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Abstract: A pH colorimetric sensor array was prepared and characterized by combining
tetrabromophenol blue (TBB) and bromothymol blue (BB) embedded in organically modified silicate
(OrMoSil) spots polyvinylidene fluoride (PVDF)-supported. The signal was based on the Hue profile
(H). The individual calibrations of TBB and BB showed precisions with minimum values of 0.012 pH
units at pH = 2.196 for TBB and 0.018 at pH = 6.692 for BB. The overall precision of 10 spots of the
mixture TBB/BB increased in the pH range of 1.000–8.000 from a minimum value of pH precision
of 0.009 at pH = 2.196 to 0.012 at pH = 6.692, with the worst value of 0.279 pH units at pH = 4.101.
The possibility to produce an array with much more than 10 spots allows for improving precision.
The H analytical performance was compared to those of other color spaces such as RGB, Lab, and XYZ.
H was the best one, with prediction error in the range of 0.016 to 0.021 pH units, at least three times
lower than the second-best (x coordinate), with 0.064 pH units. These results were also confirmed by
the calculation of the main experimental contributions to the pH prediction error, demonstrating the
consistency of the proposed calculation approach.
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1. Introduction

Colorimetric sensor arrays (CSAs) [1] are chemical sensors using suitable dyes to detect a specific
analyte [2–9]. Color variations are usually recorded with CCD cameras or scanners [10]. The red,
green, blue (RGB) color space is widely used in colorimetric sensing processes, but the composition of
the R, G, and B does not change monotonically with spectral wavelength and intensity [11]. In 1931,
the Commission International de l’Éclairage (CIE) defined the concept of the tristimulus values X,
Y, and Z based on the three-component theory of color vision. The receptors of the human eye are
responsible for three primary colors (red, green, and blue), and all colors are mixtures of them. The XYZ
tristimulus values are obtained by using suitable color matching functions. The Lab model, indirectly
obtained from the CIE-XYZ color space, is made of two chromatic components (a and b) and a lightness
component (L). The two models express a wider gamut than the RGB. Ideally, they can reproduce an
infinite number of chromatic mixtures [12]. Other color spaces are characterized by a specific tone or
hue, a saturation level, and a lightness component [12]. The H component of the HSV (hue, saturation,
value) is more stable and robust than the other color spaces as the illumination is enclosed in the V
component of the model [11,13–15]. Nevertheless, the HSV model has some issues. The first occurs
when the maximum and minimum values for RGB are the same, which corresponds to the gray
tones (undefined value for hue). This causes some incorrect color interpretations. The second issue
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occurs when the maximum and minimum RGB values sum two (saturation value undefined) [16].
The analytical performance of a CSA is strongly affected by the choice of chemo-responsive dyes [17,18].
It is possible to tailor the Hue transition of a pH indicator with a second dye, but the identification of
the effective enhancement condition is not trivial [19,20]. Another important aspect is the composition
of the matrix in which the indicator molecule is entrapped. Recently, the OrMoSil (organically modified
silicate) hybrid matrix was developed [21,22]. The presence of Si-C non-hydrolyzable bonds partially
avoids leaching phenomena [23], although it is not sufficient [24]. An important improvement comes
from the use of cationic surfactants [19,24,25]. Indeed, there is an important effect of the counterion
and the alkyl chain length of the cationic surfactant on the reversibility and working interval of the pH
sensor [26]. Most parts of the pH sensors described in the literature are characterized by precision in
the range 0.10–0.56 pH units and the response time, in some cases, up to 15 min, not comparable to
the analytical performance of a pH-meter [13,14,27–29]. Recently, we demonstrated that the precision
error can be lowered by at least one order of magnitude, rendering this kind of device suitable for
robust quantitative analysis [30].

In the present paper, an OrMoSil PVDF-supported colorimetric sensor will be used for monitoring
the error behavior. The analytical performance of the H coordinate was compared to those of other
color spaces such as RGB, Lab, and XYZ by quantifying the pH prediction error. Indeed, the three
main error contributions, ε, β, and δ, affecting a generic color coordinate, i.e., the pH prediction error
calculated with the same coordinate, will be numerically estimated. β is the background level due
to the lighting conditions and to the support, δ is the error due to the image acquisition conditions
and ε is the instrumental error of the camera. The validation of the proposed error theory will be
done through the comparison of the results belonging to two independent series of spots containing
tetrabromophenol blue (TBB) or bromothymol blue (BB) to achieve robust results. Finally, we will
estimate the overall precision of a pH CSA based on a suitable combination of two pH indicators, TBB
and BB, with a working range of pH 1.000–8.000.

2. Materials and Methods

2.1. Reagents and Instrumentation

Dodecyltriethoxysilane, TEOS (Tetraethyl Orthosilicate) (≥99%), HCl 37%, tetrabromophenol blue
(TBB, 85%), bromothymol blue (BB, 95%), hexadecyltrimethylammonium p-toluenesulfonate (CTApTs),
acetic acid, and NaOH (≥97%) were purchased from Sigma Aldrich, whilst KCl was purchased from
Prolabo. Sodium hydrogen carbonate (99.8%), sodium dihydrogen phosphate, and absolute ethanol
were provided by Carlo Erba. We illustrated the cell used for pH measurements in our recent paper [13].
A Crison MM 40 pH-meter and a combined glass electrode (calibration with two standard solutions
Mettler Toledo; pH = 6.865 and 4.006) were used for the reference pH measurements. Analytical
(AS 220 R2 Radwa) and technical (EU-C500 Gibertini) balances were used for weight measurements.
The pH buffers have a 0.1 M total concentration. The color of the wet spots was sampled in the most
homogeneous portion of the spot (≈120 pixels). Background detection occurs in an external area near
the spot. Dedicated programs written with MATLAB were employed to figure out the color coordinates.
The regressions were obtained by using the iterative algorithm “Levenberg Marquardt” [31].

2.2. Preparation of the CSA

The preparation of the OrMoSil sol was made by mixing 4.03 g of TEOS, 0.65 g of dodecyl-TEOS,
1.58 g of Milli-Q water, and 0.55 g of 0.03 M HCl. To prepare the 10-spot sensor, CTApTs was now
added (1.75 g) together with TBB/BB in the following molar ratios: 0.024, 0.061, 0.098, 0.147, 0.184,
0.233, 0.331 and 0.478, respectively. The tenth spot (first row in Figure 1) contained only TBB. The spots
were aged at 20 ± 2 ◦C for three days before use. After a prior conditioning cycle, the pH CSA was
immersed consecutively, for 100 s, in each buffer solution (28 pH values) from the acidic pH interval to
the basic one.



Sensors 2020, 20, 6036 3 of 10

Sensors 2020, 20, x 3 of 10 

 

 
Figure 1. Pictures of the 10-spot CSA sensor, deposited by hands, with various molar ratios of 
tetrabromophenol blue/bromothymol blue (TBB/BB). Molar ratio and pH increase in the direction of 
the arrows. The colors come from the immersion of the sensor in 28 pH buffers from pH 1 to pH 10. 

3. Theoretical Considerations 

3.1. Main Error Contributions Affecting a Generic X Color Coordinate 

The pH value measured with a CSA requires a suitable camera able to read the color. The color 
space usually adopted is the sRGB. Nevertheless, this color space is not the best in terms of stability, 
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the H coordinate from HSV color space will be compared to those of other color spaces such as RGB, 
Lab, and XYZ. The best performance of H has been already cited by other authors, although no-one, 
to our knowledge, has rationalized its behavior [11,13,14]. The quantitative rationalization will be 
based on the pH prediction errors. Since the variance of the color coordinate affected the overall 
prediction error, the choice of the color space plays an important role. For this reason, it will be 
determined a ranking of the best performing coordinates. If X is a generic experimental color 
coordinate and μ is its theoretical value, we can write: 

X = μ(X) + β + δ + ε(X). (1) 

The parameters β, δ, and ε are error sources defined as follow: 

• β is the background level due to the lighting conditions and to the CSA support (associated with 
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• δ is the error due to the image acquisition conditions (associated with the spot); 
• ε is the instrumental error of the camera (associated with the detected color). 
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Figure 1. Pictures of the 10-spot CSA sensor, deposited by hands, with various molar ratios of
tetrabromophenol blue/bromothymol blue (TBB/BB). Molar ratio and pH increase in the direction of
the arrows. The colors come from the immersion of the sensor in 28 pH buffers from pH 1 to pH 10.

3. Theoretical Considerations

3.1. Main Error Contributions Affecting a Generic X Color Coordinate

The pH value measured with a CSA requires a suitable camera able to read the color. The color
space usually adopted is the sRGB. Nevertheless, this color space is not the best in terms of stability,
robustness, and precision of the signal [11]. In the following sections, the analytical performance of the
H coordinate from HSV color space will be compared to those of other color spaces such as RGB, Lab,
and XYZ. The best performance of H has been already cited by other authors, although no-one, to our
knowledge, has rationalized its behavior [11,13,14]. The quantitative rationalization will be based on
the pH prediction errors. Since the variance of the color coordinate affected the overall prediction error,
the choice of the color space plays an important role. For this reason, it will be determined a ranking of
the best performing coordinates. If X is a generic experimental color coordinate and µ is its theoretical
value, we can write:

X = µ(X) + β + δ + ε(X). (1)

The parameters β, δ, and ε are error sources defined as follow:

• β is the background level due to the lighting conditions and to the CSA support (associated with
the spot);

• δ is the error due to the image acquisition conditions (associated with the spot);
• ε is the instrumental error of the camera (associated with the detected color).

In particular, it will be demonstrated that H is affected only by the ε contribution.

3.2. Linearization of the Sigmoidal Calibration Model

The nature of an acid-base indicator is to change its color at the pKa value. The color transition is
usually sigmoidal and can be managed with X. The calibration function that interprets the X vs. pH
profile of a single pH indicator is given by the usual Boltzmann equation:

X(pH) = XIn +
(XHIn −XIn)

1 + e4(pH−pHi)/∆pH
(2)

where XHIn and XIn are the X color values of the HIn and In forms, respectively. ∆pH is the pH
working interval of the indicator (the interval in which is possible to observe a variation of the color
coordinate). This parameter is a function of the indicator but also (as we will see below) of the chosen
color coordinate. The pHi parameter is the pH value of the inflection point. ∆X= |XIn −XHIn| is the X
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maximum variation. The sensitivity is obtained by considering the ratio: SLX = ∆X/∆pH. Mixtures
of two indicators required a bi-sigmoidal model:

X(pH) = X0 + ∆X
[

p

1 + e4(pH−pHi,1)/∆pH1
+

1− p

1 + e4(pH−pHi,2)/∆pH2

]
(3)

where X0 is the initial X value. The parameters p and 1 − p represent the contribution of the two
indicators to the X value; pHi,1, and pHi,2 are the pH values of the first and the second inflection
point; ∆pH1 and ∆pH2 are the working intervals around the first and the second inflection point of
the bi-sigmoid. Since the variance of X for some indicators is not homoscedastic in the transition
zone [19,30], the sigmoidal regression must be weighted. For this reason, it was convenient to linearize
the Boltzmann sigmoidal equation to obtain a homoscedastic calibration interval simplifying the
calculation of the discriminated pH accuracy [30]. The linearization is the following:

F = ln
XHIn −X
X −XIn

= a + b·pH

where a and b are the intercept and slope so that the working interval of the indicator is ∆pH = 4/b
and the inflection point is pHi = −a/b. The error of the discriminated pH is given by:

spH = sy/x

1 + 1
n
+

(
pH− pH

)2

∑
(pHi − pH)

2


1
2

(4)

where sy/x is the regression standard deviation.

4. Results and Discussion

Before starting the discussion, we wish to point out that since the glass electrode was used to
calibrate our CSA, our devices cannot give better results than the potentiometric technique. The pH
errors calculated for our sensors are, in some cases, of the order of few thousandths of pH units.
These values are extreme even for potentiometric measurements; therefore, the reported results will
demonstrate only the comparability of our CSA with the glass electrode, although the CSA can have
better precision.

4.1. Experimental Analytical Performance of Various Color Spaces

In this section, the experimental analytical performance of the H coordinate was compared to
those of other color spaces such as RGB, Lab, and XYZ. We focused our attention on five repeated
BB spots which are nominally identical. One of them showed a light reflection area caused by a
non-optimal cell geometry (see Figure 2, spot 5).

Sensors 2020, 20, x 4 of 10 

𝑋 pH) = 𝑋 + ∆𝑋 𝑝1 + 𝑒 , )/∆ + 1 𝑝1 + 𝑒 , )/∆  (3) 

where X0 is the initial X value. The parameters p and 1 − p represent the contribution of the two 
indicators to the X value; pHi,1, and pHi,2 are the pH values of the first and the second inflection 
point; ∆pH1 and ∆pH2 are the working intervals around the first and the second inflection point of 
the bi-sigmoid. Since the variance of X for some indicators is not homoscedastic in the transition zone 
[19,30], the sigmoidal regression must be weighted. For this reason, it was convenient to linearize the 
Boltzmann sigmoidal equation to obtain a homoscedastic calibration interval simplifying the 
calculation of the discriminated pH accuracy [30]. The linearization is the following: 𝐹 = 𝑙𝑛 𝑋 𝑋𝑋 𝑋 = 𝑎 + 𝑏 ∙ pH 

where a and b are the intercept and slope so that the working interval of the indicator is ∆pH = 4/𝑏 
and the inflection point is pH = 𝑎/𝑏. The error of the discriminated pH is given by: 

𝑠 = 𝑠 /  1 + 1𝑛 + pH pH)∑ pH pH) (4) 

where sy/x is the regression standard deviation. 

4. Results and Discussion

Before starting the discussion, we wish to point out that since the glass electrode was used to 
calibrate our CSA, our devices cannot give better results than the potentiometric technique. The pH 
errors calculated for our sensors are, in some cases, of the order of few thousandths of pH units. 
These values are extreme even for potentiometric measurements; therefore, the reported results will 
demonstrate only the comparability of our CSA with the glass electrode, although the CSA can have 
better precision. 

4.1. Experimental Analytical Performance of Various Color Spaces 

In this section, the experimental analytical performance of the H coordinate was compared to 
those of other color spaces such as RGB, Lab, and XYZ. We focused our attention on five repeated BB 
spots which are nominally identical. One of them showed a light reflection area caused by a 
non-optimal cell geometry (see Figure 2, spot 5). 

Figure 2. Five repeated BB spots. The fifth spot shows a light reflection area caused by a non-optimal 
cell geometry. The white circles indicated the color sampling area (120 pixels). 

This situation was chosen on purpose to evaluate the influence of anomalous signals on the 
overall result. Table 1 summarizes the results achieved from the sigmoidal profiles of the color 
coordinates (X) vs. pH in terms of 𝑠  calculated with Equation (4) at the inflection point. 

Data were ordered with increasing prediction error (s ). The performance of H was the best 
one in all spots. In particular, 𝑠  was in the range 0.016–0.021 pH units, at least three times lower 
than the second-best (the x coordinate), with a pH error in the interval of 0.064–0.109 pH units. The 
H coordinate exhibited the smallest regression variance and the lowest ∆pH (0.9 pH units). None of 
the other coordinates gave comparable results. Concerning the fifth spot affected by reflection 
phenomena (see Figure 2), it can be fitted only by using the H coordinate. In other cases, the spot was 
unusable. On the other hand, the other coordinates are less sensitive but work in a wider pH range, 
sometimes larger than two logarithmic units. By using the H coordinate, the spot response was less 
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cell geometry. The white circles indicated the color sampling area (120 pixels).

This situation was chosen on purpose to evaluate the influence of anomalous signals on the overall
result. Table 1 summarizes the results achieved from the sigmoidal profiles of the color coordinates (X)
vs. pH in terms of spHi

calculated with Equation (4) at the inflection point.
Data were ordered with increasing prediction error (spHi

). The performance of H was the best
one in all spots. In particular, spHi

was in the range 0.016–0.021 pH units, at least three times lower
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than the second-best (the x coordinate), with a pH error in the interval of 0.064–0.109 pH units. The H
coordinate exhibited the smallest regression variance and the lowest ∆pH (0.9 pH units). None
of the other coordinates gave comparable results. Concerning the fifth spot affected by reflection
phenomena (see Figure 2), it can be fitted only by using the H coordinate. In other cases, the spot
was unusable. On the other hand, the other coordinates are less sensitive but work in a wider pH
range, sometimes larger than two logarithmic units. By using the H coordinate, the spot response
was less affected by the spot shape, concentration, and optical inhomogeneity, and it maintained the
same value (sspHi,H

= 0.002; sspHi,B
= 0.005; sspHi,G

= 0.011; sspHi,R
= 0.012; sspHi,L

= 0.013; sspHi,y
= 0.013;

sspHi,x
= 0.019). Moreover, leaching or re-arrangements of the pH indicator in the spot did not alter

the H value. A significant consequence is that only the calibration obtained with H remains identical
in time.

Table 1. Values of ∆pH, R2 and spHi
referred to the linear fitting, F, of the best performing coordinates

(first and sixth columns). Data referred to 5 independent BB spots, the fifth of which showed a light
reflection area.

X Spot # ∆pH R2 spHi X Spot # ∆pH R2 spHi

H 5 0.9 0.999 0.016 x 3 2.2 0.996 0.080
H 3 0.9 0.999 0.017 L 2 2.2 0.996 0.081
H 2 1.0 0.999 0.017 y 2 2.1 0.995 0.084
H 4 0.9 0.999 0.020 R 2 2.3 0.996 0.085
H 1 1.1 0.999 0.021 G 2 2.1 0.994 0.090
X 1 2.0 0.997 0.064 G 4 2.2 0.994 0.096
Y 1 2.0 0.996 0.070 B 4 2.6 0.995 0.097
L 1 2.1 0.996 0.070 R 3 2.4 0.995 0.097
R 1 2.2 0.996 0.073 L 4 2.4 0.994 0.100
G 1 2.0 0.996 0.074 y 4 2.3 0.994 0.101
G 3 2.1 0.996 0.075 B 1 2.6 0.995 0.101
L 3 2.2 0.996 0.076 B 2 2.6 0.995 0.104
X 2 2.1 0.996 0.076 B 3 2.5 0.994 0.109
Y 3 2.2 0.996 0.077 x 4 2.4 0.993 0.109

4.2. Quantification of the Error Contributions on pH Discrimination

In this section, the precision of the pH value obtained with H will be evaluated and compared to
the other color coordinates. H is defined as [19]:

H =
[D

∆
+ n

]1
6

(5)

It contains D, which is the function difference of the normalized coordinates, r − g, g − b, or r − b
(r = R/255, g = G/255, b = B/255), and ∆ is the product between luminance and saturation [19,30]. As H
contains a difference function, on the basis of Equation (1), we can write:

H = µ(H) + ε’(H).

where ε’ represents the error associated with a couple of rgb coordinates considered. It is evident that
the sum β + δ elides for D as its value is identical for the rgb coordinate of the same spot but it will not
elide for the other X coordinates. To calculate the error contributions, β, δ, and ε, the overall variance
of D (i) and a generic X coordinate (ii) were calculated. In particular, (i) the experimental s2

D = 2s2
ε is

obtained considering the average variance of the experimental values r-g, g-b, and r-b where β+δ does
cancel; (ii) s2

X = 2s2
βδ

+ 2s2
ε is obtained when all the contributions to the variances of the rgb coordinates

were considered so that β+δ does not cancel. Figure 3a reports D vs. pH (r-g (�), g-b (•), and r-b
(#)) of five independent spots of TBB. The insert of Figure 3a reports the average standard deviations
(i) of the same spots, sD. They were constant with pH and similar: sr−g = 0.0031, sg−b = 0.0035 and



Sensors 2020, 20, 6036 6 of 10

sr−b = 0.0047 (pvalue < 0.001) so that sD � s∆. On the other hand, from (ii), the variance of X, with
the couple r-g, taken as an example, was: s2

X = s2
r + s2

g . These errors are larger—0.0090, 0.0060 and
0.0085—for sr,g, sg,b and sr,b, respectively, as expected.

The estimation of the errors for the five repeated spots of TBB was:

s2
ε =

s2
D
2

=

 s2
r−g + s2

g−b + s2
r−b

3

/2 = 7.3·10−6 for (i)

and

s2
β + δ + ε =

s2
X
2

= 31.5·10−6 for (ii)

respectively. The ratio between these two values is very close to the one calculated from the data in
Table 1 between H and x coordinate (0.23 ≈ 0.24), indicating the correctness of the error calculation.
Figure 3b reports the experimental standard deviations, sH (#) and spH (•) vs. pH, referring to the
same spots. The continuous line, in good agreement with the experiment, is the theoretical sH profile
(Equation (5) in [19]).
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4.3. Calculation of the Discriminated pH Precision for a CSA

To estimate the overall precision of a CSA, spHw
, the weight of each spot was w j =

1
σ2

pHi

. By using

the same estimate of sHp for all the spots, the weighted pHw was:

pHw =
1
T

nspot∑
i=1

pHi

σ2
pHi

=

∑n
i=1

(
∆ jSH j

)2
pHi∑n

i=1

(
∆ jSH j

)2 =
n∑

i=1

w j·pHi

where ∆j is the product of the saturation by the luminance of the jth spot and SH j is the sensitivity
∆H/∆pH of the H sigmoidal profile of the jth. The sum of the weights T is:

T =
∑nspot

i=1

1
σ2

pHi

=
3

4s2
Hp

∑n

i=1

(
∆ jSH j

)2
and w j =

(
∆ jSH j

)2

∑n
i=1

(
∆ jSH j

)2
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The corresponding error is:

spHw
=

1
T
=

1√∑n
i=1

1
σ2

pHi

=
2
√

3

sHp√∑n
i=1

(
∆ jSH j

)2

The parameter w j was set to 0 when the calibration sensitivity is less than 0.1 so that the pH
measurement is centered within the most sensitive calibration zone.

4.4. The Behavior of the Mixture TBB/BB in the CSA

The circles in Figure 4a describe 10 H calibration profiles (28 pH values each, from pH 1 to 10)
obtained with TBB and BB at different molar ratios and the continuous lines are the corresponding
bi-sigmoidal curve fitting. The shift from TBB to BB is evidenced. Both the acidic and alkaline plateau
of TBB alone (curve 10) and BB alone (curve 1) are coincident, as both have complementary color
transitions (yellow-blue). The use of the TBB/BB mixture allows for widening the pH interval, as they
have different pKa values. Figure 4b reports the experimental profiles of the spH precisions referring
to curves 1 (spHBB

), 5 (spHTBB/BB
), 10 (spHTBB

) and the overall one (spHw
). Prediction errors of 0.012 pH

units at pH = 2.196 and 0.018 pH units at pH = 6.692 were obtained with the data of curves 10 (TBB)
and 1 (BB), respectively. The spot relative to curve 5 (both indicators present) had the worst precision
at pH 2.2 and 6.7 compared to the curve of the single indicators TBB (curve 1) and BB (curve 10) since
the bi-sigmoidal plot decreases the slope at the inflection points. On the other hand, the zone of pH
2.600–6.100 was improved. The minimum TBB precision error obtained with the calibration of a single
spot was comparable with 0.014, reported in Figure 3b, relative to five independent spots, indicating a
repeatable deposition procedure.
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Figure 4. (a) Circles, experimental calibration curves relative to 10 polymeric spots of TBB (curve 10),
BB (curve 1), and their mixtures with molar ratio nTBB/nBB: 0.024, 0.061, 0.098, 0.147, 0.184, 0.233, 0.331
and 0.478 (curve 2–9). Continuous line, bi-sigmoidal fitting between pH 1 and 10. (b) Experimental
profiles of the precisions, spH, obtained from calibration curves 1 (spHBB

), 5 (spHTBB/BB), 10 (spHTBB
) and

the overall ones, spHw .

By considering all the 240 pH data in Figure 4a in the pH range 1–8, an improvement of the overall
precision is evident: spHw = 0.009 pH units at pH = 2.196 and spHw = 0.012 pH units at pH = 6.692.
The most critical pH region, close to pH 4.101, was also significantly improved: spHw = 0.279 pH units
at pH = 4.101. The production of arrays with more than 10 spots produces a further improvement of
the precision. Table 2 reports the calibration parameters of curves 1–10. The H0 and the ∆H values
were constant for all the mixtures.



Sensors 2020, 20, 6036 8 of 10

Table 2. Fitting parameters H0, ∆H, p, pH1, pH2, R2, ∆pH1, ∆pH2 obtained with a bi-sigmoidal
regression (Equation (3)) of experimental data of Figure 4a.

r H0 ∆H p pH1 pH2 R2 ∆pH1 ∆pH2

BB 0.136 0.456 0.000 2.58 6.52 0.9996 2.38 0.92
0.024 0.130 0.460 0.068 2.14 6.39 0.9999 2.18 0.97
0.061 0.130 0.456 0.135 2.44 6.21 0.9995 2.00 1.13
0.098 0.130 0.457 0.205 2.39 6.08 0.9991 1.87 1.20
0.147 0.132 0.453 0.300 2.55 5.96 0.9987 1.65 1.31
0.184 0.130 0.456 0.407 2.50 5.81 0.9993 1.59 1.70
0.233 0.135 0.452 0.556 2.56 5.80 0.9992 1.34 2.02
0.331 0.139 0.447 0.706 2.49 5.87 0.9990 1.04 2.13
0.478 0.138 0.450 0.845 2.38 6.06 0.9987 0.74 2.05
TBB 0.139 0.450 1.000 2.06 6.00 0.9994 0.62 1.85

5. Conclusions

A colorimetric sensor array (CSA) to detect pH based on tetrabromophenol blue (TBB) and
bromothymol blue (BB) will be used for monitoring the relevant error behavior. The analytical
performance of the H coordinate was compared to those of other color spaces, such as RGB, Lab, and
XYZ by quantifying the pH prediction error. The pH prediction error, spHi

, obtained with H was in the
range 0.016 to 0.021 pH units, at least three times lower than the best of the other coordinates (the X
coordinate from CIE-XYZ color space was characterized by a 0.064 pH units error). The ratio between
the variances of the difference coordinate D and a generic X color coordinate is the same as that
emerging from the pH prediction error calculated on H and the X coordinate, indicating the correctness
of the error calculation. In particular, the use of H eliminated the error contributions coming from the
spot preparation and background anomalies (β) and the lighting conditions (δ). The performance of
H was, therefore, the best one, since it is affected only by the instrumental error due to the camera
characteristic, ε. This kind of CSA is characterized by errors of the same order of the potentiometric
technique in the indicator working interval. The overall precision spHw

of only 10 spots of TBB/BB
mixture in the pH range 1.000–8.000 has minimum error values of spHw

=0.009 at pH = 2.196 and
of spHw

= 0.012 at pH = 6.692, with the worst precision at pH = 4.101, spHw
= 0.279. In any case,

the possibility to produce arrays with much more than 10 spots allows for improving precision.

Author Contributions: A.P.: Conceptualization, Investigation, Writing—Original draft preparation. D.B.:
Conceptualization, Writing—review and editing. S.B.: Conceptualization, Writing—review and editing. L.C.:
Writing—review and editing. P.P.: Supervision, Writing—review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lim, S.H.; Musto, C.J.; Park, E.; Zhong, W.; Suslick, K.S. A colorimetric sensor array for detection and
identification of sugars. Org. Lett. 2008, 10, 4405–4408. [CrossRef] [PubMed]

2. Li, Z.; Suslick, K.S. Colorimetric Sensor Array for Monitoring CO and Ethylene. Anal. Chem. 2019, 91,
797–802. [CrossRef] [PubMed]

3. Janzen, M.C.; Ponder, J.B.; Bailey, D.P.; Ingison, C.K.; Suslick, K.S. Colorimetric sensor arrays for volatile
organic compounds. Anal. Chem. 2006, 78, 3591–3600. [CrossRef]

4. Pastore, A.; Badocco, D.; Pastore, P. Kinetic response of pH colorimetric sensors: Role of the cationic surfactant
concentration and amount and type of solvent used in the preparation of the sensing spot. Microchem. J.
2020, 157, 104891. [CrossRef]

5. Boukhriss, A.; El Messoudi, M.; Roblin, J.-P.; Aaboub, T.; Boyer, D.; Gmouh, S. Luminescent hybrid coatings
prepared by a sol-gel process for a textile-based pH sensor. Mater. Adv. 2020, 1, 918–925. [CrossRef]

http://dx.doi.org/10.1021/ol801459k
http://www.ncbi.nlm.nih.gov/pubmed/18783231
http://dx.doi.org/10.1021/acs.analchem.8b04321
http://www.ncbi.nlm.nih.gov/pubmed/30547588
http://dx.doi.org/10.1021/ac052111s
http://dx.doi.org/10.1016/j.microc.2020.104891
http://dx.doi.org/10.1039/D0MA00211A


Sensors 2020, 20, 6036 9 of 10

6. Abdolla, N.S.Y.; Davies, D.L.; Lowe, M.P.; Singh, K. Bis-cyclometallated Ir(III) complexes containing
2-(1H-pyrazol-3-yl)pyridine ligands; influence of substituents and cyclometallating ligands on response to
changes in pH. Dalton Trans. 2020, 49, 12025–12036. [CrossRef] [PubMed]

7. Aich, K.; Das, S.; Goswami, S.; Quah, C.K.; Sarkar, D.; Mondal, T.K.; Fun, H.K. Carbazole-benzimidazole
based dyes for acid responsive ratiometric emissive switches. New J. Chem. 2016, 40, 6907–6915. [CrossRef]

8. Das, S.; Goswami, S.; Aich, K.; Ghoshal, K.; Quah, C.K.; Bhattacharyya, M.; Fun, H.K. ESIPT and CHEF based
highly sensitive and selective ratiometric sensor for Al3+ with imaging in human blood cells. New J. Chem.
2015, 39, 8582–8587. [CrossRef]

9. Goswami, S.; Das, S.; Aich, K.; Sarkar, D.; Mondal, T.K.; Quah, C.K.; Fun, H.K. CHEF induced highly selective
and sensitive turn-on fluorogenic and colorimetric sensor for Fe3+. Dalt. Trans. 2013, 42, 15113–15119.
[CrossRef]

10. Safavi, A.; Maleki, N.; Rostamzadeh, A.; Maesum, S. CCD camera full range pH sensor array. Talanta 2007,
71, 498–501. [CrossRef]

11. Sun, W.; Li, H.; Wang, H.; Xiao, S.; Wang, J.; Feng, L. Sensitivity enhancement of pH indicator and its
application in the evaluation of fish freshness. Talanta 2015, 143, 127–131. [CrossRef] [PubMed]

12. Ragain, J.C. A Review of Color Science in Dentistry: Colorimetry and Color Space. J. Dent. Oral Disord. Ther.
2016, 4, 1–5. [CrossRef]

13. Capel-Cuevas, S.; Cuéllar, M.P.; de Orbe-Payá, I.; Pegalajar, M.C.; Capitán-Vallvey, L.F. Full-range optical pH
sensor array based on neural networks. Microchem. J. 2011, 97, 225–233. [CrossRef]

14. Chang, B.Y. Smartphone-based chemistry instrumentation: Digitization of colorimetric measurements.
Bull. Korean Chem. Soc. 2012, 33, 549–552. [CrossRef]

15. Cantrell, K.; Erenas, M.M.; De Orbe-Payá, I.; Capitán-Vallvey, L.F. Use of the hue parameter of the hue,
saturation, value color space as a quantitative analytical parameter for bitonal optical sensors. Anal. Chem.
2010, 82, 531–542. [CrossRef] [PubMed]

16. Chavolla, E.; Zaldivar, D.; Cuevas, E.; Perez, M.A. Color Spaces Advantages and Disadvantages in Image
Color Clustering Segmentation. In Advances in Soft Computing and Machine Learning in Image Processing;
Hassanien, A.E., Oliva, D.A., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 3–22.
ISBN 978-3-319-63754-9.

17. Mohr, G.J.; Müller, H. Tailoring colour changes of optical sensor materials by combining indicator and inert
dyes and their use in sensor layers, textiles and non-wovens. Sens. Actuators B Chem. 2015, 206, 788–793.
[CrossRef]

18. Bosch, E.; Casassas, E.; Izquierdo, A.; Rosés, M. Color Changes in Screened Indicators. Anal. Chem. 1984, 56,
1422–1428. [CrossRef]

19. Pastore, A.; Badocco, D.; Cappellin, L.; Pastore, P. Enhancement of the pH Measurement of a PVDF-Supported
Colorimetric Sensor by Tailoring Hue Changes with the Addition of a Second Dye. Microchem. J. 2020, 154,
104552. [CrossRef]

20. Pastore, A.; Badocco, D.; Bogialli, S.; Cappellin, L.; Pastore, P. Behavior of Sulfonephthalein and Azo Dyes as
Effective pH Sensors in Hybrid Materials. Microchem. J. 2020, 105605. [CrossRef]

21. Jurmanović, S.; Kordić, Š.; Steinberg, M.D.; Steinberg, I.M. Organically modified silicate thin films doped with
colourimetric pH indicators methyl red and bromocresol green as pH responsive sol-gel hybrid materials.
Thin Solid Films 2010, 518, 2234–2240. [CrossRef]

22. Pastore, A.; Badocco, D.; Pastore, P. Reversible and high accuracy pH colorimetric sensor array based on a
single acid-base indicator working in a wide pH interval. Talanta 2020, 219, 1–7. [CrossRef] [PubMed]

23. Butler, T.M.; MacCraith, B.D.; McDonagh, C. Leaching in sol-gel-derived silica films for optical pH sensing.
J. Non. Cryst. Solids 1998, 224, 249–258. [CrossRef]

24. El-Nahhal, I.M.; Zourab, S.M.; Kodeh, F.S.; Abdelsalam, F.H. Sol-gel encapsulation of bromothymol blue pH
indicator in presence of Gemini 12-2-12 surfactant. J. Sol-Gel Sci. Technol. 2014, 71, 16–23. [CrossRef]

25. Rottman, C.; Grader, G.; De Hazan, Y.; Melchior, S.; Avnir, D. Surfactant-induced modification of dopants
reactivity in sol-gel matrixes. J. Am. Chem. Soc. 1999, 121, 8533–8543. [CrossRef]

26. Pastore, A.; Badocco, D.; Pastore, P. Influence of surfactant chain length, counterion and OrMoSil precursors
on reversibility and working interval of pH colorimetric sensors. Talanta 2020, 212, 120739. [CrossRef]

27. Capel-Cuevas, S.; Cuéllar, M.P.; de Orbe-Payá, I.; Pegalajar, M.C.; Capitán-Vallvey, L.F. Full-range optical pH
sensor based on imaging techniques. Anal. Chim. Acta 2010, 681, 71–81. [CrossRef]

http://dx.doi.org/10.1039/D0DT02434A
http://www.ncbi.nlm.nih.gov/pubmed/32869811
http://dx.doi.org/10.1039/C6NJ00063K
http://dx.doi.org/10.1039/C5NJ01468A
http://dx.doi.org/10.1039/c3dt51974k
http://dx.doi.org/10.1016/j.talanta.2006.04.030
http://dx.doi.org/10.1016/j.talanta.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26078139
http://dx.doi.org/10.15226/jdodt.2016.00148
http://dx.doi.org/10.1016/j.microc.2010.09.008
http://dx.doi.org/10.5012/bkcs.2012.33.2.549
http://dx.doi.org/10.1021/ac901753c
http://www.ncbi.nlm.nih.gov/pubmed/20000770
http://dx.doi.org/10.1016/j.snb.2014.09.104
http://dx.doi.org/10.1021/ac00272a049
http://dx.doi.org/10.1016/j.microc.2019.104552
http://dx.doi.org/10.1016/j.microc.2020.105605
http://dx.doi.org/10.1016/j.tsf.2009.07.158
http://dx.doi.org/10.1016/j.talanta.2020.121251
http://www.ncbi.nlm.nih.gov/pubmed/32887142
http://dx.doi.org/10.1016/S0022-3093(97)00481-X
http://dx.doi.org/10.1007/s10971-014-3324-6
http://dx.doi.org/10.1021/ja991269p
http://dx.doi.org/10.1016/j.talanta.2020.120739
http://dx.doi.org/10.1016/j.aca.2010.09.033


Sensors 2020, 20, 6036 10 of 10

28. Martinez-Olmos, A.; Capel-Cuevas, S.; López-Ruiz, N.; Palma, A.J.; De Orbe, I.; Capitán-Vallvey, L.F. Sensor
array-based optical portable instrument for determination of pH. Sens. Actuators B Chem. 2011, 156, 840–848.
[CrossRef]

29. Pathak, A.; Borana, J.; Adhikari, J.V.; Gorthi, S.S. Indicator-impregnated agarose films for colorimetric
measurement of pH. SLAS Technol. 2017, 22, 81–88. [CrossRef]

30. Pastore, A.; Badocco, D.; Pastore, P. High accuracy OrMoSil (Polyvinylidene Fluoride)-supported colorimetric
sensor: Novel approach for the calculation of the pH prediction error. Talanta 2020, 213, 120840. [CrossRef]

31. Mathematics, A. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. J. Soc. Ind. Appl. Math.
2019, 11, 431–441.

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

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.snb.2011.02.052
http://dx.doi.org/10.1177/2211068216669686
http://dx.doi.org/10.1016/j.talanta.2020.120840
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Instrumentation 
	Preparation of the CSA 

	Theoretical Considerations 
	Main Error Contributions Affecting a Generic X Color Coordinate 
	Linearization of the Sigmoidal Calibration Model 

	Results and Discussion 
	Experimental Analytical Performance of Various Color Spaces 
	Quantification of the Error Contributions on pH Discrimination 
	Calculation of the Discriminated pH Precision for a CSA 
	The Behavior of the Mixture TBB/BB in the CSA 

	Conclusions 
	References

