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The inactivation of fecal coliform using Fe,O,@Cu nanocomposite in real
wastewater: emphasizing on synergic effect and inactivation mechanisms
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ABSTRACT

Fecal coliforms (FCs) are the main bacteriological indicators in the wastewater reuse. This study was
conducted to evaluate the antimicrobial activity of Fe,O,@Cu nanocomposite for the FCs inactivation
and to describe the inactivation mechanisms in real wastewater. Operational factors affecting the
disinfectant process including pH, contact time, reagent dosage, wastewater quality, and synergic
effect were studied. Results indicated iron has no synergic effect on antibacterial activity of copper
but it can improve the toxicity of Cu. The inactivation of FCs until 40 min was corresponded to Cu*
and Fe*?jons. Increasing of total suspended solids (7-20 mg/L) and organic matter (13—24 mg/L) cause
decreasing of antibacterial activity of Fe,O,@Cu up to 0.384 log, therefore, the inactivation of FCs in
raw wastewater (RW) was less than activated sludge effluent (ASE). Increasing of reagent dosage up
to 15 mg/L increased the FCs inactivation to 0.053 and 2.13 log for RW and ASE, respectively. The
FCs inactivation was raised in acidic condition compared with natural and alkali conditions and
specific lethality (A_,,) for Fe,O,@Cu nanocomposite was obtained 3.4 and 212 times more than those
of Cu and Fe,O,. It can be concluded that the Fe,O,@Cu nanocomposite is effective antibacterial agent
especially for ASE that can achieve WHO guideline and Iranian national standard limits.
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1. Introduction clean water [2]. Coliform bacteria are the main indicator of
bacteriological water tests, which were introduced in 1914
by the American Public Health as an indicator of contami-
nation of water [3]. Reuse of wastewater is the proper source
for amends of water shortages in arid and semi-arid coun-
tries especially in agriculture field. Microbial risk is the seri-
ous problem in the reused wastewater [4,5]. Based on WHO
* Corresponding author. guideline and Iranian standard, geometric mean of fecal coli-

forms (FCs) in secondary effluent of wastewater should not

Pathogen microorganisms in aquatic environment espe-
cially effluent of wastewater entail high risks for human
health [1]. According to the World Health Organization, more
than 80% of all diseases are caused by lack of access to world
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be exceeded from 1,000 and 400 MPN/100 mL, respectively
[6]. For many years, different disinfectants including chlorine,
chlorine dioxide, ozone, and Uv have been applied for water
and wastewater disinfection [6]. Despite the effectiveness of
these methods, wide range of disinfection by-products can
be produced due to reaction of chemical disinfection with
organic materials [7]. Accordingly, metal oxide nanomaterials
are considered as new antibacterial agents [8]. Therefore, dif-
ferent metal and metal oxide nanoparticles such as Ag, Ag O,
TiO,, Si, CuO, ZnO, Au, CaO, and MgO have been applied
as antibacterial agents [9]. Copper is more cost-effective over
other metal oxide such as silver and shows relatively stable
physical and chemical properties [10,11]. Moreover, copper
has less toxicity than many metals on mammals but pose high
toxicity on microorganisms which causes it to be applicable
for inactivation of microorganisms [12]. Decorating surface
of binary metal oxides using Cu was considered, which has
performed to improve the antibacterial inactivation kinetics
[13-16]. Since, the lack of nanocomposite separation causes
secondary pollution of aquatic environments. Therefore, the
wastewater disinfection with Cu decorated of Ag, ZnO, TiO,,
Zr0,, Ce, polymers, etc. can be restricted due to increasing of
nanoparticles in the effluent [17-19]. For this aim, applying
paramagnetic iron oxide is an appropriate method to elim-
inate nanoparticles from aqueous solution by using external
magnetic field [8]. On the other hand, combination of two
nanoparticles is the suitable method to achieve a synergistic
effect of them [20]. Recently, iron oxide nanoparticles have
been emphasized for some noticeable applications in the
field of antimicrobial activities [21]. Hence, this study was
conducted to evaluate the antimicrobial activity of Fe,O,@Cu
nanocomposite for the FCs inactivation and to describe the
inactivation mechanisms in real wastewater.

2. Materials and methods
2.1. Wastewater sampling

Samples were taken from Iran University of Medical
Sciences (IUMS) wastewater treatment plant (WWTP) from
raw wastewater (RW) influent and activated sludge effluent
(ASE). The WWTP was operated under extended aeration
activated sludge process. Sampling strategy was based on
daily gathering grab at 9 o’clock to achieve near same levels
of microorganism concentration. Samples were collected by

Table 1

Physicochemical and bacteriological characteristics of RW and ASE
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1,000 mL vessels and transferred into the laboratory under the
chain of custody [22]. The characterization of wastewater (RW
and ASE) including chemical oxygen demand (COD), biolog-
ical oxygen demand (BOD), pH, total suspended solids (TSS),
metals (Cu and Fe), alkalinity, ammonium, temperature, and
FC were determined according to standard methods for the
examination of water and wastewater number 5,220, 5,210,
4,500, 2,540, 3,500, 2,320, 4,500, 2,550 and 9,221, respectively
[23]. Composition of RW and ASE are showed in Table 1.

2.2. Reagents

All reagents were of analytical-laboratory grade, pur-
chased from Merck®, Darmstadt, Germany, and used without
further purification as follows: FeCl-6H,0 (CAS. 10025-
77-1), FeCl,-4H,0 (CAS. 13478-10-9), NH,H,O, 25% (CAS.
1336-21-6), CuSO,5H,0 (CAS. 7758-99-8), A-1 medium
(Catalogue Number 100415), borohydride (NaBH, 98%)
(CAS. 16940-66-2), citric acid (CAS.77-92-9), and disodium
phosphate (CAS. 7558-79-4).

2.3. Preparation of Fe,O, nanoparticles

The Fe,O, nanoparticles and Fe,O,@Cu nanocomposite
were obtained by a coprecipitation method, which was sug-
gested by Tang et al. and can be described briefly as follows.
6 mmol of FeCl-4H,O and 10 mmol of FeCl-6H,0O were
completely dissolved in deionized (DI) water under argon
atmosphere, as a protective gas. 40 mL of 25% ammonia
solution was diluted to reach 200 mL volume. Then, diluted
ammonia was added into the above-mentioned Fe*/Fe*
aqueous mixture dropwise and under vigorous mechanical
agitation for 30 min at room temperature. Consequently,
black sediment was obtained, and then was collected by
applying an external magnetic field. The mixture was washed
several times by DI water under 8,000 rpm centrifugation
until obtaining neutral pH. Finally, the Fe,O, nanoparticles
were vacuum dried at 50°C [24].

2.4. Preparation of Fe,O,@Cu nanocomposites

First, 50 mg of Fe,O, nanoparticles was dispersed in
50 mL of DI water, subsequently, 30 mL of CuSO, solution
(0.2 mmol/L) was added to the mixture and sonicated for
30 min. Then, solution was strongly stirred for 30 min and

Parameter RW RW +Fe,O,@Cu ASE ASE +Fe,0,@Cu
COD (mg/L) 480 + 31 480 + 31 27 +9 27 +9
BOD (mg/L) 288 +21 288 +21 7+3 7+3

pH 72+0.25 72+0.25 7.1+0.12 7.1+£0.12
TSS (mg/L) 220 +40 220 +40 16+8 16+8

Cu (mg/L) <0.02 0.64+0.12 <0.02 0.78 £0.17
Fe (mg/L) 0.85+0.12 1.1+0.18 04+02 1.35+0.2
Alkalinity 712 +50 712 +50 520 £ 36 520 + 36
NH,-N 39+24 39+24 32+0.8 32+08
Temperature 27 +1.08 27 +1.08 27.6+1.2 27.6+12
FCs (MPN/100 mL) 85+09E +8 1.5+0.68 E+5
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then 0.6 g of NaBH, was quickly added and the mixture was
allowed to react for 1 h under rapid stirring. The obtained
Fe,O,@Cu was separated magnetically and washed several
times with DI water to eliminate impurities. The product
was then dispersed in10 mL of DI water [24].

2.5. Characterization

The analysis include X-ray diffraction (XRD) (model
Shimadzu XRD-6000), using graphite monochromatic cop-
per radiation (Cu Ka, A =1.54 A) at 40 kV, 40 mA, and 25°C,
scanning electron microscope (SEM) (model Philips XL30) at
15 keV, and Fourier transform infrared spectroscopy (FTIR)
(Tensor 27, Bruker (Germany) spectrometer) in the range
of 0-4,000 cm™ were used to determine the diffraction pat-
tern, surface morphology, and functional groups of Fe,O,@
Cu nanocomposite, respectively. Also, ICP-AES (inductively
coupled plasma-atomic emission spectrometer) 7300 DV
(USA) was used to determine the concentration of metal ions.

2.6. Disinfection assay of Fe,O,@Cu nanocomposite

Fe,0,@Cu ability for the inactivation of FCs under dif-
ferent levels of nanocomposite dosage (0.5-15 mg/L), pH
(5, 7, and 9), contact time (0-60 min), TSS (7-20 mg/L),
organic matter (13-24 mg/L), and initial number of FCs
(10°>-10® MPN/100 mL) was studied. It is worth noting that
other studies confirmed that range of bacteria concentration
in effluent wastewater is similar to our result, For example,
Rodriguez-Gonzalez et al. [25] and Watts et al. [26] reported
the total coliform bacteria present in the secondary effluent
is 2.2 x 10° and 5 x 107 CFU/mL, respectively. Adjusting the
pH values was conducted by using phosphate-citrate buffer
solution. Experiments were conducted in 1 L model labo-
ratory reactor. Nanocomposite was added into the reactor
under 200 rpm stirring. Disinfectant activity was stopped by
adding a mole-to-mole ratio of sodium thiosulfate as neu-
tralizer and applying of external magnet for separation of
the nanocomposite [6]. Supernatant was transferred into an
A-1 medium to determine FCs using multiple-tube fermen-
tation direct test according to APHA 2005 (method 9221 E).
Subsequently, samples were immediately transferred to incu-
bator with 35°C + 0.5°C for 3 h, and then were placed in 44°C
water bath for 21 + 2 h [23]. Control experiments (without
nanocomposite) and quantitative measurements of FCs were
conducted in parallel of disinfection assay. In addition, syn-
ergic effect of nanoparticle was conducted through disinfec-
tion assay of Fe,O, and Cu individually.

2.7. Metals ion release test

The release of copper and iron ions was conducted as
follows: 0.1 g of Fe,O,@Cu nanocomposite was immersed in
6 mL 0.9% NaCl solution at 37°C for 24 h at pH =7 [27]. To
determine copper and iron ions release in actual condition,
the same amount of Fe,O,@Cu nanocomposite was immersed
in 10 mL of both the RW and ASE solutions. Before adding
of nanocomposite, the existing copper and iron ions were
measured in the RW and ASE solutions. For prevention of
metal adsorption by solids, the TSS of solution was separated
and then metals were determined in RW and ASE. Then the

amount of Fe*?, Fe*3, Cu*, and Cu** were measured with ICP-
AES 7300 DV (detection limit of 0.005 mg/L) for description
of disinfection mechanism [28].

2.8. Assessment of the synergic effect of Fe on Cu toxicity

The fractional inhibitory concentration (FIC) index was
used in order to determine the combined effect of Cu and Fe
as fallowing equation:

[Cu]
MIC,,

[Fe]
MIC,,

=FIC,, +FIC, =Y FIC 1)

where [Cu] and [Fe] are concentrations of Cu and Fe ions,
which exhibited the lowest inhibitory concentration.
MIC,, ., ;. is the minimum concentration required to achieve
complete inactivation by Cu ions (or Fe ions) alone. For this
aim, the experimental assessment of MIC was conducted
through microdilution method. The combination is consid-
ered synergistic, when the XFIC is <0.5; indifferent, when the
YLFIC is >0.5 to <2; and antagonistic, when the LFIC is >2 [29].

2.9. The evaluation of disinfection kinetics

Because of the complicated nature of disinfection pro-
cess, to simplify the mechanisms, five assumptions were
considered for kinetic inactivation models in batch reactors
as follows: (1) uniform spreading of organisms and disinfec-
tant molecules; (2) adequate mixing to provide proper liquid
diffusion; (3) back mixing was not occurred; (4) temperature
and pH are fixed; (5) the disinfectant concentration remains
constant during the contact time [30]. Based on Chick’s
Law, disinfection model obeyed pseudo-first-order reaction
assigned to the organism’s concentration [31].

r=-k N 2)

where r is reaction rate for the decrease in viable organisms
with time (org/L min), k_is Chick’s law rate constant (min™),
and N is assigned to concentration of organisms (org/L).

In addition, Watson suggested that the time necessary
to reach a specific level of disinfection was related to the
disinfectant concentration by the following equation:

C"t = Constant 3)

where C = concentration of disinfectant (mg/L); n = empirical
constant related to concentration (unitless); t = time required
to achieve a constant percentage of inactivation (e.g., 99%);
Constant = value for given percentage of inactivation
(dimensionless).

With respect to that, disinfection concentration and time
are of equal importance, Chick’s law and the Watson equa-
tion can be combined as follows:

r=-AoCN (4)

ln% = —A Ct (5)

0



44 M. Moradi et al. / Desalination and Water Treatment 123 (2018) 41-51

where A_,, is coefficient of specific lethality (disinfection rate
constant) (L/mg min), N, is concentration of organisms at
time = 0 (org/L), and ¢ = time (min).

3. Results and discussion
3.1. Characterization of the Fe,O,@Cu nanocomposite

FTIR spectra were recorded on a Tensor 27, Bruker
(Germany) spectrometer. Fig. 1 shows an obvious adsorp-
tion bond at 565.3 cm™, which is attributed to Fe-O vibra-
tion due to Fe,O, [32], another peak at 1,220.24 cm! can be
corresponded to C-N bond stretching, the peaks at 1,812.68,
3,164.61, and 3,693.38 cm™ can be assigned to C=O, C-H, and
O-H stretching vibrations, respectively [24]. Fig. 2 shows the
EDX analysis applying to ensure the presence of elements
such as copper, oxygen, and iron in the synthesized compos-
ite structure. The peaks for iron also prove the existence of Fe
on the Fe,0,@Cu nanocomposite surface. The analysis also
revealed the elements percent (w/w) obtained 2.44%, 63.79%,
and 33.76% in the nanocomposite structure for copper, oxy-
gen, and iron, respectively. These results suggested that the
majority of nanocomposite surface was occupied by oxygen
in the form of Fe,O, and CuO particles.

Phase and crystal structure of Fe,O,@Cu nanocomposite
and Fe,O, nanoparticles were recognized by applying XRD
which can be shown in Fig. 3. The pattern of the nanocom-
posite shows that the seven peaks at 20 = 18.27°, 30.1°, 35.4°,
43.05°, 56.94°, 62.5°, and 73.95°correspond to the diffraction
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Fig. 1. The FTIR spectra of Fe,O,@Cu nanocomposite.
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Fig. 2. The EDX patterns of Fe,O,@Cu.
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Fig. 3. The XRD patterns of Fe,O,, Cunanoparticle, and Fe,O,@Cu.

g

of (111), (220), (311), (400), (422), (511), and (533) are consis-
tent with the standard XRD data for cubic crystalline struc-
tures of Fe O, [33]. Whereas, an additional peak at 50.40° from
the (200) lattice plane of the metallic Cu nanoparticles was
observed for Fe,O,@Cu. The metal Cu nanoparticles peaks
at 43.3° and 73.99° are overlapped with the 43.2° and 74.3°
peaks of Fe,O, [24,33]. Fig. 4 shows the SEM image of Fe,O,
nanoparticles and Fe,O,@Cu nanocomposite at 15 keV. SEM
image shows the Fe,O,@Cu nanocomposite has polycrystal-
line pattern and particles have been greatly agglomerated.

3.2. Copper and iron ions release

The concentration of copper and iron ions after 3 d of
immersion is shown in Table 2. Results indicated that,
copper and iron releasing into NaCl (0.9%), RW and ASE
solutions were 8.4 x 10° and 1.5 x 10 mg/g, 7 x 102 and
1 x 102 mg/g, and 9 x 10~ and 12.3 x 10 mg/g, respectively.
Results showed that releasing of copper was less than those
of iron and their order in solutions were obtained as follows:
ASE >RW > 0.9% NaCl.

3.3. Description of antibacterial mechanism of Fe,O,@Cu
nanocomposite

The antibacterial mechanism of copper nanoparticles has
been attributed to the fact that copper ions leaching from
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Fig. 4. The SEM image of Fe,O, (a) and Fe,O,@Cu (b).

Table 2

MIRAS TESCAN

SEM HV: 15.0 kV WD: 3.99 mm
SEM MAG: 350 kx Det: InBeam SE
SEM MAG: 350 kx  Date(m/dly): 12/121/15

| MIRA3 TESCAN

100 nm
RMRC

Cu and Fe ions concentration and release rate in 0.9% NaCl, RW and ASE solutions

Parameters 0.9% NaCl solution RW ASE
Fe,0,@Cu nanocomposite (g/L) 16 10 10

Cu concentration (mg/L) 0.14 +£0.08 0.7+0.13 09+0.15
Fe concentration (mg/L) 0.25+0.11 1+0.12 1.23+0.18
mg Cu release per gram nanocomposite 8.4 %1073 7 %107 9x1072
mg Fe release per gram nanocomposite 1.56 x 1072 1x1072 12.3 x 107

nanoparticles are absorbed by bacteria [34]. Figs. 5 and 6
reveal that the inactivation of FCs until 40 min corresponded
to Cu* and Fe™. Also, the Cu (I) and Fe(Il) were converted to
Cu(II) and Fe(IIl) by increase of time. Two species oxidized
of copper include cupric (Cu*?), and reduced cuprous (Cu’),
can be existed in solution [35]. Leaching of Cu complexes
from Fe,O,@Cu nanocomposite by bacterial amino acids is
required for their antimicrobial toxicity [36]. Cu* is signifi-
cantly more toxic to bacteria than Cu** due to membrane per-
meability [37]. Hence, Cu* interferes with cell wall synthesis
and cell division, and may alter the ratio of some macromo-
lecular ingredients [38]. On the other hand, surface negative
of FCs and positive charges of copper ions cause adhesion
and bioactivity of ions to bacteria via electrostatic forces [39].
Also, Fe* released from nanocomposite into the water body
causes the FCs inactivation to produce reactive radicals [40].

3.4. Effect of the exposure time on FCs inactivation

Fig. 7 shows the exposure time of FCs with nanocom-
posite. As observed, the inactivation of FCs in RW and ASE
during exposure time was different. Results revealed that after
60 min, 8 mg/L of Fe,O,@Cu can reduce of FCs between 0.019

and 0.788 log (4.2% and 84%) for RW and ASE, respectively.
Nevertheless, the inactivation of FCs has not significantly
changed by increasing the time (P > 0.05). Ochoa-Herrera et
al. [41] reported that the concentration of the toxicant was
decreased considerably with time which probably was due to
the attenuation of soluble copper or microbial adaptation. On
the other hand, the study of Domek [42] showed the progres-
sive injury greater than 90% and 99.5% of Escherichia coli cells
caused by exposure to 0.05 mg/L copper in inorganic carbon
buffer within 2 and 5 d at 4°C, respectively.

3.5. Effect of reagent dosage on FCs inactivation

Fig. 8 shows the effect of nanocomposite dosage on FCs
inactivation in RW and ASE. As indicated, by increasing the
nanocomposite dosage from 0.5 to 15 mg/L, the FCs inacti-
vated were obtained 0.053 and 2.13 log (11.4% and 99.25%)
for RW and ASE, respectively. Results revealed that achieve
to standards of WHO and Iranian national for ASE was possi-
ble by using the 8 and 15 mg/Lof nanocomposite, respectively
(Fig. 9). Low inactivation of FCs in RW can be attributed to
the protective effect of suspended solids and organic mat-
ter for microorganisms against the effect of copper [43].
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Fig. 5. The release of iron from Fe,O,@Cu nanocomposite for RW and ASE (exposure time = 150 min, TSS =12 + 1.4, SCOD = 20 + 2.6).
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Fig. 6. The release of Cu from Fe,O,@Cu nanocomposite for RW and ASE (exposure time = 150 min, TSS =12 + 1.4, SCOD = 20 + 2.6).
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Fig. 7. The effect of exposure time on fecal coliform inactivation using Fe,O,@Cu disinfectant (pH =7, TSS = 15 + 3, SCOD =24 + 4,
log initial MPN (ASE =5.176 + 0.021, RW = 6.903 + 0.032 MPN/100 mL)).
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Fig. 8. The effect of reagent dosage on inactivation of fecal coliform (pH =7, exposure time = 60 min, TSS = 16 + 4, SCOD =25+ 6.2,
log initial MPN (ASE = 5.13 + 0.018, RW = 6.87 + 0.028 MPN/100 mL)).
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Fig. 9. The inactivation of fecal coliform using Fe,O,@Cu compared with WHO and IR standard (pH = 7, exposure time = 60 min,
TSS =18 +4.5, SCOD = 27 + 5.2, log initial MPN (ASE = 5.22 + 0.047, RW =7 + 0.072 MPN/100 mL)).

Ochoa-Herrera et al. [41] indicated that 10 mg/L of cop-
per(Il) have a moderate stimulatory effect on the microbial
oxidation of ammonia to nitrate. Kurmag [44] indicated that
10-50 mg/L of copper has antimicrobial effect via inhibition
of respiration and microbial growth.

3.6. Synergic effect of iron on antibacterial activity of copper

The synergic effect of iron is shown in Table 3. Results
showed that maximum inactivation of FCs by copper and
iron (15 mg/L) in ASE obtained 1.073 and 0.038 log (91.54%
and 8.4%), respectively, while for combination of two metals
(Fe,O,@Cu), it obtained 3.79 log (99.98%) (Fig. 10). As results
indicated, the iron has no synergic effect on antibacterial
activity of copper in terms of FCs inactivation (3FIC > 0.5).
But this study indicated that iron has remarkable effect on
antibacterial activity of copper. Because iron facilitates the
separation of nanocomposite (prevents the secondary con-
tamination of nanocomposite), improves the toxicity of

Table 3
Synergic effect of iron on antibacterial activity of copper

MIC FICCu FICFe JFIC
Cu(mg/L) Fe(mg/L) FeO,@Cu
7 20 4 0.57 0.2 0.77

copper via reduction of Cu*" to Cu* and production of reac-
tive oxygen species [45]. Moreover, iron contributes to the
inactivation process through intermediate S radical chemis-
try in bacteria cell [46].

3.7. The evaluation of disinfection kinetics

Fig. 11 shows the disinfection kinetic by Fe,O,@Cu nano-
composite. The slope of the line in the plot corresponds to the
coefficient of specific lethality (A,). Result revealed the A,
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Fig. 10. The synergic effect of Fe on Cu toxicity (pH = 7, exposure time = 60 min, TSS = 14 + 3.4, SCOD = 22 + 3.8, log initial MPN

(ASE =5.16 + 0.014 MPN/100 mL)).
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Fig. 11. Linear fitting plots of disinfection kinetics according to Chick-Watson model (pH =7, exposure time = 60 min, TSS =13 + 2.5,

SCOD =20 + 3.6, log initial MPN (ASE = 5.04 + 0.012 MPN/100 mL)).

for Fe,0,@Cu nanocomposite is 3.4 and 212 times more than
those of Cu and Fe,O,, respectively. Increasing the specific
lethality (A_,) explains the high ability of disinfectant for
inactivation of bacteria [47]. Kim [48] indicated the coefficients
of specific lethality were increased by increasing oxidation
potentials of disinfectants. De la Rosa-Gémez [49] reported
that coefficients of specific lethality of Ag-OZ were more than

Ag-SZ for inactivation of E. coli from wastewater-like.

3.8. Effect of wastewater quality
3.8.1. Effect of TSS and organic matter

Fig. 12 shows the effect of TSS and soluble COD (SCOD)
concentration on antibacterial activity of Fe,O,@Cu nanocom-
posite. Results indicated with increasing of TSS concentration

(7—20 mg/L) and SCOD (13-24 mg/L), the FCs inactivation
decreased from 0.576 to 0.192 log (73.45%-35.73%) in ASE.
Results showed TSS and SCOD are the important parame-
ters that affected on antibacterial activity of copper through
decreasing of the availability and toxicity of copper ions to
FCs [42]. Suspended particles scavenge the copper and iron
ions through adsorption and precipitation reactions that
lead to considerable decreasing of FCs inactivation [41,50].
Pamukoglu [51] showed the increasing of biomass causing
reduction of copper toxicity. Regarding this, the suspended
particles act as shield for the microorganisms and protect
them against disinfectants. For this reason, the disinfectant
becomes less effective in RW than ASE [52]. Organic matter
is also the important parameter that affected on antibacterial
activity of copper by complexation with free Cu*/Cu® and
formation of low soluble copper ions [53,54]. Daly et al. [55]
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Fig. 12. The effect of TSS and SCOD on antibacterial activity of Fe,O,@Cu disinfectant (pH = 7, reagent dose = 8 mg/L,
exposure time = 60 min, log initial MPN = 4.954-5.146 MPN/100 mL).

)[PN with nanocomposite ! MPN without nanocomposite

Log MPN/100 mL

pH

Fig. 13. The effect of pH on inactivation of fecal coliform using Fe,O,@Cu disinfectant (exposure time = 60 min, TSS = 16 * 3.4,
SCOD =23 + 4.6, log initial MPN (ASE = 5.079 = 0.018 MPN/100 mL)).

showed the toxicity of copper on Paratya australiensis was
significantly reduced by increasing natural organic matter.

3.9. Effect of pH

pH is the main parameter that affected the efficiency
of nanocomposite [56]. Fig. 13 shows the effect of different
pH on FCs inactivation. Result showed the inactivation of
FCs at acidic, natural, and alkali (5, 7, and 9, respectively)
without applying nanocomposite was obtained as 40%,
1%, and 16.6%, respectively. While, the inactivation of FCs
using Fe,0,@Cu nanocomposite was increased to 92.5%,
77.5%, and 35% at acidic, natural, and alkali, respectively.
Results indicated the inactivation of FCs in the acidic condi-
tion (pH = 5) is more than those obtained from natural and
alkali conditions. Changing of pH value from 7 to 5 stimu-
lates FCs (especially E. coli) to synthesize cyclopropane fatty
acids. This phenomenon reduces H' ion permeability influx
and increases its efflux [57]. Moreover, the Fe*? and Cu* is

more released at the acidic condition, which improved the
inactivation of FCs [58]. While, the inactivation of FCs was
decreased at alkali condition due to formation of hydroxide
form of metals [59]. The following reactions are related to
release copper from nanocomposite at alkali condition [58]:

2Cu’ +20H" — Cu,0+H,0+2e’ (6)

Cu,0+20H +H,0 - 2Cu(OH), +2e @)

4. Conclusion

It can be concluded that FCs are the main bacteriolog-
ical indicators in the wastewater reuse. Metal nanoparti-
cles are considered as antibacterial agents and copper over
other metal is cost advantage and relatively stable physical—
chemical properties and less toxic than many metals to
mammals but highly toxic to microorganisms. This study
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revealed that the inactivation of FCs until 40 min corre-
sponded to Cu* and Fe™. Also, achieve to standards of WHO
and Iranian national standard for ASE was possible by using
the 8 and 15 mg/L of nanocomposite, respectively. Results
indicated iron has no synergic effect on antibacterial activity
of copper but it can improve Cu toxicity. The inactivation of
FCs was increased in acidic condition due to more release of
metals ions. Moreover, increasing of TSS and organic matter
causes decrease of antibacterial activity of Fe,O,@Cu, there-
fore, the inactivation of FCs in RW was less than ASE. It can
be concluded that the Fe,O,@Cu nanocomposite is effective
antibacterial agent especially for ASE that can achieve WHO
guideline and Iranian national standard limits.
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