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f acid dissociation constants of
Alizarin Red S, Methyl Orange, Bromothymol Blue
and Bromophenol Blue using a digital camera†

Ahmed A. Shalaby and Ashraf A. Mohamed *

Acid dissociation constants (pKa) are important parameters for the characterization of organic and inorganic

compounds. They play a crucial role in different physical, chemical, and biological studies. Herein, we

introduce a new approach for the determination of acid dissociation constant based on digital image

analysis using a low-cost, precise, accurate, sensitive, and portable home-made, camera-based platform.

Digital images of Alizarin Red S, Bromophenol Blue, Bromothymol Blue, and Methyl Orange solutions

were captured at various pH values. The captured images were analysed to obtain the RGB (Red, Green,

and Blue) colour intensities that are used to calculate the RGB colour absorbances. The pKa values were

calculated from the RGB colour absorbance–pH relationship using graphical and mathematical methods,

and with the aid of DATAN software. For the four studied dyes, the results obtained from digital image

analysis were in excellent agreement with the data of sophisticated spectrophotometers and the

previously reported literature data.
1. Introduction

Acid dissociation constants (pKas) are important parameters in
physical, chemical, and biochemical studies. They indicate the
extents of ionization of the acidic groups in the molecules at
various pH values. They play a basic role in different analytical
procedures such as acid–base titrations, complex formations,
and solvent extraction. Various methods were used to deter-
mine the pKa values including spectrophotometry,1–9 spectro-
uorimetry,10 potentiometry,1,10–13 conductometry,14,15 cyclic
voltammetry,16 chromatography,1,17–20 electrophoresis,21,22

NMR,23,24 mass spectrometry,25 and Raman spectroscopy;26

however the majority of these methods require expensive and
sophisticated instruments. Therefore, solution scanometric
methods were used,27–30 but the lack of uniformity of the
captured images greatly affected the precision of the analysis
posing a serious disadvantage of these methods.27–30

Recently, digital image-based analysis (DIBA) methods have
been widely used for colorimetric analysis. These methods use
digital cameras,31–33 smartphone cameras,32–36 or scanners,32,33,37

as colorimetric sensors, where various colour spaces parameters
were used as analytical signalling tools.32,33 The RGB colour
system is the most widely used colour space and its parameters
ence, Ain Shams University, Abbassia,
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value can be obtained directly from the images by various image
analysis soware, e.g., Adobe Photoshop, and ImageJ.32,33

Herein we present a very simple, low-cost, accurate, sensitive,
and precise digital camera-based approach for the determination
of single and consecutive acid dissociation constants. The pKa

values of the diprotic Alizarin Red S (ARS), and the monoprotic
Bromophenol Blue (BPB), Bromothymol Blue (BTB), and Methyl
Orange (MO) dyes were determined as model examples. A
conventional digital camera was used to capture digital images of
dyes solutions adjusted to various pH values. Captured digital
images were analysed to yield the Red, Green, and Blue (RGB)
intensities that were used to calculate the RGB colour absor-
bances. The relation between the obtained RGB colour absor-
bances and the pH values were used to calculate the pKa values
using graphical and mathematical methods. Further, the pKa

values were calculated using DATAN soware based on the RGB
colour absorbance–pH relationship.4,38–40 The results of DIBA
method competedwell with the results of the spectrophotometric
method and the previously reported literatures data.
2. Experimental
2.1. Apparatus and soware

Spectrophotometric measurements in 1 cm matched quartz
cells in the range of 190–1100 nm were made on a Shimadzu
(Kyoto, Japan) 1601 UV/VIS Spectrophotometer controlled by an
UVProbe-2.5 soware. Eppendorf 10–100 and 100–1000 mL vary-
pipettes (Westbury, NY, USA) and a calibrated EDT pH–mV
meter (Dover Kent, UK) were used.
RSC Adv., 2020, 10, 11311–11316 | 11311
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Digital images were captured using a Canon PowerShot A810
digital camera that is equipped with a 16.0 Mega Pixel CCD
sensor. DIBA measurements were made using a simple home-
made platform (spectrometer)32,33 that does not require any
lens, slit, mirror, wavelength selector, or signal amplier. It
consisted of (1) two quartz cells (2) the digital camera as
a detector and (3) a white paper as background diffuser; where,
the diffuser, the cell-holder and camera-holder were xed on
a wood plate; each of them was 5 cm distance apart.32,33 Digital
images were captured in our laboratory, where the conventional
uorescent daylight-lamp xed at the laboratory ceiling served
as the light source.32,33

A conventional HP-Pavilion dv6-6176ex Notebook running
under Windows 10 was used for data treatment and analysis.
Photoshop CC 2016 and ImageJ soware 1.52 were used for
digital image processing and determination of RGB channel
intensities. DATAN 5.0 soware was used for pKa calculations
from both spectrophotometric and digital image processed
data.41
2.2. Reagents and solutions

All reagents were of ACS grade and were used as received from
Sigma-Aldrich (St. Louis, MO, USA), or Merck (Darmstadt, Ger-
many). Unless otherwise stated, bi-distilled water and aqueous
solutions were used throughout. The following stock indicator
solutions were prepared: aqueous 3.0 � 10�4 mol L�1 Methyl
Orange (MO), aqueous 3.0 � 10�4 mol L�1 Alizarine Red S
(ARS), 20% ethanolic solution of 3.0 � 10�4 mol L�1 Bromo-
phenol Blue (BPB), and ethanolic solution of 3.0� 10�4 mol L�1

Bromothymol Blue (BTB).
For DIBA and spectrophotometric measurements, 5.0–

20.0 mL aliquot of a stock indicator solution was diluted to
100 mL to give the following working indicator solutions: 3.0 �
10�5 mol L�1 MO, 6.0 � 10�5 mol L�1 ARS, 1% ethanolic solu-
tion of 1.5 � 10�5 mol L�1 BPB, and 20% ethanolic solution of
3.0 � 10�5 mol L�1 BTB.
2.3. Spectrophotometric and (DIBA) measurements

Each working indicator solution was successively treated with
fewmicroliters of 2.0 mol L�1 HCl or NaOH. Aer each addition,
the pH was adjusted and portions of the well-stirred solution
were transferred to the cells of both the spectrophotometer and
our homemade spectrometer to record the absorption spectrum
and capture digital images of the sample and blank cells,
respectively. Aer each measurement, solutions were returned
to the titration vessel. The nal volume aer each addition was
recorded and then used to correct the values of the measured
absorbance or RGB colour absorbance. A captured image was
processed by Photoshop CC 2016 and ImageJ 1.52 soware to
crop an Area Of Interest (AOI: a square of 354� 354 pixels where
any predened area can be used because the images are
homogenous) and calculate the mean RGB channel intensities,
IR, IG, IB, respectively. An image RGB absorbance is calculated
from RGB intensities of the sample and blank [ARGB ¼ log (Io/I)
¼ log((colour intensity of the blank)/(colour intensity of the
11312 | RSC Adv., 2020, 10, 11311–11316
sample))].32,33 ARGB values were then plotted against solution
pH's yielding the characteristic sigmoid shaped titration curve.

2.4. pKa calculations using DIBA and spectrophotometric
data

2.4.1. Graphical determination of pKa from titration
curves. Absorbance (or RGB colour absorbance)–pH graphs
were used to calculate the respective pKa values where the pKa

value is represented by the pH at half the inection of the
sigmoid graph.17,25,26,42 For a more accurate determination of
pKa the 2nd derivative graphs were also plotted.

2.4.2. Mathematical and graphical determination of pKa

from the mole fraction. For an acid HA 4 A� + H+

The mole fractions are calculated using eqn (1) and (2)43

XA� ¼ ðA� AHAÞ
ðAA� � AHAÞ (1)

XHA ¼ 1 � XA� (2)

The mole fraction is plotted against the pH values and the
pKa is equal to the pH at the intersection between the mole
fraction lines where XA� ¼ XHA ¼ 0.5.

Further, the pKa was determined using eqn (3)43

pH ¼ pKa þ log
ðA� AHAÞ
ðAA� � AÞ (3)

where A is the absorbance at any pH value and AA� and AHA are
the absorbance values of the pure ionized and protonated
forms, respectively.

2.4.3. Calculation of pKa using the DATAN 5.0 soware. For
calculation of pKa using DATAN program, the absorption
spectra and the RGB absorption data of each indicator at
various pH values were loaded into DATAN 5.0 in the form of
excel worksheet, and then subjected to principal component
analysis (PCA) to conrm the number of chemical species
present during the pH-metric titration, and then subjected to
protolytic analysis depending on the number of species
produced to calculate the pKa values.

3. Results and discussion
3.1. Graphical determination of pKa's from titration data

For determination of the pKa values the absorption spectra at
various pH values for the four dyes used were recorded in the
wavelength range 230–700 nm as given in Fig. 1. The absor-
bance values at peak maxima were used in the pKa determina-
tion. For ARS, the absorbance–pH graphs at the wavelengths of
maximum absorptions of 333.5, 420, 517, 556 and 593 nm along
with their 2nd derivative counterparts are shown in Fig. 2A and
B. ARS have two ionizable protons so two inections appear in
some titration curves. From the second derivative graphs, the
pKa of the rst ionization is 5.82, 5.84, 5.82, 5.82, and 5.82 at the
selected wavelengths, respectively with an average of 5.82; while
the pKa for the second ionization appeared only at 333.5 nm,
556 nm, and 593 nm with values 10.55, 10.90, and 10.88,
respectively with an average of 10.78.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The absorption spectra in range 230–700 nm for the dyes used at different pH values (A) Alizarin Red S, (B) Methyl Orange, (C) Bro-
mothymol Blue, and (D) Bromophenol Blue. Each graph contains the structure of the ionized and nonionized forms and the digital image each
form.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 3

:4
3:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The digital images at various pH values for ARS and Cropped
Area Of Interest (AOI) are shown in Fig. S1 and S2,† the colour
changes from yellow (H2ARS) to red (HARS�) around the rst
ionization and from red (HARS�) to violet (ARS2�) around the
second ionization. The RGB colour absorbance–pH relation for
the RGB channels exhibited two inections on the sigmoidal
curve for both the red and blue Channels while exhibiting one
inection only for the green channel, this is due to the colour
change from red to the violet around the second ionization
where the change in the green channel absorbance will be
gradual with the pH change as shown Fig. 2C. From the corre-
sponding second derivative plot in Fig. 2D, the rst pKa is 5.50,
5.89, and 6.17 for red, green and blue respectively with average
5.85 while the second pKa is 10.73 and 10.84 for red and blue
respectively with average 10.78.

Similarly, the digital images and the cropped AOI for MO,
BTB, and BPB are shown in Fig. S3–S8.† Each one of the three
dyes has only one pKa with colour change from red to yellow for
MO and from yellow to blue for BTB and BPB. Fig. S9† shows
titration curves and the 2nd derivative graphs for the three dyes
with DIBA and spectrophotometrically. The RGB data gave pKa

values of 3.64, 3.67, and 3.36 for MO, 4.27, 4.26, and 3.94 for
BPB, and 7.74, 7.45, and 7.48 for BTB for the red, green, and
This journal is © The Royal Society of Chemistry 2020
blue channels, respectively. While, the spectrophotometric data
gave pKa values for MO 3.52, 3.58, and 3.57 at 319 nm, 464 nm,
and 508 nm, respectively; while for BPB gave 4.14, 4.17, and 4.15
at 311 nm, 436 nm, and 593 nm, respectively; and for BTB gave
7.48, 7.55, and 7.52 at 307 nm, 433 nm, and 617 nm,
respectively.

Table 1 shows the average pKa values obtained for the four
dyes used at various wavelengths and RGB colour channels.
The statistical t-test indicates that at 95% condence level
there is no signicant difference between the means obtained
from the two methods (tcalculated < ttabulated & p > 0.05). Also, the
paired t-test gave p value¼ 0.116 and |t|¼ 2.000 < ttable ¼ 2.306
and this is conrming that no signicant difference can be
detected between the means obtained. Fig. 2E shows a corre-
lation between the pKa values obtained from the two tech-
niques; the 95% condence intervals of the slope is 0.9888–
1.0116 therefore the slope is not signicantly different from
1.0000. Similarly, the 95% condence interval of the intercept
is �0.0642–0.0934 therefore the intercept is not signicantly
different from 0.00, this conrm the excellent agreement
between the pKa values obtained from the DIBA and the
spectrophotometry.
RSC Adv., 2020, 10, 11311–11316 | 11313
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Fig. 2 Absorbance–pH relation (A) and its 2nd derivative plot (B),
RGB colour absorbance–pH relation (C) and its 2nd derivative plot
(D) for Alizarin Red S. (E) RGB correlation graph between the pKa

values obtained by DIBA and spectrophotometry for the four dyes
used.

Fig. 3 The distribution of the pure species of the Alizarin Red S as
a function of pH using spectrophotometry (A) and DIBA (B).
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3.2. Graphical and mathematical determination of pKa

values using mole fraction calculations

To calculate the mole fraction of each species, rstly we choose
the spectra and the RGB values corresponding to the pure
species. For the studied dyes, the fully protonated forms and the
fully deprotonated forms were chosen at the lowest and the
highest pH values, respectively. While for ARS the spectra and
the RGB values of the pure mono protonated form (HARS�) was
chosen at the pH 8.73. Aer that the mole fraction was calcu-
lated at each pH value using eqn (1) and (2). Fig. 3A and B shows
the relation between the pH of ARS solutions and the mole
fractions calculated spectrophotometrically and from the RGB
Table 1 pKa values obtained graphically from the relation between pH a

Indicator Spectrophotometry

ARS pKa1 5.82 � 0.01
pKa2 10.78 � 0.2

BPB 4.15 � 0.02
BTB 7.52 � 0.04
MO 3.56 � 0.03

a *t0.05 (5,3), ttable ¼ 2.447, **t0.05 (3,2), ttable ¼ 3.182.

11314 | RSC Adv., 2020, 10, 11311–11316
data, respectively. Similarly, Fig. S10† shows the mole fraction
graphs for MO, BTB, and BPB. The pKa values obtained by DIBA
and spectrophotometrically were given in Table 2. At the 95%
condence level, the paired t-test gave t-value 1.90 and p value
0.130 indicating that there is no signicant difference between
the values obtained from the two techniques.

Moreover, the protonated and deprotonated species were
considered as a mixture of a weak acid and its salt so that the
pKa can be calculated mathematically using eqn (3). The pKa

values obtained were presented in Table 2. Similarly, at the 95%
condence level, the paired t-test gave t-value of 2.13 and p value
of 0.100, indicating that there is no signicant difference
between the two techniques.
3.3. Calculation of pKa values using the DATAN 5.0 soware

The pKa values of the four studied dyes used were determined by
DATAN 5.0 program using the RGB and the spectrophotometric
data. The PCA analysis of both the RGB and spectrophotometric
data conrm the presence of three species (H2A, HA�, and A2�)
for ARS and two species (HA and A�) for MO, BPB, and BTB
during the pH metric titration. The protolytic analysis of ARS
using the RGB and spectrophotometric data outputted (1) the
calculated pure spectra of various species present, Fig. 4A and B,
(2) the molar ratio plot showing calculated distribution diagram
of various species, Fig. 4C and D and (3) the pKa values as the pH
values at the intersections of the molar ratio lines of different
species, Table 2. Similarly, the protolytic analysis of MO, BPB,
and BTB data were presented in Fig. S11† and Table 2. At the
95% condence level the paired t-test gave t-value of 1.27 and p
nd absorbance or RGB colour absorbancea

DIBA

|t0.05 (3,3)| p value

ttable ¼ 2.776 Ptable ¼ 0.05

5.85 � 0.34 0.151* 0.894
10.78 � 0.08 0.066** 0.953
4.16 � 0.19 0.031 0.978
7.56 � 0.16 0.424 0.713
3.56 � 0.17 0.000 1.000

This journal is © The Royal Society of Chemistry 2020
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Table 2 The pKa values obtained from DIBA and spectrophotometry using the different methods

Experimental values

Mole fraction Mathematicallya DATAN

Literature value [from ref. 44]RGB Spectrophotometry RGB Spectrophotometry RGB Spectrophotometry

ARS pKa1 5.88 5.86 5.72 5.70 5.96 5.80 5.49
pKa2 10.81 10.86 10.78 10.73 10.72 10.74 10.85

BPB 4.14 4.17 4.21 4.21 4.20 4.16 4.10
BTB 7.60 7.64 7.62 7.50 7.72 7.52 7.30
MO 3.47 3.60 3.55 3.52 3.51 3.57 3.46

a Using eqn (3).

Fig. 4 The pure spectra (A) and the pure RGB absorbance values (B) of
the different species of Alizarin Red S. The distribution plot of Alizarin
Red S pure species using spectrophotometry (C) and RGB absorbance
values (D).
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value of 0.273 indicating that there is no signicant difference
between the two techniques.
4. Conclusion

In this work we introduce a new approach for the determination
of acid dissociation constant (pKa) based on digital image
analysis using low-cost, accurate, and precise camera-based
home-made platform. The pKa values of four different organic
dyes were determined. Alizarin Red S was used as example for
molecules having two consecutive pKa values; while Bromo-
phenol Blue, Bromothymol Blue, and Methyl Orange were used
as examples for molecules with single pKa value. The pKa was
determined using the RGB colour absorbance by ve different
methods for calculation distributed between graphically,
mathematically, and using the DATAN program. The results
obtained from the digital image analysis give excellent agree-
ment with the results of the spectrophotometric methods and
the previously reported literature's data in all of the studied
cases, Tables 1 and 2. The time required for each measurement
and its subsequent RGB data analysis can be double the time for
sophisticated spectrophotometric measurements. However, the
low-cost, accuracy, repeatability and affordability to most
This journal is © The Royal Society of Chemistry 2020
resource limited laboratories are added advantages of the
current approach.
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