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ARTICLE INFO ABSTRACT

Keywords: A novel [Cd(INA)»(H20)]. ISB (1) (INA = isonicotinate; ISB = isobutanol) was synthesized through the reaction
MOFs between the isonicotinic acid ligand and cadmium (II) salt and characterized by elemental analysis, FTIR and
Adsorption UV-Visible spectroscopies, SEM and Single crystal X-ray diffraction. The crystal is orthorhombic, space group
Methyl orange Pbca, a = 12.24(10) A, b = 15.4646(13) A, c = 18.8445(17) A, V = 3569(3) A%, Z = 8. The pentagonal bipyramid
X-ray crystallography (seven coordinate) around the cadmium (II) ion is of the form CdN,Os5 coordinating to four oxygen atoms from
carboxylates, one oxygen atom from water molecule and two nitrogen atoms of pyridine. The structure of
compound is stabilized by two hydrogen bonds namely intermolecular (O-H-O) and intramolecular type C-H—
O accounting for polymeric nature of the metal-organic frameworks. 1 was studied for adsorptive removal of
methyl orange (MO) from aqueous solution. Equilibrium isotherm study reveals that Langmuir model gave a
better fitting result than the Freundlich model. The pseudo-second order model could be used to interpret
adsorption kinetics. The maximum adsorption capacity calculated by Langmuir was 166 mg/g at 300 K. These
results indicate the adsorption of MO on 1 is partly due to electrostatic interaction between methyl orange and

the adsorbent. 1 could be used as adsorbent to remove methyl orange from aqueous solution.

1. Introduction

Metal organic frameworks being outstanding porous materials with
exceptionally high surface area and tunable pore size [1-3] are of
critical importance in diverse application such as gas storage and
separation, adsorption, ion exchange, sensing, catalysis and drug
delivery [3—13]. Recently, hazardous materials removal using MOF
has been gaining ground due to the excellence characteristic of well-
structured cavities, size and shape [14,15].

Construction of MOFs involves choosing of appropriate organic
linker and inorganic metal. Also, the use of combination of organic
ligands and nitrogen donor ligands has been proven to spawn inter-
esting topology that aids adsorption [16]. Diverse synthetic methods
have been employed in MOFs synthesis ranging from liquid-phase
synthesis where separate metal salt and ligand solutions are agitated or
solvent is added to a mixture of solid salt and ligand in a reaction vial,
to mechano-synthesis involving milling or grinding the solid reactants
for an efficient activation of reactant surface area [17]. Among the
several synthetic methods includes mixing [18], refluxing [19], hydro-
thermal [20], solvothermal [21], microwave synthesis [22], sonochem-
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istry [23], grinding [17], ball milling and liquid assisted milling [24]. In
our recent studies, we reported that MOFs can be prepared by grinding
and heating of solid reactants in absence of solvents [25,26].

Buildup of dyes in wastewater from industries such as textiles,
paper, cosmetics, rubber, and plastics has been regarded as a sub-
stantial source of water pollution. Textile industries consume over
700,000 t of dyes annually and use up to 11 of water per kg of dye
processed and are third largest polluters in the world. Reactive dyes, an
anionic dye, are most commonly used due to their provision of bright
colors, excellent color fastness, and easy application [27]. However,
many reactive dyes are toxic, carcinogenic and teratogenic to organisms
and may cause direct harm to aquatic life such as mutation, lung cancer
and neurological disorder. As the dyes are structurally complex, are of
synthetic origin, and have high water solubility, their removal from
effluent by the use of conventional physico-chemical and biological
processes is difficult [28]. However, it has been reported that the
adsorption technique provides a potential for the removal of dyes from
aqueous solutions [29].

MOFs have been proven to be highly ordered structure like zeolite
[30,31] and effective adsorptive materials due to the properties they
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possess i.e. large pores and surface area which make them better than
the existing adsorbents. In order to contribute further towards synth-
esis and application of MOFs in environmental remediation [32,33], we
hereby report the first crystal structure of cadmium isonicotinate MOF
containing isobutanol as counter ion and its adsorptive ability for the
removal of methyl orange from aqueous solution.

2. Experimental
2.1. Materials and physical measurements

All materials and solvents were purchased from Sigma Aldrich
Company and used without purification. Melting points were measured
on a WRS-1B digital melting point apparatus. The elemental analyses
were performed on a Perkin-Elmer CHN Analyzer 2400 series II. The
IR spectra were recorded on SHIMADZU scientific model FTIR 8400s
Spectrophometer. Powder XRD analysis were measured on a Bruker
D8 Advance X-ray diffractometer operating in a Da Vinci geometry
equipped with Lynxeye detector using a CuKa-radiation (A = 1.5406 A).
X-rays were generated by an accelerating voltage of 30kV and a
current flow of 40 mA. A receiving slit of 0.6 mm and a primary
secondary slits of 2.5 mm were used. Samples were placed on a zero
background sample holder and scanned over a range of 4—40° with a
step size of 0.01° s™!. Nitrogen adsorption measurements were per-
formed on Quanta chrome (ASIQM) instrument. The total surface area
was determined using Branauer-Emmett-Teller (BET) method. Pore
size distribution was calculated by the Barrett-Joyner-Halenda (BJH)
method.

Thermogravimetric analyses (TGA) were recorded with a TA
instrument (TA-Q500). The sample weight was approximatelyl—2 mg
and a heating rate of 10°Cmin~! under a nitrogen gas flow of
50 ml min! was used. X-ray Crystallographic analysis of the MOFs
was carried out using a Bruker-Nonius KappaAPEX diffractometer
equipped with an Incoatec mu micro focus X-ray source with Cu-
anode. Direct method was used in solving the structure and F? was
refined against all reflections. Structural solution and refinement were
proficient using SIR97 and SHELXL97 [34].

2.2. Synthesis of [Cd(INA).(H»0)].ISB

Compound 1 was synthesized by mixing a solution of isonicotinic
acid (0.123 g, 1 mmol) in isobutanol (10 ml) and solution of cadmium
acetate dihydrate [Cd(CH3CO,)»-2H>0] (0.2 g, 0.5 mmol) in methanol
(10 ml). Few drops of triethylamine were added. The mixed solution
was refluxed at 200 °C for 30 min under 1000 revolution per minute
(rpm). A clear solution was obtained and left standing for slow
evaporation at room temperature. Colorless crystals were formed after
14 days. The crystals formed were separated out by filtration and
washed with methanol and dried at room temperature in a desiccator
(Scheme 1).

The equation of reaction is shown below:

Yield 78%, Mol. Wt. 445.72 g/mol, Melting pt. 286 °C,
elemental analysis for [CdC;2,H;oN>05].C4H,O: calc. (found) C, 43.05
(43.31); H, 3.82 (3.81); N, 6.23 (6.28). IR (KBr, cm™!): 3351-3218,
1742, 1546, 1381, 1014, 527, 441.

2.3. Adsorption experiment

The method described by Lin et al. [35], Haque et al. [14,15] was
used. Batch equilibrium technique was used to study adsorption of

Reflux/30mins/Isobutanol

[Cd(CH;CO0),.2H,0] + 2HINA [CA(INA),H,0].ISB

rpm 1000, 200°C
HINA = Isobutanic acid; INA = Isonicotinate; ISB = Isobutanol

Scheme 1. Synthetic method of 1.
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methyl orange on [Cd(INA)»(H-0)].ISB. An aqueous stock solution of
methyl orange (200 ppm) was prepared by dissolving 200 mg of methyl
orange in 11 of deionized water. Aqueous dye solutions with different
concentrations of the methyl orange (5-30 ppm) were prepared by
successive dilution of the stock solution with deionized water. The
concentration of methyl orange was determined using the absorbance
(at Apax = 465 nm) of the solutions after getting the UV spectra of the
solution with a spectrophotometer (SHIMADZU UV-1650pc UV-vis
spectrophotometer). The calibration curve was obtained from the
spectra of the standard solutions (5—-30 ppm) at a pH of 6.7.

Before adsorption, the compound 1 was activated by drying for 2 h
under oven at 140 °C and kept in a desiccator. The compound after
activation was named 1d. Thermogravimetric analysis of 1d was
carried out to confirm that the MOF was fully activated and devoid
of guest molecule (isobutanol). An exact amount of the adsorbents (1d)
(0.01 g) were put into the aqueous solutions (30 ml) with the fixed dye
concentration from 5 ppm to 30 ppm. The aqueous methyl orange
solutions containing adsorbents (MOF) were mixed well with an orbital
shaker at 200 revolution per minute (rpm) and were maintained for a
fixed time (10-300 min) at 25 °C. After adsorption for a pre-deter-
mined time, the solutions were separated from adsorbent (MOF) using
syringe filter, and the dye concentration was measured using UV-vis
spectrophotometer. The amount of methyl red adsorbed onto MOF was
calculated by mass-balance relationship.

(G =C)

QL’ W

Cp and C, (mg/L) are the liquid-phase concentrations of the methyl
orange at time = 0 and t, respectively. V (L) and W (g) are the volume of
the solution and the weight (g) of the adsorbents.

3. Results and discussion

The melting point determination of 1 (288 °C) and its ligand
(255 °C) clearly are different from one another. The crystal is colorless
and clearly different from the starting reactant. The Infrared spectrum
of 1 is different from its ligand, which also suggests coordination of the
ligand to the metal. The molecular weight of 1 show clear difference
compared to the weights of the starting reactants. The elemental
analyses for C, H, N were also consistent with the formula unit of the
product, in comparison with its theoretically calculated values.

3.1. Infrared Spectroscopy

The infrared spectra of 1 have been studied in the 4000-400 cm™
region (Fig. 1). Comparison of FT-IR spectra of 1 with that of
isonicotinic acid revealed that the spectra are different indicating
formation of new compound. The selected FT-IR absorption band
(em™) of isonicotinic acid and 1 are shown in Table S1. The IR
spectroscopy data of the isonicotinic acid and 1 confirmed the
coordination of the isonicotinic ligand to the cadmium ion through

(9,) due

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm'l)

Fig. 1. FT-IR spectra of (A) isonicotinic acid and (B) 1.
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the oxygen of the carboxylate and the nitrogen of the pyridine atom.
The absorption band in the ~ 3351-3218 cm™ assignable to VOH
originating from coordinated H,O and isobutanol molecule. The
broadness is due to hydrogen bonding between oxygen of isobutanol
and hydrogen of water [36]. The FT-IR spectra of the isonicotinic acid
contain broad absorption band at 2610-2170 cm™ attributed to the
existence of O-H-N type of intermolecular hydrogen bonding. This
band is completely absent in the compound confirming that the
coordination is through the pyridine nitrogen and carboxylate oxygen
atoms. The IR frequencies of vas(COO") and v sym(COO") bands of the
two carboxylate ligands coincide at 1546 and 1381 cm ™, the difference
A[A = vas(COO") — vs(COO) is 165 em™! indicating bidentate coordi-
nation modes of both carboxylate ligands [37]. Also, the absorption
bands of the v(C=0) that appeared in isonicotinic acid at 1742 cm™*
was observed to have been shifted to 1711 ecm™, which also clearly
indicates the coordination of the metal to isonicotinate through the
carbonyl group (C=0). The v(C-O) stretching band appeared at
1033 cm™ in the ligand was shifted to 1014cm™ in 1 due to
coordination. The v(M-0) and v(M-N) bands appeared as new bands
at 527 and 441 cm™ in the spectra of 1 [38]. The infrared spectra
results are consistent with the results of the X-ray analysis.

3.2. UV-uvisible spectroscopy

The electronic spectra of ligand and 1 are shown in Figs. 2 and 3
respectively. The ligand has two bands at 250 nm and 289 nm which
are assigned to ni-n* and n-7t*. These absorption bands were shifted to
221 nm and 261 nm (bathochromic shift) which may be due to
complexation. As expected in Cd(II) of isonicotinic, there was no
additional band in the visible region (d-d transition) [39].

3.3. Thermal studies

The thermal decomposition studies were carried out using TGA
technique under N, atmosphere (Fig. 4). The thermal behavior of the
compound was followed up to 600 °C. In the first stage of thermal
decomposition, the compound starts to lose one isobutanol molecule
between 50 and 110 °C (calculated 16.00%, experimental 16.10%) and
then lost one molecule of coordinated water ~ 125 °C ( calculated
4.03%, observed 4.10%) in the second stage. The third stage between
350 and 450 °C (calculated 55.15%, observed 58.0%) may be attributed
to loss of two isonicotinic ligands. The three mass loss steps of the
compound are in good agreement with the results of elemental
analyses, infrared spectra and crystal structure of 1.

3.4. BET

The surface area and porosity measurement of the 1 were deter-
mined volumetrically from N, adsorption (Fig. 5). The specific surface

0.35
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uURQIOSqY
o
o
wv

0.1

0.05

0 . . .
200 250 300 350 400
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Fig. 2. UV-Vis spectra of ligand.
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Fig. 3. UV-Vis spectra of 1.
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Fig. 4. The TGA profile in a nitrogen atmosphere for 1.
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Fig. 5. Nitrogen isotherms of compound 1.

area of 1 based on the BET and Langmuir equation were calculated.
The BET SSA is estimated to be 384 m?g™! (763 Langmuir). The pore
volume and pore size were found to be 0.186 cm®/g and 2.46 A. It can
be seen that 1 exhibited moderate surface area. MOFs possessing
similar value of BET surface area have been reported [40,41].

3.5. Discussion on X-ray crystallography

The detailed crystallographic data and the structure refinement
parameters are summarized in Table 1. Selected bond distances, angles
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Table 1
Crystal data and structural refinement of [Cd(INA),-(H»0)]. ISB MOF.

Identification cypher [CA(INA),-(H>0)].ISB

Empirical formula C12H10CdN,05-C4H,0

Formula weight 445.72

Crystal system Orthorhombic
Space group Pbca

Crystal shape/color Block/colorless

a = 12.2494(10) A
b = 15.4626(13) A
¢ =18.8445(17) A

Unit cell dimensions

a = 90.00°
B = 90.00°
y = 90.00°
Cell volume (A%) 3568.8
Z value 8
Density (calculated) (g cm™) 1.659
F(000) 1783.994
O range for data collection 5-69°
Reflection measured/independent reflections 42,245/3311 (R;y = 0.037)
Cu Ka radiation, A=1.54178 A
Parameters/restraints 232/2
wR(F?) 0.058
R[F? > 20(F?)] 0.022
Table 2

Selected bond distances (&) and angles (°) for 1.

Bond length () Bond angles (°)

Cd1—N1 2.3488(14) 01—-Cd1—-02 53.73(4)

Cd1—N2 2.3904(16) 01—-Cd1-03 139.74(4)

Cd1—01 2.3428(13) 01—-Cd1—-04 86.14(4)

Cd1—-02 2.5330(12) 01—-Cd1—-05 88.08(5)

Cd1—-03 2.4345(12) 01—Cd1—N1 136.68(4)

Cd1—-04 2.3976(12) 01—Cd1—N2 89.72(5)

Cd1—-05 2.3055(13) 02—Cd1—04 139.72(5)
02—Cdl1— N1 83.03(4)
02—Cd1—N2 89.72(5)
03—Cd1—N1 83.04(5)
03—Cd1—N2 87.74(4)

Table 3
Intermolecular interaction distances (&) for 1.

D—H---A symm. D—H D---A D—H---A H--A

0(5)-H(1):--0(2) x-1/2,y,-z+3/2 081 2.02 2.829(3) 176(2)

0(5)-H(2)---0(6) - 0.79 1.95 2.726(3) 170(3)

C(3)-H(31)-::0(3) -x+1/2,y-1/2,z 094 237  3.144(3) 139(1)

C(4)-H(41)---0(2) -x+1,y-1/2,-z+ 0.92 2.42 3.076(3) 129(1)

3/2
C(5)-H(51)---0(3) -x+1,y-1/2,-z+ 0.92 2.36 3.066(3) 134(1)
3/2
C(6)-H(61)--0(4) x+1/2,y,-z+3/2 094 2.31 3.246(3) 176(1)
C(11D)-H(111)--- x-1/2,-y+1/2,-z 0.95 2.39 3.081(3) 130(1)

0(3) +1

and intermolecular interaction distances (A) for 1 are given in Tables 2,
3. The Cd(II) is seven coordinate and exhibits an approximately
pentagonal-pyramidal (CdN»Os) coordinate geometry. The ligand co-
ordinates in a bidentate carboxylate mode (O, 0Y).The Cd(II) atom is
coordinated to four oxygen atoms in the equatorial plane ( Cd1- O1 =
2.343, Cd1-02 = 2.533, Cd1-03 = 2.434, Cd1-04 = 2.397 A] from
carboxylates, two nitrogen atoms in the axial position (Cd1-N1 = 2.390,
Cdl- N2 = 2.349 A) and one Oxygen atom Cd1-O5 = 2.306 A from
water molecule with isobutanol acting as counter ion. The average Cd-
O bond length is 2.43 A comparing favourably with the range 2.37—
2.56 A usually observed in CdA(II) compounds based on carboxylate
with similar coordination mode [36-38,41-46]. The d (Cd1-N1 and
d(Cd1-N2) are 2.3904(16) and 2.3488(14) respectively which are in
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agreement with the range ( 2.341-2.430A) reported for Cd(II)
complexes with similar ligands. The Cd-Ow bond length [2.3055(13)
Al is similar and agreed with the value found for other seven coordinate
cadmium (IT) complexes [38,41] [Cd(pth)-H,O] where Pth = Pthalate
ion [37], [Cd(mal) (H»0),] where mal®> is malonate [37]. The C4H-,O
molecule found in the geometry coordinated outside the coordination
sphere is linked by intermolecular hydrogen bond of the type O-H-O.
The compound is stabilized by two hydrogen bonds namely intermo-
lecular and intra molecular. The intramolecular hydrogen bonds are of
the type C-H-O accounting for polymeric nature of 1.

The Bond angles 01-Cd1-04, 01-Cd1-N1, O1-Cd1-N2 and O2-
Cd1-N2 are ranged between 87 and 92° near ideal 90° which are in
accordance with results obtained for cadmium carboxylate complexes
[45,46].

Based on the crystal structure of 1 as shown in Fig. 6, isobutanol as
the guest molecule is bonded to Cd-Isonicotinate through intermole-
cular hydrogen bond. Crystal packing of compound 1 with open
channels is depicted in Fig. 7.

The crystal compound was theoretically packed at point “a” and “c”
to view the inclusion solvent within the crystal. Fig.s 7 and 8 clearly
reflect isobutanol as the molecule trapped within the crystal pore. The
calculated void volume is about 1007.89 A2 per unit cell, which is about
28.2% of the total volume (Fig. 9).

3.6. Thermogravimetric analysis of 1d

Therrmogravimetric analysis of the 1d (Fig. 10) yielded desolvated
framework and shows a plateau in the temperature range from room
temperature to 300 °C revealing that their pore channels were devoid
of any guest molecules as shown in Fig. 10. Above this temperature the
MOFs begins to decompose. The space originally occupied in 1 by the
isobutanol guest molecule was left vacant after activation and the
resulting material, 1d is free from isobutanol guest molecule resulting
into porous material.

3.7. Adsorption studies

1d was used for adsorption studies. The following physicochemical
parameters such as initial concentrations of the adsorbent, contact
time, temperature, adsorbent dosage and pH were varied to maximize
the adsorption efficiency of the adsorbent on MO.

3.7.1. Effect of initial concentration

The effects of initial concentrations were studied at 25 +2 °C for 1 h
using 0.01 g of adsorbent. Fig. S1 shows the amount of methyl orange
adsorbed on 1 increased with increase in concentration up to 25 ppm
and then started to decrease. The effect of the initial concentration
factor depends on the immediate relation between the dye concentra-
tion and the available binding sites on an adsorbent surface [47]. The
optimum concentration adsorbed was found to be 177.42 mg/g for 1 at
a contact time of 1h. For MO dye, the result implies that at low
concentrations of the dye solutions, there still existed unoccupied
adsorption sites that got occupied with increase in concentration [48].
At a 25 ppm when all the adsorption sites were saturated with dye
molecules, the dye molecules started getting desorbed [49]. This
accounts for the decrease in the amount of the dye molecules adsorbed
at 30 mg/L for 1. The increase in adsorption capacity with increasing
methyl orange concentration could be due to higher probability of
collision between the adsorbates molecule and the adsorbents surface
[14,15].

3.7.2. Study on contact time

The effect of contact time was investigated at 25+ 2 °C for the
adsorption of methyl orange dye on 1 for 5 h and the plot of removal
efficiency at different contact times is shown in Fig. S2. The methyl
orange adsorption over 1 was rapid at the initial stages of the contact
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Fig. 6. Crystal structure of 1 with a view of coordination sphere of the cadmium cations with labeling and displacement ellipsoids drawn at the 50% probability level. Symmetry codes:
Dx+1/2,-y+1/2,-z+1; @) -x+1,y+1/2,-z+3/2; (i) ~x+1,y-1/2,-z+3/2; (iv)x-1/2, -y + 1/2, -z + 1.

L

Fig. 7. 3D model view of 1 at point b revealing the empty space within the crystal lattice.

period, and thereafter it approached to equilibrium. This may be due to
the presence of huge number of available vacant surface sites for
adsorption during the initial stages of the adsorption [50,51]. As time
passes, number of available vacant sites decreases and the adsorption
sites become saturated. As shown in Fig. S2, the adsorbed quantity of
methyl orange is high in 1 for the whole adsorption time. The
adsorption over 1 is practically completed in 90 min and stability
was maintain till 120 min, however, the adsorbed methyl orange
increases slightly with increase in time up till 5 h.

3.7.3. Effect of temperature

The adsorption of dye is usually independent of the temperature of
the solution [14,15,52,53]. However, the effect of temperature was
studied using 0.01 g of adsorbent. Methyl orange adsorption over 1
was studied for a fixed time of 90 min at pH of 6.4. The temperature
variation of adsorption of methyl orange dye over 1 was studied from
25 °C (room temperature) to 80 °C. Fig. S3 results reveal that the
amounts of adsorbed methyl orange decrease as the temperature of the
methyl orange solution increases. The maximum uptake of 188.71 mg/
g was adsorbed at room temperature.

3.7.4. Effect of pH

Methyl orange dye adsorption over 1 was studied for a fixed time of
90 min at various pH values (from pH of 2 to pH of 12). The results of
studies of pH effect as shown in Fig. S4, reveal that the amounts of
adsorbed methyl orange is fairly high at pH of 7 and then continue to
decrease with increasing pH. The maximum uptake of 181.29 mg/g
was adsorbed at pH of 7 with 1 and thereafter, quantity adsorbed
begins to decrease with further increase in the pH of the methyl orange
solution.

3.7.5. Effect of adsorbent dosage

The results of studies of adsorbent dosage effect as shown in Fig. S5
reveal that the amounts of adsorbed methyl orange decrease rapidly
with increase in the mass of the adsorbent. The maximum uptake of
168.06 mg/g was adsorbed when 0.01 g of 1 was used. The decrease in
methyl orange uptake with increasing adsorbent dosage as shown in
Fig. S1 may be due to complex interactions of several factors which
might be due to insufficient availability of the methyl orange molecule
to cover all the exchangeable sites on the MOF at high sorbent dosage,
usually resulting to low methyl orange uptake [48,49]. Also, aggrega-
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Fig. 9. 3D structure 1 model showing void space viewed at point a.

120 4

100 3
9

80 Ls
g 2
5 z
s =4
o
2 g
60 b g
o

40 Lo

e e o= |
20 -1
100 200 3% 400 500 600
Temperature (°C) Universal V4.7A TA Instrumants

Fig. 10. Thermogravimetric analysis of 1d.

tion of sorbent particles at higher concentrations would lead to
decrease in surface area and an increase in diffusion path length
[51,54]. The unsaturation of the sorption sites during adsorption
process might be another possibility as suggested by Gadd et al. [55].
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3.7.6. Adsorption kinetic models

For the adsorption of Methyl orange on 1, the pseudo-first order
and pseudo-second order models were used to study the kinetics of the
adsorption process. To compare the adsorption kinetics precisely, the
adsorption data were first analyzed using the pseudo-first-order kinetic
model [55].

log[qe — qt] = log[qe] — [k,;/2.303]t

Therefore, the first order kinetic constant (k;) can be calculated by
k; = - slope/2.303 when the log[qe — qt] is plotted against t. The plots
of the pseudo-first-order kinetics of the dye adsorption over the 1 MOF
at the initial concentration of 25 ppm are shown in Fig. S6 (adsorption
time is only 0-5h for good linearity and the kinetic constants are
displayed in Table 4.Therefore, 1 is an effective adsorbent for Methyl
orange removal in the viewpoint of adsorption amount and rate. Also
for the adsorption of Methyl orange on 1, the changes of adsorption
amount with time are treated with the versatile pseudo-second-order
kinetic model because the whole data during adsorption time can be
treated successfully.

t/qt = 1/k,q? + (/g )t

Where q.: amount adsorbed at equilibrium (mg/g); q: amount
adsorbed at time t(mg/g); t: adsorption time (h).

Therefore, the second-order kinetic constant (ko) can be calculated
by ks = slope?/intercept when the t/qt is plotted against t. The plots of
the pseudo-second-order kinetics of the dye adsorption over the 1 at
the initial concentration of 25 ppm are shown in Fig. S7. The calculated
kinetic constants (k,) and correlation coefficients (R?) are shown in
Table 4. Comparing the amount adsorbed at equilibrium, correlation
coefficient and the linearity of the plot of the kinetics model for pseudo
first order and pseudo second order, pseudo second order kinetics
model is well favoured indicating the co-existence of physisorption and
Chemisorption, with intra-particle diffusion being the rate controlling
step for the adsorption of Methyl orange over 1.

3.8. Adsorption isotherms
The sorption data have been subjected to different sorption

isotherms, namely the Freundlich, Langmuir, Temkin and Dubinin-
Radushevich isotherm.
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Table 4
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Adsorption kinetic parameters with coefficient of determination (R?) for the adsorption of methyl orange over 1 at 25 + 2 °C.

Pseudo first order

Pseudo second order

Adsorbent Kk, Q. cal R2 k» Q.,cal R2
(min)™* (mgg™) (g(mg min)™") (mgg™)
[CA(INA),-(H,0)].ISB 2174.8 13.15 0.9129 200 0.00125 0.999
Table 5
Isotherm parameters with coefficient of determination (R?) for the adsorption of methyl orange over [Cd(INA),-(H,0)]. ISB at 27 + 2 °C.
Langmuir isotherm Freundlich isotherm Temkin isotherm D-R isotherm
MOFs Qm Ky R2 Kf N R2 br kr R2 qs Bp R2
(mg/g) (L/mg) (mg/g(L/mg)'/™) (L/mg) (mg/g) (J/mol)
1 166.7 0.13 0.93 36.06 2.80 0.7 73.7 2.20 0.74 116.51 3x10 ~ ¢ 0.85

N
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cm-1
Fig. 11. FTIR spectra of (A) MO loaded 1 (B) 1.
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Fig. 12. Structure of methyl orange dye.
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Fig. 13. X-ray powder diffraction of (A) MO loaded 1 (B) 1.

3.8.1. Langmuir isotherm

A linear plot was obtained when C./q. was plotted against C, over
the entire concentration range of Methyl orange investigated, Fig. S8).

The Langmuir model described the sorption data with correlation
coefficient of (R%) 0.9319 values for 1. The maximum sorption capacity
(Qum) and monomolecular capacity (KL) for 1 are found to be 167 mg/g
and 0.130 L/g. The experimental data can be best described by the
Langmuir isotherm model and revealed the ability of 1 to adsorb
167 mg of methyl orange per gram of adsorbent at 27 °C, pH 7.0 with
adsorbent dosage of 0.130 g L™!. The better fitting of the data (Fig. S8)

163

Fig. 15. Scanning Electron Micrograph of 1 after adsorption of MO dye.

shows that the adsorption of Methyl orange onto 1 is more of
monolayer sorption rather than surface having heterogenous energy
distribution [56].

From the slope and intercept of straight portion of the plot, the
values of Freundlich parameters (Fig. S9), i.e., n and Kf are computed
to be n = 2.801 and 36.06 for 1. These values signify the sorption
intensity and sorption capacity, respectively. The numerical value of n
<1 indicates that bound sorbate molecules interact in such a way that
the binding strength is increased as more sorbate binds. Alternately, n
> 1 can mean that sorption capacity is only slightly suppressed at lower
equilibrium concentration and suggests multiple binding sites, with the
highest strength sites binding the sorbate first [56—58]. The Freundlich
sorption isotherm gives an expression encompassing the surface
heterogeneity and the exponential distribution of active sites and their
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Fig. 16. Possible mechanism of adsorption of methyl-orange on 1.

energies. This isotherm does not predict any saturation of the sorbent
by the sorbate, thus, infinite surface coverage is predicted mathema-
tically, indicating a multilayer sorption of the surface [56].

3.8.2. Temkin isotherm
The Temkin parameters given in Table 5 were obtained by plotting
Qe VS. In C,. C, is the equilibrium activities of dye and g, is the surface

activity for dye on the solid surface. The result was represented in Fig.
S10.

3.8.3. Dubinin—Radushkevich isotherm

The parameters are given in Table 5. The type of adsorption of

Methyl orange onto adsorbents is physical from the slope and intercept
of this plot (Fig. S11). The values of By, = 3 x107° mol?/kJ? and gs =
116.51 mgamd/g have been estimated for 1. These values forecast the
physical adsorption and chemical adsorption [57-59]. The regression
coefficient values of Langmuir, Freundlich, Temkin and D—R models
given in Table 5.0 indicated that Langmuir was the most suitable. The
regression coefficient values R? show the applicability of the isotherms
to the adsorption process. It can be seen from Figures 8.0 that
Langmuir isotherm has the highest R? value of 0.93; therefore, it fits
most to the adsorption process. The isotherms parameters are given in
Table 5 below.

1 before and after adsorption removal of dye was characterized
using Fourier infrared spectroscopy, scanning electron microscope and
powder X-ray diffraction.

The results of infrared spectra of 1 (Table S3) before the removal of
Methyl orange was compared with those obtained after the removal in
the far IR region 4000-400 cm ™. Fig. 11 shows the infrared spectra of
the MOF before the removal was found to be different from those
obtained after the removal and showed some new characteristic
frequencies due to the adsorption of Methyl orange on the adsorbent
[60].

The infrared spectrum showed that some peaks were shifted or
disappeared and that new peaks were also detected. These changes
observed in the spectrum indicated the possible involvement of those
functional groups on the surface of 1, during the adsorption process.

Extra bands at 1735, 1615, 1421 and 680 cm™! were observed after
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adsorption of MO on 1

The strong band observed at 1056 cm™! is associated to asymmetric
stretches of S=0 band in the adsorbent (Fig. 11, Table S3) which was
not found in the structure of the adsorbent before adsorption [61]. This
absorption band suggests adsorption of the MO (Fig. 12) onto 1.

It can be seen from Fig. 13 that the diffraction peaks of MO loaded
1 were almost the same as that of the 1 which proves that the structure
remains intact after adsorption. There was slight decrease in peak
intensity due to decrease in crystallinity of the sample. Similar results
have been reported for the adsorption of dyes onto different MOFs in
literatures [62—64].

Scanning electron micrograph of 1 prior to its application clearly
revealed that the crystals were porous in nature for adsorption to take
place as observed in Fig. 14. Also, the scanning electron micrographs of
1 after adsorption of methyl orange (Fig. 15) depicted disappearance of

pores indicating that the pores of the MOF have been filled with methyl
orange dye.

3.8.4. Adsorption mechanisms

Methyl orange exists in negative forms, as anionic dye. The
Adsorption of MO was studied in the pH range of 2—-12 and it was
discovered to pH dependent. Maximum adsorption occurred at pH 7.0
as shown in Fig. S4, This is due to the fact that MO dye in aqueous
solution at a pH value of 7 exists in anionic form with negative charge
on oxygen of SO3%".

As shown in Fig. 16, 1 has positively charged Cd (II) sites with BET
surface area of 384 m?/g ( Fig. 16), this might be small as to contain
methyl orange dye molecule. Therefore, the only possible mechanism of
methyl orange adsorption will be electrostatic interaction between the
negatively charged dye molecule and the positively charged
[CA(INA),.ISB adsorbent. Similar adsorption mechanism of MO dye
on MOFs via electrostatic interaction has been reported by many
researchers [65—69].

It was observed that increase in pH from 7 to 12 resulted in
decreases in amount of MO adsorbed which is in agreement with the
previous reports [70,71]. When the pH is higher than 7, negative
charged on the 1 increased and this does not favor adsorption of
anionic dye due to electrostatic repulsion [69].
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4. Conclusion

In this study, cadmium-based MOFs, [Cd (INA),(H,0)].ISB 1 was
synthesized and used for removal of methyl-orange from aqueous
solution. 1 is pentagonal bipyramid (seven coordinate) around the
cadmium (II) ion is of the form CdN,O5 coordinating to four oxygen
atoms from carboxylates, one oxygen atom from water molecule and
two nitrogen atoms of pyridine.

Adsorption process for 1 was found to favor the pseudo-first-order
kinetics and the adsorption equilibrium data fitted best into the
Langmuir isotherm. The adsorption capacity of the adsorbent for MO
is 167 mg/g and the results suggest that the adsorption of methyl
orange on the MOFs is partly due to electrostatic interaction between
MO and the adsorbent. These findings reveal that 1 could be an
effective adsorbent to remove methyl-orange from aqueous solution.

Supporting information available

CCDC 1039259 contains the supplementary crystallographic data
for compound 1. Copies of the data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ,
UK, Fax: + 44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jssc.2017.07.019.
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