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Abstract

This research aims to investigate the effect of Mg doping on individual and simultaneous
adsorption of Pb*?, Cu*? and Cd*? heavy metals in aqueous solution and in seawater
samples, by Zinc ferrite nanoparticles. The Mg-doped Zinc ferrite nanoparticles are
synthesized successfully by the sol-gel route and varying Mg concentrations. TEM, XRD,
FTIR, Raman, and XPS characterizations confirm the cubic spinel structure of Zinc ferrite
with a semi-spherical shaped nanosized particles (10-15 nm) irrespective of Mg doping
content. The BET surface area manifests a significant increase within Mg doping (39.3
m?/g) compared with the pure zinc ferrite (28.4 m?/g). Accordingly, Mg-doped Zinc ferrite
powders demonstrate considerable adsorption capacities for Pb*? (143.5 mg/g), Cu*? (117
mg/g), and Cd*? (77 mg/g) within 2 h under optimized experimental conditions. The
prepared nanopowders exhibit high selectivity towards Pb*? in simultaneous adsorption in
aqueous solutions (85 mg/g) and real seawater samples. Nonetheless, the selectivity of Pb*?
ions drops dramatically to 25 mg/g within real seawater samples due to the strong ionic
strength of high-salinity seawater. This study provides insights into the importance of
doped spinel ferrite nanoparticles in highly efficient, rapid, and simultaneous adsorption of
heavy metals. Besides, it reveals the challenge of performing the adsorption process in real

seawater.

Keywords: Mg-doped Zinc Ferrite; Simultaneous adsorption; Heavy Metals; BET
surface area; XPS; seawater.
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1. Introduction

The tremendous pollution of water basins has been one of the most serious environmental
issues that is threatening human being and species habitats (Zhang et al., 2022; Zhao et al.,
2019). Most of the pollutants diffuse to the aquatic systems because of industrial activities.
This includes organic and inorganic traces that are found in lakes, rivers and even seawater
(Abdulla & Naser, 2021). Inorganic pollutants are mainly ions of heavy metals that are
discharged from industrial firms (Soultanidis et al., 2022). Heavy metals ions of Lead
(Pb*?), Cadmium (Cd*?), Copper (Cu*?), Arsenic (As™) and Chromium (Cr*®) are
discovered in rivers (Celebi et al., 2020; Paul, 2017), lakes (Nasiri et al., 2018), and
seawater (Bersuder etal., 2020; Yang et al., 2019) and are reported to cause serious toxicity
issues to human health and environment (Kinuthia et al., 2020; Miranda et al., 2022; Obasi
& Akudinobi, 2020; Thomas & Alexander, 2020; Yang et al., 2019).

The search of a cost-effective process for removing heavy metals has been a continuous
challenge for decades. Nanoparticles emerge as one of the most efficient adsorbents for
heavy metals removal within aqueous solutions (Chauhan et al., 2022; Darling, 2018;
Rastgar et al., 2017; Tatarchuk et al., 2020). In general, the extremely small unit size of
nanoparticles owe them fascinating structural and surface properties that lead to a
remarkable behavior within surroundings (Fayazzadeh et al., 2020; Mmelesi et al., 2021).
Compared with their bulk counterparts, their enhanced optical and magnetic properties
make them highly responsive materials with potential applications including energy
harvesting (Liu et al., 2020), photocatalysis (Ong et al., 2018), and adsorption process
(Asadi et al., 2020; Xiang et al., 2020). In particular, ferrites nanoparticles were introduced
lately as one of the most cost-efficient oxides family due to the unique cubic structure that
can be tuned through several approaches resulting enhanced properties thereby directly
affecting their performance. Ferrite nanoparticles own chemical formula of MFe2O4 (M =,
Co, Ni, Mn, Mg, Cu and Zn, etc) and crystallize within a simple cubic structure where the
atoms are distributed within octahedral and tetrahedral lattice sites (Ashok et al.,
2020)(Somvanshi et al., 2020). It is very interesting to mention that there are of 97 A and
B sites, that can be occupied by only 24 cations, in different configurations (Aisida et al.,
2020; Al Maashani et al., 2020; Bhushan Das et al., 2021). The exchange of atoms within

tetrahedral and octahedral sites within the ferrite lattice is one of the most unique structures
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that can cause major properties’ alteration at the nanoscale. The change in size, shape, and
structural defects of metal ferrite nanoparticles manifests noticeable influence in water
treatment applications (Nimshi et al., 2023)(Reddy & Yun, 2016). Researchers aim to
manipulate the ferrite structure primarily by investigating different synthesis approaches
to change shape, size and/or create structural defects such oxygen/metal vacancies.
Considering structural defects, self-doping (F. Wang et al., 2017; Wu et al., 2018, 2019)
and different metal doping (Hareendran et al., 2022; Punia et al., 2022; Vinosha et al.,
2022a) represent the two main approaches that been applied to enhance the surface
structure, size, porosity, as well as optical and magnetic properties. Therefore, doped
ferrites have been applied lately in water treatment applications, in particular,
photocatalysis of inorganic pollutants (Long et al., 2022; Shakil et al., 2022) and in
adsorption of heavy metals (A. lvanets, Prozorovich, Kouznetsova, et al., 2021a;
Tatarchuk, Myslin, et al., 2021; Tatarchuk, Shyichuk, et al., 2021). If we consider the
adsorption of heavy metals using ferrites nanoparticles, there are several considerations

and concerns that can be summarised in the following points.

First, the structure of the doped ferrite adsorbents applied for heavy metals ions. Recent
studies revealed the effect of doping the ferrite structure on its ability to adsorb different
types of heavy metals (Mary et al., 2023). Defective magnesium ferrite showed enhanced
adsorption ability toward As** as a result of increased surface hydroxyl groups (Wu et al.,
2018). Also, magnesium-zinc ferrites were applied efficiently to remove Cr*3 and Ni*? ions
from aqueous solutions (Tatarchuk, Myslin, et al., 2021). The Zn and Ni co-doped
MgFe204 (20-100%) ferrite system demonstrated that the maximum adsorption of Cr*3 has
been achieved at Zn content of 80% while for Ni*? only 60% Zn doping, after 24 h of
reaction time. The change in the efficiency of reaction along with doping was correlated
with the active sites present at the surface of ferrite nanoparticles which are in turn were
influenced by the amount of doping. Cobalt doped Zinc ferrites nanoparticles were also
applied for the removal of Pb*? (Tatarchuk, Myslin, et al., 2021). The study applied
different ferrite compositions representing the conversion from pure Zinc ferrite structure
to Cobalt ferrite structure starting with 20% of weight doping percentage. The pure zinc
ferrite showed a maximum adsorption capacity of 30.49 mg/g toward Pb*2 jons, which was
related to the strength of interatomic bonds in pure zinc ferrites, while doping with larger
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atoms of Co would decrease the ionic covalent parameter. To the best knowledge of
authors, no previous studies in the literature have investigated the effect of small amount
of doping (less than 10%) on the adsorption capacity of zinc ferrite nanoparticles, though
such small amount of doping could alter the ferrite nanoparticles’ morphology and surface
properties (Jyothish & Jacob, 2021; Vinosha et al., 2022b). Applying small doping to a
certain ferrite structure may enhance their physicochemical properties without interfering
with its major lattice structure and interatomic characteristics. Therefore, it is worthwhile
to scrutinise the effect of small metal ion defects on the adsorption of heavy metals from
aqueous solutions. In this work, Mg was chosen as doping element due to its smaller ionic
radius, compared to Zn, that may lead to smaller pores and hence high surface area. Also,
Mg forms an inverse spinel which will cause rearrangement of ions within the tetrahedral
and octahedral sites in the normal spinel structure of ZnFe>O4. This will be accompanied
by changes in the surface functional groups on the ferrite structure, and thereby, enhance

its adsorption ability towards heavy metal ions.

Second, the efficiency of the reaction is very important to assess the performance of the
whole process as well as the adsorption capacity and the time of the reaction. Most of the
studies reported in the literature that investigated doped ferrite systems have shown low
adsorption capacity, in comparison with other nanoadsorbents, besides a longer contact
time ranging from 2 to 24 h.

Third, it is very essential to mention that the adsorption reaction depends strongly on the
operational conditions including pH, temperature, ionic strength of the solution, and the
existence of other heavy metal ions and pollutants. The competitive/multiple ions
adsorption is a critical indicator of the effectiveness of the adsorbent and its applicability
in real life applications. Researchers are also investigating the adsorption process within
real water samples to have more realistic results about the adsorption performance. A
recent study showed a great performance of pure magnesium ferrite in the competitive
adsorption of Cu*?, Co*?, Ni*? and Mn*? (lvanets et al., 2021). According to our literature
survey, other pure and doped ferrite structures were not intensively investigated yet in the

multiple adsorptions of heavy metal as well as in real water samples.
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This research work aims to investigate the effect of small percentage of Mg doping (less
than 10%) on the crystal structure stability, particles’ morphology and size distribution,
and surface properties on individual and simultaneous adsorption of Pb*2, Cd*?, and Cu*?
heavy metals ions in aqueous solution and seawater samples. Particular emphasis is
devoted to examining primarily the effects of concentration, pH, and reaction time, as well
as modelling of the adsorption process and kinetics using conventional isotherms. This
article gives an insight of the importance of very small defects within the ferrite crystal
structure that can markedly enhance its adsorption ability due to remarkable changes on its

properties.

2. Methodology

2.1 Synthesis of Mg doped zinc ferrite nanoparticles

Samples of Mg doped ZnFe>O4 (ZFN) nanoparticles doped with different amounts of Mg
were synthesized by sol-gel method. Equal amounts of citric acid and Fe(NO3)3-9H20 were
added to distilled water along with specific amounts Zn(NOsz), and Mg(NOzs)2. The
schematic ratios of precursors molar mass were calculated as per (Rashdan & Hazeem,
2020) previous work. The percentage weight ratio of Zn(NOz). and Mg(NO3). was applied
as follows, 100:0 wt%, 97.5:2.5 wit%, 95:5 wt%, 92.5:7.5 wt% and 90:10 wt%. After 25
min of magnetic stirring, Ammonium Hydroxide was added to the solution to adjust the
pH to 7. Then, the solution was heated to 130°C along with continuous stirring until it is
completely evaporated and burned into black powder. The fabricated samples were denoted
as ZFN, ZFN-Mg-1, ZFN-Mg-2, ZFN-Mg-3 and ZFN-Mg-4, for the pure ZnFe;Os,
Mgo.025ZNo.975F€204, Mgo.05ZNo.osFe20s, MQgo.o7sZnog2sFe20s4  and  Mgo.1Zno.oFe20a,
respectively.

2.2 Characterization of Mg doped zinc ferrite nanoparticles.

The morphology of ZFN-Mg particles was investigated by transmission electron
microscopy (TEM Talos L120C G2- LaB6). The crystallite structure and phase
composition were determined by X-ray diffraction (XRD) using Rigaku Ultima IV
equipped with Cu-Ka radiation source (0.15418 nm) with angle ranging from 10° to 80°.
Fourier- transformation infrared spectroscopy (FTIR) measurements were performed using

Shimadzu- IRAffinity-1S apparatus to examine the bonding and surface functional groups.
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The optical properties were investigated using UV-vis spectroscopy (Shimadzu-Lambda-
4B). Raman Spectroscopy and X-ray Photoelectron Spectroscopy (XPS) were also used to
investigate the absorption, binding states, and the elemental composition of the samples.
The Nz adsorption-desorption isotherm measurements were performed using a
Micromeritics Chemi Sorb 2750. The Brunauer—Emmett—Teller (BET) method, with a
degassing temperature of 300°C for 180 min, was applied to determine the surface area and
pore structure. The pore-size distribution (PSD) was obtained from the adsorption branch
of the isotherms through the Barrett-Joyner—Halenda (BJH) method.

2.3. Adsorption of Pb*2 ions onto Mg doped zinc ferrite nanoparticles

All samples were investigated for the adsorption of Pb*2 ions in aqueous solution. The best
sample were selected for further experiments. Batch study of Pb*? ions adsorption was
conducted by applying 10 mg of ZFN samples (ZFN-500, ZFN-Mg-1, ZFN-Mg-2, ZFN-
Mg-3 and ZFN-Mg-4) in 25 mL distilled water with Pb*? ion concentration of 60 mg/L. Pb
ion solutions were obtained from (Stock Solution-Sigma Aldrich— 1000 mg/L) and diluted
subsequentially until it reached 60 mg/L. Pb*? ions and ZFN samples were placed in orbital
shaker at orbital speed of 130 rpm under 25°C for 1 h. To determine the adsorption efficacy,
the solution was filtered to remove the subjected ZFN adsorbent. Then, the concentration
of Pb*? ions was measured using Inductive Coupled Plasma (ICP) analysis and compared
with the control sample (No ZFN applied). The adsorption capacity was calculated using
the equation below:

_ (Co—Ce)Xm

g = — = (1)
Also, the removal efficiency (R%) is calculated using the equation:

(Co=Ce) » 100 )

Co

(R%) =

where (e is the equilibrium adsorption capacity, Co is the initial concentration of heavy
metal ions, Ce is the equilibrium concentration, V is the solution volume and m is the mass
of ZFN adsorbents.
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The ZFN sample with the highest adsorption capacity was chosen for further experiments.
These experiments include adsorption kinetics, the effect of concentration, the effect of
pH, recyclability, the ability to adsorb other heavy metal ions and simultaneous adsorption
in seawater. Details of conducting these experiments are discussed below.

2.4 Zero-point charge experiment

It is well-known that the surface charge of the adsorbent contributes to its adsorption
properties within the aqueous solution. The zero-point charge was measured by pH drift
method. Several solution samples (10 mL) were prepared with initial pH values set to 2, 3,
4,5,6,7,8,9, 10 using 0.1 M NaOH and 0.1 M HCI solution, these pH values are noted
as pH initial. ZFN-Mg-3 was added to the prepared solutions and then, the pH was
measured after 2 hrs and noted as pH final. The pH point zero charge is the point where
PHinitia = pHsinal representing the difference between the initial and final pH (ApH), is zero.
The pH zero charge is used as an indicator of the abundancy of surface charges of the
adsorbent in solutions. Depending on the value of ApH, the surface charge increases

positively or negatively.
2.5 Effect of initial concentration and pH

To investigate the effect of concentration and to calculate the adsorption isotherms, the
concentration of the heavy metal ions was varied (5, 15, 30, 45, 60, 100, 200 mg/L). The
same experimental setup of the adsorption Kinetics batch experiment was adopted.
Applying the same experimental setup, the pH was varied at 1, 3, 5, 7 and 8, using NaOH
and HCL (0.1M) solutions. Moreover, the zero-point charge was measured by pH drift

method.
2.6 Recyclability and stability of Mg doped zinc ferrite nanoparticles

The recyclability was investigated by applying ZFN-Mg-3 sample for another batch
experiment over four cycles. After each adsorption experiment, the sample was removed
from the solution by filtered paper, dried for 24 h (50°C) and used again in another
adsorption experiment. The stability of the sample was investigated too by conducting
XRD, FTIR, and TEM for the selected sample subjected to filtration and drying after

adsorption experiment.
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2.7 Single and simultaneous adsorption of Pb*?, Cd*? and Cu*? ions in distilled water

and seawater

The selected ZFN sample was also investigated in batch experiments for the adsorption of
Cd*? and Cu*? ions. Separate experiments of kinetics, isotherms, pH effect, and
recyclability were conducted for each heavy metal ions using the same operating conditions
and procedure of Pb*? ions experiment. The adsorption batch experiment was applied to
(Pb*?, Cd*2, Cu*?) ions simultaneously using ZFN-Mg-3. Stock solutions of Pb (1000
mg/L), Cd (1000 mg/L) and Cu (1000 mg/L) were subjected to substantial dilution until
reaching the required concentration. The experiment was performed under the similar
conditions of 25 mL solution size and 10 mg of ZFN. The concentration of each heavy
metal ion was 60 mg/L and the pH was fixed to 7. The samples were subjected to 2 h of
orbital shaking at 130 rpm and 25 °C.

Furthermore, the same experiment was performed using seawater samples from different
locations in The Kingdom of Bahrain shores. The same concentrations and operating
parameters were applied, but the pH was kept the same (pH = 8, conductivity = 65.47
mS/cm). Prior experiment, all collected seawater samples were tested for heavy metal
contaminants using ICP, and the analysis confirmed the absence of heavy metals traces in

the samples.

3. Results and Discussion
3.1. Morphology and structure of ZFN adsorbents

The high-resolution transmission electron microscopy (HRTEM) images of the prepared
pure and Mg doped ZnFe,O4 nanoparticles (ZFN, ZFN-Mg-1, ZFN-Mg-2, ZFN-Mg-3, and
ZFN-Mg-4) are shown in Figure 1(a to d) with 50 nm scale bar. The images’ insets reveal
amore focused view of 10 nm scale bar for better imaging of grain size. The images reveal
a homogenous distribution of the particle size for all samples, which can be clearly viewed
in the larger scale. A semi-spherical shape can be noticed for all samples. The size of the
prepared ZFN samples is not really affected by Mg doping, as all images reveal almost the
same grain size within a narrow range from 10 to 15 nm, as estimated by the high-resolution
views. Also, the crystal lattice fringes of all prepared ZFN samples remain the same with

d-spacing of 0.25 nm corresponding to the (311) plane of the crystalline cubic structure of
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zinc ferrite phase, as shown in the images’ insets. Such a small amount of Mg doping (less
than 10 % w/w%) used in this work has not manifest any major effect on the grain
morphology/size and the crystal d-spacing of the zinc ferrite. Most of the reviewed
literature studies have confirmed the unnoticeable effect of small amount of metal doping
on the grain morphology/size and crystal lattice of ferrite nanostructure (Ashok et al., 2021;
Vinosha et al., 2022a). Figure 1f shows a highly magnified image of ZFN-Mg-3 sample
revealing a clear crystal plane of a typical cubic structure. The inset in Figure 1 f shows the
selected area electron diffraction (SAED) pattern of the sample, whereas the face centred
cubic (FCC) crystal structure (Fd-3m space group) of the zinc ferrite structure is

confirmed.
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Figure 1. HRTEM images of (a)
(e) ZFN-Mg-4, (f) higher magnification ZFN-Mg-3 (Inset: SAED pattern).

ZFN, (b)ZFN-Mg-1, () ZFN-Mg-2, (d) ZFN-Mg-3,
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3.2. Crystal structure of Mg doped ZFN adsorbents

The X-ray diffraction (XRD) patterns of the prepared pure and Mg doped ZnFe>O4 are
shown in Figure 2 a. Well-defined diffraction peaks appear in all samples corresponding
to the typical structure of a normal spinel phase. The peaks located at 26 = 18.2°, 29.9°,
35.2°, 36.8°, 42.8°, 53.1°, 56.7°, 62.2° and 73.6° correspond to the crystal planes (111),
(220), (311), (222), (400), (422), (511), (440) and (533), respectively, in the pattern of zinc
ferrite lattice confirming the formation of the spinel crystalline phase. No additional peaks
are detected within the XRD patterns, indicating the high purity of the prepared pure and
Mg doped ZnFe>Os. The crystal parameters for the prepared samples obtained by the
Rietveld analysis are given in Table S1, in supporting document alongside the refined XRD
patterns (Figure S1, where the blue pattern is the calculated and the red pattern is the
observed pattern, whereas the pink line represents the difference). All observed XRD
patterns are found to fit very well with the calculated patterns of the software library JCPDS
No. 01-078-6543 with a space group of Fd-3m. The fitting parameters (i.e. the factors of
the Rietveld analysis) (Toby, 2006) are given in Table S1 along with calculated crystallite
size, microstrain, and lattice parameter. The crystallite size is found to be almost constant
irrespective the amount of Mg doping, the values are set in a narrow range from 10 to 12
nm. Indeed, this is an excellent agreement with the grain size observed in TEM images,
indicating that the adopted synthesis route under the optimized experimental conditions
favour the growth of nanocrystals. Similarly, it is noted that the lattice parameter of the
cubic phase remains constant, i.e., ~ 8.440 A for all prepared samples.
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Figure 2. (a) XRD, (b) FTIR, (c) Raman and (d) XPS satellite view for Mg doped
zinc ferrite nanoparticles.

3.3. Band and Energy structure

To investigate the chemical functional groups of the ferrite structure, all prepared samples
have been subjected to attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR), as shown in Figure 2 b. All recorded spectra display similarities in peaks’
position and intensity indicating stable structure even upon Mg doping. Upon the small
amount of doping, no major changes are expected in ATR-FTIR spectrum of the spinel
phase ZnFe>O4, as reported in previous studies (Slatineanu et al., 2011). The two first

characteristics peaks located at 430 cm™ and 570 cm ™ are the most commonly observed
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in spinel ferrite structure as they are related to the intrinsic vibrations in the A-sites
(tetrahedral) and B-sites (Octahedral) within the cubic lattice structure (Khizar et al., 2020;
Zakiyah et al., 2015). The third peak around 1500 cm™ can be assigned to the stretching
and bending vibrations of H-O-H bands, representing water molecules bonding (Shah et
al., 2021; Vinosha et al., 2017).

Raman spectroscopy analysis has been also conducted to obtain further insight into the
structure of the prepared zinc ferrite nanoparticles doped with different amounts of Mg. As
shown in Figure 2 c, three main Raman bands are noticeably observed in the range between
200 and 1000 cm™. According to previous reports, these bands are typically found in ferrite
structure, known as the three first order Raman modes, that exist specifically at 300, 500,
700 cm™t. These modes correspond to the F2g(2), F2g(3) and Alg F2g(2), F2g(3) and Alg
symmetries within the zinc ferrite with a cubic structure (Derakhshani et al., 2021; Rivero
et al., 2016). By comparing the Raman spectra for pure ZFN and Mg doped samples, in
term of peaks’ position and intensity, a slight decrease in peaks’ intensity can be noticed
as Mg doping amount increases from 2.5 % to 10 %. Also, a very slight fluctuation is
noticed for the position of the peak located around 300 cm™, which can be associated with
the doping effect, since Mg ions will be incorporated within the ferrite cubic structure of
ZnFe204 and occupy Zn ions sites (Jasrotia et al., 2020; Thota et al., 2016).

To further confirm the chemical composition of the synthesised pure and Mg doped zinc
ferrite samples and to validate the existence of Mg ions within their valency state, XPS
measurements have been performed. As shown in Figure 2 d, the survey XPS spectra
reveal the presence of Zn, Fe and O elements, thereby confirming the chemical composition
of the prepared zinc ferrites. The characteristic peaks of the zinc ferrite structure are
identified clearly in all samples as Zn2p3/2, Fe2p and O1s. Moreover, a small peak of Mgls
appears in the Mg doped sample ZFN-1 and grow gradually as the doping amount
increases, hence confirming the Mg existence within the parent zinc ferrite structure
(Reddy & Yun, 2016; Shanmugavani & Selvan, 2014). The high-resolution spectra for
individual peaks are shown in Figure 3. In Figure 3 a, the position and intensity of O1s
peak shows slight fluctuation as Mg doping increases from 2.5 to 10 %, while Fe2p and
Zn2p3/2 peaks become slightly sharper as shown in Figure 3 (b and ¢). Such fluctuation

in O1 s peak may be attributed to the change in the surface functional groups that is caused
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by doping. As the Mg content increase, the Mgls peak increases noticeable, as shown in
Figure 3 d, confirming the gradual incorporation of Mg ions within the ferrite structure.
The above noticeable changes in XPS spectra can be attributed to the movement of O>
atoms between the A- sites and B-sites within the ferrite lattice structure caused by Mg

doping as shown Figure 3 d. Previous work have reported similar phenomena (Heiba et al.,

2020).
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Figure 3. XPS views of (a)Ol1s, (b)Fe2p, (c)Zn2p and(d)Mg 1s for Mg doped
ZnFe204 nanoparticles.

Page 15 of 52

740



468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

485

486

3.4. BET surface area
The Adsorption-desorption BET isotherm curves are analysed to determine the surface area
and pore structure parameters of the prepared zinc ferrite samples (ZFN, ZFN-Mg-1, ZFN-
Mg-2, ZFN-Mg-3, and ZFN-Mg-4). As shown in Figure 4 (a-e), all samples exhibit the
same pattern of isotherm curves where an elevated H4 type hysteresis loop is observed at
higher P/Po, indicating a flatter shape of pores (Al-Najar et al., 2017). The calculated BET
surface area is found to increase with Mg doping. The variation of the calculated value of
BET surface area as function of Mg doping is shown on Figure 4 f, i.e., 28.4, 34.6, 38.9,
38.5, 39.3 m?/g for ZFN, ZFN-Mg-1, ZFN-Mg-2 ZFN-Mg-3 and ZFN-Mg-4, respectively.
The derivate surface areas vs. pore width graphs are shown as insets in Figure 4 (a-e) and
the calculated pore size (PS) manifests a gradual decrease upon Mg doping, i.e., from 135.6
A to 108 A. Such variation in the surface area and porous structure is attributed to the
doping process (Hareendran et al., 2022), that is expected to consequently affect the
efficiency in the adsorption of heavy metals (Mariosi et al., 2020; M. Wang et al., 2021).
As the grains and crystals of the prepared pure and Mg doped zinc ferrite samples manifest
similar values, the increase in the surface area can be attributed to lower agglomeration

that can be caused by doping as shown in recent reports (Keerthana et al., 2022).
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Figure 4. Adsorption-Desorption isotherms for (a) pure ZFN, (b) ZFN-Mg-1,
(c) ZFN-Mg-2, (d) ZFN-Mg-3, and (e) ZFN-Mg-4.
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3.5. Adsorption of heavy metals by Mg doped zinc ferrite nanoparticles

3.5.1. Effect of Mg doping on adsorption capacity and the role of hydroxyl
group.

To determine the most efficient sample for the adsorption of Pb*? ions, all the prepared
samples have been tested for batch experiments under certain operating conditions. As
presented in Figure 5 a, the obtained results reveal a significant enhancement in the
adsorption capacity upon doping the zinc ferrite with Mg. The calculated adsorption
capacity increases from 143 mg/g to 150 mg/g, reflecting a considerable increase only
by doping the ferrite lattice by 2.5% Mg. With further doping, a slight increase in
adsorption capacity is observed reaching a maximum of 153 mg/g for the 7.5% Mg
doped sample (ZFN-Mg-3). Overall, all samples manifest excellent adsorption
efficiencies of Pb*? ions of more than 90% for pure zinc ferrite and 99.9 % for Mg
doped samples. Such improvement in the adsorption efficiency can be directly
correlated with the increase in the surface area induced by Mg doping (Mariosi et al.,
2020)(M. Wang et al., 2021).

Moreover, the enhancement of the adsorption capacity can be related to the hydroxyl
(OH-) surface group. Its role in the ferrite structure has been emphasised in the
literature (A. Ivanets, et al., 2021), as the heavy metals ions onto ferrites particles’
surface are mainly binding with this group. In Figure S2, the O1s XPS spectrum of all
prepared ZFN samples has been fitted with three best gaussian curves which are related
to Oz, H.O and OH- groups. The OH- group abundancy can be related to the peak
appearing between 531 and 532 eV, as reported in the literature (Wu et al., 2018).
Comparing all samples, ZFN-Mg-3 demonstrates the highest OH- peak, which is
related to the hight OH- percentage among all samples. Such change of OH- group in
ZFN is caused by Mg doping, as Mg ions occupy the octahedral sites within the ZFN
crystal lattice. The ZFN-Mg-3 shows the highest OH group abundancy as well as the
highest adsorption capacity, which explains the mechanism of enhancing adsorption
through doping process (Wu et al., 2018). As ZFN-Mg-3 sample exhibits the optimum
adsorption efficiency of 152 mg/g with the highest BET surface area (38.5 m?/g)
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alongside the high abundancy of OH- surface groups as seen in Figure S2, therefore it

has been used to perform further adsorption experiments.

3.5.2. The pH point of zero charge (PZC)
The pH PZC value of ZFN-Mg-3 is obtained from the intersection of ApH vs. initial
pH plot, which is around 5.1, as shown in Figure 5 b. This indicates that the Mg doped
zinc ferrite sample is positively charged in a solution pH lower than pH 5.1 and
negatively charged in a solution pH higher than pH 5.1.

—
o)

—
—
O
S

S " )]
51150_ Pb I 1 ZFN-Mg-3
> J ] ‘
S T Om 2 4
a | s ¥ ||l2 ||| &1
3] l &; [=] [=] =
O 140 = = = = -2
c z Z = Z i
s |I&||&|[&||B[N] =
] .
8 5 pH
< 130
Adsorbent

Figure 5. (a) Adsorption capacities for Pb*? ions using Mg-doped ZnFe20a
nanoparticles, (b) Zero-point charge of ZFN-Mg-3 sample at room temperature.

3.5.3. Individual adsorption of lead, cadmium, and copper ion by Mg doped

zinc ferrite nanoparticles
The adsorption of the three heavy metals ions, Pb*?, Cu*® and Cd*?, is investigated
individually for the synthesised zinc ferrite doped with 7.5 % Mg (ZFN-Mg-3). The same
experimental conditions have been applied for the three heavy metals ions experiments,
i.e., initial metal concentration 60 mg/L, adsorbent amount 10 mg per 25 mL solution,

pH=7, and temperature 25 °C.

The adsorption capacity is determined in different time intervals to assess the behaviour of
the adsorbent toward the metal ions with time. Figure 6 (a-c) demonstrates the performance
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of the ZNF-Mg-3 adsorbent toward Pb*2, Cu*? and Cd*? ions, respectively. It is worth
mentioning that the adsorption process of the three heavy metals present similar trend as
the adsorption capacity increases considerably during the first 40 min reaching an

equilibrium stage within 120 min.

The adsorption capacity shows the highest value with Pb*? ions. As shown in Figure 6 a,
the adsorption capacity of Pb*2 ions reaches 143 mg/g within only 30 min and no noticeable
increase is further noticed at 60 and 120 min indicating that the adsorption equilibrium is
attained. This is equivalent to 99.9% adsorption efficiency, where almost all Pb*? ions have
been adsorbed on the surface of the ZFN-Mg-3. Such performance, in term of adsorption
capacity, adsorption efficiency, and contact time, is considered to be greater than other
similar works in the literature. For example, nickel doped zinc ferrite adsorbent exhibited
only 64.75 mg/g within 90 min toward Pb*? ions (Ma et al., 2020). Copper magnesium
ferrite showed 57.7 mg/g toward Pb*? jons that is equivalent to 95% adsorption efficiency
(Tran et al., 2020). While Mn dopped zinc ferrite/biochar composite showed a maximum
adsorption capacity of 99.5 mg/g.

For Cu*? ions (Figure 6 c), the adsorption capacity shows a rapid increase within the first
30 min reaching an amount of 117 mg/g. For longer contact time, the adsorption capacity
reaches 125 mg/g at 60 min and remains almost steady until 120 min. This is equivalent to
86 % adsorption efficiency. In the other hand, Cd*? seems to have the least adsorption
affinity to ZFN-Mg-3 among the three metals. As shown in Figure 6 e, the adsorption
capacity of Cd*2 starts with a gradual increase reaching 46 mg/g within 30 min and continue

increasing reaching 61 mg/g and 77 mg/g at 60 and 120 min, respectively.

Furthermore, the effect of the initial concentration of the heavy metal ions is investigated
individually for Pb*2, Cu*? and Cd*2 ions. Within the same amount of Mg doped zinc ferrite
adsorbent (10 mg for 25 mL solution) the concentrations of the heavy metal ions are varied
at 5, 15, 30, 45, 60, 100 and 200 mg/L. The residual concentration of heavy metal has been
recorded after 120 min of contact time and the adsorption capacities are calculated. The
effect of the initial concentration of the heavy metals on the adsorption capacities is shown
in Figure 6 (b, d, f). Almost, equivalent effects are observed for all heavy metals, as the

adsorption capacity increases with the initial concentration of metal ions in the aqueous
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solutions. For the adsorption of Pb*2 ions (Figure 6 b), the recorded adsorption capacities
are 12.49 mg/g, 37.36 mg/g, 72.82 mg/g, 106.65 mg/g, 143.25 mg/g, 227 mg/g and 462.5
mg/g, with respect to the above-mentioned concentrations, exhibiting a linear relationship.
Alternatively, the effect of the initial concentration of Cu*?ions on its adsorption capacity
(Figure 6 d) seems to be less linear with the calculated adsorption capacities values 12.32
mg/g, 35.05 mg/g, 66.25 mg/g, 93.75 mg/g, 95 mg/g, 153.25 mg/g and 378.75 mg/g. A
very similar reduction is observed in Figure 6 f, demonstrating the adsorption of Cd*? ions
with calculated adsorption capacity of 8.75 mg/g, 23.5 mg/g, 46.75 mg/g, 69.25 mg/g, 79
mg/g, 103.75 mg/g and 200.75 mg/g, corresponding to the above-mentioned initial

concentrations.

In summary, the effect of contact time and the initial concentration of the adsorbate occur
following similar trends agreeing with the nature of the adsorption process that is reported
in the literature. The information obtained from these results is very essential for further
analyses of the adsorption kinetics and isotherms, which will be presented and discussed
in the following sections.

Page 21 of 52



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661
662
663

664

=
D
o

=
o
o

Adsorption Capacity (mg/g)
H
N
o

—
Q0
~

(0]
o
-
T

o

—
O
~—

20 40 60 80 100 120

Time (min)

2 .
=2 Cu*? )
£ 1201 .
L}

> .
& 1004 ®
o
S
c 80"
o
r=y [
5 601
n
z ¢

0O 20 40 60 80 100 120

Time (min)

_ (e)
= 80
o)) 7 +2
g Cd i
>
S 60 .
o
©
O . ®
s .
2
a
220

0O 20 40 60 80 100 120

Time (min)

ty (mg/g)

acl

Qo

Adsorption Ca

Adsorption Capacity (mg/qg)

Adsorption capacity (mg/g)

(b)

5001 pp*? %
4001
3001
2001 ¥
]
100- .
[ |
[ |
0- ]
0 50 100 150 200
Initial Concentratiom (mg/L)
s00(9)
+2
400{ Cu +
3001
200-
.
100 "
[ ]
[ |
0 n
0 50 100 150 200

N
a
o

Initial Concentration (mg/L)

(f)

=N
a o
o O

100+

a
o

o

Cd*?

0 50 100 150 200
Initial Concentration (mg/L)

Figure 6. The calculated trends of the adsorption capacities vs contact time of (a) Pb*?,
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3.5.4. Adsorption Kinetics

To investigate the kinetics models for the removal of Pb*?, Cu*? and Cd*? ions by Mg-
doped zinc ferrite nanoparticles, the kinetic experimental data have been assessed to fit the
pseudo-first order and pseudo-second order kinetic models. The linear and non-linear
forms of both equations are given in Table 2 along with the explanation of their parameters.
Figure 7 presents the kinetic data of the individual heavy metal ions adsorption experiments
fitted to the pseudo-first order and pseudo-second order equations, considering the linear
forms for the two equations. To obtain the pseudo-first order parameters, In (ge — qt) is
plotted vs. time, while the adsorption capacity q: vs. time is plotted for the pseudo-second
order fitting. The plotted data are subjected to a linear fit; hence, the reaction parameters
are computed from the obtained values of the slope and the intercept of the fitted equations.
Ki and Kz (min) are the constants of the pseudo-first order and pseudo-second-order
models, respectively, where K; indicates the rate of the adsorption reaction as a function
of concentration whereas K> takes into account the adsorption capacity of the reaction
(Sahoo & Prelot, 2020). The obtained values of slope, intercept, the calculated parameters,

and the correlation coefficient (R?) of the two kinetics models are presented in Table 2.

For the adsorption of Pb*2 ions, the kinetics data show a good fitting with the pseudo-first
order as shown in Figure 7 a, with (R? = 0.988) and calculated (K1=0.154 min*, ge=48.09
mg/g). The data also reveal a better fitting for the second order model, as shown in Figure
7 b, with (R? = 0.999) and calculated (K2=0.0096 min™, ge=143 mg/g). Similarly, both
kinetic models manifest good fitting to the data of the adsorption of Cu*? ions (Figure 7(c-
d)) as the pseudo-first order model is linearly fitted, with (R? = 0.986) and the calculated
parameters (K:=0.3 min*, ge=109.9 mg/g). However, the kinetics parameters of the
adsorption of Cd*2ions reveal relatively lower fitting values as illustrated in Figure 7 (e-f)
with R% =0.962 and R?= 0.983 for the first and the second models, respectively. The first
order model parameters are calculated as (K1=0.03 min, ge = 64.1 mg/g), while the second

order parameters are (Kz = 0.0008 min, g. = 79 mg/qg).

In summary, both models show good linear fittings with the experimental Kinetic data for
the three heavy metals ions. The first order constant (K1) is found to be highest for Cu (0.3

min?) in comparison with Pb*? (0.154 min*) and Cd*? (0.03 min™?), as it depends on the
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concentration and time only. However, when the adsorption capacity is taken into account
in the second kinetic model, the Pb*? shows the highest constant (Kz) among the three
models (K2 = 0.0096 min™). The compatibility for both models to the adsorption of the
three metal ions indicates that the reaction between the Mg doped zinc ferrite adsorbent
and the heavy metal ions is mainly controlled by ions’ exchange and surface precipitation

as stated in previous studies (Tho et al., 2021).
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Figure 7. Pseudo first and second order adsorption kinetics for (a,b) Pb*? ions (c,d)

Cu*?ions and (e,f) Cd*? ions.
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3.5.5. Adsorption isotherms

The experimental data when varying the initial concentration of heavy metal ions are
employed to determine the compatibility of the individual adsorption of Pb*?, Cu*? and
Cd*2 ions on the ZFN-Mg-3 adsorbent to Langmuir and Freundlich isotherm models. The
Langmuir model assumes that the adsorption process occurs on the homogeneous surface
of the adsorbent creating a monolayer surface of the adsorbate while the Freundlich model
refers to describe heterogeneous systems (multilayer) (J. Wang & Guo, 2020). The
nonlinear and linear forms of the two models are shown in Table 1. The linear form of the
two models has been applied for fitting the experimental data in this study. For Langmuir
model, based on the equation given in Table 1, Log Ce (Equilibrium concentration) has
been plotted vs. Log ge (equilibrium capacity). Then the plot is fitted to the linear form of
the equations and the Langmuir constant K. and the maximum adsorption capacity gm are
computed from the obtained slope and intercept, respectively. To further investigate the
adsorption process of the three heavy metals, the adsorption concentration data have been
also fitted with the linear form of the Freundlich equation given in Table 1. In Figure 8, the
plots of the linear forms of both Langmuir and Freundlich models are shown along with
the fitting lines, for the adsorption of Pb *2, Cu*? and Cd*? ions by the Mg-doped zinc ferrite
adsorbent. The calculated parameters of Langmuir and Freundlich models are given in
Table 3.

Considering Pb*2 ions, the adsorption data manifests a good fit with the linear equation
giving a correlation coefficient of R?= 0.899. The calculated Langmuir constant is
K1=0.748 L/mg while the maximum adsorption capacity is qm=243.9 mg/g. The Freundlich
model shows a better agreement with the Pb*? adsorption data as the correlation coefficient
reaches higher value of R?=0.954. The calculated Freundlich constant and the n parameter
are 101.3025 L/mg and 2.53, respectively.

In the case of Cu*? ions, the Langmuir and Freundlich fitting is reported in Figure 8 (c and
d). It can be observed that both isotherm models fit well the experimental data with a close
correlation coefficient of R?=0.913 and R?=0.916, respectively. The corresponding
calculated parameters are: K = 0.241 L/mg and qm=149.9 mg/g; Kr=37.26 and N=2.24.
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For Cd*? ions, the experimental data indicate the occurrence of both Langmuir and

Freundlich models, as shown in Figure 8 (e and f) with a similar correlation coefficient R

= 0.977 representing the highest among the three metals ions. The calculated models’
parameters are found to be K. = 0.0396 L/g and gm = 150.1502 mg/g; Kr=7.4798 and

N=1.437. In comparison to Pb*? and Cu*? adsorption, the Freundlich manifests the lowest

values.
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806 Figure 8. Freundlich and Langmuir adsorption isotherms for (a,b) Pb*2 ions; (c,d)
807 Cu*?ions; and (e,f) Cd*? ions.
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Table 1: Linear and non-linear equations for adsorption kinetics and isotherm models applied in this work (Punia et al., 2022).

Model

Equation

Linear

Non-linear

Parameters

Pseudo first

order kinetic

In(q. — q:) = Inq, — K;t

qr = q.(1 — e*1t)

Ky (min?) is the adsorption rate constant of the first-order
Kinetic studies, ge (mg/g) is the adsorption capacity at

equilibrium, g: (mg/ g) is the amount adsorbed in time t

K2 (g/mg min) is the rate constant from second order Kinetic

Pseudo second t 1 t q2K,t wudi (Malg) and ge (mg/g) are the adsorpti i
o —= +— = ——>— | studies, q: (mg/g) and ge (Mg/g) are the adsorption capacities
order kinetic q@c K92 q. e = T4 gkt _ _ o _
at time t (min) and equilibrium, respectively.
ge (mg/q) is the adsorption capacity at equilibrium; Ce (mg/L)
_ C, 1 C, qmK.C, Is the concentration of metal ions in contaminated solution at
Langmuir — = — e =7 o _ . : :
de  ImKr  qm 1+ K.Ce | equilibrium; gmax (Mg/g) is the maximum adsorption
capacity; K. (L/mg) is Langmuir constant
Qe is the adsorption efficiency at equilibrium; Ce is the
) 1 1 equilibrium/final concentration of metal ions in aqueous
Freundlich Ing, ==InC, + InKg Qe = KFCe/"
n

solution; Kg [(mg/g) (mg/L)*/n] is the Freundlich constant,

and n is a dimensionless parameter
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Table 2. Kinetics parameters of the adsorption of Pb*?, Cu*? and Cd*? using Mg-doped zinc ferrite nanoparticles.

P-1st order P-2nd order
slope intercept Qe K1 R? slope intercept Qe K2 R?
Pb*2 -0.154 3.873 48.08643 0.154 0.988 0.00691 0.00509 143 0.009607 0.999
Cu* -0.3 4.7 109.9472 0.3 0.986 0.00759 0.0186 95 0.005957 0.999
Cd* -0.03043 4.16105 64.13883 0.03043 0.962 0.01173 0.1912 79 0.000838 0.983
Table 3. Isotherms parameters of the adsorption of Pb*2, Cu*? and Cd*? using Mg-doped zinc ferrite nanoparticles.
Langmuir Freundlich
slope intercept dm KL R? slope intercept Kr N R?
Pb*2 0.0041 0.00548 | 243.9024 | 0.748175 | 0.899 | 0.3949 2.00562 | 101.3025 | 2.532287 | 0.954
Cu* 0.00667 0.0276 149.925 0.241667 | 0.913 | 0.44555 1.5713 37.2649 2.244417 | 0.916
Cd* 0.00666 0.16792 150.1502 | 0.039662 | 0.977 | 0.6956 0.87389 7.4798 1.437608 | 0.978
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3.5.6. Effect of pH on the adsorption of lead, cadmium, and copper ions

The effect of pH on the adsorption of Pb *2, Cu*?, and Cd*? has been investigated within
the pH range from 1 to 8 by using ZFN-Mg-3 adsorbent under optimized experimental
conditions (initial concentration 40 mg/L, nanoparticles initial concentration 10 mg per 25
mL solution, contact time is 60 min). The recorded adsorption capacities are shown in
Figure 9 (a, b, ¢). The adsorption of the three heavy metals by Mg-doped zinc ferrite sample
reveals a distinct trend when varying the pH values as illustrated in Figure 9. For the
adsorption of Pb*? ions (Figure 9 a), the adsorption capacity records a dramatic rise at pH
3 as it increases from 3.7 mg/g up to 66.7 mg/g. At pH 5, the adsorption capacity drops
markedly to 9.6 mg/g while it raises slightly to 19.9 and 16.9 mg/g at pH 7 and 8,

respectively.

Different behaviour is observed for the adsorption of Cu*? when varying the pH value as
illustrated in Figure 9 b. A gradual increase of the adsorption capacity is noted when the
pH changes from 1 to 5, i.e., 1.75 mg/g at pH 1, 37.5 mg/g at pH 3, reaching its maximum
52 mg/g at pH 5. Further rise in the pH value (7 and 8) results in a gradual decline of the
adsorption capacity to 39.7 and 19.7 mg/g respectively.

In the other hand, as depicted in Figure 9 c, the adsorption capacity of Cd*? ions reach its
lowest value of 5 mg/g at pH 1 and then increases gradually to 14.75 at pH 3, 39.7 mg/g at
pH 5, to finally reaching its maximum 65.2 mg/g at pH 7. Surprisingly, further increase of
pH to 8, is followed by a sharp decline in the adsorption capacity by halve, i.e., 32 mg/g.

The different interactions’ tendencies of the three metals toward adsorption in different pH
media has been reported lately. This was associated with the existence of different states
of metal in different aqueous environments (Krdl et al., 2020; Miranda et al., 2022; Tho et
al., 2021). Pb*?, Cu*? and Cd*? ions acquire different chemical states when the pH is varied
(Abuhatab et al., 2020). In general, at high acidic environment (low pH), the existing of
hydrogen atom may block the adsorption active sites while at alkaline environment (high
pH), the metal ions can interact with OH- groups forming hydroxyls such as Pb(OH).. This
would lower the concentration of heavy metals in their single ionic state leading to a lower

adsorption capacity (Celebi et al., 2020). Another important aspect to be considered reflects
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the charge of the ZFN-Mg adsorbent that varies with pH. As shown previously (Figure 5
b), the obtained zero-point charge of ZFN-Mg-3 adsorbent occurs at pH 5. In general, if
the zero-point charge occurs at less than pH 7, then the surface is negatively charged
(Tengvall, 2011). This would possess more adsorption affinity of positively charged heavy

metal ions in the acidic medium.
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Figure 9. pH effect on the adsorption capacities of (a) Pb*?, (b) Cu*?, and (c) Cd*?

using ZFN-Mg-3 adsorbent.
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3.5.7. Simultaneous adsorption of Lead, Cadmium and Copper ions in
aqueous solution and seawater.
In real life, toxic metals exist together in different conditions of aqueous environments,
along with other substances. To investigate the efficiency of the prepared Mg-doped zinc
ferrites in situations closer to the real-life conditions, the adsorption experiments were
performed with the three previous tested metals (Pb*2, Cu*?, Cd*?) together in distilled

water as well as different samples of seawater.

The competitive adsorption capacities and efficiencies of the three metal ions are recorded
in distilled water and other seawater samples collected from different points in Bahrain
seashores, see Figure 10. In distilled water, the adsorption capacity of each metal is found
to be reduced in comparison with their respective individual adsorption capacity. Herein,
it is important to highlight that the active sites present on the adsorbent surface are limited
to certain concentrations of metal ions. As shown in Figure 10, a significant affinity of the
adsorbent toward Pb*? ions is confirmed in distilled water, where the calculated adsorption
capacity is 85 mg/g in comparison with only 20 mg/g and 25 mg/g for Cu*? and Cd*? ions,
respectively. This is equivalent to 85 %, 19.5 % and 16.6 %, with respect to the above
metal ions order. The difference in adsorption affinity toward different metals was
previously reported (Shan et al., 2020). This is may be due to the presence of several types
of sorption centers with different affinities to toxic metal ions (A. lvanets, Prozorovich,
Kouznetsova, et al., 2021b). Moreover, the three heavy metal ions exist in different forms
in certain chemical environments (i.e., certain pH values) as discussed previously and
hence the initial concentration of the metal ions will be affected, which accordingly affect
its adsorption capacity. Therefore, the adsorption efficiency is calculated too to provide

more information about the adsorption process.

Furthermore, the competitive adsorption experiments of the three metals have been also
conducted in real seawater samples. All samples have almost similar pH = 8 and
conductivity. The results shown in Figure 10 reveal a substantial reduction in the
adsorption capacities and efficiencies for the three metals in sweater samples. For the first
sweater sample (SW1, collected near Al-Dar Islands in the Northeast of Bahrain), the

calculated adsorption capacities and adsorption efficiencies are 12.5 mg/g (7.5 %), 2.5
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mg/g (1.9 %) and 7.5 mg/g (5 %) for Pb*2, Cu *2 and Cd*?, respectively. The second
seawater (SW2) sample (collected near Al-Hidd industry area at the far Northeast of
Bahrain), the adsorption capacity also shows its highest affinity toward Pb*? ions, i.e., 12.5
mg/g (7.1%). In the other hand, the adsorption capacities of Cu*2 and Cd*? ions are found
slightly smaller than Pb*?, i.e., 10 mg/g (6.5 %) and 7.5 mg/g (4.9 %), respectively.
Interestingly, for the third sample (SW3, collected from Al-Dur seashore that is located in
the Southeast of Bahrain), the adsorption capacities manifest a considerable increase, the
calculated adsorption capacities are almost similar for the three heavy metals, i.e., 27.7
mg/g (15.4 %) for Pb*2, 22.5 mg/g for Cu*? and 22.5 mg/g for Cd*?.

Essentially, the adsorption performance of Mg-doped zinc ferrite nanoparticles toward the
three metal ions have shown a considerable decline in seawater samples. This can be
explained by the chemical complexity of seawater compared to distilled water, as various
metals and salts coexist creating a strong ionic strength within the solution as well
competing with other ions and blocking the adsorption active sites on the adsorbent surface.
This was already confirmed by previous reports that investigated the effect of salts and
ionic strength on the adsorption process (A. Ivanets, Prozorovich, Kouznetsova, et al.,
2021a)(Tang et al., 2019). Such results provide insights about the importance of
considering the surrounding environment during the investigation of new adsorbents as it
has major effects on the adsorption efficiency. Harsh environmental conditions, such as the
high salinity that exists within the Arabian gulf water, creates a great challenge for heavy

metal removal process.
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Figure 10. (a) Simultaneous adsorptlon capacity and (b) adsorption efficiency of
Pb*?, Cu*? and Cd*? ions in distilled water and seawater samples.

3.5.8. Comparison with the literature

In comparison to other adsorbents reported in the literature for heavy metal removal, the
prepared Mg doped zinc ferrites demonstrate significant performance in term of adsorption
capacity, efficiency, and reaction time. The above parameters have been used as indicators
in assessing the adsorption performance of the newly designed adsorbents. The obtained
results clearly indicate that the adsorption capacity depends on the mass of the adsorbent
(dose) and the sample size with respect to the concentration of the pollutants. The adsorbent
with higher mass would lead to relatively higher adsorption capacity, based on equation 1,
the common equation applied to calculate the adsorption capacity. Nonetheless, it cannot
be considered as the only indication of a good adsorption performance. Furthermore, the
removal percentage calculation does not include the experimental parameters and does not
account for the adsorbent properties. It is essential to combine different aspects when
evaluating the adsorption efficiency to obtain an integrated overview about certain
adsorbent. In this work, we have provided the adsorption capacity, the adsorption
efficiency (percentage of removed pollutant), and the reaction time to elucidate a more
comprehensive evaluation for the adsorption performance. It is very important to consider
the wide variation of the experimental parameters which are one of the main influencing

criteria of the adsorption performance.
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When comparing our Mg-doped zinc ferrite adsorbent with other adsorbents applied
recently in the literature for the removal of heavy metals from aqueous solutions, we have
considered all the previous aspects. As per our search in the literature, we have noticed that
the removal percentage and adsorption capacity were not mentioned cooperatively together
in some published work. Hence, we have compared our work with the available
information provided in the latest research articles. Table 4 includes a summary of previous
works with the important parameters that reflect the adsorption performance. The selected
articles were based on the type of adsorbent as we have selected similar ferrite
nanoparticles with zinc and magnesium contents, that have been applied for heavy metal
removal. Previous report has shown that MgO-Fe>Os nanoparticles can be applied
successfully in the removal of Cd*? ions (Bououdina et al., 2019) with an adsorption
capacity of 75.25 mg/g and a reaction time of 12 h. The same samples were also applied

for Ni*? ions removal with a capacity of 96.45 mg/g in 12 h.

Nowadays, researchers are aiming to create more powerful ferrite adsorbent by
investigating multiple and competitive adsorption that occur in shorter time with high
efficiency. Recent studies showed that synthesized nickel Ferrite nanoparticles have
achieved relatively good efficiency reaching 89%, 79% and 87% for individual adsorption
of Cr*3, Pb*? and Cd*? within a moderate reaction time of 120 min (Khoso et al., 2021).
However, when looking at the adsorption capacities, the values were found similar for the
three metals with a very low average of 20 mg/g. The surface area and the porosity of the
adsorbent were not investigated. The TEM showed random particle size distribution
(Khoso et al., 2021). Moreover, zinc ferrite nanoparticles were incorporated with carbon
nanotubes to give an excellent performance in the removal of Hg*?, Pb*?, Cd*?, and Sn*2
with an efficiency of above 95 % in a very short time of 20 min for all metal ions (Adam
et al., 2021), nevertheless, the adsorption capacities were not given in this work. The BET
surface area was not investigated in both above-mentioned works, which makes it difficult

to correlate the performance to the physicochemical properties of the applied adsorbents.

Furthermore, other studies that applied metal doping to zinc ferrite have used a larger
weight percentage amount (more than 20%), in comparison with our work that applied
small weight percentage (less than 10%). Some work investigated the zinc atom
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occupancies within A and the B sites of the ferrite structure and its effect on the adsorption
capacity of Arsenic As™ (Tatarchuk, Shyichuk, et al., 2021). Different samples of doped
and pure cobalt and zinc ferrite were investigated for Pb*2 ions removal. The pure zinc
ferrite showed the highest adsorption capacity of 270.3 mg/g but in much longer reaction
time of 24 h, while other doped samples performance was almost within the same contact
time. In general, 24 h can be is considered as a long reaction time in comparison with other
works mentioned in Table 4. This study also revealed that the heterogenous structure and
doping would not necessarily enhance the adsorption performance. The grain size of all
samples were almost similar, while the porosity and surface area were not investigated
(Tatarchuk, Shyichuk, et al., 2021). Therefore, more in-depth and breadth studies are
needed to have more comprehensive explanation about the correlations between structural,
microstructural, and subsequently the physicochemical properties and their influence on
the adsorption performance and involved mechanisms. The same research group showed a
considerable investigation of the effect of doping ferrite nanoparticles including zinc and

magnesium ferrites (Tatarchuk et al., 2020; Tatarchuk, Myslin, et al., 2021).

As per to our search in the literature, the previous group provided good investigation among
few articles that considered metal doping ferrites for multiple heavy metals adsorption
applications, which are addressed in Table 4. The main difference between our work and
the previous work is that the metal doping has been applied within a smaller weight
percentage alongside broad characterizations which helped the to correlate particle size,
porosity, and surface with the adsorption performance. Comparing the performance of our
synthesised Mg doped zinc ferrite nanoparticles with adsorbents having similar crystal
structure, our samples have shown great performance in term of adsorption capacity
(maximum 143.3 mg/g for Pb*?), removal efficiency (99.9 % for Pb*?) and reaction time
(equilibrium reached within only 30 min). Such performance can be related to the high

surface area, small pores (high porosity), surface properties (charge and adsorption sites).
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Table 4. Comparison of simultaneous adsorption capacities in the literature and the current work.

NPs applied Heavy metals Adsorption Capacity and Experimental Parameters Ref
percentage %
MgxZnx-1Fe;04 Individual and | Max results obtained at: pH 3-7, dose: 60 mg and contact time: 120 This work
x=0.025, 0.05, 0.075 | simultaneous Pb*2 — 143.3 mg/g (99.9 %) min)
and 0.1) adsorption of Cu*? - 117 mg/g (86%)
Pb*?, Cu*?and | Cd*2—77 mg/g (50%)
Cd*
NiFe204 individual 89%, 79% and 87% pH 3-7, dose: 10, 20, 30,40 and 50 mgand | (Khoso et
adsorption of contact time: 30, 60, 90, and 120 min al., 2021)
Cr*2, Pb*? and
Cd*
MgO-Fe;03 Cd*? 75.25 mglg 10 + 0.1mg of adsorbent to 25 ml pH=7.0 (Bououdina
dose of Ni*?, Cd*? and Cr*t of 125, 83 and etal., 2019)
105 mg/L, contact time 12 h
ZnFe,O4-carbon Pb*2and Cd*? 97-99% of the heavy metal 10-50 mg; metal ion concentration, 20 (Adam et al.,
nanotube (CNT) content within 20 min mg/100 mL; pH, 2-8; time, 5-20 min 2021)
adsorbent
CoxZnixFe,0s m Pb *2 Maximum at x= 1.0, 270.3 initial concentration of Pb?* = 17 mg/L; (Tatarchuk,
(x=0.4,0.6,0.8 and mg/g volume of Pb#**solution = 50 mL; mass of the | Shyichuk, et
1.0) adsorbent = 2 mg; agitation time = 24 h; al., 2021)
pH=T7).
Mg1-xZnxFe204 Cr**and Ni*? 30.49 mg/g temperature 25 °C and neutral pH. The (Tatarchuk,
(x=0.4,0.6, 0.8 and ferrite samples with an exact mass 0f100mg | Myslin, et
1.0) were added to exact volumes (25 mL) 5 to al., 2021)
50 mg/L. The obtained for 24 h at room
temperature. T
Mg - xZnyxFe204 Sr+2 Maximum at x=0.6 adsorption | by shaking 100 mg adsorbent 6 h at 22 °C. (Tatarchuk
(where x =0.4, 0.6, capacity of 74 mg/g et al., 2020)

and 0.8)

Page 39 of 52




MgFe>04

Co?, Mn*2,
Ni?* and Cu?

Co?* (2.30 mmol g?t)
Mn?* (1.56 mmol g)
Ni?* (0.89 mmol g

Cu® (0.46 mmol g1)

0.04 g of sorbent ,10.0 mL solution (V/m =
250 mg L; pH = 5.0 with, contact time: 90
min)

(A. 1. Iveo®ts
etal., 2018)
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3.5.9. Recyclability of Mg-doped zinc ferrite adsorbent

The recyclability of Mg-doped nanoparticles for the adsorption of Pb*? ions has been examined
through several cycles. The filtered nano adsorbents are subjected to washing with distilled
water and drying in oven after each adsorption cycle. A repetitive procedure is applied for five
cycles and the adsorption capacity is calculated. The resultant adsorption capacities are shown
in Figure 11 a. Initially, the adsorption capacity reaches 149.6 mg/g with a removal percentage
of Pb*? ions of 99.9%. In the second cycle, the capacity starts to decline up to 141.5 mg/g. For
the rest of the cycles, a slight decrease is noticed as the adsorption capacity reaches 132.1 mg/g,
110.8 mg/g and 99.8 mg/g. In summary, the adsorption capacity of Mg-doped zinc ferrite
toward Pb*? ions decrease gradually following the repetitive treatment and reuse reaching a
33.1% reduction in the fifth cycle. The creation of new -OH adsorption sites in the Mg-doped
zinc ferrite structure may be affected by several factors such as the nature and concentration
of the solution (A. I. Ivanets et al., 2019).

Moreover, the nanoadsorbent has shown high stability in terms of particle morphology, crystal
structure, and atomic structure. TEM images of the filtered and dried adsorbent powder after
the adsorption process (Figure 11 b) indicates that the particle morphology and size besides the
crystal fringes appear unmodified in comparison to the pristine Mg-doped zinc ferrite before
adsorption. The XRD patterns of Mg-doped zinc ferrite adsorbent before and after the
adsorption of Pb*? jons process confirms the structure stability, as shown in Figure 11 c. Only
the peaks corresponding to the pure spinel phase with a cubic crystalline structure remain
apparent. Besides, new peaks with varying intensity emerge upon the adsorption with Pb*2 ions,
located at 20 = 24.7°, 27.2°, 34.1°, 40.3°, 44.2°, and 49.0°. Meanwhile, it is noticed that the
peaks related to the pure zinc ferrite phase remain unaffected in terms of position and intensity.
This indicates the inclusion of Pb*? ions within the nanostructure and confirms the attachment
between the adsorbent and the adsorbate. Furthermore, the FTIR spectrum of the zinc ferrite
adsorbent was also recorded before and after Pb*? adsorption, as shown in Figure 11 d. In
addition to the main bands of the spinel ferrite cubic structure, a small peak emerges at 676.9
cm™ alongside a sharp peak 1040 cm™. This indicates the formation of a new bond between
Pb*2 ions and the functional groups present at the surface of Mg-doped ferrite nano adsorbent.

Page 41 of 52



=
o
Rg
-—
]
o
H

=
o
aRac
—
o
©
H

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082
1083
1084

1085

1086

ZFN-Mg-3

HH

H

H

% ZFN-Mg-3
*Pb

After Pb Adsorption

Intensity (a.u.)
3o

Before Pb Adsorption
& o’

* & - -

10 20 30 40 50 60 70 80 90
20

Transmittance (a.u.)

(b)

2022-05-05
kx 120 kV  18:31:03 Crop¥1(Average(Ceta))

(d)

After Pb Adsorption 1.\/—7
Pb

N
Before Pb Adsorption

|

3000 2400 1800 1200 600
Wave number (cm™)

Figure 11. (a) adsorption capacity of Pb*? ions using ZFN-Mg-3 sample over five cycles,
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FTIR spectra for ZFN-Mg sample before and after adsorption of Pb*? ions.
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4. Conclusion

This research work provides insights on the influence of zinc ferrite nanoparticles’ crystal
lattice enhancement, through Mg doping, on heavy metals removal. The synthesized powdered
samples were subjected to morphological, structural, and physicochemical characterization by
TEM, XRD, FTIR, Raman spectroscopy, XPS, and BET. Small amount of Mg doping
confirmed an enhancement in the surface area and the porosity, which subsequently affected
the adsorption capacity of Pb*2, Cu*? and Cd*? heavy metal ions. The synthesized ferrite
nanoparticles exhibited a conventional adsorption behavior toward the three metal ions, as it
was affected by the operating paraments such as contact time, concentration of metal ions, and
pH of the solution. The adsorption data showed good agreement with pseudo-first order and
pseudo-second order kinetic models. Similarly, both Langmuir and Freundlich isotherms
successfully fitted the adsorption data. Moreover, Mg-doped zinc ferrite nanoparticles
manifested considerable simultaneous adsorption behavior for (Pb*2, Cu*?, Cd*?) with high
selectivity toward Pb*2 jons. The simultaneous adsorption process was further investigated in
seawater samples and indicated a major influence of the surrounding environment and the
nature of the medium on the adsorption process. Finally, Mg- doped zinc ferrite nanoparticles
showed relatively small decline in the adsorption capacity following five repetitive cycles. A
high stability in terms of crystalline structure and particles morphology/size were confirmed
by XRD, FTIR, and TEM. Such complementary analyses revealed the great potential of
enhanced and highly crystalline ferrite structure in the adsorption of multiple heavy metals ions
within harsh environmental conditions. Further investigations in applying another variety of
heavy metals ions, different doping conditions to the ferrite structure, and different aqueous

samples, are essential to strengthen research in this field.
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