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Abstract
Access to quality drinkingwater is an essential human right and a fundamental aspect of human
dignity, yet a challenge tomany in developing countries. Over 2 billion people worldwide lack access
to quality drinkingwater due tomicrobial contamination, among other factors. Silver-doped zinc
oxide impregnated activated carbon nanocomposites, Ag-ZnO-ACNCs, a strong antimicrobial agent
have been used at point-of-use to treat water treatment. Green synthesis of Ag-ZnO-ACNCs has
played a vital role since it leads to the acquisition of non-toxic nanocomposites compared to chemical
synthesis. In this study, Ag-ZnO-ACNCswere green-synthesized using Launaea cornuta leaf extract as
a source of reducing and capping agents in place of synthetic chemicals. Antioxidants from Launaea
cornuta (Wild Lettuce) leaves were extracted using 0, 50, and 100%EtOH solvents with different
volumes and extraction circles. The highest phenolic (11044± 63 μg) and antioxidant (44112±
894 μg) contents were extracted using 50%EtOHand 20ml of extract solvent with p< 0.05. The SEM
andTEM images of the synthesized Ag-ZnO-ACNCs show the formation of highly porous ACwith
sheet-like structures and successful Ag-ZnONCs impregnationwithin the pores and on the surface of
theAC. Based on the inhibition zone, the antimicrobial activity of theAg-ZnOACNCs had significant
results with 14.00± 0.37 forE. coli and 17.33± 0.36mm for S. aureus, p< 0.05. These results confirm
the significance of Launaea cornuta (Wild Lettuce) as a source of antioxidants that can be used as
reducing and capping agents to synthesize Ag-ZnO-ACNCs.

Introduction

Access to quality drinkingwater is an essential human right and a fundamental aspect of humandignity as
acknowledged by SustainableDevelopment Goal 6 [1]. Despite its importancemore than 2 billion people
worldwide lack access to quality drinkingwater [2].Microbial contamination is one of the causes of water quality
deteriorationworldwide and is the largest cause of waterborne diseases and deaths [3]. For instance, amoeba,
typhoid and cholera are waterborne diseases reported to be associatedwith consumption of contaminated
drinkingwater causing approximately 485,000 deaths per annum [4].

Water quality is related to natural and anthropogenic factors such as water-rock interactions, hydrology,
land cover, land use, climate and human operational factors [5–8]. To ensure access to quality water it is
necessary tomonitor the quality of water from the sources to the consumer level. Point-of-use water treatment
(POUWT) systems such asmembrane and ceramicwaterfilters are alternatives to quality drinkingwater access
at the consumer level [9, 10]. POUWT systems are packedwith antimicrobial agents like zinc oxide (ZnO) to
achievemicrobial disinfection duringwater treatment [11, 12].

ZnO is a non-toxic, eco-friendly semiconductor widely used as an antimicrobialmaterial due to its wide
band gap (3.36 eV) and high exciton binding energy (60meV) [13, 14]. In the presence of sunlight orUVZnO
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produces positive holes (h+) and electrons (e-) referred to as electron–hole pairs which are responsible for the
generation of reactive oxygen species (ROS). The ROS can introduce oxidative stress in bacteria cells leading to
their death [15]. The electron–hole pairs of ZnOhave a rapid recombination rate as they favour light absorption
in theUVover the visible region, leaving the visible light unutilised [16]. Doping of silver (Ag) in the ZnO lattice
has promoted the use of light in the visible region and prolonged the recombination time of the electron–hole
pairs [17]. Asamoah et al dopedAg into ZnO resulting in the reduction of the energy band gap from3.37 to 2.88
eV. The doped ZnO improved its ROS generation and antimicrobial activity [18, 19]. Doping of Ag into ZnO
brings about a stronger electron storage capacity because as a semiconductor ZnO can easily inherit electrons to
Ag-NPs therefore sustainable formation of ROS [20, 21].

Despite, the improved antimicrobial efficiency of silver-doped zinc oxide nanocomposites (Ag-ZnONCs) in
water treatment its use should consider the exposure limit to prevent any effect brought by excess uptake [22].
For such reasons, Ag-ZnONCs have been impregnated into porousmaterials such as activated carbon (AC) and
graphene [23–26]. Activated carbon introduces a controlled release ofmetallic ions, allowing for a predictable,
stable, and sustainable water treatment process [13, 27]. It enhances the efficiency of water purification by a
synergetic combination of theAC adsorption and the Ag-ZnONCs antimicrobial activity [27, 28].

Studies have documented the synthesis of silver zinc oxide nanocomposites impregnated activated carbon
(Ag-ZnO-ACNCs) using chemicalmethodswith promising antimicrobial activities [27, 29]. Chemical synthesis
uses toxic and carcinogenic chemicals that produce contaminated nanocomposites notfit for human
consumption [30, 31]To the best of our knowledge, there is limited research and report on the green synthesis of
Ag-ZnO-ACNCs. Green synthesis brings about toxic-free and cleaner composites that can be trusted in uses
related to human consumption such as water treatment. Plant extracts especially frommedicinal plants have
been used in green synthesis since they are good sources of secondarymetabolites [32–35]. Themetabolites such
asflavonoids, alkaloids, tannins, proteins, polyphenols, terpenoids, and saponins act as hydrolyzing/reducing
agents and capping agents in the synthesis of nanoparticles in place of synthetic chemicals [36–39].

This research explores the novel potential of Launaea cornuta (Wild Lettuce) leaf extract in green synthesis of
Ag-ZnO-ACNCs fromnitrates of Ag andZinc. The antimicrobial efficiency of the synthesizedAg-ZnO-ACNCs
was tested against gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria through a
well-diffusionmethod. Furthermore, the study explores the effectiveness of solvent type in the total phenollic
and antioxidant contents extraction of secondarymetabolites.

Materials andmethods

Materials
Analytical quality AgNO3 (99.99%), Zn(NO3)2 (99.99%), NaOH (98%), Ethanol (99.5%), KOH (98%), Folin,
Na2CO3 (99.5%), Gallic acid(97.5%), ABTS solution, andTrolox (97%)were purchased fromAldi-rich and
usedwithoutmodification.Water hyacinthwas collected fromLakeVictoria,Mwanza Tanzania. Launaea
cornuta leaves were harvested from the fields of theNelsonMandela African Institution of Science and
Technology, Nambala village, Arusha region, Tanzania, at coordinates 3°23′58″S 36°47′48″E. The plant was
properly identified and stored at theNationalHerbariumof Tanzania (NHT) under the Tanzania PlantHealth
and Pesticides Authority (TPHPA)with the reference numberKA51/2023 [40]. All procedures for collecting
plantmaterials followed the relevant institutional, national, and international regulations and guidelines.

Methods
Launaea cornuta leaf extract preparation
Launaea cornuta leaves were thoroughlywashed using tapwater followed by double distilledwater three times.
The leaves were then dried using a freeze drier for 48 h before grounding using an electricmortar to afine
powder. Launaea cornuta leaf extract was obtained using ultrasound-assisted solid–liquid extraction (USAE).
0.5 g of thefine powderwas added into a 50ml Eppendorf tube followed by 5ml ofmilli-aquawater. The
mixturewas handmixed gently for aminute before immersing in an ultrasonic bath (frequency 35 kHz; power
60–120W; Sonorex TK 52; Bandelin electronic, Berlin, Germany) for 10 min at 30 °C. The sampleswere
centrifuged at 7830 rpm for 5 min and the supernatant was collectedwith a Pasteur pipette and filtered usingNo.
1Whatmanfilter paper using a vacuumfilter.

The extractionwas repeated using different conditions to create the optimumextraction conditions. The
extract volumeswere varied by 5, 10 and 20ml for each extraction solvent used. Extraction solvents based on the
water-ethanol ratio were used to vary the polarity of the solvent. In this case, 100%water (0%EtOH), 50%water
(50%EtOH) and 100%ethanol (100%EtOH)were used as solvents. The extraction cycles usedwere 2, 3, or 4 for
a sample. The extraction process was done in triplicates, n= 3, to allow reproducibility.
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The alcoholic supernatants were evaporated to dryness using a rotary evaporator while thewater
supernatants were dried using a freeze drier. Themass of each dried sample was recorded.Milli aquawater was
used to dilute the dry samples into a common concentration of 10mgmL−1. It was also used to calculate the total
phenolic and antioxidant contents extracted from the dry samples of Launaea cornuta. The solutionswere
centrifuged to remove suspended solids before storing them at 4 °C ready for phytochemical analysis.

Total phenolic content analysis
The total phenolic content of the Launaea cornuta leaf extracts was determined by the Folin-Ciocalteu reagent
method [41]. In this analysis, 400 μl ofmilli aquawater was added into a 1ml cuvette followed by 80 μl Launaea
cornuta leaf extracts, 40 μl folin, and lastly 480 μl 10.75%Na2CO3. The resultingmixturewas incubated at room
temperature for 30 min before absorbance reading by amass spectrometer at 765 nm.Gallic acidwas used as
standardwhile waterwas used as blank in this experiment. All the tests were performed in triplicates to ensure
accuracy (n= 9). Total phenolic content was determined from the standard curve equation and expressed as
gallic acid equivalent (GAE) expressed inmg of extracted compound over g of dry leaf sample.

Total antioxidant content analysis
The free radical scavenging activity (antioxidant activity) of Launaea cornuta leaf extracts (DPPH)was
determined as described byGuzzetti et al [42]. 50 μl of 1mgml−1 Launaea cornuta leaf extracts was added into a
1ml cuvette followed by 950 μl ABTS. The sample waswellmixed and incubated for 6 min before reading the
absorbance using a spectrophotometer at 734 nmwavelength.Water was used as blankwhile Troloxwas used as
a standard solution in this experiment. The total antioxidant content is expressed asmgTE (Trolox Equivalent)
per gramof leaves andABTS+ inhibition percentage.

Synthesis of Ag-ZnONCs
Synthesis of Ag-ZnONCswas adopted fromMakauki et al using optimumconditions reported in that study
[40]. As presented infigure 1, in a 250mmconicalflask, 92ml of Launaea cornuta leaf extract was added and
introduced to stirring on a hot plate. 8ml of 0.1MAgNO3was added dropwise to the leaf extract under vigorous
stirring to allowmaximum ionic interaction. The reaction proceeded for 15 min before adding 2.97 g of
Zn(NO3)2 at pH 7. The reaction ran for 2 h at a 70 °C temperature. The resultingmixturewas centrifuged at

Figure 1. Schematic diagram indicating a process of synthesizing Ag-ZnONCs.
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4000 rpm for 10 min to extract the nanocomposite paste. The solid residuewas collected andwashed twice using
50% ethanol followed by drying at 100 °C for 24 h. The dry sample was calcined at 650 °C for 3 h using a box
furnace.

Synthesis of AC
ACwas synthesized fromwater hyacinth following a route reported byMakauki et alwith somemodifications
[43].Water hyacinthwas collected fromLakeVictoria, andwashed thoroughlywith tapwater after removing the
roots. The plantmaterial was washedwith distilledwater and dried in a shed for 2weeks. The dried precursor
was fragmented into small pieces and powdered using an electric grinder. 5 g of the powdered precursor was
carbonized in a carbolite horizontal tubular furnace (CTF 12/65/550) underN2 inert atmosphere at 650, 750,
and 850 °C for 1 hwith a heating ramp rate of 10 °Cpermin. The carbon obtainedwas activated usingKOH in a
1:1mass ratio at 700 °C for 30 min in the carbolite tubular furnace underN2 inert atmosphere. The resulting
activated carbonwaswashed using distilledwater to a pHof 7. TheACwas then dried at 100 °C in an oven for
12 h. The dry samples were stored in tight dry containers ready for the impregnationwithAg-ZnONCs.

Impregnation ofAg-ZnONCs intoAC
Ag-ZnO-ACNCswere prepared bymixing 1 g of Ag-ZnONCs and 1 g of AC in 10ml ofmilli aquawater. The
mixturewas vigorously stirred for 1 h followed by prob sonication for another 1 h. The samplewas then dried
and kept tight for characterization and antimicrobial testing. The prepared samples were namedC-T, AC-T, and
Ag-ZnO-AC-Twhere C, AC, Ag-ZnO-AC, andT stand for carbon, activated carbon, silver zinc oxide
impregnated activated carbon, and carbonization temperature respectively.

Characterization
The leaf extract functional groupswere identified using attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy (BrukerOpticGmbH2011, alphamodel, Laser class 1). The crystalline nature of
synthesized nanomaterials was analyzed at CarletonUniversity using RigakuXtaLABMini II Single-Crystal
x-rayDiffractometer (427 SC) equippedwith analyzer scanningmode of CuKαwavelength (λ)= 1.540598Å, 45
kV-30mAand 2θ/θwith the spectrum range between 10 and 90 degrees and 0.026 scan step size. The
morphologies of the synthesized nanocomposites were characterized by Field emission scanning electron
microscopy (FE-SEM)-EDS using TescanVega-II XMUScanning ElectronMicroscope. The cross-sectional
morphology (TEM) of the nanocomposites and Selected area elemental diffraction (SAED)was determined by
high-resolution transmission electronmicroscopy—HR-TEM (FEI Tecnai G2 F20 Transmission Electron
Microscope).

Microbial assay of the synthesized nanocomposites
The antimicrobial solutionwas prepared by adding 10, 17, and 34mg of Ag-ZnO-ACNCs to 20, 34, and 68 μl of
milli aquawater. Themixturewas vortexed for 2 min for propermixing. Gram-negative (Escherichia coli-ATCC
25922) and gram-positive (Staphylococcus aureus- ATCC25923) bacterial strains with a spectrophotometric
absorbance of 0.1± 0.01were used to assess the antimicrobial efficacy throughwell diffusionmethod [44].
Sterilised nutrient agarmediawas prepared bymixing 5.0 g peptone, 5.0 gNaCl, 1.5 g beef extract, 1.5 g yeast
extract, and 15.0 g agar in 1 Lmilli aquawater. Themixturewas autoclaved at 100 °C for 20 min. After cooling,
50ml of the nutrient agar was poured into an agar plate followed by 1ml of 0.1± 0.01 desired bacteria strain, the
twowerewellmixed. After solidification, 3 holes of 6mmwidthwere formed in the agar using the back of a
pipette tip and the prepared nanocompositemixture was added into the holes using pipette. The inoculated discs
were then incubated for 24 h at 37 °Cand the zone of inhibition (ZOI)wasmeasured inmillimetres of diameter.
Agar plates with bacteria only (without Ag-ZnO-ACNCs)were used as positive control while agar plates with
nanocomposites only (without bacteria)were used as negative control.

Results and discussion

Total phenolic content and antioxidant analysis
The calibration curve of the isolated gallic acidwas established using a spectrophotometer at 765 nm. The
calibration curve equationwas y= 0.0078x-0.035 andR2= 0.9991 as illustrated in the supplementary
information S1. The total phenolic content of Launaea cornuta leaf extracts was expressed as gallic acid
equivalent μg(GAE)/g of solid sample from the established gallic acid standard curve. Figure 2(a) and table 1
demonstrate the effect of extraction volume and cycles on the amount of phenolic content. As the extraction
volume and cycles increase the total phenolic content extraction from Launaea cornuta leaves also increases with
significance, p< 0.05.When 5, 10, and 20ml of extraction solvent were used, the higher total phenolic content
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was obtainedwith 20ml of solvent (p< 0.05). High phenolic content was also observedwith 4 extraction circles
compared to 2 and 3 cycles as indicated infigure 3. Extraction solvent plays a vital role in optimal extraction
since it involves polarity. In this regard 100%, 50%, and 0%EtOHwere used as extraction solvents. Total
phenolic contents weremaximumly extracted using 50%EtOH solvent with the order of 50%EtOH> 0%
EtOH> 100%EtOH, p< 0.05, as reported elsewhere [41].Water and ethanol have different polarities which
might have influenced the solubility of the antioxidants present in Launaea cornuta leaves when used together.
The optimal extractions were 50%EtOH, 20ml solvent, and three extraction cycles with the total phenolic
content reaching 11044.33± 62.51 μgGAE/g also illustrated in the supplementary information S3.

The antioxidant scavenging activity of Launaea cornuta leaf extract in different conditionswas determined
usingABTS+with the calibration curve equation y= 0.0013x-0.0069 andR2= 0.9996 as illustrated in the
supplementary information S2. TheABTS+ inhibitory activity (%) of the extract samples followed the order
50%EtOH> 0%EtOH> 100%EtOHas illustrated in table 1. An increase in extraction cycles and volume
increased the ABTS+ inhibiting effect of the samples, figure 2(b). The highest inhibitionwas observedwhen
20ml of 50%EtOHwas used in three extraction cycles inwhich the inhibitionwas 8.598± 0.173% (44174± 94
μg TE per gram) also illustrated in the supplementary information S4. The results had a significant p-value of less
than 0.05 for all conditions showcasing its significance. The higher liquid-to-solids ratio increases the
dissolution of themetabolites to the solvent and faster extraction rates [45].

ART-FTIR studies
Attenuated total reflection-Fourier transform infrared (ATR-FTIR) studies confirmed the presence of secondary
metabolites in Launeae cornuta leaf extract as indicated infigure 4. Flavonoids, alkaloids tannins, and saponins
are confirmed to be present in the leaf extract. The 1315 cm−1 band indicates C-C starching and the 3292 cm−1

broad strong band isO-H andN-H stretching vibration indicating the presence of flavonoids and tannins
[46–48]. The 635 cm−1 band represent theN-H stretching. The 1006 cm−1 bands represent theC-N stretching
of the aliphatic amines. The 1315 cm−1 band represent theC-N stretching of the aromatic amines [49]. TheN-H

Figure 2.Total phenolic (a) and antioxidant contents (b) of Launaea cornuta leaf extract.

Table 1.Percentage of total phenolic and antioxidant content of Launaea
cornuta leaf extract.

%EtOH

Solvent

volume (ml)
Phenolic con-

tent (%/g)
Antioxidants con-

tent (%/g)

0 5 1.072± 0.014 1.281± 0.004

0 10 1.133± 0.004 1.954± 0.018

0 20 1.223± 0.007 2.237± 0.007

50 5 1.223± 0.014 3.952± 0.058

50 10 1.921± 0.049 7.621± 0.193

50 20 2.152± 0.032 8.598± 0.173

100 5 0.662± 0.020 1.599± 0.005

100 10 0.704± 0.016 2.392± 0.052

100 20 1.080± 0.033 3.127± 0.016

5

Nano Express 5 (2024) 045003 EMakauki et al



andC-N stretching vibrations confirm the presence of alkaloids in the leaf extract [50]. Saponins are presented
byC-H andC=C stretching vibrationswhich are verified by the presence of 2922 and 1612 cm−1 bands.
Alkaloids have reducing power they reduce themetallic ions tometallic atoms leading to the formation of the
nanoparticles. Theflavonoids, saponins, and tannins are natural surfactants. They regulate the size of the
nanoparticles and prevent agglomeration through steric hindrance around the nanoparticles [51].

X-ray diffraction (XRD)
The crystalline nature and particle size of synthesized nanomaterials were analysed using x-ray diffraction
(XRD). TheXRDpattern of C-850 indicates the presence of peaks at 29.87 and 40.51; AC-850 shows peaks at 29.

Figure 3.Effect of the extraction cycle on total phenolic and antioxidant contents of Launaea cornuta leaf extract.

Figure 4. FTIR patterns of Launaea cornuta leaf extract.
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34 and 43.15. The two peaks inC-850 andAC-850 correspond to the planes 002 and 10 of graphitic carbon
diffraction according to diffraction card JCPDS no. 75–1621 [52]. The peaks displayed around 23 degrees
explain the randomaromatic carbon sheets confirming the formation of sheet-structured carbon [53]. As
illustrated infigure 5(a),More peaks are observed in the carbonmatrix indicating the presence ofmacro- and
micro-elements such asmanganese, calcium, and silicon present in the plantmatrix as reported elsewhere and
proved by the EDS graphs of the same sample [54, 55]. The peak displayed at 28.3 degrees corresponds to SiO2

[56]. The depicted pattern of Ag-ZnO-AC-850 infigure 5(a) is for Ag-ZnOACNCs. It reveals four prominent
peaks at 2θ values around 38.10, 44.28, and 77.38 degrees, corresponding to the crystal planes of (111), (200),
and (311) [57]. These peaks affirm the face-centred-cubic (fcc) crystalline nature of the AgNPs, with lattice
parameters a= b= c= 4.088Å, as evidenced by a comparisonwith the silver standard powder diffraction card,
JCPDS, fileNo. 04–0783 [58, 59]. Diffraction peaks at 2θ values 31.74, 34.38, 36.18, 47.42, 56.48, 62.80, 67.84,
and 68.24 degrees, correspond to the crystal planes (100), (002), (101), (102), (110), (103), (112), and (201) of
ZnOmarching the ZnO standard powder diffraction card JCPDS, card no. 36–1451, affirming the presence of
ZnONPs in the nanocompositematrix [60]. This pattern suggests the typical hexagonal wurtzite structure ZnO
in space group P 63mc as reported elsewhere [40]. These results confirm the successful impregnation of Ag-ZnO
in the activated carbonmatrix. Figure 5(b) indicates XRDpatterns of theAg-ZnO-AC at different carbonation
temperatures. There is no significant shift of the peaks in the sample patterns since the sameAg-ZnOwas
impregnated in the ACmatrix. All the samples indicated the presence of Ag-ZnONPs.

The average particle of the synthesizedAg-ZnO-AC samples was calculated using theDebye–Scherrer
equation belowwhere, K is the Scherrer constant (0.94),λ is the specificwavelength of the x-ray usedwhich is
0.154 nm,β is the full width at halfmaxima, θ is the diffraction Bragg angle andD is the average crystallite
size in nm.

( )l
b q

=
K

q
D

cos
1

2

The average particle size for Ag-ZnO-AC-650, I Ag-ZnO-AC-750 andAg-ZnO-AC-850was 50.87, 44.35 and
40.22 nm respectively. The particle sizes showAg-ZnONCs domination as observed in the patterns in
figure 5(b). The crystalline size of the Ag-ZnO-ACNCs displayed an increase compared to the size of the same
material [40]. This is believed to be caused by the intra-granular coupling between themetallic composite and
the activated carbon [27]. TheXRDpatterns of the AC-650, AC-750, AC-850, C-750 andC-850 indicated
smaller particle size compared to theAg-ZnO-AC as a result of the existence of themicroelements present in the
water hyacinth plantmatrix [54].

Field emission scanning electronmicroscopy (FE-SEM)
The FE-SEM images of water hyacinthACproject complex irregular sheet-likemorphologies as presented in
figure 6. The complexitymight be contributed by the aggregation ofmineral compounds in the plantmatrix
[61]. Figures 6(a)–(c) show the effect of carbonation temperature on the particle size of the carbonmaterials. The
fragmentation on theC increases as the temperature from650 to 850 °C.An increase in carbonation

Figure 5.XRDpatterns of (a) carbon, activated carbon, and impregnated activated carbon (b) impregnated activated carbon at
different carbonation temperatures.
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temperature increases the rate of organicmatter dehydration, decomposition, and volatilization from the plant
biomass therefore, there is awidening of the biocharmicropores [54]. These pores providemore surface area for
the attachment of theAg-ZnONCs. Figure 6(d) indicates almost a uniformdistribution of the Ag-ZnONCs in
the activated carbonmatrix represented by the brighter particles. Activated carbon not only supported the
attachment of theNCs but also provided controlled release of theNCs and adsorption during thematrix
application.

The selected area electron diffraction (SAED) pattern of theAg-ZnO-AC in supplementary information
S5(a-b) indicates the presence of bothAg andZnO as elaborated by d-spacing values. The d-spacing 2.347A
corresponds to the crystal planes of (111)which confirms the face-centred-cubic (fcc) crystalline nature of the
AgNPs [59]. The d-spacing 2.82A corresponds to the crystal planes 100 of ZnO confirming the presence of ZnO
NPs in the nanocompositematrix [60]. Figures 7(a)–(e) is the selected area electronmappingwhich indicates the
presence of Ag, Zn,O, andC. EDS spectrafigure 7(f) providesmore evidence as it shows the presence and
distribution of Ag, Zn,O, andC in the activated carbonmatrix evidencing a successful impregnation of Ag-ZnO
in the AC. AC controls the Ag-ZnO agglomeration by improving the nanoparticles distribution on its surface.

High-resolution transmission electronmicroscopy (HR-TEM)
Figure 8 represents the TEM images of AC andAg-ZnO-AC. The TEM image of the un-impregnated AC
figure 8(a) displays sheetlike structures corresponding to the results presented inXRD and SEM images.
Figure 8(b) represents Ag-ZnO-AC indicating an introduction of spherical nanoparticles in theAC sheets. These
spherical structures represent the Ag-ZnONCs impregnated in the ACmatrix. The size of these nanoparticles as
determined by the TEMmachine is between 16–21 nm [40]. It can be seen clearly that the Ag-ZnONCs are
integrated into theAC sheets suggesting the controlled integration betweenAC andAg-ZnO. TheAg-ZnONCs

Figure 6. SEM images of (a)C-650 (b)C-750 (c)C-850 (d)Ag-ZnO-AC-650.
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occupied the carbon pores created during activation. The TEM-EDX infigure 9(a) indicates the presence of C as
themain component (50.8%) followed byO, K, P,Mg, and Si in order of decreased occurrence. Therewas also a
trace occurrence of Cl. These elements are part of the plantmatrix as reported byMasto et al in biochar prepared

Figure 7. (a)Electronmapping of Ag-ZnO-AC-850 showing the presence of (b)Ag, (c)Zn, (d)Oand (e) carbon. (f)Represents the
energy-dispersive x-ray spectroscopy (EDS) pattern of Ag-ZnO-AC-850.

Figure 8.TEM images of (a)AC-850 and (b)Ag-ZnO-AC-850.

Figure 9.Energy-dispersive x-ray spectroscopy (EDS) pattern of the (a)AC-850 and (b)Ag-ZnO-AC-850.
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usingwater hyacinth [54]. Figure 9(b) indicates the presence of Zn andAg as a result of impregnating Ag-ZnO
into theACmatrix.

Microbial assay
The nanocomposite control confirmed no growth of either of the bacterial strainswhile the bacterial control
shows bacterial growth as indicated in the supplementary information S6. This provides a background that, the
microbial inhibition has occurred because of the inhibition activity of the nanocomposites synthesized and used
in this study. Table 2 demonstrates excellent antimicrobial activities by the Ag-ZnO-ACNCs. The zone of
inhibition (ZOI) for Ag-ZnO-AC-650, Ag-ZnO-AC-750, andAg-ZnO-AC-850was 13.33± 0.21, 13.67± 0.33
and 14.00± 0.31mmagainst E. coli, respectively. The inhibition against S. aureus for the same nanocomposites
was 16.17± 0.31, 16.50± 0.43 and 17.33± 0.36mm, respectively. These results projected no significant
difference since the p> 0.05. The results suggest Ag-ZnONCs are themain antimicrobial agent since the
increase of carbonation temperature seems to have little impact. TheAg/ZnO-ACNCs demonstrated stronger
antimicrobial activity against S. aureus thanE. coli (p< 0.05). However, S. aureus bacteria have a thicker outer
wall thanE. coli bacteria, the latter have a peptidoglycan-porin proteinmembrane composed of
lipopolysaccharides. Thismembrane creates a barrier to prevent antibiotics frompenetrating the cell wall
makingE. colimore resistant than S. aureus [62, 63].

Although therewas no significant difference between the composites preparedwith different carbonation
temperatures, Ag-ZnO-AC-850 has demonstrated a slightly highermicrobial inhibition of 14.00± 0.31 and
17.33± 0.36mm forE. coli and S. aureus, respectively. Thismight be caused by the sharp edges on the surface of
the AC samples which increases thematerial roughness and fragmentation as observed in the SEM images
(figure 6(c)): the sharp edges cause cell walls to rupture and prick [64]. Differentmasses, 10, 17, and 34mgwere
also used to determine the effect of compositemass onmicrobial inhibition. The increase inmass increased the
inhibition of both bacterial strains with a p-value less than 0.05 (table 2). Themass increase causes an increase in
Ag+ andZn2+ ions release which are responsible formicrobial inhibition. It contributes to direct nanoparticle
attacks forming pits and deformity on the bacterial cells. Similar studies (table 3) reported successful
antimicrobial activity on gram-negative (E. coli) and gram-positive (S. aureus) bacteria. The present study has
shown strong antimicrobial activity affirming its promising application as an antimicrobial agent.

The aimof impregnating Ag-ZnO inACwas to reduce the use of themetallicNCswhich can be harmful in
excess consumption butmaintain the excellent antimicrobial activity of the resulting composite. In our previous
study, themicrobial inhibition of 30mgAg-ZnONCswas 18.17± 0.24mmand 17.19± 0.34mm forE. coli and
S. aureus respectively [40]. In the current study, 34mg of the Ag-ZnO-ACNCswere used reducing Ag-ZnOby
almost 50% since the Ag-ZnO: ACmixing ratiowas 1:1. Themicrobial inhibition of Ag-ZnO-ACNCswas
14.00± 0.37 and 17.33± 0.36mm for the E. coli and S. aureus respectively. The S. aureus inhibitionwas

Table 2.Themicrobial inhibition of the synthesized Ag-ZnOACNCs onE. coli and S. aureus.

Sample
E. coliZOI (mm) S. aureusZOI (mm)

Mass (mg) 10 17 34 10 17 34

Ag-ZnO-AC-65 11.50± 0.22 12.33± 0.17 13.33± 0.21 13.83± 0.31 15.50± 0.22 16.17± 0.31

Ag-ZnO-AC -75 11.92± 0.27 12.50± 0.22 13.67± 0.33 14.17± 0.31 16.00± 0.26 16.50± 0.43

Ag-ZnO-AC -85 12.17± 0.21 12.83± 0.17 14.00± 0.37 14.83± 0.31 16.00± 0.26 17.33± 0.36

Table 3. Studies with antimicrobial efficacy of Ag-ZnOdopedAC and graphene against E. coli and S. aureus.

Composite Synthesismethod Concentration/mass Bacterial type Inhibition/disinfection References

Ag-ZnO-AC Green 34mg S. aureus 17.33± 0.36mm This study

E. coli 14.00± 0.37mm

Ag/ZnO-AC Chemical 1000 μg S. aureus 10mm [27]
E. coli 6mm

Ag/ZnO/AC Green 0.12 g S. aureus 8–12mm [65]
E. coli 6–8mm

Ag@ZnO-chNCs Chemical precipitation 400 μgml−1 S. aureus 14.67± 0.58mm [66]
E. coli 9.33± 0.58mm

ZnAgO/GO Chemical 100 μl S. aureus 10.73± 0.35mm [20]
E. coli 12.44± 0.33mm
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maintainedwhile that ofE. coli decreased somehow.Generally, the antimicrobial activity ismaintained
therefore sustainable use of Ag-ZnONCs.

Conclusion

Ag-ZnO-ACNCs have been green synthesized successfully using antioxidants extracted from Launaea cornuta
leaves. The plant extract demonstrated remarkable extraction of antioxidants when extracted by 50%ethanolic
solvent 8.598± 0.173% (44174.19± 93.81 μg g−1)with P< 0.05. TheXRD results demonstrated successful
impregnation of Ag-ZnO into theACmatrix with an average particle size between 40.22 and 50.87 nm. The SEM
andTEM images show the formation of sheet-like ACwith increased fragmentation on an increase in
carbonation temperature. The SEMandTEM images indicate the deposition of spherical crystalline Ag-ZnO
into theAC. The antimicrobial activity of the Ag-ZnO-ACNCs has showcased significant results on gram-
negative (E. coli) and gram-positive (S. aureus) bacteria with amaximum inhibition of 14.00± 0.37 forE. coli
and 17.33± 0.36mm for S. aureus (P< 0.05). These results verify the presence of antioxidants in Launaea
cornuta and their use in the synthesis of Ag-ZnO-ACNCswith a promising use inmicrobial inhibition onwater
treatment.
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