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rable core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent: optimization of
phosphorus removal from Fosfomycin
pharmaceutical wastewater†

Mai O. Abdelmigeed, a Ahmed H. Sadek bc and Tamer S. Ahmed *ab

A new easily separable core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent was synthesized and then

examined for removal of Fosfomycin antibiotic from synthetic pharmaceutical wastewater. The removal

process of Fosfomycin was expressed through testing the total phosphorus (TP). A response surface

model (RSM) for Fosfomycin adsorption (as mg-P L�1) was used by carrying out the experiments using

a central composite design. The adsorption model showed that Fosfomycin adsorption is directly

proportional to core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent dosage and time, and indirectly to

initial Fosfomycin concentration. The removal increased by decreasing the pH to 2. The Fosfomycin

removal was done at room temperature under an orbital agitation speed of 250 rpm. The adsorption

capacity of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent reached around 1200 mg-P g�1, which

is significantly higher than other MOF adsorbents reported in the literature. The maximum Langmuir

adsorption capacity of the adsorbent for Fosfomycin was 126.58 mg g�1 and Fosfomycin adsorption

behavior followed the Freundlich isotherm (R2 ¼ 0.9505) in the present study. The kinetics was best

fitted by the pseudo-second-order model (R2 ¼ 0.9764). The RSM model was used for the adsorption

process in different target modes.
1 Introduction

Currently, pharmaceutical waste is ubiquitous and lead to
heavily contaminated ecosystems, which directly and harmfully
affect both humans and environmental systems.1 Pharmaceu-
ticals are detected in tap water, ocean water, sediments, soil,2

and drinking water,3 as well as surface and groundwater.4

Pharmaceuticals end up accumulating in the soil, surface
waters, and eventually in ground and drinking water aer their
excretion in unmetabolized form or as active metabolites. The
main sources are domestic from humans or animals via urine or
feces, industrial, and pharmaceutical wastewater.5 On the other
hand, veterinary pharmaceuticals directly contaminate soil via
manure and surface and ground waters that run off from elds.6

Pharmaceuticals are mainly synthesized to have a physio-
logical effect in trace concentrations on humans and animals.
The key reason behind considering pharmaceuticals as
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pollutants is their persistence against biological degradation
and biological activity. They retain their chemical structure long
enough to do their therapeutic work. Because of their contin-
uous input, they could remain in the environment for a long
time and their presence is considered dangerous in both low
and high concentrations.7 These active ingredients are selected
or designed because of their activity against organisms. Due to
its low degradability, 80% of these substances are rawly dis-
charged by excretion and ushed into the sewers to the sewage
plants. This leads to the growth of bacterial resistance, which
results in difficulties in treating common illnesses.8 Conse-
quently, as an example, many countries put restrictions on
discharge limits for phosphates as 0.5–1.0 mg L�1 in Japan,9 1–
2 mg L�1 in France,10 and 0.5–1.0 mg L�1 in USA.10 In particular,
a new mandate of even lower phosphate concentrations of
0.05 mg L�1 and 0.01 mg L�1 was respectively suggested by
Europe and North America.11

One of the most wide-spectrum antibiotics is Fosfomycin
(1R-2S-epoxypropyl phosphonic acid). At rst, Fosfomycin was
synthesized from a fermentation broth of Streptomyces fradiae,
but now it can be synthesized using chemical synthesis. The
chemical synthesis process of Fosfomycin pharmaceutical
produces highly contaminated Fosfomycin wastewater, i.e., the
residual mother liquor effluent. A variety of organic phosphorus
(OP) intermediates, by-products, and nished products
RSC Adv., 2022, 12, 12823–12842 | 12823
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(epoxypropenyl phosphonic acid, propenyl phosphonic acid,
propargyl phosphonic acid, ., etc. as well as some raw mate-
rials and solvents like EDTA, anilines, and alcohols) are
considered as the main pollutants in the Fosfomycin waste-
water. The main disadvantage of the highly contaminated
wastewater with antibiotic OP compounds is being toxic, non-
biodegradable, and recalcitrant to the biological culture.
Accordingly, the development of effective methods for such
antibiotic-contaminant wastewater treatment becomes
urgent.12

Several pollutants like phosphates, methylene blue, Cu(II),
and Cd(II) were removed by using nano-adsorbent materials
such as zero-valent iron nanoparticles in both pristine and
encapsulated forms, magnetite nanoparticles, ., etc.13–18

Recently, sustainable green nano adsorbents,19 and sustainable
photocatalytic membranes20 have been used for water and
wastewater remediation of pharmaceuticals. Metal–organic
frameworks (MOFs) attracted large attention due to their
applications in energy generation,21 catalytic degradation,22 gas
storage,23,24 gas/heavy metal adsorption,25–27 chemical catal-
ysis,28 and environmental remediation.29–31 Even though the
bare MOFs can be used as adsorbents, nevertheless, certain
disadvantages impede the removal efficiencies for pollutants
due to weaker adsorption affinity resulting from their large
amount of void space and the limited unsaturated metallic
centers.32,33 That is why even larger attention is focused on the
fabrication and application of various MOFs-based composites
for example MOFs/carbon materials (MOFs-C). In comparison
with the individual MOF species, the performances of MOFs-C
hybrids were remarkably improved.34–36

In the current work, the core–shell magnetite/
polyvinylpyrrolidone/zeolitic imidazolate framework-8 (Fe3O4/
PVP/ZIF-8) nanostructure was fabricated via in situ growth of
ZIF-8 on Fe3O4 nanoparticles, while the PVP act as a binder. The
prepared core–shell Fe3O4/PVP/ZIF-8 nanostructure has under-
gone many characterization studies using FTIR, TEM, SEM-EDX
mapping, XRD, and N2 gas adsorption–desorption analyses to
conrm the structure and morphology of synthesized nano-
structure. The nanostructure was then evaluated for the effi-
cient removal of total phosphorus from Fosfomycin
pharmaceutical wastewater. The current study encompasses
three specic objectives: (i) preparation of core–shell Fe3O4/
PVP/ZIF-8 nanostructure adsorbent with full characterization;
(ii) optimization of the performance of the core–shell Fe3O4/
PVP/ZIF-8 nanostructure adsorbent for Fosfomycin adsorption
expressed as total phosphorus, stability, and regeneration
ability; (iii) determination the appropriate kinetics and
isotherms models for the adsorption process.

2 Materials and methods
2.1 Materials

Methanol (CH3OH, assay 99.9%), and sodium hydroxide pellets
(NaOH, puried, assay $97%) (both in analytical grade) were
supplied from El-Nasr Pharmaceutical Chemicals Company,
Egypt. Ferrous chloride hydrated (FeCl2, 98%, extra pure), ferric
chloride anhydrous (FeCl3, 98%, extra pure), 2-methyl
12824 | RSC Adv., 2022, 12, 12823–12842
imidazole (CH3C3H2N2H), and zinc nitrate hexahydrate
(Zn(NO3)2$6H2O, puried) were supplied from Loba Chemicals
Company, India. Polyvinylpyrrolidone (PVP) (K30) (PVP, molar
mass 44 000–54 000 (g mol�1), assay (from N) 12.0–12.8%,
BioChemica) was purchased from Panreac AppliChem.
Concentrated HCl (analytical grades, El-Nasr Pharmaceutical
Chemicals Company, Egypt) and NaOH were used to adjust the
pH of solutions. All chemicals were used without further puri-
cation. Distilled water was used for the preparation of all the
solutions.

2.2 Preparation of synthetic Fosfomycin pharmaceutical
wastewater

A 5.631 g of Fosfomycin trometamol antibiotic equivalent to
3.0 g Fosfomycin was dissolved in 50 mL distilled water giving
899 g-P L�1. This solution was then diluted to the desired
concentrations (900 mg-P L�1, 465 mg-P L�1, and 30 mg-P L�1)
by successive dilutions.

2.3 Preparation of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent

2.3.1 Synthesis of magnetite nanoparticles. Magnetite
nanoparticles were synthesized by the co-precipitation tech-
nique using FeCl2 (0.1 M)/FeCl3 (0.2 M) aqueous solutions with
the addition of NaOH (0.1 M) while stirring was continued for
1 h. The mixture was then washed and centrifuged (6000 rpm)
for 15 min to collect the produced solid magnetite nano-
particles, which were dried in an oven at 110 �C for 24 h.37,38 Eqn
(1)–(3) represent the synthesis steps for the preparation of
magnetite nanoparticles.

FeCl3 + 3NaOH / FeO(OH) + 3NaCl + H2O (1)

FeCl2 + 2NaOH / Fe(OH)2 + 2NaCl (2)

2FeO(OH) + Fe(OH)2 / Fe3O4 + 2H2O (3)

2.3.2 Stabilization of magnetite with PVP. Poly-
vinylpyrrolidone (PVP) is an ionic polymer and was used to
modify the surface charge of the magnetite nanoparticles to
adsorb Zn2+ cations to initiate nucleation, deposition, and
growth of the ZIF-8 network on the magnetite surface. PVP
solution was prepared in 40mL at a concentration of (2.5 w/w%)
PVP/H2O. One gram of magnetite nanoparticles was added to
10 mL of the aforementioned PVP solution. This mixture was
sonicated for 15 min at 50 �C followed by shaking at 150 rpm for
100 min at room temperature. The mixture was then centri-
fuged (6000 rpm) for 15 min to collect the produced PVP–
magnetite nanoparticles.39

2.3.3 ZIF-8 network growth onto magnetite/PVP. ZIF-8 was
synthesized by preparing two solutions of Zn(NO3)2$6H2O
(2.932 g) in 200 mL of methanol (solution A) and 2-methyl
imidazole (6.488 g) in another 200 mL of methanol (solution B).
Then, the PVP–magnetite nanoparticles were added to solution
B while the stirring continued for 1 h using a mechanical
agitator (Hei-torque 400, Heidolph, Germany).37,38 Aerward,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution A was added to solution B under continuous stirring.
Immediately, the growth of the ZIF-8 network begins to start
while the stirring continued for another 1 h. Aer that, the
mixture was centrifuged (6000 rpm) for 15 min to collect the
produced core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent
in its nal form, which was dried in an oven at 105 �C for 24 h.

2.4 Characterization of synthesized core–shell Fe3O4/PVP/
ZIF-8 nanostructure adsorbent

The prepared core–shell Fe3O4/PVP/ZIF-8 nanostructure adsor-
bent was characterized using different tools to characterize its
structure and morphological properties completely. Fourier
infrared transform spectroscopy (FTIR, Jasco FTIR-4100 spec-
trophotometer, Japan) was used to reveal the functional groups
and the successful establishment of core–shell structure,
besides the studying effect of different adsorption conditions
on the integrity of core–shell Fe3O4/PVP/ZIF-8 in the range of
500–4000 cm�1.

TEM analysis was performed using a transmission electron
microscope (TEM, JEOL, TEM-2100, USA) operated at a poten-
tial of 20 kV for further demonstration of the core–shell struc-
ture and the size of core and shell thickness. Before the TEM
inspection, a desirable amount of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent powder was dispersed in ethanol
and sonicated with an ultrasonic cleaner (Elma, Singen, Ger-
many) for 15 min. Then, a few drops of the core–shell Fe3O4/
PVP/ZIF-8 nanostructure adsorbent suspension was deposited
onto the carbon-coated copper grid and allowed to dry at room
temperature.

The shape and elemental composition of synthesized core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent were investi-
gated using a scanning electron microscope (SEM, JSM-6701F
Plus, JEOL, USA) equipped with energy-dispersive X-ray spec-
troscopy (EDX) at an accelerating voltage of 20 kV.

X-ray diffractometer (XRD, D8-Discover, Bruker, USA) was
used to examine the crystallinity and stability of core–shell
Fe3O4/PVP/ZIF-8 nanostructure adsorbent before and aer
hydration by Fosfomycin antibiotic with 2q ranging from 10� to
80� at a wavelength of CuKa radiation (l ¼ 1.5406 Å) that
operates at 40 kV and 40 mA. Finally, the specic surface area
and porosity of synthesized core–shell Fe3O4/PVP/ZIF-8 nano-
structure adsorbent were obtained through the N2 gas adsorp-
tion–desorption technique using Brunauer–Emmett–Teller
(BET) analyzer (NOVA touch 4LX [s/n:17016062702], Quantach-
rome, USA) and according to Barrett–Joyner–Halenda (BJH)
theory.

2.5 Fosfomycin removal experiments and analysis methods

Eighteen batch mode experiments (100 mL each) were carried
out in an incubator shaker at different initial Fosfomycin
concentrations (30, 465, and 900 mg-P L�1), adsorbent dosages
(0.1, 0.3, 0.5 g/100 mL), and contact time (30, 105, and 180 min).
All the runs were conducted at room temperature 25 �C with
250 rpm using an orbital incubator shaker (Labtech LSI 3016R,
Korea). The core–shell Fe3O4/PVP/ZIF-8 nanostructure adsor-
bent was separated using a strong magnet. The concentrations
© 2022 The Author(s). Published by the Royal Society of Chemistry
of phosphorous-containing Fosfomycin were determined by
performing a total phosphorous (TP) test as an indication of the
existence of residual concentrations of Fosfomycin antibiotics
in the solutions. Firstly, aer the separation step, the samples
were digested through the persulfate digestion method.40 Later,
the digested samples were measured by the stannous chloride
method at l ¼ 690 nm according to standard methods for the
examination of water and wastewater using T80, UV-Vis spec-
trophotometer (PG Instruments, UK).40 Fig. 1 illustrates the
coating step of magnetite nanoparticles by PVP and ZIF-8
growth, additionally to the mechanism of Fosfomycin adsorp-
tion on the surface of core–shell Fe3O4/PVP/ZIF-8
nanostructure.

2.6 Response surface methodology (RSM)

Response surface methodology (RSM) is made of mathematical
and applied math techniques (statistical techniques) to produce
a purposeful relationship between independent variables cn

which are adsorbent dosage, Fosfomycin initial concentration,
and contact time in this study versus a response y which is %
removal of Fosfomycin. This relationship is approximated by
a low degree polynomial model of the shape

y ¼ f(x) + 3 (4)

where cn, f(x) is a vector operate ofm components that are made
up of powers & cross products of powers cn up to a denite
degree denoted by k ($1). g is a vector of m unknown constant
coefficients & 3 is an unspecied experimental error assumed to
possess a zero mean.41

2.7 Adsorption kinetics and isotherm

2.7.1 Kinetics models. To investigate the adsorption
kinetics, pseudo-rst-order, pseudo-second-order, and intra-
particle diffusion linear kinetic models were applied for the
estimation of rate constants.42,43 Pseudo-rst-order expression
was employed as in eqn (5):

logðqe � qtÞ ¼ log qe � k1

2:303
t (5)

where k1 is the rst-order rate constant of adsorption (min�1); qe
(mg g�1) and qt (mg g�1) are the amount of phosphorus
adsorbed at equilibrium and at time t, respectively. The values
of k1 and qe can be obtained from the slope and the intercept of
a linear straight-line plot of log(qe � qt) versus t. The pseudo-
second-order equation is shown in eqn (6):

t

qt
¼ 1

k2qe2
þ 1

qe
t (6)

where qe (mg g�1) and qt (mg g�1) are the amount of phosphorus
adsorbed at equilibrium and time t respectively; and k2 is the
rate constant of the pseudo-second-order model (g
mg�1 min�1). The value of the k2 and qe can be obtained from
the linear t/qt vs. t plot. The intra-particle diffusion equation can
be written as shown in eqn (7):

qt ¼ kpt
0.5 + c (7)
RSC Adv., 2022, 12, 12823–12842 | 12825

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00936f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
cu

oo
m

án
nu

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
02

6-
01

-0
7 

22
:3

4:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where qt (mg g�1) is the amount of phosphorus adsorbed at time
t; kp is the rate constant of the intra-particle diffusion model
(mg g�1 min�0.5); c is the intra-particle diffusion model's
constant (mg g�1). The value of the kp and c can be obtained
from the linear qt vs. t

0.5 plot.
2.7.2 Isotherm models. Langmuir, Freundlich, Temkin,

and Dubinin–Radushkevich isotherms are the most frequently
used models to analyze experimental observations.43,44 These
four non-linear isotherm models (eqn (8)–(11)) were applied to
obtain the adsorption isotherm constants.

Langmuir equation:

ce

qe
¼ 1

qm
ce þ 1

qmb
(8)

Freundlich equation:

logðqeÞ ¼ log
�
Kf

�þ 1

n
logðCeÞ (9)

Temkin equation:

qe ¼ B1 ln(kt) + B1 ln(Ce) (10)

Dubinin–Radushkevich equation:

ln(qe) ¼ ln(qm) � b32 (11)

where qe (mg g�1) is the specic amount of adsorbate (phos-
phorus), and Ce (mg-P L�1) is the adsorbate concentration in the
Fig. 1 Schematic diagram for the synthesis of core–shell Fe3O4/PVP/
surface.

12826 | RSC Adv., 2022, 12, 12823–12842
liquid phase at equilibrium. The constants b (L mg�1) and qmax

(mg g�1) of the Langmuir isotherm are indicative of adsorption
energy and adsorption density, respectively. KF (mg g�1) and n
(dimensionless) are Freundlich constants and indicate the total
adsorption capacity and intensity of adsorption, respectively.
The constants B1 (mg g�1) is Temkin constant, kt is Temkin
isotherm constant (L g�1). b is Dubinin–Radushkevich constant
(mol2 J�2), and 3 is Polanyi potential (J mol�1), respectively. 3
can be calculated from eqn (12):

3 ¼ RT ln

�
1þ 1

Ce

�
(12)

where R is universal gas constant (J mol�1 K�1), T is temperature
(K), and Ce (mg-P L�1) is the adsorbate concentration in the
liquid phase at equilibrium.

The Langmuir equation is also used to obtain RL, the sepa-

ration factor, from the following expression: RL ¼ 1
1þ KLC0

in

which C0 (mg-P L�1) is the initial concentration of phosphorus
in the solution. If 0 < RL < 1 then a favorable adsorption situa-
tion can be assumed, while RL > 1 indicates an unfavorable
adsorption, while RL ¼ 1 and RL ¼ 0 indicate a linear and irre-
versible adsorption isotherm, respectively.45
2.8 Regeneration experiments

The regeneration experiments of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent was done by washing the used core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent with distillate
water followed by heating at 110 �C for 24 h. The dried core–
ZIF-8 nanostructure adsorbent and adsorption of Fosfomycin on its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of: (a) ZIF-8; (b) Fe3O4 nanoparticles; (c) core–shell Fe3O4/PVP/ZIF-8 nanostructure; (d) spent core–shell Fe3O4/PVP/ZIF-8
nanostructure; (e) core–shell Fe3O4/PVP/ZIF-8 nanostructure at pH ¼ 2 for 3 h; (f) core–shell Fe3O4/PVP/ZIF-8 nanostructure at pH ¼ 2 for 6 h.
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shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent was mixed with
new successive additions of synthetic Fosfomycin pharmaceu-
tical wastewater.
Fig. 3 (a–c) TEM images of core–shell Fe3O4/PVP/ZIF-8 nano-
structure adsorbent at different magnifications demonstrating the
successful formation of core–shell structures; (d–f) SEM images of
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent at different
magnifications.
3 Results and discussion
3.1 Characterization of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent

Fig. 2 shows the FTIR spectrums of ZIF-8, magnetite, fresh core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent, spent core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent, core–shell
Fe3O4/PVP/ZIF-8 nanostructure at pH¼ 2 for 3 h, and core–shell
Fe3O4/PVP/ZIF-8 nanostructure at pH ¼ 2 for 6 h, respectively.
The IR spectrum of ZIF-8 exhibited a weak peak at 3133 cm�1

corresponding to the N–H stretching band, while the C–H
stretching bands of the methyl groups appeared at 2924 cm�1

(imidazole aliphatic C–H) and 1308 cm�1. Besides, the peaks at
1457, 1417, 1179, 1145, and 993 cm�1 correspond to C–N and
C]N bands and are displaced due to the coordination with the
metallic center. Moreover, the C]N band at 1584 cm�1

exhibited an axial deformation. The Zn–N stretching recorded
absorption bands at 758 and 692 cm�1. These correspond agree
with the previous results of ZIF-8 containing the 2-methyl-
imidazole ligand that was previously reported in the
literature.46,47

The FTIR spectrum obtained from magnetite nanoparticles
shows two peaks between 650 cm�1 and 894 cm�1 that are
assigned to the stretching vibration modes associated with the
metal–oxygen Fe–O bonds in the crystalline lattice of Fe3O4. In
particular, all spinel structures and ferrites have characteristics
of these peaks. The intense band at 1575 cm�1 is attributed to
OH-bending, and the broadband centered at 3181 cm�1 is
attributed to OH-stretching. The presence of hydroxyl groups is
© 2022 The Author(s). Published by the Royal Society of Chemistry
related to the H2Omolecules that may be adsorbed on the Fe3O4

surface.
By comparing the FTIR spectrum of core–shell Fe3O4/PVP/

ZIF-8 nanostructure adsorbent with those of ZIF-8 and Fe3O4
RSC Adv., 2022, 12, 12823–12842 | 12827

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00936f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
cu

oo
m

án
nu

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
02

6-
01

-0
7 

22
:3

4:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanoparticles, it was observed that the IR spectrum of core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent is very similar to
the IR spectrum of ZIF-8. In addition, no characteristic peaks for
PVP or Fe3O4 are observed because of the covering of Fe3O4/PVP
with layers of the ZIF-8 ligand network. In this case, the Fe3O4/
PVP acts as the core while the ZIF-8 layers play the role of shell
leading to the successful synthesis of core–shell structure.

IR spectrums of the spent core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent, core–shell Fe3O4/PVP/ZIF-8 nano-
structure at pH ¼ 2 for 3 h, and core–shell Fe3O4/PVP/ZIF-8
nanostructure at pH ¼ 2 for 6 h revealed the presence of the
Zn–N stretching vibration mode, which is considered the dis-
tinguishing band of ZIF-8. Furthermore, ZIF-8 is characterized
by high stability under different conditions, it is stable for an
entire year in the ambient atmosphere, for 14 days underwater
at ambient pressure, and 24 h underwater at pH ¼ 2.48
Fig. 4 (a) Energy-dispersive X-ray (EDX) elemental mapping of (C), (Fe
nanostructure.

12828 | RSC Adv., 2022, 12, 12823–12842
TEM images of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent are shown in Fig. 3(a)–(c). The images show that the
Fe3O4 nanoparticles lie in the core of the ZIF-8 framework
according to the expected construction of the core–shell nano-
structure. Besides, the core–shell structures are continuous,
uniform, and formed in the nanoscale. Furthermore, the ZIF-8
particles are found in rhombic dodecahedron crystal struc-
tures with a smooth surface and a size of less than 100 nm. The
thicknesses of the ZIF-8 layers on different Fe3O4 vary from one
particle to another, as it is very difficult to control the MOF
growth on each particle. Similar results were reported in
previous studies in the literature.49,50 However, from Fig. 3(a), it
could be observed that the Fe3O4 nanoparticles lie in the center
(core) of ZIF-8 structures that appeared as distinguishable layers
with different sizes. The size of Fe3O4 nanoparticles ranged
from 11–16 nm, and the ZIF-8 layers with different thicknesses
varied from 5 to 20 nm approximately, while the core–shell
), (N), (O), and (Zn); (b) EDX spectrum of core–shell Fe3O4/PVP/ZIF-8

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Weight% of (C), (N), (O), (Fe), and (Zn) based on EDX mapping
of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent

Element Weight % Atomic% Net int. Error%

C K 31.29 48.37 33.9 11.37
N K 9.06 12 4.57 25.52
O K 24.43 28.35 37.47 12.69
Na K 0.01 0.01 0.03 16.23
Fe K 26.1 8.68 76.11 5.21
Zn K 9.11 2.59 12.56 18.15

Fig. 5 XRD patterns of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent; before Fosfomycin adsorption (lower gray line), after Fos-
fomycin adsorption at pH 2 for 6 h (upper red line).
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Fe3O4/PVP/ZIF-8 nanostructure have achieved sizes from 41–
52 nm.

SEM images of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent are shown in Fig. 3(d)–(f). It could be observed that
the ZIF-8 network was successfully loaded onto the surfaces of
Fig. 6 (a) The N2 gas adsorption–desorption measurements of core–she
adsorption as estimated by BJH theory.

© 2022 The Author(s). Published by the Royal Society of Chemistry
all Fe3O4 nanoparticles and formed homogenous rough
surfaces. These rough surfaces may provide a huge number of
cavities and large external surface area for improving the
adsorption of adsorbate species.

In Fig. 4 and Table 1, the EDS analysis for the core–shell
Fe3O4/PVP/ZIF-8 nanostructure adsorbent illustrates that the
distribution of Fe and O elements maps have the same
symmetry and density with convergent weights% to 26.1 and
24.43, respectively. On the other hand, the elements maps of C,
Zn, and N revealed similar symmetry but with lower densities
and more spaced distances for particles distributions with
a weight% of 31.29 for C and convergent weights% for both Zn,
and N to 9.11 and 9.06, respectively. These further supports that
the Fe3O4 nanoparticles have successfully coated by a network
of ZIF-8 layers like a shell. The inter-particles distributions of C,
Zn, and N elements are more spacious than that for Fe and O,
which further demonstrated that the Fe3O4 nanoparticles were
surrounded by ZIF-8.

Fig. 5 illustrates the XRD analysis of core–shell Fe3O4/PVP/
ZIF-8 nanostructure adsorbent before and aer adsorption of
Fosfomycin antibiotic. It is observed that the core–shell Fe3O4/
PVP/ZIF-8 nanostructure adsorbent has a good crystallinity with
distinguishable sharp peaks referring to ZIF-8 crystals with the
presence of characteristic peaks of Fe3O4 at 2q ¼ 29.77, 35.06,
and 56.32�, which correspond to the (220), (311), and (511)
crystal facets of the magnetite (COD 9004155). The high stability
of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent under
rigorous adsorption conditions was shown through the XRD
pattern done aer Fosfomycin adsorption. The changes
occurred in the crystallinity of the adsorbent nanostructure and
intensities of peaks may be an indication of the formation of
different structures due to adsorption of Fosfomycin molecules
over the surface and pores of the nanostructure. Previous
studies showed similar results for the preparation and proper-
ties of magnetically recoverable catalysts by loading Fe3O4

nanoparticles inside ZIF-8 compared to the Fe3O4 nanoparticles
and ZIF-8 framework separately.51,52
ll Fe3O4/PVP/ZIF-8 nanostructure adsorbent; (b) pore size distribution

RSC Adv., 2022, 12, 12823–12842 | 12829
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Fig. 7 pH vs. % TP removal. Conditions: 0.3 g/100 mL, 30 mg-P L�1

initial concentration of TP, 200 rpm, 75 min, and 25 �C.
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The BET surface area and pore size distribution of core–shell
Fe3O4/PVP/ZIF-8 nanostructure adsorbent were obtained using
N2 adsorption–desorption isotherm. As shown in Fig. 6(a), the
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent exhibited
a type II isotherm. According to the BET method, the BET
surface area of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent was calculated as 378.45 m2 g�1. Furthermore, the
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent exhibited
Fig. 8 The Fosfomycin behavior in (a) acidic medium, and (b) alkaline m

12830 | RSC Adv., 2022, 12, 12823–12842
a total pore volume of 0.728 cm3 g�1. Besides, the pore diameter
distribution of core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent showed congruent pores with diameters of 1.93 nm
resulting in a micro-porous material (<2 nm) (Fig. 6(b)).
According to these results, the high surface area and large pore
volumes with the micro-porous structure allows the nano-
structure to provide more active sites for antibiotic adsorption.
Previous studies mentioned similar results.52,53

3.2 Effect of pH on the adsorption process

A set of separate batch experiments were performed in a pH
range of 2–10 (industrial wastewater's pH range) to evaluate the
effect of solution pH on Fosfomycin adsorption onto the surface
of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent. The
effects of solution pH on the removal percentage of the total
phosphorus are shown in Fig. 7. The decrease in the solution
pH enhanced the Fosfomycin removal. This can be attributed to
the that the z-potential of core–shell Fe3O4/PVP/ZIF-8 nano-
structure adsorbent becomes more positive in the acidic
medium due to protonation of the amino moiety of ZIF-8
surface with the decrease in the solution pH.54–56

On the other hand, the Fosfomycinmolecules are protonated
in the presence of a huge number of H+ ions in the acidic
medium, where it changes to a phosphonomycin form
(Fig. 8(a)). As a result of the aforementioned conditions, the
Fosfomycin adsorption increases at lower pH values due to the
higher electrostatic interactions, and the formation of hydrogen
bonds between the Fosfomycin molecules and the surface of
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent. In
edium.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of solution pH on Fosfomycin removal

Conditions Initial TP concentration Final concentration

Core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent
dosage ¼ 0.3 g, 200 RPM, 75 min, pH ¼ 2

30 mg-P L�1 0 mg-P L�1

No adsorbent dosage, 200 RPM, 75 min, pH ¼ 2 30 mg-P L 30 mg-P L�1

Table 3 Matrix of coded and uncoded independent variables and the responses of each point

Run

Dosage (g)
Initial concentration
(mg-P L�1) Time (min)

%
Removal

Uncoded Coded Uncoded Coded Uncoded Coded R

1 0.1 �1 30 �1 180 1 99.07
2 0.1 �1 30 �1 30 �1 83.4
3 0.1 �1 465 0 105 0 20.65
4 0.1 �1 900 1 30 �1 20.7
5 0.1 �1 900 1 180 1 17.24
6 0.3 0 30 �1 105 0 100
7 0.3 0 465 0 105 0 75.48
8 0.3 0 465 0 105 0 75.48
9 0.3 0 465 0 180 1 60.95
10 0.3 0 465 0 105 0 75.48
11 0.3 0 465 0 30 �1 47.87
12 0.3 0 465 0 105 0 74.75
13 0.3 0 900 1 105 0 33.82
14 0.5 1 30 �1 180 1 100
15 0.5 1 30 �1 30 �1 100
16 0.5 1 465 0 105 0 87.83
17 0.5 1 900 1 30 �1 66.58
18 0.5 1 900 1 180 1 66.58

Fig. 9 Graphical representation of the 18 experiments represents the
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addition, the hydrophobic and p–p interaction between the
oxirane rings of the Fosfomycin and the aromatic imidazole
rings of the ZIF-8 should be taken into account. On contrary, in
an alkaline medium, the number of hydroxyl ions increases at
higher pH. Thus, the Fosfomycin is expected to be in the diso-
dium salt form (Fig. 8(b)). Therefore, the Fosfomycin removal
efficiency decreases because of the higher electrostatic repul-
sion, and instead, the favorable adsorption of HO� ions
increases. Similar behavior was reported in the literature on the
adsorption of benzotriazoles on ZIF-8 from aqueous solutions.57

To check if the acidic pH value of the Fosfomycin solutions
has a signicant effect on the removal of the Fosfomycin along
with the presence/absence of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent, two experiments were done under
the same conditions. The rst experiment was carried out
through the addition of 0.3 g core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent to Fosfomycin solution with an
initial concentration of 30 mg-P L�1 as TP. The second experi-
ment was performed without adsorbent dosage addition. The
other conditions were maintained constant (solution pH ¼ 2,
continuing shaking at 200 rpm for 75 min) for both experi-
ments. It was found that in the absence of core–shell Fe3O4/PVP/
ZIF-8 nanostructure adsorbent, no Fosfomycin removal
occurred. On contrary, the presence of core–shell Fe3O4/PVP/
© 2022 The Author(s). Published by the Royal Society of Chemistry
ZIF-8 nanostructure adsorbent resulted in 100% Fosfomycin
removal from the aqueous solution as an indication that the
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent is the
RSM model.

RSC Adv., 2022, 12, 12823–12842 | 12831
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Table 4 The goals of each parameter and response of the 1st optimization model

Name Goal Lower limit Upper limit

A: Dosage In range 0.1 0.5
B: Phosphorus initial concentration In range 30 900
C: Time In range 30 180
% Phosphorus removal Target ¼ 100 17.2444 100

Table 5 The most desirable solution that was suggested by the model

Number Dosage (g)
Phosphorus initial
concentration (mg-P L�1) Time (min)

Phosphorus nal
concentration (mg-P L�1)

% Phosphorus
removal Desirability

1 0.340 30.225 154.022 5.805 100 1
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main reason for the Fosfomycin removal process. Whereas the
low pH values of solutions did not contribute to the Fosfomycin
removal individually as shown in Table 2.
3.3 The face-centered adsorption model

Central composite design (CCD), the most frequently used
technique among RSM designs, was applied to design the
experiment (ESI: Table S.1†). RSM is applied to model the
effect of the most important operating parameters including
dosage of the adsorbent (A), initial concentration of the Fos-
fomycin as total phosphorus (B), and contact time (C) as
mentioned in detail in the ESI (Table S.2†). Table 3 and Fig. 9
show the experimental matrix with the operating conditions of
the eighteen runs used to evaluate the effect of independent
variables on the % phosphorus removal which is described
below in eqn (13) (as a response) as mentioned in detail in the
ESI (Table S.3†). This model was tted linearly with no trans-
formation used as mentioned in the ESI (Table S.4†). The effect
of the adsorption time is directly proportional to the % total
phosphorus removal. It could be concluded that a contact time
of 105 min is sufficient time to reach the equilibrium of Fos-
fomycin antibiotic molecules adsorption onto the surface of
core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent. Beyond
105 min of contact time, the amount of Fosfomycin adsorbed
on the core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent is
caused through diffusion through the uid layer around the
adsorbent particle and the pores to the internal adsorption
sites. In the initial stages of adsorption of Fosfomycin, the
concentration gradient between the layer and the available
pore sites is large, and hence, the rate of adsorption is high.
Then, the rate of adsorption decreases in the later stages of the
adsorption probably due to lowing pore diffusion of the Fos-
fomycin into the bulk of the adsorbent, which is saturated at
about 105 min. The effect of the adsorbent dosage is also
directly proportional to the % total phosphorus removal. It
could be observed that the lowest dosage of adsorbent has
achieved a satisfactory R% which means that the core–shell
Fe3O4/PVP/ZIF-8 nanostructure adsorbent possesses a high
adsorptive capacity. The decrease in the R% with increasing
initial Fosfomycin concentration can be attributed to the fact
that at constant adsorbent dosage, the total number of
12832 | RSC Adv., 2022, 12, 12823–12842
available adsorption sites present in the core–shell Fe3O4/PVP/
ZIF-8 nanostructure adsorbent surface is xed. While the
initial concentration of the pollutant is inversely proportional
to the % total phosphorus removal as shown below in Table 3.
This implies that a certain amount of core–shell Fe3O4/PVP/
ZIF-8 nanostructure adsorbent adsorbs almost the same
amount of Fosfomycin antibiotic molecules, resulting in
a decrease in the R%. However, the initial concentration of the
Fosfomycin molecules provides the necessary driving force to
overcome the mass transfer resistance and enhances the
interaction between the Fosfomycin antibiotic molecules in
the aqueous phase and the core–shell Fe3O4/PVP/ZIF-8 nano-
structure adsorbent surface. Therefore, a higher initial
concentration of Fosfomycin antibiotic molecules results in an
increased rate of adsorption.

% Removal ¼ Cin � Cout

Cin

� 100 (13)

Two optimization models were performed. The rst one is
shown in Table 4. The target of the model is to have complete
removal of the phosphorus while maintaining the parameters
in the design range. This model gives 87 optimum points (ESI:
Table S.5†). The rst solution, which is the most suggested one,
is mentioned below in Table 5.

The 3-D surface responses of phosphorus nal concentra-
tion, % phosphorus removal, and desirability are shown below
in Fig. 10. Regarding the % phosphorus removal surface
response, at 0.5 g adsorbent dosage, 30 mg-P L�1 initial
concentration gave the maximum % phosphorus removal. The
3-D surface response of desirability shows the locus that gives
the desirability of 1 which is the optimized locus according to
the model goals.

The second model's goal is to minimize the operating
conditions (minimize dose and contact time) to give the highest
possible removal of the TP under the highest initial TP
concentration as shown in Table 6. This model gives 22
optimum solutions (ESI: Table S.6†). The rst solution, which is
the most suggested one, is mentioned below in Table 7.

The 3-D surface responses of phosphorus nal concentra-
tion, % phosphorus removal, and desirability are shown below
in Fig. 11. Regarding the phosphorus nal concentration and %
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 First model 3D surface response of (a) % phosphorus removal; (b) phosphorus final conc.; (c) desirability.

Table 6 The goals of each parameter and response of the 2nd optimization model

Name Goal Lower limit Upper limit

A: Dosage Minimize 0.1 0.5
B: Phosphorus initial concentration Maximize 30 900
C: Time Minimize 30 180
% Phosphorus removal Target ¼ 100 17.2444 100

Table 7 The most desirable solution that was suggested by the model

Number Dosage (g)
Phosphorus initial
concentration (mg-P L�1) Time (min)

Phosphorus nal
concentration (mg-P L�1)

% Phosphorus
removal Desirability

1 0.100 327.845 30.000 153.089 55.225 0.650
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phosphorus removal surface responses, at 0.5 g adsorbent
dosage, 30 mg-P L�1 initial concentration gave the minimum
phosphorus nal concentration and maximum % phosphorus
© 2022 The Author(s). Published by the Royal Society of Chemistry
removal. The 3-D surface response of desirability shows the
locus that gives the desirability of 0.65, which is the optimized
locus according to the model goals.
RSC Adv., 2022, 12, 12823–12842 | 12833
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Fig. 11 Second model 3D surface response of (a) phosphorus final conc.; (b) % phosphorus removal; (c) and (d) desirability.

Table 8 Summary of the accuracy of the % phosphorus removal
prediction equation

Std. dev. 13.47 R2 0.8124
Mean 66.99 Adjusted R2 0.7722
C.V.% 20.11 Predicted R2 0.6649

Adeq precision 15.2009
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3.4 Coded, actual equations, and validation

3.4.1 Final equation in terms of coded factors. The equa-
tion in terms of coded factors can be used to make predictions
Table 9 Summary of ANOVA test

Source Sum of squares Df

Model 11 003.41 3
A – dosage 3237.06 1
B – phosphorus initial concentration 7702.48 1
C – time 63.88 1
Residual 2541.33 14
Lack of t 2540.93 11
Pure error 0.3997 3
Cor total 13 544.75 17

12834 | RSC Adv., 2022, 12, 12823–12842
about the response for given levels of each factor. By default, the
high levels of the factors are coded as +1 and the low levels are
coded as �1. The coded equation is useful for identifying the
relative impact of the factors by comparing the factor coeffi-
cients. Current, recommended transform: % phosphorus
removal is none.

% Phosphorus removal ¼ +66.99 + 17.99A �27.75B + 2.53C

3.4.2 Final equation in terms of actual factors. The equa-
tion in terms of actual factors can be used to make predictions
Mean square F-Value p-Value

3667.80 20.21 <0.0001 Signicant
3237.06 17.83 0.0009
7702.48 42.43 <0.0001

63.88 0.3519 0.5625
181.52
230.99 1733.86 <0.0001 Signicant

0.1332

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 10 A detailed analysis of the model

Run
order

Actual
value

Predicted
value Residual Leverage

Internally studentized
residuals

Externally studentized
residuals

Cook's
distance

Inuence on
tted value DFFITS

Standard
order

1 75.48 66.99 8.49 0.056 0.648 0.634 0.006 0.154 17
2 99.07 79.28 19.78 0.356 1.829 2.021 0.462 1.501 5
3 100.00 115.27 �15.27 0.356 �1.411 �1.469 0.275 �1.091 6
4 66.58 54.70 11.88 0.356 1.098 1.107 0.166 0.822 4
5 83.40 74.23 9.17 0.356 0.848 0.839 0.099 0.623 1
6 20.65 49.00 �28.36 0.156 �2.290 �2.791 0.242 �1.198 9
7 75.48 66.99 8.49 0.056 0.648 0.634 0.006 0.154 15
8 66.58 59.76 6.82 0.356 0.630 0.616 0.055 0.458 8
9 20.71 18.72 1.99 0.356 0.184 0.178 0.005 0.132 3
10 60.95 69.52 �8.57 0.156 �0.693 �0.679 0.022 �0.291 14
11 17.24 23.78 �6.53 0.356 �0.604 �0.590 0.050 �0.438 7
12 75.48 66.99 8.49 0.056 0.648 0.634 0.006 0.154 18
13 33.82 39.24 �5.42 0.156 �0.438 �0.425 0.009 �0.182 12
14 100.00 94.75 5.25 0.156 0.424 0.412 0.008 0.177 11
15 87.83 84.99 2.84 0.156 0.230 0.222 0.002 0.095 10
16 47.87 64.47 �16.60 0.156 �1.340 �1.384 0.083 �0.594 13
17 74.75 66.99 7.76 0.056 0.592 0.578 0.005 0.140 16
18 100.00 110.21 �10.21 0.356 �0.944 �0.940 0.123 �0.698 2

Fig. 12 Predicted vs. actual.

Table 11 Validation of both models inside the design range

Dosage (g)

Phosphorus initial
concentration
(mg-P L�1)

Time
(min)

Phosphorus nal
concentration
(predicted)
(mg-P L�1)

% Ph
remo
(pred

0.5 465 142.3 70.23 86.2
0.1 900 30 710.16 18.7
0.5 900 180 370.66 59.7
0.3 465 105 142.01 66.9
0.3 30 105 0.78 94.7

© 2022 The Author(s). Published by the Royal Society of Chemistry

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
cu

oo
m

án
nu

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
02

6-
01

-0
7 

22
:3

4:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
about the response for given levels of each factor. Here, the
levels should be specied in the original units for each factor.
This equation should not be used to determine the relative
impact of each factor because the coefficients are scaled to
accommodate the units of each factor and the intercept is not at
the center of the design space.

% Phosphorus removal ¼ +66.13454 + 89.95918 � dosage �
0.063801 � phosphorus initial concentration + 0.033699 � time

The predicted R2 of 0.6649 is in reasonable agreement with
the adjusted R2 of 0.7722; i.e. the difference is less than 0.2.
Adeq precision measures the signal-to-noise ratio. A ratio
greater than 4 is desirable. The ratio of 15.201 indicates an
adequate signal as shown in Table 8. This model can be used to
navigate the design space.

The model F-value of 20.21 implies that the model is
signicant. There is only a 0.01% chance that an F-value this
large could occur due to noise. p-Values less than 0.0500 indi-
cate model terms are signicant. In this case, A, and B are
signicant model terms. Values greater than 0.1000 indicate
that the model terms are not signicant. If there are many
osphorus
val
icted)

Phosphorus nal
concentration
(actual) (mg-P L�1)

% Phosphorus
removal
(actual)

% Phosphorus
removal
rrror

4 77.6 83.31 4%
2 713.60 20.71 10%
6 300.80 66.58 10%
9 114.00 75.48 11%
5 0 100 5%
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Fig. 13 Kinetics models: (a) pseudo 1st order model; (b) pseudo 2nd order model; (c) intra-particle diffusion kinetic model.

Table 12 Values of constants and R2 of each model

Pseudo-rst-order Pseudo-second-order Intra-particle diffusion kinetic model

K1 (min�1) 0.0364 K2 (g mg�1 min�1) 0.001 Kp (mg g�1 min�0.5) 3.0058
qe (mmol g�1) 105.73 qe (mmol g�1) 109.89
R2 0.5438 R2 0.9764 R2 0.5608
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insignicant model terms (not counting those required to
support hierarchy), model reduction may improve your model.
The lack of t F-value of 1733.86 implies the lack of t is
signicant. There is only a 0.01% chance that a lack of t F-value
this large could occur due to noise as shown in Table 9 below. A
detailed analysis report is shown in Table 10 and Fig. 12, which
validates the model.
3.5 Validation check

The accuracy of the model was checked as shown in Table 11
and the errors are considerably small.
3.6 Kinetics

Optimum operating conditions can be selected by kinetics
studies on batch adsorption systems. In the present work, the
experimental data were tted to three of the most widely used
kinetic models as shown in Fig. 13. Table 12 shows the tted
experimental data with the pseudo-rst-order, pseudo-second-
12836 | RSC Adv., 2022, 12, 12823–12842
order, and intra-particle diffusion kinetic model. As seen, the
pseudo-second-order kinetic model with higher R2 values
showed better compliance with the experimental data, sug-
gesting that chemisorption is the adsorption-determining step.

3.7 Isotherms

Phosphorus adsorption (Fosfomycin) onto the surface of core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent was described
by Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich
isotherm models. Fig. 14 and Table 13 summarize the results.
Monolayer surface coverage was assumed by the Langmuir
model versus multilayer adsorption on a heterogeneous surface
that was assumed by the Freundlich model. From the linearized
tting, the Freundlich isotherm equation (R2 ¼ 0.9505) has
described the system better than the Langmuir isotherm
equation (R2 ¼ 0.8712), Temkin isotherm equation (R2 ¼ 0.833),
and Dubinin–Radushkevich isotherm equation (R2 ¼ 0.16563).
The n-value of the Freundlich isotherm lies between 1 and 10,
which is a good indicator of favorable adsorption.58
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Adsorption isotherms: (a) Langmuir isotherm; (b) Freundlich isotherm; (c) Temkin isotherm; (d) Dubinin–Radushkevich isotherm.

Table 13 Values of constants and R2 of each model

Langmuir isotherm Freundlich isotherm Temkin isotherm
Dubinin–Radushkevich
isotherm

Qm (mg g�1) 126.58 nF (g L�1) 2.242 kt (L mg�1) 1.591 qm (mg g�1) 32.987
KL (L mg�1) 0.272 KF (mg g�1) 9.408 B1 21.361 b (mol2 J�2) 0.0031
R2 0.8712 R2 0.9505 R2 0.833 R2 0.1656

Table 14 Values of RL at each initial concentration

Initial conc. RL

24 0.132837407
30 0.109170306
465 0.007844368
900 0.004068348
1090 0.003361571

Fig. 15 % (TP) removal for 0.3 g dosage, 30 mg-P L�1 initial concen-
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Furthermore, the value of 1/n, which was obtained from the
slope of the linear plot of log(qe) vs. log(Ce) of the Freundlich
isotherm, was below unity implying that chemisorption is the
governing process.59 The separation factor, RL as obtained from
the Langmuir isotherm model was lower than unity, which
likewise indicating to a favorable adsorption process as shown
in Table 14.60
tration, pH ¼ 2, and time of 105 minutes for each cycle.
3.8 Stability

The best adsorbents are highly stable and kinetically favorable
under frequent adsorption conditions. Some adsorbents,
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 12823–12842 | 12837
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Table 15 Regeneration results of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent for Fosfomycin removal

Dosage (g/100
mL)

Initial conc.
(mg-P L�1) Time (min)

% Removal
of the new adsorbent

% Removal
aer regeneration

0.3 465 30 47.87 5.85
0.3 900 105 33.82 15.28

Table 16 Different metal–organic framework adsorbents used in phosphorus removal from aqueous solutions

Adsorbent Adsorbate Operation conditions Uptake Ref.

Core–shell Fe3O4/PVP/ZIF-8
nanostructure

Phosphorus from
Fosfomycin pharmaceutical
wastewater

Time range (30–180 min),
adsorbent dosage range
(0.1–0.5 g/100 mL), P conc.
range (30–900 mg L�1), at
room temperature at
250 rpm and pH 2

High maximal adsorption
capacity around 1200 mg-P
g�1

Current study

Cubic zeolitic imidazolate
framework-8

Phosphorus from aqueous
solution

Time range (2–60 min), ZIF-8
dosage range (100–1000 g
L�1), P conc. range (5–
20 mg L�1), at room
temperature at 300 rpm and
pH 4

The sorption capacity of ZIF-
8 for P was 38.22 mg g�1

65

Fe-based metal–organic
frameworks (MOFs), MIL-
101 and NH2-MIL-101

Phosphate from aqueous
solutions and eutrophic
water

The adsorbent dosage from
10 to 60mg L�1, contact time
to 120 min, and the presence
of the co-existing ion of
other anions including
chloride, bromide, nitrate,
and sulfate ions

The concentration of
phosphates decreases
sharply from the initial
0.60 mg L�1 to 0.045 and
0.032 mg L�1, respectively,
within just 30 min of
exposure

66

(ZIF-67) Phosphorus from aqueous
solution

Time range (10–100 min),
ZIF-67 dosage range (0.1–1 g
L�1), P conc. range (10–
50 mg L�1), at room
temperature and at pH range
(4–12)

Monolayer adsorption
capacity of ZIF-67 for PO4

3�

around 92.43 mg g�1

43

Trivalent metal-based NH2-
MIL-101 MOFs

Phosphorus from aqueous
solution

pH range of 2–12, time to
250 min, ionic strength (the
increase in NaNO3

concentration from 0.001 to
1 M in the solution
containing 50 mg L�1 of
phosphate), at room
temperature

High maximal adsorption
capacity above 79.414 mg-P
g�1

67

La@ZIF-8 composite metal–
organic frameworks

Phosphorus from aqueous
solution

The initial phosphorus
concentration (10–
70 mg L�1), dosage (0.004–
0.02 g), pH (3–10) and
contact reaction time to 720
min

Adsorption capacity
(147.63 mg g�1)

68

UiO-66 metal–organic
frameworks with varying
functional groups

Phosphorus from aqueous
solution

Using UiO-66-NH2 at
a dosage $ 13.5 g L�1, at
25 �C and pH 4

UiO-66-NH2 displayed the
highest adsorption capacity
(153.9 mg g�1)

69

ZIF-8/hydroxylated MWCNT
nanocomposites

Phosphorus from aqueous
solution

pH (4, 7, 10), temperature
(20, 30, 40), initial
concentration 1.0 mg L�1,
and speed 200 rpm

Maximum phosphate
adsorption capacity of
203.0 mg g�1

70
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however, work extremely fast at the beginning but decompose
aer just a few cycles. Thus, to examine the stability of core–
shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent over frequent
experiments under severe acidic conditions, the core–shell
12838 | RSC Adv., 2022, 12, 12823–12842
Fe3O4/PVP/ZIF-8 nanostructure adsorbent underwent 3
concessive cycles of 105 min each by total an entire 315 min. It
was found that the core–shell Fe3O4/PVP/ZIF-8 nanostructure
adsorbent worked well under a very acidic medium although
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the successive trials. The obtained results are shown in Fig. 15.
Complete phosphorus removal (30 mg-P L�1) was achieved aer
the rst cycle. However, the removal % was decreased to nearly
65% and 40% in the subsequent two cycles, respectively. Thus,
it can be recognized that the core–shell Fe3O4/PVP/ZIF-8 nano-
structure adsorbent has decent stability and efficacy towards
the removal of Fosfomycin antibiotic under repeated harsh
conditions within the range of conditions applied.
3.9 Regeneration

Regeneration of two saturated core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbents was done. As shown in Table 15,
there is an inverse relationship between the initial concentra-
tion and regeneration ability. It was noticed that there was
a large weight loss during the regeneration due to the loss of the
adsorbent mass in the reusability experiments, and due to the
severe operating conditions (pH¼ 2) for a long time. During the
regeneration process, the adsorbent that was used at 900 mg-P
L�1 initial concentration for 105 min, lost weight from 0.3 g to
0.015 g and the adsorbent that was used at 465 mg-P L�1 initial
concentration for 30 min lost weight from 0.3 g to 0.03 g. This
may be assigned to the acid causing the signicant dissolution
of particles' core (magnetite nanoparticles) into ferrous and
ferric ions and migration of ions into the solution causing the
solution to turn yellow. Additionally, the sharp fall in Fosfo-
mycin removal could attribute to the instability of core–shell
Fe3O4/PVP/ZIF-8 nanostructure adsorbent under strongly acidic
conditions for a long time. When the pH of the solution was
adjusted to around 2, the solution turbidity disappears gradu-
ally due to the partial dissolution of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent.61–64
3.10 Comparison with other adsorbents

To demonstrate and emphasize the efficiency and novelty of the
current core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent,
a comparison was performed as shown in Table 16 between the
current adsorbent and many types of MOFs composites that
were categorized as highly efficient adsorbents used for phos-
phorus removal.43,64–69 As shown below, the adsorption capacity
of core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent was
around 1200 mg-P g�1, which is extremely higher than other
MOFs adsorbents.

As for the effect of coexisting ions on the adsorption of
phosphorous, ZIF-8-based adsorbents show good anti-
interference adsorption performance for phosphorus removal
in the presence of several coexisting ions such as sulfate,
chloride, nitrate, and bicarbonate, while the presence of
carbonate results in a considerable hindering of the adsorp-
tion.65 This hindering in the presence of carbonates was
attributed to the increase occurring in the pH of the solution,
which leads to having a more negative surface charge for ZIF-8
and that cause PO4

3� and HPO4
2� static repulsion.65 Working

with low pH actual pharmaceutical wastewater is expected to
have minimal anti-interference even in the presence of the
carbonate. Future work will be directed to Fosfomycin antibiotic
© 2022 The Author(s). Published by the Royal Society of Chemistry
removal from real wastewater that will give better insight into
the effect of coexisting ions.

4 Conclusions

The current study focused on the effect of major design
parameters on the adsorption of Fosfomycin antibiotic that was
measured as phosphorus onto the surface of core–shell Fe3O4/
PVP/ZIF-8 nanostructure adsorbent. Accordingly, the following
major conclusions can be drawn:

�When core–shell Fe3O4/PVP/ZIF-8 nanostructure adsorbent
is used for Fosfomycin antibiotic (in form of TP) removal from
aqueous solutions, design parameters such as initial Fosfomy-
cin (as TP) concentration, initial solution pH, adsorbent dose,
and contact time must be studied to detect the optimum
conditions that should give the highest (TP) removal%. The
adsorption of Fosfomycin (as TP) onto the adsorbent increased
markedly at a pH value of 2, which is the actual pH value of most
industrial effluents.42

� The central composite design (CCD) was found to be an
appropriate approach to optimize the variables affecting Fos-
fomycin (as TP) adsorption. The obtained linear regression
model well depicted observed values of percent Fosfomycin (as
TP) removal and Fosfomycin (as TP) nal concentration.

� The adsorption capacity of core–shell Fe3O4/PVP/ZIF-8
nanostructure adsorbent was around 1200 mg-P g�1, which is
signicantly higher than otherMOFs adsorbents reported in the
literature.

� The adsorption kinetics for Fosfomycin (as TP) removal
could be well described by the pseudo-second-order equation
with a correlation value of R2 ¼ 0.9764, which revealed that
chemisorption was the dominant process.

� The adsorption isotherm for Fosfomycin (as TP) removal
could be well described by the Freundlich equation with
a correlation value of R2 ¼ 0.9505 which revealed that adsorp-
tion occurs on a heterogeneous surface through multilayer
adsorption.

It is concluded that core–shell Fe3O4/PVP/ZIF-8 nano-
structure could be employed as a highly efficient adsorbent for
the removal of Fosfomycin antibiotic molecules from aqueous
solutions.
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