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Abstract

The study of the carbon footprint (CF) of agricultural crops provides important information that can
help achieve low-carbon agriculture, but there are still very few studies on CF for farmed fruit. This
research emphasized CF calculation for mangosteen crops at the farm level. The study was carried
out on 55 mangosteen farms that belong to the Tambol Troknong Community Enterprise in the
Khlung District of Chanthaburi Province, Thailand. The findings revealed that the product CF
average was 1.71 + 1.38 kg CO.eq/kg, and the farm CF was 15,623.41 + 16,981.27 kg COeq/ha.
The total CF was determined from six sources, including the application of substances such as
fertilizers (organic and inorganic), pesticide and herbicide, as well as from the use of electricity and
fuel. We found that most of the CF was direct emissions from electricity usage, which accounted for
as much as 85.33% of the total CF. Thus, this research provides important information on the CF
and level of production inputs. We developed guidelines for reducing greenhouse gas emissions
from mangosteen production in the area.

Keywords: carbon footprint; life cycle assessment; greenhouse gas emission; GIS; spatial pattern
DOI 10.14456/cast.2021.34

1. Introduction

The issues of sustainable agriculture and climate change have become global concerns [1]. The
concept of environmentally friendly farming has long been introduced, and it has been formulated
as a policy to encourage farmers to save our Earth throughout the production chain by reducing the
use of chemical fertilizers, pesticides, and herbicides. Such reduction is safer for consumers and can
reduce production costs. It is well known that agriculture is one of the chief sources of greenhouse
gas (GHG) [2], therefore, the great importance in sustainable agriculture is the investigation of the
carbon footprint (CF) of plants [3]. CF in crop production is the amount of greenhouse gases released
throughout the plant-production chain calculated in the form of carbon dioxide equivalent. Because
it provides insights for farmers to more effectively view their crop-production practices, the study
of CF is crucial. It helps farmers to be more aware of production factors related to farming and to
plan to use them properly in the production system. Carbon labeling on the product can be a useful

*Corresponding author: Tel.: (+66) 822313386 Fax: (+66) 38102379
E-mail: narong_p@buu.ac.th
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way to inform consumers of the amount of GHG expected to be released during the production
process. Consumers can then choose to buy low-carbon products, which help promote low-GHG-
emission agriculture, and reduces the impact on the environment [4, 5].

Life Cycle Assessment (LCA) principles are taken into account in CF calculations
throughout the production process, e.g., production inputs, transport, distribution, and product-
scraps disposal. CFs are used in agriculture, especially when growing crops such as beans and grains
(rice, wheat, and corn) [6-10], potatoes and sugarcane [11], and organic vegetables [12, 13]. In
previous studies, however, CF calculation was not applied to horticulture because of the long
production time and harvest periods involved. It requires more time to record the data and the
assessment is more difficult than for grain and field crops. Particularly in Thailand, there are only a
few studies on the CF of horticulture. The Tambol Troknong Community Enterprise (TTCE) is
located in Khlung District, Chanthaburi Province where it is one of high-quality mangosteen plants
in Thailand. Previous studies investigated the CF of mangosteen production during the 2013 and
2016 production year and were focused on the calculation of CF for all member farms in TTCE [14,
15]. Therefore, in our study, we aimed to calculate the CF from mangosteen production by
participating members of the Tambol Troknong Community Enterprise (TTCE) in the Khlung
District, Chanthaburi Province. We focused on the 2019 production year. Using LCA cradle-to-gate
principles, we covered the entire production process, obtaining relevant factors from production
through harvest. Our research results provide insights into CF sources and level of emissions from
mangosteen production at each farm. Also, the findings will be beneficial to farmers in governing
factors involved in farming production, leading to effective reduction of costs and GHG emissions.
Moreover, about 70% of TTCE's mangosteen production is exported to foreign countries. The major
export markets are China, Korea and Japan. The trend of global trade has begun to focus on
environmentally conscious and non-global warming goods or products. It is clear that our research
can be seen as being part of a long-term plan for the benefit of exports to avoid problems with CF-
related trade barriers that may occur in the future.

2. Materials and Methods

2.1 Study area

The study was carried out on 55 TTCE member farms in the Troknong subdistrict, Khlung District,
Chanthaburi Province. The research project covered a total area of 4,361 ha (Figure 1). The
Troknong subdistrict in Thailand is an area that has been chosen to be a green agricultural city. It is
a good source of high-quality mangosteen plants and fruit. Most of the mangosteen products from
this area are selected for export to foreign countries.

2.2 Boundaries of mangosteen farms

The process of delineating the boundaries of participating mangosteen farms initially included
downloading satellite-image data for the Troknong subdistrict in 2019 from Google Earth and
assigning a coordinate system for the image. Then the boundaries of the 55 mangosteen farms were
digitized from the satellite imagery. Finally, all the farms’ attribute data (farmers' names, addresses,
areas, and other information) were created.
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Figure 1. Study area: 55 mangosteen farms in Tambol Troknong Community Enterprise (TTCE),
in Troknong subdistrict, Khlung District, Chanthaburi Province, Thailand

2.3 System boundary

This study aimed to investigate GHG emissions from mangosteen production at the farm level using
LCA cradle-to-gate principles. We collected primary data on farm inputs, machinery (electric water
pump and lawn mower), and transportation (inputs and yields) based on the actual records of the
2019 production year. The data included quantitative inputs (organic fertilizer, inorganic fertilizer,
pesticide and herbicide, other substances, electricity, and fuel) [9, 16], outputs (products and
wastes), and farm operation data that covered growth stages of mangosteens: shoot development
(August-October 2018), inflorescence development (November-December 2018), flowering
(January-February 2019), fruit development (March 2019), and fruit maturation (April-July 2019).
The system boundary of CF calculation is illustrated in Figure 2.
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Figure 2. System boundary of the life-cycle CFs of mangosteens

In addition, on all 55 participating farms, it was specified that the trees must have fruits,
and during the study period, farmers must not change land use (e.g., they were not permitted to cut
down mangosteen trees and replace them with other crops). The CF was divided into two types:
product carbon footprint (PCF) and farm carbon footprint (FCF). In this study, global warming
potential (GWP) was assessed based on the direct and indirect emissions of carbon dioxide (CO5)
involved in mangosteen production activity for each farm [12].

2.4 Calculation of mangosteens’ carbon footprint (CF)

CF calculations for mangosteen production were primarily based on the cradle-to-gate LCA concept,
which covered the entire production cycle. This encompassed the entire production process in 2019
from the procedure to obtain the relevant factors related to fruit harvest. The data used in the CF
calculation were obtained from in-depth interviews of the 55 farmers participating in the research
project. The interview form was divided into six main groups of factors or usages affecting
production: organic fertilizer, inorganic fertilizer, pesticide and herbicide, other substances,
electricity, and fuel; the form was also designed to acquire other basic information such as number
of mangosteen trees, production statistics, and the amount of wasted (fallen) fruit.

CF results are shown as carbon equivalent (kg CO»eq) and are divided into two forms,
product carbon footprint (PCF) and farm carbon footprint (FCF). PCF is defined as CF value per
production unit (kg COeq/kg) and FCF is CF value per unit area (kg COzeqg/ha) [8, 16]:

PCF, = Y I, x EF, @)

FCF, = PCFx Y, @)

where | is the material or energy input (as kg/kg, I/kg, or KWh/kg), i is the kind of material or energy
input, EF is GHG emission factor (kg COeq/kg), Y is the yield per unit area of mangosteen
production (kg/ha), and n is the number of farms.

Both PCF and FCF were calculated and shown on a base map using ArcGIS Desktop 10.0
software. Values for GHG emission factors from the Thailand Greenhouse Gas Management
Organization in 2019 [17] were used in the CF calculations (Table 1).
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Table 1. Greenhouse gas emission factors for calculating carbon footprint in mangosteen production

Material or energy Material or energy

Emission factor Emission factor

usage usage

Chicken manure 0.32 kg COzeq/kg  Dolomite 0.03 kg CO2eq/kg
Pig manure 0.26 kg CO.eq/kg  Paraquat 3.23 kg COzeq/I
Cow manure 0.25 kg CO2eq/kg  Glyphosate 16.00 kg CO2eq/I
OF (pellet) 0.25 kg CO2eq/kg  Abamectin 3.23 kg COzeq/I
OF (liquid) 0.18 kg CO2eq/kg  Imidacloprid 3.23 kg COzeq/l
IF 15-15-15 1.50 kg COzeq/kg  Cypermethrin 3.23 kg COzeq/I
IF 8-24-24 1.14 kg COzeq/kg  Methomedfos 3.23 kg COzeq/I
IF 13-13-21 1.35 kg COzeq/kg  Chlorpyrifos 3.23 kg COzeq/l
IF 16-16-16 1.61 kg COzeq/kg  Surfactant 3.23 kg COzeq/I
IF 46-0-0 3.67 kg COzeq/kg  Flower-bud hormone 3.23 kg COzeq/I
IF17-17-17 1.71 kg COzeq/kg  Zinc (liquid) 2.91 kg CO2eq/I
IF 18-0-8 1.48 kg COzeq/kg  Mangosteen fermented water 0.89 kg CO»eq/I
IF 20-15-15 1.91 kg CO2eq/kg  Diesel fuel 2.74 kg CO2eq/I
IF 18-4-5 1.53 kg CO2eq/kg  Gasoline 2.24 kg CO2eq/l
Sulfur powder 0.11 kg CO2eq/kg  Gasohol fuel 2.24 kg COzeq/l
Hormone powder 0.25 kg CO.eq/kg  Electricity 0.69 kg CO.eq/kWh

Note: OF is organic fertilizer and IF is inorganic fertilizer.

3. Results and Discussion
3.1 Basic data

Mangosteen (Garcinicmangostana L.) is a large tropical evergreen tree with 6-25 m tall. The
temperature range for growing and producing fruits is 25-35 °C, a relative humidity 75-85%, and
soil with a pH of 5.5-6.5. Mangosteen trees may reach fruit — bearing in as little as 7 years. At age
30-45 years in full maturity, trees as old as 100 years still produce fruit [18].

According to a survey and data collection on all 55 mangosteen farms in 2019, a total
combined area of 92.74 ha was planted with 11,023 mangosteen trees, which corresponds to an
average planting density of 118.86 trees per hectare. The average age of the trees was 32 years. The
youngest tree was 9 years (farm number 55) and the oldest tree was 71 years (farm number 4). Total
useful yield was 855,067 kg; if fallen fruit (31,120 kg) was included, average yield was 9,555.85
kg/ha. Mangosteen cultivation averaged 76.79% in mixed orchards and 23.21% in single
plantations. Five types of soil were found on the 55 mangosteen farms: sandy loam (64.29%), loam
(21.43%), loamy clay (7.14%), sandy clay (5.36%), and clay (1.78%).

As for the production inputs used on the 55 mangosteen farms, we found that organic
fertilizers and inorganic fertilizers totaled 165,047.45 kg and 29,379.25 kg, respectively; pesticides
and herbicides totaled 681.65 I; and other substances amounted to 13,035 kg. As for energy
consumed, electricity use was 1,576,882.02 kWh (for watering the mangosteen trees), and fuels
(diesel, gasoline, and gasohol) totaled 1,296.71 I, which the farmers used the four-wheel trucks to
transport inputs and yields (Table 2). Each farm transported inputs from store to farm and yields
from farm to market. The average transport distance was 65.45 km; farm number 11 had the shortest
distance of 36 km, and farm number 13 had the longest distance of 206 km. As this farm (humber
13) had the most cultivated area of 7.36 ha, a large amount of production inputs was needed, and
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Table 2. Inputs, output, and waste from mangosteen production in 2019

Item Quantity Unit
Input
Organic fertilizers 165,047.45 kg
Inorganic fertilizers 29,379.25 kg
Pesticides and herbicides 681.65 |
Other substances 13,035.00 kg
Electricity 1,576,882.02 kWh
Fuels 1,296.71 [
Output
Yield 855,067.00 kg
Waste
Fallen fruit 31,120.00 kg

the yields were correspondingly large. Therefore, it had the greatest total distance of transport
compared to other farms.

3.2 Product carbon footprints (PCFs) and farm CFs of mangosteen

From the PCF calculation for mangosteens, the mean and standard deviation were computed as 1.71
+ 1.3 kg COzeq/kg. There were 22 farms or 40% that were <0.89 kg CO»eq/kg, which was the CF
value for the standard 1-kg mangosteen [17]. When considering the PCF value for each farm, we
found that farm number 16 had the lowest PCF, equivalent to 0.06 kg CO2eq/kg. This farm has 35
mangosteen trees on 0.32 ha with a yield of 3,140 kg. The main reason why this farm had the lowest
PCF was that it used very low amounts of inputs, especially energy usage in the form of electricity.
Because it is near a waterfall (304 m), the farmers dug a channel to divert water from the waterfall
into the mangosteen plantation without first having to pump water into a pond. This resulted in less
electricity use and therefore very low PCF values compared to other farms of equal area (e.g., farm
numbers 15 and 32 with PCFs of 1.72 and 2.63 kg CO,eq/kg, respectively). Farm number 15 had
very high electricity use, as it has 100 mangosteen trees (almost triple the number on farm number
16), so more water had to be pumped to irrigate the trees, whereas farm number 32 had very high
organic fertilizer use (13.71 times more than farm number 16), despite the fact that there were only
50 mangosteen trees being grown on the farm. Farm number 50 had the highest PCF, equivalent to
4.72 kg COzeq/kg. It had 128 mangosteen trees on 1.28 ha with a yield of 5,564 kg, or 4,346.88
kg/ha (2.26 times less than farm number 16). Data for this farm (number 50) showed that the farm
had higher production inputs but lower yields than did farm number 16. The main reason was that
this farm was further from irrigation water (1,000 m), with other mangosteen farms separating it
from the water source. Therefore, the farmers had to pump water into the pond on the farm before
watering the mangosteen trees, resulting in higher electricity usage and PCFs than other farms. Farm
number 13 was the largest farm with an area of 7.36 ha. It had the highest number of 800 trees with
yield of 85,000 kg, equivalent to 11,548.91 kg/ha, which was 2.66 times more than farm number 50
because there was a good management system applied to farm number 13. It used less electricity
than farm number 50 despite having more areas and trees. As a result, this farm (number 13) had a
PCF value of only 0.32 kg CO.eq/kg (Figure 3).

The mean and standard deviation for FCF for all 55 farms combined was 15,623.41 +
16,981.27 kg COzeqg/ha. With the lowest PCF and a yield equal to 9,812.50 kg/ha, farm number 16
also had the lowest FCF (636.48 kg CO.eq/ha) of any of the farms. Farm number 26 had the highest
FCF (79,354.76 kg CO.eg/ha) and one of the highest PCFs (4.57 kg CO2eq/kg), but its high yield
(17,357 kg/ha) ranked it fourth among all 55 farms. Farm number 3 has the highest yield (19,062.50
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kg/ha), but its FCF was low (11,818.80 kg COeq/ha) because the PCF was only 0.62 kg COzeq/kg.
Farm number 55 has the lowest yield (1,444.71 kg/ha), but its FCF was 28,797.90 kg COeq/ha,
while its PCF was almost the highest of all (4.60 kg CO.eq/kg). The main reason was the use of
electricity to pump large quantities of water to the mangosteen trees. However, it had much lower
yield than other farms, resulting in a very high CF of 1 kg of mangosteen (Figure 3).

Figure 3 presents the relationship between the PCF and the FCF in the same direction,
when the PCF was high, the FCF was high as well. However, when considering the top five PCF
values, it was found that there were three farms that did not correlate in the same direction: farm
number 50 (PCF = 4.72 kg CO2eq/kg, FCF = 20,517.20 kg COzeq/ha), farm number 23 (PCF = 4.42
kg CO2eq/kg, FCF = 11,301.10 kg COzeq/ha), and farm number 55 (PCF = 4.60 kg CO.eq/kg, FCF
= 28,797.90 kg CO-eqg/ha), since all three farms had very low yields with 2,556.82, 4,346.88, and
1,444.71 kg/ha, respectively. In particular, farm number 55 had the lowest yield compared to other
farms. This shows that these farms used large quantities of inputs, but produced low yields and also
high CFs. Therefore, these farms may need to be improved and planned for the use of inputs properly
such as timing and volumes for watering the mangosteen trees, soil examination for fertilizers that
is consistent with soil properties.

In the 2019 production year, TTCE had a total CF of 1.40 x 10® kg COeq/yr. The total
mangosteen production was 886,187 kg, which was equal to 0.25% of the total mangosteen
production in Thailand, which was 351,760,000 kg [19]. We roughly estimated the CF of the
remaining 99.75% of the country’s mangosteen production in 2019 to have been 5.55 x 108 kg
COzeqlyr.

5.00 90,000.00
4.50 80,000.00
o 70,000.00
3.50
60,000.00
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3, 50,000.00 3,
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Figure 3. Product and farm carbon footprints of mangosteens in the production year 2019
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The inputs used in mangosteen production were organic fertilizer, inorganic fertilizer,
pesticide and herbicide, other substances, electricity, and fuel. When calculating the proportion of
inputs that contributed towards CF from the production of 1 kg of mangosteen, we found that
electricity was highest (85.33%); it was used mainly for pumping water to the mangosteen trees.
During the dry season (November-February), no rain fell in the area, but the mangosteen trees still
needed water, especially during February continuing into March, when the trees needed water to
nourish the young fruit and support their growth. The farmers had to meet this demand by pumping
water from wells or irrigation canals using electricity. As a result, a large amount of electricity was
used, and that had an impact on CF. The inputs with the next-highest impacts were organic fertilizer
and inorganic fertilizer, accounting for 8.92% and 4.67%, respectively. Even if the inorganic
fertilizer had a higher emission factor than organic fertilizer, the amount of organic fertilizer used
(165,047.45 kg) was 5.62 times higher than that of inorganic fertilizer (29,379.25 kg), thereby
making the proportion of organic fertilizer greater than inorganic fertilizer which was an advantage
that farmers in TTCE used organic fertilizers rather than inorganic fertilizers. This is because
organic fertilizer has a much lower emission factor than inorganic fertilizer. Most importantly,
organic fertilizer leaves no residue and can affect the health of consumers (Figure 4).

Regarding other input amounts, we found that the farmers used only small amounts, each
<1%, and thus had little impact on CFs. Pesticide and herbicide used were 0.53% and other
substances used (such as flower-bud hormone and zinc) were only 0.2 1%. Fuel including diesel,
gasoline, and gasohol, which were mostly used in trucks to transport mangosteens and inputs,
amounted to 0.34%. It can be seen that farmers used fuel only for transportation, as fuel is expensive.
When they wanted to pump water to the mangosteen trees, they chose to use an electric water pump,
which was cost-effective rather than using fuel (Figure 4).

Fuel | 0.34

Other substances | 0.21

Sources of CFs

Pesticide and herbicide | 0.53

Inorganic fertilizer - 4.67

Organic fertilizer - .92

0 10 20 30 40 50 60 70 80 90 100
Percents of CFs

Figure 4. Proportions of carbon footprint sources per kilogram of mangosteen production
by TTCE (55 participating farms) in the production year 2019
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3.3 Spatial pattern of PCFs

The spatial distribution of PCFs for the mangosteen farms was unpredictable, meaning that those
with low or high PCFs were scattered throughout the subdistrict (Figure 5). At the north end of the
subdistrict and near the waterfall (304 m) that it used, farm number 16 had the lowest PCF (0.06 kg
CO2eq/kg). Farm number 46, in the middle of the subdistrict and also close to water sources (50 m),
had a higher PCF (0.31 kg COeq/kg), similar to that of farm number 32 (0.32 kg CO2eq/kg), which
was also central in the subdistrict and close to water sources (65 m). Farm number 50, in the
southwestern part of the subdistrict and away from water sources (1,000 m), had the highest PCF
(4.72 kg CO,eq/kg). We, therefore, concluded that farms with low or high PCF were not related to
the location or to the distance from the water source, although the distance from the water source
did affect electricity usage when pumping water to the mangosteen trees. For farms near water
sources or irrigation canals, the farmers could divert or pump water directly, but for those far from
water sources, they first had to pump water into holding ponds. Accordingly, farms that were far
from water sources likely used more electricity than those near water sources, thereby affecting the
CF.

The distribution of low to high PCFs calculated from the production of 1 kg of mangosteen
(kg CO2eq/kg) (Figure 5) shows that they were dispersed across the area with unpredictable patterns.
Most TTCE farmers watered their mangosteen trees in accordance with patterns that were previously
practiced, on a definite schedule and with a set amount of irrigation, regardless of weather
conditions. They did not use rain-forecast data to plan watering their crops. Occasionally it rained
when they were watering the mangosteen trees, thereby causing the trees to receive higher amounts
of water than necessary. Watering the trees required electricity use, which directly impacted CF.
Another important factor affecting the distribution pattern of PCF is soil type. Based on a survey of
the TTCE mangosteen farms, most of the soils on the farms were sandy loam; four other types were
loam, loamy clay, sandy clay, and clay. The different soil types would also have affected water
consumption on mangosteen farms.

We compared PCFs for the 55 different farms with those of the standard PCF (0.89 kg
COeq/kg) set by the Thailand Greenhouse Gas Management Organization [17]. We classified the
55 farms as follows: Of the 28 mangosteen farms that were close to water sources or irrigation
canals, 11 farms had PCFs lower than those standard values, and the other 17 exceeded the standard
values. Of the 27 mangosteen farms that were far from water sources or irrigation canals, 10 farms
had PCFs lower than the standard PCFs, and the other 17 exceeded the standard values (Figure 5).
Thus, whether the farms were near or far from water sources apparently had little or no effect on the
PCF for each farm. PCF mainly depended on the watering pattern, soil types, and number of
mangosteen trees planted on each farm.

4. Conclusions

Agriculture is one of the causes of the CF. When investigating the origin and quantity of CF for
mangosteen production on a farm basis, the results of this study can be used to determine ways to
more usefully reduce CF in the production process. According to data for the 55 TTCE mangosteen
farms, the average PCF (1.55 kg CO-eq/kg) was higher than the standard PCF set in 2016. The main
cause of the higher CFs was electricity use to pump water to the mangosteen trees. Therefore, one
way to reduce CF is to reduce water use, but watering must be in line with the needs of the
mangosteen trees by introducing the farmers to proper knowledge and technology so that they can
improve the crop-watering pattern or schedule. For instance, they can use the Meteorological
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Figure 5. Product carbon footprints (PCFs) of 55 farms in TTCE in the production year 2019

Forecast Rainfall Application to help them plan the water supply for the mangosteen trees. This
would help them provide amounts and timing of water application that are consistent with the
weather and that do not exceed the water needs of the mangosteen trees. This can also result in
saving electricity, time, labor, and costs, thereby ultimately reducing CF.

Because the production period is longer than that of crops such as rice and other cereal
grains, and it takes a long time to collect the data, and there are very few studies on the CF from
horticulture. In particular, the study of the mangosteen CF is new, and the only prior studies in
Thailand were done on TTCE plantations and were the first CF studies in the production years 2013
and 2016 done by the Regional Office of Agricultural Economics 6. This ongoing research collected
data on the mangosteen farms in the 2019 production year. It provides important information
forecasting the trend of CF change in each production year and helps in determining ways to

428



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

sustainably reduce CF. It also raises farmers’ awareness of using the right amounts of inputs and
having the least environmental impact. Another potential benefit is that it will help prevent future
trade barriers from countries around the world. We, therefore, consider the CF study of TTCE
mangosteen production to be a long-term effort that is in line with the changing system of global
trade, which is becoming more environmentally conscious of the global-warming issue.
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Abstract

Gac oil contains a high amount of unsaturated fatty acids and carotenoids that are easily degraded
during production and storage. Therefore, it is necessary to have appropriate methods to limit the
oxidation in gac oil that leads to undesirable by-products. Green tea and rosemary extracts exhibit
excellent antioxidant activities against oxidation in vegetable oils. Here, the protective effects of
green tea and rosemary extracts on gac oil were evaluated for 7 consecutive days at 60°C.
Supplementation with 4000 mg/kg green tea and rosemary extracts significantly improved oil
stability by reduction of 35 and 47% peroxide values; produced higher carotenoid content of about
0.31 and 0.35 mg/g; and maintaining 82 and 92% rancimat values when compared to initial samples,
respectively. In comparison to BHA and BHT at 150 mg/kg, green tea extracts at 4000 mg/kg
showed higher antioxidant efficacies and sensory scores.

Keywords: gac oilantioxidants; carotenoids; peroxide value; rancimat
DOI 10.14456/cast.2021.35

1. Introduction

Gac fruit (Momordica cochinchinensis Spreng) is widely used in traditional Asian cuisines due to
its notable bright red seed aril, which is rich in B-carotene and lycopene [1]. Gac aril contains high
concentration of fatty acid (22% w/w), including oleic (29%), palmitic (32%) and linoleic acids
(20%) [2]. Moreover, the concentrations of B-carotene and lycopene are found in gac oil at 2.6 and
2.4 mg/g, respectively [3]. In addition, it also has a high level of vitamin E (at 330 mg/kg) which
is considered to be one of the natural antioxidants that protects gac oil from oxidation [4].
Carotenoids are considered to be beneficial in decreasing the risk of certain cancers and eye diseases
[5]. Gac supplements are a good source of provitamin A and and the consumption of gac products
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such as “xoi gac” may be particularly beneficial to children suffering from anemia [6]. In addition,
carotenoids such as a- and B-carotene can be metabolized into vitamin A and have an important role
related to chronic disease prevention [7]. However, gac oil easily undergoes oxidation processes
during storage and food processing that lead to nutrition degradation and unexpected rancidity [3,
8, 9] due to the high content of carotenoids and unsaturated fatty acid (about 70% of total fatty acid
in the aril and half of them are polyunsaturated) [10]. Therefore, the use of antioxidants can be
considered as a solution to help limit the degradation of gac oil during storage and processing.

Synthetic antioxidants, particularly butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT) have been widely used to stabilize oils and fat due to their high antioxidant
capacity and outstanding performance in the attenuation of oxidation reactions [11-13]. However,
these antioxidants are considered to have adverse effects on human health [14, 15]. Consequently,
replacing these synthetic antioxidants with natural antioxidants has become a focus of interest for
researchers. Recently, many efforts have been made to prevent the oxidative degradation of oils
through the use of natural antioxidant compounds [16, 17]. Natural antioxidants not only improve
the stabilization of edible oils but they also increase the nutraceutical value of the oils. Such
antioxidants are supposed to be safe and promptly accepted by consumers [18]. It has been reported
that natural plant extracts (NPE) including green tea, rosemary, grapes and berries are potential
antioxidants [11, 14, 16, 19-23].

Green tea and rosemary extract are widely used in fat oxidation prevention. Green tea
extract contains important antioxidants including catechin, epicatechin, epicatechin gallate,
epigallocatechin, and epigallocatechin gallate and other flavonoids [24]. The effect of green tea
extract on the oxidation of seal blubber oil and menhaden oil under Schaal oven test at 65°C was
reported. The excellent antioxidant activity of green tea extract in oil samples was demonstrated and
its effectiveness was higher than those of BHA and BHT at concentrations greater than 200 ppm
[25]. Green tea extract can be used to decelerate the oxidative process of fats in sponge cake products
[26].

Rosemary extract is considered to be a safe type of natural antioxidant composed of
carnosol and carnosic acid, the two frequently studied components for antioxidant activity. In
addition, rosmarinic acid is another important antioxidant in rosemary and has been extensively
studied in other plants [27]. According to Erkan et al. [28], rosemary extract, when compared to
blackseed essential oil, had the higher phenolic content resulting in a higher antioxidant activity.
Besides, many edible oils are effectively protected against several oxidative reactions when added
to rosemary extract [11, 24, 29-32]. However, there have been no studies using natural antioxidants
for gac oil. Gac oil is an abundant source of bio-accessible carotenoids (lycopene and p-carotene),
which quickly degrade during storage. In this study, we evaluated the antioxidant efficacy of
rosemary extract and green tea extract on gac oil for the first time, and compared their effectiveness
with some synthetic antioxidants. These samples were assessed through peroxide value, carotenoids
content and rancimat index.

2. Materials and Methods
2.1 Materials
A commercial rosemary extract was obtained from the leaves of Rosmarinus officinalis and it had a
rosmarinic acid concentration of 60 mg/g. The green tea used was a flavoring preparation containing
naturally occurring polyphenol content of 90 mg/g as gallic acid equivalent. Both the green tea and

rosemary extract were provided by Vitablend Netherland. BHA and BHT were obtained from
Golden Hope Nha Be edible oil company. Other chemicals including acetic acid (99.5%), potassium
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dichromate (99.8%), petroleum ether (99.99%), chloroform (99.99%), sodium thiosulfate (99.99%),
and potassium iodide (99.5%) were purchased from Chanu Co., Ltd., Viet Nam.

2.2 Gac oil extraction

Gac fruits were supplied by retailers in Ho Chi Minh city, Viet Nam. The fruit samples were
immediately processed and gac arils were collected. Pulp, peel and seeds were discarded. The gac
arils were then dried in a microwave at 630 W for 65 min [33]. A laboratory hydraulic press machine
with pressures of 175 kg/cm? was used to extract the oil from the arils and the recovery oil was 90%.
Finally, gac oil was deposited and filtered before storing at 4°C until analysis.

2.3 Sample preparation

In previous studies, green tea and rosemary extract at concentration of 2500-5000 mg/kg provided
the best protection [34, 35]. The gac oil samples were heated to 50°C before adding antioxidants.
The antioxidants were added and stirred so as to completely dissolved them in the oil samples and
the stirring was continuously maintained at 55°C for 10 min. Then, the natural antioxidants
(rosemary extracts, green tea extract) were added to the pre-heated gac oil samples at concentrations
of 1000 and 4000 mg/kg (R1: 1000 mg/kg rosemary extract; R4: 4000 mg/kg rosemary extract; G1:
1000 mg/kg green tea extract; G4: 4000 mg/kg green tea extract).

Synthetic antioxidants (BHA and BHT) were employed at their legal limit of 150 mg/kg.
According to Food and Drug Administration (FDA 2001) and European Union (Council Directive
1995), the safe usage levels range from 100 to 200 mg/kg [36-39]. The control samples (MO) had
none of the antioxidants added. All the investigated samples and control samples were placed in
reagent bottles and stored in an oven at 60°C [40-42]. The analyses were carried out after every 24
h.

2.4 Analytical methods
2.4.1 Peroxide value (PV)

The PV of gac oil samples was determined according to AOAC Official Method 965.33 [43]. Gac
oil (5g) was placed into 250 ml Erlenmeyer flask and mixed with 30 ml of a mixture of acetic acid
and chloroform (3:2, v/v). Then, 0.5 ml of saturated potassium iodide solution was added. After 1
min, 30 ml of distilled water was added and the titration process was started using sodium thiosulfate
0.01 N with a starch solution as an indicator until the solution became colorless. The results were
calculated as milliequivalents of active oxygen per kg (meq/kg) of oil sample as follows:

(S—B)x N x 1000

(1
Mass of sample (g)

PV(meq/kg) =

S (ml): The titration amounts of 0.01 N sodium thiosulfate for the sample
B (ml): The titration amounts of 0.01 N sodium thiosulfate for blank
N: The normality of sodium thiosulfate solution.

2.4.2 Determination of carotenoid content

Total carotenoids were examined using the method described by Cenkowski et al. [44]. The method
is based on the solubility of carotenoid in organic solvent. As carotenoids dissolve in organic
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solvent, a yellow color is produced, and the color intensity of the solution is directly proportional to
the content of carotenoid. Each oil sample (0.1 g) was accurately weighed in a 100 ml Becher. Then
10 ml of hexane was added to dissolve the oil. The color of the solution was measured at 460 nm by
spectrophotometer and hexane was used as a blank. The standard curve was formulated by
dissolving 0.1 g of B-carotene in 100 ml hexane and diluting to five different concentrations using
two-fold serial dilution. The carotenoid concentrations were interpolated from the standard curve
and expressed as mg/g [3-carotene equivalents.

2.4.3 Antioxidant activity index

The Rancimat apparatus (Metrohom Series 679) was used to evaluate the oxidation stability of oil
by determining the induction time of the treated and control oil samples. Oil samples (2.5 g) were
weighed in reaction vessels and preheated for 10 min. Air (20 I/h) was bubbled through oil and
temperature was adjusted to 100°C. Reaction vessels were connected with absorption vessels
containing 60 ml of deionized water via teflon tubing. During the heating of the sample with air,
volatile compounds were collected in deionized water in the absorption vessels and this led to
increasing water conductivity. Here, measuring electrodes were immersed in water, ensuring that
they were continually measuring and recording the conductivity. The time from induction period
until oil starts to become rancid is called induction period. The time taken to reach the conductivity
induction times was recorded [45]. The antioxidant activity of supplemented antioxidants was
expressed as a protection factor (PF), which is the ratio of induction time of the sample with and
without antioxidant [46].

2.4.4 Sensory Evaluation

The samples were sensitively evaluated by 10 candidates selected from final year students who had
been trained by the Faculty of Food Science and Technology, Food Industry University. Aroma,
taste ad overall acceptability were assessed via a 9-point hedonic scale, the scale values of which
ranged from 9 for extremely good and 1 for unacceptable [47].

2.5 Statistical analyses

The experiments were repeated three times. The results were expressed as the average of three
replicates * standard deviation. The results were analyzed by one-way ANOVA followed by the T-
test using statgraphics software (Statgraphics Technologies, Inc., USA) and observed differences
were considered statistically significant when p < 0.05.

3. Results and Discussion

3.1 The antioxidant performances of rosemary and green tea extracts
3.1.1 Peroxide values

The changes in PV of gac oil samples treated with rosemary and green tea extracts at different
concentrations in 7 days are presented in Figure 1.
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Figure 1. Peroxide value of sample treated with 1000 and 4000 mg/kg rosemary or green tea extracts
for 7 days at 60°C. MO: control sample; R1: 1000 mg/kg rosemary extract; R4: 4000 mg/kg rosemary
extract; G1: 1000 mg/kg green tea extract; G4: 4000 mg/kg green tea extract

Regarding the control sample (without antioxidant), the highest PV was reached after five
days of incubation (no significant PV among day 5, 6 and 7 (p <0.05)). The samples treated with
rosemary and green tea extracts showed significant effectiveness in reducing PV during the storage
period time. Particularly, in comparison with control samples (Figure 1), the treatments with 1000
mg/kg rosemary and green tea extracts resulted in decreases of PV of 45 and 51% on day 5; and of
21 and 44% on day 7, respectively. Similar, reductions of 39 and 50% on day 5; and 35 and 47% on
day 7 also observed for the supplementation of 4000 mg/kg rosemary and green tea extracts.

The oil oxidation process produces peroxides as the main initial products. Therefore, the
higher the PV of the oil sample indicated, the lower the chemical stability [48]. Besides, high
temperature and light are two common peroxide forming agents [49]. The peroxide value of all
samples generally increased continuously over the whole 7 days of testing due to the formation of
free radicals during heat treatment. These results were consistent with those obtained in previous
studies [20, 40]. Malheiro et al. [50] studied the formation of hydroperoxide during microwave
processing and its ability to prevent the formation of peroxide in the presence of tea extract.

According to Pokorny et al. [51], antioxidants can inhibit or retard oxidation by scavenging
free radicals acting as primary antioxidant, or by a mechanism that does not involve direct
scavenging of free radicals, where they act as secondary antioxidant. Based on our results, green
tea extracts produced a significant reduction of peroxide value in gac oil. Green tea is notable for its
phenolic compounds with antioxidant effects [52]. It is known that hydroxyl groups from aromatic
rings of polyphenols react with lipid-free radicals thereby retarding lipid oxidation. Besides,
polyphenols have the ability to scavenge oxygen radicals by giving an electron for the free radical
in the electron transfer mechanism [53]. Green tea extract had an impressive antioxidant effect on
oil stability and inhibition of hydroperoxides formation [54]. Besides, the effect of rosemary extract
depends on the antioxidant activity of the extract, which is known as the phenolic content [28]. It
was reported that phenolic compounds in rosemary extract can prevent transition metal ions from
changing; for example, they can inhibit the change of Fe?* ion into Fe** ion. Furthermore, transition
metal ions at low valent states react rapidly with hydroperoxide to form alkoxy radicals in the
propagation of lipid peroxidation, thus reducing induction period [55]. Comparing the effectiveness
of two types of antioxidants, oil treatment with green tea extract showed greater attenuation of PV
than oil treated with rosemary extract at the same concentration [22].
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3.1.2 Carotenoids content

The effects of rosemary and green tea extracts on carotenoids content for 7 days at 60°C on gac oil
are shown in Figure 2. In this study, the carotenoids content in the original gac oil was 2.3 = 0.3
mg/g while in the previous study of Tran and Dang [56], about 2.0 mg/g carotenoids obtained from
aril. The levels of carotenoids depend on the season, cultivar condition, harvest time, maturity and
storage conditions [3].

Carotenoid content

- ®-MO R1 R4 —a—Gl --e--G4

Figure 2. Carotenoids content of samples treated with 1000 and 4000 mg/kg rosemary or green
tea extracts for 7 days at 60°C. MO: control sample; R1: 1000 mg/kg rosemary extract; R4: 4000
mg/kg rosemary extract; G1: 1000 mg/kg green tea extract; G4: 4000 mg/kg green tea extract

The carotenoids content predominantly decreased during the 7 days storage at 60°C may
be due to thermal decomposition of carotenoids. As Mercadante [57] reported, carotenoids are easy
to undergo degradation process that are induced by high temperature, low pH, light and reactive
spices because they contain several conjugated double bonds. Many studies showed that heat and
oxygen promote isomerization into cis-carotenoids which are less stable and more susceptible
during storage [58-60]. Moreover, the loss of carotenoids is supposed to be related to decomposition
reactions accelerated by temperature [58]. Previous work indicated that B-carotene was degraded
in the first few hours of heat treatment [61]. The longer the incubation time, the more carotenoids
were degraded [58, 61, 62]. Moreover, the thermal decomposition of carotenoids is dependent on
the concentration of antioxidants [63]. Besides, the carotenoid contents of R1 and R4 slightly
increased on day 7, compared with those observed on day 6. This was probably due to the high-
temperature and long-time treatment causing the changes in oil color of these samples.
Consequently, it possibly affects the carotenoid content measured by spectrophotometer at 460 nm.
In addition, hydroperoxides in polyunsaturated oils may lead to formation of peroxyl or alkoxyl
radial that react with B-carotene and the antioxidants protected B-carotene from degradation [62].

However, the samples supplemented by rosemary and green tea extract presented notably
higher carotenoids concentrations compared to control sample in the last days of storage period.
Particularly, for with 4000 mg/kg rosemary and green tea extract treatment, the carotenoids contents
were higher than control by about 0.31 and 0.35 mg/g, respectively, at the day 7 of storage. Our
results suggest the protective capability of natural antioxidants for carotenoids in gac oil at all testing
concentrations. The higher concentrations (4000 mg/kg) of rosemary extract and green tea extract
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showed higher carotenoid remaining, especially in the case of prolonging incubation time.
According to Misharina and Kiseleva [63], the efficiency of inhibition of carotenoid autoxidation
depended in a complex way on the concentration of antioxidants. Rosemary extract inhibited
autoxidation in proportion to its concentration. In addition, rosemary extract and green tea extract

also illustrated the effective inhibitory effects on B-carotene changes in buffalo homogenates lipid
[64].

3.1.3 Rancimat value

Rancimat test is considered to be a rapid, economic, easy to handle and reproducible method that
provides direct evidence for the tendency against oxidative rancidity of oil [65]. Therefore, it can be
used as an effective and quick tool to assess the quality of fats and oils [66-68]. The longer induction
times reflect the higher resistance to oxidation or good efficiency of the supplementing antioxidants

[69]. The effect of rosemary and green tea extract on maintaining rancimat value was illustrated in
Figure 3.

N w

Rancimat value (h)
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Figure 3. Rancimat values of samples treated with 1000 and 4000 mg/kg rosemary or green tea
extracts for 7 days at 60°C. *Significance at P < 0.05. MO0: control sample; R1: 1000 mg/kg
rosemary extract; R4: 4000 mg/kg rosemary extract; G1: 1000 mg/kg green tea extract; G4: 4000
mg/kg green tea extract

The rancimat values were not significantly different for all samples pre-treated with
rosemary and green tea extracts at all concentrations on day 1. Nevertheless, after 7 days storage at
60°C, the green tea and rosemary pre-treatments at 4000 mg/kg presented rancimat values of 2.37 +
0.07 and 2.39 £ 0.09 (h), respectively, while 1.41 + 0.01, 1.48 + 0.08 and 1.790 + 0.09 (h) were
detected for the control sample, pre-treatment with rosemary and green tea extracts at 1000 mg/kg.
Notably, after 7 days incubation, the rancimat values of the samples supplemented with green tea
and rosemary extracts at 4000 mg/kg maintained at 82 and 92% compared to their initial samples.
Similar results were reported by Burkow et al. [70] that increased antioxidant concentration gave
increased induction times for all the antioxidant systems tested, based on rancimat measurements.
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Rosemary extract and green tea extract addition significantly increased significantly induction time
values [71], especially for high concentrations of 5000 mg/kg [35].

3.2 The comparison of natural green tea and rosemary extracts with synthetic
antioxidants

3.2.1 Peroxide value, carotenoids content and rancimat value

The protective effects of natural antioxidants (4000 mg/kg rosemary and green tea extract) in
comparison with synthetic antioxidants (150 mg/kg BHT and BHA) for gac oil are demonstrated in
Table 1.

Table 1. Peroxide value, carotenoids content and rancimat values of samples treated with BHA,
BHT, rosemary and green tea extracts after 7 days storage at 60°C

Sample Quality index Protection
factor
Peroxide Carotenoid Rancimat
value content value
(megq/ kg) (mg/g) (h)
Control 7.50 + 0.40¢ 1.20 £ 0.04¢ 141+0.01° 1.00+0.01°
BHA 150 mg/kg 436+0.01° 1.48+0.02** 231+0.01* 1.64+0.017
BHT 150 mg/kg 4.71 +0.06° 1.43+0.01**  2.38+0.08*  1.69 +0.06
Rosemary extract 1000 mg/kg ~ 5.90 + 0.03¢ 1.36 £0.01°¢  1.48+0.08¢  1.05+0.06°
Rosemary extract 4000 mg/kg  4.90 £ 0.07¢ 1.51+0.00**  2.39 +0.09: 1.70 £ 0.062
Green tea extract 1000 mg/kg 420 £0.03*®  1.27 +£0.01%¢  1.81+0.09® 1.27 +0.06°
Green tea extract 4000 mg/kg ~ 3.97 £ 0.07¢ 1.55+0.012 2.37£0.072 1.68 + 0.052

Note: Data are expressed as mean values * standard deviation of three independent experiments.
Similar or shared superscript letters in the same column (e.g., a and a,b) show that there are no
significant differences between samples treated with/without antioxidants based on post-hoc test.
Different superscript letters (e.g., a and b) show the statistical difference (p < 0.05) between the
tested groups.

The data clearly showed that the protective ability of these natural antioxidants against
oxidative reactions of gac oil as measured by PV, carotenoids content and rancimate value were
similar to synthetic antioxidants. In particular, supplementation with green tea extract resulted in
lower PV than treatments with BHT or BHA. The protection factors of added antioxidants were also
calculated (Table 1). As expected from the induction time, there were no significant differences
between the protection factors calculated for BHT, BHA, and green tea and rosemary extracts at
4000 mg/kg. According to Nogala-Kalucka et al. [46], rosemary extract gave a markedly greater
protection factor than a, 3, y-tocopherol, and BHT at 100 mg/kg for triacylglycerols in rapeseed oil.
In other studies, the protection factors were 1.1, 1.3, 1.2 and 1.2 for a, y-tocopherol, BHT and BHA
at 200 mg/kg in peanut oil, respectively, whereas rosemary extract gave values of 1.3-1.4 depending
on the percentage of carnosic acid [72]. The differences may be due to the different concentrations
of added antioxidants, active components contained in the extracts, and the type of oil used in these
studies.

Wanasundara and Shahidi [25] demonstrated that green tea extract at 1000 mg/kg showed
the better protection than did a-tocopherol, BHA and BHT, as indicated by lower records of PV. In
addition, green tea extract also showed a superiority of protection against oxidation in comparison

438



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

to rosemary extract [22]. Rosemary extract also exhibited powerful antioxidant activity, almost
equal to that of synthetic antioxidants (BHA and BHT) [40]. However, the opposite result observed
for the oil stored at 20 + 2°C indicates that the antioxidant effectiveness of rosemary extract was
better than that of green tea extract although both antioxidants managed to retard the oxidation
process in the initial storage at higher concentration of 2500 mg/kg [35].

In some previous reports, Unten et al. [73] demonstrated the suppressive effect of tea
polyphenols on the degradation of B carotene in both water-soluble and oily systems. Mohamed [64]
also demonstrated that green tea, which is rich in flavanols, had a higher ability to inhibit the
decomposition of B carotene than did rosemary extract.

According to Yang et al. [74], the induction time value of oil with combined rosemary
extract was significantly higher than that with added synthetic antioxidants, which suggested the
higher antioxidant effectiveness of rosemary extract against deterioration compared to synthetic
antioxidants. Similar results obtained for ghee, both green tea and rosemary extracts at 0.5%
concentration gave induction time value higher than BHA [34].

3.2.2 Sensory analysis

The sensory scores of all samples generally decreased after 7 days of incubation at 60°C (Table 2).
At day 1, no significant differences in taste, aroma and overall acceptability found among treatments
with BHA and BHT were found. However, rosemary and green tea treatments had an effect on odor
in gac oil, which was evaluated by the assessors. The higher concentration of these plant extracts
markedly decreased the sensory scores of samples. After 7 days, rosemary treatment (4000 mg/kg)
showed the worst results in overall acceptability while lower concentration (1000 mg/kg) resulted
in better sensory scores. Green tea (4000 mg/kg) showed the highest overall acceptable by the
assessors than BHT, BHA and the other treatment samples.

Table 2. Changes in sensory properties of gac oil after 7 days storage at 60°C

Sample Day Taste Aroma Overall acceptability
Control 1 7.3+0.5b¢ 79+£0.32 7.7 +0.52b
BHA 150 mg/kg 1 7.3+0.70¢ 6.8 + 0.4° 7.3+0.50¢
BHT 150 mg/kg 1 7.4 +0.5b¢ 6.9+0.3° 7.1+0.3¢d
Rosemary extract 1000 mg/kg 1 8.1+0.92 79+0.92 7.9+0.62
Rosemary extract 4000 mg/kg 1 6.6 + 0.5¢ 6.8 +0.8° 6.8 +0.4¢
Green tea extract 1000 mg/kg 1 7.7 +0.820 7.5+0.5? 7.7+0.82b
Green tea extract 4000 mg/kg 1 7.1+0.3¢d 6.8 +0.6° 6.9 + 0.6
Control 7 6.7 £0.5° 6.9 +0.320 7.1+0.6°¢
BHA 150 mg/kg 7 6.7+0.7° 6.6 +0.5P 6.7 £ 0.7
BHT 150 mg/kg 7 6.7 +0.9° 6.6+0.7 6.7 +0.50¢
Rosemary extract 1000 mg/kg 7 7.9+0.9 7.3+05% 7.3+0.72b
Rosemary extract 4000 mg/kg 7 6.3+0.7¢ 6.8 +0.82P 6.4+0.7d
Green tea extract 1000 mg/kg 7 6.9 +0.6°¢ 6.5+0.7° 6.6 +0.7°4
Green tea extract 4000 mg/kg 7 7.5+0.830 7.3+£052 7.7+£0.72

Note: Data are expressed as mean values + standard deviation of three independent experiments.
Similar or shared superscript letters in the same column (e.g., a and a,b) show that there are no
significant differences treated with/without antioxidants based on post-hoc test. Different
superscript letters (e.g., a and b) show the statistical difference (p < 0.05) between the tested groups.
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According to Pourashouri et al. [75], a low percentage of rosemary extract addition had no
effects on sensory evaluation but treatments with higher concentrations gave higher score for off-
flavor. Moreover, these volatile including aldehydes, hydrocarbons and sulphuric compounds
usually emerge during storage time due to lipid peroxidation [76]. Based on Table 1, green tea
supplementation at 4000 mg/kg, which resulted in the lowest PV, contributed to it having highest
overall acceptability scores when compared to the other treatments after the storage. Although some
reports suggested that there was a slight increase in rancid odor when rosemary and green tea
extracts were used [75, 77]. Overall, these plant extracts prevent alterations caused by oxidation
which may affect the sensory scores of gac oil.

4. Conclusions

For the first time, the effects of two types of natural antioxidants, rosemary extract and green tea
extract, on gac oil were carried on. Supplementation with rosemary and green tea extracts at 4000
mg/g significantly improved the quality of the gac oil through a decrease in peroxide value and
maintenance of carotenoid during storage. A comparison between natural and synthetic antioxidants
(BHA and BHT) was also performed to evaluate suitable antioxidants for gac oil. Both rosemary
and green tea extracts showed impressive results for gac oil protection against oxidation. Although
rosemary and green tea somewhat have an off-odor effect on gac oil, these results propose the
possibility of replacing BHA and BHT by green tea and rosemary extract. Green tea seems to be a
promising candidate in gac oil preservation.
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Abstract

DNA isolation is the most essential step in molecular studies. The quantity and quality of the isolated
DNA may subsequently influence the reliability and reproducibility of experimental data especially
those involving downstream analysis such as polymerase chain reaction (PCR). In this study, we report
an improved protocol for isolating high quantity and quality of genomic DNA from human peripheral
blood that is as competitive to commercial kits. The concentration of the genomic DNA isolated using
the improved protocol was >100 ng/pl and the Agso/Aszso absorbance ratio was ranged within 1.604-
1.861. When the DNA integrity was measured using Fragment Analyzer™, the isolated genomic DNA
was highly intact with a genomic quality number of >7.0. The isolated genomic DNA was adequate for
further molecular analyses including standard PCR and real-time PCR. More importantly, the improved
protocol is able to isolate the genomic DNA of Plasmodium parasites that infected human red blood
cells, thus enabling them to be correctly identified up to the species level using multiplex PCR.

Keywords: DNA isolation; human blood; polymerase chain reaction; Plasmodium parasites
DOI 10.14456/cast.2021.36

1. Introduction

Molecular study often involves the isolation of nucleic acids such as DNA. Hence, the quantity and
the quality of the isolated DNA are extremely important for reproducible and reliable of experiment
data in subsequent molecular analyses including standard polymerase chain reaction (PCR) and real-
time PCR. For instance, contaminants such as polysaccharides, organic solvents, proteins, and
detergents that are co-isolated with the DNA are reported to inhibit a PCR amplification [1, 2]. In
addition, DNA with co-isolated contaminants may also lead to a higher cycle threshold value of the
targeted gene in a real-time PCR application, which may then result in an incorrectly interpreted
real-time PCR data [3].

There are multiple choices of commercial DNA isolation kits currently available in the
market that can isolate a high quality of DNA. However, the commercial kits commonly have a
limited number of reactions and are relatively expensive which may not be affordable by some
laboratories, especially those in low-income countries. Therefore, an efficient and economic

*Corresponding author: Tel.: (+6) 088320000 ext. 100101 Fax: (+6) 088435324
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445


mailto:leepc@ums.edu.my

Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

alternative DNA isolation method is crucial. We addressed this particular issue with an improved
protocol that can effectively and economically isolate high quantity and quality of DNA from human
peripheral blood, and empirically validated the protocol using molecular analyses such as standard
PCR and real-time PCR.

2. Materials and Methods
2.1 Human blood sample collection

Three ml of peripheral blood sample was collected from volunteers into a BD Vactutainer® blood
collection tube with spray-coated K:EDTA by an experienced phlebotomist. A total of 100
volunteers were recruited in this study with informed consent. The ethical approval for this study
was obtained from the Universiti Malaysia Sabah Medical Research Ethics Committee with a
reference number: JKEtika 1/15 (7).

2.2 Genomic DNA isolation

Three ml of the collected blood was mixed with 7 ml of chilled 1X Red Cell Lysis Buffer (containing
1.6M of sucrose, 5% of Triton X-100, 25mM of magnesium chloride hexahydrate, and 60mM of
Tris hydrochloride) in a Falcon tube and centrifuged at 2500 xg for 5 min at 4°C. The supernatant
containing the lysed red blood cells was discarded and the color of the precipitated pellet was
observed. The red blood cell lysis step was repeated until the pellet became light pink to white color.
Subsequently, the pellet was re-suspended by adding 20 pul of 1 mg/ml Proteinase K, 80 ul of 5X
Proteinase K buffer, 20 ul of 20% sodium dodecy! sulfate solution, and 150 pl of sterile distilled
water containing 1 pug/ml of RNase, and incubated overnight at 37°C. The next day, the whole
mixture content was treated with 100 pl of 5M sodium chloride solution and 250 pl of phenol:
chloroform: isopropanol (1:1:1 v/viv, pH 8.05-8.35) solution. After vortexing and centrifuging at
13,000 rpm for 10 min, the aqueous phase of the mixture was transferred into a microcentrifuge tube
containing 500 ul of absolute ethanol. The tube was vigorously shaken until a white clump was
formed and was centrifuged at 13,000 rpm for 3 min. The excess absolute ethanol was discarded
and the pellet was washed with 500 pl of 70% ethanol. After centrifuged at 13,000 rpm for 2 min,
the excess 70% ethanol was discarded and the pellet was air-dried for 5 min at room temperature.
Finally, the pellet was re-suspended with 100 pl of 1X TE Buffer (containing 10mM of Tris and
1mM of ethylenediaminetetraacetic acid).

2.3 Quantity and quality of the isolated genomic DNA

The concentration and purity of the isolated genomic DNA were measured using the
NanoPhotometer® P-Class (Implen, Germany). Unpaired t-test (https://www.graphpad.com/
quickcalcs/ttestl.cfm) was utilized to compare the means of DNA purity between current protocol
and other commercial kits as reported by Lee et al. [4], including the QlAamp® Blood Mini Kit
(Qiagen, Germany), MagNA Pure LC Nucleic Acid Isolation Kit | (Roche Diagnostics, Germany)
and Magtration-Magnazorb DNA common kit-200N (Precision System Science Co. Ltd., Japan). In
addition, the Standard Sensitivity Genomic DNA Analysis Kit (Advanced Analytical Technologies
Inc., USA) was used to measure the integrity of the isolated genomic DNA using the Fragment
Analyzer™ Automated Capillary Electrophoresis System (Advanced Analytical Technologies Inc.,
USA) which represented with a genomic quality number (GQN). GQN of 1 indicates that the
genomic DNA is highly degraded and GQN of 10 indicates that the genomic DNA is highly intact.
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2.4 Standard PCR

A standard PCR amplifying the cytochrome P450 family 2 subfamily E member 1 (CYP2EL) gene
sequence that containing the T7678A variant was performed by using the isolated genomic DNA as
a template (~100 ng/reaction). The detailed procedure is as previously described by Chong et al.

[5].
2.5 Real-time PCR

Genotyping targeting the rs3751723 single nucleotide polymorphism (SNP) of the iroquois
homeobox 3 (IRX3) gene was performed using a real-time PCR and the isolated genomic DNA
served as a template (~100 ng/reaction). The detailed procedure is as previously described by Chong
etal. [6].

3. Results and Discussion

A total of 100 DNA samples isolated using the improved protocol were subjected to quantity and
quality measurements (Table 1). The concentration of the isolated DNA ranged between 102 ng/ul
and 305 ng/ul. When the purity of the isolated DNA was measured, the Azso/Azso absorbance ratio
ranged from 1.604 to 1.861. The absorbance values did not deviate far from the ideal ratio of 1.800
for genomic DNA [7]. Therefore, the isolated genomic DNA using the improved protocol is able to
provide sufficient quantity and quality for reliable data in the subsequent molecular analyses.

Table 1. Results of genome DNA isolated using the current improved protocol in this study

Sample DNA conc. (ng/ul) Aaze0/Azso GON
1 179 1.646 8.2
2 173 1.769 8.1
3 177 1.703 9.7
4 176 1.645 8.5
5 113 1.633 9.1
6 193 1.618 8.7
7 188 1.604 8.1
8 127 1.749 8.1
9 138 1.660 8.6
10 119 1.703 9.2
11 305 1.755 7.3
12 255 1.827 8.7
13 214 1.723 7.2
14 187 1.765 7.9
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Table 1. Results of genome DNA isolated using the current improved protocol in this study (cont.)

Sample DNA conc. (ng/ul) Aazeo/Azso GON
15 172 1.776 8.1
16 152 1.701 9.5
17 133 1.675 7.3
18 134 1.661 9.3
19 112 1.695 8.9
20 140 1.826 9.9
21 188 1.671 7.0
22 136 1.751 8.3
23 134 1.759 8.1
24 198 1.754 9.1
25 115 1.715 9.3
26 110 1.861 7.0
27 102 1.659 85
28 199 1.663 7.5
29 109 1.618 8.5
30 169 1.797 7.4
31 208 1.717 8.5
32 152 1.801 9.0
33 218 1.845 8.4
34 154 1.642 9.5
35 239 1.755 8.1
36 172 1.646 8.9
37 144 1.718 9.2
38 147 1.648 8.6
39 168 1.689 7.2
40 165 1.636 9.0
41 180 1.762 8.5
42 214 1.755 74
43 171 1.670 8.5
44 260 1.638 8.0
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Table 1. Results of genome DNA isolated using the current improved protocol in this study (cont.)

Sample DNA conc. (ng/ul) Aazeo/Azso GON
45 170 1.678 8.5
46 184 1.642 8.8
47 182 1.657 7.8
48 193 1.681 8.5
49 174 1.640 7.8
50 183 1.616 8.8
51 104 1.658 8.8
52 108 1.666 9.6
53 216 1.812 8.3
54 179 1.791 8.1
55 195 1.776 9.0
56 201 1.719 8.2
57 186 1.729 8.3
58 120 1.788 8.7
59 129 1.669 7.8
60 134 1.639 9.3
61 226 1.795 8.4
62 253 1.768 8.5
63 130 1.772 7.4
64 136 1.771 7.3
65 125 1.728 7.1
66 128 1.753 7.9
67 258 1.756 7.6
68 134 1.789 8.9
69 132 1.632 8.3
70 287 1.783 8.1
71 141 1.778 8.6
72 126 1.684 9.0
73 131 1.785 7.9

449



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

Table 1. Results of genome DNA isolated using the current improved protocol in this study (cont.)

Sample DNA conc. (ng/ul) Aazeo/Azso GON
74 245 1.729 8.5
75 299 1.743 9.3
76 108 1.667 8.4
77 181 1.684 8.3
78 173 1.629 8.2
79 199 1.646 8.3
80 174 1.778 7.8
81 178 1.775 7.8
82 192 1.756 8.4
83 169 1.829 7.8
84 118 1.621 7.1
85 199 1.710 8.2
86 177 1.660 9.5
87 178 1.691 9.2
88 195 1.683 1.7
89 147 1.664 9.3
90 182 1.691 8.3
91 156 1.702 7.3
92 165 1.669 8.8
93 184 1.678 9.2
94 175 1.690 7.8
95 176 1.626 7.3
96 166 1.665 8.8
97 150 1.716 10.0
98 175 1.628 8.7
99 194 1.640 7.7
100 185 1.678 7.9

Mean + S.D. 171.47 + 42.93 1.71 +0.06 8.37£0.70
Range (min-max) 102-305 1.604-1.861 7-10
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When compared with other commercial kits that use different isolation principles, the mean
of DNA purity using the current protocol was similar to those isolated using the Magtration-
Magnazorb DNA common kit-200N (p = 0.724), but statistically different to those isolated using
the QlAamp® Blood Mini Kit and MagNA Pure LC Nucleic Acid Isolation Kit I (both p-values
<0.001) (Table 2). The mean differences were mainly because of the different technologies utilized
in isolating the DNA, the number of DNA samples isolated, and variations in sample handling
during the extraction process. However, when a scatter plot of the DNA purity values was mapped
(Figure 1), most of the purity values overlapped despite the different protocols utilized in isolating
the DNA from human blood, suggesting that DNA isolation using the current improved protocol is
as competitive to other commercial kits, yet is much more cost-effective and economical when
compared to the commercial kits. However, given the advantage of cost-effective, the limitation of
the current protocol is time consuming (~10 h) as compared to commercial kits which have shorter
processing times (< 2 h).

Figure 2 shows a representative of 11 genomic DNA analyzed using the Fragment
Analyzer™ in this study. The isolated genomic DNA using the improved protocol was highly intact
with a genomic quality number (GQN) ranging from 7.0 to 10.0 (Table 1). Although the influence
of GQN in subsequent molecular analyses is rarely reported, a previous study reported that nucleic
acid with an integrity number <5.0 is unreliable for subsequent analysis such as real-time PCR [8].

Besides that, the isolated genomic DNA was molecularly validated using a standard PCR,
and our study showed that the CYP2EL1 gene sequence containing the T7678A variant was
successfully amplified (Figure 3). In addition, the isolated genomic DNA in this study could also be

Table 2. Comparison of DNA purity isolated from different protocols

Genomic DNA Isolation Time No. of Purity p-value  Reference
isolation principle required samples range
protocol tested (mean =

SD)
Current protocol  Salting-out 10h 100 1.60-1.86 - This study
171+
0.06)

QlAamp® Blood Spin- 20-40 min 22 1.59-2.04 <0.001* Leeetal.
Mini Kit column (1.84 + [4]
(Qiagen, 0.09)

Germany)

MagNA Pure LC  Magnetic- <2h 22 1.60-1.97 <0.001* Leeetal.
Nucleic Acid bead (1.88 + [4]
Isolation Kit | 0.08)

(Roche

Diagnostics,

Germany)
Magtration- Magnetic-  25-40 min 22 1.56-1.90 0.724 Lee et al.
Magnazorb based (1.70 £ [4]

DNA common 0.08)
kit-200N
(Precision

System Science
Co. Ltd., Japan)

*Statistically significant when compared to the current protocol (p <0.05).

451



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

Method
O Current_Method
210 [ Maghis_LC
* Magtration-Magnazorb
o 4 Qlhamp
2,001 a
O
o
2 1901 ﬁpﬁp
g &
g 1.80
1,70
1.60-] =
®
1.50 T T T T T T T
1.50 1.60 1.70 1.80 1.80 2,00 210
A260/A230

Figure 1. Scattered plot showing the overlapping of purity values between DNA isolated using the
current protocol and those reported using other commercial Kits
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Figure 2. Overlay electropherogram of 11 isolated genomic DNA samples analyzed using the
Fragment Analyzer™
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Figure 3. The CYP2E1 gene sequence containing the T7678A variant was successfully amplified
(998 bp). M1: Thermo Scientific GeneRuler™ 1 kb DNA Ladder. S1-S12: DNA samples isolated
using the improved protocol

used to generate reliable data for genotyping analysis in real-time PCR. For example, the rs3751723
SNP of the IRX3 was effectively genotyped using the isolated genomic DNA in this study and could
be precisely distributed into the homozygous wild-type, heterozygous, and homozygous variant
groups (Figure 4). Both findings indicated that the improved method can maintain the intactness of
the genomic DNA throughout the isolation process with a very minimal amount of protein
contamination.
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Figure 4. The rs3751723 SNP of the IRX3 gene was effectively genotyped from DNA samples
isolated using the improved protocol
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More interestingly, our improved protocol is able to isolate the genomic DNA of
Plasmodium species that infected the red blood cells, and being correctly identified up to the species
level when applied with the PlasmoNex™ system [9], even for a mix-species infection (Figure 5).
This finding is obviously important as the malaria incidences, especially those infected with the fatal
Plasmodium knowlesi species, are evidently increasing in the Southeast Asia countries [10-12].
Therefore, the improved DNA isolation protocol in this study could provide consistent data in
Plasmodium species detection for effective and rapid malaria treatment.

o
= — I o < v © ™~ 0 o =
> % %) %! %) 0 ©n % n n 0

Plasmodium falciparum

Plasmodium knowlesi
Plasmodium vivax

Figure 5. The Plasmodium species was correctly identified using the PlasmoNex™ system. M1:
PlasmoNex™ DNA Marker. S1-S10: Plasmodium DNA samples isolated using the improved
method

4. Conclusions

In conclusion, we report here an improved protocol to effectively and economically isolate high
quantity and quality of genomic DNA from human peripheral blood, and the present protocol is as
competitive to other commercial kits. The isolated genomic DNA is competent for subsequent
molecular analyses including standard PCR and real-time PCR. More essentially, this improved
protocol is capable to isolate the genomic DNA of Plasmodium species and being accurately
diagnosed up to the species level in a multiplex PCR.
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Abstract

The aim of this study was to determine the incorporative effects of preharvest boron (B) or calcium
sulfate (CaSO,) application and postharvest calcium chloride (CaCl,) peduncle infiltration on
chilling injury (CI) alleviation of Queen pineapple during commercial cold storage (13°C).
Pineapple fruits were sprayed with 0.25% B four times a month after one month of anthesis, or
CaSO0y (100 kg per 400 m?) was applied during fruit development. The fruits were harvested after
135 days of flower induction. Both preharvest B and treated fruits were then peduncle-infiltrated
with 2% CacCl, for 3 days and stored at cold temperature (CT) for 14 days. Control fruits were not
peduncle-infiltrated with CaCl,.Visual appearance of half cut fruit, ClI score, the amount of fruit
having CI, colour attributes, browning index (Bl) value and electrolyte leakage (EL) of tissue
adjacent to the core were determined after storage at CT for 7 or 14 days, followed by leaving at
room temperature (RT), 28 + 1°C, for 2 days. The results show that the incorporative application of
preharvest CaSO,4 with CaCl, peduncle infiltration (CaSO4+CaCl,) alleviated Cl, delayed decrease
in lightness (L*) and chroma values, and also increased BI and total colour difference (AE*) values
during storage compared with control and the incorporative application of preharvest B with CaCl;
treatment (B + CaCly). The treatment with CaSO, + CaCl, lowered CI severity and the amount of
fruit having CI when compared to B + CaCl; and control treatments, respectively. Both treatments
had no effect on the hue value over the storage period. Therefore, CaSO, + CaCl; treatment is an
alternative method for alleviating CI of Queen pineapples.

Keywords: Queen pineapple; CaSOa; boron; CaCly; chilling injury
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1. Introduction

Pineapple (Ananas comosus L. Merr) is recognized as one of commercial fruits in Thailand. It has
been commercially grown around the country to serve the pineapple product industry and for fresh
consumption. Two pineapple groups, Smooth Cayenne and Queen, have been commercially
cultivated. Smooth Cayenne pineapples are mostly grown to supply the pineapple processing
industry and Queen pineapples are mainly produced for fresh consumption [1]. Regarding
physiological disorders of pineapples during storage, internal browning or heart blackening is a main
disorder that limits the quality and consumption acceptability of both Smooth Cayenne and Queen
pineapples. The disorder symptoms generally appear during refrigerated storage, and are referred to
as chilling injury [2, 3]. These symptoms sometimes occur in the fruit stored at room temperature.
Compared to Smooth Cayenne pineapples, Queen pineapples are more susceptible to internal
browning disorder, especially during cold storage [4, 5]. Om-arun and Siriphanich [6] reported that
no internal browning incidence was found in Smooth cayenne pineapple fruit during cold storage
for 3 weeks whilst internal browning incidence in Queen pineapple fruit appeared within 7 days
after storage at 13°C [7, 8].

Recently, most previous work has been concerned with postharvest applications including
anoxia treatment [9], plant regulator application [10] and calcium peduncle infiltration [8]
alleviating internal browning of Queen pineapples. Our previous work showed that calcium
peduncle infiltration was an effective postharvest treatment that could alleviate the internal
browning of Queen pineapple cv. Sawi during refrigerated storage [7, 8, 11, 12]. However, there
have been no studies of incorporative preharvest treatment and postharvest calcium peduncle
infiltration ameliorating internal browning disorder of pineapples. Nitrogen, potassium and calcium
are often required as plant nutrients in the production of pineapple [13]. Moreover, boron has also
been suggested as a key element for pineapple fruit formation and development of quality [13, 14].
Lack of boron can cause malformed fruit, broken core, separation and cracking of fruitlets and
reduced sugar content [13]. Boron also plays a crucial role in retaining plasma membrane integrity
and protecting membrane against oxidative stress [14]. Gypsum has been fertilized as a calcium
source to prevent calcium deficiency during pineapple fruit development. Silva et al. [15] reported
that the application of calcium sources such as lime, gypsum and basaltic dust increased calcium
content in soil and reduced internal translucency of pineapple fruit. They also suggested that gypsum
fertilization did not affect soil pH compared to lime. Kumari and Deb [16] suggested that the foliar
application of 0.5 or 1.0% of boron (B) could improve the quality of ‘Mauritius’ pineapple.
Moreover, Poovarodom and Boonplang [17] reported that the preharvest application of gypsum and
0.25% B spray could alleviate physiological disorders affecting quality of mangosteen fruit. Thus,
we were interested in investigating the combinative effects of preharvest application of B or gypsum
and postharvest calcium peduncle infiltration to inhibit internal browning symptom of Queen
pineapples during refrigerated storage.

2. Materials and Methods

2.1 Plant materials and experiments

Queen pineapple ‘Sawi” fruits were cultivated at King Mongkut’s Institute of Technology
Ladkrabang, Prince of Chumphon campus demonstration farm. Ammonium sulfate granular 21-0-0
fertilizer was applied to the pineapple plants every two months. The 16-month-old plants were
flowered by spraying with 25 pl I* of ethephon in aqueous solution containing 2% urea and 0.04%
calcium carbonate. This was in contrast to the work of Poovarodom and Boonplang [17] in which
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preharvest treatments of CaSO,4 and B were applied. After one month of anthesis, the pineapple
fruits were sprayed with 0.25% of boron (B) every month until the fruits were harvested (4 times),
or CaSOy (100 kg per 400 m?) was applied to the pineapple plant one month after anthesis. The
untreated pineapples were used as control. The fruits were harvested after 135 days of flower
induction when fruit peels were yellow to about 25%. Regarding our previous work, 2% CaCl,
peduncle infiltration was recommended as an effective approach to alleviate internal translucency
and browning of Queen pineapple cv. ‘Sawi’ [7, 11], whereas the application of CaCl, at
concentrations higher than 2% caused browning incidence in the fruit stem [18]. Fifty fruits per
treatment were taken. The fruits were cleaned using an air-blaster. Both preharvest B and CaSO4
treated pineapples were peduncle-infiltrated with 2% CaCl; at 13°C for 3 days and then continuously
stored at 13°C for 14 days. In the control treatment, the fruits were stored at 13°C without CaCl;
peduncle infiltration. The fruits were sampled every 7 days. Before investigation on various
parameters, the fruits were left at room temperature (RT) (28 = 1°C) for 2 days. Various biological
parameters such as visual appearance of half-cut fruit, colour attributes, chilling injury (CI) severity
score, browning index (BI) value, the amount of fruit having CI and electrolyte leakage (EL) value
of tissue adjacent to the core were monitored. Fifty fruits (50 replicates) were used to evaluate ClI
incidence, including CI severity score, and the amount of fruit having CI. Five replicates per
treatment (10 fruits per replicate) were used to determine colour attributes, Bl, and EL values.

2.2 Visual appearance and colour attribute measurements

Vertically half-cut pineapple fruits were used to determine internal browning and translucency
appearance caused by CI. Visual browning appearance of the tissue adjacent to the core was
presented by photographs. L*, hue and chroma values of the tissue were measured using a
HunterLab MiniScan@ XE Plus (Hunter Associates Laboratory Inc., USA). The total colour
difference (AE*) value of tissue adjacent to the core compared with the fruit at initial day (0) was
calculated using the equation shown below.

AE * = \/(LO*2 — L,**) + (hue,® — hue,?) + (chroma,® — chroma,?)

2.3 CI score measurement

Cl severity score was evaluated using a 5-point ranking test. Ten trained panellists were used to
evaluate the CI severity score. The simplified CI scores ranged from 0 to 5: 0 = no symptom; 1 =
small translucent spots turning brown (less than 5%); 2 = 5-10% CI symptom; 3 = 11-20% CI
symptom; 4 = 21-30% CI symptom; and 5 = more than 30% CI symptom, were used.

2.4 Bl measurement

BI of the fruit tissues was assessed using the method described by Supapvanich et al. [19] with slight
modification. A 10 g sample of tissue adjacent to the core was homogenised with 30 ml of 60%
(v/v) ethanol and then stirred for 1 h. The homogenate was filtered through Whatman No. 1 filter
paper and the wavelength absorbance of filtrate was measured at 420 nm. Data were expressed as
ODyy0 g* fresh weight (ODazo g 2).
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2.5 EL measurement

EL of tissue adjacent to the core was determined using the method of Youryon et al. [8]. Fifteen
disks (7.5 mm diameter per disk) of tissue adjacent to the core of pineapple fruit were rinsed with
de-ionized water and dried using a Whatman No.1 filter paper. The disks were immersed in 30 ml
of de-ionized water for 30 min and the conductivity of solution (ECsampie) Was measured using a
conductivity meter. Afterwards, the sample was frozen at -20°C for 24 h. After thawing, the sample
was boiled for 30 min and after the temperature of sample had dropped to room temperature, the
conductivity of solution was again measured and recorded as total conductivity (ECioa). The EL
value of each sample was calculated by comparing with total conductivity of the sample.

2.6 Statistical analysis

The experiments were performed using a completed randomized design (CRD) and statistical data
were analysed using the Analysis of Variances (ANOVA). Significant differences between data
were compared using the Duncan’s new multiple range test (DMRT) at P < 0.05.

3. Results and Discussions
3.1 Visual appearance

It is commonly recognized that translucency and browning of tissue adjacent to the core are the
symptoms of Cl in pineapples during cold storage. Figure 1 shows the visual appearance of half-cut
Queen pineapple ‘Sawi’ fruits treated with B + CaCl, or CaSO4 + CaCl, during storage. It was found
that after storage at CT for 7 days followed by leaving at RT for 2 days, the control fruits had more
Cl incidence than fruits treated with B+CaCl, or CaSO, + CaCl,. The lowest Cl incidence was found
in the fruit treated with CaSO, + CaCl,. After cold storage for 14 days followed by leaving at RT
for 2 days, CaSQ, + CaCl, treated fruits had IB incidence much lower than other treatments. The
highest CI incidence was found in the control fruits. The result shows that CaSO,4 + CaCl, could
alleviate CI symptom of Queen pineapple during commercial cold storage at 13°C. Youryon et al.
[7] suggested that the more uptake of Ca in the core of pineapple fruits, the more alleviation of
internal translucency and browning were caused by chilling stress during cold storage. Youryon et
al. [8] explained that Ca could possibly strengthen cell wall structure and maintain membrane
function. Youryon and Wongs-Aree [11] reported that the postharvest application of 2 or 3% of
CaCl; alleviated Cl more than 1% CaCl,. The recent study confirms that calcium application could
better alleviate Cl of Queen pineapple as the fruit treated with CaSO,4 + CaCl, had lower internal
translucency and browning than the fruit treated with B + CaCl, and control.

3.2 Cl incidence

Table 1 shows the CI severity score and the percentage of fruit having Cl symptoms. The ClI severity
score of the pineapple fruits increased as the storage period increased. The highest CI severity score
was found in control fruit followed by B + CaCl, and CaSO4 + CaCl; treated fruits, respectively. At
the end of 14 days storage, the CI severity score of both control and B+CaCl, treated fruit was 4.8
and 4.6, respectively, while that of CaSO4 + CaCl, treated fruit was only 2.80. The amount of fruit
without Cl symptom found in CaSO4 + CaCl, treated fruits was about 70% and 16.7% after storage
for 7 and 14 days, respectively. Moreover, Cl symptom was detected in all control fruits after storage
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- ey
Control, Day 14 B+CaCl,, Day 14 CaSO+CaCl,, Day 14

Figure 1. Visual appearance of half-cut Queen pineapple fruits preharvest-treated with B, CaSO4
and postharvest CaCl, peduncle infiltration after cold storage at 13°C for 7 and 14 days

Table 1. CI severity score and percentage of fruit with Cl of Queen pineapple fruits preharvest
treated with boron or CaSO, followed by postharvest CaCl, peduncle infiltration after storage at CT
for 7 and 14 days and by storage at RT for 2 days

Cl severity  Percentage of fruit with Cl (%)

Treatments  Storage time (d)

score no ClI < 3 score >3 score
7 (CT)+2(RT) 3.00° 0 50 50
Control 14CT)+2RT) 4500 0 30 70
7 (CT)+2(RT) 1.80¢ 30 50 20
Brech uene®rRn e 0 30 70
7 (CT)+2(RT) 0.20¢ 70 10 20
Cas0atCaCh ucTivaRT) 200 16.7 333 50

Data are shown as means (n = 50).
Different superscript letters shown in the same column indicated a significant difference at P < 0.05.

at CT for 7 and 14 days. The fruits treated with 30 % of B + CaCl, had CI symptom after storage
for 7 days and all of the B+CaCl, treated fruit had CI after storage for 14 days. After cold storage
for 7 days, the CI score of the control fruit was significantly higher than that of other treated fruits
(P <0.05). The lowest CI score was observed in CaSO, + CaCl, treated fruits and was significantly
lower than that of other treated fruits (P < 0.05). After cold storage for 14 days, Cl scores of the
control and CaSO, + CaCl, treated fruits were similar while that of CaSO, + CaCl, treated fruits
was significantly lower (P < 0.05). The CI severity score was concomitant with the CI incidence
and the changes in colour attributes as shown in Figures 1 and 2. These results suggest that the
treatment of B + CaCl, treatment could alleviate CI of the pineapple fruit when compared to the
control, but the efficiency was less than that of CaSO. + CaCl, treatment. It is commonly recognized
that B functions to maintain plant cell wall strength through its binding to the pectin polysaccharides
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Figure 2. L* (A), hue (B) and chroma (C) values of tissue adjacent to the core of Queen pineapple
fruits preharvest treated with boron or CaSO, followed by postharvest CaCl, peduncle-infiltration
after CT for 7 and 14 days and by leaving at RT for 2 days. Vertical bars represent standard
deviation (SD) of means (n = 5). The different letters within the same day of storage are
significantly different at P < 0.05.
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that B functions to maintain plant cell wall strength through its binding to the pectin polysaccharides
in collaboration with Ca?* [20]. The treatment of CaSO, + CaCl, could alleviate severity of Cl
incidence as well as induce the chilling stress tolerance of the fruit rather than B + CaCl, alone.
Hewajulige et al. [21] also reported that the concentration of Ca?* in tissue of pineapple fruit was
positively related to Cl symptom, where Ca?* concentration in the fruit core was lower than that in
flesh and shell. These results also confirm that the concentration of Ca?* in tissues influenced the CI
tolerance of Queen pineapple fruit [11].

3.3 Colour attributes of tissue adjacent to the core

The changes in colour attributes of tissue adjacent to the core of Queen pineapple fruits treated with
B + CaCl, and CaSO. + CaCl, are shown in Figure 2. After cold storage for 7 days followed by
leaving at RT for 2 days, L* and chroma values of control fruits were significantly lower than those
of B + CaCl; and CaSO4 + CaCl, treated fruits (P < 0.05). However, both L* and chroma values of
B + CaCl, and CaSO, + CaCl, treated fruits were similar. After cold storage for 14 days followed
by leaving at RT for 2 days, both L* and chroma values of the control fruits had evidently decreased
and were significantly lower than those of B + CaCl, and CaSO. + CaCl, treated fruits (P < 0.05).
When compared to CaSO4 + CaCl; treated fruits, L* and chroma values of B + CaCl, treated fruits
were significantly lower (P < 0.05). While, hue values of all treatments remained constant
throughout the storage periods. The hue value of tissue adjacent to the core was approximately
47.33, which presented as yellow colour. These results suggest that CaSO4 + CaCl, treatment can
prevent the losses of L* and chroma value of tissue adjacent to the core better than B + CaCl,
treatment. Many previous work suggested that the increase in internal translucency and browning
of tissue adjacent to the core of pineapples was concomitant with the reduction of L* value [3, 8,
10]. Moreover, we found that the reduction of chroma value was also related with the increase in ClI
symptom of Queen pineapple during cold storage. It is typically acknowledged that chroma value
represents the intensity of colour. Therefore, the occurrence of internal translucency (Figure 1) was
concomitant with the decrease of chroma value of tissue adjacent to the core of pineapples.

3.4 Browning index and total colour difference value of tissue adjacent to the core

BI and AE* values of the pineapples are shown in Figure 3. Both parameters of the control fruits
evidently increased and were significantly higher than those of B + CaCl, and CaSO, + CaCl, treated
fruits over the storage (P < 0.05). After storage at CT for 7 days followed by RT for 2 days, both Bl
and AE* values of B + CaCl, or CaSO, + CaCl, treated fruits were similar. After storage at CT for
14 days followed by RT for 2 days, both BI and AE* values of B + CaCl, increased significantly
higher than those of CaSO4 + CaCl, treated fruits. These results indicate that CaSO4 + CaCl,
treatment could maintain colour and prevent browning incidence of tissue adjacent to the core of
the pineapples during cold storage. It is commonly recognized that browning incidence occurred in
tissue adjacent to the core of pineapple is caused by the reaction of PPO and phenolic compounds,
namely enzymatic browning reaction. Hewajulige et al. [21] suggested that the severity of black
heart or internal browning incidence in pineapples was associated with low calcium content in tissue
adjacent to the core compared to pulp and peel. Hopfinger et al. [22] suggested that preharvest Ca
treatment increased Ca concentration in fruit and decreased browning enzyme activity. Moreover,
previous work reported that postharvest calcium treatment could alleviate internal browning of
tissue adjacent to the core of Queen pineapples due to the decrease in PPO activity [7, 8, 10, 12].
The recent results indicated that preharvest CaSO, treatment incorporated with postharvest CaCl,
application effectively alleviated internal browning incidence when compared to preharvest B
treatment incorporated with postharvest CaCl, peduncle infiltration.
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Figure 3. Bl (A) and AE* (B) values of tissue adjacent to the core of Queen pineapple fruits
preharvest treated with boron or CaSO4 followed by postharvest CaCl; peduncle-infiltration after
CT for 7 and 14 days and by leaving at RT for 2 days. Vertical bars represent standard deviation

(SD) of means (n = 5). The different letters within the same day of storage are significantly

different at P < 0.05.

3.5 EL of tissue adjacent to the core

Figure 4 shows EL value of tissue adjacent to the core during storage. EL value of all treatments
increased during the storage period. The highest EL value was found in the control fruits and it was
significantly higher than that of B + CaCl, and CaSO. + CaCl; treated fruits (P < 0.05). CaSO, +
CacCl, treatment controlled the increase in EL of tissue adjacent to the core better than B + CaCl,
treatment. These results indicate that the treatment of CaSO. + CaCl, could alleviate the membrane
dysfunction and thus inhibit the increase in EL value during the storage period. It is commonly
recognized that Cl is an oxidative stress caused by chilling temperature. The factors indicating ClI
incidence is EL value which associated with increased membrane lipid oxidation caused by chilling
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Figure 4. EL value of tissue adjacent to the core of Queen pineapple fruits preharvest treated with
boron or CaSO, followed by postharvest CaCl, peduncle infiltration after CT for 7 and 14 days
followed by RT for 2 days. Vertical bars represent standard deviation (SD) of means (n = 5). The
different letters within the same day of storage are significantly different at P < 0.05.

temperature [23]. Picchioni et al. [24] stated that Ca in plant tissue plays a role in strengthening cell
wall structure as well as regulating protein kinase signalling and inducing membrane integrity. Thus,
the treatment of CaSO,4+ CaCl, may increase the Ca concentration in tissue adjacent to the core in
a superior way to the treatment of B + CaCly, leading to prevent the increase in EL value. Thus, Ca
application helps to maintain membrane integrity of pineapples. Regarding the cell wall and
membrane strengthening by Catreatment, the breakdown of tissue structure is low, leading to lower
translucency incidence and to prevent the release of PPO [25]. The recent study showed that the
lower EL value of CaSO4+ CaCl, treated fruits was concomitant with lower ClI incidence (Figure 1
and Table 1), higher L* and chroma values (Figure 2) and lower Bl and AE* values (Figure 3)
compared to B + CaCl,and control treatments, respectively.

4. Conclusions
The applications of preharvest B, CaSO, and postharvest CaCl, peduncle infiltration could alleviate
CI of Queen pineapple cv. ‘Sawi’ fruits during commercial cold storage. CaSO, + CaCl, treatment
could inhibit the increase in internal browning incidence. The treatment also maintained the
membrane integrity of tissue adjacent to the core due to the lowered EL value when compared to B
+ CaCl, treatment. Our results suggest that CaSO4 + CaCl, treatment is an alternative approach for
alleviating CI of postharvest Queen pineapple during cold storage.
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Abstract

This paper proposes an automated mobile robot indoor system. A web camera sensor is equipped to
detect the current location of the vehicle. The web camera is located above to capture the object and
environment for mapping. The images come from the web camera via a USB interface to the
computer. The image processing method is used to determine the position of the mobile robot for
giving the input of path planning. The microcontroller obtains interactive actions with the
combinations of image processing and suitable path planning to control the direction of the mobile
robot. The experimental results show that the vision system can interact with the microcontroller.
The robot can move automatically from the starting point to the goal.

Keywords: vision system; autonomous vehicle; mobile robot; microcontroller; image processing
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1. Introduction

Nowadays, service transportation indoor systems repeat passages that involve traveling short and
these are controlled by humans. It is necessary that service transportation systems can recognize
traffic signals and signs on the way [1]. Operators control the vehicles enabling the vehicles to get
to their targets safely [2, 3]. Many researchers have been trying to create technology that can make
transportation more convenient [4] and part of this has been the creation of autonomous robots that
can travel to the destination safely [5] and improve the lifestyles of their users [6]. There are different
systems that can be used to make self-driving vehicles [7] in order to replace human operations. The
system is controlled by an interactive interface and reaches autonomous navigation by extracting
the appropriate mapping information [8] for better convenience, safety, and efficiency on the road
[9]. A sensor is one important part that measures physical input from its environment to convert
into a signal for the perception of a vehicle if the sensor is suitable to handle these tasks. It is able
to complete the identification [10 -12] and allows a vehicle to go to the target with precision [13].
Considering the key role of self-driving in the automatic mobile robot, it seems that the perception
sensors are necessary for a mobile robot to automatically self-drive [14]. These types of systems
also need improved vehicle navigation system [15], location system [16], electronic map, path
planning [17]. Furthermore, better vehicle speed control is crucial for overall vehicle control [18].

*Corresponding author: Tel.: (086) 4259561
E-mail: napassadol.s@mail.rmutk.ac.th
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Speed control is complex due to the large amount of information that needs to be dealt with, and
usually a single sensor is unable to efficiently perceive the mass information. However, an additional
performance of the automatic mobile robot based on those factors is necessary.

In order to develop a self-driving mobile robot for indoors, choosing a suitable method for
mapping is very important for the navigation of an autonomous driving robot [19]. There are several
methods to guide the mobile robot to reach the goal [20]. Magnetic tape is an easy way to guide the
mobile robot for tracking. It is attached to the floor and helps the robot to identify the surrounding
area for navigating mobile robots. The mobile robot often seems to be confused about moving when
something is obstructed on the road or when the magnetic tape is lost. Lidars are often used and they
play an important role in system navigation. Many researchers use a Lidar to perceive the
surrounding environment and establish the electronic map [21-23]. Lidar is a remote sensing method
that uses light in the form of a pulsed laser to measure ranges to the object. It is not appropriate for
some tasks that are too sensitive to laser light and the laser beams may harm the human eye in cases
where the beam is too powerful. A vision system is one innovation that can be applied in visual
perception [24, 25]. To provide more information than conventional sensors [26, 27], the accuracy
of data collected can be improved by methods based on image processing advanced sensory tools
[28], particularly with respect to physical measurement [29]. Vision system helps to automatically
locate [30], navigate [31], judge motion [32], and perform path planning [33] for the mobile robot
on the way to its destination. Such vision systems can provide better convenience, safety, and
efficiency for transportation systems.

This paper presents a mapping method with image processing that identifies the current
position of the mobile robot for path planning. The autonomous mobile robot is controlled by an
ESP8266 Node MCU board. The microcontroller interfaces with the vision system to control the
direction of the mobile robot for autonomous driving. The computer shows electric graphic mapping
in real-time. The system is also designed for path planning for navigation of the mobile robot on the
computer [34]. The vision system not only provides a graphic map via the image processing method
but it also navigates and guides the robot to the goal based on the path planning. The system also
helps autonomous mobile robots reduce the use of multiple sensors and is considered to be one of
the best options to reduce production costs [35].

2. Materials and Methods

2.1 The operation system

This section describes the design of an autonomous mobile robot for indoors. Considering the key
role of the components in self-driving vehicle, the system consists of three parts, as follows: 1) a
navigation system that requires the current location of the vehicle and position of destination, 2) a
path planning facility, and 3) vehicle control. In this research, the vehicle system consists of two
parts: 1) a vision system and 2) a mobile robot system as shown in Figure 1. The whole process of
the system consists of four steps.

1) A web camera captures the images and sends the information to a computer.

2) A computer determines the vehicle location which is obtained by image processing. The
vehicle location and destination position are inputs of path planning to guide the robot to go to the
goal. The path planning signal is sent to a microcontroller.

3) The microcontroller receives the path planning signal and converts it for wheel control
of the mobile robot. There are four functions as follows: Forward, Turn Left, Turn Right, and Stop.

4) The mobile robot is moved from starting to reach a goal by command of the
microcontroller.
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Vision System

Web cam

Computer

Mobhile Robot

Microcontroller

Two Wheels

Figure 1. Block diagrams of the design of an autonomous mobile robot system

2.2 Vision system

The vision system consists of a web camera and a computer. The computer is used for image
processing and designed path planning for the mobile robots. The computer is the central interface

between the web camera and the microcontroller.

2.2.1 Web camera

The web camera is attached to a tripod stand. The web camera is installed from above as shown in
Figure 2. The tripod stand is 127 cm high. The field of view (FOV) of the camera covers the area in
1280x960 pixels (122 x 32 cm). The configuration of the web camera is set up. There are brightness,
contrast, exposure, sharpness, saturation, and white balance settings. The resolution of the web
camera is 1600X896 pixels with 30 fps for capturing. The information is sent to the computer and

the image is processed using the image processing method with LabVIEW software.

Figure 2. An autonomous mobile robot system

3
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2.2.2 Object extraction from red plane

The RGB color image is an input signal of the computer. RGB (Red, Green, Blue) is the basic
physical color of the object. The color of the robot is orange. This characteristic is distinguished
from the scene. The object is separated from the scene by using red plane extraction and then the
information is sent to thresholding.

2.2.3 Thresholding

Thresholding plays an important role in segmentation techniques and involves the separation of the
object from the scene. The scene is changed to black color background. The object becomes more
distinct. This process quickly determines the object and leads to finding the correct object.

2.2.4 Image matching

The image matching technique is used to evaluate the effect of the object by comparing the source
image and the input image. The image matching process finds the existence of a pattern within a
source image and it proceeds via the four steps as follows:
1) The object is captured as a source image to identify and reference patterns for matching
2) The web camera captures the image to send to the computer. The input image is
compared across the source image to identify similar features that provide a matching of pairs
between the source image and the input image.

(A1, B1) < (A2, B2) 1)

Where (A1, B1) is a feature in the source image and (A2, B2) is a matching feature in the input
image.

3) The angle orientation parameter is set up to allows an automated way to detect images
of an object in 360 degrees

4) The graphical interface is set up, and the trajectory of the robot is displayed in the graphic
map. The computer updates the current location of the vehicle movement and reports the current
position to the path planning.

2.2.5 Navigation system

The main purpose of the path planning is to guide the robot to its goal by locating the mobile robot’s
position relative to the destination position. The current position of the mobile robot is obtained by
image processing. The mobile robot’s position and the destination position can be derived by using
the parameters as follows:

[(Xd - Xc), (Yd - Y¢)] <100 @)

The design path planning consists of four terms as follows:

1) The mobile robot goes straight in the Y- axis direction until the distance between the
mobile robot’s position and target position is less than or equal to +100 pixels.

2) The mobile robot turns to the right when the result of distance in the Y axis direction
between the target and the mobile robot (Yd — Yc) has a positive value.

3) The mobile robot turns to the left when the result of distance in the Y axis direction
between the target and the mobile robot (Yd — Yc¢) has a negative value.
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4) The mobile robot moves forward in the X- axis direction until the distance between the
mobile robot’s position and target position is less than or equal to +100 pixels and then it stops.

The computer processes the information and sends data to the microcontroller at the same
time, which requests for commands to be executed as mobile robot movement. The program displays
the mobile robot trajectory graphic within a given position in the pixels of the monitor as shown in
Figure 3. Therefore, the vision system not only shows a graphic map by the image processing
method but also navigates to guide the robot to go to the goal as directed by path planning.

Figure 3. Tracking by using the image processing

2.3 Mobile robot system
2.3.1 The mobile robot’s structure

The mobile robot’s structural dimensions are 320 mm long, 250 wide, and 280 mm tall. The robot
has an orange color for image processing detection. There are four wheels on the mobile robot. Two
wheels of the mobile robot are attached to DC motors and the two additional wheels are attached to
the rear of a vehicle to assist when the robot performs the turn. The DC motors are connected to a
L298N board. The L298N board is used to generate a PWM signal from the microcontroller.

2.3.2 Microcontroller

The microcontroller mainly controls the speed and direction of the mobile robot. Generally, the
function of the microcontroller is to receive the mobile robot’s status perception from many sensors.
The control signal carries directional information including environment perception to control the
wheels and drives the robot to reach the goal. In this research, the ESP8266 NodeMCU
microcontroller board is used to interface with the vision system. Starting point, path planning, and
goal are fed as inputs into the vision system and then passed to the microcontroller. The
microcontroller executes those instructions to control the mobile robot’s direction and Speed
according to the path planning program. The ESP8266 NodeMCU is installed on the mobile robot
to control the wheels. A diagram of all physical connections between the ESP8266 NodeMCU board
and the several peripherals is shown in Figure 4. The described physical connections between
ESP8266. This diagram obviously presents that the marked position is linked to 1/0 of the ESP8266
NodeMCU board.
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Computer I
|

Web Cam

Motor Driver
Toggle Switch = Module

Battery Two Wheels

Figure 4. The physical connections between ESP8266 and each block of the proposed system

The path planning obtains information about the mobile robot’s location and destination
from image processing, which is designed to facilitate a car’s movements and navigation from the
starting point to the goal. The microcontroller utilizes path planning from the computer to control
two wheels of a mobile robot into four functions: 1) Forward, 2) Turn left, 3) Turn right, and 4)
Stop. The two wheels of the mobile robot are directly used for direction control in which four
function datasets have been provided in Table 1.

Table 1. Control direction wheels of the mobile robot

Function Left Motor Right Motor
Forward High (CW) High (CW)
Turn Left LOW High (CW)
Turn Right High (CW) LOW

Stop LOW LOW

The stop toggle switch connects the digital inputs of the ESP8266 Node MCU board and
the L298N maotor driver module, which is used to stop in an emergency case. The ESP8266 Node
MCU board is connected to the computer via a USB serial port. This whole process is summarized
in Figure 5.

Computer Microcontroller
T e e s S ————————— 1
: i |
1 | Mabile robot position il 1
Start _i"' fm i8¢ Destination Position e > Path _i'lr" Control —L' Destination
i Processing planning | I} | Wheels !
i i i
e o o B I e o o 1

Figure 5. Blocks diagram of the mobile robot system

472



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

3. Results and Discussion
3.1 Test 1: Four corner of starting

There are four corners for starting: 1) The upper left corner, 2) The upper right corner, 3) The lower
left corner, and 4) The lower right corner. The robot is required to autonomously execute a
movement from four corners to the goal at point (800,400) as shown in Figure 6. A simulation was
performed to evaluate the performance in order to reduce and eliminate errors before the test. The
result of the trajectory to control the mabile robot is shown in Figures 7.

The image processing method used to determine the position of the robot by setting the
web camera is attached above the mobile robot and the mobile robot executes the commands via the
microcontroller. The trajectory of the robot is displayed in data as shown in Figure 8. The accurate
trajectory followed the mobile robot movement. When the mobile robot is placed at the upper left
corner (a, b) and the lower right corner (g, h), the mobile robot can go straight in the Y-axis direction
then turn to the left and go straight to reach the goal by executing the command in range within
100 pixels. When the mobile robot is placed at the upper right corner (c, d) and the lower left corner
(c, d), the mobile robot can go straight in the Y-axis direction then turn to the right and go straight
to reach the goal by executing the command in range within £ 100 pixels.

X

(270, 110) (1254, 19)

(88, 862)

Figure 6. The trajectory of an autonomous mobile robot of four cornner of starting
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Figure 7. The trajectory simulation of an autonomous maobile robot at four corners

474



X-axis

Trajectoty(Pixels)

Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

| The upper left corner |

o
=)
d

-3
S
=3

~
=]
=]

o
S
=3

w
1=}
=}

n
=3
=3

=}
e

=]

X-axis

Trajectoty(Pixels)

2 4 6 8 10 12 14 16 18 20 22 24

Time(Seconds)

26 28 30

| The upper right corner . |

1300~

1250

1200

1150

750

0 2 4 6 8

10 12 14 16 18 20 22 24 26 28 30
Time(Seconds)
c

[ ower et comer [/

/

100

0-

]

X-axis

Trajectoty(Pixels)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

| The lower right corner |

1250
1200

1150

1100

1050
1000

950

900

850

\

800
750

0

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

g

450

The upper left corner

150

Y-axis
45

0 2

0

4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

b

| The upper right corner |

e e O S B N P B

B
=
c

W W
e
S o

N
«
c

n
1=
b=

@
c

Trajectoty(Pixels)

=)
=)

v
o

850

80
75

~
P=3
b=

[V

H

)

)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

d

| The lower left corner |

\

j=!

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

| The lower right corner |

0N

0

o
o
c

=]
=)

il
c

PRI ENT Y
o o
=)

Trajectoty(Pixels)

N

»
c
S

35

w
=)
=)

0

P N—™N

(]

2 4 6 & 10 12 14 16 18 20 22 24 26 28 30

Time(Seconds)

h

Figure 8. The trajectory of an autonomous mobile robot at four corners
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3.2 Test 2: Two points of goal

To ensure that it confirmed the autonomous vehicle movement, the mobile robot was required to
autonomously execute a movement from the upper left corner to the goal at point (300,800) and
(110,450) as shown in Figure 9.

The simulations evaluated the performance as shown in Figure 10. The mobile robot moved
straight from the upper left corner to go to the point (300,800) as shown in Figure 11 (a, b). When
the goal has changed as shown in Figure 11 (c, d), the mobile robot was able to move straight along

Figure 9. The trajectory of an autonomous mobile robot from the upper left corner to the goal
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Figure 10. The trajectory simulation from the upper left corner to the point of goal
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Figure 11. The trajectory of an autonomous mobile robot from the upper left corner

the y-axis direction then the mobile robot turned to the left on the x-axis direction and went straight
to the point (1100,450). The overall trajectory was executed fully and autonomously, and the robot
successfully arrived at the goal. These experiments with the automated mobile robot using the
microcontroller under vision system navigation demonstrated that the system was sensitive and
responsive enough to automatically move the mobile robot, which arrived at the goal successfully.

Table 2 shows that the movements of the mobile robot simulation and experiment had an
average error rate of (X, Y) position of 7.51%, 1.63%, 9.00%, 4.26%, 3.01% and 1.18%,
respectively. This indicates that the image processing method by setting the web camera above the
robot interfacing with the microcontroller was able to take control of the autonomous vehicle
movement.
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Table 2. Function of movement the mobile robot

X Y X Y AVG

Function Sim Sim Test Test Error
(Px) (Px) (Px) (Px) (%)
The upper left corner 800 400 813 462 7.51
The upper right corner 800 400 786 406 1.63
The lower left corner 800 400 740 444 9.00
The lower right corner 800 400 779 378 4.26
Straight 300 800 310 310 3.01
Turn left 1100 450 1119 453 1.18

4. Conclusions

These results confirm that the path planning can be programmed and designed for autonomous
navigation in the vision system. The vision system can be interacted with the microcontroller to
move the vehicle to the destination successfully. In this research, the area is limited to the coverage
of the field of view of the camera. This method has been designed to support the system operation,
enabling the mobile robot to automatically move to the destination by only using a web camera
sensor. The mobile robot was enhanced and became more accurate upon the resolution of the
camera, light intensity and light stability. The mobile robot system was not only controlled by an
interactive interface but also achieved autonomous navigation by extracting the appropriate mapping
information. In future work, we will develop and design a vehicle system that is able to avoid
obstruction in various situations.
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Abstract

Coastal plants produce more secondary metabolites than normal terrestrial plants and this means
that they may possess many bioactive compounds that are worth studying. The study described
antioxidant, in vitro tyrosinase inhibition activity and cytotoxicity of six coastal plants including
Sonneratia alba, Rhizophora apiculata, Syzygium grande, Rhizophora mucronata, Hibiscus
tiliaceus and Bruguiera gymnorhiza. Leaves of these coastal plants were sequentially extracted
using dichloromethane (DE), ethyl acetate (EE), acetone (AE) and methanol (ME). Most AE and
ME extracts exerted high free radical scavenging activity which ranged from 124 to 454 mg AA/g
extract. However, R. apiculata, R. mucronata and H. tiliaceus showed stronger in vitro tyrosinase
inhibition, in which H. tiliaceus DE exhibited the lowest ICs value, followed by R. mucronata DE
and R. apiculata ME. Tested with B16F1 murine melanoma cells, 9 out of 24 extracts studied for
24 h incubation and 4 out 24 extracts for 72 h incubation showed low cytotoxic. Tyrosinase
inhibiting extracts with low cytotoxicity such as H. tiliaceus are potential additives in skin-
whitening formulations and should be further studied for their melanogenesis inhibition.

Keywords: Malaysian coastal plants; antioxidant; anti-tyrosinase; cytotoxicity; B16F1 murine
melanoma cell
DOI 10.14456/cast.2021.48

1. Introduction

Coastal forests are considered a vital natural heritage of Malaysia as much of Malaysia’s rural
population living along its 4,675 km coastline are dependent on coastal forests for their livelihood.
The role of mangroves, as nursery and feeding areas, was well documented by Jusoff [1] and
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Neamsuvan et al. [2]. Despite their great diversity and ecological function, coastal forests are under
constant threat of being converted into oil palm estates [3].

Coastal forests occur in relatively harsh condition characterised by high salinity and intense
UV radiation. In order to survive in difficult environment, coastal plants produce more secondary
metabolites than normal terrestrial plants [4, 5]. This makes the coastal plants good candidates for
bioprospecting which can provide an additional reason for preserving coastal forests. Such efforts
are in line with Goals 9 and 14 of the UN Sustainable Development Goals. Wood from coastal plants,
including the trunk and the woody roots of mangroves, are often used for firewood and charcoal
production, construction of dwellings as well as production of furniture, boats, and fishing gear. The
leaves are often discarded as waste and they can be safely harvested without felling the tree. Thus,
the leaves of the coastal plants have been used for the study of their bioactivity.

Six coastal plants including Sonneratia alba, Rhizophora apiculata, Syzygium grande,
Rhizophora mucronata, Hibiscus tiliaceus and Bruguiera gymnorhiza were used in this study
(Figure 1). Sonneratia alba, also known as Mangrove apple, belongs to family Sonneratiacea. It
has rounded and leathery leaves and can be found in the Pacific [6]. Rhizophora apiculata and R.
mucronata are the major species of Rhizophora. In Malaysia, R. apiculata and R. mucronate, locally
known as Bakau minyak and Bakau kurap, are the famous mangrove plant widely used in charcoal
industry [5].

Syzygium grande
minyak) (Jambu laut)

Sonneratia alba Rhizophora apiculata
(Perepat) (Bakau

ﬁhizoph Hibiscus tiliceus Bruguiera gymnorhiza
(Bakau kurap) (Bebaru) (Tumu merah)

Figure 1. Photos of selected coastal plants taken from the field

Sonneratia grande, also known locally as Sea apple or Jambu laut, is a common coastal
plant that is often used for roadside plantings. Hibiscus tiliaceus, or Sea hibiscus, is an evergreen
plant which normally grows up to 3-10 meters in height [7]. Bruguiera gymnorhiza or Tumu merah
is a widespread mangrove species in the Pacific [6]. Some parts, like fruits, leaves and shoots of
these chosen coastal plants, are edible. Some of these coastal plants were reported to have medicinal
and bioactive properties such as antimicrobial, anti-tumour and anti-depressant activities. This may
be related to the wealth of bioactive phytochemicals such as flavonoids, triterpenes, phenols and
hydrocarbons present in the selected plants [5, 7].

Tyrosinase is an important enzyme which catalyzes the initial steps of melagenic pathway.
It is involved in the formation of ortho-quinone, which then undergoes other reactions and forms
melanin, causing skin darkening [8]. To prevent the formation of melanin, tyrosinase inhibition is
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the safest way to inhibit melanogenesis. In the literature, antioxidant and anti-tyrosinase properties
of several coastal plants, for example, biflavonoids isolated from Garcinia subelliptica exhibited
strong anti-tyrosinase activity [9, 10]. Possible tyrosinase inhibition ability of the coastal plants may
add to the growing body of knowledge on the therapeutic application of coastal forests and promote
their conservation.

Solvent extraction is a common technique for sample preparation and involves separation
of compounds [11]. The abundant phytochemicals found in these coastal plants can be separated by
using different extraction solvents. In this study, we intend to compare the antioxidant and anti-
tyrosinase activities of leaves from selected Malaysian coastal plants extracts using different
extraction solvent. Leaves are ideal for bioprospecting as they can be safely harvested without
felling the tree. The safety of the plant extracts will also be determined based on the cytotoxicity of
the extracts on B16F1 murine melanoma cells.

2. Materials and Methods
2.1 Plant Materials

Six coastal plants were chosen for this study: Sonneratia alba Sm., Rhizophora apiculata Blume.,
Syzygium grande (Wight) Walp., Rhizophora mucronata Lam., Hibiscus tiliaceus Linn., and
Bruguiera gymnorhiza (L.) Lam. They were sampled from the vicinity of Pulau Indah and Teluk
Gong, Selangor, Malaysia and authenticated by a botanist, Dr. H.T. Chan. All reagents and solvents
used in this study were of analytical grade.

2.2 Plant extraction and preparation

The mangrove leaves were dried in an oven at 50°C and ground into powder. For the determination
of mode of inhibition of the plants, methanol (300 ml) was used to extract the powdered leaf samples
(15 g) followed by continuous swirling for 1 h at room temperature. This was done at a 20:1 (v/w)
solvent to sample ratio. For subsequent analysis for determining the tyrosinase inhibition,
antioxidant properties and cell viability, a sequential extraction was used to fractionate the
phytochemicals according to polarity. The sequential extraction used the following solvents in order:
dichloromethane (DE), ethyl acetate (EE), acetone (AE) and methanol (ME), using the same solvent
to sample ratio of 20:1 (v/w). All extracts were dried using a rotary evaporator to yield an amorphous
solid. The extracts were oven-dried until constant weight and stored at room temperature. A stock
solution of 10 mg/ml of each dried extract was then prepared using DMSO and used for the
following tests and assays.

2.3 Phenolic contents
2.3.1 Total phenolic contents

Extracts of four types of solvents were analysed for total phenolic content (TPC) and total flavonoid
content (TFC). Total phenolic content (TPC) was assayed using Folin-Ciocalteu (FC) assay with
modification [12]. Extracts (21 ul) were mixed with 105 ul of FC reagent (10 times dilution) and 84
ul of sodium carbonate (7.5%, w/v). After 30 min incubation in the dark, absorbance was measured
at 765 nm and the result was expressed as gallic acid equivalent (GAE) in mg/g of sample. The
standard equation for gallic acid was y = 0.0054x (R? = 0.9997).

2.3.2 Total flavonoid contents
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Total flavonoid content (TFC) was evaluated using the aluminium chloride assay [13]. Extracts (21
ul) were mixed with 63 pl of methanol, 42 pl of 1% aluminum chloride, 42 pl of 0.1M potassium
acetate and 42 pl of ultra-pure water. The assay solutions were incubated at room temperature for
10 min and absorbance was measured at 415 nm. Total flavonoid content was expressed as quercetin
equivalent (QE) in mg/g plant material. The standard equation for quercetin was y = 0.0031x (R? =
0.9996).

2.4 Antioxidant assay

Antioxidant activity of the extracts was examined depending on the ferrous ion chelatig ability (FIC)
and free radical scavenging activity using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay.

2.4.1 Ferrous ion chelating (FIC) ability

FIC ability was measured using the ferrozine assay as described by Chan et al. [14]. FeSO4 (0.2 mM,
35 ul) was mixed with different dilutions of extracts (140 pl), followed by ferrozine (0.5 mM, 35
uL). Absorbance (A) was measured at 562 nm after 10 min. Sample blanks comprised appropriate
dilutions of sample with FeSO,4 but did not have ferrozine added. Chelating ability of extracts (%)
was calculated as (1 - As/Ac) x 100 (s = sample, ¢ = control). FIC ability was expressed as chelating
efficiency concentration (CECso) in mg/ml.

2.4.2 DPPH assay

The free radical scavenging (FRS) activity of samples was determined following Chan et al. [12]
with modification. Different dilutions of extracts (70 ul) were added to 140 ul of DPPH (5.9 mg/100
ml methanol). Absorbance was measured at 517 nm after 30 min incubation in the dark and ICso
was expressed as ascorbic acid antioxidant capacity (AEAC) in mg ascorbic acid (AA)/g, and
calculated as 1Cso(a)/ICso(s) x 10° (a = ascorbate, s = sample).

2.5 Determination of mode of inhibition of the coastal plants

Mode of inhibition of methanol extracted samples was assessed using modified dopachrome method
with 3,4-dihydroxy-L-phenylalanine (L-DOPA) as substrate [14]. The assay was conducted in a 96-
well microtiter plate using a plate reader to measure absorbance (A) at 475 nm with 700 nm as
reference. Forty pl of sample (125-500 pg/ml) in 80 pl of phosphate buffer (0.1M, pH 6.8), 40 pl of
mushroom tyrosinase (31 units/ml), and 40 pl of L-DOPA (2.5-10 mM) were mixed and absorbance
was measured spectrophotometrically at 20 s intervals up to 300 s. Lineweaver-Burk plot was
plotted for both enzyme activities without inhibitors and with inhibitors. K; value and types of
inhibition for each inhibitor was identified based on the Lineweaver-Burk plot.

2.6 In vitro tyrosinase inhibition assay

Tyrosinase inhibition activity (TI1A) of total 24 samples was assessed using the dopachrome method
which was mentioned earlier with slight modification [15]. Samples were dissolved in 50% dimethyl
sulphoxide (DMSO) and 40 pl of sample was added to 80 pul of 0.1 M phosphate buffer at pH 6.8
with 40 pl of mushroom tyrosinase (31 units/ml). After incubated at 37°C for 1 min, 40 ul of L-
DOPA (2.5 mM) was added and absorbance was measured at 475 nm with 700 nm as reference after
a 30-min incubation. Each sample was accompanied by a blank that had all the components except
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L-DOPA. Results in percentage inhibition (%) were expressed as half-maximal inhibition (1Cs)
value. Kojic acid was used as a positive control.

2.7 Cell viability assay

The B16F1 murine melanoma cell lines (ATCC® CRL-6323™), obtained from the American Type
Culture Collection (USA), were cultured in DMEM supplemented with 5% fetal bovine serum and
1% penicillin (10,000 pg/ml)/ streptomycin (10,000 pg/ml). The cells were placed in CO, incubator
at 37°C to reach a confluent monolayer.

Cell viability assay of all the samples was performed using 3-(4,5-imethylthiazol-2-yl)-
2,5- diphenyltetrazolium bromide (MTT) as described by Sharif et al. [16] with modification. Cells
were first seeded in a 96-well plate with 10,000 cells in 0.2 ml growth medium per well and were
placed overnight in the incubator. The cells were treated with plant extracts (100 pg/ml) for 24 h
and 72 h. Viability of the cells was determined by adding MTT solution (0.5 mg/ml) followed by
incubation for 3 h. DMSO was used to solubilise the MTT derivatives and absorbance was measured
at 570 nm. A negative control was included to determine cell growth in the absence of any treatment.
Cells viability (%) was calculated as (As7o of treated cells/Asz of control) x 100 and the results were
expressed as half-maximal inhibitory concentration (1Cso) values.

2.8 Statistical analysis

All experiments were done in triplicate (n = 3) and results were expressed as mean + standard
deviation (SD). Analysis of variance (ANOVA) was analysed using the Tukey Honestly Significant
Difference (HSD) test with significant difference at p < 0.05. Correlation between different variables
were expressed as Pearson’s correlation. All the analysis was done using IBM SPSS Statistics 22.

3. Results and Discussions
3.1 Extraction efficiency

All coastal plant leaf sample were extracted with solvents of increasing polarity which were DE, EE,
AE and ME (with polarity index 3.1, 4.4, 5.1 and 5.1, respectively) [17]. By using these solvents,
compounds of varying polarity were extracted. Methanol extracts were found to obtain higher yield
than all other extracts. Methanol extracts of all the coastal plants, except for S. grande and H.
tiliaceus, exhibited more than 15% yield while the other extracts exhibited less than 5% yield. This
may be due to the high solubility parameter of methanol in which most of the leftover compounds
were soluble and extracted in methanol [17]. Despite having the same polarity index, acetone is less
able to extract polar compounds as it only has a single carbonyl oxygen as a hydrogen bond acceptor
and no hydrogen bond donor.

3.2 Phenolic contents

Phenolic contents assays include total phenolic contents and total flavonoid contents of the coastal
plant extracts as shown in Table 1.
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Table 1. Phenolic content and antioxidant activity of coastal plant extracts

Coastal

Phenolic contents

Antioxidant activity

Plants Extract TPC TEC CECs AEAC
(mg GAE/g) (mg QE/g) (mg/ml) (mg AA/g)

DE 22.92 +2.220A 58.31 + 5.81°C 0.215+0.022®  9.472 +0.13C

Sonneratia EE 56.88 + 2.51°A 75.73 + 6.65* 0.179 + 0.02°F  40.71 + 0.84°8

alba AE 383.0 + 15.8% 30.84 + 2.03¢¢ 0.097 £ 0.01°¢  190.9 + 10.0C

ME 186.8 + 13.4%A 11.26 + 1.06% 0.129 £ 0.01°¢  357.1 +31.1%®

DE 8.025 + 0.729P 54.62 + 4.78°C 0.348 £ 0.02®  17.62 + 0.59%A

Rhizophora EE 41.73 + 2.96%8 75.48 + 7.30¢ 0.979 £ 0.05%  36.22 + 1.20%¢

apiculata AE 122.0 +11.8°0 54.84 + 5,100~ 0.983 +£0.08%8  123.6 + 4.56°P

ME 184.7 + 12.334 11.82 +1.08°® 0.582 +0.04°¢  327.7 +20.3%

DE 15.43 +1.31% 46.48 + 4.24%C 0.433 £0.01*  9.802 + 0.43¢C

Syzygium EE 46.23 + 2,798 49.67 + 3.65C 0.048 + 0.009F  27.78 + 2.190

grande AE 234.4 +17.6%8 45.31 + 4.32% 0.316 £ 0.01°®  352.6 + 15.20A

ME 172.0 + 15.5048 11.74 +1.14%8 0.115+ 0.01°¢  453.6 + 46.0*A

DE 10.21 + 0.904cP 12.23 +8.94°P 0.297 £0.03°¢ 9,239 +0.33C

Rhizophora EE 58.98 +3.20%A 53.37 £5.018C  1.232 +0.07%* 51.54 + 3.98°A

mucronata AE 203.4 + 14.9%¢ 34.23 +2.92°%C 0.812 +0.05°¢  260.1 + 20.6%

ME 156.7 + 15.6"8 10.89 + 0.88° 0.878 £ 0.05""  175.0 + 15.4°C

DE 10.87 +1.074¢ 85.36 + 8.12% 0.096 + 0.01°¢  11.64 +0.88%

Hibiscus EE 31.12 + 3.04¢¢ 62.08 + 5.29%8 0.468 +0.03°®  15.28 + 0.20°F

tiliaceus AE 55.31 + 1.88%F 45.12 + 3,758 0.933+0.05%8  34.70 + 0.84%F

ME 150.8 + 8.29%8¢ 5.740 + 0.684C 0.403 +0.03°®  153.0 + 3.15%C

DE 14.14 + 1.25° 70.49 + 6.84%® 0.199 +0.029®  8.990 + 0.26C

Brugueira EE 26.62 + 1.61°C 54.49 + 5.28°8C  0.693 +0.02°C  15.16 + 0.29¢

gymnorhiza AE 139.2 +10.7%° 54.06 + 5.34A 1.266 + 0.06%*  143.7 + 7.24P

ME 130.9 + 5.60% 17.25 + 1.86%* 0.787 +0.06"®  155.7 + 6.23%

Values represented mean £ SD (n = 3), p < 0.05. Within each column of each species, different
superscript letters (a-d) and (A-F) indicates significant difference of different plant extracts at p <
0.05. Abbreviations: DE = dichloromethane extract, EE = ethyl acetate extract, AE = acetone extract,
ME = methanol extract, TPC = total phenolic contents, TFC = total flavonoid contents, CECs =
chelating efficiency concentration, AEAC = ascorbic acid antioxidant capacity

3.2.1 Total phenolic content (TPC)

Natural antioxidants are widely found in medicinal plants in the form of phenolic compounds.
According to Table 1, R. mucronata AE showed the highest TPC value (364 mg GAE/g extract),
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followed by S. grande AE (300 mg GAE/g extract) and H. tiliaceus ME (261 mg GAE/g extract).
Significant difference was observed when different extraction solvents were used.

Most AE and ME showed high total phenolic content which was more than 50 mg GAE/g
extract. This is in accordance with Barchan et al. [18] in which polar solvents were more effective
in extracting phenolic compounds. This indicates that most phenolic compounds are more polar.
Leaves of H. tiliaceus and S. grande were said to possess higher TPC values than the other plants
such as Hibiscus sabdariffa, which ranged from 18-30 mg GAE/g extract [19] as well as Psidium
guayaquilense and Psidium rostratum, which ranged from 6-9 mg GAE/g extract [20]. This
suggested that these coastal plants could be a good source of phenolic compounds and antioxidants.

3.2.2 Total flavonoid content (TFC)

For TFC values, the three extracts with the highest TFC values were H. tiliaceus DE (85 mg QE/g
extract), S. alba EE (76 mg QE/g extract) and R. apiculata EE (75 mg QE/g extract). For all the
coastal samples except S. grande, significant difference was obtained for different solvents used.
However, no significant difference was observed between different coastal plants using the same
extraction solvent.

Flavonoids are regarded as one of the main types of phenolic compounds. However, in
contrast with the TPC, most of the ME and AE showed lower TFC values. This indicates that the
phenolic compounds of the extracts could be other types of phenolic compounds [21]. The TFC
values are comparable to those reported in the leaves of Eupatorium adenophorum, which ranged
from 19-32 mg QE/g extract and Cucumis melo, which was 30 mg QE/g extract [22, 23].

3.3 Antioxidant activity

The antioxidant activity of coastal samples was accessed by FIC assay (CECsg) and DPPH assay
(AEAC), and the results are summarised in Table 1. In terms of FIC activity, S. grande EE extract
showed the lowest CECso, which was 0.05 mg/ml, followed by S. alba AE and H. tiliaceus DE,
which both exhibited CECso of 0.10 mg/ml. No fixed pattern was observed for CECs, value of
coastal plants extracted by different solvents. For DPPH assay, S. grande ME, S. alba ME and S.
grande AE exhibited the top three highest radical scavenging activities with AEAC of 454, 357 and
353 mg AA/g extract, respectively. Most of the AE and ME showed higher antioxidant activity in
DPPH assay, which was similar to TPC assay. The antioxidant properties of most of the extracts
were comparable to those reported by Silva and Sirasa [24] which ranged from 1-27 mg AA/g.

Phenolic compounds are well known for antioxidant activity due to their capacity to act as
reducing agents, hydrogen donors and singlet oxygen quenchers [25]. In correlation analysis, AEAC
was positively correlated with TPC with correlation coefficient of r = 0.965 (Figure 2). This
indicates that the ability to quench DPPH free radicals increases when phenolic content increases,
but levels off to a flat plateau at high phenolic content. While AEAC have weak negative correlation
with TFC (r = -0.632) which indicates that flavonoids contributed less or no antioxidant power to
the antioxidant capacity of coastal plant extracts. TPC have a weak correlation with TFC (r = -
0.534), which might be because flavonoids are just a group of phenolic compounds that consist of
other compounds such as phenolic acid, tannins and lignans [26].

However, there was no correlation between AEAC and CECs (r = -0.087). This might be
due to the potential of the phytochemicals to act as free radical quencher but this does not necessarily
equal to their ability as metal ion chelator. This could be further examined as no relationship was
obtained between CECso with TPC (r =-0.029) and TFC (r = 0.038). This finding was in accordance
with the results reported by Ngo et al. [27].
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Figure 2. Correlation graph of total phenolic content (TPC) and free radical scavenging (FRS)
activity of different coastal plant extracts

3.4 In vitro tyrosinase inhibition assay

Table 2 summarises the in vitro tyrosinase inhibition activity based on 1Csy values, and types of
inhibition of plant extracts. Tyrosinase inhibition percentage increased in dose-dependent manner
as inhibition percentage increased with increased extract concentration. Lower I1Csg value indicates
higher tyrosinase inhibition capacity. It was found that H. tiliaceus DE inhibited the tyrosinase
enzyme the most with the lowest ICso value (0.13 mg/ml), followed by R. mucronata DE (0.15
mg/ml) and R. apiculata ME (0.28 mg/ml). Tyrosinase inhibition properties of these three extracts
were comparable with a-mangostin reported by Hassan et al. [28], but they were much lower than
positive control (kojic acid) used in this study. All EE exhibited low inhibition towards tyrosinase,
which suggested that ethyl acetate is not a good solvent for extracting tyrosinase inhibiting
compounds.

In general, antioxidants were said to be possible tyrosinase inhibitor as they can prevent
the initial reaction of tyrosinase by reacting with oxygen. They can also reduce o-quinone back to
o-diphenol [29]. However, there was no correlation between antioxidant and anti-tyrosinase activity
(r = -0.271). For example, H. tiliaceus DE which is the best tyrosinase inhibitor among all the
extracts, exhibited low AEAC (12 mg AA/g extract). This indicates that the tyrosinase inhibiting
compounds may not possess antioxidant properties. Melecchi et al. [30] reported on a number of
compounds in dichloromethane fractionated extract from H. tiliaceus. However, bioactivity guide
fractionation and structural elucidation would be required to link these compounds to specific
bioactivity.

In terms of type of inhibition, inhibitors can be categorized into competitive, non-
competitive, uncompetitive as well as mixed inhibitors. This can be determined by the Lineweaver-
Burk plot in which the plot of H. tiliaceus was shown in Figure 3. Competitive inhibitors commonly
bind to enzymes at the substrate binding site, preventing the interaction of the enzymes with
substrates while non-competitive inhibitors bind enzymes at the site other than active site to inhibit
the enzyme. Uncompetitive inhibition occurs when inhibitors bind to enzyme-substrate complex
and enhance the binding of substrates to enzymes, results in decreasing of the rate of reaction. Mixed
inhibitors resemble the activities of both competitive and uncompetitive inhibitors [31].
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Table 2. In vitro tyrosinase inhibition activity of different coastal plant extracts expressed in 1Csg
value (mg/ml) and the type of inhibition identified.

Coastal Ki Type of
DE EE AE ME N

plant (mg/ml) inhibition

Sonneratia 0,60+ 178 + 0.55 + 0.65 + Un-

0.45

alba 0.05%A 0.06% 0.040¢ 0.06¢ competitive

Rhizophora 0.60 + 1.21+ 0.64 + 0.28 + 014 Non-

apiculata 0.03 0.11% 0.068 0.02¢ ' competitive

Syzygium 0.44 + 1.94 + 0.38 + 0.48 + 038 Un-

grande 0.04bce 0.05%A 0.02¢P 0.03° ' competitive

Rhizophora 0.15 + 1.37 + 0.66 + 0.79 + 033 Non-

mucronata 0.01¢¢ 0.14%¢ 0.04%8 0.04%8 ' competitive

Hibiscus 0.13+ 0.74 + 0.54 + 0.46 +

o 0.60/0.20  Mixed

tiliaceus 0.01C 0.07%€ 0.04¢ 0.05°P

Brugueira 0.62 + 1.48 + 1.30 + 1.30 + 062 Un-

gymnorhiza g gcA 0.052¢ 0.08°A 0.08%A ' competitive

Control

o 0.01 +0.00
(kojic acid)

Values represent mean + SD (n = 3), p < 0.05. Within each column of each species, different
superscript letters (a-c) and (A-E) indicates significant difference of different solvents and types of
plant at p < 0.05. Abbreviations: DE = dichloromethane extract, EE = ethyl acetate extract, AE =
acetone extract, ME = methanol extract

Rhizophora apiculata and R. mucronata are non-competitive inhibitors and H. tiliaceus is
a mixed-type inhibitor. Non-competitive inhibitor may be good for the future application as it works
regardless of substrate concentration whereas mixed-type inhibitor indicates that there may be more
than one type of inhibitors (active compounds) in the extracts [32]. Among all the coastal plants, R.
apiculata was found to exhibit lowest K; value (0.14 mg/ml) which indicated the strongest binding
towards the enzyme. This may be because R. apiculata non-competitively inhibited the enzyme,
binding to a site other than the active site [33].
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Figure 3. Tyrosinase inhibitory effect of Hibiscus tiliaceus
3.5 Cell viability assay

No studies of cytotoxicity on B16F1 murine melanoma cells have been done on the selected coastal
plants. It is necessarily to determine the cytotoxicity of the extracts because they may lead to
inflammation. The cytotoxicity of all the extracts were screened against B16F1 murine melanoma
cells for 24 and 72 h, and the results obtained were reported in Figure 4. In the study of cytotoxicity
of the extracts, higher cell viability was preferred. From the results of 24 h, it was noticed that 9 out
of 24 extracts had more than 80% cell viability which is considered as low cytotoxic. The most
promising extracts for 24 h were H. tiliaceus ME (111%), R. apiculata DE (99%) and H. tiliaceus
EE (96%). For MTT assay for 72 h, only 4 out of 24 extracts exhibited more than 80% cell viability.

From anti-tyrosinase study, R. apiculata ME, R. mucronata DE and H. tiliaceus DE were
more potent inhibitors, however, only H. tiliaceus DE had more than 80% cell viability for 24 h
which is good to be further studied. Interestingly, R. apiculata ME showed an increased cell viability
(83%) for 72 h. Weak positive correlation was obtained for cell viability of 24 hand 72 h (r = 0.573),
which inferred that not all samples had decresed cell viability from 24 h to 72 h. This was explained
by Prakash et al. [34], whose work indicated that the variation in cytotoxicity was with respect to
the mechanism of the plant extract.

Some extracts such as R. apiculata ME and S. alba AE exhibited cytotoxic potential
towards melanoma cells with 1Cso value lower than 100 pg/ml. This is comparable with Kalanchoe
laciniata (322-639 pg/ml) and Bryophyllum pinnatum (552 pg/ml) which were addressed by Sharif
et al. [16]. Therefore, it is recommended to extend the study on these extracts for their anti-
carcinogenic effect.
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Figure 4. Cell viability in percentage against samples in 100 pg/ml for: a) 24 h and b) 72 h
Abbreviations: SA =S. alba, RA = R. apiculata, SG = S. grande, RM = R. mucronata, HT = H.
tiliaceus, BG = B. gymnorhiza, DE = dichloromethane extract, EE = ethyl acetate extract, AE =

acetone extract, ME = methanol extract. Values represent mean £ SD (n = 3), p < 0.05
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4. Conclusions

In summary, different bioactive constituents from the six selected coastal plants were extracted with
different solvents according to their polarity. It can be concluded that AEAC of the extracts was
positively correlated with TPC. Most of the AEs and MEs showed high TPC and DPPH radical
scavenging activity, but did not show high TFC and FIC abilities. Hibiscus tiliaceus DE, R.
mucronata DE and R. apiculata ME were found to possess high anti-tyrosinase properties. Out of
these three extracts, H. tiliaceus DE exhibited the lowest cytotoxicity on B16F1 murine melanoma
cells, and is thus considered the safest to use. Tyrosinase-inhibiting extracts with low cytotoxicity
are potential additives in skin-whitening formulations and should be further studied for their
melanogenesis inhibition, and subsequent pre-clinical skin irritation and absorption studies.
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Abstract

Using the so-called characteristic method, continuous solutions of the fourth order polynomial-like
iterative equation

feX)+a, f3(x)+a,f2(x)+a,f(x)+a,x=0
were determined subject to certain natural conditions on its characteristic roots. The result so
obtained complements earlier work in the cases of second and third order equations.

Keywords: polynomial-like iterative equation; continuous solution; characteristic root
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1. Introduction

For ne N, the n" iterate of a function f is defined by
fr(x)=f(f"(x)), F°(x)=x .
A polynomial-like iterative equation is a functional equation of the form
fr () +a, , f" () +...+a,x=F(x) , (1.1)
where a, eR (i=0,12,..,n-1), Fis a given function, and f:R — R is an unknown function.
The homogeneous case of (1.1) (i.e., when F(x)=0)
fr(x)+a,_, F"H(X)+..+a,x =0 (1.2)

is of interest here. There have appeared a number of recent works [1-4] attempting to solve (1.2)
using a technique mimicking that of Euler for solving linear differential equations with constant

coefficients, which proceeds by assuming a solution of the form e™. Substituting this into the
differential equation and simplifying, an algebraic equation in r, called its characteristic equation

*Corresponding author: Tel.: +66 838214391
E-mail: supharerg@gmail.com
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is obtained. Solving the characteristic equation yields linearly independent solutions of the
differential equation, and the general solution follows by taking a linear combination of these
independent solutions. In the case of iterative equation (1.2), we consider, instead, a continuous
solution of the form f (x) = rx. Substituting into (1.2), we get an algebraic equation (in r)

r"—a, ,r"'—..—ar—a, =0,
which, by abuse of language, is also called the characteristic equation of (1.2) and its roots are
called its characteristic roots. Let r,..,r, be all the characteristic roots. Using symmetric

functions relations involving roots and coefficients, the iterative equation (1.2) is equivalent to

f”(x)—(zn:ri)f”’l(x)+(zn:rirj)f”’Z(X)+...+(—1)”r1r2...rnx =0. (1.3)

i<j

At the outset, we make several preliminary observations and define conventions to be adopted
throughout the entire investigation here.
e The coefficient a, is always nonzero.

(For otherwise, one of the characteristic roots is zero yielding the trivial solution
function f =0 which must always be ruled out.)

e Any function solution f :R — R of (1.2) is injective.
(If X,y eRare such that f(x)= f(y), then f*(x)= f*(y) for all ke N and (1.2)
implies that a;x =a,y . Since a, #0, we get x=y.)

e Any continuous function solution f:R—>R of (1.2) is strictly monotone and

surjective.
(Since f is continuous and 1-1, clearly, it is strictly monotone. To show that f is

onto, we consider only the case f is strictly increasing as the other case is similar.
Suppose f is not onto on R. By its continuity, the range must be of the form

f(R)=I , where | #Ris an interval, which can take one of the three shapes :
(-,a), (-b,a) or (-b,x), for finite values b <a.From f:R— f(R)=1, we
see that f2R>f(l)cl,..., f:Ro>f(1)cl.
From (1.2), we get

|agX| = f”(x)+an_1f”’1(x)+...+a1f(x)|.

For the cases | :=(—o0,a) or |:=(-b,a), lettingx — o, we see that the left-hand
side — oo, while the right-hand expression (since the range of the function is
bounded) is bounded, which is contradiction.
For the case | = (—b,oo), letting x — —0, the left-hand side — o, the right-hand
side is bounded, which is again a contradiction.)

e Since a, #0 and f is bijective, the inverse function f™*:R — R exists and the
original iterative equation (1.3) is equivalent to the dual equation

0= () 00+ (X ) P00+ (-1 —

i i<i i nn..r,

it n

x=0 (1.4)

where 1 denotesthe j" iterate of .
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In 2004, Yang and Zhang [3] constructed all continuous solutions of the equation (1.2) whenn> 2
for the hyperbolic cases subject to the condition that characteristic roots belong to following

ranges:

all characteristic roots are in the interval (1,c0): 1< <r, <...<f;
1

all characteristic roots are in the interval (—oo,—1): r, <1, <...<r, <-1;

all characteristic roots are in the interval (0,1): O<r <r, <...<r, <1;

all characteristic roots are in the interval (-1,0): —1<r, <r, <...<r, <0.

no real characteristic roots (in this case n must be even and characteristic roots form
pairs of conjugate complex numbers), it is shown that (1.2) has no continuous
solution.

all characteristic roots are equal, i.e., , =...=r, =T,

(i) If O<r=1, then f is strictly increasing, the function
I n-1
F'r](f%) = f”‘l(x)+Z(—1)”‘[ . jrmf”‘l‘m(x)
m=1

is nondecreasing, f(0)=0, and F"'[r](f°)=0 foreven n.

(i) If -1#r<0, then f s strictly decreasing, the function F"*[r](f°) is
nondecreasing (respectively, nonincreasing) for odd (respectively, even) n,
f(0)=0, and F"'[r](f°)=0 foreven n.

(iii) If r=1, then f s strictly increasing. Additionally, f(x)=x if f has fixed
point, otherwise, F"'[r](f°)=a for all xe R, where a is a real constant which
equals 0 for odd n. In particular, for n=3, continuous solutions of equation (1.2)
are of the form f (x) = x-+c, where c is a real constant.

(iv) If r=-1, then f(x)=-x forall xeR.

The subcases (i), (ii) and (iii) provide a method to reduce the order of iteration,
giving equivalent equations of lower order, although it does not give the construction
of the general solution in all cases.

In their work, there remain un-resolved cases when the existing characteristic roots of (1.2)
e are both positive and negative, or
e have absolute values both greater and less than 1.

In the second order case (i.e., n=2), Matkowski and Weinian [1] established
continuous solutions by subdividing into the following cases.

Noncritical cases: rr, >0, |r|#1 and |r,| =1with all possibilities

1< <r,, 0<n<l<r, O<p<r, <1,

n<r,<-1,r<-1<r,<0, -1<r, <r, <0.

Noncritical cases: rr, <0, |n|#1, |r,| =1, r, = —r, with all possibilities

O<-r<r,<1,0<r,<-n<l,1<r, <1, O<r,<l<—n, O0<—1, <1<,
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o Case|r|=|r|:n=r,=r=0.
e Critical cases: there is a characteristic root with absolute value 1 with all
possibilities
O<r<r,=1, 1#r<0<r,=1,-1=r<0<r, #1, -1=r,<r, <0,
n<r,=-1
e  Case with no real roots: in this case (1.2) has no continuous solution on R.
From their work, the un-resolved case is whenr, =—r = —r, (r >0). The governing equation of
this case is
f2(x) =r’x (1.5)
When r =1, Kuczma’s Theorem 15.2 [6] shows that (1.5) has a decreasing solution depending on
an arbitrary function, but f (x) = x is its unique increasing solution.

When r #1, Kuczma’s Theorems 15.7 [6] and 15.9 [6] indicate that (1.5) has not only increasing
continuous solutions but also decreasing ones, all of which depend on arbitrarily given functions.
In the third order case (i.e., n=3), Zhang and Gong [4] in 2014 solved (1.2) for
continuous solutions in the hyperbolic cases not treated in the work of Yang and Zhang. They
completed the following cases:
I. The three characteristic roots have different signs. There are two possibilities.
1.1 Two positive characteristic roots 0 <r, < r,, and one negative characteristic root

I, <0. Treated cases are

e 0<-n<l: 0O0<-r<r<n<l, O<n<-r<n<l, O<r<r<-r<l1,
O0<-n<l<r<n, 0<r,<-f<l<rn, 0<-r<r,<l<r.

o l<-n: 1<—n<rn<r, 1I<n<-n<r, 1<n<n<-r, 0<n<l<-r<r,
O<r<l<r<-r,0<n<r<l<-r.

1.2 One positive characteristic root r, >0, and two negative characteristic roots

O>r>r,.

e 0O<nr<l: O<-<-n<r<l, O<-r<np<-r,<l, O0<n<-r<-r,<1,
O<n<l<-r<-n,0<p<-n<l<-r,, 0<-n < <l<-r,.

o l<n:il<—r<—N<n, l<—rn<rn<—0, 1<p<-<-1,,0<-1<l<—1, <1,

O<-r<l<rn<-r, 0<-r<-r,<l<r,.

I1. The three characteristic roots have the same signs. The treated possibilities are
O<rn<l<n<r,O<np<rn<l<n, n<np<-1<r<0, p<-1<r,<r<0.

The still un-resolved cases are:
- there is a characteristic root with absolute value 1.
- there is a characteristic root with multiplicity > 2.

Zhang and Gong [4] also considered the 4-th order equation when the four characteristic roots
have different signs lying in the following ranges:

l<-r<n<n<r,, l<-r<rn<r<r, l<-rn<rn <<, l<—r<r<-1,<r,

l<-rn<-rn<n<n, 1l<-n<-K<n<r.
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2. Methodology

Following ideas from the work of Zhang and Gong [4], we determine here continuous solutions of
the homogeneous equation (1.2) of order 4, i.e. the iterative equation

00 - (R P00+ (0 1200~ 1R) (0 +inrx =0, (1.6

i<j i<j<k
when the characteristic roots r,,1,,r,,r, are subject to the restrictions:

ny 151#01 G 1234 and
2) the absolute values of the chrarcteristic roots |r;| (i =1,2,3,4) are all distinct.

The dual equation of (1.6) is

1

f"%x)—(i%_)f'3(x)+(z4:ir)f'2(x)—(24: ) EH(X) + x=0. 1.7

i<jrij i<j<k litjlk 1'2'3%4
To simplify our analysis, we leave out certain special cases consisting of
n<r<n<r<-1, -l<n<r<rp<n<0,0<p<n<r<n<l, l<n<n<n<r,

that have already been treated in Yang and Zhang [3]. In addition, the special case where all
characteristic roots are not real, which has also been shown to have no continuous solution by

them, is also left out.
Specifically, we solve (1.6) when the characteristic equation has

e one negative and three positive characteristic roots or
e three negative and one positive characteristic roots or
e two negative and two positive characteristic roots.

The solutions so obtained are displayed in Figures 1, 2 and 3, respectively. Though
there are totally seventy subcases solved in this work, there remain two cases that are yet to be
resolved for which the methods and techniques used here do not seem to work. These subcases are
when

(i) all characteristic roots are positive, some being in (0,1) and the others in (1,oo),

(ii) all characteristic roots are negative, some being in (—1,0) and the others in

(—oo,—l).
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-r>1
| 1<r,<rasn, ——| O<ry<l<ra<r, | 0<ry<r<lzr, O<ry<ra<ry<l
1 (A1) 1<-rj<ry<re<r, | H (AS) 0<ry<l<-ri<ry<r, || (A8) 0<ry<ry<le-ri<r, (A10) O<ry<ry<ry<l<er,
| (AZ) 1<rz<_rl<r3<r4 * (AG) 0<r2<1<r3<-rl<r4 | (Ag) 0<r2<r3<1<r4<-r1
{ (A3) 1<ry<ry<eri<r, |- (A7) 0<ry<lers<r,<er,
(Ad) 1<ry<ra<r,<ery
r;<0
|
0<-r<1
|
l<ry<ry<n, | 0<ry<l<rs<ry, ——1 0<ry<ry<lr, 1 0<ry<ry<r,<1
(A10) O<-r,<l<r,<ryer, (A9) O<-ri<ry<l<ra<r, | [ (A7) 0<-r,<ry<ry<lcr, | || (A8) 0<-r <ry<ry<r,<1

| (A8) 0<r,<-r,<1<ry<r,

(AB) O<ry<-r <ry<l<r,

| (A3) 0<r,<-ry<ry<r,<l

(A5) O<r,<ry<-r <1<r,

(A2) 0<ry<ry<r;<r,<l

(A1) 0<ry<ry<r,<-ri<1

Figure 1. One negative characteristic root, r, , and
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three positive characteristic roots, O0<r, <r, <r,

r>1
1<-ry<eraeer, 0<-ry<l<rycer, 0<-r,<-ry<l<r, 0<-ry<ery<er<l
(B1) 1<r <-ry<-ry<-r, (B5) 0<-r,<1<ry<-r3<-1, (B8) 0<-ry<-ry<l<r,<-r, (B10) 0<-ry<-ry<-ry<l<r,
(B2) 1<-ry<r;<ry<-ry (B6) 0<-ry<le-ra<ri<ry (B9) 0<-ry<-ry<le-ry<r,
(B3) 1<-ry<ra<ry<-ry (B7) 0<-ry<l<-ry<-ry<ry
(B4) 1<-ry<-ry<ry<ry
ri>0
0<r<1
1<-1y<-r3<ry 0<-ry<l<-ry<er, 0<-ry<ry<lser, 0<-ry<ery<ry<l
(B10) O<ry<l<-ry<-rs<-ry | | (BY) O<ry<-r,<l<-ry<ry | - (B7) 0<ry<-r,<-r;<l<er, (B4) 0<ry<-rygry<ery<l
(B8) O<-r,<r <1<-ro<er, (B6) 0<-ry<r;<-ry<l<er, (B3) 0<-ry<ry<-ry<ry<l
(B5) 0<-ry<-ry<ri<i<er, (B2) O<-ry<-ryer <-ry<l
(BI) O<-ry<-ra<ry<ri<l
Figure 2. Three negative characteristic roots, 0>r, >r, > r,, and one

positive characteristic root, r,
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— — — -r>r>1

Larysr,
Ocry<lers<er 0<ry<ry<l<er,

‘ (C10) O<rycry<lery<r,

— lerycericr 1<ry<rycry 0<ry<1<-ri<ry

ﬁ{ 1<-ry<rp<ry

I } (C1) 1<-ry&-r,<rp<rg

(C4) 1ary<-ri<rycry

‘[Cﬁ) 1<ry<ryer <ry ﬂ{(C?](}<rz<1<-ri<-r4<r3 (C9) O<rycders<eri<ery

‘ (CS) A<ry<ry<ry<ry

% (C2) 1<-ryrygr,4rs

(C8) O<ry<l<-ry<ryger,

| (C3) 1<ory<rycryeer,

- E
0<-ri<1, -rp>ny
O<ry<lers 0<ry<rs<l

| O<ery<larycry ) - O<ry<ri<l<n
- (€10) O<-ry<er, <1<ry<ry «{(@]O(-r]<-r4<rz<1<r3 ‘ ‘(Cﬁ’}0<rz<-r]<-r4<1<r3 | (C8) 0cryeryryry<d ’(ﬁ)oqf.“.uqad

| (C11) 0<er <o, <rycry ‘ (C8) O<-ryryery<lery H (C16) O<ry<-r,<I<-r,<ry <{ (C5) O<-r <ryger,<rycl

[C12) 0<-r,<lryger, <ry | | (C14) O0<-rycry<l<r, <ry {(m] 0<ry<ry<lery<r, <{[C73) 0<-ri<ryery<er,<l
[C13) O<-ry<dergryeer, | (C15) 0<ry<ry<derer, (C13) 0<-r <ryery<ler,

Figure 3. Two negative characteristic roots, 0> r, > r, , and two positive characteristic roots,
o<r,<r,

L 0<rgargred

— 0<ry<eri<rcd <{ 0<ry<ry<ry<1

{ (CT) O<ryery<oricry<l ‘

‘ (C2) O<ry<ry<ry<rycl { (C11) O<rycry<ory<leer,

L} (CT2) O<rycoryerscler,
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Detailed proofs of our results are given in the next section. Preliminary results needed
throughout are displayed in the above two boxes.
To simplify the presentation, define
CS(x)={f :R—R; f is a continuous solution of the iterative equation (x)},
CSI(x)={f :R—R; f is a continuous strictly increasing solution of the iterative equation (x)},
CSD(x) ={f :R —> R; f is a continuous strictly decreasing solution of the iterative equation (x)}.

To consider our continuous solutions, we need the continuous solutions from the works
of Yang and Zhang [3], Matkowski and Weinian [1], and Zhang and Gong [4] as shown below.

Works of Yang and Zhang [3]

Theorem 1.1 (Theorem 2 [3]) Suppose that 1<, <...<r, . If f €eCS(1.2), then
(i) f isstrictly increasing,
(i) f(0)=0,and

n-1 n-1
(i) £ 0-Qn) 20+ Q) 72 () +..+ (=D hr,...r, X is nondecreasing
i=1

i<j
and ") =R 200+ (D] kr) f7 2 (X)) +...+ (=) 'r,r,..r X is non-decreasing (resp. non-
i=2 i<j#l
increasing) for odd (resp. even) n.
Conversely, given positive numbers x,,...,x,, such that

X = Qo)X+ (D BE)X g+t (D" R E T, =0 (resp. <0),
izk i<j,i, jzk
if n—k is even (resp. odd) and given a continuous function f.:[x,,X,,]1—[x,x,], where
X, = 1)% = O 0r)X, L, + .ot (Z1)"r. X, satisfying
i=1

i<j
()] f.(x;)=x.,,(0< j<n-1) and
(1) Each £ (D p)E"200+ (D) rr) £ 200 4o+ ()" X,
i=1=k i<jzk
k =12,...,n, is nondecreasing (resp. nonincreasing) on [x,, x,] if n—i is even (resp. odd), then
equation (1.2) has a unigue continuous solution ¢:(0,) — (0,) satisfying ¢|, , .= f..
Furthermore, given f., and f., arbitrarily like f., the function

& (%), x>0,
f(x):=10, x=0,
_¢2 (—X), x<0

is a continuous solution of equation (1.2) on U, where ¢, and ¢, are functions determined
correspondingly by f., and f.,.

Corollary 1.2 (Remark 4 [ 3]) The case that 0 <1, <...<r, <1 can be reduced to the case of
above Theorem 1 by considering the dual equation (1.4).
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Theorem 1.3 (Theorem 3 [3]) The case that r, <...<r, <—1. Suppose f € CS(1.2). Then
(i) f is strictly decreasing and has a unique fixed point O;

n-1 n-1
(i) £ 00— F 200+ Qo) £ () +..+ ()" Hhr,...r X is nondecreasing and
i=1

i<j
00— 200+ (D] 1) £7°(X) +...+ (=1)" ' r,K,...r. X is nondecreasing (resp.
i=2 i<j#l
nonincreasing) for odd (resp. even) n.
Moreover, (1.2) has symmetric continuous solutions in the form

f (X) — {_(D(X)! X2 0,
o(—x), x<0,

where ¢:[0,00) —[0,0) is an arbitrarily given function satisfying

700 = (X 00" (= (R0 (0 +t (), X< (0,),

i<j

Theorem 1.4 (Theorem 4 [3]) The case that 1, <...<r, <-1. Givenreal X,,...,X,_, arbitrarily,

which are not all zero such that x,_, —(Zri)xnfz +( z ) Xyg +ot (CD)" by, 20
izk i<j,i,jzk

(resp. <0), if n-k is even (resp. odd). Given a continuous function

n-2 n-2 k k _
£ oD %21 = U DX Xg.a] s where = QR X = (o RR) X o+t (CD M RefX
i=1 i<j
for k =n,n+1such that
() f.(x;)=x;,,, J=0,.,n and

(1)  each f*"’l(x)—(zn: ri)f*”’z(x)+(zn: L) M2 00 4+ + (D) b g DX

i=1=k i<jzk
k=12,...,n, is nondecreasing (resp. nonincreasing) on [x,,x,] if n—i is even (resp. odd), then

equation (1.2) has a unique continuous solution f such that f lU"’Zl = f..

Corollary 1.5 (Remark 6 [ 3]) The case that —-1<r, <...<r, <0 can be reduced to the case of
Theorem 4 by considering the dual equation (1.4).

Works of Matkowski and Weinian [1]

Theorem 1.6 (Theorem 1 [1]) Suppose 1<, <T,.

(i) If f eCS(@.2) for n=2,then f(0)=0 and f , strictly increasing, satisfies
L<(f(x)-f(x)/(x=x)<r, for x=x'eR.

(if) Conversely, equation (1.2) for n=2 has a continuous solution depending on an arbitrary
function. More precisely, for every x, >0,x >0 and f,:[x,,x]— R such that

LX) <X S hXo,
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foO%6) =X, fo(3%) =(n+1)x —nrX,,
X=X

there is a unique continuous function p:(0,00) — (0,) satisfying equation (1.2) for n=2 on

(0,0) and p = f, on [x,,x]; for two arbitrary initial functions f,, and f,, like f,, the function

I < <1, VXX eX, %],

p, (%), x>0,
f(x) =40, x=0, (3.1)
-p,(-x), x<0.

is a continuous function of equation (1.2) for n=2 on R, where p, and p, are functions like p
determined as above by f,, and f,,. (3.1) gives all continuous solutions of equation (1.2) for
n=2in R.

Corollary 1.7 (Page 427 [1]) The case where O <1, <r, <1 can be obviously reduced to the case
of Theorem 6 by considering the dual equation (1.4) for n=2.

Theorem 1.8 (Theorem 2 [1]) Suppose 0 <1, <1<T,.
(i) If feCS@.2) for n=2 then f is strictly increasing. If, additionally, f has a fixed point

then
f X, x20 3i,j=12
() = rXx,x<0 hl=he

(ii) Conversely, every f e CS(1.2) for n=2 without fixed points depends on an arbitrary initial
function. More precisely, for x, =0, for every x >0 (resp.<0) and for every function
fo :[%, %] — R (resp.f, :[x,%,]— R) such that
fo(Xo) = fo(o) =X, fo(xl) = (rl + rz)xlv
L<(f,()—f,(xXN/(x=x)<r,, Vx,x'#0.
There exists a unique continuous function f : R — R satisfying equation (1.2) for n=2 and
f(x)=1f,(x) on [x),x] (resp.on [x, %] ).

Theorem 1.9 (Theorem 3 [1]) Suppose r, <1, <—1.

() If f eCS(1.2) for n=2 then f is strictly decreasing with a unique fixed point 0 and satisfies
the condition r, < (f(x)— f(x))/(x—x")<r,, for x=Xx"'eR.

(if) Conversely, equation (1.2) for n=2 has a continuous solution depending on an arbitrary
function, given by f(x)=—p(x) when x>0 and f(x)=p(-x) when x<O0 where
p:[0,00) —>[0,0) has been constructed in Theorem 6 as an arbitrary solution of the functional

equation
p*(x) = (-1) + (-1,)) P(X) = (-K)(-F,)X, X €[0,0).

Theorem 1.10 (Theorem 4 [1]) Suppose 1, <—-1<rt, <0. Thenevery f eCS(1.2) for n=2is
strictly decreasing and 0 is its unique fixed point, and r, < (f(x)— f(x))/ (X=X <r,, VX = X".
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Corollary 1.11 (Page 427 [1]) The case where —1<r, <r, <0 can be obviously reduce to the
case of Theorem 9 by considering the dual equation (1.4) for n=2.

Theorem 1.12 (Theorem 5 [1]) Suppose that r, <O,r, #-1,r, >0,r, #1 and r, = —r,. If
f eCS(@.2) for n=2then f(x)=rx or f(x)=r,x for xeR.

Works of Zhang and Gong [4]

Lemma 1.13 (Lemma 2.5 [4]) Suppose that the characteristic equation (1.3) has n distinct roots
r,.,<r, eC.If feCS(.2),then
n rm
fr =Z— [f(x)- (Zr)fn 2(x)+(2 L) F 200 +..+ (=) 11_[rx]
j=1 H (r k#j k>t i#]

:i i [f“”‘” (x)- (Z )f‘(n 2(x)+( Z ) f (”‘3)(x)+...+(—1)”‘1ﬁlx]
j= H (7_7) k#j k k>t#] rkrt i#] r.
i=li#] rj

for all integers m>1 and i=12,..,n

Lemma 1.14 (Lemma 3.1 [4]) Suppose that 0 <1, <1<, <r,. Then for x, =0 and arbitrarily
given x;,X, such that

X >0 and (1 +6,)x <X, <(f+6)X,
the sequence (...,X,, X 1; %y, %, X,,...) defined by

Xoio = (L1 + )X — (G0 + 61+ L)X, +6EX, 4, 3.2)
Xy =(£+£+£] X _(L+L+LJ X ni2 +Lx—n+3' (33)
r]. r2 I’3 rlrz rlr3 r2 r3 r].r2 r3
is strictly increasing and satisfies
lim x, = +o0, lim x, =—
n—+o0 N—-o

Lemma 1.15 (Lemma 3.2 [4]) Suppose that 0 <1, <1<, <r,. Then for x, =0 and arbitrarily
given X, X, such that
X, <0 and (5 +6)% <X, < (5 +5,)X,
the sequence (..., X,,X;%y, X ;,X,,...) defined by (3.2) and (3.3) is strictly decreasing and satisfies
lim x, = -0 lim x, = +oo.

1
n—+o0 N—-0

Theorem 1.16 (Theorem 3.1 [4]) Suppose that 0 <1, <1<, <. Thenall f €eCS(1.2) for n=3

are strictly increasing. Additionally:
(i) If f has fixed points, then 0 is the unique fixed point and
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() = f.(x),x=0 190
“1f,00.x<0 "ITE

where f (x)=rx and f,(x) is a solution given in Theorem 1 of Nabeya [5].

(i) If f(x)>x forall xeR, thenthe setof f containsboth f(x)> max(rx,rx)(i=2,3)
constructed by Theorem 2 of [5] and
F(0) { fn,(l)()’ Xe[X,,%,.,,n=0,1,..,
fo(x), xe[x,,x,.,n=L12,..,
where the bilateral sequence (x;) is given in Lemma 14, and f, :[X,, X,,,] = [X..1: %,.,] and
foiDX s Xl =X, X 1], n=12,... are orientation-preserving homeomorphisms defined
inductively as
Fra () = (540, + B)X= (66, + 55+ 66) 5 (X) + 65 £ (F,5.(0),

n+l

f_n(x)=(1+1+1Jx—(i+i+iJ £ )+ —— £, (F2,(x)

r;l. r2 r3 rl r2 rl r3 rZ r3 1'27°3

—n?

which are uniquely determined by two given function f, :[X,,x]1—[x,x,] and

f D] =[x, %]

(iii) If f(x) <x forall xeR,, then the setof f contains both f(x) < max(rXx,rx)(i=2,3)
constructed by Theorem 2 of Nabeya [5] and

F(x) = f",(l)()’ Xe[X,...X],n=01...,
fo(x), xe[x,..x,lin=12,..,

where the bilateral sequence (x;) is given in Lemma 15, and f, :[X,,;,%,]1—[X,,,s X,,.] and

f o i[X e Xl = [X .00 X, ] are orientation-preserving homeomorphisms defined inductively
as

—n+1?

fn+2 (X) = (rl + r‘2 + rS)X - (rlrz + r‘1r3 + rzrs) fn_Jrll(X) + rlrz r3 fn_l( fnjrll(x))l
(0= [5 oL +1] X —[i+ 2y i] F2400+ —— T2, (F2,(0)
q 2 % GQ ﬂ% G% 15%
which are uniquely determined by two given function f, :[x, %, ] —[X,,%] and

£ i[x, %] =X, %]

Corollary 1.17 (Corollary 3.1 [4]) Suppose that 0 <1, <r, <1<r. Thenevery f e CS(1L.3) for
n =3 is strictly increasing and ' is a solution given in Theorem 16.

Theorem 1.18 (Theorem 3.2 [4]) Suppose that r, <r, <—1<r, <0. Thenall f €CS(1.3) for

n = 3are strictly decreasing and x =0 is the unique fixed point of every f. Moreover,

(i) If x=0 is attractive fixed point of f?, then f(x)=rx.

(ii) If x =0 is repelling fixed point of f?2, then f is asolution in the class given in Theorem 3
of Nabeya [5].
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Corollary 1.19 (Corollary 3.2 [4]) Suppose that r, <—1<r, <1, <0. Thenall f € CS(1.3) for
n =3 are strictly decreasing with the unique fixed point 0, and the inverse " is a solution given

in Theorem 18.

From now, Zhang and Gong [4] considered all continuous solutions of equation (1.3) for
n =3 for one negative root and two positive roots as in Table 1 and two negative roots and one
positive root as in Table 2.

Table 1. Two positive and one negative characteristic roots

(i) 1<-r<r, <1 (iii)1<r, <—r, <, W) 1<r,<rp<-n

V)0<-r<r,<r,<1 ([ii)0<r,<—r,<r,<1 | (I)0<r,<r<-r <1

(ii)0<-r <1<, <1, (iv)O<r,<l<-r<r | (vi)0O<r,<l<r<-r

(ﬁ)0<r2<r3<l<—r1 (R/)0<r2<—rl<1<r3 (\ﬁ)0<—rl<r2<l<r3

Table 2. One positive and two negative characteristic roots

@l<-r<-r,<n @©1l<-r<r<—r, (e l<ry<-r <,

@) 0<-r<-r,<r<1

©)0<-—r<np<-n<1

@)0<rp<-r<-r,<1

(b) 0<—r, <l<—1, <1,

(d)0<—r, <l<r, <,

(f)0<rp<l<-r<—r,

(b)Oo<r, <-r, <l<-r,

(d)0<—r <r, <1<,

(f)0<—r <-1, <1<,

Theorem 1.20 (Theorem 4.1 [4]) Cases (i) 1<-r, <r, <1, (i) 0<—r, <1<r1, <1y,
(iii)1<r,<—r,<r, and (V) 1<r, <r, <-r, in Table 1.

1) If f eCSI(1.3) for n=3,then f isa function in the class given in Theorem 1 of [5].
2) If f eCSD(1.3) for n=3, then f(x)=rx.

Corollary 1.21 (Corollary 4.1 [4]) Cases (i) O<r, <r,<-1, <1, (i) 0< r,<r<l<-r,
(iii) 0<r,<—r, <r,<land (V) 0<-r, <r,<r, <1 in Table 1.
If f eCS(L.3) for n=3,then f isa function in the class given in Theorem 20.

Theorem 1.22 (Theorem 4.2 [4]) Cases (iv) O<r, <—r, <1<r, and (vi) 0<—r, <r, <l<r, in
Table 1.
1) If f eCSI(1.3) for n=3,then f isa function in the class given in Theorem 2 of [5].

2) If f eCSD(1.3) for n=3, then f(x)=rXx.

Corollary 1.23 (Corollary 4.2 [4]) Cases (iv) O0<r, <l<-r <r, and (vi)O<r, <1< <—r in
Table 1.

If f eCS(1.3) for =3, then f is a function in the class given in Theorem 22.

Theorem 1.24 (Theorem 4.3 [4]) Cases (a) 1<-r, <-r, <1, (c)1<-r<r<—r,,

(e)l<r<-rp<-r,and (f) O<r,<l<-r, <—r, in Table 2.
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1) If f eCSI(1.3) for N=3, then f(x)=r,x.

2) If f eCSD(1.3) for N=3, then f isa function in the class given in Theorem 3 of Nabeya [5].
Corollary 1.25 (Corollary 4.3 [4]) Cases (&) O<r, <-r, <-T, <1, (€) O<—-r, <r,<-T, <1,
®)0<-r<-r,<rp<land (f)0<-r, <—r, <1<r, inTable 2.

If feCS(.3) for N=3, then { isa function in the class given in Theorem 24.

Theorem 1.26 (Theorem 4.4 [4]) Cases (b) O0<—r, <1<-r, <1, and (d) O<—r, <l<r, <—r, in
Table 2.

1) If f eCSI(1.3) for N=3,then f(x)=rx.

2) If f eCSD(L.3) for N=3, then f(x)=rx or f(x)=ryx.

Corollary 1.27 (Corollary 4.4 [4]) Cases (b) O<r, <—1, <1<-r, and (d) 0<—r, <r, <1<,
in Table 2.
If f<eCS(.3) for N=3, then f isa function in the class given in Theorem 26.

We single out from Lemma 1.13, two useful formulas for the iterates of an element in
CS(1.6) .

Lemma 1.28 Suppose that (1.6) has four different characteristic roots «,r,,r,,r, €C. If
f eCS(1.6), then

1700 =3 —— 11200 -0 00+ 3 )00~
j=1 H (rJ r|) k=j k>t,#j i%]j

R S LU IES TR ORI WS TR R § 2
j=1 H (? F) k#j k k>t,=j Tkt i=j 1

Il
=

1#

J

for any integer m>0.

3. Results and Discussion

3.1 Results

Our results are derived in accordance with those listed in Cases A, B and C. Apart from adopting
the approach Zhang and Gong [4], we introduce a novel technique of using a second limiting
criterion for the cases starting from (A2),(A3) (i.e., from Theorem 2.23) onwards.

Theorem 2.1 Cases (Al):l<—r, <1, <r,<r,, (Ad)dl<r,<r<r, <-r and
(m))0<—rl<l<r2<r3<r4.
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i) If f eCSI(1.6),then f isa function given in Theorem 1.1.
ii) If f eCSD(1.6), then f(x)=rx, the form given by Theorem 1.20.
Proof. We know that if f eCSI(1.6), then f*eCSI(1.7). If feCSD(.6), then
f1eCSD(L.7).
Case (Al :1<—-n <, <r<r,.
i) Let f eCSI(1.6). From Lemma 1.28, we have

Cf(x) 1 . 11 1., 1 1 1.,
L I T i v s M UM Bl e [ G B e LG

C-D)E-D)E-9) , L PLETN PY PR P17 PLELA
f"(x)

For a fixed xeR, since f*(x) is strictly increasing, the limiting function lim —
m—o r;l

X).

is

nondecreasing for even m and nonincreasing for odd m , which implies that it must be a constant,
i.e.,

20—t Dy o0+ (e Ly i) -—Lx=c eRVXeR (1)
r2 3 r4 2'3 2'4 3'4 2'3"%4

Substituting (2.1) into (1.7), we get ¢, = r,'c, implying that ¢, =0, and so

f’3(x)—(1+£+£)f’z(x)+(i+i+i)f’1(x)—

2 r3 r4 r2 r3 r-2 r4 r3 r4 r-2 r3 r4

x=0,

equivalently,
(2.2)

F2X)—(r, + 1, +1,) F2(X) + (rr, + 1,1, +1,0,) f(X) = 1r,rr,x =0.

The equation (2.2) is of 3rd-order with three positive distinct characteristic roots > 1, and its
solutions are as given in Theorem 1.1.
ii) Let f eCSD(1.6). From Lemma 1.28, we have

. fm 1
im— = f3(X)=(r +r, +1) F2(X)+(r, + r, +1,5) £ (X) = 61,rX).
i = oo im0 R B 00 (6, 08+ 15) ()~
For a fixed xeR, since f(x) is strictly decreasing, the limiting function lim frrEX) is
4
nondecreasing for even m and nonincreasing for odd m, which forces it to be a constant, i.e.,
(2.3)

F2X)—(r +1,+1r)f2(X)+(nr, + 0o +0) f(X)-rrrx=c e R,vxeR.

Substituting (2.3) into (1.6), we get ¢, = r,c, implying that ¢, =0, and so
F2X)—(r +1, +6) 2 (X)+(nr, + 0L +0,0) f(X)—rrLx=0.
Since the three distinct characteristic roots satisfyl < —r, <r, <r,, Theorem 1.20 gives f(X)=rx.

Case (Ad):1<r, < <r, <-I.
i) Assume that f € CSI(1.6) . By the same proof as that of the case (A1), we obtain
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F3(X)—(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f(X) = r,r,r,x=0.
Since 1<r, <1, <r,, the solution function is given by Theorem 1.1.
ii) Assume that f € CSD(1.6) . By the same proof as that of the case (A1), we obtain

200-(Ca Lt Dy epg (e e Ly -—tx=o,
rZl. 3 4 1°3 r;lr4 3'4 1°3%4

equivalently,
) —(n+r,+r)f2(X)+(rnr,+nr, + 1) f(X)-rrrx=0.
Since 1<, <r, <—r, Theorem 1.20 yields f(x) =rx.

Case (A10):0< - <l<r,<r,<r,.
The proof for this case is the same as that of the case (A1) and is omitted.

Corollary 2.2 Cases (Xl):0< r,<n<r<-n<l1 (A_4):0<—rl <r,<r<r,<land
(A10):0<r, < <r, <l<-r.
— . 1 1 1 1
Proof. For the case (Al) since O<r,<r,<r, <-r <l,weget —>—>—>-—>1.
r2 r3 rA rl
The reciprocals are characteristic roots of (1.7), which is the dual equation of (1.6). Thus, its
solution f ™ is a function given in Theorem 2.1 depending on its behavior (increasing or

decreasing ).
The cases (A4):0<—r, <r,<r,<r, <1land (A10):0<r, <r, <r, <l<—r are reasoned
similarly.

The solution functions in the forthcoming corollaries are derived via the same arguments
as in Corollary 2.2.

Theorem 2.3 Case (A7):0<r, <1< <1, <-I.

i) If f eCSI(1.6), then f isasgivenin Theorem 1.16.

i) If f €eCSD(1.6), then f(x) =rx, the form given by Theorem 1.20.

Proof. i) Assume that f  CSI(1.6) . By the same proof as that of the case (A1), we obtain
fF2x)—(r, + 1, +1,) fF2(X) + (r,r, + 1,1, + 15,1, f (X) —r,Lr,x=0.

Since 0<r, <l<r, <r,, the solution function f isas given in Theorem 1.16.

ii) Assume that f € CSD(1.6) . By the same proof as that of the case (A1), we obtain

200 =+ 5 +1) F200+(nn +5r, + 1) F () —rx =0.

Since 1<, <r, <—r, again Theorem 1.20 yields f(x)=rx.

Corollary 2.4 Case (A7):0<—r, <r, <r, <l<r,.
If f eCS(L.6),then f* isa function given in Theorem 2.3.

Theorem 2.5 Case (A9):0< - <r,<l<r<r,.
i) If f eCSI(L.6), then f isa function given in Theorem 1.16.
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i) If f eCSD(1.6), then f(x)=rx, the form given by Theorem 1.22.
Proof. i) Assume that f € CSI(1.6) . By the same proof as the case (Al) by Lemma 1.28 (form of

.1 .
f~™) and removing — we obtain
n

fF2X)—(r, + 1, +1,) fF2(X) + (r,r, + 1,1, +1,1,) f (X) -1, x = 0.
Since O0<r, <l<r,<r,, then f isafunction in the class given in Theorem 1.16.
ii) Assume that f € CSD(1.6) . By the same proof as that of the case (A1), we obtain
200 —(r +1, +1,) F2(X) + (51, + 61, +1,5) f (X) —rrx =0.
Since 0< -1, <1, <l<r,, Theorem 1.22 yields f(x) =rx.

Corollary 2.6 Case (A9):0<r, < <l<r, <-r,.
If f eCS(1.6),then f* isa function given in Theorem 2.5.

Theorem 2.7 Cases (Bl):1<r, <-1, <—-I, <-I,, (B4):l<—r, <-1,<-r, <1, and
(BL0):0 <, <1< T, <—F, <—T,.
i) If f eCSI(L.6), then f(x)=rXx, the form given by Theorem 1.24.
ii) If f eCSD(1.6),then f isgiven by Theorem 1.4.
Proof. Case (Bl):1<r, <-I, <—I, <—T,.
i) By the same proof as in the case (Al), we obtain
fB(X)_(rl +h+0)f Z(X) +(Lh + 06 +160) f(X) —nrRpx =0.
Since 1<r, <—r1, <—r;, Theorem 1.24 gives f(x) =rx.
ii) By the same proof as in the case (A1), we obtain
F2)—(r,+r,+1)f2()+(rn+nr,+5r)f (X)-nrrLx=0.
Since 1< —r, <-r, <, the solution function f is given by Theorem 1.4.

Case (B4):1<-I,<—-f, <—I, <.
i) By the same proof as in the case (Al), we obtain
fF2x)—(r+1,+1)f2(X)+ (5, +rr, +1,r,) f(X)-rrrx=0.
Since 1< -1, <—r, <1, Theorem 1.24 gives f(x)=rX.
ii) By the same proof as in the case (A1), we obtain
fF2X)=(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) —r,r,r,x = 0.
Since 1< -1, <—1, <—I,, the solution function is given by Theorem 1.4.

Case (B10):0<r <l<—r, <—F, <—T,.
i) By the same proof as in the case (Al), we obtain
fF2X)—(r+1, +1) f2(X)+ (51, + 1, +1,5) f (X) —Lrrx=0.
Since 0<r, <1<-r, <—I,, Theorem 1.24 then yields f (x) = r,x.

ii) By the same proof as in the case (Al), we obtain
F2X)—(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) —r,r,r,x = 0.
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Since 1< -1, <—1, <—r,, the solution f is given by Theorem 1.4.

Corollary 2.8 Cases (B1):0 < -, <—I,<—I, <1, <], (B4):0< L <-r,<-r,<-r,<1 and
(B10):0<—r, <—r,<-I, <1<r,.

If f eCS(1.6),then f* isgiven by Theorem 2.7.

Theorem 2.9 Case (B7):0<—r, <l<-I,<-I, <I,.
i) If f eCSI(1.6), then f(x)=rx, the form given by Theorem 1.24.
ii) If f €CSD(1.6), then the solution function f is as given in Theorem 1.18.
Proof. i) By the same proof as in the case (A1), we obtain
fF2)—(r+r,+1)f2(X)+ (5, +rr, +1,r,) f(X)-rrrx=0.
Since 1< -1, <—r, <1, Theorem 1.24 then gives f(x) =rx.
ii) By the same proof as in the case (A1), we obtain
F2X)—(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) —r,r,r,x = 0.
Since 0<-r, <1<-r, <—r,, the solution f is given by Theorem 1.18.

Corollary 2.10 Case (B7):0< n<-r,<-r<l<-r,.
If feCS(1.6),then " isgiven by Theorem 2.9.

Theorem 2.11 Case (B9):0< n<-r,<l<-r<-I,.
i) If f eCSI(1.6), then f(x)=rx, the form given in Corollary 1.27.
ii) If f eCSD(L.6), then f is given by Theorem 1.18.
Proof. i) By the same proof as in the case (A1), we obtain
fF2)—(r+1, +16)f2(X)+ (5, +nr, +1,0) f(X)—6rrx=0.
Since 0<r, <—r, <1< —-r,, Theorem 1.27 yields f(x)=rx.
ii) By the same proof as in the case (Al), we obtain
fF2X)=(r, +1,+1,) fF2(X) + (r,r, + 1,1, +1,1,) f (X) —1,rr,x =0.
Since —r, <1< -r, <—t,, the solution function f is given by Theorem 1.18.

Corollary 2.12 Case (B9):0<—r, <—r, <l<-r, <.
If f eCS(1.6),then f* isgiven by Theorem 2.11.

Theorem 2.13 Cases (Cl):1<—r, <—rI, <1, <I, (C2)l<-1 <rI, <-I, <,
(C51<r,<—r <rp<—1, and (CB):l<rK, <r,<-I <-T,.
i)If f eCSI(1.6),then f isgiven by Theorem 1.20.
ii) If f €CSD(1.6),then f isgiven by Theorem 1.24.
Proof. Case (C1):1<—r, <—r, <I, <.

i) By the same proof as in the case (Al), we obtain

fF20) = (r, + 1, +1,) F2(X) + (r,r, + 5,1, +5,,) f(X) - 1,6r,x = 0.

Since 1< -1, <r, <1, the solution f is given by Theorem 1.20.
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ii) By the same proof as in the case (Al), we obtain
20—+, +r)f2(X)+(rr, +rr, +6r) f(X)-rrrx=0.
Since 1< -1, <—r, <¥,, the solution f is given by Theorem 1.24.

Case (C2):l<—r<r,<-I,<I,.
i) By the same proof as in the case (Al), we obtain
F2X)—(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,0,) f(X) - r,6r,x=0.
Since 1<r, <—r, <1, the solution f is given by Theorem 1.20.
ii) By the same proof as in the case (Al), we obtain
20—+, +0)f2(X)+(rr, +rr, +00) f(X)—rrrx=0.
Since 1< -1, <r, <—,, the solution f is given by Theorem 1.24.
Case (C5):1<r, <-r <, <-T,.
i) By the same proof as in the case (Al), we obtain
fF2)—(r+1, +1) f2(X)+ (5, + 1, +1,0) f (X) —Lrrx=0.
Since 1<r, <-r, <1, the solution f is given by Theorem 1.20.
ii) By the same proof as in the case (Al), we obtain
) —(r+r,+r,)f2(X)+(nr,+nr, +6r) f(X)-nrrx=0.
Since 1< -1, <1, <—r1,, the solution f is given by Theorem 1.24.

Case (C6):1<r, < <-I <—TI,.
i) By the same proof as in the case (Al), we obtain
fF2)—(r+r, +6)f2(X)+(r, + 0 +6,0) f(X)—6rrx=0.
Since 1<r, <r, <—r, the solution f is given by Theorem 1.20.
ii) By the same proof as in the case (Al), we obtain
fF2)—(n+r,+1) 2 () +(nr+rr, +6r) f(X)-rrrx=0.
Since 1<r, <-r, <—r,, the solution f is given by Theorem 1.24.

Corollary 2.14 Cases (C1):0<r, <r, <—t, <—r, <1, (C2):0<r, <1, <1, < T, <1,
(C5):0<—r, <1, <—r, <r,<land (C6):0<—r, <, <r,<r, <1.
If f eCS(1.6),then f* isgiven by Theorem 2.13.

Theorem 2.15 Cases (C8):0<r, <l<-r, <, <-r, and (C9):0<r, <l<r <-1 <—T,.
i)If feCSI(1.6),then f isgiven by Corollary 1.23.
ii) If f eCSD(L.6), then f is given by Theorem 1.24.
Proof. Case (C8):0<r, <l<-r <, <-I,.
i) By the same proof as in the case (Al), we obtain
F2)—(r+r, +r) f2(X)+(rr, + 5, +r,5) f(X)-nrLrx=0.
Since 0<r, <l<-r, <1, the solution f isgiven by Corollary 1.23.

ii) By the same proof as in the case (Al), we obtain
) —(n+r,+1)f2(X)+(nr,+nr, +6r) f(X)-nerx=0.
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Since 1< -1, <1, <—r1,, the solution f is given by Theorem 1.24.
Case (C9):0<r, <l<r<-I <-T,.
i) By the same proof as in the case (Al), we obtain
fF2)—(r+1, +16)f2(X)+ (5, +nr, +10,5) f(X) —6rrx=0.
Since 0<r, <l<r, <—r, the solution f is given by Corollary 1.23.
ii) By the same proof as in the case (A1), we obtain
) —(n+r,+1)f2(X)+(nr,+rr, +6r) f(X)-rrrx=0.
Since 1<r, <-1, <—r,, the solution f is given by Theorem 1.24.

Corollary 2.16 Cases (C8):0 < - <r,<-r,<l<r, and (C9):0< - <-I, <r,<l<r,.
If feCS(1.6),then " isgiven by Theorem 2.15.

Theorem 2.17 Case (C10):0<—r, <—r, <1<r,<1,.
i) If f eCSI(L.6), then f isgiven by Theorem 1.20.
ii) If f €CSD(1.6),then f is given by Corollary 1.25.
Proof. i) By the same proof as in the case (Al), we obtain
F2(X) = (r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) = r,r,r,x = 0.
Since 0<-r, <1<, <1, the solution f is given by Theorem 1.20.
ii) By the same proof as in the case (Al), we obtain
20— (n+1r,+1,)f2(X)+(rr, +rr, +5,0) f(X)—rrnx=0.
Since 0< -1, <—1, <1<r,, the solution f is given by Corollary 1.25.

Corollary 2.18 Case (ﬁ):o <r, < <l<-r<-r,.
If feCS(1.6),then " isgiven by Theorem 2.17.

Theorem 2.19 Cases (C11):0<-r, <l<—-r, <1, <r, and (C12):0<—r, <l<r,<-T,<Tr;.
i) If f eCSI(L.6),then f isgiven by Theorem 1.20.
ii) If f €CSD(1.6),then f isgiven by Theorem 1.26.
Proof. Case (C11):0<—1, <l<—r, <, <T,.
i) By the same proof as in the case (Al), we obtain
fF2X)=(r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) —r,r,r,x = 0.
Since 1< -1, <r, <1, the solution f is given by Theorem 1.20.
ii) By the same proof as in the case (Al), we obtain
20—+, +1)f2(X)+(rr, +rr, +6,0) f(X)—rrnx=0.
Since 0< -1, <1<—r, <r,, the solution f is given by Theorem 1.26.

Case (C12):0< -1, <l<r, <-I, <TI,.
i) By the same proof as in the case (Al), we obtain
) —(r, +r,+1,)f2(X)+(r,r, + 1,1, +1,r) f(X) = 1,rrx=0.
Since 1<r, <1, <1, the solution f is given by Theorem 1.20.
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ii) By the same proof as in the case (Al), we obtain
20—+, +1)f2(X)+(rr, +rr, +6,0) f(X)—rrx=0.
Since 0< -1, <1<r, <-r,, the solution f is given by Theorem 1.26.

Corollary 2.20 Cases (C11):0 < r,<r<-f <l<-r, and (C12):0< n<-r<n<l<-r,.
If feCS(1.6),then " isgiven by Theorem 2.19.

Theorem 2.21 Case (C14):0<—r, <1, <l<-1, <T1;.
i) If f eCSI(L.6), then f isgiven by Corollary 1.23.
ii) If f €eCSD(1.6),then f is given by Corollary 1.27.
Proof. i) By the same proof as in the case (Al), we obtain
F2(X) = (r, + 1, +1,) F2(X) + (r,r, + 1,1, +1,1,) f (X) —r,r,r,x = 0.
Since 0<r, <1< -, <1, the solution f is given by Corollary 1.23.
ii) By the same proof as in the case (Al), we obtain
20—+, +1,)f2(X)+(nr, +rr, +6,0) f(X)—rrnx=0.
Since 0< -1, <r, <l<-r,, the solution f is given by Corollary 1.27.

Corollary 2.22 Case (ﬁ):o < <-r<l<r<-r,.
If feCS(1.6),then " isgiven by Theorem 2.21.

Theorem 2.23 Cases (A2):1<r, <-r <r<r, and (A3):l<r, <r<-r<r,.

i) Assume that f e CSI(L.6). In the case (A2), further assume that lim f_ exists.

m—oo ri

m

While in the case (A3) further assume that lim f—m exists, then the solution function f is as
m—oo rl
given in Theorem 1.6.
i) If f eCSD(1.6), then f(Xx)=r,x, the form given by Theorem 1.20.

Proof. Case (A2):1<r, <—I <K <I,.

-m

Let lim ——-=c. From Lemma 1.28, we get
m—oo r].
c=lim-——= 1 (F200-Garte by e e yim-—Ltx
e (E_E)(E_E)(E_E) R L 0 Ly L, &L PLEN
rl r-2 r;l 3 1 I'4
r m
(I’il) 1 1 1 1 1 1 1
+lim 2 (FP)-(E+=+ )2+ (—+—+—)F (%) - X)
moe l_l)(l_l)(l_i) n 5 n FLERI L PR 11 11314

showing that
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2y
lim " 00—+ 1oLy 2o (e e Ly rrpg-t
m%w(l_l i_i i_i) r;l. 3 4 1°3 ri.r4 3'4 1°374
r2 rl r2 r3 r-2 r4
Thus
200-Ga ey (et Ly rig-—x=o,
1 r3 r4 I‘;l.r3 I‘;l.rl‘v r3r4 r1r3r4

or equivalently,

) —( +1,+1,) F20) +(nr, +nr, +6r) f(X)—rrrx=0.
Returning to the limiting equation, we deduce that:
f’3(x)—(£+l+l)f’z(x)+(i+i+i)f’l(x)—
I’2 3 4 2°3 2r4 3'4 2'3%4
for some constant ¢, . Substituting (2.5) in (1.7), we get ¢, = r,*c, yielding ¢, =0.

Hence,

X=c¢

T I L P ST S TN S N Y ST

2 r3 r4 r-2 r3 r2 r4 r3 r4 r-2 r3 r4

! x=0,

equivalently,
F2X)=(r, + 1, +1,) fF2(X) + (r,r, + 1,1, +1,1,) f (X) = 1r,rr,x=0.
Subtracting (2.4) from (2.6), we get
f2(x)—(r,+r,)f(X)+rrx=0.
Since 1<, <r,, the solution function f is given in Theorem 1.6.
i) By the same proof as that of the case (A1), we obtain
F2)—(r+r, +r) f2(X)+(rr, + 5, +r,5) f(X)-nrrx=0.

Since 1<, <—r, <ry, the solution function is f (x) =r,x, the form given by Theorem 1.20.

Case (A3):1<r,<n<-I<r,.
i) By the same proof as that of the case (A2), we obtain
f2(x)—(r, +1,) f(X) +1r,r,x=0.
Since 1<r, <r,, the solution function f is as given in Theorem 1.6.

ii) By the same proof as that of the case (A1), we obtain
fF2()—(r+1, +15)f2(X)+(r, +nr, +10,5) f(X)—6rrx=0.

Since 1<, <r, <—r, the solution function is f (x) =r,x, the form given by Theorem 1.20.

Corollary 2.24. Cases (A2):0<r, <r,<—r, <r, <1and (A3):0<r,<—r <r,<r, <1.

Under the hypotheses of Theorem 2.23, if f € CS(1.6) , then f " is given in Theorem 2.23.
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Theorem 2.25. Cases (A5):0<r, <l<-r, <K <r, and (A6):0<r, <l<r,<-I <r,.

i) Assume that f € CSI(1.6). In the case (A5), further assume that lim f

m— oo r17

exists, while in the

m

m

case (AG6) further assume that lim — exists. Then the solution function f is as given in
m—o rl

Theorems 1.6 and 1.8., respectively.
i) If f eCSD(1.6), then f(x) =rx, the form given by Corollary 1.23.

Proof. Case (A5):0<r, <l<-r<r,<r,.
i) By the same proof as that of the case (A2), we get
f2(x)—(r, +1,)f(x)+rrx=0.
Since 1<, <r,, the solution function f is as given in Theorem 1.6.

ii) By the same proof as that of the case (A1), we obtain
F2)—(r+r, +r) f2(X)+(rr, + 5, +r,5) f(X)-nrrx=0.
Since 0<r, <l<—-r, <r,, by Corollary 1.23 f(x)=rx.

Case (AG):0<r,<l<p<-r <r,.
i) By the same proof as that of the case (A2), we obtain
f2(x)—(r, +1,) f(X) +1r,r,x=0.
Since 0<r, <1<y, thesolution function f is as given in Theorem 1.8.
ii) By the same proof as that of the case (A1), we obtain
fF2)—(r+r, +15)f2(X)+(r, +nr, +10,5) f(X) —Lrrx=0.
Since 0<r, <l<r, <-r, by Corollary 1.23 f(x)=rX.

Corollary 2.26. Cases (A5):0 < r,<n<-r<l<r, and (A6):0< r<-n<n<l<r,.
Under the hypotheses of Theorem 2.25, if f € CS(1.6), then f ™ is as given in Theorem 2.25.

Theorem 2.27. Case (A8):0<r, <—I, <1<F, <T,.

-m

i) If feCSI(1.6) and it nlq'fl :7
1
i) If f €eCSD(1.6), then f(x) =rx, the form given by Theorem 1.22.
Proof. i) By the same proof as that of the case (A2), we obtain
f2(x)—(r, +1r,)f(X)+r,rx=0.
Since 1<, <r,, the solution function f is given by Theorem 1.6.
ii) By the same proof as that of the case (A1), we obtain

fF2X)—(r+1, +1,) f2(X)+ (5, + 1, +1,0) f (X) —Lrrx=0.

Since 0<r, <—r, <l<r,, Theorem 1.22 gives f(X)=rXx.

exists, then f isas given in Theorem 1.6.

m

Corollary 2.28. Case (A8):0<r, <r, <l<-r <¥,.
Under the hypotheses of Theorem 2.27, if f e CS(1.6), then f* is as given by Theorem 2.27.
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Theorem 2.29 Cases (B2):1<—r, <1, <—r, <-r, and (B3):1<—r, <—f, <1, <—I,.
i) If f eCSI(1.6), then f(x)=rx, the form given by Theorem 1.24.

-m

ii) Assume that f € CSD(1.6) . In the case (B2), assume further that  lim ffm

m—oo r:‘[

exists, while in

m

the case (B3), assume further that lim f—m exist. Then f is given by Theorem 1.9.
m—o

Proof. Case (B2):1<—r, <r, <—-I, <—T,.
i) By the same proof as in the case (Al), we obtain
fF2X)—(r+1, +1) f2(X)+ (5, + 1, +1,5) f (X) —Lrrx=0.
Since 1< —r, <1, <—r;, Theorem 1.24 gives f(x)=rX.
ii) By the same proof as in the case (A2), we obtain
f2(x)—(r, +1r,)f(X)+rrx=0.
Since 1< —r, <—r,, the solution f is given by Theorem 1.9.

Case (B3):1<—r, <—f, <1 <—I,.
i) By the same proof as in the case (Al), we obtain
fF2)—(r+1, +16) f2(X)+ (5, +nr, +10,0) f(X) —6rrx=0.
Sincel<—r, <—r, <r,, Theorem 1.24 gives f(x) =rx.
ii) By the same proof as in the case (A2), we obtain
f2) - (r+r)f(X)+rrx=0.
Since 1< -r, <—1,, the solution f is given by Theorem 1.9.

Corollary 2.30 Case (B2):0< -, <—F, <t <—I, <1 and (B3):0<-r, <I, <—r, <—T, <1.
Under the hypotheses of Theorem 2.29, if f € CS(1.6),then f " is given by Theorem 2.29.

Theorem 2.31. Cases (B5):0<—r, <l<r, <-f,<—r, and (B6):0<—r1, <l<-r, < <—I,.
i) If f eCSI(1.6), then f(x)=rx, the form given by Theorem 1.26.

—-m

ii) Assume that f € CSD(1.6) . In the case (B5), assume further that lim f

m—oo |

exists, while in

-m

m

. f . . . L
the case (B6), assume further that lim — exists. Then the solution function f is given by
m—oo r;l

Theorems 1.9 and 1.10, respectively.
Proof. Case (B5):0<—r1, <l<rp <-F <—I,.

i) By The same proof as in the case (A2), we obtain

fF2)—(n+1,+6)fF2(X)+(rr, + 0 +0e) f(X)—rrex=0.

Since 0<—r, <1< <—-r,, Theorem 1.26 yield f(x)=rx.

ii) By The same proof as in the case (A2), we obtain

f20) - (r,+r)f () +rrx=0.

Since 1< -1, <-r,, the solution f is given by Theorem 1.9.
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Case (B6):0<—r, <l<—r,<r <—f,.
i) By The same proof as in the case (A2), we obtain
f200) - (6 +1, +6) F2() + (5, +6r, +5,5) f (X) - 6rLEx=0.
Since 0<—r, <l<—r, <1, Theorem 1.26 yield f(x)=rx.
ii) By The same proof as in the case (A2), we obtain
f2(x)—(r,+r)f(X)+rx=0.
Since 0 < —r, <1< -1, the solution f is given by Theorem 1.10.

Corollary 2.32. Cases (B5):0<—r, <—t, <r, <1<—-r,and (B6):0<—t, <f, <—F, <l<-r,.
Under the hypotheses of Theorem 2.31, if f e CS(1.6), then f* is given by Theorem 2.31.

Theorem 2.33. Case (B_8) 0<—r, <1 <l<—L <1,
i) If f eCSI(1.6), then f(x)=rx, the form given by Corollary 1.27.

-m

i) If f eCSD(1.6) and if nlm; :7
1
Proof. i) By The same proof as in the case (A2), we obtain
fF2)—(r+r,+6)f2(X)+(hr,+ 0 +6,0) f(X)—6rrx=0.
Since 0<—r, <1, <l<-r,, Corollary 1.27 gives f(x)=rX.
ii) By The same proof as in the case (A2), we obtain
f2(x)—(r,+1r,)f(X)+rrx=0.

Sincel< -1, <—r,, the solution f is given by Theorem 1.9.

exist, then f is given by Theorem 1.9.

m

Corollary 2.34. Case (B8):0< -1, <—r, <l<r <—,.
Under the hypotheses of Theorem 2.33, if f € CS(1.6), then f ™ is given by Theorem 2.33.

Theorem 2.35. Case (C3):1<-I <r, <K <-TI,.
i) If f eCSI(L.6),then f isgiven by Theorem 1.20.

m

i) If f €CSD(1.6) and if lim f—m exists, then f(x) =r,x, the form given by Theorem 1.12.
m—ow r3

Proof. i) By The same proof as in the case (A2), we obtain
f2)—(n+r,+6) 2 () +(nr, + 0 +05) f(X)—nrLex=0.
Since 1< -1, <r, <r,, the solution f is given by Theorem 1.20.
ii) By The same proof as in the case (A2), we obtain
f20)—(r+r,)f(X)+rrLx=0.
Since 1< -1, <t,, Theorem 1.12 gives f(x) =rx.

Corollary 2.36. Case (C3):0<—I, <r, <r, <—r, <1.
Under the hypotheses of Theorem 2.35, if f € CS(1.6), then f* is given by Theorem 2.35.
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Theorem 2.37. Case (C4):1<r, <—f,<-1I, <.

i)If f eCSI(L.6) and if lim f—m exists, then f(x) =r,x, the form given by Theorem 1.12.
m—o r4

ii) If f €CSD(1.6),then f isgiven by Theorem 1.24.

Proof. i) By The same proof as in the case (A2), we obtain
f2x)—(r+r,)f(X)+rLx=0.
Since 1<r, <—r, Theorem 1.12 gives f(Xx) =rx.
ii) By The same proof as in the case (A2), we obtain
20—+, +0)f2(X)+(rr, +rr, +,0) f(X)—rrx=0.
Since 1<r, <—1, <—t,, the solution f is given by Theorem 1.24.

Corollary 2.38. Case (C4):0 < r,<-n<-r<r<l.
Under the hypotheses of Theorem 2.37, if f e CS(1.6), then f " is given by Theorem 2.37.

Theorem 2.39. Case (C7):0<r, <l<-f<-T, <TI,.

i) If feCSI(1.6) and if lim f—m exists, then f(x)=r,x, the form given in Theorem 1.12.
m-—oo r4

i) If f eCSD(1.6), then f is given by Theorem 1.24.

Proof. i) By The same proof as in the case (A2), we obtain
f2)-(r+r)f(x)+rr,x=0.
Since 0<r, <l<—r, Theorem 1.12 yields f(x)=r,x.
ii) By The same proof as in the case (A2), we obtain
20—+, +0)f2(X)+(nr, +rr, +6,0) f(X)—rrrnx=0.
Since 0<r, <1<—1, <—r,, the solution f isgiven by Theorem 1.24.

Corollary 2.40. Case (C7):0 <, < —F, <—r, <1<T,.
Under the hypotheses of Theorem 2.39, if f e CS(1.6), then f* is given by Theorem 2.39.

Theorem 2.41. Case (C13):0<—r, <l<r, <r, <—,.
i)If f eCSI(1.6),then f isgiven by Theorem 1.20.

m

ii) If f eCSD(1.6) and if lim :—m exists, then f(x) =r,x, the form given by Theorem 1.12.
3

Proof. i) By The same proof as in the case (A2), we obtain
200 —(n+1, +5) F20) + (hr, + e, +15,5) f (X) —nrLRx=0.
Since 0 < -1, <1<, <1y, the solution f is given by Theorem 1.20.
ii) By The same proof as in the case (A2), we obtain
f2(x)-(r+r,)f(X)+rr,x=0.
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Since 0< -1, <1<r,, Theorem 1.12 gives f(X) =rx.

Corollary 2.42. Case (C13):0<—t, <1, <f, <l<-t,.
Under the hypotheses of Theorem 2.41, if f e CS(1.6), then f* is given by Theorem 2.41.

Theorem 2.43. Case (C15):0<-r, <1, <l<r,<—r,.
i)If f eCSI(1.6),then f isgiven by Theorem 1.22.

m

ii) If f eCSD(1.6) and if lim :—m exists, then , f(x) =r,x, the for given by Theorem 1.12.
3

Proof. i) By The same proof as in the case (A2), we obtain
200 —(n+1, +5) F20) + (hr, + e, +5,5) f (X) —nrLRx=0.
Since 0< -1, <1, <1<, the solution f isgiven by Theorem 1.22.
ii) By the same proof as in the case (A2), we obtain
20—+, +1,)f2(X)+(rr, +rr, +1,0) f(X)—rrnx=0.
Since 0<—r, <1, <1, Theorem 1.12 gives f(x)=rx.

Theorem 2.44. Case (C16):0<r, <—r, <l<-I,<Tr,.

i) If feCSI(1.6) andif lim f—m exists, then, f(x)=r,x, the form given by Theorem 1.12.
m—oo r4

ii) If f €eCSD(1.6),then f is given by Corollary 1.27.
Proof. i) By The same proof as in the case (A2), we obtain
f2(x)-(r+r,)f(X)+rr,x=0.
Since 0<r, <—r, <1, Theorem 1.12 yields f(x)=r,x.
ii) By The same proof as in the case (A2), we obtain
20—+, +r)f2(X)+(rr, +rr, +5,0) f(X)—rrx=0.
Since 0<r, <—r, <1< -r,, the solution f is given by Corollary 1.27.

3.2 General discussion

Based mainly on the ideas from the work of Zhang and Gong [4], all solution functions

f € CSI(1.6) have been determined subject to the restrictions that
e the characteristic roots r,,1,,r,,r, satisfy |r|=0,1 (i=1,234),

o the absolute values of the charcteristic roots |r|| (i=1,2,3,4) are all distinct and

o the four characteristic roots have different signs.

In particular, the following cases have been completely solved.

A. One negative characteristic root r, <0, and three positive characteristic roots 0 <r, <r, <r,.
B. Three negative characteristic roots 0> r, >r, >, , and one positive characteristic root r, > 0.
C. Two negative characteristic roots 0 >r, > r, , and two positive characteristic roots r, >r, >0.
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m

. o . f . .
In certain cases an extra condition, namely, lim — for some i=1,2,3,4, is needed to
m—o |y
|

obtain the solutions.

4. Conclusions

There are totally seventy subcases solved in this work, but there remain two cases that are yet to
be resolved for which the methods and techniques used here do not seem to work. These subcases
are when:

(i) all characteristic roots are positive, some being in (0,1) and the others in (1,0), and

(ii) all characteristic roots are negative, some being in (—1, 0) and the others in (—o0,—1).
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Abstract

The efficiency of calcium chloride (CaCl;) or calcium gluconate (Ca-Glu) immersion on
physicochemical quality and bioactive compounds of ready-to-cook baby corns during cold storage
at 4 + 1°C for 7 d was investigated. Baby corns were immersed in 1% (w/v) CaCl,, 1% (w/v) Ca-
Glu or distilled water (control) for 1 min. The biological parameters such as superficial colour
attributes, weight loss, texture, pectin fractions, antioxidant activities and bioactive compounds of
baby corns were determined. Both calcium immersions did not affect superficial the colour attributes
of the baby corn compared to the control sample during storage. Baby corn texture was maintained
by calcium immersions, with CaCl, evidently better maintaining texture compared to Ca-Glu. The
texture maintenance by calcium immersions was associated with the retardation of increased EDTA-
soluble pectin content and decreased Na,COs-soluble pectin content. Ca-Glu immersion exhibited
the enhancement of antioxidant activity and the concentrations of total phenols and ascorbic acid as
well as the retention of free radical scavenging activity and flavonoid content during storage. In
conclusion, 1% Ca-Glu immersion is a feasible alternative for maintaining texture and enhanced
nutritional value of ready-to-cook baby corns during storage.

Keywords: baby corn; calcium immersion; texture; bioactive compound
DOI 10.14456/cast.2021.40

1. Introduction

Baby corn, typically recognised as immature ear corn, (Zea mays L.), is a well-known and important
commercial crop. Typically, baby corn is harvested after silk become visible for 1 to 3 days and the
cob size is approximately 4.5 cm to 10 cm in length and 7 mm to 17 mm in diameter [1]. Baby corn
contains high contents of soluble and reducing sugars and is of high nutritional values as it contains
proteins, vitamins, dietary fibre and minerals, especially iron and phosphorous [2]. Baby corn is
utilized commercially in both fresh and processed forms. For fresh consumption, most baby corns

*Corresponding author: E-mail: chairat.te@kmitl.ac.th
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are produced from sweet corn seeds because these offer better flavour and taste than field corn seeds
[1]. In Thailand, baby corn in the form of a fresh-cut vegetable, is an important vegetable product
produced for export as well as domestic markets [3]. It is commonly acknowledged that baby corn
is very perishable due to its high metabolic rate and moisture loss [4, 5]. Three main problems that
affect the marketable quality of fresh baby corn are the loss of crispness and sweetness and the
incidence of tip-browning [3, 6]. These problems are caused by high respiration rate, ear desiccation
and enzymatic browning activity [3, 4]. Previous work reported that shrink wrapping and cold
storage delayed senescence and browning incidence and maintained desirable appearance, texture
and flavour due to the suppression of respiration rate and the prevention of moisture loss [7]. Attia
et al. [4] reported that 1% CaCl; dip followed by wrapping with polypropylene film could extend
the pleasant fresh-liked quality of baby corns stored at 5°C due to the inhibition of browning and
moisture loss and maintenance of total sugars content. Exogenous calcium application is accepted
as an effective approach for maintaining physicochemical quality and prolonging shelf-life, and for
delaying disease attack and senescence of postharvest fruit and vegetables [8, 9]. Calcium can also
preserve texture by maintaining cell wall structure and osmotic tonicity and by reducing membrane
lipid dysfunction [10]. In commercial, CaCl, has been widely used for postharvest commaodities;
however, it might impart undesirable bitterness to products, affecting organoleptic quality. The
application of other calcium salts had been suggested by Labin-Goldscher and Edenstein [11] that
calcium lactate (Ca-Lac), calcium citrate and calcium gluconate (Ca-Glu) do not provide bitter taste
and enhance nutritional value. Varela et al. [12] reported that 1% CaCl, immersion provided a slight
bitter taste in fresh-cut apple but there was no effect on the organoleptic evaluation by trained panels.
Youryon et al. [13] reported that exogenous postharvest application of Ca-Glu could induce the
formation of antioxidants and retard membrane lipid peroxidation in ‘Queen’ pineapple better than
CacCl, application during storage at 13°C. However, the comparison of the effects of the application
of various calcium salts on physicochemical quality of ready-to-cook baby corns has not been
recently studied. Thus, the aim of this study was to compare the efficiency of CaCl, and Ca-Glu
immersions on physicochemical quality of ready-to-cook baby corns during short-term storage at 4
+1°C.

2. Materials and Methods
2.1 Raw materials and treatments

Baby corns cv. ‘Pacific’ were derived from a commercial corn plot at Kampangsan District, Nakhon
Pathom Province, Thailand. The baby corns were harvested at 47-49 days after planting (DAP)
when the length of silk was approximately 3-5 cm. The baby corns were delivered to the laboratory
at Department of Agricultural Education, King Mongkut’s Institute of Technology Ladkrabang
(KMITL), Bangkok, within 2 h., with control of the inside temperature of container below 10°C.
The baby corns were peeled and cleaned by rinsing with potable water and dipped in 100 pl I*
sodium hypochlorite for 2 min. After that, the baby corns were immersed into water (control), 1%
(w/v) calcium chloride (CaCly) or 1% (w/v) calcium gluconate (Ca-Glu) for 1 min. Five ears of baby
corns were packed in a foam tray (83 x 135 x 15 mm in dimension) and wrapped with Linear Low-
Density Polyethylene (LLDPE) film (12.7 um thickness). The ready-to-cook baby corns were stored
at 4 = 1°C for 7 days. Physicochemical quality attributes such as visual appearance, superficial
colours, weight loss, texture, pectin substances, antioxidant activities and bioactive compounds were
determined during storage.
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2.2 Colour, weight loss and texture measurements

Colour, weight loss and texture of the baby corns were determined at the beginning of storage (day
0) until day 7. Colour attributes were measured using a Minolta colorimeter, CR-400 (Minolta,
Japan). Lightness (L*), yellowness (b*), hue and chroma values were recorded every day during
storage. The weight of ready-to-cook baby corns during storage period was recorded daily. The
percentage of fresh weight loss was calculated by comparison with the weight on initial day. The
texture of the baby corns was measured using a Texture Analyser, EZ-SX (Stable Micro Systems,
USA). A cutting blade was used for texture measurement (hardness) and the compression force as
Newton (N) was presented. The blade was driven at speed of 0.5 mm s to a depth of 5 mm.

2.3 Pectin substances assays

Acetone insoluble solid (AIS) of the baby corns was prepared following the procedure described by
Supapvanich and Tucker [14]. The AIS was extracted with 50 mM ethylenediamine tetraacetic acid
(EDTA) in 50 mM sodium acetate, pH 6.5 solution at room temperature for 12 h and then filtered
through a GF/A filter paper. The filtrate was collected and the EDTA-soluble pectin fraction
(soluble pectin) was precipitated using absolute ethanol. The pallet was again extracted with 50 mM
sodium carbonate (Na,CQOs) in 50 mM sodium acetate, pH 6.5, solution at 4°C for 24 h followed by
ambient temperature for 2 h. The suspension was then filtered through a GF/A filter paper and the
Na,COs- soluble pectin fraction (insoluble pectin) in the filtrate was precipitated using absolute
ethanol. Both the EDTA-soluble and Na,COs- soluble pectin fractions were hydrolysed with 1 M
H,SO,4 at 95°C. Galacturonic acid content of both pectin fractions was determined using the
procedure of Ahmed and Labavitch [15]. Data were expressed as mg galacturonic acid per kg (mg

kg™).
2.4 Antioxidant activities

A 10 g of baby corn was extracted with 60% (v/v) ethanol solution. The extract was used to
determine antioxidant activities and the concentrations of total phenols and flavonoids. Ferric
reducing antioxidant potential (FRAP value) and DPPH radical scavenging activity were determined
according to the procedures of Benzie and Strain [16]. FRAP value was calculated using a linear
equation derived from a Trolox standard curve and presented as mmole Trolox equivalent per kg
sample (mmol TE kg). DPPH radical scavenging activity was assayed using the method of Brand-
Williams et al. [17]. The percentage of decreased optical density (OD) at 517 nm wavelength was
calculated and presented as the percentage of free radical scavenging activity (%).

2.5 Total phenols, flavonoids and total ascorbic acid assays

Total phenols concentration was determined using the method of Slinkard and Singleton [18]. The
concentration of total phenols was calculated using a linear equation of gallic acid standard curve
and presented as mg gallic acid equivalents per kg (mg kg*). The concentration of flavonoids was
determined using the procedure according to Jia et al. [19]. Flavonoids concentration was reckoned
using a linear equation derived from catechin standard curve. The data were expressed as mg
catechin equivalents per kg fresh weight of fruit (mg kg™?). Ascorbic acid in the samples was
extracted using 5% cold metaphosphoric acid. The concentration of total ascorbic acid (AsA) was
assayed using the procedure of Hashimoto and Yamafuji [20]. The data were expressed as mg
ascorbic acid per kg fresh weight (mg kg™).
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2.6 Statistical Analysis

The experiments were performed using a completely randomized design (CRD). The data were
analysed using analysis of variance (ANOVA) and the Duncan’s Multiple Range Test (DMRT) at
P <0.05. All data were presented as the mean of four replications (n = 4) + standard deviation (SD).

3. Results and Discussions

3.1 Superficial colour attributes

Superficial colour including L*, b*, hue and chroma value of the ready-to-cook baby corns are
presented in Figure 1. Superficial colours of all treatments seemed to remain constant over the
storage. The averages of L*, b*, hue and chroma values were approximately 76.5, 32, 92.5 and 31.9,
respectively. Moreover, we did not find undesirable visual appearance of the baby corns over the
storage (data not shown). These results suggest that 1% CaCl, and 1% Ca-Glu immersions did not
affect superficial colour of the baby corns during refrigerated storage for 7 days. It is commonly
recognised that undesirable visual appearance of ready-to-cook baby corns involving discoloration
is mainly caused by moisture loss during storage [21]. In this study, the change in superficial colour
of the baby corns was protected by the LLDPE film package, which is recommended for fresh
commaodities because its good water vapour barrier properties reduce moisture loss [22].
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Figure 1. Colour attributes including L* (A), b* (B), hue (C) and chroma (D) values of baby corns
treated with CaCl, and Ca-Glu compared with control samples during storage. Data are presented
as mean (n = 4) with SD bar.
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3.2 Weight loss and texture

Weight loss and texture change of the baby corns during storage are presented in Figure 2. It was
found that an increase in weight loss was observed in all treatments during storage. The weight loss
of control samples was significantly higher than that of all calcium treated samples within the first
3 days of storage period (P < 0.05). This might be associated with the maintenance of cell membrane
function by Ca* as described by Lester and Grusak [8] and Youryon et al. [13]. After 3 d of storage,
the increased weight loss of all treatments was not significantly different over the storage (P < 0.05)
(Figure 2A). At the end of storage, the moisture loss of all treatments was approximately 7.5%. The
texture of the baby corns was measured using cutting force. Both of the calcium salts immersions
could maintain texture being evidently greater than the control samples (Figure 2B). The cutting
force value of control samples continuously decreased and was significantly lower than that of CaCl;
and Ca-Glu treated baby corns (P < 0.05). CaCl, immersion maintained the texture of the baby corns
better than Ca-Glu immersion. The average cutting force value of control, CaCl, and Ca-Glu treated
baby corns for 7 days storage was 15.60, 16.98 and 16.29 N, respectively. The recent results revealed
that both CaCl, and Ca-Glu immersions might not obviously affect the loss of fresh weight but they
maintained the texture of the baby corns during storage, and especially in the case of CaCl,
immersion. The loss of moisture is recognised as a main factor affecting texture change of fresh
commodities [23]. The result showed that the increased weight loss during storage might not be the
main factor affecting the loss of texture when the baby corns were packed in a package protecting
the loss of moisture. It is commonly acknowledged that exogenous calcium application prevents the
softening process of postharvest commodities due to the formation of calcium pectate structure.
Calcium pectate enhances cell wall strengthening and furthermore it is not a substrate of
polygalacturonase (PG), a cell wall hydrolase [23]. The recent results, the decreased weight loss of
control baby corns during the first 3 days of storage was concomitant with the reduction of cutting
force. Meanwhile, the weight loss of both CaCl, and Ca-Glu treated baby corns was evidently lower
than that of control samples and their cutting force values were higher than control samples.
However, after the third day of storage, the weight loss of all treatments was similar, which might
be due to the moisture equilibrium in the package. The different effects of CaCl, and Ca-Glu
immersion on texture maintenance of the baby corns might be associated with their soluble
properties; CaCl, provides a higher elemental calcium content in solution than does Ca-Glu [24,
25].
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Figure 2. Weight loss (A) and texture (cutting force) (B) of ready-to-cook baby corn treated with
CacCl; and Ca-Glu compared with control samples during cold storage. Data are presented as mean
(n=4) with SD bar. Significant differences between treatments are indicated with asterisks
[** (P <0.01); * (P <0.05)].
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3.3 Pectin substances

Table 1 shows the concentration of EDTA-soluble and Na,COs- soluble pectin fractions of the baby
corns after storage for 7 days. The EDTA-soluble pectin fraction of control samples was markedly
increased whilst Na,COs-soluble pectin fraction was obviously decreased when compared to those
on day 0 of storage. Both calcium salt immersions delayed an increase of the EDTA-soluble and a
decrease of the Na,COs-soluble pectin fractions of the baby corns. CaCl, immersion showed the
best result in preventing the increase of the EDTA-soluble pectin fraction as well as the decrease of
the Na,COs-soluble pectin fraction of the baby corns compared to Ca-Glu immersion. Changes in
both the EDTA-soluble and Na,COsz-soluble pectin fractions were concomitant with texture changes
of ready-to-cook baby corns during storage (Figure 2B). Decreased cutting force during storage was
accompanied by increased EDTA-soluble pectin fraction and decreased Na,COs-soluble pectin
fraction. Theoretically, exogenous calcium application inhibits cell wall polymerization by the
binding of Ca?* with demethylated polygalacturonic backbone of pectin to form calcium pectate [23,
25]. We found that the cutting force value of CaCl, treated baby corns was evidently higher than
that of Ca-Glu treated samples (Figure 2B), which was concomitant with the amounts of EDTA-
soluble and Na,COs-soluble pectin fractions. As described above, solubility of calcium salts is
related to the elemental calcium concentration in the solution, which CaCl, provides a higher
elemental calcium concentration than Ca-Glu [24, 26]. This might influence the absorption of Ca?*
during immersion period. Although the Ca?* content in baby corn tissue was not determined, the
results of texture and pectin fractions could confirm that the solubility of calcium salt influenced the
texture retention of the baby corns during storage.

Table 1. The concentration of pectin substances of ready-to-cook baby corn treated with CaCl,
and Ca-Glu compared with control samples during cold storage

EDTA-soluble pectin Naz2COs-soluble pectin

Treatment  Storage time (d) (mg kg) (mg kg)
Control 0 190.05 £ 29.77 ¢ 100.89 £8.09 ¢
CaCl, 0 170.50 £ 24.17 ¢ 140.84 £ 15.812
Ca-Glu 0 173.30 £ 15.03 ¢ 118.41 +10.50°
Control 7 252.84 £20.92 2 52.84+2.40°¢
CaCl, 7 172.84 + 22.56 ¢ 110.28 + 18.33%
Ca-Glu 7 224,50 +19.99° 71.21 +10.64 ¢

Data are means (n) £ SD. Different letters in each pectin substance represent a significant difference
among treatments at P < 0.05.

3.4 Antioxidant activities

The effects of calcium salt treatments on antioxidant activities including FRAP and DPPH radical
scavenging activity are shown in Figure 3. During 3 days of storage, the decrease in FRAP was
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observed for all treatments. After that, an increase in the FRAP of all treatments was observed and
reached its highest value on the fifth day of storage. Ca-Glu treatments obviously enhanced FRAP
more than CaCl, and control treatments. At the end of storage (day 7), the FRAP of all treatments
markedly declined. However, we found that the FRAP of Ca-Glu treated baby corns was
significantly higher than that of control samples (P < 0.05) whilst the lowest FRAP value was found
in control samples. The increase in FRAP on day 5 of storage might have been related to the
simulation of defence mechanism caused by chilling temperature and calcium treatment, whereas
the decrease in FRAP on day 7 of storage might have been associated with deterioration process of
the baby corn. The DPPH radical scavenging activity of control samples markedly declined during
the storage period (Fig 3B). CaCl, immersion slightly induced DPPH radical scavenging activity
during 3 days of storage and markedly declined afterwards. Meanwhile, Ca-Glu immersion could
maintain DPPH radical scavenging activity during 5 days of the storage and then declined. At the
end of storage, DPPH radical scavenging activity of Ca-Glu treated baby corns was significantly
higher than that of other samples (P < 0.05). These results suggested that Ca-Glu immersion could
enhance antioxidant activities in the baby corns rather than CaCl, immersion. Previous works
reported that calcium application could induce antioxidant activity in plants [27]. Aghdam et al. [28]
suggested that CaCl, stimulated antioxidant system in cornelian cherry fruits due to the inducement
of phenylpropanoid-flavonoids pathways. Youryon et al. [13] reported that Ca-Glu treatment
enhanced antioxidant system including antioxidant enzyme activities in ‘Queen’ pineapples more
than CaCl, treatment. Among the calcium salt treatments in the present study, Ca-Glu immersion
was more likely to enhance as well as maintain antioxidant activities of the baby corns than CaCl;
immersion. However, the mechanism of Ca-Glu enhance DPPH scavenging activity is more superior
than CaCl, treatment which is ambiguous and further studies are needed.
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Figure 3. Antioxidant activity (FRAP) (A) and DPPH radical scavenging activity (B) of ready-to-
cook baby corn treated with CaCl, and Ca-Glu compared with control samples during cold
storage. Data are presented as mean (n = 4) with SD bar. Significant differences between
treatments are indicated with asterisks [** (P < 0.01); * (P < 0.05)].

3.5 Bioactive compounds

Bioactive compounds such as total phenols, flavonoids and ascorbic acid concentrations of the baby
corns are shown in Figure 4. The total phenols concentration of all treatments obviously increased
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Figure 4. Total phenols (A), flavonoids (B) and ascorbic acid (C) concentrations of ready-to-cook
baby corn treated with CaCl, and Ca-Glu compared with control samples during cold storage.
Data are presented as mean (n = 4) with SD bar. Significant differences between treatments are

indicated with asterisks [** (P < 0.01); * (P < 0.05)].

during 3 days of storage, and that of Ca-Glu treated baby corns was significantly higher than those
of control and CaCl, treated samples (P < 0.05). After that, total phenols content of Ca-Glu and
CacCl; treated samples remained constant over the storage. The total phenols concentration of control
treated samples declined after 3 days of storage. At the end of storage, total phenols concentration
of Ca-Glu treated baby corns was significantly higher than those of other samples (P < 0.05),
whereas no significant difference between control and CaCl, treated samples was observed. The
flavonoids content of Ca-Glu treated baby corns increased during 3 days of storage whilst that of
control and CacCl, treated samples remained constant. After that, the flavonoids content of all
treatments decreased. During 5 days of storage, flavonoids content of Ca-Glu treated baby corns
was significantly higher than that of control samples (P < 0.05). At the end of storage, we found that
the flavonoids concentration of CaCl, treated samples was significantly higher than other samples
(P < 0.05). The efficiency of calcium treatment enhancing phenolic compounds has been described
by Aghdam et al. [28] in which calcium stimulated PAL activity and then triggered the
phenylpropanoid-flavonoids pathways in cornelian cherries. It is commonly acknowledged that
phenolic compounds and flavonoids are synthesized through phenylpropanoid-flavonoids pathways.
Many previous studies have reported the enhancement of total phenols and flavonoids contents by
various calcium salt applications such as in sweet peppers [27], plums [29], cherries [28] and guavas
[30]. We also found that the ascorbic acid concentration of control and CaCl; treated baby corns
decreased during the first 3 d of storage, whilst increased ascorbic acid concentration was found in
Ca-Glu treated samples (Figure 4C). After the third day of storage, the increment of ascorbic acid
concentration was found in all treatments. On the fifth day of storage, the ascorbic acid concentration
of both calcium treated baby corns was significantly higher than that of control samples (P < 0.05).
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However, at the end of storage (day 7), no significant difference in ascorbic acid concentration of
all treatments was observed. Durrani et al. [29] reported that the treatments with CaCl, and Ca-Glu
exhibited higher retention of ascorbic acid concentration in plums when compared to untreated fruits
during storage. Moreover, foliar application of calcium induced ascorbic acid content in strawberries
[31]. However, the results showed that Ca-Glu immersion enhanced ascorbic acid content of ready-
to-cook baby corns rather than CaCl, immersion during 3 days of storage. This might be associated
with released gluconic acid which is recognised as a precursor of L-ascorbic acid biosynthesis in
plants [32]. The present result also found that the higher total phenols content of Ca-Glu treated
baby corn was concomitant with the higher antioxidant activities of FRAP and DPPH radical
scavenging activity compared to control and CaCl, treated samples (Figure 3).

4. Conclusions

Here, our research indicated that the immersion of different calcium salts solutions showed different
effects on quality maintenance and improvement of ready-to-cook baby corns during cold storage.
Both the CaCl, and Ca-Glu immersions had no influence on the changes in colour attributes of
ready-to-cook baby corns during 7 days storage. The texture of the ready-to-cook baby corns was
preserved by immersion in both calcium salts, but CaCl, evidently maintained better texture when
compared to Ca-Glu. The loss of texture was accompanied by an increased EDTA-soluble pectin
fraction and decreased Na,COs-soluble pectin fraction during cold storage. Based on our findings,
calcium treatments could enhance as well as maintain antioxidant activities and bioactive
compounds during refrigerated storage. Ca-Glu at the concentration of 1% (w/v) was likely to
enhance antioxidant activity and bioactive compounds to a greater extent than was 1% CaCl,
immersion.
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Abstract

In this study, endophytic fungi from Philippine medicinal plants namely, Cynometra ramiflora and
Wrightia pubescens were isolated and identified. The endophytic fungi were isolated using potato
dextrose agar, and were identified by amplifying a fragment of their internal transcribed spacer (ITS)
regions of rDNA using polymerase chain reaction. The identified endophytic fungi were
Colletotrichum karsti, Diaporthe longicolla, Phomopsis columnaris, D. pseudomangiferae, C.
acutatum, and D. inconspicua. All of the isolates belonged to phylum Ascomycota. Two isolates
(C. karsti and C. acutatum) belonged to Glomerellaceae family and four isolates (D. longicolla, P.
columnaris, D. pseudomangiferae, and D. inconspicua) were under the Diaporthaceae family. In
addition, based on cultural morphology, the isolated endophytic fungi were described as irregular
and circular morphotypes. This is the first report on the isolation of endophytic fungi associated
with healthy leaves of C. ramiflora and W. pubescens.

Keywords: Cynometra ramiflora; Wrightia pubescens; endophytic fungi; Diaporthaceae;
Glomerellaceae
DOI 10.14456/cast.2021.46

1. Introduction

Endophytic fungi are types of microorganisms inhabiting the inner tissues of plants. It has been

found that a variable relationship exists between endophytes and their host plants, ranging from
either mutualism or symbiosis to antagonism or slightly pathogenic [1]. Although some endophytes

*Corresponding author: Tel.: (+63) 9171031333
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can be termed pathogens, most are in an inactive state within the host tissue. Some saprobes can
also be facultative parasites. Moreover, endophytic microorganisms tend to become pathogenic
when the host plant is in a stressed condition [2].

Generally, most endophytic fungi are found to be beneficial to their host plants and produce
or initiate the development of important bioactive compounds that have been used in many
applications [3-4]. Interestingly, the bioactive compounds of endophytes not only play an important
role in ecology or environment, but also have a positive impact in the field of medicine [5].

Recently, there has been extensive research on endophytic fungi from different plants
including trees, vegetables, fruits, and crops. However, less research has been conducted on the
leaves of tropical plants and specifically on medicinal plants. Cynometra ramiflora, also known as
Katong laut in Malaysia and known as Balitbitan in the Philippines, is a small erect tree known to
have anticancer, antioxidant, and antiviral activities [6]. On the other hand, Wrightia pubescens,
known as Lanete in the Philippines, is a medicinal plant that was found to have anti-inflammatory
and anticancer activities [7, 8].

Among the DNA barcoding markers available, the internal transcribed spacer (ITS) regions
of rDNA has been found to have the highest probability of successful identification of the broadest
range of fungi [9]. rIDNA-ITS was also found to have high resolution in some taxonomic groups and
has been used as the standard DNA barcode for fungi and other biological groups such as algae,
protist, and animals [10]. Nowadays, the ITS regions are the most accepted DNA barcode for fungi
[11] and provide important information on fungal diversity [12] and uniqueness because they have
the highest resolving power to discriminate closely related species 91. Aside from morphotype

determination of the endophytic fungi using the cultural characteristics, the identification of the
specific endophytic fungi associated with healthy leaves of C. ramiflora and W. pubescens was also

performed using the ITS region in this study.

2. Materials and Methods
2.1 Collection of samples

Healthy leaves of C. ramiflora and W. pubescens were collected in the Science City of Mufioz,
Nueva Ecija, Philippines. Ten to fifteen pieces of leaves were randomly picked around the tree and
placed in a clean polyethylene bag, which was immediately transported to the laboratory.

In order to remove impurities and eliminate epiphytic microorganisms, the leaves were
subjected to a surface-sterilization procedure. Each plant tissue was cut with a sterile blade into 1-

cm segments. Each part of the samples was thoroughly washed under running tap water, after which,
the surface was sterilized by submerging the part in 75% ethanol for 2 min, 5.3% sodium hypochlorite
for 5 min, and 75% ethanol for 30 sec, and finally, rinsed with sterile distilled water for 1 min.
Thereafter, the samples were dried on sterile filter paper.

2.2 Media preparation and sterilization

Potato Dextrose Agar (PDA) media were prepared by dissolving 9.75 grams of PDA powder
(HIMEDIA)in a 250 ml of distilled water. After sterilization, the bottled media were allowed to cool.

Twenty-five ml of prepared medium was aseptically dispensed into newly sterilized dried petri
dishes. They were allowed to stand up open for a few min to allow the moisture to evaporate in
order to avoid contamination. These petri dishes were observed for 24 h to ensure that these were
free from contaminants before inoculation.
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2.3 Isolation of endophytic fungi

The freshly picked plant samples were placed aseptically into the PDA medium, with 100ul of
streptomycin sulfate (30 mg/ to inhibit the growth of bacteria, using a clean and sterile blade. The
plates were incubated and monitored at room temperature approximately 20 to 25°C for 5-7 days.
The isolated fungal endophyte was revived and was aseptically transferred onto new PDA plates.
The cultures were incubated 27°C for 3-5 days to allow mycelia proliferation.

Once the mycelial growth from the revived culture had proliferated, a small portion of the
colony was aseptically transferred using the inoculation needle onto the sterilized PDA slants in test
tubes for the stock culture. The mycelia from the stock culture were inoculated using the small block
of agar containing mycelial structures on sterilized PDA plates and incubated at 27°C until profuse
growth was observed for morphological characterization. These cultures were incubated and stored

as pure cultures readily available for molecular identification.
2.4 Genomic DNA extraction, gel electrophoresis and PCR amplification

The mycelia of endophytic fungi were scraped off using a sterile inoculating needle and were
transferred immediately to 1.5 ml tube that contained 500pl cetyltrimethylammonium bromide
(CTAB). The samples were ground using pipette tip. The samples were then mixed using a vortex
every 5 min. Samples were then incubated at room temperature and 500y of chloroform isoamyl-
alcohol (24:1 ratio) was added and thoroughly mixed using vortex. Then, it was spun using a
centrifuge at 10,000 rpm for 30 min.

The supernatant (upper phase) of each sample was transferred to a new tube (2 ml) and
immediately added with the 500ul of cold isopropanol and incubated at -20°C overnight. After
incubation, the samples were spun on a centrifuge at 10,000 rpm for 10 min. The isopropanol
(supernatant or the upper phase) was decanted and the pellet was washed with 500ul of 70% ethanol
and it was spun on a centrifuge at 12,000 rpm for 3 min and the ethanol was removed. The addition
of ethanol and spinning were repeated twice. The pellet was drained dry by inverting the tube on a
paper towel to get rid of excess liquid. The pellet was dissolved in 100ul of 1x TE buffer and was
incubated at room temperature for 3-4 h until pellet was dissolved completely.

The DNA quality was checked by mixing 1pl of the DNA samples with loading dye and
dispensed on a well with 1% agarose gel containing 1ul of Biotium GelRed™ Nucleic Acid Gel
Stain. The DNA was run for 30 min in the electrophoresis tank (ENDURO™ Horizontal Gel
Electrophoresis System) with 100V along with the standard ladder. After electrophoresis, it was
viewed in the gel documentation system ENDURO™ Gel Documentation System) for imaging. The
genomic DNA was diluted 1:100 ul using sterilized distilled water before rDNA-ITS amplification.

To identify the isolated fungal endophytes from the leaves of C. ramiflora and W.
pubescens, total DNAs were run in a Polymerase Chain Reaction (PCR) machine Applied
Biosystems®, 2720 Thermal Cycler) with the primers, ITS 1F G-CTTGGTCATTTAGAGGAA
GTAA-3y13},and ITS 4R 5" TCCTCCGCTTATTGATATGC-3)141. A volume of 1 pl of diluted
DNA was mixed with PCR components (volume depends on brand's instruction). The PCR was
performed fitted with a heated lid using the following PCR profile: for initial denaturation, 95°C for
1 min followed by 35 cycles of 95°C for 155, 50.1°C for 155, and 72°C for 155, with final extension
step of 72°C for 5 min. The amplified products were checked again using gel electrophoresis system

using 3ul run for 30 min in the electrophoresis tank with 100V along with the standard ladder using
gel doc system and were sent to 1t BASE Laboratory at Malaysia for purification of the PCR product
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and sequencing procedure. The sequences were used for BLAST (Basic Local Alignment Search
Tool) [15] analysis and the related gene sequences available from NCBI (National Center for
Biotechnology Information) were used for identification and phylogenetic analysis.

2.5 Phylogenetic analysis

The rDNA-ITS sequences were aligned using Clustal W provided in the default parameter of MEGA
X 1161. Phylogenetic tree was constructed by applying the Neighbor-Joining (NJ) and BioNJ
algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model (17, 18;.

3. Results and Discussion
3.1 Morphotypes of endophytic isolates from W. pubescens and C. ramiflora

There were six endophytic fungi that were isolated in this study (Figure 1). One endophytic fungus
(Wp1) was isolated from W. pubescens, while there were five endophytic fungal isolates (Cr1, Cr2,
Cr3, Cr4 and Cr6) from C. ramiflora . The isolated endophytic fungi were separated in three
morphotypes based on their cultural characteristics as shown in Table 1.

The colony of Wpl mycelia appeared as a white, circular form and has an entire margin.
The conidia appeared hyaline, cylindrical, and aseptate as also described by Tahere et al. (19.On the
other hand, the isolate Crl appeared as a white, irregular form and undulate margin. The

conidiogenous cells were hyaline and unbranched as also described by Yang et al. [20]. The colony
of isolate Cr2 was also observed to be white, irregular form and undulate margin. The conidiogenous

cells appeared hyaline with multicellular columns as reported by Farr et al. (211. The colony of isolate
Cr3, on the other hand, had white mycelia in a circular form and entire margin. The hyphae appeared
septate hyaline and branched; currently, there has been no available concrete detailed description of

Figure 1. Morphological characteristics of the six isolates on PDA, (a) colony of Colletotrichum
karsti (b) conidia of C. karsti (c) colony of Diaporthe longicolla (d) conidiogenous cells of D.
longicolla (e) colony of Phomopsis columnaris (f) conidiogenous cells of P. columnaris (g)
colony of D. pseudomangiferae (h) hyphae of D. pseudomangiferae (i) colony of C. acutatum ¢j)

conidia of C. acutatum (k) colony of D. inconspicua () conidiogenous cells of D. inconspicua Scale
bar =1pum
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Table 1. Morphotypes and cultural characteristics of the isolates on PDA

Morphotypes  Isolates Host Size (cm)  Shape  Color Edge
of colony;
14 days
Wpl W. pubescens 7.6 Circular ~ White Entire
1 Cr3 C. ramiflora >A Circular ~ White Entire
Crl C.ramiflora 7.2 Irregular ~ White Undulate
2 Cr2 C. ramiflora 6.0 Irregular  White Undulate
Crd C.ramiflora 70 Irregular ~ White Undulate
3 Cr6 C.ramiflora 6.4 Irregular  Light Filiform
brown to
white

Note: >A Completely covering plate

sexual morphology of this isolate so far. The colony of isolate Cr4 had white mycelia, irregular
form, and undulate margin. The conidia appeared hyaline, ellipsoid, and fusiform [22]. The mycelia
of the isolate Cr6, had light brown to white mycelia, irregular form, and filiform margin. The
conidiogenous cells were phialidic and hyaline [23] (Figure 1 and Table 1).

3.2 Molecular identity of the endophytic fungi based on ITS gene sequence

The identity of the endophytic fungi was resolved using the rDNA-ITS region (Table 2). The isolate
Wp1 was identified as C. karsti (KX578794.1) with 99.67% identity. The isolate Crl was identified
as D. longicolla (LN552212.1) with 97.95% identity. The isolate Cr2 had 100% identity to
Phomopsis columnaris (KU204512.1), while the isolate Cr3 was identified as D. pseudomangiferae
(MG576128.1) with 97.72% identity. The isolate Cr5 was identified as C. acutatum (LC194224.1)
with 99.66% identity, and lastly, the isolate Cr6 was identified as D. inconspicua (MF495476.1)
with 98.07% identity. Similarly, the phylogenetic study based on the rDNA-ITS region revealed that
the isolates belonged to three genera as delineated in the constructed phylogeny tree. Wp1, and Cr4
were from Colletotrichum, while Cr1, Cr3, and Cr6 belonged to Diaporthe, and Cr2 was in the genus
Phomopsis (Figure 2). The molecular identification of the isolates was confirmed using their
morphological description, also taking into consideration the mycelia, conidia, or their
conidiogenous cells or hyphae.

Table 2. Identities of the endophytic fungi based on the ITS region

Isolates Scientific name %ldentity Accession number
from NCBI
GenBank

Wpl Colletotrichum karsti 99.67% KX578794.1
Crl Diaporthe longicolla 97.95% LN552212.1
Cr2 Phomopsis columnaris 100.00% KU204512.1
Cr3 Diaporthe pseudomangiferae 97.72% MG576128.1
Crd Colletotrichum acutatum 99.66% LC1942241
Cr6 Diaporthe inconspicua 98.07% MF495476.1
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Figure 2. Phylogenetic tree based on the nucleotide sequences of rDNA-ITS region. The isolates
and their phylogenetic position based on the ITS region according to neighbor joining method. The

phylogeny involved 29 nucleotide sequences; the NCBI GenBank accession numbers from the
reference strains are shown after the name of the strain.

Colletotrichum karsti causes anthracnose of Capsicum anuum in mango in northeastern
Brazil [24]. In this study, C. karsti was found on the healthy leaves of W. pubescens, suggesting that
it benefits the growth and development of W. pubescens. In the study of Gangadevi and Muthumary
[25], the relative family of C. karsti, which is the C. gloeosporioides, a novel endophytic taxol-
producing fungus, was isolated from the leaves of a medicinal plant, Justicia gendarussa. In
addition, Colletotrichium species, in particular C. gloesporioides, produces taxol (163.4 pg/l),
which is a secondary metabolite capable of inhibiting cell division or proliferation. Based on its
taxonomy, C. Kkarsti belongs to subkingdom Dikarya, phylum Ascomycota, subphylum
Pezizomycotina, class Sordiaromycetes, subclass Hypocreomycetidae, order Glomerellales, family
Glomerellaceae, and genus Colletotrichum.

Diaporthe longicolla causes the black zone lines on the lower stems of mature soybean
plants [26]. According to Preeti et al. [27], through mutualism, both plants and endophytic fungi
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release some similar secondary metabolites. This could be an indication that the isolated endophytic
fungus identified molecularly as D. longicolla can play a vital role regarding the chemical and
pharmacological properties of C. ramiflora and offers protection from pathogens and grazing
animals. It belongs to subkingdom Dikarya, phylum Ascomycota, subphylum Pezizomycotina, class
Sordiaromycetes, subclass Sordiaromycetidae, order Diaporthales, family Diaporthaceae, and genus
Diaporthe.

Phomopsis columnaris causes the twig dieback of Vaccinium vitis-idaea (lingon berry)
[21]. The isolated endophytic fungus P. columnaris could promote growth and nutrient uptake
capability of the plant C. ramiflora. Phomopsis columnaris belongs to subkingdom Dikarya, phylum
Ascomycota, subphylum Pezizomycotina, class Sordiaromycetes, subclass Diaporthomycetidae,
order Diaporthales, family Diaporthaceae, and genus Phomopsis.

Diaporthe pseudomangiferae was first reported causing inflorescence rot, rachis canker,
and flower abortion in Mangifera indica in Puerto Rico [28]. Furthermore, the ethanol extract of C.
ramiflora leaves has cytotoxic effects on HelLa, T47D, and WiDr cell-lines [29]. The cytotoxic
properties of C. ramiflora could be due to the association with the endophytic fungus D.
pseudomangiferae. Through mutualism, the plants and endophytic fungi were found to secrete some
similar secondary metabolites [28]. D. pseudomangiferae belongs to subkingdom Dikarya, phylum
Ascomycota, subphylum Pezizomycotina, class Sordiaromycetes, subclass Sordiaromycetidae,
order Diaporthales, family Diaporthaceae, and genus Diaporthe.

On the other hand, like C karsti, C. acutatum also causes anthracnose (301. In another study,
C. acutatum was isolated from anthracnose lesions in key lime, star fruit, mango, and leatherleaf
fern (31). The presence of endophytic fungi on the development of plants might be an indicator of
potential medicinal properties of the plant. In addition, the relative family of C. acutatum, which is
C. gloeosporioides, showed cytotoxic activity against numerous cell lines including MCF-7, NCI-
H460, HepG-2, and SF-268 tumor cell lines (32). Colletotrichum acutatum belongs to subkingdom

Dikarya, phylum Ascomycota, subphylum Pezizomycotina, class Sordiaromycetes, subclass
Hypocreomycetidae, order Gomerellales, family Glomerellaceae, and genus Colletotrichum.

Zang et al. [33] reported that the secondary metabolite isochromophilone X isolated from
Diaporthe sp. was found to have moderate cytotoxic activities. Moreover, kampanol A, R-
mevalonolactone, ergosterol, and ergosterol peroxide were isolated from the endophytic fungus
Phomopsis archeri [34]. In addition, another isolated compound from P. archeri, phomoarcherin B
showed antimalarial activity against Plasmodium falciparum with an 1Cso value of 0.79 pg/ml. The

isolated endophytic fungus D. inconspicua, associated with C. ramiflora leaves, is a close relative of
Diaporthe sp. and Phomopsis archeri, which are all under the family Diaporthaceae. Therefore, it
could be possible for D. inconspicua to have a cytotoxic and anti-malarial activity. Diaporthe

inconspicua belongs to subkingdom Dikarya, phylum Ascomycota, subphylum Pezizomycotina,
class Sordiaromycetes, subclass Diaporthomycetidae, order Diaporthales, family Diaporthaceae,
and genus Diaporthe.

4. Conclusions

This study performed the isolation of endophytic fungi from the known medicinal plants in the
Philippines namely, C. ramiflora and W. pubescens. With the application of modern
biotechnological tools such as DNA barcoding in plants, the endophytes were identified with robust
results and accuracy. The internal transcribed spacer (ITS) region was found to have a high
accuracy for the identification of the broadest range of fungi. The isolated endophytic fungi in this
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study are important materials to study on their secondary metabolites, close association with
plants, and important enzymes, all of which may have biotechnological application and medicinal
uses.
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Abstract

Natural sugar is deliberated as ordinary, non-chemical, and healthy alternatives. However, a diet
rich in sugar is well documented as a causative agent for dental caries. The purpose of this study
was to investigate the effects of natural sugars, including raw cane, palmyra palm and coconut sugar
on the acidogenic profiles, biofilm formation and antiseptic treatment efficacy compared with
refined sugar. The study was based on single-species and dual-species of Streptococcus mutans
ATCC 25175 and Streptococcus sobrinus ATCC 33402. Our results showed that sucrose was a
major component of all samples, with percentages of relative content higher than 89.0. Palmyra
sugar gave the least pH change at 180 min of 4.84-4.93, which indicated it was the least acidogenic.
Coconut sugar formed the lowest level of biofilm biomass compared to refined sugar (p < 0.05) and
other samples. Antiseptic treatment was performed to study the level of percent eradication of
bacterial plaque using MTT assay to determine cell viability under biofilm in each sugar medium.
Biofilm derived from coconut sugar had a susceptibility to antiseptic treatment with 56.2-61.99%
eradication which was higher than the biofilm from palmyra and raw cane sugar. As a result, this
study points out the effects of various natural sugars (especially different sources of plant material)
on cariogenic potential. However, further experiment should be done to confirm the results in vivo
and further study the cariogenic effects of diet supplementation of these fermentable sugars.

Keywords: natural sugar; sweetener; dental caries; biofilm
DOI 10.14456/cast.2021.41

1. Introduction

Dental caries is widespread condition affecting about one-third of the global population at all ages
and is considered to be the most common noncommunicable disease (NCD) worldwide [1]. This
multifactorial disease is a biofilm-mediated, sugar-driven, and dynamic circumstance resulting in
the phasic demineralization and remineralization of tooth surface. Acidogenicity is a consequence
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of microbial sugar metabolism which accelerates demineralization and results in caries lesions [2].
Mutans streptococci (MS) has long been connected with dental caries in humans. Certain species,
including Streptococcus mutans and Streptococcus sobrinus, have been shown to be related to the
incidences and activities of dental caries [3]. These bacteria are able to efficiently utilize free sugars
and thus promote the formation of cariogenic biofilm [4]. Biofilm is a matrix of polysaccharides
synthesized by bacterial glucosyltransferase which produces extracellular polysaccharides (EPS)
from dietary sugar. Biofilm further promotes bacterial adhesion, and generates a microenvironment
which enhances the growth of acidogenic and cariogenic bacteria [5]. Recent research has
established that a single specific cause of dental caries is free sugars [6, 7]. WHO recommends
avoiding the excessive consumption of added sugars or “free sugars” to prevent dental caries. Free
sugars can be defined as all the monosaccharides and disaccharides added to, and naturally present
in, foodstuff [8, 9]. These sugars serve as the building block of EPS which is the core of biofilm or
dental plaque. It is now commonly accepted that sucrose, or table sugar, is the most cariogenic sugar
because it is readily metabolized by mutans streptococci yielding glucose and fructose, from which
EPS is made up and acid is produced [5, 10, 11]. Recently, natural sugar has attracted interest as an
alternative sweetener due to it being natural and unrefined, full-flavored and sweet-scented. It is
generally used as sweetener for beverages and desserts, especially traditional dishes. These natural
sugars are produced from several tropical plants including sugarcane (Saccharum officinarum L.),
and several species of palms such as coconut palm (Cocos nucifera L.), palmyra palm (Borassus
flabellifer L.), nipa palm (Nypa fruticans Wurmb.) [12, 13]. Sugarcane is primarily used to produce
table sugar, also known as white sugar, which is a refined product containing up to 99.9% sucrose.
Non-refined sugar alternatives have also attracted the interest of a range of people due to their
nutritional and antioxidant properties [12-14]. Raw and brown sugar from sugarcane showed
antioxidant activity which was directly related to the degree of refining, and was due to the retention
of phenols and flavonoids [13]. Many studies have reported on palm sap sugar characteristics such
as proximate analysis, aroma profile, reducing sugars content and antioxidant activity [12].
Moreover, recent work indicated that due to its antioxidant and nutritional properties, coconut sap,
the material from which coconut sugar is derived, was a potential healthier sugar source which had
a low glycemic index [15].

Therefore, natural sugar has become a popular non-refined sugarcane alternative to refined
white sugar and a possible healthier candidate to be used instead of it. As for our knowledge, there
is no report of these alternatives on their cariogenic potential. It remains unclear whether natural
sugars have different cariogenic potentials to refined sugar. In this study, two palm sap-based sugars
and two sugarcane-derived sugars were evaluated for their cariogenicity. Acidogenicity or
glycolytic pH drop from sugar metabolization by cariogenic bacteria was evaluated. Biofilm
biomass were determined using crystal violet staining. Moreover, antiseptic treatment of biofilm-
induced from different sugars was studied to evaluate the robustness of the microbial matrix and
metabolic activity was assessed using MTT assay. Our aim was to evaluate the cariogenic potential
of natural sugars compared to that of refined sugar. Our research may well offer a base for further
in vivo and dietary studies of these sugars versus refined sugar as causative agents of dental caries.

2. Materials and Methods
2.1 Microorganisms and sample preparation

Streptococcus mutans ATCC 25175 and Streptococcus sobrinus ATCC 33402 were cultivated on
Brain Heart Infusion agar (BHI agar) in candle extinction jar (5% CO,) for 48 h at 37°C. Pure
refined, raw cane, coconut (Cocos nucifera L.), and palmyra palm (Borassus flabellifer L.) sugar
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were purchased from local stores and supermarkets in Bangkok, Thailand. All samples were
dissolved in deionized water and prepared as stock solution at concentration of 20% w/v.

2.2 HPL.C analysis of monosaccharide and disaccharide in natural sugar

The analysis was performed using a Chromaster HPLC system (Hitachi High-Tech Corporation,
Japan) and refractive index detector (RID) (Chromaster 5450 model). Samples were injected at the
volume of 20 pl and separated using Benson polymeric (BP-800 H+) column at 35°C with deionized
water as mobile phase. The flowrate applied was 0.5 ml/min with a run time of 30 min. Standard
sucrose solutions were injected to obtain the retention time. Sucrose content was determined based
on peak area and calculated as % relative content.

2.3 Analysis of Acidogenic potential

Acidogenic potential was determined according to the method of Stegues et al. [16] with some
modifications. A purified single colony of tested bacteria was inoculated into BHI broth (5 ml) and
incubated in candle extinction jar at 37°C for 18 h. The overnight culture was centrifuged at 8,000
rpm for 10 min, and cell pellets were resuspended in a mixture solution of 50 mM KCI and 1 mM
MgCI; (pH 7.4) in order to maintain pH value of the mixture in neutral range, which correlated with
physiological pH in oral cavity. The cell suspension was required with the optical density at 600 nm
of 1.0 (approximately 10° cfu/ml). For co-culture, the mixture of S. mutans ATCC 25175 and S.
sobrinus ATCC 33402 was prepared in the ratio of 1:1. Then 2 ml of bacterial suspension was
transferred to 50 ml conical centrifuge tube that contained 18 ml of mixture solution supplemented
with 2% w/v of the tested sugar. The pH value was monitored at different time points for 180 min
(0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150, and 180 min) using a polycarbonate electrode
(lonix instruments, Singapore). Time duration of 180 min was based on the duration that
microorganism used to decrease the pH value from neutral pH to critical pH. The mixture solution
of 50 mM KCl and 1 mM MgCl, (pH 7.4) was used as a negative control.

2.4 Biofilm formation of oral streptococci

The biofilm of oral streptococci was grown in 96-well polystyrene plate. Streptococcus mutans
ATCC 25175 and S. sobrinus ATCC 33402 were cultured in BHI broth (5 ml) at 37°C for 18 h, and
after that the turbidity of overnight cultures was adjusted to 0.1 at optical density 600 nm
(approximately 107 cfu/ml). Twenty microliters of bacterial suspension were added into 180 ul of
BHI broth supplemented with tested sugar at concentration of 2% w/v. For dual-species biofilm, the
mixture of S. mutans ATCC 25175 and S. sobrinus ATCC 33402 was prepared in the ratio of 1:1.
The plates were then incubated and biofilm was allowed to form at 37°C for 24 h. Time duration for
24 h was based on the time needed for biofilm to mature and become well-attached.

2.5 Quantitation of biofilm biomass

To assess biofilm biomass, crystal violet (CV) assay as previously described method of He et al.
[17] with some modifications was used. First, the growth medium was softly removed. Then the 96-
well polystyrene microplates were washed three times with sterile phosphate-buffered saline (PBS),
pH 7.4. The biofilm was fixed with 200 pl of absolute ethanol for 15 min, and after that the fixed
biofilm was stained by adding 200 ul of CV solution (0.01% w/v). In order to remove the excess
dye, the wells were rinsed three times with sterile PBS and 200 ul of DMSO was then added to
solubilize the bound CV. The solubilized solution was transferred to a new 96-well polystyrene
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microplates and measured the absorbance at a wavelength of 590 nm by microplate reader
(Biochrom EZ Read 2000, UK).

2.6 Antiseptic treatment of biofilm-induced by different sugars

Biofilms of S. mutans ATCC 25175, S. sobrinus ATCC 33402, and dual-species was performed in
96-well polystyrene microplates using BHI broth supplemented with 2% w/v of tested sugars along
with the negative control (BHI broth). Then, each biofilm was subjected to treatment with 0.12%
w/v of chlorhexidine gluconate according to the following procedure. After washing with PBS,
chlorhexidine gluconate solution was added and incubated for 1 min. Then, the antiseptic solution
was removed and gently rinsed twice with sterile PBS (pH 7.4) to remove the residual antiseptics
and dead cells. The remaining biofilm was assessed for metabolic activity of viable cells under the
biofilm wusing 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
according to the method of Zhong et al. [18] with some modifications. Briefly, 200 ul of MTT
solution (1 mg/ml, MTT in PBS (pH 7.4)) was added to biofilm and incubated under light protecting
condition at 37°C for 3 h to allow the metabolically active cells to reduce the MTT into formazan
crystals. After the designated time, excess MTT solution was removed, and the formazan crystals
were solubilized by adding 150 pl of DMSO. The solubilized solution was transferred to a new 96-
well polystyrene microplate and the absorbance at 560 nm was determined using microplate reader
(Biochrom EZ Read 2000, UK). The percentage of eradication was calculated using the equation as
described below:

S A-B
% Eradication = — X100 (1)

A was defined as the average absorbance of untreated biofilm, B was defined as the average
absorbance of treated biofilm.

2.7 Statistical analysis

All experiments were carried out independently in triplicate. Data were represented as mean value
+ standard deviation. For statistical analysis, IBM SPSS statistics 21 was used to perform the one-
way analysis of variance (ANOVA) followed by Dunnett test to compare the test groups with the
control group. Level of significance at 5% (p < 0.05) was considered to indicate statistically
significant difference.

3. Results and Discussion
3.1 Composition of monosaccharide and disaccharide in natural sugar

The type of monosaccharide or disaccharide which was the major component in selected natural
sugars was determined by using HPLC. The retention times and chromatograms of samples
compared with standard sucrose were presented in Figure 1. The major peaks of all samples and
standard sucrose were detected after 10 min with retention time in the range of 10.60-10.610 min.
The results showed that that sucrose was the main component of refined sugar, palmyra sugar,
coconut sugar, and raw cane sugar with percentages of relative content at 99.85, 99.73, 93.08, and
89.03, respectively (Table 1). In addition, glucose and fructose were presented in small amount in
coconut sugar and palmyra sugar, with approximate retention time at 12.1 and 13.1 min (data not
shown). The high level of sucrose in natural sugar might be one of the crucial factors related to the
cariogenic potential of oral pathogens.
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Figure 1. HPLC chromatographic profile of standard sucrose (A), refined sugar (B), raw cane
sugar (C), coconut sugar (D), and palmyra sugar (E). The major peaks of standard sucrose, refined
sugar, raw cane sugar, coconut sugar, and palmyra sugar were detected after 10 min.

Table 1. The HPLC analytical results of natural sugars

Samples Retention time (min) % Relative content of sucrose
Standard sucrose 10.600 100.00
Refined sugar 10.610 99.85
Raw cane sugar 10.607 99.73
Coconut sugar 10.607 93.08
Palmyra sugar 10.607 89.23

3.2 Acidogenicity

Glycolytic pH drop from sugar fermentation by cariogenic bacteria was shown in Figure 2. A similar
pattern in pH fall curve was observed among various sugars in S. mutans ATCC 25175, S. sobrinus
ATCC 33402 and co-culture. Significant difference of pH value for the four types of sugar was
distinguished at 5 min (p < 0.05). Refined sugar showed significantly higher level of acidogenicity
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Figure 2. Acidogenic potential of S. mutans ATCC 25175 (Sm), S. sorbrinus ATCC 33402 (Ss),
and co-culture (MIX) against refined sugar, raw cane sugar, coconut sugar, and palmyra sugar
were presented as blue line, yellow line, green line, and brown line, respectively.

compared to other natural sugars in S. mutans ATCC 25175, S. sobrinus ATCC 33402 and co-
culture at 5 min (p < 0.05), except that the variance between refined and coconut sugar in co-culture
was observed for statistically difference at 15 min.

The presence of refined sugar influenced the pH fall the most, with the final pH values at
180 min of 3.80+0.04, 3.87+0.06 and 3.92+0.10 in S. mutans ATCC 25175, S. sobrinus ATCC
33402 and co-culture, respectively. Palmyra sugar resulted in the least pH change with the final pH
values at 180 min of 4.84+0.07, 4.87+0.10 and 4.93+0.04 in S. mutans ATCC 25175, S. sobrinus
ATCC 33402 and co-culture, respectively. Time to reach critical pH, which is acidic pH at 4.5-5.5
that affects the dental enamel of refined sugar fermentation faster than that of natural sugar
fermentation. The slowest fermentation rate was found in palmyra sugar medium. It needed 90 min
to reach a pH value of 5.3 whereas refined sugar took between 10 to 15 min. Hence, approximately
about half of acidic end products were produced from glucose and sucrose [19]. According to the
HPLC results, palmyra sugar showed the lowest sucrose content among the natural sugars resulting
in the smallest pH dropping effect.

Even though sucrose is the major component of those natural sugars, brown color is from
caramelization that occurs during production process from heat resulting in sucrose content
reduction [12, 13]. As the same plant is the source of refined and raw cane sugar, it may well be that
it is the degree of refining that results in different caloric nutrient or fermentable carbohydrate
content in the sugar products. As reported by Segui et al. [13], the sucrose contents in brown or non-
refined sugarcane products ranged from 0.83 to 0.94 g per g product with low amount of glucose
and fructose [13]. Moreover, retained components such as molasses and phenolic compounds in
brown or non-refined sugarcane have been reported for their anti-mutans streptococci activities [20].
Recent study determined the sugar profile and total phenolic content of starting materials used for
the production of natural sugars including sugarcane juice, coconut sap, and palm juice. Coconut
sap had the highest monosaccharide and phenolic content [15]. As a result of this current study,
sugar allocation in cariogenic bacteria may be one reason to explain the different effects of white
and brown cane sugar on acidogenicity. In addition, it may primarily imply that impurities and
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processing may affect some virulence factors of cariogenic microorganisms and more research is
needed to clarify this.

3.3 Effect on biofilm biomass

The effect of sugar types on biofilm biomass based on crystal violet assay was shown in Figure 3
and Table 2. Compared to refined sugar, coconut sugar produced the least biofilm formation with
statistically significance among all cariogenic biofilms (p < 0.05 in S. mutans ATCC 25175 and S.
sobrinus ATCC 33402 biofilm and p < 0.001 in dual-species biofilm) whereas raw cane and palmyra
sugar showed no significant difference from refined sugar. As describe above, the mono- and di-
saccharide profile of tested sugar showed different sucrose content [15]. Sucrose influences pH
change and promotes ecological and biofilm structural shift [11]. It is biologically described that
external sucrose is used to produce extracellular polysaccharide (EPS), whereas internal sugars such
as glucose or fructose are utilized for glycolysis and other mediated processes [21]. However,
monosaccharide fructose plus glucose in combination can also cause caries [6]. On a dry basis,
biofilm is mainly composed of cariogenic bacteria and EPS matrix which is created directly from
sucrose substrate [22-24]. Previous study clearly demonstrated that sucrose formed cariogenic
dental plaque to a greater degree than glucose plus fructose [10]. Duarte et al. [25] also reported that
the polysaccharide matrix in sucrose supplementation was higher than in sucrose plus glucose
supplementation. This suggests that the impurities in natural sugar provided less available substrate
for EPS production, and this caused a decrease in the biofilm biomass which is consistent with the
results of the current study.

0.700
mRefined sugar
0.600 BRaw cane sugar
B Coconut sugar
0.500 m Palmyra sugar
2 5 0400 |
s o
ED
® 2 0300
s
0.200
0.100
0.000 —_— - —T
S. mutans | S. sobrinus | Co-culture

Figure 3. The effect of selected sugars (2% w/v) on biofilm formation of S. mutans ATCC 25175,

S. sobrinus ATCC 33402, and co-culture. Statistical analysis was performed by one-way ANOVA

followed by Dunnett t-tests by using refined sugar as control. Mean difference is significant at the
level of significance: p < 0.05 (*) and p < 0.001 (**).
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Table 2. Biofilm biomass based on crystal violet assay. Different superscript letters in the same
column indicate significant differences at p < 0.05. Different capital letter in the same row indicates
significant difference at p < 0.05 between bacterial individual and/or co-culture.

Biofilm formation ¢ " ans ATCC 25175 . sobrinus ATCC 33402 Co-culture

(OD590 nm)

Refined sugar 0.580+0.00724 0.626+0.012%® 0.545+0.010%¢
Raw cane sugar 0.581+0.003* 0.602+0.041%8 0.537+0.019%
Coconut sugar 0.549+0.023% 0.584+0.007°8 0.490+0.019°¢
Palmyra sugar 0.557+0.014% 0.628+0.004%® 0.536+0.018*

Furthermore, the biofilm formation in the presence of coconut sugar yielded the lowest
biomass level. This demonstrated that coconut sugar is not a suitable resource for biofilm formation
of S. mutans ATCC 25175, S. sobrinus ATCC 33402, and co-culture when compared with refined
sugar. This is preliminary data and human studies should be performed to confirm the effect of
sugars on cariogenic plague formation. In addition, the biofilm from S. sobrinus ATCC 33402
culture gave higher biomass than S. mutans ATCC 25175 and co-culture in all sugars. Acid by-
products cause the micro-environment of dental plaque to be suitable for the growth of acid tolerant
microbes. Streptococcus sobrinus strains are usually acidophilic and aciduric microbes [26, 27]. In
addition, S. sobrinus can utilize glucose more efficiently than S. mutans [28]. In agreement with
previous studies, S. sobrinus can produce more plentiful polysaccharide and may be more cariogenic
than S. mutans [4].

3.4 Antiseptic treatment of biofilm

Palm-derived sugars gave less metabolically active microorganisms than refined sugar (p < 0.05 in
co-culture biofilm in the presence of palm-derived sugars) (Table 3). The percentage of eradication
was shown in Figure 4. After 1-min contact with 0.12% chlorhexidine, biofilm in the refined sugar
medium was the most susceptible to antiseptic with 71.7% eradication of S. sobrinus ATCC 33402
biofilm while raw cane sugar dependent biofilm was the most resistant to antiseptic with 36.5%
eradication of S. mutans ATCC 25175 biofilm.

Previous reports have mentioned that crude cane and molasses contained a protective agent
that had an anticariogenic effect. In brown sugar, an anti-caries mechanism involved an enzyme
inhibitor and its mineral content that reduced demineralization [29, 30]. This was contrary to our
result in which raw cane sugar had more viability biofilm cells, and this may be due to the response
to antiseptic of planktonic cells and microbes in biofilm being different. Usually, bacteria
incorporated into biofilms are more resistant to antimicrobial agents than planktonic cells [31]. In
addition, the different kinds of mono- or di-saccharide and other components in various natural
sugars may affect the susceptible to antiseptics of cariogenic bacteria within biofilm. A different
medium can have different effects on the bacterial growth, cell amount, glucosyltransferase (GTF)
activity, and insoluble glucan yield [32].

Previous studies demonstrated that biofilm formed in sucrose media was significantly
thicker than that in high fructose corn syrup media [33]. Moreover, the quality of unrefined sugars
had variation based on source materials and non-standard processing technologies [34]. The analysis
of compounds that responsible for the effect of microbial biofilm should be accomplished.

In addition, S. sobrinus can utilize glucose efficiently when compared to S. mutans [28]. In
agreement with previous studies, S. sobrinus produced more plentiful polysaccharides and may be
more cariogenic than S. mutans [4].
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Figure 4. Percent eradication of viable cells under the biofilm after treated with antiseptic.
Statistical analysis was performed by one-way ANOVA followed by Dunnett t-tests using refined
sugar as control. Mean difference is significant at the level of significance: p < 0.05 (*) and p <
0.001 (**).

Table 3. Viable cell analysis of 24-h biofilm (before and after antiseptic treatment) by MTT assay.
Different superscript letters in the same column indicate significant differences at p < 0.05.

Biofilm S. mutans S. sobrinus
. ATCC 25175 ATCC 33402
viable cell

(OD560) Untreated Treated Untreated Treated Untreated Treated

Co-culture

Refined sugar 1233:0025% 0482+0017%  1490+0062° 0422+0010°  1210+0031% 03510009

?uzv;rcane 1189+0010% 075620043 1414400342 0685:0014°  1200+0.030° 0.685+0.007°
;%c;nut 1210400322 0530+0043%  1433+0091% 0545:0013°  1130+0041° 0.448+0008"
SPSér;yra 1218+0019% 0573+0048%  1377+0043% 0559+0036°  1139+0030° 0476+0017"

4. Conclusions

Natural sugar is commonly used in cultural dishes and desserts in Asia and South East Asia.
However, fermentable carbohydrate, especially sugar, plays a pivotal role in the development of
dental caries. This study aimed to clarify the cariogenic potential of various alternative natural
sugars. The results of this study suggest that the palm-derived sugars, coconut and palmyra sugar,
may have less acidogenic potential than refined sugars, and furthermore biofilm from palm-derived
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sugars contained less metabolically active microorganisms than biofilm from refined sugar. Due to
the variation in traditional processing and sources, sugar profile and presence of other compounds
found in natural sugars need to be individually analyzed. Assuredly, analyses of virulence-related
factors and biofilm such as confocal laser scanning microscopy and fluorescent staining should be
conducted. Further studies included in vivo, and in situ investigations and studies involving human
volunteers need to be performed to further discover and clarify the effects of sugar type on dental
caries.
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Abstract

Enzyme-induced calcium carbonate precipitation (EICP) is a bio-inspired technique that uses urease
to activate the urea-hydrolysis reaction to produce CaCOs precipitation. This study was conducted
to assess the effect of cementation solution concentrations on the plasticity and swell behavior of
residual clay soil. The findings showed that the plasticity behaviour of the residual soil was
improved. The liquid limit of the residual clay soil decreased from 79% to 58.8%, plastic limit
increased from 30% to 47.8%, plasticity index decreased from 49% to 11% and linear shrinkage
limit decreased from 16 to 4.3%, and these results reflected an increase in calcium carbonate
precipitation from 0% in the untreated soil to 4.09% in the EICP soil sample treated at 1.00 M
concentration of cementation solution. The SEM and EDX results indicated the presence of CaCO3
crystals in the treated residual soil, while XRD analysis confirmed the formation of calcite crystals
in the treated soil.

Keywords: biocementation; plasticity behaviour; residual clay soil; enzyme-induced calcium
carbonate precipitation (EICP)
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1. Introduction

Recently, research on soil improvement has shifted towards the use of green, environmentally
friendly, and sustainable techniques [1-3]. Biocementation through either microbially-induced
calcite precipitation (MICP) or enzymatically-induced calcium carbonate precipitation (EICP) is a
green, environmentally friendly, and sustainable technique that utilizes ureolytic bacteria or free
urease enzyme respectively, to synthesize calcium carbonate through the hydrolysis of urea and
calcium-rich compounds [4-6]. The mechanism of MICP and EICP can be summarised in two
equations (1 and 2), as shown below:
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Urease " _ (1)
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The majority of reported studies on biogeotechnology for soil improvement are centered
around improvements in the strength, stiffness and permeability of granular soil via MICP [3, 7].
Despite several studies on MICP documented in various literature, only a few number of researches
[8-12] were conducted on MICP in fine-grained soils. A limited number of studies on MICP in fine-
grained soils is attributed to the inability of bacteria to pass through the pore throats of the soil,
which are smaller than 0.4 um [13].

In order to overcome treatment difficulties associated with MICP in fine-grained soils,
enzymatically-induced calcium carbonate precipitation (EICP) has been adopted, which uses a free
urease enzyme instead of urease produced by ureolytic bacteria [14, 15]. EICP has a similar
mechanism to MICP, in which calcium carbonate is precipitated via ureolysis, as described in
equations 1 and 2 above.

Previous studies conducted on EICP mostly focused mostly on improving strength the of
sandy soils. For instance, Rohy et al. [16] adopted a one-phase injection method of various
concentrations of EICP solution (urea, CaCly, and urease solution) at low pH to improve a uniformly
graded silica sand. Almajed et al. [17] improved the strength of silica sand using an EICP solution
that was modified with an organic stabilizer (non-fat milk). Simatupang and Okamura [18] used the
EICP technique to improve the liquefaction resistance of a sandy soil prepared at various degrees of
saturation. Other research works [19-22] utilized the EICP solution to increase the shear strength of
sandy soils.

Although a small number of studies such as Chandra and Karangat [23] and Cuccurullo et
al. [24] were conducted on the use of the EICP technique to improve the engineering and physical
properties of fine-grained soils, the use of the EICP technique to improve the plasticity behavior of
fine-grained soils has not been investigated. There is a need to investigate the effect of calcite
formation via the EICP technique on the plasticity behavior of fine-grained soils, especially for the
application in the design of compacted clay liner.

This work presents the effect of a biocement produced via the EICP technique on the
plasticity and swelling characteristics of residual clay soil. The effect of varying the concentration
of cementation solution (urea and CaCl,) on the Atterberg limits of the residual clay soil was also
investigated.

2. Materials and Method

2.1 Materials

The materials used to investigate the effect of enzymatically-induced calcite precipitation on the
plasticity behavior of residuals are residual soil and EICP solution.

2.1.1 Tropical residual soil
The soil used for this work was retrieved through the disturbed sampling method from 1.5 m below
the ground borrow pit at Universiti Teknologi Malaysia, Skudai Campus (1°33°35”" N,

103°38°38°’E). The climate of the sampling area is a tropical rainforest and has a basement complex
geologic formation.
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2.1.2 EICP recipe

The EICP solution prepared for treating the residual soil consisted of free urease enzyme and the
cementation solution. The free urease enzyme was extracted from the jack bean. The free urease
enzyme was procured from Fischer Scientific Sdn Bhd, Malaysia. The urease activity of the enzyme
was reported to be 3,500 U/g. The cementation solution was a mixture of urea (CO(NH,),) and
calcium chloride dihydrate(CaCl,. 2H,0). The concentration and composition of the EICP solution
used in this study are presented in Table 1 below.

Table 1. Composition of EICP solution

Concentration (M) Urease (g/l) Urea (g/l) CaCl2.H20 (g/l)
0.25 3 15 36.6
0.50 3 30 73.2
0.75 3 45 109.8
1.00 3 60 146.4

The EICP solutions were prepared by first dissolving the amounts of urea (CO(NH,),) and
calcium chloride dihydrate(CaCl,. 2H,0) calculated as shown in Table 1 in a distilled and deionized
water in Scott bottles. The dissolved urea and calcium chloride is herewith referred to as cementation
solution. Then, equivalent free urease enzyme in powdered form was added to the cementation
solution and the mixture was vigorously mixed until all the powdered urease enzyme were dissolved.
The mixture of urea, calcium chloride and urease enzyme are known as EICP solution.

2.2 Methods

The work involved in this study involved mainly laboratory tests that have a connection with the
plasticity behavior of a fine-grained soil. The tests were performed on both untreated natural soil
and EICP treated soil.

2.2.1 EICP treatment

The soil to be treated with the EICP solution was initially prepared by oven drying and then sieving
through a 425 pm sieve. About 500 g of the sieved soil was then mixed homogeneously with the
EICP solution at different concentrations, as prepared in section 2.1.2 and presented in Table 1. The
volume of the EICP solution taken for each mixture was 79% of the mass of dry soil, which
corresponded to the liquid limit of the untreated soil. The procedure for the treatment was adopted
from Osinubi et al. [25]. The soil-EICP solution mixtures (in paste form) were then cured for three
days in a humidity chamber that was operating at 25 + 2°C and 100% relative humidity. The soil-
EICP pastes were then subjected to Atterberg limits tests, as explained in section 2.2.2.

2.2.2 Determination of index properties of the natural soil

The natural soil was characterized by conducting a particle size analysis, and Atterberg limits and
specific gravity tests. The particle size analysis was conducted on the natural soil by combining wet
and dry sieving, as outlined in British Standard Methods of test for soils for civil engineering
purposes [26]. The retrieved natural soil from the borrow pit was initially air-dried. About 1 kg of
the air-dried soil was then soaked in a solution of sodium metahexaphosphate for about 24 h. The
wet soil was then washed through a 2 mm BS sieve. The soil retained on the 2 mm sieve was dried
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in an oven and then sieved through a series of BS sieves from 28 mm down to 2 mm. The particle
size analysis of wet soil passing through 2 mm and down to nanoscale was performed using a laser
light scattering, automated particle size analyzer.

The Atterberg limits tests, including liquid limit, plastic limit and linear shrinkage tests on
the natural and EICP treated soil were performed following the procedure enshrined in British
Standard Methods of test for soils for civil engineering purposes [26]. The specific gravity of the
natural untreated soil was determined by conducting a pyknometer test using small bottles as
prescribed in British Standard Methods of test for soils for civil engineering purposes [26].

2.2.3 Determination of calcium carbonate content (CCC)

The dried samples after the Atterberg limits tests were used for the determination of calcium
carbonate content. A gravimetric acid wash method, as reported in Choi et al. [27], was adapted for
the determination of calcium carbonate content. The CCC was determined by allowing about 20 -
25 g each of the natural and treated soils to dissolve in a 4 M HCI solution for 24 h. The wet soils
were rinsed and washed thoroughly with water for about 10 min and then filtered. The soils retained
on the paper were oven-dried. The weight of the dried sample before acid digestion and the dried
sample after acid digestion was determined. Equation (3) below was used to calculate the calcium
carbonate content in the soil.

B
CCC =100 - (Z) x 100 )
CCC = Calcium carbonate content (%)
B = Mass of oven-dried soil post washing
A = Mass of oven-dried treated soil before washing

2.2.4 Microstructural analysis

In order to determine the morphology and molecular nature of the precipitation formed,
microstructural analyses such as SEM, EDX and XRD were conducted on the natural and EICP
treated soils at 0.50 M cementation solution. The XRD analysis was performed using a Rigaku
SmartLab 9kW XRD machine, while a Hitachi SU8020 SEM machine was the instrument employed
to conduct SEM-EDX analyses.

3. Results and Discussion

3.1 Index properties of the natural soil

The physical properties of the natural soil are summarised in Table 2. The soil is classified as
gravelly clay of very high plasticity in the British Standard Classification System (BSCS). The
dominant mineral in the soil is kaolinite as revealed by the XRD analysis conducted on the natural
soil. The liquid limit and plastic limit of the natural soil are found to be 79% and 49%, respectively.
It can be seen that the PI of the natural soil is higher than the recommended upper limit of 30% as
suggested by Widomski et al. [28] and in Solid Waste Disposal Facility Criteria Technical Manual
[29] for a compacted clay liner. As stated in EPA [29], clay soils with plasticity indices of higher
than 30% tend to be challenging to work with when wet, and when dry, such soils could form hard
clods that could provide a path for leachate to infiltrate. Therefore the soil plasticity index needs to
be improved. One such method of improvement could be via enzymatically-induced calcium
carbonate precipitation.
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Table 2. Physical properties of the natural soil

Property Quantity
Natural Moisture Content (%) 32.72
Percentage Passing 63 um Sieve (%) 57

Gravel Fraction (%) 24.16

Sand Fraction 17.16

Liquid Limit (%) 79

Plastic Limit (%) 30

Plasticity Index (%) 49

Linear Shrinkage (%) 16

Specific Gravity 2.63

Loss on Ignition (LOI) (%) 12.28

BSCS Classification CVG (Gravelly Clay of Very High Plasticity)
Colour Reddish Brown
Clay Minerals Kaolinte

3.2 Plasticity behaviour of EICP treated soil

Figure 1 shows the effect of concentration of cementation solution and calcium carbonate content
on the Atterberg limits of treated soils. It can be seen from the graph that as the concentration of
cementation solution increases, the liquid limit (LL), plasticity index (PI) and linear shrinkage limit
(LS) decrease, while the plastic limit increases. The increase in the concentration of cementation
reagents goes with the rise in calcium carbonate content formed in the treated soil. For instance, the
natural soil has LL, PI, and SL of 79%, 49% and 16%, respectively. Upon treatment with EICP
solution at 0.25 M concentration urea-CaCl,, the values of LL, Pl and LS drop to 64.5%, 22.59%,
10%. Further increments in the concentration of urea-CacCl. lead to continous decrease in the LL,
Pl and LS until the minimum values of 58.8%, 11.01% and 4.29%, respectively at 1.00 M urea-
CaCl2 concetration are reached. Similar pattern of results were reported by Choobbasti et al. [30]
and Yazarloo et al. [31]. Moravej et al. [32] also reported that the reduction of LL and Pl from 42
to 34% and 19 to 10%, respectively was due to the bio-treatment of dispersive soil via MICP.
Kannan et al. [33] also determined that LL and PI of treated marine clay decreased upon treatment
via both biostimulation and bioaugmentation with MICP. Furthermore, an increase in plastic limits
was also reported by Choobbasti et al. [30]. The reduction in the LL, Pl and LS in EICP treated soils
can be attributed to the reduction in the the thickness of the diffused double layer due to the
replacement of hydrogen ions by the calcium from the calcium carbonate precipitation formed [30,
34]. The decrement in liquid limit is desirable in improving the plastic behavior of natural soils for
compacted clay liner applications.

3.3 Relationship between Atterberg Limits and calcium carbonate content

Figure 2 shows the relationship between Atterberg limits and calcium carbonate precipitation
formed in the EICP treated soils. The Figure also compared the results obtained in this study with
those reported by Choobbasti et al. [30]. The reason for choosing Choobbasti et al. [30] for
comparison with the results obtained in this research is to demonstrate that EICP treatment is equally
viable in enhancing plasticity behaviour of soil as was the nano calcium carbonate from different
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Figure 2. Relationship between Atterberg Limits with calcium carbonate content

sources of Choobbasti et al. [30]. As can be seen in the Figure, there is a linear inverse relationship
between liquid limit and calcium carbonate precipitations formed. The variation between LL and
CCC obtained is consistent with that reported by Choobbasti et al. [30]. The coefficient of regression
for the variation of LL with CCC was found to be 0.9308 for this studies while that of Choobbasti
et al. [30] was 0.952. The Figure also depicts that plastic limits increase with the increment in the
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calcium carbonate precipitations as shown in this study and also PL rises with the increment in nano-
calcium carbonate as reported in Choobbasti et al. [30]. It can also be seen in the Figure that
plasticity index falls steadily with the increment in both calcium carbonate precipitations (as found
in this study) and nano calcium carbonate as reported in Choobbasti et al. [30]. The variation
between Pl and CCC have R? values of 0.8563 and 0.9888 in this study and Choobbasti et al. [30],
respectively. Similarly Musso et al. [35] and Howayek et al. [36] also reported decrease in liquid
limit with increase in calcium carbonate. The decrease in LL and corresponding increase and
decrease in PL and PI, respectively can also be explained in terms of cementation of soil particles
through the action of calcium carbonate precipitates formed from biocementation technique [32].
Howayek et al. [36] also attributed increase in liquid limt and plasticity index of soil to the increase
in surface area when cementation between, in this case carbonate, was removed from the soil
aggregates. Thus, the decrease in LL and PL limits in this study can be associated with the formation
of cementation between clay particles due to the formation of calcium carbonates via EICP.

3.4 Microstructure analysis
3.4.1 X-Diffraction (XRD) analysis

XRD analysis was conducted on both the untreated and treated EICP residual to determine the
change in the mineral content due to EICP treatment. Figure 3 (a and b) depicts XRD patterns in
both the untreated and EICP treated soil. Kaolinite was found to be the dominant mineral in the
untreated soil, and the peaks showing the presence of calcite or calcium carbonate minerals detected
as shown in Figure 3(a). XRD pattern depicted in Figure 3 (b) shows the presence of calcium
carbonate and calcite minerals in addition to kaolinite mineral. Thus, EICP treatment resulted in the
formation of calcite minerals in the soil. The presence of calcite minerals due EICP treatment was
reported in sandy soils by Yasuhara et al. [19].

3.4.2 Scanning electron microscope (SEM) and electron dispersive X-ray (EDX)

The scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analyses were
performed on the natural soil and treated soil in order to confirm the formation of calcium carbonate
in the EICP treated soil. Figure 4 shows the SEM and EDX analyses of both natural and treated
soils. Calcium carbonate crystals were deposited on the treated soil (see Figure 4 (b)). The presence
of calcium carbonate was confirmed by EDX analysis and is shown on the SEM images. As shown
in Figure 4 (b), in addition to oxygen, calcium and carbon were detected in the treated soil which
indicates the production of calcium carbonate as result of the biocementation via EICP technique,
where as there was no detection of calcium and carbon in the untreated soil as depicted in Figure 4
(@). This indicates that CaCO3 was responsible for the improvement in the plasticity behaviour of
the EICP treated soil. The finding in this study is supported by studies reported by Almajed et al.
[17] and Kavazanjian and Hamdan [37]. For instance, Kavazanjian and Hamdan [37] observed
formation of visible white precipitates on the SEM images of EICP treated soil. The precipitations
were verified to be CaCOs minerals by EDX analysis.

It should be noted that the amount of calcium carbonate content (CCC) determined using
gravemetric acid for 0.50 M EICP treated soil was 2.03%, which was higher than the percentage of
calcium, 1.7%, as determined by the EDX method. The reason for this discrepancy as explained by
Choi et al. [27], could be that CCC determined from gravimetric acid wash of the EICP treated soil
may tend to be overestimated due to dissolution of non-calcium carbonate substance. Nevertheless,
the results obtained from gravimetric acid wash, XRD, SEM-EDX have confirmed the production
of calcium carbonate precipitation due to EICP treatment.
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4. Conclusions

In this study, an enzymatically-induced calcite precipitation technique for improving the plasticity

and swelling behavior of residual clay soil was presented. The following conclusions are made:

i. It was found that due to the EICP treatment on the residual soil, the plasticity and

swelling characteristics of treated soil were improved.
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ii. The liquid limit, plasticity index and MFSI of the treated soil were found to decrease
with an increase in the calcium carbonate content due to an increment in the
concentration of cementation solution.

iii. The formation of calcium carbonate precipitation was confirmed via SEM and EDX
analyses, and the formation of calcite was established through XRD analysis.
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Abstract

In vitro Musa acuminata L. cv. ‘Gros Michel’ is a potential alternative source of secondary
metabolites but low yield was obtained. Elicitation is used to increase secondary metabolite
production by many plant species. The objective of this study was to investigate the effect of
salicylic acid (SA), an elicitor, on secondary metabolite accumulation and antioxidant activity in
shoot cultures of M. acuminata cv. ‘Gros Michel’. Shoots of one centimeter in length were cultured
for four weeks on Murashige and Skoog (MS) medium supplemented with 22.19 yuM 6-
benzyladenine (BA) and 0, 100, 200, or 300 pM SA. The results showed that SA was effective in
enhancing the secondary metabolite production and antioxidant activity of M. acuminata cv. ‘Gros
Michel” shoots. The contents of secondary metabolites and antioxidant activity were significantly
different among the treatments. Shoots treated with 100 UM SA exhibited the greatest accumulation
of total saponins (263.86+£0.42 mg diosgenin/ g dry extract), total phenolics (124.44+8.39 mg
GAE/g dry extract), and total flavonoids (105.26+6.43 mg CE/g dry extract). These were 1.27, 1.25,
and 1.34 times that of the control. The strongest antioxidant radical scavenging was also observed
from 100 uM SA treated shoots (DPPH ECs value of 9.79+0.86 ug/ml and ABTS ECs value of
86.66+1.50 pg/ml).
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1. Introduction

Musa acuminata belongs to family Musaceae. Its fruits are a rich source of secondary metabolites
including vitamins, phenolics, carotenoids, biogenic amines and phytosterols. Some of these
compounds perform as antioxidants and are useful for human health [1]. Musa acuminata is a wild
species of banana distributed in tropical regions of South East Asia [2]. ‘Gros Michel’ is one of the
triploid cultivars of M. acuminata, and has the genome AAA. It is a seedless cultivar and is usually
eaten raw [1, 3]. Traditional doctors use M. acuminata fruit, peel, pseudostem, flower, leaf, and root
for the treatment of cancer, allergies, fever, coughs, and diabetes mellitus [2]. Onyema et al. [4]
reported that M. acuminata pseudostem had pharmaceutical value, containing flavonoids, phenolic
compounds, saponins, tannin, alkaloids, oxalate, hemagglutinin, phytate, and cardiac glycoside.
Saponins are secondary metabolites that normally accumulate in plants and are involved in plant
defenses against pathogens, pests, and herbivores [5]. Biological and pharmacological properties of
these compounds have been reported such as antiphlogistic, antihepatotoxic, hypoglycemic, and
antiallergic [6]. Phenolic compounds and flavonoids are secondary metabolites with polyphenol
structures and are also produced as defense mechanisms [7]. They possess several biological
activities including antioxidant effects, anticancer [8, 9], anti-inflammatory, and cardio-protective
effects [9].

Plant tissue culture has been used for mass propagation of several plant species of Musa
[10-13]. This in vitro technique offers both plant multiplication and secondary metabolite production
from cells and organs, as each cell maintains a complete genetic information [7, 14]. A single cell
can develop into a new plantlet and is able to synthesize the same secondary metabolites as the
parent plant grown under natural conditions [14]. Production of secondary metabolites from plant
tissue culture offers shorter production cycles, a constant product supply, consistent quality and
independence from climatic factors [7, 14]. Studies of medicinal plants have identified secondary
metabolite contents with antioxidant properties, but production may be low [7, 15]. Elicitation is an
effective technique for enhancing secondary metabolite production under aseptic conditions. Type
and concentration of elicitor significantly affect elicitation. It is necessary to determine the optimum
elicitor type and concentration for each plant species [16, 17]. Salicylic acid (SA) has been widely
used as elicitor inducing defensive mechanisms in many plant species [16]. SA is a phenolic
compound that is normally found as a phytohormone [18]. Enhancement of secondary metabolite
accumulation by SA has been reported for Taxus chinensis [19], Hypericum hirsutum [20], Jatropha
curcas [21], Thevetia peruviana [22], Chlorophytum borivilianum [23], Fagonia indica [24],
Centella asiatica [25], and Piper cumanense [26]. However, SA has not yet been applied to M.
acuminata cv. ‘Gros Michel’. In this study, the effect of SA at different concentrations on
enhancement of total saponins, total phenolic compounds, and total flavonoids including
antioxidants was investigated using in vitro shoot cultures of M. acuminata cv. ‘Gros Michel’.

2. Materials and Methods

2.1 Plant material and culture conditions

In vitro shoots of M. acuminata cv. ‘Gros Michel” were subcultured at four week intervals on
Murashige and Skoog (MS) medium supplemented with 22.19 uM 6-benzyladenine (BA) and 3%
(w/v) sucrose until sufficient regenerated shoots were available. The medium pH was adjusted to
5.6-5.8 with 1 N NaOH prior to gelling with 0.8% (w/v) agar, followed by autoclaving at 121°C for
15 min. The cultures were incubated at 25+2° C with a photoperiod of 16 h under fluorescent lamps
with light intensity of 3,000 Ix.
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2.2 Preparation of elicitors

A stock SA solution at a concentration of 0.1 M (BDH Prolabo, Belgium) was prepared following
Wang et al. [19]. This was dissolved in absolute ethanol and diluted with distilled water. The
solution was filter sterilized before adding to the culture medium through a 0.22 pum syringe filter.

2.3 Elicitation treatments

Four-week-old in vitro shoots of M. acuminata cv. ‘Gros Michel” were used as the explants. Shoots
were cut into samples approximately one centimeter in length and cultured on MS medium
supplemented with 22.19 uM BA and 100, 200, or 300 pM SA for four weeks. MS medium
supplemented with only 22.19 uM BA was used as a control. The experiment used a completely
randomized design with four treatments and three replications. Shoots were harvested and the shoot
fresh weight was recorded. The shoots were dried at 50°C for 48 h and the dry weight was recorded.
Extracts were prepared by powdering the dried sample with pestle and mortar. The ground samples
were macerated with ethanol at the ratio of 1:3 (sample: ethanol) for three days. Extracts were
filtered, evaporated in a hot air oven at 50°C for 48 h, and kept at -20°C until use.

2.4 Determination of total saponin content

Total saponin content was measured using a vanillin-sulfuric assay modified from Hiai et al. [27].
One milligram of plant extract was dissolved in 2 ml of absolute ethanol and sonicated for 1 min. A
sample of 0.25 ml was mixed with 0.25 ml of 8% vanillin reagent and 2.5 ml of 72% H,SO.. The
mixture was incubated in a water bath at 60°C for 10 min then cooled to 25°C for 10 min.
Absorbance was measured at 544 nm using a microplate reader (PowerWave XS-BT-MQX200R).
The total saponin content was reported as mg diosgenin/ g dry extract.

2.5 Determination of total phenolic content

Total phenolic content was measured using the Folin—Ciocalteu method, following Jirakiattikul et
al. [28]. Plant extract solution at a concentration of 1 mg/ml was sonicated for 1 min. A sample of
20 pl was mixed with 100 pl of dilute Folin-Ciocalteu reagent and 80 ul of 7.5% (w/v) sodium
carbonate solution. The solution was incubated at 25°C for 30 min and the absorbance was measured
at 765 nm using a microplate reader. The total phenolic content was reported as mg GAE/g dry
extract (mg of gallic acid equivalents per g dry extract).

2.6 Determination of total flavonoid content

Total flavonoid content determined using a modified method of Zhu et al. [29]. Plant extract solution
at a concentration of 1 mg/ml was prepared. A sample of 500 ul was mixed with 75 ul of 5% (w/v)
NaNO, for 6 min, then 150 pl of 10% (w/v) AICl; was added. After a 5-min reaction, 500 ul of 1M
NaOH and 275 pl of distilled water were added. The solution was left for 15 min and the absorbance
was measured at a wavelength of 510 nm. Flavonoid content was determined using a catechin
standard calibration curve and the results were expressed as mg CE/g dry extract (mg catechin
equivalents per g dry extract).
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2.7 Determination of antioxidant activity
2.7.1 DPPH radical scavenging assay

The scavenging capacity was evaluated following Yamasaki et al. [30]. Plant extract solution was
prepared at a concentration of 1 mg/ml, and 100 pl was mixed with 100 ul of 6x10° M DPPH. The
solution was left in the dark for 30 min and absorbance was measured at a wavelength of 520 nm.
Inhibition (%) was calculated as follows: % Inhibition = [(AbScontrol — AbSsample)/ AbScontror] X 100
where AbSconror IS the absorbance of the control and AbSsampie is the absorbance of the sample. ECso
values were calculated using a regression equation.

2.7.2 ABTS radical scavenging assay

The assay procedure was modified from Re et al. [31]. Twenty pl of 10 mg/ml sample solution was
combined with 180 ul of ABTS reagent. The solution was left for 6 min in the dark and absorbance
was measured at a wavelength of 734 nm. Inhibition (%) and ECs, values were calculated as
mentioned above.

2.8 Statistical analysis

All tests were performed in triplicate. Data was analyzed using one-way ANOVA followed by
Duncan’s new multiple range test for mean comparison at p < 0.05.

3. Results and Discussion
3.1 Fresh and dry weight of shoots

SA at all concentrations affected shoot fresh and dry weight (Figure 1). The lowest fresh weight of
53.85+7.50 mg/shoot was recorded for 300 uM SA, while the 100 and 200 uM SA treated shoots
had fresh weights of 77.12+8.76 and 74.96+12.07 mg/shoot, respectively. The control treatment had
the greatest shoot fresh weight of 153.91+12.40 mg/shoot (Figure 1 A).

The dry weight of SA treated shoots was significantly lower than that of control (Figure 1
B). The dry weights of the 100-300 uM SA treated shoots were 6.82+1.04-9.11+1.47 mg/shoot,
compared with 11.82+0.86 mg/shoot for control.

The growth response to SA is different in each plant species. At low concentrations, it
promotes plant growth, as SA is a growth regulator. Sakhanokho and Kelley [32] reported that the
shoot biomass of Hibiscus acetosella and H. moscheutos (cv. ‘Luna Red’) was improved by low
concentrations of SA (0.5 mM). In our experiment, however, SA had a negative effect on shoot
biomass. The concentration used may have been insufficiently low to act as a plant hormone. This
may have generated an imbalance condition [33] or have reduced primary metabolism [34]. This
was in agreement with previous studies, which reported decreased growth of plant cells or organs
such as the callus of root cultures of Panax ginseng [35], cell suspension of Gardenia jasminoides
[36], root cultures of Talinum paniculatum [37], and shoot cultures of Dioscorea membranacea
[38].
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Figure 1. A) fresh weight, and B) dry weight of Musa acuminata cv. ‘Gros Michel’ shoots after
treatment with salicylic acid at 0-300 uM for four weeks

3.2 Secondary metabolites and antioxidant activity

As can be seen from Figure 2 A, the total saponin contents of the 100 uM SA treated shoots
(263.86+0.42 mg diosgenin/g dry extract) were not significantly different from that of the 200 uM
SA treated shoots (261.81+2.61 mg diosgenin/g dry extract). These were 1.27 and 1.26 times that
of control (208.31+0.42 mg diosgenin/g dry extract). The lowest total saponin content of
201.91+3.37 mg diosgenin/g dry extract was recorded in the 300 uM SA treated shoots.

A statistically significant difference in total phenolic contents was found among treatments
(Figure 2 B). The highest total phenolic content (124.44+8.39 mg GAE/g dry extract) was recorded
from the 100 uM SA treated shoots. This was 1.25 times that of control. The total phenolic content
of the 200 UM SA treated shoots was 104.96+£8.14 mg GAE/g dry extract, which was not
significantly different from that of the control (99.66+7.65 mg GAE/g dry extract). The total
phenolic content was lower when shoots were treated with SA at the highest concentration of 300
HM.

The effect of SA on total flavonoid content was similar to that on total phenolic content.
The greatest content of 105.26+6.43 mg CE/g dry extract was observed in the 100 UM SA treated
shoots. This was 1.34 times that of control (Figure 2 C). The total flavonoid content of the 200 pM
SA treated shoots (81.84+3.68 mg CE/g dry extract) was not significantly different from that of the
control (78.08+5.46 mg CE/g dry extract). The 300 pM SA concentration produced the lowest total
flavonoid accumulation (54.49+2.68 mg CE/g dry extract).
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Figure 2. A) total saponin content, B) total phenolic content, and C) total flavonoid content after
shoots were treated with salicylic acid at 0-300 pM for four weeks

The strongest DPPH radical scavenging was recorded for the 100 uM SA treated shoots,
with an ECs of 9.79+0.86 pg/ml (Figure 3 A). DPPH radical scavenging by the 200 and 300 uM
SA shoots (ECsp values of 13.90+0.42 pg/ml and 17.44+0.96 pg/ml, respectively) was below that
of control (ECso of 11.99+0.73 pg/ml).

The 100 uM SA treated shoots exhibited the strongest ABTS radical scavenging, with an
ECso of 86.66+£1.50 pg/ml (Figure 3 B). The weakest ABTS antioxidant (ECs of 111.08+4.39
pg/ml) was exhibited by the 300 uM SA shoots, and was not significantly different from control
(ECso 0f 105.40£2.42 pg/ml).
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Figure 3. A) DPPH, and B) ABTS antioxidant scavenging activity after shoots were treated with
salicylic acid at 0-300 uM for four weeks

From the results, SA at a concentration of 100 uM was most effective for enhancement of
total saponin, total phenolics, and total flavonoids from in vitro shoots of M. acuminata cv. ‘Gros
Michel’. DPPH and ABTS radical scavenging assays were performed to analyze antioxidant
activity. In both assays, the greatest antioxidant activity was observed from 100 pM SA treated
shoots. This may reflect the greater accumulation of total phenolic compounds and flavonoids.
These compounds have antioxidant properties, as their polyphenol structures scavenge free radicals
[9]. SA at a concentration of 300 uM adversely affected secondary metabolite accumulation and
antioxidant activity, perhaps through a toxic effect on plant cells. This result was consistent with
that of Coste et al. [20] for H. hirsutum, and of Cai et al. [39] for Changium smyrnioides. In both
cases, high concentrations of elicitor reduced accumulation of secondary metabolites. Therefore,
elicitor concentration is a factor that must be considered for each specific case [16, 17, 40].

SA is a signaling molecule that triggers a defensive mechanism or systemic acquired
resistance (SAR) when under pathogen attack [40-42]. It also induces expression of genes involved
in biosynthesis of some secondary metabolites [40]. Many studies have successfully used SA to
increase production of secondary metabolites including hypericin and pseudohypericin by H.
hirsutum [20], phenolics, flavonoids, and antioxidants by T. peruviana [22], and polysaccharides,
phenolics, and flavonoids by Orostachys cartilaginous [43].
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4. Conclusions

Total saponin, total phenolic, total flavonoid accumulation, and antioxidant activity of in vitro M.
acuminate cv. ‘Gros Michel” shoots were enhanced by SA at a concentration of 100 uM. The results
of this investigation will support further pharmaceutical study of in vitro M. acuminate cv.’Gros
Michel’ shoots.
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Abstract

Food processing is a big industry in many countries. The industry consumes large amount of energy,
primarily from liquefied petroleum gas (LPG). Food frying is conventionally controlled via the
cooking oil temperature, which is regulated by controlling the amount of heat provided by the
cooking gas burner, hence, consumption rate of LPG. For micro-sized food processing enterprises
in Thailand, this is usually done manually by operators, resulting in poor energy efficiency and non-
negligible amount of waste. To prevent such situations, it is necessary to control the food cooking
process more precisely. The objective of this work was to develop a precise control system for a gas
cooking stove used to fry rice crackers with an improved energy efficiency and fuel economy. This
work reports on the development and testing of an automatic burner control system for an LPG
cooking stove used to provide heat in frying Thai rice crackers. The system was based on low-cost
sensing of the frying oil temperature and two-step control of gas valves. It was found that the
automatic control system employed worked well and more precise control of the frying oil
temperature could be achieved. Results of the experimental testing with and without automatic
control of the LPG cooking stove in the laboratory setup indicated that better food processing control
could give rise to almost 40% improvement in fuel economy for processing rice crackers.

Keywords: energy saving; process control; semi-automation; food engineering; LPG
DOI 10.14456/cast.2021.44

1. Introduction

Thailand has long been aiming to become the kitchen of the world. With fertile natural resources, it
is a top 10 world leader in production of staple agricultural products including rice, cassava,
sugarcane, palm oil, coconut, pineapple and natural rubber [1]. The country is among the world
leaders in agricultural product suppliers, due mainly to its well-established food industry. The food
industry is the country’s 3 largest industry, contributing nearly a quarter of the country’s gross
domestic product [2]. There are about 9,000 registered food processing firms in Thailand. Processed
food exports contributed more than 50% of total food exports and accounted for about 15% of Thai
manufacturing output [3]. Rising costs and energy consumption are crucial issues for the food
processing sector [4, 5]. With continuous assistance from governmental offices, Thai manufacturing
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companies have been investing substantial capital in research and development to increase their
operational performances. Many firms are utilizing smart information and communications
technology to control their manufacturing processes. This is particularly true for medium and large
companies. However, for small and micro-sized enterprises, adopting advanced technologies remains
a tremendous challenge. Development of food processing machinery and energy efficient equipment
appropriate for these small and micro-sized enterprises is therefore of great importance [6].

Most people prefer cooking with gas [7] such as liquefied petroleum gas (LPG), since it is
a clean-burning and efficient cooking fuel. It has been a fuel choice for many urban and rural
households [8]. Consumption of cooking gas or LPG in Thailand is about seven million tons a year,
in which the households sector (including small business operators) accounts for about a third (32%)
or more than two million tons a year [9]. Thailand has been in the process of adjusting the retail LPG
price structure to reflect actual capital costs, which hurts the household sector, as well as small and
micro-sized food processing enterprises. Most related research on improvement in cooking stove
efficiency is concerned with equipment redesign and modification [10-16]. To the authors’
knowledge, there are no reports in existing literature on developing and applying automatic control
to household gas cooking stoves.

Control of cooking is traditionally done manually and is rather inaccurate. This is especially
true for small and micro-sized enterprises using deep fat frying for preparation of popular snacks such
as rice crackers. The process is about the interaction between oil and food at high temperatures, which
dehydrates and cooks the food, resulting in physical and chemical changes. A typical operation and
end products are shown in Figure 1. This usually leads to the possibility of the product being over-
or under-cooked, hence, defected products and high energy cost. Precise process control is therefore
desirable to improve product quality, energy saving and reduce defects.

(b)
Figure 1. (a) food frying operation; (b) produced rice crackers.

The objective of this work was to develop a cost effective, automatic burner control system for a gas
cooking stove used to fry rice crackers. It was aimed at increasing the energy efficiency and reducing
food waste by using a low-cost sensor for the frying oil temperature and two-step control of the gas
valves. Control algorithms for LPG supply and cooking process stability were specifically designed
for this application.
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2. Materials and Methods
2.1 Frying process control
In the fast frying process of making rice crackers, cooking oil must be kept at high temperature,
preferably around 200°C. Dry precooked rice is cooked very quickly (about 20-30 s) by immersion
in hot oil. Frying is a method that entails simultaneous heat and mass transfer, wherein frying oil acts

as the heat transfer medium, while moisture moves outwards and the oil is engrossed into the food
[17]. The process control model was developed (Figure 2), as follows;

qout TG

Qi0ss

"N

Figure 2. Physical model of food frying process.

From an energy balance:

Qin = Qacc T QOut'l'qlos_s 1)
where gin and quoss are heat input and heat loss. Accumulated heat (gacc) and heat out to atmosphere

(Qout) are:
d
Qacc = E (moilcp,o (Toil - oil,O) + mfoodcp,f (Tfood - Tfnod,o))
Gout = hA(Toy — Tp)
where Moil, Mioods Cpoy Cpfs Toil, Troods Toilo, Troodo @Nd Ta are masses, specific heat capacities, and

instantaneous and initial temperatures of oil and food, and surrounding air temperature respectively.
A and h are oil surface area and convective heat transfer coefficient. Then

da
dat (moilcp,oToil + mfoodcp,foood) + hA(Toil - Ta)"'Qloss =dqin

Or

moilcp,o Toil + mfoodcp,foood + hAToil - hATa+qloss =dqin
Let

Qpredict = mfoode,foood - hATa + Qioss
Hence

moile,o Toil + hAT,; + Qpredict = {qin
Finally, the control equation for the heat input is:
qin = Qpredict tu
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where
MoitCpo Tou + hAT,y = u 3]
This is a first order equation describing the oil temperature, with the heat 10ss (qioss) as a
disturbance. The relationship between the input (u) and output (T.i1) may be written as the following
transfer function,

_ Toit(®) _ 1
G(S) - U(s) - Moi1Cp,oS+hA

The transfer function, G(S), represents a first-order dynamic system with time-constant (7)
_ MyiiCpo
T ha

For optimal control problems, on-off control law [18] ideally produces a solution in the
shortest time. In practice, the on-off control system may be suitable for the first order system such
as that seen in heat transfer.

2.2 Control system setup

Simple and cost effective control systems may be used to create step control action. In this simple
setup, there are three levels of gas flow: no flow (off), medium flow and, high-flow which are
implemented by a two-valve system. The automatic oil temperature control system was designed and
built. This economical control system tailored made for gas cooking consists of a thermometer, a
flame detector, a spark ignitor, two-stage main gas valve and regulator, connected to an electronic
control board. The system is compact and can be easily installed on an existing gas cooking stove,
shown in Figure 3.

CONTROLER
. o
FRYING PAN ThERMCCOUPLE oe
IGNITION i
FLAME DETECTOR REGULATOR
GAS STOVE ] :
MAIN VALVE ‘
2-STAGE
GAS TANK

Figure 3. Schematic of the control system setup

The control system setup was based on industrial modular process controllers (Delta
DVP16B for main PLC control, Siemens LMB 21.330C2 for burner control, and Fuji PXF4 for
temperature control). A human operator can set up the program and monitor the process using a
human machine interface (HMI). Control box diagram and hardware setup are shown in Figures 4
and 5.
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Figure 4. Control box diagram
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Figure 5. Hardware design for the control system setup
2.3 Test setup, procedure and evaluation

The control system was installed and experimentally tested on a gas cooking stove used in rice cracker
frying. It was connected to an LPG cylinder and data logger. Figure 6 shows a laboratory setup for
testing the control system with a frying set. The LPG mass was measured via a load cell with a full
scale of 30-kg and 5-g resolution. The oil temperature was measured using a type-K thermocouple.
For each run, about 10 liters of frying oil was initially used. The oil was started cold. For tests without
the control system, the operator would adjust the main valve and ignite manually. Once the operator
felt that the oil was sufficiently hot with oil temperature around 180-210°C, he/she would then start
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loading about 1 kg of dry precooked rice or raw rice crackers into the frying pan. When the rice
crackers turned golden yellow and floated at the top of the oil layer, indicating that they were well
cooked, they were then removed to a plate. For tests with the control system, the oil temperature was
preset at 200°C. At the start, the control system would ignite and adjust the gas valves automatically.
Once the preset temperature was reached, the operator would be notified, he/she would then start
processing the snacks in a similar manner to the former case. The quantity of rice crackers, frying oil,
and LPG before and after processing were monitored. About 300 kg of raw rice crackers were
processed in about 20 test runs. Comparison between the manual and automatic systems was based
on the following performance indicators; noise-to-signal ratio for oil temperature evolution, LPG
consumption rate, specific energy consumption and potential reduction in greenhouse gas emission.

Data logger

Valve

Load cell Controller

Figure 6. Setup for testing the control system with a gas cooking stove and a frying pan

The noise-to-signal ratio is the indicator used to identify a control factor and measure how
the response varies relative to the target value. Here, it was used to evaluate the size of the temperature

difference from the target (noise) or temperature fluctuation against the target temperature (signal).
A

N/S =2 @3)

Specific energy consumption (in MJ/Kgproauer) Was the measure of energy requirement to

process a unit of product. Here, it was determined from the cooking gas energy used per unit mass of
processed rice crackers. The heating value of LPG used was 50 MJ/kg.

— iy
SEC = —L- 4)

14
The reduction in greenhouse gas emissions (in kg-CO2/KQproduct) Was a measure of the
environmental benefit of the process by its reduced equivalent carbon emission. Here, it was
determined from the amount of prevented CO, emission per unit mass of processed rice crackers.

Reoz = 22 (5)
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3. Results and Discussion

For a typical frying operation of rice crackers, loading of the dry precooked rice and removing of the
cooked rice crackers from the oil pan are carried out intermittently. The frying oil temperature drops
when the dry precooked rice is loaded into the pan. The operator will normally increase the LPG feed
to raise the oil temperature. If a large load of rice is put in at one time, a large drop in temperature is
witnessed.

From these experiments, Figure 7 displays the variation of oil temperature with time during
typical frying operation with and without the control system, respectively. Average temperature
evolution is illustrated with error bars showing the standard deviation of data and dotted lines showing
the trends. Both cases were carried out by the same experienced operator. For the former case, the
frying oil temperature was intermittently adjusted manually via a main LPG valve by the operator,
while for the latter case, the operator concentrated solely on the food products by allowing oil
temperature regulation by the control system. During the initial heating up from room (30°C) to target
temperature (200°C), both cases showed a similar heating rate and time of about 15 min, prior to the
start of food frying. Short stabilization time was also allowed once the set temperature was reached
before the start of each frying. As anticipated, it was found that larger error bar ranges were evident
for experimental frying without automatic control. It was clear that with the automatic control system
on, the frying oil temperature was able to stabilize mostly near the preset value of 200°C with an
average N/S ratio of around 5%. Larger variation in temperature was apparent for the manual control
with maximum N/S ratio as large as 20%. The trend line (shown as dotted lines) for the case with
automatic control was able to more closely follow the set temperature than the one with manual
control.

Figure 8 illustrates LPG consumption rate during the frying with and without the control
system. A number of test runs were carried out. Examples of several runs were shown here for
operation with and without automatic control as square and round symbols, respectively. Their
averages were displayed as solid lines. From the findings, it was found that operation with the control
system consumed the fuel gas at a lower rate than that without the control system, from 0.185 g/s to
about 0.120 g/s, a reduction of more than 35%. Taking into account the gas consumption used for
heating up and processing from the start-to-finish, the overall fuel consumptions per unit mass of
processed rice crackers were found to be 0.060 and 0.096 kg/kg for frying with and without the
automatic control. The resulting SECs were 3.0 MJ/kg for operation with the automatic control,
compared to 4.8 MJ/kg for operation with the manual control. This was a 37.5% saving in energy
consumption. To justify its cost effectiveness, a simple period to positive cash flow or payback period
analysis was estimated, taking into account the initial investment cost against the LPG cost saving.
The term “simple” was used because no discount rate was considered here. The proposed control
system required an investment of about 35,000 THB. For a small processed food vendor consuming
1200 kg of LPG a year, saving in fuel cost of about 10,800 THB could be obtained (with LPG price
of 24 THB/Kg). This gave rise to a simple payback period of about 3.2 years. With higher amount of
LPG consumed or with governmental subsidy, the return on investment would be shorter.

With regards to potential CO; reduction, about 0.036 kg LPG was saved in processing 1 kg
of rice crackers. According to the United Nations Intergovernmental Panel on Climate Change
guidelines, released CO, from LPG usage is given as 3.12 kg COy/kg. Therefore, the reduced
greenhouse gas emission was 0.112 kg CO»/ kg product. With around 1,000 tons of yearly production
of processed rice crackers, the anticipated reduction potential of CO, was approximated to be in
excess of 110 tons per year in total.
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Figure 7. Change in frying oil temperature during typical food processing operation (a) without and
(b) with control
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Figure 8. LPG consumption rate during a typical rice cracker frying operation with (diamond
symbol) and without (round symbol) the control system

As far as the quality of food products was concerned, it was inspected and evaluated visually
and sensually by experienced workers and entrepreneurs who have been in this business for many
years. As anticipated, the product appearances, texture and taste were found to be similar and
comparable between those obtained from both sets of tests, according to shop owners and food
processing operators. From their personal assessment, they confirmed that the quality of the food
products was satisfactory. However, based on the food processing point of view, any process
modifications can affect product quality to varying degrees. Therefore, the assessments of color,
texture, and other key quality aspects should be objectively and/or subjectively evaluated .For sensory
evaluation, it requires at least 10-trained panelists or 30 non-trained panelists . The results, based from
statistical analysis on quality aspects, must be acceptable. This exercise should be conducted in the
future study. From general observation, a smoother operation was realized, but reduction in waste
generation was rather marginal. Controlled food processing offered more savings in fuel and energy,
compared to that without control. Switching from manual to automatic control was confirmed to
improve productivity in terms of fuel economy, energy efficiency for this operation.

4. Conclusions

In this work, a cost effective, automatic burner control system was developed and designed
specifically for micro- and small enterprises as well as household gas cooking stoves. It was based
on regulating and stabilizing the temperature of the frying oil. Tests with rice cracker frying were
conducted and the performance was compared between operating with and without the burner control
system. Standard low-cost sensors and two-step control of gas valves proved to be acceptable,
achieving smoother operation and a reduced LPG consumption during the trial runs. Energy
efficiency was increased and food waste due to over- and under-cooked was reduced. Fuel saving,
hence savings in the operating cost was successfully demonstrated. Cost analysis results showed that
the control system may be feasible. Simple payback period was estimated to be about 3.2 years.
Adoption of the gas burner control system appeared to give better process control, simpler operation,
enhanced energy saving and potential reduction in CO, emissions for micro-sized food processing
enterprises.
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Abstract

Clouds are one of the best evidences for the continuous movement of the Earth's atmosphere, and
they play a major role in the Earth's climate through their influence on the balance of solar radiation.
Part of the falling solar radiation causes the heating of the Earth’s surface. The statistical methods
used in this study depend on the daily, monthly and seasonal mean of Low Cloud Cover (LCC),
Wind Speed (WS), and Wind Direction (WD), with data taken from the European Center for
Medium Range Weather Forecasts (ECMWF) for the year 2018 at the times of 00.00 am, and 12.00
pm over Baghdad Station. The highest values of low cloud cover were recorded during December,
January and February, while wind speed was low. The highest values of wind speed were found
during June and July at 12:00 pm. As for the seasonal analysis, it was noted that the LCC was high
during winter and autumn. The relationship between wind speed and low cloud cover was also found
to be inverse; the higher the wind speed, the lower the cloud cover.

Keywords: low cloud cover; wind speed; wind direction; ECMWF; Baghdad
DOI 10.14456/cast.2021.45

1. Introduction

Clouds are a collection of huge numbers of small droplets. There are about one hundred drops per
cubic centimeter [1]. Clouds are formed when air cools and its temperature drop below the dew
point and then water vapor condensation occurs. The cloud formation occurs in two ways. First, if
the rise is slow, clouds that are predominant form the stratum shape. Second, if the rise is rapid,
clouds of a cumulative shape tend to form [2]. Movement of clouds can be horizontal or vertical and
does not remain in the places of their formation due to the movement of the air masses and wind
directions. The movement of air currents is up and down and is affected by thermal changes and the
resulting low or high pressures. Wind movement is from high pressure areas to low pressure areas,
and winds moves clouds and clouds transfer the characteristics of the area passing over them from
temperatures and humidity to other areas [3]. So, the direction of the wind is one of the main factors
that determine the nature of clouds in terms of temperature, amount of moisture, height, and
sometimes the shape and appearance of clouds [4]. Clouds have an important impact on the climate
because they are source of rain and snow that fall on the surface of the earth [5]. The cooling and
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heating depend on the height, thickness and water content of clouds. Clouds are classified according
to their height and shape, and clouds are divided into three levels:

1) Low-rise clouds consist of drops of liquid water except for a period of cold winter storms
and at an altitude of 2 km.

2) Medium-height clouds consist of water droplets, ice crystals or a mixture of the two, and
are found in the middle levels of the troposphere; they form at an altitude between 2-6 km.

3) High-altitude clouds consist of snow crystals, and are at a freezing temperature and at a
height of 6 km [6].

There are many studies that show the relationship between wind speed and direction of
clouds in the city of Baghdad. Clouds play an important role in climate change, in predicting local
weather or in the provision of flight safety. In the case of flight safety, the most important parameters
are the height of the cloud base and the amount of cloud cover [7]. Using the T-® gram model over
Baghdad, the calculation of absorption and heat radiation emission by cloud cover clarify the
positive relationship between cloud water content and absorption; as the water content in the cloud
increased, there was greater absorption. The relationship between the saturated vapor density in the
cloud and the emissivity is also positive because an increase in the saturated vapor density in the
cloud leads to a greater emission [8]. Some research has shown that the absorption of solar radiation
by clouds, aerosols, and some atmospheric gases are affected by the composition of the atmosphere,
location, season, and meteorological parameters (temperature, pressure, relative humidity, wind
speed, wind direction, rain, and wavelength) as these factors can be very important in terms of
volume of cooling and heating (surface and air) [9]. Abd [10] studied the frequency of winds in Iraq
with its eight main directions and its relationship to the frequency of high, medium and low winds.
It was concluded that wind directions have an effect on the formation of clouds and their types in
the transitional seasons and the quality of the prevailing trends in each region.

The research aims to study the relationship between low cloud cover, wind speed, and wind
direction at selected stations over Iraq for a whole year (2018).

2. Materials and Methods
2.1 The study aera

The work was carried out using daily data on Wind Speed (WS). Wind Direction (WD) and Low
Cloud Cover (LCC) taken from the European Center for Medium Range Weather Forecasts
(ECMWF) for Baghdad city (Lat. 33.24°N, Long. 44.45°E) [11]. This data was converted to monthly
rates to show seasonally effects. The data were processed by MAT-LAB and drawn through the new
version of SigmaPlot and Organics program [12]. Iraq map was drawn using a Geographical
Information System (GIS) program, as shown in Figure 1.

2.2 Statistical analysis
2.2.1 Simple linear regression (SLR)
Simple linear regression is a statistical method that allows us to summarize and study the

relationships between two continuous (quantitative) variables [13]. The basic concept and
procedures for simple linear regression are according to the following equations [14]:
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Figure 1. Baghdad city in Iraq
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where b is the slope, and a is constant value.
2.2.2 Pearson’s correlation coefficient ®

Pearson’s correlation coefficient is a very useful statistical formula that measures the strength
between variables and relationships. In the field of statistics, this formula is often referred to as the
Pearson R test when performing a statistical test between two variables, and it is a good idea to
perform a Pearson correlation value to determine how strong this relationship is between these two
variables. The Pearson correlation coefficient r is used to measure the strength of the linear
correlation between two variables; as r = 1 means full positive correlation and r = -1 means perfect
negative correlation [15].

r= =1 (i =%) (yi=) 3)
[P0 (S, 092

3. Results and Discussion
3.1 The daily mean behavior of LCC, WS, and WD for Baghdad station

The daily means of LCC, WS and WD for Baghdad station, was observed at the times of 00:00 am
and 12:00 pm. LCC was high during February, November and December while wind speed was
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high during March and October at the time 00:00 am, wind speed was high during June and July at
the time of 12:00 pm. Wind direction was high during July and August at the times of 00:00 am,
and 12:00 pm. This was due to meteorological factors, pressure systems, astronomical factors
through the seasons and surface nature. Low and high cloud cover affects the velocity of wind speed
while reaching the Earth’s surface as well as the effect on wind direction (Figure 2).
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Figure 2. Behavior of the daily means of LCC, WS and WD for Bagdad station
3.2 Analysis of the daily means of wind direction for Baghdad station

Figure 3 shows that the wind is blowing from any direction, but the wind speed at 00.00am is faster
than at 12.00pm. As for the direction, it changes more at 12.00 noon. The prevailing wind is the
northwest wind, and the wind speed is greater than 5m/s. The wind direction is one of the main
factors determining the nature of clouds in terms of temperature, height, and sometimes the shape
of the clouds and their external appearance.

Baghdad(0.00h)

120 - NNW NNE N =5
110 Sy NNW : NNE las-s
100 - S INE Ja0: 5 - [ J4-45
20 > 100 © N “_ NE 35-4
gg— Y 90 ~ & @ N [ 3-35
E : L @ =
o o / D @ ENE 15-2
40 so- . @ | CJ1-15
30 i 3 *)% 05-1
29 f 20 f\\;;}\‘;' Y EEMo-os
o : Now e 4 le
10 - i = |
20 L | : |
30 _ Y 2 Y
20 - . 0-
0 wsw / ESE BT wsw ESE
70 - ~ 70 -
80~ < g 2 N /i
90 % » : . 2
o0 swon e 100° sw 7 e
110 = ne g -
120 oW i gep i el
Calms: 0 s Calms: 0 8
Direction Wind Direction Wind

Figure 3. The analysis of the daily mean of winds (speed and direction) for Bagdad station
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3.3 The relationship between the daily mean of LCC and WS for Baghdad station

Figure 4 and Table 1 present the type of relationship and the strength of the correlation between
LCC and wind speed, LCC, and wind direction for Baghdad station at the times of 00:00 am and
12:00 pm over the year 2018. The relationship between LCC with wind speed and with wind
direction is inverse because an increase in wind speed leads to a decrease in LCC, which is formed
near the surface of the earth. The cooling and heating of the surface depends on the height, thickness
and water content of the clouds. That is why the relationship between clouds and meteorological
factors, especially speed and wind direction, is a very important relationship at all the time
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Figure 4. The relationship between the daily means of (LCC and WS), (LCC and WD) for
Baghdad station
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Table 1. Relationship and the strength of correlation coefficient between the daily means of (LCC
and WS), (LCC and WD) at the times of 00:00 am -12:00 pm for Baghdad station

) ) Pearson’s Test Simple Linear Regression
Relationship r Correlation P-value Interpretation
LCC vs. WS at 00:00 am -0.1 Low inverse 0.001 Linear
LCC vs. WS at 12:00 pm -0.2 Low inverse 0.002 Linear
LCC vs. WD at 00:00 am -0.1 Low inverse 0.001 Linear
LCC vs. WD at 12:00 pm -0.2 Low inverse 0.003 Linear

3.4 The monthly mean of LCC, WS and WD for Baghdad station

Figures 5 and 6 show the monthly means of LCC, WS and WD for Baghdad station. LCC was high
during the months of December, January and February while speed and wind direction through these
months was low due to various meteorological factors, which include low temperatures, high
humidity, low solar radiation and low wind speed and wind direction. These conditions led to the
formation of many low clouds such as cumulus, stratus, stratocumulus and cumulonimbus. While
LCC was low during the months of June, July and August, speed and wind direction was high due
to various meteorological factors including high temperatures, low humidity, high solar radiation,
high speed and wind direction. These conditions led to the formation of many high clouds such as
cirrus, cirrostratus and cirrocumulus. Low and high cloud cover affects the velocity of wind speed
reaching the Earth's surface and consequently affects the wind direction.

3.5 The seasonal mean of LCC, WS, and WD for Baghdad station

Figures 7 and 8 show the seasonally means of LCC, WS and WD for Baghdad station as observed
at 00:00 am -12:00 pm. LCC was high during winter and autumn while wind speed was high during
winter and autumn at 00:00 am, but wind speed was high during summer at 12:00 pm. Wind
direction was high during summer season at the times of 00:00 am-12:00 pm. This was due to
meteorological factors, pressure systems and surface nature.

4. Conclusions

The relationship between LCC with wind speed and with wind direction was inverse as the higher
the wind speed, the lower the LCC. LCC was high during December, January, February. The wind
speed was high during the months of June and July at 12:00 pm which led to the absence of the
formation of low clouds during these months. The wind speed was high during the summer at 12:00
pm and the wind direction was high during the summer season. This was due to the intensity of the
solar radiation, which worked to heat the Earth’s surface, and hence causing the air near the surface
to warm, which in turn led to an increase in air moving in an upwards direction and an increase in
wind speed. The increase and decrease in cloud cover affects the velocity of wind speed reaching
the Earth's surface and consequently affects wind direction.
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Abstract

High temperature application requires protection coatings to ensure the optimal operating cycles to
avoid the uncertainty caused by hot gases, foreign contaminates, ambient conditions and other
occurrences. In general, protective coating materials can be ceramics, thermally grown oxides, silicates
and some rare earth ores. For high-end applications such as gas turbines used in aviation, gas turbines
surface are coated with a Thermal Barrier Coating to isolate the components thermally and protect the
surfaces. Over the past four decades, those coatings have been employed with the inclusion of Yttrium
Stabilised Zirconia (YSZ). The up growing developments on those areas require the coating, which can
withstand temperatures above 1200°C. Due to this concern, the alternative to the YSZ based coatings
finding has been accelerated. Rare earth oxides with pyrochlore structure ceramics are key interest to
provide the coating properties comparatively more than YSZ-based coatings. In this paper, the
preparation methods for pyrochlore structured ceramics are discussed. A solid state reaction method
widely used for preparing the pyrochlore structure ceramics, but it requires higher temperature and long
duration. Wet chemical methods such as precipitation, combustion and hydrothermal techniques
produce the pyrochlores at lower temperature comparatively than that of solid state reaction-based
methods. In coprecipitation method, intermediate hydrates are reduced into pyrochlores by calcinating
at higher elevated temperature. Due to the heat treatment at higher temperature, agglomeration occurs.
In the combustion synthesis, fuel-induced exothermic chemical reaction results in porous-structured
powders. Upon heat treatment, it results in the porous pyrochlore- structured materials with the
agglomeration of particles. Hydrothermal synthesis shows high energy efficiency, maximum vyield,
uniform particle size and morphology. It was understood that microwave-assisted hydrothermal
synthesis requires shorter reaction time.
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1. Introduction

Thermal barrier coatings (TBCs) are generally used to safeguard the components of gas turbine
power plants, gas turbine engines, and other hot sections where hot combustion gases with direct
interaction [1-3]. Thermal protection coatings are employed to improve the life cycle of those
components. Thermal barrier coating material needs to have a high melting temperature, good
chemical stabilities from low temperature to high operating temperature, and it should not undergo
phase transformation, and sintering during cyclic operation at higher temperature. Moreover, the
material should have a low thermal conductivity at higher operating temperature, be well-adherable
to substrates, and have a thermal expansion coefficient that matches with the bond coating [4].
Thermal barrier coating generally is employed with a nickel or cobalt-based metallic bond coat that
improves the adhesion strength between the substrate and topcoat material. The coating materials
are generally rare earth oxides, glasses, rare earth ores, and pyrochlores. A few of those coating
materials that are widely used are as follows, zirconia (ZrO,), alumina (Al;O3), lime (Ca0), garnet
(Y3Als012), mullite, ceria (CeO,), titanium oxide (TiO,), lanthanum phosphate (LaPO4), lanthanum
aluminate (LaMgA1101g), barium zirconate (BaZrOs), lanthanum zirconate (La»Zr,O7) (LZ) and
yttria stabilised zirconia (YSZ) [5]. Figures 1 and 2 show the melting temperature, the thermal
expansion coefficient of the various above-discussed coating materials.

Zr0,, CeOy, and YSZ having high thermal expansion coefficient, which nearly match that
of the NiCoALlY based Band Coat (BC) (0gc = 17.5%10°°K™?) [6-8]. ZrO,, YSZ, and Ba,ZrOs having
a higher melting temperature. YSZ, mullite, YSZ + CeO; coatings have excellent thermal shock
resistance [9]. Silicates, alumina and mullite show higher corrosion resistance at higher working
temperatures [10]. ZrO,, YSZ, mullite, and alumina undergo phase transformation at higher
temperature [11]. Mullite, alumina, La,Zr,O7, and silicates have a very low thermal expansion
coefficient [12]. ZrO,, YSZ, and CeO- coating sinter at a higher temperature. ZrO; coating at higher
temperatures shows a high level of oxygen transport to the BC, which causes thermally grown oxide
(TGO) layer formation on the surfaces, leads to the spallation of ceramic coating and thus coating
failure. YSZ has been commonly used as TBC material for the past four decades [13].

3000

2500

2000 -

1500

1000

Temperature (°C)

[T0° IV A | 19uaes)
Y037 + 0% 2%img

Figure 1. Melting temperature of various coating materials
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Figure 2. The thermal expansion coefficient of coating materials

At temperature beyond 1200°C, YSZ changes its crystal structure from tetragonal phase to
tetragonal + cubic phase and then to monoclinic crystal structure [14]. As a consequence, at
temperature above 1200°C, the volume of the coating material phase changes increases and sintering
occurs due to this the reduction in thermal conductivity, which in turn leads to strain on the coating
that results in cracking and prone to failure of coatings [15]. Undesirable phase transformation
occurs at higher temperatures due to incomplete combustion of gases and air pollution [16].

For components operating under humid environment, and at low temperature, slow and
spontaneous phase transformation from tetragonal to monaoclinic at low temperature can occur. The
above occurring phenomenon is known as low-temperature ageing degradation (LTAD) [17]. In the
case of CeO, doped Y SZ coating, the thermal stress generated at higher temperature closely matches
the stress that develops on BC and shows higher and excellent thermal shock resistance, and the
thermal expansion coefficient also increases more than YSZ [18]. Moreover, the CeO, doped YSZ
coating reduces the hardness of the coating, and the vaporization of CeO- at higher operating
temperatures leads to an accelerated sintering rate [19].

Pyrochlore structures are used in a vast range of applications such as catalysis, nuclear
waste management, hydrogen production, sensors, and thermal barrier coatings. This is due to their
unique crystal structure, thermal stability from room temperature to higher operating temperature,
lower thermal conductivity at a higher temperature and good ionic conductivity. The pyrochlore
structure belongs to the Fd-3m space group where A sites are occupied by mono, di and tri-valent
rare earth cations and B sites are occupied by 3d, 4d and 5d transition metal cations. Among all the
above oxidization states, A%*,B**,0; species are widely preferred due to their stable ionic radius
ratio [20].

Table 1 shows the various rare earth elements cationic radiuses in A. Many of the rare earth
elements have different RE®* and RE** oxidization states, and those cationic radiuses are also
mentioned in Table 1.

Lanthanum zirconates (LZ) contains two crystal structures that can be classified as ordered
pyrochlore and disorder fluorite [21]. The type of crystal structure is based on the annealing
temperature and the ratio of the crystal structure ionic radius of r(Re®*)/r(Zr**) [22]. In pyrochlore
structures, the ratio lies between 1.46 and 1.78 [23]. LZ with the pyrochlore structure shows a longer
thermal cycling life. The pyrochlore-structured materials have A%*,B*,0; structure. Rare earth
lanthanum, gadolinium, samarium, and neodymium can be substituted into “A” lattice site, and
zirconium, cerium, and titanium may be situated on “B” sites. In recent days, researchers have also
investigated co-doped pyrochlore for TBCs.
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Table 1. lonic radius of A3 and B** cations

A cation r(A%) in A B cation r(B*)in A
Yb 0.985 Ru 0.62
Er 1.004 Nb 0.68
Y 1.019 Ta 0.68
Dy 1.027 Hf 0.71
Gd 1.053 Zr 0.72
Eu 1.066 Ce 0.87
Sm 1.079 Y 0.90
Nd 1.109 Eu 0.947
Ce 1.143 Sm 0.958
La 1.16 Sc 0.745
Pr 1.126

In this review work, the various possible synthesis routes available to prepare the rare earth-
based pyrochlore structured materials for thermal barrier coatings are explored. The most
widespread solid-state reaction is discussed initially with recently reported research work. In
addition to this, the bottom-up wet chemical synthesis routes, namely coprecipitation, hydrothermal,
sol-gel and combustion methods are discussed. Moreover, the thermomechanical properties of the
synthesis materials are also explored in the article.

2. Preparation of Pyrochlore

The preparation of the pyrochlore structured TBC materials can be done by following methods:
solid-state reaction, sol-gel method, solution reaction method, co-precipitation method,
hydrothermal synthesis method and hydrazine methods [24]. The solid-state reaction method is
widely used to synthesize pyrochlore in larger quantity, and the preparation of pyrochlore requires
temperature above 900°C. Pyrochlore synthesized by the solid-state reaction displays heterogeneous
mean particle size, and it gets easily agglomerated during heat treatment and sinters at very high
temperatures. Wet chemical synthesis, on the other hand, involves synthesis of pyrochlore at the
molecular level, so it provides powers with uniform particle size. Hydrothermal synthesis enables
the preparation of pyrochlore at lower temperature than the solid-state reaction. Researchers also
found the use of surfactants in hydrothermal synthesis that reduces the reaction temperature, pH,
reaction time duration. Sol-gel methods, co-precipitate method, and hydrazine methods are also
used to prepare the hydrates of the corresponding pyrochlore. Sintering process at higher
temperatures results in the production of the required pyrochlore materials.

2.1 The solid state reaction method

In the solid-state reaction method (Figure 3), the rare earth oxide mixture at required stoichiometry
is preheated to remove moisture and other impurities for about 120°C for 2 h. The resultant mixture
is ball-milled for 15 min to form a uniform mixture immersion with distilled water or absolute
ethanol. The resultant colloidal mixture heat treatment/calcination/sintering is carried out at above
1500°C to obtain the required pyrochlore structure. Researchers [25-27] also reported the ball
milling and sintering process needed to be repeated a few times to obtain the required uniform
pyrochlore structure.
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Figure 3. Pictorial representation of solid-state reaction method

Zhong et al. [27] prepared gadolinium zirconate (GL) pyrochlore powders through the
solid-state reaction by sintering powder at 1500°C for 12h. Zhou et al. [28] prepared GZ pyrochlore
for TBC using their respective oxides Gd,O3 and ZrO, stoichiometry and milled mixture dissolving
in absolute ethanol, with a small amount of polyethyleneimine added after milling and the resultant
mixture suspension diluted with 5 wt% of ethanol before coating. Lehmann et al. [29] prepared
lanthanum rare earth element zirconate pyrochlore using a solid-state reaction method.
Stoichiometric quantities of lanthanum oxides and ZrO, preheated at 1200°C for 2 h were taken at
required composition and added to ethanol for ball milling for 24 h in a planetary milling using
zirconia containers and balls. The resultant powder, after drying underwent a solid-state reaction at
1400°C for 24 h in zirconia crucible.

Ma et al. [25] prepared rare earth-codoped strontium zirconate pyrochlore by using a solid-
state reaction. The rare earth oxides Y,0s3, Yh,03, SrCO>, and ZrO, powders were mixed by milling
for 24 h with 50 wt% water using zirconia balls. The milled powder water mixture was dried at
1450°C for 24 h and milled 15 min to avoid contaminations. The synthesis procedure was repeated
until the required phase material had formed. Zhong et al. [30] prepared gadolinium zirconate by a
solid-state reaction. Gd,O3 and ZrO, underwent a solid-state reaction at about 1500°C for 12 h. Ma
et al. [31] prepared Ta,Os and Yh,0O3 codoped strontium zirconate using a solid-state reaction. The
ball-milled powders were sintered at 1450°C for 24 h and the process was repeated three times to
obtain the required phase material formation. The resultant powders were cold-pressed under a
pressure of 30 MPa and the sintering process was carried out at 1700°C for 6 h in ambient air.

Li et al. [32] prepared lanthanum zirconate pyrochlore powder using a solid-state reaction.
La,Osz and ZrO, powders were ball-milled for 24 h using zirconia balls with DI water and the
resultant suspension was sintered at 1400°C for 12 h. Hu et al. [33] prepared Nd and Ce codoped
Gd,Zr,07 pyrochlore ceramic using a solid state reaction. All the rare earth oxides were preheated
at 120°C for 3 h to remove moisture and impurities, taken at the required ratio, and milled by
grinding. The ground powder was compacted into pellet form under 10 MPa pressure and sintered
at 1500°C for 72 h to perform the solid-state reaction. Mazilin et al. [34] prepared Ln,Zr,O;
Zirconates using a solid-state reaction. Zirconium, neodymium, samarium, and gadolinium nitrate
solutions were prepared separately and mixed gravimetrically. The mixture solution was fed into a
spray reactor heated by hot air. The resultant powder was collected using a bag filter. Pasupuleti et
al. [35] prepared lanthanum zirconate, lanthanum cerium zirconate, and cerium zirconate pyrochlore
powder using a solid-state reaction. Table 2 shows the various rare earth-based pyrochlores’ thermal
expansion coefficients.

Wang et al. [36] prepared ytterbium cerium oxide by zirconate doping using a solid-state
reaction involving sintering at 1500°C for 5 h. Yang et al. [38] prepared rare earth zirconate with
cerium doping using a solid state reaction. The powders were preheated at 1000°C for 5 h, and then
Yb,03, ZrO,, and CeO, were ball-milled with ethanol at the required composition using planetary
ball mill for 12 h at 300 rpm and calcined at 1000°C for 5 h. Ma et al. [26] prepared strontium

605



Current Applied Science and Technology Vol. 21 No. 3 (July-September 2021)

Table 2. The thermal expansion coefficients of various pyrochlores prepared by solid-state reaction

Coefficient Coefficient
of thermal of thermal
Material expansion  Reference Material expansion  Reference
in (x10°® in (x10®
K?) K?)
Gd,Zr,07 10.4 [25]  Yba(CeosZros):07 11.4 [35]
LayZr,07 9.1 [27] YSz 11 [35]
La1,7Dyo,3ZI'207 8.8 [27] La,Ze,07 9.1 [35]
La1,4Ndo,GZr207 8.2 [27] Sr2Zr,07 9.0t0 10.8 [36]
La; 4EugeZr,07 9.3 [27] szzr207 111 [37]
La1,4Gdo,eZI'207 9.35 [27] sz(zro,9C80,1)207 11.5 [37]
GdzZr207 -3 10.6 [29] sz(ZI‘o,7CEo,3)zo7 11.75 [37]
YSZ
Yb,Ce,07 11.8 [35] sz(Zro,5Ceo,5)207 12 [37]
sz(CEo.ng0,1)207 11.7 [35]

zirconate codoping with double rare earth oxide using a solid-state reaction. ZrO, and Yb,O3
underwent heat-treatment at 1000°C for 2 h and SrCO3; was added and ball-milled for 24 h using
zirconia balls with DI water. The resultant mixture was heat-treated at 1400°C for 24 h. The above
ball milling and heat treatment was repeated until the single-phase pyrochlore structures were
formed [38]. Pasupuleti et al. [39] prepared LZ, LC, and LZ — C zirconate using a solid-state reaction
method.

2.2 Coprecipitation method

The coprecipitate method (Figure 4) is a wet chemical synthesis route and easy method to prepare
pyrochlore structure after the solid-state reaction method. In this method, the rare earth nitrate salts
were dissolved in DI water and the rare earth oxides were dissolved in acid and then the two solution
were mixed. The pH was increased to about 9.0 to 11.0 for the above mixture using ammonia or
sodium hydroxide, resulting in the formation of rare-earth complex hydrates. The heat treatment and
sintering reduce the hydrates into uniform pyrochlore structures.

Zhang et al. [40] prepared amorphous lanthanum zirconate pyrochlore using a wet
chemical co-precipitate method. Zirconate oxychloride and lanthanum nitrate salts were taken as
starting materials, and ammonia was used as a pH stabilizer to raise pH to more than 9. The resultant
solution stirring for 24 h resulted in a gel-like precipitate. The filtered and washed precipitates at
pH 7 were initially dried at 80°C for 12 h and heat-treated at 300°C for 1 h. Liu et al. [41] prepared
ytterbium and samarium oxide codoping zirconate pyrochlore using the co-precipitate method. The
rare earth oxides of ytterbium and samarium were preheated at 900°C for 2 h to remove the
impurities and dissolved in dilute nitric acid. Zirconia oxychloride was dissolved in DI water and
all solution mixed with stirring then filtered. The filtered solution pH was increased by adding
diluted ammonia solution with stirring resulting in the formation of gel-like precipitates. The
resultant precipitates were rinsed and filtered with water and ethanol a few times. The resultant
powder was dried and heat-treated at 800°C for 5 h in the air. The heat-treated powder underwent
compacting and sintering at 1700°C for 10 h in the air. Zhou et al. [42] prepared rare earth codoping
on lanthanum zirconate using the co-precipitate method. Lanthanum oxide was dissolved in hydrous
nitric acid and zirconia oxychloride was dissolved in DI water mixed and the mixture was stirred
for 30 min. Aqueous ammonia added to the above mixture solution to obtain a pH of 12.5, and
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Figure 4. Pictorial representation of coprecipitation method

a gel-like precipitate formed. The precipitates was filtered, washed, and dried at 120°C for 12 h,
heat-treated at 600°C for 10 h and calcinated at 1200°C for 5 h.

Gentleman et al. [43] prepared europium doped zirconate and YZ using the reverse co-
precipitate method. Europium nitrate and yttrium nitrate salt solution, zirconium acetate solution
were prepared in DI water. The mixture of all the solution resulted in the formation of a precipitate.
The dried precipitates were heat-treated at 950°C and sintered at 1200°C for 2 h. Torres-Rodriguez
et al. [44]. prepared Ln,Zr,0; (Ln = La, Nd, Dy, and Gd) pyrochlore powders using the co-
precipitate method. Ln nitrate salts and zirconium oxychloride were dissolved separately in water
with stirring for 30 min and then mixed with further stirring for 2 h. Aqueous ammonia solution
used as the pH stabilizer to reach pH of 11 resulted in the formation of precipitates. The precipitates
were rinsed with water and dried at 120°C for 12 h. Heat treatment was carried out at 1000°C in the
air for 5 h to obtain the Ln,Zr,O7 powder.

Bencina et al. [45] prepared Bi,Ti,O; pyrochlore using the co-precipitate method.
Bi(NO3)3-5H,0 was dissolved in acetic acid with 20 min stirring and titanium isopropoxide was
added to the above solution mixture and stirred for 5 min. Ammonium hydroxide solution was added
dropwise to obtain a white-coloured precipitate. The precipitate was rinsed with water and dried at
100°C for 3 h. The dried powder was heat-treated at 550°C for 5-12 h. Gupta et al. [46] prepared
Eu®* doped La,Hf,07 using the co-precipitate method and MSS procedure with varying pH.

Kaliyaperumal et al. [47] prepared Nd.Zr,O; using the co-precipitation method.
Neodymium nitrate, zirconium oxychloride were dissolved with Di water, and ammonia solution
was added to adjust the pH to 11, which resulted in the formation of a precipitate. The precipitates
was washed with water, ethanol and dried at 100°C and heat-treated at 800°C, 1000°C, 1200°C, and
1300°C. Pokhrel et al. [48] prepared pyrochlore Rare Earth Hafnate RE;Hf,0 (RE = La, Pr) using
the co-precipitate method. Popov et al. [49] prepared Ln;M;0O7 (Lh = Gd, Th, Dy; M = Ti, Zr)
pyrochlore using coprecipitate method. Wang et al. [50] prepared rare earth-substituted Ln,Sn,0;
pyrochlore (Ln = La, Nd and Sm) using the co-precipitation method. Rare earth nitrate and
SnCl4-5H,0 were dissolved in water, and NaOH aqueous solution added to the mixture to reach pH
9.5 + 0.5 under vigorous stirring for 1hr. The resultant precipitate and mother liquor were aged at
50°C for 2 h and filtered. The filtered powder was washed and dried at 80°C for 12 h and then 120°C
for 12 h before heat treatment at 900°C for 6 h in the air atmosphere. Table 3 shows the various rare
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Table 3. Thermal conductivity, thermal diffusivity and hardness of pyrochlores prepared by
coprecipitation

Material Thermal Thermal Hardness in Reference
conductivity diffusivity in GPa
in W/m-K mm?/s
Pr,Zr,07 0.7 2.75 9.9 [48]
Sm,Zr,0 0.49 25 9.8 [48]
(PrSm),Zr,0; 0.38 1.25 8.9 [48]

earth-based pyrochlores’ thermomechanical properties and significant pyrochlores suitable for
thermal protection coatings.

2.3 Combustion method

The combustion method is similar to the precipitation technique described above; however, the use
of fuel source and oxygen source results in auto-ignition and thus the production of pyrochlore
powders. The fuel chemical agent was glycine, hydrazine, citric acid, and glycerol. The post-heat
treatment of the fluffy powder removes the impurities and results in the required pyrochlore
structure powders.

The combustion method (Figure 5) gives high efficiency, involves a simple reaction with
low energy consumption, and produces powders with uniform morphology. The combustion method
produces pyrochlore powder with a highly porous structure.

Rare earth salts and
Fuel mixture

sl =S [=—

p%0ee at tréatine
.} 1 QV Heat treatment / Pyrochlores

Continues stirring Sintering

until mixture become Heating and _sllr.r_mg Dark Fluffy powder
transparent results auto ignition

Figure 5. Pictorial representation of combustion method.

Matovic et al. [51] prepared lanthanum zirconate, dissolving lanthanum nitrate, zirconium
chloride in glycine. The resultant solution was heat-treated at 950°C for 2 h then sintered at 1600°C
for 4 h. Venkatesh et al. [52] prepared cerium zirconate using the combustion synthesis method.
Cerium nitrate and zirconium nitrate solution were prepared by dissolving it in nitric acid and
stirring for complete dissolving. Glycine was dissolved separately in DI water before adding
dropwise to the cerium-zirconium mixture at a slow stirring rate and stirring was continued for 45
min with mild heat. This resulted in solution becoming transparent. The transparent solution was
transferred to an alumina crucible and kept in a muffle furnace at 650°C for 10-15 min. the resultant
powder was sintered at 1100°C to form Ce,Zr,0y.

Li et al. [53] prepared Gd,Zr,O transparent ceramic using the combustion synthesis
method under vacuum sintering. Gd(NO3)3-6H,0 and Zr(NOs)s-5H,0 were dissolved in water and
hydrous ammonia added to the mixture. The mixture was heated until the gelatine formed, and then
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it was transferred to a muffle furnace and heated at 300°C until a fluffy grey powder formed. The
powder was calcinated at 1200°C for 2 h and ball-milled for 24 h with DI water. The slurry was
dried, pelleted and sintered at 1775°C, 1800°C, and 1825°C for 6 h in a vacuum and annealed at
1500°C for 5 h in the air. Jeyasingh et al. [54] prepared Gd,Ti>O; using the combustion process.
Gd,03 and TiO, were dissolved in nitric acid and mixed with distilled water and citric acid added
with stirring for uniform mixing. Nitric acid and ammonium hydroxide were added to the above
mixture to adjust the oxygen fuel ratio. The complex mixture at pH 7 was heated at 250°C.
Dehydration followed by decomposition resulted in a dark form that auto-ignited, which resulted in
voluminous and fluffy combustion powder. The fluffy combustion powder was calcinated at 600°C
to remove the carbon residues.

Jeyasingh et al. [55] prepared Dy,Ti»O7 pyrochlore oxide using combustion synthesis.
Dy,03 and TiO, were dissolved in nitric acid and mixed with diluted citric acid with stirring at room
temperature. Ammonium hydroxide was added to increase the pH to 7 pH 7 and match the oxygen
fuel ratio. Heating at 250°C resulted in auto-ignition and a dark fluffy powder. The powder was then
calcinated at 700°C, pelleted and sintered at 1400°C for 4 h. A;Ti»O7 (A = Gd, Dy and Y) pyrochlore
oxide was also prepared using the combustion synthesis method. Ai et al. [56] prepared Ca—Co
dually-doped lanthanum tin pyrochlore oxide using the combustion synthesis method. SnCl4-5H,0
and Co(NOs)s-6H,0 were dissolved in DI water and heated at 80°C. Sodium hydroxide was added
to the above mixture and this resulted in the white-coloured precipitate. La(NOz)3-6H,0 and CaCl;
were dissolved in DI water and heated at 80°C. Sodium hydroxide was added to the above mixture
and white colour precipitate formed. The above two precipitates were mixed, and pH adjusted to 10
by adding additional sodium hydroxide solution. CTAB was added at 1:1 ratio with metal ions by
rapidly dissolving under sonication. The mixture was heated at 80°C for 5 h in an underwater bath
and then heated at 80°C for 24 h. The precipitate was filtered and dried at 110°C overnight and
calcinated at 900°C for 6 h in the air [57].

Quader et al. [58] prepared Nd-substituted La,Sn,O; pyrochlore using sol-gel auto
combustion. La(NOs)s-6H,0, Nd(NOs3)s-6H,0, SnCl, precursors, and fuel agents NH,CH,COOH
and CH4N,O were dissolved separately in DI water with 2:1 ratio of fuel and precursors. The
solution was mixed in a single beaker, heated at 90°C, and stirred at 300 rpm using a magnetic stirrer
to obtain a viscous solution. The solution was further heated at 180°C to form paste-like colloid,
and again increased up to 260°C which formed exothermic reaction that produced a fluffy powder.
The fluffy powder was ground into a fine powder and calcinated at 600°C for 3 h. The calcinated
powder was pelleted and sintered at 400°C for 1 h.

Zhang et al. [59] prepared a (Gd,-XCex)Ti2O; pyrochlore structure using the combustion
method. Tetra butyl titanate, Gd,03, Ce(NO3)3-6H,0 were used as precursors and glycerol was used
as fuel. Ce(NOs);-6H,0 was dissolved in water, Gd,O3 was dissolved in nitric acid and then heated
to remove the excess amount of nitric acid and then all three prepared precursor solutions are
combined. Tetra butyl titanate was added dropwise resulting in the formation of a precipitate. The
appropriate amount of citric acid was added to the mixture solution and stirred until complete
dissolution was achieved. The solution was heated at 200°C with stirring resulted in a gel-like
solution and further dehydration resulted in auto-ignition that left behind voluminous powder. The
resultant powder was calcinated at 1200°C for 2 h.

2.4 Hydrothermal method
In hydrothermal synthesis (Figure 6), the reaction precursors at required composition are dissolved

with a suitable solvent, mixed by stirring and pH of the mixture solution is raised above 7 by using
agents like ammonium hydroxide and sodium hydroxides. The clear transparent solution is then
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Figure 6. Pictorial representation of the hydrothermal synthesis method

transferred to the hydrothermal reaction chamber for the processing of hydrothermal synthesis. The
hydrothermal synthesis method is the only method, which uses a lower reaction temperature (below
400°C) than other methods. The hydrothermal synthesis consumes long reaction duration, the
reaction time depends on the pH of the solution. Surfactants are also used to reduce reaction time.
Microwave-assisted hydrothermal synthesis features reduced reaction time.

Wang et al. [60] prepared Sm,Zr,O; pyrochlore using hydrothermal synthesis. SmO, and
ZrOCl,-8H,0 were dissolved in HNOj3 and stirred for 10 min. Aqueous ammonia was added to the
above mixture to obtain pH 5-9, which resulted in the formation of a white precipitate. The
precipitates was washed, and KOH solution was added with vigorous stirring and the mixture was
transferred into a teflon-lined autoclave. A hydrothermal reaction was carried out at 100°C and
200°C. The resultant powder was washed and dried at a vacuum at 70°C for 18 h.

Hongming and Danging [61] prepared lanthanum zirconates using lanthanum and zirconate
nitrate salts, and NaOH was used to raise the pH to 11, and a hydrothermal reaction was then carried
outat 200°C for 1 h. Huo et al. [62] prepared Ce,Sn,O7 using hydrothermal synthesis. Cerium nitrate
and sodium stannite hydrate were dissolved in DI water, and pH was adjusted by NaOH and stirring
for 10 min. The mixture was transferred into a teflon-lined stainless steel autoclave for hydrothermal
synthesis. Gadipelly et al. [63] prepared YTi.O; pyrochlore structure using microwave-assisted
hydrothermal synthesis. Y03 and TiO, were dissolved in preheated nitric acid, and the pH of the
mixture increased to 12 by adding NaOH. The mixture underwent microwave-assisted hydrothermal
synthesis for 4 min. The resultant precipitates was dried and calcinated at 800°C-1050°C for 3 h.

Sanjeewa et al. [64] prepared rare earth pyrochlore germinates RE,Ge;O7 (RE = Yb and
Lu) using high-temperature hydrothermal synthesis. RE oxides and germinate oxides were loaded
into silver ampules and mineralizer solution added and then welded and sealed. The ampules were
kept in a hydrothermal chamber and the remaining volume was filled with DI water, sealed, and
heated at 600°C for 14 days. Trujillano et al. [65] prepared Sm,Sn,O; pyrochlore using accelerated
microwave-assisted hydrothermal synthesis. Sm(NQOgz)3-5H,0 and SnCls-5H,0 were dissolved in
water and mixed with NaOH solution to increase the pH to 9, resulting in precipitates. The
precipitate slurry was mixed for 24 h at room temperature and transferred to a teflon container and
hydrothermal synthesis was carried out at 200°C for 4 h. The resultant powder was dried at 40°C
for 8 h and 140°C for two days.
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2.5 Sol-gel method

The sol-gel method (Figure 7) is one of the wet chemical synthesis methods used to prepare porous-
structured materials that are composed of three-dimensional polymeric chains for a wide range of
applications. The sol-gel process, which involves hydrolysis followed by condensation, results in
synthesis of a gel-like substance with a repentant polymeric matrix, and the drying heat treatment
results in the dense powders.
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the polymeric chain transparent and than
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Figure 7. Pictorial representation of sol-gel method

Verma et al. [66] prepared rare earth titanate RE,Ti,O; (RE = Dy, Sm) crystal structure
pyrochlore using the sol-gel method. Ti(OiPr),: EtOH : AcAc = 1: 27: 0.5 molar ratio and
RE(NO3)3-XH,0 : EtHO =1 : 10 molar ratio sol solutions were prepared separately by stirring for
30 min. The above two sol solutions were added together and stirred for 15 min and HNO3; was
added as a catalyst to promote hydrolysis. Additional DI water added to the above mixture to aid
gel formation. The resultant gel was aged for 7 days and dried at 120°C for 48 h to obtain powder
that was then annealed at 875°C for 4 h. Wang et al. [67] prepared La,Zr,O7 pyrochlore using the
sol-gel process and slurry. ZrOCl,-8H,0 and La(NOs)3-6H,0 were dissolved in H,O/EtOH solution
mixed. Citric acid was added to the above mixture to achieve Zr* : La%* : CA = 1: 1: 0.2. Chelating
agent formamide (FA) and polyethylene glycol were added to the above mixture, which was then
stirred at room temperature for 2 h to form uniform transparent sol solution. The resultant solution
powder was put into a crucible and kept at 80°C for 20 h ageing, which resulted in gel formation.
The resultant gel was dried at 110°C for 5 h and calcinated at 1200°C for 2 h in a muffle furnace to
form homogeneous LayZr,0; powders. Xia et al. [68] prepared Yb/Er/Eu: Gd,Ti,O7 pyrochlore
powders using the sol-gel method. Rare earth nitrate salts and titanium isopropoxide sol were
prepared separately in DI water and mixed. Citric acid was separately mixed with ethanol and stirred
for 30 min before adding to the above mixture with continuous stirring to obtain a transparent
solution. The mixture solution was dried at 60°C and calcinated at 800°C for 3 h.

The comparison of all the synthesis processes based on various parameters are presented
in Table 4.
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Table 4. Synthesis process comparison

Synthesis method
Parameters
Solid s_tate Coprecipitation Hydrothermal Sol-gel Combustion
reaction
Approach Top-down Bottom-up Bottom-up Bottom-up Bottom-up
Reaction Temperature, pH, Pressure, Surfactant, qu.l’
. Temperature, pH, Stabilizer,
parameters Time Temperature
pH Temperature  Temperature
Rare earth Rare earth
Rare earth Rare_ earth chlo_rlde and chlorlde and Rare earth
Precursors ; chloride and nitrite salts, nitrate salts, .
oxides . nitrates
nitrate salts rare earth rare earth
oxides isopropoxide
. . No uniform  Uniform shape Uniform No uniform  No uniform
Particle size . ;
shape and not in uniform shape and shape and shape and
and shape . . . . .
size size size size size
. Low . . Highly
Porosity porosity Low porosity No porosity Porous DOroUS
I;eact_lon High Moderate Low Moderate Moderate
uration
Calcination/ . . . . .
Heat Required Required Not required Required Required
treatment
Process Microwave
reaction . . assisted pH, pH,
rate Not possible PH Increase hydrothermal  surfactant stabilizer
acceleration

synthesis, pH

3. Conclusions

The various synthesis techniques available to prepare the rare earth-based pyrochlore-structured
materials have been discussed. Most of the commercial applications found use a solid-state reaction

synthesis method, which is suitable for producing the larger quantity of the pyrochlores. The solid-
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state reaction method produces pyrochlore-based material of a single phase. Drawbacks of this
method are that this method consumes enormous time, produces no dimensional homogeneity and
consumes a lot of energy. Wet chemical synthesis is an alternate method to solid-state synthesis,
where the synthesis is possible at a lower temperature, and the synthesized powders have
homogeneous particle distribution, unique crystalline structure with excellent physical as well as
mechanical properties. Hydrothermal synthesis is one of the wet chemical methods in which the
use of water at supercritical pressure can synthesize rare earth-based pyrochlores at less than 400°C
with a uniform crystalline structure, and particle distribution with uniform morphology. The
featured work was aimed for the mass production of rare earth-based pyrochlore-structured
materials via hydrothermal synthesis possibilities for high efficiency and good yield.
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