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Abstract

The high toxicity of pesticides to the ecosystem and humans has made their removal from
water urgent. However, the properties of the insecticide made it challenging to complete the
removal process with high adsorption capacity and exceptional selectivity. Biocompatible
porphyrin-based MOFs with good adsorption capacity make them the best choice for
removing methomyl pesticides from wastewater due to their large surface area and high
porosity. In this work, iron- porphyrin-based MOFs (Fe-TCPP), zinc-porphyrin-based MOFs
(Zn-TCPP) and copper-porphyrin-based MOFs (Cu-TCPP) were synthesized and investigated
to remove methomyl from water. Besides the characterizations of porphyrin-based MOFs
with PXRD, FTIR, and FESEM, Langmuir and Freundlich isotherm models were used to
describe adsorption behavior. Fe-TCPP showed higher adsorption capacity (Q,,) than Zn-
TCPP and Cu-TCPP, Qm values for Fe-TCPP, Zn-TCPP and Cu-TCPP equal 270.07 mg g’!,
190.97 mg g, and 175.95 mg g, respectively. Monte Carlo and molecular dynamic
simulations were used to study the adsorption mechanism. The computational investigation
indicates that the methomyl molecules are aggregated inside the MOF cavities and form

hydrogen bond between methomyl pesticide and MOFs structure.
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1. Introduction

Metal-organic frameworks (MOFs) which also called porous coordination polymers (PCPs)
are promising crystalline materials. MOFs have increased in recent years and this due to
unrivaled advantages like a large surface area, high porosity and these pores are tunable, all
of these characteristics contributed to the use of MOFs in a variety of applications and fields.
MOFs were used as heterogenies catalyst, a biological material, luminescent materials, gas
storage & separation, food safety, transportable fuel, solar cells, electronic devices, drug
release and biosensing and use in adsorption for water treatment [1-11].

One of the most stable MOFs is porphyrin-based MOFs. Porphyrins are stable, hydrophobic
compounds that, when combined with high valence metals, can be utilized to make several
chemically stable frameworks[12]. Porphyrin-linkers have attracted particular attention
because of their distinctive shape and adaptable functionality for a number of applications
[3]. Porphyrins are great candidates to serve as building blocks for MOFs due to their
stiffness and robust structures. In recent years, porphyrin-based MOFs have been used in a
variety of applications, it was used in biomedical application such as cancer treatment,
photodynamic and radiation therapy [13]. Also, it was used as sensor and photocatalytic
materials which used as electrochemical sensor to detect DNA [14]. Porphyrin-based MOFs
acted as a photocatalyst to reduce CO, to CH, in the presence of UV/visible radiation [15].
Moreover, porphyrin-based MOFs were used in water treatment applications to remove
methyl orange and methyl blue dyes[16], antibiotics oxytetracycline and tetracycline
hydrochloride [17] from wastewater.

Water treatment has become an important matter, especially with the increase in water
pollution which threatens the human live and environment[18]. Pesticides are one of the most
pollutants that accumulate in water and soil and cause a lot of harm to humans and the
ecosystem[19, 20]. In addition, pesticides are relatively stable in soil and water[21].

Methomyl (S-methyl-N-(methylcarbamoyloxy)-thioacetimide) (MET) is an oxime insecticide
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of the carbamate family; it is frequently used to suppress the eggs, larvae, and adults of many
pests[22]. WHO (World Health Organisation), EPA (Environmental Protection Agency,
USA), and EC (European Commission) have all categorized it as an extremely toxic and
harmful pesticide[22, 23].

Removal of environmental pollutants is becoming more critical due to their direct impact on
human resources [24-27]. There are several methods applied to remove and degrade
methomyl from water such ultrasonic and hydrodynamic cavitation, oxidation, photo-
Fenton process and adsorption[23]. The adsorption technique is inexpensive, rapid and
reproducible technique and it can remove contaminants from the aqueous media efficiently.
MOFs were used to remove pesticide from polluted water by adsorption technique. ZIF-
8@Lignin was used to remove methomyl from wastewater, ZIF-8@Lignin has an adsorption
capacity of 324.6 mg/g[28]. UiO-67/GO has been used as an adsorbent to remove glyphosate
from contaminated water, UiO-67/GO has adsorption capacity about 482.69 mg/g[29].
Ethion and prothiofos removed from polluted water by ZIF-8 and ZIF-67 which the uptake of
prothiophos (366.7 and 261.1 mg/g) is greater than that of ethion (279.3 and 210.8 mg/g,
respectively)[30]. Cu-BTC@Cotton composite also used to remove ethion organophosphorus
pesticide and adsorption capacity rich 182 mg\g[31]. MOF@Ox-cotton hybrids used to
remove pesticide from wastewater, it was removed diazinon and chlorpyrifos pesticide and
adsorption capacity rich to 296.77 and 464.69 mg/g, respectively[32].

In this work we prepared porphyrin based MOFs (Fe-TCPP, Zn-TCPP and Cu-TCPP) to
selective removal of methomyl pesticide from wastewater. Fe-TCPP, Zn-TCPP and Cu-TCPP
were synthesized and characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). The isotherms and
kinetics modeling was applied to test the behavouir of methomyl adsorption onto Fe-TCPP,
Zn-TCPP and Cu-TCPP. The mechanism of methomyl adsorption onto porphyrin based

MOFs were also studied using computational modeling.
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2. Experimental section

2.1. Materials

4-Formylbenzoic acid (97 % Sigma—Aldrich), Pyrrole and propionic acid 99.9 % (purchased
from ADVENT). N,N-dimethylformamide (DMF), methanol 99.8% ( Fisher chemical ),
Copper nitrate trihydrate (Cu(NO;),-:3H,O, 99.9 9% Sigma—Aldrich), ferric nitrate
hexahydrate (Fe(NO;),.6H,O, 98 9% Sigma—Aldrich), =zinc nitrate hexahydrate
(Zn(NOs),-6H,0, 99 % Sigma—Aldrich).

2.2 Synthesize of Cu-TCPP, Zn-TCCP and Fe-TCPP

The linker 4,4'.4",4"-(5,10,15,20-porphyrintetrayl)- tetra benzoic acid (H¢TCPP) was
synthesized using methods described in the literature[33-35]. Fe-TCPP was synthesized as
follow: 1.212 g of (Fe(NO3),(H,0)6) and 0.790 g of ligand H{TCPP dissolved in mixture of
( 30 ml DMF & 5 ml methanol ) (v:v 3:1), then put in flask and heated at 80 °C for then
crystal were washed three times with methanol and collected by centrifuging at 8000 r.p.m
for 10 min finally the obtain bulk 3D FeTCPP MOF were dispersed in methanol ,then we
filtered it and leave it to dry. Zn-TCPP was synthesized as previous one with some
modification as follow: 0.891 g of Zn(NO;),-6H,O and 0.790 g of ligand H¢TCPP
dissolved in mixture of (30 ml DMF & 5 ml methanol) (v:v 3:1) , then put in flask and heated
at 80 °C for then crystal were washed three times with methanol and collected by centrifuging
at 8000 r.p.m for 10 min finally the obtain bulk 3D Zn-TCPP MOFs were dispersed in
methanol, then we filtered it and leave it to dry. Finally, Cu-TCPP was synthesized as follow:
0.723 of (Cu(NO3)2) and 0.790 g of ligand H¢TCPP dissolved in mixture of (30 ml DMF &
5 ml methanol) (v:v 3:1) , then put in flask and heated at 80 °C for then crystal were washed
three times with methanol and collected by centrifuging at 8000 r.p.m for 10 min finally the

obtain bulk 3D Cu-TCPP MOF were dispersed in methanol, then we filtered it and leave it to

dry.

2.3. Characterization
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Several methods were used to characterize the structure and morphology of Cu-TCPP, Zn-
TCPP and Fe-TCPP. With a wavenumber range of 4000-400, FTIR spectroscopy was carried
out using a JASCO FT-IR-4100 instrument (Tokyo, Japan). Cu K monochromatic radiation
with a high intensity (A = 1.5418) was subjected to powder X-ray diffraction (PRXD, Philips
X’Pert MPD diffractometer). The sample was scanned at a rate of 8 (°/min) throughout a
range of 2 =5 to 80° at room temperature. Cu-TCPP, Zn-TCPP and Fe-TCPP surface area,
pore volume, and pore volume were measured using Micromeritics ASAP2020 (Norcross,
Georgia) and Brunauer-Emmett-Teller (BET) analysis of nitrogen adsorption and desorption
isotherms at 77.35 K. Scanning electron microscopy was used to study the microstructure and
form of beads (SEM- Hitachi-S4800, Tokyo, Japan). The changing amount of methomyl
absorbed on of Cu-TCPP, Zn-TCPP and Fe-TCPP were monitored using a UV-1650

(Shimadzu, Tokyo, Japan) spectrophotometer (200-800 nm).

24. Adsorption experiments

The following batch approach was used to fix the optimized time of the adsorption: for each
experiment, 30 mg of Cu-TCPP, Zn-TCPP and Fe-TCPP were combined with 100 mL of
methomyl (100 mg L-"). The study was done on the impact of contact time over various time
periods (5-180 minutes) at room temperature. To determine the isotherm of adsorption,
defined concentration of methomyl in an airtight vial was combined with 30 mg of Cu-TCPP,
Zn-TCPP and Fe-TCPP. The solution is then stirred at room temperature for 180 minutes.
Following the adsorption procedure, the adsorbent was separated by filtering, and the residual
concentration was assessed using Shimadzu UV-visible spectroscopy with 1 cm quartz cells
at 275 nm. The equation shown below was used to compute the percentage of methomyl

elimination by MOF adsorbents (R (%)):

R(%) = ((Ci- Ce)/Cy) * 100 (1)
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where C. (mg L-') denotes the solution's ultimate concentration following methomyl
adsorption and C; (mg L) denotes the solution's starting concentration prior to adsorption.
The following equation was used to determine the equilibrium absorption capacity (Q.) of

carbaryl[36, 37]:
Qe=(Ci-CIV/m 2)

where m is the mass of the adsorbent (g), C; and C, are the methomy]l starting and equilibrium

concentrations (mg L), respectively; and V is the volume of the solution.

2.5. Computational studies

The Fe-TCPP, Zn-TCPP, and Cu-TCPP MOFs were constructed from Ga-TCPP taken from
Rhauderwiek et al.[38], by replacing the gallium atoms with zinc, iron, and copper,
respectively. The Forcite, Adsorption Locator, and Sorption modules in Materials Software
2020[39] were used. The optimization of the constructed MOFs and methomyl was
performed by the Forcite module. The Universal forcefield[40] was assigned and the
convergence tolerance of the optimizations was set as follows: energy = 2.0x10~ Kcal\mol,
force = 0.001 Kcal\mol\A, stress = 0.001 GPa, and displacement = 1.0x10-°A. The Ewald
method and the atom-based summation method were used to treat the electrostatic and van
der Waals forces, respectively. The charges were calculated by the QEq method[41]. As an
example, figure 1 shows the optimized structure of Fe-TCPP. There are two possible
adsorption sites for methomyl molecule, a large opening channel (L) and a small channel (S)
between the stacked porphyrin rings (Figure 1).

Monte Carlo (MC) simulations were carried out using the Adsorption Locator and Sorption
modules. The Adsorption Locator was applied to find the lowest-energy structures of
methomyl adsorbed into the MOF structure. A simulated annealing method was used. The
number of cycles was 5 and the steps per cycle were 5x10% The maximum and final

temperatures were 1.0 x10° K and 100 K, respectively. The Sorption module was used to
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obtain the methomyl/water loading per unit cell by using the Metropolis MC method at a
fixed pressure (101.33 kPa) and temperature (298 K). The equilibration and production steps
were 1x10° and 1x10°, respectively. The Universal forcefield and the summation method of
the optimization process were also used in the Monte Carlo (MC) simulations, as well as the
molecular dynamics (MD) simulation.

The Forcite module was also used in the MD simulation. The sorbed methomyl and water
structures into the MOFs at fixed pressure and temperature were used as input files for the
MD simulation. These structures were simulated with NVT ensemble at 298.0 K, 1000 ps
total simulation time, and 1 fs time step. The Nose thermostat was used for controlling the

temperature.

[a]

Figure 1. As an example, Fe-TCPP shows a large (L) opening channel and a small (S)

channel between the stacked porphyrin rings.

3. Results and Discussion

3.1. Characterization of Cu-TCPP, Zn-TCPP and Fe-TCPP

XRD was used to characterize the crystal structure of the Cu-TCPP, Zn-TCPP and Fe-TCPP
MOFs. As illustrated in figure 2, the Cu-TCPP MOFs give typical peaks at 7.51, 9.11, 12.21,
18.12 and 31.2, which ascribes to the tetragonal structure of the Cu-TCPP MOFs. For the Zn-

TCPP and Fe-TCPP, most of the crystal diffraction peaks can be detected, and only a peak at
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18° corresponding to the (0 04) plane is less intensity than Cu-TCPP MOFs. The XRD
pattern demonstrates that highly crystalline Cu-TCPP, Zn-TCPP and Fe-TCPP MOFs have

been synthesized.

| Fe-TCCP -

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50
2 Theta degree

Figure 2. PXRD of Cu-TCPP, Zn-TCPP and Fe-TCPP MOFs

The FTIR spectra of H,TCPP, Cu-TCPP, Zn-TCPP and Fe-TCPP MOFs were measured to
reveal the coordination mode between the metal ions and carboxyl groups of H,TCPP. As
shown in figure 3, H,TCPP has a distinct peak at 1700 cm™, attribute to the C = O stretching
band. In the spectrum of Cu-TCPP, two dominant peaks located at around 1618 and
1401 cm™! can be assigned to the OC-O-Cu bond. These results indicate that the linker has
been successfully metalized by Cu?*, and Cu-TCPP MOFs have been obtained. The FT-IR
spectra (Figure 3) proves that Zn-TCPP has two significant peaks of O=C-O-Zn near 1400

and 1615 cm’!, which indicating the formation of a coordination bond between COOH and
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Zn?*" in TCPP during the synthesis. FT-IR spectra of prepared Fe-TCPP, as shown in Fig. 3,
showed absorption peaks around 1600 cm™' and 1400 cm™!, which could be assigned to the
C=0 asymmetric stretching vibration (VuymC =0) and the C=0O symmetric stretching
vibration (v¢,mC = O), respectively. The above results indicated the formation of coordination
bonds between Fe-based secondary building units and carboxyl groups of the H,TCPP

ligands.

Fe-TCPP

Zn-TCPP

Zn-0O

T (%)

Cu-TCPP

TCPP

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR of Cu-TCPP, Zn-TCPP and Fe-TCPP MOFs

SEM images show that Cu-TCPP presents a lamellar morphology with a size ranging from a
few hundred nanometers to a few microns (Figure 4). From the EDS diagram (Figure 4), it
can be seen that the C, N, O, and Cu elements in the Cu-TCPP are evenly distributed, and the

content of each element is consistent with the element ratio of Cu-TCPP.
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Figure 4. Micrographs and EDX analysis for the synthesized Cu-TCPP

The morphologies of the Zn-TCPP were characterized by SEM. The Zn-TCPP MOFs present
a closely spherical structure (Figure 5). The solvothermal method was used in this work to
synthesize spherical Zn-TCPP MOF. Scanning electron microscope was used to characterize
the microscopic appearance of Zn-TCPP MOF, and proved the successful preparation. Figure
5 displayed that Zn-TCPP MOF is a spherical structure with the order of 400 nm.
Furthermore, the prepared Zn-TCPP MOF contained and homogeneously distributed
elements of C, N, O, and Zn, which was demonstrated that Zn-TCPP MOF was synthesized

successfully (Figure 5).
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Figure 5. Micrographs and EDX analysis for the synthesized Zn-TCPP

SEM results of Fe-TCPP indicated that homogeneous nucleation with severely aggregated
platelet-shaped crystals (Figure 6). EDX pattern of Fe-TCPP showed a clear appearance of

carbon, oxygen and iron atoms in the chemical structure of prepared MOFs.
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Figure 6. Micrographs and EDX analysis for the synthesized Fe-TCPP

3.2. Optimization of the adsorption process

The pH of the solution can significantly affect the surface charge of MOFs [42, 43], the
methomyl adsorption rate was investigated under different pH ranging from 5 to 9. These
ranges were chosen due to Cu-TCPP, Zn-TCPP, and Fe-TCPP can be dissolved in strongly
alkaline media, figure 7a showed that the best adsorption rate was found at pH 7. The
Langmuir (Figure 7b), and Freundlich isotherms (Figure 7c) were investigated to describe the
behavior of Cu-TCPP, Zn-TCPP and Fe-TCPP in methomyl adsorption. Figure 7d showed
that Fe-TCPP had a high adsorption capacity instead of Cu-TCPP and Zn-TCPP; this is
because iron has a trivalent oxidation state that coordinates with more methomyl molecules.
As is evident from the acquired data (R = 0.905 and 0.978), the Langmuir model fits the data.

Additionally, the greatest methomyl pesticide adsorption capacities for Cu-TCPP, Zn-TCPP
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and Fe-TCPP were 175, 190 and 270 mg g'!, respectively (Table 1). The surface area of Cu-

TCPP, Zn-TCPP and Fe-TCPP were 351.2, 374.5 and 418.3 mg g°!, respectively.

1l Cu-TCPP [al

1 [o]
250 4 [l Zn-TCPP 250 )
|l Fe-TCPP ]

"o
o
E
£
(¢]

® Cu-TCPP

A Zn-TCPP

v Fe-TCPP

T T T T T T T T T

0 10 20 30 40

C, (mgL")

250

200

150 4

‘TU) =
> :
£ >
o 100
o £
(<}
50 e Cu-TCPP
] A Zn-TCPP
0 v Fe-TCPP
T T T T T
0 10 20 30 40
C, (mg () Cu-TCPP Zn-TCPP Fe-TCPP

Figure 7. Effect of pH on the methomyl adsorption rate (initial concentration of methomyl
was 100 mg L-!, MOFs dose 300 mg L-!, temperature 25 °C and time 180 minutes); isotherm
profile of methomyl adsorption onto the synthesized porphyrin MOFs: [b] Langmuir model,
[c] Freundlich model and [d] maximum adsorption capacity. (MOFs dose 300 mg L,
temperature 25 °C, time 180 minutes and pH was 7).

Table 1: Isotherm parameters of methomyl adsoprtion onto porphyrin MOFs.

BET surface Freundlich Langmuir
Samples area (m2 g'l) n K R2 2 Qm K R2 2
’ x (mg g) - x
Cu-TCPP 351.2 545 97.016 0.919 332.46 175.94 1.290 0.975 99.80
Zn-TCPP 374.5 4.95 99.727 0.926 345.06 190.96 1.043 0.981 88.45
Fe-TCPP 418.3 4.81 143.986 0.928 664.01 270.07 1.360 0.984 | 145.25
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Two pseudo-first order and pseudo-second order equations were studied to study the kinetics
of methomyl adsorption on the surface of Cu-TCPP, Zn-TCPP and Fe-TCPP (Figure 8a,b).
Figure 8a, b showed the adsorption kinetics for methomyl, the uptake processes quickly
reached equilibrium. According to the data of R? (0.999) and low values of X2, there is a
stronger association between the kinetics of methomyl adsorption and the pseudo-second
order than the pseudo-first order. This proves that van der Waals forces and the sharing of
electrons between methomyl ions, Cu-TCPP, Zn-TCPP and Fe-TCPP were used to carry out
the methomyl adsorption (Table 2). In addition, the best fit with the pseudo-second-order

model indicates that the sorption process was focused on chemisorption [44, 45].

200 200 - Y
v
A A :
® [ ]
150 - 150
- "o |
2 100+ o 100
E =
o ¢ 50
504 | e Cu-TCPP e Cu-TCPP
A Zn-TCPP A Zn-TCPP
v Fe-TCPP v Fe-TCPP
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T T T T T T T T T T T T T T T T T T T T T
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Figure 8. Kinetic of adsorption for methomyl onto the synthesized porphyrin MOFs; [a]
pseudo-first order and [b] pseudo-second order. (Initial concentration of methomyl was 100

mg L', MOFs dose was 300 mg L-!, temperature 25 °C and pH was 7)

Table 2: Kinetic parameters of methomyl adsoprtion onto the porphyrin MOFs.
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pseudo-first-order pseudo-second-order
Q. exp.
Samples (mg gH) Q. K, R2 % Q. K, R? v
(mgg') | (min”) (mg g") | (L/mg.min)
Cu-TCPP 160 153.78 0.07732 0.994 | 19.65 | 160.83 0.0012 0.998 5.75
Zn-TCPP 170 163.04 0.0704 0.989 | 37.30 | 172.04 0.003 0.996 12.86
Fe-TCPP 192 185.68 0.08065 0.996 | 15.82 | 192.89 0.0012 0.999 4.79
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3.3.  Possible Mechanism for methomyl adsorption with computational analysis

(Monte Carlo Simulation)

The TCPP-MOFs possess two types of cavities/pores as illustrated in figurel. The large
cavity (L) is located between the porphyrin linkers while the small cavity (S) is sandwiched
between stacked porphyrin rings. MC simulation results revealed that the preferred
adsorption sites for methomyl are in the (L) channel of the studied MOFs, as shown in Fig. 9.
The Van der Waals is the main adsorption mechanism since the values for Van der Waals
energies of a methomyl molecule in Fe TCPP, Zn TCPP, and CuTCPP were -27.65 kcal-mol-
1, -24.10 kcal-mol-!, and -24.37 kcal-mol-!; and the values for the electrostatic energies were -
2.024 kcal-mol-!, 7.97 kcal-mol!, and 9.59 kcal-mol'!, respectively. The summation of both
interaction types for the Fe TCPP, Zn TCPP, and Cu TCPP are -29.677, -16.133, and -14.78
kcal-mol!, respectively. This order is in agreement with the experimental Q. values.
Furthermore, the close contacts of methomyl with porphyrin MOFs were at a distance of

(2.7~3.0) A, as displayed in figure 9.

The average loading simulation at 101.33 kPa and 298 K of sorbed methomyl molecules per
unit cell of Fe-TCPP, Zn-TCPP, and Cu-TCPP in the presence of water at 101.33 kPa and
298 K was 16.69, 13.36, and 9.69 molecules, while the average loading of water was 31.15,
35.62, and 101.2 molecules per unit cell, respectively. Thus, the average loading follows the
order of Fe-TCPP > Zn-TCPP > Cu-TCPP, which again agrees with the Q,, order. Figure 10
displays the MC lowest-energy configurations of these systems which were followed by MD

simulation.
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(b)

Figure 9. The lowest-energy structures for methomyl in Cu-TCCP (a), Fe-TCCP (b), and
Zn-TCCP (c). Element colours: Cu (golden), Fe (stone), Zn (purple), C (gray), N (blue), H
(white), O (red), and S (pink). For clarity purposes, the methomyl molecule is shaded lemon

color.
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(@) (b) (©)

Figure 10. The lowest-energy configurations of the absorbed methomyl and water mixture in
(a) Fe TCPP, (b) ZnTCPP, and (c) CuTCPP, as obtained by MC simulation at 101.33 kPa and

298 K.

(a) (b) (©)

Figure 11. The final MD snapshots of (a) FeTCPP, (b) ZnTCPP, and (¢) CuTCPP.

Molecular Dynamics Simulations

Figure 11 shows the final MD snapshots of the studied porphyrin-based MOFs. The
interactions among methomyl, MOFs, and water molecules were quantified using the radial
distribution function (RDF), which is computed from the simulation trajectories. RDF is a
significant tool and defined as the probability of detecting any particle within the range of
radial distances (r + dr) from a reference particle. Figure 12 (a, b) shows the intermolecular

interaction of methomyl molecules with one another, where the hydrogen atom from the
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amine group (H-Np.n) formed hydrogen bonds (H-bonds) with the oxygen atoms of the
carbamate group (C=Open and C-Open). The H-bonds of (C=Ope - H-Nye) and (C-
Oumetn*"H-Npen) showed RDF peaks at 3.0 A and 2.5 A, respectively. Thus, the H-bonds
strength of the latter interaction type is stronger than the former one. In the Cu-TCCP system,
both interaction peaks are more intense than in the other MOFs. The hydrogen atom of the
amine group (H-Ny,.q) also formed H-bonds with the oxygen atoms of the carboxylate groups
of the porphyrin linkers (C=Oy0r) and oxygen of water molecules (OW). The (C=Oyof
--*H-Npen) RDF shows a peak at 3.5 A in the case of the Fe-TCCP and Zn-TCCP systems but
not in the CuTCCP system (Figure 12c¢). The absence of this interaction in the Cu-TCCP
system is probably because H-N grouped is already hydrogen bonded with carbamate’s
oxygen atoms (Figure 12a,b), as revealed from its high intensity compared with the other two

MOFs. The H-N,,.¢, formed weakly H-bonds with OW, as shown in figure 12d.

The H-bonds formation between the water hydrogen atoms (HW) and the polar atoms of
methomyl molecule (i.e., O, N, and S) was analyzed and the corresponding RDFs are shown
in figure 12(e,f). It is clear from figure 12e that the interaction between C-Oy,e, and HW is
weaker than that between C=0,,.;, and HW. The interaction between HW and N=C,q, is
weaker than the interaction between HW and S, The intensity of the RDF peak
corresponds to the interactions between HW and all polar atoms of methomyl molecule in
Cu-TCPP is higher than that in Fe-TCPP and Zn-TCPP. The H-bonds formation between the

HW and OW appeared at ~1.0 A (Figure 12g), indicating water cluster formation.

A sharp peak appeared at ~2.5 A between methyl groups of the methomyl molecules due to
Van der Waals interactions (Figure 12h). The RDFs of the interactions between (C=Oeqn)
oxygen atoms and the metal atoms of all MOFs are shown in figure 12(i). The first RDFs
peak of (C=Opuemn  Femor ), (C=Omemn " Znyor), and (C=Opem---Cupor) appeared at a

distance of ~4.5 A, 4.5 A, and 3.5 A, respectively. This result concludes that the oxygen

Page 18 of 27
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atom of the C=Oy,y, has a low affinity toward the metal atoms, and its interaction with Cu
atoms is greater than that with Fe and Zn atoms. Figure 12(j) shows that the OW atoms have
also a low affinity toward the Fe and Zn metals of the porphyrin-based MOFs, and showed

more affinity toward Cu atoms.

The RDFs correspond to the interactions between polar atoms of methomyl and aromatic
hydrogen (HAyor) atoms of benzene rings of the porphyrin-base MOFs are shown in Figure
12(k,1). The HApoF " (O-Cheth, O=Cineths Smeth, and N=C,,,) RDFs displayed peaks at a
distance of ~(3.0, 2.7, 3.5, and 3.5) A, respectively. The HAor atoms have a higher affinity
toward Speq than N=C,.s, and also have a higher affinity toward O-Ceq, than O=Ceqp.
Figure 12(m) shows the RDF of the intermolecular interactions among the methomyl
molecules which displayed a sharp peak at a distance of ~1.0 A. This indicates that the

methomyl molecules are aggregated inside the MOF cavities.

Table 3 showed that porphyrin based MOFs (Zn-TCPP, Cu-TCPP and Fe-TCPP) have high
adsorption capacity rather than published materials. The obtained results showed that Zn-
TCPP, Cu-TCPP and Fe-TCPP may be used as potential adsorbent for simultaneous removal

of methomyl insecticide from wastewater.
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Figure 12. The RDFs analysis results from the MD simulation of methomyl and water in

Fe-TCPP , Zn-TCPP, and Cu-TCPP.
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Table 3: Comparison of adsorption capacities of methomyl on different adsorbs

Adsorption material pH Temperature  Surface area Maximum Reference
(m? gh) Adsorption
oC capacity (mg g!)
Cotton stack activated 54 25 1600 72.85 [46]
carbon (CTAC)
Eucalyptus wood chips 7 25 4.02 32.42 [20]
Carbon xerogel 7 25 212.20 15.2 [47]
MN-100 7 25 815 21.6 [48]
60 % ZIF-8@Lignin 7 25 324.6 [28]
40%ZIF-8@Lignin ; ;g 220.6
20%ZIF-8@Lignin 324.6
Co-Beta Zeolite particles ~ 7.35 45 - 230.851 [49]
Ni-Al Hydrotalcite 4.5 25 - 43.02 [50]
Fe-TCPP 7 25 418.3 270.07 C
Zn - TCPP 7 25 374.5 190.95 V‘i“fl?t
Cu- TCPP 7 25 351.2 175.93 °

4. Conclusion

The current study investigated the adsorption properties of methomyl insecticide with three
distinct porphyrin-MOFs (Zn-TCPP, Cu-TCPP, and Fe-TCPP). The elimination capacities of
Zn-TCPP, Cu-TCPP, and Fe-TCPP are 175, 190, and 270 mg g’!, respectively, from an initial
concentration of 100 mg L' of methomyl insecticide. The results showed that Langmuir was
more effective model to describe methomyl insecticide adsorbing than Freundlich,
confirming that the adsorption process was spontaneous. In addition, the mechanisms of
methomyl adsorption by Zn-TCPP, Cu-TCPP, and Fe-TCPP were determined using
molecular dynamics simulations. Hydrogen bond formations, electrostatic interactions, pore
filling are the possible mechanistic interactions between methomyl and porphyrin-MOFs. The
results may provide new perspectives on the possibility of using Zn-TCPP, Cu-TCPP, and

Fe-TCPP as adsorbents for pesticides from wastewater.
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