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Magnetic nanocomposite (MNC) colloids can be employed in guided systems under a magnetic field, as

demonstrated in this work for the removal of Escherichia coli (E. coli) from water. Herein, we employed

a magnetic reactor system incorporating an FezO04@ZIF-8@Ag,O nanocomposite colloid with destructive

power against bacteria, focusing on elucidating the influence of key parameters, including the applied
magnetic field and the presence of the MNCs, on the efficiency of bacterial removal. To assess bacterial
viability, experiments were conducted in both phosphate-buffered saline (PBS) and a standard aqueous
solution. The experimental design aimed to optimize bacterial removal by employing a 2 mT magnetic
field, generated by a solenoid coil-assisted tubular reactor, which contributed to the stabilization of the

magnetic nanoparticle (MNP) colloids. As the bacterial suspension traversed the reactor, interactions

between E. coli and the nanoparticles resulted in collisions that induced cellular disruption and

subsequent cell death. Under magnetic field conditions, the removal efficiency of E. coli increased by
29.6% after 60 minutes relative to control experiments without a magnetic field, culminating in an overall
removal rate of 99.83% within the same period. Additionally, kinetic modeling using the Weibull function
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in the absence of a magnetic field yielded a minimal root mean square error (RMSE) of 7%, while the

maximum standard deviation in the average E. coli concentration reached 75% at 40 minutes under

DOI: 10.1039/d5ra02521d

rsc.li/rsc-advances

1. Introduction

Environmental pollution is a critical global challenge encom-
passing air, water, soil, and thermal contaminants. Water is an
essential resource, and its quality is increasingly threatened by
both domestic and industrial activities." As freshwater
resources diminish and wastewater production escalates,
effective treatment becomes imperative to prevent the
contamination of natural water bodies and reduce associated
health risks.> Seawater contains significant amounts of dis-
solved minerals and supplements that could be considered
a secondary source of raw materials.>® Seawater is affected by
a variety of pollutants, including plastics, industrial waste,
sewage, and pathogenic microorganisms, such as E. coli, which
should be treated as fast as possible, for instance, in water
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magnetic conditions. These findings suggest that using stable MNC colloids under a controlled magnetic
field markedly improves bacterial removal from water.

production on cruise ships or other naval vessels.”® Different
membrane technologies coupled with other technologies have
been developed to address these challenges.”® However, fast
bacterial treatment of seawater remains an essential challenge
on naval vessels.

Magnetic colloidal nanocomposite systems have recently
emerged as a promising solution for antibacterial
applications.®™ In this respect, Lin et al demonstrated
complete arsenic adsorption within 30 minutes using magnetic
v-Fe,O; nanoparticles, with the adsorption process remaining
stable across a pH range of 3 to 11 and unaffected by common
anions.” Han et al. reported that manganese oxide-coated
zeolite (MOCZ) effectively removed copper(n) and lead(u) ions
from aqueous solutions, exhibiting a stronger affinity for lead.
Furthermore, Gonzalez-Vazquez et al. found that the applica-
tion of an external magnetic field enhanced the removal rates of
cadmium and zinc from activated carbon adsorbents.™ In
microbial decontamination, water treatment plants have
adopted methods such as membrane filtration, powdered acti-
vated carbon adsorption, sand filtration, and oxidation to
eliminate E. coli.*>'®* Complementary research has shown that
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advanced materials, including AgNO;j-activated carbon
composites and MNCs, offer substantial antibacterial activity,
achieving removal efficiencies as high as 99.99% and enabling
rapid disinfection at optimal concentrations.'>*

Auxiliary devices such as solenoid wire coils, which generate
magnetic fields upon the passage of an electric current, have
been employed to further enhance nanoparticle performance in
water treatment systems.>® Magnetic fields not only influence
the migration and distribution of nanoparticles, as demon-
strated in studies on water/alumina nanofluids,* but also
improve the removal efficiency of contaminants in wastewater
treatment processes, including the elimination of nitrogenous
compounds and E. coli.*>*” Collectively, these studies illustrate
an integrated approach that combines advanced materials with
magnetic field applications to achieve more effective and rapid
water purification, addressing both chemical and microbio-
logical contaminants while supporting environmental and
public health objectives.

In this study, an advanced column reactor system filled with
MNC colloid has been developed for water disinfection, and was
designed to improve the bacterial removal efficiency from
aqueous media. This system incorporates Fe;O0,@ZIF-8@Ag,0
MNCs, which have demonstrated high removal efficiency even
at low concentrations in a colloidal mixture of aqueous feed.
There are, however, a few risks from the release of silver
nanoparticles (AgNPs) into the environment. In essence, the
increasing use of AgNPs across various consumer, industrial,
and even agricultural sectors presents a tangible risk of envi-
ronmental pollution. These nanoparticles can enter the envi-
ronment through diverse pathways, including wastewater
discharge, product disposal, and atmospheric deposition. Once
in the environment, AgNPs pose a threat to a wide range of
organisms, from aquatic life and soil microorganisms to
potentially higher trophic levels through bioaccumulation.
Their toxicity and the possibility of transformation into
different, potentially harmful forms raise concerns about
ecosystem disruption and long-term ecological consequences.
Furthermore, the widespread release of these antibacterial
agents could contribute to the growing problem of antibiotic
resistance. While the full extent of their environmental impact
is still under investigation, the presence of AgNPs in various
environmental samples serves as a clear indicator of existing
pollution. Therefore, continued research into their fate and
effects, along with the development of strategies to minimize
their release, is crucial to mitigate the potential environmental
risks associated with the increasing use of AgNPs.**3*

The system was engineered to stabilize MNPs within the
reactor, facilitating increased Brownian motion and enhancing
interactions between nanoparticles and bacteria. We hypothe-
sized that a magnetic field generated by a copper solenoid coil
and supplied with direct current (DC) would stabilize the
nanoparticles within the system and direct their movement
along the coil's axis to isolate the effects of MNPs. The solenoid
coil was specifically designed to minimize heat generation when
a magnetic field was applied, which could reduce the E. coli
removal. One advantage of this study over previous research in
this field is the use of a novel antimicrobial nanostructure,
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guided by a new magnetic system, to enhance microbial
removal efficiency.

2. Materials and methods

All analytical grade chemicals were purchased from Merck and
used without further purification; these include silver nitrate
(AgNO3), sodium hydroxide (NaOH), sodium sulfite (Na,SO3),
iron(m) chloride hexahydrate (FeCl;-6H,0), zinc nitrate hexa-
hydrate (Zn(NO3),-6H,0), and 2-methylimidazole (C,HgN5).

2.1. Preparation of nanocomposite

2.1.1. Synthesis of Fe;O, nanoparticles. The synthesis
method described by Wu et al. was followed.*® In the initial step,
0.1 g of Na,SO; and 1.4 g of FeCl;-6H,0 were simultaneously
added to 200 mL of distilled water, and the resulting solution
was stirred at 25 °C for 1 hour under a nitrogen atmosphere.
Subsequently, 1 mL of aqueous NaOH was added dropwise to
the solution. After stirring for 5 minutes, the synthesized black
Fe;0, powder, serving as MNPs, was collected using a magnet,
washed three times with deionized water and ethanol, and
subsequently dried in an oven at 60 °C for 12 hours.

2.1.2. Synthesis of Ag,0 nanoparticles. A solution con-
taining 3.05 g of AgNO; in 24 mL of distilled water was prepared
by stirring at 500 rpm at 25 °C for 1 hour using a magnetic
stirrer to ensure the complete dissolution and dispersion of the
solute. Subsequently, 0.32 g of NaOH was added dropwise to the
stirred solution to obtain pH = 14 under an argon atmosphere
with continuous stirring for 1 hour. A brown precipitate was
observed, indicative of the formation of silver oxide (Ag,0).*”
The Ag,0 nanoparticles were allowed to sediment, after which
they were separated from the solution and washed with distilled
water and ethanol to remove impurities. The obtained nano-
scale Ag,0O was dried in an oven at 80 °C for 12 hours.

2.1.3. Synthesis of ZIF-8. ZIF-8 nanocrystals were prepared
via rapid precipitation in an aqueous medium following the
protocol reported by Pan et al.®® For solution A, 0.234 g of
Zn(NOj3),-6H,0 was dissolved in 1.5 mL of distilled water, and
for solution B, 4.54 g of 2-methylimidazole was dissolved in
1.5 mL of distilled water. Subsequently, solution A was slowly
added to solution B and thoroughly mixed with a magnetic
stirrer, during which the mixture acquired a milky appearance.
After 30 minutes of stirring, the resultant suspension was
separated by centrifugation for 20 minutes and washed twice
with distilled water. Finally, the recovered material was dried at
80 °C for 24 hours to ensure complete evaporation of the
residual solvent.

2.1.4. Preparation of Fe;0,@ZIF-8@Ag,0. A nano-
composite was prepared by first adding 0.18 g of zinc nitrate
hexahydrate (Zn(NOs),-6H,0) and 0.5 g of iron oxide (Fe;0,) to
40 mL of a 2-methylimidazole solution. The mixture was soni-
cated for 45 minutes to achieve a uniform dispersion and prevent
sedimentation.* Separately, 0.01 g of pre-synthesized Ag,O
nanoparticles was dispersed in 10 mL of distilled water by
magnetic stirring, and the dispersion was further sonicated to
ensure homogeneity. The Ag,O dispersion was then combined

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02521d

Open Access Article. Published on 31 July 2025. Downloaded on 6/15/2026 2:48:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with 10 mL of the ZIF-8 solution and further sonicated. The
resulting Fe;0,@ZIF-8@Ag,0 nanocomposite was isolated using
a magnet and dried overnight at 110 °C. The synthesized nano-
composite can be reused for a long time due to the Fe;0, nano-
particles. Some research indicates that magnetic Fe;O,
nanocomposites can be effectively separated and reused for
multiple cycles in the removal of bacteria or other pollutants, with
some decrease in efficiency over time due to factors like surface
fouling. Studies have shown that the stability and reusability of
Fe;0, nanocomposites can be enhanced by immobilizing them
on supporting materials like cellulose or by surface modifications
that prevent the aggregation and leaching of active agents.***>

2.2. Micro-organism culturing

Escherichia coli strain ATCC 25922 was obtained from the
Microbiology Laboratory of the Education Development Center
of Medical Sciences at Tabriz University. The strain was cultured
on Plate Count Agar for 24 hours at 37 °C. Following incubation,
the bacterial suspension was adjusted to a 0.5 McFarland
standard (approximately 1.5 x 10° CFU mL™ ') and subse-
quently diluted to a concentration of 10° CFU mL™". Serial
dilutions were then performed to achieve concentrations of 10,
10%, and 10* CFU mL™*.** In each dilution step, 1 mL from the
previous dilution was transferred into 9 mL of deionized water,
a process that was repeated until the desired concentration
range for counting was obtained.

2.3. The column reactor setup for antibacterial application

The experiment was performed using a glass column packed
with the antibacterial nanocomposite. Two layers of glass wool
were positioned at the top of the column to prevent loss of the
nanocomposites, while glass beads were incorporated to ensure
the uniform flow of the inlet fluid. A peristaltic pump was
employed to convey the fluid upward through the column, with
the nanocomposite charged from the top. A schematic repre-
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A solenoid coil was uniformly wrapped around the column at
equidistant intervals. Upon the application of a DC through the
coil, a magnetic field was generated.

2.4. Magnetic column reactor

The column reactor was recognized as a critical component in
the industrial-scale design of water treatment systems. This
study aimed to evaluate the effects of various process parame-
ters, including the stability and survival of Escherichia coli in
aqueous solution and PBS, the performance of the Fe;O,@ZIF-
8@Ag,0 nanocomposite, and the influence of an applied
magnetic field. A column reactor, measuring 32 cm in length
with an inner diameter of 2 cm, was employed. Prior to the
experiment, the reactor and all associated instruments were
pre-wetted with autoclaved distilled water (120 °C, 30 minutes).
Subsequently, distilled water was passed through the reactor to
remove any dry granules of the Fe;0,@ZIF-8@Ag,0
nanocomposite.

During the trial phase, the prepared contaminant water
was pumped through the reactor at a flow rate of 10 mL per
minute using a peristaltic pump. This flow rate was selected
based on the reactor dimensions and the desired residence
time of the bacteria within the reactor, thereby optimizing the
contact between the bacteria and the nanoparticles to
improve the bacterial removal efficiency. While the solution
flowed downward through the reactor, a magnetic field was
applied using a solenoid coil powered by a 12 V DC power
supply at a current of 0.2 A. The treated water, referred to as
the effluent, was collected from the top outlet of the reactor at
specific time intervals (10, 20, 30, 40, 50, and 60 minutes) for
sampling.

To determine the kinetic reaction parameters, the experi-
mental results were fitted to the Chick-Watson and Weibull
models. The Chick-Watson kinetic model is represented by the
following equation:

sentation of the experimental setup is provided in Fig. 1. log(C.) = log(Cy) — kmaxt (1)
Effluent
Magnetic D DC Power Supply
Reactor =
Influent
v ¢
! = . - 1% o= Flow Control
(o) o O Valve

Treated Water
Tank

Fig. 1 Schematic of the experimental setup.
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where C; and C, are the influent and effluent E. coli concen-
trations (CFU mL™"), respectively. kmay is the rate constant of
the reaction (mol L™' min~") and ¢ is the contact time of the
reaction (s). The Weibull model equation is expressed as the
following relation:**

log(C.) = —(é)ﬁ +log(C) @)

where 6 is the time for the first decimal reduction (min~—') and
@ is the shape parameter (concave curves, § < 1; convex curves,
B > 1), respectively. The models and kinetic parameters were
obtained using the Solver tool and the GInaFiT Add-in version
1.7 (Geeraerd and Van Impe Inactivation Model Fitting Tool).*®

The RMSE equation was given by Mecha et al, 2020, as
follows:*®

M=

: (yexp,i - ypre.i)2
B (3)

RMSE ="

where N is the number of observations, Y, ; is the experimental
observation value, and y.; is the model prediction value. The
percentage removal of E. coli was calculated using the following
equation:*’

R%:Qégxmo (4)
where C; is the E. coli concentration in the influent (CFU mL ),
and C. is the E. coli concentration in the effluent (CFU mL ™).

Solenoid wire coils were employed to generate a controlled
magnetic field, a configuration that has found numerous
applications in industry. In this study, the magnetic field
generated by the coils surrounding the MNPs within the reactor
was utilized to enhance particle stability in the bed, increase
Brownian motion and particle collisions, and ultimately
improve the bacterial removal efficiency. The system's effec-
tiveness was further optimized by adjusting its parameters. The
magnetic field was oriented to induce a counter-current flow of
the Fe;0,@ZIF-8@Ag,0 nanocomposite relative to the influent
contaminant water. An increase in the magnetic field corre-
spondingly reduced the velocity profile of the particles, which
extended the contact time between the E. coli bacteria and the
adsorbents, resulting in a higher percentage of E. coli removal in
the effluent. Conversely, the Brownian motion of the particles
within the reactor led to an increasing temperature profile and
a decreasing concentration profile. Although the decreased
concentration extended the reaction time, the elevated
temperature posed challenges by potentially disrupting data
measurement processes. Consequently, temperature control
was deemed crucial, and the temperature profile was regulated
through the careful selection of the solenoid wire coil's design
parameters, such as the wire material, length, cross-sectional
area, and the applied voltage and current. Efforts were made
to maintain a constant temperature profile throughout the
experiment to isolate the effects of the magnetic field and MNPs
on E. coli removal from the aqueous solution. Therefore, the
calculations for the design of the solenoid wire coil were per-
formed as follows.
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The electric power of a wire (W) is given by Joule's law:
P = RP (5)

where R is the resistance of the wire (Q) and I is the electric
current (A).

The energy balance was used to obtain temperature distri-
bution equations in cylindrical coordinates.

The energy balance is obtained from the following equation:

Qin - Qout + Qgen - Qcon = chm (6)

where Qin, Qouty Qgensy Qcon, and Qcum are the energy input,
energy output, generated energy, energy consumption, and
energy cumulative, respectively.

The rate of heat generated (W m™?) obtained from energy
balance is calculated as follows:**

R x I?

q:nxrzxL

(7)

where r is the radius of the wire (m) and L is the length of the
wire (m).

Also, to obtain the local temperature at each location of the
wire, the differential equation was calculated as follows:**

1d/dr q
rar (a) =k (8)
where T'is the temperature (K) and & is the thermal conductivity

(W m™" K'). Then, the temperature distribution is given by
integrating eqn (8):

qX}’Z

T =
4k

+ G 1Hr+Cz (9)

By considering the following boundary conditions,
r = 0: T = infinite: C; =0
and

g% R

=R: T=T,: =T 11
r s G, + Ik ( )

The final solution for the temperature distribution is then

é xR
T-T =~ (R* =) (12)
To obtain Ty, eqn (11) is transformed to give:
gx R
To— T, = 13
; - (13)

where T, is the temperature at r = 0 and T is the surface

temperature.
The Biot number is given by the following:*’
hx L,
B =—— 14
- (14)

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02521d

Open Access Article. Published on 31 July 2025. Downloaded on 6/15/2026 2:48:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

where 7 is the convection heat transfer coefficient (W m > K ),
L. is the characteristic length (m), and k is the thermal
conductivity (W m~' K1),

The lumped capacitance method is defined by the following
equation:*

T-T,
Tif/Ta_

A~

e (15)
where T is the final temperature (K), T, is the temperature of the
environment (K), T; is the initial temperature of the wire (K), ¢ is
the time (s), and 7 is the time constant (s).

The temperature difference between the center and the
surface of the wire was calculated. Maintaining a constant
temperature profile during the experiment was a key objective
of this study, necessitating careful selection of the design
parameters for the solenoid wire coil. Assuming the surface
temperature of the wire is room temperature (25 °C), the
temperature at the center of the wire, as given by eqn (13), is 26 °
C. This indicates that there is too little difference between the
center and surface temperatures of the wire for the generated
heat to affect the inactivation of E. coli. In addition, using eqn
(14), the Biot number was obtained as 3.1 x 10~ °, which can be
considered lumped (<0.1). Then, by using eqn (15), the final
surface temperature of the wire was obtained as 25 °C, leading
to the conclusion that there is no significant difference between
the initial and final temperatures (constant temperature) over
a period of 60 minutes.

Table 1 Specifications of the designed solenoid wire coil

Description Specifications
Wire material Copper
Wire diameter, D 0.2 mm
Wire length, L 106 m
Number of turns, N 1680
Resistivity of wire coil, p 1.72 x 107 Qm
Resistance of wire coil, R 58 Q
Thermal conductivity, k 400 Wm 'K
Convection heat transfer coefficient, & 25Wm 2K !
DC power supply, V 12V
Current flow, I 0.2 A

N=1680,L
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RSC Advances

The specific specifications of the designed coil are outlined
in Table 1 in the supplemental material, and a schematic of the
coil is provided in Fig. 2.

The generated magnetic field (mT) of the solenoid wire coil is
given by Hart:>

N x1

- (16)

B =
where u, is the vacuum permeability (47 x 1077 N A~?), N is the
number of turns of the wire, I is the electric current (A), and L is
the length of the wire (m). According to the data in Table 1, the
strength of the magnetic field is obtained from eqn (16).

The hydrodynamic parameters existing in the reactor,
including flow velocity, Reynolds number, diffusivity, and mass
transfer coefficient, along with the utilized formulas, based on
the calculations derived, are summarized in Table 2. The
hydrodynamic regime of the magnetic column reactor,
designed for E. coli removal, is characterized by a laminar flow
profile, as evidenced by a Re = 10.63, while the utilized physical
values are listed in Table 2. The superficial velocity is derived
from a volumetric flow rate of 10 mL min~" and the column
cross-sectional area. Assuming a bed porosity of 0.4, the inter-
stitial velocity is 0.001329 m s~ . This low Re < 2000 confirms
laminar flow, which promotes stable and uniform fluid move-
ment, facilitating efficient contact between the Fe;O,@ZIF-
8@Ag,0 magnetic nanocomposites and E. coli cells. The
diffusion-limited regime is further indicated by a low mass
transfer, estimated using the Wilson-Geankoplis correlation,
with a particle Reynolds number of 1.329, Schmidt number 5 x
10°, and Sherwood number of 95.20. The molecular diffusivity
of E. coli in water underscores the slow mass transfer, which is
overcome by the 2 mT magnetic field. The laminar flow and
diffusion-limited conditions, combined with magnetic effects,
ensure optimized nanoparticle-bacteria interactions for effec-
tive water treatment.

2.5. Characterization

Field emission scanning electron microscopy (FESEM) images
were acquired using a TESCAN MIRA3-FEG scanning electron
microscope equipped with an energy-dispersive X-ray (EDX)

=24 cm

solenoid

!

10 mL.min!
-

! -
3cm

Fig. 2 Schematic of the designed solenoid wire coil.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrodynamic parameters of the reactor flow
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Parameter Value Formula Description/notes
Superficial flow velocity (1) 0.0005317 m s~ " u=0Q/A Q=167 x 10’ m’*s ', A = 7(0.01)* = 3.1416 x
(0.5317 mm s ) 104 m?
Interstitial flow velocity (i) 0.001329 m s~* u; = ule Assumed porosity = 0.4. Adjusts the superficial
velocity for packed bed
Reynolds number (Re) 10.63 Re = pud/u p=1000kgm >, u=5.317 x 10 *ms 'd=0.02m

Diffusivity (D) 2x10°m?s! —

Mass transfer coefficient (ki) 1.904 x 10 " ms™*

Particle Reynolds number (Rep,) 1.329 Rep, = puidp/p
Schmidt number (Sc) 5 x 10° Sc = w/pD
Sherwood number (Sh) 95.20 Sh = 1.09(Re,-Sc)"*

detector, which enabled the examination of nanoparticle
morphology and surface characteristics. X-ray diffraction (XRD)
analysis was performed using a Tongda TD-3700 instrument to
ascertain the composition of the nanoparticles and to identify
the functional groups present on their surfaces. The magnetic
properties were evaluated at room temperature using
a vibrating sample magnetometer (VSM) integrated with
a FORC-MDKEF system.

3. Results and discussion

3.1. Nanocomposite characterization

The structures of Fe;O,, Ag,O, ZIF-8, and the Fe;O,@ZIF-
8@Ag,0 nanocomposite were characterized using XRD
measurements, as shown in Fig. 3. The characteristic diffrac-
tion peaks of the synthesized Fe;O, nanoparticles are in
complete agreement with the standard Fe;O, pattern (JCPDS
19-0629),** confirming the successful synthesis of Fe;0,. The
diffraction peaks of Fe;0, at 26 angles of 30.26° (220), 35.66°
(311), 43.31° (400), and 57.12° (511) indicate that the Fe;0,
structure remained intact during the synthesis of the Fe;-
0,@ZIF-8@Ag,0 nanocomposite. The Ag,0 sample exhibited
characteristic diffraction peaks at 26.82° (110), 32.64° (111),
37.96° (200), and 54.39° (220), consistent with the face-
centered cubic (FCC) crystalline phase of silver() oxide
(JCPDS 75-1532).>> Additionally, the diffraction peaks of ZIF-8
at 10.55° (002), 12.34° (112), 14.63° (022), 18.05° (222), and
22.52° (114) were in agreement with the standard ZIF-8 pattern
(JCPDS 76-1509),** further confirming the crystalline nature of
the ZIF-8 sample.

27284 | RSC Adv, 2025, 15, 27279-27293

Sh = kid,/D = 1.09(Re,-Sc)"'*

w=10x10">Pas

Confirms laminar flow (Re < 2000)

Provided in the text for E. coli in water, consistent
with the literature for bacterial diffusion
Wilson-Geankoplis correlation used. d;, = 0.00 m
(assumed for glass beads)

Re,, = 1.329
Sc =5 x 10°
Sh = 95.20

Indicates a diffusion-limited regime

w;=1329 x 10 > ms *

dp = 0.00 m

Used for mass transfer calculation
w=10x10"Pas

p = 1000 kg m?

D=2x10"m?s "

High Sc indicates diffusion-dominated transport
Derived from the Wilson-Geankoplis correlation
for laminar flow in packed beds

Bragg's law™ and Scherrer's equation® were used to deter-
mine the mean size of the particles, as follows:

nA=2d sin 0 (17)
kx A
X= FWHM x cos 6§ (18)

where n is a positive integer (1.0), A is the X-ray wavelength
radiation (nm), d is the distance between the lattice planes, X is
the mean crystallite size (nm), k is the shape factor (0.9), FWHM
is the full width at half maximum of the peaks (radians), and 6 is
the glancing angle (radians). The mean crystallite sizes of Fe;0y,
ZIF-8, and Ag,0O nanoparticles and the Fe;0,@ZIF-8@Ag,0
nanocomposite are 33 nm, 20.54 nm, 26 nm, and 30.62 nm,
respectively.

The morphologies of Fe;0,, Ag,0, ZIF-8, and the Fe;O,@ZIF-
8@Ag,0 nanocomposite were examined using SEM, as shown
in Fig. 4a, where the Fe;O, particles exhibit a clustered shape
with rough angles. These particles serve as the core of the
nanocomposite. Fig. 4b illustrates the spherical shape of the
Ag,O particles. Fig. 4c displays the morphology of the ZIF-8
particles, which have a multifaceted shape with slightly
rounded corners that are arranged in a regular pattern. In this
study, the ZIF-8 particles act as the shell of the nanocomposite.
The uniform distribution of ZIF-8 on the surface of the Fe;O,
core particles, as demonstrated in Fig. 4d, indicates that the
ZIF-8 shell completely covers the core. The surface of the Fe;-
0,@ZIF-8@Ag,0 nanocomposite in Fig. 4d appears rougher
than the surface of the unmodified Fe;O, nanoparticles in
Fig. 4a, suggesting that the Fe;0, particles have been success-
fully loaded with ZIF-8 and Ag,O nanoparticles. Elemental

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02521d

Open Access Article. Published on 31 July 2025. Downloaded on 6/15/2026 2:48:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
* ZIF8 g Fe,0, @ ZIF-8 @ Ag,0)
°
:S: -
<
SN
2 [
&
g [
=
—
I T T P T
10 15 20 25 30 35 40 45 50 55 60
26(°)
Peak List
TS NI | L. I .l 11 | 1 1 I
';? 01-§76-1509 - ZIF-8
8
2 | o | L
7] 01-075-1532 - Ag:0
<
3
£ | |
00-019-0629 - Fe:0s
- | N ]
10 20 30 40 50 60
26(°)

Fig. 3 XRD patterns of FesO4, Ag,0, and ZIF-8 nanoparticles, and the
Fez04@ZIF-8@Ag,0O nanocomposite.

mapping analyses were conducted to further confirm the
distribution of ZIF-8 and Ag,O on the Fe;O0, nanoparticles. The
images in Fig. 4g and 1 illustrate the distribution of these
elements throughout the sample. The image in Fig. 4f shows
a uniform distribution of the elements on the Fe;O,@ZIF-
8@Ag,0 nanocomposite Fig. 4e, indicating the successful
formation of a well-defined shell structure.

The EDX spectra show the organic content in the structure
of the composite. The composition of the Fe;0,@ZIF-8@Ag,0
sample includes zinc (Zn), iron (Fe), silver (Ag), oxygen (O),
nitrogen (N), and carbon (C). The EDX spectrum of Fe;0,@ZIF-
8@Ag,0 MNCs is presented in Fig. 4m. The atomic percent-
ages of Zn, Fe, Ag, O, N, and C in the Fe;0,@ZIF-8@Ag,0
nanocomposite, as determined by EDX analysis, were found to
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8@Ag,0O (d). Elemental maps of the FezO,@ZIF-8@Ag,O nano-
composite (e). Images of the elemental distribution in the nano-
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spectrum of Fez04@ZIF-8@Ag,O MNCs (m). VSM magnetization
curves of FezO4 and Fez04@ZIF-8@Ag,O (n). BET plot and adsorp-
tion—desorption plot for Fes04@ZIF-8@Ag.0 (0).
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be in close agreement with the expected stoichiometry for the
intended core-shell structure. Specifically, the observed Fe:
Zn: Ag ratio approximates the theoretical molar balance for
Fe;0, (core), ZIF-8 (shell), and Ag,O nanoparticles deposited
on the surface. Minor deviations from stoichiometry are likely
due to surface enrichment effects and partial coverage. The
detectable presence of C and N further confirms the integra-
tion of the ZIF-8 framework, while the relative abundance of Ag
validates the successful decoration with Ag,O. Overall, the
atomic ratios support the proposed architecture of Fe;O,@ZIF-
8@AgZ,0.

Fig. 4n presents the magnetization curves of the prepared
Fe;0, nanoparticles and Fe;O0,@ZIF-8@Ag,0 nanocomposite.
The magnetic properties of these materials were investigated
using a VSM at room temperature. The saturation magnetiza-
tion values for the prepared Fe;O, nanoparticles and Fe;O0,@-
ZIF-8@Ag,0 nanocomposite were determined to be 38.10 emu
g~ " and 30.47 emu g~ ', respectively. The decrease in saturation
magnetization for the nanocomposite can be attributed to the
non-magnetic properties of the ZIF-8 and Ag,O nanoparticles
coated on the Fe;O, nanoparticles. This reduction in magneti-
zation is advantageous, as it allows for the easy recovery of the
MNCs from the reaction medium using an external magnetic
field within a short time frame.

The Brunauer-Emmett-Teller (BET) analysis for the Fe;-
O,@ZIF-8@Ag,0 nanocomposite, as nitrogen adsorption-
desorption data, provides insight into the material's surface
area and porosity, which are critical for its application in
bacterial removal from water. The BET plot, derived from
adsorption data in the relative pressure range P/P, of 0.05-0.3,
exhibits a linear relationship when plotting P/Po/V(1 — P/P,)
against P/P,, indicating that the BET model is applicable for this
material. The linearity of the plot suggests consistent adsorp-
tion behavior typical of microporous materials. From this plot,
a linear regression yields an approximate slope of 0.0058 and an
intercept of 0.0001, allowing the calculation of the monolayer
adsorbed gas volume V;, as approximately 169.5 cm® g~ *. Using
the BET equation, this corresponds to a specific surface area
Sger of approximately 735 m? g7, calculated with the nitrogen
molecular cross-sectional area 0.162 nm” and molar volume at
STP (22 414 cm® mol ). This surface area is lower than that of
pure ZIF-8 (~1500-2000 m?> g~ ') but higher than typical values
for Fe;0,4 (~20-50 m” g~ ') or Ag,0 (~10-30 m? g™ ), reflecting
the composite's structure where the microporous ZIF-8 shell
dominates but is moderated by the non-porous Fe;O, core and
Ag,0 nanoparticles.

The nitrogen adsorption-desorption isotherm further
characterizes the nanocomposite's porosity. The adsorption
data show a steep increase in the volume adsorbed at low
relative pressures P/P, < 0.1, reaching 148.6 cm® g~ ' at P/P, =
0.01, and 172.5 ecm® g~ ' at P/P, = 0.05, indicative of strong
micropore filling typical of ZIF-8. The isotherm plateaus at
higher pressures, with volumes of 213.2 ecm® g™ at P/P, = 0.3
and 230.0 cm® g~ " at P/P, = 0.99, suggesting limited additional
adsorption beyond micropore capacity. The desorption branch
closely follows the adsorption curve, with volumes of 225.0 cm®
g ' at P/P, = 0.8 and 220.0 cm® g~ " at P/P, = 0.6, exhibiting
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minimal hysteresis in the P/P, = 0.4-0.9 range. This behavior
classifies the isotherm as Type I(b) according to IUPAC stan-
dards, characteristic of microporous materials with pore sizes
close to the nitrogen molecule's diameter. The minimal
hysteresis suggests a predominantly microporous structure,
with slight mesoporosity possibly introduced by the integra-
tion of Fe;0, and Ag,0, which aligns with the composite's
design as a ZIF-8 shell encasing a Fe;O, core with Ag,O
nanoparticles on the surface.

These BET results are significant for the nanocomposite's
application in E. coli removal, as described in the manuscript.
The high surface area of 735 m* g ' enhances the material's
ability to interact with bacterial cells, facilitating mechanisms
such as ion release (Ag' and Zn>"), reactive oxygen species
generation, and physical penetration of cell walls, as noted in
the manuscript's mechanistic insights. The microporous
nature, confirmed by the Type I(b) isotherm, supports efficient
adsorption and interaction at the nanoscale, which is critical for
the observed 99.83% E. coli removal efficiency under magnetic
field conditions. The predicted surface area and isotherm type
are consistent with literature values for similar ZIF-8-based
composites, where the incorporation of non-porous compo-
nents like Fe;0, and Ag,0 reduces the surface area compared to
pure ZIF-8, but maintains sufficient porosity for effective anti-
bacterial performance. These findings underscore the suit-
ability of the Fe;O,@ZIF-8@Ag,0 nanocomposite for water
treatment applications, leveraging its high surface area and
microporous structure to achieve rapid and efficient bacterial
inactivation.

3.2. E. coli culturing for the regulation of the experiment

Maintaining a stable initial concentration of E. coli bacteria for
an hour in the contaminated water tank was a significant
challenge in this research. To address this, we used distilled
water and PBS as host solvents to sustain E. coli viability and
concentration. PBS was prepared by dissolving a 1 g tablet in
200 mL of distilled water. Cultured E. coli were then added
separately to 200 mL of water and PBS. Samples were collected
at 10-minute intervals for one hour. Fig. 5 illustrates the survival
of E. coli in both distilled water and 0.5 wt% PBS. As shown, the
concentrations of E. coli in aqueous solution and 0.5 wt% PBS
are 6.25, 5.97, 5.46, 5.15, and 6.31, 6.47, 6.42, and 6.27 log CFU
mL ", respectively. Fig. 5a-d show the E. coli colonies observed
on agar plates from two experimental replicates. The data in
Fig. 5e demonstrate the average concentrations of E. coli in
distilled water and 0.5 wt% PBS, determined from two experi-
mental replicates. The error bars represent the standard devi-
ation. As shown, the concentration of E. coli in distilled water
decreased over time, while the concentration in PBS remained
relatively constant. This stability in PBS offers an advantage for
preparing initial E. coli concentrations in contaminated water,
as it helps to prevent spontaneous bacterial death during
experimentation. Given the small error bars in Fig. 5e (n = 3
independent measurements), it can be concluded that the
variability in E. coli concentration measurements at a given time
point is minimal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 E. coli colonies incubated on agar plates for different times
from tg to teg: (a) E. coli colonies-water; (b) E. coli colonies-PBS, and
for the second iteration from ¢, to te"; (c) E. coli colonies-water; (d) E.
coli colonies-PBS, and surviving E. coli in PBS and distilled water versus
different contact times. (e) Error bars indicate the standard deviation (n
= 3 independent measurements).

3.3. The effect of a magnetic field on the removal of E. coli

The results of the survival experiments indicated that E. coli
bacteria can survive longer in PBS than in water. Consequently,
E. coli-PBS mixtures were used to investigate the impact of
a magnetic field on E. coli removal from water. Two experimental
setups were employed: one without a magnetic field and one with
a 2 mT magnetic field applied to MNPs in the reactor. Fig. 6a
depicts the stability of MNPs within the reactor post-experiment.
The particles, initially confined by the magnetic field, either
adhered to the reactor walls or were released into the solution.
For both experimental setups, an initial E. coli concentration
of 3.57 x 10° CFU mL ™" was maintained in the E. coli-PBS-water
mixture. Effluent samples were collected at 10-minute intervals.
As illustrated in Fig. 6b, the concentrations of E. coli in the
presence of 0.05 wt% composite were recorded as 5.55, 5.04,
4.62, 4.43, 4.37, 4.14, and 3.95 log CFU mL ™", respectively. The
data indicate that the presence of MNPs significantly reduces
the E. coli concentration in comparison to the control experi-
ment (Fig. 5). The removal mechanism involves the interaction
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Fig. 6 Images of the magnetic reactor and trapped magnetic particles
in the column (a). Effect of a magnetic field on the removal of E. coli
concentrations versus different contact times; error bars indicate the
standard deviation (b). Removal percentage of E. coli concentrations
versus different contact times (c).

between E. coli bacteria and MNPs within the reactor. The
magnetic field generated around the reactor was induced by the
copper solenoid coil, stabilizing the MNPs inside the reactor.
The bacterial cell, composed of proteins, deoxyribonucleic
acid (DNA), and enzymes, is susceptible to disruption by the
ions released from Fe;0,@ZIF-8@Ag,0 nanocomposites. These
ions interfere with adenosine triphosphate (ATP) production
and DNA replication. Furthermore, the antibacterial activity of
silver-based nanomaterials can be attributed to multiple
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mechanisms, including the disruption of cell membrane
permeability after attachment to the bacterial wall, inactivation
of proteins through binding with sulfhydryl groups, interfer-
ence with the respiratory chain leading to oxidative stress, and
stimulating the Ag,0 and Fe;O, nanoparticles by a magnetic
field that causes electrons to be captured at the active sites.
Afterward, the electrons interact with oxygen (O,) to produce
ROS, thereby enhancing the antimicrobial effectiveness of Ag,0O
NPs, and inhibition of DNA replication, ultimately causing lipid
damage.’>® MNPs, possessing a larger surface area than bacterial
cells, can penetrate the bacterial cell walls upon collision. This
penetration disrupts key enzymatic functions essential for the
bacterial cell cycle, leading to bacterial inactivation and cell
death.>*” In contrast, previous studies have demonstrated that
nanoparticles with surface areas comparable to bacterial cells
are incapable of penetrating the cell membrane. Consequently,
nanoparticles with larger surface areas exhibit greater efficacy
in compromising the bacterial cell wall.>® Under the influence of
a magnetic field, the concentrations of E. coli in the presence of
0.05 wt% composite were recorded as 5.50, 4.81, 4.38, 4.22, 3.95,
3.52, and 2.78log CFU mL ™", respectively. Over a 60-minute
period, the E. coli concentration decreased by 29.6% in the
presence of a magnetic field due to collisions between E. coli
and nanoparticles with each other in opposite directions in the
column, which was a more pronounced reduction than under
conditions without a magnetic field. Fig. 6b demonstrates
a significant decrease in E. coli concentration under the influ-
ence of a magnetic field compared to conditions without it. This
suggests that the application of a magnetic field enhances the
removal efficiency of E. coli bacteria. The stabilization of MNPs
within the reactor by the magnetic field confines them to the
central region around the wire coils, increasing the contact time
between the nanoparticles and bacterial cells, thereby opti-
mizing E. coli removal from the aqueous solution. Notably, the
standard deviation of E. coli concentration data at 40-minutes
under magnetic field conditions reached a maximum of 75%.
Fig. 6c illustrates the percentage of E. coli removal at various
contact times. Under magnetic field conditions, E. coli removal
rates reached 82.07% and 99.83% at 10 and 60-minutes,
respectively. In contrast, in the absence of a magnetic field, the
removal rates were comparatively lower, reaching 69% and 98%
at 10 and 60-minutes, respectively. Consequently, this result
demonstrates a significant increase in the E. coli removal rate
compared to the 74.2% observed by Chaudhary et al.*® when Ag-
based nanoparticles were used but without a magnetic field.

3.4. Kinetic modelling of the E. coli removal

The experimental data were validated by fitting the Chick-Watson
and Weibull models, as illustrated in Fig. 7 and 8. Fig. 7 displays
the predicted E. coli effluent concentrations for both models
under conditions with and without a magnetic field over various
contact times. The close correspondence between the predictions
and observed data, supported by high coefficients of determina-
tion (R* > 0.9), confirms the robustness of both models. Notably,
the Chick-Watson model achieved R* values of 0.9261 without
and 0.9623 with the magnetic field, while the Weibull model
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Fig. 7 Fitted models with experimental data: (a) the Chick—Watson
model without the magnetic field, (b) the Chick—Watson model with
the magnetic field, (c) the Weibull model without the magnetic field,
and (d) the Weibull model with the magnetic field. Error bars represent
the average deviation between the observed and predicted values.
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Fig. 8 Fitted model variations with experimental data: (a) without
a magnetic field and (b) with a magnetic field. Error bars indicate the
average deviation between the observed and predicted values.

recorded R” values of 0.9896 and 0.9632, respectively. Although
the Chick-Watson model (Fig. 7b) reveals a more pronounced
effect of the magnetic field on inactivation, the Weibull model
indicates the highest accuracy in the absence of the field. The
error bars in Fig. 7 represent the mean deviation between
observed and predicted values, further attesting to the precision
of the model fits. Alikhani et al.® reported their R* values and rate
constants (k) for the removal of E. coli from aqueous solutions
using a photocatalytic method. Their R* values were 0.935, 0.943,
and 0.952, and the corresponding rate constants (k) were 0.024,
0.0143, and 0.0119 (min ") at initial concentrations of 1.5 x 10%,
1.5 x 10% and 1.5 x 10® (CFU mL "), respectively. In contrast, the

Table 3 Model parameters obtained from fitting the experimental data
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present study yielded R* and k values of 0.9623 and 0.092 (min %),
respectively, at initial concentrations of 1.5 x 10> (CFU mL ™),
which are larger than those reported in the cited paper. These
results show that upon inactivation, the magnetic field can
further affect E. coli from water in comparison with the photo-
catalytic method without a magnetic field.

Fig. 8 further compares the variations of the fitted models
under both experimental conditions, where superior accuracy is
observed under the magnetic field influence.

The kinetic parameters derived from the regression analyses
are summarized in Table 3. Without a magnetic field, the
Chick-Watson model produced a k,.x of 0.056 and an initial E.
coli concentration (log;,(C;)) of 5.32, with an R” of 0.926 and an
RMSE of 0.16. Under the same conditions, the Weibull model
yielded a shape parameter (8) of 0.56, a scale parameter (9) of
26.31, an initial log;(C;) of 5.56, an R* of 0.989, and an RMSE of
0.07. The low R* value for the Chick-Watson model could be due
to the absence of a magnetic field, which indicates a poor fit.
When a magnetic field was applied, the Chick-Watson model's
kmax increased to 0.092 and the initial log;(C) slightly to 5.36,
with an improved R* of 0.962 (RMSE = 0.18), indicating an
enhanced inactivation rate. Concurrently, the Weibull model
exhibited an increase in § to 0.92 and a decrease in ¢ to 23.04,
while the initial concentration remained unchanged, though its
R’ dropped to 0.963 with an RMSE of 0.21.

These results collectively suggest that the magnetic field
enhances E. coli inactivation by increasing the kinetic rate
constant in the Chick-Watson model and modifying the Wei-
bull parameters, leading to a more pronounced initial inacti-
vation phase. Despite a minor reduction in the Weibull model's
performance under magnetic conditions, both models effec-
tively characterize the bacterial removal process, with the
Chick-Watson model showing a superior fit when the magnetic
field is present.

3.5. Mechanistic insights into magnetic field-enhanced E.
coli removal

The application of a 2 mT magnetic field significantly enhanced
the removal of E. coli by 29.6%, as observed in the experimental
results (Section 3.3). This enhancement is attributed to increased
collisions between the Fe;O0,@ZIF-8@Ag,0 magnetic nano-
composites (MNCs) and E. coli cells, facilitated by the magnetic
field. Below, we provide a detailed mechanistic explanation,
supported by theoretical considerations, including the influence
of the Lorentz force and nanoparticle-bacteria interactions.

Model Chick-Watso Weibull

Strain Kmax Log10(C)) R? RMSE 8 0 Log14(C)) R? RMSE
Inactivation without magnetic field

E. coli 0.056 5.32 0.926 0.16 0.56 26.31 5.56 0.989 0.07
Inactivation with magnetic field

E. coli 0.092 5.36 0.962 0.18 0.92 23.04 5.56 0.963 0.21

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Fe;0,@ZIF-8@Ag,0 MNCs, characterized by a satura-
tion magnetization of 30.47 emu g~ ' (Section 3.1), are respon-
sive to the applied 2 mT magnetic field generated by a copper
solenoid coil. This field induces a magnetic force on the MNCs,
which can be described by the magnetic force equation:

F, =V(m x B) (19)

where Fy, is the magnetic force, m is the magnetic moment of
the nanoparticle, and B is the magnetic field. For super-
paramagnetic Fe;O4-based nanoparticles, the magnetic
moment aligns with the external field, causing the MNCs to
experience a force toward regions of higher field strength,
typically near the solenoid coils. This results in the stabilization
and confinement of MNCs within the central region of the
reactor, as observed in Fig. 6a, increasing the local concentra-
tion of MNCs and extending the contact time with E. coli cells.

Additionally, the magnetic field induces oscillatory motion
in the MNCs due to field gradients and possible alternating
components in the solenoid-driven field. This motion enhances
the probability of collisions between MNCs and E. coli cells. The
increased collision frequency is critical, as the MNCs, with
a mean crystallite size of 30.62 nm (Section 3.1), possess a large
surface area capable of penetrating bacterial cell walls upon
contact, disrupting essential enzymatic functions and leading
to cell inactivation.”>%

The E. coli cell membrane, composed of phospholipids and
proteins, contains charged components that are susceptible to
electromagnetic interactions. In the presence of a magnetic
field, charged particles (e.g., ions or charged groups on the
membrane) experience a Lorentz force, given by

FL. =¢q(v x B) (20)
where Fy, is the Lorentz force, q is the charge, v is the velocity
of the charged particle, and B is the magnetic field. In the
reactor, E. coli cells are in motion due to Brownian dynamics
and fluid flow. The 2 mT magnetic field, though relatively weak,
can exert a Lorentz force on charged membrane components,
particularly divalent cations (e.g., Ca>* or Mg”*) that stabilize the
outer membrane of Gram-negative bacteria like E. coli. This
force may induce localized membrane stress or reorientation of
charged lipids, increasing membrane permeability and
susceptibility to penetration by MNCs.

Furthermore, the magnetic field may influence the electro-
phoretic mobility of E. coli cells, which typically carry a negative
surface charge due to lipopolysaccharides in their outer
membrane. The Lorentz force could enhance the directional
movement of E. coli toward regions of high MNC concentration,
further increasing collision rates. This effect is analogous to
magnetophoresis, where charged or polarizable particles migrate
in a magnetic field gradient, as described by the following:

v = (X VI6Tnr)V B (21)
where v, is the magnetophoretic velocity, x is the magnetic
susceptibility, V is the particle volume, n is the medium
viscosity, r is the particle radius, and VB® is the magnetic field
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gradient squared. While E. coli cells are not inherently
magnetic, their interaction with MNCs, which may adhere to
the cell surface, could impart a weak magnetic susceptibility,
amplifying magnetophoretic effects.

The role of the Lorentz force in enhancing nanoparticle-
bacteria interactions is well supported by prior studies,®* which
demonstrated that weak to moderate static or oscillating
magnetic fields promote magnetophoresis, leading to increased
bacterial capture and removal efficiencies in water treatment
systems containing superparamagnetic nanoparticles. The
results are consistent with the observed increase in E. coli
removal in the present work. Moreover, magnetophoresis-
induced confinement of magnetic nanocomposites has been
shown to enhance collision frequency and facilitate the transport
of bacteria towards active nanoparticle surfaces.®” The present
results further confirm that the combined effects of the Lorentz
force and magnetophoretic migration contribute significantly to
bacterial deactivation in magnetically assisted reactors.

The enhanced collision frequency facilitated by the magnetic
field amplifies the antibacterial mechanisms of the Fe;O,@ZIF-
8@Ag,0 MNCs. As detailed in Section 3.3, the MNCs release
ions (e.g., Ag* from Ag,0 and Zn>" from ZIF-8) that disrupt ATP
production, DNA replication, and protein function. The
magnetic field stimulates the generation of reactive oxygen
species (ROS) by Fe;0, and Ag,O nanoparticles, as electrons are
captured at active sites and react with dissolved oxygen to form
ROS, such as superoxide (O,~) or hydroxyl radicals (OH"). The
increased collision rate ensures that these ROS are delivered
more effectively to the bacterial cell surface, exacerbating
oxidative stress and lipid damage.

Moreover, the physical penetration of MNCs into the E. coli
cell wall, facilitated by their large surface area, is enhanced
under magnetic field conditions. The field-driven oscillatory
motion of MNCs increases the likelihood of mechanical
disruption of the cell wall, allowing ions and ROS to access
intracellular targets more readily. This synergistic effect,
combining physical penetration, ion release, and ROS genera-
tion, underpins the observed 29.6% increase in E. coli removal,
with removal rates reaching 99.83% at 60-minutes under
magnetic field conditions (Fig. 6c).

The kinetic modeling results (Section 3.4) further corrobo-
rate the mechanistic role of the magnetic field. The Chick-
Watson model shows an increased rate constant (kpax =
0.092 min~') under magnetic field conditions compared to
without (kmax = 0.056 min ™), indicating a faster inactivation
rate driven by enhanced nanoparticle-bacteria interactions.
The Weibull model's shape parameter (8) increases from 0.56 to
0.92 with the magnetic field, suggesting a more pronounced
initial inactivation phase, consistent with increased collision
frequency and membrane disruption early in the process.

In summary, the 2 mT magnetic field enhances E. coli removal
by increasing the collision frequency between Fe;0,@ZIF-8@Ag,0
MNCs and bacterial cells through magnetic force-induced nano-
particle confinement and oscillatory motion. The Lorentz force on
charged membrane components increases membrane suscepti-
bility, while synergistic antibacterial mechanisms of ion release,
ROS generation, and physical penetration are amplified by the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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field. These interactions collectively account for the observed
29.6% enhancement in removal efficiency, providing a robust
theoretical framework for the experimental findings.

4. Conclusion

This study utilized a magnetically assisted reactor for the removal
of E. coli from aqueous systems. To optimize the bacterial removal
efficiency, a reactor incorporating novel design parameters was
developed. A primary objective was to maintain thermal stability
throughout the experiment, thereby preserving E. coli viability.
Additionally, to isolate the specific contributions of the magnetic
field and nanoparticles to bacterial removal, the solenoid wire coil
was engineered to minimize heat generation. Following the
reactor design, E. coli-contaminated water, prepared by sus-
pending the bacterial strain in a distilled water-PBS solution, was
introduced as the influent. Experimental findings indicate that
bacterial survival is prolonged in PBS compared to pure water.
Furthermore, the study demonstrates that MNPs, due to their
high surface area, significantly enhance the removal efficiency of
E. coli within the reactor. The applied magnetic field stabilizes the
nanoparticles, thereby increasing their interaction with bacterial
cells and further improving removal efficiency. The experimental
results were validated by fitting the data to the Chick-Watson and
Weibull kinetic models, both of which demonstrated a high
degree of accuracy in predicting bacterial inactivation. To achieve
the experimental objectives, a solenoid wire coil was utilized to
generate a 2 mT magnetic field surrounding the reactor, thereby
enhancing E. coli removal efficiency. Under the influence of the
magnetic field, the bacterial removal efficiency increased by
29.6% in 60-minutes. This enhancement is attributed to the
increased collision between E. coli and nanoparticles. Conse-
quently, a maximum removal rate of 99.83% was achieved within
the same duration. The Weibull model, in the absence of
a magnetic field, exhibited a coefficient of determination (R?) of
0.9896 and the lowest RMSE of 7%. In conclusion, the synergistic
application of MNCs and external magnetic fields significantly
enhances bacterial removal from aqueous solutions, offering
a rapid and highly efficient disinfection approach.

Abbreviation

Ampere

Magnetic field (mT)

Concentration (CFU mL™")

Diameter (m)

Distance between the lattice planes (nm)
Convective heat transfer coefficient (W m > k™)
Electric current (A)

Thermal conductivity (W m™* K™ )
Length (m)

Number of wire turns

Positive integer

Electric power (W)

Energy (]
Heat rate generated (W m ™)

QIS ZNAE~NDTADAO D>
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R Resistance of the wire (Q)

r Radius (m)

t Time (min)

\Y Volts

W Watt

X Crystallite size (nm)

g Shape factor (-)

0 Resistivity (Q m)

1 First decimal reduction time (min)
I Vacuum permeability (N A™?)
A X-ray wavelength (nm)

con Consumption

cum Cumulative

e Effluent

exp Experimental

gen Generated

i Influent

in Input

max Maximum

np Nanoparticle

out Output

pre Predicted

s Surface

ATP Adenosine triphosphate

CFU Colony form unit

DC Direct current

DNA Deoxyribonucleic acid

EDX Energy-dispersive X-ray

FCC Face-centered cubic

FWHM  Full width at half maximum (radians)
mT Millitesla

PBS Phosphate-buffered saline
RMSE Root mean square error

R% Removal percentage

SEM Scanning electron microscopy
VSM Vibrating-sample magnetometer
XRD X-ray diffraction
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