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ABSTRACT 

Maintenance of good hygiene practices are encouraged in the outbreak of infectious diseases like 

COVID-19 and therefore, water consumption is expected to increase. There is evidence that across 

the globe, water consumption increased as a result of hygiene practices as people stayed at home 

during the pandemic, blending work, study and other daily activities. To adequately tackle the 

infection rate, the government of Ghana announced “free water” for all policy. This study seeks to 

investigate whether the pandemic and subsequent policy in 2020 has influenced water consumption 

over the last 2 years. The study employed descriptive statistics and Interrupted Time Series Analysis 

(ITSA) on monthly water consumption data from 2018 to 2022. 60 data points consisting of 27 pre 

and 33 post-interruption data points were used to allow the model to measure the trend before the 

intervention (policy) and the immediate impact of the intervention. On the average, consumption in 

terms of volumes increased by about 30%, and ITSA showed a significant immediate impact and 

increasing trend on monthly water use. The findings of the study have implications on further 

research, engineering practice, policy and its implementation to help in preparation for future 

pandemics. 
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1.0 BACKGROUND 

With the outbreak of any viral respiratory disease, the 

World Health Organisation (WHO) usually 

announces and encourages the washing of hands as a 

preventive measure. Brauer, Zhao, Bennitt and 

Stanaway (2020) indicated that systematic reviews 

have shown the effectiveness of handwashing in 

reducing the transmission of respiratory disease-

causing viruses. For example, evidence suggests that 

a handwashing session with 0.2 litres is sufficient to 

keep one safe from being exposed to viral infection 
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(Mattioli et al., 2014). It has been observed that in the 

event of epidemics and pandemics such as Cholera, 

Ebola among others, water consumption generally 

increases. This is because an important way of 

preserving human lives during infectious disease 

outbreaks includes supply of safe drinking water, 

good hygiene and adequate sanitation practices 

(Kalra et al., 2014; WHO, 2015, 2020). This explains 

the reason for the all-time high increase in water 

consumption during the total and partial lockdown 

that resulted from the deadly Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV2) 

pandemic. Children were out of school and most 

workers were working from home leading to an 

increase in domestic water demand. Activities such 

as the drinking of water and flushing of toilets 

significantly increased in homes and diminished at 

the various places of work, and in schools.  

Drinking lots of water and washing hands under 

running water became a mantra for both the young 

and old. Behavioural changes in personal hygiene 

were confirmed with increased frequency in 

handwashing and showering upon their return, after 

they had gone shopping for groceries or attended to 

anything outside their homes. Activities such as the 

washing of clothes and disinfection of surfaces such 

as tables, may have also contributed to increased 

daily water volumes consumed at home. With the 

lockdowns, time spent doing housework increased, 

leisure increased and the amount of gardening might 

have increased as well (Campos et al., 2021; Del 

Boca et al., 2020; Kalbusch et al., 2020; Nemati, 

2020). On the other hand, some industries had to shut 

down or reduce production as a result, thus, industrial 

and institutional consumption was expected to 

decrease. Significant changes in the global 

consumption of water influenced continuity of water 

supply in terms of quantity and quality of services to 

customers (International Water Association, 2020).  

The World Health Organisation (WHO, 2020) and 

Kalbusch et al. (2020) reported that the pandemic 

caused a surge in the quantities of water consumed in 

health facilities due to continuous cleaning of 

equipment and facilities as well as in the treatment of 

patients. Therefore, hospitals were most likely the 

only non-residential use with increased consumption. 

With these developments, the International Water 

Association (IWA, 2020) reported that changes in 

consumption patterns had increased during the day as 

people worked from their homes. A general decrease 

in pre-pandemic weekday morning peaks was 

observed in many countries. Morning peaks were 

reported to have been delayed by one to two hours 

and were also observed during weekdays (Abu-Bakar 

et al., 2021; Balacco et al., 2020; Lüdtke et al., 2021). 

Aquatech (2020) confirmed that the city of 

Karlsruhe, Germany observed water consumption 

changes over a period.  

Kalbusch et al. (2020) reported a similar situation in 

Joinville, Southern Brazil; the study revealed that 

there was an 11% increase in the water consumption 

in the residential category whereas there was a 

significant decrease in the quantity of water 

consumed in the public. Lüdtke et al. (2021) reported
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a 14.3% increase in consumption in northern 

Germany during the first wave of the pandemic while 

an 18% increase was observed in Rovigo, Italy 

(Alvisi et al., 2021). In England and Wales, a 35% 

increase in peak daily consumption was observed in 

certain regions during the lockdown (Abu-Bakar et 

al., 2021; Alda-Vidal et al., 2020; Marshallsay, 

2020). Similarly in Portsmouth in England, there was 

a 15% increase in water demands (Portsmouth Water, 

2020) while Eastman et al. (2020) reported a 14% 

increase in a water utility in Arizona, USA. Likewise, 

residential demand in San Francisco, California 

increased by 10% (Cooley et al., 2020). Birişçi and 

Öz (2021) reported a 20% increase in residential 

consumption in Bursa, Turkey. Almulhim and Aina, 

(2022) reported a whopping 50% increase in water 

use in the Dammam Metropolitan Area, Saudi 

Arabia. Sayeed et al. (2021) reported water usage in 

Bangladesh to have been 1.7 L in excess of the norm 

due to handwashing practices. Although not much 

statistics is documented for African countries, Niasse 

and Varis (2020) confirmed that COVID-19 has led 

to an increase in domestic water demand in African 

countries like Nigeria and Rwanda who are already 

suffering from water insecurity. There have been a 

number of studies that sought to examine how 

COVID-19 spreads, its effect on human activities and 

possible ways of mitigating it.   

Other studies have equally assessed the impact of 

lockdown and its possible effect on the quality of 

water as well as the quality of air (Mahato et al., 

2020; Muhammad et al., 2020; Yunus et al., 2020).  

Furthermore, other studies have focussed on the 

spatio-temporal changes of daily routines (Alda-

Vidal et al., 2020). Abu-Bakar et al. (2021) measured 

households’ unique water consumption patterns in 

England and Cooley et al. (2020) assessed the 

financial implications for customers and utilities, as 

well as impacts on water and wastewater operational 

conditions. These studies have been useful in making 

predictions in preparation against future pandemics. 

It is in this light that this study seeks to assess what 

the situation in Ghana was during and after the 

pandemic.   In Ghana, every citizen was supplied 

water for free from April 2020 till March 2021 

(Dapaah, 2020; Government of Ghana, 2020; 

Graphic Online, 2020) which led to changes in 

consumer behaviour as communities which did not 

have piped water pre-COVID were equally served 

with water in tankers. Also, when the government 

withdrew the waiver, a section of the populace 

pleaded that the government reconsider a further 

extension of non-payment for water. This led to the 

government making consumption free for those 

whose monthly consumption was less than 5 m3 from 

January to March 2021 (Government of Ghana, 

2021; Nyavi, 2021). For forecasting and planning 

purposes, it is essential to understand the dynamics 

and adaptations the pandemic has brought on, as well 

as the factors influencing these dynamics or patterns, 

hence the need for this study.  

It is uncertain how the changes in water consumption 

have continued 2 years on.    Cooley et al. (2020) has 

emphatically stated for example that, as people
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continue to work from home, COVID-related 

impacts on water demand may be short-lived when 

people return to work. Lüdtke et al. (2021) also posits 

that the change in practices that might have caused 

the increase in the observed water consumption may 

or may not persist into the future.  Additionally, 

Nemati (2020) reports that analysing changes in 

water use is valuable for water agencies, water 

managers, and policymakers. The changes affect the 

operational conditions, revenue, finances and 

wastewater generated as far as water agencies are 

concerned. The fact that water was distributed or 

shared for free might impact residential/domestic 

consumption as pricing is known to control per-

capita water consumption (Amoah, 2020). A direct 

consequence of such a social intervention during 

emergencies such as COVID-19, as what happened 

in Ghana, impacts customers willingness to pay for 

water, which causes a reduction in revenues for the 

water utility company and thus creates a vicious 

circle (Cooper, 2020). This study seeks to investigate 

whether bulk water consumption changed in Ghana, 

potential reasons for the change in water use, the 

dynamics and peculiarities of the change specific to 

different regions and whether COVID-19 and the 

“free water” policy significantly influenced these 

changes.  

 

2.0 METHOD 

2.1 General overview of water supply in 

Ghana 

The Ghana Water Company Limited (GWCL) is a 

fully owned state utility company mandated to 

supply potable water to all urban communities in 

Ghana. The average daily production is around 

882,000 m3. The current water consumption is 

predicted to be around 1,100,000 m3 per day making 

water supply coverage to be about 77% (GWCL, 

2023). GWCL has a customer size of about 800,000 

of which 86% are metered. The water supply 

administration in Ghana is organised under 13 

regions with Greater Accra and Ashanti Regions 

having 3 and 2 respectively due to the level of 

population (customer size) in these regions. There are 

90 water treatment plants supplying water to the 

entire country. Bulk water production volumes, 

customer size, billing records and revenue collection 

among others were collected from these 90 plants of 

the various regions. Bulk monthly water 

consumption and customer strength records from 

2018 to 2022 were obtained from the GWCL for this 

study. The essence is to understand the situation prior 

to and during COVID-19. Interrupted Time Series 

Analysis (ITSA) was conducted taking April 2020 as 

the start of the intervention since the lockdown and 

the “free water” policy all took place at the end of 

March. This imply that the full effect of the 

interruption will be felt in April. A total of 60 data  

points, 27  data points  pre-interruption and 33 data 

points post-interruption were used for the ITSA. The 

purpose of the  ITS analysis is to determine whether 

the water consumption data patttern observed after 
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the outbreak (interruption) varies compared to that 

observed before the interruption.  

 

2.2 Statistical Analysis: ITSA 

One way of assessing whether water consumption 

behaviour has changed during the outbreak of the 

recent Coronavirus (COVID-19) pandemic in Ghana 

is to use the ITSA design to evaluate if there has been 

an immediate impact and/or decrease or increase in 

the trend of water use. This was done using the “itsa 

addon” in stata (Linden, 2015).  It is an increasingly 

popular quasi-experimental design involving the 

analysis of time series data, like an outcome 

measured over a time period of a defined population 

(Hudson et al., 2019). Basically, it refers to a set of 

measurements taken at equal intervals over a period 

of time that are interrupted by an intervention. The 

itsa is a wrapper program that uses the Newey-West 

method (Newey and West 1987) by default and 

produces Newey-West standard errors for 

coefficients estimated by ordinary least-squares 

regression (Linden, 2015). The standard errors are 

robust and adjusted for autocorrelation and 

heteroscedasticity (Dorward et al., 2021; Linden, 

2018; Turner et al., 2021). It is very useful in solving 

complex situations, which is why this study employs 

the model to evaluate and compare the pre- and post-

intervention water used during the COVID-19  

pandemic.  The method also allows the researcher to 

specify the number of lags to include in the model. 

The lag determines the extent to which previous 

information is relevant in predicting current 

happenings. The Cumby-Huizinga test for auto-

correlation was employed to test for the maximum 

number of lags.  The “itsa” accepts an outcome 

variable, a time variable for the pre-and post-

intervention times, and a dummy variable for pre- 

and post-intervention and interaction term. The 

model time variable measures the trend before the 

intervention, the intervention variable measures the 

immediate impact of the intervention while the 

interaction term estimates the difference between the 

pre-intervention and post-intervention trend 

(Dorward et al., 2021; Linden, 2015).  The model is 

specified as follows: 

𝑉𝑡 =  𝛽0 + 𝛽1 𝑇𝑡 +  𝛽2 𝑋𝑡 + 𝛽3 𝑇𝑡 𝑋𝑡 + 𝜀𝑡 

where: 

𝑉𝑡 is the monthly volume of water used  

𝑇𝑡 is the time variable measuring the period from the 

start of the study 

𝑋𝑡 is the interruption variable which is a dummy 

variable with 1 of interruption period and 0 otherwise  

𝛽0 is the base level  

𝛽1 is the trend before the intervention  
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𝛽2 is the immediate impact of the interruption 

𝛽3  is the difference between the pre- and post-

interruption trend  

𝜀𝑡 is the error term. 

According to Penfold and Zhang (2013), a researcher 

may use a single time series to describe only the 

intervention or compare the changes by the 

intervention at one time point to another time point 

where there are no interventions introduced, usually 

referred to as the control. 

 

3.0 RESULTS AND DISCUSSION 

A comparison of the monthly bulk consumption data 

for 2018 - 2022 indicated that there was notable 

increase in the volume of water per region in 2020 in 

relation to the previous year 2019 when the pandemic 

had not occurred. This general increase in 

consumption in each region for the year 2020 can be 

observed in Figure 1. In 2021, nearly all regions still 

recorded a relatively higher consumption than pre-

pandemic volumes, though lower than that of 2020, 

which suggests that people continued to observe the 

hygiene practices despite returning to their 

workplaces. However, it can also be seen that in 

2022, some regions, except Ashanti South, Western 

and Central, recorded significantly higher 

consumption compared to 2021 but lower than 2020.

Figure 1: Water consumption per region over 5 years 
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It can also be seen from Figure 1 that; Accra East 

recorded the highest increase in water consumption 

compared to previous years (2018 - 2019). Overall, 

in 2020, the average national increase in 

consumption was 34% even though some regions 

recorded as low as 18% (Western region) and others 

as high as 67% (Upper West region) as shown in 

Table 1.

  

Table 1: Comparing percentage increase in consumption in the regions over the years 
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Region 
2018 & 2019 

(%) 

2019 & 2020 

(%) 

2020 & 2021 

(%) 

2021 & 2022 

(%) 

 Accra East -4 33 -12 -23 

 Accra West 0 42 -15 -24 

 Ashanti North 10 36 -32 -26 

 Ashanti South -5 22 1 -25 

 Brong Ahafo 6 30 -25 -22 

 Central 5 55 -9 -28 

 Eastern  13 51 -12 -24 

 Northern -3 43 -26 -12 

 Tema 2 21 -5 -23 

 Upper East 1 32 -1 -12 

 Upper West 10 67 5 -36 

 Volta -1 40 -19 -26 

 Western -4 18 -12 -40 

Average 0 34 -13 -25 



 

 

It must be noted that the vast difference in overall 

water consumption over the years between Accra 

East, and Upper West Region (which has the lowest 

consumption) is due to the differences in the number 

of customers and water supply infrastructure 

coverage. Accra and Tema are mostly densely 

populated urban areas with high coverage of the 

water network, compared to the Upper West regions 

where the situation is the exact opposite in terms of 

network coverage and population density which 

influence customer strength.  Table 2 shows the 

percent increase in customer strength for each region 

over the years. The average percentage increase in 

customer strength per annum prior to COVID-19 was 

7%. In 2020 compared to 2019, there was an average 

increase of 10% while the years after the pandemic 

recorded an average increase of 9% and 8% 

respectively for 2021 and 2022. Some regions 

recorded significant increases in customer strength as 

high as 37% (Upper West), 14 % (Tema), 11% 

(Brong Ahafo) and 10% (Volta and Eastern). It must 

be indicated that, Upper West region consistently 

recorded an increase in customer strength due to its 

new water infrastructure and GWCL’s general 

campaign to connect new customers to the network. 

In the main Cape Coast network, there is no expected 

increase in customer strength since it is the oldest 

urban network, densely populated and customers are 

already connected. It is therefore likely that, the 7% 

increase recorded may be due to relatively newer 

networks such as the Ekumfi, Baifikrom, Twifo 

Praso and Winneba networks in the Central region. 

Other reasons for the increase in water consumption 

were due to changes in hygiene practices, the 

lockdown which shifted consumptive uses and 

announcement of “free water” policy in addition to 

the expected natural increase due to population 

growth (Aquatech, 2020; Lüdtke et al., 2021).  

The heightened campaign on hygiene practices such 

as hand washing, regular bathing and cleaning of 

surfaces contributed to an increase in water 

consumption in 2020. Due to the lockdown, 

institutional and industrial water uses shifted to 

domestic consumption (Aquatech, 2020; Cooley et 

al., 2020). As people stayed and worked from home, 

there were changes in lifestyle and adoption of new 

hobbies such as backyard gardening. In order to 

encourage the maintenance of hygiene practices, the 

government's announcement of “free water for all” 

policy led to access to water services 24/7 to 

Ghanaians irrespective of their status as customers of 

GWCL. This led to increase in customer strength due 

to reconnection of previously disconnected metres 

and reactivation of inactive accounts. Also, urban 

areas without pipe borne water or hitherto suffered 

intermittent supply were served with water in tankers 

(Abubakari et al., 2023). In some networks, where 

there is heavy reliance on public standpipes, 

commercial operators were mandated to allow people 

to fetch water freely. Furthermore, there is an 

expected natural increase in consumption due to 

population growth, however, it is not clear whether 

the 2022 consumption differences are purely due to 
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Table 2: Percentage increase in customer strength for each region over the years 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to natural increase or hygiene practices which have 

remained with people. 

 

3.1 Effects of “free water” policy on water 

consumption   

Before the actual model was estimated, the Cumby 

Huizinga test was conducted to determine the 

maximum number of lags to be included. Lag (1) was 

tested against a null of Lag (0). The results show that, 

the errors of the outcome variable are not serially 

correlated (p-value of 0.088). ITSA was therefore
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Regions 
2019 - 2018  

(%) 

2020 - 2019 

(%) 

2021 - 2020 

(%) 

2022-2021 

(%) 

Accra East 7 7 7 6 

Accra West  6 8 8 6 

Ashanti North  4 7 8 6 

Ashanti South  2 4 4 4 

Brong Ahafo 8 11 6 6 

Central 11 7 12 8 

Eastern 7 10 9 8 

Northern 11 8 6 6 

Tema 9 14 10 9 

Upper East 5 8 15 23 

Upper West  16 37 25 17 

Volta  7 10 7 6 

Western  4 5 6 4 

Average 7 10 9 8 



 

 

carried out at level. Table 3 shows the coefficients 

and Newey-West standard errors of the ITSA carried 

out. From the table, the base volume of water before 

the start of the interruption was estimated as 

12,200,000 cubic metres. The coefficient for the time 

variable was 23,420 which means that there was a 

positive natural trend in monthly water consumption 

over time, before the intervention of the “free water” 

policy was announced. This trend was however not 

significant at 10% alpha level. In the first month of 

the interruption, there appeared to be a significant 

increase in volume of water used by 4,048,293 cubic 

metres at a significant level of 1%. This indicates that 

the announcement of “free water” policy led to a 

huge jump in bulk water consumption suggesting 

that, the pandemic had a major impact due to 

increased awareness of hygiene practices such as 

hand washing, regular bathing and cleaning of 

surfaces.

Table 3: Impact of Covid-19 on Water Consumption 

 

 

 

 

 

 

 

 

 

 

 

 

Note: *** significant at 1%; ** significant at 5% and * significant at 10 
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Variable 
Coefficient 

(Newey-West Standard Errors) 

Time (𝛽1) 23420.61 (22590.8) 

Intervention (𝛽2) 4048293*** (675659.4) 

Time*Intervention (𝛽3) -127563.5*** (32382.5) 

Constant (𝛽0) 12,200,000 *** (278942.9) 

Treated -104142.9 (23201) 



 

 

                      Figure 1: Single group ITSA with Newey–West standard errors and zero lag 

  

There is a significant difference in the monthly trend 

before and after the interruption. However, there is a 

decrease in monthly bulk consumption post 

interruption, which is evident in the coefficient of -

127,564 significant level of 1%. This suggests that 

the withdrawal of the “free water” policy had an 

effect on water consumption over time as payment 

for water services started in February 2021 and 

people needed to adjust their consumptive uses in 

order to avoid paying more for water. It must also be 

indicated that, the decreasing trend may have been 

sustained due to the recent hikes in tariffs. There was 

a 22% increase in water tariffs in September 2022  

and a further increase of 8% in February 2023 (Ntow, 

2023; PURC, 2022). Therefore, a further decrease is 

expected to bring consumption close to the pre-

pandemic levels.  The overall    average increase in 

consumption due to the pandemic as indicated 

earlier was 34%. However, this study is unable 

to differentiate the changes in domestic, 

institutional and industrial consumption.  Also, 

because monthly consumption volumes are used, 

the changes in typical daily patterns such as 

delayed morning peak and higher morning peaks 

as in Aquatech (2020) were not discussed. 
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The findings of this study concludes that the hygiene 

requirements of the Covid era, along with the “free 

water” policy from the government of Ghana led to 

increased water consumption. 

 

4.0 CONCLUSION  

The outbreak of the pandemic brought about the need 

to enhance hygiene practices as an important measure 

to control the spread of SARS - CoV2 (COVID-19) 

disease. The study sought to investigate the effects of 

the enhanced hygiene practices and measures such as 

the “free water” policy, on water consumption in 

Ghana, during and after COVID-19 pandemic. From 

the study, it can be concluded that there was a 

significant change in bulk water consumption during 

the COVID-19 pandemic.  The study revealed an 

average increase in water consumption of 34%. This 

increase is attributed to changes in consumer 

behaviour (increased use of water for hygienic 

purposes), a more consistent supply of water to 

consumers (through activities such as reconnection 

of disconnected consumers by GWCL, and water 

provision through tanker services) and a 10% 

increase in customer size. The subsequent 

announcement of the “free water” policy also 

contributed significantly to an increase in 

consumption volumes across the nation. Moreover, 

this impact changed over time, which suggests that 

the free water supply policy may have had a varying 

effect on the different regions of the Ghanaian 

population.  Such policies have implications on 

service delivery as was seen in the challenges such as 

abruptness of the intervention, poor communication 

and little or no consultation as stated in Abubakari et 

al. (2023). 

This work has implications on further research, 

policy indications and engineering practice.  For 

forecasting, planning and allocation of funds for 

investment purposes, a detailed study should be 

conducted to investigate the reasons that accounted 

for the increases in each region. There is the need to 

empirically analyse the behavioural changes in 

people’s daily lives with respect to water use and its 

implications for water supply in Ghana. In 

preparation for future pandemics, the quantity of 

water required to meet the demands commensurate to 

fight the disease burden should be established. Also, 

understanding of the challenges that fraught the 

implementation of the “free water” policy should be 

documented. A future study would explore more than 

one intervention, for example, the “free water” policy 

and the first increase in tariff (in September 2022) 

after the policy was withdrawn. Furthermore, the 

influence of water tariffs on consumption in Ghana 

needs to be investigated. 

           

 

 

 

 

 

Science and Development 
Volume 7, No. 2, November 2023 
ISSN: 2821-9007 (Online) 

 

Amoatey et al., 2023 • Water Consumption changes during and after COVID-19 in Ghana                         12 



 

 

 

REFERENCES 
 

Abu-Bakar, H., Williams, L., & Hallett, S. H. (2021). 

Quantifying the impact of the COVID-19 

lockdown on household water consumption 

patterns in England. Npj Clean Water, 4(1). 

https://doi.org/10.1038/s41545-021-00103-8 

Abubakari, M., Agyemang, F. Y., & Tei, F. (2023). 

The limits and impact of communication and 

context in implementing social interventions in 

a pandemic: Ghana’s free water policy 

revisited. Social Sciences & Humanities Open, 

7(1), 100483. 

Alda-Vidal, C., Smith, R., Lawson, R., & Browne, A. 

(2020). Understanding changes in domestic 

water consumption associated with COVID-19 

in England and Wales. In Artesia Consulting 

and University of Manchester. 

https://shorturl.at/cEHKQ 

Almulhim, A. I., & Aina, Y. A. (2022). 

Understanding Household Water-Use 

Behavior and Consumption Patterns during 

COVID-19 Lockdown in Saudi Arabia. Water 

(Switzerland), 14(3). 

https://doi.org/10.3390/w14030314 

Alvisi, S., Franchini, M., Luciani, C., Marzola, I., & 

Mazzoni, F. (2021). Effects of the COVID-19 

Lockdown on Water Consumptions: Northern 

Italy Case Study. Journal of Water Resources 

Planning and Management, 147(11), 5021021. 

https://doi.org/10.1061/(ASCE)WR.1943-

5452.0001481 

Amoah, A. (2020). Estimating averting expenditure 

in domestic water use: evidence from Ghana. 

Journal of Water, Sanitation and Hygiene for 

Development, 10(4), 894–904. 

https://doi.org/10.2166/washdev.2020.197 

Aquatech. (2020). How Covid-19 impacts water 

consumption. 

https://www.aquatechtrade.com/news/utilities/

covid-19-lockdowns-impact-water-

consumption/ 

Balacco, G., Totaro, V., Iacobellis, V., Manni, A., 

Spagnoletta, M., & Piccinni, A. F. (2020). 

Influence of COVID-19 spread on water 

drinking demand: The case of Puglia Region 

(Southern Italy). Sustainability (Switzerland), 

12(15). https://doi.org/10.3390/SU12155919 

Birişçi, E., & Öz, R. (2021). Household water 

consumption behavior during the COVID-19 

pandemic and its relationship with COVID-19 

cases. Environmental Research and 

Technology, 4(4), 391–397. 

https://doi.org/10.35208/ert.953879 

Brauer, M., Zhao, J. T., Bennitt, F. B., & Stanaway, 

J. D. (2020). Global Access to Handwashing: 

Implications for COVID-19 Control in Low-

Income Countries. Environmental Health 

Perspectives, 128(5), 057005. 

https://doi.org/10.1289/EHP7200 

Campos, M. A. S., Carvalho, S. L., Melo, S. K., 

Gonçalves, G. B. F. R., dos Santos, J. R., 

Barros, R. L., Morgado, U. T. M. A., da Silva 

Lopes, E., & Reis, R. P. A. (2021). Impact of 

the COVID-19 pandemic on water 

consumption behaviour. Water Supply, 21(8), 

4058–4067. 

https://doi.org/10.2166/ws.2021.160 

 

Science and Development 
Volume 7, No. 2, November 2023 

ISSN: 2821-9007 (Online) 

Amoatey et al., 2023 • Water Consumption changes during and after COVID-19 in Ghana                         13 



 

 

 

Cooley, H., Gleick, P. H., Abraham, S., & Cai, W. 

(2020). Water and the COVID-19 Pandemic 

Impacts on Municipal Water Demand. Pacific 

Institute. pacinst.org 

Cooper, R. (2020). Water security beyond Covid-19 

(Issue April). 

Dapaah, E. (2020, April 5). Akufo-Addo announces 

free water for Ghanaians as government 

intensifies COVID-19 fight. Citinewsroom. 

https://citinewsroom.com/2020/04/akufo-addo-

announces-free-water-for-ghanaians-as-

government-intensifies-covid-19-fight/ 

Del Boca, D., Oggero, N., Profeta, P., & Rossi, M. 

(2020). Women’s and men’s work, housework 

and childcare, before and during COVID-19. 

Review of Economics of the Household, 18(4), 

1001–1017. https://doi.org/10.1007/s11150-

020-09502-1 

Dorward, J., Khubone, T., Gate, K., Ngobese, H., 

Sookrajh, Y., Mkhize, S., Jeewa, A., 

Bottomley, C., Lewis, L., & Baisley, K. (2021). 

The impact of the COVID-19 lockdown on HIV 

care in 65 South African primary care clinics: 

an interrupted time series analysis. The Lancet 

HIV, 8(3), e158–e165. 

Eastman, L., Smull, E., Patterson, L., & Doyle, M. 

(2020). COVID-19 Impacts on Water Utility 

Consumption and Revenues Through June 

2020. Raftelis, June, 1–5. 

https://nicholasinstitute.duke.edu/sites/de- 

fault/files/publications/COVID-19-Resources-

Im- pacts-on-Water-Utility-Consumption-and-

Reve- nues.pdf 

Government of Ghana. (2020). Address To The 

Nation By President Akufo-Addo On Updates 

To Ghana’s Enhanced Response To The 

Coronavirus Pandemic. Speeches. 

https://presidency.gov.gh/index.php/briefing-

room/speeches/1555-address-to-the-nation-by-

president-akufo-addo-on-updates-to-ghana-s-

enhanced-response-to-the-coronavirus-

pandemic 

Government of Ghana. (2021, January 3). Update 

No 21: Measures Taken To Combat Spread Of 

Coronavirus - The Presidency, Republic of 

Ghana. Speeches. 

https://presidency.gov.gh/index.php/briefing-

room/speeches/1848-update-no-21-measures-

taken-to-combat-spread-of-coronavirus 

Graphic Online. (2020). Gov’t extends free water 

package to December 31. General News. 

https://www.graphic.com.gh/news/general-

news/ghana-news-gov-t-extends-free-water-

package-to-december-31.html 

GWCL. (2023). Company Profile – GWCL - 

Welcome. https://www.gwcl.com.gh/company-

profile/ 

Hudson, J., Fielding, S., & Ramsay, C. R. (2019). 

Methodology and reporting characteristics of 

studies using interrupted time series design in 

healthcare. BMC Medical Research 

Methodology, 19(1), 1–7. 

https://doi.org/10.1186/s12874-019-0777-x 

IWA. (2020). Managing Water Loss During 

Lockdown. Water Loss. https://iwa-

connect.org/group/water-loss/timeline 

 

 

Science and Development 
Volume 7, No. 2, November 2023 
ISSN: 2821-9007 (Online) 

 

Amoatey et al., 2023 • Water Consumption changes during and after COVID-19 in Ghana                         14 



 

 

 

Kalbusch, A., Henning, E., Brikalski, M. P., Luca, F. 

V. de, & Konrath, A. C. (2020). Impact of 

coronavirus (COVID-19) spread-prevention 

actions on urban water consumption. 

Resources, Conservation and Recycling, 

163(August). 

https://doi.org/10.1016/j.resconrec.2020.10509

8 

Kalra, S., Kelkar, D., Galwankar, S. C., Papadimos, 

T. J., Stawicki, S. P., Arquilla, B., Hoey, B. A., 

Sharpe, R. P., Sabol, D., & Jahre, J. A. (2014). 

The emergence of Ebola as a global health 

security threat: From “lessons learned” to 

coordinated multilateral containment efforts. 

Journal of Global Infectious Diseases, 6(4), 

164–177. https://doi.org/10.4103/0974-

777X.145247 

Linden, A. (2015). Conducting interrupted time-

series analysis for single-and multiple-group 

comparisons. The Stata Journal, 15(2), 480–

500. 

Linden, A. (2018). Combining synthetic controls and 

interrupted time series analysis to improve 

causal inference in program evaluation. Journal 

of Evaluation in Clinical Practice, 24(2), 447–

453. 

Lüdtke, D. U., Luetkemeier, R., Schneemann, M., & 

Liehr, S. (2021). Increase in Daily Household 

Water Demand during the First Wave of the 

Covid-19 Pandemic in Germany. Water 

(Switzerland), 13(3). 

https://doi.org/10.3390/w13030260 

Mahato, S., Pal, S., & Ghosh, K. G. (2020). Effect of 

lockdown amid COVID-19 pandemic on air 

quality of the megacity Delhi, India. Science of 

the Total Environment, 730(January). 

https://doi.org/10.1016/j.scitotenv.2020.13908

6 

Marshallsay, D. (2020, June 30). New Waterwise 

article! The effect of the coronavirus lockdown 

on water use. https://www.artesia-

consulting.co.uk/blog/New Waterwise article! 

The effect of the coronavirus lockdown on 

water use 

Mattioli, M. C., Boehm, A. B., Davis, J., Harris, A. 

R., Mrisho, M., & Pickering, A. J. (2014). 

Enteric pathogens in stored drinking water and 

on caregiver’s hands in Tanzanian households 

with and without reported cases of child 

diarrhea. PLoS ONE, 9(1). 

https://doi.org/10.1371/journal.pone.0084939 

Muhammad, S., Long, X., & Salman, M. (2020). 

COVID-19 pandemic and environmental 

pollution: A blessing in disguise? Science of the 

Total Environment, 728, 138820. 

https://doi.org/10.1016/j.scitotenv.2020.13882

0 

Nemati, M. (2020). COVID-19 and Urban Water 

Consumption. In ARE Update (Vol. 24, Issue 1, 

pp. 9–11). University of California Giannini 

Foundation of Agricultural Economics. 

Niasse, M., & Varis, O. (2020). Quenching the thirst 

of rapidly growing and water-insecure cities in 

sub-Saharan Africa. International Journal of 

Water Resources Development, 36(2–3), 505–

527. 

https://doi.org/10.1080/07900627.2019.17070

73

 

Science and Development 
Volume 7, No. 2, November 2023 
ISSN: 2821-9007 (Online) 

 

Amoatey et al., 2023 • Water Consumption changes during and after COVID-19 in Ghana                         15 



 

 

 

Ntow, F. (2023, January 17). Electricity and water 

tariffs up by 29% and 8% for Q1 of 2023. 

Ghana News Agency. 

https://gna.org.gh/2023/01/electricity-and-

water-tariffs-up-by-29-and-8-for-q1-of-2023/ 

Nyavi, G. A. (2021, January 3). Gov’t extends free 

electricity, water initiative to March - Graphic 

Online. General News. 

https://www.graphic.com.gh/news/general-

news/ghana-news-gov-t-extends-free-

electricity-water-initiative-till-march.html 

Penfold, R. B., & Zhang, F. (2013). Use of 

interrupted time series analysis in evaluating 

health care quality improvements. Academic 

Pediatrics, 13(6), S38–S44. 

Portsmouth Water. (2020). Annual Performance 

Report. In Hilos Tensados (Vol. 1, Issue). 

https://www.portsmouthwater.co.uk/wp-

content/uploads/2020/07/2020-APR-

Portsmouth-Water.pdf 

PURC. (2022). Publication of tariffs: September 

2022. September. https://www.purc.com.gh 

Sayeed, A., Rahman, M. H., Bundschuh, J., Herath, 

I., Ahmed, F., Bhattacharya, P., Tariq, M. R., 

Rahman, F., Joy, M. T. I., Abid, M. T., Saha, 

N., & Hasan, M. T. (2021). Handwashing with 

soap: A concern for overuse of water amidst the 

COVID-19 pandemic in Bangladesh. 

Groundwater for Sustainable Development, 13. 

https://doi.org/10.1016/j.gsd.2021.100561 

Turner, S. L., Karahalios, A., Forbes, A. B., Taljaard, 

M., Grimshaw, J. M., & McKenzie, J. E. 

(2021). Comparison of six statistical methods 

for interrupted time series studies: empirical 

evaluation of 190 published series. BMC 

Medical Research Methodology, 21(1), 1–19. 

WHO. (2015). Water sanitation and hygiene 

(WASH) package and WASH safety plans 

Training of trainers. 

https://www.who.int/csr/disease/ebola/wash-

training-2015/en/ 

WHO. (2020). Water, sanitation, hygiene, and waste 

management for SARS-CoV-2, the virus that 

causes COVID-19: Interim Guidance 

(WHO/2019-nCoV/IPC_WASH/2020.4; Issue 

July). 

https://www.who.int/publications/i/item/WHO

/2019-nCoV/IPC_WASH/2020.4 

Yunus, A. P., Masago, Y., & Hijioka, Y. (2020). 

COVID-19 and surface water quality: 

Improved Lake water quality during the 

lockdown. Science of the Total Environment, 

731, 139012. 

https://doi.org/10.1016/j.scitotenv.2020.13901

2 

 

AUTHORS CONTRIBUTION 
 
Peace Korshiwor Amoatey: Conceptualisation, 

background, literature review and Data Analysis 

(Descriptive statistics) 

Godwin King-Nyamador: Literature review, data 

analysis theory, verification of references Micheal 

Martey: Data Analysis (Inferential Statistics) 

Maxwell Akosah-Kusi: Data collection, 

organisation and preliminary analysis

Science and Development 
Volume 7, No. 2, November 2023 

ISSN: 2821-9007 (Online)

 

Amoatey et al., 2023 • Water Consumption changes during and after COVID-19 in Ghana                         16 



 

 

A first-principles study of the Mechanical Stability and Electronic 

Properties of Lead-free Halide Inorganic Double Perovskites 

Cs2InAgX6 (X =F, Br, Cl, I) 

 
Atarah, S. A.1*, Gebreyesus, H. G.1, and Egblewogbe, M. N. H1 

 
1Department of Physics, University of Ghana, Legon, Ghana 

*Corresponding author: saatarah@ug.edu.gh 

 

ABSTRACT 

Lead-free double perovskites (DPs), Cs2InAgX6, specifically, were studied as candidate materials for 

photo voltaic cells (PVC). The density functional theory (DFT) methods as implemented in the Quan-

tum Espresso suite was applied for the study. Equilibrium lattice parameters for the DP which are all 

face-centered cubic crystals, were determined as follows: a = 9.13 Å for X=F, a = 10.38 Å for X= Cl, 

a = 11.07 Å for X = Br and a = 11.39 Å for X = I. These findings align well with reported values. 

Additionally, elastic constants were calculated and found to be in fair agreement with reported values 

as well. Using the calculated elastic constants, all DPs were found to be ductile. The values of energy 

band gaps, Eg, calculated were Eg = 1.7 eV for X = F, Eg = 1.5 eV for X = Cl, Eg =0.9 for X = Br and 

Eg = 0.7 eV. It is noteworthy that, various studies, the experimentally reported Eg value for X = Cl, 

(in the range of 3.23-3.3 eV) significantly exceed the calculated Eg values in this work. The experi-

mental Eg value for X = Cl as reported by several works is 3.23 - 3.3 eV, much higher than this and 

all calculated Eg values reported in this work. In summary, Cs2InAgCl6 emerges as a robust candidate 

material for PVCs, showcasing favorable mechanical stability and band gap characteristics. On the 

other hand, Cs2InAgBr6 would require band gap engineering to be a suitable material. 

 
Keywords: Pb-free, halide double perovskite, photovoltaic cells, mechanical properties, first principles study  

 

 

1.0 INTRODUCTION  

Solar cell technology for harvesting energy is seen as 

a major source of energy for the future because it is 

eco-friendly and sustainable. The efficiency of solar 

cells has improved steadily over time as well (Nayak, 

P. K., Mahesh, S., Snaith, H. J., Cahen, 2019). It is 

also clear from the literature that Si based 

photovoltaic cells (PVCs) are by far the most 

successful technology for harvesting photovoltaic 

energy. However, power conversion efficiency 

(PCE) of Si based PVCs are rather low. Research for 

material alternatives to Si in solar cell and related 

technology is active and Perovskite materials are 

strong candidates for future PVC material due to their 

high laboratory PCE being reported. Perovskite 

materials have a general formula ABX3, where A = 

monovalent cation, B = divalent, X is an anion, with
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with commonly B = Pb. Pb-based halide perovskites 

have been studied extensively and are reported to 

hold promise for LED applications and for PVCs. 

They have been demonstrated to achieve power 

conversion efficiencies above 22%, and surpassing 

polycrystalline and thin-film silicon based PVCs 

(NREL, 2022). The features of perovskite material 

that lead  to the high PCE are low carrier 

recombination, suitable absorption and extinction 

coefficients in the visible electromagnetic spectrum, 

high carrier mobility and direct energy band gap 

values (Mathew et al., 2019).  

Optical, electronic and structural properties of 

various perovskite materials have been examined by 

many research groups both theoretically (D. Shi, V. 

Adinolfi, R. Comin, M. Yuan, E. Alarousu, A. Buin, 

Y. Chen & A. Rothenberger, 2015; J. H. Noh, S. H 

Im, J. H Heo, T. N Mandal, 2013; Meyer et al., 2018; 

Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. 

Cao, 2015; S.D. Stranks, G.E. Eperon, G. Grancini, 

C. Menelaou, M.J. Alcocer, T. Leijtens & M. Herz, 

2013; T.J. Jacobsson, M. Pazoki, A. Hagfeldt, 2015), 

and  experimentally (Volonakis et al., 2017; W. 

Khan, S. Azam, M.B. Kanoun, 2016). Pb-based 

perovskite materials have been reported for their high 

PCE but Pb is toxic (Green et al., 2014), and 

environmentally hazardous when exposed to 

moisture which inevitably results from high humidity 

in the atmosphere (P.K. Kung, M.H. Li, P.Y. Lin, 

J.Y. Jhang, M. Pantaler, D.C. Lupascu, G. Grancini, 

2020). Efforts are directed at minimizing or replacing 

Pb in PVCs. Therefore, the stability of Pb-free 

perovskites are being studied. An early attempt at 

realizing a Pb-free material was to replace Pb2+ with 

Sn2+ in the structure APbX3 (X= Br, I, Cl). However 

such products were found to be unstable (Zhen Li, 

Mengjin Yang, Ji-Sang Park, Su-Huai Wei, Joseph J. 

Berry, 2016).  Double perovskites are emerging as 

alternatives to the existing lead halide perovskites.  

The general formula for double perovskites is A2BX6 

or A2BB’X6, where A and B are respectively 

inorganic cations and tetravalent ions with X a 

halide.  Initial studies on double perovskites have 

reported mixed results. Combinations of Ag and Cu 

on one hand with Bi, In and Sn on the other in place 

of Pb2+ have been tried. Such products as Cs2CuBiX6 

or CsAgSnX6 were found to yield either indirect band 

gaps or energy band gaps larger than 2 eV(T.J. 

Jacobsson, M. Pazoki, A. Hagfeldt, 

2015),(Volonakis et al., 2017)(Slavney, A. H.; Hu, 

T.; Lindenberg, A. M.; Karunadasa, 2016). 

Cs2BiAgX6 (X = Cl, Br) have been synthesized and 

found to exhibit band gaps in the visible range (Filip, 

M. R.; Hillman, S.; Haghighirad, A. A.; Snaith, H. J.; 

Giustino, 2016).  

However, the band gaps of these compounds are 

indirect which is not ideal for applications in thin film 

photovoltaics. The study on Cs2AgBiBr6, by Savory 

et al reported an efficiency of less than 8% 

(Christopher N. Savory, Aron Walsh, 2016). W. 

Mukhtar et al (Waqas Mukhtar et al., 2021) using 

first principle studies reported that the double perov 

skites Rb2NaInI6 and Cs2NaInI6 are direct energy 

bandgaps of values 1.121 eV and 1.111 eV 

respectively. 
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Maughan et al (A.E. Maughan, A.M. Ganose, M.A. 

Almaker, D.O. Scanlon, 2018) and others (A. 

Kaltzoglou, D. Perganti, M. Antoniadou, A.G. 

Kontos, 2016) independently studied the Cs2SnI6 

and reported an energy bandgap of nearly 1.2 eV ) 

and carrier mobility of 509 cm2/V/ s. These reported 

band gap energies in the range of 1.0 eV are suitable 

for PVCs. Other promising double perovskites that 

are recommendable for use as active layers in PVCs 

are Cs2InSbCl6, Cs2AgInBr6, Rb2AgInBr6, and 

Rb2CuInCl6. Initial studies show that in addition to 

having desirable energy bandgaps, these have higher 

PCE compared to ABX3 material (J. Zhou, J. Luo, X. 

Rong, P. Wei, M.S. Molokeev, Y. Huang, J. Zhao & 

X. Zhang, J. Tang, 2019; Michael M. Lee, Joël 

Teuschertsutomu, 2012; Xin-Gang Zhao, Dongwen 

Yang, Yuanhui Sun, Tianshu Li†, Lijun Zhang, 

Liping Yu, 2017). Although organic-inorganic 

compound combinations in perovskites have been 

used to implement optoelectronic devices, instability 

arising from long term expose to sunlight and 

humidity is reported as a factor to consider in 

adopting perovskites for PVC application (H.-S. 

Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A. 

Marchioro & R. Humphry-Baker, J.-H. Yum, 2012), 

(Nam Joong Jeon, Jun Hong Noh, Woon Seok Yang, 

Young Chan Kim, Seungchan Ryu, 2015). The 

stability of perovskites is therefore a threat to their 

development as PVCs. Nishita et al (Mathew et al., 

2019) presented preliminary results on the electronic 

and structural properties of Cs2InAgCl6 but the 

stability of the material was not reported. In this 

study, the mechanical stability of some lead–free 

double perovskite material (Cs2InAgX6; X= F, Cl, 

Br, I ) was  studied using DFT. Except Cs2InAgCl6, 

experimental data on which is being reported 

(Volonakis et al., 2017), the compounds with X = F, 

Br, and I  are hypothetical   but potentially represent 

an important class of promising PVC material. This 

study also discusses the electronic properties of the 

selected material.    

 

2.0 METHODOLOGY AND COMPUTA-

TIONAL DETAILS  

For the current work, the Quantum Espresso (P 

Giannozzi, S Baroni, 2017) computational suite was 

used and the calculations were carried out using the 

plane wave DFT approach. The Perdew-Burke-

Ernzerhof (PBE) Generalized Gradient 

Approximation (PBE-GGA) was applied. The 

electron exchange energy correlation functionals 

which were taken within the PBE formulation and 

ultrasoft pseudopotentials for solids (PBE-sol) were 

used to describe the atomic potentials. Indium 4d 5s 

orbitals were included for core correction whiles in 

general 4p 5s orbital were included for halides. For 

all calculations, the Hubbard +U correction was 

applied on Ag 3d orbital. The calculations did not 

include spin-orbital coupling effects as these have all 

The k-point meshes for all structures were generated 

according to Monkhorst-Pack scheme for the 

Brillouin zones. Sampling of Brillouin zone 

integration with k-point mesh 10×10×10 was set,
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while denser k-mesh of 12×12×12 was used for DOS 

calculations. The kinetic energy cut-off for electrons 

was determined by the minimum required for the 

element with the highest energy cut-off requirement 

and ranged between 60 Ry for Cs2InAgI6 and 90 Ry 

for Cs2InAgCl6. Stringent convergence requirements 

were set for each compound with interatomic force 

thresholds typically 10-7 Ry/Å. In all calculations the 

electron convergence threshold was 10-12 Ry. The 

equilibrium lattice parameters of crystals were 

computed by self consistently calculating the 

minimum total energy per unit cell of each compound 

for a range of values of lattice constants. A plot of 

energy vs volume was then fitted by the Birch-

Murnaghan equation of state and the equilibrium 

lattice parameters (corresponding to minimum 

energy) obtained for each compound. Elastic 

constants were obtained directly from self consistent 

thermal computations. In order to predict the 

formation of stable perovskite the Goldschmidt test 

was used. As all the unit cells of the compounds were 

face centered cubic crystals, the bulk modulus, B, 

was obtained from the elastic constants C11, C12 and 

C44 at zero pressure as: 

𝐵 =
𝐶11 + 2𝐶12

3
  (1) 

The shear modulus G is taken as an average of the 

Voight (𝐺𝑉 ) (Lv et al., 2016), Reuss (𝐺𝑅 ) (Li et al., 

2017) and Hill (Erum & Iqbal, 2016) approximations 

as 

𝐺 =
𝐺𝑉 + 𝐺𝑅

2
(2) 

where  

𝐺𝑅 =
5𝐶44(𝐶11 − 𝐶12)

4𝐶44 + 3(𝐶11 − 𝐶12)
(3) 

and             𝐺𝑉 =
𝐶11−𝐶12+3𝐶44

5
(4) 

The possibility of the selected atoms forming  

perovskite crystals stably was assessed by use of the 

Goldschmidt (Volonakis et al., 2017) tolerance (t) 

and octahedral (𝜇factors defined as  

𝜇 =
𝑅𝐵

𝑅𝑋

(5) 

𝑡 =
𝑅𝐶𝑠 + 𝑅𝑋

√2(𝑅𝐵 + 𝑅𝑋)
(6) 

𝑅𝐵 = 0.5(𝑅| |+𝑅𝐴𝑔)(7)  

 

where 𝑅𝐶𝑠, 𝑅𝑋 are the Shannon ionic radii of the Cs 

cation and the X anion respectively. 𝑅𝐵 was 

estimated as the average of In and Ag ionic radii as 

shown in (7).   
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3.0 RESULTS 

3.1 Structural properties and mechanical stability 

Table 1 shows the calculated lattice and bulk constants, 

the octahedral and tolerance factors and the Pugh ratios 

for the material. Also included in the table are values 

from references. The calculated bulk moduli were 

reproduced by fitting to the energy-volume plot using 

the Birch-Murnaghan equation of state.  

 

 Table 1: Lattice constants, bulk and shear moduli and relate ratios of the perovskites  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Science and Development 
Volume 7, No. 2, November 2023 
ISSN: 2821-9007 (Online) 

 

Atarah et al., 2023 • A first-principles study of the Mechanical Stability and Electronic properties of Lead-…     21 

Anion X F Cl Br I 

a (Å)  This work 9.015 10.3897 10.8989 11.5385 

a (Å) (References) 9.138 (M. 

Tariq, Malak 

Azmat Ali, 

A. Laref, 

2020) 

10.467 (Z. Zhou, 

M.S. Xia, X. 

Molokeev, D. 

Peng Zhang, 

2017), 10.65 

(Enamul Haque, 

2019), 10.47 

(expt. (Volonakis 

et al., 2017)) 

10.74 

(Volona

kis et 

al., 

2017) 

11.52(Hang 

Yin, 

Yeming 

Xian, 

Yongli 

Zhang, 

Wenzhe Li, 

2019)  

B (Gpa) 47.028 38.270, 29.12 (M. 

Tariq, Malak 

Azmat Ali, A. 

Laref, 2020), 46.8 

(Enamul Haque, 

2019)  

23.465 

23.46 

(M. 

Tariq, 

Malak 

Azmat 

Ali, A. 

Laref, 

2020) 

109.970 



 

 

 

 

 

 

 

 

 

 

Table 2: Elastic constant and test of stability using elastic constants 
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G (Gpa) 13.77 14.828 23.465 364.669 

Pugh ratio (= B / G ) 3.415 2.580 3.103 0.290 

octahedral factor, t 0.733 0.538 0.497 0.443 

Tolerance, 𝜇 0.985 0.937 0.925 0.909 

Poisson ratio 
1.347 0.328 0.352 0.3800 

Anion X F Cl Br I 

C11 (GPa) 66.941 64.575, 93.03 (Enamul 

Haque, 2019) 

131.205 204.390 

C12 (GPa) 37.072 25.119, 23.69 (M. 

Tariq, Malak Azmat 

Ali, A. Laref, 2020) 

43.632 62.764 

C44 (GPa) -13.045 12.231 15.038 20.542 

𝐶11 > |𝐶12| Yes Yes Yes Yes 

𝐶44 > 0 No Yes Yes Yes 

𝐶11 + 𝐶12 > 0 Yes Yes Yes Yes 



 

 

Elastic constants hold information on the mechanical 

stability, the bonding, stiffness and other related 

properties of materials subjected to externally 

applied stress (Amal Moussali, Mahdad Benzardjab 

Amina, Benattou Fassi, Ibrahim Ameri, Mohammed 

Ameri, 2020). Table 2 shows the calculated elastic 

constants and the stability test results, whereas the 

calculated energy band gaps are shown in Table 3.  

 

Table 3: Calculated energy band gaps (in eV) for the double perovskite material studied 

Anion X  F Cl Br I 

 This work 1.7 1.5 0.4 0.7 

Other work 

(Theoretical)  

3.44 (M. Tariq, 

Malak Azmat Ali, 

A. Laref, 2020) 

1.5 (Volonakis 

et al., 2017), 

1.35 (N.K. Noel, 

S.D. Stranks, A. 

Abate, C. 

Wehrenfennig, 

S. Guarnera & 

Petrozza, 2014), 

0.58 (Z. Zhang, J. 

Su, J. Hou, Z. Lin, 

Z. Hu, J. Chang, J. 

Zhang, 2019), 

1.33 (G. 

Volonakis, 2018), 

1.5 (Xin-Gang 

Zhao, Dongwen 

Yang, Yuanhui 

Sun, Tianshu Li†, 

Lijun Zhang, 

Liping Yu, 2017)  

0.76 (M. 

Tariq, Malak 

Azmat Ali, 

A. Laref, 

2020) 

Other work 

Experiment 

- 3.3 (Volonakis 

et al., 2017), 

3.23 (Slavney, 

A. H.; Hu, T.; 

Lindenberg, A. 

M.; Karunadasa, 

2016) 

- - 
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The energy band structure displays fundamental 

electronic characteristics of a material. Figure 1 

shows the energy band diagrams and the density of 

states (DoS) plot for the halide-based double 

perovskites studied whilst the projected density of 

states are shown in Figure 2.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Energy band structures with DoS for all studied perovskites. (a) X = F, (b) X= Cl,  

(c) X=Br and (d) X = I 
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(a)  (b)  

(c)  (d)  



 

 

 

 

  

 

Figure 2: Projected DOS plots for (a) Cs2InAgF6 , (b) Cs2InAgCl6 , (c) Cs2InAgBr6 (d) 

Cs2InAgI6 

 

4.0 DISCUSSION  

All crystals were first relaxed to determine their 

equilibrium lattice parameters. It can be seen from 

Table 1 that compared to the lattice constants of the 

respective material reported by the indicated 

references, the calculated values can be said to be in 

fair agreement, deviating only in  a narrow range 
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(c) 

(b) 

(d) 

(b) 

(a) 



 

of +0.16% to +1.7%. As expected, it can be seen from 

the table that the calculated cell sizes increase as the 

halide atom changes from Fluorine to Iodine (i.e. 

down the periodic table). The bulk moduli of the 

perovskite material were also calculated in order to 

understand their mechanical properties. Bulk 

modulus measures the ease or resistance to volume 

changes (brittleness) whilst the ease of change in 

shape is measured by the shear modulus. The ratio of 

the bulk to the shear modulus, called the Pugh ratio 

is a measure of the ductile nature of the material. A 

Material is classified as ductile if its Pugh ratio is 

greater than 1.75 whilst the Poisson ratio should be 

greater than 0.26 (Waqas Mukhtar et al., 2021). 

Poisson's ratio is the ratio of the change in the width 

per unit width of a material, to the change in its length 

per unit length, as a result of strain.  

The values of bulk moduli shown in Table 1 are 

similar to those obtained by Tariq et al (see Table 1 

of (M. Tariq, Malak Azmat Ali, A. Laref, 2020). In 

particular for X = F, the values of bulk modulus was 

a match to earlier reported values (see Table 1 of 

(Sandeep et al., 2017)) giving confidence to our 

results. Except for X= I, all Pugh ratios are greater 

than 1.75 and would therefore be ductile in nature 

implying they would have a fair degree of flexibility 

which is suitable for solid state and flexible 

electronic applications. A Material is expected to  

form stable double perovskite if its tolerance value is 

in the range 0.8 ≤ 𝑡 ≤ 1 and its octahedral factor is 

greater 0.41 (Volonakis et al., 2017) or more 

precisely in the range 0.4 < 𝑡 ≤ 0.9 (Meyer et al., 

2018). The tolerance values and octahedral factors 

for the material, included in Table 1, are within the 

stability ranges. From these values it appears that all 

the materials studied would form stably as double 

perovskite crystals although the octahedral factor 

decreases as the ion X gets larger. The observation 

suggests that larger anions would least form as 

double perovskites. 

The mechanical stability of the perovskite material 

was further assessed by determining whether they 

met the following conditions (for stability)(Bouafia 

et al., 2015): |𝐶44| > 0, 𝐶11 − |𝐶12| > 0 and 𝐶11 +

|𝐶12| > 0. The results of the comparisons for all the 

compounds as displayed in Table 2 indicates that by 

this criterion alone all but for X = F are mechanically 

stable under reasonable stress.  

The apparent conflict in the observation that all the 

studied material would form double perovskites yet 

Table 2 shows that for X = F, 𝐶44 < 0, can only be 

resolved by making a distinction between formation 

as double perovskite crystals and existing stably as 

such. For X=F, a hypothetical double perovskite may 

form but is not expected to exhibit stable mechanical 

properties. 
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4.1 Electronic properties 

The electronic properties of the material is 

summarized in Figure 1 by the band structure and 

distribution of density of states. The band gap values 

derived from calculations are shown in Table 3. 

Values from other works are also indicated for 

comparison. Except for Cs2InAgI6, (which by the 

band structure, appears to be an indirect band gap 

material) the conduction band minima (CBM) and 

the valence band maxima (VBM) for all the 

compounds occur at the 𝛤 − point of the Brillouin 

zone, making them direct bandgap crystals. The 

indirect bandgap of Cs2InAgI6 indicates that it is not 

a good candidate perovskite for PVCs. Particularly 

noticeable is the very small energy band gap value 

for Cs2InAgBr6 which is consistent with the value 

reported earlier (Z. Zhang, J. Su, J. Hou, Z. Lin, Z. 

Hu, J. Chang, J. Zhang, 2019). This band gap value 

would make Cs2InAgBr6 electronically unsuitable 

particularly for solar energy harvesting. For X =Br, 

the double perovskite material may thus be 

considered for bandgap engineering. Of the three 

direct bandgap perovskites studied, Cs2InAgCl6 

appears to offer the most promising electronic 

property with an energy bandgap of 1.5 eV.  

Although an experimental band gap value of 3.3 eV 

has been reported, our value of 1.5 eV is consistent 

with several other calculations. (Z. Zhou, M.S. Xia, 

X. Molokeev, D. Peng Zhang, 2017) (Wonseok Lee, 

Seunghwa Hong, 2019). Projected partial densities of 

state, pDOS, plots show that across all the materials 

studied, the 2p orbitals of the X anions dominate near 

their Fermi levels with the 4d orbitals of the Ag 

cation (see Fig. 2) being the other most significant 

contributor of electrons to similar that energy band 

which is important to semiconducting properties. For 

clarity, other orbitals were left out of the plot as they 

were too small to be shown on the scale. 

 

 

5.0 CONCLUSION  

The mechanical stability of Pb-free double 

perovskites Cs2InAgX6 (X = halides F, Cl, Br, I) were 

studied along with their suitability, electronically, for 

photovoltaic cells. The results suggests that except 

for X = I, all perovskites in the series are direct 

bandgap semiconductors, but the bandgap for X = Br 

is so small that it is not good for PVC applications. 

Except for X = I, all material studied were found to 

be malleable. Results from the study shows that 

Cs2InAgCl6 would have the desired bandgap for PVC 

candidate material, and would be the most 

mechanically stable candidate among the series of 

halide double perovskites studied.  
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ABSTRACT 

The drug loading onto silica derived from organic compounds satisfies the need for effective 

biocompatible carriers for sustained and targeted delivery. Silica is a naturally occurring material that 

is biocompatible and biodegradable. However, studies reveal silica nanoparticles' drug loading and 

release capabilities are uncontrolled and erratic. In this paper, biogenic silica (BS) was modified with 

chitosan to improve the loading and release capabilities in vitro. The BS was prepared by calcining 

for 4 hours at 600 ℃, and the modification was accomplished by immersing the BS in a chitosan 

solution overnight. The modified BS (BS-C) was characterised using Fourier transform infrared 

spectroscopy (FTIR) and X-ray diffractometry (XRD). Folic acid loading and release studies were 

performed for the BS alone and the BS-C using UV-Vis spectrophotometry analysis at a wavelength 

of 285 nm. The folic acid loading was done at a pH of 9, and release studies were done at a pH of 

7.24 and 10.40. Results from the comparative analysis of the BS and the BS-C showed improvements 

in drug adsorption efficiency of 29.79 and 73.96%, respectively, in a 2-hour period. Thus, the findings 

show the potential application of folic acid delivery in the small intestine. 

Keywords: Drug delivery, Folic acid, Biogenic silica 

 

 

 

 
1.0 INTRODUCTION 

Silica is a material that has become of keen interest 

in the area of nanomaterials. They have provided a 

different avenue for biomedical applications in areas 

such as bio-sensing, cellular uptake, and drug 

delivery (Devi et al., 2016). Following advancements 

in research, the use of silica particles as drug delivery 

systems for sustained drug release is quickly 

becoming a sought-after application for scientists and 

engineers due to significant research focused on the 

design and implementation of biomaterials, which 

provide a sustained release of therapeutics and 
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can be modified for the bioavailability of drugs at 

specific locations in the body (Fenton et al., 

2018).  The sustained drug release reduces the high 

consumption of drugs and reduces toxicity in patients 

(Žid et al., 2020), which has inspired material 

scientists and engineers to study materials that have 

high stability and flexibility for the administration of 

drugs through various pathways (Menon & Pillai, 

2022). One of the many materials that have been 

studied for use as a drug delivery agent is silica 

particles (Isa et al., 2021; Trzeciak et al., 2021). 

These particles can be acquired by organic or 

inorganic means. The use of chemicals such as 

tetraethyl orthosilicate (TEOS) and cetyl trimethyl 

ammonium bromide (CTAB), (Song et al., 2019) 

constitutes the inorganic means, whereas the contrary 

makes use of natural materials composed of biogenic 

silica (BS) (de Cordoba et al., 2019).  

 

Rice husk has been found to have the highest amount 

of silica among all plant-based resources (Chun et al., 

2020), with a study reporting that about 95% by 

weight of amorphous silica can be obtained from rice 

husk after acid leaching treatment and calcination at 

600° (Dorairaj et al., 2022; Suyanta & Kuncaka, 

2011). Its use in obtaining BS is rapidly catching the 

attention of material scientists due to the low cost of 

production and eco-friendliness of these materials 

(Prabha et al., 2021). Approximately 148.2 million 

tonnes of rice husk are produced worldwide each 

year (Park et al., 2021), which speaks to their 

availability for utilisation. This allowed the use of 

rice husks in the production of magnetic Mobil 

Composition of Matter 41 (magMCM-41) for use as 

adsorbents and sensor bases (Kamari & Ghorbani, 

2021). However, their use in designing drug delivery 

systems reveals a major challenge: insufficient drug 

delivery profiles. This was evident when BS was 

used for targeted release studies at pH above 7 

(Salazar Hernández et al., 2014). Subsequent 

research observed an issue of uncontrolled drug 

delivery with BS, using Folic acid (FA) as the model 

drug (Carmen et al., 2017). Folic acid (FA) is an 

essential vitamin used in the regulation of 

homocysteine, to mediate the formation of 

cardiovascular diseases when metabolised (Ganguly 

& Alam, 2015; Ratajczak et al., 2021).  A targeted 

delivery of FA prevents having an excess amount in 

the bloodstream and any possible development of 

cancer (Khan & Jialal, 2022; Tam et al., 2012).  

 

Thus, we propose the use of chitosan for surface 

modification of BS for controlled folic acid studies at 

a selected pH of 7 and 10, since FA is mostly 

absorbed in an alkaline medium in the small 

intestine. Chitosan, a natural polymer with minimal 

toxicity, biodegradability, and biocompatibility 

(Ibrahim et al., 2015), has the presence of hydroxyl 

and amine functional groups that can interact with 

organic and inorganic compounds (Lizardi-Mendoza 

et al., 2016; Zhang et al., 2010). The modified 

material was characterized using X-ray diffraction 

spectroscopy and Fourier infrared spectroscopy, 

while drug loading and release studies were done 

using an ultraviolet (UV) visible spectrophotometer 
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2.0 MATERIALS 

The rice husk used in this study was obtained from 

rice fields in the northern region of Ghana. 

Hydrochloric acid (HCl), nitric acid (HNO3), and 

acetic acid (AcOH) were purchased from Sigma 

Aldrich. Industrial chitosan as well as 

pharmaceutical folic acid from SundownⓇ were used. 

Phosphate buffer saline was also used in the 

dissolution of the pharmaceutical folic acid. 

 

3.0 METHODS 

 

3.1 Extraction of SiO2 from Rice  

A mass of 125g of rice husk was measured and 

washed with water to remove all organic impurities. 

Concentrations of 2 M of both hydrochloric acid 

(HCl) and nitric acid (HNO3) in volumes of 700 and 

150 mL, respectively, were mixed in 150 mL of 

distilled water to form a solvent. The rice husk was 

added to the solvent, stirred, and placed in a water 

bath at 75 °C for 1 h, after which it was dried at room 

temperature for 48 h. The dried rice husk was then 

calcined in a muffle furnace at 600 °C for 4 h.  

 

3.2 Surface Modification of Biogenic Silica  

A mass of 0.15 g of chitosan was completely 

dissolved in 25 mL of 10% acetic acid to form a 

homogenous solution. 1g of biogenic silica (BS) was 

added to this solution in a beaker and stirred with a 

magnetic stirrer for 24 h. The solution was 

centrifuged and dried for 72 h to form a biogenic 

silica-chitosan composite (BS-C). 

 

3.3 Preparation of Folic Acid (FA) 

A mass of 50 mg of pharmaceutical folic acid was 

dissolved in 100 mL of 1% phosphate buffered saline 

(PBS) with a pH of 9.131 in a beaker. The solution 

was stirred for 20 min and filtered to obtain an aliquot 

with a concentration of 0.5 mg/mL. 

 

3.4 Drug Loading and Release 

Folic acid with a concentration of 0.5 mg/mL was 

added to 0.5 mg of both the BS and the BS-C in 

separate Eppendorf tubes. A 360° mechanical rotator 

with a speed of 10 rpm was used to aid in the drug 

loading process in triplicate for 2 h at intervals of 30 

min. The solution was then centrifuged for 5 min at a 

speed of 1000 rpm.  The supernatants from the 

preparation were pipetted, and absorbance was read 

using a UV-Vis spectrophotometer at a wavelength 

of 285 nm. The materials were then dried.  Drug 

release was carried out for both BS and BS-C in PBS 

at a pH of 7.24 and 10.10. The drug release was 

studied in triplicate for 2 hours with time intervals of 

30 minutes with a 360 mechanical rotator at a speed 

of 10 rpm. The absorbance was recorded at each time 

interval using UV-Vis spectrophotometer at a 

wavelength of 285 nm after centrifugation.
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3.5 Characterization Techniques 

 

The BS and BS-C were characterised with an 

X-Ray Diffractometer (XRD) equipped with 

Cu-K𝛼 radiation of wavelength 1.54Å. Also, 

a Fourier transform infrared spectrometer 

(FTIR) was used to determine functional 

groups over a wavelength of 400 to 4000 

cm1. 

 

 

4.0 RESULTS AND DISCUSSION 

4.1 XRD of BS, chitosan and BS-C  

Figure 1 compares the X-ray diffractometry (XRD) 

patterns of biogenic silica (BS), chitosan, and BS 

modified with chitosan (BS-C). The BS is seen to 

have a major peak at the 50 2θ/degrees position, 

whereas the chitosan shows more peaks at 8.5, 20, 

28.9, 38.1, 42.8, 44.4, 47.1, 48.3, 64.8, and 78 

2θ/degrees positions (Ghorbani et al., 2015). The 

profile in Fig. 1 reveals that BS is amorphous while 

chitosan is semicrystalline. However, when the BS is 

modified with chitosan, the BS-C forms an 

amorphous material. The amorphous nature of the 

BS-C is due to the silica and chitosan polymeric 

chains being completely mixed at a molecular level 

(Rajiv Gandhi & Meenakshi, 2012) and masking the 

minor crystalline peaks in chemical reactions that 

result in an amorphous structure (Kamari & 

Ghorbani, 2021). 

Figure 1: XRD patterns of BS, Chitosan and BS 

modified with chitosan (BS-C). 

 

4.2 FTIR of BS, chitosan and BS-C 

Composite 

Figure 2 represents the FTIR spectra of BS, chitosan, 

and BS-C. The broad band between 3610 and 3000 

cm-1 in BS, chitosan, and BS-C is assigned to the 

stretching vibration of surface hydroxyl. The 

stretching vibration of Si-OH is seen in the band 

between 3610 and 3000 cm-1 in the BS. The bands at 

1042, 788, and 439 cm-1 in both the BS and the BS-

C are assigned to the Si-O group and Si-O-Si and 
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and Si-O-Si, respectively (Yuan et al., 2006). The 

bending, symmetric, and asymmetric stretching of 

the Si-O-Si and Si-O at 1042, 788, and 439 cm-1 are 

consistent with the fingerprint region seen for silica 

particles in literature (Chen et al., 2014). Chitosan 

reveals a vibrating NH band, which is spotted at 1640 

cm-1. Other vibrating C-H groups in the chitosan can 

be found at 952 and 800 cm-1. From the BS-C, new 

bands occurred at 1640, 1557, 1408, and 952 cm-1. 

The new bands are attributed to the N-H bending 

vibration of the amine group and the C-H stretching 

bond of the CH2 and CH3 groups, respectively, which 

are characteristic functional groups present in the 

chitosan structure. 

 

Figure 2: FTIR of BS, chitosan and BS modified 

with chitosan (BS-C). 

4.3 FA Loading of BS And BS-C  

FA loading studies were conducted on BS and BS-C 

at room temperature. The drug adsorption efficiency 

(DAE), which quantifies the amount of drug loaded 

onto the material, of BS and BS-C was then 

calculated using the concentration after 2 hours 

obtained from the UV-VIS spectrophotometer: 

 

DAE = 
(𝐶𝑖 −𝐶𝑓 )

𝐶𝑖
 ×100%                         (1) 

 Ci is the initial concentration and Cf is the final 

concentration.  

 

The DAE of BS after 2 h was calculated as 29.79%, 

while that of the BS-C composite was 73.96%, which 

confirms that the BS-C has a higher drug entrapment 

efficiency when compared to BS. Figure 3 compares 

the absorbance readings of the BS and BS-C. It 

shows irregular drug adsorption by the BS, 

confirming the inefficient and uncontrolled drug 

loading characteristic of the BS (Salazar Hernández 

et al., 2014). On the contrary, there was a steady 

decrease in drug adsorption by the BS-C. This 

indicates efficient drug loading  onto the material, 

which could be attributed to the chemical interactions 

taking place between the FA and the composite.
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Figure 3. Drug loading of biogenic silica (BS) and 

BS modified with chitosan (BS-C). 

 

 

4.4 FA Release and Kinetic model of BS and 

BS-C  

FA release studies were carried out for both the BS 

and the BS-C composite to analyse their release 

behaviour at different pH (7 and 10). At a pH of 7.24, 

FA was released into solution by the BS in the first 

30 minutes, and progressively adsorbed again after 

90 minutes (at 30 minutes interval), which confirms 

the poor release character of BS. This could be due 

to the high surface energy of silica (Bauer et al., 

2021; Seied Reza Saeid Jalali et al., 2018), causing 

minimal release from the BS surface. On the 

contrary, there was a sustained release of the FA by 

BS-C composite as seen in Figure 4. This is partially 

due to the character of chitosan reducing the surface 

energy of BS and the interactions between the FA and 

chitosan rather than the BS. At a pH of 10.1, FA 

continued to be released from the BS-C with 

increased affinity of FA to the OH ions in solution as 

well as the character of chitosan. In the BS sample, it 

was suspected that FA released into solution with 

time as a result of FA affinity for OH ions and 

solubility of FA at high pH causing it to release from 

the BS sample.       

Based on dependence of the substance amount 

released with time Figure 4, the data was fitted to the 

Korsemeyer-Peppas kinetic model. Korsmeyer-

Peppas equation, also called power law, is a semi-

empirical model based on the diffusion phenom that 

is used to describe in a general way the main 

transport phenomena involved in release procedures, 

which occurs by either diffusion or swelling (Salah 

Eldeen et al., 2019).  Although a good fit has been 

achieved with this model, several authors have 

shown that Korsmeyer-Peppas is applicable only to 

the first 60% of the release profile (Heredia et al., 

2022; Korsmeyer et al., 1983). The diversity of this 

process can be summarised by the equation :  

F = Km  (2) 

 tn where K is kinetic constant, t is time, n is diffusion 

exponent. The diffusion exponent(n) of the 

Korsmeyer–Peppas model preparation that releases 

the FA as a result of both diffusion and erosion is 

0.384, with an R2 value of 0.9812. Reference values 
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value of 0.9812. Reference values for non-fickian 

transport are  between 0.5< n <= 0.89 (Ballantine et 

al., 1997). It has been clearly shown in Figure 5 that 

the process is consistent with this model and was 

observed only in a period of time between 30 and 120 

min.  

Figure 4. Drug release of biogenic silica (BS) and 

BS modified with chitosan (BS-C) at pH of 7.24 

and 10.10. 

 

 

 

 

 

 

 

 

Figure 5. Kosmeyer-Pepper model of biogenic 

silica (BS) and BS modified with chitosan (BS-C) 

at pH of 7.24 and 10.10. 

 

5.0 CONCLUSION 

The potential of biogenic silica (BS) modified with 

chitosan (C) (BS-C) was evaluated for the adsorption 

and release of folic acid (FA) over a period of 120 

min. The BS-C displayed better drug loading and 

release capability for FA as compared to the BS. The 

release of FA from the BS-C was influenced by the 

pH of the medium. The pH range was chosen to 

mimic the pH in the small intestine, where folic acid 

is absorbed. The release profile of the BS-C agrees 

with the Kosmeyer-Pepper model. The mechanism of 

reaction between BS-C and FA, as well as BS and 

FA, was mainly governed by the adsorption of the 

functional groups. The study shows the potency of 

biogenic silica from rice husk modified with chitosan 

as an effective system for the delivery of FA. 
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ABSTRACT 

Matured plantain fruits undergo postharvest physiological deterioration in the food supply chain 

contributing to food loss/waste and economic losses. However, available plantain preservation 

techniques are ineffective, cost intensive and unsustainable. The aim of the study was to evaluate 

effective, low-cost, and sustainable plantain preservation techniques by harnessing the potential of 

sodium alginate and cellulose nanocrystals to produce a film blended with cinnamon essential oil in 

varying proportions (10%, 15%, and 20%) and to determine the extended shelf-life of fresh plantain 

under the tested treatment conditions. The film produced exhibited good molecular interaction and 

thermal stability as elucidated by the Fourier Transform and Infrared (FTIR) spectroscopy and 

thermogravimetric analysis respectively. The samples of plantain coated with film-forming solution 

and stored up to 8 days were examined for their physiochemical parameters (pulp moisture content, 
oBrix, weight loss, firmness, and colour changes) during eight-day storage at room temperature (25 

±1°C). There was a significant (p<0.05) reduction in moisture production, oBrix, weight loss rate, and 

softening rate for coated plantains relative to the uncoated samples. Increasing proportion of the 

essential oil in the film was effective in delaying the unset of ripening and deterioration by one week. 

Therefore, by optimizing the level of cinnamon essential oil in the film, this innovative technique can 

serve as an effective, sustainable and inexpensive way of preserving plantain to maintain it nutritional 

and functional qualities while enhancing its economic value in the food supply chain. 

 

 

1.0 INTRODUCTION 

The issue of Food Loss and Waste (FLW) has 

engendered significant interest worldwide. Estimate 

by FAO’s State of Food and Agriculture (2019) 

report indicates that about 14% of the food produced 

get lost or wasted.  This figure, in monetary terms, is 

nearly $400 billion dollars yearly. According to FAO 

projection, the food that is wasted and lost is enough 

to cater for 1.26 billion hungry people every year. 

Food losses are associated with the food supply 

chain, i.e., from the growing, harvesting, 

transportation, storage, processing, and retailing to 

the final consumer. Consequently, the Sustainable 

Development Goal (SDG) target 12.3, which seeks to 
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to halve per capita global food waste at the consumer 

and retail levels and further cause a reduction of food 

losses along food supply chains, including post-

harvest losses (UNEP Food Waste Index Report, 

2021). In Ghana, food crops such as cereals, grains, 

and legumes rank high, with a predicted 30%-50% 

annual losses, whilst fruits, vegetables, roots, and 

tubers follow with an estimated yearly loss of 20-

50%. These losses are mainly caused, among others, 

by  lack of technical and/or financial capacity of the 

players  along the food supply chain to preserve the 

food (Xue et al., 2019). Because of the huge 

economic losses associated with FLW, much 

attention and research are being focused on reducing 

food losses and waste in major food crops such as  

cereals, grains, and legumes and to some extent fruits 

and vegetables (Rutten & Verma, 2014) to the 

neglect of food crops such as plantain which ripens 

easily and if not quickly utilized get wasted posing 

economic losses to farmers and other actors in the 

food supply chain.  

 

Plantain (genus Musa) falls under banana as a 

monocotyledonous perennial and important crop in 

the tropical and sub-tropical regions of the world 

(Baiyeri et al., 2011).  Plantain is a staple crop with 

significant economic value based on its high 

nutritional value. In Africa, Cameroon leads in 

plantain production with 4.3 million tonnes, followed 

by Ghana (about 4 million tonnes) annually (Adi et 

al., 2019). In Ghana, the production approximates 

13% of GDP, representing a unit annual consumption 

of about 100kg per person (Adi et al., 2019). 

Nutritionally, plantain is a major source of energy for 

the body and therefore utilized as food at every stage 

of its life cycle (immature to overripe). The main 

methods used in plantain processing in West and 

Central parts of Africa are boiling/steaming, frying, 

roasting or drying of plantain fruits. Food products 

such as fried plantain, roasted plantain, boiled 

plantain, pounded plantain and plantain chips in  

Ghana (Dadzie & Wainwright, 1995), Cameroon 

(Newilah et al., 2005),   Ivory Coast (Kouamé et al., 

2015), Nigeria (Akinyemi et al., 2008), Benin 

(Marcellin et al., 2018) and Democratic Republic of 

Congo (Ekesa et al., 2012). Despite the high 

nutritional and economic benefits obtainable from 

plantain utilization, it economic value reduces  

considerably along the fruit maturation cycle. The 

average shelf life of mature plantain after harvest is 

below  two weeks (Adi et al., 2019) due to rapid 

ripening resulting in product deterioration and 

economic losses. The projected  plantain loses in 

Ghana is between 10-30%  representing 200-400 

thousand tonnes of annual production (Adu-

Amankwa & Boateng, 2011). These losses  

represents 100-300 million US dollars yearly 

(Dzomeku et al., 2011) and occur from  production 

to consumption  raising the need for effective post-

harvest management strategies  to preserve the fruit. 

Plantain is mostly preserved to prolong its shelf-life 

and enhance freshness using various preservation 

strategies including cold refrigeration, using 

modified atmosphere packaging, and storage on 

counters or floors under room temperature and 

processing into plantain chips. However, these 
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available rudimentary methods often fail to enhance 

the shelf-life of plantain particularly during storage 

and distribution and still contributes to huge 

economic losses.  

 

As a climacteric fruit, plantain produces ethylene gas 

at maturity that induces ripening. The process of 

ripening is characterized by distinctive color changes 

(green to pale yellow), texture changes (firm to soft), 

conversion of complex polysaccharides (starches) to 

simple sugars with sweet taste, and the development 

of a unique flavour compounds. Other noticeable 

changes include pulp-to- peel ratio, ethylene 

production, changes in oBrix, pulp moisture, pulp pH, 

total titratable acidity, dry matter content, and 

changes in respiration rate (Adi et al., 2019; Subedi 

& Walsh, 2009, 2011). Therefore, it is important to 

understand the physiological process involved in 

plantain ripening and adopt appropriate control 

strategy to slow down the processes and delay early 

ripening. Little attention has been paid to the use of 

active packaging system in extending the shelf-life 

and maintaining the freshness of plantain along the 

supply chain. Active packaging controls the 

respiration of fruit and vegetables, lipid oxidation, 

loss of moisture, and microbial activity (Youssef & 

El-Sayed, 2018). It also preserves the nutritional 

value of food and decrease the wastage of food. 

Therefore, the objectives of the study were to: 1) 

fabricate and characterize active packaging coatings 

from sodium alginate, cellulose nanocrystals blended 

with cinnamon essential oil using calcium chloride as 

a crosslinking agent, and 2) investigate the effect of 

the coatings on shelf-life extension of plantain. This 

active sustainable packaging technique is expected to 

have the potential to deliver fresh and nutritive 

plantain to the ever rapidly growing population in 

Ghana and beyond while enhancing its economic 

benefits in the food supply chain. 

 

2.0 MATERIALS AND METHODS 

2.1 Materials 

Sodium alginate and glycerol (both extra pure) were 

obtained from Daejung Chemicals and Metals in 

Gyeonggi-do, Korea. Calcium chloride was 

purchased from Merck KGaA, Germany, the 

Cinnamon Essential Oil was sourced from Hemani 

Herbal LLC, USA, and Tween 80 obtained from 

Jinan Future Chemical company, China. Cellulose 

nanocrystals (CNC) (12.2wt% batch no-2015-FLP-

71) was acquired from University of the Maine. 

 

 

2.2 Film Preparation procedure  

To investigate physical, mechanical, and thermal 

characteristics of the coats formed on the plantains, 

films were prepared using different coating solutions. 

The film-forming solution was prepared by using 4g 

of sodium alginate powder mixed in 200ml of 

distilled water. 
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Furthermore, 2g weight of glycerol, 1.68g of 

cellulose nanocrystals (CNCs), and 0.12g of CaCl2 

were added as plasticizers, reinforcement, and cross-

linking agents. Following this process, an emulsion 

consisting of Cinnamon Essential Oil and Tween-80 

were added at three varying concentrations (10%, 

15%, and 20%). Stirring was done to the final 

solution to obtain a consistent mixture. Part of the 

final film-forming solution, 30.0g, was delivered into 

a 9cm diameter Petri Dish and made to dry in a 60oC 

in an oven for a period of 24 hrs. The fabricated films 

were cooled, peeled off from the Petri Dishes ready 

for characterization. 

 

2.3 Thermal properties of the film 

 Analysis of the thermal properties were done using 

Differential Scanning Calorimeter (DSC, Q2000, TA 

Instruments, Delaware, USA) under a 30 mL/min 

nitrogen flow rate. Nearly 15mg of the fabricated 

films, in triplicates, was weighed in aluminum pans, 

sealed, and then heated from 20oC to 400oC at a 

heating rate of 5oC/min (Pankaj et al., 2014). 

 

2.4 Thickness of film  

Film thickness was measured using a Micrometer 

(Mitutoyo dial thickness gauge, Mitutoyo Co., Japan) 

at a 0.01-mm accuracy at five random position of the 

film. The mean of  recorded data  was found using 

statistical averages (Rhim, 2004). 

 

2.5 Moisture content of films 

The films were subjected to weighing using an 

electronic balance, and the values of the initial 

weight recorded as W1. The films were subsequently 

placed in an oven at constant temperature of 105°C 

for 24 hours.  Second weighing was done almost 

immediately after the films were out from the oven 

to prevent the films reabsorbing moiture from the 

atmosphere (Cazón et al., 2020) and this weight 

represented as W2. The percentage moisture was 

estimated using the equation below.   

 Moisture Content =
W1−W2

W2
× 100%  

 

Where: W1 = Initial weight of the film  

 W2 =Second weigh of film (weight of film 

after it was dried in the oven)  

 

2.6 Fourier Transform and Infrared 

Spectroscopy (FTIR) 

Fourier Transform and Infrared Spectroscopy (FTIR) 

Analysis was done with the help of Perkin Elmer 

UATR Two Spectrometer with an attenuated total 

reflectance accessory. The measurement range was 

450 – 4000 cm-1, with a 4 cm-1 resolution. The 

process encompassed wiping the holding crystal with 

ethanol, after which films were arranged for spectral 

analysis. The analysis of the data was done using 

Origin Pro 2019 software, with which the FTIR 

spectra were obtained. 
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2.8 ºBrix of coated plantain 

To determine the soluble solid contents of the 

plantain, samples pulp were first blended with 

distilled water to form a consistent solution. 

Following this, a drop of the solution was placed on 

an Abbey 60 Refractometer (Bellingham and Stanley 

Ltd, Kent, United Kingdom) with the aid of a pipette 

to determine the oBrix. This experiment was done 

three times to obtain the statistical average value of 

the oBrix. 

 

2.9 Pulp moisture of coated plantains 

Approximately 10g of each sample of plantain pulp 

was weighed and represented by P1. Afterward, the 

weighed samples were placed in an oven at a constant 

heat of 105°C for 24 hours and weighed again 

presenting P2. Finally, the moisture content of the 

samples was calculated as a percentage using the 

equation: 

Moisture Content (MC) of plantain = 
𝑃1−𝑃2

𝑃2
 x 100%   

 

2.10 Firmness of coated plantain pulp 

The firmness of the pulp was determined using a 

Brookfield Texture Analyzer Model CT3 10K 

(Middleboro, MA 02346, U.S.A) operating in a 

normal mode. The experiment was conducted using 

a needle probe (1.0mm D, 43mm L) at a penetration 

depth of 20mm at  three randomly selected  positions 

of the plantain pulp and  a speed of 2mm/s(Owolabi 

et al., 2021). 

 

 

2.11 Pulp to peel ratio of coated plantain   

This ratio was determined by weighing the pulp and 

peel separately on the third day, sixth and eighth 

day on an electronic scale. The experimental 

process was done in triplicate and the ratio of the 

pulp relative to the peel determined for each of the 

measure. The weight loss was also estimated from 

the measurements. 

 

 

2.15 Visual observation of the coated and 

uncoated plantain 

Visual images were taken using a high-resolution 

Digital Camera to detect visual variabilities of the 

plantains with time. 

 

 

2.16 Statistical Analysis 

The data gathered was analyzed using GraphPad 

Prism software Version 8.0.2 (263) for Windows 

(GraphPad Software, San Diego, CA, USA) for all 

descriptive and inferential statistics. One-way 

ANOVA inferential statistics was done to compare 

means between different groups of numerical 

continuous variables for at least 3 different groups at 

5% significance level. 
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3.0 RESULTS AND DISCUSSION 

3.1 Characterization of the Films 

The characterization of the films included 

thermographic analysis, FTIR analysis, moisture 

adoption capacity, and film thickness. 

 

3.1.1 Thermogravimetric Analysis 

The Thermogravimetric Analysis (TGA) was applied 

to detect variations in weight relative to temperature 

changes and to observe the impact of cinnamon 

essential oil (CEO) and other components of the film-

forming solution, on the film’s thermal stability. The 

TGA thermogram of the different films were studied, 

and the outcome signaled a multistage decomposition 

(three stages of weight loss) for films (Figure 1). The 

first change in the weight of the film depicts loss of 

free water and other low molecular weight volatile 

compounds from the films corresponding to 

temperatures of 50oC and 75oC. The second weight 

lost corresponds to temperature of 175oC and 190oC 

explaining thermal degradation of substance of low 

molecular weight like glycerol and bonded water. 

Furthermore, significant mass loss of the film was 

observed occasioned by thermal decomposition of 

the sodium alginate within the temperature range 

200oC and 250oC, and then remain stable with 

temperature with no significant weight loss. In 

comparison, the    control film (Film 1) showed 

higher weight loss as relative to the films  containing  

cinnamon essential oil (Film 4, Film 5, and Film 6).  

 

It was observed that the essential oils caused an 

increase in the thermal stability of the film. However, 

the films with different cinnamon essential oil 

concentration gave different thermal stability on the 

basis of discontinuous structure formation resulting 

in a rise in free volume spaces and a less dense 

structure. 

 

 

3.1.2 Fourier-transform Infrared Spectroscopy 

(FTIR) Analysis 

The FTIR profile, Figure 2, presents the spectra of 

the different kinds of films showing the chemical 

and/or physical interactions between the 

participating compounds and bonding entities in the 

coatings or films. Usually, the films, regardless of 

their chemical makeup, show unique peaks. The high 

absorption peak at 3000-3683cm−1 is characteristic of 

stretching vibration of OH. The OH stretching 

absorption peak in all the films is broad ranging from 

3000cm-1 to 3700cm-1 compare to free standing OH 

group which absorbs within 3200-3600cm-1 

wavenumber. The increased intensity and broadening 

of OH stretching vibration is attributed to H-bonding. 

This may be due to strong intermolecular interactions 

between hydroxyl (OH) groups present in sodium 

alginate and cellulose nanocrystals or intramolecular 

interaction of molecules of the sample compounds. 

This is consistent with studies that indicated that H-

bonding cause an increase in absorption peak 

intensity.   
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 Figure 1: Thermogravimetric Analysis (TGA) profiles of the different films 

Film 1 - Sodium alginate (SA)/Glycerol, Film 2 - SA/Glycerol, Cellulose Nano Crystals (CNC), Film3 

-SA/Glycerol/CNC/Calcium Chloride (CC), Film 4-SA/Glycerol/CNC/CC/Tween 80 (T80)/10% 

Cinnamon Essential oil (CEO), Film 5- SA/Glycerol/CNC/CC/T80/15% CEO, Film 6 - 

SA/Glycerol/CNC/CC/ T80/20%CEO. 

Figure 2B shows an overlap plot comparing 

individual components of the film with different 

fabricated films. The two prominent peaks at 

2925cm−1 and 2857cm−1 shoulder to the OH peak 

are assignable to stretching vibration C-H bond in the 

film.
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Figure 2: A:  FTIR profile of Film 1, Film 2, Film 3, Film 4, Film 5, and Film 6.  

The FT-IR spectra of Film 1-Sodium alginate (SA)/Glycerol, Film 2-SA/Glycerol, Cellulose Nano Crystals 

(CNC), Film 3-SA/Glycerol/CNC/Calcium Chloride (CC), Film 5-SA/Glycerol/CNC/CC/Tween 80 

(T80)/10% Cinnamon Essential oil (CEO), Film 6- SA/Glycerol/CNC/CC/T80/15%CEO, Film 6-

SA/Glycerol/CNC/CC/ T80/20% CEO, characterized as film 1 to 6 respectively. 
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Figure 3a. Moisture absorption capacity film.   Figure 3b: Thickness of film 

Error bars indicate standard deviation at 95% Confidence interval  

 

3.1.3 Moisture adoption capacity and thickness 

of the films  

The moisture absorption capacity of the various films 

is shown in Fig. 3a. Film 1, 2 and 3, which did not 

contain the essential oil, absorbed moisture more 

than 30% of their dry weight. Whereas films 4, 5, and 

6 which contain essential oil absorbed moisture of at 

least 27 % of their dry weight. The films without the 

essential oil had significant water absorption capacity 

than the films with essential oils (p<0.05). The 

presence of essential oil in the film therefore limited 

the water absorption capacity of the film. The 

thickness of the various films as presented in Figure 

3b was largely influenced by variation in the amount 

of the cinnamon essential oils present in the film.  

The films with the essential oil had significant greater 

thickness than those with the film (p<0.05). Film 6 

with 20% of the essential oil had significant higher 

thickness than both Film 5 (15% essential oil) and 

Film 4 (10% essential oil) but the two also had 

significant greater thickness than those without the 

essential oils (p<0.05). The essential oils decreased 

water adoption capacity of the films, rendering them 

denser (less volume of film per unit area) than the 

films without the essential oils which tended to 

absorb more moisture from the atmosphere leading 

to significant rise in volume of film per unit areas.
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3.2 Preservation of plantain by films 

The protective effect of the coating against plantain 

ripening and deterioration, was examined on pieces 

of plantain and the properties of the pulp such as 

moisture, oBrix, firmness, weight loss and 

visualization determined. The results of the pulp 

moisture of the plantains both coated and uncoated 

with initial moisture content of about 57% increased 

after the 8th day (Figure 4b) with the pulp of uncoated 

plantain (control) producing significant moisture 

content than coated plantains (p<0.05). For example, 

on day 8, the pulp of the uncoated plantain produced 

65.0% moisture content, a significant increase of 

about 7% from its initial value whilst the plantains 

coated with 10% and 15% cinnamon essential oil also 

had significant rise in their pulp moisture content to 

about 62% each but significantly lower than that of 

the uncoated sample. The plantain coated with the 

20% cinnamon essential oil with initial pulp moisture 

content of 57% produced insignificant increase in 

pulp moisture content to about 59% (p>0.05). The 

coating of the plantain with essential oils therefore 

helps to lower the pulp moisture content of the 

plantain pulp.  

The coating controlled the rate of respiration of the 

plantain by limiting gas exchange (O2 uptake, CO2 

and ethylene production) and reducing plantain 

ripening rate. Reduced rate of ripening could be due 

to the reduction in the rate of enzyme-catalyzed 

hydrolysis of starches (amylose and amylopectin) 

present in the plantain pulp into simple soluble sugars 

(sucrose, glucose, and fructose) used for cellular 

respiration to produce energy and water thereby 

increasing the moisture content of the pulp. This 

observation is in agreement with the results of the 

study conducted by (Sojinu et al., 2021) and found 

that ripening of plantain produces a higher pulp 

moisture content than unripe plantain with a recorded 

value of 50.66 ± 0.50 for unripe plantain and that of 

the naturally ripened plantain to be 62.53±0.20. oBrix 

is an estimated of total soluble solids (TSS) content 

of the pulp, which is indicative of the amount of 

sugars (fructose, glucose, sucrose) present, 

corresponding to the degree of ripeness and taste of 

fruits.  Therefore, TSS represents nutritional 

constituents such as sugars, organic acids, and 

soluble amino acids present in the plantain fruit 

(Phan, Chaliha, Sultanbawa, & Netzel, 2019). The 

results showed that both coated (treated) uncoated 

plantain (control) showed a significant (p<0.05) 

increase in oBrix content from the initial value 

(1.03%) up to Day 8 with the uncoated plantain 

producing a significant higher oBrix (7.5%) than the 

coated samples, 10% CEO (4.12%), 15%CEO 

(3.82%) and 20% CEO (1.53%). 
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Figure 4 (a):  Moisture content plantain pulp;  Figure 4 (b): oBrix of plantain pulp 

Error bars indicate standard deviation at 95% Confidence interval  

 

 

 

Figure 5 (a):  Firmness of plantain pulp;   Figure 5 (b): Weight loss of plantain pulp 

Error bars indicate standard deviation at 95% Confidence interval  
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The plantains coated with cinnamon essential oils 

showed a slow rise in oBrix content. The result 

further showed that oBrix content decreased with 

increasing essential oil content in the coated plantain. 

Therefore, the presence of essential oil is effective in 

suppressing a rise in the oBrix content. The rise in 

oBrix content is attributable to enzyme-catalyzed 

hydrolysis of starch to sugars like sucrose, glucose, 

and fructose (Sojinu et al., 2021).  

 

Firmness is one of the most important characteristics 

of fruit quality and softening is an indicator of fruit 

ripening and deterioration which is the main obstacle 

for long distant shipments of fruits like plantain. The 

results of the firmness of uncoated and coated 

plantains are depicted in figure 4.10. The results 

confirmed that, generally, firmness of plantains 

reduced as the number of days storage increased.  

The firmness of the uncoated plantain reduced from 

36.07 MJ to 4.8 MJ on Day 8, whereas the firmness 

of the plantain coated with 10%, 15%, and 20% 

cinnamon essential oil reduced to 17.27 MJ, 19.23 

MJ, and 22.4 MJ, respectively after the eighth day. 

Therefore, increasing proportion of cinnamon 

essential oil in the coasted samples caused a delay in 

the softening of the plantain. The softening of the 

plantain pulp can be ascribed to enzyme-catalyzed 

degradation of starches into simple sugars and the 

changes in cell wall polysaccharides. As previously 

explained, the fruit softening process is mainly 

caused by the disintegration of primary cell wall of 

the fruit causing a disentanglement of intercellular 

association (Shi et al., 2022; Wang & Seymour, 

2022). Biomolecules such as cellulose, 

hemicelluloses, and pectin are the three main 

constituents of the primary cell wall in fruits, which 

undergo enzymatic hydrolysis and transformation 

during fruit ripening by a group of cell wall 

hydrolytic enzymes causing disintegration of the 

middle lamella, enhancing pectin solubilization, 

facilitating loss of pectin side chain neutral sugars, 

and engineering the depolymerization of 

polysaccharides of hemicellulose (Shi et al., 2022; 

Wang & Seymour, 2022). The enzyme-mediated 

degradation process of these biomolecules 

constitutes a vital source of carbon for the formation 

of sucrose and flavour‐producing volatile molecules 

(Saraiva et al., 2013). 

 

Fig 4b also present the results of the moisture loss 

from both coated (treated) and uncoated (control) 

samples of the plantain. Moisture loss in fruit is 

intricately linked to changes in firmness during 

storage (Moggia & Lobos, 2023). The outcome of the 

investigation showed that both the control and 

coasted samples of plantain produced significant 

weight losses during storage from the initial weighs 

equivalent of about 11% (uncoated), 8.5% (10% 

CEO), 7.0% (15% CEO) and 5% (20% CEO) on Day 

8. Cinnamon essential oil had significant   influence 

in reducing the weight of  loss in the plantain. Weight 

loss during storage may be mainly due to water loss
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through transpiration process or weight loss could be 

due to carbon loss in respiration (Liu et al., 2003; 

Onwuka & Onwuka, 2005; Ranasinghe et al., 2019). 

Aerobic respiration contributes to overall fruit weigh 

loss by three main processes: (a) carbon loss in the 

form of carbon dioxide gas, (b) water generated 

during respiration getting lost as water vapour during 

transpiration, and (c) the heat energy produced 

during respiration becomes source of latent heat for 

more water vapourization. As observed by 

Xanthopoulos et al. (2017) respiratory water loss 

contributes to about 39% total water loss by 

transpiration in a study of pear. 

 

3.3 Color Changes in Plantain   

The changes in pigments are indicative of the 

development stage and the physiological condition of 

the fruit which are critical for optimal storage and 

postharvest management (Solovchenko et al., 2019) . 

Figure 5 shows colour changes associated with the 

coated and uncoated plantain peels during storage. 

Fruit color is indicative of its stage of maturity, 

freshness and quality, and provides the basis for 

classification (Wrolstad & Culver, 2012). From the 

results, no colour change in the peels of the plantain 

was observed for both coated and uncoated samples 

up to Day 2.  The onset of colour change (green to 

light yellow) was observed in Day3 for only the 

uncoated sample.  While the fourth day marked the 

beginning of colour change for the coasted samples 

particularly for the samples coated with 10% and 

15% cinnamon essential oil, the colour change was 

almost completely dominant for the uncoated 

sample. The coasted samples did not show dominant 

colour change up to the 8th Day while the peels of the 

uncoated sample had dark patches signifying over-

ripening and marking the unset of plantain 

deterioration. The results portray that the amount of 

cinnamon essential oil in the coated samples is 

influential in the delay of unset of colour changes 

associated with ripening of plantains. 
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Figure 3: Images of coated and uncoated plantain during the storage for Day 1, 2,3,4,5,6,7 and 8 

U=Uncoated, C1=Coated film (10% CEO), C2=Coated Film (15% CEO), and C3=Coated film (20% CEO) 
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The colour changes in fruit during ripening is caused 

by biosynthesis and degradation of pigments during 

the growth and maturation stages of the fruit. The 

buildup of pigments is influenced mostly by the 

various maturation stages, during fruit ripening, 

which is also influenced by biotic and abiotic factors 

as well as the genetic constitution of the plant 

species. In the process of maturation, various 

biochemical and physiological transformations take 

place in the fruit that tend to affect the type and 

composition of bioactive substances in the fruit 

(Belwal et al., 2019).  

 

4.0 CONCLUSION 

The study investigated the potential of harnessing 

sodium alginate and cellulose nanocrystals blended 

with cinnamon essential oil in varying proportions to 

produce an effective, low-cost, and sustainable film 

coatings to examine their suitability of preserving 

fresh plantains by extending shelf-life of the produce 

under the tested treatment conditions. 

Characteristically, the film coatings produced 

exhibited good molecular interaction and thermal 

stability based on the results of Fourier Transform 

and Infrared (FTIR) spectroscopy and 

thermogravimetric analysis respectively. The 

samples of plantain coated with film-forming 

solution and stored for 8 days were examined for 

their physiochemical parameters (pulp moisture 

content, oBrix, weight loss, firmness, and colour 

changes) during eight-days storage at room 

temperature (25 ±1°C). There was a significant 

(p<0.05) reduction in moisture production, oBrix, 

weight loss rate, and softening rate for coated 

plantains relative to the uncoated samples. Increasing 

proportion of the essential oil in the film was 

effective in delaying the unset of ripening and 

deterioration by one week. This investigation 

demonstrates that cinnamon essential oil 

incorporated in sodium alginate polymer and 

cellulose film is effective in delaying the postharvest 

physiological ripening and deterioration of fresh 

plantain and can contribute to extending the shelf life 

of fresh mature plantain in distribution and storage. 

Therefore, by optimizing the level of cinnamon 

essential oil in the film, this innovative technique can 

serve as an effective sustainable way of preserving 

plantain to maintain it nutritional and functional 

qualities while enhancing its economic value in the 

food supply chain. 
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ABSTRACT 

The utilization of better remediation methods is required due to the growing concerns of 

environmental protection and sustainability. In this regard, the use of biosynthesized offers a viable 

path. This research describes the synthesis of stabilized iron nanoparticles using the fruit of 

Tetrapleura tetraptera as a source of extract. Due to the combination of different phytochemicals 

confirmed present in the extract through phytochemical screening, reduction and capping of Iron/iron 

oxide nanoparticles were produced. The change in colour of the extract solution from light brown to 

dark black verified the presence of iron oxide nanoparticles. X-Ray Diffraction analysis confirmed 

peaks of Iron/iron oxide nanoparticles and estimated particle size of 30 nm. Fourier Transform 

Infrared Spectroscopy (FTIR) of both extract and Iron/iron oxide nanomaterial confirmed functional 

groups associated with the phytochemicals in the extract. The ultra-violet-Visible spectroscopy (UV-

Vis) peak of 300 nm was observed which was within the range for iron nanoparticles. Fluoride removal 

studies show high removal efficiency of 94 % by the iron nanoparticles.  kinetic and isotherm modeling 

undertaken shows that the adsorption occurred by chemisorption on multiple active sites. The results 

show the successful synthesis of Iron/iron oxide nanoparticles from Tetrapleura tetraptera extract 

and its effect on fluoride removal, therefore providing a sustainable water treatment design system. 

 

Keywords: Fluoride Removal, Green synthesis of magnetite, Water treatment, Tetrapleura tetraptera 

 

1.0 INTRODUCTION 

 

Fluoride is naturally embedded in rocks and gets 

released into water, soil, and air due to volcanic and 

anthropogenic activities. Major sources of fluoride 

ingestion by humans are from water, dental products, 

food, and beverages (Yadav et al. 2007). Fluoride is 

non-degradable and its presence in water above 

accepted limits is detrimental. In drinking water, 

fluoride levels between 1-1.5 mg/L are favourable to 

teeth and bones, long exposure to levels above 4 

mg/L leads to health risks such as dental and skeletal  
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fluorosis (Fouladkhah, Thompson, and Camp 

2019). As a result, the need for more effective and 

efficient methods to deal with this problem 

continues to be a topic of interest for researchers.  

The main water treatment methods documented for 

fluoride reduction include Adsorption (Mondal and 

George 2015), coagulation, precipitation, ion 

exchange (Gandhi, Kalaivani, and Meenakshi 

2011), electrodialysis (Hichour et al. 1999) and 

nanofiltration (Simons 1993).  However, adsorption 

has been documented as the most favorable because 

of it cost effectiveness, simple and an 

environmentally friendly approach (Onyango and 

Matsuda 2006).  It is important to note that most of 

these adsorption processes are being engineered for 

real-life application. Among the different materials 

(activated and impregnated alumina, 

hydroxyapatite, quick lime, hydrated cement 

activated carbon , waste residue, ion-exchanger, 

various types of activated clay, impregnated silica, 

and plaster of Paris) reported to have been used for 

fluoride removal, metal nanoparticles have shown 

far greater performance. The comparative high 

removal efficiency by metal nanoparticles is due to 

their excellent magnetic, physical, optical, 

electrical, and chemical properties which differ 

marginally from most materials including their bulk  

counterparts (Liang et al. 2021).  

In recent years, nanotechnology has become a 

cutting-edge technology in microbiology, optics, 

environmental remediation, and various 

engineering applications. It involves nanoparticles 

which are materials with reduced size and high 

surface area to volume ratio, higher stability, 

biological compatibility, high reactivity, and 

photocatalytic activity making them the perfect 

photocatalyst for fluoride removal and other 

environmental remedies (Bishnoi, Kumar, and 

Selvaraj 2018). For specific defluorination 

purposes, various metal and metal oxide-based 

nanoparticles have been utilized to study their 

removal efficiencies but unfortunately, they require 

expensive centrifuging for separation. Iron and iron 

oxide nanoparticles (FeNPs/FeONPs) on the other 

hand are easy to separate with excellent 

recoverability, reactivity, and photocatalytic 

properties (Annan et al. 2021). Additionally, iron is 

abundant and therefore the most suitable 

nanoparticles for environmental remediation 

(O’Carroll et al. 2013). Bulk iron oxide and iron 

oxide nanoparticle has been reported to give 

moderate adsorption of fluoride in water and its 

nanoparticle reportedly  removed fluoride 

completely (Deliyanni et al. 2004) (Zhao et al. 

2016). The removal efficiency or performance of 

iron nano particles depends on the size and 

morphology. Chemical synthesis techniques such as 

chemical reduction, sol gel process, co-

precipitation, hydrothermal synthesis (McNeil 

2005) involve the use of toxic reagents such as 

hydrazine hydrate (Adhikari et al. 2020), 
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N N-dimethylformamide (Aryal et al. 2019), and 

the borohydride and/or hydroxide of sodium as 

reducing agents (Adhikari et al. 2020), N N-

dimethylformamide (Aryal et al. 2019), and the 

borohydride and/or hydroxide of sodium as 

reducing agents for the synthesis of nanoparticles 

and, form hazardous by-products (Jing et al. 2020). 

This has led to research into sustainable or green, 

less expensive, and less sophisticated approaches 

over the past decade (Jadoun et al. 2021; Ying et al. 

2022). Synthesis of FeNPs via plant sources offers 

significant benefits over other biological techniques 

in terms of simplicity and cost, with the reduction 

of precursors occurring at a faster rate. The presence 

of a plethora of poly-phenolic compounds in the 

plant extracts affords them the ability to cap the 

individual nanoparticles, simultaneous reduction 

and stabilization during the synthesis of 

nanoparticles (Izadiyan et al. 2020).  

In the last decade, green synthesis has been the 

sustainable approach adopted by many researchers. 

Published research works have proven the 

successful synthesis of Iron nanoparticles (FeNps) 

and Iron Oxide nanoparticles (FeONPs) using 

leaves and fruits of plants such as Carica papaya, 

Persea americana,  Punic granatum, andleaves of 

Tetrapleura tetraptera, etc (Ogunsile, Seyinde, and 

Salako 2020; Castillo-Henríquez et al. 2020; 

Bouafia and Laouini 2021). Silver nanoparticles has 

been green synthesized from Tetrapleura tetaptera 

(Ogunsile, Seyinde, and Salako 2020).  

Tetrapluera tetaptera is a flowering plant which 

belonging to the family Fabaceae and mostly found 

in West African countries. It has been reported to 

contain several phytochemicals which include, 

tannins, flavonoids, and starch which enables them 

to reduce iron salts and are able to adequately cap 

metal nanoparticles because of their numerous 

hydroxyl groups which confer on them higher 

reduction potential and chelating powers. This 

research adopts green approach in the synthesis of 

iron nanoparticles (FeNPs) from Tetrapleura 

tetraptera extract and examine its efficacy in the 

removal of fluoride from aqueous media.  

 

2.0 MATERIALS AND METHODS  

The reagents used in this research were all 

analytical grade and were supplied by Sigma-

Aldrich. The reagents used include: 0.1 M 

hydrochloric acid (HCl), sodium hydroxide 

(NaOH), ferric chloride (FeCl3), ethanol (C2H6O), 

chloroform (CHCl3), sodium ferrocyanide 

[Fe(CN)6]4- and sulfuric acid (H2SO4). Fluoride 

solution was prepared from 22.2 mg of sodium 

fluoride.      TISAB 1 solution was used to dissolve 

any complexes of the fluoride prior reading of UV-

Vis.    Fluoride concentrations were measured using 

Iron Selective Electrode HI4110 (HANNA 

Instruments, Inc., Woonsocket, USA) 
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2.1. Extract Preparation and Screening 

The fruits of Tetrapleura tetraptera were purchased 

from a local market in Accra, Ghana. Tetrapleura 

tetraptera fruit sample was washed with water, 

dried  under the sun for a week and further dried in 

an oven at 60 0C for the removal of any excess 

moisture. The dried fruits were pulverized and 

sieved into particle size of 150 microns. A solution 

of Ethanol and water was made in a ratio of 2:1 to 

obtain a total volume of 750 mL.  A mass of 166.9 

g of the powdered Tetrapleura tetraptera sample 

was added to the ethanol-water mixture in a beaker. 

The mixture in the beaker was heated at 60° C for 

an hour at constant stirring speed of 700 rpm. 

Following the settlement of mixture, the mixture 

was filtered using a filter paper (150 microns) to 

obtain liquid portions and stored in a refrigerator. 

The flow diagram for the process is provided in 

supplementary information 1(SI 1). 

Phytochemical screening was undertaken to 

ascertain their availability in the Tetrapleura 

tetraptera extract. Chemical structures for some of 

the phytochemicals are in supplementary 

information 2 (SI 2). Braymer’s test for tannin was 

conducted where 20 mL the plant extract was 

diluted with 5 mL of distilled water. The diluted 

extract solution was heated, filtered, and 2 mL ferric 

chloride solution was added dropwise. A change of 

colour from light brown to blue-black confirms the 

availability of tannin. In a ferric chloride test for 

polyphenols, few drops of 0.1M ferric chloride 

solution was added to 5 mL of the extract. Positive 

result is confirmed by the appearance of a blue 

colouration for the ferric chloride test. Salkowki’s 

test for terpenoid was also conducted. For this, 5 mL 

of the extract, 5 mL of H2SO4 solution and 2.5 mL 

of chloroform were mixed, where the appearance of 

a reddish-brown layer signifies a result for 

terpenoid. The flavonoid test was undertaken by 

adding 5ml of dilute NaOH and by 5mL of HCl to a 

tube containing 2.5 mL of the extract in an alkaline 

reagent.  Colour change from yellow to colourless 

shows presence of flavonoids. The experimental 

process for nanoparticles synthesis and the colour 

changes of the solutions are provided in 

supplementary information 3(S I3) and supplemen-

tary information 4(SI 4) respectively. 

 

2.3. Characterization 

FTIR analysis was undertaken on powdered dried 

fruit samples and iron nanoparticle solution to study 

the chemical bonds present in the phytochemicals 

which are responsible for the reduction of iron. X-

ray diffraction (XRD) analysis was run on the 

powdered iron oxide nanoparticles to study the 

crystallographic nature of the iron oxide 

nanoparticles. Ultraviolet-visible spectroscopy 

(UV-Vis) of the synthesized iron nanoparticle 

solution was obtained.   
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2.4 Batch adsorption Experiment 

The batch adsorption experiment as carried out 

using 5 mg, 10 mg and 14 mg of the adsorbent and 

15 mg of the adsorbent and added to 250 ml of the 

adsorbate. To ensure uniform mixing, orbital shaker 

was used at constant speed of 250 rpm. The 

concentrations of fluoride were determined for each 

contact time and for each adsorbent dosage.   The 

removal efficiency values, kinetic and isotherm 

modelling plots were analysed to fully describe the 

adsorption mechanism. Adsorption capacity and 

removal efficiency equations are represented in 

equations (1) and (2) respectively. 

  

q=(𝐶𝑜−𝐶t) 
𝑉

𝑚
 ,       (1) 

A%=(
Co−Ct

Co
)×100         (2) 

where ‘v’ represents the volume of the solution, m 

represents adsorbent dosage, 𝐶𝑜 represents initial 

concentration of fluoride ions and 𝐶𝑡   represents the 

fluoride concentration at any given time(t)  

 

3.0 RESULTS AND DISCUSSIONS 

 

3.1. Phytochemical screening 

 

Polyphenols, flavonoids, saponins and tannins were 

all present in the extract of the Tetrapleura 

tetraptera. A negative test result was obtained for 

terpenoids as presented as indicated in Table1. 

However, this has no significant effect on the 

reduction process because polyphenols confirmed 

to be available in the extract are the most prominent 

phytochemicals for capping and stabilization of iron 

nanoparticles (Bouafia and Laouini 2021). 

Flavonoids also have good reduction and 

complexing properties aided by hydroxyl groups 

present in their structure (Bouafia and Laouini 

2021). The proof of these phytochemicals’ presence 

in the extract indicates the collective reducing 

properties which aided in the capping of F𝑒3+ions 

and stabilization of iron nanoparticles.  

 

Table 1: Phytochemical screening of Tetrapleura tertraptera extracts
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Phytochemical TEST Results 

Polyphenols Positive 

Saponin Positive 

Flavonoid Positive 

Tannin Positive 

Terpenoids Negative 



 

3.2. Synthesis of Iron Nanoparticles (FeNps) 

 

The extract solution upon addition of FeC𝑙3 

solution changed color to deep black implying 

the capping of the precursor iron solution and 

formation of nanomaterials. This confirms 

collective reduction by the different 

phytochemicals present in the extract. 

Additionally, the development of a stable, dark 

colored colloidal solution that did not alter over 

time showed that there were enough nucleation 

agents present to control the production of 

nanoparticles (SI 3 and SI 4). 

 

3.3. Characterization of extract and FeNps 

 

The most popular and accepted method being 

utilized to describe the optical characteristic of 

nanomaterials is UV-Vis absorption spectros-

copy. The surface plasmon resonance band of 

nanomaterials gives an idea about their 

morphology (Guo et al. 2020). The green 

synthesized nanoparticles showed a maximum 

peak at 300 nm which indicate that, the green 

synthesized nanoparticles absorbs the UV light 

and  it’s a characteristic surface plasmon 

resonance band for metallic iron nanoparticles 

(Shafey 2020; Kiwumulo et al. 2022).  Figure 

1(a) and Figure 1(b) shows the UV-Vis 

spectroscopy and X-ray diffraction studies 

spectra of the synthesized iron nanoparticles 

respectively. 

The crystallography of the powdered 

nanomaterial was studied via XRD studies.  

The peaks from figure 1(b) were observed at 2𝜃 

= 22.1°, 29.4°, 36.2°, 39.4° and 47.3° 

corresponded to cubic (220), (311), (400), 

(422) and (511) crystal planes of F𝑒3𝑂4 

nanoparticles (Shafey 2020).  Machado et al 

have reduced F𝑒3+ to zero-valent FeNPs and 

observed predominant peak at 2𝜃 = 46° 

(Machado et al. 2015). The peak at 2𝜃 = 46° 

which signifies capping of iron nanoparticles to 

the zero-valent iron was absent and proposed 

that the absence was due to coating of the iron 

core by compounds from the extract rendering 

it undetectable. Average particle size was of 30 

nm as estimated from the Scherrer’s equation 

(Chaki et al. 2015): 

 D=
Kλ

βcosθ
 ,         (3)                                                                                                                           

where D = crystalline size, K= 0.9 (Scherrer 

constant), 𝜆 =0.15673 nm, 𝛽= Full Width at Half 

Minimum(radians) and 𝜃 represents Peak 

Position (radians).
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Figure 1(a): UV-Vis Spectrum for FeNps,   Figure 1(b): XRD spectrum for FeNps. 

 

 

Table 2 (a) Absorption bands from FTIR spectrum of Tetrapleura tetraptera extract and their 

functional groups. 

Wavelength (cm-1) Functional Groups 

3302 O-H (hydroxyl group) 

2921 C-H and CH2  (aliphatic Hydrocarbon) 

1602 C=C (ketone) 

1047 C-O (alcohol stretch) 

 

 

Table 2 (b) Absorption bands for FeNp spectrum and their functional groups 

 

 

 

 

 

Science and Development 
Volume 7, No. 2, November 2023 

ISSN: 2821-9007 (Online) 

 

 

Annan et al., 2023 Green Synthesized Iron Nanoparticles from Tetrapleura tetraptera for Fluoride …               67 

Wavelength (cm-1) Functional Group 

3394 O-H 

2921 C-H & CH2 

1602 C=C 

1098 C-O 



 

FTIR spectra for both the extract and FeNPs 

possessed similar functional groups with slight 

differences in absorption peaks and intensities as 

shown in Tables 2(a) and 2(b) respectively 

(complemented by Figure 2). The extract and 

nanoparticles displayed comparable adsorption 

bands which might be explained by the fact that the 

main phytochemicals in the extract have identical 

functional groups. These represent the predominant 

functional groups associated with the dominant 

phytochemicals available in the extract for the 

capping and stabilization of iron nanoparticles. 

 

Figure 2: FTIR plot for (a)Tetrapleura 

tetraptera Extract, (b) FeNp 

 

 

 

 

 

 

 

 

3.4. Effect of Dosage and Time 

Fluoride removal efficiency as time varies for the 

three doses of the synthesized nanoparticles were 

plotted (Figure 3). The average removal percentages 

for 5 mg, 10 mg and 15 mg adsorbent were 42%, 

64%, and 81% respectively. For the three different 

doses, as contact time was increased, defluorination 

also increased until maximum removal percentages 

for the 5 mg, 10 mg, and 15 mg which were 62%, 

83% and 94% respectively were reached at 180 

minutes. This has been explained to be due to 

numerous vacant sites initially available when the 

adsorbate concentrations are high (Annan et al. 2021; 

Appiah et al. 2022). The removal efficiency values 

are observed to hardly vary form a fixed value, 

indicating that the adsorption process has reached 

equilibrium. This may be due to lack of any more 

active sites for either recombination or adherence. 
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Figure 3: Effect of contact time on removal 

efficiency 

There could also be reduced adsorbate for remaining 

available site. In the latter case, further agitation, 

depending on the type and strength of the 

binding/adherence to the active site, may detach and 

recombination may occur later. In this research, 

higher dose was found to show more adsorption 

capability than lower doses at all the contact times 

investigated. For each dose, gradual increase is 

observed as time in contact prolongs. 

 

 

3.5 Kinetic and Isotherm Model 

The adsorption data for the adsorbent doses were fit 

to the pseudo- first order (equation 4)  and pseudo-

second order (equation 5) kinetic models as shown in 

figure 8. The rate of solute uptake is described by the  

process of kinetics, which in turn enables the specific 

level of defluorination to be determined. 

log(𝑞e−𝑞𝑡)=log𝑞𝑒−
𝐾1

2.303
t,           (4)                                                                                           

 

𝑡

𝑞𝑡
=

1

(𝑘2𝑞𝑒
2)

+
𝑡

𝑞𝑒
,               (5)                 

  

Table 3.0 shows the values for estimated parameters 

for kinetic modeling analysis. The plots fitted to the 

models are provided in supplementary information, 

SI 5. The use of R-square (R2) is the popular and 

accepted approach in determining better fit. The 

Pseudo- second order had higher R2 value than the 

pseudo-first order. This implies  that removal of 

fluoride ions by the synthesized nanomaterial is 

characterized by chemical adsorption which involves 

ion exchanges (Appiah et al. 2022; Annan et al. 

2021). The fundamental principles describing the 

mechanism for the adsorption process was explained 

in the current work using the Langmuir (equation 6) 

and Freundlich (equation 7) models. Langmuir 

model assumes that the adsorption occurs on a 

monolayer. This is due to the assumption that the 

adsorption sites on the surface of the adsorbent have 

comparable affinities for only one molecule of the 

adsorbate. Also, concentration difference between 

sites of proximity does not affect rate of adsorption 

(Habuda-Stanić, Ergović Ravančić, and Flanagan 

2014). The Freundlich model is empirical, and it 

assumes that adsorption occurs on a multilayer. This 

imposes availability of numerous dissimilar active 

sites for adsorption.                                                                                 
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Original form:  qe=
qmKLCe

1+ KLCe
,     (6)                                                                                                              

Linearized form:  
Ce

qe
 = 

1

KLqm
 + 

1

qm
×Ce  

 

Original form: qe= KF × Ce
1/𝑛             (7)                                                                                                    

Linearized form: log qe = log KF + 
1

n
 log Ce   

Adsorption mechanism is influenced by the 

Langmuir model when separation factor (𝐾𝐿) is 

within the range of 0 < KL < 1. However, when and 

the heterogeneity factor (n) is greater than 1, the 

Freundlich isotherm model is favoured. From the 

experimental results in Table 4, it was found that the 

heterogeneity factor (n) for the three adsorbent 

masses was greater than 1.   

 

Table 3: Kinetic models’ parameters for adsorption of fluoride. 

  

 

 

Table 4:  Adsorption isotherm model parameters for adsorption of fluoride
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Adsorbent 

Mass(mg) 

Pseudo First Order (PFO) Pseudo Second Order (PSO) 

K1 

(min-1) 

qe (mg/g) R2 K2 (g/mg/min) qe 

(mg/g) 

R2 

5.0 0.087 0.37 0.94 15.68 0.40 0.97 

10.0 0.091 0.25 0.96 13.77 0.27 0.98 

15.0 0.116 0.19 0.95 11.36 0.20 0.99 

Adsorbent 

Mass (mg) 

Lanqmuir Model Freundlich Model 

KL 

(L/mg) 

qmax 

(mg/L) 

R2 KF 

(mg/g) 

n R2 

5.0 11.66 0.44 0.90 0.042 5.47 0.99 

10.0 21.81 0.25 0.82 0.082       6.13 0.98 

15.0 29.55 0.18 0.98 0.015 6.86 0.995 
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Figure 4: Isotherm modelling for (a) 5mg, (b) 10 mg and (c) 15 mg adsorbent. 
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4.0 CONCLUSION 

Iron nanoparticles were successfully synthesized 

using the fruits of Tetrapleura tetraptera. Plant 

Phytochemicals acted as aided reducing agent of 

F𝑒3+ions from the precursor solution to metallic 

FeNps. The most essential phytochemicals for 

capping and stabilizing the iron nanoparticles, 

polyphenols (with hydroxyl groups) were confirmed 

present from the FTIR analysis. Other predominant 

functional groups were also confirmed and aided in 

the collective reduction process. The FeNps showed 

a significant removal efficiency of 94 % towards the 

fluoride ions in the aqueous media. The kinetic 

process for fluoride adsorption by FeNps suits the 

pseudo-second order which implies chemisorption of 

fluoride ions. The experimental results suggest that 

the adsorption process fits Freundlich adsorption 

model implying that adsorption occurred on a 

multilayer. Therefore, the synthesized FeNps have 

proven to be very good candidate for the treatment of 

fluoride contaminated water. Further work should be 

undertaken on the further characterization of FeNps 

using Transmission Electron microscopy, 

regeneration undertaken, and reuse of the FeNps. 

Also, functionalization of the nanoparticles to 

investigate it efficacy towards other contaminants are 

equally paramount.  
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ABSTRACT 

Ghana’s interest in nuclear power dates back to the 1950s and has continued under successive 

governments. Recently, the government of Ghana has renewed its commitment to establish a nuclear 

power programme and use nuclear power to drive economic transformation and development. 

Hence, Ghana has aligned its nuclear programme closely with the recommendations and guidelines 

of the International Atomic Energy Agency (IAEA), especially as outlined in the IAEA Milestones 

Approach. The Statute of the IAEA authorizes the IAEA to promote the safe and peaceful use of 

nuclear energy. The safe and peaceful use of nuclear energy in any given State can only be assured 

with the promulgation and implementation of an effective national nuclear legal framework and 

infrastructure. Over the past two decades, the IAEA’s Office of Legal Affairs has provided assistance 

to Ghana in the development of its national nuclear legal infrastructures and training of professionals. 

The legislative framework for nuclear power generation has two main aspects:  international and 

national legislative framework. At the international level, Ghana has ratified some basic international 

legal instruments, which, when implemented, will show Ghana’s commitment to peaceful use and 

application of nuclear energy. At the national level, Ghana has enacted legislation to deal with 

radiation, waste, transport safety, environmental protection; among others, which, is relevant and is 

being taken into account in the development of its legal and regulatory infrastructure. In addition, 

Ghana has established an independent regulatory body, the Nuclear Regulatory Authority (NRA) to 

provide for the regulation and management of activities and practices for the peaceful use of nuclear 

material or energy, radioactive material or radiation; the protection of persons and the environment 

against the harmful effects of radiation hazards; to ensure the effective implementation of Ghana’s 

international obligations, and for related matters. Also, Ghana has started the development of its 

Nuclear Power Program through the establishment of its nuclear infrastructure and the training of 

personnel to mount this program. The Nuclear Power Planning Committee (NPPC) comprising 

Stakeholder Institutions was established by the President of Ghana in 2008 for the formulation of the 

Nuclear Power Policy and development of the basic elements of nuclear infrastructure. Despite all 

this, more work lies ahead. Ghana will need long term commitment and planning, large scale financial 

and human capital investment, and effective implementation of its national legal framework, if its 

nuclear power programme is to succeed. Therefore, this study aims to review available international, 

national legal and regulatory frameworks and the extent to which these frameworks will enhance the 

establishment of a functional and sustainable nuclear power programme in Ghana.  

 
Keywords: Nuclear Energy, Nuclear Power Programme, Legislative Framework, Regulatory Framework 
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1.0 INTRODUCTION 

The Statute of the International Atomic Energy 

Agency (IAEA) authorizes the IAEA to promote 

the safe and peaceful uses of nuclear energy. The 

safe and peaceful use of nuclear energy in any 

given State can only be assured with the 

promulgation and implementation of an effective 

national nuclear legal infrastructure. The 

legislative framework for nuclear power 

generation has two main aspects; national and 

international legislative framework. At the 

national level, the existing legislative framework 

for radiation, waste, transport safety, 

environmental protection, etc, is relevant and is 

been taken into account in the legal and 

regulatory infrastructure development. Ghana 

though has started the development of its Nuclear 

Power Program through the establishment of its 

nuclear infrastructure and the training of 

personnel to mount this program. Nuclear Power 

Planning Committee (NPPC) involving 

Stakeholder Institutions was established by the 

President of Ghana in 2008 for the formulation of 

the Nuclear Power Policy and development of the 

basic elements of nuclear infrastructure. The 

Committee made recommendations on key issues 

to Government, including Economics of nuclear 

power, Legal, regulatory and legislative aspects 

on nuclear power, Environmental and siting 

aspects of nuclear Power, Selection of type of 

reactor, Nuclear fuel cycle including waste 

management, Role of government and private 

sector in the development of the programme, 

Additionally, after the Legislations dealing with 

establishing effectively independent regulatory 

authorities, with clear mandate on the 

responsibility for safety, security and safeguards.  

Ghana’s emerging nuclear power programme is 

the culmination of nearly 60 years of socio-

economic and political developments under 

successive governments. As far back as 1961, the 

Nkrumah government instituted a major atomic 

policy initiative, the Kwabenya Nuclear Reactor 

Project. Although the nuclear programme never 

took off as intended, for both political and 

economic reasons, the government of Ghana 

recently decided to renew its commitment to 

establish a nuclear power programme and use 

nuclear power to drive economic transformation 

and development. Ghana has demonstrated its 

commitment to responsible nuclear behavior and 

standards by ratifying relevant international 

nuclear instruments, entering into bilateral 

agreements with responsible nuclear partners, 

and joining major multilateral nuclear 

organisations.  Ghana has ratified or acceded to 

several international treaties, conventions and 

protocols related to nuclear no-proliferation and 

nuclear safety and security as well as the civil 

liability regime. Since it joined the IAEA in 1960, 

Ghana has been a cooperative member of a 

number of international initiatives with the 

potential to enhance human resource  
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development, transfer of nuclear science and 

technology know-how, and the implementation of 

the nuclear power programme in the country. To 

comply with its obligation and benefit from 

privileges provided ounder the international 

instruments, Ghana has enacted several laws, 

formulated policies and worked to institutionalized 

them. These national laws and policies cover the core 

issues of nuclear non-proliferation and nuclear safety 

and security.The legislative framework for nuclear 

power generation in Ghana has two main aspects: 

national and international legislative framework. At 

the national level, there is existing legislative 

framework for radiation, waste, transport safety, and 

environmental protection; which is relevant and is 

being taken into account in the legal and regulatory 

infrastructure development. These include local land 

use controls, environmental matters (e.g. air and 

water quality and wildlife protection), the economic 

regulation of electric power utilities, the occupational 

health and safety of workers, general administrative 

procedures of governmental bodies, transport, the 

export and import of nuclear material, intellectual 

property rights, insurance and liability for nuclear 

damage, emergency management, criminal laws and 

taxation. At the international level, Ghana has 

ratified some basic international legal instruments, 

which, when implemented, will show Ghana’s 

commitment to peaceful use and application of 

nuclear energy. 

In addition, Ghana has enacted the Nuclear 

Regulatory Authority Act, 2015 (Act 895) which has 

established NRA to provide for the regulation and 

management of activities and practices for the 

peaceful use of nuclear material or energy, 

radioactive material or radiation, to provide for the 

protection of persons and the environment against the 

harmful effects of radiation hazards, to ensure the 

effective implementation of Ghana’s international 

obligations, and for related matters. The NRA 

comprises three directorates and 10 Departments. 

Two of these departments – Nuclear Safety, Security 

and Safeguard; and, Emergency Preparedness and 

Response – have been taxed with overseeing the 

development of nuclear power-related regulations. 

The drafting of regulations by the NRA contributes 

to its mission of guaranteeing the implementation of 

the provisions of the NRA Act 895. Since 2017, 20 

regulations relating to different categories were 

under development. These ranged from nuclear 

safeguards, siting of nuclear installations, nuclear 

power generation in Ghana and ration of a nuclear 

and radioactive waste management facility; to the 

education, training, qualification and certification of 

personnel of a nuclear installation. The regulations 

cover a wide range of factors that have to be taken 

into account in a nuclear power programme and as 

such represent an important step in its development. 

Apart from these regulations, the NRA is also 

preparing a number of ‘guidance documents’ that 

correspond to the general focus areas of the 

regulations. A number of stakeholders will play a 

part in the development of Ghana’s nuclear power 

programme. 
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These consist of government ministries, nuclear 

regulatory bodies, key players from the energy sector 

and development partners.  Ghana has taken 

significant steps to establish a viable and sustainable 

nuclear programme, but much work lies ahead. There 

will be need for long term commitment and planning; 

as well as large-scale financial and human capital 

investment, if the programme is to be successful. 

This paper discusses available international, national 

legal and regulatory frameworks and the extent to 

which these frameworks will enhance the 

establishment of a financial and sustainable nuclear 

programme in Ghana 

 

2.0 ASSESSING LEGAL FRAMEWORK 

This study reviewed the current legal framework 

state of the Ghana Nuclear Programme, and the way 

forward. In addition, to examine the available 

international legal and regulatory frameworks and 

the extent to which these frameworks will enhance 

the establishment of a functional and sustainable 

nuclear programme in Ghana.  

 The paper employed two comprehensive data 

collection methodological tools. The first source of 

data collection methodology was interviews and 

questionnaires conducted with randomly selected 

stakeholders of the nuclear programme in Ghana. 

Secondly, the paper also relied on qualitative 

research design by utilizing texts of existing primary 

and secondary sources of information on the nuclear 

programme in Ghana. These included international 

treaties, conventions and protocols; relevant 

domestic legislation and subsidiary legislation, and 

legislative instruments. In addition, the paper relied 

on information from textbooks, professional journals 

and periodicals, research papers, official reports, 

official government and policy papers, the internet 

and online library materials. All information and data 

were collated, coded, reviewed, analyzed and 

interpreted to clarify issues, to answer the relevant 

questions and finally provide the basis for 

recommendations and the way forward.  The results 

of the review data were based on two studies done. 

Table 1 represent national legislative framework 

undertaken for the establishment of nuclear power 

program in Ghana and Table 2 represent international 

legislative framework that support the national laws 

for the nuclear power project. The protection of 

people and the environment in countries with nuclear 

installations relies on the existence of a solid 

regulatory framework that oversees the safety of 

these installations. The IAEA promotes and supports 

the establishment of comprehensive regulatory 

frameworks to ensure the safety of nuclear 

installations throughout their lifetime. 

These regulatory frameworks consist of relevant 

legislation, regulations and guidance and a robust 

leadership and management programme for safety. It 

is essential to ensure that an operational and 

effectively independent regulatory body is 

established and maintained for the regulatory control 

of nuclear installations.
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This body needs sufficient resources and suitably 

qualified and competent staff that are enabled to fulfil 

their regulatory responsibilities and functions. The 

IAEA’s Safety Standards and the Code of Conduct 

on the Safety of Research Reactors lay out the 

international requirements and recommendations for 

enhancing existing or developing regulatory systems 

for the control of nuclear installations throughout 

their lifetime until they are released from regulatory 

control, and any subsequent period of institutional 

control. The Convention on Nuclear Safety also 

provides to its contracting parties a set of obligations, 

including those relative to their legislative and 

regulatory framework and regulatory bodies. To 

accomplished these two international regulatory 

frameworks as prerequisite for the use of nuclear 

technology, Ghana in 1960 signed on to IAEA status 

for peaceful use of nuclear for economic 

development. This led to the established of Ghana 

Atomic Energy commission in 1963. Subsequent to 

this, Ghana signed to the non-proliferation treaty and 

this allows her to utilize nuclear technology for 

peaceful purposes. The first president of the country 

cut the sod for the Ghana Nuclear Reactor Project 

(GNRP) in 1964, unfortunately this was abandoned 

after the 1966 coup d’état. However, since 1993 a 

number of legislative frameworks has been 

established that paved way for the establishment of 

nuclear power in Ghana. This includes the 

establishment of Radiation Protection Instrument, LI 

1559, National Nuclear and Radiological Emergency 

Response Plans, Act 517, 1996, Nuclear Power 

Programme Organization, Regulatory Strategy, 

NPID-11521-STG-001, 2014 and Nuclear 

Regulatory Authority, Act 895, 2015. Additionally, 

the regulator provided a draft Safeguards Regulation, 

NRA SGR DV1/16, 2016, the establishment of 

Nuclear power institute (NPI) to provide a leading 

role in research and the Nuclear Power Ghana (NPG) 

which was set up to manage Ghana’s first nuclear 

power project. NPG has been designated to be the 

eventual owner and operator of Ghana’s first Nuclear 

Power Plant. Activities of the organisation began in 

2018 when some staff of Volta River Authority 

(VRA), Bui Power Authority (BPA), and the Ghana 

Atomic Energy Commission (GAEC) were co-opted 

to form an initial core staff.  
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Table 1: Development of National Legal Framework 
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Laws Est Year Agency 

GAEC Instrument, Act 204 1963 GOG 

Radiation protection instrument, LI 1559 1993 GAEC 

National Nuclear and Radiological Emergency Response Plans, Act 517  1996 NADMO/GAEC 

Nuclear Power Programme Organization, Regulatory Strategy,  NPID-

11521-STG-001  

2014 GAEC 

NRA, Act 895  2015 GAEC 

Draft Safeguards Regulation, NRA_SGR_DV1/16  2016 NRA 

Nuclear Power Institute (NPI) 2016 NPI 

U.S. Nuclear Regulatory Commission-Ghana Nuclear Regulatory Authority 

Action Plan, NPID-127540-TNT-005  

2016 NPI 

Nuclear power Ghana (NPG) 2018 NPG 



 

   Table 2: International legal framework ratified by Ghana 

 

Science and Development 
Volume 7, No. 2, November 2023 

ISSN: 2821-9007 (Online) 

 

 

 

Laws/Treaties Year deposited Agency Instrument Year Entry  

into force  

Agreement on the Privileges and Immunities 

of the IAEA 

1963 IAEA/GoG Acceptance 1963 

The Convention on Nuclear Safety 

(INFCIRC/449) 

2011 IAEA/GoG Ratification 2011 

Joint Convention on the Safety of Spent Fuel 

Management and the Safety of Radioactive 

Waste Management (INFCIRC/546) 

2011 IAEA/GoG Accession 2011 

Convention on Assistance in the Case of a 

Nuclear Accident or Radiological Emergency 

(INFIRC/336) 

2016 IAEA/GoG Accession 2016 

The Convention on the Early Notification of a 

Nuclear Accident (INFCIRC/335) 

2016 IAEA/GoG Accession 2016 

Convention on the Physical Protection of 

Nuclear Material (INFCIRC/274) 

2002 IAEA/GoG Accession 2002 

Convention for the Suppression of the 

Financing of Terrorism, UNSCR 

Resolution 1373  

2001 IAEA/GoG Accession 2001 

Treaty on Non-Proliferation of nuclear 

weapons (INFCIRC/153), 

1972   1972 

Convention on the Physical Protection of 

Nuclear Material (GOV/INF/2005/10-GC 

(49)/INF/6). 

2012 IAEA/GoG Ratification 2016 

Vienna Convention on Civil Liability for 

Nuclear Damage (INFCIRC/500) and 

(INFCIRC/556) and (INFCIRC/567) 

1963 IAEA/GoG Ratification 1977 

African Regional Co-operative Agreement for 

Research, Development and Training related 

to Nuclear Science and Technology (AFRA)  

2020 IAEA/GoG Acceptance 2020 
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3.0 DISCUSSIONS 

Ghana has demonstrated its commitment to 

responsible nuclear behavior and standards by 

ratifying relevant international nuclear instruments, 

entering bilateral agreements with responsible 

nuclear partners, and joining major multilateral 

organisations; as well as enacted national laws on 

nuclear power and established the relevant regulatory 

bodies. This section reviews the most important 

international, national and regulatory frameworks 

relevant to the Ghanaian context. 

 

 
3.1 International Nuclear Instruments  

To advance its nuclear programme, Ghana has 

ratified or acceded to several international treaties, 

conventions and protocols. The Convention on 

Nuclear Safety (INFCIRC/449), the Joint 

Convention on the Safety of Spent Fuel Management 

and the Safety of Radioactive Waste Management 

(INFCIRC/546) are instruments on nuclear safety 

and radiological protection, and seek to promote 

adherence to nuclear safety principles based on a 

common interest of the international community to 

achieve higher levels of safety. State Parties are 

obliged to submit reports on the implementation of 

the safety principles with arrangements for “peer 

review” at meetings.   

 

The Convention on the Early Notification of a 

Nuclear Accident (INFCIRC/335) and the 

Convention on Assistance in the Case of a Nuclear 

Accident or Radiological Emergency (INFIRC/336) 

are conventions on Emergency Response and were 

adopted after the Chernobyl accident. They create a 

system for notifying the IAEA and neighbouring 

countries of a nuclear accident with potential 

transboundary consequences, and also set up a 

framework for prompt assistance and support for 

nuclear accidents or radiological emergencies.   

The main legal instruments on nuclear security and 

physical protection are: Convention on the Physical 

Protection of Nuclear Material (INFCIRC/274) and 

Amendment to the Convention on the Physical 

Protection of Nuclear Material (GOV/INF/2005/10-

GC (49)/INF/6). They aim to promote principles that 

are designed to prevent, detect and respond to 

criminal and other unauthorised acts involving or 

directed to nuclear or other radioactive material and 

associated facilities or activities. Other conventions 

include the Suppression of Unlawful Acts against the 

Safety of Maritime Navigation, Protocol for the 

Suppression of Unlawful Acts against the Safety of 

Fixed Platforms located on the Continental Shelf, 

International Convention for the Suppression of 

Terrorist Bombings, International Convention for the 

Suppression of the Financing of Terrorism, UNSCR 

Resolution 1373 on Prevention/Suppression of 

Financing and of Preparation of Terrorist Acts, and 

International Convention on the Suppression of Acts 

of Nuclear Terrorism. Legal instruments that 

empowers and requires that the IAEA ensures that 

safeguards and measures area applied to all nuclear 

materials in the territory, jurisdiction or control of 
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State, for the exclusive purpose of verifying that such 

materials are not diverted for nuclear weapons or 

other nuclear explosive devices are: the Treaty on the 

Non-Proliferation of Nuclear Weapons (NPT), The 

Structure and Content of Agreements Between the 

Agency and States Required in Connection with the 

Treaty on Non-Proliferation onf Nuclear Weapons 

(INFCIRC/153), Small Quantities Protocol 

(GOV/INF/276), Model Protocol Addition to the 

Agreement(s) between the State and IAEA for the 

application of Safeguards (INFCIRC/540), UNSC 

Resolution 1540 on Preventing theAcquisition of 

Weapons of Mass Destruction (Including Nuclear) 

by Terrorist/ Criminal Groups.  Acquisition of 

Weapons of Mass Destruction (Including Nuclear) 

by Terrorist/ Criminal Groups. 

However, two conventions are not yet in force: The 

Comprehensive Nuclear-Test-Ban Treaty and the 

Treaty on the Prohibition of Nuclear Weapons. Once 

these conventions enter into force, they will buttress 

the legal regime for non-proliferation and safeguards. 

Another relevant legal instrument is the Revised 

Supplementary Agreement Concerning the Provision 

of Technical Assistance by the IAEA. 

The Nuclear Liability Conventions ensure that there 

is no ambiguity as to who bears liability in the event 

of a nuclear incident and also makes provision for 

compensation for victims of nuclear damage. 

Nuclear damage includes transboundary damage 

caused by a nuclear incident at a nuclear installation, 

or in the course of transporting of nuclear materials 

to or from an installation. The Nuclear Liability 

Conventions include: The Paris Convention on Third 

Party Liability in the Field of Nuclear Energy, 

Brussels Convention Supplementary to the Paris 

Convention, Vienna Convention on Civil Liability 

for Nuclear Damage (INFCIRC/500), the Joint 

Protocol Relating to the Application of the Vienna 

Convention (INFCIRC/402), the Paris Convention 

and the Protocol to Amend the Vienna Convention 

on Civil Liability for Nuclear Damage 

(INFCIRC/556) and the Convention on 

Supplementary Compensation for Nuclear Damage 

(INFCIRC/567). 

The Protocol to Amend the Paris Convention on 

Third Party Liability in the Field of Nuclear Energy, 

and the Protocol to Amend the Brussels Convention 

Supplementary to the Paris Convention seek to 

improve the compensation provisions in the Paris 

Convention on Third Party Liability in the Field of 

Nuclear Energy. These two conventions are yet to 

enter into force. 

 

3.2 Ghanaian Nuclear Legal Framework 

The Nuclear Regulatory Authority Act 2015 (Act 

895) applies to all activities and practices involving 

the peaceful uses of radiation, nuclear and 

radioactive material conducted under the jurisdiction 

of Ghana. The Act establishes the Nuclear 

Regulatory Authority and provides for the regulation 

and management of activities and practices for the 

peaceful use of nuclear material or energy, 

radioactive material or radiation; to provide 
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peaceful use of nuclear material or energy, 

radioactive material or radiation; to provide for the 

protection of persons and the environment against the 

harmful effects of radiation hazards, to ensure the 

effective implementation of the Country’s 

international obligations and to provide for other 

related matters. for the protection of persons and the 

environment against the harmful effects of radiation 

hazards, to ensure the effective implementation of the 

Country’s international obligations and to provide for 

other related matters. 

The Act deals with Nuclear Installations, Radioactive 

Waste Management, Transportation of Radioactive 

Materials and Decommissioning of Nuclear 

Facilities, and ensures the independence and 

separation of regulatory functions from those of other 

organisations concerned with the promotion and or 

utilization of nuclear energy. The Act addresses all 

relevant non-proliferation and safeguards 

undertakings of Ghana and clearly spells out the 

responsibilities and liabilities for the operation of 

nuclear facilities and the handling and safeguarding 

of nuclear materials; and establishes a system of 

licensing as well as the terms of licenses (i.e. 

suspension, modification and revocation of a 

license), a system of regulatory inspection and 

assessment to ascertain compliance with the 

applicable laws and regulations. The sector minister 

is empowered by the Act to make subsidiary 

legislation in the form of Legislative Instruments for 

the efficient and effective implementation of the Act. 

The Act is very comprehensive and covers all aspects 

of nuclear safety, security and safeguards. It also 

establishes an independent regulatory authority to 

regulate the industry and has put in place measures to 

ensure that the regulatory authority is independent 

and financially stable. This is in conformity with 

international legal requirements and best practices. 

Subsidiary legislation is yet to be passed as required 

by the law. The Environmental Protection Agency 

Act 1994 (Act 490) amends and consolidates all the 

laws relating to environmental protection, pesticides 

control and regulation, as well as related activities. 

  

The Act establishes the Environmental Protection 

Agency, which is governed by a Board, as the 

Agency, mainly charged with the execution of the 

duties spelt out in the Act. The Act is generally silent 

on Nuclear Power or Nuclear waste. It rather deals 

with Industrial waste as well as other hazardous 

chemicals. It provides for a hazardous chemicals 

committee which has a representative of the Ghana 

Atomic Energy Commission as a member. The Act 

requires any person who wishes to undertake any 

activity which has or is likely to have an adverse 

effect on the environment to submit an environment 

impact assessment report. Apart from this 

requirement, there is no other compliance 

requirement that has to be met. However, the 

functions of the Agency and the Hazardous 

Committee both create an avenue through which 

issues on nuclear energy and nuclear waste can be 

dealt with pending an amendment of the EPA Act to 

cater for peculiar needs of the nuclear requirements 

of the nuclear industry.
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In addition, the Act does not contain a 

comprehensive definition of key concepts such as 

pollution, hazardous substances, waste materials or 

substances and the environment. There is a need to 

include a clear and comprehensive definition of these 

concepts, and also amend the existing EPA Act to 

include nuclear energy and nuclear waste. Minerals 

and Mining Act 2006 (Act 703) consolidates all the 

laws relating to minerals and mining and also to cater 

for related purposes. The Act covers all minerals in 

its natural state in, under or upon land in Ghana, 

rivers, streams, water-courses throughout the 

Country. The Act also applies to radio-active 

minerals mined or discovered within the territory of 

Ghana. 

The present scope of the Act is wide enough to cover 

the mining and milling of radio-active materials 

which may be mined locally to be processed as 

nuclear fuel or for other purposes. The Act at the 

moment need not be amended. National Disaster 

Management Organisation Act 1996 (Act 517) 

establishes a National Disaster Management 

Organization (NADMO) to be responsible for 

disaster management and other similar emergencies, 

to provide for the rehabilitation of persons affected 

by disaster and for related matters. 

 

NADMO is mandated to prepare national disaster 

plans for preventing and mitigating the consequences 

of disasters. It is also to monitor, evaluate and update 

national disaster plans. NADMO is also tasked with 

ensuring that there are appropriate and adequate 

facilities for the provision of reliefs, rehabilitation 

and reconstruction after a disaster or any emergency 

incidence; and also responsible for coordinating local 

and international support for disaster or emergency 

control relief services and reconstruction. NADMO 

is also to ensure the establishment of adequate 

facilities, technical training and the institution of 

educational programmes to provide public 

awareness, warning systems and general 

preparedness of its staff and the general public; and 

to perform any other function that is incidental to 

disaster management and related matters NADMO is 

governed by the National Security Council which is 

responsible for determining its policies. It has the 

mandate to establish a national, regional and district 

management committees which carry out and 

implement the policies and functions of the 

organization at each level. NADMO is funded by 

moneys provided by parliament and by way of 

grants, donations and gifts.  Hazardous and Electric 

Waste Control and Management Act 2016 (Act 917) 

provides for the control, management and disposal of 

hazardous waste, electrical and electronic waste for 

related purposes. The Act, among others, covers 

waste chemical substances arising from research and 

development or teaching activities which are not 

identified and/or are new and whose effects on man 

and/or the environment are not known, wastes of an 

explosive nature not subject to other legislation, 

wastes from production, formulation and use of 
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of photographic chemicals and processing materials; 

wastes resulting from surface treatment of metals and 

plastics and  residues arising from industrial waste 

disposal operations. The main implementation 

organization is the EPA established under the 

Environmental Protection Agency Act, 1994 (Act 

490). Though the Act contains provisions on the 

Control and management of hazardous wastes and 

other wastes, there is no specific mention of nuclear 

or radioactive waste substances. The Act makes it an 

offence to import, export, sell, purchase or deal in 

hazardous or other waste without lawful 

authorization from either the Minister or EPA . One 

criterion for granting such authorization is whether or 

not the State that desires to export the waste is a party 

to the Basel Convention on the Control of 

Transboundary Movements of Hazardous Wastes 

and their Disposal or is a party to a bilateral, 

multilateral or regional agreement or arrangement 

regarding transboundary movement of hazardous 

waste or other wastes in accordance with Article 11 

of the Basel Convention; The Act defines “wastes" to 

mean substances or objects, which are disposed of or 

are intended to be disposed of or are required to be 

disposed of and "waste electrical and electronic 

equipment" to mean electrical or electronic 

equipment that is waste, including all components, 

sub-assemblies and consumables which are part of 

the equipment at the time the equipment becomes 

waste. Looking at the scope of Act 917, it will appear 

that nuclear waste is best catered for by Act 895. 

Energy Commission Act 1997 (Act 541) establishes 

the functions relating to the regulation, management, 

development and utilization of energy resources, 

provide for the granting of licenses for the 

transmission, wholesale supply, distribution and sale 

of electricity, among other things. The objects of the 

Commission are to regulate and manage the 

utilization of energy resources in Ghana and co-

ordinate policies in relation to them. More 

particularly, the Commission shall, among other 

things: recommend national policies for the 

development and utilization of indigenous energy 

resources; advice the Minister on national policies 

for the efficient economical and safe supply of 

electricity and natural gas   transmission, wholesale  

products considering the national economy; prepare, 

review and update periodically indicative national 

plans to ensure that reasonable demands for energy 

are met; secure a comprehensive data base for 

national decision making on the extent of 

development and utilization of energy resources 

available to the nation; receive and assess 

applications, and grant licenses under this Act to 

public utilities for the transmission, wholesale supply 

distribution, and sale of electricity and natural gas; 

establish and enforce, in consultation with the Public 

Utilities Regulatory Commission, standards of 

performance for public utilities engaged in the 

transmission, wholesale supply, distribution and sale 

of electricity and natural gas; and, promote and 

ensure uniform rules of practice for the transmission, 

wholesale supply , distribution and sale of electricity
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products considering the national economy; and 

natural gas; and, promote and ensure uniform rules of 

practice for the transmission, wholesale supply, 

distribution and sale of electricity and natural gas. 

The NRA Act needs to be amended to ensure that the 

Energy Commission no longer plays a role in the 

licensing of electricity generation sources from 

nuclear energy resources.  

  

Renewable Energy Act, 2011 (Act 832) provides for 

the development, management, utilization, 

sustainability and adequate supply of renewable 

energy for generation of heat and power and for 

related matters.The object of this Act is to provide for 

the development, management and utilization of 

renewable energy sources for the production of heat 

and power in an efficient and environmentally 

sustainable manner.The Act defines "renewable 

energy" to include energy obtained from non-

depleting sources such as wind, solar, hydro, 

biomass, bio-fuel, landfill gas, sewage gas, 

geothermal energy, ocean energy and any other 

energy source designated in writing by the Minister. 

The Act provides a framework to support the 

development and utilization of renewable energy 

sources, an enabling environment to attract 

investment in renewable energy sources, the 

promotion for the use of renewable energy, the 

diversification of supplies to safeguard energy 

security; improved access to electricity through the 

use of renewable energy sources, the building of 

indigenous capacity in technology for renewable 

energy sources; public education on renewable 

energy production and utilization, and the regulation 

of the production and supply of wood fuel and bio-

fuel.The Act also provides for requirements, 

qualifications and application for a license to engage 

in a commercial activity in the renewable energy 

industry. Even though there are ongoing arguments 

as to whether nuclear energy is a form or type of 

renewable energy, the Act, however, gives the 

Minister the discretion to designate any other energy 

source as a renewable energy source and this is one 

way   or the other places nuclear energy directly or 

indirectly within the purview of this Act. In the event 

where a specific Act on nuclear energy does not make 

express provision on a subject or matter affecting 

nuclear energy, the Minister in exercise of his 

discretionary powers under the Act can make 

provision for same. The Act therefore does not need 

any amendment. Ghana Atomic Energy Commision 

Act, 2000 (Act 588) amends and consolidates the law 

relating to the establishment of the Atomic Energy 

Commission and for related matters in Ghana, and 

provides for establishment of the Energy 

Commission, functions of the Commission, 

committees of the Board, Funds and the general 

governance of nuclear energy in Ghana. The 

functions of the Commission include, among others: 

proposals to the Government for legislation in the 

field of nuclear radiation and radio-active waste 

management; to advise the Government on questions 

relating to nuclear energy, science and technology; to 

establish, for the purposes of research and in 

furtherance of its functions, institutes of the 

Commission and to exercise 
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of management of the institutes to encourage and 

promote the commercialization of research and 

development results through its Institutes; to 

supervise the carrying out of all requirements 

designed to secure the safety and health of nuclear 

radiation workers and the environment; to engage in 

research and development activities, as well as in the 

publication and dissemination of research findings 

and other useful technical information;  to oversee 

and facilitate the development of human resources in 

the fields of nuclear science and technology, and to 

promote the training of scientific, technical and non-

scientific personnel of the Commission;  to maintain 

relations with the IAEA and other similar 

international and national organizations, and to 

collaborate and liaise with those organizations on 

matters of research and development of nuclear 

energy and nuclear technology. Under the Act, the 

Minister may, on the recommendation of the 

Commission, by legislative instrument, make 

regulations for the purpose of securing the safe 

operation of a nuclear installation under the 

supervision of the Commission and by any other 

organization; securing the safe transport of nuclear 

fuel, radio-active products or waste;  regulating and 

controlling the collection, segregation, treatment, 

conditioning, storage and disposal of radio-active 

waste generated in facilities of the Commission and 

in the mining, milling, gas production and other uses 

of radio-active materials and sources; securing the 

maintenance of efficient systems for personnel and 

environmental monitoring and for medical 

surveillance and treatment of radiation related  

sickeness;  harmonizing the interests of state 

agencies concerned with the utilization of radiation; 

and ensuring the operations relating to irradiating 

devices and  radio-active materials are carried out 

without risk to public health and safety and that 

devices, plants, installations and facilities are 

designed, constructed, calibrated and operated in 

accordance with standards prescribed by the 

Minister. The Act is very instructive on nuclear 

energy in Ghana, setting up and Atomic Energy 

Commission in Ghana and provides expert 

knowledge on the nuclear power generation.  

Provision is also made for the safe keeping and 

transportation of radioactive materials as well as the 

safe disposal of radioactive waste. There is also a 

possible duplication of the provisions of the NRA 

Act. Collaboration between GAEC and NRA is 

therefore suggested. No amendment is however 

needed.  Emergency Powers Act, 1994 (Act 472) 

provides for powers to be exercised in cases of state 

of emergency and for related matters. The Act states 

the circumstances under which a state of emergency 

may be declared to include a natural disaster and any 

situation in which any action is taken or is 

immediately threatened to be taken by any person or 

body of persons which, is calculated or likely to 

deprive the community of the essentials of life or 

renders necessary the taking of measures which are 

required for securing the public safety, the defence of 

Ghana and the maintenance of public order and of 

supplies and services essential to the life of the 

community. The Act provides immediate action in 

dire situations where necessary measures have to be 
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immediate action in dire situations where necessary 

measures have to be taken, or is required for securing 

the public safety, in the defence of the Republic and 

the maintenance of public order and of supplies and 

services essential to the life of the community.  

Furthermore, the Act makes provision for the 

removal of persons from emergency areas where the 

emergency relates only to a part of the country. The 

President in these emergency situations may be 

exercise these emergency powers through the 

issuance of Executive Instruments (EI) or Orders etc. 

These EIs or Orders may empower persons or 

authorities to take certain actions specified in the 

instruments. This Act, needs no amendment since it 

could be applied to an emergency situation arising 

from a nuclear disaster. Public Utilities Regulatory 

Commission, Act 1997, (Act 538) establishes the 

Public Utilities Regulatory Commission (PURC) as 

a multi-sectorial public utility regulator. Functions of 

the PURC among others is to provide guidelines for 

rates to be charged for the provision of utility 

services; examine and approve water and electricity 

rates; advise any person or authority in respect of any 

public utility; receive and investigate complaints and 

settle disputes between consumers and public utility. 

The Act deals largely with the administration of the 

Commission, providing for its governing body, staff, 

funding sources etc. and also deals with regulatory 

matters like standards of performance and rate setting 

for public utilities. Public Utilities Regulatory 

Commission Act, 2010 (ACT 800) As amended was 

amended in 2010, to include levies payable to on 

electricity and natural gas transmission services, to 

be part of the funding sources for the Commission. In 

my view, there is no need to amend the PURC Act to 

cater for a nuclear power programme. From the 

above review and analysis of the current laws of the 

country, it is important to note that the available 

framework is enough and very little amendments are 

required for the development of nuclear power plant 

program. 

 

 

3.3 Ghanaian Nuclear Regulatory Framework  

The regulatory framework established under Act 895 

provides for the regulation of nuclear installations, 

establishing a licensing regime, safeguards and 

prohibitions, inspections, enforcement, liability for 

nuclear damage, among others The main approach 

adopted by the NRA is to set standards and 

requirements for the licensee and provide guidance 

by which the applicant will meet its license 

obligations. The NRA is responsible for the 

regulation of nuclear safety, security and safeguards, 

and also emergency preparedness and environmental 

considerations for nuclear and radiological related 

matters. The NRA was established in 2016; when, 

preparation for the introduction of nuclear power had 

started. Subsequently, it is developing regulations 

and guides; recruiting and developing the 

competency of its staff. The work of the NRA is 

guided by the IAEA Safety Series and Nuclear 

Security Series document. Meaning, it’s work is 
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guided by the ten Fundamental Safety Principles 

provided for in the IAEA Fundamental Safety 

Principles document, and the twelve Essential 

Nuclear Security Elements provided for in the 

Objectives and Essential Elements of a State’s 

Nuclear Security Regime document. The NRA 

follows the IAEA proposed 4-quadrant approach for 

the systematic training of its staff. Level I capture 

basic professional training in nuclear technology, 

nuclear security, safeguards and non-proliferation. 

Level II addresses technical competencies in nuclear 

safety, nuclear security, safeguards and non-

proliferation; while Level III addresses the core 

functions of NRA work including inspections, 

review and assessment and development of 

regulatory tools, etc. The fourth level addresses 

management and leadership competencies. The 

above training requirements are conducted through a 

combination of both internal and external training 

programmes, including foreign training programmes. 

For local training, apart from in-house training of 

staff, the School of Nuclear & Allied Sciences 

(SNAS) of the University of Ghana offers training in 

various Level I, II and III topics. Considerable 

external foreign training support is provided by the 

IAEA and other multilateral organisations, bilateral 

partners, and other foreign regulatory bodies. Some 

of these include the Regulatory Cooperation Forum 

(RCF), Global Nuclear Safety and Security Network 

(GNSSN), the Forum on Nuclear Regulatory Bodies 

in Africa (FNRBA), the European Commission 

Instrument of Nuclear Safety (INSC), the United 

States Nuclear Regulatory Commission (US NRC), 

the Canadian Nuclear Safety Commission (CNSC), 

Moroccan Agency for Nuclear & Radiological Safety 

& Security (AMSSNUR) of Morocco, etc. In 

developing regulations for the nuclear power 

programme, the NRS adopts a hybrid approach of 

prescriptive and performance-based approaches. 

This approach is considered an optimal position 

between providing explicit regulatory requirements, 

that requires the licensee to follow a well-developed 

methodology, and generic requirements, that gives 

room for the licensee to innovate and use approaches 

that are well-founded and internationally accepted. 

The legal hierarchy of documents that govern the 

work of the NRA is presented in Figure 1. 
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Figure 1: Ghana’s Legal Hierarch 

 
The NRA has experience with review and assessment 

for research reactors. Specifically, the NRA 

conducted a review and assessment for the change of 

the core of the Ghana Research Reactor -1 (GHARR-

1) from highly enriched uranium to low enriched 

uranium. The NRA, however, does not have 

experience in conducting review and assessments for 

nuclear power plants. 

The review and assessment process is a critical 

appraisal of a proposed reactor project design,  

with the objective of determining whether the 

information submitted by the prospective licensee 

demonstrates that the facility complies with safety 

and security objectives, throughout its lifetime. The 

process consists of examining the prospective 

operator’s submissions on all aspects relating to the 

safety, security and safeguards of the facility. This 

includes considerations of both normal operation and 

under accidental conditions, and events including 

human errors that have the potential for causing 

exposure of workers, the public, or environment to 

radiological hazards. 

Figure 2 presents a brief on the process that will lead 

to a series of regulatory decisions including granting 

an authorisation/license, which if appropriate, 

imposes conditions or limitations on a facility 

operator’s subsequent activities; or the refusal of 

such an authorization or license. 

Figure 2: Brief description of review and assessment process 
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• This allows for streamlining activities during the review and 
assessment. With this, the NRA will be able to follow the 
development of facility, as applicable, from initial selection of site, 
through all activities until removal from regulatory control.

Prepare programme of review and 
assessment 

• This is to ascertain if the document(s) submitted is complete and 
contains all necessary information to conduct an indepth review 
and assessment.

Acceptance review

• Findings from this process allows for prioritizing review on the basis 
of potential implication on overall safety of the facility which inturn 
will support effectiveness of the Authority.

Conduct preliminary review

• To provide assurance that all topics significant to safety will be 
covered and all operators of similar facilities are trated equally.Systematic plan

• Subject matter experts assess information presented to ascertain 
its trueness/ appropriatness in meeting the requirements of the 
Authority

Conduct of review



 
Authorisation by licensing broadly represents a 

graded approach to regulatory control based on levels 

of risk, or nature of the facility or activity. 

Authorisation is thus required by any licensee. It is 

the principal means by which the Authority can apply 

the legal and regulatory framework, and by which the 

responsibilities of an applicant are clearly spelt out. 

This is the practice used by the NRA for all 

radiological facilities within the country and the 

GHARR-1 facility. Building on the experience 

gained so far, steps are being developed for 

authorisation for nuclear power plants. For this case, 

authorisation is required to take the form of licensing. 

A license is given when the Authority has confirmed 

through review and assessment that a prospective 

licensee’s activities and operations are going to be 

conducted in a manner that does not pose any 

unacceptable risk to people and or the environment. 

Licensing covers all stages of the lifetime of the 

nuclear power plant, including siting, construction, 

commissioning, operation, decommissioning and 

release from regulatory control.  

Act 895 of 2015 makes provision for the NRA to 

undertake enforcement actions against any facility 

that is found to be in non-compliance with 

requirements. The objective of enforcement is to 

provide a high level of assurance that authorised 

parties comply with all requirements at all steps and 

stages of the lifetime of the facility, ultimately 

ensuring safety. There is an established enforcement 

policy for the NRA which is also applied in a graded 

approach. Enforcement actions within the policy 

include; verbal notification, written notification, 

imposition of additional regulatory requirements and 

conditions, written warnings, penalties and 

ultimately revocation of authorisation. Extreme 

situations may entail prosecution. 

 

 

 

Figure 3: Steps for authorisation process/Licensing Life Cycle 
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4.0 CONCLUSION 

In conclusion, Ghana has the necessary legislative 

and regulatory framework to ensure the success of its 

nuclear power programme. At the international level, 

Ghana has ratified relevant international nuclear 

instruments, entered into bilateral agreements with 

responsible nuclear partners, and joined major 

multilateral nuclear organisations; which, when 

properly implemented, will show Ghana’s 

commitment to peaceful use and application of 

nuclear energy. 

At the national level, Ghana has passed several 

national laws and formulated policies to cover the 

core issues of nuclear non-proliferation and nuclear 

safety and security, and has worked to 

institutionalized them. Also, it has existing 

legislation to cover radiation, waste, transport safety, 

environmental protection, among others; which is 

being taken into account in the development of its 

legal and regulatory infrastructure. 

In addition, Ghana has established the NRA to 

provide for the regulation and management of 

activities and practices for the peaceful use of nuclear 

material or energy, radioactive material or radiation; 

to provide for the protection of persons and the 

environment against the harmful effects of radiation 

hazards; and, to ensure the effective implementation 

of Ghana’s international obligations, and for related 

matters. 

 

Despite Ghana’s comprehensive legislative and 

regulatory framework, more work lies ahead. Ghana 

will need long term commitment and planning, large 

scale financial and human capital investment, 

effective implementation of its national legal 

framework, and amendment of some of its laws, if its 

nuclear power programme is to succeed. 
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ABSTRACT 

Plant extracts provide a sustainable and eco-friendly route to forming silver (Ag) nanoparticles (NPs). 

Synthesizing stabilized and monodisperse Ag NPs using plant extracts is challenging as several and 

various polyhydroxy compounds of extracts produce non-uniform dispersed NPs. In this study, 

stabilized Ag NPs were biosynthesized from environmentally friendly, non-toxic, novel aqueous 

Tetrapleura tetraptera fruit extract. The role of synthetic conditions like concentration of silver nitrate 

and pH were also investigated. Phytochemical and FT-IR analyses revealed that the extract 

contained polyphenols, flavonoids, and other polyhydroxy compounds.  UV-Vis spectra indicated a 

surface plasmon resonance band at 420 nm typical of Ag NPs, and together with X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), and Energy Dispersive Spectroscopy (EDS), the 

patterns confirmed the formation of Ag NPs. The UV-Vis spectra and TEM micrographs showed that 

smaller, homogeneous, stabilized Ag NPs had an average particle size of 50 – 120 nm and 65 – 

240nm (beyond 120nm is out of the range of nanoparticles). The Tetrapleura tetraptera extract made 

using 2.5 mM of AgNO3 at a pH of 11.5 exhibited superior antibacterial properties depicted by 

enhanced growth inhibition and significantly lower (P<0.05). The minimum inhibition concentration 

(MIC) was determined against gram-negative and positive bacteria relative to the synthesized NPs 

at different pHs. The studies demonstrated the potential of deploring Tetrapleura tetraptera extract 

stabilized Ag NPs as potential antimicrobial agents in packaging and biomedical applications.  

Keywords: Tetrapleura tetraptera fruit extract, green synthesis, silver nanoparticles, antibacterial properties, 

biomedical applications 

 

 

1.0 INTRODUCTION 

 

Beyond their enduring and aesthetic appeal, the great 

novel applications of noble metal nanoparticles 

(NPs), Such as gold (Au) and silver (Ag), in 

medicine, sensing, electronics, food, water, and 
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catalysis have been reported since antiquity [1-11]. 

Among metal nanoparticles, Ag and its nanoscale 

forms, for millennia, have been used to treat and 

disinfect bacterial infections due to their broad-

spectrum biocidal effect towards a wide range of 

bacteria strains implicated in routine industrial and 

domestic processes[12, 13]. However, the behavior 

of Ag NPs as effective antimicrobial agents depends 

on their composition, shapes, and sizes [14-16]. Raza 

et al. noticed that smaller, spherical-shaped Ag NPs 

exhibited better antibacterial effects than triangular 

and larger spherical-shaped Ag NPs against gram-

positive and negative bacteria strains [17].  However, 

due to their small size and high reactivity, uncapped 

metal nanoparticles are inclined to recombine, 

forming undesirable bulk forms, and reducing their 

activity. Ag NPs, due to their large surface-area-to-

volume ratio, provide better contact with bacteria 

than bulk forms [16]. 

Solution-based methodologies have therefore been 

used to effectively stabilize and control shapes and 

sizes of Ag NPs, albeit requiring the use of expensive 

and potentially environmentally hazardous 

chemicals such as thiols, amines, polyols and acids 

due to their high reactivity [18-22]. Plant extracts 

have been proposed as environmentally safe 

alternatives as they contain diverse moderately 

reactive polyhydroxy compounds capable of 

reducing and capping Ag NPs [13, 23-25]. Extracts 

are biocompatible, and their usage produces Ag NPs 

with bioactive properties suitable for biological 

applications [26-28]. Moreover, the variety of 

polyhydroxy compounds in plant extracts could act 

cooperatively to confer suitable shapes, which may 

be challenging to obtain with single surfactant 

systems [29]. However, diverse polyhydroxy 

compounds in plant extracts lead to nanoparticle 

mixtures with varying sizes, shapes, and wide 

dispersity, diminishing their antibacterial activity. 

Narrowing down the spectrum of phytochemicals in 

the plant extracts through purification could present 

fewer suitable active compounds that come with 

increased process cost. Since NPs nucleation and 

stabilization are not only affected by stabilizers, 

choosing relevant plant extracts, and using 

appropriate experimental conditions could lead to 

stabilized and monodispersed colloidal NPs with 

desirable shapes and sizes. Recently, novel plant 

extracts and optimized conditions have been 

developed to obtain stabilized and well-dispersed 

green Ag NPs. 

Tetrapleura tetraptera, locally known as “prekese” 

in Ghana, is a tropical flowering plant.  Its fruits are 

consumed as food due to its pleasant aroma, 

appealing color , carbohydrate and protein content,   

and as medicine due to their abundant polyphenols, 

flavonoids, carotenoid, lactic acid and vitamin C 

contents [30, 31]. The fruit, root, and stem extract of 

this plant have been used and documented as food, 

and as traditional medicine in tropical African 

customs for managing a host of ailments including 

inflamaion, hypertension, epilepsy, diabetes 

mellitus, and arthritis; however, no study exploits the 

great phytochemical content of this plant extract for
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the biosynthesis of bioactive metal NPs including Ag 

[32]. The study hypothesized that Tetrapleura 

tetraptera aqueous fruit extract can reduce and 

stabilize Ag NPs due to its great phytochemical 

content. The physicochemical characteristics of the 

synthesized Ag NPs under various experimental 

conditions were investigated using crystallographic, 

spectroscopic and microstructural techniques. In 

addition, the antimicrobial activities of the as-

synthesized Ag NPs obtained at different pH and 

AgNO3 concentrations were investigated against 

common gram-positive and negative bacterial food 

contaminants.   

 

2.1. MATERIALS AND METHODS 

 All analytical chemicals were purchased from their 

respective sources and used without further   

purification. Silver nitrate (AgNO3, 99.9%), sodium 

hydroxide (NaOH, 97%), hydrochloric acid (HCl, 

37%) were purchased from Sigma Aldrich.  

 

2.1. Preparation of Tetrapleura tetraptera 

Fresh Tetrapleura tetraptera fruits were obtained 

from the Madina market and transported to the 

laboratory. They were cut into smaller pieces, 

washed thoroughly with tap water, rinsed with 

deionized water, and air-dried for two weeks. For 

easy and effective grinding, the air-dried samples 

were dried in an oven at 60 o C overnight to ensure 

complete dehydration. Next, the cut dried samples 

were milled for 1 hour using an attrition mill (Retsch, 

Rheinische StraBe 36.D-42781, Haan Germany). 

The samples were sieved using a sieve shaker with 

stainless steel sieves stacked from coarse to fine 

mesh (80, 60, 20 µm). Subsequently, 10 g of the 

milled powdered samples was mixed thoroughly in 

25 ml ethanol and water solution (2:1 v/v). The 

resulting mixture was boiled at 60 ℃ for 30 minutes 

under constant stirring to obtain highly viscous 

extracts and subsequently kept at room temperature 

to cool. The cooled mixture was filtered using a 

Whatman No.1 filter paper to get a clearer solution 

of the extract. The extracts were then stored in a 

refrigerator until further use. 

 

2.2. Phytochemical screening of extracts 

The phytochemical content of the plant extracts was 

analyzed according to the method adopted by Bashair 

et al.  [33]. The availability of phytochemicals such 

as polyphenols, flavonoids, saponins and tannins in 

the Tetrapleura sp extracts were determined. The 

detailed procedure for analyzing each phytochemical 

is shown in the supplementary information (section 

1)
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2.3. Synthesis of Silver Nanoparticles 

All reagents used were of analytical grade. Ag nitrate 

(AgNO3) solution was prepared by dissolving an 

appropriate amount of AgNO3 salt in 100 mL 

deionized water to obtain approximately 0.1 M stock 

solution. The following reactions were performed to 

determine the effect of AgNO3 concentration on the 

properties of the Ag NPs. Aliquots of the stock 

solution were pipetted and added dropwise to 

Erlenmeyer flasks containing 25 ml diluted 

Tetrapleura tetraptera fruit extract, which was 

composed of 5 ml of plant extract and varying 

amounts of deionized water, to obtain a prepared 

final reaction solution containing 25-, 50- and 100-

mM concentrations of AgNO3. To evaluate the effect 

of pH on the properties of the Ag NPs during 

synthesis, the reaction was performed at three 

different pH values (4.2, 7.4 and 11.2) using final 

AgNO3 concentrations of 25, 50 and 100 mM. The 

effect of changing concentration of AgNO3 salt and 

pH during the synthesis was monitored and analyzed 

using UV-Vis spectroscopy and TEM analyses. 

 

2.4. Characterization of Biosynthesized 

Colloidal Silver Nanoparticles 

2.4.1. UV-Vis Spectroscopy  

The UV-Vis absorption patterns were obtained and 

analyzed using a Shimadzu UV-3600 UV-Vis-NIR 

spectrophotometer. The effect of AgNO3 

concentration on the UV-Vis spectra of the colloidal 

Ag NPs synthesized was investigated at three 

different concentrations of AgNO3 (2.5, 50 and 100 

mM). In addition, the influence of pH (at 4.2, 7.4 and 

11.2) on the UV-Vis spectra of the Ag NPs was also 

studied using two concentrations of AgNO3 (25 and 

100 mM).   

2.4.2. Fourier transform infra-red 

spectroscopy, X-Ray Diffraction and X-ray 

photoelectron spectroscopy 

The Fourier transform infra-red Spectroscopy (FTIR) 

patterns were measured and recorded using a 

PerkinElmer Spectrum 100 spectrophotometer. X-

Ray Diffraction (XRD) analyses were performed 

using Rigaku DMAX 2100 diffractometer (Rigaku, 

Tokyo, Japan) with monochromatic CuK α radiation 

(λ = 0.154056 nm) at 40 kV and 30 mA. The surface 

chemistry and elemental composition of the colloidal 

Ag NPs were studied using X-ray photoelectron 

spectroscopy (XPS) measurements. A load-locked 

Kratos XSAM 800 surface analysis system was used 

to acquire the XPS spectra.  

 

2.4.3. Transmission Electron Microscopy 

The surface morphological analysis of the 

biosynthesized colloidal Ag NPs was conducted 

using high-resolution transmission electron 

microscopy (H-8000 TEM microscope). In a 

sonication bath, the colloidal samples were prepared 

by sonicating 5 ml of the biosynthesized Ag NPs for 

5 minutes. A drop of the colloidal Ag NPs solution  

Science and Development 
Volume 7, No. 2, November 2023 
ISSN: 2821-9007 (Online) 

 

 

Apalangya et al., 2023 • Silver Nanoparticles, stabilized by Tetrapleura tetraptera from food waste …              98 



made from two concentrations of AgNO3 (2.5 and 

100 mM) at pH of 11.2 was deposited on a carbon 

grid (carbon-coated copper grid and the excess 

solution was removed using tissue paper) and enough 

time was allowed for drying of prepared sample grids 

at room temperature. 

 

2.5. Antimicrobial assays 

2.5.1. In vitro antimicrobial assay 

S. Typhimurium was used in this study. Each stock 

bacteria species was sub-cultured on a Mueller-

Hinton agar (Park Scientific Limited) plate and 

incubated overnight at 37ºC to obtain pure cultures. 

About 3-4 single colonies from the bacteria plate 

were selected, inoculated into Mueller-Hinton broth 

and incubated at 37 ºC overnight, for the bacteria to 

reach the log phase of growth. The log phase bacteria 

were diluted with sterile saline to achieve a turbidity 

of 0.5 McFarland standard, an approximate 

concentration of 2 x 108 CFU/ml.  

Log phase bacteria at a concentration range of 1 x102 

to 1x107 CFU/ml were incubated with different 

concentrations of the test agents (0 % -100 %) and 

10% Alamar Blue® reagent at 37ºC for 6-8 hrs. 

Absorbance was read at 540 nm, reference 595 nm, 

using a spectrophotometer (TECAN Sunrise Wako). 

In determining the bactericidal and bacteriostatic 

properties of   concentrations of the Ag NPs (6 – 

60 µg/mL) and 10 % Alamar Blue®. The reducing 

power of cells to convert the Alamar Blue component 

resazurin to the pink resorufin was used to determine 

the Minimum Inhibitory Concentration (MIC) of the 

samples. The least concentration of compounds with 

no observable color change was noted as the MIC.  

 

3.0 RESULTS AND DISCUSSION 

3.1. Phytochemical Analysis 

The phytochemical analysis indicated that the 

aqueous Tetrapleura tetraptera fruit extract 

contained polyphenols, saponins, glycosides, 

tannins, and flavonoids as shown in Table 1which 

constituent with reported study.  
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Table 1: Phytochemical analysis of aqueous Tetrapleura tetraptera fruit extract 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  UV-Vis patterns (a) A: pure Tetrapleura terapleura extract (TTE), B: Ag NPs 25 nM AgNO3, 

C: 50 mM AgNO3 D: 100 mM AgNO3  (b) Ag NPs synthesized at A: pH 7.4 & 25 mM AgNO3, B: pH 

7.4 & 100 mM AgNO3, C: pH 4.2 & 100 mM AgNO3, D: pH 4.2 & 25 mM AgNO3, E: pH 11.2 & 100 

mM AgNO3 and F: pH 11.2 and 25 mM AgNO3   
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Name of test Phytochemicals Tetrapleura  

Ferric chloride test Polyphenols + 

Alkaline reagent test      Flavonoids + 

Braymer’s test Tannins + 

Foam test Saponins  + 

Salkowki’s test Terpenoids - 

Keller killiani test Glycosides + 



 

3.2. UV-Vis spectroscopy analysis 

The bioreduction of Ag+ ions to Ag (Ag0) 

nanoparticles were observed by monitoring the 

distinct color changes and the appearance of a typical 

Ag surface plasmon resonance (SPR) band in UV–

Vis spectroscopy measurements accompanying the 

reactions. The biosynthesis proceeded with distinct 

change of the solution color from pale brown to dark 

brown as depicted in the supplementary information 

(section 2). The appearance of a characteristic SPR 

band at 420 nm and together with microstructural 

studies confirmed the formation of Ag NPs (figure 

1).  

 

3.3. FT-IR, XRD and XPS Analysis  

FT-IR studies were performed to confirm the 

presence of polyphenolic phytochemicals in the 

Tetrapleura tetraptera fruit extract and as well as on 

the surface of biosynthesized colloidal Ag NPs. Fig. 

2(a)A and fig. 2(a)B depict the FT-IR patterns of 

pure fruit extract and biosynthesized Ag NPs 

respectively. Both exhibited similar molecular 

vibrational patterns. However, the patterns showed 

strong sharp band at 3320 cm-1 which is typical of -

OH stretching vibration associated with polyols 

which can be related to the polyphenols and other 

polyhydroxy phytochemicals present in the extract. 

A relatively more robust band around 2912 cm-1 and 

a weak shoulder at about 2800 cm-1 are 

characteristic symmetric and asymmetric stretching 

vibrations of CH respectively of an aliphatic 

hydrocarbon attributable to the polysaccharide or 

terpenoid phytochemicals present in the fruit 

extract. The band around 1635 cm-1 is the bending 

vibrational mode typical of water in the extract as 

well as in the colloidal Ag NPs. Finally, the band at 

1087 cm−1 can be related to the C-O-C stretching 

vibration of the CH2OH group on a polysaccharide 

compound in the extract [37]. These observations  

are consistent with earlier study that plant extracts 

possess suitable functional groups which capped the 

surface of the Ag NPs stabilizing them as stable 

colloidal solutions [38]. 

X-ray diffraction (X-RD) pattern of the 

biosynthesized colloidal Ag NPs is depicted in Fig. 2 

(b). Typical of Ag NPs, four characteristic peaks are 

indexed at 2θ = 38.1°, 44.2°, 64.4°and 77.3° and 

correspond to the following Bradley crystal faces of 

(1 1 1), (2 0 0), (2 2 0) and (3 1 1) of Ag with JCPDS 

card (file No JCPDS # 04-0783). The surface 

chemical composition of the biosynthesized Ag NPs 

is depicted by XPS patterns in the Fig. 2 (c) and (d) 

showing the structure and the chemical identity of the 

species involved. It is evident that the as-synthesized 

sample is composed of carbon (C), oxygen (O2) and 

Ag with no other chemical or elemental impurities. 

There is a doublet with binding energies at about 363 

and 379 eV which can be associated with Ag3d3/2 

and Ag3d5/2 characteristic of Ag. The intensity ratio 

of this doublet peak is 2:1 and is consistent with 

similar literature report (6).
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The elemental composition of Ag on the surface of 

the sample is 17.7%, relative to the other elements in 

the synthesized sample. This lower percentage 

composition relative to the amount quantified by the 

EDS may be due to the lower depth of measurement 

of the XPS technique [6].  

 

 

Figure 2. (a) FT-IR patterns of A: Tetrapleura tetraptera fruit extract and B: synthesized Ag NPs (b) 

XRD pattern of synthesized Tetrapleura tetraptera fruit extract stabilized Ag NPs (c) XPS pattern of 

Tetrapleura tetraptera fruit extract stabilized Ag NPs (d) percentage elemental composition from XPS 

studies. 
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3.4. Scanning Electron Microscope and EDX 

Analysis 

The surface morphology of Ag NPs which were 

synthesized at a pH of 11.2 was acquired and 

analyzed by FETEM and EDX, as depicted in fig.3. 

The nanoparticles exhibited uniform morphology 

with spherical shapes and an average size of 60 nm 

(fig. 4(b)). NPs appeared well dispersed with little 

agglomeration. The NPs were well stabilized on the 

surface of the fruit extract phytochemicals which 

likely played a role in minimizing particle to particle 

interaction resulting in reduced particle combination. 

Moreover, the abundance of polyphenols, flavonoids 

and polysaccharides in the extract likely adsorbed 

onto the surface of the nanoparticles. This 

phenomenon has the tendency to significantly reduce 

the surface energy of the particles minimizing their 

reactivity in the process thereby preventing particle 

agglomeration.  

Finally, the significant reduction of AgNO3 

concentration drastically shortens the time for the 

concurrent formation and growth of the Ag NPs with the 

benefit of promoting the production of monodispersed 

Ag NPs with less particle recombining. As shown in fig. 

4(c), there is a 3keV intense spectral peak which is 

indicative of the formation of Ag NPs as shown in the 

EDX pattern.  Fig. 3(b) is a depiction of the surface 

morphology of Ag NPs synthesized at a pH of 11.2 using 

100 mM AgNO3 concentration. It is evident that there is 

a wide particle size variation ranging from 70 – 240 nm. 

The particle shapes vary from spherical to other 

complicated morphologies. The particles appeared to be 

coalescing. Compared to the particles formed at the 

same pH of 11.2 but at 2.5 mM AgNO3 concentration, it 

can be observed that more nanoparticles are formed for 

the same amount of plant extract with reduced mono-

dispersity. The agglomeration of the NPs is a result of 

insufficient stabilizing agents. Mono-dispersity of the 

NPs can be attained by having particles surfaces well 

stabilized immediately they are formed. This will 

minimize undesirable particle interactions reducing 

nucleation outpacing particle growth. It is therefore 

prudent to increase the amount of plant extract to 

provide more stabilizing agents. 
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Figure 3. (a) Low and high magnification TEM image of Ag NPs synthesized from 2.5 mM of 

AgNO3 at pH of 11.2 (b) average size of Ag NPs (c) EDX pattern of Ag NPs 

 

 

 

 

 

 

 

 

 

Figure 4: (a) TEM image of Ag NPs at 100 mM of AgNO3 at pH of 11.2 (b) average size of Ag 

NPs 
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3.5. Mechanism of formation and 

stabilization of Silver Nanoparticles 

Most plant extracts are weak or moderate 

reducing agents compared to stronger synthetic 

oxidizing agents such as sodium borohydride, 

sodium dodecyl sulfate, and poly (vinyl 

pyrolidone) [39, 40]. As a result, their rate of 

reduction of Ag ions to Ag NPs is slow, this 

inadvertently enables concurrent nucleation and 

growth of metal nanoparticles. The new and old 

nuclei readily recombine due to their high 

surface energy and closeness in space and time, 

therefore yielding polydisperse NPs. To 

overcome polydispersity, metal NPs are 

synthesized at high temperatures. Even  

though reducing Ag+ ions to Ag NPs at elevated 

temperatures produces considerable high 

monodisperse NPs, in most instances, the NPs 

produced have broad size distribution with a 

variety of nanoparticle geometry. In this study, 

the effect of polyphenolic, flavonoid and 

polysaccharide laden Tetrapleura tetraptera 

fruit extract mediated the reduction of Ag+ ions 

to Ag NPs. Flavonoids and polyphenolic 

compounds have been established to be effective 

reducing and stabilizing agents whereas 

polysaccharides due to their long polymer chains 

can effectively stabilize the whole body of NPs 

in solution. At high pH (11.2), enol forms of 

flavonoids and phenolic compounds are capable 

of releasing electrons that can interact with Ag+ 

ions reducing them to Ag NPs as shown in fig, 5. 

Basic synthetic medium can result in the 

activation of the flavonoids and polyphenolic 

compounds making them better reducing agents. 

Relative to their neutral or moderately acidic pH 

media counterparts as shown as depicted in 

figure 5. 

 

3.6. Antibacterial Analysis 

The minimum inhibition concentration (MIC) 

determined for each bacteria species treated with the 

prepared Ag NPs at different pH are shown in figure 6.  

To evaluate the difference in bacterial growth inhibition 

among the different Ag NPs biosynthesized using 

different combinations of AgNO3 concentrations and 

pH, a triplicated minimum inhibition concentration 

(MIC) of each class of Ag NPs was evaluated versus the 

three strains of bacteria – Salmonella Typhimurium (fig 

6).  
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Figure 5. A schematic showing the interaction of Ag ions before and after reduction into colloidal silver 

nanoparticles with phytochemicals.  
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Figure 6. The least concentration (MIC) of Ag NPs needed to inhibit visible growth of Salmonella 

typhimurium with each bacteria treated Ag+, and Ag NPs synthesized using a combination of the 

following AgNO3 concentration and pH: A; 25 mM and11.2, B; 100 mM and11.2, C; 25 mM and 

7.4, and D: 25 mM and 4.7 respectively 

 

It is evident from this MIC study that Tetrapleura 

tetraptera fruit caped Ag NPs made using AgNO3 

with 2.5 mM at a pH of 11.2 (fig. 6 A) exhibited 

significantly (P<0.05) the lowest MIC values 

compared to the other Tetrapleura tetraptera caped 

Ag NPs at different AgNO3 concentrations and pH 

combinations (fig. 6 B, C, D and Ag+ or AgNO3). 

Generally Ag NPs made in neutral and basic media 

also exhibited significantly (P<0.05) lower MIC 

values compared to NPs made in acidic medium. 

However, there was an insignificant difference in 

MIC values for Ag NPs synthesized at a pH of 11.2 

with AgNO3 concentration of 100 mM and 7.4 with 

AgNO3 concentration of 2.5 mM. This clearly 

showed that a combination of both basic pH and low 

AgNO3 concentration is necessary for producing Ag 

NPs with the most active antibacterial properties. It 

is evident that Ag NPs synthesized at acidic pH (3.6) 

exhibited the lowest antibacterial activity. 

Noticeably, the efficacy of the Ag NPs strongly 

depended on the concentration of the reagent AgNO3 

and the reacting pH which is also directly related to
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and the reacting pH which is also directly related to 

the size of the NPs as smaller size Ag NPs exhibited 

better antibacterial activity compared to bigger size 

NPs. As shown by the SEM micrographs, Ag NPs 

synthesized using 100 mM agglomerates forming 

larger particles thereby losing their size associated 

large surface area to volume ratio reactivity. The ease 

of  reduction of Ag+ ions to Ag NPs depends on the  

degree of dissociation of polyphenols and the 

resulting release of electrons and stabilization of the 

Ag NPs by the enolates. Since at basic pH (11), the 

dissociation of the polyphenols occurs more readily 

and than at acidic pH (3.6), more Ag NPs will be 

produced and stabilized per unit volume of colloidal 

solution for a given AgNO3 concentration in the basic 

medium than in acidic medium. Mechanistically, Ag 

NPs inhibit bacteria growth through attachment to 

the surface of bacteria cells and the resulting 

penetration of the cell wall or release of ions and 

reactive oxygen species which are all favoring 

smaller size NPs compare to larger size ones in this 

study [41].   

 

4.0 CONCLUSION 

In this study, aqueous Tetrapleura tetraptera fruit 

extract has been used for the first time as a green 

reducing and stabilizing agent in synthesizing eco-

friendly Ag NPs. Phytochemical analysis and FT-IR 

studies showed that the extract contains several 

polyhydroxy compounds with potential reducingand 

stabilizing capacity. The formation of the Ag NPs 

was characterized and confirmed using UV-Visible, 

XRD, and XPS spectra. The size and effective 

stabilization of the NPs are dependent on the 

concentration of the AgNO3 and the pH of the 

reaction medium. Lower concentration AgNO3 and 

basic medium produced smaller size, well dispersed 

and stabilized Ag NPs whereas higher AgNO3 and 

acidic medium resulted in larger size NPs, varying 

size and shapes, and agglomerated Ag NPs. The 

biosynthesized NPs exhibited broad antibacterial 

properties by inhibiting the growth of both gram-

positive gram-negative Salmonella Typhimurium. Ag 

NPs which were synthesized using lower 

concentration of Ag NPs and in basic medium were 

the most efficacious as the Ag NPs exhibited better 

antibacterial properties with the lowest MIC values 

against gram-negative bacteria. Conceivably, these 

biosynthesized Ag NPs can be incorporated into 

packaging systems and biomedical membranes for 

food and wound healing applications.   
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ABSTRACT 

This study evaluated the effect of Canarium schweinfurthii (Atili) based diets on carcass 

characteristics and meat quality of Japanese quails. One hundred and twenty day-old quail chicks 

were used. Initial weights were taken and quails were randomly allotted to five dietary treatments 

thus: 0% (T1), 2.5 % (T2) 5% (T3), 7.5% (T4) and 10% (T5) graded-levels of Atili leaf meal (ALM). 

Each treatment had 30 chicks with 3 replicates of 10 birds. Data obtained was subjected to analysis 

of variance. The defeathered weight, eviscerated weight and carcass weight were significantly 

different, with quails fed 5.0% Atili based diet having the highest value (94.46%) and least values 

obtained in quails fed 2.5% Atili-based diet.  The head weight was significantly higher in quails fed 

5.0% Atili-based diet (5.23%) with least value in quails fed 2.5% Atili-based diet (3.97%). The neck 

weight was higher in quails fed 10.0% Atili based diet (5.44%) with least value in quails fed 2.5% Atili-

based diet (3.58%). Breast, drumstick and thigh weights were significantly higher in quails fed 5.0% 

Atili-based diet (25.62%, 6.94% and 9.69% respectively). Quail meat from birds fed 5.0% Atili-based 

diet had the highest pH, water holding capacity and oxidative rancidity (7.00, 53.33% and 2.27mg/kg 

respectively). Meat from birds fed 5.0% Atili-based diet had the least values for cooking loss in all the 

muscle types. In conclusion quails can be fed with Atili leaf meal up to 5.0% due to higher values 

obtained from both the carcass characteristics and meat quality.  

 
Keywords: Carcass characteristics, Meat quality, Japanese quails and Quail meat  

 

 

1.0 INTRODUCTION 

The poultry industry in the developing countries is 

facing some challenges, one of which is increase in 

the cost of feed because of high prices of protein and 

energy sources (Abbas, 2013). According to 

Adelowo et al. (2019) the rapid growth of human and 

livestock population creating increased needs for 

food and feed in the less developed countries, 

demands that alternative feed resources must be 

identified and evaluated. In Low-Income Food-
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Deficit Countries (LIFDCs), surplus of cereals is 

generally not available; therefore, it’s not advisable 

to develop a wholly grain-based feeding system. The 

recommended policy is to identify and use locally 

available feed resources to formulate diets that are as 

balanced as possible (Guèye and Branckaert, 2002). 

Hence, the need, to explore the use of non-

conventional feed sources that have the capacity to 

yield the same output as conventional feeds, and 

perhaps at cheaper cost. In essence, any similar high 

protein ingredient which could partially or 

completely be used as a substitute for soyabean meal 

or fishmeal is desirable.  

 

There is therefore need to research into the use of 

non-conventional feed resources. Example of such is 

Canarium schweinfurthii, it belongs to the family 

Burseraceae and the genus Canarium (Keay, 1989).  

Canarium schweinfurthiii (Atili) trees are rich in 

phenolic substances having significant biological 

properties, the most important of which is 

oleuropein. Oleuropein is the heterosidic ester of 

elenolic acid and hydroxytyrosol (Mujić et al., 2011). 

The most important natural source of this compound 

is the Atili leaf (Govaris et al., 2010). Studies on 

Canarium schweinfurthiii (Atili) leaf demonstrated 

that it includes some medical compounds having 

antihypertensive, antiatherogenic, cardioprotective, 

hypocholesterolemic, hypoglycemic, antimicrobial, 

antiviral, antitumor, anti-inflammatory and 

antioxidant properties (Mujić et al., 2010; Bahsi et 

al., 2016). Canarium schweinfurthiii is a large, 

evergreen forest tree with its crown reaching to the 

upper canopy of the forest, it belongs to the family 

Burseraceae and the genus Canarium. From a global 

perspective, the quest to reduce the use of drugs in 

animal production is on the increase. Therefore, plant 

extracts rich in bioactive compounds with anti-

microbial, antioxidant, and anti-inflammatory 

properties are promising alternatives to antibiotics 

(Lillehoj et al., 2018).  

Therefore, this study was designed to evaluate the 

effects of Canarium schweinfurthii (Atili-based) diet 

on carcass characteristics and meat quality of 

Japanese quails.  

 

2.0 MATERIALS AND METHODS  

2.1 Experiment site 

The study was carried out at the Livestock 

Investigation Department of the National Veterinary 

Research Institute (N.V.R.I.), Vom, Plateau State. 

No ethical approval was requested for this study, 

because it did not include the use of any known toxic 

substance or the use of any unstandardized 

procedure. 

2.2 Experimental animals  

One-hundred-and-twenty-day old quail chicks were 

obtained from Poultry Division, Livestock 

Investigation Department of the National Veterinary 

Research Institute (N.V.R.I.), Vom, Plateau State 

were used and weighed at the beginning of the 

experiment to obtain the initial weight and randomly
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allotted in a completely randomized design to 5 

dietary treatments of 0% (T1), 2.5 % (T2) 5% (T3), 

7.5% (T4) and 10% (T5) graded levels of Canarium 

schweinfurthii (Atili) leaf meal (ALM). Each dietary 

treatment had 30 chicks with 3 replicates of 10 birds.  

 

2.3 Experimental feed  

The diets were isonitrogenous and isocaloric to meet 

the recommended crude protein and Metabolizable 

energy requirements as stated by NRC (1994). Feed 

was provided in treatment specific troughs daily and 

water were given ad libitum.  

 

2.4 Parameters measured 

2.4.1 pH 

The pH value of raw and cooked meat samples were 

determined by weighing 10 grams of sample into a 

blender with 90ml of distilled water and 

homogenised until smooth slurry was formed.  The 

digital pH meter was placed in a buffer solution in 

order to allow equilibrium for two minutes before 

placing it into prepared slurry. An average of three 

readings taken gave the pH value according to 

method described by AOAC (2000). 

 

2.4.2 Water holding capacity  

Water Holding Capacity (WHC) was determined 

according to Wardlaw, Maccaskill, and Acton 

(1973). Minced meat (20 g) was placed in a 

centrifuge tube containing 30 ml of 0.6 M NaCl and 

was stirred with glass rod for 1 min. The tube was 

then kept at 4 ± 1 °C for 15 min, stirred again and 

centrifuged at 3000g (R-24, Remi Instruments, India) 

for 25 min. The supernatant was measured and WHC 

was expressed in percentage. 

 

2.4.3 Analysis of oxidative rancidity (Lipid 

oxidation) 

Thiobarbituric acid value (TBA) was estimated by 

modified methods of Buege and Aust (1978). Three 

mls each of glacial acid and 1% TBA solution were 

added to test tubes appropriately labelled blank and 

tests. 0.6ml of distilled water was added to the blank, 

while 0.6ml of the homogenised sample was added 

to each of the tests tubes. These were thoroughly 

mixed, incubated in a boiling water bath for 15 

minutes, then allowed to cool, after which they were 

centrifuged and their supernatants collected. The 

supernatant from the blank was used to zero the 

spectrophotometer (preset at 532nm) before reading 

the absorbance of the supernatant from the test 

solutions. The amount of TBARS was expressed as 

milligrams of malondialdehyde per gram of sample. 

𝑇𝐵𝐴 =
𝑂. 𝐷 × 𝑉 × 1000

𝐴 × 𝑣 × 𝑙 × 𝑌
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Where: 

O.D = Absorbance of test at 532nm. 

V= Total volume of the reaction mixture = 6.6mL 

A= Molar extinction coefficient of the product, and 

according Buege and Aust (1978) is equal to 

1.56x105 

I= Length of light path =1cm. 

Y= mg of tissue in the volume of the sample used. 

v= volume of tissue extract used =0.6ml 

 

2.4.4 Cooking loss 

The weight of meat was recorded before and after 

cooking and the loss was expressed as percentage 

Cooking loss

=  
Weight of raw meat − Weight of cooked meat

Weight of raw meat

× 100 

 

2.4.5 Sensory evaluation 

A total of 20 trained individuals aged between 20 and 

40 years were used to assess two replicates of the 

prepared sausage. The samples were evaluated using 

a 9-point hedonic scale for flavor, colour, juiciness, 

tenderness, and overall acceptability The scale had a 

maximum score of 9 while the lowest score of 1 was 

assigned to the poorest condition (Mahendraker et 

al., 1988).   

 

2.5 Statistical Analysis  

Data obtained from the experiment were analysed 

using the statistical analysis of variance (ANOVA) 

procedure of SAS 2010 and significant level of 

p=0.05 was used. The treatment means were 

compared using the New Duncan multiple range test 

of the same software. 

 

3.0 RESULTS 

Table 1 shows the effect of Atili-based diet on live 

weight and carcass characteristics of quails. The 

defeathered weight, eviscerated weight and carcass 

weight were significantly different with quails fed 

5.0% Atili based diet having the highest value 

94.46%, 79.54% and 67.07% respectively with least 

values obtained in quails fed  2.5% Atili based diet.  

 

 

 

 

 

 

 

Science and Development 
Volume 7, No. 2, November 2023 

ISSN: 2821-9007 (Online) 

 

 

Oshibanjo et al., 2023 • Carcass characteristics and meat quality of Japanese quails as influenced by…       115 



 

Table 1: Effect of Atili-based diet on live weight and carcass characteristics of quails 

Parameters (g) Control 2.50% 5.00% 7.50% 10.00% SEM 

  
Atili-based  Atili-based   Atili-based  Atili-based  

 

  
Diet diet diet diet 

 
Live weight 153.42ab 166.25a 136.73b 144.70ab 158.37ab 4.11 

Bled weight   96.21 94.62 95.85 94.1 93.8 0.41 

Defeathered 

weight 91.63ab 92.17ab 94.46a 90.00b 90.97ab 0.55 

Eviscerated weight 72.73b 69.33b 79.54a 72.14b 73.29ab 1.11 

Carcass weight 62.17ab 58.51b 67.07a 56.02b 61.30ab 1.31 

a, b, c means with different superscripts on the same row differ significantly (P<0.05) 

SEM=Significant Error of Mean. 

 

The effect of Atili-based diet on relative weight of 

offals of quails is shown in Table 2.  The shank, heart, 

full gizzard and liver weights shows no significant 

differences.  The head weight was significantly 

higher in quails fed 5.0% Atili based diet (5.23%) 

with least value in quails fed 2.5% Atili based diet 

(3.97%). The neck weight was higher in quails fed 

10.0% Atili based diet (5.44%) with least value in 

quails fed 2.5% Atili based diet (3.58%). The 

intestinal weight was higher in quails fed 2.5% Atili 

based diet (7.10%) with least value in quails fed 5.0% 

Atili based diet (3.48%). Table 3 presents the effect 

of Atili-based diet on relative weight of primal cuts 

of quails.  Breast, broomstick and thigh weights were 

significantly higher in quails fed 5.0% Atili based 

diet (25.62%, 6.94% and 9.69% respectively) with 

least values in quails fed 2.5% Atili based diet 

(21.38%, 5.13% and 7.59% respectively). The back 

and wings showed no significant difference.  
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Table 2: Effect of Atili-based diet on relative weight of quail offals 

Parameters (g) Control 

2.5%  

Atili-based 

diet 

5.0%   

Atili-based 

diet 

7.5%  

Atili-based 

diet 

10.0%  

Atili-based 

diet SEM 

Head weight 4.38b 3.97b 5.23a 4.22b 4.24b 0.13 

Neck weight 3.99bc 3.58c 5.18ab 5.25ab 5.44a 0.22 

Shank weight 1.64 1.49 1.84 1.68 1.73 0.05 

Heart weight 0.99 0.87 1.11 0.89 0.88 0.04 

Full gizzard weight 3.13 3.46 2.77 2.85 2.96 0.11 

Liver weight 2.41 3.03 2.28 2.17 2.33 0.14 

Intestinal weight 4.88ab 7.10a 3.48b 5.23ab 5.57ab 0.38 

a, b, c means with different superscripts on the same row differ significantly (P<0.05) 

SEM=Significant Error of Mean.   

 

 

Table 3: Effect of Atili-based diet on relative weight of primal cuts of quails 

Parameters (g) Control 

2.5%  

Atili-based 

diet 

5.0%   

Atili-based 

diet 

7.5%  Atili-

based diet 

10.0%  

Atili-based 

diet SEM 

Breast weight 24.23ab 21.38c 25.62a 22.55bc 24.42ab 0.46 

Back weight 19.84 17.71 18.68 16.09 17.95 0.54 

Drumstick weight 6.22ab 5.13c 6.94a 5.73bc 5.95bc 0.17 

Thigh weight 8.45ab 7.59b 9.69a 9.04ab 8.76ab 0.25 

Wings weight 5.34 4.90 6.00 5.56 4.85 0.18 

a, b, c means with different superscripts on the same row differ significantly (P<0.05) 

SEM=Significant Error of Mean. 
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Table 4 shows the effect of Atili-based diet on meat 

quality of quails.  Significant differences were 

observed for pH, water holding capacity and 

oxidative rancidity. Quail meat from birds fed 5.0% 

Atili based diet had the highest pH, water holding 

capacity and oxidative rancidity (7.00, 53.33% and 

2.27mg/kg respectively). The cooking loss from 

breast, drumstick and thigh muscles showed no 

significant difference but quail meat from birds fed 

5.0% Atili based diet had the least values for cooking 

loss in all the muscle types.  

 

Table 4: Effect of Atili-based diet on quail meat quality 

Parameters Control 

2.5%  

Atili-

based diet 

5.0%  Atili-

based diet 

7.5%  

Atili-based 

diet 

10.0%  

Atili-based 

diet SEM 

pH 6.87b 6.90b 7.00a 7.00a 6.90b 0.02 

Water holding capacity (%) 41.67c 43.33bc 53.33a 46.67b 20.00d 3.04 

Oxidative rancidity (mg/kg) 1.47b 1.21b 2.27a 1.11b 1.15b 0.12 

Breast cooking loss (%) 27.00 25.30 22.41 26.54 23.42 2.32 

Drumstick cooking loss (%) 13.43 15.82 9.59 18.16 13.99 1.22 

Thigh cooking loss (%) 14.50 15.28 12.37 12.67 13.06 1.63 

a, b, c means with different superscripts on the same row differ significantly (P<0.05)  

SEM=Significant Error of Mean. 
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4.0 DISCUSSION 

Similar observations were seen in Table 2 for Head 

weight, Shank and Heart weights respectively on 

relative live weight of quail offals. However, relative 

weight of primal cuts of quails, Drumstick weight, 

thigh weight, breast weight and wings weight was 

higher in quails fed diet T3 at (5.0%) graded level of 

inclusion. This suggests that inclusion of Atili-based 

diet at 5.0% level could bridge the existing gap 

between the conventional feeding stuff thereby 

reducing the cost of over -depending on the said 

feeding stuff, this will result in minimizing cost of 

feed production and maximizing production of 

poultry birds as required to meet the demand of 

poultry meat consumption in Nigeria and other 

countries of the world. 

The absence of variation observed in relative weight 

of quail carcass characteristics in Bled weight and 

offals (the shank, heart, full gizzard weight and liver 

weight), primal cuts of quails (Back weight and 

wings weight) could be attributed to the nutrient 

availability of the Atili-based diets which produced 

uniform sizes of the birds (P>0.05). However, 

significant effect (P<0.05) recorded on some 

parameters evaluated at different level of inclusion 

across the treatment may probably because the 

inclusion levels of the test ingredients did not reach 

the threshold level that could have affected the 

weight of the various visceral organs and cuts parts 

(Alu et al., 2018). 

There was significant variation in pH values, water 

holding capacity and oxidative rancidity   across 

treatment levels. A pH of 6.87 was observed and falls 

within the same range value of 6.17 and 6.00 reported 

by some authors (Genchev et al.,2008). This can be 

attributed to equal sanitary measures during slaughter 

which might increase the microbial load leading to a 

higher pH. Cooking loss of meat from breast, 

drumstick and thigh muscle revealed no significant 

difference (P>0.05). Control diet had the highest 

cooking loss for breast while meat obtained from 

5.0% Atili-based diet had the lower cooking loss of 

(22.41%). This may be seen as pH reduced the water 

holding capacity. Atili-based diet at 5.0% level of 

inclusion recorded highest water holding capacity 

WHC than the control diet which is in consonant with 

the report of Naveena and Mendiratta (2001). The 

water holding capacity as presented in Table 4, 

showed significant difference (p < 0.05) across the 

treatments. This result contradicts the finding of 

Samson et. al., 2019 on meat quality of Japaneses 

quail feed graded levels fermented mango kernel 

meal. Which shows that water holding capacity 

remain constant and indicated that quail meat has 

high water holding capacity. With this result, 

variance in nutrient composition of mango kernel 

meal, processing method and microbial activities 

could be   responsible for the differences in the result 

of this present findings.
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5.0 CONCLUSION 

The carcass evaluation and meat quality of Japanese 

quails fed (Atili-based) diet in this experiment shows 

that the birds assigned 5.0% based diet recorded 

highest values and produced reasonable meat quality 

which is associated with De-feathered weight, 

eviscerated weight and carcass weight.  
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ABSTRACT 

Soybean is infected by a wide range of diseases, many of which are seed-borne. Infection by seed-

borne pathogens leads to seed rot, low seed germination, low seedling vigour and reduced plant 

growth as well as marketability. This study investigates seed-borne fungal pathogens that are 

associated with farmer saved soybean seeds and identify best seed treatment for controlling them to 

enhance seed quality. Seed-borne fungal pathogens on farmer-saved seeds of soybeans was 

investigated by examining a total of eleven (11) seed samples from two districts (Saboba and Yendi) 

in the Northern region and one from CSIR-Savanna Agricultural Research Institute (CSIR-SARI). A 

total of nine fungi genera were identified to be associate with the soybean seeds including pathogenic 

Cercospora spp., Alternaria spp., Fusarium spp., Macrophomina phaseolina and saprophytic 

Aspergillus flavus, Aspergillus niger, Penicillium spp., Curvularia spp. and Rhizopus stolonifer. 

Rhizopus stolonifer (21.5%) and Aspergillus niger (7.0%) revealed the highest and lowest prevalence 

respectively. Treatment of soybean seeds with Monceren GT 390 FS, Insector T 45, Garlic extract 

and Neem seed extract over a period of 90 days resulted in a decrease in fungal prevalence as well 

as improved seed germination and seedling vigour. Pot experiment conducted to determine 

pathogenicity of Microphomina phaseolina, Cercospora spp., Aternaria spp. and Fusarium spp. 

proved to be pathogenic. These findings indicate that farmers saved soybean seeds in Ghana is 

fungal infected and seed treatment alleviates the destructive effect of these microbes, thus enhancing 

seed quality and promoting food security in Ghana. 

Keywords: Pathogens, Seed-borne, pathogenicity 

 

1.0 INTRODUCTION 

 

Soybean (Glycine max (L.) Merrill) is an important 

legume crop, cultivated in the tropical, subtropical 

and temperate climates (Shurtleff and Aoyagi 2007; 

IITA, 2009). The world production is 318.95
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million metric tonnes with 89% from Argentina, 

Brazil, United States and China (FAO, 2014). In 

Africa, South Africa is the leading producer of 

948,000 MT followed by, Nigeria (679,000), Zambia 

(214,179), Malawi (120,903) and Zimbabwe 

(74,951) (FAO, 2014). Moreover, soybean 

production in Ghana is mainly in the Northern, Upper 

West, Upper East, Central and Volta regions where 

Northern region is the major production area 

(Lawson et al., 2008) which contributes to about 77% 

of the national production (SRID, 2012).  Soybean is 

an excellent source of major nutrients, about 40% 

protein, 30% carbohydrate, 20% oil and varying 

levels of vitamins and minerals, including calcium, 

folic acid, and iron (Sauvant et al., 2004; 

Lakshmeesha et al., 2013).  

Locally, it can be processed into many food products 

such as wean mix, soy ‘khebab’, ‘apapransa’, 

soymilk, ‘koose’, stew, and ‘tubani’ (Mbanya, 2011). 

However, like other grain legumes, its production is 

significantly constrained by abiotic and biotic 

stresses. Among these stresses, diseases are the major 

limiting factor against the vast global production of 

which many are seed-borne (Lakshmeesha et al., 

2013). More than 100 pathogens including over thirty 

fungi and six bacteria are known to be seed-borne 

pathogens of soybean (Kulik and Sinclair, 1999a; 

Roy et al., 2000). Infection by seed-borne pathogens 

results in seed rots, poor germination, reduction in 

seedling vigour, plant growth and crop productivity 

(Kubiak and Korbas, 1999; Dawson and Bateman, 

2001; Akranuchat et al., 2007). Several studies have 

reported species of seed-borne pathogens that are 

associated with soybean in different ecological zones 

and different approaches have been employed 

globally to mitigate the destructive effect of these 

pathogens and ensure quality yield (Ramannuj et al., 

2014; Oladimeji et al., 2016). Efforts made include 

breeding for disease resistant varieties, use of 

biological agents, crop management, and the use of 

seed treatment. Moreover, in Ghana, not much 

studies have been reported on seed-borne fungal 

pathogens that are associated with soybean. In view 

of this, investigating and providing information on 

seed-borne fungal pathogens that are associated with 

farmer saved soybean seeds and identifying the best 

seed treatment in controlling them will enhance seed 

quality, thus promoting global food security. This 

study aims to detect and identify seed-borne fungal 

pathogens associated with farmer saved soybean 

seeds and asses the effect of different seed treatments 

on fungal growth, seed germination and seedling 

vigour.  

 

 

2.0  MATERIALS AND METHODS 

2.1 Experiment site and Seed Collection 

The research was conducted at the Seed Laboratory 

of Ghana Seed Inspection Directorate, Pokuasi, Plant 

Pathology Laboratory and the Research field of 

Department of Crop Science, University of Ghana, 

Legon.
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Soybean seeds were randomly sampled from farmers 

within ten communities in two districts in the 

Northern region of Ghana. These communities 

include Nalog Tindando, Gbadagbam, Garimata 

Yankazia, Zang, Kanisheigu, Zangban, Gumbaliga 

and Sunsong-Gbung. A check sample was obtained 

from the CSIR-Savanna Agricultural Research 

Institute. Seeds were kept in plastic bags and stored 

in a cold room at a temperature of 4°C prior to seed 

health test and treatment application. 

 

2.2 Isolation and detection of Fungal 

Pathogens 

Isolation of seed-borne fungal pathogens was 

performed using the blotter and agar plate methods 

described by ISTA (2007) and Mathur and Kongsdal, 

(2003) respectively with slight modification. For the 

blotter method, three sets of blotter papers were 

moistened with a sterilized distilled water and lined 

in 90 mm diameter petri plates. Seeds were surface 

sterilized with 1% sodium hypochlorite for 1 minute 

and rinsed three times with sterilized distilled water. 

A Completely Randomized Design (CRD) was used 

with four replications. 200 seeds from each sample 

were used with 50 seeds per replicate. Ten seeds were 

plated per petri plate using a pair of forceps and 

incubated at 24 ± 2°C for 7 days. Fungi isolates that 

associates with the seeds were culture onto a Potato 

Dextrose Agar (PDA) medium and incubated 24 ± 

2°C for 7 days depending on the sporulation nature 

of the fungi. Fungi isolates were sub-culture thrice to 

obtained pure culture for easy identification. Culture 

morphologies such as the colour, shape and growth 

rate were also used in the identification. Each isolate 

was prepared on a slide, examined under a compound 

microscope and identity confirm with the aid of a 

mycological literature.  

 

2.3 Pathogenicity test 

Pathogenicity test was conducted for four fungal 

isolates to confirm their identity following Koch’s 

postulate. Spore suspension of Cercospora spp., 

Alternaria spp., Fusarium spp., and Macrophomina 

phaseolina were prepared from two weeks old 

sporulated culture and inoculated onto a four weeks 

old soybean plants. Control plants were sprayed with 

distilled water and disease development was 

observed after 2 weeks. 

 

 

2.4 Seed Treatment 

Highly fungi infected seed samples were treated with 

Monceren GT 390 FS, Insector T 45, Neem seed 

(Azadirachta indica) extract and Garlic (Allium 

sativum) extract (Table 1). Neem seed extract was 

prepared following modification of method 

described by Adjei (2011). Garlic extract was 

prepared by blending gloves to form a paste. Fifty 

percent (50%) concentration of both garlic and neem  

extracts were prepared by adding fifty grams of the 
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the paste to 100 ml of distilled water and filtered with          

four layers of clean cheese cloth into a conical flask. 

 

Table 1: Treatments composition and application rate  

 

 

 

 

 

 

 

 

2.5 Treatment application  

Seed treatment with garlic and neem seed extracts 

were performed by applying 10 mL extract to 100 g 

seeds in a zip lock bag, shaken vigorously for evenly 

distribution and incubated for 20 minutes. The seeds 

were dried under shade on a surface transparent 

plastic bag for 30 minutes. A 2.5 mL of Monceren 

GT 390 FS was used for seed treatment at a rate of 1 

kg of the seed weight, and 5 g of Insector T 45 was 

used to treat 1 kg of seeds. Both treated and untreated 

seeds were kept in a zip lock bags and stored in a cold 

room at 4°C over a period of three months. Seeds 

were assessed monthly for a three months period. 

The prevalence of fungal pathogens were calculated 

using the formula below: 

Percentage prevalence of individual fungal = 

Number of infected seeds by individual fungi  

Total number of seeds planted
× 100% 

 

2.6 Seed germination and seedling vigour 

Assessment  

Germination and seedling vigour test were conducted 

before and after seed treatments. Germination test 

was performed following the sand method (ISTA, 

2007) by sowing 400 seeds in seed trays with 100 

seeds per replicates and grown in a growth room with 

temperature of 22°C. Germination count, dead seeds 

as well as normal and abnormal seedlings were 

evaluated  on the 8th day and germination percentage 

determined using the formula below.
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Treatments Active ingredient Rate of application 

Insector T 45 Imidacloprid 350g/kg + Thiram 100g/kg     5g/kg 

Moncern GT 390 FS 20% Imidacloprid and 20% Pencycuron       2.5 ml/kg 

Neem seed extract Azadirachtin     100 ml/kg 

Garlic extract Allicin     100 ml/kg 

Untreated control N/A     N/A 



 

Germination count, dead seeds as well as normal and 

abnormal seedlings were evaluated on the 8th day 

and germination percentage determined using the 

formula below. 

Germination percentage (%) = 

Number of germinated seeds  

Total number of seeds planted
× 100% 

For vigour test, 10 seedlings were randomly selected 

from each treatment and their lengths measured. 

Seedling vigour index was calculated using the 

formula below described by (Oshone et al., 2014; 

Khan et al., 2015).  Seedling vigour index = Mean 

seedling length (cm) × Germination percentage (%). 

 

2.7 Statistical analysis 

Data obtained including incidence of seed-borne 

fungi, germination percentage and seedling vigour 

were subjected to analysis of variance (ANOVA) 

using GenStat (12th Edition) and the differences 

between means were separated using the Least 

Significance Difference (LSD) at 5% level of 

probability. Data on fungi prevalence were Arcsine 

transformed to stabilize the variance before analysis. 

 

3.0 RESULTS  

3.1 Detection and identification of Seed-

borne Fungal Pathogens on Soybean Seed 

Samples obtained from CSIR-SARI, Saboba 

and Yendi District of Ghana 

In order to identify the fungal isolates that associates 

with saved-soybean seeds, sample seeds were plated 

on a moist blotter paper and PDA. A total of nine 

seed-borne fungal pathogens were isolated from the 

soybean seed samples obtained from the different 

locations (Table 2; Table 3, Figure S1). Among these 

nine fungi isolated, four are pathogenic fungi species 

(Cercospora spp., Alternaria spp., Fusarium spp., 

Macrophomina phaseolina) and five are saprophytic 

species (Aspergillus flavus, Aspergillus niger, 

Penicillium spp., Curvularia spp. and Rhizopus 

stolonifera) (Figure S1) suggesting that both class of 

fungi are associated with the soybean seed samples. 

Moreover, In Saboba district, three (Rhizopus 

stolonifer, Fusarium spp. and Aspergillus niger) 

were isolated from all five seed samples obtained in 

all the communities (Table 2). However, Penicillium 

spp., Cercospora spp. and Macrophomina phaseolina 

were isolated from seed samples from four seed 

samples and Alternaria spp. Curvularia spp. and 

Aspergillus flavus were isolated from three seed 

samples. Furthermore, seed health test conducted on 

seed samples obtained from Yendi district revealed 

that 6 fungal pathogens including Rhizopus 

stolonifer, Fusarium spp., Aspergillus flavus, 

Aspergillus niger, Macrophomina phaseolina, and 

Curvularia spp. were associated with all the seed 

samples (Table 3).
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Table 2: Prevalence of Fungal Pathogens on Seed Samples obtained from Saboba District and CSIR-

SARI 

  Communities  

Fungal Pathogens 

(%) Nalong Tindando Gbadagbam Garimata Yankazia CSIR-SARI 

Alternaria spp. 10.7 9.0 12.2 - - 11.7 

Aspergillus flavus 9.0 - 10.5 9.8 - 11.5 

Aspergillus niger 10.5 12.6 12.0 7.8 9.8 9.6 

Cercospora spp. 9.0 10.5 - 9.3 11.9 9.8 

Curvularia spp. 9.8 9.0 - 12.6 - - 

Fusarium spp. 14.1 12.8 13.2 14.6 15.2 9.8 

Macrophomina 

phaseolina - 13.4 12.0 8.5 12.2 9.0 

Penicillium spp. 12.0 7.0 9.0 - 9.9 - 

Rhizopus stolonifer 17.4 17.9 18.4 17.8 21.5 16.9 

LSD (p<0.05) 2.9 3.9 3.2 5.7 4.3 3.0 

 

 

Moreover, In Saboba district, three (Rhizopus 

stolonifer, Fusarium spp. and Aspergillus niger) 

were isolated from all five seed samples obtained 

in all the communities (Table 2). However, 

Penicillium spp., Cercospora spp. and 

Macrophomina phaseolina were isolated from 

seed samples from four seed samples and 

Alternaria spp. Curvularia spp. and Aspergillus 

flavus were isolated from three seed samples. 

Furthermore, seed health test conducted on seed 

samples obtained from Yendi district revealed 

that 6 fungal pathogens including Rhizopus 

stolonifer, Fusarium spp., Aspergillus flavus, 

Aspergillus niger, Macrophomina phaseolina, 

and Curvularia spp. were associated with all the 

seed samples (Table 3). Besides, Cercospora 

spp. was isolated from three seed samples, while 

Penicillium spp. was isolated from two seed 

samples (Table 3) and seed samples obtained 

from CSIR-SARI were found to be associated 

with seven fungi pathogens (Table 2).  Also, 

there were significant (p<0.05) difference 

among fungal prevalence which suggest that 

fungi prevalence is community specific.   

However, there were no differences among 

prevalence of Cercospero spp., Alternaria spp.,  

Fusarium spp., Macrophomina phaseolina, 

Aspergillus flavus, Aspergillus niger.
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The highest fungal prevalence was revealed on 

Rhizopus stolonifer (16.9%), Alternaria spp. 

(11.7%), Aspergillus flavus (11.5%). Fusarium 

spp. and Cercospora spp. also with prevalence 

of 9.8% each, while Aspergillus niger, and 

Macrophomina phaseolina, had 9.6% and 9.0% 

respectively. However, Penicillium spp. and 

Curvularia spp. fungal pathogens were not 

associated with the seed sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Soybean seedlings showing infection of the various pathogenic fungi: (A) Leaf spot 

(Cercospora spp.), (B) Leaf spot (Alternaria spp.), (C) rot (Macrophomina phaseolina), (D) Post-emergence 

death (Fusarium spp.), (E) Negative control. The red arrows indicate symptoms of the various isolates. 
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3.2 Pathogenicity Test of Four Fungal Isolates 

on Soybean Plants 

To confirm whether the isolated pathogens infect 

soybean plants, a 4-week-old soybean plants were 

inoculated with four different fungal isolates. The 

pathogenicity test revealed that all inoculated plant 

developed disease symptoms a week after 

inoculation compared with the control (Figure 1). 

Re-isolation tests revealed that, inoculated fungal 

isolates were the causal organism of the observed 

disease symptoms on the plants as all plants samples 

had a degree of chlorosis, lesions (spot) and wilt.

 

Table 3: Prevalence of Fungal Pathogens on Seed Samples obtained from Yendi District 

 

3.2 Effect of Seed Treatments on Seed-

borne Fungal Pathogen  

To further evaluate the effect of various treatments 

on the identified seed-borne fungal pathogens, 

seeds were subjected to different treatments. Seed 

treatments were able to reduce fungal prevalence in 

the seed sample when treated and stored over a 

period of 90 days. There was a significant (p<0.05) 

differences among fungi prevalence when seeds 

were treated with Monceren GT 390 FS and stored 

over a period of 90 days (Table 4).  Moreover, the 

prevalence of Alternaria spp., Aspergillus flavus, 

Aspergillus niger, Cercospora spp. Curvularia 

spp., Macrophomina phaseolina and Penicillium 

spp. did not show any significant difference and 
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  Communities  

Fungal Pathogens (%) Zang Kanisheigu Zangban Gumbaliga Sunsong-Gbung 

Alternaria spp. 14.2 13.2 8.5 - 10.5 

Aspergillus flavus 12.9 12.2 9.9 9.8 11.5 

Aspergillus niger 13.5 8.5 10.7 7.0 12.0 

Cercospora spp. 11.4 8.1 - 10.5 - 

Curvularia spp. 9.8 12.6 10.7 13.2 9.3 

Fusarium spp. 11.4 12.0 11.9 12.6 15.2 

Macrophomina 

phaseolina 12.0 10.5 7.8 12.9 13.2 

Penicillium spp. 14.1 10.5 - - - 

Rhizopus stolonifer 18.8 17.9 18.4 19.7 17.8 

LSD (p<0.05) 3.0 5.7 5.6 4.0 4.5 



 

Table 4: Prevalence of Fungal Pathogens after Treatment and Storage for 90 days 

  Seed Treatments 

Fungal Isolates 

(%) 

Monceren 

GT 390 

FS 

Insector T 

45 

Neem Seed 

Extract 

Garlic 

Extract Untreated Seeds 

Alternaria spp. 4.1 5.3 5.3 9.1 19.4 

Aspergillus flavus 4.1 4.1 5.3 7.8 16.9 

Aspergillus niger 4.1 4.1 4.1 6.6 16.4 

Cercospora spp. 4.1 5.3 5.3 6.6 16.4 

Curvularia spp. 4.1 4.1 4.1 7.4 17.4 

Fusarium spp. 5.3 4.1 6.6 7.8 16.3 

Macrophomina 

phaseolina 4.1 4.1 6.6 5.3 18.4 

Penicillium spp. 4.1 5.3 4.1 5.3 16.9 

Rhizopus 

stolonifer 10.7 9.1 7.8 11.5 21.5 

LSD (p<0.05) 1.5 2.1 3.1 3.8 2.4 

 

 

their prevalence were reduced to 4.1% each 

compared with untreated seeds (Table 4). Fusarium 

spp. and Rhizopus stolonifer also revealed a 

prevalence of 5.3% and 10.7% respectively, while 

the untreated had 16.3% and 21.5% respectively 

(Table 4). Furthermore, seed treated with Insector T 

45 over a period of 90 days recorded a significant 

(p<0.05) reduction on fungal prevalence. The 

prevalence of Aspergillus flavus, Aspergillus niger, 

Curvularia spp., Fusarium spp. and Macrophomina 

phaseolina were reduced to 4.1% each compared 

with the untreated seeds (Table 4), while prevalence 

of Rhizopus stolonifera was reduced from 21.5% in 

untreated seed to 9.1%.  Although, there was no 

significant (p>0.05) difference among fungal 

prevalence when seeds were treated with neem seed 

extract for a period of 90 days, the prevalence of 

Aspergillus niger, Penicillium spp. and Curvularia 

spp. were reduced to 4.1% each compared with the 

untreated seeds which observed an increase 

prevalence of 16.4%, 16.9% and 15.4% respectively 

(Table 4). Similarly, Alternaria spp., Aspergillus 

flavus and Cercospora spp. revealed a prevalence of 

4.1% each, while Fusarium spp. and Macrophomina 

phaseolina both observed a prevalence of 6.6% 

(Table 4). Seeds treated with garlic extract and stored 
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for a period of 90 days revealed no significant 

(p>0.05) difference among fungi prevalence (Table 

4). Both Macrophomina phaseolina and Penicillium 

spp. revealed the least (5.3%) prevalence, while the 

untreated seeds revealed 18.4% and 16.9% 

respectively. 

3.3 Effect of Seed Treatments on 

Germination and Seedling Vigour of 

Soybean Seeds 

To determine the efficacy of seed treatment on the 

seed health, germination and seedling vigour test 

were perform prior to treatment and after 30, 60 and 

90 days of seed treatment and storage. Results 

obtained showed a significant (p<0.05) difference on 

germination percentage and seedling vigour among 

the seed samples. In the Saboba district, germination 

percentage of seed samples obtained from Nalong, 

Tindando and Yankazia did not show any differences 

(Table 5). The highest germination was revealed on 

seed samples obtained from Garimata (79.8%) while 

Nalong and Yankazia revealed the least with 76.8% 

each (Table 5). Similarly, there were differences 

among seed samples obtained from the Yendi district 

(Table 5). Seed sample obtained from Zangban 

observed the highest germination (78%), while the 

lowest was observed on seed sample obtained from 

Zang with 71.3%. With respect to seedling vigour, 

seed samples obtained from Tindando (1114.3) and 

Yankazia (1034.2) in the Saboba district recorded the 

highest and lowest seedling vigour respectively. 

However, Zangbang (1092.0) and Zang (892.6) in the 

Yendi district recorded the highest and lowest 

seedling vigour respectively.  

 

Table 5: Germination Percentage and Seedling Vigour on Seed Samples obtained from CSIR-SARI, 

Saboba and Yendi Districts  

Locations Communities (Samples) Germination Percentage (%) Seedling Vigour Index 

 Nalong 76.8 1047.7 

  Tindando 77.3 1114.3 

 Soboba Gbadagbam 78.0 1092.1 

  Garimata 79.8 1098.6 

  Yankazia 76.8 1034.2 

 Zang 71.3 892.6 

  Kanisheigu 75.0 1020.0 

 Yendi Zangban 78.0 1092.0 

  Gumbaliga 73.3 1062.2 

  Sunsong-Gbung 74.3 1007.9 

CSIR-SARI CSIR-SARI 78.8 1145.8 

 LSD (p<0.05) 1.4 45.7 
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The various seed treatment showed an increased in 

seed germination and seedling vigour for the period 

30, 60 and 90 days of treatment and storage (Figure 

2, Figure 3). However, there was a significant 

(p<0.05) increase in germination and seedling vigour 

when treated and stored over a period of 90 days. 

Monceren GT 390 FS seed treatment increased seed 

germination from 60.8% in untreated seed to 85% 

(Figure 2), while seedling vigour increased to 1360.1 

(Figure 3). Furthermore, Insector T 45 seed treatment 

was able to increase seedling vigour from 732.2 in 

untreated seeds to 1360.1. Neem seed extract 

revealed an increase in germination and seedling 

vigour. Germination was increased to 75% after 90 

days of seed treatment and storage. Meanwhile, 

seedling vigour was increased to 1107.5 (Figure 3). 

It was observed that seed treated with garlic extract 

and stored for a period of 90 days obtained a high 

germination of 75.5% (Figure 2) and seedling vigour 

of 1070.2 (Figure 3). 

 

 

 

Figure 2. Effect of seed treatments on germination after storage for 90 days period 
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Figure 3. Effect of seed treatments on seedling vigour after storage for 90 days period 

 

 

4.0 DISCUSSION 

Soybean production is significantly constrained by 

diseases of which seed-borne pathogens are a threat 

to the attainment of food security in sub Saharan 

Africa (Lakshmeesha et al., 2013; Gao et al., 2014). 

Seed quality and health examination indicates that all 

eleven seed samples were found to be associated with 

eight fungal genera, comprising of four pathogenic; 

Cercospora spp., Alternaria spp., Fusarium spp., 

Macrophomina phaseolina, and five saprophytic 

Curvularia spp., Aspergillus niger, Aspergillus 

flavus, Rhizopus stolonifer and Penicillium spp. 

Rhizopus stolonifera. Moreover, prevalence of 

fungal pathogen varied across location except for 

Fusarium spp. and Aspergillus niger which were 

found on all seed samples obtained from the different 

locations suggesting that the prevalence of fungi 

pathogen is location specific and that trade and/or 

transport of infected seeds could enhance the 

prevalence pathogens in new areas (Anderson et al, 

2004). This variation could be as a result of the 

different farming practices which contributes to 

increase in pathogens (Pickett and Pruitt, 1989). 
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The prevalence of Rhizopus stolonifer, Penicillium 

spp., Aspergillus flavus, Aspergillus niger and 

Curvularia spp. could be attributed to poor storage 

and environmental conditions (Gupta et al., 1993, 

and Anwar et al., 1995). The fungal pathogens that 

were isolated from the seed samples have been 

reported to be associated with soybean seeds by 

several authors (Moss and Smith, 2006; Shovan et 

al., 2008; Ramesh et al., 2013; Ibrahim, 2015; 

Venugopal et al., 2015). Furthermore, all seed 

treatments suppress the prevalence of the pathogens 

that were associated with soybean seeds. Reduction 

in fungal prevalence by the individual seed treatment 

could be attributed to the effect of the active 

ingredients in reducing the primary source of disease 

inoculum in the seeds (Amare et al., 2014).  

Seed treated with fungicide revealed a reduction in 

pathogen severity (Scherm et al., 2012). This show 

the effectiveness of the various treatments because 

each treatment was able to reduce the fungal 

population which suggest that these chemicals can 

prolong the storability of soybean seeds. 

Interestingly, seed samples treated with Monceren 

GT 390 for a 90-day period was very effective in 

reducing Alternaria spp., Aspergillus flavus, 

Aspergillus niger, Cercospora spp. Curvularia spp., 

Macrophomina phaseolina and Penicillium spp. to a 

lower prevalence due to the active ingredient 

(Imidacloprid and Pencycuron) inhibiting fungal 

inoculum (Table 4). All fungal pathogens were 

reduced to a lower prevalence when seeds were 

treated with Insector T 45 (Table 4) which could be 

due to the effect of the active ingredient 

(Imidacloprid and Thiram) in reducing fungal 

inoculum. Thiram has been reported to be effective 

in suppressing pre- and post–emergence of damping-

off where cultivars were artificially inoculated with 

Fusarium graminearum Group 1 (Lamprecht et al., 

1990). Similarly, Solanke et al., (1997) detected that 

pre- and post-emergence mortality caused by 

Aspergillus spp., F. moniliforme, Curvularia lunata, 

A. alternate and Penicillium spp. were controlled 

using thiram. Interestingly, combination of thiram 

and procloraz application suppresses mycelial 

growth of some Fusarium species (Song et al., 2004) 

and that of thiram and carboxim effectively reduced 

Gaeumannomyces zeae (Southwell et al.  2003). In 

this study, neem seed extract was effective in 

managing the fungal pathogens that were isolated 

(Howlader, 2003).  

The reduction of these pathogens could probable be 

the azadirachtin property in the neem seed extract 

proven to inhibit the incidence of Fusarium 

moniliforme and other seed-borne fungal infections 

in sorghum (Masum et al., 2009). Similarly, 

Macrophomina phaseolina associated with seeds 

were controlled with neem extract (Dubey et al., 

2009; Javaid and Saddique, 2011). Mondall et 

al., (2009) also reported that seed treatment with 

garlic extract, neem, gagra, vatpata, Bishkatali 

leaf extracts reduced seed-borne prevalence and 

increased germination percentage of wheat seeds. 

Germination and seedling vigour analysis that
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Germination and seedling vigour analysis revealed 

that all seed treatment improved seed germination 

and seedling vigour compared with untreated seed 

(Figure 2, Figure 3) due to the effectiveness of the 

active ingredients in the treatments (Mancini and 

Romanazzi, 2014). Higher germination recorded 

could be an indication that the treatments protected 

the seedling against phytopathogens (Taye et al., 

2013). Increased in seed vigour index in treated seeds 

of tomato, rice, castor and chickpea seeds has been 

reported (Jamadar and Chandrashekar, 2015; Patil et 

al., 2015). Germination percentage and seedling 

vigour of seeds treated with Monceren GT 390 FS 

increased compared with the untreated at the end of 

the 90 days. This increment observed could be 

attributed to the reduction in fungal prevalence by the 

seed treatment. Similarly, Patil et al. (2015) and 

Sivparsad et al. (2014) reported that seed treatment 

of sesame and chickpea seeds increased germination 

percentage similar to that observed in this current 

study. Seeds infected with pathogens may result in 

poor seed germination and seedling vigour as 

untreated seeds are mostly infected with pathogens 

resulting in poor seed germination and seedling 

vigour. Besides, seed-borne pathogens such as 

Curvualria lunata and Fusarium spp. have been 

reported to cause reduction in seed germination in 

pearl millet cultivar (Ijaz et al., 2001).  Seed treated 

with Insector T 45 resulted in significant increase in 

germination and seedling vigour compared to 

untreated seeds. Seed treated with thiram has proved 

to be effective in improving maize viability and 

emergence (Pinto, 1997) and increased germination 

and emergence of pea seeds by 33% and 29% 

respectively (Xue, 2003). High germination 

percentage and emergence were recorded on maize 

seeds treated with combined thiram and carboxim 

(Southwell et al., 2003). Seed treatment with garlic 

extract enhanced effective control seed-borne fungal 

pathogens and improved germination from 60.65% 

in untreated to 75.5% in treated seeds as well as 

seedling vigour. Garlic contains an active ingredient 

called allicin, which serves as a precursor for 

biosynthesis of sulphur compounds including ajoene, 

allyl sulfides, and vinyldithiins (Koscielny et al., 

1999). Scientifically, garlic has been confirmed as a 

natural antibiotic, antiviral and antifungal agent 

(Michelle, 2003). Allicin in garlic extract suppress 

rice seed-borne pathogens (Mansur et al., 2013) and 

application of garlic extract reduced Bipolaris 

sorokiniana and Drechslera tritici-repentis infection 

on two wheat cultivars (Perelló et al., 2013). Mansur 

et al. (2013) reported an increase germination of rice 

seeds treated with garlic extract from 67.68% in 

untreated to 91.67% in treated seeds. However, low 

germination percentage recorded on untreated 

seeds could be as a result of the high fungal 

infection (Islam and Monjil, 2016a). The 

pathogenicity test revealed that four fungal 

isolates inoculated onto the plants proved to be 

pathogenic as all inoculated plants developed 
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disease symptoms of the individual fungal isolate. 

Re-isolation of fungal pathogens from diseased 

plants confirmed that these fungi were the causal 

organism of the observed symptoms. Soybean plants 

inoculated with Macrophomina phaseolina 

developed symptoms such as leaf spots, wilting and 

defoliation. Lower stems of infected plants also 

showed brown lesions, with black strips when cut 

open. Similar results have been reported, when 

pathogenicity test was conducted on adzuki bean 

with isolate of Macrophomina phaseolina (Gupta and 

Chauhan, 2005; Sun et al., 2015; Mishra, 2017). The 

adzuki bean showed symptoms of leaf chlorosis, 

wilting, stunted growth, withering, dried leaves as 

well as dark microsclerotia on the stem. Also, plants 

inoculated with isolate of Alternaria spp. exhibited 

symptoms of chlorosis, dark brown lesions on the 

leaves and ultimately infected leaves withered and 

dropped. Similar result was reported by Carla (2013), 

who observed brown spot and small brown lesion on 

the basal leaves of potato plants when inoculated 

with Alternaria alternate resulting in premature leave 

drop. Nayyar et al., (2017), also observed similar 

result on sesamum indicum. A. solani has been 

reported to cause premature defoliation when the 

entire leaf lamina became necrotic, even in the 

absence of petiole lesions (Vloutoglou and 

Kalogerakis, 2000). A. macrospora has been reported 

to cause premature defoliation which affected yield 

(Spross-Blickle et al., 1989). Furthermore, plants 

inoculated with inoculum of Cercospora spp. showed 

symptoms of leaf chlorosis and lesions on the leave 

surfaces resulting in wilting and defoliation. This 

study agrees with reports by Poornima (2010), who 

observed symptoms of brown to dark brown spots on 

the upper leaves of Betavulgaris during a 

pathogenicity test conducted using isolates of 

Cercospora beticola. In the same way, Lartey et al. 

(2005) reported similar symptoms on safflower. 

Plants inoculated with Fusarium spp. showed high 

incidence which resulted in complete wilting by the 

end of the study period. Besides, inoculated plants 

exhibited foliar symptoms including chlorosis, 

wrinkling and defoliation as well as infected roots 

had rot resulting in complete wilting and drying up 

of the plants. These results suggest that these 

pathogens are indeed associated with soybean seeds 

although further studies in required to elucidate how 

these pathogens infect the seed. 

 

5.0 CONCLUSION 

All eleven seed samples were found to be associated 

with eight fungal genera, comprising of four 

pathogenic; Cercospora spp, Alternaria spp., 

Fusarium spp., Macrophomina phaseolina, and five 

saprophytic; Curvularia spp., Aspergillus niger, 

Aspergillus flavus, Rhizopus stolonifer and 

Penicillium spp Rhizopus stolonifera and their 

prevalence vary from location to location. Treatment 

of seed with chemicals and botanicals significantly 

reduced the fungal prevalence as well as enhanced 

germination and seedling vigour of treated seeds 

samples, thus enhancing seed quality and promoting
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the attainment of food security in Ghana.  
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