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A B S T R A C T

Intensive research efforts have been devoted to remove trace amounts of toxic pollutants such as Ni(II) and Co(II) 
from water with the intention to provide clean fresh water to households. Iron-based adsorbents have attracted 
attention in the field of water purification because of their low cost, non-toxicity, and high availability in nature. 
However, due to their small volume, the recovery of the superparamagnetic iron-based adsorbents after the 
removal process in acceptably short times remains an unresolved research question. In this paper, we describe 
the fabrication of environmentally-friendly and superparamagnetic iron-oxide supraparticles optimized for the 
adsorption and removal of heavy metal ions and dyes from water with high recovery (within 20 s). The super- 
adsorbent iron-oxide supraparticles exhibited excellent removal efficiencies for Pb(II), Cr(III), Cd(II), Cu(II), Ni 
(II), Co(II), Li(I), and methylene blue (MB) with maximum adsorption capacities of 500, 446, 417, 366, 315, 294, 
286, and 670 mg/g, respectively. Interestingly, the iron-oxide supraparticles with multicore structure revealed a 
higher saturation magnetization (72 Am2/kg) when compared to the as-synthesized iron-oxide nanoparticles (61 
Am2/kg) that were used as starting material, facilitating fast recovery. The outstanding adsorption performance 
combined with the superparamagnetic properties and the high recovery demonstrates that low-cost iron-oxide 
supraparticles adsorbents can potentially be employed in water treatment and bioseparation.

1. Introduction

Water pollution caused by a wide variety of organic and inorganic 
compounds including toxic heavy metal ions has become a major 
concern that threatens healthy natural ecosystems due to industrial 
development and urbanization [1]. The failed attempt to treat waste 
containing persistent organic pollutants and heavy metal ions claims the 
lives of ~14,000 people on a daily basis [2]. In this regard, many heavy 
metals pose a widespread threat to aquatic organisms because of their 

high persistence, severe toxicity, bioaccumulation, and low degrad
ability [3]. Heavy metals such as cadmium, lead, copper, and nickel can 
bind to proteins and nucleic acids within the human body, disrupting 
their cellular functions. This disruption may cause gradually progressing 
physical, muscular, and neurological degenerative processes that can 
imitate a number of severe illnesses, with repeated heavy metal expo
sure potentially causing cancer [4]. Hence, increasing effort is being 
devoted to explore treatment processes for the removal of heavy metals 
from various water bodies, including photocatalysis [5], membrane 
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separation [6], chemical precipitation [7], ion exchange [8], electrolysis 
deposition [9], and adsorption [10]. Among these methods, adsorption 
is considered one of the most promising for removing heavy metals from 
water bodies due to its exceptional benefits, such as simple operation, 
low cost, high efficiency, reusability, and the wide availability of ad
sorbents [11].

Recently, iron-oxide nanoparticles (IONPs) have received attention 
in the field of water purification due to their low cost, easy surface 
modification, good biocompatibility, and chemical availability in com
bination with superparamagnetic properties [5]. The latter are of great 
importance for the recovery process while preventing premature parti
cle agglomeration [12]. Nonetheless, due to their small volume, the 
recovery of the superparamagnetic IONPs after the adsorption process in 
a magnetic field in acceptably short time periods remains challenging, as 
the magnetic forces applied to each individual particle are small. Simply 
using larger iron-oxide particles is prohibitive as i) IONPs larger than ca. 
50 nm are magnetically blocked in terms of superparamagnetic relaxa
tion, thereby exhibiting strong magnetic interparticle interaction, and ii) 
because of the significantly reduced surface-to-volume ratio and thus 
lower specific surface area for adsorption.

Consequently, numerous studies aim at improving the magnetic 
separation as well as the adsorption capacity, e.g., by immobilization of 
IONPs on carbonaceous materials [13] or incorporating IONPs into 
polymers [14,15]. In these cases, the recovery of iron-oxide particles 
was enhanced by assembling multiple nanoparticles into larger multi- 
core particles. For instance, some reports have focused on synthesizing 
layered double hydroxide ion exchangers on superparamagnetic 
SiO2@Fe3O4 microparticles for the removal of phosphate from waste
water [16]. These composite particles demonstrated high and selective 
uptake of phosphate after 24 h. Furthermore, a previous report showed 
that a hierarchical structure of carbon-coated iron microspheres as 
electrocatalytic denitrification exhibited excellent nitrate removal ca
pacity after 24 h [17]. However, the utilization of complex carbonaceous 
structures and polymer host matrices poses challenges, particularly in 
terms of large-scale production and the methods used to load iron-oxide 
nanoparticles onto them, which may hinder their immediate applica
bility in industrial settings. Moreover, employing large carbonaceous 
structures may reduce the active iron-oxide content, necessitating a 
larger mass of adsorbent material to remove a certain concentration of 
pollutants.

Some authors documented the application of spray-dried hierarchi
cal aggregates of iron-oxide nanoparticles in biotechnology for purifying 
recombinant proteins. They enhanced these aggregates by incorporating 
silica nanoparticles, resulting in a reduction of the initial magnetization 
from 45 to 15 A m2/kg at 2 T [18]. Furthermore, other researchers have 
observed that coating the surface of iron-oxide nanoparticles with 
various surfactants and polymers decreases the overall magnetic phase, 
a critical parameter in numerous applications [19]. However, the use of 
spray-dried iron-oxide agglomerates (containing polyacrylic acid as 
additive) consisting of only IONPs without using additional host struc
tures and matrices for the removal of heavy metal ions from water is not 
yet reported. As these agglomerates represent well-defined entities on 
the micrometer scale that are produced from defined colloidal nano
particles as starting material [20], we and other researchers [21] call 
them supraparticles. To the best of our knowledge, this is the first study 
reporting the potential of magnetically enhanced iron-oxide supra
particles (IOSPs) for fast removal of highly concentrated heavy metals 
from water bodies within 60 min, demonstrating the high potential of 
poly (acrylic acid) functionalized supraparticles.

In this study, we present the scalable and reproducible synthesis of 
superparamagnetic IOSPs optimized for the adsorption and removal of 
heavy metal ions and dyes from water. The IONPs were synthesized 
using a spray-flame method [22], followed by spray drying of aqueous 
suspensions, which led to the formation of mechanically stable IOSPs. 
The primary objectives of this research are to develop IOSPs that are 
stable and porous while retaining or enhancing their superparamagnetic 

properties at the nanoscale, and to investigate their physicochemical 
and magnetic properties. We aim to assess the adsorption capacities of 
IOSPs for removing heavy metals such as Pb(II), Cr(III), Cd(II), Cu(II), Ni 
(II), and Co(II), which are commonly found in various water bodies. 
Additionally, we extend our investigation to the removal of lithium (Li), 
due to its increasing environmental presence and potential impact. 
Furthermore, we explore the adsorption capacity of IOSPs for a cationic 
dye, such as methylene blue (MB), addressing concerns about water 
pollution from diverse sources. Another key target is to evaluate the 
reusability of IOSPs in terms of their ability to uptake heavy metals over 
multiple cycles. Finally, we investigate the structural changes in IOSPs 
after the adsorption process and propose a mechanism for adsorption. 
These objectives aim to demonstrate the potential of IOSPs in water 
purification, providing a comprehensive understanding of their capa
bilities and limitations.

2. Material and methods

2.1. Materials

Poly(acrylic acid) (PAA, (C3H4O2)n, 240 kDa, 25 % (w/w) in water) 
and iron(III)-nitrate nonahydrate (Fe(NO3)3, ≥98 %) were received from 
VWR chemical. Solvents employed for nanoparticle synthesis acetic acid 
anhydride (C4H6O3, ≥99 %), absolute ethanol (C2H6O), (2-ethyl
hexanoic acid (C8H16O2, 99 %), and lead(II) nitrate (Pb(NO3)2, ≥99 %), 
cadmium(II) nitrate (Cd(NO3)2, ≥99 %), copper(II) nitrate (Cu(NO3)2, 
≥99.9 %), cobalt(II) nitrate (Co(NO3)2, ≥98 %), nickel(II) nitrate (Ni 
(NO3)2, ≥99.99 %), chromium(III) nitrate (Cr(NO3)2, ≥99 %), and 
lithium(I) nitrate (LiNO3, ≥99.99 %), and methylene blue 
(C16H18ClN3S) for the adsorption tests were purchased from Sigma 
Aldrich. The source water contains natural organic matter (NOM), a 
diverse mixture of carbon-based compounds resulting from the decom
position of plant and animal matter. The Upper Mississippi River NOM 
(UMNOM, 1R110N) was obtained as dry solid extract from the Inter
national Humic Substances Society (IHSS, Saint Paul, MN, USA). 
UMNOM stock solutions were prepared by mixing 0.025 g of NOM in 50 
ml of distilled water containing 0.1 M NaOH. The solution was shaken 
overnight, filtered through a polypropylene syringe filter with a pore 
size of 0.22 μm and adjusted to a pH value of 7 using H3PO4 (working 
solution). Double distilled water was used for the preparation of the 
stock solutions and the reaction solutions.

2.2. Preparation of mechanically stable IOSPs by non-reactive spray 
drying

IOSPs are susceptible to disassemble into individual nanoparticles 
after spray drying. PAA exhibits several advantages in this context, such 
as mechanical stability and electrostatic stabilization [21]. Therefore, 
two different batches (with and without PAA) have been prepared and 
investigated.

IONPs (1 g) were prepared according to the method detailed in our 
previous work [22] and summarized in the supplementary material, 
section 1.1. For generating a first batch of IOSPs (with PAA), IONPs were 
dispersed in 300 ml of water and sonicated for 15 min. The pH of the 
suspension was adjusted to 9 by adding 0.1 mol/l NaOH. Subsequently, 
pre-made dispersions of PAA (10 wt% in water) were added to the IONPs 
dispersion under sonication and the obtained mixtures were further 
stirred for another 30 min. Then, the dispersion was injected into a 
laboratory scale spray dryer (BÜCHI Labortechnik GmbH) with a feed 
rate of 5 ml/min using nitrogen as dispersion gas. A drying gas flow of 35 
m3/h nitrogen was used to prevent the oxidation of iron-oxide during 
the spray drying process. The drying temperature was set to 150 ◦C. The 
supraparticles were collected with a mass yield of 75 % (25 % were 
either too small/not agglomerated or too large) from the filter.

For the generation of a second batch, in order to investigate the ef
fects of PAA on the particle properties, iron-oxide agglomerates (IOAgs) 
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were prepared by the same spray drying settings, however, without 
introduction of PAA in the feed dispersion. These IOAgs served as a 
reference for IOSPs throughout the whole study.

2.3. Characterization methods

2.3.1. Structural characterization
X-ray diffraction (XRD, Cu Kα radiation, 2θ range: 10–80◦) was used 

to verify the iron-oxide structure and to probe structural changes in 
IOSPs. The material composition was analyzed pre and post adsorption 
via X-ray photoelectron spectroscopy (XPS). Additional characteriza
tions including transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), N2 physisorption (Brunauer–Emmett–
Teller), thermogravimetric analysis (TGA), zeta (ζ) sizer analysis, sedi
mentation profiles, Fourier transform infrared spectra (ATR-FTIR), 
magnetometry and Mössbauer spectroscopy analysis (Mössbauer spec
troscopy), and mercury intrusion porosimetry (MIP) were conducted. 
Details on sample preparation and measurement settings are summa
rized in the supplementary material, section 1.2.

2.3.2. Adsorption studies and analyses
The adsorption capacities were evaluated using a beaker flask (50 

ml) filled with 10 mg of adsorbent sample added to a 20 ml metal ion 
solution (50 mg/l) and shaken at a speed of 200 rpm at room temper
ature. To adjust the pH to the required value, 0.1 mol/l HCl or 0.1 mol/l 
NaOH solution was used. To analyze the residual metal ion concentra
tion, 1 ml of the suspension sample was taken out at different contact 
times and the adsorbent material was removed by an external magnet. 
The supernatant was evaluated for residual metal ion concentration 
using an atomic absorption flame emission spectrophotometer (AA- 
6200, Shimadzu). The same procedure was repeated with MB, and the 
MB residual concentration was quantified at a wavelength of 664 nm by 
UV–Vis spectroscopy (Varian Cary 400). From this data, the adsorption 
capacity qe (mg/g) of the adsorbent was calculated according to: 

qe =
(C0 − Ce) V

m
(1) 

where C0 (mg/l) is the initial concentration and Ce (mg/l) is the equi
librium concentration of pollutant in the continuous phase, V (l) the 
volume of the initial pollutant solution, and m (g) the weight of the 
adsorbent material.

The adsorption isotherms were studied at different initial concen
trations of metal solution (25–500 mg/l) at 298 K. Moreover, to study 
the reusability and stability of the adsorbent, the spent supraparticles 
were added to 0.1 mol/l HCl for 200 min, then washed two times with 
0.1 mol/l HCl and three times with de-ionized water and then re- 
dispersed into a fresh metal solution for the next cycle. The adsorption 

percentage was calculated according to: 

Removal (%) =
(C0 − Ce)

C0
×100 (2) 

3. Results and discussion

3.1. Structural characterization of powders

The structure and crystallinity of the annealed IONPs, IOAgs, and 
IOSPs were characterized by XRD measurements and are shown in 
Fig. 1a. The (111), (220), (311), (400), (422), (511), (440), (620), and 
(533) diffraction peaks of all samples match the Bragg reflections of the 
spinel ferrite structure (ICSD card 98-015-8745). Since magnetite and 
maghemite have a similar crystal structure, the presence of magnetite 
and/or maghemite cannot be reliably distinguished from XRD patterns 
alone. However, it is important to note that the reflexes are broadened 
for small NPs, thus making it difficult to clearly distinguish between or 
quantify these two phases. Despite this, the lattice constant calculated 
from Rietveld refinement for all samples was determined to be 0.839 
nm, suggesting the predominant formation of the magnetite phase [23]. 
The average crystallite size determined by Rietveld refinement of the 
XRD pattern for IONPs, IOAgs, and IOSPs are 7.4, 11, and 7.6 nm, 
respectively (supplementary material, Fig. S1). Despite the aggregation 
observed in IOAgs, an unexpected improvement in crystallinity was 
observed compared to the individual nanoparticles in IONPs and IOSPs. 
This increase in crystallinity may be attributed to aggregation-induced 
phenomena such as Ostwald ripening or the formation of larger, more 
uniform structures during spray drying. Ostwald ripening is a phe
nomenon where smaller nanoparticles dissolve and subsequently rede
posit onto larger ones. This process selectively promotes the growth of 
larger, more crystalline particles while reducing the presence of smaller, 
less crystalline particles. In contrast, there was no obvious change in the 
crystallite size in the case of IOSPs where PAA was added to the spray 
drying mixture. The specific interaction between PAA and IONPs before 
the spray drying process could also be confirmed by the results from the 
FTIR measurements. Details are given in the supplementary material, 
Fig. S2.

To further understand the structural change of the iron-oxide ma
terial obtained after spray drying, Raman spectroscopy was employed to 
identify the oxidic nature of the iron-oxide materials and to distinguish 
between magnetite (Fe3O4) and maghemite (γ-Fe2O3) (Fig. 1b). The 
peak of all samples around 660 cm− 1 can be ascribed to the magnetite 
phase [24]. In good agreement with XRD data, there is no structural 
transformation of the magnetite phase after spray drying. However, it is 
important to mention that over time, such as after a few weeks of storage 
at ambient air, Mössbauer spectroscopy (supplementary material, 

Fig. 1. a) XRD patterns and b) Raman spectra for IONPs (black line), IOAgs (red line), and IOSPs powders (blue line). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

M. Hammad et al.                                                                                                                                                                                                                              Journal of Water Process Engineering 66 (2024) 106025 

3 



Fig. S8) indicates the formation of a considerable maghemite phase.
The particle size and morphology of IONPs, IOAgs, and IOSPs sam

ples were studied using SEM and TEM (Fig. 2). IONPs show a spherical- 
like shape with an average primary particle size of 8.6 nm (supple
mentary material, Fig. S3a), which matches well with the crystallite size 
obtained from Rietveld refinement. Besides, magnetic nanoparticles are 
prone to cluster together as a result of van der Waals forces, as shown in 
Fig. 2a (right).

For the IOAgs (without PAA) sample, the TEM and SEM images 
reveal the coexistence of many irregular shaped, buckled agglomerates 
(highlighted in Fig. 2b, right) and spherical agglomerates with different 
particle sizes, i.e., pronounced dispersity. This is explained by the 
collapse of the outer crust formed during droplet evaporation in the 
spray drying process. In the absence of PAA, this crust lacks strength due 

to inhomogeneous dispersion of IONPs, leading to irregular agglomerate 
shapes. The collapse occurs due to the inability of the crust to withstand 
internal solvent evaporation pressure, highlighting the importance of 
the crust strength on the final particle morphology [25]. Consistent with 
the crystallite sizes derived from the diffraction patterns, high magni
fication TEM (supplementary material, Fig. S3b) also revealed that the 
average primary particle size increased during the spray drying process 
without PAA.

When adding PAA to the spray drying feed dispersion, spherical 
supraparticles are observed (Fig. 2c). We attribute the formation of these 
porous but still comparatively dense structures to the fact that the 
introduction of PAA into the IONPs suspension modifies the ζ-potential 
of the nanoparticles in such a way that homogeneously dispersed 
nanoparticles exist inside the droplet without the occurrence of sharp 

Fig. 2. TEM (left) and SEM (right) images of a) IONPs, b) IOAgs, and c) IOSPs dispersed in water.
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concentration gradients. In this scenario, smoother and more spherical 
supraparticles form because of uniform drying rates across the entire 
droplet surface. Moreover, PAA enhances the early-stage mechanical 
strength of the crust, thereby preventing later-stage buckling [26].

The specific surface area of the annealed IONPs, IOAgs, and IOSPs 
powders was determined by N2 sorption analyzed according to BET [27] 
and resulted in values of 130, 82, and 100 m2/g for IONPs, IOAgs, and 
IOSPs samples, respectively. The surface reduction can be explained by 
the formation of agglomerates during the spray drying process inevi
tably causing a decrease in the N2-accessible surface area. In case of 
IOAgs, the low surface area supports the findings of the XRD measure
ments and electron microscopy that slight particle growth occurred 
during spray drying. Besides, the porosity of IOAgs and IOSPs was 
confirmed by MIP (supplementary material, Fig. S4). The isotherm of all 
the samples showed a typical IV class according to the IU classification of 
adsorption isotherms [28], demonstrating the presence of mesoporous 
channels in IOAgs and IOSPs samples, which are favorable for the 
adsorption of pollutants. Moreover, the pore-size analysis of IOAgs and 
IOSPs samples by MIP revealed a broad pore size distribution with an 
average volume accounting to pore sizes of 40 and 22 nm, respectively 
(supplementary material, Fig. S4). While both IOSPs and IOAgs display 
broad pore size distributions, IOAgs exhibit a multimodal pore size 
distribution compared to the unimodal distribution observed in IOSPs. 
This finding supports the results gained from TEM and SEM images that 
showed the coexistence of many irregularly shaped agglomerates in 
IOAgs samples.

3.2. Characterization of powders after dispersion in the liquid phase

To estimate the hydrodynamic size (xhyd) of IONPs, IOAgs, and IOSPs 
after dispersing them in water (5 min bath sonication), respective dis
persions were prepared and investigated by dynamic light scattering 
(DLS). As is shown in Fig. 3a, the average xhyd of IOAgs and IOSPs 
particles is obviously higher than that of the IONPs. Moreover, the IOAgs 
sample exhibits a very broad, at least bimodal particle size distribution, 
revealing that the sample is strongly polydisperse. In contrast, and 
directly in line with the SEM measurements and indirectly with MIP, 
IOSPs exhibit a monomodal and comparatively narrow particle size 
distribution. With regard to structural integrity, i.e., stability of the 
supraparticles against decay during dispersion, we found that even after 
a long time of sonication (30 min), there is no obvious change in the 
hydrodynamic size of IOSPs (supplementary material, Fig. S5a). This 
confirms the high mechanical stability of IOSPs, which is particularly 
desired regarding the resistance of IOSPs against mechanical forces that 
are inevitably present during the water treatment process.

ζ-potential measurements were used to assess the surface charge and 
isoelectric point of the particles. Fig. 3b shows the ζ-potential of the 

IONPs, IOAgs, and IOSPs samples. There is no obvious change in the 
ζ-potential evolution for IONPs and IOAgs samples. However, after 
introduction of PAA to IONPs, the ζ-potential and thus the total charge 
of the particles at pH = 7 increased from − 22 to − 30 mV, indicating a 
surface modification of the IONPs with the PAA. The findings regarding 
the functionalization of IONPs with PAA are further supported by TGA 
(supplementary material, Fig. S6). Compared to the analysis of IONPs 
TGA curves, the additional weight loss for IOSPs (4 %, 300–600 ◦C) is 
attributed to the decarboxylation and decomposition of PAA.

3.2.1. Hansen solubility parameters of IONPs and IOSPs
The Hansen solubility parameters (HSPs) – here understood in the 

context of similarity – of the IONPs and IOSPs were determined to un
derstand the surface behavior upon interaction with ten probe liquids 
(see supplementary material, Table S1) based on our recent particle size 
distribution (PSD)-based method [29] and reported according to the 
Hansen reporting framework [30] (supplementary material, Fig. S7). 
Similar to the ζ-potential results, the resulting HSP ranges showed that 
the addition of 10 % PAA leads to a significant increase of the polar 
interactions, a slight increase of the hydrogen bonding contributions, 
and negligible change in the disperse interactions of the spray-dried 
IOSPs in comparison to the annealed IONPs. Noteworthy, the added 
PAA introduces carboxyl and hydroxyl surface groups which could lead 
to the increase of the polar and hydrogen bonding interactions. Fig. 4a 
summarizes the final HSP spheres as material property that were 
generated by averaging the HSP ranges while Fig. 4c–d show the indi
vidual contributions from each interaction parameter in the form of 2D- 
projections.

3.3. Magnetic properties

The magnetic properties of the IONPs, IOAgs, and IOSPs powders 
were evaluated at room temperature using a vibrating sample magne
tometer. Fig. 5 depicts the room temperature (300 K) hysteresis loops of 
IONPs, IOAgs, and IOSPs powders. The magnetization curve of IONPs 
displays superparamagnetic properties (no discernible remanence), 
which can be assigned to limited volume of the small nanoparticles. 
Moreover, the IOAgs sample exhibits the same superparamagnetic 
behavior as IONPs, indicating that the spray drying process did not 
affect the general magnetic characteristics of IONPs. However, the 
measurement of the IOSPs sample showed increased high-field (9 T) 
magnetization values compared to IONPs and IOAgs samples. The dif
ference in magnetization between the IONPs and IOSPs samples could be 
assigned to the peculiar mesostructure of the supraparticles, including 
the enhanced magnetic-dipole coupling that increases with the volume 
of IOSPs generated during the spray drying process [31]. Furthermore, 
analysis of ζ-potentials and HSPs confirms the successful surface 

Fig. 3. a) Hydrodynamic sizes measured via DLS (Particle size distributions normalized to an area of unity are provided in supplementary material, Fig. S5b and b) 
ζ-potential measurements of IONPs (black squares), IOAgs (red circles), and IOSPs (blue triangles). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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modification of IOSPs with PAA, leading to reduced surface spin disor
der and enhanced high-field magnetization [32]. Despite this improve
ment, all samples exhibit a slight increase in magnetization at high 
fields, typically associated with (surface/interface) spin canting 
behavior. Mössbauer spectra at 7 T (supplemental material, Fig. S8) 
indicate a reduced average spin canting angle for IOSPs compared to 
IONPs, providing evidence of enhanced magnetization upon surface 
modification. Overall, the samples exhibit superparamagnetic behavior 
at room temperature, which is important in separation applications 
where ferromagnetic or ferrimagnetic characteristics should be avoided.

3.4. Adsorption performance

Because of its high saturation magnetization (72 Am2/kg), abundant 
surface oxygen-containing functional groups (Fig. S2), and its large 
specific surface area (100 m2/g), IOSPs were chosen for further 
adsorption testing. The adsorption capacity was investigated on the 
basis of the uptake rate of pollutants from aqueous media. A concen
tration of 0.5 g/l IOSPs was selected for the following adsorption ex
periments. Details are given in the supplementary material, Fig. S9.

3.4.1. pH dependence of the adsorption
Changing the pH of the medium will affect the charge of both the 

dissolved metal ions and the adsorbent surface in water. Thus, the in
fluence of pH on the Pb(II) adsorption onto the surface of IONPs and 
IOSPs was evaluated in the pH range from 3 to 8. As shown in Fig. 6a, the 
Pb(II) removal efficiency increased significantly as the pH value was 
raised from 3 to 6, and then the adsorption capacity for Pb(II) remained 
unchanged when the initial pH was increased to 8. This phenomenon 
can be explained by considering two aspects:

(i) At low initial pH, an excess of H+ ions competes with the Pb(II) 
cations for the same active sites on the iron-oxide surface, 
resulting in a lower adsorption capacity of IOSPs [33], while the 
removal of Pb(II) by IONPs is almost negligible below pH 5. As 
shown previously in Fig. 3b, the ζ-potential value of IONPs is 
positive at low pH and reaches the isoelectric point around pH 4, 
indicating poor electrostatic attraction between the positively 
charged Pb(II) and the IONPs surface. The low adsorption effi
ciency of IONPs is attributed to the ion exchange of Pb(II) with 
Fe2+ ions in the lattice structure of IONPs [34].

(ii) With pH values between 5 and 8, the presence of oxygen- 
functional groups leads to a more negative surface of both 

Fig. 4. Hansen spheres (a) and individual HSPs (b–d) of the IONPs and IOSPs. Table (e) summarizes the final HSP ranges.
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IONPs and IOSPs (Fig. 3b) which induces a highly desirable 
electrostatic attraction between particles and Pb(II) ions.

3.4.2. Adsorption kinetics for the removal of Pb(II)
The removal efficiency of IONPs and IOSPs for highly concentrated 

Pb(II) solution (50 mg/l) were analyzed according to the contact time 
(0–140 min) as shown in Fig. 6b. In the case of IONPs, the Pb(II) 
adsorption efficiency achieved values close to 15 % within 60 min while 
the removal efficiency of Pb(II) by IOSPs reached close to 100 % within 
60 min. The Pb(II) uptake efficiency by IOSPs adsorbent increased 
rapidly within the initial 30 min. Subsequently, after 60 min adsorption 
equilibrium was reached. We attribute the improvement of the adsorp
tion capacity of IOSPs to the following features:

(i) The negative and higher surface charge of the IOSPs boosts the 
electrostatic attraction between the IOSPs and the metal ions, 
enabling a faster uptake rate of Pb(II).

(ii) The still large specific surface area in combination with the high 
pore volume of the IOSPs provides abundant active sites and 
therefore improves the adsorption capacity of the IOSPs material 
(as explained later, Fig. 7).

(iii) The presence of PAA that possesses diverse binding sites such as 
COOH, O–H, and Fe–O on the surfaces of IOSPs enables 
complexation with metals (as discussed later, Fig. 9) [35].

Moreover, based on the time–dependent sorption data, the kinetic 
models of pseudo-first order (PFO), pseudo-second order (PSO), and 
Weber Morris intraparticle diffusion (pore diffusion, WMD) were 
adjusted using the following equations: 

qt = qe(1 − exp( − k1 t) ) (3) 

qt =
k2 q2

e t
1 + k2 qe t

(4) 

qt = kd t0.5 +C t (5) 

where qt (mg/g) is the adsorption capacity at time t, qe is the adsorption 
capacity at equilibrium, k1, k2, and kd are the rate constants for PFO, 
PSO, and WMD, and C is the thickness of the boundary layer.

For IOSPs, the coefficients of determination (0.823 for PFO and 
0.930 for PSO) and the close agreement between the theoretical and 
experimental qe values initially suggested a good fit of the experimental 
data to the PSO model (supplementary material, Fig. S10 and Table S2), 
while the adsorption process of Pb(II) on the IONPs surface can be well 

Fig. 5. Magnetization curves of IONPs (black), IOAgs (red), and IOSPs (blue) 
powders recorded at room temperature (300 K). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 6. a) Effect of initial pH on the adsorption capacities of Pb(II) by IONPs and IOSPs, and b) removal efficiency of Pb(II) by IONPs and IOSPs. Reaction conditions: 
Pb(II): 50 mg/l; adsorbent: 0.5 g/l.

Fig. 7. Intraparticle diffusion model for the adsorption of Pb(II) onto IOSPs. 
Reaction conditions: Pb(II): 50 mg/l; Adsorbent: 0.5 g/l.
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described by the PFO model. However, fitting of the PSO model for 
IOSPs did not reach satisfactory results, therefore the adsorption process 
might be governed by physical and chemical adsorption. Since both PFO 
and PSO models cannot describe the mechanism of adsorption, the 
adsorption kinetics data for IOSPs was further analyzed by the WMD 
model. The adsorption rate can be expressed by intraparticle diffusion 
when a linear plot passes close to the origin [36]. As shown in Fig. 7, the 
adsorption process might occur in two major stages. The first stage is 
bulk diffusion of Pb(II) ions on the surface of IOSPs, which is the fastest 
adsorption period. The second is intraparticle or pore diffusion that is a 
gradual adsorption resulting from the diffusion of Pb(II) through the 
pores of IOSPs. In addition, no line is close to the origin, suggesting that 
the adsorption rate might be limited by multiple steps with the contri
bution of other possible mechanisms such as complexation and physical 
adsorption.

3.4.3. Adsorption isotherms
To understand the adsorption behavior of IONPs and IOSPs for Pb(II) 

ions, Langmuir, Freundlich, and Sips adsorption models were employed 
to simulate the interaction between particles and metal ions and to 
determine the maximum adsorption capacity (qmax) of the sample with 
the initial concentration of the Pb(II) solution ranging from 10 to 500 
mg/l at 298 K. The Langmuir, Freundlich, and Sips relationships are 
given as follows: 

qe =
qmax KL Ce

1 + KL Ce
(6) 

qe = KF C1/n
e (7) 

qe =
qmax Ks C1/n

e

1 + Ks C1/n
e

(8) 

where, Ce is the equilibrium concentration, qmax is the maximum 
adsorption capacity, KL, KF, and Ks are the constants of the Langmuir, 
Freundlich, and Sips models, respectively, and 1/n is the factor of 
heterogeneity.

The adsorption isotherms of Pb(II) by IONPs and IOSPs using 
nonlinear fitting are depicted in Fig. 8, and the relevant parameters are 
summarized in Table 1. For the IONPs sample, the nonlinear fitting re
sults revealed that the Langmuir model showed a better fitting with a 
higher correlation coefficient value compared to both Freundlich and 
Sips models, whereas the adsorption behavior of IOSPs follows the Sips 
isotherm. According to the Langmuir model, the metal adsorption 
behavior is based on a monolayer coverage on the homogeneous surface 
of the adsorbent. In contrast, the Sips model describes the sorption on 
heterogeneous surface sites of the adsorbent. The adsorption capacity of 

IOSPs increased rapidly at lower concentrations and the uptake effi
ciency gradually rose when the solution concentration exceeded 100 
mg/l for Pb(II). Moreover, qmax of IONPs and IOSPs toward Pb(II) could 
reach 51 and 728 mg/g, respectively, when the adsorption data was 
fitted to the Langmuir model. However, it has to be noted that the 
Langmuir model for the IOSPs sample only fits the experimental data 
well at a low concentration of Pb(II), while the Sips fitting curve always 
matches well with the experimental data. Thus, the Sips model better 
represents the metal adsorption of IOSPs, suggesting the adsorption 
process of IOSPs to be multilayer and heterogeneous. The maximum 
adsorption capacity of IOSPs was calculated to be 500 mg/g on the basis 
of the Sips model. With this value, IOSPs are within the top-ranked 

Fig. 8. Adsorption isotherm for Pb(II) onto IONPs and IOSPs.

Table 1 
Fitting parameters of Langmuir, Freundlich, and Sips models for the adsorption 
of Pb(II) onto IONPs and IOSPs: where K and q represent the adsorption rate 
constant and the amount of adsorbate adsorbed per unit mass of adsorbent at 
equilibrium, respectively. R2 is the coefficient of determination.

Model Parameters Samples

IONPs IOSPs

Langmuir KL (l/mg) 
qmax (mg/g) 
R2

0.0085 
51 
0.997

0.0045 
728 
0.976

Freundlich KF ((mg/g)(l/mg)1/n) 
n 
R2

3.1 
2.3 
0.913

18.83 
2.1 
0.920

Sips KS (l/mg) 
qmax 

n 
R2

0.0041 
46.2 
0.44 
0.993

0.0007 
500 
1.8 
0.999

Table 2 
Comparison of the adsorption capacity of IOSPs toward Pb(II) with recently 
reported adsorbents.

Adsorbents pH qmax (mg/g) Reference

Hydroxyapatite embedded ferroferric oxide 4.5 1249 [37]
IOSPs 5 500 This work
Ionic liquid functionalized graphene 5.1 406.6 [38]
3D N-doped carbon-FeMg LDH 6 344.8 [39]
Fe3O4@SiO2–mPD/SP 5 190.75 [40]
Fe3O4@SiO2-NH-MFL 5.5 150.33 [41]
Fe3O4/GO/MgAl LDH 5 173.0 [42]
Fe3O4 polyethyleneimine lignin 6 96.66 [43]
Activated carbon 6 119.32 [44]
Carbon nanotubes/CoFe2O4 6 140.1 [45]
Lignin-based Fe3O4 adsorbents 5 111.23 [46]
Amidoxime-modified mesoporous SiO2 4.35 83.23 [47]
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adsorbents among previously reported adsorbents (Table 2). Moreover, 
our system showed a high resistance to co-existing ions and NOM 
(Fig. 10 a), proving that the structuring into IOSPs holds promise in real 
wastewater treatment systems.

3.4.4. Adsorption mechanism
To understand the adsorption mechanism of IOSPs, XPS and FTIR 

spectra before and after the adsorption process were investigated. From 
fitting the C1s spectra depicted in Fig. 9a, it can be deduced that the 
proportions of C–C, C–O, and C––O for the fresh IOSPs were deter
mined to be 62, 15, and 23 %, respectively, while after the adsorption 
process they changed to 61, 6, and 33 %. This indicates that the C–O 
and C––O groups might play an important role in the adsorption of 
metals from IOSPs. Moreover, the Fe2p XPS spectrum of the IOSPs 
sample (Fig. 9b) fitted by peaks at the binding energies of 709.1 and 
711.2 eV, are related to Fe2+ and Fe3+ (Fe2p3/2), respectively, whereas 
the peaks at the binding energies of 722.4 and 724.6 eV are assigned to 
Fe2+ and Fe3+ (Fe2p1/2) [48]. Furthermore, two satellite peaks located 
around 717 and 730 eV are typical characteristics of Fe2+ in the Fe3O4 
structure [49]. However, after the adsorption process, both Fe2p3/2 and 
Fe2p1/2 peaks were slightly shifted, which can be ascribed to the for
mation of strong interactions between Pb(II) and IOSPs during the 
adsorption process [50]. From the O1s spectra (Fig. 9c) it is seen that the 
percentage of surface OH increased from 34 to 43 % after the adsorption 
process revealing chelation or complexation interactions between the 
surface oxygen functional groups and Pb(II) ions [46]. Besides, FTIR 
analysis was performed before and after the adsorption process as shown 
in Fig. 9d. After the adsorption process, the intensity of characteristic 
peaks of COO− and OH groups increased along with a slight displace
ment in their frequency values, demonstrating surface complexation 
with metal ions [51]. Moreover, the peak around 1700 cm− 1 mostly 
vanished after the adsorption process, indicating bidentate chelation of 
the carboxyl moieties to the metal ion [52]. To summarize, based on 
both XPS and FTIR results, the possible adsorption interaction of metals 

with the active sites on IOSPs mainly involves physical adsorption fol
lowed by intra-particle diffusion to the interior part and chelation or 
complexation interactions with the surface oxygen functional groups of 
IOSPs.

At this point, it needs to be noted that the adsorption mechanism can 
vary depending on the specific pollutant. While the discussed mecha
nism may apply to Pb(II), different pollutants may interact differently 
with the surface of the adsorbent material. Further investigation is 
needed to determine the specific mechanisms for each pollutant.

3.4.5. Effect of NOM and reusability of IOSPs
NOM is a ubiquitous constituent of all natural waters and soils. It is 

known to be able to block the sorption sites on the adsorbent surface 
[53], leading to a decrease in the adsorption capacity of the adsorbent. 
Therefore, the influence of NOM on the Pb(II) removal efficiency was 
investigated. As shown in Fig. 10a, no significant inhibition regarding 
the Pb(II) removal was observed with the addition of 10 mg/l NOM as 
compared to a reference without any NOM. However, increasing the 
NOM loading to 25 mg/l resulted in a slight decrease in the removal 
efficiency of Pb(II) by 9 % compared to experiments performed in the 
absence of NOM. This decrease might be attributed to the chelating 
interaction of NOM and Pb(II) [54].

Moreover, to evaluate the reusability of the IOSPs, five adsorption- 
desorption cycles were conducted under identical conditions 
(Fig. 10b). The used IOSPs were rapidly recovered using a magnet as 
indicated by the magnetic separation tests (Fig. 10c) and regenerated by 
placing them in a 0.1 mol/l HCl solution. Interestingly, the reused IOSPs 
maintained a high adsorption capacity after five adsorption–desorption 
runs. The slight decrease in the sorption capacity of the IOSPs is due to 
the mass loss (6 %) of IOSPs during the washing process. This manifests 
that the IOSPs exhibit excellent stability and regeneration properties 
through multiple adsorption–desorption cycles. Additionally, we have 
not studied the effect of the regeneration time on the adsorption per
formance of the IOSPs adsorbent. Hence, the extend of shortcomings due 

Fig. 9. a) C1s, (b) Fe2p, c) O1s, and d) FTIR spectra of IOSPs before and after Pb(II) adsorption.
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to prolonged regeneration time needs to be determined in future work. 
Moreover, we have studied the XRD patterns of fresh and used adsorbent 
(supplementary material, Fig. S11). The pattern of the repeatedly used 
adsorbent shows there is no change in the Fe3O4 phase after the 
adsorption experiments. However, upon storage at ambient air for 
several weeks, Mössbauer spectroscopy (supplementary material, 
Fig. S8) reveals the emergence of a substantial maghemite phase.

3.4.6. Comparison of adsorption capacity of IOSPs with other metal ions
The adsorption efficiency of the IOSPs has been tested for different 

kinds of pollutants, which is important for practical water treatment 
applications. Hence, the adsorption capacities of the IOSPs material for 
Cr(III), Cd(II), Cu(II), Ni(II), and Co(II) were tested and evaluated 
individually (Fig. 10d). In addition to the heavy metal ions, the 
adsorption capacities for Li(I) and the cationic dye MB were analyzed 
due to their increasing presence and potential environmental impact. 
IOSPs exhibited the highest adsorption capacities in the trend of Pb(II) 
or MB > Cr(III) > Cd(II) > Cu(II) > Ni(II) > Co(II) > Li(I). This removal 
trend can be explained by the Pearson theory of hard and soft acids and 
bases (HSAB). Based on this theory, the oxygen functional group ligands 
act as soft bases on the surface of IOSPs, revealing a better affinity for the 
softest acid metal Pb(II) over other metals [46]. Therefore, IOSPs 
exhibited an excellent adsorption capacity toward Pb(II) ions. Moreover, 
the maximum adsorption capacity of IOSPs for MB, Pb(II), Cr(III), Cd(II), 
Cu(II), Ni(II), Co(II), and Li(I) were calculated to be 670, 500, 446, 417, 
366, 315, 294, and 286 mg/g on the basis of the Sips model (supple
mentary material, Fig. S12). These results indicate that the generated 
IOSPs represent an outstanding material and potential adsorbent for 
purifying water bodies from toxic pollutants.

4. Conclusions

In this paper, we have demonstrated a scalable and robust method to 
prepare mechanically stable IOSPs that were used for the removal of 
toxic pollutants from water. The excellent adsorption capacity of the 

IOSPs is based on the following six features: Firstly, the high total charge 
of the IOSPs boosts the electrostatic attraction between the IOSPs and 
cationic pollutants, leading to an enhanced uptake of pollutant from 
water bodies. Secondly, the porous structure of IOSPs provides a large 
surface area that facilitates and improves the accessibility of active sites 
and therefore exhibits an enhanced removal of pollutant from an 
aqueous medium. Thirdly, the formation of oxygen functional groups 
such as COOH, OH, and Fe–O on the surfaces of IOSPs plays an 
important role in the complexation with pollutants. Fourthly, IOSPs 
reveal high stability and regeneration performance through multiple 
adsorption-desorption processes. Fifthly, IOSPs exhibit super
paramagnetic behavior despite their multicore structure and can be 
easily magnetically separated from the treated water due to their high 
saturation magnetization (ca. 70 Am2/kg). Finally, the IOSPs show an 
excellent uptake efficiency of different metals and dyes such as Cr(III), 
Cd(II), Cu(II), Ni(II), Co(II), Li(I), and methylene blue. Hence, the 
generated IOSPs could be employed as a potential and low-cost adsor
bent for the removal of toxic pollutants in the water purification system.
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