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Abstract
Clean water quality is dependent on the absence or complete removal of polar ionic micropollutant molecules and their
associated products from the water. Utilizing copper Isonicotinate metal–organic frameworks ([Cu (INA)-MOF) a modified
copper-based magnetic composite metal–organic framework ([Cu (INA)2]-MOF@Fe3O4) is mechanically synthesized under
environmentally friendly conditions, and an adsorptive removal of salbutamol in water was successfully achieved in both
synthesized materials. Characterization toward the materials has been carried out using X-ray diffraction, Brunauer–Emmet-
t–Teller, field emission scanningmicroscopy, scanning electronmicroscopy, thermogravimetric analysis, andFourier transform
infrared spectroscopy. Our synthesized ([Cu (INA)2]-MOF@Fe3O4 used as an adsorbent in water showed enhanced perfor-
mance in the removal of the model salbutamol within a shorter contact time (40 min) with the pseudo-second-order and
Langmuir models providing the most accurate statistical descriptions of the process’s kinetics and isotherms, respectively,
while thermodynamic studies indicated that the process was endothermic, spontaneous, and the material demonstrated very
good reusability and regeneration with a very good percentage recovery even after the fifth cycle.

Keywords Salbutamol · β-agonists · Magnetic composite · Metal–organic frameworks · Adsorption · Kinetic and isothermal
models

1 Introduction

A review of the occurrences of β-agonists compounds in
surface water, groundwater, and drinking water indicated a
sharp increase in their concentrations over the days, thereby
developing into a severe problem during the last two decades
and has recently been presented by our research group [1].
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The accumulation ofβ-agonists concentration in our drinking
water is scientifically proven to trigger variety of health prob-
lems to humanity causing symptoms such as tachycardia,
nervousness, muscle tremors, fatigue, confusion, headache,
dizziness, chest distress, heart palpitations, anxiety, insom-
nia, itching, and limb numbness [2, 3], as well as other
abnormal conditions such as fibrillation,which is particularly
prevalent in hypertense [4]. An additional clinical symptoms
and signs can include chain pains and severe pain at the injec-
tion sites [5].

β-Adrenergic agonists are adrenergic receptors that were
first utilized in human treatment in the 1970s and are now rou-
tinely used for bronchodilation and other purposes mostly
found in the heart, lungs, and blood vessels [6]. Given its
ability to provide repartitioning effects and improve glucose
homeostasis in humans with insulin resistance and diabetes,
it has been proposed as a potential therapy to treat muscle
deterioration and a potential anti-diabetic agent in humans.
β-agonists as a drug are allowed for use in individuals with
asthma in Europe at a dosage of 20–40mg orally, twice a day,

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-023-08167-z&domain=pdf
http://orcid.org/0000-0002-9276-1223


440 Arabian Journal for Science and Engineering (2024) 49:439–458

Fig. 1 Salbutamol

according to the European Medicines Agency [5]. They are
partly metabolized in the body and eliminated in the urine
either as the original drug or as metabolites of the original
substance, as reports indicated their 60–70% excretion into
the environment in their unmetabolized form [7–9]. Con-
sequently, they are released into the environment through
urban wastewater. Due to their hydrophilic nature and lim-
ited separation at wastewater treatment plants (WWTPs) and
drinking water treatment plants, many of these contaminants
can spread further through the water cycle, eventually reach-
ing groundwater and into our drinking water.

β-agonists, as polar, ionizable, and nonvolatile com-
pounds, happened to be among the most difficult micro-
contaminants to remove from the environment, especially
given their constant daily introduction into the environment,
as their polarity facilitates their spread in water [10].

Salbutamol (Fig. 1), is one of the major β-agonists
drugs with the chemical name; 2-(ter-butylamino)-1-(4-
hydroxymethylpenyl) ethanol,withmolecular formula repre-
sented asC13H21NO3,water solubility as lowas 2.15mg/mL,
a pKa of 9.83± 0.47 [10, 11] and structural representation in
Fig. 1. Detection of a free salbutamol concentration in urine
exceeding 1 g/mL, is considered a doping violation for its
ergogenic aids ability [1].

Chemical and biological methods, such as oxidation [12,
13], photodegradation [9, 14], and adsorption [15], have all
been used to accomplish the removal of β-agonists in our
environmentalwaters. But for the reason that such techniques
as oxidation and photocatalytic degradation frequently pro-
duce intermediates with toxicity greater than that of the
pollutants, adsorption is considered to be the most favorable
as its simple, promising, inexpensive, and environmentally
friendly method of eliminating pollutants during wastewater
recovery [16]. Adsorption, on the other hand, is depen-
dent on the adsorbent, i.e., its adsorption capability, contact

time, adsorbent dose, and pH variations [17], so the prin-
cipal downsides of several adsorption techniques are the
opposite of the aforementioned qualities as poor adsorption
capacities, extended contact times, high dose, and pH val-
ues that are either very low or excessively high. So far only
few documented studies on adsorbents used for the removal
of salbutamol in our environmental water were available,
viz., granular activated carbon (GAC) [15], micro-grain acti-
vated carbon (μ-GAC) [18], and anionic cellulose nanofibrils
(CNFs) [19]. Most of these studies, on the other hand, had
poor adsorption efficiency, a prolonged equilibrium time up
to around someweeks to attain, and were difficult to regener-
ate or some studies did not have any record of regenerations.

Metal–organic frameworks (MOFs) have made tremen-
dous development in recent years owing to their diverse
structure and a large variety of application possibilities [20].
MOFs are a type of nanoporous materials with metal-based
building units that are coordinated with organic bridging lig-
ands to form an interconnected 3-D network with a uniform
pore system that includes channels and enclosureswith open-
ings that typically range from 3 to 90 microns in size through
which you can constructMOF structures that have the desired
structural characteristics [21]. Through the use of these spe-
cific three-dimensional connectivity between inorganic and
organic units, it is possible to create MOF architectures with
low framework densities (from 0.2 g/cm3), high void vol-
umes (up to 90%), and as a result of the very porous structure
formed by the crystalline ordering of the components, the
interior specific surface areas reach over thousands of m2/g,
which is extremely large, these are all among theMOFs’most
attractive features [17, 22, 23]. Hariz [24] also discovered
that the stability of MOFs was determined by the existence
of hydrophobic functional groups, a high number of positive
charges per atom, and the capacity to resist coordination with
water molecules.

Their interest in both scientific and technological fields is
as a result of their versatility in a variety of fields such as
liquid adsorption [25], catalysis [23, 26] and sensing [27],
electrochemistry and conversions [28] as well as in biomedi-
cal applications as contrasting agents and drug delivery [29].
The capacity to create tunable cavities with tailorable chem-
istry opens the door to a plethora of new possibilities for the
development of materials with specific features such as the
composite-MOF. When a composite is formed, it is a multi-
component material that contains many phases and at least
one continuous phase.

The synthesis, kinetics, morphology, physicochemical
characteristics, stability, and possible applications of MOFs
may all be significantly enhanced by functionalizing appro-
priate components into their composition [30]. By attaching
active groups or impregnating appropriate active materials
and altering the organic as well as fabricating composites
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with suitable material, we can improve the physiochem-
istry of the materials. This development was extended by
incorporation of magnetic nanomaterials into the MOFs’
framework possible to createMOFswithmagnetic properties
as the one recently explored by Bellusci [22] in 2018. These
MFCs exhibit vacant sites suitable for selective separation
of the targeted compounds and also offer a magnetic separa-
tion ability. With much greater surface area than traditional
materials, nano-magnetic structured adsorbents demonstrate
significantly better efficiencies and quicker adsorption rates
in water treatment as compared to conventional materials.

Further studies have shown that the incorporation of the
second type of metal ion into the crystal lattice of a MOF
containing a single type of metal ion is theoretically and
practically feasible [31], resulting in a solid product that
could be used to adjust the number or uniformity of SBU
linkages between metal centers, resulting in a greater and
controlled ordering of the mixed-metal ions into a crystalline
MOF material that should display rich chemistry.

The adsorption of β-agonists from contaminatedwater can
be accomplished using the physicochemical qualities ofmag-
netic nanoparticles (i.e., particle sizes, surface area, surface
charge, accumulation/aggregation, morphology, and surface
coating) as well as chemisorption and/or physisorption fea-
tures of MNPs.

A Cu-based magnetic composite metal–organic frame-
works (MCMF) is mechano-synthesized using mortar, and
pestle consisting of iron oxide nanoparticles (Fe3O4-MNPs)
is reported in this paper. Various characterization techniques
such as Fourier transform infrared spectroscopy (FTIR),
Brunauer–Emmett–Teller (BET), thermogravimetric analy-
sis (TGA), X-ray diffraction (XRD), high-resolution trans-
mission electron microscope (HR-TEM), and field emission
scanning electron microscopy (FESEM) were all carried
out on the synthesized materials. The specialized chemi-
cal functionalities of the magnetic composite-MOFs help in
selectively adsorbing the salbutamol species which has spe-
cial functional features that help in selective adsorption.

The studies of MCMF are very recent and its applica-
tions in water remediations, in general, are very few and no
MCMF studies on β-agonists is so far reported. To the best of
the author’s knowledge, this is the first study based onMOFs
and the MCMF on salbutamol adsorption from water. The
green chemistry approach’s synthesis is used here to develop
functionalized materials through a process that eliminates or
at least reduces hazardous waste generation that is harmful
to human health and the environment, while also removing
environmental pollutants (β-agonists) that aremicro and non-
volatile found in our environmental waters. The choice of
making as well as using the copper-basedMOF is because of
the reported non-toxic effect of copper and the biocompati-
bility of the composite components, as well as their features

that were efficient for the ultimate application were taken
consideration while selecting them.

2 Methodology

2.1 Chemicals andMaterials

All chemicals used in this project were analytically assessed
and utilized exactly as supplied. Sigma-Aldrich supplied
the copper acetate monohydrate (98.5%), isonicotinic acid
(98.5%), and salbutamol (St. Louis, MO, USA). Methanol
(99.5%), sodium hydroxide, hydrochloric acid, iron(III)
chloride hexahydrate (ferric chloride), and iron(II) chlo-
ride tetrahydrate (ferrous chloride) were all purchased from
Sigma-Aldrich (St. Louis, MO, USA) and were supplied by
IT Tech Research in Selangor, Malaysia.

2.2 Mechano-Synthesis of [Cu (INA)2]-MOF

[Cu (INA)2]-MOF was synthesized using a solvent-free
approach similar to that described by Tella [32] with little
modification. To summarize, 0.25 g (1 mmol) copper acetate
monohydrate (Cu (CH3COO)2H2O) and 0.246 g (2 mmol)
isonicotinic acid (C5H4N(CO2H) were crushed together for
3 min using a mortar and pestle. The product’s fabrication
was followed by a familiar acetate characteristic odor and
indications of a color change from green to blue. The result-
ing product was then heated for 12 h at 150 °C to eliminate
the glacial acetic acid trapped in the pores of the copper
isonicotinate MOF. The material (product) was placed in a
desiccator to cool before being stored in a sample vial and
afterward utilized without further treatment throughout the
experimental procedure.

2.3 Mechano-Synthesis of the Fe3O4-MNPs

Fe3O4-MNPs were manufactured using an unusual
mechanochemical approach, which was comparable to
the one previously described by Bellusci [22, 33] with
only minor modifications to the procedure. In a typical
process, about 5 g of a molar ratio combination of reactants
(FeCl36H2O, FeCl24H2O, and NaOH, all provided by
Sigma-Aldrich) was mixed in a mortar and pestle until well
combined. Sodium chloride was added in excess (to the tune
of 100 wt%) to the stoichiometric mixture as a phase control
agent to minimize the formation of crystalline development
phenomena. The synthesis was completed by continually
grinding the ingredients in a mortar and pestle. After 10 min
of grinding, the materials combination was collected, and
the powder was washed with water before being dried at
70 °C under vacuum and stored till further needed.
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Fig. 2 a Mortar and pestle synthesis process of Fe3O4-MNPs, b synthesized Fe3O4-MNPs, and c synthesized ([Cu (INA)2]-MOF@Fe3O4, and
d synthesized ([Cu (INA)2]-MOF

2.4 Mechano-Synthesis of the [Cu
(INA)2]-MOF@Fe3O4 UsingMortar and Pestle

The Bellusci [22] procedure was followed with minor
changes for the magnetic composite synthesis; in summary,
Fe3O4-MNPs was first decorated with [Cu (INA)2]-MOF by
neat grinding in a mortar using a pestle. Some 0.5 g of MNs
and 0.43 g of [Cu (INA)2]-MOF were properly weighed into
the mortar at the start. The combination was ground together
for 10min. The FeCl36H2Owas then added, alongwith 2mL
of a water/ethanol combination (1:1 volume ratio), and the
grindingwas continued for another 10min.Ethanol andwater
were used to purify the samples. Summarily, the magnetic
compositewas successfully functionalizedwith theCu-MOF
by neat grinding (Figs. 2, 9).

The complete equation for the reaction of the magnetic
iron nanoparticles synthesis using the mechano-synthesis
method is given below from Jannah [34].

Fe3+ + 3OH/Fe2+ + 2OH → Fe(OH)3(s)/Fe(OH)2(s) (1)

Fe(OH)2(s) + Fe(OH)3(s) → Fe3O4(s) + 4H2O (2)

2.5 Characterization of theMaterials

Perkin–Elmer FTIR spectrometer was used for possible
Fourier transformed infrared spectroscopy; the ([Cu (INA)2]-
MOF and the ([Cu (INA)2]-MOF@Fe3O4 were both char-
acterized for its functional group identifications. The spectra
of samples distributed in KBr pellets were evaluated in the
400–200 cm−1 range.AShimadzuTGA-50 thermogravimet-
ric analyzer was used to determine the thermal stability of the
material, heating the material at 10 °C/min in an inert atmo-
sphere (Ar) or in air. The topography, microstructure, and
elemental evidence were all determined using field emis-
sion scanning electron microscopy (FESEM) (Zeiss Supra

55 VP instrument). For high-resolution observation of the
crystalline size and shape of the synthesized materials at
nanoscale analysis, the high-resolution transmission electron
microscope (HR-TEM) JEM-2100Fmultifunctional, 200 kV
FE was used, and the determination of crystallinity was car-
ried out using Bruker D8 Advance X-ray diffractometer to
collect the X-ray diffraction patterns, with a 0.02° stepwidth,
data information was collected in the 4–50° 2 range.

2.6 Removal Experimental Studies

2.6.1 Preparation of Salbutamol Solutions

Two milligram of salbutamol (100 mg/L) was dissolved
in one 100 mL of methanol to yield a stock solution of
salbutamol, after which the solution was kept refrigerated
at 4 °C. Using milli-Q water, the working solutions were
prepared daily right before the adsorption experiments and
were obtained by dilution of the required stock solution to
obtain the required amount. One of the advantages of using
a mixture of methanol and water is that the surface tension
and polarity of the water will both be reduced.

2.6.2 Batch Adsorption Study

The batch adsorption under one parameter at a time (OPAT)
is the project’s design of the experiment (DOE). Batch pro-
cedures are widely used because they are affordable and
straightforward, making them appropriate for small and
medium-sized process applications requiring simple and
quickly accessible mixing container equipment. A series of
adsorption experiments were carried out with both the two
adsorbents at various concentrations following dilution of
the stock solution with milli-Q water to make up the work-
ing solution. Each adsorbent ([Cu (INA)2]-MOF and the
[Cu (INA)2]-MOF@Fe3O4) were individually suspended in
a conical flask (150 mL) containing salbutamol solutions at
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various starting concentrations ranging from 10, 20, 30, 40,
50 to 60 mg/L at the adsorbents’ dose between 1, 2, 3, 4,
5 and 6 mg. It was then placed into a temperature regulated
incubator shaker (stacked shaker SKE 8000) and agitated at a
rate of 150 rpm for about 10–120 min. Approximately 2 mL
of the sample solution was collected at 10-min intervals and
filtered through a nylon syringe membrane (0.45 μm). The
absorbance of analyte in the filtrate solution was determined
using aUV–Visible spectrophotometer (ShimadzuUV-1800)
at λmax 283 nm using a quartz cuvette. The effect of pH was
initially studied by adjusting the solution pH from pH 3, 5,
7, 9, 11 to pH 13 before reaching the final solution volume of
40 mL, the pH of the solution was controlled by adjusting to
the appropriate value by adding a few drops of weak HCl or
NaOH and the temperature influence was studied from 25,
30, 35, 40, 45 to 50 °C.

The percentage removal (% R), quantity adsorbed at a
time (qt), and quantity adsorbed at equilibrium (qe) were
calculated using Eqs. 3, 4, and 5 as described by [35] [36] as
follows;

%R � (C0 − Ct)

Co
X100 (3)

qt � C0 − Ct

W
V (4)

qe � C0 − Ce

W
V (5)

where C0, Ct , and Ce are the initial concentration, concen-
tration at a time (minute), and equilibrium concentration of
salbutamol in mg/L, respectively, while W and V are the dry
weight of the adsorbent and the volume of the solution (L),
respectively.

The adsorption data in both the two adsorbents were
obtained in triplicate, and the average resultswere calculated.
The batch experiment’s optimal parameters were determined
to be pH 11, salbutamol concentration 40 mg L, adsorbent
dosage 0.001 gL, temperature 25 °C, and contact time 40min
in a solution volume of 40 mL.

2.6.3 Regeneration and Reusability Study

The regeneration and reuse properties of the adsorbent were
evaluated. After the adsorption research, the supernatant
was decanted, and both the two adsorbents’ residues were
washed with 100% methanol (50 mL) and with distilled
water before vacuum drying for 3 h at 100 °C and kept in
the desiccator. The regenerated adsorbents were recycled for
salbutamol adsorption at the optimal conditions developed in
batch adsorption studies for five consecutive cycles.

2.7 Adsorption Isotherms

In this study,we used isothermmodeling to describe the equi-
librium relationship between the adsorbate and the adsorbent
that reflects the relative affinity of the two adsorbents to the
salbutamol.Weused the threemost prominent isothermmod-
els, which are described by the linear Eqs. (6), (7), and (8), to
describe the equilibrium relationship between the two adsor-
bents and the salbutamol [35]

Ce

qe
� 1

KLqm
+

1

qm
Ce (6)

logqe � logKF +
1

n
logCe (7)

qe � RT

bT
lnAT +

(
RT

bT

)
lnCe (8)

where qm is the adsorption capacity, KL is the Langmuir
constant, KF is the Freundlich constant, and 1/n signifies the
adsorption intensity,whilebT (kJ/mol) is theTemkin constant
denoting the heat of adsorption, and AT is the equilibrium
binding constant denoting the maximum binding energy.
The absolute temperature and the universal gas constant are
denoted by T and R, respectively.

The above models were also fitted with statistical regres-
sion analysis to determine the coefficient of determination
(R2), adjusted coefficient of determination (R2 adj.), root
mean square error (RMSE), and Akaike information crite-
rion (AIC) as criteria to assess the model performance on
the adsorption process, using Eqs. (9), (10), and (11) as the
dataset [37].

R2 � 1

∑
(qeexp − qecal)2∑

(qeexp)2
(9)

RMSE �
√∑i

n�1
(qeexp − qemodel)2 (10)

AIC � nln

(
SSE

n

)
+ 2n p +

2n p(n p + 1)

n(n p + 1)
(11)

where qe exp and qe model signify the adsorption capacities
measured experimentally and numerically, respectively, n is
the number of observations, and p signifies the number of
parameters. The sum of square errors obtained is denoted by
SSE. Generally, a piece of brief information summarized by
these models conveys that the greater linearity of the models
is shown by a higher R2 value, but smaller RMSE and AIC
values suggest better fitting of the models.
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2.8 Kinetic Study

The kinetics research gives a thorough mechanism for the
adsorption process as well as the rate-controlling stage in
the process. So the information for salbutamol adsorption
onto both the [Cu (INA)2]-MOF and the [Cu (INA)2]-
MOF@Fe3O4) in this study was exposed to three of the most
relevant models, namely pseudo-first-order, pseudo-second-
order, and intraparticle diffusion represented by Eqs. (12),
(13), and (14), respectively [35, 37].

ln(qe − qt) � lnqe − k1t (12)

t

qt
� 1

k2qe2
+

t

qe
(13)

qt � KPt
1/2 + C (14)

The amounts of salbutamol adsorbed at equilibrium and
at a certain time are represented by the numbers qe and
qt , respectively, while the pseudo-first-order and pseudo-
second-order rate constants are represented by k1 and k2,
respectively. KP is the intraparticle diffusion rate constant,
while C denotes the constant of the system.

2.9 Thermodynamic Study

The thermodynamics analysis (of both the adsorbents) which
is based on temperature differences, provides insight into the
nature of the adsorption process and its parameters are con-
ducted. According to Van’t Hoff [38], the thermodynamic
properties of the process, such as Gibbs free energy change
(�G°), standard enthalpy change (�H°), and entropy change
(�S°), were calculated using Eqs. (15), (16) and (17) accord-
ing to Van’t Hoff based on the temperature dependence of the
adsorption process.

�G◦ � RTlnKd (15)

Kd � qe
Ce

(16)

�G◦ � �H◦ − T�S◦ (17)

3 Result and Discussion

3.1 Characterizations

Thermograms of ([Cu (INA)2]-MOF, Fe3O4-MNPs, and
([Cu (INA)2]-MOF@Fe3O4) are presented in Fig. 3a, b, and
c. The TG curves are shown as a function of % mass loss

over temperature. With an initial mass of 4.642 mg, the crys-
tal MOF was exposed to TGA. The entire TG analysis was
performed at a heating rate of 10.00 °C/min from 100.00 to
1000.00 °C. The [Cu (INA)-MOF complexwas thermostable
up to 250 °C, with an 82% weight loss at 246.38 °C and
322.66 °C [39], affirming the absence of a solvent molecule
within the framework. The thermograms demonstrated that
the [Cu (INA)2]-MOFmaterial has a good thermal resistance
(Fig. 3a). Besides that, the Fe3O4-MNPs also showed two
main losses of 5.8 (wt%) when heated to 245 °C, which can
be related to the removal of water that was adsorbed on the
particles’ surface, and a further 2.25mgwas lost correspond-
ing to weight loss of 12.76 (wt%) between 250 and thermally
stable up to 950 °C, which can be attributed to the formation
of hydroxyl groups [22], which resulted in the same major
weight changes being recorded from both. While the ther-
mogram of the Cu (INA)2-MOFs@Fe3O4 (Fig. 3c) sample
is very similar to that of the [Cu (INA)2]-MOF, the only dif-
ference is the presence of the Fe3O4. The fact that the weight
loss of [Cu (INA)2])-MOFs@Fe3O4 is more efficient than
that of [Cu (INA)2]-MOF at temperatures ranging from 245
to 435 °C shows that the MOF accelerates the degradation of
the iron oxide nanoparticles, which affects the thermal sta-
bility of the materials. However, the material we synthesized
will be used at lower temperatures.

SEM images of the mechanically generated ([Cu (INA)-
MOF crystalline phase with well-defined edges are shown
(Fig. 4a). MOFs’ porous nature is aided by their morphol-
ogy, which consists of rectangular-square bars with a rough
surface. The EDX of the [Cu (INA)2]-MOF has revealed the
surface elemental analysis of the material in Fig. 5e, which
consists of Cu (13.93), C (48.41), N (13.05), and O (24.61);
the obtained images match the composition of the previously
published [Cu (INA)2-MOF [40, 41]. Furthermore, the ([Cu
(INA)2]-MOF@Fe3O4) images demonstrated extremely dis-
tinct morphological and topological features, as shown in
Fig. 5b, c, while Fig. 5d presents an in-depth surface mor-
phology of the Fe3O4 MNPs with pore openings at the outer
surface and the elemental representations of the predicted
elements in the material as revealed by EDX analysis, as
shown in Fig. 5f.

TEM images of the [Cu (INA)2]-MOF shown in Fig. 5
revealed that the samples were nanomaterials composed of
irregular columnar, spherical, and cubic-structure nanoparti-
cles that attach to and cluster together. The particle size of
the samples was found to be between 5 and 20 nm.

Figure 6a, b, c, and d shows TEM images of Fe3O4-
MNPs at different magnifications. The images revealed that
the samples were nanomaterials made up of irregular colum-
nar, spherical, and cubic-structure particles that adhered to
each other and agglomerated. The particle size of the samples
Fe3O4-MNPs have determined between 5 and 20 nm.
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Fig. 3 Thermograms of a [Cu (INA)2]-MOF, b Fe3O4-MNPs, and c MOFs (Cu (INA)2MOF@Fe3O4)

Fe Cu

O

C

d e

a b c

f

Fig. 4 SEM images of a [Cu (INA)2]-MOF, b ([Cu (INA)2]-
MOF@Fe3O4) at 10 kVmagnification, c [Cu (INA)2]-MOF@Fe3O4 at
5 kV magnification, d Fe3O4-MNPs at 10.00 kV magnification, e EDX

spectrums of the ([Cu (INA)2]-MOF, and f EDX spectrums of the [Cu
(INA)2]-MOF@Fe3O4)
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Fig. 5 TEM micrographs of [Cu (INA)2]-MOF sample with magnification of a 10 k, b 40 k, c 100 k, and d 800 k

Fig. 6 TEM micrographs of Fe3O4-MNPs sample with magnification of a 10 k, b 40 k, c 100 k, and d 800 k

The magnification of the [Cu (INA)2]-MOF@Fe3O4 is
shown in Fig. 7a, b, c, and d, and the [Cu (INA)2]-
MOF and Fe3O4-MNPs were attached to one another and
stacked to create multiple channels, and these agglomera-
tion phenomena supplied additional adsorption sites for [Cu
(INA)2]-MOF at Fe3O4. The particle size of the synthesized
Fe3O4-MNPs was bigger than that of the [Cu (INA)2]-MOF

material, allowing these two components to be distinguished.
As a result, the TEM image of [Cu (INA)2]-MOF@Fe3O4

reveals that the structure of Cu (INA)2-MOF is unaltered fol-
lowing chemical alteration. The TEM picture has given the
necessary link between MOF bulk/local structure and com-
position and their properties. The size of the prepared [Cu
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Fig. 7 TEM micrographs of [Cu (INA)2]-MOF@Fe3O4 sample with magnification of a 10 k, b 40 k, c 100 k, and d 800 k

(INA)2]-MOF@Fe3O4 is more significant (50–100 nm) with
multifaceted cuboid particles with rough surfaces.

The XRD used to evaluate the crystallinity properties of
the [Cu (INA)2]-MOF revealed high-intensity peaks in the
spectrum at angles 2θ 10.76 and 22.5,with hkl of 100 and 200
acquired (Fig. 8a), and they corresponded with the XRD pat-
tern previously described for the [Cu (INA)2]-MOFproduced
by themechanochemicalmethod [42, 43]. TheScherrer equa-
tion is used to calculate the diameters of the sub-micrometer
crystallites that make up the peak in a diffraction pattern
(Eq. 18) [44–46].

D � 1 +
Kλ

βcos`
(18)

where D is the average size of the ordered (crystalline)
domains, K is a dimensionless shape factor, λ is the wave-
length,β is the line broadening at half themaximum intensity
(FWHM), and θ is the Bragg constant, the crystallites size of
the MOF was calculated to be 39.78 nm.

The powder X-ray diffraction (PXRD) patterns of Fe3O4-
MNPs and [Cu (INA)2]-MOF@Fe3O4 are displayed in
Fig. 8b and c, respectively. Wide peaks in the diffractogram
of the MNPs PXRD pattern indicate that the crystallites
are nanometric in size. The sharp and strong diffraction

Table 1 EDX of elemental presentation of the copper isonicotinate [Cu
(INA)2]-MOF

Serial number Elements Weight%

1 Carbon 49.8

2 Copper 21.3

3 Oxygen 21.7

4 Nitrogen 7.2

Total 100

peaks indicated the purity and high degree of the crystal-
lization of all the synthesized materials [47]. Magnetite,
Fe3O4, cannot be ruled out completely, although the pat-
tern matches the cubic symmetry of maghemite, Fe2O3,
quite well (PDF card 39-1346). When exposed to oxygen,
nanoparticles of magnetite are unstable and can transform
into maghemite. Magnetite and maghemite are difficult to
distinguish through X-ray diffraction due to their identical
cell dimensions and shared spinel crystal structure. Table 1
shows the specifics of each value for the EDX elemental
analysis from Cu (INA)2]-MOF@Fe3O4. The XRD patterns
of composite Cu (INA)2]-MOF@Fe3O4 and Fe3O4-MNPs
revealed six distinct peaks for each material. The hkl indices
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Fig. 8 XRD pattern of a Cu
(INA)2]-MOF, b Fe3O4-MNPs,
and c Cu (INA)2]-MOF @Fe3O4
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Fig. 9 Synthesized Fe3O4-MNPs tested with laboratory magnet

obtained for the peaks are (1 11 1), (2 0 0), (2 2 0), (4
0 0), and (5 11 1), and an additional peak at (4 2 0) is
observed for the [Cu (INA)2]-MOF@Fe3O4, indicating the
presence of an additional compound. They were observed in
both samples, demonstrating that the synthesized nanoparti-
cles were composed entirely of Fe3O4. According to Duan
[48], functionalization of a MOF would not have a sig-
nificant effect on the XRD patterns that could result in
a significant change. Using the mechanochemical process
[49], nanoparticles with a spinel magnetite crystal structure
were produced based on the results. According to a study
by Bellusci [22], the crystallinity of magnetic nanoparticles
synthesized via a mechanochemical method is superior to
other methods, such as coprecipitation under ultrasonica-
tion. The tiny size of the crystallites is likely responsible
for the larger and overlapping peak profiles observed in
the XRD profile when compared to conventional materials.
[Cu (INA)2]-MOF@Fe3O4’s diffraction profile reveals iron
oxide nanoparticle and Fe3O4 peaks. Clear and the absence
of impurity peaks indicate that the magnetic composite was
successfully synthesized. The magnetic force of the compos-
ite and the iron oxide materials synthesized in the laboratory
were further tested using a permanent magnet in the labora-
tory (Fig. 9).

Brunauer–Emmet–Teller (BET) surface areas and poros-
ity of the virgin [Cu (INA)2]-MOF, magnetic iron oxide
nanoparticle (Fe3O4), andCu-basedmagnetic ironnanoparti-
cle composite-MOF [Cu (INA)2]-MOF@Fe3O4) were deter-
mined through liquid nitrogen N2 adsorption tests. The
SBET results obtained were good for the adsorption of
micropollutants such as β-agonists. The SBET for result for
Fe3O4-MNPs measured is 25.3 m2/g, whereas the SBET for
(Cu (INA)2]-MOF@Fe3O4) is 27.2 m2/g which is a great
improvement from the measured BET values of 20.4 m2/g
obtained for the ([Cu (INA)-MOF and the results are in com-
pliant with the XRD results and corresponds to an equivalent
diameter size of approximately 4 nm. Our new synthesized

adsorbent has a greater surface area than the Fe3O4 and
their composites that were synthesized by Aryee [50] with
0.29 m2/g, 0.40 m2/g, and 10.45 m2/g, respectively.

3.2 Removal Studies

3.2.1 Effect of Contact Time

It is necessary to understand the influence of contact time
duration on adsorption studies to have a thorough knowledge
of the equilibrium state in the study. Adsorbate (salbuta-
mol) concentrations of 10, 20, 30, 40, 50 to 60 mg/L were
studied, with both the adsorbents (i.e., [Cu (INA)2]-MOF
and the [Cu (INA)2]-MOF@Fe3O4) doses from 1, 2, 3, 4,
5 to 6 mg/g in the whole research for 1 h and 10 min.
Optimum parameters were chosen in both the adsorption
studies in both the adsorbents, adsorbate initial concentra-
tion of 40 mg/L at pH 11, with a lowest dosages of 1 mg
at of 25 °C being chosen, the adsorption of salbutamol onto
both the [Cu (INA)2]-MOFand ([Cu (INA)2]-MOF@Fe3O4)
was examined to have a very good adsorption capacity at
40 min contact time. Figure 10 depicts the influence of con-
tact time on the elimination of salbutamol from both the [Cu
(INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4. The result
revealed that the adsorbate (salbutamol) has an effective %
removal of 90.6 and 99.5% from the [Cu (INA)2]-MOF and
[Cu (INA)2]-MOF@Fe3O4, respectively, and a very good
capacity of 1449 and 1592.756 mg/g for [Cu (INA)2]-MOF
and [Cu (INA)2]-MOF@Fe3O4, respectively. Equilibrium is
achieved in a considerable time (40min) than was previously
reported using other adsorbents. Previous studies reported a
high contact time of 48 h [18] using micro-grain activated
carbon and another reported a contact time of up to 8 weeks
[15] using activated carbon as an adsorbent. Our studies indi-
cated more favorable interactions between the salbutamol
molecules and the [Cu (INA)2]-MOF@Fe3O4which resulted
in having a higher adsorption capacity and greater percent
removal than with the [Cu (INA)2]-MOF. Faster removal of
the pollutant was also observed in the studies better than pre-
viously reported adsorbents as reported in Table 4. The same
scenario was reported in Saruchi research [38]. The adsorp-
tion timewas subsequently increased to 70min to ensure that
the ([Cu (INA)-MOF and the [Cu (INA)2]-MOF@Fe3O4))
were effective under the equilibrium condition of the exper-
iment.

3.2.2 Effect of Adsorbate (Salbutamol) Initial Concentration

An investigation of the effect of salbutamol initial concen-
trations ranging from 10, 20, 30, 40, 50 to 60 mg/L was
carried out using the individual adsorbent’s dosages rang-
ing from 1, 2, 3, 4, 5 to 6 mg/g. Figure 11 depicts how
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Fig. 10 Effect of contact time at
adsorbent dosage of 1 mg/g with
adsorbate concentrations of
40 mg/L under an alkaline pH of
11 and 25 °C
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Fig. 11 Effect of adsorbate
(Salbutamol) initial
concentration at adsorbent
dosage of 1 mg/g under 40 min
of contact time under an alkaline
pH of 11 and 25 °C
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the initial concentration of salbutamol affected the adsorp-
tion phenomenon by increasing the adsorption capacity as
the salbutamol concentrations were subsequently raised.
This happened by varying initial concentrations of salbu-
tamol thereby increasing the adsorption capacity. As the
concentration of salbutamol in the solution was increased,
the active sites of the individual adsorbents ([Cu (INA)2]-
MOF and ([Cu (INA)2]-MOF@Fe3O4) were surrounded
by a greater number of salbutamol molecules, resulting
in greater adsorption efficiency [43]. The result indicated
that even at high salbutamol concentrations, there were
still unoccupied adsorption sites that were to be occupied
and ready to be occupied as the salbutamol concentration
increased. Similar circumstance was obtained by Tella [43].

Our studies considered a 40 mg/L salbutamol initial concen-
tration with an effective removal of 88.2 and 99.5% for the
[Cu (INA)2]-MOF and ([Cu (INA)2]-MOF@Fe3O4, respec-
tively, and a high value of adsorption capacity of 1411.203
and 1592.756 mg/L for the [Cu (INA)2]-MOF and ([Cu
(INA)2]-MOF@Fe3O4, respectively. This unique and excel-
lent value of adsorption capacity from both the adsorbents is
an indication of their effectiveness and the better adsorption
capacity of the adsorbents, i.e., [Cu (INA)-MOF and the [Cu
(INA)2]-MOF@Fe3O4 in the removal study of salbutamol,
with the [Cu (INA)2]-MOF@Fe3O4 achieving both higher
adsorption capacity and efficiencies than the ([Cu (INA)2]-
MOF which can be attributed by the magnetic improvement
that was coupled with the addition of more OH group and
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an increased porosity and vacant sites meted by the mag-
netic enhancement of the ([Cu (INA)2]-MOF@Fe3O4) as
indicated by the BET results. A previous salbutamol study
obtained values around 142 mg/L with 78% removal [18].
On the other hand, tang [51] studied clenbuterol (a β-agonist)
and obtained an adsorption capacity of 2.18mg/Lwith 81.7%
removal.

3.2.3 Effect of Adsorbent Dosage

Adsorbent materials must be capable of achieving maxi-
mal adsorption effectiveness even at the lowest feasible dose
and in the shortest possible time to be regarded as effec-
tive [52]. The study was prepared to investigate the influence
of the two adsorbents’ dosage ([Cu (INA)-MOF and the
[Cu (INA)2]-MOF@Fe3O4)) on salbutamol adsorption. By
adjusting the adsorbents’ dosages, the estimated quantity
of adsorbent dosage that can best remove the contaminants
from water can be obtained. The adsorbent dosages were
varied between 1, 2, 3, 4, 5 and 6 mg/g in a 40 mL solu-
tion with an adsorbate concentrations range of 10, 20, 30,
40, 50 to 60 mg/L, under at alkaline pH of 11 at 25 °C.
This study revealed the quantity of salbutamol adsorbed onto
the individual adsorbents ([Cu (INA)2]-MOF and the [Cu
(INA)2]-MOF@Fe3O4) varied with the dose of the adsor-
bents, as shown in Fig. 12. Adsorption removal effectiveness
90.5 and 99.5 with a good removal capacity of 1449.07
and 1592.75 mg/g were obtained in the overall optimiza-
tion of adsorbents dosages of [Cu (INA)2]-MOF and the
[Cu (INA)2]-MOF@Fe3O4 at the lowest dosage of 1 mg/g.
The study considered the lowest adsorbent dosage of 1 mg/g
under 40 min of contact time with adsorbate concentrations
of 40mg/L under an alkaline pH of 11 and 25 °C in this study.
Previous research by Wang [53] obtained similar findings to
our study.

3.2.4 Effect of pH

For a successful adsorption experimental studybetween these
compounds, pH should play a major influence considering
the pka of the adsorbents (4–5) and the adsorbate (9.72), To
understand the pH influence on salbutamol adsorption onto
the ([Cu (INA)2]-MOFs and the [Cu (INA)2]-MOF@Fe3O4,
various pH values (3, 5, 7, 9, 11, and 13) were studied,
because the pH of the solution has a very strong impact
on aqueous phase adsorptions. As demonstrated in Fig. 13
adsorption of salbutamol is greatly influenced by the pH of
the solution as the state of the salbutamol (adsorbates) either
in protonated, neutral, or deprotonated forms, as well as the
adsorbents, as the surface charge of ([Cu (INA)-MOF and
the [Cu (INA)2]-MOF@Fe3O4 is significantly influenced by
the pH of the solution in which they are deposited [54].

The studies shows that the pH of the solution has direct
proportionality relation with the adsorption effectiveness
(demonstrated in Fig. 13); thereby, as the pHof the solution is
increased the adsorption effectiveness increased up to pH 11
with a very high percentage removal of 97.23 and 97.69% for
the [Cu (INA)2]-MOF and the [Cu (INA)2]-MOF@Fe3O4,
respectively, indicating that these phenomena (pH 11) favor
the adsorption process of both the adsorbents [19]. A sequen-
tial elevation in solution pH bring a significant increase in
adsorption capacity due to the attraction between the neg-
atively charged adsorbent surface (previous zeta potential
study) and the salbutamol’s positive charged molecule.

3.2.5 Adsorption Isotherm Study

The findings obtained for all parameters in the isothermmod-
els that includeR2, RMSE, andAICweremore satisfying and
most fitted to the Langmuir model than the values obtained
for the other models studied in both the ([Cu (INA)2]-MOF
and the [Cu (INA)2]-MOF@Fe3O4, as indicated in Table 2,
and the graphical representations of these results are pro-
vided in the supplementary Figures a, b, and c. The RL
values produced for both the materials, on the other hand,
were less than unity 0.81 and 0.71 for the ([Cu (INA)-MOF
and the [Cu (INA)2]-MOF@Fe3O4, respectively, indicat-
ing that the method was successful and that both the ([Cu
(INA)2]-MOFs and the [Cu (INA)2]-MOF@Fe3O4 materi-
als maintained monolayer interactions with the salbutamol
molecules throughout the experiment. Therefore, it was
revealed that both the [Cu (INA)2]-MOF and the modified
[Cu (INA)2]-MOF@Fe3O4 synthesized and used in our lab-
oratory had homogenous adsorption sites, which resulted in
increased adsorption of the analyte (Salbutamol) in both the
materials. Similar findings have been published in Zango’s
most recent papers [55, 56]. Moreover, the synthesized [Cu
(INA)2]-MOF@Fe3O4 obtained in our laboratory shows bet-
ter performance in all the required parameters by comparing
the results from both the adsorbents with lower AIC, RMSE,
and RL values.

3.2.6 Adsorption Kinetics Study

Salbutamol adsorption on all the as-synthesized adsorbents,
i.e., [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4, are
both dependent on the interaction between the adsorbate and
their surfaces, which all have both donor and acceptor func-
tional sites (OH,N). The kinetics of the adsorption process as
a function of adsorbent dose were therefore calculated using
the pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models. Better fitting of R2 adjusted R2, RMSE,
and smaller AIC values was used to define the models.
According to the statistical values displayed in Table 3, the
pseudo-second-order model has the best fitting support for
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Fig. 12 Effect of adsorbent
Dosage under 40 min of contact
time with adsorbate
concentrations of 40 mg/L under
an alkaline pH of 11 and 25 °C
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Fig. 13 pH Effect on the
adsorbents at adsorbent dosage
of 1 mg/g under 40 min of
contact time with adsorbate
concentrations of 40 mg/L and
25 °C
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the majority of the adsorption data in the two applied adsor-
bents. Furthermore, the observed qe (mg/g) values match the
experimental results in all the adsorbents. The outcome was
consistent with Hamza’s findings [37, 57, 58].

3.3 AdsorptionMechanism

Through the process of H-bonding, MOFs can generally
interact with pharmaceuticals in two different ways: either as
H-donors or also as H-acceptors. So, considering the stud-
ied interactions in our adsorption the –OH groups in both
the [Cu (INA)-MOF and the [Cu (INA)2]-MOF@Fe3O4 and
the salbutamol are rather stable, and the state of both may

be assessed to better understand the mechanisms. They both
have a highly polar hydrogen atom attached to each of their
nitrogen and oxygen atoms that they are both H-donors.
In addition, both the nitrogen and oxygen atoms bound to
hydrogen have an identical partial negative charge capable
of accepting H-bonds because they both possess lone elec-
tron pairs and therefore act as H-acceptor [59, 60]. And these
bonds are formed as a result of a considerable electron density
deficiency within the donor group or an excess of electrons
in the acceptor group.

Given that salbutamol is a tertiary amine with an acid-
ity constant (pKa) of 9.86 and a considerable number of
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Table 2 Isotherm parameters for
adsorption of salbutamol onto the
([Cu (INA)2]-MOFs and [Cu
(INA)2]-MOF@Fe3O4

Isotherms models Parameters [Cu (INA)2]-MOF [Cu (INA)2]-MOF@Fe3O4

Langmuir qm (mg/g) 1440 2000

KL (L/mg) 0.006 0.01

RL 0.81 0.71

R2 0.9969 0.9988

R2adj 0.877 0.121

RMSE 0.011 0.017

AIC − 52.946 − 55.546

Freundlich KF (L/g) 1.065 1.295

N 0.2087 0.0263

R2 0.9912 0.9616

R2adj 0.0287 0.337

RMSE 0.052 0.012

AIC − 39.616 − 60.143

Temkin A (L/g) 1.0007 1.0061

bT (kJ/mol) 989.06 9908.5

R2 0.9819 0.9684

R2adj 0.0287 0.337

RMSE 0.052 0.012

AIC − 39.616 − 60.144

Table 3 Adsorption kinetics
parameters for the removal of
Salbutamol the virgin ([Cu
(INA)2]-MOF and the [Cu
(INA)2]-MOF@Fe3O4

Kinetics models Parameters [Cu (INA)2]-MOF [Cu (INA)2]-MOF@Fe3O4

Pseudo-first order qexp (mg/g) 1450 1950.6

qcal (mg/g) 2.718 2.649

K1 0.0674 0.0695

R2 0.7714 0.715

R2adj 0.594 0.939

RMSE 1.229 2.460

AIC − 6.95 − 6.106

Pseudo-second order qexp (mg/g) 1440 1950.6

qcal (mg/g) 256 2000

K2 (mg/g min) 1.52 0.05

R2 1 1

R2adj 0.90 1

RMSE 0.009 0.007

AIC − 121.5 − 68.58

Intraparticle diffusion K2 (mg/g min) 0.0014 32.484

C 1 1139.1

R2 1 0.333

R2adj 0.080 0.850

RMSE 0.107 4.189

AIC − 29.7 21.70
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OH group and N species that are both H-donor and H-
acceptor sites [59]. The discovery that –OH groups have
a positive effect on the qt value across a wide variety of
situations can be interpreted by the process of H-bonding
(our research study also investigated salbutamol in a differ-
ent range of pH values too) [60]. The qt values rise when
the concentration of salbutamol was increased as illustrated
in Fig. 11, and the –OH groups in salbutamol are very
stable considering its highly lower acidity. Consequently,
the H-bonding mechanism may be explored since the two
as-synthesized adsorbents ([Cu (INA)2]-MOF and the com-
posite [Cu (INA)2]-MOF@Fe3O4) has the potential of acting
as both an H-donor and an H-acceptor at the same time as
they have the OH groups and N species.

3.4 Effect of Temperature and Thermodynamic

Following the experimental study with the synthesized mate-
rials and the analyte, the values of the percentage removal
obtained were observed to significantly dropped from 97.23
to 75% for the ([Cu (INA)-MOF and 98.68–75% for the [Cu
(INA)2]-MOF@Fe3O4 (Fig. 14), indicating that the process
is endothermic. Furthermore, the values of all the thermo-
dynamic parameters were negative and decreased as the
temperatures increased as indicated in Table 4 while the val-
ues of �H° in the ([Cu (INA)2]-MOF (1.033) and the [Cu
(INA)2]-MOF@Fe3O4 (0.053) are all positive, likewise all
the values�S° obtained 0.127 and 0.00651were positive too.
In addition, these findings demonstrated that the process is
spontaneously taking place at random and that the adsorption
of salbutamol on the [Cu (INA)2]-MOF and the [Cu (INA)2]-
MOF@Fe3O4 were unfavorable at elevated temperatures.

3.5 Reusability and Regeneration

The ease with which an adsorbent could be recovered and
successively reused following active batch adsorption stud-
ies highlights their promise as an adsorbent for adsorbate
removal from solution.

After active batch adsorption experiments with our [Cu
(INA)-MOF and the [Cu (INA)2]-MOF@Fe3O4 were recov-
ered and reused demonstrating the promise of thesematerials
as adsorbents for the removal of salbutamol from the solu-
tion. Notably, even after the fifth usage, it can be observed
from Fig. 15 that the percent removal accomplished in all
the cycles was highly efficient. With more than 97 per-
cent removal efficiency, the [Cu (INA)-MOF and the [Cu
(INA)2]-MOF@Fe3O4 used as adsorbent showed a thorough
reusability in this application.

3.6 Comparison Studies

An investigation was conducted to determine the efficacy of
the currently examined adsorbentmaterialwith other accessi-
ble previously reported adsorbentmaterials on the adsorption
of salbutamol in water. As shown in Table 4, salbutamol
studies and even β-agonists, in general, are understudied,
and as a result, no reported study on salbutamol’s adsorp-
tion using recent materials (including [Cu (INA)-MOF and
the magnetic [Cu (INA)2]-MOF@Fe3O4) has been found by
the author. Therefore, we consider the very limited studied
options (available to us) on adsorption of salbutamol in water
using other adsorbents such as granular activated carbon
[18], micro-grain activated carbon [18], and, succinylated
cellulose nanofibrils (CNFs) even though not enough rele-
vant parameters were available for full comparison. Table 5
considers four parameters that are the determinant factor (in
every result of adsorption), and their values are considered an
important outcomeof the adsorption studies for the best result
to be chosen. These determinant factors are (1) adsorbent
material, (2) equilibrium time, (3)Qmax, and (4) the percent-
age removal of the analyte. Observation from the table shows
that some studies are lacking in one or two parameters that
give our study an advantage in the comparison, while great
differences were observed in some studied parameters.

4 Conclusion

Following the successful mechano-synthesis of copper ison-
icotinate metal–organic frameworks ([Cu (INA)2]-MOF and
subsequent synthesis of Fe3O4-MNPs, we were able to
successfully functionalized the two to obtain the magnetic
composite-MOF ([Cu (INA)2]-MOF@Fe3O4) using mortar
and pestle. The products were also characterized to by FTIR
analysis that revealed the presence of active functional groups
and TG analysis that confirmed a strong thermal stability
of the framework on temperatures above 250 °C. The XRD
spectra also revealed aspects of the [Cu (INA)2]-MOFand the
[Cu (INA)2]-MOF@Fe3O4 crystallinity with an additional
peak for the [Cu (INA)2]-MOF@Fe3O4 confirming the addi-
tional compound present in the material. The SEM and TEM
results show the apparent morphological electronic features
of the threematerials. Great improvement from themeasured
BET values was observed for (Cu (INA)2MOFs@Fe3O4)
with 27.2 m2/g from the values of 20.4 m2/g obtained for
the [Cu (INA)-MOF and the results are in compliant with the
XRD results and correspond to an equivalent diameter size
of approximately 4 nm.

The pseudo-second-order kinetic model and Langmuir’s
isotherm model were the best fit models based on statisti-
cal fits of R2, RMSE, and AIC in all the adsorbents. We
were able to achieve a good removal capacity of salbutamol
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Fig. 14 Effect of temperature on
the adsorption of salbutamol on
[Cu (INA)2]-MOF and [Cu
(INA)2]-MOF@Fe3O4
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Table 4 Thermodynamic
parameters for the adsorption of
salbutamol onto [Cu
(INA)2]-MOF# and [Cu
(INA)2]-MOF@Fe3O4*

Temp. (K) �G°# (kJ/mol) �G°* (kJ/mol) �H° (KJ/mol) �S° (J/mol K)

298 − 0.0368 − 0.00189 0.053*

1.033#303 − 0.0374 − 0.00192

308 − 0.0381 − 0.00195 0.00651*

313 − 0.0387 − 0.00198 0.127#

318 − 0.0394 − 0.00202

323 − 0.0399 − 0.00205

Fig. 15 Adsorbents reusability
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Table 5 Adsorbents reported for the removal of salbutamol from water in comparison with the present study

Adsorbent materials Equilibrium time Qmax (mg/g) % Removal Analytes References

μ-Grain activated carbon 48 h 142 78.6 Salbutamol [18]

Granular activated carbon 8 weeks N.A. 83.0 Salbutamol [15]

Succinylated cellulose nanofibrils (CNFs) 30 min 196 20 Salbutamol [19]

Electronegative silanized β-Cyclodextrin 30 min 140 76 Salbutamol [61]

Al(III)-MOF (BUT-19) 35 min 366 51 Ractopamine [62]

Al(III)-MOF (BUT-19) 35 294 52 Clenbuterol [62]

Ui-66 MOF 60 160 80 Clenbuterol [27]

[Cu (INA)2]-MOF 40 min 1450 97 Salbutamol This study

[Cu (INA)2]-MOF@Fe3O4 40 min 2000 98 Salbutamol This study

within 40 min using the lowest dose of 1 mg/g of all the
adsorbent with a Qmax of 1450 for [Cu (INA)-MOF and an
improved 2000 mg/g for [Cu (INA)2]-MOF@Fe3O4 which
can be related to the iron oxide functionalization. As a conse-
quence of our research, the ([Cu (INA)2])-MOF and the [Cu
(INA)2]-MOF@Fe3O4 have both shown remarkable perfor-
mances in salbutamol adsorption from environmental water
with [Cu (INA)2]-MOF@Fe3O4 having more advantages in
all aspects including lower AIC, RSME and RL value and
higher R2, adjusted R2 adsorption capacity and adsorption
efficiency over the [Cu (INA)2])-MOF due to the modifi-
cation that enhances its adsorption capabilities and its thus
suggested for use in water remediation and removal of salbu-
tamol and other β-agonists in our environment.
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