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Abstract: Mechanochemical production of copper (II) isonicotinate Metal-Organic Framework ([Cu 
(INA)2]-MOF) and its modified magnetic iron composite ([Cu (INA)2]-MOF@Fe3O4]) allowed for the 
adsorptive removal of Terbutaline from water. A variety of characterization techniques, including 
Fourier, transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffrac-
tion (XRD), and scanning electron microscopy (SEM), were used to elucidate the distinct chemical 
and morphological features of the two advanced materials. The optimal adsorption conditions were 
determined by investigating a wide range of adsorption-related variables, including contact time, 
initial Terbutaline concentration, adsorbent dosages pH, and temperature. The chemistry involved 
in the adsorption process between the adsorbents and the adsorbate molecules was evaluated using 
the best-fitting models, such as kinetics, isotherms, and thermodynamics, and the regeneration 
study was performed to evaluate the adsorbents' reusability. Incredibly maximum adsorption ca-
pacities (Qmax) of 1667 and 2500 mg L-1 were attained within 40 minutes under alkaline pH 11 by the 
[Cu (INA)2]-MOF and the [Cu (INA)2]-MOF@Fe3O4, respectively. The adsorbents have been proven 
to be good for the adsorption of Terbutaline as a priority pollutant in an aqueous solution, with 
pseudo-first order and Langmuir as the best-fitting models for the kinetic and isotherm models re-
spectively.  
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1. Introduction 

The contamination of the natural world has quickly assumed the position as one of 
the most critical challenges now confronting human civilization [1]. Water bodies are con-
tinuing to deteriorate as a direct result of the decrease in water quality, which has led to 
the suspension of significant factory operations that differ in a variety of ways, including 
human activities as well as the production of agricultural goods. These halted factory op-
erations have had a variety of effects, including on human activities as well as agricultural 
production. The negative social effect and economic loss caused by the event represent a 
threat to the continuing healthy growth of humanity as well as to society's ability to de-
velop in a sustainable manner [2]. Indicative data for the presence of drugs in an environ-
ment was first released by Hignite between 1977 and 1978 [3]. While recent reports trigger 
the attention of policymakers and scientists all around the globe that the distribution, use, 
and manufacture of pharmaceuticals and other related substances are substantial 
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contributors to the contamination of the world's water supplies by organic pollutants [4]. 
While the very recent reports on environmental contamination have shifted attention to 
initiatives aimed at reducing and remediating the contamination [5]. Pharmaceuticals are 
developed and used to serve several purposes including fighting, reducing, eliminating, 
detecting, and treating illness, preventing its recurrence, and restoring or changing nor-
mal bodily processes. β-agonists are man-made substances that are developed in the phar-
maceutical industry to achieve the desired effects of muscle relaxation and airway dilation 
to facilitate easier breathing. They are catecholamine derivatives that generate physiolog-
ical effects such as an irregular heartbeat by binding to β-receptors on nerve cells, also 
known as β-adrenoceptors [6]. Their mode of action is analogous to that of epinephrine, 
norepinephrine, and dopamine, which triggered nerve endings in the bloodstream to in-
duce autonomic or involuntary action of the nervous system (mostly experienced terbutal-
ine potential implication), as Terbutaline was found to trigger nerve endings in the blood-
stream to induce autonomic or involuntary action of the nervous system [7]. Asthma [8], 
chronic obstructive pulmonary disorders (COPD) [9], cough suppressants [10], brady-
arrhythmia (an abnormally fast heartbeat) [11], and tocolytic therapy [12] are some of the 
conditions that β-agonists are commonly used to treat. Medical studies have also revealed 
that β-agonists not only alleviate asthma symptoms, but also boost muscle protein, de-
crease overall body fat by causing the breakdown of stored fat, enhance muscle growth in 
people and animals, and increase the efficiency with which feed is converted into muscle 
[13]. Even though -agonists can be used as medicine, many people with severe asthma 
attacks have been found to self-medicate and use too many of them. Athletes have used 
them to boost lipid metabolism and build muscle. They have also been used illegally in 
livestock feed to make animals grow faster and make learner meat. So, food, agriculture, 
medical, and sports agencies at both the national and international levels have passed 
laws and rules about the use of some β-agonists because people use them without a doc-
tor's permission or on their own [14]. With the official concentration on detection slated 
as 0.5 g m L-1 using GC–MS after derivatization, this puts the concentration exceeding 1 g 
m L-1 as a doping violation range. Athletes are prohibited from using it either orally or 
parenterally, according to the Medical Commission of the International Olympic Commit-
tee and the World Anti-Doping Agency (WADA) [15]. Terbutaline (C12H19NO3) is a 5-[2-
(tert-butyl amino)-1-hydroxyethyl] benzene-1, 3-diol molecule [16], as shown structurally 
in Figure 1 is a β-agonist with a water solubility of 5.84 mg/mL, a molecular weight of 225 
g/mol, and a pKa of 9.12 [17] [18]. It is commonly used as a bronchodilator to increase lung 
airflow and as a tocolytic to slow uterine contractions and reduce preterm delivery [19]. 
Terbutaline can also be used to treat other bronchospasms symptoms like chest tightness, 
difficulty breathing, and wheezing. Reports on the abuse of Terbutaline have been given 
from overdoses in patients with respiratory disorders [20] to some recent cases of β-ago-
nist toxicity among young athletes by [21]. Due to their direct effect on metabolic pro-
cesses, these chemicals are extremely toxic to organisms. For instance, β-agonists may al-
ter testosterone levels and reduce fecundity[22]; more research indicates that a higher dose 
of terbutaline stimulates β-receptors, posing a threat to human health, including tachycar-
dia, nervousness, muscle tremors, fatigue confusion, headache, dizziness, chest distress, 
heart palpitations, anxiety, insomnia, itching, and limb numb [5]. Its off-label usage for 
the long-term treatment of preterm labour is associated with an increase in neurodevel-
opmental abnormalities, including autism spectrum disorders. It is often administered 
through inhalation, oral, or injectable [23].  

This research uses terbutaline as a model analyte due to its detrimental environmen-
tal effects and toxicity to people and aquatic species because of its persistent entrance into 
the ecosystem. 
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Figure 1. Terbutaline Model 

Approximately 70% of the volume of medicines taken by people or animals is ex-
creted as a combination of non-metabolized medications without any change in their 
chemical structure and conjugated metabolites, according to studies [24]. Thus, the un-
changed parent components of the unmetabolized excreted substances are released into 
sewage treatment facilities or our ambient waterways. Possible health impacts from long-
term exposure to pharmaceutical β-agonists through drinking water have been well hy-
pothesized [5], and subsequent studies determined their effects on living species as haz-
ardous to aquatic life and people [20] [25]. Higher concentrations of β-agonist in fish 
plasma are linked to human pharmacological effects [26]. While frequent reports of their 
occurrences in our environmental waters raises more concerns [27] [5]. Pharmaceutical 
industries, hospitals, poultry farms, and slaughterhouses as well as personal use in our 
individual houses releases them into the environment, and their presence is widespread 
in home tap water [28]. Due to their toxicity, it's important to develop a simple and effi-
cient strategy to remove these compounds from environmental waterways, as the old 
method does not remove them completely.  

Previous literature reported that β-agonists can be removed through oxidation [29], 
photo-degradation [30], and adsorption [17], but, since oxidation and photocatalytic deg-
radation produce harmful intermediates, adsorption is always chosen as the most attrac-
tive, simple, promising, affordable, and friendly method for removing contaminants dur-
ing wastewater recovery [31]. Therefore, scientists continued their quest for the novel ad-
sorbents with the very good properties in adsorption studies. The reported adsorbents for 
β-agonists removal were Molecularly Imprinted Polymers [32] [33], anionic cellulose nan-
ofibrils [34], Micro-grain activated carbon (µ-GAC) [31], and granular activated carbon 
(GAC) [35]. But most of these adsorbents have limited adsorption effectiveness with ex-
tended equilibrium times, and problematic and difficulty in regeneration. Thus, the quest 
for more natural and manmade porous materials are still considered necessary for the 
effective removal β-agonists.  

Metal-organic frameworks (MOFs) are a type of microporous material that has just 
been found for use in environmental remediation. The framework of the MOF is highly 
crystalline, with large surface areas, a flexible number of pores and cavities, and chemical 
stability, allowing for superior performance and a larger range of applications as adsor-
bents than traditional materials [36]. The outstanding adaptability and practical uses of 
MOFs that differ from other traditional porous solids as well as simple and easy synthesis 
have been some of the many intriguing ways that researchers in academia and industry 
have been drawn to them [37]. The potentials of MOF materials to be utilized in molecular 
separations and selective adsorption is observed by Janiak [38]. And their selective ad-
sorption patterns in comparison to shape, size, hydrophobic and hydrophilic features are 
fascinating to examine, and they pave the way for practical applications, most notably in 
gas molecule separation, which is now under research [39]. Based on the interpenetration 
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network structures packed by hydrogen bonding and pi stacking, it is expected that the 
selective adsorption profiles of MOF based on shape, size, hydrophobic and hydrophilic 
properties will be promising for the selective adsorption of persistent pollutants such as 
terbutaline, based on the interpenetration network structures packed by hydrogen bond-
ing and pi stacking. Weaker noncovalent interactions, such as hydrogen bonding or pi-pi 
stacking, are essential for chain packing in one, two, and three-dimensional frameworks. 

Due to their versatility, they are of great interest in both scientific and technological 
fields, such as liquid adsorption [40], catalysis [41],  sensing [42], electrochemistry and 
conversions [43] as well as in biological applications such as the drug deliveries and con-
trasting agents [44]. A re-evaluation of the literature on the removal of β-agonists in envi-
ronmental waters indicated that few research were conducted using the newly discovered 
materials (MOFs). In 2019, Yang [42] synthesized and utilized fluorescent zirconium-
based MOF (Ui0-66) by hydrothermal synthesis for the determination and removal of β-
agonist in water, the removal of terbutaline using chromium based thin-film Nanocom-
posite MOF in 2020 by Ruobin Dai [45] and in 2021, through the utilization of aluminum-
based MOF (BUT-19) by solvothermal synthesis for the removal of β-agonists by Lv [46]. 
Both synthesis processes were on some disadvantages, as they took hours to days using 
toxic solvents. But synthesis of functionalized materials using a green chemistry approach 
eliminates or reduces the generation of hazardous waste that is harmful to human health 
and the environment. 

Now, the adjustable cavities and tailorable chemical compositions of the MOFs ena-
ble the development of materials with specific properties. As an illustration, Zeng [47] 
developed novel molecular magnetic alloy materials that include mixed metal ions and 
chiral dicarboxylates into a crystalline MOF material to form a solid structure with adjust-
able cavities and customizable chemical compositions. For the ease with which MOFs can 
be manipulated, their potential is constantly expanding, resulting in a greater number of 
research articles showcasing MOFs as an important category of materials. Among these 
adaptations is the fabrication of composite-MOFs, (Multi-component materials are re-
ferred to as composites), which comes up with multiple discrete phases as well as at least 
one continuous phase.  

Due to their adaptability, MOFs composites, which are frequently used in adsorp-
tion, have recently been receiving a lot of attention. Numerous studies have covered the 
synthesis of MOFs-composites and its intriguing applications. MOF compositions may 
benefit from the addition of functionalized components in terms of their synthesis rates, 
form, physicochemical characteristics, stability, and even possible applications. By intro-
ducing active groups or impregnating the right active materials, modifying organics, and 
developing composites with the right specifications, we may enhance the physiochemis-
try of materials [48]. Selectivity is one of the most fundamental issues that should be ad-
dressed by an appropriate adsorbent in the real application. It is possible to customise 
MOF-based adsorbents with a range of functional groups to remove certain pollutants. 
This will allow for the ability to solve the issue. These components can be easily integrated 
for adequate selectivity using magnetic-MOF composites.  

The targeted integration of magnetic nanoparticles (MNPs) and MOFs is leading to 
the development of new multifunctional MOF-based composites with better performance 
than either the MNPs or MOF alone [2]. It was also possible to create MOFs with magnetic 
properties by incorporating nanomaterials into the framework of the MOF. The magnetic 
composite metal-organic frameworks (MCMF) are formed when MNPs are coupled with 
MOF. Enough vacant sites in these MFCs make it possible to selectively separate the de-
sired compounds, and they also have the all-important magnetic separation ability. In 
2018 [49] used a mechanochemical process to design a new magnetic porous MOF-nano-
composite by using the ball milling grinding method, and the resulting material had a 
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good porosity and a good magnetic ability with good adsorption capacity. All these pos-
sibilities, as well as a slew of others, were made possible due to the tailorable chemistry 
of MOF and the composites in tunable cavities. 

While in the field of water purification, nano-magnetic structured adsorbents per-
form better than traditional materials due to their greater efficiency and quicker adsorp-
tion rates, both of which are a result of their larger surface area as well as their magnetic 
ability. In solutions, the functionalization of the iron oxide hydroxyl occurs as a result of 
the formation of a covalent bond between the Fe atoms and the water molecules. Com-
plexes are formed between the atoms of the iron oxide and molecules on the surface of the 
iron oxide that are rich in lone-pair electrons. As a result of their amphoteric nature, the 
oxygen groups in question can react with both acids and bases.                

Much successful research has been aided by the combination of the 3D network's 
strong magnetic intercluster interaction with the secondary building units (SBU's) inher-
ent properties. Adding the second type of metal ion to the crystal lattice in a MOF with 
only one type of metal ion has been demonstrated to be both technically feasible and the-
oretically feasible [47], resulting in a solid product that could be used to control the num-
ber or uniformity of SBU linkages between metal centres, resulting in an increased and 
controlled ordering of mixed-metal ions in a polycrystalline MOFs that could show rich 
properties. 

Along with chemisorption and/or physisorption, the physical and chemical proper-
ties of magnetic nanoparticles (such as particle size, surface area, surface charge, accumu-
lation/aggregation, shape, and surface coating) can be utilised to adsorb β-agonists from 
contaminated water. Our decision to employ iron oxide nanoparticles was inspired by the 
relative benefits and practical applications of nanomaterials, which led us to select iron 
oxide nanoparticles (Fe3O4-MNPs) as our material of choice. Some proven researches has 
been discovered that Fe3O4 nanoparticles have a high conductivity, a wide surface area, 
and a good adsorptive ability towards amine and other non-amine compounds [49] [50] 
[51].  

To remove β-agonists from water, we proposed and redesigned metal-organic 
framework composited with magnetic nanoparticles as more permeable conventional and 
synthetic materials. MCMF research are extremely recent and their applications in water 
remediation, in general, are very rare and no MCMF studies on β-agonists have been doc-
umented. Both the Mechanosynthesis and study using metal-organic frameworks (MOFs) 
and the MCMFs on Terbutaline adsorption from water has not been done so far, based on 
the author’s findings. Numerous techniques, including coprecipitation, sol-gel, hydro-
thermal, electrochemical, and micro emulsion synthesis, have been developed in order to 
facilitate the production of Fe3O4 nanoparticles [52]. For the manufacture of Fe3O4 nano-
particles, the mechanosynthetic approach is by far the most prepared option since it is 
both straightforward, environmentally friendly and very effective too [49]. 

According to the reviewed literature, various studies have used MOF composites in 
the same way as their virgin MOFs to purify water, and the composites were shown to 
have greater removal rates and adsorption capacities than the virgin MOFs. Methylene 
blue (MB) was successfully removed from samples by utilising GO/HKUST 1 composites, 
according to Li's study [53]. While the adsorption capacity of pure HKUST-1 for removing 
MB was only about half, the adsorption capacity of the GO/HKUST-1 composite was as 
much as eight times that of the MOF alone. Anbia [54], also synthesised an acid-treated 
MWCNT@MIL-101 MOF hybrid composite with superior adsorption capacity, almost 
60% higher than that of non-modified MOF. Consequently, similar evidence supported 
Ahmed's claim [55], that MOF may be utilised as a prepared adsorbent because of their 
versatility and the ease with which they can be changed brought about by recent 
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developments in the composite and functionalization of MOF. Zakariyya [56] rigorously 
investigated adsorption employing MOFs and their composites, and after seeing their out-
standing findings, he labelled the composite-MOFs as super adsorbents since they pro-
vide more selectivity to organic pollutants. 

A new iron oxide MNPs copper (II) isonicotinate-based MCMF ([Cu (INA)2]-
MOF@Fe3O4)  that has a Cu (II) square-pyramidal geometry with extremely high chemical 
lability and hydrophobicity using a mortar and pestle was prepared in our Laboratory, 
with the aim of improving the adsorption of Terbutaline in our environmental waters by 
optimizing the various parameters. An adsorption study was performed with the non-
modified [Cu (INA)2]-MOF and the new synthesized magnetic [Cu (INA)2]-MOF@Fe3O4 
manufactured in our lab and the two were used in this work with great success. The both 
[Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 have particular capabilities that aid in se-
lectively adsorbing Terbutaline, with special functionalities. 

Production of functionalized materials via a green chemistry method eradicates or 
decreases the generation of dangerous perilous waste that is destructive to human health 
and the environment, at the same time removing environmental contaminants like β-ag-
onists that are micro and non-volatile found in our environmental waters. It was decided 
to make and employ copper in a copper-based MOF due to copper's known non-toxic 
effects, the biocompatibility of the composite components, and their properties that were 
efficient for the final application. As an adsorbent for the novel hazardous removal mate-
rial of β-agonist compounds in aqueous solution, the successful and ecologically accepta-
ble (green) approach of combining mortar and pestle grinding and heating of solid reac-
tants is presented here. As an adsorbent, the resultant microporous and stable Cu-based 
MOF [Cu (INA)2]-MOF and its modified [Cu (INA)2]-MOF@Fe3O4 are employed here. The 
present ([Cu (INA)2]-MOF and the [Cu (INA)2]-MOF@Fe3O4 are determined to fulfil the 
MOF and composite-MOFs benchmarks, which include outstanding thermal and chemi-
cal stability, adequate porosity, avoiding substantial impurities, and sustainability [57]. 

We opt for the solvent-free synthesis (Mechanosynthesis) method for its many ad-
vantages over Solvosynthesis (synthesis using solvents) method which includes no toxic 
and hazardous solvent, shorter reaction time, money-saving, environmentally friendly 
chemicals, quick and easier synthesis as well as obtaining higher/quantitative yield. 

 

2. Materials and Methods 

2.1 Chemicals and materials  

All the chemicals used in this work were analytically graded and used as received. 
Copper acetate monohydrate (98.5%), isonicotinic acid (98%), Terbutaline sulfate, ferrous 
chloride heptahydrate, and ferric chloride hexahydrate were purchased from Sigma Al-
drich (St. Louis, MO, USA). methanol (99.5 %), sodium hydroxide, and hydrochloric acid 
were supplied by IT Tech Research Selangor, Malaysia. 

2.2 Synthesis of isonicotinate Metal-organic Frameworks [Cu (INA)2]-MOF 

[Cu (INA)2]-MOF was synthesized by a solvent-free technique following the proce-
dure reported by Tella (A. Tella et al., 2016) with little modification. Briefly stated, 0.25 g 
(1mmol) of copper acetate monohydrate (Cu (CH3COO)2H2O) and 0.246 g (2mmol) ison-
icotinic acid (C5H4N(CO2H) were mixed and grounded together for 10 minutes using mor-
tar and pestle. The formation of the product was followed by a characteristic odour of 
acetate and the evidence of the colour change from green to blue. The product obtained 
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was then heated at 150°c for 12 hours to remove the glacial acetic acid trapped in the pores 
of the [Cu (INA)2]-MOF. The product was kept in a desiccator to cool after which the sam-
ple was stored in the sample bottle and later used without any additional treatment dur-
ing the experimental work. 

2.3 Mechano-synthesis of Fe3O4-MNPs 

Fe3O4-MNPs was made utilizing an innovative mechanochemical method that was 
similar to the one previously reported by Bellusci [49] with only slight changes. In a typi-
cal procedure, 5 g of a molar ratio combination of reactants FeCl36H2O, FeCl24H2O, and 
NaOH, were thoroughly mixed in a mortar and pestle. To reduce the formation of crys-
talline development phenomena, NaCl was added in excess (to the tune of 100 wt %) to 
the stoichiometric mixture as a phase control agent. The synthesis was accomplished by 
crushing the components continuously in a mortar and pestle. The materials combination 
was collected after 30 minutes of grinding, and the powder was washed with water before 
being dried at 70°C under a vacuum and kept until future use. 

The complete equation for the reaction of the Fe3O4-MNPs synthesis using Mechano-
synthesis method is given below from Jannah [52]. 

Fe2+ + 2OH → Fe (OH)2(s)                           (1) 

Fe3+ + 3OH  → Fe (OH)3(s)                                          (2) 

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

2.4 Mechano-synthesis of magnetic composite metal-organic framework (MCM) [Cu (INA)2]-
MOF@Fe3O4 

For the [Cu (INA)2]-MOF@Fe3O4 synthesis, the Bellusci (Bellusci et al., 2012) (Bellusci 
et al., 2018) approach was modified; briefly, Fe3O4-MNPs was first functionalized with the 
[Cu (INA)2]-MOF by neat grinding in a mortar with a pestle. At the outset, 0.5 g of Fe3O4-
MNPs and 0.43 g of [Cu (INA)2]-MOF were appropriately weighed into the mortar. The 
mixture was grinded together for 10 minutes, 0.2 g of FeCl36H2O. The samples were puri-
fied using ethanol and water. To summarise, tidy grinding was used to successfully func-
tionalize the Fe3O4-MNPs with the [Cu (INA)2]-MOF making the magnetic composite cop-
per (II) isonicotinate metal-organic framework [Cu (INA)2]-MOF@Fe3O4. 

 

Figure 2. a) Synthesis process of Fe3O4-MNPs b) Synthesized Fe3O4-MNPs c) Synthesized 
[Cu (INA)2]-MOF@Fe3O4 c) Synthesized [Cu (INA)2]-MOF. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 December 2022                   doi:10.20944/preprints202212.0434.v1

https://doi.org/10.20944/preprints202212.0434.v1


 

 

2.5 Characterization 

For the Fourier transformed infrared spectroscopy (FTIR) PerkinElmer FTIR spec-
trometer was used to characterize the MOF for functional groups in the 400 to 200 cm-1 
spectral region. A thermogravimetric analyzer (Shimadzu TGA-50 Analyzer) was used to 
test thermal stability by heating the material at 10 °C/minute in an inert environment (Ar). 
The topography, microstructure, and elemental evidence were determined using scan-
ning electron microscopy (SEM) Zeiss Supra 55 VP instrument). Finally, powdered X-ray 
diffraction (XRD) was performed to determine crystallinity using Bruker D8 Advance X-
ray Diffractometer The 4-50° 2 range data was taken with a 0.02° step width. 

2.6 Removal Experiment 

2.6.1 Preparation of Terbutaline solutions 

To make a stock solution of terbutaline (100 mg L-1) in methanol, 1 mg was dissolved 
in a 100 mL volumetric flask. The produced solution was stored at 4 °C in the refrigerator. 
Every day, right before the adsorption experiments, the working solutions were made 
with milli-Q water by diluting the stock solution to get the required amount. As methanol 
is miscible with water, it is possible to separate polar components from non-polar compo-
nents by mixing Methanol and water. The advantages of using a mixture of methanol and 
water include lowering the surface tension, decreasing the polarity of the water, increas-
ing the density, and possibly allowing specific compounds to collect at the interface. 

2.6.2 Batch adsorption study 

After diluting the stock solution with milli-Q water to make the working solution, 
adsorptions at various concentrations were conducted. [Cu (INA)2]-MOF and [Cu (INA)2]-
MOF@Fe3O4 were individually suspended in a 150 mL conical flask containing 10, 20, 30, 
40, 50, and 60 mg L-1 initial concentrations of terbutaline solution. The flask was then 
placed inside a temperature-controlled incubator shaker (stacked shaker SKE 8000) and 
shaken at 150 rpm for approximately 120 minutes. About 2 mL aliquot of the sample so-
lution was collected at 10 minutes intervals and using filter 0.45 m nylon syringe mem-
brane The absorbance of terbutaline in the filtrate solution was measured at λmax 283 nm 
by UV-Vis spectrophotometer (Shimadzu UV-1800) using a quartz cuvette. The impacts 
of pH were explored by varying the pH of the solution from 3, 5, 7, 9, 11, and 13 with 0.1 
NaOH and M HCl before reaching the final volume of 40 ml, whilst the effects of temper-
ature were investigated by varying the temperature from 25, 30, 35, 40, 45, and 50 °C. The 
adsorbent dose was also varied between 1, 2, 3, 4, 5, and 6 mg g-1. 

The percentage removal (%R), quantity adsorbed at a certain time interval (qt) as well as 
the quantity adsorbed at equilibrium (qe) were determined using equations 4, 5 and, 4 as 
presented by [58] [59]  as follow;   

%𝐑𝐑 = (𝑪𝑪𝟎𝟎−𝑪𝑪𝒕𝒕)
𝑪𝑪𝟎𝟎

𝑿𝑿 𝟏𝟏𝟏𝟏𝟏𝟏                                                            (4) 

𝒒𝒒𝒕𝒕 = (𝑪𝑪𝟎𝟎−𝑪𝑪𝒕𝒕)𝑽𝑽
𝑾𝑾

                                                                  (5) 

𝒒𝒒𝒆𝒆 = (𝑪𝑪𝟎𝟎−𝑪𝑪𝒆𝒆)𝑽𝑽
𝑾𝑾

                                                                  (6) 

Where C0 (mg L-1) is the initial concentration, Ct (mg L-1) is the concentration at a time 
t (minutes), and Ce (mg L-1) is the equilibrium concentration of terbutaline. W is the dried 
weight of the adsorbent (g), and V is the volume of the studied solution (L). 
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All the adsorption data were collected in triplicate, and the average values were de-
termined from the data. 

2.6.3 Regeneration study  

The regeneration and reuse properties were evaluated for both [Cu (INA)2]-MOF and 
[Cu (INA)2]-MOF@Fe3O4. The [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 residue 
were washed with absolute methanol (50 mL) and then with distilled water before being 
vacuum dried for 3 hours at 100 °C and kept in the desiccator after the adsorption study. 
The regenerated adsorbents were also used for terbutaline adsorption for five consecutive 
cycles under optimum circumstances similar to the batch adsorption studies mentioned 
in section 2.6.2. 

2.6.4 Adsorption isotherms 

The equilibrium relationship between the adsorbate and the adsorbents that deter-
mines the relative affinity of each of the adsorbents (the [Cu (INA)2]-MOF and the [Cu 
(INA)2]-MOF@Fe3O4) to the terbutaline was described using isotherm modelling accord-
ing to Langmuir, Freundlich, and Temkin as described by the linear equations (7), (8), and 
(9), respectively (Isiyaka, Jumbri, Sambudi, Zango, et al., 2021). 

𝐂𝐂𝐞𝐞
𝐪𝐪𝐞𝐞

=  𝟏𝟏
𝐊𝐊𝐋𝐋𝐪𝐪𝐦𝐦

+ 𝟏𝟏
𝐪𝐪𝐦𝐦
𝐂𝐂𝐞𝐞                                                          (7) 

𝐥𝐥𝐥𝐥𝐥𝐥𝐪𝐪𝐞𝐞 = 𝐥𝐥𝐥𝐥𝐥𝐥𝐊𝐊𝐅𝐅 + 𝟏𝟏
𝐧𝐧
𝐥𝐥𝐥𝐥𝐥𝐥𝐂𝐂𝐞𝐞                                                    (8) 

𝐪𝐪𝐞𝐞 = 𝐑𝐑𝐑𝐑
𝐛𝐛𝐓𝐓
𝐈𝐈𝐈𝐈𝐀𝐀𝐓𝐓 + (𝐑𝐑𝐑𝐑

𝐛𝐛𝐓𝐓
)𝐈𝐈𝐈𝐈𝐂𝐂𝐞𝐞                                                        (9) 

Where qm is the adsorption capacity, KL is the Langmuir constant, KF is the Freundlich con-
stant, 1/n represents the adsorption intensity, bT (kJ/mol) represents the Temkin constant which 
relates to the heat of adsorption, AT is the equilibrium binding constant corresponding to the 
maximum binding energy. T is the absolute temperature, and R is the Universal gas constant. 

Moreover, these models were fitted with statistical regression analysis to define the 
coefficient of determination (R2), adjusted coefficient of determination (R2 adj.), root 
means square error (RMSE), and Akaike information criterion (AIC) as criteria to assess 
the model performance, using the equations 10, 11 and 12 below [40] 

𝐑𝐑𝟐𝟐 = 𝟏𝟏 −  Ʃ(𝐪𝐪𝐞𝐞 𝐞𝐞𝐞𝐞𝐞𝐞−𝐪𝐪𝐞𝐞 𝐜𝐜𝐜𝐜𝐜𝐜)𝟐𝟐

Ʃ(𝐪𝐪𝐞𝐞 𝐞𝐞𝐞𝐞𝐞𝐞)𝟐𝟐
                                                     (10) 

𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 =  �∑ (𝐪𝐪𝐞𝐞 𝐞𝐞𝐞𝐞𝐞𝐞 − 𝐪𝐪𝐞𝐞 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦)𝟐𝟐𝐢𝐢
𝐧𝐧=𝟏𝟏                                                 

(11) 

𝐀𝐀𝐀𝐀𝐀𝐀 =  𝐧𝐧𝐧𝐧𝐧𝐧 �𝐒𝐒𝐒𝐒𝐒𝐒
𝐧𝐧
� + 𝟐𝟐𝟐𝟐𝐩𝐩 + 𝟐𝟐𝟐𝟐𝐩𝐩(𝐧𝐧𝐩𝐩+𝟏𝟏)

𝐧𝐧(𝐧𝐧𝐩𝐩+𝟏𝟏)
                                                

(12) 

Where qe exp and qe model represents experimental and model adsorption capacity, n is 
the number of observations and p denotes the number of parameters. SSE is the sum of 
the square errors obtained. A higher R2 value indicates better linearity of the models while 
smaller RMSE, AIC indicate better fitting of the model. 

2.6.5 Kinetic study 
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The kinetics analysis gives a thorough mechanism for the adsorption process as well 
as the rate-controlling step. The kinetics model tells us how fast a solute move from an 
aqueous environment to a solid-phase interface at a certain dose of adsorbent, tempera-
ture, flow rate, and pH at a specific time rate. Thus, in this study, the data for terbutaline 
adsorption onto both the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 were subjected 
to three major models, namely, pseudo-first-order, pseudo-second-order, and intra-parti-
cle diffusion, represented by equations (13), (14), and (15), respectively [40] [60]. 

𝒍𝒍𝒍𝒍(𝒒𝒒𝒆𝒆 −𝒒𝒒𝒕𝒕) = 𝒍𝒍𝒍𝒍 𝒒𝒒𝒆𝒆 − 𝒌𝒌𝟏𝟏𝒕𝒕                                                       (13) 

𝒕𝒕
𝒒𝒒𝒕𝒕

=  𝟏𝟏
𝒌𝒌𝟐𝟐𝒒𝒒𝒆𝒆𝟐𝟐

+  𝒕𝒕
𝒒𝒒𝒆𝒆

                                                                  (14) 

𝒒𝒒𝒕𝒕 =  𝑲𝑲𝑷𝑷𝒕𝒕𝟏𝟏/𝟐𝟐 + 𝑪𝑪                                                                  (15) 

The values 𝒒𝒒𝒆𝒆 and 𝒒𝒒𝒕𝒕 are the amount of the terbutaline adsorbed at equilibrium and 
at a certain time respectively, k1 and k2 are the pseudo-first order and pseudo-second-
order rate constants, respectively. KP is the intraparticle diffusion rate constant and C is 
constant. 

2.6.6 Thermodynamics study 

The thermodynamics research provides information on the nature of the adsorption 
process based on temperature differences. Thermodynamic parameters such as Gibbs free 
energy change (∆G°), standard enthalpy change (∆H°), and entropy change (∆S°) for the 
process were calculated using Van't Hoff equations (16), (17), and (18) based on the tem-
perature dependence of the adsorption process [61]. 

ΔG° =  ̶  RTln𝑲𝑲𝒅𝒅                                                 (16) 

𝑲𝑲𝒅𝒅 =  𝒒𝒒𝒆𝒆
𝑪𝑪𝒆𝒆

                                                               (17) 

ΔG° =  ΔH°  ̶  TΔS°                                                     (18) 

 

3. Results 

3.1 Characterizations 

Figures 2a, 2b and 2c show the infrared spectra of [Cu (INA)2]-MOF and [Cu (INA)2]-
MOF@Fe3O4. The major peak at 3434 cm-1 was generated by OH stretching from the copper ace-
tate and isonicotinic acid linker, which served as the MOF's secondary building units. A strong 
signal at 1602 cm-1 in the spectra revealed that the isonicotinic acid linker was deprotonated. The 
appearance of the peak at 1562 cm-1 was due to COO– asymmetric stretching, while the peak at 
1503 cm-1 was due to COO–symmetric stretching due to the organic linker, respectively. The 
stretching vibration that emerged in the MOF at 1722 cm-1 indicates that the isonicotinic acid is 
completely coordinated [62]. The absorption band at around 776 cm-1 is the development of the 
Cu-O coordination bond [63]. Given that the pyridine ring's nitrogen contributes to the coordi-
nation sphere, the peak at 1382 cm-1 reveals the stretching in the C=N [62]. The Fe3O4-MNPs FTIR 
spectrum clearly reveals the distinctive peaks at 525.60 and 633.66 cm-1, which correspond to the 
stretching vibration mode of Fe-O bonds, while the bending and stretching vibration modes of -
OH groups present in the Fe3O4-MNPs peaks were found at 1629.87 and 3324 cm-1 [51] [64]. The 
magnetite phase in the Fe3O4-MNPs is validated by the absorption band located at 525.60 cm-1. 
While the FTIR spectrum of the [Cu (INA)2]-MOF@Fe3O4 also validated the Fe3O4-MNPs by the 
absorption band occurring around 536.39 cm-1. The isonicotinate molecule appears to be in tune 
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with the stretching vibration at 1717 cm-1 in the [Cu(INA)2]-MOF@Fe3O4 despite being stretched 
from a [Cu (INA)2]-MOF [62]. It was observed that the band with a relative intensity spanning 
from 3434 to 3416 to 3324 cm-1 has a decline in all between the compounds formation, this dis-
covery might be due to the creation of a complex on the adsorbent surface involving the cations 
Cu2+ and Fe3+, as well as the isonicotinate's amine groups (copper Isonicotinate/Fe3O4 nanocom-
posite adsorbent) [65]. Moreover, a new band could be seen at 839 cm-1 (ring-out-of-plane vibra-
tions of the substituted aromatic of the linker molecules). These results indicate that the coordi-
nation process was successful, with relatively few unreacted linker residues left. Due to overlap 
with other peaks, the presence of iron oxides in composite materials is not easily detectable by 
infrared (IR) analysis [49]. 

 

Figure 2. Spectra of the a) [Cu (INA)2]-MOF b) Fe3O4-MNPs c) [Cu (INA)2]-@Fe3O4)-
MOF 

Figures 3a, b, and c depict the TG thermograms of the [Cu (INA)2]-MOF, the Fe3O4-MNPs, 
and the [Cu (INA)2]-MOF@Fe3O4). Presenting the TGA curves as a function of % mass loss over 
temperature. The crystal [Cu (INA)2]-MOF was subjected to TGA with an initial mass of 4,642 
mg. heating from 100.00 °C to 900.00 °C, the complete TG analysis was performed at a heating 
rate of 10,00 °C/min. [Cu (INA)2]-MOF complex was thermally stable up to 250 °C, with a signif-
icant weight loss of 82% at 246.38 °C and 322.66 °C [66], confirming the absence of a solvent 
molecule within the framework and revealed the material has excellent thermal stability. 

 

  

Figure 3. Thermograms of a) [Cu (INA)2]-MOF b) Fe3O4-MNPs c) [Cu (INA)2]-MOF@Fe3O4) 

While in both the ([Cu (INA)2]-MOF@Fe3O4) and Fe3O4-MNPs two main weight losses were 
demonstrated. The results of the thermogravimetric analysis of the Fe3O4 are displayed in Figure 
3b and it demonstrates a slight weight loss of 5.8 (wt. %) when heated to 245 °C. This weight loss 
can be attributed to the removal of water that was absorbed on the particles' surface. Addition-
ally, between 250 and 950 °C, there is a further weight loss of 12.76 (wt %) that can be attributed 
to the formation of hydroxyl groups [49]. 

As can be seen in the preceding Figure 3c, the thermal resistance of the sample of Cu 
(INA)2MOF@Fe3O4 is quite comparable to that of the [Cu (INA)2]-MOF sample, with only little 
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differences being brought about by the presence of the [Cu (INA2)-MOF. The fact that the weight 
loss of [Cu (INA)2]MOF@Fe3O4 is more efficient than that of Cu (INA)2]-MOF at temperatures 
ranging from 245 to 435 °C demonstrates that the MOF accelerates the degradation of the Fe3O4, 
which in turn impacts the thermal stability of the materials. In any regard, it is likely that the 
material that is produced will be utilised at temperatures that are lower.  

The XRD used in determining the [Cu(INA)2]-MOF's crystallinity properties showed a 
high-intensity peaks seen in the spectrum at angles 2θ 10.76 and 22.5, while the hkl of 100 and 
200 were respectively obtained (Figure 4a), and they coincided with the XRD pattern previously 
described for the [Cu(INA)2]-MOF produced by the mechanochemical method [67] [62]. The di-
ameters of the sub-micrometer crystallites that make up the peak in a diffraction pattern are 
calculated using the Scherrer equation (eqn. 16) [68].  

    𝐃𝐃 = 𝟏𝟏 + 𝑲𝑲𝑲𝑲
𝜷𝜷𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽

                               (16) 

Where: D is the mean size of the ordered (crystalline) domains, K is a dimensionless shape 
factor, λ is the wavelength and β is the line broadening at half the maximum intensity (FWHM), 
after subtracting the instrumental line broadening, θ is the Bragg constant calculate the crystal-
lites size of the [Cu (INA)2]-MOF was found to be 39.78 nm. 

    

Figure 4. XRD pattern of a) [Cu (INA)2]-MOF b) Fe3O4-MNPs c) [Cu (INA)2]-MOF@Fe3O4. 

Note that;  It is usual for nanocrystallites to have a high noise level, especially the one 
observed in the magnetic composite MOFs [69]. 

Figures 4b, and 4c above display the powder X-ray diffraction (PXRD) patterns of Fe3O4-
MNPs, and [Cu (INA)2]-MOF@Fe3O4. The Fe3O4-MNPs PXRD pattern's wide peaks in the diffrac-
togram indicate that the crystallites are nanometric in size. Magnetite, Fe3O4, can't be fully ruled 
out, although the pattern corresponds quite well with the cubic symmetry of maghemite, Fe2O3 
(PDF card 39-1346). Smaller Fe3O4-MNPs are unstable and can transform into maghemite when 
exposed to oxygen. Due to their identical cell dimensions and shared spinel crystal structure, 
magnetite and maghemite are difficult to distinguish using X-ray diffraction. The details of each 
value for the XRD patterns were shown in Table 2. The XRD patterns for the Fe3O4-MNPs and 
the [Cu (INA)2]-MOF@Fe3O4 revealed five and six distinctive peaks including the hkl indices 
respectively. The hkl indices are (1 1 1), (2 0 0), (2 2 0), (4 0 0), (5 1 1), found in both the Fe3O4-
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MNPs and[Cu (INA)2]-MOF@Fe3O4 with an additional (4 2 0) for the [Cu (INA)2]-MOF@Fe3O4 

this observation clearly indicate an additional compound in the material. The same case was 
reported by Duan [70] emphasizing that functionalization of a MOFs would not have much ef-
fect in the XRD patterns that could cause any considerable change. Based on the results, nano-
particles with a spinel magnetite crystal structure were earlier  produced using the mechano-
chemical process [71], as opposed to other methods, including coprecipitation under ultrasoni-
cation, exhibit superior crystallinity, according to a Bellusci [49] study. The tiny size of the crys-
tallites is likely to be the cause of the peak profiles being larger and overlapping when compared 
to the conventional material, as seen by the XRD profile. [Cu (INA)2]-MOF@Fe3O4 exhibits Fe3O4-
MNPs peaks in its diffraction profile. The clear and absence of impurity peaks shows that the 
synthesis of the magnetic composite was successful. 

In the SEM images, the crystalline phase of the mechanically generated [Cu (INA)2]-MOF 
at different magnifications with well-defined edges are given in Figure 5a,5b, 5c. The porous 
nature of [Cu (INA)2]-MOF is facilitated by its morphology, which consists of rectangular-square 
bars with a rough surface. The surface elemental analysis of the [Cu (INA)2]-MOF in Figure 5d, 
consists of Cu (13.93), C (48.41), N (13.05), and O (24.61) disclosed by EDX; the obtained images 
match the composition of the previously published [Cu (INA)2]-MOF [72] [73]. In addition, it 
was established that the [Cu (INA)2]-MOF@Fe3O4 images showed extremely distinct morpholog-
ical and topological features as shown in Figures 5e, 5f, while Figure 5g presented an in-depth 
surface morphology of the Fe3O4-MNPs with cavities at the outer surface and the elemental rep-
resentations of the predicted elements in the material as revealed by EDX analysis presented in 
5h. 

 

Figure 5. SEM images [Cu (INA)2]-MOF a) scanned at 3.00 magnification b) scanned at 5.00 mag-
nification c) scanned at 10.00 magnification d) EDX surface elemental result 

Table 1. EDX of elemental presentation of the [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 
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Figure 5. SEM images of samples of [Cu(INA)2]MOF@Fe3O4 at e) 5.00 at 5 µm magnification (f) 
10.00 at 5 µm magnification g) magnetic iron oxide at10.00 at 5 µm magnification h) EDX Spec-
trums of the [Cu (INA)2]-MOF@Fe3O4. 

Table 2. EDX of the elemental representation in the [Cu (INA)2]-MOF@Fe3O4 material 

Element  Mass % At % Compound  Mass % Cation  

C  0.14 0.82 C  0.14 0.00 

O  21.59     

Fe   54.41 71.58 FeO 69.99 17.32 

Cu  23.86 27.60 CuO 29.87 6.68 

Total  100.00 100.00  100.00 24.00 

Brunauer-Emmet-Teller (BET) surface areas (SBET) and porosity of [Cu (INA)2]-MOF, 
Fe3O4-MOF, and Cu (INA)2MOFs@Fe3O4. The [Cu (INA)2]-MOF was determined by N2 adsorp-
tion tests conducted in liquid nitrogen. And was the value of 20.4 m2/g The measured SBET for 
Fe3O4-MNPs was 25.3 m2/g, while the (Cu (INA)2MOFs@Fe3O4) was 27.2 m2/g, which is consistent 
with the results of the XRD study and represents an equivalent diameter size of approximately 
4 nm. Our new adsorbent synthesized in our laboratory was shown to have better a better sur-
face area than the Fe3O4-MNPs and its composites synthesized by Aryee [74] with 0.29 m2/g, 0.40 
m2/g and 10.45 m2/g in their different synthesis. 

3.2 Removal Studies  

3.2.1 Effect of contact time  

For adsorption studies to gain a comprehensive understanding of the equilibrium condi-
tion, the influence of contact time must be considered. Terbutaline adsorption onto [Cu (INA)2]-
MOF and [Cu (INA)2]-MOF@Fe3O4 was studied at 25 °C, an optimum pH of 11, and adsorbate 
concentrations of 40 mg L-1. Effect of contact time is illustrated in Figure 6 on the removal of 
terbutaline. The results demonstrated the effective removal of terbutaline in the first stage of the 
process, reaching equilibrium in all adsorption studies using both adsorbents in around 40 
minutes. The quicker removal of the pollutant can be attributed to the favourable interactions of 
terbutaline molecule with the adsorbents due to the availability of some functional groups (- OH 
and - N) as well as the added magnetic properties that characterise the modified [Cu (INA)2]-
MOF@Fe3O4, which are favourable adsorption sites present on the surface of the adsorbents [61]. 
To guarantee the MOF's efficiency under the equilibrium condition, the adsorption was pro-
longed till 120 minutes, a very good removal efficiencies of 92 and 99 % were recorded and no 
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any further observable progress were observed after reaching the 40 minutes contact time. This 
result was consistent with the results of other adsorption investigations [40].  

 

 

Figure 6. Effect of contact time for the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 

3.2.2 Effect of terbutaline initial concentration 

Adsorption studies were carried out to investigate the effect of terbutaline initial concen-
trations ranging from 10 to 60 mg L-1. Figure 7 depicted the effect of the initial terbutaline con-
centration on the adsorption, which rose as the terbutaline concentrations increased. The results 
showed that terbutaline removal for both the adsorbents was approximately 91.8% and 99.3% 
with initial concentration of 40 mg L-1 for both the [Cu (INA)2]-MOF and [Cu (INA)2]-
MOF@Fe3O4 at the lowest dosage of 1 mg g-1 in all the adsorbates studied, respectively. These 
results showed that both [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 had good removal ef-
ficiencies with the [Cu (INA)2]-MOF@Fe3O4 having the highest removal efficiency which can be 
attributed to the magnetic modification on the material. Isiyaka reported the same phenomenon 
in his removal investigation on dicamba using composite-MOF [40]. 
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Figure 7. Terbutaline Initial Concentration for the [Cu (INA)2]-MOF and [Cu (INA)2]-
MOF@Fe3O4 

3.2.3 Effect of MOF dosage  

For an adsorbent material to be considered suitable for usage, it must achieve maximal 
adsorption effectiveness even at the lowest possible dosage and in the shortest time possible [56]. 
Thus, the impact of both adsorbent doses for terbutaline adsorption was investigated in the 
range of 1–6 mg g-1, in a 40 mL solution having adsorbate concentrations in the ranges of 40 mg 
L-1, at an ideal alkaline pH of 11 at 25 °C. It can be observed from Figure 8 that, the quantity of 
terbutaline adsorbed is varied with varying adsorbent mass and decrease with increase in ad-
sorbent mass. The quantity of Terbutaline adsorbed reduces from 1470 mg g-1 to 247 mg g-1 for 
the 1589 mg/g to 264 mg/g for [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 respectively when 
the adsorbent mass increases from 1 mg g-1 to 6 mg g-1. At higher [Cu (INA)2]-MOF and [Cu 
(INA)2]-MOF@Fe3O4 to solute concentration ratios, there is a rapid superficial adsorption onto 
the adsorbent surface, resulting in a reduced solute concentration in the solution. This is because 
a set mass of the adsorbent material can only adsorp a certain quantity of terbutaline. Therefore, 
the higher the adsorbent dose, the greater the amount of effluent that can be purified by a certain 
mass of MOFs. Due to the split in the flux or the concentration gradient between the solute con-
centration in the solution and the solute concentration on the surface of the adsorbent, the quan-
tity of terbutaline adsorbed qe (mg/g) decreases with increasing adsorbent mass. Thus, when 
adsorbent mass increases, the quantity of terbutaline absorbed per unit weight of adsorbent de-
creases, resulting in a drop in qe value as adsorbent mass concentration increases. Studies using 
various adsorbents demonstrates the same scenario [75] [76] and in a very recent research by 
Aryee [74]. This property is primarily explained by the fact that adsorption sites stay unsaturated 
during the adsorption reaction, but the number of available adsorption sites rises as the adsor-
bent dosage increases. 

 

Figure 8. Effect of [Cu (INA)2]-MOF and [Cu(INA)2]-MOF@Fe3O4 dosages 

It was also discovered that the adsorption capacity of terbutaline adsorbed onto [Cu 
(INA)2]-MOF and [Cu(INA)2]-MOF@Fe3O4 differs between the two adsorbents, with the 
[Cu(INA)2]-MOF@Fe3O4)-MOF possessing an excellent adsorption capacity of more than 1500 
mg g-1  

3.2.4 Effect of pH  
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The influence of pH on terbutaline adsorption onto the [Cu (INA)2]-MOF and [Cu(INA)2]-
MOF@Fe3O4 were studied at pH levels of 3, 5, 7, 9, 11, and 13. The results indicate that the pH of 
the solution has a significant impact on the performance of both [Cu(INA)2]-MOF and 
[Cu(INA)2]-MOF@Fe3O4 for terbutaline adsorption, as shown in Figure 9. Terbutaline is a tertiary 
amine with an acidity constant (pKa) of 9.12, hence its species are generally positively charged 
in solution at pH ranging from 3 to 9. As the pH of the solution increased, adsorption efficiency 
was observed to improve up to pH 11 with a very excellent percentage removal of over 92 % and 
99 % in both the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4, indicating that this phenome-
non favors the adsorption process. Selkälä [34] highlighted how ionizable contaminants react 
with changes in pH and colloidal stability using a member of β-agonist compound as case study. 

 

Figure 9. pH Effect of the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 on terbutaline adsorp-
tion 

3.2.5 Kinetics of the adsorption studies 

The interaction between the pollutants (analyte) and the surface of the adsorbent materials 
determines the adsorption of pollutants onto the adsorbents. The interaction between the ter-
butaline and the surface of the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 materials deter-
mines the adsorption of terbutaline onto the as-synthesized adsorbents. To determine the best 
fitting for the adsorption mechanism, the kinetics of the process from the effect of adsorbent 
dosage was computed with the effect of contact time. In the kinetic models the adsorption data 
according to the statistical values highlighted in Table 3 for both the [Cu (INA)2]-MOF and the 
[Cu (INA)2]-MOF@Fe3O4 indicated strong fitness on the pseudo-second-order values of the pa-
rameters as it was shown to better explain the adsorption data in terms of greater R2, adj R2 as 
well as both lower RMSE and AIC values, than the rest of the two tested and compared models. 
The measured/calculated qe (mg g-1) values also correspond with the results of the experimental 
qe (mg g-1) values on both the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 (the graphical 
representations are presented in the supplementary materials section). It was determined that 
the higher adsorption efficiency of the composite material towards the β-agonists adsorption 
from the aqueous phase was due to the availability of abundant adsorption sites on the surface 
of the MOF. This was agreed upon evidently seen from the BET surface area and for volume 
analysis of the [Cu (INA)2]-MOF@Fe3O4. Additionally, it pointed to a process of chemisorption. 
As a result, greater adsorption of the β-agonists was seen within a shorter amount of time for 
equilibration. The result was in agreement with the reports of Tang [33] Hamza [77]. 
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Table 3. Comparison of adsorption kinetic parameters for the removal of Terbutaline using [Cu 
(INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 

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

Pseudo first order qexp  (mg g -1) 1470 1589.124 
 qcal  (mg g -1) 2.718 3.530 
 K1 0.026 0.0458 
 R2 0.3026 0.040 
 R2adj 0.802 0.320 
 RMSE 1.229 29.99 
 AIC 2.875 49.26 

Pseudo second order  qexp (mg g -1) 1470 1589.124 

 qcal  (mg g -1) 1428 2500 
 K2 (mg g -1 min -1) 4.9039 0.2 
 R2 1 1 
 R2adj 0.900 1 
 RMSE 0.009 0.001 
 AIC -64.41 -92.87 

Intraparticle Diffusion  KP (mg g -1 min -1) 12.316 19.683 
 C 1030.8 1657.3 
 R2 0.1987 0.199 
 R2adj 0.080 0.362 
 RMSE 3.261 14.53 
 AIC 20.6 39.12 

 

3.2.6 Isotherm Studies 

The surface interaction of both the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 with the 
terbutaline molecules at the equilibrium of the process was studied by 3 prominent Isotherm 
models as mentioned earlier: namely, the Langmuir, Freundlich, and Temkin models. Both the 
[Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 followed the same pattern of adsorption charac-
teristics as shown from the comparison adsorption data in Table 4. Langmuir model was discov-
ered to have the best fitting of all the isotherms models of the two adsorbents, with  the highest 
R2 of 0.8949, Adj. R2 of 0.877, with RMSE of 0.011, and a least AIC value of -52.946 in the [Cu 
(INA)2]-MOF and in the [Cu (INA)2]-MOF@Fe3O4 the same Langmuir model is also best fit with 
the highest R2 of 0.9994, Adj R2 of 0.710, with RMSE of 0.004, and a least AIC value of -76.903  
Based on the above findings, it could be concluded that the Langmuir model better reflects the 
experimental data and is the best model for all the adsorbents in the current research. Tang [33] 
observed the same scenario when he explored the ability of molecularly imprinted polymer us-
ing covalent imprinting technique in the determination of a β-agonist compound in a portable 
water sample. The Langmuir results also demonstrates that the [Cu (INA)2]-MOF and the [Cu 
(INA)2]-MOF@Fe3O4 forms homogeneous adsorption sites on the adsorption surface suggesting 
the formation of a monolayer contact with the terbutaline molecule. The results also shows that 
there is limited number of adsorption sites available in the [Cu (INA)2]-MOF and the [Cu 
(INA)2]MOF@Fe3O4 for the adsorption of the analytes and that the attractive forces decrease with 
increasing distances. On comparison between the two adsorbents the [Cu (INA)2]-MOF@Fe3O4 
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shows the best results in all the parameters with the better qm value of 2500 as compared to 
1666.67 in [Cu (INA)2]-MOF. 

Table 4. Comparison of Isotherm parameters for adsorption of Terbutaline onto the [Cu (INA)2]-
MOF and the [Cu (INA)2]-MOF@Fe3O4 

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

Langmuir qm (mg/g) 1666.67 2500 
 KL (L/mg) 0.00059 0.00175 
 RL 0.976 0.09 
 R2 0.8593 0.9994 
 R2adj 0.877 0.710 
 RMSE 0.011 0.004 
 AIC -52.946 -76.903 

Freundlich KF (L/g) 2.718 2.1555 
 N 0.1894 0.00692 
 R2 0.8541 0.8872 
 R2adj 0.869 0.737 
 RMSE 0.039 0.007 
 AIC -37.341 -68.452 

Temkin A (L/g) 1.0009 1.0053 
 bT (kJ/mol) 1090.8 43965 
 R2 0.858 0.8779 
 R2adj 0.827 0.667 
 RMSE 4.662 0.006 
 AIC 23.199 -70.005 

 

3.2.7 Effect of temperature and thermodynamic studies 

The temperature studies and thermodynamics analysis for the adsorption of terbutaline 
onto both the [Cu (INA)2]-MOF and the [Cu (INA)2]-MOF@Fe3O4 adsorbents were conducted by 
varying the temperature in the range of 25, 30, 35, 40, 45, and 50 °C i.e., 298, 303, 308, 313, 318 
and 323 K using batch experiments. The result is presented in Figure 10 and it shows a decrease 
in the removal efficiencies for both the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 from 92 
% to 67 %  and 97 % to 74 % as the temperature rose from 25 to 50 °C (298 K to 388 K) respec-
tively, indicating that the mechanism was an endothermic one [78]. Temperature increases re-
duce the contact between the adsorbate and adsorbent molecules, indicating physisorption [79]. 
The result as presented shows the adsorption capacity of terbutaline decreases with increasing 
temperature. Using the thermodynamic model and parameters, the adsorption was shown to be 
SPONTANEOUS, according to the negative values of ∆G° obtained as the temperature increased 
the reaction occur without any energy input [78]. This result shows that the adsorption is unfa-
vorable at higher temperature, it is also endothermic according to the positive values of enthalpy 
change (∆H°) obtained which specified that the products in the reaction have more energy com-
pared to the reactants, so the reaction has gained energy, making it endothermic, while accord-
ing to the positive value of ∆S° obtained which is the degree of randomness at the solid/liquid 
interface as well as structural changes in the adsorbent and adsorbate, and the process of ad-
sorption is validated as chemisorption. It also indicates the affinity of the adsorbent for the ad-
sorbate. 
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Figure 10. Effect of temperature on the adsorption of Terbutaline on both the [Cu (INA)2]-MOF 
and [Cu (INA)2]-MOF@Fe3O4 

Table 5. Thermodynamic Parameters for the adsorption of terbutaline onto [Cu (INA)2]-MOF# 
and [Cu (INA)2]-MOF@Fe3O4 

Temp 
(K) 

ΔG°# 
(kJ/mol) 

ΔG°* 
(kJ/mol) 

ΔH° 
(KJ/mol) 

ΔS° 
(J/mol/K) 

298 -0.5640 -0.03814 
-0.03878 
-0.03942 
-0.04006 
-0.04070 
-0.04134 

 
 
0.00582* 

0.072# 

 

303 -0.5735  

308 -0.5829 0.1280* 

313 -0.5924 1.8930# 

318 -0.6019  

323 -0.6111  

#, * Indicate values from the [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 respectively 

3.2.8 Adsorbent Regeneration and Reusability 

Five complete batch adsorption cycles were used to evaluate the ease of [Cu (INA)2]-MOF 
and [Cu (INA)2]-MOF@Fe3O4 recovery following active batch adsorption as an indicator of their 
potential as adsorbents for the removal of terbutaline. Thus, the adsorbents were regenerated 
according to the method described in section 2.6.2, and adsorption was conducted in a 40 mL 
solution containing an adsorbate concentration of 40 mg L-1 at an optimal alkaline pH of 11 with 
a contact time of 40 minutes, as previously determined for both respective adsorbents. Following 
batch adsorption studies, the removal efficiency for adsorption cycles was recorded. As shown 
in Figure 11, the adsorption removal efficiencies for the two adsorbents ranges from 91.8 % down 
to 85 % for the [Cu (INA)2]-MOF and from 99.3 % to 94.7 % for the [Cu (INA)2]-MOF@Fe3O4 
respectively. Higher percentage values indicated the good reusability of both adsorbents for the 
adsorption of terbutaline from environmental waters even after subsequent regenerations. 
Isiyaka [40] and Zango [78] obtained comparable outcomes in utilizing two different adsorbents. 
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Figure 11. Regeneration and Reusability of [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4  

3.2.9 Comparison studies  

Due to a shortage of related data in the reported literature on the removal of terbutaline 
and other β-agonists in general, a comparison was made between the relevant characteristics’ 
adsorbents used for the removal of β-agonists in water and our reported adsorbents as well. 
Table 4 demonstrates that our study using [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 have 
some significantly greater removal percentage of 91.8 % and 99.3 %, a considerable equilibrium 
time, and the benefit of easily regenerating the adsorbent, which has not been addressed in many 
of the reported articles and some of the studies did not provide the maximum adsorption capac-
ity (Qmax) of their adsorption, although accurate comparisons are not possible due to the variance 
in experimental and laboratory settings employed by the experts. 

Table 6. Adsorbents reported for the removal of β-agonists from water 

Adsorbent materials Equilibrium time Qmax (mg g-1) % Removal Analytes Reference 

µ-Grain Activated Carbon  48 hours N.A  78.6 Salbutamol [31] 

MIP@UCPs prove 20 min 2.18  81.7 Clenbuterol [32] 

MIP@CIP 20 min 7.34  74.0 Clenbuterol [33] 

Granular Activated Carbon  Not provided N.A  83.0  Salbutamol [17] 
Ui-66 MOF 60 min 160  80.0  Clenbuterol [42] 
ED-MIL-101(Cr)  Not provided N.A  90.1  Terbutaline  [45] 
[Cu (INA)2]-MOF 40 minutes 1666.67  92.0 Terbutaline This study 
[Cu (INA)2]-MOF@Fe3O4 40 minutes 2500  99.0 Terbutaline This study 

 

5. Conclusions 

The adsorptive removal of terbutaline from the water was achieved through the 
mechanochemical production of [Cu (INA)2]-MOF and its magnetic composite [Cu 
(INA)2]-MOF@Fe3O4. Fourier transform infrared spectroscopy (FTIR), thermogravimetric 
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analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy (SEM) were 
all used to highlight the unique characteristics of the two advanced materials and were 
studied as adsorbents for extensive Terbutaline removal in water. Parameters influencing 
the adsorption studies like Contact time, starting Terbutaline concentration, pH, and tem-
perature were all explored in detail to determine the best adsorption conditions, using 
Kinetics, isotherms, and thermodynamics as well as other aspects of the adsorption pro-
cess like the regeneration studies to assess the adsorbents' reusability were all investi-
gated. The magnetic iron composite [Cu (INA)2]-MOF@Fe3O4 exhibited better favorable 
characteristics, achieving an exceptional adsorption capacity of 1589 mg g-1 with Qmax of 
2500 mg g-1 than [Cu (INA)2]-MOF with 1470 mg g-1 and 1666.67 mg g-1. Alkaline pH has 
a great influence for the adsorption of terbutaline in both the adsorbents. The best model 
from the kinetics study was a non-uniform pseudo-second order adsorption process in 
both the two materials which was determined according to the statistical fittings of higher 
R2, and adj. R2 values, and lower RMSE, and AIC values. The Langmuir model was the 
best fit in Isotherm models in all the two materials too from the statistical fittings with 
higher R2, and adj. R2 values, and lower RMSE, and AIC. The effect of temperature shows 
an endothermic process, with the spontaneous nature of the process based on the ∆G° and 
an increase randomness in the solid-liquid interface. The successive removal of the pollu-
tant for 5 cycles, achieving good adsorption removal of up to 85 % and 95 % in the [Cu 
(INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4, demonstrated the good reusability and pro-
spective effectiveness of both the materials with the [Cu (INA)2]-MOF@Fe3O4 showing a 
superior and better values in all the adsorption parameters for terbutaline adsorption. 
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	1. Introduction
	The contamination of the natural world has quickly assumed the position as one of the most critical challenges now confronting human civilization [1]. Water bodies are continuing to deteriorate as a direct result of the decrease in water quality, whic...
	This research uses terbutaline as a model analyte due to its detrimental environmental effects and toxicity to people and aquatic species because of its persistent entrance into the ecosystem.
	Figure 1. Terbutaline Model
	Approximately 70% of the volume of medicines taken by people or animals is excreted as a combination of non-metabolized medications without any change in their chemical structure and conjugated metabolites, according to studies [24]. Thus, the unchang...
	Previous literature reported that β-agonists can be removed through oxidation [29], photo-degradation [30], and adsorption [17], but, since oxidation and photocatalytic degradation produce harmful intermediates, adsorption is always chosen as the most...
	Metal-organic frameworks (MOFs) are a type of microporous material that has just been found for use in environmental remediation. The framework of the MOF is highly crystalline, with large surface areas, a flexible number of pores and cavities, and ch...
	Due to their versatility, they are of great interest in both scientific and technological fields, such as liquid adsorption [40], catalysis [41],  sensing [42], electrochemistry and conversions [43] as well as in biological applications such as the dr...
	Now, the adjustable cavities and tailorable chemical compositions of the MOFs enable the development of materials with specific properties. As an illustration, Zeng [47] developed novel molecular magnetic alloy materials that include mixed metal ions ...
	Due to their adaptability, MOFs composites, which are frequently used in adsorption, have recently been receiving a lot of attention. Numerous studies have covered the synthesis of MOFs-composites and its intriguing applications. MOF compositions may ...
	The targeted integration of magnetic nanoparticles (MNPs) and MOFs is leading to the development of new multifunctional MOF-based composites with better performance than either the MNPs or MOF alone [2]. It was also possible to create MOFs with magnet...
	While in the field of water purification, nano-magnetic structured adsorbents perform better than traditional materials due to their greater efficiency and quicker adsorption rates, both of which are a result of their larger surface area as well as th...
	Much successful research has been aided by the combination of the 3D network's strong magnetic intercluster interaction with the secondary building units (SBU's) inherent properties. Adding the second type of metal ion to the crystal lattice in a MOF ...
	Along with chemisorption and/or physisorption, the physical and chemical properties of magnetic nanoparticles (such as particle size, surface area, surface charge, accumulation/aggregation, shape, and surface coating) can be utilised to adsorb β-agoni...
	To remove β-agonists from water, we proposed and redesigned metal-organic framework composited with magnetic nanoparticles as more permeable conventional and synthetic materials. MCMF research are extremely recent and their applications in water remed...
	According to the reviewed literature, various studies have used MOF composites in the same way as their virgin MOFs to purify water, and the composites were shown to have greater removal rates and adsorption capacities than the virgin MOFs. Methylene ...
	A new iron oxide MNPs copper (II) isonicotinate-based MCMF ([Cu (INA)2]-MOF@Fe3O4)  that has a Cu (II) square-pyramidal geometry with extremely high chemical lability and hydrophobicity using a mortar and pestle was prepared in our Laboratory, with th...
	Production of functionalized materials via a green chemistry method eradicates or decreases the generation of dangerous perilous waste that is destructive to human health and the environment, at the same time removing environmental contaminants like β...
	We opt for the solvent-free synthesis (Mechanosynthesis) method for its many advantages over Solvosynthesis (synthesis using solvents) method which includes no toxic and hazardous solvent, shorter reaction time, money-saving, environmentally friendly ...
	2. Materials and Methods
	2.1 Chemicals and materials
	All the chemicals used in this work were analytically graded and used as received. Copper acetate monohydrate (98.5%), isonicotinic acid (98%), Terbutaline sulfate, ferrous chloride heptahydrate, and ferric chloride hexahydrate were purchased from Sig...
	2.2 Synthesis of isonicotinate Metal-organic Frameworks [Cu (INA)2]-MOF
	[Cu (INA)2]-MOF was synthesized by a solvent-free technique following the procedure reported by Tella (A. Tella et al., 2016) with little modification. Briefly stated, 0.25 g (1mmol) of copper acetate monohydrate (Cu (CH3COO)2H2O) and 0.246 g (2mmol) ...
	2.3 Mechano-synthesis of Fe3O4-MNPs
	Fe3O4-MNPs was made utilizing an innovative mechanochemical method that was similar to the one previously reported by Bellusci [49] with only slight changes. In a typical procedure, 5 g of a molar ratio combination of reactants FeCl36H2O, FeCl24H2O, a...
	The complete equation for the reaction of the Fe3O4-MNPs synthesis using Mechanosynthesis method is given below from Jannah [52].
	Fe2+ + 2OH → Fe (OH)2(s)                           (1)
	Fe3+ + 3OH  → Fe (OH)3(s)                                          (2)
	Fe (OH)2(s) + Fe (OH)3(s) →  Fe3O4(s) + 4H2O                          (3)
	2.4 Mechano-synthesis of magnetic composite metal-organic framework (MCM) [Cu (INA)2]-MOF@Fe3O4
	For the [Cu (INA)2]-MOF@Fe3O4 synthesis, the Bellusci (Bellusci et al., 2012) (Bellusci et al., 2018) approach was modified; briefly, Fe3O4-MNPs was first functionalized with the [Cu (INA)2]-MOF by neat grinding in a mortar with a pestle. At the outse...
	Figure 2. a) Synthesis process of Fe3O4-MNPs b) Synthesized Fe3O4-MNPs c) Synthesized [Cu (INA)2]-MOF@Fe3O4 c) Synthesized [Cu (INA)2]-MOF.
	2.5 Characterization
	For the Fourier transformed infrared spectroscopy (FTIR) PerkinElmer FTIR spectrometer was used to characterize the MOF for functional groups in the 400 to 200 cm-1 spectral region. A thermogravimetric analyzer (Shimadzu TGA-50 Analyzer) was used to t...
	2.6 Removal Experiment
	2.6.1 Preparation of Terbutaline solutions
	To make a stock solution of terbutaline (100 mg L-1) in methanol, 1 mg was dissolved in a 100 mL volumetric flask. The produced solution was stored at 4  C in the refrigerator. Every day, right before the adsorption experiments, the working solutions ...
	2.6.2 Batch adsorption study
	After diluting the stock solution with milli-Q water to make the working solution, adsorptions at various concentrations were conducted. [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 were individually suspended in a 150 mL conical flask containing 10, 20,...
	The percentage removal (%R), quantity adsorbed at a certain time interval (qt) as well as the quantity adsorbed at equilibrium (qe) were determined using equations 4, 5 and, 4 as presented by [58] [59]  as follow;
	%𝐑=,,,𝑪-𝟎.−,𝑪-𝒕..-,𝑪-𝟎..𝑿 𝟏𝟎𝟎                                                            (4)
	,𝒒-𝒕.=,,,𝑪-𝟎.−,𝑪-𝒕..𝑽-𝑾.                                                                  (5)
	,𝒒-𝒆.=,,,𝑪-𝟎.−,𝑪-𝒆..𝑽-𝑾.                                                                  (6)
	Where C0 (mg L-1) is the initial concentration, Ct (mg L-1) is the concentration at a time t (minutes), and Ce (mg L-1) is the equilibrium concentration of terbutaline. W is the dried weight of the adsorbent (g), and V is the volume of the studied sol...
	All the adsorption data were collected in triplicate, and the average values were determined from the data.
	2.6.3 Regeneration study
	The regeneration and reuse properties were evaluated for both [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4. The [Cu (INA)2]-MOF and [Cu (INA)2]-MOF@Fe3O4 residue were washed with absolute methanol (50 mL) and then with distilled water before being vacuum...
	2.6.4 Adsorption isotherms
	The equilibrium relationship between the adsorbate and the adsorbents that determines the relative affinity of each of the adsorbents (the [Cu (INA)2]-MOF and the [Cu (INA)2]-MOF@Fe3O4) to the terbutaline was described using isotherm modelling accordi...
	,,𝐂-𝐞.-,𝐪-𝐞..= ,𝟏-,𝐊-𝐋.,𝐪-𝐦..+,𝟏-,𝐪-𝐦..,𝐂-𝐞.                                                          (7)
	𝐥𝐨𝐠,𝐪-𝐞.=𝐥𝐨𝐠,𝐊-𝐅.+,𝟏-𝐧.𝐥𝐨𝐠,𝐂-𝐞.                                                    (8)
	,𝐪-𝐞.=,𝐑𝐓-,𝐛-𝐓..𝐈𝐧,𝐀-𝐓.+(,𝐑𝐓-,𝐛-𝐓..)𝐈𝐧,𝐂-𝐞.                                                        (9)
	Where qm is the adsorption capacity, KL is the Langmuir constant, KF is the Freundlich constant, 1/n represents the adsorption intensity, bT (kJ/mol) represents the Temkin constant which relates to the heat of adsorption, AT is the equilibrium binding...
	Moreover, these models were fitted with statistical regression analysis to define the coefficient of determination (R2), adjusted coefficient of determination (R2 adj.), root means square error (RMSE), and Akaike information criterion (AIC) as criteri...
	,𝐑-𝟐.=𝟏− ,Ʃ,(,𝐪-𝐞 𝐞𝐱𝐩.−,𝐪-𝐞 𝐜𝐚𝐥.)-𝟐.-Ʃ,(,𝐪-𝐞 𝐞𝐱𝐩.)-𝟐..                                                     (10)
	𝐑𝐌𝐒𝐄= ,,𝐧=𝟏-𝐢-,(,𝐪-𝐞 𝐞𝐱𝐩.−,𝐪-𝐞 𝐦𝐨𝐝𝐞𝐥.)-𝟐...                                                (11)
	𝐑𝐌𝐒𝐄= ,,𝐧=𝟏-𝐢-,(,𝐪-𝐞 𝐞𝐱𝐩.−,𝐪-𝐞 𝐦𝐨𝐝𝐞𝐥.)-𝟐...                                                (11)
	𝐀𝐈𝐂= 𝐧𝐥𝐧,,𝐒𝐒𝐄-𝐧..+ ,𝟐𝐧-𝐩.+ ,,𝟐𝐧-𝐩.(,𝐧-𝐩.+𝟏)-𝐧(,𝐧-𝐩.+𝟏).                                                (12)
	𝐀𝐈𝐂= 𝐧𝐥𝐧,,𝐒𝐒𝐄-𝐧..+ ,𝟐𝐧-𝐩.+ ,,𝟐𝐧-𝐩.(,𝐧-𝐩.+𝟏)-𝐧(,𝐧-𝐩.+𝟏).                                                (12)
	Where qe exp and qe model represents experimental and model adsorption capacity, n is the number of observations and p denotes the number of parameters. SSE is the sum of the square errors obtained. A higher R2 value indicates better linearity of the ...
	2.6.5 Kinetic study
	The kinetics analysis gives a thorough mechanism for the adsorption process as well as the rate-controlling step. The kinetics model tells us how fast a solute move from an aqueous environment to a solid-phase interface at a certain dose of adsorbent,...
	,𝒍𝒏(-,𝒒-𝒆.−.,𝒒-𝒕.)=,𝒍𝒏-,𝒒-𝒆.−,𝒌-𝟏.𝒕.                                                       (13)
	,𝒕-,𝒒-𝒕..= ,𝟏-,𝒌-𝟐.,,𝒒-𝒆.-𝟐..+ ,𝒕-,𝒒-𝒆..                                                                  (14)
	,𝒒-𝒕.= ,𝑲-𝑷.,𝒕-𝟏/𝟐.+𝑪                                                                  (15)
	The values ,𝒒-𝒆. and ,𝒒-𝒕. are the amount of the terbutaline adsorbed at equilibrium and at a certain time respectively, k1 and k2 are the pseudo-first order and pseudo-second-order rate constants, respectively. KP is the intraparticle diffusion r...
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