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A B S T R A C T   

A continuous, simple, and versatile pH monitoring method based on digital-movie-based colorimetry is proposed. 
A constructed flow system was of a two-channel configuration mainly composed of two peristaltic pumps, a 
digital microscope-based detector, a pH meter with a flow-through combination pH-reference electrode, and a 
laptop computer. While the total flow rate (FT) was held constant, the flow rate (FB) of a base solution for Britton- 
Robinson buffer containing a universal indicator (Yamada’s indicator or Van Urik’s indicator) was changed in 
proportion to the control signal (Vc) from the computer. An acid solution for the buffer containing the indicator 
was aspirated to the confluence point at the flow rate of FT – FB and mixed with the base solution. Thus, buffer 
solutions with arbitrary pH could be easily prepared. The image of the mixed solution was captured with the 
microscope downstream; the pH of the solution was measured with the pH meter at the most downstream. An in- 
house program written in Visual Basic .NET was developed to control the system, acquire and analyze the signals 
(image data and pH), and display the results automatically; the color of the image was expressed as tristimulus 
values (i.e., R, G, B), hue, and luminance. The relationships between these color-specific values and pH were 
analyzed after optimizing the Vc scan rate. Van Uik’s indicator was superior to Yamada’s regarding the applicable 
pH range (ca. 2.5 – 10). A sigmoid-like calibration curve was established between hue and pH, which was used to 
determine sample pH. The proposed method was validated by measuring the pH of different drugs and vinegar 
samples.   

Introduction 

pH is a measure of the acidity or alkalinity of a solution, which plays 
a crucial role in manufacturing and process industries, including phar
maceutical, chemical, food and beverage, and mineral water, in moni
toring environment samples such as soil, rain, ocean, sea, and river, and 
in diagnoses of disease conditions [1–3]. The necessity for pH control is 
based on producing products with consistent and well-defined proper
ties, enhancing production efficiency, safeguarding consumer health, 
and meeting regulatory requirements [4,5]. Any significant variance in 
system pH negatively affects critical process parameters during 
manufacturing and the quality of the final products, including their 
flavor, taste, consistency, safety, stability, and shelf-life [6,7]. 

Currently, there are two principal methods for measuring pH: 
colorimetric methods using indicator solutions or papers, and electro
chemical methods using electrodes and a voltmeter (pH meter). Tech
nological advancements in glass electrodes and pH meters have enabled 

electrochemical methods to become more reliable, accurate, and 
convenient in various applications [8]. However, various factors, 
including electrical and mechanical properties of the electrodes, ionic 
strength, temperature, and so on, determine the accuracy of pH mea
surement. Long-term pH measurement is also affected by electrode 
deterioration, the occurrence of liquid junction potential, and poor 
cleaning and calibration [9,10]. These factors, in turn, increase the 
operation cost of electrochemical methods. 

Colorimetry, which is classified as traditional analytical technology, 
is subdivided into visual colorimetry (i.e., colorimetry that uses the 
naked eye to determine the color of a target solution) and photoelectric 
colorimetry (i.e., colorimetry that utilizes a spectrophotometer to mea
sure the color) [11,12]. The former is less reliable than the latter, despite 
its benefits, such as simplicity, portability, cost-effectiveness, and small 
sample requirements. 

Recent technological advancements in digital image acquisition 
enable colorimetry to be explored further than ever. Thus, fast, simple, 
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cost-effective, and eco-friendly qualitative and quantitative analytical 
methods based on digital image-based colorimetry (DIC) have been 
developed [13,14]. DIC uses different color systems, such as RGB, HSV, 
CMYK, XYZ, L*a*b*, and Gray models, for qualitative description and 
quantitative determination of the substance of analytical interest. In 
these color systems, digital color analyzers transform the color infor
mation into numerical values that can be treated as analytical infor
mation. Color identification and quantification are done using various 
image analysis software [15]. 

RGB-based DIC works by converting pixel intensities of the sample 
images acquired by digital imaging devices, such as digital cameras, 
smartphones, webcams, and scanners, into analytical information 
through an image processing algorithm by splitting the image into red, 
green, and blue channels [16]. It establishes a correlation between 
channel intensity and sample color. A literature survey demonstrates 
that RGB-based DIC has been successfully applied to determine pH or 
analyte concentration in varied matrix samples such as solutions [17], 
cellular organisms [18], pharmaceutical formulations [19,20], urine 
samples [21], environmental samples [22,23], and foods and beverages 
[24–26]. Our group successfully integrated RGB-based DIC into 
flow-based titrimetry and determined the equivalence point based on 
the inner product of RGB unit vectors [27,28]. 

In the present paper, we report a simple, continuous, cost-effective, 
and versatile flow-based pH measurement method coupled with a 
digital-movie-based colorimetry using universal indicators (Yamada’s 
and Van Urik’s indicators). The indicator’s color was expressed as the 
RGB values, hue, and luminance. Among these color specification values 
(CSV), hue showed the most distinct relationship to pH. Van Urik’s in
dicator had a wider applicable pH range than Yamada’s. The pH of a 
sample solution was estimated through a sigmoid-like calibration curve 
of hue vs. pH. The developed method was successfully applied to mea
sure the pH of drug and vinegar samples. 

Experimental 

Materials 

The reagents used in the present study were of analytical reagent 
grade and were purchased from Fujifilm Wako Pure Chemicals Co., 
Kanto Chemicals Co., Nacalai Tesque, or Kishida Chemical, Co., Japan. 
Deionized water (18.2 MΩ), daily prepared with Satoriums arium® 
611DI ultrapure water system, was used throughout the experiment. The 
acid solution for Britton-Robinson buffer (BR buffer) was prepared by 
dissolving 4.61 g of 85 % phosphoric acid (H3PO4), 2.47 g of boronic 
acid (H3BO3), and 2.42 g of acetic acid (CH3COOH) in the deionized 
water to make the final volume of 1 dm3; the basic solution for the buffer 
was prepared by dissolving 8 g of sodium hydroxide (NaOH) in the 
deionized water, according to the literature [29]. Buffer solution (pH 2 – 
12) was produced by merging both solutions in the flow system, as 
described later. Yamada’s universal indicator was prepared by dissolv
ing 5 mg of Thymol Blue, 12.5 mg of Methyl Red, 60 mg of Bromothymol 
Blue, and 100 mg of Phenolphthalein in 100 cm3 of 95 % ethanol, being 
neutralized with 0.05 mol dm− 3 NaOH, and then making the final vol
ume of 200 cm3 with the deionized water; Van Urik’s universal indicator 
was prepared by dissolving 70 mg of Tropaeolin OO, 100 mg of Methyl 
Orange, 80 mg of Methyl Red, 400 mg of Bromothymol Blue, 500 mg of 
Naphtholphthalein, 400 mg of Cresolphthalein, 500 mg of Phenol
phthalein, and 150 mg Alizarine Yellow R in 200 cm3 ethyl alcohol [30]. 
For colorimetric measurements, 5 drops of Van Urik’s indicator or 15 
drops of Yamada’s indicator (ca. 3.1 and 9.1 vol%, respectively, as final 
percentages) was added per 10 mL of the acid and base solutions for BR 
buffer. 

Gentamycin 0.3 % ophthalmic solution purchased from Rohto Nit
ten, glucose injection, 5 % and Lactec® injection (principal agent: 0.3 % 
sodium L-lactate) from Otsuka Pharmaceutical Co., and sodium borate 
from Ken-ei Pharmaceutical Co. are Japanese Pharmacopoeia drugs. 

Apple and potato vinegar samples were purchased at a local supermar
ket in Tokushima City. 

Flow system and methods 

The schematic diagram of the flow system is presented in Fig. 1(A). 
Two peristaltic pumps (P1 and P2; Rainin Dynamax® RP-1, USA and 
Gilson Miniplus 3®, USA, respectively), each with 10 stainless-steel 
rollers, were used for delivering solutions. Pharmed® BPT AY242605 
tubing (0.5 mm i.d., 3.2 mm o.d.) was used as pump tubing. Conduits for 
sample transport were PTFE tubing (0.5 mm i.d., 1.6 mm o.d.). A 
specially designed digital microscope-based detector (D1; Shikoku 
Riken, SR700004–001, Japan) was used for digital video acquisition. 
The photograph of the inside of the detector is shown in Fig. 1(B). The 
detector mainly comprised a digital microscope (Sanwa Supply, 400- 
CAM058, Taiwan), a flow cell, an X-Z stage (As One, X14–102, 
Japan), and white LEDs located back and side to the cell. The cell is a 4- 
sided permeable rectangular quartz flow cell (3 mm i.d., 5.5 mm o.d., 30 
mm length) manufactured by Optical Polishing OTG Co., Japan. A flow- 
through combination pH-reference electrode (Toa DKK Co., GST-5820C, 
Japan) and a pH meter (D2; Toa DKK Co., HM-42X, Japan) were used for 
pH measurements. 

The pH measurements were carried out in both variable and steady 
modes. In the variable mode, the flow rate of the base solution (FB) for 
BR buffer containing either Yamada’s universal indicator or Van Urik’s 
universal indicator was varied in the range of 0 to 2.75 cm3 min− 1 with 
P1, whose revolution was varied from 0 to 45 rpm in proportion to 
control voltage (Vc; 0 – 5 V) supplied from a laptop computer (Mouse, 
20034N–CML-CPSC, Japan) via an A/D-D/A converter (CONTEC, AIO- 
160802GY-USB, Japan). While the flow rate (FT) was kept constant at 
2.93 cm3 min− 1 using P2, the acidic solution for BR buffer containing the 
same concentration of the universal indicator was passively aspirated to 
the confluence point at a flow rate of FT − FB and merged with the basic 
solution. The buffer solution, thus prepared, was introduced to the 
above-mentioned flow cell, where the digital video image of the colored 
solution was captured. The image data (IMG) was acquired in PC using 
Open Computer Vision (ver. 2.4.13) at a frequency of 10 Hz. The image’s 
color was expressed as tristimulus values (RGB values) for each pixel in a 
preset range (6 × 6 pixels). The values were respectively averaged and 
used for further analysis. The solution was then introduced to the flow- 
through combination electrode. The output of the pH meter was con
verted to digital data (Vd) by the A/D-D/A converter and acquired in PC. 
The whole system was monitored by an in-house program written in 
Visual Basic .NET. 

In the steady mode, the flow ratio of the acidic and basic solutions 
containing the same universal indicator was fixed at a specific value. The 
mixed solution’s RGB values and pH were measured downstream 
sequentially. After obtaining steady analytical signals (i.e., RGB values 
and pH), the flow ratio was changed to the next value. 

Results and discussion 

Steady mode relationship between CSV and pH 

The RBG color space assigns the primary color of red (700.0 mm), 
green (546.1 mm), and blue (435.8 mm). Any color is specified by the 
tristimulus values (R, G, B), each having a value from 0 to 255. There
fore, the color of the indicators can be expressed by these RGB values. In 
the present study, the image’s RGB values were further converted to hue 
(0 – 360) and luminance (0 – 255), as shown in Table S1 in the Sup
plementary material. 

Fig. 2A and 2B show the relationships between the color specifica
tion values CSV (R, G, B, hue, luminance) and pH for Yamada’s and Van 
Urik’s indicators, respectively, obtained in the steady mode. The color of 
both indicators was changed from red to violet via orange, yellow, 
green, and blue as the pH increased and vice versa as it decreased. 
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Among CSV, hue showed a strong positive correlation with pH for both 
indicators. Van Urik’s showed a broader response range (pH 2.5 – 10) 
compared with Yamada’s indicator (pH 4 – 10). The steady mode is 
expected to give more precise relationships between CSV and pH than 
the variable mode described below. However, obtaining stable values at 
each flow ratio took a long time (typically 2.2 min or more). It is not 
practical to further increase the number of measurement points. 
Therefore, we explored the variable mode to obtain a continuous rela
tionship between CSV and pH. 

Variable mode relationship between CSV and pH 

In the variable mode, the flow ratio of A and B solutions, thus the pH 
of the merged solution, continuously changes via Vc (0 – 5 V). Therefore, 
continuous relationships between CSV and pH can be obtained without 
interruption. The Vc scan rate was examined in the 5 – 200 mV s− 1 range. 

Although a higher scan rate is preferable to reduce the analytical time, 
the detectors cannot follow the rapid changes in color and pH. On the 
other hand, a slower scan rate (e.g., 5 mV s− 1) is expected to provide 
more accurate and precise results. However, it significantly increases 
analytical time (2000s to cover from 0 to 5 V in Vc and back), increasing 
reagent consumption. As a compromise, 10 mV s− 1 was selected as the 
optimum scan rate. Under this condition, the time and the total con
sumption volume of the reagent solutions per one cycle of Vc scan were 
1000s (= 5000 mV × 2 / (10 mV s− 1) and 48.8 cm3 (= (1000/60 min) ×
2.93 cm3 min− 1), respectively. Fig. 3 shows the temporal profiles of Vc 
(A) and CSV (B) at the Vc scan rate of 10 mV s− 1 for Van Urik’s indicator. 
In our program, the hue value was expressed as a negative value (i.e., 
hue – 360) when it decreases, passes through 0, and takes a value be
tween 330 and 360 to maintain the continuity of the graph. Fig 3(B) 
shows that the CSV values periodically and continuously changed 
following the Vc change (Fig. 3(A)). Among CSV, hue showed the most 

Fig. 1. (A) The schematic diagram of the experimental system. (B) Photograph of the inside of a specially designed digital microscope-based detector. (a) Inlet, (b) 
outlet, (c) flow cell, (d) digital microscope, (e) X-Z stage, (f) semi-transparent white plastic plate, (g) white LEDs. 

Fig. 2. Relationship between color specific values and pH at steady mode using Yamada’s indicator (A) and Van Urik’s indicator (B). H, hue; L, luminance. Hue from 
330 to 360 are expressed as negative values (i.e., hue - 360) to maintain the continuity of the graph. 
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distinct relationship against pH, as in the steady mode. Similar results 
were obtained for Yamada’s indicator (Fig. S1 in the Supplementary 
material). 

In the present flow configuration, Vc determines the flow ratio of the 
acid and base solutions, hence the pH of the merged solution at the 
confluence point. However, there are three kinds of lag time, as shown in 
Fig. S2 in the Supplementary material: lag time (tlag1) from the merging 
to the color sensing, that (tlag2) from the merging to the pH sensing, and 
that (tlag2–1) from the color sensing to the pH sensing. The tlag1 virtually 
corresponds to the physical transit time of the merged solution to reach 
the first detector D1 (digital microscope-based detector) because the 
response of the image detector is fast. The tlag1 can be regarded as 
constant because of the constant total flow rate (FT). The second lag time 
(tlag2) combines primarily the physical transit time of the merged solu
tion to reach the second detector D2 (pH meter) and minutely the 
response time of the glass electrode. Therefore, correcting the phase 
differences between Vc, IMG, and Vd is crucial to obtain their true 
relationships. 

Fig. 4 shows hue (red) and pH (blue) as a function of Vc for Van Urik’s 

indicator. Both plots showed closed-loop profiles due to the lag time 
(tlag1 and tlag2, respectively). That is, when hue corresponding to a given 
Vc is obtained downstream, Vc being applied upstream has already 
moved to a higher or lower value by tlag1 × dVc/dt in the upward or 
downward Vc scan, respectively, where dVc/dt means the Vc scan rate. A 
similar discussion using tlag2 is valid for the relationship between pH and 
Vc. Therefore, the horizontal Vc distance (ΔVc) of the loop can be 
expressed as follows, 

ΔVc = 2 tlag ×
dVc

dt
, (1)  

where tlag is tlag1 or tlag2. Eq. (2) is derived from Eq. (1). 

tlag = ΔVc

/(

2
dVc

dt

)

(2) 

The tlag1 and tlag2 were calculated from ΔVc at half height of the hue 
and pH loops (110.00 and 7.00, respectively) shown by the horizontal 
lines (a) and (b) in Fig. 4. The estimated tlag1 and tlag2 were 9.40 s and 

Fig. 3. Temporal profile of Vc (A) and CSV (B) for Van Urik’s indicator. The scan rate of Vc was 10 mV s− 1. H, hue; L, luminance.  

Fig. 4. Hue and pH as a function of Vc. The data shown in Fig. 3 were used. Vc difference (ΔVc) at the half heights of the loops was expressed by the horizontal purple 
(a) and green (b) arrows for hue and pH, respectively. 
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20.80 s, respectively. Subtracting tlag1 from tlag2 gives the lag time be
tween the color and pH sensing, tlag2–1, which was obtained to be 11.40 
s. 

Fig. 5(A) shows the relationship between hue and pH before (red) 
and after (orange) the correction for tlag2–1 for Van Urk’s indicator. The 
loop shape almost disappeared through the correction, and the true 
relationship between hue and pH could be established. The relationship 
is of a sigmoid-like profile, which can be used as a calibration curve for 
estimating pH from hue. Fig. 5(B) shows the relationships between all 
CSV (i.e., R, G, B, hue, luminance) and pH after tlag2–1 correction. 

The results for Yamada’s indicator correspond to Figs. 4, 5(A), and 5 
(B) are respectively shown in Fig. S3(A), (B), and (C) in the Supple
mentary material. Whereas Van Urik’s indicator consists of eight acid- 
base indicators with respective color transition ranges, Yamada’s indi
cator consists of only four indicators, resulting in a narrower applicable 
pH range (4.5 − 10.0) and more pronounced shoulders in the calibration 
curve (see orange curve in Fig. S3(B)). 

Application to real samples 

The newly developed digital-movie-based colorimetry for contin
uous pH monitoring was applied to determine the pH of real samples. 
Sample products were selected so that the pH of themselves or their 
aqueous solutions could cover acidic, neutral, and basic pH ranges. All 
tested drug products comply with pharmacopeia specification and 
product label claim for pH. The hue values of sample solutions con
taining 3.1 vol% of the Van Urik’s universal indicator were measured by 
each delivering from both channels at a total flow rate of 2.93 cm3 min− 1 

shown in Fig. 1(A). The pH of the sample solutions (pHhue) was esti
mated using the calibration curve (hue vs. pH) shown in Fig. 5. Besides, 
their pH values (pHelectrode) were measured with the flow-through 
combination glass electrode, as references. The results are listed in 
Table 1. The pHhue agreed well with pHelectrode (P > 0.05 by t-test), 
except Gentamycin 0.3 % ophthalmic solution (P = 0.00014) and apple 
vinegar (P = 0.020). A colloidal suspension was formed during the 
Gentamycin measurement. Whereas the potato vinegar had a faint yel
low color, the apple vinegar itself had a deeper brownish color. The 
proposed hue-based method is, therefore, suitable for samples that 
produce no precipitation or for virtually colorless samples. 

In practice, estimating pHhue from hue using the nonlinear calibra
tion curve shown in Fig. 5 is cumbersome. From a practical viewpoint, a 
linear calibration curve is preferable. Therefore, we also investigated a 
method for expressing data as a linear relationship. The calibration 
curve is of a sigmoid-like profile. Therefore, a logistic function, y = K/[1 
+ exp{-a(x − b)}], was applied to the relationship between hue and pH, 
as follows: 

Hue =
360

1 + exp{ − a(pH − b)}
, (3)  

where b is the pH that gives the inflection point. From Eq. (3), the 
following equation was derived. 

ln
Hue

360 − Hue
= apH − ab (4) 

Therefore, a linear calibration curve with slope a and intercept ab 
can be obtained by plotting ln{Hue/(360 – Hue)} against pH. Fig. 6 
shows the plot based on Eq. (4). The shoulders in the plot reflected the 
color transition of respective acid-base indicators. Therefore, linear 
calibration curves were respectively obtained for the pH ranges of 4.6 – 
6.2, 6.2 – 7.3, 7.3 – 8.2, and 8.2 – 9.8, which corresponded to the color 
transition ranges of Methyl Red (4.4 – 6.2), Bromothymol Blue (6.0 – 
7.6), Naphtolphthalein (7.3 – 8.7), and Cresolphthalein (8.2 – 9.8)⋅ 
Phenolphthalein (8.0 – 10.0) [31]. The obtained calibration curves are 
shown in Fig. 6, the linearities of which are fairly well (r2 = 0.9368 – 
0.9785). Reasonable pH values with an absolute error of less than ±0.05 
from pHhue were obtained: 9.61 for sodium borate, 6.56 for Lactec® 
injection, 5.51 for deionized water, and 5.08 for Glucose injection 5 %. 
Therefore, under the compromise of the error of ±0.05, linear calibra
tion curves (Fig. 6) based on Eq. (4) are considered to be a convenient 
alternative to the sigmoid-like calibration curve shown in Fig. 5. 

Fig. 5. (A) Relationship between hue and pH before and after tlag2–1 correction. (B) Compiled results for all CSV vs. pH after tlag2–1 correction. Indicator: Van Urik’s 
indicator. H, hue; L, luminance. 

Table 1 
Real samples’ pH determined by the present and reference methods.  

Sample Proposed method Reference 
method 

Huea pHhue
b pHelectrode 

Sodium borate 225.09 ±
0.84 

9.62 ±
0.13 

9.61 ± 0.02c 

Gentamycin 0.3 % ophthalmic 
solutiond 

203.17 ±
2.41 

9.09 ±
0.20 

6.54 ± 0.01c 

Lactec® injectione 51.01 ± 2.83 6.61 ±
0.07 

6.49 ± 0.01a 

Deionized water 30.47 ± 1.72 5.46 ±
0.05 

5.62 ± 0.05a 

Glucose injection 5 %f 24.54 ± 1.85 5.07 ±
0.05 

5.13 ± 0.15a 

Apple vinegar 7.74 ± 1.11 3.63 ±
0.06 

3.34 ± 0.01a 

Potato vinegar − 12.66 ±
2.69 

2.91 ±
0.04 

2.85 ± 0.11a 

pHhue: pH estimated from hue using the calibration curve shown in Fig. 5. 
pHelectrode: pH measured with flow-through grass electrode and pH meter. n = a 

2, b 2, c 3. Labeled pH value: d 5.5 − 7.5, e 6.0 − 7.5, f 3.5 − 6.5. 
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However, as for the potato vinegar, Eq. (4) was not applicable because of 
its negative antilogarithm value. It should be noted that the same results 
were obtained even if one additional parameter c was introduced to Eq. 
(3) (i.e., Hue = 360/[1 + c exp{− a(pH – b)}]). 

Conclusion 

A digital-movie-based colorimetry for continuous pH monitoring has 
been developed to determine pH with a high accuracy, precision, and 
reliability without the need for indicator change. The relationship be
tween pH and hue of universal indicators (Van Urk’s and Yamada’s in
dicators) was established. Besides, the analytical system is continuous, 
easy to operate, economical, fast, eco-friendly, and stable. As a result, it 
can be used as an alternative method for existing pH determination 
methods except for precipitate-forming or colored samples. The system 
could be applied for pH monitoring of environmental samples such as 
oceans, lakes, and river waters and industrial samples such as raw ma
terials and intermediate and final products. 
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