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Introduction

Magnetized cubic zinc MOFs for efficient removal
of hazardous cationic and anionic dyes in aqueous
solutions+

Ramy R. Abd El-Mouhsen,® Gamal O. El-Sayed,? Hesham H. El-Feky, ©°
Mostafa M. H. Khalil ©*? and Islam M. El-Sewify { *2

A significant amount of dye runoff and aqueous waste are released from the manufacturing process of dyes
with intense and permanent colors, which are undesirable from a cultural and ecological aspect. In this
paper, we present a green, simple, low-effort, and energy-efficient method of creating magnetized
cubic Zn-MOFs for the adsorption and elimination of various organic dyes. Magnetic iron oxide materials
with a hierarchical structure were loaded and doped into cubic zinc metal-organic frameworks (MDLZ).
High magnetic characteristics, chemical stability, minimal toxicity, and ease of removing various dyes
from aqueous effluents are all exhibited by the developed MDLZ adsorbent. To assess MDLZ's capacity
to adsorb organic dyes from an aqueous solution, organic dyes such as Crystal Violet (CV), Neutral Red
(NR), and Congo Red (CR) were used as model materials. Many adsorption factors were examined,
including temperature, pH, contact time, initial concentration, and adsorbent dosage. Under optimal
elimination circumstances, MDLZ was utilized to evaluate the kinetic, thermodynamic, and isotherm
models for the adsorption of CR, NR, and CV dyes. The adsorption capacity (g,,) of the MDLZ adsorbent
at 25 °C was 39.37 mg g~ for CV, 239.81 mg g~ for CR, and 321.54 mg g~ for NR, which is significantly
higher than those of other adsorbents reported. The magnetized nanocubes’ large surface area and
uniform micropores enabled them to eliminate a large number of organic dyes from wastewater
effectively, and their strong adsorption capability persisted even after four reuse cycles. The microporous
MLDZ adsorbent offers a simple and effective method for handling industrial effluents and filtration of water.

certainly reduce the permeability of light into water bodies,
resulting in a loss of photosynthesis and oxygen stock,
compromising aquatic life.” The individual dye and its chemical

Dyes are organic molecules made up of chromophores. There
are several varieties of dyes, which are classed as acidic, basic,
or neutral depending on their application. Acidic dyes are water-
soluble salts containing sulfuric, carboxylic, or phenolic groups
that can be partially or completely bonded to cationic substrates
such as wool, silk, nylon, and acrylic fibers. However, basic dyes
are cationic dyes made up of azine, diazoic, and monoazoic
chemicals."

A significant amount of dyes are carcinogenic, teratogenic, or
toxic, in addition to being physiologically hazardous.>* The
process of dyeing produces enormous amounts of wastewater
containing dyes that are visually and ecologically unsatisfactory
due to their intense, permanent color and high BOD (biological
oxygen demand) loading.* The accumulation of cationic,
anionic, and neutral dyes that commonly used in industry can
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characteristics, together with variables like exposure time,
intensity, and sensitivity, can all have a significant impact on
the health hazards connected with dyes. These carcinogenic
dyes may raise the chance of acquiring cancer, especially in
workplaces with high levels of exposure. As a result, in recent
years, the elimination of dyes from water systems has received
more attention. Various processes have been proposed to
remove color pollution from contaminated water. Because they
are too stable, traditional physicochemical and biological
treatment techniques cannot effectively remove dye.® However,
the main technologies employed for wastewater treatment in
the textile industry involve membrane processes, ion exchange,”
coagulation,® and adsorption.” One of the best methods for
eliminating colors from aqueous solutions is a well-known
separation technique called adsorption.'®™ Because of its
many benefits, including low cost, abundant supply of adsor-
bents, high adsorption capacity, simple regeneration potential,
low energy consumption, and insensitivity to harmful contam-
inants, adsorption has a long track record and will likely remain
popular.*>*® Therefore, it is important to select appropriate
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adsorbing substances to remove different harmful pollutants.
Several porous materials like activated carbons,** mesoporous
materials," zeolites,'* and MOF"** have been developed and
employed for the adsorption elimination of toxicants. Porosity
and suitable adsorbing sites on the substrate material are
crucial for the efficient removal of contaminants. For the
selective and effective removal of pollutants, certain active
species, such as multiple functional groups (basic or acidic),
metal salts, and their oxides and ions, are often inserted into
the porous adsorbing materials.?® Metal-organic frameworks
(MOFs) shown distinct chemical functionalities that are useful
for the selective capture of particular species, and these features
are one of the attractive characteristics of MOFs.** MOF have
a great deal of promise as adsorbents for eliminating of various
contaminants, including hazardous gases, volatile organic
compounds, inorganic pollutants such as heavy metals and
radioactive metals, and organic contamination such as dyes,
medicines, and pesticides.”> MOFs used in dye removal
processes to adsorb and extract dye molecules from water or
wastewater.”® Several interactions, including as hydrogen
bonds, van der Waals forces, and electrostatic forces, can be
used to explain the MOFs adsorption process for dye removal.*®
Magnetic adsorbent can be easily separated from solution after
adsorption process. It's ability to reduce the high cost of isola-
tion and extraction techniques that have been used in this filed
due to their cost-effective recovery. The combination of
magnetic nanoparticles and MOFs results in the formation of
magnetic framework composites which combine advantages of
both materials. In this paper, we present an easy and

Before
Adsorption

After
Adsorption

Scheme 1 The interactions between magnetite loaded and doped
into cubic zinc metal—organic frameworks (MDLZ) adsorbent with CV,
CR, and NR dye were examined at optimal conditions. The MDLZ
adsorbent color changed from pale brown to reddish brown color,
indicating the removal of the multiple dyes.
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environmentally friendly method of creating magnetized cubic
zinc MOFs for the removal of both anionic and cationic organic
dyes as shown in Scheme 1. Magnetic iron oxide materials with
a hierarchical structure were loaded and doped into cubic zinc
organic frameworks (MDLZ). To assess the adsorption capacity
of MDLZ from an aqueous solution, organic dyes including
Congo Red (CR), Neutral Red (NR), and Crystal Violet (CV) were
used as example agents. Several adsorption parameters, such as
pH, contact duration, initial concentration, dose of the adsor-
bent, and temperature were investigated. MDLZ was used to
assess the thermodynamic, isotherms, and kinetic models for
the adsorption of CR, NR, and CV dyes under ideal removal
parameters. Several organic dyes could be effectively removed
form wastewater owing to the magnetized nanocubes' wide
surface area and consistent microporous structure, which
allowed for high adsorption capacity that lasted through several
reuse cycles. The microporous MLDZ adsorbent offers an easy-
to-use and efficient solution to control industrial wastewater
and water purification.

Results and discussion

Fabrication of nanocubic MDLZ adsorbent

The magnetite doped and loaded Zn-MOFs (MDLZ) were fabri-
cated using a green and simple approach. During the prepara-
tion of Zn-MOF, the Zn nodes were mixed with 2-
methylimidazole in presence of magnetite as shown in Scheme
2. To improve the adsorption characteristic of Zn-MOFs, the
cubic Zn-MOFs were doped with the previously prepared
magnetite (Fe;O,) to design magnetite doped nanocubes
(MDZ). To enhance the magnetic properties of the MDZ, further
loading process were done with polymerized magnetite using
polyacrylamide (Fe;0,@PAM). FESEM Images investigate the
preparation of nanocubes structures of Zn-MOFs which are
randomly connected to create the microporous caves as shown
in (Fig. 1A and B). Moreover, the aggregated nanospheres of the
prepared Fe;0,4 and Fe;0,@PAM images were demonstrated as
shown in (Fig. 1C and D) respectively. Fig. 1E shows that the
Fe;0, was doped into nanocubes Zn-MOFs (MDZ). Moreover,

Magnetite
g’ Doped
£ Nanocube
-t Mixing ‘
2-MIm -\\‘ Fe,0,@PAM ,_-\\
® Stirring/24h ' Y
g @c ON ‘|
= — _LH@oO !
» 3 an }
(NG r‘ 5 4
Zn(NO,), MDLZ
f
. Adsorptlon ‘ Centrifuge '
& Drying
Desorptlon

Scheme 2 The preparation of magnetite loaded and doped with into
cubic zinc metal—-organic frameworks (MDLZ) adsorbent via mixing of
zinc nitrate salt with magnetite and 2-methylimidazole as a linker. The
brown precipitate of MDLZ was observed after mixing and stirring for
24 h. The brown powder were separated, cleaned, and dried. The
obtained MDLZ nanocubes were utilized in removal of CV, CR, and NR
dyes.
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Fig. 1 Low- and high-magnification FESEM images of (A, B) the
nanocube Zn-MOFs as intergrowing crystals, (C) FezOy, (D) FezO4@-
PAM, (E) MDZ and (F) cubic MDLZ adsorbent. FESEM-mapping of (G)
Zn-MOFs and (H) MDLZ adsorbent.

our finding shows that the cubic morphology of the prepared
Zn-MOFs platform was totally covered with Fe;0,@PAM to
create bulk rock like morphology for capturing/trapping of
multiple dyes from aqueous solution as shown in Fig. 1F. The
FESEM mapping were utilized to demonstrate the distribution
of magnetite into Zn-MOFs. Our results confirm the existence of
Zn, C, and N elements of Zn-MOFs as shown in Fig. 1G.
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Fig. 2 (A) N, adsorption/desorption isotherms and (inset) BJH pore
size distribution of the ZN-MOF and MDLZ. (B) Wide-angle XRD
diffraction patterns of the ZN-MOF and MDLZ nanocubes.
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Moreover, the distribution of Fe and O elements over the
designed Zn-MOFs were confirmed as shown in Fig. 1H.

N, adsorption/desorption isotherms were designed to
calculate the distribution of pore volume and surface area of the
Zn-MOFs and MDLZ adsorbents (Fig. 2A).>*** Our findings
demonstrate the manufacture of MDLZ adsorbents exhibiting
homogeneous microporous voids. The adsorption/desorption
isotherms’ type I behavior, which is characterized by their
sharpness, enables the building of microcage frameworks with
pore sizes less than two nanometers. According to our studies,
the pore size afterwards magnetite loading (12.68 A) is slightly
smaller than the parent (13.57 A), as Fig. 2A shows. Our results
demonstrated a remarkable decrease in Zn-MOFs surface area
after loading of magnetite. The calculated surface area of the
MDLZ was (1719 m”> g~ '), which is lower than that of pure Zn-
MOFs (1739.7 m” g~ ). Results further revealed the decoration
of magnetite around the nanocubes and inside their micropo-
rous cages, thus illustrating the uniform filling of the micro-
porous cavities of the inorganic-organic Zn-MOFs. The X-ray
diffraction patterns for the Fe;0, and Fe;O,@PAM were inves-
tigated as shown in Fig. S1A.7 To clarify the crystal structure of
Zn-MOFs and MDLZ adsorbents, X-ray diffraction patterns of
the Zn-MOFs, MDLZ, MDZ were analyzed as shown in Fig. 2B
and S2A.1 The manufactured MDZ, MDLZ and Zn-MOFs show
a sharp diffraction at 26 of 7.33°, 10.30°, 12.77°, 16.41°, and
24.50° corresponded to the (211), (200), (220), and (222) planes,
respectively. The finely resolved Bragg diffraction peaks of these
two adsorbents show that they are highly crystalline and that
uniform crystal structures are being formed.*® Our findings
further show that the nanocubes’ diffraction peaks remain
when magnetite is loaded and doped, indicating the utmost
stability of their crystal structure. The FTIR spectra of Fe;O, and
Fe;0,@PAM were investigated as shown in Fig. S1B.{ Moreover,
the FTIR spectra for MDZ, Zn-MOFs, and MDLZ analyzed, as
indicated in Fig. S2B and S3Af respectively, to gain insights into
the surface function of the Zn-MOFs, MDZ and MDLZ adsor-
bents. The imidazole group's aromatic and aliphatic C-H
absorption bands were measured at 2935 and 3130 cm ' as
shown in Fig. S2B and S3Bf respectively. The 2-methyl imid-
azole C=N stretching mode absorption band was detected at
1580 cm . The stretching bands of Zn-N and C-N were found
at 420 cm ™' and within the 1460-1143 cm ™" area, respectively.””

Removal of dye using the MDLZ nanocubes

The best circumstances for removing CV, CR, and NR dyes from
MDLZ adsorbent were examined. Changes in pH are predicted to
have an impact on the adsorption of dye because the degree of
ionization and surface charge of the adsorbent can be influenced
by the pH of solute ions.”** The CV, CR, and NR solutions' pH
values were adjusted from 2 to 12. Fig. 3A illustrates the inves-
tigation of the pH's influence on the dye in CV, CR, and NR
solutions following the adsorption procedure. According to our
findings, the adsorption efficiency did not significantly improve
as pH increased, and Fig. 3A illustrates that the greatest efficiency
was observed at a neutral medium. Fig. 3B exhibits the results of
a study into the impact of contact time, which ranged from 10 to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Effect of pH on CV, CR, and NR dye adsorption on MDLZ at

room temperature. (B) The effect of time on the adsorption of MDLZ of
different dyes under optimum conditions. (C) The corresponding
images of MDLZ with CV, CR, and NR dyes at different dyes.

120 minutes, on removing of CV, CR, and NR dyes. According to
our findings, the amount of dye removed by CV, CR, and NR
became continuously with time until it achieved equilibrium.
Our results demonstrated that the elimination of dye improved
over time and reached saturation after 120 minutes. Our findings
show that the presence of active centers and the wide surface area
of MDLZ nanocubes contribute to an exceptionally high dye
adsorption rate during the first hour of adsorption. The MDLZ's
pores and active sites eventually became exhausted, which
caused the dye adsorption rate to stabilize.*® To identify the
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Fig. 4 (A) Effect of MDLZ nanocubes dosage on the adsorption
capacity of the material for removal of (A-a) CV, (A-b) CR, and (A-c) NR
dyes. (B) Effect of initial concentration of (B-a) CV, (B-b) CR, and (B-c)
NR dyes at optimal conditions.
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optimum dose of MDLZ, the adsorption experiments were con-
ducted using 25 mg L™ of CV, 125 mg L ™" of CR, and 50 mg L ™"
NR at neutral medium and 298 K.

Our finding revealed that the adsorption capacity increased
with increasing MDLZ dose, as shown in Fig. 4A. The perfor-
mance of the MDLZ adsorbent may be significantly affected by
the initial concentration of organic dyes, therefore the initial
concentrations of CV, CR, and NR dyes were changed, and
adsorption was carried out under suitable adsorption condi-
tions (Fig. 4B). The initial concentrations were adjusted from
5 mg L' to 50 mg L™ for the removal of CV under optimal
conditions (25 mg dosage, 298 K temperature, and pH 7), as
shown in Fig. 3B-a. According to our studies, removal efficiency
decreased from 56.88% to 34.43%. As dye concentration
increased. In addition, as Fig. 4B-b illustrates, the initial
concentrations for CR removal were changed from 25 mg L " to
150 mg L~ " under specific conditions (a 25 mg dosage, 298 K
temperature, and pH 6). Our findings demonstrated significant
decrease in removal percentage from 98.61% to 37.88% as the
dye concentration increased. As shown in Fig. 4B-c, the initial
concentrations for NR removal were varied form 10 mg L™ to
100 mg L' under optimum adsorption conditions (dose of
125 mg, temperature of 298 K, and pH 6). The results showed
decrease in removal percentage from 90.1% to 75.99% as the
dye concentration increased. This observation could be
explained by the fact that MDLZ's binding sites have reached
saturation, leaving insufficient active sites to capture all of the
contaminating molecules in the solution.*

The surface charge of the MLDZ magnetic nanocubes
adsorbent was investigated by examining the point of zero
charge (PZC). Fig. S41 shows the PZCs of the MDLZ adsorbent at
different pH values. Our findings indicated that the adsorbent's
PHpzc is 8.2, which is an essential variable in the removal of
various dyes. The maximum adsorption capacity for cationic
dyes was determined below the pHp,c, whereas the functional
groups of the MDLZ nanocubes adsorbent were protonated
above the pHpzc. Anionic dyes may be removed attributed to the
MDLZ adsorbent surface's positive charge above the pHpyc.*
The Freundlich, Temkin, and Langmuir models are depicted as
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Fig.5 (A) Adsorption isotherms of MDLZ for removal of (A-a) CV, (A-b)
CR, and (A-c) NR dyes. (inset) Linear plot of the Langmuir isotherm
curve. (B) Linear plot of the Freundlich adsorption isotherm. (C) Linear
plot of the Temkin adsorption isotherm.
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Table 1 Isotherms and their linear forms for the adsorption of
different dyes

Isotherm Value of parameters  CR Ccv NR
Langmuir  gm exp 239.808  39.370 321.543
Ky, 4.38918  0.075505  0.197335
R? 0.999 0.9157 0.997
Freundlich n 5.52 1.57 2.89
Ky 133.92 3.69 81.8656
R 0.8077  0.969 0.823
Temkin Br 24.589 15.532 75.0769
Ky 839.398 0.2091 1.44
R? 0.794 0.9196 0.919

nonlinear and linear isotherm models, and their parameters
were determined for the adsorption of CR, NR, and CV dyes at
ambient temperature using MDLZ adsorbent (Fig. 5A).**° At
room temperature, the maximum adsorption capacity and
Langmuir isotherm constant were determined by calculating
the slope and intercept of the Langmuir plot of C./q. against C.
(inset Fig. 5A). The Langmuir isotherm was shown to be more
appropriate for interpreting the experimental results on the
monolayer adsorption of dyes such as NR, CR, and CV when
assessing the magnitude of R (Fig. 5A). Furthermore, the high
KL values observed served as confirmation of the dye's powerful

Table 2 Comparison of adsorption of proposed work and others
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adsorption and binding to the nanocubes cavities. Unfavorable
deviations were found when the data were compared to the
Freundlich isotherm (Fig. 5B) and Temkin isotherm (Fig. 5C)
models. Table 1 summarizes the characteristics of all isotherms
for the removal of various dyes. The MDLZ adsorbent exhibited
a considerably greater adsorption capacity (¢,,) for CV (39.37 mg
¢ "), CR (239.81 mg g "), and NR (321.54 mg g~ ') at 25 °C when
compared to other adsorbents listed in Table 2.3

As shown in Fig. 6, the adsorption rate of the MDLZ adsor-
bent was investigated to clarify the kinetics of the uptake of NR,
CR, and CV dyes. Adsorption of cationic and anionic dyes onto
the MDLZ nanocubes adsorbent initiated at a high rate and
decreased gradually until equilibrium was attained. After 100
minutes, there was an evident rise in both the removal rate and
highest adsorption, and this consequently was determined to be
the equilibrium time. The removal approach's kinetics are
a crucial parameter for evaluating adsorption dynamics. The
adsorption kinetics of CV, CR, and NR dyes onto MDLZ were
assessed by fitting the experimental data with the pseudo-first
order and pseudo-second order models. The adsorption
capacity at equilibrium, g. (cal) was identified by using the slope
and intercept of log(ge — ¢;) vs. t plots (Fig. 6A), which were
utilized to determine the rate constant, K;. The results suggest
that the kinetics of dye adsorption for CV, CR, and NR dyes

Dye Adsorbent Adsorption capability (mg g™ ) Ref.
CR Chitosan/TiO, 32 36
Cellulose/Fe;0,/activated carbon composite 66 37
Interconnected polypyrrole-polyaniline nanofibres 222 38
Activated bentonites 7 39
Fe;0,/NiO 89.9 40
ZnO 208 41
Activated carbon 300 42
Co-doped ZnO 230 43
Mn-doped ZnO 232.5 44
MDLZ 239.808 Our work
NR Chitosan 16.75 45
Activated carbon chitosan 36.20 45
rGO/SiO, nanocomposites 66.635 46
Zn3[Co(CN)g],-nH,0 nanospheres 24.06 47
Fe;0, hollow nanospheres 29.5 48
Bentonite/carbon composites 46 49
Niy 5Zn, sFe,0,/Si0, nanocomposites 39.95 50
Halloysite nanotubes 65.45 51
WEFS 232.5 51
Cottonseed hull substrate 166.7 52
CuO_NP 283 53
Pleurotus ostreatus nanoparticles (PONS) 61.73 54
MDLZ 321.543 Our work
Ccv BC-PKS 24.45 55
Himalayan long-leaf pine bark 32.78 56
Magnetite nanoparticles loaded onto Azolla 30.21 57
Nanomagnetic iron oxide 16.5 58
Magnetically modified activated carbon 67.1 58
AC - from date palm leaflets 36.63 59
Activated carbon of Lemon Wood (ACL) 23.6 60
Activated carbon/Fe;0, 35.64 60
MDLZ 39.370 Our work
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Fig. 6 Determination of the adsorption kinetics of (A-a) CV, (A-b) CR,
and (A-c) NR dyes onto MDLZ via the pseudo-first order and pseudo-
second order of (B-a) CV, (B-b) CR, and (B-c) NR dyes onto adsorption
models at room temperature.

follow the pseudo-second-order kinetic model. The correlation
coefficients calculated with the pseudo-first-order kinetic model
were lower than those achieved using the pseudo-second-order
kinetic model (Fig. 6B). The correlation coefficients and g.
(cale.) values from the pseudo-second-order kinetic model are
in agreement with the results that has been obtained (Table 3).
Our findings showed that the rate-limiting step of the adsorp-
tion process is chemisorption, which involves strong forces via
the exchange or sharing of electrons between the multifunc-
tional surface of MDLZ and CV, CR, and NR dyes adsorption
molecules.

The influence of temperature on adsorption must be investi-
gated for practical adsorbent uses. Three different temperatures
were used for adsorption experiments: 25 °C, 40 °C, and 60 °C
and the thermodynamic parameters were determined as shown
in Table 4. The adsorption capacity of the MDLZ nanocubes for
removal of CR increased as the temperature increased from 25 °C
to 60 °C, demonstrating endothermic CR adsorption onto the
nanocubic MDLZ adsorbent (Fig. S5A & Bt). Our findings could
be explained by the fact that when temperature increases, the dye
molecules’ mobility and diffusion rate over the adsorbent's
surface increase, enhancing the adsorbent's capacity for
adsorption,**> Table 4 shows the results of the calculation of the
appropriate thermodynamic parameters. The adsorption process
is confirmed to be endothermic by the positive value of AH®; the
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process of adsorption of CR dye is demonstrated to be sponta-
neous by the negative value of AG°. The reaction’s feasibility is
confirmed to increase with temperature by the increasing nega-
tivity of AG°; and the system's disorder increases after dye
adsorption by the positive value of AS°.*** In contrast, the
adsorption capacity of the MDLZ nanocubes for cationic dye such
as CV and NR dyes decreased as the temperature increased from
25 °C to 60 °C, thus confirming the exothermic removal process
of CR onto the MDLZ adsorbent (Fig. S5C and Dt). The adsorp-
tion process of NR and CV dyes is exothermic, as demonstrated
by the negative values of AH° measured at three distinct
temperatures. During the adsorption process, there could be
a formation of chemical bonds or molecular organization re-
flected in the negative AS® values.

The mechanism of adsorption using MDLZ nanocubes

Several parameters were taken into consideration when exam-
ining the potential adsorption mechanism of MDLZ of CV, CR,
and NR dyes. Electrostatic interactions between MDLZ nano-
cubes and the cationic and anionic dyes have been demon-
strated to be one of the primary adsorption processes. In order
to identify the alterations in various functional groups and peak
locations after adsorption of organic dyes, the SEM, XRD and
FTIR analysis were performed as shown in Fig. 7. Our SEM
images investigate the accumulation of organic dyes over the
nanocubes as shown in Fig. 7A. Our findings further show that
the nanocubes' diffraction peaks remain when the organic dyes
adsorption, indicating the utmost stability of MDLZ adsorbents
Fig. 7B. Furthermore, m-7 interactions contribute to the
organic dyes CV, CR, and NR's capture process, which amplifies
the adsorption impact. The remarkable performance of MDLZ
nanocubes in dye removal can be attributed to the combined
action of hydrogen bonding, electrostatic interactions, and -7
interactions during the adsorption process of dyes such as CV,
CR, and NR. The intraparticle diffusion mechanism of the
MDLZ adsorbent for the removal of CV, CR, and NR dyes was
investigated from the slope of the corresponding second linear
region (Fig. S61). Our findings suggested that the early phases of
adsorption regulated the mass transfer resistance to the dye
particles of CV, CR, and NR dyes. Thus, the pseudo-second-
order kinetic model may be used to estimate the adsorption
kinetics. Chemisorption through the sharing or exchange of
electrons between the multifunctional surfaces of MDLZ and
the dyes CV, CR, and NR appeared to be the rate-limiting
process. The spontaneous interactions between the cationic

Table 3 Kinetic parameters and their correlation coefficients for the adsorption process

Model Parameters CR (6)% NR
Pseudo-first-order kinetic K; (min™%) 0.0124362 0.012583592 0.084289
g (mg g™ 125.9795347 6.854882265 91.7698
R* 0.9352 0.836 0.9397
Pseudo-second-order kinetic K, 0.00036 0.004986702 0.002700
qe 222.22 26.67 181.82
R? 0.999 0.993 0.9998
Experimental data ge (exp) 239.81 39.370 321.543

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Standard enthalpy, entropy, and free energy changes for CR,
CV, and NR adsorption on MDLZ

AG° (k] mol™)

Dye (Conc) (ppm) AH° AS° 293K 313K 333K

CR 125
Ccv 35
NR 50

213.33
—18.79
—37.49

726.11
55.6
—89.79

—-2.79
—1.85
—10.06

—10.435
—0.838
—8.62

—16.58
—0.759
—8.29
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Fig. 7 (A) FESEM images of MDLZ after adsorption of (A-a) CV, (A-b)
NR, and (A-c) CR dyes. (B) XRD diffraction patterns of the MDLZ
nanocubes after adsorption of organic dyes. (C) The FTIR spectra of
the nanocubes MDLZ after adsorption of organic dyes.

and anionic dyes could be responsible for the adsorption
process.®

Reusability and applicability of nanocubes MDLZ

If adsorbent material can be utilized over several cycles and still
be beneficial for recovery, separation, and dye removal after
regeneration, it is assumed to be cost-effective. After elution in
an aprotic and portic solvent solution, the separation (collec-
tion) of dyes collected by the nanocubes adsorbent was exam-
ined. After four successive adsorption-desorption cycles, we
detected a shift in MDLZ's adsorption capability. The process of
creating a pH shift is typically used to accomplish the desorp-
tion of cationic or anionic dyes. Desorption is often carried out
in basic or acidic environments. In order to regenerate nano-
cubes dye-MDLZ, 0.02 g of the adsorbent was placed in a flask
and repeatedly washed with a different solvent until all of the
dye molecules had desorbed from the MDLZ surface. The
adsorbent was then continuously cleaned with distilled water.
Ethanol was used to remove the remaining dyes from the
adsorbent. After collecting, the dye free adsorbent was sub-
jected to heating to 60 °C for four hours. The subsequent dye
adsorption experiment employed the dye free adsorbent after
regeneration. The partial obstruction of MDLZ's adsorption
sites is responsible for the little reduction in regeneration effi-
ciency (Fig. S71). In order to determine if MDLZ could be
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utilized for eliminating several dyes, three different concentra-
tions of NR, CR, and CV dyes were combined under optimal
conditions. As seen in (Fig. S81), the findings suggested that the
MDLZ adsorbent could trap or remove the three dyes. As
a result, the produced MDLZ adsorbent has great promise for
the removal of CV, CR, and NR dyes from modeled samples that
include many cationic and anionic dyes. Our findings investi-
gated the high removal percentage of organic dyes in compar-
ison with Zn-MOFs, Fe;0,, and Fe;O,@PAM as shown in
Fig. 8A. The designed MDLZ show ferromagnetic characteristic
with considerable magnetic sustainability in comparison with
Fe;0,4, and Fe;0,@PAM as shown in Fig. 8B.

Experimental
Chemicals

The chemicals obtained for this research were used as received
without further purification since they were of analytical grade.
These chemicals included zinc nitrate hexahydrate (=99.0%)
[Zn(NO3),-6H,0], 2-methylimidazole (2-MIM) which were
purchased from Sigma-Aldrich. Ferrous sulfate heptahydrate
[FeSO,-7H,0]. Hexahydrated ferric chloride [FeCls-6H,0, m.wt
(270.3 g mol ")], acrylamide. ammonium peroxydisulfate
[(NH,),S,03, ammonium hydroxide [NH,OH, (25%)]. Congo red
dye (99%), neutral red dye (99%) and crystal violet dye (99%).
Milli-Q Water, methanol (99.7%), N,N-dimethylformamide
anhydrous (99.8%), buffer solutions of KCI-HCl and CHj;-
COOH-CH;COONa were used to adjust the pH in the acidic
medium. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
and 0.1 M disodium hydrogen phosphate were used to adjust
the pH in the basic medium using 0.1 M NaOH. All chemicals
were used directly as received without any purification.

Preparation of nanocubic MDLZ adsorbent

To prepare magnetite doped Zn-MOF, 3.672 g of Zn(NOj3),-6H,0
dissolved in 50 mL of methanol and 0.05 g Fe;O, added then
sonicated for 3 min, and 4.053 g of 2-MIM dissolved in 50 mL of
methanol. The two solutions were mixed and stirred for 24 h at
room temperature. The magnetite-doped Zn-MOF (MDZ) was

100 2™
80 £
—- &2
g e
g 6 Fe,0, Fe;0,0PAM MDLZ
¢
404
B
20+

0. -
Zn-MOFs _MDLZ

Fes0, Fe,0,0PAM

- =

Fig. 8 (A) The comparison in removal percentage of CR, CV, and NR
dyes using different adsorbents such as Zn-MOFs, MDLZ, FezO,, and
FesO4@PAM under optimum adsorption conditions. (B) The magnetic
susceptibility of MDLZ, FezO,4, and FezO4,@PAM.
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formed and separated from the solution via centrifuge and
washed with methanol and then dried for 24 h at 50 °C. To
prepare MDLZ, 0.1 g of (MDZ) was suspended in to 25 mL of
methanol and 0.05 g of Fe;0,@PAM was sonicated into 25 mL
of methanol for 3 min. The two solutions were mixed and stir-
red for 24 h at room temperature. The obtained composite
(MDLZ) was separated from the solution via centrifuge then
washed by methanol and dried for 24 h at 50 °C.

Removal and batch studies of the MDLZ

Stock solutions of Congo red dye (CR), neutral red (NR) dye
and crystal violet dye (CV) (1000 mg L") were prepared to
determine the optimal adsorption conditions. The working
concentrations of the dye's solutions were prepared using the
stock solution and varied from (25-125) mg L™ for CR dye,
from (10-60) mg L™ for NR dye and from (5-35) mg L™ " for CV
dye. Deionized water was used to prepare the stock solutions.
The adsorption performance of MDLZ for different dyes
removal was investigated by conducting multiple batch
adsorption experiments. The required amount of MDLZ
adsorbent was added to aqueous solutions with a constant
concentration of dye. The mixture was then continually
agitated on a shaker. At the end of predetermined time
periods, an aliquot of the solution was removed, separated via
centrifugation at 6000 rpm, and analyzed via UV-Vis spec-
troscopy. The complete description of instruments was dis-
cussed in detail in ESI.T

Conclusions

In this report, simple and energy-efficient protocol of creating
magnetized cubic Zn-MOFs for the adsorption of different
organic dyes. Cubic zinc metal-organic frameworks were loaded
and doped with magnetic iron oxide materials that exhibited
a hierarchical structure. The produced MDLZ has several
notable characteristics, including high magnetic properties,
chemical stability and ease of dye removal from aqueous efflu-
ents. The organic dyes including crystal violet (CV), neutral red
(NR), and Congo red (CR) dyes were employed as model mate-
rials to evaluate MDLZ's ability to adsorb from an aqueous
solution. Many adsorption factors were examined, including
temperature, pH, contact duration, initial concentration, and
adsorbent dosage. Thermodynamic, isothermal, and kinetic
models for the adsorption of CR, NR, and CV dyes under
optimal elimination conditions were evaluated using MDLZ
adsorbents. The adsorption capacity of the MDLZ adsorbent at
25 °C for CV was 39.37 mg g, for CR was 239.81 mg g, and
NR was 321.54 mg g~ ' which is significantly higher than those
of other adsorbents reported. Our findings showed that the rate-
limiting step of the adsorption process is chemisorption, which
involves strong forces via the exchange or sharing of electrons
between the multifunctional surface of MDLZ and CV, CR, and
NR dyes adsorption molecules. The ferromagnetic properties,
large surface area and uniform micropores of the magnetized
nanocubes allowed for eliminate an extensive amount of
organic dyes from wastewater effectively, and their strong

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption capability maintained even after multiple uses. The
microporous MLDZ adsorbent offers a simple and effective
method for controlling industrial wastewater and filtration of
water.
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