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Abstract 
 

A determination of water quality should be conducted as a reference to determine the status of 

pollution in waters. This study aims to determine the content and distribution of several heavy metals 

and to determine the pollution index of those heavy metals in Depapre waters, Jayapura Regency, 

Papua. The sampling of seawater was conducted in October 2017 at five observation stations. The 

results were then compared to the quality standards of seawater for marine biota based on the Decree 

of the Minister of Environment No. 51 year 2004. Heavy metal concentrations in the seawater 

samples were analysed using Atomic Absorption Spectrophotometer (AAS). The results showed 

that concentrations of Cd, Pb, Cu, and Zn ranged between 0.00-0.003 mg/l, 0.001-0.005 mg/l, 0.464-

0.600 mg/l, and 0.003-0.008 mg/l, respectively. Mercury was not detected because its concentration 

was lower than the detection limit of the tool used. The Hg, Pb, and Zn concentrations fell within 

the concentration limits specified in the quality standards of seawater for marine biota, whereas the 

Cd concentrations at stations 1, 2, and 4, and Cu concentrations at all observation stations exceeded 

the limits specified in the quality standards of seawater for marine biota. Based on the water 

pollution index, all observation stations fell into the moderately polluted category with a pollution 

index range of 6.94-7.34. The Cu concentration was the biggest contributor to a high pollution index 

in the Depapre waters, Jayapura Regency. 
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1. Introduction 
 

The main problem faced in the marine areas investigated was the condition of the water, which had 

often been contaminated, and was thus of impaired quality. Ideally, seawater quality for marine 

biota should meet the standards specified for physical, chemical, and biological parameters [1-4]. A 

significant decrease in water quality due to high concentrations of poisonous inorganic and or 

organic materials is not only bad for the marine environment; it can also cause disruption and loss 

in the economy and society. One of the pollutants that needs to be paid attention to is heavy metals 

[5]. Although a certain concentration of heavy metals was found in seawaters, the concentration was 

still under threshold value that could danger marine organisms [6]. However, even in such cases, 

bad things can happen when the heavy metals that pollute seawaters accumulate in sediments and 

marine organisms [7]. 

A range of research work has shown that several bodies of seawater in Indonesia were 

atrociously contaminated by heavy metals. Heavy metals contamination was found to be a serious 

problem in Jakarta Bay waters, but the concentrations of heavy metals such as copper (Cu), cadmium 

(Cd), and lead (Pb) found there were shown to have not been on decreasing or increasing trends [8]. 

Likewise, pollution that occurred in Central Java waters was caused by the heavy metal 

concentrations of mercury (Hg), Pb, and Cd that came from domestic wastes, farming activities, and 

marine transportation that surpassed the quality standards of seawater [9-11]. The Pb and Cd 

concentrations in Ambon waters also surpassed the standards of quality for marine biota [12]. 

Moreover, the sediments in the coastal waters of Tangerang were polluted by Hg and surpassed the 

threshold with higher concentrations [13]. Lead and cadmium were found to have contaminated 

fishes and marine biota, like Strombus Canarium and Anadara sp, in the Kalabat Bay waters of 

Bangka Island [14] and Euthynnus sp in North Java coastal waters [15]. 

Pollutants that enter a body of water can cause the waters to become polluted. To assess 

the status of pollution in waters, the Government of Indonesia, through Decree of the Minister of 

Environment No. 115 year 2003, has established several methods to determine the status of pollution 

in waters, one of which is the water pollution index [16]. The water pollution index is used to 

determine the level of pollution relative to permitted water quality parameters [17]. The water 

pollution index has been widely used to determine the status of water pollution in Indonesia in 

seawaters [3, 11, 18], rivers [19-22], and lakes [23]. The results of water quality assessment based 

on water pollution index can be used as input to improve water quality if there is a decrease in 

quality due to the presence of pollutants. 

The area of Depapre waters is one of the coastal areas in Papua that underwent significant 

development in the areas of port construction, marine tourism, settlement housing, marine 

transportation, and aquaculture and fisheries. All of these activities were suspected of contributing 

to water pollution. Hamuna et al. [24] showed that the Depapre waters were lightly to moderately 

polluted, with several physical and chemical parameters exceeding the specified quality standards. 

However, the water chemical parameters studied in the study did not include heavy metals, and there 

has been little or no information regarding the concentration of heavy metals in Depapre waters to 

date. 

The purpose of this study was to determine the concentration and spatial distribution of 

various heavy metals in Depapre waters, Jayapura Regency, Papua Province. The analyzed heavy 

metals in this study were Mercury (Hg), Cadmium (Cd), Lead (Pb), Copper (Cu), and Zinc (Zn). 

These heavy metals are very dangerous if their concentrations exceed the threshold determined by 

the Government of Indonesia in the Minister of Environment Decree No. 51 year 2004, which deals 

with Seawater Quality Standards [25]. The obtained heavy metal concentrations were analyzed 

further to determine the pollution index of heavy metals in Depapre waters. 
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2. Materials and Methods  
 

2.1 Study area 
 

The area of this study was the Depapre waters, Papua Province, Indonesia. It was conducted in 

October 2017. The locations for measurement and sampling of seawater included 5 stations, namely 

(1) Harlem tourism beach waters, (2) coastal waters of Tablasupa Village (settlement houses in 

around the waters), (3) Dua Island waters, (4) waters in the construction area of Depapre harbor, 

and (5) Depapre Village waters (settlement houses in surrounding land). The sampling location in 

this study is presented in Figure 1. 

 

 
 

Figure 1. Locations of the sampling stations in Depapre waters, Papua Province, Indonesia 

 

2.2 Seawater sampling and analysis 
 

The seawater sampling was done based on the Indonesian National Standard (Standar Nasional 

Indonesia - SNI) method No. 6964.8.2015. In this study, seawater samples were taken once from 

each research station. Each sample was taken at a depth of 50 cm from the sea surface using a water 

sampler (Vandorn bottle). The sample was then filtered with cellulose nitrate filter paper (0.45 µm). 

A total of 250 ml of the sample was put into a Niskin bottle that had been filled with concentrated 

nitric acid (HNO3) for the sample preservation process. Furthermore, each sample was stored in a 

cool box until being analyzed in the laboratory.  

In the laboratory, the seawater samples were analyzed using Atomic Absorption 

Spectrophotometer (AAS) in the Jayapura Health Laboratory of Papua Province. The types of heavy 

metals and standard analysis are presented in Table 1. The data analysis was done by comparing the 

results of laboratory analysis with the seawater quality standards based on Minister of Environment 
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Decree No. 51 year 2004, which is concerned with  Seawater Quality Standards that relate to lives 

of marine biota [25]. 

 

Table 1. Standard and analytical methods of heavy metals for seawater quality 

Heavy metals Quality standards (mg/l) * Analytical methods 

Hg 0.001 SNI 19-6964.2-2003 

Cd 0.001 Standard Method 2005, Section 3111-Cd.B 

Pb 0.008 Standard Method 2005, Section 3111-Pb.C 

Cu 0.008 IKM/5.4.38/BLK-Papua (Spectrophotometer) 

Zn 0.05 Standard Method 2005, Section 3500-Zn.C 

* Minister of Environment Decree No. 51 year 2004 about Seawater Quality Standards for Marine 

Biota 

 

2.3 Spatial distribution of heavy metals 
 

The heavy metals data and coordinates were then analyzed using the Geographic Information 

System approach. The analysis of the spatial distribution of heavy metals involved interpolation. 

Interpolation is a method used to predict values on grids that are not represented by sample points 

[26]. The interpolation method applied in this study was the Inverse Distance Weight (IDW). IDW 

is a method that shows interpolation results that are similar to the maximum and minimum values 

of the sample data and will change linearly according to the distance from the sample data [26, 27]. 

The IDW method can be used on a small number of data samples whose distribution is representative 

[28]. 

 

2.4 Analysis of water pollution index 
 

One of the most important indices in water quality assessment is the water pollution index [29]. The 

water pollution index is a useful tool to provide information about water quality. It was determined 

based on the Decree of the Minister of Environment No. 115 year 2003, using the following formula 

[17]: 

PIj=√
(Ci/Lij)M

2
+(Ci/Lij)R

2

2
             (1) 

where:  

Lij   : standard water quality parameter for each parameter at specified water quality 

purpose (j) 

Ci   : measured water quality parameters i  

PIj   : the pollution index for a specified j water quality purpose (j) 

(Ci/Lij)M   : maximum value of Ci/Lij  

(Ci/Lij)R   : average value of Ci/Lij  

 

The relation between the level of water pollution and the pollution index criteria based on 

the Decree of the Minister of Environment No. 115 year 2003 about Determination of Water Quality 

Status is as follows [16]: 

0 ≤ PIj ≤ 1  : good quality  

1 < PIj ≤ 5  : lightly polluted 

5 < PIj ≤ 10  : moderately polluted 

PIj > 10   : heavily polluted 
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3. Results and Discussion 
 

3.1 Concentration and spatial distribution of heavy metals 
  

This study was concerned with analysis of the quality of seawater in the Depapre waters and in 

particular examined whether those waters were safe or harmful to marine biota. Ideally, marine 

waters should meet the specified physical, chemical, and biological quality standards and waters 

that fail to do so are considered to be contaminated. The laboratory analysis showed that the 

concentrations of Cd, Pb, Cu, and Zn ranged between 0.001-0.003 mg/l, 0.001-0.005 mg/l, 0.464-

0.600 mg/l, and 0.003-0.008 mg/l, respectively. Meanwhile, the concentration of Hg could not be 

detected because the value was smaller than the limit of detection of the tool used. The results of 

the analysis of heavy metals concentration in Depapre waters are presented in Table 2. 

 

Table 2. The heavy metals concentration in Depapre waters, Jayapura Regency, Papua, Indonesia 

Stations 
Heavy metals concentration (mg/l) 

Hg* Cd Pb Cu Zn 

1 <0.0008 0.003 0.001 0.600 0.004 

2 <0.0008 0.002 0.005 0.554 0.003 

3 <0.0008 0.001 0.002 0.464 0.005 

4 <0.0008 0.002 0.003 0.502 0.003 

5 <0.0008 0.001 0.005 0.592 0.008 

* <0.0008 mg/l  are below the detection limit. 

 

According to the quality standards for heavy metals concentration for marine biota, the 

concentrations of Hg, Pb, and Zn met the quality standards of seawater. On the contrary, the 

concentration of Cd at stations 1, 2, and 4, and also the Cu concentration at all observation stations 

was higher than the quality standards for marine biota. Even low concentrations of heavy metals in 

seawater do not mean that these pollutants will not have a negative impact, and this is especially the 

case with non-essential heavy metals. Heavy metals can be dangerous for marine biota, especially 

if the concentration inside the seawater is higher than the quality standard [30, 31]. Heavy metals 

that accumulate in sediments and marine organisms may be of increased concentration depending 

on the condition of the waters [32]. Hg, Pb, Cd, and Cu can be very dangerous because of 

biomagnification, which means that they accumulate in an organism's body over time and reach 

toxic levels [33]. 

The spatial distribution of heavy metals (except Hg) in Depapre waters are presented in 

Figure 2. Generally, heavy metals concentrations (except Zn) in research locations tended to be 

higher nearer to the beach and lower towards the open water. Heavy metals distributions in seawaters 

can be influenced by several inputs and water dynamics [13], topography, patterns of wind 

movement, and circulation of surface currents [34, 35]. The availability of heavy metals in the waters 

is influenced by dynamic system influences (tidal flow), hydraulic systems, organic materials, and 

salinity [36].  

The sources of heavy metals varied in each body of seawater. Heavy metals in Depapre 

waters were thought to be the results of human activities and natural sources. Because there is no 

waste in the area due to industrial activity,  which is one of the biggest sources of heavy metal 

pollution in waters, the heavy metals in Depapre waters are suspected to have come from activities 

such as household waste disposal, small-scale agricultural, fisheries, and marine transportation. 

Research has shown that in general, the higher the level of human activities in coastal and seawaters 
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areas, the bigger the possibility of an increase of heavy metals concentrations in seawaters. 

Naturally, heavy metals concentrations in seawater are very low (around 10-5-10-2 ppm); however, 

they can accumulate in seawaters by various means [6]. Mercury can get into waters from volcanic 

activities and groundwater seepages that have passed through areas of mercury deposits. Lead enters 

the sea through crystallization in the air and then with the assistance of rain, as well as from mineral 

stones that erode due to waves and wind. Copper also finds its way into bodies of water due to 

erosion of minerals. Furthermore, Cu compounds present on the atmosphere can be brought down 

by the rain. Cadmium naturally enters waters in smaller amounts [37]. 

 

 
 

Figure 2. The spatial distribution of heavy metals concentrations (Pb, Cd Cu, and Zn) in Depapre 

waters, Papua Province, Indonesia 
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Spatially, the interpolation results of the distribution of Cu and Cd in Depapre waters 

exceed the quality standards. Although Cu is classified as an essential heavy metal that is needed by 

aquatic organisms, it can be highly toxic to aquatic organisms at higher concentrations. This is in 

contrast to Cd, which is classified as a non-essential heavy metal that is very dangerous for aquatic 

organisms. It needs special attention because Cd is toxic even though its concentration in seawaters 

is low and because it is persistent. In aquatic ecosystems, Cd contamination has great effects on 

ecosystem function, structure, and biogeochemical nutrition of water [38, 39]. Heavy metal 

pollution in seawaters can act as an important intermediary for subsequent pollution in aquatic 

ecosystems or public health [40]. Various human activities are suspected to be sources of Cd in 

Depapre waters, and included are household waste disposal, agricultural waste disposal, and marine 

transportation activities.  

 

3.2 Water pollution index based on heavy metal concentrations 
 

The water pollution index functions as a tool to discover and express pollution levels in waters. The 

water pollution index provides a single assessment score of various environmental parameters, and 

it is analyzed to interpret the water quality [41]. The results from the analysis of the pollution index 

values at each station are fully presented in Figure 3. According to the results of the pollution index 

evaluation of heavy metals, all the research stations can be classified in the moderately polluted 

category with water pollution index values in the range of 6.94-7.34. 

 

 
 

Figure 3. Water pollution index based on heavy metals concentration in Depapre waters, Papua 

Province, Indonesia 
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Based on the analysis of heavy metal concentrations, the high concentration of Cu was the 

largest input contributing to the high index of heavy metal pollution in Depapre waters. This high 

Cu concentration needs to be monitored because if the Cu concentration keeps increasing, it will 

surely have a negative impact on marine biota and the local society. The Cd concentration also 

influenced the determination of the water pollution index, although it was not as significant as the 

Cu concentration. The evaluation of the results of water pollution index-based study of heavy metals 

concentrations may provide solutions for decision-makers who must value the quality of waters for  

allocations, and fix up the quality of waters if there is quality decrease caused by the presence of 

contaminated materials. 

Although the water pollution index only shows the level of relative pollution, it can be used 

as a reference for the regional government to mitigate pollution in local seawaters. Therefore, the 

regional government must define strategies and actions for the prevention and control of seawater 

pollution and the recovery of seawater quality. The purpose of monitoring is not to detect minor 

fluctuations that are quickly disappearing but to detect significant changes in sea waters and aquatic 

ecosystems, so spatial and temporal monitoring of seawater quality is needed. 

 

 

4. Conclusions 
 

The heavy metals found in Depapre Waters came from household waste disposal, farming activities, 

minor-scaled fisheries, marine transportation, and also from natural processes. The copper 

concentration in all locations, and cadmium in three research stations, were higher than the limits  

indicated in the water quality standards, whereas the concentrations of mercury, lead and zinc in all 

locations were within standard range for water quality for marine biota. Heavy metals distributions 

(except Zn) tended to be higher near to the beach and lower towards open water. According to the 

results of the pollution index of heavy metals, the Depapre waters have been classified into the 

moderately polluted category, and show water pollution indexes in the range of 6.94-7.34. The 

concentrations of Cu and Cd as inputs caused the high value of the heavy metal pollution index in 

Depapre waters. There is a need for policies and regulations from the regional government to 

regulate the disposal of waste in an effort to control pollution in the area’s seawaters, and the 

disposal of both anthropogenic and industrial waste need to be monitored. The research also suggests 

that authorities need to keep a close eye on the disposal of fuel and ballast water of ships. If the 

concentration of heavy metals in seawaters can be controlled, the quality of sea waters will also be 

good. This assessment of the concentration and distribution of pollutants provides more than just a 

way of determining the water pollution index; it also provides information on water quality that 

gives a picture of the overall level of water pollution. The concentrations of heavy metals in 

seawaters that come out of this study can be used as baseline data for future activities. 
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Abstract 
 

The purpose of this paper is to increase the efficiency of the production of motorcycle headlights by 

balancing the assembly line in order to achieve maximum utilization of manpower. Since the motorcycle 

headlight assembly in question is a new production line, this research can be seen as providing a 

supportive approach to achieving work full efficiency. It was observed that improvements can be made 

to the arrangements of the various elements that form the production line. Therefore, the reseachers 

proposed a solution that incorporates production line balancing and improvements of work techniques. 

Simulation with the Arena program is used to analyze the results of the current working conditions and 

these are compared to the various alternative strategies proposed. The results show that the proposed 

improvements can help to increase the productivity of motorcycle headlight production line (production 

cycle time reduced by 25.51 % and production capacity increased by 28.36 % compared to the current 

situation) and involve more efficient use of manpower (the utilization of manpower increased by  

13.33 % compared to the exisitng situation). Moreover, this research and the proposed improvements 

point to further research aimed at better meeting the monthly demands for product of customer . 
 

Keywords: Motorcycle headlight; line balancing; work improvement; simulation  

DOI 10.14456/cast.2021.5 
 

 

1. Introduction 
 

The Thai automotive industry is likely to expand further as the domestic economy and the global 

economy improve. Motor vehicle production has been continuously increasing, and this has 

stimulated the automotive parts industry to develop and grow in accordance with the directions of 

the automobile and motorcycle production industries. The parts that continue to be in demand are 

mechanical parts such as car frames and bodies, suspensions, car accessories and lighting systems, 

all of which are expected to continue to increase in demand. The company involved in this case 

study is one of the companies that produce automotive lighting equipment for a large automotive 

distribution company. At present, the company studied in this research, which produces automotive 

lighting devices, has problems that relate to insufficient labor resources when demand for product 

is high. This case study of the motorcycle headlight assembly line found that as the motorcycle 

 

*Corresponding author: Tel.: (+66)-893956932 Fax: (+66) 343511404 

                                       E-mail: fengawbo@ku.ac.th 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

 

13 

 

headlight parts were new models, there was no development plan for the assembly line. Furthermore, 

the research showed that even when the current line setup operates at maximum capacity, the level 

of production is still less than the maximum demand of customers. It was also found that the main 

problem of this assembly process is an improper balancing of the production line. Notably, the 

company had a policy to reduce the use of employees in this production process from 6 people to 5 

people. Therefore, the aim of this research, which is concerned with the flow process and working 

charts of the motorcycle headlight assembly line, is to improve the production efficiency of the line.  

 Line balancing is about equalizing the workload or assigning working operations to 

workstations across all operations along the production line in order to remove bottlenecks and 

excess capacity [1]. Assembly line balancing was first proposed in Helgeson and Birnie [2]. The 

various techniques of line balancing, which vary according to specific aspects of the manufacturing 

process, have been widely used and applied for many years [3, 4]. Manufacturing throughput is 

dependent on the length of time each task requires on the line. With so many different and potentially 

conflicting requirements on the system, the outcomes of line balancing processes can be difficult to 

predict. Factors such as the rapid rate of and uncertainty that occur in each process, interactions 

among employees, and the different transfer times between workstations make it difficult to 

optimize. Although analytical methods can be used, there are limitations due to the dynamic nature 

of the system [5, 6]. Therefore, a simulation model is an easier way to create a model that can 

identify problems and bottlenecks in the real system, and thus facilitate better production efficiency, 

resource usage, and time usage [7, 8]. In this work, simulation was used to analyze the current 

system and propose and study an optimized alternative before implementation in the real system, 

thus minimizing risk, error, and uncertainty [7]. Simulation techniques have been widely used for 

development and decision-making support in many fields, such as manufacturing, transportation, 

production distribution, banking and health care [9]. The advantages of simulation were found to be 

reasonableness, provability and output comparison. It gives a re-configurable assembly line the 

flexibility needed to improve the throughput of the assembly line and working cells while reducing 

the need for manpower. These outcomes can all help the enterprise to meet growing customer 

demand.  In addition, more effective techniques of work can reduce wasted time, increase production 

efficiency and facilitate smooth production levels [1]. Therefore, the important criteria to do with 

motorcycle headlight production in this paper are whether or not assembly line output meets the 

demands of the customers, and how employees are being utilized. To realize this approach, various 

combinations of work improvement, line balancing and simulation technique are applied to the 

assembly line to increase the efficiency of the motorcycle headlight assembly line. The proposed 

model 1 is a line balancing technique (LB model) and the proposed model 2 involves eliminating 

unnecessary work and work technique improvements (LB+Work Improvement model). Moreover, 

the results of the research can not only improve the system studied; they can also be implemented 

on a bigger scale in larger industrial situations. 

 

 

2. Materials and Methods  
 

2.1 Analysis of production process flow 
 

A study of work and data collection using an operations chart shows that there are work sequences 

and division of 22 sub-tasks, and the details of each step is shown in Figure 1. 
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1

2

INNER LENS 

& REF F/T SET

(40.64 s.)

3

PWB F/T & F/P 

& QC CODECHECK

(40.93 s.)

EXT & REF F/T SET

(37.01 s.)

4
CORD CP SET

(25.32 s.)

5

6

REF HL & AIMING NUT

(10.26 s.)

7

PWB HL & SCREW SET

(31.98 s.)

CORD CP REF SET

(29.53 s.)

8
DOUBLE CHECK

(9.36 s.)

9

10

BOLT INSERT

(21.91 s.)

AIMING

(21.89 s.)

11
PLATE AIMING 

SPECIAL TAP SCREW

(19.31 s.)

12
DOUBLE CHECK

(5.16 s.) 13
EXTENSION CP 

& SCREW SET HSG

(34.25 s.)

14
HSG UNIT LIGHTING TEST 

& AIR BLOW

(5.16 s.)
15

LENS AIR BLOW

(6.69 s.)

16

HOTMELT 

& LENS PRESS

(17.36 s.)

17

COOLING

(6.57 s.)

18

CAP SET JIG

(9.91 s.)

LEAK TEST & AUTO CAP 

& AUTO STAMP

(3.46 s.)
19

LIGHTING TEST & AUTO 

STAMP LOT No.

(15.72 s.)
20 21

FINAL INSPECTION

(22.99 s.)

22

PACKAGING

(11.35 s.)  
 

Figure 1. The flow process of the motorcycle headlight assembly line 

 

 

Under present working conditions, it is found that there are production plans in the case of 

using 6 employees and 5 employees (the latter being part of a plan to reduce resources). The working 

diagram of the production process in both cases is shown in Figures 2 and 3, respectively. 

 

 
 

Figure 2. The operation of the motorcycle headlight assembly while operating with 5 people 
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Figure 3. The operation of the motorcycle headlight assembly while operating with 6 people 

 

2.2 Analysis of causes of problems and solutions 
 

The analysis of the causes of the problems and the solutions to the problems is based on the why-

why analysis principles. These can summarize the causes of the problems and the solutions, and are 

shown in Table 1. The root cause of the problem consists in the skill of the staff because it is a new 

production line. The solution is to train employees to be fluent in their positions. In addition, the 

utilization and the working order are not consistent with the alignment of the machines. The solution 

is to line balance and adjust the workstation positions along the production line. 

 

Table 1. The why-why analysis 

Problem/Why? Why? Answer Solution 

1) Skill of the 

staff 

Why do employees not have 

expertise in their work? 

This is a new 

production line. 

Training of employees  

2) Some staff 

are not working 

at full 

utilization 

Why are employees not 

working at full utility? 

Work assignments are 

not balanced. 

Line Balancing 

Can the workload be 

balanced? 

Yes, but it must 

comply with the work 

order conditions 

3) The work 

order does not 

correspond to 

the alignment 

of the machine. 

Why is it not consistent? The formatting of the 

layout in the 

production line and 

the work order are 

unbalanced. 

Re-position  

the production line 

Can the workload be balanced? Yes, but it must 

comply with the work 

order conditions 

Line Balancing 
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2.2.1 Product demand quantity and takt time 

 

Table 2 shows a list of quantity of orders in units per month. The quantity of product demand is used 

to calculate the takt time (takt time = net working time /number of work pieces needed) according 

to the customer's requirements. The company has 21 working hours per month and 20 h per day (net 

working time = (20x3600)x21 = 1,512,000 s). 

 

Table 2. Product demand quantity (pieces/month) and takt time (second per piece) 

Month Demand quantity Takt time Month Demand quantity Takt time 

1 12,876 117.43 7 16,086 93.99 

2 20,839 72.56 8 14,790 102.23 

3 17,653 85.65 9 17,102 88.41 

4 15,944 94.83 10 15,928 94.93 

5 14,534 104.03 11 15,062 100.39 

6 14,420 104.85    

 

2.2.2 Cycle time 

 

From the analysis of data on current production work, a summary has been prepared that shows the 

workload of each person assigned and the cycle time of work of each person in the production of 

one workpiece in the case of 5 employees per line (Figure 4), and for 6 people employees per line 

(Figure 5). The figures also show the workload utilization of the production line. 

 

 

 
 

Figure 4. Workload in the case of having 5 production line staff 

 

 

 
 

Figure 5. Workload in the case of having 6 production line staff 
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2.3 Production improvement 
 

2.3.1 Line balancing technique (LB model) 

 

In this research, we balance the production line with the rank positional weight method [10], which 

includes a network of all 22 sub-tasks, as shown in Figure 6. 

 

 
 

Figure 6. The network of all 22 sub-tasks 

 

The conditions of production are sub-tasks between pairs 3 and 4, pairs 5 and 6, pairs 13 

and 14, and pairs 18 and 19, which are tasks that need to be done on the same machine. In addition, 

the inspection tasks in steps 8 and 12 cannot use the same workers that work in steps 7 and 4, 

respectively. A summary of  the assigned workload utilization of the production line after line 

balancing is detailed in Figures 7 and 8. 

 
 

Figure 7. Workload in the case of having 5 employees after balancing the production line 
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Figure 8. Workload in the case of having 6 employees after balancing the production line 

 

After balancing the production line, the position of the workload has changed. The layout 

and placement of machines in the new production process are critical and must be in line with the 

new work order. Furthermore, the layout and placement of machines must be adjusted under the 

constraints of the production line space and the possibilities of relocating each machine. A updated 

flowchart that reflects the balancing is shown in Figures 9 and 10, respectively. 

 

 

 
 

Figure 9. Workflow after balancing the production line with 5 people working 
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Figure 10. Workflow after balancing the production line with 6 people working 

 

2.3.2 Eliminating unnecessary work with work improvement techniques (LB+work 

improvement model) 

 

The analysis of the current process reveals that the 1st sub-task is a task that prepares parts from the 

previous production line. The application of ECRS technique (Eliminate, Combine, Rearrange, 

Simplify) eliminates this sub-task from the process, reducing the total time to 40.64 s. After cutting 

the 1st sub-task from the process, the effects of rebalancing the production line for both 5 and 6 

employees on the assigned workload utilization of the production line is detailed in Figures 11 and 

12, respectively. 

 

 
 

Figure 11. Workload in case of having 5 staff members after line balancing and work 

improvement 
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Figure 12. Workload in case of having 6 staff members after line balancing and work 

improvement 

 

2.4 Simulation model 
 

The study of the process flow of the system and the collection of the necessary information enables 

the development of the current workflow model using the Arena program. The systematic diagram 

(Figure 13) that shows the entities that are fed into the system through each process is clear and 

most consistent with the actual situation. The model that was developed (represented in Figure 14)   

mimics the actual production process. Data obtained from the model's processing, when analyzed, 

supports the uncertainty of the real situation. The system of interest in this study consists in the 

important components as shown in Table 3. The working time data for each workstation is analyzed 

for distribution with the input analyzer in the Arena program. Hypothesis testing is performed using 

the chi-square test at the 95% confidence interval. The p-value is greater than 0.05, causing all data 

used in the test to have probability distributions that can be used to represent the data in the 

simulation. The distribution of time in the motorcycle front lamp assembly line of each workstation 

is shown in Table 4. 
 

 
 

Figure 13. Systematic diagram 
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Figure 14. Simulation model 

 

Table 3. Details of system components of the simulation model 

Components Details 
Entity The object of interest that flows into the system is the motorcycle headlight 

component. 

Resource Resources used in activities such as employees, machinery, etc. 

Activity Operations that occur at a certain time, such as assembly, etc. 

Variable System status indicators such as assembly time, etc. 

Event Activities that result in and change the status of variables such as entering the 

assembly line or ending the assembly, etc. 

 

Table 4. Distribution of time (s) of each workstation  

St. Expression St. Expression St. Expression 

1 TRIA(30,36.8,38) 9 UNIF(16,21.5) 17 TRIA(4.69,6.01,6.45) 

2 TRIA(30,35.8,41) 10 TRIA(18,18.3,20.5) 18 UNIF(8,9.16) 

3 TRIA(26,32.5,39) 11 14+LOGN(2.81,1.96) 19 TRIA(2,3.05,3.97) 

4 TRIA(18,25,26) 12 3.38+2.09*BETA(2.22,2.02) 20 12+3*BETA(0.758, 

0.605) 

5 7+3.76*BETA(1.45,1.39) 13 26+9*BETA(1.57,2.1) 21 TRIA(16.3,21.2,22) 

6 TRIA(20,29.2,33) 14 TRIA(10,11.7,14) 22 8+WEIB(2.08,1.49) 

7 TRIA(17,28,31) 15 4.72+2.28*BETA(1.36,1.27)   

8 7+3*BETA(0.673,1.02) 16 14+4*BETA(0.717,1.69)   

Note: St. = Station 

 

2.4.1 Model verification 

 

In this step, the standard time of work is examined for the accuracy of the simulation model by 

comparing the workload utilization in the real system with the workload utilization from the 

simulation model in the cases of 5 and 6 employees as shown in Table 5. The results show that 
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average workload utilization in both cases (5 and 6 persons) for real system and simulation model 

were not significantly different (between 0-0.37%). 

 

Table 5. Comparison of workload utilization 

Number 

of workers 

Workload utilization in 

real system (%) 

Workload utilization of 

model (%) 

Percentage difference 

(%) 

5 persons 6 persons 5 persons 6 persons 5 persons 6 persons 

1 100.00 86.63 100 87 0.00 0.37 

2 81.87 66.20 82 66 0.13 0.20 

3 87.30 86.16 87 86 0.30 0.16 

4 52.66 100.00 53 100 0.34 0.00 

5 45.13 66.31 45 66 0.13 0.31 

6 - 56.84 - 57 - 0.16 

 

2.4.2 Model validation 

 

This section examines the suitability of the model to check whether the computer model can replace 

the real system. The values obtained from the computer model, such as the number of products 

produced daily, must be close to the actual values and have a half width not more than 5% of the 

current actual data. Therefore, it can be concluded that the computer model can represent the current 

system. The first step in verifying the suitability of the model is to specify the information used to 

configure the run setup. The values from the current work system data are determined by using the 

average time in the system of 5 employees in a day with 20 working hours per day. According to 

the operating period considered, the average quantity of work produced is 606 pieces per day. The 

model is considered to be appropriate by requiring a half width deviation of not more than 5% 

(confidence interval value 95) of the current actual data. Therefore, the number of workpieces 

resulting from the model must be in the range of 606±30.3 pieces. The model examination has been 

performed in 20 replications in order to find the average amount of work produced each day. The 

result shows that the average number of workpieces produced each day is equal to 606.15, which is 

only +0.15 pieces different from the actual system which is less than the specified half width (±30.3 

pieces). Moreover, the model was validated against the real system by comparing the average 

number of products produced by using t-test for statistic validation, and it was found that the p-value 

is 0.83, greater than 0.05. Therefore, in this paper, it is found that the simulation model can represent 

the current system by specifying number of replications to be 20 cycles. 

 

 

3. Results and Discussion 
 

The improvement of a motorcycle headlight production line using the production line balancing 

method following analysis of the current working methods via Arena simulation program was 

studied. The generated model was  run for 20 replications, in the cases of 5 and 6 employees, and 

the results are  summarized in Figures 15 and 16. It can be seen that the application of production 

line balancing and task improvement (by the elimination of the first sub-task), followed by re-

balancing of the line, results in a higher average utility cost of employee. Each employee is given a 

more balanced workload, resulting in a balanced production line and reduced production cycle time. 

Similarly, the modifications help to increase productivity in production. The analysis of the ability 

to respond to customer product demand using demand data from the past 11 months of the company 

was compared with the results of the capacity analysis obtained from the model, both in the case of 
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improvements by balancing production lines and improving work by eliminating unnecessary sub-

tasks. As noted, the model was run through 20 replications, and importantly each cycle was of the 

actual operating time of the company. The case study covers 21 days per working month. The 

production capacity per month for various cases is shown in Table 6. 

 

 
 

Figure 15. Comparison of workload utilization 

 

 
 

Figure 16. Comparison of production cycle time and capacity 

 

Table 6. Production capacity per month 

Instance Current system LB LB + Work improvement 

#Employees 5  6  5  6  5  6 

Capacity 

(pieces/month) 

12,755 16,059 15,709 18,325 16,985 20,630 
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The production capacity data (pieces / month) for each case is compared with the demand for the 

products in each month, in the cases of both 5 and 6 employees. Figure 17 shows that the proposed 

improvement results in a positive trend of production that better corresponds to the customers' 

product requirements than does current, which is not covered by the 11-month case of using 5 

employees and covering 8 months from 11 months in the case of using 6 employees. In the latter 

part of the improvement, by balancing the production line in the case of using 5 employees, it was 

found that the demand can be covered for up to 5 months from 11 months, and in the case of using 

6 employees covering 10 months from 11 months. The improvement of work by eliminating 

unnecessary work in conjunction with production line balancing shows that in the case of using 5 

employees, the demand will be covered for up to 7 months from 11 months and in the case of using 

6 employees, it is covered for 10 months from 11 months. Both types of improvement guidelines in 

the case of using 6 employees can meet almost all needs. There is only the 2nd month that may not 

yet be able to respond to the demand. Additional information from the company suggested that the 

2nd month is the beginning of the production line. This new product therefore has more demand than 

usual, which, after that month, will return to normal at an average of 15,931 pieces / month. 

Therefore, it can be demonstrated that the proposed improvement approach can lead to a 

comprehensive case study to meet the needs of each month. 

 

 

Figure 17. Comparison of production capacity and product demand after improvement 

 

 

4. Conclusions 
 

The results show that the current operation in the case of using 5 production line employees is still 

unable to respond to demand and can only respond to demand for 8 months from 11 months in the 

case of using 6 production line employees. Therefore, in order to increase the efficiency of the 

motorcycle headlight production line and to allocate the most efficient use of manpower, two 

solutions are proposed as follows: The application of line balancing found that when using 5 workers 

in a production line, there was a production cycle of 95.93 seconds per piece which is a reduction 

of 18.99% compared to the current situation. Production capacity increased to 747 pieces per day, 

which is an increase of 23.06% compared to the current situation. The utilization of the production 
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line is 91.2%, which is 17.6% increase on the current situation and in the case of using 6 production 

line employees, the production cycle time is 81.04 seconds per piece, which represents a reduction 

of 14.08% on the current situation. Production capacity increased to 872 pieces per day, which is an 

increase of 13.99 % compared to the current situation. The utilization of the production line is 

88.17%, which represents an 11% increase compared to the current situation. Addition, in the case 

of improving production line efficiency by using work improvement, it was found that when 5 

workers were used in the production line, there was a production cycle of 89.04 seconds per piece, 

which is a reduction of 24.81% from the current situation. Production capacity increased to 806 

pieces per day, an increase of 32.78% compared to current. The utilization of the production line is 

88.6%, which is a 15% increase over current. Furthermore, in the case of 6 production line 

employees, the production cycle time is 70.26 seconds per piece, a reduction of 25.51 % from the 

current situation. Production capacity increased to 982 pieces per day, which is an increase of 28.36 

% over current. The utilization of the production line is 90.5 %, a 13.33 % increase compared to the 

current situation. Furthermore, further studies may consider ways to further improve the efficiency 

of the work,  and included here could be improved tools or the supply of support equipment to ease 

the work and  shorten the production cycle time. Finally, as the demand for each period is unstable, 

further studies may be conducted in order to better understand instabilities and variations in product 

demand and thus better match workload and customer demand.     
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Abstract 
 

Electroosmosis is generated by the relative displacement of an electrolytic fluid with respect to 

solid surfaces under application of an electric field. The induced flow can assist in drying wet 

porous materials such as masonry used in buildings. In this work, the effectiveness of 

electroosmotic water transport induced by the application of a constant voltage across a wet 

porous sample is studied. A quantitative evaluation of water content is then performed at three 

different positions of the sample using a capacitive sensor. From the measured capacitance, the 

change of the dielectric constant of the wet sample over time is deduced. A model is then used to 

estimate the water content from the dielectric constant of the sample. It is seen that under 

application of constant voltages, the water content of the wet porous sample at the position close 

to the positive electrode decreases drastically. However, the water content remains almost constant 

in the middle of the sample and at a position close to the negative electrode. The reason is that 

water is pushed from the positive electrode to the negative electrode under application of electric 

field. Therefore, the water content becomes almost saturated right after applying a voltage across 

the sample. The results suggest that the electroosmotic technique can be applied to the drying of 

wet walls of buildings, and to stone and earth masonry structures, especially in cases where 

traditional techniques have not been able to solve the problems. Additionally, it is shown that our 

use of capacitive sensors is a technique that could be used to monitor the water content in wet 

porous materials. 

 

Keywords: rising damp; capillary; masonry; electroosmosis 

DOI 10.14456/cast.2021.6 
 

 

1. Introduction 
 

The existence of water in buildings and masonry structures is generally one of the most common 

issues influencing architectural heritage. The water may be present for various reasons including 

accident, wind driven rain, flooding, and rising damp from the ground [1-3]. The existence of 

rising damp creates a bad ambiance in buildings. It also enhances damaging processes such as the 

degradation of building materials, the loss of thermal resistance of building walls, and the decrease 

in the mechanical performance of the masonry [4-6]. 
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Several methods have been presented to limit rising damp. One method, a mechanical one, 

consists in the insertion of an impermeable layer in building walls. Another method, a chemical 

one, consists in drilling holes at the horizontal base of walls and filling those holes with chemical 

products. Additionally, another method is based on electroosmosis in porous materials. The 

application of an electric field on porous media can generate a motion of water in pores and that 

effect is called electroosmosis. Electroosmosis is related to the electrical double layer at interfaces 

between solid surfaces and water. 

The effectiveness of the electroosmotic technique is still controversial in the literature. For 

example, Bertolini et al. [7] concluded that the chances of applying the electroosmotic technique 

effectively in drying damp masonry are extremely low. However, some authors state positive 

results on potential applications of this technique [8, 9]. Especially, Stanley and McFeat-Smith 

[10] have applied the electroosmotic technique using multi-pulse sequencing in the field for 

removing water from building walls. The results show that electroosmosis is a good method of 

driving moisture out of concrete and other masonry structures. In the literature, quantitative results 

on the variation of humidity over time under electroosmosis are scarce and sometimes 

unsatisfactory [7]. For example, Nevertheless, Ottosen and Rorig-Dalgaard [8] evaluated the 

change of water content in a brick under an electric field by cutting the brick into several pieces 

with a hammer. The water content was then measured as weight loss in each piece. However, the 

cutting itself may have changed the water content of each piece of the brick due to friction. 

Besides that, the porosity in each piece may not have been the same. Consequently, the assessment 

of water content in that work may have been less than accurate. Similarly, Ivliev [9] evaluated the 

variation of the water content by weight loss measurement after a given period of time. 

In this work, electroosmotic water transport is obtained by applying an electric field to a 

sandstone sample. A quantitative evaluation of water content is then performed at three different 

positions of the sample using a capacitive sensor. We use the Texas Instruments FDC1004 

integrated capacitance sensor. From the variation of the measured capacitance, the change of the 

dielectric constant of the wet sample over time is deduced. A model is then used to estimate the 

water content from the dielectric constant. The change of water content with position along the 

sample at a given applied voltage is used to evaluate the effectiveness of electroosmotic technique 

in drying wet porous materials. 

 

 

2. Materials and Methods  
 

2.1 Electroosmosis in porous media 
 

Porous materials are created by solid grains. When solid grain surfaces contact with water, the 

surfaces become electrically charged [11]. This leads to the charge distribution termed the 

electrical double layer (EDL) at the water-solid interface (Figure 1). The EDL consists of the Stern 

layer where ions are immobile, and the diffuse layer where ions are free to move [11]. The zeta 

potential (ζ) is the potential at the shear plane in the diffuse layer separating the mobile liquid from 

the liquid that is attached to solid surfaces (Figure 1). The zeta potential depends on mineral 

compositions of porous materials, properties of fluid, pH, temperature, etc. [12, 13].  
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Figure 1. Stern model for the charge and electric potential distribution in the EDL [14, 15] 

 

Electroosmosis was first performed by Reuss for a clay-sand-water mixture [16]. When 

an electric field is setup parallel to walls of capillary tubes, ions in the EDL suffer an electrical 

force and move, which creates a fluid movement in the capillary. That effect is called 

electroosmosis (Figure 2). A porous material can be conceptualized as a bundle of parallel 

capillaries of the radius a with zeta potential ζ. The volume flow rate in a capillary under 

application of an electric field E is given by Gad-el-Hak [17]: 
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where ε is the relative fluid permittivity, εo is the dielectric permittivity in vacuum, ζ is the zeta 

potential, η is the dynamic fluid viscosity, V is applied voltage across the porous material and L is 

the length of the capillary. 

 

 
 

Figure 2. Electroosmotic flow in a capillary tube 

 

Equation (1) indicates that the fluid flow through a capillary is proportional to the zeta 

potential, the applied electric field, and the capillary size. It should be noted that besides the main 

electroosmotic mechanism during the drying process, there may also be other mechanisms 

contributing to water movement in porous media such as diffusion, gravity, external pressure 

difference, capillary action and convection. Different models are available in the literature for the 

drying process of porous media [18]. 
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2.2 Dielectric constant in water saturated porous media 
 

A porous material consists of three components: water, air and solid grains. Its dielectric constant 

( r ) is dependent on the dielectric constant and relative volume of each component. The dielectric 

constants of air and solid grains are normally considered unchanging. Namely, r of air is taken as 

1 and r of solid grains is taken between 2 to 10. Those values are much smaller than that of pure 

water εw= 80.2 at 20oC [19]. Therefore, any change of the amount of water in porous materials will 

cause change of the r . The r  of water-filled porous media is very sensitive to the water content 

and weakly sensitive to solid particle-specific parameters such as grain radius, mineral 

composition of solid grain, solid density, and temperature [20]. Consequently, the dielectric 

constant deduced from capacitance measurements is a good indicator of water content. There have 

been several empirical equations proposed that relate the r  of a porous material to the water 

content
l . For example, one is provided for a Caen stone in the range 0 <

l <39 % [21]: 

 

lr  1.241.2 +=  (2) 

 

Due to the similarity in mineral composition, type of porous media (consolidated rock) 

and type of liquid (water) of the Caen stone sample and the rock sample used in this work, 

equation (2) will later be used to quantitatively estimate the water content from the r  of the 

porous sample in this work. 

 

2.3 Experiments 
 

To assess the variation of water content in fluid saturated porous media, we use an experimental 

setup as shown in Figure 3. A porous sample is a slab of Berea sandstone (10 cm×5 cm×3 cm). 

The porosity of the sample is measured as 25% by a simple method described in Thanh et al.  [22]. 

The fluid used to saturate the porous sample is tap water. The electrical conductivity and pH of the 

water as measured are 0.73 mS/cm and 7.3, respectively. The sample is first dried in an oven at 

105oC for 24 h, cooled down to room temperature, and filled with water using the setup shown in 

Figure 4. 
 

 
 

Figure 3. Experimental setup for electroosmotic measurements 

(1) Capacitance sensor, (2) Copper electrodes, (3) Porous sample, (4) DC power supply,  
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The sample is taken out of the water bath and scrubbed with wet tissue paper. The water 

content of the wet sample is then measured as 20 % (by weighing the wet and dry samples). The 

sample is put in place as shown in the experimental setup (Figure 3). Copper electrodes are placed 

against the ends of the porous sample and fixed. The electrodes have a surface area of 5 cm x 3 cm 

and they are connected to a power supply (Aim-TTi PLH250-P). Constant voltages of 25 V and 

12.5 V are selected in this work because those values are enough to observe the effect in porous 

bricks as stated in Ottosen and Rorig-Dalgaard [8] (50 V/23 cm) and to disregard air bubbles 

generated at two copper electrodes and electrode processes. To decrease the resistance between the 

brick and the electrodes, steel wool is used. The sample, steel wool and electrodes are wrapped 

carefully with plastic film during measurement in order to minimize evaporation. The electrical 

current (I) through the sample is measured by an Ampere meter in the power supply. The result 

shows that electrical current decreases over time and becomes stable after a certain amount of 

time. For example, at the beginning of the application of 25 V across the sample, the current is 

measured to beIi = 1.3 mA and the stable value is measured to be If = 0.1 mA after 30 hours. This 

observation is the same as that inferred from the work of Ivliev [9], in which it was shown that the 

specific resistivity of porous medium increases over time under application of an electric field. 

The reason for the increase of specific resistivity of the sample may be that there is electrolysis at 

the anode and the cathode under applied voltage. These electrode reactions produce ions and gas at 

both electrodes. These reactions induce a low pH at the anode, a high pH at the cathode, and a 

decrease in electrical conductivity of fluid. Additionally, water redistribution along the sample 

under an applied voltage may lead to an increase of the specific resistivity. 

To quantitatively evaluate the variation of water content over time at a given position on 

the sample, capacitance measurements are performed with the capacitive sensor (FDC1004) 

obtained from Texas Instruments. The sensor is pressed against the plastic-wrapped sample at 

three different positions as shown in Figure 3 (the sensor is not directly in contact with the wet 

sample). 

Before carrying out the capacitance measurements under applied voltages across the 

sample, reference experiments are also performed. The first reference used for capacitance 

measurement is with the sensor in air without contact with the sample. The second one used for 

the capacitance measurement is with the sensor in contact with the dry sample. The third one is 

with the sensor in contact with the wet sample but without applied electric field. 

 

(5) Raspberry Pi used for data collection, (6) Monitor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Experimental setup used to saturate porous samples 

(1) Porous sample, (2) Desiccator, (3) Tap water container, (4) Valve, (5) Vacuum pump 
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The experiment is run on a Raspberry Pi (Figure 3), which uses Python as the 

programming language. Based on the code of the Python program that is not shown in this work, 

we are able to set the number of data points and the time between two consecutive data points in a 

way we want to. The measured data are recorded and saved into .csv files on the Raspberry Pi. 

The .csv files are then transferred to a computer to be analyzed by Matlab. 

 

 

3. Results and Discussion 
 

The variation of capacitance with time in the reference experiments is shown in Figure 5. The 

results show that the capacitance in the cases of the sensor in air and the sensor in contact with the 

dry sample do not vary over time. It means the lab conditions (humidity, temperature, etc.) that 

may affect the capacitance are stable. In the case of the sensor being in contact with the wet 

sample without an applied electric field, the capacitance slightly decreases at the beginning (for 

around an hour) and then becomes nearly constant over time. Hence, the water content does not 

change over time under gravity when the wet sample is placed in the setup. The reason is that 

water is held onto rock particles by adhesion or by capillary force for the fine rock samples, as 

mentioned in Harter and Rollins [23]. 

Figure 6 shows the variation of the capacitance with time under application of a constant 

voltage of 25 V across the wet sample for 35 h when the sensor is placed next to the positive 

electrode. As expected, the capacitance of the sensor and therefore the water content decreases 

  

 

 

Figure 5. Variation of the capacitance with time (15 h) for the reference experiments 

 

 
 

Figure 6. Variation of the capacitance with time in 35 h under an applied voltage of 25 V when 

the sensor is placed next to the positive electrode 
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over time. The rate of decrease of the capacitance for around the first four hours is much  

higher than that for the next 30 h. This can be inferred from the time constants obtained by 

exponential fitting and is shown in Figure 6. On average, the relative change of the capacitance in 

35 h ΔC/C and therefore the relative change of the dielectric constant of the wet sample Δεr/εris 

approximately 69% (the area A and distance d between two plates of the capacitor do not vary). 

From Eq. (2), it is deduced that the water content of the sample decreases by around 69%. 

To estimate the time to push water out of a capillary (the capillary is assumed to be fully 

occupied by water) under application of a voltage of 25 V, equation (3) is used: 

 

V

L

q
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q

Volume
t

o

capillary
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 22

===  (3) 

 

Where L is the length of the sample of 0.1 m, V is taken as 25 V,   is approximately taken as 

0.04 V for the tap water-rock system [24]. Therefore, the time to get a stable water content is 

calculated to be 50 hours and this number is in agreement with that observed in this work (35 h). 

Figure 7 shows the variation of the capacitance with time under application of a constant 

voltage of 25 V when the sensor is placed at the middle of the sample and next to the negative 

electrode, respectively. It is seen that the capacitance of the sensor slightly decreases with time for 

the middle position. In particular, the capacitance barely changes over time at the negative 

electrode position. That observation can be explained by the fact that under application of 

anelectric field, water is pushed from the positive electrode to negative electrode. Therefore, water 

content becomes almost saturated right after applying an electric field at the position close to the 

negative electrode. The total loss of water in the sample wrapped by the plastic film after 40 

hexperiments is measured as around 2 %. 

 

 

 

Figure 7. Variation of the capacitance with time under a constant voltage of 25 V when the sensor 

is placed at the middle of the sample (a) and next to the negative electrode (b) 

 

Figure 8 shows the variation of capacitance with time under application of a constant 

voltage of 12.5 V when the sensor is placed next to the positive electrode. For the same argument 

mentioned above, it is seen that the water content of the sample decreases by around 28% in this 

case. This value is significantly smaller than that of the 25 V voltage application.  
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Similarly, the time to get stable water content is calculated to be 25 h and this value is in the same 

range as that observed in Figure 8 (around 20 h). 

The results show that techniques based on electroosmosis might be effective in drying 

wet buildings, and stone and earth masonry structures. Thus, the concept of water movement in 

porous material by applying a voltage is effective and is consistent with the observations of others 

[8-10]. Based on the findings of this work, it can be inferred that the effectiveness of the 

electroosmotic technique in the drying of wet porous materials is proportional to the applied 

voltage. However, if the applied voltage exceeds a certain value, there will be electrolysis and 

therefore air bubbles at the electrodes. Generated air bubbles may block the water movement in 

rock capillaries and affect the electroosmotic technique. Hence, further studies to determine the 

optimal voltages as well as the distance between electrodes for wet porous media need to be 

carried out. 

 

 

4. Conclusions 
 

In this work, electroosmotic water transport is obtained by applying a voltage across aporous 

sample. A quantitative evaluation of water content is then performed at three different positions of 

the sample using a capacitive sensor. We use the Texas Instruments FDC1004 integrated 

capacitance sensor. It is a low cost, digital high precision sensor that operates at low power and is 

easily interfaced toa data collecting microcomputer. From the variation of the measured 

capacitance, the change of the r  of the water filled sample over time is deduced. A model is then 

used to estimate the water content from the r  of the sample. The results show that under 

application of constant voltages of 25 V and 12.5 V, the water content of the wet porous sample at 

the position close to the positive electrode decreases drastically by around 69 % and 28 %, 

respectively. However, the water content remains almost constant in the middle of the sample and 

at a position close to the negative electrode. The reason is that water is pushed from the positive 

electrode to the negative electrode under application of an electric field. Therefore, water content 

becomes almost saturated right after applying the electric field in the middle of the sample and 

atthe position close to the negative electrode. The results suggest that the electroosmotic technique 

can be applied in the drying of moisture in buildings, and in stone and earth masonry structures. 

Additionally, it is shown that our use of capacitive sensors is a promising technique for monitoring 

the water content in wet porous materials. 

 
 

Figure 8. Variation of capacitance with time for 20 h under a constant voltage of 12.5 V 

when the sensor is placed next to the positive electrode. 
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Abstract 
 

Ten commercial eggplant cultivars and two allies were collected from Northeastern region of 

Thailand in order to examine fruit quality and screen for selected phytochemicals. Eggplants 

were classified into three species including Solanum torvum, S. violaceum and S. melongena. 

There were 10 cultivars in S. melongena (commercial eggplants) containing cv. ‘Makhuea kai 

tao khaw’, ‘Makhuea khuen’, ‘Makhuea pro chao phraya’, ‘Makhuea pro look lai’, ‘Makhuea 

pro muang’, ‘Makhuea tor lae kaew’, ‘Makhuea tor lae khaw’, ‘Makhuea yao kaew’, ‘Makhuea 

yao khaw’, and ‘Makhuea yao muang’. The analysis indicated that there were significant 

differences (p  0.05) in fruit quality traits including color, thickness, hardness, TSS and 

moisture. All samples could be divided into three groups based on fruit color including white, 

purple, and green groups. The commercial eggplants had more thickness than S. torvum and S. 

violaceum, but these two species had more TSS contents than commercial eggplants. The results 

of phytochemical screening showed that S. torvum tended to have higher alkaloid, tannin, 

saponin and steroid contents from the staining technique. Furthermore, ‘Makhuea yao muang’ 

showed the highest DPPH radical scavenging capacity (49.33%) compared to all others. The 

principal component and cluster analysis based on correlation of fruit traits and phytochemicals 

showed that all commercial eggplants were clustered in the same group. The correlation analysis 

indicated that TSS contents positively correlated with saponin and steroid, while TSS contents 

negatively correlated with thickness and moisture contents. As this study, commercial eggplants 

showed higher fruit quality and antioxidant activity than related species. 
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1. Introduction 

 

Solanum L., one of the largest genera of Solanaceae, consists of 1,400 species and is 

cosmopolitan [1, 2]. The geographic distribution of these species is in all continents, especially 

in Central and South America [3-5]. Twenty-two species of Solanum are found in Thailand and 

about half of them are found in other countries [6]. Although Solanum are reported as poisonous 

and non-edible plants, some species play an important role in food and agriculture including 

spice, herb, food ingredient, insecticide, and fungicide. Moreover, they have been also used in 

medicinal ingredients to treat asthma, bruise, cough, diarrhea, fever, headache, and rheumatic 

fever [4, 7-9]. 

Eggplants (Solanum melongena L.) are a domestic vegetable of the genus Solanum that 

has the worldwide gross production value in 2016 of about 38,373.83 million US$ and of about 

6.39 million US$ in Thailand [10]. Within Asia, they are cultivated over areas that extend from 

northeast India and Burma to Southwest China, Vietnam, Laos, and Northern Thailand [11].  

Increasingly, eggplants are grown worldwide about 2,644,517 hectares and widely cultivated in 

China (59.41%), India (27.72%), Egypt (1.82%), Indonesia (1.66%), and Turkey (0.97%) [12] 

because they are annual plants, well adapt to various environments, and diverse in color, shape 

and size based on varieties [11, 13]. Besides being good sources of nutrients, eggplants also 

contain several bioactive compounds including alkaloids, phenolic compounds, anthocyanin, 

antioxidants, and flavonoids [14-21]. These secondary compounds can attribute to the 

traditional medicinal efficacy in analgesic activity [22], antimicrobial [23, 24], and antioxidant 

[25, 26]. 

Eggplants and wild species are the important sources of basic ingredients in Thai food 

and components in herbal medicine [7, 27-29]. There are many eggplant cultivars for domestic 

production in Thailand, but little information regarding the comparison between fruit quality 

and phytochemical screening among commercial eggplants in Thailand has been reported. Thus, 

the objectives of this study were to evaluate the fruit quality and phytochemical profiles of 

commercial eggplants. 

 

 

2. Materials and Methods  
 

2.1 Materials 
 

The samples of commercial eggplants and allies were collected in Sakon Nakhon province, 

Northeastern region of Thailand. All fruits were harvested at commercial maturity stages after 

flowering at 7-10 days. The fruits were kept in polyethylene bag and transferred to laboratory 

at Kasetsart University, Chalermphrakiat Sakon Nakhon Province Campus within 2 h after 

harvest. All fruits were cleaned with tap water and then air-dried at room temperature for 30 

min. Five replications (3 fruits per replicate) of each cultivar were taken to determine quality 

attributes. The fruits were then sliced and dried in hot air oven at 70oC. The dried samples were 

kept in hermetically sealed plastic bags to determine phytochemicals screening and antioxidant 

activity. 

 

2.2 Fruit quality evaluation of eggplant samples 
 

The peel colors of eggplants were measured using a HunterLab Miniscan EZ 4500L colorimeter 
(Hunter Associates Laboratory Inc.; Reston, VA, USA). The L*, a*, b* and hue values of the 

fruits were recorded from colorimeter. The peel colors were measured at three different 

positions of fruit such as top, middle and bottom. The texture of eggplants was measured using 

a Hardness Tester No.510-1 Model FHR-1 (Nippon Optical Works Co., Ltd., Japan). The 

maximum force of measurement was recorded as the fruit hardness and the data were expressed 

as newton unit. The thickness of fruit flesh (from exocarp to outer layer of endocarp) was 
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determined using a vernier calipers. The total soluble solids (TSS) content of fruit was measured 

using a Milwaukee instrument MR series hand refractometer (Milwaukee, USA) and expressed 

as oBrix. 

 

2.3 Moisture content determination 
 

Moisture content analysis was examined using the modified method of Kasikawattana et al. 

[30]. The eggplants were sliced into thin pieces and 20 g of sample was taken to determined 

moisture content. The samples were dried in hot air oven at 70oC for 48 h or until sample weight 

was stable. The percentage of moisture content was calculated using the equation shown below. 

        Moisture content (%) = [(flesh weight (g) – dry weight (g))/flesh weight ] x 100                   (1) 

 

2.4 Phytochemical screening of commercial eggplants 
 

2.4.1 Crude extracts preparation 

 

The samples were dried in a hot air oven at 40oC and ground in a blender. Powder samples (6 

g) were soaked in 50 ml of absolute ethanol for 7 days in the dark at ambient temperature. The 

samples were then filtered with a Whatman filter paper no. 42 and the filtrate was evaporated 

using a rotary vapor BUCHI R-200 (BÜCHI Labortechnik AG, Switzerland) at 40oC and 100 

atm for 30-45 min. The crude extracts were collected and kept in an amber bottle at 4oC [31] 

for further analysis. 

 

2.4.2 Phytochemical screening 

 

The crude extract was examined qualitatively for their phytochemical components within 5 days 

after extraction to reveal the presence of some secondary metabolites. The results were 

presented as + (light color), ++ (moderate color), +++ (dark color), and – (non-color changes) 

based on the color intensity with standard methods [32]. 

(1) Alkaloid testing: The alkaloids were determined using the modified method of 

Djaafar and Ridha [32]. One ml of Dragendoff’s reagent was mixed with 50 mg of crude 

extracts. The mixture was shaken and incubated at room temperature for 10 min. The 

appearance of orange precipitate showed the positive result. 

(2) Tannin testing: Tannin testing was conducted according to Kumar et al. [31] with 

slight modification. A 50 mg of crude extract in each sample was mixed with 0.5 ml of 70% 

nitric acid. Tannin presence was observed when the color of mixture was formed from reddish 

to yellow. 

(3) Saponin testing: Saponin was evaluated using a foam test adopted from Kumar et 

al. [31]. One ml of distilled water was mixed with 50 mg of crude extract and vigorously shaken 

for 30 s. Persistent froth forming indicated the presence of saponin. 

(4) Steroid testing: Steroid was determined by Liebermann-Burchard’s test [33]. Crude 

extract (50 mg) was mixed with 0.2 ml of glacial acetic and 0.2 ml of concentrated sulfuric acid. 

The formation of a green solution showed steroid presence. 

 

2.5 Antioxidant activity determination 
 

The antioxidant activity was determined using DPPH (2, 2-Diphenyl-1-picrylhydrazyl) radical 

scavenging activity assay described by Brand-Williams et al. [34]. Six grams of sample powder 

was extracted with 99.8% ethanol and then filtered with a Whatman filter paper no. 42. One µl 

of aqueous filtrate of extract was added into 3 ml of DPPH solution (200 µM dissolved in 80% 

ethanol). The mixture was incubated at room temperature and under dark condition for 30 min. 

The absorbance of the solution was measured at 515 nm by the T60 UV-VIS spectrophotometer 

(PG Instruments Limited, United Kingdom). The antioxidant activity was expressed as the 

percentage of DPPH free radical scavenging using the following formula. 
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 DPPH free radical scavenging activity (%) = [(A0-A1)/A0] x 100                   (2) 

A0 = the wavelength absorbance at 0 min 
A1 = the wavelength absorbance at 30 min 

 

2.6 Data analysis 
 

The variance and mean differences of data were statistically analyzed value using ANOVA and 

the means were compared using the Least Significant Difference (LSD) with Statistix 8.0 

program (Analytical Software; Tallahassee, FL, USA) at the significant level p  0.05. The 

correlation and cluster analysis based on fruit quality and phytochemical properties were 

examined by PAST ver. 3.25 [35]. The relative qualitative differences of phytochemicals were 

scored from the comparison of presence/absence based on color intensity. The phytochemical 

presences were given scores ranging from 0 to 3. A value of 3 represented an abundant presence, 

while values of 2 and 1 were assigned to apparently moderate and slightly presence, 

respectively. A value of 0 means that the phytochemical was not detected in this study. 

 

 

3. Results and Discussion 
 

3.1 Morphological traits of eggplant samples 
 

All collected samples of Solanum were classified into 3 species based on Zhi-yun et al.’s 

classification [3] including S. torvum Swartz. (Makhuea Phuang), S. violaceum Ortega (Ma 

Waeng Ton), and S. melongena L. with 10 cultivars containing S. melongena cv. ‘Makhuea kai 

tao khaw’, ‘Makhuea khuen’, ‘Makhuea pro chao phraya’, ‘Makhuea pro look lai’, ‘Makhuea 

pro muang’, ‘Makhuea tor lae kaew’, ‘Makhuea tor lae khaw’, ‘Makhuea yao kaew’, ‘Makhuea 

yao khaw’, and ‘Makhuea yao muang’. The members in species of S. melongena were 

commercial eggplants. Most of collected samples in this research were glabrous and non-

prickly, except for S. violaceum. They could be divided into 3 groups based on their shape 

(Figure 1 and Table 1) composing of (1) elongated shape: S. melongena cv. ‘Makhuea yao 

kaew’, ‘Makhuea yao khaw’ and ‘Makhuea yao muang’ (2) oval shape: S. melongena cv. 

‘Makhuea kai tao khaw’, ‘Makhuea khuen’, ‘Makhuea pro chao phraya’, ‘Makhuea pro look 

lai’ and ‘Makhuea pro muang’ and (3) round shape:  S. torvum, S. violaceum, S. melongena cv. 

‘Makhuea tor lae kaew’ and ‘Makhuea tor lae khaw’. 

From the color data (Figure 1 and Table 1), all samples could be classified into three 

groups depended on fruit color including (1) white group with brightness value (L*) = 79.53-

84.39 and hue angle between 44.77-47.87 such as S. melongena cv. ‘Makhuea kai tao khaw’, S. 

melongena cv. ‘Makhuea tor lae khaw’, S. melongena cv. ‘Makhuea yao khaw’, (2) purple group 

with a* = 18.80-35.50 and hue angle between 316.23-320.64 such as S. melongena cv. 

‘Makhuea pro muang’ and S. melongena cv. ‘Makhuea yao muang’, and (3) green group with 

a* = -18.60 to -7.00 and hue angle 64.08-71.84 and this group could further be separated into 2 

subgroups, i.e. (3.1) light green subgroup such as S. torvum, S. melongena cv. ‘Makhuea tor lae 

kaew’, and S. melongena cv. ‘Makhuea yao kaew’, and (3.2) green with white striped eggplant 

subgroup such as S. violaceum, S. melongena cv. ‘Makhuea khuen’, S. melongena cv. ‘Makhuea 

pro chao phraya’, and S. melongena cv. ‘Makhuea pro look lai’. 

The results confirmed that Solanum was a very diverse genus in terms of fruit size, 

shape and color [36, 37]. Color quality evaluation of eggplants and allies presented the color 

divergence in each sample based on CIE L*, a*, b* and hue values [38]. The L* indicated the 

lightness from black (0) to white (100). Therefore, white eggplants showed higher L* value than 

did the eggplants of other colors. The value of a* meant the green-red component with green in 

the negative value (a* < 0) and red in the positive value (a* > 0). This is a reason that the purple 

eggplants represented the positive a*, whereas green and white groups showed the negative a*.  
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Figure 1. Morphological traits of commercial eggplants and related species (a) S. torvum,     

(b) S. violaceum, (c) S. melongena cv. ‘Makhuea kai tao khaw’, (d) S. melongena cv. 

‘Makhuea khuen’, (e) S. melongena cv. ‘Makhuea pro chao phraya’, (f) S. melongena cv. 

‘Makhuea pro look lai’, (g) S. melongena cv. ‘Makhuea pro muang’, (h) S. melongena cv. 

‘Makhuea tor lae kaew’, (i) S. melongena cv. ‘Makhuea tor lae khaw’, (j) S. melongena cv. 

‘Makhuea yao kaew’, (k) S. melongena cv. ‘Makhuea yao khaw’, and (l) S. melongena cv. 

‘Makhuea yao muang’ 

 

Table 1. Fruit shape, fruit color and color parameters of commercial eggplants 

 Fruit 
shape 

Fruit 
color 

Color parameters 

L* a* b* ho 

S. torvum R G 43.38h±2.93 -15.66f±2.31 34.82b±1.98  71.84b±2.89 

S. violaceum R G/W 24.99i±3.15 -7.00d±3.56 21.97de±15.71 65.37b±3.36 

cv. ‘Makhuea kai tao khaw’ O W 79.53b±0.64 -1.37c±0.32 17.79ef±0.53 44.77c±0.90 
cv. ‘Makhuea khuen’ O G/W 51.98ef±2.31 -9.50de±0.64 26.66cd±1.31 64.08b±1.70 

cv. ‘Makhuea pro chao phraya’ O G/W 68.43c±1.05 -11.18e±0.35 26.78cd±2.02 67.54b±1.46 

cv. ‘Makhuea pro look lai’ O G/W 45.73gh±5.03 -14.96f±0.79 34.35bc±1.42 70.83b±1.42 
cv. ‘Makhuea pro muang’ O P 49.62fg±2.86 18.80b±2.45 -8.15g±1.08 316.23a±1.25 

cv. ‘Makhuea tor lae kaew’ R G 60.48d±1.69 -15.71f±0.75 39.13b±0.88 68.26b±0.88 

cv. ‘Makhuea tor lae khaw’ R W 79.55b±1.08 -1.86c±0.17 14.62ef±0.27 46.88c±0.51 
cv. ‘Makhuea yao kaew’ E G 54.00e±2.96 -18.60g±1.38 48.87a±1.11 68.22b±1.55 

cv. ‘Makhuea yao khaw’ E W 84.39a±0.97 -2.00c±0.07 13.30f±1.14 47.87c±0.62 

cv. ‘Makhuea yao muang’ E P 14.86j±2.30 35.50a±2.26 -19.68h±2.03 320.64a±27.82 

F-test   ** ** ** ** 

C.V. (%)   4.65 -45.61 22.62 7.86 

Note: E = elongate, O = oval, R = round, G =green, G/W = green with white stripes, P = purple, 

W =white, Y = yellow 

 

The b* meant the blue-yellow component with blue in the negative value and yellow in the  

positive value [38]. Moreover, the hue value represented a color appearance parameter that was 

used to explain the quality of color. The results reported that hue angle was related to eggplant 

colors including purple group (ho > 310), green group (ho = 64.08-71.84), and white group (ho 

= 44.77-47.87). Since blue-yellow color was not found in these samples, the b* value was not 

considered for classification in this analysis. 

b c d 
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3.2 Fruit quality evaluation of eggplants 
 

There were significant differences (p  0.05) in fruit quality traits as shown in Table 2, which 

was in agreement with Gajewski and Arasimowicz [39] who reported that the quality of 

eggplant fruits could be affected by cultivars and maturity stage. S. violaceum and S. torvum 

had less flesh thickness than commercial eggplants because of morphological diversity and 

genetic traits [36, 37]. Commercial eggplants were bred to obtain a larger fruit for economic 

value adding [40, 41]. The average of hardness value in this study was 8.29 N. The highest 

hardness was found in S. melongena cv. ‘Makhuea tor lae khaw’ (9.41 N), whereas S. 

melongena cv. ‘Makhuea yao kaew’ had the lowest value (6.26 N). These differences were due 

to fruit peel properties such as toughness and thickness [42]. Oval and round shaped eggplants 

were crispy, while S. torvum, S. violaceum and elongated eggplants were tough. The crispiness 

and toughness were factors that affected the hardness value of eggplants. The crispy eggplants 

had higher hardness value than tough eggplants. Moreover, hardness value also depended on 

the postharvest and storage conditions. The longer storage periods resulted in more fruit 

ripening, causing the hardness value to be lower [39]. 

 

Table 2. Hardness, thickness, TSS and moisture contents in eggplants and allies 

 Thickness 

(cm) 

Hardness (N) TSS  

(oBrix) 

Moisture (%) 

S. torvum 0.11d±0.00 8.00b±1.54 15.13a±0.35 82.36e±0.95 

S. violaceum 0.10d±0.31 7.91b±2.77 10.93b±1.62 79.99f±0.84 

cv. ‘Makhuea kai tao khaw’ 0.39c±0.07 8.90a±0.42 5.13ef±0.41 92.41a±0.42 

cv. ‘Makhuea khuen’ 0.48bc±0.52 8.83a±2.95 5.93e±0.26 84.35d±0.43 

cv. ‘Makhuea pro chao phraya’ 0.47bc±0.07 8.91a±0.52 5.07ef±0.26 91.07a±0.92 

cv. ‘Makhuea pro look lai’ 0.57ab±0.09 7.69b±2.82 5.80e±0.41 91.77a±0.48 

cv. ‘Makhuea pro muang’ 0.37c±0.05 8.90a±0.35 7.06d±0.88 91.14a±0.76 

cv. ‘Makhuea tor lae kaew’ 0.35c±0.08 9.35a±3.06 5.20ef±0.56 88.40c±0.76 

cv. ‘Makhuea tor lae khaw’ 0.36c±0.06 9.41a±0.31 7.93c±1.10 89.07bc±0.37 

cv. ‘Makhuea yao kaew’ 0.66a±0.12 6.26c±0.36 4.60fg±0.63 92.25a±0.64 

cv. ‘Makhuea yao khaw’ 0.58ab±1.24 7.59b±0.46 4.07g±0.26 91.21a±2.21 

cv. ‘Makhuea yao muang’ 0.41c±0.16 7.67b±0.61 5.33ef±0.62 90.64ab±0.31 

F-test ** ** ** ** 

C.V. (%) 31.25 7.52 11.20 1.76 

Note: In each column, different superscripts represent significant differences (p  0.05). 

 

Total soluble solid (TSS) of eggplants and related species were in range of 4.07-15.13oBrix 

(Table 2). The highest TSS was found in S. torvum (15.13oBrix) and the lowest TSS was shown 

in S. melongena cv. ‘Makhuea yao khaw’ (4.07oBrix). The moisture contents of eggplants and 

allies were higher than 80%. The highest moisture content was recorded in S. melongena cv. 

‘Makhuea kai tao khaw’ (92.41%) and the lowest moisture content was found in S. violaceum 

(79.99%). The results showed that all cultivars of S. melongena had lower TSS contents than 

other species. A cause of different TSS contents in each sample was the variety of species and 

cultivars [43]. Contrarily, all eggplant cultivars in this study had more moisture contents than 

S. torvum and S. violaceum. These results were coincident with Koundinya et al. [43], who 

reported that average of moisture content in eggplants ranged from 84.60-90.40%. 

 

3.3 Phytochemical screening in commercial eggplants 
 

The results of phytochemical screening of eggplants and related species are shown in Table 3. 

Abundant alkaloids were found in S. torvum, S. violaceum, S. melongena cv. ‘Makhuea kai tao 

khaw’, S. melongena cv. ‘Makhuea khuen’, S. melongena cv. ‘Makhuea pro muang’, and S. 

melongena cv. ‘Makhuea yao khaw’. A large amount of saponin was also observed in S. torvum.  
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Table 3. Phytochemical screening of some samples 

 Alkaloids Tannins Saponins Steroids 

S. torvum +++ +++ +++ +++ 

S. violaceum +++ - ++ ++ 

cv. ‘Makhuea kai tao khaw’ +++ ++ + - 

cv. ‘Makhuea khuen’ +++ - + ++ 

cv. ‘Makhuea pro chao phraya’ ++ - + - 

cv. ‘Makhuea pro look lai’ ++ - ++ - 

cv. ‘Makhuea pro muang’ +++ - ++ - 

cv. ‘Makhuea tor lae kaew’ ++ - + + 

cv. ‘Makhuea tor lae khaw’ + - ++ - 

cv. ‘Makhuea yao kaew’ ++ - ++ ++ 

cv. ‘Makhuea yao khaw’ +++ ++ + - 

cv. ‘Makhuea yao muang’ ++ - ++ - 

Note: +++ = abundant presence, ++ = moderate presence, + = slightly presence, - = absence  

 

Moreover, tannin existed in S. torvum, S. melongena cv. ‘Makhuea kai tao khaw’, and S. 

melongena cv. ‘Makhuea yao khaw’. Steroids were found in S. torvum, S. violaceum, S. 

melongena cv. ‘Makhuea khuen’, S. melongena cv. ‘Makhuea yao kaew’, and S. melongena cv. 

‘Makhuea tor lae kaew’, respectively. 

The different existences of phytochemicals do not only affect on genetic diversity of 

eggplants, but also on different organs, age, cultivation, harvesting, and storage [44, 45]. 

Phytochemical variations in eggplant extracts were distinct from related eggplant extracts. The 

analysis showed that the presences of alkaloids, tannins, saponins, and steroids were more 

abundant in S. torvum than others. According to Koomson et al. [46], ethanolic extracts of S. 

torvum fruits were a source of alkaloids, tannins, and saponins. Most of Solanum are bitter 

because of the presences of alkaloid, especially glycoalkaloids. However, alkaloid compounds 

found in eggplants are edible. Otherwise, 14 % of glycoalkaloid levels of S. melongena were 

considered as toxic [47]. Although alkaloids are toxic and cause diarrhea, they are known to be 

analgesic property [23], inhibit microbial activity and prevent plants from microbial pathogens 

[48, 49]. Tannins are a kind of water-soluble polyphenol that are astringent and bitter. Tannins 

also have antimicrobial, anti-inflammatory and wound healing properties [50, 51]. From the 

results of the screening tests, the commercial eggplant tested expressed non or moderately 

tannin presence compared with S. torvum. This is because of the breeding and selection program 

to reduce astringent and bitter flavor in commercial eggplants. Saponins are glycosides that have 

soapy characteristic and have properties of coagulating red blood cells, antimicrobial and anti-

cancer activity [52, 53]. These phytochemical screening of ethanolic extracts of eggplant give 

confidence for folkloric uses and further development in plant breeding. 

 

3.4 DPPH radical scavenging activity 
 

The DPPH radial-scavenging activity of different eggplants is shown in Figure 2. The 

coefficient of variation for this statistical analysis was 6.38 and percentages of scavenging 

activity in all samples were significant difference (p  0.05). The analysis revealed that S. 

melongena cv. ‘Makhuea yoa muang’ had the highest antioxidant activity. This might be related 

to anthocyanin contents in eggplants. Anthocyanin has been reported to be an effective 

antioxidant [54, 55] and belongs to flavonoid group [56]. More anthocyanin has been commonly 

found in the purple pigment than other pigments [54]. Moreover, anthocyanin was not in the 

peel of green or white eggplants [57, 58]. In this study, we only used absolute ethanol extraction 

solvent, which unlikely affected the DPPH result. Do et al. [59] reported that 100% ethanol was 

the most effective extraction solvent for antioxidant activity, phenolic and flavonoid 

compounds. As observed in the present study, the different peel color of Solanum displayed the  
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Figure 2. The DPPH radical scavenging activity of commercial eggplants 

 

distinctions of antioxidant activity, which was in agreement with Somawathi et al. [60], who 

reported that purple eggplant exhibited the greatest DPPH radical scavenging activity. 

 

3.5 Correlation analysis between fruit quality and phytochemical properties 
 

The correlation analysis of some fruit quality and phytochemical properties using principal 

component analysis (PCA) showed that variations of cultivars in eggplants affected physical 

and chemical properties. The examination found that the first principal component (PC1) and 

the second principal component (PC2) presented the variance of variables as 54.974%. The 

variance of first principal component was 38.286% comprising TSS, alkaloid, tannin, saponin, 

and steroid. The variance of second principal component was 16.688% including ho value, 

hardness, TSS, and DPPH radical scavenging activity (Table 4). The correlations between 

principal component and eggplant cultivars are shown in Figure 3 and the correlation 

coefficients between fruit quality components and phytochemical properties are presented in 

Table 5. The TSS parameter was found to positively correlate with saponin and steroid 

presences with correlation coefficients of 0.75 and 0.64, respectively. TSS is a parameter that 

determines certain solids dissolved within a substance, and TSS value is often used to indicate 

the sweetness in fruit as sugar content [61, 62]. As saponin and steroid are mostly presented in 

glycoside forms containing an aglycone unit linked to sugar molecules [63, 64], a high TSS 

content correlated to an abundance of saponin and steroid in fruit. From the results, species that 

had abundant steroids and saponin also had high TSS values. On the other hand, the TSS 

parameter was negatively correlated with thickness and moisture contents. These analyses are 

in agreement with Rashidi et al.’s report [65] that the correlation between TSS and water content 

followed a linear regression. Thus, the more water content is, the less TSS content in fruit will 

be. Notably, DPPH radical scavenging activity did not correlate with either fruit quality or 

phytochemical properties in this study. 
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Table 4. Total variation and eigenvalue of eggplants based on principal component analysis 

Characters PC1 PC2 PC Eigenvalue % variance Cumulative 

% variance 

ho value -0.075 0.256 1 3.829 38.286 38.286 

Thickness -0.410 -0.444 2 1.669 16.688 54.974 

Hardness -0.036 0.546 3 1.484 14.844 69.818 

TSS 0.484 0.122 4 1.185 11.853 81.671 

% Moisture -0.441 -0.147 5 0.823 8.231 89.902 

Alkaloid 0.231 -0.096 6 0.773 7.739 97.641 

Tannin 0.240 -0.154 7 0.142 1.416 99.057 

Saponin 0.321 -0.078 8 0.061 0.606 99.663 

Steroid 0.412 -0.302 9 0.031 0.310 99.973 

DPPH activity -0.110 0.522 10 0.003 0.027 100.00 

 

 
 

Figure 3. PCA projection for physical and chemical traits of eggplants and related species 

 

Cluster analysis based on correlation data using UPGMA method presented the 

Cohen’s correlation as 0.81. All samples could be classified into two major groups (Figure 4), 

the first group consisted of the non-eggplant group including S. torvum and S. violaceum, and 

the second group comprised all cultivars of S. melongena or the eggplant group. Solanum 

torvum and S. violaceum were clustered into the same group because both species exposed the 

small fruit with ample or moderate presences of alkaloids, saponins and steroids. The members 

within S. melongena group could be divided into three subgroups based on morphological and 

chemical traits, except for S. melongena cv. ‘Makhuea yao kaew’. The first subgroup was 

classified by fruit color comprising S. melongena cv. ‘Makhuea pro muang’ and S. melongena 

cv. ‘Makhuea yao muang’ since these two eggplants were purple (ho = 316.23-320.64). The 

second subgroup was isolated from other eggplants based on tannin presences. The members in 

second subgroup were S. melongena cv. ‘Makhuea kai tao khaw’ and S. melongena cv.  



 
 

 

 

Table 5. Correlation coefficients between quality components and DPPH scavenging activity 

 Thickness Hardness TSS Moisture Alkaloid Tannin Saponin Steroid DPPH 

ho -0.05 -0.03 -0.07  0.21  0.06 -0.28  0.27  -0.30  0.19 
Thickness  -0.35     -0.84**      0.77** -0.28 -0.28 -0.45  -0.42 -0.21 

Hardness    0.03 -0.09 -0.10 -0.09 -0.37  -0.31  0.11 
TSS        -0.78**  0.26  0.42      0.75**     0.64* -0.13 

Moisture     -0.36 -0.13 -0.34      -0.75**  0.05 

Alkaloid       0.51 -0.07   0.35 -0.10 
Tannin        0.17   0.24 -0.08 

Saponin          0.42 -0.22 
Steroid         -0.44 

Note: * = significantly different at p  0.05 level, ** = significantly different at p  0.01 level 
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Figure 4. Dendrogram of commercial eggplants and related species using UPGMA clustering 

based on correlation matrix 

 

‘Makhuea yao khaw’ The representatives in third subgroup involved S. melongena cv. 

‘Makhuea khuen’, S. melongena cv. ‘Makhuea pro chao phraya’, S. melongena cv. ‘Makhuea 

toe lae kaew’, S. melongena cv. ‘Makhuea tor lae khaw’ and S. melongena cv. ‘Makhuea pro 

look lai’. These eggplant cultivars were classified together because most of them were green  

fruit and lacked tannin. This analysis could interpret that fruit quality and phytochemical data 

could be used as a criterion to separate all cultivars of S. melongena from the two related species. 

Furthermore, fruit color and tannin presences were able to be a parameter for eggplant 

clustering.  

 

 

4. Conclusions 
 

The fruit quality of commercial eggplants and related species were significantly different. Peel 

color was distinct and it depended on main pigment content in eggplants. The maximum of L* 

value was found in the white eggplant group. The highest a* value was in S. melongena cv. 

‘Makhuea yao muang’. Moreover, commercial eggplants (S. melongena) presented more flesh 

thickness and moisture content than other species, whereas a high TSS was found in S. torvum 

and S. violaceum. The phytochemical screening showed that S. torvum was a good source of 

secondary metabolites including alkaloids, tannins, saponins, and steroids, while commercial 

eggplants presented moderate or slight phytochemical contents. All samples had the DPPH 

radical scavenging activity, while S. melongena cv. ‘Makhuea yao muang’ showed the highest 

activity. The correlation analysis between fruit quality and phytochemical data indicated a 

significant correlation between TSS content and saponin and steroid presence. Additionally, the 

examination could classify all cultivars of S. molongena from two related species using cluster 

analysis. In overall conclusion, commercial eggplants had higher fruit quality, phytochemical 

content, and antioxidant activity than S. torvum and S. violaceum. Future studies should be 

conducted to identify and quantify the phytochemical compounds in eggplants. 
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Abstract 
 

The natural reagents from Vigna unguiculata subsp. sesquipedalis were studied and applied in  

the determination of tetracycline by UV-Vis spectrophotometry. The method was based on a 

complexation formation between tetracycline and iron (III) derived from natural plant extract in 

acetate buffer at pH 5 to give a yellow complex with the optimum absorption at 430 nm. Parameters 

related to the extraction efficiency of the natural reagent and the factors that affected the 

determination of tetracycline were examined. Under optimum conditions, linearity was obtained 

over the range of 1.00 - 20.00 mg l-1. The limit of detection (LOD, 3σ) and limit of quantification 

(LOQ, 10σ), calculated following IUPAC, were 0.65 and 2.15 mg l-1, respectively. The repeatability 

and reproducibility for determining 10.00 mg l-1 of tetracycline (n=11) were 3.43%and 5.14%, 

respectively. The proposed method was successfully applied to the determination of tetracycline in 

pharmaceutical formulations. The results obtained by the proposed method were in good agreement 

with the label values verified by the student t-test at the 95% confidence level.  

 

Keywords: Vigna unguiculata subsp. sesquipedalis; tetracycline; UV-Vis spectrophotometer  

DOI 10.14456/cast.2021.8 
 

 

1. Introduction 
 

Tetracycline (TC) is an antibiotic that is used to treat various bacterial infections such as infections 

of the skin, intestines, respiratory tract and other body systems [1]. It is often used in treating severe 

acne, or sexually transmitted diseases such as syphilis, gonorrhea, and chlamydia. In some cases, 

tetracycline is used when penicillin or other antibiotics cannot be used to treat serious infections [2]. 

It can be seen that it is effective against a broad spectrum of bacteria, as well as other organisms, 

including some protozoan parasites. However, overdose with tetracycline can cause liver failure and 

even death [3].  
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 The literature review demonstrated that a wide range of analytical methods, including   

high-performance liquid chromatography (HPLC) [4-6], capillary electrophoresis [7, 8], 

electrochemistry [9, 10], spectrofluorometry [11], and chemiluminescence [12], have been used to 

detect tetracycline in pharmaceutical formulations and environmental samples. Although these 

methods provide high sensitivity, high selectivity and high precision, they do not provide 

sufficiently low determination ranges. Moreover, they can be very time consuming and have high 

operating costs. 
 UV-Vis spectrophotometry is one option of analytical methods because it is fast, simple, 

low cost, and offers a wide range of applications that are commonly available in all laboratories set 

up for quality control for drug analysis. Many researchers have presented the complexation of 

tetracycline by using various metal ions for tetracycline analysis by UV-Vis spectrophotometric 

method, and ions used included as lanthanide (III) [13], Manganese (III) and copper (II) [14], 

aluminium (III) [15], uranium (VI) [16], platinum (II) [17], iron (III) [18]. Moreover, iron (III) is 

one of the metal ions that strongly chelates tetracycline and it has been shown that the determination 

of tetracycline was influenced by the presence of iron (III) [19]. In 1988, Sultan et al. [18] developed 

a spectrophotometric method for determining tetracycline that depended on the reaction between 

iron (III) and tetracycline in H2SO4 medium. This method was used for tetracycline detection in 

drug formulations. In 2008, Palamy and Ruengsitagoon [20] presented an applied flow injection 

spectrophotometric method for tetracycline detection based on the reaction of tetracycline and iron 

(III) in acidic medium, and the product was detected at the maximum absorption of 423 nm. 

However, wastes that result from the use of iron (III) as a chelating agent can be harmful to people 

and the environment. 

 Recently, researchers have focused on the design and development of method based on 

‘green’ chemistry as processes that reduce or eliminate the generation of hazardous substances 

which are economically and environmentally friendly [21]. Natural reagent from plant extract is 

another alternative for green chemical analysis that is gaining attention. Therefore, plants that have 

high iron content are another option to develop as a natural extract for tetracycline analysis. 

 Vigna unguiculata subsp. sesquipedalis (Yard-long bean) is an important legume that is 

grown in tropical and subtropical areas [22]. It offers high nutritional value in both its leaves and 

seeds, and is resistant to drought and salinity [23]. Yardlong beans are mainly cultivated for their 

soft and long pods that can be eaten both fresh and cooked [24]. It is widely cultivated for its edible 

iron-protein-rich seeds, antioxidant capacity and tolerance to mild drought [25]. 

 In this research, we presented a spectrophotometric method for the determination of 

tetracycline in pharmaceutical formulations by using the natural reagent from Vigna unguiculata 

subsp. sesquipedalis. The proposed method depended on the complex reaction between iron (III) 

content in plant extract and tetracycline in acetate buffer pH 5.0 to form a yellow complex with an 

optimum absorption at 430 nm. The complexation reaction was shown in Figure 1. 

 

 
 

Figure 1. The possible reaction mechanism tetracycline reacts with iron (III) 
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2. Materials and Methods 

 

2.1 Reagents and chemicals 
 

All chemicals used in this study were of analytical reagent grade and were not further purified. 

Double-distilled deionized water (DI water) was used for diluting and adjusting volume of solution 

throughout the experiments. 

Tetracycline standard was purchased from Fluka (Switzerland). Nitric acid (HNO3) and 

hydrochloric acid (HCl) were purchased from Merck (Germany). A standard solution of tetracycline 

(10 mg l-1) was prepared by dissolving 0.01 g of tetracycline in DI water and adjusting volume to 

1000 ml.  

Acetate buffer solution (0.10 mol l−1 at pH 5.0) was prepared by dissolving 5.772 g of 

sodium acetate in 500 ml of DI water solution. Acetic acid, 1.70 ml, was then added. Finally,  

a 10 N HCl solution was gently dropped into the solution.   

  

2.2 Apparatus 
 

A spectrophotometer (model Shimadzu 2600, Japan) was used for scanning the spectra of the 

complex and employed during the investigation for colorimetric studies. A pH meter (Metrohm, 

Switzerland) was used for measuring the pH of the solutions. A Microwave Plasma Atomic 

Emission Spectrometer (MP-AES) instrument (Model: 4100, Agilent Inc., Santa Clara, CA, USA) 

was used for iron (III) determinations (wavelength at 259.94 nm). The sample introduction system 

consisted of solvent-resistant tubing, a double-pass cyclonic chamber, and an inert flow blurring 

nebulizer (OneNeb). The wavelength for iron (III) determinations used was at 259.94 nm. 

 

2.3 Plant extraction for iron (III) content 
 

Vigna unguiculata subsp. sesquipedalis (collected from Rayong Province, Thailand) was cleaned 

by washing with tap water and cut into small-sized pieces. The selected plant in the experiment was 

dried under the sun light for a day. After that, it was stored in a desiccator at room temperature until 

the weight was constant to be certain that the prepared plant was dried before use in the extraction 

process.  

 The parameters that related to the efficiency of preparation of plant extract such as type of 

acid, volume ratio of acid, acid concentration, Vigna unguiculata subsp. sesquipedalis concentration 

and time of digestion were studied (as shown in section 3.1). 
 The extraction process was as follows; 5.00 g of dry plant was dissolved with acid mixture 

solution of 1.00 M HNO3 and 1.00 M HCl at a ratio of 25:75, and heated for 1 h on a  hot plate [20]. 

The solution was cooled down to room temperature and filtered through a Whatman No. 42 filter 

paper. The extract as natural reagent was then collected and adjusted to the volume of 100 ml with 

DI water. The amount of iron (III) in Vigna unguiculata subsp. sesquipedalis extract was analyzed 

using Microwave Plasma Atomic Emission Spectroscopy (MP-AES 4100, Algilent Technologies). 

 

2.4 Procedure for tetracycline determination 
 

Aliquots (1.00-5.00 ml) of standard tetracycline solution (10 mg l-1) and 2.00 ml aliquots of plant 

extract were mixed together into 10 ml volumetric flasks. The contents of each flask were then 

adjusted to the mark with acetate buffer solution pH 5.0 to form a yellow color complex. The product 

solution was transferred into a cuvette and measured its absorption at 430 nm against a reagent blank 

using UV-Vis spectrophotometry. 
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2.5 Sample preparation  
 

Sample was purchased from pharmacies in Rayong, Thailand. Twenty drugs (capsules or tablets 

containing 250 and 500 mg per capsule or tablet of tetracycline) were mixed together and then 

ground into a fine powder. A sample was accurately weighed to contain 100 mg of tetracycline and 

dissolved in DI water and filtered through Whatman No. 42 paper. The filtered solution was 

transferred to 100 ml volumetric flask and made up to the mark volume by DI water. An aliquot of 

the sample solution was determined by the proposed method. 

 

 

3. Results and Discussion 
 

The experiment was divided into 2 sections, the first section was concerned with studying the 

optimum conditions for preparing the natural reagent. The second part was an investigation of the 

suitable conditions for determining tetracycline by the prepared reagent using the univariation 

method. The parameters that affected the accuracy and sensitivity of analysis of tetracycline were 

varied while the other were fix constant. The parameter that gave the highest signal with low 

standard deviation was selected. 

 

3.1 Studying the preparation of the plant extract  

 

The process for the preparation of plant extract containing high amount of iron (III) was a 

considerable purpose. The highest iron (III) content led to obtain the highest complex resulting in a 

highest sensitivity. The sensitivity of each studied parameter was examined by selecting the highest 

slope from the linear relation graph plotted between the absorbance of the iron (III)-complex against 

three concentrations of the standard tetracycline (1, 2 and 3 mg l-1). The parmeter that provided the 

highest sensitivity was selected as the optimum condition. 

 

3.1.1 Effect of acid type 

 

Using a suitable acid and/or acid mixture for extraction of plant led to obtain a high efficiency of 

iron(III) extraction for forming a complex with tetracycline resulting to high absorption signal and 

high sensitivity. Therefore, the effect of single acid and acid mixture on the plant extraction 

efficiency was investigated.  In this work, 1.00 mol l- 1 of HNO3, HCl, H2SO4 and acid mixture; 

HNO3-HCl were examined.  Figure 2 showed that the acid mixture of HNO3-HCl gave the highest 

sensitivity.  Therefore, the acid mixture between HNO3- HCl was selected for the plant extract 

preparation. 
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Figure 2. Effect of acid type on sensitivity (n=3) 

 

3.1.2 Effect of volume ratio between HNO3 and HCl 

 

The ratio of mixed acid between HNO3 and HCl affected the digestion of natural reagents that react 

with tetracycline to form complexes. Therefore, the ratio of mixed acid between HNO3 and HCl (at 

1.00 mol l-1 of each acid) in order to get the suitable acid ratio between HNO3 and HCl in the 

determination of tetracycline content was studied. From the experiment, the mixed ratio of HNO3 

and HCl at 25:75, gave the highest sensitivity as showed in Figure 3. However, when the ratio of 

HNO3 acid was more than 25, the sensitivity was decreased. Therefore, the mixture ratio of HNO3 

and HCl at 25:75 was chosen as the optimum condition. 

 

 
Figure 3. Effect of volume ratio between HNO3 and HCl on sensitivity (n=3) 
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3.1.3 Effect of acid mixture between HNO3 and HCl concentration  

 

The concentration of the acid mixture between HNO3 and HCl affected the digestion of natural 

reagents that reacted with tetracycline to form complexes. From Figure 4, the acid mixture 

concentration of HNO3 and HCl at 1.00 mol l-1 provided the highest sensitivity. It can be seen that, 

the sensitivity was increased at the acid concentration range of 0.50-1.00 mol l-1. However, the 

sensitivity was decreased at the acid concentration over 1.00 mol l-1. Therefore, the concentration 

of HNO3 and HCl at 1.00 mol l-1 was chosen as the optimum condition. 

 

 

Figure 4. Effect of acid mixture between HNO3 and HCl on sensitivity (n=3) 

 

 

 

3.1.4 Effect of Vigna unguiculata subsp. sesquipedalis concentration 

 

The study of the effect of Vigna unguiculata subsp. sesquipedalis concentration on sensitivity was 

studied by changing the weight of Vigna unguiculata subsp. sesquipedalis powder from 0.50-10.00 

g (in 100 ml of DI water). Figure 5 showed that sensitivity increased when the weight of Vigna 

unguiculata subsp. sesquipedalis powder was increased to 5.00 g which was almost higher than its 

constant value. Therefore, 5.00 g of Vigna unguiculata subsp. sesquipedalis were selected. 
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Figure 5. Effect of Vigna unguiculata subsp. sesquipedalis concentration on sensitivity (n=3) 

 

3.1.5 Effect of digestion time for plant extract 

  

The extraction time for the digestion of nature reagents, the type of acid, including the optimum 

conditions of the above acids affect the amount of iron (III) which is the main component of natural 

reagent extracts are digested. Therefore, the digestion time between 15-120 min was conducted. 

From the experimental results (Figure 6), it was found that the natural reagent digestion time at 60 

min gave the highest sensitivity. It can be seen that between 15-60 min the sensitivity increased and 

after 60-120 min the sensitivity decreased. Therefore, the digestion time of 60 min was selected.  

 

 
Figure 6. Effect of digestion time for plant extract on sensitivity (n=3) 
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Under the optimum condition, the amount of iron in Vigna unguiculata subsp. 

sesquipedalis extract were analyzed by using MP-AES. The results showed that the iron 

concentration in plant extracts used in the experiment was 49.56 mg l-1. 

 

3.2 Absorption spectra 
 

The optimum absorption wavelength of a yellow color complex forming between tetracycline and 

iron contents in natural reagent extracts, pure tetracycline solution and standard iron (III) solution 

were measured over the range of 300-700 nm against reagent blank (acetate buffer pH 5.0). It was 

found that the maximum absorption signal of the complex was 430 nm while pure tetracycline 

solution and standard iron (III) solution were absorbed at 275 and 355 nm, respectively. Therefore, 

the absorption wavelength of 430 nm was selected.  
 

3.3 Optimum conditions of reaction for tetracycline determination 
 

3.3.1 Effect of pH  
 

The stable yellow complex between tetracycline and iron (III) is pH dependent. Therefore, the 

acetate buffer pH range of 3.0-5.0 was studied. Figure 7 showed that, the sensitivity was increased 

at the pH range from 3.0-5.0, over of this pH the sensitivity was decreased. Therefore, the optimum 

pH of 5.0 was selected. 

 

 
Figure 7. Effect of pH on sensitivity (n=3) 

 

3.3.2 Effect of the volume of plant extract  
 

The volume of plant extract affects the reaction because it acts as a reagent, which affects the 

distribution of the substance and affects the measured signal. In addition, finding the optimum 

condition in this variable reduces unnecessary use of the natural reagents while maintaining the best 

sensitivity, accuracy and reproducibility of the procedure for the drug of interest. Therefore, it is 

important to use the right volume of plant extract for the system environment. Figure 8 showed that 

the sensitivity increased with increasing volume of plant extract ranging from 1.00-2.00 ml. Above 

this volume, there was no significant change in sensitivity.  So, the plant extract volume of 2.00 ml 

was selected for determining of tetracycline. 
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Figure 8. Effect of the volume of plant extract on sensitivity (n=3) 

 

3.3.3 Effect of reaction time 

 

The effect of reaction time on the sensitivity of the complex was investigated by studying the 

reaction time up to 60 min. Figure 9 showed that the reaction time did not affect the sensitivity of 

the complex. 

 

 

 
 

Figure 9. Effect of reaction time on sensitivity (n=3) 
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3.4 Validation method 
 

The validation of the proposed method was evaluated under the optimum conditions (Table 1) 

obtained from the previous section. The results showed that the linearity range was in the range of  

1.00-20.00 mg l-1 (Figure 10) with the regression equation: y = 0.061x + 0.004 (R2= 0.9890), where 

Y and X present absorbance and TC concentrations in mg l-1, respectively. The limit of detection 

(LOD, 3σ) and limit of quantification (LOQ, 10σ), calculated following IUPAC were 0.65 and 2.15 

mg l-1, respectively. The repeatability and reproducibility for 10.00 mg l-1 of tetracycline (n=11) was 

examined as the percentage relative standard deviation (%RSD), which was calculated using the 

equation ( SD X ) x 100, where SD is standard deviation and X̅ is an average of the measurement 

data. It was found that the percentage relative standard deviations were 3.43% and 5.14%, 

respectively. 

 

Table 1. Variable range studies and optimum conditions for tetracycline determination 

Parameter studied Range studied Optimum level 

- Effect of acid type HNO3, HCl,  

HNO3 + HCl, H2SO4 

HNO3 + HCl 

- Effect of volume ratio between HNO3 and  

  HCl (%v/v) 

100:0, 75:25, 50:50, 25:75, 

0:100 

25:75 

- Effect of acid mixture between HNO3 and  

  HCl concentration (mol l-1) 

0.50 – 2.00 1.00 

- Effect of Vigna unguiculata subsp.  

   sesquipedalis concentration (g) 

0.50-10.00 5.00 

- Effect of digestion time (min) 15-120 60 

Wavelength (nm) 350-700 430 

- Effect of pH 3.00-7.00 5.00 

- Effect of natural reagent volume (ml) 1.00-4.00 2.00 

- Effect of reaction time (min) 0-60 0 

 

 
Figure 10. The calibration curve of spectrophotometric method for determination of tetracycline  
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3.5 Effects of interferences 
 

Under the conditions selected above, the effects of many substances are used as generic excipients 

in drug preparation for this test method of tetracycline. The tolerance ratio was taken as the 

maximum amount causing an error not greater than 5% for determining the analyte of interest. The 

mixture of 5.00 mg l-1 tetracycline solutions with excipients at different concentrations were filtered 

if necessary before analysis. The tolerance values of the investigated species were >500 mg l-1 for 

starch; 400 mg l-1 for glucose, sucrose and lactose; 250 mg l-1 for fructose, citric acid and sodium 

benzoate. So, it could be considered that there was no interference and there was a specificity in 

drug analysis by the proposed method. 
 

3.6 Application 
 

The proposed method was applied for determination of tetracycline in pharmaceutical formulations 

available doses of 250 and 500 mg per capsule/ tablet.  The results obtained were satisfactory while 

compared to the label values (Table 2). Statistical analysis of the results from both values using the 

t-test [26] at the 95% confidence level were not significant. Indicating that this method was accurate. 

 

Table 2. Accuracy of the proposed method compared with label value for determination of 

tetracycline in pharmaceutical sample 

Pharmaceutical sample Tetracycline found (mg) 

Label value Proposed methoda 

TC-1 250.00 242.11 ± 0.38 

TC-2 250.00 247.21 ± 0.46 

TC-3 250.00 241.09 ± 0.49 

TC-4 250.00 245.25 ± 0.31 

TC-5 500.00 496.02 ± 0.43 

a = Average from three determinations 

 

 Table 3 showed the comparison of the analytical characteristics of the proposed method for 

determining tetracycline with the previous reports.  The proposed method was provided a lower 

sensitivity than the previous report due to the limitation of the phototube detector in the UV-Vis 

spectrometer. Although this method was lower sensitivity than the previous reports, the advantages 

of this method was provided a wide linearity range, rapid and simple, using non-toxic natural reagent 

and environmentally friendly.  To improve the sensitivity for further studies, it should be replaced 

with a high sensitivity detector such as photomultiplier tube or photodiode array detector. 
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Table 3. Comparison of the analytical characteristics of the proposed method for determining 

tetracycline with the previous reports 

Analytical method Linear range LOD %RSD Reference 

HPLC 50-5000 μg kg-1 15.30 μg kg-1 4.90% [5] 

CE - 0.50 μg ml-1 4.37% [7] 

Electrochemistry 2.0×10-5-3.1×10-4 mol l-1 3.6×10-7 mol l-1 6.50% [10] 

Spectrofluorometry 0.05-100 μg ml-1 0.029 μg ml-1 3.53% [11] 

Chemiluminescence 5.0×10-5-5.0×10-4 mol l-1 2.0×10-6 mol l-1 3.70% [12] 

This work 1.00 – 20.00 mg l-1 0.65 mg l-1 3.43%  

 

 

4. Conclusions 
 

A simple, precise and green UV-Vis spectrophotometric method for tetracycline determination was 

demonstrated by the reaction between tetracycline and iron (III) contents in Vigna unguiculata 

subsp. sesquipedalis extraction as a natural reagent in an acetate buffer solution pH 5.0. The 

proposed method was successfully applied to the determination of tetracycline in pharmaceutical 

formulations. The results obtained by the proposed method were in good agreement with the 

assigned value from the label verified by student t-test at 95% confidence level. The benefit of the 

proposed method over the previous studies were used non-toxic/hazardous reagents, generates less 

waste, simple and cost-effective.  
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Abstract  
 

Microalgae contain high levels of proteins, lipids, carbohydrates and other bioactive 

metabolites with direct relevance to aquaculture. This investigation was done to assess the 

bioactive properties and describe the neutraceutical and pharmacological benefits of a green 

microalga, Chlorella minutissima (Chm1). The alga has a total phenolic content of 30.94±0.06 

mg GAE g-1. Relative antioxidant efficiency showed that C. minutissima exerted potent ABTS 

scavenging activity and high ability of reducing copper ions in a concentration-dependent 

manner with IC50 values of 48.13 μg GAE ml-1 and 13.90 μg GAE ml-1, respectively. 

Evaluation of antibacterial activities using microtiter plate dilution assay revealed that C. 

minutissima showed strong activity against Aeromonas hydrophila with a minimum inhibitory 

concentration (MIC) of 125 μg ml-1. The algal extract is also effective against Vibrio cholerae, 

Vibrio parahaemolyticus and Staphylococcus aureus in each case with MIC value of 250 μg 

ml-1. Also, C. minutissima extract was able to inhibit the growth of Pseudomonas fluorescens 

with MIC value of 500 μg ml-1. Proximate composition of the dried microalga showed that C. 

minutissima consists of high protein, ash and crude fat content with values of 42.61±0.11%, 

17.79 ± 0.04% and 11.70 ± 0.01%, respectively. The results show that C. minutissima is an 

excellent candidate organism as a potential source of chemical compounds important for feed 

formulation and disease control in aquaculture.  

 

Keywords:  Antibacterial activity; antioxidant activity; bioactive compounds; bacterial fish 

pathogen; Chlorella; microalgae; proximate analysis 
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1. Introduction 
 

Bacterial fish pathogens are regarded as principal causes of diseases in aquaculture occurring 

in nurseries and rear ponds that can cause massive fish mortalities leading to significant 

economic losses [1]. These bacterial fish infections are caused by several species of 

Aeromonas sp., Vibrio sp. and Pseudomonas sp. causing hemorrhages, lesions and ulceration 

in several fish species [2]. Antibiotics are being used in the aquaculture industry to prevent 

these infections. However, there is an increasing occurrence of antibiotic resistance in most 

aquaculture and thus antibiotics are becoming less effective. Also, the detection of drug 
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residues in aquatic animal tissues and the possibility of infection of drug-resistant bacteria to 

consumers (humans) have become major considerations for public health that result from the 

application of antibiotics in aquaculture [1, 3]. Thus, discovery of different mitigation 

strategies to solve such unforeseeable and unceasing occurrence of fish disease is considered 

an urgent need. The use of other existing natural resources such as microalgae is considered as 

one of the strategic solutions to address such issues. Microalgae are a natural source of food 

for animals (such as fish fry and larval shrimp) important in aquaculture, and some species 

(Chlorella, Isochrysis, Tetraselmis, Chaetoceros, Nannochloropsis and Pavlova) are being 

used commercially as dried algal feed or live prey [1, 2]. These organisms are known to have 

diverse bioactive metabolites with antioxidant, anticoagulant, antibacterial, antifungal, 

anticancer, and antiviral activities [1].  These organisms use inorganic nutrients and light to 

produce biomolecules with high nutritional value like lipids, carbohydrates, pigments, and 

proteins. Also, other chemical compounds such as polysaccharides, sterols, polyphenols, 

carotenoids, vitamins and polyunsaturated fatty acids are reported to have potential use in the 

prevention and reduction of fish disease [2, 4, 5].  

The genus Chlorella is a group of unicellular, green-pigmented microalgae capable 

of synthesizing a wide array of bioactive chemical compounds using various pathways with 

good therapeutic effects. These microalgae are capable of exhibiting high growth rate, high 

adaptability to various environmental conditions with minimal media requirements. Also, 

some species such as Chlorella vulgaris are considered as Generally Regarded as Safe 

(GRAS) for consumption by animals and humans as alternative source of single cell proteins. 

Thus, the feasibility of these organisms as alternative source of beneficial biomolecules and 

chemical compounds for large-scale production are acknowledged. Chlorella minutissima is a 

coccoid green microalga that is characterized by having chlorophyll and parietal chloroplasts. 

This species is known to produce secondary metabolites when subjected to environmental 

stress like high temperature, high intensity of light, and nitrogen starvation. Substances 

derived from this microalga such as polyphenols, sterols, phycobilins, polysaccharides, 

carotenoids and bioactive peptides are reported to have antioxidant, antibacterial and 

anticholinesterase activities [6, 7].  

The Philippine freshwater ecosystem is known to have a number of Chlorella species 

with functional and bioactive properties yet to be explored. However, only a few studies have 

been documented about the nutritional properties, antibacterial and antioxidant activities of 

these microalgae. Previously, a protein-rich strain of Chlorella sorokiniana was reported to 

contain bioactive peptides including phosphoglycerate kinase, Fe-superoxide dismutase and 

chloroplast Rubisco activase. These bioactive peptides were able to exhibit ACE inhibitory, 

anti-amnestic, antioxidant and antithrombotic activities that suggest the potential of this 

species as alternative source of high value natural product [8]. The present study is the first 

report in the Philippines exploring the bioactive properties of a green microalga, Chlorella 

minutissima Fott & Novákova with potential to be use as novel antibiotics for disease control 

in aquaculture and as an alternative source of protein rich biomass for feed formulation. The 

investigation was done to analyze the proximate composition, total phenolic content, 

antibacterial, and antioxidant (using ABTS radical scavenging and copper reduction 

antioxidant capacity (CUPRAC) assay) activities of C. minutissima. In addition, correlation 

analysis on the phenolic content of the microalgal extract and its antioxidant (ABTS radical 

scavenging and copper reducing capacity) activity was established. 

 

 

2. Materials and Methods 
 

2.1 Algal culture 
 

The microalga, Chlorella minutissima was procured from the Philippine National Collection 

of Microorganisms, National Institute of Molecular Biology and Biotechnology (BIOTECH), 

University of the Philippine Los Baños. Culture of C. minutissima (100 ml) was inoculated 

into three sterile flasks containing one liter of BG 11 medium. The mass production set up was 
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cultivated for 24 days with mean temperature of 23 ± 2 °C. Three fluorescent white lamps 

(light intensity of 120 μmol photons m-2 s-1) were utilized to provide illumination on a 16:8 

light to dark cycle. The algal biomass was centrifuged at 10,000 rpm for 10 min and was 

rinsed with sterile distilled water. The rinsed biomass was centrifuged again and the biomass 

was freeze-dried using a Virtis Freeze mobile 25 SL lyophilizer [1, 5]. This freeze-dried 

biomass was used for determining the total phenolic content as well as antioxidant and 

antibacterial assays. In addition, algal biomass of C. minutissima obtained after centrifugation 

was oven dried at 60oC for 24 h and used for determining the proximate composition [5].  

 

2.2 Proximate composition analysis 
 

The ash content was obtained by complete burning of the dried algal biomass in an oven at a 

temperature of 550°C for 4 h until an ash (grayish powder) was produced. Crude fiber content 

was analyzed using the Weende method [9]. Briefly, 0.3 g of the dried algal biomass was 

digested with 1.25% HCI followed by 1.25% NaOH. The residue obtained after the digestion 

process was dried at 105°C for 3 h and weighed. The protein content of C. minutissima was 

analyzed by Kjeldahl method [9]. The total amount of nitrogen in crude protein was 

determined using 6.25 as the conversion factor. The total crude fat concentration of the 

microalga was estimated using the Bligh and Dyer method. Ten grams of the dried algal 

biomass was mixed with the extraction solvent (1:2 chloroform/methanol) and kept overnight 

after addition of CaCl2. The chloroform layer was separated from the algal sample and then 

evaporated to dryness (in an evaporator) and finally placed in an oven set at 105°C for 30 min. 

The total crude lipid concentration was obtained by calculating the weight differences 

between flasks [9]. The moisture content of C. minutissima was determined by subjecting the 

algal biomass (2 g) to dryness at 105°C until a constant weight was obtained [9]. The total 

carbohydrate concentration was estimated using the equation below:  

 

% 𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑟𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 = 100 − (% 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 + % 𝐶𝑟𝑢𝑑𝑒 𝐹𝑖𝑏𝑒𝑟 + % 𝐶𝑟𝑢𝑑𝑒 𝐹𝑎𝑡 + %𝐴𝑠ℎ) 

 

2.3 Microalgal extract preparation 
 

The lyophilized algal biomass was soaked overnight in methanol (1g biomass: 20 ml 

methanol) with stirring. The extract was filtered using a filter paper (Whatmann No. 1) and 

subjected to a rotary evaporator (at 40°C) under reduced pressure to concentrate the algal 

extract [1, 5].  

 

2.4 Determination of total phenolic content  
 

Analysis of the total phenolic content of C. minutissina was done using a Folin-Ciocalteau’s 

reagent [10]. Briefly, a portion (0.5 ml) of the diluted algal extract (using distilled water as 

diluent) was added with equal volume of 10% sodium carbonate solution and Folin-

Ciocalteau’s reagent and set aside for 5 min. The solution was then added with 5 ml sterile 

distilled water. The optical density (OD readings) of the reaction mixture was measured at 720 

nm using a Shimadzu UV-1601 spectrophotometer. The blank consisted of distilled water with 

other reagents used in the analysis. The standard gallic acid was used for the construction of 

the calibration curve.  The total phenolic concentration of the extract was reported as mg 

gallic acid equivalents (GAE) g-1 of the algal sample [10].  

 

2.5 ABTS radical scavenging assay  
 

ABTS free radical scavenging activity of C. minutissima extract was done using a method that 

is based on the decolorization of 2,2-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt [11]. In this method, ABTS chromophore is transformed to its radical cation 

upon addition of sodium persulfate. This radical cation (bluish in color) is converted to its 

neutral form (colorless) in the presence of antioxidants (such as phenolic compounds in the 
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extract) in the reaction mixture. Briefly, 40 μl of algal extract at different phenolic 

concentrations (diluted using distilled water) and 40 μl of 90% methanol for the control were 

mixed with 3 ml of ABTS radical mixture with a starting absorbance of 0.72±0.05 at 734 nm.  

The solutions were stirred and set aside for 5 min at ambient temperature. Then, optical 

density reading was read at 734 nm (water was used to zero the spectrophotometer) [11]. The 

blank consisted of distilled water with other reagents used in the assay. The percent ABTS 

inhibition was analyzed using the formula below: 

 

ABTS Inhibition (%) = 
Abs734 (control) – Abs734 (sample) 

x 100 

Abs734 (control) 

 

2.6 Copper reduction antioxidant capacity (CUPRAC) assay 
 

The cupric ion reducing capacity of the algal extract was analyzed by colorimetric method 

[12]. For this, 0.5 ml of the prepared algal extract concentrations (5, 10, 15, 20, and 25 μg 

GAE ml-1) diluted using distilled water was mixed with 1 ml each of 0.0075 M neocuproine, 

ammonium acetate (C2H3O2NH4) buffer (1M, pH 7.0) solution, as well as 0.01 M CuCl2 into a 

sterile test tube. The solutions were kept for 30 min at ambient temperature. The blank 

consisted of distilled water with other reagents used in the assay.  The optical density 

(absorbance readings) of each reaction solution was noted at 450 nm and compared against a 

blank [12]. 

 

2.7 Test bacterial pathogens 
 

The Philippine National Collection of Microorganisms, National Institute of Molecular 

Biology and Biotechnology (BIOTECH), University of the Philippines Los Baños (UPLB) 

provided the test organisms used in this study. Pathogenic strains of Gram-negative bacteria 

(Pseudomonas aeruginosa BIOTECH 1824, Pseudomonas fluorescens BIOTECH 1123, 
Pseudomonas putida BIOTECH 1506, Vibrio cholerae BIOTECH 1967, Aeromonas 

hydrophila BIOTECH 10089, and Vibrio parahaemolyticus BIOTECH 10210) and Gram-

positive bacteria (Listeria monocytogenes BIOTECH 1958, Staphylococcus epidermidis 

BIOTECH 10098, and Staphylococcus aureus BIOTECH 1823) were pre-cultured using Luria 

Bertani (LB) broth or Marine broth (for Vibrio species) with shaking overnight at 35°C. The 

purity of each bacterial culture was maintained by continuously checking the biochemical 

tests and morphological characteristics of each pathogen [5, 13].  

 

2.8 Micro-dilution antibacterial assay 
 

The antagonistic activity of C. minutissima extract against the Gram-negative and Gram-

positive pathogenic bacteria was analyzed using microtiter plate dilution assay [13]. Initially, 

bacterial stocks of each pathogenic bacterium with cell density of 1 × 105 cells ml-1 were 

prepared. Using a 96-well microtiter plate, 100 μl of the bacterial stock cultures were added 

with 100 μl of C. minutissima extract at different dilutions (1000 μg ml-1-7.81 μg ml-1). 

Methanol was also used in the assay as the negative control. The microtiter plate was 

incubated at 35°C for 12 h, after which minimum inhibitory concentration (MIC) for each 

bacterium was recorded. MIC of the C. minutissima extract is the minimum concentration 

capable of inhibiting bacterial growth after 12 h incubation period. To determine the minimum 

bactericidal activity (MBC) of the algal extract, a loopful of the sample from each MIC wells 

(that exhibited growth inhibition of bacteria) was streaked into freshly prepared culture 

(tryptic soy agar and marine agar) medium. The plates were kept at 35°C for 24 h and were 

evaluated for visible colony growth for each dilution subculturing. No visible bacterial growth 

meant that C. minutissima was bactericidal at that particular dilution [5, 13].  
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2.9 Statistical Analyses 
 

The experimental assay in this study was done with three replicates and data were expressed 

as means ± standard deviations (mean ± SD). The statistical tests for the linear correlation 

between antioxidant activity and phenolic concentration of the algal extract using Pearson’s 

correlation coefficient (R) were analyzed using MS Office Excel 2007. 

 

 

3. Results and Discussion 
 

3.1 Proximate composition analysis 
 

The growing concern on the limitation of the use of arable land areas and the decrease in fish 

harvested from freshwater and open ocean highlights the need for sustainable animal feed 

source from aquaculture [14]. Microalgae are regarded as promising substitutes (to traditional 

plant-based feeds) for nutrient sources of protein, lipids and carbohydrates needed for partial 

replacement in animal feed formulation. These organisms are rich in protein (40-60% of dry 

biomass) as well as carbohydrates and lipids and their compositions vary depending on the 

species and growth condition [15-17]. Thus, evaluation of the chemical composition and 

assessing the possibility of several strains of microalgae for mass production will give 

baseline information needed for the development of new feed formulation essential in 

aquaculture.  

 The proximate composition analysis of the dried biomass of C. minutissima exhibited 

high nutritional value (Table 1). The algal strain possesses high concentration of protein with 

an estimated amount of 42.61 ± 0.11% of the total dried biomass. This result is comparable to 

other microalgae being used in feed formulation in aquaculture such as Chlorella vulgaris and 

Spirulina platensis which have protein contents of 55.70 ± 2.10% and 61.74 ± 1.06%, 

respectively [18]. Also, this microalga has a higher protein content than other traditional plant-

based protein sources used in animal feed formulation such as Azolla pinatta (28.01 ± 1.15%) 

and soybean (37.69 ± 0.00%) [18, 19]. The study revealed that C. minutissima showed protein 

content that is higher than 40% of its total dry biomass proving its potential as alternative 

protein source in feed formulation for aquaculture [5]. Table 1 showed other dominant 

biochemical components like ash (17.79 ± 0.04%), carbohydrate (14.06 ± 0.03%) and crude 

fat (11.70 ± 0.01%). The ash content shows the concentration of inorganic substances found in 

the algal biomass. On the other hand, a low concentration of crude fiber (9.13 ± 0.15%) was 

observed in C. minutissima biomass. This value is good in feed formulation since animals do 

not a need high concentration of fiber in their diets [5, 14].  

 

Table 1. Proximate composition of Chlorella minutissima 

Proximate composition Percent composition (%) 

Moisture Content 4.71 ± 0.10 

Ash Content 17.79 ± 0.04 

Crude Protein 42.61 ± 0.11 

Crude Fat 11.70 ± 0.01 

Crude Fiber 9.13 ± 0.15 

Carbohydrate 14.06 ± 0.03 
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3.2 Total phenolic content (TPC) 
 

The amount and kind of phenolic compounds extracted from a sample are dependent on the 

polarity of the solvent and the binding (complex formation) of phenolic substance with the 

corresponding solvent (used for extraction) for it to become more soluble [13, 20]. Phenolic 

compounds have high solubility in polar solvents (such as methanol) giving a high 

concentration of these target compounds in the sample extract. The TPC of C. minutissima 

was analyzed using the Folin-Ciocalteu reagent [10] and is expressed in gallic acid equivalent 

(calibration curve equation: y = 0.0682x – 0.0214, r2 = 0.997). The results showed that the 

total phenolic concentration in C. minutissima extract is 30.94 ± 0.06 mg GAE g-1. The 

phenolic concentration obtained from methanol extract of C. minutissima is greater than that 

observed from other species of microalgae found in the Nile River in Egypt such as 

Oscillatoria agardhii and Anabaena sphaerica with 20.91 ± 0.21 mg GAE g-1 and 14.81 ± 

0.02 mg GAE g-1, respectively [21]. Likewise, lower TPC was also observed from previous 

studies using methanolic extract of Chlorella marina (0.647 ± 0.052 mg GAE g-1) [22], 

Scenedesmus quadricauda (606.91 ± 0.028 μg GAE g-1) [5] and Desmodesmus sp. 

(652.66±0.042 μg GAE g-1) [3] in comparison with the current study.  

 

3.3 Antioxidant activities 
 

Microalgae have polyphenols with a wide range of antioxidant activities. Thus, utilization of 

these natural polyphenols for possible use in drug synthesis should be studied. The antioxidant 

activities of C. minutissima extract were evaluated using ABTS scavenging and CUPRAC 

assay. Two antioxidant assays were utilized in the study to better understand the antioxidant 

capacities of the microalgal extract.  

 

3.3.1 ABTS radical scavenging activity 

 

The ABTS radical scavenging assay is a spectrophotometric technique that uses the reduction 

of stable colored radicals to evaluate the antioxidant capability of a sample extract. In this 

assay, ABTS chromophore is generated through the reaction of sodium persulfate and ABTS, 

which changes ABTS into its radical cation. The radical cation is bluish in color and is 

capable of absorbing light at 734 nm [11]. The methanolic extract of C. minutissima exhibited 

a concentration-dependent inhibition of ABTS radical production (Table 2). The highest 

antioxidant activity (60.61%) for the algal extract was observed at 62.5 μg GAE ml-1 of the 

prepared concentration of the extract, whereas the standard, that is, ascorbic acid, exhibited 

the highest activity of 64.53% at 187.5 μg ml-1 concentration. This means that the antioxidant 

activity of the microalgal extract is thrice more effective than ascorbic acid (standard 

antioxidant) in scavenging ABTS free radical. Chlorella minutissima extract exerted a dose 

dependent ABTS free radical inhibition and scavenging activity (Table 2 and Figure 1). This 

activity can be ascribed to phenolic substances like flavonoids, vitamin C and carotenoids 

present in C. minutissima extract that serve as potent free radical scavengers which can be 

used as nutritional feed supplement in aquaculture for the control and prevention of fish 

diseases caused by bacteria and other external oxidative stressors. The activity of C. 

minutissima extract exhibited potent antioxidant activity when compared to ascorbic acid 

(positive control) with IC50 of 48.13 μg GAE ml-1 and IC50 = 147.9 μg ml−1, respectively. 

Also, the effective concentration (IC50) of C. minutissima extract showed greater antioxidant 

activity than other strains of microalgae from KwaZulu-Natal in South Africa such as 

Chlorella sorokiniana and Chlorella minutissima with IC50 values of 85.03 μg GAE ml-1 and 

86.05 μg GAE ml-1, respectively [7].  
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Table 2. ABTS radical scavenging activity and IC50 value of phenolics from C. minutissima 

and ascorbic acid 

 

Sample 
Phenolic concentration (μg GAE ml-1)  

IC50* 
12.5 25.0 37.5 50.0 62.5 

ABTS Inhibition (%) 

Chlorella 

minutissima 

16.38 ± 

1.53 

29.87 ± 

0.00 

40.62 ± 

0.51 

51.66 ± 

0.82 

60.61 ± 

1.63 
48.13 μg ml-1 

 

Concentration (μg ml-1)  

37.5 75.0 112.5 150.0 187.5  

ABTS Inhibition (%)  

Ascorbic 

acid 

11.70 ± 

1.54 

24.56 ± 

0.62 

36.70 ± 

0.51 

50.87 ± 

0.82 

64.53 ± 

1.64 
147.9 μg ml-1 

*IC50 is the effective concentration that inhibits the activity of ABTS (2,2-Azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt) cation radical by 50%.   

 

 

               
Figure 1. Correlation between the total phenolic content and antioxidant activity  

(ABTS radical scavenging assay) of C. minutissima 

 

The coefficient of correlation (R) between phenolic concentration and antioxidant 

activity of C. minutissima using ABTS scavenging assay is presented in Figure 1. Based on 

the correlation analysis, a positive correlation (R=0.9975) exists between total phenolic 

concentration and ABTS antioxidant activity of the methanol extract of C. minutissima. This 

shows that the phenolic compound present in the algal extract enhances the antioxidant 

property of C. minutissima. Previous studies regarding antioxidant activity of green 

microalgae, Scenedesmus quadricauda, Trentepohlia umbrina, and Desmodesmus sp. showed 

positive correlation between antioxidant activities and phenolic contents of the algal extracts, 

a result that is in agreement in the current investigation [3, 5, 23].  

  

3.3.2 Copper reduction antioxidant capacity (CUPRAC)  

 

CUPRAC assay is a technique used in assessing the antioxidant capability of an extract by 

evaluating the capability of the algal extract to reduce (Cu (II)-Neocurpine) to colored Cu (I)-

Neocurpine chelate, which exhibits a maximum absorbance at 450 nm. This method has 

unique advantages over other antioxidant assays such as the range of working pH near to 

physiological pH (as compared to the FRAP and Folin assay, which work at acidic and 

alkaline conditions, respectively) and efficient redox potential. Moreover, this assay is 

applicable in the detection of sulfhydryl (-SH) containing antioxidants (unlike FRAP method) 

as well as lipophilic and hydrophilic antioxidants (unlike other antioxidant assays such as 
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DPPH and Folin) in the sample extracts [24]. The presence of hydrophilic, lipophilic and 

sulfhydryl (-SH) containing antioxidants in the algal extract can exhibit promising biological 

activities that can be used for aquaculture [12]. Chlorella minutissima extract showed dose-

dependent copper ion reduction ability. Table 3 shows the maximum absorbance of 0.860 of 

methanolic extract at 25 μg GAE ml-1 concentration, whereas the standard, that is, ascorbic 

acid, shows an absorbance of 0.542 at 50 μg GAE ml-1 concentration. In this method, a higher 

absorbance reading means greater antioxidant activity. The observed trend in this antioxidant 

assay is similar to that obtained from the ABTS assay in which 62.5 μg GAE ml-1 

concentration showed the highest antioxidant activity. The study reveals that C. minutissima 

extract contains phenolic compounds having antioxidant properties that can be ascribed to its 

excellent copper reducing ability. Previous studies show that microalgal compounds such as 

tocopherol, carotenoids, polyphenolic compounds and pigments were observed to have 

reduction potential like antioxidant properties [3, 5]. Lipophilic antioxidants like tocopherols 

and carotenoids are highly effective in inhibiting nucleic acid formation and cytoplasmic 

leakage in bacteria. On the other hand, hydrophilic antioxidants such as flavonoids are capable 

of causing damage in bacterial cell wall by dissolving extracellular proteins [6, 23]. In this 

study, the presence of these compounds in the algal extract contributed to a stronger 

antioxidant property than that of the standard antioxidant (such as ascorbic acids) used in the 

food industry. 

 

Table 3. Copper reduction antioxidant capacity (CUPRAC) and IC50 value of phenolics from 

C. minutissima and ascorbic acid 

 

Sample 
Phenolic concentration (μg GAE ml-1)  

IC50* 5.0 10.0 15.0 20.0 25.0 

CUPRAC (Absorbance at 450 nm) 

Chlorella 

minutissima 

0.182 ± 

0.001 

0.389 ± 

0.001 

0.535 ± 

0.004 

0.635 ± 

0.016 

0.860 ± 

0.002 

13.90 μg 

ml-1 

 

Concentration (μg ml-1)  

10.0 20.0 30.0 40.0 50.0  

CUPRAC (Absorbance at 450 nm)  

Ascorbic 

acid 

0.112 ± 

0.002 

0.213 ± 

0.007 

0.328 ± 

0.004 

0.429 ± 

0.012 

0.542 ± 

0.011 

46.30 μg 

ml-1 

*IC50 is the effective concentration that gives CUPRAC value of 0.5 absorbance reading at 

450 nm. Computed by interpolation. 

 

The strong positive correlation (R) between the antioxidant activity of C. minutissima 

and the phenolic concentration using CUPRAC assay (R= 0.9927) shows that phenolic 

compounds present in the algal extract contributed significantly to the antioxidant activity of 

the microalga (Figure 2). In addition, C. minutissima extract exhibited potent antioxidant 

activity as compared to ascorbic acid (positive control) with IC50 of 13.90 μg GAE ml-1 and 

IC50 = 46.30 μg GAE mg ml-1, respectively. The result of this analysis proves that the 

antioxidant activity of C. minutissima extract is stronger than ascorbic acid, which proves its 

promising characteristic as natural alternative source of bioactive compounds useful in drug 

discovery.  
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Figure 2. Correlation between the total phenolic content and antioxidant activity  

(copper reduction antioxidant capacity (CUPRAC) assay) of C. minutissima 

 

3.4 Antibacterial activity 
 

Chlorella is a common genera of microalgae widely used as feed supplement for aquaculture. 

These microalgae are being utilized as cultured microalgae in the rearing of the larvae of 

freshwater and marine fish, bivalves and other crustaceans. In addition, these cultured 

microalgae in ponds and culture tanks are reported to have a positive impact on the overall 

bacterial load of the aquaculture rearing system. These microalgae are capable of suppressing 

the growth and proliferation of opportunistic bacterial pathogens such as Aeromonas sp., 

Pseudomonas sp., and Vibrio sp., thus improving the survival rate of fish larvae [6, 25]. The 

enhanced effect of adding cultured microalgae in rearing tanks can be attributed to factors 

such as oxygen radicals produced during photosynthesis as well as other bioactive compounds 

produced by the microalgae [6].  

The antibacterial activity of the C. minutissima extract against selected bacterial 

pathogen is shown in Table 4. The algal extract exhibited potent antibacterial effect against A. 

hydrophila with MIC and MBC values of 125 μg ml-1 and 250 μg ml-1, respectively. The 

extract is also effective against V. cholerae, V. parahaemolyticus and S. aureus, each with 

MIC values of 250 μg ml-1. Also, C. minutissima extract was able to prevent the growth of P. 

fluorescens with MIC value of 500 μg ml-1. The minimum bactericidal concentration (MBC) 

value of the algal extract for V. cholerae, V. parahaemolyticus and S. aureus (each with MBC 

of 500 μg ml1) was greater than that obtained for P. fluorescens (MBC of 1000 μg ml-1). The 

antibacterial activity of the extract against V. parahaemolyticus is similar to an earlier study 

showing that axenic culture of C. minutissima when co-cultivated with other Vibrio species 

for 24-96 h exhibited antagonistic activity against the pathogens [6]. Bioactive substances 

such as polyphenols and bioactive peptides were detected in several Chlorella species that are 

capable of inactivating adhesins and other protein envelope of bacterial pathogens [5]. 

Antioxidants derived from microalgae such as flavones, astaxanthin, vitamin E, peptides, 

vitamin C, polyphenols, carotenoids, and amino acids are beneficial to aquatic animals by 

providing enhanced immune responses against pathogens via free radical neutralization and 

repair of membrane system and biomolecules due to oxidative damage. The use of these 

antioxidants has shown a great potential as nutritional and immunostimulating feed 

supplement by exhibiting antimicrobial activities against important disease causing bacterial 

pathogens in aquaculture. Arthrospira platensis fed to commercially important shrimp and 

fish, exhibited increased phagocytic activity and resistance against Escherichia coli, Vibrio 

harveyii, Bacillus subtilis, and Salmonella typhimurium. In addition, Porphyridium sp. 

supplemented in fish feed exhibited antiviral, antitumor, antioxidant, and anti-inflammatory 

activities, proving the important effect of microalgae on the survival and development of 

cultivated aquatic organisms [26, 27]. The amount and type of free fatty acids present in the 

algal extract can cause disruption in the efficiency of the oxidative phosphorylation and 

electron transport chain of bacterial cells, leading to cell lysis and death [28, 29]. 
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Table 4. Antibacterial activities of C. minutissima extract 

Bacterial Pathogen 

Minimum inhibitory        

concentration 

 (μg ml-1) 

Minimum bactericidal 

concentration 

(μg ml-1) 

Gram-positive bacteria   

Staphylococcus aureus 

BIOTECH 1823 
250.00 500.00 

Listeria monocytogenes 

BIOTECH 1958  
>1000.00 ND 

Staphylococcus epidermidis 

BIOTECH 10098  
>1000.00 ND 

Gram-negative bacteria   

Aeromonas hydrophila 

BIOTECH 10089  
125.00 250.00 

Vibrio cholerae 

BIOTECH 1967 
250.00 500.00 

Vibrio parahaemolyticus 

BIOTECH 10210 
250.00 500.00 

Pseudomonas fluorescens 

BIOTECH 1123  
500.00 1000.00 

Pseudomonas aeruginosa 

BIOTECH 1824 
>1000.00 ND 

Pseudomonas putida    

BIOTECH 1506 
>1000.00 ND 

 *ND = Not detected 

 

Several species of green microalgae, such as Trentepohlia umbrina, Chlorococcum 

humicola, Chlorella vulgaris, Scenedesmus quadricauda, Desmococcus olivaceous and 

Desmodesmus sp. were screened for antibacterial activities in search of new bioactive 

compounds effective in controlling bacterial pathogens [3, 5, 23, 30, 31], but in this 

investigation, for the first time in the Philippines, the antibacterial activities of C. minutissima 

methanolic extract against A. hydrophila, V. cholerae, V. parahaemolyticus and P. fluorescens 

were reported. Comparing the results obtained in this study with other microalgae, it seems 

that the methanolic extract of Chlorella minutissima showed relatively strong antibacterial 

activity against bacterial fish pathogen. Thus, C. minutissima is considered as a candidate 

freshwater microalgae with excellent biological activities that can be used for the development 

of new antibiotics. Further experiment should be conducted on the isolation, purification, 

chemical structure elucidation, and identification of these bioactive substances to better 

understand the mechanisms of antibacterial activity and its potential for large-scale 

production.  

 

 

4. Conclusions 
 

Chlorella minutissima (Chm1) possess bioactive metabolites with potential neutraceutical and 

pharmacological benefits. It is capable of producing chemical compounds in high 

concentration such as proteins, lipids and phenolic compounds with direct relevance to 

aquaculture application. The green microalga exhibits potent antioxidant and antibacterial 

activities as well as high protein content suitable for large-scale production. Further 

experiments focusing on the identification and characterization of the biologically active 

compounds using GC-MS analysis should be conducted to understand the mechanisms 

involving in the antibacterial and antioxidant properties of the algal extract. Also, studies on 
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the use of C. minutissima biomass as nutritional partial feed replacement in aquaculture feed 

formulation and feeding experiment should be conducted.  
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Abstract  
 

The purpose of this study was to examine the chemical properties, antioxidant activities and sensory 

test of a two-stage fermented vinegar that was produced from three Prunus species, namely Prunus 

persica L., Prunus domestica L., and Prunus mume L. Alcoholic fermentation was produced using 

Saccharomyces cerevisiae and acetous fermentation was achieved using Acetobacter pasteurianus. 

Samples taken during the alcoholic fermentation showed a continuous decrease in total soluble 

solids and an increase in alcohol content at the end of fermentation process. The result showed that 

the wine produced from Prunus persica L. exhibited the highest content of alcohol (13.810.04 %, 

w/v) and exhibited the highest content of antioxidant activity (45.21±0.06 mg/ml).  In the acetous 

fermentation, alcohol content dropped continuously and acetic acid content elevated at the end of 

the process.  The highest content of acetic acid (4.04 ± 0. 19 %, v/v)  was detected in the vinegar 

produced from Prunus domestica L., while the vinegar produced from Prunus persica L.  exhibited 

the highest content of antioxidant activity (49.08 ± 8.49 mg/ml). The 9-point hedonic scale showed 

that the vinegar produced from Prunus mume L.  exhibited the highest overall acceptability 

(7.83±1.02), a result that indicated that consumers rated it at the very pleasant level on the preference 

scale. 
 

Keywords: chemical properties; antioxidant activity; fruit vinegar; Prunus; sensory evaluation 
DOI 10.14456/cast.2021.10 
 

 

1. Introduction  
 

Thailand is a tropical country that has an abundance of tropical fruits such as bananas, tamarinds 

and pineapples, which can be preserved to add value to fruit production by transforming fruit into 

functional foods, for example, banana vinegar [1].In the north of Thailand, a lot of prunus fruit are 

grown and can be processed into healthy beverages.  Prunus fruits species, include peach (Prunus 

persica L.), red plum (Prunus domestica L.), and chinese plum (Prunus mume L.) are mostly 

processed as frozen, caned, and dried fruits, as well as fruit juice.  Currently, there is an upsurge of 

interest in new healthy foods, and this has stimulated the development of  innovations in food 

processing, such as the production of novel vinegar drinks from fruits. Vinegar is rich in nutrients 
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including amino acids, vitamins, sugars, organic acids, polyphenols, tetramethylpyrazine, and 

melanoidins [ 2] .  The demand for fruit vinegars has increased because of its benefit as health food 

products, which offers various different kinds of beneficial effects to human such as having 

antibacterial, antidiabetic properties and lowering cholesterol levels by inhibiting the oxidation of 

low density lipoproteins (LDLs) [3].  

Peach (Prunus persica L. )  is a popular fruit appreciated by consumers for its odor and 

flavor and it is an excellent source of bioactive compounds such as phenolic compounds which show 

a variety portion of biological activities favorable to human health [4]. Red plum (Prunus domestica 

L. )  is well- known worldwide because of its color, aroma, flavor and nutritional value.  The main 

nutrition value of red plum comes from their phenolic compound such as phenolic acid and 

flavonoids, which decrease the risk of oxidative damage and cancer [ 5] .  Chinese plum (Prunus 

mume L. )  is a tree of genus Rosaceae.  Chinese plum contains phenolic compounds, such as 

flavonoids and phenolic acids, which are involved in antioxidant activity.  These phenolic 

compounds from Chinese plum also show an inhibitory effect against cancer cells [6]. 

Previously, bioactive compounds, volatile aroma compounds and antioxidant capacities of 

Sour cherry ( Prunus cerasus L. )  vinegars were studied [ 7] .  However, there was not much 

information available in the literature concerning the production of vinegar from other prunus fruits. 

Therefore, the objective of the present work was to evaluate the chemical properties including 

alcohol contents, glucose and fructose contents, and acetic acid contents. Antioxidant activities were 

determined by DPPH radical assays, total phenolic contents and sensory scores of the Prunus 

vinegars was performed based on the 9-point hedonic scale test. Importantly, it was hoped that this 

research would enhance the utilization of the prunus fruits.  

 

 

2. Materials and Methods  

 

2.1 Chemicals and reagents 
 

All the reagents and solvents used during these experiments were of analytical grade and were 

purchased from various suppliers, 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH)  was purchased 

from Sigma-Aldrich (Steinheim, Germany) .  Gallic acid standard was supplied by Fluka (Buchs, 

Switzerland) .  Folin- ciocalteau reagent was from Merck ( Darmstadt, Germany)  and sodium 

carbonate (anhydrous) from Univar (Downers Grove, IL, USA).  

 

2.2 Raw materials  
 

Peach (Prunus persica L.), Red plum (Prunus domestica L.) and Chinese plum (Prunus mume L.) 

fruits were harvested during March in 2019 at Chiang Mai province. 

 

2.3 Prunus vinegar production   
 

For the vinegar fermentation process, Prunus fruits of each species were pickled with rock sugar at 

a ratio of 1:1 w/w for 7 days.  After that, the juice was squeezed from the fruits.  The sugar content 

of the juice was then adjusted down to 24 ºBrix by addition of water.  The Prunus juice was 

pasteurized for 30 min at 60ºC.  Alcoholic fermentation was conducted for 5 days at room 

temperature in plastic vessels containing 2 l of the Prunus juice inoculated with wine yeast, 

Saccharomyces cerevisiae (Wine & Scientific Equipment Ltd., Part) at a ratio of 0.75% (v/v). The 

preparation of yeast inoculum was carried out by mixing 5 g of yeast powder with 60 ml of warm 

water. At the end of the fermentation process, the wine was separated from the sediment by allowing 
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it to settle in glass bottles, followed by pasteurization for 30 min at 60 ºC and clarification for 45 

days at 10 ºC.  Then, the alcohol content of the obtained wine was adjusted to 7%  (v/ v)  was 

inoculated with Acetobacter pasteurianus TISTR 102 (Thailand Institute of Scientific and 

Technological Research)  which had been grown in glucose yeast extract broth at a ratio of 10% 

(v/v). The vinegar fermentation was carried out for 15 d at 30ºC on a shaker (150 g) in a glass flask 

containing 135 ml of the Prunus wine. The samples were allowed to settle in microtubes and storage 

at 4 ºC before the analyses. 

 

2.4 Chemical analysis 
 

The wine and vinegar samples were centrifuge and filtered through a 0.45 µm filter before injection 

into HPLC system.  The analysis were performed on a Shimadzu HPLC-RID system (Shimadzu, 

Japan)  consisting of Shimadzu LC- 20AD pumps and RID- 10A refractive index detector.  The 

analytical columns used were Aminex HPX-87H column (300 mm × 7.8 mm i.d., 9 µm, Bio-Raand 

Laboratories, Inc. , USA)  coupled to a cationic exchange precolumn (Bio-Rad Laboratories, Inc. , 

USA). H2SO4 (5 mM) was used as the mobile phase. The injection volume was 20 ml with a flow 

rate of 0.6 ml/min.  The column temperature was set at 45ºC.  [ 8] .  A series of standard solutions 

(ranging from 0-12 % w/v of fructose, glucose and 0-16 % v/v alcohol, acetic acid) were prepared. 

A standard curve with R2 greater than 0.99 was plotted, and then the concentrations of sugar, alcohol 

and acetic acid in wine and vinegar were quantified accordingly.  The total soluble solids values of 

the wine were measured using refractometer (AllA France, France)  calibrated with distilled water. 

The values were expressed as OBrix. 

 

2.5 Antioxidant activity 
 

The antioxidant activities of the sample were determined by DPPH radical assay [9]  in which 2,2-

diphenyl-1-picrylhydrazyl hydrate (DPPH)  radical was used as a stable radical.  In brief, 5 ml of 

each sample was added to 5 m of 0.1 mM DPPH radical solution prepared in ethanol, and the mixture 

was incubated for 20 min at room temperature in the dark.  After incubation, absorbance was 

measured at 517 nm using a Shimadzu UV-1700 spectrophotometer (Shimadzu, Japan) , and the 

DPPH radical scavenging activities were expressed as mg ascorbic acid equivalents in 1 ml of 

sample (mg/ml). 

 

2.6 Total phenolic content analysis 
 

Folin-Ciocalteu method was utilized for the determination of total phenolic contents of the Prunus 

vinegars [10]. Briefly, 1 ml of each sample was diluted with 9.5 ml of distilled water and was then 

mixed with 0.5 ml of Folin-Ciocalteu reagent and 2 ml of 10% Na2CO3 solution.  After 30-min 

incubation at room temperature, absorbance was measured at 765 nm using a Shimadzu UV- 1700 

spectrophotometer (Shimadzu, Japan) .  Results were expressed as mg gallic acid equivalents in 1 l 

of sample (mg GAE/l). 

 

2.7 Sensory evaluation 
 

Drinking vinegar was prepared by 200 g of the Prunus vinegars, 150 g of honey and 150 g of water 

were mixed together to make drinking vinegars and the drinking vinegars were subjected to the 

sensory evaluation based on the 9-point hedonic scale by using 30 untrained panelists for 5 attributes 

of clarity, color, odor, taste and overall acceptance. A scale value of 9 represented like extremely, 5 

represented neither like nor dislike and 1 represented dislike extremely. 
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2.8 Statistical analysis 

 
The trials were carried out in triplicate.  The results were given as the mean ± standard deviation 

(SD) .  The obtained data were analyzed by one-way analysis of variance (ANOVA)  with Duncan 

multiple range test (DMRT)  to determine the significance between samples.  In all cases, p < 0.05 

was considered significant. 

 

 

3. Results and Discussion  
 

3.1 Chemical properties of the Prunus wines and vinegars 
 

The Prunus wines produced from three Prunus species via a 5-day alcoholic fermentation process 

using Saccharomyces cerevisiae as an inoculant were analyzed for their chemical compositions, and 

the results are presented in Tables 1-8.  It was observed that at the end of the fermentation, high 

alcohol content was detected in peach wines, indicating that sugars in the peach juice had been   

rapidly converted to alcohol. The Prunus wine produced from ‘peach’ species contained the highest 

alcohol content of 13.81  0.04 %, v/v which was similar to that (8.12 %) detected in peach wines 

produced from Redhaven variety [11]. As given in Table 2, glucose was rapidly utilized during the 

production of the Prunus wine as observed for peach. Notably, glucose was completely depleted in 

peach wine samples after 5 days of the fermentation. Fructose was likely to be utilized more slowly 

as compared to glucose (Table 3). The most rapid utilization of fructose was observed in the Prunus 

wine produced from peach, which was depleted in day 5 of the fermentation. Yeasts fermented only 

hexose sugars.  Yeasts fermented sugars at quantity up to 20% ; at higher concentrations the 

metabolism slow down. During alcoholic fermentation, sugars must be metabolized to pyruvate via 

the glycolytic pathway, which is then decarboxylated to acetaldehyde and finally reduced to ethanol. 

Glucose and fructose were the favored sugars of S.  cerevisiae [ 12] .   In Table 4, the total soluble 

solids of 3 wine were adjusted to 24 oBrix, and after fermentation for 5 days, the results showed that 

peach wine (7.30 oBrix) had less TSS than Chiness plum (14.50 oBrix) and Red plum (13.50 oBrix). 

From the experiment, it was found that the alcohol content in Peach wine was higher than Chinese 

Plum and Red plum wine because yeast had the ability to consume TSS in peach effectively. During 

a 15-day acetous fermentation process, oxidative fermentation is a fermentation process caused by 

bacteria that require oxygen for respiration at the cellular level.  Acetic acid bacteria, for examples 

Acetobacter pasteurianus, were used as the starter cultures for producing vinegar.  In acetous 

fermentation, the mechanism for the conversion of alcohol into acetic acid by alcohol 

dehydrogenase has pyroloquinoline quinone (PQQ)  and acetaldehyde dehydrogenase (ALDH)  as 

cofactors.  Under these conditions, acetic acid will be excreted and accumulated in media culture 

until ethanol was completely oxidized [13] .  In our work, the Prunus vinegars produced from the 

three Prunus wines using A.  pasteurianus were analyzed for their chemical compositions, and the 

results are given in Tables 5-8. All the Prunus vinegars showed a significant decrease in the alcohol 

content as it was converted to acetic acid by acetic acid bacteria.  However, the alcohols were not 

completely depleted, in which at the end of acetous fermentation the vinegar produced from peach 

contained the highest alcohol content of 3.35%, v/v while that produced from red plum had the 

lowest alcohol content of 1.14%, v/v.  For the acetous fermentation, at the end of a 15-day acetous 

fermentation process, acetic acid content was found to range from 2.90% to 4.04%, v/v with the 

highest value of 4.04%, v/v, observed in the Prunus vinegar produced from Red Plum, a result which 

was much higher those found in mulberry vinegar (3.90%) [14] and banana vinegar (3.49%) [1]. 
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Table 1. Changes in alcohol contents of the Prunus wines produced via alcoholic fermentation 

process 

Species Alcohol content (%, v/v) 

Days after fermentation 

0 1 2 3 4 5 

Chinese plum 0 3.02  0.24b 3.94  0.04c 4.71  0.01c 6.20  0.05c 6.23  0.01c 

Red plum 0 4.38  0.03a 5.59  0.00b 5.35  0.00b 6.71  0.01b 6.72  0.01b 

Peach 0 2.53  0.05c 7.78  0.02a 10.29  0.05a 12.34  0.23a 13.81  0.04a 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

Table 2. Changes in glucose contents of the Prunus wines produced via alcoholic fermentation 

process 

Species Glucose content (%, w/v) 

Days after fermentation 

0 1 2 3 4 5 

Chinese plum 17.67  0.01a 15.83   0.12a 10.5 0.00a 8.74  0.00a 6.83  0.01a 6.83  0.01a 

Red plum 11.82  0.01b 9.92  0.01b 8.79  0.01b 7.79  0.01b 6.42  0.01a 5.79  0.01b 

Peach 10.16  0.02c 8.91  0.03c 2.92  0.01c 1.83  0.01c 0.86  0.29b 0.00c 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

Table 3. Changes in fructose contents of the four berry wines produced via alcoholic fermentation 

process 

Species Fructose content (%, w/v) 

Days after fermentation 

0 1 2 3 4 5 

Chinese 

plum 

21.00  0.07a 19.00  0.01a 16.43  0.46a 14.13  0.09a 12.7  0.00b 12.73  0.02a 

Red 

plum 

16.58  0.48b 14.74  0.01b 14.78  0.65b 14.29  0.47a 13.92  

0.15a 

12.17  0.12b 

Peach 15.77  0.03c 14.11  0.43b 7.46  0.01c 4.50  0.00b 0.48  0.36c 0.00c 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 
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Table 4. Changes in total soluble solid of the Prunus wines produced via alcoholic fermentation 

process 

Species Total soluble solid (oBrix)  

Days after fermentation 

0 1 2 3 4 5 

Chinese plum 24 23.00  0.00a 20.50  0.71a 18.80  0.28a 17.00  0.00a 14.50  0.71a 

Red plum 24 21.50  0.71b 18.70  0.14a 16.50  0.71b 15.00  0.00b 13.50  0.71a 

Peach 24 20.00  0.00c 13.50  0.71b 8.50  0.71c 8.00  0.00c 7.30  0.14b 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

Table 5. Changes in acetic acid contents of the Prunus vinegars produced via acetous fermentation 

Species Acetic acid content (%, v/v) 

Days after fermentation 

0 5 10 15 

Chinese plum 0.24 ± 0.12 1.43 ± 0.12a 2.06 ± 0.14a 3.88 ± 0.70 

Red plum 0.10 ± 0.00 1.03 ± 0.00b 3.41 ± 0.18a 4.04 ± 0.19 

Peach 0.09 ± 0.00 0.20 ± 0.01c 0.88 ± 0.68b 2.90 ± 0.06 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

Table 6. Changes in alcohol contents of the Prunus vinegars produced via acetous fermentation 

Species Alcohol content (%, v/v) 

Days after fermentation 

0 5 10 15 

Chinese plum 5.80 ± 0.00b 3.70 ± 0.02b 2.84 ± 0.12b 1.61 ± 0.00b 

Red plum 6.49 ± 0.34b 4.95 ± 0.03c 2.40 ± 0.00c 1.14 ± 0.02c 

Peach 8.14 ± 0.00a 7.19 ± 0.03a 5.34 ± 0.00a 3.35 ± 0.01a 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

Table 7. Changes in glucose contents of the Prunus vinegars produced via acetous fermentation 

Species Glucose content (%, w/v) 

Days after fermentation 

0 5 10 15 

Chinese plum 2.77 ± 0.0.1a 2.96 ± 0.00a 2.99 ± 0.01a 3.14 ± 0.01a 

Red plum 2.45 ± 0.00b 2.46 ± 0.00b 2.41 ± 0.01b 2.41 ± 0.00b 

Peach 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 
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Table 8. Changes in fructose contents of the Prunus vinegars produced via acetous fermentation 

Species Fructose content (%, w/v) 

Days after fermentation 

0 5 10 15 

Chinese plum 5.80 ± 0.08a 6.08 ± 0.07a 6.06 ± 0.07a 6.73 ± 0.15a 

Red plum 5.59 ± 0.02a 5.77 ± 0.02b 5.76 ± 0.07b 5.90 ± 0.09b 

Peach 0.00 ± 0.00b 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

3.2 Total phenolic contents and antioxidant activities 
 

The antioxidant activity of fruit is attributed to the presence of phytochemical compounds such as 

ascorbic acid and carotenoids.  The polyphenols are the primary antioxidant compounds of various 

fruits [15]. Two roles of antioxidants are to inhibit lipid oxidation and to scavenge free radicals, and 

methods used to determine the antioxidant activity in wine and vinegar are based on the free radical 

scavenging activity with DPPH. The levels of antioxidant activities of the Prunus vinegars are 

presented in Table 9.  The results showed that the Prunus wine derived from peach exhibited the 

highest antioxidant activity of 75. 21 mg/ ml which was less than that produced from Redhaven 

cultivar peach ( 387. 95 mg/ ml)  [ 11] .  Similarly, the vinegar produced from peach species was 

observed to exhibit the highest antioxidant activity of 49.08±8.49 mg/ml which was much higher 

than that detected in Rich Lady Peach (3.50 g/kg) [16]. The levels of total phenolic contents detected 

in the Prunus vinegars produced from different Prunus species via the two- stage fermentation 

process are given in Table 10.  It was noted that the Prunus wine derived from Red plum contained 

the highest levels ( 215. 85±1.43 mg/ l)  of total phenolics.  Similar results were observed for the 

Prunus wine produced from the same species, in which the vinegar measured at the end of acetous 

fermentation exhibited the highest total phenolic content of 133.08±0.76 mg/l, which was much less 

than that detected in prune juice (441±59 mg/l), in which the main polyphenol in prunes juice were 

hydroxycinnamates, neochlorogenic acid and chlorogenic acid [17] .  The antioxidant activity and 

total phenolic content were decreased in vinegar, and this result was in agreement with an earlier 

study of Towantakavanit et al.  [ 18]  that demonstrated that the decrease in total phenol level could 

have been due to fermentation process condensation and polymerization reactions as well as the 

formation of oxidative products and precipitations. 

 

Table 9. Antioxidant activities of the three Prunus wine and vinegars produced via a two- stage 

fermentation process  

Species DPPH (mg/ml) 

Wine Vinegar 

Chinese Plum 5.42 ± 0.00c 25.83 ± 0.00b 

Red Plum 14.96 ± 0.18b 27.67 ± 0.82b 

Peach 45.21 ± 0.06a 49.08 ± 8.49a 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 
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Table 10. Total phenolic contents of the three Prunus wine and vinegars produced via a two- stage 

fermentation process 

Species Total phenolic content (mg/l) 

Wine Vinegar 

Chinese Plum 66.39 ± 0.67c 36.66 ± 0.29c 

Red Plum 215.85 ± 1.43a 133.08 ± 0.76a 

Peach 140.51 ± 0.38b 80.78 ± 0.57b 

Values with various letters in the same column are significantly different according to Duncan’ s 

multiple range test (p < 0.05). 

 

3.3 Sensory evaluation 
 

The levels of consumers’  preference based on the 9-point hedonic scale of the vinegar drinks, a 

blend of the vinegars made from different Prunus species and honey, are depicted in Table 11. The 

results show that significant ( p < 0. 05)  differences in clarity, color, odor taste and overall 

acceptability were observed among the drinking vinegars produced from different Prunus species. 

The drinking vinegar produced from Chinese plum displayed the highest level of consumers’ 

preference, with the mean overall acceptability score of 7. 83 ± 1.02, which was equivalent to the 

hedonic scale of 9. In our study, the high levels of consumers’ preference were for the Chinese plum 

vinegar, and this might be because the taste of the vinegar was sweet blended with sour and because 

the flavor included some alcohol odor. 

 

Table 11. Sensory scores of the drinking vinegars blended from the three fermented Prunus vinegars 

Species Clarity Color Odor Taste Overall 

acceptability 

Chinese Plum 6.70 ± 1.21 ns 6.77 ± 1.33ns 7.20 ± 1.37 ns 7.27 ± 1.41 ns 7.83 ± 1.02a 

Red Plum 6.80 ± 1.42 ns 6.50 ± 1.25ns 6.67 ± 1.60 ns 6.70 ± 1.29 ns 7.03 ± 1.30b 

Peach 6.40 ± 1.52 ns 6.53 ± 1.83ns 6.57 ± 2.03 ns 6.77 ± 1.98 ns 6.57 ± 1.79b 

Values with various letters in the same column are significantly different according  

to Duncan’s multiple range test (p < 0.05). 

 

 

4. Conclusions  

 

This study was conducted in order to compare the levels of acetic acid, total phenolics, antioxidants 

and consumers’ preference of the Prunus vinegars produced from three Prunus species via a two-

stage fermentation process. The results showed that the vinegars produced from Red plum species 

exhibited the highest level of acetic acid (4.04 %, v/v), while those produced from peach displayed 

the highest antioxidant activities (49.08 mg/ml), as measured by means of DPPH radical assay. 

Meanwhile, the vinegars produced from Red plum were observed to have the highest total phenolics 
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(133.08 mg/l). Sensory test based on the 9-point hedonic scale using untrained panelists showed that 

the drinking vinegars made from Chinese plum had the highest overall preference (7.83). 
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Abstract 
 

Diabetes mellitus is viewed as a major disease and is among the most prevalent health problems 

globally. The goal of the present research was to evaluate the therapeutic efficiency of an ethanolic 

extract of Egyptian propolis (EEP) conjugated with chitosan polyacrylic (CS-PAA) nanoparticles 

against type 2 diabetes mellitus. Thirty Wistar rats were randomly categorized into 6 groups (5 animals/ 

group). Group I consisted of normal rats as a normal control. The remaining five groups were injected 

with streptozotocin (STZ), a diabetogenic agent, in order to induce diabetes. The experimental groups 

were treated for 4 consecutive weeks as follows: Group II included untreated diabetic rats, serving as a 

negative control. Group III consisted of diabetic rats treated with EEP. Group VI consisted of diabetic 

rats treated with Metformin. The findings of this work illustrated that no significant differences were 

noticed concerning the body weight of the treated groups compared to that of the normal control group. 

Blood glucose levels were significantly decreased in the diabetic rats treated with EEP and EEP 

encapsulated CS-PAA nanoparticles compared to the untreated diabetic rats.  The results indicated that 

EEP encapsulated CS-PAA nanoparticles displayed a potential therapeutic effect against type 2 diabetes 

mellitus. 

 

Keywords: diabetes mellitus; chitosan, polyacrylic acid; propolis; body weight 
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1. Introduction 
 

Diabetes is viewed as a chronic metabolic disease marked by high blood sugar (hyperglycemia)  and 

is a leading global health problem. In addition,  it is one of the most distressing medical problems 

of the century. Per the data described by the World Health Organization (WHO), the global 

incidence rates of diabetes mellitus were 171,000,000, and this number is predicted to escalate up 

to 439,000,000 by 2030. Diabetes mellitus is distinguished by a deficiency regarding insulin 

secretion and/or action, associated with chronic hyperglycemia and disorders of carbohydrate, 

protein, and lipid metabolism [1]. 

Propolis is defined as a resinous substance gathered and produced by honeybee workers 

from various floral substances along with bees wax and salivary secretions. One of the unique  
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characteristics of propolis is its high resin content (approx. 50%), in addition to wax (30%), essential 

oils, pollens, along with other organic components [2]. Noticeably, propolis composition differs 

according to its geographical area of origin, in addition to the type of flora in that region. Propolis, 

in particular, possesses an extensive variety of biological activities, including antioxidant, antiviral, 

anti-inflammatory, cytotoxic, antimicrobial, and immune-modulatory properties. In addition, some 

recent studies have revealed that propolis has hypoglycemic properties in addition to antioxidant 

capacity [3]. Preceding studies revealed that ethanol and water extracts of propolis exhibited positive 

effects in diabetic animals [4].  

Nanoparticles have been used since the early 1990s. They have been used as drug delivery 

vehicles either by encapsulating the drugs or by the deposition of the drugs on the surface of the 

nanocarrier molecules [5]. Nonetheless, polymeric nanoparticles and liposomes are among the most 

recognized delivery vehicles of drugs with medical applications in the pharmaceutical area. Polymeric 

nanoparticles have achieved this standing due to their biocompatibility, non-toxicity to biological 

systems, biodegradability, long shelf life, controlled release, targeted delivery and therapeutic 

efficiency [6]. 

There has been a disastrous rise in diabetes across the world, paralleling the prevalence of 

obesity. More than 95 percent of obese/overweight people would develop type-2 diabetes (T2D) 

during their lifetime [7]. Moreover, the type-2-diabetic drug, metformin is being investigated for 

traces of a probable carcinogen in addition to other side effects hampering its therapeutic efficiency 

[8]. Consequently, it is an excessive insistence to find alternative treatments and innovative 

inhibition tactics for T2D. The present study investigated the effect of encapsulated propolis on the 

body weight and blood glucose level of type 2 diabetic rats. 

 

 

2. Materials and Methods 

 

2.1 Preparation of propolis samples 
 

Egyptian propolis samples were harvested from local western honey bee workers (Apis mellifera 

Linnaeus) from Egyptian bee colonies located at the Agriculture Research Centre at Dokki, Giza 

Governorate, Egypt, according to the method of Souza et al. [9], using glass slides close to the 

internal and lateral walls of the rearing boxes. 

The collection process involved using white glass slides (48 cm length, 5 cm width and 5 

mm thickness), arranged contiguously to each other and put onto the top bar of the rearing combs, 

with an elevation at approximately 3 mm in between. 

 

2.1.1 Preparation of ethanolic extract of propolis  

 

The ethanolic extract of propolis (EEP) was formulated by the maceration of raw propolis at room 

temperature, usually accompanied by shaking, in the proportion of 10 g raw propolis to 100 ml of 

ethanol 80% (solvent).  The propolis extracts were collected after 7 days of maceration and filtration 

by Whatman No. 1 filter paper per the procedure reported by Cunha et al. [10]. 

 

2.1.2 Characterization of propolis extract by Gas Chromatography-Mass Spectrometry (GC-

MS) 

 

The component detection was achieved using the database and software of the National Institute 

Standard and Technology (NIST) and Wiley Registry of Mass Spectral data’s, New York (WILEY). 

The characterization data, including retention time and peak area percentages, were acquired using 
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th GC-MS chemical analysis to identify the major components present in the propolis sample. The 

components with percentage peak area greater than 0.07% were considered to be significant 

elements and were documented according to Usman et al. [11]. 

 

2.2 Preparation of nanoparticles 
 

The chitosan-poly acrylic acid (CS-PAA) polymer was conjugated with the EEP according to the 

method of Braun et al. [12]. The CS-PAA nano-spheres were synthesized by polymerization. An 

amount of 100 g of chitin (Sigma Aldrich, USA) was converted to chitosan through a deacetylation 

process using 500 ml of saturated NaOH and glycerin bath at 160oC-170oC for 3 h [13]. Later the 

chitosan solution obtained was mixed with polyacrylic acid solution with stirring overnight. 

The polymerization was accomplished by preheating 22 ml of distilled water to 70°C, with 

an inlet for nitrogen flow, and another one for a thermometer. At this temperature, a solution of 

potassium persulphate (KPS) (0.32 g/8 ml distilled water to produce 0.66 mM solution) was slowly 

introduced dropwise into the flask over a period of 5-10 min, while stirring at 300 rpm. The saturated 

solution of the EEP was introduced into the acrylic acid (AA) and the cross-linking agent KPS to 

produce EEP conjugated with CS-PAA polymer. After complete polymerization was reached, the 

temperature was kept at 80°C for another 30 min. Afterwards, the viscous polymer solution was 

added dropwise to 0.1 N hydrochloric acid (HCl), whereupon the polymer precipitated. The polymer 

was then incubated for 48 h at 60oC. The resulting polymer was dried to constant weight at 50°C. 

After the drying process, each of the resulting polymer formulations (blank and EEP-conjugated 

CS-PAA) was rod-milled thoroughly for 1 h using a home-made rod mill (100 rpm), then sonicated 

(42 KHz, 15 min, CE-7200A, China) and finally centrifuged (12,000 ×g, 30 min) to remove 

insoluble materials. The nano-spheres were powdered by freeze-drying at -44oC (LGJ-18C, China).  

 

2.3 Characterization of the propolis conjugated with nanoparticles 
 

2.3.1 Physicochemical characterization of the CS-PAA nanoparticles 

 

Examination of propolis conjugated with nanoparticles by Transmission Electron Microscopy 

(TEM) was done according to Ray et al. [14] and Wang et al. [15]. Samples were sonicated for 30 

min (42 KHz, CE-7200A, China) prior to being loaded on a TEM sample grid (silicon oxide 

supported by copper mesh) via standard fine tweezers. Afterward, the loaded TEM grids were left 

to dry in air. 

The size distribution and mean diameter of the CS-PAA nanoparticles (hollow and EEP-

loaded) were measured by dynamic light scattering (DLS) (Zetasizer 3000 HS, Malvern, UK) in pH 

4 buffer solution according to the method described by Kao et al. [16]. The nanoparticles' samples 

were diluted, and then the DLS measurements were done with a wavelength of 633 nm at 25oC with 

an angle detection of 90o. The measurements were done in triplicates and the mean diameter ± SD 

was calculated. 

 

2.3.2 Determination of the EEP encapsulation efficiency of the CS-PAA nanoparticles 

 

The amount of EEP encapsulated into the CS-PAA nanoparticles was calculated by determining the 

difference between the total EEP amount used to prepare the nanoparticles and the amount of EEP 

present in the aqueous phase, according to the method described by Andrade et al. [17]. 

After the preparation, the EEP-loaded nanoparticles were separated from the aqueous 

suspension medium by centrifugation at 50,000 ×g for 2 h. After centrifugation, the amount of free 

propolis in the clear supernatant was measured using a UV spectrophotometer (LS-50B, Perkin 
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Elmer) at the wavelength of 425 nm. All analyses were carried out in triplicates and blank 

nanoparticles were used as control. Encapsulation efficiency was calculated using equation (1). 

 

Encapsulation Efficiency =  
Total amount of propolis−Free amount of propolis

Total amount of propolis
 × 100           (1) 

 

2.3.3 In vitro release of propolis from the CS-PAA nanoparticles 

 

The release of propolis from CS-PAA nanoparticles was carried out in an aqueous phosphate buffer 

solution at pH 4 (to simulate the gastric environment) and 37◦C, according to Zhu et al. [18]. The 

EEP-loaded nanoparticles were placed into 60 ml of aqueous buffer solution. Each 10 min, 3 ml 

samples of the aqueous buffer solutions were withdrawn and replenished by 3 ml fresh buffer 

solution to maintain a constant volume. The amount of the released propolis in the withdrawn buffer 

samples was determined by UV-vis absorbance at 425 nm. All EEP release data were performed in 

triplicate and averaged. The release percentage of the propolis was plotted against time in minutes. 

 

2.3.4 Fourier transform infrared (FT-IR, Thermo Nicolet 6700, UK) spectroscopy 

 

This technique was applied according to Ray et al. [14] and Wang et al. [15] to determine the 

chemical structure and functional groups of surface-modified nanoparticles revealing interactions at 

the nanoparticle surface.  

The procedure involved taking FT-IR spectra of CS-PAA polymer and propolis conjugated 

with CS-PAA using the potassium bromide (KBr) pellet technique, which involved crushing the 

different samples in a mortar, then mixing each of the crushed materials with KBr (IR spectroscopy 

grade). Afterwards, the mixture was compressed to 12 mm diameter semi-transparent disk by 

applying a pressure of 65 kN (pressure gauge, Shimadzu, China) for two min. The FT-IR was 

verified in the range of 400-4000 cm-1 via FT-IR spectrophotometer. To know if there was any 

chemical interaction between propolis and polymer nanoparticles, IR spectra of the previously 

mentioned specimens were compared together. 

 

2.4 The experimental induction of diabetes 
 

The rats, serving as the experimental study samples, were procured from the lab animals house at 

the medical research center (MRC), Ain Shams University, and then were divided into two main 

groups, experimental or treatment and control. The induction of type-2 diabetes (T2D) in the studied 

rats was achieved by intoxicating their pancreatic β-cells using streptozotocin (STZ), a potent 

diabetogenic agent.  

The rats (treatment and control) were allowed a standard formulated pellet diet and water 

access, ad libitum, during the duration of the experiment and were maintained at 24 ± 2◦C, 60-70% 

humidity, <50 dB noise level, and 12 h dark/12 h light cycles. All animal maintenance and 

experimentation procedures were done in accordance with the Ethical Principles of Animal 

Research adopted by the Faculty of Science, Ain Shams University. 

  In this study, a mixture of high fat diet (HFD) for 2 weeks and a single dose intraperitoneal 

injection (35 mg/ kg STZ) for 3 successive days were used to induce T2D in the rat models according 

to Vatandoust et al. [19]. The components of the HFD diet  (as a percentage of total kcal) were 41% 

fat, 18% protein, and 41% carbohydrates. Rats were fed on their corresponding diets for 2 weeks 

before injection of STZ, according to Dranse et al. [20]. The STZ agent was dissolved in a sterile 

biological citrate buffer (0.05 M, pH 4.5). After 72 h, all rats were fasted for 16 h and their blood 

glucose levels were checked from the tail vein using a glucose analysis kit and an auto-analyzer 

(ACCU-CHEK Active, Roche diagnostics). After 1 week of the last STZ injection, the blood of the 
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studied groups was collected from the caudal vein (groups II-VI) in a fasting state.  After plasma 

separation, an aliquot was taken for the measurement of insulin by ELISA test (Linco Research, 

Inc), to confirm the development of T2D (evident by insulin resistance) [21, 22]. The rats used in 

the experiments were regarded as diabetic when their fasting blood glucose (FBG) levels were more 

than 200 mg/dl [23]. The treatment was made available to the diabetic study sample through an oral 

gavage, on a daily basis for 30 days. 

 

2.4.1 Experimental design 

 

Male Wister albino (30)  rats were used in this research and categorized into 6 groups (5 animals/ 

group), as follows: 

Group I: Included non-diabetic rats that received only 0.9% NaCl saline solution as a normal control. 

Group II: Included diabetic rats without treatment as a negative control. 

Groups III: Included diabetic rats treated with EEP at dosage levels of 300 mg/kg. 

Groups IV: Included diabetic rats treated with CS-PAA nanoparticles at dosage levels of 300 mg/kg. 

Groups V: Included diabetic rats treated with EEP conjugated with CS-PAA nanoparticles at dosage 

levels of 300 mg/kg. 

Groups VI: Included diabetic rats treated with Metformin (Met) at dosage levels of 100 mg/kg. 

  Bodyweight and blood glucose were recorded every week for diabetic- related 

measurements.  The selected dose of propolis was according to the reported guidelines of Al-Hariri 

et al. [24] and Usman et al. [25]. 

 

2.4.2 Blood sampling and analysis  

 

At the termination of the experiment, rats were fasted 14-16 h after their last meal, and then blood 

samples were harvested under diethyl-ether-induced anesthesia, from the heart of each rat. The 

blood samples were then centrifuged for 10 min at 2,000 ×g and 4°C, and afterwards, the serum was 

separated and stored at -80°C until further analysis. 

 

2.5 Statistical analysis 
 

Analysis of variance (ANOVA) and Tukey statistical tests were employed. Data were shown as 

means ± standard deviation (P < 0.05). 

 

 

3. Results and Discussion 
 

3.1 Gas chromatography-mass spectrometry (GC-MS) 
 

The GC-MS spectrum of propolis extract confirmed the presence of a number of components, as 

illustrated in Figure 1. The peak numbers in Table 1 were designated according to the retention time 

of the major peaks, corresponding to the main 26 compounds identified and listed in Table 1. 

Flavonoids in propolis are classified into flavones, flavonols, flavanones, flavanonols, chalcones as 

2'-Hydroxy-2,3,4',6'-tetramethoxychalcone, dihydrochalcones, according to their chemical 

structure, in addition to sugars (like fructose), mannitol, esters, and glycerol. 
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           Figure 1. Gas chromatography-mass spectrometry (GC-MS) of ethanolic extract of 

propolis (EEP) 

 

Table 1. Chemical composition of ethanol extracts of Egyptian propolis sample by GC-MS 

Peak 

area 

(%) 

Retention 

time (min.) 
Compound name 

Molecular 

formula 

Molecular 

weight (u) 

24.55 5.33 

 

2-[3,4-(Methylenedioxy) Phenyl]-1-

Cyclopentanone 

C12H12O3 204 

3(2h)-Pyridazinone, 4,5-Dihydro-4-

(4-Methoxyphenyl)- 

C11H12N2O2 204 

  
7-Methoxy-3,6-Dimethyl-2-Tetralone C13H16O2 204 

2'-Hydroxy-2,3,4',6'-

Tetramethoxychalcone 

C19H20O6 344 

8.95 6.87 4(Pentadeuterio)Phenylazulene C16H12 204 

1[(Hexadeuterio)Phenyl]Naphthalene C13H24N2 208 

1h-Pyrrole, 2-(5-Chloro-2-

Methoxyphenyl)- 

C16H6D6 210 

5.47 7.93 Glycerol, Tris (Trimethylsilyl) Ether4 C12H32O3Si3 308 

0.81 13.01 

 

Sulfamic Acid, 3TMS Derivative 

Tris(Trimethylsilyl)Sulfamate 

C9H27NO3SSi3 313 

0.26 15.28 

 

Levoglucosan, 3TMS Derivative 

Levoglucosan, Tris(Trimethylsilyl)- 

1H-INDOLE 

C15H34O5Si3 378 

1.26 15.91 

 

D-Psicofuranose, 

Pentakis(Trimethylsilyl) Ether 

(Isomer 2) 

C21H52O6Si5 

 

540 

 

0.43 16.34 Quinic Acid-Pentatms C22H52O6Si5 552 

Chlorogenic Acid (6TMS) C34H66O9Si6 786 

6.85 16.55 9,9'(10h,10'h)-Spirobiacridine C25H18N2 346 
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Table 1. (cont.) 

Peak 

area 

(%) 

Retention 

time (min.) 
Compound name 

Molecular 

formula 
Molecular 

weight (u) 

0.67 17.21 

 

3,6-Heptanooxepin-4,5-Dicar 

Bonsaure-Dimethylester 

C17H22O5 306 

0.29 17.96 

 

D-Glucopyranose, 5TMS Derivative 

Glucopyranose, 1,2,3,4,6-Pentakis-O-

(Trimethylsilyl)-,  

C21H52O6Si5 

 

540 

 

0.31 19.23 Myo-Inositol, 6TMS Derivative 

Myo-Inositol, 1,2,3,4,5,6-Hexakis-O-

(Trimethylsilyl) 

C24H60O6Si6 612 

0.75 19.52 Caffeic Acid, 3TMS Derivative 

Trimethylsilyl3,4-

Bis(Trimethylsiloxy)Cinnamate 

C18H32O4Si3 396 

0.86 22.67 5á-Androstan-7á,17à-Dimethyl-

3à,17á-Diol, Di-Trimethylsilyl 

C27H52O2Si2 464 

Pregnan-11-One, 

3,17,20-Tris[(Trimethylsilyl)Oxy]-, 

(3à,5á,20s)- 

C30H58O4Si3 566 

Sucrose, 8TMS Derivative C36H86O11Si8 918 

0.61 25.23 Maltitol, Nonakis(Trimethylsilyl) 

Ether 

C39H96O11Si9 992 

Cis-5-O-Feruloylquinic Acid, 5TMS C32H60O9Si5 728 

17-Phenyl Trinor Prostaglandin E2 C23H30O5 386 

0.80 29.93 3-O-Coumaroyl-D-Quinic Acid, 

5TMS 

C31H58O8Si5 698 

0.21 30.03 1,3-Benzodioxole, 3a,6,7,7a-

Tetrahydro-2,2,3a,7-Tetramethyl-5 

(Phenylsulfonyl),[3AS(3Aà,7á,7Aà)] 

C17H22O4S 322 

 
The GC-MS analytical data demonstrated the existence of 26 compounds in Egyptian EEP. 

This result is to some degree in contrast with analysis of Malaysian propolis, which described 36 

compounds by GC-MS analysis when extracted with ethanol. This difference may have been due to 

the fact that the chemical make-up of propolis is affected by the geographical locale, botanical 

origin, and bee species, according to Usman et al. [11]. 

The Egyptian EEP was found to be rich in phenolic compounds including cinnamic acid, 

caffeic acid, coumaric acid, and their derivatives. This result was in agreement with the study of 

Huang et al. [26] and that of Huang et al. [27]. 

 

3.2 Characterization and propolis-polymer biocompatibility 
 

3.2.1 Physicochemical characterization, size distribution and encapsulation efficiency of EEP-

loaded CS-PAA nanoparticles 

 

The TEM photomicrographs elaborated the morphology of CS-PAA polymer and propolis 

conjugated CS-PAA nanoparticles. In addition, the size distribution (in terms of diameter) of the 

resultant propolis conjugated CS-PAA nanoparticles along with their topography was also revealed. 
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The blank CS-PAA polymer nanoparticles were shown to be approximately 24-32 nm spheres as 

illustrated in Figure 2a and Table 2 . 

The propolis conjugated CS-PAA polymer nanoparticles ranged in size between 40 nm and 

they were in the form of encapsulated spheres according to the data revealed by Figure 2b and Table 

2. The encapsulation efficiency assay showed that propolis was efficiently core-encapsulated within 

the CS-PAA nanoparticles, evidenced by a 90.2 ± 2.3% encapsulation efficiency. 

 

 
 

Figure 2. Transmission electron microscope micrograph showing a magnified view of the morphology 

and topography of: (a) the blank CS-PAA nanoparticles, size 24-32 nm; and (b) the EEP encapsulated 

in CS-PAA nanoparticles, size 40 nm 
 

Table 2. Size distribution of the blank and EEP-loaded CS-PAA nanoparticles 
 

 

The morphology and topography of the individual polymer and propolis conjugated 

nanoparticles was found to be regularly spherical with a diameter of 24-32 nm and around 40 nm, 

respectively. In addition, the propolis was observed to be encapsulated within the core of the CS-

PAA nanoparticles at a level of 90.2 ± 2.3%. The encapsulated propolis was easily absorbed 

throughout the polymer matrix crystalline structures. These results are in agreement with Cevher et 

al. [28] and Seven et al. [29]. 

Additionally, this size range was in accordance with the study conducted by Omidirad et 

al. [30] on doxorubicin-loaded poly AA-coated magnetite nanoparticles, where the particles were 

6-15 nm.  On the other hand, this range was not in agreement with the study conducted by Guo et 

al. [31], in which the size range of the resulting EEP-loaded nanoparticles was between 1-100 nm. 

This discrepancy in the size range of the resulting particles may have been due to the variation in 

the synthesis process and type of the nanoparticles. 

 

 

 

 Hollow EEP-loaded 

Diameter of Nanoparticles 

(Mean ± SD) 
29 ± 10 40 ± 12 
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3.2.2 In vitro EEP release from CS-PAA nanoparticles 

 

The in vitro release of EEP from the CS-PAA nanoparticles, as illustrated in Figure 3, showed that 

nearly 60% of the propolis payload was released within the first 800 min. The release profile 

involved a brief initial burst release in the first 40 min, followed by a slower release rate, and then 

another release burst was detected still within the first 200 min. Afterwards, the release occurred at 

a slow but constant rate. This observation could be due to a rapid degradation of the polymer outer 

shell in the first 40 min, followed by partial degradation of the initial CS layer beneath the PAA 

outer shell. These findings are in accordance with the study of Dounighi et al. [32]. 

 

 

 
 

Figure 3. Propolis release profile from CS-PAA nanoparticles at pH 4 
 

3.2.3 Fourier transform infrared (FT-IR) 

 

Figure 4 showed the results obtained from the comparative FT-IR study between CS-PAA polymer, 

and propolis conjugated CS-PAA nanoparticles. The characteristic absorption bands of CS-PAA 

polymer displayed peaks in the 500, 1000, 1500, 2000, 2500, 3000 and 3500 cm-1 regions. The peaks 

shown by the propolis conjugated nanoparticles were found to be nearly identical to those produced 

by the blank CS-PAA polymer. The results showed a slight difference in the chemical group bands 

between CS-PAA polymer and EEP-conjugated CS-PAA nanoparticles. 

The FT-IR data illustrated the appearance of spectroscopic peaks characteristic for the 

chosen parent polymer, CS-PAA, in the propolis conjugated CS-PAA samples without showing any 

traces for those characteristics for propolis (i.e. propolis was completely masked). This result 

strongly suggests the complete and successful physical encapsulation of propolis by CS-PAA 

without forming any chemical bonding. Otherwise, the chemical conformations of the polymer and 

the encapsulated propolis would have been altered and this would have accordingly resulted in the 

appearance of new FT-IR peaks, different from those of both the polymer and propolis.  
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Figure 4. Fourier transforms infra-red spectrographs for (a) the CS-PAA polymer, and                      
(b) the EEP-conjugated with CS-PAA polymer 

 

For the pure propolis, the peaks produced were in the 400-4000 cm-1 regions according to 

Hussein et al. [33]. A comparison between the characteristic peaks was performed in the region of 

2500-3500cm-1 to determine the efficiency of CS-PAA polymer nanoparticles encapsulation of 

propolis without any chemical interactions. Peres et al. [34] mentioned that the strong and broadband 

at 3445 cm-1 is associated with the −OH hydrogen bonds between the polyphenol rings. 

 

 

a) 

b) 
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3.3 Effect of EEP and EEP conjugated with CS-PAA nanoparticles on type 2 diabetes 

mellitus 
 

3.3.1 The experimental induction of type-2 diabetes 

 

The initiation of experimental T2D in the rats via diabetogenic chemicals is very convenient and 

simple to use, and a famous example of such chemicals is STZ. In the current work, induction of 

T2D via STZ at a dosage of 35mg/kg in rats was conducted according to El Rabey et al. [35], and 

the experimental animals showed a notable rise in the serum glucose levels in comparison to those 

in the normal control group. Moreover, the results of fasting serum insulin (FSI), evident in Table 

3, illustrated that all the studied groups showed normal insulin range, with an emphasis that the 

groups II-VI showed lower values than the normal control (group I). 

 

Table 3. Fasting serum insulin (FSI) for the studied rat groups 
 

*Means that do not share a letter are significantly different. 

 

3.3.2 Changes in body weight  

 

Figure 5 shows the changes in bodyweight of the studied groups. The results did not show notable 

differences with respect to the body weight at the initiation of drug administration (P>0.05), 

however during the following 4 weeks of drug administration, the bodyweight of each studied group 

increased gradually. The bodyweight of all treated groups increased at an equal rate compared to 

the control groups. 

Data revealed no marked differences with respect to the body weight of all the diabetes-

afflicted groups compared to that of the normal control group. These findings came in agreement 

with those of Holmes et al. [36] and El Rabey et al. [35], who suggested that at the end of the study 

period, experimental rats weighed the same as the control rats.  

 

3.3.3 Changes in blood glucose level  

 

As shown in Figure 6, diabetic rats served as a negative control (group II) and showed increasing 

hyperglycemia from week 1 until week 4, whereas the groups of diabetic rats treated with EEP 

(group III) and EEP conjugated with CS-PAA (group IV) showed significantly reduced blood 

glucose levels from week 1 till the end of the treatment period. The group of diabetic rats treated 

with EEP conjugated with CS-PAA showed a three-fold significant decrease in blood glucose level 

compared to the diabetic positive control, EEP group and metformin group (P < 0.05).  In the healthy 

rats, constant glucose levels were maintained below 200 mg/dl. 

These results, combined with those of FSI values indicate that the type of diabetes 

developed in the diabetic rats (groups II-VI) is type 2, indicated by normal serum insulin 

accompanied with hyperglycemia, a strong indicator of insulin resistance [24]. 

Weeks 
Groups* 

I II III IV V VI 

FSI (ng/ml) 

(Mean ± SD) 
1.12a ± 0.07 0.94a ± 0.04 1.01a ± 0.06 0.97a ±0.03 

0.88a ± 

0.08 

0.99a ± 

0.06 
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Figure 5. Changes in body weight (g) of rats with induced T2D and normal rats treated for 4 

weeks after STZ administration where means that do not share a letter are significantly different.   

I: non-treated non-diabetic group (normal control), II: non-treated diabetic group (negative 

control), III: diabetic group treated with EEP, IV: diabetic group treated with CS-PAA 

nanoparticles, and V: diabetic group treated with (EEP) conjugated with (CS-PAA) nanoparticles, 

VI: diabetic group treated with metformin 

 

Figure 6. Changes in serum glucose (mg/dl) of rats with induced T2D and normal rats treated for 

4 weeks after STZ administration where means that do not share a letter are significantly different.  

I: non-treated non-diabetic group (normal control), II: non-treated diabetic group (negative 

control), III: diabetic group treated with EEP, IV: diabetic group treated with CS-PAA 

nanoparticles, V: diabetic group treated with (EEP) conjugated with (CS-PAA) nanoparticles, VI: 

diabetic group treated with metformin 
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The findings of the current study illustrated that the blood glucose levels in T2DM rats 

were significantly higher than those in normal ones (P<0.05). These findings supported those of 

previous studies which concluded that healthy rats fed on a high-fat diet and later injected with low-

dose STZ developed insulin resistance. In addition,  hyperglycemia was later induced due to the 

aforementioned insulin resistance, and not due to a reduced insulin secretion, according to the 

findings of Li et al. [37].  

The group of diabetic rats treated with EEP and EEP conjugated CS-PAA nanoparticles 

showed significantly reduced blood glucose levels from week 1 till the end of the treatment period. 

These findings were in agreement with the results of El Rabey et al. [35] and Kurek-Górecka et al.  

[38], who found that the oral administration of propolis to diabetic rats for 4 weeks expressively 

reduced glucose levels. The decrease in the blood glucose levels could have been a consequence of 

some bioactive constituents of propolis that had a protective effect on pancreatic β-cells as suggested 

in the study of Usman et al. [25] or due to increased peripheral utilization of glucose by direct 

stimulation of glucose uptake and inhibition of glucose transporter activity from the intestine, as 

proposed by Jadhav and Puchchakayala [39]. Past research suggested that propolis contains 

bioactive elements such as phenolic acids with hypoglycemic properties, and also indicated that 

propolis could improve blood glucose levels by promoting insulin secretion in vivo in STZ-induced 

diabetic rats [11]. 

In addition, treatment of diabetic rats with EEP conjugated CS-PAA nanoparticles for 4 

weeks significantly decreased blood glucose levels by nearly three-folds compared with the 

untreated diabetic rats. This result came in agreement with Rivera-Yañez et al. [1]. Consequently, 

the results displayed that EEP conjugated with CS-PAA nanoparticles could almost regulate the 

hyperglycemia in the STZ-induced diabetic rats. The glycemic control realized by EEP treatment 

could have been due to the stimulation of glucose uptake by peripheral tissues, prevention of its 

release in circulation, or decreased glucose captivation in the gut [40]. Other explanations were 

presented by Mohammed et al. [41] who suggested chitosan nanoparticles could effectively deliver 

the loaded drugs at specific sites by locally retaining the drug to permit an extended time for drug 

absorption.  

 

 

4. Conclusions 
 

In conclusion, findings from the present study suggest that propolis conjugated with CS-PAA 

nanoparticles show a promising potential to control blood glucose in type 2 diabetic rats. However, 

more research is still needed to estimate the long-term effects of the proposed nano-therapy using 

propolis as an alternative type-2-diabetes therapy. 
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Abstract  
 

The beta-hemolytic group A Streptococcus (GAS)  is responsible for its sequel, acute rheumatic 

fever (ARF), which may lead to the more serious condition on other heart diseases. To gain a better 

understanding of the transmission in a population, we formulated epidemic models using a standard 

compartmental model and a continuous-time Markov chain. The models allow for the contribution 

of disease carrier and the effect of treatment.  The equilibrium points and stability are analyzed in 

relation to the basic reproduction number based on the deterministic model. For the stochastic model, 

numerical simulation of sample paths is performed.  The results indicate that the dynamic behavior 

for the two approaches depends on the epidemic threshold.  Under stable endemic condition, most 

sample paths fluctuate around its mean and deterministic curve.  On the other hand, when the basic 

reproduction number is less than one, the stochastic system undergoes a minor outbreak, while the 

deterministic curve approaches zero. The results are expected to be the first step of a deeper analysis 

of stochastic treatment linked to its deterministic counterpart.    

 

Keywords:  group A Streptococcus; acute rheumatic fever; deterministic model; stochastic model; 

carriers 
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1. Introduction  
 

The beta-hemolytic group A Streptococcus (GAS) bacteria [1] is the main cause of infections of the 

throat and skin such as pharyngitis, tonsillitis, sinusitis, impetigo, rheumatic fever, and meningitis. 

These can occur in any gender and at any age.  The most common of GAS occurs in children ages 

5-15 [2-8] .  GAS are carried in the throat or on the skin of individuals where the individuals may 

have no symptoms of illness [ 9-11]  and infections can be spread from person to person by direct 

contact or inhalation of the secretions in the nasopharynx such as mucus and saliva [8].  Treatment 

of a GAS with an antibiotic such as penicillin can reduce the risk of ARF by about 90%.  In about 

10% of cases, GAS still remain in the throat even though the individual has had a full course of 

treatment [12]. Treatment failures of GAS may arise from the ineffectiveness of antibiotic therapy 
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or an incomplete course of the prescribed antibiotic. The patients who failed from these treatments 

may be asymptomatic or classified as carriers, which can be a significant impact on the GAS 

epidemic, since they do not take any special precautions to prevent transmission [1, 13-15]. 

Untreated GAS pharyngitis or treatment failures may develop into acute rheumatic fever 

(ARF), which is a non-communicable disease caused by disorders of an autoimmune [16]. ARF is 

most common in 5-15 years old [4]. The symptoms of ARF are swelling, skin inflammation, blisters 

or bulges underneath the skin, heart tissue damage, and inflammation of the brain, which causes a 

movement disorder called Chorea. About 0.3%-3.0% of people will develop ARF following a GAS 

infection.  In addition, patients who have had previous attacks of ARF have a recurrence of ARF 

following a GAS infection in 30% - 80%  of cases [ 12] .  There are about 5 million individuals 

worldwide with rheumatic heart disease and there are about 282,000 new cases per year and 233,000 

deaths from this disease each year due to lack of proper infection prevention of GAS [16-18]. 

Mathematical models have been used widely as a tool to study the propagation of diseases 

[ 1, 12] .  In addition to deterministic formulation, stochastic model can be used to treat the realistic 

contact pattern given by unpredictable individual behaviors. In this research, we study the dynamics 

of infectious and asymptomatic GAS infections that affect the dynamics of ARF. Deterministic and 

associated stochastic models are constructed to compare the system behaviors.  An analytic 

framework is based on the deterministic analysis while a numerical simulation is the main approach 

used to solve the stochastic model.   

 

 

2. Materials and Methods  
 

2.1 Basic assumptions and the deterministic model 
 

We employ the standard compartmental SIS model for the models of GAS and ARF [19] .   The 

model is formulated under the assumption that individuals infected with GAS can be treated by 

using an antibiotic such as penicillin or amoxicillin [ 5] .  In addition to the possible failure of 

antibiotic treatment with several reasons [18, 20-23] , we assume that even if a full course of the 

antibiotic is taken, a small fraction of GAS may remain in the throat.  Therefore, asymptomatic 

carriers will be defined as errors of treatment which is different from the previous study [24] .  By 

the term ‘ error of treatment’ , we mean that some treated patients may have not complied with the 

treatment steps or may not have completed the full course of drug administration and dosage.  

Suppose that the total population, N is constant.  We denote S  as the number of 

susceptible individuals, I  as the number of symptomatic GAS individuals, C  as the number of 

asymptomatic GAS individuals or carriers and, A  as the number of individuals that develop ARF. 

Figure 1 shows the flow diagram of GAS infection and ARF development.  Since both I   and C   

individuals have positive throat cultures for GAS [23, 25] , new ARF patients may develop from 

these two groups [26]. The differential equations describing the transition rates are given by 

 

1 2 2 1( )
dS

I C S A I S
dt

    = − + + + −     (1) 

                        
1 2 1 1( ) ( )

dI
I C S C I

dt
    = + + + +−ò    (2) 

                       
1 2(1 ) ( )

dC
I C

dt
   = − − + +ò   (3) 
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1 2 2( )

dA
I C A

dt
   = − ++   (4) 

 

where the definitions of the parameter values used in the above model and their corresponding 

values are given in Table 1.  Since carriers are thought to have a lower density of GAS in their 

pharynx, compared to those with an acute infection [25-28] , and GAS carriers are at little risk for 

developing acute rheumatic fever [26], we presume that 2 1  and 2 1  . We note that given the 

nonnegative initial conditions, the solutions are nonnegative for all time, and if the initial condition 

is positive, then the set   

( ) 4( ), ( ), ( ), ( ) : 0 , , , /S t I t C t A t S I C A + =    ¡  

is a positively invariant. 

 

 
 

Figure 1. Flowchart describing the transition between compartments 

 

Table 1. Symbols and definition of the parameters 

Parameters Description 

  recruitment rate of susceptible class 

1  rate at which the infectious individual gets antibiotic treatment 

  proportion of effectiveness of antibiotic treatment 

2  per capita recovery rate of ARF individual  

1  rate at which a symptomatic GAS individual can infect a susceptible 

2  rate at which a GAS carrier can infect a susceptible 

  per capita natural death rate of all compartment 

ò  rate at which a carrier becomes symptomatic GAS individual 

1  rate at which a symptomatic GAS individual develops ARF 

2  rate at which a carrier develops ARF 
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2.2 Stochastic model 

 

A continuous time Markov chain (CTMC) associated with the deterministic counterpart is presented. 

As opposed to the deterministic model, the stochastic model better explains the uncertainty and 

variability in a real epidemic due to the complex pattern of human contact, which is unpredictable 

[ 29-31] .  In this study, however, the aim is to demonstrate the random nature via the simulated 

trajectories which can be compared with the numerical solution of the deterministic model, while 

we left the stochastic analysis as the future extension.  

The multivariate random process is assumed to obey the Markov property where the 

meaning is the same as in the deterministic model. Hence, we denote S ( t ), I ( t ), C ( t ) and A ( t ) 

as the stochastic processes that have a common state space {1,2,3,..., N } where t [ 0, ). We note 

that the values of discrete random variables are denoted by the lower case.  The transition 

probabilities related with a small period of time 0t   is given by 

 

               
( )( ( )

( ) ( ))

( ), ( ), ( ), ( ) , , , |

( ), ( ), ( ), ( ) , , , .

P S t t I t t C t t A t t s j i k c m a n

S t I t C t A t s i c a

+ + + + = + + + +

=
                         (5) 

 

The transition probability is time-homogeneous and satisfies the Markov property. Summarized in 

Table 2 are the changes, , ,S I C    and A  associated with thirteen events. Given (0)I  0i= 

and (0)C  0c=  , the state ( , , , )s i c a , where  0I =  and 0C =  refer to absorbing states; the 

epidemic ends at time t  when an absorbing state is reached.  

 

Table 2. Model assumptions  

Event Change ( , , ,S I C C    ) Probability 

Infection to I  ( 1,1,0,0− ) s ( 1 2i c + ) t o+ ( t ) 

Death of S   ( 1,0,0,0− ) s t  o+ ( t ) 

Recruitment  (1,0,0,0 ) t o+ ( t ) 

Recover from A  to S   (1,0,0, 1− ) 
2a t  o+ ( t ) 

Recover from I  to S   (1, 1,0,0− ) 
1i t  o+ ( t ) 

Recover from I  to C   ( 0, 1,1,0− ) (1 − ) 1i t  o+ ( t ) 

Recover from I  to A   ( 0, 1,0,1− ) 
1i t  o+ ( t ) 

Death of I   ( 0, 1,0,0− ) i t  o+ ( t ) 

Moving from C  to 𝐼  ( 0,1, 1,0− ) c tò o+ ( t ) 

Develop from C  to A   ( 0,0, 1,1− ) 
2c t  o+ ( t ) 

Death of C   ( 0,0, 1,0− ) c t  o+ ( t ) 

Death of A   ( 0,0,0, 1− ) a t  o+ ( t ) 

For any event other than in Table 2, we let ( ) ( ), , , 0,0,0,0S I C A    = . 

      
 

2.3 Simulation and the basic reproduction number 
 

Here, we implement numerical simulation for stochastic realization ( sample path)  of the process. 

Gillespie [29] developed a numerical method for the simulation of CTMC models, which is known 

as the Gillespie algorithm or the stochastic simulation algorithm. The Markov property implies that 
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inter- event time is exponentially distributed, where a parameter    is the sum of the rates for all 

possible events: 

                 ( ) ( ) ( )1 2 2 1 1 1 21 ,s i c a i i i c c s i c a         = + + + + + − + + + + + + +ò              (6) 

where ( , , ,s i c a )  is specific for the state of ( S , I , C , A )  at a given time t .  From the inverse 

method, we obtain the value of the inter-event time 𝜏  by 

                                                                        1ln u



= −                                                           (7) 

where 1u  is a uniform random generator.  To determine which event will occur, we construct a 

probability distribution of twelve events, i. e. , , 1,2, 12ip i = K , and hence apply the inverse method 

by generating a second uniform random value, 2u  such that if 2u  lies in k- th subinterval among  

[ 10, p ], ( 1 1 2,p p p+ ] ,…, ( 1 2 11... ,1p p p+ + + ], then the k-th event occurs. 

 Since A N S I C= − − − , we denote the disease-free equilibrium of the model as  

0 0 0 0( , , ) ( / ,0,0)E S I C = =  .  

We then derive the basic reproduction number, 0R  by using the next generation method [ 32] .  

Therefore, we obtain 

                                          
1 2 2 1

0

1 2 1 2

( ) (1 )
.

( ) ( )( )
R

     

        

 + + + −
=  

+ + + + + + 

ò

ò ò
                                  (8) 

 

 

3. Results and Discussion  
 

3.1 Stability analysis 

 

Let us begin with the existence and uniqueness of the endemic equilibrium
*E = (

* * *, ,S I C ) .  By 

solving the system of algebraic equations, and rewriting in terms of 0R , we have 

            

*

0

,S
R


=     (9) 

 ( )*

0

2

1
1 ,I

R



 

 
= − + +

 
ò                                              (10) 

and          

( )*

1

0

1
1 1C

R
  



 
= − − 

 

                                                 (11) 

where 

( )

( )( ) ( )( )
2

1 2 222 1

.
1

 




       

+ +
=

+ + + − ++ + +

ò

ò
 

 

Since the endemic equilibrium is biological meaningful when all variables are positive, from above 

expression, 
*E  can be uniquely determined when 0 1R  . 

 The stability of 0E can be determined by calculating the Jacobian matrix  
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                                    ( )

( )

( )

( ) ( )

1 2

2 1 2 2

1 2

0 1 1

21

0

0 1

J E 

 
    

 

 
 

 

  

   
− + − − − +  

  
  

= − + + + 
 
 − −
 
 
 

+ +

ò

ò

.                    (12) 

The characteristic equation is given by  

                                              ( )( )2

2 1 2 0c c    + + + + =                                                    (13) 

 

where 

                                                 21
1

1 1 ,2c 


 



+ + += + −ò                                      (14) 

                                    ( ) ( )1

1 2

22 11 1 .c
 

    
 


    

+ + − −


= − − − +   
 

−


ò ò                    (15) 

 

Due to the presence of trivial eigenvalue, the problem is reduced to the second order equation. 

Suppose that 0 1R  , from equation (15) , we find 2 0c  .  Hence, it follows that 1 0c  .  Therefore, 

we find that the disease-free equilibrium 0E  is locally asymptotically stable if 0 1R  . 

 Next, we will derive the conditions for which the endemic is stable.  Let us suppose that 

0 1R  , and define  

( ) ( )
(1) (2)

0 0

2 1

1 1
, .

1
R R

     
= =

+ + −ò
 

We calculate a Jacobian matrix at * * * *( , , )E S I C= ,  

( )

( ) ( )

* * * *

1 2 2 1 2 1 2 2

* * * *

1 2 1 1 2

1 2

1

0 1

I C S S

J I C S S

        

    









 

 − − − − − − + − −
 

= + − + + + 
 + + − − 

ò

ò

, 

and hence obtain the characteristic equation  

                                                          3 2

1 2 3 0a a a  + + + =                                                        (16) 

where  
* * *

1 1 2 2 1 1 2( ,)a I S C        = + + + + + + +− ++ò  

( )( ) ( )( ) ( ) ( )( )

( )( ) ( ) ( ) ( )

* * * *

2 1 1 1 1 2 2 2 1 2 2 1 1

* * *

2 2 1 2 1 2 1 2 ,

1 2

2 1

a I I S C

C C S

                

            

= + − − +

+ + + + +

+ + + + + + + + + +

+ + + + + − −

ò

ò ò

( ) ( ) ( ) ( )( ) ( ) ( )

( )( )( )( ) ( ) ( ) ( )( )( )

( ) ( ) ( )( )

1

2

* * * * * *

3 1 1 2 2 1 2 2 1 2 1 2

* *

1 2 2 2 2 1 1 2

* * *

2 1 1 2 1 2

1 1 1

1 .

a I C C S I C

I S C

I C S

                

              

       

− − − + + +

+ + +

= + + +

+ + +

− +

+ −

+

+ + ++

+ +

+

− +−

ò

ò ò

ò

  

According to Routh-Hurwitz criteria [ 33] , the necessary condition for the real parts of all 

eigenvalues are negative is that the coefficients of the characteristic equation (16) must be positive. 
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Observe that if (1)

0 0R R , then * * 0I S−   leads to 1 0a  , and hence * * 0C S−   which leads to

3 0a  . Thus, it is immediate that if (1)

0 0R R , and (2)

0 0R R  then 2 0a  . Finally, after some tedious 

work, it can be verified that if such two conditions hold, then we find 1 2 3 0a a a−  .  The last 

condition fulfills the necessary and sufficient conditions in Routh-Hurwitz criterion.  

In summary, we have that the endemic equilibrium is asymptotically stable if   

  (1) (2)

0 0 01 max , .R R R +   

In order to assure the stability of the endemic state, the value of the basic reproduction 

number must satisfy the above condition. The additional parameters, such as (1)

0R  and (2)

0R , merely 

provide the sufficient conditions for this to happen.  Further analysis, such that the above condition 

does not hold while 0 1R  , requires a deeper investigation into the parameter relationship which is 

beyond the scope of this study.  

 

3.2 Numerical results 

 

To support our theoretical results, we present numerical results where the total population is 

assumed as 1000N =  and other parameter values, including the references are provided in Table 3. 

In this section, the numerical solutions of deterministic models will be compared with the sample 

paths of the stochastic model. 

From the range of parameter values, we first choose 1 0.00089 = , 2 0.000001 = , 

0.0027=ò  and 1 0.8. =  From the analytic results, it follows that 0E = ( 1,000,0,0 )  and 

0 0.8926R = .  Thus, these parameter values combined with the rest in Table 3, form a set of 

parameters at which the disease will eventually die out. Figure 2 (a) illustrates the time-dependent 

solutions of the deterministic model confirming the accordance with theoretical prediction.  

 

Table 3: The values of the parameters 

Parameters Values Units Reference 

1  0.1 1−  day
1−
 [12] 

  0.9  - [12] 

2  0.8 0.8  day
1−
 [12] 

  0.00004  day
1−
 [1] 

ò  0.0027 0.0110−  day
1−
 [1] 

1  0.2  day
1−
 [12] 

2  0.1  day
1−
 Estimated 

  0.04  person·day
1−
 [1] 

1  0.00089 0.0099−  person
1−
· day

1−
 [1] 

2  0.000001 0.0005−  person
1−
· day

1−
 [1] 

 

The graph of the solutions shown in Figure 2 (b) illustrates the dynamic behavior of 

deterministic model when we choose 1 20.00356, 0.000004, = = and The difference from the 

previous case is that we increase the contact rates from both infected groups and reduce the treatment 

rate. Based on these parameter values, we find that 
*E = ( 252.1,370.9, 252.7,124.3 ) (1)

0 2.0162,R =  
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Figure 2. The solution curves of deterministic model with initial conditions ( )0 999S = and

( )0 1I = . (a) Disease-free equilibrium 0E  is asymptotically stable when 0 1R   and (b) endemic 

equilibrium 
*E is asymptotically stable when (1) (2)

0 0 01 max( , ).R R R +  

 
(2)

0 2.5903R = and 0 3.9666R = , respectively.  To consider the long- term epidemic pattern, we see 

that, on average, there will be about 37% who have symptomatic infections, and about 12.43% are 

expected to develop the ARF condition in the future.  We note that rate of increase of the force of 

infection by the contact rates from each infectious group is the same at 300%, while the treatment 

rate is reduced by only 12.5%. 

Let us now focus on the sample paths of the stochastic model. As in the deterministic case, 

the graph will be plotted in the case  0 1R   and 
0 1 maxR  + ( (1) (2)

0 0,R R ) using the same parameter 

values and initial conditions.  In the absence of the theoretical conjecture, it can be argued that, for 

0 1R  , a minor outbreak may exist with a positive probability [24]. This implies that under the small 

number of infectious individuals, there is a fraction of realizations that indicates the presence of 

successful transmission of a small magnitude and a finite time interval, while the remaining paths 

are instantly extinct in the successive step by chance.  This is referred to as the minor epidemic.  In 

our case, the minor outbreak is observed in Figure 3 (a).     

In contrast to the minor outbreak, the system may possess the major outbreak or endemic 

persistence.  The fifty sample paths are plotted in Figure 3 (b), demonstrating a random fluctuating 

pattern around its mean. In this case (but not always), the paths also fluctuate around the solution of 

deterministic model. It is possible that the more samples, the more deviation is observed. However, 

most of the paths fluctuate around the endemic level under the degree of variability.    
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Figure 3. Simulations of ample paths. (a) The fifty sample paths when 0 1R  . (b) The dashed 

curve is the ODE solution (black solid line) and the other curves are fifty sample paths when 

0 3.9666.R =  

 

 

4. Conclusions 
 

In the deterministic model, we found two equilibrium points. The disease-free equilibrium is locally 

asymptotically stable when the basic reproduction number less than one. The endemic equilibrium 

is locally asymptotically stable when the basic reproduction number is greater than one plus the 

maximum of two additional parameters.  Due to the complexity of parameter relations, these two 

parameters are difficult to interpret in terms of biological meaning.  In fact, further analysis to 

establish the stronger stability condition is required.  

Qualitative comparison between deterministic and stochastic dynamics can be made via 

numerical simulations.  Although the trend of stochastic realizations behaves in the similar fashion 

with the deterministic solutions subject to the stable condition of endemic state, when the basic 

reproduction number is less than one, their behaviors are quite different.  This is because of the 

stochastic nature of individuals. The further extension should be determination of the probability of 

extinction and the probability of the outbreak, analysis of the stochastic fade out, and quantification 

of variance.  

From sensitivity analysis, the most effective parameter relevant to the outbreaks of disease 

is the rate at which an infected individual can infect a susceptible one.  From sensitivity index, we 

note that the parameter that can be practically controlled to directly reduce the outbreak of disease 

is 1  .  While these analyses can be easily done for the deterministic model, the role of parameter 

variation can alter the stochastic behaviors if they are quantified. We conclude that the cooperation 

between the two approaches may be mutually supportive and produce insight into the disease 

dynamics, knowledge that can facilitate disease management and control.   
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Abstract 
 

Bulk metallic glasses (BMGs) are synthesized using high energy mechanical ball milling 

technique with the general formula, [Ni-Cr-Si]100-x:Nbx (x = 0, 3, 6 and 9 at.%, labelled as 

NCSNb0, NCSNb3, NCSNb6, NCSNb9). Interestingly, all the thermal, mechanical and corrosion 

properties are greatly enhanced with increase in Niobium (Nb) content up to 6 at.% (NCSNb6). 

XRD analysis shows that the phase attribution over all the BMGs is due to Nickel (Ni, 98-006-

0833), Chromium (Cr, 98-002-1500), Silicon (Si, 98-001-2990) and Niobium (Nb, 98-002-3331). 

The values of the largest super-cooled liquid region width and plastic strain attained are 232 K and 

0.940.1%, for the NCSNb6 BMG sample. The considerable addition of Niobium (Nb  6 at.%) 

content in [Ni-Cr-Si] BMG network (NCSNb6) is anticipated to have the best glass-forming 

ability, mechanical and corrosive resistant properties and is expected to be used as potential 

material for lightweight vehicle applications. 

 

Keywords: glass-forming ability; bulk metallic glass; super-cooled liquid region 
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1. Introduction 
 

Initially, the research area of amorphous glasses was focused on the scientific curiosity of how 

deeply nucleation and crystal growth could be arrested by under cooling liquids below their glass 

transition temperature, until 1960 when the metallic glass system, AuSi was first introduced [1]. 

After two decades of further research, the development of multi-component compositions with 

large atomic size mismatches between constituent elements with deep eutectics was proposed [2]. 

The discovery of bulk metallic glasses (BMGs) instigated a widespread research interest owing to 

their technological and scientific importance towards glass formation phenomena. Among the 

extensive family of glasses, BMGs are possibly the youngest, owing to a number of special 

characteristics like amorphocity, high strength, etc [3]. BMGs have attracted great attention, owing 

to their unique properties attained due to different atomic configuration. In recent investigations, 

significant advances in enhancing glass-forming abilities (GFA) have paved the way for their 
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potential applications as functional and structural materials [4-8]. Perker and Johnson reported on 

the excellent glass-forming ability of the bulk metallic glass: Zr41.2Ti13.8Cu12.5Ni10.0Be22.5, prepared 

by the metal casting method [9]. As per Park and Kim, by successfully designing the BMG matrix, 

the plasticity can be controlled effectively [10].  

Feng et al. designed a new matrix by proportional mixing of binary alloys Cu50Zr50 and 

Cu73Ti27 and investigated their thermal, mechanical and corrosion properties including glass-

forming abilities [11]. Similarly, Wang and Li investigated bulk metallic glass formation in the 

binary Cu-Zr system, prepared by the copper mould casting system [12]. Furthermore, Xia et al. 

[13] reported Ni62Nb38 as the best glass former composition upon investigating binary Ni-Nb bulk 

metallic glasses. Several studies reported the glass-forming abilities and thermal stability of 

ternary Ca-Mg-Zn BMG [14, 15]. Sun et al. [16] introduced Zr-Cu-Ni-Al quaternary amorphous 

alloy compositions with super high glass-forming ability. Liu and Lu [17] provided a 

comprehensive review of the effect of minor doping on the glass-forming properties in BMGs and 

stated that the glass-forming ability was enhanced considerably using small amounts (usually < 2 

at. %) of B, Si, Y and Sc. 

Kui et al. [18] found that there was no crystallinity found in the glass alloy Pd40Ni40P20 

that had been consistently undercooled, via X-ray diffraction, SEM studies and calorimetry. 

Several researchers studied the microstructure and corrosion behavior of extruded Mg-4Zn-2Gd-

0.5Ca Alloy [19-24]. Many studies have proposed a parameter γ to quantify the glass-forming 

ability of BMGs. They have also discussed the limitations of all the discussed GFA parameters 

[25-28]. Many research findings reported the improvements in the mechanical and corrosion 

properties of Ni-Mo coatings through the incorporation of Y2O3 nanoparticles [29-36]. Trexler and 

Thadhani [37] studied  the mechanical properties of bulk metallic glasses in detail, including their 

superior strength, hardness, excellent wear and corrosion resistance. Wang et al. [38] reported the 

effects of Cr contents in Fe-based bulk metallic glasses Fe69.9−xC7.1Si3.3B5.5P8.7CrxMo2.5Al2.0Co1.0 (x = 0.0, 

2.3-12.3) (fabricated using industrial raw materials) on the glass-forming ability and corrosion resistance. 

They found that the GFA decreases and corrosion resistance increases with the addition of Cr content.  

Chang et al. [39] studied the microstructure and mechanical properties of Ni-Cr-Si-B-Fe 

composite coating that had been fabricated by laser additive manufacturing and found that this 

composite exhibited excellent wear resistance. Qiu et al. [40] concluded that addition of small 

amounts of Niobium, Nb (0, 2, 5 at.%) enhances the strength and plasticity of the base alloy Zr65-

xNbxCu17.5Ni10Al7.5  as a result of the rapid formation of a highly protective passive film. 

Inspired by all these results, we have examined the glass-forming abilities, thermal 

properties, mechanical and corrosion properties of the ternary BMG matrix [Ni-Cr-Si], which was 

doped with Niobium at various concentrations, Nbx (x = 0, 3, 6 and 9 at.%) and characterized by 

XRD, DTA, Vicker’s hardness test, Uniaxial compression test, Polarization test and then SEM 

before and after corrosion test. It is understood that minor alloying can greatly affect the 

performance of BMGs. Doping with Niobium (Nb) offers excellent resistance to oxidation and 

corrosion and even 0.1% Niobium (Nb) can significantly enhance the performance characteristics 

of metals. 

 

 

2. Materials and Methods  

The base metal matrix [Ni-Cr-Si] was prepared with pure metal powders of high purity: Nickel 

(Ni, 99.99 Wt.%), Chromium (Cr, 99.99 Wt.%) and Silicon (Si, 99.99 Wt.%), each with 33.33 At. 

Wt.%, which were mixed well in an agate mortar, for a period of 30 min to form a homogenous 

mixture. This base metallic powder (BMG) was doped with Niobium (Nb, 99.99 Wt.%) using the 

general formula, [Ni-Cr-Si]100-x:[Nb]x, (x = 0, 3, 6 and 9 at.% and labelled as NCSNb0, NCSNb3, 
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NCSNb6 and NCSNb9). Further synthesis of this metal composition was carried out using a high 

energy mechanical ball milling apparatus in which it was further mixed and crushed to micro size, 

using a tungsten crucible, with powder to balls ratio taken as 1:10 with a rotation speed of 300 

rpm, for about 30 h. The tungsten carbide vials were initially evacuated and purged under pressure 

of 3x105 Pa. In order to control the agglomeration of the particles, the entire milling process was 

carried out in a wet medium using 30 ml hexane. At the end of successful ball milling, the samples 

were dried for about 5 h using a vacuum oven (i-therm, AI-7981Model) at 350 K and collected in 

powdered form and then analyzed with the help of ICP Spectroscopy. The amorphous nature of 

the sample and phase analysis was studied via XRD analysis and this was carried out using an 

Empyrean PANalytical X-rays diffractometer instrument using Co-K radiation with a step size of 

0.02o with 60 kV tube voltage and 5 mA of tube current for a period of 20 s/step, prior to and post 

ball milling. A Jeol JEM-1010 electron microscope was used to obtain TEM-scanned images to 

analyze the surface morphologies. In order to be sure that the samples to be tested were 

electrically conductive and dry, some sample preparation was done by embedding the BMG 

powder sample in a copper foil at first, using electrodeposition for mechanical thinning. For 

electron transparency, ion milling was used and a high energy electron beam was focused on the 

sample to achieve highly magnified and complex images to better understand the topography of 

the sample.  

The thermal properties were characterized using a Thermo-Gravity/ Differential Thermal 

Analysis (TG/DTA) analysis (CMET, Pan: Alumina). It was carried out with nitrogen gas at a 

heating rate of 40 K/min for 0.5s and 10 cel./min and a temperature range of 300 K-1300 K. 

Through this process, sharp endothermic peaks indicated any phase changes such as melting or 

fusion, and broad exothermic peaks revealed any dehydration reactions or chemical reactions 

including oxidation [41]. Then the BMG samples were put n into a vacuum hot-pressing machine 

and the pressing was carried out with a pressure of 1.2 GPa at its Tc for about an hour, to obtain 

green pellets of 10mm X 2mm size. 

Vickers indenter (Wolpert Wilson, Universal 930/250 N DigiTestor) was used to measure 

the microhardness of the samples under a load of 1 kg with a dwell time of 10s. A 3369 Uniaxial 

Compression testing machine was used to perform compression tests with a loading rate of 2X10-

4/s and an aspect ratio of 2:1. The corrosive nature of the prepared samples was investigated using 

an electrochemical polarization technique with RST500F device in 0.5 M HCL aqueous solution 

from -2.5V-5.5V at a potential sweep rate of 0.05mV/s. This test was done with a standard SCE 

(Saturated Calomel Electrode) as a reference electrode. The counter electrode was a three-

electrode cell, with a platinum foil. The samples were exposed to open air for about 20 min prior 

to the electrochemical measurements set up, to stabilize the open-circuit potentials [42]. SEM, 

JEOL, and JSM-6700F instruments were used to study the structural morphologies and find the 

crystallite sizes of the samples at 20kV, prior to and post corrosion test. 

 

 

3. Results and Discussion 
 

From XRD studies, we obtained the crystallite sizes, lattice strains and phase identifications of the 

BMG powder mixtures before and after ball milling for 30 h, using X’pert high score plus 

software. The energy utilized throughout the milling process depends on the degree of crystalline 

and amorphous phases present in the BMG matrix. The XRD profiles of all synthesized BMG 

samples (NCSNb0, NCSNb3, NCSNb6, and NCSNb9), prior to the ball milling process, are 

displayed in Figure 1. The peak positions of the diffraction peaks, aroused due to Nickel (Ni, 98-

006-0833), Chromium (Cr, 98-002-1500), Silicon (Si, 98-001-2990) and Niobium (Nb, 98-002-

3331) crystalline phases, at 0 h of ball milling are shown in Figure 1. 
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Figure 1. XRD profile of all NCSNbx BMG samples (NCSNb0, NCSNb3, NCSNb6 and NCSNb9) 

before ball milling 

 

Upon subsequent prolonged hours of milling, from 0 to 30 h most of the crystalline peak 

intensities start decreasing and almost disappeared at 30 h milling time. However, few broad peaks 

that conform to a typical amorphous state are retained (Figure 2). Hence, it is expected that 30 h 

milling time is adequate to obtain the amorphization phase of the NCSNbx BMG samples. 

Furthermore, the broad peaks of the sample containing 6 at.% of Nb content (NCSNb6), slightly 

shift to a lower position compared to the other prepared BMG samples (NCSNb0, NCSNb3, and 

NCSNb9) owing to the degree of amorphous nature that develops due to the nucleation process of 

Nb content [43]. This tendency reveals that the NCSNb6 BMG sample comprises more than 95% 

of the original compound and is expected to possess the best glass-forming ability (GFA).  
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Figure 2. XRD peak patterns of the composition [Ni-Mo-Si]94:[Nb]6 (NCSNb6 BMG Matrix), as a 

function of milling time 

 

To further justify the amorphous nature of the NCSNb6 BMG sample, the TEM bright-

field image at 30 h milling time is displayed in Figure 3. An interesting blend of the crystalline 

phase, which is precipitated together with an amorphous phase is seen in Figure 3. This can be 

attributed to the active participation of Niobium (Nb) nano-crystallites in the nucleation process so 

as to promote the rate of crystallization during the hot-pressing process. The overall XRD analysis 

can be summarized as follows: i) All prepared BMG samples, NCSNb0, NCSNb3 and NCSNb9 

have shown considerable crystalline peaks that are higher than NCSNb6 sample, ii) Also, NCSNb0, 

NCSNb3 and NCSNb9 BMG samples exhibited poor amorphization tendencies when compared to 

NCSNb6 sample. This shows that the BMG sample containing Niobium (Nb) composition of 6 

at.% (NCSNb6) exhibits superior glass-forming abilities and a decrease in surface roughness 

because of the incorporation of Niobium (Nb) into the Ni-Mo-Si matrix. This is attributed to the 

aggregation of Niobium (Nb) nano-crystallites which are expected to create an impact on 

improved corrosion resistance properties [44]. As such, more emphasis is laid on the structural 

properties, mechanical and corrosion behavior of NCSNb6 BMG sample in coming up sections. 

Using the Scherer formula, the average sizes of the crystallites were found to vary from 41 nm to 

60 nm as a function of Niobium (Nb) content (Table 1). 
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Figure 3. TEM bright-field image of NCSNb6 BMG sample 

 

Table 1. Crystallite size and lattice strain of all as-prepared NCSNbx BMG samples at 30 h of ball 

milling 

BMG Crystallite size (nm) Lattice strain (%) 

NCSNb0 60 1.5 

NCSNb3 49 0.9 

NCSNb6 41 0.4 

NCSNb9 47 1.1 

 

Based on the XRD analysis, the thermal stability and the glass-forming ability of all 

prepared NCSNbx BMG samples were measured at 30 h of ball milling and examined via DTA 

studies at a heating rate of 10 K/min and the results are shown in Figure 4. The endothermic profile 

of the DTA images is a primary characteristic that shows a glass transition phase, followed by a 

super-cooled liquid region and an exothermic crystalline reaction. As an example, for the Niobium 

free (NCSNb0) sample, the glass transition temperature (Tg) is 627 K, and the crystallization 

temperature (Tc) is 764 K. Similarly, the super-cooled liquid region (T) and liquidus temperature 

(Tl) are recorded to be 121 K and 1127 K respectively. Based on these studies, the thermal properties 

(Tg, Tc, Tl, T=Tc-Tg) and the parameter, γ (=Tc/(Tg+Tl))) for all the as-prepared BMG samples are 

calculated after 30 h of ball milling and are tabulated in Table 2. From Table 2, the decreasing trend 

of T values are found to be NCSNb6 > NCSNb9 > NCSNb3 > NCSNb0, which implies that NCSNb6 

sample possesses the best glass-forming characteristics when compared to all other BMG samples  
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Figure 4. DTA profiles of all as-prepared NCSNbx BMG samples at 30 h of ball milling 

 

Table 2. DTA parameters of all as-prepared NCSNbx BMG samples at 30 h of ball milling 

BMG Tg (K) Tc (K) Tl (K) ΔT= Tc-Tg(K) γ=Tc/(Tg+Tl) 

NCSNb0 627 764 1127 137 0.435 

NCSNb3 588 777 1125 189 0.453 

NCSNb6 613 845 1198 232 0.466 

NCSNb9 598 815 1136 217 0.470 

 

under investigation. A higher T represents higher thermal stability. As indicated in Figure 5 and 

Table 2, the addition of Nb strongly affects the thermal stability of BMGs. The value of T 

increases from 137 K to a maximum value of 232 K with increasing Niobium content from 0 to 6  
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Figure 5. Variations of ΔT and Tg with Nb content of all as-prepared NCSNbx BMG samples  

 

at.%, then decreases with increasing Niobium content from 6 at.% to 9 at.%. It is well known that 

γ and T are important parameters for estimating glass-forming ability, and therefore higher γ and 

T corresponds to higher glass forming ability [45]. 

The correlation behavior of Tg Vs T with the Niobium (Nb) composition (at.%) is 

shown in Figure 5. The super-cooled liquid region, T and γ are found to be highest for the 

sample having 6 at.% of Niobium (NCSNb6). These results are in good agreement with the XRD 

studies. Additionally, the correlation between Vickers hardness values and plastic strain with 

respect to Niobium (Nb) composition is depicted in Figure 6. It is noteworthy that the sample with 

the best glass-forming ability (NCSNb6) displayed the highest plastic strain and hardness, which is 

a significant contribution of this present family of BMG network (Figure 6 and Table 2). This 

could be due to the large negative heating effect generated with substantial doping of Niobium 

(Nb) content with base BMG matrix, [Ni-Cr-Si]. The other mechanical properties of all the as-

prepared NCSNbx BMG samples were studied with the help of compressive stress-strain curves, 

and the results are shown in Figure 7. All the BMG samples exhibit a unique behavior of 

increasing stress with the increase of strain, which is in accordance with the law of elasticity and is 

also referred as work hardening. All the curves undergo an elastic deformation followed by a 

serrated plastic deformation before fracture failure occurs. The yield strength (y), fracture 

strength (f) and p for all NCSNbx BMG samples are calculated from the stress-strain curves and 

are listed in Table 3. Nevertheless, the values of y, f and p for the Niobium free (NCSNb0) 

BMG sample are found to be 1701±27, 1732±12 and 0.33±0.1% respectively. 
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Figure 6. Correlation between Vickers hardness and plastic strain values of all prepared 

NCSNbx BMG samples 

 

 
 

Figure 7. Engineering Stress-Strain curves of all NCSNbx BMG samples at 30 h of ball milling 
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Table 3. Yield strength (σy), fracture strength (σf), plastic strain (εp), and hardness values of all as- 

prepared NCSNbx BMG samples 

BMG σy (MPa) σf (MPa) εp (%) 
Hardness 

(HV) 

NCSNb0 1701±27 1732±12 0.33±0.1 516 

NCSNb3 1549±35 1595±22 0.57±0.1 598 

NCSNb6 1363±43 1467±45 0.947±0.1 673 

NCSNb9 1605±23 1699±15 0.628±0.1 525 

 

Figure 8 displays the compressive plasticity of all the as-prepared NCSNbx BMG samples 

and it is observed from Table 3 and Figure 8 that among all the prepared samples, the p is 

maximum for NCSNb6. Indeed, the yield strength (y) and compressive strength (f) values are 

found to be minimum for the Nb composition of 6 at.% (NCSNb6) and the plastic strain (p) value 

is also found to be maximum for the same. In general, during the blending of different elements 

with different atomic weights, there is every possibility for generating positive heating effect. This 

effect will create a heterogeneous atmosphere in the BMG matrix over the entire amorphous phase 

that can lead to the formation of a large number of shear bands across the whole volume, which 

results in an improvement of the plastic strain of BMG sample up to a certain extent [46, 47]. 

Also, the excess quantities of Niobium (Nb) doping of the base matrix may lead to the aggregation 

of Nb particles causing repulsive forces among the blended elements that may definitely hamper 

the plastic strain (p) values of the BMG samples [47].  

 

 
 

Figure 8. Compressive plasticity of all NCSNbx BMG samples 
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To further investigate the evidence of the deformation nature of as-prepared NCSNbx 

BMG samples, SEM analysis was done on these samples after the compression test and the results 

are displayed in Figure 9 (a-d). The images reveal that the homogeneity of the amorphous nature is 

retained even after 30 h of ball milling and the presence of Nb nano-crystallites can be seen in all 

the images as depicted in the TEM image of NCSNb6 sample (Figure 3). From Figure 9 (a), a 

single-clustered morphology along with a considerable amount of porosity can be seen. However, 

this nature is gradually minimized with the doping of Niobium (Nb) content up to 6 at.% 

(NCSNb6) (Figure 9 (c)). Moreover, uncontrolled aggregation of Nb nano-crystallites and cracks 

can be observed above 6 at.% (Figure 9 (d)). Therefore, it can be inferred that the structural 

morphology of NCSNb6 can be the best plastic and also the best corrosive resistant sample when 

compared to the other BMGs under investigation. 

 

 

 
 

Figure 9. SEM Image Analysis of all NCSNbx BMG samples at 30 h of ball milling after 

compression tests: (a) A single-crystal morphology of Nb free BMG sample (NCSNb0), (b) 

NCSNb3 BMG sample, (c) NCSNb6 BMG sample, and (d) NCSNb9 BMG sample 

 

Further, to study the corrosive properties of the as-prepared NCSNbx BMG samples, a 

potentio-dynamic polarization test was also performed from -2.5V~5.5V in 0.5 M HCl solution, 

with a potential sweep rate of 0.05mV/s. The anodic and cathodic polarization curves from Figures 

10 (a) and (b), exhibit similar polarization tendency. From Figure 10 (a), it is noticed that the 

anodic curve does not hold good Tafel curve, which means that these curves for all the present 

BMG samples exhibit active or passive transition. However, their slopes can be extrapolated back 

to the open-circuit corrosion potential. From Figure 10 (b), the anodic current density (ip) is 

calculated by summing the experimental anodic current density with extrapolated cathodic current 

density (ic) (Table 4). It is noticed from Table 4 that the anodic current density (ip) increases 

sharply before reaching a stable value, with a slight increase in the anodic polarization. This might  
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Figure 10. (a) Potentio-metric analysis of all NCSNbx samples at 30 h of ball milling-anodic 

current density with corrosion potential, (b) Potentio-metric analysis of NCSNbx BMG samples at 

30 h of ball milling-magnification images of Figure 10 (a) 

 

Table 4. Corrosion potential (Ec), passive potential (Ep), corrosion current density (ic), and passive 

current density (ip) of all NCSNbx BMG samples 

BMG Ec (mV) Ep (V) ic (A/cm2) ip (A/cm2) 

NCSNb0 -107.1 1.2093 3.8x10-2 0.5785 

NCSNb3 -80.2 0.7321 1.7x10-2 0.7529 

NCSNb6 -65.4 0.5120 5.2x10-3 0.0062 

NCSNb9 -94.7 1.1025 4.1x10-2 0.4512 

 

be due to the corrosion tendency of the BMG network. It is also known that for the best corrosive 

resistant sample, the corrosive current density should be smaller. The ic (5.2x10-3 A/cm2) and ip 

(0.0062 A/cm2) values of the NCSNB6 BMG sample are expected to be smaller when compared 

with the other prepared samples of BMGs under investigation which shows its active nature 

towards corrosion resistance. On the other hand, the step height and serration fluctuation and the 

corrosion potential value, Ec is highest for the best corrosion-resistant sample (NCSNb6) (Figure 

10 (b)). The results show that all the prepared samples of NCSNbx BMGs exhibit self-

passivization behavior. Additionally, Ep value is found to increase at first until x = 6 at.%, 

indicating a chance of self-passivization and then decreases after x>6 at. %. As the ip value of 

NCSNb6 is of two orders of magnitude lesser than the other prepared samples of Ni-based BMGs, 

this would make it clear that the NCSNb6 sample is comparatively less prone to passive film 

formation and is the best corrosion-resistant BMG sample. The compositional correlation curves 

of Ec Vs ic and Ep Vs ip are depicted in Figures 11 (a) and (b), respectively, show and prove the 

active nature of NCSNb6 BMG sample towards corrosion resistance and self-passivization 

behaviour. 
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Figure 11. (a) Compositional dependence between corrosion current density (ic) and corrosion 

potential (Ec) values of all NCSNbx BMG samples, (b) Compositional dependence between 

passive current density (ip) and passive potential (Ep) values of all NCSNbx BMG samples 

 

 

 Lastly, to better understand the corrosion properties, the SEM morphologies of the 

prepared BMG samples after potentio-dynamic polarization tests are taken (Figure 12). It can be 

observed that Niobium free (NCSNb0) BMG sample (Figure 12 (a)) is more prone to corrosion. It 

can be seen that sufficient doping of the base metal BMG matrix, with Niobium (Nb), definitely 

produces an improvement in the surface film structure (Figures 12 (b-d)). The images show the 

separation of passive films from the standard matrix, which may be caused by corrosion attack. 

Doping with Niobium (Nb) builds a protective surface film with more chemical stability and more 

corrosive resistance with a chloride medium.  It is also clearly seen that the corroded surface of 

NCSNb6 (Figure 12(c)) is more unstable and looser than the other BMGs. 

The corrosion behavior of all the NCSNbx BMGs can be related to the variable content of 

alloying elements. For the prepared samples of BMGs, the atomic percentages of Nickel (Ni), 

Chromium (Cr) and Silicon (Si), decrease as x increases from 0 at.% to 9 at.%. But, the Niobium 

(Nb) atomic percentage increases with increasing x. A larger electrochemical potential 

discrepancy of the alloying elements allows the selective dissolution of Chromium (Cr) in [Ni-Cr-

Si] BMG. With the increase of potential, the Chromium (Cr) found on the surface could be re-

deposited into the pits, a process that accelerate pits propagation [48, 49]. Even though Ni can 

form oxides, Cr and Si are chemically more stable and structurally denser. A good corrosion-

resistant BMG always has a dense uniform passive film that contains strong passive elements [50-

52]. The ip value indicates corrosion rate and Ec value indicates corrosion tendency. So, the higher 

corrosive resistance and low Ec and ip of NCSNb6 BMG sample would be a potential candidate for 

light-weight vehicle applications. 
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Figure 12. SEM micrographs of the corroded surfaces of all prepared NCSNbx BMG samples 

 

 

4. Conclusions 

 

The XRD results reveal that NCSNb6 BMG contains more than 95% of the original compound and 

can be considered as the BMG with the best glass-forming ability (GFA). The greater the values of 

the super-cooled liquid region, T and the GFA parameter, γ, the higher will be the glass-forming 

ability. So, the DTA reports are also in accordance with XRD results. The Vickers hardness test 

and the Uniaxial compression test confirm that all the prepared samples show work hardening 

behavior and is comparatively lesser for NCSNb6 and also have high hardness value compared to 

all the other BMG samples. The y (yield strength), f (fracture strength) are respectively, in the 

range of 1.3-1.7 Gpa and 1.4-1.73 Gpa. The plastic strain value, p of NCSNb6 is the highest 

among all the studied NCSNbx BMG samples and reaches a maximum of 0.947±0.1%. Potentio-

dynamic polarization tests also report lower values of ip and ic, further confirming that NCSNb6 is 

the best corrosive resistant sample. The final SEM micrographs, after the corrosion test, show 

more unstable and looser patterns of the corroded surface of NCSNb6, which further agrees with 

the results of potentio-dynamic test. This confirms that NCSNb6 is the best corrosive resistant 

sample with good glass-forming abilities and mechanical strength. 
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Abstract 
 

Most well-known microorganisms in the class Oomycetes (notably genera Phytophthora and 

Pythium) are pathogenic to both animals and plants due to their diverse lifestyle patterns. This study 

was designed to recover Pythium from composite soils (cultivated and forest soils) and water sources 

(fresh and brackish water) from Rayong Province. Twenty isolates of hyaline and non-septate 

fungal-like organisms were isolated from those sources.  The primer pair ITS4 and ITS6 were used 

to amplify approximately 900 bp products from Internal transcribed spacer (ITS) region and 

morphological characteristics including sporangium, oogonium, antheridium and oospore, were 

noted.  Morphological characteristics data of recovered Pythium strain can be classified into 12 

source groups. ITS sequencing results revealed that eight closely related species had been recovered: 

Globisporangium splendens, Pythium cucurbitacearum, Pythium acanthichum, Pythium deliense, 

Pythium diclinum, Pythium torulosum, Phytopythium vexans and Phytopythium helicoides, which 

had similarities in the range 94.67-100% values at between 656 and 922 locations. Most of these 

species were reported as plant pathogens. Therefore, this report can be used as a guide for disease 

control planning.  

 

Keywords: Oomycetes; identification; phylogeny; Rayong Province; Pythium 

DOI 10.14456/cast.2021.14 

 

 

1. Introduction 
 

The microbes in class Oomycetes are classified in kingdom Chromista and subphylum Oomycota. 

Some species: like Pythium sp., live in many types of ecosystems, including a wide range of soil 

and water sources [1]. Many species in this class affect the environment and economy due to their 

capability to be plant and animal pathogens [2, 3]. Pythium and related genera in family Pythiaceae 

are one of the most important Oomycete distributed worldwide. They can survive under different 

location and environments such as tropical forests, natural and agricultural ecosystems, arid zones, 

temperate zones or even polar regions [4], because they have an ability to produce thick-walled 

resting spore or sexual reproductive structure called oospore, and asexual reproductive structure 

called sporangium which form zoospore inside which can be released through vesicle discharge tube 
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[1]. Pythium and related genera can be isolated from both terrestrial and aquatic habitats, and many 

of them are plant pathogens. Oomycetes have a high distribution rate, which results in a infecting a 

wide range of host plants, notably succulent plants causing pre- and post- emergence damping off 

disease [1, 5, 6]. Moreover, Pythium can infect mammals, mainly in tropical and subtropical area, 

and causes pythiosis disease [7-9]. However, there were many reports about the capability of 

Pythium spp. as biological control agent (BCA), for example: Pythium oligandrum [10], Pythium 

periplocum and Pythium acanthicum [11]. Moreover, there have been a few reports that indicated 

that Pythium could also produce cellulolytic enzymes [12, 13]. Then, it can be seen that Pythium 

exists in every type of ecosystems, and can cause both positive and negative effects on a wide range 

of hosts. Therefore, good cultivation plan and pathogenicity data are necessary for disease control 

measures. Simultaneously, it can be applied as additional data for Pythium and related genera 

distribution in Thailand. Generally, a conventional procedure such as morphological study has been 

widely used to identify Oomycetes genera and the internal transcribed spacer (or ITS) sequences 

have also been used to classify to species level [1]. Thus, the purpose of this investigation was to 

study the diversity group of Pythium spp. that could be isolated from cultured-dependent methods. 

The samples were collected from cultivated areas, natural forests, mangrove forests and rivers in 

Rayong province <12.686277, 101.271261>. All Pythium isolates in this study were classified using 

morphological characteristics and ITS sequence data. 

 

 

2. Materials and Methods  
 

2.1 Sampling and isolation 

 

Vertical soil samples (300 mm soil depth) were obtained from a cultivated field<12.85099178, 

101.55733498>, a natural forest <12.849345, 101.555479>, a mangrove soil <12.698767, 

101.707131> and a river <12.776806, 101.714779>. Moreover, plant debris from river and 

mangrove were also collected. Three techniques were used for isolation: 

1) Modified soil plate technique [14]:  Approximately 1g of soil sample was put on the surface 

of selectiveagar media (CMA (corn meal agar) + BNPRA (benomyl 10 ppm, Nystatin 25 ppm, 

Pentachloronitrobenzene 25 ppm, Rifampicin 10 ppm and Amplicillin 500 ppm) media + Rose 

Bengal(0.05 g/liters) [15]. Then an agar plug was transferred onto new agar media (CMA, potato 

dextrose ager (PDA) and V8 juice agar) to obtain a pure culture. 

2) Soil baiting technique [16]: Approximately 1g soil or 1ml water sample was mixed with 9 

ml sterile distilled water in a Petri dish, then 10 cucumber seeds were added and spread carefully. 

The sample was incubated (room temperature, 24 h), and a seed was transferred onto selective agar 

media. Then again an agar plug was transferred onto CMA, PDA and V8 agar media to obtain a 

pure culture. 

3) Soil dilution technique [17]: Approximately 1g soil sample was mixed with 9 ml of sterile 

distilled water in a test tube and serially diluted to obtain a 10-4 dilution. One milliliter of the soil 

suspension was then pipetted onto Petri dishes containing CMA + BNPRA + Rose Bengal media 

and then an agar plug was transferred to CMA, PDA and V8 agar media to obtain a pure culture. 
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2.2 Morphology identification 

 

Water culture, grass blade culture and low nutrient media were used to study asexual reproduction 

(Sporangium development) [18]. All techniques used were as follows:  

1) The water culture technique: an agar plug of pure culture was placed on a Petri dish filled 

with sterile distilled water. 

2) Grass blade culture technique: a boiled grass leaf was placed in a Petri dish and sterile 

distilled water was then added. 

3) Low nutrient media culture: each isolate was cultured in CMA and then checked for asexual 

structures under a light microscope. 

4) Checking for sporangium and zoospore formation within 24-48 h to study sexual 

reproduction: each isolate was cultured in V8 juice agar and the sexual organs (antheridia, oogonia, 

and oospores) were observed under a light microscope. All experiments were performed with 3 

replicates and observed within 7 days. The taxonomic key used for identification was referred to 

Van der Plaats-Niterink [19]  

 

2.3 DNA extraction, PCR amplification and sequencing 
 

Oomycetes strains were cultured in PDA at room temperature and genomic DNA was extracted 

according to Ivors protocol [20]. The internal transcribed spacer (ITS) regions were amplified using 

the primer ITS6 (5’-GAAGGTGAAGTCGTAACAAGG-3’) and ITS4 (5’-TCCTCCGC 

TTATTGATATGC-3) [21]. The PCR conditions were the same as those used by Cooked et al. [22].  

The PCR products were analyzed by gel electrophoresis. Gels were extracted and purified using 

GeneJET Gel Extraction Kit (Thermo scientific). The purified products were stored at -20C° until 

required. The sequencing of ITS region was determined by Bionics Co. Ltd. 

 

2.4 Phylogenetic analyses 
 

Sequences were determined by the Basic Local Alignment Search Tool (BLAST) at the National 

Center for Biotechnology (NCBI; Bathesda, USA). The aligned sequences were used to construct 

phylogenetic trees. The neighbour-joining algorithm [23] was from the MEGA X program. The 

resultant tree was evaluated in bootstrap analyses [24] based on 1000 resamplings of the neighbour-

joining dataset from the PHYLIP package. All DNA sequences were submitted to GenBank (NCBI 

database).     

  

3. Results and Discussion 
 

3.1 Isolation and morphological identification 
 

Twenty isolates containing 2 genera, Pythium and Phytopythium, were obtained from soil and water 

samples and could be classified into 8 species. They were well delineated into 12 groups based on 

the origin (cultivated field, degraded forest, fresh water or marine). Most isolates produced both 

asexual and sexual structures, but some isolates did not. RYS-13, RYS-6, RYS- 7, RYS- 13 and 

RYS- 16 showed no asexual organs, while RYS-9, RYS-10, RYS-12, RYS-13, RYS-14, RYS-15, 

RYS-16 and RYS-17 presented no sexual organs (Table 1, Figures 1-12). However,  in mangrove 

soil, there were no isolates of Oomycetes found. 
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Group 1:  No zoospoarangia, produce only sexual reproductive structure obtained from cultivated 

soil  (Figure 1). 

Group 2: Subglobose or pyriform proliferating zoosporangia and smooth wall oospores obtained 

from natural forest soil (Figure 2). 

Group 3:  No zoosporangia formation, produced only sexual reproductive organs obtained from 

natural forest soil (Figure 3). 

Group 4: Oomycete with non-internal and internal proliferating subglobose or pyriform 

zoosporangia, acute spines oospore obtained from natural forest soil (Figure 4). 

Group 5:  Subglobose or pyriform zoosporangia with papillae and smooth wall oospores obtained 

from natural forest soil (Figure 5). 

Group 6:  Subglobose or pyriform of non-papillate zoosporangia obtained from natural forest soil 

(Figure 6). 

Group 7:  Non- inflated zoosporangia obtained from river water (Figure 7). 

Group 8:  Inflated zoosporangia with smooth wall oospore obtained from river leaf debris (Figure 

8). 

Group 9: Papillate subglobose or pyriform zoosporangia obtained from river leaf debris (Figure 9). 

Group 10: Inflated filamentous sporangia (Figure 10) 

Group 11: Non-internal and internal proliferating subglobose or pyriform zoosporangia, acutely 

spine oospores obtained from river soil (Figure 11). 

Group 12: Subglobose or pyriform zoosporangia with papillae and smooth wall oospores obtained 

from river soil (Figure 12). The distribution of all isolates is shown in Figure 15. 

  

Table 1.  Morphology of Oomycetes isolates 
 

 

Isolate 

Full growth 

(days) 

 

Sporangia  Oogonia  Antheridia Oospores 

(µm) 

Source 

group 

PDA CMA V8 

RYS-1 2 2 2 - Smooth 

wall, 

intercalary 

3-4 

monoclinous 

antheridia 

per oogonia 

Aplerotic 

(68.76) 

1 

RYS-2 2 2 2 Subglobose 

or pyriform 

proliferating 

Smooth 

wall, 

terminal or 

intercalary 

1 

monoclinous 

or 

hypogynous 

antheridia 

per oogonia 

Nearly 

Plerotic 

(47.31) 

2 

RYS-3 2 2 2 - Smooth 

wall, 

intercalary 

1 

monoclinous 

or 

hyphogynous 

antheridia 

per oogonia 

Aplerotic 

(56.38)  

3 

RYS-4 5 5 4 Subglobose 

with 

discharge 

tube 

Ornamented, 

terminal or 

intercalary 

1-2 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(44.42) 

4 
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Table 1. (cont.) 

RYS-5 5 5 5 Subglobose 

with 

discharge 

tube 

Ornamented, 

terminal or 

intercalary 

1-2 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(42.53) 

4 

RYS-6 4 4 5 - Ornamented, 

terminal or 

intercalary 

1 

monoclinous 

of 

hyphogynous 

antheridia 

per oogonia 

Plerotic 

(39.65) 

4 

RYS-7 7 7 6 - Ornamented, 

terminal or 

intercalary 

1-2 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(44.64) 

4 

RYS-8 6 6 6 Subglobose 

or pyriform, 

papillate  

Smooth 

wall, 

terminal or 

intercalary 

- Plerotic 

(32.48) 

5 

RYS-9 2 2 2 Subglobose 

or pyriform 

Smooth 

wall, 

terminal or 

intercalary 

1 

monoclinous 

antheridia 

per oogonia 

- 6 

RYS-10 5 5 5 Non-

inflated 

filamentous 

- - - 7 

RYS-11 2 2 2 Inflated 

filamentous 

with vesicle 

Smooth 

wall, 

terminal and 

intercalary 

1 

monoclinous 

antheridia 

per oogonia 

Aplerotic 

(50.81) 

8 

RYS-12 2 2 2 Subglobose 

or pyriform 

Smooth 

wall, 

terminal and 

intercalary 

1 

monoclinous 

antheridia 

per oogonia 

- 9 

RYS-13 2 2 2 - - - - 9 

RYS-14 5 5 4 Inflated 

filamentous 

- - - 10 

RYS-15 2 2 2 Subglobose 

or pyriform 

Smooth 

wall, 

terminal and 

intercalary  

- - 9 

RYS-16 4 4 3 - - - - 10 

RYS-17 2 2 2 Subglobose 

or pyriform 
 -  -  - 9 

RYS-18 5 5 4 Subglobose Ornamented, 

terminal or 

intercalary 

1 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(28.11) 
11 
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Table 1. (cont.) 

 

 

 

RYS-19 3 3 3 Subglobose Ornamented, 

terminal or 

intercalary 

1 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(42.75) 

11 

RYS-20 5 5 5  Pyriform Smooth 

wall, 

terminal or 

intercalary 

1-2 

monoclinous 

antheridia 

per oogonia 

Plerotic 

(34.11) 

12 

 

  

 

 

 

 

  

 

 

 

 

 

 

Figure 1. Morphology of an isolate obtained from cultivated soil (group 1: RYS-1).  A-C: Colony 

patterns on CMA (A), PDA (B) and V8 agar (C); D-G: 10; H: 40 (scale bars D-H:  20 µm); 

black arrows indicate antheridia. 
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Figure 2. Morphology of an isolate obtained from natural forest soil (group 2:    

RYS-2). A-C: Colony patterns on CMA (A), PDA (B) and V8 a gar (C); D-F and   

H: 10; G, I and J: 40 (scale bars D-J: 20 µm); black arrows indicate antheridia. 
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Figure 3. Morphology of an isolate obtained from natural forest soil (group 3: RYS-3).        

A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C); D-H: 10; I: 40 (scale      

bars D-I: 20 µm); black arrows indicate antheridia. 
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Figure 4. Morphology of an isolate obtained from natural forest soil (group 4: RYS-4,  RYS-5, RYS-6 

and RYS-7).A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C);  D-F: 10; G-L: 40 (scale 

bars D-L: 20 µm); black arrows indicate antheridia. 
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Figure 5. Morphology of an isolate obtained from natural forest soil (group 5: RYS-8).                  

A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C); D-F: 10; G-K: 40 (scale           

bars D-K: 20 µm) 
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Figure 7. Morphology of an isolate obtained from river (fresh water; group 7: RYS-10).A-C: 

Colony patterns on CMA (A), PDA (B) and V8 agar (C); D-F: 10; (scale bars D-F: 20 µm) 

 

   

 

 

   

 

 

   

 

 

Figure 6. Morphology of an isolate obtained from natural forest soil (group 6: RYS-9).  A-C: 

Colony patterns on CMA (A), PDA (B) and V8 agar (C); D and G: 10; E-I: 40 (scale bars D-I: 

20 µm); black arrows indicate antheridia. 
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Figure 8. Morphology of an isolate obtained from river debris (group 8: RYS-11). 

A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C); D-F: 10; G-I: 40                                  

(scale bars D-I: 20 µm); black arrows indicate antheridia. 
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Figure 9. Morphology of an isolate obtained from river debris (group 9: RYS-12,            

RYS-13, RYS-15 and RYS-17). A-C: Colony patterns on CMA (A), PDA (B) and V8      

agar (C); D-F: 10; G-I: 40 (scale bars D-I: 20 µm); black arrows indicate antheridia. 
 

 

 

 

 

 

 

 
 

 
 

 

Figure 10. Morphology of  isolate obtained from river debris (group 10: RYS-14 and  RYS-16). 

A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C); D-F: 10; (scale bars D-J: 20 µm)
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Figure 11. Morphology of an isolate obtained from river soil (group 11: RYS-18 and 

RYS-19). A-C: Colony patterns on CMA (A), PDA (B) and V8 agar (C); D: 10; F-I: 

40 (scale bars D-I: 20 µm); black arrows indicate antheridia. 
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Figure 12. Morphology of an isolate obtained from river soil (group 12: RYS-20). A-C: Colony 

patterns on CMA (A), PDA (B) and V8 agar (C); D: 10; E-L: 40 (scale bars D-I: 20 µm); black 

arrows indicate antheridia. 
 

3.2 Phylogenetic analysis  
 

After amplification of DNA  sequence at ITS region using primers ITS4 and ITS6, approximately 

~900 bp of PCR products were obtained (Figure 13). The comparison data between this study and 

the databases from NCBI found that the studied isolates were defined into eight Oomycetes species: 

Globisporangium splendens (formerly called P. Splendens [25], clade I), Pythium cucurbitacearum 

(clade K), Pythium acanthichum (clade D), Pythium deliense (clade A), Pythium diclinum (clade B), 

Pythium torulosum (clade B), Phytopythium vexans and Phytopythium helicoides (clade K) (Table  



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

 

147 

 

 

 

 
 

Figure 13. The primer pair ITS4 and ITS6 were used to amplified a 900 bp product compared 

with 1 kb marker (lane M); Lane 1-20: RYS-1 ~ RYS-20 

 

2). All species showed the common morphological traits of each clade as reported by Lévesque and 

de Cock [26] and de Cock et al. [27].  It was found that G. splendens is a member of clade I in which 

most species in this clade do not produce zoospores. Pythium cucurbitacearum belongs to clade K 

with some common characteristics between Pythium and Phytophthora sp. like papillae sporangia, 

Phytopythium also belongs to this clade. Pythium acanthichum is in clade D, the members of which 

have oogonia with spines. Most of the species in this clade are mycoparasites, such as P. oligandrum. 

Pythium deliense belongs to clade A, which produce filimentous sporangia with intercalary 

antheridia. Pythium diclinum and P. torulosum are in clade B, which produce filimentous sporangia 

with smooth wall oogonia. Most species in this study are waterborne Oomycetes [28] (Figure 14). 

As stated, Pythium and related genera in the same class exist in many types of ecosystems. 

Therefore, the same genus can be found in a variety of habitats. A good example of this is P. 

aphanidermatum, now known to live in sea water [29] although this species was mostly found in 

cultivation area. 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

 

148 

 

Table 2. Similarity and origin of each isolate 

Species GenBank 

Accession no. 

(ITS) 

Origins Hits Seqence 

length (bp) 

Similar 

(%) 

G. splendens  RYS-1 MT758164 Cultivated soil P. splendens AY598655.2 853 98.71 

P. vexans RYS-2 MT758165 Forest soil P. vexans MK011121.1 922 99.21 

G. splendens  RYS-3 MT758166 Forest soil P. splendens KU724186.1 793 99.62 

P. acanthicum RYS-4 MT758167 Forest soil P. acanthicum LC332027.1 772 98.71 

P. acanthicum RYS-5 MT758168 Forest soil P. acanthicum KU210470.1 863 98.61 

P. acanthicum RYS-6 MT758169 Forest soil P. acanthicum KU210470.1 871 98.74 

P. acanthicum RYS-7 MT758170 Forest soil P. acanthicum KU210470.1 858 98.49 

P. cucurbitacearum 

RYS-8 

MT758171 Forest soil P. cucurbitacearum 

KP183959.1 

856 99.42 

P. helicoides RYS-9 MT758172 Forest soil P. helicoides KT750954.1 797 99.75 

P. torulosum RYS-10 MT758173 Fresh water P. torulosum MK015674.1 877 99.42 

P. deliense RYS-11 MT758174 Leaf debris P. deliense MN365090.1 823 99.88 

P. helicoides RYS-12 MT758175 Leaf debris P. helicoides KT595686.1 656 96.68 

P. helicoides RYS-13 MT758176 Leaf debris P. helicoides KY084740.1 793 94.67 

P. diclinum RYS-14 MT758177 Leaf debris P. diclinum MK015676.1 782 99.22 

P. helicoides RYS-

15 

MT758178 Leaf debris P. helicoides KT750954.1 819 99.63 

P. diclinum RYS-

16 

MT758179 Leaf debris P. diclinum MK015676.1 774 99.21 

P. helicoides RYS-

17 

MT758180 Leaf debris P. helicoides KT750954.1 841 99.88 

P. acanthicum 

RYS-18 

MT758181 River soil P. acanthicum AY598617.2 822 99.03 

P. acanthicum 

RYS-19 

MT758182 River soil P. acanthicum HQ643411.1 770 98.83 

P. cucurbitacearum 

RYS-20 

MT758183 River soil P. cucurbitacearum 

MK416211.1 

868 100.00 
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Figure 14. Neighbour-joining tree based on ITS region sequences (~900 bp) showing relationships 

between the studied-isolates and related Pythium species. Asterisks indicate branches of the tree that 

were also found using the maximum-likelihood and maximum-parsimony tree-making algorithms. 

Numbers of the nodes are percentage bootstrap values based on a neightbour-joining analysis of 

1,000 sampled datasets. The root postion of the tree was determined using Aphanomyces stellatus 

AY455774.1. Bar, 0.05 substitutions per nucleotide position. 
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Figure 15. The distribution of Pythium and related genera in class Oomycetes;  

1: Globisporangium splendens; 2: Phytothora vexans; 3: Pythium acanthicum; 4: Pythium 

cucurbitacearum; 5: Phytothora helicoides; 6: Pythium torulosum; 7: Pythium deliense and          

8: Pythium diclinum 

 

  It can be seen that all strains of Pythium and related genera found in this study are more 

diverse in marginally disturbed or undisturbed habitats like natural forests or rivers, and less diverse 

in cultivated soil. Detection of these species was not that unexpected because there had been many  

reports of  the discoveries of Phytophthora and Pythium species in similar locations. For example, 

Phytophthora gonapodyides, Phy. lacustris, Pythium oopapillum, etc., were discovered in rivers 

crossing the Polish-Ukrainian border area [30], Pythium sukuiense, from undisturbed natural forest 

in Taiwan [31], and P. Aphanidermatum was discovered a decades ago [32]. However, there have 

still been no discoveries of any Oomycetes species in mangrove soil. This might be because the 

condition of mangrove soil with obviously high salinity limits the diversity of soil and fresh-

waterborne Oomycetes. There was a report about specific halotolerant Pythium species being able 

to inhabit in salt water and infect algae, but as mentioned, only a few particular species, such as 

Pythium porphyrae,  can live in such conditions. However, there was also the discovery of  P. 

aphanidermatum strain that inhabited  leaf debris in sea water [29].  Based on this observation, the 

possibilities of finding  well known plant or animal pathogenic Oomycetes in mangrove forests can 

not be ignored. A pathogenicity test can be carried out in a future study.  

 

 

4. Conclusions 
 

Fungal-like microorganisms in class Oomycetes are important in cultivation and environmental 

stability in many ways. Here, this paper provided new and detailed information about the 

distribution of Pythium and related genera in Rayong Province, Thailand. Eight Pythium species and 

related genera were identified, i.e. Globisporangium splendens, Pythium cucurbitacearum, Pythium 

acanthichum, Pythium deliense, Pythium diclinum, Pythium torulosum, Phytopythium vexans and 

Phytopythium helicoides. Moreover, it was found that Oomycetes in the undisturbed locations were 

more diverse than those found in disturbed locations. From the results, the distribution data can be 

used for advanced study or further field investigation. However, futher study of the obtained isolates 

is needed, and in particular further studies of pathogenicity and environmental factors that affect 
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Pythium and related genera will be required to formulate a universal overview of  Oomycetes 

representives in Thailand. 
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Abstract 
 

This research focused on the subcritical solvent extraction of phytochemicals -oryzanol and -

tocopherol from upland rice bran (Dawk Pa-yom variety, DY). Subcritical solvent extraction was 

conducted using a batch reactor. The temperature was varied in range from 80 to 120C for 20 to 

60 min. The solvents in use were ethanol, methanol, and water. -Oryzanol and -tocopherol were 

simultaneously analyzed by HPLC. Antioxidant activity was determined by a DPPH radical assay. 

Methanol was able to extract a higher level of -tocopherol than ethanol and water. Extraction by 

methanol gave higher antioxidant activity than ethanol. Even though water could not extract -

oryzanol, it was able to extract substances with higher yield of antioxidant activity than either 

methanol and ethanol. Increasing the extraction temperature increased the oil yield, -oryzanol and 

-tocopherol in parallel with an increased antioxidant activity. During the extraction process, some 

degradation of antioxidants was observed, and this showed the importance of  kinetics parameters 

in this research.  

 

Keywords: extraction; kinetics; oil recovery; solvent extraction; -oryzanol; -tocopherol; rice 
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1. Introduction 
 

Nowadays, many people have concerns about health, and therefore there is great interest in 

valuable food products and food supplements. Especially sources of vitamin and supplement are 

from nature or biological source. Other than the source of raw material, the extraction method 

used is also a crucial part of getting high quality of supplement. There are many interesting 

extraction methods; soxhlet extraction, maceration, subcritical solvent extraction, and supercritical 

carbon dioxide extraction. The last two methods are expensive to operate; however, they are 

efficiency ways of extracting high quality of product. Liquefied solvent extraction or subcritical 

solvent extraction involves a solvent heated under pressure that depends on the solvent type. Such 

condition has changed the solvent properties; they generally  decrease permittivity (polarity), 

increase diffusion rate, and decrease viscosity and surface tension. In addition, extraction under 

subcritical condition differs quite significantly from conventional extraction methods; it is very 

fast and of a hydrolytic nature [1-3]. 

Rice bran is a by product of the milling process and is a well-known source of 

phytochemicals. Bran contains large numbers of vitamins, minerals, and other nutritious items 

including phenolic compounds, vitamin E, and its associated components: tocols, tocopherol, 

tocotrienol and -oryzanol, which  are substanes that can reduce Alzheimer’s disease, cholesterol, 

cancer and heart disease [4-8]. Oryzanol and tocopherol are famous antioxidants and have often 

been found in rice. A group of ferulic acid esters of phytosterols, called -oryzanol and -

tocopherol, are responsible for the antioxidant activities of flavonoids and are considered excellent 

antioxidants. Jasmine rice, or in common name, Dawk-Mali (MA), is a famous, conventional rice 

variety that grows in lowland areas where flooding is regular in Thailand. Because of the drought 

that occurred in 2015 in the middle part of Thailand, it was impossible to grow jasmine rice. Rice 

variety, Dawk Pa-yom variety (DY), was able to withstand drought were grown in its place. The 

color of DY rice bran is dark and purplish-red color. Previous research studies have shown that the 

color of a bran is correlated to its phytochemical content. Specifically, the genotypes of a purple 

bran are significantly correlated with higher total flavonoid content (TFC) and total phenolic 

content (TPC), and oxygen radical absorbance capacity value than a red rice bran (attributed 

mainly to its flavonoid content) [6-9]. Moreover, previous researchers found that DY had higher 

antioxidant activity than Iranian rice bran oil and wheat oil; however, it had less activity compared 

to rice oil from Pone-Sai district, Thailand [1, 10, 11]. 

There is some previous research on plant extraction under subcritical water and 

subcritical organic solvent extraction [12, 13]; however, there are no reports  concerning rice bran 

extraction. A subcritical solvent can be defined as hot solvent put under high pressure to maintain 

it in its liquid state. Under subcritical condition, the ion product increase and dielectric constant 

decrease in which non-polar bioactive compounds can be extracted. However, this could be the 

effect of the degradation of bioactive compound during the extraction under limited temperature. 

Previous reseach discussed the degradation kinetics of substances that occurred during extraction 

[14-16];  however, no information relevant to rice bran oil extraction was mentioned, and thus 

there exists the need for research into the kinetics of rice brand extraction. This research will 

examine subcritical extraction of rice bran under three solvent types; ethanol, methanol and water 

in order to increase the extracted yield of rice bran oil, -oryzanol and -tocopherol. In addition, 

their antioxidant ability would be evaluated by DPPH assay. This research should provide new 

knowledge in the area of subcritical extraction.  

 

 

 

 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

156 
 

2. Materials and Methods 
 

2.1 Upland rice bran 
  

Upland rice bran was used as material in this research. Upland rice bran from Dawk Pa-yom 

variety (DY) was obtained from the southern part of Thailand, Suratthani province. The rice bran 

was sieved through a standard mesh (ASTM-E11-09, Endecotts, Endecotts Logistic Center, Inc.) 

with a mesh size of 850 µm, then kept at -20C until use.  

 

 

2.2 Chemicals and materials  
  

AR grade hexane, ethyl acetate, acetone, isopropanol and ethanol were used for extraction. HPLC 

grade methanol, isopropanol, ethyl acetate were used for HPLC analysis.  Solvents of all types 

were ordered from RCI Labscan Limited, Bangkok, Thailand. For antioxidant activity assay, 2,2-

diphenyl-1-picrylhydrazyl (DPPH) from Sigma-Aldrich, St.Louis, Missouri was used. γ-Oryzanol 

was purchased from Wako, Japan. γ-Tocopherol standard grade was purchased from Wako Pure 

Chemical Industries Ltd, Japan.  
 

2.3 Subcritical solvent extraction 
  

The subcritical solvent extraction was conducted using a 500-ml SS-316 batch reactor (Parr 

Instrument Co., Moline, IL, USA), as shown in Figure 1. A pressure limit was set with and 

protected by a rupture disc. The temperature and pressure were measured and recorded over time 

with Parr software. A constant ratio of bran sample and solvent at 1:10 (w/v) with solvent volume 

of 100 ml was maintained. The mixture was placed in the pressure vessel. Solvents in use were 

water, methanol and ethanol. After the lid had been tightly closed, oxygen gas in the reactor was 

replaced with nitrogen gas, and the reactor was warmed up until the pressure reached about 1 

MPa, and then the extraction began. The extraction was performed for 20-60 min under various 

temperatures ranging from 80 to 120oC. Although some extraction had occurred during heating, 

the extraction time was recorded when the temperature had already reached the desired level. 

After the desired extraction time was achieved, the vessel was immediately removed from the 

oven and cooled down for 5 min. The mixture was then filtered through a 45 m filter paper. The 

solvent in the extract was evaporated with a rotary evaporator (Hei-Vap Precision, Heidolph, 

Germany), and then the extract was kept in a refrigerator at -20oC until further analysis. Oil yield 

was determined by determining the ratio between grams of crude oil and grams of dried rice bran, 

and expressed in dimension (g/g dried rice bran). 

 

2.4 -Oryzanol and -tocopherol determination  
  

The -oryzanol and -tocopherol contents were simultaneously determined with RP-HPLC system 

following the procedure reported in Ruen-ngam [17] and Chen and Bergman [18]. The 

determination system consisted of a Shimadzu 2690 Alliance separation module and a Waters 

2487 dual wavelength UV/Vis absorbance detector. Chromatograms were recorded and processed 

with LC Solution Chromatography Software (Shimadzu, Japan). The extracted crude oil was 

prepared into a concentration of 30 µg/ml by using a mobile phase of 47.5% methanol, 40% 

isopropanol, and 12.5% ethyl acetate. Then, a volume of 20 µl was injected into ACE 5 C18 

column (250×4.6 mm, ACE, Scotland), which was the stationary phase. The mobile phase flow 
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rate was 1.0 ml/min. The contents were detected at the wavelength of 330 nm. The -oryzanol 

concentration was calculated based on the area under the peak of a standard of known 

concentration, which had been prepared in the range of 0.05-50 µg/ml. 

 

 

 
 

Figure 1. Experimental setup 

 

2.5 Antioxidant activity assay 
  

The free-radical scavenging activity of the rice bran extract was determined by DPPH radical 

assay according to previous research [6]. An aliquot of the sample solution was adjusted into a 0.2 

mM ethanolic solution of DPPH at a ratio of 1:1 (v/v) in a 96-well plate. The well-mixed solution 

was then incubated for 30 min in the dark at room temperature. The absorbance was measured at 

517 nm against a blank, using a UV-Vis microplate reader (EMS Reader MF, Labsystems). The 

results were expressed as half maximal inhibitory concentration ( IC50) . A lower value of IC50 

indicates a higher antioxidant activity. Percentage of inhibition of the DPPH radical was calculated 

by the following equation; 

 

 % 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
(𝐴𝐷𝑃𝑃𝐻−𝐴𝐵𝑙𝑎𝑛𝑘 𝐷𝑃𝑃𝐻)−(𝐴𝑆𝑎𝑚𝑝𝑙𝑒−𝐴𝐵𝑙𝑎𝑛𝑘 𝑠𝑎𝑚𝑝𝑙𝑒)

(𝐴𝐷𝑃𝑃𝐻 − 𝐴𝐵𝑙𝑎𝑛𝑘 𝐷𝑃𝑃𝐻)
× 100    (1) 

 

Where ASample is the absorbance of the extract in DPPH solution; ABlank Sample is the absorbance of 

the extract; ADPPH is the absorbance of the DPPH solution; and ABlank DPPH is the absorbance of the 

solvent without DPPH. 

The IC50 values obtained were compared to high-activity antioxidant standards: Ascorbic 

acid (Vit C), Trolox and BHT.  

 

2.6 Statistical analysis 
  

All experiments were performed in three replicates, and the mean and standard deviation were 

calculated.  The significant differences between extraction conditions-solvent, temperature and 

time-were analyzed by one-way ANOVA and Duncan’s new multiple range test at a significant 

level of 95% ( p < 0.05). 
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3. Results and Discussion 
 

3.1 Effect of solvent type 
  

The effect of different solvent types on the amounts of extracted oil and the nutrients it contained 

at 100ºC subcritical extraction temperature and 40 min extraction time were tested. The 

preliminary results showed that methanol gave a higher (but not significantly higher at the 95% 

significance level) oil yield than ethanol did, which in turn, gave a higher yield than water did. In 

addition, the effect of solvent type on oil yield was also tested at various extraction temperatures 

(80, 100 and 120C). It was found that methanol gave a higher oil yield than the other solvents did 

for every other temperature except at 100C. At 100C, methanol and ethanol gave higher ranges 

of yield and their yields were in the same range.  

Both methanol and ethanol have similar dielectric constant values which are lower than 

that of water (as shown in Table 1). Therefore, they should be able to extract oil, a non-polar 

substance, better than water can. In general, dielectric constant, viscosity, and density of a solvent 

all strongly affect extraction efficiency. However, the results from this study indicate that the 

dielectric constant was a more predominant property than viscosity and density with regard to our 

extraction procedure, as methanol and ethanol (oil like non-polar solvents) with low dielectric 

constants produced higher oil yields than water did (polar solvent). Moreover, even though ethanol 

has a higher viscosity than water, it gave a higher oil yield than water did.  Additionally, even 

though the density of water is the highest among the three solvents, it was not able to pull out the 

oil as well as the other two solvents. 

 At extraction temperature higher than 100C, ethanol gave nearly the same range of -

oryzanol yield as methanol did, whereas at an extraction temperature of 80C, the ranges were 

quite different. It was astonishing that no content of -oryzanol was extracted by water as solvent 

even at different extraction temperatures. It might be that -oryzanol has a low polar structure of 

an alkyl group, but water does not have an alkyl group (like dissolves like). In the case of -

tocopherol yield, methanol gave the significantly highest yield at a significant level of 95% among 

the the three solvents tested. Previous studies have found that both -oryzanol and -tocopherol 

showed a DPPH radical scavenging capability, and one substance was more dominant than the 

other depending on the type of the biological system [19, 20]. 

 

3.2 Effect of temperature  
 

The extraction yield results of bran oil, -oryzanol and -tocopherol in previous sections 

demonstrated that methanol was able to achieve the highest yield of these compounds. Therefore, 

in the investigation of the effect of temperature, the focus was on methanol. Increasing the 

extraction temperature increased the oil yield because doing so decreased the density and viscosity 

of methanol (results not show here). Moreover, its dielectric constant seems to be decreased, as 

shown in the properties of water in Table 1. The lower density and viscosity of methanol enabled 

it to easily penetrate through the porous material, pull the oil out, and make the oil dissolved in the 

solvent on the outside. At the same time, the substances that were dissolved in the oil--oryzanol 

and -tocopherol also came out. The highest amounts of -oryzanol and -tocopherol achieved by 

methanol extraction were around 12.12±0.48 and 397.70±2.82 mg/g dried rice bran, respectively. 

When the extraction temperature was increased up to 120C, the extract still had good quality as 

shown in Figure 2. The IC50 values at 100 and 120C were in almost the same range which were 

due to nearly the same amounts of -oryzanol extracted out at these temperatures (1.74±0.14 

mg/ml).  It was expected that with further increase of extraction temperature over 120C,  
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Table 1. Solvent properties 

Solvent 

types 

T 

(C) 
pv

1  ρℓ2  ρv
3   μℓ

4  μv
5  l

6  εr
7 

Ethanol 80 1.086 0.757 1.43 0.432 1.03 17.3 25.3 (20°C) 

 100 2.26 0.73 3.41 0.318 1.092 15.5  

  120 4.29 0.71 6.01 0.243 1.157 13.4   

Methanol 80 1.819 0.7355 0.00208 0.271 115 17.5 33.0 (20°C) 

 100 3.731 0.714 0.00398 0.214 123 15.7  

 120 6.551 0.69 0.00714 0.17 130 13.6  

Water 80 0.47359 0.97182 0.2932 0.351 113 62.69 80.1 (20°C) 

 100 1.01325 0.95877 0.5974 0.279 121 58.91 10 (360°C) 

  120 1.9854 0.94339 1.121 0.23 128 54.96   

Remarks: Ethanol: Boiling point = 78.1°C, Critical point = 241°C, 6.3 MPa  

                  Methanol: Boiling point = 64.7°C, Critical point = 240°C, 7.7 MPa  
                  Water: Boiling point = 100°C, Critical point = 374°C, 21.3 MPa  

                  Data in Table were available from https://www.engineeringtoolbox.com/liquid- 

                  dielectric-constants-d_1263.html  

                  1Saturation pressure (105 Pa) 

                  2Liquid density (103kg/m³) 

                  3Vapor density (kg/m³) 

                  4Liquid viscosity (10-3N-s/m²) 

                  5Vapor viscosity (10-5N-s/m²) 

                  6Liquid surface tension (10-3N/m) 

                  7Dielectric constant 

  

the antioxidant activity from -oryzanol might be degraded. At 120C, -tocopherol might be the 

dominant substance that provided the antioxidant activity which was the reason that the IC50 value 

at this temperature did not decrease. 

Therefore, for energy saving, the extraction temperature at 100C was deemed to be the 

optimum temperature for extraction of this bran oil extraction. However, the γ-oryzanol 

concentration achieved was low for the material pretreated, implying some degradation, while 

other studies report that the amount of γ-oryzanol remained quite constant as the heating 

temperature was increased from 60°C to 110°C. Thus, it was expected that with the extraction 

temperature of more than 120°C, degradation of γ-oryzanol would be pronounced [21, 22]. This 

research also demonstrated the γ-oryzanol degradation kinetics in Section 3.4.  
 

3.3 Effect of time  
 

The amounts of rice bran oil, -oryzanol, -tocopherol yield and IC50 values for different periods 

of extraction time and at each temperature in methanol are shown in the extraction curves in 

Figures 2 (a)-(d). The oil yield increased sharply with time for the first 20 min and the rate of 

increase gradually slowed until the final yield. This behavior was the same for all temperatures. 

However, the extraction time of 60 min gave the significantly highest oil yield at the level of 95%. 
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The amounts of -oryzanol and -tocopherol followed a similar trajectory to the oil yield and 

reached the maximum at 60 min at the significant level of 95% as shown in Figures 2 (b)-(c). This 

behavior might be because initially the oil was extracted out easily from the immediate mass with 

which the solvent was in contact, but as time passed, it was difficult for the subcritical solvent to 

reach the inside mass of the material, and this corresponded to the period of gradual increase after 

the first 20 min.  

  In addition, the overall extraction curve in Figure 2 was used to calculate the solubility of 

the oil by dynamic method from the slope of the initial part of the overall extraction curve. The 

solubilities of all of the extracted substances—oil, -oryzanol and -tocopherol—increased when a 

higher extraction temperature was used. Initially, the -oryzanol yield increased sharply with time 

and then changed to more gradual increase in the second section,  and this curve will be further 

used in the activation energy calculation in the following section. This increase in the solubility 

increased the driving force in the fluid phase. The maximum solubility of all substances were 

found at 120C and the solubilities of oil, -oryzanol and -tocopherol were 0.0185, 0.4275 and 

9.080 mg/g dried rice bran, respectively. It is surprising that the amount of -tocopherol 

continuously increased at extraction time longer than 40 min at the temperature of 120C. It might 

be that the increased extraction temperature softened the hard mass of the rice bran and decreased 

the viscosity of the solvent so that it was able to penetrate deeply and easily into the material 

inside [22-25].  

The amount of antioxidants increased significantly with time at120C; howver, they 

contrasted with IC50 value which gradually increased. The IC50 at 120C was in the same range as 

the IC50 at 100C. This may indicate some degradation of substance. The IC50 antioxidant activity 

of extracted oil (1.74 mg/ml) was lower compared to other well-known antioxidants; Vit C (5.99 

×10-3 mg/ml), Trolox (14.47 ×10-3 mg/ml) and BHT (0.18 mg/ml).  

 

3.4 Overall degradation of substances 
 

The overall extraction curve in Figure 2 shows that for extraction times longer time than 20 min, 

the amounts of oil, -oryzanol and -tocopherol gradually decrease because of substance 

degradation. Therefore, this section offers information about the kinetic of degradation of such 

compounds. The graph plotted according to equation (2) shows that the fraction of -oryzanol is 

linearly related to time at constant temperature ranging from 80 to 120C as shown in Figure 3. 

The trend of the curve was similar to that found by Debnath et al. [26]. The previous section in 

this work demonstrated the high extraction rate of -oryzanol in the first 20 min of extraction, 

which was followed by a decreased extraction rate. There was a similar trend occurred in the cases 

of the oil and -tocopherol. This indicates that the degradation process can be expressed by 

pseudo-first order kinetics. Activation energy and pre-exponential factor were calculated 

according to a pseudo-first order reaction kinetics by plots based on the natural logarithm of a 

Arrhenius equation as follows: 

A pseudo-first order reaction:   ln (
𝐶

𝐶0
) = −𝑘𝑡                    (2) 

Arrhenius equation:                          𝑘 = A𝑒
−𝐸𝑎
𝑅𝑇                    (3) 

Taking the natural logarithm of (3): 

    ln(𝑘) =
−𝐸𝑎

𝑅
(

1

𝑇
) + ln(𝐴)                       (4) 
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Figure 2. Effect of time and temperature on the yields in extracted DY rice bran oil under 

subcritical methanol; (a) oil, (b) -oryzanol, (c) -tocopherol, and (d) IC50 
 

Where C is concentration of -oryzanol in the solvent, C๐ is initial concentration of -oryzanol in 

rice bran (mg/g rice bran), t is time, T is temperature, Ea is activation energy (kJ/mole) and A is 

pre-exponential factor (min-1) 

The kinetic parameters are demonstrated in Table 2. The values of the kinetic parameters 

in Table 2 are in the same range as those for the degradation of folic acid (Ea = 69.9 kJ/mole) [24]. 

(a) (b) 

(c) (d) 
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Figure 3. Plots of ln(C/Co) vs. time for determining Arrhenius parameters of -oryzanol 

 

Table 2. Activation energy (Ea) and pre-exponential factor (A) for pseudo-first order degradation 

kinetics of components in rice bran oil 

Compositions A (min-1) Ea (kJ/mole) 

Oil 0.0023 23.500 

-Oryzanol 0.0024 4.413 

-Tocopherol 0.0170 0.299 

 

3.5 Comparison of conventional extraction 
  

The results of extracted yield under methanolic subcritical extraction were then compared to the 

extraction results when using a soxhlet apparatus and done by ethanol extraction for 8 h at boiling 

point (78C). The oil and -oryzanol were lower than those obtained from soxhlet extraction. The 

oil yield from methanolic subcritical extraction ranged from 81.03 to 99.25% of that produced by 

soxhlet extraction, and -oryzanol came in at 58.88 to 91.75% of Soxhlet extraction yield,  a result 

with a wide range that might have been due to extraction time. The amount of -tocopherol at 60 

min was higher (106.66%) than that obtained from soxhlet extraction. This experimental method 

used less time than did the conventional extraction method. Solvent type and solvent properties 

effected the amount of substance extracted. Solvent properties, especially viscosity and surface 

tension, seemed to be more effective at elevated temperatures as shown in the properties in Table 

1. Moreover the solvent under high pressure changed phase to be ionic in nature, and therefore it 

could more easily penetrate and flow through the material than fluid phase [25, 26]. 
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4. Conclusions 
 

Subcritical solvent extraction was investigated as an alternative extraction method. Methanol 

produced the highest yield of oil, -oryzanol, and -tocopherol. The temperature and the time of 

100C and 60 min were optimal conditions for obtaining the highest yield of such compounds that 

also had the highest antioxidant activity. The highest oil yield obtained around 0.40±0.01 mg/g 

dried rice bran. -Oryzanol and -tocopherol had the highest value at around 12.12±0.48 and 

397.70±2.82 mg/g dried rice bran, respectively. When extraction temperature was increased in 

range 80 to 120C, there was some degradation of substance observed and the kinetics of 

degradation was also noted. Although methanol is not a green solvent, this research demonstrated 

its potential its potential use as a subcritical solvent that may be applied in further specific use. 
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Abstract 

 

Lignin is a major by-product problem for the pulp and paper industry. In our previous work, lignin 

was successfully separated from alkali lignin wastewater using iron (III) trimesic (Fe-BTC). This 

separation resulted in three layers: supernatant, lignin sludge, and Fe-BTC powder. In this study, 

the lignin separated by Fe-BTC (LSF) was expected to be used as an adsorbent for reactive red-120 

dye (RR-120) removal. The LSF morphology was characterized by scanning electron microscope 

and energy dispersive X-ray spectrometer (SEM-EDS), the specific surface area was analyzed by 

Brunauer-Emmett-Teller (BET) method, and the functional groups were investigated by Fourier 

transform infrared (FTIR) spectrometer. The removal performance of LSF over RR-120 was 

approximately 35% in 60 min. The maximum adsorption capacity of LSF for RR-120 was found to 

be 10.363 mg/g. The adsorption kinetic of RR-120 removal fitted well with the pseudo-second-order 

kinetic model. The adsorption isotherm model of LSF also fitted with the Langmuir isotherm model. 

This research suggests the high potential of LSF as a lignin-based adsorbent agent for RR-120 

removal in water. 
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1. Introduction 
 

Dyes are commonly used in industry, and in particular the textile industry consumes a large amount 

of water and discharges dyes as its main pollutant. These dyes are predominantly organic 

compounds that are difficult to be degraded and have strong toxicity. Therefore, when the dyes enter 

the environment, they may accumulate in some aquatic organisms [1]. Generally, synthetic dyes are 

divided into acidic, reactive, direct, basic, and other groups. Although different dyes are used in 

industries, azo and reactive classes are by far the most commonly used dyes [2]. Reactive dyes are 

typically azo-based chromophores combined with different types of reactive groups such as vinyl 

sulfone, chlorotriazine, trichloropyrimidine, and difluorochloropyrimidine [1]. Therefore, these 

dyes must be removed from industrial wastewater before discharging into recipient waters. Among 

the reactive dyes in the textile industry, reactive red-120 (RR-120) is one of the often-used dyes 

being hardly biodegradable associated with having aromatic rings in its structure [3]. Therefore, it 

must be removed from industrial wastewater before the wastewater is discharged into receiving 

waters. 

There are several treatment technologies such as ion-exchange, adsorption, chemical 

precipitation, membrane filtration, flocculation, coagulation, and electrochemical methods that have 

been employed to treat dye-contaminated effluents [4]. Of these techniques, adsorption is one of the 

most common processes used in water and wastewater treatment. It is more productive in terms of 

economy, design and operation, and high efficiency. Mostly, adsorption is reversible because of the 

weak Van der Waals bonds between adsorbent and adsorbate [5]. 

Currently, novel materials are being investigated for their adsorptive potentiality, which 

obtain from agriculture by-products, industrial by-products, industrial waste biomass, and natural 

materials. In this study, a by-product from pulp and paper industry or lignin was tested for use as an 

adsorbent due to its primary properties: accessibility, high porosity, and high specific surface, which 

are characteristics that point to it being very beneficial in adsorption process [6]. 

Special attention was paid to lignin obtained from a pulp and paper wastewater treatment 

by iron (III)  trimesic (Fe-BTC), which was used as coagulant-flocculant in a former study by our 

team [7]. After the treatment, three layers including supernatant, alkaline lignin sludge, and Fe-BTC 

powder occurred, and were simply separated [7]. Typically, in the pulp and paper industry, lignin is 

burned and used as not only a fuel source but also as an added value adsorbents because of its its 

high porosity and specific surface area [8]. Moreover, lignin has a variety of functional groups that 

give it the necessary characteristics to be an adsorbent [9, 10]. 

This research aimed to investigate the utilization of alkaline lignin separated with Fe-BTC 

(LSF) for use as an RR-120 adsorption. Experiments with various operating parameters such as RR-

120 initial concentration and contact time of RR-120 adsorption were conducted. The adsorption 

kinetics and adsorption isotherm results were used to estimate the potential of LSF as an adsorbent 

agent for RR-120 removal. 

 

 

2. Materials and Methods 

 

2.1 Materials 
 

Alkaline lignin (CAS no.: 8068-05-1) was purchased from Tokyo Chemical Industry CO., LTD. 

Ferric chloride hexahydrate (FeCl3.6H2O) was a QRëC New Zealand product. Benzene-1,3,5-

tricarboxylic acid (H3BTC) was purchased from Sigma-Aldrich. Ethanol was purchased from RCI 

Labscan. RR-120 was an analytical grade. Deionized (DI) water and reverse osmosis (RO) water 

were lab grade. 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

167 

 

2.2 Lignin adsorbent and wastewater preparation 
 

2.2.1 Adsorbent preparation 

 

LSF as an adsorbent was obtained from wastewater via a coagulation process using Fe-BTC as 

coagulant-flocculant following our previous report [7]. As shown in Figure 1, Fe-BTC powder and 

LSF sludge settled separately; Fe-BTC at the bottom, LSF in the middle, and clear supernatant at 

the top. Then, LSF and Fe-BTC powder were separated by centrifuge and washed with RO water 

for several times. Next, LSF was dried in a hot air oven at 103 ℃ for 24 h. The dark-brown powder 

was collected and kept in a desiccator. 

 

 
 

Figure 1. Separation of wastewater into layers: Fe-BTC powder at the bottom, LSF in the middle, 

and clear supernatant at the top 

 

2.2.2 Wastewater preparation 

 

The stock of synthetically colored wastewater was prepared by dissolving RR-120 in RO water. 

Likewise, the synthetic wastewater was prepared by dissolving LSF in DI water. 

 

2.3 Characterization 
 

The morphology of the LSF was recorded using a scanning electron microscopy and energy 

dispersive X-ray spectrometer (SEM-EDS) (LEO, 1450 VP) with a magnification of 5000x. A BET 

surface area pore size and pore volume distribution analyzer (BEL-Japan, BELSORP-mini II) was 

used to measure the specific surface area, pore-volume, and pore diameter of LSF. The degassing 

temperature was set at 150 °C. The functional groups of the LSF samples were investigated by 

Fourier transform infrared (FTIR) spectrometer (Bruker, TENSOR27) using the KBr pellet method 

and scanning over the range of 400 and 4000 cm−1. The characteristics of LSF were compared to 

those of pristine alkaline lignin (PAL).  

 

2.4 Adsorption kinetic models 
 

The adsorption kinetic was conducted in a beaker with magnetic stirring to complete mixing at room 

temperature (30±1°C) in order to find the most suitable contact time. Based on the preliminary study, 

the adsorption kinetic was performed at the most suitable experimental conditions: an RR-120 initial 

concentration of 10 mg/l for 1 l, pH 6.5, and LSF dosage of 0.5 g/l. The sampling follows the 
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predetermined time until suitable contact time, and these samples were filtered using 0.45 μm-pore-

size PTFE filters. The concentrations of the sample were analyzed by UV-vis spectrophotometer 

(HACH, DR 6000) under a maximum wavelength of 536 nm. The removal efficiency (R) and 

adsorption capacity of RR-120 (Qe, mg of dye/g of adsorption) were calculated using the Equations 

(1) and (2) below, 

 

0 e

0

C - C
R(%)= x100

C
     (1) 

 

   0 e
e

C -C
Q = xV

W
     (2) 

 

where C0 is the initial concentration (mg/l); Ce is the final concentration (mg/l); W is the mass of 

LSF (g); and V is the volume of RR-120 solution (l). 

 Adsorption kinetic models were proposed to understand the mechanism and to scale-up the 

efficiency of adsorption. To investigate the potential rate-determining step such as pseudo-first-

order and pseudo-second-order kinetic models, the experimental data were tested. The linear form 

of the pseudo-first-order and pseudo-second-order models are given by the Equations (3) and (4), 

 

ln(qe – qt) = ln qe – k1t     (3) 

 

2

t 2 e e

t 1 t
= +

q k q q
      (4) 

 

where qe and qt are the amounts of RR-120 adsorbed by LSF at equilibrium and at various time t 

(mg/g); k1 is the equilibrium rate constant of pseudo-first-order kinetics (min-1); t is the contact time 

(min); k2 is the equilibrium rate constant of the pseudo-second-order kinetics (g/mg-min) [11]. 

 

2.5 Adsorption isotherm models 
 

Adsorption isotherms were conducted at different RR-120 initial concentrations from 0.5 to 30 mg/l 

at room temperature (30 ± 1 °C) for 60 min. In this process, the concentrations of RR-120 in the 

solution were always determined with a UV-Vis spectrophotometer (HACH, DR 6000) under a 

maximum wavelength of 536 nm. The analysis of equilibrium data by fitting to different isotherm 

models is important in the estimation of practical adsorption capacity and optimization of adsorption 

system design. The results from the study were therefore calculated using two models including 

Langmuir and Freundlich adsorption isotherm models, which are the most commonly used 

theoretical models. The models can be expressed by the Equations (5) and (6), 

 

Langmuir; m L e
e

L e

Q K C
Q =

1+K C
     (5) 

 

              Freundlich; 1/n

e F eQ =K C      (6) 

 

where Ce is the RR-120 equilibrium concentration (mg/l) and Qe is the adsorption amount of RR-

120 after adsorption equilibrium (mg/g). Qm is the theoretical saturated adsorption capacity (mg/g) 

and KL is a Langmuir constant representing the affinity of adsorbate and adsorbent (l/mg). KF is a 
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Freundlich constant indication of the relative adsorption capacity of adsorbent (mg/g) and 1/n is the 

adsorption intensity [12]. 

 

 

3. Results and Discussion 

 

3.1 Characteristics of LSF 
 

The morphologies of PAL and LSF from the SEM analysis technique is shown in Figure 2. PAL 

showed large particles with bare smooth surfaces, while LSF presented small fragments on the 

smooth surface of bulk particles. The semi-quantitative elemental results of PAL and LSF obtained 

from SEM-EDS analysis are presented in Table 1. The elements resulting in LSF held Fe about 

5.74% whereas there was no Fe presented on PAL. 

 

 

 
 

 
 

Figure 2. SEM images of (A) pristine alkaline lignin (PAL) and (B) lignin separated by  

Fe-BTC (LSF) 
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Table 1. Semi-quantitative elemental results of PAL and LSF obtained from SEM-EDS 

 Weight (%) 

 C O Na Mo Fe Others Total 

PAL 66.35 24.46 5.32 3.87 - - 100 

LSF 63.88 17.43 5.36 1.78 5.74 5.81 100 

 

 

The specific surface area from the BET method (SBET), total pore volume (Vp), and pore 

diameter (dp) of PAL and LSF are shown in Table 2. The SBET of LSF was found at 3.71 m2/g and 

that was 3.37 times higher than that of PAL (1.10 m2/g). The low value of PAL SBET supported the 

interpretation of the material roughness observed from SEM. An increase in LSF SBET could be 

related to the small fragments. The increase of LSF SBET is supposed to be beneficial for an 

adsorbent. The total pore volume (Vp) of LSF was more than PAL, and the average pore size of LSF 

was also increased. Besides, the dp of LSF (29.44 nm) is classified as a mesoporous material as 

recommended by IUPAC.  

 

Table 2.  Specific surface area from the BET method (SBET) , total pore volume (Vp) , and pore 

diameter (dp) of PAL and LSF 

 SBET (m2/g) Vp (cm3/g) dp (nm) 

PAL 1.10 0.01 17.00 

LSF 3.71 0.02 29.44 

 

FTIR spectra were recorded to identify functional groups in the lignin. The FTIR peaks of 

PAL and LSF are shown in Figure 3. The C-H stretching peaks at 2944 and 2842 cm-1 appeared 

only on the PAL as well as guaiacyl lignin units of C-C, C-O, C=O at 1604, 1127, and 823 cm-1, 

respectively. The nitro compound stretching at 1523 cm-1 was also observed for the PAL. For LSF,  

the peak at 1706 cm-1 on LSF was interpreted as carboxylic acid. The LSF FTIR peak of 1625 to 

700 cm-1 seemed to be the combination of FTIR from Fe-BTC and lignin [7]. The C=O bond at 1625 

cm-1, SO3 groups stretching at 1042 cm-1, C–O bond at 1381, 1220, and 1050 cm-1, and C–H bond 

at 762 and 700 cm-1 were observed for LSF. The Fe-O at 611 and 478 cm-1 were also shown which 

were due to the Fe releasing from unsaturated sites of Fe-BTC [6, 13, 14]. The existence of Fe-O 

was associated with the results from SEM-EDS. Therefore, there was a good possibility to utilize 

the LSF as RR-120 adsorbent compared to the PAL. 
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Figure 3. FTIR spectra of pristine alkaline lignin (PAL) and lignin separated by Fe-BTC (LSF) 

 

 

3.2 Adsorption kinetics 
 

The effect of contact time on the adsorption of RR-120 at room temperature (30 ± 1°C) by LSF was 

done under the RR-120 initial concentration of 10 mg/l, pH of 6.5, and LSF dosage of 0.5 g/l, as 

presented in Figure 4. It was found that approximately 35% of the equilibrium adsorption capacity 

for RR-120 occurred within 60 min. The adsorption ability of LSF is probably due to the Fe-O 

remaining in the LSF structure. The blank tests of LSF in DI water and RR-120 in RO water for 

interference and photolysis-volatilization, respectively, were found insignificantly. 

To investigate the adsorption kinetics, pseudo-first-order and pseudo-second-order models 

were applied. Table 3 summarizes the calculated parameters of kinetic modeling. Based on the R2 

value, the kinetic of RR-120 adsorption fitted well with a pseudo-second-order model. This implies 

that the adsorption kinetic follows the pseudo-second-order rate mechanism with higher values of 

correlation coefficient (R2 = 0.983), q2 of 4.919 mg/g, and k2 of 0.047 g/mg-min. Besides, this model 

assumes the rate-limiting step of adsorption as chemisorption between the molecules of RR-120 and 

the active sites of the LSF [15]. 
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Figure 4. Effect of contact time on the adsorption of RR-120 on LSF 

 

Table 3.  Kinetic parameters of the pseudo-first-order and pseudo-second-order kinetic models for 

the adsorption of RR-120 on LSF 
 

Pseudo-first-order 
q1 (mg/g) k1 (min-1) R2 

3.155 0.124 0.928 

Pseudo-second-order 
q2 (mg/g) k2 (g/mg-min) R2 

4.919 0.047 0.983 

 

3.3 Adsorption isotherm 

 

The adsorption isotherms describe the distribution of adsorbate species between the liquid phase when 

the adsorption process reaches an equilibrium state. To obtain the adsorption capacity of LSF for RR-

120, the experimental conditions were under pH 6.5,  LSF dosage of 0.1 g/l, room temperature (30±1°C), 

and contact time of 60 min. The maximum adsorption capacity (Qm) of RR-120 on LSF was found at 

10.363 mg/g as presented in Table 4. In Figure 5, the higher correlation coefficient of the  

Langmuir isotherm model (R2 = 0.965) means that the behavior adsorption RR-120 by LSF matched the 

isotherm which describes the homogeneous system. Moreover, the adsorption can be characterized as 

monolayer adsorption, and the adsorption equilibrium is steady-state [16]. 
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Table 4. Langmuir and Freundlich isotherm model parameters for the adsorption of RR-120 on LSF 
 

Langmuir isotherm 
Qm (mg/g) KL (L/mg) R2 
10.363 0.065 0.965 

Freundlich isotherm 
KF (mg/g) n R2 
1.015 1.695 0.938 

 

 
 

Figure 5. Adsorption isotherms of RR-120 onto LSF 

 

 

4. Conclusions 
 

LSF was used as an adsorbent for RR-120 removal and proved to be superior to PAL. The results showed 

that the adsorbent could effectively adsorb RR-120 dye. The adsorption kinetic of RR-120 fitted well 

with the pseudo-second-order kinetic model. The adsorption isotherm followed the Langmuir isotherm 

model. The overall result indicated the potential use of LSF as an adsorbent for adsorption of RR-120. 

There is an opportunity for further study to increase the specific surface area of LSF further promoting 

the utilization of LSF. It is expected to enhance the adsorption capacity of RR-120 as well as other dyes 

over the modified LSF. 
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Abstract 
 

For the fast investigation of Zn(II) using 2-hydroxy-5-(2-hydroxynaphthalen-1-yl) diazenyl 

benzoic acid, a specific novel spectrophotometric technique is suggested in this research. The 

interaction of the azo reagent with Zn(II) is instantaneous at pH 7, and the absorbance of the 

solution is stable for more than 24 h. The technique allows zinc levels of 1-18 ppm to be 

calculated, with a molar absorption of 1.516 x104 l mol-1 cm-1. The suggested method for 

estimating zinc has been widely applied in many pharmaceutical formulations. The error of the 

determination does not exceed 4%.  

 

Keywords: azo reagent; determination of zinc; spectrophotometry; pharmaceutical preparations 
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1. Introduction 
 

Zinc is commonly found in animal tissues at an average concentration of 20-30 mg/1 g of fresh 

tissue. Biochemically, zinc is a co-factor for several enzymes, for example carbonic anhydrase and 

alcohol dehydrogenase.  Additionally, zinc is also attached to RNA. It is an essential element for 

healthy growth, and helps to maintain the plasma concentration of vitamin A, which has resulted 

in it being used in a large number of multi minerals preparations. In recent years, pharmaceutical 

preparations have incorporated a low concentration of zinc ion [1-3]. Many techniques for 

evaluating zinc (II) ions, particularly fluorometric techniques [4, 5], atomic absorption 

spectroscopy [6, 7] as well as spectrophotometric investigation [8, 9], have therefore been 

developed. In pharmaceuticals formulations, the zinc (II) ion has often been calculated through the 

use of azo dyes [10, 11]. The colored solutions of azo compounds have been widely studied in the 

field of inorganic and analytical chemistry and have generally been used during the 

spectrophotometric determination by UV-Vis spectra of metal ions in low concentration [12]. For 

example, the compound 2-carboxy-2’-hydroxy-5’-sulfoformazylbenzene, used as an analytical 

reagent, was observed to give a zinc complex that was stable over the pH range 8.5 to 9.5 and 

within the concentration range 0.1 to 2.4 ppm obeyed Beer’s law [13]. Also, 4-(2-pyridylazo) 
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resorcinol (PAR) was used in the determination of zinc (II) and produced a colored complex that 

obeyed Beer's law in the range 0.025-13 ppm, and the elaborated method was applied successfully 

in the determination of zinc ions in pharmaceutical preparations [14]. In this research, 2-hydroxy-

5-(2-hydroxynaphthalen-1-yl) diazenyl benzoic acid (HNABA) is used as the reagent in a basic 

yet efficient spectrophotometric approach for evaluating the low concentrations of Zn(II) found in 

pharmaceutical formulations. The reagent undergoes a sensitive color producing reaction with 

Zn(II) in the presence of different pH values, and the prevailing color characteristic of the 

resulting zinc-complex solution and its stability are ideal for the determination of zinc ions. A 

solid zinc chelate with ligand was prepared and characterized to confirm the formation of zinc-azo 

complex in solution and to identify the structure of the formed complex by FT-IR and UV-Vis 

spectra. 

 

 

2. Materials and Methods 

 

A Shimdzu 1800 double beam spectrophotometer was used for all absorbances, whereas FT-IR 

spectra were obtained on Shimadzu 8400s double beam spectrophotometer in KBr disks, including 

spectra in ethanol with apparatus-digital. The pH measurements were made by using HI 9321 

HANNA pH meter.  

Reagents: The HNABA as azo reagent (Figure 1) was prepared by dissolving the amine 

(5-amino salicylic acid) in a mixture of hydrochloric acid and absolute ethanol and stirring for 15 

min an ice bath and then an ice-cold solution of NaNO2 (10 %) was added dropwise into the 

solution over a period of 30 min. The solution was brown, and an ice-cooled 2-naphthol solution 

in alkaline ethanol was added with continuous stirring at 0-5 ºC, and left overnight. The mixture 

was made neutral at pH=7 with dilute hydrochloric acid or ammonia solution. The solid product 

was filtered, washed with cold distilled water, and left to dry. The synthesis was performed 

following previous research [15]. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structural formula of azo reagent 

Zn(II) standard stock solution: Zn(II) standard stock solution (100 ppm) was obtained by 

dissolving Zn(II) in 100 ml volumetric flask for a precisely calculated amount of zinc sulphate. 

The zinc complex was then obtained by dispersing (2 mmol) ligand in 25 ml ethanol as well as 

mixing dropwise to a stoichiometric quantity of 1:2 (metal: ligand) molar ratio of zinc sulphate 

salt, and dissolved in 20 ml of hot distilled water. The pH of the reaction mixture for the complex 

was adjusted at optimum pH. The resulting solution was stirred for 2 h under reflux. The 
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complex's solid product was filtered, washed with distilled water, recrystallized using absolute 

ethanol, and dried overnight at 50ºC. 

Buffer solution: Buffet solution was prepared by dissolution of 0.7708 g ammonium 

acetate into 95 ml of water followed by the addition of a few drops of acetic acid as well as 

ammonia to modify the pH.  

Pharmaceutical samples: The contents of ten tablets and capsules containing the ion were 

weighed, processed into a fine powder, and the equivalent amounts of one capsule or tablet (0.015 

g -0.025 g) of drug were dispersed in 70 ml buffer solution, filtered and then brought up to 100 ml. 

For syrup formulation, the content of 16.6 ml of the drug equivalent to 0.01g of zinc of the product 

tested, the volume was introduced to the buffer solution, and checked.  

 

 

3. Results and Discussion 
 

Zinc (II) ion reacts with 2-hydroxy-5-((2-hydroxynaphthalen-1-yl) diazenyl) benzoic acid 

(HNABA) and produces a red colored complex in neutral medium at pH=7. HNABA was selected 

as the molecule because it has more than one functional group that has the ability to form a 

chelating complex with the metal ion. It has been found that the reagent solutions are characterized 

by their rapid reaction with the metal ion solution in addition to their high stability of the resulting 

complex. 

 

3.1 Absorption spectra of the reagent and Zn(II)- complex 
 

Under optimal conditions, the absorbance spectra of the zinc (II) complex against blank as well as 

the reagent solution were measured over the range 200-800 nm. The reagent 's electronic spectra 

clearly show two main bands of absorption attributing to π-π * transitions at 198-216 nm and 

another band at 466 nm related to n-π* transitions [15]. It is noted that this solution showed a 

spectral color change from yellow to red and showed a peak absorption at 500 nm of the zinc-

complex solution that is distinguished by its appearance in a location that differs from the location 

of the reagent spectra and this is clear evidence that there is coordination between  Zn(II) ion and 

the reagent (Figures 2 and 3). 

 

 
 

Figure 2. The absorption spectra of 1x10-4 M azo reagent 
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Figure 3. The absorption spectra of zinc-complex at pH 7 and 18 ppm  

(recorded against reagent blank) 

 

3.2 Calibration curve 
 

A wide range of concentrations (0.1-30 ppm) of mineral ions solutions were studied using the 

ligand, and it was observed during the preparation of mixing solutions with high concentrations 

(19-30 ppm) that precipitation occurred immediately after mixing the reagent and zinc ion 

solutions, which limited the spectral measurement process for these concentrations. As for the 

solutions that are less concentrated than the solutions mentioned, it has been shown that they 

obeyed the Lambert Bear law, but this did not apply right through the concentration range studied 

because some were almost colorless. The absorption values were measured at λ max (500 nm), and 

the linear calibration curve followed the Lambert-Beer Law in a concentration range from 1 to 18 

ppm. The coefficient (r2) of 0.9988 and also the value of regression equation (y = 0.0212x) were 

noted and are shown in Figure 4. The analytical variables are described in Table 1. 
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Figure 4. Linear relation between absorbance and Zn(II)-complex concentration (ppm) 

 

Table 1. Analytical Parameters for Zn(II) - complex determination by azo reagent 

Analytical Parameters Value Analytical Parameters Value 

λ max(nm) 500 Sensitivity (µg cm-2) 0.003 

Beers range (µg ml-1) 1-18 Coefficient (R2) 0.998 

Molar absorptivity (l mol-

1 cm-1) 

1.516 x104 (Metal: Ligand) 1:1 

pH 

 

7 Stability constant (β)       

(l mol-1) 

6.5 x105 

RSD% 0.433   

 

3.3 Optimum pH for formation of Zn(II)- complex 
 

Appropriate pH levels were identified in the range of 5-10 for metal complex solutions. To assess 

the optimum pH value of metal-complex solutions, an ammonium acetate buffer solution was 

used. The pH against absorbance graph suggested that the optimal pH level for reagent-based 

Zn(II) complex forming was pH=7, as shown in Figure 5. and Table1. When the pH was increased 

to greater than 7, the probability of the formation of zinc hydroxide instead of zinc complex 

increased. The pH being lower than 7 led to the protonation of azo ligand and made the formation 

of complex difficult.  
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Figure 5. Effect of pH on the absorbance of Zn(II)-complex 
 

3.4 Composition and stability constant for the complex 
 

The formation of the complex was assessed by the molar ratio method [16] and under optimum 

conditions, the metal: ligand stoichiometry was determined to be 1:1. A stabilization constant was 

calculated from the absorbance data of ligand and metal ion mixture solutions at λmax = 500 

nm  and  pH=7, with the relationship β=(1-α)/(α2c) for 1:1 metal complexes, where α=Am-As/Am. 

Am and As, in optimal level circumstance, are the absorbance values of the complete additionally  

partially formed-complex, respectively. Table 1 and Figure 6 display the measured (logβ) 

quantities for [ZnL(H2O)2] complex. The reaction was performed at room temperature and its 

products stay stable for 24 h. This is due to the high stability of Zn(II)-complex as shown in Figure 

7. 
 

 

 
Figure 6. Mole ratio method for Zn(II)-complex 
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Figure 7. The Relation between absorbance and reaction time of Zn(II)-complex 

 

 

3.5 Conductivity measurements 
 

Table 2 describes the molar conductivity measurement data of 10-3 M Zn-complex in methyl 

alcohol and in DMF solvent, both at 25º C. The amount level for the molar conductance appears 

that the complex is non-electrolyte [17]. 

 

Table 2. Conductance measurements data of Zn-complex 

Complex Λm(S.mol-1.Cm2) 

 

       In Methanol In DMF 

[ZnL (H2O)2]       10.54 12.16 

 

3.6 Infrared spectra 
 

The reagent FT-IR spectrum showed a wide band at 3419 cm-1 ʋ(O-H), and two more bands at   

1666 ʋ(C=O), and 1489 cm-1 ʋ(N=N). For the zinc-complex spectra, it was found that the band of 

ʋ(C=O) at 1666 cm-1 had shifted to 1618 cm-1 and a new weak band at 623 cm-1 related to ʋ(M-O), 

suggesting that the carboxylic group and hydroxyl group had coordinated with Zn(II) ion [18]. On 

the other hand, the band of the azo group in the zinc-complex spectra appeared at the same 

frequencies that it had in the free reagent, suggesting that the N=N group had not coordinate with 

zinc ion (Figures 8-9 and Table 3).  
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Figure 8. FT-IR spectra of the HNABA reagent  

 

Figure 9. FT-IR spectra of Zn(II) complex  

 

Table 3. FT-IR data of azo reagent and its complex with Zn(II) in cm-1 unit 

Compound ʋ(OH) 
ʋ(C-H ) 

arm. 
ʋ(C=O) )ʋ  N=N) )ʋ  C=C) ʋ(M-O) 

Azo reagent 3419 3057 1666 1489 1602 ---- 

[ZnL(H2O)2] 3421 3059 1618 1487 1602 623 
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3.7 Suggested structural formula of Zn- complex 
 

Based on measurements, spectroscopic studies, and the molar conductivity for the reagent 

HNABA and its zinc-complex, we suggest that the reagent is a bidentate chelating moiety joined 

to Zn(II) metal ion through the O atoms of salicylic acid, with water molecules presenting as 

coordinating ions. These generate a tetrahedral structure (Figure 10). 

 

 

  
 

Figure 10. The suggested Zn(II)-complex fundamental formula 

 

3.8 Effect of interference ions 
 

The influence of different interference ions on the absorption of the solution comprising Zn(II) 

was calculated under optimal conditions. The different ions researched including Cu(II) as well as 

Fe(II), and the findings are described in Table 4. Foreign ions that do not interfere when introduce 

as masking agents (or not as masking agents) produce less than 4% error in an analytical recovery. 

 

3.9 Identification of Zn(II) in pharmaceutical formulations 
  

The described approach has indeed been extended to Zn(II) identification of Zn(II) in various 

pharmaceutical specimens (syrup, tablet and capsule) by spectrophotometric technique utilizing 2-

hydroxy-5-(2-hydroxynaphthalen-1-yl) diazenyl benzoic acid as the azo reagent. The information 

collected in the evaluation is provided in Table 5, and the findings are described in comparison 

with other documented spectrophotometric technique (Table 6). 
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Table 4. Influence of interfering cations and anions as well as masking agent on Zn(II)'s relative 

error (E percent) 

Foreign Ions (E%) Rec.% R.S.D% 

Fe(II) 2.09 102.09 0.70 

Cu(II) 4 104 1.20 

EDTA 1.16 101.16 0.90 

Oxalate 3.5 96.5 1.30 

Tartrate 0.24 99.76 0.88 

 

Table 5. Evaluation of Zn(II) in Pharmaceutical formulations  

Pharmaceutical formulations  (E%) Rec.% R.S.D% 

Zinc tablet -0.7 99.3 0.771 

Zinc capsule -1.2 98.8 0.562 

Zinc plus with multivitamin 

syrup 

1.6 101.6 0.812 

 

Table 6. Comparison of chosen reagents utilized for Zn(II) spectrophotometric evaluation 
 

Reagent 
λmax 

(nm) 
pH 

Ɛ(L mol-1 

cm-1) 

Linea

r rang 

(µg 

ml-1) 

M:L Reference 

7-(4-nitrophenylazo)-8-

hydroxyquinoline-5-sulphonic acid 
520 9.2 3.75 x 104 0.05-1 1:2 [19] 

3-(2,4-dihydroxy-1-phenylazo)-1,2,4-

triazole) 
490 10 4.86 x 104 2.6- 9 1:2 [20] 

4-(2-arsonophenylazo) salicylic acid 525 6 1.36 x104 0.5-7 1:1 [21] 

2-(2,4-dihydroxyphenylazo) 

benzimidazole 
540 9.23 ---- 

0.06-

1.44 
1:2 [22] 

3-(5-mercapto-1,2,4-triazolo-3-azo)-2,6-

dihydroxybenzoas acid 
480 7.35 ---- 

0.05-

2.25 
1:2 [23] 

HNABA (azo reagent) 500 7 1.516 x104 1-18 1:1 P.M 
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4. Conclusions 
 

The coloring-developing between HNABA azo reagent and Zn(II) was systematically 

investigated, as was the procedure for the assay of Zn(II) by using Zn(II)-complex coloring 

reaction. The proposed method showed that maximum absorbance was attained at 500 nm when 

using UV-Vis. Spectrophotometer, and optimum conditions at pH 7 and 1-18 ppm concentration. 

This new analytical method was relatively simple, rapid and sensitive in comparison with other 

spectrophotometric methods that involve the direct interaction between the zinc ion solution and 

the reagent solution used for estimation. In addition to the low limit of zinc that can be detected, 

the analysis of a wide range of concentrations follows the Lambert-Beer’s Law, particularly in 

the concentration range from 1 to 18 ppm. 
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Abstract  

 

Digital Industrial Control Systems (ICS) are complex electromechanical systems composed of   

components such as sensors, actuators, programmable logic controllers and communication devices 

interconnected to perform monitoring and control tasks in different industries. ICS have many and 

varied applications in critical infrastructures across the globe.  However, security is an important 

factor for any ICS operation. In recent times, there have been a myriad of security threats and attacks 

by malicious elements on ICS, which has become a concern to organizations and researchers. The 

development of internet and communication systems has also exacerbated such security concerns. 

Activities of these malicious elements on ICS can result in serious disasters in industrial 

environments, human casualties and financial loss. Every ICS network element should be protected 

to avoid threats, attacks and maintain safe reliable infrastructure.  Research efforts have been 

dedicated to improve ICS security for several decades and are still ongoing. This paper reviews ICS 

threats, vulnerabilities, cyber-physical attacks and security technologies over the last two decades 

(2000-2019).  
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technologies 

DOI 10.14456/cast.2021.18 
 

 

 

 

 

*Corresponding author: Tel.: +234 813 287 6689 

            E-mail: ibrahim.adeyanju@fuoye.edu.ng 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

189 

 

1. Introduction 
 

Digital Industrial Control Systems (ICS) are composed of various Information and Communication 

Technology (ICT) network components and associated devices that interact within a process loop 

to control physical entities [1]. These electro-mechanical complex systems respond to real-time data 

acquisition, system monitoring and automatic control and management of industrial processes [2]. 

Today, many nations and organizations’ critical infrastructures rely on and are driven by ICS 

controllers to render control functions [3]. Currently, modern society controlled ICS processes 

include petroleum and gas refining [4], pipelines and distribution [5], electrical energy generation, 

transmission and distribution [6], water treatment and distribution [7, 8], chemical processing, 

pharmaceutical, food and beverage production, railway transportation and air traffic control [9]. ICS 

integrate computing and communication capabilities with monitoring and control of entities in the 

physical world [10]. 

 There is a growing concern with respect to the abuse of technology devices associated with 

ICT and ICS environments including system networks and internet connectivity [11-13]. 

Implementation practices of ICS systems have introduced a wide range of security vulnerabilities 

[14]. Presently there is a very high rate of vulnerability and cyber-attacks globally on ICS; some of 

these threats and attacking agents includes terrorist network groups, dissatisfied employees, hostile 

governments and other malicious intruders [15]. Cyber- attack consequences are very devastating 

with effects ranging from disruption or damage of critical infrastructural operations [16, 3] to 

significant effect on public health, safety and destruction of lives and properties [15-18]. An in-

depth understanding of the vulnerabilities, threats and attacks is crucial to the defense mechanisms 

and security methodologies of any ICS environment.   

 Security threats to ICS are becoming the biggest challenge for industrial system operations. 

Hence, it's vital to understand the current trend in the design of ICS, their threats, associated 

vulnerabilities and state-of-the-art security technologies that can serve as protection mechanisms. 

For the remainder of this paper, Section 2 gives an overview of Digital ICS, types and architectures 

while Sections 3 and 4 discusses the threats and vulnerabilities, respectively. The trend of Cyber-

physical attacks on ICS is provided in Section 5 followed by a review of available security 

technologies and their limitations in Section 6. Section 7 maps digital ICS vulnerabilities and threats 

to appropriate security technologies. Section 8 concludes this review paper with a summary and 

projection towards improved and better secured digital ICS. 

 

 

2. Overview of Digital Industrial Control Systems 
 

Control Systems have been used in industries for real time control and monitoring of infrastructures. 

Critical infrastructures monitored and controlled by ICS are based on several types of field devices 

with information transmitted from remote station to master station. Supervisory and automated 

commands such as instruction to collect data from sensor connected with remote station can be 

initiated through the ICS communication field devices. Alarm status, breakers opening and closing 

status information and time synchronization check are enabled to effectively transmit data from 

control station or master station to field devices. ICS has a broad-based application in industrial 

environments ranging from production, supervision and corporate network.  

 Sensors, actuators, PLCs process units and communication devices are key components 

that are usually networked together in an ICS. A typical ICS environment is segmented into field 

device network or production network, supervisory and corporate network. An ICS could be 

exposed to vulnerabilities and cyber-physical attacks. This is especially true when the field device 

at the production network is driven by PLC devices connected to sensors and actuators. Usually, the 
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control system is equipped with wireless and wired communication capability designed with 

communication protocol for effective interaction among other ICS components.  

 

2.1 Basic digital industrial control systems (ICS) 
 

In an ICS operating environment, PLCs with different capabilities collaborate to attain various 

expected goals. The following are the basic digital ICS commonly used in manufacturing, oil and 

gas industry and other industrial environments [19]. They include:  

Supervisory Control and Data Acquisition (SCADA): SCADA is usually deployed to 

control and manage long distanced assets accustomed with centralized knowledge acquisition and 

supervisory management. This means that operations are often monitored and controlled from 

another location at a long distance, typically with wireless facilities connected to facilitate 

operations [20-22]. SCADA reduces stress on staff from travelling to numerous operational sites 

when effectively deployed [23].  

Distribution Control System (DCS): DCS is a control and monitoring mechanism used 

mostly in industries such as manufacturing, power generation, chemical producing, oil refineries, 

waste water treatment, etc. It encompasses a centralized design structure for supervision of the whole 

control loop. DCS is largely utilized in factories or on production sites; process parameters of the 

production plants are monitored and controlled with supervisory and regulatory control frame works 

within the working environment [24]. With several PLCs linked together as a distributed system, 

numerous tasks are effectively managed and performed. DCS is often utilized. However, actual 

implementation of ICS in industrial surroundings might typically be a hybrid of DCS and SCADA. 

Figure 1 clearly shows the basic forms of ICS and their functions. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Basic forms of Digital Industrial Control Systems 

 

Programmable Logic Controller (PLC): This is a skid mounted mechanism used for 

distinct control operations or specified applications, providing restrictive control [25, 26]. PLC is a 

hardware component domiciled in each DCS and SCADA system. The mounted device is equipped 

with capability of managing activities inside and delivers feedback signals that control devices like 

sensors and actuators.  

 

Programmable Logic 

Controller (PLC) 

For distinct control for 

specific applications and 

provides regulative control 

Industrial 

Control Systems 

(ICS) 

 

Distribution Control 

system (DCS) 

Supervisory Control 

and Data Acquisition 

(SCADA) 

Supervisory and regulative 

control within a local area  

 

Control of spread assets 

using centralized 

information 

Acquisition and 

Supervisory control 

 



 
Current Applied Science and Technology Vol. 21 No. 1 (January-March 2021) 

191 

 

2.2 Digital industrial control systems architecture  

 

Each Digital Industrial Control System has a process loop system of both electronic and mechanical 

components [9] to control the physical operations of machines. Figure 2 shows the basic operation 

of an industrial control system. An operator issues set-points commands from the Human-Machine 

Interface (HMI) to machines, either domestically in-plant or via terminal control devices, typically 

named as field devices. The system then transmits detector information back to the controller 

making certain observance and control of the technical facilities to run mechanically and hitch-free. 

The functions of various ICS components are briefly highlighted.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ICS Operation [9] 

 

Control Loop: Various electronic/mechanical parts like sensors for measurement, 

controller hardware like PLCs, actuators like control valves, breakers, switches, motors, and 

communication of variables form the group as the ICS control loop, as showed in Figure 2. 

Interpreted signals from these interconnected parts are variables that are measured by sensors with 

the help of the controller.        

Controller: The role of the controller housed by the PLC is to interpret the signals and 

generate the right processed variable output. The controller component accesses the issued set point 

commands from the HMI, then transmits signal to the actuators, but the complete method changes 

with any slight disturbances which might lead to new detector signals that have been known to vary 

the state of the method in restraint.  

Remote Diagnostics and Maintenance Utilities: These maintenance utilities are extremely 

important in ICS operation, and are designed to stop system failure when enabled. They additionally 

have the potential to spot and help systems to recover from varied failure modes. Varied 

technologies and applications are incorporated in them for smooth functionality.   

Human Machine Interface (HMI): HMI is the graphic interface unit that is capable of 

dealing with all human-machine interactions. The graphic interface is formed of hardware and 

software systems that enable operators’ inputs to be translated as signals for machines that in turn 

give the specified result to the user. The HMI is employed for proper observation, configuration of 
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desired set-points and adjusting control formulas that likewise establish parameters within the 

controllers of an ICS.  

 

2.3 Digital industrial control systems characterization 
 

For better understanding of ICS operation and security approach, three basic characteristics 

associated with ICS were proposed: cyber, cyber-physical and physical [1, 27, 28]. 

Cyber characteristics: The feature of ICS which considers computational data, 

communications, and interactions that don't have any link with the physical world, i.e. physical 

infrastructure. However, due to communication and interaction between corporation’s networks 

both within and outside ICS environment, these computational devices (controller) and other 

communication devices are now prone to cyber threats, vulnerabilities and threat attacks.  

Physical characteristics: ICS with physical characteristics include any physical 

components present in the ICS architecture, e.g., sensors, actuators, etc. that their properties may be 

exposed to security concerns.  

Cyber-physical characteristics:  ICS with interactive devices and control data are open to 

the physical world. Therefore, there is the existence of digital interference in the entire ICS 

environment. Here, the cyber aspect and physical world has a communication link. Today this 

category of ICS is common as most organizations and their operations are connected to/through the 

internet. Modern ICS integrate both information technology (IT) and industrial components working 

together to achieve industrial set goals. These components are varied into layers of functionalities 

and operations [27, 29]. 

 

 

3. Threats to Digital Industrial Control Systems 

 

Threats confronting ICS are numerous with several sources including malicious intruders, terrorist 

teams, hostile governments, dissatisfied staff, industrial spies and natural sources such as system 

complexities, instrumentation failures and natural disasters [30, 10]. This paper outlines four 

possible classifications of threats facing industrial control systems and briefly describes their 

activities in the ICS environment.  

Adversarial threats: This threat poses malicious intentions from individuals such as script 

kiddie, hackers, industrial spies, cyber warriors, terrorist groups, or from organizations including 

competitors, suppliers, partner firms and hostile governments of nations/states [10]. The activities 

of this adversarial threat targets cyber resources, exploiting available ICT capabilities. The available 

data and resources become their motivational drive. They initiate and sustain distributed attacks on 

digital ICS whose networked components are exposed to the internet. The role of malicious 

internal/insider threat actors, e.g. disgruntled employees or dissatisfied staff, are clear examples of 

this threat category.  

Structural threats: This embodies information technology (IT) related devices such as 

storage device, processing and communication equipment, sensors, controllers and power supply 

software [10]. Most examples of structural threats occur as a result of ageing or outdated software 

packages, breakdown or conditions that exceed expected operational parameters. Their effects are 

very disruptive and devastating to personnel and ICS operation.  

Accidental threats: Equipment handlings by employees are the major cause of this class of 

threat.  It also embodies inaccurate steps taken by instrumentation handler, operators or individual 

within the course of executing daily tasks. 

Environmental threats: This includes natural or artificial disaster (e.g. fire, flood/tsunami, 

windstorm/tornado, hurricane, earthquake, bombing, overrun), uncommon natural incidence (e.g., 
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sunspots), infrastructure failure, telecommunications or electrical power outage [31, 10]. This threat 

also has a large-scale effect on industrial control systems. 

 

 

4. Existing Vulnerabilities in Digital Industrial Control Systems 
 

Classification of Digital ICS vulnerabilities can assist in taking proactive steps in implementing 

applicable security approaches. It has been discovered recently that almost all types of attacks on 

ICS can be orchestrated and that a substantial range of those attacks are because of the vulnerabilities 

of industrial applications [32, 33]. The exposure of a system to any potential attack is understood as 

system vulnerability [34]. One major event that played out on ICS vulnerabilities and security was 

the Stuxnet Microsoft Windows PC worm discovered in July 2010 that specifically targeted the 

industrial software system of an Iranian nuclear facility. Stuxnet exploited several vulnerabilities 

within the execution space and also within the ICS protocol implementation [35].  Hidden in the 

industrial facilities, the virus was made to spread through U-disk and other system equipment in the 

local area network, [36, 37] controlling the operation of the centrifuge system using the 

vulnerabilities of the operating system. ICS vulnerabilities are, therefore, categorized into six 

groups: Policy and Procedure, Architecture and Design, Configuration and Maintenance, Physical, 

Software Development, and Communication and Network Configuration Vulnerabilities [10]. 

Policy and Procedure Vulnerabilities: This vulnerability is a result of poor ICS security 

audit policies, lack of ICS specific configuration change management, inadequate formal training 

and awareness program on ICS security measures and lack of administrative mechanisms for 

security enforcement. Other reasons for this vulnerability include inadequate security on 

architecture and design, lack of specific continuity of operations or disaster recovery plans, and 

inadequate programs plans and procedures for detection and response to security breach. Solutions 

to this type of vulnerability include routine training of control engineers on security of ICS, design 

of specific security procedures, and guidelines on equipment implementation with regular updates. 

Prioritized incident detection and response to minimize loss and destruction should be the main 

features of the designed ICS security procedures. 

Architecture and Design Vulnerabilities: This vulnerability is due to factors such as 

inadequate data collection of event history, insufficient integrated security features in ICS 

architecture, and undefined security perimeters. Solutions include retention of accurate, proper and 

sufficient data to determine future security breaches, routine security monitoring to identify security 

controls issues, and clearly defined security perimeters that are vital to ensure proper security control 

configuration to avoid unauthorized access to systems and data.  

Configuration and Maintenance Vulnerabilities: These are a function of improper 

configuration management, update patches in operating system without exhaustive testing, 

inadequate testing of security changes, unsecured passwords generation, Denial of Service (DoS), 

and insufficient authentication/access control for the configuration and other software. Other factors 

include improper identification of security breaches, ineffective real-time monitoring of logs and 

endpoint sensors, and insufficient testing of installed anti-virus software in the ICS environment. 

Counter measures to this vulnerability include effective use of software to prevent DoS attacks, 

crucial software testing before deployment and proper keeping of accurate logs to detect security 

breaches. 

Physical Vulnerabilities: These include lack of backup power, voltage spikes due to radio 

frequency, electromagnetic pulse (EMP) or static discharge, loss of environmental control, 

unsecured physical ports and unauthorized personnel having physical access to ICS equipment. 

Possible solutions are proper shielding, grounding and surge suppression of electrical equipment, 

disabling all universal serial bus (USB) and PS/2 ports, and restrictions on personnel who have 
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physical access to the ICS environment. Safety requirements, such as emergency shutdowns or 

restarts to avoid disaster should also be put in place. 

Software Development Vulnerabilities: Causes of this type of vulnerability include 

inadequate authentication, privileges, and access control in software, installed security capabilities 

not enabled by default and improper data validation. Solutions are prevention of unauthorized access 

with proper configuration and the enabling of installed ICS security capabilities. 

Communication and Network Configuration Vulnerabilities: These are caused by non-

existent or improperly configured firewalls, insecure industry-wide ICS protocols, authentication 

issues traceable to both wireless clients and access points, inadequate data protection between 

wireless clients and access points. The proper configuration of firewalls between networks, such as 

corporate networks control, is required to prevent unnecessary data flow and attacks from malware. 

A solution to this vulnerability is to place priority on data flow controls and restriction of information 

among systems based on data characteristic. Other solutions include the keeping of accurate and 

proper logs, enforcement of standard ICS protocol authentication at all levels.  

 

 

5. Cyber-Physical Attacks and Digital Industrial Control Systems 
 

Digital ICS operations are safety-critical, since they are employed in wide application domains. 

Their disruption/failure, whether accidental or intentional, will have harmful results on our society 

at large, damaging infrastructures, property and even persons. The cyber-attacks on the Ukrainian 

electrical grid [38] and the Mirai attack [39] are a handful of legendary events that followed the 

Aurora experiment, where an engine was attacked and destroyed solely by cyber means [40]. The 

Aurora experiment was the first documented cyber-attack on ICS that caused serious damage to the 

Iranian nuclear program.  

 

5.1 Impact of cyber-attacks on industrial control system operations  

 

The impact of cyber-attacks on ICS environment depends on the target’s nature of operation or the 

motivation of cyber criminals following the attack. Impact can be  internal or external. Common 

techniques of ICS cyber-attacks and related potential impact include the following [41] 

• Changes observed by altering system operations application configurations: 

Once systems set-point data or vital parameters are altered, unwanted or unpredictable 

outcomes result. Such change could be done to mask malware behavior or any malicious 

activity. These could also conjointly have an effect on the output of a threat actor’s target.  

• Change in PLC, RTUs and other controllers: Observed changes in controllers and other 

associated devices can equally lead to damage of equipment or facilities. These can further 

cause control process malfunction and disable control over a process.  

• Misinformation in line with operations: False or misleading operational commands could 

lead to implementation of unwanted or reserve actions owing to wrong knowledge. Such 

an occurrence might modify the programmable logics. This can jointly facilitate 

concealment of malicious activity, which is the incident itself or the injected code.  

• Alteration of safety controls procedures: Forestalling the proper operation of safety 

measures can endanger the lives of workers, and external clients might be put a risk. 
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5.2 Possible consequences of ICS cyber-attacks 
 

The securing of systems is vital and compelling as business reliance on interconnectivity increases 

on a daily basis. However, Denial of Service (DoS) attacks and malware (e.g., worms, viruses) are 

becoming extremely common and have a direct impact on ICS. Cyber-attacks usually have physical 

and eventful effect. Consequential impacts of ICS attacks can be classified as follows [10]:  

Physical Impacts: This type of impact underscores a set of direct consequences of ICS 

failure. Effects of this impact include personal injury and loss of life damage/loss of property 

associated with ICS environment. Physical impact is categorized as first order impact in terms of 

degree of assessment.  

Economic Impacts: ICS incidents occur with a strong resultant physical impact. Physical 

impacts may result in repercussions to system operations that in turn lead to a bigger economic 

sabotage on the production facilities, organization, or other equipment that are dependent on the 

ICS. Unavailability of necessary infrastructure (e.g., electric power generation and distribution, 

transportation) can have a high economic impact. These effects may negatively impact the native, 

regional, national or presumptively international economy. Economic impact is categorized as 

second order impact in terms of degree of assessment.  

Social Impacts: The consequences of this impact result from the loss of public confidence 

in a company, with failed ICS due to cyber-attacks. Social impact consequences can be very 

unpleasant and dreadful. Social impact is categorized as second order impact in terms of degree of 

assessment.  

 

5.3 ICS cyber-physical attacks  
 

The control loop of a typical ICS constitutes an industrial process application view which can be 

implemented following a hierarchy of industrial computing systems that makes it vulnerable to 

threat attacking agents. The controller, which is usually known as the PLC, is a system that 

implements two logical processes: (a) it controls autonomously the connected device(s) at the lower 

level of the hierarchy, and takes in input device information and controlling actuators, and (b) it 

executes a part of a distributed application that controls the complete plant underneath the direction 

of the SCADA system, and acts with the SCADA system and presumably with different PLCs [42, 

28].  

ICS can therefore be said to be exposed to computational attacks and data attacks in a 

cloud-based environment. Although clouds are much more vulnerable to associated threats just as 

is the internets, both are important factors in ICS operation. Therefore, to successfully secure digital 

ICS, sophisticated techniques are needed to equally secure clouds. Usually, a cloud is built with the 

help of the internet with both having security concerns on ICS operations. Although access to data 

in a cloud-based environment is made possible using virtual machines via the internet, both client 

and provider reside at their separate geographical areas [43, 44]. Cloud computing environments 

ensure easy access to ICS operational data at any time and at any location.  

Digital ICS cloud-based environment requires standard protocols to effectively provide 

efficient security for operational parameters/other process control data during transmission. Two 

basic types of attacks on ICS cloud-based environments are internal/insider and external attacks 

[45]. 

Insider/Internal Attacks: This attack type leverages on the open platform in clouds. They 

are very high-risk and harmful compared to external attacks. These attacks are caused by valid or 

legitimate users of clouds, who gain access to networks in the following manners: Packet Dropping, 

Device Isolation, Route Disruption, Modification Based Attacks, and Attacks Based on Fabrication 

[45]. Attackers can easily bypass the security mechanisms because of the various access links they 
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have to the system. They can as well gain access to the services of Cloud in a normal manner, 

therefore, proactive measures on internal attacks generated by the malicious insider devices call for 

huge attention [45-47].  

External Attacks: External attack causes congestion by introducing and propagating fake 

routing information thereby preventing connecting devices from providing active services. External 

attacks within the cloud are almost like external attacks in a traditional computing environment.  

Attacks of this type can be effectively handled by preventive measures and employing techniques 

like firewall or authentication to detect attacks in ICS environment.  

 

5.4 Cyber-attack classification 
 

A detailed classification of cyber-attacks on digital industrial control systems (ICS) is 

diagrammatically presented for a better understanding of threat attacks associated with ICS. Figure 

3, shows ICS attacks (internal/insider or external) further grouped into four attack classification; (i) 

reconnaissance (ii) response and measurement injection (iii) command injection, (iv) denial of 

service. Seventeen types of attacks under the above mentioned four classifications were further 

identified as current cyber-attack on ICS-MODBUS communication protocol [48, 49]. 

Reconnaissance: Intelligent attackers gather system network information, map the network 

architecture and determine the device characteristics like manufacturer model number, supported 

network protocols, system address and system memory map. Four intelligence operation attacks 

against MODBUS servers include; the address scan, the perform code scan, the device identification 

attack and also the points scan. The address scan consistently scans to find ICS servers configured 

to a network. The perform code scan identifies supported network operations which can be 

performed for an associate noted server. The device identification attack permits an associated 

attacker to be told a discovered device’s trafficker name, product code, major and minor revision, 

et cetera. The points scan permits the offender to create a device memory map [49]. 

Response and Measurement Injection Attacks: This kind of attack occurs in ICS without 

adequate authentication tools to check that the real source of received data packets during polling is 

real. Polling is a method used for remote operations, where each transmitted query returns a response 

packet, containing sensor readings, between clients and the server. Such responses are saved as 

measurements to influence the feedback control loop. Intruders can inject the response packets and 

modify to give wrong sensor values. Without effective authentication to identify the packet source, 

the ICS can be injected with wrong sensor values which can adversely affect the ICS. Response 

injection attacks are classified into two categories; Naive Malicious Response Injection (NMRI) 

attacks and Complex Malicious Response Injection (CMRI) attacks. 

Command injection: In the type of attack, incorrect commands (control/ configuration) are 

sent into a control system to cause sabotage. Because supervisory control actions are taken by human 

operators, intruders can try to mimic the operators to inject supervisory actions to exploit the control 

system. The activities of this category of attacks by hackers focus on remote terminals coded 

typically with C programming language using ladder logic and registers to implement their goals. 
Possible effects of command injections include unauthorized alteration of device configurations, 

interruption of ICS device communications, unauthorized adjustment of process set points and 

interruption process control. The malicious command injection attacks by hackers are grouped into 

three categories as shown in Figure 3; Malicious State Command Injection attacks, Malicious 

Parameter Command Injection attacks, and Malicious Function Code Injection attacks. 

Denial of Service Attacks: Denial of Service (DOS) attacks against ICS attempt 

to stop some portion of the cyber physical system completely from functioning in other to 

effectively disable the entire system. DOS attacks would possibly target the cyber system or the 

physical system. DOS cyber system attacks target communication links, disabling programs running 
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on system endpoints that control the system, log data, and govern communications. DoS attacks on 

physical system vary from the manual opening or closing of valves and switches to destruction of 

components of the physical process that forestall operation [47-51]. The aim is to crash the PLC by 

sending a very large number of packets within a very small-time frame [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Types of attacks on ICS-MODBUS Communication protocol [49] 
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6. Security Technologies for Digital Industrial Control Systems 

 

Digital ICS have wide application in critical infrastructure across the globe. Malicious attacks on 

ICS by threat agents can lead to serious consequences [47]. Therefore, a proactive security measure 

is an important factor to protect these critical infrastructures. In this section, current security 

technologies employed in Digital ICS environments to secure them from threat attacks are 

discussed. Generally, current ICS security technologies can be classified into two broad 

technologies [6] as shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. ICS security methodologies [6] 
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6.1 Active security defense technology 

 

Four techniques are defined under this class of security technologies:  They include: 

Model checking: This focuses on applying information technology (IT) to ICS security 

[53]. Considering a recent incident of ICS attack, Stuxnet, a sophisticated cyber software worm that 

targets SCADA in critical infrastructure companies was found to have been uploaded on the PLC 

that control industrial automation processes [54]. Additionally, the internet worm allowed attackers 

to gain total control of critical operations of a process plant from remote locations [55]. In order to 

effectively handle ICS security flaws, a security mechanism, known as simple non-programmable 

hardware chips or STCB, to secure ICS/SCADA systems was developed [56]. 

The low complexity of STCB chips permits verification and facilitates the building block 

of complicated trusted functionalities of system controllers [57]. However, this security approach 

assumes that all functional processed data from sensors and actuators are seen to be impersonated 

by malicious attacks [6]. To enhance this, an associated approach was developed to facilitate a semi-

automated security system verification of control systems by a completely unique application of 

model checking. This was made possible by a research group who enjoyed considerable success 

recorded with a technique that used historically automated software package verification. The 

designed model was completely different from model-checking applications, and it had the 

flexibility to uncover missing safety and security properties that ought to forestall catastrophes 

caused by malicious activities [56, 58].  

Another security approach using checking model technology was demonstrated for High 

Integrity Communications (HIC). A subversion-resistant guard was built with the help of GEMSOS 

(GemSeal guards) based on the network ahead of every existing component like the controllers and 

edge clients. This security approach used seal packets that are sent between controllers and edge 

clients with a label for their source. The guards forward every labelled packet across the un-trusted 

network to a guard at the destination with solely crypto seal that binds a label to an identical 

destination label allowed but unlabeled or altered packets cannot enter the destination [57, 59]. 

Security testing platform: Recent discovery on proliferation of cyber-attacks on ICS shows 

that large numbers of security vulnerabilities exist in ICS [33]. However, the ever-increasing rate of 

attacks on ICS resulted in the development of security test-beds that became very crucial for the 

evaluation of the protection of ICS tools and products. One among such test-bed designed security 

models was for evaluating the security of industrial applications by providing completely different 

metrics for static testing, dynamic testing and network testing in industrial settings. Comparing the 

model with alternative detection platforms, this platform covered all components of ICS and 

provided metrics for evaluation [60]. Also proposed was another security solution that used 

cryptography applications to protect communication (SCADA/DNP3 protocol communication) 

from abnormal attacking scenarios. This was based on existing and current SCADA/DNP3 

associated security issues within each test-bed that was implemented [61]. The demonstrated scheme 

effectively compensated for the shortage of performance of the firewall, and IPsec SSL/TLS in a 

digital ICS environment. 

Authentication and Access Control: This technology establishes access management for 

ICS by checking to ascertain if user’s credentials are on identical page to the credentials readily 

available on database of licensed users or in a data authentication server. Any process by which a 

system carries out verification and identification of a user who wishes to access the system is known 

as authentication. However, access control is typically based on the identity of the user who requests 

access to a resource.  Authentication is essential to effectively secure control systems, and to execute 

this security strategy, user authentication is therefore implemented through credentials which at a 

minimum consist of a user ID and password. Distributed firewalls are deployed and been added as 

protective layer among internal subnet compared with traditional boundary firewall [62]. Firewalls 
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sit between a router and application server to provide access control. Router configurations add to 

the collective firewall capability by screening the data presented to the firewall. 

Security risk assessment: Understanding security risk assessment process can be useful for 

security engineers, inspectors, insurance underwriters and general quality assurance/audit staff. 

Security risk assessment can be helpful for ICS operations and maintenance personnel who can offer 

some new perspective on the facilities’ risk posture. The key aspect of this technology is that it 

simply identifies problems and their associated risks as a starting point in order to avoid waste of 

time and resources. This technology is very important for the mitigation of identified risks. 

 

6.2 Passive security testing technology 

 

Two main techniques are identified under this class of security technology: Intrusion Detection 

Technology and Incident Response and Fault Diagnosis Process [6]. 

Intrusion Detection Technology: Intrusion detection is a passive security defense strategy 

that observes and analyses the events taking place in an information system with the aim of 

discovering signs of security issues [63]. It consists of a device or software application that monitors 

systems network behavior, and IDT gathers and analyses system information for malicious activity 

or policy violations [64]. Any discovered malicious activity or violation is typically reported or 

collected centrally using a security information and event management system. IDT detects whether 

there is intending disruption in form of attack against digital ICS systems by continuously 

comparing with known intrusion model or making decision and analysis for the unknown intrusion 

model [6]. In IDT, new detection rules are created specifically for ICS systems, and communication 

protocol in networks are equally designed with the needed specification. These new rules in the 

designed model are mainly based on attack signatures, anomaly detections, probabilistic models, 

system specifications as well as the behavior of ICS components [65]. Iterative estimation of Hurst 

parameter for rapid detection, advanced samplings for classification of anomaly detection, and 

network intrusion detection with semantics-aware capability have been previously proposed [66-

68]. Information theory has been described based on the concept of symbolic dynamics known as a 

data-driven technique [69]. Statistical technique for detection of network anomalies was proposed 

and became known as the signal processing approach [70]. Later, intrusion technique for ICS 

effective operation was proposed and immediately deployed [71, 72]. The intrusion detection system 

(IDS) uses different data sources available from the monitored ICS. This detection technology 

detects the presence of an intrusion and immediately sounds an alarm, prompting response to the 

threat agent wanting to disrupt ICS operation.  IDS is classified and determined by the type of 

information source and the detection techniques used [73]. The effectiveness of IDS techniques and 

their application in Cyber physical systems is founded on a two design and classification approach 

namely the detection approach and the audit material approach [74]. 

Incident Response and fault diagnosis Process: A comprehensive incident response is a 

significant tool in ICS cyber security, taking cognizance of the various threat attacks facing 

enterprises. ICS threats are counted to be among the foremost critical aspect of a nation’s 

infrastructure. Mis-configuration, human error, failure, and attackers target ICS and cause them to 

lose availability and integrity [6].  Emergency response and fault diagnosis ability helps further 

protection and safety for ICS. In this approach a defense strategy called “Defense in Depth”, which 

describes the configuration of each defense layer, is shown in Figure 5. Before an exploitation of 

zero-day attack can affect the system, a multilayered defense with safety functions initiates and 

perform certain emergency actions. Moreover, even with minimal software installation and network 

connections, the system acts robustly against unknown cyber-attacks. To improve security concerns, 

ICS network security incident response and troubleshooting process was proposed [75]. The goal of 

the incident response set up is to permit the organization to manage the cost and injury related to 

https://searchsecurity.techtarget.com/tip/How-to-conduct-a-security-risk-review-on-a-large-building
https://searchsecurity.techtarget.com/tip/An-introduction-to-building-management-system-vulnerabilities
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incidents and to enable a faster recovery of the cost systems [76]. Security incidents in ICS can be 

very harmful to systems and networks. 

 

6.3 Depth defense strategy  

 

Overall, complete digital ICS security cannot be achieved solely on a single security technology 

solution. Therefore, it becomes imperative to integrate a range of security technologies 

hierarchically to boost the defense capability of industrial systems.  

The United States Department of Home Security [32] proposed a "defense in depth" 

strategy, as shown in Figure 5 [6]. The model is segmented into five layers. The first layer is the use 

of commercial firewalls. The deployment and use of firewall, intrusion detection, vulnerability 

scanning and other proactive security measures can be helpful in mitigating possible ICS attacks 

acting as an integral protection [32, 77].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. ICS security defense in depth model [32, 6] 

 

Man-in-the-Middle attacks can be averted by securing field device communications 

networks by deploying and safe guarding the environment using field level firewalls designed for 

PLCs, IEDs, and SCADA RTUs [78]. The second layer is the joint security approach to defending 

from a variety of security threats. This is done by insulating the office network from external 

network using commercial firewalls, while attention is placed on security gateway which mainly 

insulates work area to control area. The third layer is the protection and security of industrial PCs 

from prevailing threat attacks and vulnerabilities. The fourth layer is the monitoring of field devices, 

while security log management and data backup is taken care of by the fifth layer. 

 

 

The first line of defense- 
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of security threat 
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Security log management and key data backup 
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7. Mapping Digital ICS Vulnerabilities to Security Technologies 
 

This paper has presented a detailed and comprehensive analysis of current digital ICS threats attack, 

vulnerabilities, and available ICS security technologies designed to effectively handle prevailing 

ICS attacks. In this section, different categories of vulnerabilities are mapped to appropriate security 

technologies for a better analysis. Table 1 summarizes these mappings. 

Categories of digital industrial control systems’ vulnerabilities have distinct attacking 

methods which can be handled with different security technologies.  Detailed control strategies are 

highlighted as part of the security technologies for each specific vulnerability; these control 

approaches are a vital aspect of ICS security. It is advisable that organizations should always prepare 

employees working in ICS environment with all necessary training for safe and secured operations. 

 

Table 1. Vulnerabilities, attack method and corresponding security techniques in a digital ICS 

environment adapted from Stouffler et al. [10] and Fielder et al. [79]  

 

S/N 
Vulnerabilities 

category 

Attack 

Method (Type) 

Security 

Technology 

Control 

description 

1 

Policy &  

Procedural  

Vulnerabilities 

 

-Social Engineering 

(External) 

Security Risk 

Assessment 

Technology 

- Specific security procedures 

- Documented formal security 

training and awareness 

program for employees 

2. 
Physical  

Vulnerabilities 

-Removable device driver 

malware (External) 

Security Testing 

platform 

Technology 

- Consistent and effective 

defensive posture, removable 

media check before use 

3 

Architecture and 

Design 

Vulnerabilities 

-Malicious Remote Access 

(External) 

Access control 

Authentication 

Technology 

- Unauthorized access control 

4 

Architecture and 

Design 

Vulnerabilities 

-Cross site scripting 

(External) 

-SQL command injection, 

removable device driver  

Malware, Buffer overflow, 

Man- in -Middle (Internal) 

 

Model Checking 

Technology 

- Network data validation & 

integrity check  

- Retention of accurate, proper 

& sufficient data to determine 

future security breach  

5 

Software 

Development 

Vulnerabilities 

- Internet Malware, 

Removable device driver 

Malware (External) 

- LAN based Injection 

(Internal) 

Model Checking  

Technology 
- Anti-virus software  

6 

Communication 

and Network 

Configuration 

Vulnerabilities 

- Internet Malware, 

Malicious Remote Access 

(External)  

- Authentication 

Bypass, Removable device 

driver malware, Buffer 

overflow, Man- in -Middle 

(Internal) 

Intrusion 

Detection 

Technology 

- Demilitarization and 

Firewalls 

7 

Configuration 

and Maintenance 

Vulnerabilities 

- Malicious Remote 

Access (External) 

- Authentication Bypass 

& Misuse of Access 

Authority (Internal) 

Incident 

Response & 

Diagnosis 

Technology 

- Consistent and effective 

defense posture.  

- Standard & adequate anti-

virus 
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8. Conclusions 
 

An in-depth review on digital industrial control system architectures, threat attacks and 

vulnerabilities is presented in this paper. One major concern across the globe is the security of 

critical infrastructures that are basically driven by Digital Industrial Control Systems (ICS). Many 

such critical infrastructures are facing huge cyber-attacks with consequential impact on the 

economies of the affected nations.  Cyber-attacks on ICS poses serious threats to lives and 

properties. Today, ICS are also exposed to new threat agents, due to internet-connectivity in most 

industrial environment and this situation calls for more proactive security solutions, especially with 

the cyber-physical aspects of ICS. Although significant progress has been recorded in the 

development of varied techniques for securing digital ICS, more security solutions are needed to 

combat the new wave of cyber-physical attacks on critical infrastructures across the globe. This 

paper reviewed modern security technologies that when carefully studied will be very useful for ICS 

security researchers, assets owners and organizations who seek to build more proactive security 

solutions that will help in tackling threat attacks and vulnerabilities associated with ICS.  
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