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KEYWORDS Abstract The magnetic Fes04,-HKUST-1 nanocomposites were synthesized using a simple and

Metal organic framework; green hydrothermal technique, utilizing Fe;04 and the chemically stable metal-organic framework

HKUST-1; HKUST-1. The Fe;04-HKUST-1 nanocomposites were synthesized with a varied proportion of
Fe;04; Fe;04 and subjected to advanced characterization, which included XRD, IR, BET, TG, SEM,
Nanocomposite; TEM, EDS, and VSM. The magnetic nanocomposite 0.4 Fe;0,-HKUST-1 (FH4) had a rough sur-
Adsorption face with spherical morphology and a good proportion of micro and mesopores. The magnetic

nanocomposite had a mean pore size of 2.58 nm, with pore volume of 0.35 cm?®/g, having excellent
magnetic saturation performance (26.39 emu/g). The adsorption isotherm and adsorption kinetics
of magnetic nanocomposites on azo dye neutral red (NR) wastewater were assessed in detail. In
contrast to the Freundlich model, the Langmuir model better described the adsorption isotherms,
while the pseudo-second-order kinetic model better captured the adsorption kinetics. The FH4
magnetic nanocomposite was the most effective adsorbent with the highest adsorption capacity
for NR separation.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction ufacturing generates all three forms of solid, liquid and gaseous
discharges to the environment (Cheng 2021, Pona et al., 2021,
Huang et al., 2022). Although they are designed to meet environmental

standards, the overall load on the environment is still considerable,

The rapid industrialization of the 20th Century, although it improved
the standard of living, was the root cause for the deterioration of envi-

ronment due to indiscriminate discharge of pollutants. Industrial man-
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which augurs the development of efficient waste management tech-
nologies. It is reported that about 400 billion cubic meters of sewage
flow into rivers worldwide every year, contributing to 40% river pollu-
tion globally (Gallego-Schmid and Tarpani 2019, du Preez and van
Huyssteen 2020, Yin et al., 2021, Lin et al., 2022). In China, nearly
70% of rivers are polluted while the urban water resources are about
90% polluted (Liu and Yang 2012, Xu et al., 2014, Huang et al.,
2022, Liu et al., 2022). A significant portion of water pollution can
be attributed to the indiscriminate discharge of untreated industrial
and domestic wastewater into sewage, which has severely damaged
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the flora and fauna of the water bodies, endangering the life around
them (Han et al., 2016, Xu et al., 2019, Shi et al., 2020). The United
Nations (UN) has directed the countries to halve the untreated
wastewater, through adoption of 3R principles of waste management,
to meet the Sustainable Development Goals (Ortigara et al., 2018, Xu
et al., 2019).

The discharged wastewaters are known to contain various wide-
spread hazardous contaminant like metal ions, drugs, nitrogen and
phosphorus and organic dyes (Song et al., 2022, Tang et al., 2022).
Among the industrial wastewater contaminants, organic dyes in
particular are the most discharged pollutant, as they are very widely
used in small-scale industries (Zhan et al., 2018, Mashkoor and
Nasar 2021). Organic dyes are widely utilized in printing
(Schneider and Sostar-Turk 2003), textile (Wiraningtyas et al.,
2020), paint (Mahmoodi et al., 2017), chemical (Yigit and Turhan
2021), and pharmaceutical (Hirachan 2019) industries, which are
organic compounds consisting of chromophores and auxiliary chro-
mophores (Tara et al., 2020). The structure of organic dyes is usu-
ally complex and non-biodegradable, which can disrupt the
ecological balance and exacerbate the pollution problem
(Sobhanardakani and Zandipak 2015, Huong et al., 2020, El-
Ghobashy et al., 2022). The presence of these colored organic dyes
not only increased the chromaticity of polluted water bodies but
also restricted sunlight penetration, affecting the ecosystem of water
bodies (Allen et al., 2004, Donia et al., 2009). Organic dyes are car-
cinogenic and teratogenic, that are established to accumulate as well
in the food chain (McMullan et al., 2001, Fonovich 2013, Olas et al.,
2021).

Chemical oxidation (Krull and Hempel 2001), biological treat-
ment (Rehorek and Plum 2006), membrane separation (Ciardelli
et al., 2001), electrochemical (Jovic et al., 2014) and catalyst
(Mondal et al., 2020) are various technologies that are in practice
to treat organic dyes from wastewater. However, these technologies
inevitably suffer from high resource consumption, high capital and
operating costs, and a low chromaticity removal rate, which limit
their applications. Moreover, organic dyes are resistant to pho-
todegradation, chemical and biological treatment, rendering con-
ventional techniques ineffective (Chung 2016, Sobhanardakani
et al., 2016). In addition to the above treatment methods, adsorption
has proven to be the most effective and are popularly used due to its
apparent operational simplicity, low energy consumption, low pro-
cess cost, high efficiency and recovery (Melendez-Ortiz et al., 2019,
Alguacil and Lopez 2021, Soltani et al., 2021). Adsorbents are por-
ous materials having suitable surface properties to attract specific
molecules of target. Commercially, a large number of adsorbents
are manufactured, which makes it an attractive option
(Sobhanardakani et al., 2013). Some of the popular adsorbents are
silica gel (Zhang et al., 2021), zeolites (Robles-Mora et al., 2021),
activated carbons (Mei et al., 2019) etc.

Metal-organic frameworks (MOFs) are a form of porous hybrid
functional material consisting of metal ions or metal clusters and
organic ligands through coordination bonds and weak interaction
forces (Buso et al., 2011, Wei et al., 2017). There are thousands of dif-
ferent types of MOF that are being explored for their suitability for
different applications. MOF are easy to synthesis with varied pore
structure, surface area and topology tailored to meet specific applica-
tions (Chae et al., 2004, Hirscher et al., 2010, Zhang et al., 2022). In
recent years, MOF and MOF-derived materials have been increasingly
explored to assess their effectiveness for treatment of pollutants in
wastewater (Zhang et al., 2018, Ru et al., 2021). Lian et al. (Lian
and Yan 2016) have synthesized series of lanthanide MOF-76 via
solvothermal method and reported its suitability for removing cationic
dyes such as methylene blue (MB). Ghosh et al. (Ghosh and Das 2020)
have synthesized MOF based on Sn using hydrothermal technique,
having good water stability and efficient in removing toxic anionic
dyes. Yang et al. (Yang and Bai 2019) have synthesized bimetallic
Ni-Zn MOF microspheres using solvothermal technique and reported
its effectiveness for adsorption of Congo Red (CR) molecules.

MOF materials have also been reported to remove other pollu-
tants, such as heavy metal ions (Wang et al., 2022), thiophenes
(Chen et al., 2019), phenols (Lin and Hsich 2015), and gases (Jia
et al., 2021). Although MOF materials have many practical applica-
tions, its application is limited by the ability to quickly remove from
the wastewater system, that demands development of improved
solid-liquid separation techniques. Magnetic separation methods are
well known to be handy, economical and effective for wastewater treat-
ment (Shen et al., 2004, Moghaddam et al., 2015, Zandi Pak and
Sobhan Ardakani 2016). The MOF with induced magnetic properties
is easy to separate after treatment, which could save resources, protect
the environment, and reduce the cost of wastewater treatment
(Zandipak and Sobhanardakani 2016). Hence, an attempt has been
made to combine magnetic particles with MOF to induce magnetic
properties.

The azo dye neutral red (NR) is a dark green crystalline powder
that are easily soluble in water. NR is widely used for staining cells
and as a pH indicator in laboratories. It releases dangerous substances
like nitrogen oxides upon decomposition (Iram et al., 2010). The
molecular properties of NR are shown in Table 1. HKUST-1 (MOF-
199) is a popular MOF known for its good thermal and chemical sta-
bility (Chui et al., 1999). Magnetic Fe;O4 with low toxicity and high
thermal aqueous stability was selected to prepare magnetic MOF com-
posites. In this study, a simple and green two-step hydrothermal
method was used to synthesize magnetic Fe;0,~-HKUST-1 nanocom-
posites to improve the adsorption and removal ability of HKUST-1
for NR. The prepared materials were subjected to characterization
using infrared spectroscopy (IR), thermogravimetric analysis (TG),
scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), x-ray diffractometer (XRD), vibrating sample magne-
tometer (VSM), N, adsorption and desorption (BET) and energy
spectrum analysis (EDS). The effects of different proportion of mag-
netic Fe;04 on the morphology, crystal phase, thermal stability and
specific surface area of the materials were assessed. The factors affect-
ing the adsorption capacity of synthesized adsorbents were investi-
gated under various conditions, including contact time, initial NR
concentration, adsorbent dosage, pH, and temperature. A comprehen-
sive evaluation of adsorption kinetics, adsorption isotherms, and
adsorption mechanisms was also carried out. The rate of adsorption
of NR is modeled using appropriate isotherm model and kinetic
model. To adsorption mechanism of NR on the Fe;04,-HKUST-1
composite has not been reported in open literature and hence efforts
are made to understand the adsorption mechanism. The regeneration
performance and reusability of the synthesized materials were also
investigated.

2. Experimental

2.1. Reagents and chemicals

Ferric chloride (FeCl;-6H,0), ethylene glycol (EG), sodium
acetate anhydrous (CH3COONa), N,N-Dimethylformamide
(DMF), trimesic acid (H;BTC), anhydrous ethanol, polyethy-
lene glycol (PEG), copper nitrate trihydrate (Cu (NOj3),-3H,0)
and neutral red (NR) were procured by Aladdin reagent com-
pany, China. Without any additional purification, all of the
reagents that were bought were of analytical grade. The water
for the experiment is ultrapure water prepared in the
laboratory.

2.2. Adsorbent synthesis

2.2.1. Synthesis of HKUST-1

Cu (NO3),-3H,0 (6.21 mmol) and H3;BTC (3.57 mmol) were
placed in 90 mL of mixed solution (anhydrous ethanol:
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Table 1 Properties of NR.
Generic Chemical Chemical Molecular Boiling Melting Density Character Solubility
name formula structure weight Point  Point (g/cm?)
(g/mol) (©) (C)
HCl
288.75 290 4973 1159 Dark green Soluble in water and

Neutral N NH,
N(H;C)y N CH;

crystalline powder alcohol

DMEF: ultrapure water, V: V: V, 1:1:1) in an ultrasonic bath
and processed until the solute was entirely dissolved. The solu-
tion was poured into a hydrothermal reactor and maintained
at 80 °C for 24 h. The mixture was filtered and dried at
160 °C overnight. This synthesis method was based on that
derived from the work of Chowdhury et al. (Chowdhury
et al., 2009).

2.2.2. Synthesis of magnetic Fe;0y

The magnetic Fe;04 was synthesized via the hydrothermal
method (Sun et al., 2011). FeCl3-6H,O (7.76 mmol), CHs-
COONa (0.073 mol) and PEG (0.041 mmol) were dispersed
in 100 mL of EG and magnetically stirred until the solute
was entirely dissolved. The mixture was poured into a
hydrothermal reactor and maintained at 200 °C for 20 h.
The samples were rinsed with ultrapure water and ethanol,
and were separated applying a magnetic field. The product
was a black powder, which was dried overnight at 60 °C.(See
Fig. 1).

2.2.3. Synthesis of magnetic x Fe;0,HKUST-1
nanocomposites

The preparation method of magnetic xFe;04-HKUST-1
nanocomposites is based on the previous research results
(Ahmadipouya et al., 2021), and some changes have been
made. X g of magnetic Fe;04 (x = 0.1, 0.2, 0.3, 0.4, 0.5,
0.6), Cu (NO3),-:3H,0 (6.21 mmol) and H3BTC (3.57 mmol)
were dispersed in 90 mL of mixed solution (anhydrous ethanol:
DMEF: ultrapure water, on 1:1:1 vol basis) in an ultrasonic bath

until the solute was entirely dissolved. The mixture was poured
into a hydrothermal reactor and maintained at 80 °C for 24 h.
The mixture was rinsed with ultrapure water and ethanol, and
separation was affected by applying a magnetic field. The final
product brown-black powder was dried at 60 °C overnight
(Fig. 2). The samples were abbreviated as FH1, FH2, FH3,
FH4, FHS5, FH6, for future reference in the manuscript.

2.3. Characterization

The adsorbents were characterized by X-ray diffractometer
(XRD), using Cu Ko as a radiation source. The diffraction
pattern of the products was obtained by scanning in the 26
angle range of 5 ~ 80°. The functional groups of the adsor-
bents were obtained by Fourier transform infrared spec-
troscopy (FT-IR). The adsorbents were processed with
potassium bromide pellet method to measure the infrared val-
ues in the range of 500 to 4000 cm~!. The adsorption desorp-
tion diagram, pore volume and pore size trend diagram of the
adsorbents were analyzed by N, adsorption—desorption (BET)
at a liquid nitrogen temperature of 77 K. A certain position of
the sample was characterized by Energy dispersive spectrum
(EDS), and the elements contained in the adsorbents were
obtained. The surface morphology and size images of the par-
ticles were obtained by Scanning electron microscopy (SEM)
and Transmission electron microscopy (TEM). The samples
were characterized using thermogravimetric analysis (TG) at
temperatures between 25 and 800 °C. The spectra were
obtained to analyze the thermal stability and composition of

Fig. 1

Crystal structure of HKUST-1.



Z. Ma et al.

PEG
CH,COONa

FeCl;-6H,0 \ ¥ IY -
+EG /{ },j
-

hydrothermal

—— R
N/ synthesis
‘ -
{ -
—_—
magnetic
separation

hydrothermal

y

mixed solution

f q / magnetic
N Fe;O,
magnetic
separation Cu (NO3),"3H,0
+H,BTC
)| W

uors1adsip
Jruosenn

1
\
&

\

.-y
alalag |

synthesis

Fig. 2 Preparation process of magnetic Fes04-HKUST-1 nanocomposites.

the adsorbents. The magnetic response value of the adsorbents
was characterized by Vibrating sample magnetism intensity
(VSM) to obtain the hysteresis loop of the sample.

2.4. Adsorption experiment

Adsorption experiments were conducted to assess the adsorp-
tion characteristics of the magnetic nanocomposites towards
NR. The standard curve of concentration with respect to
absorbance was generated using a UV spectrophotometer at
a maximum absorption wavelength of 535 nm, and it was
found to follow the Lambert-Beer law. The adsorption exper-
iments were performed covering the initial concentration of
NR, mass of adsorbents, and contact time at a constant tem-
perature of 298 K. The NR solution concentration ranged
from 10 to 100 mg/L, the adsorbent dosage was varied in the
range of 10 to 50 mg, and the contact time ranged from 10
to 160 min. The adsorption equilibrium was established well
within 120 min. The clear solution on the upper layer was col-
lected at intervals of time to calculate the concentration from
the standard curve.

To evaluate the effectiveness of the adsorption course, the
adsorption rate of samples was calculated using Eq. (1) as
the following:

0% = (¢co — ¢1)/co x 100% (1)

The amount of adsorbed dye was defined as follows Egs. (2)
and (3):

g ==X o)
4 = W (3)

where the sample adsorption rate was represented by Q%, the
initial concentration of NR before adsorption was represented
by ¢ (mg/L), the equilibrium concentration was represented
by c. (mg/L), the concentration of NR at adsorption time t

was represented by ¢, (mg/L). The amount of dye adsorbed
at adsorbent time t was indicated by q; (mg/g), the amount
of dye adsorbed by the adsorbent at equilibrium was indicated
by q. (mg/g). The volume of the dye solution was expressed in
V (L), and the weight of the adsorbent material was expressed
in ms (g).

The pH was adjusted to a range of 4 to 10 with 0.1 M
NaOH and HCI solution at room temperature. The effect of
pH on the adsorption properties of magnetic Fe;Oy4-
HKUST-1 nanocomposites was examined. The temperature
of the adsorption experiments was set at 25 to 50 °C. To inves-
tigate the effect of different temperatures on the adsorption
properties of magnetic Fe;04-HKUST-1 nanocomposites.

2.5. Desorption experiment

To evaluate the recycling performance of the prepared mag-
netic Fe;O4,-HKUST-1 nanocomposites, desorption experi-
ments were carried out. The adsorbent was treated with
0.1 M HCI and ethanol as eluent. 10 mL of eluent was added
to the container, and the mixed solution underwent ultrasonic
treatment at 298 K for 3 h. After the desorption process was
completed, the magnetic Fe;O,-HKUST-1 nanocomposites
were separated from the solution with an external magnet. It
was also rinsed with ultrapure water to neutralize the acidity
and dried overnight at 60 °C. The recovered adsorbent is pre-
pared for the next cycle, and the cycling step is repeated five
times.

3. Result and discussion

3.1. Characterization analysis

The synthesized adsorbent XRD spectrum is shown in Fig. 3
(a). The XRD patterns of the prepared samples were consistent
with those of HKUST-1 reported in previous literature (Chui
etal., 1999, Pan et al., 2022). The presence of all the diffraction
peaks of HKUST-1 is seen, without appearance of spurious
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Fig. 3 XRD patterns of HKUST-1 (a), magnetic xFe;O04~-HKUST-1 nanocomposites (b).

peaks. The characteristic peaks of adsorbent correspond to
diffraction angles of 6.7°, 9.5°, 11.6°, 13.4°, 17.5°, and 19.0°,
with sharp and high intensity peaks, indicating successful
preparation of HKUST-1 having high crystallinity.

In order to determine the formation of the magnetic xFes-
0O4-HKUST-1 nanocomposite. The XRD examination results
are depicted in Fig. 3 (b). The distinct peak appearing at a
diffraction angle of 11.6° corresponds to the (222) crystal
plane of HKUST-1. The intensity of other diffraction peaks
of HKUST-1 was reduced. The distinctive diffraction peaks
of Fe;04 appeared at diffraction angles of 30.2°, 35.6°, 43.3°,
57.2°, and 62.8° corresponding to the (220), (311), (400),
(511), and (440) crystallographic planes of Fe;O4. This
matched the standard card (PDF # 19-0629). It indicates that
Fe;0,4 has been successfully incorporated and that the compos-
ite was successfully prepared.

The FT-IR spectrum of the HKUST-1 and the composites
of the xFe;04-HKUST-1 were shown in Fig. 4. The main
peaks were due to organic ligand H3BTC. The stretching
vibration of the hydroxyl could be the cause of the broader
absorption peak appearing around 3445 cm ™. The stretching
vibration of the aromatic ring in the organic ligand BTC was
what caused the absorption peak around 1300-1700 cm ™.
The stretching vibration of O = C-C could be responsible
for the absorption peak at 1634 cm™". The stretching vibration
of the skeleton of the benzene ring could be the cause of the
absorption peak at 1445 cm™'. The stretching vibration of
C = C could be the cause of the absorption peak at
1372 em™!, which at around 1109 cm~! could be the cause
of the C-O-C stretching vibration. The absorption peak near
729 em™!' could be ascribed to the stretching vibration of
Cu-O.

The IR spectra of the previously examined HKUST-1
matched the functional groups of the magnetic xFe;Oy4-
HKUST-1 nanocomposites. The appearance of these peaks
confirms that the introduction of magnetic Fe;O, did not
affect the formation of HKUST-1. Besides, the existence of

Transmittance ( % )

3445 1634 1372 729

T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (c¢cm™)

Fig. 4 FT-IR spectra of HKUST-1 and magnetic xFe;Oy4-
HKUST-1 nanocomposites.

characteristic adsorption band around 579 cm™' could be
ascribed to the stretching vibration of Fe-O.

The N, adsorption—desorption isotherm of MOF-199 is
depicted in Fig. 5(a). It clearly indicates that the isotherm
belongs to type I adsorption isotherm as per [UPAC classifica-
tion (Sing 1985). This exhibited a typical microporous struc-
ture, as evidenced by the rapid increase in N, adsorption in
the low-pressure zone and the relatively stable adsorption at
higher relative pressures. Additionally, the pore size distribu-
tion revealed presence of only micropores in the range of 0.4
to 1.5 nm, with the maximum at 1 nm. The specific surface area
was 977 m?/g, the total pore volume was roughly 0.387 cm?/g,
and the mean pore size was roughly 1.58 nm.

The N, adsorption—desorption isotherm of the effect of
Fe;04 addition on the pore structure of HKUST-1 was shown
in Fig. 5 (b). The xFe;04,-HKUST-1 adsorption isotherm pat-
tern was significantly different from HKUST-1. According to
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Fig. 5 N, adsorption—desorption isotherms curves of HKUST-1 (a), magnetic xFe304-HKUST-1 nanocomposites (b).

IUPAC, the adsorption isotherm clearly shifted form type I to
type IV. The sharp rise in the adsorption capacity at high rel-
ative pressure and the presence of the hysteresis loop in the
0.5-0.9 relative pressure region, clearly indicate the pore size
enlargement that belong to material with good proportion of
mesopores. These types of adsorption isotherms are character-
istic of material with a mixture of micro and mesopores, often
referred to as ““bottle-neck” type pores. In Table 2, the param-
eters for the total pore volume, mean pore size, and specific
surface area were listed.

Table 2 showed that the pore size decreased and the surface
area increased with increase in the Fe3;O4 content in the
nanocomposites until the optimal 0.4 (FH4). At Fe;O4 con-
tents higher than 0.4, the pore diameter increased significantly
with a drastic reduction in the surface area. Compared with
HKUST-1, the pore volume and BET of magnetic nanocom-
posites were found to be significantly lower, which could be
due to the presence of magnetic Fe;O4 nuclei. Cao et al.
(Cao et al., 2014) have reported that adding excessive metal
ions to MOF materials may reduce the specific surface area.

The thermogravimetric curve of MOF-199 was shown in
Fig. 6 (a). The MOF-199 exhibited three distinct weight loss
phases, the weight loss of the MOF-199 was mainly the
volatilization of free molecules of solvent ethanol and water
molecules within 25-130 °C, and the weight loss was mainly
the volatilization of solvent molecules inside the pore channels

Table 2 BET, pore size and pore volume parameters of
HKUST-1 and magnetic xFe;04,~-HKUST-1 nanocomposites.

Sample BET/ Mean pore diameter/ Total pore volume/
(m*/g) (nm) (em’/g)

HKUST-1 977.92 1.5831 0.3870

FH1 74.65 12.3880 0.2312

FH2 98.14  9.9316 0.2437

FH3 127.54 8.9740 0.2861

FH4 548.86 2.5803 0.3541

FHS5 220.93 4.6648 0.2576

FH6 122.63 6.5122 0.1996

within 130-260 °C. With a further rise in temperature to about
300 °C, the material began to decompose, and the fastest ther-
mal weight loss occurred at 352 °C. The frame structure of
HKUST-1 collapsed completely at about 367 °C. During this
phase skeletal structure collapsed completely and was oxidized
to form the end product metal oxide Cu,O, leading to a rapid
decrease in mass, from which the thermal stability of the mate-
rial was known to be around 300 °C.

The thermogravimetric curve of the magnetic nanocompos-
ites FH4 was shown in Fig. 6 (b). It exhibited a similar trend to
HKUST-1. The nanocomposites FH4 started to decompose at
about 330 °C, and the temperature at which the thermal weight
loss was fastest was at about 350 °C. The collapse of the frame-
work structure was complete at around 380 °C, with the for-
mation of product metal oxide residue, leading to a dramatic
decrease in quality. The thermal stability of the magnetic
nanocomposites FH4 increased around 30 °C relative to that
of pure HKUST-1.

Fig. 7 (a), (b), (¢), (d) and (e) presented show the SEM
images of HKUST-1 at different magnifications. The synthe-
sized metal-organic framework material HKUST-1 showed
sharp edges and regular ortho-octahedral structure with com-
plete morphology, which corroborated well with the high crys-
tallinity characterized by XRD spectra. Fig. § (a), (b), (c), (d)
and (e) showed FH4 nanocomposite at different magnifica-
tions. The surface was relatively rough, close to spherical, with
an average diameter of 220 nm having many projections. This
could be due to the growth of many HKUST-1 on the outer
surface of magnetic Fe30,4, which corroborated well with the
findings of XRD and IR spectra.

The energy spectrum analysis of the synthesized materials
shows existence of C, O, and Cu elements in the HKUST-I1.
In the FH4 nanocomposite, it demonstrates the existence of
C, O, Fe, and Cu elements. The proportion of Fe increased sig-
nificantly as compared to Cu. The presence of Au elements is
due to the spraying of gold treatment before testing.

The TEM morphologies of HKUST-1 and magnetic 0.4
Fe;04-HKUST-1 nanocomposites were shown in Figs. 9 and
10, respectively. The image data showed that the prepared
HKUST-1 has an octahedral shape with sharp edges. The sur-
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Fig. 7 SEM images of HKUST-1 (a, b, c, d, e), EDS analysis of HKUST-1 ().

face was smooth, and the edges were clear. This is consistent
with previous reports (Kubo et al., 2022, Wu et al., 2022).
Magnetic Fe;O4 did not significantly change the morphology
of HKUST-1, but the particle size of HKUST-1 decreased
(Min et al., 2017). According to the TEM image (Fig. 10),
the surface of the FH4 nanocomposite was rough with the sur-
face covered with irregular bumps. This confirmed that
HKUST-1 successfully adhered to the outer surface of
Fe;04, which is consistent with the morphology reflected in
the SEM image of the FH4 nanocomposite and further con-
firms the uniform size of 220 nm.

The hysteresis loop (MH curve) of FH4 was obtained by
vibrating the sample magnetometer to measure the magnetism
of the material. The M stands for the magnetic saturation level
of the material, which reflected the magnetic strength of the
material. From Fig. 11, the magnetic saturation level of FH4
was given as 26.39 emu/g, indicating very good magnetic prop-
erties. The remanence magnetism and the coercivity of the
composite was particularly small and tend to be close to zero,
indicating the composite to be superparamagnetic. This was an
important targeted property of the composite so as to be suit-
able for adsorption processes. Superparamagnetic particles
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Fig. 8 SEM images of FH4 (a, b, ¢, d, e), EDS analysis of FH4 (f).

themselves are nonmagnetic, however on exposure to external
magnetic field, they act as magnetic particles (Aghayi-Anaraki
and Safarifard 2020). Thus, the aggregation of magnetic parti-
cles can be prevented which allow to redisperse rapidly after
removal of magnetic field. This property facilitates separation
of magnetic particles exposed to an external magnetic field.
The magnetic nanoparticle (FH4) can be successfully utilized
as it can facilitate easy removal of the adsorbate through the
application of a magnetic field. The elimination of the expen-
sive centrifugation and filtration processes contributed to the
improvement of the economy of the wastewater treatment
system.

3.2. Adsorption performance study

3.2.1. Impact of contact time

The impact of contact time on the adsorption of NR on the
different nanocomposite were presented in Fig. 12 (a). The ini-
tial dye concentration was maintained at 60 mg/L, and the
adsorbent dosage was 50 mg. The rate of adsorption was high
at low duration while it was found to decrease with increase in
the duration. The high adsorption rate at an earlier part of
adsorption could be due to the high mass transfer concentra-
tion driving force and availability of large active adsorption
sites in the adsorbent. The adsorbent and the adsorbate were
found to equilibrate at an adsorption duration of around
120 min, the adsorption capacity did not increase further.
The addition of magnetic Fe;O,4 improved the adsorption per-
formance and adsorption rate with the maximum relating to
0.4 g of magnetic Fe;04. The adsorption capacity was the
highest for FH4, which correlated well with the high surface
area. The HKUST-1 had the lowest adsorption capacity, while
the nanocomposites exhibited a trend in coherence with the
surface area.

3.2.2. Impact of initial dye concentration

The influence of initial concentration of NR on the adsorption
process was obtained from Fig. 12 (b), while the adsorption
contact time and the adsorbent amount kept constant at
45 min and 50 mg. An increase in the concentration of NR
increased the adsorption capacity of the adsorbent until a crit-
ical concentration was reached. The quantity of active adsorp-
tion sites limited the process of adsorption, due to the fixed
mass of adsorbent dosage. As the concentration increased,
the rate of adsorption would be faster due to the higher con-
centration driving force, but it would reach its maximum due
to the limitation of the active sites to further accommodate
the adsorbent. The highest adsorption capacity was for FH4,
in concurrence with the earlier observation owing to the same
cause as discussed earlier.

3.2.3. Impact of the amount of adsorbent

Fig. 12 (c) compared the adsorption capacities of the different
nanocomposites with respect to the amount of adsorbent,
while the contact time and the initial dye concentration were
kept at 30 min and 60 mg/L. The adsorption capacity increased
with increase in the Fe;O4 content of the nanocomposite up to
FH4, with a decrease for FH5 and FH6. This trend was syn-
onymous with the other results, and it related to the decrease
in surface area beyond FH4. A clear increase in the NR uptake
was exhibited with rise the adsorbent dosage for all the
nanocomposites. With an increase in adsorbent dosage, the
quantity of active adsorption sites increased, and the adsor-
bent could accommodate more adsorbate molecules.

3.2.4. Impact of pH

PH is an important factor affecting the adsorption of NR by
magnetic Fe304-HKUST-1 nanocomposites. Therefore, it is
essential to determine the ideal pH for adsorption. The pH
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Fig. 9 TEM images of HKUST-1.

at which the surface charge of the adsorbent is zero is called
pHp,c. When pH is less than pH,,,., the material surface is pos-
itively charged, and when pH is greater than pH,,., the mate-
rial surface is negatively charged. As shown in Fig. 13 (a), the
pHp,. of FH4 was 4.67. When the pH was lower than 4.67, the
surface of FH4 has a positive charge and produces electrostatic
repulsion with neutral red cationic dyes. It was not conducive
to the adsorption of NR, resulting in a low adsorption rate.
When the pH was higher than 4.67, the surface negative charge
of FH4 increased, resulting in electrostatic attraction with neu-
tral red cationic dyes. The FH4 can better adsorb neutral red
cationic dyes, thus increasing the adsorption rate. While the
pH reached about 6, the adsorption rate reached its maximum.
With the increase in pH, there was no significant effect on the
adsorption of NR. The pH of the untreated neutral red solu-
tion was approximately 6 in the experiment. Therefore, there
was no need to change the pH of the neutral red dye solution.

3.2.5. Impact of temperature

The results are presented in Fig. 13 (b). Temperature is also a
key factor affecting the adsorption performance of magnetic

Fe;04-HKUST-1 nanocomposites. The experimental data
showed that the adsorption rate of NR by FH4 decreased with
the gradual increase in temperature. It indicated that the
adsorption of NR by FH4 was an exothermic process. Due
to its exothermic properties, the increase in temperature accel-
erated the flow of dye ions and reduced the interaction of the
adsorbent with the dye (Sobhanardakani et al., 2017). The
increase in temperature was not conducive to the adsorption
mass transfer. Therefore, the high temperature was not
required for the adsorption of NR by magnetic Fe;Oy-
HKUST-1 nanocomposites. The lower temperature facilitated
adsorption and increased the adsorption rate.

3.3. Adsorption isotherms

On behalf of clarifying the adsorption mechanism of dye NR
simulated wastewater on MOF-199 and magnetic xFe;O0y-
HKUST-1 nanocomposites, magnetic composite materials
FH4 and HKUST-1 are selected to test its fit with the Lang-
muir and Freundlich models. The Langmuir adsorption iso-
therm is given below in Eq. (4):
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Fig. 10 TEM images of magnetic 0.4 Fe;04-HKUST-1 nanocomposites (FH4).
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By using Eq. (4), Langmuir linear fit graph is obtained by
plotting c./q. against c.. The Freundlich adsorption isotherm
has been given by Eq. (5):

1
Ing, =anF+£lnce (5)

With Eq. (5), Freundlich linear fit graph is plotted In q.
against In c.. Equation (6) is acquired from Eq. (4) by deform-
ing the equation, and Eq. (7) is obtained from Eq. (5). The
nonlinear fit plots of the Langmuir and Freundlich models
were generated by software fitting and are presented on a
graph as . versus c..

_ CeqLKL

4. = m (6)

4. = KFC%: (7)

where the NR concentration at adsorption equilibrium was
represented by ¢, (mg/L), the equilibrium adsorption capacity
of the adsorbent was indicated by q. (mg/g). The single layer
adsorption capacity was indicated by qp (mg/g), the adsorp-
tion density was expressed by n. The Langmuir constant was
represented by K (L/mg), the Freundlich constant was repre-
sented by Kg.

The fitting results by the Langmuir and Freundlich models
were presented in Fig. 14. The obtained parameters and the
calculated data were listed in Table 3 and Table 4.

Fig. 14 showed that both the linearized form as well as the
fit to the raw equilibrium data show that the Freundlich model
is less appropriate as compared to the Langmuir model. The
Freundlich adsorption model has a lower correlation coeffi-
cient (R?) than the Langmuir adsorption model. The fit to
Langmuir model demonstrates that the active sites are evenly
distributed and that adsorption is single-deck on the surface
of the samples with numerous adsorption sites. This implies
that the adsorption of NR by the adsorbents is monolayer
adsorption and that it mostly takes place at the surface-
active sites. As a result, it can be concluded that the Langmuir
model is more appropriate for simulating the NR adsorption
process on HKUST-1 and magnetic Fe;O4-HKUST-1
nanocomposites.

Table 5 showed the comparison of the results with the
adsorption capacities of the adsorbents reported in the litera-
ture for NR. It can be seen that the synthesized adsorbent
has a medium to high adsorption capacity for NR dyes in this
work. For example, Li et al. (Li et al., 2022) prepared core—
shell Fe;O4-PDA and functionalized with silver nanoparticles.
Its maximum adsorption capacity for the cationic dye neutral
red was 38.7 mg/g, which improved the adsorption perfor-
mance of Fe;04-PDA by more than 15%. Besides, Ma et al.
(Ma et al., 2021) synthesized a novel magnetic gel bead adsor-
bent (SA/GO@Fe;04/CS) using graphene oxide (GO)-
modified Fe;O4 as magnetic nanoparticles doped with sodium
alginate (SA) and chitosan (CS) gel. The maximum adsorption
capacity of the material for neutral red is 44.65 mg/g. This
resulted in an increase in the adsorption of NR by the initial
SA/Fe;04. Although magnetic Fe;O4,-HKUST-1 nanocom-
posites in this study is slightly inferior, its recyclability makes
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it have considerable application prospects. Hence, the simple 3.4. Adsorption kinetics
green synthetic magnetic Fes04,-HKUST-1 nanocomposites
in this study have the potential to remove NR adsorbents from

) X To understand the adsorption behavior of MOF-199 and mag-
the aquatic environment.

netic xFe;04-HKUST-1 nanocomposites, the magnetic com-
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Table 3 Adsorption isotherms parameters of HKUST-1 and FH4 (linear).

Adsorbent Langmuir model Freundlich model
qr/ K/ R? Kg n R?
(mg/g) (L/mg)
HKUST-1 40.35 0.0339 0.9924 6.21 3.67 0.9144
FH4 53.49 0.1936 0.9988 13.92 2.52 0.9680

Table 4 Adsorption isotherms parameters of HKUST-1 and FH4 (non-linear).

Adsorbent Langmuir model Freundlich model
qu/ K/ R’ Kr n R’
(mg/g) (L/mg)
HKUST-1 39.57 0.0624 0.9786 6.82 2.69 0.9209
FH4 53.04 0.2079 0.9925 15.61 4.20 0.9752

Table 5 The comparison of the adsorption capacity of other
adsorbents for NR.

Adsorbent Adsorption capacity  Reference

(mg/g)
rice husk 25.69 (Zou et al., 2009)
boron nitride 26.2 (Zheng et al.,

2019)

Nig.sZng sFe;04/Si0, 39.95 (Liu et al., 2016)
HNT-Fe;04 13.62 (Xie et al., 2011)
PDA-Fe;04-Ag 38.7 (Li et al., 2022)

chitosan and activated 30 (de Freitas et al.,

carbon 2021)

composite films

SA/GO@Fe;0,4/CS 44.65 (Ma et al., 2021)

sepiolite 36.32 (Coruh et al.,
2011)

halloysite nanotubes 54.85 (Luo et al., 2010)

Pyrolytic Char 62.3 (Zou et al., 2012)

0.4 Fe;0,-HKUST-1 47.7 This work

(FH4)

posites FH4 and HKUST-1 were selected to determine the
kinetics of adsorption of both on dye NR simulated wastewa-
ter. The adsorption kinetics reflects the whole adsorption reac-
tion process.

To analyze the adsorption data, the pseudo-first-order
kinetic model (PFO) and the pseudo-second-order kinetic
model (PSO) were utilized. In order to illustrate the most
appropriate model for the experimental data and to identify
the most ideal mechanism for the adsorption process. The
PFO kinetic model equation was calculated by using Eq. (8):

In(q, —¢,) =Ing, — K1 (8)
By using Eq. (8), kinetics linear fit graph is plotted In(q.-q)

against t. The PSO kinetic model equation are calculated as

follows equation (9).

t 1 t

S T 9
g9, K q, ®)

With Eq. (5), kinetics linear fit graph is plotted t/q, against
t. By deforming the equation, Eq. (10) is obtained from Eq. (8),
and Eq. (11) is obtained from Eq. (9). A graph is plotted q;
against t, the nonlinear fit charts of the kinetics were obtained
through software fitting.

qt:qe(l —e_K'[) (10)
2
(],Kz[
— _de27 11
T = Kt 1 (11)

where the amount of dye adsorbed at adsorption time t was
indicated by q, (mg/g), the amount of dye adsorbed by the
samples at adsorption equilibrium was indicated by q. (mg/
g). The adsorption time was expressed in t (min), the PFO
and the PSO kinetic constant was represented by K; (1/min)
and K, (g/min-mg), respectively.

The fitting results by the two kinetic model were obtained in
Fig. 15. The acquired and calculated results for kinetic model
were listed in Table 6 and Table 7.

The correlation coefficient (R?) value closest to 1 obtained
by fitting was indicated as the most suitable kinetic adsorption.
The results of both linear and nonlinear fits demonstrated that
the adsorption of NR by both HKUST-1 and FH4 adhered to
the PSO kinetic model. It showed a better fit to the kinetic
data, with R*>0.99. The fit was significantly larger than the
PFO kinetic model, and the experimental value differed greatly
from the theoretical adsorption value derived by the linear fit-
ting of the PFO kinetic model. In contrast, the experimental
value was closer to the theoretical adsorption value of the
PSO kinetic model. According to the results, the PSO kinetic
model adequately described the entire adsorption process for
HKUST-1 and magnetic xFe;O4-HKUST-1 nanocomposites.

The chemisorption mechanism was in charge of regulating
the adsorption rate, which formed the basis of the PSO kinetic
model, which also indicated that the adsorption of NR by
HKUST-1 and magnetic Fe;04-HKUST-1 nanocomposites
was influenced by chemisorption. The aromatic ring on the
ligand in HKUST-1 undergoes n-nt interactions with the aro-
matic ring on the organic dye NR, hydrogen bonding between
HKUST-1 and organic dye NR, and pore filling (Fig. 16). The
adsorption process of azo dye neutral red on HKUST-1 is
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Table 6 Adsorption kinetic parameters of HKUST-1 and FH4 (linear).

Adsorbent e, exp/ Pseudo-first-order Pseudo-second-order
(mg/g) kinetic model kinetic model
Kl/ qe, cal/ R2 K2/ qe, cal/ R2
(1/min) (mg/g) (g/min-mg) (mg/g)
HKUST-1 34.3 0.0582 59.62 0.9411 0.0229 45.45 0.9974
FH4 47.7 0.0346 25.02 0.9861 0.0021 48.04 0.9975

Table 7 Adsorption kinetic parameters of HKUST-1 and FH4 (non-linear).

Adsorbent ool Pseudo-first-order Pseudo-second-order
(mg/g) kinetic model kinetic model
Kl/ Qe,cal/ R2 KZ/ qe,cal/ R2
(1/min) (mg/g) (g/min-mg) (mg/g)
HKUST-1 34.3 0.0387 34.61 0.9878 0.0009 43.79 0.9950

FH4 47.7 0.0761 42.47 0.9814 0.0020 48.39 0.9917




Synthesis of magnetic Fe;0,-HKUST-1 nanocomposites for azo dye adsorption 15
Neutral Red
HKUST-1 ®: Q=
W o
Fig. 16 Adsorption mechanism of NR on magnetic Fe;0,-HKUST-1 nanocomposites.
100
* ¢ HKUST-1
* Fe;0,

80~
X
B =
L 5
2 ;
cE = *
g 40 - B * *
= =
Q
=4

20

PDF #19-0629
0- | ! ||
1 2 3 T * T T :
Recycle times ] 20 35 50 65 80
2 theta ( degree )

Fig. 17 Reusability analysis of FH4.

mainly based on intermolecular forces, electrostatic interac-
tion, and ion exchange in solution as the main mechanisms.

3.5. Desorption and reusability

Regeneration and reuse of adsorbents are important indicators
in practical applications, and excellent reuse performance is
beneficial to energy savings and the long-term development
of adsorbents. As can be seen from Fig. 17, the effect of the
first and second cycles was close. The first removal rate was
95.8%, while the second and third removal rates decreased
by 1.4% and 4.7%., respectively. The removal rate decreased
slightly as the number of regeneration cycles increased but
remained at a high level. After five cycles of experiments, the
removal rate of NR on FH4 remained above 83%. The
obtained data confirmed that FH4 was an effective adsorbent
for the adsorption of NR dyes in wastewater and has good
regeneration behavior.

Fig. 18 XRD patterns of FH4 after five cycles.

After five cycles, the adsorbent was separated from the
solution with an external magnet and dried, XRD analyses
were performed. The XRD analysis results of FH4 after cyclic
adsorption are shown in Fig. 18, where the characteristic peaks
of FH4 and HKUST-1 can still be observed, but with lower
intensity and hairy spectral peaks. After the adsorption pro-
cess, the crystal structure of the composite still existed. It
showed that FH4 has good stability. The presence of attached
dye molecules in FH4 may be the cause of the reduction in
XRD spectrum intensity (Martak et al., 2021).

4. Conclusions

The magnetic Fe;04,-HKUST-1 nanocomposites were successfully syn-
thesized starting from MOF material HKUST-1 and Fe;0,4. The addi-
tion of magnetic Fe;O4 changed the mean pore size, specific surface
area and total pore volume of HKUST-1, and the thermal stability
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of the material was enhanced. By varying the proportion of magnetic
Fe;04, a magnetic composite with addition of 0.4 g (FH4) was
obtained. The FH4 morphology has a rough surface spherical in shape
having good proportion of both micro mesopores. The total pore vol-
ume was 0.35 cm?/g, and the mean pore size of FH4 was 2.58 nm. The
specific surface area was 548 m?/g, and the thermal decomposition
temperature of 330 °C.

FH4 has good superparamagnetic properties of 26.39 emu/g. In the
presence of a magnetic field from outside, the magnetic property of the
nanocomposite facilitated easy separation from the solution. The
adsorption capacity of FH4 for NR was the greatest as compared to
other nanocomposites, with the actual adsorption capacity being
47.7 mg/g. The optimal conditions for adsorption of NR were a tem-
perature of 25 °C and a pH of 6. The research is mainly in the labora-
tory. Further exploration was needed for practical applications. The
adsorption isotherms of the HKUST-1 and magnetic Fe;Oq4-
HKUST-1 nanocomposites were fitted with the Langmuir isothermal
model, validating the homogeneous and monolayer adsorption proper-
ties. The adsorption kinetics was found to follow the PSO model. The
process of adsorption was predominantly chemisorption due to inter-
molecular forces, electrostatic interaction and ion exchange. The
FH4 has good regeneration performance and is an effective adsorbent
for the adsorption of neutral red cationic dyes in wastewater.
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