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Facile fabrication of Fe;0,@Mg(OH), magnetic
composites and their application in Cu(n) ion

Jiachen Zhu, Ping Li, Bowen Yang, Shengjie Lan,* Weiyuan Chen

and Donghai Zhu @ *

In this study, we fabricated magnetic Fes0,@Mg(OH), composites through the seed deposition technique
to achieve Cu(i) ion removal from aqueous solutions. As indicated by the characterization results, three-

dimensional flower-like spheres composed of external Mg(OH), were formed, with nano-FezO,4 particles
uniformly embedded in the “flower petals” of the spheres. The efficacy of Fez0,@Mg(OH),-3 in Cu(n) ion

removal was examined through batch experiments. The impact of solution pH on removal efficiency was

examined, and the pseudo-second-order model and the Langmuir model provided good fits to the

adsorption kinetics and

isotherm data,

respectively. Remarkably, FesO,@Mg(OH),-3 exhibited

a significant removal capacity of 1051.65 mg g~* for Cu(i) ions. Additionally, the composite displayed
a notable saturation magnetization value of 17.3 emu gfl, facilitating isolation from sample solutions
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through external magnetic fields after Cu(i) ion absorption. At the solid-liquid interface, a mechanism

involving ion exchange between Mg(i) and Cu(i) cations was realized as the mode of Cu(i) ion removal.

DOI: 10.1039/d3ra05961h

rsc.li/rsc-advances

1. Introduction

Heavy metal ions (HMIs) are extensively used in industrial
applications, such as pigments, batteries, and mineral pro-
cessing, owing to their unique physical and chemical proper-
ties. However, rapid industrialization has led to increasingly
severe water pollution caused by HMIs, which are both cumu-
lative and non-biodegradable.* When these HMIs accumulate to
a certain level, they pose significant risks to both human health
and the ecological environment.” Hence, it is essential to treat
wastewater by removing HMIs. Numerous methods have been
employed for this purpose, such as ion exchange,* adsorption,*
chemical precipitation,® and membrane separation.® Due to its
high adsorption effectiveness and simplicity of operation,
adsorption is an excellent option for eliminating low-
concentration HMIs from aqueous solutions.

A survey of the literature revealed that many adsorption
materials have been employed to remove HMIs; these include
activated calcium carbonate,” activated carbon,® alumina,® gra-
phene,* and carbon nanotubes.' Nonetheless, these materials
are unsuitable for large-scale industrial wastewater treatment
because of their low adsorption capacities for HMIs or high
costs. Magnesium hydroxide (Mg(OH),), and especially its nano
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The composites’ effective adsorption properties and rapid magnetic separation highlighted their
suitability for use in treating copper-contaminated water.

form, has recently garnered considerable attention because of
its high adsorption capability, low cost, and low adverse impact
on the environment."»* For example, Zhu et al. demonstrated
the efficient adsorption of Pb(u) and Cd(u) ions from wastewater
utilizing coral-like hierarchical porous Mg(OH),."* Jiang et al.
reported a 92.6% removal rate of Ni(u) ions from wastewater
using flower-like globular Mg(OH),."”* However, obtaining
Mg(OH), with a specific morphological structure and a sizable
specific surface area often necessitates the use of structure-
directing molecules or crystal modifiers, thereby increasing
costs.' Furthermore, the small size of Mg(OH), particles makes
them susceptible to loss during operations. Additionally, the
challenge of separating Mg(OH), particles from aqueous solu-
tions after adsorbing target ions hinders its practical applica-
tion and wider adoption."”

Composite materials consisting of a multifunctional shell
and a magnetic core offer the combined advantages of the
shell's functionality and the core's magnetic separation capa-
bilities.” Numerous recent studies have explored this
concept.’”?*® Huang et al. fabricated Fe;0,@Cu/C and Fe;-
0,@CuO0 composites through a self-sacrificing template
method for catalytic dye removal using H,0, as an oxidant.**
Liu et al. synthesized an 18-crown-6 ether-modified Fe;O,@R-
COOH adsorbent through an amidation reaction for Cs"
removal.”> Xiong et al. fabricated multifunctional Ag;PO,/
Fe;O4/diatomite composites through a hydrothermal
approach.” These resulting composites not only exhibit
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improved multifunctional activity involving catalysis, adsorp-
tion, and sterilization but can also be separated from aqueous
solutions using an external magnet. Therefore, incorporating
magnetic particles into Mg(OH), could facilitate the separation
and recovery of such composite adsorbents from aqueous
solutions.

In the research, Fe;0,@Mg(OH), magnetic
composites were synthesized through a straightforward and
efficient method without the use of structure-directing mole-
cules or crystal modifiers. Thereafter, these composites were
used in aqueous solutions to eliminate Cu(n) ions. The structure
and morphology of the magnetic composites were character-
ized. The outer layer, with a flower-like globular morphology of
Mg(OH),, exhibited a remarkable ability to adsorb heavy metal
ions. Moreover, embedding Fe;O, magnetic particles facilitates
the rapid separation of the composites from aqueous solutions
after target ions have been adsorbed under the action of an
external magnetic field. Additionally, the impacts of the solu-
tion pH values on the Cu(u) ion isolation were evaluated.
Furthermore, the mechanism of Cu(u) adsorption on Fe;0,@-
Mg(OH), magnetic composites was determined by analyzing the
adsorption isotherms, adsorption kinetics, and the character-
istics of the adsorbed products.

current

2. Experimental
2.1 Materials

Every reagent that was used in this investigation, including
magnesium sulfate heptahydrate (MgSO,-7H,0), nitric acid
(HNO;), sodium hydroxide (NaOH), nano-Fe;O, (=99.5%, 20
nm), copper nitrate trihydrate (Cu(NOj),-3H,0), ammonia
solution (NH;-H,0: 25%), ethanol (CH3;CH,OH), were of
analytical grade. The ammonia solution and nitric acid were
procured from Shuangshuang Chemical Co., Ltd (Yantai,
China), and the Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China) supplied other reagents.

2.2 Synthesis of Fe;0,@Mg(OH), composites

A seed deposition technique was applied to synthesize
composites of Fe;0,@Mg(OH),. First, 24.65 g of MgSO,-7H,0
was dissolved in 50 mL of deionized water, followed by
dispersing a certain amount of nano-Fe;O, particles into the
magnesium salt solution through ultrasonic processing. Next,
the suspension was heated and maintained at a constant 60 °C.
Thereafter, the suspension received a drop-by-drop addition of
150 mL ammonia while being agitated at 850 rpm. After the
drop-wise addition, the reaction solution was left undisturbed
to sit for 2 h. The resulting precipitate was separated by
centrifugation and rinsed with deionized water. Final Fe;0,@-
Mg(OH), composites were obtained after freeze-drying for 8 h.
According to the additive amounts of nano-Fe;0, (0.10 g, 0.20 g
and 0.30 g), the synthesized composites were labeled as Fe;-
0,@Mg(OH),-1, Fe;0,@Mg(OH),-2 and Fe;0,@Mg(OH),-3,
respectively. For comparison, pure Mg(OH), without adding
nano-Fe;O, particles was also synthesized under the same
conditions.
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2.3 Characterization

The composite specimens were characterized employing
a D5000 X-ray diffractometer (XRD, Karlsruhe, Germany).
Employing a JSM 6700 field emission scanning electron
microscope (FESEM, JEOL, Japan) and an HT-7700 trans-
mission electron microscope (TEM, Hitachi, Japan), the
morphology and dimensions of the specimens were analyzed.
The specific SA and porosity structure parameters of the speci-
mens were analyzed through the Brunauer-Emmett-Teller
(BET) method utilizing an ASAP 2020 analyzer (Micromeritics
Instrument Corp., USA). The magnetic characteristics of the
Fe;0,@Mg(OH), composites were assessed employing a PPMS-
9T vibrating sample magnetometer (VSM, Quantum
Design, USA).

2.4 Adsorption experiments

The Cu(NOs),-3H,0 was used to prepare solutions with varying
concentrations of Cu(u). For the kinetic experiments, 12 mg of
Fe;0,@Mg(OH), composites were individually introduced into
160 mL of 25.4 mg L™" Cu(u) solution and shaken using an
orbital shaker. At specific intervals, a polyether sulfone
membrane with a pore size of 0.45 micrometers was used to
filter aliquots of the samples. The atomic absorption spec-
trometer model ZEEnit 700 P (Analytik Jena, Germany) was
employed to determine the concentration of Cu(u) that was still
present in the solution. The adsorption isotherms were
analyzed through the same procedure but with varying
concentrations of Cu(u) solutions. We conducted all experi-
ments in duplicate. The eqn (1) and (2) were applied to deter-
mine the removal efficiency (E%) of Cu(u) ions and the
adsorption capacity (g;) of Fe;0,@Mg(OH),, respectively.

(G- C)

0

E= x 100% (1)

¢ = (CO - CI)V (2)

m

where Co (mg L") and C, (mg L") denote the initial Cu(u) ions
concentration and concentration at time ¢, respectively. In
addition, the volume of the Cu(u) ions solution is shown by
V (L), and Fe;0,@Mg(OH), composite weight is indicated by
m (g).

3. Results and discussion
3.1 Magnetic property and remove ability

Through VSM measurements at room temperature, Fe;0,@-
Mg(OH), composites were evaluated for their magnetic prop-
erties. Fig. 1a shows all of the synthesized composites exhibited
S-like curves in their magnetic hysteresis loops, characterized
with low magnetic remanence and coercivity, indicating that
these composites exhibited superparamagnetic behavior. The
saturation magnetization (M) values of Fe;O,@Mg(OH),-1,
Fe;0,@Mg(OH),-2 and Fe;0,@Mg(OH),-3 were 7.4, 11.6 and
17.3 emu g, respectively. Fe;0,@Mg(OH), composites have
lower M values. This may result from the embedding of Fe;0,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
04@Mg(OH),-3 composite.

in non-magnetic Mg(OH), nanosheets and the low levels of
Fe;0, in the Fe;0,@Mg(OH), composite.>* Some studies have
found that an M, value of 16.3 emu g™ is sufficient for magnetic
separation with a conventional magnet.>>** According to this
standard, only the M, value of achieved with Fe;0,@Mg(OH),-3
meet the requirements of magnetic separation. Moreover,
uniformly dispersed Fe;0,@Mg(OH),-3 quickly coalesced
under the influence of an external magnetic field, as shown in
Fig. 1b. This further confirm that the M; value for this config-
uration of the Fe;0,@Mg(OH),-3 composite is sufficient for
efficient magnetic separation.

To investigate the remove ability of Fe;O,@Mg(OH),
composites, comparative experiments with an initial concen-
tration of 25.4 mg L™ " at pH 5 were carried out. The removal
capacities of Fe;0,@Mg(OH),-1, Fe;0,@Mg(OH),-2 and Fes-
0,@Mg(OH),-3 for Cu(u) were 335.86, 329.52 and 322.14 mg
g~', respectively. Under the same conditions, the removal
capacity of pure Mg(OH), was 357.15 mg g~ . Apparently, with
the increase of Fe;0, loading amount, the removal capacity of
the composites decreases gradually. However, the amount of
Fe;0, added is too small to meet the requirements of magnetic
separation. Considering comprehensively, Fe;0,@Mg(OH),-3
was selected for subsequent experiments because of its
magnetic properties to meet the magnetic separation, while it
still has a high removal capacity for Cu(u).

3.2 Characterization of Fe;0,@Mg(OH), composite

As depicted in Fig. 2, XRD was employed to characterize the
composition and phase of the Fe;0,@Mg(OH),-3 composite.
The diffraction peaks at approximately 30.32°, 35.65°, 43.24°,
57.43°, and 63.06° could be attributed to the diffraction
patterns of the Fe;O, crystal with a face-centered cubic spinel
structure (JCPDS #88-0866).”” Meanwhile, the residual diffrac-
tion peaks corresponding to the as-prepared composites, at
approximately 18.53°, 32.88°, 37.94°, 50.84°, and 58.68°,

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Magnetic hysteresis loops of Fes0,@Mg(OH), composites obtained at room temperature, (b) magnetic separation process of Fez-

corresponded to the (001), (100), (101), (102), and (110) planes,
respectively, of hexagonal Mg(OH), (JCPDS #44-1482),"> con-
firming the successful generation of the Fe;0,@Mg(OH),
composites.

The Fe;0,@Mg(OH),-3 composite’ morphology was examined
through SEM and TEM analyses. As demonstrated in Fig. 3a, the
resulting composites exhibited a consistent flower-like spherical
structure with a diameter of 1-2 pm. The enlarged SEM image
(Fig. 3b) showed that each flower sphere was composed of
interwoven nanosheets with a multi-layered porous structure.
Such a porous architecture is potentially conducive to enhanced
adsorption phenomena. Notably, Fe;O, nanoparticles were not
observed in the enlarged SEM image. Nevertheless, a signal
corresponding to Fe was visible in the EDS spectrum (Fig. 3c),

m Mg(OH),
® Fe,0,

Intensity (a.u.)

® JCPDS#88-0866
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Fig. 2 XRD pattern of the as-prepared Fez0,@Mg(OH),-3 composite.
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suggesting that Fe;O, nanoparticles were embedded and envel-
oped within Mg(OH), nanosheets. Further insights were gained
from the TEM-EDS mapping of the Fe;0,@Mg(OH),-3
composite, as depicted in Fig. 3e and f. This mapping revealed
a co-distribution of Mg and Fe elements within the same spatial
region, demonstrating the even dispersion of Fe;O, nano-
particles within the Mg(OH), nanosheets.

The porous characteristics of the Fe;0,@Mg(OH),-3
composite was evaluated via the nitrogen adsorption-desorption
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(aand b) SEM images, (c) EDS spectra, (d) TEM image, and (e and f) the corresponding EDS mapping of the as-prepared Fes0,@Mg(OH),-3

approach. According to the IUPAC classification, the nitrogen
absorption-desorption curve (Fig. 4a) featured H3 hysteresis
loops and type-1V isotherms.** The non-coincidence of the two
branches of the hysteresis ring at relative pressures (P/P,)
between 0.5 and 1 is a primary characteristic of mesoporous
materials. This finding confirmed the presence of mesoporous
structures within the Fe;0,@Mg(OH),-3 composite. These pore
structure characteristics aligned with the micro-morphology
observed through SEM. The Fe;0,@Mg(OH),-3 composite's
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(a) Nitrogen adsorption—desorption isotherms and (b) pore size distributions of Fez0,@Mg(OH),-3.
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surface area calculated using the BET model was 39.78 m* g~ .
The corresponding pore size distribution curve derived from the
nitrogen desorption data (Fig. 4b) confirmed the mesoporous
nature of the composites consisting of pores averaging 16.10 nm
in size, predominantly distributed within the 5-25 nm range and
0.35 cm® g~ ' pore volume. Notably, the substantial specific
surface area and mesoporous structure can be attributed to the
spherical structure resembling a flower of Fe;0,@Mg(OH),-3
comprising an assembly of Mg(OH), nanosheets. This unique
structure provides a multitude of active adsorption sites and
facilitates the rapid diffusion of ions, thereby enhancing the
adsorption capacity.

3.3 Adsorption studies

3.3.1 Effect of pH values. The removal efficiency of Cu(u)
by Fe;0,@Mg(OH),-3 was influenced by the initial pH of the
solution. Fig. 5 displays the results of this study, which were
in an initial pH range of 2.0-6.0. Notably, Fe;0,@Mg(OH),-3
had a low efficiency in removing Cu®*" at a pH value of 2.0.
This may occur because of the abundance of H ions when the
pH values of the solution are low. These H' ions readily
neutralize the outer layer of Mg(OH),, which otherwise
possesses excellent adsorption capabilities. With the increase
in pH value, the concentration of H' ions decreased rapidly,
leading to an increase in the removal efficiency of Cu®" by
Fe;0,@Mg(OH),-3. When the pH of the solution was within
the range of 4.0 to 6.0, Fe;0,@Mg(OH),-3 exhibited a high
removal efficiency for Cu®*. At a pH higher than 6.0, an
elevated OH-ion concentration resulted in the precipitation
of Cu(n) ions or their transition into Cu(OH)" ions. This
alteration notably influenced the adsorption process, causing
the influence of pH to stabilize after reaching 6.0. Conse-
quently, the pH value of the solution was adjusted to 5.0 for
subsequent experiments.

3.3.2 Adsorption kinetics. A series of adsorption kinetics
tests were conducted to evaluate the adsorption rate of Cu(u) on
Fe;0,@Mg(OH),-3 composites. The evolution of the amount of

100
804 /i'——_i
60 4

401

20 1

Removal efficiency (%)

Fig. 5 Effect of solution pH values on the Cuf(i) adsorption.
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Cu(n) adsorbed on the Fe;0,@Mg(OH),-3 composites over time
is depicted in Fig. 6a. Notably, Cu(u) was rapidly adsorbed on
the Fe;0,@Mg(OH), composites within the first 60 min since
many adsorption sites were available during this phase. The
adsorption rate reduced gradually as time passed throughout
the process of adsorption, leading to equilibrium within
120 min because of the progressive occupation of available
adsorbent sites on the Fe;0,@Mg(OH),-3 composites by Cu(u)
ions during the latter stages.

Further investigation into the Fe;0,@Mg(OH),-3 compos-
ite's adsorption behavior for Cu(u) was done by fitting experi-
mental data to the pseudo-first-order kinetic model, pseudo-
second-order kinetic model, and the in-particle diffusion
model** as demonstrated below:

In(ge — q) = Ing. — kit (3)
t 1 t

— = 4 — 4

g kg q. )

¢ = kiat™® + G (5)

where ¢; (mg g~ ') and ¢. (mg g ') denote the adsorption
capacities of the Fe;0,@Mg(OH),-3 composites at time ¢ (min)
and at equilibrium, k; (min~") and k, (g mg™' min~")) denote
the equilibrium rate constants in the pseudo-first-order and
pseudo-second-order kinetic models, respectively. kiq denotes
the adsorption rate constant (mg g * min °®), and Cy4 is the
constant of the in-particle diffusion model. The fitting results
are shown in Fig. 6.

Table 1 displays the correlation coefficients (R*) that were
calculated using the fitted kinetic data. The outcomes presented
in Fig. 6 and Table 1 suggested that the R” value linked to the
pseudo-first-order kinetic model was less compared to the value
associated with the pseudo-second-order kinetic model.
Furthermore, the computed adsorption capacity (geca) Ob-
tained through the pseudo-first-order kinetic model was
substantially different from the experimental value (ge exp),
indicating that the adsorption of Fe;0,@Mg(OH),-3 to adsorb
Cu(u) ions was not consistent with that of the pseudo-first-order
kinetic model. In comparison, the pseudo-second-order kinetic
model achieved an R” of 0.9960 when fitting the data, and the
pseudo-second-order kinetic modeling yielded a geca Of
350.88 mg g~ ', which was close to the ge ey, Of 322.14 mg g~ .
These results indicated the occurrence of chemisorption during
the process of adsorption. Additionally, according to Fig. 6d, the
adsorption process was analyzed using the in-particle diffusion
model. The fitted curve does not intersect at the origin sug-
gesting that speed is limited by more than just particle
diffusion.

3.3.3 Adsorption isotherms. The maximum adsorption
capacity, which can be determined based on the adsorption
isotherm, is a key parameter for evaluating the adsorbent's
performance and exploring the adsorption mechanism.
Consequently, the experimental data of Cu(u) adsorption on the
composite were fitted utilizing the Langmuir (eqn (6)) and
Freundlich isotherm (eqn (7)) models.>*

RSC Adv, 2023, 13, 33403-33412 | 33407
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Table 1 Parameters of the kinetic models for Cu(i) adsorption on
Fego4@Mg(OH)2‘3

Models Parameters Values
Pseudo-first-order kinetic model  ge cq (Mg g ") 220.99
k; (min™") 0.0287
R? 0.9242
Pseudo-second-order kinetic Geca (Mg g™ ") 350.88
model k(gmg 'min')  1.68x107°
R? 0.9960
Intra-particle diffusion model ka1 (g mg ™' min~%%) 1.7582
): % 0.9436
ko (g mg ' min~%%) 42.7244
R,? 0.9793
Experiment Geexp (Mg g ) 322.14
e L, ! (6)
qe dm quL
1
Ing. =In kF+Z In c. (7)

33408 | RSC Adv, 2023, 13, 33403-33412

(a) Adsorption kinetic of Cu(i) onto Fez0,@Mg(OH),-3 and fitting using the (b) pseudo-first-order, (c) pseudo-second-order, and (d)

where the Cu(u) equilibrium concentration is represented by c.
(mg L™Y), Fe;0,@Mg(OH),-3 composite maximum adsorption
capacity is illustrated by g, (mg g~ '), and Fe;0,@Mg(OH),-3
composite's equilibrium adsorption capacity is illustrated by g.
(mg g~ "). In addition, the Langmuir constant is represented by
ki (L mg™"), and the Freundlich constant is indicated by ky (mg
g "). The Freundlich exponent n indicates the adsorption
strength.

Fig. 7 and Table 2 present the fitting outcomes. Based on the
obtained correlation coefficient (R*), In contrast to the
Freundlich model, the Langmuir model exhibited better align-
ment with the adsorption of Cu(u) by Fe;0,@Mg(OH),
composites. The results indicated that Fe;O,@Mg(OH),
composites adsorption of Cu(u) predominantly involved
monolayer adsorption onto homogeneously active centers.
Fe;0,@Mg(OH), composites had a maximum adsorption
capacity for Cu(u) of 1115.97 mg g ', as predicted by the
Langmuir model; this value was impressively similar to the
actual value (1051.65 mg g~ '). The affinity between the adsor-
bent and the adsorbed ion is denoted by the strength index n in
the Freundlich model. Furthermore, the value of 1/n in our

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption isotherms of FezO,@Mg(OH),-3 composites for Cu() fitted using the (a) Langmuir model and (b) Freundlich model.

Table 2 Isotherm model parameters for adsorption of Cu(i) by Fes-
04@Mg(OH), composites

Models Parameters Value

Langmuir gm (mg g™ 1115.97
k. (Lmg™) 0.016
R 0.9969

Freundlich kr (mgg™) 142.81
n 3.2321
R* 0.9543

experiment was 0.309, indicating that Cu(u) exhibited a high
propensity for adsorption onto the Fe;0,@Mg(OH), composite.
In addition, comparisons were made between the adsorption
capabilities of a variety of typical adsorbents for Cu(u) that were
reported in the research literature (Table 3). Accordingly, the
Fe;0,@Mg(OH), composites that were produced for this
investigation proved to be excellent adsorbents for removing
Cu(u) since they were able to facilitate the rapid and efficient
removal of Cu(u) from an aqueous solution.

3.3.4 Effect of coexisting cations. Industrial wastewater
often contains multiple coexisting cations, resulting in compet-
itive adsorption of binding sites on the adsorbent surface.** In
this work, the effect of different coexisting cations including Na”,
K*, Co®*, Ni** and Zn*" with initial concentration of 25.4 mg L™ *

Table 3 Different adsorbents and their maximum Cu(i) adsorption
capacities

Adsorbent Time (min) Gmax (Mg g7 ") References
Ni@Mg(OH), 50 40.18 28
Mg-Al-D2EHPA 60 68.66 29
MgAI-LDH@RHB 1440 104.34 30
Mg(OH),/GO 1440 216.0 31
MCs@Mg/Fe-LDHs 1440 338.98 32
CaAl-LDH 600 122.7 33
Phosphate 1440 50.84 34
Fe;0,@Mg(OH), 120 1051.65 This work

© 2023 The Author(s). Published by the Royal Society of Chemistry

H,0 Na* K* Co** Ni¥* Zn*

Fig. 8 Effect of coexisting cations on the adsorption capacity of the
Fez04,@Mg(OH),-3 composite for Cu(i).

on the adsorption capacity of the Fe;0,@Mg(OH),-3 composite
for Cu(u) was investigated. As shown in Fig. 8, its adsorption
capacity for Cu(u) decreased from 322.14 mg g ' in aqueous
solution without these coexisting cations to 319.66, 316.08,
280.12,270.53 and 294.4 mg g " in the presence of Na*, K*, Co*",
Ni** and Zn*", respectively. Through comparative analysis, it can
be found that the coexistence cations of Na" and K" have little
effect on the adsorption capacity of the composite. While, the
coexistence cations of Co>", Ni** and Zn?®" have a certain inhib-
itory effect on the remove of Cu(u). This can be attributed to the
fact that the coexisting ions of Co®', Ni* and Zn®" can also
combine with the hydroxyl on the surface of Mg(OH), to form
precipitation and deposit in situ,"* which hinders the ion
exchange between Cu®* and Mg”".

3.4 Mechanism

The mechanism of Cu(u) removal by the Fe;0,@Mg(OH),
composite was evaluated by analyzing the adsorption products

RSC Adv, 2023, 13, 33403-33412 | 33409
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at different time intervals. Fig. 9 shows the SEM image and the
corresponding element mapping of the composites after Cu(u)
adsorption for 10 min. Fig. 9a displays an abundance of small
spherical particles on the petal-like Mg(OH), nanosheets, indi-
cating the formation of novel substances post-adsorption.
Furthermore, the EDS element mapping analysis revealed
a uniform dispersion of Cu within the adsorbed product, indi-
cating that the composites furnish a multitude of active centers
conducive to the binding of Cu(u) ions. Within this short span
of 10 min allotted for adsorption, strong Cu signals were
detected for the adsorption products, indicating that the as-
prepared composites adsorbed Cu(u) at a relatively high rate.
Notably, no signal corresponding to N was detected for the
original composites; however, a prominent N signal was
observed after adsorption, indicating the formation of N-
containing compounds in the adsorption products.*® Notably,
in the adsorption process, the sole source of the N element was
the nitrate used during the preparation of the Cu(u) solution.
To further confirm the composition of products following
Cu(u) adsorption, the composites’ products were characterized
using XRD after a 120 min adsorption duration, as depicted in
Fig. 10. Similar to the original composites, the distinct diffraction
peaks of Fe;O, (JCPDS #88-0866) were also identified in the
spectrum of the adsorption product. This confirmed the magnetic
nature of the adsorption product, facilitating its separation from
aqueous solutions through magnetic means. Concurrently, other
residual diffraction peaks corresponding to the monoclinic
Cu,(NO;)(OH); (JCPDS #75-1779)*” were observed, indicating the

View Article Online
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Fig. 10 XRD pattern of the Fes0,@Mg(OH), after adsorbing Cu(n) for
120 min.

involvement of NO;~ ions from the solution in the adsorption
reaction. Moreover, the diffraction peaks corresponding to the
magnesium-containing substance were hardly detected, suggest-
ing that most of the Mg(u) ions were exchanged. To confirm this,
the concentrations of Mg(u) ions that are present in the solution at
different adsorption time

intervals were measured. After

Fig.9 SEM image of the Fez0,@Mg(OH), composites after adsorbing Cu(n) for 10 min (a), along with the corresponding elemental mapping of

a selected area (b—f).
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Fig. 11
spectra of Cu 2p after adsorption.

adsorption, the findings showed that Mg(u) ions appeared in the
solution, and the concentration of Mg(u) ions increased with the
extension of the adsorption time. Interestingly, an almost linear
relationship was observed between the molar release of Mg(u) ions
and the number of adsorbed Cu(u) ions (as shown in Fig. 11a). The
valence state of the Cu compound on the surface of the Fes-
0,@Mg(OH), composite was determined by high resolution XPS.
Fig. 11b shows the binding energy of Cu 2p orbital to be 934.8 eV
(Cu 2ps35) and 954.7 eV (Cu 2py,). Furthermore, two satellite
bands (938-948 eV and 958-966 eV) were also shown in the
adsorption product. These confirmed that Cu exists in divalent
state after adsorption®® and there is no reduction coupled
adsorption on the surface of Fe;0,@Mg(OH), composite.

The above investigation led to the following cation exchange
reaction summary of the adsorption process:

Mg(OH), < Mg>" + 20H™ (8)
2Cu?" + 30H™ + NO;~ = Cuy(NO3)(OH), (9)

First, an ionization equilibrium was observed between
Mg(OH), and Mg(u) alongside OH™ ions, and the concentration
of OH™ ions surrounding the Mg(OH), nanosheets was greater
relative to that in the solution.* When Cu(u) ions moved close to
the Mg(OH), nanosheets, they bonded with OH™ ions and NO; ™~
ions from the solution, resulting in Cu,(NO3)(OH); deposition on
the nanosheet surface in situ. As OH™ ions were consumed, the
ionization equilibrium of Mg(OH), shifted toward the right,
increasing the influx of Mg(u) ions into the solution.

4. Conclusions

This study applied the seed deposition approach to synthesize
a novel magnetic Fe;0,@Mg(OH), composite, which was used
for removing Cu(u) ions from aqueous solutions. Analysis of the
phase and morphology revealed that nano-Fe;0, particles were
uniformly embedded within the “flower petals” of globular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Quantitative measurements of the molar amount of Mg(i) released and the molar amount of Cu(il) removed, (b) high resolution XPS

Mg(OH),. The composite demonstrated the advantages of
flower globular Mg(OH), and magnetic nano-Fe;O, particles,
providing benefits such as effective adsorption toward heavy
metal ions and rapid magnetic separation from sample solu-
tions. The Fe;0,@Mg(OH), composite exhibited a high
adsorption capacity of 1115.97 mg g~ " toward Cu(u) ions, as
revealed by calculations using the Langmuir equation. The
adsorption isotherm data were consistent with the Langmuir
model, and the kinetic data were consistent with the pseudo-
second-order model. Furthermore, the removal mechanism of
Cu(n) ions was analyzed in this study. The results illustrated
that Cu(u) ions precipitated in the form of Cu,(NO;3)(OH);
particles on the surface of the flowered globular Fe;O,@-
Mg(OH), magnetic composite during the adsorption process.
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