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Abstract Monometallic ZnO nanoparticles were prepared by hydrolysis of zinc acetate with

ammonium hydroxide solution. Bimetallic zinc-silver nanoparticles (ZnO-AgNPs) were prepared

using metal displacement galvanic cell reaction in presence of cetyltrimethylammonium bromide

(CTAB). The optical and photo-physical properties of both NPs were determined. Surface plasmon

resonance (SPR) intensity of ZnO-AgNPs depends on the ratio of metal salt precursors and other

experimental conditions. The optical band gap (2.98 eV), agglomeration number (26819.92), and

molar concentration (1.14 � 10�4 mol/liter) of ZnO-AgNPs were determined. Langmuir adsorption

monolayer, Freundlich, intraparticles diffusion and multilayer adsorption isotherms used for the

determination of maximum adsorption efficiency and adsorption isotherm parameters to the

removal of safranin dye from an aqueous solution. The kinetics of safranin removal has also been

discussed with pseudo-first order, pseudo-second order, intraparticle diffusion and multilayer

kinetic models. The antibacterial and antifungal activities of ZnO, Ag and ZnO-AgNPs were deter-

mined against human pathogens using growth kinetic and disk diffusion methods. The concentra-

tions of ZnO-AgNPs have significant effect on the bacterial growth kinetics. The death rate

constants increase with increasing the NPs concentrations. It has been found that the ZnO-

AgNPs hold higher microbial activities than that of monometallic counterpart, ZnO and AgNPs.

Mechanism of bacterial growth and death was discussed.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The optical, electrical, adsorbing, and microbial properties of
nanoscale metal oxides semiconductor and their composites
depend on the size and band gap (Kudo and Miseki, 2009).
Due to the wide optical band gap, low cost, large surface area,

excellent photosensitivity, and high excitation binding energy,
the synthesis and characterization of ZnONPs have been the
interest of various investigators for industrial, medicinal, pho-

tocatalytic and solar cell applications (Wang, 2008; Zeng et al.,
2008; Sirelkhatim et al., 2015; Lu et al., 2017). Zinc is an

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.09.023&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zoya.zaheer@gmail.com
mailto:zzkhan@kau.edu.sa    
https://doi.org/10.1016/j.arabjc.2020.09.023
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.09.023
http://creativecommons.org/licenses/by-nc-nd/4.0/


7922 Z. Zaheer, S.M. Albukhari
essential trace element for human body (Pedersen et al., 2017)
and possesses antibacterial and anti-inflammatory activates
against human pathogens (Raguvaran et al., 2017; Liu and

Kim, 2012). In addition, ZnONPs extensively used for the
removal of toxic heavy metals and non-biodegradable water
contaminants (Ghaedi et al., 2013; Salehi et al., 2010; Zhang

et al., 2013). For example, Ghaedi et al. used monometallic
Pd, Ag and ZnNPs for the removal of bromophenol red and
reported that the all three adsorbents followed Langmuir

adsorption isotherm (Ghaedi et al., 2013). Zhang and his
coworkers studied the removal of toxic methylene blue with
ZnO from aqueous water and discussed the adsorption kinetics
by using pseudo-second-order kinetics (Zhang et al., 2013).

Sakthivel and his coworkers reported the photo catalytic
degradation of acid brown 14 azo dye by using transition met-
als oxides NPs of titanium, zinc, tin, zirconium, iron, tungsten,

and cadmium and suggested that the ZnO acted as a most
effect catalyst in presence of UV irradiation and showed low
photocatalytic efficiency (Sakthivel et al., 2003). Solvothermal

and hydrothermal methods were used for the fabrication of Bi-
MoO6 of different molar ratio (Cao et al., 2020; Liu et al.,
2019; Wang et al., 2020ab), Bi-WO6 (Wang et al., 2020a,b)

and Cu2O-AgNPs (Wang et al., 2019) for the enhancement
of photocatalytic and hydrogen production activities with
TiO2 and CTAB.

Silver NPs are ecofriendly, nontoxic, and safe inorganic

antimicrobial agent and has capability to killing diseases caus-
ing microorganisms from centuries. They have sharp well
defined surface resonance plasmon (SPR) band in the UV–vis-

ible region (from 350 to 500 nm) and extensively used in
antimicrobial activities (Ocsoy et al., 2017a, 2017b, water
purification (Khan et al., 2018; Zaheer, 2018), catalysis

(Alzahrani et al., 2018: Hayelom et al., 2017), drug-delivery
(Sharma et al., 2009), antibacterial (Sondi and Salopek-
Sondi, 2004), bio-sensing (Haes and Duyne, 2002), products

(Eby et al., 2009) and protein interaction (Al-Thabaiti et al.,
2017). Henglein prepared colloidal AgNPs using UV illumina-
tion technique in presence of different polymers and reported
that the optical and physical property of AgNPs depends on

the nature of stabilizer, presence of molecular oxygen, organic
solvent, and chemisorbed metal cations such as Hg2+, Cd2+,
Ni2+ and Ag+ (Henglein, 1998). Amino acid, DNA and gra-

phene oxide were used as a capping agent to the preparation
of AgNPs for molecular recognition, antimicrobial and pho-
tothermal activities (Ocsoy et al., 2013a, 2013b; Chen et al.,

2012; Shankar and Rhim, 2015). Silver, gold and coper NPs
were fabricated using the green extract of different fruits as
reducing agent (Dogru et al., 2017; Demirbas et al., 2019;
Duman et al., 2016). Ocsoy and his coworkers incorporated

biomolecules into the metal NPs to increases their biomedical
efficiencies (Ocsoy et al., 2018). Silver based nanocomposites
with graphene oxide were used to detect the growth of bacte-

rial spot on tomato and reported that the silver composites
were the potential alternative of copper-based composites as
an antibacterial agent (Strayer et al., 2016). Staphylococcus

aureus cells was used to determine the antibacterial activities
using DNA aptamer drugs (Turek et al., 2013).

Synthetic dyes were used in various industries such as cos-

metics, textile, leather, and plastic to color their products and
classified as anionic, cationic and nonionic. They contained
toxic non-biodegradable organic materials and prevents the
light penetration into the water due to aesthetic aspects, which
affect the photosynthetic activity of living plants in aquatic life
(Aldegs et al., 2008). Literature contained abundant reports
regarding the use of transition metal NPs as a catalyst for

the degradation of toxic dyes under photocatalytic and solar
irradiation. For example, aptamer drug capped magnetic gra-
phene oxide conjugates loaded with indocyanine green was

prepared for the estimation of photothermal and photody-
namic therapies against the membrane of cancer cell lines
(Ocsoy et al., 2016). Monometallic ZnO, bimetallic (Ag/ZnO,

La-doped ZnO and Sn-doped ZnO) NPs were used as a cata-
lyst for the photocatalytic degradation of toxic and non-
biodegradable dyes such as methylene blue (Jang et al., 2006;
Sun et al., 2011; Whang et al., 2012; Saravanan et al., 2013;

Bomila et al., 2018). ZnONPs were also used for the solar pho-
tocatalytic degradation of acid brown 14 azo dye (Sakthivel
et al., 2003). Safranin is a cationic non-biodegradable dye

and used in textile industries for dying purposes. It is harmful
to human begins and affected the respiratory, skin and diges-
tive system (Fayazi et al., 2015). The removal of safranin from

wastewater could be considered as a big challenge due to its
harmful impacts. The adsorption, photocatalytic, optical and
microbial properties of bimetallic NPs have been enhanced sig-

nificantly due to the combined effect of both metals. For exam-
ple, bimetallic NPs of silver and gold with ZnO oxide increased
the degradation of organic pollutants under UV and visible
(Fageria et al., 2014; Zheng et al., 2007). Various methods such

as seed growth, co-reduction, sol–gel, and precipitation were
used for the incorporation of second method (silver and gold)
into the monometallic ZnONPs (Liu et al., 2012). The synthe-

sis of bimetallic ZnONPs with visible light sensitive NPs via
galvanic cell reaction is lacking. To the best of our knowledge,
the removal of safranin by using ZnO-AgNPs as an adsorbent

has not been reported in the literature.
Our goal in this study was to fabricate the ZnO-AgNPs

bimetallic by using metal displacement galvanic cell reaction

in presence of CTAB as stabilizing agent. For this purpose,
ZnONPs were prepared with thermal hydrolysis of zinc acetate
by adding ammonium hydroxide solution. The ZnO-AgNPs
used as an adsorbent to the adsorption of safranin (azonium

biological strain, used in histology, cytology and as redox indi-
cator in analytical chemistry) from an aqueous solution. The
safranin adsorption on the surface of ZnO-AgNPs was dis-

cussed with different adsorption isotherms, kinetic models
and thermodynamic parameters. The antibacterial and anti-
fungal activities of Zn, Ag and ZnO-AgNPs were determined

against Gram positive Staphylococcus aureus (S. aureus
MTCC#3160) and Candida albicans ATCC 10231. The bacte-
ria growth kinetics experiments were modeled to establish the
role of NPs concentrations on the antimicrobial properties.
2. Experimental section

2.1. Chemicals

Zinc acetate (Zn(CH3COO)2, molar mass = 183.48 g/mol),

silver nitrate (AgNO3, molar mass = 169.87 g/mol) were
purchased from Sigma-Aldrich and used as metal salt
precursors for the synthesis of ZnO and ZnO-Ag NPs without

further purification. Sodium hydroxide (NaOH, molar mas =
40 g/mol), cetyltrimethylammonium bromide (C19H42NBr,
molar mass = 364.45 g/mol), inorganic electrolytes (all reagent
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grade) were used as received. Distilled water (deionized and
CO2 free) was used as solvent to the preparation of all reac-
tants. Stock solution of NaOH was standardized against stan-

dard oxalic acid solution using phenolphthalein as in indicator.
Ammonium hydroxide solution was used to maintain the pH
adjustment. Silver nitrate solution was kept in an amber glass

bottle to protect from photochemical reduction of Ag+ ions.

2.2. Synthesis of ZnONPs

The colloidal ZnO was prepared by using hydrolysis method as
reported in the literature with slight modification (Pesika et al.,
2003). The stock solution of Zn (CH3COO)2 (0.01 mol/liter)

and CTAB (0.01 mol/liter) was prepared in required volume
of deionized water. In a typical experiment, the solutions of
Zn(CH3COO)2 (5.0 ml) and CTAB (10 ml) was mixed in a
reaction vessel containing 100 ml water and then placed in a

hot water bath at 353 K for 2 h. The pH was maintained con-
stant ca. 10.0 by adding the ammonium hydroxide solution. As
a result, the colorless reaction solution became cloudy immedi-

ately due to the formation of Zn(OH)2. Finally, the white pre-
cipitate of ZnONPs was formed and deposited in the reaction
flask. The white color powder was collected, washed with

deionized water, dried in air at room temperature and anneal-
ing was performed at 673 K for 2 h. The resulting ZnO powder
was used for the synthesis of ZnO-AgNPs.

2.3. Synthesis of ZnO-AgNPs

Galvanic metal displacement cell reaction was used to the syn-
thesis of Zn-AgNPs by using colloidal solution of as prepared

ZnO (Niu et al., 2012). Reduction potentials of Zn2+/Zn0 and
Ag+/Ag0 redox couples were �0.76 V and +0.799 V, respec-
tively. The Ag+ ions were reduced on the surface of metallic

Zn (Eq. (1)).

Zn0sð Þ þ 2AgþðaqÞ ! Zn2þaqð Þ þ 2Ag0ðsÞ ð1Þ
Therefore, Ag0 was deposited on the surface of ZnO in

presence of CTAB. In a typical experiment, as prepared ZnO
NPs (20 mg) was dispersed a reaction flask containing 50
CTAB and stirred with continuous magnetic stirrer. The solu-

tion of AgNO3 (2.0 � 10�3 mol/ liter) was also prepared in
CTAB and was added drop-wise into the reaction mixture
under constant stirring. The resulting suspension was heated

at 333 K for 24 h. The brown–red precipitate of Zn-AgNPs
was collected using filtration, washed with distilled water fol-
lowed by ethanol, and dried in open atmosphere for 5 h at

323 K.

2.4. Characterization of NPs

The optical properties of Zn-AgNPs were determined with

using UV–visible spectrophotometer (UV–Vis, Perkin Elmer,
Lambda 35v). The spectra were recorded from 200 to
800 nm at different time intervals with quartz cells and deion-

ized water was used as reference. The surface morphology was
determined by using scanning electron microscope, and trans-
mission electron microscope. For TEMmeasurements, the dew

drop of aqueous suspension was deposited on the carbon
coated copper grid (50 mesh) and dried under open
atmosphere at room temperature prior to use. The elec-
trophoresis experiments were performed to determine the zeta
potential and stability of NPs. The X-ray diffractometer was

employed to determine the crystalline structure of ZnO-
AgNPs with scanning range from 100 to 800, scanning rate
of 2theta angles min�1, with monochromatic CuKa radiation

at 40 kV and 30 mA current. The Debye-Scherrer formula
(Eq. (2)) was used to determine the crystallite of ZnO-AgNPs.

D ¼ kk=bcosh ð2Þ
where D = crystallite size of ZnO-AgNPs, k = constant equal

to 0.9, k= source of R-xay radiation (=0.15406 nm), b= full
width at half maximum of the peak and h = Braggs’ angle.

2.5. Batch experiments

The as prepared ZnO-AgNPs was used as an adsorbent for the
removal of safranin form an aqueous solution. In a typical
experiment, the ZnO-AgNPs (0.02 g) was added in different

reaction vessel containing the required amount of deionized
water for dilution for the preparation of suspension. The dif-
ferent amount of safranin (ranging from 35.0 mg/liter to

105.2 mg/liter) was added into each reaction vessel and the
resulting reaction mixture was stirred for 1 h with constant
shaking speed at 298 K. For the evaluation of adsorbent effect

on the removal of safranin, the different amount of ZnO-
AgNPs was added in a series of reaction vessel containing a
constant amount of safranin (35.0 mg/g) at 298 K. The

amounts of adsorbed safranin at equilibrium (qe; mg/g) and
as a function of time (qt; mg/g) were as calculated with Eqs.
(3) and (4) (Kosa and Zaheer, 2019).

qe ¼
VðCi � CfÞ

W
ð3Þ

qt ¼
VðCi � CtÞ

W
ð4Þ

where V and W are the volume of solution in liter and mass of

adsorbent, respectively. The Ci, Cf and Ct are the concentra-
tion of safranin at initial, final and different time intervals
adsorption processes, respectively. Various adsorption iso-

therms (Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich isotherms), and kinetic rate-law (pseudo-first
order, pseudo-second order, intraparticle diffusion and Elo-

vich models; Eqs. (5)–(8)) were applied for the evaluation of
adsorption parameters.

log qe;exp � qt
� � ¼ logqe;cal �

k1
2:303

� �
t ð5Þ

t

qt
¼ 1

k2q
2
e;cal

þ t

qe;cal
ð6Þ

qt ¼ kdift
1
2 þ I ð7Þ

qt ¼
1

b
ln abð Þ þ 1

b
lnt ð8Þ

The effect of temperature (from 298 K to 335 K) was also
studied to determine the nature of adsorption and their associ-
ated thermodynamic parameters were also calculated by using
the following relations (Eqs. (9)–(12)).
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Kad ¼ CS

CW

ð9Þ

lnKad ¼ �DH0

RT
þ DS0

R
ð10Þ

DG0 ¼ �RT lnKadð Þ ð11Þ

DS0 ¼ DH0 � DG0
� �

T
ð12Þ
2.6. Reusability of ZnO-Ag

In order to determine the stability of ZnO-AgNPs, the adsor-

bent was separated from the reaction mixture after the first
adsorption experiment, wash with water and dried at room
temperature. For desorption, adsorbent was treated with
sodium hydroxide (0.1 M) and acetic acid (0.1 M) separately

to the removal of dye in acidic and basic media. The resulting
mixture was stirred for 30 min at 303 K. The generated adsor-
bent with acetic acid was used again for next batch experiment

for the estimation of durability and stability.
(a)

(b)

Fig. 1 UV–visible spectra of ZnONPs and their TEM images

prepared by hydrothermal hydrolysis in presence of CTAB (A) and

Tauc plot for the calculation of optical band gap.
2.7. Microbial activities

Antibacterial and antifungal assay of ZnO, Ag and ZnO-Ag
were tested against Gram positive (Staphylococcus aureus (S.
aureus MTCC#3160) and Candida albicans (C. albicans

ATCC#90028) human pathogens strains by using dilution disk
diffusion technique according to the guidelines reported in the
literature (Zaheer et al., 2019). The required size of Whatman
filter paper discs were prepared, sterilized, impregnated with

the known sample concentrations, placed on the cultured
plates, incubated at 37 �C for 48 h, and determined the diam-
eter of zone of inhibition. The gentamicin and fluconazole were

used as inhibition control and the test was performed on a sep-
arate disc. The minimum inhibitory concentration (MIC = no
growth and/or turbidity were observed by necked eye) was esti-

mated by the reported method (Gutierrez et al., 2018). For the
growth of bacterial (killing kinetics), the cultured bacterial
cells were transferred into a reaction flask containing the
required amount of NPs. The progress of killing rates was

monitored by recording the absorbance of reaction mixture
at 600 nm and 490 nm for S. aureus and Candida albicans with
definite different time intervals respectively (Chatterjee et al.,

2015). Sondi and Salopek-Sondi method was used for the cal-
culation of bacterial concentration (Sondi and Salopek-Sondi,
2004). The minimum bactericidal concentration (MBC = no

visual growth of bacteria) was determined for both human
pathogens.

3. Results and discussion

3.1. Optical properties and morphology of ZnO, Ag, and ZnO-
AgNPs

The aqueous sols of transition metals NPs produced different
color from pale yellow, yellow, orange, and brown, red to blue

due to the collective resonance oscillation and exhibited an
intense SPR band in the UV–visible region. The position of
SPR band and their intensity depends on the method of
preparation, nature of capping agent, pH and ageing with tem-
perature. The aqueous suspension of as prepared ZnONPs was

milky. Fig. 1A shows the UV–visible spectra of ZnONPs,
which exhibits a sharp absorption band at 355 nm indicating
the formation of ZnONPs. The hypsochromic (from 315 to

390 nm) and bathochromic (from 390 to 350–355 nm) shift
depends on the experimental conditions (Shvalagin et al.,
2007). To determine the stability of ZnONPs, UV–visible spec-

tra were recorded at two different time intervals (60 and
120 min) after dispersing in water. The position of absorption
peak at 355 nm and absorption intensity remains constant with
increasing time, indicating that the ZnONPs was stable at

room temperature under our experimental conditions
(Fig. 1A). Our absorption peak at 355 nm is in excellent agree-
ment to the absorption peak of ZnONPs reported by various

investigators at 355, 369, 364, 365 and 378 nm (Shvalagin
et al., 2007; Fageria et al., 2014; Mittal et al., 2014; Sun
et al., 2011; Pudukudy and Yaakob, 2014). From the absorp-

tion spectrum, the optical band gap of ZnO with using classical
Tauc relation (Eq. (13)).

ahtð Þ2 ¼ K ht� Eg

� � ð13Þ
where a = absorption value of UV–visible spectra, h = Plank
constant, t = frequency, K = constant and Eg = band gap
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energy. A plot was constructed between (aht)2 and ht
(Fig .1B). The Eg value was calculated by extrapolating a
straight line to the x-axis in the plot of the (aht)2 against
optical band gap and found to be 2.98 eV, which is in good

agreement with the Eg value reported in the literature
(Shvalagin et al., 2007). In order to determine the size and
shape of ZnO NPs, TEM images were recorded. Inspection
of these images indicates that the ZnO NPs are spherical with

some irregular like structures and poly-dispersed and their
diameter ranging from 5 nm to 25 nm (Fig. 1; TEM images).

The agglomeration number of ZnO NPs (NZnO) and aver-

age number of atoms per particles (Naverage) were calculated
with Eqs.14 and 15, respectively (Table 1).

NZnO ¼ 4

3M
pR3qNa ð14Þ

Naverage ¼ pqNA

6M
�D3 ð15Þ

where q=density of bulk ZnO (5.61 g/cm3), NA=Avogadro’s

number (6.02214 � 1023; number of atoms/mole), and
M = molecular mass of ZnO. The R (5.0 � 10�7 cm) and D
(10.0 � 10�7 cm) are the radius and average diameter of
ZnO NPs, respectively, calculated from the TEM images (ca.

10 nm). The values of NZnO (21728.83) and Naverage

(21728.83) are calculated by substituting all parameters in
Eqs.14 and 15. The molar concentration of ZnONPs solution

was calculated by Eq. (16).

C ¼ NT

NVNA

ð16Þ

where C = molar concentration of ZnONPs, NT = total
number of Zn atoms added as Zn(CH3COO)2
(0.003 mol/L)), N = 21728.83 (vide supra), and V = total

volume of reaction mixture in liter. The ZnO molar concentra-
tion was found to be 1.38 � 10�5 mol/liter. The optical band
gap energy was also used to determine the size of ZnO (2R)

with effective mass approximation by using Eq. (17) (Wang
and Herron, 1991; Henglein, 1997).

DEg ¼ h2p2

2R2

1

m�
em0

� 1

m�
hm0

� �
ð17Þ
Table 1 Characteristic surface parameters of NPs.

Parameters ZnO Ag ZnO-Ag

Color White Orange Yellowish

orange

Position of

peak

354 nm 440 nm 354 and 440 nm

Aggregation 21728.83 30684.57 26819.92

C (mol/liter) 1.38 � 10�5 9.78 � 10�6 1.14 � 10�4

Size 5–25 nm 4–20 nm 2–30 nm

Shape Spherical;

irregular

Spherical Flower-like;

irregular

Zone of

inhibition

12 mm 15 mm 24 mm

S. aureus

activity

Active Active Active

C. albicans Active Active Active
where DEg = difference between optical band gap of ZnO NPs

and bulk ZnO (3.2 eV reported by Bahnemann et al., 1987), ⁄
= reduced Planck’s constant (h/2p), m*e = effective mass of
ZnO conduction band electrons (0.25) reported by Shim and

Guyot-Sionnest, 2001), m*h = effective mass of ZnO valence
band holes (0.59), mo = the rest mass of electron.

Fig. 2A shows the UV–visible spectra of AgNPs as a func-
tion of time, which was prepared by using ascorbic acid

(2.0 � 10�2 mol/liter), AgNO3 (1.0 � 10�3 mol/liter), and
CTAB (10.0 � 10�4 mol/liter) as a reducing, oxidizing and sta-
bilizing agent, respectively. The resulting silver sols exhibit a

sharp SPR band at ca. 440 nm, which was the characteristic
of spherical NPs. Reaction-time profile indicates that the
nucleation and growth process were completed within 40 min

of reaction time (Fig. 2B). The agglomeration number (NAg)
and molar concentration of AgNPs were calculated by using
Eqs. (14) and (15) and these values were found to be
30684.57 and 9.78 � 10�6 mol/liter with density of Ag

(10.5 g/cm3), atomic mass of Ag (107.86) diameter of AgNPs
(10 nm), and volume of the reaction solution (0.01 mol/liter).
TEM images shows that the AgNPs were spherical (size

ranging from 4 nm to 22 nm) and poly-dispersed Table 1).
(b)

Fig. 2 UV–visible spectra of AgNPs and their TEM images

prepared by ascorbic acid in presence of CTAB (A) and reaction-

time profiles (B).



Scheme 1 Optical images of ZnO, AgNO3 and ZnO-AgNPs at

room temperature.
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The resulting silver sol has dark orange color, which is the
characteristic of spherical NPs.

For the preparation of ZnO-AgNPs, aqueous suspension of

ZnONPs was prepared in water (10 ml) containing CTAB
(10 ml of 0.01 mol/liter). The AgNO3 solution (10 ml of
0.01 mol/liter) was added into the reaction flask and the result-

ing solution was stirred with magnetically at room tempera-
ture. The milky reaction mixture became yellow to orange
like with increasing reaction time, indicating the reduction of

Ag+ ions and formation of AgNPs. The reduced Ag0 was
simultaneously deposited onto the surface of ZnO, which leads
to the formation of ZnO-AgNPs (Fig. 3). The intensity of SPR
band depends on the reaction time and concentration of

AgNO3. Optical images of ZnONPs, AgNO3 and
ZnO-AgNPs clearly indicates the formation of orange color
like ZnO-AgNPs, which might be due to the reduction of

Ag+ ions by ZnO with metal displacement reaction (Scheme 1).
Visual observations also indicate that the reaction time and
concentration of Ag+ ions have significant impact on the

stability of resulting ZnO-Ag nano sols in water. At higher
Fig. 3 UV–visible spectra of ZnO and ZnO-AgNPs and TEM

images of ZnO-AgNPs prepared by hydrothermal hydrolysis and

metal displacement reaction, respectively.
concentration of Ag+ ions, yellowish white precipitates were
appeared due to the uncontrolled nucleation and growth
processes.

The standard reduction potentials of Ag+/Ag0 couple

(Eq. (18)) were enough to oxidize the metallic Zn surface into
Zn2+ ions (Eq.19). Finally, ZnO-AgNPs were formed by metal
displacement galvanic cell reaction (Eq. (1)).

AgþðaqÞ þ e� ! Ag0ðsÞ reduction potential ¼ þ0:799Vð Þ ð18Þ

Zn2þðaqÞ þ 2e� ! 2Zn0ðsÞ reduction potential ¼ �0:76Vð Þ ð19Þ
The presence of two types of absorption peaks at 355 nm

and 450 nm, characteristic peak of pure zerovalent ZnO and
AgNPs, respectively, confirms that the as-prepared NPs are
composed of metallic ZnO and Ag (Shvalagin et al., 2007;

Zheng et al., 2007). TEM images shows that the ZnO-Ag
NPs were spherical (size ranging from 2 nm to 30 nm) and
poly-dispersed. The resulting sols has orange color like turbid-

ity. The agglomeration number of ZnO-AgNPs = 26819.92
and molar concentration of ZnO-AgNPs = 1.14 � 10�4

mol/liter were calculated by using Eqs. (14) and (15) with
density of ZnO + Ag (=16.11 g/cm3), atomic mass of

ZnO-AgNPs (189.24), diameter of ZnO-AgNPs (10 nm), and
volume of the reaction solution (0.01 mol/liter). Scheme 2
shows the oxidation of metallic ZnO by Ag+ ions.
Scheme 2 Oxidation of ZnO NPs by Ag+ ions.
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XRD spectra of ZnO, Ag, ZnO-AgNPs were recorded to
determine the crystalline and purity of as prepared NPs.
XRD spectra of ZnO shows the presence of many Bragg peak

at 2h values of 31.20 (100) , 34.30 (002), 37.520 (101), 46.90

(102), 56.20 (110), 62.50 (103), 67.20 (112), and 78.60 (202)
(JCPDS NO: 36–1451) corresponding crystal planes miller

indices to the hexagonal wurtzite structure of ZnO (Fig. 4A)
(Zhang, et al., 2004). The presence of four characteristic peaks
at 2h = 38.20 (111), 44.30 (200), 64.50 (220), and 77.50 (311)

(JCPDS file NO: 89-3722) crystal plane indicates that the face-
centered-cubic metallic AgNPs are pure crystalline in nature.
XRD pattern of ZnO-Ag exhibited a clear peak at
2h = 38.20 (111), indicating the presence of (111) plane of

metallic silver on the surface of ZnO. For ZnO-AgNPs, the
peaks at 2h = 64.5 and 77.5 correspond to the diffraction
peaks of silver. We did not observe any remarkable shift of

all diffraction peaks of ZnO and Ag, suggesting that the solid
solution of ZnO-AgNPs was not formed. The average size of
Zn, Ag and ZnO-AgNPs was calculated using (Eq. (2)). The

calculated average particle of Zn, Ag, and Zn are found to
be 16 nm, 25 nm and 18 nm, respectively, for the width of
(101), (111) and (101) Bragg’s refraction, which are in close

agreement of the size determined from the TEM images.
EDX spectrum of ZnO-Ag NPs for selected area was also
recorded. The metallic Zn and Ag generally show the strong
signals at 1.0, 8.8, 9.6 keV and 3.0 keV, respectively. Fig. 4B

indicates the presence of presence of Zn, O and Ag along with
C. The ZnO-Ag contained zinc (weight % = 41.12; atomic%
= 21.76), oxygen (weight % = 32.43; atomic% = 69.77), and

silver (weight % = 26.45; atomic% = 8.46). EDX spectrum
shows signal of carbon, which might de due to the TEM grid
coated with carbon.
(a)

(b)

Fig. 4 XRD spectra of ZnO, Ag, and ZnO-Ag NPs (A) and

EDX of ZnO-Ag NPs (B).
3.2. Adsorption of safranin

Contact time and pH were the main important parameters to
determine the adsorption efficiency of any adsorbent. A series
of adsorption batch experiments were performed with three

different dye concentrations (35.0, 70.2 and 105.2 mg/liter) at
a fixed loaded amount of adsorbent (0.02 g) and 298 K temper-
ature. Fig. 5A shows that the adsorption of dye onto the sur-
face of increased with contact time, reached the saturation

point an became constant after ca. 50 min. As the time
increases, the binding sites of adsorbent became saturated
due to the maximum adsorption of safranin. The pH of the

reaction mixture changed the structural properties of dye due
to the presence of pH sensitive groups. Therefore, the role of
pH was studied over the pH ranging from 2.0 to 12.0 with

35.0 mg/L safranin and 0.02 g absorbent. Interestingly, the
percentage of dye adsorption increases with pH from 2.0 to
8.0 (Fig. 5B) and became constant at higher pH. Maximum

adsorption of safranin occurred at pH = 8.0. The pH of the
reaction mixture undoubtedly affected the surfaces properties
of ZnO-AgNPs. In alkaline media, hydroxide layer was formed
on the surface of adsorbent, which hinder the adsorption of

dye. As the pH increases, the number of hydroxyl groups,
which leads to decrease the cationic dye adsorption on the sur-
face of adsorbent.

Generally, rate of adsorption increased with rising temper-
ature of the reaction bath. In order to establish the exothermic
and endothermic nature of dye adsorption on the adsorbent,

the effect of temperature was evaluated under optimum exper-
imental conditions. It was observed that the adsorption effi-
ciency increases with rising temperature from 298 to 318 K,
indicating that adsorption is an endothermic process (Table 2).

Thermodynamic parameters (adsorption equilibrium constant,
Kad, DG

0, DH0, and DS0 were calculated with Eqs. (9 and 12).
From Eq. (9), Kad was calculated at different temperature

ranging from 298 to 318 K for three different concentrations
of dye (35.0, 70.2 and 105 mg/liter) at fixed amount of ZnO-
Ag (0.02 mg). The DS0 and DH0 were calculated from the slope

and intercept of Fig. 5C (Van’t Hoff plot; lnKad versus 1/T;
Eq. (10)). Table 3 shows that the ability of adsorbent to the
adsorption of dye increases with temperature. The DG0 were

calculated from Eqs. (11) and (12). The DG0 became more neg-
ative with temperature, indicating the higher spontaneity of the
dye removal at higher temperature. The positive values of DH0

(13.26, 16.54 and 11.60 kJ/mol) indicates that the adsorption

on safranin process is endothermic in nature and disorder of
dye molecules was increased by the adsorption process. The
positive value of DS0 (55.70, 67.34 and 52.79 J/mol/K) also

confirmed shows that the increased randomness at the
ZnO-Ag-dye interface (Xiong et al., 2001).

The adsorption rate constant such as pseudo-first-order (k1
min�1), pseudo-second-order (k2 g/mg. min), intraparticle dif-
fusion (kdiff mg/g.min), boundary of thickness (I mg/g), initial
adsorption rate constant (a mg/g. min), and activation energy
of chemical adsorption (b mg/g) were determined by using

Lagergren pseudo-first-order, pseudo-second order, intraparti-
cle diffusion, and Elovich kinetic models (Ghaedi et al., 2015;
Zaheer et al., 2019). Initial linear part was utilized to determine

the adsorption rate and other associated parameters. i.e.,
50 min. Lagergren pseudo-first-order kinetic equation (Eq.
(5)) was used. The first-order rate constant was calculated from



(a)

(b)

(c)

Fig. 5 Reaction-time profiles (A), effect of pH (B) and lnKad

versus time plots (C) to the adsorption of safranin. Reaction

conditions: [adsorbent] = 0.02 g, Temperature = 298 K, pH= 8.0

(A).
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the slope and intercept of pseudo-first-order plot (Fig. 6A).

The pseudo-second order rate law (Eq. (6)) employed for the
estimation of rate constant at three different dye concentra-
tions. Table 3 shows that the qe, cal (2.85, 6.0, and 6.6 mg/g)
obtained from the pseudo-second order plots (Fig. 6B),
indicating that the these qe values are much closer to the
experimental qe and corresponding R2 (0.986, 0.999, and
0.928) are higher than pseudo-first-order R2. Thus, removal

of safranin obeyed pseudo- second-order kinetics.
Thickness of surface boundary of adsorbent has significant

impact on the removal of dye. Therefore, Weber and Morris

kinetic rate law (intraparticle particle diffusion) was also used.
From the intercept and slope of Weber and Morris plot
(Fig. 6C), the value of diffusion rate constant and thickness

of surface layer were calculated. Weber and Morris plot (qt
against t1/2) is not passing through the origin. They have neg-
ative intercept on the y-axis (�0.10, �0.51, and �0.33). Table 3
shows that the value of I is also negative, which provides about

the surface layer thickness. The safranin adsorption does not
obey an intraparticle diffusion kinetic rate law (Eq. (7)). Elo-
vich plot was constructed between qt and lnt (Fig. 6D) to

establish the nature of dye adsorption (Eq.8). The values of
associated parameters (b and a) calculated from the slope
and intercept (Table 3). The obtained R2 (0.994, 0.999, and

0.957) of this model shows that safranin adsorption onto
ZnO-Ag adsorbent can be followed by formation of multilayer
and physisorption adsorption dominating with chemisorption

(Elovich and Larinov, 1962).
Langmuir proposed an isotherm to explain the formation

of monolayer around the adsorbate on the outer surface of
adsorbent during the equilibrium distribution (Eq. (20))

(Langmuir, 1916).

qe ¼
Q0

maxKLCe

1þ KLCe

ð20Þ

where Q0
max: maximum monolayer adsorption capacity (mg/g),

KL: Langmuir constant (L/mg). Lineweaver-Burk linearized
form of Langmuir equation was used to calculate the isotherm
parameters for the sarfanin removal by this adsorbent (Eq.

(21)).

1

qe
¼ 1

KLQ
0
max

1

Ce

þ 1

Q0
max

ð21Þ

The values of Q0
max and KL were computed (Table 4) from

the Langmuir plot (1/qe versus 1/Cc; Fig. 7A). Equilibrium
constant (RL = dimensionless constant and an essential
feature of the Langmuir isotherm was also calculated from

Eq. (22).

RL ¼ 1

1þ CiKL

ð22Þ

The RL value provides the information about the nature of

adsorption. For unfavorable, linear, favorable, and irreversible
adsorption process, the RL value should be RL > 1, RL = 1,
0 < RL < 1 and RL = 0, respectively. Table 4 shows that the
RL is greater than 0 but less than 1, suggesting that adsorption

of safranin on adsorbent is favorable under our conditions.
Freundlich adsorption isotherm is oldest isotherm, which

employed to explain the adsorption characteristics (Eq. (23)).

These data often fit the empirical equation proposed by
Freundlich (Freundlich, 1906).

qe ¼ KFC
1=n
e ð23Þ

KF: Freundlich isotherm constant (mg/g), n: adsorption
intensity. Linear form of Eq. (23) can be written as:

logqe ¼ logKF þ 1=nlogCe ð24Þ



Table 2 Effect of temperature and thermodynamic parameters for the adsorption of safranin onto adsorbent (0.02 g).

[Safranin] Temperature Kad DG0 DS0 DH0 R2

(mg/liter) (K) (KJ/mol) (J/K/mol) (KJ/mol)

35.0 298 3.80 �0.88 55.7 13.3 0.998

308 4.70 �1.3

318 5.51 �1.6

328 6.62 �1.9

70.2 298 4.21 �3.5 67.3 16.5 0.999

308 5.32 �4.2

318 6.50 �4.9

328 7.51 �7.5

105.2 298 5.31 �3.3 52.7 11.6 0.989

308 6.42 �3.9

318 7.10 �4.5

328 8.24 �5.7

Table 3 Various parameters for the adsorption of safranin onto the adsorbent (0.02 g) at 298 K.

Kinetic models Kinetic parameters [safranin] (mg/liter)

35.0 70.2 105.2

Pseudo-first order Intercept 0.32 0.39 0.39

Slope �0.013 �0.008 �0.004

102 k1 (min�1) 2.9 1.9 0.92

R2 0.965 0.997 0.999

qc, cal (mg/g) 2.08 2.47 2.45

Pseudo-second order Intercept 7.3 21.0 43.6

Slope 0.350 0.200 0.150

103 k2 (min�1) 16.8 1.90 0.52

R2 0.986 0.999 0.928

qc, cal (mg/g) 2.85 5.0 6.6

Intraparticle diffusion Intercept �0.10 �0.51 �0.33

Slope 0.326 0.298 0.173

kdif (min�1) 0.326 0.298 0.173

R2 0.972 0.994 0.986

I �0.10 �0.51 �0.33

Elovich Intercept �0.67 �1.00 �0.16

Slope 0.678 0.617 0.355

a 0.26 0.12 0.06

R2 0.994 0.999 0.957

b 1.47 1.62 2.81

Fabrication of zinc/silver binary nanoparticles 7929
Isotherm parameters were calculated by Freundlich iso-
therm plot (log qe versus log Cc; Fig. 7B). The logKF = 1.684,

1/n = 0.354, n = 2.8 were found with R2 = 0.969. These data
indicate that the adsorption is favorable (0 < 1/n < 1).
R2 = 0.969 is lower than that of Langmuir I R2 (0.986), sug-

gesting that the safranin adsorption on ZnO-AgNPs surface
followed Langmuir isotherm.

To see insight into the adsorption nature (physical or chem-

ical), Temkin isotherm was employed (Temkin and Pyzhev,
1940). The linear and non-linear forms of this isotherm were
as follows:

qe ¼
RT

bT
lnATCe ð25Þ

qe ¼ RT=bTlnAT þ RT=bTð ÞlnCe ð26Þ
where AT, R, T and bT are the Temkin isotherm equilibrium
binding constant (liter/g), gas constant, Temperature, and iso-
therm constant respectively. According to linear form of Tem-
kin isotherm (Eq. (26)), the qe against lnCe plot should be

linear with intercept (=RT/bT lnAT) and slope (=RT/bT)
and this has been found to be so. Temkin adsorption parame-
ters were calculated from Fig. 7C (Table 4), which shows that

the safranin adsorption on adsorbent is chemisorption (bT is
found to be higher than 20 J/mol).

To establish the mechanism of dye adsorption, Dubinin–

Radushkevich isotherm model was also applied, which
expressed the adsorption mechanism on the heterogeneous sur-
face of the adsorbent (Eqs. (27)–(29)) (Dubinin and

Radushkevich, 1947).

qe ¼ qDRð Þexp �KDRe
2

� � ð27Þ



Table 4 Isotherms parameters for the adsorption of safranin onto adsorbent (0.02 g) at 298 K.

Isotherms Parameters

Langmuir Intercept 0.0055 KL (liter/mg) 0.020

Slope 0.269 RL 0.39

Q0
max (mg/g) 181.8 R2 0.986

Freundlich Intercept 1.68 1/n 0.354

Slope 0.354 n 2.8

logKF (mg/g) 1.68 R2 0.969

Temkin Intercept 32.47 AT (liter/mg) 2.5

Slope 35.09 bT 70.6

RT/bT 35.09 R2 0.984

Dubinin-Radushkevich Intercept 4.798 KDR (mol2 J�2) 1.12 � 10�6

Slope � 1.21 � 10�6 Efree (kJ/mol) 0.64

lnqDR 2.798 R2 0.938

BET Intercept 5.79 � 10�4 KBET 16.57

Slope 0.009 qm (mg/g) 71.94

R2 0.982

(a)

(b)

(c)

(d)

Fig. 6 Various kinetic plots to the adsorption of safranin on adsorbent. Reaction conditions: [adsorbent] = 0.02 g, pH = 8.0,

Temperature = 298 K. Pseudo-first-order (A), Pseudo second-first-order (B), intraparticle diffusion (C) and Elovich (D).
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lnqe ¼ ln qDRð Þ � KDRe
2

� � ð28Þ

e ¼ RTln
Ce þ 1

Ce

� �
ð29Þ

where KDR = the adsorption isotherm constant and
qDR = theoretical isotherm saturation capacity. The values
of KDR (1.21 � 10�6 mol2 kJ2) and qDR (121.26 mg/g) are

estimated from lnqe versus e2 (Dubinin–Radushkevich plot;
Fig. 7D). The value of mean free energy (Efree) per
molecule of adsorbent is calculated with Eq. (30) by using

the KDR.
Efree ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p ð30Þ

For physisorption adsorption, the Efree should be 1 to

8 kJ/mol according to the Dubinin–Radushkevich isotherm.
The Efree was found to be 0.64 kJ/mol, indicating that the
adsorption of safranin proceeds through the physisorption
adsorption followed by chemisorption.

The BET isotherm was also employed to fit the adsorption
date (Eq. (31)), which assumes that layers of adsorbate mole-
cules are adsorbed on upper side of the previously adsorbed

molecules.



(a)

(b)

(c)

(d)

(e)

Fig. 7 Adsorption isotherm plots (Langmuir (A), Freundlich (B), Temkin (C), Dubinin–Radushkevich (D), and BET (E)) for the

removal of safranin. Reaction conditions: [adsorbent] = 0.02 g, pH = 8.0, Temperature = 298 K.
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qe ¼
qmKBETCeC0

C0 � Ceð Þ C0 þ Ce KBET � 1ð Þ½ � ð31Þ

where C0 = initial concentration of safranin (mg/L), qm =
adsorption capacity in forming a complete monolayer on the
surface of adsorbent (mg/g) and KBET = isotherm constant

related to the energy of interaction with the surface. The linear
from of Eq. (31) can be written as Eq. (32).

Ce

qe C0 � Ceð Þ ¼
1

qmKBET

þ ðKBET � 1Þ
KBETqm

Ce

C0

� �
ð32Þ

The values of KBET = 15.57 and qm = 10.42 mg/g was

calculated from BET isotherm plot (Fig. 7E; Ce/qe (C0-Ce)
versus Ce/C0) with R2 = 0.982 (Table 4).
3.3. Adsorption mechanism

The pH of batch experiment played in important role during
the adsorption of dye onto surface of adsorbent. Safranin is

a basic biological azonium dye. The adsorption of dye depends
on the various factors (pH, surface charges and ion-exchange).
ZnO-Ag surface is positive due to the complex formation

between the metallic silver and adsorbed silver ions
(Henglein, 1993). ZnO-Ag was not stable in strong acidic
and basic media due to the oxidation of metallic zinc into
Zn2+ ions and oxidative dissolution of metallic silver via for-

mation of hydroxyl layer), respectively (Wang, 2008; Liu and
Hurt, 2010). As the pH increases, the number of negative
charge increases on the surface of adsorbent, which leads to



Scheme 3 Probable adsorption mechanism of safranin onto the

ZnO-AgNPs.

(a)

(b)

(c)

Fig. 8 Effect of pH (A), desorption of dye (B) and reusability of

adsorbent (C) on the removal of safranin. Reaction conditions:

[safranin] = 35.0 mg/L, Temperature = 298 K.
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the maximum adsorption of safrnin in pH ranging from 6 to 8
(Scheme 3).

Scheme 3 shows the adsorption of safranin onto the surface
of adsorbent. Isotherms data (Dubinin–Radushkevich and

Temkin) indicates that the both physisorption and chemisorp-
tion adsorption processes operates simultaneously during the
dye adsorption. Surface of ZnO-Ag is positive due to the pres-

ence of silver on the ZnO, and OH– formed hydroxide layer in
alkaline media. On the other hand, safranin is basic azonium
dye carrying positive nitrogen. Safranin adsorption on the sur-

face of adsorbent through electrostatic interactions between
the dye and ZnO-Ag and van der Walls forces would also be
involved in the dye adsorption processes.

3.4. Stability of adsorbent

Desorption of dye from the surface of an adsorbent provides
significant information and helps to establish the mechanism

of dye adsorption. For desorption, the safranin loaded ZnO-
AgNPs was separated from the reaction mixture after adsorp-
tion experiment, dried, washed and weighted. In a typical

experiment, the same amount of dye-adsorbent was agitated
with required amount of water having different pH values
ranging from 2 to 12 and stirred in a shaker for 50 min

(Fig. 8A), maximum adsorption time of safranin adsorption
on adsorbent (Arami et al., 2006). The desorbed safranin con-
centration was calculated (vide supra). The effect of pH on the
safranin dye desorption from the surface of adsorbent is

depicted graphically in Fig. 8A. The percentage desorption
decreased with increasing the pH from 2.0 to 12.0 at safranin
concentration of 35.0 mg/liter. The number of negatively

charged sites on the adsorbent increased due to the hydroxide
layer formation on the surface of adsorbent. At higher pH
(�8.0), negatively charged adsorbent has strong adsorption

efficiency towards cationic safranin dye due to electrostatic
interactions, which hindered desorption of adsorbed dye from
the surface of adsorbent. As a result, the percentage of dye des-

orption decreased from 90 to 40 at pH 2.0 to 12.0 respectively
(Fig. 8A).

The desorption of safranin was also performed by using sul-
phuric acid (0.1 M), acetic acid (0.1 M), NaOH (0.1 M), water,
methanol and acetonitrile. Desorption efficiency was summa-
rized in Fig. 8B. The desorption ability of NaOH (10%) was

found lower than that of sulphuric acid (80%), and acetic acid
(60%). On the other hand, methanol has higher desorption
efficiency than that of acetonitrile and water. Thus, we may
state confidently that desorption of safranin dye was inversely
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correlated with the pH effect of the adsorption process and
adsorption of dye occurred via ion-exchange mechanism
(Reddy et al., 2012).

The reusability of adsorbent was also studied by using des-
orption of safranin with acetic acid for six consecutive cycles.
The removal percentage of safranin was estimated and found

to be 95%, 93%, 90%, 89%, 87% and 85% for cycle1, cycle2,
cycle3, cycle4, cycle5 and cycle 6, respectively (Fig. 8C). These
results indicated that the removal percentage was decreased by

10% for cycle6 as compared to cycle1, which might be due to
the slow oxidative dissolution of AgNPs in an aqueous solu-
tion during the consecutive steps (Adamczyk et al., 2016).
Thus, we may state confidently that the ZnO-Ag possess excel-

lent stability and higher dye removal efficiency.
(a)

(b)

Fig. 9 Growth profile of S. arueus (A) and C. albicans strains

(B) in presence of different NPs. Reaction conditions:

[NPs] = 10.0 � 10�5 mol/L, Temperature = 298 K.
3.5. Microbial activities of ZnO, Ag, and ZnO-AgNPs

Antibacterial and antifungal activities of ZnO, Ag and ZnO-

Ag NPs were determined through kinetic growth method at
600 nm and 490 nm, respectively, against Gram positive (S.
aureus MTCC#3160) and Candida albicans ATCC 10,231

for 48 h. The results of bacterial and fungus kinetic studies
are summarized in Fig. 9 A and B, respectively. Inspection
of these results shows that the absorbance increases with
increasing the bacteria as well as fungus growth (Chatterjee

et al., 2015). The growth kinetics curves are sigmoidal in nat-
ure, which showed that the bacteria growth proceeds through
an induction period (time required for nucleation) followed by

autoaccleration and reaches a constant value. It was observed
that the ZnO-Ag NPs were the most effect than that of
monometallic ZnO and Ag NPs, which can be ascribed due

to the synergistic effect of Zn and silver metals (Table 5). To
determine the effect of ZnO-Ag on the growth kinetics, various
kinetic experiments were performed with increasing concentra-
tion of ZnOAg from 10.0 � 10�5 to 50.0 � 10�5 mol/liter at

fixed S. aureus and C. albicans. The ZnO-Ag NPs concentra-
tions have significant effect on the bacterial growth kinetics
and shape of the growth curves drastically changed with

increasing ZnO-Ag concentration (Fig. 10). The sigmoidal
behavior was observed for both S. aureus and C. albicans in
absence of ZnO-Ag NPs (negative control). Lag, growth, sta-

tionary, and death phases depends on the NPs concentrations
(Fig. 10 A). As the NPs concentrations increases, the sigmoidal
shape became non-monotonic nature, reached a maximum

value and then decreased with time. At higher concentration
(�40.0 mol/liter), all phases were not observed. The growth
rate constant (r) was calculated by using first-order rate law
(Eq. (33)).

r ¼ 1

t
ln

ODa �ODoð Þ
ODa �ODtð Þ ð33Þ

where (OD)0, (OD)t, and (OD)a are the turbidity of reaction
mixture at initial, final, and different time intervals, respec-
tively, at 600 nm. The r values are found to be decreases with

increasing ZnO-AgNPs concentrations (Table 5). The MBC
values were found to be 50 and 70 � 10�5 mol/liter for S. aur-
eus and C. albicans strain, respectively. Various investigators

bacterial growth was decreased with NPs (Pal et al., 2007;
Agnihotri et al., 2014). Fig. 11 and visual observation indicates
that the bacterial growth rate decline as the concentration of
NPs increases for both S. aureus and C. albicans. The MBC
concentrations (kill 99.9% bacteria) were found to be

60.0 � 10�5 and 80.0 � 10�5 mol/liter for S. aureus and C.
albacans, respectively.

Disk-diffusion method was also used to determine the

antibacterial and antifungal activities of ZnO-AgNPs against
S. aureus and C. albicans human pathogens. Fig. 12 shows that
the inhibition zone increases with increasing the concentration
of ZnO-AgNPs at fixed concentration of human pathogens

(Table 5).
It has been reported that the metal ions are essentials for

the living organisms and involved in over 40% of enzymatic

reactions. Metal ions formed complex with protein, DNA
and other ligands present in the human body. Excess of metal
ions are toxic, which damaged the structure of protein well

wall due to the higher reduction potentials. Proteins are also
known as building block and essential for the growth of living
organisms (Anastassopoulou and Theophanides, 1995). The
AgNPs formed complex with bacterial protein, released Ag+

ions from the surface of AgNPs and changed the membrane
permeability due to the strong electron gaining tendency of
sulphur (Sondi and Salopek-Sondi, 2004). The Ag+ also



Table 5 Zone inhibition, bacterial growth rate and minimum inhibitory concentration of ZnO-AgNPs against S. aureus and C.

albicans.

Sample Concentration (mol/L) Zone inhibition (mm) 102Growth rate (h�1)

S. aureus C. albicans S. aureus C. albicans

ZnO-AgNPs 5 4 3 10.2 12.2

10 9 7 7.3 9.4

15 12 11 6.8 7.3

20 15 13 6.2 6.9

30 18 15 4.0 4.7

40 20 18 2.2 4.7

50 24 21 0.8 2.3

60 0.0 0.5

80 0.0 0.0

Standarda 5 22 28 11.0 16.5

a Gentamicin and fluconazole for S. aureus and C. albicans respectively.

(a)

(b)

Fig. 10 Growth profile of S. arueus (A) and C. albicans strains

(B) as a function of ZnO-Ag NPs concentrations at 298 K.

Fig. 11 Effect of ZnO-AgNPs concentrations on the bacterial

growth rates at 298 K.
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oxidized the cysteine (sulphur containing amino acid) and cys-

teine changes to cystine. On the other hand, ZnONPs kills bac-
teria due to the generation of reactive oxygen species as well as
Zn2+ ions and damaged the mitochondrial activity. The Ag+

ions has strong affinity to coordinates with basic amino group

(–NH2) of bacterial cell protein than that of Zn2+ ions. On the
other hand, wide optical band gap of ZnO (=2.99 eV) facili-
tates the generation of reactive oxygen species in the bacterial
cell wall. Finally, the activity of ZnO-Ag enhanced signifi-

cantly due to the work function of both metals (ZnO and
Ag) simultaneously (Scheme 4).

AgNPs formed complex with bacteria cell well proteins and

undergoes redox reactions with pH sensitive amine acids. As a
results cysteine converted into the cystine (dimer of cysteine)
and silver ions were released from the surface of metallic silver
due to the oxidative dissolution. The Ag+ ions formed com-

plex with protein cell wall and inhibited their physiological
activities. At the same time, ZnO reacts with molecular oxygen
and generated various reactive oxygen species, which reacts

with protein cell wall and blocked the enzymatic and other bio-
logical activities of bacteria cell wall. Mechanism of microbial
activities towards metal NPs depends on the standard reduc-

tion potential and complex forming tendency of each metals
present in the bimetallic NPs, which shows higher antibacterial



(a)

(b)

Fig. 12 Disk showing the effect of ZnO-AgNPs concentrations on the bacterial growth at 298 K.

Scheme 4 Mechanism of bacterial cell death.
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activities against human pathogens due to the synergistic effect

of both metals.

4. Conclusion

Monometallic ZnO and Ag and bimetallic ZnO-AgNPs were
prepared by simple hydrothermal, chemical reduction and
metal displacement method in presence of CTAB. UV–visible

data indicates that the optical properties of ZnO-AgNPs was
dominated by the metallic silver. ZnO-AgNPs was used as
an adsorbent for the removal of safranin dye. The observed

results fitted into Langmuir, Frundlich, Temkin and
Dubunin-Radushkevich isotherms out of these Langmuir
model has the highest regression value. Temkin and

Dubunin-Radushkevich isotherms suggest that the safranin
adsorption proceeds through the physisorption dominating
chemisorption. The kinetics of safranin adsorption studied

by using pseudo-first order, pseudo-second order, intraparticle
diffusion and Elovich multilayer models. Microbial activity of
Zn, Ag, and ZnO-AgNPs was evaluated with S. aureus and C.

albicans human pathogens. ZnO-AgNPs exhibited higher
antibacterial activities than that of Zn and Ag NPs.
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