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THAI ABSTRACT 

เมสินีย์ เสาวดี : การพัฒนาระบบเคมิลูมิเนสเซนซ์ส าหรับการตรวจวัดปริมาณรวมของสารต้าน
อนุมูลอิสระในไวน์และเครื่องดื่ม (DEVELOPMENT OF CHEMILUMINESCENCE SYSTEM FOR 
DETERMINATION OF TOTAL ANTIOXIDANT CONTENT IN WINES AND BEVERAGES) อ.
ที่ปรึกษาวิทยานิพนธ์หลัก: ดร.ภัสสร์พล งามอุโฆษ{, 63 หน้า. 
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ส าหรับการตรวจวัดหาปริมาณรวมของสารต้านอนุมูลอิสระในตัวอย่างไวน์และเครื่องดื่ม  เทคนิคนี้จะอาศัย
ปฏิกิริยาการเรืองแสงของลูมินอลและไฮโดรเจนเปอร์ออกไซด์ในสภาวะเบส โดยใช้โพแทสเซียมเฟอริ
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ปริมาณของสารต้านอนุมูลอิสระที่มีอยู่ในตัวอย่าง งานวิจัยนี้ได้มีการออกแบบและสร้างระบบการตรวจวัดเค
มิลูมิเนสเซนส์และโฟลว์เซล์ที่มีลักษณะเป็นขดรูปก้นหอยซึ่งท ามาจากวัสดุที่มีราคาถูก เคมิลูมิเนสเซนส์โฟลว์
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ENGLISH ABSTRACT 

# # 5772110223 : MAJOR CHEMISTRY 
KEYWORDS: CHEMILUMINESCENCE / TOTAL ANTIOXIDANT CONTENT / SEQUENTIAL 
INJECTION ANALYSIS / FLOW-CELL / OPTICAL SENSORS 

MASINEE SAOWADEE: DEVELOPMENT OF CHEMILUMINESCENCE SYSTEM FOR 
DETERMINATION OF TOTAL ANTIOXIDANT CONTENT IN WINES AND BEVERAGES. 
ADVISOR: PASSAPOL NGAMUKOT, Ph.D.{, 63 pp. 

A sequential injection analysis (SIA) with chemiluminescence (CL) detection 
system was developed for determination of total antioxidant content (TAC) in wines 
and beverages. The method is based on the CL reaction between luminol and hydrogen 
peroxide in alkaline conditions with the presence of a K3Fe(CN)6 catalyst. Antioxidants in 
the sample scavenged a reactive oxygen species as hydrogen peroxide and the decrease in 
CL intensity was observed that related to the TAC in sample. A cost-effective CL detection 
system with a home-made spiral configuration flow-cell was designed and constructed by 
inexpensive materials. The spiral chemiluminescence flow-cell was made from an opaque 
white polymer of polymethyl methacrylate (PMMA) or acrylic plastic. Furthermore, a light-
to-voltage optical sensor was used as a low-cost alternative detector which is small and 
was also used for the miniaturization of instrument. Thus, the developed CL detection 
system is cost-effective, portable and has the ability to connect with flow-based systems. 
The optimum conditions of SIA-CL method were studied and the linear range for gallic acid 
was obtained ranging from 0.5 to 5.0 mmol L-1, the limit of detection (LOD) was 0.25 mmol 
L-1 and the limit of quantitation (LOQ) was 0.84 mmol L-1. The reproducibility of the 
method was investigated and the between day %relative standard deviation was in the 
range of 2.2 to 5.4%. The %recovery was between 95.8 and 105.6% and the sample 
throughput was 60 samples h-1. The proposed method was successfully applied for the 
determination of TAC in wine and beverage samples and the results were not significantly 
different when compare with the reference method. Therefore, the developed SIA-CL 
method is simple, fast, accurate and consume less reagent. 
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CHAPTER I 
INTRODUCTION 

 

1.1 Introduction 

Antioxidants are molecules that prevent cell damage caused by free radicals. 
Antioxidants are found mostly in plant-derived food and beverages such as salad, 
fresh fruits, herbs, species, wine, tea and juices [1]. The consumption of antioxidant-
rich foods is beneficial to human health. There are many research shows that 
antioxidant compounds can prevent several disorders such as diabetes, cancer and 
cardiovascular diseases [2-5]. Thus, the determination of total antioxidant content 
(TAC) in food products is necessary for the consumers and quality control in the food 
and beverage industry. 

Analytical techniques commonly used for the determination of TAC in food 
and beverage samples are spectrophotometry (e.g. antioxidant activity assay by FRAP, 
TEAC, ABTS, DPPH and ORAC method [6-9]), chromatography (e.g. evaluation of 
antioxidant activity by on-line HPLC-DPPH assay [10] and HPLC-PDA method [11]) and 
electrochemistry (e.g. determination of total antioxidant capacity by electrochemical 
biosensor [12, 13] and cyclic voltammetry [14]). The methods most often used for 
determination of TAC are spectrophotometry. However, the disadvantages of these 
methods are low sensitivity and selectivity, long reaction time and low accuracy due 
to interferences caused by colored compounds in the sample [15]. Therefore, the 
development of a simple, rapid and more reliable method for the TAC determination 
in food samples is needed. 

Chemiluminescence (CL) methods have been widely used for the 
determination of TAC because these methods offer many advantages such as high 
sensitivity, selectivity and wide linear dynamic range [16]. In addition, the apparatus 
of CL detection system is simpler and less expensive (because no external light 
source is needed) than spectrophotometric methods. Recently, the CL detection 
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system was combined with flow-based techniques such as flow injection analysis 
(FIA) and sequential injection analysis (SIA). These on-line systems can be fully 
automated and consume less chemical reagent. Consequently, the combination of 
these two techniques can be used to reduce analysis time and improve the precision 
of measurements [17].  

Several CL reagents are used in the assessment of antioxidant activity such as 
luminol [18-23], lucigenin [24], potassium permanganate [25, 26], peroxyoxalate [27, 
28] and tris(2,2'- bipyridine) ruthenium(II) or [Ru(bpy)3] 

2+ [29]. The most widely used 
CL reagent is luminol because of its well-known characteristic, fast reaction time and 
does not require mixing in an organic solvent. For luminol-based chemiluminescence, 
the most effective oxidant under basic conditions is hydrogen peroxide and the 
reaction can be catalyzed by transition metals (e.g. Co(II), Cr(II), Cu(II), Fe(II) and Fe(III)) 
and their complexed forms (e.g. ferrocene (Fe(C5H5)2) and ferricyanide ([Fe(CN)6]

3-)) 
[30]. 

In this work, the sequential injection analysis with chemiluminescence (SIA-CL) 
method was developed for the determination of TAC in plant-derived beverage 
samples. The method is based on the inhibition of luminol chemiluminescence by 
antioxidants in the sample as it scavenged a portion of the oxidant resulting in a 
decrease in CL intensity. A cost-effective chemiluminescence detection system was 
fabricated and applied to the flow-based techniques. The proposed method was 
validated in terms of linearity, selectivity, detection limit, accuracy and precision 
(repeatability and reproducibility). Moreover, the TAC measurement in beverage 
samples obtained from the developed SIA-CL method was compared to the DPPH 
method. 
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1.2 Objectives of the research  

1. To develop the SIA-CL method for the determination of total 
antioxidant capacity.   

2. To develop an inexpensive and portable instrument for 
chemiluminescence detection. 

3. To apply the proposed method for the determination of total 
antioxidant capacity in wine and beverage samples. 

 



 
 

 

CHAPTER II 
THEORY AND LITERATURE REVIEWS 

 

2.1 Antioxidants in beverages 

Antioxidants play an important role in the protection of cell damage caused 
by free radicals. Based on their activity, antioxidants can be divided into two classes: 
primary or natural antioxidant (e.g. vitamins (A, C and E), β-carotenoid and phenolic 
compounds) and secondary or synthetic antioxidants (e.g. butylated hydroxytoluene 
(BHT), butylated hydroxyanisole (BHA), tertiary butylhydroquinone (TBHQ) and propyl 
gallate) [31]. Antioxidants are found in beverages such as wine, beer, tea, coffee, fruit 
juices, herbal infusion drinks and other soft drinks. In food and beverage industry, 
synthetic antioxidants are added to preserve the product and extend shelf life. 
However, natural antioxidants are safer, more efficient and potent than synthetic 
antioxidants [32]. The most antioxidants found in plant-derived beverages are 
phenolic or polyphenol compounds which exhibit strong antioxidant activity both in 
vivo and in vitro studies [1]. Some examples of natural antioxidants and synthetic 
antioxidants are shown in Figure 2.1 and 2.2. 

 

 

Figure 2.1 Chemical structures of synthetic antioxidants. 
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Figure 2.2 Chemical structures of natural antioxidants found in plant-derived 
beverages. 
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2.2 Chemiluminescence 

2.2.1 Principle of chemiluminescence 

Chemiluminescence is a phenomenon of the emission of light in the 
visible or near-infrared region as a result of a chemical reaction. In 
chemiluminescence, the reactions produce the unstable products in an 
electronically excited state, which then return to ground state by a release of energy 
in the form of light. The process of light emission in chemiluminescence and 
photoluminescence (fluorescence and phosphorescence) is the same. However, the 
excitation process in photoluminescence occurs by the absorption of light in the 
ultraviolet or visible region as can be seen in Figure 2.3.     

 
Figure 2.3 Jablonski diagram illustrating energy level and transition. F: 

fluorescence, C: chemiluminescence, P: phosphorescence, CD: 
collisional deactivation, IC: internal conversion, ISC: intersystem 
crossing, S0: ground singlet state, S1 and S2: excited singlet state and 
T1: excited triplet state.   
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2.2.2 Types of chemiluminescence 

The two main types of chemiluminescence mechanisms are illustrated 
in Figure 2.4. In direct CL reaction, two compounds A and B, usually a 
chemiluminescent precursor and oxidant, react to form a product C* in an excited 
state which then decays to ground state accompanied by photon or light emission. In 
case of indirect CL reaction, the chemical energy of product C* in an excited state is 
transferred to a fluorophore (F) and after excitation is relaxed to ground state along 
with photon emission. This process can be used for those molecules that are not 
able to be directly generated in CL reactions [16].      

  

 
Figure 2.4 Types of chemiluminescence reactions. A: substrate, B: oxidant, C and 

D: products, F: fluorophore. 
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2.2.3 Basic instrumentation of chemiluminescence 

The chemiluminescence detection system (Figure 2.5) consists of a 
light-tight housing, reaction cell, sample and reagent introduction device, light 
detector and data acquisition system. In the housing, the reaction cell (e.g. flow-cell, 
test tube and microplate) is positioned close to detector to improve the detection 
efficiency and the chamber must be sealed from external or ambient light to reduce 
interferences. Moreover, lenses and mirror can be used for focusing and reflection of 
the light on to the detector. Several systems commonly used for sample and reagent 
introduction are static systems (batch or discrete sampling instrument) and flowing 
steam (continuous-flow or stopped-flow system). In the flow system, the sample 
containing the analyte is injected to a carrier steam and delivered to the detection 
zone of reaction cell. The advantages of this system are rapid, less sample and 
reagent consumption. For the CL flow-cell, the most often used cell design is a long 
spiral configuration, made from any materials such as quartz, glass, acrylic and other 
plastics. Mostly, photomultiplier tubes (PMT) are used in CL detection system 
because of its high sensitivity, low noise and suitable for low light detection. 
However, they are more expensive than photodiodes [16].         

 
Figure 2.5 Schematic diagram of a basic chemiluminescence system. 
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2.2.4 Luminol-based chemiluminescence  

Luminol or 3-aminophthalhydrazide is the most widely used 
chemiluminescent agent. It is well-known, has a fast reaction time and does not 
require mixing in an organic solvent. The most effective oxidant for luminol-based 
chemiluminescence is hydrogen peroxide. The oxidation of luminol by an oxidant in 
basic solution in the presence of catalyst (e.g. [Fe(CN)6]

3-, Co(II) and Cu(II)) formed the 
intermediate species of 3-aminophthalate dianion that is excited and return to 
ground state with blue light emission (Figure 2.6) [33].    

 

 
Figure 2.6 The oxidation of luminol in the presence of hydrogen peroxide and 

catalyst. 

 

2.3 Flow-based techniques 

Flow-based analysis is based on the continuous flow of solution or carrier 
steam and the injection of sample into carrier steam. The most common flow-based 
analysis techniques are flow injection analysis (FIA) and sequential injection analysis 
(SIA). In the FIA process, the small volume of sample solution is injected into a carrier 
steam containing reagents to produce the reaction at a reaction coil and the result of 
the reaction is monitored by the detector [34]. Schematic diagram of flow injection 
analysis is presented in Figure 2.7. 

A sequential injection analysis (SIA) is the second generation of the flow 
injection analysis. The SIA system consists of a syringe pump, holding coil, selection 
valve and detector. Schematic diagram of sequential injection analysis is shown in 
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Figure 2.8. In the SIA process, a portion of sample and reagents are sequentially 
aspirated into a holding or mixing coil. Then, the product produced from the reaction 
is dispensed to the detector. All processes of SIA are controlled by the program on 
computer. The SIA technique can be classified as discontinuous flow process that 
require less consumption of reagents than FIA technique [35].  

 

 

 
Figure 2.7 Schematic diagram of flow injection analysis. 

 

 

 
Figure 2.8 Schematic diagram of sequential injection analysis. 
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2.4 Literature reviews 

There are many reports of flow-based analysis coupled with CL detection for 
the determination of TAC and total phenolic compounds in food samples. Murillo 
Pulgarín et al. [36] reported a flow injection analysis (FIA) for the determination of the 
TAC in teas, wines and grape seeds. The method is based on the attenuation of 
luminol-Co(II)-EDTA-perborate chemiluminescence by the antioxidants in the 
samples. The results showed that the use of Co(II)-EDTA complex, which acted as a 
catalyst, resulting in a constant and reproducible CL emission. The proposed method 
is simple and fast, requiring less than 5 min per one of sample (12 samples h-1). 
Additionally, this method consumes less chemical reagent and does not require extra 
procedure for sample pretreatment. Therefore, the proposed method is considered 
as an economical and environmentally friendly method for the determination of TAC 
in food samples. 

Araujo et al. [37] presented a multisyringe flow injection analysis (MSFIA) and 
sequential injection analysis (SIA) techniques for the screening of phenolic compound 
in food and environmental samples. The developed SIA-MSFIA was connected with 
CL detection system, which is based on the CL reaction of luminol-hydrogen 
peroxide-horseradish peroxidase (HRP). It was found that polyphenol such as gallic 
acid and tannic acid act as inhibitors for the CL system. The linear range of tannic 
acid was 0.01-5 mg L-1 and the time required for a complete analysis cycle was 400 s 
(9 samples h-1). In conclusion, the SIA-MSFIA-CL method provides a good efficiency 
when compared to the batch reference methods. 

Fassoula et al. [18] reported a sequential injection analysis (SIA) techniques 
with CL detection for the rapid determination of the TAC in wine samples. The 
method is based on the oxidation of luminol in alkaline medium using hydrogen 
peroxide with the presence of Co(II) catalyst. In this work, gallic acid was used as a 
standard antioxidant because it is a main phenolic component of wines. The effect 
of catalyst was studied and the results shown that in the absence of catalyst, the CL 
signal was weak and poor sensitivity and linear range were observed. The linearity of 
gallic acid was in the range of 1.0 × 10-6 to 2.0 × 10-4 mol L-1, the recovery was 96.7 
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to 97.3% and the sampling frequency was 60 samples h-1. The developed SIA-CL 
method was compared to the DPPH free radical scavenging method and Folin-
Ciocalteau (FC) method. It was found that the present method could be used for 
ranking samples according to their TAC with respect to the standard DPPH method. 

Karampelas et al. [20] developed a novel hybrid flow injection and sequential 
injection (FIA-SIA) method coupled with CL detection for the assessment of the TAC 
in wine samples. This method is based on the oxidation of luminol using potassium 
permanganate in alkaline solution. The antioxidants in sample scavenged an oxidant 
such as potassium permanganate causing a decrease in CL signal. The concentration 
range of gallic acid was 0.90 µmol L-1 to 15 µmol L-1 and the % recoveries were 93 
and 96%. In this work, the proposed FIA-SIA configuration combines the advantages 
from both FIA and SIA. Therefore, the FIA-SIA-CL method is faster, simpler and lower 
in reagent consumption than the conventional flow-based analysis method. 
Furthermore, the method is fully automated, accurate and robust.  

For the catalyst used in luminol-based chemiluminescence, Jain [38] studied 
the effect of catalyst on luminol-hydrogen peroxide CL reaction in aqueous medium. 
It was found that the CL behavior depends on the catalyst used and the suggested 
transition metal catalysts for use in this reaction are Cu, Fe, Co, Cr and Mn. The best 
catalyst on luminol-hydrogen peroxide CL reaction in aqueous medium is 
CuSO4·5H2O. Moreover, Alapont et al. [39] reported a ferricyanide or 
hexacyanoferrate (III), [Fe(CN)6]

3- is an oxidant with a constant redox potential 
between pH 4 and 13. On the other hand, this species can act as a catalyst and co-
oxidant on the luminol–hydrogen peroxyde CL reaction in alkaline condition. 

For the CL flow-cell, Mohr et al. [40] and Terry et al. [41] proposed a new 
design of flow-cells for CL detection system. It was found that the intensity of light 
transferred to the detector from the opaque white chip polymer (sealed with 
transparent film) is higher than the transparent chip and coiled-tubing flow-cell 
because the opacity of the materials reduces the loss of light through the surface 
and therefore increases the CL intensity. 
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Previous researches showed that there has been some problem with high 
cost and complexity of the instrument. Therefore, the development of a cost-
effective CL detection system and simple configuration of flow-based analysis is 
needed.



 
 

 

CHAPTER III 
EXPERIMENTAL 

 

3.1 Chemicals  

 Gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), luminol (97%), 
sucrose and fructose were purchased from Sigma-Aldrich, Germany. Glucose and 
potassium ferricyanide (K3Fe(CN)6) were supplied by Carlo erba, France. Sodium 
hydroxide, ethanol and 30% hydrogen peroxide (H2O2) were obtained from Merck, 
Germany. All chemicals used in this work were of analytical grade and were used 
without further purification. 

The 3.0 × 10-3 mol L-1 solution of H2O2 was freshly prepared by diluting 0.938 
mL of 30% H2O2 in 25 mL of deionized water. 

The 0.3 mol L-1 solution of NaOH was prepared by dissolving 6.0 g of NaOH in 
deionized water and made volume up to 500 mL.   

Luminol solution (4.0 × 10-3 mol L-1) was prepared by dissolving 0.1772 g of 
luminol in 0.3 mol L-1 of NaOH solution and adjusting volume up to 250 mL with 0.3 
mol L-1 NaOH solution. The luminol solution was stored in the dark and cool place. 

Stock solution of 1.0 × 10-2 mol L-1 gallic acid was prepared daily by dissolving 
0.0425 g of the solid compound in 25 mL of deionized water. 

The solution of 0.2 mol L-1 potassium ferricyanide was prepared by dissolving 
1.6462 g of potassium ferricyanide in 25 mL of deionized water. 

The 6.0 × 10-5 mol L-1 solution of DPPH was freshly prepared by dissolving 
0.0059 g of the solid compound in 250 mL of ethanol and kept in the dark. 
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3.2 Sample preparation  

Different types of wine and ready to drink tea samples were purchased from 
local supermarkets and listed in Table 3.1. For the SIA-CL method, the samples were 
diluted with deionized water (red wine was diluted 10-fold; white and rose wine 
were diluted 2-fold; green and oolong tea were diluted 2-fold; black tea was used 
without dilution). For the DPPH method, the samples were diluted with deionized 
water (red wine was diluted 20-fold; white and rose wine were diluted 5-fold; green 
and oolong tea were diluted 10-fold; black tea was diluted 2-fold).  

 

Table 3.1 List of wine and tea samples. 

No. of sample Type of sample Location 

Wine samples 

1 red wine (shiraz) 

South Africa 2 white wine (Chardonnay) 

3 rose wine (Cabernet Sauvignon) 

Tea samples 

4 green tea 

Thailand 5 oolong tea 

6 black tea 

     

 

3.3 Chemiluminescence detector 

3.2.1 Design and fabrication of chemiluminescence flow-cell 

The flow-cell was designed by SolidWorks 2012 software (SolidWorks 

Corp., USA) and the model was converted into machine code using Cut2D software 
(Vectric Ltd., UK). The 3D model of flow-cell was shown in Figure 3.1 and 3.2. The 
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flow-cell had dimension of 45 mm × 60 mm × 12 mm and the top face contained a 
30 mm diameter of a spiral-configuration reaction zone. There are two ports for 
solution inlet and outlet which had a diameter of 5 mm. 

 
Figure 3.1 The 3D model of chemiluminescence flow-cell. 

 
Figure 3.2 The top face (solid view), bottom face (transparent view) and side 

view of flow-cell. 
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The chemiluminescence flow-cell with a spiral configuration (Figure 
3.3) was fabricated from a white polymer sheet of polymethyl methacrylate (PMMA) 
or acrylic plastic (12 mm thick sheets). The channel (1 mm × 1 mm) was milled with 
a ball nose end mill (R0.5 mm) using CNC milling machine (Spar Mechatronics 
Co.,Ltd, Thailand). The channel length was 385 mm and total volume of detection 
zone was 347 µL. The universal optical sealing tape (Bio-red Laboratories Inc., USA) 
was used to seal the channel. The tape was cut to size and then applied to the 
flow-cell surface. Solution lines were connected to the flow-cell using 1/4-28 super 
flangeless fittings (IDEX Health & Science, USA). 

 
Figure 3.3 Chemiluminescence flow-cell with a spiral channel configuration.  

 

3.2.2 Development of chemiluminescence detector 

The developed chemiluminescence detector (Figure 3.4) consisted of 
a home-made spiral flow-cell where the chemiluminescence reaction will occur, two 
lenses from illuminated loupe (40X, 25 mm diameter) for focusing the light to the 
optical sensor, a light-to-voltage optical sensor (TSL12S, Texas Advanced 
Optoelectronic Solutions Inc., USA) was used to collect the emitted light from the 
chemiluminescence reaction and a power supply (YwRobot Corp., China) was used to 
stabilize and supply voltage to the sensor. The output signal was recorded using a 
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data acquisition (DAQ) device (National Instruments, Austin, TX) with LabVIEW 
software. The total dimension of the chemiluminescence detector was 116 mm × 
192 mm × 90 mm. The black box was constructed form black acrylic plastic (3 mm 
thick sheets). 

 
Figure 3.4 Development of chemiluminescence detector. 

 

3.4 Sequential injection analysis (SIA)  

3.4.1 Instrumentation 

A schematic diagram of the sequential injection analysis (SIA) system 
for the determination of total antioxidant content in beverage samples is shown in 
Figure 3.5. Two syringe pumps (Chemyx Inc., USA) and a six-port selection valve (IDEX 
Health & Science, USA) were used to control flow rate of carrier and reagents. The 

reaction coil was set separately from a holding coil to increase the mixing of the 
reagent solutions. A home-made CL detector consisted of a spiral flow-cell and 
optical sensor. The pump tubing used was PTFE 1.5 mm i.d. (Grace, USA) and all the 
others tubing were FEP 0.75 mm i.d. (IDEX Health & Science, USA). 
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Figure 3.5 Schematic diagram of SIA system. SP: syringe pump, HC: holding coil, 

SV: selection valve, RC: reaction coil, FC: flow-cell, PC: personal 
computer. 

 

3.4.2 Experimental procedure for SIA-CL method 

For the system preparation process, all the solutions lines were filled 
with the appropriate reagents. The experimental sequence for SIA-CL is shown in 
Table 3.1. A deionized water and luminol were aspirated into the syringe which was 
set separately. Then, a zone of hydrogen peroxide, sample or standard and K3Fe(CN)6 
were aspirated to the holding coil. The stacked zone of sample and reagents were 
dispensed to mix with luminol and delivered to the flow-cell. The CL signal was then 
measured by the optical sensor. The mean of signal was calculated form five 
measurements for each sample. The calibration graph was plotted between the 
concentration of gallic acid and signal suppression. The signal suppression due to the 
antioxidant activity (∆I%) was calculated according to the formula: 

 

∆I%   
Io - Is

Io
       



 

 

20 

 

Where: Io is the chemiluminescence intensity of blank 

   Is is the chemiluminescence intensity of standard or sample 

 

Gallic acid was selected as a standard antioxidant compound, which 
was commonly used in the literature to evaluate the TAC of plant-derived foods and 
beverages because it is a main phenolic antioxidant compound of wine and tea. The 
TAC of the samples was expressed as gallic acid equivalent (GAE). 

 

Table 3.2 Experimental sequence for SIA-CL method (SP: syringe pump, SV: 
selection valve). 

  Step Position Operation 

   1 SP1 and SP2 Aspirate of H2O and luminol as a carrier 

   2 SV2 Aspirate of H2O2  

   3 SV3 Aspirate of sample or standard 

   4 SV4 Aspirate of K3Fe(CN)6 

   5 SV5 Dispense to the flow-cell 

 

 

3.5 DPPH free radical scavenging method  

Five gallic acid standard solutions of 0.01 to 0.3 mmol L-1 were prepared for 
constructing a calibration curve. 100 µL of gallic acid standard solutions or sample 
were mixed with 3.90 mL of a 6.0 × 10-5 mol L-1 of DPPH solution and stand for 30 
minutes at room temperature before measuring the absorbance at wavelength 515 
nm with a fiber optic spectrophotometer (AvaSpec-2048, Avantes Inc., USA). The 
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scavenging activity of antioxidants was calculated and expressed as % absorbance 
suppression or antioxidant activity (∆A%) according to the formula: 

 

∆A%   
Ao - As

Ao
       

 

Where: Ao is the absorbance of blank 

As is the absorbance of standard or sample 

 

3.6 Analytical performance 

3.6.1 Linearity, LOD and LOQ 

The linear range for determination of TAC in beverage samples was 
investigated. The response of signal with different gallic acid concentrations were 
measured five times for each standard solution. The calibration graph of ∆I% vs gallic 
acid concentration was constructed and then, a linear regression equation and 
correlation coefficient (R2) were obtained. 

Limit of detection (LOD) is the lowest concentration of analyte in a 
sample, which can be reliably detected. Limit of quantitation (LOQ) is the lowest 
concentration of analyte in a sample, which can be quantitatively determined with 
accuracy and precision. The LOD and LOQ were calculated from: 

 

LOD = 3Sa/b 

LOQ = 3Sa/b 

Where:  Sa is the standard deviation of the intercept  

b is the slope of the calibration curve 
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3.6.2 Precision 

Six concentrations of gallic acid for the calibration curve (0.5 to 5.0 
mmol L-1) were used to determine the within-day repeatability and the between-
days reproducibility. For the between-days reproducibility, three calibration curves 
were constructed for the three different days. The % relative standard deviation 
(RSD) for five measurements was reported by calculating from: 

 

 

%      
 tandard deviation (  )

Mean
       

 

 

3.6.3 Trueness 

The trueness of the analytical method was determined by recovery 
assays. Wine and tea samples were spiked with 2.0 mmol L-1 and 0.5 mmol L-1 of 
gaillic acid, respectively. The % recovery was calculated according to the formula: 

   

 

% ecovery   
 s

 u+ a
       

 

 

Where:  Cs is the concentration of spiked sample 

Cu is the concentration of unspiked sample 

Ca is the concentration of added gallic acid   
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3.7 Interference study 

Some interference such as ethanol, glucose, fructose and sucrose had been 
investigated. The various amounts of the studied interference were added to the 1.0 
mmol L-1 of gallic acid standard solution. The acceptable concentration ratio of 
interfering compounds was considered as non-interfering if the relative error of 
determination is less than ±5%. The % relative error was calculated according to the 
formula: 

 

% elative error   
 i -  c

 c
       

 

Where: Xi is the signal of gallic acid and interference mixing 

Xc is the signal of gallic acid 

 

 

3.8 Real sample analysis 

The diluted wine and tea samples were analyzed using SIA-CL method as 
described in Section 3.4.2. For the DPPH method, the samples were analyzed as 
described in Section 3.5. The TAC in samples was calculated from a linear equation 
of the calibration curve. 

The correlation between SIA-CL method and DPPH method were studied by 
using the GAE value of samples obtained from two methods. After that, a paired t-
test at 95% confidence level was used to determine the statistical difference 
between the % antioxidant activity of the two methods.  

 



 
 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 Chemiluminescence characteristics 

The chemiluminescence reaction between luminol and H2O2 with the 
presence of a K3Fe(CN)6 in alkaline solution was selected for this study because it is a 
simple, rapid and well-known reaction. The blue light emission of luminol-H2O2- 
K3Fe(CN)6 reaction was observed as shown in Figure 4.1. The addition of K3Fe(CN)6 
catalyst which it is a transition metal complex can increase the chemiluminescence 
intensity due to the decomposition of H2O2. According to the Fenton reaction, the 
decomposition of H2O2 generate the superoxide radicals which is highly reactive for 
the oxidation of luminol. 

The advantages of a spiral flow-cell made from acrylic plastic material are 
low cost, inertness and lightweight. Moreover, an opaque white flow-cell can 
increase the emission intensity because the light cannot pass through the back face 
of flow-cell. So, it is not necessary to place a mirror on the back face of flow-cell to 
reflect light back to the detector.   

 
Figure 4.1 Chemiluminescence from the reaction of luminol with H2O2 and 

K3Fe(CN)6 in a spiral flow-cell. 
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4.2 Optimization of SIA-CL system 

4.2.1 Sequence of injection 

The aspiration sequence of the sample and reagents were studied. 
The initial conditions for this experiment were: concentration of luminol (Cluminol) = 
3.0 × 10-3 mol L-1 in 0.1 mol L-1 of NaOH, concentration of catalyst or potassium 
ferricyanide (CK3Fe(CN)6) = 3.0 × 10-3 mol L-1, concentration of hydrogen peroxide (CH2O2) 

= 3.0 × 10-3 mol L-1, volume of sample ( Vsample(blank)) = 100 µL, volume of potassium 
ferricyanide (VK3Fe(CN)6) = 100 µL, volume of hydrogen peroxide (VH2O2) = 100 µL, 

volume of luminol (Vluminol) = 2000 µL and flow rate of 5 mL min-1. The different 
aspiration sequence were: sample − K3Fe(CN)6 − H2O2 − luminol, sample − H2O2 -
K3Fe(CN)6 − luminol, H2O2 – sample − K3Fe(CN)6 − lunimol, H2O2 − K3Fe(CN)6 −sample− 
lunimol, K3Fe(CN)6−H2O2−sample−lunimol and K3Fe(CN)6−sample−H2O2−lunimol. The 
blank CL signals of different aspiration sequence are shown in Figure 4.2. It was found 
that the highest blank CL signal was observed for the sequence of H2O2 – sample − 
K3Fe(CN)6 − lunimol, which was selected for further experiments. 

 

 
Figure 4.2 The effect of aspiration sequence on CL intensity. S: sample (blank),  

C: catalyst (K3Fe(CN)6), O: oxidant (H2O2) and L: luminol. 
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4.2.2 Effect of sodium hydroxide concentration 

The effect of sodium hydroxide concentration was investigated by 
using the previous conditions. The 3.0 × 10-3 mol L-1 of luminol in various 
concentration of sodium hydroxide 2.0 × 10-2 to 4.0 × 10-1 mol L-1 was studied. The 
result of the study is shown in Figure 4.3. From the result, it was found that the CL 
signal increased with increasing the concentration of sodium hydroxide until  
3.0 × 10-1 mol L-1 and became constant. In a strong alkaline condition, luminol 
solutions are more stable and dissociate more into the dianion form. Therefore, the 
concentration of sodium hydroxide at 3.0 × 10-1 or 0.3 mol L-1 was selected as an 
optimum.     

 

 
Figure 4.3 The effect of sodium hydroxide concentration on CL intensity.  
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4.2.3 Effect of luminol concentration 

The effect of luminol concentration from 1.0 × 10-4 to 5.0 × 10-3 mol 
L-1 in 0.3 mol L-1 of NaOH was investigated using the following conditions: CK3Fe(CN)6 = 

3.0 × 10-3 mol L-1, CH2O2 = 3.0 × 10-3 mol L-1, Vsample(blank) = 100 µL, VK3Fe(CN)6 = 100 µL, 

VH2O2 = 100 µL, Vluminol = 2000 µL and flow rate of 5 mL min-1. The effect of luminol 

concentration on CL intensity was shown in Figure 4.4. The result showed that the CL 
signal is proportional to the concentration of luminol. The CL intensity increased 
rapidly when increasing the luminol concentration up to a concentration of 4.0 × 10-3 
mol L-1. So, to protect the signal variation, the optimum condition of the luminol 
concentration was chosen to be 4.0 × 10-3 mol L-1. 

      

 
Figure 4.4 The effect of luminol concentration on CL intensity. 
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4.2.4 Effect of hydrogen peroxide concentration 

The effect of hydrogen peroxide concentration in the range of 3.0 × 
10-4 mol L-1 to 2.0 × 10-2 mol L-1 was studied. The conditions for the study were: 
Cluminol = 4.0 × 10-3 mol L-1, CNaOH = 0.3 mol L-1, CK3Fe(CN)6 = 3.0 × 10-3 mol L-1, 

Vsample(blank)  = 100 µL, VK3Fe(CN)6 = 100 µL, VH2O2 = 100 µL, Vluminol = 2000 µL and flow 

rate of 5 mL min-1. It was found that the CL signal increased with increasing the 
hydrogen peroxide concentration up to 3.0 × 10-3 mol L-1 and became constant as 
shown in Figure 4.5. Therefore, the hydrogen peroxide concentration of 3.0 × 10-3 
mol L-1 was chosen as an optimum, which exhibited the highest CL intensity.     

   

 
Figure 4.5 The effect of hydrogen peroxide concentration on CL intensity. 
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4.2.5 Effect of potassium ferricyanide concentration 

In this work, the potassium ferricyanide or K3Fe(CN)6 was used as 
catalyst for increasing the rate of a reaction. The potassium ferricyanide 
concentration range of 1.0 × 10-3 to 4.0 × 10-1 mol L-1 was investigated under these 
conditions: Cluminol = 4.0 × 10-3 mol L-1, CNaOH = 0.3 mol L-1, CH2O2 = 3.0 × 10-3 mol L-1, 

Vsample(blank)  = 100 µL, VK3Fe(CN)6 = 100 µL, VH2O2 = 100 µL, Vluminol = 2000 µL and flow 

rate of 5 mL min-1. The result of the potassium ferricyanide concentration study is 
shown in Figure 4.6. The CL signal increased with the increasing potassium 
ferricyanide concentration. However, further increases of catalyst concentration 
caused a decrease in CL signal. This is because when the reaction occurs very fast, 
the emission light also disappears quickly. From the result, the maximum CL intensity 
was observed at 2.0 × 10-1 mol L-1 of potassium ferricyanide concentration. Therefore, 
the solution of 2.0 × 10-1 or 0.2 mol L-1 potassium ferricyanide was selected for 
further study. 

 

 
Figure 4.6 The effect of potassium ferricyanide concentration on CL intensity.  
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4.2.6 The volume of hydrogen peroxide 

The volume of hydrogen peroxide was studied in a range of 20 to 120 
µL. Using the previous conditions: Cluminol = 4.0 × 10-3 mol L-1, CNaOH = 0.3 mol L-1, 
CH2O2 = 3.0 × 10-3 mol L-1, CK3Fe(CN)6 = 0.2 mol L-1, Vsample(blank)  = 40 µL, VK3Fe(CN)6 = 40 

µL, Vluminol = 2000 µL and flow rate of 5 mL min-1. The results are illustrated in Figure 
4.7 and Figure 4.8. The CL intensity increased when increasing of hydrogen peroxide 
volume. The volume of hydrogen peroxide at 80 µL presented the highest and sharp 
signal. However, excess volume of hydrogen peroxide at 100 and 120 µL provided 
the same CL signal. Therefore, to minimize the waste product, the volume of 
hydrogen peroxide at 80 µL was selected as the optimum condition.  

 

 
Figure 4.7 SIA-grams recorded from various volumes of hydrogen peroxide.  



 

 

31 

 
Figure 4.8 The effect of hydrogen peroxide volume on CL intensity.  

 

4.2.7 The volume of potassium ferricyanide 

The potassium ferricyanide volume from 20 to 120 µL was 
investigated using above conditions: Cluminol = 4.0 × 10-3 mol L-1, CNaOH = 0.3 mol L-1, 
CH2O2 = 3.0 × 10-3 mol L-1, CK3Fe(CN)6 = 0.2 mol L-1, Vsample(blank)  = 40 µL, VH2O2= 80 µL, 

Vluminol = 2000 µL and flow rate of 5 mL min-1. The results showed that at higher 
volume of potassium ferricyanide, the CL intensity increased, but a poor peak shape 
is also presented at high volume of potassium ferricyanide as can be seen in Figure 
4.9 and Figure 4.10. Therefore, the potassium ferricyanide volume of 60 µL was 
chosen as an optimum because it provides good peak shape and high CL intensity. 
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Figure 4.9 SIA-grams recorded from various volumes of potassium ferricyanide.  

 

 
Figure 4.10 The effect of potassium ferricyanide volume on CL intensity. 
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4.2.8 The volume of sample and standard solution 

The effect of the injection volume of 5.0× 10-3 mol L-1 gallic acid 
standard was studied. Under the following conditions: Cluminol = 4.0 × 10-3 mol L-1, 
CNaOH = 0.3 mol L-1, CH2O2 = 3.0 × 10-3 mol L-1, CK3Fe(CN)6 = 0.2 mol L-1, VH2O2= 80 µL, 

VK3Fe(CN)6 = 60 µL, Vluminol = 2000 µL and flow rate of 5 mL min-1. The various volume 

of gallic acid from 20 to 120 µL was investigated. It was found that the CL intensity 
decreased rapidly when increasing the volume of gallic acid because with increasing 
amount of gallic acid, the antioxidant capacity increase, resulting in a decrease in the 
CL intensity. At higher volume of gallic acid, peak splitting or doublet peak occurred 
as shown in Figure 4.11. It may be caused by the incomplete mixing of reagent and 
sample zone. Therefore, the optimum volume of sample and standard at 250 µL was 
selected. Moreover, the effect of gallic acid volume on signal suppression or 
antioxidant activity (∆I%) was studied. The result showed that the ∆I% is directly 
proportional to the volumes of gallic acid. The ∆I% continued to increase with 
increasing volumes of gallic acid as shown in Figure 4.12. 

    

 
Figure 4.11 SIA-grams recorded from various volumes of gallic acid.  
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Figure 4.12 The effect of gallic acid volume on signal suppression. 

 

4.2.9 The volume of luminol 

In this work, luminol solution was used as the CL reagent and carrier. 
Thus, the volume of luminol should be optimal. The volume of luminol in a range of 
1000 to 3000 µL was investigated using the previous conditions: Cluminol = 4.0 × 10-3 
mol L-1, CNaOH = 0.3 mol L-1, CH2O2 = 3.0 × 10-3 mol L-1, CK3Fe(CN)6 = 0.2 mol L-1, 

Vsample(blank) = 250 µL, VH2O2 = 80 µL, VK3Fe(CN)6 = 60 µL and flow rate of 5 mL min-1. The 

effect of luminol volume on CL intensity is shown in Figure 4.13. It was found that 
when the volume of luminol used lower than 2000 µL some reagent and sample 
solutions still remain in the tubing because abnormal peaks were observed as shown 
in Figure 4.13A and 4.13B. Therefore, the optimum volume of luminol at 2000 µL was 
selected for further experiments.     
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Figure 4.13 The effect of luminol volume on CL intensity: (A) 1000 µL of luminol, 

(B) 1500 µL of luminol, (C) 2000 µL of luminol, (D) 2500 µL of luminol. 

 

4.2.10 Effect of detection flow rate 

The flow rate for dispensing the solution to the detector from 3.0 to 
5.0 mL min-1 was studied. The conditions used were: Cluminol = 4.0 × 10-3 mol L-1, 
CNaOH = 0.3 mol L-1, CH2O2 = 3.0 × 10-3 mol L-1, CK3Fe(CN)6 = 0.2 mol L-1, Vsample(blank) = 250 

µL, VH2O2 = 80 µL, VK3Fe(CN)6 = 60 µL and Vluminol = 2000 µL. The effect of detection 

flow rate on CL intensity is shown in Figure 4.14. From the result, the CL signal 
increased when increasing the flow rate because of higher flow rate would cause 
more turbulent flow, resulting in better mixing efficiency. Therefore, the maximum 
flow rate of a syringe pump at 5.0 mL min-1 was selected as the optimum. 
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Figure 4.14 The effect of detection flow rate on CL intensity. 
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4.2.11 Summary of the optimum conditions for the SIA-CL method 

The optimum conditions for SIA-CL method are summarized in Table 
4.1. The selected conditions based on these criteria: high CL signal of blank to 
improve the working range, high value of signal suppression (∆I%) to increase the 
sensitivity, high precision, low reagent consumption and short analysis time to 
increase the sample throughput. 

 

Table 4.1 The optimum conditions for the SIA-CL method (S: sample, O: oxidant 
or H2O2, L: luminol, C: catalyst or K3Fe(CN)6). 

Parameter Range studied Selected value 

Sequence of injection  S-C-O-L, S-O-C-L, O-S-C-L 
O-C-S-L, C-O-S-L, C-S-O-L  

O-S-C-L 

Cluminol (mol L-1) 1.0 × 10-4 – 5.0 × 10-3   4.0 × 10-3 
CNaOH (mol L-1) 2.0 × 10-2 – 4.0 × 10-1   3.0 × 10-1 
CH2O2 (mol L-1) 3.0 × 10-4 – 2.0 × 10-2   3.0 × 10-3 

CK3Fe(CN)6 (mol L-1) 1.0 × 10-3 – 4.0 × 10-1   2.0 × 10-1 

VH2O2 (µL) 20 – 120 80 

VK3Fe(CN)6 (µL) 20 – 120 60 

Vsample/std. (µL) 50 – 400 250 
Vluminol/carrier (µL) 1000 – 3000 2000 
Flow rate (mL min-1) 3.0 – 5.0 5.0 
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4.3 Analytical performance 

4.3.1 Linearity, LOD and LOQ 

Under optimum conditions, the CL signal of different gallic acid 
concentrations were measured five times for each standard solution by SIA-CL 
method. The example of SIA-grams of blank solution and antioxidant standard 
solution is shown in Figure 4.15. The CL intensity was converted to the %signal 
suppression (∆I%). Then, a calibration graph plotted between the ∆I% and gallic acid 
concentration (GAE, mmol L-1) was constructed. The ∆I% was increased linearly 
proportional to the gallic acid concentrations as shown in Figure 4.16. The linear 
range was obtained in the range of 0.5 to 5.0 mmol L-1 with the regression equation: 
y = 12.035X + 3.2111, R2 = 0.9969). The limit of detection (LOD) and quantitation 
(LOQ) were calculated as 0.25 and 0.84 mmol L-1, respectively. The proposed 
method has a very fast analysis time with the sample throughput of 60 samples h-1. 

 

 
Figure 4.15 SIA-grams of blank solution (Io) and antioxidant solution (Is),           

Cgallic acid = 4.0 mmol L-1. 
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Figure 4.16 A calibration curve of gallic acid using SIA-CL method. 
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4.3.2 Precision 

The within-day repeatability of the developed SIA-CL method was 
expressed as a relative standard deviation (RSD) of five replicates of six gallic acid 
standard solutions in concentration range from 0.5 to 5.0 mmol L-1. The %RSD of 
within-day repeatability was obtained in the range of 0.5 to 1.4% (Table 4.2). For the 
between-days reproducibility, the six concentration levels of gallic acid were 
measured five times and the calibration plots were constructed for the three 
different days (n × k = 5 × 3 = 15 total replicates). The %RSD of between-days 
reproducibility was obtained to be in the range of 2.2 to 5.4% (Table 4.2). The results 
showed that the %RSD values of within-day repeatability and between-days 
reproducibility were satisfactory. Thus, the developed SIA-CL method has high 
precision. 

 

Table 4.2 The within-day repeatability and between-days reproducibility of the 
SIA-CL method. 

Conc. of Gallic 
acid (mmol L-1) 

0.5 1.0 2.0 3.0 4.0 5.0 

 %RSD within-day repeatability (n=5) 

 1.1 0.6 0.5 0.9 1.0 1.4 

 %RSD between-days reproducibility (n × k = 5 × 3 = 15) 

 5.4 2.2 2.2 2.4 3.2 2.6 
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4.3.3 Trueness 

For the recovery experiments, three samples of wine and tea before 
and after spiking with 2.0 and 0.5 mmol L-1 of gaillic acid were analyzed. The results 
are shown in Table 4.3. The recoveries of wine and tea samples were in the range of 
95.8 to 105.6%. These values were considered acceptable according to the AOAC 
guidelines, demonstrating that the method has high accuracy and reliability. 

 

Table 4.3 Recovery study of gallic acid in wine and tea samples.  

No. of 
Sample 

Type of 
sample 

Gallic acid  (mmol L-1) 
Recovery (%) 

Unspiked Spiked 

Wine samples 

1 red wine 1.20 3.34 104.4 

2 white wine 0.76 2.83 102.3 

3 rose wine 1.70 3.91 105.6 

Tea samples 

4 green tea 2.31 2.69 95.8 

5 oolong tea 2.95 3.32 96.1 

6 black tea 2.37 2.89 100.8 
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4.4 Interference study 

Some substances that can cause interferences for determination of the TAC 
in wine are ethanol and glucose. In tea, the interfering substances such as glucose, 
fructose and sucrose were studied. The responses of 1.0 mmol L-1 of gallic acid with 
the various amount of the studied interference were determined. A substance was 
considered as non-interfering if the relative error of determination less than ±5%. The 
maximum concentration of each interfering compound which causes no interference 
is listed in Table 4.4. The results showed that the proposed method presents good 
selectivity. However, the interference can be avoided with high dilution of the 
sample solution before analysis.  

 

Table 4.4 The acceptable concentration of interfering compounds in the 
determination of gallic acid by SIA-CL method. 

Interferences Concentration (mM) Relative error (%) 

Ethanol 1500 -0.41 

Glucose 500 -3.93 

Fructose 200 -3.59 

Sucrose 200 -0.09 
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4.5 Real sample analysis 

The developed SIA-CL method was applied to the determination of the TAC 
in wine and tea samples. The samples were diluted with deionized water as 
described in Section 3.2. The results were expressed as GAE values which was 
calculated from the calibration curve of gallic acid (using the regression equation: y = 
12.035X + 3.2111). The TAC in beverage samples obtained from developed SIA-CL 
method and DPPH method were compared as shown in Table 4.5. From the results, 
the GAE values obtained from two methods were absolutely different. Generally, the 
determination of TAC by different in vitro methods can produce different absolute 
values because it is different in the terms of reaction mechanisms and experimental 
conditions [42-44]. However, a good correlation between SIA-CL method and DPPH 
method was observed. The correlation coefficient (R2) for wine and tea samples was 
0.9989 and 0.9997, respectively. These results showed that the present method 
could be used for ranking of samples according to their TAC [18, 20].  

     

Table 4.5 Total antioxidant content in wine and tea samples obtained by the 
SIA-CL and DPPH method. 

No. of 
Sample 

Type of 
sample 

% Antioxidant activity*  GAE (mmol L-1) 

SIA-CL DPPH  SIA-CL DPPH 
Wine samples      

1 red wine 27.6 39.5  20.3 2.61 
2 white wine 24.5 15.4  3.54 0.22 
3 rose wine 29.9 27.4  4.44 0.44 

Tea samples      
4 green tea 28.3 33.5  4.17 1.09 
5 oolong tea 30.9 38.1  4.59 1.26 
6 black tea 17.0 15.9  1.15 0.09 

* % Antioxidant activity or ∆I% was calculated from diluted samples as described in  ection 3.2. 
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Additionally, the GAE values of wine and tea samples obtained by the 
proposed method and published literature were studied as shown in Table 4.6. The 
GAE values were reported as milligram of gallic acid equivalents per litre of sample. 
From the data, it was found that the results are in agreement with previous 
literature. The differences in total antioxidant content between the proposed 
method and published literature result from different types of wines and teas, 
depending on location and production process.   

 

Table 4.6 The GAE values of wine and tea samples obtained by the proposed 
method and published literature. 

Literature 
GAE (mg L-1) 

Red  
wine 

White 
wine 

Rose 
 wine 

Green  
tea 

oolong 
tea 

Black 
 tea 

This study 3451 602 755 709 780 196 

Porgali et al. [45] 
(Turkish wines) 

1837-3467 - - - - - 

Buyuktuncel et al. [46] 
(Turkish wines) 

2600-4847 - - - - - 

Lugemwa et al. [47] 
(South African wines) 

2434-2703 - - - - - 

Carruba et al. [48, 49] 
(Italian wines) 

- 179-542 - - - - 

Gattuso et al. [50] 
(Italian wines) 

- 672 - - - - 

Gigliotti et al. [51] 
(Italian wines) 

- - 440 - - - 

Owczarek et al. [52] 
(Indian teas) 

- - - 1314 - 939 

L. Fu et al. [53] 
(Chinese teas) 

- - - 235   -  867 
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Moreover, a paired t-test at 95% confidence level was used to compare the 
% antioxidant activity between the developed method and the standard method as 
DPPPH method. It was found that the values of tstat (-0.62) < tcritical (2.57). Therefore, 
there was no significant difference between the two methods. The results of paired 
t-test are shown in Figure 4.17. These results confirmed that the developed SIA-CL 
method has high accuracy and reliability for determination of the TAC.  

 

 
Figure 4.17 Paired t-test comparison of % antioxidant activity between SIA-CL 

method and DPPH method.   

 



 
 

 

CHAPTER V 
CONCLUSIONS 

 

In this research, the sequential injection analysis (SIA) with 
chemiluminescence (CL) system was developed for the determination of total 
antioxidant content (TAC) in wines and beverages. The method is based on the 
inhibition effect of antioxidants on luminol–H2O2–K3Fe(CN)6 chemiluminescence 
reaction in alkaline condition. The developed SIA-CL method is rapid (with a sample 
throughput of 60 samples h-1), automated, uncomplicated and consumes less 
chemical. Moreover, the home-made chemiluminescence detection system was 
fabricated from inexpensive materials and a small size light-to-voltage optical sensor 
was used as an alternative detector. The developed SIA-CL method was successfully 
applied for the determination of TAC in plant-derived beverages (wine and tea 
samples). The working range for gallic acid used to express the TAC was obtained 
from 0.5 to 5.0 mmol L-1 with a good detection limit of 0.25 mmol L-1 and 
quantitation limit of 0.84 mmol L-1. Additionally, the proposed method offers high 
precision (with the %RSD of between-days reproducibility of 2.2 to 5.4%). A 
comparison of the results between the SIA-CL method and DPPH method for the 
analysis of wine and tea samples provided a good correlation and there was no 
significant difference between two methods, demonstrating that the proposed 
method is accurate and reliable for measurement of TAC in plant-derived beverage 
samples. Therefore, the developed SIA-CL method could be used as a routine 
method for the analysis and the quality control of beverage products.    
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APPENDIX A 
Chemiluminescence characteristics of luminol 

 

 
Figure A1 Chemiluminescence spectrum of luminol with hydrogen peroxide with 

the presence of potassium ferricyanide catalyst recorded by AvaSpec-
2048 fiber-optic spectrophotometer. 
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APPENDIX B 
SIA-grams of gallic acid standard  

 

 
Figure B1 SIA-grams of various gallic acid concentrations using SIA-CL method. 
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APPENDIX C 
DPPH free radical scavenging method 

 

 
Figure C1 A calibration curve of gallic acid using DPPH method. 
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APPENDIX D 
Correlation between SIA-CL method and DPPH method 

 

 
Figure D1 Correlation plot between the SIA-CL method and DPPH method for 

wine samples (n=3). 

 

 
Figure D2 Correlation plot between the SIA-CL method and DPPH method for 

tea samples (n=3). 

 

 



 

 

58 

APPENDIX E 
Development of chemiluminescence detector 

 

Part I: Design of chemiluminescence detector 

 
Figure E1 The 3D design of developed chemiluminescence detector. 
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Part II: Light-to-voltage optical sensors 

Product data sheet from Texas Advanced Optoelectronic Solutions (TAOC) 
Inc. Available from: www.ams.com 
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