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ABSTRACT

The World Health Organization (WHO) estimated that, by 2050 bacterial infections, which are caused by

two or more bacterial species, will cause more deaths than cancer. This implies the need to develop new

antibacterial agents. This project work reports the synthesis and characterization of Ag/Bentonite, and

ZnO/Bentonite nanocomposites (NCs) using Hagenia abyssinica plant extract and their antibacterial

study. The synthesized NCs were characterized by using many advanced techniques such as; X-ray

diffraction (XRD), thermal analysis (TGA/DTA), UV-Vis/DRS, FTIR, SEM/EDX and high resolution

transmission electron microscopy (HRTEM). The FTIR spectral analysis revealed the presence of

hydroxyl, carbonyl and other functional groups in the synthesized NCs. The TEM analysis revealed the

formation of Ag NPs and ZnO NPs with hexagonal, rod-shaped and spherical structures and average

particle sizes of 52 nm and 17.9 nm respectively. HRTEM also revealed the presence of (101) plane of

ZnO and (002) plane of bentonte in ZnO/Bentonite nanocomposite with average composite particle size

of 15.7 nm. The SAED of Ag/Bentonite displayed five spots; two spots ((100) and (300)) of bentonite

planes and three spots; (111), (220) and (311) of Ag NPs planes of the composite. The antibacterial

activities of the composites suspension were evaluated against E. coli ATCC 25922 and S. aureus ATCC

25923 by the disk diffusion and broth dilution methods. The inhibition zone results of ZnO/Bentonite

nanocomposites suspension synthesized with 300 ml (ZB300)and 50 ml of  (ZB50) volumes of plant

extract at 30 mg/mL are 15.3  0.2 mm and 100.3 mm against E. coli ATCC 25922 and 13.3 0.3 mm

and 80.3 against S. aureus ATCC 25923 respectively.  All the Ag/Bentonite synthesized for this work

inhabited better than ZnO/Bentonite at one third concentration of the suspension (10 mg/mL) against both

bacteria strains. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) values of ZnO/Bentonite (Z300) and Ag/Bentonites NCs ( AB01) were found to be 6.25x102

µgmL-1, 1.25x103 µgmL-1 and 78.125 µgmL-1, 156.25 µgmL-1 for E. Coli and 78.125 µgmL-1, 156.25

µgmL-1 and 39.1 µgmL-1 , 78.125 µgmL-1 S. aureus respectively. This investigation results revealed that

bio-synthesized ZnO/Bentonite nanocomposites is a promising bactericidal composite.

Keywords: Bentonite, Nanocomposite, Hagenia abyssinica, Inhibition zone, bactericide.
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1. INTRODUCTION
1.1. Background of the Study

Developments of inorganic antibacterial materials that inhabit bacterial growth have been of

great interest in recent years due to the increasing of antibiotics resistance bacteria and their

potential use in everyday products. Metal and metal oxide nanoparticles have gained a lot of

attention as antibacterial materials. Nanoparticles are attractive because of their high

reactivity, high surface atoms and large surface area to volume ratio (Sánchez-López .,

2020). The most common metallic and metal oxide inorganic materials with antibacterial

properties are: pure Silver (Ag) (Franci et al., 2015, Brandell et al., 2017, Cakić et al., 2016),

Copper (Cu)( Alzahrani and Ahmed, 2016, Cubillo et al., 2006), Iron (Fe)( Rajendran and

Sengodan, 2017), and  Zinc (Zn) (Demissie et al., 2020) etc. Recently, metals and metal

oxides loaded in to clay (Motshekga et al,, 2013, 2015, Pouraboulghasem et al., 2020),

zeolite (Hrenovic et al.,2012, Demirci, et al., 2014), graphene oxide(Shao et al. 2015) and

other have been antibacterial agents under investigations.

Among metal nanoparticles, silver (Ag) metal is used for disinfection, in particulate form,

suspension form or as coatings materials ( Chernousova and Epple, 2013). Silver has been

known for its antibacterial and therapeutic capabilities for ages. As a result, Ag-based

compounds have become increasingly popular as antibacterial agents (Rahmati et al., 2020).

These agents included Ag nanoparticles (Rajakannuet al., 2015), Ag nanocomposite (Yang et

al., 2015) and Ag sulfadiazine (Aguzzi et al., 2014). On the other hand, there are also various

innovative Ag based products which have been produced and studied recently such as

structural modified Ag-loaded montmorillonite (Cao et al., 2014), Ag nanoparticle–ionic

silsesquioxane (Schneid et al ., 2014), nano-Ag fluoride in treating dental decay in children

(Targino et al., 2014) and incorporation of silver nanoparticles into acrylic bone cement

(Slane et al.,2015). Silver Nanoparticles (Ag NPs) have attracted a lot of attention among

noble metal nanoparticles because of their appealing physicochemical features (Theivasanthi

and Alagar, 2011). ZnO NPs possesses some antibacterial effect, good thermal qualities, low

cost and little toxicity and has found a wide range of applications, including antibacterial,

photoluminescence, optoelectronics, solar cells, catalysts, nanomedicine, pharmaceuticals
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and cosmetics (Demissie et al., 2020). Biosynthesized ZnO NPs exhibit strong antimicrobial

behaviours against bacterial and multifunctional behaviours and dynamic antibacterial

activity (Nagarajan  and Rajagopalan, 2008).

Furthermore, combining nanoparticles with other environmentally friendly, low cost and

stable materials is ongoing to take advantage of their full properties in various applications.

Nanoparticle can be applied on substrates in order to be used as an antibacterial agent

(Suyoulema et al,, 2009). In this regard, clay mineral-based antibacterial complexes have

been developed by a variety of method involving between the clay minerals and antibacterial

substances to increase the strength of the interactions between clay and NPs. Clay minerals

are hydrated alumino-silicates that contain alkaline and alkaline earth metals in general. They

are great fillers for metal composites and good metal ion supporters (Lavorgna et al., 2014).

Among the clay, bentonite is considered as the main source in bioactive fields. It consists of

microcrystalline particles of montmorillonite (MMT) which belongs to 2:1 phyllosilicate clay

with one octahedral sheet of aluminum ion sandwiched between two tetrahedral sheets of

silicon ions. The structural characteristics and multifarious application of bentonite are

improved by replacing exchangeable inorganic cations (e.g. Na+,Ca2+,H+,K+) on the interior

and exterior surfaces with inorganic cations such as Ag nanoparticles (Krishnan and

Mahalingam 2017). Because of its low cost and availability as well as its stable mechanical

and chemical property, surface area (650 – 800 m2/g), bentonites are being used for ion

exchange and adsorption applications (Pourabolghasem et al., 2016). Because of this feature,

they can be used for incorporation of various positively (cationic) charged inorganic

compounds.

In this work, we prepared silver nanoparticles (Ag NPs), ZnO NPs, Zinc oxide-Bentonite

nanocomposites (ZnO-Bent) and Silver–Bentonite nanocomposite (Ag-Bent NCs) using the

leaf of H. abyssinica for antibacterial activity. The plant is chosen as a reducing and capping

agent for the synthesis of Ag NPs,  ZnO NPs, Zinc oxide-Bentonite NCs and Silver–

Bentonite NCs.
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1.2. Statement of the Problem

Drug resistance bacteria are a common problem and different antibacterial activities have

been developed from different materials (Nikaido, 2009). The most excellent inorganic

antibiotics nanomaterials, Ag and ZnO nanoparticle, are widely used in a growing number of

applications due to their unique properties. According to the work of (Panyala et al. 2008)

silver nanoparticles shows toxic effects at low concentration level on human-friendly

microbes like heterotrophic (nitrogen-fixing and ammonifying bacteria) and

chemolithotrophic bacteria in soil communities However, with the accelerating introduction

of Ag NPs into commercial products, there is the possibility of this toxic nanoparticles enter

into the environment, which gives rise to health and environmental concerns. According to

the review work by (Froggett et al., 2014, Motshekga et al.,2013) and others insignificant

amount of nanoparticles released from solid nanocomposite and easily stabilized in the soil

and other environment.  Review reports showed that clay doesn’t cause any side effect,

plentiful, non-toxic, inexpensive, possesses excellent adsorption property and Eco friendly.

In recent years, clay mineral-based antibacterial complexes have been prepared by a series

processes between the clay minerals and antibacterial materials to strength the bonds between

clay and NPs. Hence, nanoparticles loaded into solid clay (bentonites), slowly released into

the environment from its matrix, interact with soil and sediment to form inert aggregate. This

work is trying to fill this gap by preparation of composites from bentonites with silver

nanoparticle and ZnO NPs by using phytochemical aqueous extract of H. abyssinica to

investigate the antibacterial activity of the as synthesized nano-composites.
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1.3. Objectives of the Study

1.3.1. General Objective

• The general objective of this study is to Synthesis Silver-Bentonite Nanocomposite

and ZnO-Bentonite Nanocomposite for antibacterial applications.

1.3.2. Specific Objectives

The specific objectives of this study are

• Preparation of Na-bentoinite from purified raw bentonite and evaluates the

conversion efficiency by complete silicate analysis.

• Synthesis of silver nanoparticles and Ag-bentonite nanocomposite using Hagenia

abyssinica aqueous leaf extract.

• Synthesis of ZnO nanoparticles and ZnO bentonite nanocomposite using Hagenia

abyssinica aqueous leaf extract

• Characterization of the synthesized, silver Nanoparticles, Zinc oxide nanoparticles,

silver-bentonite nanocomposite ZnO/bentonite nanocomposite using UV-Visible, FT-

IR, XRD, SEM/EDX and HRTEM.

• Assessing the antibacterial activities of, Hagenia abysinica plant leaf, Na-Bentonite,

Ag NPs, ZnO NPs, Ag- bentonite and ZnO/bentonite nanocomposite using agar

diffusion method against gram-positive Staphylococcus aureus and gram-negative

Escherichia coli selected strain of bacteria.
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1.4. Significance and Benefits Derived From the Project

The significance of this study was to utilize locally available natural materials to develop

new alternative and improved environmentally friendly antibacterial agent. Developing

composite with high medicinal value from low cost, abundant, local raw materials for

technological application is expected to encourage more entrepreneurs and researchers in the

area. The project can be considered to be of particular interest, being it is part of the

country’s research focus area, health care. The project contributed to the socio-economic

developments of the country through human resource development by involving five

graduate MSc students.

1.5. Expected Output

The possible expected output from this project is a new green nano-composite with the

improved antibacterial property over the established silver and zinc oxide nano-particles.

Two articles were also published from this work on Scopus and science citation indexed

journals, and Adama Science and Technology University was also acknowledged.
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2.LITERATURE REVIEW

2.1.Clay Minerals
"Clay mineral" refers to phyllosilicate minerals, flexible and plastic when wet but hardens

when dried or burnt, which are layer silicates that form at the earth's surface as a result of

chemical weathering of other silicate minerals (Ani, 2018).

These materials are characterized by their extremely small size (a few micrometers at the

most extreme) and occur under surface environments (Maisanaba et al., 2015). Clays have a

variety of physicochemical properties, such as swelling, adsorption, ion exchange, and

surface acidity (Yang et al., 2006). They are sheet silicate family of minerals, which have

layered structures composed of polymeric SiO4 tetrahedral sheets linked to sheets of (Al, Mg,

Fe)(O,OH)6 octahedral (Ani, 2018). Common clay minerals are Kaolinite(1:1phyllosilicates),

Smectite, Sepiolite, Illite, Chlorite, and Vermiculite (2:1phyllosilicates) (Manfredini and

Hanuskova, 2012). They are very different, even though each is composed of octahedral and

tetrahedral sheets as their basic building blocks. However, the arrangement and composition

of the octahedral and tetrahedral sheets account for most of the differences in their physical

and chemical properties (Maisanaba et al., 2015).

2.1.1. Bentonite Clay

Bentonite clay is known as montmorillonite (MMT). It belongs the smectite clay family,

which is mainly formed by aged volcanic ash clay mineral. This substance resulted from the

alteration of glassy material ejected from volcanoes or the alteration of silica-bearing rocks

like granite and basalt during geological time. In addition to MMT it also contains a variety

of clay minerals such as Beidellite, Nontronite, Saponite, Saponite etc. The ideal half-cell

chemical formula for montmorillonite is M 0.33,H2O Al1.67(Fe2+, Mg2+)0.33 Si4O10(OH)2,

where M refers to a metal cation in the interlayer space between sheets. The tetrahedral

cations are Si4+ and the octahedral cations are Al3+, Fe2+, and Mg2+ ( Pourabolghasem et

al.2016).  The chemical properties of bentonite can be altered by adding highly ionic, stable,

and higher density species to the bentonite clay interlayer through an ion-exchange and
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sorption process. Thermal and chemical changes can improve the adsorption capability of

bentonite. For enhancing the adsorption capacity of bentonite, a variety of surface

modification techniques, including as heat and acid treatment, can be utilized (Şahin et al.,

2015).

2.1.2. Structure of Bentonite Clay

This type of clay is characterized by 2:1 phyllosilicate clay, with one octahedral sheet

sandwiched between two silica tetrahedral sheets forming a unit crystal structure. Positive

cations and water molecules make up the interlayer between units. Due to this crystalline

arrangement, bentonites are able to expand and contract the interlayer with its two

dimensional crystallographic integrity (Motshekga et al.,2013). Because of its structure, it

can be used as a carrier. The porous structure of bentonite is roughly divided into three

categories: micro-pores, meso-pores, and macro-pores, according to Babaki, H.et al. Micro

pores are smaller than 2 nm, between 2 nm and 50 nm are meso pores and larger than 50 nm

are macro pores (Babaki et al., 2008).

Figure 1: Structure of Na- Bentonite clay
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As a result, they are classified as expandable 2:1 phyllosilicate clays with permanent charges

that may interchange cations and anion. Both layers of these sheets contain oxygen atoms.

These three –layer units are stacked (piled up) one on top of the other, with oxygen in

surrounding layers next to each other. This results a weak bond, enabling water and other

polar molecules to pass between layers and cause the mineral structure to expand (swelling).

Silicon can be replaced by aluminum or iron in tetrahedral coordination (Allo and Murray,

2004). Substitution allows magnesium, iron, lithium, chromium, zinc, or nickel to be

substituted for aluminum in the octahedral coordination. The different montmorillonite clay

minerals are formed by differences in replacements within the lattice in terms of location and

elemental content (Kim et al., 2016).

2.1.3. Types of Bentonite Clay

Bentonite clay can be classified in to K, Na, and Ca bentonite depending on the dominant

element constituent, but the main two types of bentonites are Sodium (Na) and Calcium (Ca)

are recognized, and the uses of each depend on specific physical properties(Uddin, 2018).

2.1.3.1. Sodium Bentonite

Sodium bentonite has single water layer particles that contain Na+ as the exchangeable ion.

When wet, it swells and absorbs up to several times its dry mass in water. Swelling of

bentonite is mostly induced by montmorillonite swelling (Hayati-Ashtiani and Azimi, 2016).

Swelling is an important property of clay mineral, because of this property it is the most

useful material that can absorbs large quantities of water and swelling to many times than

their original volume and gives rise to permanent suspension of gel like masses used for

different applications (Fernández et al., 2004).

2.1.3.2. Calcium Bentonite

Calcium bentonite is a useful adsorbent of ions in solution, decolorize fats and oils. Calcium

bentonites are non-swelling and break down to finely granular aggregate that is widely used

as an absorbent clay sometimes called fuller’s earth (Fernández et al., 2004). By using an ion

exchange method, calcium bentonite may be transformed to sodium bentonite (also known as
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sodium activation) to display sodium bentonite's properties. Using a soluble sodium salt,

such as sodium carbonate, soda activation has high montmorillonite content. Some properties

of sodium-beneficiated calcium bentonite (or sodium-activated bentonite) are high swell

potential, small particle size, and high specific surface area than Ca-montmorillonite

(Christidis et al., 2006).

2.1.4. Properties of Bentonite Clay

The widespread use of bentonite can be attributed to its physical and chemical properties

such as small particle size, high porosity, large surface area and high cation exchange

capacity. It has excellent adsorption capacity and its adsorption ability is determined by the

chemical nature and pore structure (Doulia et al., 2009). The exceptional adsorption

properties and cationic exchange capacity originated from the fundamental crystalline

arrangement, which consists of two tetrahedral layers of silica connected by one octahedral

layer of alumina. Each one is separated by an interlayer gap, which contains exchangeable

cations (Na+, Ca2+, Mg2+) to counteract the structural superficies' apparent negative charge

caused by isomorphic replacements of less-charged cations in the octahedral sheet (Keller-

Besrest et al.,1994).

Sodium bentonite is most widely known for its ability to swell.  It can absorb nearly 5 times

its weight in water and at full saturation may occupy a volume 12 to 15 times its dry bulk.

The high water absorption capacity of bentonite also makes it very plastic and resistant to

fracturing or cracking. Sodium bentonite has an exceptionally high surface area of 600 to 800

square meters per gram.  Less than 10 grams of bentonite, if fully dispersed, could cover a

football field.  It is a combination of these physical properties that make sodium bentonite an

ideal material (Zuber et al., 2010).

2.1.5. Antibacterial Activity of Bentonite Clay

Bentonite is a widely distributed, low-cost mineral that possesses high ion adsorption,

porosity, and microbial adhesion, as well as being environmentally friendly (Sajadi  et al.,

2018, Guo et al., 2020). It is also considered as the main source in bioactive fields and it has

been used in ancient and modern medicines because of their special layer structures, and a
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wide range of multifarious and potential biomedical applications. It is microcrystalline

particles of montmorillonite which may interact strongly with certain antimicrobials,

affecting their bioavailability. Potentially, this interaction can be highly advantageous in the

design of modified-release systems for the controlled administration of antibacterial

substances, which nowadays is one of the most interesting fields for pharmaceutical and

veterinary applications (Rapacz-kmita et al., 2017). As the montmorillonites layer structure

gives the antimicrobial and antifungal carrier, it has the property of antibacterial and it can

adhere to pathogens and excrete them, reinforce intestinal mucosal barrier and help

regeneration of epithelium (Hu and Xia,2006). Bentonite can have varying antibacterial

activity depending on its mineral composition, which can differ depending on where it comes

from and how it is processed. Generally, bentonite that contains higher amounts of certain

minerals like aluminum, iron, and magnesium tends to exhibit stronger antibacterial

properties. Pharmacology studies have revealed that montmorillonite (MMT) adsorbed

bacteria such as E. coli, S. aureus and immobilize cell toxins (Meng et al.,2009).

2.2. Silver and Silver Nanoparticles for Antibacterial Activity

Silver (Ag) is the metal of abundance, among the valuable metals for future applications in

the areas of living organisms and biological systems. Silver (Ag) is a noble metal, is not

attacked by water or acids. However, silver metal continuously releases small amounts of

ions, which act antibacterial at the metal surface (Chernousova and Epple, 2013). It has a

long history of use in medicine as an antimicrobial agent. Silver ions have been found to

have antibacterial effects on some microbes. Several studies have demonstrated that silver

ions are selectively toxic for prokaryotic microorganisms, with little effect on eukaryotic cell

(Park and Jang, 2003). I. Sondi and B. Salopek-Sondi reported that silver ions and silver-

based compounds are highly toxic to microorganisms showing strong biocidal effects on as

many as 16 species of bacteria including E. Coli (Sondi and Salopek-Sondi, 2004).

Silver is generally used in the nitrate form to induce the antimicrobial effect but when silver

nanoparticles are used, there is a huge increase in the surface area available for the microbes

to be exposed. Hernández Sierra et al compared the anti-Streptococcus mutants activity of

nano scale silver, gold, and zinc oxide and found that silver nanoparticles (Ag NPs) worked



11

best (Hernández-Sierra et al., 2008). Antibacterial activity against Aspergillus niger, Bacillus

subtilis, S. aureus, E. coli, Proteus vulgaris and other investigations also reported the better

results (Sondi and Salopek-Sondi, 2004). Silver is a well-known antibacterial agent against

more than 650 microorganisms from various classes such as gram-positive and gram-

negative, fungi or viruses. Out of the metals with antimicrobial properties, it was found that

silver has the most effective antibacterial action and is the least toxic to animal cell (Ahmed

et al., 2016).

Ag NPs are used in a growing number of applications across a diverse range of commercial

consumer products such as food storage containers, coating materials, liquid fabric softeners

and detergents, fabrics and clothing, sporting goods, cosmetics, wound dressings,

toothbrushes, and antimicrobial coatings. According to reports from different group tons of

nano-silver are added into the aquatic environment annually from wastewater plants (Sohn et

al., 2015), septic tanks (Benn and Westerhoff, 2008) and agricultural lands (Kaegi et al.,

2011). According to the work of (Panyala et al. 2008) silver nanoparticles shows toxic effects

at low concentration level on human-friendly microbes like heterotrophic (nitrogen-fixing

and ammonifying bacteria) and chemolithotrophic bacteria in soil communities.  However,

with the accelerating introduction of Ag NPs into commercial products, there is the

possibility of this toxic nanoparticles enter into the environment, which gives rise to health

and environmental concerns.

2.3. Silver Nanoparticles -Bentonite nanocomposite

Clays such as bentonite, kaolinite, halloysites, and palygorskite are commonly used

supporting substrates for nanoparticles (Dutta & Wang, 2019; Krishnan & Mahalingam,

2017a). The unique properties of silver NPs (or its composites) and its supportive materials

such as clay, ceramics, charcoal, silica beads, cotton fabric, filter paper, cellulose gels,

alginate beads and polyurethane sponge have provided great opportunity to revolutionize the

water disinfection systems which have achieved 99 to 100% of deactivation of bacteria

(Bhardwaj et al., 2021). According to the work of (Motshekga et al.,2013) and others
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insignificant amount of Ag nanoparticles released from silver –bentonite nano-composite in

the water environment.

2.4. Zinc Oxide Nanoparticles (ZnO NPs)

Transition metal oxides nanomaterials are heavily studied. These oxides are of particular

interest because of their varied metal to oxygen ratio and large number of phases with

different structures, properties, and application. Zinc oxide (ZnO), which belongs to II-VI

transition metal oxides, is one of the most widely studied oxides as a result of its interesting

physicochemical, optoelectronic properties and its application in many areas including in

catalysis, sensors, medicine, personal care products, paints, batteries, solar cells, memory

devices, electronic and spintronics, and in agriculture to control crop disease and as bio

fertilizer. In particular, by virtue of its chemical stability, biocompatibility and

biodegradability nature, it has been extensively used as antibacterial agent in antifouling

application and also in the radiation–assisted degradation of organic contaminants in

wastewater treatment (Chaudhuri & Malodia, 2017; Mankad et al., 2016). ZnO NPs is the

most commonly used nanomaterials in cosmetics, skincare products, and sunscreens to act as

UV filters starting from size of 20 nm. It shows better dispersion and run off cosmetic

materials(Fytianos et al., 2020).

2.5. Zinc oxide/Bentonite nanocomposite

There are challenges in the large-scale utilization of nanoparticles such as ZnO in water

treatment and the likes due to the difficulty in their separation and recovery after treatment.

In addition, the use of metal oxides nanoparticles for water treatment has some

disadvantages, namely: (1) higher colloidal stability in aqueous solution, (2) agglomeration

of the nanomaterials at high concentrations, and (3) difficulty in separating and recovering

the nanomaterial after use (Lei et al., 2017). However, steps have been adopted in order to

overcome these shortcomings. These include doping and co-doping of metal oxide

nanomaterials and immobilization of nanomaterials on suitable matrices (Darvishi Cheshmeh

Soltani et al., 2016). This suitable substrate could function as support in order to overcome

the difficulties involved in post-separation and recovery. Moreover, the support of nanosized

semiconductor materials on matrices could help to enhance their activity when compared
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with ordinary nanomaterials. In this respect, various clay matrices such as kaolinite,

montmorillonite, and bentonite have been successfully employed as support. An

immobilizing and anchoring nanosized ZnO nanoparticle on the surface of clay minerals

provide more active surface sites, reduces the agglomeration of the nanoparticles, and

prevents the release of nanoparticles into the environment. Clay nanocomposites have

become major components of clay with metallic nanoparticles used in recent research

findings in tackling environmental pollutions. Since, ZnO nanoparticles are cheap, non-toxic,

and capable of removing emerging contaminants, and given the fact that rural communities

are affected by contaminants from wastewater, cheaper and environmentally friendly

methods for the wastewater treatment need to be adopted for water and wastewater treatment

(Chakraborty et al., 2019).

It has been demonstrated that using nanoparticles alone is dangerous, because their sizes can

affect human health and the environment. To overcome this problem, hybrid processes were

introduced by combining nanoparticles with other environmentally friendly materials, such

as inert and stable materials to utilize nanoparticles’ full properties in wide-range

applications. Moreover, introducing nanoparticles with other substrates/fillers would result in

composites with novel and enhanced properties that cannot be achieved by the individual

components (Pouraboulghasem et al., 2016).

2.6. Hagenia abyssinica leaf for Silver nanoparticles synthesis

Hagenia abyssinica is the only species of the genus Hagenia and belongs to a monotypic

genus in the family Rosaceae (Wolde et al., 2016). Rosaceae is a large family containing

more than 100 genera and 2,000 species of herbs, shrubs, and trees (Kifle  et al., 2021).

Hagenia abyssinica is a tree up to 20 m tall, with a short trunk and thick branches. The bark,

flower, leaf, and root parts of H. abyssinica have been used for both medical and nonmedical

purposes (Feyissa et al., 2005). This tree species is known by its common name ‘kosso’ in

Ethiopia. Currently, it is however sparsely distributed in mountainous areas in Central,

South-western and South-eastern parts of Ethiopia. The species is also found in different

parts of Africa such as Kenya, Tanzania, Burundi, Sudan, Democratic Republic of Congo,
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Malawi, Uganda and Rwanda. H. abyssinica has been used as a remedy for intestinal

parasites, and it has served as an anthelmintic in ruminants and also against tapeworms in

humans (Assefa et al., 2010).

This strong medicine when taken in large quantities; it is sometimes taken as an abortifacient

in traditional medicine the extract is used as abortifacient which initiated investigations

examining it as a potential contraceptive agent (Wolde et al., 2016). Also its roots are cooked

with meat and the soup drunk for general illness and malaria, while bark hammered and

added to cold water and the liquid drunk as a remedy for diarrhea and stomach. Besides

being a source of medicine, H. abyssinica has been utilized for various other purposes such

as construction, furniture, fuelwood, soil fertility management, as fertile soil formation, soil

conservation, as well as rainwater conservation (Feyissa et al., 2005).
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Figure 2: picture of H. abyssinica tree along with its flowers.

H. abyssinica plant provides a rich and rare combination of zeatin, and it is loaded in

nourishment owing to the presence of essential phytochemicals, It is rich in phytochemicals

particularly secondary metabolites such as tannins, terpenoids, flavonoids, Saponins,
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alkaloids, phlobathanins and phenol compounds which act as reducing, stabilization agents

and that have been demonstrated to have antibacterial properties which are compounds that

help in the characterization of this plant as a natural reducing agent of remarkable efficiency

(Melkamu and Bitew., 2021, Murthy et al., 2020, Kilonzo and Munisi, 2021). Those

biological active ingredients tend to reduce growth of bulk inorganic complex compounds

into nanoparticles (Galan et al.,2021). Due to their strong tendency for chelating metals,

these bioactive chemicals, such as phenol compounds, function as a ligand, particle size

controller, and antioxidant, bind to metal ions and reduce and cap them to form

nanoparticles. This compound have a very high tendency to bind metal ions that interact with

polyphenol compounds and helps in the nucleation and formation of NPs due to the presence

of hydroxyl and carboxylic groups (Murthy et al., 2020). In particular, the leaves extract of

H. abyssinica are used owing to their medicinal values and chemical constituents which helps

in the reduction of toxic contents from the Ag NPs (Ananda Murthy et al., 2020, Melkamu

and Bitew., 2021, Kilonzo and Munisi, 2021, Obakiro et al 2021).
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3. MATERIALS AND METHODS

3.1. Study Sites Description
Raw Bentonite was collected from Mille (Warssiso) (Elevation of 518 m above sea level,

Latitude: 11° 25' 18" N, Longitude: 40° 45' 46" E.500 km from Addis Ababa), woreda of

Awsi Rasu (Administrative Zone 1), Located in Afar Region, north-eastern Ethiopia. The

plant H. abyssinica that used as a reducing and capping agents in the synthesis was collected

from Adele town, Amigna Woreda (Elevation 2,475 m, Latitude 74726N, longitude

395426 E. 241 Km from Addis Ababa) East Arsi Zone, Oromia regional state, South

Eastern of Ethiopia.

Plant extraction, bentonite purification, activation and synthesis of nanoparticles and

nanocomposites using H. abyssinica medicinal plant leaf extract were carried out in the

Applied Chemistry laboratory of Adama Science and Technology University (ASTU). The

UV-Vis characterizations were conducted in Applied Biology laboratory; TGA, UV-Vis-

DRS, and XRD analysis were conducted at the Materials Science Engineering laboratory,

ASTU. Complete composition analysis of bentonite was conducted at Geological Survey of

Ethiopia laboratory and FTIR analysis was performed at Addis Ababa University, Dept of

Chemistry, antibacterial activity tests was conducted in Oromia Public Health Research and

Referral Laboratory Centre, Adama. HRTEM, and SEM-EDX were conducted using JEM-

2100 (accelerating voltage up to 200 kV, LaB6 filament), EDS-1.5 Å TEM resolution.

3.2. Chemicals and Apparatus

3.2.1. Chemicals

The important chemicals and reagents used for this project are presented in this section. Zinc

acetate (Zn(CH3COO)2⋅2H2O)-99.9% AR analytical reagent (Guandong Guanglua Sci-tech

Co., Ltd, France), Silver Nitrate (AgNO3) (LOBA CHEMI), distilled water and ethanol

(Wasse PHARMA PLC., 96-99%), Sodium carbonate (Na2CO3), Dimethylsulfoxide

(DMSO)-(Sisco, Research laboratories Pvt. Ltd, India), Sodium Hydroxide (NaOH) was used

as precipitating agent, Mueller Hinton agar (Sisco. Research laboratories Pvt. Ltd, India),

Ethyl acetate (CH3CH2OOCCH3), Ammonia (NH3),  Iodine (I2), Potassium Iodide (KI),
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Methanol(CH3OH), 2, 4- Dinitrophenyl Hydrazine(2,4-DH), and Hydrochloric Acid (HCl)

were also used.

3.2.2. Apparatus and Instruments

Glasswares (Beaker, Conical Fask, Pipette, Quartz Cuvete, Volumetric Flask, Funnels,

Measuring Cylinder), Electronic Balance, Magnetic Stirrer with Hot Plate, Petri-Dish,

Crucible, Mortar and Pestle, Dropper, Ball Milling, Centrifuge, Mechanical shaker were

used. The instruments used were UV- Spectrophotometer (Perkin-elementary, Germany),

Fourier transform Infrared spectroscopy (FTIR) (Perkin Elmer, Spectrum 65 FTIR, and

USA), X-ray Powder Diffusion (XRD-700 shimadzuco, South Korea)(Cu-Kα1 radiation

(λ=1.5406 A°) operating at 45 KV and 30 mA) and Atomic Absorption Spectroscopy(AAS).

HRTEM, and SEM-EDX were conducted in Sprint Testing Solutions centre, India.

3.3. Methods

3.3.1. H. Abyssinica Plant Leaves Powder preparation

H. abyssinica plant leaf sample was washed four times with tap water followed by distilled

water to remove unnecessary substance. The cleaned leaves were dried in open air under

shadow for two weeks (15 days) to reduce the moisture content of the leaves. The dried

leaves were crushed by using a domestic electrical grinding machine to produce a fine

powder which was packed in a brown glass bottle to protect it from the effect of light

(Susanto et al., 2018).
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Figure 3. H. Abyssinica plant leafs in the; wet, dry and powder forms

3.3.2. Preparation of Aqueous Plant Leaf Extract

H. abyssinica plant aqueous leaf extract was prepared for the synthesis of the targeted

material. For preparing the fresh leaf extract, 25 g of the powdered leaves of H.abyssinica

was taken in a 1000 ml conical flask containing 400 ml of distilled water. The flasks were

then covered with aluminium foil; to prevent the effect of light. After that, the contents of the

flask was stirred using a hot plate magnetic stirrer for 90 min and allowed to warm at 50 ˚C

for 1 h followed by cooling to room temperature. The content of the flask was left as such

overnight. The prepared solution was centrifuged at 5000 rpm for 10 min to obtain a clear

solution. The filtrate was stored at 4 and used for the synthesis of the targeted materials

(Ahmed et al., 2016).

3.3.3. Phyto-chemical screening of H. abyssinica plant leaf extract

The medicinal value of traditionally important plant species is due to the presence of some

chemical substances which produce a definite physiological action like alkaloids, tannins,

flavonoids, saponins, etc (Edeoga et al., 2005). The preliminary phyto-chemical screening for

the plant leaf of H. abyssinica were carried out to analyze the presence of different

compounds as described below:
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Test for Saponins: to 3 mL of the plant leaf extract 5 mL of distilled water was added and

shaken vigorously in a test-tube for about 5 min, kept it to settle for 30 min to observe foam

(appearance of creamy foam of small bubbles) which shows the presence of saponins (Auwal

et al., 2014).

Test for flavonoids: 3 mL plant extract with 10 mL of ethyl acetate were mixed and heated

with a steam bath for 3 min. The mixture was filtered and 4 mL of the filtrate was shaken

with 1 mL of dilute ammonia solution and a yellow coloration was observed, which shows

the presence of flavonoids (Tanaka et al., 1989).

Test for Phenols: 2 mL of plant extracts was put and treated with a few drops of 2% of

FeCl3 in test tube; the formation of bluish green or black coloration indicated the presence of

phenols (Wolde et al., 2014).

Test for Alkaloids: 5 mL of plant extract was dissolved in 10 mL of 10% ammonia solution

and extracted with 15 mL of chloroform. The chloroform portion was evaporated to dryness

and the resultant residue dissolved in 15 mL of dilute sulphuric acid. Reddish brown colour

was formed which showed the presence of alkaloids (Auwal et al., 2014).

Test for Tannins: A few drops of 10% ferric chloride (FeCl3) solution added to 2 mL of the

aqueous solution of the plant leaf extract. The occurrence of blackish blue color showed the

presence of tannins (Tanaka et al., 1989).

Test for Terpenoids: 0.5 g of each crude powders were separately dissolved in 5 mL of

methanol. 2 mL of the extract were treated with 1 mL of 2, 4- dinitrophenyl hydrazine were

dissolved in 100 mL of 2M HCl. Yellow-orange colorations were observed as an indication

of Terpenoids (Wolde et al., 2014).

Test for Steroids: 3 mL of plant extract was dissolved in 5 mL of methanol. 1 mL of the

extract was treated with 0.5 mL of acetic acid anhydride and cooled in ice. This mixed with

0.5 mL of chloroform and 1 mL of concentrated sulphuric acid was then added carefully by

means of a pipette. At the separations level of the two liquids, reddish-brown rings were

formed, as indication of the presence of steroids(Melkamu and Bitew, 2021).
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Test for Phlobatannins: 2 mL of plant extract was added to 2 mL of 1% HCl and the

mixture was boiled. Deposition of a red precipitate was taken as an evidence for the presence

of phlobatannins (Auwal et al. 2014).

3.4.Synthesis of Ag NPs

The Ag nanoparticles were synthesized using 0.2 mM AgNO3 solution with different volume

ratio of leaf extract prepared from 25 g in 400 ml distilled water.  First 25 ml of plant leaf

extract was mixed with 100 ml of 0.2 mM AgNO3 solution (A25), 100 ml of 0.2mM AgNO3

solution was mixed with 50 ml of leaf extract (A50), next 100 ml of plant leaf extract was

mixed with100 ml of 0.2 mM AgNO3 solution (A100), followed by adding 200 ml (A200)

and 400 ml (A400) to the fixed volume of 0.2 mM AgNO3 solutions with constant stirring at

the temperature of 50 °C. The mixture has been incubated in dark chamber to minimize

photo-activation of silver nitrate at room temperature until a colour change observed. Then,

the solution was centrifuged for 15 min at 10000 rpm, the obtained Ag-NPs (Figure 4) was

filtered by Whatman’s No#1 and washed by deionized water and ethanol to remove

impurities.  Thereafter, the NPs was allowed to dry and ground so as to be used for further

analysis (Ananda Murthy et al., 2020). The formation of the Ag NPs during the reduction

process was indicated by change in the colour observed with different time interval: 0 min,

15 min, 30 min and 1h, respectively from colorless to dark brown within reaction duration.

Another group of Ag NPs were prepared from fixed volume of plant leaf extract and AgNO3

salt solution of different concentration: 5 mM , 2 mM, 1m M, 0.5 m M , 0.01m M and 0.001

mM AgNO3.

Figure 4: The colour observed during Ag NPs Synthesis with different time intervals
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3.5.Synthesis of Zinc Oxide NPs

ZnO NPs were synthesized by a co-precipitation method by following the procedures used by

(Upadhyaya et al., 2018). The volume ratio of the leaf extract to (0.2M) Zn (CH3COO)

2.2H2O aqueous solution were varied from 10 ml: 100 ml (1:10), 20 ml : 100 ml (1:5), 50 ml:

100 ml (1:2), 100 ml: 100 ml (1:1) and 200 ml : 100 ml (2:1).  In a typical procedure, the leaf

extract was added slowly to the precursor solution under continuous stirring at 60 °C for 2

hrs. The solution pH was adjusted to pH 12 by drop-wise addition of 1M NaOH. The

formation of the ZnO NPs was indicated by a change in the colour of the solution. The

obtained precipitate was centrifuged at 5,000 rpm for 10 min, washed with sufficient

amounts of distilled water and ethanol, and collected in a ceramic crucible. The contents of

the crucible were dried in an oven and ground with a mortar and pestle to obtain a fine

powder. The obtained ZnO NPs were calcined at 500˚C for 2 hrs, cooled to room

temperature, and packed in a plastic sample holder till required for characterization and

application. For later discussion the ZnO NPs synthesized denoted as: Z10, Z20, Z50, Z100

and Z200 respectively.

3.6.Purification and Activation of Bentonite

3.6.1. Purification of Bentonite

Bentonite was dried at room temperature for one week and ball-milled using a planetary ball

mill with a rotation of 350 rpm to a sieve particle size of 125 µm. To remove impurities such

as quartz, carbonates, calcites, and iron hydroxide (Fe(OH)2), 100 g of the sieved bentonite

was dispersed in 1 L distilled water at room temperature and stirred for 1 hr. The suspension

was allowed to stand for 24 hrs to settle the impurities. The supernatant was decanted and

centrifuged at 3000 rpm for 20 min to obtain clean bentonite. This process was repeated four

times, in order to ensure that the clay was in a pure form. The clay was dried in an oven at

105C for 24 h, then again ball milled and sieved through a 63 µm mesh sieve, and stored in

tightly closed plastic bottles till required for further experiments (Shah et al., 2013,

Abdelhamid Elshater et al., 2018).
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Figure 5a. Purification process of raw bentonite

3.6.2. Activation of bentonite by sodium carbonate

Activation of bentonite by sodium carbonate was conducted by using the procedure detailed

by Shahet al. with slight modification (Shah et al., 2013, Abdelhamid Elshater et al., 2018 ).

A 100 g of purified bentonite powder was dispersed into 1 L boiled distilled water to form a

suspension. Then, different amounts (2.5 g, 5 g, 7.5 g, and 10g) Na2CO3 was added to the

suspension to obtain a stable aqueous dispersion. The suspension was stirred slowly with a

magnetic stirrer and boiled for 1h. After activation, the suspension was allowed to cool to

room temperature and diluted with 1Ldistilled water. The diluted suspension was allowed to

stand for 24 h to settle the impurities. The supernatant was decanted and the impurities

settled at the bottom of the beaker were discarded. The bentonite suspension was centrifuged
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at 3000 rpm for 20 min and then dried in an oven at 60 ˚C for 12 h to obtain Na-rich

bentonite. The dried sample was then ground to obtain fine powder for further experiment.

Figure 5b. Activation of purified betonite with Na2CO3 and mechanical stirring

3.7. Synthesis of Zinc Oxide-Bentonite Nanocomposite

ZnO-bentonite NCs were synthesized by varying molar concentrations of

Zn(CH3COO)2.2H2O and plant extract volume with fixed mass of activated bentonite

adopting a previously reported procedures of (Kassem, 2015, Sasikala et al., 2019 ). But for

this work we reported the results of ZnO-bentonite nanocomposites synthesized using 0.2 M

concentration of 100 ml of Zn(CH3COO)2⋅2H2O and 2.0 g of 5% Na2CO3 activated bentonite

mixed in 1000 mL beakers with four different volumes aqueous extract of H. abyssinica

volumes (50 ml, 100 ml, 200 ml and 300 ml) through dropwise addition and vigorous stirring

for 30 min at room temperature. After 30 min, the mixtures were transferred to a heated oil

bath, and stirring continued at 80 ˚C for a further 30 min at pH 12 adjusted by the addition of

1 M NaOH solution. Reddish-brown colour precipitates were formed and the contents of the

beakers were centrifuged at 5000 rpm for 5 min followed by washing with distilled water
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three times. The samples were then allowed to dry at room temperature for five days,

followed by calcination at 650 ˚C for 2 hr and stored in amber-colour glass bottles till

required. For subsequent discussion the ZnO/Bentonite nanocomposite synthesized denoted

as: ZB50, ZB100, ZB200 and ZB300 respectively.

3.8. Synthesis of Ag-Bentonite Nanocomposite

The preparation of Ag-Bentonite composite were carried out as follow: in three different

beakers with 100 ml distilled water about 2 g of activated Bentonite were added to prepare bentonite

suspensions, and 100 ml solutions of 0.05M, 0.1M and  0.2M of AgNO3 were separately added to

the above three different  beakers and stirred for 24 hrs at room temperature, followed by

adding 100 ml leaf extract to each beaker respectively, to obtain coloured suspensions

through vigorously stirring on magnetic stirrer for 1 hr at a temperature of 60oC and denoted

as AB005, AB01 and AB02. The suspensions of Ag/Bent NCs obtained were then

centrifuged at 15,000 rpm for 5 minutes, and the precipitates washed 4 times using distilled

water in order to remove the silver ion and other residues, ethanol & methanol to remove

organic matters and dried overnight under vacuum (Shameli et al., 2011).

3.9. Characterization Techniques

3.9.1. Thermal analysis (TGA/DTA)

The thermal analyses of the synthesized samples were analyzed using thermal gravimetric

analysis (TGA) and deferential thermal analysis (DTA). It was conducted to evaluate the

thermal stability of ZnO NPs, bentonite nanoclay and ZnO-bentonite NCs by using a TGA

(model DTA-60H, Shimadzu Co., Japan).  11.902 mg of ZnO NPs, 15.946 mg bentonite and

13.88 mg ZnO-bentonite NCs sample were analyzed under 50 [ºC/min] nitrogen flow rate

with a heating rate of 10oC in the temperature range of 23-1000oC.

3.9.2. X-RAY Diffraction (XRD) (XRD-700 shimadzuco, South Korea)(

Crystalline structure and the average crystalline size of the synthesized ZnO NPs,Ag NPs,

bentonite clay, Ag-Bentonite and ZnO-bentonite NCs were characterized using an X-ray

diffractometer (XRD-700 shimadzuco, South Korea) equipped with a Cu target for
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generating a Cu Kα radiation with λ = 1.54056 Å.  XRD patterns were recorded from 10° to

80° for ZnO NPs and Ag NPs and 2° to 80° for bentonite, Ag-Bentonite and ZnO-bentonite

NCs with 2θ angles using Cu Kα radiation operated at 40 kv and 30 mA in continuous scan

mode with scan rate 3 (deg/min). The crystallite sizes (D) of the powders were calculated by

using Scherrer’s equation:

D =
 

.................................................................................  Eq. (1)

Where K = 0.94 is Scherrer’s constant, λ is the X-ray wavelength, θ is Bragg’s diffraction

angle, and β is the Full width at half maximum (FWHM) of the diffraction line at half of the

maximum intensity.

3.9.3. UV-visible spectroscopy (UV–Vis)

The optical properties of the Ag NPs, ZnO NPs, bentonite clay, Ag NPs and ZnO-bentonite

NCs were determined from absorbance obtained by (SM-1600 Dual beam UV-VIS

Spectrometer, Azzota Corp., USA). The suspension was prepared from 0.01g samples

powder in 15 mL de-ionized water to note the UV- Visible spectra. The absorbances of

samples were recorded in the wavelength range: 200 nm to 800 nm and their maximum

absorbance was recorded. Base line correction of the spectrophotometer was carried out by

using a blank reference. The UV-Vis absorption spectra of the samples were recorded.

3.9.4. Bentonite  composition Analysis

The purified bentonite and activated bentonite clay samples complete analysis were

conducted for chemical composition. The determination calcium and magnesium were done

by complexometric titration using Ethylenediaminetetracetate (EDTA) reagent as a

complexing agent eriochrom Black T and calcon as indicators. Other reagents used were

cyanide ions which form stable complex with interfering ions such as iron. Colorimetric

method was used for the determination of total iron contents. Iron III was converted to iron II

using hydroxylamine chloride solution. The Iron II react or complexed with 1,10-

phenanthrolin to form an orange red complex at pH range 3-6. Flame emission photometry

was used for sodium and potassium determination at 589.0nm and 766.5nm respectively.

1.0g of each sample was heated with a dry mixture of calcium carbonate (5.0g) and
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ammonium chloride (0.5g) in a platinum crucible to convert sodium and potassium to soluble

chlorides. The sintered mass was digested with hot water and the reactant calcium oxide and

matrix elements- silicon, aluminum, iron, magnesium, beryllium, titanium etc that are

retained in the precipitate in the form of insoluble oxide were removed by filtration. The

resulting filtrate was analyzed for sodium and potassium. Interference from calcium error

from the presence of small amounts of other alkali metals that may be present in the calcium

carbonate and aluminum chloride used for sample decomposition was compensated for by

adding identical liquors of a reagent blank solution to the calibration solution. Gravimetric

method was used in the total silica determination. The samples were ignited to destroy

organic matter. The residue was then taken up in hydrochloric acid.

1.0g of the finely ground dried (105-110C) of each sample was weighed into a platinum

crucible. The sample in the crucible was then ignited in a muffle furnace at 1030C for 1

hour; allowed to cool and then weighed. The difference in weight before and after ignition

represents the loss on ignition. Atomic absorption spectrophotometry at 364.2 mm was

adapted in the determination of titanium. Phosphate was determined using Vanadomolybdo-

phosphoric acid colorimetric method using ammonium molybdate which under acidic

condition form molybdo-phosphoric acid. The intensity of the yellow colour was measured

with spectrophotometer at 400- 490 nm (Ahmad and  Birnin-Yauri, 2008).

3.9.5. Image analysis

Scanning electron microscopy with energy-dispersive x-ray spectroscopy (SEM-EDX-

EVO18 model with low vacuum facility and ALTO1000Cryo attachment) and transmission

electron microscope with high-resolution (JEOLJEM2100HRTEM) were used for

understanding morphological and structural features of the synthesized nanoparticles and

composites. Selected area electron diffraction (SAED) also performed to confirm the crystal

structures. Particle size and SAED image was also computed by using imageJ and Microsoft

paint software.
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3.9.6. Fourier transforms infrared spectroscopy (FTIR) analysis

The functional groups present in dried powders of H. abyssinica crude extract, ZnO NPs,

bentonite clay and ZnO-bentonite NCs were analysed by a FTIR (Perkin Elmer, Spectrum 65

FTIR, and USA).  The spectra were acquired in the range 4000-400 cm−1using KBr disc.

3.10. Antibacterial Test

The antibacterial activity of H. abyssinica leaf powder, Na Bentonite, Ag NPs, ZnO NPs, Ag/

Bentonite, and ZnO/Bentonite nanocomposite were investigated against Gram-negative

bacteria Escherichia coli (E. coli) ATCC 25922 and Gram-positive bacteria Staphylococcus

aureus (S. aureus) ATCC 25923 using disk diffusion and Broth dilution method in Adama

Public Health Research and Referral Laboratory Centre (APHRRLC).

3.10.1. Disc Diffusion Methods

A). Media Preparation

Muller Hinton Agar and Sheep Blood Agar Media were prepared by dissolving, 38 g of

Muller Hinton powder and 50 mL of Sheep Blood in1L of distilled water separately and then

sterilized by autoclave at 121 C and 15 pound pressure for 20 min. After cooling, about 20

mL of medium are added aseptically to sterilized Petri dishes. Then the Petri dishes were

labelled and incubate until they solidify. The pH of the medium is generally maintained

around the physiological pH of 7.4.

B). Bacterial cultures, Serial Dilution and inhibition zone testing of synthesised Samples

Bacterial cultures were maintained on Blood agar at 37 C. Bacterial strains were taken from

ATCC and grown aerobically on Blood Agar for 24 h at 37 C and 0% CO2. Bacterial

suspension was prepared by taking it from blood agar and dissolving in sterile normal saline

until the concentration of bacterial suspensions were achieved to1× 108 colony forming units

(CFU) mL−1 by comparison with the 0.5 McFarland Standard. 100 μL of 24 hr standardized

culture of test bacteria was first evenly spread onto the surface of the Muller-Hinton agar

plates using sterile cotton swabs. A sterile swab is used to inoculate the surface of the media

in Petri dishes with making three rotations with an angle of 60° to ensure a homogeneous
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growth. The plates were then turned upside down. 6 mm diameter of filter paper was

prepared and placed in different areas of the disc. The antibiotic Contrimoxazole was used as

the positive control and DMSO solvent was used as the negative control. 30 mg of each

prepared samples were dissolved in 1 mL DMSO (30 mg mL-1). From 30 mg mL-1

concentration of each sample, 15 mg mL-1, 7.5 mg mL-1 and 3.5 mg mL-1 were diluted

serially for Na-AB, ZnO NPs and ZnO/Bentonite NCS and 5 mg mL-1, 2.5 mg mL-1 , and

1.25 mg mL-1 were serially diluted from10 mg mL-1 for Ag NPs, and Ag/Bentonite NCs. 6

mm diameter disc were saturated with 20 L of each concentration and 25 g of

Contrimoxazole(positive control) and placed on a plate covered with lids and incubated at 37

°C and 0% CO2 for 24 hr (Shao et al., 2015). The diameter was measured from the area

around the disc where no bacterial growth has been observed, called the inhibition zone. All

antibacterial tests were carried out in triplicate and the averages were reported.  This

diameter can be compared to the critical diameters of antibiotics Contrimoxazole and digital

images were captured (Dadi et al., 2019).

3.10.2. Determination of the Minimum Inhibitory Concentration (MIC) and Minimum

Bactericidal Concentration (MBC)

Ag/Bentonite and ZnO/Bentonite nanocomposites were tested for bactericidal effect using

both the microbial culture selected for the study by following the procedure used by (Gupta

& Kumar, 2018). The lowest concentration of material that inhibits the growth of an

organism was defined as the minimum inhibitory concentration (MIC). The serial dilution

method was employed to determine the MIC of the composites. Each of the 10 test tubes was

filled with 2 mL of the liquid Muller Hinton Agar medium. In the test tubes number 1, 2 mL

solution containing 20 mgmL-1 of nanocomposite that had been sonicated at room

temperature was added and mixed thoroughly with the culture medium. The concentration of

nanocomposites in test tube 1 becomes 10 mgmL-1. Then, 2 ml of the content of test tube

number 1 was added to test tube number 2 and mixed completely. This process was

performed serially to test tube number 11. Consequently, 2 ml content of test tube number 11

was discarded. Finally, 0.2 mL of standard microbial suspensions Escherichia coli (ATCC

25922) and Staphylococcus aureus (ATCC 25923) containing 1×108 CFUmL-1

microorganism were added to test tubes number 1 to 10, and the test tubes were incubated at
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35 °C for 24 hr. Then, the microbial growth was studied by turbidity observation. The

experiments also included a positive control (test tube containing nanoparticles and Muller

Hinton Agar medium, devoid of inoculum) and a negative control (test tube containing

inoculum and Muller Hinton Agar medium, devoid of nanocomposites). The negative

controls indicated the microbial growth profile in the absence of nanocomposites. All the

experiments were carried out in triplicate. The minimum bactericidal concentration (MBC),

i.e., the lowest concentration of nanoparticles that kills 99.9% of the bacteria was also

determined from the batch culture studies. For growth inhibitory concentration (MIC) the

presence of viable microorganisms was tested and the lowest concentration causing

bactericidal effect was reported as MBC (Chikezie, 2017). To experiments for bactericidal

effect, from each test tube (Specially, negative and positive test tubes) was inoculated on

Muller Hinton Agar and incubated at 35 °C for 24 hrs. The nanoparticles concentration

illustrating bactericidal effect was picked out based on absence of colonies on the agar plate.
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4. RESULTS AND DISCUSSION

4.1. Phytochemical screening of the plant

leaf extract
The phytochemical analysis result of H. abyssinica plant leaf extract is presented in the table

1. The aqueous leaf extract analysis demonstrates that Hagenia abyssinica is a good source

of various phytochemicals such as saponins, flavonoids, phenols, terpenoids, alkaloids, and

tannins which serve the roles of reducing and capping agent to inhibit the growth of

nanoparticles and prevent agglomeration of the particles. From the preceding report this plant

is a medicinal plant that contains large number of bioactive compounds (Wolde et al., 2016).

Table 1: The phytochemical screening results of H. abyssinica plant leaf aqueous extracts.

No Test Phytoconstituents Observation Result
1 Wagner’s

reagent
Alkaloids A reddish-brown precipitate +

2 Benedict’s
reagent

Reducing sugars Yellow colour +

3 Alkaline
reagent test

Flavonoids An intense yellow colour,
becomes colourless on addition of diluted acid

+

4 Ferric chloride
test

Phenols Bluish black colour +

5 Braymer’s test Tannins Blue-green colour +
6 HCl test Phlobatannins A red colour -
7 Salkowski test Terpenoids A grey coloured solution +
8 Frothing test Saponins The formation of stable persistent froth +

(+) indicates the presence of phytochemical constituents (-) the absence of phytochemical constituents.

4.2. Compositional Analysis of Bentonite

Table 2 shows the major elemental analysis of pure and sodium activated bentonite samples.

The compositions of activated bentonite with Na2CO3 to exchange Ca2+ ions with Na+ ions,

where the percentage of Na2O increased from1.41 % to 4.89 % with 5% of Na2CO3, but the

CaO content decreased from 3.15% to 1.02%, indicating that Ca2+ has been replaced by Na+

in MMT. Hence, Na+ bentonite clay is one of the preferred layered materials for the

preparation of nanocomposites because of its high cation exchange capacity, high surface



32

area, strong adsorption capacities within their inter-lamellar spaces and swelling capacity

(Unnithan, 2017, Shah et al., 2013).

The increase percentage of H2O, also enhanced the swelling capacity of Na-bentonite due to

the presence of more Na+ in between the Octahedral and Tetrahedral layer, and water could

hydrate in the clay mineral due to weak electrostatic interaction between the sodium ion and

the negatively charged bentonite layer, allowing excess water molecules to enter. Smaller

ions tend to have greater hydration energies, and thus within the interlayer of clays can attract

more water than large ions (Bazbouz and Stephen, 2018, Unnithan, 2017, Shah et al., 2013).

The decrease of SiO2 and Al2O3 percentages after activation with Na2CO3, confirmed the

removal of minor amount of quartz as an impurity and followed by sedimentation. In contrast

the MgO content decreased ~ 3%. The percentage of Fe2O3 and K2O also decreasedduring

the activation process as impurities. The source of K2O in the clay mineral may be from illite

or feldspar.

Table 2: Chemical analysis of bentonite before and after sodium activation

Oxides % SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 TiO2 H2O LOI

PB 55.50 12.64 7.70 3.10 2.49 1.38 0.97 0.63 0.35 4.38 10.89

5%Na-B 55.15 12.50 6.86 1.02 2.20 4.89 0.94 0.55 0.36 6.31 9.22

*PB: purified bentonite, *5%Na-B: 5% Na2CO3 activated Bentonite

4.3. Analysis of XRD Result

4.3.1. XRD Analysis of Bentonite

XRD patterns of raw bentonite, purified bentonite (PB) and Sodium-activated bentonite (Na-

AB) samples are displayed in Figure 6.  Figure 6a shows montmorillonite (MMT) reflections

at the 2θ positions of 6.20 (raw), 6.24 (PB,), 6.9 (Na-AB); 19.8 (raw), 19.8 (PB), 19.34

(raw); 34.45 (PB), 34.60 (Na-AB), and 61.35 (raw), 61.55 (PB), 61.74 (for Na-AB) and so

on. According to the crystal data sheet JCPDS 02–0037, the 2θ correspond to basal

reflections of d(001), d(003), d(100), d(104), and d(061),  respectively, which is in agreement

with the earlier report (Colín-Luna et al., 2018). The d001 diffractions of the main
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montmorillonite (MMT) component of raw, PB and Na-AB for 2 ~ 6 are with the basal

distances of ~14 (for raw and PB), 12.8 (for 5% Na-AB) respectively and the other d values

of MMT are presented in Table 3. The peaks originating from the other clay components like

kaolinite (in raw bentonite) observed at 15.80,  dolomite (D) and quartz (Q) are observed at

26.4 and 29.4 with the d400 and d330 values of 3.37 and 3.04 Å, respectively. From the

intensities of the d001 peaks of raw, PB, (Na-AB)  and the diffractions of the non clay

components comparison, it may be concluded that the main component of bentonite is

montmorillonite and the quartz and dolomite fractions in all samples are small, which agree

with other report (Caglar et al., 2009). The powder diffraction patterns before the activation

of the bentonite revealed that this bentonite is in the family of smectite having similar

reflection from (001) plan with inter-planar distances (d001) value of greater than 14 Å. This

shows that the natural (raw) bentonite is in calcium form (El Miz et al., 2017). The higher

d001 values of raw and PB (~14 Å) than that of Na2CO3 activated bentonite (Na-

montmorillonite) may be explained as the raw and PB were calcium-rich bentonite (Caglar et

al., 2009). The Na-montmorillonite obtained by soda activation at 5 g Na2CO3/100 g

bentonite has a lower d001 spacing (~12.8 A˚) than the original Ca-montmorillonite (~14 A˚)

(Table 3), suggesting that the Na+ ions replaced Ca2+ ions in the montmorillonite. This

finding agreed with early report(Shah et al., 2013). So, comparative XRD pattern of PB and

of sodium exchanged bentonite actually confirms a good exchange of calcium by sodium by

comparison of the lines with the (001) peak. The shift in the basal space of the (001) plan

from 14.1Å to 12.8 Å (Figure 6a), shows that the exchange between calcium and sodium was

well take place. In the conventional methods of bentonite activation with soda, the calcium

ions expelled from the interlayer have been reported to precipitate as CaCO3. Directly after

activation the dominant reflection maximally corresponds to d001 ~ 14.1 Å, with a shoulder ~

13.2 Å, with 2.5 g of Na2CO3 addition in 100 g of purified bentonite indicating that some

exchange of calcium cations with Na+ occurred, the interlayer of montmorillonite is still

occupied mainly with Ca2+. Additionally, 5 %, 7.5 % and 10 % of Na2CO3 addition to the

purified bentonite changed the d001 interplanar space to 12.8, 12.9 and 12.7 Å respectively.

The gradual transformation of Ca-montmorillonite into Na-rich form proves that cation

exchange of Ca2+ with Na+ continues and become constant above 5%.  At the same time the
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2 values of diffraction also shifted toward the right from 6.24 to 6.92 as the conversion of

Ca-bentonite to Na-bentonite increases due to water of hydration. A broad, low-intensity

peak corresponding crystalline calcite formed by the activation associated with precipitation

of CaCO3 was not observed on the XRD pattern, this might achieved during the purification

of the activated bentonite. The mineralogical pattern of the natural bentonite is shown in Fig.

1 and significant amounts of quartz, dolomite and kaolinite are presented in the mineral. This

result showed that the clay is highly heterogeneous, so the pre-treatments are mandatory in

order to reduce the content of non-clay minerals that negatively interfere on the bentonite

properties (Ye et al., 2016). The XRD patterns in Fig 6b, show the d001 reflections values

changes with activation of bentonite by Na2CO3 at 2 theta value or d-values which is a

typical characteristic peak of natural sodium bentonite clay, revealing that the predominant

exchangeable cation could be sodium, as suggested by AAS analysis (see Table 3).
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Figure 6: XRD Patterns of a) raw, Purified Bentonite and 5%Na-Bentonite and b) 10%, 5%,2.5%

Na-Bent and Purified Bentonite . Where, MMT: Montmorillonite, D: Dolomite, K: Kaolinite

and Q: quartz.

Table 3: The interplanar spacing, and phases of raw, PB and Na-AB bentonite samples
Raw Bentonite (RB) Purified Bentonite (PB) 5% Na-AB

2 () (hkl) d-space (Å) Phase 2 () (hkl) d-space (Å) phase 2

()

(hkl) d-space(Å) phase

6.20 (001) 14.13480 MMT 6.24 (001) 14.14281 MMT 6.9 (001) 12.80047 MMT

15.8 (003) 5.569418 K 19.8 (100) 4.480335 MMT 19.8 (100) 4.480335 MMT

19.8 (100) 4.480335 MMT 26.4 (400) 3.373318 D 26.4 (400) 3.373318 D

26.4 (400) 3.373318 D 29.4 (330) 3.03557 Q 29.4 (330) 3.03557 Q

29.4 (330) 3.03557 Q 34.5 (105) 2.597612 MMT 34.5 (105) 2.597612 MMT

34.83 (105) 2.597512 MMT 61.4 (300) 1.508786 MMT 61.7 (300) 1.502168 MMT

61.5 (300) 1.508886 MMT
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4.3.2. XRD Results of ZnO NPs

Figure 7 shows the XRD pattern of the ZnO NPs synthesized by using various ratios (1:10, 1:5, 1: 2, 1:1

and 2:1) of plant leaf extracts to zinc acetate. The XRD pattern of nanostructure of ZnO shows that the

diffraction peaks at around the angles 31.82o, 34.46 o, 36.3 o, 47.62 o, 56.64 o, 62.9o, 68o and 69.18o

which corresponds to the crystal planes of (100), (002), (101), (102), (110), (103), (112) and (201) in the

wurtzite structure showed similarity to that obtained by Salam et al., using Ocimum basilicum L.var.

purpurascens extract (Salam et al. 2014). All the peaks observed were related with the hexagonal phase

(wurtzite structure) in comparison with the data from JCPDS card No. 36-1451. The average crystallites

sizes of Z200, Z100, Z50, Z20 and Z10 were found to be 13.5 nm, 18.1 nm, 21.7 nm, 23.3 nm and 28.7

nm which were derived from the FWHM of more intense peaks corresponding to (100), (102) and (101)

using Scherrer’s formula. The difference in diffraction angles and peaks width could be due to the effect

of the volume of plant extract used for the synthesis of ZnO NPs. This result confirms the concentration

effect of capping agent in the leaf extract on crystallites sizes of the zinc oxide crystals synthesized.

Figure 7. XRD patterns of ZnO NPs synthesized using different volumes of plant leaf extract
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4.3.3. XRD analysis of ZnO-bentonite NCs

Figure 8 depicted the XRD patterns of mixed phases; activated bentonite with the diffraction peaks

located at 2θ 19.8, 26.6o, 34.5o corresponding to (100), (400), and (105) planes due to the silicate units

and ZnO NPs characteristics peaks are also observed at 2θ 31.8 o, 34.4 o, 36.2 o,  which corresponds to

(100), (002), and (101) planes and bentonite characteristics peaks are also again observed at 2θ 8.8,

that indicated the composite are composed of ZnO and benonite phases. As indicated in the table 2, the

average crystallites sizes of the composite particles are slightly affected by volume of the extracts used

during the synthesis (table 4).

Figure 8: XRD analysis result of activated bentonite(AB5),  ZnO (Z100),  ZnO-bentonite NCs:

ZB300(a),  ZB200 (b),  ZB100 (c) (and ZB50) (d).
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Table 4: Average crystallites size and inter-planar d-spacing for the major peaks of ZnO-bentonite NCs

Composite Peak 2 d(Å) (rad) D(nm)

ZB300 31.8 0.274 2.8120 0.5662 0.0098 13.51

34.4 0.296 2.6004 0.5436 0.0094 13.89

36.3 0.312 2.4743 0.5816 0.0101 12.45

Na-AB 19.7 0.171 4.48853 0.985 0.01187 11.86

26.7 0.231 3.33387 0.973 0.02967 4.80

34.5 0.297 2.59565 0.955 0.01203 12.07

Average  particles size 11.32nm

ZB200 31.8791 0.273 2.82219 0.96203 0.009080 15.87

34.4242 0.296 2.60316 0.95522 0.013926 10.42

36.1225 0.31 2.48457 0.95073 0.010315 14.14

Na-AB 19.8 0.172 4.47423 0.985 0.0117 12.03

26.6 0.23 3.30538 0.973 0.0169 8.43

34.5 0.297 2.60046 0.955 0.0095 15.28

Average  particles size 12.70

ZB100 31.8 0.274 2.81077 0.962 0.01065 13.54

34.5 0.297 2.59565 0.955 0.01203 12.07

36.3 0.312 2.46968 0.951 0.01357 10.75

Na-AB 19.78 0.172 4.48291 0.985 0.0103 13.66

27.8 0.24 3.20469 0.971 0.0066 21.64

34.6 0.297 2.58612 0.955 0.01117 13.00

Average  particles size 14.11 nm
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ZB50 31.7564 0.274 2.81549 0.96185 0.006301 22.88

34.4236 0.296 2.60320 0.95522 0.006899 21.04

36.2352 0.311 2.47710 0.95042 0.006582 22.16

Na-AB 8.8784 0.077 9.95205 0.997 0.020771 6.70

26.2289 0.227 3.39493 0.97392 0.011304 12.59

34.9554 0.30 2.56481 0.95383 0.022416 6.49

Average  particles size 15.31 nm

4.4. Scanning Electron Microscopy( SEM) Analysis

4.4.1. SEM Analysis of Bentonite

Figure 9a & b shows the SEM image of the as-received and purified bentonite powders. The raw clay

presented large particles in blocks, which is consistent with the presence of minerals, which acted as a

binder in the formation of agglomerates. After treatment, agglomerates had a more fragmented particles,

less homogeneous, with more channels, contact areas, and smaller particles, which are more favourable

for material exchange. Thus, the treated samples were chosen as precursors for sodium activation and

composite preparations. The EDX analysis of the raw bentonite confirmed the elemental analysis

reports.
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Figure 9a: The SEM image and EDX spectrum of  bentonite before purifcation

Figure 9 b: The SEM image of purified bentonite
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4.4.2. SEM Analysis of ZnO & ZnO/Bentonite

The morphologies of ZnO NPs and ZnO- bentonite nanocomposite were investigated using SEM. Figure

10a depicted the SEM image with EDX spectrum which demonstrates the presence of unevenly sized

and agglomerated particles. After loading ZnO (Figure 10b), the morphology of the composite was still

similar with that of ZnO NPs, but they are looser and the surface was rougher. From literatures very few

of the ZnO NPs may enter the interlayer of bentonite, while the majority of the ZnO NPs were

impregnated onto the surface of bentonite, which is confirmed by the XRD phase analysis (Mustapha et

al., 2020, Xu et al. 2015, Meshram et al., 2011).

Figure 10 a: SEM micrograph and EDX of ZnO NPs (Z100) annealed at 650C
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Figure 10b: SEM Images and EDX of ZnO/Bentonite (ZB100)  calcined  at  650C.

4.5. Characterization by UV-Vis spectroscopy

4.5.1. UV-Vis spectra of ZnO NPs

The UV/Vis experiments were performed in order to examine the optical characteristics of ZnO NPs.

The UV-Vis spectra recorded the maximum absorbance peak in the range of 371-382 nm (Figure 11),

which established the formation of ZnO NPs from different volumes of leaf extract, and consistent with

earlier studies conducted by (Senthil kumar et al., 2017). Similar results were also reported earlier by

(Nethravathi et al., 2015, Jamdagni et al., 2018, Jamdagni et al., 2018). Additionally, there are no other

peaks observed in the spectrum as an impurity. Furthermore, the high absorption band seen for different

ratios might be attributed to ZnO’s inherent band-gap absorption caused by electron transitions from the

valence band (VB) to the conduction band (CB) (O2p–Zn3d) (Awwad et al., 2014, Zak et al., 2014). In

earlier studies, other groups reported absorbance peaks at 377 nm and 375 nm respectively for ZnO NPs

(Zak et al., 2012, Akbar et al., 2021).



43

350 375 400 425 450 475 500

0.30

0.45

0.60

0.75
a)  Z10
b)  Z20
c)  Z50
d)  Z100
e)  Z200

A
bs

or
ba

nc
e 

(a
.u

)

Wavelength(nm)

371 nm

377 nm

382 nm

381 nm

380 nm

a)

b)

c)

d)

e)

Figure 11: UV-Vis absorption spectra of ZnO NPs synthesized by different ratios of plant extract to zinc
acetate solution.

4.5.2. UV-Vis Absorption Spectra of ZnO-bentonite NCs

The absorption property of ZnO/Bentonite is a key factor that determined the optical property of the

composites. The nanocomposites synthesized for this work has absorption peaks in the range of 273-285

nm, and weak absorption peak is located near 385 nm (Figure 12). The results revealed the influence of

leaf extract volumes in the optical properties of the composite materials. The maximum absorption peak

located around 273 nm is slightly blue shifted to lower wavelengths because of the usage of more extract

volume for the synthesis of the composite. This blue shift and enhanced absorbance is an indicator for

the absence of agglomerations in the composite crystals (Ghorbanpour and Falamaki, 2013). The UV-

graphs show a large change (85%) in the absorption with volume of extract changes (ZB30 to ZB200).

This qualified the changes in the number of ZnO NPs impregnated on the surface of bentonite clay with

the change of the volume of leaf extract. The additional band observed like that of ZB50 at 380 nm on

absorption spectra can be assigned to Zn-O chromophoric groups (Agarwal et al., 2019). Thus, in

contrast to the visible, the composite materials are strongly absorbing in the UV region.  So, the result

could be attributed to high absorbance of ZnO. These results show the strong interaction between the

bentonite and the zinc oxide nanoparticles. In addition, there are no absorption bands in the visible
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region for all samples under investigation, because the composites are transparent. The optical

absorption of the nano nanocomposite in the UV region is quite high and this aspect highlights the

prospects or applications of these composites in UV shielding. A shift in the absorption peaks from UV-

B to UV-A region was observed, in the ZnO/Bentonite nanocomposite developed for this project.

Figure 12: UV-Vis absorbance spectra of ZnO-bentonite NCs

4.5.3. UV-Vis Diffuse Reflectance Spectroscopy of ZnO/Bentonite

Ultraviolet-visible diffuse reflectance spectroscopy (DRS) is a common method to characterize the

optical absorption properties of materials. As displayed in Figure 13, the pristine ZnO synthesized with

different ratios of leaf extract shows a strong absorption in ultraviolet region or UV-A (371-382 nm),

which is consistent with the light absorption characteristics of ZnO. Selected samples of ZnO/Bentonite

prepared with different ratios of leaf extract showed absorption in the range of UV-B (273-285nm). The

blue shift absorption spectra were observed in the ZnO/Bentonite with respect to all as synthesized ZnO.

According to the Kubelka-Munk function, the band gap energies can be calculated from the plots of

(αhv)2 versus photon energy and extrapolating the linear part of the graph until it meets the x-axis which
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will give the value of the band gap (Zhang et al., 2011, Aadnan et al., 2020). The band gap energies of

pristine ZnO, Activated Bentonite (AB), composite of ZnO/Bentonite prepared with different volumes

of plant extracts (ZB100, ZB200 and ZB300) are 3.24 eV, 3.73 eV, 3.23 eV, 3.15 eV and 3.07 eV,

respectively (Figure 10 a, b, c, d and e). The obtained Eg value of ZnO (3.24 eV) indicates ZnO cannot

absorb wavelengths above 400 nm, whereas that of ZnO-Bentonite with leaf extracts to Zn2+ volume

ratios of (1:1/AB100, 1:2/AB200 and 1:3/AB300) nano-composite are not sensitive to visible light. The

band gap values are estimated to be varying between 3.15 eV and 3.07 eV and it is also observed that

band gaps are found to deceases with making composite of bentonite with ZnO NPs (Ajith1 et al., 2021),

decrease with combination of composite with the increase in extracts volume.
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Figure 13. The band gap energies of pristine ZnO (a), Activated Bentonite-AB (b), and composite of
ZnO/Bentonite prepared with different volumes of plant extracts ZB100 (c), ZB200 (d) and ZB300 (e).

4.6. Thermal Analysis (TGA/DTA)

This technique is used to investigate the thermal decomposition and stability of samples. The as

synthesized ZnO NPs, bentonite clay and ZnO-bentonite NCs thermal analysis were conducted from

room temperature to 1000˚C at the heating rate of 10 ˚C/ min. TGA curve shows the mass loss of the

sample, whereas the DTA curve indicates the energy gain or loss during the process.

4.6.1. Thermal analysis of ZnO NPs

The thermo-gravimetric analysis (TGA) curves (Figure 14a) revealed the weight loss in three main

temperatures ranges for ZnO, (30 °C–110 °C), (210 °C–420 °C) and (420 °C–500 °C). In the latter

specimens, the mass loss ends at about 500 C which is due to the decomposition of Zn(OH)2

(Moharram et al., 2014). TGA transition shows a total loss of 11.669 % up to 500 0C. No considerable

loss is observed after this up to 1000 0C. The DTA curve showed the heat gain and loss in three steps at

59˚C, 330.46 ˚C and 450°C with corresponding one exothermic and two endothermic peaks at these

temperatures. Above 500 C there is almost no mass loss but there is a broad endothermic peak which

might be due to phase change of zinc oxide.
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Figure 14(a). Thermal analysis of synthesized ZnO NPs (Z200)

4.6.2. Thermal Analysis Result of Activated Bentonite

Thermogravimetric analysis was undertaken to investigate the thermal behaviour of activated bentonite

with Na2CO3. Figure 14b shows a distinct endothermic peak with a maximum between 30 to 200 °C that

corresponds to the release of physically adsorbed water and the dehydration process. The

dehydroxilation was executed with more and more favourable temperatures, ranging from 290 to 650°.

In this work, TGA-DTA transition curve for 5% Na2CO3 activated bentonite clay shows a loss of mass

of 1.877 mg (11.771% in the temperature range of RT-650 ˚C. No considerable loss in mass is observed

after 650 ˚C temperatures up to 1000 ˚C (Khansaa et al. 2021).
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Figure 14(b). Thermal analysis of 5% Na2CO3 activated bentonite clay

4.6.3. Thermal Analysis Result of ZnO-Bentonite NCs

The thermo-gravimetric analysis (TGA) curves (Figure 14c) revealed the weight loss in three inflection

points in the temperatures ranges, (RT °C–133 °C), (192-276 C) and (378-650C). The weight loss

around these temperature ranges was ~ 11.6%, which is ascribed to the loss of water and hydroxyl

group. The TGA study of ZnO-bentonite NCs shows the loss of masses (1.213 mg) for the temperature

range of RT-650 ˚C. Hence, annealing above 650 ˚C seems to guarantee the formation of stable ZnO-

bentonite NCs.
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Figure 14(c). Thermal analysis of ZnO-bentonite nanocomposites(ZB100)

4.7. Transmission electron microscopic (TEM) images and SAED

The TEM study was carried out to obtain information about the internal structure (phase, morphology,

average particles size and inter-planar space) of the ZnO NPs (Z100) as shown in Figure 15.  The

morphology of ZnO NPs obtained from the TEM images are hexagonal, rod-shaped and spherical at

different nanoscales (Figure 15 a and b) and the size ranges between 5 - 35 nm. The average diameter of

ZnO NPs was found to be around 17.9 nm which correspond the XRD results.  The XRD pattern of ZnO

NPs presented earlier in Figure.7, revealed 8 major peaks corresponding to (101), (100), (002), (110).

(102), (103), (112), and (201) planes of hexagonal phase (wurtzite structure) of pure ZnO NPs (JCPDS

card No.36-1451 (P63mc)). The d-spacing values derived from diffraction planes of SAED spots (1 – 8)

as listed in table 4; d101 ZnO =2.47 Å, d100 ZnO =2.80 Å, d002 ZnO =2.59 Å and d110ZnO =1.62 Å, d102

ZnO = 1.90 Å, d103 ZnO =1.47, d112 ZnO= 1.37 Å and d201 ZnO = 1.36 Å are in good agreement with

XRD diffraction pattern of ZnO NPs. A lattice spacing of 0.279 nm and 0.242 nm were calculated,

corresponding to the plane family (100) and (101), of hexagonal (wurtzite) ZnO (Figure 15 c and d).

The SAED ring pattern is presented in Figure 15 e. The corresponding data obtained is presented in

Table 5.
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Figure 15: TEM images of ZnO NPs(Z100) (a) and (b) HRTEM images of ZnO NPs(c) &(d) IFFT with
crystal planes (e) SAED pattern of ZnO NPs (1 to 8 spots) ((f) particle size distribution

Table 5. The d-spacing values for ZnO NPs from its SAED pattern

NPs 1/2r (nm-1) 1/r (nm-1) r (nm) d-spacing(Å) (hkl)

ZnO 8.096 4.048 0.247 2.47 (101)

7.14 3.57 0.28 2.80 (100)

7.72 3.86 0.259 2.59 (002)

12.34 6.17 0.162 1.62 (110)

10.52 5.26 0.190 1.90 (102)

13.6 6.80 0.147 1.47 (103)

13.62 6.81 0.37 1.37 (112)

14.7 7.35 0.136 1.36 (201)

Similarly, the HRTEM images and SAED pattern of the nanocomposites have been presented in Figure

16. Spherical morphological features were obtained for the composites as depicted in Figure 16a and b,



51

and the size ranges between 5 - 30 nm. The average diameter of ZnO NPs was found to be around 15.7

nm which correspond the XRD results. The presence of circular ring pattern on the SAED image (16g),

reveal the crystalline nature of the nanocomposites. In the HRTEM image depicted on Figure 16d, the

lattice spacing of 0.24 nm and 0.34 nm were calculated, corresponding to the plane family (101) and

(002) of ZnO Nanoparticles and Bentonite phases respectively.

Figure 16.TEM images of ZnO-Bentonite NCs a(ZB100) at 200 nm, b) at 50 nm, c),average particle

size, d)HRTEM at 20 nm, e) IFFT patterns of Bentonite, f) IFFT patterns of ZnO NPs,  g) SAED

pattern, and h)Profile of IFFT with d-spacing distance.

4.8. Fourier Transforms Infrared Spectroscopy (FT-IR) Results

FT-IR measurements were carried out to identify the major functional groups in the Plant leaf

extract, purified and activated bentonites, Ag NPs, ZnO NPs, and Ag/Bentonite, ZnO/Bentonite NCs.

That was to identify possible involvement of plant leaf extract in the synthesis and stabilization of NPs
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and NCs. Figure 17 shows the FTIR spectrum of purified bentonite that indicates montmorillonite is the

dominant mineral phase in bentonite. The montmorillonite presented bands in the region of

approximately at 3557cm-1 is due to stretching vibrations of structural OH groups (hydroxyl group) of

montmorillonite and a broad band at 3424 cm-1 of the OH stretching vibration and structural adsorbed

water, coordinated to octahedral Al3+ cations. In the lower frequency region, montmorillonite had a

strong band at and around 1020 cm-1 bonding to the Si–O stretching vibration of bentonite mineral. The

absorption band at 1635 cm-1 was attributed to the OH deformation mode of water. The clay spectrum

also contains a band in the region 600-800 cm-1 which indicated the presence of quartz. In addition the

peak at 462 cm-1 angular Si-O-Si vibrations and 523 cm-1 band is related to the angular Si-OH-Al

(octahedral layers of aluminosilicate) vibration in the bentonite (Fisseha, 2017).
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Figure 17: FTIR spectrum of purified Bentonite

FT-IR of bentonite is sensitive to the structural changes which occur upon soda activation and the IR

data recorded in this study confirmed that both the octahedral and tetrahedral sheets of the activated

bentonite were not influenced by soda attack (Figure 18). The intensity of stretching bands observed at

3600 cm-1 for purified bentonite (Al-OH-Al along with the Al-Mg-OH stretching vibrations) was

lowered than the activated bentonite by sodium carbonate. Activation of bentonite by Na2CO3 has

changed the peaks of the bands associated with the absorbed water at 3424 cm-1 (H-O-H stretching).
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Also, the activation of bentonite by Na2CO3 affected the peaks of the bands associated with the absorbed

water at 1635 cm-1 (H-O-H bending). Changes in the intensities of these bands were explained as due to

gain of water molecules as pure bentonite to activated bentonite (Kumar & Lingfa, 2020).
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Figure 18: FTIR spectrum of 5% Na2CO3 activated Bentonite

The FT-IR Profile of the H.abyssinicaplant Leaf Extract are listed in the table 6 and depicted on

spectrum 19. The peak observed at 3400 cm-1 is typical of –OH (alcohol) while, 3000 and 2854 cm-1 can

be said to be C-H (stretch) for alkanes. Also, the peak at 1615 cm-1 (C=C) is that of conjugated alkenes.

The signal at 1358 (C-O) is that of alcohol and 1010 cm-1 (C-O stretch) is also typical of alcohols. Table

6 and Fig 19, FTIR spectrum analysis revealed the presence of two basic functional group; C=O and O-

H which indicate the presence of alcohol, phenol or esters. The O-H (Alcohol/ Phenol) group was

observed in the leaf extract with wavelengths of 3400 cm-1. The peaks between the range of 1000 –

1500cm-1 are present in the extract is due to the presence of the C-O bond. This band may either be an

alcohol, ester, ether or anhydride.  The presence of secondary amine was also detected at 1615 cm-1 for

the extract (S. Kumar et al., 2020, Awwad, 2014).

Table 6: FT-IR summary of the H.abyssinica plant Leaf Extract
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Peak values (cm-1) Functional group Class

3400 -OH Alcohol

3000 -C-H (Stretch) Alkane

2854 C-H Alkane

1615 C=C Alkene(conjugated)

1358 C-O Alcohol

1010 C-O (strech) Alcohols
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Figure 19: FT-IR spectrum of H. abyssinica crude extract

Figure 20 shows the FTIR spectrum of ZnO before calcinations NPs which was resulted in various peaks

at 3433, 2911, 2860, 1429, 1020, 673 and 466 cm-1. The FTIR band around 1020, 1429, 1576 and 3433

cm-1 suggests the presence of bio-molecules present in leaf extract on ZnO NPs which acted as capping

agents. The broad band peaks at 3433 cm-1 correspond to H bonded OH stretching of polyphenols and

flavonoids (Jamdagni et al., 2016). Two low intensity peaks around 2911 cm−1 and 2860 cm-1

corresponded to the symmetric and asymmetric C–H of the aliphatic group and C–H stretching
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vibrations of an aromatic aldehyde. The 1576 cm-1 peak results from the stretching bands of C C

functional group on the as synthesized ZnO was disappeared because of calcinations at 500 C. The

peak around 1429 cm-1 refers to the amine –N=O vibration stretch in protein amide linkages (Jamdagni

et al., 2016). The 1023 cm-1 and 679 cm-1 peaks correspond to alkanes and evidently, C-H bend in

alkynes, respectively and the peak in the region between 400 and 600 cm−1 is assigned to Zn-O

stretching vibration, confirming  the formation of ZnO using H. abyssinica extract as a reducing and

capping agent (Dobrucka and Długaszewska, 2016). On the same Figure 20, the FTIR spectrum of

calcinated ZnO NPs which resulted in various peaks in the region of 400 cm−1 to 4000 cm−1. The band

around 3400 cm-1 was assigned to the O-H stretching vibration. The Peaks at 2911 cm-1 and 2859 cm-

1corresponds to stretching of the symmetric and asymmetric C–H of SP3 (Kahsay, 2021). Stretching

vibration at 1743 cm-1 and 1429 cm-1were attributed to C=O (carbonyl group) and C=C, respectively

(Suresh et al., 2018). The intense band located at 1023 cm-1 and 887 cm-1 illustrates the presence of C-

C, C-N, and C-O cm-1 stretching vibration. The stretch for ZnO NPs was found in the region 400-600

cm-1. Therefore the synthesized particles were surrounded by proteins and metabolites such as

terpenoids and flavonoids having functional groups.
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Figure 20: ZnO synthesized with 1:1ratio (a), before calcination Z100 b) and Z100 calcinated at 500C.
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As depicted on Figure 21, the broadband between 3400–3700 cm−1, represents the stretching vibration of

the O-H group of Zn-OH and Si-OH in ZB200 composites. The spectrum of calcined nanocomposite

exhibited weak intensity band at 2843 and 2920 cm−1, which indicates the removal of C-H bond in CH2

and CH3 groups of plant leaf extract from the surface of the ZnO-Bentonite composite. The peak of Si-

O-Zn also appeared at 1024 cm-1. The absorption peaks at 460 cm-1 and 400 cm-1 in both ZB200@650

and as synthesized nanocomposites are assigned to Zn-O bond similar to the earlier study (Chakraborty

et al., 2019) with the vibration of Zn-O appeared in the range of 540-426 cm-1, (Kassem,2015).
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Figure 21: FT-IR spectra for (a) ZB200 calcined at 650C (b) as synthesized ZB200

4.9. X-ray Diffraction (XRD) Analysis Ag-NPs  and Ag-Bentonite

4.9.1. X-ray Diffraction Analysis of Ag-NPs

Diffraction peaks of Ag NPs (Figure 22) at 2θ values of 38.074, 44.365, 64.485, and 77.424,

corresponding to (hkl) values of (111), (200), (220), and (311) Bragg's reflections, which are

comparable and evident in all patterns, which previously reported by (Bar et,al., 2009) and suggest that

the synthesized Ag NPs using aqueous extract of plant leaf is found to possess a FCC structure which

were in good agreement with reference to the unit cell of FCC structure of silver nano-crystals (Joint
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Committee on Powder Diffraction Standards: File (JCPDS file No. 5-2872). Different phytochemicals in

H. Abyssinica leaf extract reduced the silver ion and stabilized silver metallic nanoparticles (Melkamu

and Bitew, 2021). The high intense peak reflection is observed for (111) plane of Ag NPs crystal with

high degree of crystallinity. The diffraction peaks are broad and the crystallite sizes estimated using the

Debye–Scherer equation are 9.1 nm (A400), 9.4 nm (A200), 10.0 nm (A100), 11.2 nm (A50) and 11.8

nm (A25) respectively.

very small (Wani et al., 2011). The unassigned peaks, marked with # at 2θ near to 20°, 27.8, 32.20 °

and 46.2 ° in Figure 22 could be due to the formation of crystalline oxide or Ag2O (JCPDS, file No. 42-

0874), it might be due to the small volume of leaf extract used for the synthesis (Yang et al. 2016). This

result validates the reducing and capping power of H. abyssinica plant leaf extract in the case of Ag NPs

synthesis. No remarkable change in the average crystallites size was observed when different volumes of

leaf extract were mixed with the 0.2M AgNO3concentration.

Figure 22:  XRD Patterns of the Ag NPs synthesized with different leaf extract volumes
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Table 7: Average particle sizes of Synthesized Ag NPs Samples

2 d  cos (Rad) D(nm) Av.Size

A400 38.2312 2.35224 19.1156 0.94486 0.021084 6.960004 9.05

77.4392 1.23148 38.7196 0.780216 0.017453 10.1819

64.5129 1.44329 32.25645 0.845668 0.016406 9.993466

A200 38.2017 2.35399 19.10085 0.944944 0.019844 7.393962

9.40

77.4175 1.23177 38.70875 0.780335 0.017162 10.35325

64.5329 1.44289 32.26645 0.845575 0.015708 10.43877

A100 38.1138 2.35921 19.0569 0.945195 0.014888 9.853112

10.03

32.2007 2.77765 16.10035 0.960777 0.015708 9.1871

77.3592 1.23255 38.6796 0.780653 0.016057 11.06109

A50 38.2 2.3527 19.1 0.944949 0.0148 9.914049

11.21

64.5 1.4423 32.25 0.845728 0.0157 10.44217

77.4 1.2308 38.7 0.78043 0.0134 13.25813

A25 38.0796 2.36125 19.0398 0.945292 0.016464 8.908977 11.81

77.3627 1.2325 38.68135 0.780634 0.013561 13.09711

64.4329 1.44489 32.21645 0.84604 0.012217 13.41389

4.9.2. XRD analysis for Ag-Bentonite NCs

The XRD patterns of bentonite with the diffraction peaks at 2θ 8.6o, 15.8o, 20.08o, 26.04o, 29.42°,

30.68°, 34.74o corresponding to (001), (211), (220), (400), (330), (332), (431) Bragg's reflections. The

peaks are evident in all patterns, which are also consistent with other reported works. Ag NPs

characteristic peaks are also shown at 2θ values of 38.074, 44.365, 64.485, and 77.424,

corresponding to (hkl) values of (111), (200), (220), and (311) Bragg's reflections,  in the mixed phase

composites  of AB005 and AB02 as depicted on Figure 23 and table 8. The crystallites sizes of Ag NPs

in bentonite matrix are also influenced by the concentration of AgNO3 solution used for the synthesis,
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which are comparable with the other results reported (Shameli,et al., 2010, Maga˜na et al., 2008,

Shameli et al., 2011, Santos et al., 2011). The presence of the diffraction patterns of Ag and bentonite

confirms that the prepared composites are composed of the two species.

10 20 30 40 50 60 70 80

(1
01

)

(0
01

)

(2
20

)

(3
11

)(0
61

)

(2
00

)(1
11

)
(1

04
)

(3
32

)

(2
20

)

In
te

ns
it

y(
a.

u)

2 (degree)

AB02
AB005

MMT MMT MMT MMT

Ag

Ag

Ag

Ag

D

Figure 23: XRD patterns of the Ag-Bent NCs

Table 8: The average particle sizes of Ag- Bentonite composite samples

Composite 2 () d(Å) (rad) (hkl) D(nm)

AB005

Ag NPs peaks

38.2 2.3527 0.0148 (111) 8.83

64.5 1.4423 0.0157 (220) 6.88

77.4 1.2308 0.0134 (311) 8.71

Na-AB

Na- Activated

Bentonite peaks

19.72 4.49833 0.0079 (100) 17.97

26.6138 3.34670 0.0028 (400) 49.70

29.4131 3.03425 0.0031 (330) 45.30

Average D (nm) 22.90

AB02

Ag NPs peaks

38.1 2.3595 0.0107 (111) 12.20

64.4 1.4439 0.0091 (220) 12.86

77.3 1.2322 0.0097 (311) 11.10

Na-AB 19.78 4.48291 0.0103 (100) 13.80
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Na- Activated

Bentonite peaks

27.8 3.20469 0.0066 - 21.20

34.6 2.58612 0.01117 (105) 12.40

Average D (nm) 13.93

4.10. UV-Visible Analysis and optical properties

4.10.1. Variation of AgNO3 concentration and optical properties of Ag NPs

The effect of concentration of AgNO3 on the synthesis of Ag NPs using fixed volume of plant leaf

extract and the UV-Vis data of these samples are illustrated in Figure 24.  This operational parameter

was monitored at various concentrations of silver ion solution. The experiment was carried out on the

following series of silver ion concentration: 5 mM , 2 mM, 1m M, 0.5 m M ,  0.01m M and 0.001 mM.

The maximum formation of the absorbance peak is in the range of 395–422 nm and the colour turned to

brown. For the different concentrations, the intensity was increased with an increase in the concentration

of Ag ion. A distinctive and maximum absorbance was observed at a wavelength of 420 nm for a

concentration of 2 mM AgNO3 solution. The height of the absorption peak of UV-Vis spectrum around

420 nm intensifies as the concentration of silver nitrate increased and the maximum peak intensity was

obtained for 2mM of AgNO3 concentration (Figure.20). Results reported by (Christopher et al., 2015)

showed that 6 mM concentration of silver nitrate using plant leaf extracts as a reducing agent gave the

maximum formation with the absorbance peak at 400–420 nm and the colour turned to brown. Peaks of

different absorbance and different wavelength observed on the figure confirm the influence of

concentration of AgNO3 on the synthesis of Ag NPs. Varying the concentration of Ag ion solution will

affects the size and shape of the Ag NPs produced and this result correlates with (Nadzir et al., 2019 ).
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Figure 24.UV–Vis absorption spectra of Ag NPs synthesized using different AgNO3 concentration

Ag NPs band gap was estimated using ()1/2 vs. h plot as shown in Figure 25.  The graph showed

that the band gap slightly decreased with decreasing the concentration of the AgNO3 solution. The band

gap energies determined for five Ag NPs prepared from the equal volumes of plant leaf extract and

AgNO3 salt solution for different concentration: 5 mM , 2 mM, 1 mM,  0.5 mM , 0.01 mM and 0.001

mM AgNO3 are 2.85 eV, 2.76 eV, 2.46 eV, 2.5 eV, 2.4 eV,and 2.38 eV respectively. These results

might be obtained due to the increase or changes of the sizes of the Ag NPs with concentration of the

AgNO3 as reported by (Isah et al., 2016).
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Figure 25. Optical energy band gap for Ag NPs synthesized from different concentration of AgNO3

using fixed volume of plant leaf extract.



63

4.10.2. Effects of volume ratio of AgNO3 to plant leaf extract

Following the procedure reported by (Sharma et al., 2020), the effects of volume ratio on optical

property Ag NPs suspension was studied by varying the volume ratio the leaf extract in the ratio 1:1,

1:2, and 1:4 (A100, A200 and A400) by keeping constant the volume of 2 mM AgNO3 solution. The

absorption peak at 406 nm with maximum absorbance was recorded at 1:1 volume ratio (15 mL AgNO3

solution to 15 mL extract) and it was an optimized condition for the synthesis of Ag NPs. The

absorption peaks were less broader and slightly lower absorbance were recorded for 1:2 and 1:4 volume

ratios with lower and higher volume of extract which indicates a slow reduction of Ag+ to Ag0. Thus,

other works was carried out using this optimum volume ratio. It was in a good agreement with the

previously studied and synthesized Ag NPs from plants leaf aqueous extract by (Sharma et al., 2020).
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Figure  26. UV-Vis absorption spectra of Ag NPs suspension by varying volume ratio of plant leaf extract for
fixed volume of 2mM AgNO3 solution

4.10.3. UV-Vis of Ag/Bentonite

The UV-Vis absorption spectra of Ag-bentonite NCs with different concentrations: 0.05 M, 0.1 M and

0.2M of AgNO3 and fixed mass of bentonite denoted as (AB005, AB01 and AB02) respectively are

shown in figure 23. Improved band and maximum absorption was observed for the AB02 composite.
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When the concentration increases large amount of Ag+ has been converted to Ag NPs on the surface and

gallery of bentonite. In Ag-bentonite  nanocomposite synthesized with 0.2 M AgNO3 (AB02), the

absorption peak slightly red-shifted to higher wavelength (426 nm), which indicated the increase in the

size of Ag NPs. UV-Vis spectra of bentonite showed (Fig. 27) a peak 275 nm (strong) corresponding to

tetrahedral coordinated ions Fe3+ (Shameli et al., 2011, Venkatathri,2006).

Figure 27: UV-Vis absorption spectra of Ag-bentonite NCs a) AB005 b) AB02 and c)AB01

4.11. SEM-EDX of Ag NPs & Ag-Bentonite

The surface morphology and elemental compositions of the synthesized Ag NPs were determined by

scanning electron microscopy–energy dispersive X-ray (SEM-EDX). The SEM image of Ag NPs was

blurred. But, it showed almost spherical shaped particles (Figure 28). The EDX spectrum of the intense

peak at 3 keV, suggesting Ag is the main element in Ag NPs. In the EDX spectra of the Ag NPs, Cu and

C peaks appear due to the scattering caused by the carbon film and copper of the device grid ( Król-

Gracz et al. 2011). Figure 29 displayed the micrograph of modified bentonite with Ag NPs somewhat

different from pure Ag NPs. Aggregated particles with a large number of spherical particles were

observed in Ag-Bentonite SEM image. The composition of the Ag-Bentonite analysis by EDX is one of

the supporting evidence (Wu et al., 2011).
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Figure 28. SEM –EDX of as synthesized Ag NPs using leaf extract of H. abyssinica
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Figure 29: SEM –EDX of as synthesized Ag/Bentonite NPCs using leaf extract of H. abyssinica

4.12. HRTEM, TEM images and SAED of Ag NPs and Ag/Bentonite

Transmission electron microscopic (TEM) study was carried out to obtain information about the internal

structure (size and morphology) of the biosynthesized Ag and Ag-Bentonite as shown in Figures 30 and

31. From the TEM image, it is clear that the morphology of Ag NPs is hexagonal, cylindrical -shaped or

spherical at different nanometer scales and the size ranges between 30 - 70 nm. The average diameter of

Ag nanoparticles was found to be around 52 nm which greater than the XRD results. The TEM

micrographs which exhibited spherical, cylindrical, as well as hexagonal shapes are clearly presented in

fig.26 (a).  HRTEM shows the crystalline structure of single Ag nanoparticle, with a lattice spacing of

1.23 nm was calculated, corresponding to the plane family (111) of (FCC) Ag (Fig.26 d and e).

Additionally, Fig. 26 c shows selected area electron diffraction (SAED) pattern and the results are

consistent with the XRD diffraction pattern. The XRD pattern of Ag NPs presented earlier in Fg.18,

revealed 4 major peaks corresponding to (111), (220), (311), and (200) planes of phase FCC. The d-spacing

values of the derived diffraction planes from spot 1 to spot 4; d111 = 2.46 Å, d220 =  1.46 Å, d311 =1.23 Å and

d200 =  0.96 Å are in good agreement with XRD diffraction pattern of Ag NPs. The HRTEM image as shown in
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Figure 26d affirms as the synthesized material is crystalline Ag NPs with the d- spacing value of 2.4 nm for (111)

plane from magnified lattice fringer of the indicated HRTEM image.

Figure 30: a) TEM of Ag NPs (A100) a) Magnified TEM image of (A100), c) SAED pattern of Ag NPs

(A100)(1 to 4 spots) (d) HRTEM with crystal planes,
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Figure 31: Ag/Bent NCs (AB02) a) TEM images b) histogram, (c) SAED spots and (d) HRTEM of size
distribution

The TEM micrographs of Ag/Bentonite NC with spherical, cylindrical, as well as hexagonal shapes

were presented in Figure.31 a, the composite particle sizes were vary from 15 nm to 55 nm with an

average particle size of 26.5 nm, as determined by image J Software and depicted in Figure 31b.  SAED

of Ag/Bent displayed on Figure 31 c contains five spots; two spots ((100) and (300)) belongs to

bentonite planes and three spots; (111), (220) and (311) from Ag NPs planes of the composite. In the

HRTEM of Ag/Bent one of the Ag plane (311) with d-values 1.23 nm obtained from magnified lattice

fringer of the HRTEM image as depicted on figures 27(d and e).
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4.13. FT-IR Results of Ag NPs & Ag-Bent

Figure 32 shows the FT-IR spectra of the optimized Ag NPs and Ag-Bent NCs. The common peaks

detected at around 3559 cm-1, 3438 cm-1, and 1635 cm-1 on the surface of nanomaterials indicate typical

stretching vibration of the hydroxyl functional group (O-H), stretching vibration of C-H, and bending

vibration of O-H, respectively. The stretching vibration of the C=C group was also found in the 1610-

1680 cm-1 range(Movasaghi et al.,2008). The bonds or functional groups such as –C–O–C–, –C–O, and

– C=C– derived from heterocyclic compounds, e.g., alkaloid or flavones and the amide (I) bond derived

from the proteins that are present in the leaves extract are the capping ligands of the nanoparticles. The

peaks belong to carbonyl, alcohol, and nitro functional groups confirms the presence of alkaloid, phenol,

terpenoids, polysaccharides and flavonoid present in the H. abyssinica leaves extract which is

responsible for the reduction of Ag+ ions to Ag NPs. These functional groups have been observed on the

surface of Ag NPs produced from leaf extracts (Maheshwaran et al., 2021). The wide and strong bands

at 3559–2925 cm-1 were caused by bonded hydroxyl (–OH) or amine groups (–NH) in the H. abyssinica

extract, as well as aliphatic C–H. The carboxyl group (C=O) stretching vibrations are responsible for the

peak at 1635 cm-1 (Shameli et al., 2012). The peak at 1020 cm-1 is due to Ag-NP banding with oxygen

from hydroxyl group of H. abyssinica compound. The vibration bands in the 3559 cm-1 area related to

O–H stretching, whereas 3438 cm-1 is the interlayer O–H stretching (H bonding), 1635 cm-1

corresponded to H–O–H bending. In contrast, these peaks were either absent or displayed drastically

reduced intensities in the corresponding silver nanoparticle spectra. This seems to suggest that functional

groups in this region are involved in the reduction and stabilization of the Ag NPs by their subsequent

oxidation. Additionally, ether linkages, C–O and C–O–C functional groups are thought to be groups of

flavones, terpenoids and polysaccharides present in H. abyssinica leaf extract(Melkamu and  Bitew ,

2021). These reducing agents are able to donate electron pairs to the metals when the reduction occurs

on the particles' surface. Also the polyphenols act as capping agent as they introduce negative charge on

the reduced metal's surface (Melkamu and  Bitew , 2021).

After compositing of Ag NPs with bentonite  more peaks appeared around 459 cm-1(Si–O–Al), 520 cm-1

(Si–O–Mg), (Peaks emerged around 465 cm-1 (Si–O–Al), 516 cm-1 (Si–O–Mg), and 465 cm-1 (Si–O–

Mg) when Ag NPs were coated with bentonite). The stretching vibration of Si–O was also attributed to

the bands at 1020 and 770 cm-1, which was typically considered as evidence for a three-dimensional

amorphous silica phase (Yang  et al.,2007). The band at 682 cm−1 was due to Al–OH, while (Al, Mg)–
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OH caused the band at 770 cm-1. Si–O–Si bending vibration was attributed to the band between 520 and

459 cm-1 (Alemdar et al., 2005). The characteristic Ag NPs peak seen at 460 cm−1 was symmetric with

Si-O-Al. The band observed in the region of 1413-1635 cm-1 in both composite reveals that the leaves

extract and silver precursor was successfully incorporated with the produced nanoclay. These results

confirmed that the increased amounts of Ag NPs in the Ag-Bent NC at 3438 cm-1 broad peak was

observed due to the presence of van der Waals interactions between the hydroxyl groups of MMT layers

and the partial positive charge on the surface of Ag-NPs (Yang et al., 2010).
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32: FTIR spectra of Ag NPs and Ag-Bent NCs
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5. ANTIBACTERIAL ACTIVITY ANALYSIS BY DISC DIFFUSION METHODS

5.1.Antibacterial Activity Analysis Results of ZnO NPs and ZnO/Bentonite

This method consists of placing paper discs saturated with antimicrobial agents on a neighbourhood of

bacteria seeded on the surface of an agar medium, incubating the plate overnight, and measuring the

presence or absence of a zone of inhibition around the discs (Figure 33). The antibacterial activity of the

targeted sample was evaluated by measuring the zone of inhibition against the test organisms.

Figure 33: The zone of inhibition measured for a sample at different concentrations

The antibacterial activities of 5%Na-Bentonite and leaf extract with concentration of 3.75 mg/mL to 30

mg/mL against E. coli ATCC 25922 and S. aureus ATCC 25923 are illustrated using figures 34 a & b.

The results revealed that 5% activated bentonite (Na-Bent) exhibited more pronounced zone of

inhibition at high concentration, 30 mg/mL, 8±0.3 and 7±0.3 E. coli ATCC 25922 and S. aureus ATCC

25923 and lowered to 6.6±0 and 6.4±0 at 3.75mg/mL respectively. The review conducted by (Metge et.

al., 2009 and Moosavi, 2017) found the strong antibacterial activity of aqueous suspension of clay in

killing a broad spectrum of bacteria, and modified montmorillonites have also shown strong antibacterial

effect and these antibacterial effects might result from physical interaction, penetration or splitting of the

cell and chemical interaction of the clay with bacteria that is poisoning or nutrient withdrawal)
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(Moosavi, 2017, Krishnan and Mahalingam, 2017, Pourabolghasem et al., 2017, Guo et al., 2020,

Rapacz-kmita et al., 2017, Hu and Xia, 2006, Meng et al., 2009).
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Figure 34 (a & b): Zone of inhibition of 5% Na-Bent and Aqueous extract of H. abyssinica at different
concentration against E. coli and S. aureus bacterial strain.

According (Cohn et al., 2006) the bactericidal action of mineral is due to the presence of iron in the

mineral sample, and the antibacterial activity observed at different mass ratios of bentonite suspensions
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in distilled water of 5% Na activated bentonite results observed in this work might be due to the

presence of (7-8%) iron oxide obtained from compositional analysis as indicated in table 11. The

reaction between iron (Fe2+) and hydrogen peroxide (a product of mitochondrial oxidative respiration)

resulted with ferric iron (Fe3+) and hydroxyl radical. The generated hydroxyl radical damaged iron-

sulfur (Fe–S) clusters in the electron transport chain of bacteria (Zholobak et al., 2016). At the same

time the plant extract has an effect with the inhibition zone and the results were more pronounced on

Gram-positive bacteria (S. aureus). The maximum inhibition zone of plant extract toward S. aureus was

10±0.2 mm at 30 mg/mL and minimum 8.3±0.3 mm at 3.75 mg/mL. Whereas 9.1±0.3 mm at 30 mg/mL

and 7.3  0.3 mm at 3.75 mg/mL were the Maximum and minimum values respectively toward E. Coli.

The antibacterial effect of plant extract can be attributed to the large number of different chemical

compounds as listed in (table 1) and similar result was reported by (Akinduti et al., 2022). E. coli

bacteria are more resistance against H. abyssinica plant leaf extract than S. aureus this may be due to the

bacteria structural differences. The results indicated that, standard Contrimoxazole (Ct) has antibacterial

activities within the range of 220 and 22.7  0.3 and 250.3 and 23.70.3 for E. coli ATCC 25922 and

S. aureus ATCC 25923 respectively. DMSO (DM) has no activity (6 mm) on both tested bacterial strain

and it was used as solvent for serial dilution. The remaining antibacterial tests results of the synthesised

samples depicted on (figures 35 a, b, c and d).

The antibacterial activity of ZnO NPs synthesized with different volume ratios of plant leaf extract (Z10,

Z20, Z50, Z100, and Z250) were investigated against E. coli ATCC 25922 and S. aureus ATCC 25923.

The feasible disc diffusion method was performed to assess the antibacterial properties of the NPs at

various concentrations (30, 15, 7.5 and 3.75 mg/mL). The inhibition zone result of E. coli ATCC 25922

and S. aureus ATCC 25923 are depicted on the figures 35 (c & d). The results show that ZnO NPs
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exhibited considerable antibacterial activities against both bacteria even at low concentration,  3.75

mg/mL for ZnO synthesized with 10 mL volume of leaf extract and 100 mL of 0.2M Zn(AC)2 (Z10).

The antibacterial activity of ZnO NPs (denoted Z200 and Z10) has inhibition zone between 12.3  0.3 to

8.0  0.1 mm and 12  0.6 to 7.7  0.2 mm for E. coli ATCC 25922 and S. aureus ATCC 25923 at 30

mg/mL and 70.3 to 6.30, and 6.50 to 6.20 at 3.75 mg/mL concentration respectively. Both bacterial

strains have moderate sensitivity toward ZnO NPs and the measured zone of inhibition affected by the

concentration of the ZnO NPs suspension and the extract volume ratios used for the synthesis of the

nanoparticles.  ZnO NPs like Z200 which synthesized with 100 mL 0.2M of zinc acetate by taking 200

mL of leaf extract prepared (by dissolving 25 gm powder in 400 mL distilled water) while Z10 NPs was

prepared (using100 mL of 0.5M of the same salt and 10 mL of extract). The inhibition zone of Z200 is

larger than Z10, for both strains because of the smaller average crystallite size of Z200 (13.3 nm) over

the Z10 (28.7 nm). The reasons behind Z200 NPs activities toward these bacteria are due to the ability of

small particles to penetrate bacterial cell walls. The strong antimicrobial action of Z200 NPs is related to

its nano-scale size and ZnO properties (Kukushkina et al., 2021, Naqvi et al., 2019). According to other

groups the effectiveness is not only limited to the nanoscale size, but also the reactivity of the NPs

towards bacteria DNA or amino acids. The increase in permeability of cell membranes, produce reactive

oxygen species, and interrupt replication of deoxyribonucleic acid by releasing zinc ions (Yin et al.,

2020) and the concentration of the NPs increase the Zn ions released to the bacterial cell. The existing

results confirmed the NPs dose dependence of antibacterial activity.
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Figure 35 (a & b): Zone of inhibition of synthesized ZnO NPs at different concentration against E. coli
and S. aureus bacterial strain

This suggests that the inhibition zone increased with concentration of ZnO NPs. The release of ions

(Espitia et al., 2012), the interaction of NPs with microorganisms (Lin et al., 2018), and the formation of

ROS by the effect of light radiation are the different possible mechanisms for NPs to be an antibacterial

(Dobrucka and Długaszewska, 2016. Espitia et al., 2012 reported the release antimicrobial ion of metal

oxides is dependent on different factors such as the concentration of metal oxides, time of interaction,

and the nature of microorganisms. ZnO nanoparticles cause disruption of bacterial membranes probably
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by the production of reactive oxygen species, such as superoxide and hydroxyl radicals. Moreover, the

antibacterial activity is reported to be dependent on the concentration of ZnO nanoparticles and the

impact of the type of support materials used (Buzuayehu et al. 2021). A comparison of zone of

inhibition values shows a larger zone of inhibition for Gram-positive bacteria (S. aureus ATCC 25923)

than that of Gram- negative (E. coli ATCC 25922) bacterial strain toward standard and different dosage

of ZnO NPs. The observed better inhibition zones shows that the synthesized ZnO NPs disrupt the

membrane with high rates of surface oxygen species generation and finally cause the death of pathogens

(Motshekga et al.,2013). ZnO shows good antibacterial property on both gram-positive and gram-

negative bacteria. But, the results more pronounced against gram-positive this is might be due to the

bacterial structure mentioned above.
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Figure 35 (c & d): Zone of inhibition of synthesized ZnO/Bentonite nanocomposites at different
concentration against E. coli and S. aureus bacterial strain.

The antibacterial analysis of composites denoted ZB300, ZB200, ZB100 and ZB50) showed good

antibacterial property. The inhibition zone results of ZB300, ZB200, ZB100 and ZB50 are 15.3  0.2

mm, 13.50 mm, 12.90.6 mm, and 100.3 mm at 30 mg/mL, against E. coli ATCC 25922 and 13.3

0.3 mm, 11.60.3 mm, 110.3 mm and 80.3 against S. aureus ATCC 25923.  In this case moreover

the bactericidal efficiency are size-dependent of the nanocomposites ( Naqvi et al., 2019). The size

allows the composites for better penetration and interaction with the bacteria, disrupting the cell

membrane (Pouraboulghasem et al., 2016). The results revealed with concentration the inhibition zone

of each respective composite ZB300 to ZB50 also increased on both strains under investigations. This is

the consequence of high antibacterial materials exposure, resulted with greater inhibition zones. The ZB

300 antibacterial suspensions results: 15.3  0.2 mm and 13.3 0.3 mm for E. coli ATCC 25922 and S.

aureus ATCC 25923 at 30 mg/ML and 8.6  0.7 mm and 8  0.6 for 3.75mg/mL and similarly results

are reported by (Dejen et al., 2020).  The main objective of combining ZnO NPs, and Na-Bent to

develop composite with the better antibacterial to target both Gram-negative (E. coli) and Gram-positive

(S. aureus) bacteria.  The investigation results of this work also support the better competence of the

nanocomposite antibacterial material and related works were reported by (Pouraboulghasem et al., 2016,

and Dahonog et al 2019 ) for transition metal and metal oxide bentonite against antibacterial activity

E.coli and S. Aureus. The enhanced antibacterial activity of the composites can be attributed to chemical
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and physical properties of the nanoparticles together with the large surface area of the Na-AB. This

means a large amount of nanoparticles were highly dispersed per unit area of the bentonite surfaces,

thus, maximizing antibacterial activity. In such combinations, nanoparticles are largely attached on

bentonite surfaces which ensure uniform dispersion, and reduced the nanoparticles tendency to

agglomerate. Smaller size ZnO NPs kill bacteria more effectively in dark conditions and enhanced

antibacterial activity will be achieved in the presence of UV light due to the increased production of

ROS from the ZnO NPs (Zholobak et al., 2016). The smaller ZnO NPs have greater surface reactivity

and easier cell penetration that released Zn2+ which might be bind to proteins and deactivate proteins,

interact with bacterial membrane and causing structural changes, and bind to electron donor groups in

biological molecules containing sulphur, oxygen or nitrogen like nucleic acids and prevent microbial

replication. The antibacterial activity of ZnO was also attributed the reactions between ZnO surface and

water, and the aqueous ZnO NPs suspensions are able to produce high levels of ROS species (OH-, O2
−2,

H2O2) (Jiang  et al., 2016, Slavin et al., 2017,  Sivakumar et al., 2018). The antibacterial activity was

mainly attributed to both the production of ROS and the accumulation of NPs in the cytoplasm or on the

outer membranes. The table 9 below also can summarize the effects of different developed antibacterial

agents of Zinc oxide NPs, ZnO-Bentonite NCs, purified bentonite and plant leaf extract with different

concentrations on the selected bacteria strain

Table 9: The zone of inhibition in mm for extract,Na-Bent, synthesized ZnO NPs and ZnO/Bent NCs

NPs/NCs Organisms 30mg/mL 15mg/mL 7.5mg/mL 3.75mg/mL Contrimoxazole
(+ve)

DMSO
(-ve)

Z200 E. coli 120.3 10.50.6 90.3 70.3 210 6  0
S. aureus 120.6 110.3 80.3 6.50 280 6  0

Z100 E. coli 110.67 100.3 80.3 70.3 230.3 6  0

S. aureus 11  0.6 10.3  0.3 8.1  0.3 7 0.6 21.30.3 6  0

Z50 E. coli 10.3  0.3 9. 1  0.1 7.60.3 6.30.3 20.30.3 6  0

S. aureus 100.3 80.3 70 6.50.2 270.3 6  0
Z20 E. coli 8.50.3 80.7 7.60.6 6.60.3 210.3 6  0

S. aureus 90.3 7.30.3 6.70 6.40 260.6 6  0
Z10 E. coli 80.1 7.50.2 6.70 6.30 230.3 6  0

S. aureus 7.70.2 6.80.3 6.40 6.20 260.3 6  0

ZB300 E. coli 15.3  0.2 13.60.1 11.30.3 8.6  0.7 20.2  0.3 6 .1 
0.3

S. aureus 13.3 0.3 12.30.3 10.6 
0.3

8  0.6 22.30.3 6 .1 
0.2
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ZB200 E. coli 13.50 110.3 7.60.3 6.80.3 220.3 6  0
S. aureus 11.60.3 10.50.3 8.8.0.6 7.10.3 200 6  0

ZB100 E. coli 12.90.6 11.80.3 9.80.3 7.70.67 220.3 6  0
S. aureus 110.3 10.60.3 8.60 80 230.3 6  0

ZB50 E. coli 100.3 80.6 80.3 6.40.67 210.3 6  0
S. aureus 80.3 80.6 80.67 70.3 200.3 6  0

Na-Bent E. coli 80.3 70.3 60 60 220 6  0
S. aureus 70.3 60 60 60 250.3 6  0

Extract E. coli 9 .1  0.3 8.7  0.3 8.3  0.3 7.3  0.3 22.70.3 6 .1 
0.2

S. aureus 10 0.2 9 0.3 8.7 0.1 8.3 0.3 23.70.3 6  0

5.1.1. MIC and (MBC) of ZnO/Bentonite Nanocomposites

In this work, ZnO/Bentonite nanocomposite (ZB300), showed better antibacterial activities against both

Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922) when it was compared with

the components of the composite, especially for Staphylococcus aureus (ATCC 25923). The sensitivity

of S. aureus toward this nanocomposite is better than E. coli is due to Gram–negative bacteria has a thin

layer with an additional outer membrane, which makes it resistance than Gram-positive (Slavin et al.,

2017,  Sivakumar et al., 2018). The MIC observed for composites were 6.25 x102 µgmL-1 and 78.125

µgmL-1 for Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 respectively. The

MBC observed the same material were 1.25 x103 µgmL-1 and 156.25 µgmL-1 for Escherichia coli ATCC

25922 and Staphylococcus aureus ATCC 25923 respectively. The results observed that the

Staphylococcus aureus were most sensitivity against composite of zinc oxide –bentonite (ZB300).

Table 10: MIC (µgmL-1) and MBC (µgmL-1) of nanocomposites for E. coli and S. aureus bacterial strain

Sample Bacterial strain Strain no MIC (µgmL-1) MBC(µgmL-1)

AB300 E. coli ATCC 25922 6.25 x102 1.25 x103

S. aureus ATCC 25923 78.125 156.25
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5.2.Antibacterial Activity Analysis Results of Ag NPs and Ag-Bentonite

In this section, H. abyssinica plant extract synthesized  different Ag NPs and Ag-Bent NCs samples  in

the concentration range of 10- 1.25µg/ml, were tested for antibacterial activity using gram-negative and

gram-positive bacteria strains of Escherichia coli and Staphylococcus aureus using disc diffusion

method. Ciprofloxacin was used as positive control.

5.2.1. Antibacterial activity of AgNPs

The results obtained are summarized with the diameter of inhibition zones (in millimetres) measured as

shown in Table 11 and figure 36. The clear zone diameter of the bacterial inhibition zone was correlated

to antibiotic activity for gram-positive and gram-negative bacteria. The presence of an inhibition zone

clearly indicates the antibacterial effect of the nanoparticles. The antibacterial activity results showed

that Ag NPs have significant antimicrobial activity against the tested pathogenic organisms. The results

specify that Ag NPs synthesized using different ratios of leaf extract showed enhanced antibacterial

activities. The impact of the leaf extract volumes used for the synthesis of Ag NPs observed on the

antibacterial activities indicated on the figure30 b.   Here, the same concentration of Ag NPs (10 mg/

mL) suspensions prepared from A25 and A400 resulted with 11  0.6 mm and 19  0.3 mm zone of

inhibitions against gram-positive bacteria strains of Staphylococcus aureus, and 10.3  0.3 mm and 13 

0.3 mm gram-negative bacteria strains of Escherichia coli using disc diffusion method. The bactericidal

activity of Ag NPs was influenced by the volume of plant extract used for the synthesis. This results are

consistent with earlier reported studies (Christidis et al., 2006, Doulia et al., 2009, Keller-Besrest et al.,

1994).

All synthesized Ag NPs A25, A50, A100, A200 and A400 tested for antibacterial activity showed high

activity against S. aureus bacteria with inhibition zone of 11  0.6 nm, 12.3  0.3 nm, 14.3  0.3 nm, 18

 0 nm and 19  0 .3 nm when compared to E. coli bacteria with 10.3  0.3 nm, 12.3  0.3 nm, 11.6 

0.3 nm,   14  0.3 nm and 13  0.3 nm respectively, in comparison to standard antibiotics. It is assumed

that the incorporation of silver nanoparticles into the membrane structure occurs and causing cell death

(Meng et al., 2009).
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The crystallites sizes of the bio-synthesized Ag nanoparticles estimated are in the range of 9-12 nm,

which is very small, having larger surface atoms available for interaction, and will have a stronger

bactericidal effect. Hence, Ag NPs are able to penetrate the bacteria and cause further damage, possibly

by interacting with sulphur- and phosphorus-containing compounds such as DNA(Hu and Xia., 2006).

Yuet Yind et al reported that the smaller size of Ag NPs could cause more toxicity to the bacteria and

show better bactericidal effect compared to the larger particles as they have larger surface area (Park and

Jang., 2003). Because of their small size, Ag NPs can easily adhere to the cell wall and penetrate into the

bacteria cell, which in turn improves their antibacterial activity (Park and Jang., 2003).  This could be

the reason why these nanoparticles have the best antibacterial effect. The mechanism of action of the

antimicrobial activity of silver nanoparticles is based on their penetration in the bacteria cell and

reaction with thiol and phosphate groups that are present in membrane proteins or enzymes. Therefore,

silver nanoparticles bind to the cell membrane inhibiting cellular respiration and leading to cell death.

Table 11. Antibacterial activity of Ag NPs synthesized using H. abyssinica plant extract

Types of NPs/NCs and
Bacteria Strain

Mean of three replications and Standard error (±SE) of Inhibition zones in
mm for different concentrations

NPs/NCs Bacteria
Strain

10 mg/mL 5 mg/mL 2.5 mg/mL 1.25
mg/mL

Contrimox
azole
(+ve)

DMSO
(-ve)

A25 E. coli 10.3  0.3 10.1  0.3 7.6  0.3 6.3  0.3 20.3  0.3 6 .1  0.1
S. aureus 11  0.6 10.3  0.3 8.1  0.3 7  0.6 21.3  0.3 6 .1  0.2

A50 E. coli 12.3  0.3 10.60.3 8.3  0.3 6.6  0.7 20.2  0.3 6 .1  0.3
S. aureus 12.3 0.3 11.30.3 8.6  0.3 7  0.6 22.3 0.3 6 .1  0.2

A100 E. coli 11.6  0.3 11.3  0.3 11  0.6 10.3  0.3 20.3  0.3 6  0
S. aureus 14.3  0.3 13.3  0.3 13  0.3 11.3  0.3 21.3 0.3 6  0

A200 E. coli 14  0.3 14  0.3 12  0.3 12  0.3 20  0.3 6  0
S. aureus 18  0 18  0.3 18  0.6 16  0.3 24  0 6  0

A400 E. coli 13 0.3 12  0.6 11  0.3 10  0.3 23  0.6 6  0
S. aureus 19  0.3 18  0.6 15  0.3 13  0.67 24  0.3 6  0
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Figure 36: Zone of inhibition of synthesized Ag NPs with different extract volume  against E. coli and S.

aureus bacterial strain

5.2.2. Antibacterial activity of Ag-Bentonite Nanocomposite

Figure 30 in section 5.1 shows strong zone of inhibition for 5% Na-Bent and Aqueous extract of H.

abyssinica at different concentration against E. coli and S. aureus bacterial strain. The inhibition zone

values obtained for the low temperature synthesized composites of Ag-Bent showed excellent

antibacterial property against E. coli and S. aureus bacteria. The presence of an enhanced inhibition zone

presented on (Figure 37 and table 12) the excellent antibacterial property of the nanocomposites.  Table

12 data shows that Ag-Bent (AB01: 18  0 and 15  0.3) showed high and remarkable antibacterial

activity against S. aurous bacteria better than Ag-Bent (AB005: 16  0 and 15  0.3) and AB02: 14.7 

0.3 and 14.3  0.1), and demonstrated more or less the same inhibition zones against and E. Coli strain.
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The bactericidal effect of Ag nanoparticles in the composites can be explained by their nano-scale size

and its distribution in the matrix of the bentonite clay. That exhibits pronounced bactericides towards a

broad range of microorganisms. Thus, AB01 composite ( synthesized with 0.1 M AgNO3) had good

mono dispersed Ag nanoparticles in the matrix of bentonite and its interaction with the targeted bacteria

caused cellular inactivation and disrupting the cell membrane which leads to cell death over AB02

(0.2M) and (0.005M). Furthermore, a combination of the three antibacterial materials: H. abyssinica leaf

plant extract, sodium carbonate activated bentonite and Ag NPs synergistic effect  results in an excellent

antibacterial activity composites(Hernández-Sierra et al., 2008)[181].  Antibacterial activity of the

composites can be attributed to chemical and physical properties of the nanoparticles together with the

large surface area of the clay. In such combinations, nanoparticles are largely attached on bentonite

surfaces which ensure uniform dispersion, tend to reduce agglomeration and enhance the properties of

the composites (Karimi and Salem, 2011, (Hernández-Sierra et al., 2008). The release of ions including

Ag+, Si4+, Al3+, and Mg2+ from the nanocomposite are accountable for the exhibited antibacterial

property of the materials. Under normal environment, bacterial cell walls are negatively charged due to

the presence of carboxyl, hydroxyl, and phosphate groups in lipid bi-layer at the cell surface. All

released cations from the nanocomposite bind to the above groups that inhibit the normal metabolism of

the cellular processes (Meng et al., 2009, Hu and Xia., 2006). This may be the reason for a promising

antibacterial activity exhibited by the Ag -bentonite clay nanocomposites (Mohanraj and Chen, 2007).

The different sensitivities of gram positive and gram-negative bacteria could be due to the different

polarities of their cell membrane. This would allow a higher level of penetration of negatively charged

free radicals such as, superoxide radical anions and peroxide ions, causing S. aureus damage and cell

death at lower concentrations than those required to damage E. coli.
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Table 12.Antibacterial activity of Ag-Bentonite nanocomposites

Types of
NPs Bacteria Strain

Mean of three replications and Standard error (±SE) of Inhibition zones in
mm for different concentrations

NPs/NCs Bacteria
Strain

10 mg/mL 5 mg/mL 2.5 mg/mL 1.25
mg/mL

Contrimox
azole
(+ve)

DMSO
(-ve)

AB005 E. coli 15  0.3 15  0.6 12  0.3 10  0.7 20  0.3 6  0
S. aureus 16  0 15  0.3 14  0.67 13  0.3 24  0.3 6  0

AB01 E. coli 15  0.3 14  0.6 13  0.67 10  0.3 21  0.3 6  0
S. aureus 18  0 16.6  0.3 16  0.3 15  0.67 22  0.3 6  0

AB02 E. coli 14.3  0.1 13.3  0.3 13  0.6 12 .3  0.0 20.2  0.3 6  0
S. aureus 14.7  0.3 13.7  0.3 13.3  0.3 12.3  0.3 21.3  0.3 6  0
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Figure 37: Zone of inhibition of synthesized Ag-Bentonite nanocomposite with different AgNO3

concentration against E. coli and S. aureus bacterial strain

5.2.3. MIC and MBC of Ag/Bentonite Nanocomposites

The results of the antibacterial effects of Ag/Bentonite nanocomposite(AB01) and (AB02) against

selected bacterial via the MIC and the MBC are summarized in Table 13. The bactericidal effect of

nanocomposite is dependent on the concentration of nanocomposites and the initial bacterial

concentration. In this work, Ag/Bentonite nanocomposite showed better antibacterial activities against

both Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922) when it was compared

with the components of the composite, especially for Staphylococcus aureus (ATCC 25923).The

sensitivity of S. aureus toward this nanocomposite than E. coli is due to its thin membrane layers

consisting of lipopolysaccharide.
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Table 13: MIC (µgmL-1) and MBC (µgmL-1) of nanocomposites for E. coli and S. aureus bacterial
strain

Sample Bacterial strain Strain no MIC (µgmL-1) MBC(µgmL-1)

AB01 E. coli ATCC 25922 78.125 156.25

S. aureus ATCC 25923 39.0625 78.125

AB02 E. coli ATCC 25922 312.5 6.25 x102

S. aureus ATCC 25923 156.25 312.5

6. CONCLUSION AND RECOMMENDATION
In this study, ZnO NPs, Ag NPs, ZnO/Bentonite NCs, and Ag/Bentonite NCs were successfully

synthesized using H. abyssinica leaf extract for antibacterial investigations. TGA analysis of

biosynthesized ZnO NPs and ZnO-bentonite NCs showed their respective thermal stability above 500 °C

and 650 °C temperatures. The crystal structures of the nanoparticles ZnO (wurtzite) and Ag NPs (FCC);

nanocomposites of ZnO/Bentonite mixed phases of (ZnO and MMT) and Ag/Bentonite (Ag NPs and

MMT) were determined by XRD, SAED and HRTEM. In this work the effects of using excess volume

of H. abyssinica leaf extract were observed in the synthesis of pure phase Ag NPs and better

antibacterial agent of ZnO/Bentonite nanocomposites. The optical absorption of the ZnO/Bentonite nano

nanocomposite in the UV region (273-285 nm) is quite high and this aspect highlights the applications

of these composites in UV shielding. The investigation results revealed that the low temperature bio-

synthesized Ag NPs and Ag/Bentonite are a promising bactericide agent over ZnO NPs and

ZnO/Bentonite nanocomposites synthesized at high temperatures. Hence, from the results obtained we

recommend the investigation of the formulations and applications of Ag-Bentonite suspension for

disenfctant and  ZnO-Bentonite  for body lotio, and additional studies on the of the leaching effect of Ag

& Zn ions from Ag-Bentonite & ZnO-Bentonite.
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