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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Magnetized water was used for MIL-101 
(Cr) synthesis using the hydrothermal 
method.

• Optimized magnetic field exposure time 
applied to water by influencing the 
properties of MIL-101(Cr).

• The synthesized adsorbent effectively 
removed ibuprofen from aqueous 
solutions.

• Adsorption kinetics followed the 
pseudo-second-order and Langmuir 
isotherm models.
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A B S T R A C T

In this study, a magnetic field was applied to deionized water to produce magnetized deionized water, which was 
utilized for the first time in the hydrothermal synthesis of MIL-101(Cr). The magnetized deionized water acted as 
a synergistic solvent, leading to the formation of a highly porous and stable metal-organic framework (MOF). 
Different magnetization durations were applied to the deionized water to achieve the optimal crystal structure 
with enhanced performance. The prepared MOF, with an appropriate surface area and meso/microporous 
structure, was used to adsorb ibuprofen (IBP) from an aqueous solution. Techniques including FTIR, XRD, 
FESEM, BET, and zeta potential were used for characterizing the adsorbent. The prepared MIL exhibited a surface 
area of 3257 m2 g− 1 and a smooth octahedral molecular geometry when synthesized using 30 min of magnetizing 
deionized water. The adsorption capacity of ibuprofen by the parent MIL-101(Cr) increased from 76.67 to 92.47 
mg g− 1 under optimal conditions (pH = 4.5, contact time = 30 min, and adsorbent dose = 0.125 g L− 1), when 
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compared to MIL-101(Cr)-30. Under these conditions, the MIL-101(Cr) treated with 30 min magnetized water 
demonstrated up to a 15 % higher removal efficiency than the unmodified MIL-101(Cr), which can be attributed 
to its enhanced surface area and the shift in the pHpzc point resulting from the use of magnetized water during 
synthesis. The optimization of variables affecting the removal process was investigated using the central com
posite response surface method (RSM-CCD). In addition, pseudo-second-order (Ho) kinetic and Langmuir 
isotherm models were established with the spontaneous mechanism (ΔG < 0) of IBP on MIL-101(Cr)-30. Finally, 
the reusability of the adsorbent is five times due to the low amount of adsorbent (0.125 g L− 1), which indicates 
the excellent potential of the modified adsorbent in eliminating IBP from aquatic environments.

1. Introduction

Water pollution and environmental issues are among global con
cerns, as they pose serious threats to human, animal, and plant health 
[1]. Industrialization and urbanization have led to increased discharge 
of waste and pollutants into surface and groundwater resources [2,3]. 
Among various pollutants, pharmaceuticals are considered a significant 
contributor to the contamination of aquatic environments [4].

Ibuprofen (IBP) is a class of nonsteroidal anti-inflammatory drugs 
(NSAID) used to diminish fever, relieve pain, and improve inflamma
tion. High amounts of ibuprofen in drinking water can cause digestive, 
liver, and kidney problems in humans due to bioaccumulation [1,2]. 
Also, these compounds are toxic to aquatic animals [4]. Because of these 
hazards and the low solubility of approximately 21 mg L− 1 at 25 ◦C, 
effective water treatment methods must be used [5]. Adsorption method 
with the efficiency of reusability, low cost, and high scale has been 
considered in many research studies for purifying water by removing 
pollutants [6–8].

Metal-organic frameworks (MOFs) are classified as crystalline and 
porous adsorbents composed of metal clusters grafting to organic linkers 
[9]. The geometric properties of these adsorbents, including adjustable 
surface area, pore volume, and low density, demonstrate their efficiency 
in removing contaminants from aqueous solution [10–12].

MIL-101(Cr), one of the types of metal-organic framework (MOF) 
based on chromium terephthalate, composed of chromium metal ions 
and a terephthalic acid linker, was first studied by Ferey et al., in 2005 
[13]. Recently, these innovative porous materials have attracted interest 
in water treatment due to their tunable pore structure, water stability, 
and high uptake capacity [14–16]. Hydrothermal and solvothermal 
synthesis are the most common methods of preparing these adsorbents 
using different solvents like hydrofluoric acid (HF), hydrochloric acid 
(HCl), nitric acid (HNO3), acetic acid, etc. [17]. Hu et al. introduced 
porous MIL-101(Cr) using hydrochloric acid (HCl) instead of hydroflu
oric acid (HF) as the mineralizer in the synthesis process due to the toxic 
properties of HF [18]. Zhao et al. reported that MIL-101(Cr) with a 
suitable surface area and nano-sized structure utilized acetic acid as a 
mineral agent [19]. The solvent is a key parameter in the synthesis of 
porous materials, as it influences both the metal ions and the linker in 
the solution. Changes in solvent properties, such as viscosity and surface 
tension, can affect the nucleation rate and crystal size [20–22]. To date, 
numerous studies have been conducted on the removal of the pollutant 
ibuprofen using metal-organic frameworks and their composites. Zhuo 
et al. employed two types of composite beads, MIL-101(Cr)/sodium 
alginate and MIL-101(Cr)/chitosan, to remove ibuprofen from aqueous 
solutions. Their adsorption capacities were around 70 mg g− 1 and 35 
mg g− 1, respectively [23]. Seo et al. conducted a brief study on the 
adsorption of ibuprofen from aqueous media using MIL-101 and its 
functionalized forms, MIL-101-OH and MIL-101-NH2. The results indi
cated that the adsorption capacity ranged from 30 to 50 mg g− 1 after 12 
h for these MOFs [24]. In their study, Sun et al. reported adsorption 
capacities of 127.1 mg g− 1 and 50.69 mg g− 1 for the elimination of 
ibuprofen using UiO-66 and UiO-66-NH2 metal-organic frameworks, 
respectively, under equilibrium conditions after 10 h [25]. Alkhatami 
et al. demonstrated that zirconium metal-organic frameworks (Zr-MOFs) 
and their functional modification (Zr-MOF-NH2) exhibit great potential 

for removing IBP from wastewater, with adsorption capacities of 384.69 
mg g− 1 and 371.34 mg g− 1, respectively, under endothermic and 
spontaneous conditions after 100 min [4].

Magnetized deionized water (MDW) is produced when deionized 
water is passed through a solvent magnetizing apparatus (SMA) [26]. 
Adjusting the magnetization time and magnetic field intensity can 
improve the physicochemical properties of water [27,28]. Reduction of 
surface tension and increase of density of water can occur using mag
netic treatment [29,30]. In addition, the magnetic field affects the pH, 
zeta potential, and hydrogen bonding, causing increases in the disper
sion of particles in the solution [31,32]. In the last few years, magnetized 
deionized water has been used in various fields such as livestock and 
poultry [33,34], agriculture [35–38], concrete [39,40], oil recovery 
[41], chemistry [20,42–44], and so on due to its greenness, 
cost-effective, and simple operating process.

This work synthesized MIL-101(Cr) with magnetized deionized 
water as a solvent using the hydrothermal method. Different magneti
zation times were induced on deionized water, and its effect on adsor
bent morphology was investigated. The primary goal of this research is 
to propose magnetized deionized water (MDW) as a condition to 
improve synthesis, thereby reducing the reliance on expensive chem
icals used in the production of composite nanostructures. Despite the 
substantial body of research on the removal of pharmaceutical pollut
ants from aqueous solutions, comprehensive studies focusing on both 
isotherm and kinetic and thermodynamic studies for the removal of 
ibuprofen using raw MIL-101(Cr) remain sparse. This study aims to 
bridge this gap by selecting ibuprofen as the model pharmaceutical 
pollutant. Additionally, we employ the response surface method (RSM) 
to optimize the operating conditions, achieving the most efficient 
removal process.

2. Materials and methods

2.1. Preparation of magnetized deionized water

The properties of deionized water were improved by passing it 
through a solvent magnetizing apparatus (SMA) in the presence of a 
0.65 T (6500 Gauss) magnetic field. This instrument has two solvent 

Scheme 1. Schematic of solvent magnetizing apparatus (SMA) [20].
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reservoirs connected to each other with a valve. As shown in Scheme 1, 
the solvent can flow in a closed cycle by a centrifugal pump and pass 
directly across a magnetic field (AQUA CORRECT, H.P.S Co., Germany). 
Following the closure of the valve separating the reservoirs, 2.5 L of 
deionized water was poured into the lower reservoir. The pump is then 
activated, and the solvent flows through the magnetic field at a rate of 
500 mL s− 1, collecting in the upper reservoir within 5 s. This is referred 
to as deionized water that has undergone a single pass through the 
magnetic field. In the next steps, to increase the duration of exposure to 
the magnetic field, deionized water is magnetized by circulating it 
through the field multiple times at 30 and 60 min intervals. These sol
vents are then used for hydrothermal synthesis. Lastly, the surface 
characteristics and adsorption capacity of the MIL-101(Cr) adsorbent 
are examined at each time point. The complete description of the device 
is given in a U.S. patent (US10507450B2) [45]. Magnetized deionized 
water in a controlled closed cycle is named as follows: 

1. Ordinary water (MW-0)
2. One pass magnetized water (MW-1 pass)
3. Magnetized water for 30 min (MW-30)
4. Magnetized water for 60 min (MW-60)

2.2. Materials

Chromium (III) nitrate nonahydrate (Cr(NO3)3.9H2O, 97 %), 1,4- 
benzenedicarboxylic acid (H2BDC, 99 %), and acetic acid (C2H4O2, 
>97 %) were all sourced from Sigma-Aldrich. Ammonium fluoride 
(NH4F) and N–N, dimethylformamide (DMF, 99 %) were purchased by 
Merck, and ethanol (EtOH, 96 %) by Drm-Chem (Iran). Also, deionized 
(DI) water of the highest purity for magnetization and ibuprofen 
(C13H18O2, Sigma-Aldrich) were used for the experiments.

2.3. Preparation of MIL-101(Cr)

The main procedure for MIL-101(Cr) synthesis was adopted with 
some modifications according to the method presented by Yu et al. [46]. 
Briefly, 3.46 g chromium (III) nitrate nonahydrate, 1.4 g terephthalic 
acid, and 0.5 cm3 acetic acid were mixed in 43 cm3 ordinary and 
magnetized water, respectively. As mentioned, magnetized deionized 
water was used at different times, such as 1 pass, 30 min, and 60 min. 
Acetic acid was used as a mineral agent. After sonication for 1 h, the 
mixture was heated at 220 ◦C for 8 h in a 65 cm3 stainless-steel auto
clave. Finally, the green precipitate was separated by centrifugation of 

the solution.
Impurities and unreacted components were removed as follows: 

twice washing with 80 cm3 water, DMF, and ethanol, respectively, was 
adopted, and then once with 40 cm3 NH4F. Finally, the product was 
recovered by centrifuge and heated at 70 ◦C for 15 h overnight. samples 
were named MIL-101(Cr)-X, where X corresponds to the magnetization 
duration of solvent in the synthesis (X: 0, 1 pass, 30, and 60). The 
preparation step of the synthesized adsorbent is depicted in Scheme 2.

2.4. Characterization

The crystal pattern was studied by X-ray Diffraction spectroscopy 
(XRD, D8-Advance Bruker Cu Kα1 λ = 0.15406 nm). The mean crys
tallite size of the prepared samples was calculated using the Debye- 
Scherrer equation (Eq. (1)) [47]: 

D=
Kλ

β cos θ
(1) 

where D represents the crystallite size, K is the Scherrer constant (K =
0.94), λ is the wavelength of the X-ray used (λ = 0.0.15406 nm), β de
notes the full width at half maximum (FWHM) of the diffraction peak, 
and θ is the Bragg angle. Fourier-transform infrared spectroscopy (FTIR, 
Thermo Nicolet Avatar 360, USA) was utilized to determine the chem
ical bond of the adsorbent in the range of 400–4000 cm− 1. The 
morphology of samples was analyzed by a Field Emission Scanning 
Electron Microscope (FESEM, Tescan Mira3 FEG). Also, the elements are 
detected with an EDS/EDX analysis. The surface area and pore volume of 
MIL-101(Cr) were measured by data obtained from the nitrogen 
adsorption-desorption technique using the Brunauer-Emmett-Teller 
method (BELSORP MINI II), and the distribution of pore size was eval
uated by the Barrett-Joyner-Halenda (BJH) method. Zeta potential 
(Zetacompact, CAD) was used to measure the surface charge of the 
prepared MOFs. pH adjustment in the experiments was done with a 
HANNA pH meter. Ionic conductivity was measured using a Metrohm 
712 conductometer (Switzerland). Viscosity measurements were per
formed using an Ubbelohde viscometer with a calibration constant of 
0.00446 (mm2 s− 2). The contact angle of ordinary and magnetized water 
was measured on a chemically inert and hydrophobic graphite surface, 
which was selected as the reference surface to evaluate subtle changes in 
wettability. Measurements were averaged from at least three trials using 
4 μL droplets at three distinct locations on the surface. All physico
chemical properties were measured at 20 ± 5 ◦C.

Scheme 2. Preparation step of MIL-101(Cr) as prepared.
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2.5. Determination of the zero charge point

The isoelectric point or pHpzc of the adsorbent was determined at 
three pH points (4, 6, and 8) to assess the surface charge. The pH 
adjustment was accomplished using aqueous HCl and NaOH solutions at 
1 M and 0.1 M, respectively. The point of zero charge (pHpzc) was 
identified as the pH value where the final pH (pHfinal) equals the initial 
pH (pHinitial), resulting in a zero difference [8].

2.6. Adsorption experiments

Batch systems of ibuprofen solution at 10 mg L− 1 concentration were 
performed. Synthesized MIL-101(Cr) was added to 40 cm3 IBP solution 
for adsorption experiments. After adsorption, an Analytic Jena-Spekol 
1300.1 UV–Vis spectrophotometer operating at a peak of 224 nm was 
used to determine the remaining sample. A calibration curve was uti
lized to extract the data. The following equations (Eqs. (2) and (3)) were 
used to determine the yield of removal (R%) and equilibrium adsorption 
capability qe (mg g− 1) [5]: 

R%=
(C0 − Ce)

C0
× 100 (2) 

qe =
(C0 − Ce)V

W
(3) 

where C0 denotes the initial concentration and Ce (mg L− 1) is the 
equilibrium concentration of ibuprofen. Also, V (L) and W(g) are the 
volume and adsorbent dose, respectively.

2.7. Design of experiment

The effects of various parameters, including pH, contact time, and 
adsorbent dose, on the removal of IBP need to be examined. All these 
independent parameters were coded by Design-Expert 12 software, and 
the experiments were optimized by central composite design (CCD). 
Table 1 shows the level of variables from high (+1) to low (1). It should 
be noted that the desired value of alpha (α) equal to 1.5 was selected in 
the range of pH (4–8), contact time (10–30 min), and adsorbent dose 
(0.025–0.25 g L− 1) to study the removal of IBP.

The reaction response between independent parameters was 
analyzed using analysis of variance (ANOVA). The second-order poly
nomial equation (Eq. (4)) fitted the data following the model [5]. 

Y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiix2

ii +
∑k

i=1

∑k

i∕=j=1
βijxixj (4) 

in the above equation, Y is the reaction outcome (adsorption capacity), 
parameters xi and xj are the operating parameters (pH, contact time, and 
adsorbent dose). β0 is the cutoff point in the regression model. In addi
tion, βi, βii, and βij represent linear, second-order, and interaction co
efficients [48,49].

3. Results and discussion

3.1. Effect of magnetized deionized water on MIL-10(Cr) preparation

Different magnetization durations of deionized water were applied 
in the synthesis of MIL-101(Cr) to evaluate the IBP removal efficiency 
and compare it with that of the parent MIL-101(Cr). Water samples 
labeled MW-0, MW-1 pass, MW-30, and MW-60 were used to prepare 
adsorbents named MIL-101(Cr)-X, where X denotes the magnetization 
time of deionized water (X: 0, 1 pass, 30, and 60) used during synthesis. 
Therefore, similar conditions, including pH = 7, contact time = 30 min, 
and different adsorbent doses, were used in 40 cm3 IBP (10 mg L− 1) to 
remove contaminants from the aqueous solution. The details of these 
pre-tests are reported in Table 2. Among these synthesized samples, MIL- 
101(Cr)-30 with desirable removal efficiency and optimal magnetiza
tion time was selected for the experiment design. Therefore, character
ization and statistical analysis were performed for these samples, which 
are detailed in the following sections.

3.2. Physicochemical properties of magnetized deionized water

The physicochemical properties of ordinary and magnetized water 
are summarized in Table 3. Based on laboratory measurements and 
observations, minor yet measurable changes were detected in these 
properties following magnetic treatment. These variations are likely 
attributed to modifications in the cluster structure of water molecules 
resulting from alterations in the hydrogen bonding network as well as a 
temporary shift in the ionic equilibrium between H+ and OH− ions [50,
51]. Given that deionized water was used, which does not contain any 
significant dissolved ions, it is reasonable to assume that the observed 
changes primarily affect the physical and intermolecular characteristics 
of water rather than its chemical composition. However, these changes 
are generally subtle and transient, as water molecules tend to return to 
their equilibrium state over time. Accordingly, it is expected that the 
magnitude of these effects will decrease or reach a steady state as the 
magnetization time increases, a phenomenon commonly known as the 
“magnetic saturation effect” [52].

The observed reduction in dynamic viscosity observed under mag
netic treatment is attributed to the disruption of hydrogen-bonded water 
clusters by the applied magnetic field. This structural rearrangement 
enhances molecular mobility, decreases internal resistance to flow, and 
consequently leads to a gradual and relatively uniform decline in vis
cosity [53]. Furthermore, the slight decrease in contact angle indicates 
that magnetic treatment facilitates molecular and surface changes, in
creases water polarity, and reduces surface tension.

3.3. Characterization of adsorbents

The XRD pattern of MIL-101(Cr)-0, MIL-101(Cr)-30, and simulated- 
MIL-101(Cr) are shown in Fig. 1. As can be seen, the diffraction peaks for 
the samples occurred at 2θ of 3.2, 5.2, 6, 9.1, and 16.6. These patterns 
match well with the modeled MIL-101(Cr) pattern described in the 
literature [54,55]. Therefore, the synthesis has occurred correctly. No 
distinct peak after 2θ of 17 was identified for MIL-101(Cr)-30, which 
belongs to terephthalic acid. MIL-101(Cr)-30 has narrow and sharp 

Table 1 
The column information of the code and the level of variables in the CCD design.

Name Codes levels

-α − 1 0 +1 +α

pH A 3 4 6 8 9
Contact time 

(min)
B 5 10 20 30 35

Adsorbent dose (g 
L− 1)

C 0.025 0.0625 0.1375 0.2125 0.25

Table 2 
Comparison of adsorbent efficiency on different doses.

Dose (g 
L− 1)

Removal efficiency (R%)

MIL-101 
(Cr)-0

MIL-101(Cr)- 
1pass

MIL-101(Cr)- 
30

MIL-101(Cr)- 
60

0.0625 46 56 58 66
0.125 66 76 88 100
0.1875 89 88 98 100
0.25 100 100 100 100
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peaks, which indicates that MIL-101(Cr)-30 has a more crystalline 
framework with a smaller particle size than MIL-101(Cr)-0 [47]. Using 
the Debye-Scherrer equation applied to the sharp diffraction peaks, the 
estimated crystallite sizes were 46.18 nm and 74.48 nm for MIL-101 
(Cr)-0 and MIL-101(Cr)-30, respectively. As confirmed by BET anal
ysis, as the crystal size increases, structural defects and agglomeration 
decrease, leading to better crystalline order, prevention of pore 
blockage, and ultimately an increase in the active surface area [56]. 
These results demonstrated that using magnetized deionized water leads 
to improved crystal growth with good integration of ions (Cr3+) and 
terephthalate linkers (BDC).

The chemical groups of the synthesized adsorbents were identified 
by FTIR spectra, as shown in Fig. 2a. Cr–O stretching vibrations were 
observed at a wavenumber of approximately 580 cm− 1, which belongs 
to chromium ions within the structures. The observation peak at 1400 
cm− 1 belongs to the O–C–O bond vibration, while the C–H stretching is 
acknowledged with 745 cm− 1 and 1016 cm− 1 bands. These bands 
illustrated the H2BDC linker in the structures [6,57]. The 1508 cm− 1 

band corresponds to the C––C vibration. In addition, a broad band of 
–OH at 3400 cm− 1 was exhibited. The intensity of this peak in treated 
MIL-101(Cr) was reduced due to the reduction of hydrogen bonding and 
accumulation of water molecules by magnetic water treatment [58]. As 
presented in FTIR analysis before and after IBP adsorption (Fig. 2b), 
there was no significant alteration in the intensity and location of the 
peaks. Just a slight decrease was observed in the C–O peak, which cor
responds to the benzene ring. This suggests that the primary method for 
removing contaminants is through surface adsorption and trapping 
within the pores, with no evident interaction occurring between the 
functional groups and ibuprofen molecules.

The morphology of the mentioned MOFs was investigated using 
FESEM analysis (Fig. 3a–d). The smooth octahedral shape of the parti
cles was perceived in the structure of MIL-101(Cr)-30, comparable to the 
literature [59]. Meanwhile, MIL-101(Cr)-0 particles showed irregular 
and broken morphology. A uniform crystal without any aggregates, with 
a particle size range of 200–300 nm, was visible in the FESEM images of 
MIL-101(Cr)-30. The particle size distribution was assessed by exam
ining more than 100 particles using ImageJ software (Fig. 3e and f). The 
average particle size for MIL-101(Cr)-0 was 322 nm with a standard 
deviation of 100 nm (CV ≈ 31 %), while MIL-101(Cr)-30 showed an 
average size of 237 nm with a standard deviation of 50 nm (CV ≈ 21 %), 
indicating a narrower and more consistent size distribution in the 
modified sample. These results indicate that magnetization of water 
affects both nucleation and crystal growth mechanisms [20]. In partic
ular, magnetized deionized water appears to enhance the nucleation rate 
of MOF cores and facilitate the formation of octahedral crystals. As a 
result, the available starting materials are distributed among more 
nucleation sites, which limits the growth of individual crystals and re
sults in smaller particle sizes. In addition, the higher nucleation rate, due 
to more uniform growth conditions, enhances the formation of 
well-defined octahedral MOF crystals.

As seen in the EDX mapping analysis (Fig. 4), all elements such as 
carbon, nitrogen, oxygen, and chromium have a uniform distribution on 
the surface of MIL-101(Cr)-30. These Chemical compounds emphasize 
the validity of the synthesis method using magnetized deionized water 

Table 3 
Physicochemical properties of ordinary and magnetized deionized water.

Properties of deionized 
water

Ordinary Magnetized

1 pass 30 min 60 min

Ionic conductivity (μS 
cm− 1) @ 20 ◦C

1.399 ±
0.02

1.885 ±
0.02

1.639 ±
0.02

1.520 ±
0.02

Density (g cm− 3) 0.9981 ±
0.003

1.0086 ±
0.003

1.0045 ±
0.003

0.9781 ±
0.003

pH @ 20 ◦C 5.85 6.37 6.55 6.90
Viscosity (mPa s− 1) @ 

20 ◦C
1.0014 ±
0.003

0.9356 ±
0.003

0.9049 ±
0.003

0.8681 ±
0.003

Contact angle between 
water and graphite 
(degrees)

92.27 91.45 85.6 90.23

Fig. 1. XRD pattern of simulated-MIL-101(Cr), MI-101(Cr)-0.

Fig. 2. a) FT-IR spectra of MIL-101(Cr)-X (X: 0 (a), 1 pass (b), 30 (c), and 60 
(d)); b) FT-IR spectra of MIL-101(Cr)-30 before (e) and after (f) IBP adsorption.
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Fig. 3. FESEM images of: (a, b) MIL-101(Cr)-0 and (c, d) MIL-101(Cr)-30; (e, f) Particle size distribution of MIL-101(Cr)-0 and MIL-101(Cr)-30.
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as a solvent [60].
Fig. 5 indicates the N2 adsorption-desorption and distribution of the 

synthesized MIL-101(Cr) pore size determined at 77 K. MIL-101(Cr)- 
0 revealed a type I and mostly microporous, while a type IV isotherm 
featuring a hysteresis loop upon desorption appeared for MIL-101(Cr)- 
30 with a combination of mesopores and micropores. Type H1 hyster
esis is shown according to the IUPAC classification. Two uptake steps at 
low relative pressures, around 0.1 and 0.2, indicate the two types of pore 
cages in the structures [59,60].

The textural characteristics of the synthesized samples are reported 
in Table 4. The surface area of MIL-101(Cr)-30 is approximately 3257 
m2 g− 1, which is exceeding 2821 m2 g− 1 for MIL-101(Cr)-0. The average 
pore diameter (dP) for MIL-101(Cr)-0 and MIL-101(Cr)-30 was 2.12 nm 
and 2.77 nm, respectively. The increase from 1.49 cm3 g− 1 to 2.26 cm3 

g− 1 was observed for the pore volume (Vp) of MIL-101(Cr)-0 in com
parison to MIL-101(Cr)-30. These results indicate that magnetized 
deionized water increases the porosity of MIL-101(Cr)-0 and improves 
the surface area of the adsorbent. Increasing the pore volume attributed 
to the more sustainable frameworks and recrystallized terephthalate 
linkers. The duration of exposure of the solvent to the magnetic field 

significantly affects crystal nucleation and growth by altering the 
behavior of water molecules and dissolved ions through changes in the 
hydrogen bonding network. An optimal magnetization period of 30 min 
encourages uniform crystal formation (as confirmed by FESEM results) 
and maximizes surface area. However, increasing this time to 60 min can 
disrupt the nucleation process, potentially causing excessive nucleation 
or smaller particle sizes. This can lead to particle agglomeration and loss 
of structural integrity, which may block pores and reduce the surface 
area from 3257 to 2634 m2 g− 1, as shown in Table 4.

3.4. Formation mechanism

Water molecules are diamagnetic, meaning they have no unpaired 
electrons and no permanent magnetic moments. When exposed to an 
external magnetic field, they produce small opposing magnetic fields 
due to the circulation of electron currents. This diamagnetic response 
causes molecules to be repelled by the external field, resulting in subtle 
but significant changes in their behavior [61,62]. This interaction alters 
the hydrogen bonding within water clusters, affecting their stability, 
size, and network structure [63]. According to the collective findings 
from experimental research, magnetic field breaks or weakens the 
intra-cluster hydrogen bonds (HB) in water clusters, and after magne
tization of water, more single water molecules with stronger 
inter-cluster hydrogen bonds are formed [64]. Reducing the size of 
clusters changes the molecular energy because the affinity of water for 
ions is enhanced as the activity of water increases [20]. This causes 
further ionization of water and the dissiciation of impurities into posi
tive and negative ions, enhancing the conductivity of liquid water [29,
58]. Furthermore, these changes may affect the solubility behavior of 
ions (e.g., chromium ions) in the dissolution phase, potentially affecting 
the formation and stability of coordination complexes. The dynamic 
behavior of the hydrogen bond network in water exposed to a magnetic 

Fig. 4. EDX spectra and related elemental distribution maps of MIL-101(Cr)-30.

Fig. 5. N2 adsorption-desorption isotherms and pore size distributions of MIL- 
101(Cr)-X (X: 0, 1 pass, 30, and 60).

Table 4 
Results of BET analysis for treated MIL-101(Cr) and untreated MIL-101(Cr)-30.

Adsorbent SBET (m2 g− 1) Vp (cm3 g− 1) dp (nm)

MIL-101(Cr)-0 2821 1.49 2.12
MIL-101(Cr)-1 pass 2644 1.43 2.17
MIL-101(Cr)-30 3257 2.26 2.77
MIL-101(Cr)-60 2634 1.38 2.10
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field is described by the equation (H2O)n ↔ x H2O+ (H2O)n− x, with n-x 
indicating the formation of smaller water clusters [51]. The change 
induced by magnetized deionized water leads to increased molecular 
alignment and more uniform nucleation, which in turn improves crystal 
growth through better incorporation of terephthalic acid (BDC) with 
chromium ions. This process reduces structural defects and increases 
crystallinity. The plausible mechanism of MIL-101(Cr) formation fol
lows these steps (Scheme 3): when the precursors, including chromium 
(III) nitrate nanohydrate (Cr(NO3)3⋅9H2O) and terephthalic acid 
(H2BDC), are dissolved in magnetized water, chromium(III) ions (Cr3+) 
undergo hydrolysis and form hydroxo complexes. During hydrolysis, 
terephthalic acid (H2BDC) partially deprotonates to form terephthalate 
ions (BDC2− ) in the hydrolysis process. Coordination bonds are then 
formed between chromium cations and BDC2− anions, creating oligo
meric clusters (coordination step). As these clusters further aggregate 
and grow into larger structures, nucleation occurs (nucleation step). 
Over time, these clusters transform into the distinct three-dimensional 
porous framework of MIL-101(Cr) [59,65,66]. In summary, water 
magnetization affects the formation of MIL-101(Cr) through three pri
mary physicochemical pathways: (1) it modifies hydrogen bonding by 
reducing the size and stability of water clusters, thereby strengthening 
inter-cluster interactions and improving the distribution of reactants; (2) 
it increases the ion solvation by boosting the ionic mobility and solu
bility of precursor ions such as Cr3+, which leads to faster and more 
homogeneous coordination processes; and (3) it accelerates nucleation 
kinetics by improving molecular orientation and increasing the reaction 
rates, leading to more stable crystal growth. Collectively, these factors 
contribute to greater crystallinity and higher surface area, as shown by 
XRD and BET results.

4. Statistical analysis

Based on the response surface method, the reduced quartic was the 
best-fitted model for predicting the influence of independent variables, 
including pH, contact time, and adsorbent dose, on IBP removal. The 
adsorption capacity of IBP (qe, mg g− 1) was ascertained using the 
following coded equation (Eq. (5)): 

qe =75.62 − 3.76A + 6.53B − 25.25C + 6.51AB + 2.99AC − 8.92BC

− 11.32A2 + 0.17B2 + 4.67C2 − 5.33ABC + 4.34A2B − 14.03A2C

− 7.18AB2 + 1576A2B2

(5) 

where A, B, and C are pH, contact time, and adsorbent dose.
Table 5 represents all 34 runs with six central points and two repli

cates for both factorial and axial points. All these measures are to 
minimize experimental errors.

ANOVA results of IBP removal by MIL-101(Cr)-30 are reported in 
Table 6. According to the results, a high F-value equal to 206.73 and a p- 
value <0.0001 indicate a significant model. Parameters with a P-value 
greater than 0.5 are insignificant, and those with a P-value less than 
0.0001 are significant [49]. The adjusted and predicted R-squared 
values for the reduced quartic model were 0.9887 and 0.9745, respec
tively. These values demonstrated the accuracy of the predicted model 
for the available data. It is worth mentioning that the coefficient of 
variance was below 10 (CV = 4.84 %) and emphasized the experimental 
data without scattering to the predicted data. The signal-to-noise ratio, 
estimated by adequate precision, is 44.3588. This value exceeds 4 and is 
considered desirable [67,68].

Fig. 6a illustrates that the predicted values closely match the actual 
values, emphasizing the accuracy of the model. According to Fig. 6b, the 
normal plot of the residuals showed a normal data distribution with a 
regular scattering along a straight line.

4.1. Effect of variables

The response surface plots of IBP elimination by synthesized MIL-101 
(Cr)-30 are presented in Fig. 6c and d. As can be seen in Fig. 6c, the 
interaction effect of time and adsorbent dose is effective in the removal 
experiments. The maximum amount of IBP removal was obtained in the 
30 min interaction of 0.125 g L− 1 of MIL-101(Cr)-30 with the pollutant. 
A large percentage of removal occurred during the intermediate times of 
the adsorbent process. Because of accessible sites on the surface, 
increasing the adsorbent dose increased the removal efficiency. The high 
surface area and pore volume of MIL-101(Cr)-30 lead to excellent 
removal even at low amounts of adsorbent, introducing the synthesized 

Scheme 3. Plausible mechanism of MIL-101(Cr) formation using Magnetized water.
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MOF for industrial and large-scale applications. Also, the removal effi
ciency of pollutants improves by increasing the exposure time. As a 
result, contact time and adsorbent dose variables directly correlate with 
the removal efficiency of IBP on MIL-101(Cr)-30. The relationship be
tween pH and adsorbent dose in the treatment process is shown in 
Fig. 6d. It is clear that the maximum removal value was attained at 
acidic pH (4–6) and 0.125 g L− 1 adsorbent. These variables have an 
indirect relationship compared to the removal value. Adsorption ca
pacity varies with changes, which is due to surface charge and functional 
groups. The potential of zeta analysis of MIL-101(Cr)-30 under varying 
pH levels is shown in Fig. 7, and the pHpzc is almost 4.6. The positive 
charge of the MIL-101(Cr)-30 surface happens when the pH of the so
lution is below 4.6, and the negative charge is when the pH of the 

solution is above 4.6. In other words, the structure of MIL-101(Cr)-30 is 
protonated in acidic solutions and vice versa in basic solutions. It should 
be noted that the pKa of ibuprofen is 4.9, and the carboxylic acid group 
acts as a hydrogen acceptor at pH < 4.9 and as a hydrogen donor at pH 
> 4.9 [69]. Therefore, under an acidic pH range, especially between 4.5 
and 5, electrostatic interaction occurs between IBP molecules and 
adsorbent sites. Hydrogen bonding and π-π interaction among the ben
zene rings of MIL-101(Cr)-30 and the aromatic rings of ibuprofen 
increased the efficiency of the adsorbent [55]. On the other hand, the 
repulsive forces created at basic pH reduced the removal efficiency due 
to the anionic form of IBP and the negative surface of MIL-101(Cr)-30.

Typically, zeta potential measurements taken at varying exposure 
times revealed the influence of the magnetic field on surface charge 

Table 5 
Independent variables and experimental data of IBP removal by MIL-101(Cr)-30.

No. of experiment Type A: pH B: Contact Time (min) C: Adsorbent Dose (g L− 1) Efficiency (%) Adsorption capacity (mg g− 1)

1 Center 6 20 0.1375 81 76.95
2 Factorial 4 30 0.2125 88 53.83
3 Factorial 4 10 0.2125 81 49.79
4 Axial 6 20 0.0250 23 121.2
5 Factorial 8 10 0.2125 56 34.35
6 Axial 6 5 0.1375 70 64.29
7 Factorial 8 30 0.2125 61 37.36
8 Factorial 8 10 0.2125 59 34.73
9 Axial 6 20 0.2500 94 49
10 Axial 9 20 0.1375 51 36.29
11 Axial 9 20 0.1375 56 52.73
12 Axial 3 20 0.1375 61 57.67
13 Factorial 4 30 0.0625 72 150.4
14 Factorial 8 30 0.2125 72 44.28
15 Factorial 4 30 0.0625 68 141.76
16 Center 6 20 0.1375 78 74.18
17 Factorial 8 30 0.0625 67 139.84
18 Center 6 20 0.1375 78 74.18
19 Center 6 20 0.1375 82 77.38
20 Factorial 8 10 0.0625 39 80.32
21 Factorial 8 30 0.0625 69 144
22 Axial 6 20 0.2500 90 47.48
23 Axial 6 5 0.1375 71 68.14
24 Axial 3 20 0.1375 57 53.89
25 Axial 6 35 0.1375 89 85.38
26 Axial 6 20 0.0250 24 126.8
27 Factorial 4 10 0.2125 91 55.82
28 Center 6 20 0.1375 79 75.05
29 Center 6 20 0.1375 80 76
30 Factorial 4 10 0.0625 62 129.28
31 Factorial 4 30 0.2125 89 54.87
32 Factorial 8 10 0.0625 37 76.96
33 Factorial 4 10 0.0625 63 131.04
34 Axial 6 35 0.1375 91 86.25

Table 6 
ANOVA results of IBP removal on MIL-101(Cr)-30 model.

Source Sum of squares df Mean square F-value p-value

Model 41479.02 14 2962.79 206.73 <0.0001 Significant
A-pH 127.01 1 127.01 8.86 0.0077 ​
B-Time 384.16 1 384.16 26.81 <0.0001 ​
C-Adsorbent Dose 5739.58 1 5739.58 400.49 <0.0001 ​
AB 678.47 1 678.47 47.34 <0.0001 ​
AC 142.62 1 142.62 9.95 0.0052 ​
BC 1273.60 1 1273.60 88.87 <0.0001 ​
A2 1557.95 1 1557.95 108.71 <0.0001 ​
B2 0.3682 1 0.3682 0.0257 0.8744 ​
C2 264.43 1 264.43 18.45 0.0004 ​
ABC 454.22 1 454.22 31.69 <0.0001 ​
A2B 108.73 1 108.73 7.59 0.0126 ​
A2C 1134.17 1 1134.17 79.14 <0.0001 ​
AB2 296.75 1 296.75 20.71 0.0002 ​
A2B2 1085.96 1 1085.96 75.77 <0.0001 ​
Pure Error 272.30 19 14.33 ​ ​ ​
Cor Total 41751.32 33 ​ ​ ​ ​
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(Fig. 7). The impact of magnetized water on the zeta potential of ad
sorbents can be due to alterations in the arrangement of charged parti
cles or ions within the structure. This could potentially influence the 
electrostatic interactions between particles and their surroundings, 
depending on the conditions. Various studies have shown that the 
magnetic field significantly influences the zeta potential, and it was 
commonly believed that the Lorentz forces F→= q. v→× B→ acted on 
either moving ions or charged solid particles [32,50], with Madsen 
proposing that the magnetic field affected proton spin [70].

4.2. Optimization

The influence of operating conditions and removal efficiency was 
optimized using CCD-RSM design, and Table 7 presents the optimal 
conditions. Due to the importance of pH and adsorbent dose, consider 
pH values of 4.5 and adsorbent dose in the medium range (0.1375 g L− 1) 
to obtain the maximum removal efficiency. Adsorption time and ca
pacity are within limits. The best optimized results were suggested pH 
4.5, contact time 30 min, and adsorbent dose 0.125 g L− 1. The removal 
efficiency was approximately 90 %, and the adsorption capacity was 
90.59 mg g− 1 under optimal conditions with a desirability of 0.976. The 
experiment was repeated in real conditions to confirm the correctness of 
the predicted values. The actual removal efficiency of 90.41 % and the 
actual adsorption capacity of 92.47 mg g− 1 emphasized the accuracy of 
the model prediction. The parent MIL-101(Cr)-0 had a yield of removal 

Fig. 6. (a) Predicted vs. actual value; (b) Normal plot of residuals for IBP adsorption by the MIL-101(Cr)-30; (c, d) 3D interaction plots of time vs. adsorbent dose and 
pH vs. adsorbent dose.

Fig. 7. Zeta potential of MIL-101(Cr)-X (X: 0, 1 pass, 30, and 60) at different 
pH values.
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of 74.96 % and adsorption capacity of 76.67 mg g− 1 under these optimal 
conditions. Therefore, MIL-101(Cr)-30 showed better performance in 
water treatment compared to MIL-101(Cr)-0.

5. Kinetic study

The adsorption rate and the effect of exposure time on the IBP 
elimination by the prepared MOF are presented in Fig. 8a and b. The 
adsorbent-adsorbate interaction was carried out on ibuprofen solution 
(10 mg L− 1) under the following conditions: pH = 4.5, adsorbent dose =
0.125 g L− 1, volume = 40 cm3. Fig. 8a demonstrates that the adsorption 
rate rapidly increased during the first 20 min and then gradually 
decreased until equilibrium was reached. Over time, occupation of 
active sites and reduction of exposed surface lead to a reduction in 
interaction between IBP molecules and adsorbent, which in turn slows 
down the adsorption rate. Additionally, the adsorption kinetic activities 
between the IBP and MIL-101(Cr)-30 were evaluated using two kinetic 
models, pseudo-first-order (Lagergren) and pseudo-second-order (Ho). 
The experimental data fitting is illustrated in Fig. 8b. The equations of 
Lagergren and Ho [71,72] are detailed as follows (Eqs. (6) and (7)):

Pseudo-first-order model: 

Log(qe − qt)= Log(qe) −
k1t

2.303
(6) 

qt (mg g− 1) and qe (mg g− 1) are the adsorption capacity of IBP at each 
time (t) and equilibrium, respectively. k1 (min− 1) is the pseudo-first- 
order kinetic constant.

Pseudo-second-order model: 

t
qt
=

1
k2q2

e
+

t
qe

(7) 

where k2 (g mg− 1 min− 1) denotes the rate constant for pseudo-second- 
order kinetic.

Kinetic parameters and correlation coefficients (R2) obtained from 
each model for IBP removal by MIL-101(Cr)-30 are presented in Table 8. 
The findings showed that the pseudo-second-order model most accu
rately matched the observational data, as it exhibited the highest cor
relation coefficient of the models (R2 = 0.99). Consequently, the 
adsorption of IBP occurs through rapid diffusion chemisorption, 

involving electrostatic and π-π interactions among the pollutant mole
cules and adsorbent [71,73].

6. Isotherm study

The diffusion and distribution of IBP molecules within the pores of 
the adsorbent at adsorption equilibrium were characterized using two 
adsorption isotherm models: The Freundlich and Langmuir. Different 

Table 7 
Optimal operating conditions and predicted removal amount.

pH Time (min) Adsorbent Dose (g L− 1) Removal efficiency (%) Adsorption capacity (mg g− 1) Desirability

4.5 30.000 0.125 90 90.59 0.976 Selected

Fig. 8. (a) Removal efficiency of ibuprofen by MIL-101(Cr)-30 versus contact time; (b) Fitted pseudo-first-order and pseudo-second-order models for adsorption of 
IBP on MIL-101(Cr)-30.

Table 8 
Kinetic parameters of IBP adsorption on MIL-101(Cr)-30.

pseudo-first-order model pseudo-second-order model

k1 (min− 1) qe (mg g− 1) R2 k2 (g mg− 1 min− 1) qe (mg g− 1) R2

0.314 101.578 0.804 0.0018 81.967 0.987

Fig. 9. Adsorption isotherms fitted to the Langmuir model and the Freundlich 
model for adsorption of IBP on MIL-101(Cr)-30 (conditions: pH = 4.5, contact 
time = 30 min, and adsorbent dose = 0.125 g L− 1).
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initial concentrations of ibuprofen solution (5, 10, 15, 20, 25, and 30 mg 
L− 1) and temperatures (298, 308, and 318 K) were collected for these 
studies and the adsorption isotherm curves of these models to fit the 
experimental data were represented in Fig. 9. It should be noted that all 
experiments were performed under optimal conditions for 40 cm3 

ibuprofen solution. The results indicated that an exothermic process 
occurred during the removal reaction by the decrease in the adsorption 
efficiency of IBP with increasing temperature. Freundlich and Langmuir 
equations [71,73] are detailed as follows (Eqs. (8) and (9)):

Freundlich model: 

qe = KF.C
1
n
e (8) 

KF (L.g− 1) is a constant and relative indicator of Freundlich adsorption 
capability. 1/n is the adsorption energy of IBP. qe and Ce are the equi
librium adsorption capability and the equilibrium concentration of IBP, 
respectively.

Langmuir model: 

qe =
qm.KL.Ce

1 + KL.Ce
(9) 

KL (L.g− 1) and qm are the Langmuir constant and the maximum capa
bility of MIL-101(Cr)-30 for IBP removal.

Adsorption isotherm parameters of IBP on MIL-101(Cr)-30 obtained 
from each model are presented in Table 9. The Langmuir parameters 
exhibited a superior fit with the data, and high correlation coefficients 
(R2 = 0.9988, 0.9996, and 0.9994) at each temperature, compared to 
the Freundlich (R2 = 0.8956, 0.9097, and 0.8956). Therefore, the 
adsorption isotherm data for IBP adsorption aligned with the Langmuir 
isotherm model, indicating homogeneous adsorption of IBP on a uni
form monolayer surface of MIL-101-30. In addition, the parameter n in 
the Freundlich isotherm is greater than 1, suggesting a uniform adsor
bent surface, which is consistent with the assumptions of the Langmuir 
model [71].

7. Thermodynamic study

The relationship between temperature and rate of IBP diffusion into 
the adsorbent pores was investigated using enthalpy (ΔH, kJ mol− 1), 
entropy (ΔS, J mol− 1 K− 1), and Gibbs free energy (ΔG, kJ mol− 1), 
mentioned as thermodynamic parameters. The impact of temperature on 
the IBP elimination by MIL-101(Cr)-30 was evident at 298, 308, and 
318 K, respectively (Fig. 10a). Gibbs free energy is calculated by Eq. 
(10). The values of enthalpy and entropy are acquired from the Van’t 
Hoff (Eq. (11)) [71], the curve of LnK0 vs. 1/T is plotted in Fig. 10b. 

ΔG= − RTLnK (10) 

LnK=
ΔS
R

−
ΔH
RT

(11) 

in the above equations, K represents the equilibrium adsorption con
stant, T (k) represents the temperature of the solution, and R (8.314 J 
mol− 1 k− 1) is the ideal gas constant.

The thermodynamic data are detailed in Table 10. The negative ΔG 
values at all temperatures indicate that the IBP molecules were adsorbed 

spontaneously on MIL-101(Cr)-30 and are thermodynamically feasible. 
moreover, the less negative ΔG values (from − 4.462 to − 3.670 kJ 
mol− 1) with increasing temperature (298–318 K) suggest that the 
favorable adsorption reaction occurs at lower temperatures. The 
adsorption process was exothermic based on the negative value of 
enthalpy (ΔH). Additionally, the negative value of entropy (ΔS) indi
cated less disorder and randomness within the reaction system [4,71].

8. Regeneration of adsorbent

Reusing adsorbents is a crucial strategy in adsorption processes, 
particularly for industrial applications. Therefore, the reusability of MIL- 
101(Cr)-30 was considered to remove IBP from aqueous medium by 
centrifugation. The IBP molecules trapped in the pores of the adsorbent 
were released by mixing with 100 cm3 ethanol solution (99 %, Merck) 
for 1 h, resulting in electrostatic repulsions between IBP and MIL-101 
(Cr)-30. Fig. 11 illustrates the performance of the synthesized MIL-101 
(Cr) over five recycling cycles, demonstrating its potential for large- 
scale applications. The slight difference between the first and fifth 
regeneration cycles may be due to the wastage of the adsorbent during 
washing.

9. Comparison of synthesis conditions and textural properties

A comparative study of the synthesis conditions and textural prop
erties of the MIL-101(Cr) adsorbent, as detailed in recent publications, is 
presented in Table 11. In our study, magnetized deionized water (MDW) 
was employed as a synergistic solvent, significantly contributing to the 
development of a highly porous and stable framework. The enhanced 
BET surface area (3257 m2 g− 1) and large total pore volume are 
attributed to improved molecular alignment and more uniform nucle
ation, which likely reduced structural defects and increased crystal
linity. The solvent in the synthesis of MIL-101(Cr) plays a crucial role in 
dissolving the reactants and facilitating the formation of the metal- 
organic framework. As discussed in the FESEM analysis, MDW appears 
to increase the nucleation rate of MOF cores and promote the formation 
of well-defined octahedral crystals. This higher nucleation rate distrib
utes the starting materials to more nucleation sites, limiting the growth 
of individual crystals and resulting in smaller particle sizes. Further
more, during the washing steps, any unreacted material or excess sol
vent is removed from the rigid framework of MOFs. The interaction and 
arrangement of terephthalic acid (BDC) with chromium ions may 
change when using magnetized deionized water (MDW), potentially 
affecting the connectivity of the framework and enhancing the purifi
cation process.

10. Conclusion

MIL-101(Cr) adsorbents were successfully synthesized by modifying 
them with magnetized deionized water using hydrothermal methods, 
and their adsorption behavior in removing IBP was investigated. The 
structures and properties of the prepared MOF were identified by 
employing XRD, FTIR, FESEM, EDX, BET, BJH, and zeta potential 
analysis. The synthesized MIL-101(Cr) revealed uniform octahedral 
crystals with a high BET surface area of approximately 3257 m2 g− 1, a 
total pore volume of 2.26 cm3 g− 1, and a pore diameter of 2.77 nm. 
Based on the CCD results conducted to identify the optimal parameters, 
the interaction between the independent variables significantly 
impacted the removal efficiency. A reduced quartic model with an 
adjusted R-squared of 0.9887 is suitable for modeling the data. Under 
optimal conditions, MIL-101(Cr)-30 achieved a maximum adsorption 
capacity of 92.47 mg g− 1 for IBP, with a removal efficiency of 90.41 %. 
Additionally, the MIL-101(Cr) treated with 30 min magnetized water 
exhibited up to a 15 % higher removal efficiency compared to the un
modified MIL-101(Cr), which can be attributed to its increased surface 
area and the shift in the pHpzc point resulting from the use of magnetized 

Table 9 
Adsorption isotherm parameters of IBP on MIL-101(Cr)-30.

T 
(K)

Langmuir model Freundlich model

KL (L 
g− 1)

qm (mg 
g− 1)

R2 KF (L 
g− 1)

qe (mg 
g− 1)

n R2

298 1.426 114.942 0.998 60.782 109.85 4.008 0.895
308 1.403 106.382 0.999 57.414 102.71 4.248 0.909
318 0.746 91.743 0.999 41.633 86.25 3.668 0.895
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water during synthesis. Additionally, the adsorption of IBP on MIL-101 
(Cr)-30 is predicted to follow monolayer chemisorption, as indicated by 
the Ho kinetic and the Langmuir isotherm model. The reusable experi
ments of MIL-101(Cr)-30 showed an 11 % decrease in removal efficiency 
after five cycles of regeneration using an ethanol solution as a desorption 
agent. According to the findings of this study, magnetized deionized 
water as an eco-friendly and user-friendly solvent influences the 
morphology and crystal structure of MIL-101(Cr), which is useful for 
increasing the adsorption capacity of this adsorbent. Consequently, we 
are now interested in further investigating the use of this solvent for 
synthesizing nanostructures in our laboratory.
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Fig. 10. (a) Removal efficiency of IBP by MIL-101(Cr)-30 versus temperature; (b) Thermodynamic diagram (conditions: pH = 4.5, contact time = 30 min, and 
adsorbent dose = 0.125 g L− 1).

Table 10 
Thermodynamic parameters of IBP on MIL-101(Cr)-30.

T (K) ΔG (kJ mol− 1) ΔH (kJ mol− 1) ΔS (J mol− 1 K− 1)

298 − 4.462 − 16.268 − 39.618
308 − 4.066
318 − 3.670

Fig. 11. Reusability of MIL-101(Cr)-30 in different cycle numbers.

Table 11 
Comparison of prepared MIL-101(Cr) with other recently reported MIL-101(Cr) 
adsorbents.

Adsorbent Synthesis conditions Textural properties Ref

Medium Purification SBET (m2 

g− 1)
Vp 

(cm3 

g− 1)

dp 

(nm)

MIL-101 
(Cr)

H2O/HF EtOH/DMF/ 
NH4F/Hot 
H2O

3323.27 1.71 – [74]

MIL-101 
(Cr)

H2O/HF DMF/Hot 
EtOH

3311.88 1.57 – [71]

MIL-101 
(Cr)

H2O/HF H2O/DMF/ 
EtOH

2351.78 – 2.01 [8]

MIL-101 
(Cr)

H2O/HF H2O 1085.85 – 2.3 [75]

MIL-101 
(Cr)

H2O/HNO3 Hot DMF/ 
EtOH/H2O

3431 1.68 – [54]

MIL-101 
(Cr)

H2O/AcOH Hot H2O/ 
DMF/EtOH

1372.4 – – [76]

MIL-101 
(Cr)

H2O Hot EtOH/ 
H2O/Ace

2134 1.15 1.61 [77]

MIL-101 
(Cr)

H2O EtOH 2592.2 1.09 – [47]

MIL-101 
(Cr)

H2O Not 
reported

2997 1.48 2.18 [78]

MIL-101 
(Cr)-0

H2O/AcOH H2O/DMF/ 
EtOH/NH4F

2821 1.49 2.12 This 
work

MIL-101 
(Cr)-30

Magnetized 
H2O/AcOH

H2O/DMF/ 
EtOH and 
NH4F

3257 2.26 2.77 This 
work

MIL-101 
(Cr)-0

H2O/AcOH Hot H2O/ 
DMF/EtOH 
and NH4F

2643.9 1.43 2.17 This 
work

MIL-101 
(Cr)-30

Magnetized 
H2O/AcOH

Hot H2O/ 
DMF/EtOH 
and NH4F

3989.7 3.05 3.06 This 
work
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