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Abstract
In this work, iron oxide nanoparticles (Fe3O4 NPs) were modified by chitosan (CS). Fe3O4 NPs were synthesized by co-

precipitation method and their antimicrobial potential and photo-catalytic degradation of Chloramine T (CT) were investi-

gated. The free Fe3O4 NPs and chitosan-coated Fe3O4 NPs (CS-Fe3O4 NPs) were characterized by XRD, FTIR, SEM, and

HRTEM. Fe3O4 NPs have spherical shape and their diameter varied from 18.0 nm to 25.0 nm with average particle size at

21.0 nm. Antimicrobial activity was tested towards some pathogenic bacteria and Candida cells as zone of inhibition (ZOI)

and minimum inhibitory concentration (MIC). UV-assisted photocatalytic degradation of CT was investigated. Various

parameters affecting the photocatalytic efficiency such as (pH on CT removal, CT initial concentration, and adsorbent dose)

were studied. Antimicrobial results showed that CS-Fe3O4 NPs possesses a maximum potential against Escherichia coli,

Bacillus subtilis and Candida albicans, by 18.0, 17.0, 14.2 mm ZOI, respectively. Results obtained from the photocatalytic

activity indicated that CS-Fe3O4 NPs (2.0 gm/l) possessed a promising removal potential, achieving 86.0% removal of CT in

the neutral solution (pH = 7.0). The synthesized CS-Fe3O4 NPs are effective for the removal of CT and potent disinfectant

agent for pathogenic microbes with possible application in the wastewater treatment.
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Introduction

Nanotechnology has emerged as one of the most versatile

fields in recent years [1, 2]. Nanoparticles (NPs) are

drawing increasing attention due to their distinctive char-

acteristics and minimal harmful effects [3, 4]. Magnetic

NPs are becoming popular in bioengineering and

biomedical applications [5, 6], due to their capability to act

at the cellular and molecular level when exerted to in vitro

and in vivo applications [7, 8]. Among NPs, iron oxide

(Fe3O4) NPs are popular due to features such as super-

paramagnetic, biocompatibility, crystalline structure, non-

toxicity, monodispersity, water soluble, and cost-effec-

tive in the synthetic method [9, 10].

The crystalline morphology of Fe3O4 NPs consists of a

high number of edges, corners and potentially-reactive sites

which create an interest as potential antibacterial agents

[11]. NPs with the size of less than 100 nm have consistent

physical and chemical properties [12–14]. To make them

suitable for bioengineering and biomedical applications

they need to be coated to assure their without toxicity and

stability in the biological medium [15, 16]. The surface

coating agents may be enzymes, antibodies, proteins, drugs

and polyelectrolytes to achieve better interactive properties

on the surface of the synthesized NP [17].

The preferred process for the synthesis of Fe3O4 NPs is

co-precipitation, because of its simplicity, and that it is
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carried out under the mild condition without using any

hazardous solvents. It has the potential for large-scale pro-

duction, is cost effective and water soluble, all the necessary

requirements for biomedical applications [18]. The crucial

challenge in synthesis is to attain the optimum size and

shape of the synthesized NPs, which is achieved by con-

trolling pH, temperature, the nature of the salts, ionic

strength and the insertion of the surface coating agents

[19, 20]. Nanoparticles usually aggregate due to high surface

energy and magnetisation [21, 22]. To avoid such aggrega-

tion, they are coated with a surface coating agent [23].

Chitosan, a biopolymer which is obtained from

deacetylation of chitin, is a biocompatible, biodegradable,

linear polysaccharide and consisting of three types of

functional groups (amino, and primary and secondary

hydroxyl groups) [24, 25]. These serve as an anchor for

combining therapeutics, imaging agents and targeting

ligands [18, 26]. Chitosan has antimicrobial activity against

various microbes, and a negligible toxicity towards human

cells [27].

Using standard microbiological methods [28, 29], we

tested the antimicrobial properties of synthesised NPs on

Escherichia coli, Bacillus subtilis, Pseudomonas aerugi-

nosa, Staphylococcus aureus and Candida albicans; which

responsible for infection Candidiasis, and forms a biofilm

on the surface of the implantable biomedical devices [30].

E. coli is responsible for 80% of urinary tract infections

(UTIs) [31–33]. Our objective was to synthesise chitosan-

coated Fe3O4 NPs and evaluate their antimicrobial activity,

and finally to explore the photocatalytic degradation of

chloramine T (CT) from aqueous media. CT is an organic

sodium salt derivative of toluene-4-sulfonamide with a

chloro substituent in place of amino hydrogen. It must be

noted that CT possesses chronic symptoms such as allergy,

asthma and/or breathing problems if inhaled, additionally,

it may cause critical skin burns and eye damage in low

doses [34, 35]. Roorda et al. [36], reported the first case of

an anaphylactic reaction caused by immediate-type

hypersensitivity to CT. On review of the literature, we

found several case reports describing urticaria, rhinitis and

asthmatic bronchial obstruction caused by CT after skin

contact or airborne exposure [37, 38].

Experimental Section

Chemicals and Reagents

Iron (III) chloride hexahydrate (FeCl3. 6H2O), iron (II)

chloride tetrahydrate (FeCl2. 4H2O), sodium hydroxide

(Na OH), chitosan (C6H11NO4) n with deacetylation degree

of 86 %, MW = 60 kDa, glacial acetic acid, cetyl tri-

methyl-ammonium bromide (CTAB), and chloramine T

(CT) were purchased from E-Merck Products. All other

reagents were analytical grade and directly-used without

any purification.

Synthesis of Magnetite Nanoparticles (Fe3O4

Nps) by Co-precipitation Method

Aqueous solutions of Fe2? and Fe3? in their molar ratio (1:

2) are prepared in deionized water. Solutions are mixed in a

separate flask and kept on ultrasonic stirrer for 10–15 min

at room temperature to get homogenized solution. After

that aqueous solution of Na OH (1 M) is added to the

mixture of salt solutions drop wise at a fixed rate and

elevated temperature (90 �C) on ultrasonic stirrer.

Co-precipitation occurs in alkalinemediumbetween pH8–

14. Mixing and stirring continues till all salts are precipitated

in black colour (formation of Fe3O4 NPs). Reaction is com-

pleted in two hours and further half an hour is required for

aging. The black precipitate of magnetite NPs is separated by

using external magnetic field and washed three times with

deionized water till pH is near neutral (6.5). Finally, the

magnetic Fe3O4 NPs were obtained after drying in a vacuum

oven. The chemical reaction during the co-precipitation of

ferrous and ferric salts occurs as follows (Eq. 1):

Fe2þ þ Fe3þ þ 8OH� � � � Fe3O4 þ 4H2O ð1Þ

In the present study instead of maintaining inert atmo-

sphere to check the oxidation of ferrous ions (Fe2?), co-

precipitation was allowed at high temperature (80–90 �C).

Synthesis of Chitosan-coated Magnetite
Nanoparticles (CS-Fe3O4 NPs)

The surface of magnetic Fe3O4 NPs was coated with a

solution of CS for the purpose of obtaining modified Fe3O4

NPs. In a typical experiment, 0.25 g of magnetic Fe3O4

NPs was dispersed in a surfactant containing CTAB (2 g of

CTAB dissolved in 400 ml of de-ionized water) (solution

C) [39]. Then, 100 ml chitosan solution (0.02 g CS pow-

ders dissolved in 100 ml of 1% (w/v) acetic acid solution)

was slowly-dropped into solution C. The mixture was

continuously-stirred with a rotational speed of 1000 rpm

for 1 hour at room temperature [39]. Then, CS coated by

Fe3O4 NPs was magnetically-separated from solution by a

magnet bar and thoroughly-washed several times with

ethanol and deionized water. Finally, the obtained

nanocomposites were dried overnight at 60 �C [39].

Characterization of Fe3O4 NPs and CS-Fe3O4 NPs

Powder X-ray diffraction (XRD) patterns were used to

determine the crystal structures of the samples over a range

of 20�–70�, using an XRD-6000 diffractometer (Shimadzu,
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Tokyo, Japan) with Cu Ka radiation (k 1.5406 Å) at 30 kV

and 30 mA. Fourier transform infrared (FTIR) spectra of the

materials were recorded over a range of 400–4,000 cm-1,

using a Nexus, Smart Orbit spectrometer (Thermo Fisher

Scientific, Waltham, MA, USA) and the KBr disk method.

The surface structure and homogeneity of the synthesized

Fe3O4 NPs and CS-Fe3O4 NPs were characterized by scan-

ning electron microscopy (SEM) ZEISS. The images of

HRTEMwere taken by a JEM-1010 (Jeol, Japan) operated at

an accelerating voltage of 200 kV for determining the shape

and size of the synthesized NPs.

Photocatalytic Degradation of Chloramine T (CT)

The photocatalytic degradation studies of the synthesized

pure Fe3O4 NPs and chitosan functionalized Fe3O4 NPs

(CS-Fe3O4 NPs) for removal of chloramine T (CT) were

performed with batch equilibrium method [40]. A stock

solution (100 mg/l) of CT was prepared by dissolving 0.1 g

of CT powder in de-ionized water, and experimental

solutions of desired CT concentrations were obtained by

successive dilutions of the stock solution with de-ionized

water.

(10 mg) of the prepared CS-Fe3O4 nanocomposite were

added to (50 ml) of an aqueous solution of CT with initial

concentration (Co = 20 mg/L), under constant stirring at

ambient temperature (24.0 ± 2 �C) for 30 min in dark,

until adsorption–desorption equilibrium is attained between

CT and the prepared photocatalyst (nanocomposite).

The used UV reactor was cylindrical shape having

dimensions of 27 cm length, and 2.5 cm diameter and

made up of stainless steel. The photo-reactor filled with

50 ml of contaminated solutions. The source of UV light is

a 10 W high pressure mercury lamp (mean wavelength =

254 nm). At constant time intervals of irradiation, a syringe

equipped with a filter (2.5 lm pore size) was used to draw

out a sample of CT (3 ml).

The sample was then centrifuged for 10 min at

5000 rpm, to separate the photocatalyst. The degradation

rate of CT was calculated by determining the variation in

CT concentration verses irradiation time, by a UV–Vis.

spectrophotometer (Agilent Technologies Cary 60 UV–

Vis), at kmax = 225 nm. De-ionized water was used as a

reference [40].

Antimicrobial Activity of Fe3O4 NPs and CS-Fe3O4

NPs

The synthesized chitosan coated magnetic Fe3O4 NPs (CS-

Fe3O4 NPs; 10.0 lg/ml) were tested for their antimicrobial

performance after conducting the agar-disc distribution

process [41–44]. All samples were examined upon several

isolates of pathogenic bacteria-causing urinary tract

infection (UTI) which received from the culture collections

in Drug Microbiology Lab., Drug Radiation Research Dep.,

NCRRT, Cairo, Egypt. Bacterial strains were E. coli, S.

aureus, B. subtilis, P. aeroginosa and Candida albicans.

The bacterial inoculums were fixed at 0.5 McFarland

(1–3) 9 108 CFU/ml, at a fixed 600 nm UV–Vis. spec-

trophotometer [45, 46]. The growth inhibition of all the

investigated bacterial and yeast strains was estimated by

the zone of inhibition (ZOI) after 24 hours incubation

[42, 46]. Standard antibiotic discs Gentamycin (CN) at

conc. 10 lg/ml and Nystatin (NS) at concentration 100 lg/
ml with 6.0 mm diameter were chosen to determine the

performance of the considered magnetic Fe3O4 NPs and

CS-Fe3O4 NPs.

The serial dilutions method of Luria–Bertani (LB)

medium was applied to determine the minimum inhibitory

concentrations (MIC) of the tested CS-Fe3O4 NPs and

Fe3O4 NPs [43, 47]. For these determinations, a negative

control such as the medium broth, positive control such as

the examined pathogenic microbes and the used medium

broth and CS-Fe3O4 NPs and Fe3O4 NPs (beginning with

concentration = 20.0 lg/ml) were applied. MIC was

determined next 24 hours of incubation at 36.0 ± 1.0 �C
[48, 49].

The inoculums were fixed as mentioned-before in the

first antimicrobial screening [45, 49]. MIC was defined by

using the ELISA plate method after setting the fixed

wavelength at 600 nm [48, 50]. The MIC was described as

the lowest concentration of CS-Fe3O4 NPs and Fe3O4 NPs

that inhibits 99.0% of the growth of the tested bacteria and

yeast cells.

Statistical Analysis

The mathematical analysis of the effects was conducted by

applying the ONE WAY ANOVA (at P\ 0.05), the least

significant differences (LSD), and Duncan’s multiple sys-

tems [51]. The effects and data were examined and decided

through SPSS software (version 15).

Results and Discussion

Characterization of the Prepared Fe3O4 NPs
and CS-Fe3O4 NPs

X-Ray Diffraction

Figure 1 shows the results of x-ray diffraction (XRD)

analysis for magnetic Fe3O4 NPs and CS-Fe3O4 NPs syn-

thesized by co-precipitation method. The Fe3O4 diffraction

patterns have six main peaks at 2h values of 30.1�, 35.5�,
43.2�, 53.5�, 57�, and 62.8� which corresponding to the
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reflection from (220), (311), (400), (422), (511), and (440)

crystal planes, respectively. Positions and relative intensi-

ties of all the peaks are in accordance with the cubic

crystalline system of Fe3O4 NPs. Patterns of iron oxides

and oxy-hydroxide products of the JCPDS card 79–0418

database were included for comparison [52].

The narrow shape peaks of materials indicate that the

synthesized NPs have relatively-high crystallinity, and

without the appearance of the impurities phase of goethite

a-FeO (OH) and hematite (Fe2O3) corresponding to the

diffraction peaks of (110), (104) at 2h positions of 21.22�
and 33.15�.

Broadness of the diffraction peaks was related to particle

sizes. Scherer’s equation was used to calculate the average

particle size D.

D ¼ kk=ðbcoshÞ ð2Þ

In this equation, h is the angle of the peak, b is the full

width at half maximum (FWHM) of the respective XRD

peak, k is the x-ray radiation wave-length in angstroms,

and k is a constant. The broadening of Bragg’s peaks

indicates the formation of NPs. The calculated mean

crystallite size of the synthesized Fe3O4 NPs was about

23.0 nm.

FTIR Spectra Analysis

FTIR was performed to confirm the functional groups on

the surface of the synthetic materials. The spectra of pure

Fe3O4 NPs and CS-Fe3O4 NPs were shown in Fig. 2. The

presence of two strong peaks of Fe3O4 NPs and CS-Fe3O4

NPs at 628.1 and 573.4 cm-1, respectively shows the for-

mation of magnetic NP. Moreover, the band at 573.4 cm-1

was confirmed as the Fe–O stretching vibration of tetra-

hedral sites of spinel structure [18]. The noted peak at

467.7 cm-1, attributed to the tetrahedral and octahedral

sites [53], peak at 3415 cm-1 was due to the O–H

stretching model adsorbed on the surface of the Fe3O4 NPs

[54]. In the case of CS coated magnetic Fe3O4 NPs, the

coating of CS is established by the appearance of the peak

at 2923 cm-1 considered to be the stretching vibrations of

–CH– in chitosan. The peak at 1634 cm-1 is relevant to the

N–H vibration for the chitosan. In addition, the C-N

vibration of amino group is at 1416 cm-1 and the C–O in

the ether group is at 1071 cm-1.

Fig. 1 XRD patterns of free magnetite NPs and magnetite NPs coated with chitosan

Fig. 2 FTIR spectrum of free magnetite NPs, pure chitosan and

magnetite NPs coated with chitosan where, black stars represented the

presence of functional groups in both pure chitosan, and magnetite

NPs coated with chitosan, and blue stars exhibited the presence of

functional groups in both free magnetite NPs, and magnetite NPs

coated with chitosan
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Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) Analysis

Morphological analysis was studied with electron micro-

scopic images. In the SEM images of Fe3O4 NPs, it can be

clearly-seen that the particles are uniformly-aggregated,

spherical shaped with a grain size 8–25 nm (Fig. 3). SEM

images of magnetic uncoated-Fe3O4 NPs and CS-Fe3O4

NPs are shown in Fig. 3. The results suggested that all NPs

are most spherical in shape and the grain size of CS-Fe3-
O4NPs was in the range from 8.0 to 17.0 nm.

From these results, it may indirectly-prove that the

magnetic core/shell particles remain single crystals to have

an average diameter of 8.0 nm, and (chitosan) shells have

the approximate thickness of 9.0 nm. The results suggest

that the (chitosan) layer is uniformly-deposited on Fe3O4

NPs, as shown in Fig. 3b.

On the other hand, the TEM images (Fig. 4) of free

Fe3O4NPs and CS-Fe3O4NPs reveal that the magnetite NPs

are spherical in shape, and the size was ranged from

18.0 nm to 25.0 nm and the average particle size was

determined to be 21.0 nm. Also, the immobilized chitosan

on Fe3O4 NPs did not lead to the aggregation between the

particles and the size did not change. It was concluded that

all the chitosan in the final product is chemically-bound

(covalent bond) to the Fe3O4 NPs. FTIR spectrum results

(Fig. 2) demonstrated that, the precipitation reactions car-

ried out with chitosan rendered Fe3O4 NPs coated by this

polymer.

In Vitro Antimicrobial Activity of Free Magnetite NPs
and Magnetite NPs Coated with Chitosan

It is remarked from the disc agar distribution method (as a

screening procedure) that the CS- Fe3O4 NPs and Fe3O4

NPs represented a qualitative antimicrobial potential

toward all the tested bacteria and Candida pathogens. The

in-vitro ZOI result verified that CS-Fe3O4 NPs exhibited its

encouraged antibacterial activity against E. coli (18.0 mm

ZOI; Fig. 5a), and B. subtilis (17.0 mm ZOI; Fig. 5b) as

displayed in Table 1.

It worth considering that the antibacterial potency of

CS-Fe3O4 NPs was significantly more powerful than Fe3O4

NPs, CS and standard antibacterial agents (Gentamycin;

CN).

From our results, the synthesized CS-Fe3O4 NPs show a

broad-spectrum antimicrobial activity, but it more active

against Gram-negative bacteria more than Gram-positive

bacteria.

The activity towards Gram-negative bacteria due to its

potential on the cell wall, since it is composed of multi-thin

layers of lipopolysaccharide, lipid, and peptidoglycan,

while Gram-positive was resistant to the synthesized CS-

Fe3O4 NPs due to its cell wall compact structure (solid

peptidoglycan layers) [55].

Additionally, the incorporated CS-Fe3O4 NPs were

promising antifungal factors, they exhibited tremendous

antifungal efficiency upon C. albicans (14.2 mm ZOI;

Fig. 5c) as recorded in Table 1.

In our study, there is a relationship between the char-

acteristics of the incorporated CS-Fe3O4 NPs and the

antimicrobial effects since, the crystal size of the synthe-

sized CS-Fe3O4 NPs was small (15.0 nm; Fig. 1), dis-

persed, spherical form with particle size in the nano-scale

(21.0 nm; Fig. 4b), and highly-distributed NPs (Fig. 3a)

which served as an essential objective in enhancing the

antimicrobial potency of CS-Fe3O4 NPs at low concentra-

tion (10.0 lg/ml), against all the examined bacteria

and Candida sp.

They reported individual physical and chemical prop-

erties more than traditional organic and artificial antimi-

crobial agents such as the decreased crystal sizes and

reduced average particle size, more stability and a higher

potency for interaction with more further pathogenic

Fig. 3 Surface and

morphological characteristics of

(a) free magnetite NPs, and

(b) magnetite NPs coated with

chitosan using SEM technique
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bacteria and Candida sp., consequently, increasing their

antimicrobial potential [56–58].

The MIC results of CS-Fe3O4 NPs against all the tested

pathogenic bacteria and Candida sp. were in the range

from 10.0 to 0.625 lg/ml as mentioned in Table 1. CS-

Fe3O4 NPs possess promising MIC of 0.625 lg/ml against

E. coli and B. subtilis.

CS-Fe3O4 NPs size was not simply parameter indicating

the antimicrobial characteristics, but other features such as

mono-dispersity, simplicity, stability, and the appearance

should be considered [58, 59].

The antimicrobial mechanism of the synthesized mag-

netite NPs needs to be explained in details. There were

remarkably suggested mechanisms such as Reactive Oxy-

gen Species (ROS) production (�O2
- and �OH) which

depends upon the crystallite size and larger surface area as

explained in Fig. 6 [60, 61].

The production of ROS begins when the prepared

magnetite NPs within the bacterial cell in the presence of

light, which starts to the excitation of the electrons from the

valence band to the covalent band with a new energy level

which exit h? in the valence band. Positively, that reaction

mechanism explains the band gap effect on the antimi-

crobial activity [62]. The generated ROS causing serious

damage effect when combined with the biological macro-

molecules inside the bacterial cell such as DNA, lipids,

proteins, and carbohydrates (Fig. 6) [63].

El-Batal et al., [64] have claimed that there are four

mechanisms interpret the action of metal NPs on the

microbial pathogens. They found that Fe metal in

Fig. 4 Shape and average

particle size determination of

(a) free magnetite NPs, and

(b) magnetite NPs coated with

chitosan using TEM technique

Fig. 5 Antimicrobial activity of

CS-Fe3O4 NPs, Fe3O4 NPs and

Chitosan (CS) against multi-

drug resistant (MDR) bacteria,

and pathogenic Candida species

measured as ZOI (mm): where

(a) Escherichia coli,
(b) Bacillus subtilis, and
(c) Candida albicans
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magnetite nanosrtucture is started by the adhesion across

the surface of the bacterial cell wall and layers (Fig. 6).

After that, they deal with the understanding of nano-

metals Fe inside the bacterial cell and cleavage all of the

intracellular molecules like biological molecules. Then, the

cellular toxicity (oxidative stress) created by the formation

of ROS has happened (Fig. 6).

Finally, nano-metals (Fe) were affected against signal

transduction pathways. Furthermore, the antibacterial

potential of magnetite nanostructure may be due to the

interaction with a specific enzyme (that catalyzes mannose-

6-phosphate exchange to fructose-6-phosphate) by altering

its configuration and subsequent its activity as displayed in

Fig. 6. Fructose-6-phosphate is an essential compound in

the glycolysis pathway which is connected to the carbo-

hydrate catabolism in all microbes [35].

Photocatalytic Degradation of Chloramine T (CT) Using
Magnetite NPs Coated with Chitosan

The photocatalytic activity of the synthesized chitosan

coated Fe3O4 nanocomposite was determined using the

photocatalytic degradation of CT solution under UV irra-

diation. Figure 7 illustrates the absorption decline with

irradiation time through the photocatalytic degradation of

CT solution by (10 mg) of the prepared nanocomposite

against (CT) solution (50 ml; 20 mg/L). Upon increasing

the irradiation time, the strong absorption bands of CT

recorded at 225 nm (indicating the maximum wavelength

kmax for the CT) have been continuously-reduced. Absor-

bance of CT solution was reduced by 86 % after 60 min of

UV irradiation at the specified experimental conditions.

Table 1 Antimicrobial activities of CS-Fe3O4 NPs, Fe3O4 NPs and Chitosan (CS) against multi-drug resistant (MDR) bacteria, and pathogenic

Candida species measured as ZOI (mm) and MIC (lg/ml)

Pathogenic microbes ZOI of CS-Fe3O4 NPs

(10.0 lg/ml) (mm)

MIC of CS-Fe3O4

NPs (lg/ml)

ZOI of Fe3O4 NPs

(10.0 lg/ml) (mm)

MIC of Fe3O4

NPs (lg/ml)

ZOI of CS

(mm)

CN or NS

Escherichia coli 18.0e ± 0.5 0.625 10.0d ± 0.3 5.0 8.5a ± 0.3 22.0a ± 0.3

Pseudomonas aeruginosa 11.0b ± 0.3 2.5 8.5b ± 0.4 10.0 Nil Nil

Staphylococcus aureus 10.0a ± 0.5 2.5 8.0a ± 0.4 10.0 Nil Nil

Bacillus subtilus 17.0d ± 0.3 0.625 10.5c ± 0.4 5.0 9.5b ± 0.2 Nil

Candida albicans 14.2c ± 0.4 1.25 10.5c ± 0.4 5.0 9.0b ± 0.3 Nil

LSD 1.2 – 0.9 – 2.2 7.9

Values are presented as means ± SD (n = 3). Data within the groups were analyzed using one-way analysis of variance(ANOVA) followed by
a, b, c, d, e Duncan’s multiple range test (DMRT)

Nil means that, no ZOIs had been measured

LSD = Least Significant Difference, CN = Gentamycin; 20 lg/ml (standard antibacterial agent). NS = Nystatin (standard antifungal agent)

Fig. 6 Schematic representation regarding the five prominent ways of

antimicrobial potential of CS-Fe3O4 NPs, where (I) CS-Fe3O4 NPs

adhere to the microbial cell surface and results in membrane damage

and altered transport activity; the role of chitosan is to permit the

interaction between positively-charged functional group (-NH3
?) and

negatively-charged bacterial cell, (II) Fe3O4 NPs penetrate inside the

microbial cells and interact with cellular organelles and biomolecules,

and thereby, affect respective cellular machinery, (III) Fe3O4 NPs

create and increase the ROS inside the microbial cells leading to cell

damage, (IV) Fe3O4 NPs modulate the cellular signal system and

causing cell death, and (V) Fe3O4 NPs block the ions transport from

and to the microbial cell. Fe3O4 NPs may serve as a vehicle to

effectively-deliver Fe ions to the microbial cytoplasm and membrane,

where proton motive force would decrease the pH to be less than 3.0

and therefore improve the release of Fe ions
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Effect of Initial Concentration of CT on Degradation
Efficiency

As the initial CT concentration plays a vital role in the

photocatalytic degradation process, the effect of ionic

strength of CT was studied by varying the initial concen-

tration of CT and keeping other reaction conditions unal-

tered. Figure 8 represents the variation of degradation

capacity as a function of contact time at different initial CT

concentration (10, 20, and 30 mg/l). At higher concentra-

tion of CT, the degradation capacity was recorded to be

high. The higher degradation capacity at higher CT con-

centration is because of stronger interaction with the

nanocomposite at higher ionic concentration of CT.

Effect of pH on Degradation of CT

For photocatalytic degradation studies, one of the vital

factors is its dependence on pH of the solution. The effect

of initial pH values of CT solution was studied for 90 min

of specified experimental conditions (10 mg of the pre-

pared nanocomposite, 50 ml of 20 mg/L CT solution,

Temp., = 25 �C). A plot showing the variation of CT

removal (%) with time at different solution pH (5.0, 7.0

and 9.0) is exhibited in Fig. 9a. The maximum CT degra-

dation (%) * 86.0% in equilibrium was observed at pH

7.0, while, pH 5 and 9 showed degradation efficiencies of

75.5% and 71.5%, respectively. Hence, all the further

photocatalytic degradation experiments were conducted at

pH 7.0 in this study.

To determine the point of zero charge (PZC) of the CS-

Fe3O4 nanocomposite, 0.01 g (CS-Fe3O4 NPs) was added

to 50 mL (0.01 M NaCl solution). The pH values of the

solutions were adjusted with HCl or Na OH to be as 2, 4, 6,

8, 10, and 12. The samples were stirred at 200 rpm for

48 h. The pH values of the solutions were measured after

magnetically-separation of (CS-Fe3O4 NPs). The pH of the

PZC value was determined by using a plot which shows the

final pH versus initial pH. These results are presented in

Fig. 9b.

According to Fig. 9b, the pH of the PZC occurred where

there is no significant difference between final and initial

Fig. 7 UV spectra of chloramine T showing its degradation with time

(10 mg of the nanocomposite, 50 ml (CT) solution (20 ppm),

Temp., = 25 �C and pH = 7)
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pH values, and was determined to be at pH = 8.3. It means

that the surface charge of the photocatalyst (CS-Fe3O4

NPs) is positive and negative when pH\ pH of PZC and

pH[ pH PZC, respectively. Besides, when the pH of the

solution is equivalent to the pH of the PZC, the photocat-

alyst surface charge is neutral and the electrostatic force

between the photocatalyst surface and ions (CT ions) is

negligible [65].

According to the pH of the PZC value, the pH of the

PZC regarding CS-Fe3O4 NPs was 8.3, and this result was

explained why the photocatalytic degradation of CT was

maximum at pH 7.0 as displayed in Fig. 9a. Hence at this

point the net surface charge of the CS-Fe3O4 NPs is posi-

tive which attracted with the negative charge of CT and

improve the photocatalytic degradation of CT.

The photocatalytic degradation of CT began to decrease

at pH = 9.0 this occur due to at this point the net surface

charge of the CS-Fe3O4 NPs is negative and the repulsion

forces between the negative charge of CT and net surface

charge of the CS-Fe3O4 nanocomposite which is negative

at pH = 9.0. The reason which make the photocatalytic

degradation decreases at pH 5.0 unexpectedly is at highly

acidic medium the metal oxide leaching may be occur

which decrease the catalyst concentration [65]. On the

other hand, chitosan contains reactive amino group (–NH2),

which is easily protonated to form (-NH3
?) in acidic

solutions (pH 5.0). The high adsorption capacity is due to

the strong electrostatic interaction between the NH3
? of

chitosan and negative charge of CT [66], which explains

the higher catalytic performance in pH 5 (75.5%) more

than the catalytic potential at pH 9 (71.5%).

Effect of the Photocatalyst’s Dose on Degradation Efficiency

The effect of nanocomposite dose on the photocatalytic

degradation process was studied by keeping other

parameters such as initial CT concentration, pH of the

solution, and temperature fixed. Figure 10 depicts the

effect of photocatalyst dose on CT degradation process,

where the dose amount of CS-Fe3O4 NPs was varied (0.1,

0.2 and 0.4) g/L. During this study, the initial concentration

of CT was kept constant at 20 mg/l and the pH of the

system was kept at 7.0 at 25 �C. It was observed that the

percentage degradation of CT significantly-depends on the

photocatalyst dose and increases with increasing dose. This

direct-proportional between the degradation efficiency and

the dose of reaction medium’s photocatalyst can be

attributed to the increase in the active sites and large sur-

face area available for CT degradation [67]. From the

Fig. 10, it is noticed that percentage degradation of CT

approaches nearing 86% at a dose of 2 g/L with the above-

mentioned experimental condition.

Kinetic Studies

The degradation rate of CT can be calculated by the fol-

lowing Eq. (3):

� lnCt=CO ¼ �Kt ð3Þ

where Ct and Co are the remaining and the initial con-

centrations of Chloramine T, respectively, while (t) is the

irradiation time and (k) represent the degradation rate

constant.

Figure 11a shows a relation of -ln Ct/C0 vs. time. The

results shown that, the kinetics of the degradation reaction

followed first-order rate laws (R2[ 98) at initial

concentrations.

Moreover, as revealed from Fig. 11b, there is an inverse

relation between the apparent first order rate constants and

CT initial concentration. This recorded dependence of

reaction rate constants on initial concentration is in a good

agreement with literature [57, 58, 68].

The proposed reaction mechanism regarding the inter-

action between the prepared CS-Fe3O4 NPs and CT is

shown in Fig. 12, according to our recent published papers

[69, 70]. After UV-light excitation of Fe3O4 layer, charge

carriers will be photogenerated and redox reactions will be

initiated [58]. Then, the generated free radicals (such as

OH� And O2
�-) will degrade CT into two potential prod-

ucts, p-touluene sulfonamide and hypochlorites that can be

easily dissociated into O2 and Cl
- ions as shown in Fig. 12.

Additionally, the role of CS can be mentioned as they were

contains reactive amino group (–NH2), which is easily

protonated to form -NH3
?, in acidic solutions (pH 5.0). The

high adsorption capacity is due to the strong electrostatic

interaction between the NH3
? of chitosan and negative

charge of CT, as displayed in Fig. 12 [66].
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Conclusion

Fe3O4 NPs have been synthesized by a chemical co-pre-

cipitation method and characterized by structural and

optical tools. The surface of Fe3O4 NPs was stabilized with

chitosan (CS) by a direct addition method to obtain mod-

ified CS-Fe3O4 NPs. Furthermore, their antimicrobial

behavior has been examined against different pathogenic

bacteria and yeast which separated from urine samples of

UTI-patients. The photocatalytic efficiency of the prepared

CS-Fe3O4 NPs was tested against chloramines T (CT).

Also, various parameters affecting the efficiency of

removal potential such as (pH on adsorption of CT, CT

initial concentration, and adsorbent dose) have been stud-

ied. Based on XRD, TEM and SEM analyses, it is found

that CS-Fe3O4NPs are located at the core, while the CS are

coated this core, producing CS-functionalized Fe3O4 NPs

with particle size varies from 18.0 nm to 25.0 nm with

average particle size at 21.0 nm. The surface behavior

reveals in homogeneous grain appearance with remarkable

smooth agglomerates can be observed due to the occupa-

tion of a large quantity of CS at the grain boundary which

could control the grain growth. From FTIR results, the

presence of two strong peaks of all materials at 628.1 cm-1

and 573.4 cm-1 shows the formation of magnetic NPs.

Moreover, the noted peak at 573.4 cm-1 was confirmed as

the Fe–O stretching vibration of tetrahedral sites of spinel

structure. The in-vitro ZOI and MIC result verified that CS-

functionalized Fe3O4 NPs exhibited its encouraged

antimicrobial activity against E. coli (18.0 mm ZOI and

0.625 lg/ml MIC), B. subtilis (17.0 mm ZOI and 0.625 lg/
ml MIC), and C. albicans (14.2 mm ZOI and 1.25 lg/ml

MIC). So, there is no toxicity regarding the use of CS-

Fe3O4 NPs in the different fields. It should be noted that

CS-Fe3O4 NPs are also active upon Gram-negative than

Gram-positive bacteria. Results obtained from the pho-

todegradation activity indicated that chitosan-coated Fe3O4

NPs (5.0 gm/l) was a promising removal factor achieving

86.0% CT removal in a neutral solution (pH = 7.0). The

synthesized CS-Fe3O4NPs are promising for potential

applications in industry, food processing and packaging,

pharmaceutical uses, wastewater treatment and cosmetics.
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Fig. 12 Proposed mechanism of
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chloramines T (CT) with the

prepared CS-Fe3O4
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