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ARTICLE INFO ABSTRACT

Keywords: Kaolin clay-supported Zinc oxide (ZnO/KC) and ZnO NPs nanoparticles (NPs) were prepared by a

Kaolin clay ) chemical reduction process and used for the photodegradation of methyl red (MR) dye as a

E"i;"‘iegr;da“o“ photocatalyst. Due to the interlayered porous structure of the KC, we achieved an extremely good
ethyl re

association between ZnO NPs and KC. The product confirmation was conducted by Scanning
electron microscopy (SEM), X-Ray diffraction (XRD), energy dispersive X-Ray (EDX), and Fourier
transforms infrared (FTIR). SEM showed the irregular morphology of ZnO NPs, while ZnO/KC
NCs were predominately round-shaped. Moreover, in both cases, NPs were present in both
dispersed as well as agglomerated forms with an average particle size below 100 nm. The results
acquired from photodegradation analyses show that ZnO NPs and ZnO/KC NCs degraded about
90 and 99% of MR dye respectively, under UV light in a short irradiation time of 10 min. The
recovered and re-recovered ZnO NPs and ZnO/KC NCs also considerably photodegraded MR dye
in an aqueous medium. The same NPs also exhibit promising bioactivities against two pathogenic
bacteria, i.e., Citrobacter and Providencia. The antioxidant activity of ZnO/KC NCs reached to
reasonable 70% compared to the 88% activity of the standard ascorbic acid.

Bioactivity
Antioxidant activity

1. Introduction

Organic dyes have been used widely for various industrial colouring processes [1] in different industries like textile, pulp, paper,
leather, cosmetics, dyestuffs, food packaging, plastic and chemical industries [2-4]. The industrial syntheses and manufacturing
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processes bring up about ~20% organic dyes loss to aquatic environments [5]. The discharged dyes containing wastewater into the
natural environment severely damage the ecosystem and cause a series of hazards to humans upon exposure, like anaemic, carci-
nogenesis and neurological disorders [6]. These pollutants are highly toxic and carcinogenic and can be harmful to human health as
well as to the environment [7]. The carcinogenic and mutagenic effects of dye molecules in wastewater may cause nervous disorders,
and abnormal functioning of the reproductive system, kidneys, liver and brain [8]. Various approaches were tried for the removal of
dyes from waste water such as adsorption, ozonation, nanofiltration, biodegradation, coagulation and phytoremediation etc [9-14].
These conventional approaches are expensive, difficult, and destructive and transform pollutants into sludge [15].

Photocatalysis is a simple approach to resolve the discharged dye issue and minimise water pollution problems. Through this
process, the degradation of a variety of dyes ensued within aquatic media [16-18]. For this purpose, nanomaterials-based photo-
catalysts have been found more efficient to convert the typical dye molecules to CO3, H,O and other harmless by-products [19].
Nano-sized photocatalysts have much-improved degradation aptitudes to speed up chemical reactions upon absorption of light
compared to conventional catalytic materials [20]. The semiconductor oxide NPs offered good paradigms for photocatalysis of dye
degradation due to their improved optoelectrical efficiencies, chemical stability, high surface area, uniform pore size, and low
photo-corrosion [21]. The most regarded NPs photocatalysts included TiOz [22], MnO [23], CuO [24], ZnO NPs [25] etc. Among
these, ZnO NPs is an n-type semiconductor, with a wide bandgap of 3.37 eV and a high excitation binding energy of 60 mV, generating
electron-hole pairs under light irradiation. ZnO NPs exhibited great potential and high efficiency in degrading organic dyes owing to
good chemical stability, low cost and high photosensitivity [26]. Due to these characteristics, ZnO NPs are extensively explored as
photocatalysts for the photodegradation of antibiotics [27], pesticides [28], dyes [29-31] etc. However, it only absorbed UV light and
was vulnerable to photocorrosion (high recombination rate of the photo-induced charges) in suspended forms due to uncontrollable
aggregation in bulk solution due to extremely high specific energy [32]. This impacted their photocatalytic performance immensely
and made these NPs unsuitable for multiple photocatalytic usages. Furthermore, their separation from solution media is a wide
research challenge [33]. Among various dyes, methyl red (MR) is a monoazo textile dye that is highly toxic, carcinogenic, and
mutagenic water pollutants if excrete in a larger amount into aqueous fields. It could cause eye and skin irritations and impacts
digestive and respiratory tracts if swallowed/inhaled. Moreover, their low biodegradability owing to the presence of benzene rings
makes them further lethal [34]. So, its degradation is a foremost research objective in modern industrial research.

We have presented a facile approach to overcome the mentioned shortcomings by depositing ZnO NPs on a stable Kaolin clay
support to acquire ZnO/KC nanocomposite (NC). The as-synthesized materials were characterized by various instrumental techniques
like SEM, EDX, FTIR and XRD. The choice of selecting ZnO/KC NCs is based on the fact that until now extremely limited approaches
have been dedicated to depositing ZnO NPs over the Kaolin clay surface and applying for dye-decontaminating from the wastewater.
Kaolin clay is the most common natural inorganic clay, existing in rocks copiously in crystalline structure [35]. Kaolin mainly consists
of kaolinite which has the basic chemical structure of aluminum silicate hydrate (AlySi;Os(OH)4) [36]. Thus clay is chemically and
thermally stable, economical and high melting point [37]. Kaolin (name from Kao-ling hill in China) clay is a white colour soft clay,
which is mainly used in the production of paint, paper, rubber and many other materials [38]. It is widely used due to its low cost, and
brilliant physical and chemical properties like high porosity, interlayered structure, water holding and ion exchange capacity, reac-
tivity and specific surface area [39,40]. The ZnO NPs and ZnO/KC NCs photocatalysts were used for the photocatalytic degradation of
chemically robust MR dye in aqueous media under UV-light irradiation. The influence of various affecting parameters such as irra-
diation time, catalyst dosage, initial dye concentration, pH of the medium and catalyst sustainability were evaluated. Based on ob-
tained outcomes, it can be established that Kaolin-based support can be extensively employed for diverse types of NPs to enhance their
photocatalytic efficiency in terms of recyclability and durability.
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Fig. 1. Schematic of ZnO/KC NCs formation.



T. Gul et al. Heliyon 9 (2023) e16738

2. Experimental work
2.1. Materials and instrumentation

Zinc chloride (ZnCly) and MR dye were purchased from Sigma Aldrich. The NaOH and HNO3; were obtained from the Riedel-de
Haen chemical company. Kaolin clay was collected from Swat, KP Pakistan.

2.2. Preparation of ZnO/KC NCs

ZnO/KC NCs were prepared through the chemical reduction method. In a simple strategy, 100 mL of Zinc chloride (0.3 M) solution
and Kaolin (1 g) were taken in a round bottom flask and stirred until homogenous dispersion. Solution of NaOH (1 M) was added
dropwise into it until basic pH was obtained and then refluxed for 2 h at 80 °C with constant stirring. The ZnCl, gets converted into Zn
(OH),, with the dropwise addition of NaOH which finally converted into ZnO after drying and heating as shown in equations (1) and
(2). The synthesized ZnO/KC NCs were then separated via filtration and washed several times with double distilled water to neutralize
the pH and to remove any attached chemical/impurities and then dried in an oven at 100 °C. The ZnO NPs were prepared through the
same method except using Kaolin. The synthesis schematic representation of the synthesis process can be seen in the following Fig. 1.

ZnCl, + 2NaOH — Zn(OH), + 2NaCl (€9)]

Zn(OH); —> ZnO + H,0 @

2.3. Photodegradation of methyl red dye

From 100 ppm original solution of MR dye, 10 mL dye and 0.02 g of ZnO NPs and ZnO/KC NCs were separately taken in separate
beakers and placed in UV light. After specific irradiation time, ZnO NPs and ZnO/KC NCs were separated through centrifugation and
degradation of MR was examined via UV-Vis spectrophotometer. The degradation rate (% degradation) of MR was found by equation
(3).

Degradation rate (%) = (AOA_ A) x 100 3)
0

Where A, shows the initial absorbance and A shows the dye absorbance after UV irradiation.
2.4. Characterization

The SEM and EDX analyses ZnO NPs and ZnO/KC NCs were conducted by SEM LA-6490, JEOL Japan (energy range of 0-20 keV)
and EDX- INCA 200/0xford Instruments, company oxford, UK, respectively. The FT-IR and XRD analyses were individually performed
by FT-IR spectrometer (PerkinElmer, serial number 95120) and XRD Model JEOL-300. The photodegradation study of MR was con-
ducted via UV-Vis spectrophotometer (Model UV-1800, Shimadzu, Japan).

2.5. Antioxidant activity

2,2-diphenyl-1-picrylhydrazyl (DPPH) (a stable radical generating chemical) was used to find the antioxidant activity of the
synthesized ZnO NPs and ZnO/KC NCs in terms of free radical scavenging ability. Various doses (100, 200 and 300 pg/mL) of syn-
thesized NPs were dispersed in dimethyl sulfoxide (DMSO). Then 2.5 mL of DPPH (0.1 mM solution as prepared in DMSO) was added to
each NPs concentration and was kept for 30 min at 25 °C. The absorbance spectra of all concentrations were recorded and measured at
a wavelength maxima of ~500 nm. DMSO (0.1 mM) solution of DPPH was used as a control, while DPPH was used as a reference
standard.

The % DPPH scavenging effect was determined by equation (4).

Abs control — Abs test) « 100 @

DPPH scavenging (%) = < bs control

2.6. Antibacterial activity

Pathogenic bacteria Citrobacter and Providencia were collected from the department of pathology, medical and teaching institute,
Hayat Abad medical complex, Peshawar (Pakistan). The Agar well diffusion method was used for the determination of the antibacterial
activity of synthesized ZnO NPs and ZnO/KC NCs against the pathogens. Agar 8.4 g (media) was dissolved in 300 mL distilled water
and then autoclaved for 15 min at 121 °C and cool up to 40 °C. 40-50 mL media was sterile in a Petri dish (14 cm diameter) and then
allowed to solidify for the growth of bacteria. 8 mm wells were made by sterile cork borer and the sample code was marked. 10 pL
refreshed single colony of bacterial culture was spread equally on the plates of nutrient agar. Different concentration (25, 50, 75 and
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100 pL) of the sample was added to respective agar well plate according to bacterial culture. The plates were incubated at 37 °C for 24 h
and the zone of inhibition was measured.

3. Results and discussion
3.1. XRD and FTIR analysis

Fig. 2a illustrates XRD patterns of ZnO NPs and ZnO/KC NC. The XRD pattern of ZnO NPs centred at 20 values of 31.29, 34.84°,
36.2°, and 47.46° confirmed the typical crystal planes of hexagonal ZnO NPs structures. As shown in the orange shaded area in Fig. 2a,
the same set of patterns has also appeared in the ZnO/KC NCs spectra, which affirmed the successful deposition of ZnO NPs over the KC
surface [38,41,42]. Most of the KC planes are overshadowed by the bulk accumulation of ZnO NPs (37 wt % of Zn in EDX confirm this),
however, low-intensity diffraction peaks (denoted as K in XRD spectra of ZnO/KC NCs) at 12°, 26.9° and 44.3° were ascribed to
Kaolinite in ZnO/KC NCs. Furthermore, the XRD pattern confirmed that the synthesized ZnO/KC particles were highly crystalline in
nature. The particle sizes of the ZnO NPs and ZnO/KC NCs were <20 nm as calculated by the Scherrer equation. Additionally, FTIR
spectra of ZnO NPs and ZnO/KC NCs were also supplied in Fig. 2b. As marked in orange specifically, two distinct regions can be
visualized in the FTIR spectra of recorded samples. The region below 1000 cm ™ is usually ascribed to the stretching frequencies of
metal oxides and we believe that in our case these peaks appeared due to the stretching of Zn-O bonds predominantly as reported
elsewhere [43]. In the second region from 3000 to 3500 cm ™, the O-H stretching peaks appeared due to moisture adsorption. As
expected, the spectrum of ZnO/KC NCs showed a comparatively stronger adsorption band at 3626-3696 cm™' compared to ZnO,
which might be due to the ~OH vibration as the sample can absorb moisture due to its highly porous nature [44]. The presence of
further shoulder bands 1100 cm ™! in the spectrum of ZnO/KC NCs might possibly arise from the stretching vibrations of Si-O, Ti-O-Si,
and Si-O-Al bonds [42,45]. Moreover, The table in Fig. 2c shows the peak position, full width at half maximum (FWHM), crystalite
size (D), and average particle size for main peaks obtained from XRD pattern of ZnO/KC. The Scherrer equation can be used to calculate
the crystalite size (D) from the FWHM and peak position using formula D = K)\/(B cosf), where K is a constant (usually taken as 0.9), A
is the wavelength of X-ray radiation (0.154 A in this case), B is the FWHM, and 0 is the angle of diffraction [46,47]. The calculated
average particle size is ~19 nm from Scherrer formula.

3.2. Morphological and structural analyses

The catalytic activity of NPs is greatly affected by the particle size and surface area of NPs. Fig. 3a present that ZnO NPs have
pseudo-round irregular shapes distributed in both dispersed and agglomerated forms. It was also found that some of the ZnO NPs are
present in the form of large clusters (inset magnified ZnO NPs SEM in Fig. 3a). Fig. 3b shows that the ZnO/KC NCs are very small and
have pseudo-round shapes. The size of ZnO/KC NCs was well below 100 nm and aggregated largely. Importantly, the surface of Kaolin
clay was almost covered with ZnO NPs. Furthermore, the EDX spectrum of ZnO NPs in Fig. 3a displays corresponding Zinc and Oxygen
peaks which confirmed the formation of ZnO NPs. The % atomic and % weight composition values of ZnO NPs were tabulated in the
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of ZnO NPs and ZnO/KC NC. (c) A table sowing the particle size determintation from the XRD pattern
of ZnO/KC.
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Fig. 3. SEM (top) and EDX (bottom) images of (a) ZnO NPs, and (b) ZnO/KC NCs.

inset table in the EDX image. Similarly, the EDX spectrum of ZnO/KC NCs in Fig. 3b also presented respective peaks for Zn, O, Si, Al, Ca,
Fe, and C elements. The peaks correspondingly appeared from the presence of aluminium, silicon, iron, oxygen, and calcium which are
the basic constituents of Kaolin clay, while the Zn peak appeared from the deposited ZnO NPs. The % atomic weight value of Zn in
ZnO/KC NCs confirmed the appreciable deposited amount of ZnO NPs over the KC surface.
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Fig. 4. UV-Vis absorbance spectra obtained from MR degradation by (a) ZnO NPs (b) ZnO/KC NCs. (c) % degradation comparison of both pho-
tocatalysts. (d) The mechanism of photodegradation of MR by Kaolin-supported ZnO NPs.
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3.3. Photodegradation study of methyl red

3.3.1. Irradiation time study
Fig. 4a and b demonstrates the UV/VIS spectra of MR dye, which was photodegraded by ZnO NPs and ZnO/KC NCs under UV-light

irradiation. The absorbance maxima in all cases lay at ~500 nm and hence this value is selected to compare the photodegradation
efficiency of each sample over regular periods. The results presented that the photodegradation of MR increases with increasing
irradiation time. Moreover, the ZnO/KC NCs degrading efficiency is considerably high compared to ZnO NPs. As shown in Fig. 4c, the
ZnO NPs and ZnO/KC NCs degraded dye about 90 and 99%, respectively in a very short time of irradiation (10 min) under UV light
irradiation. Various ZnO and ZnO based nanomaterials are applied as photocatalysts for MR dye degradation such as seaweed
mediated ZnO NPs [19], ZnO nanorods [48], S-scheme ZnO-CoTe binary photocatalyst [49], silica@ZnO nanohybrids [50], ZnO/CdS
heterostructures [51], ZnO-GNc [52] etc. These studies shows hard reaction conditions and long irradiation reaction times. As
compared to these studies our prepared ZnO/KC NCs degraded 99% dye in 10 min. The high activity of the ZnO/KC NCs is due to the
great Kaolin support which facilitated the uniform deposition of ZnO NPs on the surface to enhance their exposure to irradiating light.
Moreover, the hydrophilic nature of KC is equally important to allow the dye-containing water to seep inside that trapping improved
the reaction time of ZnO with dye molecules and hence boost the overall efficiency of ZnO/KC NCs by almost 9%.

To support our claim, we have provided a scheme of a well-established mechanism of MR in the presence of ZnO NPs and ZnO/KC
NCs in Fig. 4d with the literature support [53,54]. As can be seen, the ZnO NPs are shown to be deposited on the KC surface. We have
purposely magnified one ZnO NP to show the mechanism. When UV light is passed, excitation of electron (e—) occurs from the valence
band (VB) to the conduction band (CB) that generates positive holes (h™) in the VB, the holes might have reacted with water (H,0)
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Fig. 5. (a,b) % dye degradation comparison of fresh (1st run), recover (2nd run) and re-recover (3rd run) ZnO NPs and ZnO/KC NCs. (c,d)
UV-Visible spectra of MR dye photodegraded by different doses of ZnO NPs and ZnO/KC NCs, and (e) Comparative dose effect on the % degradation

of ZnO NPs and ZnO/KC NCs.
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molecules and form hydroxyl radicals (OH®), while the oxygen reacted with the photo-generated electrons and form superoxide anion
radical (03). Both these species (hydroxyl and superoxide anion radical) are highly oxidizing in nature and easily attacked the
absorbed organic molecules over ZnO/KC NC or found near the surface of the catalyst that resulted in the degradation of organic
molecules (MR in our case) [55,56]. According to the literature using ZnO for the photodegradation of MO dye, *O3 serve as the main
ROS in the MR degradation, while *OH played a little role [57-59].

3.3.2. Sustainability of photocatalyst and effect of dose

The sustainability of both ZnO NPs and ZnO/KC photocatalysts against MR dye was additionally studied using the same experi-
mental parameters. The used NPs were separated from the dye solution via centrifugation and washed many times with distilled water
and then oven dried at 100 °C and used for the second (1st time recovered photocatalysts) and third time (2nd time recovered
photocatalysts). Fig. 5 represents the % dye degradation comparison of fresh (1st run), recovered (2nd run) and re-recovered (3rd run)
ZnO NPs and ZnO/KC NCs. It is observed that the after 1st run the photocatalytic activity is significantly reduced due to possible
agglomerations of ZnO NPs and binding loss between ZnO NPs and KC. It is obvious from Fig. 5a and b that fresh ZnO NPs and ZnO/KC
degraded MR dye more effectively than the recovered and re-recover NPs. The fresh ZnO NPs degraded about 90% of the dye while
recovered and re-recovered ZnO NPs degraded about 68% and 56%, respectively. Similarly, the fresh ZnO/KC degraded about 99% of
dye while the recovered and re-recovered ZnO/KC NCs degraded about 80% and 65% of dye, respectively within 10 min of irradiation
time under UV light. Besides the upper mentioned reasons, blockage of the catalyst active site by the photo-insensitive hydroxides
deposition is another possible reason that led to the loss of photocatalytic activity [55]. Fig. 5¢ and d shows the impact of various
photocatalyst dose concentrations on the MR dye degraded at constant irradiation time (2min) and dye concentration (100 ppm). The
comparative data is provided in Fig. Se. It can be seen that the dye degradation increased with the photocatalyst dose. In the case of
ZnO/KC NCs, 63% of the dye is degraded after 2 min of UV exposure compared to 47% degradation by ZnO NPs at 0.005 g doses. The
degradation successfully reached 90% and 96% for 0.030 g concentration of ZnO NPs and ZnO/KC NCs, respectively.

3.3.3. Effect of dye concentration and medium pH

The effect of dye concentration on photodegradation under a constant catalyst amount (0.02 g) and irradiation time of 2 min was
investigated and was noted that dye degradation decreased as increased initial dye concentration. Fig. 6a indicates that the rate of dye
degradation was inversely affected by the dye concentration. It was realized that at 50 ppm dye concentration, the degradation by ZnO
NPs and ZnO/KC NCs effectively reached 80% and 87% dye, respectively. However, as expected the degradation showed gradual
retardation with increasing the initial dye concentration. For instance, at 250 ppm in 2 min of irradiation time, the ZnO NPs and ZnO/
KC individually remove only 40% and 46% of the MR dye from the aqueous medium. The most probable reason for this behaviour can
be related to the fact that with increasing the dye’s initial concentration, the optimum amount got adsorbed on the catalyst surface
however a major chunk of dye remained unabsorbed and impacted the light penetration due to the shadowing effect. Thus, least OH
radicals are initiated and we observe comparatively less dye degradation with an initial dye concentration increase [60,61].

Industries discharge their wastewater containing dyes at a different pH, so it is very important to study the pH effect on dye
degradation. The pH study was conducted at pH 3, 5, 9 and 11 where dye concentration (100 ppm), catalyst amount (0.02 g) and
irradiation time (2 min) was kept constant. The pH of the dye solution was adjusted by adding HNO3 and NaOH. Fig. 6b reveals the
influence of pH on the photodegradation of MR, which illustrated that the degradation of dye increased as decreased in pH of the
solution occur i.e., maximum degradation occurred in an acidic medium and about 53% and 57% of the dye was degraded by ZnO NPs
and ZnO/KC NCs at pH 11, which was gradually increased to 90% and 95%, respectively at a pH value of 3. The results also declared
that ZnO/KC NCs are more active than ZnO NPs. The high degradation at low pH is attributed to the strong Lewis base behaviour of
designed catalysts and enhanced adsorption of the dye on the positively charged catalyst surface as reported elsewhere [62].

3.4. Antibacterial activity of ZnO NPs and ZnO/KC NCs

Metal nanoparticles have amazing properties like concentration, chemical composition, shape, size and photoactivation, which
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Fig. 6. Comparison of dye degradation by ZnO NPs and ZnO/KC NCs at (a) different initial MR dye concentrations and (b) various pH values.
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make them efficient for antimicrobial properties [63]. ZnO NPs and ZnO/KC NCs were also used for the antibacterial activity against
two pathogenic bacteria (Citrobacter and Providencia). The zone of inhibition was determined in millimetres (mm). Fig. 7a and b
represents the digital photographs of antibacterial activities of ZnO NPs against Citrobacter and Provedincia respectively, while Fig. 7c
represents their graphical comparison. Similarly 7d and 7e represents the digital photographs of antibacterial activities of ZnO/KC NCs
against Citrobacter and Provedincia respectively, while Fig. 7f represents their graphical comparison. As comprehensively demonstrated
in Fig. 7, ZnO NPs and ZnO/KC NCs significant activity against pathogenic bacteria. 21 and 24 mm of inhibition zone was found against
Citrobacter and 22 and 23 mm of inhibition zone was found against Providencia by ZnO NPs and ZnO/KC NCs, respectively at 100 pL of
concentration. These results demonstrated that the efficient surface properties of ZnO NPs and ZnO/KC NCs enable the materials to
yield enhanced antibacterial efficacies.

3.5. Antioxidant activity of ZnO NPs and ZnO/KC NCs

The body can be protected from the harmful effects of free radicals by the compounds name antioxidants that work through the
process of scavenging free radicals. To check the antioxidant activity of synthesized ZnO NPs and ZnO/KC NCs, a DPPH (2, 2-diphenyl-
1-picrylhydrazyl) scavenging assay was used at various concentrations of the developed catalysts i.e., 100, 200 and 300 pg/mL.
Ascorbic acid (AA) was used as a standard in this process. The conclusive results in Fig. 8 display that as-synthesized ZnO NPs and ZnO/
KC NCs have antioxidant activity less than the widely recognized ascorbic acid (standard), however, the values are still in the
promising range compared to reported values in literature. The maximum impact of free radical scavenging was observed in ZnO/KC
(70%) as compared to the AA (standard), while moderate activity was observed in ZnO NPs (52%) at 300 pg/mL.

4. Conclusion

In conclusion, we have successfully formed the ZnO NPs and ZnO/KC NCs and confirmed their morphology and structural
behaviour from the SEM, XRD and FTIR. The nanoscale size of ZnO NPs and intercalated hydrophilic behaviour of KC enable the ZnO/
KC NCs to effectively degrade the MR dye within 10 min. We established a relationship between various parameters and dye
degradation that included catalyst amount, irradiation time, pH impact etc. Moreover, the ZnO/KC NCs also demonstrated superior
performance after recovering from the various runs. Lastly, we have seen that the same system can be extended to antibacterial and
antioxidant activities. About 21 and 24 mm of inhibition zone was found against Citrobacter and 22 and 23 mm of inhibition zone was
observed against Providencia by ZnO NPs and ZnO/KC NCs, respectively at 100 pL of concentration. Similarly the maximum impact of
free radical scavenging observed in ZnO/KC was 70%, while the activity displayed by ZnO NPs was 52% at 300 pg/mL. These outcomes
suggested that the synthesized nanomaterials can be further modified and explored for photocatalytic and biological applications.
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Fig. 7. Antibacterial activity analyses: (a,b) Digital images acquired from ZnO NPs against Citrobacter and Providencia, (c) graphical comparison
against ZnO NPs. (d,e) Digital images acquired from ZnO/KC NCs against Citrobacter and Providencia, (f) graphical comparison against ZnO/KC NCs.
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Fig. 8. Antioxidant assay: % DPPH free radical scavenging activity of ZnO NPs and ZnO/KC NCs.
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