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ABSTRACT
Sulfonic acid, cyano and amine-functionalized MOF-5+ pyridine-2,6-dicarboxylic acid (PDC)
were synthesized by Solvothermal method and characterized by X-ray Diffraction (XRD),
Fourier Transform Infrared (FT-IR), and Scanning Electron Microscope (SEM) mapping
analysis to confirm the synthesis of Metal-organic frameworks (MOFs) structures. The results of
N> adsorption/desorption isotherm data showed that the Brunauer-Emmett-Teller (BET) surface
area of the synthesized MOF-5+PDC sample was 85.98 m?/g. The adsorption behaviour for Pb(II)
ions revealed an excellent adsorption capacity of 42.5 — 57.25 mg/g, whereas the removal
efficiency was over 80 - 90.9% when the initial concentration of Pb(II) ions was as low as 0.066
ppm. Design of Experimental was carried-out using Box-Behnken Design (BBD) based
Response Surface Methodology (RSM) to optimize the adsorption reaction conditions at 10 —
100 mg/L for concentration, 4 — 10 for pH, and dosage of 0.01 — 0.05 g, in seventeen
experimental procedures to achieve maximum adsorbed yield of Pb(II) ions. The results were
within the range of 77.02 — 99.64 mg/g. The quadratic model was found to adequately predict the
test amount adsorbed with an R? value of 0.9054. In addition, thermodynamic analysis revealed
that Pb(Il) adsorption is a spontaneous endothermic process. Based on the data from the study,
these amine-functionalized MOFs are a promising adsorbent for the removal of Pb(II) ions from

contaminated water.

Keywords: Aqueous solution, MOFs, Removal efficiency, Lead(Il) ions, Adsorption, Box-
Behnken Design
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INTRODUCTION

The contamination of the environment with heavy metals poses a significant threat to soil and
water body [1]. As awareness grows about the need to protect the environment, the removal of
toxic metal ions from wastewater has become a pressing concern. Lead (Pb), a highly toxic
heavy metal, has garnered considerable attention due to its environmental and toxicological
implications [2,3]. Lead ions primarily enter the water environment through industrial effluents
from lead smelting, battery manufacturing, printing, and mining operations [4]. Exposure to
excessive levels of lead ions can cause severe damage to the kidneys, nervous system,
reproductive system, and brain function [5].

The selective removal of Pb(Il) ions from wastewater is crucial for environmental
protection, human health, and the development of a circular economy. Various techniques,
including adsorption, ion exchange, and membrane systems, have been developed to address this
issue [6]. However, these methods have limitations, such as slow kinetics, low removal capacity,
and poor stability and reusability. To overcome these challenges, material scientists and chemists
are seeking innovative solutions that offer high capacity, selectivity, efficiency, stability, and
reusability [7].

Among the available methods, adsorption stands out as a highly effective approach for
extracting heavy metal ions from aqueous media, due to its affordability, simplicity, and high
selectivity [5,7,8]. Metal-organic frameworks represent a novel class of porous materials that
have garnered significant attention for their potential applications in various fields, including gas
storage, separation, catalysis, and sensing [9].

The escalating global industrial activities have resulted in the continuous release of
harmful compounds and metal ions into the water environment, posing significant environmental
and health risks [10]. In this context, MOFs have emerged as promising materials for the
selective removal of hazardous substances from wastewater, owing to their unique properties and
potential for adsorptive applications [11]. Recently, terephthalate MOF-type materials have
gained significant attention for their potential in removing various hazardous substances,
including pharmaceuticals, organic dyes, alcohols, and aromatic compounds, from the

environment. Metal-organic frameworks have demonstrated remarkable efficiency as water-

http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/ 185



http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/

Ogundele Damilola Tope, Adeyemi Deborah Adefunke, Olayemi Victoria Tosin,
Samsudeen Olanrewaju Azeez, Lukman Bola Abdul'rauf: Adsorptive Removal of Lead(Il) ions
from Aqueous Solutions Using Functionalized MOF-5 with Pyridine-2,6-dicarboxylic Acid

applicable adsorbents, playing a vital role in environmental remediation [12]. Amine-
functionalized terephthalate metal-organic frameworks have garnered significant interest for
mitigating the environmental hazards of lead, owing to their high surface area, extensive pore
volume, and tunable pore size [12,13]. Furthermore, MOFs possess modifiable chelating sites,
created by their p-columnar structures, which enable the selective recognition and adsorption of
various guest molecules [14]. Certain terephthalic MOFs, such as MOF-5, have been identified
as novel adsorbents, offering large pores, high surface areas, and enhanced chemical stability
[15-17]. These MOFs have been successfully applied in the adsorption of pharmaceuticals,
organic dyes, and aromatic compounds. Inspired by the fact that the adsorption capacity of Pb(II)
ions of silica-based mesoporous materials modified by amino groups is apparently higher than
that of normal silica-based materials, terephthalate MOFs with high stability after being
functionalized by amino groups can probably provide many adsorptive sites to interact strongly
with Pb(II) ions [18-20].

Therefore, this study aims to investigate the adsorptive removal of lead from aqueous
solutions using amine, cyano and sulfonic acid functionalized terephthalic acid (1,4-
benzenedicarboxylic acid and 2,6-pyridinedicarboxylic acid) as an organic linker in MOFs
structure network, which was connected by three-dimensional (3D) lattices functionalized by
amine compound to enhance the adsorption capacity toward noxious lead(Il) metals from
solution.

This research presents a highly effective adsorbent for the removal of lead(Il) ions from
contaminated water, demonstrating its capability to remove high concentrations of lead. The
adsorbent material was characterized using FT-IR, SEM-EDX, XRD, and BET techniques. The
study also investigated the effects of various parameters, including solution pH, initial lead ion
concentrations, contact time, and competitive ions. The modification of amino groups on the
pore surface of terephthalate metal-organic frameworks provided chelating binding sites for
Pb(II) ion adsorption, which coordinated effectively with the nitrogen atoms of the amino groups
[21]. The research examines the adsorption capacity, kinetics, selectivity, and applicability of the

adsorbent for removing lead (I) ions from environmental water samples.
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MATERIALS AND METHODS

Materials and Reagents

All chemicals were of analytical grade, purchased from commercial sources and used without
further purification. Ligands: Terephthalic acid (TPA) and 2,6-Pyridinedicarboxylic acid.
Functionalizing Agent: Metal Salts: Zn (NO3)2.6H20, Solvents: N,N’-dimethylformamide, and

Deionized water.

Synthesis of MOF's

Synthesis of MOF-5+PDC

The method used for synthesis of MOF-5+PDC was solvothermal based on the report of Li et al
[22], with a slight modification and adoption of the synthesis of UIO-66. 0.54 g of
Zn(NO3)2.6H20 (2 mmol), 0.167 g of 2,6-pyridinedicarboxylic acid (I1mmol) and 0.33 g of 1,4 -
benzenedicarboxylic acid (2 mmol) were dissolved in 20 mL of N,N —dimethylformamide
(DMF). The reaction mixtures were sealed in an autoclave and refluxed at 120°C for 24 h. The

resulting solid was filtered and washed repeatedly with DMF and dried at room temperature.

Amine- functionalization

Amine functionalization of the MOFs was conducted based on the procedure described by Luo et
al [23], in which 0.1 g of the synthesized NH;MOF-5+PDC material was suspended in 10 ml
anhydrous toluene. Then, 1 ml of ethylenediamine was added to the suspension and the mixture
was stirred at room temperature for 24 hours. The resulting solid was filtered and dried at 100°C

for three hours.

Sulphonic acid functionalization
The MOF-5+PDC (0.1 g) was suspended in 10 mL anhydrous toluene. Amino-methanesulfonic
acid (0.11 g of 1 mmol) in toluene 5 ml was added and the mixture was stirred at room

temperature for 24 hours. The resulting solid was filtered and dried at 100°C for three hours

Cyano-functionalization
MOF-5+PDC sample of about 0.1g was suspended in 10 ml anhydrous toluene in a conical flask.

Malononoitrile (0.132 g of (2 mmol)) was added to the suspension and the mixture was stirred at

http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/ 187



http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/

Ogundele Damilola Tope, Adeyemi Deborah Adefunke, Olayemi Victoria Tosin,
Samsudeen Olanrewaju Azeez, Lukman Bola Abdul'rauf: Adsorptive Removal of Lead(Il) ions
from Aqueous Solutions Using Functionalized MOF-5 with Pyridine-2,6-dicarboxylic Acid

room temperature for 24 hours. The resulting solid was filtered and dried at 100°C for three

hours

Characterization

Powder X-ray diffraction patterns of the samples were obtained using Rigaku D/MaxIIIC,
PW1800. Fourier transform infrared spectra were recorded on a SHIMAZU-FTIR (FTIR-8400s)
apparatus via KBr method. The morphologies and the microstructure of the synthesized samples
were characterized by scanning electron microscopy operated on a JEOL-JSM-7600F. The BET
surface area measurement was performed with N> adsorption—desorption isotherms at liquid
nitrogen temperature (77 K) after the samples were dehydrated under vacuum at 383 K for 12 h
using a Micromeritics TriStar II 3020. A ContrAA 700 (Analytik Jena, Germany) high resolution
continuum source atomic absorption spectrometer (AAS) was used for the determination of Pb

(IT) ions.

TGA Analysis

TGA 4000 PerkinElmer was used for this analysis. A small quantity of MOF 53 was put into the
sample holder, placed in the analysis chamber, covered on the cheallar and allowed to cool to 15
degree Celsius. Then, the desktop computer connected to the equipment was double-clicked on
the equipment shortcuts, and allowed to be operated. All the information about the sample were
put in, and the nitrogen flow was opened at rate of 20 times. Finally the start was clicked to

start the analysis.

Adsorption Studies for Pb(II) Ions

Batch Adsorption Experiments

All adsorption experiments were conducted in batches following a procedure reported by Guo et
al [24]. Adsorption of Pb(Il) ions metals unto the functionalized MOFs was investigated using
spiked samples containing various metal concentrations (10 — 100 mg/1). Solution of the spiked
samples (50 mL) was agitated with 0.1 g of MOF adsorbents at 150 rpm for 240 min at 298 K
while the pH is adjusted to 6. The sample solution was separated from the MOF adsorbents via

centrifugation and the residual metal concentration was determined using AAS. The effects of
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operational parameters such as pH, contact time and adsorbent dosage were optimized using the
Design expert software. The quantity of metal ion absorbed will be estimated using the formula

in Equation 1:

=(—) (1)
Where ¢ is the adsorption capacity of a (mg/g), Ci and Cf are the initial and final concentrations

of the adsorbate respectively, v is the volume of solution used (mL) and m is the mass (g) of the

adsorbents.

Adsorption Thermodynamic Experiments

Thermodynamic study shows the effect of temperature on the adsorption process of
functionalized MOFs. Generally, there are two common types: endothermal and exothermal
sorption processes. If the sorption increases with increasing temperature, it means that the
sorption is an endothermal process. Whereas the adsorption decreases with increasing

temperature, indicates the exothermal adsorption process.

The thermodynamic parameters such as free energy (AGo), enthalpy (AHo ) and entropy

changes (ASy ) for the sorption are calculated using the following equations:

A = - )
A A

= ——— ©)

A=A - A (4)

Where R is the ideal gas constant (kJ mol! K'), K=Cads/Ceq and T is the temperature (K). AH®
and AS° value can be obtained from the slope and intercept respectively of Van’t Hof plots of In

K versus 1/T [25].

Optimization
The following parameters were optimized using Design expert software: (1). Concentration, (2).

Adsorbent dosage, (3). pH and (4). Contact time at various design conditions
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RESULT AND DISCUSSIONS

FT-IR Analysis of MOF-5+PDC

The FT-IR spectrum of MOF-5+PDC displayed characteristic bands at 3490 cm™! corresponded
to O-H stretching as presented in Figure 1. Two absorption bands at 3120 and 2978 cm™! were
assigned to C-H stretching vibrations of the methylene group. The vibration bands appearing at
1700-1500 cm! which were assigned to the carboxylic functionality of the 1,4-
benzenedicarboxylate. The strong peak appeared at 1790 cm! can be attributed to C=O
stretching vibration of the carboxylate group of MOF-5@PDC. Also, the absorption bands at
1162, 3093, and 850 cm™' are ascribed to C-N stretching, C-H aromatic, and C-H bending
vibrations, respectively of the 2,6-pyridine dicarboxylic acid (PDC) ligand as a linker in the
MOF configuration. The symmetric stretching vibration of Zn-O appearing around 540 - 749 cm’

! for all the samples, were also consistent with that of the literature [26].
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Figure 1. FTIR spectrum of MOF-5+PDC

X-ray Diffraction Analysis

Distinct and intense diffraction peaks were observed for the MOF-5 + PDC. The two strong
peaks in the 20 region at 25° and 28.5% corresponding to the pure MOF-5 diffraction pattern are
associated with the 100 and 101 Ilattice planes, respectively, indicating that the MOF-5

crystalline compound has been successfully synthesized as seen in Figure 2 [27].
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Figure. 2. X-ray diffraction spectra of MOF-5+PDC

A broad diffraction peaks that lies between 21.5° and 28.5° values of 20 indicates pristine carbon
(101), with little diffraction at 29.5° indicating (200). For PDC, the peaks at 26 = 46.5°and 51.5°
can be assigned (220) and (311) crystal planes, respectively [28].

SEM Analysis

The SEM micrographs of samples of MOF-5+PDC shows trapezoidal and porous surfaces which
revealed irregular, rough, coarse surfaces with different cracks and crevices which reveal the
existence of well-developed pores which is in agreement with [29] report. It is suggested that

these pores could have resulted from the chemical activation.
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Figure 3. SEM Photograph of MOF-5+PDC a). 9000x and b). 10000x magnification

The developed pores could serve as the site for swallowing and trapping molecules when applied
for adsorption and remediation. More so, the pores could also enhance the uninterrupted flow of
adsorbate. The degree of devolatilization is an effective and important feature to achieve

materials with specific density, higher porosity and unique pore structure [30].

N2 Adsorption/Desorption Isotherm and Pore Size Analysis

Nz adsorption/desorption isotherm of the synthesized MOF-5+PDC reveals type I isotherm at 77
K with no hysteresis phenomenon as seen in Figure 4a. The calculated BET surface area is 85.98
m?/g for MOF-5+PDC sample. In the low relative pressure region, the adsorption curve of all the
samples increases sharply which indicates the presence of micropores. The adsorption curve
reached a plateau after that indicating that most of the MOF porosity is attributed to the
micropores [3]. The calculated surface area, pore diameter and volume of the micropores was

272.76 m?/g, 2.760 nm and 0.242 cm?/g respectively for MOF-5+PDC.
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Figure 4. (a). N2 adsorption/desorption isotherm of the sample and (b). Porosity size

The pore size distribution of the synthesized MOF-5+PDC reveals that the average pore diameter
was 2.760 nm as seen in Figure (4b). More than 80% of the pores are micropores. The adsorption
isotherms of N> on MOF-5+PDC reveal intriguing behavior, particularly its high adsorption
capacity at low partial pressures. This phenomenon can be elucidated by considering the energy
distribution of adsorption sites within the MOF structure [3]. The formation of porous material
for MOFs could be explained by the formation of 2,6-pyridinedicarboxylic acid (PDC) and ZnO
cluster in the sample structure, which could affect the reversible breathing behavior of these

materials [31].

Thermo-gravimetric Analysis

The thermal stability of the MOF sample was studied by TGA and DTA. The sample exhibited a
degradation evidenced by the observation of a peak in TGA curves as shown in Figure 5. There
is no evidence of mass-loss up to 350°C, in good agreement with Yang et al [32]. Which occurs
between 350°Cand 550°C with the total mass loss of 82” is attributed to the decomposition of

MOF organic carboxylates [33].
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Figure 5: TGA and DTA curves of MOF-5+PDC

A little degradation occurred between 387 and 450°C, the total mass loss was about 9%,
reflecting the removal of solvent molecules and bound water molecules from within the pores of
MOF sample. This amount of non-volatile molecules is inside MOF sample during the period of
crystallization and washing. The DTA curve for MOF sample shows a clear peak at 475 °C

indicating its decomposition and the gradual transition to ZnO [34].

FT-IR Analysis of MOF-5+PDC

The FT-IR spectral of sulfonic acid, cyano and amine functionalized-MOF-5+PDC displayed
characteristic bands between 3435 and 3431 and cm corresponded to O-H stretching. For
SOsH@MOF-5+PDC sample as presented in Figure 6, displayed the S=O functionality of
sulfonic group stretching peaks are likely to be decomposed into several components, having
asymmetric vibration components displaying peaks at 1203 cm™!, while the symmetric stretching
vibration appears at 994 c¢cm-' [35]. Figure 7 shows the FT-IR spectrum of cyano functionality
CN@MOF-5+PDC displayed characteristic bands at 3431 cm™! (corresponded to O-H stretching),

2288 cm! (assigned to C=N stretching) of the cyano functionality.
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Figure 6: The FTIR spectrum of sulfonic functionality of SOsH@MOF-5+PDC
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Figure 7: The FTIR spectrum of cyano functionality CN@MOF-5+PDC
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Figure 8: FTIR spectrum of amine functionality of NH2@MOF-5+PDC

While Figure 8 shows the amine functionality of NH2@MOF-5+PDC, a characteristic medium
and weak stretching bands at 3072 — 2640 c¢cm™ and 3432-3072 cm! corresponded to the N-H
group for both primary and secondary amine respectively were observed [36]. Also, absorption
bands at. 1082 c¢m, is correspond to C-N stretching vibrations of the amine group. The

symmetric stretching vibration of Zn-O appearing around 540 - 749 cm! for all the samples.

Adsorption Experiments

The initial concentration of Pb(Il) ion varied from 0.085+£0.0021 - 0.1145+0.0021 ppm as
depicted in Table 1. CN@MOF-5+PDC has the highest concentration of Pb (II) ion among the
study MOFs. It was observed that the adsorption capacity (q) of the study MOFs was influenced
by the concentration of Pb(I) metal ion. An increase in the initial concentration increased the
quantity adsorbed by the MOFs. The adsorption capacity of the MOF adsorbent increased from
42/5 — 57.25 mg/g for Pb(Il), as presented in Table 2 and Figures 9. CN@MOF-5+PDC has the
highest adsorption capacity qe of 57.25, followed by NH2@MOF-5+PDC with adsorption value
of 49 and SOsH@MOF-5+PDC has the least adsorption capacity of 42.5 mg/g.
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Table 1. The initial metal ion concentration and adsorption capacity of the MOF adsorbents

MOF samples Initial Concentration (ppm) Adsorption capacity
q(mg/g)
NH>@MOF-5+PDC 0.098+0.0030 49
SOsH@MOF-5+PDC 0.085+0.0028 42.5
CN@MOF-5+PDC 0.1145+0.0021 57.25

NH: = amine and PDC= pyridine-di-carboxylic acid

The adsorption capacity of CN@MOF-5+PDC adsorbents could be as a result of the pore size or
increase in the electrostatic interaction between the metals and the absorbent active sites.
Moreover, this can be explained by the fact that more adsorption sites were being covered as the
metal ions concentration increases [37]. This indicated that the study MOFs structure had no
destruction during the adsorption process. The adsorption behaviour for Pb(I) metal ions was
excellent, where the removal efficiency was over 80 - 90.9% when the initial concentration of
Pb(II) ions was as low as 0.066 ppm. Zhang et al [4] reported the successful adsorption removal
of Pb(Il) ions from aqueous samples by using a functionalized MOF-5. According to their report,
functionalized- MOF-5 was shown to be a more convenient and effective adsorbent for Pb(Il)

ions than the pure MOF-5.

Thermodynamics Study
The data derived from the effect of temperature study were further used for the feasibility of the
adsorption process of functionalized MOFs on Pb(Il) metal ion. The results obtained from the

thermodynamics study are shown in Tables 2.
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Table 2. The thermodynamics analysis of the adsorption of Pb (II) metal ion

MOF samples AH AS AG KJ/Mol

KJ/Mol KJ/Mol 308K 318K 328K
NH@MOF-5+PDC  50433.937 164.538  -243.772 -1889.152  -3534.532
SOsH@MOEF-5+PDC  47105.762 152.374  174.465 -1349.278  -2873.021
CN@MOF-5+PDC 131813.326  421.820  1892.478 -2325.731 -6543.940

The enthalpy AH of all the study MOFs were positive, the positive value of heat of adsorption
(AH) signifies an endothermic reaction for all the study MOFs. which indicated a favorable
adsorption process for all the study MOFs. Only CN@MOF-5+PDC adsorbent has the lowest
value of AH, which suggests that the adsorption process is likely to be physiosorption [39]. All
the study MOFs have a positive value of AS. The positive value of entropy shows the increased
degree of disorder of the adsorption system, which is caused by the range of Pb (II) ion
movement being attracted by the adsorbent solid surface after the adsorption [40].

The positive values of entropy AS are an indication of an increased disorderliness and
randomness at the adsorbent-sorbate interface and affinity for adsorbent material [41]. The
Gibb’s free energy values indicated that the degree of spontaneity of the sorption process. At 318
and 328K, the AG value of MOF adsorbents were negative, confirming the thermodynamic
feasibility of adsorption of Pb(Il) on the MOFs framework [42]. While at 308K, the AG value of
the study MOF adsorbents for Pb(II) adsorption were positive except NH@MOF-5+PDC.
Indicating non-spontaneous process at this temperature. Hence, need to improve the adsorbing

capacity, at low temperature.

http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/ 198



http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/

Ogundele Damilola Tope, Adeyemi Deborah Adefunke, Olayemi Victoria Tosin,
Samsudeen Olanrewaju Azeez, Lukman Bola Abdul'rauf: Adsorptive Removal of Lead(Il) ions
from Aqueous Solutions Using Functionalized MOF-5 with Pyridine-2,6-dicarboxylic Acid

Optimization

The adsorption optimization of the study MOFs was carried out using the Box-Behnken Design
module in response surface methodology to discover the best adsorption process of Pb(Il) ions.
The empirical model was created utilizing three optimization parameters as independent
variables (concentration, pH, and dosage) production as the response (dependent variable) [43].
From the experimental data, it is inferred that the amount adsorbed in all seventeen experiments
for all the studied MOFs at different conditions were within the range of 77.02 — 99.42 mg/g for
Pb(Il) adsorption.SOsH@MOF-5+PDC has the highest adsorption of 99.42 mg/g, which was
achieved at a concentration of 100 mg/L, pH of 7 and a dosage of 0.01 g, correlating to
experimental run 16, standard 6, while the maximum amount adsorbed NH2@MOF-5+PDC was
98.88 mg/g which was achieved at a concentration of 100 mg/L, pH of 10 and a dosage of 0.03 g,
correlating to experimental run 13, standard 4, and for CN@MOF-5+PDC the maximum amount
of Pb(Il) ion adsorbed was 77.02 mg/g which was achieved at a concentration of 100 mg/L, at
pH 7 and a dosage of 0.01 g, correlating to experimental run 16, standard 6.

Figures 9-11 show the predicted vs. actual plot adsorption of all the study MOFs for Pb(II)
ion, There is a close distribution of data points between the actual experimental and predicted
amount adsorbed along the straight line of the plot, demonstrating an excellent correlation
between these values and confirming that the model adequately predicts the response variable in

actual values.

Predicted ws. Actual

Preditéd
|
Yy

Actual

Figure 9: Graph showing predicted versus actual value for SO;H-MOF-5@PDC for Pb(II)

adsorption
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Figure 10: Graph showing predicted versus actual value for NH>-MOF-5@PDC for Pb (II)
adsorption

Predicted vs. Actual
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Actual

Figure 11: Graph showing predicted versus actual value for CN-MOF-5@PDC for Pb (II)

adsorption

The ANOVA Quadratic model of MOFs for Adsorption of Pb(II) ions

The reaction conditions (concentration, pH and dosage) for the synthesis of amine functionalized
MOFs were conducted using RSM (BBD) for experimental design. This is because these
conditions affect the amount of Pb(Il) ion adsorbed by the studied functionalized-MOFs. The
model F-values of Pb(Il) adsorption are 2124.86, 931.51 and177.50 for SOsH@MOF-5+PDC,
NH2@MOF-5+PDC andCN@MOF-5+PDC respectively. All the model F-values of the studied
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MOFs implied that the models are significant. Also, the p-values were less than 0.0500,
indicating that the model terms are significant. In this case A, B, C, AB, AC, BC, A?, B2, C* are
significant model terms. Values greater than 0.1000 indicate that the model terms are not
significant. Where A, B, and C stand for concentration, pH, and dosage, respectively. The direct
linear impacts of the independent process variables are represented by the coefficients A, B, and
C. As opposed to AB, AC, and BC, which represent the linear interaction effects between molar
ratio/temperature, molar ratio/time, and temperature/time, respectively, and A2, B?> and C? which

depict the quadratic impacts of the independent process variables.

The Combined Effect Variables on Pb(II) Ions Adsorption

Effect of Concentration and pH (AB) on Adsorption

The 3D response surface plots for this combined effect were described in Figures 12a — c. From
the surface plots, it was deduced that high adsorption yield was achieved at a high concentration
and above pH 6. Therefore, in this study, an optimum percentage of yields could only be
achieved at a high concentration and a pH above 6. Therefore, these results confirm the ANOVA
results, which show that the combined effect of AB of all the study MOFs were significant with a
p-value less than 0.005, except NH@MOF-5+PDC (0.6334) .
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Figure 12: (a) Graph between concentration and pH a). NH2@MOF-5+PDC, b). SOsH@MOF-
5+PDC and c). CN@MOF-5+PDC for Pb (II) adsorption.

Effect of Concentration and Dosage (AC) on Percentage Yield

Figure 13 reveals the 3D response surface plots. A high adsorption yield could be obtained at a
high concentration and low dosage of (0.03 g). In this study, an optimum percentage of
adsorption could be achieved at high concentration and low dosage. The ANOVA result shows
that the combined effects of AC were significant with a p-value less than (< 0.0001) for all the
studied MOFs, except NH2@MOF-5+PDC which is 0.6864.
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Figure 13: Graph between concentration and dosage a). NH@MOF-5+PDC, b). SOsH@MOF-
5+PDC and c). CN@MOF-5+PDC for Pb (II) adsorption

Effect of pH and Dosage
Figures 14 depicts the 3D for this effect that the highest adsorption yield was obtained at a low

temperature and either a low or high reaction time. Lower adsorptions were observed at low pH
and low dosage. This agreed with the conclusion from the ANOVA result, which indicates that
the interaction effect of BC was significant for all the studied MOFs, with p-value less than

0.005.
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Figure 14: Graph between dosage and pH a). NH2@MOF-5+PDC, b). SOsH@MOF-5+PDC and
¢). CN@MOF-5+PDC for Pb (II) adsorption

CONCLUSION

In the present study, amine, cyano and sulfonic acid-functionalized MOF-5+PDC were
synthesized by solvothermal and characterized by XRD, FTIR, SEM and EDX-mapping analysis
to confirm the synthesis of MOF structures. The results of N> adsorption/desorption isotherm
data showed that the BET surface area of the synthesized MOF-5+PDC sample was 85.98 m?/g.
The adsorption behaviour for Pb(II) metal ions revealed a very good adsorption capacity of 42.5
— 57.25 mg/g, whereas the removal efficiency was over 80 - 90.9% when the initial concentration
of Pb(Il) ions was as low as 0.066 ppm. Design of experiment for Pb(II) adsorption under
optimal conditions of concentration, pH and dosage were within the range of 77.02 — 99.64 mg/g.

In addition, thermodynamic analysis revealed that Pb(I) ion adsorption is a spontaneous
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endothermic process. Based on the data from the study, these amine-functionalized MOFs are a

promising adsorbent for the removal of Pb(II) ion from contaminated water.
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