Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/156657

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

© 2021 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/.

[@101le)

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/156657
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk

Journal Pre-proof

Journal of

MOLECULAR
STRUCTURE

A ZINC-BASED COORDINATION POLYMER AS ADSORBENT FOR
REMOVAL OF TRICHLOROPHENOL FROM AQUEOUS
SOLUTION: SYNTHESIS, SORPTION AND DFT STUDIES

Adetola C. Oladipo, Adedibu C. Tella, Hadley S. Clayton ,
Victoria T. Olayemi, Oghenerobor B. Akpor ,

Tendai O. Dembaremba , Adeniyi S. Ogunlaja, Guy J. Clarkson ,
Richard I. Walton

PIl: S0022-2860(21)01403-4

DOI: https://doi.org/10.1016/j.molstruc.2021.131274
Reference: MOLSTR 131274

To appear in: Journal of Molecular Structure

Received date: 15 December 2020

Revised date: 5 August 2021

Accepted date: 8 August 2021

Please cite this article as: AdetolaC. Oladipo, AdedibuC. Tella, Hadley S. Clayton,
Victoria T. Olayemi,  Oghenerobor B. Akpor,  Tendai O. Dembaremba, Adeniyi S. Ogunlaja,
Guy J. Clarkson, Richard |. Walton, A ZINC-BASED COORDINATION POLYMER AS AD-
SORBENT FOR REMOVAL OF TRICHLOROPHENOL FROM AQUEOUS SOLUTION: SYN-
THESIS, SORPTION AND DFT STUDIES, Journal of Molecular Structure (2021), doi:
https://doi.org/10.1016/j.molstruc.2021.131274

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(© 2021 Published by Elsevier B.V.


https://doi.org/10.1016/j.molstruc.2021.131274
https://doi.org/10.1016/j.molstruc.2021.131274

Journal Pre-proof

Highlight

e A zinc coordination polymer, [Zn(hba),(tmdp)], (1), (where Hhba = 4-
hydroxybenzoic acid and tmdp = 4,4 -trimethylenedipyridine) was synthesized in
ethanol and water.

e (1) was characterized using microscopic, spectroscopic, X-ray diffraction and
thermogravimetric techniques.

e (1) was found effective for 2,4,6-Trichlorophenol(TCP) adsorption, with an
adsorption capacity of 207.8 mg/g.

e DFT Studies were carried out to investigate interaction between 1 and TCP
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Abstract

[Zn(hba),(tmdp)], (1), a Zn-coordination polymer (CP), prepared by the reaction of
Zn(NO3),-6H,0 , 4-hydroxybenzoic acid (Hhba) and 4,4’- trimethylenedipyridine (tmdp) was
reported. The compound was characterised, using CHN, single crystal and powder X-ray
diffraction analysis, FT-IR, and TGA techniques. It exhibits a square pyramidal geometry,
with the zinc (1) atom coordinated to two nitrogen atoms from two tmdp ligand molecules
and to three oxygen atoms from two hba molecules. The zinc (II) carboxylate units are
bridged through the N-donor spacer ligand, thereby giving rise to a one-dimensional CP.
PXRD analysis confirmed the purity of the bulk of (1). Compound (1) presented an
adsorption capacity of 207.8 mg/g for the removal of 2,4,6-trichlorophenol (TCP) from
aqueous solution. The adsorption mechanism is governed by n-n stacking and electrostatic
interactions, as obtained from DFT studies. The feasibility and exothermic nature of the
adsorption process is indicated by the negative binding energy obtained.

Keywords: [Zn(hba),(tmdp)],; Coordination polymer; adsorption; DFT studies;

trichlorophenol
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l. Introduction

In recent years, a class of compounds known as coordination compounds have received a
great deal of attention. They are crystalline and their structures are made up of infinite array
of metals bridged by organic ligands to form 1D (chains), 2D (sheets) or 3D (frameworks)
structures. Their porous counterparts are known as metal organic frameworks (MOFs). They
are materials with interesting properties and potential applications like gas and liquid phase
adsorption, sensing, photocatalysis, luminescence, drug delivery, antibacterial applications
etc.[1-7]. Therefore, there is an increased interest on the development of novel CPs suitable
for the intended application. More interestingly, their properties can be tuned post-
synthetically, by modifying the functionalities, this gives them an edge over previous
materials with similar applications [8].

When co- or bridging ligands such as bipyridine, 1,10-phenanthroline, 4,4’-
trimethylenedipyridine, imidazole are used as co-ligands alongside carboxylic acids, higher
dimensionality and structural diversity of the resulting CP is obtainable as a result of their
influence on the assembly process [9]. Several urique structural motifs and desirable
functional properties, which cannot be obtained when only one type of ligand is used, can be
conferred with the use of these N-donor ligands. Three zinc CPs were constructed with the
use of 3,3’- thiodipropionic acid and three different pyridyl ligand [10]. CPs with
dimensionalities ranging from 1D chain, 2D layer to 3D framework were obtained with the
use of 1,3-bis(4-pyridyl)propane flexible ligands and 1,2-phenylenediacetic acid [11].
Different 5- functionalized isophthalate ligands were used alongside 4,4’- bipyridyl (bpy) and
Zn(1) salt, for the synthesis of four CPs, the influence of the different functionalities on the
structure of the CPs was investigated [12]. Most recently, we reported two Zn(ll)
coordination polymers constructed with 4-nitrobenzoate/ 4-biphenylcarboxylate and 4,4’ -

trimethylenedipyridine [13].

The presence of organic pollutants present in wastewater effluents is an environmental
problem of concern, worldwide. They find their way into the ecosystem through natural and
anthropogenic activities such as industrial or agricultural activities. Their mutagenic and
carcinogenic potentials pose threat and harm to the aquatic environment and even human
health [14]. Among these organic compounds are phenolic compounds. Phenols are classified
among priority pollutants as a result of their harmful effects on organisms, even when present

in concentrations as low as 0.005 mgL™ [15]. The wide use of phenols and chlorophenols as
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wood preservatives, biocides, and precursors to the manufacture of herbicides, pesticides etc.
has led to their abundance in wastewater effluents [16]. In addition, chlorophenols are also
produced as by-products of water chlorination and wood bleaching using chlorine in pulp and
paper industries [17]. Some of the effects of chlorophenols are chronic bronchitis, coughing
and pulmonary defects [18]. The persistent and recalcitrant nature of these compounds has
necessitated their remediation.

The technologies that have been used for remediation of phenolic compounds are membrane
separation [19], ion exchange [20], biodegradation [21], oxidation [22] and adsorption [23].
Adsorption is most preferred due to its low operational cost, ease of operation and the possible
reusability of the adsorbents [24]. Reports show that chitosan composites [25], zeolites [26],
rattle seed pod [27], clay [28], activated carbon [29] etc. have heen used for the adsorption of
phenolic compounds from water. A relatively new class of adsorbents are the coordination
polymers. They have high surface area and pore volume, high chemical stability, tunable
properties and structures capable of strong interaction with target adsorbate through hydrogen
bonding, electrostatic, n-x interaction and so on [30]. All these lead to the exhibition of high
adsorption efficiency, high selectivity for the target molecule and satisfactory reusability for
several adsorption cycles, thereby making them cost-effective [8]. There are several reports on
the effective use of coordination polymers for the adsorption of phenolic compounds [31-35].
Our group previously reported the use of coordination polymers for environmental
remediation [13,36-39].

This work also reports: the efficiency of the zZn (II) CP in the adsorption of 2,4,6-
trichlorophenol (TCP) (Figure 1) solution which is a representative organic compounds
found in industrial effluents, especially pulp and paper industries. In addition, specific
interactions that aided the adsorption of TCP were analysed. It is noteworthy that, to the best

of our knowledge, no study in the use of CPs for the removal of TCP has been reported.
Cl

Cl OH

]
Figure 1: Structure of 2,4,6 -Trichlorophenol (TCP)
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2. Experimental

2.1  Materials

Zn(NO3),-6H,0 (98%), 4-hydroxybenzoic acid (99%), 4,4’- trimethylenedipyridine (98%),
ethanol (99.9%), hydrochloric acid (37%), DMSO (99.7%), sodium hydroxide pellets (97%),
and methyl orange dye were purchased from Sigma-Aldrich,Germany; 2,4,6-trichlorophenol
(98%) from Alfa Aeser, England.

2.2  Preparation of [Zn(hba),(tmdp)], (1):

Zn(NO3)2-6H20 (0.296 g, 1 mmol) dissolved in 20 mL distilled water, 4-hydroxybenzoic acid
(Hhba) (0.138 g, 1 mmol) in 10 mL ethanol and 4,4’- trimethylenedipyridine (0.199 g, 1
mmol) (tmdp) in 10 mL ethanol were mixed together and stirred at RT (~27°C) for 30
minutes. The beaker was then sealed and placed inside the oven at 80°C for 8 hours followed
by slow evaporation of the resulting mixture. Colourless block-shaped crystals were formed
after 3 days and filtered out of the solution. The synthetic pathway is shown on Scheme S1.
Yield: 84%, Melting point: 224°C, Molecular weight: 537.87 g/mol, Anal. calc. for
C27H24N2062n0: C, 60.29; H, 4.50; N, 5.21; Found: C, 60.14; H, 4.30; N, 5.02; IR peaks (cm"
1) 3447 (br), 2929(w), 1599 (s), 1543(w), 1431 (m), 1371 (s), 1250 (W), 682 (W), 437 (W).

2.3 Measurements

FT-IR measurements, in-the range 4000-400 cm™, were performed with a Shimadzu 8400
spectrophotometer, Japan. The percentages of C, H, and N were obtained using a
PerkinElmer PE-2400 CHN analyser. Thermal analysis was done with Mettler Toledo
TGA/DSC 1-600 instrument. Powder X-ray diffraction measurements were collected on a
Siemens D5000 diffractometer operating with Cu Kal/2 radiation in flat-plate geometry.
Single crystal X-ray analysis was done by placing a single crystal on a glass fibre with
Fomblin oil, mounting it on an Xcalibur Gemini diffractometer with a Ruby CCD area
detector and kept at 150(2) K when the data was collected. Using Olex2 [40], the structure
was solved with the ShelXT [41] structure solution program using intrinsic phasing and

refined with the ShelXL [42] refinement package using Least Squares minimization.

2.4 Adsorption experiment
To measure the adsorption capacity of (1), TCP concentrations of 20-100 ppm were prepared

in deionised water. Adsorbent dosage of 0.01-0.05 g was added to 50 mL adsorbate solution
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within the pH range of 2 to 12. The solution was shaken in an incubator shaker for 30-300
minutes, the solution temperature being within 298-333 K.

After the adsorption experiment, the spent adsorbent was separated from the supernatant
using a centrifuge and subsequently decanting. The supernatant was analysed for TCP
residual concentration by taking its absorbance at Anax Of 269 nm, using a UV-Vis
spectrophotometer. The dye removal capacity of one gram of (1) (ge) was calculated using
Equation S1.:

For the reusability study, the used adsorbent was separated from the adsorbate solution,
washed with deionised water and dried at 80° C. This was subsequently shaken in 50 mL
ethanol for one hour, and dried at room temperature. The percentage desorption was

calculated using Equation S2.

2.5 Density functional theory (DFT) studies

Biovia Materials Studio 2018 was used for the computational studies. The determination of
the most plausible starting positions to model the interaction between adsorbent and
adsorbate, and the pre-optimization of geometry to ultra-fine quality was performed using the
Forcite tool. Slight modification of literature methods was used to carry out the DFT studies
using the DMol® module on the Forcite pre-optimized structures with convergence threshold
parameters set at default (medium); energy = 0.00002, gradient = 0.004 and displacement =
0.005 [43,44]. The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) parametrization functional was applied with Grimme for DFT-D correction. Density
functional semi-core pseudopotentials were fitted to all electrons with a double numerical
plus (DNP) polarization basis set and a real-space orbital global cut-off of 4.4 A. The studies
were first carried out in gas phase before the conductor-like screening model (COSMO) was
applied using water at a dielectric constant of 78.54. The sum of the energies of the adsorbent
and adsorbate was subtracted from the total energy of the adsorbent/adsorbate dye cluster, to

give the binding energies between the adsorbent and adsorbate (Equation S3).

3. Results and discussion
3.1 FT-IR spectra
Comparison of the FT-IR spectra of Hhba, tmdp and (1), as shown in Figure S1, show some

changes in the absorption bands due to the formation of a new entity.
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IR spectrum of free ligand, Hhba, show broad v(O-H) at 3390 cm™. This band disappeared in
the spectrum of (1) indicating its involvement in the coordination with Zn(Il) ion. The
stretching frequencies of phenolic O-H and C-OH are at 3200 and 1250 cm™ respectively.
The latter was not affected by the complexation, indicating that the phenolic OH did not
coordinate to the metal [45].

Moreover, the C=0 band of the ligand at 1720 cm™ disappeared in the spectrum of (1),
indicating that the carboxylate oxygen coordinated to the metal ion. v(C=N) band was
situated at 1585 cm™ for tmdp, and was shifted to 1543 cm™ on compound (1) spectrum.
Characteristic bands at the fingerprint region were also observed for the Zn-N and Zn-O
vibrations at 682 cm™ and 437 cm™ respectively [46].

3.2 PXRD results

The simulated PXRD pattern of (1) was compared with that measured at room temperature
(Figure 2). Characteristic peaks of (1) were observed on both patterns, no extra peaks were
found on the experimental pattern, indicating the phase purity of the bulk of (1).
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10000 + ~~— As-prepared
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El
@

< 6000 4
2
%
a

£ 40004

2000 -

0 -

; T ; T ; T ; T ; T ;
5 10 15 20 25 30 35

20

Figure 2: Simulated and as-prepared PXRD patterns of [Zn(hba),(tmdp)2]n (1)
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3.3 Thermal analysis

Thermogravimetric analysis, in the range 25-800°C, was carried out and presented as shown
in Figure S2. The TGA/DSC profile shows that the compound is thermally stable up to
200°C. Weight losses are observed to be in three steps. The first weight loss of 37.2%
(calc.37%) within 200-260°C is attributed to the loss of tmdp ligand. The last two weight loss
steps, each of 24% (calc. 25.46%), correspond to the loss both hba molecules: the first being
in the range 260-300°C and the second in the range 454-510°C. 14% (calc.15.05%) of zinc
oxide residue is seen to be stable up to 800°C. PXRD pattern of the product formed after the
TGA analysis was obtained to confirm it was ZnO, as shown in Figure S3. The pattern was
found to match that of zincite in the database (JCPDS No. 00-036-1451) [47]. The hkl values

were included.

3.4 X-ray Crystallographic results

Compound [Zn(hba),(tmdp)], (1) is built up of two p-hba and two tmdp molecules in a five-
coordinate manner. It crystallizes in an orthorhombic system with space group F d d 2. The
structure is shown in Figure 3. Crystal data and data collection summary are shown on Table
Sl

The asymmetric unit is composed of a Zn (Il) atom, two hba molecules and one tmdp
molecule. There are two coordination modes of the p-hba ligand. One of the p-hba ligands
coordinates monodentately with one carboxylate oxygen O16 while the second coordinates in
a bidentate chelating mode with both carboxylate oxygen atoms 024 and 025. Atoms O16,
024, N3 and N13 reside at the corners of the basal plane, whereas the apical position is
occupied by 025. However, the distance between O17 and Znl is 2.74 A. This is
considerably longer that the short Zn-O and Zn-N distances that define the coordination
sphere and in fact more distant than carbon atoms, so cannot be considered a bonding
distance. The square pyramidal geometry of the structure is slightly distorted, ascertained by
the geometry index, t of 0.041 (t is O for a perfect square pyramidal and 1 for a perfect
trigonal-bipyramidal geometry) [48]. The t value of 0.041 indicates the deviation from
perfect square pyradimal geometry. The significant deviation of the O-Zn-N from 90° also
supports this. Bond distances and angles around the metal ion are shown in Table 1. Two
adjacent Zn(ll) atoms are linked by the tmdp ligand to form 1D CPs, with the two

carboxylate ligand molecules acting as pendants as shown in Figures S4.
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The shortest bond distance between two zinc (I1) centres is 9.440 A. The bond distance of
Zn1-N3 and Zn1-N13 are almost the same, around 2.0723 A and compares favourably with
those in literature [49-51] but the Zn-O bond distances range from 1.9574 to 2.4847 A. Zn1-
024 and Zn1-025 bond lengths are longer than Zn1-0O16, this indicates a weaker ligand
coordination ability of the chelating carboxylate than the monodentately coordinated
carboxylate [52]. The similar bond lengths of C25-024 (1.280 A) and C25-025 (1.230 A)
indicates that the bonding arrangement is delocalized, rather than localized single and double
bonds. The methylene groups between the two pyridyl rings of tmdp ligand confer flexibility
on it. The flexibility is confirmed by the significant dihedral angle of 179° between the planes
of the two pyridyl rings. The plane of the carboxylic group of the hba ligand and that of the
aromatic ring are far from being coplanar, as seen from the dihedral angle of 14.95° [53].
Figure S5 shows that there are O-H...O intermolecular hydrogen bonds present, firstly
between the free hydroxyl oxygen (029) and a chelated oxygen atom (O25) of hba from
adjacent structural units; and secondly between the free hiydroxyl oxygen of another hba
(021) and the uncoordinated oxygen atom (O17) from adjacent structural units (Table 2).
The compound is packed in a rib-like manner and the hydrogen bonds stabilize the
supramolecular networks (Figure S6). The packing view of the unit cells for 1 is shown in

Figure 4.
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Figure 3. ORTEP diagram of [Zn(hba),(tmdp)]. (1) (Ellipsoids drawn at 50% probability
level)

Table 1. Bond lengths and angles around Zn (I1) in (1).
Bond length (A) Bond angles (°)

Zn1-016 1.957(3) | 016-Zn1-024 147.8(1)
Zn1-024  1.995(3) | 016-Zn1-N3  102.1(1)
Zn1-N3 2.072(3) | 016-zZn1-025 101.9(1)
Zn1-025  2.485(5) | 016-Zn1-N13  95.0(1)
Zn1-N13  2.075(3) | 024-Zn1-N3  93.7(1)
Zn1-017  2.740(3) | 024-Zn1-025  56.9(1)
024-Zn1-N13  105.0(1)
N3-Zn1-025  150.3(1)
N3-Zn1-N13  111.9(1)
025-Zn1-N13  83.2(1)
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Figure 4. Packing view of (1) showing voids (represented in yellow)

Table 2: Selected hydrogen bond geometry in (1)

(A) (R) (A) )
021—H21.-017 | 082 | 183 | 2649 (4) 176
029—H29--025 | 082 | 177 | 2590 (7) 176

Symmetry codes: (i) —X+3/4, y+1/4, z—1/4; (ii) —x+3/4, y—1/4, z+1/4

3.5 Adsorption studies

The adsorption of TCP from aqueous medium using (1) and a previously reported analogous
Zn (1) coordination polymer ([Zn(biphen),(tmdp)], (biphen= 4-biphenylcarboxylic acid,
tmdp= 4,4’- trimethylenedipyridine) was investigated. The reported procedure [13] was used
for the synthesis of [Zn(biphen),(tmdp)],, its structure is given in Figure 5.
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Figure 5: Crystal structure of [Zn(biphen),(tmdp)], (Hydrogen atoms omitted for clarity)[13]

With a starting adsorbate concentration of 100 mg/L, after 300 minutes of stirring,
Zn(biphen),(tmdp)] » had an adsorption capacity of 32.60 mg/g in contrast to 207.8 mg/g
obtainable with the use of (1). The lower adsorption capacity of [Zn(biphen),(tmdp)]n than
that of (1) could be attributed to the steric hindrance caused by the bulky nature of the biphen
moieties intercalated into the voids created from its packing, as shown in Figure S7. This
justifies the void volume of the channels of (1) and [Zn(biphen),(tmdp)], calculated using
PLATON (1295.93 A% and 141.00 A® respectively.

The excellent uptake of TCP by (1) motivated its eventual use for the adsorption process and

some operational parameters were optimized.

3.5.1 Optimization of operational parameters

In optimizing the pH for the adsorption process, the effect of pH on chlorophenol species
distribution was investigated using the Equation S4 [54]. The pKa is 6.2 for TCP. Using the
equation, it was determined that as the pH increases, the fraction of the unionized species of
TCP reduces and that of the ionized species increases. The pHpzc for (1) was found to be 7.5
(Figure S8). In the pH range 2-6, as shown in Figure 6, the adsorption capacity of (1) for
TCP was almost constant but the highest adsorption efficiency was observed at pH 6 (202

mg/g). Moreover, at higher pH, the surface of (1) is negatively charged resulting in reduced
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electrostatic repulsion between negatively charged surface of (1) and ionised TCP species
[55] and ultimately reduced adsorption. Adsorption of a certain amount of TCP was still
possible in the basic condition, indicating that other mechanisms apart from electrostatic

interaction might have taken effect.

200

80

40 -

pH

Figure 6: Effect of pH on the adsorption of TCP on (1)

Various amounts of (1) (0.01 to 0.05 g) were used for the adsorption process to investigate
the maximum uptake with 50 mL of 100 mg/L of TCP. From Figure S9, the adsorbent
dosage with the maximum adsorption capacity is 0.03 g. Therefore, 0.03 g adsorbent dosage
was taken as the optimum.

The experiments were performed in the range 298 — 333 K for the optimization of the
solution temperature (Figure S10a). Maximum adsorption capacities for TCP by (1) was
obtained at 298 K but dropped when the temperature was increased. This indicates the
exothermic nature of the adsorption processes. The Van’t Hoff plot for the adsorption process
is given in Figure S10b and Table 3 shows the calculated values of the parameters AH, AS

and AG for the adsorption processes.
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Table 3: Thermodynamic parameters of the adsorption of TCP on (1).

Temp | AG AH AS

(K) [ Imol™ | (kImol™) | (Imol*K™)
298 -6.89 -32.60 -86.20
313 -5.68

323 -4.82

333 -3.96

When the value of AH is lesser than 40 kJ mol ™, the adsorption process is physisorption
[56]. The calculated value of AH indicates physisorption processes. The AG values for the
adsorption process are less than zero indicating that it is spontaneous and feasible. The
negative value of AS indicates a high degree of order during the adsorption process [57].

The optimization of the TCP concentration was done by using an adsorbent dosage of 0.03 g
in 50 mL of different concentrations of TCP in the range (20-100 mg/L) at 298 K and pH 6
for 120 minutes. The uptake of TCP by (1) as illustrated in Figure S11, increases from 30.7
to 202.8 mg/L when the initial concentration of TCP was raised from 20 to 100 mg/L. This is
due to the fact that easily accessible large vacant sites were available for adsorption up to a
certain point after which they became saturated [58].

The optimization of the contact time on the uptake of TCP by (1) was studied by using an
adsorbent dosage of 0.03 g in 50 mL of 100 mg/L of TCP at 298 K and pH 6 for a time range
of 30-300 minutes. There was rapid adsorption in the first 180 min (Figure S12), after which
no obvious increase was observed. This is as a result of less sites available to be occupied
[59].

3.5.2 Adsorption Isotherm
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) models were used for the

isotherm studies. The equations are given in Equations S5-8 respectively.

From the results of the isotherm plots shown in Figures S13a-d and Table S2, the better fit
of Freundlich model than Langmuir model, as depicted by their R? values, indicate multi
linear adsorption and the heterogeneity of the adsorbent surface [60]. The high R? of the
Temkin isotherm plot shows the linear dependence of heat of adsorption at low or medium

coverages and also repulsion between adsorbate species or to intrinsic surface heterogeneity
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(Kalavath et al., 2005). The mean sorption energy, E (Equation S9), obtained is 0.14 kJ/mol,
indicating a physisorption process.

3.5.3 Adsorption Kinetics
Pseudo-first-order and pseudo-second-order models were used for the kinetics studies. The
mass transfer mechanisms were analysed using Intraparticle, Bangham and Boyd diffusion

models. The equations are given in Equations S10-14 respectively.

From the results of the kinetic plots shown in Figures S14a, b and Table 4, the R* value for
pseudo second order is higher than pseudo first order model, therefore, the sorption process
follows pseudo second order. This is supported by the closeness of the adsorption capacity
obtained from the pseudo second order to the experimental adsorption capacity.

The non-zero and multilinearity of the straight line obtairied from the intraparticle diffusion
model plot (Figure S14c) shows the contribution of other mechanisms to the rate-limiting
step, the first, second and third lines representing boundary layer effect, intraparticle and
pore-adsorption respectively [62]. The Bangham diffusion model plot (Figure S14d)
supports the involvement of other rate-controlling steps, with boundary layer diffusion, in the
sorption process. The straight line of Boyd plot (Figure S14e), which does not pass through
the origin is an indication of a fiim-diffusion controlled process [63]. The kinetic data
primarily signifies chemisorption and monolayer adsorption, therefore, CP can accommodate
approximately one molecule of TCP per zinc site, hence absorbed amount is likely to form
1:1 TCP-CP (1) adduct.

Table 4: Kinetics parameters of the adsorption of TCP on (1)

Kinetic model Parameter Values

Qe exp (Mg/g) 207.8
Pseudo-first order K1 (min™) 0.0298

Qe (Mg/g) 514

R 0.9204
Pseudo-second order | K, (mg/gmin) 1.02 x 10™

Qe (Mg/q) 241
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R 0.9893
Intraparticle diffusion | C(mg/g) 9.1
Ko (mg/g(min)*?) | 16.74
R 0.9986
Bangham a 0.55
Ko(Q) 11.17
R 0.9321
Boyd B (sec™) 0.0298
R 0.9203

3.5.6 Reusability study

Probable reusability of the adsorbent was investigated to ascertain its viability for industrial
applications. This is shown in Figure 7 and Table S3. After three adsorption-desorption
cycle, only a small decrease in the adsorption capacity of (1) was observed. The percentage
of adsorbed TCP on (1) decreased by only 2.79% after the third use.

100 ~

80

60

40 -

20 +

Removal Efficiency (%)

1st use 2nd use 3rd use

Adsorption Cycles

Figure 7: Removal efficiency of (1) after three adsorption-desorption cycles of TCP

FT-IR and PXRD analyses were performed on the spent adsorbent after the adsorption
process. The maintenance of the structure after adsorption was ascertained by the PXRD
analysis (Figure 8). There is no disappearance of existing peaks or appearance of new peaks,
only decrease in the intensity of the peaks was observed.
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Figure 8: PXRD patterns of (1)before and after adsorption of TCP

The FT-IR spectra of (1) and (1)-TCP (after TCP adsorption) were compared as shown in
Figure 9. After the adsorption of TCP, the breadth of the phenolic O-H seen around 3200
cm* band changed (as shown with the oval shapes) and also, its center was shifted,
indicating the interactions between thie phenolic O-H groups of (1) and TCP. The intensity of
the —COO™ peak at 1543 cm* changed after adsorption of TCP showing that it was involved
in the adsorption of TCP. Other information from the comparison of the IR spectra is the
presence of new bands at 1220 and 704 cm™* on (1)-TCP which is absent on (1) and can be
related to the phenolic C-O and C—CI stretching vibration of TCP, respectively. In like
manner, new bands seen around 1431-1461 cm* on (1)-TCP are attributed to the
deformation vibration of hydroxyl groups and the vibrations of C—H [56]. In addition, it is
believed that the pi-pi stacking interactions between the aromatic rings of TCP and (1) can
also be beneficial to the adsorption of TCP. This was suggested for the adsorption of 2,4-
dichlorophenol and the imidazolium ring of cyclodextrin-ionic liquid polymer [64]. A

possible mechanism has been proposed using the DFT studies as discussed in section 3.5.7.
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Figure 9: FT-IR spectra of (1) before and after adsorption of TCP

3.5.7 DFT Studiess

To gain insight into CP unit (1) interaction with TCP through the formation of adduct, DFT
calculations was employed due to the observed 2" order kinetic data. Pre-optimization of the
structures was done using Biovia Forcite.

The effect of pH in the adsorption of TCP on (1) was studied theoretically by modelling the
ionized forms of the starting materials and the clusters under the same conditions. Binding
energies were also calculated. The neutral model of TCP was more stable based on the SCF
and binding energies (Table 5 and Figure 10).

The total energies of possible starting positions in the interaction of (1) and TCP were
calculated and it was deduced that the lowest energies were possessed by the clusters where

the TCP molecules presented pi-pi interactions with the aromatic rings (4-hydroxybenzoic
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acid of CP and -OH of TCP pointing towards the Zn centre. The study clearly showed that
dispersion forces, particularly pi-pi interactions, electron donating properties of —OH play

pivotal roles, thus responsible for CP and TCP interactions.

The n-n interaction between the phenolic compound and the adsorbent, which is said to have
contributed to the adsorption process, has been reported for the adsorption of other phenolic

compounds by different adsorbents.

A cobalt coordination polymer composite TMU-10@Graphene oxide was reported to have a
high adsorption capacity as a result of the n-x interaction contributed by the aromatic rings of
the composite and the phenolic ring [65]. In the adsorption of phenol and para-nitrophenol
using activated carbon from cauliflower waste, the n-n interaction between aromatic rings of
phenols and adsorbents surface was proposed to have influenced the adsorption efficiency
[66]. Hydrogen bond and also n-m interactions were said 1o be the driving force for the
adsorption of PNP on the coordination polymer MiL-68(Al) and reduced graphene oxide
(MA/RG) composite [67].

The BE was calculated to be -14.81 Ha for neutral system. The BE between deprotonated
(anionic phenolate) TCP and CP (1) was -15.39 Ha, which slightly lower than the neutral
system. However, this did not translate to higher adsorption of TCP from experimental data,
thus, suggesting that —OH group of TCP influences the interactions responsible for adduct

formation, furthermore electronic properties respond more to changes in pH.

Figure 10. Biovia Materials Studio 2018 DMol® modelled structures showing adsorption of

TCP on (1) (a) neutral model and (b) anionic model.
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Table 5. Energies of the adsorbents, adsorbates and their clusters; and calculations for

binding energy (BE)

Gibbs SCF (Ha) BE (Ha)

free
(1) anionic 348.48 -3995.68 -17.64
(1) neutral 392.98 -3996.22 -17.19
TCP anionic 16.09 -1684.92 -2.25
TCP neutral 2451 -1690.53 -2.38
(1) anionic — TCP (cluster) 161.51 -5685.96 -26.22
(1) stand — TCP (cluster) 172.44 -5686.58 -25.84
(1) anionic + TCP (sum) 364.58 -2310.76 -15.39
(1) neutral + TCP (sum) 417.49 -2305.69 -14.81
ionic cluster —sum -203.07 | -3375.19 -10.82
neutral cluster —sum -245.05 | -3380.89 -11.03

However, for further assessment of the removal capacity of (1), its phenol-removal efficiency
was tested. The adsorption capacity of phenol was 157.6 mg/g. The result obtained could also
be attributed to the zm-7 interaction between aromatic rings of phenol and (1). The slightly
lower adsorption capacity than that of TCP could be as a result of the higher water solubility
of phenol compared to TCP (83 and 0.8 g/L respectively at 20 C) [31].

3.5.8 Comparison of TCP-removal efficiency of (1) to other reported adsorbents

A range of adsorbents have also been tested for the removal of TCP from water. Table 6
shows the comparison of the adsorption capacities of some of them, for the adsorptive uptake
of TCP. However, for economical and industrial application, a holistic consideration of other
factors aside from the adsorption capacities, is needed. Such factors include the need for input
of heat energy and the regeneration of the spent adsorbent. From the study of the effect of
temperature on the adsorption process, compound (1) was found to give the maximum

adsorption capacity at ambient temperature, there was no need for the application of heat
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energy to maximise the adsorption capacity. Also, the favorable reusability of (1) makes it an

economical adsorbent for TCP removal from wastewater compared to previously reported

adsorbents.

Table 6: Comparison of adsorption capacities of previously used adsorbents for TCP uptake

Adsorbent Qm Effect of | Reusability | References
(mg/g) | temperature | cycle

Activated carbon prepared | 112.35 | - Yes [68]

from coconut shell

Activated clay 123.46 | Exothermic | - [60]

Activated carbon prepared | 191.73 | - - [69]

from coconut husk

Activated carbon prepared | 210.8 Endothermic | - [70]

from oil palm empty fruit

bunch

Activated carbon prepared | 168.89 | - - [71]

from oil palm empty fruit

bunch

Chitosan/-Fe,Os/fly-ash 172.4 Endothermic | Yes [25]

composites

Chitosan 27.6 - - [72]

Albizia lebbeck (Raitle Seed) | 6.80 - - [27]

Pod

Activated Carbon prepared | 37.64 Exothermic | - [73]

from Flamboyant pod bark

[Zn(hba),(tmdp)], 207.8 Exothermic | Yes This work

3.6 Conclusions

A zinc (1) coordination polymer, [Zn(hba),(tmdp)], (1) was synthesized from zinc nitrate

hexahydrate, 4-hydroxybenzoic acid and 4,4’- trimethylenedipyridine. The removal of 2,4,6-

trichlorophenol from aqueous solution was also reported. Compound (1) is a 1D coordination

polymer and it adopts a square pyramidal arrangement. Freundlich isotherm and pseudo
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second order kinetic models were found to fit best. The adsorption capacity reached 207.8
mg/g for TCP. The adsorption process was found to be aided by electrostatic and pi-pi
interactions. Therefore, this work presents a novel material for environmental remediation

applications.

Supplementary data
CCDC 1954757 contains the crystallographic data of [Zn(hba).(tmdp)], (1). This can be
obtained from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.
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