of the array as the pH changes. Through software, color coordinates extrapolation is possible. In the RGB additive color model, each color is the sum of the three spectral components related to red, green, and blue. The difficulty in correlating RGB colors with spectroscopic changes can be solved using the hue, saturation, and value color space (HSV) [12,13]. The H coordinate [14,15,16,17] is the most suitable, since it is an analytical signal characterized by high robustness. Its value is separated from the V coordinate linked to the lighting conditions and the variability of the background of the acquired image. Despite these characteristics, the H coordinate can still undergo variations, for the same substance used, linked to a change in temperature, crystalline structure, illumination direction, or thickness of the polymer layer used to encapsulate the chromophore [18,19]. In this regard, dichromatism is the phenomenon that implies the H variation by tailoring the thickness of the solution or the polymer encapsulating the colored substance [20,21]. The concentration change also produces a similar effect. This phenomenon takes place when there are two relative minima in the absorption spectrum: one wide and shallow, and one deep and narrow [18,22]. The dichromaticity index (DI) is a relevant parameter defined by Kreft [20] as the difference in hue angle, ∆Hab, between the sample color where chrominance is largest (a), and the color of the same sample four times more diluted (thinner) or four times more concentrated (thicker) (b). The two differences in hue angle are called the dichromaticity index towards the lighter (DIL) and the dichromaticity index towards the darker (DID), respectively [18]. The Kreft DIL and DID indexes for pumpkin seed oil, which is one of the most dichromatic substances, are −9 and −44, respectively. This implies that pumpkin seed oil changes color from green–yellow to red–orange when the thickness of the observed layer increases from about 0.5 mm to 2 mm, and it changes slightly towards green if its thickness is reduced four times.



Bromophenol blue is an acid-base indicator with a   p  K A    of 4.15 in an aqueous solution [23,24,25] and, among the acid-base indicators, it is characterized by the largest dichromatic index. However, its dichromatic behavior when embedded in polymeric matrices, as CSAs, and the influence of its dichromaticity on the repeatability and accuracy of a CSA have not been yet discussed in the literature [24,25,26]. For this reason, the colorimetric sensors proposed in the literature so far must be calibrated each time, because the sigmoidal calibration profile varies according to the thickness [25], leading to a serious limit. If the model does not correctly interpret the experimental data, a systematic error is introduced. The ideal calibration shape would be a mono-sigmoid characterized by a working interval >0.5 pH units. The spots having no gradual variation of H vs. pH, seem to be ideal, but they are characterized by a very narrow interval. For this reason, a very large number of spots must be necessary to obtain a full range sensor with a precision comparable to the glass electrode.



In the present paper, the dichromatic behavior of Bromophenol blue (BPB), both in solution and in a CSA made of a tetra-orthosilicate-based (TEOS) matrix will be investigated, also in the presence of a suitable cationic surfactant. The observed BPB dichromatism affects the shape of the H calibration curve, in terms of slope variation and working interval, upon changing the concentration of the indicator used. The modelization of that behavior will be proposed and used to set up a CSA with improved precision. The starting point is the acquisition of the Vis BPB absorption spectra in solution, in the presence and the absence of the surfactant, to calculate the CIE-xy coordinates. The parametric map of the solutions CIE-xy diagrams will be then used to locate the experimental data in a wide pH interval and indicator concentration. The CSA analytical responses will be compared with the solution ones so that the optimal choice will be determined from the shape of the H (analytical signal) of the calibration profile and the prediction error on the pH measurement.




2. Materials and Methods


2.1. Reagents and Instrumentation


Bromophenol blue (BPB), TEOS (tetra-orthosilicate, ≥99%), Hexadecyltrimethylammonium p-toluenesulfonate (T), acetic acid, and NaOH were provided by Sigma Aldrich. Sodium di-hydrogen phosphate, sodium hydrogen carbonate (99.8%), and ethanol were purchased from Carlo Erba. The white PVDF sheets (thickness 101.0 ± 0.1 µm; porosity of 0.45 µm) were provided from Merck. All regressions were performed through MATLAB, using the iterative “Levenberg Marquardt” algorithm [27]. The pH measurements were carried out at 25 °C with a Hanna Instruments HI11310 glass electrode, calibrated with two Hanna Instruments standard solutions at pH 7.00 and 4.01, respectively. pH measurements, with a colorimetric sensor used for the first time, required a reject cycle of approximately 10 min. After immersing the spots for 50 s, the color acquisition was completed. The total concentration of the buffer solutions was constant and equal to 0.08 M. The color was sampled in a homogeneous central portion of the spot (≈105 pixels), and the background was detected in an external area close to the spot. Appropriate programs written with MATLAB were used to extrapolate the RGB, xyz, and HSV coordinates. The absorbance measurements were carried out with an Agilent Cary 60 UV-Vis spectrometer equipped with a glass cell with an optical path-p-of 1 cm. The BPB solutions were prepared by dissolving the indicator in a 6.1% v/v hydro-alcoholic solution at 25 ± 1 °C. The thickness of the CSAs was measured with a digital Micrometer (Microtech, 0–25 mm, 0.0001 mm).




2.2. Preparation of the CSA


The sol was prepared by the acidic hydrolysis of 13.20 g of TEOS (6.62 g of Milli-Q water + 0.168 g of HClaq 1 N). The initial cloudy solution became clear after 45 min of magnetic stirring at room temperature. The CTApTs surfactant was then added (81 mg/portion). After this step, in each portion, 0.433 g of the ethanolic solution with increasing concentration of BPB, CI, (solution 1: 17.3 mg in 5.02 g of EtOH; solution 2: 32.3 mg in 5.00 g of EtOH; solution 3: 64.0 mg in 5.20 g of EtOH; solution 4: 140.9 mg in 5.00 g of EtOH) was added to 0.520 g of TEOS-sol. The deposition of the polymeric matrix on the PVDF (Polyvinylidene Fluoride) was carried out with a steel bar (diameter, 1.6 mm) at 20 ± 2 °C. Each spot had an average diameter of 3 mm and a weight of 90 μg (mean value of 32 spots). The CSA was then left to age at least 3 days before use. The impregnation with the sol matrix occurred onto the whole thickness of the PVDF support. For this reason, the optical pathway of the CSA, p, corresponded to the thickness of the PVDF support.




2.3. Transduction of Color from “Analogic” to “Digital”


The correct analytical response of a CSA is based on the correct transduction of the “analogic” color of the real solution, into the “digital” one detected by a CCD camera or similar. For this purpose, we resorted to a color space reproducing the human eye perception, the CIE-xy plane, over which the sRGB domain [28], typical of the electronic devices, was overlapped. The sRGB domain was contained in the CIE-xy plane, and therefore was limited because the colors outside the sRGB gamut were not displayed correctly. The calculation of the CIE-xy coordinates through MATLAB was performed using, as input, the experimental BPB absorption spectra—as a function of the BPB concentration and pH—taking into account the tristimulus equations [29,30].





3. Results and Discussion


3.1. Absorption Spectra of the Solutions of BPB


To locate the colors of BPB in the CIE-xy plane, the Vis absorption spectra of BPB in solution -considered as a monoprotic weak acid, HI—in the presence and absence of surfactant, were acquired as a function of pH. Figure 1 reports the two situations.



From the absorption spectra,   p  K A    = 4.19 (0.03) and   p  K A    = 2.76 (0.09) were obtained in the absence (a) and the presence (b) of the surfactant, respectively. The surfactant concentration was CT = 0.0123 M, close to its solubility limit in the chosen environment. The increase in εmax(λ2) and the acidic shift of the conditional pKA from 4.19 to 2.76 indicated a clear interaction of the anionic species of the indicator with the cationic head group of CTApTs. As described elsewhere [31,32], the formation of the I−||T+ ion pair in solution occurred. The isosbestic point, occurring in the presence of an excess of T, showed that in these conditions only two species were at equilibrium (HI and T+||I−) as [I−] was negligible. Consequently, the mass balance was CHI ≅ [HI] + [T+||I−]. In the solution, the absorption peak of HI shifted in the presence of surfactant by 14.5 nm towards the blue, while the basic peak increased by 14.1 nm towards the red. Table 1 summarizes all the parameters useful for understanding the behavior of the indicator in the solution.



The colors of the BPB solutions, as a function of pH, are shown in Figure 2 without T (a), with (b) T, and with three concentrations of BPB (1, 2, 3). In series (a), the color changed from yellow–orange to purple, and in (b) from yellow–green to blue. Close to the   p  K A    values (4.19 (a), and 2.76 (b)) the color was purple without T and green–blue in its presence.



The addition of T to a BPB solution was responsible not only for the color transition between complementary colors, but also for a larger color variation near the   p  K A    value (effect depending on the BPB concentration). The formation of the I−||T+ ion pair in solution had, therefore, a dichromatic behavior larger than the I- alone. This is a novel clue to prepare a CSA with better precision.




3.2. Color Transduction from “Analogic” (Experimental) to “Digital” (s-RGB) for BPB Solutions


The experimental calibrations without and with the surfactant, and at three CI values are reported in Figure 3a,b, respectively, together with the simulated curves that match the experiments quite well. In the absence of T (a), as the concentration of the indicator increases, the shape of the calibration profile changes from mono-sigmoidal to double-sigmoidal. The effect is caused by the route of the calibration in the color-space domain. The results of the same experiments are located in the CIE-xy plane containing the s-RGB domain (CCD), reported in Figure 3c,d. The grid was simulated by using the absorption spectra previously reported. The vertical curves are iso-CI and variable pH, while the horizontal curves are iso-pH and variable CI. The arrows indicate the direction of the BPB concentration and pH changes. Symbols,   l o g  C I  · p   = −4.54 (□), −4.24 (○), −3.91 (●), represent the experimental points corresponding to the colors of the solutions of Figure 2 acquired with the camera. The pH values are: 1.19, 2.20, 3.01, 3.61, 3.80, 4.21, 4.59, 5.38, and 6.59 in (a); 1.19, 1.59, 1.79, 2.00, 2.20, 2.39, 3.01, and 3.61 in (b).



In Figure 3c the iso-   C I    curve relative to (○) is perfectly matched by the simulated values. The iso-   C I    curve, relative to (●), is characterized by very saturated colors at the most basic pH values (last three values). Those colors belong to the CIE-xy domain but are out the edges of the sRGB triangle (color space adopted by the camera). Outside the edges of the sRGB triangle, the camera does not discern any color variation and puts the outer value on the edge. Experimental data relative to (□) are more uncertain as, at that dilution, the acquisition of the x and y coordinates is cumbersome owing to the presence of the background color (not perfectly white), which may alter the colors. In the presence of surfactant (Figure 3d), the indicator color transition always remains in the region of the s-RGB triangle indicating that the camera reads the “real” color of the solutions and realizes the ideal condition of detection. It must be noted that all the experimental data start and end at the same colors; namely, they have a color variation from yellow–orange to purple (Figure 2a) and yellow–green to blue (Figure 2b).




3.3. Simulated H Profiles in the Solution and Associated pH Prediction Error


The good agreement of the experimental data in the CIE-xy plane with the simulation enables the use of the model to predict the shape of the H curves vs. pH in the absence and presence of the surfactant as a function of CI, as demonstrated in Figure 3. Literature data [33] report that the prediction error,    s  pH    , associated with the pH measurement is:


   s  pH   ∝    s H    Δ ⋅  S H     



(1)




where sH is a constant and represents the instrumental error, SH is the slope of the H sigmoid as a function of pH, and ∆ is the product of the saturation, S, by the value, V. The minimum value of    s  pH     is obtained when the product of ∆SH is maximum.



Figure 4 reports the simulated H profiles from the VIS spectra of solutions without (a) and with (b) T, respectively. In Figure 4a, curves 1 and 2 are both sigmoidal, although characterized by different slopes. Curves 3 and 4 indicate an inversion of the direction of the H variation, and they are essentially specular compared to the former two. Curve 5 points out the double-sigmoidal shape having an overall lower slope, as already experimentally seen in Figure 3a. The shape of this last curve is due to its location in the CIE-xy (s-RGB) plane. In that area, the three central circles of the calibration lie in a strong curvature, where the color variation is very limited. In Figure 4b, the inversion of the slope of the simulated profiles is shifted toward larger CI values. When T is present in the solution, the s-RGB area involved is different so that the H profile remains mono-sigmoidal in a larger CI interval.



The shapes of the reported calibrations determine the entity of the error. Figure 5 shows the trend of the parameters spH (precision error), and ∆pH (working interval) in the absence (full curves) and presence of surfactant (dashed curves) vs.   l o g  C I  · p  . The colored symbols refer to the curves of Figure 4a. In general, spH decreases with the increase in    C I   , since ∆ increases with the concentration more than the slope decreases. It occurs up to a value of   l o g  C I  · p   close to −3.82. At larger    C I    values of spH increase as the color saturates approach black. The prediction error between   l o g  C I    = −4.45 and −4.00 is minimum and approximately constant. Between −4.43 and −4.31, the inversion takes place so that spH slightly increases passing close to the achromatic point—where the color is absent and S = 0.



Another important parameter—see Figure 5—is the working interval of each spot, ∆pH. This parameter, here represented for solutions, is very important in view of the CSA preparation. In particular, a large ∆pH enables the use of a lower number of spots. For   l o g  C I    < −4.76, the ∆pH assumes a constant value and the H profiles are sigmoidal (curve 1 in Figure 4). From −4.10 to −3.51, ∆pH increases (lower slope of the calibration), but the precision improves. It occurs because the product ∆ = S∙V increases more than the slope decreases. Furthermore, in this part, the shape of the H profile gradually changes from mono-sigmoidal to double-sigmoidal (blue curve in Figure 4a). In the presence of T (dashed curves of Figure 5), the concentration at which the inversion of the H profile occurs is shifted towards larger values. Therefore, the profile remains mono-sigmoidal in a wider working range, with an inherent advantage in terms of simplicity of processing and calculation.




3.4. Experimental H Profiles of the CSAs


The CSA prepared for this experiment is composed of four spots, with increasing BPB concentrations and the same ratio 0.236 gCTApTs/gprecursor. When immersed in solutions, characterized by pH values from 0.90 to 3.00, the colors of the spots change according to the picture in Figure 6a. The squares indicated the   p  K A    values of BPB in the four experimental conditions. As the indicator concentration increases (from top to bottom), the color of the spots corresponding to pH close to the conditional   p  K A    changes from green to brown, indicating the dichromatic behavior of BPB even inside the polymeric layer, and it moves toward a more basic pH. The upper two spots express almost the same   p  K A    as they have similar colors, even though the concentration ratio is doubled in the second. Figure 6b illustrates the four experimental H vs. pH profiles of the CSA just described. The dashed lines are the result of the curve fitting of each spot. The red and black sigmoids describe the upper two spots and the   p  K A    close to the inflection points are almost the same as described by the colors. The blue curve corresponds to the third spot. The sigmoid shape is quite similar to the previous ones, but the slope is negative and lower according to the behavior of the solution. The inversion was achieved for a concentration of BPB larger than in solution 2 (see Section 2.2). The purple curve, the fourth spot, has again a negative and still lower slope, indicating a calibration located in an s-RGB area, where the color changes more gradually.



The regression variance was estimated by using 8 sensors for a total of 32 spots. Their signals were used to obtain the data reported in Figure 6b. To more easily calculate the precision error, the sigmoids were linearized as represented in Figure 6c. The linearization F was obtained according to the following formula:


  F = l n    H  H I n   − H   H −  H  I n     = a + S · pH  



(2)




where a and S are intercept and slope from which it was possible to estimate   Δ pH = 4 / S   and     pH  i  = − a / S  , respectively. The H values corresponding to the acidic and the basic plateau of the sigmoidal profile are    H  H I n     and    H  I n    . In [33], we demonstrated that the precision error    s  p H     of the entire domain of each spot can be estimated in a good way by the ratio      s  y / x    b   , where    s  y / x     is the regression standard deviation. Table 2 reports the parameters a (intercept), S (slope), RSS (residual sum of squares), Adj. R-Square, pHi (inflection point), ∆pH (working interval),    s  y / x     (variance of regression), and    s  pH     (pH prediction error).



For the BPB, the error increases when approaching the inversion point, from the red curve to the black one. After the inversion, it decreases and then gradually rises again. It can be noted that the purple curve in Figure 6b has a precision value of 0.014 pH units coupled to ∆pH = 0.24 pH units and the purple one of 0.035 pH units coupled to ∆pH = 0.79 pH units. To achieve the same precision in the same working interval, a larger number of spots with the composition of the red curve would be necessary. For this reason, curve 4 is preferable.



The present paper is dedicated to the study of a specific property of the indicator molecule, the variation of its dichromatic behavior under specific conditions. For this reason, real applications were not considered. A specific solution was anyway used, and it can be considered as a real solution: the NIST standard provided by Reagecon. It has a nominal pH = 1.68 (±0.01). The pH value determined with the used CSA was 1.67 ± 0.02. This result is included in the H profiles of Figure 6b. CSAs working in the entire pH interval with a precision comparable to the glass electrode were already prepared. A device working in low ion strength media (surface water, and spring water, for instance) is already available, and applications to real matrices such as seawater, fermented beverages, fruit juice, and others, will start as soon as CSAs can be prepared for the specific task.





4. Conclusions


This paper investigated the behavior of Bromophenol blue (BPB), both in solution and in a tetra-orthosilicate-based CSA to enhance the analytical performance of the CSA. The error value, estimated for the pH measurements, increased from 0.014 pH units to 0.026 pH units as the BPB approached the condition of inversion of the slope calibration profile (negative slope). After the inversion, it decreased to 0.025 pH units, and then gradually rose again up to 0.035 pH units. This last condition, apparently worse for a larger error, is preferable since the working interval associated with a single spot is larger (0.79 pH units) than the other spots (0.24, 0.26, and 0.48 pH units, respectively). For this reason, a lower number of spots would be necessary to achieve the same precision in the same working interval. The CSA is reversible, reusable, and stable. Leaching phenomena are absent, even at strongly acidic pH values, where the glass electrodes usually fail.




5. Patents


An international patent (pH colorimetric sensor Arrays; IT102019000013878) is pending. The Italian license has already been successfully granted.
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Figure 1. VIS spectra of BPB solutions at various pH values: (a) pH = 1.19 (red); 3.80 (orange); 3.99 (brown); 4.59 (magenta); 4.87 (violet); 6.59 (blue); (b) pH = 1.19 (red); 2.39 (orange); 2.60 (olive); and 4.47 (blue). The total concentration of the buffer solutions is constant and equal to ≈0.08 M. In (b) CT = 0.0123 M CTApTs. 
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Figure 2. BPB solutions vs. pH without (a) and with (b) CTApTs (0.0123 M), with increasing concentrations of indicator: (1) 1.42 × 10−5 M; (2) 2.91 × 10−5 M; (3) 5.72 × 10−5 M. 
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Figure 3. BPB calibration curves H vs. pH without (a) and with T (b). Symbols and lines are the experimental (solutions of Figure 2) and the simulated data, respectively. pH values: 1.19, 2.20, 3.01, 3.61, 3.80, 4.21, 4.59, 5.38, 6.59 in (a) and 1.19, 1.59, 1.79, 2.00, 2.20, 2.39, 3.01, 3.61 in (b).   l o g  C I  · p   = −4.54 (□), −4.24 (○), −3.91 (●). (c) and (d) same data as (a) and (b) located in the CIE-xy and s-RGB color-spaces domains. The arrows indicate the direction of the BPB concentration and pH changes. 
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Figure 4. Simulated H profiles vs. pH, parametric in log CI, in the absence (a) and presence of surfactant (b). (a)   l o g  C I  · p   = −5.51 (purple, 1), −4.46 (black, 2), −4.43 (red, 3), −4.25 (green, 4), −3.80 (blue, 5). (b)   l o g  C I  · p   = −3.90 (blue, 1′), −3.71 (red, 2′), −3.50 (green, 3′). 
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Figure 5. Trend of spH and ∆pH in the absence (solid curves) and presence of surfactant (dashed curves). The colored symbols refer to the curves of Figure 4a. 
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Figure 6. (a) CSA vs. pH and BPB concentration. Only one spot was reported for each BPB concentration, at 11 pH values. The squares highlight the color variation from green to brown near the   p  K A   . (b) H profiles vs. pH of the CSAs prepared with solutions with increasing BPB concentration (8 repeated spots for each concentration): 1 (red curve; ○); 2 (black curve; ▽); 3 (blue curve; □); 4 (purple curve; ◊) of Section 2.2. (c) Corresponding linearization profile F of (a) vs. pH. 
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Table 1. Spectroscopic parameters, for BPB (concentration = 0.06 mM), with (CT = 0.0123 M) and without surfactant, εmax(λ1) and εmax(λ2) for the acidic and basic form, εmax(λ2)/εmax(λ1), and ∆λ(nm).
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	CT (M)
	εmax(λ1) (Mcm)−1
	λ1 (nm)
	εmax(λ2) (Mcm)−1
	λ2 (nm)
	εmax(λ2)/εmax(λ1)
	∆λ (nm)





	0
	24,157
	437
	69,637
	590
	2.6
	153



	0.0123
	25,512
	423
	85,918
	605
	3.4
	182
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Table 2. Parameters a, S, RSS, Adj. R-Square, pHi, ∆pH,    s  y / x    , and    s  pH     of the CSAs obtained at different CI values. The mean thickness (p) of each sensor is 101.0 ± 0.1 µm.






Table 2. Parameters a, S, RSS, Adj. R-Square, pHi, ∆pH,    s  y / x    , and    s  pH     of the CSAs obtained at different CI values. The mean thickness (p) of each sensor is 101.0 ± 0.1 µm.





	Curve
	Red
	Black
	Blue
	Purple





	CI (M)
	0.0064
	0.0120
	0.0230
	0.0530



	   log  C I  · p   
	−4.18
	−3.91
	−3.63
	−3.27



	a
	−11.35
	−10.47
	−6.11
	−4.23



	S
	8.29
	7.44
	4.16
	2.52



	RSS
	0.309
	0.795
	0.408
	0.472



	Adj. R-Square
	0.97
	0.91
	0.97
	0.98



	pHi
	1.368
	1.409
	1.470
	1.680



	∆pH
	0.241
	0.269
	0.481
	0.795



	    s  y / x     
	0.119
	0.190
	0.105
	0.087



	    s  pH     
	0.014
	0.026
	0.025
	0.035
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Solution

a)
D 2) 3)
] ) pH = 1.19
o pH =2.20
1 B pH =3.01
B I N -
B R i =330
LB BRI
I . -
1 1
— 1 1 L

b)
D 2 3)
S - pH=1.19
D . -2
el JNZEEE





nav.xhtml


  chemosensors-10-00087


  
    		
      chemosensors-10-00087
    


  




  





media/file2.png
A2

90,000 - 90,000 -
72,000 A2 72,000 -
= 54,000- g 54.000-
S 5
ﬁ S
< 36,000 o %0007 MM
w )\,1 -
18,000 - 18,0001
O O' T T T T T T 1
- . - . - - - i 400 500 600 700
400 500 600 700
A (nm)

A (nm)
(a) (b)





media/file5.jpg
o6

o3

o0

o6
03
=
| — i
R ) A
pH pH
@ (b)
BPB ey BPBAT
cy Bl
06
> 04
02
04—
o oz or o o8
x x
(©) ()





media/file3.jpg
Solution

a)
n 2 3
I 1 1 pH =119
= pH =220
| csnsill . I ru-301
N . -
I e . -0
. e
pH =459
pH =538

T T






media/file1.jpg
:

700

sa000

30000

15000

W

M

s
2 (nm)
(a)

»”

& (vemy

90,000

72000

S1000

36000

15000

o

M

ED
. (om)

(b)

A2





media/file7.jpg
06

i

o
o0
AN
0
7 T & 3 e
pH H
() (b)





media/file10.png
100+

] 0.09

10+
| 0.06

15
0.03

0.14
0.01 . — 0.00

-6 -5 4 -3

SpH





media/file12.png
(b)

(a) 0.70 A ,’Wa By M= M
i
l 035‘ L
| 3 = g
| | 8388,
0 0.00 - g%‘&
1o |
E Yo,
\‘g{.
035 M?%@MM-@
12 18 24 30
pH
(c)
12 14 16 18 20






media/file9.jpg
100

10

0.09

0.03






media/file0.png





media/file8.png
(a) (b)





media/file11.jpg
2 )






media/file6.png
- = = _8
0.6 0.6 - 0,:_ %——_—__—D
0,/% - -
,sz
‘Y,
yoys
0.3- 0.3 A s
m | g m mg = - ﬁ
0.0 1 0.0 -
—0.3- T r T T T r T —0.31 T T y T T T y T T T y 1
1.5 3.0 4.5 6.0 1.5 2.0 2.5 3.0 35 4.0
pH pH
(a) (b)
BPB CIE xy BPB+T

] CIE xy






