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The Anti-Microbial Activity of
Titania-Nickel Ferrite Composite
Nanoparticles

S. Rana and R.D.K. Misra

A novel approach to synthesize a new
generation of composite nanoparticles
consisting of a photocatalytic shell of
anatase-titania and a magnetic core of
nickel ferrite has been adopted combin-
ing reverse micelle and chemical hydro-
lysis techniques. Titania is an effective
anti-microbial agent that can be directly
sprayed on infected areas of the human
body or environment. Unfortunately,
titania is an electrical insulator and is
difficult to extract from the sprayed
surface after treatment. The titania
photocatalytic shell provides good anti-
microbial capability that renders the
bacteria inactive and removes the
organic pollutants, while the nickel fer-
rite magnetic core enables controlled
delivery of composite nanoparticles
through the application of a small mag-
netic field, encouraging their application
as removable anti-microbial photocata-
lyst nanoparticles.

INTRODUCTION

During the past decade various pho-
tocatalytic techniques have been inves-
tigated to address the increasing problem
of environmental pollution. In this
regard, the application of titania as a
photocatalyst has assumed particular
significance in the purification of water
and air.'” Titania-mediated photooxida-
tion is promising for the elimination of
microorganisms in many applications
(e.g., self-cleaning and self-sterilizing
applications).5’

During the irradiation of TiO, with
ultraviolet (UV) light, a UV photon is
absorbed by a TiO, particle, and an
electron (e")-hole (h*) pair is generated.
The e~ and h* may migrate to the surface
of the photocatalyst particle and react
with adsorbed reactants resulting in the
desired process, or they may undergo
undesired recombination.® In the pres-

ence of water/oxygen, the redox reaction
produces hydroxyl radicals that oxidize
pollutants or can be used as anti-micro-
bial agents.>'°

TiO, particles are electrical insulators
and are difficult to extract from the
sprayed surface after treatment. How-
ever, their removal can be facilitated by
synthesizing composite particles consist-
ing of a magnetic core and a photocata-

lytic shell. A number of attempts have
been made in recent years to design
magnetic core-photocatalytic shell struc-
tures.'"'* However, the efforts to utilize
the core-shell structures as photocatalyst
materials for anti-microbial and water
purification systems are limited. Sepa-
rable magnetic titania catalysts are
generally processed by the sol-gel or
solid-reaction method, resulting in an
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Figure 1. (a) A high-magnification
TEM micrograph of the core-shell
structure for TiO,-NiFe,O, com-
posite nanoparticles, illustrating
the core-shell structure in the
inset and (b) an electron diffrac-
tion pattern for TiO,-NiFe,O,.
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amorphous titania. Thus, heat treatment
leading to the crystallization of the
hydrous TiO, into a photoactive material
is essential in the synthesis of a photo-
catalytic material. An alternative method
thateliminates heat treatmentisrequired.
In this study, crystalline TiO, is directly
coated as a shell onto a magnetic core.
To accomplish this objective, a process
was developed that uniquely combines
the reverse micelle technique and a
chemical precipitation process to syn-
thesize composite nanoparticles consist-
ing of a photocatalytic shell of anatase-
titania and a magnetic core of nickel
ferrite. This article describes the anti-
microbial activity of the composite
nanoparticles with particular reference
toE. colibacteriabecauseitis commonly
used as abiological indicator of disinfec-
tion efficiency in water systems.

See the sidebar for experimental pro-
cedures.

RESULTS AND DISCUSSION

Structural Characterization
of TiO,-NiFe,O, Composite
Nanoparticles

A representative high-magnifica-
tion transmission-electron-microscope
(TEM) image of TiO,-NiFe O, compos-
ite nanoparticles is presented in Figure
la. The direct coating of titania onto the
surface of the magnetic nickel ferrite
particles resulted in a core-shell structure
in which the NiFe O, was predominantly
concentrated in the center of the com-
posite nanoparticles. The micrograph
in Figure la illustrates the composite
nature of particles consisting of a dark
NiFe, O, magnetic core and a gray TiO,
shell. The NiFe,O, magnetic core is
~4-6 nm and the TiO, shell ~2-3 nm.
The electron diffraction pattern obtained
for the nanoparticles (Figure 1b) consists
of four resolved concentric rings. In the
figure, the letters F and T relate to ferrite
and titania, respectively. The (400) and
(440) reflections correspond to spinel
nickel ferrite, while (101) and (103)
reflections correspond to anatase-titania.
The d-values obtained from the diffrac-
tion pattern for nickel ferrite and titania
(nickel ferrite: d = 0.2062 nm for (400)
and d = 0.1473 nm for (440) reflections;
anatase-titania: d = 0.3520 nm for (101)
and d =0.2366 nm for (103) reflections)
compared well with the d-values mea-

sured from the x-ray diffraction data.
A summary of the x-ray diffraction
data for the TiO,-NiFe,O, composite
nanoparticlesis presented in Table I. The
table compares the x-ray diffraction peak

positions for TiO,-NiFe,O, composite
nanoparticles with standard NiFe, O, and
anatase-phase of TiO,. The experimental
data is consistent with nickel ferrite and
anatase-titania.

EXPERIMENTAL PROCEDURES
Synthesis of TiO,-NiFe,O, Composite Nanoparticles

In this study, nickel ferrite nanoparticles were prepared by the reverse micelle method!'>'¢
in a procedure that involved preparation of two microemulsion systems. The first system
consisted of an oil-phase microemulsion containing 108 mL of iso-octane and 24 g of
surfactant diiso-octylsulphoccinate (AOT) and the second was an aqueous phase emulsion
consisting of iso-octane and surfactant AOT with the reactant salts (hydrated iron chloride
and hydrated nickel chloride). Microemulsion system I consisted of 2 mL of 30% NH,OH
+ 24 mL of water + 66 mL of 0.50 M AOT-iso-octane and sonicated for 10 min.
Microemulsion system II contained 0.275 g of FeCl,.4H,0 and 0.164 g of NiCl,.6H,O
dissolved in 8 mL of water + 66 mL of AOT-iso-octane and sonicated for 10 min. In
microemulsion I, NH,OH was the precipitating agent. On subjecting the two microemulsions
to rapid mechanical stirring for 75 min., the metal hydroxides were precipitated within the
water pools of reverse micelles and oxidized to ferrite. The precipitation of NiFe,O,

occurred according to the following reaction:

NiCl,.6H,O + 2FeCl,.4H,0 + 6NH,OH + % O, — NiFe,O, Lt 6NH,CI + 17H,0
Thus, these nanocrystalline nickel ferrites in the microemulsion constituted the core of the

composite nanoparticles.

The second part of the process was ini-
tiated by introducing an aqueous solution
of acidic titanium salt solution into the
nickel ferrite product microemulsion.
This leads to the following chemical re-
action:

TiCl, + H,0 — TiOCl, + 2HCI
The amount of TiCl, (0.08 mL TiCl,)
added was in accordance with the molar
ratio of 1:1 in the TiO,-NiFe O, system.
This was followed by heating the nickel
ferrite microemulsion containing acidic
titanium salt solution at 90°C to
precipitate titania on the surface of nickel
ferrite particles. The solid product was
separated by centrifuging at a speed of
15,000 rpm, washed a number of times
with methanol and distilled water, and
dried in an oven at 90°C for 30 min. The
details of the process are summarized in
Figure A.

Structural and Magnetic
Characterization

The TiO,-NiFe,O, composite nanopar-
ticles were characterized by transmis-
sion-electron microscopy and x-ray dif-
fraction techniques. X-ray diffraction
studies were carried out using CuKo ra-
diation of wavelength A = 0.1540 nm.
The magnetic properties were examined
by a superconducting quantum interfer-
ence device magnetometer in terms of
the effect of temperature on magnetiza-
tion and applied field on magnetization.
Two methods for magnetization mea-
surements were used, namely zero-field-
cooling (ZFC) and field cooling (FC). In

AOT
+
Isooctane
Sonicate for
v 30 Minutes
Half the Half the
Volume Volume
Salt Solution NH,OH
+ +
AQT Microemulsion AQT Microemulsion
Sonicate for Sonicate for
10 Minutes 10 Minutes
Sonicate for
75 Minutes
Microemulsion
+
Ti-Salt
Heat Treatment
at~90°C
Addition of Equal Amount
of Methanol

Centrifuge for
40 Minutes

.

Filtering and Washing

v

Drying for 30 Minutes
at 90°C —p Product

Figure A. A schematic flow sheet for
the synthesis of TiO,-NiFe,0O, composite
nanoparticles by a combination of reverse
micelle and chemical hydrolysis.
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Magnetic Properties of TiO,-
NiFe,O, Nanoparticles

Representative zero-field-cooled
(ZFC) and field-cooled (FC) saturation

magnetization plots obtained for the
TiO,-NiFe,O, system at an applied field
of 2 kOe using a superconducting quan-
tum interference device are presented in
Figure 2. As shown in the inset of Figure

ZFC measurements, the sample was first cooled to 2 K in the absence of magnetic field,
followed by magnetization measurements in the temperature range of 2 K to 300 K at an
applied magnetic field of 2,000 Oe. In the FC-magnetization measurement, the sample was
cooled to 2 K in the presence of an applied magnetic field, followed by magnetic measure-
ments.

Photocatalytic Degradation of Methyl-Orange Dye

A cylindrical 250 mL pyrex glass bottle consisting of three parts was used for the deg-
radation of methyl-orange dye experiment. The first, upper section allowed inlet and outlet
gases, while the second and third sections enabled sampling and temperature measure-
ments, respectively. The reactant suspension consisted of 0.001 g methyl-orange (con-
centration 0.008 g/L), 0.1 g catalyst (TiO,:NiFe,0,), and 125 mL deionized water. The
resulting aqueous suspension containing the methyl-orange and the catalyst powder was
stirred and saturated by bubbling oxygen at atmospheric pressure with the lamp switched
off. After about 20 min. the lamp was switched on for the initiation of reaction. During the
reaction process, oxygen was continuously bubbled so that the steady state was maintained
and the concentration of dissolved oxygen was not altered. To monitor the degradation, 4
mL of sample was removed at regular time intervals and filtered to separate the catalyst.
The concentration of the unreacted methyl-orange was determined by ultraviolet spec-
trophotometer (JASCO, V550). The unreacted concentration was determined using Beer-
Lambert Law, A = ecl, where A is the absorbance at sample concentration c, | is the path
length of quartz cell, and € is molar absorptivity.

Anti-Microbial Activity of TiO,-NiFe,O, Composite Nanoparticles

A Luria-Bertani broth culture medium was prepared by dissolving 10 g Tryptone + 5 g
NaCl + 5 g yeast extract in 1,000 mL distilled water, followed by sterilization in an auto-
clave at 121°C. A Luria-Bertani agar plate was prepared separately by dissolving 10 g
tryptone + 5 g NaCl + 5 g yeast extract + 15 g agar in 1,000 mL distilled water. The solution
was sterilized in an autoclave and poured into petri dish. E. coli k-12 (ATCC 29181) bac-
teria were grown in 100 mL conical flasks containing 10 mL of Luria-Bertani broth at 37°C
on a rotatory shaker for 20 h. The speed of the shaker was set at 200 rpm. To provide fresh
culture for the following experiments, aliquots of 10 UL of E. coli culture were transferred
to a test tube containing 10 mL of Luria-Bertani broth. At this stage, the order of E. coli
dilution was 107 in the broth. From this dilution, 1077 dilution of E. coli in the Luria-Ber-
tani broth was prepared. The cell concentration was determined by a viable count method
on Luria-Bertani agar plates after 107 dilution of the culture in Luria-Bertani broth. Solu-
tions of 10 uL and 100 uL were taken from the 10~ dilution and spread on the Luria-Ber-
tani agar plates. The plates were incubated at 37°C for 24 h prior to enumeration.

To study the photochemical reactivity of TiO,-NiFe,O, composite nanoparticles, two sus-
pensions were prepared. The first suspension was an aqueous suspension of the composite
nanoparticles (1 mg/mL in sterilized water). The second suspension was 10 UL of E. coli
cells (~10® cfu/mL) suspended in 1 mL Luria-Bertani broth solution. Aliquots of 1 mL of
composite nanoparticles from suspension I and suspension II were added to a 4 mL quartz
cubic cell containing 1 mL of sterilized water. The resultant TiO,-NiFe O, — E. coli cell
slurry was placed in the UV spectrophotometer chamber (JASCO, V550) and irradiated
with UV light (wavelength = 270 nm) for different periods of time. To determine the ef-
fectiveness of UV light in destroying bacteria, samples were taken out after different peri-
ods of UV light exposure. After irradiation for different time interval experiments, aliquots
of 100 pL irradiated solution was transferred to a test tube containing 10 mL of Luria Ber-
tani broth. The order of E. coli dilution at this stage is 10~ in the Luria-Bertani broth. From
the 1072 dilution, serial dilutions of 10, 10*, and 10~ in the Luria-Bertani broth were
prepared. The loss of viability for each exposure time was determined by the viable count
procedure on Luria-Bertani agar plates after serial dilutions (10, 1073, 10, and 10~) of
the irradiated solution in Luria-Bertani broth. 10 pL and 100 uL solutions were taken from
the each dilution and spread on the Luria-Bertani agar plates. All the plates were incubated
at 37°C for 24 h prior to enumeration. A similar procedure was conducted in the absence
of TiO,-NiFe O, composite nanoparticles.

2, the magnetization-versus-temperature
plot exhibits a feeble cusp in the ZFC
magnetization at ~8 K, referred to as
T .. Attemperaturesabove T, the FC
plot diverges from the ZFC plot. The
separation between the ZFC and the FC
plots, even though small, gives an indi-
cation that there is a non-equilibrium
magnetization state below ~18 K for the
ZFC case, and represents the irrevers-
ibility temperature, T, ."* In general, T, _
represents the blocking temperature of
particles with the highest energy barrier
andT__ isrelated to the average block-
ing temperature. The difference between
T . and T, corresponds to the width of
the blocking temperature distribution.
The T and T, temperatures are not
too dissimilar from those obtained for
uncoated nanocrystalline nickel ferrite
(Table II).'

A variation of magnetization with the
applied field at a temperature of 300 K
is presented in Figure 3, where an absence
of hysteresis, almost immeasurable
coercivity and remanence, and the non-
attainment of saturation even at a high
magnetic field of 50 kOe are observed.
The non-saturation of the M-H loop and
the absence of hysteresis and coercivity
at 300 K is indicative of the presence of
superparamagnetic nature of the TiO,:
NiFe O, composite nanoparticles.
Similar superparamagnetic behavior was
observed for uncoated nanocrystalline
nickel ferrite.'®

Variations of magnetization with the
applied field at a temperature of 2 K
(T<T,) for the TiO,-NiFe O, composite
nanoparticles is presented in Figure 3.
Below the blocking temperature, the
TiO,-NiFe,O, composite nanoparticles
indicated a remanent magnetization and
coercivity and exhibited a hysteretic
feature. The particles do not have ade-
quate thermal energy to attain complete
thermal equilibrium with the applied
field during the measurement time, and
hysteresis appears. The remanent mag-
netization, coercivity, and saturation
magnetization at 2 K are 1.3 emu/g, 0.55
kOe, and 15.5 emu/g, respectively. The
lower value of magnetization for TiO,-
NiFe,O, composite nanoparticles is
related to two factors: the mass of
NiFe,O, in the TiO,-NiFe,O, samples
and the size of the magnetic core of the
coated particles, which is smaller com-
pared to the uncoated nanoparticles. The
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Table I. A Comparison of Experimental and Standard Interplanar Spacing (d) Values
with their Respective (h k 1) Planes in TiO,:NiFe,O, Composite Nanoparticles

d (nm) d (nm)
Phase Experimental Standard"’
NiFe,O, (cubic spinel) 0.2945 0.2950
0.2520 0.2510
0.2055 0.2080
0.1450 0.1480
0.1235 0.1270
TiO, (anatase phase, tetragonal) 0.3520 0.3520
0.2374 0.2370
0.1450 0.1480
0.1235 0.1260

Diffraction
Plane (h k1)

220
311

400
440
533
101
103
213
107

Table Il. A Comparison of Magnetic Properties of Uncoated NiFe,O, and
Anatase TiO,-Coated NiFe,O, Nanoparticles

Saturation
Magnetization Coercivity Remanence
T, _ (emug) 2K 2K

Sample (K) (K) 2K 300 K (kOe) (emu/g)
NiFe 0, 16.0 40.0 35.5 25.4 0.40 8.8
Anatase 8.0 18.0 15.5 3.8 0.55 1.3

TiO,-Coated

NiFe,0,

uncoated particle had a size of 7-10 nm,
while the coated nanoparticles had a core
size of ~4—6 nm.

Photocatalytic Properties
of TiO,-NiFe,O, Composite
Nanoparticles

When a UV photon is absorbed by a
TiO, particle, an e”/h* pair is generated
according to Equation 1. Atthe TiO, par-
ticle surface, the holes react with surface
hydroxyl groups (OH") and adsorbed
H,O to form hydroxyl radicals ("OH).
Photocatalytic reaction is based on the
generation of very active *OH mainly
obtained according to Equations 2, 3,
and 5.

TiO, +hv - h* + ¢ (1)
OH +h*— *OH 2)

H,0O +h* — *OH + H* 3)

The presence of oxygen prevents this
recombination by trapping electrons
through the formation of superoxide
ions (O,*") according to Equation 4. The
final product of the reduction may also
be *OH radical.

0,+e—>0," “)

20, +2H"* - 2°0OH 5)

The photocatalytic decomposition pro-

cess is effective in the destruction of
chromophoric structures of dyes, and
removing color that is the main undesir-
able factor for water recycling.!*?°
Methyl-orange is an acid-base indicator
and is considered a model of a series of
common azo-dyes used in the industry.
The photocatalytic response of TiO,-
NiFe,O, composite nanoparticles in the
degradation of methyl-orange is pre-
sented in Figure 4. The methyl-orange
photodegraded as irradiation time
increased. Figure 4 shows that the
methyl-orange concentrations are
inversely proportional to the reaction

time and the concentration was decreased
from ~25 to ~4 umol on irradiation for
7 h. Figure 4 also suggests that the pri-
mary degradation follows zero order
kinetics, and can be expressed by:

[C,] - [C] =kt (©)

where C is the initial concentration of
the methyl-orange, C is the concentra-
tion of the methyl-orange at irradiation
time t, and k is a rate constant related to
the reaction. The rate constant k derived
from Figure 4 is ~4.4 x 107 umol/min.

Anti-Microbial Activity of
TiO,-NiFe,O, Composite
Nanoparticles

When TiO, powders (suspended in
water) are irradiated with UV light, free
(*OH) radicals are generated that are
highly toxic toward the microorganism.
Thisideahasbeen explored toinvestigate
the E. coli bacterial inactivationin Luria-
Bertani culture mediumin the presence of
UV-irradiated TiO,-NiFe O, composite
nanoparticles. Figure 5 shows the effect
of TiO - NiFe, O, onbacterial inactivation
or germicidal action in the presence of
UV light. It is clear from Figure 5 that
at a constant irradiation time both in the
presence and absence of TiO -NiFe O,,
composite nanoparticles decrease the
concentration of E. coli bacteria, but the
decrease in concentration is more for a
TiO,-NiFe,O, composite nanoparticle
system compared to UV light alone.

The inactivation of bacteria by UV
irradiation results primarily from the
UV absorption by DNA of the micro-
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Figure 2. The variation of magnetization with temperature of TiO,-NiFe,O, composite
nanoparticles atan appliedfield of 2kOe.The insetis the part of the curve atlowertemperatures
and shows the blocking temperature distribution and the ZFC-FC curve splitting.
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Figure 3. The variation of magnetization of TiO,-NiFe,O, composite nanoparticles with the
applied field at 300 K and 2 K. The inset on the top left corner is the part of the curve near
the origin showing the remanence and coercivity. The inset on the lower right corner is
the part of the curve at higher applied fields showing the open loop and non-attainment of

saturation magnetization.

organism. During irradiation, bacterial
chromosomes form thymine dimers, a
cross-link between the thymine bases
within the same strand of DNA. These

0 l l l l l l l
0 60 120 180 240 300 360 420 480
Irradiation Time (min.)

Figure 4. The concentration of methyl-
orange versus irradiation time in the
presence of TiO,-NiFe,O, composite
nanoparticles.
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Figure 5. The E. coli bacterial inactivation
response of TiO,-NiFe,O, composite
nanoparticles as a function of irradiation
time.

thymine dimers obstruct the conforma-
tion of the double helix and interfere
with normal DNA replication.?! On the
other hand, photocatalytic inactivation
in the presence of TiO, can be explained
in terms of the attack of O,*", *"HO,, and
*OH radicals photogenerated on the sur-
face of the catalyst but the *OH radical
is the most effective. The *OH radical
can oxidize the organic compounds
adsorbed on the semiconductor surface
and inactive microorganisms in bacteria
cell according to Equation 7.

Bacteria + *OH
— Bacterial inactivation @)

Matsunaga et al.’ suggested that the hole
in the valence band receives an electron
from coenzyme A (CoA) as the donor
forming dimeric CoA. Dimerization of
CoA inhibits respiration and causes the
death of the cells. More recently, Maness
et al.”2 reported that in the presence of
TiO,, the lipid peroxidation reaction
takes place. Consequently, the normal
functions associated with an intact
membrane, such as respiratory activity,
are lost.

CONCLUSIONS

Composite nanoparticles character-
ized by a photocatalytic shell of anatase-
titania and a magnetic core of nickel
ferrite have been fabricated by combining

reverse micelle and chemical hydrolysis
methods.

TheTiO -NiFe,O, composite nanopar-
ticles retained the magnetic characteris-
tics of uncoated nanocrystalline nickel
ferrites. The retention of magnetic
strength encourages their application as
removable photocatalyst nanoparticles.

TiO,-NiFe,O, composite nanoparti-
cles exhibit anti-microbial activity when
exposed to UV light. Bacterial inactiva-
tion is more efficient in the presence of
UV light and TiO-NiFe,O, composite
nanoparticles than UV light alone.
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