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Abstract

The present study, magnetically separable Fe,0;@ZnO/CQD nanocomposite was successfully prepared via hydrothermal pro-
cess and characterized with SEM-EDX, XRD, FTIR, VSM and DRS analysis. The effect of operational parameters includes
photocatalyst dosage, photocatalyst type, CQD content and Escherichia coli (E. coli) concentration were evaluated on the
E. coli inactivation. The disinfecting ability of nanocomposite components was obtained as Fe,0,@ZnO/CQD> Fe,0;@
ZnO> ZnO> Fe,0;> CQD which shows a synergetic effect among different components. The highest E. coli inactivation
rate (K, =0.7606 min~") was obtained at photocatalyst dosage of 0.2 g/L and 15% CQD content. The MIC and MBC values
value for E. coli were determined 0.1172 mg/mL and 0.4948 respectively that the results tests proved the antibacterial func-
tions of the Fe,0;@Zn0O/CQD. Nanocomposite showed the high reusability after 4 consecutive cycles, K, decreased from
0.7606 min~"! to 0.6181 min~'. Quenching experiments showed *OH and h* are the main reactive oxygen species involved

in the E. coli inactivation.
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Introduction

Drinking water quality has close relationship in people’s
health. It is estimated that 1.1 billion people suffer from
the access to the safety water supplies worldwide. 2.2
million deaths are attributed to this issue, especially in
children in developing countries [1-3]. Infectious diseases
caused by waterborne pathogens not only make illness or
death, but also have negative feedback on the medical
expenses on economies and productivity losses [3]. One of
the most common enteric pathogens is Escherichia coli (E.
coli). The E. coli is a facultative anaerobic gram-negative
strain, which is catalase positive and disrupts the intestinal
tract of humans and other vertebrates; it is responsible
for gastrointestinal diseases [4]. This specie is as an indi-
cator to determine microbial quality of water, which has
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been probably polluted by fecal contamination [3, 5, 6]. To
remove pathogen “particularly E. coli”, there are many dif-
ferent methods such as advanced coagulation [3, 7], chlo-
rination and other conventional oxidant [2, 3, 8, 9], mem-
branes [10, 11], photocatalytic processes [12—15]. Physical
operation for the removal of pathogens suffer from some
disadvantage such as management and post treatment
for produced residues, concentrating pathogens without
inactivation, pathogen’s regrowth, high energy consump-
tion and need to large installations [3, 16]. Chlorination
is commonly used for pathogen removal and disinfection
process, especially E. coli in water treatment facilities.
However, with respect to applicability and effectiveness
of disinfection process, this process is not eco-friendly
and some organism is resisted to the applied chemicals
[11-13]. Semiconductor photocatalysis is a possible alter-
native for point-of-use water disinfection which introduced
as the best and environmentally friendly approach in the
inactivation of bacteria. Moreover, photocatalytic inacti-
vation has shown a remarkable inactivation effect against
many pathogens such as bacteria and fungi. Reactive oxy-
gen species (ROS) are the main factors produced in the
photocatalytic process which contribute in the bacteria
inactivation mechanism. [17]. Recently, the nano-sized
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semiconductor materials with distinctive photo-induced
electron-hole (e /h*) pairs including ZnO,WS,, ZnS, and
TiO, have been extensively used in the photocatalytic pro-
cesses for removal of pollutants [16, 18, 19]. Zinc oxide
(ZnO) is the eco-friendly, low-cost, and highly biocompat-
ible semiconductor that has been employed as the most
potential photocatalyst for pollutants removal and patho-
gens inactivation [20-23].

The visible light photocatalytic activity of ZnO is
restricted due crystal defect in the ZnO lattice and its wide
gap band (3.3 eV) which cause the rapid recommendation
of photogenerated e /h* pairs [24, 25]. Metal (such as Fe,
Cu), and non-metal (such as N, P) elements are the promis-
ing alternative that can be replaced in the semiconductor
lattice and retrieve crystal defect [18, 26]. Iron (Fe) is the
most prevalent metal oxide that has been used for decreas-
ing the semiconductor’s gap band and improve photocata-
lytic activity [4, 27, 28]. Ferric oxide (Fe,0,) is a semi-
conductor with a hexagonal crystal structure (Fe atoms
surrounded by six oxygen atoms) that generates e /h*
pairs upon photoirradiation. Furthermore, Fe,0; with
Eg = 2.1 eV has been successfully used for improved the
photocatalytic activity of different semiconductor such as
Fe-loaded CeO, [29], Fe doped ZnO [30], Au/TiO,-Fe,0;
[31, 32]. Li N et al. have reported Fe,O; improved the
photocatalytic activity of ZnO via increasing the surface
area, expanding the spectral Response range, and reducing
electron-hole pair recombination [33]. Besides, loss of the
consumed photocatalysts during a recovery operation in
addition to increasing costs is a major disadvantage that
has adverse effects on the environment. Therefore, Mag-
netic separation is a promising method for gathering the
used photocatalysts. Herein, the Fe,O; magnetic feature
facilitates the proper separation of nanoparticles and pre-
vents secondary contamination [34].

Nowadays, researchers have been used carbon quantum
dots (CQDs) in the synthesis of efficient photocatalysts.
CQDs are the new nano-size materials in range of 2—10 nm
in diameter [35]. The CQDs possess higher ability for charge
transport in result of their high capability of transferring
e~/h* pairs and reservoir performances. Moreover, they have
superior up-conversion photoluminescence, which can trans-
mute UV to visible light, near UV, and visible light with
shorter wavelengths. Hence, they can increase the light-
utilized efficiency [36]. Recently, the researchers have been
reporting the expanding studies of CQDs modified photocat-
alysts, such as Fe;O,/CQDs [37], N-doped CQDs, ZnFe,0,,
and BiOBr [38], CQD/N-ZnO [39]. To the extent of our
knowledge, with this photocatalyst, the photocatalytic inves-
tigation on the E. coli inactivation has not been reported
yet. Thus, this work aims to assess the E. coli inactivation
using the novel Fe,0;@Zn0O/CQD nanocomposite under
visible light irradiation considering the effect of different
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parameters include photocatalyst dosage, photocatalyst type,
CQD content and E. coli concentration.

Experimental
Materials

E. coli (ATCC25922) was supplied from Pasteur Institute of
Iran. Chemicals and culture medium were purchased from
Merck Company. A Half McFarland standard solution and
Mueller Hinton Broth (MHB) were purchased from Merck
(Merck KGaA, Darmstadt, Germany). Ascorbic acid, eth-
ylene glycol, Fe (NO;);-9H,0 (98%), Zn (NOs¢qp),-6H,0,
HNO;, NaCl, HCI, NaOH and ethanol (99.9%; Aldrich) were
purchased from Merck, Germany. All chemicals were used
in analytical grade without further purification.

Bacterial suspension preparation

Nutrient broth medium was used to grow of E. coli strain at
37 °C for 24 (in aerobic conditions). One loopful of the sus-
pension was striped by a sterile inoculating loop onto Mac
Conkey agar and extra incubated for 48 h at 37 °C [3]. The
E. coli culture was prepared as following: first of all, a nor-
mal saline solution (9%) was prepared and transferred into
an autoclave (15 psi, 121 °C and 1 h) to sterilize that. Then,
the suspension with density of 10° CFU/mL E. coli bacteria
in the normal saline solution was made by addition 4000 pL.
of bacterial culture in peptone broth (1.5x10® CFU/mL),
respectively, at the room temperature. The prepared aqueous
solution had natural pH (7) to inhibit bacterial damaging on
influence of the osmosis phenomenon.

Synthesis process of the photocatalyst
Preparation of CQD

The CQD was synthesized by a hydrothermal method
according to reference [22]. Briefly, 1.6 g ascorbic acid and
15 ml glycol were transferred to 25 mL ultrapure water.
The solution was well dispersed by ultrasonic machine for
60 min. The uniform solution was transported into a Tef-
lon-lined stainless autoclave, and then heated for 70 min at
160 °C. Then, to remove the larger particles, the obtained
residuals were centrifuged for 30 min at 10000 rpm.

Preparation of Fe,0;@ Zn0/CQD

Fe,0;@ ZnO/CQD was synthesized according to the
Y Huang et al. procedure [22]. Briefly, 0.76 g of Zn
(NO3),-6H,0 and 1.45 g of Fe (NO;),-9H,0 were dissolved
in 20 mL of DI water. The solution was stirred completely
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in order to obtain a homogeneous solution. The solution pH
was adjusted 13 by addition the 2 M NaOH. The resulting
dark brown slurry accompanied with CQDs aqueous solu-
tion in different amounts (5, 15 and 25 wt%) were poured
into a 100 mL stainless-steel autoclave at 120 °C for 6 h and
then, cooled to ambient temperature. Finally, the precipita-
tions were washed several times by DI water and ethanol and
then dried at 70 °C for 24 h.

Characterization procedures

Scanning electron microscopy (SEM) (accelerating voltage
of 15.0 kV) was employed to characterize the Fe,0;@ZnO/
CQD morphology. The structural property of the obtained
powders was characterized by the X-ray diffraction (XRD)
analysis using Cu Ka radiation. The functional groups pre-
sent in the nanocomposite were determined by Fourier-trans-
form infrared spectroscopy (FTIR) spectra by using KBr pel-
let technique in the range 450 to 4000 cm™ . The Differential
reflectance spectroscopy (DRS) analysis were carried out
using a Hitachi U-3010 UV-visible (UV-vis) scanning spec-
trophotometer. The magnetic properties of the Fe,0,@ ZnO/
CQD photocatalyst were measured by a VSM 9600-1 (LDJ),
at room temperature with a peak field intensity of 15 kOe.

Photocatalytic inactivation of E. coli

The photocatalytic inactivation of E. coli was investigated in
a photo-reactor consists of a glass container (100 mL) which
equipped by LED lamp (UV-Visible range, A ,,,=450 nm,
9 w, intensity= 20 mW/Cm?, manufactured by Philips, Hol-
land) as radiation source, 5 Cm above the solution. Before
switching on LED lamp, E. coli solution was continuously
mixed in the dark for 1 h in order to achieve adsorption-des-
orption equilibrium. Subsequently, the system was exposed
to visible light for different time (90 min). The effect of dif-
ferent parameters includes CQD content (5, 15, and 25 wt%),
photocatalyst dosage (0.05, 0.1, 0.2, and 0.4 g), and density
of E. coli (103, 10°, and 107) were evaluated on the E. coli
inactivation. Samples were collected during the photocata-
lytic inactivation in the regular interval, serially diluted
(10-fold) with saline solution and immediately spread onto
the plate content Mueller Hinton Broth (MHB). Plates were
incubated for 24 h at 37 + 0.5 °C in order to determine
the cell survival (in cfu/100 ml). The experimental controls
include photolysis (E. coli and light radiation without nano-
composite) and dark (E. coli and nanocomposite without
light radiation) were conducted similarly.

MIC and MBC experiments

MIC experiments were conducted by using a micro dilution
procedure according to the method proposed by the Clinical

Laboratory Standards Institute (CLSI) [40]. 2-fold serial
dilution of the Fe,0;@Zn0O/CQD was prepared in sterile
MHB for a testing concentration range of 0.01-1.250 mg/
mL. Next, 100 pL from each dilution was poured into the
microliter plate and inoculated with 5 pL of standard (1.5
x 107 CFU/mL) bacterial suspension. The microliter plates
were incubated at 37 °C for 24 h. The lowest concentration
of the Fe,0;@ZnO/CQD which inhibited visible growth was
considered as the MIC. MBC analysis was conducted by cul-
turing 10 pL of supernatant in wells without visible growth
on nutrient agar plates. The light board was used to count the
colonies grown on agar medium and then compared with the
negative control (merely medium, inoculum, no the Fe,O;@
Zn0O/CQD). The lowest concentration of the Fe,0;@Zn0O/
CQD killed 99.9% of the original inoculum was recorded as
MBC. The positive control sample consisted of inoculated
MHB without the photocatalyst, while uninoculated MHB
was used as the negative control sample. Following incuba-
tion at 37 °C for 48 h, the colony-forming units per milliliter
(CFU/mL) were then calculated.

Quenching test

To deeper insight the possible mechanism of photocatalytic
reaction in the E. coli inactivation, the corresponding scav-
engers of tert-butanol (0.5 mmol L™"), KI (0.5 mmol L),
and Cr (VI) (0.05 mmol L") were used as hydroxyl radical
(*OH), Superoxide Radical (0,°”), and Positive hole (h*)
respectively.

Result and discussion
Characterization
SEM-EDX

Figure 1 (a, and b) shows the morphologies and elements
distribution of the Fe,0;@Zn0O/CQD composites using the
SEM-EDX technique. Figure 1(a) shows the SEM micro-
graph of the Fe,0;@Zn0O/CQD particle size and distribu-
tion. As shown, the powders are an aggregate of the Fe,0,@
ZnO/CQD particles with a uniform diameter. The pattern of
elements distribution in the Fe,0;@Zn0O/CQD was deter-
mined by EDX analysis (Fig. 1(b)). EDX result indicates
the presence of Zn (0.71%), Fe (15.47%), O (44.79%) and C
(39.02%) in the nanocomposite. The intensity of the peaks
in Fig. 1(b) refer to the weight percentage of atoms in the
Fe,0;@Zn0O/CQD and the results show a very scarce pres-
ence of iron. Also, presence of atoms of C in high percent
showed that the CQD well placed into the photocatalist
particles.
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Fig.1 The SEM-EDX image of
(a) and (b) Fe,0,@Zn0O/CQD

FTIR

The FTIR spectra for Fe,0;@ZnO/CQD composite are
shown in Fig. 2 (a). The FTIR spectrum appears broad peak
at 3413.80 cm™! because of stretching vibration of O-H
bond in free water. The peak at 1627.87 cm™" is at ascribed
to O-H bending vibration of adsorbed water. The peak at
2910 cm™' is corresponded to symmetric stretching vibra-
tions for CH, group [41]. The peak at 199.64 cm™! arising
from C-H scissoring vibration. It shows broad peak below
800 cm™!, which attribute to the Ti—O bond stretching. The
FTIR band at 567.26 cm™! related to the magnetite form
of iron oxide (Fe-0) [27]. The band of 817.23 cm™" was
known as the stretching mode of C-C. Besides these, the
sharp peak at 1383.13 cm™! relates to symmetric vibrations
of COO— [38]. The observed peak at 479.48 cm™! has corre-
sponded to the metal-oxygen (M-O) stretching mode (Zn-O
and Fe-0) [42, 43].
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XRD

Figure 2 (b) shows the XRD patterns of the Fe,0;, Fe,0,@
ZnO and Fe,0;@Zn0/CQD particles. The samples show
the nine distinctive Fe,O; peaks at 16.27 (111), 27.2 (211),
29.77 (220), 36.34 (311), 45.06 (400), 57.40 (442), 36.95
(511), 67.51 (440), and 83.95 (622), confirming that pore
Fe,0; is cubic spinel structure [42]. No more peaks are
assigned to the crystalline form in Fe,0;@ZnO and Fe,0;@
ZnO/CQD Fig. 2 (b).

DRS

The optical properties of the ZnO NP, CQD, and Fe,0,;@
ZnO/CQD was investigated using UV-Vis spectrophotom-
etry. As illustrated in Fig. 2 (c), the ZnO NP plot exhibits the
high absorption at UV band (<400 nm). Also, the CQD has

Fig.2 a FTIR spectra and

(b) XRD patterns of Fe,0;@
ZnO/CQD, (c¢) UV-vis diffuse
reflectance spectra (DRS), and
(d) VSM image of the Fe,0;@
ZnO/CQD
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fundamental adsorption at broad band (300-700 nm). The
Fe,0;@Zn0O/CQD plot shows absorption at higher wave-
length. The CQD and Fe co-doping increase the absorp-
tion wavelength of ZnO and shifted it to the visible region
(longer wavelength). This causes the increasing photocata-
lytic activity of the Fe,0;@Zn0O/CQD under visible light
irradiation. In a similar study, Yu Huang et al. and Lu Li
et al. have reported adding NCDs lead to more absorption
of both UV and visible light by nanocomposite [44, 45].

The band gap energy was calculated using Kubelka-Munk
principles as shown in the Eq. (2) [46]:

£ 1,240

- (1)

The band gap energy for un-doped ZnO and Fe,0;@ZnO/
CQD were 3.39 and 2.7 eV, respectively. All these samples
indicated a decrease in band gap energy due to surface modi-
fication of ZnO.

VSM

Figure 2 (d) shows the magnetic hysteresis loops of the
Fe,0; and Fe,0;@Zn0O/CQD powders. As seen in Fig. 2
(d), the magnetization values (Ms) of Fe,O; and Fe,O;@
ZnO/CQD were 26.5 and 18.2 emu/g respectively, indicat-
ing the strong magnetization. As seen, the Ms. of Fe,0;
was 26.5 emu/g which after decorating with ZnO/CQD
reduced to 18.2. That show agglomeration ZnO and CQD
could reduce magnetization power of main photocatalyst.
Fe,0;@Zn0O/CQD is suitable for magnetically separation
by a magnetic field and separation of the photocatalyst from
the aqueous solution. The recycled the Fe,0;@ZnO/CQD
could be used to treat further solutions and thus reduced
the cost of materials. Ahmadian-Fard-Fini et al. have been
resulted that magnetic nanoparticles are covered by CQDs
and as a result higher magnetic field is needed for chang-
ing in magnetic domains of the nanoparticles [47]. There
are other studies that demonstrated effect of covering CQDs
onto the photocatalysts [48, 49].

Photocatalytic inactivation efficiency
The process performance at different systems

The inactivation performance of different nanocomposite
components (Fe,03, ZnO, CQD, Fe,0;@Zn0 and Fe,0;@
Zn0O/CQD) were evaluated in E. coli inactivation rate
(Fig. 3). As can be seen, for the CQD, inactivation efficiency
had depletion K, = 0.00253 min~". It cleared that the CQD
appeared very low efficiency for the E. coli removal because

no ability seems to surface sorption or chemical oxidation
for the CQD, so it could be because of light radiating [50].

In dark situation, Fe,O; and ZnO had a little inactivation
rate. The residuals were K., = 0.0181 min~! and K, =
0.0312 min~! for Fe,0, and ZnO, respectively. Inactivation
rate was to be more in light situation, where it was inac-
tivation rate reached to K, .= 0.0463 min~! and K
0.1632 min™"' for Fe,O, and ZnO, respectively. These phe-
nomena showed when Fe,0; and ZnO expose to the light
in addition of adsorption mechanisms in in dark, little pro-
duction of active radicals could be effective on the E. coli
inactivation [51]. In the Fe,0;@ZnO and Fe,0;@ZnO/CQD
systems, log count of E. coli reduced down to near zero in
30 min and 15 min, respectively. In those systems, produc-
tion of *OH radicals led to inactivation of E. coli under vis-
ible light (Eq. 1-11) [52]. Also, inactivation at short time
in the Fe,0,@Zn0O/CQD system showed being sufficient
of supporting CQD on the Fe,0;@Zn0O. Omran Moradlou
et al. reported similar result for the CQD [12]. In dark situa-
tion, also, the Fe,0;@Zn0 and Fe,0;@Zn0O/CQD systems
showed the acceptable inactivation for E. coli in 60 min. It
may be because of the antibacterial characterization of those
particles. Also, ZnO has antibacterial inherent properties
[52].

max—_

Fe,0;@Zn0/CQD + hvg 5420 ymy — €cs~ (CQD)

+hyg " ( Fe,0,@Zn0) M
hyg* ( Fe,0;@Zn0) + OH™ — OH" Q)
hyg*( Fe,0,@Zn0) + H,0 — OH’ + H* A3)
ecg (CQD) +0, » O, “)
20, 4+ 2H" - H,0, + 0, o)
Fe™ +0, —» Fe™ + 0, (6)
Fe™ + ecy™ (CQD) — Fe'? (7
Fe™ + 0, 4+ 2H" — Fe™ + H,0, ®)
0,” +2H* - 0, + H,0, )
H,0, +ecg” (CQD) - OH' + OH™ (10)
Fe*? + H,0 + hvg 5420 nmy — Fe* + OH" + HY (1)
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Fig.3 a effect of catalyst type 0.200
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Effect of the CQD content

The photocatalytic E. coli inactivation was evaluated in
the existence of different CQD content (%5, %15 and
%25) (Fig. 4). E. coli inactivation rate was obtained for %5
(K pax= 0.1145 min™"), (K,,,,= 0.2475 min™"), %15 (K
0.2477 min™Y), (K, .. =
0.0145 min™Y), (K= 0.05430 min~') CQD content, in
dark and light respectively, which results showed that %15
CQD content has the highest E. coli inactivation rate in both
dark and light conditions. The low inactivation rate in the
25% CQD content is due to occupying the photocatalyst
pores by the CQD which eventually has limited the inacti-
vation of E. coli bacteria [51].

max—

=0.7605 min~!), and %25 (K =

CQD play role as a conduction center for exited electors
while in high concentration scattering phenomenon inhabits
receiving light the Fe,0;@ZnO photocatalyst. Accumulation
of the CQD with nano sizes onto the dispersed the visible light
radiated [27, 47]. On the other hand, the high CQD content
ding hinders the interaction between Fe cations and E. coli.
Because Fe*" induce the change in the functional groups of
proteins and lipopolysaccharides in the outer membranes of
bacteria. Moreover, the diffusion of ferric ions inside the bac-
teria generates the ROSs which facilitates the bacteria inactiva-
tion [53]. Therefore, proper content of CQD via increase the
photocatalytic activity causes more ROSs generation which
contributes to the bacteria inactivation. CQD can improve
the photocatalytic activity of the ZnO under visible light by

Fig. 4 a Effect of the CQD (a) 6 l;.«m
mass in the composition of a5 (b)
nanocomposite in dark and (b) E . o .
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decreasing the e~/h* pairs (migrate the e~ from ZnO to CQD)
and shifting the catalytic feature of ZnO from the infrared
spectral regions to the visible area (Eq. 12-21) [54]. Kuang
W et al. have reported that the outer membranes of bacteria
were changed to blur in the presence of CQD-ZnO. Also, CQD
and ZnO induce the slight separation and disappear of outside
bacteria membranes respectively [55].

Fe,03@Zn0/CQD + o5 45 my = €cp~ (CQD)

+ hyg* ( Fe,0;@Zn0) (12)
ecg (CQD)+0, - 0,7 (13)
hyg" ( Fe,0;@Zn0) + OH™ — OH' (14)
0, + H,0 - HO," + OH™ (15)
HO," + H,0 - H,0, + OH" (16)
0, +2H" - H,0, + OH" 17)
Fe™ + ecp™ (CQD) — Fe'? (18)
Fe*? + H,0, — Fet> + OH™ + OH' (19)
Fe™ + OH™ + hv — Fe*? + OH" (20)
20H" — Destruction of bacteria cell wall 21
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Effect of the photocatalyst dosage

Fig. 5 shows the effects of different dosage of Fe,0;@Zn0O/
CQD (0.05, 0.1, 0.2, and 0.4 mg/100 mL) on the E. coli
inactivation. As shown, in the dark situation, with increased
photocatalyst dosage, E. coli inactivation was increased.
It can be due to increase in sorption sites onto the nano-
composite. In the light situation, increase in dosage from
0.05 mg/100 mL up to 0.2 mg/100 mL increased inactiva-
tion of E. coli. At the dosage of 0.2 and 0.4 mg/100 mL,
the K, of E. coli reached 0.7606 min~! and 0.2511 min~"
during 30 min and 45 min in light and K, , =0.1867 min~!
and K,,,,=0.2998 min~! during 60 min and 45 min in dark
respectively. This delay contributed to turbidity of particles
in 0.4 mg/100 mL, which reduced irradiation intensity [1].
It is expected that with increase in photocatalyst mass while
the other parameters are constant inactivation efficiency
increase because of abundance of active sites where trapped
visible light [56]. Masoud Moradi et al. have observed simi-
lar result [27]. The release of ferrous ions will be increased
in high amount of catalyst dosage which led to increasing of
Kmax in both dark and light conditions. On the other hand,
high surface area facilitates the adsorption of more water
molecules, consequently, a high amount of ROS will be gen-
erated due to the reaction between absorbed water molecules
and positive holes (h+) of catalyst [27]. They demonstrated
that the suspended photocatalyst in high value can make
turbidity, and reduce light exposing [3, 27].

Effect of E. coli density
It is demonstrated bacterial death and growth occur in a

logarithmic fashion [3, 27]. Therefore, density of bacteria
can be an effective parameter to short inactivation time.

40 50
Time (min)

60 70 80 92 Nocatalyst  0.05g100mL 0.1 g100mL 0.2 g100mL 0.4 g/100mL

Catalyst dosage
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The E. coli bacteria in three different densities (10%, 10° and
107 cfu/100 mL) were injected in the experimental solu-
tion (Fig. 6 a & b). As expected, in density of 10 (K=
0.9435 min~") and 10° c¢fu/100 mL (K,,,,= 0.7617 min~!), E.
coli was completely inactivated in less than 15 min. While,
60 min was required for complete inactivation of E. coli in
density of 107 ¢fu/100 mL (K,,,,= 0.2294 min~!). Because
when ROS production is constant, the more time is needed
for inactivation at high density of bacteria. Previous studies
e.g. Sidali Kourdali et al., have been reported similar result
[57]. On the other hand, high-loading bacteria occupy the
active site of the photocatalysts and led to diminishing the
photocatalyst performance However, biologists declare that
increase of bacteria mass enhances their resistance against
environmental treats and dangers. [3, 57, 58].

Quenching test

Fig. 6 ¢ & d indicated the effect of different scavengers,
tert-butanol > KI > Cr (VI), on the E. coli inactivation. As
shown, when scavengers were added, the K, was obtained
in various amounts (tert-butanol: K, ;.= 0.0171 min~!, KI:
K, = 0.1055 min~!, Cr (VI): K,,,,= 0.4477 min™"). tert-
butanol have a lowest K, (0.0171 min~") that *OH played
a significant specie in the inactivation E. coli. The results
indicated that the inactivation rate constant decreased as KI
(h* and *OH scavenger) was added. The h* could be either

penetrated to the E. coli, causing its inactivation, or was
adsorbed by water molecules which generated *OH [27].
When KI was added we observed less effective compared
to tert-butanol indicating the moderate effect of h*/*OHs in
the inactivation process [27]. Yanning Qu et al. also have
reported that on photodegradation removal of ciprofloxacin
by ZnO/N,S-CQDs hybrid photocatalyst *OH and O,°~ play
a crucial role [23]. As shown, addition of Cr (VI), had a far
less effect on the E. coli inactivation, indicating less efficacy
on O0,°” in the system (Eq. 25-27) [27].

Cr,0,72 + 14H" + 6ecg~ — 2Cr*" + 7TH,0 (25)
HCrO,” + 7H" 4+ 3ecg” = Cr’* + 4H,0 (26)
30, + G = Cr*t + 0, (27)
The MIC and MBC tests

Table 1 represent the MIC and MBC average values for
E. coli treated using Fe,0;@Zn0O/CQD. The MIC value for
E. coli was determined 0.1172 mg/mL (Table 1). The MBC
value was found to be 0.4948 mg/mL (Table 1). Accord-
ing to results in Table 1 related to the MIC or MBC val-
ues, it derived that the Fe,0;@ZnO/CQD photocatalyst has
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Table 1 The MIC and MBC of the Fe,0,@ ZnO/CQD photocatalyst
for E. coli

Sample MIC (mg/mL) MBC (mg/mL)

E. coli 0.1172 0.4948

antibacterial effect, and can be used as effective antibacterial
matter. The researchers have reported similar antibacterial
effects for the ZnO based photocatalyst [59, 60]. As well
known, the ZnO has been conventionally used for anti-
microbial purposes [59]. The potential for ZnO refers to
entry the Fe,0;@ ZnO/CQD photocatalyst into the E. coli
and to damage its cell wall, and finally to inactive E. coli
bacteria [60]. According to MIC or MBC values (Tables 1),
it is clear that Fe,0;@ ZnO/CQD has antibacterial effects
and can be used as antibacterial agent. Previous studies have
been shown that these antibacterial agents cause bacterial
cell membrane damage, spatial deformation, degradation of
bacterial [59, 60]. The control experiment showed that with-
out a photocatalyst, the E. coli hardly decomposed during
photolysis over a period of 60 to 90 min. However, illus-
trates a significant decrease in the height of the amount of
the E. coli concentration during the photodegradation pro-
cess. This character refers to end CQD in Fe,0;@ZnO/CQD
structure which interact with negative charge of membrane
or microorganism cytoplasm, causing bacterial cell wall
damage and finally, inactivation of bacteria [60].

Photocatalyst reusability

The reusability of the photocatalysts is one of the main
concerns in the environmental purification the technolo-
gies [61]. To investigate the reusability, the synthesized
the Fe,0;@Zn0O/CQD photocatalyst was separated mag-
netically from the reaction solution and washed by ethanol
followed by water washing, and in consequence reused in
4 cycles after each 90 min. As seen in Fig. 7, the inactivation
efficiency only revealed partial reduction after 4 cycles in

the E. coli inactivation (K,,,,=0.1426 min~"'. These results

demonstrated that our synthesized composite is a promising
photocatalyst for purification of wastewater for inactivation
E. coli.

Conclusion

The Fe,0;@Zn0O/CQD was successfully prepared with a
magnetic core by a hydrothermal method. The structure
and optical features of the photocatalysts were character-
ized by SEM, FTIR, XRD, VSM, and DRS. The highly
dispersed CQD on the surface of Fe,0;@ZnO consider-
ably improved photocatalytic activity for inactivation of E.
coli under visible light radiation. The CQD content up to
15% had positive effect in both dark (K,,,,=0.1332 min™")
and light (K, =0.513 min~") conditions. While 25% CQD
content had decreased in dark (K= 0.2332 min~!) and
light (K, ,,=0.7062 min~") respectively. MICs and MBCs
of the antimicrobial agents conducted in the present study
were specified using the micro dilution test method. The
MIC (0.1172 mg/mL) and MBC (0.4948 mg/mL) analysis
cleared that the produced photocatalyst had antibacterial
effect on the E. coli. The inactivation rate (K,,,=0.7606
min~!) achieved to optimum at 0.2 g/L of the photocata-
lyst, and then the K, ,, reduced. Increased in density of E.
coli reduced the inactivation E. coli. Totally, the effect of
scavengers was obtained as tert-butanol > KI > Cr (VI),
which indicates a greater role of Cr (VI) in the inactiva-
tion of E. coli. KI slightly low effective compared to tert-
butanol (h+ / *OHs scavenger) indicating the moderate
effect in the inactivation process. The results indicated that
in Fe,0,@Zn0O/CQD by decreasing the gap band (ZnO),
increased photocatalytic activity in the production of *OH.
The quenching test suggested the *OH and h* radicals play
a crucial role in the E. coli inactivation. It can be con-
cluded the Fe,0;@Zn0O/CQD photocatalyst can be used
as an efficient magnetic base photocatalyst for E. coli inac-
tivation in aqueous solutions. Finally, reusability experi-
ment of the Fe,0;@Zn0/CQD photocatalyst showed that
is a reusable photocatalyst and can be used for many times.
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