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ARTICLE INFO ABSTRACT

Keywords: A novel metal-organic framework [MOFs], and 2-[benzo [d]thiazol-2-ylthio)-3-hydroxy

2-Mercaptobenzimidazole analogue acrylaldehyde-Cu-benzene dicarboxylic acid was synthesized by solvothermal method and char-

g“'BDC I\gOFS acterized using p-XRD, FSEM-EDX, TGA, BET, FTIR. The tethered organic linker, 2-[benzo [d]
ongo re

thiazol-2-ylthio)-3-hydroxyacrylaldehyde was commonly known as 2-mercaptobenimidazole
analogue [2-MBIA]. Analysis of BET disclosed that addition of 2-MBIA to Cu-benzene dicarbox-
ylic acid [Cu-BDC], reduced the crystallite size from 70.0 nm to 65.90 nm, surface area from
17.95 to 17.02 m? g! and enhances the pore size from 5.84 nm with 0.027 cm® g! pore volume to
8.74 nm with 0.361 cm® g pore volume. Batch experiments were conducted to optimize pH,
adsorbent dosage, and, Congo red (CR) concentration. The adsorption percentage of CR on the
novel MOFs was 54%. Adsorption kinetic studies revealed that the uptake adsorption capacity at
equilibrium was 184.7 mg/g from pseudo-first-order kinetics which gave a good fit with the
experimental data. Intraparticle diffusion model explained the process of the adsorption mech-
anism: diffusion from the bulk solution onto the porous surface of the adsorbent. Freundlich and
Sips models were the best fit models of the several non-linear isotherm models. Temkin isotherm
suggested the adsorption of CR on MOFs was of an exothermic nature.

Adsorption

1. Introduction

Organic dyes find application in several fields like food, leather, textile, and printing fields that generally affect the ecosystem as
they contribute to a greater extent to the contamination of water [1,2]. Congo red is a benzidine-based diazo dye that is highly
biodegradable at -N—N- and resistant to further degradation to CO, and H,0 due to the presence of an aromatic structure by fungus
[Aspergillus flavus JKSC-7, Caldariomyces fumago] via enzymatic degradation [3,4]. In general, Congo red is considered a carcinogen
and major pollutant so the ecosystem demands the removal of such components from water [5,6]. To achieve this, researchers made
efforts into using different methods like reverse osmosis, advanced oxidation, photocatalytic, ozonation, coagulation/flocculation,
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adsorption, precipitation, biodegradation, etc. Among all these methods, adsorption is simple, cost-effective, with high efficiency.
Research has been in progress for the removal of pollutants by using several materials like metals, nano metal oxides, activated carbon,
carbon nanotubes, silica gel, zeolite, and metal-organic frameworks [7].

The MOFs are attracted by several researchers from the last vicennial period due to their potential properties like surface area,
shape, and pore size. Furthermore, researchers can systematically modify the three-dimensional hybrid structures and functional
groups of MOFs [8-11], which aids in the achievement of the desired goals. MOFs are the new alternate adsorbents with cost-effective,
high thermal stability, change of porosity size, and metal sites [12]. Several organic linkers which consist of heterocyclic compounds
like pyridine, pyrazole, imidazole, and triazole rings along with the carboxyl group play a vital role to establish hydrogen bonding;
also, a m—x stacking interaction sites between MOFs and the organic pollutant, therefore, enables adsorption process [13]. In the
literature survey, a comparative study on the adsorption efficiency of Mn-UiO-66, GONH2, and Mn-UiO-66@GO-NH;, composites
revealed that CR adsorption was 243.08, 292.99, and 486.17 mg/g respectively for 120 min with 50 mL of 100 ppm Congo red and 10
mg of adsorbents [14]. Similarly, the influence of the organic linker moieties on the adsorption efficiency of Cd-MOFs ([Cd (5-aip)
(bpy)] (1) and [Cd (5-hip) (bpy)]) was found 98.58% and 98.93% of CR for 24 h. Time consumption was the drawback of these studies
[15]. Several researchers aim to study only the adsorption process involved but do not discuss it in detail. For a better understanding of
the adsorption mechanism, non-linear kinetics and isotherm models are very much required [16].

In this pursuit, an attempt has been made in the present study to compare the adsorption mechanism and efficacy of novel MOFs
with Cu-BDC MOFs in detail by applying different nonlinear kinetic and isotherms models and has given importance to reducing the
time consumption. Optimization studies have been conducted for pH, time, adsorbent dosage, and dye concentration effect on the
sorption capacity of current MOFs synthesized [17-21].

2. Experimental
2.1. Materials

All the chemicals and reagents were purchased from Sigma Aldrich, SD Fine Chemical Ltd. Avra Synthesis Private, Ltd. India and
utilized as such without any purification. Cu (NO3)2-3H20 98%, and sodium oxalate >99.5% (Sigma-Aldrich), Terephthalic acid 98%
(Avra Synthesis Private Ltd), N, N-dimethyl formamide (DMF) (Spectro chem Ltd>97.5%), sodium hydroxide (NaOH, SD-Fine
Chemicals Ltd.>97.5%) 2- Alfa Asear,>99%).

2.2. Synthesis of [2-mbia-Cu-BDC] MOFs

2-MBIA-Cu-BDC MOFs was synthesized using the solvothermal method. 0.01 M of Cu (NO3),-3H20 was dispersed in 50 mL of
dimethylformamide (DMF) containing the equimolar (0.01 M) mixture of H,BDC and 2-MBIA in the beaker and kept stirring at room
temperature for 30 min. Further, the mixture was kept under slow heating in a stainless-steel hydrothermal bomb at the rate of 5 °C/
min to attain the temperature of the oven around 125 °C and placed for 2 days [22]. Later, the solid MOFs was filtered, washed with
DMF, water, and dried at 80-110 °C for 24 h to remove adsorbed solvent molecules. The yield of 2-MBIA-Cu-BDC MOFs was 78.14%.
The same procedure was followed to synthesize Cu-BDC MOFs with a yield of 62%.

2.3. Characterization

The stretching and bending vibrations of both MOFs were investigated using Fourier transformed Infrared spectrum (FTIR) (Bruker-
Alpha, Germany) and X-ray Diffractometer (Bruker D8 advance diffractometer) was used to characterize both MOFs. The morphology
of both MOFs was analyzed using Scanning Electron Microscope. Thermograms were recorded using a Thermogravimetric analyzer
(NETZSCH STA 449 F5). BET analysis was performed by BET analyzer (BELSORP MR1). Adsorption studies were carried out using
Systronics double beam spectrophotometer 2202.

2.4. Adsorption studies

Adsorption studies was carried out using 10 mg of MOFs added to the aqueous solutions (100 ppm) of the different dyes like Indigo
carmine (IGC), Congo Red (CR), and Martins yellow (MY) which were kept stirring for 30 min and measured the concentration of each
dye by UV-Vis Systronics double beam spectrophotometer 2202. Of the three, CR was found to be highly adsorbed on newly syn-
thesized 2-MBIA-Cu-BDC MOFs which may be attributed to n-n interaction/electrostatic attraction, and also its pore size. Thus, CR was
selected as the standard dye to investigate the adsorption efficacy of both MOFs at 490 nm (Amax)-

For optimization of the adsorption conditions concerning sorption kinetic studies and adsorption isotherms, a systematic study was
conducted batch-wise: (i) different pH (2-10) solutions (ii) different dosages of adsorbent (10-50 mg) (iii) different dye concentrations
(10-150 ppm) and iv) effect of time (10 min-180 min). Further, all these samples were centrifuged and absorbance was measured. The
pseudo-first-order, pseudo-second-order, Elovich, and diffusion models were used to analyze the kinetic model and adsorption
mechanism. Five adsorption isotherm models viz Langmuir, Freundlich, Temkin, (two parameters) Sips and Redlich -Peterson
isotherm (three parameters) in their nonlinear forms were employed for unfolding adsorption efficacy of the current MOFs [23-25].
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2.5. Statistical analysis

Non-linear least square analysis was employed to fit the experimental data for the selected modelling of isotherms and kinetics with
the support of the SOLVER tool based on the Generalized Reduced Gradient (GRG) method of iteration available in Microsoft Exc. The
residual sum of square (RSS), the coefficient determination (Rz), Chi-square (Xz), and average relative error (ARE) were considered to
find the best fit kinetic and isotherm models. All the parameters were calculated from the below equations [26,45,49].

2
RZ - z(qc,prc.i - qc.cxp.avg) 1
- 2
Z(Geprei ~ Geerpave’ ~ Z(deprei ~ Ge.expi)
X 2
RSS= (qe,exp,i - qe.pre,i) 2
i=1
1 N eprei — deexp.i
ARE = 100 3= (Geprei — Gecspi) 3

N

=1 e exp,i

N ( _ 2
2 __ qe,exp, qe,pre)
L= Zqi 4
i=1 e.exp

3. Results and discussion
3.1. XRD diffraction analysis

Cu-BDC MOFs diffractogram peaks were observed at 20 values of 10.23°(001),12.16° (011), 15.51°(101), 17.24° (121), 20.53°
(211), 22.04°(—102), 24.91°(020), 29.10°(232), 31.26°(003) 33.16°, 36.40°, 39.76°, 42.35°, 45.86°, 46.82°, 50.77°, 53.03°, 56.65°
and 2-MBIA-Cu-BDC MOFs diffractogram peaks were noticed at 20 values of 10.27°(001), 12.17°(011), 16.97°(011), 17.25°(121),
17.84°(0-10), 20.53°(211), 22.04°(—102), 24.91°(020), 25.46°(—102), 25.45°(—100) 29.21°(232), 30.92°, 33.29°, 34.18°,36.42°,
39.02°, 42.86°, 44.31°, 47.06°, 51.03°, 51.72°, 56.34°, 60.08°,66.52°, 68.68° as shown in Fig. 1 and were in good agreement with the
literature [1,27]. Debye-Scherrer’s equation (5) [9,50] was used to calculate the average crystallite size of Cu-BDC MOFs was 70 nm
and 65.9 nm for 2-MBIA-Cu-BDC MOFs. Using Williamson-Hall plots, density dislocation (8) and strain (¢) induced in MOFs due to
crystal imperfection and distortion were computed and their values were in the range of 0.204 em?, 0.230 cm?, and 0.111 ¢m?,0.0924
cm? for Cu-BDC MOFs and 2-MBIA-Cu-BDC MOFs respectively [9].
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Fig. 1. p-XRD spectrum of Cu-BDC MOFs and 2-MBIA-Cu-BDC MOFs before and after adsorption of CR.
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Fig. 2. SEM images of (a) Cu-BDC MOFs (20 pm) (b) Cu-BDC MOFs (5 pm) (c¢) 2-MBIA-Cu-BDC MOFs (20 pm) (d) 2-MBIA-Cu-BDC MOFs (5 pm).
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Fig. 3. FE-SEM EDAX spectrum of 2-MBIA-Cu-BDC MOFs (100 pm, Mag: 500).
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D=5 Cos) >

where D is the average crystalline size, K is the dimensionless shape factor (0.9), A wavelength of X-ray, f is the line broadening at
FWHM, 0 is angle of diffraction.

3.2. FSEM-EDAX

SEM (scanning electron microscope) and EDAX studies were carried out to explore the morphology and elemental composition of
newly synthesized 2-MBIA-Cu-BDC MOFs which are shown in Figs. 2 and 3 [27]. It was evident from Fig. 2, that the presence of small
crystallites on the surface with pores is due to a specific pattern of assembled organic linkers and metal compounds, therefore, can act
as a good adsorbent. Cu-BDC MOFs appeared with fewer particles as shown in Fig. 2 (a and b). However, the current synthesized
2-MBIA-Cu-BDC MOFs nano-size MOFs have exhibited irregular shape morphology with a particle size of 410 nm as shown in Fig. 2 (¢
and d). It is observed that the addition of 2-MBIA in the organic linker improves the crystalline nature of Cu-BDC MOFs. Besides,
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Table 1

Comparison of morphology of MOFs.

Heliyon 9 (2023) e13223

Organic Linker Metal Synthesis Reaction Time Modified Morphology Crystallite size Ref
ion method (hour) MOF (nm)
H,BDC Cu Solvothermal 24 Cu-MOF Cubic 300-500 [1]
Mn-UiO-66@GO-NH2 Mn, Solvothermal 22 Ui0-66 Irregular - [16]
Zr octahedral
Cd (5-aip) (bpy) Ccd Solvothermal 48 - Orthorhombic - [19]
Cd (5-hip) (bpy) crystal
NH,IsoBDCH,,N,N’ (naphthalene Co Solvothermal 72 TMU-69 Nanoplates 100-1600 [24]
—1,5-diyl)di iso nicotinamide,
NH,IsoBDCH,,N,N’-(naphthalene Co Sonication 15 TMU-69 Bulk crystals 100-1300 [24]
—1,5-diyl) di iso nicotinamide,
NH,-BDC Al, Zn, Solvothermal 20 MIL-101- Spindle 100-1000 [26]
Zr NH2
NH,-BDC, PVP Cu Solvothermal 08 Cu-MOFs Spherical 236.79 [18]
2-amino-terephthalic acid Fe Solvothermal 20 Fe-MIL Spindle irregular size [27]
88NH,
H,BDC Fe Solvothermal 20 MIL-101 Spindle 100-1000 [28]
BDC Sn Hydrothermal 24 Sn-BDC Rhomboidal - [29]
BDC Cu Solvothermal 20 Cu-BDC Non uniform 70 present
particles study
2-MBIA, BDC Cu Solvothermal 20 2-MBIA-Cu- Non uniform 65.9 Present
BDC particles study
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Fig. 4. Thermal gravimetric analysis of (a) Cu-BDC MOFs (b) 2-MBIA-Cu-BDC MOFs.
Table 2

Decomposition products of TGA.

Temperature (°C)

Weight loss percentage

Calculated (%)

Experimental (%)

Error (%)

Decomposed products

250-300
300-420
180-300
300-420

19.1
33.9
22.7
43.9

18
34
22
44

1.0
0.1
0.7
0.1

CO,
CeHs, C

CS,, Hy0

Hy0, COy, CsHe, NO,
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additive 2-MBIA to the MOFs reduces pore densities on MOFs surface, hence, adsorption efficiency may be decreased. On the other
hand, certain reagents and temperatures played a significant role in tuning the morphology of the different metal-organic frameworks
and was compared and presented in Table 1. The presence of elements in the organic linker and metal compound of the novel MOFs
was evidenced in the FSEM-EDAX as shown in Fig. 3.

3.3. Thermogravimetric studies

Fig. 4 explains the thermal stability and decomposition of Cu-BDC MOFs and 2-MBIA-Cu-BDC MOFs in presence of the Ny atmo-
sphere in the range of 25-900 °C, with a heating rate of 10 °C/min. The decomposition of Cu-BDC MOFs in Fig. 4(a) has shown CO5 loss
in the range of temperature 200-300 °C and C¢Hg around 300-420 °C left behind CuO and carbon. From Fig. 4(b), the decomposition
firstly starts from 240 to 300 °C with a weight loss of 18% in 2-MBIA-Cu-BDC MOFs which may be attributed to the removal of CSy,
H50, molecules, and a further 40% weight loss from 300 to 450 °C indicates the second stage of decomposition with the release of
decomposition products like HyO, NOy, CO2, CeHg from the organic linkers BDC and 2-MBIA, left behind CuBr with black char of
carbon (Table 2). Thus, the Cu-BDC MOFs thermal stability increases from 180 to 240 °C with the addition of 2-MBIA during the
synthesis of 2-MBIA-Cu-BDC MOFs. The chemical decomposition reactions are given below [34,51].

Chemical decomposed reactions’ equations.

a) Decomposition reactions of Cu-BDC MOFs

[Cu-CgHgO4] — CO;, +[Cu—C7Hg05]
[Cu—C7HO,] = CsHe+ + CuO + C i
b) Decomposition reactions of 2-MBIA-Cu-BDC MOFs

[CU*C]3H10N5206 Br] - CSZ+ H20 + [ C07C|7H805NB1‘] iii

[Cu—C;7H; Os Br] = H,O 4+ NO,+CO; + CgHg + 10C + CuBr
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Fig. 5. FTIR spectrum of Cu-BDC MOFs and 2-MBIA-Cu-BDC MOFs before and after adsorption of CR.
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3.4. FTIR studies

Fig. 5 explains the functional group, stretching, and bending vibrations of MOFs. The strong vibrational peak at 1511.33 cm ™! and
1575.32 cm ™! were assigned to symmetric and asymmetric stretching vibrations of -COOH. Peak, 1631.25 cm ™! related to ~-C=0 of 2-
MBIA and 2931.70 cm ™! of -O—C-H, confirm the carboxylic group of 2-MBIA in the novel MOFs synthesized. The peaks at 1623 cm™?,
765 cm’l, 820 cm ! and 589 cm ™! declare were attributed to -C—=C- aromatic molecules in MOFs [29-33]. The asymmetrical
stretching of the ~OH group was at 3041 cm ™! and peaks at 402 cm ™!, 435 cm ™!, and 570 cm ™" are relevant CuO and Cu-Br bonds. The
peak at 2926 cm ™! was assigned for aliphatic (C-H) asymmetric stretching vibrations of DMF [35]. There is a slight shift in the peak,
observed due to the additive linker 2-MBIA. The peaks at 3600 cm~ ! were related to (C=N) and the other extra peaks at 1500, 835, and
480 were assigned to § N-H, § (C=S), and v (Ni-S) vibrations of 2-MBIA in the novel MOFs, before adsorption of CR.

3.5. pH effect on point of zero charges (PZC) of adsorbent

Surface charge on the adsorbent is the factor that plays a role in adsorption. By determining an effective parameter known as pH,,
the surface charge of the adsorbent 2-MBIA-Cu-BDC MOFs was investigated using a series of 0.01 N NaCl solutions with 2-3 mg of
MOFs, in the range of pH 2-10 adjusted by adding 0.01 N HCl and 0.01 N NaOH. The final pH of all these solutions was measured after
attaining the equilibrium for 24 h, as displayed in Fig. 6. The pH,,. 2-MBIA-Cu-BDC MOFs was at a pH of 5 [26].

3.6. Adsorption studies

Dye adsorption on MOFs from the wastewater generally occurs through the dispersion of the dye molecules in the framework
resulting in high adsorption capacity and fast kinetics when there was appropriate interaction with the host backbone, also n-7 in-
teractions between dye molecules and empty orbitals of the metal ion in MOFs. The optimization of adsorption studies was carried out
as below [22,30,46].

3.6.1. Influence of pH on the adsorption

The influence of pH on the adsorption efficiency was investigated in the range of pH 2.0 to 12.0 and is presented in Fig. 7. CR was an
anionic dye but has shown negligible adsorption on the surface of both MOFs below the pH of 2. The adsorption of CR increased with an
increase in the pH up to 8 for Cu-BDC MOFs, as shown in Fig. 7(a). In contrast, CR adsorption was approximately 46% on 2-MBIA-Cu-
BDC MOFs from the pH of 4-8, shown in Fig. 7(b) [36]. Therefore, the pH of 4 was fixed for 2-MBIA-Cu-BDC MOFs and the pH of 8 for
Cu-BDC MOFs to measure the adsorption of CR on both MOFs and their adsorption capacity.

3.6.2. Effect of adsorbent dosage

For adsorbent dosage range 5-50 mg, batch experiments were conducted for 100 mL of 50 ppm CR at pH of 4 solutions for 2-MBIA-
Cu-BDC MOFs, and pH of 8 solutions for Cu-BDC MOFs and were stirred for 60 min. The sample was collected and centrifuged at 5000
rpm for 15 min and absorbance was measured at 490.4 nm (Ayax)- The dye percentage adsorbed onto both MOFs surfaces at intervals of
time was computed using equation (6) [7,26,36].

\\/—/ 6 8 10 12 1
-1

pH

Fig. 6. Effect of pH on PZC of 2-MBIA-Cu-BDC MOFs.
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Fig. 7. Effect of pH on adsorption efficiency (a) Cu-BDC MOFs (b) 2-MBIA-Cu-BDC MOFs.
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Fig. 8. Effect of adsorbent dosage on a percentage of CR adsorption (a) Cu-BDC MOFs (b)2-MBIA-Cu-BDC MOFs.
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%Adsorption =

where Cy (mg/L) & C; (mg/L) are the initial dye concentration and the dye concentration at any time, t respectively. By considering the
dye amount before and after the adsorption process, the initial volume, V(L) of CR and mass, m (g) of the adsorbent, the adsorbed
amount of dye at equilibrium for the unit mass of adsorbent, q. (mg/g) was calculated using the following equation (7) [26,36].
= Cy—Ce vV 7
m
The percentage of dye adsorbed with respect to adsorbent dosage is shown in Fig. 8. It is observed that the percentage of adsorption
increases initially with an increase in the adsorbent dosage up to 30 mg caused by increasing the number of active sites and a drastic
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Fig. 9. BET Nitrogen adsorption isotherm. (Inset: BET surface area plot) (a) Cu-BDC MOFs (b) 2-MBIA-Cu-BDC MOFs.

decrease of absorbance for further loading of the adsorbent is due to agglomeration of MOFs particles which in turn decreases active
sites and surface area [34-36]. The addition of 2-MBIA to the Cu-BDC MOFs structure reduces surface area, hence, decreasing the
adsorption percentage, as evidenced by BET studies.

3.6.3. BET studies

Geometric features of an absorbent were analyzed by measuring BET on the surface area which suggests the availability of a greater
number of vacancies that assists in the absorptive removal of toxic pollutants like dyes, metal ions, etc for purification of polluted
water. BET surface area of 2-MBIA-Cu-BDC MOFs was found to be 17.02 m? g and that of Cu-BDC MOFs was 17.953 m? g™!. Its mean
pore diameter was 8.48 nm and 5.84 nm, 0.361 cm® g and 0.0271 cm® g! being the total pore volume. Fig. 9 depicts Ny adsorption/
desorption isotherms and also pore size on the surface of both MOFs and falls under type-1 isotherm according to IUPAC classification
with mesoporous nature of the surface. 2-Mercaptobenimidazole analogue of Cu-benzene dicarboxylic acid MOFs shown a slight
decrease in surface area and can still accommodate the high amount of active material.
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Fig. 10. Adsorption capacity of MOFs with time (a) Cu-BDC MOFs (b) 2-MBIA-Cu-BDC MOFs.
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Table 3
Description of non-linear kinetic models.
Kinetic Models Non-linear Equations
Pseudo First Order Kinetics (PFO) qt = qe(1 — (exp — kit)
Pseudo Second Order Kinetics (PSO) qt = qKot
1+ qekat

. 1
Elovich Model q = ﬁln(l + aft)

Where qe (mg/g) is adsorption capacity at equilibrium; qt (mg/g), adsorption ca-
pacity or concentration of solute in a solid phase at time t (min); K; (min’l), pseudo-
first-order rate constant; Ky (g/mg min), pseudo-second-order rate constant.

3.7. Adsorption kinetics

Adsorption kinetic studies were carried out using an optimum concentration of 100 ppm dye, 30 mg of sorbent, pH (4) solution for
2-MBIA-Cu-BDC MOFs, and pH (8) for Cu-BDC MOFs. A Sampling of the solution was done in the designed time intervals of 0-150 min.
The amount of dye adsorbed for time (q¢) was calculated by using equation (8) [7,26,36].

Co — G
=X
m

v 8

9

Where Cp and C; are the concentration of CR at t = 0 and at any time t respectively. It was clear from Fig. 10 that the adsorption rate was
quite rapid in the first 20 min for 2-MBIA-Cu-BDC MOFs and 50 min for Cu-BDC MOFs. Further, the adsorption process attains
saturation with time in both samples (Fig. 10). This clearly indicates that the adsorption of Congo red dye has taken place on both
MOFs. Different kinetic models like PFO, PSO, Elovich, and intraparticle diffusion was used to explore the mechanism of adsorption
and their equations were shown in Table .3. It has been observed that CR dye adsorption on Cu-BDC MOFs was 240 mg/g and 189 mg/g
on 2-MBIA-Cu-BDC MOFs at 150 min [26,28]. The decline of CR adsorption on 2-MBIA-Cu-BDC MOFs was noticed due to reduction of
the surface area results in reducing the availability of the active sites; also, an increase in the pore diameter leads to leaching out of CR
dye from the adsorbent when equilibrium was reached. The kinetic and statistical parameters are summarized in Table 5.

3.7.1. Intraparticle diffusion model
Weber-Morris’s diffusion model suggests that the linearity of the plot q; vs t1/2 passing through origin implies the sorption
mechanism solely governed through intraparticle diffusion which is the rate-limiting step. equation (9) used is given below [26,47].

g =kyt'*+C 9

The intra-particle diffusion (IPD) constant (Kq) and constant (C) was evaluated from the slope and intercept. In Fig. 11. the graph of
IPD reveals that the adsorption of CR on MOFs is not only a surface phenomenon from the linear part of the graph; also, a slow diffusion
through the inner pores of the adsorbent was evidenced by the flat portion of the graph. However, the larger C value implies greater
surface adsorption (Table 4). The intercept, not pass-through origin refers to the degree of boundary layer control over the adsorption
of CR and accounted for the different rates of mass transfer that took place at the initial and final stages in the adsorption mechanism.
Therefore, it was concluded that IPD may not only be a rate-limiting step but there may be also many mechanisms that work in the
sorption process of CR on both MOFs [1,26,28,42,49].

The kinetic and statistical parameters in Table 5, demonstrate the best fit model is PFO since the value of g, obtained is found to be
closer to the experimental value and ARE, RSS, and chi-squares are lower than PSO and Elovich models in the case of 2-MBIA-Cu-BDC
MOFs. [28,50]. In contrast, CR adsorption on Cu-BDC MOFs follows Elovich and PFO models by considering the statistical and kinetic
parameters and R%Ina comparison of CR adsorption on both MOFs, it is illustrated that the addition of 2-MBIA in MOF synthesis has
reduced the adsorption capacity of Cu-BDC MOFs due to increased pore size and diminish surface volume which were evidenced in BET
analysis. The plot of non-linear kinetic models for CR adsorption on MOFs is shown in Fig. 12.

3.8. Adsorption isotherms

For adsorption batch tests, the optimum dose of both MOFs (30 mg) in various concentrations (20-100 ppm) of the dye solution at
pH of 4 for 2-MBIA-Cu-BDC MOFs and pH of 8 for Cu-BDC MOFs were maintained and stirred well for 60 min. The absorbance of the
centrifuged solution was determined. Langmuir, Freundlich, Temkin, and Sips, Redlich -Peterson non-linear form of isotherms were
examined using sorption data to find the effect of 2-MBIA addition on the adsorption of CR on Cu-BDC MOFs under equilibrium
conditions at a constant temperature [23,29,33-46]. The non-linear equations used to analyze the adsorption isotherms are placed in
Table 6 and its relevant graphs were shown in Fig. 13.

Where q,, (mg/g) is saturated monolayer adsorption capacity, K, (L/mg) is Langmuir constant, Kg((mg/g) (L/mg)l/ ™ is Freundlich
constant, 1/n is Freundlich intensity parameter, qs (mg/g) is specific adsorption capacity at saturation, Kg (L/mg) is Sips equilibrium
constant, ng is a dimensionless index of heterogeneity, it describes heterogeneity when ng value lie in between 0 and 1, if ng = 1, the Sips
equation reduces to Langmuir equation and implies homogenous adsorption process, Kgp (L/g), and o (L/mg) is Redlich-Peterson
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Fig. 11. Plot of Web-Morris Intraparticle diffusion model of CR adsorption on both MOFs.

Table 4
Web Morris Intraparticle Diffusion model parameters.
MOFs Kq (mg g ' min~') Cmg/g R?
Cu-BDC MOFs 23.11 110.087 0.9547
2-MBIA-Cu-BDC MOFs 20.57 98.34 0.9470
400 220
Cu BDC 2-MBIA-Cu-BDC
350
200
300
180
@ 250 :NJ
g’ g’ 160
N N
200 =
140
150
120
100 kRO
=8=PSO
- 100 == Elovich
0 80
0 50 100 150 200 0 30 60 90 120 150 180

Time(min) Time(min)

Fig. 12. Plot of Nonlinear kinetic models for CR adsorption on (a) Cu -BDC MOFs (b) 2-MBIA- Cu-MOFs.
isotherm constants, f is an exponent which ranges between 1 and 0. Kt Temkin adsorption constant (L/mg), R (J/mol K) universal

constant, T (°C) adsorption temperature, By = RTT is a factor related to heat of adsorption (J/mol). Another feature of the Langmuir
isothermal model is separation factor Ry, which is dimensionless, as shown below equation (10) [24,26,36,48,49].
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Table 5
Kinetic and statistical parameters for adsorption of CR on MOFs.
Kinetic models Cu-BDC MOFs 2-MBIA-Cu-BDC MOFs
Kinetic parameters Statistical parameters Kinetic parameters Statistical parameters
PFO Ky qe R? RSS ARE ¥* (Chi) K qe R? RSS ARE x? (Chi)
0.0490 231.6 0.999 3018.9 0.078 0.015 0.0699 184.7 0.9999 1051.5 0.004 7.6 x 107°
PSO Ky qe Ko qe
4.3 x107° 214.5 0.9117 91811.6 2.31 17.31 4.6 x 1074 208.7 0.9999 1468.8 0.018 6.7 x 1073
Elovich o i o B
81.25 0.023 0.9999 1539.36 0.029 0.02 85.99 0.029 0.9999 2636.2 0.017 0.048
Table 6
Description of non-linear adsorption isotherm models.
Adsorption isotherm Models Non-linear Equations
Langmuir q = Am K. C.
¢ (1+KLCe)
Freundlich g = Kpcg/"
Sips g KsCy
T = T RO
Redlich-Peterson @ = KgrpCe
¢ 1+ a(,‘f
Temkin RT
qe = B In(KrCe)

200 140
Cu-BDC 2-MBIA-Cu-BDC
170 120
Eﬂ 140 %100
)
E E
= =
110 80
== Langmuir model == Langmuir model
80 =8= Freundlich model 60 =8= Freundlich model
=== Redlich-Peterson model RP model
=@ sipsmodel =8= Sips model
50 40
0 10 20 30 5 15 25 35
Ce (mg/g) Ce (mg/g)
Fig. 13. Plot of non-linear adsorption isotherm models (a) Cu-BDC MOFs (b) 2-MBIA-Cu-BDC MOFs.
1
R=— 10
"1 KRG

Ry, value implies propitious circumstances to confirm Langmuir adsorption model when unfavourable Ry, > 1, linear if Ry, = 1,
favourable if 0 < Ry, < 1 and irreversible if Ry, = 0. Cy (ing/L) was the initial adsorbate concentration. The Ry of MOFs was given in
Table 4 that deduces a favourable adsorption of CR on MOFs. The statistical parameters given in Table .7 suggests that adsorption of CR
follows Freundlich and Sips isotherms which are evidenced by high R2 lower RSS and chi-square values and including ng, Sips
parameter value 0.554 for 2-MBIA-Cu-BDC MOFs. The lower RSS value discloses that the adsorption of CR on Cu-BDC MOFs follows
Redlich-Peterson isotherm [45,50]. Finally, we conclude that the best fit isotherm model for 2-MBIA-Cu-BDC MOFs was Freundlich
and Sips. The By value of Temkin parameter was 82.07 and 45.92 J/mol for 2-MBIA-Cu-BDC MOFs and Cu-BDC MOFs respectively
accounts for the adsorption of CR is an exothermic on MOFs. The adsorption capacity of the various adsorbents was shown in Table 8.
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Table 7

Isotherm parameters for the adsorption of CR by MOFs.

Isotherm Cu-BDC MOFs 2-MBIA-Cu-BDC MOFs

Model parameters Statistical parameters Model parameters Statistical parameters
Langmuir Ky Ry aQ R? RSS ARE %? (Chi) Ky Ry qQ R? RSS ARE ¥? (Chi)

0.0693 289.8 0.128 0.9990 4928.8 0.49 0.0418 0.0499 0.193 204.74 0.9994 116.2 0.38 7.0 x 107°
Freundlich Kg 1/n n Kg 1/n n

34.27 1.919 0.521 0.9998 6410.5 0.21 0.013 18.86 0.554 1.805 1.000 81.50 23x 1073 1.2 x107°
Redlich-Peterson Kgp B o Kgp 1] o

12.83 2.1 x107° 6.01 0.9964 1956.38 0.634 0.115 41.94 0.52 1.582 0.9999 82.17 4x107* 3.9 x10°°
Sips Ks ng qs K n, s

0.392 86.33 0.521 0.9998 6410.51 0.21 0.0128 0.277 0.554 66.92 1.000 81.50 46 x 1074 1.14 x 1078
Temkin Ky Br b Kt Br b

0.418 30.19 82.07 1.0000 4230.68 25x 107 7.6 x 10°1° 0.465 45.92 53.95 1.0000 150.218 6.38 x 107° 8.9 x 10710

0 32 DIIPYD W

£2ZE12 (£20T) 6 UofoH
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Table 8

Comparison of adsorption capacity of several materials.
Name of MOFs (Adsorbent) Dosage of Adsorbent (mg/g) Adsorption Capacity (mg/g) Time (min) Reference number
Co-MOF 30 1760.00 30 [20]
MOF-5/Cu 10 357.42 20 [25]
Fe-MIL-88NH2 15 87.20 60 [27]
Ni-Zn MOF 20 460.90 300 [29]
Co/Fe-BDC 1000 1935.68 100 [30]
Sn(I1)-BDC 1000 95.20 250 [35]
Ni/Co-LDH 10 909.20 720 [36]
NH2-MIL 88 (b@CA 20 289.16 480 [37]
NH2-MIL-101@CA 20 228.58 480 [37]
CRGlu-Cu®" MOFs 20 77.60 50 [38]
MIL-101(Cr) 10 1335.04 400 [39]
Sn(I)-BDC MOFs 30 95.20 200 [40]
[NiyF2(4,4'bipy)(H20)2] (VO3)2-8H,0 10 242.10 30 [45]
Cu-BDC 30 243.00 150 Present study
2-MBIA-Cu-BDC 30 189.00 90 Present study

4. Conclusion

A novel metal-organic framework 2-MBIA-Cu-BDC MOFs was synthesized by the solvothermal method and compared the efficiency
with regular Cu-BDC MOFs. The addition of 2-Mercaptobenimidazole analogue (2-MBIA) to Cu-BDC MOFs, reduced adsorption ca-
pacity due to decreasing surface area and an increase the pore size leads to leaching out dye molecules from the novel MOFs at
equilibrium. However, there were no such significant changes in the morphology of the novel MOFs due to the addition of 2-MBIA but
the crystallinity of the novel MOFs was found to be improved. Detailed adsorption kinetic studies revealed that the adsorption of Congo
red dye on 2-MBIA-Cu-BDC MOFs followed Pseudo first order kinetics and IPD model. The intercept of IPD has described some degree
of boundary layer control on adsorption which might be imputed to different mass transfer rate at the initial and final stages of
adsorption. The statistical and isotherm parameters have inferred that the adsorption of CR on both MOFs Freundlich and Sips models
for 2-MBIA-Cu-BDC MOFs and Redlich-Peterson model for Cu-BDC MOFs. Temkin’s isothermal model disclosed that the adsorption
process was of an exothermic nature.
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