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There is a trend of development of analytical methodologies and technologies that allow in situ analysis, producing accurate

information in real time, at low cost, using homemade experiments and devices to increase interest in scientific knowledge with a

constructive approach in an interdisciplinary perspective in Chemistry Education. In this context, a photometric-chemometric method
of analysis was developed to measure the pH of solutions using easily accessible and low-cost material based on the use of natural
pigments found in red cabbage (Brassica oleracea L.). Calibrations and determinations were performed by RGB measurements of
pigment coloration in solution at different pH values using the free app Photometrix, converted to HSV, YCbCr and YUV color spaces
and processed by Partial Least Squares regression (PLS). The best PLS model found was HSV with mean central scale obtained pH

measurements with RMSEP 0.98, R? 0.97 and bias close to zero. In addition, experimental data were statistically validated. Analyzes

of predicted pH from three independents experiments revealed high recoveries (95-103%) and low relative standard deviations. Thus,
the PhotoMetrix app was viable for colorimetric pH determinations using the low-cost photometric pH meter sensor and a smartphone,

improving accessibility and applicability in Chemistry Education.
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INTRODUCTION

The chemistry learning has had an emphasis on accumulating
information from the literature than on experimental observation.!
However, many studies in the last two centuries shows that
observation of experiment increases the interest in students and bring
them to builders of their own knowledge.” These ideas converge to
principles of Piaget to constructivist and interdisciplinary teaching.>*
This type of approach is related to the new structure of basic education
in Brazil, called the Common National Curriculum Base.’ However,
maintain a laboratory structure have a high cost and depending on
the socioeconomic situation of educational Institute and the lack of
investments to make chemistry teaching more effective is common.'
In this context the importance of designing low-cost experiments
emerges.

Many studies described experiments with pH measurement as
a practical teaching tool.2¢®* The common measurement of pH in
laboratories are pH meter and pH paper and other test strips. However,
pH meter is expensive, and the electrode can be easily broken while
pH paper is compared with a table and the error is between 0.2 to 0.5.%

In this context, it is interesting the use of red cabbage as natural
pigment source for pH measurement being known as “universal
indicator”.? The use of anthocyanins from red cabbage is commonly
used at school and university.’

The application of natural dyes in chemical education has been
used for years as a didactic resource for teaching. Gouveia-Matos
in 1999'° published about natural dyes used as pH indicators by
teachers, including the substances from red cabbage. Prior to that,
GEPEQ in 1995° discussed the use of this kind of material for acid-
base equilibrium teaching.

However, the theme remains current, being not only applied,
as its approach has been innovative and sophisticated as shown
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in Hastuti ef al."' that described the use of red cabbage for pH
measurement using Artificial Intelligence (IA) in aim to obtain an
accurate mensuration. Furthermore, the use of natural pigments as
a cheap and efficient material to teach chemistry has been reported
in the literature for teaching several contents of chemistry, from
acid-base equilibrium to organic chemistry, teaching extraction and
chromatography on paper.*!?

The use of red cabbage to pH measurement it is not only low-cost
experiment but also can be applied at home in a kitchen. Shultz er al."
proposed this application as strategy for a homemade chemistry
laboratory in remote teaching due pandemic situation. In the same
context, Destino et al."* use food colorants and smartphone to do
quantitative analyses at home.

Therefore, the literature demonstrate that is important use new
strategies to apply experiments to bring interesting of knowledge
and construct effective skills. In this context, is important join unite
widespread practices with new technologies, adding knowledge
and interest. In this scenario, an approach using image capture and
chemometric processing of the obtained data matrix can be used in
order to obtain an accurate measurement.

In this context, the present work presents an interesting alternative
for the discussion of biological/biochemical concepts (production of
secondary metabolites in plants), chemical (acid-base balance and
pH-dependent structural molecular modifications), physical (optical
properties and the study of color spaces) and mathematics (statistical
data processing), relevant to the use of a photometric sensor to
determine the pH of solutions, planned and built from recyclable
material, accessible and cost-effective, common to the daily life of the
students. Thus, an automated method was developed with smartphone
image capture and multivariate calibration process through the
utilization of the free app Photometrix'>'® for obtaining an array of
space color images of samples and using a chemometric processing by
the Partial Least Squares regression (PLS). It is important to mention
that many smartphone applications, including optical detection, have
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been described in the literature as an alternative analysis technique,
highlighting the potential of this type of tool for in situ analysis with
good performance.'” The PLS chemometric algorithm is able to build
a multivariate calibration model using second-order data to predict a
given response. This tool is based on decomposition into eigenvalues
and eigenvectors and regress calculation to obtain correlation of X
and Y data.'8!° Therefore, this algorithm is capable of constructing a
mathematical model to correlate a vector of image sample to pH value.
Given the varied content and interdisciplinary character embedded
in the proposal, the photometric pH meter sensor can be used to
guide scientific discussions at any level of Chemistry Teaching, in
an interdisciplinary way, and can also be implemented in Chemistry
Teaching in the distance modality.

MATERIAL AND METHODS
General

The pH measurements were performed using a Metrohm
potentiometer (827 pH Lab, METROHM, Brazil), with a combined
glass electrode (6.0228.010, METROHM, Brazil) containing
internal solution of KC1 3 mol L' saturated with AgCl (METLER
TOLEDO, Switzerland). Buffer solutions at pH 4.00, 7.00 and
9.00 = 0.02 (METROHM, Brazil) were used for the pH meter
calibration. Ultrapure water, HCI 36,5-38% (ACS reagent grade) and
NaOH 2 97.0% pellets (ACS grade reagent) were used to prepare
the solutions with different pH values ranging from -0.39 to 13.74.

Plant material purchase, processing and paper impregnation

Red cabbage (Brassica oleracea L.) was purchased at a public
market in Rio de Janeiro — RJ, Brazil. The red cabbage was processed
in an industrial stainless-steel crusher (LIOTIPO). The main coloring
compounds of the natural dye of red cabbage were impregnated in
qualitative paper by compression using a clean and dried cotton filter.
To dry the paper impregnated with the natural indicators, a dryer
(ARNO, Brazil) was used in the “cold air” mode. The impregnation
process was repeated twice and the paper was then cut into squares
with 1 cm? of area.

pH paper indicator stability (validity)

RGB color measurements were made from indicator papers
prepared on different days during the 30-day period. The papers were
prepared at 5-day intervals and stored at -16 °C and protected from
light. The papers were analyzed after use as indicator paper in pH 1.07,
7.00 and 13.13 solutions. All analyses were assayed in quadruplicate.
All papers used in the RGB measurements (including papers not
used) were then organized on a white plate and photographed with a
21 megapixels (MP) resolution digital camera. The plate was put at
the same inclination as the digital camera, so that each set of samples
was analyzed under the same conditions, in order to avoid the more
common interferences.” The pictures obtained were processed using
the Image J 1.43u image processing program (Wayne Rasband,
National Institutes of Health, USA). In the first step, the pictures
were inverted and then processed, in order to obtain light density
measurement graphics (densitograms) (https://imagej.nih.gov/ij/
docs/menus/analyze.html#measure). The average peak areas from
the densitograms of the indicator papers for each day were calculated
and normalized by the results obtained for the papers prepared at the
same day of the analysis to make it possible to compare the relative
efficiency of the papers as function of the time.
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Evaluation of the range color scale from red cabbage

To evaluate the pH color scale of the red cabbage pigments
as a function of pH value, 14 solutions with different pH values
were prepared: 0.02; 1.03; 1.98; 2.99; 3.99; 5.01; 6.30; 7.01; 8.40;
9.01; 9.94; 11.01; 11.97; 13.13. For the qualitative pH color scale
evaluation, 1 indicator paper was added to 1 mL of each solution,
which was removed after saturation.

Alternative pH meter kit construction

The alternative pH meter was composed of three main parts: a
lighting chamber, a sampler and an image capture system (in the
case of the present study, a digital 15.5 MP cell phone camera was
used). For the construction of the lighting chamber, a cardboard box
was used (33 x 19 x 12 cm; length, width and height, respectively),
coupled to a led lamp as a light source (10 W; 800 Im of luminous
flux; 5.500 K of color temperature) (.Casanova, Sdo Paulo, Brazil).
For the construction of the sampler, cardboard strips (3 x 20 cm;
width and length, respectively) and a recycled medicine tablets blister
pack (well size: 12 mm of inner diameter; 5 mm of depth) were used.
Lighting chamber: the cardboard box was internally covered with
white paper and then three strategic cutouts were made: on the upper
side of the box a circular cutout with a diameter of 2 cm to fit the image
capture camera (LC1) and; a rectangular cutout (5 x 10 cm) to fit the
led lamp (LC2); on the side of the box a rectangular cut (3 x 2 cm;
width and height, respectively) was made for the sampler introduction
(LC3). LC1 and LC3 were strategically placed in positions with
perpendicular axes (Figure 1A). Sampler: rectangular cutouts were
made on two cardboard strips; the third strip was used as the sampler
base (S1). The three tapes were glued and covered with white paper.

LC2-5x10cm

(A) . 7

.

LC3-3x2cm

LC1-2cm @

(B)

Image capture
— SYStEM

(c) Cell phone camera
of i p

Lighting
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Figure 1. Alternative pH meter. (A). Lighting chamber cardboard box cutouts;
(B). Sampler cardboard strips cutouts and mounting; (C). Complete apparatus.
LC1: cutout for camera coupling; LC2: cutout for light source coupling; LC3:
cutout for sampler coupling; SI: sampler base; S2: cutout for blister pack
coupling; S3: Blister pack
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In the gap formed by cutting the overlapping tapes (S2), the blister
pack was fitted (S3), with three wells for triplicate analysis (Figure
1B). The complete apparatus is shown in Figure 1C.

Didactic experiment

To verify the viability and effectiveness of the proposed pH
measurement method, a blind test was performed by analyzing three
sample solutions with unknown pH values, using the alternative pH
meter. The sample solutions were labeled as follows: Sample A (HCI
solution ~ 0.1 mol L!); Sample B (NaOH solution ~ 0.1 mol L);
and Sample C (Tap water).

The pH measurements of these solutions were carried out by
30 different analysts, students of the course about Chemistry of
Natural Products, during the 26™ Chemistry Week at the Institute of
Chemistry at the Federal University of Rio de Janeiro.

The pH values obtained by the blind test were compared with
values obtained by direct measurement on a traditional pH meter
equipped with a combined glass electrode.

Data acquisition

The volume of 500 pL of solutions (pH range to -0.44 and
13.74) was added to the sampler wells followed by the addition of
a previously prepared pH indicator paper. After saturation of the
solutions with the pigments present in the papers, they were removed
from the solution and discarded. A Motorola Moto Maxx smartphone
(MOTOROLA, Illinois, USA), operating with Android 6.0.1 was used
for the image capture. The camera configurations were full screen
mode (16: 9) and 15.5 MP. For the analyses the free App PhotoMetrix
1.1.15 was used through the application of the Univariate Vector RGB
Analysis. For the sampling a number of samples of 3 and region of
interest 32x32 were used. The RGB values were determined for all
solutions in triplicate.

Statistical analysis

The data processing was done with MATLAB 2013a by
Mathworks® and a PLS_Toolbox by Eigenvector®. The PLS was
applied with a confidence level of 95% and the chosen processing
was mean center scale. The RGB data was converted to HSV data
using the command rgb2hsv(). For YUV and YCbCr conversion were
used the commands:

Y =0.299 * sample(:,1) + 0.587 * sample(:,2) + 0.114 * sample(:,3)
U =-0.147 * sample(:,1) - 0.289 * sample(:,2) + 0.436 * sample(:,3)
V =0.615 * sample(:,1) - 0.515 * sample(:,2) - 0.100 * sample(:,3)
Cb=-0.169 * sample(:,1) - 0.331 * sample(:,2) + 0.500 * sample(:,3)
Cr=0.500 * sample(:,1) + 0.419 * sample(:,2) - 0.081 * sample(:,3)
sampleYUV = horzcat(Y, U, V);

sampleYCbCr = horzcat(Y, Cb, Cr).

The samples were divided into two sets: samples for calibration
(fourteen points between pH -0.39 and 13.74); samples for prediction
(three points at pH -0.18, 8.10 and 11.07). All samples were analyzed
in triplicate.

The pH paper indicator stability was evaluated using hypothesis
test as Analysis of Variance (ANOVA) to verify the equivalence of
variance between replicates in different storage days. The 7-student test
with equivalent variances was done next to evaluate the equivalence
of obtained values. Both tests were done with a confidence level of
95%. The tests were done using Excel® software from the Microsoft
office 365 package (Redmond, Washington, USA).
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THEORY
Natural pigments and colorimetric pH determinations

The diversity of colors found in flora results from the interaction
of a few classes of pigments with light.” Generally, most natural
colorants belong to one of four chemical classes: porphyrins,
carotenoids, flavonoids (anthocyanins) or alkaloids (betalains).?!*?
Visual indicator substances show different coloration depending on
the chemical environment to which they are subjected, with important
parameters such as: pH, electric potential, complexation with metal
ions and adsorption in solids.”**?* The substances classified as pH
(or acid-base) indicators are organic conjugated molecules, which are
generally weak acids or bases that present different colors for each
related species (protonated and ionized).”> Some substances produced
by the secondary metabolism of several species of plants can be used
as natural pH indicators, the most common being anthocyanins,
predominant pigments found in plants.?*2¢%’

Many studies are reported in the literature showing the possibility
of using the pigments of several plants as natural indicators of pH
including use in solution or impregnated in paper.”1021222831 There
are several studies about the anthocyanins exploring or outlining
systematic methods using natural extracts, including the red cabbage
eXtraCt.lQ—l 1,27,29-31

The red cabbage dye and the fundamentals of its use as a
natural pH indicator

An expressive number of substances produced by the secondary
metabolism of plants can be used as natural pH indicators,
with the glucoside derivatives of anthocyanidin, denominated
anthocyanins (anthos - flower; kianos - blue), which are among
the most important water-soluble plant pigments,*? being common.
The main coloring compounds of red cabbage (Brassica oleracea
L.) are anthocyanins, consisting of derivatives of cyanidin-3-
diglucoside-5-glucoside (base structure) (Figure 2). The glucoside
residues of cyanidin-3-diglucoside-5-glucoside were described as
nonacylated, monoacylated and diacylated. Sinapic, ferulic, caffeic
and p-coumaric acids were recognized as main phenolic acids in
this structure.?3*

OH

HO.

O—Diglucoside

\Glucoside

Figure 2. Base structure of anthocyanins in red cabbage (cyanidin-3-
diglucoside-5-glucoside)

The reason why the dye extracted from red cabbage has been used
as a natural pH indicator is that anthocyanins have a variety of colors
when subjected to chemical environments with different pH values.
This is because the molecular structure of anthocyanidins, whose
biosynthetic origin is that of flavonoids, the 15 carbon atoms being
organized in the C6-C3-C6 form, has an anionic nature,* in addition
to being highly conjugated and having an acid character because it is
a polyphenolic substance (weak acids). A large number of scientific
papers report the color variation of anthocyanins as follows: most
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anthocyanins appear red under acidic conditions, a purple hue in
neutral pH and blue in an increasing pH condition.”?*3

The main structural changes that occur with anthocyanins
depending on pH conditions were described in literature, which can be
briefly explained as follows:”** 1 < pH < 2: anthocyanins are reddish
in color due to the predominance of the flavylium cation form (1); 2 <
pH < 6: an equilibrium can be observed between the flavylium cation
and a structure known as pseudobase carbinol (2). Both (1) and (2)
can be converted into a structure known as quinoidal anhydrobase (3)
- violet/purple,” however, with the gradual increase in pH, usually the
color disappears due to the predominance of the pseudobase carbinol
species which is colorless; pH > 6: both the pseudobase carbinol
and quinoidal anhydrobase structures can form the cis-chalcone
species (4) that can be converted into the stereoisomer form trans-
chalcone (5). When anthocyanins ionization begins, at higher pH
values, anhydrobase structures are formed that exhibit a blue color (6)
and (7). In an extremely alkaline environment, the balance between
ionized forms of cis and trans-chalcones can be observed, with a
yellowish color (8) and (9). Structural changes in anthocyanins as a
function of pH can be found in literature,”* with only a characteristic
scale of colors and possible structures (Figure 3) being shown in this
study. However, it is extremely important to understand that these
colors can vary depending on various factors (the temperature, for
example, is very important to the anthocyanins structures stability),
the most important being the presence of copigments when it comes
to natural plant extracts.®

Space color theory

Color space can be defined as tridimensional subspace which the
combination can identify the color pixel. This kind of process can be
applied in the projection of images displayed, to compress and process
images. The most common space color for processing image data is
RGB, HSV, YUV and YCbCr. It is therefore necessary to consider
the major characteristics of each space color.’>%’

RGB space color: the RGB space has a cubic format based in
one vector for Red (R), one for Green (G) and one for Blue (B), with
the space color being the combination of these vectors. The scale of
each vector is between 0 to 255.%

HSYV space color: the HSV is a transformation of RGB space
into conic space separate luminance and chrominance in Hue (H),

OH 2 R
OH

o
1<1o\L /ﬁki . HO
S O—Glucoside
(©)

|
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Saturation (S) and Value (V). Hue describes the purity of color,
Saturation is related to distribution of color in light and Value is
brightness. S and V are independent components of H and is related
with intensity. Differently of the RGB space color, the HSV have a
uniform distribution space color with Euclidian distance. The range
of each scale is different in this model of space, owing to the conic
structure. The Hue range is between 0 and 2, the saturation between
0 and 1 and value range from O to 255.%% The math of conversion
between RGB to HSV is:*

1 (r-g)+(r-b)
2J(r-g) +(r-b)(g-b)

Hue+0ifb<gv Hue=2n—-0ifb>g

0 =cos”

min (r,g,b)

. 2.b)%0
max(rg.b) if max(r,g,b)#

Saturation =0 if max (r, g,b): 0v Saturation =1-

Value = max(r,g,b)

YUYV space color: the YUV is the transformation of RGB
space color in three planes. The Y is the component responsible
to describe luminance and the other two components describe the
chrominance.*

y 0.299 0.587 0.114 || r
u|=|-0.147 -0.289 0.436 || g
v 0.615 0515 -0.1 1|5

That could be described as:

y=0.299r + 0587g + 0144b
u=—0.147r — 0.289g + 0.436b
v=0.615r+0.515g —0.1b

YCbCr space color: the YCbCr is the transformation of RGB
space color in three planes. The Y is the component responsible to
describe luminance and the other two describe components of blue
and red color. The range of Y is from O to 235 and Cb/Cr from 0
to 2403538

pH increase

Figure 3. Substances from anthocyanins structural changes depending of pH. (1). Flavylium cation; (2). Pseudobase carbinol; (3). Quinoidal anhydrobase;

(4). cis-chalcone, (5). trans-chalcone; (6) and (7). lonic anhydrobase structures; (8) and (9). lonic chalcones structures
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y 0299  0.587 0.114 || r
¢, |=|-0.169 -0331 05 || g
c 0.5 0.419 -0.081(| b

That could be described as:

y=0.299r + 0587g + 0144b
¢,=-0.1697 - 0.331g + 0.5b
¢,=0.5r+0.419g — 0.081b

Partial Least Squares

The pixel of one sample can be described as a vector of three
terms. A set of “n” samples form an array with “n” lines and three
columns. It is a second-order data which can be described as an array
that contains the relationship between samples and their analysis
data. The difficulty in evaluating the correlation of analytical data
with the required information can be facilitated by reducing their
dimensionality through multivariate tools (Figure 4).

Second-order multivariate analysis tools are based on the
mathematics of principal component analysis, with their variations,
applications, advantages and limitations. They can be classified as
supervised and unsupervised methods of analysis or as calibration
and classification. 6340

Partial Least Squares (PLS) is a second-order data supervised
calibration tool to predict information sample. The PLS is known
as a supervised model because it needs sample responses to be
constructed. The decomposition and compression are done to
maximize the covariance eigenvalues of X and y as Equations 1 and
2. The scores obtained from decomposition are correlated through
a regression using w and q as weight (Equations 4 and 5) for the
calculation of the coefficients related to each component of the model
as Equations 3 and 4,814

X=TP'+R, (1)1842
y=TQ" +R, )
B =W(P™W)q (3"
w =Xy @
q ="'ty O
Y = by + byx,,0,%,,b3x;,...,DNXN +e, (6)

In this type of method, it is important to evaluate the ideal number
of components so that the model does not contain a lack of adjustment

Variables
HEm n
Z|Z'3| Xx=SL"+R, g I

Y =UQT 4R, |
||

Samples
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or overfitting. This evaluate can be done by root mean squared error
of cross-validation (RMSECV) and root mean squared error of
prediction (RMSEP). Thereafter, the generated calibration model
must be validated. Validation includes evaluate the prediction power
and assessing the homogeneity of residue distribution. For the first
step, it is also important to evaluate the root mean squared error of
calibration (RMSEC), the root mean squared error of cross-validation
(RMSECYV) and root mean squared error of prediction (RMSEP) and
also the coefficient of determination (R?).4'-

(7)42

(®)

y; is each value of vector y and ff is value of y predicted for the PLS
model.

Mean center scale: this type of scale uses the difference between
the data of column and the mean of respective column data. It is
extremely important in data such as HSV, YCbCr and YUV which
have different ranges of each dimension space.

l <1
x; =x,.j—721xi/. 9

RESULTS AND DISCUSSION

The great color variation presented by the anthocyanins from red
cabbage extract (Figure 5), led us to choose its natural dyes for the
development of an alternative, cost-effective, simple, affordable and
inexpensive analytical photometric method for pH measurements
through the use of low-cost material and tools, making it interesting
because of the ease in accessibility and speed of application for
laboratory (and/or classroom) routine analyses.

Before the method development, the potential of application of
the natural pH indicator papers in science education was investigated
through pH measurements of 3 unknown samples made by 30 analysts
(chemistry students of a Natural Products Chemistry Course, taken

\ Component1 Component2 ] Component3 Component4
ﬁ | V New projection
E‘wnnn Explains most of the 14 c
— behavior of the data
$1 123 123 123 . ® 9
Reduction to two /V
s2 123 123 123 . : 2
dimensions
S3 123 123 123 L
@B = (578)"*s"u
123 123 123
U=BS
Sn 123 123 123 V - variable
pH = B1X, + B2X; V,"  C-component

Figure 4. Dimensionality reduction scheme
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0.02 1.03 1.98 2.99

Figure 5. Red cabbage pH color scale

during the 26" Chemistry Week at the Institute of Chemistry at
the Federal University of Rio de Janeiro - UFRJ) (Table 1). The
results obtained in the blind test demonstrated the accuracy of pH
measurements made with indicator papers (qualitative filter paper
impregnated with red cabbage dyes) when compared with the pH
values obtained by traditional equipment. Furthermore, the alternative
pH measurements approach was important for the discussion about
the properties of the anthocyanidins from red cabbage as well as the
main structural modifications according to the environment pH that
were explored in order to use the relation between color and chemical
constitution to build a simple and cost-effective pH measurement
method.

Based on the color scale variation observed for red cabbage
pigments, the pH measurements through the processing of the image
data of the samples needed the development of an analysis system
apparatus to accommodate the samples in order to maintain the
same lighting conditions, distance from the camera and inclination
between the subsequent analyses in order to avoid fluctuations
due to causes other than the different shades and colors of the
analyzed samples. For this purpose, recycled material was used,
such as cardboard and medicine blister, with the developed system
coupled to a low-cost effective LED lamp and a digital cell phone
camera (Figure 1).

In order to verify the ease of construction of the alternative pH
meter kit, a student from the undergraduate chemistry course at
UFRIJ was asked to build it, using the instructions provided in the
Material and Methods. optionally, the LED lamp was replaced by a
cell phone in flashlight mode (Figure 6). According to that student,
the homemade pH meter was built in a few hours using material
available in his own home.

From the use of the referred system, RGB measurement was
performed in solutions of different pH (from -0.39 until 11.74)
(Table 2), in addition to three samples: HNO, 10% (v/v) (sample 1);
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9.94 11.01 11.97 13.13

tap water (sample 2) and; cleaning product without bleach compounds
(sample 3) (Table 3).

The math model of multivariate calibration constructed with PLS
algorithm using RGB, HSV, YCbCr and YUV data with mean center
scale. The validations parameters determined for the four referred
space colors (Table 4) were compared in order to archive the most
appropriated color space for the method development.

The validation parameters analysis suggested a promising method
for pH measurements in routine laboratory assays and teaching
practices when cost effectiveness was desired using the HSV color
space, which presented the lowest values of Root Mean Square Error
of Calibration (RMSEC) (0.79), Root Mean Square Error of Cross
Validation (RMSECYV) (0.82) and Cross Validation Bias (1,5 x 1073),
in addition the best values of coefficient of determination (R?) of
Calibration (0.97) and cross validation (0.97). This is probably
the result of the separation between luminance and chrominance,
presenting linear independence and distribution of space based on
the Euclidian distance. Due to these advantages, HSV demonstrated
the best correlation between the math model and the data when using
PLS algorithm. Despite YCbCr and YUV having a separation between
luminance and chrominance being commonly used for process image,
they have a different space format compared to HSV because they
do not use the Euclidian distance. Therefore, the HSV model was
validated with predict set sample. The values obtained for RMSEP
(0.98), Prediction Bias (0.058) and R? of Prediction (0.98) confirmed
its effectiveness for pH determinations with the photometric pH
meter sensor. All discussion on method validation is available in the
Supplementary Material.

In order to verify the efficiency of the proposed photometric
pH-meter sensor and validate the developed method, three different
analysts (two of them were undergraduate students) determined the pH
of water sample from a reservoir of a residential condominium in Rio
de Janeiro, collected and analyzed on different days with two different

Table 1. pH values of the three unknown samples obtained by each student with qualitative filter paper of the red cabbage dyes

CS S1 S2 S3 CS S1 S2 S3 CS S1 S2 S3
01 2 13 6 11 3 12 6 21 3 13 6
02 2 13 6 12 3 12 6 22 3 13 6
03 2 14 6 13 3 12 6 23 1 13 6
04 2 14 6 14 3 12 6 24 1 13 6
05 3 12 8 15 2 13 6 25 1 13 6
06 3 12 8 16 2 13 6 26 1 13 6
07 3 12 8 17 2 13 6 27 1 13 6
08 3 12 8 18 2 13 6 28 1 13 6
09 2 13 5 19 1 13 5 29 1 13 6
10 2 13 5 20 1 13 5 30 2 12 3
Average + SD 2+1 13x1 6x1

CS: Chemistry Student; S1: Solution 1 (pH 1,72%); S2: Solution 2 (pH 12,71%); S3: Solution 3 (pH 6,33*); SD: Standard Deviation; *pH reference measurements

were performed with a calibrated glass electrode coupled to a pH-meter.
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Top viewof the LC1 section

Lighting chamber

.

>

Top view of the Sampler

*optionally, the LED lamp can be replaced by a cell phone in flashlight mode. In

the case of the present study, thatlight source was notused.

Figure 6. Homemade alternative pH meter

Table 2. RGB measurements of calibration set solutions in different pH values

Table 3. RGB measurements of predict set solutions in different pH values

MI* M2 M3 SD MI M2 M3 SD
pH -0.44 pH -0.39

R 138 138 137 0.1 136 136 136 0

G 5 6 7 03 9 9 10 01

B 44 44 43 01 43 42 2 01
pH 2.32 pH 3.31

R 133 134 134 01 132 133 131 03

G 65 68 68 1.0 91 91 91 0

B 109 112 111 08 121 121 120 0.1
pH 4.46 gg)

R 121 121 112 90 103 100 100 1.0

G 88 88 78 1Ll 81 75 76 34

B 18 118 110 7.1 18 113 114 23
pH 7.32 pH7.55

R 98 98 98 0 88 88 87 0.1

G 79 80 80 0. 72 71 70 03

B 123 123 123 0 12 113 112 0.1
pH 8.53 pH 10.62

R 59 66 66 54 16 19 20 14

G 50 59 59 9.0 99 100 101 03

B 100 106 105 34 63 66 66 1.0
pH 11.74 pH 12.21

R 118 118 116 04 134 131 133 08

G 125 125 122 1.0 133 130 132 08

B 2 32 32 0 2 26 30 53
pH 13.63 pH 13.74

R 135 135 135 0 128 128 128

G 126 128 126 04 118 118 118

B 4 4 4 0 64 63 64 0.1

*Measurement; SD: Standard Deviation.

devices and cameras, and different images region of interest (ROI) were
captured using the PhotoMetrix App (Table 5) (a step-by-step sample
pH determination procedure is available in Supplementary Material).
The pH of the water sample was estimated between 7-8 using a pH
measuring tape (data not shown). Thus, it was decided to calibrate
the photometric pH-meter sensors through the analysis in triplicate of

Mi1* M2 M3 SD

Sample 1 (pH -0.18)
R 139 140 139 0.1
G 0 0 0
B 28 28 28

Sample 2 (pH 8.10)
R 93 94 94 0.1
G 84 84 84
B 115 115 115

Sample 3 (pH 11.07)
R 4 4 4 0
G 83 84 81 0.8
B 32 32 31 0.1

*Measurement; SD: Standard Deviation.

four solutions with the following pH values: 1.03, 3.99,7.01 and 9.01.

The predicted pH values calculated by the PLS algorithm for
each solution analyzed for the analytical curves (Table 6) were
used for the determination of the recovery factors (RF) (evaluation
of accuracy) and relative standard deviations (RSD) (evaluation of
precision)* (Table 7).

Recoveries ranged from 95% to 103% demonstrated that pH
determination of solutions can be performed using the proposed
method. In addition, all RDS values were less than or equal to
5% (except the RDS values obtained for Analyst B - pH2 and
Analyst C - pH1, 13% and 15%, respectively), suggesting a good
repeatability and reproducibility, considering that different systems
were used to pH measurements, using different cameras, lighting
chamber sizes, light sources, produced papers (different plant
material), amongst other parameters that can increase the interference
due to variations in ambient lighting, distance between the camera
and the sample surface and anthocyanidins quantities.

The analysis of variance (ANOVA) for the pH values obtained
for the water sample by the three analysts suggested that the three
analyses were significantly equivalent in evaluating the p-value =
0.635959 (greater than the established significance level of 0.05).
Furthermore, it was observed that the statistic F (0.528329) was lower
than the critical F (9.552094), confirming the statistical equivalence
of the results obtained for the three analyses.
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Table 4. Parameters of PLS model for pH measurements with red cabbage extract
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Parameters of PLS method Value for RGB data (LVs 2)

Value for HSV data (LVs 3)  Value for YCbCr data (LVs 2)

Value for YUV data (LVs 3)

RMSEC 1.76117 0.790536 1.83093 1.79728
RMSECV 1.83113 0.815826 1.87603 1.91909
RMSEP* - 0.976883 - -

Bias -1.77636x10°"3 -1.77636x10" -1.77636x10" -1.77636x101
Cross Validation Bias: 0.0145477 0.00150324 0.014974 0.00468955
Prediction Bias* - 0.0577727 - -

R? of Calibration 0.858251 0.97144 0.846799 0.85238

R? Cross Validation 0.84706 0.969586 0.839335 0.832343
R? Prediction* - 0.979531 - -

*Only the best model was validated with predict set sample.

Table 5. PLS regression results using PhotoMetrix to determine the pH
water sample

Analyst Day* Device** ROI (pixel) pH*** £ SD
A 1 X 32x32 8.47+0.42
B 2 Y 16x16 8.84 +0.10
C 2 Y 16x16 8.56 +0.16

*Collection and analysis day; **Photometric pH-meter sensor; *** average
of the pH measurements for water sample; SD: Standard Deviation.

Table 6. Predicted pH values calculated by the PLS algorithm and determinate
pH water sample

Analyst A
pHI (1.03) pH2(3.99) pH3 (7.01) pH4 (9.01) pH*
R1** 0.99 4.16 7.27 9.29 8.27
R2 0.92 3.96 6.52 8.54 8.19
R3 1.02 4.10 7.27 8.95 8.96
Analyst B
pH1 (1.03) pH2 (3.99) pH3 (7.01) pH4(9.01) pH*
R1 1.03 3.47 6.95 9.03 8.73
R2 0.96 447 6.83 9.05 8.93
R3 1.07 433 6.96 8.97 8.85
Analyst C
pHI1 (1.03) pH2(3.99) pH3 (7.01) pH4 (9.01) pH*
R1 1.16 4.08 7.03 8.97 8.42
R2 1.06 4.13 6.89 9.04 8.73
R3 0.85 3.84 7.05 9.02 8.54

* Water sample pH measurements; **Replicate.

Based on the statistical equivalence indicated by ANOVA, all
results obtained by analysts A, B and C were combined for comparison
by #-student test with the pH of the water sample measured with the
calibrated glass electrode coupled to a pH meter (pH 8.38). The global
mean pH was calculated at 8.62 + 0.22, being considered statistically

equal to the pH measured by the traditional instrumental method,
showing a calculated #-value (1.494) lower than the critical #-value
(2.306) for 95% of confidence. It is important to note that even the
first water sample from the same reservoir, its pH was not verified by
an instrumental method, being considered equal to the second water
sample by statistical tests.

In this way, a didactic experiment is suggested to determine the
pH of water in school reservoirs, given the importance of controlling
the quality of the water consumed by students. In Ordinance
N° 2.914/2011 (Brazilian Ministry of Health), which provides for
the control and surveillance procedures for the quality of water for
human consumption and its potability standard, in article 39, § 1°, it
is recommended that in the distribution system, the pH of the water is
kept in the range of 6.0 to 9.5.% However, water samples from other
sources can be interesting, given the discussion of possible changes
in water pH.*® Furthermore, it is importance to register the numerous
possibilities of the photometric pH-meter sensor application as well
as experiments involving its elements, such as the use of pH indicator
papers for qualitative determinations of pH through comparison with
the pH color scale of anthocyanidins (Figure 5), if it is not feasible
to use buffer solutions.

In addition, the effectiveness of the pH indicator papers produced
in this study was evaluated using parameters such as the amount of
anthocyanidins measured by densitometry and the color change as a
function of pH: 1.07, 7.00 and 13.13; by computational densitometry
and RGB measurements, respectively. Thus, the densitometric and
RGB analysis results obtained suggested that the indicator papers
could be used with an interval of 0-20 days without compromising
effectiveness. All discussions on the validity of pH indicator papers
are available in the Supplementary Material.

This work evaluates not only the applicability of the validate
method, but also the best color space to use in this application. After
the evaluations of aforementioned models, it is possible to simplify
and give more automation to the method by using only the free App
Photometrix tool in view of its capacity to capture HSV, do the scale
change for mean center and construct PLS model.*78

Therefore, the use of red cabbage extract associated with the
smartphone capture image in RGB followed by the HSV converse and
the PLS algorithm apply was demonstrated as being a good alternative

Table 7. Recovery factors (RF) and relative standard deviations (RSD) for three analyses

Analyst A Analyst B Analyst C
RF (%) RSD (%) RF (%) RSD (%) RF (%) RSD (%)
pH1 95 5 99 5 99 15
pH2 102 2.5 103 13 101 39
pH3 100 6.2 98.6 1 100 1
pH4 99 42 100 0 100 0
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for a simple, cost-effective and automatic pH measurements method
development for use in the laboratory through the use of natural
pigments found in plants. Besides that, in the case of education
utilization, it could improve the scientific discussions in classes, as
the alternative kit utilization could be explored in other ways by the
explanation of important themes such as the distribution mechanism
of anthocyanins species in their equilibrium in different pH values,
image data processing, chemometric tools, amongst other things.
In this way, the developed method could be capable of introducing
multidisciplinary classes.

CONCLUSIONS

The developed method is a promising application of plant pigments
for pH measurement with low error (0.98) and a good correlation between
variables as the R? of calibration is 0.97144. The HSV is shown to be
the best color space for this application owing to the separation between
luminance and chrominance and the Euclidian distance contribution, and
the model demonstrates that the HSV value is the most important term
for these anthocyanins, being relative to the variation of brightness. The
use of mean center scale is important due to HSV having a different range
for each term. In addition, it is extremely important to note that the free
App PhotoMetrix® has all the tools for multivariate analysis for HSV
data processing and validation of a model for the use of natural extracts
dyes as alternative pH indicators, leading us to the development of a
simple, affordable, sustainable, cost-effective and ecofriendly method
that could be used for teaching analytical chemistry concepts through
didactic experiments as well as in routine laboratory assays.
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