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a b s t r a c t 

[Z n ( hba ) 2 ( tmdp )] n ( 1 ), a Zn-coordination polymer (CP), prepared by the reaction of Zn(NO 3 ) 2 •6H 2 O, 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 (II) atom coordinated to two nitrogen atoms from 

two tmdp ligand molecules and to three oxygen atoms from two hba molecules. The zinc (II) carboxy- 

late 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 capac- 

ity of 207.8 mg/g for the removal of 2,4,6-trichlorophenol (TCP) from aqueous solution. The adsorption 

mechanism is governed by π- π 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. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

In recent years, a class of compounds known as coordination 

ompounds have received a great deal of attention. They are crys- 

alline and their structures are made up of infinite array of met- 

ls bridged by organic ligands to form 1D (chains), 2D (sheets) or 

D (frameworks) structures. Their porous counterparts are known 

s metal organic frameworks (MOFs). They are materials with in- 

eresting properties and potential applications like gas and liquid 

hase adsorption, sensing, photocatalysis, luminescence, drug de- 

ivery, antibacterial applications etc. [1–7] . Therefore, there is an 

ncreased interest on the development of novel CPs suitable for 

he intended application. More interestingly, their properties can 

e tuned post-synthetically, by modifying the functionalities, this 
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ives them an edge over previous materials with similar applica- 

ions [8] . 

When co- or bridging ligands such as bipyridine, 1,10- 

henanthroline, 4,4 ′ -trimethylenedipyridine, imidazole are used as 

o-ligands alongside carboxylic acids, higher dimensionality and 

tructural diversity of the resulting CP is obtainable as a result 

f their influence on the assembly process [9] . Several unique 

tructural motifs and desirable functional properties, which can- 

ot be obtained when only one type of ligand is used, can be 

onferred with the use of these N-donor ligands. Three zinc CPs 

ere constructed with the use of 3,3 ′ - thiodipropionic acid and 

hree different pyridyl ligand [10] . CPs with dimensionalities rang- 

ng from 1D chain, 2D layer to 3D framework were obtained 

ith the use of 1,3-bis(4-pyridyl)propane flexible ligands and 1,2- 

henylenediacetic acid [11] . Different 5- functionalized isophtha- 

ate ligands were used alongside 4,4 ′ - bipyridyl (bpy) and Zn(II) 

alt, for the synthesis of four CPs, the influence of the different 

unctionalities on the structure of the CPs was investigated [12] . 

https://doi.org/10.1016/j.molstruc.2021.131274
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131274&domain=pdf
mailto:adedibu@unilorin.edu.ng
https://doi.org/10.1016/j.molstruc.2021.131274
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Fig. 1. Structure of 2,4,6 -Trichlorophenol (TCP). 
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ost recently, we reported two Zn(II) coordination polymers con- 

tructed with 4-nitrobenzoate/ 4-biphenylcarboxylate and 4,4 ′ - 

rimethylenedipyridine [13] . 

The presence of organic pollutants present in wastewater ef- 

uents is an environmental problem of concern, worldwide. They 

nd their way into the ecosystem through natural and anthro- 

ogenic activities such as industrial or agricultural activities. Their 

utagenic and carcinogenic potentials pose threat and harm to the 

quatic environment and even human health [14] . Among these 

rganic compounds are phenolic compounds. Phenols are classi- 

ed among priority pollutants as a result of their harmful ef- 

ects on organisms, even when present in concentrations as low as 

.005 mgL −1 [15] . The wide use of phenols and chlorophenols as 

ood preservatives, biocides, and precursors to the manufacture of 

erbicides, pesticides etc. has led to their abundance in wastewater 

ffluents [16] . In addition, chlorophenols are also produced as by- 

roducts of water chlorination and wood bleaching using chlorine 

n pulp and paper industries [17] . Some of the effects of chlorophe- 

ols are chronic bronchitis, coughing and pulmonary defects [18] . 

he persistent and recalcitrant nature of these compounds has ne- 

essitated their remediation. 

The technologies that have been used for remediation of phe- 

olic compounds are membrane separation [19] , ion exchange [20] , 

iodegradation [21] , oxidation [22] and adsorption [23] . Adsorption 

s most preferred due to its low operational cost, ease of operation 

nd the possible reusability of the adsorbents [24] . Reports show 

hat chitosan composites [25] , zeolites [26] , rattle seed pod [27] , 

lay [28] , activated carbon [29] etc. have been used for the adsorp- 

ion of phenolic compounds from water. A relatively new class of 

dsorbents are the coordination polymers. They have high surface 

rea and pore volume, high chemical stability, tunable properties 

nd structures capable of strong interaction with target adsorbate 

hrough hydrogen bonding, electrostatic, π- π interaction and so on 

30] . All these lead to the exhibition of high adsorption efficiency, 

igh selectivity for the target molecule and satisfactory reusability 

or several adsorption cycles, thereby making them cost-effective 

8] . There are several reports on the effective use of coordination 

olymers for the adsorption of phenolic compounds [31–35] . 

Our group previously reported the use of coordination polymers 

or environmental remediation [ 13 , 36–39 ]. 

This work also reports the efficiency of the Zn (II) CP in the ad- 

orption of 2,4,6-trichlorophenol (TCP) ( Fig. 1 ) solution which is a 

epresentative organic compounds found in industrial effluents, es- 

ecially pulp and paper industries. In addition, specific interactions 

hat aided the adsorption of TCP were analyzed. It is noteworthy 

hat, to the best of our knowledge, no study in the use of CPs for

he removal of TCP has been reported. 

. Experimental 

.1. Materials 

Zn(NO 3 ) 2 •6H 2 O (98%), 4-hydroxybenzoic acid (99%), 4,4 ′ - 
rimethylenedipyridine (98%), ethanol (99.9%), hydrochloric acid 

37%), DMSO (99.7%), sodium hydroxide pellets (97%), and methyl 
2 
range dye were purchased from Sigma-Aldrich,Germany; 2,4,6- 

richlorophenol (98%) from Alfa Aeser, England. 

.2. Preparation of [Zn(hba) 2 (tmdp)] n (1) 

Zn(NO 3 ) 2 •6H 2 O (0.296 g, 1 mmol) dissolved in 20 mL distilled 

ater, 4-hydroxybenzoic acid (Hhba) (0.138 g, 1 mmol) in 10 mL 

thanol and 4,4 ′ - trimethylenedipyridine (0.199 g, 1 mmol) (tmdp) 

n 10 mL ethanol were mixed together and stirred at RT ( ∼27 °C) 

or 30 min. The beaker was then sealed and placed inside the oven 

t 80 °C for 8 h followed by slow evaporation of the resulting 

ixture. Colourless block-shaped crystals were formed after 3 days 

nd filtered out of the solution. The synthetic pathway is shown on 

cheme S1 . Yield: 84%, Melting point: 224 °C, Molecular weight: 

37.87 g/mol, Anal. calc. for C 27 H 24 N 2 O 6 Zn: C, 60.29; H, 4.50; N,

.21; Found: C, 60.14; H, 4.30; N, 5.02; IR peaks (cm 

−1) 3447 (br), 

929(w), 1599 (s), 1543(w), 1431 (m), 1371 (s), 1250 (w), 682 (w), 

37 (w). 

.3. Measurements 

FT-IR measurements, in the range 40 0 0–40 0 cm 

−1 , were per- 

ormed with a Shimadzu 8400 spectrophotometer, Japan. The per- 

entages of C, H, and N were obtained using a PerkinElmer PE- 

400 CHN analyzer. Thermal analysis was done with Mettler 

oledo TGA/DSC 1–600 instrument. Powder X-ray diffraction mea- 

urements were collected on a Siemens D50 0 0 diffractometer op- 

rating with Cu K α1/2 radiation in flat-plate geometry. Single crys- 

al X-ray analysis was done by placing a single crystal on a glass 

ber with Fomblin oil, mounting it on an Xcalibur Gemini diffrac- 

ometer with a Ruby CCD area detector and kept at 150(2) K when 

he data was collected. Using Olex2 [40] , the structure was solved 

ith the ShelXT [41] structure solution program using intrinsic 

hasing and refined with the ShelXL [42] refinement package using 

east Squares minimization. 

.4. Adsorption experiment 

To measure the adsorption capacity of ( 1 ), TCP concentra- 

ions of 20–100 ppm were prepared in deionised water. Adsor- 

ent dosage of 0.01–0.05 g was added to 50 mL adsorbate solu- 

ion within the pH range of 2 to 12. The solution was shaken in an

ncubator shaker for 30–300 min, the solution temperature being 

ithin 298–333 K. 

After the adsorption experiment, the spent adsorbent was sep- 

rated from the supernatant using a centrifuge and subsequently 

ecanting. The supernatant was analyzed for TCP residual concen- 

ration by taking its absorbance at λmax of 269 nm, using a UV −Vis 

pectrophotometer. The dye removal capacity of one gram of ( 1 ) 

q e ) was calculated using Eq. S1: 

For the reusability study, the used adsorbent was separated 

rom the adsorbate solution, washed with deionised water and 

ried at 80 0 C. This was subsequently shaken in 50 mL ethanol 

or one hour, and dried at room temperature. The percentage des- 

rption was calculated using Eq. S2. 

.5. Density functional theory (DFT) studies 

Biovia Materials Studio 2018 was used for the computational 

tudies. The determination of the most plausible starting posi- 

ions to model the interaction between adsorbent and adsorbate, 

nd the pre-optimization of geometry to ultra-fine quality was 

erformed using the Forcite tool. Slight modification of literature 

ethods was used to carry out the DFT studies using the DMol 3 

odule on the Forcite pre-optimized structures with convergence 

hreshold parameters set at default (medium); energy = 0.0 0 0 02, 
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Fig. 2. Simulated and as-prepared PXRD patterns of [Zn(hba) 2 (tmdp) 2 ]n ( 1 ). 
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radient = 0.004 and displacement = 0.005 [ 43 , 44 ]. The general-

zed gradient approximation (GGA) with Perdew-Burke-Ernzerhof 

PBE) parametrization functional was applied with Grimme for 

FT-D correction. Density functional semi-core pseudopotentials 

ere fitted to all electrons with a double numerical plus (DNP) 

olarization basis set and a real-space orbital global cut-off of 

.4 Å. The studies were first carried out in gas phase before the 

onductor-like screening model (COSMO) was applied using water 

t a dielectric constant of 78.54. The sum of the energies of the 

dsorbent and adsorbate was subtracted from the total energy of 

he adsorbent/adsorbate dye cluster, to give the binding energies 

etween the adsorbent and adsorbate (Eq. S3). 

. Results and discussion 

.1. FT-IR spectra 

Comparison of the FT-IR spectra of Hhba, tmdp and ( 1 ) , as 

hown in Fig. S1 , show some changes in the absorption bands due 

o the formation of a new entity. 

IR spectrum of free ligand, Hhba, show broad ν(O 

–H) at 

390 cm 

−1 . This band disappeared in the spectrum of ( 1 ) indi-

ating its involvement in the coordination with Zn(II) ion. The 

tretching frequencies of phenolic O 

–H and C 

–OH are at 3200 and 

250 cm 

−1 respectively. The latter was not affected by the com- 

lexation, indicating that the phenolic OH did not coordinate to 

he metal [45] . 

Moreover, the C = O band of the ligand at 1720 cm 

−1 disap- 

eared in the spectrum of ( 1 ) , indicating that the carboxylate oxy- 

en coordinated to the metal ion. ν( C = N ) band was situated at

585 cm 

−1 for tmdp, and was shifted to 1543 cm 

−1 on compound 

 1 ) spectrum. Characteristic bands at the fingerprint region were 

lso observed for the Zn-N and Zn-O vibrations at 682 cm 

−1 and 

37 cm 

−1 respectively [46] . 

.2. PXRD results 

The simulated PXRD pattern of ( 1 ) was compared with that 

easured at room temperature ( Fig. 2 ) . Characteristic peaks of ( 1 )

ere observed on both patterns, no extra peaks were found on the 

xperimental pattern, indicating the phase purity of the bulk of ( 1 ) . 
3 
.3. Thermal analysis 

Thermogravimetric analysis, in the range 25–800 °C, was car- 

ied out and presented as shown in Fig. S2 . The TGA/DSC pro- 

le shows that the compound is thermally stable up to 200 °C. 

eight losses are observed to be in three steps. The first weight 

oss of 37.2% (calc.37%) within 200–260 °C is attributed to the loss 

f tmdp ligand. The last two weight loss steps, each of 24% (calc. 

5.46%), correspond to the loss both hba molecules: the first being 

n the range 260–300 °C and the second in the range 454–510 °C. 

4% (calc.15.05%) of zinc oxide residue is seen to be stable up to 

00 °C. PXRD pattern of the product formed after the TGA analysis 

as obtained to confirm it was ZnO, as shown in Fig. S3 . The pat-

ern was found to match that of zincite in the database (JCPDS No. 

0–036–1451) [47] . The hkl values were included. 

.4. X-ray crystallographic results 

Compound [Zn(hba) 2 (tmdp)] n (1) is built up of two p -hba and 

wo tmdp molecules in a five-coordinate manner. It crystallizes in 

n orthorhombic system with space group F d 2. The structure 

s shown in Fig. 3 . Crystal data and data collection summary are 

hown on Table S1 . 

The asymmetric unit is composed of a Zn (II) atom, two hba 

olecules and one tmdp molecule. There are two coordination 

odes of the p-hba ligand. One of the p-hba ligands coordinates 

onodentately with one carboxylate oxygen O16 while the second 

oordinates in a bidentate chelating mode with both carboxylate 

xygen atoms O24 and O25. Atoms O16, O24, N3 and N13 reside at 

he corners of the basal plane, whereas the apical position is occu- 

ied by O25. However, the distance between O17 and Zn1 is 2.74 Å. 

his is considerably longer that the short Zn-O and Zn-N distances 

hat define the coordination sphere and in fact more distant than 

arbon atoms, so cannot be considered a bonding distance. The 

quare pyramidal geometry of the structure is slightly distorted, 

scertained by the geometry index, τ of 0.041 ( τ is 0 for a perfect 

quare pyramidal and 1 for a perfect trigonal-bipyramidal geome- 

ry) [48] . The τ value of 0.041 indicates the deviation from perfect 
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Table 1 

Bond lengths and angles around Zn (II) in ( 1 ). 

Bond length ( ̊A) Bond angles ( o ) 

Zn1-O16 1.957(3) 

Zn1-O24 1.995(3) 

Zn1-N3 2.072(3) 

Zn1-O25 2.485(5) 

Zn1-N13 2.075(3) 

Zn1-O17 2.740(3) 

O16-Zn1-O24 147.8(1) 

O16-Zn1-N3 102.1(1) 

O16-Zn1-O25 101.9(1) 

O16-Zn1-N13 95.0(1) 

O24-Zn1-N3 93.7(1) 

O24-Zn1-O25 56.9(1) 

O24-Zn1-N13 105.0(1) 

N3-Zn1-O25 150.3(1) 

N3-Zn1-N13 111.9(1) 

O25-Zn1-N13 83.2(1) 

Table 2 

Selected hydrogen bond geometry in ( 1 ). 

D–H �A D-H ( ̊A) H �A( ̊A) D �A( ̊A) D–H �A ( °) 

O21—H21 �O17 0.82 1.83 2.649 (4) 176 

O29—H29 �O25 0.82 1.77 2.590 (7) 176 

Symmetry codes: (i) −x + 3/4, y + 1/4, z − 1/4; (ii) −x + 3/4, y − 1/4, z + 1/4. 
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Table 3 

Thermodynamic parameters of the adsorption of TCP on (1). 

Temp (K) �G (kJ mol −1 ) �H (kJ mol −1 ) �S (Jmol −1 K −1 ) 

298 −6.89 −32.60 −86.20 

313 −5.68 

323 −4.82 

333 −3.96 
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quare pyradimal geometry. The significant deviation of the O-Zn- 

 from 90 ° also supports this. Bond distances and angles around 

he metal ion are shown in Table 1 . Two adjacent Zn(II) atoms are

inked by the tmdp ligand to form 1D CPs, with the two carboxy- 

ate ligand molecules acting as pendants as shown in Fig. S4. 

The shortest bond distance between two zinc (II) centres is 

.440 Å . The bond distance of Zn1-N3 and Zn1-N13 are almost 

he same, around 2.0723 Å and compares favourably with those in 

iterature [49–51] but the Zn-O bond distances range from 1.9574 

o 2.4847 Å . Zn1-O24 and Zn1-O25 bond lengths are longer than 

n1-O16, this indicates a weaker ligand coordination ability of 

he chelating carboxylate than the monodentately coordinated car- 

oxylate [52] . The similar bond lengths of C25-O24 (1.280 Å ) and 

25-O25 (1.230 Å ) indicates that the bonding arrangement is delo- 

alized, rather than localized single and double bonds. The methy- 

ene groups between the two pyridyl rings of tmdp ligand confer 

exibility on it. The flexibility is confirmed by the significant di- 

edral angle of 179 ° between the planes of the two pyridyl rings. 

he plane of the carboxylic group of the hba ligand and that of 

he aromatic ring are far from being coplanar, as seen from the di- 

edral angle of 14.95 ° [53] . Fig. S5 shows that there are O 

–H…O

ntermolecular hydrogen bonds present, firstly between the free 

ydroxyl oxygen (O29) and a chelated oxygen atom (O25) of hba 

rom adjacent structural units; and secondly between the free hy- 

roxyl oxygen of another hba (O21) and the uncoordinated oxygen 

tom (O17) from adjacent structural units ( Table 2 ). The compound 

s packed in a rib-like manner and the hydrogen bonds stabilize 

he supramolecular networks ( Fig. S6 ). The packing view of the 

nit cells for 1 is shown in Fig. 4 . 

.5. Adsorption studies 

The adsorption of TCP from aqueous medium using ( 1 ) and 

 previously reported analogous Zn (II) coordination polymer 

[Z n ( biphen ) 2 ( tmdp )] n (biphen = 4-biphenylcarboxylic acid, tmdp =
,4 ′ - trimethylenedipyridine) was investigated. The reported pro- 

edure [13] was used for the synthesis of [Zn(biphen) 2 (tmdp)] n, its 

tructure is given in Fig. 5 . 

With a starting adsorbate concentration of 100 mg/L, after 

00 min of stirring, Zn(biphen) 2 (tmdp)] n had an adsorption ca- 

acity of 32.60 mg/g in contrast to 207.8 mg/g obtainable with the 

se of (1). The lower adsorption capacity of [Zn(biphen) (tmdp)]n 
2 

4 
han that of (1) could be attributed to the steric hindrance caused 

y the bulky nature of the biphen moieties intercalated into the 

oids created from its packing, as shown in Fig. S7 . This justifies 

he void volume of the channels of ( 1) and [Zn(biphen) 2 (tmdp)] n 
alculated using PLATON (1295.93 Å 

3 and 141.00 Å 

3 respectively. 

The excellent uptake of TCP by ( 1 ) motivated its eventual use 

or the adsorption process and some operational parameters were 

ptimized. 

.5.1. Optimization of operational parameters 

In optimizing the pH for the adsorption process, the effect of 

H on chlorophenol species distribution was investigated using the 

q. S4 [54] . The pKa is 6.2 for TCP. Using the equation, it was de-

ermined that as the pH increases, the fraction of the unionized 

pecies of TCP reduces and that of the ionized species increases. 

he pHpzc for ( 1 ) was found to be 7.5 ( Fig. S8 ). In the pH range

–6, as shown in Fig. 6 , the adsorption capacity of ( 1 ) for TCP was

lmost constant but the highest adsorption efficiency was observed 

t pH 6 (202 mg/g). Moreover, at higher pH, the surface of ( 1 ) is

egatively charged resulting in reduced electrostatic repulsion be- 

ween negatively charged surface of ( 1 ) and ionised TCP species 

55] and ultimately reduced adsorption. Adsorption of a certain 

mount of TCP was still possible in the basic condition, indicating 

hat other mechanisms apart from electrostatic interaction might 

ave taken effect. 

Various amounts of ( 1 ) (0.01 to 0.05 g) were used for the ad-

orption process to investigate the maximum uptake with 50 mL 

f 100 mg/L of TCP. From Fig. S9 , the adsorbent dosage with the 

aximum adsorption capacity is 0.03 g. Therefore, 0.03 g adsor- 

ent dosage was taken as the optimum. 

The experiments were performed in the range 298 – 333 K for 

he optimization of the solution temperature ( Fig. S10a ). Maximum 

dsorption capacities for TCP by ( 1 ) was obtained at 298 K but 

ropped when the temperature was increased. This indicates the 

xothermic nature of the adsorption processes. The Van’t Hoff plot 

or the adsorption process is given in Fig. S10b and Table 3 shows 

he calculated values of the parameters �H , �S and �G for the 

dsorption processes. 

When the value of �H is lesser than 40 kJ mol −1 , the adsorp-

ion process is physisorption [56] . The calculated value of �H in- 

icates physisorption processes. The �G values for the adsorption 

rocess are less than zero indicating that it is spontaneous and fea- 
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Fig. 5. Crystal structure of [Zn(biphen) 2 (tmdp)] n (Hydrogen atoms omitted for clarity) [13] . 

Fig. 6. Effect of pH on the adsorption of TCP on ( 1 ). 
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Table 4 

Kinetics parameters of the adsorption of TCP on (1). 

Kinetic model Parameter Values 

Q e exp (mg/g) 207.8 

Pseudo-first order K 1 (min −1 ) 0.0298 

Q e (mg/g) 514 

R 2 0.9204 

Pseudo-second 

order 

K 2 (mg/gmin) 1.02 × 10 −4 

Q e (mg/g) 241 

R 2 0.9893 

Intraparticle 

diffusion 

C(mg/g) 9.1 

K p (mg/g(min) 1/2 ) 16.74 

R 2 0.9986 

Bangham α 0.55 

K 0 (g) 11.17 

R 2 0.9321 

Boyd B ( sec −1 ) 0.0298 

R 2 0.9203 
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ible. The negative value of �S indicates a high degree of order 

uring the adsorption process [57] . 

The optimization of the TCP concentration was done by using 

n adsorbent dosage of 0.03 g in 50 mL of different concentra- 

ions of TCP in the range (20–100 mg/L) at 298 K and pH 6 for

20 min. The uptake of TCP by ( 1 ) as illustrated in Fig. S11, in-

reases from 30.7 to 202.8 mg/L when the initial concentration of 

CP was raised from 20 to 100 mg/L. This is due to the fact that

asily accessible large vacant sites were available for adsorption up 

o 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

f 100 mg/L of TCP at 298 K and pH 6 for a time range of 30–

00 min. There was rapid adsorption in the first 180 min ( Fig. S12) ,

fter which no obvious increase was observed. This is as a result 

f less sites available to be occupied [59] . 
5 
.5.2. Adsorption isotherm 

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) 

odels were used for the isotherm studies. The equations are 

iven in Eqs. S5–8 respectively. 

From the results of the isotherm plots shown in Fig. S13a-d and 

able S2 , the better fit of Freundlich model than Langmuir model, 

s depicted by their R 2 values, indicate multi linear adsorption and 

he heterogeneity of the adsorbent surface [60] . The high R 

2 of the 

emkin isotherm plot shows the linear dependence of heat of ad- 

orption at low or medium coverages and also repulsion between 

dsorbate species or to intrinsic surface heterogeneity [ 61 ]. The 

ean sorption energy, E ( Eq. S9 ), obtained is 0.14 kJ/mol, indicat- 

ng a physisorption process. 

.5.3. Adsorption kinetics 

Pseudo-first-order and pseudo-second-order models were used 

or the kinetics studies. The mass transfer mechanisms were ana- 

yzed using Intraparticle, Bangham and Boyd diffusion models. The 

quations are given in Eqs. S10–14 respectively. 

From the results of the kinetic plots shown in Fig. S14a,b and 

able 4 , the R 

2 value for pseudo second order is higher than 
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Fig. 7. Removal efficiency of ( 1 ) after three adsorption-desorption cycles of TCP. 
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Fig. 8. PXRD patterns of ( 1 )before and after adsorption of TCP. 
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seudo first order model, therefore, the sorption process follows 

seudo second order. This is supported by the closeness of the ad- 

orption capacity obtained from the pseudo second order to the 

xperimental adsorption capacity. 

The non-zero and multilinearity of the straight line obtained 

rom the intraparticle diffusion model plot ( Fig. S14c ) shows the 

ontribution of other mechanisms to the rate-limiting step, the 

rst, second and third lines representing boundary layer effect, in- 

raparticle and pore-adsorption respectively [62] . The Bangham dif- 

usion model plot ( Fig. S14d ) supports the involvement of other 

ate-controlling steps, with boundary layer diffusion, in the sorp- 

ion process. The straight line of Boyd plot ( Fig. S14e ), which does 

ot pass through the origin is an indication of a film-diffusion con- 

rolled process [63] . The kinetic data primarily signifies chemisorp- 

ion and monolayer adsorption, therefore, CP can accommodate ap- 

roximately one molecule of TCP per zinc site, hence absorbed 

mount is likely to form 1:1 TCP-CP ( 1 ) adduct. 

.5.4. Reusability study 

Probable reusability of the adsorbent was investigated to ascer- 

ain its viability for industrial applications. This is shown in Fig. 7 

nd Table S3. After three adsorption-desorption cycle, only a small 

ecrease in the adsorption capacity of ( 1 ) was observed. The per- 

entage of adsorbed TCP on ( 1 ) decreased by only 2.79% after the 

hird use. 

FT-IR and PXRD analyses were performed on the spent adsor- 

ent after the adsorption process. The maintenance of the struc- 

ure after adsorption was ascertained by the PXRD analysis ( Fig. 8 ). 

here is no disappearance of existing peaks or appearance of new 

eaks, only decrease in the intensity of the peaks was observed. 

The FT-IR spectra of ( 1 ) and ( 1 )-TCP (after TCP adsorption)

ere compared as shown in Fig. 9 . After the adsorption of TCP, 

he breadth of the phenolic O 

–H seen around 3200 cm 

−1 band 

hanged (as shown with the oval shapes) and also, its center 

as shifted, indicating the interactions between the phenolic O 

–H 

roups of (1) and TCP. The intensity of the –COO 

−peak at 1543 

m 

−1 changed after adsorption of TCP showing that it was in- 

olved in the adsorption of TCP. Other information from the com- 

arison of the IR spectra is the presence of new bands at 1220 and

04 cm 

−1 on (1) -TCP which is absent on (1) and can be related

o the phenolic C 

–O and C–Cl stretching vibration of TCP, respec- 

ively. In like manner, new bands seen around 1431–1461 cm 

−1 

n (1) -TCP are attributed to the deformation vibration of hydroxyl 

roups and the vibrations of C–H [56] . In addition, it is believed 

hat the pi-pi stacking interactions between the aromatic rings of 

CP and (1) can also be beneficial to the adsorption of TCP. This 

as suggested for the adsorption of 2,4-dichlorophenol and the 
6 
midazolium ring of cyclodextrin-ionic liquid polymer [64] . A pos- 

ible mechanism has been proposed using the DFT studies as dis- 

ussed in Section 3.5.7 . 

.5.5. DFT studiess 

To gain insight into CP unit ( 1 ) interaction with TCP through 

he formation of adduct, DFT calculations was employed due to the 

bserved 2nd order kinetic data. Pre-optimization of the structures 

as done using Biovia Forcite. 

The effect of pH in the adsorption of TCP on ( 1 ) was studied

heoretically by modeling the ionized forms of the starting mate- 

ials and the clusters under the same conditions. Binding energies 

ere also calculated. The neutral model of TCP was more stable 

ased on the SCF and binding energies ( Table 5 and Fig. 10 ). 

The total energies of possible starting positions in the inter- 

ction of ( 1 ) and TCP were calculated and it was deduced that 

he lowest energies were possessed by the clusters where the TCP 

olecules presented pi-pi interactions with the aromatic rings (4- 

ydroxybenzoic acid of CP and -OH of TCP pointing towards the 

n center. The study clearly showed that dispersion forces, partic- 

larly pi-pi interactions, electron donating properties of –OH play 

ivotal roles, thus responsible for CP and TCP interactions. 

The π- π interaction between the phenolic compound and the 

dsorbent, which is said to have contributed to the adsorption pro- 

ess, has been reported for the adsorption of other phenolic com- 

ounds by different adsorbents. 

A cobalt coordination polymer composite TMU-10@Graphene 

xide was reported to have a high adsorption capacity as a result 

f the π- π interaction contributed by the aromatic rings of the 

omposite and the phenolic ring [65] . In the adsorption of phe- 

ol and para-nitrophenol using activated carbon from cauliflower 

aste, the π- π interaction between aromatic rings of phenols and 

dsorbents surface was proposed to have influenced the adsorp- 

ion efficiency [66] . Hydrogen bond and also π- π interactions were 

aid to be the driving force for the adsorption of PNP on the coor- 

ination polymer MIL-68(Al) and reduced graphene oxide (MA/RG) 

omposite [67] . 

The BE was calculated to be −14.81 Ha for neutral system. The 

E between deprotonated (anionic phenolate) TCP and CP (1) was 

15.39 Ha, which slightly lower than the neutral system. However, 

his did not translate to higher adsorption of TCP from experimen- 

al data, thus, suggesting that –OH group of TCP influences the in- 

eractions responsible for adduct formation, furthermore electronic 

roperties respond more to changes in pH. 
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Fig. 9. FT-IR spectra of (1) before and after adsorption of TCP. 

Table 5 

Energies of the adsorbents, adsorbates and their clusters; and calculations for binding energy (BE). 

Gibbs free SCF (Ha) BE (Ha) 

(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 24.51 −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 

Table 6 

Comparison of adsorption capacities of previously used adsorbents for TCP uptake. 

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

Activated carbon prepared from coconut shell 112.35 – Yes [68] 

Activated clay 123.46 Exothermic – [60] 

Activated carbon prepared from coconut husk 191.73 – – [69] 

Activated carbon prepared from oil palm 

empty fruit bunch 

210.8 Endothermic – [70] 

Activated carbon prepared from oil palm 

empty fruit bunch 

168.89 – – [71] 

Chitosan/-Fe 2 O 3 /fly-ash composites 172.4 Endothermic Yes [25] 

Chitosan 27.6 – – [72] 

Albizia lebbeck (Rattle Seed) Pod 6.80 – – [27] 

Activated Carbon prepared from Flamboyant 

pod bark 

37.64 Exothermic – [73] 

[Zn(hba) 2 (tmdp)] n 207.8 Exothermic Yes This work 

i

o

t

a

c

p

3

a

o

t

H

s

n

t

f

f

p

t

i

However, for further assessment of the removal capacity of (1), 

ts phenol-removal efficiency was tested. The adsorption capacity 

f phenol was 157.6 mg/g. The result obtained could also be at- 

ributed to the π- π interaction between aromatic rings of phenol 

nd (1). The slightly lower adsorption capacity than that of TCP 

ould be as a result of the higher water solubility of phenol com- 

ared to TCP (83 and 0.8 g/L respectively at 20 °C) [31] . 

.5.6. Comparison of TCP-removal efficiency of (1) to other reported 

dsorbents 

A range of adsorbents have also been tested for the removal 

f TCP from water. Table 6 shows the comparison of the adsorp- 
7 
ion capacities of some of them, for the adsorptive uptake of TCP. 

owever, for economical and industrial application, a holistic con- 

ideration of other factors aside from the adsorption capacities, is 

eeded. Such factors include the need for input of heat energy and 

he regeneration of the spent adsorbent. From the study of the ef- 

ect of temperature on the adsorption process, compound (1) was 

ound to give the maximum adsorption capacity at ambient tem- 

erature, there was no need for the application of heat energy 

o maximize the adsorption capacity. Also, the favorable reusabil- 

ty of (1) makes it an economical adsorbent for TCP removal 
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Fig. 10. Biovia Materials Studio 2018 DMol 3 modelled structures showing adsorption of TCP on ( 1 ) (a) neutral model and (b) anionic model. 
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rom wastewater compared to previously reported adsorbents 

 25,27,68–73 ]. 

.6. Conclusion 

A zinc (II) coordination polymer, [Zn(hba) 2 (tmdp)] n (1) was 

ynthesized from zinc nitrate hexahydrate, 4-hydroxybenzoic 

cid and 4,4 ′ - trimethylenedipyridine. The removal of 2,4,6- 

richlorophenol from aqueous solution was also reported. Com- 

ound (1) is a 1D coordination polymer and it adopts a square 

yramidal arrangement. Freundlich isotherm and pseudo second 

rder kinetic models were found to fit best. The adsorption capac- 

ty reached 207.8 mg/g for TCP. The adsorption process was found 

o be aided by electrostatic and pi-pi interactions. Therefore, this 

ork presents a novel material for environmental remediation ap- 

lications. 
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