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ABSTRACT

Acidity concentration measurement is a rigorous step throughout the entire quality control of food products
that must be evaluated using a strictly recognized and standardized method. One method that can be used to
measure concentrations efficiently is a spectrophotometer. In this work, we developed a spectrophotometer using
a photodiode sensor to measure Acid-Base concentration so-called spectABC. The spectABC has high
performance and sensitivity, is cost-effective, easy to build, and easy to use. The acidic coffee powder and
alkalinity of NaHCo; are measured as the sample in this work. The spectABC shows good performance in
measurement transmittance, absorbance, and concentration of the sample. The relative error percentage of the
measurement is reported to be less than 4.8% in the measurement of the coffee solution. The average percentage
of accuracy is found to be 98.92%. In the measurement of NaHCos concentration, the measurement error
percentage is less than 4.46%. The average percentage of accuracy is found to be 97.67%. Overall measurements
have consistently high accuracy which is above 97%. Detail about the work is described in this paper.
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I. INTRODUCTION

Acidity is a crucial characteristic of many foods and beverages due to their correlation with nutritional
value and sensory quality of foods [1]. Acidity can be generated naturally from the ingredient of the food or
developed during production processes such as fermentation, preservation, and packaging [2, 3]. In the food
production industry, acidity measurement is an essential protocol to verify that the products meet regulatory
criteria, such as posing no risks to the customer's safety and health. In addition, an acidity test is conducted to
ensure and control the product standards of quality [4, 5], determine acidic concentration for customers [6], satisfy
nutritional value, determine rigorous temperature-control criteria especially for storage shelves [6, 7], prohibit the
ability of a microorganism growing in a specific food [7, 8, 9], and provide specified characteristics such as texture,
taste, appearance, and expire date [6, 7, 10]. Therefore, acidity testing is a rigorous step throughout the entire food
processing that must be intensively conducted. Majority of foods and beverages that are preserved by acidity must
be evaluated using a strict recognized and standardized method.

Several techniques and tools are used to analyze the pH level of acidic and basic solutions such as using
litmus paper [11], universal pH indicator solutions [12], pH meters [13], and titrations [14, 15]. Titratable acidity
and pH are two interconnected concepts correlated to the acidity. Titratable acidity, so-called total acidity, measure
total acid concentration of a food [16].The pH measures acidity in terms of H+ ions existence in the sample, so-
called active acidity. The use of litmus paper is less-effective because the sensitivity is poor [17]. It shows that the
pH value read by litmus paper is approximate value by determining the closest color resemblance between the
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litmus paper and the color chart. The pH meter is better than litmus paper. However, the concentration or molarity
of solutions is not provided in pH meters or measurement using litmus paper. To determine the characteristics of
acids and bases, a pH meter is not sufficient and must be accompanied by a titrator. Titration is the most common
method to determine the concentration of an unknown solution by dropping an indicator solution of known
concentration into the solution. Although titration is a well-established sample preparation method for a long time,
determining the concentration or molarity value of an unknown solution requires manual data processing. One
method that can be used to measure concentrations efficiently is a spectrophotometer.

Spectrophotometer works based on the interaction of light with matter. When electromagnetic light
interacted with the mater, the light can be transmitted, scattered, absorbed, reflected, or fluorescence [18]. By
comparing the intensity before and after passing through the matter, the amount of absorption, transmittance, and
concentration of matter could be determined. Sophisticated apparatus spectrophotometers need lots of production
and maintenance costs, well-trained operators [19], the quality of the analysis depends on the price and complexity
of the optical system [20], and cannot be used over time such as for real-time monitoring measurements. In addition
to that, the demand of portable and cost-effective spectrophotometers is high especially for the laboratory with low
budget and space or when the unstable measure parameters must be determined quickly on-site [21].

To overcome this problem, several inexpensive spectrophotometer is created with different detectors,
light source and method. One of which is low-cost LED spectrophotometer for activity analysis of iron in water
[22] with total cost only 9 USD. This spectrophotometer consists of LED, cuvette sample and 2 pcs battery supply.
However, the performance is very basic with low sensitivity. The measurement result display in laboratory
voltmeter, therefore only voltage value can be obtained. In addition to that, output voltage should be manually
analyzed if we need concentration value. Other kinds of detector that can be used is smartphone camera such as
3D-Printable smartphone spectrophotometer [23] and digital image colorimetric detector for batch and flow-based
acid-base titration [24]. Smartphone camera-based spectrophotometer is more affordable than conventional
spectrophotometer. However, it is suffer in data analysis because it depends on image selection and pixel position
quality of camera, spectrum should be compared to the reference, and requires additional analysis software for
measurement data analysis. In addition to that, the camera sensor is difficult to be calibrated. Therefore, the
percentage of error have high slope compared to the standard spectrometer, which is reported to be around 30%
[22,24].

Other low-cost spectrophotometer is developed using light dependent resistor as sensor [25], however it is
hard to accurately measure the sample absorbance. In addition, sensor characteristics is suffer in linearity so it
could not effectively measure intensity, especially for analytical high precision instruments. Other portable
spectrophotometer Arduino based have been developed such as with White LED as a light source for analyzing
solution concentration [20, 26], a low-cost UV-Vis spectrophotometer for the detection of mercuric ions assisted
by chemo sensors [27], a 2-in-1 UV-Vis portable Arduino-based spectrophotometer [28, 29], and a portable low-
cost Arduino-based photo-and fluorimeter [21]. However, those developed spectrophotometer suffer in
stabilization of data results [21], low precision (especially in low concentration) [27], low sensitivity in certain
wavelength [27], and high error percentage in some measurements [21]. Therefore, spectrophotometer systems
have various drawbacks that have gaps and the potential to continue to be developed with various features aimed
at increasing precision, accuracy, flexibility, and other overall performance. To stabilize the data results, all
background noise, sensor calibration, including sample preparation should be treated correctly [30, 31]. Therefore,
it will affect to the increasing of precision, accuracy and sensitivity of system. In this paper, we developed digital
visible spectrophotometer so called SpectABC (Spectrophotometer Acid-Base Concentration) for measurement of
acid-base concentration. SpectABC is a portable spectrophotometer, easy to configure, Details are described in
this paper.

II. METHOD

The electronic circuit of SpectABC is shown in Fig. 1. According to Fig. 1, Arduino Uno R3 is used as a
microcontroller to control all the input and output processes. SpectABC uses LED bright white as a light source,
the intensity of the light is regulated by a resistor which is connected in series to the LED light source. The
sensitivity of light is sensed by the Photodiode sensor. To stabilize sensor output voltage, zener diode and capacitor
are paralelly embedded to the output sensor circuit. Output voltage supply is regulated with IC regulator 7805 to
obtain stabilized 5 volt input voltage for microcontroller. Arduino R3 output is connected to LCD screen for data
display. All the electronic circuits are placed in black box.
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Fig. 1. Electronic Circuit of SpectABC

In this research, the samples that are used are arabica coffee and bicarbonate of soda (NaHCo3) powder.
The light source and sensor are placed opposite each other. In between, dissolved sample solution is placed in
transparent cuvette sample. When the SpectABC is activated, the light source will hit the sample and the sensor
will measure the transmitted of light passed through the sample. This intensity is compared to the intensity of light
source before hit the sample as reference. When the radiation of light interact with the material, some of radiation
energy is transferred to the materials electron. Materials physical properties such as density, molar, and volume
[32] have an influence to the amount of transmitted and absorption energy produced [18]. According to the
Lambert-Beer law, “if a monochromatic light passes through a transparent material, the intensity of the transmitted
light is proportional to the thickness and the density of the material” [19]. The absorbance value depends on the
light source wavelength. Therefore, the absorbance value is not measured directly but must be calculated using the
ratio of some of the light transmitted intensity through the sample [33]. If / is the light intensity after passing
through the sample and Iy is the intensity of light source [34], the transmitted light intensity fraction (T) can be
formulated as equation 1 below.

T = éand A =log (%) €))

Figure 2 shows the programming flowchart of Arduino microcontroller device to read the sensor data and
display the measurements results. There are three main step conducted in the spectABC microcontroller
programming [35]. First, reading sensor output voltage that is changed based on the amount of light attached to
the sensor surface. Second, sensor output voltage is converted to the intensity value using the equation which is
obtained in the sensor characterization process. Third, the intensity value is converted to the concentration value
using the equation obtained during calibration process. All data collected send to the display so the value of
absorbance, transmittance and concentration of the sample could be obtained.
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Fig. 2. Programming flowchart of Arduino Uno Microcontroller

III. RESULTS AND DISCUSSION

3.1. SpectABC system
The spectABC system consists of two black compartments for efficiency. Therefore, the developed
spectABC system is suitable for various measurement site, both laboratory and in situ. The first box is used for
photodiode sensor, LED as light source, and cuvette sample in between as shown in Fig. 3 (a). Polystyrene cuvette

is used for sample placement that have 10 mm light path. This cuvette can accommodate 2.5 to 4.5 ml solutions.
Wavelength operating range of the cuvette is 340 — 900 nm. Cuvette sample is placed between LED light source

and photodiode sensor. The distance between sensor-cuvette and cuvette-light source is 5.5 cm. Sensor, LED light
source, and cuvette are placed in black box to block the background noise from environment. The second

compartment is used to put all the electronic circuit as well as microcontroller as shown in Fig. 3 (b). LCD screen

for data display is embedded at the lid of the second compartment.
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Fig. 3. Hardware system and electronic circuit of SpectABC
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3.2. Sensor Characteristics

A photodiode sensor is used to detect the LED source's visible light. The output voltage of the photodiode
changes depending on the amount of light intensity attached to them. Sensor characteristic is observed by
measuring the sensor output voltage in the variation of intensity. Here, the light intensity is measured by a Light
meter and varies by rotating the varying resistance of the potentiometer which is connected to the LED source.
LED are widely used as visible light electromagnetic spectrum light source in analytical instrumentation
application [25]. The intensity is vary from 2 Lux to 195 Lux by varying variable resistor which is connected in
series with the LED. We apply exponential fit to the data obtain to find regression coefficient and correlation
formula between sensor output with the intensity of light. The regression coefficient obtained from exponential fit
(red line) of the data distribution shown in Fig. 4 is 0.98. The correlation formula between sensor output with the
intensity of light is stated in the Equation (2).

[=1,55¢"% 2)

where [ is the intensity of light attached to the sensor surface, and V is the sensor output voltage. The sensor output
is changed exponentially by increasing of the light intensity as shown in Fig. 4. Increasing light intensity affects
to the increasing of sensor output voltage. By using Equation 2, the sensor output voltage is converted to the
intensity value in microcontroller code.
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Fig. 4. Graph of changes in the value of light intensity as a function of changes
in the value of sensor output voltage

3.3. Validation Test

A validation test conduct to validate the results and obtain technical specifications of the developed
system such as precision and accuracy. Accuracy is measured by comparing the developed tool to the standard
tools, simulation, theoretical known results, or calculated prediction in the same condition. To validate the
technical performance of the digitally developed system, measuring accuracy was mandatory to do. After
converting the sensor output voltage to the intensity value using Equation 2 as discussed previously, the light
intensity value measured by the photodiode sensor (dotted black) is then compared to the intensity value measured
by the standard tool which is the light meter (red square) as shown in Figure 5. It is found that both results give
consistently similar number resulting low relative error percentage which is less than 5% as shown in the bottom
side of Figure 5. The intensity of light varies between 9 to the 580 Lux. Details comparison of light intensity
measured by the photodiode sensor and standard light meter could be seen in Figure 5. The bottom side plot in
Figure 5 shows the relative error percentage of the measurement which is found to be less than 5% with an average
of around 2.83%. Based on the Figure 5, the accuracy of spectABC in measuring light intensity is reported to be
97,17% on average.
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Fig. 5. The measurement results of light intensity measured by SpectABC (photodiode sensor, dotted black)
compared to the standard light meter (red square) and the percentage of measurement error
by comparing both results

The precision measurement of developed SpectABC was conducted by 10 times repeated data taking at
the intensity of 80 lux. In this measurement, we must strictly ensure the conditions are the same in each repetition.
The measurement of precision is needed to obtain an information of the data stabilization in each repetition.
Consistent results are obtained as shown in Figure 6. According to the Figure 6, data distribution and error bar of
the intensity measure by the photodiode sensor embedded in SpectABC (black dotted line) are overlapped with
the intensity measure by a light meter (red dashed line) resulting in 99,17% precision.
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Fig. 6. Measurement of light intensity by SpectABC (dotted black) with 10 times repeated measurement at the
same condition and the comparison between standard light meter (red square dashed line)
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3.4. Measurement of Concentration

Sample Preparation. The samples that are used in this research are arabica coffee and bicarbonate of soda
(NaHCo3) powder. Sample is prepared by dissolved the coffee and bicarbonate of soda powder in 10 ml distilled
water. Samples powder were weighed using an analytical balance to measure the mass accurately. To obtain
various concentration of samples, the mass of sample are vary as shown in the Table 1. Samples are titrated by pH
indicator of 10 drops phenolphthalein (C2H1404) and 4 drops methyl red (CisHisN30;) respectively. Methyl red
and phenolphthalein are common synthetic and organic chemical compound indicator dye respectively to
determine pH transitions. By varying the concentration of each sample, we obtained colour transitions as shown
in Figure 7.

Table 1. Mass (g) and concentration (g/mL) variations of samples

Mass (g) Concentration (g/mL)
No Natrium Natrium
Coffee Bicarbonate Coffee Bicarbonate

1 0.101 0.198 0.010 0.020
2 0.201 0.292 0.020 0.029
3 0.303 0.314 0.030 0.031
4 0.401 0.417 0.040 0.042
5 0.501 0.621 0.050 0.062
6 0.604 0.914 0.060 0.091
7 0.714 1.130 0.072 0.113
8 0.801 1.529 0.080 0.153
9 0.903 1.830 0.090 0.183
10 1.050 2.199 0.105 0.220

Methyl red turns red in acidic solutions which pH value below 4.4, attains yellow in pH value over 6.2,
and attains deep orange in between 4.4 and 6.2 pH value. Methyl red is most effective between pH value specific
range of 4.4 and 6.2. Most of coffee varieties are acidic, with an average pH value of 4.58 to 5.10. Therefore,
methyl red is used as indicator pH transitions for the coffee solutions. Phenolphthalein is colorless in pH value
below 8.5 and turns a magenta to deep red hue above pH value of 9.0. Phenolphthalein is most effective between
pH value range of 8.2 and 10.0 such as bicarbonate of soda which is have pH value lies between 8 to 9. Therefore,
phenolphthalein used as indicator pH transitions for the bicarbonate of soda solutions. Amount of sample is placed
in spectrophotometer cuvette to obtain desired data information of the sample solution.

o

i i,. I

(a) (b)

Fig. 7. Various concentration of (a) arabica coffee solutions with 4 drops of methyl red indicator and (b)
bicarbonate of soda solutions with 10 drops of phenolphthalein indicator.
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3.5. Sensor Calibration

The sensor is calibrated by measuring the intensity of light that passed through the sample by varying the
concentration of the sample. The sample that is used for the calibration is bicarbonate of soda (NaHCo3) solution.
Samples vary from 0.011 grams/mL to 0.184 grams/mL. The sample is placed in a cuvette between the LED light
source and the photodiode sensor. Then, the sample is characterized for about 2-5 minutes for each and the value
of concentration is observed. Intensities of light after passing through the sample are reported in Figure 8.
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Fig. 8. Graph of changes in intensity of light (Lux)
by various sample concentration (g/mL) measured by spectABC

According to Figure 8, it shows that the intensity is inversely proportional to the concentration. Increasing
concentration affects the decrease of light intensity transmitted. This phenomenon is consistent with the Lambert-
Beer law. The radiation energy from initial light interacts with the atomic particle of the sample [19]. Increasing
the concentration of the sample have the same meaning as increasing the amount of atomic particle in the sample.
A number of atomic particles in the sample affect the amount of light particle absorbed and transmitted. We applied
linear fit in data distribution in Figure 8, the correlation between concentration and light intensity after passing
through the sample is described by Equation (3):

C=-0.0191+0.191 3)

where C is the concentration in grams/mL and 7/ is the intensity in Lux. The regression coefficient obtained from
the linear fitting is 0.98. The regression coefficient obtained from fitting are close to 1, meaning that the
measurement result is not quite far from the true value. The Equation 3 is used in the programming code to convert
the value of intensity sensed by photodiode sensor to the concentration. It can be used for variable sample in
acidity-alkalinity range.

3.6. Measurement of Transmission and Absorption

Transmittance (T) is the ratio between the initial light (reference) intensity to the intensity of light
transmitted by the sample. When the electromagnetic radiation passes through the sample solution, some energy
will be absorbed selectively and the remaining will be transmitted. When electromagnetic radiation interacts with
a molecule at a suitable frequency so that the energy of the molecule is increased to a higher level, energy
absorption by the molecule occurs. Only light with specific wavelengths will be absorbed. If the molecule absorbs
visible and UV light, there will be a transfer of electrons from the ground state to the excited state. If the absorbed
light is infrared, the electrons in atoms will only vibrate. The analysis of transmission will bring us to the absorption
value which depends on the wavelengths of initial light used. Absorbance is the ratio of light intensity absorbed to
the initial light. The correlation between transmittance, absorbance and light intensity is formulated by Lambert-
Beer as shown in the Equation (1) as discussed previously.
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Fig. 9. Measurement results of Transmittance (T, black circle dot) and absorbance (A, red triangle) of (a) coffee
solution (acidity) and (b) bicarbonate of soda solution (alkalinity)

The transmittance is measured by spectABC by comparing the initial light (reference) and transmitted
intensity of light after passing through the sample. Then, the absorbance value is derived from the transmittance
value using Equation (1). The samples that are used in this research are arabica coffee and bicarbonate of soda
(NaHCo3) powder. Sample is prepared by dissolved the various mass of coffee (0,101 to 1,05 gram) and
bicarbonate of soda powder (0.198 to 2.199 gram) in 10 ml distilled water so we have various sample with different
concentration in the measurement. The measurement results are shown in Figure 9 for both sample solution.
According to Figure 9, absorbance is directly proportional to the amount of sample while transmittance is inversely
proportional to the amount of sample. Both sample (a) and (b) show the same absorption band characteristics. It
can be seen how the signals forms are very similar between them conclude the spectABC system could be used in
all range of acidity-alkalinity measurements. The intensity of the transmitted light is proportional to the thickness
and density of the materials [19]. Therefore, absorbance value depends on the concentration or density of
substances contains in the material solution. If more substances exist in the sample, then more substance molecules
will absorb light intensity at a specific wavelength. The amount of light absorbed at a particular wavelength is
proportional to the number of molecules that absorb radiation. Otherwise, the amount of transmitted light intensity
is inversely proportional to the number of molecules in the sample. These results meet agreement with the Lambert-
Beer law and the principle of radiation interaction with matter.

3.7. Measurement of Acid-Base Concentration

We measure the concentration of the sample using spectABC and compare the results with the theoretical
prediction. The samples that are used in this research are arabica coffee and bicarbonate of soda (NaHCo3) powder.
The sample is prepared by dissolving the coffee and bicarbonate of soda powder in 10 ml of distilled water. The
variation of concentrations is listed in Table 1. The theoretical prediction is based on the standard density formula
by dividing the mass and its volume. The comparison of concentration measured by spectABC and theoretical
prediction is shown in Figure 10 (a) for a coffee solution and Figure 10 (b) for the bicarbonate of soda solution.
The sample preparation has been explained in the previous section. The use of a pH indicator solution helps us to
obtain more detail and clear color gradation which depends on the acidic and alkalinity levels of the sample. The
levels of acidic and alkalinity itself depend on the amount of acid and base concentration in the solution.
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Fig. 10. Measurement results of (a) coffee solution and (b) Bicarbonate of soda concentrations measured by
SpectABC (Measurements, black circle dot) compared to the calculated concentration (Theoretical, red square dot)
obtained theoretically and the percentage of measurement error (black triangle) by comparing both results

According to Figure 10 (a), the coffee solution concentration is varied from 0,01 grams/mL to 0.105
grams/mL. The relative error percentage of the measurement is reported to be less than 4.8% as shown in the
bottom plot of Figure 10 (a) marked by a black triangle. The average percentage of accuracy is found to be 98.92%
with the minimum accuracy percentage is 95.24% and the maximum accuracy percentage is 99.88%. Similarly,
the bicarbonate of soda concentration is also measured and compared to the theoretical prediction. Figure 10 (b)
shows the measurement results of bicarbonate of soda concentration. The concentration varies 0.02 grams/mL to
0.22 grams/mL. Just like the previous sample, according to Figure 10 (b), the measurement error percentage is less
than 4.46%. The average percentage of accuracy is found to be 97.67% with the minimum accuracy percentage is
95.54% and the maximum accuracy percentage is 99.95%. Overall measurements have consistently high accuracy
(above 97%) convincing the spectABC to have a very good performance and can be used in all range of acidity
measurements.

IV. CONCLUSION

A photodiode-based spectrophotometer so-called spectABC has been successfully developed. The
spectABC consists of two black compartments that are used for the photodiode sensor, LED as a light source, and
polystyrene cuvette sample in between. Another compartment is used to place electronic circuits as well as
microcontrollers. The spectABC use abundant low-cost components with compact electronic circuit and
compartments so that the measurement process will be efficient and user-friendly. Even though the cost of the
component is relatively low, the spectABC has good performance and high sensitivity. It is due to careful and
strict calibration and sensor characterization conducted. The relative error percentage of the measurement is
reported to be less than 4.8% in the measurement of the coffee solution. The average percentage of accuracy is
found to be 98.92%. In the measurement of bicarbonate of soda concentration, the measurement error percentage
is less than 4.46%. The average percentage of accuracy is found to be 97.67%. Overall measurements have
consistently high accuracy which is above 97%. The result of transmittance and absorbance measurement
concludes to meet an agreement with the Lambert-Beer law, where the amount of light absorbed is proportional to
the number of molecules (related to the density and concentration) that absorb radiation. In addition, the amount
of transmitted light intensity is inversely proportional to the number of molecules in the sample.
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