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ABSTRACT

The use of metal-organic frameworks as efficient adsorbents for micropollutants removal has
attracted significant interest recently, while the effect of linkers on their performance was not
examined extensively. The present paper was devoted to examining the removal of 17a-ethinyl-
estradiol (EE2), a synthetic hormone with high-potency estrogenic contamination, from surface
water by adsorption process using MIL-53(Fe) and NH,-MIL-53(Fe) as metal-organic frameworks
adsorbents constructed with different linkers. Batch experiments were designed using the Design-
Expert software by considering the effective parameters, including the initial concentration of EE2,
adsorbent dosage, and pH. The effects of total dissolved solids and temperature were investigated
as well. The adsorbent synthesis was done by the solvothermal method, and field-emission scan-
ning electron microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, Brunauer—
Emmett-Teller, and energy-dispersive X-ray spectroscopy analyses were performed to evaluate
the characterization of the prepared adsorbent. The results of characterizations showed the crys-
talline structure of NH,-MIL-53(Fe) with a high specific surface area of 743 m?*g. According to
the preliminary tests, NH,-MIL-53(Fe) was more efficient than MIL-53(Fe), especially in natural
waters with neutral pH. In the case of using 2-aminoterephthalic acid as a linker, in addition to Van
der Waals attraction, electrostatic interaction is involved in the adsorption of EE2 and improves
removal efficiency. The easy regeneration and reusability of NH,-MIL-53(Fe) for several cycles
make it suitable for EE2 removal in natural water resources.
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1. Introduction

Water quality is directly related to human health and
living organisms. Over the years, various pollutants,
including organic and various chemical contaminants in
water, have been identified, and their effects on human
health have been studied. In recent years, micropollutants
have attracted the attention of researchers because they
are far more harmful than some other pollutants [1,2].
Pharmaceuticals and personal care products (PPCPs), and
endocrine disruptors are groups of organic contaminants
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that have been identified in waters around the world [3].
Meanwhile, endocrine disruptors have received more
attention from law enforcement agencies due to the possi-
ble high exposure to these substances and their dangerous
effects on human and wildlife health, although they exist at
low concentrations [1,4-6].

Among these compounds, 17a-ethinylestradiol (EE2),
a synthetic estrogen, is widely used in birth control pills
and drugs aimed at treating hormonal diseases. According
to several studies, EE2 is more resistant to biological deg-
radation than other similar natural hormones, thereby
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having a much longer half-life than natural hormones [7].
This means that it does not tend to decompose in nature,
so living organisms are much more likely to be suffered
from exposure to this particular hormone. As a result,
EE2 is classified as a high-risk pollutant for humans and
fish [8-10]. Adverse effects of this endocrine disruptor
on humans include decreased sperm count, infertility,
increased breast disease, testicular, prostate, and cervical
cancer [11-13].

In general, various biological, physical, and chemi-
cal processes, such as the adsorption process, are used
to remove EE2 [14-17]. The research showed the ineffi-
ciency of the biological and some physical processes in
removing EE2; for example, Damkjaer et al. [8] examined
EE2 amounts in the influent and effluent of two stabiliza-
tion ponds of wastewater treatment systems in Morogoro,
Tanzania and indicated these amounts could pose a high
risk of interfering with the normal function of the endo-
crine systems of fish and wildlife, thereby causing an
adverse impact on their reproduction and population.
Mohagheghian et al. [18] studied EE2 and some other
hormones in raw sewage influent and final treated efflu-
ent of seven wastewater treatment plants in Tehran, Iran
in two seasons (summer—autumn), and the result showed
that the mean removal efficiency of EE2 was about 80%.
Also, Silva et al. [15] investigated membrane separation
to eliminate mentioned contaminant, establishing the best
result of 57% for EE2 removal. Furthermore, the formation
of byproducts, which are sometimes more dangerous than
the primary contaminant, has been reported in chemical
processes [19-21]. Moriyama et al. [22] investigated the
chlorination by-products of EE2, showing some of them
are more dangerous than the primary contaminant.

The adsorption process has attracted the attention of
researchers because of the possibility of regenerating and
tailoring the adsorbents with highly selective interactions
[23]. Kent and Tay [14] examined the adsorption and deg-
radation process in an aerobic granular sludge sequencing
batch reactor, concluding that the main removal mech-
anism for EE2 was adsorption with an average removal
efficiency of 77%.

Some of the common adsorbents, such as activated car-
bon and anthracite were used for adsorptive removal of EE2
in previous research and their adsorption capacities were
reported to be about 0.4 and 0.3 mg/g, respectively [24-26].
In this regard, the use of nanoparticles in the removal of
contaminants in water and wastewater has gained a lot of
attention due to the high adsorption capacity. Metal-organic
frameworks (MOFs) are nanostructures with unique fea-
tures such as very high surface area and porosity, uni-
form and ultra-regular pore size, a high degree of design
capability, easy synthesis conditions, and maintaining the
integrity of the flexible structure after adsorption or with-
drawal of guest molecules. MOFs are constructed of metal
clusters and organic linkers, which are connected via coor-
dination bonds and form a uniform and porous crystalline
structures [27-30]. Abazari et al. [31] and Azhar et al. [32]
investigated the efficiency of metal-organic frameworks
for antibiotics (amoxicillin, ampicillin, cloxacillin, and sul-
fachlorpyridazine) removal, resulting in approximately
90% removal efficiency.

In this research, two MOFs were synthesized using
iron(IlT) cations as the core coordinated adsorbent with
terephthalic acid and 2-aminoterephthalic acid as ligands.
It is expected that the type of the linker in the MOF struc-
ture could be effective in the interactions involved in the
adsorption process, especially at neutral pH. Using the
adsorption process as a high-efficient and innovative
approach for removing EE2 with leaving no trace of dan-
gerous by-products was investigated in the presence of
mentioned MOFs as adsorbents. Because the linkers sig-
nificantly impact the efficiency of adsorption by MOF, dif-
ferent linkers were explored to select the suitable one for
removing EE2 at natural pH. The applied adsorbents in
this study, especially NH,-MIL-53(Fe), are known as selec-
tive adsorbents with porous structure and high stability,
making them effective in EE2 elimination from aquatic
environments. The prepared adsorbent was identified by
characterization tests, including scanning electron micros-
copy, Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET), and
energy-dispersive X-ray spectroscopy (EDS) analysis. The
central composite design (CCD) and the response surface
methodology (RSM) were applied simultaneously for the
determination of effective parameters in batch adsorption
experiments, such as pH, adsorbent dosage, and initial
concentration of EE2. More examinations of the adsorption
process were accomplished by investigation of isotherm
and thermodynamic parameters. Finally, the regeneration
capability of the adsorbent was checked in several cycles.

2. Materials and methods
2.1. Materials

EE2 (C,H,,0,) was purchased as a white, odorless solid
crystalline powder from the Iran Hormone Pharmaceutical
Company and was used as the contaminant for spiking in
samples. The terephthalic acid (C;HO,), 2-aminotereph-
thalic acid (HO,C-C,H,NH,-CO,H), FeCl-6H,O (99.5%),
N,N-dimethylformamide (DMEF, 99.8%), and methanol (99%)
were used to synthesize the adsorbent. The pH adjustment
was performed using HCl and NaOH solutions (0.1 mol/L).
Potassium dihydrogen phosphate (KH,PO,), dichlorometh-
ane (CH,CL,), and acetonitrile (C,H,N) were supplied for
the sample preparation step. All these mentioned materials
and MgSO,, NaHCO,, KNO,, and CaCl, for the preparation
of total dissolved solids (TDS) solutions were purchased
from Merck (Darmstadt, Germany) except 2-aminotere-
phthalic acid, which was purchased from Sigma-Aldrich
(Taufkirchen, Germany), and all of them were used without
further purification.

2.2. Synthesis of the adsorbents

In this research, the solvothermal method was used to
synthesize MOFs [33,34]. In brief, NH,-MIL-53(Fe) was syn-
thesized using a solution containing FeCl,-6H,0, 2-amino-
terephthalic acid (NH,-BDC), and N,N-dimethylformamide
with a molar ratio of 1:1:280 (FeCl,-6H,0:NH,-BDC:DMF)
was prepared. For this purpose, 1 g (3.7 mmol) of
FeCl,-6H,O and 0.67 g (3.7 mmol) of 2-aminoterephthalic
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acid were dissolved in 80 mL (1,033 mmol) of N,N-
dimethylformamide. In the next step, the prepared solution
was placed in an autoclave for 17 h at 145°C. After cooling
the solution at ambient temperature, the obtained MOF was
washed with N,N-dimethylformamide and methanol and
centrifuged at 5,000 rpm several times to remove residuals.
Finally, it was dried for 12 h at 70°C [35-37]. It should be
noted that for MIL-53(Fe) preparation, the type of linker
was only changed, and the materials were combined with
the same molar ratio.

2.3. Characterization of the adsorbent

A field-emission scanning electron microscope (FE-SEM,
MIRA3, TESCAN, Czech Republic) was used to deter-
mine the morphological characteristics of the adsorbent.
Fourier-transform infrared spectrum (FTIR Spectrum RX I,
PerkinElmer, USA) was applied for the identification of the
surface functional groups of the adsorbent in the range of
400-4,000 cm™. Brunauer-Emmett-Teller (BET, BELSORP
mini II, Japan) was employed for evaluating the pore diam-
eters, pore volumes, and specific surface area of the synthe-
sized adsorbent. X-ray diffraction patterns were recorded
at 1° <20 < 80° to investigate the crystal structure of MOFs
using (XRD, X'Pert PRO MPD, PANalytical, Netherland).
Energy-dispersive X-ray spectroscopy (EDS, Oxford
Detector, England) was utilized to investigate the elemental
content of the adsorbent.

2.4. Experimental design and data analysis

Batch experiments were used for EE2 adsorption in
this research. Effective parameters and their ranges were
determined based on the pre-tests. The experiments were
designed by Design-Expert 10 (Stat-Ease Inc., Minneapolis,
United States) for the optimization of the adsorption process
based on the Box-Behnken Design and RSM. The removal
efficiency as the response depends on pH, adsorbent dos-
age (mg/L), and initial concentration of EE2 (ug/L), which
are labeled as A, B, and C, respectively (Table 1).

The total number of the designed experiments was 17
runs and the assessment of experimental errors was con-
trolled via 5 center points, as shown in Table 2. The ade-
quacy of the quadratic model and correlation between
variables and the significance of each one was evaluated
by the analysis of variance (ANOVA). The role of the three
main factors (pH, adsorbent dosage, and initial concen-
tration) on the removal of EE2 and their interactions were
presented by the 3D response surface plots. Due to the

Table 1
Experimental levels and ranges of effective parameters for EE2
adsorption

Factors Unit Levels

-1 0 +1
A:pH - 45 7 9
B: Adsorbent dosage mg/L 100 250 400
C: Initial concentration ug/L 50 275 500
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presence of inorganic ions in real water samples, the adsor-
bent performance was studied in the presence of other ions
by designing and performing a series of experiments. For
this purpose, a solution containing inorganic salts with
a final TDS of 2,000 mg/L was prepared as the TDS stock
solution, and it was used to prepare the samples with dif-
ferent TDS levels. The saturated adsorbent was placed in
15 mL of methanol and shaken for 5 min to determine the
number of regeneration cycles for the adsorbent. Because of
the high solubility of EE2 in methanol, the adsorbed EE2
can be released in methanol, thereby resulting in recovered
adsorbent with free active sites. The adsorption/desorp-
tion cycle continued until a significant downward trend in
the adsorption capacity of the adsorbent was observed.

2.5. Analytical methods

After performing the adsorption process, the samples
were concentrated by liquid-liquid extraction and filtered
with PTFE syringe filters (0.2 pm). The residual concentration
of EE2 was determined using high-performance liquid chro-
matography (HPLC, Agilent 1100, Santa Clara, United States),
supplemented with a C18 column (5 um, 4.6 mm x 150 mm)
and a UV detector set at 205 nm, and an isocratic elution
mode with a fixed mobile phase composition. Acetonitrile/
buffer (40/60) was used as the mobile phase with a flow rate
of 1 mL/min [38,39]. The pHs were detected by a pH meter
(Behineh B-2000, Iran), and TDS was measured by TDS/EC
conductometer (Metrohm 691, Switzerland).

2.6. pH, and ash content determination

The general procedure of pH _ determination was per-
formed. In brief, 0.1 mol/L KCl solution was prepared in a
volume of 250 mL and was divided equally into 8 flasks of
25 mL to investigate pH, . 0.1 mol/L NaOH or HCI solu-
tions were used to adjust the pH in the range of 3-10. In
addition, 0.1 g adsorbent was introduced to each flask. The
samples were shaken for 24 h, and after that, the final pH
of each flask was measured after separating adsorbents
from samples using a centrifuge to establish pH, .

The ash content of the adsorbent also was determined
by heating in the muffle furnace. 1 g of NH -MIL-53(Fe)
was placed in a crucible and then heated at 700°C for 12 h
to determine the ash content of mentioned adsorbent,
similar to previous studies [40].

3. Results and discussion

3.1. Comparison of synthesized MOFs performance
for adsorptive removal of EE2

In order to determine the appropriate adsorbent for the
removal of EE2, the performance of the prepared MOFs
was studied at various pH values. As shown in Fig. 1a,
the performance of both synthesized adsorbents signifi-
cantly depends on the pH value. By increasing the pH, a
significant decrease in the performance of MIL-53(Fe) was
observed, thereby resulting in low removal efficiency in
the pH range of 7-8.5. However, the performance of NH,-
MIL-53(Fe) in this pH range was significantly higher than
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Table 2
RSM design values
Run Factors Response
A:pH B: Adsorbent dosage (mg/L) C: Initial concentration (ug/L) Removal efficiency (%)
1 9.5 250 500 68.1
2 4.5 250 500 80.5
3 7.0 250 275 80.3
4 4.5 250 50 0.3
5 9.5 100 275 50.1
6 45 100 275 55.2
7 7.0 250 275 82.6
8 7.0 400 50 39.9
9 7.0 250 275 83.4
10 7.0 100 50 0.5
11 7.0 250 275 75.8
12 7.0 400 500 89.0
13 7.0 250 275 69.4
14 7.0 400 500 92.1
15 9.5 400 275 65.2
16 4.5 400 275 85.5
17 9.5 250 500 79.8
@) —=—NH2-MIL-53(Fe) —e—MIL-53(Fe) ;;nino fur}ctional groups incor.porated in NHZ-MIL-
(Fe) can interact with the negatively charged functional
g 200 o | = groups of contaminants and improve removal efficiency.
& According to the pH of surface waters, NH,-MIL-53(Fe)
§ % was selected as the suitable MOF for the removal of EE2
§ = | in this study. In addition to the higher adsorption capacity
o -~ of NH,-MIL-53(Fe) compared to MIL-53(Fe) at the natu-
% ) ral pH (surface water), it also exhibits better performance
40 . . . . .
£ in most different tested pHs, making it a better choice
& - to apply in various environments.
M ;’ é \:ll Fig. 1b indicates the pH, of NH,-MIL-53(Fe) is equal
pH to 9.1, according to obtained data. Therefore the adsorbent
(b) 6 has a positive charge at neutral pH and a negative charge
at alkaline pHs. This finding is consistent with the data in
a Fig. 1a, in which as the pH of the sample goes to alkaline
. ranges, the adsorption of EE2 declines due to the weaken-
:E PH,= 9.1 ing of electrostatic interaction between adsorbent and con-
= Z taminant. The ash content of NH,-MIL-53(Fe) was also
= / determined to be 16% of the total adsorbent mass.
0 : : : <
3.2. Characterization of adsorbent
-2
1 3 B 7 9 11 The morphological aspects of the adsorbent were inves-
Initial pH tigated using the FE-SEM analysis (Fig. 2a—c). As can be

Fig. 1. (a) Comparison of the MIL-53(Fe) and NH,-MIL-53(Fe)
performance in different amounts of pH for EE2 removal and
(b) pHZPC determination of NH,-MIL-53(Fe).

that of MIL-53(Fe). There are two interactions between
MIL-53(Fe) and EE2, electrostatic interactions due to its
active amine groups and Van der Waals forces because
of aromatic rings, which significantly impact the higher
adsorption capacity of the adsorbent. Positively charged

seen, the prepared MOFs have regular, porous, and uni-
formly framed octagonal crystals with an average edge
length of 400 nm. The porous morphology of the adsorbent
verifies its high capacity to adsorb pollutants.

According to the information obtained from the corre-
sponding EDS spectrum (Fig. 2d), as expected, the elements
including Fe, O, N, and C in the regular structure of the final
adsorbent were the same as the initial chemicals used for
the preparation of the adsorbent. As shown in Fig. 2d, the
amount of major elements of C, N, and O (49.45%, 10.6%,
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Fig. 2. FE-SEM images of NH,-MIL-53(Fe) on different scales: (a) 1 um, (b) 500 nm, (c) 200 nm, (d) corresponding EDS spectrum and
elemental composition of NH,-MIL-53(Fe), (e) FTIR, and (f) XRD spectra of NH,-MIL-53(Fe).

and 28.4%, respectively) is well-matched with that reported
in previous research [41]. In addition, 11.5% of the iron
in the final structure proves the presence of iron clus-
ters in the adsorbent.

The crystallographic structure and phase purity of
the synthesized sample was corroborated by the XRD pat-
tern presented in Fig. 2f. The adsorbent represents a spec-
ified crystal structure that authenticated FE-SEM results.

Furthermore, the main diffraction peaks are according to
the previously reported data in the literature. Meanwhile,
no other peaks were detected, demonstrating the pure phase
of NH,-MIL-53(Fe) [27,41,42].

In order to further identify different chemical bonds
and functional groups in the prepared adsorbent, an
FTIR analysis was conducted (Fig. 2e). At about 3,458 and
3,375 cm™, the wide peaks respectively are related to the
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asymmetrical and symmetrical stretching vibrations of the
N-H bond, while the peak at 1,652 cm™ presents bending
vibrations of the N-H bond, emphasizing the presence of
amino groups in the synthesized adsorbent. The two strong
peaks at 1,579 and 1,383 cm™ are correlated to the asymmet-
ric and symmetric stretching vibrations of carboxyl groups
in aminoterephthalic acid. In addition, the peaks at 1,256
and 1,386 cm™ also refer to the C-N stretching bond, which
is due to the presence of aromatic amines. Furthermore,
the peaks at 759 and 573 cm™ can be dedicated to the C-H
bending vibrations of the aromatic ring and the Fe-O
vibration bond, respectively. It is worth noting that all
available peaks, as expected, were in full compliance with
those reported for the synthesized MOFs with iron cores,
establishing that the synthesis of adsorbent has been per-
formed successfully [27,41,43].

BET method is the most well-known procedure used to
assess the surface area of MOFs. According to BET results,
the specific surface area of the adsorbent was 743 m?%g,
which is a hundred times higher than that of some other
MOFs; for example, Yilmaz et al. [44] reported 23 m?/g for
the specific surface area of MIL-53(Fe). Also, the average
diameter of the adsorbent pores is 2.4 nm, which confirms
the microporous structure of the adsorbent and illustrates
its suitability for trapping the target micropollutant. Also,
the pore volume of the synthesized NH,-MIL-53(Fe) is
0.45 cm®/g, which is larger than the pore volume of acti-
vated carbon (0.215 cm®/g) or graphene nanosheets reported
(0.1-0.18 cm?®/g) in previous research [45,46].

3.3. Effect of pH, adsorbent dosage, and initial
concentration of EE2

As mentioned earlier, A (pH), B (adsorbent dosage),
and C (initial concentration of contaminant) were consid-
ered the effective parameters, and the following equation,
which has been acquired from the Design-Expert soft-
ware, demonstrates the correlation between A, B, and C

Table 3

and removal efficiency as the response obtained by the
software.

Removal =-189.73 +41.38A +0.20B + 0.56C
-0.010AB-0.01AC -0.01BC
—2.84A% +0.01B*> - 0.01C? (1)

The ANOVA results are shown in Table 3. The p-val-
ues less than 0.05 indicate the significant effect of the cho-
sen factors on the removal performance. The effect of pH,
adsorbent dosage, and initial concentration of EE2, as well
as the interaction of pH and adsorbent dosage, were signif-
icant (p-value > 0.05). The p-value and F-value of the model
indicate that only 0.01% of the model matching may have
occurred randomly. Additionally, no significant lack of fit
confirmed the validity of the model. On the other hand,
R?-values are defined as correlation coefficients and describe
the consistency between the calculated and experimental
data and also the difference between the predicted deter-
mination coefficient (Pred. R? and adjusted determina-
tion coefficient (Adj. R* was about 0.2, which indicates the
model precision. Eventually, the amount of Adeq. precision
was much more than 4, which is an appropriate feature.

The predicted data obtained from Eq. (1) were plot-
ted against actual data (Fig. 3a). As can be seen, all results
are close to the experimental data with no significant devi-
ation, which proves an excellent correlation between the
proposed model and experimental results. Also, as can be
seen in Fig. 3b, the normal plot of residuals exhibit linear
behavior and constant distribution, confirming the accuracy
of the assumption of normality.

The perturbation plot is shown in Fig. 3c and displays
the effect of all parameters in one plot by shifting one
parameter in a specified range while keeping other factors
constant. The vertical axis is associated with the removal
efficiency, whereas the horizontal axis shows the 3 levels
of independent variables. A high slope for a parameter is a

Analysis of variance (ANOVA) for the response surface quadratic model for EE2 removal

Factor Sum of square Degree of freedom Mean square F-value p-value

Model 15,933.50 9 1,770.39 164.69 <0.0001 Significant
A:pH 171.13 1 171.13 15.92 0.0072

B: Adsorbent dosage 820.13 1 820.13 76.29 0.0001

C: Initial concentration 10,512.50 1 10,512.50 97791 <0.0001

AB 56.25 1 56.25 5.23 0.0622

AC 36.00 1 36.00 3.35 0.1170

BC 441.00 1 441.00 41.02 0.0007

A? 1,190.25 1 1,190.25 110.72 <0.0001

B? 2.25 1 2.25 0.21 0.6634

c? 2,704.00 1 2,704.00 251.53 <0.0001

Residual 64.50 6 10.75

Lack of fit 35.75 3 11.92 2.28 0.4310 Not significant
Pure error 28.75 3 9.58

Cor. total 15,998.00 15

R?=10.9960, Adjusted R*=0.9899, Predicted R*=0.9611, Adeq. Precision = 36.072
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Fig. 3. (a) Predicted against actual response values, (b) normal plot of residuals for the model, (c) deviation from the reference point,
and 3D response surface plots indicating the interactive impact of (d) pH and EE2 concentration and (e) dosage of adsorbent and EE2

concentration.

sign of high sensitivity of the result to this parameter, so the
initial concentration of EE2 is a much more critical factor
than other parameters. At first, the slope is sharp and when
the concentration increase, decreasing slope confirms that
its effect on removal efficiency declines. Also, the pH graph
indicates a positive slope in acidic regions and a negative
slope in alkaline regions. The maximum removal occurred
at neutral pH, thereby making the adsorbent application
practical in real water samples (pH of real water sample:
7.1). As can be clearly seen in Fig. 3d, at low pH and high
EE2 concentrations, the adsorption operation is performed
with much greater efficiency, but at higher pH, the effect
of the pollutant concentration is decreased. These results
are quite similar to previous reports and despite a large
number of MOFs whose active pH range is narrow, NH,-
MIL-53(Fe) can remove EE2 in a wide pH range and show
its best application in neutral pH [44,47]. Also, as indi-
cated in Fig. 3e, the high initial concentration of the con-
taminant and adsorbent dosage are much better conditions
for adsorbing EE2 using NH,-MIL-53(Fe) because more
adsorbent dosage provides more surface area and more
active sites leading to a more effective interactions with
additional EE2 and enhanced removal efficiency [44,47].
According to the three-dimensional graphs, it was found
that the best conditions for removing EE2 are neutral pH

and an adsorbent dosage of 400 mg/L. The validation of
the proposed model also was conducted in the point pre-
diction of Design-Expert, where it was established that the
mean removal of EE2 according to designed experiments
is 74%. The point prediction also showed the EE2 removal
efficiency is in the range of 70% to 79% (77%).

3.4. Effect of TDS on removal efficiency of EE2

The drinking water in different areas has different val-
ues of TDS (up to 1,200 mg/L), which may affect the adsor-
bent behavior in the adsorption process, so the effect of
TDS on the adsorption process was investigated. Therefore,
the samples with the optimal conditions mentioned ear-
lier were prepared, and their TDS concentrations were
adjusted at 0, 250, 500, and 1,000 mg/L using a TDS stock
solution with a composition presented in Table 4. After sep-
arating the adsorbent and sample preparation, the concen-
tration of EE2 remaining in the solution was determined by
HPLC. It should be considered that in the absence of TDS,
the removal efficiency of EE2 was about 90%. As shown
in Fig. 4, the removal efficiency increased with increasing
TDS, which can result from the salting-out effect, thereby
decreasing the water solubility of EE2, which is consistent
with the results observed in previous studies [48]. Existing
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aromatic rings in the proposed adsorbent cause the hydro-
phobic interaction between adsorbent and contaminant and
result in adsorbing EE2. The higher TDS of a sample can
decline EE2 solubility, enhancing the hydrophobic interac-
tion between adsorbent and adsorbate and subsequently
increasing EE2 removal efficiency. The findings indicate that
synthesized adsorbent has great potential to remove the
EE2 from real samples that usually contain high TDS.

3.5. Adsorption isotherms

The adsorption isotherm indicates the relationship
between the equilibrium concentration of adsorbate on the
surface of the adsorbent and in the solution. In the present
study, the closest isotherms to the trend of experimental
data were obtained from batch experiments at the optimum
level of effective parameters. The examined models were
Langmuir and Freundlich, and their equations and the values
of the model parameters in addition to the calculated errors,
are shown in Table 5. According to the OLS (ordinary least
squares) values at 298 K, which were calculated from Eq. (1),
the Langmuir model is less consistent with the experimental

Table 4
Composition of TDS stock solution (2,000 mg/L)

Cation mg/L Anion mg/L
Ca? 235.8 SOr 394.2
Na* 158.4 Cl- 422.4
K 106.4 NO; 169
Mg? 98.6 HCO; 420
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Fig. 4. TDS effect on the removal efficiency of EE2.

Table 5
Parameters and values of isotherm models for EE2 adsorption

data, thereby estimating inaccurate g,. On the other hand,
the Freundlich model has less OLS and is more consistent
with the predicted results, which is according to the reported
results [49]. The amount of Langmuir constant (b) indicates
the adsorption constant, which is related to the interaction
between adsorbent and adsorbate. In the Freundlich model,
more 7, expresses the more strong interaction between the
adsorbent and the pollutant. In this research, the value of
1/n, is equal to 1.22, which indicates favorable adsorption.
The adsorption isotherm at the temperature of 298 and 323 K
was investigated and the corresponding parameters are pre-
sented. It is evident that the adsorption capacity is increased
at a higher temperature. However, according to OLS, the
experiments at 298 K are more consistent with the calculated
data from both models. Further discussions on the impact
of temperature on adsorption experiments are provided in
the thermodynamic section. As it is obvious, the Freundlich
model exhibited less OLS at both 298 and 323 K and is more
consistent to describe the experiment.

OLS = le(qp ) @

3.6. Adsorption thermodynamic

Another parameter affecting the rate of adsorption is
temperature. In thermodynamic studies, the effect of tem-
perature on the adsorption process is examined, result-
ing in thermodynamic parameters [50]. Since temperature
is one of the influential factors in the removal process of
EE2, its effect was investigated at 275, 283, 298, and 323 K.
The experiments were performed under optimal condi-
tions. Fig. 5 shows the plot of InK_vs. 1/T through which
the thermodynamic parameters were calculated. Table 6
indicates the values of standard entropy change (AS° (J/
mol K)), Gibbs free energy change (AG° (kJ/mol)), and
standard enthalpy change (AH® (kJ/mol)), which were cal-
culated according to Egs. (2) and (3) using the slope and
y-intercept of the diagram in Fig. 5.

AG® = AH® — TAS® 3)
anC:AS _AMH @
R RT

where R and K_are related to the universal gas constant
(8.314 J/mol K) and the thermodynamic equilibrium con-
stant of adsorption, respectively. Negative values of AG°

Isotherm Equation Value of parameter (298 K) Value of parameter (323 K) Calculated error
1/n.=1.22 1/n.=01. LS =0. 298 K
Freundlich Ing, =InK, +llnCE Iy n /ny=01.03 n OLS=0.0030 (298 K)
n K, (mg/g)(L/mg)"" =13.7 K, (mg/g)(L/mg)"" =154 OLS =0.0034 (323 K)
=5,536 = 6,741 OLS =0.0214 (298 K
Langmuir ¢_1.C 9, (mg/g) 9, (mg/g) (298K)
q, bg, q, b (L/mg) =0.0016 b (L/mg) = 0.0019 OLS =0.0247 (323 K)

pH: 7, adsorbent dosage: 0.4 g/L, time: 30 min
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y =-8068.1x + 30.148
R?=0.9944

In kc
©C B N W & U O
1

0.0032 0.0034 0.0036
1T

0.003 0.0038

Fig. 5. Thermodynamic plot for the adsorption of EE2 (pH: 7,
adsorbent dosage: 0.4 g/L, time: 30 min, EE2 concentration:
500 pg/L).

Table 6
Values of AS°, AG®, and AH°
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Fig. 6. Removal efficiency after each cycle of desorption
experiments.

Table 7
Comparison of NH,-MIL-53(Fe) and other common adsorbents
for EE2 adsorption

Temperature (K) AG° (kJ/mol) AS° (J/molK) AH° (k]J/mol) Adsorbent T(K) pH g, (mg/g) Reference
275 -2.05 Powdered activated - - 1.163 [24]
283 —4.02 2506 67,08 carbon
298 -7.2 ’ ’ Granular activated - - 0.436 [24]
323 -14.2 carbon

un-anthracite 298 7 0.314 [25]
are an indication of the spontaneity of the adsorption, and 4 K anthracite 298 0.299 (25]
the positive value of AS° shows that randomness at the Multi-walled carbon 298 6 0.472 [51]
solid-liquid interface in the adsorption process increased nanotube
and also confirms that the reaction is entropy-driven. Magnetic graphene 308 7 0.378 [52]
Positive values of AH® demonstrate that the process is nat- oxide
u.rally ?ndotherngic,. which pri)ves thatt the adsorption effi- MIL-53(Fe) 298 7 1.26 This study
ciency increases by increasing temperature. NH,-MIL-53(Fe) 208 - 1.850 This study

3.7. Regeneration of NH,-MIL-53(Fe) characteristics

The reusability of the adsorbent after each adsorp-
tion operation under optimal conditions was evaluated.
The regeneration tests for NH,-MIL-53(Fe) were carried
out in optimum experimental conditions (adsorption: pH:
7, adsorbent dosage: 0.4 g/L, time: 5 min, EE2 concentra-
tion: 500 pg/L, temperature: 298 K; washing: methanol:
15 mL, time: 20 min). The adsorbent was separated from
the sample and placed in methanol solution, which is a
suitable solvent for dissolving EE2, to release the adsorbed
EE2 into the methanol. The adsorption/desorption cycle
continued until a significant downward trend in adsorp-
tion capacity was observed. As shown in Fig. 6, the high
removal efficiency was observed in the first stage, but the
efficiency decreased slightly in each cycle. The decrease in
efficiency can be attributed to the binding of the pollutant
at the adsorption sites, occupating active sites, as well as the
loss of adsorbent amounts at the repetition of each cycle.

3.8. Comparison of NH,-MIL-53(Fe) and other adsorbents

Compared to other common adsorbents, NH,-MIL-
53(Fe) has many advantages for EE2 removal. The synthesis
process is straightforward and without using complicated

instruments. The advantages include higher adsorption
capacity, which is compared with other adsorbents in
Table 7. This superior performance of the NH,-MIL-53(Fe)
could be because of regular and porous crystals with a
high specific surface area. Furthermore, amine functional
groups in the structure of NH,-MIL-53(Fe) play an essen-
tial role in the adsorption of EE2. It can be deduced by con-
sidering operational conditions presented in Table 7 that
most experiments are conducted at natural pHs and room
temperature to increase the adsorbent applicability in real
works. Still, the NH,-MIL-53(Fe) indicates a higher adsorp-
tion capacity toward EE2 removal than other adsorbents
reported in other studies.

4. Conclusion

In this study, for the first time, the performance of
MIL-53(Fe) and NH,-MIL-53(Fe) was investigated for the
removal of EE2 as a resistant micropollutant. Compared to
MIL-53(Fe), there is an electrostatic interaction advantage
in addition to the Van der Waals forces in NH,-MIL-53(Fe),
which has positively charged amine functional groups, and
the EE2 with the negatively charged phenolic groups. The
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characterization analysis established that the porosity of the
selected adsorbent and its specific surface area was high,
indicating the formation of MOF crystals and suitable porous
spaces for adsorbing EE2. In spite of some other MOFs,
which have a narrow active pH range, NH,-MIL-53(Fe) is
an efficient adsorbent in a wide pH range and its best appli-
cation is in neutral pH, making it appropriate for natural
water treatment even in the presence of high amounts of
TDS. According to thermodynamic studies, the adsorption
process is endothermic, entropy-driven, and spontaneous.
The best isotherm to interpret the adsorption process was
Freundlich. Eventually, desorption experiments proved
that NH,-MIL-53(Fe) is a stable adsorbent and can be used
in different adsorption cycles. Because of the different func-
tional groups in the structure of MOFs, it can be predicted
that they can be used for the adsorption of various endocrine
disruptors and other perilous micropollutants.
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